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Abstract

English version

The discovery of Phototransformable Fluorescent proteins (PTFPs) over the last decades

has revolutionized the field of microscopy. Reversibly photo-switchable fluorescent pro-

teins (RSFPs), in particular, are currently routinely used for Super Resolution Microscopy

techniques, such as RESOLFT (REversible Saturable OpticaL Fluorescence Transitions).

Photo-induced switching between a fluorescent “on”- and a dark “off”-state, in combination

with advanced illumination schemes has allowed for imaging nanometer sized compart-

ments in biological cells. Crystallographic studies of such RSFPs have provided useful

mechanistic explanations for their photophysical behaviour and has guided fluorescent

protein engineering into designing better tags. However, the crystal forms of such proteins

studied at cryogenic temperatures fail to capture dynamics present in RSFPs which could

potentially play a significant role in their photophysics. So far, only a single NMR study

for the RSFP Dronpa has been reported in the literature [147]. During my PhD thesis, I

was able to complement crystallographic studies of rsFolder, a green RSFP, with a dynamic

perspective using multidimensional solution NMR spectroscopy.

Using a portable in-situ laser illumination device coupled with the NMR spectrometer,



I was able to extract quantitative local dynamic information for both the fluorescent

“on”- and “off”-states of rsFolder, characterized by a primarily cis and trans chromophore,

respectively. NMR signatures of residues in the non-fluorescent “off”-state were identified

using LASER-driven Exchange NMR experiments. The metastable photo-induced “off”-

state of rsFolder appears more dynamic on the millisecond timescale than the fluorescent

“on”-state. NMR investigations of the chromophore resulted in the deciphering of four

configurations, populated in a pH-dependent fashion. Moreover, pH-induced cis-trans

isomerization of the chromophore was observed, in the absence of light. NMR-derived

values of activation energies for isomerization and free energy differences between the cis

and trans chromophore enabled the mapping of the ground-state free energy landscape of

rsFolder at different pH values and buffer compositions. Lastly, comparing NMR observables

with optical measurements on rsFolder and mutants highlights the potential role that

NMR can play in the field of RSFP engineering. Altogether, my PhD work yielded in not

only a reliable in-situ illumination set-up accompanied with relevant NMR experiments

to study RSFPs, but also highlighted the importance of dynamics in understanding RSFPs’

photophysical properties.

Version française

La découverte de protéines fluorescentes photo-transformables (PTFP) au cours des

dernières décennies a révolutionné le domaine de la microscopie optique. Les protéines

fluorescentes réversiblement commutables (RSFP), en particulier, sont couramment utilisées

pour les techniques de microscopie à super-résolution comme en RESOLFT (REversible

Saturable OpticaL Fluorescence Transitions) par exemple. Par photoactivation, les RSFP

passent d’un état “on” - fluorescent - à un état “off” - éteint - qui, combiné à des sys-

tèmes d’illumination avancés permet d’imager des composants cellulaires préalablement

marqués à une résolution nanométrique. De nombreuses études cristallographiques sur

les RSFP ont apporté des informations structurelles importantes et ont permis de dresser

des hypothèses quant à leur comportement photo-physique. Elles ont également guidé



l’ingénierie des protéines fluorescentes afin d’améliorer leur conception et leur utilisation

in vivo. Cependant, les cristaux de ces protéines qui sont étudiées à des températures

cryogéniques ne permettent pas de capturer la dynamique moléculaire des RSFP dans le but

de comprendre, voir d’améliorer leur propriétés photo-physique. C’est pourquoi au cours de

ma thèse, j’ai majoritairement utilisé la résonance magnétique nucléaire (RMN) en solution

multidimensionnelle sur une RSFP verte - appelée rsFolder - afin de compléter et améliorer

nos connaissances sur ces protéines.

À l’aide d’un dispositif d’éclairage laser in situ portatif couplé au spectromètre RMN,

j’ai pu extraire des informations dynamiques locales quantitatives concernant les états “on”

et “off” fluorescents de rsFolder qui sont respectivement caractérisés par un chromophore

en conformation cis et trans. Les signatures des résidus dans l’état “off” non fluorescent

ont été identifiées à l’aide d’expériences de RMN d’échange induite par le LASER. L’état

“off” métastable de rsFolder apparaît plus dynamique à l’échelle de temps de la milliseconde

que l’état “on” fluorescent. La RMN a également permis de mettre en lumière quatre

configurations du chromophore possible qui sont pH dépendante. De plus, j’ai observé

l’isomérisation du chromophore induite par le pH cis-trans, en l’absence de lumière. Les

valeurs dérivées de la RMN des énergies d’activation concernant l’isomérisation et les

différences d’énergie libre entre le chromophore cis et trans ont permis de cartographier

le paysage d’énergie libre de l’état fondamental de rsFolder à différents pH. Enfin, la

comparaison de données de RMN et des mesures optiques sur rsFolder ainsi que sur

différents mutants a mis en évidence le rôle important que la RMN peut jouer dans le

domaine de l’ingénierie des RSFP.

Dans l’ensemble, mes travaux de thèse ont permis non seulement d’établir un système

d’illumination in situ fiable, accompagné d’expériences de RMN pertinentes dans le but

d’étudier les RSFP mais aussi de souligner l’importance de la dynamique moléculaire dans

la compréhension des propriétés photo-physiques des RSFPs.

viii



Contents

Page

ACKNOWLEDGMENT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vi

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiii

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xiv

CHAPTER

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.1 The history of fluorescent proteins . . . . . . . . . . . . . . . . . . . . . . 3

1.1.1 The discovery of the Green Fluorescent Protein (GFP) . . . . . . . 3

1.1.2 The chromophore of the GFP – formation and electronic properties 5

1.1.3 Phototransformable Fluorescent Proteins (PTFPs) . . . . . . . . . 8

1.1.4 Super-Resolution Microscopy . . . . . . . . . . . . . . . . . . . . . 10

1.1.5 Application of RSFPs beyond SR microscopy . . . . . . . . . . . . 12

1.1.6 Reversibly Photoswitchable Fluorescent Proteins (RSFPs) used in

SR microscopy – advantages and drawbacks . . . . . . . . . . . . 13

1.2 Biophysical characterisation of RSFPs . . . . . . . . . . . . . . . . . . . . 17

1.2.1 Photophysical/Optical characterisation of RSFPs . . . . . . . . . . 18

1.2.2 Crystallographic studies of RSFPs . . . . . . . . . . . . . . . . . . 24

1.2.3 Molecular dynamics simulations and Ultrafast vibrational spec-

troscopy as complementary techniques in the discovery of new

RSFPs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

1.2.4 Our model system of negative RSFP: rsFolder and mutants . . . . 32

1.3 Multi-dimensional solution NMR to add a dynamic view on RSFPs . . . . 35

1.3.1 Achieving atomistic information – the chemical shift . . . . . . . . 35

ix



1.3.2 NMR as an ensemble technique . . . . . . . . . . . . . . . . . . . 36

1.3.3 The effect of Radiofrequency (RF) pulses and signal detection . . 38

1.3.4 1D versus nD heteronuclear NMR spectroscopy – sensitivity and

resolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

1.3.5 An example of a two-dimensional NMR pulse sequence: Heteronu-

clear Single Quantum Coherence (HSQC) spectroscopy . . . . . . 43

1.3.6 Resonance frequency assignment to protein residues . . . . . . . . 45

1.3.7 Studying protein dynamics using nD solution NMR . . . . . . . . . 45

1.3.8 Limitations of nD solution NMR for studying proteins . . . . . . . 65

1.3.9 Using NMR to study fluorescent proteins . . . . . . . . . . . . . . 65

1.3.10 Thesis objectives: Studying rsFolder and mutants by nD NMR . . . 67

2 Materials & Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

2.1 rsFolder sample preparation . . . . . . . . . . . . . . . . . . . . . . . . . 68

2.1.1 Protein purification of Uniformly labelled rsFolder samples – with

and without His-tag . . . . . . . . . . . . . . . . . . . . . . . . . . 68

2.1.2 rsFolder pH series preparation . . . . . . . . . . . . . . . . . . . . 69

2.2 In-situ LASER illumination in NMR spectrometer . . . . . . . . . . . . . . 69

2.2.1 LASER box . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

2.2.2 Optical fiber: use and maintenance . . . . . . . . . . . . . . . . . 70

2.2.3 Modifications in NMR setup . . . . . . . . . . . . . . . . . . . . . 70

2.2.4 Assessing the in-situ illumination setup using rsFolder . . . . . . . 71

2.3 rsFolder backbone and side chain assignment – “on”- and “off”- state . . 71

2.3.1 Backbone amide assignment . . . . . . . . . . . . . . . . . . . . . 71

2.3.2 Side chain assignment . . . . . . . . . . . . . . . . . . . . . . . . . 75

2.3.3 Structural information from Cα and Cβ frequencies . . . . . . . . 78

2.4 NMR experiments for protein dynamics characterization . . . . . . . . . 78

2.4.1 Fast conformational exchange . . . . . . . . . . . . . . . . . . . . 78

2.4.2 Intermediate conformational exchange . . . . . . . . . . . . . . . 79

2.4.3 Slow conformational exchange . . . . . . . . . . . . . . . . . . . . 79

2.5 Optical characterization of rsFolder and mutants . . . . . . . . . . . . . . 81

2.5.1 Absorption and Emission spectra . . . . . . . . . . . . . . . . . . . 81

2.5.2 Extinction coefficient, fluorescence Quantum Yield and Brightness 81

x



2.5.3 Ensemble microscopy measurements to extract switching rates and

switching contrast . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

3.1 In-situ LASER illumination in NMR spectrometer . . . . . . . . . . . . . . 83

3.1.1 Choosing the LASER box . . . . . . . . . . . . . . . . . . . . . . . 83

3.1.2 In-situ illumination of the NMR sample . . . . . . . . . . . . . . . 87

3.1.3 Performance of the in-situ illumination set-up in NMR spectrometer 91

3.1.4 Advantages, limitations and future perspectives of the in-situ illu-

mination setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

3.2 NMR studies of rsFolder “on”- and “off”-states . . . . . . . . . . . . . . . 96

3.2.1 Sample and spectral quality control . . . . . . . . . . . . . . . . . 97

3.2.2 Distinction between “on”- and “off”- states – NMR-observed switch-

ing contrast . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

3.2.3 NMR-observed photobleaching . . . . . . . . . . . . . . . . . . . . 99

3.2.4 Effect of photocycling and LASER power on NMR observables . . . 101

3.2.5 NMR-observed thermal relaxation . . . . . . . . . . . . . . . . . . 102

3.2.6 Establishing the LASER-Driven EXSY experiment used for backbone

assignment of rsFolder “off”-state . . . . . . . . . . . . . . . . . . 104

3.2.7 Secondary structural elements prediction from NMR CS using the

TALOS-N program . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

3.2.8 Characterization of rsFolder backbone dynamics in the “on”- and

“off”-states . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

3.2.9 The “off”-state shows increased water accessibility and barrel in-

stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

3.2.10 Characterization of rsFolder side-chain and chromophore dynamics

in the “on”- and “off”-states . . . . . . . . . . . . . . . . . . . . . . 113

3.2.11 Interpretation of NMR findings of rsFolder conformation and dy-

namics upon cis-trans isomerization . . . . . . . . . . . . . . . . . 123

3.3 NMR investigation of ground-state chromophore isomerization and proto-

nation in rsFolder . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

3.3.1 NMR deciphers the various chromophore configurations . . . . . . 130

xi



3.3.2 NMR investigation of the cis-CRO of rsFolder in the absence of light131

3.3.3 NMR investigation of the trans-CRO of rsFolder . . . . . . . . . . . 138

3.3.4 Impact of NMR observations of pH-induced effects on the optical

properties of rsFolder . . . . . . . . . . . . . . . . . . . . . . . . . 147

3.3.5 Interpretation of NMR results on ground-state (de)protonation and

isomerization kinetics . . . . . . . . . . . . . . . . . . . . . . . . . 150

4 Preliminary work and future perspectives . . . . . . . . . . . . . . . . . . . 157

4.1 Correlating NMR observables with photophysical properties of rsFolder

mutants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

4.1.1 Rationale for choosing rsFolder mutants . . . . . . . . . . . . . . . 157

4.1.2 Optical studies on rsFolder2 and mutants . . . . . . . . . . . . . . 158

4.1.3 NMR studies on rsFolder2 and mutants . . . . . . . . . . . . . . . 160

4.1.4 Comparing NMR observables and optical measurements . . . . . . 160

4.1.5 Interpretation of NMR and optical studies on rsFolder mutants . . 164

4.2 Preliminary NMR and optical studies of rsFolder in different sample

conditions relevant to microscopy . . . . . . . . . . . . . . . . . . . . . . 166

4.3 Future perspectives for studying rsFolder to complement and/or prove

NMR conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167

5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

APPENDIX

A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196

xii



List of Tables

1.1 Examples of RSFPs and their properties mentioned in the Introduction . . . 17

2.1 Volume of Phosphate buffer and Citric acid required to prepare the McIlvaine

pH series . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.1 Chromophore NMR chemical shifts . . . . . . . . . . . . . . . . . . . . . . . 119

3.2 Fitted values from fluorescence photocycles of rsFolder pH=5 and pH=8 . . 151

4.1 Fitted values from fluorescence photocycles of rsFolder2 and mutants . . . . 159

4.2 Results from NMR measurements of the properties of rsFolder2 wild-type(WT)

and mutants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

xiii



List of Figures

1.1 Crystal structure and excitation and emission profile of GFP(S65T) . . . . . 4

1.2 Chromophore Formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.3 Absorption and emission spectra in wtGFP . . . . . . . . . . . . . . . . . . . 7

1.4 PTFPs chromophores . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.5 Example of an image captured by RESOLFT versus Confocal microscopy . . 11

1.6 Doughnut-shaped beam in RESOLFT . . . . . . . . . . . . . . . . . . . . . . 12

1.7 Principle of RESOLFT microscopy using a negative green GFP-type RSFP . . 15

1.8 Absorption spectra of rsFolder . . . . . . . . . . . . . . . . . . . . . . . . . . 16

1.9 Switching rates of different RSFPs . . . . . . . . . . . . . . . . . . . . . . . . 17

1.10 Photocycles and kinetic model fitting in RSFPs . . . . . . . . . . . . . . . . . 20

1.11 Example of fixation effect on photophysical properties of RSFPs . . . . . . . 21

1.12 Comparison between single molecule and ensemble studies of Dronpa . . . 23

1.13 Zooming in the overlapped crystallographic structures of Dronpa “on”- and

“off”-states, in the vicinity of the phenol ring of the CRO . . . . . . . . . . . 25

1.14 X-ray refinement model comparison . . . . . . . . . . . . . . . . . . . . . . . 26

1.15 Zooming in the chromophore region of the crystallographic structure of IrisFP 27

xiv



1.16 rsEGFP2 XFEL structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

1.17 rsFolder vs rsEGFP2 chromophore switching . . . . . . . . . . . . . . . . . . 33

1.18 rsFolder side chains comparison between crystal structures of “on”- and

“off”-states . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

1.19 Tautomeric states of Histidines observed by NMR . . . . . . . . . . . . . . . 37

1.20 Net magnetisation of spin system . . . . . . . . . . . . . . . . . . . . . . . . 38

1.21 Effect of 90◦ RF pulse on net magnetization . . . . . . . . . . . . . . . . . . 39

1.22 Signal detection by NMR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

1.23 One dimensional vs Two-dimensional spectrum . . . . . . . . . . . . . . . . 41

1.24 NMR pulse sequence basics . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

1.25 HSQC pulse sequence basics . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

1.26 NMR Lineshapes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

1.27 Correlation function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

1.28 Spectra density function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

1.29 Differences between τc and τe . . . . . . . . . . . . . . . . . . . . . . . . . . 50

1.30 Dipolar couplings and CSA affecting spins while tumbling . . . . . . . . . . 52

1.31 Transverse relaxation scheme . . . . . . . . . . . . . . . . . . . . . . . . . . 53

1.32 relaxation equation graph . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

1.33 N15 T1 relaxation experiment . . . . . . . . . . . . . . . . . . . . . . . . . . 56

1.34 N15 T2 relaxation experiment . . . . . . . . . . . . . . . . . . . . . . . . . . 57

1.35 N15 CPMG-RD relaxation experiment . . . . . . . . . . . . . . . . . . . . . . 60

1.36 NMR EXSY experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

xv



1.37 Real-time NMR scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

2.1 TROSY effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

2.2 Example of a 3D triple-resonance NMR experiment . . . . . . . . . . . . . . 74

2.3 LASER-Driven EXSY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

3.1 LASER box components . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

3.2 Photo of laptop connected to LASER box in the NMR setup . . . . . . . . . . 86

3.3 Photo of TTL lines connected to the IPSO channel of the NMR console . . . 87

3.4 Fiber end scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

3.5 Etched fiber end . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

3.6 Fiber end scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

3.7 NMR observed “on”-to-“off” photoswitching . . . . . . . . . . . . . . . . . . 92

3.8 Differences in “on”-to-“off” photoswitching for a normal versus a pen-shaped

plunger . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

3.9 Idea for additional optical set-up . . . . . . . . . . . . . . . . . . . . . . . . 95

3.10 Scheme of two-fiber system for detection of fluorescence during NMR acqui-

sition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

3.11 Temperature series on rsFolder . . . . . . . . . . . . . . . . . . . . . . . . . 98

3.12 Overlaid 1H-15N BEST-TROSY spectra of rsFolder in the “on”- and “off”-state 99

3.13 NMR signal decrease during 488nm illumination . . . . . . . . . . . . . . . 100

3.14 Evaluation of the effect of photocycling on observed NMR signals . . . . . . 102

3.15 NMR-observed thermal relaxation of rsFolder . . . . . . . . . . . . . . . . . 103

3.16 Principle of LD-EXSY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

xvi



3.17 NMR prediction of secondary structural elements using TALOS-N . . . . . . 107

3.18 Chemical shift and peak intensity differences on rsFolder “on”- and “off”-

states amide spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

3.19 15N T1, T2, hetNOE values for rsFolder, line broadening and 15N -CPMG-RD . 110

3.20 Summarised scheme of rsFolder “off”-state dynamics . . . . . . . . . . . . . 111

3.21 Summarised scheme of HDX results on rsFolder . . . . . . . . . . . . . . . . 112

3.22 rsFolder water channels modelled by PyMol CAVER 3.0 . . . . . . . . . . . . 113

3.23 NMR-observed dynamics of methyl side chains upon 488nm illumination . . 114

3.24 Assignment of Histidine-specific NMR spectra . . . . . . . . . . . . . . . . . 116

3.25 Assignment of Tyrosine-specific NMR spectra . . . . . . . . . . . . . . . . . . 117

3.26 Assignment of chromophore NMR spectra . . . . . . . . . . . . . . . . . . . 118

3.27 NMR-observed dynamics of aromatic side chains upon 488nm illumination . 119

3.28 Dynamics in the “pocket” of the trans chromophore . . . . . . . . . . . . . . 120

3.29 NMR observations on the chromophore . . . . . . . . . . . . . . . . . . . . . 121

3.30 Histidine 149 and chromophore H-bonding observed in NMR . . . . . . . . 123

3.31 NMR signatures of the 4 chromophore configurations . . . . . . . . . . . . . 131

3.32 NMR-observed pKa of residues near the cis chromophore . . . . . . . . . . . 132

3.33 15N -CPMG-RD data for amides near the cis chromophore . . . . . . . . . . . 134

3.34 Summary of ring flipping rates for the two configurations of the cis chromophore136

3.35 NMR spectral signatures of “on”-state H149 at different pH values . . . . . . 137

3.36 Summary of exchange kinetics of rsFolder cis chromophore as observed by

NMR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

xvii



3.37 Hβ-Cβ NMR cross-peaks of N-trans and A-trans chromophore . . . . . . . . . 139

3.38 Line narrowing of “off”-state NMR signals upon increase of Hydrogen ion

availability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

3.39 NMR peak line narrowing upon increase of temperature in the “off”-state . . 140

3.40 pH titration in the methyl region of the “off”-state . . . . . . . . . . . . . . . 141

3.41 Thermal relaxation times for rsFolder at different pH . . . . . . . . . . . . . 143

3.42 Free energy landscape of rsFolder at different pH . . . . . . . . . . . . . . . 143

3.43 Ground state free energy landscape for rsFolder at different pH and buffer

composition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

3.44 pH titration of “off”-state H149 . . . . . . . . . . . . . . . . . . . . . . . . . 146

3.45 Light-induced population ratio of major chromophore configurations at dif-

ferent pH values . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

3.46 Optical measurements of rsFolder at different pH values . . . . . . . . . . . 149

3.47 NMR-derived N-trans population at different pH values after 405nm illumi-

nation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

4.1 NMR pH titration of Threonines of rsFolder2 mutants . . . . . . . . . . . . . 162

4.2 Correlation between NMR observables and optical measurements for rs-

Folder2 mutants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

4.3 Comparison of fluorescence photocycles of rsFolder with and without MEA . 167

4.4 Comparison of 2D amide and methyl spectra of rsFolder with and without MEA168

A.1 Assigned amide spectra of rsFolder “on”-state at 40◦C . . . . . . . . . . . . . 196

xviii



LIST OF ACRONYMS

A-cis Anionic-cis

A-trans Anionic-trans

BEST Band-selective Excitation Short-Transient

CPMG-RD Carl Purcell Meiboom–Gill Relaxation-dispersion

CRO Chromophore

CS Chemical Shift

CSA Chemical Shift Anisotropy

DD Dipole-Dipole

dSTORM direct STochastic Optical Reconstruction Microscopy

EXSY EXchange SpectroscopY

FCS Fluorescence Correlation Spectroscopy

FP Fluorescent Protein

GFP Green Fluorescent Protein

HDX Hydrogen-Deuterium eXchange

HMQC Heteronuclear Multiple Quantum Coherence

HSQC Heteronuclear Single Quantum Coherence

LASER Light Amplification by Stimulated Emission of Radiation

LED Light-Emitting Diodes

MEA β-mercaptoethylamine

N-cis Neutral-cis

N-trans Neutral-trans

nD Mutli-Dimensional

NMR Nuclear Magnetization Resonance

OPIOM Out-of-Phase Imaging after Optical Modulation

PAFPs Photo-Activatable Fluorescent Proteins

PALM Photo-Activated Localization Microscopy

1



PAM Photo-Acoustic Microscopy

PCFPs Photo-Convertible Fluorescent Proteins

PTFPs Photo-Transformable Fluorescept Proteins

RESOLFT REversible Saturable OpticaL Fluorescence Transitions

RF Radio-Frequency

RSFPs Reversibly photo-Switchable Fluorescent Proteins

SOFAST band-Selective Optimized Flip-Angle Short-Transient

SR Super-Resolution

STED Stimulated Emission Depletion

TROSY Transverse-Relaxation Optimized SpectroscopY

WT Wild-Type

2



Chapter One

Introduction

1.1 The history of fluorescent proteins

1.1.1 The discovery of the Green Fluorescent Protein (GFP)

In the quest to understand the function of biological cells and cellular networks, scientists
have historically made use of the optical microscope. Dating all the way back to 1674, with
the visualization of red blood cells by Van Leeuwenhoek [91], the light microscope in its
many modalities (conventional light, fluorescent, confocal, super-resolution, two-photon
etc.) is commonly used to retrieve localized information on intracellular activity or to
decipher intercellular communication.

More specifically, fluorescence microscopes revolutionized the visualization of biological
cells during the early 1900s [182]. Fluorescence microscopy, as compared to conventional
light microscopy, utilizes fluorescent tags to enhance the signal received from cellular
compartments of interest. The signal to noise ratio achieved is incomparable to the one
of conventional light microscopy due to the use of tags that are excited by high intensity
light which are then detected at a specific channel (e.g green-band pass filter for green
fluorophores) [186]. Most importantly, the use of such tags ensures significantly improved
specificity. Overall, the image sensitivity and resolution achieved depends primarily on
the quality of sample staining – labelling specificity, fluorescent tag brightness, lifetime
of fluorescence, fluorescent contrast of the tag as compared to auto-fluorescence of the
specimen – and secondarily, on the microscope’s specifications.

Currently, fluorescent tags used in microscopy can be grossly categorized into two
groups; synthetic fluorophores and genetically encoded fluorescent proteins (FPs). The latter
consists of proteins that are found in several biological organisms (mainly Hydrozoa and
Anthozoa [44]) with the Green Fluorescent Protein (GFP) being the first one to demonstrate
FPs use as fluorescent biomarkers. In 1962, Osamu Shimomura isolated the nucleotide
sequence of the wild-type GFP (wtGFP), a protein found in a species of jellyfish Aequorea
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victoria [198]. Decades later, in 1992, Douglas Prasher et al achieved the cloning of wtGFP
[176] while expression of wtGFP in E.coli and C.elegans was performed for the first time
in 1994 by scientists from the lab of Martin Chalfie [33]. A year later, Roger Tsien’s lab
reported the first significantly brighter mutant of wtGFP, namely the S65T mutant [98].

Figure 1.1 (a)Structure of the Green Fluorescent Protein (S65T), PDB:1EMA, in (b)
zooming into the chromophore and (c) its corresponding excitation and emission
spectrum

.

Notably, the mechanism of GFP’s fluorescence was deciphered only after the S65T was
introduced, and its crystal structure was published in an issue of Science in 1996 [160]. The
structure revealed a 11-strand β-barrel protein, enclosing a chemical moiety which would
be identified as the chromophore (CRO) of the GFP. Helices capping the barrel and extending
inside its centre are disrupted by the CRO. Revealed for the first time, the chromophore
responsible for the GFP’s fluorescence was described as the product of 3 aminoacid residues
(Ser65-Tyr66-Gly67, SYG) encoded in the gene of the GFP (Figure 1.1).

The triad of SYG, when in proximity during the folding of the barrel of the GFP(S65T),
undergoes an autocatalytic reaction during the “maturation” step of the protein. This
process results in a chromophore consisting of a phenol ring (p-hydroxy-benzylidene-
imidazolinone), which, when deprotonated, can emit a green photon (at 509nm) upon the
absorption of a blue photon (at around 489nm). The work of Tsien, Chalfie and Shimomura
paved the way for many discoveries to come concerning the cellular world. For their work
on the GFP, the first gene-encoded fluorescent tag, they were awarded the Nobel Prize in
Chemistry in 2008.
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1.1.2 The chromophore of the GFP – formation and electronic proper-

ties

It is precisely the endogenously synthesized CRO that makes the GFP a crucial addition
to the toolbox of fluorescent tags. More specifically, the CRO allows for the molecular
labeling of specimens without the need of other co-factors except oxygen (which results in
the production of one peroxide molecule per chromophore) [238, 138]. Since its discovery,
mutations have been introduced in order to further enhance or change its photophysical
properties. Nevertheless, CROs found in GFP-type proteins are encoded as 3 amino acid
residues, with a conserved pattern of Xxx – Tyr – Gly [162, 154].

There are two mechanisms of CRO formation suggested in the literature, both supported
by several studies [48, 19, 83, 238, 183, 138]. They both propose that maturation follows
well-timed steps which allow for the cyclization of the Xxx-Gly residue pair into a five-
membered ring and a dehydration/oxidation step which forms the double bond (methine
bridge of the CRO) of the Tyrosine ring with the imidazolinone [18, 48]. For wild-type
GFP in particular, maturation follows the cyclization-oxidation-dehydration model, with
the rate-limiting step being the production of a peroxide molecule [238, 138, 183]. More
importantly, the β-barrel is what gives rise to favored conformations and electronical
conjugation states in GFP CRO, by applying a type of mechanical compression onto its
core, where the CRO lies [18, 139]. This distorted architecture forces atoms of the CRO in
proximity which, subsequently, form covalent bonds such as the nitrogen of Gly67 with the
carbon of the carbonyl of Thr65 in GFP (TYG CRO). Further evidence of the distortion is
the existence of an “atypical” 310 alpha helix, characteristic of β-barrel shaped FP proteins
such as the GFP and its variants [18, 17].

Consequently, the CRO consists of two rings - a five-membered imidazolone ring and
a six-membered phenol ring originating from Tyr66. Depending on the protonation of
these two aforementioned rings, there can be different CRO species: a. deprotonated (or
anionic), b. protonated (or neutral), c. zwitterrion, and d. cationic. These correspond to
the phenol (at the Tyr Cz position) and the imidazolinone ring (at the Nd position) being:
a. deprotonated and deprotonated, b. protonated and deprotonated, c. deprotonated
and protonated, and d. protonated and protonated, respectively. The most commonly
encountered CRO species are the deprotonated (anionic) and protonated (neutral) form.

Furthermore, the electronic configuration found in a GFP CRO is characterized by a
large delocalised pi-electron system which is shared between the two rings of the CRO
[209]. The allowed electronic states of this pi-system dictate the wavelength of maximum
absorption. When extending the conjugated bond network, for example, the absorption
(and therefore emission) wavelength is red-shifted [144]. It is the planarity and the rigidity
of the CRO inside the barrel that influence its brightness capabilities [139, 154, 157, 212];
a free deprotonated CRO in solution, not fixed by the barrel, is essentially non-fluorescent
[139]. That is because the CRO rings are allowed to freely twist in relation to each other
upon absorption of light, and thus the characteristic delocalized pi-system is disrupted.
Therefore, the GFP barrel acts not only as a “shield” against the solvent but also as a matrix

5



Figure 1.2 Formation of the wtGFP chromophore, from the autocatalytic reaction
of Ser65, Tyr66 and Gly67. The first step is cyclisation of the imidazolinone ring, fol-
lowed by oxidation and finally dehydration that forms the methine bridge between
the phenol and the imidazolinone ring of the chromophore. The chromophore in
its final form is in equilibrium between two species, characterised by a protonated
and a deprotonated tyrosine ring, respectively.

.

that fixes the CRO, decreasing the chances of radiationless decay.

Moreover, the electronegativity of the CRO is of importance. In the original GFP which
is relatively dim upon cyan light excitation, the probability of the CRO being in the neutral
(protonated) form is quite high – the ratio of neutral and anionic species as retrieved
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from optical spectroscopy in Tsien’s lab is 6:1 [213]. The neutral phenol CRO absorbs
UV light (395nm absorption peak) and is characterizaed by weak broadband emission in
the range of 420-470nm [36], which is a wavelength range at which autofluorescence is
prevalent [49]. Notably, in GFP UV-radiation can excite the phenol, causing it to lose a
proton (Excited State Proton Transfer, or ESPT) and thus recovering the anionic species
[51]. Interestingly, UV-excitation can in some cases cause cis-trans photoisomerisation of
the neutral species [213]. The anionic CRO species in wtGFP are therefore contributing to
the green fluorescence emission, with a characteristic maximum absorption wavelength at
470-475nm and emission at 504nm [213]. Progressively, mutations have been introduced
to the gene of the wtGFP to further skew the ratio in favor of the anionic species since it is
conventionally regarded as the ‘fluorescent’ species [167].

Figure 1.3 Absorption and emission spectra in wtGFP. Neutral CRO species absorb
at 395nm while anionic CRO species absorb at 475nm and fluoresce at 504nm.

Since the discovery of the GFP, the development of a pallet of GFP variants as well as
other fluorescent proteins originating from other organisms, have given rise to a variety of
protein tags characterized by different photophysical properties such as color, brightness,
Stoke’s shift (i.e difference between the absorption and emission wavelength originating
from the same electronic transition), photostability, folding, CRO maturation time, etc. The
main advantage of gene-encoding tags is their high labelling specificity as compared to
synthetic dyes [44, 154]. Not only are they expressed without the need of other bigger
“linkers” (such as antibodies in the case of synthetic dyes) but they are also more bio-friendly
(i.e no need to perfuse cells) in the systems where they have so far been utilized (from
bacteria to mice) [44]. Nevertheless, their main limitations concern their low brightness
as well as low photostability as compared to their synthetic counterparts [4]. All in all,
their positive attributes are the main driving force behind the continuing efforts of protein
engineers to further enhance FPs photophysical properties.

Interestingly, a synergy between the robust labelling specificity of FPs and the exceptional
fluorescent behavior of synthetic dyes has lead to numerous attempts to combine the two
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systems in the form of self-labeling enzyme tags (SNAP- [119], CLIP- [75] and HALO-tags
[135]), and as of recently, fluorogenic proteins [76].

Self-labeling enzyme tags combine the use of specifically expressed enzymes with
synthetic fluorescent dyes. The underlying chemistry consists of the ability of the protein of
the system to covalently bind to a fluorescent dye.

Fluoregenic proteins are gene-encoded proteins that can bind to an exogenous synthetic
chromophore [76]. This chromophore becomes only fluorescent upon binding in the protein
pocket, ensuring high specificity of labelling.

1.1.3 Phototransformable Fluorescent Proteins (PTFPs)

Only a decade after the discovery of the GFP, Phototransformable Fluorescent Proteins
(PTFPs) were developed [154, 3]. PTFPs radically change their optical properties upon
illumination at certain wavelengths of light. Such photochemical reactions take place in
the CRO and its neighboring environment as suggested by crystallography. So far, there
are 3 main categories of PTFPs, depending on the effect that light of certain wavelength(s)
has on their properties: a. photoactivatable fluorescent proteins (PAFPs), where the
CRO is irreversibly entering a fluorescent state after illumination, b. photoconvertible
fluorescent proteins (PCFPs), whereby an extension of the pi-electronic system of the CRO
causes a redshift of its fluorescence emission wavelength and c. reversibly photoswitchable
fluorescent proteins (RSFPs) which allow for the CRO to reversibly alternate between a
fluorescent and a non-fluorescent state depending on the wavelength of illumination. [154,
26, 3].

PAFPs have been engineered to have primarily neutral species of the CRO present,
therefore not fluorescent upon cyan light excitation (in the case of green-emitting PAFPs)
[168]. Upon use of “activating” light (typically UV for green PAFPs) , these species become
anionic (in their majority) due to the rearrangement of the hydrogen bond (HB) network
around the chromophore [168, 137]. Using the example of PA-GFP, the HB rearrangement
is a secondary effect of the photo-induced (upon UV illumination) decarboxylation of the
Glu222 residue in the barrel [216, 215, 168]. Therefore, the process can be considered
irreversible.

Similarly, PCPFs are FPs that undergo irreversible changes in their FP matrix that
result in changes of their optical properties. Under specific wavelengths of illumination, an
irreversible process, namely backbone cleavage, results in the extension of the pi-conjugated
system of the CRO in PCFPs [10, 145, 228]. Ultimately, these processes translate to PCFPs
that irreversibly change their optical properties from eg green-to-red fluorescence in the
case of Kaede [10, 145].

Last on the list are RSFPs, proteins that can reversibly switch between a fluorescent
and a non-fluorescent state upon illumination of light of two different wavelengths. The
mechanism underlying photoswitching is (most commonly) photoisomerization, which
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Figure 1.4 Schematic representation of the chromophore modifications upon light
absorbance at certain wavelengths of Phototransformable Fluorescent Proteins.

is the result of the rotation of the two bonds consisting the methine bridge of the CRO.
Photoisomerisation appears to be reversible (cis-trans and trans-cis) upon illumination of
the protein with another wavelength of light or by allowing for the protein to thermally
relax back to its thermally stable state [89, 13]. Exceptions include Dreiklang and SPOON,
RSFPs undergoing photo-induced hydration/dehydration of the CRO in a reversible manner
[27, 15].

Interestingly, derivatives of the green-to-red PCFP EosFP, have been reported to also
undergo reversible photoswitching to a long-lived dark state in their respective green and
red state in addition to their photochromic behaviour [5, 54] suggesting that PCFPs show
RSFP-behaviour as well.

As mentioned above, the resolution and robustness of fluorescence microscopy tech-
niques are dependent on the properties of the fluorescent tags available. Therefore, with
the development of phototransformable fluorescent proteins came a wave of new mi-
croscopy techniques (PALM [22, 104], RESOLFT [105], SOFI [55], GSD [70]) that have
completely revolutionized the field. While the resolution achieved by conventional fluores-
cent microscopy is limited to structures of around 250nm, super-resolution microscopy has
managed to achieve the resolution of cellular components in the range of a few nanometers
[184] (commonly now referred to as “nanoscopy”). Central to these modalities of imaging
are fluorescent tags that can change their photophysical properties on demand during
acquisition.
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1.1.4 Super-Resolution Microscopy

Conventional (fluorescence) light microscopy is limited by the diffraction limit of light.
Unless some post-acquisition image processing takes place, the observer cannot distinguish
details of a size smaller than about 250nm [22]. This number is dictated by the maximum
resolution, i.e the ability of the microscope to distinguish light originating from two sources.
When emitting light of wavelength λ, a conventional microscope with an objective lens
with numerical aperture of NA (NA = nsinα, where n and α are the refractive index and
aperture angle of the lens, respectively) can achieve a minimum resolvable distance d, as
described by Ernst Karl Abbe:

d =
λ

2NA
=

λ

2nsinα
(1.1)

Therefore, when working with light of the near UV-visible range (250-700nm), the
maximum resolution that can be achieved is 250nm [74].

Super-resolution (SR) microscopy has managed to bypass this physical limit using a
combination of novel tags, illumination patterns and post-acquisition processing. Far-field
super-resolution microscopy techniques are based on the use of a conventional microscope
objective (contrary to more “unconventional” setups of near-field, scanning-tip techniques),
thus making them the choice for surpassing the diffraction limit when visualising biological
cells [99]. Such techniques aim at temporally distinguishing the signal originating from
fluorophores so as to reconstruct the image after acquisition and can be grossly categorised
in two groups:

1. Ensemble (or Deterministic) – including Stimulated Emission Depletion (STED),
Ground State Depletion (GSD) and Reversible Saturable Optically Linear Transitions
(RESOLFT)

2. Single-molecule (or Stochastic) – including Photoactivation Localization Microscopy
(PALM), stochastic optical reconstruction microscopy (STORM)

RESOLFT microscopy utilizes reversibly photoswitchable fluorophores (such as RSFPs).
More specifically, RESOLFT [105], is established as a more biological sample-friendly
alternative to STED, since it requires an order of magnitude less laser power to operate
– STED’s average laser intensities are in the order of MW/cm2 while RESOLFT only uses
kW/cm2 [100, 87]. However, the advantage of RESOLFT was only to be proven once RSFPs
were used to label the sample [27, 87]. Since then, a combination of advanced illumination
patterns and RSFPs properties has allowed the increased resolution and consequently
reduced the acquisition time. [40, 41, 224].

Despite the differences with STED, the acquisition principle remains the same. Both
STED and RESOLFT aim at retrieving fluorophores’ positions by discriminating between
two states – a dark and a bright state. In the case of STED, the bright state consists of the
fluorophore undergoing spotaneous emission, while the dark state is induced by stimulated
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Figure 1.5 rsEGFP2-labelled CV-1 cells were visualised using RESOLFT versus
conventional Confocal microscopy, figure reprinted from Ilgen et al. The resolu-
tion achieved with RESOLFT ranged between 60-100nm, depending on the cell
compartment visualised. Scale bar = 1 µm [110].

emission (via high laser powers), driving the fluorophores to the ground state. RESOLFT,
on the other hand, can lower the laser intensity used by making use of the stereochemically
distinct dark and bright states of RSFPs.

More specifically for RESOLFT, the addition of a doughnut-shaped laser beam ensures
that the majority of the sample area converts to the dark state. The doughnut-shaped
beam is the result of a diffraction pattern with high intensity laser power in its outer part
(Imax) and essentially zero intensity in the middle. The doughnut-shaped beam ultimately,
“deplets” the fluorophores around the focal spot for detection – the high intensity laser
power increases the probability that the RSFP has switched to the “off”-state. This way, the
effective “on”-state RSFPs remaining to be excited (by the excitation laser) can only be in a
small spot in the center of the objective’s view. Therefore, the minimum distance between
features that can be resolved using STED or RESOLFT becomes:

d =
λ

2nsinα
√

1 + Imax

Is

(1.2)

Where Imax and Is are the values for the laser intensity at maximum and at the desired
intensity on the edges of the doughnut beam, respectively. Ideally, Imax is by far higher than
Is, thus making the resolution “infite”. In practice, the resolution is still limited to a few
tens of nanometers. Overall, by laser-scanning the sample using such unique illumination
patterns, one can reconstruct the final image of the sample at nanoscale resolution [99].
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Figure 1.6 Schematic representation of the combination of excitation and
doughnut-shaped beam in RESOLFT. While the excitation beam on its own has a
diameter of about 200nm due to diffraction, after the doughnut-shaped beam is
applied, the effective excitation beam becomes closer to 50nm.

In contrast, single-molecule or stochastic SR techniques reconstruct images after record-
ing the signal received by single molecules. Instead of purposely “activating” or “saturating”
fluorescent tags using high intensity lasers, PALM/STORM type techniques use low intensity
activation-laser illumination and thus allow for the stochastic photoconversion of molecules.
In this way, single-molecule fluorescence, induced by high-intensity excitation lasers, can
be temporally disentangled. Consequently, knowing that the fluorescence perceived is
the de-excitation of a single fluorophore allows for the projection of the diffracted signal
onto a point of the size of the fluorophore used. The latter step, involving mostly image
processing, uses a mathematically modelled (Gaussian[173]) prediction (point spread
function, PSF[148]) of the ideal emission of a fluorophore in order to sharpen the signal.
This way, the position of the emitting fluorophore is accurately determined, and a molecular
resolution can be reached.

In single-molecule SR microscopy, the fluorescent tags used are either synthetic tags
which are quenched using a buffer and slowly regain their fluorescence, giving temporally
distinct signals (dSTORM) or PTFPs that convert between two distinct states over time
(PALM)[101].

1.1.5 Application of RSFPs beyond SR microscopy

The use of RSFPs has been demonstrated beyond the scope of SR microscopy, with appli-
cations on photodiode [38] and photovoltaic cell [39] technology as well as data-storage
devices [6]. Nevertheless, their main applications remain in the realm of microscopy. In this
section, there is brief mentioning of the two main types of microscopy (which are not SR)
that benefited from the use of RSFPs – Photoacoustic Microscopy (PAM) and Out-of-phase
imaging after optical modulation (OPIOM).

Photoacoustic microscopy (PAM), enabling deep-tissue imaging has benefited massively
from the reversible switching of RSFPs. As a general concept, PAM, benefiting from the
limited scattering of ultrasonic waves inside the tissue, achieves image reconstruction
of features at depths beyond those reached by optical microscopy (>1mm)[112]. This
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modality can work with native labelling (ie monitoring hemoglobin for example [133]),
with highly-absorbing labels (eg chromoproteins [130] with high extinction coefficient
at the wavelength of excitation) or using RSFPs [217]. As long as the tag used can be
reversibly photoswitched to two distinct absorption spectra, it can be theoretically used to
achieve better sensitivity PAM. The unique reversible photoswitching character of RSFPs
allows high signal-to-noise ratio since images are acquired of the sample illuminated at two
different wavelengths; only the RSFP has two distinct absorption spectra and thus emits two
distinct ultrasonic signals. Consequently, overlaying the two images acquired, one expects
that the parts of the sample not tagged with RSFPs appear the same and cancel out, while
the signal of RSFP-labelled features is still present. Acquisition can take place multiple times
until the RSFP is photobleached, since photoswitching is reversible. Overall, PAM using
RSFPs can accurately determine quantitative information of the biological sample [217].
Lastly, nanoscopy-inspired post-acquisition image processing can be envisioned when using
RSFPs in PAM [236].

Another interesting application of RSFPs outside of the scope of super-resolution mi-
croscopy is a technique developed by Jullien’s lab (École normale supérieure, Paris) called
OPIOM[177] (Out-of-phase imaging after optical modulation) which uses the variety of
switching kinetics of RSFPs for multi-color-type imaging. A successor of the Optical Lock-
in Detection (OLID) technique, OPIOM can disentangle signals of multiple fluorophores
when taking into account discernible properties such as on-off and off-on switching rates.
More specifically, the optically modulated signal allows for distinguishing between several
green RSFPs which switch at different rates [178]. Wavelength-dependent multi-color
microscopy suffers from spectral overlap of fluorescent tags which limits the amount of tags
that can be possibly used in one sample. In contrary, OPIOM promises labelling of cellular
compartments, using more tags than can be currently used in conventional fluorescence
microscopy.

1.1.6 Reversibly Photoswitchable Fluorescent Proteins (RSFPs) used

in SR microscopy – advantages and drawbacks

Depending on the application, one can choose from a variety of RSFPs. Primarily, they
can be categorised in 3 groups according to how they respond to light illumination: a.
positive, b. negative and, c. decoupled photoswitchers [26, 4, 3, 154]. When illuminating
a positive photoswitcher with the laser required to induce fluorescence, there is also
photoisomerisation to the fluorescent species. Positive switchers are characterised by
a non-fluorescent thermal ground state, while the thermodynamically metastable state
is the fluorescent state. Contrary, in negative RSFPs, the chromophore is excited to the
electronically excited state before it isomerises to the “off”-state. So accordingly, the thermal
ground state is the bright “on”-state while the light-induced metastable state is the dark
“off”-state. In the third category, there are so far only two RSFPs available, Dreiklang
[27] and SPOON [15], whose isomerisation is induced in an unique manner; reversible
photo-induced hydration/rehydration of the CRO is what allows for the existence of the
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fluorescent “on”- and the non-fluorescent “off”-states. In Dreiklang, different excitation
wavelengths are used for switching the protein “off” (photo-induced hydration at 405nm),
“on” (photo-induced rehydration, 365nm) and electronically exciting the protein to acquire
fluorescence (511nm).Therefore, Dreiklang is characterised as a decoupled photoswitcher.
SPOON, used in Single Molecule Localisation Microscopy (SMLM), is initially switched “off”
by 488nm illumination and the “on”-state is thermally promoted via dehydration, causing
an apparent blinking behaviour.

Among RSFPs, negative RSFPs are primarily used as labels for RESOLFT [60]. This
dictates an illumination pattern to be used which includes 4 steps: a. activation, b.
switching-off of background proteins (i.e depletion), c. excitation of “on”-state proteins
in the focal spot and finally d. detection of fluorescence. In particular, in green RSFPs,
these steps are achieved by: a. initially an activation laser (405nm), switching the proteins
to the “on”-state, b. a 488nm doughnut-shaped beam which promotes switching “off” of
proteins outside of the sample area aimed for detection, followed by c. a 488nm focused
laser beam promoting fluorescence emission of the remaining “on”-state proteins and d.
detection of the “effective excitation” area. In general, when using negative RSFPs, only
two wavelengths are employed. In the exceptional case of Dreiklang, RESOLFT using
three different wavelengths (on-, off- and fluorescence-inducing) is possible [41]. The
doughnut-shaped beam is running for longer time as compared to the central beam [27, 87,
88]. Therefore, fluorescence emission happening at a faster timescale than off-switching
[26], is detected only in a nanosized area in the centre of the beams.

While RESOLFT can achieve high resolution and be used in in vivo studies, decreasing
the dwell time (time spent on detecting signal from each pixel) without loss of resolution
remains one of its biggest challenges [4]. Consequently, protein engineers have focused
their efforts on increasing the “on”- and “off”-switching rates of RSFPs [88, 61] while
also maintaining or enhancing their brightness capabilities. Accommodating for both fast
switching and high brightness is, however, a great challenge currently [3].

Moreover, all microscopy modes benefit from durable FPs which are less prone to
photobleaching, especially RESOLFT – being a laser scanning SR technique, it uses high-
intensity focused laser beams as compared to eg PALM. Achieving nanometer resolution
involves illuminating each sample area multiple times, as the focal spot moves in smaller
increments than typical confocal microscopy. For the sake of high resolution, it is crucial for
RSFPs to be able to undergo multiple photocycles before getting bleached – not only due
to loss of signal, but also because photobleaching by-products (eg reactive oxygen species,
ROS) can be harmful to the biological sample [57, 56].

Additionally, while ideally the absorption spectra corresponding to the on- and off-state
of the protein should be decoupled, this is rarely the case. If the RSFP in the “off”-state is
allowed to partially absorb the off-laser, this causes a contrast issue during acquisition [61,
4] (Figure 1.8). In practice, this corresponds to a minor population of “off”-state species
that can be switched to the “on”-state and thus contribute to the overall background noise
inside the region illuminated by the doughnut-shaped beam.
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Figure 1.7 Schematic representation of the principle of RESOLFT microscopy
using a negative green GFP-type RSFP. (a) Three types of illumination steps are
combined, each one characterised by a certain beam shape, intensity and duration.
(b) The combination of the doughnut-shaped beam and the excitation beam results
in a much narrower effective excitation beam, enabling nanoscale resolution.
When considering a negative GFP-type green RSFP, the major possible states are
shown in (c), with the corresponding light source inducing them and the quantum
yield values of each photophysical process; cis and trans represent the ground
states of the RSFP consisting of a cis and trans-CRO, respectively, while cis* is the
excited state of the RSFP consisting of the cis-CRO after cyal light illumination. A
simplified representation of the laser-scanning principle of RESOLFT is shown in
(d): on the top panel the protein molecules are depicted, but are not visible in
reality, unless when they emit fluorescence, while on the bottom panel the realistic
picture of acquisition is drawn. The UV light ensures that all RSFPs are in their
fluorescent “on”-state. The doughnut-shaped beam favors “off”-switching of the
RSFPs around the focal point of detection, while the focused blue laser beam is of
high intensity and short duration to induce fluorescence. Finally, a highly localised
fluorescence signal is achieved, leading to nanometer-scale resolution, depending
on the doughnut-shaped laser beam intensity profile.
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Figure 1.8 Absorption spectra of rsFolder, a negative RSFP, under no illumination
(anionic CRO) and at 488nm illumination (protonated CRO), overlayed with an
approximation of the absorption of the trans protonated CRO species. At 488nm,
the trans-CRO species partly absorbs light and back-switches to the anionic cis-CRO
conformation. Overall, this spectral overlap at 488nm leads to a build-up of the
anionic cis-CRO conformation as seen from the little “bump” on the absorption
spectrum at 488nm, resulting in sub-optimal switching contrast. [61]

Notably, PAM would benefit from the existence of RSFPs with high extinction coefficients
(i.e good “absorbers” of light). Engineering RSFPs with high extinction coefficients would
translate to an increase in the signal in PAM detection [130, 217]. Moreover, the speed of
switching of RSFPs used in PAM should be adjusted to take into account the frequency of
the pulsed laser as well as the time required for volumetric imaging [112] specific to each
PAM setup.

Lastly, protein engineering efforts should be made to extend the range of switching
rates if OPIOM is to be advanced [178]. The discriminatory power of OPIOM and thus the
extend of multi-color labeling of samples is dependent on switching kinetics. Currently, the
switching rates of RSFPs are grossly categorised in two regimes: slow and fast photoswitch-
ers. A figure of most frequently used green RSFPs reported in literature and their relative
switching rates is included below.
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Figure 1.9 Schematic representation of the relative switching rates of a variety of
green RSFPs found in literature; separated amongst slow (≈100ms), medium (≈30-
70ms) and fast(≈5-10ms) switchers. * indicates proteins that have photochromic
in addition to their photoswitching properties. [88, 61, 9, 11, 54, 240, 72]

1.2 Biophysical characterisation of RSFPs

Scientists across different fields of protein biophysics have attempted to characterise RSFPs
– in terms of their optical properties, molecular structure and conformational dynamics.
This section aims at reviewing the contribution of different biophysical techniques in our
understanding of RSFPs.

To aid the reader, I have compiled a table (1.1) of the RSFPs mentioned in the following
sections, summarizing their optical properties.

PROTEIN EM λ (nm) ORGANISM SPECIAL FEATURES

rsFolder 503 Aequorea victoria High stability and expression
rsEGFP2 503 Aequorea victoria Fast switching
Dronpa 518 Echinophyllia sp. SC22 High brightness
IrisFP (Green state) 516 Lobophyllia hemprichii Photochromic RSFP

Table 1.1 Examples of RSFPs mentioned in this chapter, alongside some optical
properties. EM λ is the emission wavelength.
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1.2.1 Photophysical/Optical characterisation of RSFPs

Studies on RSFPs properties and mechanisms of photoswitching

The primary technique used to study FPs is optical characterisation – microscopy as well as
spectroscopy. In this way, a direct assessment of the photophysical properties of FPs can be
made that is directly correlated to their application. Moreover, the ability to choose between
running an ensemble or a single-molecule photophysical characterisation experiment, allows
for critically assessing the behaviour of an RSFP for a given application. Bibliography can
account for numerous optical studies on RSFPs [88, 87, 89, 9, 45]. However, faced with the
complicated photophysics of RSFPs, optical studies come across certain limitations. Here, I
will attempt to review some exemplary photophysical/optical studies performed on green
negative RSFPs in an effort to highlight the advantages as well as some of the underlying
drawbacks of such techniques.

Dronpa was the first green negative RSFP engineered by Miyawaki’s team in 2004
[11]. At the ensemble level, when expressed in HeLa cells, they could switch the protein
from a fluorescent to a non-fluorescent state in a reversible manner using 400nm and
490nm laser light, respectively. Spectroscopic studies revealed two absorption maxima
(400nm, 503nm) that interchange in intensity at pH=7.4 upon illumination using either
laser sources, corresponding to a reversible switching between a neutral (400nm) and an
anionic species (503nm). The anionic species was identified as the thermally stable species
with fluorescence emission in the green region (518nm). Apparently, at low pH, the anionic
species could no longer be retrieved using UV light but was recovered only at higher pH
values, in a pH-dependent fashion. Dronpa’s photophysical properties are summarised as a
slow switcher (around 2 mins needed for a complete photocycle in ensemble measurements,
400nm 0.14W/cm2, 490nm 0.4W/cm2) with relatively high brightness (80.75M−1cm−1

[89] as compared to 33.54M−1cm−1 for EGFP [167]). Additionally, the switching rate
is correlated to the power of laser illumination used. At the single molecule level, the
switching is on the order of µs [235] (as measured by ultrafast spectroscopy, mentioned
later on in this chapter). Many derivatives of Dronpa have been engineered since, aiming
at speeding up its switching rate as well as overcoming its high photofatigue, which is the
characteristic loss of fluorescence upon a number of repeated photo-excitations [9].

Evidently, photophysical studies preceded any other biophysical characterisation of
Dronpa. Nonetheless, these early studies could not provide evidence about the structure
and oligomerisation state of Dronpa. Using optical spectroscopy, the authors could only
retrieve information on the protonation state of the chromophore and thus distinguish
between neutral and anionic species. A similar depth of information is reported in the first
publications on rsEGFP [87] and rsEGFP2 [88]. Clearly, photophysical characterisation is
primarily performed when discovering a new RSFP. Still, it rarely goes beyond the needs of
characterisation and into answering questions related to function. Thus, the mechanism of
photoswitching still remained unknown until the first crystallographic studies of the “on”-
and the “off”-states of Dronpa were published [230, 12].
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A thorough study performed by Gayda et al on mIrisGFP, a green negative RSFP[77],
aimed at going further into understanding the mechanisms of photoswitching by employing
a variety of optical characterisation protocols at different pH values and comparing with
published crystallographic data. The study focused on the green state of mIrisGFP –
comparing its “on”- and “off”-states for a series of pH values. Using mathematical models
accounting for four CRO species (cis neutral, cis anionic, trans neutral, trans anionic), they
were able to retrieve information on protonation states and pKa values of the cis and trans

chromophore while also suggesting a mechanism of photoisomerisation being coupled
with the protonation/deprotonation of the chromophore. Shifts in absorption spectra were
interpreted as changes in the pi-conjugation of the chromophore, influenced by protonation
of nearby residues.

Generally, Gayda et al [77] demonstrated the multiple ways that results of optical studies
can be examined and interpreted. Nevertheless, a strong assumption for the isomerisation
state of the CRO is based on crystallographic structures of IrisFP at pH=8.4 [5]. According
to these structures, the CRO assumes a cis conformation in the dark-adapted “on”-state,
while a trans conformation is expected in the light-induced “off”-state. As already explained
above, absorption spectra cannot accurately distinguish between isomers but only between
protonation states of the CRO.

Information coming from circular dichroism results were included to support the exis-
tence of certain protonation states. Evidently, these results cannot be deconvoluted between
protonation or isomerisation states, once the sample is a mixture of species, and the tech-
nique itself reports on multiple changes occurring simultaneously in the protein [82]. In
conclusion, the study still is ambiguous on how it can discriminate between the different
CRO species, since there is no structural evidence to support their findings at different pH
values.

Disparities between optical studies of RSFPs – choice of fixation, illumination and
acquisition schemes

With the discovery of RSFPs came the development of unique photophysical experiments
that aim at characterising their switching kinetics [58, 11, 45, 27]. These are experiments
which measure the fluorescence modulation upon illumination of the two different laser
sources needed to promote the protein to its two available states. The CCD camera-recorded
fluorescence is plotted over time, its shape being that of characteristic fin-shape photocycles
(Figure 1.10). Each photocycle can be fitted to a kinetic model of an exponential decay (on-
off) and increase (off-on) rates of fluorescence, while the overarching decay of fluorescence
across many photocycles corresponds to photobleaching. Ultimately, once the conditions
are optimised, ensemble measurements of this kind can be very instructive in characterising
a given RSFP’s switching behaviour. However, each group studying optical properties of
RSFPs seems to choose different illumination powers, sample fixation techniques as well as
general sample conditions (temperature, pH). Overall, there is no standardized protocol for
studying the photoswitching properties of RSFPs, causing discrepancies between similar
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studies.

Figure 1.10 (a) Example of fluorescence fin-shape photocycles of IrisFP adapted
from Duan et al [58]. Each point in black on the graph is the recorded fluorescence
by the CCD camera upon 488nm excitation. At first, a 405nm pulse switches the
proteins “on” and a following 488nm pulse induces fluorescence. The rate of fluo-
rescence decay is measured by using only a 488nm pulse which induces excitation
and, thus, fluorescence measurement and, gradually, switching “off” of the protein.
Finally, the fluorescence built-up (0-200seconds) and decay (200-500seconds) are
fitted (red solid line) against a kinetic model to retrieve information on switching
rates and switching contrast (fitted against 3-5 cycles). In (b), an example of
multiple switching cycles in Dronpa adapted from Andresen et al [12] used to fit
(blue dashed line) photobleaching and thermal relaxation rates.

In the case of Dronpa [11], switching kinetics experiments were performed on fixed
HeLa cells. In contrast, rsEGFP [87] and rsEGFP2 [88] were fixed in a Polyacrylamide (PAA)
gel and promoted by light to undergo multiple photocycles. Notably, depending on the pH
and the oxygen available to a given cell compartment or fixating medium, the photophysics
can be different [57, 61] (Figure 1.11). Therefore, the conclusions drawn from the studies
of Dronpa and rsEGFP/rsEGFP2 cannot be generalised for the behavior of the proteins
in different environments. Altogether, optical characterisation needs to be performed in
several conditions, including physiologically relevant conditions, like in a cell, in order to
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retrieve reliable data concerning their optical properties. Lastly, diffusion of proteins in
various environments can significantly alter the observed photophysical properties, making
PAA- or PVA-fixed samples more reliable than samples in cuvettes.

Figure 1.11 (a) Example of fixation protocol affecting the photophysical properties
of IrisFP adapted by Duan et al [58]. Comparing PolyVinyl Acetate (PVA) gel (A),
fixed(B) and live(C) bacteria, the photobleaching rate is significantly different.
Moreover, in insets, individual photocycles are fitted, where the authors calculated
about two-fold increase on average for the switching brightness when going from
PVA gel to bacteria.

Depending on the property that one wants to measure, optical studies use different
illumination schemes. Absorption and emission profiles are essential to characterise an
RSFP, but due to differences in the way they are acquired and their sensitivity to certain
processes, they can not necessarily be considered complementary to each other.

Measuring light absorption of a protein follows a different illumination scheme (mer-
cury/argon lamp) than what is used for measuring fluorescence (LASER). On the one hand,
absorption is a definite measure of the existence or not of certain species (protonation states
in the case of the CRO) of a protein, as long as the extinction coefficient of the species is
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known. On the other hand, during fluorescence experiments due to the light dependency of
negative RSFPs, the same laser light used to detect fluorescence necessarily switches many
molecules to the “off”-state before acquisition starts. That can be a severe experimental
disadvantage when studying fast switching RSFPs, since the actual fluorescence emitted
can be underestimated.

Therefore, while absorption measurements tend to be more reliable given that they
are less invasive (do not induce excitation of the CRO), they do not report on the flu-
orescence properties of an RSFP. To retrieve fluorescence information, LASER induced
isomerisation and, thus, change in population of species is required. Therefore, it is often
difficult, especially for fast switching RSFPs, to corroborate absorption measurements with
fluorescence.

Ensemble vs single-molecule characterisation of RSFPs

When investigating the optical properties of RSFPs at the ensemble level, low laser powers
are employed (few mW/cm2) and the light is distributed among numerous molecules [11] .
Notably, the distribution is not homogeneous and thus has to be accounted for. FPs fixed
in cells to be studied by microscopy can be assumed to experience no diffusion, while
cuvette samples used in spectroscopy are more prone to diffusion-induced phenomena.
Moreover, secondary effects caused by protein-protein interactions which could influence
their photophysical behaviour (for example oligomerisation) need to be considered. Lastly,
at the ensemble level the observed photophysical behaviour is a statistical average of all
possible mechanisms that take place at the molecular level.

At the single molecule level, acquisition can be more quantitative. Here, high laser
powers need to be used (a few kW/cm2), since the signal arriving from single molecules
is extremely low. Contrary to ensemble level measurements, single molecule studies are
instructive in the prediction of “anomalies” i.e when a given RSFP is in another state than the
conventional “on”- and “off”-states, such as blinking (Figure 1.12). Such behaviours, despite
their infrequent nature, are crucial to predict and possibly control, to avoid discrepancies in
single-molecule SR microscopy. Nevertheless, they represent a statistical probability, with
each molecule likely to behave differently. Constructing statistical models of RSFP function
using single-molecule studies can be trustworthy as long as the number of observations is
high enough to minimize the statistical error associated with the measurement.

Taken together, photophysical characterisation of RSFPs is a necessary tool in understand-
ing how to better apply them in microscopy. By adjusting the setup and the experimental
parameters, one can go far in predicting the behaviour of such proteins in relevant contexts.
Nevertheless, data need to be handled with caution, while interpretation can be misleading
unless accompanied by structural studies. Historically, early enough in the field of RSFP
engineering [230, 84], X-ray crystallography (alongside optical studies) became the pre-
ferred biophysical characterisation technique for many scientists aiming at clarifying the
underlying mechanisms for the proteins’ photophysical behaviour.
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Figure 1.12 Comparison between (a) single molecule and (b) ensemble studies of
Dronpa. While the first is more statistically influenced and requires higher laser
power (range of kW/cm2), it reveals instances of fluorescence emission as well as
blinking and long off-times – see in blue fluorescence time and red off-time in the 2
bottom graphs (figures adapted by Habuchi et al [89]). Ensemble measurements at
a range of hundreds of mW/cm2 reveal information of switching kinetics, contrast
and photobleaching of the protein. Figures adapted from Ando et al [11].
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1.2.2 Crystallographic studies of RSFPs

Crystallographic structures of RSFPs have paved the way for deciphering the mechanisms
underlying their photophysical properties – switching mechanism [12, 61, 53], photo-
bleaching [57] and partly switching contrast [61, 53]. These include not only standard
crystallography of ground state structures, but also kinetic crystallography of transient
states of the protein, during or after light illumination. The aim of these studies is to
identify the interplay between the chromophore and nearby residues which are responsi-
ble for the optical characteristics of RSFPs. Ultimately, information retrieved from X-ray
crystallography can inspire mutations for novel RSFPs. Nevertheless, in this section, using
the example of key studies, I will attempt to pinpoint not only the historical significance of
X-ray crystallography in RSFP engineering, but also unresolved issues which can negatively
affect the conclusions drawn about RSFP function.

Structures of the two ground states of RSFPs – “on”- and “off”-states

Starting with Dronpa, as mentioned previously, the mechanism underlying its photoswitch-
ing behaviour would only be unlocked after the first crystal structures became available
[230, 12]. Initially [230], a simple model of protonation/deprotonation of the chromophore
was suggested which is followed by a re-arrangement of residues around the chromophore
pocket. Once the light-induced “off”-state structure was resolved by Andresen et al (2007)
[12], cis-trans isomerisation was revealed for the first time, which explained the thermody-
namic stability of the observed light-induced change in protonation of the chromophore as
well as the conformational changes of nearby residues. Similarly to the previously reported
structures of the positive red RSFP asFP595 [179, 229], Dronpa can occupy two ground
states – the dark-adapted “on”-state consisting of a cis anionic chromophore, and the light-
induced metastable “off”-state including a trans neutral chromophore. The authors describe
a cascade of chemical events underlying photoswitching. Accordingly, the absorption of a
blue photon, forcing the chromophore to isomerise to the trans conformation, is coupled to
the breakage of H-bonds between the CRO and residue Ser142 as well as the disruption
of the previously established pi-stacking with the ring of His193. This is accompanied by
conformational changes of some other residues which would sterically hinder the cis-trans

trajectory. This change in environment favours a certain protonation state – anionic for
the cis, and neutral for the trans CRO. Interestingly, the authors provided hints on residues
standing on the way of the CRO when it switches (Val157, Met159 in the case of Dronpa),
which could be involved in what would later be identified as intermediate long-lived excited
states [47] in the case of rsEGFP2. Their suggestion was that such residues raise significantly
the energy barrier needed to be crossed between “on”- and “off”-states.

Notably, Andresen’s study investigated the hydrogen-bonding network and CRO planarity
to understand the difference between the “on” fluorescent state and the “off” dark state of
Dronpa. H-bond networks have been heavily investigated in conventional GFPs and their
role in the CRO’s ability to fluoresce has been identified [199, 52, 8]. More specifically,
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Figure 1.13 Zooming in the overlapped crystallographic structures of Dronpa “on”-
(green) and “off”- (gray) states, in the vicinity of the phenol ring of the CRO. His193
no longer forms a pi-stacking with the phenol ring in the “off”-state and Ser142
has been dislocated after the H-bond breakage with the CRO. PDB structures: "on";
2IE2, "off"; 2POX

the better “anchoring” that the CRO has, the better yield of fluorescence it will achieve.
Conformational rigidity of the chromophore ensures that the de-excitation mechanism
after the absorption of a blue photon, is fluorescence emission rather than radiationless
decay. Moreover, thermodynamically, H-bonds are associated with decrease in enthalpy – a
conformation whereby the CRO consists of more H-bonds with the protein matrix can be
more thermodynamically stable due to decreased enthalpy. Breakage and/or reconfiguration
of H-bonds between the “on”- and the “off”-states are commonly observed in crystal
structures of other RSFPs [5, 13, 61, 53], giving rise to thermodynamically stable states
of increased entropy. Across the examples found in literature for negative RSFPs, the
“off”-state is characterised by a loosening of the H-bond network around the CRO. Therefore,
X-ray structures not only provide molecular insight on the photo-isomerisation process [12,
61, 5], but also attempt to link structure with the energetic landscape of a given RSFP [181,
47, 53].

Historically, there is a long standing debate concerning how accurate conclusions from
crystallographic structures are in predicting the physiologically expected behavior of a pro-
tein [202, 142, 126]. Major pitfalls of crystallography lie in the nature of crystal preparation
and the data analysis. Furthermore, by definition, obtaining a picture of a protein in a
physiologically more appropriate environment (i.e with the use of buffers mimicking the
cell environment) is sometimes contradictory to the generation of an acceptable diffraction
pattern. In the next paragraphs, I explain the origins of these problems encountered by
crystallographers.

RSFPs prepared in crystals, similarly to other proteins, are forced into a conformation
which might not be representative of their native state [117]. More specifically, adopting
cryogenic temperatures to avoid X-ray radiation damage and crystal packing necessarily
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interfere with the energetic landscape available to the molecule [92, 65, 116]. Thermody-
namically the effect is clear – lowering the temperature stabilises the protein which might
otherwise act more dynamically. Therefore, when dynamics are not present, heterogeneity
of conformations is hindered [117] as well as interatomic bonds and proximity overes-
timated [202]. Furthermore, there is evidence that flash-cooling [92] as well as crystal
packing [65] can distort the structure of the protein in a crystal. Interestingly, a recent
study on rsEGFP2 suggests an influence of crystal packing on the preferred photoswitching
mechanism of the chromophore [34].

In relation to data interpretation, models of structures are refined based on the acquired
electron densities. While they are essential in providing atomic resolution information,
refinement methods differ and can lead to different results [113]. Comparing the output
of each refinement, does not concern only resolution but overall conclusions on residue
orientation, inter-atomic distances and therefore presence of H-bonds (Figure 1.14). More
specifically, the challenge of identifying hydrogen atoms combined with the limited dis-
criminating power between atom types translates to a long-known difficulty to define the
orientation of Histidines, Asparagines and Glutamines [106]. Overall, RSFP engineers
should be aware of such ambiguities especially when it comes to key residues such as
Histidines (His148 in rsEGFP2 [61], His193 in Dronpa [230]) and Glutamines(Glu183 in
rsGreen0.7 [59]) that are reported to be H-bonded to the CRO.

Figure 1.14 Zooming in the chromophore region of the crystallographic structure
of the “on”-state rsFolder (5DTZ). Top picture shows the output from the PDB
refinement while the bottom is the result of PDB-REDO [113]. H149 rotameric
state is equally probable, thus it is not clear whether the H-bond with the phenolate
of the CRO is possible or not.

Furthermore, the interaction of X-rays with the conjugated electron system of the
CRO requires consideration. As suggested by a study of Adam et al (2009) [7], upon
X-ray irradiation IrisFP crystals would induce photobleaching and distortion of the CRO
conformation (Figure 1.15). That was justified as a consequence of the electron-transfer
susceptibility of the methine bridge of the CRO. The authors concluded that existing crystal
structures of other FPs might also be distorted due to such electron interference.
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Figure 1.15 Zooming in the chromophore region of the crystallographic structure
of IrisFP. Green and Red electron densities represent the difference in the electron
maps of low and high power X-ray irradiation. Image adapted from Adam et al [7]

.

Lastly, having to avoid so-called “mosaic” patterns in order to obtain highly resolved
data, forces crystallographers to subvert from physiological conditions for the sample
preparation [103]. For this purpose, only specific solutions (in terms of salt concentration,
pH etc) can be used in crystallography. Nevertheless, the solution surrounding FPs is crucial,
since, among other factors, proton transfers from the bulk solvent are reported to be the
main mechanism allowing protonation/deprotonation of the CRO in most GFP-variants
[153, 158]. Consequently, RSFPs in different media or cell compartments are expected to
have different photophysical behaviours. Taken together, environmental factors affecting
photoswitching and other photophysical properties of RSFPs cannot be extensively studied
using crystallography, due to the limited solutions that can be used in crystal preparation.

Adding a dynamic view using kinetic crystallography

Evidently, the establishment of the switching mechanism as a spatio-temporal process
(ie within a given time, CRO and surrounding environment undergo structural changes)
unlocks numerous questions regarding dynamics. A more sophisticated attempt to outline
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the energetic landscape of RSFPs and to uncover other thermally metastable states that
exist at longer or shorter timescales, is kinetic crystallography. Kinetic crystallography
aims at capturing intermediate conformations of the CRO and its respective influence
to the protein matrix. Within the framework of kinetic crystallography, there are two
main categories: (a) Real-time serial crystallography, dominated primarily by X-ray free
electron laser (XFEL) studies for the case of FPs [25], and (b) Temperature-trapping based
crystallography. Both methodological pathways have informed the field of RSFPs about
short-lived excited states as well as long-lived transient states. This area of research aims at
explaining photophysical properties such as switching kinetics, lowly-occupied dark states
and photobleaching. Despite its growing presence, kinetic crystallography still suffers from
unresolved problems which have to be accounted for in RSFP engineering.

Starting with real-time serial kinetic crystallography, XFEL has seen an impressive rise in
its use in resolving protein structures over the last few years (185 structures accounted for in
PDB since 2014 – April 2020 search). The advantage of such a technique over conventional
crystallography is the ultra-bright femtosecond-pulsed free electron lasers that can be used
to take snapshots of proteins in motion. More importantly, the short duration of these
laser pulses ensures detection before radiation damage becomes prevalent in the sample.
Consequently, room temperature crystals can be used. XFEL studies on RSFPs are reported
for a limited number of RSFPs so far [46, 47, 107] , but its contribution is expected to rise
in the future [25].

Figure 1.16 Refined models of rsEGFP2 chromophore “on”- and “off”-states
(turquoise and white, respectively). In pink, model of intermediate twisted chro-
mophore, 3ps post-excitation, where the phenol ring is perpendicular to the im-
idazolinone ring of the chromophore. Two perspectives 180◦ apart, (a) and (b).
Image adapted from Coquelle et al [47].

XFEL studies recently captured the CRO occupying a “twisted” conformation within the
matrix of rsEGFP2 1ps-post laser illumination [47]. In combination with other biophysical
methods, the authors ultimately constructed the step-by-step photoswitching pathway of
the CRO in rsEGFP2. The authors addressed concerns related to the necessarily high laser
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power and its effect on the final output. Nevertheless, being a crystallographic study, it
still faces the issue of limited or distorted dynamics and state heterogeneity due to crystal
packing.

Intermediate conformations can also be structurally resolved by trapping based crystal-
lography [25]. This is a technique whereby the protein is temperature-trapped, i.e with
flash cooling while or after it transforms from one state to another. Long-lived transient
states can be occupied within the crystal at RT and then flash cooled while short-lived
states are trapped while at cryogenic temperatures. While this technique has been essential
in identifying metastable “off”-states (Dronpa [12], rsFolder and rsEGFP2 [61]), there is
only one example whereby intermediate states are captured. Namely, two intermediate
states present during photoswitching were discovered in Padron [181], a green positive
RSFP, as it converted from its ground “off”- to the metastable “on”-state. Nevertheless, the
authors recognised that dynamics might be decreased in the protein matrix at such low
temperatures. Thus, while in theory temperature-based trapping could result in interesting
information, in practice, crystal packing and the need for flash-cooling is undermining the
native dynamics of the protein.

1.2.3 Molecular dynamics simulations and Ultrafast vibrational spec-

troscopy as complementary techniques in the discovery of new

RSFPs

Crystallographic studies have been progressively supported by other biophysical techniques.
Apart from optical spectroscopy (sometimes in crystallo, icOS [219]), Molecular dynamics
and ultrafast vibrational spectroscopy have enabled a better understanding and interpre-
tation of the static crystal structures. Their contribution to the field of RSFP design is
summarised in this section, followed by notes of potential risks associated with interpreting
results from these techniques.

Molecular dynamics simulations based on classical or/and quantum mechanical models
have attempted to address a variety of questions concerning FPs in general, and RSFPs
in particular. Some emblematic studies have paved the way to conceptualising the cis-
trans isomerisation – what causes it, what are its consequences and how is the protein
matrix affecting it. Alongside these answers, MDs have enabled scientists to further map
out the energetic landscape of RSFPs and understand their dynamics. However, all such
studies are based on crystal structures which as mentioned above, need to be critically
used. Additionally, MDs can only represent a model whose role is to explain experimentally
acquired data. The risk of MD simulations not supported by experiments is a distorted
representation of the native behaviour of proteins. Nonetheless, their dynamic insights
made MDs invaluable for understanding photoswitching.

Morozov et al(2016) [150] showed the importance of HB network in photoswitching in
a QM/MM study of a Dronpa mutant. Accordingly, photoisomerisation causes the breaking
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of H-bonds of the chromophore with the protein matrix. Furthermore, energetic fluctuation
of H-bonds is what allows for a relatively low energy barrier for isomerisation, a feature
that is distorted in crystal structures due to under-appreciation of dynamics. In contrast,
planarity of the chromophore, ensuring fluorescence, is associated to a higher number of
available H-bonds “fixing” the chromophore in place. In conclusion, the thermodynamically
stable “on”-state is characterised by less dynamics as compared to the metastable “off”-
state. Supporting this conclusion, another MD study highlighted increased flexibility of
the β barrel upon light illumination [204], while most recently, the work of DeZitter et al
[53], showed presence of CRO dynamics in the “off”-state of the green-state in mEos4b, a
photochromic protein, associated to the weakening of the H-bonding network of the trans

CRO with the barrel.

Another complementary technique to crystallographic studies is ultrafast absorption
spectroscopy. Ultrafast absorption spectroscopy is a technique whereby kinetics of excited
states of photomolecules can be accessed and measured [86]. For negative RSFPs, the
intermediate excited states can be distinguished as the protein relaxes from the excited
photo-induced “off”-state to the dark adapted “on”-state. Knowledge of such interme-
diates, supported by the corresponding crystal structures, can be useful for optimising
photoswitching quantum yields.

Indicative of the significance of ultrafast absorption spectroscopy is the contribution to
serial crystallography studies on rsEGFP2 [47] and IrisFP [46]. In both cases, such spectro-
scopic techniques allowed deciphering a cascade of events – placing each corresponding
crystal structure to well separated time steps with corresponding lifetimes. For rsEGFP2
[47], femtosecond transient absorption spectroscopy revealed two excited state species
occurring a few ps after excitation with 405nm light which corresponded to trans-cis iso-
merisation events. Comparing the effect of H2O and D2O in the kinetics of these captured
states, they suggested that deprotonation of the cis chromophore is a ground state process
that occurs at longer timescales.

Interestingly, a long-standing debate of the cascade mechanism underlying photoswitch-
ing can be addressed by temporally dissociating intermediate states according to their
conformational and chemical differences. The advantage of ultrafast optical spectroscopy
is its sensitivity to the breaking and forming of chemical bonds, its ability to operate at a
multitude of timescales and photo-excitation schemes, its capacity for quantifying ultrafast
processes as well as its capability to identify proton transfer steps [86]. Taken together,
this technique has highlighted very interesting aspects related to excited state dynamics of
RSFPs. Nevertheless, depending on the setup used and the interpretation of data, spectro-
scopists have reached different conclusions on whether cis-trans isomerisation is following
or followed by a proton transfer step [71, 136, 235, 47].

Altogether, these two complementary techniques have been instrumental in adding a dy-
namic dimension to static crystallographic structures. When combined, they have assembled
a relatively coherent picture for the mechanism underlying photoswitching. When a given
RSFP absorbs light to the metastable “off”-state, the chromophore loses many – if not all – of
its H-bonds to the surrounding residues of the barrel [150, 61, 47, 53]. When relaxing back
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to the “on”-state, it first isomerises from a neutral trans to a neutral cis conformation and at
a later stage, loses a proton to the solvent. Therefore, the main hypothesis for the difference
in protonation for each isomer is that the chromophore is neighbouring different residues
in either conformation which make up a different electronegative environment (pKa), thus
forcing the chromophore to change its protonation state. Furthermore, intermediate excited
states can raise the energy barrier for photoisomerisation, resulting in lower photoswitching
rates.
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1.2.4 Our model system of negative RSFP: rsFolder and mutants

Calling for a clear dynamic picture characterising RSFPs comes up frequently as a suggestion
in recent studies [150, 235, 47]. For this reason, my work consisted of introducing multi-
dimensional (nD) solution NMR spectroscopy as a new player in the effort to expand our
knowledge on RSFPs’ dynamics. For this reason, I chose to study rsFolder [61], and some of
its mutants, a green negative RSFP which despite its many promising properties, still suffers
from unwanted drawbacks.

First reported in 2016, rsFolder is the marriage of Superfolder GFP and rsEGFP2. Benefit-
ing from its predecessors, it is a fast photoswitcher which can be expressed in unfavourable
environments. Therefore, rsFolder can be considered as a variant of rsEGFP2 optimised for
a wider range of in vivo applications. Its main advantages over other RSFPs are: relatively
fast photoswitching, high photostability preventing photobleaching, a relatively stable
“off”-state, and impressive expression and folding durability in ’harsh’ environments. Its
superiority over rsEGFP2 was demonstrated in the oxidative environment of the bacterial
periplasm, where rsEGFP2 was essentially non-fluorescent, due to misfolding.

Many photophysical properties of rsFolder and rsEGFP2 are essentially the same –
absorption, emission maxima – and others are similar, such as switching rates. Nevertheless,
two main characteristics of their photophysical behaviour distinguish them – rsFolder
benefits from an extremely stable “off”-state but it is impaired by a low switching contrast.
Furthermore, the value for the pKa of chromophore protonation is different, rsFolder’s pKa
is 5.5 while rsEGFP2 is higher, at 5.9. Brightness is lower in rsFolder since it has a lower
extinction coefficient and quantum yield. Lastly, rsFolder can endure several photocycles
demonstrating its low photofatigue, but rsEGFP2 still surpasses it.

Crystallographic structures comparing the two proteins were instructive in understand-
ing the reasons for some of those differences. Slightly faster photoswitching for rsFolder
(“on”-“off” switching quantum yield = 0.21%) can be explained by the smaller amplitude
rearrangement required for cis-trans isomerisation as compared to rsEGFP2 (“on”-“off”
switching quantum yield = 0.17%) (Figure 1.17). Moreover, CRO stability in the “on”-state
is ensured by 3 H-bonds with the protein barrel; His149, Thr204 and a water molecule.
Interestingly, the His149 bond is presumably preserved in the metastable “off”-state which
could be the reason for its high thermal stability. Nevertheless, crystallographic investigation
could not directly account for the low switching contrast.

Nonetheless, the authors attempted an explanation based on the crystallographic data,
in an effort to engineer rsFolder into having high contrast. According to them, the difference
between a more hydrophobic phenylalanine in rsFolder and a tyrosine in rsEGFP2 at position
146 can partly be the reason for the limited amplitude rearrangement of the CRO in rsFolder
(as compared to rsEGFP2) (Figure 1.17). The tyrosine 146 in rsEGFP2 forms an H-bond
with His149 which is ’freed up’ upon cis-to-trans isomerisation (“on”-to-“off” switching)
leaving no H-bond with the trans CRO. In rsFolder, where a tyrosine is not readily available
to bond to the free His149 in the “off”-state, the H-bond with the trans CRO is preserved.
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Figure 1.17 Comparing the CRO “on”- and “off”-state, in green and grey, respec-
tively, of rsFolder (a) and rsEGFP2 (b). The rsFolder CRO undergoes smaller
amplitude rearrangment compared to rsEGFP2. PDB: 5DTZ (green), 5DU0 (white)
rsFolder, 5DTX (green), 5DTY (grey)

This peculiarity is how the authors comprehend not only the increased thermal stability of
the “off”-state, but also the lower contrast of rsFolder. The close structural resemblance of
the “on”- and the “off”-states could potentially mean that they both occupy equally stable
energetic states.

Consequently, a mutation on rsFolder targeting this difference with rsEGFP2 (F146Y)
lead to a mutant with higher contrast, rsFolder2. Additionally, its photofatigue ameliorated
while its folding capabilities were maintained. However, the brightness dropped to almost
half due to a lower extinction coefficient. Thus, while some rational design was possible
upon crystallographic observations, the outcome is more complex than expected. Finally,
rsFolder2 was regarded as a promising RSFP for RESOLFT, as long as some of its main
disadvantages are overcome in the future. Since then, the effort to optimise rsFolder is
ongoing with mutants such as rsFolder2 V151A [47] and rsFolder2 V151L.

rsFolder presents itself as an interesting system to study by NMR, not only due to the
need to engineer it further but also because crystallographic structures leave us with more
questions than answers. Namely, what is the role of His149 in both the “on”- and the
“off”-state? How does the difference in pKa affect the photophysical properties of rsFolder
as compared to rsEGFP2? What is the role of Phe146 and other residues near the CRO?
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Figure 1.18 Comparing side chain conformation of residues in the vicinity of
the chromophore of rsFolder in the “on”- and “off”-state, in green and white,
respectively. PDB: 5DTZ (green), 5DU0 (white)

Is it realistic to expect that two such distinct optical states, are so similar structurally or is
there dynamics involved that are not accounted for by crystallography? These and more
such questions have been the focus of my PhD work and choosing NMR would prove to be
essential in tackling them.

Lastly, rsFolder has been a very easy protein to work with, not only due to its efficient
expression but due to photophysical properties that matched the NMR setup. Initially,
during laser installation and optimisation, experiments could be run in the long-lasting
“off”-state, while when combining NMR and laser pulse sequences, the combination of the
short RF pulses with short laser pulses benefited from rsFolder’s fast switching rates.
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1.3 Multi-dimensional solution NMR to add a dynamic

view on RSFPs

Multi-dimensional (nD) solution NMR spectroscopy is known for its decades-long contri-
bution to the field of protein biophysics. Solution NMR allows for the study of molecules
in solution, while multi-dimensional NMR refers to spectroscopy correlating the signals of
several (spin-1

2
) nuclei (i.e either same-type nuclei but with distinct frequencies, eg Hα-Hβ

or different nuclei types eg 1H-15N). From protein structure to protein interactions and
dynamics, some fundamental questions regarding protein function have been elucidated
using nD NMR spectroscopy. For the purpose of this work, NMR was mainly used as a
tool to characterise the equilibrium dynamics of each of the respective thermal equilibrium
states of rsFolder – the stable “on”- and the metastable “off”-state. Therefore, this part
of my thesis introduction will focus on solution protein NMR studies which demonstrate
the effectiveness as well as limitations of this technique when studying protein dynamics.
But before discussing the impact of such NMR studies, I will give a short overview of the
basic concepts underlining nD NMR spectroscopy, insofar as it aids the reader’s critical
understanding of the subsequent sections and of my thesis work as a whole.

1.3.1 Achieving atomistic information – the chemical shift

When placed in a magnetic field, ~B0, like the one induced by the superconducting coil of
an NMR spectrometer, a spin-1

2
nucleus with a magnetic moment, µ, will align parallel or

anti-parallel to ~B0. This is known as the “Zeeman effect”, whereby previously degenerate
eigenstates of an isolated nucleus, now split in distinct energy levels under the influence of
the ~B0. For a spin-1

2
, with gyromagnetic ratio γ, the spin may align parallel or anti-parallel

to the ~B0, so the energy levels available are E↑ and E↓, respectively. The energy difference,
∆E between the two energy levels is proportional to the strength of the external magnetic
field, ~B0 according to:

∆E = h̄γB0 (1.3)

where h̄ is the Planck’s constant.

Spectroscopically, this corresponds to an energy band gap proportional to a frequency
ωL, called the Larmor frequency of the nucleus.

ωL = γB0 (1.4)

∆E = h̄ωL (1.5)
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However, nuclei are not in isolation. The environment surrounding them – electrons
orbiting the nucleus as well as nearby nuclei with their respective electrons – slightly
influence the local magnetic field experienced by each nucleus, termed as ~Blocal field.
Electrons orbiting the nucleus induce an opposing magnetic field, σ, and are said to shield

the nucleus. Despite them being small, the differences between Larmor frequencies of
nuclei are detectable by NMR. In this way, NMR achieves atomistic resolution by retrieving
characteristic frequencies for each nucleus, termed the chemical shift, CS of a nucleus. The
CS has a characteristic frequency, ωCS, proportional to the magnitude of the ~Blocal, which is
the total effect of the external magnetic field, ~B0 and the local magnetic field shielding the
nucleus, σ:

ωCS = γBlocal = γ(B0 − σ) (1.6)

By relying on gyromagnetic ratios, NMR overcomes common problems encountered in
crystallography for nuclei of similar electron densities. The characteristic CS of a nucleus
in a protein is influenced by its nuclear properties (eg 1H, 13C, 15N), chemical properties
(aromatic, aliphatic, backbone, protonation state etc) and structural properties (part of a
flexible or rigid region). For example, depending on the protonation and tautomeric state
of Histidine aromatic rings, each aromatic carbon and nitrogen, experiencing a different
electronic environment gives rise to a characteristic CS [94]. The same level of precision
holds true for other residues.

Moreover, NMR experiments can give insight, which might not be available by other
techniques, into protonation states of residues and H-bonds since they are expected to
affect the resulting CS (Figure 1.19). Therefore, NMR is a powerful technique for analytical
chemistry of residues in proteins, providing atomistic resolution.

Additionally, the influence of solvent composition and other environmental factors are
often the focus of solution NMR studies. Not only is this technique performed to study
samples in solution but the sensitivity of the CS of each nucleus to temperature, pH etc
enables precise titration studies [222]. An example is the use of solution NMR in measuring
the pKa of aminoacid residues in proteins [50, 159].

1.3.2 NMR as an ensemble technique

NMR is an ensemble technique. Atomistic information about nuclei are averaged for all
equivalent nuclei in a sample (eg a hydrogen of a specific position in a protein). Considering
a system of magnetic moments in equilibrium under the magnetic field ~B0, the ratio between
populations of spins occupying the two available energy levels, follows a Boltzmann
distribution.

Ndown

Nup

= e
−∆E

kT (1.7)
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Figure 1.19 15N -1H spectrum adapted from Pelton et al, focusing on the region of
Histidines. From left to right, the three possible protonation states of Histidines
and the expected CS patterns of their aromatic ring nitrogens. Hǫ-Nǫ cross peaks
can be clearly distinguished from Hδ-Nδ, while protonation states of histidines have
unique CS patterns. [170]

where Ndown, Nup are the populations of spins anti-parallel and parallel to the external
~B0 field, respectively, k is the Planck’s constant and T is the temperature of the system.

Overall, using the ensemble method, the spins considered can be grossly represented by a
bulk magnetisation vector, ~M i.e net magnetisation after considering the contribution of the
individual magnetic moments (parallel and anti-parallel) of a given nucleus (Figure 1.20).
Shifting from a quantum to a classical mechanics representation helps in keeping track of the
changes in magnetisation during an NMR experiment, without having to consider complex
quantum processes. The net magnetization vector, ~M consists of two vectors containing
different information: a z-component, ~Mz, termed the longitudinal magnetization, which
is the classical representation of the difference in populations of spin-up and spin-down
nuclei, and a xy-component, ~Mxy, termed the transverse magnetization representing the
coherence present between spins. At Boltzmann equilibrium, ~Mz is pointing along the +z
axis (if the gyromagnetic ratio of the nucleus is positive), while ~Mxy is zero.
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Figure 1.20 Schematic representation of the net magnetisation ~M , sum of all the
magnetic moments (parallel and anti-parallel) of a given nucleus in Boltzmann
equilibrium; along the z-axis, no transverse component of the magnetization
present.

1.3.3 The effect of Radiofrequency (RF) pulses and signal detection

By reshuffling the two populations i.e tilting the magnetization vector away from the z-axis,
NMR spectroscopists can retrieve the CS corresponding to a given nucleus. To achieve such
reshuffling, radiofrequency, RF pulses of certain strength and duration are used during an
NMR experiment.

Under the influence of the ~Blocal field, the magnetisation vector ~M is along the z-axis.
An additional magnetic field, ~B1, oscillating at a reference frequency, ω0, near the expected
ωL of the nuclei of interest and perpendicular to the ~B0 field, can “tilt” ~M away from its
position at equilibrium (Figure 1.21). This oscillating field comes along the x- or y-direction
and it is termed as an RF pulse. By being in resonance, the RF pulse forces the ~M vector to
now precess around the x- or the y-axis (depending on whether it is a x- or a y-RF pulse,
respectively). The duration of the RF pulse determines how much the ~M magnetisation has
tilted away from the z-axis. Once it is switched off, the ~M precesses around the z-axis and
slowly returns to equilibrium, due to nuclear spin relaxation.

The xy-component of the magnetization vector is detected. When the ~M vector has
titled away from the z-axis, some part of it (if not all) will be in the xy-plane. By precessing
in the xy-plane with a frequency ωL, around the z-axis (once the RF pulse is off), this
magnetisation vector induces a small electrical current in the detection coils surrounding
the sample (Figure 1.22). The signal recorded has the shape of a Free Induction Decay (FID)
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Figure 1.21 Schematic representation of the influence of a π
2

RF pulse on the
net magnetisation ~M , as seen in the rotating frame. (a) Starting at Boltzmann
equilibrium, (b) the RF pulse starts tilting the net magnetization from the z-axis to
the xy-plane. In the case of a 90◦ pulse, (c), once the RF pulse is off, the longitudinal
component of ~M , ~Mz, has disappeared while the transverse ~Mxy has built up and
it precesses on the xy-plane. Consequently at (d), with the switching off of the
RF pulse, the ~Mz magnetisation starts returning back to the z-axis, now under the
influence of the Blocal, until (e) Boltzmann equilibrium is achieved.

which is later Fourier Transformed (FT) to obtain the NMR spectrum. The spectrum consists
of signals, “peaks”, each corresponding to the Larmor frequency of a precessing nucleus
present in the sample, i.e the ensemble-averaged CS of the nucleus.

It is convenient to describe an NMR experiment from the point of view of the rotating

frame, i.e from the point of view of an observer rotating at frequency ω0. This aids in
schemes representing the ~M vector rotation around an xyz-sphere.

1.3.4 1D versus nD heteronuclear NMR spectroscopy – sensitivity and

resolution

So far, only one-dimensional spectra have been considered, referring to only one type
of nucleus (eg hydrogen). Evidently, a problem arises when recording 1D spectra of
complex macromolecules containing many hydrogens – spectral crowding. Discriminating
the different hydrogen nuclear spins precessing in a protein sample requires employing
multidimensional (nD) NMR spectroscopy [64, 118]. I will limit the discussion to nD
heteronuclear NMR spectroscopy, correlating different types of nuclei, such as hydrogens
with nitrogens, while nD homonuclear spectroscopy (eg correlating hydrogens with other
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Figure 1.22 Schematic representation of the signal detected by the detection
coils of the spectrometer probe, after the excitation by an RF pulse. The net
magnetisation vector describing a spin system is precessing on the xy-plane with
an frequency, ωL, perturbing the Alternating Current of the detection coils. Over
time the signal decays, therefore the time-dependent signal has the shape of a Free
Induction Decay(FID). By applying a Fourier Transform (FT) on the acquired FID,
the resulting spectrum consists of a peak in the frequency domain at frequency ωL.

hydrogens) is not described here.

The development of nD solution NMR was a breakthrough that enabled NMR spec-
troscopy to contribute substantially to studies of complex macromolecules, such as proteins.
Unlike its predecessor, 1D NMR, nD NMR achieves higher signal resolution since it col-
lects information on correlations between nuclear spins. In this way, each signal detected
in one frequency dimension (hydrogen dimension) is “connected” to another signal on
higher dimensions (for example nitrogen). Therefore, depending on the NMR RF pulse
sequence used, different nuclear magnetic interactions are considered which correspond to
different information (eg about local or global architecture surrounding a nucleus, within
certain timescales). Taken together, the dimensions in an NMR spectrum correspond to the
“probing” nucleus i.e the nucleus activated by the RF pulses used, and the resulting peaks
represent the correlation between those nuclei “activated” by a given RF pulse sequence.

Hence, if for each resonance frequency of a hydrogen, its correlation to another type of
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nucleus is available, hydrogen nuclei with identical resonance frequency in the hydrogen
dimension can be discriminated when correlated to, for example, the nitrogen dimension
(Figure 1.23). In this case, the signal would be a correlation signal of the interaction
between a hydrogen and a nitrogen, making it a 2D spectrum (H-, N-dimension).

Figure 1.23 Spectra recorded at 850MHz of the “on”-state of rsFolder at 40◦C. On
top, the 1D spectrum recorded focusing on amide hydrogens, on bottom, the 2D
1H-15N correlation spectrum (i.e focusing on amides) of the same sample. The
discriminatory capabilities of 2D NMR are evidently more robust than 1D NMR.

The development of nD NMR not only introduced the need for new RF/detection coils
(to include pulses for 13C and 15N for example) and isotopic labelling of samples, but also
significantly increased the experimental time required to record such a data set.
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A simplistic view of an NMR pulse sequence consists of four consecutive steps; a.
preparation, b.evolution, c. mixing and, d. detection (Figure 1.24). By convention, the
first dimension is the F1, the second is the F2 etc. During the preparation step, RF pulses
perturb the bulk magnetisation in F1 and eventually tilt it to the transverse plane, therefore
“activating” it. In 1D NMR, the transverse magnetisation of nuclei in channel F1 is let to
“evolve” in the next step, during time t1, as named by convention. Acquiring the resonance
frequencies (chemical shifts) just requires repeating these two steps (evolution is the same
as detection) as many times as needed to achieve a sufficiently high signal-to-noise ratio.
The resulting signal, in the form of an FID is Fourier-transformed to retrieve the resonant
frequencies of the active nuclei. In other words, t1 is directly detected, making the t1 or F1
dimension, the direct-detection dimension.

In multi-dimensional NMR experiments, other steps must be added to promote mag-
netization transfer from the “active” population of nuclei to another population of nuclei,
which are said to be “correlated”. Transferring of magnetization (or spin polarization) is
induced by one or a series of RF pulses, during the “mixing” step. These pulses allow for
specific interactions between nuclei to be active. Consequently, depending on the interaction
present, RF pulses either achieve magnetisation transfer between nuclei via scalar couplings

(J-couplings), or through space via dipolar couplings.

A spin is said to be J-coupled to another spin when their electronic orbitals overlap
(via one, two or more chemical bonds). The shared electrons can be polarized due to the
presence of a nuclear spin nearby and, consequently, “transfer” this spin polarization to the
other nuclear spin. On the other hand, spins not necessarily involved in a chemical bond but
being in proximity, can induce polarization to each other, via dipolar coupling (or dipole-
dipole interaction), since both “feel” the magnetic field produced by their neighbouring
nucleus.

In nD NMR, CS evolution is first taking place for the F2, F3 etc dimensions before it
does on F1. Simply put, the precession on the xy-plane during detection is the convolution
of precessions taking place during the span of the NMR experiment, thus it is affected by
the interactions allowed to take place in the “mixing” step. Lastly, nD NMR requires the
repetition of the second and third step (evolution and mixing) for each nucleus concerned.

Detection occurs during t2 in a 2D NMR experiment, which makes the F2 dimension
the direct-detection dimension. Since detection is not taking place during t1, F1 is now the
indirect dimension. In order to obtain the information of interest, the sequence is repeated
for incremented t1 delays. Thus, in a 2D experiment, both the t2 and the t1 domain need
to be Fourier Transformed, to construct the 2D spectrum.

Most commonly used NMR pulse sequences are so-called “out-and-back”, whereby
magnetisation is transferred from one nucleus type, namely hydrogen, to the nucleus type
of interest and back to the hydrogens for detection. Such schemes ensure increased signal,
since hydrogens have the highest gyromagnetic ratio, γ, compared to other commonly used
nuclei. Their high γ as compared to 13C or 15N means that 1H are ideal for polarization
transfer and can achieve an overall higher NMR signal detected [21].
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Figure 1.24 Simplified diagram depicting the 4 main steps required to run a multi-
dimensional NMR experiment of n dimensions. Initially, a nucleus i is “activated”
before evolution and mixing takes place, which need to be repeated n− 1 times,
where n is the number of dimensions of the experiment.

Altogether, while NMR spectroscopy for biomolecules is by far more interesting when
more dimensions are employed, it is considerably more time consuming than its 1D counter-
part. With the addition of another dimension, the number of necessary scans exponentially
increases and so does the required acquisition time. Fortunately, continuous efforts to
decrease acquisition time and enhance signal-to-noise ratio [67, 187, 188, 205] have made
nD solution NMR less time-consuming and costly.

1.3.5 An example of a two-dimensional NMR pulse sequence: Het-

eronuclear Single Quantum Coherence (HSQC) spectroscopy

For demonstrative purposes, I shall briefly explain how a conventional 2D 1H-15N Heteronu-

clear Single Quantum Coherence (HSQC) experiment [23] works which aims at recording
the correlation of amide hydrogens with their directly bonded amide nitrogens. For a 15N -
labelled sample, an HSQC provides the so-called “backbone fingerprint” of the protein and
it is very frequently used in biomolecular NMR – by observing the HSQC of a protein over
time, or under different conditions, bound or unbound to a ligand etc, a lot of information
can be retrieved about the protein’s behaviour on a per-residue basis.

Starting with a 90◦ pulse on the 1H channel, the signal is first “carried” by the hydrogens
during the preparation step as shown in Figure 1.25(a). An INEPT [151] step consists of
the necessary pulses for magnetisation (or coherence) transfer between J-coupled nuclei, in
this case between 1H and 15N . The 15N spins are left to precess around the xy-plane, i.e to
“evolve” during t1 so that the final recorded signal will inherit the precession frequency of
the 15N spins. During the mixing step, a retro-INEPT step is applied and the magnetisation
is transferred back to the 1H. Finally, the retro-INEPT step leaves the 1H spins precessing
in the xy-plane for a time t2, whereby detection of the 1H frequency, modulated by the
correlated 15N chemical shift is recorded.
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Figure 1.25 Example of a simple 2D 1H-15N correlation HSQC experiment. (a)
Picture adapted by Keeler [118] and modified for the pulses taking place in channels
1H and 15N . Filled rectangles represent 90◦ pulses, and open rectangles represent
180◦ pulses. ∆/2 is a delay time, with ∆ = 1

2JNH

, ensuring maximum magnetisation
transfer for nuclear spins J-coupled with J-coupling strength of JNH . Starting from
equilibrium, during (A) an INEPT step is applied to transfer the magnetisation from
the amide 1H to the amide 15N . During (B), a 180◦ pulse refocuses the coupling
between the 1H and 15N spins so as to allow for the chemical shift of the 15N to
evolve during t1. At (C) a retro-INEPT is applied to recover the magnetisation to
the 1H spins which finally evolve and are detected during time t2. The 180◦ in the
1H channel, during t1, refocuses the J-coupling between the spins, while the GARP
element on the 15N channel applies decoupling in order to retrieve in (b) a single
peak from the quadruplet (at ωH , ωN).

Notably, during t1 and t2, the spins are precessing under the influence of not only the ~B0

field and their chemical shift, but also the J-coupling interaction with the covalently bound
nucleus. The effect of the J-coupling on the CS adds up or is subtracted in either direction
of the 1H and 15N dimensions, resulting in a quadruplet set of peaks for each 1H-15N pair
(Figure 1.25 (b)). Fortunately, decoupling of the two nuclei from each other in the form of
eg the GARP element [195] or a single 180◦ pulse in the middle of the incremented time
delay t1, allows for the averaging out of the J-coupling effect. Consequently, the quadruplet
collapses (averages out) onto one single peak.
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1.3.6 Resonance frequency assignment to protein residues

The great discriminatory capabilities of multidimensional NMR allow for identifying specific
residues in the protein. Once the peaks in the NMR spectrum are assigned to a specific
protein residue, the characteristic behaviour and dynamics of this residue can be investi-
gated. Above all, a 2D correlation spectrum (showing amides or side-chains) is considered
as the NMR “fingerprint” of each protein. Therefore, interpreting any NMR experiment, an
assignment of the relevant spectra is necessary.

More specifically, information on the frequencies of hydrogens, nitrogens and carbons
belonging to the same residue or a neighboring residue can be acquired from 3D triple-
resonance experiments and the assignment process of the protein can commence. The three
dimensions of these experiments consist of either the 1H, 15N and 13C, associating amides
to their respective carbons or 1H, 13C1 and 13C2, when assigning a side-chain HC pair (1H-
13C1) to each nearby carbons (13C2). A database of experimentally recorded Cα and Cβ
frequencies of aminoacids acquired from a range of proteins allows for the identification of
the type of aminoacid in question, while transferring of magnetisation between residues
gives information of the aminoacid sequence. Similar to a puzzle, a spectroscopist’s task is
to identify how residues are linked and what kind of residues they are in order to assign
the 2D spectra at hand.

Usually, to assign backbone amide NMR spectra, more than one 3D triple-resonance
experiment needs to be recorded and each experiment is focusing on one or two types of
carbons. Similarly, when assinging side-chain spectra, triple resonance experiments look
for the resonant frequencies of the Hydrogens and Carbons of a side chain. Once all the
information is assembled, the “fingerprint” spectra have assigned peaks corresponding to
residues in the protein. Only then can these spectra provide site-specific information on
structure and dynamics. Evidently, the assignment process is relatively time consuming; due
to long experimental times (3-10 days, depending on the protein) as well as data analysis
(approximately a week). Nevertheless, once the assignment is available, one can move on
to deciphering the dynamical behaviour of the protein.

1.3.7 Studying protein dynamics using nD solution NMR

With the NMR assignment at hand, information can be retrieved concerning the dynamics
experienced by specific atoms in the protein. The underlying physical mechanism that
allows for such investigation is the relatively “slow” (as compared to other spectroscopic
techniques) return to equilibrium of the spin system at hand, i.e the process of nuclear spin
relaxation.

As a side note, similarly to photoexcitation in fluorescent molecules, “exciting” the spins
to a higher energy level requires electromagnetic radiation (in the form of RF pulses). In
contrast to fluorescence emission, however; (a) excitation is in the range of MHz instead of
THz and therefore (b) spontaneous emission, which, according to Einstein’s coefficient, A21,
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has a probability proportional to the cube of the frequency of the photon emitted between
energy state 2 and 1, (A21 ∝ ω3) [20] is comparatively improbable. Overall, the process of
re-establishing equilibrium, i.e nuclear spin relaxation, driven by the local fluctuations of
the ~Beff field is much slower than electronic transitions in fluorescent molecules.

Molecular motions affect NMR signal

The rate of decay of the xy-component of the bulk magnetization is the determining
factor affecting NMR signal quality. Interactions between nuclei as well as conformational
exchange phenomena over time cause the bulk magnetization vector to return to equilibrium.
These time-dependent processes, affected by the motion experienced by each nucleus, can be
probed by a series of NMR experiments, each one sensitive to a motion occurring at different
timescales. Before choosing to run such NMR experiments, one can appreciate the range
of motions characterising a nucleus by observing its signature NMR peak linewidth. More
specifically, since variations in motions result in different lineshapes, we conventionally
separate motions detected by NMR into three categories: fast (ps− µs), intermediate(µs−
ms) and slow(ms−min). The quality of the signal does not depend only on the motions,
i.e the exchange rate between conformational states, kex, but also on the NMR spectrometer
field strength, the number of available states (two-state model, A, B, or more), their
respective occupancy (pA, pB) and their characteristic CS (νA, νB). Assuming a two-state
model of equally populated states, A, B, with CS difference of ∆ν, the NMR lineshapes
corresponding to fast, intermediate and slow exchange are shown in the figure below
(Figure 1.26).

In Figure 1.26, typical NMR experiments probing molecular motion taking place in the
NMR-relevant fast, intermediate and slow exchange regime at steady state are shown. The
origins of the effect of molecular motion on NMR observables and the ability of each NMR
pulse sequence to probe the motions present is explained in the sections below. Firstly, I
shall briefly introduce NMR relaxation theory, a process which is intrinsic for all nuclei
present in the sample in solution, regardless of the local motions experienced, and leads to
the decay of signal over time. This is followed by a description of NMR investigation of fast,
intermediate and slow exchange dynamics, as defined above, with each section including
few examples found in literature of the use of such experiments to study protein dynamics.
More detailed descriptions of NMR relaxation theory can be found in NMR textbooks [118,
233, 32] and reviews [164, 163, 122].

Molecular tumbling in solution and fast local motions

Molecules in solution experience tumbling. A concept of paramount importance to NMR
relaxation theory, the rotational correlation time, τc, is the time it takes for a molecule,
affected by Brownian motion in liquid, to completely “lose” memory of its initial position,
i.e to undergo three dimensional “random walk”. The time, τc, is dependent on the viscosity
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Figure 1.26 The different lineshapes of NMR peaks depending on the timescale
of exchange between two conformations of equal populations that the nucleus
experiences, from top to bottom; fast, intermediate and slow. On the right, typical
NMR experiments sensitive to these motions.

η of the solvent, the radius r of the idealised “sphere” of the molecule and the temperature,
T , according to the Stokes-Einstein relation:

τc =
4πηr3

3kT
(1.8)

This is mathematically conceptualised using a correlation function, G(t) which takes the
orientation of the molecule at time t=0 as a reference and models how far the molecule is
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perturbed from that initial orientation due to stochastic processes. The τc is, therefore, the
time constant of the exponential decay characterising the “memory” of the molecule of its
initial orientation (Figure 1.27).

Gt = G0exp(−
t

τc
) (1.9)

Figure 1.27 The exponential decay over time, t, of the molecule’s “memory” of its
initial position and orientation, termed “correlation function”, G(t) with a time
constant τc.

For molecules tumbling in similar environments, i.e viscosity, temperature of solution,
but having different sizes, the corresponding correlation function varies – a smaller molecule
undergoes “random walk” faster than a larger molecule. To have better insight on the
occupancy of different frequencies of motion characterising a molecule, one can Fourier
Transform the correlation function, G(t), to retrieve the spectral density function, J(ω). As
can be seen in the figure below (Figure 1.28), a smaller molecule, with smaller τc samples a
wider range of frequencies of motion.

Similarly to the comparison of a large versus a small molecule, if a nucleus within a
tumbling molecule experiences local motions similar or faster than τc, the re-orientation of
this nucleus is accelerated. Hence, another time constant, namely the internal correlation
time of the nucleus, τe should be introduced. As mentioned before, the molecule due to
tumbling is allowed to occupy all possible orientations. In contrast, the re-orientation of
a nuclear pair within a molecule (eg an amide pair of a protein) is hindered by chemical
and steric restrictions. Therefore, the τe is the time constant of a correlation function, g(t)
which does not necessarily reach zero as is the case for G(t) of the whole molecule, but
rather reaches a value defined by an order parameter, S2 (Figure 1.29).

In the case of a nucleus experiencing dynamics whereby τe is smaller than τc, the
correlation function, g(t), decays faster than the G(t), resulting in a different J(ω).
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Figure 1.28 On the left, the correlation functions, G(t), corresponding to a small
or a large molecule (relative to each other) and on the right, their spectral density
functions J(ω). A smaller molecule, characterised by a smaller τc can sample a
wider range of frequencies of motion.

Longitudinal and transverse spin relaxation depend on spectral density function of
molecular motion

NMR-observed relaxation is influenced by global and local motions. This is because,
considering a nucleus within a molecule, motions have an effect on the strength of its
magnetization vector. More specifically, orientation-dependent components of the ~Beff

field experienced by the nucleus alter over time, if motions are present. The orientation
considered is the one of the molecule in relation to the z-axis. More specifically, the ~Beff

field is the resulting magnetic field, when all interactions coupling with the nucleus in
question are considered. The main interaction mentioned above is caused by the presence
of the ~B0 field, called the “Zeeman interaction”. In addition, there is CS, dipolar coupling,
quadrupolar coupling and J-(or scalar) coupling. The coupling strengths differ for each
nucleus, each one giving rise to either time-dependent or time-independent contributions
to the ~Beff field, corresponding to orientation-dependent and orientation-independent
interactions. Since only spin-1

2
nuclei are accounted for in this section, the quadrupolar

coupling (relevant to nuclear spins with higher spin quantum number) is not discussed.

In the case where a nucleus within a molecule undergoes motion, orientation-dependent
(or time-dependent) components of the nuclear interactions average out during τc (or τe,
when τc»τe), while orientation-independent (or time-independent) components remain
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Figure 1.29 Schematic and graphical representation of the global and local motions
experienced by a nucleus in a molecule in solution NMR. (a) The idealised molecule
in grey-black undergoes “random walk” due to Brownian motion. Zooming into a
internuclear bond (blue and pink nucleus), the nuclei have a preferred orientation
with respect to each other but are still allowed to occupy a number of orientations.
In (b), global, G(t), and local, g(t), correlation functions are depicted, with their
respective time constants (τc and τe). Overall, the internuclear bond vector in
question has a correlation function resulting from both re-orientation mechanisms,
G(t) ∗ g(t). By applying a Fourier Transform, the spectral density, j(ω), when both
the global and the fast local motion is considered, has a lower starting value, j(0),
and extends in higher frequencies as compared to the J(ω) where only tumbling is
considered.

fixed. Accordingly, the two main time-dependent mechanisms considered in protein NMR
are the orientation-dependent component of the CS, termed as the chemical shift anisotropy

(CSA), and the dipolar coupling or dipole-dipole interaction (DD). Ultimately, the contribution
of CSA and DD interactions does not alter the final peak position for a given nucleus in the
spectrum (Figure 1.30).

Nonetheless small fluctuations on the ~Beff due to DD and CSA experienced by the spins
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act as counter-RF pulses, promoting spin transitions from the E↓ to the E↑. Therefore, after
an RF pulse has resulted in a certain population shuffling in the spin system, such spin
transitions caused by ~Beff fluctuations over time lead to longitudinal relaxation, T1 i.e the
population ratio of spin-up and spin-down is re-established back to equilibrium. In the
classical representation, this is summarised by the bulk magnetization vector re-aligning
along the z-axis.

The effect of DD and CSA over time also contributes to the loss of signal i.e diminishing
of the net magnetization in the transverse plane, a process called transverse relaxation, T2.
To explain how transverse relaxation is caused, without employing the complex quantum
mechanical representation, each nucleus contributing to the net magnetization can be
thought of as having a given orientation of its magnetic moment at a given time point in the
transverse plane (Figure 1.31) and it precesses around the transverse plane with frequency,
ωL. The RF pulse, inducing coherence, results in all same-type nuclei being “in-phase”.
However, due to differences in local environment and as the ~Beff alters over time, and as
a result, so does the corresponding ωL of each nucleus. In the simplified diagram drawn
in Figure 1.31, different ωL correspond to different orientations of the magnetic moments
of nuclei. Therefore, once the RF pulse is not acting on the spins, the nuclei start losing
coherence, each one straying away from the others at slightly altered precession frequencies.
Consequently, transverse relaxation leads to the diminishing of the bulk magnetization
components along the xy-plane.

In summary, it is important to consider the two components of relaxation: longitudinal
and transverse. In the ensemble representation, they simply correspond to the return of the
Mz and Mxy component of the bulk magnetisation vector to equilibrium, respectively. More
specifically, longitudinal relaxation accounts for the reshuffling of the population of spins
(parallel and anti-parallel) back to Boltzmann equilibrium due to spin transitions and is
referred to as R1(s

−1) (or time T1(s)), while transverse relaxation R2(s
−1) (or time T2(s)),

is the rate at which spins lose coherence after the RF pulse is switched off.

The built-up of the bulk magnetisation vector along the z-axis over time, Mz(t), can be
described as:

Mz(t) =Mz,0(1− e−tR1) =Mz,0(1− e−t/T1) (1.10)

While the decay of the transverse component of magnetisation, Mxy(t), over time is:

Mxy(t) =Mxy(0)e
−tR2 =Mxy(0)e

−t/T2 (1.11)

Where Mz,0, Mxy,0 are the magnitudes of the Mz and Mxy components of the bulk
magnetisation at t = 0, i.e when the RF pulse is switched off, and R1 and R2 are:

R1 =
1

T1
, R2 =

1

T2
(1.12)
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Figure 1.30 Schematic representation of the effect of Dipolar coupling (DD) and
Chemical Shift Anisotropy (CSA) on a nucleus within the structure of the GFP. The
CSA originates from an anisotropic electron cloud (pale blue and pale grey on blue
and grey spin, respectively), while the DD is induced from one spin’s magnetic field
to the other spin due to proximity. As the GFP tumbles over time, when focusing
on the blue spin, the orientation-dependent interactions contributing to the ~Beff

alter as seen in (a), causing ~Beff fluctuations, plotted in (b). The average ~Beff is
not affected, i.e the peak position of the nucleus in the spectrum will be the same.
However, fluctuations on ~Beff lead to relaxation over time.
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Figure 1.31 Figure adapted from Keeler [118], simplifying the concept of coherence
between spins. At (a) spins are out of coherence, or are so-called “out-of-phase”;
the net transverse magnetization (on the right) is zero. Here, the spin system is at
equilibrium. (b) shows spins “in-phase”, after the RF pulse has induced coherence.
Finally, at (c), once the RF pulse is switched off, the nuclei start dephasing, each
one precessing at a different Larmor frequency, since the ~Blocal alters over time due
to DD and CSA contributions, having a diminishing effect on the net magnetization
on the right.

Measuring nuclear spin relaxation to evaluate molecular motions in the fast exchange
regime

The majority of NMR experiments that probe molecular dynamics of the backbone at faster
timescales (i.e sub-microsecond) measure spin relaxation rates. Particularly in protein NMR,
it is convenient to study relaxation mechanisms by probing the backbone amide spin pair,
i.e the relaxation induced to 15N due to 1H-15N DD and 15N CSA. Amides are an attractive
probe for site-specific dynamics characterisation since they: a. can be assumed to act as an
isolated spin pair, b. result in better resolved NMR spectra than other protein parts and c.
do not require expensive labelling techniques, since 15N labelling is cheaper than 13C [73,
24].

Since the frequency of fluctuations of the ~Blocal is directly correlated to the motion due
to tumbling of the molecule and local motions of the amide pair, T1 and T2 of a 15N nucleus
can be mathematically described using the concept of the spectral density function, J(ω).
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Figure 1.32 Graphical representation of the equations describing longitudinal and
transverse relaxation. Exponential built up and decay of the respective compo-
nents ~Mz and ~Mxy of the bulk magnetisation over time, with constants T1 and T2,
respectively.

Another NMR observable is also affected by global and local motion in the molecule, namely,
signal enhancement due to the heteronuclear Nuclear Overhauser effect (hetNOE), related
to DD coupling between heternuclei in proximity. Therefore, by retrieving the values of
T1, T2, and hetNOE the J(ω) and thus the global and local motions of the molecule can be
deciphered. Considering an amide pair, HN, in a molecule the equations describing the T1,
T2 and hetNOE of the nitrogen nucleus become:

1/T1 = αJ(ωN) + βJ(ωN − ωH) + γJ(ωN + ωH) (1.13)

1/T2 = αJ(0) + βJ(ωN) + γJ(ωH) + δJ(ωN + ωH) + ǫJ(ωN − ωH) +Rex (1.14)

hetNOE = αJ(ωN + ωH) + βJ(ωN − ωH) (1.15)

Where α, β, γ, δ, ǫ are constants, whose values depend on the 15N CSA and 1H-15N DD
interactions strengths. Rex, related to additional relaxation induced due to exchange in the
few hundreds of µs-ms timescale, will be discussed later in this chapter.

This set of three NMR observables, each one differently sensitive to a spectral densities
at characteristic frequencies (J(ωN), J(0), J(ωN + ωH) for T1, T2 and hetNOE, respectively)
allows spectroscopists to probe molecular motions. Typically, once these values are deter-
mined, there are 3 ways by which motion can be assessed, either by considering the spectral
density function, or by comparing global and local motions:

1. Spectral density mapping – in order to access several frequencies, ω, T1, T2 and
hetNOE are retrieved from multiple spectrometers (different magnetic field strengths). As a
result, the spectral density function, J(ω) can be “mapped”.
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2. Model-free approach analysis [132] – using a model described by Lipari-Szabo, T1, T2
and hetNOE are used to describe J(ω) of the HN pair in terms of constants τc, τe and S2.
This way, the spectral density function is described as:

J(ω) =
2

5
(

S2τc
1 + ω2τ 2c

+
(1− S2)τe
1 + ω2τ 2e

) (1.16)

3. Qualitative approach – comparing T1, T2 and hetNOE values of specific amide pairs
to the average values characterising the molecule’s global motion. For example, taking a
residue experiencing fast motions (usually ps-ns), its T1 is lower, T2 is higher, while for
a residue experiencing fast-intermediate exchange motions, Rex (few hundred µs), T2 is
lower, while T1, being more sensitive to higher frequency motions, is the same as compared
to the average. Furthermore, the hetNOE values are an indication of the order parameter
S2. Therefore, without the need of further analysis, just obtaining the T1, T2 and hetNOE
values can be enough to assess local motions present. Notably, fast motions at the ps-ns
timescale affect all three observables, while intermediate exchange motions (Rex) affect
only the T2.

Principles underlying 15N -relaxation NMR experiments

The three values, T1, T2 and hetNOE can be retrieved by a set of 15N -relaxation NMR
experiments, 15N -T1, 15N -T2 and 15N hetNOE.

In the case of 15N -T1 relaxation experiment, the nitrogen increase of magnetisation
along the z-axis due to longitudinal relaxation is measured, after it has been purposely
inverted to the -z-axis. Simply put, this is done by repeating an NMR pulse sequence
which “flips” the Mz of nitrogens using a 180◦ pulse, with each repetition allowing for
different values of the consequent evolution time, Trelax. After the varying evolution period,
the inverted magnetisation that has been recovered due to relaxation is promoted to
the xy-plane for detection, using a 90◦ pulse. For increased signal resolution, such an
experiment is extended to a second dimension, taking into account correlating hydrogens.
The corresponding intensities of the peaks present in each 2D 1H-15N spectrum recorded
with varying time delays, Trelax, will therefore vary exponentially with time. Figure 1.33
shows the pulses and evolution of magnetisation along the transverse plane for the 15N
channel.

Similarly, an 15N -T2 relaxation experiment follows the decay of nitrogen magnetisation
in the xy-plane due to loss of coherence caused by spin transitions (due to the local field
fluctuations). Firstly, a 90◦ pulse is applied to allow Mxy ro precess on the xy-plane, under
the influence of relaxation. During precession, inhomogeneities in the ~B0 arising across
the sample as well as evolution of the CS are eliminated by spin echoes repeating in equal
temporal increments of τ – 180◦ – τ pulse elements. Spin echos, however, cannot overcome
spin-spin relaxation caused by DD and CSA. Ultimately, the only cause of loss of signal is
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Figure 1.33 Schematic representation of the principle of 15N -T1 experiment aimed
at retrieving the T1 time of a nucleus in the molecule. Since it is an “out-and-
back” experiment, and for simplicity, the hydrogen channel is not shown, only the
evolution of the 15N -Mz vector. (a) An 180◦ pulse tilts the magnetization vector to
the -z axis, and an evolution Trelax follows of variable length (1,2,3,4), after which
a 90◦ pulse tilts the magnetisation remaining after time Trelax to the xy-plane for
detection. (b) Depending on the Trelax time, the magnetization has recovered more
or less along the +z axis, resulting in a series of peak intensities. (c) The peak
intensities plotted against time Trelax follow an exponential increase with constant
T1.

the spin-spin relaxation, R0
2, while CS changes are averaged out during Trelax. By altering

the evolution period and applying spin echoes at equal temporal steps, a profile of the
exponential decay of ~Mxy can be plotted and T2 is retrieved. Once again, this experiment
is done in a 2D fashion, resulting in a series of 2D 1H-15N spectra, from which the peak
intensities represent the magnitude of ~Mxy.
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Figure 1.34 Schematic representation of the principle of 15N -T2 experiment aimed
at retrieving the T2 time of a nucleus in the molecule. Since it is an “out-and-back”
experiment, the effect on the Hydrogens is not shown, only the evolution of the
15N -Mz vector. (a) A 90◦ pulse tilts the magnetization vector to the xy-plane, where
over a variable length of time Trelax (during which equally temporally spaced 180◦

pulses refocus the chemical shift), it diminishes due to spin-spin relaxation (b)
Depending on the Trelax time, the magnetization has precessed for longer or shorter
times, during which spin-spin relaxation causes loss of coherence i.e decay of the
transverse magnetisation vector. The diagrams represent the magnetisation vector
before (left) and after (center) the last 180◦ pulse, making up the total transverse
relaxation time to be recorded on the right. (c) The peak intensities plotted against
time Trelax follow an exponential decay with constant T2.

The principle features of these experiments are shown in Figures 1.33 and 1.34. For
simplicity, the magnetization transfer from and to hydrogen nuclei is not depicted.

The last experiment type of the 15N -relaxation series is the 15N heteronuclear NOE. In
15N -hetNOE, cross-relaxation, which is the origin of the NOE effect, is evaluated between the
hydrogen and the nitrogen of an amide bond pair. Cross-relaxation leads to magnetisation
transfer between nuclei, eith the dependence on molecular dynamics given by equation
1.15.
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Simply put, the 15N hetNOE experiment evaluates the efficiency of magnetisation
transfer from 1H to 15N through space due to the NOE effect (i.e via the cross-relaxation
mechanism). Contrary to other experiments, magnetisation transfer between hydrogen and
nitrogen is not induced via J-couplings but via dipolar couplings. It turns out that NOE
intensity is decreased if the nuclei (or internuclear vector) in question experiences motions
that are faster than the overall tumbling [115].

More specifically, the experiment proceeds by recording a spectrum where the hydrogens
are saturated (saturation spectrum with peak intensities, Isat) – to achieve the maximum
possible polarization transfer through space – and a spectrum of the 15N equilibrium
polarization (reference spectrum with peak intensities, Iref). The hetNOE values are then
computed as hetNOE = Isat/Iref . In the case of a protein, the hetNOE values are typically
0.8-0.9 for a rigid region as compared to the molecule while a flexible loop or the N- and
C-termini can reach hetNOE values close to zero, or even negative values. [115, 24]. The
NMR pulse sequence of this experiment is beyond the scope of my thesis, but the reader is
referred to the publication of Kay et al [115] for detailed descriptions of all 15N -relaxation
experiments.

15N -relaxation studies have been a cornerstone in the effort to access protein dynamics
such as IDPs and proteins which include flexible regions [111, 185, 35]. For example,
such studies aided at understanding enzymatic catalysis, initiated by a disordered region
exchanging conformations in the ps-ns time in adenylate kinase [102]. Similarly, in other
proteins, flexible regions are crucial in cellular signalling pathways, such as triggering
enzymatic activity [80].

Intermediate exchange regime induces additional contribution to transverse spin re-
laxation

In the case where the rate of exchange between conformations, A and B (with populations
pA, pB, respectively), kex is comparable to the chemical shift difference, ∆νAB, the xy-
component of magnetization is lost more rapidly than in the case of the fast exchange
regime. The interconversion between two states (of different CS) at a time of typically a
few hundreds of µs−ms causes additional contribution to transverse spin relaxation. In
other words, transverse spin relaxation appears to be influenced not only by fluctuations of
DD and CSA, (termed here R0

2), but additionally by a change in the CS of spins that have
undergone conformational exchange (termed Rex) during the NMR detection period [163].

Nevertheless, 180◦ pulses refocusing the CS can be applied to minimize the effect of Rex

on the signal. While nuclear spin relaxation, R0
2, is irreversible, Rex is modulated depending

on the rate of 180◦ pulses applied during a given relaxation time (νCPMG). For nuclei
experiencing conformational exchange in the intermediate exchange regime, the effective
rate of decay of their NMR signal, Reff , becomes:

Reff
2 = R0

2 +Rex (1.17)
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where, in the fast exchange limit (kex/∆νAB → 0) :

Rex ≈ pBkex (1.18)

in the slow exchange limit (kex/∆νAB → ∞ [165]):

Rex ≈
pApB∆ν

2
AB

kex
(1.19)

Note that Rex is not only dependent on the rate of chemical exchange, kex, but also on
populations, pA and pB, and chemical shift difference, ∆νAB.

Carl Purcell Meiboom–Gill Relaxation-dispersion, CPMG-RD, experiments to probe
intermediate exchange dynamics

For line-broadened peaks where signal is still detected, Carl Purcell Meiboom–Gill relaxation-

dispersion, CPMG-RD experiments can be used to follow the relaxation behaviour of the
nuclei of interest. The main objective of CPMG-RD experiments is to deconvolute Rex from
R0

2 by recording 2D spectra with varying number of 180◦ refocusing pulses within a fixed
amount of time, Trelax.

Similarly to the 15N -T2 NMR pulse sequence, in an CPMG-RD experiment, the net mag-
netization is initially tilted along the xy-plane where it begins to precess and progressively
loses coherence between spins. A CPMG pulse train i.e series of spin echos, is applied during
a constant time Trelax, described as τ -180-τ . During τ , spins are let to dephase (due to CS
evolution), while a 180◦ pulse refocuses the CS. A simplified description of 15N -CPMG-RD
experiment is depicted in Figure 1.35.

Contrary to the 15N -T2 NMR pulse sequence, the time between 180◦ pulses, τ , varies
– a long τ during which the majority of nuclei have converted between A and B, results
in complete loss of coherence ( ~Mxy = 0), while a short τ allows only of loss of ~Mxy due to
faster interconversions i.e happening during τc, or spin-spin relaxation. In this way, during
a fixed amount of evolution time; low CPMG frequencies corresponding to less spin-echos
(and therefore greater τ delays) allow for more dephasing due to CS changes, while at high
CPMG frequencies, part of the CS modulation is refocused.

By fitting the Reff
2 at different CPMG frequencies and different magnetic field strengths

(since magnetic field strength is another parameter affecting Reff
2 ), we can deconvolute the

difference of CS ∆νAB, assuming a two-state model, as well as the exchange rate, kex, and
occupancy of these two states, pA and pB in steady-state conditions. Notably, CPMG-RD is
capable of characterising lowly-occupied states of only about 1% occupancy [66].

In a recent study published in Scientific Reports, the authors achieved in describing pro-
tein dynamics in a range of timescales from ps to ms, by employing numerous experiments,
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Figure 1.35 Schematic representation of the principle of 15N -CPMG−RD exper-
iment aimed at retrieving the kex rate of an atom exchanging between two states
at a timescale of a few hundred µs to ms. (a) A 90◦ pulse tilts the magnetization
vector to the xy-plane, where over a variable length of time τ between 180◦ pulses
aimed at refocusing the spin magnetization (1,2,3,4), more or less dephasing
takes place, causing the signal to decrease (b) Depending on the τ time (or the
frequency νCPMG of the CPMG train pulses), dephasing is allowed or suppressed
while spin-spin relaxation equally impacts the magnetization in all 4 cases. In (c),
the apparent relaxation rate, Reff

2 plotted against CPMG frequency, νCPMG for an
atom exchanging in the intermediate regime. Peak intensities extracted at low
νCPMG tend to be of low signal-to-noise, causing this “bump” on the graph. The
plateau of the curve is R0

2, the rate of spin-spin relaxation taking place within time
Trelax.

including 15N -CPMG-RD. Working with β-lactamase and its homologues, they identified
motions occurring at the µs-ms timescale with exchange rates kex ranging from around
300s−1 to 2000s−1 depending on the homologue. In contrast, faster motions were similar in
all cases. Most importantly, crystallographic b-factors were not sensitive to these changes in
intermediate exchange dynamics, essentially showing the same structure in all chimeras of
β-lactamase [81]. In another study using CPMG-RD experiments, the energetic landscape
of several activity-related regions of the B. subtilis ArsC was explored, despite its complexity
[239]. Taken together, CPMG-RD experiments have been increasingly used to understand
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protein function, implying conformational dynamics at the few hundreds of µs-ms timescale.

Exchange spectroscopy, EXSY and real-time NMR to probe slow exchange dynamics

Lastly, for slow exchange processes (slower than a few ms), where the populations of
conformers do not reshuffle during NMR data acquisition, the different conformers give rise
to distinct NMR signals. There are two peaks for each nucleus in state A and B, respectively.
Moreover, the linewidth of each individual peak, is mainly influenced by R0

2, but a small
“leak” of populations from state A to state B during detection translates to a small Rex, as
previously explained for the case of the intermediate exchange regime [122]. Hence, in the
case of slow chemical exchange the equation describing the effective transverse relaxation
is equation 1.17 (note that in this case Rex is small).

Exchange spectroscopy, EXSY is a way to quantify kinetics of molecules on the ms-s
timescale. Taking the example of a molecule occupying two states, A and B, a series of
EXSY experiments of varying mixing time can follow their interconversion. Each EXSY
experiment therefore quantifies the effective exchange which takes place during a given
mixing time. In this way, the fastest process that can be quantified is the one where enough
“snapshots” (i.e mixing time values) of good quality (i.e signal-to-noise ratio in our spectra)
can be obtained within the lifetime of the exchange. This typically translates to chemical
exchange times of a few ms-s.

In particular, the EXSY experiment makes use of the longer T1 as compared to the T2 of
nuclear spins in proteins, which is usually a few hundreds of milliseconds to seconds. Briefly,
considering a molecule changing from A to B, F1 labelling during t1 occurs while the
molecule is either in the A or the B state. Consequently, a mixing step takes place whereby
the magnetization vector in question is aligned along the z-axis. This way, magnetisation
is only subject to longitudinal relaxation and the magnetization is said to be “stored”. If
during the mixing time, the molecule has switched to the B and A state, respectively, the
evolution step, during t2, will result in detecting the CS of the nuclei in the B and A state
in the F2 dimension.

Every residue exchanging on the slow timescale will result in 4 peaks, the two corre-
sponding to unchanged populations of A and B and two exchange peaks, AB and BA. The
intensity of the exchange peaks is proportional to the populations that have exchanged
during the mixing time. In the end, the relative intensities between main and exchange
peaks of each EXSY experiment are plotted against mixing time and fitted to a kinetic model
of interconversion between the two states [122].

An interesting application of the EXSY experiment in protein NMR demonstrated its abil-
ity to quantify Tyrosine ring flip rates in Cytochrome c [125]. Under different temperatures
and denaturant concentrations, the 180◦ flipping of the side-chain ring of Y97 ranged from
0.7-33s−1. In particular, NMR is able to distinguish between symmetrical carbon atoms
of side chains (eg ring carbons in Tyrosines) as long as they exchange in the slow regime
where distinct peaks are present [140]. In conclusion, the authors suggested that while
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Figure 1.36 A schematic representation of the principle of the EXSY experiment.
(a) For two molecules initially at state A exchanging to state B, during t1, fre-
quency “labelling” of the nuclei at state A takes place, followed by a storing of
the magnetization along the z-axis and lastly the CS evolution of the nuclei that
have exchanged to state B. Considering that at the same time, molecules at state
B interconvert to A, the result is a spectrum similar to (b), where 2 major peaks
(AA, BB) corresponding to the CS of conformers A and B are detected, alongside
minor exchange peaks, with CS originating from both conformations (AB, BA). (c)
Plotting the intensities of the major and minor peaks against mixing time results in
a characteristic decrease and built-up of the major and minor peaks respectively.
Data need to be fitted against a kinetic model [125] to retrieve the conformational
exchange rates.

slower flipping is caused by motional rigidity of the Tyrosine, faster flipping is the result of
a loosening of the protein matrix due to the denaturing conditions applied.

In the case of even slower timescale motions, a series of nD correlation experiments
can be recorded over time, termed Real-Time nD NMR. If each nD spectrum gives the
characteristic “fingerprint” of a protein conformer and the population of molecules is
constant, interconversion between conformers will be reported as variations in the spectra
recorded. Depending on how fast the acquisition of each nD spectrum is, the time between
identifiable states of the protein can range from seconds [188] to minutes [67]. The series
of nD spectra recorded during a kinetic process reports on the changes in conformation
during the experimental time.

In an early study of the Photosensory LOV2 domain of Avena sativa phototropin (AsLOV2)
[93], real-time 2D NMR of backbone amides followed the build-up of its dark-adapted
state after light illumination. Consistent with the expected values from optical and CD
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Figure 1.37 A series of 1H-15N 2D correlation spectra recorded over time make up
for a real-time NMR experiment aimed at characterising molecular motion in the
timescale of minutes.

spectroscopy, the authors estimated the recovery rate to be between 40-50s. Additionally,
the energetic landscape could be plotted and the activation energy initiating the signaling
pathway for which AsLOV2 is responsible was estimated to be 14.5kJ/mol. Numerous
studies have employed real-time NMR for similar purposes [203, 223, 78].

Hydrogen-Deuterium Exchange experiments complementing dynamics characterisa-
tion

Hydrogen/Deuterium exchange, HDX experiments can provide information on solvent ex-
changeable hydrogens in the protein structure. Deuterium is not detectable in the 1H
channel. In this way, signal coming from exchangeable hydrogens of proteins that are
eluted in D2O will decrease over time, as more hydrogens are replaced by the “invisible”
deuterium. Depending on the pH and the temperature, HDX can be studied in two regimes,
EX1 and EX2. To observe HDX, the protein is initially lyophilized and then eluted in
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deuterated water. In this way, real-time (RT) recordings of spectra over time (eg series of
1H-15N spectra), show a decrease in signals of residues at different rates.

A protein is studied in the EX1 regime when the observed deuteration rate, when
dissolved in D2O, kobs is the same as the rate of the “opening” of the NH bond and the
replacement of H with D, kopen [122].

In the EX2 regime, The kobs of each residue is dependent on pH and it corresponds to
the equilibrium between “open”, kopen and “closed” bonds, kclosed, i.e the probability of a
bond to “open” up and exchange with its environment, popen [122].

Considering backbone amides, typically, under native-like conditions, they have a rela-
tively stable HN bond where hydrogen atoms do not exchange with the solvent. Therefore,
in the EX2 regime, kobs represents the probability of an “open” HN bond, kopen. Taking into
account the intrinsic exchange rate of the hydrogen involve in the bond (when the bond
is not protected), kint, the probability of an “opening” event increases either due to bond
flexibility caused by the existence of motions or due to increase in solvent accessibility
(represented in this equation as a factor, popen accounting for exchange between populations
of molecules occupying different conformational states).

kobs = kintpopen (1.20)

HDX in the EX2 regime can be studied with various NMR experiments [237, 134, 234],
depending on the timescale of exchange probed. Nevertheless, NMR experiments measuring
rapid HDX, such as CLEANEX [108, 109], are beyond the scope of this thesis. In my project,
we focused on measuring slower exchange rates for which real-time NMR is the most
appropriate technique. A breakthrough on real-time NMR studies of HDX came with the
invention of faster NMR pulse sequences such as the BEST-TROSY [67] and the SOFAST-
HMQC [188] experiments, able to quantify HDX events happening in few seconds-minutes
at the ensemble level.

Running real-time NMR to study HDX rates, Faustino et al [68] mapped out the per
residue dynamics and solvent accessibility of two model proteins: dengue virus (DENV)
capsid (C) which consists of intrinsically disordered and unfolded regions and B1 im-
munoglobulin binding domain of streptococcal protein G (GB1) consisting of α-helices
and β-sheets. Altering the pH to the extent that folding and overall conformation are not
significantly affected, they measured a series of 1H-15N 2D correlation spectra to follow the
per residue backbone amide hydrogen exchange with deuterium. In particular, pH series
were employed since following how exchange differs with pH gives insight on the solvent
accessibility of flexible regions. In conclusion, the authors expect HDX to answer similar
questions to a range of proteins from IDPs to well-folded structures.

In conclusion, real-time NMR studying HDX rates in the EX2 regime for amides probes
the free energies of the opening of amide bonds (∆G = −RTln(popen), where R is the gas
constant and T is the temperature), or highlights regions of increased solvent accessibility
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[68, 122]. When juxtaposed to the intrinsic behaviour of the amino acids investigated, HDX
rates can complement other NMR experiments deciphering protein dynamics.

1.3.8 Limitations of nD solution NMR for studying proteins

Above, I explained how nD solution NMR is able to characterise protein motions occurring at
different timescales. Nonetheless, the exchange processes mentioned concern steady-state
phenomena, except for the case of processes studied using real-time NMR. Unfortunately, the
probing of “off” equilibrium processes that occur on extremely fast timescales (<seconds)
remains a challenge for NMR spectroscopy. That is because, when acquiring an NMR
spectrum, the NMR pulse sequence is repeated in order to achieve high signal to noise
ratio – less in 1D but significantly more in the case of nD NMR. Hence, observations of “off”
equilibrium are usually too short to be captured during detection. Additionally, population-
weighted averaging in the sample renders most “off” equilibrium processes undetectable by
NMR.

Practically, NMR experiments can only capture intermediate states with lifetimes longer
than seconds (during protein folding for example [188, 152]). In contrast, “on” equilibrium
processes of conformational interconversion, at a range of timescales, are detectable by
NMR with an impressive sensitivity to otherwise “invisible” populations [14, 66].

Furthermore, being an insensitive technique, sample concentration must be relatively
high to acquire a decent NMR spectrum. While multiple scans can significantly increase the
signal-to-noise ratio, the total number of molecules present is the main factor influencing
the total signal detected [30]. Samples of a few hundred micromolar concentration can be
challenging to achieve for some proteins.

1.3.9 Using NMR to study fluorescent proteins

Literature only accounts for a handful of NMR studies on fluorescent proteins. Despite the
limited evidence, the benefits of complementing static crystallographic structures by NMR
have been demonstrated. Unfortunately, so far only one RSFP has been studied using NMR
which nevertheless inspired my PhD thesis. Due to the lack of literature regarding RSFPs,
in particular, in this section, I will briefly mention NMR studies on FPs, in general, to give a
historical perspective on the contribution of NMR in this field.

The first dynamical characterisation of a GFP-type protein by NMR came with the studies
of Holak’s group on mutants of Cyan FP (CFP) and GFP [194]. NMR-Lineshape analysis and
HDX experiments suggested slow exchange dynamics taking place in the region of the β7
and β10 sheets, where the CRO ring is facing, supported by further studies in a GFP variant
[193]. Particular focus was given to His148 with the authors suggesting slow exchange
originating from motions on the ms-s timescale of the CRO and/or His148. Furthermore,
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pH titration highlighted the pH dependent behaviour of His148 which they interpreted as
being solvent exposed and flexible at lower pH.

Another NMR study employing pH titration aimed at deciphering how protonation
occurs in different GFP variants [158]. Once again, β7 was suggested to be responsible
for proton gating (i.e transferring protons from solvent to the CRO) in GFP mutants,
given its increased flexibility and pH dependence. In particular, the authors performed
NMR experiments characterising slow exchange on the ms-s timescale to decouple fast
protonation/deprotonation events retrieved via Fluorescence Correlation Spectroscopy, FCS,
and slow conformational changes of CRO neighbouring residues. Finally, they concluded
on a two-site model explaining the appearance of two exchange regimes, demonstrating
the complementarity of NMR and FCS.

Altogether, NMR has enabled the characterisation of GFPs in terms of their pH dependent
dynamics as well as suggested mechanisms of CRO protonation. Therefore, not only NMR
provides a dynamic dimension to the static structures of crystallography, but has been
proven to be used to study environmental influences and distinguish between CRO species
[95]. Furthermore, protonation events can be pinpointed to specific residues. While not
included in these studies, NMR is commonly used to study pKa of titratable groups as well
as distinguish between protonation states of amino acids [159, 50, 85] such as Histidines
[94, 170]. Therefore, one can envisage the advantages of NMR over crystallography in
studying fluorescent proteins at physiologically relevant conditions.

Furthermore, NMR studies of GFPs and model CRO compounds have reported values
concerning the energetic landscape and chemical shifts of the CRO under steady-state
conditions, for the different CRO species [1, 96]. Confirming those values to the ones
calculated in quantum mechanical and MD simulations, these studies show how NMR can
not only highlight the kinetics and energetics of CRO conformations in the steady-state, but
can also clearly distinguish between CRO species in an non-invasive manner (i.e without
the use of excitation light or X-rays).

So far in the RSFP field, only Dronpa has been investigated using NMR [147, 146].
Hideaki Mizuno is one of the founders of Dronpa, the first engineered green negative RSFP
[11]. In two publications dating 2008 and 2010, Mizuno and co-workers, described their
attempt to characterise the dynamics of Dronpa in its dark-adapted “on”- and light-induced
“off”-state. Namely, by using an optical fiber inserted in the plunger of the NMR tube, they
could illuminate the sample of Dronpa while inside the NMR spectrometer. Their work
revealed light-induced flexibility of the Dronpa barrel, on the side where the CRO ring
faces in its trans conformation. Moreover, they reported CS of the carbons of the Tyr63
of Dronpa’s CRO in both the “on”- and the “off”-state. Since its publication, this work has
been cited in numerous papers assessing how RSFPs structure and dynamics affect their
photophysical behaviour [26, 3, 204].

In spite of its scientific popularity and novelty, Mizuno’s work on Dronpa lacks some cru-
cial information. Commonly encountered issue in NMR studies of proteins, conformational
exchange on the ms timescale results in line-broadening (LB), sometimes to the point of
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total loss of signal. Consequently, while LB could indicate intermediate exchange processes
taking place, this claim would benefit from support from various perspectives. Otherwise,
lack of signal could be blamed to unfinished assignment or overlap of signals in the 1H-15N
spectrum. Dynamics that are supported by 15N -relaxation experiments are also faulty since
there is no peak to retrieve relaxation information from.

Nonetheless, NMR as a key player in understanding RSFPs’ dynamics was introduced by
Mizuno’s work. Due to this breakthrough, my project was not only conceptually conceived
but also technically facilitated.

1.3.10 Thesis objectives: Studying rsFolder and mutants by nD NMR

This project was inspired mainly from the work of Mizuno et al [147, 146]. Nevertheless,
the investigation of rsFolder and mutants using NMR went beyond the aforementioned
Dronpa studies. The objective of my PhD work was to not only characterise the dynamics
of rsFolder but also put together a consistent NMR toolbox for studying RSFPs. While
various questions arose during the PhD progress which lead the work into different paths,
the main objectives were two-fold. On the one hand, it was essential to establish the
necessary protocols for using NMR to study RSFPs. On the other hand, the ability of NMR
to contribute to the RSFP engineering field was to be shown for the example of rsFolder.
Therefore, the objectives were the following:

1. Establishing a reliable in-situ illumination device to be used with NMR.

2. Create a series of NMR experiments suitable for studying RSFPs and report on rsFolder
dynamics in native-like conditions.

3. Identify NMR experiments for the study of different CRO species – decipher species
variability in rsFolder.

4. Show how NMR observables can be associated to photophysics of RSFPs, using the
example of rsFolder and mutants in different pH and light conditions.

Hence, my thesis is constructed based on these four pillars. The results of my work are
presented alongside a discussion which includes interpretation, significance and contribu-
tion to the field as well as potential limitations of the techniques used.
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Chapter Two

Materials & Methods

2.1 rsFolder sample preparation

2.1.1 Protein purification of Uniformly labelled rsFolder samples –

with and without His-tag

Protein samples of rsFolder and mutants were mutated, expressed in bacteria, and purified
by Isabel Ayala and Karine Giandoreggio-Barranco from the Biomolecular NMR group at
IBS.

From our publication in 2019 [42];

The full-length rsFolder complementary DNA was cloned in the ampicillin- resistant ex-

pression plasmid pET15b (Addgene, Teddington, UK), and constructs were designed to bear

a six-residue N-terminal His-tag linked to the protein coding region via a thrombin cleavage

sequence. For initial NMR experiments detecting aromatic side-chain protons, the His-tag was

cleaved using a thrombin protease. Otherwise, all experiments were recorded without cleavage

of the His-tag because those samples showed a higher time stability. Escherichia coli BL21(DE3)

cells were transformed with the plasmid described above for protein expression. An isotopically

en- riched minimal medium, containing 15NH4Cl (1 g/L) and C-glucose (2 g/L), was used

to grow the cells until the cultures reached an OD at 600 nm between 0.6 and 0.8, at which

point protein expression was induced by adding isopropyl b-D-1-thiogalactopyranoside. For

uniformly 15N/13C labeled samples, 1 mM isopropyl b-D-1-thiogalactopyranoside was added

and induction was performed overnight at 20◦C. The cells were harvested by centrifugation and

subsequently lysed by sonication in lysis buffer (50 mM HEPES, 100 mM NaCl (pH 7.5)). The

lysate was centrifuged at 4◦C for 30 min at 46000g. The protein present in the supernatant

was purified using a Ni-NTA column (Qiagen, Hilden, Germany). The protein was eluted

by increasing the concentration of imidazole. The resulting pro- tein was further purified

using size-exclusion chromatography with a Superdex 75 column (GE Healthcare, Chicago, IL)

equilibrated with the NMR buffer (50 mM HEPES (pH 7.5))
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PH PHOSPHATE BUFFER (ml) CITRIC ACID (ml)
4.2 207 293
4.5 225 275
5.0 258 242
5.5 280 220
6.0 315 185
6.5 350 150
7.0 412 88
7.5 460 40
8 486 14

Table 2.1 Volume of Phosphate buffer and Citric acid required to prepare the
McIlvaine pH series

2.1.2 rsFolder pH series preparation

For the purpose of pH titration studies, the McIlvaine buffer was chosen due to its wide
range of buffering (pH=2-8). The various pH values were achieved by dialyzing the protein
sample (Dialysis tubes purchased from, Gene Bio-Application LTD. 8kDa cut-off Midi tubes
Cat. number: D022) against 500ml of McIlvaine buffer of the desirable pH, overnight at 4◦C.
Dialysis buffers were prepared by mixing 50mM Phosphate buffer (Disodium Phosphate)
and 25mM Citric acid at different ratios (Table 2.1).

The published values regarding McIlvaine buffers [141] of different pH correspond to a
mix of 200mM of Phosphate buffer and 100mM of Citric acid. However, phosphate buffer
affects the overall signal-to-noise ratio in NMR. HCN-cryoprobes are used to overcome
thermal losses due to resistances in the RF coil and in the sample (due to temperature,
salt concentration and presence of conductive ions) [124]. Phosphate ions significantly
increase the resistance of the sample, requiring longer p1 values, corresponding to the 90◦

RF pulses for Hydrogen nuclei. Thus, overall the sensitivity is reduced and from one point
onwards, the cryoprobes cannot overcome the thermal losses originating from the sample
[69]. Therefore, the concentration of the Phosphate buffer was minimized to 50mM, for
our NMR studies.

2.2 In-situ LASER illumination in NMR spectrometer

2.2.1 LASER box

For alignment purposes, the fiber coupler consists of 6 small screws which according to
how far screwed in or out they are, would tilt the coupler at a different angle. Due to the
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frequent transporting of the LASER box, alignment made this way was often necessary,
while the output power level would be evaluated using an optical powermeter (reference
number: PM100D, Thorlabs).

2.2.2 Optical fiber: use and maintenance

For guiding the LASER light into the 5mm NMR Shigemi sample tube, an optical Multi-
mode fiber was used with specifications: 0.22 NA, 105 µm core diameter, 2 mm diameter
protective cover and 5 m length (reference number: FG105UCA, Thorlabs). The fiber
was purchased from Thorlabs alongside Ceramic scribes used for fiber cutting (reference
number: CSW12-5, Thorlabs).

When dimmed necessary due to losses of light by the end of the fiber, the ceramic scribes
were used to cleave the bare end of the fiber and overcome surface irregularities. More
specifically, the scribes were placed at 45degree angle perpendicular to the bare end of the
optical fiber (immobilised on a clean table surface using tape) and pressed gently until
approximately 30% thickness is cut. After such a cut, the bare end is pulled apart by hand,
in order to create a “clean” cut on the fiber.

2.2.3 Modifications in NMR setup

Overall, the addition of the optical fiber into the plunger resulted in an increase of the
weight of the sample. Generally, specific spinners used in NMR ensure the smooth injection
of the sample via air flows, thus they account for an average weight of a conventional
sample, in order to guide it correctly inside the probe. Hence, the added weight originating
from the fiber was counter-balanced with an additional half-spinner i.e a spinner cut in half.

Moreover, the effect of the LASER in terms of temperature and electromagnetic radiation
changes had to be considered. In particular, when preparing for the experiment, calibration
(i.e shimming of the sample to counteract magnetic field inhomogeneities) was performed
once the sample reached equilibrium after continuous LASER illumination (identified as a
steady NMR lock signal). Nonetheless, for alternating illumination, recorded spectra would
show signs of “bad” shimming over time, due to the temperature fluctuations created by
the high-power LASERs in an inhomogeneous fashion.

Lastly, to counteract the inhomogeneity of the illumination – higher on top of sample,
dispersed across the sample height – I attempted two different modifications. Firstly, a
reflective material was sprayed on the outer surface of the Shigemi tube, in order to “keep”
most of the illumination within the sample. Secondly, in a collaboration with an NMR group
from BMRZ-Goethe University, Frankfurt (group of Dr. Harald Schwalbe), the plunger of
the Shigemi was carved into a pencil tip shape. What this achieved was the insertion of the
plunger mid-height of the sample, while the light was radially emitted from the sides of the
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plunger tip. In both cases, shimming remained possible and LASER light distribution was
improved.

2.2.4 Assessing the in-situ illumination setup using rsFolder

In order to evaluate the capabilities of the in-situ illumination setup, a set of experiments
was performed investigating the coupling of the LASER to the NMR experiment, the speed
of switching of the sample (and how, in turn, this is reflected in the spectra) as well as
overall considerations of sample stability under different LASER powers and durations of
illumination.

Initially, series of real-time 1H spectra were recorded over time where the sample,
starting from an “on”-state equilibrium, would be switched to the “off”-state by turning on
the 488nm during the experiment. Switching back to the “on”-state was similarly recorded
by turning on the 405nm LASER (after turning off the 488nm LASER) during the experiment.
This series of 1D spectra had a two-fold purpose: firstly, to see whether the characteristic
spectra are different for either state and secondly, to measure the ensemble switching
rates of the sample when found in typical NMR experiment conditions (inhomogeneous
illumination, high concentration, 40◦C).

Furthermore, after acquiring the uniformly labelled protein (labelled with 13C and
15N), 2D spectra were recorded to assess the stability of the sample over long periods of
illumination. As already mentioned in bibliography, depending on the illumination scheme,
GFPs tend to photobleach over time. Therefore, recording 2D spectra over time could reveal
differences related to potential photobleaching processes.

Lastly, as is the case for all NMR studies, 2D spectra were recorded before each experi-
ment, pre- and post- illumination as well as by the end of long experiments, to confirm the
integrity of the sample.

2.3 rsFolder backbone and side chain assignment – “on”-

and “off”- state

2.3.1 Backbone amide assignment

Backbone “fingerprints” of rsFolder “on”- and “off”-state – the principle of BEST and
TROSY

Typically 3D triple resonance experiments aim at associating backbone carbon frequencies
with frequencies of amide pairs belonging to the same residue. Assigning of the backbone
amides of rsFolder in the “on”- and in the “off”-state therefore translates to appointing a
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residue number and type to each cross-peak found in the so-called backbone “fingerprint”
spectra of rsFolder in the “on”- and “off”-state, respectively. More specifically, these are
2D amide spectra recorded using the Band-selective Excitation Short-Transient Transverse-

Relaxation Optimized SpectroscopY (BEST-TROSY) pulse sequence.

The BEST-TROSY is an impressively fast experiment achieving high sensitivity and reso-
lution in protein NMR at high magnetic field strengths [67]. More specifically, it combines
the BEST element [190], resulting in short d1, as well as the optimised transverse relaxation
properties of the TROSY NMR pulse sequence [171]. The BEST pulse element ensures
reduced d1 recycle delays (or inter-scan delays) due to shorter longitudinal relaxation times.
The latter is achieved by selective excitation of only the nuclei within the spectral window.
Overall, the BEST element allows for more scans to be recorded within a given time-frame,
thus increasing the signal-to-noise ratio and overall rendering shorter experimental times
possible.

The TROSY element is particularly useful for relatively big molecules (like proteins)
at high magnetic field strengths. In the case of big molecular size, the T2 relaxation time
gets shorter with longer tumbling times, leading to line broadening of peaks, while higher
magnetic fields result in the CSA becoming comparable to the DD contribution to relaxation.
Both DD and CSA contribute to T2 relaxation. However, they are cross-correlated relaxation
mechanisms which means that their contribution in either 1H or 15N relaxation either adds
up (more line broadening) or is subtracted (less line broadening). Overall, in an HSQC
without decoupling one would expect a total of 4 peaks with different widths along the
1H and the 15N dimension for each 1H-15N pair i.e a multiplet, as a result of the relative
contributions from DD and CSA.

As mentioned in the Introduction, in a conventional 1H -15N HSQC, decoupling results
in one cross-peak, originating from the averaging of all four peaks. In contrast, the TROSY
experiment picks the one peak from the multiplet of peaks where the contributions of DD
and CSA to relaxation are smallest. In this way, the TROSY allows for sharper peaks, shifted
approximately by 45Hz (half the J-coupling strength of an amide pair) in each dimension
as compared to a 1H -15N HSQC experiment (Figure 2.1).

Conventional 3D triple resonance experiments

Assignment of the thermally stable “on”- and metastable “off”-state of rsFolder was per-
formed initially for the backbone amides. Employing conventional BEST-TROSY triple reso-
nance 3D experiments (HNCO, HN(CA)CO, HNCA, HN(CO)CA, HNCACB, HN(COCA)CB),
the chemical shift frequencies of Carbonyls, Cα, Cβ and the respective amide cross-correlation
peaks were retrieved [205]. Briefly, for a triple resonance experiment, the RF pulse se-
quence ensures magnetisation transfer via J-couplings to the nuclei of interest, starting
from the amide hydrogens, to the amide nitrogens followed by one or more magnetisation
transfer steps to the backbone carbons of interest, finishing with the transferring back to
the hydrogens for detection. The principle of magnetization transferring via J-coupling in
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Figure 2.1 Schematic comparison of a 1H -15N HSQC and a 1H -15N TROSY
spectrum for one peak. Without decoupling, the 4 peaks of the multiplet resulting
from the HSQC experiment are visible (on the left). Each one has a different
width along the 1H and 15N dimension, due to line-broadening caused by cross-
correlation of DD and CSA (adding up or cancelling out). HSQC with decoupling
results in a broad peak while TROSY picks out the sharper peak of the multiplet,
shifted 45Hz in both dimensions as compared to a conventional HSQC peak.(on
the right)

an HNCA is demonstrated in Figure 2.2 alongside the resulting 3D spectra expected (for
one residue).

The spectra were recorded on the 850MHz spectrometer at 40◦C in samples of 200µM.
Spectra were processed using TopSpin v3.5 (Bruker BioSpin).

With the spectra at hand, sequential assignment was performed using CCPNMR v2.0
software [220]. The assignment was partially confirmed by comparing the spectra of
uniformly labelled samples with ones of samples where either the His-tag was cleaved,
or specific labelling was used. In addition, Tyrosine-unlabelled and Histidine-unlabelled
samples confirmed the assignment.

Using the LASER-Driven EXSY for the assignment of the “off”-state spectrum

As described in the Introduction, the EXSY experiment records how the frequency of a
given nucleus is modulated upon conformational exchange in the ms-s timescale. However,
in the case of assigning the “off”-state backbone amide spectra, the EXSY pulse sequence
was conveniently used in combination with the new “LASER channel” integrated in the
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Figure 2.2 Schematic representation of the principle of 3D triple-resonance HNCA
experiment, transferring magnetization via J-couplings from 1H to 15N , to the
nearby 13Cα of the same residue (i) and the previous residue in the sequence
(i − 1). On the bottom, the corresponding 3D spectrum of the 2 peaks is shown
with coordinates of (H i, N i, C i

α and H i, N i, C i−1
α )

NMR pulse sequence to “transfer” the completed assignment of peaks from the “on”-state
spectra to the “off”-state spectra. In the case of no CS change of a residue between the
two states, there are no exchange peaks (no “off”-diagonal peaks). In contrast, when the
CS of a peak has changed upon 488nm light, the result is an exchange peak inheriting the
spectral coordinates of: in one dimension, the “on”-state CS, and in the second dimension,
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the “off”-state CS.

Briefly, during d1, the 488nm LASER is on at full power, ensuring that the sample is in
the “off”-state. The following t1 evolution time allows for the CS editing of the frequency
of the amides when rsFolder is in the “off”-state. During storing of magnetization along the
z-axis, time d8, the 405nm LASER is switched on at maximum intensity. Therefore, during
the mixing step, a part of the protein sample photoswitches to the “on”-state. Lastly, during
t2 the CS after frequency modulation is recorded. As long as the characteristic spectrum of
the “on”-state differs from the “off”-state, the resulting spectrum includes exchange peaks
as molecules undergo conformational exchange between “off” and “on” during d8.

Nevertheless, relying on 2D spectra which include the original cross-peaks and the
exchange peaks would result in spectral crowding, hence the experiment was extended
to a third dimension. As a consequence, two experiments needed to be recorded for the
assignment of the “off”-state, a 1H-LD-EXSY and a 15N -LD-EXSY, giving the “off”-state CS
frequencies of the amide hydrogens and nitrogens respectively.

Altogether, the LD-EXSY experiments performed shortened the experimental time needed
for assignment as compared to using the standard 3D-triple resonance assignment, from
approximately a week, to 24 hours. Assignment of the “off”-state was concluded using the
LD-EXSY experiments.

2.3.2 Side chain assignment

Methyl side chains

Methyl side chains were assigned using a combination of various experiments. The charac-
teristic 2D 1H-13C spectra used were acquired using the SOFAST-HMQC (band-Selective
Optimized Flip-Angle Short-Transient heteronuclear multiple quantum coherence) pulse
sequence, allowing short experimental times [187, 189]. SOFAST-HMQC makes use of the
band-selective excitation which significantly decreases the longitudinal relaxation time,
thus the length of interscan delays, as well as unwanted scalar coupling. Moreover, using
multiple quantum coherence, the necessary spin transitions can take place in fewer steps
than in an HSQC. Lastly, SOFAST-HMQC makes use of the Ernst-excitation angle, which
allows for a greater number of available spins in steady-state prior to RF pulse excitation.
Overall, SOFAST-HMQC results in high sensitivity and resolution [187].

Starting with the 3D-triple resonance experiments, correlating amide frequencies with
Carbons and Hydrogens of methyl side chains was possible using the (H)C(CCO)NH-TOCSY
and H(CCCO)NH-TOCSY experiments [149]. Both these experiments aim at transferring
magnetisation from the methyl side chains to the backbone amides of the preceding residue
via J-coupling. Unfortunately, the many necessary magnetisation transfer steps render this
experiment relatively insensitive, leading to longer experimental times for increasing the
signal-to-noise ratio. Nonetheless, most resonant frequencies for the methyl side chain
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Figure 2.3 3D LD-EXSY experiment: pulse sequences drawing of (a) 15N-edited
LD-EXSY and (b) 1H-edited LD-EXSY. Filled and open pulse symbols indicate 90◦

and 180◦ rf pulses. Unless indicated, all pulses are applied with phase x. All
selective 1H-pulses are centered at 8.5 ppm, covering a bandwidth of 4.0 ppm,
with the following shapes: (1) REBURP, and (2) E-BURP2. A star indicates a flip
back pulse obtained by time and phase inversion. Delays are set to: τ1=2.4 ms,
τ2=2.7 ms, trec = 2 s, and tmix= 600 ms. The delay δ corresponds to the length of
G6 gradient. These settings do not take into account the durations of the 180◦ rf
pulses applied during the transfer delays that need to be subtracted. Pulsed field
gradients, G1–G8 are applied along the z-axis (PFGz) with durations of 200 µs and
field strengths ranging from 5–50 G/cm. The relative strength of G3 and G6 are
given by the gyromagnetic ratios G3/G6=γH

γN
. The phase cycling is: φ1 2 (x,-x), φ2

= x, x, -x, -x, φ3=y, and the receiver phase φrec= -x, x, x, -x. Quadrature detection
in t1 is obtained by time-proportional phase incrementation of φ1 according to
TPPI-States. For quadrature detection in t2, echo-antiecho data are recorded by
inverting the sign of gradient G3 and phase φ3.
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carbons and hydrogens were collected using these experiments.

3D-triple resonance experiments were complimented by aminoacid-type-edited 2D
spectra, specifically aminoacid-edited-SOFAST-HMQC experiments. As reported [143],
a frequency-selective filter discriminates between aminoacid types with or without an
adjacent carbon (Cnext) of a given CS range. The signals are then projected as positive
or negative, depending on the aminoacid type – methyl side chain with a Cnext outside
or inside the CS range of interest respectively. Overall, aminoacid-edited-SOFAST-HMQC
experiments distinguish between 3 categories: (a) Alanines, (b) Threonines and (c) Valines
and Isoleucines.

Furthermore, selective isotopic labelling was used to further confirm or extend the
assignment of methyl side chains. More specifically, samples were either uniformly labelled,
labelled only on one Isoleucine Carbon-δ and Valine Carbon-γ (Pro-S) [120], or unlabeled
only on Leucine and Tyrosine [180].

Lastly, an experiment correlating the methyl carbon to the adjacent carbon was per-
formed, namely an HCC-COSY. By exciting the methyl hydrogen, magnetisation is trans-
ferred to its J-coupled carbons. In this way, a 3D spectrum is recorded where the resonant
frequency of the methyl hydrogen is correlated to its methyl carbon and the consecutive
(adjacent) carbon. By knowing the latter’s frequency from the 3D triple resonance exper-
iments performed (either for backbone or for side-chain assignment), one can conclude
about the methyl residue at hand. Consequently, the HCC-COSY was used to confirm and
complete methyl side chain assignments.

Aromatic side chains and the chromophore

Aromatic side chains and the chromophore were assigned using a range of NMR experi-
ments. The 2D spectra of interest to assign were retrieved using 1H-13C Aromatic HSQC
experiments – a constant time (CT) and a non-CT version.

From the one hand, the CT version of a 1H-13C HSQC refocuses the J-coupling of
homonuclear 13C-13C, in this way resulting in sharper peaks and thus higher resolution and
sensitivity. Moreover, depending on the number of nearby carbons (i.e J-coupled carbons)
the residue peaks appear as negative (even number of coupled carbons) or positive (odd
number of coupled carbons).

From the other hand, the non-CT Arom HSQC is less resolved but manages to record
low-intensity signals.

The assignment of the 2D Arom-HSQC spectra was concluded, similarly to the methyl
side chain assignment using information from the (H)C(CCO)NH-TOCSY and H(CCCO)NH-
TOCSY experiments [149]. Furthermore, BEST and SOFAST type experiments specific
to Tyrosines and Histidines side chains allowed for the unambiguous assignment of the
7 Tyrosines and 11 Histidines present in rsFolder [43]. The latter set of experiments
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outperforms others targeting the aromatics region [62, 227] not only by making use of
longitudinal relaxation enhancement elements but also counteracting loss of signal due to
excitation of unwanted nuclei.

Chromophore assingments were possible after assigning the Tyrosine residues. The CRO
is a Tyrosine-type residue, which, nevertheless, is characterized by unique CS, reported
already in literature for other GFP proteins. Therefore, the rsFolder CRO assignment was
further confirmed after comparing the CS retrieved to the already published ones for GFP
[158, 95] and Dronpa [146].

2.3.3 Structural information from Cα and Cβ frequencies

Once the assignment of rsFolder “on”- and “off”-state was concluded, the frequencies of
Cα and Cβ were used to predict secondary structural elements using the TALOS-N software
[197].

CS originating from Cα and Cβ of residues are sensitive to the local environment.
Consequently, the distinct dihedral angles between Cα and Cβ leading to an alpha helix, a
beta sheet or a flexible loop give rise to distinct CS. TALOS-N takes into account a database
where values of Cα and Cβ CS for different proteins are archived in order to predict with
high accuracy secondary structural elements using NMR.

2.4 NMR experiments for protein dynamics characteriza-

tion

In this section, I include some experimental details concerning the NMR experiments
performed to study the dynamics of rsFolder in the “on”- and “off”-state. Unless stated
otherwise, the spectra were processed in TopSpin v3.5 and the analytical tools used to
retrieve information were mainly CCPNMR v2.0 in combination with customised Python
scripts for fitting data into mathematical models.

2.4.1 Fast conformational exchange

In order to study possible ps-ns motions in rsFolder, 15N -relaxation experiments were
recorded in the 700MHz spectrometer at 40◦C for both the “on”- and the “off”-state.
Standard NMR pulse sequences were used for recording the T1 and T2 with relaxation delays
(during t1) ranging from 0-1.8s. 15N heteronuclear NOE experiments were performed in
an interleaved manner (saturation and reference spectrum) with a d1 delay of 5s and a
saturation delay of 3s.
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Out of the 200 non-proline peaks assigned, 181 and 162 were resolved sufficiently
enough to extract T1, T2 and hetNOE values in the “on”- and “off”-state, respectively.
The average correlation time was calculated from the average T1 and T2 values using the
formula:

τc =

√

6T1

T2
− 7

4πνN
(2.1)

2.4.2 Intermediate conformational exchange

For studying conformational exchange processes in the range of few hundred µs to ms, 15N
backbone as well as 13C methyl and aromatics CPMG-RD experiments were run at two
magnetic field strengths (700MHz and 850MHz). The temperature and pH of the sample
was chosen according to best signal-to-noise ratio for residues where line broadening was
observed. The CPMG frequencies ranged from 50-1000Hz and the total relaxation delay was
set to 40ms. Data were fitted for the 15N -CPMG-RD datasets using the n-trosy experiment
from the Chemex algorithm. 13C methyl and aromatics CPMG-RD had low signal-to-noise
ratio and were therefore not analysed further.

2.4.3 Slow conformational exchange

EXSY experiments for quantifying ring flip motions

In order to quantify ring-flips of the phenol ring of the cis chromophore, a series of EXSY
experiments with varying mixing times focusing on the aromatic region of the 1H-13C 2D
HSQC spectrum (Arom-EXSY) were performed using the 850MHz spectrometer. Arom-EXSY
experiments were recorded on rsFolder and mutants at different temperatures and pH
values. The resulting peak intensities of the diagonal and exchange peaks of the Hδ-Cδ pair
of the phenol ring of the chromophore were plotted against mixing time and fitted using a
kinetic model accounting for the interconversion between the two states (180◦ flips of the
phenol ring), to retrieve the rate of exchange kex = 2 ∗ krf , where krf is the flipping rate of
the phenol ring, like so [125]:

ln(−2Γ + 1) = −2kexτm (2.2)

Where Γ = Ic
Ic+Id
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Real-time 2D NMR experiments to retrieve thermal relaxation and hydrogen deu-
terium exchange rates

To extract thermal relaxation and HDX rates of rsFolder and mutants, real-time NMR
was performed by acquiring a series of 2D 1H-15N BEST-TROSY experiments over time
at 850MHz magnetic field strength. Measuring thermal relaxation rates required to first
illuminate the sample using the 488nm LASER until the 2D 1H-15N BEST-TROSY spectrum
retrieved confirmed that the sample has switched to the “off”-state, after which the LASER
was turned off and acquisition of a series of 1H-15N BEST-TROSY experiments, each lasting
2.53mins, started. On the other hand, to perform HDX experiments, the sample was first
lyophilised and then diluted in D2O and inserted in the magnet either from the dark or after
illumination using the 488nm LASER, to record the HDX rates of the “on”- and “off”-state,
respectively. More specifically, in order to minimize the time between the deuteration of
the sample and the acquisition, a Shigemi tube of an rsFolder sample of similar volume,
concentration and buffer, was used to calibrate the spectrometer, i.e shimming, tuning,
matching, pulse calibration. This way, the “dead” time before acquisition was minimized to
5 mins. In an effort to capture the differences between “on”- and “off”-state HDX rates, one
more series of 2D 1H-15N BEST-TROSY spectra was recorded, starting from the sample in
the “on”-state and after 30mins, the 488nm LASER was turned on to switch the sample to
the “off”-state.

On average, such “kinetics” experiments were recorded for approximately 14-20 hours,
depending on the sample. Moreover, thermal relaxation experiments were performed for
different temperatures and pH values. Consequently, the data was fitted to exponential fits
in order to extract the value for the thermal relaxation and HDX rates.

Performing thermal relaxation experiments at different temperatures also allowed for
extraction of energetic barriers for ground-state photoisomerization of the CRO between cis

and trans conformation, after fitting the data in an Arrhenius plot.

ln k = −
Ea

RT
+ lnA (2.3)

Where k is the thermal relaxation rate, Ea is the activation energy of photoisomerization,
R is the gas constant, T is the temperature and A is the Arrhenius constant.

In the case of HDX rates, protection factors were extracted after measuring the titration
of residues’ peaks at different temperatures, to take into account the effect of the intrinsic
hydrogen exchange of each residue on the observed HDX rate. Using the equation below,
the exchange-competent populations could be estimated:

kobs = kintpopen (2.4)
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2.5 Optical characterization of rsFolder and mutants

2.5.1 Absorption and Emission spectra

Using optical spectrophotometers (absorption and emission) I was able to retrieve the
characteristic absorption and emission spectra of rsFolder and mutants at different pH
values. The sample used was placed inside a quartz cuvette.

2.5.2 Extinction coefficient, fluorescence Quantum Yield and Bright-

ness

Using standard protocols, the extinction coefficient, ǫ, fluorescence quantum yield, Φ, and
consequently the resulting brightness of rsFolder and mutants were measured at pH=7.5,
under room temperature conditions.

The extinction coefficient at a specific wavelength (488nm) was retrieved by measuring
the absorption spectra (i.e optical density (OD) against wavelength) of the protein folded
and unfolded. More specifically, rsFolder and mutants were gradually unfolded using
small quantities of concentrated NaOH, until a point were the maximum amount of “free”
chromophores in solution is present, before the protein starts precipitating. Knowing
the ǫ of a free GFP chromophore (44,000cm−1) [225], absorbing at 447-448nm, the ǫ
of the cis-anionic form of the chromophore protected by the protein barrel at pH=7.5
can be back-calculated, taking into account the total amount of molecules present. The
spectrophotometer used recorded the absorption spectra of the sample placed in a cuvette
over the range of 300nm-600nm.

The values of Φ for rsFolder and mutants was calculated by recording absorption and
emission spectra of the protein at different concentrations. To record the emission profiles,
the spectrophotometer excited the protein at 488nm and recorded the emission intensities
from 492nm until 650nm. The OD of the protein at 488nm was then plotted against the
integral of the whole emission spectrum, to extract the Φ values. For rsFolder mutants that
are not 100% A-cis populated at pH=7.5, the OD was corrected to take into account all
the molecules present, using NMR-derived values of cis and trans populations. The Φ of
Fluorescein was measured for normalisation purposes.

Consequently, the brightness for each protein was evaluated as the product of ǫ and Φ,
as compared to EGFP[37].
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2.5.3 Ensemble microscopy measurements to extract switching rates

and switching contrast

In order to measure switching rates and switching contrast of rsFolder and mutants at
different pH values, ensemble measurements were carried out at the microscope set-up. The
protein samples were fixed in polyacrylamide (PAA) gels that were “sandwiched” between
two microscopy slides. PAA ensures that the protein molecules are not allowed to diffuse
during recording, ensure no diffusion artefacts. In total, 50µl of approximately 40µM
molarity protein in the buffer and pH of interest was diluted against 50µl of acrylamide
and polymerisation was initiated using 1µl of APS (10%) and 1µl of TEMED (>99%).

To ensure a uniform sample thickness for all samples, a plastic frame was glued on the
bottom microscopy slide. Consequently, 40µl of the aforementioned mix was inserted within
the frame and covered by the top microscopy slide. Shortly after, it would polymerize.

After having recorded the beam shapes of the 405nm and 488nm LASERs, each sample
was placed in the PALM microscope for recording. Depending on the sample (protein type,
pH) the sequence of illumination pulses and their respective strength was different. The
intensity of the LASER output could be modulated using an AOTF filter and OD filters.
Briefly, the sequence consisted of 3 main steps, each one consisting of a number of frames.

Firstly, a “clean” pulse of 405nm LASER before the camera starts recording ensured
that the sample has converted to the “on”-state. Secondly, a series of frames where each
one included a 488nm pulse of certain duration coupled with a small exposure time of the
camera, enabled the detection of fluorescence and recording its decay over time. Lastly, a
third step included frames whereby a 405nm LASER pulse was followed by a short 488nm
pulse, coupled with the camera detection. This last step enabled the return of the protein
to the “on”-state (due to the 405nm LASER) while its fluorescence response was measured
upon 488nm illumination.

The data recorded were fitted against a kinetic model taking into account 2 “dark” states.
One “dark” state is the conventional “off”-state, containing the neutral trans-CRO species
state while the second one needs to be accounted for in order to properly fit the decay and
build-up curves (represents the effect of photobleaching and blinking events on the overall
switching kinetics).
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Chapter Three

Results

The majority of the information included in parts 3.1 and 3.2 have been presented in two
publications [43, 42], included in the Appendix. Hence, in order to avoid referencing
almost every paragraph, I shall disclose here that the majority of data and the resulting
figures can also be found in the above cited publications.

3.1 In-situ LASER illumination in NMR spectrometer

In the beginning of my project, I had to establish a reliable and effective illumination set-up
that could be easily used alongside the NMR spectrometers. For an extensive review of the
different methods of combining NMR with light for investigating photo-induced processes,
the reader is referred to the recent work of Nitschke et al [156]. Here, I will briefly describe
some of the ways by which one can construct an illumination set-up for NMR studies and
the rationale behind choosing the in-situ illumination set-up using a LASER box coupled to
an optical fiber which can guide the LASER light into the NMR tube in the context of my
project.

3.1.1 Choosing the LASER box

In order to illuminate an NMR sample tube, one can choose between Light amplification
by stimulated emission of radiation (LASER) or Light Emitting Diode (LED) sources. The
differences lie on bandwidth of emitted wavelength, beam divergence, and cost.

LASERs principally achieve monochromatic light, i.e a single wavelength of light pro-
duced, while LEDs are characterized by a broader wavelength range of illumination, typically
about 20nm [156]. This advantageous specificity has set them apart from LEDs, especially
in experiments where the photoinduced phenomena studied are very sensitive to the wave-
length of excitation. By observing the 20-30nm broad absorption spectra of RSFPs, such
as rsFolder, one could conclude that a larger bandwidth of emitted wavelength could be
advantageous in exciting more molecules.
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However, LEDs suffer from high light divergence. This can be partially fixed by collimat-
ing the light using special collimating lenses. However, due to Etendue conservation, the
collimated light has a larger beam spot and, thus, lower power densities [208]. Moreover,
reflection of LED light on lenses necessarily causes power losses. On the other hand, LASERs
achieve highly focused beams, enabling for high power densities. For the needs of this
project, a focused LASER beam was essential in transmitting a sufficient amount of power
through an optical fiber. Therefore, LASERs were more appropriate than LEDs.

Furthermore, since RSFPs are used for (mainly) super-resolution microscopy, where
LASERs are used, it seemed more relevant to study them under LASER illumination condi-
tions.

Portability was essential for this project, since experiments were run on several NMR
spectrometers. Therefore, a LASER box hosting two LASERs (405nm, 488nm) was the
preferred choice, containing all the necessary optical elements required for alignment and
power modulation, which remain fixed even during LASER transport. For the purposes of
fitting in a box, the LASERs are much smaller, achieving lower powers (in the order of a
few hundred mW) as compared to conventional LASERs (in the order of Watts).

The one-channel output L4Cc LASER combiner box distributed by Oxxius S.A. was
purchased (Oxxius S.A., Lannion, France) (Figure 3.1). Inside the box lied two LASER
diodes, emitting monochromatic light at 405nm and 488nm wavelength, respectively. The
advantages of using this device were mainly its ease of transport and variable operative
modes.

The LASER box consists of all the necessary parts for operating the two diode LASERs
within a small 20x25x10.8cm metallic box. There is no need for manual interference by the
user in terms of adding or removing optical components in order to make use of all of its
modalities.

More specifically, the principle elements included in the LASER box are:

– 2 LASER diodes aligned parallel to each other with a voltage-dependent power output

– dichroic mirrors (DM) to direct the LASER light towards the output

– 3 electromechanical shutters: one in front of each LASER source and one at the output
of the box

– a fiber coupler for the output of the LASER

– a remote controller for the manipulation of the electromechanical shutter situated in
the output

All these elements ensure that the two LASER diodes can be operated at different power
levels, independently from each other. The power output can be adjusted manually by a
user interface (Analog Modulation), by adjusting the current input (0-100% at a frequency
of up to 200Hz, equivalent to 300ms pulses) of either laser. At a fixed power output, the
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Figure 3.1 On the top, a drawing by Oxxius S.A. of the LASER box L4Cc combiner
model. Bottom left, zoomed in the region of the two LASERs within the box
and bottom right, the LASER box output consisting of a fiber coupler and the
corresponding screws needed for alignment.

LASERs can be switched “on” or “off” digitally via TTL lines (Digital Modulation). The
maximum output is 200mW for each LASER as recorded in the output of each LASER.
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Manipulating the LASERs manually or via the NMR console

Photoswitching rates of the NMR sample were LASER-power-dependent, as will be discussed
later. Hence, in rsFolder, when “quick” photoswitching was needed, short LASER pulses of
100% (200mW) of the total power of each LASER would be used, while when continuous
illumination was required, the LASER power was typically reduced to 30% (60-70mW),
in order to minimize temperature gradient effects on the sample. Depending on the
requirements of the experiment, manual (via the laptop) or remote (via TTL lines) switching
of the LASERs was chosen.

No power modulation was used for illumination over long periods of time. Briefly, a
user interface installed in a laptop connected to the LASER box (Figure 3.2) allowed for
changing the power output manually for each LASER independently, in terms of percentage
of input current. The percentage of power allowed was manually adjusted depending on
the experiment and LASER used, after ensuring that the total output power is relatively
similar as in previous experiments.

Figure 3.2 (a) A photograph of the in-situ illumination set-up installed next to the
850MHz spectrometer in the IBS NMR platform. A laptop computer is connected
to the LASER box which allows for manual adjustment of the LASER output and
the LASER box is mounted on the mezzanine (upstairs). (b) A photograph of the
Shigemi tube containing rsFolder (200µM) in the absence and presence of 488nm
LASER light.

Digital switching “on” and “off” of the two LASERS was employed when the LASER
channel was integrated within NMR pulse sequences used. More specifically, the LASER
box was connected via TTL lines to the NMR console, in the IPSO panel (Figure 3.3). The
IPSO panel synchronizes RF pulse generation from different channels operating in active
low logic. By default, the transmission is allowed (Open) with an output of +5V, while
blanking of transmission is equivalent to 0V and needs to be actively applied via a command
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(Closed). Consequently, the LASER channel integrated in the NMR pulse sequence could
take the values of “LASER-on” or “LASER-off” for each LASER, and the LASER “pulse” and
“delay” duration between LASER pulses could be specified.

Figure 3.3 Photograph of TTL line connected to the IPSO channel of the NMR
console, allowing the integration of LASER pulses in the NMR pulse sequence.

3.1.2 In-situ illumination of the NMR sample

Options for illumination of the NMR sample: ex-situ versus in-situ

A number of previously reported studies combining NMR with light, used ex-situ illumi-
nation of the sample [172, 231]. More specifically, the systems studied would remain
at a steady state after illumination for relatively long periods of time, from minutes to
days. Before the LASER box was purchased, we were able to illuminate the NMR tubes
containing rsFolder with 488nm LASER outside the spectrometer and still record spectra of
the “off”-state, due to its high thermal stability [61]. However, when recording long NMR
experiments lasting over a day (eg 3D triple-resonance experiments), at 40◦C, a continuous
illumination of the sample in-situ was necessary.

Moreover, in-situ illumination enabled us to study the protein’s response to light on-
demand. While for the most part, steady-state phenomena were studied, sometimes
alternating between the two available conformations of rsFolder was required. This could
not have been possible using ex-situ illumination.
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Optical fiber specifications: efficiency and resulting homogeneity

An optical fiber was used to guide the LASER light into the sample in the 5mm NMR tube,
which had a connector end and a bare end. The connector end would be screwed in the
fiber coupler while the bare end was necessary in order to fit the fiber inside the plunger
of the Shigemi sample tube (Figure 3.4). A Shigemi tube and its corresponding plunger
were used since they are made of materials with matching magnetic susceptibility as an
average solution sample resulting in overall better shimming (related to magnetic field
homogeneity) of the sample.

Figure 3.4 Schematic representation of the bare end of the optical fiber inserted
inside the Shigemi tube plunger and immersed in water. The sample is illuminated
from the top, in a cone-shaped fashion.

Another aspect of using an optical fiber with a bare end inside the plunger, as already
highlighted by Mizuno et al [146], is the sudden difference in refractive index between
the fiber and the plunger glass material due to an air gap. For reasons of avoiding further
light loss due to scattering, the plunger was filled with water which has a refractive index
closer to glass (refractive index of water 1.3, glass 1.5) as compared to air (refractive idex
1), thus minimizing transmission losses from the fiber end to the plunger glass bottom.
The resulting beam transmitted by the end of the plunger had (ideally) a conical shape,
corresponding to a Gaussian distribution of light. This ensured illumination across the
whole sample, though, in an inhomogeneous manner.
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Improving illumination homogeneity in the sample

One way to partly counteract illumination inhomogeneities was demonstrated in an NMR
study using an optical fiber with an etched bare end which was directly inserted in the
sample, without the need of a plunger [128]. Etching the 3mm-long end of the fiber ensured
that light is produced homogeneously across the sides of the fiber which was placed in the
middle of the sample tube. Spectral resolution was not affected by this modification, i.e the
presence of the “foreign” fiber end inside the sample. While this would be a very attractive
technique to use, the cleaning and maintenance of the fiber would be a disadvantage i.e it
would be impossible to protect the etched fiber tip from getting broken or scratched.

Figure 3.5 Figure adopted from Kuprov et al [128], showing the etched fiber
end achieving greater illumination homogeneity. In (A), a picture taken of the
emission of argon lamp against white background in the dark, in (B) the shape of
the etched fiber is drawn, while at (C) the light reflections resulting in the apparent
homogeneity are depicted.

Therefore, increasing homogeneity without modifying the bare end could be achieved by
modifying either the plunger tip or the NMR tube. More specifically, in a study investigating
the refolding kinetics of α-lactalbumin upon photolysis, the authors used a pen-shaped
quartz plunger tip which enabled more homogeneous distribution of light in an optically
dense sample [127]. Therefore, we decided to acquire such pen-shaped plunger and test its
advantages over a regular flat-bottom plunger. Another modification tested consisted of
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spraying the exterior of the NMR tube with a reflective material. The spray, conventionally
used for surfaces on road signs in order to make them reflect car lights during the night,
seems to be as efficient as the pen-shaped plunger in terms of light distribution, as will be
explained in section 3.1.3.

Figure 3.6 Schematic representation of the bare end of the optical fiber inserted
inside the Shigemi tube pen-shaped plunger and immersed in water. The plunger is
inserted further in the sample to achieve homogeneous illumination of the LASER
light, shown in blue.

Maintenance of the optical fiber and the plunger

Unfortunately, a bare end of a fiber is extremely sensitive to scratches and breaks which can
significantly lower the total output power of the fiber [79, 206, 121]. The maximum power
output achieved at the end of the fiber is, therefore, correlated to the “smootheness” on
the fiber end surface. Typically, the “cleanest” surface is achieved by cutting the fiber using
diamond knives. However, they tend to be costly, thus, a cheaper alternative is ceramic
scribes.

Approximately, the highest output desired after ceramic scribe cleavage, compared to
the nominal power achieved at the fiber coupler, was 70% as measured at the glass bottom
of the flat-bottomed plunger. In addition, the beam power would be ideally spherically
distributed, to ensure homogeneity of illumination. Accordingly, the ceramic scribes were
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used to ensure “clean” cuts and reduce imperfections at the fiber bare end that would
accumulate over time. Moreover, in rarer cases, the water inside the plunger had to be
substituted since salts and dust would build up causing scattering of light. Using an optical
powermeter, the total output power of each LASER was monitored, while the beam shape
was regularly inspected visually against a white background.

3.1.3 Performance of the in-situ illumination set-up in NMR spectrom-

eter

To test the efficiency of photoswitching of our rsFolder NMR samples, a time-series of 1D
experiments targeting methyl hydrogen frequencies was used (as described in the Materials
& Methods section regarding illumination homogeneity). The methyl hydrogens were
chosen as the most sensitive probes to enable fast data acquisition times without the risk of
a low signal-to-noise ratio. That is because the symmetry of methyl hydrogens alongside
their fast dynamics results in high-intensity NMR signals. Each individual spectrum of the
series lasted approximately 0.5s while the whole time-series was recorded for 5 mins. More
specifically, for the “on”-“off” switching, the sample was in the dark at the beginning of
the time-series. After 1 minute, the 488nm LASER was manually turned on to switch the
sample to the “off”-state. In the case of the “off”-“on” switching, the sample was illuminated
using the 488nm LASER at the beginning of the experiment for approximately 1 minute and
immediately after, the 405nm LASER was switched-on. LASER manipulation was performed
manually at this point.

Initially, we wanted to assess the LASER-power-dependence of photoswitching of our
NMR samples. Consequently, we tested the in-situ illumination set-up on a sample of
rsFolder at pH=7.5 HEPES, at 40◦C, with OD=33, using the conventional flat-bottom
Shigemi plunger. The recorded intensities of methyl hydrogens experiencing a chemical
shift change upon switching was plotted against time. The switching curves representing
the built-up of methyl hydrogen peaks of the “off”- and the “on”-state, respectively, altered
according to LASER power (Figure 3.7). At maximum 488nm LASER power, the switching
“off” of the protein sample lasted a little over two seconds while the switching “on” of
the “off”-state sample upon maximum 405nm illumination was twice as fast. As expected,
for negative RSFPs, the “on”-“off” switching is slower than the “off”-“on” switching [3,
26]. Nonetheless, it is important to note that switching times are heavily affected by
experimental conditions (optical density of the sample, LASER output alignment, fiber end
surface degradation etc) resulting in up to two-fold differences of the time required for the
sample to completely photoswitch between different experiments.

Overall, the geometry of the Shigemi tube as well as the high concentration and volume
of the samples used (200µM, 3cm height, resulting in OD=33) only allowed for relatively
slow arrival at steady-state conditions. While the switching time per molecule is reported
to be in the range of µs [61], the time it takes for all the molecules in the NMR tube to
absorb a photon and switch to another state is significantly longer (seconds). In order to
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Figure 3.7 NMR observed “on”-to-“off” photoswitching. 3D representation of the
timeseries of 1D 1H-spectra, recorded at 850MHz at 40◦C, to assess the photo-
switching behaviour of the rsFolder sample in the NMR setup under different power
levels. Focusing on methyl hydrogens and zooming at a frequency of a methyl
hydrogen undergoing CS change upon photoswitching, intensities can be plotted
over time showing the “off”-state peak increasing after (a) low-intensity and (b)
high-intensity LASER illumination.

accurately characterize the “on”- and the “off”-states of rsFolder, it was crucial to reach a
steady state situation, after all the molecules have undergone photoswitching.

The main factors affecting such slow switching of the sample were the high OD of the
sample and the uneven distribution of the LASER illumination onto the sample. Photon
absorption is maximum at the top of the tube while at the bottom, photons arrive only once
the rest of the protein sample has switched to a “light-transparent” state i.e a state which
does not absorb at the given wavelength of illumination. The delay in the arrival of LASER
light at the bottom of the tube could be visually observed.

To speed up photoswitching of the optically dense NMR sample, the number of photons
arriving per molecule needed to increase, i.e homogeneity had to be ameliorated. This could
be achieved either by decreasing the amount of molecules, i.e the OD (lower concentration
or sample volume/height) or by increasing the amount of photons readily available for
switching. The first option is sub-optimal because it leads to lower signal-to-noise ratio of
our NMR spectra, making the second option more favorable.

Illumination homogeneity was improved by the use of either the pen-shaped plunger or
the spray-treated Shigemi tube. Moreover, the sample was reduced to 100µM concentration
and 2.5cm sample height (OD=13.75). 2D 1H-15N BEST TROSY spectra were recorded
of the same sample using the two shapes of plungers. The sample was initially in the
“on”-state and during a recycle delay of 1.5s, a full-power 488nm LASER pulse was applied.
The resulting “on”-“off” switching of the NMR sample was almost three times more efficient
when using the pen-shaped plunger as compared to a flat-bottom plunger (Figure 3.8).
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Similar results were obtained when comparing the untreated and spray-treated Shigemi
tube.

Figure 3.8 2D 1H-15N BEST TROSY spectra, recorded at 850MHz at 40◦C, to
assess the photoswitching behaviour of the rsFolder sample in the NMR setup
using the conventional flat-bottom versus the pen-shaped plunger. The sample,
before starting the NMR experiment is in the “on”-state. During a recycle delay
time of 1.5s, a 488nm LASER pulse (of 100 % power) partially switches it to
the “off”-state. Focusing on two well-resolved peaks in the amide spectrum, the
apparent “off”-state peak intensity compared to the “on”-state increased from 10
to 27% occupation, when using the pen-shaped plunger. Indicated are the peaks
corresponding to the “on”- and “off”-states.

Moreover, temperature gradients could possibly be induced upon illumination, especially
at higher LASER powers. These temperature gradients could cause artifacts on spectra due
to sub-optimal shimming. In order to ensure that experiments are run under steady-state
conditions, NMR experiments were initiated only once the Lock signal was stabilised. Lastly,
to further ensure that illumination does not interfere with NMR acquisition, spectra of the
model protein Ubiquitin were recorded with and without illumination (either 405nm or
488nm). We expected no difference to occur due to photo-induced processes in the protein,
since it is not photo-sensitive. The spectra recorded for the sample illuminated with either
wavelength as compared to the sample in the dark showed no differences.
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3.1.4 Advantages, limitations and future perspectives of the in-situ

illumination setup

The portable LASER box which can be manually and remotely manipulated and has ad-
justable power output was central to my thesis work. It allowed for a variety of illumination
schemes, of different power and duration, while also enabling measurements on multiple
NMR spectrometers.

As discussed in the previous sections, homogeneity of illumination is crucial in acquiring
fast and reliable NMR spectra. Future adjustments on the set-up should aim at increas-
ing homogeneity, either by the use of unconventionally-shaped plungers (eg pen-shaped
plunger) or by the treatment of the Shigemi tube, either from the outside or on the inside.

Another feature which would be interesting to add is to couple NMR with optical
measurements on the set-up. During my project, I had to compare NMR data with optical
measurements performed at different set-ups, sample concentration, temperature etc.
Therefore, NMR and optical results could not be directly comparable, in some cases.

This limitation could potentially be overcome with the addition of an optical spectrome-
ter which would detect the fluorescence emission profile of the NMR sample in-situ, during
NMR acquisition. More specifically, refracted, reflected or emitted light from the sample
can be transmitted via the optical fiber, onto a dichroic mirror placed perpendicular to an
optical spectrometer. A bandpass filter could separate between wavelengths, in order to
measure only fluorescence in the green and block UV or cyan emission originating from
the LASER box. The addition of such a set-up would require a disruption of the path of
light from the LASER box to the fiber and onto the sample. A sketch of an “optical box”
including all the necessary elements making up a portable set-up for optical measurements
is shown below (Figure 3.9). Such an “optical box” needs to be placed on the way of the
light path going in the sample.

It was not clear whether this set-up would be sensitive enough to measure the fluores-
cence emission profile of the sample. Additionally, LASER transmission to the sample would
be significantly hindered. Many air gaps and optical elements on the light path to and
from the sample would lead to various transmission losses, resulting in potentially weak
LASER power arriving at the sample and low fluorescence signal detected by the optical
spectrometer.

One way to overcome the light path disruption would be the use of a second “detector”
fiber (Figure 3.10). This way, the “optical box” would not interfere with the excitation light
originating from the LASER box, since it would be receiving the light from an external fiber,
independent from the excitation light path. In practice, a second fiber would need to be
attached to the one already used, in order to fit inside the plunger. One way of keeping
them attached would be to have a unique protective tubing for both. The light transmitted
through the second fiber would get through a bandpass filter to separate the LASER light
reflected from the glass of the Shigemi tube and the fluorescence emission originating from
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Figure 3.9 A sketch depicting the idea of an “optical box” to be included in the
in-situ illumination NMR set-up providing optical measurements during acquisition.
The LASER light (in blue) is guided from the Oxxius box to the sample, via two
optical fibers coupled to the “optical box”. The light coming from the sample (in
green) is guided into the “optical box” via the second fiber, where a dichroic mirror
reflects it into a bandpass filter allowing only the emission .

the RSFP molecules. However, such a set-up would still suffer signal loss on the detection
of fluorescence.

Possibly the most efficient way to detect fluorescence emission without causing disrup-
tions on the path of LASER light to the sample or losses on the light path aimed for detection
would be to interfere with the components of the LASER box itself. More specifically, a
dichroic mirror could be placed inside the LASER box in such a way to direct the reflected
and fluorescence emission light from the sample onto an optical spectrometer. This solution
would require for the LASER box to be bigger and, thus, heavier. Nevertheless, it would
provide crucial information regarding the fluorescence response of the sample during NMR
acquisition.
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Figure 3.10 A sketch depicting the use of two optical fibers in the NMR Shigemi
sample, to enable detection of fluorescence emission from the illuminated sample.
Incoming light from the LASER (blue) excites the sample, while outgoing light,
including the reflected LASER light (blue) and fluorescence emission from the
sample (green), is filtered using a bandpass (BP) filter, before it is detected by the
optical spectrometer. The fibers share the protective tubing, in order to make the
two-fiber system thin enough to fit in the plunger tube.

3.2 NMR studies of rsFolder “on”- and “off”-states

After optimizing the in-situ illumination set-up, the next steps consisted of the characteriza-
tion of rsFolder in the “on”- and “off”-state. The next sections describe the NMR approach
towards studying rsFolder as a model RSFP protein. During this part of my project not only
did we learn new things concerning rsFolder structure and dynamics but we were also able
to establish an “NMR-toolbox” consisting of experiments that are relevant to the study of
RSFPs.
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3.2.1 Sample and spectral quality control

All protein samples were kept at 4◦C in-between experiments. For longer waiting times
(weeks or months), samples stayed at -80◦C. The buffer used in the following sections was
HEPES (50mM) at pH=7.5.

An important factor for high signal NMR spectra is the choice of temperature. Consid-
ering the overall effect of temperature on global molecular motions (and thus the overall
NMR signal for all peaks present in the spectrum) at low temperatures, NMR peaks are
broadened, while at higher temperatures, they become narrower. The reason for line
broadening upon temperature decrease is due to shorter transverse relaxation times T2,
induced by slower molecular tumbling. Moreover, depending on the local dynamics present,
temperature increase can cause NMR lineshape narrowing or broadening, by shifting the
timescale of motions present at a local level, from the intermediate to a faster exchange, or
from the slow to the intermediate regime, respectively.

Fortunately, rsFolder [61] is a protein which was inspired by a marrying of an RSFP
(rsEGFP2) with Superfolder-GFP, a GFP well-known for its stability and endurance to a
range of pH and temperatures [169]. Hence, rsFolder has been a very easy protein to work
with even at relatively high temperature (40◦C) (Figure 3.11).

Nevertheless, a regular checking of sample stability – before and after an experiment,
before and after illumination etc – was necessary for reliable data interpretation. Sample
quality control was performed by acquiring a 2D 1H-15N BEST-TROSY spectrum of the “on”-
(or dark adapted) and the “off”- (or 488nm-illumination-induced) state.

3.2.2 Distinction between “on”- and “off”- states – NMR-observed

switching contrast

The spectra for the “on”- and “off”-states were clearly distinct (Figure 3.12). In contrast to
crystallography, whereby only small local differences on the side-chains of residues in the
vicinity of the CRO are seen between the two states, using NMR we were able to clearly
identify two characteristic NMR signatures for the “on”- and the “off”-state. However, at
this point, it was not clear whether the differences between the spectra are due to changes
in conformation or just an effect of cis-trans isomerization of the CRO. More specifically, the
presence of an aromatic ring (of the CRO) can have a significant impact on the observed
CS, a phenomenon called “ring current shifts”. Considering the electronic configuration
of aromatic rings, local currents of the overlapped pi-orbitals of a ring can induce a local
magnetic field which affects other residues in the vicinity. Nevertheless, distinguishing
between the two states from an NMR perspective was important in characterising them
independently.

Furthermore, when overlaying the two spectra, it is clear that after 488nm illumination
some 3.5% of the protein still remains in the “on”-state. This percentage of remaining
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Figure 3.11 Spectral regions of 1H-15N BEST-TROSY spectrum of the rsFolder
“on”-state, under different temperatures (10, 20, 30, 40, 50), recorded at 850MHz.
Temperature-induced CS changes can be explained by considering the sensitivity of
CS to local environment (H-bonding, folding stability and conformational freedom)
[211]. From this series of experiments, it was concluded that 40◦C should be the
default temperature of experiments due to high signal-to-noise for the majority of
peaks.

“on”-state is considered to be the NMR-observed switching contrast – assuming that the
“on”-state is the only one that can fluoresce upon 488nm light excitation, the presence of
3.5% of “on”-state molecules can contribute to remaining fluorescence after the sample has
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reached maximum “off”-state occupancy. Moreover, this value agrees with the expected
value from optical studies [61], whereby switching contrast is defined as the remaining
fluorescence when the sample has been switched-off using continuous 488nm illumination.

Our results combined with fluorescence studies from literature [61] suggest that the
switching contrast of rsFolder originates from the presence of a minor population of “on”-
state proteins after long 488nm illumination, while “off”-state molecules do not contribute
to fluorescence. This finding is in support of the idea that switching contrast originates
from the back-switching of some “off”-state molecules to the fluorescent “on”-state.

Moreover, our NMR experiments indicate that switching contrast is not affected by
temperature (in the range of 20-40◦C).

Figure 3.12 (a) Overlaid 1H-15N BEST-TROSY spectra of rsFolder in the “on’-
and “off”-state recorded at 850MHz at 40◦C. Zooming in a pair of well-resolved
peaks, the population of remaining “on”-state detected in the “off”-state spectra
is 3.5%, similar to the switching contrast published for rsFolder[61]. The NMR
signatures of the two states are very distinct (red and blue, respectively) while,
in (b), crystallographic structures show no differences in backbone conformation
(green – “on” (PDB:5DTZ), grey – “off” (PDB:5DU0).

3.2.3 NMR-observed photobleaching

The metastable “off”-state of rsFolder was induced by 488nm illumination. While thermal
relaxation of rsFolder is very slow, it was nevertheless crucial to maintain the sample in
the “off”-state using continuous 488nm illumination. In order to account for the effect of
continuous 488nm illumination on the sample, multiple 1H-15N BEST-TROSY spectra were
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recorded to assess the quality of the sample over time. Each 1H-15N BEST-TROSY spectrum
lasted 8mins and was recorded before and after other NMR experiments (eg inbetween 3D
triple-resonance experiments) aimed at studying the “off”-state. The peak positions did not
show any change and new peaks did not appear over time – a sign that the protein is not
undergoing degradation or unfolding over time due to 488nm illumination. However, peak
intensities of the integrated signal across the spectrum plotted against time appeared to
decrease. After 20 hours, the overall signal had decreased by 30% and reached a plateau
(Figure 3.13). Such light-induced effects were not observed after long periods of 405nm
illumination.

Figure 3.13 Graph showing the integrated peak intensity of “off”-state spectra,
after normalisation, against time of 488nm illumination.

Interestingly, in NMR, loss of signal without an obvious “leak” of the sample due to
evaporation, is a sign of the formation of bigger sized particles, not detectable by NMR due
to slower tumbling, causing faster T2 relaxation time and thus dramatic line broadening of
the NMR peaks. Therefore, we speculated that continuous 488nm illumination causes the
formation of oligomers or aggregates which are undetectable by NMR.

The 488nm-illuminated sample was sent to the Analytical Ultra-Centrifugation (AUC)
platform at IBS, which used AUC to confirm the existence or not of such big particles. As was
expected, they were able to identify the existence of big aggregates accounting for ≈ 25%
of the overall sample. After a round of centrifugation at 3000rpm, the sample OD(280)
decreased by ≈ 25%, indicating that large particles precipitated and did not contribute in
the total OD(280).

Photobleaching in FPs has been generally associated to the amount of oxygen species
able to enter the barrel and attack the CRO and other residues. According to a study of IrisFP
by Duan et al [57], oxygen at low LASER powers oxidizes two residues from the barrel,
which seem to “trap” the CRO to a protonated form. At higher LASER powers, oxygen is not
involved, but the main photobleaching mechanism includes irreversible re-configuration of
residues from the barrel and reduction of the methine bridge of the CRO. The LASER power
used in our experiments falls under the low-illumination regime, with respect to Duan’s
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work. Studies on monomeric red FPs (mCherry and mRFP1) also attribute photobleaching
to the weakness of the β-barrel to shield the CRO from outside molecules. Oxygen diffusion
pathways have been identified starting from flexible regions of the β-barrel (Chapagain
2011, Campbell 2002). Comparing the effect of 405nm and 488nm illumination, it is clear
that rsFolder at 488nm is prone to photobleaching, which causes aggregation of rsFolder to
big NMR-unobsevable objects. Potentially, the remaining 3.5% 488nm-absorbing “on”-state
molecules present after continuous 488nm-illumination “consume” the oxygen (or other air
substances) present in the sample during photobleaching, until there is no more oxygen left
so photobleaching and, thus, aggregation reaches a plateau.

3.2.4 Effect of photocycling and LASER power on NMR observables

Furthermore, to confirm that multiple photocyles do not affect the spectra detected for the
two states, we performed a round of 1000 photocycles whereby the two LASERs (405nm,
488nm) were alternating for a duration of 3s and 7s, respectively. Comparing the 1H-15N
BEST-TROSY spectra recorded before and after photocycles, we found neither significant
changes in CS of peaks in the two spectra, nor the appearance of new peaks. Therefore, we
could conclude that the illumination schemes used on the sample do not significantly alter
the NMR-observed behaviour (Figure 3.14(a), (b)).

As will be discussed below, our NMR experiments suggested the existence of intermediate
exchange dynamics in the light-induced “off”-state state of rsFolder. Such dynamics induced
loss of NMR signal for certain residues in the “off”-state. For rsFolder in the “off”-state,
there remains a small percentage of molecules that can be found in the “on”-state and can
therefore switch upon 488nm illumination. Therefore, such light-induced switching of a
minor population from cis-trans could potentially lead to the NMR-observed dynamics upon
488nm illumination. In order to ensure that the observed dynamics for the light-induced
state report on the intrinsic behaviour of the protein in its “off”-state conformation and are
not a result of the LASER power-dependent cis-trans isomerization, we acquired spectra of
the “off”-state in the presence and absence of 488nm light.

More specifically, we recorded a 1H-15N BEST-TROSY spectrum for the “off”-state with
full-power 488nm illumination and 5 mins after the LASER was turned off and the sample
remained in the dark – it can be safely assumed that during this short time, thermal
relaxation does not have a significant effect on the ratio of trans and cis populations.
Subtracting these two spectra recorded, we could detect no effect of the LASER power
on the spectra of the “off”-state (Figure 3.14), suggesting that the observed dynamics are
inherent to the “off”-state conformation of rsFolder.
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Figure 3.14 (a) Overlaid 1H-15N BEST-TROSY spectra of rsFolder (a)“on’-state
and (b) “off-state before and after 1000 photocycles recorded at 850MHz at 40◦C.
Note that each cycle consisted of a 7s pulse of full-power illumination at 488 nm,
followed by 3s full power illumination at 405 nm. On the left of (a) and (b), the
overlay of the FT of the Nitrogen dimension for the pair of two peaks in the far left
of the amide spectrum. (c) Perfect overlap of peaks of “off”-state spectra acquired
with continuous 488nm illumination and in the dark suggest that the “off”-state
does not experience changes in its CS or conformational dynamics due to LASER
power. (d) Subtracting two “off”-state spectra, one acquired exactly after (in the
dark) and during 488nm illumination (at maximum LASER output), there is no
resulting signal left. This suggests that rsFolder “off”-state dynamics observed are
not a result of “on”-to-“off” population exchange, but rather inherent dynamics of
the “off”-state conformation.

3.2.5 NMR-observed thermal relaxation

In an attempt to correlate optical with NMR-observed data, we focused on the thermal
relaxation times (ground state “off”-to-“on”) of rsFolder, reported to be exceptionally long
as compared to other RSFPs [61]. Thermal relaxation was investigated by real-time NMR.
Namely, the sample was initially photoswitched to the “off”-state using the 488nm LASER,
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after which the LASER was turned off and a series of 1H-15N BEST-TROSY experiments,
each one lasting 2.53mins, were recorded at different temperatures. The intensities of
peaks originating from the “off”-state, thus, decreased exponentially over time, giving rise
to “on”-state peaks instead. When plotting intensities of either state over time, they seem to
decrease (“off”-state) and increase (“on”-state) with the same rate, respectively, confirming
that the phenomenon observed is “off”-to-“on” thermal relaxation. Furthermore, the rate
of thermal relaxation extracted using real-time NMR is comparable to the one reported by
optical studies, kthermal ≈ 10−4 [61]. Minor differences between the two numbers can be
explained when considering the effect of temperature on thermal relaxation.

Similarly to the NMR-observed switching contrast, this finding alongside optical studies
of thermal relaxation, supports that there is no fluorescence emanating from the “off”-state
trans-CRO.

By extracting the values of kthermal at different temperatures, we could get insight
into the activation energy, Ea, required for the ground state trans-cis isomerization of the
rsFolder CRO, using equation 2.3, as seen in Figure 3.15. The estimated energy barrier
for ground-state isomerization is Ea = 118 ± 5kJ/mol. So far, the only reported values
for the ground-state cis-trans isomerization available were extracted from NMR studies of
a model GFP CRO [95], where they reported a value of approximately 55kJ/mol. Such
discrepancy can be explained by the difference in environmental conditions for the model
GFP CRO as compared to the rsFolder CRO burried inside the β-barrel. The model GFP CRO
was prepared in ethanol-glass [123], i.e immersed in liquid nitrogen at 77K, in order to
assimilate the rigidity of the native CRO inside the GFP barrel. Comparing the two values,
the native trans-CRO in the rsFolder barrel seems to be more tightly fixed than the model
GFP CRO in liquid nitrogen.

Figure 3.15 Intensity decay (increase) of peak signals corresponding to the “off”-
state (“on”-state) as rsFolder thermally relaxes in the dark at 40◦C, retrieved from
a series of 1H-15N BEST-TROSY experiments over time, recorded at 850MHz at
40◦C, on the left. On the right, the Arrhenius plot corresponding to the ground
state trans-cis isomerization of rsFolder. Data retrieved from thermal relaxation at
10, 20 and 40◦C.
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3.2.6 Establishing the LASER-Driven EXSY experiment used for back-

bone assignment of rsFolder “off”-state

As already mentioned in the Materials & Methods part, the characteristic “on”- and “off”-
state amide spectra were assigned using conventional 3D triple-resonance experiments for
backbone assignment. Nevertheless, the “off”-state amide spectrum assignment proved to
be more cumbersome using such 3D experiments, since lower intensity (line broadened)
amide peaks observed in the 1H-15N BEST-TROSY spectra of the “off”-state were not
detectable in the less sensitive 3D triple-resonance experiments. Therefore, identification
of the carbon frequencies and, thus, their assignment was not possible using conventional
NMR assignment experiments. This observation is common for residues experiencing
intermediate exchange dynamics which, as is discussed further in this chapter, was the case
for a number of residues in the “off”-state.

The signal for such amide peaks, despite being low, could still be assigned by making use
of the newly established in-situ illumination set-up coupled to the NMR spectrometer. The
rationale followed was to bypass the need for a triple-resonance assignment and instead
“transfer” the “on”-state amide assignment onto the unknown peaks of the “off”-state amide
spectrum.

More specifically, an NMR pulse sequence was created which also included two “LASER
channels”, so as to photoswitch the protein between the “on”- and the “off”-states. Such
an experiment named LASER-Driven, (LD)-EXSY, similarly to a SCOTCH experiment [175],
triggers the exchange between two conformations of the protein using light during the NMR
pulse sequence. In this way, exchange peaks are formed for amides that are experiencing
chemical shift changes (as was the case for most line broadened “off”-state peaks) when the
protein switches between the two states. Therefore, exchange peaks contain the information
about the initial and final CS of an amide pair before and after photoswitching. Using
the LD-EXSY experiment, the assignment of the “off”-state increased from 80% to 93%
completion, enabling further insight into the protein regions undergoing intermediate
exchange dynamics.

In practice, the experiment’s signal-to-noise ratio is highly dependent on its ability to
photoswitch the sample in a short amount of time. In order for well resolved exchange
peaks to be formed, both the “on”- and the “off”-state have to be significantly populated
at different moments during the NMR pulse sequence. For this reason, I used the Shigemi
tube which has been covered by a reflective material (using a spray) and reduced the
concentration to 100µM (sample height 2.5cm, resulting in OD=13.75). The turning on
and off of the LASERs was performed digitally, while the total power output was set to
100%. The maximum amount of time of illumination was a compromise between switching
efficiency and spin relaxation. Therefore, alongside the tests performed for assessing the
performance of the set-up, it was decided to use an illumination time of 2s for the “off”-
switching of the protein (i.e 488nm) and 600ms for “on”-switching (i.e 405nm). In this
way, the exchange peaks consisted of ≈ 30% of the overall signal.

104



Exchange peaks arising in the 2D amide spectrum created spectral crowding, which
already included both the “on”- and “off”-state peaks. Moreover, correlating exchange peaks
to their corresponding “on”- and “off”-state peaks is not straightforward with only the 2D
amide spectra at hand. As a consequence, the LD-EXSY was extended to a third dimension,
making it possible to discriminate the exchange between the two conformations for each
amide peak pair in the 2D spectrum.

Finally, the overall NMR-light pulse sequence used for LD-EXSY comes in two forms;
1H-LD-EXSY and 15N -LD-EXSY associating the hydrogen and nitrogen frequencies of the
two states, respectively. Both pulse sequences start with a recycle delay, d1=2s, during
which the 488nm LASER switches the majority of the protein sample to the “off”-state,
followed by an evolution period t1, during which frequency labelling of the “off”-state
hydrogen or nitrogen frequencies, respectively, occurs. Exchange between the two states
using the 405nm LASER to switch the proteins to the “on”-state occurs during a mixing
time of, d8=600ms, where 15N -magnetization is “stored” along the z-axis (longitudinal
spin order) so as to minimize relaxation-induced signal losses. After such mixing step, the
pulse sequence continues onto the frequency labelling of the “on”-state amide pair (Figure
3.16(a)). Overall, the resulting 3D spectra (depending on whether it is an 1H-LD-EXSY or
an 15N -LD-EXSY) consist of two axis (H, N) corresponding to the “on”-state and one (H or
N) originating from the “off”-state CS evolution.

A fast way to plot the data was by creating a projection of the 3D-spectra onto the same
type-nuclei dimensions. The latter provides a quick way of distinguishing between residues
undergoing CS changes or not after switching, located off-diagonally and diagonally in the
spectrum, respectively (Figure 3.16(b), (c)).

3.2.7 Secondary structural elements prediction from NMR CS using

the TALOS-N program

Given their sensitivity to local architecture, the CS of backbone 1H, 15N , Cα Cβ and Carbonyl

can be used to calculate backbone torsion angles (ψ and φ) which give information regarding
the secondary structural elements of a protein. By contrasting them to already published
values with experimentally determined structures, the program TALOS-N [196] can predict
the secondary structural elements of a protein.

Hence, TALOS-N was used to assess the nature of secondary structural elements of
rsFolder in its two ground states in solution at 40◦C. The results of such prediction of
rsFolder “on”- and “off”-states is shown in Figure 3.17. Firstly, the secondary structural
elements in the two states of rsFolder seem to be the same (some information is lacking
in the “off”-state due to loss of NMR signal). In its majority, NMR-predicted structural
elements are similar to what is expected by crystallography. However, discrepancies are
detected in the region of β-7 and the two helices (H2 and H3) inside the barrel which are
interrupted by the CRO. In particular, the β-7 strand is extended by 3 residues in solution,
which belong to a loop in the crystal structure (146-147-148), the H2 helix is shifted by
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Figure 3.16 (a) Simplified representation of the general principle of LD-EXSY
used to assign the backbone amide spectrum of rsFolder “off”-state. The sequence
integrates light illumination of the two available channels; a 488nm pulse during
the recycle delay lasting 2s, and a 405nm pulse during mixing time whereby
magnetization is stored along the for 600 ms. The resulting 3D spectra have
2 “on” state and 1 “off” state chemical shift dimensions. (b) 2D projection of
a 3D 15N -edited LD-EXSY spectrum, recorded at 40◦ at 850MHz. Off-diagonal
peaks correspond to rsFolder residues (annotated) which show 15N chemical shift
differences between “on”- and “off”-states. (c) Same as (b) but for 1H -edited
LD-EXSY

3 residues towards the C-terminal end and H3 helix is not identified as an α-helix using
TALOS-N, but rather has a non-canonical shape.

The instability of the β-7 strand has been previously reported in other GFP-type proteins.
A crystal structure revealed two conformations for the β-7 strand in ECFP [129], a cyan FP,
while Mizuno’s work on the Anthozoan Dronpa [146], also revealed increased dynamics in
the strands facing the CRO. The shortening of rsFolder’s β-7 strand in the crystal structure
as compared to the NMR-derived structure can originate from conformational heterogeneity
of that region leading to low quality electron densities. Lastly, the atypical shape of H3 in
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the crystal structure of rsFolder has been reported in EGFP (an ancestor of rsFolder) as a
310 helix [16].

Figure 3.17 Secondary structural elements (α-helix, β-strand) of rsFolder per
residue: (a) X-ray structures (PDB: 5DTZ, 5DU0); (b) TALOS-N predictions of the
existence of α-helices (red) or β-strand structures (turquoise), calculated from the
measured NMR chemical shifts of the “on”-state and at (c) the “off”-state.

3.2.8 Characterization of rsFolder backbone dynamics in the “on”-

and “off”-states

With 95% of the assignment completed for rsFolder “on”-state and a total of 93% for the
“off”-state, we could proceed to perform NMR relaxation experiments to characterize its
dynamics in the dark-adapted and light-induced states.

To start with, a set of 15N -relaxation experiments were performed to obtain values for
the global correlation time due to tumbling (i.e τc) and to look for regions with significant
flexibility. The intensities of only well-resolved amide cross peaks were extracted to estimate
the T1, T2 and hetNOE values, performing data analysis as explained in the Introduction
chapter.

The measured values of the T1, T2 and hetNOE are plotted in Figure 3.19(a). From
these values, rsFolder appears as a rigid globular protein. Only loops exhibit ps-ns timescale
dynamics, while other secondary structural elements are relatively rigid in the context
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of the globular motion of the protein. Note that the CRO has not been assigned in this
spectrum (since there is no amide pair), therefore its dynamics could not be characterized
at this stage.

Using the average values for T1 and T2, the τc of rsFolder was estimated to be 9.3ns in
the “on”- and 9.8ns in the “off”-state, at 40◦C (using equation 2.1). Such small increase in
τc is indicative of the existence of a minority of protein molecules exchanging between a
monomeric and an oligomeric state. Alongside the 488nm-induced aggregation observed,
this increased tendency for oligomerisation in the “off”-state did not come as a surprise. On
the other hand, increased τc could be an indication of overall “swelling” of the protein i.e
increase of apparent volume, due to dynamics present upon cis-trans isomerization.

Nonetheless, while the 15N -relaxation experiments show no evidence of significant
dynamics on the ps-ns timescale, there are some important differences to note. These
correspond mainly to residues that have been removed from the plots of the “off”-state data
due to high error bar values, located at the β-7 and β-8 strand. As evident when comparing
the peak intensities of 2D 15N -1H BEST-TROSY spectra of the two states (Figure 3.18), line
broadened peaks in the “off”-state do not have sufficient signal quality and, thus, it was not
possible to extract T1, T2 and hetNOE values accurately (Figure 3.19(b)). Extensive line
broadening is, however, an indication of µs-ms timescale dynamics experienced by these
residues, which are not present in the “on”-state conformation. Supporting this view, the
T2 values of residues C71 and S73, belonging to the non-canonical H2 helix are decreased
in the “off”-state, as compared to the “on”-state.

In an attempt to quantify the observed intermediate exchange kinetics of the backbone
of the “off”-state, 15N -CPMG-RD was performed. Unfortunately, the data quality was not
optimal rendering further quantification of exchange rates and populations impossible.
Nevertheless, once comparing the plot of Reff

2 values at different CPMG frequencies, νCPMG,
for residue S73 (the only one of reasonable quality) in the two different states, it becomes
evident that rsFolder upon 488nm illumination experiences µs-ms dynamics which were
not present in the “on”-state (Figure 3.19(c)).

Interestingly, residue S73 lies on one of the helices capping the CRO. It is, therefore,
possible that this residue is close enough to “witness” what, at this point, is suspected to
be trans-CRO-induced dynamics, but not as close as other residues (eg N147) whose NMR
signal is almost completely vanished in the “off”-state. Nevertheless, each residue, including
S73, experiences a combination of its own and nearby residues’ dynamics, including the
CRO, making it impossible to decipher where the motions originate from.

Significant chemical shift changes are also observed for residues near the region ex-
periencing intermediate exchange dynamics(Figure 3.18). Hence, the observed lack of
assignment, CS changes, line broadening of peaks and lowered T2 values are evidence of
changes in dynamics experienced for the two states of rsFolder. These are summarised
in the figure below (Figure 3.20). Intermediate exchange dynamics felt by the “off”-state
conformation are present mainly in the β-7, 8, 9, 10, 11 strands, all facing the phenol ring
of the CRO. On the contrary, the “on”-state shows such dynamics occurring only very locally
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Figure 3.18 Quantitative comparison of 2D 1H-15N correlation spectra for the
“on”- and “off”-states of rsFolder (a) The chemical shift difference per residue as
extracted from the peak positions of residues. To calculate the ∆CS, the following
equation was used: ∆CS =

√

(∆N)2 + (10∆H)2. On top, the predicted secondary
structural elements are depicted (b) The ratio of peak intensities per residue are
plotted. Annotated are residues that experience significant line broadening upon
cis-trans isomerization.

in the β-7, 8 strands.
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Figure 3.19 15N relaxation T1, T2, hetNOE values for rsFolder “on”- and “off”-states
measured at 700MHz at 40◦C, with annotated TALOS-N prediction of secondary
structural elements on the top. In turquoise, the regions were no peaks are
detected in the “off”-state. In (b), examples of severe line-broadening upon cis-

trans isomerization, (red – “on”-state, blue – “off”-state) as detected by 1H-15N
BEST-TROSY experiments at 850MHz at 40◦C. (c) CPMG-RD data recorded for
residue S73 at 40◦ at 850MHz in the “on”- (green) and “off”-(black) states, fitted
using the Chemex algorithm. Estimated exchange rate kex = 160± 400s−1.

3.2.9 The “off”-state shows increased water accessibility and barrel

instability

HDX experiments were performed to complement the dynamic view obtained by NMR spin
relaxation methods. At neutral or acidic pH, the formation of the H-bond after transient
opening is generally much faster than the intrinsic chemical exchange process. In this
so-called EX2 exchange regime, the exchange rate constants provide a measure of the
exchange-competent state population (popen). Therefore, when popen is increased (directly
proportional to the H/D exchange rate observed, kobs), it is either due to a more “flexible”
NH bond (due to motions experienced by the residue in question) or due to an increase in
water accessibility. In either case, HDX assesses the fold stability of the protein.

For rsFolder, the H/D exchange rates of the “on”- and the “off”-states for a number of
residues were different. More specifically, the sample was lyophilised and then immersed
in D2O buffer to initiate the H/D exchange. During the first 5 minutes required for
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Figure 3.20 Increased conformational dynamics on the µs-ms timescale in the
“off” state of rsFolder. The NMR-derived information is color-coded on the (a)
open-sheet and (b) 3-dimensional representation of the rsFolder structure as re-
vealed by X-ray crystallopgraphy and NMR (A ‘*’ indicates structural elements only
identified by NMR): (i) undetected/unassigned amides in both states (dark blue),
(ii) undetected/unassigned amide peaks in the “off”-state only (middle blue), (iii)
strongly line-broadened amide NMR signals in the “off”-state (light blue), (iv)
amide 1H-15N with large chemical shift changes between “on”- and “off”-states
(orange). In addition, proline residues lacking an amide proton are color coded in
dark grey.

sample preparation (the sample was either taken from the dark, for the “on”-state, or
was illuminated with 488nm-illumination before NMR acquisition, for the “off”-state),
insertion in the NMR spectrometer and instrument calibration, some amide hydrogens
had been already replaced by deuterium, as evident by the complete disappearance of the
corresponding peaks in the first recorded 1H-15N BEST-TROSY of the real-time series. This
was the case for the loops and the β-7 and 8 strands of both “on”- and “off”-state. Typically,
loops are rapidly exchanging with the solvent, while the increased exchange rate of the β-7
strand can be attributed to its well-known lack of H-bonding with the neighbouring β-8
strand, causing it to present more flexibility [129, 221, 193, 158].

Interestingly, the apparent exchange rates were drastically altered for detectable peaks,
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increasing by a factor of 4-100 in the light-induced “off”-state. Helices H2, H3, in particular,
showed, on average, a 100-fold increase in solvent accessibility in the “off”-state. The
summarised results are shown in Figure 3.21.

Figure 3.21 HDX NMR data. (a) Representative intensity decay for individual
amide hydrogens extracted from real-time 2D NMR data recorded for the “on”-
(green) and “off”- (black) states of rsFolder recorded at 40◦C at 850MHz. (b)
The derived H/D exchange information is color-coded on the crystal structure of
rsFolder: (i) residues with amide hydrogen exchange time constants Tex < 5 min
in both the “on” and off” states (light blue); (ii) residues for which the hydrogen
exchange rate is increased by a factor of 4 -20 (orange); (iii) residues for which the
hydrogen exchange rate is increased by more than a factor of 20 (red); (iv) residues
without a significant change in exchange rate between “on”- and “off”-states (grey);
(v) no information due to peak overlap, proline, or unassigned residues in one of
the two states (dark grey).

Nevertheless, when investigating the two crystal structures corresponding to the two
states, using CAVER (a PyMol plug-in), water channels that could be potentially formed in
the protein do not differ significantly (Figure 3.22). Crystal structures can not explain such
increase in the average H/D exchange rates upon 488nm illumination, when all residues
are considered. Therefore, our results using the HDX experiment, could be indicative
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of a favouring of a solvent-accessible population in the “off”- as compared to the “on”-
state. Interestingly, the fastest exchanging residues belong to the helices docking the CRO,
hinting increased dynamics in the trans-CRO environment. Additionally, alongside the data
concerning “off”-state dynamics mentioned previously, the β-barrel appears to be generally
more unstable upon 488nm illumination. Lastly, differences between the dynamics detected
in the 15N -relaxation and HDX experiments originate from the sensitivity of each experiment
to given processes happening at different timescales (ps−ms or s−min).

Figure 3.22 3D representations of rsFolder in the “on” and “off” states (crystal
structures PDB:5DTZ, 5DU0). Water accessibility channels in the β-barrel structure,
as calculated with the PyMol CAVER 3.0 plugin are highlighted by cyan balls.

3.2.10 Characterization of rsFolder side-chain and chromophore dy-

namics in the “on”- and “off”-states

Methyl side chain assignment and dynamics

In an effort to assign the methyl side chains of rsFolder in its two ground states, a variety of
NMR pulse sequences and sample preparation protocols were adapted, as described in the
Materials & Methods section. While incomplete, the assignment of the most “interesting”
peaks, i.e peaks undergoing change (CS or line broadening) upon cis-trans isomerization,
allowed for the characterization of dynamics mainly felt by residues in the vicinity of the
CRO.

By overlaying the methyl spectra acquired using the 1H-13C SOFAST-HMQC NMR pulse
sequence of the sample in the “on”- and “off”-states, severe line broadening was evident for
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residues V62, T63, L70, V151, I168, T204 and V225 upon 488nm illumination (Figure 3.23).
When localised in the crystal structure of rsFolder “off”-state, all of these side-chains are in
the close vicinity of the phenol ring of the trans-CRO. Hence, our data suggest intermediate
exchange dynamics present in the vicinity of the trans-CRO – CS modulation occurring
at the timescale of a few hundreds of µs to ms can originate either from motions of the
trans-CRO and/or conformational dynamics of the side-chains in the “pocket” of the CRO.
Nevertheless, methyl side-chain dynamics further support the view of increased exchange
dynamics upon cis-trans isomerization. Note that for T204, crystal structures suggest that
upon cis-trans isomerization, its side chain loses the H-bond with the CRO, potentially due
to or being the cause of the NMR-observed increased dynamics.

Figure 3.23 Spectral regions of 2D 1H-13C SOFAST-HMQC spectra, recorded at
850MHz at 40◦C. On the left, focusing on the Isoleucine-δ region of the “on”- and
“off”-state spectra of an rsFolder sample labelled specifically on the Valine-γ and
Isoleucine-δ Pro-S carbons. The peak of I168 in the “off”-state is not visible with the
chosen counter levels, due to line broadening. In the middle and right, amino-acid
edited 1H-13C SOFAST-HMQC spectra of the two states of rsFolder are shown. The
peaks of V151, V225, V62, T63, T204 in the “off”-state are not visible with the
chosen counter levels.

At this point, it was interesting to further quantify such dynamics using CPMG-RD
but this time focusing on 13Cmethyl relaxation rather than 15N as before. More specifically
there were two peaks (L70 and I168) identified which could potentially yield some quan-
titative information concerning chemical exchange. However, their signal-to-noise ratio
at 40◦C was suboptimal, thus more temperatures were tested, namely 30◦C, 50◦C and
60◦C. Moreover, the sample chosen was specifically labelled in Ile-δ, Val-Leu-γ-ProS and
deuterated, thus ensuring higher spectral resolution (less spectral crowding) and signal-to-
noise ratio (deuteration suppresses NMR signal absorption from the solvent, originating
from solvent hydrogens). Finally, the 13Cmethyl-CPMG-RD was chosen at 60◦C to run for
approximately two days. Unfortunately, the protein aggregated while the experiment was
running overnight, thus the experiments could not continue. Nonetheless, it should not
come as a surprise that during continuous illumination at 60◦C, even rsFolder reaches its
limits.
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Assignment of aromatic side chain and chromophore NMR spectra

The assignment of aromatic moieties was aided by the development of new Tyrosine and
Histidine specific BEST and SOFAST NMR pulse sequences [43]. The motivation behind
designing such pulse sequences was mainly the numerous aromatics (in total 33) present
in the rsFolder protein sequence but also the optimization of NMR pulse sequences for
aromatics assignment.

Firstly, a 2D Aromatic Constant-Time, CT 1H-13C HSQC which included the BEST element
to ensure signal enhancement was created. By using band-selective pulses, the recycle
delay could be set to 300ms (as compared to the conventional 1s delay), thus allowing for
more repetitions of the pulse sequence within a given amount of time. Such a spectrum not
only provides sharp peaks but also allows for the distinguishing between carbons having an
odd or an even number of attached carbons due to the choice of constant time 13C-editing.
In this way, for example, Histidine Cǫ1 having a negative signal could be discerned from
Phenylalanines Cδ with a positive signal which resonate at similar frequencies.

Particularly in the case of rsFolder, it was important to investigate the frequencies of
nuclei in Tyrosine and Histidine rings since the CRO consists of a Tyrosine ring while a
Histidine near the CRO (H149) has been reported to play a central role in “rigidifying” the
CRO [61]. Hence, Tyrosine and Histidine specific 2D 1H-13C BEST correlation experiments
were performed to assign all nuclei present in Tyrosine and Histidine aromatic side chains.
Each one of these experiments included magnetization transfer steps via J-couplings.

Consequently, I made use of the newly designed BEST-HDCG, BEST-HDCB, BEST-H(C)N
to retrieve the cross-peaks of Hδ-Cγ, Hδ-Cβ and correlate carbon-bound hydrogens (Hδ and
Hǫ) to aromatic nitrogens (Nδ1, Nǫ2) of Histidines, respectively (Figure 3.24).

Furthermore, a long-range SOFAST HCN experiment complemented the spectra ac-
quired using the BEST-H(C)N. More specifically, the SOFAST experiment also enables shorter
acquisition times due to lower d1 interscan delay times but does so not only by the use of the
BEST element, but also by adjusting the nutation angle of the excitation pulse to the Ernst
angle, thus enabling 1H steady state polarization enhancement [187]. The experiment
correlates the ring carbon-bound hydrogens to ring nitrogens 2-3 bonds away. Overall, the
BEST H(C)N detects the cross-peaks of protonated ring nitrogens, resonating at higher
frequencies (155-185ppm) while the SOFAST HCN is more sensitive to deprotonated
nitrogens of Histidines arising in the range of 220-255ppm. Since the BEST-H(C)N experi-
ment transfers magnetization via the ring carbons, a strong JCN coupling of proton-bound
nitrogens results in its characteristic sensitivity.

Finally, overlaying the spectra acquired from BEST-H(C)N and SOFAST HCN , alongside
the spectra acquired using the Histidine-specific 2D BEST correlation sequences and the
negative peaks arising in the 2D CT 1H-13C BEST HSQC, all 11 Histidines with their
respective ring carbon and nitrogen frequencies could be detected and assigned.

Similarly to Histidines, 2D 1H-13C BEST correlation sequences were written to identify
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Figure 3.24 Compilation of Histidine-specific 2D correlation spectra, recorded at
850MHz at 40◦C, to assign the aromatic side chain hyrogens, carbons and nitrogens
of Histidines in rsFolder “on”-state. (a) From top to bottom: BEST-HDCB, negative
signals of 2D Arom 1H-13C CT-edited BEST-HSQC and BEST-HDCG. (b) Top: BEST-
H(C)N, bottom: SOFAST HCN and (c) 2D Arom 1H-13C CT-edited BEST-HSQC,
focusing on the region of Hǫ-Cǫ1.

the frequencies of ring hydrogens and carbons in Tyrosines. In brief, correlation was
possible between Hδ-Cγ, Hδ-Cβ, Hǫ-Cδ, Hǫ-Cγ and Hǫ-Cz leading to the assignment of most
Tyrosines present, including the CRO.(Figure 3.25).

A 2D 1H-13C BEST HSQC without CT-editing gave rise to a new set of low-intensity
cross-peaks corresponding to the Hδ-Cδ and Hǫ-Cǫ of the phenol ring and the Hβ-Cβ of the
methine bridge of the CRO in the “on”-state i.e its cis conformation. These peaks were
not visible in the CT version of the pulse sequence, since CT-editing favours resolution but
not sensitivity and thus were not part of the assignment shown in Figure 3.25. Using a
series of BEST experiments correlating Tyrosine Hǫ-Cδ, Hδ-Cǫ and Hǫ-Cz, alongside the 2D
1H-13C BEST HSQC without CT-editing (Figure 3.26), allowed for the assignment of the
ring hydrogen-carbon pairs of the phenol ring of the cis-CRO (Table 3.1). The corresponding
peaks in the “off”-state were not detectable.
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Figure 3.25 Compilation of Tyrosine-specific 2D correlation spectra, recorded at
850MHz at 40◦C, to assign the aromatic side chain hyrogens, carbons and nitrogens
of Tyrosines in rsFolder “on”- (a) and “off”-state (b). Left column: BEST-Hδ-Cβ (on
top), BEST-Hδ-Cγ (center), and BEST CT 1H-13C HSQC – Hδ-Cδ region (bottom).
Right column: CT 1H-13C HSQC – Hǫ-Cǫ region (on top), BEST-Hǫ-Cγ (center),
and BEST-Hǫ-Cδ, BEST-Hǫ-Cz (bottom). In addition, the CT 1H-13C HSQC spectral
regions recorded for a tyrosine unlabeled sample of rsFolder are plotted on top (red
contours). Spectral connectivities are highlighted by dashed lines, and tyrosine
ring 1H-13C pairs are assigned. We could not assign two tyrosines (Y7, Y8), due
to the lack of signal in the BEST-Hδ-Cβ. Lack of signal is probably due to signal
overlap with another peak or lack of sensitivity. Unfortunately, peak intensity in this
experiment is inherently inhomogeneous, thus, we cannot conclude on dynamics
of the residue affecting its NMR signal quality. Dashed circles highlight the position
of peaks that are close to the noise level, and that are fairly or not visible in this
figure (chosen contour levels).

Aromatic side chain dynamics

After having secured the assignment, residues experiencing line broadening upon cis-trans

isomerization were discerned. In particular, H149 shows signs of severe line broadening,
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Figure 3.26 (a) Compilation of Tyrosine-specific 2D correlation spectra, recorded
at 850MHz at 40◦C, to assign the NMR chemical shifts of rsFolder “on”-state CRO’s
tyrosine ring. The chemical structure of the CRO with the corresponding ring
and methine carbons annotated is shown. Spectral connectivities are highlighted
by dashed lines. The appearance of two peaks in each spectrum is indicative of
motions taking place in the slow exchange regime. (b) 2D HB(CB)CACG spectra
recorded for the “on”- (left) and “off”-(right) states of rsFolder, correlating the
HB-CB with the neighboring CA and CG of the methine bridge. Note that the
correlation peak with CA appears as a doublet, because the neighboring CO is not
decoupled. This allows straightforward assignment of the two cross peaks.

while the previously mentioned CRO peaks (Hδ-Cδ2 and Hǫ-Cǫ1) are not detectable in the
“off”-state (Figure 3.27). Alongside T204, H149 is suggested by crystallography to be one of
the H-bonding partners with the CRO in the “on”-state. However, unlike T204, the H-bond
of H149 with the CRO is expected to be maintained even in the “off”-state. Our NMR
data suggest that H149, similarly to T204, experiences increased dynamics upon cis-trans

isomerization.

Another important residue is F146. In rsEGFP2, this residue is replaced by a hydrophilic
Tyrosine which can readily bind to H149 upon “on”-to-“off” photoswitching. In contrast,
in rsFolder, H149 in the “off”-state is expected to be H-bonded with the CRO since it
cannot bind to the hydrophobic F146. This H-bond is suggested to be the reason for the

118



NUCLEUS “ON”-STATE CS (ppm) “OFF”-STATE CS (ppm)
Cα 131.1 134.4
Cβ( Hβ) 137.9(6.79) 145.5(7.05)
Cγ 121.2 125.6
Cδ1( Hδ1) 138.2(8.34) n.d.*
Cδ2( Hδ2) 141.3(6.54) n.d.
Cǫ1( Hǫ1) 125.5(6.48) n.d.
Cǫ2( Hǫ2) 124.6(5.84) n.d.
Cz 179.2 n.d.

Table 3.1 Chromophore NMR chemical shifts. * not detectable signal

exceptionally high thermal stability of rsFolder’s “off”-state, which partly “rigidifies” the
trans-CRO. As observed by NMR, F146 undergoes a significant CS change, but it maintains
its linewidth, indicating that it is very little affected by the dynamics present.

Figure 3.27 Spectral regions of 2D 1H-13C Aromatic BEST-HSQC spectra, recorded
at 850MHz at 40◦C. On the left, focusing on the Hǫ-Cǫ1 region of the “on”- and
“off”-state spectra of rsFolder. The peak of H149 in the “off”-state is not visible
with the chosen counter levels, due to line broadening. In the middle, showing the
negative NMR peaks of the spectra, focusing on the region of Hδ-Cδ2, where the
H149 in the “off”-state is not visible. On the right, showing the CS changes of F146
upon 488nm illumination.

Therefore, the final figure of side chain dynamics of the light-induced “off”-state (includ-
ing the methyls) is summarised in the figure below (Figure 3.28). As concluded already
from the methyl dynamics, motions in the hundreds of µs-ms timescale appear to take place
in the pocket of the trans-CRO, either due to the CRO itself and/or the nearby side chain
residues.
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Figure 3.28 rsFolder side chains involved in conformational exchange processes in
the “off’state as deduced from extensive line broadening. Examples of peak line
broadening observed in the 2D 1H-13C correlation spectra, recorded at 850MHz
at 40◦C, of rsFolder: “on”-state (blue), “off”-state (red). (b) Zooming in the CRO
environment highlighting the side chains which show NMR line broadening in the
“off”-state (red). In addition, F146 is plotted as it experiences large chemical shift
changes upon light illumination.

Chromophore investigations using NMR

Most importantly, the assignment of the CRO was particularly instructive (Table 3.1). So
far, NMR spectroscopists have been able to detect specific frequencies of the CRO, mainly in
1D NMR [158, 1, 218]. Contrary to what is available in the literature, we could achieve an
almost complete assignment, including the Hβ-Cβ of the methine bridge, the Hδ-Cδ, Hǫ-Cǫ

and Cz of the phenol ring. Consequently, we could gain insight on the configuration and
mechanistic properties of the CRO of rsFolder in both ground states.

First of all, the Cz frequency in the “on”-state is that of a deprotonated tyrosine, similarly
to the NMR studies on Dronpa [146]. Thus, NMR can confirm the existence of a deprotonated

CRO in the “on”-state of rsFolder, at pH=7.5. Unfortunately, the Cz frequency of the “off”-
state conformation was not visible, most likely due to the existence of intermediate exchange
dynamics causing line broadening.

Fortunately, the Hβ-Cβ were detectable in both states, suggesting that the methine bridge
of the CRO remains stable upon cis-trans isomerization, despite the motions potentially
experienced by the phenol ring. Moreover, the Hβ-Cβ cross-peaks of the “on”- and “‘off”-
states are highly distinct. In agreement with other NMR studies as well as DFT simulations
[1, 218], these peaks are characteristic of a cis and a trans-CRO, respectively.

Lastly, the Hδ-Cδ and Hǫ-Cǫ peaks detected corresponding to the phenol ring of the
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Figure 3.29 (a) Schematic representation of the chemical structure of the CRO.
Nuclei giving rise to NMR signals are highlighted by blue letters. (d) Overlay of 2D
aromatic 1H-13C BEST-HSQC spectrum of rsFolder, recorded at 850MHz at 40◦C
without CT-editing to achieve highest experimental sensitivity, in the “on”- (blue)
and “off”- (red) state. NMR signals from the tyrosine moiety (Y63) of the CRO are
annotated. (c) Fitting of peak intensities against mixing time using the equation of
2.2, taking into account the major and minor peaks formed during the aromatic
1H-13C EXSY experiment in a sample of rsFolder “on”-state, recorded at 40◦C at
850MHz. (d) A model of the cis-CRO flipping at 71± 3s−1.

“on”-state cis-CRO come in pairs (i.e corresponding to Cδ1, Cδ2 and Cǫ1, Cǫ2 frequencies)
reflecting slow ring flips (ms-s timescale) which give rise to distinct CS for the two rotamers
of the ring. At this point, aromatic 1H-13C EXSY experiments using different exchange times
were employed to quantify the CRO ring flip rate, krf . The resulting intensities of diagonal
and cross peaks against mixing times was plotted and fitted using equation 2.2 described
in the Materials & Methods, to conclude that the CRO in the “on”-state at 40◦C appears
to undergo 35 ± 3 flips per second (Figure 3.29 (c),(d)). NMR’s ability to quantify ring
flips can be useful when assessing the rigidity of the CRO, an intrinsic property defining its
fluorescence QY. In the case of the “off”-state, ring flips occurring at µs-ms timescale could
be the origin of peak disappearance. However, overall intermediate exchange dynamics
experienced by the phenol ring and/or neighbouring residues could also be the cause for
“off”-state Hδ-Cδ and Hǫ-Cǫ peak line broadening. Thus, while at this point it is not possible
to clearly identify the origin of line broadening in the NMR signals of the trans-CRO, it
is clear that the trans-CRO is experiencing intermediate exchange dynamics, unlike the
cis-CRO which appears to be more stable.
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Histidine 149 protonation state as seen by NMR

In the crystal structures of rsFolder, H149 appears to form an H-bond with the phenoxy
oxygen of the CRO in both the “on”- and the “off”-state. However, crystal packing and
cryogenic temperatures might be distorting the proximity and, thus, existence of an H-bond
between those two sites. Thus, NMR provided a way to inspect the state of H149 at
physiological conditions.

The set of experiments used for assigning Histidines also provided information regarding
their protonation state. As described previously, BEST H(C)N acquired spectra overlayed
with SOFAST HCN discriminates between protonated and deprotonated nitrogens. Hence,
for nitrogen frequencies of both ring nitrogens of a Histidine to be similar, the Histidine
needs to be biprotonated. If not, the Histidine ring is only singly protonated. Furthermore,
the ppm difference between Cγ and Cδ2 is sensitive to whether the Histidine is protonated in
the Nδ1 or the Nǫ2, while the Cǫ1 reports on the charged state (singly or doubly protonated).
Therefore, by investigating the frequencies extracted after assignment, we could conclude
that H149 in the “on”-state is protonated at the Nδ1 position, suggested by the crystal
structure (using the PDB refinement model) to be the nitrogen forming the H-bond with
the phenolate ring of the CRO. Unfortunately, due to line broadening in the “off”-state, the
protonation state of H149 could not be concluded. Nevertheless, the Cǫ1 frequency of H149
does not significantly change upon cis-trans isomerisation, an indication that H149 remains
singly protonated in the “off”-state at pH=7.5.

Furthermore, a 2D 1H-15N SOFAST HMQC was recorded, aimed at extracting the
frequencies of protonated nitrogens of Histidine rings involved in a hydrogen bond. More
specifically, the hydrogen involved in a hydrogen bond with the imidazole nitrogen is
expected to be protected from solvent exchange. An NMR signal is, therefore, expected to
appear in these 2D 1H-15N SOFAST HMQC spectra as long as the hydrogen bond remains
stable over a few hundreds of milliseconds.

The spectrum of the “on”-state at 40◦C detected 4 cross-peaks, corresponding to H82,
H182, H200 and H218. Nevertheless, the possibility remained that the hydrogen bond
between H149 and the CRO is relatively weak at 40◦C, thus we decided to re-run the
experiment at lower temperatures (15◦C and 25◦C). In order to assess the strength of the
hydrogen bond, the intensity of H182 was taken as a reference, since it did not drastically
change upon temperature decrease. Comparing the cross-peak intensities of H149 with
H182, we concluded that the hydrogen bond of H149 doubles in strength when decreasing
the temperature from 25◦C to 15◦C. Consequently, our NMR data confirm that the CRO is
only weakly bonded with H149 in the “on”-state at physiologically relevant conditions.

No corresponding peak was detected for H149 in the “off”-state, characterized by a
protonated CRO. The lack of a H149 peak in the “off”-state does not exclude the possibility
of an H-bond existing, potentially between the a deprotonated H149-Nδ1 and the proto-
nated trans-CRO. However, the sub-ms dynamics experienced by the trans-CRO and/or its
neighbouring residues, including H149, suggest that this H-bond is either non-existent or
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very weak in solution at pH=7.5.

Figure 3.30 (a) Estimation of distances between the phenol ring of the CRO and
the Nδ1 of H149 in both the “on”- and the “off”-state crystal structures of rsFolder.
(b) 2D 1H-15N SOFAST experiments run at a range of temperatures to discern the
existence or not of an H-bond between H149 and the CRO in both the “on”- and the
“off”-state, recorded at 850MHz. Peaks detected in all temperatures are annotated
corresponding to Histidines engaged in an H-bond.

3.2.11 Interpretation of NMR findings of rsFolder conformation and

dynamics upon cis-trans isomerization

Using nD solution NMR to characterize rsFolder in its two ground states proved to be very
insightful. Not only were we able to complement the static crystallographic structures
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by providing information on dynamics happening on various timescales, but also assess
rsFolder’s mechanistic characteristics (i.e dynamics, H-bonds, protonation states of residues
and the CRO) under physiologically more relevant conditions.

Initially, testing out a variety of NMR pulse sequences, the most appropriate experiments
were chosen for further studies included in the next parts of the Results section. Conse-
quently, a more streamlined approach could be designed, achieving characterization of
future samples of rsFolder and mutants within a few days of NMR experiments.

Assessment of LASER-Driven EXSY experiment

Using the LD-EXSY experiment, the assignment of the “off”-state amide spectra significantly
ameliorated. In particular, residues experiencing motions in the intermediate exchange
regime could be identified which enabled a more complete view of the dynamic behaviour
of rsFolder upon cis-trans isomerization. Note that these residues could not have been
assigned using conventional 3D triple-resonance experiments. Furthermore, the duration of
both 1H- and 15N -LD-EXSY was 24h, a substantial improvement from the one-week long
3D triple-resonance experiments. Not only were these experiments fast, but the assignment
process became more straightforward since there was no need to identify carbon frequencies.
Hence, the use of LD-EXSY experiments should prove useful when assigning RSFPs, in
general, essentially reducing the time needed for assignment of both states to almost a half.

Nevertheless, its ability to provide reliable information highly depends on how fast the
sample can be switched between the two states. Therefore, such experiments are useful
either for fast RSFPs such as rsFolder or for more powerful and homogeneous illumination
set-ups. Having said that, it is to be noted that LD-EXSY experiments tailored for the
aromatic region of rsFolder did not yield sufficient signal-to-noise ratio and consequently
were not included in the results. Most likely, despite the relatively rapid photoswitching
of rsFolder, there was a need to further populate the “off”- and “on”-states during the
recycle delay and mixing time, respectively, since the original Arom-HSQC on which the
Arom-LD-EXSY was based, is not as sensitive as the BEST-TROSY focusing on amides. Hence,
while 30% of the signal in the amide LD-EXSY originated from exchange peaks, higher
signal was required for detection in the aromatic LD-EXSY.

Altogether, the use of LD-EXSY was proven efficient and significantly aided the charac-
terization of the backbone of rsFolder. Its ability to contribute in the assignment of side
chains as well will depend on the advances in the in-situ illumination set-up. Overall, it
is essential to achieve more uniform illumination within the Shigemi tube, while higher
LASER powers should be considered.
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Dynamic characterization of the “on”-state of rsFolder

As mentioned in the Introduction, FPs require a relatively rigid CRO in order to fluoresce. In
rsFolder in particular, the crystal structures identified three hydrogen bonds (H149, T204,
water molecule) which stabilise the cis-CRO [61] and thus minimize non-fluorescent de-
excitation due to vibrations and motions [139, 154, 157, 212]. Nevertheless, RSFPs require
a minimum conformational “freedom” in order for the CRO to be able to alternate between
the fluorescent cis and the dark trans configuration upon illumination [3]. Therefore,
we would expect that the “on”- and “off”-states of rsFolder are characterized by different
dynamics, accommodating for a rigid deprotonated cis-CRO in the “on”-state, while still
allowing an amount of flexibility for it to quickly undergo photoisomerization. Moreover, the
“off”-state structure of rsFolder, being a metastable state, whereby the H-bonds between the
β-barrel and the trans-CRO have been reduced, is most likely more dynamic than the “on”-
state. Such differences in dynamics could not be discerned from the static crystallographic
structures.

From our work, it is evident that rsFolder in its fluorescent “on”-state behaves mostly as
a rigid globular protein. Nevertheless, line-broadening leading to loss of NMR signal for
residues in the β-7 and 8 strand (V151, K167, I168) can explain the well-known weakness of
these strands to form a hydrogen bond between them [129, 221, 193, 158]. This apparent
plasticity in this region of the protein has been identified in other GFP-type proteins and is
interpreted as “holes” from which water molecules can enter the barrel [200]. Evidently,
our HDX data, in agreement with such an interpretation, point towards increased solvent
accessibility for residues in these two β strands. Interestingly, in some studies found in
the literature concerning GFPs, the β-7 strand is understood as the proton donor which
transfers protons from the solvent to the CRO [158]. Consequently, some conformational
freedom should be expected to allow for proton exchange. When investigating the potential
role of such a defect in the β-barrel of rsFolder, in particular, one could also attribute it to
the need for the protein to photoswitch.

Focusing on the H149 residue belonging to the β-7 strand, our NMR data confirm the
existence of an H-bond with the CRO’s phenolate as suggested by crystallography [61],
formed at the Nδ1 of the H149 imidazole ring. However, the cross-peak corresponding to
this H-bond only appears at lower temperatures. Hence, it was concluded that H149 only
weakly binds to the CRO at physiologically relevant conditions. Potentially, rsFolder would
present a higher brightness if this bond was stronger. Numerous studies seem to agree on
the need for a strong H-bond network anchoring the CRO and thus improving its fluorescent
capabilities [150, 52, 147]. On the other hand, the transient nature of the H149-CRO
bond can also be the reason for the fast “on”-“off” photoswitching recorded, ensuring a
relatively low energetic barrier between the two states. This interpretation agrees with
QM/MM studies done in a Dronpa mutant, whereby the breaking of H-bonds is required
for the CRO to undergo cis-trans isomerization [150]. Altogether, the unstable H-bond of
H149-CRO in the “on”-state can be interpreted as enabling relatively fast photoswitching
while maintaining sufficient brightness for rsFolder. Additionally, when compared to other
RSFPs, like Dronpa [11, 9, 12], rsFolder having fewer H-bonds (only 3) in the “on”-state
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possibly results in its comparatively lower brightness but also fast photoswitching.

After discovering the cross-peaks corresponding to the phenol ring of the CRO, we were
able to quantify ring flips. The cis-CRO appears to be highly stabilized by the protein
environment, flipping at 35± 3 flips per second, at 40◦C. At this point of the project, this
finding was interesting but we could not conclude about its relevance for the photophysical
properties of rsFolder. Nevertheless, we could assume its importance in quantifying the
“rigidity” of the fluorescent form of the CRO and thus potentially being an NMR observable
which could be correlated to the fluorescence quantum yield of rsFolder “on”-state. In
addition, CRO’s apparent stability is consistent with the overall stability of the rsFolder
“on”-state.

rsFolder experiences increased dynamics in the few hundreds of µs-ms timescale
upon cis-trans isomerization

From the published crystal structures of rsFolder and other green negative RSFPs [12, 61,
53], it is expected that reconfiguration of the CRO upon photoswitching to the trans state
leads to the breakage of H-bonds. Moreover, the CRO becomes protonated, potentially
explaining its inability to fluoresce. When considering the decrease in H-bonds, CROs of
RSFPs in their “off”-state conformation probably experience increased dynamics.

During my project, we discovered dynamics present primarily in the rsFolder “off”-state
as compared to the “on”-state. More specifically, evidence of line broadening and 15N -
CPMG-RD data strongly suggest motions taking place in the few hundreds of µs-ms in the
trans-CRO and its vicinity. Some residues taking part in such dynamics have already been
the focus of literature concerning photoswitching (L70, H149, V151, T204, S206, V225)
[61, 87, 47] while others have not been considered so far (V62, T63, I168). HDX data also
support an overall destabilization of the β-barrel and the helices flanking the CRO upon
488nm light illumination. Unfortunately, these motions could not be easily quantified due
to significant loss of NMR signal of cross-peaks corresponding to backbone, methyl and
aromatic side chains of the protein as well as the CRO.

Intermediate exchange motions taking place in the CRO and its vicinity are further
supported by the lack of a sufficiently stable H-bond with H149. Taking into account the
lack of signal for the phenol ring of the trans-CRO, NMR results seem to contradict the
published crystallographic data [61]. In particular, a stable H-bond between H149 and
the trans-CRO contrasts the dynamics in the hundreds of µs-ms detected by NMR (i.e
the line-broadened Hǫ-Nǫ1 peak of H149 in the “off”-state). Crystal structures most likely
represent the lowest energy conformation of the rsFolder “off”-state, whereby due to crystal
packing and lowered temperatures, the H149 is 2.9Angstrom away from the phenol ring of
the trans-CRO.

Our data suggest that the exceptional thermal stability of rsFolder “off”-state is not
necessarily the result of CRO “anchoring” to the β-barrel. Overall, 488nm illumination
induces destabilisation of the CRO in the “off”-state, which appears to have no stable
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H-bonds left to anchor it to the β-barrel. Notably, loss of rigidity can also explain the
trans-CRO’s inability to fluoresce in rsFolder, similarly to Padron0.9, whereby both cis and
trans-CROs are deprotonated, but only the less dynamic CRO (cis) is the fluorescent one
[28].

Altogether, the NMR-derived information concerning the “off”-state conformation of
rsFolder suggests an energetic landscape containing multiple conformations. At cryogenic
temperatures, the accessibility to these conformations is limited while at physiologically
relevant conditions, the CRO is freely exploring multiple configurations on the hundreds of
µs-ms timescale. While the general plasticity of the β-strands opposite to the phenol ring of
the CRO comes as no surprise, the information gained regarding the helices flanking the
CRO is quite significant. Literature attributes limited importance to these helices – the Q69L
[88] (numbered L70 in rsFolder [61]) mutation in EGFP resulted in the photoswitching
properties of rsEGFP, while S73 has been included in the number of “hopping” points of
GFP [200]. Moreover, XFEL structures of rsEGFP2 reveal an intermediate conformation
which becomes transiently populated upon photoswitching, whereby H2 moves downward
in an attempt to accommodate for the twisted conformation of the CRO [47]. Our HDX data
show up to a 100-fold increase in solvent exchange for the regions H2 and H3 upon cis-trans

isomerization. Taken together, rsFolder might have a similar photoswitching mechanism
where the helices on top and bottom of the CRO need to shift so as to make space for an
intermediate twisted conformation. Unfortunately, NMR is not capable of capturing such
fast excited states. All in all, this work highlights the importance of attempting H2 and H3
mutations when performing semi-rational engineering on RSFPs.

The insight gained concerning the differences in dynamics of the β strands facing the
phenol ring of the CRO as well as the existence (or lack thereof) of the H149 H-bond
in the “on”- and “off”-states, could be potentially considered as evidence supporting the
“proton wire” model suggested by the group of Noam Agmon in several papers published
on GFP [199, 8, 201]. They suggest a role of the β-barrel of GFP as a matrix of “hopping”
points for protons. Accordingly, protons originating from the bulk solvent “hop” onto these
residues as a way to get transferred to the CRO which continuously “pumps” protons in
and out of the barrel. Note that in the case of GFP, only the cis-CRO is concerned. In the
case of green negative RSFPs, identifying the residues involved in these wires could be
instructive in explaining the high pKa of the trans as compared to the cis-CRO of RSFPs
[77] (thus favouring of the protonated form under physiologically relevant conditions) but
also identify “problematic” residues which, upon illumination, have a tendency to create
free radicals, causing phototoxicity [199]. In the “off”-state of rsFolder, key residues which
could be part of an efficient proton wire in the “on”-state (eg H149, N150, T204, S206)
[8], show dynamics in the few hundred µs-ms. The difference in these residues’ dynamics,
alongside the weakening of the H-bond between the CRO and H149 could indicate a proton
wire network which in the “off”-state becomes unable to readily protonate and deprotonate
the trans-CRO. Thus, by identifying residues undergoing increased dynamics upon cis-trans

isomerization, one could suggest a number of potential “hopping” points. At this point, our
NMR data alone are not sufficient to support such a theory, but future work could include
simulations to investigate “hopping” points in rsFolder. To conclude, understanding proton
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wires in RSFPs can potentially inspire fluorescent protein engineers to create brighter and
more photoresistant RSFPs.

In conclusion, this first part of my PhD thesis yielded interesting results for rsFolder.
Regions identified which experienced a change in dynamics upon 488nm illumination are
interesting to investigate in the future – either through simulations or mutation studies.
Most importantly, alongside the studies on Dronpa, this work is significant in the effort to
initiate a more active participation of NMR in the field of RSFPs.

The next part of my results section aimed at further probing the dynamics observed, in
an effort to identify their origins.
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3.3 NMR investigation of ground-state chromophore iso-

merization and protonation in rsFolder

Identifying appropriate NMR experiments to gain more insight into the CRO of rsFolder
was crucial for the work that will be described below. Despite having to work with a 27 kDa
protein, approximately one year after the beginning of my thesis I found myself studying a
rather small molecule, i.e the CRO, using nD solution NMR. By doing so, I was able to not
only better understand ground-state processes leading to the apparent dynamics previously
found in the “on”- and “off”-states but also shed light on the energetic landscape of rsFolder.

The primary questions leading to this work concerned the protonation state of the CRO.
Protonation influences the optical properties of FPs, since only the anionic (deprotonated)
form of the CRO is expected to be fluorescent upon cyan light excitation for green-emitting
FPs [213, 167]. Consequently, when one considers the cis-CRO in rsFolder, it is important to
account for the exchange between its neutral and anionic form. However, other techniques
studying RSFPs have limited discriminatory capabilities – X-ray crystallography hardly
detects hydrogens and, thus, can only discern between cis and trans species, while optical
studies can reveal the protonation state, but they are only little sensitive to isomerization
phenomena. Therefore, so far in the field of RSFPs, it has been a challenge to disentangle
cis-trans isomerization from protonation/deprotonation processes. One technique that can
discriminate between isomerization and protonation states is Raman spectroscopy, as shown
in a study on EGFP [90].

Due to the results obtained concerning the distinct NMR signals for the cis- and trans-
CRO configuration, I was optimistic that NMR will be able to overcome such common
limitations of other biophysical techniques. In order to further our comprehension of
mechanistic processes affecting the CRO and the apparent dynamics in the “on”- and
“off”-states, we, thus, had to investigate rsFolder at different pH values.

On the one hand, such pH study would allow us to characterize the various possible CRO
configurations. The ability of solution NMR to study proteins in a variety of solvents allowed
for not only a pH study but also an evaluation of the effect of the buffer composition on the
mechanistic properties of rsFolder. NMR observables were, finally, correlated with optical
measurements of rsFolder at different pH values.

On the other hand, by gradually perturbing the population of CRO species present, we
could target the main region where dynamics lie in rsFolder. In this way, we were able to
conclude on the origins and characteristics of the dynamics previously reported on Section
3.2.

Altogether, this part of my thesis yielded significant results regarding ground-state
isomerization and protonation/deprotonation events. Not only could we discern and
characterize 4 major CRO configurations – cis neutral (N-cis), cis anionic (A-cis), trans

neutral (N-trans) and trans anionic (A-trans) –but we could also characterize exchange
dynamics between them at a range of pH values and under different buffer conditions.
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Interestingly, we discovered pH-induced cis-trans isomerization occurring in rsFolder, in the
absence of light. Combining this work with optical studies confirmed its importance for
microscopy techniques using RSFPs.

3.3.1 NMR deciphers the various chromophore configurations

X-ray crystal structures of rsFolder suggest a cis-CRO present in the dark-adapted fluorescent
state while after 488nm-light excitation, the CRO adopts a trans conformation [61]. In
the case of rsFolder at pH=7.5 and 40◦C, we were able to retrieve distinct CS values for
the Cβ nucleus in the methine bridge of the CRO (∆ν = 7.6ppm) corresponding to its two
isomerization states. Comparing the measurements of the 3JHBCO coupling strength for
the two Hβ-Cβ peaks (5Hz and 10Hz) with published values [1, 218], confirmed that they
correspond to the cis and trans-CRO, respectively. NMR pH titration studies revealed a
pH-induced CS change of the characteristic Hβ-Cβ cross-peak of the cis-CRO, indicating
that the molecule titrates at a range of pH from 4.2 (lower pH leads to unfolding of the
protein) to 8. Hence, at low pH the CRO is assumed to be primarily in the N-cis, while the
A-cis is mostly populated at basic pH. With this in mind, the two extreme CS retrieved for
the Hβ-Cβ cross-peak (at pH=4.2 and pH=8) can be assigned to the N-cis and the A-cis
configuration of the CRO. Nevertheless, the NMR signals of the two are averaged according
to population ratios into one peak – a sign of fast exchange between the two configurations
as will be discussed later in the chapter.

On the contrary, the characteristic trans-CRO-peak of Hβ-Cβ does not change position
in the range of pH=4.2 – 8.0. In accordance to similar studies performed in mIrisGFP,
the trans-CRO has a pKa>10 [77], thus it should not be expected to titrate at the pH
range chosen for the cis-CRO studies. Consequently, we studied the rsFolder “off”-state at
pH=9.5, 10.7, 11.5, where rsFolder NMR spectra confirmed a stable protein. At pH=11.5
under 488nm illumination, a new peak appeared in the aromatic HSQC spectra, slightly
shifted from the previously recorded trans Hβ-Cβ peak and was consequently assigned
to the A-trans configuration. Unlike the cis Hβ-Cβ peak, the two trans peaks were both
present in the “off”-state spectra at pH=11.5 and neither peak shifted upon pH change, an
indication that the trans-CRO (de)protonation is in slow exchange (rate of less than 10s−1),
even at high pH values.

Altogether, we could identify and assign 4 major CRO configurations, which are shown
in the Figure below (Figure 3.31). The next steps involved characterising their intrinsic
dynamics and the inter-conversion between them.
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Figure 3.31 (a) Chemical structure of p-HBI chromophore in the 4 main configura-
tion states : A-trans, A-cis, N-trans, and N-cis, with annotated the CB position. (b)
Characteristic 1H-13C NMR signature of the CRO 13Cβ site in the 4 configurational
states. Only the A-cis configuration is expected to be fluorescent upon 488nm
illumination.

3.3.2 NMR investigation of the cis-CRO of rsFolder in the absence of

light

Protonation/deprotonation of the cis-CRO as observed by NMR

Titration studies were performed for a series of rsFolder samples ranging from pH=4.2
– 8.0. All samples were prepared in McIlvaine buffer which has an exceptional range of
buffering from pH=2-8 [141]. The 2D 1H-13C aromatic BEST-HSQC pulse sequence without
CT-editing was chosen due to its high sensitivity to observe the low-intensity CRO peaks.
Before NMR measurements, samples were kept in the dark for a few days to ensure that the
protein is in thermodynamic equilibrium (dark-adapted ground-state).

As mentioned above, the characteristic Hβ-Cβ peak corresponding to the cis-CRO state,
progressively shifted in CS at the pH range chosen. Fitting the CS of Cβ, in particular,
against 10 pH values to a simple bi-molecular reaction as described by the Henderson-
Hasselbalch equation, assuming a Hill coefficient of 1, resulted in an apparent pKa value
of pKacis = 5.5. A similar pKa value (5.5) has been previously reported, derived from
absorption measurements of rsFolder [61]. Moreover, detecting only one peak of the
averaged CS of A-cis and N-cis suggests a fast cis-CRO (de)protonation, with exchange rates
on the sub-ms timescale (kex >> 1000s−1).

Interestingly, such titration behaviour could be detected for a number of residues in
the vicinity of the cis-CRO, seen by the series of 2D 1H-13C and 1H-15N spectra recorded.
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Extracting the 1H, 13C or 15N CS of these residues at different pH, we could globally
fit the same Henderson-Hasselbalch curve with pKa = 5.45 ± 0.05 (Figure 3.32). The
almost identical behaviour with the cis-CRO titration strongly suggests that all these nuclei
specifically report on the protonation/deprotonation of the cis-CRO.

Figure 3.32 (a) Zoom in the crystal structure of rsFolder “on”-state (5DTZ). High-
lighted in blue are side chains which appear to titrate with the same pKa as the
cis-CRO, i.e pKa = 5.45 ± 0.05. (b) Regions of 2D 1H-13C correlation spectra
(methyl peaks of T204, T63 and two aromatic peaks of F146), showing exam-
ples of CS modulation of peaks upon pH variation, recorded at 850MHz at 40◦C.
(c) Plotting of the observed CS variations as a result of pH changes for a num-
ber of nuclei. Data can be fitted to a bimolecular reaction as described by the
Henderson-Hasselbalch equation with pKa = 5.45± 0.05.
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Effect of buffer composition on the pronotation/deprotonation of the cis-CRO

In order to cover the range of pH values desired for this study, we chose to use a series of
McIlvaine buffers, consisting of a mixture of disodium phosphate and citric acid. Nonethe-
less, for most of the studies during my thesis we would use HEPES buffer. Therefore, in
an effort to compare the effect of the two buffers, we acquired 2D methyl 1H-13C SOFAST-
HMQC and 1H-15N BEST-TROSY spectra of an rsFolder sample in HEPES, pH=6.0. By
doing so, we discovered that a number of peaks present in the spectra of the McIlvaine
pH=6 sample significantly lost signal (or disappeared) in the spectra of the HEPES pH=6
sample, while their positions remained the same for both buffers. Such buffer-induced line
broadening is indicative of a shift of dynamics to the intermediate exchange regime. Given
that phosphate ions are known for catalyzing proton exchange [131, 207, 94], we can
hypothesize that the McIlvaine buffer increases the rate of protonation/deprotonation of
the cis-CRO, while HEPES has only a minor effect. Consequently, the linewidths of residues
nearby the cis-CRO are affected. This idea is supported by the line narrowing of the same
residues’ peaks at lower pH, i.e at higher availability of hydrogen ions in the solvent. Hence,
this comparison between buffers not only supports the hypothesis that peaks titrating with
pKa = 5.45 ± 0.05 are “witnesses” of the CRO’s protonation/deprotonation, but is also
indicative of the effect that the buffer can have on the exchange dynamics of N-cis and A-cis
interconversion.

The observed line broadening opened the possibility of further quantifying the N-cis/A-
cis exchange in HEPES. Consequently, a HEPES, pH=6.2 sample in the dark-adapted state
was studied using 15N -CPMG-RD at two magnetic field strengths (corresponding to Larmor
frequencies of 70MHz and 85MHz for 15N nuclei) at 40◦C. The intensities of 6 amide
cross-peaks were chosen for fitting, which also appear to titrate with pKa = 5.45± 0.05 in
the McIlvaine buffer series (Figure 3.33). More specifically, it was hypothesized that the
exchange process leading to line broadening of peaks is the protonation/deprotonation of
the cis-CRO. Accordingly, for fitting the data recorded on the rsFolder sample at pH=6.2,
the ratio was fixed between the major A-cis and minor N-cis populations to be pAcis = 0.85
and pNcis = 0.15, as determined from the Henderson-Hasselbalch curve with pKa=5.45.
The resulting apparent exchange rate between A-cis and N-cis was calculated to be kex =
3200s−1 ± 200s−1. Furthermore, when comparing the CS changes (∆ν) predicted from
the 15N -CPMG-RD data and measured in the pH titration series, we get a correlation
of 0.82 (Figure 3.33). Therefore, 15N -CPMG-RD data support our hypothesis regarding
residues reporting on the exchange between N-cis/A-cis-CRO, with kdeproton = 2720s−1

and kproton = 480s−1, corresponding to the deprotonation and protonation rates of the
cis-CRO, respectively, at pH=6.2 in HEPES buffer. Note that these amides are probably also
experiencing other protonation and/or conformational events, which can explain why the
correlation between the observed (from titration) and the expected ∆ν assuming only the
effect of CRO’s (de)protonation (from 15N -CPMG-RD) is not 1.
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Figure 3.33 (a) The result of fitting using the Chemex algorithm, of 15N -CPMG-RD
data recorded at 40◦C of 6 amide peaks at two different magnetic field strengths
(left and right panel) for a Histidine-unlabelled sample of rsFolder “on”-state. By
fixing the population ratio between the major (A) and minor (B) populations to
be pA = 0.85 and pB = 0.15, the resulting exchange rate is kex = 3200s−1, with
kB−>A = 2720s−1 and kA−>B = 480s−1, corresponding to the rates of deprotonation
and protonation, respectively. (b) The crystal structure of rsFolder “on”-state, with
highlighted in orange, the amide residues chosen for 15N -CPMG-RD data fitting.
Note that amides nearer to the CRO (eg N147, T204, V151) could not be fitted
due to severe line broadening and histidines were not visible. (c) ∆ν values as
measured in the pH-titration series and as predicted by the fitting of the 15N -CPMG-
RD data for the 6 amides. The straight line corresponds to a slope of m = 0.82,
while the dashed line has a slope m = 1.

Conformational dynamics experienced by the protonated and deprotonated configu-
rations of the cis-CRO

At this point, the CRO ring flip rate, krf previously measured at pH=7.5 in HEPES buffer
(mentioned in the previous part of the Results section) needed to be reconsidered, keeping
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in mind the time averaging between the N-cis and A-cis conformation. All NMR observ-
ables measured for the “on”-state are a population weighted average of the NMR signals
corresponding to rsFolder with a protonated and deprotonated cis-CRO. Thus the 1Hδ-13Cδ

CRO-pair used to extract the CRO’s phenol ring flip rates, should also be considered as a
population weighted average of two species of cis-CRO present, flipping at different rates,
krf . Hence, having retrieved the pKacis using NMR, we could deconvolute the contributions
on the average CRO-ring flipping rate of the two species of the cis-CRO; kN−cis

rf and kA−cis
rf .

The characteristic NMR signatures of the Cδ1 and Cδ2 of the phenol ring of the cis-CRO
start to be detected in the aromatic 1H-13C correlation spectra only at high pH values
(pH>7.2). Hence, at lower pH the population-weighted average of the observed krf is
increasing, shifting to the µs-ms timescale – the exchange rate between the two phenol
rotamers is comparable to the chemical shift difference of the two peaks (at a high-field
spectrometer, at 40◦C) causing line broadening. This is already a sign that the krf observed
is the population-weighted average of a fast-flipping N-cis species behaving similarly to a
free tyrosine, which becomes more populated, and the more “rigid” A-cis, whose presence
decreases.

Initially, running the aromatic 1H-13C-EXSY experiments for values pH=7.2, 7.5, 10.7
we acquired the krf to be 115± 25s−1, 35± 2s−1, 13± 1s−1, respectively. Nevertheless, the
aim was to calculate values for krf at a range of pH values which would allow the fitting of
the krf -pH data to a Henderson-Hasselbalch curve with a pKa=5.45. Therefore, krf at lower
pH values had to be determined. We could only approximate the value of krf at pH=6 since
the two peaks corresponding to the two rotamer’s Hǫ-Nǫ pairs, coalesce into one strongly
line broadened peak. The observed coalescence enables us to estimate the krf at pH=6 to
be kex/2 = 1

4π∆ν
= 1750s−1. Extrapolating the krf -pH Henderson-Hasselbalch curve to the

two extremes, we could estimate the values, kA−cis
rf = 10±1s−1 and kN−cis

rf = 7500±1000s−1,
corresponding to an almost rigid A-cis-CRO and a freely rotating N-cis-CRO, similar to a
free CRO in solution.

The role of H149 in protonation of the cis-CRO

As mentioned previously, Histidine-specific NMR experiments enabled us to assess the
tautomeric state of H149 as well as the possibility of it forming an H-bond with the
phenolate of the cis-CRO. More specifically, Histidines’ Cǫ1 and Cγ, Cδ2 frequencies are
sensitive to the total charge (Cǫ1) and the protonation state (Cγ, Cδ2) of the imidazole ring
[94]. In the “on”-state rsFolder, pH=7.5, HEPES buffer sample previously recorded, there
was strong indication of H149 being protonated at the Nδ1 position of its ring, while 1H-15N
SOFAST-HMQC experiments suggested a weak H-bond with the cis-CRO’s phenolate ring.

In the McIlvaine pH series described at this part of my thesis, no significant CS changes
were observed for the Cǫ1, Cγ and Cδ2 frequencies of H149 in the “on”-state, indicating
no change of tautomeric state for H149 upon population shift from the A-cis to the N-cis
configuration. Moreover, H149 in the McIlvaine buffer is experiencing line sharpening as
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Figure 3.34 (a) Observed coalescence of the Hǫ-Cǫ pair of the cis-CRO’s phenol
ring as seen in the aromatic 1H-13C HSQC spectra of rsFolder “on”-state at different
pH values, recorded at 850MHz at 40◦C. (b) Results of the aromatic 1H-13C EXSY
experiment for the estimation of ring flipping rates at different pH values, recorded
at 850MHz at 40◦C. The intensities of peaks considered are the Hδ-Cδ pairs of the
cis-CRO’s phenol ring; in red, the intensity of major peaks, in blue, the intensity of
minor (exchange) peaks. (c) Fitting the values of kex = 2∗krf extracted for pH>6 to
a Henderson-Hasselbalch curve of pKa = 5.45± 0.05 and extrapolating for the two
extreme pH values, to determine the kA−cis

rf = 10±1s−1 and kN−cis
rf = 7500±1000s−1.

compared to HEPES, suggesting that it experiences faster protonation exchange either of
its imidazole ring and/or of the phenol ring of the cis-CRO. Altogether, H149 appears as
experiencing a shift to faster protonation exchange upon the presence of phosphate ions
from the McIlvaine buffer while also maintaining its tautomeric state at different pH values.

If one considers H149 as the proton donor (or acceptor) of the cis-CRO, through its
Nδ1 nitrogen, in order to maintain a primarily protonated Nδ1, it needs to be part of a
larger “proton wire” network, which can rapidly shuffle protons from (or to) the H149
to (or from) the cis-CRO. Moreover, this would mean that at lower pH, the increase of
hydrogen ions in the solvent forces H149 to continuously “pump” the cis-CRO with protons,
further populating the protonated cis configuration, which forms no H-bond with the H149
(since both N-cis and the Nδ1 of H149 are protonated). Most likely, in this scenario, the
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Figure 3.35 (a) Chemical structure of a Histidine imidazole ring in its 3 protonation
states, from left to right: biprotonated, Nǫ2 (τ tautomer) or the Nδ1 (π tautomer)
protonated. Characteristic resonant frequencies for the ring carbons Cγ, Cǫ1, Cδ2

are indicated in ppm. (b) Spectral regions of aromatic 1H-13C BEST-HSQC spectra,
focusing on the cross-peaks corresponding to the Hδ − Cδ2, Hǫ − Cǫ1, Hǫ − Cγ1

of His149 of rsFolder in the dark-adapted “on” state, at pH=7.5 (black) and
pH=5.0(green), recorded at 850MHz at 40◦C. The ∆ν upon lowering the pH is
very small in all three Carbon nuclei. At lower pH, H149 maintains the same
tautomeric state as in high pH, being primarily protonated on the Nδ1. (c) Spectra
region of 1H-15N His-SOFAST-HMQC, recorded at 850MHz at 15◦C, showing H-
bonded Nitrogens of Histidines for pH=7.5 (left) and pH = 5.0 (right) for the
dark-adapted “on”-state. The detected cross-peak of His149(Nδ1) is annotated. The
loss of NMR signal for the H149 peak at lower pH suggests that the H-bond of H149
with the cis-CRO is further weakened upon increase of hydrogen ions availability.
(d) Spectral regions of aromatic 1H-13C BEST-HSQC spectra focusing on H149,
showing the effect of buffer on H149 NMR signal, at pH=6. The line sharpening
of peaks in the McIlvaine buffer indicates that H149 is reporting on a protonation
event.
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H-bond needs to be constantly broken and reformed. In agreement with this model, a study
showed the quick reprotonation of H148 in the bright EGFP, after several proton transfer
steps and structural rearrangements of residues neighbouring the cis-CRO [2]. The authors
highlighted the importance of H149 (H148 in EGFP) as the donor of solvent protons to
the phenolate of the CRO. Nevetheless, our NMR data at this point, can only be used to
infer the dynamics experienced by H149, and not to discern its role as a proton donor or
acceptor of the cis-CRO.

Altogether, using our NMR data we were able to put together a kinetic model, concerning
the cis-CRO. All our conclusions, alongside the corresponding supportive qualitative analysis,
are summarized in Figure 3.36.

Figure 3.36 Graphical sketch summarizing the major findings on the
(de)protonation kinetics, ring-flip dynamics, and H-bond stabilization of the cis-CRO
in rsFolder.

3.3.3 NMR investigation of the trans-CRO of rsFolder

Protonation/deprotonation of the trans-CRO as observed by NMR

Similarly to the study of the cis-CRO, the trans-CRO was also inspected for its (de)protonation
pKa value. We know from literature that in similar RSFPs it has been found to be beyond 10
[77]. The durability of rsFolder against “extreme” pH values enabled us to measure the 2D
aromatic 1H-13C correlation spectra for samples at very high pH (9.5, 10.7, 11.5) (Figure
3.37). Here, instead of extracting the CS changes of the two trans configurations, we rather
calculated the relative change of intensity of their corresponding Hβ − Cβ cross-peaks.
Consequently, we could fit the intensities to a bi-molecular reaction as described by the
Henderson-Hasselbalch equation, assuming a Hill coefficient of 1, to estimate the pKa of
the trans-CRO of rsFolder to be pKatrans = 12.0± 0.1.

Furthermore, the two distinct trans-CRO peaks detected suggest a slow exchange
between the protonated and deprotonated trans-CRO, even at high pH values, with a proton
exchange rate of kex << 500s−1. While the limited availability of hydrogen ions in the
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solvent makes it less probable to quickly protonate and deprotonate the CRO, these data
point towards a much less efficient proton “wire” established in the “off”-state conformation
of rsFolder. Subsequently, the trans-CRO seems to be protected by the barrel in the
“off”-state; it is able to “hold-on” to the hydrogen in its phenol ring for longer than the
protonated cis-CRO does, with a pKa value 2 units higher than an average hydroxyphenyl
ring in aqueous solution [174].

Figure 3.37 Spectral regions of aromatic 1H-13C BEST-HSQC spectra recorded
at 850MHz at 40◦C, focusing on the Hβ-Cβ CRO cross-peaks of the 488nm-light-
induced state of rsFolder at different pH values. Annotated are the signature peaks
of the N-trans and A-trans-CRO configuration.

Revisiting “off”-state dynamics derived from NMR

Severe line broadening hindered us from acquiring further information regarding the
dynamics of the “off”-state of rsFolder in our previous work (Section 3.2). Similar to
the “on”-state, replacing HEPES with the phosphate-containing McIlvaine buffer, we could
retrieve the signal of lost peaks at pH=7.5 in the 488nm-light-induced “off”-state spectra
(backbone and side chain spectra). Such line narrowing, also induced by lowering the pH in
the HEPES buffered samples, is an indication of a shift in the timescale of kinetics present
and/or the relative population of states (either faster or slower) (Figure 3.38).

Furthermore, 2D methyl 1H-13C SOFAST-HMQC spectra recorded at different temper-
atures at pH=7.5 (HEPES buffer) of rsFolder “off”-state, suggest line narrowing upon
increase of temperature (Figure 3.39). Therefore, since higher temperature speeds up
motions, our data place the dynamics experienced by rsFolder in the “off”-state at pH=7.5,
at 40◦C in the intermediate exchange regime. Upon increase of temperature, hydrogen ions,
and/or phosphate ions, the protein dynamics observed are, thus, shifted to the fast rather
than slow exchange regime.

In the case of induced faster dynamics, it is possible that the speeding up of proton
exchange caused by phosphates and/or increase in hydrogen ion availability is “felt” by
residues in the vicinity of the trans-CRO. In other words, T63, L70, H149, V151, I168 and
T204 are reporting on a protonation event happening near them at a fast to intermediate
timescale, depending on the pH, temperature and buffer composition.
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Figure 3.38 (a) Zoom in the crystal structure of the non-fluorescent state of rsFolder
in the region of the CRO pocket. Highlighted in red are side chains with nuclei
that show pH- and buffer-dependent line narrowing upon increase in hydrogen ion
availability. (b) Spectral regions of methyl 1H-13C SOFAST-HMQC spectra recorded
at 850MHz at 40◦C, of the 488nm-light-induced state of rsFolder, focusing on
cross-peaks experiencing line narrowing upon pH-decrease (top to bottom), and
buffer change (right to left).

Figure 3.39 Spectral region of 2D methyl 1H-13C SOFAST-HMQC spectra of the
“off”-state of rsFolder at pH=7.5, recorded at different temperatures at 850MHz.
Focusing on cross-peaks which undergo chemical shift difference upon increase of
temperature, significant line narrowing is induced at high temperature in the “off”-
state. This behaviour is indicative of residues undergoing intermediate exchange in
the “off”-state at low temperatures and fast exchange upon increase of temperature.
Left panel shows several methyl residues while the right panel focuses on I168-δ.

The rapidly (de)protonated residue can not be the trans-CRO, since its (de)protonation
happens at a much slower timescale and higher pH. Hence, the relatively fast protonation
of another readily available residue in the trans-CRO pocket might be the source of such
line broadening. For this scenario to hold, one would expect the peaks of the nuclei
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whose CS is affected by the protonation event, to titrate according to pH in the “off”-state
spectra recorded, since CSA and CSB are expected to be significantly different (A and B
configurations have a difference of a proton). So far, peaks experiencing line narrowing
were only slightly titrating (Figure 3.40), suggesting that the residue experiencing faster
protonation at low pH and/or presence of phosphate ions is characterized by a significantly
skewed population (eg pA»pB).

Figure 3.40 Spectral region of 2D methyl 1H-13C SOFAST-HMQC spectra of the
“off”-state of rsFolder samples at pH=5.0, 6.0, 7.5, recorded at 40◦C and 850MHz.
Focusing on cross-peaks which undergo chemical shift difference and line narrowing
upon pH change, V62, V151 and L70 appear to slightly titrate, due to the presence
of a nearby residue nearby that is characterized by fast exchange between two
protonation states.

Inspecting the free energy landscape of the rsFolder “off”-state in the absence of light

In order to explore the pH-induced differences in the energetic landscape of the “off”-state,
we decided to study the thermal relaxation times and relative populations of the cis and
trans states of the rsFolder sample at different pH, in the absence of light. Moreover, these
experiments allowed us to assess how the observed speeding up of dynamics experienced by
the trans-CRO pocket affects the trans-CRO’s stability. Thermal relaxation times measured at
different temperatures can be used to estimate activation energies for ground-state trans-cis

isomerization, Ea, while population ratios of the two states are related to the free energy
difference between them, ∆G.

2D amide 1H-15N BEST-TROSY spectra were used to accurately measure populations
of cis and trans species present. More specifically, quantification of the relative cis and
trans populations was done by extracting the relative intensities of peaks which undergo
significant CS changes upon cis-trans isomerization while their linewidths are not affected
by the dynamics of the trans-CRO (in β−10, β−11 strand, Figure 3.20). This quantification
could not be achieved using 2D correlation spectra focusing on methyls or aromatics, since
the peaks that undergo CS changes upon cis-trans isomerization are mostly line-broadened
in the “off”-state. Moreover, the cis isomer (present primarily in the “on”-state) is in fast
exchange between a protonated and a deprotonated form, which is resulting in a single set
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of population-weighted NMR signals, including amide peaks in the spectrum, so we did not
consider N-cis seperately from A-cis. The trans-CRO (of the “off”-state) is primarily in its
protonated form, so the A-trans species were not taken into account in the free energetic
landscape. Therefore, assessing the population ratios and thermal relaxation times using
2D amide 1H-15N BEST-TROSY spectra we could derive a simplified free energy landscape
characterising the rsFolder CRO at different pH and buffer composition, whereby the CRO
can occupy either the cis or the trans conformation in the ground state (Figure 3.43).

While under 488nm illumination, the majority of the CROs found in the sample adopt
the thermodynamically metastable trans configuration, in the dark, they are expected to
progressively return to the cis state. By measuring the rate of thermal relaxation, therefore,
we can estimate the difference in activation energies, Ea, needed to undergo ground-state
trans-cis isomerization at different pH values and buffer composition (using the Arrhenius
equation 2.3). To measure NMR-observed thermal relaxation time, we chose to run a series
of real-time 2D amide 1H-15N BEST-TROSY experiments on rsFolder samples, at different
pH and buffer composition, in the dark after 488nm illumination.

Moreover, differences in free energies ∆G of the “on”- and “off”-states in the ground
state can provide insight on the relative “stability” of the cis- and the trans-CRO at different
pH values and buffer composition. To estimate population ratios and, consequently, estimate
∆G, 2D amide 1H-15N BEST-TROSY spectra were recorded for the dark-adapted sample (in
the absence of light).

Overall, the thermal relaxation rates measured for a range of pH values in the McIlvaine
series reveals an interesting behaviour – as the pH decreases, thermal relaxation significantly
increases. Evidently, this is a sign of a higher energetic barrier, Ea needed to overcome for
trans-cis isomerization in the ground state (Figure 3.41). However, a maximum is reached
at pH=5.0, where the thermal relaxation reaches a time constant of 125hours (as compared
to 14hours at pH=7.5), before it goes down again at pH<5.0. At pH=4.2, the time constant
describing the ground-state trans-cis isomerization is back to only 16hours. When extracting
the activation energies of ground state trans-cis isomerization for rsFolder at pH=5.0 and
pH=7.5, we estimated a difference of 5.7kJ/mol (assuming that the transition state remains
the same), which is in the range of reported energies required for an H-bond to be formed
[161]. Therefore, an H-bond is most likely becoming progressively stronger from high pH
to pH=5.0 before it weakens again at pH<5.

The progressive appearance of trans-CRO upon lowering pH in the absence of light
is a sign of trans-CRO stabilisation (Figure 3.42). At pH=5.0, the population of trans

present in the dark-adapted state is reaching its maximum value 30%, before it diminishes
again at lower pH. The free energy differences between the two states for the pH=5.0
and pH=7.5 McIlvaine samples are 2.2kJ/mol and >12kJ/mol respectively (Figure 3.43).
Hence the “off”-state (i.e trans-CRO) is significantly stabilized at pH=5.0, resulting in
pH-induced cis-trans isomerization. Note that this pH-induced isomerization could not have
been predicted by measuring absorption or emission spectra of the protein since N-trans

and N-cis would not have been easily distinguishable.
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Figure 3.41 (a) Thermal relaxation times of “off”-to-“on” recovery in the absence
of light for samples in McIlvaine buffer, pH=4.2 – 8.0, evaluated from real-time
NMR spectra recorded at 850MHz at 40◦C. (e) Schematic representation of the
differences in activation energies, Ea, for the trans-cis isomerization in the ground
state, assuming the same transition state.

Figure 3.42 (a) On the left, overlay of (color-coded) spectral regions extracted
from 2D amide 1H-15N BEST-TROSY spectra recorded at 850MHz, 40◦C, for the
“on”-(green) and the “off”-state (black), on the right, spectral regions extracted
from 2D amide 1H-15N BEST-TROSY spectra recorded at 850MHz at 40◦C for
rsFolder samples of pH values in the range of 4.2-8.0 in the dark-adapted state.
(b) Plotting the percentage intensity of the peaks corresponding to the N-trans

conformation extracted from the spectra at (a), against pH values.

A potential role of H149 in stabilising the trans-CRO

The observed free energy minimum of the trans-CRO at pH=5 may potentially be attributed
to the formation of an H-bond to the β-barrel causing such structural stabilisation (assuming
that thermodynamic stability is due to decreased trans-CRO dynamics). One potential H-
bond partner is H149, already suggested by the low-temperature crystal structure of the
“off”-state of rsFolder [61].

More specifically, the only residue in the vicinity of the trans-CRO that could be ex-
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Figure 3.43 Schematic representation of the differences in activation energies, Ea,
for the trans-cis isomerization and free energies, ∆G, for the cis- and trans-CRO
in the ground state, at pH=5.0 and pH=7.5, for samples in the McIlvaine and
HEPES buffer. Values for Ea and ∆G were estimated by measuring the thermal
relaxation times and population ratios of cis and trans species present, respectively,
at different pH values and buffer composition.
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periencing a faster proton exchange at pH≈5 or in the presence of phosphates is H149.
Other residues in the vicinity of the trans-CRO have typically pKa values far from 5 (Valines,
Isoleucines, Leucines, Threonines). Accordingly, for our hypothesis to be correct, the imi-
dazole ring of H149 would have to exchange protons between its Nǫ2 and Nδ1 nitrogens.
Upon lowering the pH, the most favourable tautomeric state in the “off”-state would need
to be the one of a deprotonated Nδ1 (as suggested by crystallography [61]), in order to
allow for a transient H-bond with the protonated trans-CRO.

In the 2D aromatic 1H-13C BEST-HSQC spectra recorded of the “off”-state at pH=4.2-8,
we observed the Cǫ1 peak of H149 only slightly titrating in the range of pH=5-8 (Figure
3.44). Frequencies of Hǫ-Cǫ1 are highly similar between the cis and the trans conformation,
indicating no difference in charge state upon isomerization. However, the frequencies of
Cδ2 and Cγ of H149 in the “off”-state at all pH values tested could not be extracted. Hence,
H149 in the “off”-state remains singly protonated at pH ≥ 5, while the interconversion
between the two tautomeric states causes line broadening of the Cδ2 and Cγ peaks. Note
that the expected differences in CS between the two tautomeric states for Cδ2 and Cγ are
quite large (≈ 9ppm and ≈ 4ppm, respectively, shown in Figure 3.35), thus line-broadening
is possible if the interconversion between two tautomers is in the fast-intermediate regime.
Our data are in support of the hypothesis that H149 is exchanging protons between its ring
nitrogens. Although we can not conclude specifically on a favouring of a Nδ1 deprotonated
tautomer, we expect that the tautomer interconversion significantly promotes one tautomer
(evident from H149 Hǫ-Cǫ1 weak titration) which enables the H-bonding with the trans-CRO
and, thus, its apparent stabilization at pH=5.

At pH<5, the H149 Hǫ-Cǫ1 undergoes significant CS, possibly due to its change in
protonation from a singly to a doubly protonated Histidine. This shift would be in agreement
with the apparent destabilization of the trans-CRO at pH<5, suggesting that the trans-CRO’s
H-bond with H149 is no longer possible once this Histidine is doubly protonated (Figure
3.44). The lack of H-bonds of the trans-CRO with the β-barrel results in its reduced presence
in the absence of light and its overall destabilization at pH<5.

Altogether, while lack of signal impedes the ability to draw a strong conclusion, our
observations point towards the role of H149 in stabilising the trans-CRO by forming a
transient H-bond at pH=5. We hypothesize that this bond is enabled by a fast exchange
of protons between the Nδ1 and Nǫ2 nitrogens, resulting in a predominantly deprotonated
Nδ1 in H149, at pH=5. Additionally, the dynamics previously observed in Section 3.2
experienced by the “off”-state seem to be due to the intermediate-fast protonation event
occurring in the pocket of the trans-CRO.
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Figure 3.44 (a) Spectral region of 2D aromatic 1H-13C BEST-HSQC spectra, focus-
ing on the cross-peaks corresponding to the Hǫ − Cǫ of His149 of rsFolder in the
488nm-induced “off”-state at pH=4.5-7.5, recorded at 850MHz at 40◦C. Annotated
are the peaks corresponding to H140 significantly titrating with pH and H182, not
titrating with pH, while H149 is slightly titrating at pH=5-7.5 and significantly
shifts at pH<5. (b) Schematic representation of the model proposed for the pH
dependence of the H149 – trans-CRO bond. At pH<5, H149 is primarily doubly
protonated, ubable to form an H-bond with the trans-CRO. At pH=5, we hypothe-
size that H149 is in fast interconversion between its two tautomeric states, with an
increased favouring of the tautomer where Nδ1 remains deprotonated, to allow for
an H-bond with the trans-CRO. At pH>5 H149, there is a favouring of the tautomer
where Nδ1 is protonated, not allowing for the formation of an H-bond with the
trans-CRO.
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3.3.4 Impact of NMR observations of pH-induced effects on the opti-

cal properties of rsFolder

Preliminary studies on light-excited states using NMR

Typically, in the work presented in parts 3.1 and 3.2, before recording spectra corresponding
to the “on”-state of rsFolder, a short but powerful 405nm pulse would be used on the sample
to switch the protein “on”. When lowering the pH, however, we observed a discrepancy
in the populations of CRO species present between 405nm-light-induced or dark-adapted
“on”-state samples. More specifically, there is a progressive increase in population of N-
trans-CRO species present at lower pH, even lower than pH=5, after 405nm illumination.
Overall, for pH<7.5, the N-trans becomes more favored upon 405nm illumination as
compared to a situation where the sample has thermally relaxed to a thermodynamic
equilibrium, in the dark. Furthermore, pH-induced population differences are also evident
in the 488nm illuminated samples. For pH<6, the trans population is decreased, giving
rise to an increasing amount of cis-CRO species. The fraction of populations present under
different illumination schemes and pH values is plotted in Figure 3.45.

Correlating NMR observables with optical measurements

These observations potentially have an impact on the observed photophysical behaviour of
rsFolder. To evaluate the correlation between NMR findings and expected photophysics, I
performed optical measurements on rsFolder at different pH values. Using the microscopy
setup for ensemble measurements, I recorded a series of photocycles of fluorescence for
rsFolder samples fixed in PAA gel at pH=5 and pH=8 (Figure 3.46) following protocols
described in the Materials & Methods section.

I fitted the intensity of fluorescence over time using a script based on a kinetic model of
exchange between CRO-species with different extinction coefficients for a given wavelength
of excitation. More specifically, I estimated the extinction coefficient of the A-cis-CRO
at 488nm by comparing the absorption spectra of rsFolder samples of same concentra-
tion at pH=8.0 (ǫA−cis,pH=8

488 = 54518Mol−1s−1) and pH=5.0 ǫA−cis,pH=5

488 = 12270Mol−1s−1,
while the extinction coefficient for the trans-CRO at 405nm was evaluated from the ex-
pected populations measured in NMR (ǫN−trans,pH=8

405 = 36137Mol−1s−1, ǫN−trans,pH=5

405 =
32523Mol−1s−1).

The fitted photophysical quantities are given in the table below (Table 3.2). We were able
to draw three main conclusions: (a) both the “on”-to-“off” and “off”-sto-“on” photoswitching
quantum yields seem to decrease at lower pH, (c) the maximum fluorescence emitted in
the beginning of each photocycle is significantly decreased at low pH and (c) the switching
contrast worsens at acidic pH. To explain the differences observed between the acidic
and basic sample, one needs to consider that these values report on either population-
weighted average of all CRO-species present (maximum fluorescence, switching contrast)
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Figure 3.45 Percentage of CRO present at a given pH value and illumination
scheme (in the dark, at 405nm and 488nm). Intensities were extracted from the
characteristic cis-CRO (“on”) and trans-CRO (“off’) signatures detected in the 2D
amide 1H-15N BEST-TROSY spectra recorded at 850MHz, 40◦C. The total amount of
cis-CRO species, after taking into account the trans species present, is a combination
of A-cis and N-cis species. The corresponding A-cis and N-cis species for each pH
were, therefore, estimated using the pKacis = 5.5.

or population-independent photophysics (switching QY) of each CRO-species.

By using the correct extinction coefficients, we can account for the population differences
between the two pH samples, thus allowing for extracting population-independent “on”-
to-“off” and “off”-to-“on” switching quantum yields (rather than population-dependent
“on”-to-“off” and “off”-to-“on” switching rates). Therefore, our results show that the CRO
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Figure 3.46 Plotted emission intensity over time of the induced photocycles,
recorded in the microscope setup of rsFolder samples fixed in PAA gels at pH=5 and
pH=8. LASER power, sample concentration and sample thickness were the same
between the two samples. The low acidic sample presents decreased fluorescence
and switching efficiency as compared to the high pH sample.

photoswitches slower at lower pH, in both “on”-to-“off” and “off”-to-“on” directions. The
slowing down of “off”-to-“on” switching would be in agreement with our NMR-derived
increase in energetic barriers for trans-to-cis isomerization at pH=5 as compared to pH=7.5
(Figure 3.43). However, this is not the case for “on”-to-“off” switching, whereby the
energetic barrier as deduced from our NMR data is lower for pH=5 than pH=7.5 and thus
was expected to be more efficient at lower pH. Nevertheless, while at both pH values, the
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trans-CRO is expected to be primarily protonated, the cis state populations of protonated
and deprotonated species are different in the different pH values measured. Therefore, the
energetic barrier estimated by NMR, reports on the average switching efficiency of both
N-cis and A-cis to switch to the trans state. In contrast, optical measurements report on
the efficiency of only the fluorescent species (i.e A-cis) to isomerize. Most likely, the higher
presence of the highly dynamic N-cis species at pH=5 is what leads to an apparent decrease
in the NMR-derived energetic barrier for isomerization as compared to pH=7.5, indicating
that the N-cis-CRO requires less energy in order to isomerize than the A-cis-CRO, which is
primarily populated at basic pH.

However, at this point, the question arises on whether the predicted extinction co-
efficients used as an input in the kinetic model are accurate. Our NMR-derived model
describing the behaviour of the N-trans species would suggest that the H-bonding with the
H149 is pH-dependent. Therefore, this should have a significant impact on its absorption
capabilities at different pH values. Potentially, the more constrained N-trans-CRO at pH=5
is more efficient at absorbing 405nm light as compared to the more flexible N-trans-CRO at
higher pH. In this case, the “off”-to-“on” switching quantum yield would be less than the
one estimated.

The maximum fluorescence recorded in the beginning of a photocycle is 8.5 times higher
for rsFolder at pH=8 as compared to pH=5. NMR-expected A-cis CRO species are 6.4 times
higher in the basic sample as compared to the acidic one, while pKa-derived populations
would suggest only a 4.2 times higher population. Assuming that the concentration of
rsFolder in both samples is similar after the PAA fixation, this result would indicate that at
low pH, pH-induced cis-trans isomerization significantly hinders the total fluorescence. Thus
our NMR data better predict the expected fluorescence, since they report on the amount of
individual CRO species present in the sample.

The optically observed switching contrast matches the expected switching contrast
from our NMR data. NMR-observed switching contrast in the light-induced regime can be
calculated by taking the ratio between A-cis-CRO present after 405nm and after 488nm
illumination. At pH=5, NMR-observed ratio is 8.2 while at pH=8 it becomes 20. Therefore,
our NMR data could predict an observed decrease in experimental switching contrast, due
to the alteration of the free energy landscape characterizing the cis and trans species, upon
pH change. NMR’s ability to decipher between cis and trans species allows it to relatively
accurately predict the expected switching contrast of rsFolder and potentially other RSFPs.

3.3.5 Interpretation of NMR results on ground-state (de)protonation

and isomerization kinetics

Photophysical properties of FPs are mainly influenced by the CRO – its rigidity, planarity and
protonation state, influenced by its direct environment. Following the work concerning the
generalised dynamics of rsFolder in its two characteristic states, it was crucial to investigate
further the intrinsic properties of the CRO. For further CRO inspection, pH titration studies
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PH
MAX FLUO

(Counts)

“ON”-
“OFF” QY

(%)

“OFF”-
“ON” QY

(%)

SWITCHING

CONTRAST
ǫA−cis
488

(Mol.cm−1)
ǫN−trans
405

(Mol.cm−1)

5.0 1070 ± 40
0.30 ±

0.01
17.1 ± 0.6 6.1 ± 0.6 12270 32523

8.0 9130 ± 80
0.53 ±

0.03
21.6 ± 0.6 16.2 ± 0.3 54518 36137

Table 3.2 Results obtained by fitting the fluorescence photocycles measured for
rsFolder samples fixed in PAA gels at pH=5 and pH=8, to a kinetic model in-
cluding two dark states (“off”-state and photobleaching/blinking). Photocycles
were recorded from three different regions of each sample. Correlation between
experimental and modelled data is 0.99.

were the most appropriate, given not only the overall sensitivity of NMR to pH-induced
phenomena but also the expected change in protonation of the CRO. Consequently, we could
derive models explaining the characteristic behaviour of the cis and trans conformation in
its two protonation states in the electronic ground state.

Doing this work, it became clearer how our NMR findings could have an impact on
microscopy. This part is, therefore, dedicated in placing this work in the general framework
of existing bibliography as well as discussing the impact it may have on the practical use of
RSFPs.

The effect of the β-barrel in changing the pKa of the CRO species

The pH of the solvent in which the protein is dissolved seems to affect the protonation
state of the CRO in most GFPs [158]. Proton transfer is bi-directional, i.e the CRO gets
protonated by receiving a proton from the solvent and gets deprotonated by releasing a
proton to the environment. Such proton exchange with the solvent is either direct, when
the CRO essentially behaves as a free CRO in solution or via the protein scaffold, when it is
protected by the β-barrel.

Generally, free GFP-CROs in solution have a pKa ≈ 8.2 [210, 191]. In GFPs, the β-
barrel surrounding the CRO seems to affect the pKa of its tyrosine-type phenol [191],
resulting in cis- and trans-CROs having a lower (around 6) and higher pKa (around 11),
respectively. Notably, depending on the GFP, the pKa of either cis- or trans-CROs differs,
due to differences in the protein sequence.

By deciphering the 4 major CRO configurations by NMR, we were able to further
comprehend the protonation/deprotonation of the cis- and the trans-CRO. Investigating the
dynamics of rsFolder in either CRO configuration, we were able to assess how the β-barrel
impacts the protonation and isomerization state of the CRO.
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rsFolder “on”-state dynamics – how they influence pKacis values and CRO dynamics

Our previous work (section 3.2) suggested that in the “on”-state at pH=7.5, the cis-CRO is
well-protected by the β-barrel. One might speculate that, in the conformationally stable
“on”-state at pH>pKacis, the “unwanted” proton is released from the cis-CRO via the
convenient H-bonds with T204, the water molecule or H149. Nevertheless, rsFolder has a
significantly lower pKacis as compared to its close relative, rsEGFP2 [61], even if in both
proteins, their cis-CROs are shown in crystallography to be stabilized by the same H-bonds,
namely, with H149, T204 and a water molecule. Hence, the choice of H-bond partners does
not seem to be the reason for differences in pKacis values.

Most likely, what defines the pKacis values is a network of residues around the β-barrel,
beyond (but possibly including) the residues involved in H-bonds with the CRO. Many
studies suggest the existence of a “proton wire” network in the protein scaffold of GFPs,
bringing in and pushing out protons from the CRO, as already discussed in section 3.2 [8,
201, 199]. Therefore, literature suggests that not only the H-bond partners, but the overall
β-barrel determines the pKa of the CRO in either isomerization state. The efficiency of this
“proton wire” network in GFPs to shuttle protons at different pH values must be, therefore,
what defines the CROs rate of (de)protonation. More specifically, if pKacis<pKafree, the
protein scaffold is readily ejecting protons out of the cis-CRO in the “on”-state, rendering it
deprotonated at pH values whereby a free CRO in solution would be neutral.

Consequently, the difference in pKacis between rsFolder and rsEGFP2 suggests that
rsFolder is characterized by a “proton wire” network that can more efficiently shuttle
protons away from the cis-CRO as compared to the network in rsEGFP2. The higher
efficiency of the rsFolder’s “proton wire” network in releasing protons to the solvent has to
be related to either a different pattern of hydrogen “hopping” points in the two structures
(i.e beyond H149, T204 and the water molecule), or a difference in dynamics that those
“hopping” points experience. At this stage of our work, it is not clear which explanation is
more appropriate.

Nevertheless, our data regarding rsFolder were instructive in understanding how β-barrel
dynamics in the “on”-state influence the pKa and intrinsic properties of either protonation
state of the cis-CRO. Firstly, NMR results derived from residues nearing the cis-CRO allowed
for the quantification of the (de)protonation rate in rsFolder, occurring at a fast sub-ms
timescale. Secondly, apparent ring flip dynamics were deconvoluted between the intrinsic
ring flipping rate of the phenol ring of the N-cis and of the A-cis species.

Furthermore, the β-barrel must be applying an impressively strong constraining force on
the A-cis-CRO, essentially achieving a 4-orders of magnitude increase in rigidity (kA−cis

rf =

10 ± 1s−1, kN−cis
rf = 7500 ± 1000s−1). Such rigidity is enabled by the anchoring of the

A-cis-CRO to the barrel, via H-bonds to T204, a water molecule and H149, as suggested by
crystallography [61]. Moreover, the role of H149 and T204 in stabilizing the A-cis-CRO is
supported by pre-existing work, namely a structural comparison between the dim wtGFP
and its brighter mutant, GFP(S65T). The authors observed an increase in anionic species of
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CRO present in GFP as compared to its ancestor, which was attributed to the stabilisation of
this species by the H148 and T203 side chains [29].

Below pH=5.5, there is a favouring of the protonated CRO configuration (either N-cis
or N-trans). In the absence of light, we observed increased dynamics, i.e the cis-CRO-H149
H-bond is broken leading to a highly dynamic N-cis-CRO. Most likely, residues which are part
of the “proton wire” network become protonated (such as H149 which probably becomes
doubly protonated) and the network is disrupted. Therefore, at low pH, the cis-CRO is
protonated as a result of the lack of protection from the β-barrel rather than due to an
efficient protonation pathway from the solvent to the CRO via the protein scaffold. The
N-cis-CRO, seems to behave as a free CRO in solution, possibly due to loss of all H-bonds to
the β-barrel, further suggesting that the protein scaffold does not protect it from solvent
hydrogen ions.

rsFolder “off”-state dynamics – how they influence pKatrans values and CRO dynamics

Upon 488nm illumination, the A-cis isomerizes to the N-trans. As already concluded from
our previous work (section 3.2), the N-trans is inherently more dynamic than the A-cis-CRO.
The increased dynamics of the rsFolder barrel in the “off”-state could be potentially thought
of as resulting in a less protected and thus primarily protonated trans CRO (as would be
the case for a free CRO in solution). However, the trans CRO has a much higher pKa than
a free CRO and does not behave like a free CRO (experiences intermediate rather than
fast dynamics). The extremely high pKatrans suggests that, instead of being less protected,
the N-trans CRO is still somehow promoted, even at pH values whereby a free CRO would
normally be deprotonated (i.e pH>8.2). One reason for the appearance of N-trans CRO
could therefore be a “proton wire” network of the “off”-state which can quickly reprotonate
the trans-CRO, even at high pH values. Since the (de)protonation of the trans-CRO seems to
be very slow, our NMR data do not point towards the existence of such an efficient “proton
wire”. Instead, we can conclude that the structure and dynamics of the “off”-state β-barrel
promote the N-trans CRO by partially structurally stabilizing it.

While we could not retrieve conclusive information regarding its H-bonding partners,
we hypothesied that H149 is in a transient H-bond with the N-trans-CRO, which seems
to get stronger upon lowering of pH, achieving maximum N-trans-CRO stability at pH=5.
The apparent stabilization of the “off”-state CRO at pH=5 can explain the pH-induced
isomerization in the absence of light. Hence, the faster proton shuffling causing rapid
(de)protonation of nearby residues (most likely H149) allows for the formation of a more
stable H-bond between the β-barrel and the CRO. Nevertheless, the stability of the N-trans-
CRO in the absence of light is diminished once the H149 becomes doubly protonated and
cannot accommodate an H-bond with the CRO.

Lastly, no peaks corresponding to the HC pairs (ǫ or δ) of the phenol ring of the trans-
CRO could be detected, indicating that at all pH values measured, it experiences dynamics
(either translational or ring flips) in the few hundreds of µs-ms timescale. Thus the N-trans
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appears less dynamic than the fast flipping N-cis.

CRO species are populated according to β-barrel dynamics

While the (de)protonation efficiency of the β-barrel determines the ratio between A-cis and
N-cis, the H-bond strength of the H149 with the CRO possibly regulates the appearance of
N-trans-CRO in the absence of light. The progressive appearance of the N-trans-CRO, at
lower pH values can be potentially explained by a ground state N-cis-to-N-trans isomeriza-
tion. More specifically, upon H-bond weakening, the N-cis-CRO is undergoing significant
conformational changes, including (possibly) hula-twisting. Hence, a part of the population
of very mobile N-cis-CROs can be partially “trapped” in the N-trans conformation possibly
via an H-bond which transiently “anchors” it to the β-barrel – allowing for the occurrence
of both N-cis and N-trans configurations.

Altogether, the 3-H-bonded A-cis-CRO appears to adopt the most rigid configuration.
On the other hand, the N-trans-CRO, depending on the pH, forms a transient H-bond with
(potentially) H149 which can partially restrict its motions. Lastly, the N-cis-CRO behaves
like a free CRO, possibly because at low pH, there is no remaining H-bond partner that is
readily deprotonated to allow for its “anchoring” with the β-barrel.

Impact on the use of RSFPs in microscopy

The last series of experiments within this section (3.3) aimed at understanding how the
predisposition of rsFolder at a particular ground-state energetic landscape might influence
the behaviour of its light-excited states. This could be a way to use our NMR data to partially
predict the behaviour of rsFolder when used in fluorescence microscopy. Particularly rsFolder
which was constructed to endure low pH environments (eg. bacterial periplasm), appears to
have significantly altered its photophysical properties in the ensemble level upon lowering
the pH.

Typically, in the beginning of the optical measurements recorded in the microscope, a
405nm LASER pulse is used to switch “on” rsFolder, before recording fluorescence using
the 488nm LASER for excitation. Our NMR data show important differences between
population ratios of cis vs trans CRO species present upon 405nm illumination at pH=5 as
compared to pH=8. Consequently, we retrieved a lower maximum fluorescence point on
the first frame recorded of the photocycle of rsFolder at pH=5.

One explanation for the rise of N-trans is the tendency of the N-cis species to absorb at
405nm causing photoisomerization to the trans conformation, as observed in GFP, previously
[213, 29]. However, the trans-CRO also absorbs at 405nm and isomerizes to the cis

conformation, thus both N-cis and N-trans are present at steady-state conditions. Therefore,
assuming a pH-independent N-cis-to-N-trans and vice versa switching rate we would expect
that the amount of N-trans species present at different pH, follows a Henderson-Hasselback
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curve of pKa=5.45. In contrast, our data suggest that at pH values around pH=5, there is
a higher built-up of N-trans species than predicted from such a curve (Figure 3.47). This
behaviour is further indication of the pH-dependent stability of the N-trans, since its ability
to isomerize to the N-cis state is pH-dependent.

Figure 3.47 Plotted values of NMR-derived N-trans species populations at dif-
ferent pH values after 405nm illumination (solid line) and the expected N-trans

populations assuming a pH-independent N-cis-to-N-trans switching (dashed line).
The amount of N-trans species is higher than expected, suggesting pH-dependent
switching under 405nm illumination.

After 405nm illumination the relative population of the fluorescent A-cis has decreased
at low pH, as expected by NMR, due to the built-up of trans species from the photoswitched
N-cis conformer. Note that the built-up of non-fluorescent species (both N-cis and N-trans)
is significantly more than the expected value derived from the pKacis value, where only
N-cis is considered. Thus, by taking into account the populations of A-cis species present at
405nm illumination, we could predict the decrease in maximum fluorescence of rsFolder at
pH=5.

In the microscope, the 488nm LASER is progressively switching “off” the proteins, over
periods of around 150s (depending on the sample). A plateau of “minimum fluorescence” is
reached, which is related to the switching contrast of the sample. In NMR, after continuous
488nm illumination, upon lowering the pH, N-trans becomes less populated, while the total
cis species is increased (Figure 3.45). This is probably the result of primarily a significant
decrease of 488nm-absorbing A-cis and a greater occupancy of the 405nm-absorbing N-cis
species, as well as differences in free energy landscapes for rsFolder in the two pH values.
Furthermore, photoswitching rates are LASER-power dependent. Thus, it is expected
that in different buffer conditions and 488nm illumination powers, the resulting N-trans

population at equilibrium after continuous 488nm illumination will vary. Overall, depending
on the conditions of the sample, the remaining fluorescent A-cis species is expected to vary,
resulting in different switching contrast values.

The free energy landscape for isomerization alters with pH and buffer composition, as
derived from our NMR experiments. Consequently, the “on”-switching appears slowed-down
at pH=5 as compared to pH=8, since the energetic barrier of “off”-to-“on” has increased,
and the increased presence of N-cis species at low pH, leads to an overall decrease of
apparent “on”-to-“off” photoswitching rates. The energetic barrier for the A-cis-to-N-trans
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could not be calculated at this point, since both cis species are accounted for in the free
energy landscape. Focusing on single molecule properties, the difference in “on”-“off”
switching QY would suggest that the A-cis-CRO needs to overcome a higher energetic
barrier to isomerize at pH=5. Our ground-state NMR data interpret the inherent dynamics
and stability of A-cis (∆GA−cis) to be pH-independent, thus, considering that the transition
state (TS) for isomerization is little sensitive to pH, we would expect the A-cis CRO to
require similar activation energy values to switch to the “off”-state at pH=8 and pH=5
(Ea = TS −∆G), resulting in similar “on”-to-“off” switching QY. The lower switching QY
at low pH derived from our fluorescence measurements is, therefore, not in agreement
with a pH-independent energetic barrier for A-cis-to-N-trans isomerization. Hence, the
fluorescence data possibly report on excited-state processes that could not have been
predicted from the NMR-observed ground-state behaviour of rsFolder.

Generally, with our data we cannot conclude about what are the kinetics of the CRO in
the excited state. However, comparing our NMR data of energetic barriers for isomerization
with optical measurements of switching quantum yields could potentially suggest that
the free energy landscape in the ground state (studied by NMR) partially informs the
free energy landscape of the rsFolder CRO in the excited state (studied by fluorescence).
Moreover, similarly to the X-ray structures published on rsFolder, investigating mechanistic
properties in the ground state can potentially be instructive in understanding the protein’s
photophysics. This study, thus, showed that NMR with its discriminatory capabilities, its
ability to study proteins in different solutions and decipher their dynamics can be of use in
better understanding RSFPs optical characteristics in different biological environments.

Future work should include investigating H-bond dynamics present in the excited states
of RSFPs which inform their resulting photophysical properties. For such studies, ultrafast
spectroscopy or time-resolved kinetic crystallography should be employed.
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Chapter Four

Preliminary work and future
perspectives

4.1 Correlating NMR observables with photophysical prop-

erties of rsFolder mutants

So far in the Results section, I have been describing the efforts of establishing an appropriate
setup and identifying the most relevant and useful experiments in the context of NMR
investigation of RSFPs. Overall, my PhD thesis has been an attempt to introduce NMR
as an active player in the field of RSFPs. Optimizing and streamlining the NMR work on
rsFolder proved more cumbersome than expected, despite the significant findings that were
obtained. Consequently, this section can be regarded as a proof-of-concept, assessing the
correlation between NMR observables and optical properties of rsFolder mutants presenting
different photophysical behaviours. Unfortunately, this work could not continue into
thorough mechanistic interpretations of the origins of the photophysics observed in the
rsFolder mutants studied within the context of my thesis duration. Nevertheless, the
preliminary results discussed below point towards an important contribution of NMR in
RSFP engineering.

4.1.1 Rationale for choosing rsFolder mutants

As already mentioned, rsFolder is characterized by a sub-optimal switching contrast (re-
ported as 26 in El Khatib’s et al publication [61]), despite its impressively fast switching
rates and exceptional endurance to “extreme” environments. Fluorescent protein engineers,
in an attempt to ameliorate its switching contrast, successfully designed the high-contrast
F146Y mutant of rsFolder, rsFolder2 [61]. In reality, the existence of F146 originates
from rsFolder’s ancestor, Superfolder-GFP, while rsEGFP2 (switching contrast = 57) has
a tyrosine at that position. While rsFolder2 structures were not made available in that
publication [61], it is safe to assume that they are more similar to rsEGFP2 than rsFolder.
Due to its potential for application and proximity to the well-studied rsEGFP2 [47, 226, 232,
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61], rsFolder2 was chosen as the central protein for a mutational investigation of selected
mutants by NMR.

More specifically, rsFolder2 and 5 of its mutants were chosen to be studied by NMR:
H149F, V151A, I168L, T204V and rsFolder3 – undisclosed mutant. All but rsFolder3, were
inspired by our NMR conclusions regarding residues affecting or being affected by the
CRO’s configuration and dynamics. Notably, these mutations were not expected to enhance
the properties of rsFolder or rsFolder2, but rather, to provide a range of RSFPs with varying
optical properties.

4.1.2 Optical studies on rsFolder2 and mutants

To start with, an explicit optical characterization of rsFolder2 and mutants needed to be
performed. With these optical data at hand we could assess whether (a) the proteins are
photoswitchable, (b) how efficient is the photoswitching between the two ground states,
(c) how close is the excitation wavelength of each protein to the emission wavelength of
our LASERs (405, 488nm). Measurements were performed on optical spectrometers and
the PALM microscope, at room temperature.

All rsFolder2 mutants are reversibly photoswitchable, as confirmed by the acquired
absorption and emission spectra after repeated rounds of 405nm-488nm illumination.
Therefore, in our NMR data we should expect to acquire distinct NMR signals corresponding
to the “on”- and the “off”-state.

Before performing the ensemble optical measurements in the microscope, important
parameters needed to be accounted for, namely the extinction coefficients of rsFolder2 and
mutants in regards to absorption at 405nm and 488nm LASER light. More specifically, the
data typically acquired in the photocycling experiments in the microscope of fixed proteins
in PAA gels, yield the population-weighted values of photoswitching rates and contrast.
Hence, a precise evaluation of the extinction coefficients i.e of the relative population of
molecules activated upon illumination, is key to achieving a reliable fit of the data into the
kinetic model explained in the Materials & Methods section. Following typical protocols, I
could deduce the extinction coefficients at pH=7.5 of rsFolder mutants, as shown in Table
4.1.

Evidently from the absorption and emission spectra, the H149F and T204V mutants at
pH=7.5 are a mixture of neutral and anionic species. At this point, the isomerization state
of the CRO-species present could not be assessed. Nevertheless, the presence of such a skew
in CRO-species populations results in significantly lower measured extinction coefficients,
ǫon488 and ǫoff405 at pH=7.5 as compared to higher pH.

Depending on the mutant studied, the photocycling regime had to be altered. That was
mainly the case for mutants with slower photoswitching than rsFolder or rsFolder2, since
more frames needed to be recorded to allow for the sample to reach an equilibrium. Fitting
these photocycling curves into a kinetic model enabled the quantification of switching
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MUTANT

MAX

ABS,
λ

(nm)

MAX

FLUO,
λ

(nm)

ǫcismaxλ

(Mol.cm−1)
Φ

BRIGHT

(VS

EGFP)

“ON”-
“OFF”

QY (%)

“OFF”-
“ON” QY

(%)

SWITCHING

CONTRAST

WT 482 504 75975 0.34 0.70 0.8 14.1 44.1
Y146F 477 505 71330 0.30 0.50 1.0 22.9 18.8
V151A 483 505 63533 0.22 0.40 1.2 15.0 82.9

rsFolder3 484 505 66955 0.50 0.98 0.3 14.4 22
T204V 503 510 38355 0.41 0.30 0.4 13.3 10.8
H149F 498 505 23056 0.59 0.33 <0.002 <0.05 n/a
I168L 480 505 54394 0.24 0.35 1.0 15 49

Table 4.1 Results from optical measurements of the optical properties of rsFolder2
wild-type(WT) and mutants in HEPES (50mM), pH=7.5. First five columns show
the results obtained from absorption and emission measurements of samples in
cuvettes, the last 3 columns include the values obtained from fitting the emission
profiles over time of photocycles measured in the microscope for fixed samples in
PAA gels. H149F mutant emission profiles could not be fitted since the mutant had
very slow switching “on”-“off” and “off”-“on” rates.

rates of the mutants. Consequently, the mutants at pH=7.5 can be distinguished into
fast, medium and slow switchers. While rsFolder2, rsFolder2 V151A and rsFolder2 I168L
present switching kinetics similar to rsFolder, rsFolder3 is slower by an order of magnitude.
Particularly the H149F mutant was extremely slow and thus the full photocycle could not
be recorded within the timeframe allowed for the experiments. The results are summarised
in Table 4.1

Optical measurements also yielded values of the apparent switching contrast, accounting
for the remaining fluorescent species by the end of a photocycle. Here again, the mutants
showed a range of switching contrast values ranging from ≈ 10 to 80.

Lastly, fluorescence quantum yields, Φ, were estimated against fluorescein at room
temperature, pH=7.5. For rsFolder3, T204V and H149F, switching quantum yields are
higher than the wild-type. Alongside the values for ǫon488, I could calculate the apparent
brightness of each mutant at pH=7.5, some showing an exceptionally high brightness eg
rsFolder3.

The table above summarises all the values measured for rsFolder and its mutants
by optical means (Table 4.1). After having characterized the mutants in terms of their
photophysics, we could start investigating them by NMR.
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4.1.3 NMR studies on rsFolder2 and mutants

In order to streamline the NMR “screening” of mutants, we chose a limited number of
experiments. Mainly, we were aiming at acquiring quantifiable measurements by NMR
which seem to be relevant to specific optical properties as already observed in rsFolder.
Altogether, we created the following NMR toolkit:

1. 2D 1H-15N BEST-TROSY experiments of the dark-adapted and 488nm-light-induced
states. These experiment aimed at extracting the NMR-observed switching contrast, not
only accounting for the remaining fluorescent state upon 488nm illumination but also the
remaining non-fluorescent population in the dark-adapted state.

2. Series of 2D 1H-15N BEST-TROSY spectra over time to measure thermal relaxation
after 488nm illumination.

3. 2D 1H-13C aromatic EXSY experiments to measure ring flip rates of the mutant’s
cis-CROs in the “on”-state.

4. Series of 2D 1H-13C SOFAST-HMQC at different pH values of McIlvaine-buffered
samples to estimate the pKa of the cis-CRO. (Figure 4.1)

5. 15N -1H TRACT experiments to assess the oligomerisation state, in the dark-adapted
and 488nm-light-induced states.

All mutants showed distinct NMR signatures for the “on”- and “off”-states. Moreover,
similar CRO Cβ and Cδ frequencies with rsFolder allowed for attributing the signals to
cis and trans species present in the mutants. More specifically, the cis isomer is primarily
populated in the dark-adapted state of all mutants, while the trans is induced upon 488nm
light.

Following similar procedures and data analysis as described for rsFolder in previous
sections, we derived the majority of values of NMR observed switching contrast (for both
dark and light-induced states), thermal relaxation times, cis-CRO ring flip rates, pKa and
oligomerisation states, as summarised in the Table below (Table 4.2). Note that the
rsFolder2 I168L mutant was significantly more unstable than the other mutants and only
low concentrated samples were achieved, since the protein would readily precipitate. Hence
the signal-to-noise ratio of the NMR spectrum recorded for the 488nm-light induced state
was significantly reduced, resulting in ≈10% of the total signal originating from noise at
40◦C and 850MHz. Therefore, population ratios for the cis and trans species present in the
Lit state of the I168L mutant are not included in this table.

4.1.4 Comparing NMR observables and optical measurements

Given the sensitivity of optical absorption spectra to the protonation state of the CRO,
we could deduce that for most mutants, the anionic form, absorbing at around 488nm,
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NMR
OBSERVABLES

WT Y146F V151A RSFOLDER3 T204V H149F I168L

Thermal
relaxation
“off”-“on”

(min)

110 160 500 130 240 3160 440

CRO-cis ring
flips (s−1

@30◦C, pH
= 11.4)

14±2 3 ±1 30 ±2 <2 <2 <2
100
±10

Dark state
contrast
Pcis/Ptrans

>100 >100 ≈9 >100 ≈5 ≈1.2 n.d

Lit state
contrast
Ptrans/Pcis

≈55 ≈24 >100 ≈30 ≈10 ≈7 n.d

Dark state
TRACT (ns)

16.5 ±

0.9
9.9 ±

0.3
10.0 ±

0.3
12.0 ± 0.5

25.8 ±

2.3
13.7 ±

0.7
11.6 ±

0.5
Lit state

TRACT (ns)
13.8 ±

0.6
11.6 ±

0.4
11.1 ±

0.4
12.4 ± 0.5

27.3 ±

3.0
13.2 ±

0.6
10.9 ±

0.5

cis-pKa
5.9 ±

0.1
5.5 ±

0.1
6.4 ±

0.1
6.2 ± 0.1 >7.0 >7.0

6.6 ±

0.1
P(A-cis (%)) 96 99 83 95 <40 <30 73

Table 4.2 Results from NMR measurements of the properties of rsFolder2 wild-
type(WT) and mutants. All measurements were recorded pH=7.5 and 40◦C, unless
stated otherwise. Note that the expected τc of the monomeric form of rsFolder2
is in the range of 8.6-9.8ns. pKa values were retrieved for the cis-CRO from pH
titration studies in the range of pH=4.5-8.0, thus, mutants with pKa>7.0 did not
titrate enough to determine their exact pKa value.
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Figure 4.2 Correlating Extinction coefficients at the wavelength of maximum ab-
sorption with NMR-observed A-cis-CRO populations on the left, and Switching
contrast values estimated from fluorescence photocycles with NMR-observed con-
trast in the 488nm-light induced state, on the right, for rsFolder2 and mutants.
Optically measured switching contrast values for H149F are not available and NMR-
derived switching contrast for the I168L is unreliable due to low signal-to-noise
ratio in the NMR spectrum of the 488nm-light induced state.

with pKacis>7.0 need to be studied at higher pH range to extrapolate their pKacis value.

Ring flip rates, krf , for the cis-CRO could potentially be valuable to assess fluorescence
QY, Φ. At pH=7.5, krf does not seem to correlate with the measured Φ for the WT and
mutants Y146F, V151A and S206N. However, krf is the population-weighted average of
the ring flips experienced by the fluorescent A-cis species, kAcis

rf and the non-fluorescent
N-cis, kNcis

rf . Given the different pKacis values of each mutant, we decided to measure krf at
high pH (pH=11.4), where we expect the CRO to be at a primarily A-cis conformation. The
intrinsic ring flip rate of A-cis was thus correlated to Φ for the WT and mutants. Ring flip
rates krf deduced for all proteins except rsFolder seem to correlate with Φ, suggesting that
A-cis-CRO rigidity and corresponding fluorescence efficiency can be evaluated by NMR.

Interestingly, NMR can deduce the oligomeric state of proteins in solution at a given
temperature. More specifically, TRACT experiments can give an estimate of the molecular
tumbling time, τc, of the rsFolder2 mutants in the dark and lit state. Assuming a τc of 8.6-
9.8ns for the monomeric form, we can conclude that all mutants except the T204V mutant
are monomeric in both states, while T204V is most likely dimeric. Moreover, rsFolder2
seems to have a tendency for dimerization with a τc measured being between a monomer
and a dimer.

Lastly mutants with higher pKacis possibly undergo similar pH-induced isomerization
in the absence of light, as the one observed in rsFolder previously (section 3.3). While 2D
methyl 1H-13C SOFAST-HMQC spectra do not show an appearance of two sets of peaks
(i.e cis and trans peaks), 2D amide 1H-15N BEST-TROSY spectra measured at pH=7.5 for
mutants of pKa>6.2 include peaks of the “on”- and “off”-state in the absence of light,
resulting in decreased apparent dark state contrast (mutants V151A, T204V, H149F, I168L).
Typically, 2D methyl spectra are not reliable in quantifying cis and trans populations since
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most methyls that undergo CS change upon cis-trans isomerization, also experience change
in dynamics in the presence of the trans-CRO. As explained previously, NMR-observed
switching contrast and thermal relaxation times are more accurately measured by extracting
peak intensities from 2D amide spectra. Hence, most likely, the lack of trans peaks in the 2D
methyl spectra of rsFolder2 and mutants point towards a trans-CRO which is undergoing
intermediate exchange dynamics, similarly to rsFolder “off”-state at pH=7.5 in HEPES
buffer. In order to investigate pH-induced isomerization for rsFolder2 and mutants, we
will therefore, in the future, record additional 2D amide 1H-15N BEST-TROSY spectra at
different pH, in the absence of light.

4.1.5 Interpretation of NMR and optical studies on rsFolder mutants

Interestingly, the mutations chosen resulted in a versatile pallet of RSFPs. The variability in
optical properties enabled us to draw certain conclusions on the potential role that NMR
can play as a technique of “screening” for enhanced RSFPs. All mutations were chosen to
be in key positions in the vicinity of the CRO, already identified as experiencing changes
in dynamics and/or protonation state according to the CRO species present. The effect
of certain mutations could not have been predicted (I168L, rsFolder3) while others, were
expected to induce certain photophysical behaviour (T204V, H149F).

The correlations between the Dark and Lit-state contrast as measured by NMR with the
ǫonλmax

and switching contrast respectively, is further proof that fluorescence originates from
the anionic cis form of the CRO in all mutants. Moreover, the small differences in absorption
wavelength for all A-cis species, shows that the absorption properties of the A-cis-CRO are
only slightly influenced by the residues surrounding it.

H149 and T204 have been identified in both rsFolder and rsEGFP2 to be important
for maintaining an H-bond network around the A-cis-CRO, alongside a water molecule.
Moreover, our NMR findings suggest H149 to be the key residue determining the type of
CRO-species present at a given pH. Therefore, replacing it with a hydrophobic phenylalanine,
is expected to hinder the formation of (at least) one H-bond with the phenolate of the
A-cis-CRO. Similarly, the replacement of a T204 with a Valine should hinder the A-cis-CRO
bond with the threonine. Consequently, both of these mutants are expected to have 2
H-bonds stabilizing the A-cis-CRO.

Initially, the H149F and T204V mutants were chosen since their fluorescence capabilities
were expected to be worsened as compared to the WT. The rationale behind their design
was that by eliminating one of the H-bonds, the A-cis-CRO becomes less constrained and
thus more likely to undergo radiationless de-excitation. The acquired results in terms of
increased Φ as well as the low krf suggest that the A-cis-CRO in both of these mutants is
further stabilised, contradicting the expected outcome. The increase in A-cis-CRO stability
is further supported by the significantly slow “on”-to-“off” switching of these two mutants.
As suggested by a review on RSFPs [3], increased Φ tends to correlate to slower switching,
due to the increased constraint of the A-cis-CRO. This constraining of the CRO is probably a
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sign that 2 H-bonds promote more stabilization to its phenolate than 3 H-bonds.

Many studies try to determine the number of H-bonds that a phenolate [31, 166] or,
more specifically, a tyrosine’s phenolate [192] can have. rsFolder and rsEGFP2 are unique
in the fact that their A-cis-CRO maintains 3 H-bonds of the phenolate to the β-barrel
and a water molecule [61] instead of 2 (eg Dronpa [230] or even 1 (eg Padron [181])
– asFP499 [155], Dronpa M159T [114] mutant and IrisFP [5] maintain 3 H-bonds, 2 of
which are with water molecules. In the case where 2 H-bonds provide better anchoring
of the A-cis-CRO than 3, the existence of 3 candidate H-bond partners in the WT protein
potentially caused the phenolate’s oxygen to alternate between bonding with any 2 out
of the 3 existing H-bond partners. In this scenario, the CRO’s rigidity is affected since it
constantly breaks and recreates H-bonds with any 2 bonding partners. Thus, the A-cis-CRO
becomes more stabilized for the H149F and T204V mutants as compared to the WT, possibly
since it no longer alternates bonding partners, but rather is preferentially bonding to two
specific moieties (T204 or H149 and a water molecule for the H149F and T204V mutants,
respectively). X-ray crystal structures for these mutants where the H-bonding partners can
be resolved would be instructive in confirming this hypothesis.

On the other hand, in both H149F and T204V mutants, the pKacis seems to be much
higher than in the WT. The increased pKacis for these mutants is either due to a difference
in H-bonding partners, or a result of the CRO behaving like a free CRO in solution, with pKa
closer to 8.2. Increased Φ and reduced krf would suggest that the former explanation is
most likely – the proton wire network for these mutants has significantly altered, resulting
in different pKacis.

Moreover, the absorption spectra of the H149F and T204V mutant have a pronounced
peak at around 470nm and 490nm, as well as at 405nm. Therefore, at pH=7.5 these
mutants can be found in possibly 3 configurations, one neutral, which as shown by our
NMR data, corresponds partly to the trans-CRO, and two anionic forms. By NMR, we could
detect the Cδ peaks of an anionic cis-CRO which allowed us to quantify its ring flip rate
at pH=11.4. Thus, our NMR signals are either the population-weighted average of the
two anionic forms in fast exchange, with each experiencing similar electronic environment
(small CS difference between them), or the one anionic form is diminished at pH=11.4. In
the future it would be instructive to measure the absorption spectra of H149F and T204V at
higher pH to test for the latter hypothesis.

The V151A mutation in rsFolder2 is expected to overcome steric hindrance of the CRO
on its way to isomerization. In XFEL studies of rsEGFP2 [47] the CRO passes near V151,
thus, replacing the Valine with a shorter residue, namely Alanine, could potentially speed
up its switching kinetics. Optical studies suggest that rsFolder2 V151A is switching from
“on” to “off” slightly faster than rsFolder2, while “off”-to-“on” switching is not significantly
affected. From our NMR study, we would expect that since thermal relaxation which is
related to the energy barrier required for “off”-to-“on” switching in the ground-state, is
significantly increased for the V151A mutant (500mins) as compared to the WT (110mins),
“off”-to-“on” switching quantum yield of rsFolder2 V151A is lower than that of rsFolder2.
Most likely, the discrepancies between optical and NMR data suggest that excited- and
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ground-state “off”-to-“on” kinetics are not necessarily correlated.

For rsFolder3 and rsFolder2 I168L, it is difficult to interpret the apparent differences in
optical properties. The structural re-arrangement that could take place in these mutants
leading to differences in switching rates, Φ and switching contrast are not evident, since
the residues mutated have not been reported to play a role in the photophysical properties
of rsFolder2.

Altogether, while still preliminary, this work shows the potential advantages and limita-
tions of NMR in providing mechanistic interpretations and predictions of the photophysical
properties of RSFPs. It further supports the model suggested in section 3.3, according
to which, the photophysical properties of RSFPs are influenced by the dynamics of the
hydrogen-bond network and proton wire of the barrel, while the fluorescent CRO species
maintains its intrinsic properties (absorption, isomerization and protonation state). In
order for this work to be completed, it would be instructive to have X-ray crystal structures
available that could allow for more structurally-relevant interpretation of NMR-observables.

4.2 Preliminary NMR and optical studies of rsFolder in

different sample conditions relevant to microscopy

Towards the end of my PhD, I attempted to study rsFolder in sample conditions relevant
to microscopy. For many super-resolution microscopy applications, synthetic tags are still
used whose properties can be manipulated with the addition of specific buffers [97, 214].
Particularly in dSTORM microscopy, fluorescent tags, such as Alexa Fluor 647, are used
to label the sample, which upon addition of the so-called “STORM buffer” experiences
fluorescence quenching. The stochastic “on” switching of the tag once the buffer has been
consumed is used to achieve nanometer scale localisation of the tag. Notably, there is an
interest in combining fluorescent tags with fluorescent proteins in labelling samples for
super-resolution microscopy [63]. However, fluorescent proteins seem to be affected by the
buffer conditions, with many of them photoswitching to the “off”-state irreversibly [63].

In order to investigate the effect of super-resolution buffers on the behaviour of rsFolder,
I introduced β-mercaptoethylamine (MEA), a reducing agent used in typical STORM buffers
[97, 214], in rsFolder samples and attempted to study them by optical means and NMR.
The fluorescence recorded in the microscope setup was completely diminished for the
sample with 100mM MEA (the chosen concentration for NMR studies), therefore, smaller
quantities were used (20mM). The characteristic fluorescence photocycles recorded for
the rsFolder sample with and without MEA show some interesting differences (Figure 4.3).
Plotting the normalised fluorescence intensity against time, we could observe decreased
rates for rsFolder “on”-to-“off” switching, while the “off”-to-“on” switching is slightly faster.
Moreover, the photobleaching induced is significant in the MEA sample and the switching
contrast appears to have increased.
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Figure 4.3 Plotting the normalised fluorescence intensity of the photocycles
recorded in the microscope for rsFolder with and without MEA. The “on”-to-“off”
photoswitching appears slowed down upon addition of 20mM of MEA, while the
remaining fluorescence after long 488nm illumination has decreased as compared
to the sample without MEA. The switching “off”-to-“on” appears slightly faster in
the sample with MEA.

The characteristic “on”-state 2D amide spectrum changes significantly upon addition
of MEA. Hence, there is potentially some atomistic information that NMR can provide
regarding the effect of MEA on the rsFolder structure. Nevertheless, as already noted
previously, the 2D amide spectra are very sensitive to changes in the CRO conformation.
Therefore, I run some 2D methyl spectra focusing on Threonines, to assess whether the
main effect of MEA is on the CRO and/or the β-barrel and α-helices around the CRO.
Threonines shift only slightly with the addition of MEA, suggesting that the CS differences
observed in the amide region probably originate from a re-configuration of the CRO, upon
addition of MEA (Figure 4.4). Note that the spectrum of rsFolder with 100mM MEA did
not overlap with any of the spectra recorded for the “on”-state of rsFolder at different pH
values, thus, the effect of MEA is not only the result of a difference in pH of the sample.

Overall, this preliminary study shows that NMR can be used to investigate the mechanis-
tic effect of buffers relevant to microscopy on RSFPs’s properties. For this work to continue,
further NMR experiments should be included to study the aromatic region, protein dynamics
and NMR-observed thermal relaxation and photobleaching rates.

4.3 Future perspectives for studying rsFolder to comple-

ment and/or prove NMR conclusions

NMR investigations allowed for the formulation of certain models that could explain the
properties of rsFolder in its “on”- and “off”-states, at different temperatures, pH values,
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Figure 4.4 On the top, 2D amide 1H-15N BEST-TROSY spectra and on the bottom,
2D methyl 1H-13C SOFAST-HMQC spectra recorded at 40◦C at 700MHz, of rsFolder
“on”-state, without MEA and with 100mM MEA. Significant CS are observed across
the 2D amide spectrum, while only slight differences are seen in the methyl region,
indicating that MEA has an effect primarily of the CRO, rather than the protein
scaffold.

buffer compositions and illumination schemes. Nevertheless, in order to further solidify
or complement the models suggested by our NMR findings, it would be interesting to
combine this work with results from X-ray crystallography and/or MDs (and potentially
other techiques). Below, I suggest potential points that, while raised by our NMR data,
could be further investigated using other techniques.

Histidine 149 role in stabilising the CRO in the “on”- and “off”-states

So far, NMR results could point towards the role of H149 in stabilising the rsFolder CRO
in its “on’- and “off”-states at different pH values and temperatures. We were able to
investigate the protonation state of H149 and its dynamics and this allowed us to create
models concerning the existence or not of an H-bond with the CRO. Nevertheless, NMR
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cannot directly conclude on the existence of H-bonds. Hence, it would be interesting to
investigate H-bond formation using other techniques.

One such technique could be X-ray crystallography performed at room temperature.
While cryogenic temperatures tend to result in better resolved crystal structures, room
temperature measurements might allow for the observation of rsFolder conformations at
physiologically more relevant conditions. Thus, the proof of existence of an H-bond between
the CRO and H149 in the two states at higher temperatures would complement the models
suggested by our NMR studies.

In case the data is not of sufficient quality, H-bonds can also be studied in cryogenic tem-
perature structures of rsFolder at different pH values. By changing the pH, the protonation
of residues and, thus, their ability to form an H-bond should alter. Consequently, this should
result in differences in the conformation of residues, even at cryogenic temperatures.

Another technique that could be instructive to support the formation of a H149-CRO H-
bond is MD simulations. Such simulations could assess the lifetime and, therefore, strength
of this H-bond at physiologically more relevant conditions than crystallography.

Investigating the origin and effect of dynamics experienced by the CRO to neighbour-
ing residues

The first part of our work suggests that the “off”-state of rsFolder is experiencing dynamics
in the few hundreds of µs-ms, particularly in the region of and including the trans-CRO,
at pH=7.5. After pH titration studies, we could conclude that there is dynamics present
in both the “on”- and “off”-states. More specifically, such dynamics seem to be related
to a pH-dependent interconversion between the neutral and anionic forms in the case of
the cis-CRO in the “on”-state and (most likely) the two tautomers of H149 in the case of
the trans-CRO in the “off”-state. From our data we can conclude that, when the cis-CRO
is in its anionic state, it can form an H-bond with the protonated Nδ1 of the “on”-state
barrel which significantly restricts its motions. Upon protonation of its phenol ring, its
dynamics are increased, most likely due to steric hindrance with the protonated H149
Nδ1 and the loss of H-bonds. Similarly, depending on the tautomeric state of H149 in the
“off”-state, the protonated trans-CRO potentially forms an H-bond or experiences steric
hindrance with H149, which could result in an increase of the motions it experiences.
Hence, while we can investigate dynamics present, we cannot clearly decipher the origin of
such dynamics, in terms of which residues induce it and whether dynamics include motions
and/or protonation events.

For our models to be further supported, it would be useful to have X-ray crystal structures
of the protonated cis-CRO and its relevant configuration in relation to the β-barrel, as well
as crystal structures of the “off”-state at pH=5. Moreover, MD simulations could aid in
deconvoluting between motions experienced by the CRO and/or the residues in its vicinity.
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“Proton wires” responsible for the (de)protonation of the cis-CRO

The work on “proton wire” networks primarily includes MD simulations. In the case
of rsFolder, simulating the protein at different pH conditions could be useful in further
understanding the residues responsible for shuttling protons out of the cis-CRO, allowing
for such low pKacis. Our work already suggests the importance of H149 in stabilizing
the A-cis-CRO but it cannot conclude on its role as a proton donor/acceptor of the CRO.
Investigating such “proton wires” could be instructive in understanding the change in pKacis
of rsFolder mutants.
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Chapter Five

Conclusion

In conclusion, during my PhD thesis I was able to establish an in-situ illumination set-up
that could be used to illuminate my samples inside the NMR spectrometer and, conse-
quently, study rsFolder in its “on”- and “off”-states under different environmental conditions.
Choosing the most appropriate NMR experiments to run, I was able to examine rsFolder
under physiologically relevant conditions. I could decipher differences in the dynamics
experienced by the CRO and the protein scaffold under different illumination schemes, pH
values and buffer composition.

The results of my thesis indicate the presence of sub-ms dynamics in the “off”-state of rs-
Folder under physiologically relevant conditions. In contrast, the “on”-state is characterized
by a relatively rigid protein scaffold which potentially enables the A-cis-CRO to minimize
non-radiative de-excitation pathways upon the absorption of a cyan photon. Using NMR,
residues that are affected by CRO dynamics have been identified, which could influence
the photophysical properties of rsFolder. Moreover, the residues in the vicinity of the CRO
(mainly H149) seem to regulate the presence of different CRO species (neutral or anionic,
cis or trans), depending on the pH, buffer composition and temperature. The NMR-observed
ground-state free energy landscape characterising cis-trans isomerization at different pH
values can partially explain the observed changes in photophysics of rsFolder at acidic as
compared to basic environments.

Overall, my PhD work points towards the importance of using NMR to characterize
RSFPs. While still preliminary, the NMR study of rsFolder mutants can potentially show
how NMR can be used to understand the differences observed in photophysical properties
of RSFPs. The ability of NMR to study proteins in solution can also enable scientists to
investigate the effect of different buffers on the mechanistic properties of RSFPs and how
those can modulate their photophysical behaviour.
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Appendix A

Protein sequence of rsFolder:

MVSKGEELFT GVVPILVELD GDVNGHKFSV RGEGEGDATN GKLTLKFICT TGKLPVPWPT
LVTTLAYGVL CFSRYPDHMK RHDFFKSAMP EGYVQERTIS FKDDGTYKTR AEVKFEGDTL
VNRIELKGID FKEDGNILGH KLEYNFNSHN VYITADKQKN GIKSNFKIRH NVEDGSVQLA
DHYQQNTPIG DGPVLLPDNH YLSTQSKLSK DPNEKRDHMV LLEFVTAAGI THGMDELYK

Figure A.1 2D amide 1H-15N BEST-TROSY spectra of rsFolder “on”-state, recorded
at 40◦ at 850MHz. All assigned cross-peaks are annotated with residue number.
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Abstract

Aromatic amino-acid side chains are essential components for the structure and function of proteins. We present herein a 

set of NMR experiments for time-efficient resonance assignment of histidine and tyrosine side chains in uniformly 13C/15N-

labeled proteins. The use of band-selective 13C pulses allows to deal with linear chains of coupled spins, thus avoiding signal 

loss that occurs in branched spin systems during coherence transfer. Furthermore, our pulse schemes make use of longitudinal 
1H relaxation enhancement, Ernst-angle excitation, and simultaneous detection of 1H and 13C steady-state polarization to 

achieve significant signal enhancements.

Keywords BEST · Aromatics · NMR assignment · Longitudinal relaxation enhancement · Histidine tautomerization

Introduction

Aromatic amino-acid side chains are essential components 

for the structure and function of proteins. Aromatic rings are 

generally buried within the hydrophobic protein core, rep-

resenting a significant volume fraction of the protein core, 

and stabilizing the protein fold via hydrophobic contacts, 

hydrogen bonding, and π-stacking interactions. If aromatic 

side chains are on a proteins’ surface they are often involved 

in inter-molecular interactions with other proteins or nucleic 

acids (Baker and Grant 2007), contributing significantly to 

the binding energy of such complexes (Bogan and Thorn 

1998). They are also frequently found as part of active sites 

in enzymes contributing to the protein’s catalytic activ-

ity or stabilizing the substrate. In particular, histidine and 

tyrosine play prominent roles in enzyme catalysis (Bartlett 

et al. 2002; Holliday et al. 2009) and metal ion coordination 

(Yamashita et al. 1990). The chemical properties of histidine 

play also important roles in ion channels (Hu et al. 2006) and 

proton transfer proteins (Shimahara et al. 2007). Nuclear 

spins in the aromatic side chains are essential probes for the 

protein’s structure, dynamics, and functional properties. For 

NMR studies of these proteins, it is therefore important to 

have available a set of experiments for time-efficient reso-

nance assignment of aromatic side chains, and in the case 

of histidine, for the determination of their protonation and 

tautomeric states. Despite the availability of a number of 

NMR triple-resonance (H–C–N) pulse experiments that 

have been proposed in the past for this purpose, mainly in 

the 1990s (Yamazaki et al. 1993; Löhr and Rüterjans 1996; 

Prompers et al. 1998), aromatic side chain assignment of 

uniformly 13C/15N labeled proteins remains a challenge, and 

still mainly relies on ambiguous 1H–1H through-space con-

tacts as revealed by NOESY-type experiments. This obser-

vation holds especially true for larger proteins studied at 

relatively low sample concentration, typically a few hundred 

micro-molar solutions. Major problems of these heteronu-

clear correlation experiments are relaxation-induced signal 

losses during the various coherence transfer steps, as well as 

large variations in peak intensities as a consequence of dif-

ferences in local side chain mobility, and eventually strong 

coupling effects due to almost identical chemical shift val-

ues for neighboring 13C spins (Jacob et al. 2002). Here we 

focus on histidine and tyrosine side chains, and propose a 

set of sensitivity-improved 2D 1H–13C and 1H–15N pulse 

sequences that correlate aromatic ring protons with 13C and 
15N nuclei in the same aromatic ring, or with the adjacent 

CB of the aliphatic chain. Each experiment is optimized for a 

particular side chain, either histidine or tyrosine, by properly 

adjusting the selectivity of the shaped 13C pulses and transfer 

delays. All pulse sequences are of the out-and-back type, and 
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they all make use of proton longitudinal relaxation enhance-

ment (Pervushin et al. 2002) to improve the experiments’ 

sensitivity resulting in significantly reduced NMR data 

acquisition times. The performance of these experiments is 

demonstrated for a 200 µM 13C/15N-labelled sample of the 

250-residue protein rsfolder (El Khatib et al. 2016), a photo-

switchable variant of the green fluorescent protein (GFP) 

studied in our laboratory, that is rich in aromatic residues.

BEST optimization of aromatic 1H–13C correlation 
experiments

Figure 1a shows a constant-time (CT) 1H–13C HSQC pulse 

sequence used for correlating aromatic 1H and 13C via one-

bond J-couplings. The pulse sequence is a standard INEPT-

based HSQC, except that our pulse scheme uses band-selec-

tive shaped 1H pulses for selective manipulation of aromatic 

(and amide) protons. Such experiments have been termed 

BEST, an acronym for Band-selective Excitation Short-

Transient (Schanda et al. 2006; Lescop et al. 2007). BEST 

experiments achieve enhanced steady-state 1H polarization 

of the excited spins at short recycle delays, by leaving other 

proton spins that are in close spatial proximity at thermody-

namic equilibrium. This allows for faster repetition rates of 

the pulse sequence, and thus higher sensitivity and reduced 

overall experimental time requirements to reach a target 

signal-to-noise ratio (SNR) (Brutscher and Solyom 2017). 

Longitudinal relaxation optimized NMR pulse sequences for 

aromatic moieties have been proposed before for HCCH cor-

relation experiments (Eletsky et al. 2005) and 13C relaxation 

measurements (Weininger et al. 2012, 2014). Contrary to 

our BEST-type sequences, in this earlier work band-selec-

tive flip-back pulses are used to restore the polarization of 

non-aromatic 1H spins. The differences between these two 

approaches are twofold: (i) frequency-selective pulses will 

excite all 1H (aromatic and amides) resonating within the 

chosen band width, while flip-back schemes achieve selec-

tivity of aromatic 1H only due to their particular 13 C chemi-

cal shifts. (ii) In BEST-type experiments, the passive spins, 

acting as a “thermal spin bath” remain unperturbed during 

the whole experiment, while in flip-back experiments they 

follow a complex coherence-transfer trajectory, and their 

steady-state polarization becomes affected by spin relaxa-

tion, pulse imperfections, and spin-coupling evolution. In 

our hands, BEST-type experiments typically outperform 

flip-back approaches in uniformly labeled proteins, as long 

as the majority of protons, and especially the very mobile 

side chain protons (e.g. methyls) resonate outside the chosen 

band width.

In the following, we will use the CT 1H–13C HSQC 

experiment of Fig. 1a to demonstrate the improvement 

achieved by the BEST approach over conventional pulse 

schemes, based on hard-power 1H pulses, for aromatic spin 

moieties in the protein rsfolder. The β-barrel structure of 

rsfolder is shown in Fig. 1b, highlighting the positions of 

the 33 aromatic side chains present in this protein. Note 

that also the chromophore that is responsible for the opti-

cal properties of this fluorescent protein is made up by 

a tyrosine side chain as one major component. The aro-

matic 1H–13C spectrum of this protein recorded with the 

pulse sequence of Fig. 1a is shown in Fig. 1c. Due to the 

constant-time 13C editing, carbons with an odd number 

of directly attached carbons give rise to a negative peak 

intensity, while those with an even number of neighbors 

are showing up positive. Although the spectrum is well 

resolved, a particularly unpleasant feature of this spec-

trum is the extreme heterogeneity of detected peak intensi-

ties with the strongest peaks being 2 orders of magnitude 

more intense than the weakest ones, due to differences 

in dynamics (ring flips, side chain mobility), as well as 

the presence of strong 13C–13C scalar couplings between 

adjacent carbons with (almost) identical chemical shifts. 

As stated above, this presents a major challenge for subse-

quent NMR correlation experiments required for sequen-

tial resonance assignment of these aromatic spin moieties.

In order to estimate the sensitivity gain achieved by the 

BEST implementation in the pulse sequence of Fig. 1a under 

moderately fast pulsing conditions, we have recorded the 

same spectrum using a similar pulse sequence, where the 

band-selective 1H pulses have been replaced by hard pulses, 

except for the last 180° pulse that has been applied band-

selectively for water suppression purposes. A histogram of 

the measured intensity ratios (BEST versus conventional 

hard-pulse version) in these two spectra, recorded in both 

cases with an inter-scan delay of 300 ms, is shown in Fig. 1d. 

The intensity gain achieved by the BEST implementation 

varies from a factor close to 1 up to 2.5 for individual sites, 

with an average gain of about 75%. As expected, very mobile 

aromatic side chains, giving rise to the most intense cross 

peaks, are only little effected by the BEST implementa-

tion, resulting in a more uniform intensity distribution in 

the BEST spectrum, as reported before for amide 1H–15N 

moieties (Favier and Brutscher 2011). These data clearly 

reflect the significantly reduced longitudinal relaxation times 

of aromatic 1H in BEST-type experiments. It should be men-

tioned, however, that the sensitivity improvement will be 

less important if both experiments are performed with indi-

vidually optimized inter-scan delays.

An important feature of this experiment is the correct 

handling of 13C steady state polarization. It is well known 

that aromatic ring carbons have a large chemical shift ani-

sotropy (CSA) (Veeman 1984), leading to strong relaxa-

tion interference of the 13C CSA and the 13C–1H dipolar 

interaction at high magnetic field strengths (Pervushin 

et al. 1998). As a consequence of the effect of CSA-dipolar 

cross-correlated relaxation (Brutscher 2000), part of the 
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13C steady-state polarization (Cz) becomes transferred into 

2-spin order (2CzHz) during the CT editing period of length 

T:

(1)Cz

90
◦

→ Cx

T

→ 2CxHz

90
◦

→ 2CzHz

This 2-spin order is then transferred into detectable 1H 

single-quantum coherence by the subsequent INEPT step. 

The detected signal is therefore a combination of two con-

tributions, arising from 1H ( S
H
(T))and 13C ( S

C
(T)) steady-

state polarizations, and given by the following expression 

(for  t1 = 0):
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Fig. 1  a Pulse sequence of BEST CT 1H–13C HSQC experiment for 

aromatic protein side chains. Filled and open pulse symbols indicate 

90° and 180° rf pulses, respectively. Unless indicated, all pulses are 

applied with phase x. The following pulse shapes are used for band-

selective 1H pulses: E-BURP2 (E), REBURP (R), and time-inversed 

E-BURP2 (E*) (Geen and Freeman 1991). In addition, a pair of 

broadband 1H inversion pulses (BIP) (Smith et  al. 2001) results in 

an effective 360° rotation on 1H polarization. Selective 1H pulses 

are typically centered at 7.8 ppm, covering a bandwidth of 4.0 ppm 

(aromatic region). Band-selective 13C 180° pulses are applied with a 

REBURP shape centered at 130 ppm  (Carom) and 35 ppm (CB) cover-

ing a band width of 40 ppm. 15N pulses are applied at a carrier fre-

quency of 200 ppm. The 1H–13C transfer delay is set to τ = 1/(2JCH) 

− 0. 5δ1 with  JCH ≈ 180  Hz and δ1 the length of the 1H REBURP 

pulse. The CT delay is set to T = 1/JCC = 14 ms. As discussed in the 

text, for optimal sensitivity φ1 is set to φ1 = y. A 2-step phase cycle is 

applied with φ2 = x, − x and φrec = x, − x. Quadrature detection in  t1 

is achieved by time-proportional phase incrementation of φ2 accord-

ing to STATES-TPPI. 13C decoupling during detection makes use of 

a WALTZ65 sequence covering a bandwidth of 35 ppm. Pulsed field 

gradients are applied along the z-axis (PFGz) with durations of 300 

µs to 500 µs and field strengths ranging from 6 to 50  G/cm. The same 

number indicates identical gradient pulses. b Ribbon plot of the struc-

ture of rsfolder (PDB entry 5DTZ). Aromatic side chains are high-

lighted in blue color. All spectra shown in this paper were recorded 

at 40  °C on a 200  µM sample of rsfolder in a 5  mm Shigemi tube 

(300 µl) on a Bruker Avance IIIHD 850 MHz spectrometer equipped 

with a cryogenically cooled HCN probe. c 1H–13C correlation spec-

tra recorded with the BEST CT 1H–13C HSQC pulse sequence. The 

recycle delay was set to 300 ms, and eight scans were recorded per 

 t1 increment, leading to a total acquisition time of about 30  min. 

Green and blue contours are representative of negative and positive 

peak intensities. d Comparison of peak intensities extracted from a 
1H–13C correlation spectrum recorded with a conventional hard-pulse 

sequence (HSQC) or with a BEST-type sequence (BHSQC) using a 

recycle delay of 300 ms in both cases. Intensities extracted from the 

HSQC spectrum (top), and ordered for increasing peak intensity. Peak 

intensity ratios of BHSQC over HSQC (center). Peak intensity ratios 

measured in 1H–13C correlation spectra recorded with the BEST CT 
1H–13C HSQC pulse sequence, and setting the phase φ1 either to + y 

 (PH + PC) or − y  (PH − PC)
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 with γH and γC the gyromagnetic ratios of 1H and 13C,  PH 

and  PC the respective steady state polarizations, and ΓCSA,DD 

the cross-correlated relaxation rate constant. Whether the 

two contributions add or subtract depends on the choice of 

the φ1 phase value (y or − y) of the final 1H 90° pulse in the 

initial INEPT transfer step. We can estimate the contribution 

(2)
S(T) ∝ S

H
(T) ± S

C
(T) = P

H
�

H
cosh

(

Γ
CSA,DD

T
)

± P
C
�

C
sinh

(

Γ
CSA,DD

T
)

from 13C steady-state polarization to the detected signal by 

recording separate data sets with φ1 = y and φ1 = − y, respec-

tively. The observed peak intensity ratios (Fig. 1e) vary from 

1.1 to 1.6, demonstrating the importance of properly adjust-

ing this pulse phase value (φ1 = − y in the present case), 

and indicating that up to about 20% of the observed signal 

originates from 13C steady-state polarization in our exper-

imental conditions. The issue of proper handling 13C (or 
15N) polarization in heteronuclear correlation experiments 

has been well documented for TROSY-type experiments 

(Pervushin et al. 1998; Brutscher et al. 1998), but it is often 
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neglected for HSQC-type experiments, where its effect on 

peak intensities may become similarly important.

The observations and conclusions made here for the case 

of a simple CT 1H–13C correlation experiment remain valid 

for all further experiments discussed in this paper, although 

the actual enhancement numbers will vary from one pulse 

sequence to the other. All pulse sequences presented in this 

paper have been included in the NMRlib pulse sequence 

library for Bruker spectrometers that can be freely down-

loaded from the IBS web site at http://www.ibs.fr/resea rch/

scien tific -outpu t/softw are/pulse -seque nce-tools .

Histidine experiments

A set of four sensitivity-enhanced two-dimensional (2D) 

heteronuclear correlation experiments, specifically tailored 

and optimized for the assignment of histidine side chain 

nuclei (1H, 13C, 15N) is displayed in Fig. 2. The first two 

pulse sequences (Fig. 2b, c) correlate the  HD2 ring proton 

with either the quaternary CG ring carbon (BEST-HDCG), 

or the aliphatic CB (BEST-HDCB). Both experiments 

exploit large one-bond J-couplings for coherence transfer, 

with the transfer delays adjusted to about 1/(2J). In BEST-

HDCG, 13C editing is achieved in a CT manner to avoid 

line splitting due to the large one-bond CG–CD couplings, 

while in BEST-HDCB no CT 13C editing is used for sensi-

tivity reasons. This leaves the aliphatic CB–CA coupling 

active during  t1, leading to line broadening (or line split-

ting) in the 13C dimension. The two latter pulse sequences 

(Fig. 2d, e) were designed to correlate the carbon-bound 

ring protons  (HD2 and  HE1) with the two nitrogens  (ND1, 

 NE2) of the imidazole ring. The BEST-H(C)N experi-

ment performs a relayed transfer via one bond couplings 

from H to C to N (Sudmeier et al. 1996; Schmidt et al. 

2008), while the SOFAST-HCN uses small two-bond (and 

three-bond) 2JHN (3JHN) couplings to transfer directly from 

H to N (Pelton et al. 1993). The SOFAST pulse scheme 

(Schanda and Brutscher 2005; Schanda et al. 2005) allows 

further enhancement of the 1H steady-state polarization by 

adjusting the nutation angle of the excitation pulse to the 

Ernst angle. More experimental details about these experi-

ments are provided in the figure caption.

In Fig. 3 are plotted 2D correlation spectra recorded 

with these pulse sequences on a sample of 200 µM 13C/15N 

labeled rsfolder at 850 MHz 1H frequency. The four data 

sets were collected overnight with individual data acqui-

sition times of 1 h (Best-HDCG and BEST-H(C)N), 3 h 

(Best-HDCB), and 10 h (SOFAST-HCN). All expected 11 

histidines are observed in these spectra, although with very 

different peak intensities. Interestingly, the two 1H–15N 

correlation spectra (Fig. 3b) provide very complementary 

information. While BEST-H(C)N is almost only giving 

rise to correlation peaks with protonated nitrogens reso-

nating at higher field (15N frequency range 155–185 ppm), 

the long-range SOFAST-HCN experiment is more sensi-

tive for correlations with deprotonated nitrogens (15N 

frequency range 220–255 ppm). The latter observation is 

due to significantly stronger 1JCN coupling constants for 

proton-bound nitrogens. The differences observed in the 

SOFAST-HCN spectrum are not due to the off-resonance 

effects of the 15N pulses, but we rather believe that it is 

somehow related to chemical exchange of the 15N-bound 
1H. Fortunately, taking both spectra together, identification 

of the expected peak patterns allows straightforward and 

unambiguous assignment of the 11 imidazole spin sys-

tems, correlating the two carbon-bound protons  (HD2 and 

 HE1), with the two nitrogens  (ND1 and  NE2) in a charac-

teristic 4-peak pattern. Connecting the identified histidine 

ring spin systems to a particular position in the protein 

sequence is then achieved via the HD–CB correlation 

information, as CB chemical shifts are typically available 

after the sequential protein backbone assignment step. In 

case of CB frequency degeneracy, the assignment will of 

course be ambiguous, and additional NMR information, 

e.g. from NOESY-type spectra, is required to solve these 

remaining ambiguities. The HD–CG correlation spectrum 

adds additional chemical shift information on the CG ring 

carbon that is of importance for the determination of the 

tautomeric state of the uncharged (neutral) histidine side 

chains, as will be discussed in more detail in the following.

Fig. 2  BEST/SOFAST pulse sequences optimized for histidine side 

chains. a Coherence-transfer pathways (color-coded) exploited in 

the 1H–13C (left) and 1H–15N (center) correlation experiments. Aver-

age and standard deviation of the expected 13C chemical shifts, as 

extracted from the BMRB data base, are indicated on the right. The 

symbols and nomenclatures used in these pulse schemes are identi-

cal to those introduced in Fig. 1a. Selective 1H pulses are centered at 

7.8 ppm, covering a bandwidth of 4.0 ppm. Band-selective 13C 180° 

pulses are applied with a REBURP shape centered at 130 ppm  (Carom) 

and 35 ppm (CB) covering a band width of 40 ppm. 15N pulses are 

applied at a carrier frequency of 200 ppm. Note that a phase φ1 = − y 

has to be used in these sequences to add the contributions originat-

ing from 1H and 13C steady-state polarizations. b BEST-HDCG pulse 

sequence. The CD-CG transfer is realized by an isotropic mixing 

sequence, consisting in two DIPSI-2 (Shaka et  al. 1988) cycles of 

~ 6 ms total length, and the CT delay is set to T = 13.3 ms. c BEST-

HDCB pulse sequence. The transfer delay Δ is set to 3.1  ms. d 

BEST-H(C)N pulse sequence. The transfer delay Δ is set to 13.3 ms. 

The REBURP 1H pulse applied during  t1 is shifted to 11 ppm, cov-

ering a band width of 3  ppm, in order to decouple 15N-bound pro-

tons without affecting aromatic protons. As this experiment is only 

efficient for correlations with proton-bound nitrogen spins, the 15N 

carrier frequency should be placed at 170  ppm for optimal perfor-

mance. e SOFAST-HCN pulse sequence. The band-selective 1H exci-

tation pulse is applied with a PC9 shape (Kupce and Freeman 1993) 

and a flip angle of 120°. The transfer delays are set to Δ = 11 ms – 

0.5δ1, and Δ’ = 11 ms – 0.5δ1– 0.5δ2, with δ1 and δ2 the length of 

the REBURP and PC9 pulses. The 15N 180° pulses are applied with a 

BIP shape and a γB1/2π field of about 7 kHz

◂

http://www.ibs.fr/research/scientific-output/software/pulse-sequence-tools
http://www.ibs.fr/research/scientific-output/software/pulse-sequence-tools
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Histidine side chains in a protein at physiological pH 

can populate different protonation states: a bi-protonated 

state where both imidazole ring nitrogens are protonated, 

and the histidine has a net positive charge, as well as two 

neutral tautomers with only either the  ND1 (π tautomer) 

or the  NE2 (τ tautomer) protonated. NMR is a particular 

powerful technique to obtain valuable information about the 

relative populations of these states, and to measure the local 

pKa values of individual histidines, that can provide crucial 

insights into the protein’s function. It has been shown that 

the ring 13C and 15N chemical shifts, as well as one-bond and 

multiple-bond heteronuclear coupling constants are sensi-

tive to the protonation state of the histidine ring nitrogens 

(Blomberg et al. 1976; Pelton et al. 1993; Sudmeier et al. 
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Fig. 3  Histidine 2D correlation spectra recorded with the pulse 

sequences of Fig. 2b–e (and Fig. 1a) on a sample of 200 µM rsfolder 

(40  °C, 850  MHz). All experiments were performed with an inter-

scan delay of 300 ms. a 1H–13C spectra correlating the  HD2 with CB 

achieved by BEST-HDCB (top) and CG achieved by BEST-HDCG 

(bottom). For completeness, in the central part of the plot the spectral 

region of the BEST CT 1H–13C HSQC spectrum showing the  HD2–

CD2 correlations is plotted. In the CD and CG spectra, only nega-

tive contours are plotted. The observed 11 histidine spin systems are 

annotated. b 1H–15N spectra correlating the  HD2 and  HE1 with  ND1 

and  NE2 using either the BEST-H(C)N experiment (red contours) or 

the SOFAST-HCN pulse sequence (blue contours). Total data acqui-

sition times were 1  h for BEST-HDCG and BEST-H(C)N, 3  h for 

BEST-HDCB, and 10 h for SOFAST-HCN. The identified peak pat-

terns for each histidine side chain are highlighted by dashed lines and 

annotated by arbitrary numbers (H1, H2,…,H11). For completeness, 

the  HE1–CE1 correlation region of the BEST CT 1H–13C HSQC spec-

trum is shown in c 
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2003; Li and Hong 2011; Hansen and Kay 2014), and a num-

ber of such NMR parameters have been used in the past for 

the study of histidine protonation states. In the following, we 

will demonstrate how this information can be extracted in a 

straightforward way from the correlation spectra of Fig. 3. A 

bi-protonated state can easily be recognized from the spectra 

in Fig. 3b as a peak pattern in the upper part of the spectrum 

with the two nitrogens having similar 15N chemical shifts. 

This is clearly the case only for histidine H4 in our rsfolder 

construct at pH 7.5. For the discrimination of the two neutral 

tautomers, the most efficient way is the exploitation of 13C 

chemical shifts. Experimental as well as theoretical studies 

have shown that the 13CG (13CD) shifts in the π tautomer 

are downfield (upfield) shifted with respect to the shifts 

observed in the τ tautomer. The chemical shift difference 

ΔC = δ(CG) −  δ(CD) therefore provides a particularly robust 

and simple way to identify the tautomeric state of neutral 

histidine conformers. For rsfolder we can easily distinguish 

4 histidines (H1, H8, H10, and H11—highlighted by bold 

letters in Fig. 3a) that predominantly adopt a π tautomeric 

state with ΔC < 4 ppm, while all others have much larger 

ΔC values, typically around 20 ppm, indicative of a neu-

tral τ tautomer (or bi-protonated state). We would like to 

emphasize here that the tautomeric information would have 

been much more difficult, or even impossible, to derive from 

the 1H–15N spectra only, as often reported in the literature. 

In particular, the H(C)N correlation experiment gives rise 

to strong cross peaks between the  HE1 and the protonated 

nitrogen (estimated 1JCN > 10 Hz), a much weaker peak for 

the  HD2–N(H) correlation (estimated 1JCN < 5 Hz), and no 

peak with the deprotonated nitrogen (estimated 1JCN < 2 Hz), 

whatever the tautomeric state. This makes it impossible to 

distinguish between π and τ tautomeric states from such a 

spectrum, contrary to what has been reported (Sudmeier 

et al. 1996; Schmidt et al. 2008).

Tyrosine experiments

A set of 2D 1H–13C BEST correlation experiments specifi-

cally tailored for the assignment of tyrosine side chains is 

displayed in Fig. 4. The experiments exploit the well-sep-

arate chemical shift ranges of CZ, CE, and (CD, CG) aro-

matic ring carbons to avoid branched spin-systems (except 

for the CG → CB transfer step), and achieve highest possible 

coherence transfer efficiencies (Fig. 4a). The first two pulse 

sequences correlate the HD with either the CG (Fig. 4b) or 

CB (Fig. 4c), while the latter two start from HE and correlate 

with either CD (Fig. 4d) or CG (Fig. 4e). As for the histidine 

experiments, aromatic 13C chemical shifts are edited in a CT 

fashion to avoid line splitting due to the large 1JCC in aro-

matic rings. The most critical (and inefficient) part in these 

sequences is the CG → CB transfer step in the BEST-HDCB 

experiment (Fig. 4c), as the CG nuclear spins cannot be 

decoupled from CD during this transfer step, resulting in 

the evolution of spin coherence under the influence of three 

one-bond 13C–13C couplings (1JCGCD1, 
1JCGCD2, and 1JCGCB). 

Therefore, the transfer amplitude is given by the following 

relation (with 1JCGCD1 = 1JCGCD2):

 with T2
eff an effective relaxation time constant. Assuming 

coupling constants of JCGCD = 70 Hz and JCGCB = 45 Hz, and 

neglecting spin relaxation, the transfer efficiency is maximal 

for delays set to 2δ = 12.5 ms and 2ε = 1.5 ms, reduced by 

the 180° 13C pulse length as explained in the figure caption.

2D correlation spectra recorded with these pulse 

sequences are shown in Fig. 5 for the HD-detected (left) 

and HE-detected (right) experiments. Again, the whole set 

of spectra could be recorded overnight with individual data 

acquisition times of 2 h for BEST-HDCG, BEST-HECD, 

and BEST-HECG, and 7 h for BEST-HDCB. From these 

spectra, 8 tyrosine spin systems are identified, and the 1H 

and 13C nuclei of each side chain (aromatic ring) can be 

unambiguously connected despite the huge intensity vari-

ations observed in these spectra. The connectivity infor-

mation benefits from the redundancy in using both the CD 

and CG chemical shifts to correlate the HD and HE of the 

same aromatic spin system. This allows to overcome some 

of the 13C frequency degeneracy, e.g. the similar CD shifts 

of Y6 and Y7, and to improve the confidence in distinguish-

ing small correlation peaks from spectral noise or artefacts. 

The assignment of tyrosine HD–CD and HE–CE correlation 

peaks has been confirmed a posteriori by a BEST CT 1H–13C 

HSQC recorded on a rsfolder sample that has been produced 

with unlabeled (12C) tyrosine in the bacterial expression 

medium. Only five out of the eight tyrosine spin systems, 

however, can be connected to the aliphatic CB carbon and 

thus sequentially assigned. Note that even in a 4-times longer 

BEST-HDCB experiment we were not able to detect addi-

tional cross peaks for these tyrosine spin systems (Y4, Y5, 

and Y8), giving rise to only weak peak intensities even in the 

most sensitive 1H–13C correlation experiments, eventually 

due to an unfavorable kinetic exchange regime of ring flips 

in these aromatic side chains.

Conclusions

We have presented herein a set of two-dimensional aromatic-

proton-detected correlation experiments for NMR assign-

ment of histidine and tyrosine side chains in uniformly 

(3)
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13C/15N labeled proteins. The improved sensitivity brought 

about by the BEST/SOFAST pulse schemes considerably 

reduces the required experimental time to record a full set 

of NMR data. This is especially important for aromatic spin 

systems giving rise to very weak NMR signals that require 

long experimental times to achieve sufficient SNR. We have 

demonstrated the performance of these experiments for a 

250-residue protein containing 11 histidine and 8 tyrosine 
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Fig. 4  BEST pulse sequences optimized for tyrosine side chains. a 

Coherence-transfer pathways (color-coded) exploited in these “out-

and-back” 1H–13C correlation experiments starting either from HD 

(left) or HE (center). Average and standard deviation of the expected 
13C chemical shifts, as extracted from the BMRB data base, are indi-

cated on the right. The symbols and nomenclatures used in these 

pulse schemes are identical to those introduced in Fig. 1a. Selective 
1H pulses are centered at 7.8 ppm, covering a bandwidth of 4.0 ppm. 

Band-selective 13CB pulses are centered at 35 ppm covering a band 

width of 40  ppm. Note that a phase φ1 = − y has to be used in all 

these sequences to add the contributions originating from 1H and 13C 

steady-state polarizations. The transfer delays are set to Δ = 3.6 ms, 

δ = 6.25 ms − 0.5δ3, and ε = 750 µs − 0.5δ3, with δ3 the length of the 
13C REBURP pulse; the CT delay is set to T = 14.2 ms. The BEST-

HDCG (b) and BEST-HDCB (c) pulse sequences start and detect HD 

spins. In these sequences, the 13Carom pulses are applied with band-

selective pulse shapes centered at 135  ppm, and covering a band 

width of 20  ppm. This ensures unidirectional coherence transfer as 

the 13CE resonates outside this frequency band. The BEST-HECD 

(d) and BEST-HECG (e) pulse sequences start and detect HE spins. 

Here, shaped 13Carom pulses cover a larger band width of 30  ppm 

(centered at 125  ppm), thus now covering also the CE chemical 

shifts, but still decoupling CE from CZ
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(+ chromophore) residues. Despite a huge variation in peak 

intensities, already observed in a simple CT 1H–13C cor-

relation spectrum, all expected His and Tyr spin systems 

could be unambiguously identified, and most of them con-

nected to the sequential backbone assignment via correla-

tion with the CB carbon. In the case of histidine, the set of 

experiments also allowed straightforward identification of 

the histidine’s protonation state and tautomeric form. The 

proposed pulse sequences yield excellent water suppres-

sion and can thus be recorded on protein samples in  H2O. 

We therefore believe that they present a useful addition to 

the NMR toolbox for the atomic-resolution characteriza-

tion of proteins in solution. Furthermore, they can be easily 

implemented on any modern Bruker NMR spectrometer by 

using the python setup scripts available from our laboratory 

within the NMRlib sequence library. Most of the proposed 

pulse schemes can be easily extended to 3D versions by 

additional CT frequency editing during the transfer delays 

if frequency degeneracy prevents the proper connection of 

the expected peak patterns. Furthermore, the H(C)C-type 

pulse schemes of Figs. 2 and 4 may also be used for Trp and 

Phe side chains, by properly adjusting the excitation bands 

of the 13C pulses and transfer delays to the relevant chemical 

shift ranges and coupling topologies.
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ABSTRACT The availability of fluorescent proteins with distinct phototransformation properties is crucial for a wide range of

applications in advanced fluorescence microscopy and biotechnology. To rationally design new variants optimized for specific

applications, a detailed understanding of the mechanistic features underlying phototransformation is essential. At present, little

is known about the conformational dynamics of fluorescent proteins at physiological temperature and how these dynamics

contribute to the observed phototransformation properties. Here, we apply high-resolution NMR spectroscopy in solution com-

bined with in situ sample illumination at different wavelengths to investigate the conformational dynamics of rsFolder, a GFP-

derived protein that can be reversibly switched between a green fluorescent state and a nonfluorescent state. Our results

add a dynamic view to the static structures obtained by x-ray crystallography. Including a custom-tailored NMR toolbox in fluo-

rescent protein research provides new opportunities for investigating the effect of mutations or changes in the environmental

conditions on the conformational dynamics of phototransformable fluorescent proteins and their correlation with the observed

photochemical and photophysical properties.

INTRODUCTION

The discovery and engineering of phototransformable fluo-

rescent proteins (PTFPs), derived either from Aequorea

victoria green fluorescent protein (GFP) or other fluorescent

proteins from Anthozoa species (corals and anemones), has

triggered exciting new modalities in fluorescence micro-

scopy (1) and biotechnology (2). In particular, PTFPs have

become indispensable tools for modern superresolution fluo-

rescence microscopy techniques that achieve resolution

beyond the diffraction limit of light (3,4). At present, a large

number of PTFPs have been discovered or engineered that

differ in their specific response to light (photoactivation, pho-

toconversion, or reversible photoswitching), in the kinetics of

this response, in their photostability and general fluorescence

characteristics (brightness, emission color, Stokes shift, etc.),

as well as in their oligomerization state, folding stability, and

maturation efficiency. Furthermore, these properties are

generally dependent on environmental conditions (5). The

requirements for an optimal PTFP marker are different for

specific applications, which call for further expansion and

improvements of the PTFP toolbox.

Understanding at near-atomic resolution the mechanistic

features responsible for the observed photochemical and

photophysical properties of PTFPs is a key step to envision

the rational design of new variants optimized for a particular

application or experimental context. Most mechanistic

studies on PTFPs reported in the literature have used x-ray
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crystallography as the method of choice to determine struc-

tures of their different ground-state conformations. Such

structures are essentially static and, because data are typi-

cally collected at cryogenic temperature, they are represen-

tative of frozen states. Kinetic crystallography has also been

used in combination with optical spectroscopy and/or mo-

lecular dynamics simulations to decipher the structures of

short-lived ground-state species such as intermittent dark

states (6,7). Recently, ultrafast time-resolved crystallog-

raphy using an x-ray free-electron laser source has been

able to image an electronically excited short-lived interme-

diate state in rsEGFP2 that becomes populated during pho-

toswitching between a nonfluorescent (‘‘off’’) and a

fluorescent (‘‘on’’) state (8), shedding some light on the

switching dynamics of a PTFP at the picosecond timescale.

Although fluorescent proteins are generally quite resistant

to their environment, an increasing number of studies have

shown that PTFP photophysics are affected by external fac-

tors such as pH, redox potential, oxygen level, viscosity,

temperature, etc. (5,9–13). These environmental effects

are difficult to study by x-ray crystallography in which

structural data are collected in conditions imposed by crys-

tallogenesis that may differ substantially from the condi-

tions found during in situ fluorescence imaging. Moreover,

little is known about the conformational dynamics of PTFPs

at physiological temperatures and their relevance for the

observed fluorescence and phototransformation properties.

To address these issues, multidimensional solution NMR

spectroscopy may provide a complementary tool to investi-

gate at atomic resolution the conformational dynamics of

PTFPs in different states and over a wide range of tempera-

tures and buffer conditions. However, quite surprisingly, so

far only little information on PTFPs has been obtained from

NMR (11,14,15), whereas a few more studies on chromo-

phore dynamics in conventional GFPs can be found in the

literature (16–18).

Here, we introduce a toolbox of multidimensional and

multinuclear (1H, 13C, 15N) NMR experiments specifically

tailored to investigate the structural dynamics of PTFPs.

We apply this toolbox to probe the conformational dynamics

of rsFolder, a PTFP that can be reversibly switched from

a stable fluorescent ‘‘on’’ state to a metastable nonfluores-

cent ‘‘off’’ state, and vice versa, upon illumination with

cyan or violet light, respectively. Such reversibly photo-

switchable fluorescent proteins (RSFPs) are required for

a variety of applications, ranging from superresolution mi-

croscopy (RESOLFT, NL-SIM, pcSOFI, and others)

(19–21), optical lock-in detection (OLID) (22), multiplexed

imaging (OPIOM) (23), up to the development of high-den-

sity optical storage media (2). rsFolder has been genetically

engineered as a chimera between rsEGFP2 (24) and super-

folder GFP (25) to facilitate proper folding in highly

reducing environments such as the bacterial periplasm

(26). The photophysical properties of rsFolder have been

characterized by optical spectroscopy at room temperature,

and high-resolution crystallographic structures are available

for both the ‘‘on’’ and ‘‘off’’ states (26). These structures

reveal the typical 11-stranded b-barrel fold, enclosing an

endogenous p-HBI chromophore, formed by maturation of

an Ala-Tyr-Gly tripeptide. Upon light illumination at

488 nm (405 nm), the chromophore undergoes a cis to trans

(trans to cis) isomerization and protonation (deprotonation)

at the z position of the phenol ring. Although the b-barrel

structures for the ‘‘on’’ and ‘‘off’’ states almost perfectly su-

perpose (Ca rmsd ¼ 0.21 Å), slight structural rearrange-

ments are observed for a few side chains located in the

close vicinity of the chromophore (Fig. 1). Our NMR data

complement this static picture by adding information on

the changes in local conformational sampling after photo-

switching, providing some new insight toward the long-

term goal of better understanding how the photophysical

properties of PTFPs are influenced by different types of

local molecular flexibility. This work opens the door to

further studies aiming at evaluating how the conformational

dynamics of PTFPs respond to mutational or environmental

changes.

MATERIALS AND METHODS

Protein samples

Purification of rsFolder was performed as described previously (26). The

full-length rsFolder complementary DNA was cloned in the ampicillin-

resistant expression plasmid pET15b (Addgene, Teddington, UK), and con-

structs were designed to bear a six-residue N-terminal His-tag linked to the

protein coding region via a thrombin cleavage sequence. For initial NMR

experiments detecting aromatic side-chain protons, the His-tag was cleaved

using a thrombin protease. Otherwise, all experiments were recorded

FIGURE 1 Crystallographic structures of rsFolder in the fluorescent

‘‘on’’ state (green) and the nonfluorescent ‘‘off’’ state (gray). (a) Super-

position of the main chain coordinates highlighting that the overall b-barrel

structure of the protein is identical in the two states. (b) Zoom on the chro-

mophore region of rsFolder shows the change in chromophore geometry

from cis to trans, as well as some side-chain rearrangements in the vicinity

of the chromophore. The most pronounced structural changes upon light

illumination are observed for F146, H149, and V151. To see this figure

in color, go online.
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without cleavage of the His-tag because those samples showed a higher

time stability. Escherichia coli BL21(DE3) cells were transformed with

the plasmid described above for protein expression. An isotopically en-

riched minimal medium, containing 15NH4Cl (1 g/L) and 13C-glucose

(2 g/L), was used to grow the cells until the cultures reached an OD at

600 nm between 0.6 and 0.8, at which point protein expression was induced

by adding isopropyl b-D-1-thiogalactopyranoside. For uniformly 15N/13C

labeled samples, 1 mM isopropyl b-D-1-thiogalactopyranoside was added

and induction was performed overnight at 20�C. The cells were harvested

by centrifugation and subsequently lysed by sonication in lysis buffer

(50 mM HEPES, 100 mM NaCl (pH 7.5)). The lysate was centrifuged at

4�C for 30 min at 46,000 � g. The protein present in the supernatant was

purified using a Ni-NTA column (Qiagen, Hilden, Germany). The protein

was eluted by increasing the concentration of imidazole. The resulting pro-

tein was further purified using size-exclusion chromatography with a Super-

dex 75 column (GE Healthcare, Chicago, IL) equilibrated with the NMR

buffer (50 mM HEPES (pH 7.5)).

In situ laser illumination inside the NMR magnet

An in situ laser illumination device similar to that described by Mizuno

et al. (15) was built. It comprises an Oxxius laser box (wavelength combiner

L4Cc; Oxxius, Lannion, France) hosting two lasers of wavelengths 405 nm

(LBX-405-180-CSB-OE) and 488 nm (LBX-488-200-CSB-OE) and an op-

tical fiber (FG105UCA, 0.22 NA, 105 mm core diameter, 2 mm diameter

protective cover, 5 m length; Thorlabs, Newton, NJ). The fiber end was

left naked and routinely cleaved when necessary, using a ceramic fiber

scribe (CSW12-5; Thorlabs). The fiber was inserted into the plunger of a

5 mm diameter Shigemi tube (Shigemi, Tokyo, Japan). Importantly, the

Shigemi plunger was filled with water before inserting the fiber to avoid

a sudden change in the refractive index at the air-glass interface, thus

reducing the divergence of the laser beam. The laser power was set and

monitored using the Oxxius software from a laptop connected to the laser

combiner, and the laser output was controlled either manually using a

shutter or by digital on/off modulation from the NMR console connected

to the laser box via transistor-transistor logic (TTL) lines. The difference

between nominal laser power as displayed by the Oxxius software and

the measured output power at the fiber tip was�30%, suggesting a coupling

efficiency of �70%. For short illumination times (less than 1 min), the full

laser power was used (200 mW nominal), whereas for longer exposure

times (>>1 min), the output was set to 30% of the maximal power to limit

the effect of photobleaching. To allow smooth insertion of the fiber-coupled

Shigemi tube into the NMR magnet, the use of two Bruker sample holders

put on top of each other proved to be helpful (Fig. S1 d).

NMR measurements

All NMR experiments were performed on Bruker Avance III HD spectrom-

eters (Billerica, MA), at the high-field NMR facility of Institut de Biologie

Structurale, operating at magnetic field strengths of 600-MHz (H/D ex-

change), 700-MHz (15N relaxation, NMR assignment), and 850-MHz

(LD-EXSY, 15N CPMG-RD, H/D exchange, methyl side chain, aromatics,

and chromophore NMR experiments) and equipped with cryogenically

cooled triple-resonance probes and pulsed z-field gradients. NMR measure-

ments were performed at 40�C on NMR samples containing 100–200 mM

[U-13C, 15N]-enriched rsFolder in 50 mM HEPES (pH 7.5) and 5% (v/v)

D2O. The samples were stored at 4�C between data recordings, and the

sample quality was routinely checked for possible aggregation and/or

degradation by recording 1H-15N correlation spectra. ‘‘On’’-state data

were recorded after short (5 s) illumination at 405 nm in the absence of laser

illumination, whereas off-state data were acquired after a short (10 s) high-

power illumination at 488 nm, under continuous illumination (488 nm) us-

ing reduced (30%) laser power to prevent on-state recovery by thermal

relaxation. Most NMR experiments used in this study are implemented in

the NMRlib pulse sequence library for Bruker spectrometers (27) that

can be freely downloaded from our web site (http://www.ibs.fr/research/

scientific-output/software/pulse-sequence-tools). NMR data processing

was performed using TopSpin 3.5 (Bruker BioSpin), whereas data analysis

was done using the CCPNMR software (28).

For sequential resonance assignment of the ‘‘on’’ state, a set of five triple-

resonance three-dimensional (3D) BEST-TROSY experiments (29,30),

HNCO, HNcoCA, HNCA, HNcoCACB, and HNCACB, was recorded.

For the ‘‘off’’ state, two LD-EXSY data sets, (15N, 15N, 1H) and (1H, 15N,
1H), were recorded to transfer the ‘‘on’’-state 1H, 15N assignments to the

‘‘off’’ state and complemented by 3D BEST-TROSY HNcaCO, HNCACB

to extend the assignment to CO, CA, and CB. Pulse sequences of the

LD-EXSY experiment are provided in Fig. S4. Additional side-chain

assignments of aromatic tyrosine and histidine residues, including the tyro-

sine moiety of the p-HBI chromophore, was achieved using a series of spe-

cifically tailored two-dimensional (2D) correlation experiments as

described recently (31). Partial methyl (1H, 13C) assignments were obtained

by a combination of 3D CcoNH-TOCSY and HccoNH-TOCSY (32,33)

experiments, complemented by 3D methyl-edited HCC-COSY and

amino-acid-edited 2D SOFAST 1H-13C correlation spectra (34,35). NMR

assignments of rsFolder have been deposited with the Biological Magnetic

Resonance Bank under accession numbers 50010 for the fluorescent ‘‘on’’

state, and 50011 for the nonfluorescent ‘‘off’’ state.
15N relaxation experiments (T1, T2, HETNOE) were performed using

standard pulse schemes (36) implemented in NMRlib. For T1 (T2) measure-

ments, 11 (10) time points were recorded with relaxation delays varying

from 0 to 1.8 s (0–240 ms). For the HETNOE, reference and saturation

spectra were recorded in an interleaved manner with the recycle delay set

to 5 s and the saturation time set to 3 s. Relaxation data for 181 on- state

and 162 off-state backbone amide sites could be obtained at 40�C from

crosspeaks that were well resolved and of sufficient signal to noise in the

recorded 2D 1H–15N spectra, whereas all other (overlapping or weak) peaks

were excluded from further analysis. The overall correlation time has been

estimated from the average T1 and T2 values (37) measured for residues in

the b-barrel as tc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð6T1=T2Þ � 7
p

=4pnN . Additional
15N CPMG relaxa-

tion-dispersion (RD) experiments were performed using a BEST-TROSY

CMPG pulse sequence (38) with the relaxation delay set to 40 ms and

the CPMG frequency ranging from 50 to 1000 s�1.

For H/D exchange measurements, lyophilized samples of protonated
13C/15N-labeled rsFolder were dissolved in 300 mL D2O (sample concentra-

tion of 200 mM), transferred to a 5 mm Shigemi tube with the optical fiber

inserted, and quickly put into the NMR spectrometer for data recording at

40�C. The decay of amide 1H NMR signals, because of the exchange

with deuterons, was then monitored for �20 h by a series of 1H-15N

BEST-TROSY spectra with a time resolution of 2.5 min per experiment.

Because of sample preparation and spectrometer setup (locking, shimming,

etc.), the dead time of these kinetic experiments was �5 min. To estimate

the accuracy and reproducibility of the measurements, two data sets were

recorded for both ‘‘on’’ and ‘‘off’’ states (at 600 and 850 MHz). To obtain

more quantitative data for amide sites that are slowly exchanging in the

‘‘on’’ state but much faster in the ‘‘off’’ state, we performed an additional

H/D exchange experiment. In this experiment, the exchange measurement

starts with the ‘‘on’’ state, and the sample is switched after a few minutes

to the ‘‘off’’ state using high-power laser (488 nm) illumination.

RESULTS

Laser-driven photoswitching

To perform a set of time-consuming multidimensional (2D

and 3D) NMR experiments for the metastable ‘‘off’’ state

of rsFolder, we have adapted a setup similar to the one pro-

posed by Mizuno et al. (15) that allows one to illuminate the

sample in the NMR magnet during data collection with 488

Light-Induced Changes in PTFP Dynamics
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or 405 nm laser light via an optical fiber introduced into the

glass insert of a standard Shigemi tube (Fig. 2). This illumi-

nation device is portable, can be used with any high-field

NMR spectrometer, and can be synchronized with an

NMR pulse sequence to switch the sample between the

‘‘on’’ and ‘‘off’’ states on demand (Fig. S1).

To characterize the efficiency of our illumination device

to switch rsFolder between the ‘‘on’’ and ‘‘off’’ states, we

have performed different types of NMR experiments.

Real-time one-dimensional 1HNMR spectra recorded under

continuous laser illumination (488 nm) are shown in Fig. S1

for different laser powers. The two NMR resonances visible

in this spectral window correspond to a methyl 1H that is

spectroscopically resolved in both states and thus presents

a convenient probe for such one-dimensional NMR-detected

switching kinetics. As expected, the switching kinetics

depend on the chosen laser power, with a measured ‘‘on’’-

off switching half time of a few seconds at the highest avail-

able laser output. In a second type of experiment, shown in

Fig. 2 d, we have recorded 2D 1H-15N readout spectra after a

variable illumination time. The spectra in Fig. 2 b illustrate

the decay (buildup) of the NMR peak intensities when

switching either from ‘‘on’’ to ‘‘off’’ or from ‘‘off’’ to on.

Our data show that the ‘‘off’’-to-‘‘on’’ switching under

405 nm illumination is much faster than what is observed

for the reverse process under 488 nm illumination. We

would like to stress here that these measurements only pro-

vide an estimate of the switching efficiency that may vary by

up to a factor of 2 because of a number of experimental fac-

tors (fiber end aging, water evaporation in Shigemi plunger,

exact positioning of fiber, etc.).

A superposition of the 1H-15N fingerprint spectra recorded

in the absence (‘‘on’’ state) and presence of 488 nm light illu-

mination (‘‘off’’ state) is plotted in Fig. S2. Many residues

(amide groups) show significant peak shifts in these spectra,

indicating that the change in chromophore geometry induced

by photon absorption has a widespread effect on the amide
1H and 15N chemical shifts in the b-barrel (see below).

The laser-induced peak shifts are reversible as illustrated in

Fig. S3, a and b by the superposition of ‘‘on’’-state and

‘‘off’’-state spectra recorded before and after 1000 switching

cycles using alternate sample illumination by cyan and violet

light. We found that photobleaching resulted in a progressive

loss of peak intensity (�25% after 1000 cycles under the

chosen experimental conditions) but did not induce any

noticeable peak shifts in the spectra, indicating that the

NMR-observable conformational ‘‘on’’ and ‘‘off’’ states are

not affected by photobleaching. The absence of additional

peaks in our NMR spectra developing over time suggests

that photo-damaged rsFolder may form large aggregates

not observable by solution NMR.

The observed peak shifts between rsFolder ‘‘on’’ and

‘‘off’’ states offer the possibility to quantify a ‘‘switching ef-

ficiency’’ that can be related to the fluorescence switching

contrast of importance in microscopy applications. Quanti-

fication of the residual peak intensity of ‘‘on’’-state peaks

in the ‘‘off’’-state spectrum provides a measure of the rela-

tive state populations. For rsFolder, we have measured this

residual on-state population to be�3.5% (Fig. S2), indepen-

dent of the sample temperature in the range of 20–40�C.

This NMR-derived value closely matches results from fluo-

rescence spectroscopy (26), where a residual fluorescence

intensity of �4% in the ‘‘off’’ state at room temperature

was obtained, in line with the notion that the rsFolder

‘‘off’’ state is fully nonfluorescent. Under steady-state con-

ditions and in the presence of continuous 488-nm light illu-

mination, rsFolder is mainly populating the ‘‘off’’ state

(�96.5%) but still constantly switching between ‘‘off’’

and ‘‘on’’ states with an exchange rate that depends on the

light power density in the NMR sample. To evaluate exper-

imentally whether this exchange process is a source of NMR

line broadening in the ‘‘off’’ state, we have recorded 1H-15N

correlation spectra with and without light illumination

(Fig. S3, c and d). The absence of any significant change

FIGURE 2 In situ NMR sample illumination device. (a) A schematic rep-

resentation of the insertion of the optical fiber into the water-filled plunger of

a Shigemi NMR tube. The NMR sample is illuminated from the top in a

conic geometry. (b) A sample of rsFolder: picture with and without light illu-

mination. (c) Switching kinetics measured for rsFolder using variable illumi-

nation times and a BEST-TROSY 1H-15N readout sequence. Only a small

spectral region is shown, and the on-state peaks have been artificially color

coded in green. The laser power (measured at the fiber end) was 140 mWat

488 nm (‘‘on’’-to-‘‘off’’ switching) and 120 mW at 405 nm (‘‘on’’-to-‘‘off’’

switching). To see this figure in color, go online.

Christou et al.
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in peak intensities observed in these spectra provides a clear

evidence that such effects can be safely neglected. NMR

also enables the measurement of the ‘‘off’’-to-‘‘on’’ back-

switching efficiency, which in the case of rsFolder turns

out be close to 100% (Fig. S2).

Laser-aided backbone resonance assignments

and secondary structure

1HN, 13Ca, 13Cb, 13CO, and 15N resonance assignment of

rsFolder at 40�C in the ‘‘on’’ state was obtained from a series

of 3D BEST-TROSY HNC correlation experiments (30).

Almost complete (95%) assignment was obtained for resi-

dues 2–230, corresponding to the b-barrel structure. Only

12 nonproline residues (W58, V69, D77, H78, E133,

Y144, V151, K167, I168, K210, D211, and K215) could

not be assigned from these spectra. Of those, V69, V151,

and K167 are in direct contact with the chromophore based

on crystallographic data. The 1H-15N correlation spectrum,

annotated with the assigned residue number, is shown in

Fig. S5.

Recording and analyzing such a set of 3D assignment

spectra is a time-consuming task (typically 1 week of data

recording and another week of data analysis). To speed up

the assignment process for the ‘‘off’’ state, we have adapted

a different strategy that makes use of our laser-induced

in situ switching capabilities. The ‘‘on’’-state assignment

can be directly transferred to the ‘‘off’’ state by performing

an LD-EXSY, conceptually similar to SCOTCH experi-

ments (39), proposed in the past to monitor light-induced

chemical reactions. The basic scheme of an LD-EXSY

experiment is shown in Fig. 3 a, whereas a more detailed

drawing of the pulse sequence is provided in Fig. S4. During

the magnetization recovery time in the beginning of the

pulse sequence (typically a few seconds), a laser illumina-

tion (488 nm) switches the proteins in the sample to the

‘‘off’’ state, allowing one to edit either the 1H or 15N chem-

ical shift for this state. After chemical shift editing, the

magnetization is stored as longitudinal spin order (Nz),

and a second laser pulse, this time at 405 nm, converts the

proteins back to the ‘‘on’’ state during a mixing period (ex-

change time) of typically a few hundred milliseconds. The

remainder of the sequence allows one to edit the 1H and
15N frequencies in the ‘‘on’’ state. The resulting 3D data

set thus comprises one ‘‘off’’-state (1H or 15N) and two

‘‘on’’-state (1H and 15N) chemical shift dimensions. Exam-

ples of 2D 15N-15N correlation planes extracted for two res-

idues of rsFolder undergoing large chemical shift changes

upon light illumination from a 3D LD-EXSY spectrum are

shown in Fig. 3 b. Fig. 3 c shows annotated 2D projections

of two 3D data sets recorded for rsFolder, with either the 1H

or 15N chemical shift labeled in the ‘‘off’’-state spectral

dimension. Off-diagonal peaks detected in these spectra

originate from protein residues with amide chemical shifts

(1H or 15N) that differ between the two states, whereas diag-

onal peaks are either due to incomplete switching or chem-

ical shifts that are not affected by photoswitching. These

LD-EXSY spectra thus provide a straightforward and

FIGURE 3 Laser-driven exchange spectroscopy

(LD-EXSY) experiment. (a) Schematic drawing

of LD-EXSY pulse sequence including light illu-

mination at two different wavelengths: at 405 nm

during the recycle delay (magnetization recovery,

2 s) and at 488 nm during the EXSY mixing time

(magnetization storage, 600 ms). The laser sources

are coupled to the NMR console via TTL lines and

switched on and off by specific commands in the

NMR pulse sequence code. The resulting 3D

spectra have two ‘‘on’’-state and one ‘‘off’’-state

chemical shift dimensions. The full pulse sequence

is shown in Fig. S4. (b) 2D slices extracted from

the 15N-edited LD-EXSY, corresponding to resi-

dues A66 and V225, both showing significant
15N chemical shift changes between the ‘‘on’’ and

‘‘off’’ states. The relative intensities observed for

the diagonal (D) and crosspeaks (C) provide a mea-

sure of the switching performance of our illumina-

tion device under the chosen experimental

conditions. (c) A 2D projection of a 3D 15N-edited

LD-EXSY spectrum. Off-diagonal peaks corre-

spond to rsFolder residues (annotated), which

show 15N chemical shift differences between

‘‘on’’ and ‘‘off’’ states. (d) A 2D projection of a

3D 1H-edited LD-EXSY. To see this figure in color,

go online.
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time-efficient way for amide 1H, 15N assignments in the

‘‘off’’ state. Additional 13C chemical shift information in

the ‘‘off’’ state was then extracted from 3D BT-HNcaCO

and BT-HNCACB spectra. This resulted in an assignment

completeness of 93% (residues 2–230), with a total of 16

unassigned nonproline residues (W58, E133, Y144, S148,

N150, V151, K157, Q158, N165, K167, I168, R169,

L202, K210, D211, and K215), of which S148, V151, and

K167 are in direct contact with the chromophore based on

crystallographic data. Note that in the case of severely

line-broadened amide resonances (see below), no cross-

peaks were observed in the triple-resonance data, and

assignment was only possible with the LD-EXSY

experiment.

The assigned NMR frequencies, and in particular the 13C

chemical shifts, provide useful information on the second-

ary structural elements (a-helix, b-strand) present in

rsFolder under our experimental conditions. In Fig. S6, the

secondary structural features derived from our measured

chemical shifts using the TALOS-N program are plotted

(40). A comparison with the x-ray structures of rsFolder

(Protein Data Bank, PDB: 5DTZ and 5DU0) shows that

the b-barrel structure in solution is almost identical to that

observed in the crystal at cryogenic temperature. Neverthe-

less, a few slight differences are observed for strand b7 and

the two helices (H2 and H3) inside the barrel to which the

chromophore is connected. The b7 strand in solution is

extended by three residues at the N-terminal end, helix H2

is shifted by three residues toward the C-terminus, and helix

H3 has a noncanonical backbone geometry that is not iden-

tified as an a-helix by TALOS-N. Interestingly, it has been

concluded from the hydrogen bonding patterns observed in

the high-resolution crystal structure of EGFP (41), an

‘‘ancestor’’ protein of rsFolder, that helix H2 is composed

of a 310 helix (P57–L61 in rsFolder) followed by a short reg-

ular a-helix (L61–L65 in rsFolder), in agreement with our

NMR data.

Backbone dynamics in the ‘‘on’’ and ‘‘off’’ states

To obtain information on the molecular tumbling correlation

time and local backbone dynamics of rsFolder, we have per-

formed 15N relaxation measurements in both the ‘‘on’’ and

‘‘off’’ states at 40�C. The measured T1, T2, and HETNOE

data are plotted in Fig. 4 a as a function of the protein

sequence, with the secondary structural elements as identi-

fied from TALOS-N plotted on top of each graph. These

data indicate an overall rigid monomeric globular protein.

The T1 and T2 time constants measured for residues

involved in the b-barrel structure allow one to estimate a

tumbling correlation time (at 40�C) of 9.3 ns for rsFolder

in the ‘‘on’’ state and 9.8 ns in the off state. The slight in-

crease in the apparent correlation time (molecular size)

can be explained by the presence of a low population of

dimeric (or higher oligomeric) species that are in fast ex-

change with the rsFolder monomer. This finding further

FIGURE 4 Backbone dynamics of rsFolder in

‘‘on’’ and ‘‘off’’ states. (a) 15N relaxation data

(T1, T2, and HETNOE) measured at 700 MHz

and 40�C on the same 13C/15N labeled rsFolder

sample, plotted as a function of protein sequence.

Secondary structural elements as identified from

the 13C chemical shifts by the program TALOS-

N are plotted on top of each graph. Cyan bars indi-

cate peptide regions for which no (or very weak)

peaks are detected in the ‘‘off’’ state. Dashed lines

indicate average T1 and T2 values calculated

for residues in the b-strand regions (on state:

T1
av ¼ 950 ms and T2

av ¼ 78 ms; off state:

T1
av ¼ 980 ms and T2

av ¼ 72 ms) and (b) 1H-15N

BEST-TROSY spectral regions (red: ‘‘on’’ state;

blue: ‘‘off’’ state) zooming on line-broadened

‘‘off’’-state peaks. (c) CPMG-RD data recorded

for residue S73 at 850 MHz in the ‘‘on’’ (green)

and ‘‘off’’ (black) states. The straight line corre-

sponds to a fit of the data using the program

ChemEx (50). To see this figure in color, go online.
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supports our observation of rsFolder being more aggregation

prone in the ‘‘off’’ state under light illumination than in the

thermodynamically stable ‘‘on’’ state. Increased flexibility

on the picosecond to nanosecond timescale (longer T2 and

reduced HETNOE values) is detected in some loop regions,

especially the loops connecting the first helix (H1) and

strand b1 and the loop between b-strands 9 and 10. Most

interestingly, there is no significant difference in the fast

timescale dynamics, as seen from these 15N relaxation

data, between the ‘‘on’’ and ‘‘off’’ states. However, some dif-

ferences are observed that can be ascribed to increased

conformational dynamics on the microsecond to milli-

second timescale in the ‘‘off’’ state of rsFolder. A first obser-

vation is the lack of peak intensity for some amides in

b-strands 7 and 8 in the 15N relaxation spectra (Fig. 4 b,

turquoise bars) as well as reduced T2 values measured for

residues C71 and S73 in the noncanonical helix H3. The

reduction in peak intensities for some residues in the

‘‘off’’ state can also be observed in standard 2D 1H-15N

BEST-TROSY spectra, as illustrated in Fig. 4 b. To further

characterize these conformational dynamics, we have per-

formed CPMG-type RD experiments. Unfortunately, the

signal/noise ratio obtained for the above-mentioned residues

was too low to perform a quantitative analysis. Only S73

yielded data of reasonable quality (Fig. 4 c) that confirm

the presence of a conformational exchange process in the

‘‘off’’ state that leads to a modulation of the chemical shift

during the relaxation period, whereas no relaxation disper-

sion is observed for this residue in the ‘‘on’’ state. Because

of the limited experimental sensitivity, we did not attempt

to extract kinetic (kex) or thermodynamic (state populations)

information from these dispersion curves.

Fig. 5 summarizes the main changes in NMR observables

after light illumination. The following NMR data have been

color coded on the structure of rsFolder in an open-sheet and

a 3D representation: 1) unobserved amide resonances in

both the ‘‘on’’ and ‘‘off’’ states (dark blue), 2) amide reso-

nances undetected in the ‘‘off’’ state only (blue), 3) amide

resonances with significantly reduced peak intensity in the

‘‘off’’ state as extracted from the graph of Fig. S7 b and/or

decreased 15N T2 values (light blue), and 4) significant
1H-15N chemical shift changes (DCS > 2 ppm) as extracted

from the graph of Fig. S7 a (orange). Note that the reported

chemical shift changes are not a direct evidence of changes

in structure or conformational dynamics because part of it

may be due to long-range ring-current-induced chemical

shift effects that follow from the change in orientation of

the chromophore. Interestingly, all of these NMR data point

toward significant changes in conformational dynamics in a

particular b-barrel region. The missing ‘‘on’’-state peaks for

a few residues in b7 (V151) and b 8 (K167, I168) indicate

some possible dynamics already present in the fluorescent

state, highlighting a well-known defect in the b-barrel struc-

ture and a hotspot for backbone fluctuations (16,42,43). Af-

ter the cis-trans isomerization of the chromophore, the

conformational dynamics occurring on a microsecond to

millisecond timescale are expanded to a larger region close

to the phenol ring of the chromophore, comprising strands 7,

8, 10, and eventually 11, as well as helix H3.

Fold stability and water accessibility

Complementary information on the conformational dy-

namics of backbone amides in the ‘‘on’’ and ‘‘off’’ states

of rsFolder has been obtained from H/D exchange measure-

ments. For amide hydrogens engaged in an intramolecular

H-bond, H/D exchange is assumed to proceed via transient

opening of the hydrogen bond followed by interaction with a

solvent exchange catalyst (44). Therefore, NMR-derived

H/D exchange rates provide an indirect measure of the dy-

namic fluctuations of the protein backbone leading to tran-

sient breakage of hydrogen bonds. At neutral or acidic

FIGURE 5 Increased conformational dynamics on the microsecond-

millisecond timescale in the ‘‘off’’ state of rsFolder. The NMR-derived in-

formation is color coded on the (a) open-sheet and (b) three-dimensional

(3D) representation of the rsFolder structure as revealed by x-ray crystal-

lography and NMR (* indicates structural elements only identified by

NMR): 1) undetected/unassigned amides in both states (dark blue), 2) un-

detected/unassigned amide peaks in the ‘‘off’’ state only (middle blue), 3)

strongly line-broadened amide NMR signals in the ‘‘off’’ state (light

blue), and 4) amide 1H-15N with large chemical shift changes between

‘‘on’’ and ‘‘off’’ states (orange). The color coding was performed in a hier-

archical order, that is, from 1 to 4 according to the importance of these data

to inform about the presence of conformational dynamics. In addition, pro-

line residues lacking an amide proton are color coded in dark gray. To see

this figure in color, go online.
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pH, the formation of the H-bond after transient opening is

generally much faster than the intrinsic chemical exchange

process. In this so-called EX2 exchange regime, the ex-

change rate constants provide a measure of the exchange-

competent state population. A second structural parameter

that needs to be considered is water accessibility. Typically,

an amide hydrogen surrounded by water has a higher ex-

change probability than the same amide hydrogen buried

in the interior of a globular protein. For rsFolder, the avail-

able crystal structures for the ‘‘on’’ and ‘‘off’’ states do not

indicate any major change in water-accessible cavities in-

side the b-barrel as illustrated in Fig. S8. Therefore, we

consider that changes in the observed H/D exchange rates

are mainly due to a population increase (or decrease) of ex-

change-competent, unprotected conformational substates.

H/D exchange kinetics for hydrogen-bonded amides of

rsFolder were measured by time-resolved 2D 1H-15N

NMR. The exchange process was initiated by dissolving

the lyophilized protein in D2O outside the NMR instrument.

Typically, unprotected solvent-accessible amide sites were

fully exchanged during the experimental dead time of

�5 min. The exchange process was then monitored for

�20 h, allowing one to quantify exchange processes with

time constants Tex ¼ 1/kex spanning a range of three orders

of magnitude (5 min < Tex < 5000 min). The measured ex-

change time constants are color coded (logarithmic scale)

on the secondary structure (open-sheet representation) of

rsFolder in Fig. S9 for the ‘‘on’’ and ‘‘off’’ states. Examples

of intensity decays extracted from the real-time NMR data

for individual amide sites in the ‘‘on’’ and ‘‘off’’ states are

shown in Fig. 6 a. A first observation from these H/D ex-

change data is that, although overall the amide protons in

the b-barrel of the ‘‘on’’ state are well protected from solvent

exchange, strand b7 is much less protected because of the

lack in hydrogen bonding with the adjacent b8 strand. In

the ‘‘off’’ state, a significant increase in the measured sol-

vent exchange rates is detected for amides in the neigh-

boring strands b8 and b10, further emphasizing the

increased dynamics in this part of the b-barrel structure

upon light illumination, leading to a destabilization of the

hydrogen bonding network. Some local destabilization is

also observed for amide hydrogens in strands b4 and b5,

whereas no significant changes are observed for the

remainder of the b-barrel (b1–3, b6, b11) as illustrated in

Figs. 6 b and S10. The most pronounced changes in protec-

tion from solvent exchange, however, are observed for the

two helices (H2 and H3) flanking the chromophore in the

interior of the b-barrel, with a decrease in solvent protection

ranging from a factor of 5 up to a factor of 100. These data

clearly indicate the presence of conformational dynamics

affecting these helical elements induced by the chromo-

phore cis-trans isomerization. Interestingly, although 15N

relaxation and line broadening data already identified

increased dynamics in helix H3, they did not point toward

changes in helix H2 dynamics. Our findings highlight the

complementarity of NMR relaxation and H/D exchange

data in providing information on local protein dynamics,

the latter being sensitive to much longer timescales and

smaller chemical shift changes.

Side-chain and chromophore dynamics in the

‘‘on’’ and ‘‘off’’ states

Line broadening effects similar to those already discussed in

the context of backbone dynamics (Fig. 4 b) are also

observed in the 1H-13C correlation spectra of rsFolder in

the ‘‘off’’ state, indicating that a number of protein side

chains undergo conformational exchange. Examples of

methyl groups (I168 and Τ63) and an aromatic side chain

(H149) that become severely line broadened in the ‘‘off’’

state are shown in Fig. 7 a. To identify the protein regions

that are involved in conformational side-chain dynamics,

we have performed 1H-13C resonance assignment of methyl

and aromatic side-chain moieties in the ‘‘on’’ and ‘‘off’’

states of rsFolder as further explained in the Materials and

Methods. Fig. S11 highlights 1H-13C spectral regions dis-

playing NMR signals that experience either large chemical

shift changes or severe line broadening in the ‘‘off’’ state.

FIGURE 6 H/D exchange NMR data. (a) Representative intensity decay

for individual amide hydrogens extracted from real-time 2D NMR data re-

corded for the ‘‘on’’ (green) and ‘‘off’’ (black) states of rsFolder at 40�C and

850 MHz 1H frequency. (b) The derived H/D exchange information is color

coded on the crystal structure of rsFolder: 1) residues with amide hydrogen

exchange time constants Tex < 5 min in both the ‘‘on’’ and off states (light

blue), 2) residues for which the hydrogen exchange rate is increased by a

factor of 4–20 (orange), 3) residues for which the hydrogen exchange

rate is increased by more than a factor of 20 (red), 4) residues without a sig-

nificant change in exchange rate between ‘‘on’’ and ‘‘off’’ states (gray), and

5) no information due to peak overlap, proline, or unassigned residues in

one of the two states (dark gray). The same data are plotted on an open-

sheet representation of rsFolder in Fig. S10. To see this figure in color,

go online.
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The side chains involved in conformational dynamics are all

located in close proximity to the chromophore (Fig. 7 b),

attached to b-strands 7, 8, 10, and 11 or helices 2 and 3,

the same backbone regions that have been shown to experi-

ence conformational exchange in the ‘‘off’’ state. These data

further support the conclusion that the chromophore itself

and/or the surrounding environment experience significant

conformational exchange dynamics in the ‘‘off’’ state lead-

ing to chemical shift modulation on the microsecond to

millisecond timescale.

NMR also provides information on the dynamics of the

chromophore and its stabilization in the b-barrel by

hydrogen bonding. The exceptional thermal stability of

rsFolder in the ‘‘off’’ state was tentatively attributed to the

H-bond that H149 maintains with the phenol ring of the

chromophore in both ‘‘on’’ and ‘‘off’’ states (26), as illus-

trated in Fig. 8 a. To validate or contradict this hypothesis,

we first performed NMR experiments that reveal the proton-

ation state of H149. In the ‘‘on’’ state, the imidazole ring of

H149 is predominantly in a neutral p-tautomeric state, pro-

tonated at the Nd1 position (31). In the ‘‘off’’ state, as dis-

cussed in the previous paragraph, the 1H-13C correlation

peaks of H149 (Hd1-Cd1 and Hε2-Cε2) are severely line

broadened, and no correlation peaks are detected in aro-

matic HCC-type experiments. Therefore, no conclusions

can be drawn on the protonation state of H149 in the

‘‘off’’ state. Further information on the involvement of

H149 in hydrogen bonding interactions was obtained by a
1H-15N SOFAST-HMQC experiment (34) tailored to the

chemical shifts of histidine side chains. The presence of a

hydrogen bond protects the ‘‘labile’’ imidazole hydrogen(s)

from solvent exchange. Therefore, a correlation peak for the

protonated histidine ring nitrogens is expected if the lifetime

of the hydrogen is at least a few hundred milliseconds. Fig. 8

b shows such correlation spectra recorded for the ‘‘on’’ and

‘‘off’’ states at different temperatures (15, 25, and 40�C). At

low temperature (15�C), a total of 6 out of the 10 histidines

of rsFolder give rise to a crosspeak in the ‘‘on’’ state indi-

cating their involvement in a hydrogen bond. Whereas

four of them (H82, H182, H200, and H218) remain visible

also at higher temperature (40�C), no correlation peak is de-

tected for H149 and H232 at this temperature. Taking H218

as an internal reference, the relative H-bond stability (peak

intensity) decreases by a factor of 2 when increasing the

temperature from 15 to 25�C. Our NMR data validate the

crystal-structure-derived hypothesis of H-bond formation

between the Nd1 of H149 and the phenol ring of the chromo-

phore. However, we can also conclude that this H-bond is

relatively unstable as compared to other H-bonds involving

histidines H82, H182, H200, and H218. In the ‘‘off’’ state,

the same peak patterns and T-dependence is observed,

except for in H149, which does not give rise to a correlation

peak at any temperature. This observation, however, does

not allow one to conclude the absence of an H-bond between

H149 and the chromophore in the ‘‘off’’ state because the

protonated phenol ring has to interact with an unprotonated

imidazole ring nitrogen to form an H-bond, which is unde-

tectable in our NMR spectra. Nevertheless, the observed line

broadening of the nonexchangeable ring hydrogens of

H149, resulting from conformational exchange dynamics,

makes the hypothesis of a stable H-bond in the ‘‘off’’ state

very unlikely.

We also attempted to obtain some information on the

NMR signature of the chromophore itself. Fig. 8 d shows

the aromatic region of the 1H-13C correlation spectra of

rsFolder in the ‘‘on’’ state (blue spectrum). The chromo-

phore contains five C-H pairs (Fig. 8 c) in the tyrosine

part of the chromophore that is made up from the A66-

Y67-G68 tripeptide in the rsFolder sequence. The five cor-

responding correlation peaks detected in the spectrum of

Fig. 8 d were identified and unambiguously assigned by a

set of 2D correlation spectra shown in Fig. S12, recorded

with pulse sequences that were specifically tailored for tyro-

sine side chains (31). These NMR data allowed us to assign

all 1H and 13C resonances (except for CO) of the tyrosine

moiety of the chromophore (Table 1). The CZ chemical shift

of 179.2 ppm is characteristic of an anionic phenol group as

expected for a deprotonated chromophore in the fluorescent

‘‘on’’ state. The observation of distinct correlation peaks for

the symmetric CD and CE sites of the phenol ring indicates

that the chromophore is structurally stabilized in the b-bar-

rel with slow ring flip dynamics (kex < 500 s�1) at 40�C.

These slow ring flips are in contrast to all other tyrosine

and phenylalanine side chains of rsFolder for which a single

correlation peak was detected for the symmetric d1 and d2

(ε1 and ε2) sites, indicative of fast ring flip dynamics

FIGURE 7 rsFolder side chains involved in conformational exchange

processes in the ‘‘off’’ state as deduced from extensive line broadening.

(a) Examples of peak line broadening observed in the 1H-13C CT-BEST-

HSQC correlation spectra of rsFolder: ‘‘on’’ state (blue) and ‘‘off’’ state

(red). (b) Zoom on the chromophore environment highlighting the side

chains, which show NMR line broadening in the ‘‘off’’ state (red). In addi-

tion, F146 is plotted as it experiences large chemical shift changes upon

light illumination. To see this figure in color, go online.
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leading to chemical shift averaging. In the nonfluorescent

‘‘off’’ state (Fig. 8 d, red spectrum), the four correlation

peaks of the chromophore’s phenol group disappear, indic-

ative of a significant change in chromophore dynamics.

Only the signal of the HB-CB in the methine bridge of the

chromophore remains detectable in the dark state, with the

CB resonance experiencing an impressive 7.6 ppm shift af-

ter cis-trans isomerization of the chromophore. The NMR

assignment of the chromophore in the ‘‘off’’ state could be

further extended to the CA and CG (Fig. S12 b) that also

shift by 3.3 and 4.4 ppm, respectively (see Table 1). Our

NMR data indicate a destabilization of the chromophore

in the ‘‘off’’ state leading to motion of the phenol ring on

the millisecond timescale. However, whether these motions

correspond to increased ring flip dynamics, local fluctua-

tions around the methine bridge, or both cannot be distin-

guished from these data.

DISCUSSION

In situ NMR illumination and time-efficient NMR

experiments

Our portable laser illumination device allowed us to perform

a large set of 2D and 3D correlation experiments on a single

rsFolder sample. Because of its portability, the setup is

compatible with any high-field NMR instrument and probe,

provided that the optical fiber is long enough for the sample

to reach its position in the magnet. Illumination from the top

(fiber placed in the Shigemi plunger) ensures minimal

perturbation of the magnetic field homogeneity and thus re-

sults in close-to-optimal NMR line shapes. However, rela-

tively high laser power is required to ensure fast ‘‘on’’-to-

‘‘off’’ (or ‘‘off’’-to-‘‘on’’) switching in particular because

of nonuniform illumination and high optical density of the

sample. The LD-EXSY experiment that makes use of fast

switching capabilities provides a convenient and time-effi-

cient way to transfer NMR assignments of fast-switching

PTFPs from one conformational state to another. This is

of importance because NMR resonance assignment is the

most time-consuming step for investigating the dynamic

properties of PTFPs. Once a sufficient level of resonance

assignment has been achieved, NMR provides a unique

tool to access local dynamics in the protein backbone,

side chains, and chromophore on a broad range of time-

scales, as will be discussed further in the following

paragraph(s).

Conformational dynamics in the fluorescent state

of rsFolder

The b-barrel scaffold of fluorescent proteins stabilizes the

anionic cis conformation of the chromophore via hydrogen

FIGURE 8 NMR information of the chromo-

phore. (a) Chromophore and His149 side-chain

conformations extracted from the available crystal

structures of rsFolder in the ‘‘on’’ (cis configura-

tion) and ‘‘off’’ (trans configuration) states. (b) A

temperature series of 1H-15N SOFAST-HMQC

spectra of histidine side chains in the ‘‘on’’ and

the ‘‘off’’ states recorded at 850 MHz 1H fre-

quency. The detected crosspeaks are annotated by

the residue number. (c) A schematic representation

of the chemical structure of the chromophore.

Nuclei giving rise to NMR signals are highlighted

by blue letters, and their NMR frequencies are pro-

vided in Table 1. (d) Overlay of 2D aromatic
1H-13C BEST-HSQC spectra (31) of rsFolder, re-

corded without CT 13C editing to achieve highest

experimental sensitivity, in the ‘‘on’’ (blue) and

‘‘off’’ (red) state. NMR signals from the tyrosine

moiety (Y67) of the chromophore are annotated.

To see this figure in color, go online.
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bonding, p-stacking, and cation-p interactions, as well as

steric hindrance. This restricts the chromophore’s internal

motion observed in free solution and prevents radiationless

decay upon light excitation, a prerequisite for a high-fluo-

rescence quantum yield. However, this conformational ri-

gidity is somehow in contradiction with the capability of

RSFPs to switch efficiently between distinct conformations,

implying local structural rearrangements, as well as changes

in the hydrogen bonding network upon light excitation.

Therefore, a detailed experimental characterization of the

structural heterogeneity and conformational flexibility of

the chromophore and its protein environment is important

for understanding and improving the photochromic proper-

ties of RSFPs. Such dynamic information is typically not

available from crystallographic structures. In the case of

rsFolder, the available x-ray structures show a well-defined

b-barrel fold and a single chromophore conformation in

both the ‘‘on’’ and ‘‘off’’ states. Here, we have applied solu-

tion NMR spectroscopy to complement this static picture.

Information on the local dynamics over timescales ranging

from picoseconds to seconds has been obtained from a com-

bination of 15N spin relaxation measurements, NMR line

width analysis, and H/D exchange data. Our NMR data

point toward a well-known defect in the b-barrel structure

of GFP-derived fluorescent proteins around strand b7

(16,18,42,45) where the H-bonds formed with the neigh-

boring strands, typical of an antiparallel b-sheet conforma-

tion, are weakened by longer distances and other structural

irregularities. This leads to backbone fluctuations and tran-

sient opening of the b-barrel in the fluorescent ‘‘on’’ state of

rsFolder as evidenced by a few unobservable amide reso-

nances (V151, K167, and I168) and fast H/D exchange rates

measured for amide hydrogens in strand b7. Similar obser-

vations have been made previously for conventional GFPs

(16,18). The dynamic ‘‘holes’’ in the b-barrel between b7

and the neighboring strands have also been identified by mo-

lecular dynamics simulations as major entry points of water

molecules into the interior of the b-barrel (43). Although

certainly not a sufficient condition, such conformational

plasticity is likely required for efficient photoswitching.

The data show clear evidence of an anionic chromophore,

with the phenolate oxygen hydrogen bonded to the Nd1 of

H149. This finding is in agreement with the crystal structure

(26) that indicates that the chromophore’s phenolate oxygen

is involved in three hydrogen bond interactions with H149,

T204, and a water molecule. However, our NMR data show

that the H-bond between the chromophore and H149 is ther-

mally unstable. At physiological temperature, the bond is

constantly broken and reformed on a submillisecond time-

scale. It has been shown by QM/MM simulations of the

RSFP Dronpa (46) that two or three H-bonds stabilizing

the chromophore are required for high-fluorescence quan-

tum yields, whereas less hydrogen bonding favors photo-

switching of the chromophore by a hula-twist mechanism.

We speculate that the weak H-bond observed with H149

in rsFolder is a characteristic property of RSFPs that have

been engineered to obtain reasonable fluorescence quantum

yields combined with efficient switching capability.

Light-induced conformational dynamics in the

chromophore and its environment

As for a majority of RSFPs, on-off photoswitching in

rsFolder involves a cis-trans isomerization of the chromo-

phore coupled to deprotonation at the hydroxy group of

the phenol moiety. In our NMR spectra, this photoinduced

isomerization results in large 13C shifts of carbons in the

methine bridge (CA, CB, and CG) of the chromophore.

Because 13C chemical shifts are particularly sensitive to

the local geometry (torsion angles) of the chemical bonds

(47), the methine bridge 13C chemical shifts can be consid-

ered a spectral signature of p-HBI being in cis or trans

configuration. In principle, the protonation state at the chro-

mophore’s phenol moiety can be inferred from the 13CZ

chemical shift, which is expected to be 175–180 ppm for

a phenolate and 155–160 ppm for a phenol. However, for

rsFolder in the ‘‘off’’ state, no NMR signals could be de-

tected for the phenol moiety in the aromatic 1H-13C spectra,

indicative of a chromophore undergoing conformational ex-

change dynamics on the microsecond to millisecond time-

scale. Similarly, NMR signals of nuclei in the protein side

chains H149 and T204, forming hydrogen bonds with the

phenolate oxygen in the ‘‘on’’ state, become strongly line

broadened in the ‘‘off’’ state. These NMR observations

clearly indicate a destabilization of the chromophore and

the absence of any stable hydrogen bonding interaction

with the b-barrel. In the crystal structures of rsFolder, the

observed distances between the histidine d1 nitrogen and

the phenol oxygen are only little altered (from 2.8 to

2.9 Å) upon photoisomerization of the chromophore

(Fig. 7). Our findings thus contradict the conclusion drawn

from these structures that H149 remains hydrogen bonded

to the hydroxyl group of the phenol in the ‘‘off’’ state.

Most likely, the crystal structure observed at cryogenic

temperatures represents the lowest energy conformation in

the ‘‘off’’ state, which at higher temperature is in

exchange with alternate conformations that are separated

by low energy barriers. A loss of hydrogen bonding of the

TABLE 1 Chromophore 1H and 13C Chemical Shifts

Y67 NMR Shifts (ppm) On State Off State

CA 131.1 134.4

CB (HB) 137.9 (6.79) 145.5 (7.05)

CG 121.2 125.6

CD1 (HD1) 138.2 (8.34) n.d.

CD2 (HD2) 141.3 (6.54) n.d.

CE1 (HE1) 125.5 (6.48) n.d.

CE2 (HE2) 124.6 (5.84) n.d.

CZ 179.2 n.d.

n.d., not detected.
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chromophore phenolate with the b-barrel scaffold has also

been observed for other RSFPs (e.g., Dronpa, rsEGFP2,

and rsGreen) (8,46,48,49). Of note, this has also been

observed recently in the case of a long-lived dark state in

the photoconvertible fluorescent protein mEos4b (7).

The chromophore cis-trans isomerization also induces

increased structural dynamics at the b-barrel side

(b7–b10) facing the chromophore’s phenol group, the two

helical regions (H2 and H3) connecting the chromophore

with the rest of the protein, and a number of side chains

attached to these peptide regions, and pointing toward the

chromophore. In particular, all side chains that undergo a

structural rearrangement in the ‘‘off’’ state (T63, F146,

H149, V151, and I168), as seen by x-ray crystallography

(Fig. 1), are heavily line broadened in our NMR data

(Fig. 6), except for F146, which shows large chemical shift

changes. These observations further consolidate the hypoth-

esis that photoisomerization in rsFolder leads to a polymor-

phic and highly dynamic chromophore environment with

multiple substates (conformations) of comparable free en-

ergy that interconvert on the micro-to-millisecond time-

scale. Most likely, the structural fluctuations of the

chromophore and surrounding side chains also affect the

backbone regions to which they are attached, thus explain-

ing the observed amide 1H line broadening and increased

solvent exchange rates. These data are fully in line with

the notion of a fully nonfluorescent dark state unable to un-

dergo radiative deexcitation upon photon absorption.

Similar findings on changes in backbone dynamics upon

photoswitching have previously been reported for the antho-

zoan-derived RSFP Dronpa (14).

Concerning the helical region H3, we know that L70 is

an important residue for the photoswitching properties of

rsEGFP2 (24) and rsFolder (26), whereas S73 has been sug-

gested as one of the ‘‘hopping’’ points of protons when

entering from the solvent onto their way to the chromo-

phore (43). In our NMR data, the H3 region of rsFolder

shows increased conformational dynamics in the ‘‘off’’

state, as evidenced by line broadening (C71, F72, S73)

and faster H/D exchange (L70, C71). It has also been re-

ported recently using time-resolved serial crystallography

at an x-ray free-electron laser that during photoswitching

in rsEGFP2, an intermediate state becomes populated, in

which the chromophore is twisted, and helix H2 is moved

downward along the b-barrel axis (8). Here, we have shown

that water exchange for several amide hydrogens (V62,

T63, and T64) in H2 is increased by up to two orders of

magnitude. We may therefore speculate that conformations

similar to those seen in the excited state may be also tran-

siently occupied under equilibrium conditions at ambient

temperature, possibly involved in the thermally induced

relaxation mechanism of rsFolder from the ‘‘off’’ state to

the ‘‘on’’ state. So far, the chromophore connecting helical

elements, H2 and H3, have found only little attention in the

field of GFP engineering. In the future, it will be interesting

to investigate the effect of point mutations in H2 or H3 on

the photophysical properties.

CONCLUSIONS

In this work, we have used multidimensional solution NMR

spectroscopy coupled with in situ sample illumination as a

complementary high-resolution tool to study light-induced

changes in the conformational dynamics of the PTFP

rsFolder. Our results add a dynamic dimension to the static

view provided by x-ray crystallographic protein structures.

In particular, we identified dynamic hotspots in the chromo-

phore environment and the b-barrel structure that may sug-

gest future mutation sites to be probed by, for example,

saturation mutagenesis to alter the photophysical properties

of RSFPs. Furthermore, NMR spectroscopy provides a

unique tool to investigate the influence of environmental

conditions on the conformational dynamics of PTFPs and

correlate them with their photophysical and photochemical

properties. Therefore, including NMR spectroscopy in the

toolbox used for rational fluorescent protein engineering

will provide new opportunities for further improving

advanced fluorescent markers for a wide range of micro-

scopy and biotechnological applications.
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