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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 francaise

La découverte de protéines fluorescentes photo-transformables (PTFP) au cours des
derniéres 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 a super-résolution comme en RESOLFT (REversible
Saturable Optical. Fluorescence Transitions) par exemple. Par photoactivation, les RSFP
passent d’un état “on” - fluorescent - a un état “off” - éteint - qui, combiné a des sys-
témes d’illumination avancés permet d’imager des composants cellulaires préalablement
marqués a une résolution nanométrique. De nombreuses études cristallographiques sur
les RSFP ont apporté des informations structurelles importantes et ont permis de dresser

des hypothéses quant a leur comportement photo-physique. Elles ont également guidé



I'ingénierie des protéines fluorescentes afin d’améliorer leur conception et leur utilisation
in vivo. Cependant, les cristaux de ces protéines qui sont étudiées a 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 these, j’ai majoritairement utilisé la résonance magnétique nucléaire (RMN) en solution
multidimensionnelle sur une RSFP verte - appelée rsFolder - afin de compléter et améliorer
Nnos connaissances sur ces protéines.

A Taide d’un dispositif d’éclairage laser in situ portatif couplé au spectrométre RMN,
jai 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 I’état “off” non fluorescent
ont été identifiées a I'aide d’expériences de RMN d’échange induite par le LASER. L’état
“off” métastable de rsFolder apparait plus dynamique a I’échelle de temps de la milliseconde
que l'état “on” fluorescent. La RMN a également permis de mettre en lumiere quatre
configurations du chromophore possible qui sont pH dépendante. De plus, j'ai observé
I'isomérisation du chromophore induite par le pH cis-trans, en I'absence de lumiéere. 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 I’état fondamental de rsFolder a 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 role important que la RMN peut jouer dans le
domaine de I'ingénierie des RSFP.

Dans I'’ensemble, mes travaux de these ont permis non seulement d’établir un systeme
d’illumination in situ fiable, accompagné d’expériences de RMN pertinentes dans le but
d’étudier les RSFP mais aussi de souligner I'importance de la dynamique moléculaire dans

la compréhension des propriétés photo-physiques des RSFPs.
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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



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].
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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 (-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.



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 -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” 3, alpha helix, characteristic of g-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
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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



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].
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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



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.



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 )\, a conventional microscope with an objective lens
with numerical aperture of NA (VA = nsina, where n and « are the refractive index and
aperture angle of the lens, respectively) can achieve a minimum resolvable distance d, as
described by Ernst Karl Abbe:

A A

d = =
2NA  2nsina

(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 /cm? while RESOLFT only uses
kW /em? [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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RESOLFT

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 ym [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
(Inq2) 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= A (1.2)

2nsinay /1 + I’;%

Where I,,,., and I, are the values for the laser intensity at maximum and at the desired
intensity on the edges of the doughnut beam, respectively. Ideally, /,,,, is by far higher than
I,, 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 (dASTORM) 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 (Ecole 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 “oft”
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 A (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 ) 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 0.147/cm?, 490nm 0.4W/cm?) with relatively high brightness (80.75M 'cm ™!
[89] as compared to 33.54M ~'em~! 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 us [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 mlrisGFP —
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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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
HelLa 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.

Fluorescence

1.0

200 400 600 800

Switching cycles

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 /cm?) 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 kWW/cm?), 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 /cm?), 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/cm? 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, 531.

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(Glul83 in
rsGreen0.7 [59]) that are reported to be H-bonded to the CRO.
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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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Ser142 His194

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 rsSEGFP2 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  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 H,O and D-O 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 rsSEGFP2 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), 5DUO (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), 5DUO (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) nuclei (i.e either same-type nuclei but with distinct frequencies, eg H,-Hj
or different nuclei types eg ' H-° N). 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, By, like the one induced by the superconducting coil of
an NMR spectrometer, a spin-; nucleus with a magnetic moment, y, will align parallel or

anti-parallel to Bj,. 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 By. For a spin-;, with gyromagnetic ratio v, the spin may align parallel or anti-parallel

to the By, so the energy levels available are E; and E|, respectively. The energy difference,
AFE between the two energy levels is proportional to the strength of the external magnetic
field, B, according to:

AE = hyB, (1.3)

where 7 is the Planck’s constant.

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

wr, = 7By (1.4)
AE = hwy, (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 Biowa field.
Electrons orbiting the nucleus induce an opposing magnetic field, o, 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, wcg, proportional to the magnitude of the Bl:ml, which is
the total effect of the external magnetic field, B, and the local magnetic field shielding the
nucleus, o:

wes = fyBlocal = ’Y(BO - U) (]—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 ' H, 13C, > N), 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 By, the ratio between
populations of spins occupying the two available energy levels, follows a Boltzmann
distribution.
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Figure 1.19 N -! H 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. H.-N, cross peaks
can be clearly distinguished from H;- N5, while protonation states of histidines have
unique CS patterns. [170]

where Ng,,., N, are the populations of spins anti-parallel and parallel to the external
B, field, respectively, £ is the Planck’s constant and 7 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, ]\/f;cy, termed the transverse magnetization representing the

coherence present between spins. At Boltzmann equilibrium, M, is pointing along the +z
axis (if the gyromagnetic ratio of the nucleus is positive), while M, 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 By, field, the magnetisation vector M is along the z-axis.
An additional magnetic field, §1, oscillating at a reference frequency, w,, near the expected
w; of the nuclei of interest and perpendicular to the B, 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 A/ 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 A 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 w;, 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)

38



(a) )

(b) (c
M 1//\/] .” I, \/P?
B.I/f ‘ B, Z] M,, M

RF
B 5| 5|

(d) (e)

B, l B, l

Figure 1.21 Schematic representation of the influence of a 7 RF pulse on the

net magnetisation A, 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, M_, has disappeared while the transverse M;y has built up and
it precesses on the xy-plane. Consequently at (d), with the switching off of the
RF pulse, the ]\7[Z magnetisation starts returning back to the z-axis, now under the
influence of the By,.,;, until (¢) 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 w,. 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, w;, 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 wy..

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).
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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
LH-'N 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 *C and >N 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, v, compared to other commonly used
nuclei. Their high v as compared to *C or '° N means that ' H 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 ' H-' N 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 1° N-
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 ! H 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 ! H and ' N. The N 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 5NV spins. During the mixing step, a retro-INEPT step is applied and the magnetisation
is transferred back to the ' H. Finally, the retro-INEPT step leaves the ! H spins precessing
in the xy-plane for a time t2, whereby detection of the ' H frequency, modulated by the
correlated '° N chemical shift is recorded.
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Figure 1.25 Example of a simple 2D 'H-°N correlation HSQC experiment. (a)
Picture adapted by Keeler [118] and modified for the pulses taking place in channels
'H and ' N. Filled rectangles represent 90° pulses, and open rectangles represent
180° pulses. A/2 is a delay time, with A = ﬁ, ensuring maximum magnetisation
transfer for nuclear spins J-coupled with J-coupling strength of Jy . Starting from
equilibrium, during (A) an INEPT step is applied to transfer the magnetisation from
the amide ' H to the amide '* N. During (B), a 180° pulse refocuses the coupling
between the ! H and ' N spins so as to allow for the chemical shift of the >NV to
evolve during t1. At (C) a retro-INEPT is applied to recover the magnetisation to
the ' H spins which finally evolve and are detected during time t2. The 180° in the
'H channel, during t1, refocuses the J-coupling between the spins, while the GARP
element on the '° N channel applies decoupling in order to retrieve in (b) a single
peak from the quadruplet (at wy, wy).

Notably, during t1 and t2, the spins are precessing under the influence of not only the B,
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 ' H and '° N dimensions, resulting in a quadruplet set of peaks for each ' H-15 N 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 !/, >N and '3C, associating amides
to their respective carbons or ' H, 3C; and '3C},, when assigning a side-chain HC pair (1 H-
130) to each nearby carbons (**C5). A database of experimentally recorded Ca and CJ3
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, A,
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has a probability proportional to the cube of the frequency of the photon emitted between
energy state 2 and 1, (As; o< w?) [20] is comparatively improbable. Overall, the process of
re-establishing equilibrium, i.e nuclear spin relaxation, driven by the local fluctuations of
the B;f ; 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 — us), intermediate(us —
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, k.., but also on the NMR spectrometer
field strength, the number of available states (two-state model, A, B, or more), their
respective occupancy (p4, pp) and their characteristic CS (v, vg). Assuming a two-state
model of equally populated states, A, B, with CS difference of Av, 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, 7., 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, 7., 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.

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

47nrs
= BI?T (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 7. is, therefore, the
time constant of the exponential decay characterising the “memory” of the molecule of its
initial orientation (Figure 1.27).

G, = Goexp(—i) 1.9

c

G \ G(0)

Figure 1.27 The exponential decay over time, ¢, of the molecule’s “memory” of its
initial position and orientation, termed “correlation function”, GG(¢) with a time
constant 7.

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(w). As
can be seen in the figure below (Figure 1.28), a smaller molecule, with smaller 7. 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 7., the re-orientation of
this nucleus is accelerated. Hence, another time constant, namely the internal correlation
time of the nucleus, 7. 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 7, is the time constant of a correlation function, g(t)
which does not necessarily reach zero as is the case for G(¢) of the whole molecule, but
rather reaches a value defined by an order parameter, S* (Figure 1.29).

In the case of a nucleus experiencing dynamics whereby 7, is smaller than 7., the
correlation function, g(¢), decays faster than the G(¢), resulting in a different J(w).
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J(w) large

small

Figure 1.28 On the left, the correlation functions, GG(t¢), corresponding to a small
or a large molecule (relative to each other) and on the right, their spectral density
functions J(w). A smaller molecule, characterised by a smaller 7. 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 B;ff
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 B;f f
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 EO 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 B;f ; field, corresponding to orientation-dependent and orientation-independent
interactions. Since only spin-3 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 7. (or 7.,
when 7.»7.), 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, ¢(t), correlation functions are depicted, with their
respective time constants (7. and 7.). 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(w), 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(w) 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 B;f s due to DD and CSA experienced by the spins
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act as counter-RF pulses, promoting spin transitions from the £ to the E;. Therefore, after
an RF pulse has resulted in a certain population shuffling in the spin system, such spin
transitions caused by B;c s fluctuations over time lead to longitudinal relaxation, 7 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, T.
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,
wr. The RF pulse, inducing coherence, results in all same-type nuclei being “in-phase”.
However, due to differences in local environment and as the B;f f alters over time, and as
a result, so does the corresponding w;, of each nucleus. In the simplified diagram drawn
in Figure 1.31, different w; 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
M, and M, 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 R;(s™!) (or time T}(s)), while transverse relaxation Ry(s™') (or time T5(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, M., (t¢), can be
described as:

M.(t) = M.o(1 — e ) = M, (1 — e /™) (1.10)

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

M, (t) = M,,(0)e™"R2 = M, (0)e /T2 (1.11)

Where M., M,,, are the magnitudes of the A, and M,, components of the bulk
magnetisation at ¢t = 0, i.e when the RF pulse is switched off, and R; and R, are:

1 1
Ry=— Ry=— 1.12
1 le 2 7—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 B:f s

alter as seen in (a), causing B;f s fluctuations, plotted in (b). The average B;f s is
not affected, i.e the peak position of the nucleus in the spectrum will be the same.
However, fluctuations on B, i 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 By 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 > N due to ! H-"> N DD and ' N 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 ' N labelling is cheaper than *C [73,
24].

Since the frequency of fluctuations of the Bioay iS directly correlated to the motion due
to tumbling of the molecule and local motions of the amide pair, T} and 75 of a '° N nucleus
can be mathematically described using the concept of the spectral density function, J(w).
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M,(t)

T

Figure 1.32 Graphical representation of the equations describing longitudinal and
transverse relaxation. Exponential built up and decay of the respective compo-
nents M, and M;y of the bulk magnetisation over time, with constants 7} and 75,
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
Ty, Ty, and hetNOE the J(w) 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 77,
T, and hetNOE of the nitrogen nucleus become:

1/T1 :OéJ(wN>+ﬁJ(wN—WH)—F’YJ(MN—FMH) (113)
1/T2 = OéJ(O) —+ /BJ(WN) + ’}/J(LUH) + 5J(WN + WH) + EJ((A}N — LUH) + Rez (114)
hetNOE = aJ(wN + wH) + BJ(MN — wH) (115)

Where «, 3,7, d, € are constants, whose values depend on the >N CSA and 'H-'N DD
interactions strengths. R.,, related to additional relaxation induced due to exchange in the
few hundreds of us-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(wy), J(0), J(wy + wy) for 11, T> 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, w, 711, T> and
hetNOE are retrieved from multiple spectrometers (different magnetic field strengths). As a
result, the spectral density function, J(w) can be “mapped”.
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2. Model-free approach analysis [132] — using a model described by Lipari-Szabo, T}, T5
and hetNOE are used to describe J(w) of the HN pair in terms of constants 7., 7. and S
This way, the spectral density function is described as:

2 S%r. (1- 87,
J(w) =2
W =50 T e

) (1.16)

3. Qualitative approach — comparing 7}, 7, 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 7} is lower, T, is higher, while for
a residue experiencing fast-intermediate exchange motions, R,, (few hundred ps), 15 is
lower, while 77, 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
S?2. Therefore, without the need of further analysis, just obtaining the T}, T, 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 (R,,) affect
only the T5.

Principles underlying '° N-relaxation NMR experiments

The three values, T}, T, and hetNOE can be retrieved by a set of '° N-relaxation NMR
experiments, ° N-T}, ¥ N-T, and ' N hetNOE.

In the case of '° N-T} 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 M, of nitrogens using a 180° pulse, with each repetition allowing for
different values of the consequent evolution time, 7,.,,. 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 ! H-1° N spectrum recorded
with varying time delays, T,..., Will therefore vary exponentially with time. Figure 1.33
shows the pulses and evolution of magnetisation along the transverse plane for the 1° N
channel.

Similarly, an ' N-T, 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 ), ro precess on the xy-plane, under
the influence of relaxation. During precession, inhomogeneities in the B, arising across
the sample as well as evolution of the CS are eliminated by spin echoes repeating in equal
temporal increments of 7 — 180° — 7 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 > N-T} experiment aimed
at retrieving the 7 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 > N-M, vector. (a) An 180° pulse tilts the magnetization vector to
the -z axis, and an evolution 7., follows of variable length (1,2,3,4), after which
a 90° pulse tilts the magnetisation remaining after time 7., to the xy-plane for
detection. (b) Depending on the 7., 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 7,..;,, follow an exponential increase with constant
Tl.

the spin-spin relaxation, R, while CS changes are averaged out during T}.,. By altering
the evolution period and applying spin echoes at equal temporal steps, a profile of the
exponential decay of M;y can be plotted and 75 is retrieved. Once again, this experiment
is done in a 2D fashion, resulting in a series of 2D ' H-1° N spectra, from which the peak
intensities represent the magnitude of M;y.
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Figure 1.34 Schematic representation of the principle of > N-T; experiment aimed
at retrieving the 75 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
15 N-M., vector. (a) A 90° pulse tilts the magnetization vector to the xy-plane, where
over a variable length of time 7., (during which equally temporally spaced 180°
pulses refocus the chemical shift), it diminishes due to spin-spin relaxation (b)
Depending on the 7., 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 7., follow an exponential decay with constant 75.

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 '° N-relaxation series is the '° N heteronuclear NOE. In
15 N-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 » N hetNOE experiment evaluates the efficiency of magnetisation
transfer from 'H to '° N 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, /) — to achieve the maximum
possible polarization transfer through space — and a spectrum of the N equilibrium
polarization (reference spectrum with peak intensities, /,.). The hetNOE values are then
computed as hetNOE = I,,,/I,.;. 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 '° N-relaxation
experiments.

15 N-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, P, respectively), k., is comparable to the chemical shift difference, Av,p, 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 s — 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 R9), but additionally by a change in the CS of spins that have
undergone conformational exchange (termed R.,) during the NMR detection period [163].

Nevertheless, 180° pulses refocusing the CS can be applied to minimize the effect of R.,
on the signal. While nuclear spin relaxation, RY, is irreversible, R, is modulated depending
on the rate of 180° pulses applied during a given relaxation time (vcpye). For nuclei
experiencing conformational exchange in the intermediate exchange regime, the effective
rate of decay of their NMR signal, R, s, becomes:

R = RY + R, (1.17)
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where, in the fast exchange limit (k.,/Avap — 0) :

Rez ~ kaem (118)

in the slow exchange limit (k../Avap — oo [165]):

A 2
R, ~ pAp’Zﬂ (1.19)

Note that R., is not only dependent on the rate of chemical exchange, k..., but also on
populations, p4 and pg, and chemical shift difference, Avap.

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 R., from
RY by recording 2D spectra with varying number of 180° refocusing pulses within a fixed
amount of time, 7}.45-

Similarly to the > N-T, 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 7,,,, described as 7-180-7. During 7, spins are let to dephase (due to CS
evolution), while a 180° pulse refocuses the CS. A simplified description of > N-CPMG-RD
experiment is depicted in Figure 1.35.

Contrary to the > N-T, NMR pulse sequence, the time between 180° pulses, 7, varies
— a long 7 during which the majority of nuclei have converted between A and B, results
in complete loss of coherence (]\/f;cy = 0), while a short 7 allows only of loss of M;,y due to
faster interconversions i.e happening during 7., 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 7 delays) allow for more dephasing due to CS changes, while at high
CPMG frequencies, part of the CS modulation is refocused.

By fitting the RS'/ at different CPMG frequencies and different magnetic field strengths
(since magnetic field strength is another parameter affecting RS'/), we can deconvolute the
difference of CS Av,p, assuming a two-state model, as well as the exchange rate, k.., and
occupancy of these two states, p, and pp 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 > N-CPMG — RD exper-
iment aimed at retrieving the k., rate of an atom exchanging between two states
at a timescale of a few hundred us to ms. (a) A 90° pulse tilts the magnetization
vector to the xy-plane, where over a variable length of time 7 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 7 time (or the
frequency vopy 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, R;f ! plotted against CPMG frequency, vcpasc for an
atom exchanging in the intermediate regime. Peak intensities extracted at low
vepue tend to be of low signal-to-noise, causing this “bump” on the graph. The
plateau of the curve is R, the rate of spin-spin relaxation taking place within time

Trelax .

including ' N-CPMG-RD. Working with -lactamase and its homologues, they identified
motions occurring at the us-ms timescale with exchange rates k., ranging from around
300s~! to 2000s~! 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
p-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 ys-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 R, but a small
“leak” of populations from state A to state B during detection translates to a small R.,, 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 R., 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 7} as compared to the 75 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
0.7-33s7 L. 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 