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Introduction

The investigation of protein function on a molecular level is a fundamental requirement to understand life-regulating processes in biology. For a long time, the focus in structural biology studies was set on the characterization of protein structures as a key to understanding their behavior. Still, as Richard Feynman said, "everything that living things do can be understood in terms of the jiggling and wiggling of atoms". In other words, it is fundamental to investigate how proteins structures change over time, as only the interplay of structure and internal motions (i.e. protein dynamics) can justify protein function and adaptability. Also, mutations or perturbations inducing protein disfunction may have sometimes little impact on the structure but a significant effect on dynamics.

Several techniques are used to investigate protein dynamics, but Nuclear Magnetic Resonance (NMR) is undoubtedly the principal experimental approach which offers the unique possibility of describing protein dynamics over a wide range of timescales with atomic resolution. A plethora of methods are applied which contribute to describing the conformational changes accompanying fundamental processes such as ligand binding, enzymatic activity, folding and unfolding. Remarkably, a large number of interesting biological targets are not suitable for investigation in solution because of their poor solubility and /or their large molecular size (fibrils, membrane proteins and large complexes or capsids).

Solid-state NMR has recently developed as a technique capable of addressing exactly these challenging targets. It can be applied to both crystalline and non-crystalline solid preparations, and unravels structure and internal dynamics over a large window of timescales, irrespective of the protein's molecular weight. However, in solids the anisotropy of spin interactions introduces line broadening and affects the observables which report on molecular motions. Magic-Angle Spinning (MAS) is used to (at least partially) average these interactions, restoring spectral quality and re-establishing a direct link between the NMR observables and protein internal dynamics. Over the last two decades, spectacular progress in MAS technology has boosted the possibilities of solid-state NMR to investigate not only microcrystalline proteins but also functional states in native-like sample conditions, a particularly important requirement eg for transmembrane proteins in lipid bilayers. Despite important proofs of concept, however, a number of limitations still exist preventing its widespread application to many samples of importance in structural biology.

The objective of this PhD has been to push forward the capabilities of solid-state NMR so to fully realize its potential (today limited to few rare examples) for the characterization of dynamical processes in complex biological systems in different aggregation states. This has relied on the unique instrumentation available at the host laboratory, combining ultra-high magnetic fields (700, 800 and 1000 MHz 1 H Larmor frequency) and ultra-fast MAS probes (capable of spinning in the 60-111 kHz range). These experimental conditions allow a "sensitivity and resolution" revolution in MAS NMR through 1 H detection and an enrichment of the palette of probes for the study of protein dynamics.

In the first part of the manuscript, I present the methodological background of my PhD work. I start with the presentation of the key concepts of dynamics by NMR, and in particular by MAS NMR (Chapter 1). I additionally survey the different methods adapted to a variety of motional processes, discuss the specific advantages of studying dynamics in biomolecular solids and outline the main challenges related to this approach.

In Chapter 2, I provide a description of the progress experienced by MAS NMR for biolomecular studies, reviewing the role played by faster MAS rates and higher magnetic fields on spectral resolution and sensitivity in this area. I outline the recent history of 1 H-detection in solid-state NMR, from early experiments in highly deuterated systems understanding the role of dynamics in the conduction mechanism of two transmembrane proteins in lipid bilayers.

In Chapter 6, I tackle the human water channel Aquaporin 1. On a single fullyprotonated sample of 500 µg, I measure a large number of 1 H- 15 N and 1 H- 13 C dipolar couplings and 15 N relaxation rates at two magnetic fields. These data allow for a rigorous quantitative analysis of backbone motions, capturing processes occurring over both ps-ns and ns-µs timescales. Together with the quantification of side-chain motional amplitudes, this allows to reveal a decrease in conformational flexibility associated to selectivity and water transport.

Finally, Chapter 7 describes the results on the 5x42-kDa metal ion channel, CorA, primarily involved in the homeostasis of Mg 2+ in prokaryotes. The resolution provided by high magnetic fields and fast magic-angle spinning is exploited to measure 15 N relaxation parameters on the channel in its Mg 2+ -bound (closed) and Mg 2+ -free (open) forms, revealing dynamical features in both states which could not be previously characterized.

This MAS NMR study challenges and complements previous transport models based on static X-ray and cryo-EM structures.

Part I

Methods for protein dynamics by MAS NMR

Chapter 1

Protein dynamics by MAS NMR: principles, challenges, applications 1.1 Methods for protein dynamics

Proteins are key players in cellular biological processes, as they perform a multitude of functions. It is well established that, in order to understand how these macromolecules work, it is not sufficient to accurately describe their 3D structures but is necessary to "visualize" how they change as a function of time. Indeed, protein function tightly depends on a hierarchy of local and collective conformational transitions, which encompasses over 15 orders of magnitude in time: from bond vibrations, in the femtoseconds range, to catalytic processes involving large domains, on the order of seconds or even slower [START_REF] Lewandowski | Direct observation of hierarchical protein dynamics[END_REF][START_REF] Henzler-Wildman | Dynamic personalities of proteins[END_REF].

Individual experimental techniques address specific windows of timescales with specific spatial resolution, each contributing to an overall picture which is intrinsically complex. In parallel, methods for computational simulations by Molecular Dynamics (MD) provide a mechanistic description of protein dynamics on a increasingly large range of time scales.

A number of experimental low-resolution techniques can be applied to depict motional processes. These can access a large window of timescales, but lack of precision at the atomic scale. Small Angle scattering (SANS and SAXS) techniques, for example, are applied to yield information on the overall shape of proteins and molecular assemblies. As such, these techniques are useful for the investigation of multi-domain proteins, reporting on their relative orientation and therefore on the conformational ensembles of the whole structure. Additionally, by applying image contrast through controlled deuteration, SANS can give access to selected regions of a complex [START_REF] Debiec | Integrating NMR, SAXS, and Atomistic Simulations: Structure and Dynamics of a Two-Domain Protein[END_REF][START_REF] Larsen | Combining molecular dynamics simulations with small-angle X-ray and neutron scattering data to study multi-domain proteins in solution[END_REF]. Fluorescence spectroscopy has the advantage of possible in vivo investigations. Its most exciting application is in single-molecule studies, which allow for real-time monitoring of complex molecular processes. In particular, Fluorescence Resonance Energy Transfer (FRET) is informative on the relative, time-dependent, distance between a donor and an acceptor on a nm scale. When applied at the level of single molecules, it allows to follow dynamics in real time at a molecular scale, circumventing ensemble averaging [START_REF] Bacic | Recent advances in single-molecule fluorescence microscopy render structural biology dynamic[END_REF]. Nevertheless, with this approach only a single change in distance can be monitored at a time. Electron Paramagnetic Resonance (EPR) is a local-site technique which has found large application in the field of membrane proteins. Through the introduction of spin labels in the system, it is possible to measure distances across tens of Å and to investigate local dynamics [START_REF] Mchaourab | Toward the fourth dimension of membrane protein structure: Insight into dynamics from spin-labeling EPR spectroscopy[END_REF]. High-speed Atomic Force Microscopy (HS-AFM) was also shown valuable in the investigation of dynamics of membrane proteins, combining nm-resolution with time sensitivity on a sub-ms timescale [START_REF] Ando | Filming biomolecular processes by highspeed atomic force microscopy[END_REF].

Today, atomic level description of proteins, and in particular of protein structure, can only be obtained by X-ray crystallography, cryo-Electron Microscopy (EM) and Nuclear Magnetic Resonance (NMR).

For X-ray and cryo-EM, a thorough description of protein dynamics is however out of reach. The sample homogeneity required for X-ray studies is often obtained by suppressing protein flexibility, via e.g. the introduction of point mutation that reduce dynamics and trap the structure in a state with less conformational dispersion. The temperature factor, or B factor, which sometimes is indicated as a possible parameter to obtain information on local flexibility in crystals, depends also on other factors (such as static lattice disorder and crystal contacts) and thus is only poorly correlated with protein internal dynamics [START_REF] Reichert | The relation of the X-ray B-factor to protein dynamics: Insights from recent dynamic solid-state NMR data[END_REF]. The development of synchrotrons producing short and intense pulses has recently opened the way to real-time investigations, applications which are nevertheless limited to photosensitive targets [START_REF] Šrajer | Watching proteins function with time-resolved x-ray crystallography[END_REF]. In cryo-EM, recently developed algorithms for data analysis have allowed the separation of close conformations, which are thought to represent the conformational space of the protein before the flash-freezing [START_REF] Murata | Cryo-electron microscopy for structural analysis of dynamic biological macromolecules[END_REF]. Nevertheless, with this approach, the timescales of dynamical processes are not accessible.

NMR describes dynamics on a large window of timescales

Among biophysical methods used to investigate protein dynamics, NMR has a unique place, due to its capacity to describe molecular motions at high spatial resolution with timescale information. This technique has access to a variety of experiments designed to study motions on a broad time range, through the determination of NMR observables related to specific motion types. Once combined, these data allow to obtain a complete picture of the dynamical behavior of the system.

Solution NMR, which has been largely applied for the investigation of protein dynamics, is strongly susceptible to the molecular size and, for molecules with high molecular weight, poor sensitivity and resolution are observed, unless sophisticated isotope labeling techniques are applied. Additionally, the range of timescales investigated with this technique is limited by molecular tumbling rate, preventing the observation of motional timescales slower than ∼ns and up to µs.

Solid-state NMR with Magic-Angle Spinning (MAS) overcomes these limitations and gives access to a wide range of motional timescales, irrespective of the molecular weight of the protein.

Here we will describe methods for protein dynamics by NMR, with a particular focus on MAS. We will present the principles of the technique and the experimental methods, referring to previous applications to elucidate the concepts discussed.

In NMR, the total nuclear spin Hamiltonian describing a spin system can be written as a sum of magnetic interactions:

H tot = i H i (1.1)
where

H i = C i I • A i • J (1.2)
where C i is a characteristic constant of the interaction, A i is a tensor which describes the interaction, I and J are the vector operators of the interacting species; in particular, J represents the ultimate source of the internal local field (i.e. a spin or an external field:

static or radiofrequency (rf) field).

The range spanned by internal interactions covers around 12 orders of magnitude in frequency:

• Larmor frequency: 10 9 -10 7 Hz

• Chemical Shift Anisotropy: 10 1 -10 2 ppm (field dependent)

• Dipolar Couplings:∼10 3 -10 4 Hz

• Isotropic Chemical Shift:10 2 -10 3 Hz

• Scalar Coupling: 10 1 -10 2 Hz

• Quadrupolar interaction (for S 1 /2): 10 3 -10 4 Hz

The interaction tensor A i in Equation 1.2 describes not only the nuclear spin interaction, but also its orientation dependence. Indeed, this tensor can be decomposed in three components: a rank-0 isotropic component, a rank-1 traceless and antisymmetric component (usually negligible) and a rank-2 traceless and symmetrized component. The rank-0 components are invariant under any spatial rotation, while the rank-2 terms are responsible for the dependence on the orientation. As a result, the internal Hamiltonians, can also be written as the sum of two terms:

H int = H iso i + H aniso i (1.3)
where the dependence on the molecular orientation with respect to B 0 is contained in the anisotropic term H aniso i .

All the internal interactions can give information on dynamics of the molecules: indeed, the local fields are affected by relative movements of different parts of the protein, which introduce a time dependence of the interactions. The strength of NMR in characterizing dynamics is the possibility of investigating a wide range of internal interactions, each of which reports on a specific window of motional timescales between picoseconds and seconds. In particular, different kind of internal motions can occur in proteins: fast local motions, such as methyl rotations (ps-ns), side-chain rotations (10 2 ns-µs) and loop movements (ns-µs), collective motions of larger domains (µs-ms) and local unfolding (µss).

The anisotropy of the internal interactions determines a fundamental difference between solution and solid-state NMR. In solution, molecules undergo random molecular tumbling, which is on the order of ns for small molecules. The effect of this brownian motion is to average of the anisotropic component of the interactions, so that only the isotropic part contributes to solution NMR signals. In particular, Chemical Shift Anisotropy (CSA) and anisotropy of dipolar couplings are averaged to zero. On the contrary , in the solid-state, tumbling motions are absent and all the components of H int contribute to the NMR observables. This has a drastic effect on spectral resolution, because all the possible orientations of the molecules in the sample resonate at different frequencies. One way to overcome this limitation is to take advantage of the symmetry properties of the rank-2 tensors, which is to average to zero under the magic angle (θ m =arccos(1/ √ 3)). Magic Angle Spinning (MAS) is a fast rotation around this angle, which results in the partial suppression of the anisotropic components. Importantly, the two sources of averaging in solution and in MAS are fundamentally different: while in solution the anisotropy is completely suppressed by the stochastic isotropic motions, MAS is a deterministic process occurring on the ms-µs time scale and performed along one specific angle, with the result of suppressing some, but not all, the components of the internal Hamiltonians [START_REF] Rovó | Recent advances in solid-state relaxation dispersion techniques[END_REF]. This has consequences for MAS NMR observables, as discussed later in this work.

Specific techniques are applied in MAS NMR to measure and extract the dynamic information from the internal interactions, as schematically shown in Figure 1.1. They will be briefly presented here, and those relevant to this thesis will be discussed in more detail in the following sections of this chapter.

On the time line of dynamic processes sampled by NMR, motions can be classified as fast or slow, but additionally, when each interaction is considered, fast and slow motion limits can be defined depending on the characteristic frequency of the interaction.

In particular, in the fast motion limit, the characteristic frequency of the motion is higher than the strength of the internal interaction for all the possible orientations. As a result, the observed parameter is an average over all the states which are populated during the motion.

At the "fastest" edge of the timeline investigated by NMR, Redfield relaxation theory can be used to describe nuclear spin relaxation (section 1.3) and to obtain equations to calculate relaxation rate constants, which contain information about amplitude and time scales of motions. In particular, different relaxation processes occur in a spin system, which report on different time scales: R 1 relaxation rates are sensitive to local motions in the ps-ns range, whereas R 2 and R 1ρ rates are affected by slower motions in the ns-µs range. In this regime, MAS NMR shows key advantages with respect to solution NMR. Longitudinal and transverse relaxation rates presented in section 1.3 are depicted in blue, relaxation dispersion techniques presented in section 1.6 are depicted in orange, averaged anisotropic interactions discussed in section 1.7 are depicted in red. Averaged isotropic chemical shift is also shown in grey. Motions slower than this average are studied with exchange spectroscopy, not detailed in this work. Adapted from [START_REF] Henzler-Wildman | Dynamic personalities of proteins[END_REF][START_REF] Schanda | Studying dynamics by magic-angle spinning solid-state NMR spectroscopy: Principles and applications to biomolecules[END_REF].

Due to molecular tumbling in solution, local fluctuations become uncorrelated over a timescales of nanoseconds, so that internal motions which are slower than the molecular tumbling become "invisible" by spin relaxation experiments. This regime of dynamics slower than ns is particularly interesting because protein functional motions often occur on this timescale.

At the opposite "slowest" edge of the timeline, the transition between structurally different states occurs on the order of ms-s, that is with a frequency from few Hz to few kHz.

In each state, nuclei may be surrounded by different local fields, leading to differences in their isotropic chemical shifts. The definition of slow and fast limit depends here on the difference of chemical shift -in frequency-between different states. The exchange is then slow if the constant of exchange is lower than this difference (section 1.6). The techniques used to investigate these motions fall into the category of exchange spectroscopy.

While in solution NMR the information on these motions can be extracted from isotropic chemical shift alone, in solid-state NMR the exchange spectroscopy can be extended to anisotropic interactions, e.g. dipolar couplings and anisotropic chemical shift [START_REF] Deazevedo | Principles of centerband-only detection of exchange in solid-state nuclear magnetic resonance, and extension to four-time centerband-only detection of exchange[END_REF][START_REF] Krushelnitsky | Direct observation of millisecond to second motions in proteins by dipolar CODEX NMR spectroscopy[END_REF].

In the limit of fast exchange, only one chemical shift is observed corresponding to the population-weighed average over all the states.The third regime of motions that can be investigated is the intermediate exchange regime. In the case of chemical exchange, this occurs when the chemical shift difference is comparable to the constant of exchange, causing peak broadening. The techniques used to describe conformational exchange in the intermediate/fast regime fall in the category of relaxation dispersion experiments and will be presented in section 1.6. In the solid state, where the anisotropy of the interactions is not averaged to 0, the intermediate regime of the exchange can be obtained not only with respect to isotropic chemical shift, but also to the anisotropy of dipolar couplings and CSA, enriching the spectrum of information available in the µs range, that is in the middle of the NMR timeline. Investigation of conformational exchange has received great attention because it is crucial for protein function: enzymatic catalysis, signal transduction, ion transport are often linked to the existence of transient states in equilibrium with the ground state [15].

Finally, motional averaging of anisotropic interactions can be investigated in MAS NMR with recoupling techniques that reintroduce the anisotropy of selected interactions in a controlled way (section 1.7). This approach is more straightforward than in solution, where the measure of the anisotropy can be performed by re-introducing an orientational dependence only with the help an aligning medium, or via the measurement of the interference between the effect of CSA and dipolar couplings on spin relaxation rates.

Spin relaxation

In a static magnetic field at the thermal equilibrium, the macroscopic magnetization vector obtained from a statistical ensemble of nuclear spins is aligned along B 0 , defined as axis z of the laboratory frame. With the application of an external perturbation, such as radio-frequency pulses perpendicular to B 0 , a transverse magnetization can be generated in the xy-plane. Similarly to other areas of spectroscopy, the process by which the system returns to the equilibrium is called relaxation, here specifically spin relaxation [16].

In contrast to relaxation of excited states in optical spectroscopy, spin relaxation is not affected by spontaneous or induced emission of photons, as their energy in NMR spectroscopy is too low. Instead, the relaxation of the spin system to the equilibrium is induced by the coupling with the surroundings. Stochastic motions couple with the spin system by modulating the local magnetic fields around the nuclei, thus introducing a time dependence in the internal interactions, namely in the term H aniso i of equation 1.3.

Relaxation is induced when the modulation of local fields allows for an exchange of energy with the spins. The efficiency of relaxation depends on the amplitude of magneticfield fluctuations and on the timescales at which the fluctuations occur. For this reason, relaxation rate constants contains information on the geometry of the spin system, on the timescale of relaxation-inducing motions and on their amplitude.

Phenomenological description: Bloch equations

Spin relaxation processes were described phenomenologically by Bloch [START_REF] Bloch | Nuclear Induction[END_REF], who formulated the evolution of macroscopic magnetization in the laboratory frame with the equation:

dM dt = γM(t) × B 0 -R(M(t) -M 0 ) (1.4)
where γ is the gyromagnetic ratio, the first term describes the precession around B 0 and the second term the relaxation to equilibrium, dependent on the relaxation matrix R:

R =            1/T 2 0 0 0 1/T 2 0 0 0 1/T 1            (1.5)
The solution of Bloch equations yields exponential relaxation functions whose decay rates (R 1 = 1/T 1 , R 2 = 1/T 2 ) are contained in R. The relaxation of the z component of the magnetization (M z ) is described by R 1 , therefore called longitudinal (or spin-lattice) relaxation rate. The relaxation of x and y components of the magnetization (M x/y ) is described by R 2 , therefore called transverse (or spin-spin) relaxation rate. These rates correspond to two different relaxation mechanisms, corresponding to two different energy exchanges. Longitudinal relaxation is the recovery of magnetization induced by direct energy exchange between the spin system and the surroundings (historically, the lattice); transverse relaxation is the decay of transverse magnetization by loss of phase coherence from energy exchange between spins.

Semi-classical relaxation theory

In the so-called semi-classical approach, which leads to a microscopic description of relaxation mechanisms, the lattice and the ensemble of spin systems are treated differently. The lattice is represented as a thermal bath characterized by classical random processes, while the nuclear spin systems are described with quantum mechanics. Only the main results of the theory will be presented here and we refer to textbooks for a more detailed description [16,[START_REF] Abragam | The Principles of Nuclear Magnetism[END_REF][START_REF] Slichter | Principles of Magnetic Resonance[END_REF][START_REF] Kimmich | [END_REF][START_REF] Luginbühl | Semi-classical nuclear spin relaxation theory revisited for use with biological macromolecules[END_REF].

In the formulation from Wangsness, Bloch and Redfield (BWR) [START_REF] Wangsness | The Dynamical Theory of Nuclear Induction[END_REF][START_REF] Redfield | On the Theory of Relaxation Processes[END_REF], the total Hamiltonian of the system is expressed as the sum of a deterministic Hamiltonian H d and of a stochastic Hamiltonian H s (t). The deterministic Hamiltonian (Zeeman, isotropic interactions, radio-frequency field interactions in solution and their coherent modulation by MAS in the solid state) determines the interaction frame for the representation of the equation of relaxation experiment. The stochastic Hamiltonian represents the spin interactions modulated by random molecular motions, i.e. the source of relaxation. For any given relaxation mechanism, the stochastic Hamiltonian can be opportunely expressed in the spherical tensor basis in terms of a spin operator and spatial time-dependent functions, that is for each interaction µ: (1.6) where K µ is a constant related to the spin interaction, T µ m are the spin-tensor components and A µ m (t) the stochastically modulated space-tensor components of the interaction. The operators T µ m behave under rotation like spherical harmonics of rank 2. The index m indicates the order of the quantum transition, so that different multiple-quantum orders are separated. A useful approach is to expand the operators T µ m on the basis of the eigenoperators V µ p of the Zeeman commutator superoperator H 0 , which are the spin operators and the ladder operators, with eigenvalues ω p :

H µ s = K µ 2 m=-2 (-1) m A µ -m (t)T µ m
H 0 V µ p = [H 0 , V µ p ] = ω p V µ p T µ m = p V µ p (1.7)
The spherical tensor components for dipolar couplings and CSA interactions and the corresponding constants in this basis are shown in Table 1.1. (2I z S z -1 2 I + S --1 2 I -S + ) 1 2 (I ± S z + I z S ± ) 1 2 I ± S ±

The eigenvalues of the different terms which compose the tensor mentioned above are shown in Table 1.2. 

I z S z 0 0 -1 2 √ 6 I + S -ω I -ω S 0 -1 2 √ 6 I -S + ω S -ω I ±1 ∓ 1 2 I ± S z ω I ±1 ∓ 1 2 I z S ± ω S ±2 1 2 I ± S ± ω I + ω S
Perturbation theory can be applied to the Hamiltonian in equation 1.6 to obtain an expression of relaxation rates, under the so-called weak collision, or Redfield, limit. Under this assumption, the perturbation induced by the fluctuating spin interactions is much smaller than the stationary part of the Hamiltonian. In other words, in the weak collision case, each event leading to relaxation changes the state of the system only weakly and many events are required to produce an observable change in the density operator. In solution the requirement is always fulfilled because motions slower than ns-molecular tumbling cannot be addressed with spin relaxation. In solids, instead, the validity of Redfield theory can be argued when transverse relaxation rates are calculated, because these can be reporters of motions on a slower timescale (see below).

In the BWR theory, the time dependent part is treated classically considering the stochastic fluctuations of the spatial components of the Hamiltonian induced locally by random motions. This stochastic nature is manifested by the autocorrelation functions of the structural terms A m (t) in equation 1.6:

C m (τ) µ,µ = A µ m (t)A µ m (t -τ) (1.8)
with brackets indicating an ensemble average. Since the stochastic fluctuations inducing spin relaxation are assumed to be stationary, the autocorrelation function does not depend on the time origin. In Redfield theory, relaxation rates are expressed in terms of the so-called spectral density function, which is the Fourier transform of the autocorrelation function:

J m (ω) µ,µ = ∞ -∞
C m (τ) µ,µ e iωτ dτ (1.9) The spectral density function indicates the strength of a relaxation pathway at a certain frequency. The width of the spectral density function is associated with the correlation time of the motion modulating the spin interaction, where longer correlation times The different indeces µ, µ indicate that relaxation can in some cases be induced by two different interactions (cross-correlated relaxation). With time-dependent perturbation Chapter 1. Protein dynamics by MAS NMR theory, a formulation of Liouville Von Neumann equation is obtained. We will not report the detailed derivation here, which can be found in previously cited reference textbooks.

In order to obtain the relaxation rate constants the transformation of the spin operators need to be considered: In particular, I z for longitudinal rates R 1 and I x/y for transverse rates R 2 . The relaxation rates can be expressed as the expectation values (1.10) where Γ is a superoperator which is the final result of Redfield treatment and which takes into account the effect of the stochastic Hamiltonian. The super operator Γ contains a double commutator of the spin part ( [

R 1 = I z | Γ |I z R 2 = I x/y | Γ |I x/y
T µ m [V µ p , Q]]
) and the spectral density functions for the time dependent stochastic fluctuations (J(ω p )): .11) where Q is a generic operator. The double commutator selects the relaxation pathways allowed by the interaction and the spectral density function determines its strength.

Γ {Q} = 1 2 µ,µ 2 m=-2 (-1) m p J(ω p ) µ,µ -m [T µ m [V µ p , Q]] ( 1 
Based on the Redfield relaxation theory every relaxation rate constant can thus be expressed as a linear combination of spectral density functions: R j = i a i J(ω i ) (1.12) where the spectral density functions are related to the interactions inducing relaxation and the a i are the weight coefficients related to the frequency ω i . From eq.( 1.12) it is clear that in order to calculate the rate constants it is necessary to obtain the spectral density function which describes the particular motion leading to relaxation. It is also important to identify the spin operators T m and evaluate, by means of the double commutators, which frequencies of the spectral density functions are the more important for the relaxation mechanism investigated.

To elucidate this concept, we can first consider an isolated spin I= 1 /2 and calculate the contribution of CSA to relaxation rate constant. As shown in Table 1.1, the operators describing this interactions are I z and I ± . These operators are eigenvectors of the Zeeman super operator for this simple spin system with eigenvalues 0 and ±ω I respectively, as calculated from equation 1.7 :

H 0 I z = ω I [I z , I z ] = 0 • I z H 0 I ± = ω I [I z , I ± ] = ±ω I • I ± (1.13)
We first consider the longitudinal relaxation rate constant R 1 , which describes the return of spin state populations to equilibrium. Its expression can be obtained considering Equations 1.10-1.11. Evaluation of the double commutator indicates that the contribution of the I z component is zero (as [I z , I z ] = 0 ), so J(0) does not contribute to the expression of the relaxation rate. Conversely, the double commutator of I ± with I z is non-zero and J(ω I ) contributes to the relaxation rate. Indeed, performing the evaluation of 1.10 with 1.11 gives as a result for R 1,CSA :

R 1,CSA = (ω I δ CSA ) 2 3 J 1 (ω I ) (1.14)
where ω I is the Larmor frequency of spin I, δ CSA is the chemical shift anisotropy of the spin and the subscript of the spectral density indicates its order.

In order to calculate the transverse relaxation rate R 2 , the transformation of I x and I y needs to be evaluated. In this case, both I z and I ± lead to non-zero double commutators, so both J(0) and J(ω I ) appear in the expression of R 2 :

R 2,CSA = (ω S δ CSA ) 2 18 [4J 0 (0) + 3J 1 (ω I )] (1.15)
If we then consider a spin pair (I,S), the dipolar couplings between the spins can contribute to the relaxation mechanisms. The diagram of energy levels of this spin system is depicted in Figure 1.3, the operators describing this interaction are shown in Table 1.1

and the eigenvalues of the different terms are shown in Table 1.2. Using the same approach applied to CSA, it is possible to identify the spectral densities contributing to R 1,S by evaluating the double commutator with S z . Only the operators I + S -, I z S ± and I ± S ± give a non-zero double commutators, thus a contribution is predicted from J 0 (ω Iω S ), J 1 (ω S ) and J 2 (ω I + ω S ) in the relaxation rate. Additionally, since all the terms give a non-zero double commutator with S x and S y , contributions from all the orders of spectral density are expected in R [START_REF] Bloch | Nuclear Induction[END_REF] where d =

R 1,dip = d 2 4 [J 0 (ω I -ω S ) + 3J 1 (ω S ) + J 2 (ω I + ω S )] (1.16) R 2,dip = d 2 8 [4J 0 (0) + J 0 (ω I -ω S ) + 3J 1 (ω S ) + 6J 1 (ω I ) + 6J 2 (ω I + ω S ) (1.
µ 0 γ S γ I 4πr 3

IS

is the anisotropy of dipolar couplings, γ is the gyromagnetic ratio and r IS is the distance between the two nuclei.

The derivation of the relaxation rates is obtained from solution NMR, but it applies also in MAS NMR. However, under MAS an additional modulation of the correlation function is introduced, with terms in the spectral density functions depending on the spinning frequency ω r or on 2ω r . The Larmor frequency is, typically, at least three orders of magnitude larger than the spinning frequency, so these additional terms are neglected for all terms, except the J(0) terms [START_REF] Haeberlen | Spin-lattice relaxation in periodically perturbed systems[END_REF]. As a result, the expression of R 2 under MAS becomes:

R MAS 2,CSA = (ω S δ CSA ) 2 18 8 3 J 0 (ω r ) + 4 3 J 0 (2ω r ) + 3J 1 (ω S ) (1.18) R MAS 2,dip = d 2 8 8 3 J 0 (ω r ) + 4 3 J 0 (2ω r ) + J 0 (ω I -ω S ) + 3J 1 (ω S ) + 6J 1 (ω I ) + 6J 2 (ω I + ω S ) (1.19)
A third relaxation mechanism occurs when a spin-lock field is applied in the transverse plane. The rate of the relaxation of coherences under spin-lock is called R 1ρ and can be expressed as: R 1ρ (Ω) = cos 2 (θ e )R 1 + sin 2 (θ e )R 1ρ (0) (1.20) where Ω is the offset (in Hz) with respect to the carrier of the spin-lock field, θ e = arccos(Ω/ω e ) is the tilt angle, the applied spin-lock field is ω 1 and the effective field is ω e = (ω 2 1 + Ω 2 ) 1/2 . When θ e = π/2 (Ω = 0), the R 1ρ is said on-resonance. Off-resonance measurements are usually performed when the limitations of the MAS probe do not allow to apply sufficiently high spin-lock fields. The on-resonance R 1ρ (0) is equivalent to the expression of R 2 (Equations 1.15 and 1.17) but sampled at the effective field instead of the zero frequency. Another formulation can be found in [START_REF] Kurbanov | The nuclear magnetic resonance relaxation data analysis in solids: General R 1 / R 1ρ equations and the model-free approach[END_REF]:

R 1ρ = R 1 + sin 2 (θ e )(R 1∆ - 1 2 R 1 ) (1.21)
which for on-resonance experiments leads to R 1ρ = R 1∆ + 1 2 R 1 and, in rotating solids, to the analytical expressions

R CSA 1ρ = δ 2 CSA 18 (2J(ω 1 -2ω r ) + 4J(ω 1 -ω r ) + 4J(ω 1 + ω r ) + 2J(ω 1 + 2ω r ) + 3J(ω I )) (1.22) R dip 1ρ = d 2 8 (6J(ω S ) + 2 3 [J(ω 1 -2ω r ) + 2J(ω 1 -ω r ) + 2J(ω 1 + ω r ) + J(ω 1 + 2ω r )]+ J(ω I -ω S ) + 3J(ω I ) + 6J(ω I + ω S )) (1.23)
where ω r is the MAS rate, ω 1 is the applied spin-lock field and contributions of CSA and dipolar couplings have been considered.

Finally, another relaxation parameter, which is commonly measured in solution NMR, is the steady-state nuclear Overhauser effect (NOE) enhancement. In a two spin-system IS, this process occurs when spin I are saturated (e.g. with a continuous wave): in these conditions the return of populations to equlibrium happens by longitudinal relaxation of the spin S and by an additional cross-relaxation term, which involves transitions with order 0 and 2 (Figure 1.3) and therefore depends on J 2 (ω I + ω S ) and J 0 (ω Iω S ). When a steady-state is reached, the NOE may result in an enhancement of the magnetization.

The enhancement factor η IS can be expressed as:

η IS = d 2 4R 1,S γ I γ S [-J 0 (ω I -ω S ) + 6J 2 (ω I + ω S )] (1.24)
The measure of steady-state NOE is straightforward in solution, but suffers from some limitations under MAS due to the presence of couplings between protons. This justifies the limited number of applications, which nonetheless show how this parameter can be used to quantify protein dynamics, especially using highly deuterated samples [START_REF] Giraud | Observation of heteronuclear overhauser effects confirms the 15 N-1 H dipolar relaxation mechanism in a crystalline protein[END_REF][START_REF] Del Amo | Site-specific analysis of heteronuclear Overhauser effects in microcrystalline proteins[END_REF].

Influence of protons on heteronuclear spin relaxation

The presence of protons is a blessing and a curse in solid-state NMR: the increased sensitivity of proton detection comes together with secondary and non-negligible effects arising from residual homonuclear dipolar couplings between protons. The challenges of this approach and the way to overcome them to obtain spectral resolution will be discussed in Chapter 2. Importantly, the incompletely averaged homonuclear dipolar couplings also interfere with heteronuclear spin relaxation, introducing additional effects beside those connected to dynamics. In particular, these effects are called coherent to distinguish them from the contribution of stochastic motions, which are incoherent processes. Coherent effects must necessarily be evaluated when dynamics is investigated by MAS NMR. Here, the effect of protons on longitudinal and transversal relaxation will be discussed.

Spin diffusion and longitudinal relaxation

Homonuclear dipolar couplings between protons induces a coherent effect called spin diffusion. It consists of a spatial diffusion of longitudinal magnetization due to the flipflop mechanism. For nuclei with lower γ, such as 13 C and 15 N, spin diffusion occurs between non-equivalent spins which are close in chemical shift and mainly through the proton spin bath (Proton Driven Spin Diffusion, PDSD). This involves nuclei which are a few angstroms apart [START_REF] Giraud | The influence of nitrogen-15 proton-driven spin diffusion on the measurement of nitrogen-15 longitudinal relaxation times[END_REF], making PDSD a suitable tool for determination of internuclear distances in structure determination by MAS NMR [START_REF] Castellani | Structure of a protein determined by solid-state magic-angle-spinning NMR spectroscopy[END_REF][START_REF] Grommek | Distance information from proton-driven spin diffusion under MAS[END_REF][START_REF] Andreas | Structure and Mechanism of the Influenza A M218-60 Dimer of Dimers[END_REF][START_REF] Retel | Structure of outer membrane protein G in lipid bilayers[END_REF]. Conversely, PDSD is an interfering effect for the measure of spin lattice relaxation rates, as it tends to cancel the gradients of longitudinal magnetization resulting from differential dynamics in the molecule. As a result, the measured relaxation rates are uniformed and dominated by the most effective relaxation mechanism ("relaxation sink"), with a loss of site specificity. Spin diffusion can be described with a kinetic equation: for example, for two spins i and j with different rate constants R 1i and R 1j , in the presence of spin diffusion the time evolution of the operator I z,i and I z,j is coupled and described by the equations:

d dt       I z,i I z,j       = -       R 1i + k ij -k ij -k ij R 1j + k ij             I z,i I z,j       (1.25)
where k ij is the spin-diffusion rate constant. This leads to a bi-exponential decay of magnetization with relaxation-rate constants

R 1 = R 1i + R 1j 2 + k ij ± k 2 ij + R 1i -R 1j 2 2 (1.26)
In the limiting case of slow spin diffusion (k ij << R 1i -R 1j ) the two spins relax with

R 1 = R 1x + k ij , x = i, j. For fast spin diffusion (k ij >> R 1i -R 1j
) and the relaxation of both spins is described by a bi-exponential with rates

R 1i +R 1j 2
and

R 1i +R 1j 2 + 2k ij .
The equation can be extended to a larger number of spins, which is usually the case in protonated molecules. In general, spin diffusion can be safely neglected only if it is slower than both the single relaxation rates of the nuclei involved in the process and their difference.The influence of spin diffusion on 13 C and 15 N longitudinal relaxation rates has been evaluated in a large number of studies [START_REF] Giraud | The influence of nitrogen-15 proton-driven spin diffusion on the measurement of nitrogen-15 longitudinal relaxation times[END_REF][START_REF] Krushelnitsky | 15 N spin diffusion rate in solidstate NMR of totally enriched proteins: The magic angle spinning frequency effect[END_REF][START_REF] Chevelkov | Measurement of 15 N -T 1 relaxation rates in a perdeuterated protein by magic angle spinning solid-state nuclear magnetic resonance spectroscopy[END_REF][START_REF] Lewandowski | Anisotropic Collective Motion Contributes to Nuclear Spin Relaxation in Crystalline Proteins[END_REF]. At slow MAS rates (≤20 kHz), PDSD cannot be neglected in the determination 15 N T 1 as demonstrated on 13 C, 15 N uniformly labeled microcrystalline Crh [START_REF] Giraud | The influence of nitrogen-15 proton-driven spin diffusion on the measurement of nitrogen-15 longitudinal relaxation times[END_REF] and α-spectrin SH3 [START_REF] Chevelkov | Measurement of 15 N -T 1 relaxation rates in a perdeuterated protein by magic angle spinning solid-state nuclear magnetic resonance spectroscopy[END_REF]. In both cases, deuteration was shown to sensibly reduce the effect of PDSD, which translates in an increase of the measured relaxation rates. Spin diffusion scales inversely with the MAS frequency, so faster spinning is also necessary to reduce its impact; in particular, in protonated proteins it becomes negligible on 15 N for MAS rates above 45 kHz [START_REF] Krushelnitsky | 15 N spin diffusion rate in solidstate NMR of totally enriched proteins: The magic angle spinning frequency effect[END_REF][START_REF] Knight | Structure and backbone dynamics of a microcrystalline metalloprotein by solid-state NMR[END_REF][START_REF] Haller | Amplitudes and time scales of picosecond-to-microsecond motion in proteins studied by solid-state NMR: a critical evaluation of experimental approaches and application to crystalline ubiquitin[END_REF].

Spin diffusion has a stronger impact on 13 C longitudinal rates because of the higher gyromagnetic ratio. At low MAS rates, PDSD hampers the quantification of R 1 for all 13 C. A sparse 13 C labeling in an otherwise deuterated sample was used by Argawal et al.

to quantify 13 C T 1 in methyl side chains of SH3 at 22 kHz MAS [START_REF] Agarwal | Protein Side-Chain Dynamics As Observed by Solution-and Solid-State NMR Spectroscopy: A Similarity Revealed[END_REF]. At 16 kHz MAS, Lewandowski et al. observed that the 13 C R 1 measured in 13 C, 15 N uniformly labeled crystalline samples of Ala and Ile were similar and dominated by methyl relaxation.

However, increased MAS rates seems sufficient to suppress PDSD for 13 C', for which the large chemical shift difference with the aliphatic carbons slows down spin diffusion.

Indeed, in the same work they measured comparable values for 13 C' R 1 independent of the density of 13 C introduced by different labeling schemes [START_REF] Lewandowski | Anisotropic Collective Motion Contributes to Nuclear Spin Relaxation in Crystalline Proteins[END_REF]. Conversely, despite an important reduction in the PDSD, larger deviations were observed for 13 Cα R 1 . In another study, Asami et al. showed that at MAS rates around 50 kHz, additional 13 C dilution was necessary to truncate PDSD and give a reliable measure of 13 C α R 1 [START_REF] Asami | Access to Cα Backbone Dynamics of Biological Solids by 13 C T 1 Relaxation and Molecular Dynamics Simulation[END_REF] (Figure 1.4). Influence of 13 C, 13 C spin diffusion on 13 C T 1 relaxation decay curves. In the absence of spin diffusion (σ = 0.0 s -1 , black circles) a monoexponential decay is obtained. Spin diffusion rates σ >0 s -1 yield a biexponential decay (red triangles). Details on the calculations can be found in [START_REF] Asami | Access to Cα Backbone Dynamics of Biological Solids by 13 C T 1 Relaxation and Molecular Dynamics Simulation[END_REF]. (c) Bulk experimental 13 C α T 1 relaxation time as a function of the MAS frequency at an external magnetic field of 11.7 T (ω 0, 1 H /2π=500 MHz), using the α-spectrin SH3 sample in 10% H 2 O. The T 1 relaxation time increases with the MAS frequency, and reaches a plateau at a MAS frequency of 45 kHz. Adapted with permission from [START_REF] Asami | Access to Cα Backbone Dynamics of Biological Solids by 13 C T 1 Relaxation and Molecular Dynamics Simulation[END_REF].

Increased MAS rates were suggested by Lewandowski et al. to further reduce PDSD in uniformly labeled samples and this aspect was further demonstrated by Smith et al. [START_REF] Smith | Characterization of fibril dynamics on three timescales by solid-state NMR[END_REF].

In their study on 13 C labeled fibrils of HET-s, they revealed a 40% increase in measured 13 C α R 1 when reducing the MAS rate from 60 to 50 kHz. On the contrary, a smaller decrease was observed when increasing the spinning speed to 65 kHz, suggesting an important quenching of spin-diffusion from 60 kHz MAS spinning, still not sufficient to completely suppress 13 C-13 C relaxation pathways. Results on faster spinning rates have not been reported yet. Additionally, the use of increasingly high magnetic fields is also helping in reducing the impact of spin diffusion as it leads to an improved separation of the overlapped frequencies of interacting protons [START_REF] Andreas | High-resolution proton-detected NMR of proteins at very fast MAS[END_REF][START_REF] Böckmann | Spinning proteins, the faster, the better?[END_REF].

Coherent dephasing and transverse relaxation

Transverse relaxation rates R 2 are routinely used in solution NMR for the quantitative analysis of motions, as they probe slower motions with respect to longitudinal relaxation rates. On the other hand, these rates are hardly accessible by experimental measure in MAS NMR. Indeed, the decay of transverse magnetization is affected not only by stochastic motions, but also by residual dipolar couplings with protons, and the two effects are hardly disentangled. For this reason, a distinction is made between the "pure" T 2 (=1/R 2 , reporting on dynamics) and the constant of the decay of the signal after a spin-echo, T 2 .

The latter refocusses isotropic chemical shifts, heteronuclear scalar couplings and heterogeneities arising from the field or the sample, but not the homonuclear dipolar couplings. The coherent contributions to T 2 are reduced by increasing the MAS rate, but even the fastest MAS frequencies available nowadays are not sufficient to suppress them completely [START_REF] Schleedorn | Protein NMR spectroscopy at 150 kHz magic-angle spinning continues to improve resolution and mass sensitivity[END_REF]. Even in highly deuterated protein with at MAS rates of 50-60 kHz the measured T 2 are dominated by coherent contributions, hampering an analysis of dynamics. The investigation of motions by MAS NMR has then to be performed with a different approach.

One method relies on the measurement of transverse relaxation rates of resolved Jdoublet of NH pairs, which differ only for the spin state of 1 H. The dipolar dephasing affects both relaxation rates in the same way, so the difference of the two relaxation rates informs purely on dynamics. In particular, with this method one measures CSA-dipole cross correlated relaxation, which depends on J(ω r ), J(2ω r ) [START_REF] Chevelkov | Differential line broadening in MAS solid-state NMR due to dynamic interference[END_REF]. Motions slower than ns can be accessed with this method, however, it is not widely applied due to some limitations. In fact, high precision in the measurement of the two relaxation rates is required because the dynamic observable is obtained as the difference of the experimental rates.

At the same time, relaxation rates must be measured in the absence of 1 H decoupling, leading to reduced spectral resolution.

Another approach entails the measurement of a relaxation rate which could be less affected by coherent contribution. This is the case, under some experimental conditions, for R 1ρ . R 1ρ rates are also, in general, affected by coherent effects which could hamper the analysis of dynamics, especially at high proton density. Nonetheless, Lewandowski et al. have shown that in fully protonated GB1 15 N R 1ρ at 60 kHz MAS informs purely on dynamics when spin-lock fields above 10 kHz are used [START_REF] Lewandowski | Site-Specific Measurement of Slow Motions in Proteins[END_REF]. Lower spin-lock fields can be employed for quantitative analysis when the proton density is reduced by deuteration [START_REF] Krushelnitsky | Microsecond time scale mobility in a solid protein as studied by the 15 N R 1ρ site-specific NMR relaxation rates[END_REF][START_REF] Ma | Probing Transient Conformational States of Proteins by Solid-State R 1ρ Relaxation-Dispersion NMR Spectroscopy[END_REF]. We note that the validity of Redfield theory to quantify R 1ρ relaxation rates needs to be discussed, as µs motions cannot always be considered very fast compared to the evolution of the density operator. For this purpose, Redfield relaxation rates can be compared with numerical simulations based on the stochastic Liouville approach, which give numerically accurate results for the complete range of timescales [START_REF] Vega | Relaxation theory and the stochastic Liouville equation[END_REF]. The comparison of 15 N R 1ρ rate constants calculated with the analytical Redfield treatment with those obtained by stochastic numerical simulations in the rotating frame reveal a deviation when motional timescale approaches the rotor period. The impact of this effect is small, but it has to be taken into account in a quantitative analysis of dynamics [START_REF] Schanda | Studying dynamics by magic-angle spinning solid-state NMR spectroscopy: Principles and applications to biomolecules[END_REF][START_REF] Smith | detectors" for dynamics analysis in solid-state NMR[END_REF].

Correlation function models 1.5.1 Correlation functions in rotating solids

With the approach illustrated in the previous section, the contribution of different mechanisms to relaxation and their characteristic frequency can be qualitatively taken into account. However, in order to quantify the relaxation rates it is fundamental to have a model for the correlation function and therefore for the spectral density function. An important point, which is particularly relevant in solids, is the orientation dependence of the correlation function. One consequence of this is that in the absence of molecular tumbling, the spectral density function J m (ω) needs to be calculated individually for all the orders of quantum transitions, m. Also, the relative orientation between the reference frame in which the interactions are described (Principal Axis Frame, PAF) and the external magnetic field (defining the laboratory frame) needs to be taken into account explicitly. This is obtained through a series of Euler rotations, as shown in Figure 1.5. Thus, it is convenient to express the spatial part of the interactions, i.e. A µ l,m (t) in Eq 1.6, in terms of spherical harmonics. In particular, for CSA and dipolar couplings interactions, the components are the spherical harmonics Y 2m . If, for example, we consider the dipolar couplings contribution to 15 N relaxation, the orientation of the 15 N-1 H bond vector needs to be considered. In the reference frame fixed on the molecule (the molecular frame) the autocorrelation function of the orientation of the amide bond is

G m (t) = Y 2m (Ω M (0))Y * 2m (Ω M (t)) (1.27)
where

Ω M (t) = (α M (t), β M (t), γ M (t))
indicates the orientation of the NH bond in the molecular frame at time t. This first set of Euler angles (α M (t), β M (t), γ M (t)) characterizes the rotation from the PAF to the molecular frame. Unless the MAS sample is a monocrystal or an aligned sample, the different orientations of the molecules need to be taken into account through a powder average. This is obtained with the Euler rotations with the angles Ω R = (α, β, 0), from the molecular frame to the rotor-fixed frame (γ = 0 considering the invariance with respect to z-axis). Finally, the rotation from the rotor frame to the laboratory frame is obtained with the angles Ω MAS (t) = (-ω r t, -θ m , 0), where θ m is the "magic angle" and ω R is the spinning frequency. With these transformations the correlation function in eq. 1.27 becomes:

C a (t) = 2 b =-2 2 m=-2 D (2) mb * (Ω R )D (2) ba * (Ω MAS )D (2) mb (Ω R )D (2) b a (Ω MAS )G m (t) (1.28)
where D

(2)

ab are Wigner rotation matrix elements. The time dependence of C a (t) is due i) to molecular motions (through G m (t)) and ii) to the rotation of the sample by MAS (through Ω MAS (t)). Under the limit of validity of Redfield theory, these processes occur on different time scales, with stochastic modulations being much faster than MAS rotation. Therefore, the effect of MAS rotation on correlation functions and thus on relaxation rates can be neglected. When motions are slow, i.e. in the µs-ms timescale, this condition does not hold and interference effects may be observed.

Through Ω R , the correlation function depends on the orientation of the molecule in the rotor frame, thus in a powder sample each molecule relaxes at a different rate. As described by Bloch's equation (Eq 1.4), in a relaxation experiment a mono-exponential recovery of the equilibrium intensity is expected. However, in a powder sample the signal acquired is the sum of contributions from all orientations, leading to a multiexponential process. The orientations can be weighed explicitly through powder average with an Explicit Average Sum approach [START_REF] Giraud | Quantitative analysis of backbone dynamics in a crystalline protein from nitrogen-15 spin-lattice relaxation[END_REF][START_REF] Krushelnitsky | Solid-state NMR approaches to internal dynamics of proteins: From picoseconds to microseconds and seconds[END_REF], that is operating a sum over a finite number of orientations defined by the angles β n : (1.29) In practice, the mono-exponential approximation is generally applied to analyze experimental curves. This is justified by the fact that the deviations due to multi-exponential character occur only for longer relaxation delays, where usually the limited signal-tonoise impedes their quantification [START_REF] Schanda | Studying dynamics by magic-angle spinning solid-state NMR spectroscopy: Principles and applications to biomolecules[END_REF][START_REF] Krushelnitsky | Solid-state NMR approaches to internal dynamics of proteins: From picoseconds to microseconds and seconds[END_REF].

I(t) = I 0 (t) N i n=1 exp[-R MAS 1 (β n )t] sin β n N n=1 sin β n

Simple Model-Free analysis of spin relaxation

Different approaches have been used to obtain an expression of the correlation function and therefore of the spectral densities for calculating the relaxation rates. A popular one is the Model-Free (or Simple Model Free, SMF) from Lipari and Szabo [START_REF] Lipari | Model-free approach to the interpretation of nuclear magnetic resonance relaxation in macromolecules. 1. Theory and range of validity[END_REF], in which it is assumed that the correlation function can be expressed as a mono-exponential decay of the form:

C(τ) = S 2 + (1 -S 2 )e -τ/τ C (1.30)
The assumption at the basis of this model, developed for molecules in solution, is that rotational diffusion can be separated from internal motions, to which the correlation function in Eq. 1.30 refers. The order parameter, S 2 , in the expression of C(τ) is the plateau of the correlation function for infinite time and it indicates the degree of restriction of internal motions. The constant of the decay is τ C , the correlational timescale of the motion. These are the only parameters defining the relaxation rates with the SMF approach. The spectral density corresponding to the SMF correlation function is

J(ω) = 2 5 (1 -S 2 )τ C 1 + (ωτ C ) 2 (1.31)
In the SMF approach, the spectral density function is the same for all values of the quantum transition orders, m.

We used this simple model to calculate the relaxation rates presented in section 1.3 and show their dependence on the timescale of motions. Figure 1.6 shows the relaxation rates R 1 calculated for a 15 N spin subject to 15 N CSA and 15 N-1 H dipolar couplings interactions using the SMF expression for spectral densities, and shows explicitly the contribution of the different spectral density terms. R 1 rates are mainly sensitive to motional frequencies close to the Larmor frequency of the investigated nucleus, as it is evident from the calculation of the curves at different magnetic fields, shown in Figure 1.7a. In particular, the position of the maximum of the calculated R 1 curves (τ C,MAX ), shifts toward lower correlational times with increasing magnetic field (Figure 1.7b). In other words, R 1 rates are more sensitive to faster motions when the Larmor frequency is increased.

R 1 =kd•[3J(ω N )+J(ω Η -ω N )+6J(ω Η +ω N )]+k CSA •3J(ω N ) 0 
From the theoretical curve of R 2 in static conditions, according to the equations in 1.15 and 1.17, it is evident how the term J(0) leads to the unphysical situation of infinitely high R 2 for infinitely slow motions, as shown in Figure 1.8a). Here is where the limit of Redfield theory, which cannot describe "slow motions", is reached. When the dependence on MAS is introduced (Eqs. 1.18 and 1.19), the transverse relaxation rates become mostly sensitive to µs motions (Fig. 1.8b). Indeed, the dominant contribution in R 2 comes from spectral density terms depending on ω R and changing the MAS rates induces a shift in the curve. In contrast, different magnetic fields affect only the strength of the relaxation (due to different CSA contribution) but not its dependence on motions on faster timescale.

In solids, motions in the ns-µs range are better investigated measuring R 1ρ relaxation rates (Figure 1.9). The spectral densities in R 1ρ are indeed sampled at sum and differences of MAS rate (ω r ) and spin-lock (ω 1 ) frequencies. These frequencies can be experimentally modulated much more easily than the Larmor frequency, which dominates longitudinal relaxation rates, such that the measure of R 1ρ at different MAS rates and different spin-lock frequencies can be employed for the quantification of motions.

The effect of variable spin-lock frequencies and MAS rates on R 1ρ theoretical curves is shown in Figure 1.9, using SMF expression for spectral densities. R 1ρ relaxation has a non-flat dependence on the spinning rate only for motions on the order of µs (Fig. 1.9a) [START_REF] Krushelnitsky | Slow motions in microcrystalline proteins as observed by MAS-dependent 15 N rotating-frame NMR relaxation[END_REF]. Lakomek et al. applied this approach and measured 15 N R 1ρ at variable MAS (from 60 to 110 kHz) in microcrystalline ubiquitin. Through the dependence of the rate constants on the spinning speed, they were able to probe motions on the low µs timescale, expanding the description of dynamics to a range not yet accessible to solution NMR measurements [START_REF] Lakomek | Microsecond Dynamics in Ubiquitin Probed by Solid-State 15 N NMR Spectroscopy R 1ρ Relaxation Experiments under Fast MAS (60-110 kHz)[END_REF].

In the range where ω 1 << ω r , small variations in ω 1 are poorly affecting the R 1ρ values (Fig. 1.9b). However, a particular phenomenon occurs near the rotary-resonance condition, that is when ω 1 =nω r [START_REF] Levitt | Rotary Resonance Recoupling in Heteronuclear Spin Pair Systems[END_REF][START_REF] Oas | Rotary resonance recoupling of dipolar interactions in solid-state nuclear magnetic resonance spectroscopy[END_REF]. When the frequency of molecular motions approach the MAS rates (that is for motions in the µs range), the incoherent (dynamics) and coherent (spinning) processes interfere with each other, that the the dipolar interaction is refocussed and R 1ρ relaxation becomes more effective [START_REF] Lamley | Intermolecular Interactions and Protein Dynamics by Solid-State NMR Spectroscopy[END_REF]. This effect is represented in Figure 1.9c, where the maximum of the R 1ρ profile (which is obtained for τ C ∼µs) is reported as a function of the spin-lock field. Higher relaxation rates are observed with increasing spin-lock fields and the effect is stronger when the difference between the spin-lock field and the MAS rate is smaller. At the rotary-resonance condition, dipolar and CSA interactions are recoupled and thus spin evolution in these conditions is governed by coherent effects rather than by molecular motions.

Motional models

The simple model-free approach can be extended by taking into account the existence of motions on multiple timescales. With the assumption that these motions are Chapter 1. Protein dynamics by MAS NMR independent from each other, the correlation function in this extended model-free approach (EMF) is expressed as a sum of n exponentials, where n is the number of motions affecting the relaxation rate [START_REF] Smith | detectors" for dynamics analysis in solid-state NMR[END_REF]. The correlation function and consequently the spectral density are thus

C I (τ) = 1 5 S 2 + n i=1 a i e -τ/τ C,i J EMF (ω) = 2 5 n i=1 a i τ i 1 + (ωτ i ) 2 (1.32)
where

τ 1 < τ < 2, ..., τ n a 1 = 1 -S 2 1 a i = j=i-1 j=1 S 2 j (1 -S 2 i ), ∀i > 1 i=n i=1 S i = S 2 n i=1 a i = 1 -S 2 (1.33)
With respect to the SMF, where only two fit parameters are obtained for each analyzed site, the fit with the EMF approach requires larger datasets. Usually, the model is limited to n=2, and a distinction is made between slow and fast motions. This model has been applied, combining spin relaxation and dipolar couplings measurements, to individuate ns and ps motions in microcrystalline ubiquitin [START_REF] Schanda | Quantitative Analysis of Protein Backbone Dynamics in Microcrystalline Ubiquitin by Solid-State NMR Spectroscopy[END_REF], in GB1 [START_REF] Lamley | Unraveling the complexity of protein backbone dynamics with combined 13 C and 15 N solid-state NMR relaxation measurements[END_REF] and in SH3 [START_REF] Chevelkov | Combined analysis of 15 N relaxation data from solid-and solution-state NMR spectroscopy[END_REF][START_REF] Chevelkov | Quantitative analysis of backbone motion in proteins using MAS solid-state NMR spectroscopy[END_REF]. A further extension, including three motional timescales (fast, intermediate and slow) has been applied, relying on even more extended experimental datasets, to describe dynamics of SH3 [START_REF] Zinkevich | Internal protein dynamics on ps to µs timescales as studied by multi-frequency 15 N solidstate NMR relaxation[END_REF] and of fibrils from the prion forming domain of HET-s protein [START_REF] Smith | Characterization of fibril dynamics on three timescales by solid-state NMR[END_REF].

In "model-free" approaches, an assumption is made on the functional form of the correlation function rather than on the geometry of the motions. More complex models have been developped in order to take into account the spatial sampling of the motions, in which therefore all orders of the correlation function have to be calculated [START_REF] Knight | Structure and backbone dynamics of a microcrystalline metalloprotein by solid-state NMR[END_REF][START_REF] Zinkevich | Internal protein dynamics on ps to µs timescales as studied by multi-frequency 15 N solidstate NMR relaxation[END_REF].

The model of wobbling in a cone represents motions as a restricted rotational diffusion of unit bond vectors (e.g.amide NH) in a cone (Figure 1.10a).

Another model, usually applied to characterize side-chain dynamics, describe motions as jumps between discrete positions [START_REF] Wittebort | Theory of NMR relaxation in macromolecules: Restricted diffusion and jump models for multiple internal rotations in amino acid side chains[END_REF][START_REF] Schanda | Solid-State NMR Measurements of Asymmetric Dipolar Couplings Provide Insight into Protein Side-Chain Motion[END_REF]. The 3D Gaussian Axial Fluctuation (GAF) model was introduced to capture the anisotropy of motions. In this approach, fluctuations of the amide NH bond orientation with respect to three inertial axes are considered (Figure 1.10b). As a result of the analysis, fluctuation amplitudes (σ α , σ β , σ γ ) can be obtained with respect to all the axes, together with corresponding motional timescales and order parameters [START_REF] Bremi | Locally anisotropic internal polypeptide backbone dynamics by NMR relaxation[END_REF]. The 3D-GAF model was applied to determine anisotropic collective motions, both on microcrystalline proteins (Crh, [START_REF] Lewandowski | Anisotropic Collective Motion Contributes to Nuclear Spin Relaxation in Crystalline Proteins[END_REF], GB1 in complex with IgG [START_REF] Lamley | Intermolecular Interactions and Protein Dynamics by Solid-State NMR Spectroscopy[END_REF], Figure 1.11a) and on membrane proteins in lipid bilayers (Anabaena Sensor Rhodopsin [START_REF] Good | Solid-State NMR Provides Evidence for Small-Amplitude Slow Domain Motions in a Multispanning Transmembrane α-Helical Protein[END_REF], outer membrane protein KpOmpA [START_REF] Saurel | Local and Global Dynamics in Klebsiella pneumoniae Outer Membrane Protein a in Lipid Bilayers Probed at Atomic Resolution[END_REF], Figure 1.11b).

(a) (b)

Figure 1.11: Exemples of anistropic collective motions (rocking) described by GAF model in microcrystalline Crh (a) [START_REF] Lewandowski | Anisotropic Collective Motion Contributes to Nuclear Spin Relaxation in Crystalline Proteins[END_REF] and in membrane protein KpOmpA (b) [START_REF] Saurel | Local and Global Dynamics in Klebsiella pneumoniae Outer Membrane Protein a in Lipid Bilayers Probed at Atomic Resolution[END_REF]. In the latter, cylindrical model was used ( σ = σ α = σ β , σ ⊥ = σ γ ). Adapted with permission from [START_REF] Lewandowski | Anisotropic Collective Motion Contributes to Nuclear Spin Relaxation in Crystalline Proteins[END_REF][START_REF] Saurel | Local and Global Dynamics in Klebsiella pneumoniae Outer Membrane Protein a in Lipid Bilayers Probed at Atomic Resolution[END_REF].

Noticeably, these geometric models are poorly described by relaxation rates only. Instead, an independent measure of motional amplitudes (by measuring dipolar couplings, see section 1.7.1) is usually included to strengthen the analysis. Finally, the 1D-GAF model, derived from the 3D analog, considers diffusive fluctuations of the NH bonds in the peptide planes and provides, together with the amplitude, a motional timescale related to the diffusion coefficient [START_REF] Knight | Structure and backbone dynamics of a microcrystalline metalloprotein by solid-state NMR[END_REF][START_REF] Lewandowski | Site-Specific Measurement of Slow Motions in Proteins[END_REF].

A method to describe the spectral density function irrespective of motional models is the spectral-density mapping [START_REF] Peng | Mapping of the spectral densities of nitrogen-hydrogen bond motions in Eglin c using heteronuclear relaxation experiments[END_REF]. In this approach, which has some applications in solution, the spectral density is described through a sampling at various frequencies, obtained from the measurement of a large set of observables sensitive to different timescales. However, when few frequencies are used the data are difficult to interpret.

Two recent studies from Smith et al. [START_REF] Smith | detectors" for dynamics analysis in solid-state NMR[END_REF][START_REF] Smith | Because the Light is Better Here: Correlation-Time Analysis by NMR Spectroscopy[END_REF] confront the intrinsic limit of dynamic models in case of complex motions on multiple timescales, as these are biased by the sensitivity of the observables considered in them. In other words, the authors claim that with the common approach dynamics is described only where "the light is better" with respect to the experimental data [START_REF] Smith | Because the Light is Better Here: Correlation-Time Analysis by NMR Spectroscopy[END_REF]. To overcome this limitation, they suggest the use of dynamics detectors, reporters of dynamics which are independent of any model of the correlation function and which, once optimized, take into account the different sensitivity of the observables included in the dataset.

Figure 1.12: Top: Relaxation rates dependence on correlational timescale. Bottom: Sensitivity of optimized dynamic "detectors" on correlational timescales. The optimized detectors can be applied to fit experimental data, their response reporting on a distribution of motions. Reproduced with permission from [START_REF] Smith | detectors" for dynamics analysis in solid-state NMR[END_REF].

The fit of the experimental data with the optimized detectors does not give an amplitude related to a specific time scale. Instead, a distribution of motions is considered and the resulting amplitude is a total value for a range of correlation times. The use of detectors seems particularly powerful when solid-state dynamics results have to be compared with results from other techniques (MD, for example). An example of the capability of this approach to separate different contributions is shown in Figure 1.12. However, this approach is better suited for large datasets, in particular combining measurements on a large range of Larmor frequencies.

Finally, work from Emsley et al. exemplarily showed the strength of spin relaxation to provide a comprehensive description of the hierarchy of protein motions on a wide range of timescales [START_REF] Lewandowski | Direct observation of hierarchical protein dynamics[END_REF]. By measuring multiple spin relaxation rates at different temperatures they obtained a description of multiple motional modes in microcrystalline GB1, from fast fluctuations of the atoms to large scale motions, and unraveled the interplay between them (Figure 1.13). 

Relaxation Dispersion techniques

Longitudinal and transverse spin relaxation are reporters of motions ranging from ps to "sub-µs" and are induced by the modulation of the anisotropic components of the internal interactions. On the slower edge of these timescales, we need to consider the isotropic part of the chemical shift interaction, which is not taken into account in Redfield theory. Their contribution to transverse relaxation rates has to be described with another approach.

The interconversion between different conformations may result in differences in chemical shift (Figure 1.14a), whose effect on NMR observables depends on the rate of the exchange.

Let us consider the simplest, but relevant, case of an exchange between two states.

A detailed description of the treatment for the general case of n states can be found in [START_REF] Palmer | Characterisation of the dynamics of biomolecules using rotating-frame spin relaxation NMR spectroscopy[END_REF]. The chemical shifts corresponding to these states are ω 1 and ω ; the difference of chemical shifts between exchanging sites corresponds to a frequency ∆ω 12 = 400 Hz. Adapted from [START_REF] Charlier | Protein dynamics from nuclear magnetic relaxation[END_REF].

peaks collapse into a single peak at a chemical shift which is the population-weighed average value, ω = p 1 ω 1 +p 2 ω 2 . For higher values of k ex (k ex >> ∆ω 12 ), in the fast exchange limit, a single peak at this average position is observed in the spectrum, with a line width dependent on the value of k ex . A schematic representation of the process is shown in Figure 1.14b.

The information on the exchange can be extracted in the intermediate and fast regime by measuring the transverse relaxation rates. Indeed, for both R 2 and R 1ρ the effective relaxation rate in the presence of exchange can be partitioned as

R i = R Red i + R ex (i = 2, 1ρ) (1.34)
where R Red x is the relaxation rate in the absence of conformational exchange as described by Redfield theory. In theory, the baseline rates R Red and R Red 1ρ should be the same, which is the case in solution, but coherent effects make R Red 2 larger in solid state. Also, in the solid state, the contribution of anisotropic components makes R Red 1ρ dependent on the amplitude of the spin-lock fields [START_REF] Rovó | Recent advances in solid-state relaxation dispersion techniques[END_REF][START_REF] Ma | Observing the overall rocking motion of a protein in a crystal[END_REF].

Bloch-McConnell relaxation dispersion

When only the change in the isotropic chemical shift is considered, while all the other anisotropic interactions remain unchanged (i.e. far from the rotary resonance condition), the same theory as in solution can be used for the solid state, i.e. the Bloch-McConnell formalism. This involves the numerical integration or the analytical approximation of a relaxation matrix including the exchange. For a two-site fast exchange (k ex >> ∆ω 12 ) and with skewed populations (i.e. p 1 >> p 2 ) the resulting R 1ρ can be approximated as: [START_REF] Lewandowski | Anisotropic Collective Motion Contributes to Nuclear Spin Relaxation in Crystalline Proteins[END_REF] which is the combination of equation 1.20 and equation 1.34 where the third term is R ex and the relaxation rates R 1 and R 1ρ (0) (or R 2 , in solution) are replaced with their population-averaged values, according to: [START_REF] Knight | Structure and backbone dynamics of a microcrystalline metalloprotein by solid-state NMR[END_REF] with N=2. The expression of the effective magnetic field ω e is also dependent on the effective fields for the two sites, that is

R 1ρ = cos 2 (θ e )R 1 + sin 2 (θ e )R 1ρ (0) + sin 2 θ e p 1 p 2 ∆ω 2 21 k ex k 2 ex + ω 2 e (1.
R j = N i=1 p i R ji (j = 1, 2) (1.
ω e = ω 1,eff ω 2,eff ω eff (1.37)
with

ω i,eff = Ω 2 i + ω 2 SL (i = 1, 2
) (1.38) where ω rf is the carrier frequency. The effect of the third term in equation 1.35 introduces a strong dependence on the strength of the spin-lock at low ω SL in the presence of exchange. This phenomenon can be explained by considering the evolution of magnetization during an R 1ρ experiment, which is sketched in Figure 1.15a-b.

ω eff = Ω 2 + ω 2 SL Ω = ω -ω rf
At the beginning of the experiment, the magnetization is aligned with the effective field experienced by the ground state. If during the application of the spin-lock field an exchange takes place, the offset of the field changes by the difference in chemical shifts between the states involved and so does the tilt angle. As a result, the magnetization is not aligned any more with the new effective field and starts a nutation around it. Due to the stochastic repetition of these exchanges, the average magnetization of the ensemble is reduced, leading to an apparent increase in R 1ρ rates. An increase of the effective field reduces the tilt angle and thus the impact of the exchange on the measured rate (Figure 1.15b) [START_REF] Charlier | Protein dynamics from nuclear magnetic relaxation[END_REF]. This process gives rise to a dispersion profile decaying to a plateau which is the exchange-free R Red 1ρ ,as shown in Figure 1.15c. The kinetic parameters of the In this example, the spin-lock field (ω SL ) is applied on resonance with the most populated ground state (GS, p 1 ). At the beginning of the experiment (τ=0), the magnetization (M(0), grey arrow) is aligned with the corresponding effective field (ω ef f ). If exchange with a lower populated state (ES, p 2 ) occurs, e.g. at time τ , the offset changes and thus the tilt angle θ, inducing a nutation of the nuclear spins magnetizations around the new effective field and to a dephasing of the magnetization (M(τ )). These repetitions repeat stochastically (not shown here for simplicity) and lead to a reduction of the ensemble average of the magnetization. In (a) and (b) two different spin-lock strengths are represented (with arrows of different length), with lower tilt angles corresponding to the higher spin-lock field. (c) R 1ρ relaxation dispersion profile calculated with equation 1.35 assuming ∆ω 12 = 400 Hz, k ex =1000 s -1 , p 1 =0.9, p 2 =0.1and an "exchange-free" baseline of 5 s -1 .

The relaxation rates corresponding to case shown in (a) and in (b) are depicted as a red and blue dot respectively.

exchange can be extracted from these curves. In the case of fast exchange the population and the chemical shift difference cannot be disentangled and they are collectively represented by the factor Φ ex = p 1 p 2 ∆ω 2 (eq. 1.35). An independent estimation of the site populations is needed to characterize the system [START_REF] Palmer | Characterisation of the dynamics of biomolecules using rotating-frame spin relaxation NMR spectroscopy[END_REF]. Conversely, off-resonance measurements can be used to individually quantify the terms in Φ ex in case of slow and intermediate exchange, as the presence of exchange in these regimes leads to asymmetric off-resonance dispersion profiles [START_REF] Rovó | Microsecond Timescale Protein Dynamics: a Combined Solid-State NMR Approach[END_REF].

Relaxation dispersion (RD) experiments are used both in solution and in the solidstate to investigate motions in the µs-ms regime. An important limitation in solids is the contribution of coherent dephasing for low spin-lock fields (< 10 kHz). In order to fully sample the dispersion curve, extended deuteration and fast MAS are needed. In particular, protonation levels of 20-30% and MAS rates of 40-50 kHz were necessary to study conformational processes in ubiquitin crystals [START_REF] Ma | Probing Transient Conformational States of Proteins by Solid-State R 1ρ Relaxation-Dispersion NMR Spectroscopy[END_REF][START_REF] Tollinger | Site-resolved measurement of microsecond-to-millisecond conformational exchange processes in proteins by solid-state NMR spectroscopy[END_REF][START_REF] Kurauskas | Slow conformational exchange and overall rocking motion in ubiquitin protein crystals[END_REF][START_REF] Marion | Microsecond Protein Dynamics from Combined Bloch-McConnell and Near-Rotary-Resonance R 1p Relaxation-Dispersion MAS NMR[END_REF], which allowed to recognize the effect of crystal packing on motions in the sub-µs timescales (Figure 1.16). At MAS rates ≥60 kHz, in perdeuterated proteins with 100% back-exchange, the RD curves are free from coherent effects with spin-lock fields as low as 3 kHz, allowing sensitive detection of excited states of proteins. This method has been applied to a variety of systems [START_REF] Lamley | Intermolecular Interactions and Protein Dynamics by Solid-State NMR Spectroscopy[END_REF][START_REF] Marchand | Conformational dynamics in crystals reveal the molecular bases for D76N beta-2 microglobulin aggregation propensity[END_REF][START_REF] Shi | Structure and Dynamics of the Rhomboid Protease GlpG in Liposomes Studied by Solid-State NMR[END_REF][START_REF] Öster | Quantifying Microsecond Exchange in Large Protein Complexes with Accelerated Relaxation Dispersion Experiments in the Solid State[END_REF]. An interesting application is the investigation of aggregation propensity of a pathologic mutant of beta-2 microglobulin, namely D76N. In this form, a number of residues close to the mutation site show a more pronounced dispersion with respect to the wild-type. This increased exchange prompted the investigation of the excited states in WT and the mutant, revealing that the mutant is in exchange with a less structured excited state. This observation accounts for the tendency of D76N mutant to form fibrils [START_REF] Marchand | Conformational dynamics in crystals reveal the molecular bases for D76N beta-2 microglobulin aggregation propensity[END_REF]. In another application, the investigation of relaxation dispersion in the Rhomboid Protease GlpG reconstituted in lipid bilayers has revealed increased relaxation dispersion for the gating helix, likely indicating the exchange between a ground state in closed

conformation and an open state, accessible to the substrate [START_REF] Shi | Structure and Dynamics of the Rhomboid Protease GlpG in Liposomes Studied by Solid-State NMR[END_REF]. In Chapter 4 I will show how the investigation of RD in human Cu,Zn-superoxide dismutase (SOD) elucidates important dynamic features related to metal uptake. All these examples plus a plethora of solution NMR studies show how motions on this timescale are particularly relevant to understand protein behaviour.

Near Rotary Resonance relaxation dispersion

Relaxation dispersion induced by isotropic chemical shift fluctuations can be complemented in the solid -state by the evaluation of the effect of anisotropy, that is of the reorientations of bond vectors between exchanging conformations. It is noteworthy that conformational exchange broadens the recoupling conditions close to the rotaryresonance, so that relaxation rates close to this condition can be described with a kinetic model for the exchange. The same approach can be used, if the orientation of the NH bonds is considered instead of the difference in chemical shifts [START_REF] Ma | Probing Transient Conformational States of Proteins by Solid-State R 1ρ Relaxation-Dispersion NMR Spectroscopy[END_REF]. This approach, dubbed Near Rotary-resonance Relaxation Dispersion (NERRD), is complementary to Bloch-McConnell RD. Exchange between isotropic chemical shifts and differently orientated of NH bonds can be used jointly to interpret the dispersion profile far and near to the rotary resonance condition, respectively. In recent studies, the combination of Bloch-

Mc Connell RD and NERRD has been applied to report the effect of the crystal packing on local conformational rearrangements in ubiquitin [START_REF] Kurauskas | Slow conformational exchange and overall rocking motion in ubiquitin protein crystals[END_REF][START_REF] Marion | Microsecond Protein Dynamics from Combined Bloch-McConnell and Near-Rotary-Resonance R 1p Relaxation-Dispersion MAS NMR[END_REF]. In particular, R 1ρ were measured on perdeuterated ubiquitin (with 30% back exchange) at a MAS frequency of 35 kHz, by applying effective spin-lock fields ranging from 2 to 33 kHz. Significant dispersion profiles were revealed for two stretches of residues; from the fitting with a twosites exchange model, the differences in isotropic chemical shift and angular variation between the states were obtained (Figure 1 15 N relaxation dispersion data obtained for selected residues on perdeuterated (30% proton back-exchange) ubiquitin. at 33 kHz MAS. Only the difference in chemical shift and the angular fluctuations, obtained from the fitting with a two-site exchange model, are reported. Adapted with permission from [START_REF] Marion | Microsecond Protein Dynamics from Combined Bloch-McConnell and Near-Rotary-Resonance R 1p Relaxation-Dispersion MAS NMR[END_REF].

confirmed the existence of a motion of relatively high amplitude on this timescale. A similar motion on the µs timescales was observed for other residues lining the active site or indirectly connected, and its abrogation was observed in the presence of an inhibitor.

The conformational dynamics observed within the protein-water network suggested a mechanism for proton exchange, with implications for the activity of the enzyme [START_REF] Singh | Fast Microsecond Dynamics of the Protein-Water Network in the Active Site of Human Carbonic Anhydrase II Studied by Solid-State NMR Spectroscopy[END_REF].

CPMG relaxation dispersion

Variable spin-lock RD experiments are usually performed with applied ω 1 /2π >2 kHz, which means that they can be used to describe motions faster than 0.5 ms. In order to investigate slower motions, the Carr-Purcell-Meiboom-Gill (CPMG) relaxation dispersion technique can be applied. This technique exploits the effect of chemical shift fluctuations on R 2 (section 1.4.2). Indeed, during a spin echo, the magnetization is refocussed because the phase induced by chemical shift is the same before and after the inversion. If during the echo delays the molecule samples different conformations, the full refocussing is hampered and an apparent increased R 2 is measured, with a contribution from exchange as expressed in equation 1.34. This effect is dependent on the length of the spin echo delays, the effect of exchange tending toward zero for short delays. This dependence can be extracted by applying a series of inversion pulses separated by a period τ CPMG = 1/ν CPMG and the frequency of the pulse train is varied to extract a profile of R 2 versus ν CPMG , which in the case of fast exchange and highly skewed populations the term R ex assumes the same form as the third term in equation 1.35: A single study to date has used CPMG relaxation dispersion in the solid state, to expand the investigation of slow motions in crystals on the ms timescale [START_REF] Kurauskas | Slow conformational exchange and overall rocking motion in ubiquitin protein crystals[END_REF].

R 2 = R Red 2 + R ex = R 2 +
1.6.4 13 C and 1 H relaxation dispersion

Relaxation dispersion techniques have mainly be applied to 15 N spins, since the behaviour of 15 N relaxation rates can be interpreted solely on the basis of the contributions of CSA and dipolar couplings. On the contrary, the evolution of 13 C coherences under spin-lock represents a more challenging problem, as it features contributions from homonuclear dipolar and scalar couplings, which complicate its interpretation. Moreover, the coherent effect is stronger for this nucleus, so that fast spinning, extensive deuteration and selective introduction of C-H spin pairs are required to unambiguously extract dynamic information from such experiments. After the first pioneering demonstration experiments on small molecules [START_REF] Quinn | Monitoring conformational dynamics with solidstate R 1ρ experiments[END_REF][START_REF] Quinn | Quantifying conformational dynamics using solid-state R 1 ρ experiments[END_REF], only recently 13 C relaxation dispersion has been used to characterize slow dynamics in biosolids [START_REF] Gauto | Aromatic Ring Dynamics, Thermal Activation, and Transient Conformations of a 468 kDa Enzyme by Specific 1 H-13 C Labeling and Fast Magic-Angle Spinning NMR[END_REF]. In particular, Gauto et al.

acquired RD at 55 kHz MAS in deuterated dodecameric aminopeptidase TET2, where protons where selectively introduced in phenyl side-chains. In these conditions, dispersion was selectively observed for residues undergoing µs motions, indicating the absence of dipolar-dephasing contribution to the relaxation dispersion and introducing an additional observable for the description of motion of the aromatic rings.

Recently, the possibility of performing 1 H relaxation dispersion on amide protons has been investigated [START_REF] Gauto | Protein conformational dynamics studied by 15 N and 1 H R 1ρ relaxation dispersion: Application to wild-type and G53A ubiquitin crystals[END_REF][START_REF] Rovó | Mechanistic Insights into Microsecond Time-Scale Motion of Solid Proteins Using Complementary 15 N and 1 H Relaxation Dispersion Techniques[END_REF]. The advantage resides in the fact that the stronger 1 H-1 H homonuclear dipolar couplings also affect the relaxation rates, reporting on longer-range dynamics, that is potentially opening a window on global rearrangements instead of local fluctuations. At the same time, however, the interpretation of 1 H data is complicated not only by the effect of coherent contributions on the experimental rates, but also by the difficulty in modeling the relaxation rates, which are dependent on a larger range of interactions. In addition to the rotary resonance condition, at which the heteronuclear dipolar couplings is recoupled, an increase of 1 H R 1ρ can be observed when ω 1 = 0.5ω R because of the recoupling of homonuclear dipolar couplings, that is the HOmonucleaR ROtary Resonance (HORROR) condition. This effect is negligible for low-γ nuclei such as 15 N . Also in this case, the increase close to the rotary resonance is detected only when the timescale of the motions is above µs. From experimental results on proteins where only 30% of the protons were reintroduced at amide sites and when MAS frequencies above 50 kHz were used, it was observed that. despite the high deuteration level, the relaxation rates of protons were affected by coherent effects, in particular close to the HORROR condition [START_REF] Rovó | Mechanistic Insights into Microsecond Time-Scale Motion of Solid Proteins Using Complementary 15 N and 1 H Relaxation Dispersion Techniques[END_REF]. Additionally, the different contributions to relaxation could not be disentangled, leading overall to a qualitative interpretation of the data. Penzel et al. measured 1 H R 1ρ relaxation rates on fully protonated ubiquitin at 126 kHz MAS and remarked that despite the very fast MAS a quantitative analysis of the site-specific relaxation rates was hampered by the dense proton network [START_REF] Penzel | Spinning faster: protein NMR at MAS frequencies up to 126 kHz[END_REF]. Nevertheless, from both applications 1 H R 1ρ rates, combined with 15 N relaxation dispersion, seem to improve at least qualitatively the description of protein motions.

Chemical Exchange Saturation Transfer

Finally, conformational exchanges can also be investigated by Chemical Exchange Saturation Transfer (CEST). This method is becoming largely applied in solution NMR [START_REF] Vallurupalli | Probing conformational dynamics in biomolecules via chemical exchange saturation transfer: a primer[END_REF] but has also recently been applied in MAS NMR [START_REF] Rovó | Microsecond Timescale Protein Dynamics: a Combined Solid-State NMR Approach[END_REF]. Like other RD techniques, this experiment introduces the possibility of identifying "invisible" excited states, but it probes slower timescales of motion (∼50-500 s -1 ). CEST provides a more direct route to the relative populations of the exchanging states and, in the best cases, to the chemical shift differences between them. Similarly to R 1ρ RD, a spin-lock field is applied to the magnetization, but in CEST this is performed when magnetization is along z. Consequently, when the field is applied on resonance, the transition is saturated. The radiofrequency field is applied with an offset sampling a given chemical shift range, and the intensity of the visible peak is monitored as a function of the offset. When the offset does not match the frequency of the ground state or of an excited state, the signal intensity is unaffected.

Otherwise, when the field is applied on resonance with the most populated ground state, the signal is saturated and the intensity of the peak decreases to zero. When the position of the radiofrequency field coincides with the frequency of an invisible excited state peak, the saturation is transferred to the ground state through chemical exchange, resulting in an attenuated signal. As a result, for a two-site exchange the plot of the intensity with respect to the carrier frequency consists of a major and a minor dip at the resonance frequency of the ground and excited states respectively (Figure 1.17).

When the exchange is faster than 500 s -1 , the broadening and the skew of the major dip are quantified to extract information on the exchange. In particular, together with the asymmetry of the tilt-angle dependent R 1ρ rates, the sign of the ∆ω 12 can be extracted, a (c-d) CEST profiles obtained using the parameters in a-b. Note that in (a) the peak for state B cannot be observed ("invisible" state), but it is visible in CEST as a second minor dip (c). This is more pronounced when the population of the state increases (d). Adapted with permission from [START_REF] Charlier | Protein dynamics from nuclear magnetic relaxation[END_REF].

parameter which remains elusive in on-resonance RD experiments. In their application on perdeuterated SH3 (with 30% back-exchanged protons), Rovo et al. measured different widths and skews for different sites in the protein, but always observed one single dip, indicating either low populated excited states or exchange in the intermediate-tofast regime. An additional broadening of the major dip was observed with respect to theoretical values, suggesting that the coherent effect also plays a role in this experiment [START_REF] Rovó | Microsecond Timescale Protein Dynamics: a Combined Solid-State NMR Approach[END_REF]. The application of CEST in MAS NMR represents an important improvement in the investigation of the exchange with NMR invisible states.

Measurement of anisotropic interactions by MAS NMR

The measurement of anisotropic interaction tensors is a complementary, direct probe of dynamics, as motions faster than the characteristic frequency of an NMR interaction average its anisotropic components, bringing direct information on the spatial sampling of the molecule. According to equation 1.2, the interactions are dependent on the orientation through the rank-2 components of the interaction tensor A. In the principal axis frame, the tensor A is diagonal and can be expressed in term of two characteristic parameters of the interaction, the asymmetry η A and the anisotropy δ A :

A =            A xx 0 0 0 A yy 0 0 0 A zz            = 1 2 δ A            -η A -1 0 0 0 η A -1 0 0 0 2            (1.41)
We consider here a symmetric interaction, that is η A = 0, which is the case for the static dipolar-coupling tensor and, in a good approximation, for CSA of backbone 15 N . As reported in section 1.5, the dependence of anisotropy on molecular orientation is expressed by spherical harmonics. In the case of axial symmetry, the relevant term is Y 20 ∝ (3cos 2 θ -1)/2, where θ is the angle between the principal axis frame and the static magnetic field B 0 . When molecular motions are present, the relative orientation of the two frames changes over time. If the characteristic frequency of the motion is larger than the strength of the interaction, only an averaged value of the anisotropy can be measured, which will be lower than the static one. In practice, an order parameter S 2 can be defined as the ratio between the measured anisotropy of a certain interaction and the expected value in the rigid limit case: [START_REF] Andreas | High-resolution proton-detected NMR of proteins at very fast MAS[END_REF] where S assumes values between 0 (completely isotropic motion) and 1 (rigid). Additionally, motions may introduce an asymmetry in the otherwise symmetric interaction tensors, for example in the case of dipolar couplings [START_REF] Schanda | Solid-State NMR Measurements of Asymmetric Dipolar Couplings Provide Insight into Protein Side-Chain Motion[END_REF][START_REF] Schanda | Accurate measurement of one-bond H-X heteronuclear dipolar couplings in MAS solid-state NMR[END_REF].

S 2 = δ A,eff δ A,rig 2 (1.
In solution, the anisotropy of the interactions can be measured through cross-correlated relaxation or by re-introducing the anisotropy with alignment media. In the solid-state, the averaged anisotropic interactions can be measured directly with recoupling techniques which make use of interferences between radio-frequency pulses and MAS.

Dipolar Couplings

Order parameters from one-bond dipolar couplings can be easily calculated, as the rigid-limit dipolar coupling tensor is known from the bond lengths. In the case of 1 H- 15 N and 1 H-13 C, the respective bond distances are commonly 1.02 Å and 1.1 Å, leading to dipolar couplings constants of 11.5 kHz and 22.7 kHz respectively. As a result, the order parameters that can be obtained from dipolar couplings constants of 1 H- 15 N and 1 H- 13 C pairs are informative on motions faster than 100 µs. These order parameters report directly on the amplitude of the motions and eventually on their asymmetry, without relying on inherently biased models of correlation functions. Thus, they can be integrated with relaxation data in order to constrain the spectral density functions and improve the description of the motions [START_REF] Haller | Amplitudes and time scales of picosecond-to-microsecond motion in proteins studied by solid-state NMR: a critical evaluation of experimental approaches and application to crystalline ubiquitin[END_REF][START_REF] Saurel | Local and Global Dynamics in Klebsiella pneumoniae Outer Membrane Protein a in Lipid Bilayers Probed at Atomic Resolution[END_REF].

Different techniques have been applied to measure dipolar couplings, either based on rotor-synchronized rf irradiation sequences or on Cross Polarization (CP). Methods developed to measure one-bond dipolar couplings are reviewed in [START_REF] Schanda | Accurate measurement of one-bond H-X heteronuclear dipolar couplings in MAS solid-state NMR[END_REF]. They will be briefly presented here and evaluated on the basis of the requirements for a precise measure of the couplings, and more specifically for the measurement of one-bond dipolar couplings at fast MAS in highly-protonated systems. These requirements can be listed as follow:

• Small sensitivity to radio-frequency inhomogeneities Recoupling in T-MREV leads to scaled heteronuclear dipolar couplings, with a dependence on the applied rf field and on the spinning speed which makes its application most suitable at low MAS rates (< 20 kHz). A limitation of the sequence is that the homonuclear dipolar couplings is not completely averaged. Additionally, T-MREV is poorly sensitive to small changes in dipolar couplings constants [START_REF] Lorieau | Order parameters based on 13 C 1 H, 13 C 1 H2 and 13 C 1 H3 heteronuclear dipolar powder patterns: A comparison of MAS-based solidstate NMR sequences[END_REF]. For example, this technique was applied to quantify NH and CH dipolar couplings in fully protonated GB1 at 11 kHz MAS, but the precision of the measurement was affected by the large scaling factor (∼0.48) and its dependence on radio-frequency inhomogeneities [START_REF] Franks | Magic-angle spinning solid-state NMR spectroscopy of the β1 immunoglobulin binding domain of protein G (GB1): 15 N and 13 C chemical shift assignments and conformational analysis[END_REF].

•
Another class of largely applied symmetry-based sequences includes the RN n ν sequences [START_REF] Levitt | Symmetry-based pulse sequences in magic-angle spinning solid-state NMR[END_REF][START_REF] Hou | 1 H-13 C/ 1 H-15 N heteronuclear dipolar recoupling by R-symmetry sequences under fast magic angle spinning for dynamics analysis of biological and organic solids[END_REF] (Figure 1.18b). These sequences are effective in suppressing the homonuclear dipolar couplings while reintroducing the heteronuclear coupling and have been succesfully applied to measure backbone dipolar couplings on fully protonated proteins both at slow (10 kHz [97], 14 kHz [START_REF] Lu | Dynamic allostery governs cyclophilin A-HIV capsid interplay[END_REF]) and intermediate (40 kHz [96] , 65 kHz [START_REF] Wang | Measurement of 13 C-1 H dipolar couplings in solids by using ultra-fast magicangle spinning NMR spectroscopy with symmetry-based sequences[END_REF]) MAS frequencies. It was also applied at 110 kHz MAS for the HIV-1 CA capsid protein [100]. However, with increasing MAS rates the rotor synchronization required by these sequences becomes more difficult and the transient effect of pulses non-negligible.

Among the rotor-synchronized recoupling sequences, Rotational-Echo DOuble Resonance (REDOR) is the most commonly used technique for spin-1 /2 nuclei. Its sequence was introduced in 1989 by Gullion [101] and despite existing in different variants the basic building block is identical to the original one. The strengths of this technique are the ease of implementation, the robustness to experimental miscalibrations, and the the single-variable fit of experimental curves. The REDOR recoupling block, shown in A variant of the basic REDOR sequence introduces a shift in the application of π pulses by a fraction of the rotor period: this has the effect of scaling the effective dipolar couplings measured [START_REF] Schanda | Accurate measurement of one-bond H-X heteronuclear dipolar couplings in MAS solid-state NMR[END_REF]. This strategy has been used to improve the measurement of large dipolar couplings at intermediate MAS frequencies, because of the limit in time sampling imposed by the rotor period (the minimum time sampling being 2τ r ). However, the dipolar average Hamiltonian describing this pulse sequence contains an additional time-dependent term, which leads to a different shape of the dephasing curve. Moreover, since the shift occurs asymmetrically, increased rf may be required (when large shifts are needed) to reduce the length of the π pulses and avoid their overlap. In this regard, a mirrored REDOR has been proposed in which the π pulses are shifted but the distance between them kept constant, so that the scaling of the effective dipolar couplings occurs without changing the functional form of the original REDOR (with the exception of a shift-dependent scaling factor) [102]. As a result, a larger number of oscillations can be recorded before the curve is distorted from the original one (reported in eq. 5.1). Additionally, in this implementation there is no overlap of the pulses so high rf fields are not required and frequency-selective long pulses can be introduced. This approach had been previously used to select 13 C -15 N spin pairs in uniformly labeled samples [103].

Another advantage of REDOR is the possibility to identify asymmetry of the dipolar couplings, which shows up as a damping of the oscillation. With respect to other techniques, where the damping may occur because of other coherent or incoherent mechanisms, in REDOR the use of normalization curves allows to exclude the presence of these effects [START_REF] Schanda | Accurate measurement of one-bond H-X heteronuclear dipolar couplings in MAS solid-state NMR[END_REF].

Despite the different implementations, the main limitation of REDOR is its strong sensitivity to the presence of neighbouring protons, so its applications for one-bond 1 H-X dipolar couplings are limited to highly deuterated samples. For example, REDOR has been largely applied on highly deuterated ubiquitin: to obtain 1 H-15 N dipolar couplings only 30% [START_REF] Schanda | Quantitative Analysis of Protein Backbone Dynamics in Microcrystalline Ubiquitin by Solid-State NMR Spectroscopy[END_REF] or 50% [START_REF] Ma | Observing the overall rocking motion of a protein in a crystal[END_REF] of the protons were reintroduced in the backbone, while 13 C-1 H methyl order parameters were obtained with selective protonation of the side-chains in a 100% deuterated matrix [START_REF] Schanda | Solid-State NMR Measurements of Asymmetric Dipolar Couplings Provide Insight into Protein Side-Chain Motion[END_REF]. Applications on 100% back-exchanged protein are found in the literature, on membrane protein KpOmpA [START_REF] Saurel | Local and Global Dynamics in Klebsiella pneumoniae Outer Membrane Protein a in Lipid Bilayers Probed at Atomic Resolution[END_REF] and on SH3 [104]. Interestingly, the REDOR pulse block has also been used as a dipolar dephasing filter to investigate protein interactions [105,106].

With respect to its efficiency at the highest MAS rates, numerical simulations have shown that REDOR methods can be applied to MAS frequencies beyond 100 kHz in perdeuterated proteins with 100% back-exchange [107], but applications are still missing in the literature. A secondary effect of REDOR at this high spinning rate is represented by the sample heating induced by the application of a large number π pulses in order to increase the number of REDOR cycles and compensate the short length of τ R [108]. In Chapter 5 I will show the application of the technique on fully protonated GB1 and discuss its validity in the accurate determination of dipolar couplings.

Another approach for the measurement of dipolar couplings constants consists of cross-polarization (CP) based sequences, which make use of the polarization transfer between spins occurring through dipolar couplings [109,110]. CP, which is central in most solid-state NMR pulse sequences, happens when the spin I and S are under the influence of spin-lock fields of frequency ν 1,I and ν 1,S respectively and the Hartmann-Hahn condition [111] is fulfilled:

|ν I,1 + ν S,1 | = nν R (1.43)
where ν R is the MAS frequency, n is an integer number and is -1 in zero-quantum (ZQ) conditions and +1 in double-quanta (DQ) conditions. In particular, as in the case of R 1ρ measurements (section 1.4.2 ), the radiofrequency field ν 1 can be applied on-resonance or replaced by an effective field on one of the channels. This is the basis of the Lee-Goldburg CP (LGCP) pulse sequence [START_REF] Lorieau | Order parameters based on 13 C 1 H, 13 C 1 H2 and 13 C 1 H3 heteronuclear dipolar powder patterns: A comparison of MAS-based solidstate NMR sequences[END_REF]112,113]: the 1 H-X CP is obtained through a tilted spin lock on the proton channel, and the tilt angle θ of the effective field ν ef f corresponds to the magic angle, 54.7 • . Under these conditions, the 1 H-1 H homonuclear dipolar couplings are effectively suppressed, while the heteronuclear dipolar couplings are maintained with a theoretical scaling factor of ∼0. 82 (i.e. sin(54.7°)). In practice, however, this scaling factor depends on several experimental parameters. Also, due to the required magic angle tilt of the effective field, this technique is extremely sensitive to offset and pulse miscalibrations. Finally, it is not suitable for applications on uniformly labeled samples as in this case the averaging of homonuclear dipolar couplings is incomplete [START_REF] Schanda | Accurate measurement of one-bond H-X heteronuclear dipolar couplings in MAS solid-state NMR[END_REF]114]).

Another CP-based pulse sequence for dipolar couplings measurement is the Phase-Inverted CP (CPPI) [115,116]. In CPPI, an inversion of the phases is applied during CP so that the Hartmann-Hahn conditions are alternatively ZQ and DQ. This has been proven to be more robust than LGCP with respect to rf inhomogeneity. CPPI has been applied to measure N-H dipolar couplings in highly deuterated systems such as SH3 [117].

The CPPI method is less sensitive to the effect of remote protons The oscillatory behaviour of CP for a single spin pair (I, S) (Fig. 1.19b) is well known and can be described, as shown in [120], with the function

S(τ) = 1 -cos(ω CP τ) (1.44)
The frequency ω CP contains the tensor orientation in the rotor frame. In the absence of dynamics this is symmetric and ω CP can be expressed as [START_REF] Chevelkov | Differential line broadening in MAS solid-state NMR due to dynamic interference[END_REF] with ω D = δ D /2π and β is the angle between the IS bond vector (z axis of the principal axis frame) and the rotor frame. In the presence of internal motions the dipolar coupling tensor can be assumed to become rhombic with asymmetry parameter η D , and the expression of ω CP becomes [START_REF] Lewandowski | Site-Specific Measurement of Slow Motions in Proteins[END_REF] in which the additional Euler angle α is present. The expression becomes again the same of eq. 1.45 in case of symmetric motions. To obtain the expression of the experimental CP-VC curve the powder average over angles α and β has to be taken into account.

ω CP = 1 4 √ 2ω D sin 2β (1.
ω CP = 1/6ω D sin β 2 cos 2 β(3 + η D cos 2α) 2 + 2η D sin 2 2α (1.
The advantage of the CP-VC is the simple set up, which only requires an accurate calibration of the Hartmann-Hahn conditions and the choice of the carrier to minimize the rf offset effects [121]. With this technique the decoupling of 1 H-1 H homonuclear dipolar interactions does not depend on rotor synchronization but is guaranteed by MAS when sufficiently high rates are applied (≥40 kHz). An additional requirement is the use of high rf powers to reduce the dependence on the offset. This, however, is generally compatible with specification of a fast MAS probe, which can reach higher rf fields.

This technique will be presented in more detail in Chapter 5 together with some recent applications.

Recently, a new method which differs from all those presented above was proposed by Reif's group [108]. They made use of controlled miscalibrations of the magic angle in order to reintroduce the dipolar couplings in a spin-echo experiment under MAS. Numerical simulations were used to correlate the spin-echo profile with the deviation from the magic angle. The method was then applied to highly deuterated samples of SH3 (20% H 2 O) for the quantification of small 15 N-1 H and 13 C-1 H methyl dipolar couplings which are poorly determined by CPPI and REDOR [108,122]. However, the applications are still limited to this specific case where the proton dipolar network is highly diluted and the effect of neighboring protons remains undetermined. Also, a reduction of spectral resolution is observed when the magic angle is miscalibrated, which could complicate the site-specific investigation in fully protonated systems.

Chemical Shift Anisotropy

The chemical shift anisotropy (CSA) is extremely sensitive to the electronic environment of the nucleus, making CSA parameters an interesting tool to refine protein structure by solid-state NMR. CSA parameters are roughly sensitive to motions faster than kHz, but due to the linear dependence of CSA on the static magnetic field, the fast motion limit of this interaction can be varied, extending its range of sensitivity. However, differently from dipolar couplings, the application of CSA to investigate protein dynamics is not straightforward: "rigid limit" values are not known a priori and have to be calculated e.g. with ab initio methods. In particular, the hybrid QM/MM approach has shown excellent results to interpret experimental data [123,124].

Experimentally, CSA can be measured site-specifically with multidimensional 3D experiments which introduce the anisotropic chemical shift interactions in the indirect dimension under MAS. At slow MAS the spinning sidebands pattern can be fitted with 126], whereas at faster MAS the CSA can be reintroduced using recoupling techniques [127]. In particular, symmetry-based techniques RN ν n can also recouple the CSA interaction and have shown to be suitable under a wider range of MAS frequencies for the characterization of 13 C, 15 N CSA in uniformly labeled samples [128,129], with an application at 110 kHz MAS where both motionally averaged 1 H CSA and 1 H-15 N dipolar couplings were obtained site-specifically in tubular assemblies of 13 C, 15 N-labeled HIV-CA protein (Figure 1.20) [100].

Quadrupolar couplings

In biological systems, deuterium is the most commonly studied quadrupolar nucleus.

It can be introduced in the labeling schemes by replacing protons without altering critically the protein structure, a strategy which is commonly used to reduce the proton In some applications, the 2 H line shapes are analyzed in systems with selective labeling of one or few sites. This approach was mainly applied in static conditions [131][132][133], and in oriented samples [134][135][136][137][138]. To extend the method to uniformly labeled proteins under MAS and obtain site specific resolution, a pulse sequence relying on 2 H-13 C-13 C correlation was initially proposed and applied on deuterium labeled [ 2 H, 13 

Conclusions

In this first chapter, the potential of MAS NMR for the investigation of dynamics has been presented. NMR can rely on a large number of observables for the characterization of dynamics over multiple timescales. With respect to its solution counterpart, residual anisotropy can be exploited in MAS NMR over all timescales, enlarging the range of information and the window of motional frequencies accessible. In particular, motions occurring on timescales slower than ns can be probed by spin relaxation, and motions on the µs timescale can be investigated with rotary resonance relaxation dispersion. Also, the quantification of anisotropy of the interactions allows for a better characterization of geometry of the motions.

The main challenges of the technique are due to the presence of protons, which affects spectral resolution and NMR observables used to probe molecular dynamics. The impact of protons on the experimental observables has to be carefully considered to obtain unambiguous information on motional processes. The development of targeted labeling schemes and the increase of MAS rates, which will be discussed in more detail in Chapter 2, have been proven to be helpful in reducing the coherent effects in spin relaxation, while pulse sequences designed for the measurement of dipolar couplings have been implemented to be compatible with faster spinning rates and increased proton densities.

These methods have made an important contribution to the study of dynamics in membrane proteins, as will be discussed in Chapter 3.

In the following, we will present the evaluation and development of some of these tools for the determination of dynamics in proteins with protons in natural abundance and their application to systems ranging from microcrystals to sedimented proteoliposomes.

Chapter 2

Biomolecular solid-state NMR at fast MAS MAS NMR studies on biological systems had been, for a long time, performed at moderate spinning rates (∼10 kHz). These studies were based on multidimensional experiments detected on low-γ nuclei ( 15 N or more commonly 13 C), for which slow MAS rates and RF decoupling are sufficient in averaging the anisotropy of the interactions. Despite the increased resolution due to narrow linewidths and a large chemical shift dispersion, the detection of these hetero-nuclei is affected by low sensitivity, translating into long acquisition times (weeks to months for 2D and 3D correlation spectra) and large amounts of 13 C, 15 N-labeled samples required.

The direct detection of 1 H coherences is the most obvious way to improve sensitivity, and it is the standard in solution NMR [144]. However, with respect to its solution counterpart, solid-state NMR cannot rely directly on this approach because of the different nature of 1 H -1 H dipolar couplings with respect to the other internal interactions. When I and S are two spins of the same species the dipolar Hamiltonian contains two terms:

H sec D = -d I z S z - 1 4 (I + S -+ I -S + ) (3 cos 2 θ -1) (2.1)
where d is the dipolar constant. The first term, which is present also in heteronuclear dipolar couplings, would be averaged by MAS, but the second term, containing the ladder operators has a different effect on the Zeeman states. When more than two nuclei are coupled, the effect is a continuous exchange of energy between the spins and therefore a continuous change of their states. This mechanism, called flip-flop, leads to a dramatic For simplicity, a symmetric tensor is considered. The large broad profile is due to the overlap of sharp lines (here a small number of them is sketched in red as sharp lorentzians), each corresponding to a specific orientation. Two orientations of the tensor (defined in the Principal Axis Frame, PAF) with respect to the external magnetic field B 0 are shown. This broadening is called inhomogeneous. (b) Qualitative representation of the homonuclear dipolar couplings, obtained introducing line broadening for the signal of each orientation. As an example, three different lines are depicted in red. The overall signal is shaded in grey. The CSA pattern in (a) is represented for comparison (dotted line).

time-independent Hamiltonians, that is

H(t) = H (1) + H (2) + H (3) + ... (2.2)
where the first terms are

H (1) = 1 0 dτ 1 H(τ 1 ) (2.
3)

H (2) = - i 2ν R 1 0 dτ 2 τ 2 0 dτ 1 [H(τ 2 ), H(τ 1 )]
(2.4)

H (3) = - 1 6ν 2 R 1 0 dτ 3 τ 3 0 dτ 2 τ 2 0 dτ 1 ([H(τ 3 ), [H(τ 2 ), H(τ 1 )]] + [[H(τ 3 ), [H(τ 2 )], H(τ 1 )]) (2.5)
Here, ν R is the MAS frequency and variables are normalized with respect to the rotor [START_REF] Böckmann | Spinning proteins, the faster, the better?[END_REF]. Inhomogeneous Hamiltonians, such as single CSA tensor or dipolar couplings, commute with themselves at all times, so that, independently of the MAS frequency, only the first term contributes and leads to an inhomogeneous broadening. On the contrary, for the homogeneous Hamiltonians, such as homonuclear dipolar couplings, the high-order terms become zero only for infinite MAS frequencies, and at finite rates they contribute to the homogeneous broadening.

period τ R = 1/ν R , that is τ i = t i /τ R
A comparison between a 13 C-13 C Dipolar Assisted Rotational Resonance (DARR) spectrum and a 1 H-detected 1 H-15 N CP-HSQC spectrum of fully protonated GB1, both acquired at 20 kHz MAS, is shown in Figure 2.3.

Clearly, at this slow spinning speed the broadening in 1 H-detected spectra is so severe (Figure 2.1b) that detection of heteronuclei (with high-power decoupling of protons) is a necessity. Dilution of the proton content was proposed as a strategy to perform 1 H detection at moderate spinning speed [147,148], as depicted in left part of Figure 2.1c. In proteins this can be achieved by expression in deuterated media followed by partial or complete reprotonation at the exchangeable sites. The impact of protein deuteration in increasing spectral resolution was demonstrated at 10 and 20 kHz MAS on a deuterated protein with full reprotonation of the amide sites [149,150]. A further reduction in the proton content (10-40 % re-protonation) was then shown to additionally narrow the linewidths [START_REF] Chevelkov | Ultrahigh resolution in proton solid-state NMR spectroscopy at high levels of deuteration[END_REF], but the optimum deuteration level had to be chosen as a trade-off between higher resolution and detection sensitivity [151].

Later on, a new generation of probes was introduced, with the possibility of reaching spinning rates up to 50-60 kHz. In this MAS regime, the averaging of the 1 H dipolar interactions is more efficient, with important consequences on coherence lifetimes of 1 H nuclei and therefore on spectral linewidths [152] (Figure 2.1b). This is still not sufficient to access fully protonated proteins with elevated resolution, but instead at 60 kHz MAS linewidths of 50-100 Hz can be observed for microcrystalline [ 2 H, 13 C, 15 N]-labeled proteins where 100% of the protons are reintroduced at the exchangeable sites (Figure 2.1c, middle), [ 1 H N , 2 H, 13 C, 15 N]-proteins hereafter [153]. Additionally, at this spinning speed the heteronuclear decoupling can be efficiently performed with low-power 1 H irradiation, allowing increased scan repetition rates (without risk of overheating of the sample) and therefore increased sensitivity per unit time [154].

The reduction in rotor size involves the use of smaller sample volumes, with a consequent loss in sensitivity. Nonetheless, this is partially compensated by a more effective coupling of the sample to smaller coils. Altogether, without considering changes in line width, 1 H-detection in a 1.3 mm rotor is twice as sensitive as 13 C-detection in a 3.2 mm rotor [START_REF] Andreas | High-resolution proton-detected NMR of proteins at very fast MAS[END_REF]. Noticeably, when full back-exchange is considered, the maximal sensitivity is actually observed in 1.9 mm rotors at 40 kHz MAS, but with lower resolution. However, coherence lifetimes increase with the spinning speed, thus multidimensional experiments where multiple magnetization transfers are performed are globally more efficient in 1.3 mm rotors at 60 kHz MAS [155]. In particular, the lengthening of the coherence lifetimes renders the application of J-based (INEPT-type) transfers possible, increasing the number of accessible experiments.

This approach has been applied to a large variety of systems, giving access to a set of multidimensional experiments for rapid resonance assignment [156][157][158][159][160][161]. The introduction of this MAS regime represented a milestone in the field of biomolecular NMR, opening the way to applications on fully back-exchanged proteins in different aggregation states [START_REF] Andreas | Structure and Mechanism of the Influenza A M218-60 Dimer of Dimers[END_REF][START_REF] Retel | Structure of outer membrane protein G in lipid bilayers[END_REF][START_REF] Knight | Structure and backbone dynamics of a microcrystalline metalloprotein by solid-state NMR[END_REF][START_REF] Andreas | High-resolution proton-detected NMR of proteins at very fast MAS[END_REF]156,[162][163][164]. Representative spectra of microcrystalline samples, sedimented nucleocapsids and membrane proteins in lipid bilayers, all Importantly, in parallel with the advancements in solid-state probes, NMR technology has evolved toward increasing the static magnetic field. Higher magnetic fields lead to a better separation in frequency between protons, reducing the contribution of flip-flop processes to the homogeneous linewidths. The introduction of spectrometers reaching 1 H Larmor frequency of 1 GHz represented another breakthrough in the field, leading to improved sensitivity and resolution [START_REF] Andreas | High-resolution proton-detected NMR of proteins at very fast MAS[END_REF]152].

A critical limitation of deuteration is the loss of information from the side chains, which are important reporters for structure, dynamics and protein-protein interactions.

Strategies incorporating a limited amount of protons in the side-chains were proposed in this context. In particular, the Reduced Adjoining Protonation (RAP) consists of expressing proteins in partially protonated media (5-15% H 2 O in otherwise deuterated buffer) and 2 H- 13 C glucose [165, 166] , while the Fractional Deuteration (FD) is achieved by expression in D 2 O using protonated glucose [167]. Whereas RAP gives 1 H linewidths below 60 Hz already at 20 kHz MAS [165], the FD which introduces higher content of protons (10-40%) requires higher MAS rates (55 kHz) to give a favorable resolution. Both approaches, however, suffer from low sensitivity, in particular in the experiments for measuring of 1 H-1 H distances in structural determination. Another approach, initially developed for the investigation of large proteins by solution NMR, consists in the use of Isoleucine, Leucine, Valine (I,L,V) metabolic precursor during the expression, leading to isolated 13 C-1 H spin pairs in methyl side chains in an otherwise 2 H, 12 C background [168]. This approach was also proven to be more advantageous at 50-60 kHz MAS and was successfully applied to obtain distances between protons [START_REF] Andreas | Structure and Mechanism of the Influenza A M218-60 Dimer of Dimers[END_REF]169].

The common trait of these methods is the application of targeted labeling schemes and the use of deuteration media. In general, bacterial growth is reduced in these conditions, and often is simply not compatible with an expression system. For some proteins, the protein yield in deuterated media is so low that the NMR analysis is in fact not feasible. Moreover, when refolding protocols are non applicable, re-protonation of solventprotected sites may not be possible, leading to a loss in information. This is particularly relevant in the case of membrane proteins, where sites embedded in the lipid bilayers are often very important to understand protein function [170].

The use of fully protonated samples can overcome all of these drawbacks as long as acceptable spectral resolution of amide and side-chain proton resonances can be obtained. Uniform protonation (Figure 2.1c, right) is the easiest and least expensive way to access all the protons in the sample, an approach that can be applied to a wide range of systems. With this purpose, technological developments in MAS NMR have been oriented to further reduce rotor diameters in order to reach higher MAS frequencies. Today, MAS rates above 100 kHz can be reached using sub-mm diameter rotors. An additional advantage of this new generation of MAS probes is that the amount of sample needed is below the mg amount, opening the way to the investigation of low-expression systems [171].

Above 100 kHz, homonuclear dipolar couplings between 1 Hs start to be sufficiently averaged in protonated proteins, with a dramatic effect on spectral resolution [172,173], as shown in Figure 2.5.

A comparison of the relative effect of proton content and MAS rates on proton linewidths is found in a recent study where microcrystalline GB1 was investigated in three different preparations: fully protonated ( H GB1), perdeuterated 100% back-exchanged ( D GB1) and inverse fractionally deuterated ( iFD GB1) [174]. The latter labeling scheme is obtained by using a growth medium in H 2 O with deuterated glucose as the carbon source, which results in partial deuteration of the side-chains. The comparison of the three samples at 60 kHz and 110 kHz MAS revealed that proton content still has a large kHz MAS [START_REF] Böckmann | Spinning proteins, the faster, the better?[END_REF][START_REF] Penzel | Spinning faster: protein NMR at MAS frequencies up to 126 kHz[END_REF].

Recently, Schleedorn et al. acquired spectra of fully protonated proteins at 150 kHz MAS, the highest rate investigated until now, obtained using a prototype 0.5 mm rotor.

In line with the predictions, they observed a reduction in linewidth by a factor 1.23

with respect to 100 kHz MAS [START_REF] Schleedorn | Protein NMR spectroscopy at 150 kHz magic-angle spinning continues to improve resolution and mass sensitivity[END_REF]. Despite the reduced amounts of sample in smaller rotors, an increase in sensitivity was guaranteed by the better efficiency of the coil and increased coherent lifetimes. The latter factor, in particular, has an exponential impact on sensitivity of multidimensional experiments.

An additional advantage of full protonation is the possibility to rely on the detection of 1 H α , a feature which gives access to a new set of triple-resonance experiments for faster resonance assignment [170,177,178]. The increased number of observables expands the range of proteins for which a nearly complete assignment can be obtained. The details of these methods and their application will be presented in the next section.

MAS rates above 100 kHz have made the investigation of an unprecedented range of biomolecular targets possible and the methods have been successfully applied to characterize proteins of different size and in different aggregation states, such as microcrystalline proteins, membrane proteins in liposomes, fibrils, viral capsids [START_REF] Smith | Characterization of fibril dynamics on three timescales by solid-state NMR[END_REF]100,170,177,[179][180][181][182][183][184], as well as other biological systems [185,186].

Resonance assignment: the toolkit

Any structural and dynamic characterization of proteins by NMR requires preliminarily the assignment of backbone (and possibly side chains) resonances. This is obtained establishing sequential connectivities between signals of the atoms along the primary structure of the protein. In the 13 C-detected approach, assignments are performed with double-and triple-resonance spectra which make use of correlations between 13 C and 15 N signals [187-189]. Despite the good resolution of the spectra, this approach requires a large amount of sample, long experimental times and manual analysis of the spectra.

With the advent of 1 H-detection on uniformly labeled proteins with improved resolution, the observation of 1 H resonances could be introduced in experimental schemes

. Resembling the approach routinely used in solution NMR, three dimensional pulse sequences were developed in which 1 H, 13 C and 15 N resonances are correlated for sequential assignment. In particular, in perdeuterated proteins with 1 H back-exchange, amide protons can be detected and connected with neighbouring 15 N, 13 C α and 13 CO [152, 156-158, 190]. A set of six 3D experiments (listed on the left in Figure 2.7) was demonstrated to be particularly powerful to perform resonance assignment on a variety of perdeuterated proteins with 100% back-exchange, due to elevated performances and reduced ambiguities [158], as guaranteed by the redundancy of observations. 13 CB or 13 CO dimension. On the other hand, the 13 CA experiments share both the 13 CA and the 15 N dimensions.
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These sequences are developed adding a third 13 C dimension to the 2D 1 H-15 N CP-HSQC (or (H)NH) experiment, that connects the 1 H, 15 N pair of the ith residue with 13 C (C α ,C β ,CO) resonance from the same residue (intra-residue sequences) or from the precedent (i-1)th residue (inter-residue sequences). In particular, in the easiest implementation 1 H spins are excited first, then magnetization is transferred by CP to 13 C and evolved under low power proton decoupling. Then, it is transferred by CP from 13 C to 15 N, evolved in the second dimension and finally transferred to 1 H for detection. The Importantly, sensitive information on the residue type can be obtained from CB chemical shifts. These resonances can be connected to the 1 H, 15 N amide pair with the same approach, using J-based transfers. "Out-and-back" transfers improve the sensitivity of the experiment [157]. The (H)(CA)CB(CA)NH pulse sequence connects 1 H and 15 N resonances with 13 C β resonance of the same residue, while the (H)(CA)CB(CACO)NH connects them with 13 C β resonance in an inter-residue manner.

The efficiencies of these experiments decrease with the increasing number of mag- Importantly, the analysis of these experiments can be suitably carried out by routines for automatic assignment. Among these, the software FLYA [192] is particularly powerful as it requires only peak-lists as input, can easily be customized to unconventional spectra types and tolerates missing resonances.

With the advent of fast spinning probes and MAS rates above 100 kHz, fully protonated proteins have become an accessible target. The additional advantage is the observation of side chain protons, which can thus be included in the resonance assignment protocols. In particular, detection can be performed on 1 H α , introducing an additional window of observation. With this approach, an additional set of five experiments has been implemented, starting from the 1 H α -13 C α region of the (H)CH spectrum and introducing an additional dimension [177]. As a result, 1 H α -13 C α pairs are connected with 15 N or other 13 C resonances both through intra-residue and inter-residue correlations.

Two complementary pulse sequences are (H)NCAHA and (H)N(CO)CAHA, which connect the 1 H α -13 C α pair of the ith residue with 15 N resonance of the same residue or of residue i+1, respectively. The two complementary pulse sequences, (H)COCAHA and (H)CO(N)CAHA, are instead based on correlations to a common 13 CO chemical shift.

Simultaneous matching of 15 N and 13 CO chemical shifts resolves ambiguities and ensures high reliability of the sequential assignment. Also, the sensitivity of intra-residue (H)COCAHA is remarkably higher than the (H)CO(CA)NH. Finally, residue type identification can be performed using the pulse sequence (H)CBCAHA with significantly higher sensitivity with respect to the H N -detected experiment. These experiments are shown on the right in Figure 2.7. Another important advantage of these 1 H α -detected sequences is the assignment of Proline residues, which are inaccessible through H N detection. For these 3D experiments, the efficiency is evaluated by comparing the first FID with the (H)CH experiment. In microcrystalline GB1 at 100 kHz MAS the most sensitive experiment, (H)COCAHA, was shown to reach an efficiency of 49%, while the less sensitive and the aliphatic region of 2D 13 C-1 H correlation spectrum. On the vertical axis the strips display 13 C or 1 H chemical shifts in the side chain of Ile 124 obtained when navigating from six 13 C-1 H peaks in the 13 C-HSQC belonging to this residue. The coherence pathways are sketched above the strips of corresponding 3D spectra. Adapted with permission from [177] resonances is confirmed by matching the resonances in the two observation regions. The high redundancy of information is particularly helpful in resonance assignment of large biomolecular systems, for which spectral crowding can be severe also in 3D experiments.

Resonance assignment of aliphatic side chains can be performed with a pair of 3D pulse sequences based on 1 H- 13 C pairs, namely (H)CCH and H(C)CH. In these experiments, isotropic mixing of 13 C magnetization through scalar couplings is induced using a WALTZ-16 mixing block applied at a nutation frequency of 1/4ω r . These spectra correlates every 1 H- 13 C pair in the side chain to every 1 H or 13 C resonance which can be connected through scalar coupling. This results in a robust identification of 1 H and 13 C chemical shifts of the side chains. As an example, Figure 2.8 shows the (H)CH spectrum and the 13 C-13 C projection of the (H)CCH spectrum acquired on Acinetobacter phage 205 nucleocapsid coat protein (AP205CP).

Finally, an approach combining HN and H α detection was recently proposed in order to reduce experimental time and reduce ambiguities for automated resonance assignment. The method is called Redundant Assignment Via A Single Simultaneous Acquisition (RAVASSA) and is based on 3D experiments with HN and H α parallel detection. Stanek et al. showed that a set of six simultaneously acquired spectra, combined with automated assignment with FLYA, resulted in the assignment of the largest monomeric protein attributed in the solid state (Maltose Binding Protein, 371 residues), with only ∼1 week of experimental time on less than 1 mg of sample [178].

Conclusions

In this chapter, we reviewed recent progress in biomolecular MAS NMR, emphasizing the role of faster MAS rates and higher magnetic fields. The boost in sensitivity and resolution offered by 1 H detection under these conditions allows for the observation of site-specific backbone and (eventually) side-chains resonances and we presented an extended set of experiments allowing their assignment with improved performances.

These methods represent a significant step forward enabling routine structural, mechanistic, and dynamical investigations of large, poorly soluble and non-crystalline systems such as protein assemblies, amyloid fibrils, viral nucleocapsids and membrane proteins in lipid bilayers. The latter will be discussed in the next chapter.

Chapter 3

Dynamics of membrane proteins in lipid bilayers by solid-state NMR

Introduction

Membrane proteins can be defined, to some extent, as "the orphans of structural and molecular biology" [START_REF] Ando | Filming biomolecular processes by highspeed atomic force microscopy[END_REF]. Indeed, only a minimal part of biophysical studies target these systems, in striking contrast with the fact that they represent ∼1/3 of all known proteins. The investigation of membrane proteins is particularly relevant because they are involved in a large variety of cellular functions, such as signaling and transport of ions and small molecules, and as such they represent important drug targets.

The major bottlenecks in the characterization of membrane proteins with standard techniques are the reduced expression yields, the insolubility in water, and low propensity to form well ordered three-dimensional crystals. Nonetheless, X-ray crystallography has been the most widely applied method for structure determination of membrane proteins, frequently investigated in detergents or in lipid cubic phases. More recently, cryo-EM, which does not require large homogeneous crystals, has been successfully applied to determine structures in a lipid environment more similar to the native-state, using for example lipid bilayer nanodiscs. Solution NMR has been successfully applied for investigations of membrane proteins. However, two major bottlenecks limit the applicability of this technique: its intrinsic size limitation, poorly compatible with the molecular weight of membrane protein preparations, and the need for soluble membrane mimetics (micelles, bicelles, nanodiscs) which further increase the molecular mass and, in the case of micelles, may distort the protein structure.

Solid-state NMR is particularly suitable for the investigation of membrane proteins because it is freed from molecular size limitations and does not require the formation of crystals, giving access to the investigation in conditions which better resemble physiological environment, such as lipid bilayers or even native membranes. Importantly, solid-state NMR allows investigation of dynamics in such preparations, contributing to the understanding of their functional mechanisms at atomic scale.

Recent reviews have discussed potential and challenges of studying membrane proteins by solid-state NMR [181,[193][194][195]. Here, we will briefly comment on the two common approaches used for structure analysis of membrane proteins by solid-state NMR and then we will present a brief survey of application of the application of MAS NMR for characterising dynamics in such challenging systems.

OS NMR and MAS NMR of membrane proteins

Solid-state NMR on oriented samples (OS) was the first approach used to elucidate the structure of membrane proteins in lipid bilayers, and proved particularly successful for the analysis of small α-helical membrane proteins [196]. In this approach, proteins are reconstituted in lipid bilayers in the liquid crystalline phase [197]. These are macroscopically aligned in the magnetic field and investigated under static conditions. Single-line spectra are obtained, which depend on the controlled orientation of the sample with respect to the external field [198], as shown in Figure 3.1a. From these spectra, structural restraints are directly obtained with high precision, yielding both the three-dimensional structure and the orientation of the protein with respect to the bilayer

[200] (Figure 3.1b). Many solid-state NMR membrane protein structures were obtained with this approach, as summarized in Figure 3.2.

MAS NMR has been developed in parallel and has been progressively demonstrated a larger applicability, as it can more easily target membrane proteins of all topologies and make use of different preparations: proteoliposomes [START_REF] Andreas | High-resolution proton-detected NMR of proteins at very fast MAS[END_REF][START_REF] Saurel | Local and Global Dynamics in Klebsiella pneumoniae Outer Membrane Protein a in Lipid Bilayers Probed at Atomic Resolution[END_REF]158,[214][215][216][217][218], 2D crystals A number of structures (shown in Figure 3.4) was solved with MAS NMR [179], both of α-helical [START_REF] Andreas | High-resolution proton-detected NMR of proteins at very fast MAS[END_REF]214,215,217] and β-barrel proteins [START_REF] Retel | Structure of outer membrane protein G in lipid bilayers[END_REF]225], making use of distance restraints by applying recoupling of dipolar interactions [226,227] or by spin diffusion [START_REF] Castellani | Structure of a protein determined by solid-state magic-angle-spinning NMR spectroscopy[END_REF]172].

Importantly, the investigation of membrane proteins has largely profited of the advantages in sensitivity and sample preparation associated with 1 H-detection. Deuteration and controlled reintroduction of protons has been largely applied to improve spectral resolution [216,219,228], but this approach is not always suitable. In particular, it is not applicable to membrane proteins for which refolding protocols are not available. In this case, strong hydrogen bond networks are present before purification and extensive reprotonation is unfeasible. The availability of >100 kHz MAS has recently permitted to bypass these limitations and extend this approach to fully protonated samples. 

Dynamics of membrane proteins

In addition to structural characterization, solid-state NMR gives unique access to the investigation of global and internal motions, elucidating important aspects of membrane protein function and revealing the importance of the lipid environment.

As a first aspect, small membrane protein can undergo fast uniaxial motions in lipid bilayers, a global motion readily observed by solid-state NMR. These motions introduce an averaging of the asymmetric interaction tensors to symmetric forms [233], which are observed as an important reduction of the order parameters. Importantly, these motions are strictly related to the fluidity of the lipid phase, indicating an essential effect of the environment on dynamical processes of membrane proteins [234]. In these conditions, the OS approach for the determination of protein structure and orientation can be extended to uniformly labeled, unoriented samples [232,235].

Applications at moderate MAS

In a large number of applications, dynamics have been investigated relying on the direct detection of signals from labeled 13 C, 15 N or 2 H sites, an approach which can be performed at MAS rates <40 kHz. This approach revealed different dynamical behaviors of the various loops connecting the transmembrane helices. While most of the loops show low flexibility, large amplitude motions could be revealed on a specific cytoplasmic loop (FG), a feature suggested to transiently expose the residues involved in proton translocation to the extracellular environment [238,239]. Additionally, rhodopsins have been investigated at cryogenic temperatures using Dynamic Nuclear Polarization-enhanced MAS NMR, a technology which exploits the higher electron-spin magnetic dipole moment to enhance the NMR sensitivity. This approach is expected to provide insights into conformational distributions of proteins, trapping states which are difficult to detect by NMR at room temperature, such as the intermediates of light-activated rhodopsins [240,241]. However, the information on the timescales of motional processes can not obtained in these conditions. Solid-state NMR has given an important contribution in the description of ion conduction in channel and transporters with atomic level precision. For example, different experimental techniques were applied to understand 1 H transport in the M2 protein of influenza A virus, focussing in particular on the relevant transmembrane domain [195].

This contains the two main actors of 1 H transport, His 37, which guarantees proton selectivity, and Trp 41, involved in gating. Measurements of motionally averaged 1 H- 13 C, 1 H-15 N and 13 C- 15 N dipolar couplings in His 37 side chain revealed a reorientation of the imidazole ring on the µs timescale at low pH, a process involved in the "shuttling" of protons through the channel [242]. From 15 N chemical shift averaging and measurement of the exchange-induced 15 N T 2 under proton decoupling (accompained by numerical simulations to take into account coherent effects), the protonation rate of His 37 could be quantified, and shown to be compatible with the ring reorientation rates [243].

Additionally, dipolar couplings measurements showed that the backbone of transmembrane helices assists proton transport through small amplitude fluctuations. Thanks to the possibility to easily modulate the lipid environment in MAS NMR samples, an important dependence of conformation and dynamics on lipid bilayer compositions could be observed for the M2 transmembrane domain. In particular, cholesterol, which induces a rigidification of the membrane, leads to a reduction of the overall dynamics, as determined by the measurements of 2 H quadrupolar couplings and 1 H- 13 C and 1 H-15 N dipolar couplings [244]. 

Applications at fast MAS with 1 H-detection

The approach based on 13 C and 15 N detection ensures an elevated spectral resolution in spectra of membrane proteins in lipid bilayers, giving access to a precise description of dynamics on a site-specific base. Nonetheless, due to the reduced sensitivity these studies require a large amount of labeled samples and long experimental times, which may represent a hurdle in intrinsically long experiments for dynamics investigations.

As an example, referred to the case of KcsA, the first site-specific measurement of 15 N longitudinal relaxation rates R 1 based on 13 C, 15 N spectra with 13 C detection required 20 mg of sample and 140 hours of experimental acquisition time, in order to sample only three relaxation delays [248].

Additionally, at reduced MAS frequencies dynamic observables may be contaminated by coherent contributions. Fast MAS rates alleviate potential interference from these contributions to the observed spin relaxation rates (section 1.4). This has first been shown, on fully protonated Anabaena Sensor Rhodopsin (ASR) [START_REF] Good | Solid-State NMR Provides Evidence for Small-Amplitude Slow Domain Motions in a Multispanning Transmembrane α-Helical Protein[END_REF]249], for which a set of variable temperature 15 N R 1 and 15 N R 1ρ was acquired at 50 kHz MAS, with 13 C-detection.

The observed relaxation rates, combined with the measurement of dipolar couplings, could be unambiguously interpreted in terms of different motional modes in the transmembrane region and in the connecting loops. This conformational flexibility is likely to be a key functional aspect during phototransduction. With respect to the other studies on rhodopsins presented above, in which a simple classification in "fast" and "rigid" fragments was obtained, this investigation, involving relaxation rates and modeling of motions, could provide more precise quantification of their motional timescales (i.e. tens of ns in the transmembrane and hundreds of ns in the loops) and anisotropies (Figure 3.6) [START_REF] Good | Solid-State NMR Provides Evidence for Small-Amplitude Slow Domain Motions in a Multispanning Transmembrane α-Helical Protein[END_REF].

The remarkable increase in sensitivity and resolution obtained by the combination of 1 H-detection at fast MAS rates (section 2.1) has represented a major advantage in the investigation of dynamics of membrane proteins. Thanks to the reduced acquisition times combined with elevated precision, site-specific 15 N R 1 and R 1ρ and 1 H-15 N dipolar couplings have become accessible in a shorter time, making it possible today to rapidly investigate dynamical processes in membrane proteins on a wide range of timescales.

For example, dynamics in the KcsA selectivity filter was revisited with a more comprehensive approach. Previously measured 15 Another important example in which a set 15 N dynamic observables, acquired at 60 kHz MAS over a relatively short experimental time, could provide a modeling of motions, is the outer membrane protein A from K. pneumoniae, kpOmpA [START_REF] Saurel | Local and Global Dynamics in Klebsiella pneumoniae Outer Membrane Protein a in Lipid Bilayers Probed at Atomic Resolution[END_REF]. The measurement 

Conclusions

In conclusion, current MAS NMR methodologies have opened the way to the investigation of membrane proteins, which can now be studied in conditions closer to the native state. This is an important aspect, as functional dynamics has been shown in many cases to be modulated by membrane proteins environment. The site-specific characterization of dynamic parameters gives a powerful contribution to the full understanding of functional mechanisms of these biomolecules.

In particular, recent fast MAS methodologies open henceforth the possibility to contribute to face unsolved biological problems, and this without requiring time consuming experiments and complicated labeling schemes.

As a final note, we remark that at MAS rates above 100 kHz the side-chains of fully protonated membrane proteins become probes of dynamics which are accessible on the same uniformly labeled sample used for backbone investigations. These applications are still under-explored, but we predict this to be a relevant approach to enrich the description of functional mechanisms of the various classes of membrane proteins.

Part II

Results

Chapter 4

Multimodal response to Cu binding in superoxide dismutase dynamics

In the previous chapters, we presented MAS NMR methodology for the investigation of dynamics in biomolecular solids, pointing out that 1 H-detection at fast (≥60 kHz) rates and high magnetic fields (800 MHz-1 GHz) is a particularly powerful approach to obtain quantitative information on internal motions. In this chapter, we present an application Systematic comparative studies have been performed on different forms of SOD, carrying or lacking Cu, by solution NMR [260,264,[268][269][270][271][272][273]. These studies have contributed a picture showing that Cu uptake induces rigidification of both the active site and of the backbone of the protein overall. Nevertheless, in all these studies the effect of Cu uptake could not be separated from the effect of punctual mutations, which were designed specifically to produce an (inactive) monomeric variant suitable for solution studies. Moreover, motional processes occurring on different timescales, such as slow conformational changes and fast fluctuations, could not be connected in a single frame of reference.

In this chapter, we report the results of our MAS NMR investigation on the response of human SOD upon uptake of the Cu ion, which shows that the previous picture of Cu-induced rigidification was incomplete, and that in fact Cu-binding increases local dynamics on fast timescales and reduces dynamics on slower timescales. We do this through the observation of dynamical parameters on hydrated microcrystalline preparations of [1 H N , 2 H, 13 C, 15 N]-SOD that conserve the enzymatic activity. In particular, we compare here two forms: the mature Cu I -bound enzyme (Cu,Zn-SOD) and an intermediate that contains all the features of the dimeric mature form, differing only by the absence of Cu (E,Zn-SOD hereafter). The structures of both forms have been determined [156,268,274] and no evident structural changes are induced in the protein backbone by the uptake of Cu. By virtue of the definition of the target systems, we are able to probe exclusively the effect of copper binding, and to uncover the links between internal dynamics over various timescales and metal ions coordination, which are central to the processes of catalytic efficiency, maturation and stability of the dimeric enzyme.

Sample preparation and activity assay

The C6A/C111S thermostable mutant of SOD, U-[ 2 H, 1 H, 15 N] labelled and completely reprotonated at exchangeable positions ([ 1 H N , 2 H, 13 C, 15 N]-SOD ), was prepared as described in [156] and reported in Appendix A 1 . The protein was expressed in deuterated medium and full exchange with protons was performed in the apo state. Selective metallation was achieved by treating the purified and back-exchanged protein sample with EDTA followed by dialysis, stoichiometric addition of Zn II as ZnCl 2 solution followed, in the case the Cu,Zn-SOD sample, by slow titration with a solution of CuCl 2 . The Cu 2+

form was reduced by the addition of 1.5 molar equivalents of iso-ascorbic acid under nitrogen atmosphere to avoid subsequent oxidation. The reduction was carried out prior to crystallization (also under nitrogen atmosphere). Both samples were then crystallized using the same procedure and timing by sitting drop method, yielding microcrystals comparable in shape and dimension (∼100 µm) at visual inspection, and packed into 1.3 mm rotors by centrifugation.

An ample literature dating back to the '70s showed that enzymes are always active in crystalline form, provided the molecular size of the substrate is sufficiently small to allow diffusion through the crystal lattice and no large amplitude structure rearrangements are involved [275,276]. Both these conditions are fulfilled in SOD. This concept is well established, and it represents the basis of many functional investigations by X-ray crystallography, following the fate of a substrate or an inhibitor upon crystal soaking.

Specific to SOD, fast catalytic rates were assessed in crystals to the point to make it impossible to trap dismutation intermediates [277]. Nonetheless, soaking was reported to provide crystals of SOD binding inhibitors or substrate to the secondary peroxidase activity of SOD [278].

We tested the activity of Cu,Zn-SOD in the hydrated microcrystalline preparation directly on the MAS NMR sample using the Superoxide Dismutase Activity Assay kit (Abcam, UK). In the assay, xanthine oxidase (OX) produces superoxide anions which react with a substrate and produce a water-soluble formazan dye that can be detected visually by the yellow color of the solution and quantitatively by the increase in absorbance at respectively.

Histidine side-chain structure

The coordination of copper and zinc in the active site is mainly due to the side chains of histidine residues ( with a proton-detected 3D (H)CNH experiment using the same (H)CONH scheme applied for backbone assignment [156] but with 15 N and 1 H carrier frequencies moved to the histidine regions of the spectrum, that is 166 ppm and 124 ppm respectively.

In both forms, a single correlation peak was observed for each histidine side-chain in the active site, associated with a singly protonated form. In contrast, two correlations were observed for His43, indicating a doubly protonated form for this non-coordinating side-chain at the pH used for crystallization (pH 5). The spectra of the two molecules are very similar, with 15 N chemical shift perturbation upon copper binding smaller than 1.5 ppm. A noticeable difference is represented by the signal of His 120 NHδ1, which is absent in E,Zn-SOD, while it appears in the case of Cu,Zn-SOD. These first observations indicate an overall persistence of structure, with the conservation of the tautomeric state of each histidine, but also suggest different dynamics between the two forms, with higher flexibility of His 120, and consequent inefficient dipolar transfer, in the absence of Cu.

Histidine side-chain dynamics

Interconversion between structurally similar states (separated by low energy barriers) occurs over a broad ps to µs timescale, and nuclear spin relaxation parameters determined by MAS-NMR are informative on such motions [START_REF] Lewandowski | Site-Specific Measurement of Slow Motions in Proteins[END_REF][START_REF] Krushelnitsky | Microsecond time scale mobility in a solid protein as studied by the 15 N R 1ρ site-specific NMR relaxation rates[END_REF][START_REF] Giraud | Quantitative analysis of backbone dynamics in a crystalline protein from nitrogen-15 spin-lattice relaxation[END_REF][START_REF] Smith | Because the Light is Better Here: Correlation-Time Analysis by NMR Spectroscopy[END_REF]. Here, the 15 N-1 H correlation spectra provide a window for the direct measurement of such parameters at the catalytic center with atomic resolution. A set of 15 N R 1 and R 1ρ relaxation rates was measured for all the observed His side-chain signals, in both Cu,Zn-SOD and E,Zn-SOD, using the pulse sequences shown in Figure 4.4a. These parameters monitor differences in dynamics between metallation states covering the aforementioned time window, specifically from ps-ns ( 15 N R 1 ) to ns-µs ( 15 N R 1ρ ) processes, respectively.

The relaxation rates measured for the two forms are compared in Figure 4.5a. Longitudinal relaxation rates ( 15 N R 1 ) are substantially conserved between the two forms, with noticeable difference for the 15 increased R 1ρ in E,Zn-SOD. Conversely, His 43, which is not exposed to the active site, showed conserved R 1 and R 1ρ rates between metallation states. In addition, we explored even slower conformational dynamics (µs-ms) by measuring 15 N R 1ρ relaxation dispersion (RD). The high magnetic field strengths and the high MAS rates here used, together with proton dilution obtained in perdeuterated samples, reduce the coherent effect on the measured relaxation rates which are therefore dependent on dynamic processes only [START_REF] Lewandowski | Site-Specific Measurement of Slow Motions in Proteins[END_REF][START_REF] Kurauskas | Slow conformational exchange and overall rocking motion in ubiquitin protein crystals[END_REF]. A sloped profile in the relaxation dispersion is the signature of the presence of exchange between states with different chemical shifts on a µs-ms timescale which translate into the existence of structural fluctuations. 15 ν SL (kHz) 

Protein backbone structure

The observations above can be complemented by recording the analogous experiments on the 1 H, 15 N pairs of the backbone amide groups, extending the investigation from the metal binding core to the whole protein scaffold. 15 N-1 H CP-HSQC spectra of E,Zn-SOD (blue) and Cu,Zn-SOD (red), recorded at 1 GHz 1 H Larmor frequency and 60 kHz MAS. The assignment of the most shifted residues and of the residues exposed in the active site (underlined) is reported according to Knight et al. [36,156].

Protein backbone dynamics

As previously done for the histidine side-chains, sets of 15 N R 1 and R 1ρ rates as well as R 1ρ relaxation dispersion profiles were measured for ∼140 amide groups along the protein backbone, in both Cu,Zn-SOD and E,Zn-SOD. Representative 15 A Simple Model-Free (SMF) analysis of 15 N relaxation rates provided an estimation of the relative amplitude of ps-µs motions along the backbone. Comparing the order parameters obtained for E,Zn-SOD and Cu,Zn-SOD, we observed that the amplitudes of 15 N backbone relaxation rates measured for E,Zn-SOD (blue triangles) and Cu,Zn-SOD (red circles). Top: longitudinal 15 N relaxation rates R 1 (ps-ns dynamics). Middle: spinlattice 15 N relaxation rates in the rotating frame R 1ρ with a spin-lock RF amplitude of 20 kHz (ns-µs dynamics). The secondary structure is indicated above the plots. Orange and green boxes highlight the residues located in loop 4 and 7 respectively, where noticeable differences between the two metallated states were revealed. 4.8). We observe that solution NMR data were characterized by a significant lack of precision, and indeed conclusions on a global rigidification upon Cu uptake were mainly based on the change of average S 2 . MAS data reported here add a fine site-specific dimension, and at the same time broaden the conclusion to slower motional timescales, as our analysis enables the investigation of motional processes which are slower than the molecular tumbling time.

As for relaxation dispersion profiles (a representative example is shown in Figure 4.9a, the full set is shown in Appendix C), backbone residues can be sorted into three categories. For a first set of residues the RD-profiles are flat for both samples, with little or no dependence of R 1ρ with the spin lock field, indicating the absence of exchange. In a second set, the same profile is observed for both samples, showing chemical exchange unrelated to copper binding. Lastly, for a third set of residues R 1ρ values at low spinlock field are increased in E,Zn-SOD translating into an increase of motion on µs-ms timescales in the absence of copper. Intriguingly, for these residues the features of the dispersion profile (slope and plateau) mirror those observed for His 63 side-chain N 2.

Slow dynamics is assessed here qualitatively, without imposing any particular model of motion, by simply using ∆R 1ρ (Figure 4.9b). The projection of ∆R 1ρ values onto the crystal structure of SOD (Figure 4.10) reveals that the portions of the loops with higher values and the major differences between the two metallated forms cluster in loops 4 (residues [START_REF] Giraud | Quantitative analysis of backbone dynamics in a crystalline protein from nitrogen-15 spin-lattice relaxation[END_REF][START_REF] Lipari | Model-free approach to the interpretation of nuclear magnetic resonance relaxation in macromolecules. 1. Theory and range of validity[END_REF][START_REF] Oas | Rotary resonance recoupling of dipolar interactions in solid-state nuclear magnetic resonance spectroscopy[END_REF][START_REF] Lamley | Intermolecular Interactions and Protein Dynamics by Solid-State NMR Spectroscopy[END_REF][START_REF] Schanda | Quantitative Analysis of Protein Backbone Dynamics in Microcrystalline Ubiquitin by Solid-State NMR Spectroscopy[END_REF][START_REF] Good | Solid-State NMR Provides Evidence for Small-Amplitude Slow Domain Motions in a Multispanning Transmembrane α-Helical Protein[END_REF][START_REF] Saurel | Local and Global Dynamics in Klebsiella pneumoniae Outer Membrane Protein a in Lipid Bilayers Probed at Atomic Resolution[END_REF], 6 (residues 106-111) and 7 (residues 126-129,138) close to the metal binding site but also around the dimer interface. 

Discussion

The structures of many of post-translational differently metallated intermediates have been solved by NMR and X-ray, elucidating the maturation pathway of SOD [260,263,269,270]. It is known that, after protein expression, Zn is taken up first and induces folding of the protein [280]. In particular, loop 7, which is randomly oriented in the apo form [270,274], adopts a defined orientation in the presence of Zn. Additionally, the copper binding site adopts a geometry suitable for coordination [281]. The uptake of Cu occurs as the final step in maturation of SOD and, while not inducing pronounced changes in the overall structure [263,272], it affects the flexibility and the stability of the enzyme [282]. The effect of copper coordination on the dynamics of the enzyme has been investigated by solution NMR in a monomeric mutant, showing a rigidification of the protein backbone upon metal binding on the sub-ns and ms-µs timescales [268].

Similarly, the crystal structure of a Cu depleted mutant showed that in the absence of copper the functional loops 4 and 7 are poorly resolved, likely due to dynamics [283].

Nevertheless, with this approach the effect of metal binding could not be disentangled from the effect of dimerization and of punctual mutations. More importantly, the effect of metal uptake and its implication in the functionality of the enzyme cannot be ascribed to a simple linear response [284]. Culik et al. recently expanded this in a multi-time scale analysis of dynamics [285], investigating both the presence of conformational exchange at slow timescale and fast dynamics with measured nuclear Overhauser effect. However, the focus of the study being the investigation of the maturation pathway, motions in the fully mature form were not characterized. We show here that the function of SOD seems to require fine-tuned dynamics, and does it in an articulated way. Cu binding, investigated here in absence of any other structural modifications, is indeed responsible of modulation of internal dynamics on multiple timescale.

Making use of the site-specific precision and high sensitivity of solid-state NMR investigation on a large window of timescales (as depicted in Figure 4.11), a richer picture of the effects induced by Cu uptake could be obtained. More specifically, the data permit to associate copper binding to several interconnected layers of dynamics, each linked to a specific aspect of activity or stability, as detailed below and sketched in Figure 4.12.

Cu binds to a pre-structured rigid pocket. Absence in chemical shift changes in the 1 H, 15 N correlations for the His side-chains indicates no change in the geometry of the metal binding pocket even upon copper binding. We can confirm that this pocket is extremely rigid on the fastest timescale sampled here (ps-ns), and its dynamical properties closely resemble those of the backbone residues in well-structured portions of the protein. With the notable exception of His 63 (see below), the presence of copper has little if no impact on such dynamics. The picture is dramatically different for slower timescales.

In the ns-µs window, the relaxation rates of side-chains reflect their degree of coordination, with smaller 15 N R 1ρ for histidines coordinated to Zn in E,Zn-SOD and twice larger values for those facing the empty site. These values become uniformly small over the and evidence of such phenomena has recently been reported [START_REF] Ma | Observing the overall rocking motion of a protein in a crystal[END_REF][START_REF] Kurauskas | Slow conformational exchange and overall rocking motion in ubiquitin protein crystals[END_REF]. The occurrence of this "rocking" motion cannot however account for the different 15 N R 1ρ rates observed between the two SOD forms. Indeed, the properties of such motion are determined by the global protein shape (its tensor of inertia) and the lattice parameters (the crystal packing) [START_REF] Lewandowski | Site-Specific Measurement of Slow Motions in Proteins[END_REF], which are both conserved in our two differently metallated samples. A more likely model which explains the differences between the two forms in our experimental data would involve segmental motions [249] displacing the secondary structure elements with respect to each other. The inhibition of collective motions of the protein in this regime by Cu binding that we observe here is in line with the common framework of ligandinduced rigidification of metalloproteins communicated from the metal-binding site to distant regions. Cu binding reduces slow dynamics at the dimer interface. The presence of large 15 N relaxation dispersions is a signature of the occurrence of slow conformational exchanges between a ground state and thermally accessible states which are invisible both in Xray data and in NMR spectra. These slow-timescale fluctuations affect residues close to the dimer interface in E,Zn-SOD, and are abrogated by copper binding. The absence of Cu therefore introduces the possibility of transient restructuring of the interface. The regions concerned lying far from crystal contacts [START_REF] Kurauskas | Slow conformational exchange and overall rocking motion in ubiquitin protein crystals[END_REF][START_REF] Gauto | Protein conformational dynamics studied by 15 N and 1 H R 1ρ relaxation dispersion: Application to wild-type and G53A ubiquitin crystals[END_REF], these conformational exchange processes represent an intrinsic property of the molecule, and are likely to persist in solution. As dimerization is known to be a key feature for overall stability, the presence of transient states localized at the interface represents a mechanical explanation to interpret the large difference in the thermal stability measured in solution for E,Zn-SOD (melting temperature T m of 75 • C) and Cu,Zn-SOD (T m of 92 • C) [262,287]. This may also provide a link to interpret the increased aggregation propensity observed in mutants designed to abrogate Cu-binding [288,289]. It is fascinating that such conformational transitions can be captured in a crystalline sample, in line with a growing body of evidences connecting slow dynamics in hydrated crystals with the corresponding phenomena in solution [START_REF] Tollinger | Site-resolved measurement of microsecond-to-millisecond conformational exchange processes in proteins by solid-state NMR spectroscopy[END_REF][START_REF] Marchand | Conformational dynamics in crystals reveal the molecular bases for D76N beta-2 microglobulin aggregation propensity[END_REF][START_REF] Rovó | Mechanistic Insights into Microsecond Time-Scale Motion of Solid Proteins Using Complementary 15 N and 1 H Relaxation Dispersion Techniques[END_REF]. It is also interesting to note that these conformational exchange processes present in E,Zn-SOD cannot be captured by solution NMR Carr-Purcell-Meiboom-Gill (CPMG)

experiments [285], as their investigation requires high radiofrequency fields available only to solid-state NMR [START_REF] Schanda | Studying dynamics by magic-angle spinning solid-state NMR spectroscopy: Principles and applications to biomolecules[END_REF]290]. These findings interestingly mirror the above analysis of fast dynamics ( 15 N R 1 ). The very same regions (loops 4, 6 and 7) undergoing increased ns motions in Cu,Zn-SOD experience an opposite effect on the µs-ms timescales sampled by relaxation dispersion. This suggests Cu binding couples the structural stabilization of the dimer interface and the activation of motions in the superoxide diffusion channel.

Histidine side-chains couple metal binding to dynamics in remote protein regions. In the above picture of the effect of Cu binding on the histidine side chains, outstanding is the behavior of Zn-coordinating His 63, halfway between the Zn and Cu pockets, and His 120. The side-chain of His 63 experiences abnormally large dynamics over all timescales in E,Zn-SOD. The presence of copper quenches most of these motions and levels its behavior to that of the other histidine residues. A similar behavior explains the appearance of a signal in the HN correlation from His 120 only in the presence of Cu. Importantly, the consistency between the general features of the relaxation dispersion profiles for backbone amides in loops 4 and 7 and that of His63 N 2 suggests a comparable timescale for the slow conformational exchanges occurring in the absence of Cu, both in close proximity to the metal site and far from it. This observation highlights a pivotal role of His 63 in propagating the effect of Cu-binding to spatially remote regions of the enzyme.

It is interesting to speculate on the mechanism of this transfer. Although not directly coordinated to Cu I , His 63 faces the Cu-binding pocket and it is sterically affected by the presence of the metal. Different from the three other His in the same pocket (46, 48 and 120), which all belong to β-strands, His 63 is located in the middle of loop 4, which provides a broader conformational space compatible with larger changes of dynamics.

Remarkably, the very same loop 4 anchors the metal center with the active channel and the dimer interface, so that dynamical changes for His 63 can easily be transferred away from the Cu I site [291].

Conclusions

In this work we have applied state-of-the-art MAS NMR methods at 60 kHz MAS and the highest magnetic fields to disentangle the interplay between Cu uptake and the internal dynamics in human SOD. This was performed here regardless of any other post-translational events occurring in the maturation pathway (disulfide bond formation, dimerization, Zn-binding), by the comparison of two crystalline preparations differing uniquely for the presence of Cu I in the active site. The measurement of solid-state NMR observables expands the window of timescales of motion accessible for atomic-scale investigation with respect to earlier analyses in solution, unraveling a purely dynamical, multimodal response of the skeleton of dimeric SOD upon binding of Cu I in its active site. In SOD, we find that metal ion uptake does not simply rigidify the enzyme but acts as a switch simultaneously both activating and deactivating motional processes on different timescales, with additionally coupling of the dynamics of histidine side chains and those of remote key backbone elements of the protein. The multi-timescale dynamic mechanisms unveiled here for SOD are difficult to observe using other methods, and so they may be general and our observations could be pertinent for the description of metal ion binding in a variety of metalloproteins.

Chapter 5

Methods for dynamics in fully protonated proteins

The boost in sensitivity and in resolution provided by 1 H-detection at fast MAS discussed in Chapter 2 has considerably benefited the investigation of protein dynamics, as the associated measurements require intrinsically long acquisition times, precision and site-specificity. Nevertheless, when fully-protonated proteins are investigated, the effect of protons affects the NMR observables connected to dynamics in a way that hamper their evaluation. In this chapter, we investigate whether MAS rates above 60 kHz MAS are sufficient to measure reliably NMR dynamics in proteins with an elevated content of protons. First, the impact of MAS rates on the measurement of 13 C longitudinal relaxation rates in fully protonated proteins is critically evaluated. Then, the performance of two techniques for the measurement of dipolar couplings at fast MAS is compared. Microcrystalline GB1 was chosen as the benchmark system for these effects, as its dynamics have been widely characterized both in solution and in the solid state.

Impact of MAS rates on 13 C longitudinal relaxation rates

The possibility to observe 1 H- 13 C correlations in a CP-HSQC ((H)CH) experiment opens the opportunity to investigate relaxation rates of Cα and of carbons in the side chains with 1 H detection. This may provide, using a single fully protonated sample, an additional detector at high sensitivity for backbone motions, so as to expand the characterization of internal backbone dynamics with the description of functional groups reorientations. However, when longitudinal relaxation rates are considered, PDSD has to be taken into account, as it is known to affect 13 C longitudinal relaxation rates for MAS rates up to 60-65 kHz [START_REF] Lewandowski | Anisotropic Collective Motion Contributes to Nuclear Spin Relaxation in Crystalline Proteins[END_REF][START_REF] Smith | Characterization of fibril dynamics on three timescales by solid-state NMR[END_REF].

Here, we aim to investigate whether, above this threshold, 13 C R 1 rates can be used as reliable reporters of side-chain dynamics. For this purpose, we measured 13 C R 1 at different fields and different MAS rates. We used a pulse sequence based on the 2D (H)CH as a detection block, with a z-storage block introduced before the indirect 13 A reduction of R 1 is observed increasing MAS frequency from 60 to 80 kHz, on a lower extent for 13 C α in the backbone than for carbons in the side chains. From 80 to 110 kHz, relaxation rates were generally more conserved, nonetheless for many residues an increase of R 1 rates was observed from 90 to 110 kHz, with a dependence on the number of hydrogens bound to carbon (CH, CH 2 , CH 3 ). To display this, Figure 5.2 shows the mean 13 C R 1 rates for Cα, Cβ and for the other aliphatic carbons, with a distinction between CH, CH 2 , CH 3 , measured in the two datasets at 800 MHz and 1 GHz. The trend of increased rates is particularly evident for CH 2 and CH 3 groups, whereas CH moieties, both in Cα and Cβ show almost conserved relaxation rates above 80 kHz.

In order to investigate the origin of this phenomenon, we verified the impact of MAS rates from 90 to 110 kHz on 15 N R 1 relaxation rates, which are free from PDSD contribution [START_REF] Lewandowski | Anisotropic Collective Motion Contributes to Nuclear Spin Relaxation in Crystalline Proteins[END_REF]. Only a small increase in the mean relaxation rates was observed going from 100 to 110 kHz, a difference that could be accounted for by the experimental error (Figure 5.3a). Finally, we considered that a miscalibration of the magic angle, which was adjusted at each spinning speed, could have an impact on the measured rates. We evaluated this possibility by checking bulk 15 N R 1 at the correct magic angle and at two miscalibrated angles compatible with potential procedural error. Surprisingly, the relaxation rates showed a poor dependence on these parameters, as shown in Figure 5 Our observations do not allow to exclude a potential effect of temperature miscalibration, which could have a larger impact on faster motions of the side chains than on backbone motions (as indicated by the effect on 13 Cα and on 15 N). A more careful calibration of sample temperature could be obtained for example using a "chemical shift thermometer" more sensitive than water shift as recently proposed [293]. Despite this uncertainty, the impact of PDSD is undoubtedly reduced from 60 to 100 kHz MAS, revealing an important contribution of higher MAS rates for the quantification of dynamic processes in protein side-chains.

REDOR at 100 kHz MAS for highly protonated proteins

Despite the beneficial effect of increasing MAS rates, the 13 C R 1 above 100 kHz MAS could not be unambiguously interpreted in terms of dynamics. An alternative approach is represented by the measurement of motionally averaged dipolar couplings. These are important parameters in the characterization of backbone and side chain dynamics which report directly on the amplitude of the motions. A plethora of MAS NMR techniques has been developed and applied to determine 1 H- 15 N and 1 H- 13 C dipolar couplings in proteins (Chapter 1.7.1). Here, we will investigate first the performance Rotational-Echo DOuble Resonance (REDOR), and verify its applicability at MAS rates ≥100 kHz in samples with elevated proton content for the determination of dipolar couplings of backbone and side chains spins. A large number of studies have demonstrated the strength of REDOR in determining backbone and side-chain order parameters in highly deuterated systems. Its applicability at MAS rates above 100 kHz, however, has been only predicted by numerical simulations [107].

The 1 H detected REDOR pulse sequence, as applied in this PhD work to extract 1 H-X (X= 15 N, 13 C) dipolar couplings with 1 H detection, is shown in Figure 5.4a [START_REF] Schanda | Accurate measurement of one-bond H-X heteronuclear dipolar couplings in MAS solid-state NMR[END_REF]. REDOR experiment is performed following the intensity of the dephased signal, S, at increasing mixing times τ mix = 2τ r (k +1), where τ r is the rotor period and k is the number of times the block is repeated. A control experiment is usually acquired for each mixing time to take into account possible intensity decay by T 2 : in the control experiment no π-pulses are applied on the 1 H channel and the X nucleus undergoes a simple spin echo.

The intensity of the non-dephased signal is indicated as S 0 and is substracted from S, i.e. ∆S = S -S 0 . Usually REDOR curves are shown as plot of ∆S/S 0 versus the dimensionless parameter λ = kτ r δ D,ef f . From the fit of these curves the dipolar couplings δ D,ef f can be extracted, under the main assumption that the I-S spin pair is isolated.

The experimental curve is actually obtained from the theoretical REDOR curve of an isolated spin pair with powder averaging to take into account the effect of molecular orientation. Alternatively, an efficient way to fit experimental curves, which we applied here, is using Bessel functions of the first kind:

∆S S 0 = 1 - √ 2π 4 J 1/4 ( √ 2λ)J -1/4 ( √ 2λ) (5.1)
An example of REDOR curve is shown in Figure 5.4b. In practice, the length of the π pulses, τ π,I , is finite and this introduces a scaling factor in the REDOR oscillation frequency

κ = cos(πφ/2) 1 -φ 2 (5.2)
with φ = 2τ π,I /τ r [294].

We performed 1 H-15 N REDOR on perdeuterated GB1 with 100% back-exchanged hydrogens ( D GB1) at 100 kHz MAS, using the pulse sequence shown in Figure 5.4a based on a 2D 1 H-15 N CP-HSQC ((H)NH) for chemical shift encoding. Dipolar evolution curves were acquired up to 540 µs, which allowed us to completely sample the first two oscillations. Non-REDOR dephased intensities (S 0 ) were acquired to correct for relaxation during recoupling. Interestingly, in these conditions we noticed an important discrepancy when comparing the experimental intensities ∆S/S 0 with a typical REDOR dephasing curve (Figure 5.5a). Indeed, we observed for all residues an increase in the amplitude of the oscillations in the experimental curves ∆S/S 0 with respect to the predicted dephasing behaviour.

Numerical simulations have shown the effect of experimental imperfections, finite pulse length and resonance offsets on REDOR curves, but, to the best of our knowledge, this feature has not been discussed nor observed in applications [START_REF] Schanda | Accurate measurement of one-bond H-X heteronuclear dipolar couplings in MAS solid-state NMR[END_REF]102,107,295] 13 C, 15 N] GB1 at 110 kHz MAS ( H GB1, blue). The same behaviour was observed for all the residues. In (a) the theoretical dephasing curve was calculated with equation 5.1 assuming a dipolar couplings of 11.4 kHz, experimental τ r and experimental number of loops (black dashed line). (c) Comparison of experimental dephasing of signal (black dots) and SIMPSON simulations performed on a three spin systems (solid lines). In the simulations, the distance between N and the first H atoms was kept constant (1.02 Å), while the second NH distance was varied. Sampled values are reported in the legenda. 15 N R 1 and R 1ρ rates. A scaling factor of 0.96 was applied to the GAF order parameters as in Mollica et al. [297].

The accuracy of the results was determined by comparison with amide S 2 obtained from a GAF analysis of solid-state 15 N R 1 and R 1ρ relaxation rates. We observed a qualitative agreement between the two sets of data (with the exception of Thr17, Glu19, Gly38 and Ala48) but globally lower S 2 were obtained with REDOR. All considered, we estimate that REDOR is not reliable for amide dipolar coupling determinations under our experimental conditions. Finally, we verified the impact of 110 kHz MAS on the measurement of 1 H-13 C couplings with REDOR in a fully protonated sample. For this, we transposed the REDOR scheme for the 1 In conclusion, REDOR, which is the standard method for dipolar couplings at moderate MAS with high deuteration level, does not appear to be applicable for the determination of backbone and side-chains dipolar couplings in fully-protonated proteins at MAS rates above 100 kHz .

Backbone and side-chain dipolar couplings by CP-VC

Among the different methods developed to measure dipolar couplings in MAS NMR, Variable Contact time-Cross Polarization (CP-VC) has been shown to be particularly promising at fast MAS rates. Here, we will show that this approach can be succesfully applied at MAS rates above 100 kHz to determine backbone and side-chain dipolar couplings in fully protonated proteins.

The CP-VC experiment is based on the observation of oscillatory signals during CP at variable mixing time (Chapter 1.7.1). Numerical simulations demonstrated that this method is precise, robust and not sensibly affected by the presence of neighboring protons when MAS rates above 30 kHz are applied [118,121,298]. CP-VC was proposed for measurements of dipolar couplings in proteins, using pseudo-3D implementations, with two chemical shift dimensions and a third evolution time of CP with a variable mixing time. In particular, a 1 H-detected version was applied to determine order parameters of 1 H-15 N amides bonds in a perdeuterated protein [119], while a 13 C-detected sequence was used to quantify 1 H-13 C order parameters in aromatic side chains of fully protonated GB1 and LC8 proteins [120]. 1 H-detection was also employed for an application on small unlabeled molecules [299]. Recently, the CP-VC experiment was adapted to a 3D experiment correlating 13 C, 15 N and 1 H chemical shift dimensions and applied to determine amide order parameters on GB1 [300].

Experimental set-up and data analysis

The radio-frequency irradiation schemes used for the determination of the order parameters of backbone and side-chains H-N and H-C bond vectors though the measurement of 1 H- 15 N and 1 H- 13 C dipolar couplings, adapted from the 1 H-detected pseudo-3D implementation proposed by Park et al. [119], is shown in Figure 1.19. It is based on the dipolar-based 1 H-X (X= 15 N/ 13 C) correlation experiment ((H)XH) which uses two crosspolarization (CP) steps to shuttle coherences from 1 Hs to X and back, allowing chemical shift encoding of both nuclei and evolution of the dipolar couplings by varying the contact time (τ mix ) during the second CP transfer. Here, the build-up of the CP has to be measured precisely at the Hartmann-Hahn conditions and a rectangle pulse has thus to be used. For the sake of sensitivity, it is convenient to choose the second CP transfer (back-CP), which is designed to be selective, as the block with variable contact time.

Nonetheless, the overall sensitivity is reduced with respect to (H)NH (/(H)CH).

Interestingly, fast MAS ensures an efficient separation of the proton polarization sources for 15 N ( 1 HN) and 13 C ( 1 Hα) CP [178] so that the two 1 H- 15 N and 1 H- 13 C CP for dipolar recoupling can be performed simultaneously [301,302] Simulations have shown that CP-VC is more robust under ZQ conditions and that it is advisable to use the highest rf field on the X ( 15 N, 13 C) channel to avoid the impact of offsets [298]. This is actually of little concern in the case of 15 N, for which a typical spectral window for backbone amide detection is around 3.5 kHz, but it might be relevant for 13 C. For example, in our experimental conditions (23.5 T) a spectral width of 16 kHz was used on 13 C dimension. However, in probes designed for MAS rates of 60 kHz and higher, the small coils can efficiently deliver high power irradiations: in particular, using a 0.7 mm rotor, we could achieve CP conditions using 156 kHz/46 kHz for 1 H/ 15 N and 190 kHz/80 kHz for 1 H/ 13 C.

The Fourier transform of the CP oscillations yields the dipolar lineshape, where the distance from the two maxima is directly related to the dipolar couplings, scaled with a factor 1/ √ 2 in case of a XH pairs. For XH 2 and XH 3 groups, multiple maxima are observed due to the presence of vicinal 1 H-1 H dipolar couplings [START_REF] Lorieau | Order parameters based on 13 C 1 H, 13 C 1 H2 and 13 C 1 H3 heteronuclear dipolar powder patterns: A comparison of MAS-based solidstate NMR sequences[END_REF]. We performed the analysis in the time domain fitting the curve with equations from [119], adapted considering 1 H relaxation during CP evolution:

S(t) = 1 2 1 -J 0 πδ D t √ 2 + k 1 16k 2 -1 J 2k πδ D t √ 2 • e -R•t (5.3)
Here δ D is the dipolar couplings in Hz, J k are Bessel functions of the first kind and R is the 1 H R 1ρ relaxation rate. Notably, only XH moieties fit well with this analytical curve while for XH 2 and XH 3 a precise characterization requires a full line-shape simulations. The accuracy of the fit indicates that the impact of rhombicity, as expressed by the dipolar tensor asymmetry parameter (η), not included in this approach, is negligible. Additionally, curves were compared in the frequency domain performing the Fourier transform of experimental and fitted curves. For experimental curves, zero filling and baseline correction were performed to remove the central part of the dipolar spectrum, where unwanted components appear as a zero-frequency signal.

The set-up of CP-VC experiments is straightforward, but requires a careful calibration of the CP conditions, which is obtained according to the standard procedure, by fixing the contact time varying the power on the 1 H or X (X= 13 C, 15 N) channel to maximize the intensity of the first FID. In one of our applications, we optimized our 13 C-1 H CP conditions using a contact time of 400 µs, a condition which was found to maximize intensity in 1 H-13 C CP-HSQC spectrum (where ramps are used for both CP transfers).

The analysis of the CP-VC curves revealed order parameters above 1 (with a rigid limit value for 1 H-13 C dipolar couplings of 22.7 kHz) for many of the analysed residues.

This unrealistic result prompted us to reconsider the conditions used for CP optimization. In particular, we remarked that at a contact time of 400 µs the build-up curves were far from their maximum, which occurs around 75 µs. We repeated CP calibration using this contact time and obtained a different value in 1 

Results

We applied CP-VC to measure 15 N-1 H and 13 C-1 H dipolar couplings in fully protonated GB1 at 100 kHz MAS. We investigated 1 H-15 N dipolar couplings first, using increments of 15 µs in the mixing time. The long amide 1 H T 1ρ at 100 kHz MAS allows to sample thoroughly several oscillations, up to 1.425 ms, which corresponds to a precision in the quantification of dipolar couplings of ∼300 Hz. The build-up curve is shown in obtained from a GAF analysis of 15 N relaxation rates. A scaling factor of 0.96 was applied to the GAF order parameters as in Mollica et al. [297]. Errorbars correspond to the standard deviation of order parameters calculated from 1000 Monte Carlo simulations.

The excellent agreement between the two sets of data indicates that CP-VC indeed allows robust determination of backbone dynamics in fully protonated proteins. Additionally, the S 2 values obtained here from CP-VC display an enhanced sensitivity to the dynamics associated to the H-bond pattern, a phenomenon previously overlooked by the combined analysis of 15 N R 1 and R 1ρ relaxation. This is particularly evident for residues Thr 17 and Glu 19, where amide NH groups are not H-bonded in the crystal lattice, and which feature lower S 2 . Remarkably, this effect was also present in the REDOR analysis (Figure 5.5d) and observed in results by Paluch et al. [300].

We moved then to the analysis of 1 H-13 C dipolar couplings. Experimental curves were acquired using increments of 15 µs in the mixing time and sampling up to 0.63 ms, which allows the determination of dipolar couplings with a precision of ∼600 Hz. First, we analysed the 1 H- 13 C α spin pairs. The (H)CH spectrum in this region,featuring correlations for 55 (out of a total of 56) alpha groups, respectively, is shown in Figure 5.12a and the build-up curves for two residues are shown as an example in Figure 5.12b. Because of the proximity of the other side-chain protons, 1 H α relaxation is faster than the amide 1 H N . However, this does not affect dramatically the precision of the measurements, which is remarkably higher than previously published data [START_REF] Franks | Magic-angle spinning solid-state NMR spectroscopy of the β1 immunoglobulin binding domain of protein G (GB1): 15 N and 13 C chemical shift assignments and conformational analysis[END_REF]. are generally larger and more uniform along the primary sequence than S 2 HN . Previous molecular dynamics simulations and NMR measurements [303,304] have shown that the backbone dynamics induced by anti-correlated fluctuations of the dihedral angles affect more the H-N than the Hα-Cα bond reorientation, since the latter would involve a readjustment of the side-chain position. Our data clearly show that S 2
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HαCα are indeed much less correlated with the H-bonding network than S 2 HN (particularly obvious for Thr17 and Glu19 but also valid for the first residues of the helix). In this regard, the determination of backbone 1 Hα- 13 Cα order parameters is particularly powerful to complement information obtained from the observation on amides, as variations in order parameters can purely be ascribed to backbone dynamics and not to the H-bond network.

The analysis of CH 2 moieties, such as the Cα group of Glycine, requires a different approach. Indeed, the presence of additional vicinal 1 H-1 H dipolar couplings introduces a difference in the oscillatory behaviour of the CP. A precise quantification of these couplings would require a full line shape simulation, nonetheless, SIMPSON simulations show that deviations occur after the first oscillation in the CP build up curve (Figure 5.14). Thus, dipolar couplings can be extracted from the fitting of the first points of the experimental curves. Resulting dipolar couplings have then to be scaled by a factor, obtained by simulation, which depends on the experimental conditions (MAS frequency, CP conditions). This analysis based on truncated curves results in a less precise quantification of the dipolar couplings (∼2 kHz). Nonetheless, the order parameters of the Gly obtained by this protocol, shown with rounds in Figure 5.13, are in good agreement with the trends observed for the rest of the residues.

In addition to reporting on the backbone, the full (H)CH spectrum gives access also to all 1 H-13 C correlations in the side chains. The analysis of CH moieties was performed in the same way as 1 Hα- 13 Cα, while the dipolar couplings in CH 2 moieties were determined using the truncated CP curves (Figure 5.15a). We excluded from our time-domain analysis the methyl groups, as for CH 3 moieties deviations in the CP oscillations occur since the first oscillation, hampering the fitting of the truncated curves. Further simulations will give access to a precise quantification of these groups. With respect to backbone, side-chains possess a more complex dynamical behavior, depending also on the residue type. A thorough description of side chain dynamics in GB1 was published by Rienstra's group [140]. In their work, they measured and compared 2 H quadrupolar couplings in the side chains of perdeuterated microcrystalline GB1. We compared the dipolar couplings measured for 1 Hβ- 13 Cβ with the quadrupolar couplings from their study and found a very good correlation (Figure 5.15b) [140].

Conclusions

To conclude, we evaluated the impact of high protonation and increasing MAS rates on the quantification of dynamic observables of backbone and side chains, using GB1 as a model system. 13 C longitudinal relaxation rates, reporting on the timescale of fast motions, have been for a long time excluded from the characterization of dynamics by MAS NMR due to the impact of PDSD. Here, we show that using MAS rates above 80 kHz dynamic parameters the PDSD is largely reduced, but some ambiguities remain in the interpretation of these observables for the description of side-chain motions.

We evaluated then the efficiency of REDOR and CP-VC for the quantification of dipolar couplings. The results here reported confirm that REDOR is not a robust approach for the determination of dipolar couplings in proteins at elevated proton contents with high MAS rates. On the other hand, CP-VC permits fast and accurate measurement of 1 H- 15 N and 1 H-13 C dipolar couplings. Remarkably, the combined investigation of 1 H dipolar couplings with 15 N and 13 Cα increase the number of probes of protein backbone dynamics. We predict this approach to be particularly relevant in large systems, for which the 2D (H)NH is significantly more crowded. In addition, through 1 H-13 C order parameters it is possible to determine motional amplitudes in protein side-chains. Importantly, the use of CP-VC combined with 1 H-detection and MAS rates above 100 kHz gives access to this information in a rapid way using a single, uniformly labeled sample in sub-mg amounts.

Chapter 6

Exploring backbone and side-chain mobility in human Aquaporin1

In previous chapters we have shown, by theory and applications, that solid-state NMR at fast MAS is a powerful technique for the characterization of internal dynamics in highly protonated proteins. In particular, we pointed out how the measurement of different relaxation rates and dipolar couplings can be combined to obtain a detailed description of motions on multiple timescales. For the most part this methodology has been applied to microcrystalline proteins, while its potential has not yet been fully exploited in the context of membrane proteins.

Additionally, we elaborated on the advantages of deuteration for reducing the impact of coherent effects on dynamics observables. For membrane proteins, 1 H back-exchange might be limiting, as in the absence of an unfolding protocol it allows reintroduction of protons exclusively at sites that are exchangeable and accessible to solvent, which do not include the extensive hydrophobic trans-membrane regions.

In this chapter, we show an application on the fully protonated water channel human Aquaporin 1 reconstituted in lipid bilayers. We demonstrate that with MAS NMR at 110 kHz we can access a site-specific description of both backbone and side-chain dynamics, available in sub-mg amounts. Our results unveil the presence of localized variations in conformational flexibility in relevant regions, with implications in channel selectivity and transport. This approach has no precedent in other membrane proteins as all the information are obtained using a single, fully protonated sample in sub-mg amount, and in relatively short experimental time.

The human water channel Aquaporin 1

The entry and exit of water in the cells is fundamental for their physiology. Water molecules are small enough to diffuse across the membrane, but their movement is largely facilitated by water channels, aquaporins. Many aquaporins have been identified

in humans and other organisms and some of them have been shown to be permeable also to glycerol and small organic compounds (and thus renamed aquaglyceroproteins). Otherwise, these pores are selective toward water but exclude other substances, such as ions (including protons) and small molecules).

Human Aquaporin1 (hAqp1) is a channel selective for water, whose passive trans- back in the membrane forming two short non-spanning helices, HB and HE. These two helices contain two highly-conserved NPA motifs (76-78 and 192-194) which cross each other in the center of the membrane (Figure 6.2b), forming a transmembrane aqueous pathway. Overall, the structure assumes an "hourglass" shape, with a constriction in this region (of ∼3 Å) and larger openings on the extracellular and cytoplasmic sides.

In addition to the NPA motifs, a second constriction is located closer to the extracellular surface in correspondence of the ar/R filter, so named because it is formed by the A remarkably important portion of hAqp1 structure is the long extracellular loop C (residues 118-135), which is found in multiple structures to interact with residues at the selectivity filter or nearby and is then thought to contribute to its stabilisation. [306,308,309,312]. The agreement between structures is low in this region, in particular in terms of the orientation of R195 with respect to the cavity pore [313]. However, recently a combined study employing of MAS NMR and MD has provided a structural refinement for this region, showing a partial restructuring in the terminal part of the loop [310,313].

Despite the wealth of structural information, little has been done experimentally to explore hAqp1 dynamics. Dynamic processes, however, have been shown to play a critical role for transport in membrane proteins, as reviewed in Chapter 3. MD simulations were performed with the scope of understanding water permeation mechanism, but the quantification of internal motions for hAqp1 in native-like conditions would provide a unvaluable tool to understand the dynamical nature underlying hAqp1 function and selectivity.

In this chapter, we present the results of the MAS NMR investigations of human [ 13 C, 15 N]-Aquaporin 1 reconstitued in lipid bilayers, a project which we developed in collaboration with the group of Prof. V. Ladizhansky at the University of Guelph (Canada).

For this system, our team obtained a de novo, almost complete resonance assignment, giving access to site-specific characterization of both backbone and side-chain dynamics. From the measurement of dynamic observables (dipolar couplings and relaxation rates) we accessed a detailed picture of internal motions in terms of their amplitudes and timescales, revealing a number of interesting processes which are implicated in the selectivity of hAqp1 and in the water transport mechanism.

6.2 Fingerprint spectra and resonance assignment The human Aquaporin 1 sample used in this study was provided by Prof. Ladiszhansky and its preparation was carried out as described in [313]. Briefly, full-length, uniformly [ 15 N, 13 C]-labeled hAqp1 with C-terminal Myc and 6xHis tags was transformed into Pichia Pastoris. HAqp1 was purified using Ni 2+ -NTA IMAC and reconstituted into lipids (egg PC:brain PS = 9:1 w/w, Avanti lipids), at a protein:lipid weight ratio of 2:1. Figure 6.3 shows the 1 H-15 N and the 1 H-13 C correlation spectra of hAQP1 acquired at 1GHz 1 H Larmor frequency and 105 kHz MAS at 280 K. The elevated structural homogeneity provides optimal spectral properties in terms of sensitivity and resolution.

A minimal series of triple-resonance 3D spectra was acquired ((H)COCAHA, (H)CANH, (HCO)CA(CO)NH, (H)NCAHA, (HCA)CBCAH,(H)CONH) which, thanks to the elevated resolution in the three dimensions, allowed us to perform an almost complete sequential backbone assignment (95 %). The assignment is reported on the (H)NH spectrum in Figure 6.3a. Backbone assignment is in complete accordance with previously published data based on 13 C detection [313], with the additional assignment of L83, I111, Y227 and D228.

Consistently, assignments of few residues were missing, notably in the N-terminus [START_REF] Lewandowski | Direct observation of hierarchical protein dynamics[END_REF][START_REF] Henzler-Wildman | Dynamic personalities of proteins[END_REF][START_REF] Debiec | Integrating NMR, SAXS, and Atomistic Simulations: Structure and Dynamics of a Two-Domain Protein[END_REF][START_REF] Larsen | Combining molecular dynamics simulations with small-angle X-ray and neutron scattering data to study multi-domain proteins in solution[END_REF][START_REF] Bacic | Recent advances in single-molecule fluorescence microscopy render structural biology dynamic[END_REF][START_REF] Mchaourab | Toward the fourth dimension of membrane protein structure: Insight into dynamics from spin-labeling EPR spectroscopy[END_REF][START_REF] Ando | Filming biomolecular processes by highspeed atomic force microscopy[END_REF][START_REF] Reichert | The relation of the X-ray B-factor to protein dynamics: Insights from recent dynamic solid-state NMR data[END_REF][START_REF] Šrajer | Watching proteins function with time-resolved x-ray crystallography[END_REF][START_REF] Murata | Cryo-electron microscopy for structural analysis of dynamic biological macromolecules[END_REF][START_REF] Rovó | Recent advances in solid-state relaxation dispersion techniques[END_REF][START_REF] Schanda | Studying dynamics by magic-angle spinning solid-state NMR spectroscopy: Principles and applications to biomolecules[END_REF][START_REF] Deazevedo | Principles of centerband-only detection of exchange in solid-state nuclear magnetic resonance, and extension to four-time centerband-only detection of exchange[END_REF] and the C-terminus (229-267) and in part of loops A (residues [START_REF] Chevelkov | Ultrahigh resolution in proton solid-state NMR spectroscopy at high levels of deuteration[END_REF][START_REF] Smith | Characterization of fibril dynamics on three timescales by solid-state NMR[END_REF][START_REF] Andreas | High-resolution proton-detected NMR of proteins at very fast MAS[END_REF][START_REF] Böckmann | Spinning proteins, the faster, the better?[END_REF], B (84-92 ) and D (160-165). High flexibility can be predicted for the long C terminus (∼40 amino-acid ), whereas the loop regions are expected to be broadened due to motions on the µs-ms timescales [313].

For the side-chain assignment, a 3D CHH TOCSY spectrum was acquired, and 80% of assignment could be obtained. The assignment in the Hα-Cα region is reported on the spectrum in Figure 6.3b. The assignment is shown on the structure of hAqp1 and on the topology model (as reported in [313]) in Figure 6.4a-b. The details of experimental setup are reported in Table 6.1 and assignments are reported in Appendix B. 

Backbone and side-chain motional amplitudes

The investigation of hAqp1 with protons in natural abundance gives access to backbone and side-chain information on a single sample. In particular, 1 H-15 N and 1 H-13 C dipolar couplings, which are direct probes of motional amplitudes, can be suitably measured at 100 kHz MAS using CP-VC (Chapter 5). With this approach, we measured here the complementary probes represented by H-N and Hα-Cα order parameters, and additionally explored side-chain flexibility with the quantification of one bond 1 H-13 C dipolar couplings.

With respect to applications on small microcrystalline proteins, relatively large membrane proteins reconstituted in lipid bilayers, such as hAqp1, suffer from reduced resolution and sensitivity. Indeed, despite the remarkably narrow line widths obtained in the 2D correlation spectra, hAqp1 displays a large number of overlapped peaks. Also, the overall sensitivity is inherently reduced because ∼1/3 of the mass of the sample corresponds to lipids.

Here, we used a CP-VC experiment based on simultaneous 1 H-15 N and 1 H-13 C recoupling (Figure 5.8a). This allowed the determination of order parameters for both amides and C α with only half of the experimental time. Overall, we could obtain at least one probe of dynamics for 101 residues with only ∼36 hours of experimental time. The CP-VC build-up curves extracted from the (simultaneously acquired) 1 Hα- 13 Cα and 1 H-15 N 3D CP-VC experiments, of which two examples are shown in Figure 6.5a, were analysed as presented in Chapter 5.3.1. The resulting order parameters are plotted in Figure 6.5b.

In general, high order parameters (always >0.75) were observed for all the residues, indicating a rigid backbone. More specifically, order parameters above 0.9 were observed in structured regions and slightly lower order parameters, around 0.8, were observed in the loops. A noticeable exception was loop C, where increasing experimental order parameters were observed toward the end of the loop: in residues 130-134 for both H-N and Hα-Cα bonds the order parameters values were similar to those measured in the helices.

We compared our experimental order parameters obtained with those extracted from a 1 µs long MD simulation of the hAQP1 tetramer in POPC (performed at the Molecular Microbiology and Structural Biochemistry center, Lyon). The agreement between theoretical and experimental values is high although the NMR data are in general in the upper limit of the range of S 2 sampled by the simulations.

We then moved the observation to the side chains, and measured 1 H- 13 C dipolar couplings for the other CH and CH 2 groups in the side chains. To this purpose, a separate experiment was acquired, using the 1 H, 13 C-based pulse sequence (Figure 1.19) and a spectral window centered in this region (∼30 ppm). Peaks in this region of the spectrum show typically an important overlap, nonetheless we could select 41 isolated peaks which span different regions of the protein, and represent different residue types. Measured dipolar couplings are reported on the structure of hAqp1 in Figure 6.6a-b. Globally, a separation was observed between residues located in the transmembrane helices, with rigid side chains (S 2 >0.8), and residues located in loops (S 2 <0.8), more flexible. We remarked some exceptions. First, lower order parameters were observed for Hγ-Cγ pairs in Leu 147 and Leu 174, despite their position in an α-helix. For these residues the sidechain rotation can account for the relatively higher motional amplitude. A more relevant exception is Val 133, whose order parameter is higher than that of the other residues located in loops ( such as Thr 44,Val 46,Thr 157), as shown in Figure 6.6c. Val 133 is located at the end of loop C, where we also reported backbone order parameters higher than what could be expected for an unstructured loop. Interestingly, we were able to observe and analyse the side chain of one of the residues involved in water transport (in the NPA motifs), namely Asn 76, located in the nonspanning helix HB. The dipolar coupling of the CH 2 group in β position in found to be in line with those observed for residues located in structured helices and indicates a limited amplitude for this side-chain motion .

Backbone 15 N relaxation rates

Order parameters report on the amplitude of internal motions, but not on their timescale. To include this information for the description of internal motions, we measured the spin relaxation rate constants 15 N R 1 and 15 N R 1ρ under a 15 kHz spin-lock field, to sample respectively ps-ns and ns-µs motional phenomena. The measurements were performed at two different Larmor frequencies, namely 800 MHz and 1GHz, with a sequence based on the 2D 1 H-15 N CP-HSQC [START_REF] Knight | Structure and backbone dynamics of a microcrystalline metalloprotein by solid-state NMR[END_REF], which gave access to the analysis of 74 isolated peaks. The measured relaxation rates are plotted with respect to the primary sequence Figure 6.7a and reported on the structure in Figure 6.7b. 15 N R 1 rates were comprised betweeen 0.001 and 0.1 s -1 , 15 N R 1ρ between 1 and 13 s -1 , but clustered mainly around 2-4 s -1 . These values are indicative of a general rigidity of the backbone, which is compatible with previous findings on other transmembrane helical proteins [START_REF] Good | Solid-State NMR Provides Evidence for Small-Amplitude Slow Domain Motions in a Multispanning Transmembrane α-Helical Protein[END_REF]. Relaxation rates vary with the secondary structure, with higher 15 N R 1 and R 1ρ relaxation rates in loops than in helices. Some exceptions were observed. First, measured relaxation rates confirmed what previously deduced from dipolar couplings measurements: the region 130-134 in loop C has a rigidity compatible with a structured region. Indeed, lower 15 N R 1 and R 1ρ rates were measured for Ala 130 and Asn134. The slightly higher values measured for Gly 132 are can be justified by the missing sterical hindrance from the side chain. Similarly, a reduction in 15 N R 1 and R 1ρ was observed in loop B ahead of the functional helix HB.

The comparison of relaxation rates at two Larmor frequencies makes our observation more robust and better defines the possible window of timescales for the internal motions. Qualitatively, very similar 15 N R 1 rates were measured at 800 MHz and 1 GHz in the helices, suggesting the presence of fast motions in the 10 -12 -10 -10 range, while higher relaxation rates at 800 MHz were measured for residues located in loop B, C and D, which could be justified by the presence of slower motions (up to hundreds of ns) in these less structured regions. The differences in 15 N R 1ρ rates observed in these regions at the two fields point to the same effect. However, a quantitative analysis of these observables, and of order parameters reporting on motional amplitudes, is required to better define different dynamical regimes. Such an analysis is presented in the next section.

Modeling motions on multiple timescales

The combination of two independently measured observables, namely backbone dipolar couplings and 15 N relaxation rates, allows to obtain a description of backbone internal motions in terms of their amplitude and of their timescale, which can be obtained by applying a spectral density model.

First, we performed a SMF analysis, using only the information from the relaxation rates. The order parameters S 2 obtained with SMF plotted against the primary sequence of hAqp1 are shown in Figure 6.8. ) obtained from the SMF analysis of 15 N R 1 and R 1ρ (in purple) with S 2 obtained by CP-VC (in green). The residues for which higher discrepancies were observed are shown with red circles.

We compared these S 2 with those obtained from CP-VC and the data match with a high level of agreement. Nonetheless, some discrepancies can be noted, with SMF reporting higher order parameters for a number of residues. This could be indicative of the presence of additional motions with lower amplitude, not revealed with the "single motion" approach of SMF. The SMF fitting provides, together with order parameters, motional timescales, which cannot be interpreted as real descriptors of the dynamical range at which motions occur. The presence of a single motion is indeed an unlikely scenario for a large protein [START_REF] Haller | Amplitudes and time scales of picosecond-to-microsecond motion in proteins studied by solid-state NMR: a critical evaluation of experimental approaches and application to crystalline ubiquitin[END_REF].

An improved description can be obtained with the EMF analysis, which integrates relaxation rates and experimental order parameters [START_REF] Schanda | Quantitative Analysis of Protein Backbone Dynamics in Microcrystalline Ubiquitin by Solid-State NMR Spectroscopy[END_REF][START_REF] Chevelkov | Quantitative analysis of backbone motion in proteins using MAS solid-state NMR spectroscopy[END_REF]. For this analysis, we considered only residues for which good CP-VC data were available. In the fitting, the global order parameter S 2 = S 2 f S 2 s was imposed to match the order parameter obtained from dipolar couplings, reducing to three the number of fitting parameters [START_REF] Schanda | Quantitative Analysis of Protein Backbone Dynamics in Microcrystalline Ubiquitin by Solid-State NMR Spectroscopy[END_REF]. .9: Summary of results obtained from EMF analysis of 15 N relaxation rates and S 2 from CP-VC. From top to bottom: fast correlational timescale, τ f (red circles), slow correlational timescales, τ s (blue circles), order parameters of the fast motions, S 2 f (red diamonds), order parameters of the slow motions, S 2 s (blue diamonds). The S 2 f obtained by CP-VC are shown as a grey line for comparison in the two bottom plots. In the plot of τ s the trends commented in the text are shown with dashed lines.

The motional timescales and the order parameters obtained from the EMF analysis are reported in Figure 6.9. As a general pattern, lower order parameters were observed for the slow component, whereas high order parameters, often around 1, were obtained for the fast component. For some residues, the fit results in an underdetermined parameter space, that is to very large error bars associated to the timescales. These residues were excluded from the interpretation of the results. Despite this refinement, a broad range of fast timescales (τ f ) was nonetheless obtained for almost all the other residues, with values centered around 10 -10 s, but ranging from 10 -11 to 10 -9 . On the contrary, the range spanned by the slow timescales (τ s ) was sharper, and centered around 10 -7 s.

A number of observations could be made from the trend of the slow motional timescales along the structure. First, at the end of loop C we observed high order parameters and τ s , consistent with results on structured regions and with previous observations based on dipolar couplings. An interesting trend was observed in helix H3, H5 and H6, where alternating low and high correlation times were observed for residues 108/109, 114/116, 175/177/179, 208/212, 215/220 (dotted lines in the plot in Figure 6.9). These values, reported on the structure, correlate well with the position of the residues in the helices (Figure 6.10a), with the slower timescales (i.e. higher τ s ) observed for the residues in H3 and H6 facing helices H1 and H4 respectively.

Another defined trend could be observed in loop B, immediately preceding the functionally important helix HB. Here a clear increase in τ s and S 2 s was observed, suggesting a progressive rigidification of the backbone toward the shuttling residue Asn 76. Interestingly, the determination of the size of the pore using the software HOLE [314] reveals that this region corresponds to a restriction of the channel, thus justifying its reduced mobility in terms of steric hindrance (Figure 6.10b). 

Role of protein dynamics in water transport

Physiological function of aquaporins is to facilitate passive permeation of water across the cell membranes in accordance with the osmotic gradients. In hAqp1, water transport is performed at a rapid rate of 3x10 9 s -1 per monomer channel, with a low activation energy comparable to that of self-diffusion in bulk water [315]. The mechanism of water transport in hAqp1 has been extensively investigated in the recent years, with a particular interest in understanding how protons are excluded, considering that these can easily move along a column of water via H-bond exchange. Based on structural considerations, a model of transport was proposed in which water dipoles tend to be aligned with the dipole of helix B and E, which is positive in the center of the membrane. At the NPA constriction, a water molecule can exchange H-bond partner and form hydrogen bonds, by its oxygen, with N76 and N192. As a result, the water molecule is reoriented, disrupting the water column. On the other side of the pore, in correspondence of the NPA motif, the presence of hydrophobic residues does not allow for the formation of additional hydrogen bonds nor for the protonation of water. The arrangement of water molecules inside the pore impedes the permeation of protons [307]. MD simulations have then shown that water-water hydrogen bonds are weakened in the ar/R region, which thus acts as a proton filter, and confirmed that the largest reorientation of water dipoles occurs at the NPA constriction, a size-exclusion selectivity filter [309]. An increased rotational freedom of water molecules would compensate for the reduced translational mobility and provide an overall entropic gain, making the process spontaneous.

Our findings provide additional details for the understanding of the implications of molecular motions in water selectivity and transport through hAqp1 channel. A first observation concerns the restricted motions at the end of loop C, determined independently by all our NMR observables. These results provide evidence of the possible formation of suggests that these motions exists, but have a small amplitude, thus a little impact on the orientation of the CH bonds in position β. These particular dynamics with slow timescale and small amplitude are important on one side to allow transport and on the other side to maintain selectivity though the correct orientation of Asn 76 side chain.

Conclusions

We measured an extended set of dynamic observables, involving both the backbone and the side chains, on uniformly labeled [ 13 C, 15 N]-hAqp1 reconstituted in lipid bilayers. This opens the way to a rigorous quantitative description of internal motions.

On one hand, this study benchmarks the combined measurement of H-N and H-C order parameters, a promising avenue to access motional processes in large protein targets.

In particular, the measurement of two sets of complementary probes for backbone dynamics represented by H-N and H-C order parameters provides a more complete vision of the molecular processes for those residues whose signals overlap in either individual 1 H-15 N and 1 H-13 C correlation spectra. In addition, the measurement of 1 H-13 C dipolar couplings gives access to motional amplitude of side chain motions, enriching the description of internal dynamics.

On the other hand, the precise quantification of backbone dynamics, and in particular 1 H-15 N order parameters, enables rigorous analysis of motions using dedicated models.

Combining this information with site-specific 15 N relaxation rates, motions occurring on different timescales can be disentangled and identified. The combination of these approaches allowed here first to assess the lack of flexibility of the partially restructured loop C, which is implicated in channel selectivity. Also, a description of dynamics in proximity of the functional NPA motif provided a picture in which limited conformational flexibility is instrumental to ensure a balance between transport and selectivity.

Motions are restricted in such a way as to maintain a correct backbone conformation necessary for the shuttling water molecules. Such a wealth of information was obtained with small amounts of sample and relatively short experimental times, unprecedented with respect to the examples available even in the recent literature. In perspective, we expect faster MAS to further improve spectral resolution and to even reinforce the precision of the determined order parameters. We therefore consider this approach particularly suitable for the determination of dynamics in protein systems of increasing complexity.

Chapter 7

Investigation of gating in the divalent cation channel CorA

In this PhD work we showed that recent advancements in MAS NMR methodologies have importantly increased the potential of this technique for the biophysical investigations of proteins in a variety of aggregation states. In Chapter 6 we showed that the use of fast MAS rates (>100 kHz) and high magnetic field can give access to fully protonated membrane proteins reconstituted in lipid bilayers, overcoming the potential loss of information caused by incomplete re-protonation. With the methodology presented in Chapter 2, resonance assignment can be obtained with relative ease for systems of increasing complexity, giving access to the characterization of the systems with atomic precision. In particular, in previous chapters we showed how MAS NMR can rely on a variety of probes of dynamics for the characterization of motions on multiple timescales.

In this chapter, we will present the first MAS NMR study of the divalent metal ion channel CorA, the major Mg 2+ uptake system in prokaryotes, whose functional mechanism is still an object of discussion. Our findings on the metal-bound and the metalfree forms provide new insights on their dynamic properties which contribute to the understanding of CorA gating mechanism, complementing more standard biophysical techniques.

The divalent cation channel CorA

Channels and transporters are an important class of membrane proteins that regulate the flux of small cellular components through the cell membrane. Ion channels are particularly important because the control of metal ions concentration in the cell is vital for its correct functioning.

Magnesium ion (Mg 2+ ) is the most abundant divalent cation in living cells and is fundamental for a variety of biochemical processes. For example, the main source of energy in the cell, the adenosine triphosphate (ATP), must bind Mg 2+ to be biologically active, thus Mg participates in the stability of all the cellular polyphosphate compounds, including those involved in the synthesis of DNA and RNA [317]. From a physical point of view, Mg 2+ is the most charge dense of all biological cations and it has the largest hydrated radius, making the investigation of Mg 2+ transporters an interesting subject for integrated structural biology.

In the established dogma for ion transport, the transporter recognizes the hydrated ions, progressively removes the coordinated water at a selective pore and then releases the ion. However, the large change in volume induced by hydration in Mg 2+ and the high energetic stabilization associated to it challenge the usual mechanism, making it energetically unfavorable. Predicted mechanisms foresee an interaction of Mg transporters with the hydration shell, which is not completely disrupted during transport [318]. An interesting example of Mg transporter is CorA, which is one of the most investigated class of bacterial Mg transport proteins. Despite the large number of structural studies on this molecule, yet its functional mechanism and regulation are still under debate.

We investigate here CorA from the thermophilic Gram-negative marine bacterium Thermotoga maritima (Tm), which is known to transport also Co 2+ with high affinity.

Three crystal structures of TmCorA were reported almost simultaneously in 2006, with resolution of 3.7 Å and 2.9 Å [319-321], followed by other two X-ray structures, of the wild-type [322] and N-truncated coiled-coil mutant [323], and by a recent 3.8 Å resolution cryo-EM structure [324]. In all of them, CorA was crystallised in the presence of Mg 2+ and the identification of constrictions in the transmembrane regions suggested that it was in a closed state. These structures are very similar (average RMSD 0.74 Å), with local differences in the flexible parts of the protein. We decided to investigate the Mg 2+ -bound state first. A detailed MAS investigation of this form, which will be presented in section 7.2, confirms structural features similar to those predicted by X-ray and cryo-EM, but complements them with new insight on their dynamic properties. Second, we addressed the Mg 2+ -free state, which will be presented in section 7.3 . From the comparison of structural features and site-specific dynamics new insights into the model for Mg 2+ gating were obtained. MHz spectrometer were similar in the two samples: 0.9 ms / 1.1 ms for 1 H and 26 ms / 32 ms for 15 N in lipids / crystals respectively. The sensitivity of the (H)NH spectrum was only about 20% lower for the DMPC sample compared to the crystalline sample.

We can conclude that incorporation of CorA into DMPC results in spectra of high quality, almost as good as a crystalline preparation. Nevertheless, we resolved to study CorA in lipids, especially because buffer conditions (e.g Mg 2+ concentration) can be varied easily. Also, the investigation of Mg 2+ gating is precluded in crystals because CorA crystallization in the absence of Mg 2+ never succeeded.

Finally, we measured bulk 15 N R 1ρ at spin lock 8, 10, 15 and 20 kHz and observed very similar rates in the two forms, suggesting that also dynamics in the ns-µs range is globally conserved in the two preparations. The 15 N R 1ρ relaxation rates are reported in Table 7.1. For such a large protein, the increase of MAS rate and magnetic field is extremely advantageous. This is shown in Figure 7.4, where 1 H- 15 N correlation spectra at 60 and 107 kHz MAS are compared, as well as at increasing magnetic field from 500 MHz to 1

GHz. At 1 GHz and 107 kHz MAS, 1 H-15 N and 1 H- 13 C "fingerprint" spectra could be acquired in 2 hours each. The measured bulk T 2 ' for 1 H and heteronuclei are reported in Table 7.2. An increase of the coherent lifetime of 1 H N by a factor of 3 was observed going [170]), indicating high structural order.

Resonance assignment of Tm CorA in DMPC

The 1 H- 15 N and 1 H- 13 C fingerprint spectra acquired on TmCorA at 107 kHz MAS are shown in Figure 7.5. The favorable sensitivity and coherence lifetimes made possible to perform resonance assignment with the methodology presented in section 2.2: the complete set of three-dimensional experiments relying on 1 H N and 1 H α detection was acquired and analysed. The details of experimental setup are reported in Table 7. Despite the reduced number of observable signals, the full set of spectra results in thousands of peaks, making manual analysis very cumbersome and prone to mistakes.

Therefore, we employed automated assignment using FLYA software [192]. A graphical summary of the output of FLYA runs is shown in Figure 7.7a. FLYA revealed stretches of variable length classified as "strong", which were validated manually. Some assignments could not be confirmed, most often because of the assignment of the same spin system to multiple residues. Additionally, we were able to slightly extend the assignment manually.

In total we assigned 104 residues unambiguously. The assignment completeness is limited by sensitivity of spectra that include several transfer steps, resulting in incomplete peak-lists and missing links for ∼40% of the visible peaks.

The assigned residues are shown on the CorA structure in between 8 and 8.5 ppm, which proofs the presence of disordered residues, even though we cannot assign them site-specifically. 

Secondary structure analysis

We analyzed the secondary structure elements corresponding to the assigned residues by determining the random coil chemical shift deviation (CSD) values, and compared them with secondary structure elements of the crystal structure (Figure 7.9). Generally, the secondary structure elements were in good agreement providing further confidence on the assignment and allowing the assumption that the CorA structure in lipids is indeed similar to the crystal structure.

Interestingly, within the TM region, we detected and assigned the resonances of the GMN filter, for which the secondary structure analysis predicts coil, in agreement with previously published structures. The fact that the resonances are detectable by CP-MAS means that they might be coiled, but not disordered. Most likely Mg 2+ binding stabilizes these residues in a specific conformation. Intriguingly, we did not detect resonances of the cytosolic metal binding regions, which is an indication of a less tight metal binding for these sites.

In order to have an insight on the possible localization of unassigned and invisible resonances in the structure, we analyzed the well isolated Alanine, Serine and Threonine peaks in the (H)CBCAHA spectrum. This is a particularly powerful experiment in which each residue produces one 3D peak and three meaningful reporters on secondary structure. The transfer efficiency of this experiment was 27% with respect to the (H)CH and the 3D cube shows that the spectral overlap reduced to a minimum. Figure 7.10b shows the CBCA projection of the experiment in this region. The secondary structure of all the peaks was determined with CSD. In CorA, the number of Ala, Thr and Ser residues is 8, 21, 15 respectively. According to the crystal structures 7 Alanines are located in an α-helix and one in the N-terminus (A8). Not surprisingly, the N-terminal A8 was not detected, but we identified instead all the 7 α-helical Alanines. We unambiguously assigned 4 of them and tentatively assigned 3 (where the ambiguities arise from missing peaks for long sequential links). An extra peak was detected in a β-strand region, but it was then assigned to R69. Similarly, 12

Thr are located in α-helices (of which 0 in α5, 3 in α6, 5 in the cytoplasmic region of α7, 3 in transmembrane helices, 1 in the αβα sandwich), 4 in β-strands, 5 in loops. We identified only 7 α-helical Thr and assigned 2 of them. CSD of Thr 65 locates it in a structured loop, which is still compatible with its location at the edge of a short β-strand in previous structures. As a result, 4 observed peaks in the α-helix remained unassigned (these are indicated as "Tx" in figure 7.10b). It was not possible to make reliable guesses on the assignment of these. Only one of the observed peaks in the region of β-strand remained unassigned. This could be Thr 114 or Thr 132. Finally, in CorA structures 8

Ser are located in α-helices (of which 1 in α5, 2 in α6, 4 in the cytoplasmic region of α7, 0 in transmembrane helices, 1 in the αβα sandwich), 3 in β-strands, 3 in loops (1 in the N-terminal flexible loop, predictably absent in the spectra). In total, we observed 8 peaks for Serine residues and assigned 6 of them. Two resonances in the α-helix regions were impossible to assign at this stage.

From this analysis, we could conclude that, while we were able to see and assign most of the peaks of residues located in β-strands and in loops (excluded the N-terminal), many peaks from the α-helix region were invisible.

7.2.4 Site-specific 15 N R 1ρ -extending resonance assignments A possible explanation for peak disappearance in CP-based spectra is the presence of motions reducing the efficiency of magnetization transfer through dipolar couplings.

Sometimes, this effect can be spotted in terms of increased relaxation rates for nearby residues. In order to investigate this aspect, and to have insights on the dynamical behavior of CorA, we decided to measure 15 Relaxation rates were broadly distributed between 2 and 8 s -1 , which, if compared with other protonated proteins explored by MAS NMR in similar conditions in our laboratory, is indicative of a highly dynamic system (Figure 7.12). Higher R 1ρ values were revealed in loops (residues [START_REF] Knight | Structure and backbone dynamics of a microcrystalline metalloprotein by solid-state NMR[END_REF][START_REF] Haller | Amplitudes and time scales of picosecond-to-microsecond motion in proteins studied by solid-state NMR: a critical evaluation of experimental approaches and application to crystalline ubiquitin[END_REF][START_REF] Lakomek | Microsecond Dynamics in Ubiquitin Probed by Solid-State 15 N NMR Spectroscopy R 1ρ Relaxation Experiments under Fast MAS (60-110 kHz)[END_REF][START_REF] Levitt | Rotary Resonance Recoupling in Heteronuclear Spin Pair Systems[END_REF][START_REF] Lamley | Intermolecular Interactions and Protein Dynamics by Solid-State NMR Spectroscopy[END_REF], but also in helix TM2 (residues 329,334-338), for which previous EPR studies already predicted an increased dynamical behaviour [325],

and for Ala 298.

More interestingly, we noticed that many of the unassigned peaks were displaying very high relaxation rates. For some of them, assignment was unfeasible because other resonances were undetectable in 3D experiments with lower sensitivity. Residue type identification was nonetheless possible for a number of other peaks, which however lacked strong sequential links. Given the good agreement between our secondary chemical shift analysis and the crystal structures, we used the predicted secondary structure from CSD values to further extend the assignment to these residues. According to published structures, only 1 Aspartate is expected in β-strand, namely Asp 116. We did individuate a single Aspartate for which the CSD predicts a β-strand (CSD=-4) and we tentatively attributed the resonances to Asp116. With a similar approach, according to the CorA structures, two Serines are expected in β-strands, Ser 128 and Ser 124. Two peaks are indeed found in the (H)CBACHA for β-strands Serines and one of these was assigned to Ser 128. However, the second was unambiguously assigned to Ser 35, which is indeed located at the edge of strand β1. Interestingly, a second Serine was found, whose peak is overlapped with Ser 35 in the (H)CBCAHA but distinct in the (H)CB(CA)NH and in the other H N detected experiments. A 13C α -13C β chemical shift prediction using SHIFTX2 [336] software was in good agreement with this observation. We tentatively assigned this resonance to Ser 124. Additionally, we could identify two unassigned α-helix Serines, for which very different relaxation rate were measured, as shown in Figure 7.13a. However, 7 Serines are expected in α-helices in the CorA structure (172,232,233,273,281,282,284), making it difficult to make a reasonable guess.

As previously remarked, our assignment is clearly clustered in two regions, which are distant in the structure (in green in Figure 7.13b). With this idea, we reported R 1ρ c). (c) Site-specific R 1ρ rates obtained for assigned residues in CorA. Results are plotted with respect to a coordinate z aligned with the central pore, that is the axis of symmetry of the pentamer. Relaxation rates corresponding to the curves in (a) are reported with the same color code, multiple times and with the corresponding assignment guess in the label. The assignment of some relevant residues is reported. Ambiguous assignments are marked in orange.

relaxation rates with respect to the position of N atoms in the structure, using the coordinate z along the pore, which is the axis of symmetry of the protein. The plot is shown in Overall, the combined analysis of CSD and relaxation rates was used to find a possible explanation to peak disappearance in 3D spectra. Most of the unassigned and of the undetectable residues are located in the core of the protein, prevalently formed by αhelices 5,6,7. The increased relaxation rates in the core of the protein seem to suggest that resonances of residues residing in this region relax so fast that they become undetectable in NMR spectra.

Investigation of solvent exposure

Protein deuteration and re-protonation at exchangeable sites is a commonly used strategy to improve resolution in 1 H-detected solution and solid-state NMR. However, this was not a straightforward approach for CorA, as an important reduction in the yield was observed for expression in deuterated medium. Also, refolding protocols can not be applied for this system, thus the extent of proton exchange both in the globular cytoplasmic domain and in the membrane-embedded region cannot be controlled.

Thus, in order to improve resolution and investigate solvent exposure, we applied first a simpler and intriguing alternative previously proposed by Medeiros-Silva et al. As expected, most transmembrane residues (also annotated in Figure 7.14a), were still detectable (in red in Figure 7.14b, top). In the cytoplasmic domain, the majority of additional peaks were assigned to the β-sheets (in red in In particular, the analysis provided the radius of the pore in correspondence of Thr 305, Gly 309, Met 312, Asn 314. The plot of the pore radius showed a high level of agreement with that of the relative intensity (Figure 7.15c), where lower relative intensities correspond to larger local diameter, with the minimum intensity observed for G309.

This glycine is exposed to the center of the pore thanks to the kink in correspondence of P303 [321] and it is indicated as a metal binding site in the transmembrane region [330] since the diameter of the pore at its position exceeds that of exahydrated Mg 2+ [325, 332].

Local motions can affect the intensity in CP experiments. However, we do not expect dynamics to be different in the two samples, thus we looked for another explanation, which can be found considering the source of magnetization in the (H)CANH experiment. In the first CP step of the experiment, magnetization is transferred non-selectively to backbone 13 C α nuclei from all the protons in their surroundings. In particular, water molecules can also act as a source of magnetization, provided that they are sufficiently immobilized. Our results seem to suggest that the pore is not completely shielded from water. Instead, H 2 O molecules can slowly pass through the channel and thus contribute to the CP. When they are exchanged by D 2 O the CP contribution is reduced, and their impact is dependent on the number of water molecules that can be allocated in proximity of each residue.

Additionally, we detected an average narrowing of the 

Discussion

The nevertheless, a slow passage of water is permitted, which contributes to the peak intensity of residues exposed in the pore and reports indirectly on the size of the pore in the transmembrane region.

Intermediate remarks

We started studying CorA in the Mg 2+ bound form expecting a non-conductive state with symmetric, rigid and dry conformation.The data presented here confirm that the channel is in a closed symmetric state, but indicate a more complex picture for conformational flexibility and solvent exposure. We redefine the Mg 2+ bound form as a dynamical closed state, a feature which could not be predicted by previous studies with X-ray and cryo-EM.

The difference could be ascribed either to the lipid environment or to the temperature. We propose this is a temperature effect because CorA in crystalline preparation seems to show the same spectral features and same bulk relaxation, suggesting that the main ordering detected by X-ray and cryo-EM is induced by temperature rather than an effect of crystallization. Against all expectations, we observed no dramatic differences in the spectra with and without Mg 2+ ; at first sight, the peaks were overall overlaying and no major peak splitting or broadening that would indicate distinct conformations was detected. In order to get access to the highly overlapped region, an increase of dimensionality is desirable. However, under the same experimental conditions used in excess of Mg 2+ , a drastic reduction in the efficiency of the 3D experiments was observed for the Mg 2+ -free form. In the presence of Mg, the transfer efficiency of (H)CANH with respect to that of (H)NH was ∼40%, and this dropped to 11% in the absence of the metal ion. Bulk T 2 ' were 27 ms for 15 N and 2.7 ms for 1 H N respectively, but these values could only partially justify the drop in signal. A reduction of temperature seemed a possible solution to circumvent this detrimental effect. Temperature was reduced by 20 K and indeed a modest increase in the efficiency was observed, up to 18% of the (H)NH. Despite the lower sensitivity, a meaningful comparison with the (H)CANH of the Mg 2+ -bound form could be performed. Strikingly, most of the peaks assigned to residues in the transmembrane region could not be detected in the absence of Mg 2+ .

As an additional approach, we also measured 15 an additional low intensity peak was observed in the 2D spectrum only. This peak was assigned to A8, likely very flexible and thus not detectable in the 3D experiment. As described in section 7.2.2, we were able to unambiguously assign four alanines (A166, A308, A332, A338) and to predict assignment for three (A176, A262, A298). In the spectrum of the Mg 2+ -free form, most of the peaks overlay with those of the other form and no peak splitting was observed. Intriguingly, all the alanine residues were visible, including those in the transmembrane region. This suggests a role of the ms-long CP transfer of the (H)CANH as a filter for the detection of these signals. Overall, similar structures are predicted with or without Mg 2+ , but the different response to experimental conditions points to possible differences in dynamics.

SANS and MD simulations

The presence of large amplitude conformational changes can be revealed from SANS profiles, which probe the overall size and shape of a protein. Strikingly, the measured scattering curves were indistinguishable in the presence and in the absence of Mg 2+ , and different from both calculated curves irrespective of lipid environment.

Structural modeling revealed that a good fit of the curve could be obtained only by introducing asymmetry in the model. However, an overall asymmetric structure of CorA in the presence of excess Mg 2+ is in stark contrast to the closed, symmetric structure which was experimentally determined by X-ray and cryo-EM. Also, a single asymmetric model is not compatible with a single set of peaks in the MAS NMR spectra (Figure 7.18).

A modeling involving an ensemble of structures was thus considered, for which MD simulations of CorA in POPC bilayers were performed. A first set of coarse grained simulations on the order of tens of µs were performed, revealing only small structural fluctuations. Metadynamics (MetaD) simulations were then chosen as they allow to sample a larger variety of structural states by introducing an external experimental parameter, which was chosen in this case as the radius of gyration obtained from SANS. Overall, the best fit to the SANS data was obtained with an ensemble consisting of 40% symmetric

CorA and the remainder of asymmetric conformations from the MetaD simulations.

These findings suggest that CorA would adopt multiple states both with and without Mg 2+ bound. Thus, the signals observed in MAS NMR and the SANS data would represent a weighted average of different states that must be overall asymmetric.

Backbone dynamics in open and closed states of CorA

The analyses above suggest that a correct description of CorA structures does not correspond to a set of static snapshots but should rather embrace a wide variety of populated states. The dynamic exchange between these states might be key to biological function.

In this regard, through the observation of 15 We measured 15 N R 1ρ at 300 K with a spinlock field of 15 kHz and Larmor frequency While in the presence of Mg 2+ relaxation rates were conserved at lower temperatures, an important decrease was observed in the Mg-free form. Average relaxation rates in the cytoplasmic and in the transmembrane regions decreased from 19.5 s -1 (cytoplasm) and 

(t) = Ae -R 1,a t + (1 -A)e -R 1,b t was performed.
For both curves a good fitting was obtained with A=0.3. The experimental relaxation rates were 0.091 s -1 and 0.018 s -1 in the presence of Mg 2+ , and 0.14 s -1 and 0.028 s -1 without Mg 2+ . Remarkably, both components showed an increase by a factor ∼1.5 upon Mg 2+ removal. While this result captures only a global behavior, it indicates a general increase in dynamics also in the fast (ps-ns) regime in Mg 2+ -free CorA.

To extend these observations, we measured 1 H-15 N dipolar couplings with CP-VC experiment on the 15 N-alanine sample at 60 kHz MAS. Figure 7.24 shows the experimental and fitted frequency-domain profiles obtained by Fourier Transform of the CP-VC time domain curves for the analysed residues. The low sensitivity of these samples hampered a precise quantification of the couplings. Nevertheless, for all the analysed Alanines, a reduction of dipolar couplings was observed by removal of Mg 2+ , suggesting increased motional amplitudes for sub-µs motions. The observed reduction was not the same for all the residues, but reduced precision in the current experimental conditions did not allow to better quantify the difference. Further investigations, on the uniformly labeled samples at 107 kHz MAS, will provide a more extended and precise description of this effect.

Discussion

The non-conducting state at high Mg 2+ concentration was characterized at high resolution by several groups [319-322, 324, 328], revealing a symmetric structure which has served the basis for all proposed gating models so far [319,322,324,329,330,341]. On the contrary, structural characterization of the conducting state of TmCorA has been for a long time prevented due to its unsuccessful crystallization. A possible explanation for Recent findings by AFM supports this hypothesis, revealing, at low Mg 2+ concentration, a large population of asymmetric states which were not observed by cryo-EM [333]. Our findings, obtained in conditions closer to the native state with respect to cryo-EM, suggest a model in which CorA is in a dynamic equilibrium between symmetric and asymmetric states, independent of bound Mg 2+ . Given the nearly identical NMR fingerprints, the interconversion rates between different states must be faster than milliseconds, which is congruent with AFM findings [333].

Intriguingly, a previous MD study [332] found that dry and transiently wetted states, both non-conducting, were populated both in the presence and in the absence of Mg 2+ .

In the absence of Mg 2+ a third "stably superhydrated" conducting state was additionally revealed. This study reported that the free energies of activation to the transiently wet- On a slower timescale, 15 N R 1ρ rates are reporters of segmental motions displacing the secondary structure elements with respect to each other, which can occur on a ns-µs timescale. These dynamical processes appear to be largely promoted when Mg 2+ is absent. This expanded flexibility can be justified by the release of electrostatic constraints which are present in the Mg 2+ -bound form [323]. In both forms, a reduction of the temperature is observed to reduce the 15 N R 1ρ rates, but this phenomenon is more significant in the absence of Mg 2+ . This could be due to a dominant contribution of slow µs motions in this form or to a temperature-induced increase of motional amplitude [START_REF] Schanda | Studying dynamics by magic-angle spinning solid-state NMR spectroscopy: Principles and applications to biomolecules[END_REF][START_REF] Good | Solid-State NMR Provides Evidence for Small-Amplitude Slow Domain Motions in a Multispanning Transmembrane α-Helical Protein[END_REF]. The current data are not sufficient to discriminate between the two effects, but the strikingly different response to temperature variation in the two forms is surely indicative of a different dynamical behavior. Finally, the effect of channel opening in the stalk helix α7 and in helix α6 cannot be quantified in the experimental conditions used here. Nevertheless, MD simulations predicted an increase in dynamics of these regions, which agrees with our findings on the rest of CorA structure [343]. Overall, in our experimental conditions we are observing CorA channel spanning a wide plateau of conformations in Mg2+-free conditions, which could likely be the conductive state [333].

A dynamical model for gating. Previous models for gating were based on the assumption of a single, nearly-symmetric, non-conductive state at high concentration of Mg 2+ .

According to the symmetry-breaking model proposed by cryo-EM, this state shifts to a dynamic ensemble of asymmetric states when the concentration of the ion drops (Fig- Investigation of channel by MAS in cryogenic conditions will be the next step to deepen the analysis and bridge the gap between the present study and X-ray/cryo-EM. These measurements will allow to reduce the kinetics of the proposed exchange and thus to disentangle the contributions of the different conformations.

Conclusions and perspectives

In this PhD work, I contributed to the development and the application of methodologies to improve the description of internal dynamics in biomolecular solids.

My work has taken the move from the analysis of an already well-characterized microcrystalline sample of Cu,Zn-SOD, deuterated and 100% back-reprotonated at the exchangeable sites. I compared the mature form with a partially metallated maturation intermediate and found completely different dynamic properties, despite a complete conservation of structure. This allowed me to formulate the effect of Cu binding as a purely dynamical multimodal response, where the metal acts as a control element redistributing dynamics over multiple timescales. Moreover, I demonstrate that motions of coordinating side chains in the active site are coupled with those of distant backbone elements of the protein which are pivotal for SOD stability and efficient enzymatic activity. The multi-timescale dynamic mechanisms unveiled here by solid-state NMR are particularly difficult to observe using other methods, and had notably escaped previous determinations with solution NMR. We believe that the approach presented would disclose new avenues for the description of metal ion binding in a variety of metalloproteins.

The next objective in my work was to extend the MAS NMR methodology available for the investigation of dynamics to more challenging samples, notably moving from the universe of microcrystalline proteins to transmembrane proteins, and specifically to large protein channels. Here, I leveraged fast MAS speeds (≥ 60 kHz) and high magnetic fields to overcome the limitations associated to both the low sensitivity of traditional MAS NMR approaches and the deuteration requirement of most of the recent 1 H-detected methods. I notably established optimal approaches for extracting reliable order parameters and relaxation rates in fully-protonated samples with remarkably small quantities (sub-mg) and short acquisition times (hours to days). The role of technology is crucial in this progress and the availability of faster MAS rates and higher magnetic fields is clearly leading to a further increase in resolution and sensitivity, pushing forwards the size and complexity of the targets amenable to sitespecific investigation by NMR. I expect that the methods presented in this thesis will soon by applicable to the investigation of membrane proteins in cell membranes or in whole cells, allowing structural and dynamical investigations of such systems in native conditions. 15 N R 1ρ rates obtained from fitting at 3 kHz (blue bars), 8 kHz (green circles), 10 kHz (cyan triangles),15 kHz (orange stars). The increase of 15 N R 1ρ at 3 kHz for all the residues in GB1 can not be justified in terms of conformational exchange and reveals instead the non-negligible contribution of coherent effects at low spin-lock fields. Improved hardware will additionally play a key role in the context of dynamics. Higher MAS rates will notably reduce the impact of residual coherent effects on spin relaxations, enlarging the timescale window of dynamic processes that can be followed today by MAS NMR without the need of 1 H dilution. Specifically, relaxation dispersion is a very powerful technique for the characterization of conformational exchange, but in solid-state NMR it is limited to perdeuterated proteins with limited reprotonation. In fully protonated proteins, the MAS rates available today are still insufficient to suppress coherent effects for low spin-lock fields (Figure C1), hampering the analysis of relaxation dispersion profiles.

The investigation of slow motions without the need of deuteration would be of paramount importance for the characterization of membrane proteins, for which 1 H dilution cannot be easily controlled. We can expect that fast MAS rates would for example permit the determination of exchange phenomena involved in functional processes, namely gating or transport, disclosing NMR ''invisibile" states such as those suggested in my work for both forms of CorA.
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 11 Figure 1.1: Summary of time dependence of the NMR observables probing molecular motions (reported on top) which are discussed in this chapter.Longitudinal and transverse relaxation rates presented in section 1.3 are depicted in blue, relaxation dispersion techniques presented in section 1.6 are depicted in orange, averaged anisotropic interactions discussed in section 1.7 are depicted in red. Averaged isotropic chemical shift is also shown in grey. Motions slower than this average are studied with exchange spectroscopy, not detailed in this work. Adapted from[START_REF] Henzler-Wildman | Dynamic personalities of proteins[END_REF][START_REF] Schanda | Studying dynamics by magic-angle spinning solid-state NMR spectroscopy: Principles and applications to biomolecules[END_REF].
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 12 Figure 1.2: (a) Example of spectral density function calculated assuming an exponential correlation function C(τ) = e -t/τ C with τ C =5 ns. The position of 1 H, 15 N and 13 C Larmor frequencies (ω H , ω N and ω C ) as well as linear combinations of ω H and ω N are shown on the plot for a 18.8 T magnetic field. (b) Plot in logarithmic scale of spectral density functions for different correlation times.

Figure 1 . 3 :

 13 Figure 1.3: Energy diagram for two coupled spins, I and S. The transition of different orders are depicted with different color: m=0 (green), m=±1 (purple), m=±2 (red).
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 14 Figure 1.4: (a)13 C α backbone T 1 relaxation curves for Trp41 in a microcrystalline sample of αspectrin SH3, RAP labeling scheme in 25% and 10% H 2 O[START_REF] Asami | Access to Cα Backbone Dynamics of Biological Solids by 13 C T 1 Relaxation and Molecular Dynamics Simulation[END_REF][START_REF] Chevelkov | Ultrahigh resolution in proton solid-state NMR spectroscopy at high levels of deuteration[END_REF], at 24 kHz MAS and 16.4 T (black,blue) and 50 kHz MAS and 20 T (red). Significantly longer T 1 times are obtained for higher MAS frequencies, as well as with increasing dilution of the proton and carbon spin systems. (b) Influence of 13 C,13 C spin diffusion on13 C T 1 relaxation decay curves. In the absence of spin diffusion (σ = 0.0 s -1 , black circles) a monoexponential decay is obtained. Spin diffusion rates σ >0 s -1 yield a biexponential decay (red triangles). Details on the calculations can be found in[START_REF] Asami | Access to Cα Backbone Dynamics of Biological Solids by 13 C T 1 Relaxation and Molecular Dynamics Simulation[END_REF]. (c) Bulk experimental 13 C α T 1 relaxation time as a function of the MAS frequency at an external magnetic field of 11.7 T (ω 0, 1 H /2π=500 MHz), using the α-spectrin SH3 sample in 10% H 2 O. The T 1 relaxation time increases with the MAS frequency, and reaches a plateau at a MAS frequency of 45 kHz. Adapted with permission from[START_REF] Asami | Access to Cα Backbone Dynamics of Biological Solids by 13 C T 1 Relaxation and Molecular Dynamics Simulation[END_REF].
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 15 Figure 1.5: Coordinate systems and rotations used for the transformation of the tensor of an NMR interaction (here 1 H-15 N dipolar couplings) from the principal axis system to the laboratory frame. For simplicity, only the z axes are labeled.
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 16 Figure 1.6: (a) R 1 theoretical curve at two different magnetic fields calculated using SMF approach from equations 1.14 and 1.16. The contribution of each spectral density term (scaled by the constant of the interaction) is shown with different colors. The dominating term is the spectral density sampled at the 15 N Larmor frequency. The comparison between two different fields (9.4 T and 18.8 T, which correspond to 400 MHz and 800 MHz proton Larmor frequency) shows the different contribution of the CSA to relaxation .
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 17 Figure 1.7: (a) Dependence of theoretical R 1 curve -calculated using SMF approach -on 1 H Larmor frequency. Magnetic fields from 2.35 T to 23.5 T (steps of 2.35 T) are investigated, corresponding to 15 N Larmor frequencies from 10 to 100 MHz. (b) Position of the maximum of the curves in (b) with respect to 15 N Larmor frequency. (b)
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 110 Figure 1.10: Schematic representation of two models of motions: wobbling in a cone (a) and 3D GAF (b).

Figure 1 . 13 :

 113 Figure1.13: Summary of hierarchical dynamic behavior in hydrated microcrystals of GB1. The approximate temperature for the transitions between dominant dynamic modes, represented on the structures on the right, is indicated on the blue axis. The left panel presents a simplified representation of energy landscape, showing the link between small-and larger-amplitude backbone motional modes. At low temperatures, the protein backbone is constrained to smallamplitude modes separated by low-energy barriers, within substates separated by high barriers. As temperature increases, these modes are dynamically sampled, enabling larger-amplitude anisotropic modes. Reproduced with permission from[START_REF] Lewandowski | Direct observation of hierarchical protein dynamics[END_REF].
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 114 Figure 1.14: (a)Schematic representation of two-sites conformational exchange in a protein. The exchange introduces a difference in chemical shifts of the involved nuclei. The two conformations, differing in the orientation of the bond vectors (by an angle θ) and therefore of anisotropic interaction tensors, are depicted with nuclei with different colors . Figure from [72]. (b) Illustration of the effect of chemical exchange on the NMR lines for two-site exchange. Left: p 1 =p 2 =0.5. Right: p 1 =0.9,p 2 =0.1. Calculations were performed for values of the exchange rate k ex , from top to bottom: 10000, 2000, 900, 200 and 20 s -1 ; the difference of chemical shifts between exchanging sites corresponds to a frequency ∆ω 12 = 400 Hz. Adapted from [73].
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 115 Figure 1.15: (a-b)Schematic representation of the mechanism inducing R 1ρ relaxation dispersion.In this example, the spin-lock field (ω SL ) is applied on resonance with the most populated ground state (GS, p 1 ). At the beginning of the experiment (τ=0), the magnetization (M(0), grey arrow) is aligned with the corresponding effective field (ω ef f ). If exchange with a lower populated state (ES, p 2 ) occurs, e.g. at time τ , the offset changes and thus the tilt angle θ, inducing a nutation of the nuclear spins magnetizations around the new effective field and to a dephasing of the magnetization (M(τ )). These repetitions repeat stochastically (not shown here for simplicity) and lead to a reduction of the ensemble average of the magnetization. In (a) and (b) two different spin-lock strengths are represented (with arrows of different length), with lower tilt angles corresponding to the higher spin-lock field. (c) R 1ρ relaxation dispersion profile calculated with equation 1.35 assuming ∆ω 12 = 400 Hz, k ex =1000 s -1 , p 1 =0.9, p 2 =0.1and an "exchange-free" baseline of 5 s -1 . The relaxation rates corresponding to case shown in (a) and in (b) are depicted as a red and blue dot respectively.
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 117 Figure 1.17: Principle of CEST. (a-b) NMR spectra predicted for two-state in slow exchange (k ex =200 s -1 with skewed populations: p A =98%,p B =2% (a), p A =90%,p B =10% (b).(c-d) CEST profiles obtained using the parameters in a-b. Note that in (a) the peak for state B cannot be observed ("invisible" state), but it is visible in CEST as a second minor dip (c). This is more pronounced when the population of the state increases (d). Adapted with permission from[START_REF] Charlier | Protein dynamics from nuclear magnetic relaxation[END_REF].

  High tolerance of mismatch of pulses and/or CP conditions • Small sensitivity to MAS fluctuations • High efficiency at MAS rates > 60 kHz • Little or no influence from neighboring protons Dipolar couplings can be reintroduced by using symmetry-based dipolar-recoupling pulse sequences, which allow for a selective recoupling of some terms in the dipolar Hamiltonian. One of the first sequences used is the transverse Manfield-Rhim-Elleman-Vaughn (T-MREV) [92], whose basic building block is shown in Figure 1.18a.
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 118 Figure 1.18: Comparison of three recoupling sequences to measure dipolar couplings, with π/2 pulses depicted in black and π pulses in white. The time of each loop is indicated with τ m , the total mixing time with τ mix . The number of loops is indicated with k. The "recoupling blocks" are highlighted in tan. (a) Building block for RN ν n symmetry sequences. N π pulses are applied during each loop, with phase increment is φ = νπ/N (b) Building block for T-MREV sequences. Each rotor period accomodates n π/2 pulses. (c) Building block for REDOR sequence, detailed in the text.

Figure 1 .

 1 Figure 1.18c, consists of a train of rotor-synchronized π-pulses on the I channel which refocusses the heteronuclear dipolar couplings, while a π-pulses on the S channel is applied in the middle of the block to refocus chemical shift. The mixing time during the recoupling block is 2τ r (k + 1), where τ r is the rotor period and k is the number of times the block is repeated (Figure 1.18c).
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 119 Figure 1.19: (a) Pseudo-3D CP-VC adapted from [119]. The variable contact-time CP is represented in orange and the mixing time is indicated with τ mix . (b) CP-VC time evolution curve calculated for a 1 H-15 N spin pair assuming η=0 and a dipolar couplings of 11.4 kHz. (c) Fourier Transform of the curve in (b). The distance between the maxima is indicated with ∆ and related to the effective dipolar couplings δ D,eff .
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 120 Figure 1.20: (a) All-atom model of the mature HIV-1 capsid (left) and 3D structure of the monomeric unit (right). (b) Experimental (black) and fitted (purple) 1 H CSA (left) and 1 H-15 N dipolar (right) lineshapes for flexible G89 and rigid S109 and L190 in tubular assemblies of HIV-1 CA protein, extracted from RN-symmetry based 3D experiments at a MAS frequency of 110 kHz. Adapted with permission from [100].

  C] SH3[139]. However, due to the limitations of direct 2 H-13 C CP, a more efficient rotorsynchronized pulse sequence was subsequently developed[140, 141]. This was applied by Shi and Rienstra to measure quadrupolar couplings of backbone and sidechains in [ 2 H, 13 C,15 N] GB1 with site specific resolution. The results elucidated details in dynamics of this protein, with implications for its function[140]. The method was also applied to characterize bacterial cell walls[142].

2. 1 1

 1 H-detection in MAS NMR: a boost in sensitivity and resolution through faster revolutionsIn the last decades, MAS NMR has emerged as an important technique for the characterization of structure and dynamics of proteins in different aggregation states. The progress in the technique has gone hand in hand with technological developments, and a parallel increase in the MAS frequencies (from 10 to 150 kHz in 4 mm to 0.5 mm rotors)[START_REF] Schleedorn | Protein NMR spectroscopy at 150 kHz magic-angle spinning continues to improve resolution and mass sensitivity[END_REF] ( Figure2.1a) and in the magnetic fields (up to1.2 GHz[143]) has lead to significant improvements in spectral resolution.
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 2122 Figure 2.1: Summary of fast MAS development and its impact on biomolecular NMR. (a) Representation of MAS NMR rotor size decrease and parallel increase in the operating MAS frequency. Commerciallay available Bruker rotors (7, 4, 3.2, 2.5, 1.3 and 0.7 mm) are shown. (b) Impact of increasing MAS rates on 1 H NMR linewidths (red) and 1 H coherence lifetimes (blue). (d) Development of 1 H-detection for biomolecular NMR, from sparsely protonated proteins at 20 kHz MAS to perdeuterated 100% back-exchanged proteins at 60 kHz MAS, to fully protonated proteins at 111 kHz MAS. The corresponding rotor diameter and the required sample amounts are reported.
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 23 Figure 2.3: Comparison of 13 C-13 C DARR and 1 H-15 N CP-HSQC acquired on fully protonated [ 13 C, 15 N]-GB1 at 20 kHz MAS.

[ 1 H

 1 N , 2 H, 13 C, 15 N]-labeled are shown in Figure 2.4.
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 24 Figure 2.4: 1 H-15 N CP HSQC spectra recorded on a 1 GHz spectrometer under 60 kHz MAS for [ 1 H N , 2 H, 13 C, 15 N]-labeled (a) microcrystalline SH3, (b) microcrystalline β2m, and (c) sedimented nucleocapsids of AP205, (d) M2 channel, and (e) OmpG. Reproduced from [158].
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 25 Figure 2.5: 1 H-15 N CP-HSQC spectra of [ 13 C, 15 N]-GB1 acquired at 1 GHz 1 H Larmor frequency and MAS 20 (a), 40 (b), 60 (c) and 110 (d) kHz. For spectra in (b-d) the arrow and label indicate 1 H linewidth.
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 26 Figure 2.6: Experimental 1 H linewidths measured for H GB1 (black) and D GB1 (red) at 1 GHz Larmor frequency and variable MAS frequencies. The dashed lines indicates the MAS-independent inhomogeneous broadening, arising from sample and magnetic field heterogeneities.
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 27 Figure 2.7: Schematic representation of strip plots and sequential assignment from 1 H N and 1 H α -detected 3D pulse sequences. The pulse sequences of the experiments can be found in[158] and[177]. Here, the coherence pathways are shown on the left (H N -detected experiments) and right (H α -detected experiments) columns. Note the redundancy of information in the symmetric 1 H N and 1 H α -detected experiments.The dotted arrows indicates connection between similar 1 H N and 1 H α -detected experiments sharing only the13 CB or13 CO dimension. On the other hand, the13 CA experiments share both the13 CA and the 15 N dimensions.

  two resulting experiments are named (H)CANH and (H)CONH and yield intra-residue and inter-residue connectivities[156, 191].At MAS rates of 60 kHz and above, coherence lifetimes are long enough (>15-20 ms) to allow the exploitation of scalar couplings (i.e. INEPT) for homonuclear13 C-13 C magnetization transfers, introducing the possibility of establishing additional connectivities. The advantage of INEPT transfer is the high selectivity, so that correlations are observed only between nuclei of interest. Exploiting the 13 C α -13 CO scalar coupling, (H)(CO)CA(CO)NH and (H)CO(CA)NH are obtained[156, 157], which are respectively inter-residue and intra-residue, thus complementary to (H)CANH and (H)CONH.

  netization transfers: at 60 kHz and on perdeuterated protein with 100% proton backexchange (H)CANH and (H)CONH have usually an efficiency of 20-30% (estimated comparing the first FID with the (H)NH spectrum), while the longest experiment, (H)(CA)CB-(CACO)NH, has an efficiency of around 5% [158].
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 28 Figure 2.8: Representative cross-sections from 3D (H)CCH-and H(C)CH spectra for AP205CPand the aliphatic region of 2D13 C-1 H correlation spectrum. On the vertical axis the strips display13 C or 1 H chemical shifts in the side chain of Ile 124 obtained when navigating from six13 C-1 H peaks in the13 C-HSQC belonging to this residue. The coherence pathways are sketched above the strips of corresponding 3D spectra. Adapted with permission from[177] 
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 31 Figure 3.1: (a)Experimental 15 N chemical shift NMR spectra (right) of trans-membrane helix of Vpu 15 N labeled at a single site, in lipid bilayers on glass plates aligned at various angles with respect to the magnetic field, as shown in photographs (left). Adapted from [198]. (b) Experimental (top) and calculated (middle) PISEMA spectrum of 15 N-labeled fd coat protein in aligned lipid bilayers. The PISEMA (polarization inversion spin exchange at the magic angle) experiment [199] provides, for 15 N-labeled proteins in OS, high-resolution 1 H-15 N dipolar couplings/ 15 N chemical shift separated local field spectra. The wheel-like patterns from PISEMA (Pisa wheels) mirrors helical wheel projections (bottom). Adapted from [200].
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 32 Figure 3.2: Structures of membrane proteins in lipid bilayers determined using OS NMR: gramicidin [201], AChR M2-lining channel [202], M2 [203-205], fd coat protein [200], HIV Vpu channel [206], MerF [207-209], MgtR [210], Piscidin [211], CrgA [212], phospholamban [213]

  centrifugation into MAS Rotor
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 33 Figure 3.3: Schematic sample preparation of membrane proteins (MP) in liposomes for MAS NMR studies.

Figure 3 . 4 :

 34 Figure 3.4: Structures of membrane proteins in lipid bilayers (with the exception of YadA) determined using MAS NMR: Protegrin-1 [229], Mastoparan [230], M2 [42, 214, 231], MerF [232], CXCR1 [215], YadA [222], ASR [217], OmpG [32], AlkL [225].

  A first family of proteins which has been investigated includes the rhodopsins, formed by seven α transmembrane helices. Rhodopsins are initiators of signal transduction pathway upon light-activation, which occurs as a conformational change induced by the isomerization of a retinal cofactor. Solid-state NMR contributes to the understanding of this activation, investigating the site specific 2 H relaxation on selectively deuterated retinal in the bound state[136, 236]. Different motional regimes were individuated in proteorhodopsins, a proton pump, comparing CP-based and J-coupling based experiments, which preferentially detect, respectively, rigid molecular fragments with small amplitude fluctuations and mobile segments undergoing larger amplitude fluctuations[237].
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 35 Figure 3.5: (a) Structural transitions in KcsA during channel function. In each structure, the K + binding selectivity filter is highlighted in blue; the pH sensor is highlighted in red; and the hinge of the inner helix, a site of significant conformational dynamics during activation and allosteric coupling, is highlighted in yellow. The equilibria between states, regulated by K + and H + concentration, are indicated. (b)13 C-13 C 2D correlation spectra of the selectivity filter at different values of pH and K + concentration. Large changes are observed between high and low K + concentration, associated to structural changes, while the pH does not directly perturb the structure. Adapted from[245].

  N revealed a local increase in backbone dynamics in the upper part of the selectivity filter, introducing the concept of a dynamical response to metal ion binding[248]. More recently, using 1 H-detection at 60 kHz with extended deuteration,15 N R 1ρ relaxation rates of the transmembrane region were measured site-specifically. Slow collective ns-µs motions were revealed for the first time in the selectivity filter, a feature connected to the gating mechanism. Interestingly, the same study discussed the possibility of investigating KcsA in native membranes, revealing the impact of the environment on the global dynamical behaviour of the channel[164].
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 3637 Figure 3.6: (a) Backbone 15 N R 1 (top) and R 1ρ (bottom) relaxation rates measured for [13C,15N]-Anabaena Sensor Rhodopsin (ASR) in lipid bilayers at 800 MHz 1 H Larmor frequency, and at 7 • C (red squares) and 30 • C (black circles). (b)Amplitudes and time scales of anisotropic slow collective motions obtained from a combination of Model Free and 3D GAF analysis of 15 N R 1 , R 1ρ , NH and NCO order parameters. Approximate rotations against different axes are indicated in a font of the same color. Time scales are indicated in yellow. Motions are illustrated for only one of the three monomers of ASR. The origins of the frames of reference for the motions are arbitrary. Adapted from [67].

  at 60 kHz MAS on human copper/zinc superoxide dismutase (SOD), an extensively studied homodimeric metalloenzyme. By a comparative study of the fully mature functional Cu I ,Zn state and the E,Zn-SOD intermediate lacking Cu we determine the impact of Cu binding on SOD internal dynamics on multiple timescales.4.1 Superoxide Dismutase: an efficient Cu,Zn metalloenzyme Metal ions have a key role in the cell machinery as cofactors of almost one third of all the known proteins [250]. They perform a variety of functions such as catalysis, electron transfer and oxygen storage [251]. Often, metal ion binding also has a structural effect, modulating the stability and the folding pathways of metalloproteins. It is commonly thought that metal binding promotes a rigidification of the protein scaffold due to changes in side chain structure and dynamics in the metal binding site upon metal uptake [252-255]. However, a number of intriguing exceptions to this paradigm have been reported [256-259], suggesting that the repercussions of metal binding on stability, oligomerization and catalytic activity cannot be reconciled simply in terms of an overall reduction in flexibility. A more complete description of the modulation of motions on different timescales is indeed required to disentangle all the effects. SOD, a well-known metalloenzyme found in almost all eukaryotic cells and in a few prokaryotes, catalyzes the dismutation of the superoxide radical to hydrogen peroxide and oxygen. This system has been widely studied over the years as a benchmark for structure-function relationships in metalloproteins [260, 261]. Moreover, destabilization of the SOD fold by point mutations is associated with the onset of familiar amyotrophic lateral sclerosis (fALS) [262, 263], accounting for the high interest in this metalloprotein. Human Cu,Zn-SOD is a remarkably stable protein [262], with two identical subunits (153 aa) featuring a very well conserved β-barrel structure composed by eight antiparallel β-strands (Figure 4.1a), held together by hydrophobic interactions involving mainly two loops (namely 4 and 6) [264, 265]. Each subunit contains in the active site a Zn II ion, buried inside the protein (Figure 4.1b ) and known to have primarily a structural role. A solvent accessible Cu ion (with oxidation state I or II during dismutation reaction) lies at the bottom of a wide active channel which is involved in efficiently driving the superoxide to the active site (Figure 4.1c ). Dismutation occurs with high catalytic efficiency, which is diffusion limited (k CAT ∼ 10 9 M -1 • s -1 ) [264, 266-268].

Figure 4 . 1 :

 41 Figure 4.1: (a) Structure of the homodimer of Cu,Zn-SOD (PDB code:1SOS). The Cu and Zn metal ions are represented by a gold and a blue sphere respectively. (b) Solvent excluded surface of Cu,Zn-SOD, where the active channel is shown in orange (T58 in loop 4) and green (E133, T137, R143 in loop 7). This has a role in attracting superoxide anions and guide them into the channel to the copper ion. The binding sites of Cu and Zn ions are shown in yellow and purple respectively. Cu is solvent accessible at the end of the active channel, while Zn shielded at the protein core. (c) Zoom of the structure in the region of the active channel. The residues involved in metal coordination are shown with sticks. Loops 4 and 7 are coloured in orange and green respectively. The fully conserved disulfide bridge between C57 and C146 is shown as a yellow stick.

  450 nm. SOD catalyzes the dismutation of the superoxide anion into H 2 O 2 and O 2 , thus competing with the formation of the formazan dye. The greater the activity of SOD in the sample, the less formazan dye is produced. At complete dismutation the sample solution remains transparent. The reaction scheme is shown in Figure 4.2a.
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 42 Figure 4.2: (a)Reaction scheme of the SOD Activity assay. OX indicates xanthine oxidase enzyme, WST-1 the substrate, WST-1 formazan the yellow dye product. (b) Comparison of the sample and blank solution at the end of the SOD activity assay.

Figure 4 .

 4 3a ): Cu I is coordinated by His 46 (strand β4), His 48 (strand β4) and His 120 (strand β7). Zn II is coordinated by His 63, His 71, His 80 and Asp 83, all in loop 4. In addition, His 63 is responsible of coordinating copper when it adopts an oxidation state II. This coordination pattern is readily accessible to NMR through 15 N-1 H cross-polarisation-based 2D spectra, CP-(H)NH, which contain resonances from HN pairs in δ and/or positions. Such spectra were acquired for microcrystalline preparations of the two metallated forms of SOD at 60 kHz MHz and 1 GHz Larmor frequency and are shown in Figure 4.3b. Their site-specific assignment was performed
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 43 Figure 4.3: (a) Structure of the active site (PDB code: 1SOS). The sidechains of the histidine residues involved in the coordination are shown with sticks and the numbering of the β-strands is indicated. The Cu and Zn metal ions are represented by a gold and a blue sphere respectively. (b) Superposition of solid-state 15 N-1 H CP-HSQC spectra ((H)NH) of E,Zn-SOD (blue) and Cu,Zn-SOD (red) in the region of the side chains of histidine residues. The assignment of the different 15 N in the imidazole rings is shown.
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 44 Figure 4.4: (a)Pulse sequences used for15 N R 1 (top) and15 N R 1ρ (bottom) relaxation rate measurement[START_REF] Knight | Structure and backbone dynamics of a microcrystalline metalloprotein by solid-state NMR[END_REF]. Narrow and wide rectangles indicate respectively 90 • and 180 • pulses. Orange boxes indicate Cross-Polarization (CP) transfers. Striped boxes indicate water suppression obtained with the MISSISSIPI pulse sequence [279]. Grey rectangles indicate heteronuclear decoupling using Example of two relaxation profiles obtained for backbone of two representative residues (vide infra) in E,Zn-SOD (blue) and Cu,Zn-SOD (red). Top:15 N R 1 experimental decay curves and fit curves of backbone residue T137 (loop 7, active channel). Bottom:15 N R 1ρ under spin-lock 20 kHz experimental decay curves and fit curve of residue D101 (in β-strand).

  N R 1ρ relaxation dispersion profiles were measured for the His-side chains of both SOD samples(Figure 4.5b). While a flat dependence of R 1ρ with respect to the spin lock field was observed for most of the histidine side-chains, a large dispersion was observed for His 63 N 2 in the absence of Cu. This spin-lock dependence is abolished upon Cu binding, as revealed by the values of ∆ R 1ρ , the difference of R 1ρ between the lowest and the highest spin lock fields (Figure4.5c).
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 45 Figure 4.5: Summary of the results obtained for the ps-ns dynamics of the histidine side chains in E,Zn-SOD (blue) and Cu,Zn-SOD (red). (a) Top: longitudinal 15 N relaxation rates R 1 . Bottom: 15 N relaxation rates R 1ρ with a spin-lock radiofrequency amplitude of 20 kHz (b) Top: 15 N R 1ρ relaxation dispersion profiles observed in E,Zn-SOD (blue) and Cu, Zn-SOD (red) for His 63 2 (sidechain of His 63) and His 71 2 (sidechain of His 71). (c)15 N ∆R 1ρ (µs-ms dynamics) evaluated from relaxation dispersion profiles for E,Zn-SOD (blue) and Cu,Zn-SOD (red).

Fingerprint 1 H

 1 ,15 N dipolar correlation spectra CP-(H)NH acquired on both Cu,Zn-SOD and E,Zn-SOD at 1 GHz Larmor frequency are reported in Figure4.6a. Resonance assignment was obtained from[START_REF] Knight | Structure and backbone dynamics of a microcrystalline metalloprotein by solid-state NMR[END_REF] 156] and is reported in the BMRB (deposition entry: 18509). The two spectra are almost superimposable, indicating backbone structure and crystal packing conservation in the two forms with the exception of small variations in chemical shifts for backbone NH pairs close to the Cu pocket. For both samples, a single set of resolved peaks was detected, indicating the absence of exchange processes with other substantially populated conformers on timescales slower than ms.
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 46 Figure 4.6: Superposition of15 N-1 H CP-HSQC spectra of E,Zn-SOD (blue) and Cu,Zn-SOD (red), recorded at 1 GHz 1 H Larmor frequency and 60 kHz MAS. The assignment of the most shifted residues and of the residues exposed in the active site (underlined) is reported according toKnight et al. [36, 156].

  N R 1 and R 1ρ decays are displayed in Figure 4.6b. The values obtained for all the analyzed residues are displayed in Figure 4.7. While R 1 relaxation rates are rather similar for the two forms for most of the backbone amide groups, three regions with globally larger values in Cu,Zn-SOD than in E,Zn-SOD were observed: around the active channel in loops 4 (residues 56,58,61) and 7 (residues 133,137,141,142), and in loop 6 (residues 107-111). These regions are highlighted in Figure 4.7 and visible in Figure 4.10 (at the end of this section), in which the values of the relaxation rates are projected on the crystal structure of dimeric SOD. In these regions, metal binding clearly results in an increase of motions on fast timescales. In parallel, an overall decrease of 15 N R 1ρ was observed for Cu,Zn-SOD with respect to E,Zn-SOD, indicating a reduction of motions in the intermediate timescales all along the sequence.

Figure 4

 4 Figure 4.7:15 N backbone relaxation rates measured for E,Zn-SOD (blue triangles) and Cu,Zn-SOD (red circles). Top: longitudinal 15 N relaxation rates R 1 (ps-ns dynamics). Middle: spinlattice15 N relaxation rates in the rotating frame R 1ρ with a spin-lock RF amplitude of 20 kHz (ns-µs dynamics). The secondary structure is indicated above the plots. Orange and green boxes highlight the residues located in loop 4 and 7 respectively, where noticeable differences between the two metallated states were revealed.
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 48 Figure 4.8: Comparison of S 2 from SMF obtained in our MAS NMR study (top) on dimeric SOD and from solution NMR in [268] on monomeric triple-mutant of SOD.
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 49 Figure 4.9: 15 N ∆R 1ρ (µs-ms dynamics) for E,Zn-SOD (top, blue triangles) and Cu,Zn-SOD (bottom, red circles) . The secondary structure is indicated above the plots. Orange and green boxes highlight the residues located in loop 4 and 7 respectively, where noticeable differences between the two metallated states were revealed.
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 410 Figure 4.10: Summary of dynamics results on all the timescales projected onto the structure of E,Zn-SOD (top) and Cu,Zn-SOD (bottom). From left to right: projection of 15 N R 1 , 15 N R 1ρ and 15 N ∆R 1ρ . The same structure has been assumed for the two metallated forms, PDB ID: 1SOS.
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 411 Figure 4.11: Sensitivity of the NMR parameters 15N R 1 (color code, blue), R 1ρ (red) and ∆R 1ρ (yellow) to the timescale of motion (τ). Normalized and absolute values of the computed parameters are plotted against (τ) in the left and right panels, respectively. The scale used for the y-axes in the second panel correspond to the range of experimental values of the corresponding observables. The colored boxes represent the approximate time-sensitivity range of the three parameters.
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 412 Figure 4.12: Schematic view of the dynamical modes activated by Cu binding for the backbone and the metal-binding histidine residues of SOD over the three timescales investigated. For sake of clarity, SOD is represented by its monomer. Portions undergoing dynamics are highlighted by purple shadows. The superoxide diffusion pathway is symbolized by a gradient (lower, left panel).
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 51 Figure 5.1: 13 C longitudinal relaxation rates measured at MAS rates from 60 to 110 kHz for 13 C in backbone Cα (red) and side chains (Cβ, blue, other aliphatic carbons, green) of Leu12, Ala20, Glu48, Val54 at 1GHz (solid line) and 800 MHz (dotted line). Relaxation rates at 60 kHz are missing for Glu48 because resonances were not sufficiently resolved.
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 53 Figure 5.3: (a) Mean values of 15 N R 1 rates measured on [ 13 C, 15 N] GB1 at 800 MHz and at MAS rates 90, 100, 110 kHz. The bars indicate the standard deviation values of 15 N R 1 rates. (b) Experimental bulk 15 N R 1 decay curves measured on [ 13 C, 15 N] GB1 after calibration of the Magic Angle (black), and introducing miscalibration by two (red) and three (green) additional 360 • turns of the regulating screw.
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 54 Figure 5.4: (a) 1 H-detected REDOR pulse sequence used in this PhD work. (d) Time evolution of REDOR signal calculated for a 1 H-15 N spin pair with equation 5.1, assuming a dipolar couplings of 11.4 kHz and τ r =20 µs.

  scheme, which is known to compensate pulse imperfections[101]. This effect does not seem to scale with proton density, nor to depend on the π-pulse length, as observed comparing the curves acquired on D GB1 with those obtained on H GB1 at 110 kHz MAS) with a different pulse length. SIMPSON simulations performed on a three-spin system introducing 1 H dipolar couplings also showed that the impact of close protons is not accountable for this observation (Figure5.5c). Also, the comparison of simulated curves with the dephasing intensity S, instead of the normalized curve ∆S/S 0 , allows to exclude the contribution of relaxation to the observed oscillations.Despite the efforts, this feature in the REDOR curves remains unexplained, and a scaling factor was thus introduced as an additional parameter of the fitting. The accuracy of the fitting was only modest, as shown inFigures 5.6a.Nonetheless, we obtained the dipolar couplings and calculated the order parameters considering a rigid limit NH bond of 1.02 Å (which corresponds to a rigid limit for dipolar couplings δ D,rig =11.4 kHz). The results obtained are shown inFigures 5.6b. 

  .

Figure 5 . 5 :

 55  Comparison of the experimental ∆S/S 0 curve of residue Thr 18 acquired on [ 13 C,15 N] deuterated GB1 with 100% back-exchange ( D GB1,red) with (a) theoretical curve (black) and (b) experimental curve for the same residue in [ 1 H, 13 C,15 N] GB1 at 110 kHz MAS ( H GB1, blue). The same behaviour was observed for all the residues. In (a) the theoretical dephasing curve was calculated with equation 5.1 assuming a dipolar couplings of 11.4 kHz, experimental τ r and experimental number of loops (black dashed line). (c) Comparison of experimental dephasing of signal (black dots) and SIMPSON simulations performed on a three spin systems (solid lines). In the simulations, the distance between N and the first H atoms was kept constant (1.02 Å), while the second NH distance was varied. Sampled values are reported in the legenda.
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 56 Figure 5.6: (a) Experimental (red dots) and fitted (solid, black) curves of residue Thr18. The experimental curve is scaled by a factor 0.95 obtained from the fitting. Residuals are shown as white dots. (b) Comparison of NH S 2 obtained by REDOR (in red) with NH S 2 obtained from a GAF analysis of15 N R 1 and R 1ρ rates. A scaling factor of 0.96 was applied to the GAF order parameters as inMollica et al. [297].
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 57 scheme for the 1 H-13 C CP-HSQC. Examples of experimental REDOR curves are shown in Figure5.7. The curves clearly show that, as predicted by numerical simulations, this approach is not suitable in fully protonated side chains, because neighboring protons introduce additional dephasing.

  and signals can be recorded in a time-shared fashion (Figure 5.8a-b) without intensity losses, and an overall two-fold time saving. The delay used for the sampling of the two CP build up curves can be specifically chosen for 1 H-15 N and 1 H-13 C, in order to follow the different oscillatory behaviours (Figure 5.8c).
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 58 Figure 5.8: (a) Radiofrequency irradiation scheme for simultaneous 1 H-15 N and 1 H-13 C CP-VC . (b) Simultaneous dipolar-based 13 C, 15 N-HSQC spectrum of GB1 acquired at 800 MHz 1 H Larmor frequency and 100 kHz MAS. (c) Examples of 1 H-15 N and 1 H-13 C CP build-up curves obtained with simultaneous acquisition experiment, sampled with 24 points and a delay of 15 µs for 1 H-13 C (top) and 30 µs for 1 H-15 N (bottom).

  H power, perfectly matching the Hartmann-Hahn condition. The analysis of the curves acquired in these conditions revealed more realistic order parameters, confirming the overestimation of dipolar couplings in the first data set, as shown in Figure 5.9a. The impact of such miscalibration was simulated in SIMPSON. The resulting curves reproduced qualitatively the same effect observed experimentally. (Figure 5.9b).
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 59 Figure 5.9: (a) Comparison of experimental dipolar lineshape obtained with a different set-up of the CP conditions on a fully protonated sample of hAqp1(chapter 6). The curve in blue corresponds to mis-calibrated CP conditions, optimized at a contact time τ m = 400 µs. The curve in orange corresponds to CP conditions optimized at a contact time τ m = 75 µs. (b) Comparison of dipolar lineshapes obtained from SIMPSON simulation, using the experimental MAS frequency and CP conditions at the Hartmann-Hahn condition (orange) and with a 4% offset of the radiofrequency.
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 5510 Figure 5.10a and the Fourier transform in Figure 5.10b. The intensity builds up in 150-160 µs and oscillates. Here, taking advantage of the elevated sensitivity in GB1 spectra, we opted for a sampling of 15 µs and acquired 95 points in the indirect dimension. Nevertheless, a sparser sampling is also acceptable, as long as the first oscillations of the CP curve are correctly recapitulated.
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 511 Figure 5.11: Comparison of backbone order parameters (S 2 ) obtained by CP-VC (in blue) with S 2 obtained from a GAF analysis of 15 N relaxation rates. A scaling factor of 0.96 was applied to the GAF order parameters as inMollica et al. [297]. Errorbars correspond to the standard deviation of order parameters calculated from 1000 Monte Carlo simulations.
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 512 Figure 5.12: (a) 2D 1 H-13 C correlation spectrum of [ 13 C,15 N]-GB1 obtained at 800 MHz 1 H Larmor frequency and 110 kHz MAS. (b) 1 H-13 C CP build up curves for two residues (rigid Leu12 and more mobile Asp40): the experimental intensities are depicted in purple, the fitted buildup curve as a black line and the residuals in grey.
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 5513 Figure 5.13 shows a comparison between the experimental order parameters for Hα-Cα and H-N atom pairs (respectively S 2 HαCα and S 2 HN ). A first observation is that S 2 HαCα
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 514 Figure 5.14: Simulation of CP build up curve for a CH 2 group (purple dots) obtained using the spin system shown on the right and fitted curve (black line) according to Equation 5.3. Residuals are shown in grey, and show the deviation of the simulated curve from the theoretical curve for CH after the first oscillation.
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 515 Figure 5.15: (a) Truncated 1 H-13 C CP build up curves for the Cβ group of two Asp residues (Asp 36 and Asp40): the experimental intensities are depicted in fed, the fitted buildup curve as a black line and the residuals in grey. (b) Correlation between 1 Hβ-13 Cβ dipolar couplings obtained with CP-VC and quadrupolar coupling from Shi et al. [140].
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 61 Figure 6.1: Side view (left, in lipid bilayers) and top view (right) of tetrameric hAqp1 (PDB ID: 1FQY).

Figure 6 . 2 :

 62 Figure 6.2: (a) Structure of the monomeric unit of hAqp1, highlighting with the same color the pair of helices with high sequence similarity. (b) Topology of hAqp1 in the membrane, using the same color code as in (a).
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 63 Figure 6.3: 1 H-detected fingerprint spectra, (H)NH (a) and (H)CH in the H α -C α region (b), of 13 C, 15 N -hAqp1 in egg PC:brain PS bilayers, recorded on a 1 GHz ( 1 H) spectrometer with 105 kHz MAS and T ∼280K. Assigned residues are labeled in grey.
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 64 Figure 6.4: Assigned residues (green) displayed on the X-ray structure of hAqp1 (PDB ID:1FQY) (b) and on the topology plot of hAqp1 (reproduced from [313]), where the C-terminus is shown truncated at residue 234. In (b) the additional assignments with respect to previously published data are shown with a different shade of green.
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 65 Figure 6.5: (a) CP build up curves from the simultaneously acquired 1 H-15 N and 1 H-13 C CP-VC experiments: 1 H-15 N curve for residue S167 (left) , 1 Hα-13 Cα curve for residue V46 (right). The experimental intensities are depicted in green (left) or purple (right), the fitted buildup curve as a black line and the residuals in grey. (b)Results of the 1 H-15 N and 1 H-13 C CP-VC experiments for [ 13 C, 15 N]-hAQP1. Comparison of the H-N (top) and Hα-Cα (bottom) S 2 obtained by CP-VC and extracted from a 1 µs MD trajectory (grey shadows). The secondary structure elements are indicated above the plots, α-helices are indicated with orange boxes, with the exception of HE and HB, shown in brown.
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 66 Figure 6.6: S 2 obtained for methine and methylene moieties of side chains reported on the structure of tetrameric Aquaporin 1 (PDB ID: 6POJ), section (a) and top view (b). Only one protomer is represented with ribbons, the others are shown as surfaces. Side chains of the analyzed residues are showed as sticks. Thicker sticks indicate smaller dipolar couplings and order parameters, thus more flexible CH (cyan) and CH 2 (light green) fragments. Thinner sticks indicate larger dipolar couplings and order parameters, thus more rigid CH (blue) and CH 2 (dark green) fragments. Loop C is indicated in orange in (a). (c) Zoom on the region of periplasmic loops, where the very distinct flexibility of two Valines,Val 46 and Val 133, is highlighted.
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 67 Figure 6.7: 15 N backbone relaxation rates measured for [ 13 C, 15 N]-hAqp1 at 280 K, 800 MHz (black) and 1 GHz (grey) Larmor frequencies. Top: longitudinal 15 N relaxation rates R 1 . Bottom: spin-lattice 15 N relaxation rates in the rotating frame R 1ρ with a spin-lock RF amplitude of 15 kHz. (b) Projection of the relaxation rates measured at the GHz on the structure of hAqp1 (PDB ID: 6POJ). The color (red to blue) and the radius (large to small) of the spheres indicate higher and lower 15 N relaxation rates, respectively.
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 68 Figure 6.8: Comparison of backbone order parameters (S 2 ) obtained from the SMF analysis of15 N R 1 and R 1ρ (in purple) with S 2 obtained by CP-VC (in green). The residues for which higher discrepancies were observed are shown with red circles.

Figure 6

 6 Figure 6.9: Summary of results obtained from EMF analysis of15 N relaxation rates and S 2 from CP-VC. From top to bottom: fast correlational timescale, τ f (red circles), slow correlational timescales, τ s (blue circles), order parameters of the fast motions, S 2 f (red diamonds), order parameters of the slow motions, S 2 s (blue diamonds). The S 2 f obtained by CP-VC are shown as a grey line for comparison in the two bottom plots. In the plot of τ s the trends commented in the text are shown with dashed lines.
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 610 Figure 6.10: (a) Values of τ s commented in the text reported (and labeled) on the structure of hAqp1 (PDB:6POJ). The internal pore, obtained from HOLE [314] is also depicted. Red indicates a pore diameter less than one water molecule (1.15 Å), green a pore diameter of one water molecule (1.15-2.30 Å), purple a pore diameter larger than one water molecule radius (>2.30 Å). (b) Zoom of the figure in (a) in correspondence of loop A, where lower τ s (faster motions) were observed in the first part (Ser 66, His 69) facing the large portion of the pore and higher τ s (slower motions) in correspondence of the pore restriction (Gly 72, Ala 73, Gly 74).

  a β-turn in this region of loop C, a feature recently hypothesized d by a first structural analysis byMAS NMR [310]. This conformational arrangement would optimize water transport providing the correct orientation of loop C for its interaction with the selectivity filter. On the opposite side of the channel, our modeling of backbone motions on multiple timescales reveals a slowdown of motions in loop B for residues closer to the functional NPA region. Interestingly, residues Gly 72, Ala 73 and His 74 are known to provide the main interaction sites for water from the cytoplasmic side[309]. The reduced mobility of the backbone in this region provides the correct conformation for efficient and selective water transport.Importantly, the determination of dipolar couplings in the side chains provides the motional amplitude of Asn 76, in the NPA motif. In the transport mechanism, the side chain of Asn 76 is involved in shuttling water -in tandem with Asn 192 -through the formation of a hydrogen bond via its Nδ2 atom[307]. MD simulations performed on bovine Aquaporin 1, in which the NPA motif is conserved, have shown that motions of the side chains in NPA region are fundamental for transport to occur[316]. Our finding
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 7172 Figure 7.1: Section (a) and top view (b) of pentameric Tm CorA in the Mg 2+ -bound form (PDB: 4I0U) in lipid bilayers. The monomeric unit is shown in brown. Mg 2+ ions are shown as green spheres. (c) Structure of the Tm CorA, highlighting different elements of the secondary structure.
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 2721 . MAS NMR investigation of Tm CorA in the presence of Mg 2+ Sample optimization Samples of TmCorA were prepared as described in Appendix A. Briefly, the protein expresses into the inner membrane of E.coli and can be purified in detergent. When expressed in minimal medium, the average yield of purified CorA was 5 mg per liter of culture. uniformly 13 C, 15 N labeled CorA was purified in DDM and reconstituted into multilamellar lipid vesicles by dialysis in the presence of 40 mM MgCl 2 . Different conditions of lipid composition, temperature, and protein-to-lipid (P:L) ratio were tested comparing NMR fingerprint spectra and relaxation properties of 15 N labeled CorA at 60 kHz MAS in a 1.3 mm rotor. All tested conditions were promising, with optimal setup in DMPC at a protein to lipid ratio of 2:1 (weight/weight). A crystalline sample was also obtained and used as a reference point for resolution and sensitivity in sample optimization. The (H)NH spectra recorded at 60 kHz MAS in lipids and in crystals are shown in Figure 7.3. The spectra look similar, displaying
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 73 Figure 7.3: (H)NH spectra of (a) lipid embedded and (b) crystalline Mg 2+ -bound 15 N-TmCorA. Both spectra were recorded at 700 MHz 1 H Larmor frequency with 60 kHz MAS.
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 74 Figure 7.4: (a-b) 1 H-15 N correlation spectra of TmCorA acquired at 500 MHz and 60 kHz (a) and 107 kHz (b) MAS. (c-e) 1 H-15 N correlation spectra of TmCorA acquired at 107 kHz MAS and Larmor frequency 500 (c), 800 (d) and 1000 MHz (e). The experimental time to acquire the spectra is shown in red.
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 75 Figure 7.5: 1 H-detected fingerprint spectra (left,red: (H)NH; right,blue: (H)CH, H α -C α region) of 13 C, 15 N -TmCorA in DMPC recorded on a 1 GHz ( 1 H) spectrometer with 107 kHz MAS and T ∼300K. A 1D trace shows the average 1 H linewidths. Assigned residues are labeled in grey.

  3 and assignment is reported in Appendix B. An example of sequential links combining 1 HN and 1 H α detected experiments is shown in Figure 7.6.The experiments were generally characterized by high transfer efficiencies: for the two most sensitive experiments, (H)COCAH and (H)CANH, they were respectively 55% with respect to the (H)CH, and 44 % with respect to the (H)NH. Automatic peak-picking revealed the appearance of 190 peaks on average per 3D spectrum (205 peaks in the most sensitive (H)COCAH spectrum), indicating that a significant part of the 353-residue protein is not detectable under the given experimental conditions. This might arise from a general problem of sensitivity, local sample inhomogeneity, or, most likely, motions in an unfavorable timescale for CP-MAS NMR. Indeed, signal intensity in CP based experiments highly depends on motions and on structural homogeneity. In particular, the absence of peaks might be caused by broadening beyond detection induced by the presence of exchange on the intermediate (ms) timescale. Additionally, in 3D experiments with13 C-15 N ms-long CP transfers, R 1ρ relaxation could induce a partial loss of signal, preventing the detection of low intensity peaks.

Figure 7 .

 7 7b, from which it is evident that the assignment is clustered in the globular αβα sandwich (∼50% assigned) and in the transmembrane domain (∼65% assigned), including the important periplasmic loop, whereas regions of missing resonances are the N-terminal peptide, the cytoplasmic part of stalk helix 7, helix 6 and parts of helix 5. According to published structures, the N-terminus (∼20 residues) is disordered and thus expected to escape from detection in CP-MAS experiments. Disordered residues can be detected in INEPT based experiments. A 1 H-15 N CP-HSQC recorded at 107 kHz MAS is shown in Figure 7.8. The majority of peaks fall into the 1 H random-coil region
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 77 Figure 7.7: (a) Graphical summary of the manual and automated assignments, superimposed with the amino acid sequence and a sketch of secondary structure elements. Assignment with high confidence levels in FLYA are colored in light green when confirmed by manual assignment, in orange otherwise. Assignments with low confidence levels in FLYA are colored in light gray. Additional assignments found manually are shown in dark green. (b) Assignments shown on the X-ray structure of CorA protomer (PDB ID:4I0U), with the same color code.
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 78 Figure 7.8: CP and INEPT based 2D 1 H-15 N correlation spectra of CorA in DMPC recorded at 107 kHz MAS, 1 GHz Larmor frequency and T∼300 K. The typical 1 H random-coil zone of chemical shifts is highlighted. Folded side-chain resonances are marked with a pink asterisk.
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 79710 Figure 7.9: Random coil chemical shift deviations,∆δC α -∆δC β , for all the assigned residues in TmCorA. Secondary structure elements from the X-ray structure are sketched above.

  N R 1ρ rates. Due to the high protonation level, spin-lock fields below 8 kHz are not accessible for dynamics because of the impact of the coherent effects. Nevertheless, higher spin-lock strengths (here, 11 kHz) can still reveal the presence of motions in the ns-µs range. Due to the large size of CorA, only a limited number of resonances are resolved in the 2D 1 H-15 N plane. Thus, we chose to increase the dimensionality of the relaxation experiments with an additional 13 C' chemical shift evolution period [335]. The pulse sequence of the (H)CONH-based experiment is shown in Figure 7.11a. Thanks to higher resolution, 94 resolved peaks were analysed. Figure 7.11b shows a representation of all the measured relaxation rates on the (
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 711 Figure 7.11: (a) Pulse sequence used for measurement of 15 N R 1ρ based on a 3D (H)CONH. The spin-lock mixing time τ SL is represented as a green box. (b) Sketch of the relaxation rates measured at 107 kHz MAS and Larmor frequency 1 GHz under a spin-lock of 11 kHz. Different values of R 1ρ are represented with dots of different color and size in the 3D cube of (H)CONH. The legend for color gradient is shown on top of the cube, the size of the dots increases with relaxation rates values.

CorAFigure 7 . 12 :

 712 Figure 7.12: Distribution of relaxation rates measured for assigned residues in CorA and in other fully protonated proteins . The Y axis indicates the probability of measuring R 1ρ according to ranges of values shown on X axis. Relaxation rates shown for microcrystalline GB1, sedimented β 2 clamp and human Aquaporin1 in lipid bilayers are unpublished results measured in our laboratory, at 800 MHz 1 H Larmor frequency, 100 kHz MAS and spin-lock 15 kHz.
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 713 Figure 7.13: (a) R 1ρ relaxation decay curves for two unassigned Serine residues. Curves were fitted with monoexponential decay and the error was estimated with Monte Carlo simulations from experimental noise. (b) Assignment and predicted assignment shown on the structure of CorA (PDB:4I0U). Assigned residues are shown in green, predicted assignment are shown in orange, unassigned Serine residues are shown in red and blue with the color code used in (a) and (c). (c) Site-specific R 1ρ rates obtained for assigned residues in CorA. Results are plotted with respect to a coordinate z aligned with the central pore, that is the axis of symmetry of the pentamer. Relaxation rates corresponding to the curves in (a) are reported with the same color code, multiple times and with the corresponding assignment guess in the label. The assignment of some relevant residues is reported. Ambiguous assignments are marked in orange.

Figure 7 .

 7 Figure 7.13c. Interestingly, with this representation, a trend in the relaxation rates was clearly observed, where additionally assigned fast-relaxing residues are located closer to the core of CorA. With this hypothesis, we were able to reduce the ambiguity on the unassigned α-helix Serines. Indeed, 3 of them (Ser 172, Ser 232, Ser 233) are located in the cytoplasmic domain, close to the αβα sandwich, while other 3 (Ser 281, Ser 282, Ser 284) are closer to the transmembrane and S273 is in the core of the protein. According to the observed trend in the relaxation rate, we predicted the slow relaxing Serine to be S172, S232 or S233 and the fast relaxing to be Ser 273, Ser 281, Ser 282 or Ser 284 (respectively blue and red in Figure 7.13b-c).
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 77 Figure 7.14: a) Overlap of (H)NH spectra from CorA in H 2 O (light blue) and in D 2 O, (red) at 107 kHz MAS, 1 H Larmor frequency of 1GHz and T ∼300K. Assigned transmembrane residues are annotated. b) Residues assigned in hCANH are shown onto the X-ray structure (PDB:4I0U) in the transmembrane (top) and αβα sandwich domains (bottom), in blue if visible only in H 2 O (i.e. solvent exposed), in red if visible also in D 2 O (i.e. solvent protected). Mg ions are depicted as green spheres.

Figure 7 .

 7 14b,bottom), where hydrogen bonding and shielding by surrounding structural elements likely reduce solvent exchange. Only very few of the unassigned peaks were solvent protected. On the downside, their disappearance did not allow us to extend the assignment any further. An interesting feature was observed in the stretch from Thr 305 to Asn 314, which is part of the transmembrane pore for Mg 2+ . We observed a regular trend in the variation of the intensities, with minima in Gly 309 and Met 313 and maxima in Thr 305 and Asn 314, as shown in Figure7.15a. This observation is in good agreement with the variation of pore size as obtained from the analysis with the program HOLE [314] (Figure7.15b).
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 7157167717 Figure 7.15: (a) Bar plot of the (H)CANH peak intensities ratio between [ 13 C, 15 N]-CorA in D 2 O (I D 2 O ) and in H 2 O (I H 2 O ) in the stretch T305-N314. (b) Pore representation in the transmembrane region as obtained from HOLE. Green indicates a pore diameter of one water molecule (1.15-2.30 Å), blue a pore diameter larger than one water molecule radius (>2.30 Å). (c) HOLE pore radius values for residues T305, G309, G312, N314. The vertical axis values increase from top to bottom.

7. 3

 3 II. Investigation of the open formIn the second part of this chapter, we report the results of our investigation of CorA in the absence of Mg 2+ as compared with the previous characterization at high Mg 2+ concentration. Our experimental findings, comparing backbone structural and dynamical features of the two forms, are complemented by Small-Angle Neutron Scattering data and molecular simulations and modelling thanks to collaborations with Professor Lise Arleth at the Niels-Bohr Institute, University of Copenhagen and Professor Kresten-Lindorff Larsen at the Department of Biology, University of Copenhagen. The SANS and MD results are unpublished and will be only briefly presented here.7.3.1 Structural comparison from MAS spectraMagnesium-free TmCorA was obtained by washing repeatedly purified [ 13 C,15 N]-CorA with 1 mM EDTA prior to reconstitution in DMPC. The (H)NH fingerprint spectra acquired at 1 GHz 1 H Larmor frequency and 107 kHz MAS are shown inFigure 7.18. 

Figure 7 .

 7 Figure 7.18: (H)NH spectra of TmCorA in excess (blue) and in absence (red) of Mg 2+ . The blue spectra was acquired with 32 scans, the red with 128. The 1D projection shown on top of the spectra has been normalized with respect to the number of scans.

  N-alanine labelled CorA. Each CorA protomer contains eight alanines, distributed in the transmembrane domain (4) and in the cytoplasmic domain (4) (Figure 7.19a). Importantly, 15 N selective labeling of Ala is not affected by scrambling [338]. The (H)NH spectrum of 15 N-alanine labelled CorA in the presence and in the absence of Mg 2+ acquired at 60 kHz MAS are shown in Figure 7.19b.
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 719 Figure 7.19: (a)Visualization of the position of Alanine residues (green spheres) on the structure of CorA (PDB ID: 4I0U). (b) (H)NH spectra of 15 N-Alanine labeled CorA of TmCorA in excess (blue) and in absence (red) of Mg 2+ , acquired at 60 kHz MAS and 1 GHz 1 H Larmor frequency.

Figure 7 . 20 :

 720 Figure 7.20: (a) SANS curves calculated from the atomic coordinates of CorA structures in the presence (PDB: 4I0U) and in the absence (PDB: 3JCF) of Mg 2+ , with the distribution function p(r) shown in the inset. (b) Left: SANS data of CorA embedded in stealth nanodiscs (sND) [339]. Right: zoomed comparison of the experimental data (dashed lines) and calculated SANS curves (full lines). With courtesy of Dr. Nicolai Tidemand Johansen [340].

  N-based dynamical probes, NMR can provide a characterization of backbone dynamics of these states on different timescales. A first qualitative information on the dynamics of different residues in the two forms can be easily obtained by comparing the peak intensity in CP-based experiments. A reduction in intensity was observed by comparing the 1D projection of the (H)NH spectra (Fig 7.18a top panel), suggesting a general increase in motional flexibility in the absence of Mg 2+ . A 3D experiment, such as (H)CANH, offers higher resolution but, with a mslong CP transfer, an even more stringent filter. Figure 7.21a shows the (H)CANH signal intensities of assigned peaks plotted over the protein sequence in the presence and the absence of Mg 2+ . Peak intensities were generally reduced in the absence of Mg 2+ , with the most striking differences observed in the transmembrane domain where several resonances are undetectable. The peak disappearance could be justified by signal loss induced by spin relaxation during CP transfers, or by broadening beyond detection induced by a shift from fast (ns-µs) to intermediate (ms) exchange.

Figure 7 . 21 :

 721 Figure 7.21: Summary of dynamics results by MAS NMR for CorA in DMPC in the presence (blue) and in the absence (red) of Mg 2+ . (a) Top:Comparison of peak intensities in 3D (H)CANH spectra. Bottom: Comparison of site-specific 15 N R 1ρ measured with 15 kHz Spin Lock at 107 kHz MAS and 1 H Larmor frequency 800 MHz. (b) Relaxation decay curves for residue T65, in the αβα sandwich and for residue T305, in the transmembrane region. (c) 15 N R 1ρ measured with 15 kHz Spin Lock at 60 kHz MAS and 1 H Larmor frequency 1 GHz on 15 N-Ala labeled samples of CorA.

Figure 7 . 22 :

 722 Figure 7.22: (a) Comparison of site-specific 15 N R 1ρ relaxation rates measured in CorA at 300 K (blue, red) and 280 K (cyan, magenta) in the presence (blue, cyan) and in the absence (red, magenta) of Mg 2+ . Dashed lines indicate average relaxation rate values in the cytoplasmic domain and transmembrane region distinctly.

Figure 7 . 24 :

 724 Figure 7.24: Experimental (blue,red) and fitted (black) dipolar profiles obtained from the Fourier Transform of CP-VC experiments for 15 N Ala samples of CorA in the presence (blue, top) and in the absence (red, bottom) of Mg 2+ . Dotted lines are drawn from the maxima of the profiles of the Mg 2+ -sample, to show the reduction in the Mg-free form. The assignment of the Ala is shown on top of each plot.

  ted state and to the superhydrated state were reduced in the absence of Mg2+ . In our study, this conductive superhydrated state appears indistinguishable from the dynamic ensemble of non-conducting states, either because it is poorly populated or because it is also rapidly interconverting with the other states. Interestingly, increased hydration was shown to induce faster dynamics in membrane-spanning peptides and membrane proteins and to reduce CP efficiencies[342]. The increased hydration due to opening of the channel could then justify the disappearance of peaks in the transmembrane region in the Mg 2+ -free form.The absence of Mg 2+ promotes dynamics on multiple timescales. The exclusive characterization of structural features is not sufficient to understand the changes related to Mg 2+ gating in CorA. In this work, the observation of a variety of15 N NMR parameters sensitive to dynamics allowed to detect the activation of motions on different timescales following removal of Mg 2+ . The reduced NH dipolar couplings and increased bulk 15 N R 1 in the absence of Mg 2+ are indicative of less restricted backbone motions on subµs and ps-ns timescale, which was also previously suggested by MD simulations [330].

ure 7 . 2 )Figure 7 . 25 :

 72725 Figure 7.25: Comparison between the previously proposed "symmetry breaking" gating model and the "dynamic model" here proposed. Symmetric and asymmetric states of CorA are schematically represented, and blur is used to represent dynamics.

7. 4 Conclusions

 4 In conclusion, from our investigation of the Mg 2+ -bound form and the comparison with the Mg 2+ -free one, we question the validity of the previous conduction mechanisms in which CorA is presented in equlibrium between a stable, closed state and a dynamically fluctuating open state. We suggest instead a model in which CorA is a dynamic channel irrespective of Mg 2+ binding, spanning symmetric and asymmetric states with fast exchange. We propose the variations in local dynamics induced by Mg 2+ release at the regulatory sites as the determinant factor to induce a shift in these equilibria.

I

  then applied the methods established on the above model proteins, to study dynamics in human Aquaporin 1. On one hand, this enabled to outstrip the simplest interpretation of relaxation based on a single dominant motion and to establish an extended model which more carefully maps the spectral density. On the other hand, this enriched the picture of backbone dynamics with information on motional amplitudes of the side chains. This analysis demonstrates that, in addition to the wealth of information provided to date by static structures, a role in the selective and efficient transport of water is additionally played by a local modulation of dynamics of backbone and side chains along the conduction pathway. The investigation of the bacterial Mg 2+ -channel CorA provides a new point of view on the dynamical nature of metal transport across membranes, challenging a traditional ''crystallographic''' representation based on the alternation of a rigid ''closed''' (nonconductive) state and multiple ''open'' (conductive) states. Instead, our experiments revealed that the non-conductive Mg 2+ -bound state of CorA retains significant dynamics and is likely to experience fast exchange between multiple non-conductive conformations, very similar to what happens in the Mg 2+ -deprived (conductive) state. Despite an overall conservation of the structural features in the two forms, dynamics of increased amplitude was measured for the conductive state, suggesting also for this system a key role of backbone motions in promoting ion gating. These results demonstrate that MAS NMR today is a powerful technique capable of rapidly determining site-specific amplitude and timescales of local motions in microcrystalline and membrane proteins reconstituted in lipid bilayers, thus opening new possibilities for the biophysical characterization of living systems.

Figure

  Figure C1.15 N R 1ρ rates acquired on on [ 1 H,13 C,15 N]-GB1 at 110 kHz MAS and variable Spin-Lock. (a) Comparison of experimental15 N R 1ρ curves acquired with spin-lock 3 kHz (blue), 10 kHz (cyan) and15 kHz (orange). (b) Plot of 15 N R 1ρ rates obtained from fitting at 3 kHz (blue bars), 8 kHz (green circles), 10 kHz (cyan triangles),15 kHz (orange stars). The increase of15 N R 1ρ at 3 kHz for all the residues in GB1 can not be justified in terms of conformational exchange and reveals instead the non-negligible contribution of coherent effects at low spin-lock fields.

Figure C. 1 :Figure C. 1 .

 11 Figure C.1: 15 N R 1ρ relaxation dispersion curves for E,Zn-SOD (blue) and Cu,Zn-SOD, acquired on a 1 GHz spectrometer (continue in next page)

  

Table 1 . 1 :

 11 Spherical tensor components of dipolar couplings and CSA interactions expressed in the basis of eigenoperators of the Zeeman commutator super operator.

Table 1 . 2 :

 12 Eigenoperators and eigenvalues of the Zeeman commutator super operator of a two spin system.

	m	V m p	ω p
	0	2 √ 6	

  Theoretical R 1ρ curves calculated for15 N from equation 1.22 using a SMF expression for the spectral densities and considering CSA and 15 N-

	0 2 4 R1ρ /1e 3 s -1 (a)	ν1:10 kHz log10(τ c /s) -8 -6	40 60 80 100 νR / kHz: -4	-2 R1ρ /1e 3 1 2 s -1 (b)	-8 νR:80 kHz	log10(τ c /s) -6 -4	15 25 35 45 5 ν1/kHz -2 (c) max R1ρ \ max R1ρ,5kHz 1.9 5 1	15	ν1 /kHz 25 νR:60 kHz 35 νR:80 kHz 45

0 Figure 1.9: 1 H dipolar couplings interactions. (ab) Dependence of R 1ρ on MAS rate (ν r =ω r /2π) and spin-lock strength (ν 1 =ω 1 /2π). (a) Curves calculated with spin-lock strength of 10 kHz, Larmor frequency 800 MHz and MAS rates of 40, 60, 80, 100 kHz. (b) Curves calculated with MAS rate of 80 kHz, Larmor frequency 800 MHz and spin-lock field

[START_REF] Bacic | Recent advances in single-molecule fluorescence microscopy render structural biology dynamic[END_REF] 15,[START_REF] Kurbanov | The nuclear magnetic resonance relaxation data analysis in solids: General R 1 / R 1ρ equations and the model-free approach[END_REF][START_REF] Lewandowski | Anisotropic Collective Motion Contributes to Nuclear Spin Relaxation in Crystalline Proteins[END_REF] 45 kHz. (c) 

Effect of MAS rate on the dependence of R 1ρ on spin-lock strength. The two curves report the maximum of R 1ρ (normalized with respect to the value at ν 1 =5 kHz) calculated at variable spin-lock strength for MAS rate 60 kHz (red) and 80 kHz (blue).

  ∆ω 21 = |ω 1ω 2 |. If k ex << ∆ω 12 , the two conformations are in slow exchange and two distinct resonances can be observed in the spectra, with an intensity proportional to the respective population. With the increase of k ex , in the intermediate exchange, the line width of the peaks increases until coalescence is reached for k ex ∼ ∆ω 12 , i.e. the two

	Minor state
	Major state
	Free energy
	2 , respectively, with populations p 1 and p 2 . The conversion between the two states occurs with rate constants k 12 and k 21 for the forward and backward processes, so that a kinetic constant of exchange k ex can be defined as k ex = k 12 + k 21 . The exchange is classified on the basis of the relative value of k ex (in Hz) and the difference of chemical shift between the two 15 N isotropic chemical shift 1 H isotropic chemical shift sites, θ Dipolar-coupling and chemical-shift tensors

  .16).

	D21	
	T22	D52
	Figure 1.16: Experimental	
	Singh et al. combined the two relaxation dispersion techniques to investigate the
	protein-water interactions in the active site of perdeuterated human Carbonic Anhydrase
	II with 100% back-exchange. In particular, variations in in this enzyme's geometry of the
	H-bond network are expected during catalysis and in the presence of inhibitors. Since
	the direct observation of fast water exchange is elusive, the authors addressed the water
	coordinating residues, expecting the chemical shift perturbations introduced by these
	variations to lead to measurable relaxation dispersion effects. Indeed, on-resonance RD
	experiments with spin-lock in the range 1-10 kHz (whereas the authors remark that co-
	herent effects are not suppressed for spin-lock <1.5 kHz) revealed an exchange on the
	order of 100 µs for the amide sites of T198, the key residue coordinating a "deep water"
	in the active site. NERRD in the 10 to 54 kHz range (with a MAS rate of 55.55 kHz)

  .3b.

			CH				CH 2				CH 3	
	0.3 Cα			1	Cβ			2	Cβ		
	/ s -1				/ s -1				/ s -1			
	0.2 Mean R 1				0.6 0.8 Mean R 1				1.6 1.8 Mean R 1			
	0.1	60	80 ν MAS /kHz	100	0.4	60	80 ν MAS /kHz	100	1.4	60	80 ν MAS /kHz	100
	0.8 Cβ			1	CΧ			2	CΧ		
	0.6 / s -1				/ s -1				/ s -1			
	0.4 Mean R 1				0.6 0.8 Mean R 1				1.6 1.8 Mean R 1			
	0.2											
		60	80 ν MAS /kHz	100	0.4	60	80 ν MAS /kHz	100	1.4	60	ν MAS /kHz 80	100

Figure 5.2: Mean 13 C R 1 values relaxation rates at variable MAS for Cα (red), Cβ (blue) and for the other aliphatic carbons (green) at Larmor frequency 1 GHz (diamonds) and 800 MHz (circles). The mean values were calculated distinguishing between different carbon types (CH, CH 2 , CH 3 ), as indicated above each plot.
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 61 Experimental parameters of NMR data acquisition for resonance assignment. Indicated times refer to CP contact times or delays used for INEPT transfers. All the experiments were acquired at 280 K and 1 GHz 1 H Larmor frequency.

	Experiment	hCANH	hcoCAcoNH	hCONH	hNCAH	hCOCAH	hCBCAH
	Transfer 1	HC-CP	HC-CP	HC-CP	HN-CP	HC-CP	HC-CP
	Max RF Field (kHz)	138/34	136/34	136/34	141/35	167/35	138/34
	Time (ms)*	0.6	1	1	1	3	0.6
	Transfer 2	CN-CP	CO-CA-CO INEPT	CN-CP	NC-CP	CO-CA INEPT	CB-CA INEPT
	Max RF Field (kHz)	65/34	-	65/34	34/66	-	-
	Time (ms)*	12	4	11	12	4	6.4
	Transfer 3	NH-CP	CN-CP	NH-CP	CH-CP	CH-CP	CH-CP
	Max RF Field (kHz)	44/142	65/34	44/142	34/139	57/153	34/135
	Time (ms)*	0.6	11	0.6	0.2	0.5	0.17
	Transfer 4	-	NH-CP	-	-	-	-
	Max RF Field (kHz)	-	44/142	-	-	-	-
	Time (ms)*	-	0.6	-	-	-	-
	sw (t1) (ppm)	32	32	12	40	12	32
	Acq.time (t1) (ms)	6.2	6.2	11.9	8.1	7.9	6.2
	sw (t2) (ppm)	40	40	40	32	36	74
	Acq.time (t2) (ms)	8.1	10	8.6	6.2	5.5	4.8
	sw (t3) (ppm)	100	100	100	100	100	100
	Acq.time (t3) (ms)	20	20	20	20	20	20
	1H decoupling	sltppm	sltppm	sltppm	sltppm	sltppm	sltppm
	Field (kHz)	16.5	16.5	16.5	16.5	16.5	16.5
	Interscan delay (s)	1.05	1.05	1	1.05	1.3	1.05
	Number of scans	8	16	8	8	8	8
	Measurement time (h)	15	22	11	15	14	42

Table 7 . 1 :

 71 Bulk R 1ρ measured in TmCorA at 700 MHz and 60 kHz MAS on lipid embedded and crystalline Mg 2+ -bound 15 N-TmCorA.

	Spin Lock / kHz	Bulk R 1ρ /s -1
		Lipids Crystalline
	8	8.72	8.34
	10	7.70	7.22
	15	7.77	6.82
	20	7.16	7.10

Table 7 . 2 :

 72 Bulk T 2 ' measured in TmCorA at 700 MHz and 60 kHz MAS and at 1GHz and 107 kHz MAS.

		T 2 ' /ms
		60 kHz	107kHz
		700 MHz 1 GHz
	1 H N	0.9	3.0
	1 H α 15 N	-26	3.8 44
	13 C α 13 C'	--	28 40
	from 60 kHz MAS and 700 MHz to 107 kHz MAS and 1 GHz. Proton T 2 ' are well in line

Table 7 . 3 :

 73 Experimental parameters of NMR data acquisition for resonance assignment. Indicated times refer to CP contact times or delays used for INEPT transfers. All the experiments were acquired at 300 K and 1 GHz 1 H Larmor frequency, with the exception of (H)CO(CA)NH and (H)CB(CA)NH which were acquired at 800 MHz.

	Experiment	hCANH	hcoCAcoNH	hCONH	hCOcaNH	hcaCBcaNH	hcaCBcacoNH
	Transfer 1	HC-CP	HC-CP	HC-CP	HC-CP	HC-CP	HC-CP
	Max RF Field (kHz)	135/24	135/25	138/28	146/30	141/30	131/25
	Time (ms)*	0.17	0.17	1	3	1	0.65
	Transfer 2	CN-CP	CO-CA-CO INEPT	CN-CP	CO-CA INEPT	CA-CB-CA INEPT	CA-CB-CA INEPT
	Max RF Field (kHz)	62/48	-	62/45	-	-	-
	Time (ms)*	10	4	12	4	5.6	5.6
	Transfer 3	NH-CP	CN-CP	NH-CP	CN-CP	CN-CP	CA-CO INEPT
	Max RF Field (kHz)	139/30	63/48	139/30	67/44	66/44	-
	Time (ms)*	0.5	10	0.4	12	12	4.1
	Transfer 4	-	NH-CP	-	NH-CP	NH-CP	CN-CP
	Max RF Field (kHz)	-	30/139	-	30/147	30/144	39.6/63.6
	Time (ms)*	-	0.5	-	0.5	0.5	10
	Transfer 5	-	-	-	-	-	NH-CP
	Max RF Field (kHz)	-	-	-	-	-	29/131
	Time (ms)*	-	-	-	-	-	0.5
	sw (t1) (ppm)	32	32	15	20	70	70
	Acq.time (t1) (ms)	6.5	6.66	8	10	4	4.2
	sw (t2) (ppm)	30	30	35	40	40	40
	Acq.time (t2) (ms)	10.5	10.5	10	6	6	5.9
	sw (t3) (ppm)	40	40	100	40	40	100
	Acq.time (t3) (ms)	30	30	30	20	20	20
	1 H decoupling	sltppm	sltppm	sltppm	sltppm	sltppm	sltppm
	Field (kHz)	26	24	25	26	26	17
	Interscan delay (s)	1	1	1	1	0.9	1
	Number of scans	8	32	8	64	160	48
	Measurement time (h)	15	60	10	57	182	166
	Experiment	hNCAH	hNcoCAH	hCOCAH	hCOnCAH	hCBCAH	
	Transfer 1	HN-CP	HN-CP	HC-CP	HC-CP	HC-CP	
	Field (kHz)	141/30	132/30	134/28	147/33	139/28	
	Time (ms)*	0.5	0.5	0.3	2.5	0.8	
	Transfer 2	NC-CP	NC-CP	CO-CA INEPT	CN-CP	CB-CA INEPT	
	Field (kHz)	48/62	48/62	-	71.6/37	-	
	Time (ms)*	13	12	3.9	12	5.6	
	Transfer 3	CH-CP	CO-CA INEPT	CH-CP	NC-CP	CH-CP	
	Field (kHz)	28/138	-	28/134	37/71.6	28/138	
	Time (ms)*	0.2	4	0.18	12	0.3	
	Transfer 4	-	CH-CP	-	CH-CP	-	
	Field (kHz)	-	28/138	-	72/145	-	
	Time (ms)*	-	0.2	-	0.4	-	
	sw (t1) (ppm)	30	30	15	12	35	
	Acq.time (t1) (ms)	10.5	10.5	6.3	7.9	6.1	
	sw (t2) (ppm)	32	32	30	32	65	
	Acq.time (t2) (ms)	6.6	6.6	7	6.6	5.6	
	sw (t3) (ppm)	40	40	100	100	100	
	Acq.time (t3) (ms)	30	30	20.5	30	30	
	1 H decoupling	sltppm	sltppm	sltppm	waltz	sltppm	
	Field (kHz)	26.5	26.5	24	14.6	24.8	
	Interscan delay (s)	1	1	1.2	1	0.9	
	Number of scans	16	32	8	32	8	
	Measurement time (h)	30	60	14	45	39	

  Representative strip plots for sequential assignment. (a) Sequential link for the stretch of residues 307-311 with H α -and H N -detected experiments connecting 15 N,13 CA and 1 H resonances. (b) Sequential link for the stretch of residues 29-35 with H α -detected experiments connecting13 CA,13 CO and 1 HA resonances.

	(a)	(H)NCAHA/(H)N(CO)CAHA	(H)CANH / (H)(CO)CA(CO)NH	(b)	(H)COCAHA/(H)CO(N)CAHA
	δ( 1 Hα) ppm	3.03 4.33 3.62 3.40 4.17 I307 A308 G309I310 Y311	119.7118.7108.6126.1113.0 I307 A308 G309I310 Y311	δ( 15 N) ppm	δ( 1 Hα) ppm	I29 E30 V31 M32 N33 Y34 S35 4.60 4.64 4.29 5.08 5.61 5.34 4.86
		110			50		170
	116 δ( 15 N)/ppm			55	δ( 13 Cα)/ppm	δ( 13 C')/ppm	174 172
					60	
		122					176
					65	
							178
			66.0 54.8 47.2 64.6 61.2 δ( 13 Cα)/ppm	δ( 1 Hα)/ppm 7.9 7.8 8.3 8.1 6.65			59.8 53.6 60.1 55.4 52.0 56.4 56.1 δ( 13 Cα)/ppm
	Figure 7.6:			

  crystal structure of CorA at high Mg 2+ concentration was solved for the first time in 2006. Since then, a plethora of structural and biophysical studies have investigated the functional mechanism of this ion channel, which nevertheless remains elusive. X-ray and cryo-EM studies agree in describing CorA at high Mg concentration as a highly symmetric non conductive state with a unique conformation. Here, we performed the first MAS NMR study on TmCorA. Our findings, obtained in lipid bilayers and at a temperature closer to the physiological state, give a more complex picture, where the CorA channel Crystalline and lipid preparation of CorA show similar spectral signatures. With solidstate NMR, membrane proteins can be studied in various preparations, such as microcrystals, 2D-crystals, liposomes, sedimented nanodiscs or even cellular membrane extracts[337]. The highest spectral quality is obtained with microcrystalline preparations, where tight packing and homogeneous long-range order result in high sensitivity and resolution[222]. Wild-type CorA was crystallized in Mg 2+ -bound form but so far resisted crystallization in the absence of Mg 2+ . The reconstitution into synthetic lipid bilayers generates an environment closer to native conditions and offers robustness towards buffer conditions, an important requirement for analyzing the cation dependence of CorA. As a reference, we prepared a crystalline15 N-labeled CorA sample and obtained, to our knowledge, the first direct comparison of spectral quality between a crystalline and lipid embedded preparation of a membrane protein. The spectral quality of CorA in lipids was almost as high as the one the crystals with a similarly high peak dispersion and narrow linewidths, and only marginal signs of heterogeneity. Also, bulk relaxation sensitive to ns-µs motions appears globally conserved in the two forms. This sets a solid basis for a detailed analysis of the influence of divalent cations on the dynamics of CorA by solid-state NMR. Concerning the structure of CorA, despite the low proton resolution of fingerprint spectra, the matching of secondary structure predictions from assigned residues provides a good indication that the structures in crystals and lipids are much alike, a conclusion also previously supported by 325].Mg 2+ binding does not abrogate all motions. A general model for CorA gating seems To have additional insights it is needed to alter the sample conditions, such as reducing the temperature to shift the motional timescale.The transmembrane domain is solvent accessible. Many lipid-embedded alpha-helical proteins contain a hydrophobic core which is well protected from solvent and is non-

	exchangeable in the folded lipid-bound state. Ion channels present a different situ-
	ation, as they usually contain a hydrated pore, which should in principle allow sol-
	vent molecules to pass. Considering CorA in its closed form, (i.e. hydrophobically re-
	stricted between M291 and M302 on the cytosolic side and blocked by coordinated hy-
	drated Mg 2+ on the periplasmic side), one could expect a dry trans-membrane interior.
	Restricted access of a Ni(II)-complex to the transmembrane region was indeed previ-
	ously demonstrated using spin-labeled cysteine mutants and EPR spectroscopy [325].
	This contrasts however MD simulations, where wetting of the pore occurred within few
	nanoseconds, independently of the presence of Mg [332]. Here, we used two comple-
	mentary samples to reveal the solvent exposure of the transmembrane region: i) uni-
	formly protonated CorA in D 2 O based buffer (>95% D), ii) uniformly deuterated CorA
	with 100% back exchange. Our data revealed that the transmembrane pore is indeed
	in a closed conformation as the transmembrane helices are better shielded from solvent:
	to be the shift from a close conformation, existing as a unique rigid structure at high
	concentration of Mg 2+ , to a highly dynamic open form [324]. The NMR data presented
	here indicate instead that the central cytoplasmic part of the protein, and in particular
	of stalk helix 7, 5 and 6, experience significant conformational mobility even in the pres-
	ence of divalent cation. According to the cryo-EM model, these helices undergo the most
	dramatic reorientation when CorA transitions into an asymmetric shape at low Mg 2+
	concentration [324], therefore a general freedom for motions is required. The origin of
	those motions might be electrostatic repulsion of the numerous negative charges in α5
	and α6 or an electrostatic attraction between this acidic ring and the basic ring formed
	by TM1 and TM2 residues [323]. Even though it was never discussed explicitly, indi-
	cations of residual dynamics in the Mg-bound form can be found in several previous
	publications. Mobility of the stalk helix 7 was detected with room-temperature EPR,
	confirmed by broad distance distributions from DEER EPR experiments at 80 K, indi-
	cating the presence of a variety of frozen conformations [325, 329]. Recent results from
	AFM showed a globally highly dynamic CorA even in the presence of Mg 2+ [333]. Here,
	we observed the absence of peaks in the spectra, in a number which is consistent with a
	large fraction of the protein. The measurement of 15 N R 1ρ relaxation rates suggested an

retains significant dynamics also in the non-conductive state. We predict this feature to be functional to gating, when concentration of the metal ion in the cellular environment is varied. important increase in dynamics in the central part of the protein. Interestingly, in this region a kink of α-helix 7 is expected to occur in order to induce the opening of the channel

[324]

. In current experimental conditions, it is not possible to better characterize this part of the protein, because of low spectral sensitivity and even peak disappearance.

  23.3 s -1 (TM) to an uniform average of 8.5 s -1 . Last, bulk 15 N R1 were measured for the two forms (Figure 7.23).Figure 7.23: Bulk 15 N R 1 decay curves measured at 1 H Larmor frequency 800 MHz, 107 kHz MAS rate and 300 K for CorA in the presence (blue, cyan) and in the absence (red, magenta) of Mg 2+ . Experimental curves were fitted with a biexponential decay.A faster decay was observed in the absence of Mg 2+ . A biexponential fit of the experimental curves according to the equation R 1

	+Mg, 300 K / -Mg, 300 K	
		1			
	Normalized intensity	0.2 0.4 0.6 0.8			
		0	20	t / s 40	60	80

Table B . 1 :

 B1 Assignment for [ 13 C,15 N]-hAqp in egg PC: brainPS. All chemical shifts are in ppm. Adamantane was used as the external reference.

		Table B.1 -Continued from previous page Table B.1 -Continued from previous page	
	Residue Residue	Hα Hα	H H	N N	Cα Cα	CB CB	C' C'
	57 G 123 S	4.72	8.72 9.08	103.67 48.80 121.92 58.57 63.92 175.07 176.10
	58 L 124 L	4.50 10.16 118.62 57.11 40.23 181.63 3.71 9.03 117.66 55.87 39.75 175.55
	59 S 125 G	4.66	8.73 8.78	123.07 64.01 62.39 176.11 102.22 45.75 175.57
	60 I 126 R	3.99 4.24	7.77 8.03	123.29 61.93 34.57 177.84 121.81 57.65 31.39 176.86
	61 A 127 N	4.30 4.44	8.99 9.43	120.52 55.16 18.72 181.25 128.00 56.23 38.70 172.48
	62 T 128 D	4.17 4.91	8.73 7.77	116.45 66.92 69.75 177.59 119.11 52.31 42.54 174.77
	63 L 129 L	4.50 4.64 10.11 121.29 54.75 41.26 177.93 9.35 126.06 57.25 40.57 179.40
	64 A 130 A	4.34 4.57	9.86 8.49	123.64 55.28 16.79 181.77 128.64 51.60 20.47 177.20
	65 Q 131 D	4.30 4.79	8.01 8.89	121.28 59.45 26.69 176.80 120.47 56.90 40.43 177.35
	66 S 132 G	4.72	7.69 9.39	111.80 61.99 63.68 173.73 113.13 44.84 173.75
	67 V 133 V	5.40 4.96	8.52 9.23	103.54 59.62 33.55 179.29 126.25 61.66 32.35 175.23
	68 G 134 N	5.32	8.99 9.72	113.78 48.98 124.90 51.28 39.02 176.91 175.44
	69 H 135 S	4.86 11.04 120.87 57.90 28.69 175.49 3.52 9.33 113.45 62.96 60.22 176.19
	70 I 136 G	4.26	7.99 8.61	122.29 61.56 37.93 176.98 109.64 47.61 175.51
	71 S 137 Q	5.15 4.25	8.08 8.71	108.86 57.98 68.88 176.51 121.63 58.66 27.81 178.47
	72 G 138 G	3.54	8.23 9.38	113.10 45.45 106.35 46.79		173.47 174.91
	73 A 139 L	3.70 4.18	9.30 8.78	123.67 51.47 18.27 174.54 121.23 58.29 41.96 178.86
	Residue 74 H 140 G	Hα 4.60 10.60 125.35 58.62 31.58 176.22 H N Cα CB C 3.65 8.53 105.01 48.26 174.41
	13 A 75 L 141 I	4.03 4.17 10.98 115.53 55.99 37.95 176.30 7.85 121.23 55.42 18.26 178.90 3.84 7.82 120.39 62.72 35.56 177.82
	14 V 76 N 142 E	3.35 5.26 3.88	8.01 6.57 8.30	118.49 67.24 31.96 178.45 106.71 51.75 40.67 175.29 119.26 59.71 30.58 180.68
	15 V 77 P 143 I	3.95 5.04 3.85	8.82 9.33	119.13 67.39 31.21 178.10 136.67 65.15 33.98 177.82 120.87 65.60 38.10 178.30
	16 A 78 A 144 I	4.15 4.42 3.67	9.06 9.44 8.06	124.25 56.42 17.93 179.54 116.10 54.95 18.88 179.65 119.52 64.71 36.16 178.06
	17 E 79 V 145 G	3.84 3.75 3.82	8.34 7.22 9.48	117.45 60.06 29.74 180.66 118.83 66.73 32.55 177.31 106.03 47.39 174.64
	18 F 80 T 146 T	4.72 4.32 4.35	8.64 8.59 7.84	121.56 60.51 39.07 177.95 117.74 67.74 69.17 176.37 115.10 66.50 68.45 176.00
	19 L 81 L 147 L	3.71 4.16 4.11	9.75 9.03 9.19	122.57 58.06 42.81 178.55 119.53 58.26 41.41 178.50 126.35 59.60 43.87 179.50
	20 A 82 G 148 Q	4.41 4.11	9.56 8.19 8.06	118.78 55.06 20.08 179.50 106.52 46.71 113.06 58.79 24.70 175.36
	21 T 83 L 149 L	4.37 5.14	8.45 8.55 6.60	116.78 69.22 67.72 176.31 120.99 121.94 56.69 42.25 178.26
	22 T 93 R 150 V	3.99 4.80 3.56	7.99 8.80 8.78	118.57 66.91 67.63 176.67 118.14 60.68 30.04 177.27 118.81 67.46 30.97 177.68
	23 L 94 A 151 L	4.06 3.93 4.12	8.07 8.57 9.15	118.79 58.69 42.25 177.35 118.55 54.88 19.68 179.02 120.64 58.60 42.05 176.28
	24 F 95 L 152 C	4.45 4.18 4.42	8.90 8.86 7.90	120.17 59.87 38.56 176.92 116.08 58.45 42.41 178.31 118.45 62.58 26.29 179.31
	25 V 96 M 153 V	2.89 4.79 3.64	8.66 8.33 9.01	121.68 67.68 31.04 176.52 114.30 56.39 32.08 179.42 122.95 68.25 31.81 179.61
	26 F 97 Y 154 L	3.84 4.40 3.88	8.38 9.58 9.20	117.92 62.21 39.98 177.02 121.05 60.75 36.56 177.79 122.70 58.00 41.08 178.83
	27 I 98 I 155 A	3.73 4.49 4.32	8.92 8.73 8.35	116.70 64.54 38.75 177.55 118.89 65.99 38.21 179.84 119.23 54.32 21.05 180.76
	28 S 99 I 156 T	3.50 3.96 4.14	7.82 8.82 8.70	114.41 63.14 60.02 176.15 120.86 67.09 38.43 177.43 114.43 66.58 69.23 175.08
	29 I 100 A 157 T	3.85 4.24 4.50	8.34 9.01 8.01	119.78 65.59 36.13 178.38 122.26 56.52 19.82 180.77 109.84 61.70 69.68 174.05
	30 G 101 Q 158 D	4.37 4.89	8.21 9.55 6.92	108.64 47.37 117.33 58.51 27.60 179.68 177.60 120.90 54.28 40.01 178.48
	31 S 102 C 159 R	4.77 4.67 4.52	8.14 9.00 9.31	116.16 62.15 64.39 178.83 116.99 66.11 28.18 177.61 130.08 57.61 29.68 177.15
	32 A 103 V 166 G	4.48 4.10 3.99	8.37 9.64	121.88 55.11 18.17 179.93 118.83 67.64 31.54 178.44 104.82 44.37 172.93
	33 L 104 G 167 S	4.72 4.84	8.54 9.33 7.84	117.04 55.72 42.42 178.12 110.59 48.32 175.25 111.20 55.85 63.06 176.68
	34 G 105 A 168 A	8.08 8.76 4.68 10.16 137.33 56.25 15.86 176.04 104.87 48.21 175.08 4.29 123.59 55.98 19.77 181.41
	35 F 106 I 169 P	4.87 3.84 4.25	8.66 8.52	113.99 58.55 36.60 175.73 120.76 66.76 38.78 177.26 133.86 66.79 32.75 178.91
	36 K 107 V 170 L	3.82 3.75 4.34	7.53 9.17 8.23	119.69 56.17 32.49 174.31 120.12 67.77 31.38 178.02 116.34 57.37 41.45 177.81
	37 Y 108 A 171 A	4.40 4.17 4.03	8.36 9.37 7.84	118.50 56.91 38.99 174.92 119.73 55.72 21.97 180.03 121.37 55.54 18.24 181.06
	38 P 109 T 172 I	5.14 4.27 3.89	8.33 8.37	134.51 61.82 36.14 177.00 113.74 67.48 69.24 176.70 117.69 64.67 37.54 178.93
	39 V 110 A 173 G	4.20 4.26 4.08	8.16 9.16 9.23	120.84 63.95 31.84 177.70 126.22 55.68 18.48 108.48 48.50 176.76
	44 T 111 I 174 L	4.36 3.98 4.42	7.66 8.81 9.40	106.37 62.87 70.71 174.65 118.04 66.22 38.10 179.76 120.66 57.69 39.83 179.10
	45 A 112 L 175 S	4.16 4.70	9.19 7.81	128.16 52.56 20.49 177.40 120.81 58.05 41.06 180.31 115.91 61.18 63.28 179.98
	46 V 113 S 176 V	4.74 4.24 4.00	8.76 8.91 8.72	118.57 60.33 34.90 174.66 118.67 61.58 62.65 176.25 123.70 68.09 31.70 180.96
	47 Q 114 G 177 A	3.59 4.65	8.70 7.84 9.38	125.66 54.96 30.33 175.05 107.18 47.03 176.16 125.86 55.50 17.31 179.57
	48 D 115 I 178 L	5.26 4.17 4.33	8.55 8.46 9.15	127.22 52.01 42.85 176.03 122.61 62.58 36.25 176.60 120.42 58.01 42.00 178.09
	49 N 116 T 179 G	4.30 5.28	9.44 8.33 8.59	124.14 57.22 36.71 179.87 105.80 60.70 68.28 176.39 103.73 47.39 174.11
	50 V 117 S 180 H	3.63 4.54 4.41	8.38 7.20 7.94	122.91 67.64 31.03 176.14 115.56 61.34 63.49 176.23 119.83 61.58 28.91 177.59
	51 K 118 S 181 L	3.90 4.81 4.50	7.59 8.44 8.94	122.95 58.93 34.41 177.06 116.14 60.33 63.58 174.50 125.62 57.71 40.44 179.50
	52 V 119 L 182 L	3.86 4.50 4.45	7.98 8.28 7.96	114.41 67.22 32.43 178.20 120.08 54.75 41.15 177.13 115.86 57.93 41.65 178.74
	53 S 120 T 183 A	4.44 4.66 4.71	8.37 8.57 8.47	115.93 64.00 62.39 176.95 118.02 61.82 69.91 175.88 114.03 55.88 20.92 180.07
	54 L 121 G 184 I	4.25 3.29	9.03 9.32 8.76	117.90 57.10 41.85 178.09 115.54 47.40 175.58 121.77 67.63 37.27 178.43
	55 A 122 N 185 D	4.15 4.64 4.36	8.91 8.39 9.62	126.04 55.90 17.85 180.54 118.15 52.86 39.02 176.48 115.11 57.23 43.06 174.19
	56 F	4.96	8.47	116.72 61.66 39.02 179.31 Continue on next page Continue on next page
					Continue on next page
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 B2 Additional assignment for side chains of [ 13 C.15 N]-hAqp in egg PC: brainPS. All chemical shifts are in ppm. Adamantane was used as the external reference.Table B.3:Assignment for [ 13 C,15 N]-CorA in DMPC. All chemical shifts are in ppm. Adamantane was used as the external reference.

					Table B.2 -Continued from previous page				
	Residue	Hα2	Hβ	Hδ	H	Cδ	C		Cγ		Cζ	Nδ	N	NH 1/2
	N			7.94/7.11					176.02			109.86
	G	4.023/4.19										
	Q		Residue	6.6/7.89 Hα H	179.9 N	Cα	CB	35.01	C			111.28
	Residue V L 141 I	Hα2	Hβ	Hδ 0.22 27 F	H	Cδ 7.89	C	Cγ 23.09/22.62 26.74 26.488/17.53	Cζ	Nδ	N	NH 1/2
	V E					179.47		24.29/22.50 38.39		
	E 143 I					182.601 14.71		36.011 30.11/17.20		
	F 144 I		3.59						17.63			
	L T		4.13			26.5			26.793 21.77			
	T L					24.22			21.76 27.90			
	T Q				7.10/7.79	177.89			20.65 30.33				103.512
	L L					25.369/23.884 26.91/24.40			27.327 28.31			
	F V							137.887 21.73/23.61		
	V L					24.67		24.26/23.35 26.84		
	F V		3.88 2.48			132.014		138.726 20.83/22.77		
	27 I L					14.157 22.98		30.73/18.40 26.96		
	29 I T		1.76 4.16			14.561		30.07/17.73 22.28		
	G T	3.59/3.35	4.74						21.23			
	S D		4.20						181.69			
	L R					22.816/26.629 42.35			27.7 27.47			
	K S		4.77						24.599			
	P P					50.434 50.18			25.252 28.24			
	V L					25.44/22.56			21.75 26.63			
	T 172 I		4.56 2.05			12.26		22.59 28.88/17.09		
	V L					19.43/17.79		21.55/19.77 26.29		
	Q V					180.123		32.237 25.19/21.39		
	D A		3.21 1.61					180.628			
	N L			8.03/7.18		24.53/25.61		175.006 27.09			110.12
	V G	3.50/3.72						23.66/21.48		
	K H				11.63	34.41 126.71	41.34 137.95		23.232 130.36				167.13
	V L					23.11		23.62/23.28 26.63		
	L L					19.82/25.41 25.88/21.64			26.348 28.39			
	G 184 I	3.76/4.31				15.69		23.37/17.46		
	L D					24.47/21.84			27.7 181.33			
	60 I T		5.01	0.1		7.836		26.892/16.55 22.59		
	A G	3.85/4.70										
	T 191 I		4.38			15.14		20.02 26.723/16.45		
	L N		3.40	8.65/8.86		22.366/25.36			28.17 178.73			117.04
	A P		1.61			49.94			26.20			
	Q R				8.41	179.19 43.26			30.66 26.64		160.49		85.59	70.41/69.26
	V V							17.575/20.15 22.37		
	G N	3.80/4.63	2.60	7.76/7.55					177.51			110.38
	H N						138.71		131.82 177.90			
	70 I 211 I					14.62		26.63/17.97 26.75/22.53		
	G V	4.23/4.96						24.61/22.53		
	A P		1.43			51.86			27.91			
	H 218 I				5.17	114.67 14.72	139.64	135.44 29.90/17.56		166.16	161.09
	L L		1.95			25.37 22.91			28.03 26.52			
	N V		3.00	8.04/9.15				178.12 21.49/24.73		115.74
	P L					52.90			26.92 27.31			
	V							22.673/21.36		
	T								25.28			
	L					23.22			26.69			
	R					42.35			29.09			
	L								26.75			
	M								31.19			
	98 I					13.05		30.23/17.00		
	99 I					14.06		29.92/17.69		
	101 Q				8.45/8.94	177.30			32.21				114.6
	103 V							24.24/22.64		
	104 G	3.81/4.33										
	I					15.27		29.80/17.81		
	107 V							24.455/22.01		
	109 T								23.27			
	116 T		5.06						22.33			
	118 S		4.35									
	119 L					22.61			25.85			
	120 T		4.40						21.79			
	121 G	3.97/4.17										
	122 N		3.31	7.52					175.60			111.48
	123 S		4.19/4.41									
	124 L					26.18/22.77			26.85			
	125 G	3.98/4.15										
	126 R				8.77	43.49			27.32		159.68		84.33	72.85/71.55
	127 N			5.72/6.72					176.47			101.72
	128 D								178.51			
	129 L					22.70/24.72			27.10			
	132 G	4.07/5.01										
	133 V							24.12/21.80		
													Continue on next page

Sample preparation was performed by Dr. Michael Knight. I contributed performing the activity assay.
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Human Aquaporin 1

Sample preparation of human Aquaporin 1 was entirely performed by Prof. Ladizhansky's group at the University of Guelph (Canada) as described in [310,313].

Protein expression and purification. Full-length hAqp1 with C-terminal Myc and 6xHis tags was expressed from a pPICZB-hAQP1-Myc-His6 vector using Pichia Pastoris SMD-1168H (Invitrogen) cells. Cultures were grown in shake-flasks using ( 15 NH 4 ) 2 SO 4 as the sole nitrogen source, and 13 C 6 -labeled glucose and 13 C-methanol as the carbon sources during growth and expression stages, respectively. Cells were broken via glass bead vortexing, solubilized in n-octyl-β-D-glucopyranoside detergent, and purified using Ni Dialysis continued for 7-10 days with changing of dialysis buffer and addition of 1-4 g Bio-beads every 24 to 48 hours, until no detergent was present. The reconstituted proteoliposome suspension was collected from the dialysis bag and collected by centrifugation at 150,000 x g for 1 hour at 4 • C, and then washed with NMR buffer (pH 7.0) by centrifugation at 300,000 x g for 30 minutes at 4 • C. Finally, proteoliposomes in NMR buffer were centrifuged at 900,000 x g for 16 hours at 4 • C.

CorA

Protein expression and purification. TmCorA with a N-terminal His-tag and TEV protease cleavage site was expressed from a pET15b vector using E. Coli C41 (DE3) cells.

Cultures were grown in M9 minimal medium containing 4 g/l glucose or 2 g/l 13 Cglucose and 1 g/l 15 N-ammonium chloride at 37 • C to an OD 600nm = 0.8, the expression was induced by adding 0.4 mM IPTG and incubated at 30 • C for 3 hours. The cells were harvested by centrifugation (10 min, 5000xg), resuspended in 50 mM HEPES pH 7.5, 500 probes with sub-mm diameter rotors spinning at rates above 100 kHz, which contributed to push forward the capability of this technique: i) by enlarging the molecular size of the systems that can be investigated with site specificity; ii) by reducing the requirements in terms of isotopic labeling, notably deuteration; iii) by speeding up the tedious processes of resonance assignment and acquisition of dynamical parameters; iv) by enriching the palette of measurable parameters connected to dynamics. All along this thesis, the methods were benchmarked on microcrystalline samples of the model domain GB1, and applied to Cu,Zn-superoxide dismutase (a dimeric 2x16 kDa Cu metalloenzyme) in functional microcrystalline form, as well as to two transmembrane channels reconstituted in lipid bilayers, bacterial CorA (a pentameric 5x40 kDa cation channel) and human

Aqp-1 (tetrameric 4x25 kDa aquaporin-1 water channel). The data obtained shed new light on the relation between internal dynamics and function.