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who agreed to be the two referees of this dissertation, and all the jury members for accepting to be part of the jury. I arrived in Lyon in November 2013. It was foggy, rainy, and I was living in a small studio directly facing at the CNRS "delegation", which is notoriously not an example of a wonderful building. My English was horrible, my French covered with dust, I did not know a single person in the city, every time someone tried to explain me something related to NMR my eyes were invaded by a mixture of fear and desperation. I seriously wondered what was I doing with my life.

When writing these words, it is cold and snowy, and from my desk I can see my former studio. So not a big improvement concerning weather and landscape. But in more than four years I think my English and French improved a lot, I met many wonderful people, and from time to time a more intelligent expression is observable in my eyes when discussing NMR. I can say that during these four and half years of PhD I grew a lot, probably as a scientist, surely as a person. And if doubts accompanied me for a while during the first years, now I say no regrets, I did the right thing. And this is also thanks to people that I met and with whom I spent my time during this adventure. With whom I shared positive, and also negative, experiences, which nevertheless brought me where I am now.

So let me thank first of

Résumé

À ce jour, nos connaissances sur les propriétés structurales et fonctionnelles des métalloprotéines sont essentiellement basées sur des structures résolues par des méthodes de diffraction à rayons X appliquées à des échantillons monocristallins. Cependant, certaines protéines ne cristallisent pas ou cristallisent sous une forme qui n'est pas manipulable ou compatible avec des techniques des diffraction, et même si une structure à très haute résolution est disponible, la nature de l'ion métallique, sa géométrie de coordination ou son état d'oxydation restent souvent indéterminés.

La Résonance Magnétique Nucléaire en rotation à l'angle magique (MAS NMR) est une technique très performante pour l'étude de systèmes biologiques et pour la caractérisation de la structure du site actif des métalloprotéines paramagnétiques, mais son application à l'analyse des noyaux proches d'un site paramagnétique est limitée à cause de la résolution et de la sensibilité faibles. L'objectif de cette thèse a été de développer des méthodes RMN basées sur des hautes fréquences de rotation (60-111 kHz MAS) pour faire face à ces problématiques. Un répertoire de séquences d'impulsion pour la détection et l'attribution des noyaux à proximité d'un centre paramagnétique est proposé, et à l'aide de méthodes de calculs de pointes, les données expérimentales acquises sont converties en contraintes structurales afin de déterminer la géométrie du site actif à l'échelle atomique. Cette approche est validée avec l'analyse de sites actifs de deux protéines microcristallines contenants différents ions paramagnétiques : Fe, Cu et Co. Ensuite, des données préliminaires sur un transporteur membranaire d'ions métalliques divalents non cristalline sont présentées.

Les méthodes analytiques présentées ici constituent un ensemble d'outils indispensable pour l'élucidation de la structure et la fonction des sites métalliques de systèmes macromoléculaires biologiques.

Introduction

Metal ions play an important role in a large variety of biochemical and cellular events, are present at the active sites of many enzymes that are at the core of cell function, and are the key constituents of complex architectures. As such, they have a tremendous impact on many fields within life sciences, medicine, and industry. It is estimated that one half of the known proteins contain metal ions, and that between one quarter to one third require metal ions to perform their function. [1][2][3] Making an exhaustive list of all the metal ions and their specific roles in metalloproteins would be impossible, but one should just think at the importance for example of iron, involved among others in oxygen transport in hemoglobin, 4 or copper, which is essential for electron transfer processes mediated by plastocyanins 5 during photosynthesis, or nickel, which plays a pivotal role in catalyzing hydrogen reversible oxidation in many bacteria. 6 Moreover, the importance of metal ions in the cell chemistry requires a fine control of their concentration in the cellular environment, and many proteins are involved in the regulation of metals homeostasis, like to cite one ferritin, which regulates the iron availability and storage in the cell. [7][8] Therefore, the understanding of structure and functioning of metalloproteins is fundamental in order to unveil the mechanisms related to the biological processes they are involved in.

Most of our understanding of chemistry and biology of metal ions in metalloproteins derives from atomic or molecular structures obtained over the past 50 years by diffraction methods on single crystal samples. These atomic level structures are essential to understand the fine details of biochemical processes in cells, and to find efficient drugs. The reactions carried out by these proteins are often much more efficient than industrial processes, and provide synthetic chemists with models for new, improved sites. A precise understanding of the structure of a metal active site thus enables structure-activity relationships to be deduced and allows for the rapid and intelligent development of catalysts with specific properties.

However, for many biological systems, single crystals large enough for X-ray diffraction cannot be easily obtained, and the problem of structure elucidation is largely unsolved. For example, although crystallization methods have made progress in the area of membrane proteins, there is still a paucity of solved transmembrane protein structures, which occupy less than one percent of the protein data bank despite their high occurrence in the biological world.

Even when high-resolution structures are available, often the nature of the metal ion, its oxidation state, or its coordination geometry are not determined. Moreover the most interesting aspects of metallic activity are caused by the electronic structure at the active site, which unfortunately can only be inferred indirectly from the coordinates of the constituent atoms. Today EXAFS, vibrational (IR and Raman), and electronic (UV-Vis) spectroscopies are used to characterize metal centers in crystalline and non-crystalline systems, but the information they provide is indirect or again requires highly crystalline/ordered solids. EPR (often in conjunction with diffraction methods and other spectroscopies) is an elegant technique for the determination of the electronic structure and the validation of the environment of certain meal ions (see for example recent work on nitrate reductase from E. coli in native lipid membranes), 9 but lacks site-specific assignment of the electron-nuclear couplings. As a result, the details of many essential biochemical processes are thus still unknown, highlighting a need for a reliable and efficient method for the structure determination of metal centers inside metalloenzymes and transporters. Light in this area will enable a leap forward in the biological understanding, and will simultaneously suggest new solutions to the foremost problems in biological chemistry today.

Magic-angle spinning (MAS) NMR has recently proved to be a new tool for the characterization in microcrystalline, poorly crystalline or disordered protein samples, such as protein aggregates or membrane-embedded systems, complementing liquid-state NMR, X-ray crystallography and electron microscopy. Following seminal work on microcrystalline proteins, [10][11] examples demonstrating the utility of MAS include studies of prion fibrils, [12][13][14][15][16][17] poly-disperse full-size heat shock complexes, 18 intact viral capsids, 19 bacterial virulence factors, [20][21] membrane channels and membrane-bound drug targets at an atomic level in lipid bilayers. [22][23][24][25][26][27][28] Approaches for sample preparation, sequence-specific resonance assignment, and collection of conformational restraints have been designed to calculate three-dimensional structures, and to determine their dynamics. [29][30][31] However, these procedures are still far from routine, and most proteins for which a complete structure determination has been reported are in the 5-10 kDa range (with notable exceptions 28,[32][33] ).

Additionally, and most interestingly, NMR represents a direct probe of electronic structure at the active site of metal ions, especially in the case of paramagnetic centers originating from unpaired electrons that are intrinsic features of many transition metal ions. 34 While the impact of MAS NMR on paramagnetic molecules and materials is hampered by the high occurrence of paramagnetic centers with large magnetic moments and magnetic anisotropies, causing large bulk susceptibility effects and resulting in signals with extremely large shifts and shift anisotropies and very short relaxation rates, a number of pioneering studies have shown that paramagnetic solid-state NMR can disclose unique information in the study of the atomic-level properties of metal complexes, clusters and magnetic frameworks, constituting essential steps for the design of new catalysts and new materials. [34][35][36][37][38][39][40][41] Recently, the field of paramagnetic solid-state NMR has been revolutionized by the development of fast MAS probes (>30 kHz) with large rf powers. Under fast MAS, sensitivity and resolution experience a spectacular enhancement as compared to slower rates, allowing efficient detection of previously unobservable nuclei in highly paramagnetic substances. 38,[42][43] This is especially true for the growing area of electrode materials for batteries, and in particular lithium-ion rechargeable batteries, [44][45] where paramagnetic NMR can nowadays be used to determine the metal oxidation state and how it changes on battery cycling (critical to understand the redox processes that occur in these systems), and to elucidate the local environment and the fate of the Li ions (directly involved in battery function).

The object of this PhD thesis is to explore the potential of paramagnetic effects in the field of biomolecular MAS NMR, particularly to provide a detailed geometric and electronic structure of the active sites of metalloproteins. In few recent examples, paramagnetic techniques under fast MAS have been used on paramagnetic proteins with success, increasing the amount of achievable information with respect to solution studies, 46 notably because of the absence of Curie relaxation. 47 However, so far these investigations have concerned only portions of the target proteins, and "blind zones" close to the metal center have so far remained elusive in these approaches.

During my PhD, I have worked at removing the main bottlenecks preventing the application of MAS NMR for the characterization of active sites in (large) paramagnetic metalloproteins. This has required a two-fold activity.

On one hand, I have contributed to a novel approach relying on very fast MAS and high magnetic fields, which is today able to increase the size limit of protein targets that can be fully characterized with high resolution and sensitivity by MAS NMR. These progresses allow today for rapid "fingerprinting" of samples and permit extensive, robust and expeditious assignment of small-to-medium sized proteins in different aggregation states, and the determination of structurally important parameters such as dihedral angles, inter-nuclear proximities, and local dynamics. 32,[48][49][50] On the other hand, I have been active in the development of a new methodology to remove the main barriers to spectral acquisition from paramagnetic nuclei and to extend the amount of information that can be extracted from them. This consisted in building a "toolkit" of suitably designed pulse sequences for the detection and the assignment of nuclei in close proximity of a paramagnetic center. State-of-the-art computational techniques were also employed to convert the experimental data into structural restraints for obtaining atomic-resolution geometries of active sites. This approach has been benchmarked with the study of iron, copper, and cobalt sites in two microcrystalline proteins. Moreover, preliminary data on a non-diffracting divalent metal ion transporter in lipid membranes are provided as well.

In order to set the scene for the investigations carried out in this work, Chapter I provides an overview of the main aspects related to MAS NMR of paramagnetic systems, pointing out the main differences, advantages and challenges, compared to solution NMR. An overview of the most recent landmark MAS NMR studies of paramagnetic metalloproteins is also provided.

Chapter II describes the recent advances in MAS NMR at ultrafast (60-111 kHz) rates. A set of techniques employing 1 H-detection for the backbone and side chain assignment of proteins, as well as for determination of structural restraints, is developed. [51][52][53][54] Examples of applicability of these experiments to two paramagnetic microcrystalline metalloproteins are shown.

Chapter III concerns the descriptions of a set of experimental techniques, originally developed for the study of highly paramagnetic materials, for the detection and assignment of nuclei in close proximity of a paramagnetic center in a metalloproteins that are not observable with MAS NMR techniques conventionally employed for the characterization of proteins. A brief description of the theoretical basis for the prediction of paramagnetic NMR (PNMR) shifts is provided as well. The techniques presented in this chapter represent the "toolkit" used in the following chapters.

In Chapter IV we show how the techniques presented in Chapter III can be used to detect and characterize resonances from 1 H and 13 C nuclei experiencing large contact shifts in close proximity of an iron-sulfur cluster in the high potential iron-sulfur protein I from the extremophile E. halophila. By targeting this protein in a crystalline environment, we show that MAS NMR can capture two different conformations found in the asymmetric unit. 55 Chapter V represents the heart of this thesis. Here, the techniques described in Chapter III are used to detect, characterize, and assign resonances from 1 H, 15 N, and 13 C nuclei from the ligands of a cobalt(II) center in the metalloenzyme superoxide-dismutase. We show that at 100 kHz MAS, it is possible to go beyond the detectability limit observed in solution NMR.

Large hyperfine NMR shifts can be measured, assigned, and converted into structural restraints for obtaining an ultra-high-resolution geometry of active sites.

In Chapter VI, we target a 5x42-kDa metal ion channel, CorA, which is involved in the Mg 2+ and Co 2+ homeostasis regulation of the extremophile T. maritima. We perform an extensive work in order to optimize the sample preparation for MAS NMR. We show that the experiments described in Chapter II, combined with high fields and MAS rates, allow acquiring high-quality NMR data for backbone assignment of the protein in the Mg 2+ -loaded form. We also provide first preliminary characterization of the dynamics underlying the gating process of TmCorA.

I.1 Introduction

The presence of unpaired electrons in a solid sample perturbs the NMR spectrum of the surrounding nuclei, notably affecting their shift tensors and their relaxation rates.

Paramagnetic effects depend in a well-defined manner on the electronic and structural configuration of the metal center, and can provide useful information on the electronic structure of the metal center. Moreover paramagnetic effects can be used as structural restraints and differently from diamagnetic data they provide long-range information. At the same time, these effects can complicate the acquisition and the interpretation of NMR spectra.

In this chapter these effects will be summarized, showing how the presence of paramagnetic ions alters the NMR properties in the solid state, providing in parallel some case studies from the recent literature that highlight the increasing potential of solid-state NMR for the characterization of paramagnetic proteins. While the mechanisms generating these effects are substantially identical to the solution case, some important differences arise from the fact that rotational diffusion is abolished in the solid state.

I.2 Paramagnetic effects and solid-state NMR

I.2.1 Spins and magnetic moments

In quantum mechanics particles possessing a spin are associated with a magnetic dipole moment. In the case of a nucleus its magnetic dipole moment is proportional to its nuclear spin, :

= ℏ (I.1)
where ℏ is the reduced Planck's constant and is nuclear gyromagnetic ratio, whose value depends on the nuclear species.

In an analogous way the magnetic dipole moment of an electron can be expressed as:

= ℏ (I.2)
where in this case is the electron gyromagnetic ratio and the electron spin. However it is common practice, especially among the EPR community, to use the alternative, but totally equivalent expression:

= -B (I.3)
where is the free-electron g-factor and B is the Bohr magneton, which can be calculated from the elementary charge e and the rest mass of the electron, m e :

B = ℏ (I.4)

I.2.2 The hyperfine coupling (HFC)

Unpaired electrons interact with nuclear spins, by virtue of their magnetic dipole moments.

The hyperfine Hamiltonian, describing this interaction, is given by the following expression:

ℋ = • • (I.5)
where A is the hyperfine tensor, describing the interaction between the electronic and the nuclear spins. Neglecting relativistic effects, the latter can be separated into two components:

= • + (I.6)
where the first term represents the Fermi contact (or simply contact) interaction, and the second one the dipolar interaction between the dipole moment of the electronic distribution and the nuclear spins.

The contact term arises from the interaction of the component of the electron spin directly delocalized onto a nuclear spin, the contact constant being directly proportional to the total electron spin density at the nucleus of interest:

= ℏ (I.7)
where S is the electron spin number and the vacuum permittivity. The contact term is therefore essentially a through-bond interaction, whose effect is dominant in nuclei that are few bonds apart from the metal center and decreases rapidly moving away from the paramagnetic center.

The dipolar term represents instead a through-space interaction, and it becomes the dominant contribution at larger distances from the metal center. The components of the tensor are given by the following expression, assuming point-dipole approximation (PDA, which can be done at a sufficient distance from the paramagnetic center):

= B ℏ 3 - (I.8)
where i and j are equal to x, y, or z, u i and u j are the unit vectors along i and j, respectively, δ ij is the Kronecker delta, and r 3 the electron-nucleus distance.
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I.2.3 Paramagnetic relaxation enhancement (PRE)

The stochastic variation of the dipolar coupling between the nuclear and the electronic moments induces fluctuating fields at the nuclear sites, providing additional relaxation pathways (the so called Solomon mechanism). In solution this mechanism is dependent on a correlation time, which is a function of both the electronic and the rotational correlation times.

As the rotational diffusion is abolished in solids, the Solomon mechanism is mainly determined by electron relaxation, which occurs with correlation times usually in the range 10 -7 -10 -13 s. Assuming PDA and neglecting spin-orbit effects, the paramagnetic contribution to the nuclear longitudinal ( ) and transversal ( ) relaxation rates are thus given by:

= ( ) + (I.9) = ( ) 4 + + (I.10)
where and are the transverse and longitudinal electron correlation times, and and the nuclear and the electronic Larmor frequencies, respectively.

On account of the large electron magnetic moment, the PREs occur over larger distances than those characteristic of internuclear interactions (Figure 1A). The inverse 6 th power dependence of these effects upon the nucleus-electron distance causes considerable broadening in the NMR lines, especially in the close proximity of the metal center, and shortens coherence lifetimes. Differently from solution, in solids a paramagnetic center also has the consequence of increasing the rate across the entire sample via a spin-diffusion mechanism, particularly for protons due to their relatively high gyromagnetic ratio. Since the recycle delay in an NMR experiment is predominantly governed by the recovery of 1 H magnetization, enhanced 1 H can be used to shorten the recycle delay and thereby allow more scans to be conducted per unit of time without loss of signal intensity due to saturation of the 1 H spins.

In the close proximity of the paramagnetic center, also the relaxation due to the contact term becomes relevant (the so called Bloembergen mechanism). The paramagnetic contribution to the nuclear longitudinal ( ) and transversal ( ) relaxation rates are given by: = ( + 1)

ℏ (I.11) = ( + 1) ℏ + (I.12)
Typical values of , , and for some selected paramagnetic ions are reported in Table 1.

Ion Configuration S (s -1 ) (s -1 ) (s -1 ) (s -1 ) (s -1 )
Mn II 3d 5 5/2 10 -8 0.002 900000 200 400000

Fe III HS 3d 5 5/2 1. Typical values of , 1 H and 1 H for some selected paramagnetic ions in rigid solids, assuming = = , A FC = 4.47 MHz, r = 5 Å, ω I ⋅2π = 800 MHz (B 0 = 18.8 T). a Found e.g. in tetrahedral and some square planar complexes. b For tetrahedral complexes, square-planar complexes are usually low spin. c Found e.g. in octahedral, trigonal bipyramidal, square pyramidal complexes. Adapted from reference 1.

I.2.4 The Curie spin and the paramagnetic shift anisotropy

Electronic relaxation times are short on the NMR timescale. As a consequence, the spectral properties of the nuclei are uniquely determined by the coupling to a "relaxed" electronic magnetic moment, thermally averaged over the different Zeeman states, which is referred to as the "Curie spin" ⟨S z ⟩. The effects of this static moment upon the NMR spectrum are often conveniently treated by means of the magnetic susceptibility χ, which is the average electronic moment ⟨µ S ⟩ of the electronic spin in a magnetic field B 0 :

= (I.13)
In the high temperature approximation (i.e. when the difference between the electron Zeeman states is small compared to kT, where k is the Boltzmann's constant and T the absolute temperature), and in the absence of spin-orbit effects, the magnetic moment associated to the Curie spin is given by:

= ( ) (I.14)
This yields an average magnetic susceptibility per molecule :

= ( ) (I.15)
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The through-space dipolar field of the Curie spin interacts with the surrounding nuclei producing a shielding, Δ , which is equivalent to a traceless diamagnetic chemical shift anisotropy (CSA), but with an inverse 3 rd power distance dependence (Figure 1B). In the absence of spin-orbit effects and assuming PDA this contribution is given by:

Δ = ℏ = ℏ ( ) (I.16)
In solution this interaction is averaged in incoherent manner by the rotational diffusion, providing an additional source of relaxation, known as the Curie relaxation. 2 On the contrary, in the solid state, all possible molecular orientations contribute simultaneously to the NMR spectrum. The observed dipolar shift frequency for each single orientation is given by:

Θ = -Δ 3 cos Θ -1 (I.17)
where is the isotropic chemical shift frequency, Δ the shielding anisotropy, and Θ is the polar angle between the orientation of the external magnetic field and the principal axis of the shielding tensor. The signal acquired on a powder sample is the sum of the signals corresponding to all such orientations, leading to a "powder pattern" lineshape (the typical shape of such powder pattern, as well as surfaces of constant ∆σ around a metal center are sketched in Figure 1B).

I.2.5 The hyperfine shift

As in solution, the interaction of the Curie spin with the nuclear spins gives rise to an additional contribution to the observed shift, the hyperfine shift. This is commonly decomposed into the contact shift, arising from the interaction of the nuclear spin with the electron spin density directly delocalized onto the nucleus, and the pseudo-contact shift (PCS), arising from the dipolar interaction between the electron and nuclear spins.

In systems where spin-orbit effects and zero-field splitting are absent or negligible, only the contact term in the hyperfine Hamiltonian contributes to the observed shift (Figure 1D), which is given by the following expression:

con = ℏ ( ) (I.18)
The equivalent expression as a function of the magnetic susceptibility is given by con = (I. 19) When the spin-orbit effects are significant, the magnetic susceptibility becomes orientation dependent, and it is properly described by a tensor with rank-0 and rank-2 components

= • + (I.20)
In this case, the electron-nucleus dipolar interaction no longer averages to zero over all orientations, but acquires an isotropic component (not removable by MAS) in addition to the anisotropic one described in the previous paragraph. Such isotropic component is the pseudocontact shift (PCS), which in the principal axis system (PAS) of the χ tensor is given by (Figure 1C):

pc = Δ 3 cos -1 + Δ sin cos 2Ω (I.21)
where and Ω are the polar angles connecting the electron-nucleus vector to the PAS of the tensor, r is the electron-nucleus distance, and Δ and Δ are the axial and rhombic component of the tensor, given by

Δ = - (I.22) Δ = - (I.23)
This expression for PCS is derived assuming PDA, while a more complex treatment taking into account the electron delocalization becomes necessary only for nuclei in close proximity of the metal center. [3][4] Note also that the anisotropy of the magnetic susceptibility provides additional components to the observed shift anisotropy.

Contact and pseudo-contact shifts are both contributing to the observed shift of a given nucleus. Contact shifts are predominant for nuclei that are only few bonds away from a paramagnetic center, while the pseudo-contact shifts are active over longer distances, and thus become dominant for nuclei far away from the metal center.

The PCSs observable in solids and described by the equation above are identical to those 

I.2.6 Coupled systems

Many systems of interest contain more than one metal ion with unpaired electrons. When the electronic magnetic moments of each metal ion interact with each other, magnetic coupling occurs. The interaction is usually described by the exchange Heisenberg Hamiltonian, which in the case of a dimer is given by:

ℋ = • (I.24)
where is a constant, is a spin operator which operates only on the functions of one metal (M 1 ), and is a spin operator which operates only on the functions of the second metal (M 2 ). New spin levels are established, with a total spin number varying in unitary steps from + to -, and energy levels given by:

= + 1 (I.25)
If is positive (antiferromagnetic coupling), the ground state is given by -, while if is negative (ferromagnetic coupling), the ground state is given by + .

It can be shown that in a magnetically coupled dimer, the contact shift of a nucleus can be expressed by the sum of two contributions = + , with = In this expression and represent the Fermi-contact coupling constants that would be measured if only M 1 or M 2 were present, respectively, and can be estimated from the monomeric analogs. Therefore the total shift is given by the sum of two contributions associated to the single metal ions. The constants and depend on , and , and characteristic values from many examples can be found in literature. 10 It can be shown that in the high-temperature limit ( ≪ ), the two contributions reduce to the expressions given for an isolated ion, therefore in this case the total shift is simply given by the sum of the contact shifts that a nucleus would experience in the presence of only M 1 and M 2 , respectively.

In the case of heterodimers, magnetic coupling influences the electronic relaxation rates of each single ion. Qualitatively, three regimes can be identified. Assuming that M 1 is the slower relaxing electronic spin, with an electron correlation time , in the case of /ℏ < no effect on the electron relaxation of the pair will take place. When < /ℏ < , progressively approaches with increasing . When /ℏ > , the Redfield limit is reached, and it is hard to make prediction on and values except for their becoming similar and closer to the shorter one.

One interesting aspect of magnetically coupled systems is observed when ≥ , in particular for antiferromagnetic coupling. In this situation, the magnetic moment associated with the larger spin is aligned with the external field, forcing the second spin in the opposite direction. As a result, nuclei coupled to the larger spin experience a stronger local magnetic field and positive shifts, while nuclei coupled to the smaller spin experience a weaker local magnetic field and negative shifts. With increasing temperature, the system tends to the hightemperature limit. Therefore, the shifts of the nuclei coupled to the larger spin decrease (referred as Curie-like behavior), while shifts of the nuclei coupled to the larger spin increase (hyper-Curie or pseudo-Curie behavior), as shown in Figure 2. It might be noticed that, for some range of temperatures, the shifts associated to the smaller spin move downfield and increase with increasing temperatures. This behavior is referred as anti-Curie behavior.

In the case of a polymetallic system, the Heisenberg Hamiltonian is be given by:

ℋ = • (I.28)
summing all over the possible j-k pairs. The treatment of this kind of systems for the particular case of a Fe 4 S 4 system will be briefly described in Chapter IV.

Chapter I 

I.3 Magic-angle spinning

As already mentioned, paramagnetic effects can complicate the NMR analysis of biomolecules in the solid-state. An additional complication arises from the fact that in solidstate NMR we usually deal with powder samples; that is, samples made of different crystallites with random orientations. The nuclear spin interactions affecting solid-state NMR, notably the chemical shielding and the dipole-dipole interaction (and the quadrupole coupling, whenever relevant) are anisotropic. While in solution the anisotropies are averaged out by the rapid molecular tumbling, in static samples this is not the case, and what we observe in a powder sample is an NMR spectrum made of very broad lines, the powder pattern, as all the different molecular orientations have different energies and thus give rise to different spectral frequencies. It is possible to average many of these interactions by the Magic-Angle Spinning (MAS), i.e. by spinning the sample at an angle of 54.7˚ with respect to the magnetic field. If the spinning frequency is larger (at least 3 or 4 times than the largest anisotropy), the anisotropies are completely averaged and the full isotropic spectrum is recovered. Otherwise the averaging will be incomplete and the spectrum will split in a set of spinning sidebands, set at the spinning rate apart, radiating out from the line at the isotropic chemical shift. 11

I.3.1 Slow magic-angle spinning

NMR spectra properties are highly dependent on the particular spinning regime used.

In static samples, broadening renders proton and carbon spectra unobservable (Figure 3A).

(2.5) and (2.6)). The expected temperature dependence is illustrated in Fig. 6.11, as calculated from Eq. (6.9). From the point of view of relaxation we expect similar values of Zg for the two spins, unless ZFS of the magnetically coupled 5' levels introduces unpredictable effects. Under magic-angle spinning (MAS), at spinning rates below the powder linewidth, i.e. at rates which are not fast enough to average completely the second-rank paramagnetic interactions, the powder pattern splits in a set of sharp spinning sidebands. This effect is marginal for 1 H resonances, which remain severely broadened by the strong homonuclear dipolar interactions, but significantly narrows 13 C (or 15 N) lines (Figure 3B). Low-γ nuclei such as 15 N and 13 C are less susceptible to paramagnetic broadening than the 1 H nuclei primarily used in solution. Moreover the dipolar-based polarization transfers available in the solid state are more efficient than the scalar-based homonuclear and heteronuclear coherence transfer schemes employed in solution. Experiments based on 13 C detection were therefore key to the first extensive resonance assignments of paramagnetic proteins in the solid state, the human superoxide dismutase, containing a Cu II paramagnetic center (Figure 4), 13 and the catalytic domain of the matrix metalloproteinase 12, containing a Co II site. 5 The superoxide dismutase (SOD) enzyme is a 32-kDa homodimer, which contains two metal sites in the catalytic cavity. In the biologically-relevant form, one site is occupied by Zn II , while the other one is a type II copper center, which contains a Cu ion undergoing a change in oxidation state between Cu I (diamagnetic) and Cu II (paramagnetic) during the catalytic activity, as discussed also in Chapter V. 7,[14][15] The oxidized form is virtually inaccessible to established solution NMR studies due to the long electronic relaxation times of the Cu II center, where protons closer then 12 Å to the metal center are broadened Faster spinning rates lead to a significant increase in coherence lifetimes, 3 rendering the design and the application of longer and more complex pulse schemes possible. New experiments for sequential assignment, similar to the protonless experiments used in solution, 33 were developed in this context. These experiments correlate the 15 N H resonance to the 13 CO or the 13 C α resonances in either the same or the preceding residue in a twodimensional experiment. Heteronuclear transfers are performed using cross-polarization, while thanks to the longer coherence lifetimes, homonuclear 13 C- 13 C transfers are performed through J-coupling. [34][35] This has an additional beneficial consequence on both resolution and sensitivity in the 13 C dimension, which can be both increased by a spin-state selective block (S 3 E) implemented to decouple the 13 CO-13 C α one bond J-coupling. 34

I.3.3 1 H-detection

The low sensitivity associated with conventional heteronuclear detection methods renders the quantitative measurement of paramagnetic effects in solids very challenging. For example, determining site-specific PREs requires the acquisition of large series of 2D correlation spectra, in order to monitor the relaxation decays, which has been reported only for the model protein GB1 exploiting paramagnetic tags bound to engineered cysteines. 31,[36][37] Analogously, PCSs with 13 C-detection were measured only in pioneering studies, 5,21 being limited by the relatively low resolution of 2D 13 C- 13 C and 15 N- 13 C maps, and the low sensitivity of 13 Cdetected experiments. These disadvantages could be overcome using direct acquisition of proton spectra. The availability of faster MAS regimes at 60 kHz provided significant narrowing effects, enabling fast acquisition of 13 C and 15 N spectra, however 1 H linewidths were still too broad in most cases to yield fully resolved two dimensional correlations maps in large fully-protonated systems, posing a problem in the efficient site-specific and quantitative measurement of paramagnetic effects along a protein chain. These effects can be alleviated if the 1 H-1 H dipolar network could be weakened.

Perdeuteration followed by partial reprotonation of the exchangeable sites was suggested as strategy to obtain well-resolved 1 H spectra in diamagnetic biomolecules under moderate MAS rates. [38][39] At higher MAS rates highly resolved spectra could be achieved even in fully H Nreprotonated samples, leading to the acquisition of sensitive and resolved NMR spectra of medium-sized proteins. [40][41] These spectra can be used as 2D fingerprints for the backbone resonance assignment and for the detection of 1 H-1 H proximities, 41 as discussed in the next chapter. This provides an ideal tool for easy quantitative and site-specific measurement of

I.4 Paramagnetic effects as long-range structural restraints

The long-range nature of the PREs and PCSs makes them powerful structural restraints, in particular where long-range information is difficult to obtain otherwise. Cytochrome P450 BM-3 was the first example where site-specific paramagnetic effects were used in biomolecular solid-state NMR. 43 This protein is a 119-kDa enzyme, paramagnetic by virtue of an heme group containing a Fe III ion. By the use of selective labeling, McDermott and coworkers used paramagnetically perturbed shifts and relaxation rates to monitor conformational rearrangements and iron spin state change from low spin to high spin following the binding of a substrate, N-palmitoylglycine (NPG). In particular, this study highlighted a conformational transition occurring at a particular residue (Phe87) in the proximity of the active site (Figure 9), and allowed the formulation of a control mechanism for its access by the substrate.

I.4.1 Pseudo-contact shifts

The structure determination of microcrystalline Co II -MMP-12 is the first example where PCSs were included in a structural refinement together with diamagnetic restraints (Figure 10A-B). The implementation of PCSs as structure restraints requires the prior determination of the susceptibility χ tensor, which is a function of the particular paramagnetic ion and the coordination environment imposed by the system. The χ tensor is described by eight parameters: the 3 position coordinates of the ion in the protein, the 3 Euler angles specifying the orientation of the PAS of the χ tensor, and its 2 anisotropy parameters. If reference shifts and an approximate structure model are available, it is possible to establish an iterative procedure where the determination of the χ anisotropy and its orientation, the assignment of to the location of the binding site, and to the low anisotropy found for the χ tensor, neighbor effects were found to be negligible.

I.4.2 Paramagnetic relaxation enhancements

The possibility of exploiting enhanced paramagnetic relaxation as an effective source of structural constraints was first explored by Jaroniec and coworkers on microcrystalline samples of a model protein, the B1 immunoglobulin-binding domain of protein G (GB1). 31 There a solvent exposed cysteine residue was used to incorporate a thiol-specific paramagnetic nitroxide (TEMPO) or a thiol-specific EDTA-metal reagent bound to Cu II and Mn II ions. The different effects on the longitudinal ( ) and the transverse ( ) of the protein nuclei induced by paramagnetic moieties with different electron relaxation times and spin quantum numbers could be advantageously exploited to collect structural restraints. In particular, Cu II spin labels cause considerable longitudinal enhancement. PREs for backbone amide 15 N nuclei were found to be highly correlated with the proximity of the Cu II ion to 15 N spins, with significant effects observed for nuclei up to 20 Å away. This provided valuable structural information about protein on length scales that are inaccessible to conventional solid-state NMR techniques.

Leveraging all these efforts, Sengupta and coworkers demonstrated that 13 C and 15 N PREs induced by attaching a paramagnetic chelator to multiple cysteine mutants can be used in addition to dihedral angle restraints to determine the fold of GB1. 45 PREs were also successfully used to refine the structure of the protein superoxide dismutase (SOD). 15 N and 13 C PREs have been measured in human Cu,Zn-SOD (Figure 6) 41 using the 15 N-1 H CP-HSQC dipolar correlation experiment as a module to build more complex experiments, by the combination with a 15 N inversion-recovery block (for 15 N measurement), 46-47 15 N spin-lock (for 15 N measurement), [48][49] or additional 13 C- 15 N specific transfers and 13 C inversion-recovery (for 13 C measurement). 50 The resulting experiments, all based upon the same fingerprint spectrum, were used to determine PREs in SOD as the difference between the longitudinal relaxation values measured in the paramagnetic form of SOD, containing Cu II , and in diamagnetic form, containing Cu I . More than one hundred 13 C and 15 N PREs were measured between 10 and 24 Å of the Cu ion, which were converted into distance restraints from the metal center using the Solomon equations in the PDA, assuming an upper and a lower limit of 3 Å greater and lower respectively than the calculated values. For those residues whose 

II.1 Introduction

In the previous chapter an overview of the recent achievements of the NMR technique for the study of paramagnetic proteins has been provided. It was mentioned that the experimental approach adopted differs depending on the dominant paramagnetic effects affecting the nuclei of interest. When dealing with long-range effects, one can usually successfully employ "conventional" experiments that are used for the NMR analysis of diamagnetic proteins. This approach allows accessing information of the majority of resonances and thus accelerating the investigation of a paramagnetic protein.

In the brief historical excursus provided in the previous section it was quickly mentioned how, with the advent of ultra-fast MAS probes (capable of spinning at the frequencies of at least 60 kHz), a revolutionary breakthrough in the NMR technique has been achieved, and opened the way to proton detection in solid-state NMR of proteins. Our laboratory has been among the leading ones in driving this revolution, and during my PhD I have been able to personally witness and contribute to this fascinating recent progress in solid-state NMR.

In this chapter a description of the 1 H-detected NMR techniques developed in our laboratory will be provided. It consists of literature review of the 1 H-detected methods proposed prior to my PhD studies, as well as of those introduced later (sections 4 and 5), in development of which I have been involved.

After a brief overview of the state of the art prior to the advent of 60 kHz and faster MAS probes, the third and fourth sections will describe in detail a set of 2D and 3D 1 H -detected experiments for sequential backbone assignment. These experiments allow the extensive assignment of 1 H N , 15 N H , 13 C α , and 13 C β resonances in uniformly 13 C, 15 N-labeled proteins, in a way analogous to the one adapted in solution NMR, optionally with the help of perdeuteration followed by reprotonation at the exchangeable sites. [1][2] The fifth section will describe the breakthrough that occurred with the advent of 0.7 mm probes, attaining the 100-111 kHz MAS regime. In this MAS regime the 1 H dipolar coupling network is sufficiently weakened to allow the detection of well-resolved proton-detected spectra in fully protonated systems. The main breakthrough in this regime is given by the fact that side chains protons become finally accessible, which represents a precious source of information for structure calculation. Moreover, this opens the way to the possibility of developing new pulse schemes for backbone and side chains assignment that rely on the1 H α -13 C α pairs as anchors for the third dimension of the spectrum, instead of the 1 H N -15 N H pairs used previously. This increases the level of redundancy obtainable, which can be precious for the assignment of complex systems, where extensive signal overlap can occur even in multidimensional experiments. [3][4] The extent of the applicability for the methods described, originally developed for diamagnetic proteins, will be demonstrated on two original examples with paramagnetic proteins showing that extensive backbone and side chain assignment can be achieved with the aforementioned experiments in such systems. This part is an original contribution of the author.

II.2 MAS NMR of proteins in the last two decades II.2.1 The 13 C-detection approach

In the last twenty years, Magic-Angle Spinning (MAS) NMR emerged as a generally applicable structural biology technique, complementing solution NMR, X-ray crystallography and electron microscopy. Following seminal work on microcrystalline proteins, [5][6] examples demonstrating the utility of MAS include studies of prion fibrils, [7][8][9][10][11][12] poly-disperse full-size heat shock complexes, 13 intact viral capsids, 14 membrane-bound drug targets, [15][16][17] and bacterial virulence factors [18][19] at an atomic level.

Most of these works were performed in the moderate MAS regime (less than 20 kHz). At these spinning rates, the 1 H-1 H dipolar couplings are not sufficiently averaged by the sample rotation, and 1 H linewidths are considerably broadened. For this reason 13 C-detection is employed, and the assignment procedures are based on double and triple resonance spectra, primarily making use of correlations between 13 C and 15 N signals, unveiling the connectivity between the 15 N H nuclei with the 13 CO, 13 C α , and 13 C β nuclei. [20][21][22][23][24] They make use of spindiffusion (such as proton-driven spin-diffusion, PDSD, 25 or dipolar assisted rotational resonance, DARR 26 ) to record 13 C- 13 C correlations and distance restraints between the backbone and the side chain spins. In order to obtain narrow 13 C lines, high-power 1 H dipolar decoupling was used, such as the TPPM (two-pulse phase-modulated) 27 or the SPINAL-64

(small phase incremental alternation), 28 with decoupling field amplitudes of the order of 80-100 kHz.

Due to the inherent low sensitivity of detected low-γ nuclei, this approach requires long acquisition times (weeks to months), large amount (~1 mg/kD) of 13 C/ 15 N labeled samples, and expert manual analysis of the spectra. Moreover, the use of strong decoupling powers could be detrimental to the sample, particularly affecting its hydration level.

The advent of the new generation of probes, allowing faster spinning rates (between 40 and 60 kHz) and low-power decoupling schemes, lead to the increase in resolution and coherence lifetimes, 29 and triggered the development of more complex pulse schemes with longer coherence pathways. New experiments for sequential assignment, similarly to the protonless experiments used in solution, 30 were proposed, as described in the previous chapter.

Despite these improvements, MAS NMR still did not constitute a widespread tool in structural biology. This is in contrast to the standard solution NMR acquisition and analysis protocols, where established triple-resonance pulse schemes correlating backbone and sidechain 1 H, 13 C, and 15 N resonances are used for sequential assignment. 31 These experiments have been used serially in solution NMR, and for small to medium-sized soluble proteins they provide high-quality data that allow the use of computational analysis protocols with minimal human intervention. 32

II.2.2 Moving to 1 H-detection: the first attempts

The sensitivity of detecting a polarization scales with , where represents the gyromagnetic ratio of the detected nucleus. 33 1 H-detection thus represents an attractive remedy to the intrinsic sensitivity problem of 13 C-detection, however, to obtain resolved signals the homogeneous broadening characteristic of this network 34 needs to be overcome.

One strategy relies on the dilution of the proton content in a sample. [35][36] In proteins this can be easily achieved by expression in deuterated media followed by partial or complete reprotonation at the exchangeable sites, [37][38] or in alternative by expression in partially protonated media like in the RAP (Reduced Adjoining Protonation) strategy. 39 Resolved spectra were demonstrated on a deuterated protein sample with full protonation of the amide sites at MAS of 20 kHz, 40 but usually partial (10-40 %) reprotonation was needed in order to obtain sufficient resolution. 35,[41][42][43][44][45] Obviously, the latter approach trades sensitivity for resolution, which somehow contradicts the original rationale of the use of protons for detection.

The other strategy relies rather on increasing the spinning speed. 33,[46][47] First studies at 40 kHz MAS demonstrated that a dramatic increase in resolution can be obtained in model systems, and that 1 H-detection can be successfully combined with assignment protocols based on dipolar-based 15 N-13 C and 13 C- 13 C correlations. [48][49][50][51] 

II.3 A suite of 3D experiments for sequential assignment II.3.1 (H)NH as a building block for 3D experiments: (H)CANH and (H)CONH sequences

The (H)NH experiment can be used as an efficient detection module to build 3D tripleresonance experiments. In the simplest implementation, 1 H N -15 N H pairs can be correlated to the neighboring (intraresidue) 13 C α in the (H)CANH sequence (Figure 14C): 52 after the excitation of 1 H spins with the first 90˚pulse, magnetization is transferred through CP to 13 C α . 13 C evolution proceeds under low-power 1 H decoupling. In the middle of the13 C α evolution period, a selective 180˚pulse is applied to the 13 CO to refocus the evolution due to the scalar coupling between 13 CO and 13 C α and thus to maximize resolution. Magnetization is then transferred to the neighboring 15 N H nucleus through CP, and the pulse sequence continues in exactly the same way as (H)NH, yielding a correlation of the 13 C α spin to the 1 H N -15 N H pair.

In an analogous way 1 H N -15 N H pairs can be correlated to the neighboring 13 CO of the preceding residue in the (H)CONH sequence (Figure 14A). 48,52 Typical acquisition times required for sufficient signal-to-noise ratio and resolution for these two experiments range between 1 hour and 1 day, depending on the sample. The relative sensitivity with respect to the (H)NH (evaluated from the integral of the first increment FID) in a fully back-protonated, deuterated sample for both experiments ranges usually between 20 and 35%.

II.3.2 Transferring coherences using scalar 13 C-13 C coupling: (H)(CO)CA(CO)NH and (H)CO(CA)NH sequences

At MAS rates of 60 kHz and above, coherences lifetimes are long enough (> 15-20 ms) to allow the exploitation of scalar couplings for homonuclear 13 C-13 C magnetization transfers. 66- 67 The principal advantage of this kind of magnetization transfer is high selectivity. In contrast to previously used methods based on spin-diffusion, this allows to establish correlations only among the species of interest, thus greatly reducing the ambiguity of the assignment. J-based transfer is exploited in the (H)(CO)CA(CO)NH [START_REF] Barbet-Massin | Outand-back 13 C-13 C scalar transfers in protein resonance assignment by proton-detected solid-state NMR under ultra-fast MAS[END_REF] and (H)CO(CA)NH 52 experiments, which establish correlations between the 1 H N -15 N H pairs and the 13 C α of the preceding residue and the

The (H)CO(CA)NH sequence (Figure 14B) begins exactly as the (H)CONH sequence.

After the 13 CO evolution period, an INEPT step is performed, which transfers the magnetization to the neighboring 13 C α spin. After having refocused the antiphase term with respect to 13 CO to a pure in-phase 13 C α term, the magnetization is transferred to 15 N with CP, and then to 1 H for detection, as in the previously described experiments.

The (H)(CO)CA(CO)NH (Figure 14D) adopts a quite different approach, and does not start with 1 H-13 C α CP. Instead, after the first 1 H- 13 CO CP, a first INEPT step is used to transfer magnetization to the neighboring 13 C α spin, and after the evolution in the t 1 dimension, a second INEPT step transfers the magnetization back to the 13 CO spin. In this way (a.k.a. "outand-back"), a typically longer 13 CO coherence lifetime is exploited. Next, the pulse sequence proceeds as in the (H)CONH experiment.

Typical acquisition times in order to obtain sufficient signal-to-noise ratio and resolution for these two experiments range between few hours and few days, depending mostly on the 13 CO and 13 C α coherence lifetimes. Typically, the sensitivity with respect to the (H)NH ranges between 5 and 12% for the (H)CO(CA)NH sequence, and between 10 and 20% for the The (H)(CA)CB(CA)NH (Figure 14E) adapts the same strategy as the previously described (H)(CO)CA(CO)NH: after the first 1 H-13 C α CP the magnetization is transferred from the 13 C α to the 13 C β spins, 13 C β chemical shift-encoded in t 1 , and then transferred back to 13 C α . A z-filter is introduced to dephase any undesired transverse 13 C magnetization prior to the transfer to 15 N.

The (H)(CA)CB(CA)(CO)NH experiment (Figure 14F) employs nearly the same pulse scheme, except the fact that after that the magnetization is transferred back to the 13 C α spin, a second INEPT step is introduced to transfer the magnetization to the neighboring 13 CO spin, from which is transferred to 15 N through CP.

Typical acquisition times in order to obtain adequate signal-to-noise ratio and resolution for these two experiments range between several hours and few days. Typical sensitivity, compared to the (H)NH experiment, is approximately 5-15% for the (H)(CA)CB(CA)NH 1 H-detected methods under ultrafast MAS 50 This is illustrated in Figure 15 for microcrystalline His6-tagged ubiquitin (whose 1 H assignment in the solid-state, albeit in the absence of the His6-tag, was first reported by Meier and coworkers), [START_REF] Schanda | Quantitative analysis of protein backbone dynamics in microcrystalline ubiquitin by solid-state NMR spectroscopy[END_REF] where the 13 C strips for 1 H N -15 N H pairs from four consecutive residues are shown. From the analysis of the 13 C α and 13 C β chemical shifts it is possible to unambiguously classify two of the four residues as a glycine and an alanine, respectively (note that the negative strong peaks appearing at the glycine 13 C α position in the (H)(CA)CB(CA)NH and (H)(CA)CB(CA)(CO)NH spectra additionally confirms for the identification of glycine residues). By exploiting the connectivity between different spin systems, the fragment can be matched to the sequence.

For relatively small systems, displaying sufficiently resolved triple-resonance 3D spectra, the application of computational backbone assignment algorithms automated analysis appeared to be possible. Notably, it was demonstrated 1 that automatic assignment can be obtained by manually assembling six peak lists of NMR resonance signals from the NMR experiments and subjecting them together with the six correlation patterns and the protein sequence to a modified version of the program UNIO-MATCH. [START_REF] Volk | Automated sequence-specific protein NMR assignment using the memetic algorithm MATCH[END_REF] The automation represents an attractive feature that is essential to accelerate and render more unbiased both the data analysis and the assignment procedure.

In this work, I was involved in the inspection of spectra of the membrane-embedded conductance domain from influenza A M2, and verification of peaklists.

II.3.5 Case study I: backbone assignment of a paramagnetic protein, Cu II ,Co II -SOD

In this section the application of the aforementioned techniques is illustrated in the backbone assignment of a paramagnetic mutant of the human superoxide dismutase 1 (SOD1).

SOD is 16x2 kDa homodimer, [START_REF] Mccord | Superoxide dismutase. An enzymic function for erythrocuprein (hemocuprein)[END_REF][START_REF] Parge | Atomic structures of wild-type and thermostable mutant recombinant human Cu,Zn superoxide dismutase[END_REF] and each monomer is comprised of 153 residues and contains two binding sites for metal cations, whose metallation state can be experimentally controlled allowing to obtain different NMR effects with minimal structural perturbation. [START_REF] Bertini | Copper-zinc superoxide dismutase: a paramagnetic protein that provides a unique frame for the NMR investigation[END_REF] The structural investigation of this protein will be the object of Chapter V, therefore a more detailed description of the system will be provided there.

In the present analysis a sample containing Cu II in one site and Co II in the second one is used. As it will be discussed in Chapter V, in this metallation state both metal ions possess very short electronic correlation times (~10 -11 s for Cu II and ~5•10 -11 s for Co II ), [START_REF] Bertini | Copper-zinc superoxide dismutase: a paramagnetic protein that provides a unique frame for the NMR investigation[END_REF] with minimal PRE effect on the surrounding nuclei, according to the equations provided in Chapter I.

experiments. Notably, it was possible to partially assign the backbone shifts of some of the histidines coordinating the two metal ions (His48, His80, His120). For His48 and His120 the assignment could be extended to the 13 

II.4 Protein backbone assignment in a single spectrum II.4.1 Direct matching of amide resonances as an additional strategy

The approach described in Section II.3 relies on establishing intra-and inter-residue correlations in six spectra correlating 15 N-1 H groups to 13 CO, 13 C α and 13 C β resonances. This typically ensures sufficient data to resolve degeneracies for sequential connectivity.

As an additional strategy for sequential resonance assignment, direct matching of amide resonances can be used. In solution, introduction of multiple 15 N frequencies has been shown

to greatly reduce the ambiguity in crowded spectra of disordered proteins, [START_REF] Panchal | Improved 3D triple resonance experiments, HNN and HN(C)N, for H N and 15 N sequential correlations in ( 13 C, 15 N) labeled proteins: application to unfolded proteins[END_REF][START_REF] Yoshimura | Easy and unambiguous sequential assignments of intrinsically disordered proteins by correlating the backbone 15 N or 13 C' chemical shifts of multiple contiguous residues in highly resolved 3D spectra[END_REF][START_REF] Liu | NMR experiments for resonance assignments of 13 C, 15 N doubly-labeled flexible polypeptides: application to the human prion protein hPrP(23-230)[END_REF] an approach that built upon other amide matching strategies. [START_REF] Frueh | Nonuniformly sampled double-TROSY hNcaNH experiments for NMR sequential assignments of large proteins[END_REF][START_REF] Bracken | H)N(COCA)NH and HN(COCA)NH experiments for 1 H-15 N backbone assignments in 13 C/ 15 N-labeled proteins[END_REF][START_REF] Weisemann | 3D triple-resonance NMR techniques for the sequential assignment of N H and 15 N resonances in 15 N-and 13 C-labelled proteins[END_REF][START_REF] Matsuo | Use of selective C alpha pulses for improvement of HN(CA)CO-D and HN(COCA)NH-D experiments[END_REF] These pulse sequences rely on weak 3 J Cα-Cα scalar couplings, or require many scalar transfer steps. The efficiency is high for small molecules, but generally prohibitively low for larger molecules. For proteins in the solid state, 15 N- 15 N correlations schemes based on through-space magnetization transfers have been proposed at both slow [START_REF] Van Rossum | Assignment of amide proton signals by combined evaluation of HN, NN and HNCA MAS-NMR correlation spectra[END_REF] and fast MAS, [START_REF] Nishiyama | 3D 15 N/ 15 N/1H chemical shift correlation experiment utilizing an RFDR-based 1 H/ 1 H mixing period at 100 kHz MAS[END_REF] but the resulting spectra contain both sequential and long-range cross-peaks and are therefore of limited use for assignment.

II.4.2 The (H)N(CO)(CA)NH and (H)N(CA)(CO)NH sequences

We developed two new 3D pulse sequences, (H)N(CO)(CA)NH and (H)N(CA)(CO)NH, that correlate the amide 1 H N -15 N H pair of a residue i with the amide 15 N of residue i+1 and i-1, respectively. The efficiency of the pulse sequence leans on long 13 C coherence lifetimes under fast MAS and low power 1 H decoupling. These conditions also favor fast recycle times with low risk of sample degradation. Five coherence transfers are employed: one 13 C- 13 C scalar based transfer, and 4 cross polarization (CP) transfers between 1 H and 15 N and between 13 C and 15 N (Figure 17).

Once the signals are identified, the sequence-specific assignment of resonances can be quickly obtained with automated protocols, such as those developed for solution NMR data, and implemented in UNIO-MATCH. [START_REF] Volk | Automated sequence-specific protein NMR assignment using the memetic algorithm MATCH[END_REF][START_REF] Sinnige | Proton Clouds to measure longrange contacts between nonexchangeable side chain protons in solid-state NMR[END_REF] In the case of microcrystalline His6-tagged ubiquitin (76 amino acids), [START_REF] Igumenova | Assignment of the backbone resonances for microcrystalline ubiquitin[END_REF] 41 and 43 peaks were identified in the (H)N(CA)(CO)NH and (H)N(CO)(CA)NH spectra, respectively. Inter-residue linking was determined by UNIO-MATCH for 38 15 N H -1 H N pairs. The resulting assignment shows little deviations with respect to that of non His6-tagged microcrystals. [START_REF] Schanda | Quantitative analysis of protein backbone dynamics in microcrystalline ubiquitin by solid-state NMR spectroscopy[END_REF] We showed that a bidirectional amide 15 N matching results in the unambiguous identification of sequential stretches of residues for proteins in different aggregation states.

For long stretches and highly complete data, correct assignment is possible, while with less complete data (as for the sample of ubiquitin), both correct residue placement and sequential linking can be done with the addition of datasets encoding 13 C α or 13 C β shifts (e.g. (H)CANH or (H)(CA)CB(CA)NH spectra previously described) because these shifts are particularly sensitive to residue type and secondary structure. This is particularly relevant when large portions of the protein (often flexible loops or tails) are not observed in the MAS spectra.

In conclusion, this method simplifies protein resonance assignment, providing spectra that can be rapidly and automatically assigned using UNIO-MATCH. Amide signals provide

particularly unambiguous sequential connectivity and can be applied generally to microcrystalline and sedimented deuterated proteins. This method is expected to be useful for a wide range of insoluble crystalline or non-crystalline samples.

II.5 Structure of fully protonated proteins by proton-detected

MAS NMR II.5.1 Spinning faster: MAS NMR in the 100-111 kHz regime

The advent of 1.3 mm MAS probes capable of spinning at 60 kHz represented a major breakthrough in the biomolecular solid-state NMR community. However, proton resonances remain significantly dipolar broadened at 40-60 kHz, and extensive deuteration is still required for most proteins in order to obtain sufficiently resolved spectra, and to allow the acquisition of multidimensional spectra. This severely limits observation of side chain signals, which are essential for the determination of a protein structure at high resolution. The redundancy of information intrinsic to spectra of proteins protonated in side chains, leads to a mutually supportive network of distance restraints, and thus is crucial to an unbiased and robust spectral analysis by unsupervised algorithms. 32,[START_REF] Rosato | Blind testing of routine, fully automated determination of protein structures from NMR data[END_REF][START_REF] Guerry | CASD-NMR 2: robust and accurate unsupervised analysis of raw NOESY spectra and protein structure determination with UNIO[END_REF][START_REF] Buchner | Systematic evaluation of combined automated NOE assignment and structure calculation with CYANA[END_REF] Moreover, complete amide reprotonation in the interior of the protein can be problematic for systems that lack a refolding protocol, and deuterated media can reduce or even eliminate protein expression. [START_REF] Lian | Labelling approaches for protein structural studies by solution-state and solid-state NMR[END_REF] Even if different approaches to selective reintroduction of protons in side-chains exist, such as fractional 2 H labeling, 39,[START_REF] Asami | Optimal degree of protonation for 1 H detection of aliphatic sites in randomly deuterated proteins as a function of the MAS frequency[END_REF][START_REF] Mance | An efficient labelling approach to harness backbone and side-chain protons in 1H-detected solid-state NMR spectroscopy[END_REF] ILV methyl labeling 17,[START_REF] Huber | A proton-detected 4D solid-state NMR experiment for protein structure determination[END_REF][START_REF] Agarwal | De novo 3D structure determination from sub-milligram protein samples by solid-state 100 kHz MAS NMR spectroscopy[END_REF] or Stereo-Array Isotope Labeled (SAIL), [START_REF] Wang | Nano-mole scale sidechain signal assignment by 1 H-detected protein solid-state NMR by ultra-fast magicangle spinning and stereo-array isotope labeling[END_REF] they are not widely applicable, considering that they still require to deal with deuterated media, or due to their high cost.

All these drawbacks are overcome if resolved side chain proton resonances are available from a fully protonated sample. Fully-protonated samples are by far the simplest to produce, and their effective use could be applied to a much wider array of molecules including biomolecules labeled in mammalian systems. [START_REF] Chow | NMR spectroscopy of native and in vitro tissues implicates polyADP ribose in biomineralization[END_REF] The need for narrow proton resonances without such extreme levels of deuteration has motivated a continuous technological development resulting in a dramatic increase in the available spinning frequency. 47,[START_REF] Andreas | High-resolution proton-detected NMR of proteins at very fast MAS[END_REF][START_REF] Nishiyama | 3D 15 N/ 15 N/1H chemical shift correlation experiment utilizing an RFDR-based 1 H/ 1 H mixing period at 100 kHz MAS[END_REF][START_REF] Agarwal | De novo 3D structure determination from sub-milligram protein samples by solid-state 100 kHz MAS NMR spectroscopy[END_REF][START_REF] Lamley | Solid-state NMR of a protein in a precipitated complex with a full-length antibody[END_REF][START_REF] Zhang | A novel high-resolution and sensitivity-enhanced three-dimensional solid-state nmr experiment under ultrafast magic angle spinning conditions[END_REF][START_REF] Bockmann | Spinning proteins, the faster, the better?[END_REF][100] With the availability of the first probes reaching 100 kHz MAS, 101 it has been demonstrated that in this regime resonance assignment, 100 structure determination, and interaction studies, [START_REF] Lamley | Solid-state NMR of a protein in a precipitated complex with a full-length antibody[END_REF] are possible on perdeuterated fully backexchanged model proteins with as little as 0.5 mg of sample. [START_REF] Agarwal | De novo 3D structure determination from sub-milligram protein samples by solid-state 100 kHz MAS NMR spectroscopy[END_REF] In our laboratory, we had the possibility to test the first prototype of a Bruker 0.7 mm probe operating on a 1 GHz (23.5 T) spectrometer and reaching spinning frequencies of 100-111 kHz. Equipped with this probe, we demonstrated for the first time the feasibility of the de novo structure determination of two fully protonated proteins (notably a 28-kDa protein dimer in 2.5-MDa viral capsid assembly) with 1 H-detected MAS NMR, which opens the avenue to the NMR study of systems of increasing complexity. 3 In this work I mainly contributed in the acquisition and analysis of NMR data for the GB1 protein. Therefore in this section only the results concerning this protein are presented.

II.5.2 Resolution and sensitivity of 1 H-detected spectra at 111 kHz MAS

When MAS rates increase from 60 to 100 kHz and above, a dramatic improvement in resolution and sensitivity is observed for fully protonated proteins, which allows the acquisition of resolve 1 H-detected 2D and 3D correlation spectra without the need of unambiguously connect a single methyl proton at the end of a side-chain to an amide 1 H resonance (in a 1 H-detected approach) or to a backbone 13 C resonance (in a 13 C-detected approach).

Overall, for GB1 the completeness of assignment of proton resonances was 94.4%, and the all atom completeness was 85.9%, with the missing resonances being primarily aromatics.

The acquisition and the analysis of the (H)CCH spectrum leading to extensive assignment of side-chains in GB1 was a particular contribution of the author in the work described.

II.5.4 1 H-1 H contacts and structure calculation

For the protein fold determination, 3D RFDR (H)NHH and (H)CHH spectra 105 (Figure 21C) were recorded to directly probe 1 H-1 H proximities (Figure 21A-B). These spectra, acquired in 72 hours for GB1, contain two 1 H dimensions, and therefore benefit doubly from the line narrowing of backbone and side-chain proton resonances. In the experiments employed, 1 H-1 H contacts were resolved with the chemical shift of 15 N, aliphatic 13 C, or aromatic 13 C.

Observed correlations were manually identified, and converted into unassigned peak lists, containing the frequency coordinates and the intensity of each signal. For GB1, the NMR structure was calculated with the UNIO software package using as inputs these unrefined peak lists, the assigned backbone and side-chain chemical shifts, and backbone dihedral angles predicted from the chemical shifts using TALOS+. 106 The standard unsupervised protocol of iterative cross-peak assignment, conversion into distance restraints and structure calculation was applied as implemented in the program UNIO-CANDID. 107 The chemicalshift based assignment tolerances were set to the corresponding experimental linewidths, namely 0.15 and 0.4 ppm (on a 1 GHz spectrometer) for proton and heavy atom dimensions, respectively. Due to the high quality of the input data (in terms of redundancy and mutual support of cross-peaks), an efficient network-anchored assignment of the contacts resulted in a well-defined fold of the protein already in the first cycle of the iterative protocol. This is a crucial criterion certifying the reliability of a result in an unsupervised data analysis run. [START_REF] Guerry | CASD-NMR 2: robust and accurate unsupervised analysis of raw NOESY spectra and protein structure determination with UNIO[END_REF] The calculated bundle of NMR conformers (Figure 21D) has a backbone heavy atom RMSD of 0.48 Å, an all heavy atom RMSD of 1.04 Å, and deviates from the X-ray structure (PDB code: 2QMT) in the backbone atom positions by 1.45 Å. The structure is held together by a dense network of long-range (between residues i and j, |i-j|>4) 1 H- 1 H contacts, which encode distances up to about 5.5 Å (see e.g. Figure 21A). This amounts to 236 meaningful

The 1 H α -detected sequences show other advantages compared to 1 H N -detected ones.

Notably, 13 CO and 13 C β chemical shifts are accessible with higher sensitivity compared to 1 H N -detection, as a result of the shorter coherence transfer pathways. Moreover, 1 Notably, for some residues two sets of resonances for the same nucleus were identified.

The significant line broadening observed for many other resonances suggests the presence of unresolved peak splitting also for other nuclei. This is compatible with two backbone conformations observed by X-ray crystallography for molecules in the asymmetric unit of the protein crystal structure (PDB code: 2HIP), 110 as discussed in Chapter IV.

nuclei that are very close to the paramagnetic centers. A different approach is therefore needed to accomplish this task, which will be described in the following three chapters.

III.1 Introduction

The techniques described in the previous chapter, initially designed for the NMR characterization of diamagnetic proteins, can be also successfully employed for the detection and assignment of nuclei that experience long-range paramagnetic effects, as shown in the case of Cu II ,Co II -SOD and EhHiPIP I.

However, in the close proximities of a paramagnetic metal ion, the large isotropic and anisotropic shifts and the short relaxation times prevent the standard manipulation of nuclear coherences and the feasibility of the multidimensional experiments as described in the previous chapter. It is common to refer to this region as a "blind sphere" in a metalloprotein. 1 Nevertheless, this does not mean that this region is completely inaccessible to NMR. On the contrary, if the experimental approach is suitably tuned, resonances from nuclear spins may still be detected and characterized. Some of these tools have been previously developed for the analysis of highly paramagnetic materials or small inorganic complexes, and are reviewed in the present chapter.

Another challenging aspect of NMR in the close proximities of a paramagnetic metal ion is related to the assignment of the observed resonances in proteins and the interpretation of their spectral properties. Indeed, it is impossible to establish sequential connectivity over long stretches of the protein, and the observed shifts do not usually directly relate to residue types, nuclei positions, chain topology or local environments like in diamagnetic systems. For a full understanding of the observed properties, experimental spectra need therefore to be complemented with structure-based calculation. In this respect, extensive effort has been made in order to calculate with sufficient accuracy paramagnetic NMR (PNMR) shifts, and some recent advances in this field are reviewed as well at the end of the chapter.

III.2 The experimental toolkit III.2.1 Spin-echoed acquisitions

The simplest pulse sequence for obtaining a one-dimensional spectrum is a one-pulse sequence. However the application of this simple sequence suffers from a problem imposed by the limitation of the instrumentation. In order to switch from excitation to observation mode, and avoid saturation of the receiver, a dead time of few microseconds is needed after

The "toolkit"

III.3 The theoretical toolkit

The experimental techniques described in the previous section can be successfully employed to detect NMR signals from nuclei in the close proximity of a paramagnetic metal ion, and to assess internuclear connectivity. However, assignment of the observed resonances might be a challenging task, for the reasons described in the introduction of this chapter. In this regard, the possibility of predicting PNMR shifts with sufficiently high reliability represents an attractive tool. The possibility to unravel the close relationship between PNMR shifts and structure can eventually provide structural information on the system under examination, 26 as will be shown in Chapter V.

III.3.1 Brief theoretical overview

The first efforts to predict PNMR shifts date back to the early times of NMR with the seminal works of McConnell and coworkers in the 50s, [27][28] followed by the developments made by Kurland and McGarvey in the 70s. 29 Their theory has been recently translated into a modern quantum-chemical language by Vaara and coworkers. 30 In this implementation the PNMR shift tensor is derived from the EPR spin Hamiltonian parameters, i.e. the hyperfine coupling (HFC) tensor, the g-tensor, and the zero-field splitting (ZFS) tensor, for a system with arbitrary spin multiplicity. 30 Starting point is the EPR Hamiltonian of the system, which for a given nucleus is:

ℋ = -ℏ ⋅ - ⋅ + ⋅ ⋅ + ⋅ ⋅ + ⋅ ⋅ (III.9)
where the first term represent the nuclear Zeeman interaction and the nuclear orbital shielding, the second term the electron Zeeman interaction, the third term the HFC, and the last term the ZFS interaction. In Vaara's implementation, the paramagnetic (hyperfine) contribution to the chemical shift tensor of the nucleus, , is given by

= ℏ ⋅ ⋅ (III.10)
where is the g-tensor, is the HFC tensor of the nucleus, and is the "spin dyadic", which represents a thermal average of the two electron spin operators over the eigenstates of the ZFS Hamiltonian with the inclusion of magnetic couplings between these states. 30 As can be seen in this formulation, the hyperfine shift can be estimated once the EPR parameters are known.

Note that equation (III.10) reduces to equation (I.18) in the absence of relativistic effects.

Indeed in this case = • , = ( ) and equation (I.6) applies. For the isotropic part we obtain:

= ( ) ℏ = con (III.11)

III.3.2 Practical aspects of quantum chemistry modeling

The calculation of PNMR shifts by first-principle quantum-chemical methods is computationally expensive, considering that it requires the evaluation of the HFC tensor for each nucleus in the molecule. This is prohibitive for a system of the size of a protein, and the full treatment is possible only for a limited number of atoms (<200) in the coordination sphere of the paramagnetic ion.

In practice, a structural model of the coordination sphere of the paramagnetic ion is built, which comprises the metal ion, the first coordination sphere, and eventually other residues or atoms relevant for defining the local environment (e.g. residues involved in H-bonding with atoms in the first coordination sphere). This model can be obtained from previously available structures (e.g. crystallographic data), or in principle built ex nihilo. Usually a geometry optimization step is required in order to reliably compute the EPR parameters. This is performed by DFT, keeping the C α position fixed during the optimization step. The choice of the DFT functional has been proven to be determinant in this regard. 31 The computation of g and D tensor requires an ab initio treatment, DFT methods being usually insufficiently accurate for this purpose. [32][33] This is performed on a smaller model, built from the previously optimized one (the dimension of the latter would be prohibitive for an ab initio treatment), which comprises only a limited number of suitably chosen atoms of the first coordination sphere.

The evaluation of the HFC tensor would require as well an ab initio treatment in order to obtain a sufficient level of accuracy, but unfortunately contemporary HFC calculations are lacking a benchmark ab initio level applicable to systems of biologically relevant sizes.

Resorting to density functional theory (DFT) methods, there is currently no universally preferred functional for HFCs. 34 In such a situation, the HFC tensors need to be calculated with a set of DFT functionals in order to provide a reliable range of values, as will be shown in detail in Chapter V.

Once all the EPR parameters are evaluated, can be obtained from equation (III.10).

Even if not relevant for the present work, it should be mentioned that for nuclei not included in the structural model used for the calculation of the PNMR shifts it is not possible to evaluate the full hyperfine shift. However for these nuclei it is usually possible to neglect the contact interaction and in many cases the PDA can be applied. In this case, the hyperfine contribution to the chemical shift can be approximated by

≈ ⋅ ⋅ - (III.12)
where is the vector connecting the positions of the nuclear and electron spin. Under this approximation then, only the calculation of the g and the D tensor is required, and the (which in this case reduces to the PCS) can be evaluated provided that a structural model of the protein is available. 31 The advantage of performing accurate prediction of the PNMR shifts is twofold: on one side, if the structure of the system under examination is known with sufficiently high accuracy, then the prediction of the NMR shifts can support the assignment of the observed resonances; on the other, if the assignment is known, it is then possible to provide structural information on the analyzed system. 26 This will be shown in Chapter V, where with the combined use of experimental NMR data and predicted PNMR shifts it is possible to provide structural information on the coordination sphere of a paramagnetic ion in a metalloenzyme.

III.4 Conclusions

The techniques described in this chapter provide a precious tool for the MAS NMR investigation of nuclei in close proximity of a paramagnetic metal ion in a metalloprotein, which would be inaccessible with conventional MAS NMR techniques. In the following two chapters this "toolkit" is successfully used for the characterization of nuclei in the "blind sphere" in two microcrystalline metalloenzymes binding an iron-sulfur cluster and a Co II ion, respectively.

Paramagnetic properties of a crystalline iron-sulfur protein

IV.1 Introduction

Despite the tremendous progress experienced by biomolecular MAS NMR in the last years, only few high-resolution studies were performed on paramagnetic metalloproteins up to now, as illustrated in Chapter I. Moreover, these studies mostly dealt with long-range paramagnetic effects, like PCSs and PREs, which are accessible with conventional techniques used for diamagnetic proteins.

Expanding the repertoire of solid-state NMR accessible paramagnetic systems is however not necessarily a trivial task, because of the different properties of the different metals in the different coordination environments that are encountered in metalloproteins. An example of this is represented by trivalent lanthanide ions, where the quality of the spectra is extremely dependent on the properties of the metal ligands: whereas small inorganic complexes 1-2 or rigid binding sites in proteins 3 yield substantially sharp lines, a more flexible environment reorients the magnetic susceptibility tensor, 4 producing significant inhomogeneous broadening, or possibly reintroducing Curie relaxation. 5 In this chapter the first solid-state NMR data on a protein containing an iron-sulfur Fe 4 S 4 cluster is reported. 6 By the combined use of very fast (60 kHz) MAS and tailored rfirradiation schemes, it was possible to detect and assign most of 1 H and 13 C resonances from the side chains of the residues coordinating the Fe 4 S 4 cluster in the oxidized high-potential iron-sulfur protein I from E. halophila (EhHiPIP I). For these residues, contact shifts as large as 100 ppm and 400 ppm for 1 H and 13 C resonances, respectively, were observed. Moreover, by targeting EhHiPIP I in a crystalline environment, it was possible to capture distinct paramagnetic signatures from the two conformations present in the asymmetric unit of the crystal. The magnetic properties of the system were also verified by following the temperature dependence of the contact-shifted cysteine resonances.

IV.2 HiPIPs and their magnetic properties

Iron-sulfur clusters (ISCs) are ubiquitous prosthetic groups of many metalloenzymes, [7][8][9][10] often associated to membranes, and they have a variety of functions in diverse cellular processes in almost all life-forms, with the large majority of them being involved in electron uptake, storage, donation, and exchange. 11 Within ISCs, each iron ion is almost always in a tetrahedral coordination, provided by two or three inorganic sulfides groups and two or one Paramagnetic properties of a Fe-S protein 94 2.5+ and 3+ oxidation states with 80 -20% probability (Figure 35B). 14 This is actually rather common among the different HiPIPs. 14 The mixed valence pair ( in Figure 34) usually assumes the higher spin state and forces the ferric pair ( in Figure 34) to have a lower spin state with opposed spin, due to exchange coupling, yielding as mentioned above a ground state , , of the type |9/2, 4, 1/2〉. To further complicate the picture, it is found that the ground state is not a pure |9/2, 4, 1/2〉 state, but rather a superposition of different states. 26 However, since the behavior of HiPIPs has remarkable similarities, one can expect the exchange coupling parameters to be similar to what has been estimated with a quantum mechanical formalism for EhHiPIP II, which has a single EPR isomer. 27 Besides benchmarking MAS NMR with a new target paramagnetic system, the present investigation on microcrystalline EhHiPIP I represents an important complement to the literature data, by providing a link between the characterizations of the molecule in solutions and in crystals. Most notably here, the unit cell of crystalline EhHiPIP I (PDB ID: 2HIP) contains two molecules, featuring an overall backbone RMSD of 0.67 Å (Figure 35A). 19 Considering that paramagnetic NMR shifts are highly sensitive to the local geometry, [28][29] solid-state NMR could be able to capture distinct signatures from the two conformations present in the asymmetric unit. 

IV.3 MAS NMR of EhHiPIP I IV.3.1 The first MAS NMR detection of contact-shifted signals in an protein

With the techniques described in Chapter II it was possible to perform a partial assignment of the NMR resonances of the less paramagnetic portion of protein. However, nuclei in the side chain of the cysteine ligands could not be detected with that experimental setup. Indeed, these nuclei are expected to experience strong hyperfine effects, and suitably tailored pulse sequences are needed in order to successfully detect and assign their signals. In particular, CP-based methods are expected to be ineffective for this purpose, due to the difficulty of locking the magnetization over the large required spectral windows (above 100 ppm), and to the magnetization losses during the contact times (which are usually on the order of 0.5 -2 ms).

Here, for the first time, we successfully apply the set of experiments described in Chapter III, to characterize signals in the blind sphere in a paramagnetic microcrystalline metalloprotein. A doubly 13 C, 15 N labeled sample of EhHiPIP I was microcrystallized and packed in a 1.3 mm rotor. The 1D 1 The interpretation of these spectra was supported with the acquisition of two 2D maps: a 1 H-1 H RFDR spectrum (Figure 36C), 31 which correlates protons close in space, and a 1 H-13 C TEDOR spectrum (Figure 36D), [32][33] which correlates pairs of nearby protons and carbons. As already mentioned, the short relaxation times of these strongly paramagnetic signals ( 1 H of ~0.5 ms for the hyperfine shifted peaks are observed in EhHiPIP I) and their large shifts obliterate spin diffusion and prevent heteronuclear coherence transfers by cross-polarization, while the pulsed methods used here provide a broadband, offset-insensitive route to efficient 2D correlations. 34 to the solution case, whikle the pattern is clearly maintained, allowing for direct transfer of the solution assignment. Similarly, in the 2D maps of Figure 2C and 2D, the correlation patterns expected on the basis of the solution NMR shifts are doubled. In particular, it appears that two forms are observable for Cys50 and Cys33, for which each 1 

IV.3.3 Temperature dependence of the hyperfine-shifted signals

The possibility to detect strongly contact shifted 1 H signals in microcrystalline EhHIPIP I allows to measure their temperature dependence, which in turn is a direct reporter of the magnetic properties of the system. Under MAS, the temperature dependence of the proton chemical shifts could be probed in the range between 293 K and 305 K. Figure 37 shows the Curie plot obtained from these measurements, and linearly fitted slopes and intercepts are reported in Table 3. Cys50 and Cys36 The data reveal that a similar behavior is generally observed in solution and in the solid state, and that no appreciable differences between the trends of the two sets of resonances associated to the two different forms can be observed in the solid state. This confirms that the spin distributions of the iron ions is preserved in the solid state, and the model used to interpret solution data can thus be still considered valid. This is particularly useful to confirm the performed assignment, especially where the little difference in chemical shifts makes it difficult to discriminate between 1 H β1 and 1 H β2 protons, as in the case of Cys33. Interestingly, the Curie plots of Cys50 and Cys33 in solution have somewhat different slopes from those observed in the solid state for the two forms. This may suggest that upon temperature changes a modest structural change could occur in solution, in such a way that the conformation passes from being closer to one to being closer to the other of the two forms present in the solid state.

However the analyzed temperature range is too narrow to perform a quantitative analysis, and no further investigation in this direction has been attempted.

IV.4 Conclusions

In this chapter, we have shown that solid-state NMR with very fast MAS rates and tailored rf-irradiation schemes allows for the extensive characterization of a highly paramagnetic metalloprotein containing an oxidized ISC in a microcrystalline state. Notably, resolved resonances from nuclei that experience considerable 1 H and 13 C hyperfine shifts were detected and assigned to two inequivalent conformations of the cubane cluster present in the asymmetric unit. The magnetic properties of the system were finally verified by following the variable temperature changes of the contact shifts. ISCs are common in biochemistry and are present in many membrane-bound systems, which cannot be easily accessed by atomicresolution diffraction techniques or solution NMR. We expect therefore that the methods described above will be very broadly applicable to such important class of targets. More generally, this work represents an important proof of principle of how the experimental "toolkit" described in Chapter III can be successfully used for the detection and characterization of hyperfine-shifted resonances in a paramagnetic metalloprotein.

In the next chapter a similar approach will be used to study another paramagnetic microcrystalline protein, the human superoxide-dismutase. There, even more impressive results are obtained with the use of 100 kHz MAS rates. Moreover, the combination of the aforementioned experimental setup with state-of-the art computational tools will provide structural information on the first-coordination sphere of the paramagnetic metal ion.

V.1 Introduction

In the previous chapter the combined use of fast MAS and suitably tailored radiofrequency irradiation schemes allowed detection and characterization of nuclei in the coordination sphere of a paramagnetic cluster in a metalloprotein experiencing large contact shifts. It was also shown how MAS NMR is a sensitive probe of the geometric environment of the active site of a metalloprotein.

In this chapter, we will try to move one step further, and investigate the possibility to exploit PNMR effects to provide atomic level structural information on the metal binding site of a metalloprotein. Accurate determination of three-dimensional molecular structures at atomic resolution is a tremendous task. Most of our understanding of chemistry and biology of metalloproteins derives from molecular structures obtained with X-ray diffraction (XRD) crystallography. 1 The resolution of XRD structures is limited by a number of factors such as the need of highly ordered crystalline samples and the X-ray-induced radiation damage, due to which the data usually need to be acquired at cryogenic temperatures. Moreover, even when high-resolution XRD structures are available, often the structure of the metal site and its coordination geometry are not well determined. 2 Metal coordination distances can be refined with X-ray absorption techniques 3 which, however, share many of the limitations of XRD.

In this respect, we would like to exploit the sensitivity of NMR to the electronic structure and coordination geometry of paramagnetic metal ions at the active site in a new perspective.

Long-range effects such as pseudo-contact shifts and NMR relaxation enhancements in systems containing paramagnetic metal ions are already available and largely exploited both in solution and in the solid state, as discussed in Chapter I. However, these NMR parameters are not used for determining the structure of the metal center itself.

In this chapter, MAS NMR combined with quantum chemistry modeling is proposed as a robust approach for obtaining structural restraints on the coordination sphere of a paramagnetic metal at the core of a metalloprotein. The method relies on the measurement, calculation, assignment, and structural interpretation of PNMR shifts in the Fermi-contact regime. This leverages the recent experimental advances, already highlighted in the previous chapter, and the recent development of theory of PNMR shift tensors (see Chapter III), which has enabled their rigorous modeling from first principles of quantum mechanics 4 providing a direct access to the structural interpretation of measured PNMR shifts.

The method is demonstrated on a metalloenzyme, the human superoxide dismutase 1, in its copper-free form containing a paramagnetic Co II ion (Co II -SOD). The method allows Chapter V the nuclei in the coordination sphere of the metal (see Chapter I), which are broadened beyond detection. In order to recover these NMR signals it would be necessary to shorten the electron relaxation time of Cu II .

Interestingly, the metallation state of the protein can be experimentally changed with minimal structural and functional changes. [8][9] This was exploited in the past to selectively tune the paramagnetic behavior of the sample, so that different positions of the molecule could be characterized by solution NMR. 8 Notably, the substitution of Zn II with Co II allowed the spectroscopic characterization of the Zn site in native SOD, 8 as well as to perform highresolution 1 H-NMR of the Zn site in the copper-free form. 10 High-spin Co II is an ion with S=3/2 and short electronic relaxation time (10 -11 -10 -12 s in a tetrahedral environment), which is suitable for investigation by NMR. 11 Resolved hyperfine-shifted peaks arising from nuclei in the Co II coordination sphere can then be observed, providing a probe of the local environment.

Moreover, when Zn II is substituted with Co II in the protein binding Cu II (Cu II ,Co II -SOD), the weak antiferromagnetic coupling (J ≅ 16.5 cm -1 ) 12 between Cu II and Co II trough the histidine ring dramatically shortens the electron relaxation time for Cu II , which approaches those of high-spin Co II . 13 As a consequence high-resolution NMR characterization of the Cu site is possible. [13][14] Cu II ,Co II -SOD has a catalytic activity comparable to that of the native enzyme and, therefore, can be used as a model of the latter. 15 Following the impressive work done in the past on SOD by solution NMR, 13 we decided to target it as an attractive benchmark system for solid-state NMR. In a first step we focused on the microcrystalline fully protonated copper-free form of SOD where Zn II is substituted with

Co II (Co II -SOD). We show how the combined use of state of the art MAS NMR technology and PNMR theory not only reproduces the results obtained in solution, but also complements the available data with the observation and assignment of new resonances, previously invisible. In addition to that, NMR data can be interpreted with the aid of novel theoretical and computational tools to provide structural information on the coordination sphere of the metal ion. Notably, the XRD structure of human SOD 7 describes the metal site with a substantial uncertainity. The deposited structure corresponds to an ensemble of ten conformers, whose RSMD at the active site is of 0.20 Å. With the methodology proposed in this chapter, it is possible to narrow the bundle of structures of the Co II complex to those that well correspond to the measured 1 H, 13 C, and 15 N PNMR shift pattern, thereby reducing the structural disorder at this site.

As a future perspective, we show preliminary results on Cu II ,Co II -SOD as well. In this case, the theoretical framework for calculation of PNMR shifts from first principle still misses the formalism for the inclusion of ZFS effects; therefore a structural interpretation of the experimental data is not available at the time of writing. Still, the results obtained for Co II -SOD can be used for a qualitative interpretation of the Cu II ,Co II -SOD case.

V.3 Exploring the metal center of Co II -SOD V.3.1 MAS NMR of Co II -SOD

By using the experimental toolkit provided in Chapter III it is possible to acquire the NMR spectra of nuclei in the coordination sphere of the metal ion. 1 H and 13 C spin-echo spectra are shown in Figure 39A-B. Contact-shifted resonances were observed between -26-82 ppm in the 1 H spectrum and up to 1210 ppm in the 13 C spectrum. From the 1 H spectra it is evident how the large shift anisotropies (SAs) caused by the presence of the paramagnetic ion induce spreading of the signals over more spinning sidebands, affecting both sensitivity and resolution of the spectra. In this respect, the use of the fastest MAS rates available is highly beneficial in order to concentrate the signal into fewer sidebands, as observed in the 1 H spectrum in Figure 39A. Using 100 kHz MAS actually allowed for the complete removal of the overlap with the spinning-sideband manifold. The region between 35-60 ppm shows the same pattern of PNMR shifts as observed in solution, and then can be easily assigned. 10,13 Notably, at state-of-the-art 100 kHz MAS several very broad 1 H resonances become observable above 60 ppm and below -8 ppm, which were escaping detection at lower MAS rates and in solution (marked with an arrow in Figure 39A).

In the 13 C spin-echo spectrum the overlap with the spinning-sideband manifold was not removed even at 100 kHz MAS, potentially hindering the observation of some resonances. In order to recover the isotropic spectrum a 13 C aMAT spectrum has been acquired, 16 allowing to correlate the spinning-sideband manifold of each 13 C nucleus with its isotropic shift. The isotropic spectrum was recovered as a projection along the indirect dimension (Figure 39B).

The aMAT experiment was also used to evaluate the 1 H and 13 C SAs by extracting rows in the spectrum corresponding to individual isotropic shifts and fitting thus obtained spinningsideband manifold, as shown for the proton case in Figure 39E.

to a given carbon nucleus, thus providing additional information for the resonance assignment (Figure 39C, magenta). The possibility to extend the assignment to 13 C and 15 N nuclei represents a complement to the data obtained in solution NMR, where no information on heteronuclear connectivity could be assessed. This represents a main fundamentals advantage of the MAS NMR approach.

Overall, the application of this experimental toolkit combined with fast MAS has the effect of almost completely removing the blind sphere.

V.3.2 PNMR calculations for the metal site

Once the PNMR shifts and SAs are acquired, a reliable assignment protocol is needed. For diamagnetic proteins this is a well-established procedure relying on the fact that different types of nuclei in different residues and structural environments display well-defined ranges of chemical shifts. However, this is not the case for paramagnetic systems, especially in the presence of strong contact interactions, which alter the observed shifts in a non-empirically predictable way. For this reason, the assignment based solely on experimental data is often not possible 11 and the use of theoretical modeling is of fundamental importance.

We performed a series of DFT and ab initio calculations in order to predict the NMR shifts of the nuclei of interest and to connect the experimental data to the electronic and threedimensional structure of the Co II -binding complex of Co II -SOD. Accordingly to the employed theory of PNMR shifts discussed in Chapter III, 4 we calculated the EPR parameters of the Co II complex, in particular the g-tensor, the zero-field splitting (ZFS) tensor and the hyperfine coupling (HFC) tensors of the NMR nuclei. This requires a structural model of the metal coordination sphere. In this case as a starting model we used the XRD structure of human Cu II ,Zn II -SOD containing ten protein chains (five dimers) in the crystallographic asymmetric unit. 7 From these protein chains, we built models A-J of the Co II -binding site of Co II -SOD.

These models included the side chains of residues directly coordinating the metal ion (His63, His71, His80 and Asp83) as well as portions of other residues (Gly72, Arg79, Val81, Gly82) that are involved in H-bonding with the ligands, which are fundamental in determining the correct coordination geometry. Partial geometry optimization with C α atoms fixed in space was used to adjust the Co II binding geometry, while at the same time keeping the overall molecular fold intact. This step was necessary to refine the Co II coordination sphere to a degree required for obtaining reliable EPR property tensors while maintaining the structural variation associated with the uncertainty of the XRD data (Figure 41A). We note that the DFT optimization of the models A-J should not be viewed by itself as a structure refinement of the Chapter V crystallographic data. This can be reliably achieved only by comparing calculated and experimental values of spectroscopic parameters, here the PNMR shifts.

The calculations revealed that the isotropic g-value had a rather stable value of 2.22-2.23 among all models (Table 4), comparing perfectly with the experimental value of 2.24. 12 The absolute value of the zero-field splitting |D| varied between 5.1-7.5 cm -1 in the calculations which is somewhat lower than the previously measured value of 10.8 cm -1 . 12 This difference is likely caused by a combination of factors. We cannot exclude effects beyond our computational approach. Furthermore, the experimental D-value is likely inaccurate since it had been obtained by fitting of temperature dependent paramagnetic susceptibility assuming a simplified Hamiltonian with isotropic g-tensor and axial ZFS. Nevertheless, the geometry dependence of the PNMR shifts (see Tables 17-18 in Appendix) was to a large extent dominated by that of the EPR hyperfine couplings.

EPR
Contemporary HFC calculations are lacking a benchmark ab initio level applicable to systems of biologically relevant sizes. Resorting to DFT methods, there is currently no universally preferred functional for HFCs. 20 In such a situation, the HFC tensors need to be calculated with a set of DFT functionals in order to provide a reliable range of values. Previous calculations on a different Co II -binding complex 21 showed that the range given by PBE0 and PBE50 hybrid DFT functionals defines a reliable confidence interval.

Chapter V shift puts a lower bound of 101˚ on the (His63 N δ1 -Co-His71 N δ1 ) angle (θ 63-71 in Figure 42C), and His80 1 H ε2 shift constrains the (His80 N δ1 -Co-Asp83 O δ1 ) angle (θ 80-83 in Figure 42D) below 117˚.

These values could be in principle directly applied as constrains on the metal coordination geometry in the XRD data refinement procedure, improving the resolution of the generated structure.

V.3.4 NMR assignment strategy

The full assignment of 1 H, 13 C, and 15 N NMR signals is reported in Table 6. The general assignment strategy is based on the comparison between experimental and calculated isotropic chemical shifts (Table 6) and SAs (Table 7) for model F, which among the ten models the best reproduces the experimental values. Depending on the quality of the experimental data for a given atom, an unambiguous or just a tentative assignment can be provided. It should be noted that, even if the previously published solution NMR 1 H assignment was initially used to validate our method, the combined use of the experimental and calculated data would have allowed the complete assignment without any prior knowledge.

Unambiguously assigned resonances. From the comparison of the 1 H spin-echo spectrum with the previously published 1 H solution spectrum 10,13 it is evident that the pattern of the observed shifts is preserved, and thus the available solution assignment can be easily transferred. In particular, His71 1 H ε2 and 1 H δ2 , His80 1 H ε2 and 1 H δ2 , His63 1 H δ2 , and Asp83 1 H β1 and 1 H β1 can be assigned. His63 1 H ε2 resonance is not observed. This might be due to chemical exchange phenomena occurring at this site, which is solvent exposed, as was already noticed in solution. 13 All these nuclei can then be correlated with the directly attached 13 C or 15 N nuclei through the (H)CH and (H)NH TEDOR spectra, and thus His63, His71, and His80

13 C δ2 , His71 and His80 15 N ε2 , and Asp83 13 C β , can be assigned. The (H)C(H)H TEDOR spectrum provides additional confirmation of the assignment, displaying correlations between 1 H δ2 and 1 H ε2 nuclei in the same residue.

The assignment made is then used to validate our computational approach. The model F was chosen as the best representative structure since all the observed resonances in the TEDOR spectra lie in the corresponding calculated intervals.

Tentatively assigned resonances. Once the computational approach is validated, the calculated data can be used to assign all the other observed resonances in the 1 H and 13 C 1D spectra to the corresponding nuclei.

Chapter V

In the 13 C spin-echo and aMAT spectra unassigned resonances show up at 1210, 960, 915, 775, 358, and 220 ppm. Based on calculations (see also Figure 43A), the resonance at 1210 ppm can be assigned to His80 1 C ε1 , while the resonances at 960 and 915 ppm likely belong to His63 and His71 1 H ε1 , respectively, although the reversed assignment cannot be completely excluded given the proximity of the two peaks and the computational uncertainty. The calculated ranges for 13 C γ of His71 and His80 almost coincide, and also the calculated SAs are very similar. The broad signal at 775 ppm can be then assigned to either of the two or both of them. When not considering the SA, the resonance at 775 ppm could also be assigned to

His71 13 C ε1 (also Figure 43B), however such an assignment is disfavored by a worse agreement with the measured SA. The peak at 358 ppm is most likely assignable to His63 13 C γ , although in the absence of the experimental SA value the assignment to His63 13 C β cannot be completely excluded. Finally, the signal observed in 13 C aMAT at 220 ppm coincides with the calculated chemical shift ranges of His63 13 C β and Asp83 13 C α but only Asp83 13 C α gives acceptable agreement with between the experimental and calculated CSA values. Unassigned remain His80 13 C β , and Asp83 13 C γ , all of which are according to the calculations likely to be buried in the diamagnetic bulk, and His63 13 C β .

In summary, the metal center of SOD contains eighteen 1 H, fifteen 13 C, and six 15 N atoms in the contact-shift regime. It was possible to observe and at least tentatively assign twelve 1 H, twelve 13 Chapter V 123 ppm can be tentatively assigned to 1 H ε1 of His80 and His71, respectively, in analogy to Co II -SOD.

Same as for Co II -SOD, the assignment can then be extended to 13 C and 15 N nuclei with the aid of (H)CH and (H)NH TEDOR spectra (Figure 44.B-D). It was possible to identify all the 15 N atoms of the histidine rings that do not directly bind to the metals, contrary to what was previously observed in solution, where only the 15 N δ1 nuclei of His120 and His48 could be identified. 25 Extended assignment of the 13 C spins was also possible: all the 13 C δ2 nuclei could be identified, as well as the 13 C β of His46, His71, and Asp83, and 13 C ε1 of His46, His48, His71, and His120.

V.4.2 A comparative analysis of Co II -SOD and Cu II ,Co II -SOD

It is interesting at this point to compare the observed resonances for Co II -SOD and Cu II ,Co II -SOD. As previously mentioned, the Cu II and Co II ion are weakly antiferromagnetically coupled at room temperature (J ≅ 16.5 cm -1 ). 12 Under these circumstances the shifts of the nuclei are to a good approximation expected to be given by the sum of the shifts that would be observed in the presence of only one paramagnetic ion, as discussed in Chapter I. 11 In particular, for His71, His80 and Asp83, which are closer the Co II ion, we would expect to observe the same pattern of shifts observed for Co II -SOD, while for His46, His48 and His120 the same pattern that we would observe in Cu II ,Zn II -SOD. For His63, which experiences extensive electron delocalization from both metal ions, we would expect significant deviations of the observed shifts compared to the Co II -SOD case.

Indeed, the general pattern observed in Co II -SOD is preserved in Cu II ,Co II -SOD, except for His63, whose 1 H δ2 and 13 C δ2 shifts are significantly changed in Cu II ,Co II -SOD. Interestingly, while for His80 the correlations observed in (H)CH and (H)NH TEDOR spectra are almost identical between the two samples, more significant deviations are observed for His71 and

Asp83. With the available information, it is difficult to determine whether the changes are due to a modification of the spin density pattern or to a structural difference of the Co II coordination sphere, or to both effects. However, it is quite tempting to interpret the differences in the light of the calculated variation of the chemical shifts as a function of the different structural parameters in Figure 42. In particular, the increased value of Asp83 13 C β shift in Cu II ,Co II -SOD could arise from an increase in r 2 and a decrease in r 1 values, indicating a slight variation of the coordination mode of Asp83. Analogously, the variation of His71 1 H ε2 shift could be explained with a variation of the θ 63-71 angle.

Unfortunately the current PNMR theory lacks a formalism for the calculation of PNMR shifts from first-principle including ZFS effects. 26 Inclusion of ZFS in the PNMR formalism for coupled systems is currently under development in our group, and once developed, a rigorous treatment, analogously to the one provided for Co II -SOD, will be possible. We propose to reassign them on the basis of the (H)NH TEDOR of Co II -SOD. This assignment will be confirmed once more experimental data and dedicated calculations will be available.

V.5 Conclusions

In this chapter, we show that with the experimental toolkit used it is possible to remove the blind sphere around a paramagnetic ion in a metalloprotein, and detect and assign resonances that are invisible in solution. Moreover, a generally applicable method was introduced to determine at sub-atomic resolution the structure of the coordination sphere of a paramagnetic metal via measurement and calculation of paramagnetic NMR shifts in the Fermi-contact regime. Detection and assignment of contact-shifted resonances required the application of state-of-the-art methodology including 100 kHz MAS, tailored radiofrequency irradiation schemes, and advanced quantum chemistry modeling. The method was applied to the Co II -SOD metalloprotein, where it resulted in key structural constrains on the Co II coordination sphere. We expect that this method will be generally applicable to metalloenzymes coordinating paramagnetic metals.

In the next chapter the preliminary NMR characterization of a metal ion transporter will be illustrated. This system is involved in the regulation of intracellular Mg 2+ concentration, but it has been shown that it can bind Co 2+ as well, with biological relevance. The data shown in the next chapter will concern mostly the enzyme bound with Mg 2+ . However, we wish to characterize in the future the same enzyme complexed with Co 2+ . In this regard, the "toolkit" described in this chapter should provide precious structural information.

VI.1 Introduction

In the previous chapters we showed that solid-state NMR can be successfully used for the characterization of proteins containing paramagnetic centers. From one side, with the experimental toolkit presented in Chapter II, extensive backbone and side chains assignment can be obtained for nuclei experiencing long-range paramagnetic effects. On the other, the tools described in Chapter III can be employed, as shown in Chapter IV and V, to detect and assign nuclei in close proximity of a paramagnetic ion or a paramagnetic ions cluster, and their shifts can be converted, under the guidance of state-of-the-art computational tools, into structural parameters.

The results described in Chapter II, IV and V are obtained on benchmark microcrystalline paramagnetic proteins, for which extensive characterization was already available. This allowed establishing and validating our methodological approach, which can be now used to investigate more complex systems, for those important biological questions still remain unsolved. Membrane proteins represent with this regard an attractive target for solid-state NMR.

One important class of membrane-related proteins is represented by channels and transporters, which are essential in regulating the flux of ions, nutrients, toxins and other molecules across the cell membrane. In particular, regulation of metal ions concentrations is of crucial importance for the proper functioning of the cell, and living organisms evolved a large variety of transporters and channels, which play different roles in the regulation of the metal ions homeostasis.

In this chapter, we target CorA, a divalent metal ion channel that has received an increasing attention from the scientific community over the last years, as the major Mg 2+ uptake system in prokaryotes. As discussed later, this protein undergoes a conformational change from a closed state, which does not allow Mg 2+ to flow across the membrane, to an open state, which allows Mg 2+ to enter the cell. Different X-ray and one cryo-EM structures of the closed state, as well as two low-resolution cryo-EM structures of the open state have been presented/published. However, the mechanism which triggers the conformational change, the basis of the gating process, as well as the dynamics of the entire conformational rearrangement, remain unclear, and no consensus has been found yet on the events that accompany the Mg 2+ uptake process. Interestingly here, it has been found that the protein can also bind and transport Co 2+ and other divalent cations. This represents an attractive aspect for the introduction of a paramagnetic probe in the protein, which will allow the use of paramagnetic effects for the structural studies, in particular with the methodology developed in the previous chapters.

This is an ongoing project in our laboratory, and only preliminary results are available at the time of writing. Considering the excellent quality of the NMR data obtained up to now, we expect that in the near future it will be possible to apply the methodologies described in the previous chapters and to provide important structural information on this protein, and hopefully to give additional insights into the mechanism of the metal uptake.

VI.2 The CorA channel

Mg 2+ is the most abundant intracellular divalent cation and is involved in a wide variety of biochemical processes. 1 Nature has evolved a large number of structural scaffolds to selectively transport Mg 2+ , but up to now only for few of these systems the complete structures have been determined. 2 Among these, the CorA system represents one the most investigated class of bacterial Mg 2+ transport proteins. CorA was named from the cobalt-resistant mutants in which it was first identified. [3][4] A relationship between protein concentration and Mg 2+ concentration in prokaryotic cells was established, highlighting the importance of the protein in the regulation of Mg 2+ homeostasis, which was further confirmed by the evidence that this protein is required for the virulence of different pathogens. [5][6] The protein is found in half of the sequenced prokaryotic genomes, for which it is presumed to function as the primary cellular Mg 2+ transport system. 2 It has been found that the protein can transport also other divalent cations, in particular Co 2+ . 7 For most of prokaryotes this has been considered of non-physiological relevance, because of the low affinity of Co 2+ for CorA. However, it has been observed that in the hyperthermophilic organism Thermotoga maritima (Tm), CorA selects Co 2+ over Mg 2+ at 100 times lower concentrations and that TmCorA displays higher thermostability in the presence of Co 2+ , rather than of Mg 2+ . [8][9] Considered that in the natural environment of T. maritima Co 2+ concentration is relatively high, while those of Mg 2+ relatively low, 10 it has been proposed that TmCorA works actually as a Co 2+ channel in vivo, but there is still no consensus on this aspect among the scientific community. 2 Three groups almost simultaneously reported the first crystal structures of TmCorA in the presence of divalent cations, at 2.9, 3.9 and 3.7 Å resolution, respectively, in 2006. [11][12][13] Other X-ray structures were determined in the following years 9,14 and, recently, a cryo-EM structure at 3.8 Å resolution was obtained. 15 All these structures were solved in the presence of Mg 2+

and are very similar, with the major differences located at the flexible parts of the protein.

TmCorA is, in the presence of divalent cations, a 5x42 kDa symmetric pentamer with the shape of a cone (Figure 45A making it too narrow to permit the passage of even a single water molecule, suggesting that these structures represent closed, non-conductive forms of the channel. 2,12 Two regulatory metal-binding sites were identified in almost all of the available structures, which are usually indicated as the M1 and M2 sites (Figure 45F). In the M1 site, the metal is closely coordinated by the side chains of Asp89 and Glu88 from one monomer, and Asp253 from a second monomer, thus bridging two different subunits. Water molecules are supposed to complete the coordination sphere of the ion, probably in an octahedral geometry. 9 The M2 site is found in the proximity of the M1 site, in a cavity surrounded by the main chain of Leu12, and side chains of Asp175 and Asp253, also in this case bridging two different subunits. The distance to the potential protein ligands is too large for a direct binding, and the ion is probably in a fully hydrated form. 11 Other potential metal binding sites are found in some of the structures. One is found at the entrance of the pore, which can accommodate a fully hydrated cation distantly bound to the side chain of Asn314 of the YGMNF motif (Figure 45D), which is believed to represent a selectivity filter. 2,15 Others are found along the pore, in particular at the Asp277 position (Figure 45E), which is located at the intracellular extremity of the pore, and at the Ser284 position. 14 powerful tool for elucidating the global and local dynamics of a protein, [17][18] which will be very useful in the present case considered that important changes in the protein dynamics probably accompany the channel gating, as just discussed. In addition to this, the fact that the protein can bind and transport Co 2+ makes it an attractive aspect for the acquisition of longrange paramagnetic effects, notably PCSs, and for the application of the methods described in the previous chapters, which could provide additional insights into the local structure of the metal binding sites, as well on the transport of metal ions through the channel.

VI.3 MAS NMR characterization of TmCorA

The study of TmCorA represented a completely new project for our group, therefore an extensive work for the preparation of an NMR suitable sample had to do performed. Firstly, we optimized the expression and purification protocols. After this, we targeted the protein in two different environments, either by reconstitution in lipid bilayers, which represent a good mimic of the cellular membrane environment, 19 or in a microcrystalline form, which usually provides higher-quality MAS NMR spectra but in a physiological distant environment. [20][21] In both cases, extensive work has been done in order to obtain the most suitable conditions for the NMR analysis. Finally, we could perform the first MAS NMR characterizations of the protein in different environments and metallation states.

VI.3.1 Optimization of the expression and purification protocols

An essential step in the characterization of a protein sample by MAS NMR is represented by the optimization of the expression and purification protocols, which is of critical importance in order to obtain high-quality NMR data. 22 We therefore performed an optimization of the published protocols used in the crystallization studies [11][12] to adapt them for the MAS NMR analysis. The detailed protocol for the expression and purification of TmCorA is reported in the Appendix 3. Here only the key steps are briefly summarized.

The protein is expressed in E. coli as fusion to an N-terminal six-histidine tag, in M9 minimal medium, in order to obtain isotopically enriched samples. After cell lysis, the membrane fraction is harvested by ultracentrifugation and homogenized in a buffer containing 1% of n-dodecyl-β-D-maltopyranoside (DMM), which has the function to solubilize membrane proteins. The solubilized protein is then purified by nickel affinity chromatography and, after the removal of the histidine tag, by gel filtration.

are sensitive to internal motions occurring in the nanosecond range, while measurements can probe internal motions and conformational exchanges occurring in the microsecondmillisecond range. 32-35 15 N and measurements are so far the most used in MAS NMR, due to the well established modeling of the relaxation properties of this nucleus. 17 We performed bulk 15 N and measurements 32,36 in order to investigate the dynamic properties of the two samples. In the MAS regime used in this preliminary analysis (60 kHz MAS), a significant contribution from coherent decay affects measured values for spinlock rf-fields below 10 kHz. 32 Therefore we explored the region comprised between 10 and 20 kHz (higher fields being potentially harmful for the sample and the instrumentation),

where coherent contribution should be negligible. The obtained relaxation dispersion profiles for bulk 15 N are shown in Figure 49. For the two samples, the profile is, within experimental error, flat. However, the two profiles have different plateau: values of 7.1 and 13.4 s -1 (corresponding to values of 140 and 75 ms) are observed, at 20 kHz spin-lock rf-field, for the Mg 2+ -containing and the Mg 2+ -free samples, respectively. This significant variation is a clear indication that the dynamics on the millisecond timescale between the two samples is different. This is in agreement with the presence of large domain motions that can be associated with the rearrangements of the subunits in TmCorA pentamer during the gating process.

At the same time, the 15 N values measured in the two cases are almost identical (0.36 s -1

for the Mg 2+ -containing form, and 0.38 s -1 for the Mg 2+ -free form, corresponding to values of 28 and 26 s respectively), which indicate that internal dynamics in the nanosecond range is not significantly altered between the two forms.

In the future, more detailed information can be obtained by the analysis of site-specific relaxation measurements, potentially providing insights into the local change in dynamics associated with the gating of the channel.

VI.3.4 MAS NMR of microcrystalline TmCorA

The long-range order observed in a microcrystalline sample usually produces higherquality MAS NMR spectra, which display longer coherences lifetimes and higher resolution compared to samples in other aggregation states. 21,37 At the same time, packing forces might induce some modification of non-physiological relevance in protein structures, and care has to been taken in the interpretation of the obtained data. 20 We performed a screening of crystallization conditions (as reported in the Appendix), based on the ones used in the literature for the determination of the different crystal structures of TmCorA. [11][12][13] We found that the best, needle-like shaped crystals are obtained in 2-3 weeks in sitting drops over a solution containting 100 mM MgCl 2 , 10 % PEG 2000, and 100 mM Tris, at pH 8.0.

The (H)NH spectra of TmCorA in microcrystalline form and reconstituted in lipid bilayers preparations are well comparable. Thanks also to the higher packing factor, an almost twofold increase in sensitivity is observed for the microcrystalline form. Only minor deviations in the peaks position or variation in relative intensity of some resonances, compared to the sample prepared in lipid bilayers, are observed (Figure 50). This indicates that the same fold is globally preserved between the two forms, which is consistent with the fact that the reported crystal structures are quite well comparable with the cryo-EM structure of TmCorA obtained in lipid bilayer nanodiscs. However better resolved spectra, acquired at higher field and MAS rates, would be needed to address more specifically structural or dynamic differences between the two preparations.

Bulk measured for 1 H N resonances at 60 kHz MAS on 700 MHz (16.4 T) spectrometer increase from 0.9 ms in DMPC lipid bilayers to 1.1 ms in microcrystalline preparation, while a more significant improvement is observed in the case of 15 N H , for which observed increase from 26 ms in lipid bilayers to 32 ms in microcrystals. Therefore only a limited improvement in the sensitivity of 1 H-detected spectra is expected for the microcrystalline form, even if still an improvement in resolution could be obtained if the inhomogeneous contribution to the linewidth were smaller in the microcrystalline form.

From 15 N relaxation dispersion profiles it is clear that the dynamics in the millisecondmicrosecond timescale is not significantly altered between TmCorA in lipid bilayers and in microcrystalline form. However longer 15 N are measured in the microcrystalline sample (41 s compared to 28 s in lipid bilayers), which can be an indication of reduced side chains and loop dynamics, which usually occurs in the nanosecond timescale. This might translate into an increased local order and therefore better resolution, especially in side chains, which would be highly beneficial in the perspective of their assignment.

Acquisition of the (H)(CA)CB(CA)(CO)NH experiment was unfortunately hampered by low sensitivity. These experiments display a good resolution in the 13 C dimension, as shown for the (H)CANH spectrum (Figure 52B), and two selected strips of the (H)CANH (Figure 52C), and of the (H)(CA)CBCAHA spectrum (Figure 52D).

All together these experiments represent a large repertoire, whose high level of redundancy is fundamental for the reliable assignment of a system so complex. The assignment of the backbone resonances is currently under progress in our group. Several fragments were promptly identified and tentatively matched to the primary sequence. Still, the size of the protein represents a challenge for MAS NMR, CorA being one of the largest proteins ever approached so far by the technique. Despite the high quality of the data, extensive overlap occurs in some regions of the spectra. This could hinder the correct identification of different resonances and spin systems, especially in the case of less sensitive experiments, thus having a detrimental effect in the assignment procedure.

These problems can eventually be addressed in the future by acquisition of additional data.

For example, higher-dimensionality experiments could in principle alleviate the effects of extensive overlap in some regions of the spectra, but they can also potentially suffer from low sensitivity and resolution deterioration due to truncation effects.

Another interesting approach in order to assist the assignment procedure might be represented by the use of alternative labeling schemes. For example, inverse fractional labeling (iFD) 31 constitutes an attractive option, based on the use of protonated solvents (100 % H 2 O) and [U-2 H, 13 C]-labeled glucose for protein expression. In this way proteins that are fully protonated at the H N and H α nuclei are obtained, while extensive deuteration is observed in side chains. This labeling approach has been proven to improve considerably coherences lifetimes and 1 H N and 1 H α linewidths compared to fully protonated samples at 60 kHz MAS, and allowed among others the backbone assignment of a potassium channel by MAS NMR. 31,40 A meaningful decrease of linewidths even at 100 kHz was observed as well in relatively complex systems, notably a 2.5 MDa viral capsid. 40 The increase in resolution might be then highly beneficial to improve the quality of 3D spectra and facilitate the assignment procedure.

A reduction of spectral crowding in 3D experiments might also be obtained by washing the sample with D 2 O. This would deuterate all the solvent-exposed exchangeable sites, reducing the crowding in (H)NH and 1 H N -detected 3D spectra, and select all the regions that are not exposed to the solvent, notably the TM regions, considerably simplifying their assignment. 31 At the same time, this would leave all the non-exchangeable sites unaffected, in particular the H α nuclei, keeping unaltered the accessibility of the whole protein by 1 H α -detected methods. 41 All the mentioned strategies are currently under investigation in our group, and will hopefully provide an extensive assignment of the protein in the future.

VI.4 Conclusions

In this chapter the preliminary investigation of a metal ion channel was provided. The data shown here represent the first step for the characterization of this interesting system by MAS NMR. High-quality NMR spectra for backbone resonance assignment have been acquired, and we are currently analyzing the data obtained. This will hopefully provide an extensive assignment of this system in the future, which represents an important step prior to any site specific and structural study. We showed also that studying dynamics through MAS NMR relaxation measurements could potentially provide important information on the gating mechanism.

This is still an undergoing project, and several aspects still need to be addressed. We are currently working on the production of TmCorA with different labeling schemes, in order to support the assignment procedure, and provide site-specific structural and dynamic studies.

Another important issue that has to be investigated in the future is related to the analysis of TmCorA in the presence of Co 2+ . In this regard a careful optimization of the sample production has to be performed, in order to incorporate Co 2+ in the desired sites of the protein.

This would open an avenue to the use of paramagnetic effects for providing important information on the system, in particular with the application of the methods described in the previous chapters.

In conclusion, the work presented in this manuscript has addressed the main bottlenecks preventing the application of MAS NMR for the characterization of active sites in (large) paramagnetic metalloproteins.

On one hand, we have demonstrated that dramatic improvements in resolution and sensitivity are provided by proton-detected NMR approaches at ultrafast MAS rates (60-111 kHz). These developments allow the rapid acquisition of protein fingerprint spectra, of multidimensional maps for backbone and side chain assignment, and of structural restraints.

Specifically, this methodology was successfully employed to two microcrystalline paramagnetic metalloproteins, the human superoxide dismutase (SOD) and the E. halophila high potential iron-sulfur protein I (EhHiPIP I). The approach also allowed the first characterization of a metal ion channel, TmCorA, in reconstituted lipid membranes, establishing a frame for the investigation of the gating mechanism. Backbone and side chains assignment, combined with site-specific dynamics studies, represent the following step towards the elucidation of the properties of this system in the future.

On the other hand, we have developed and applied a spectroscopic "toolkit" for the observation of nuclei in the close proximity of a paramagnetic metal center. This was based on NMR techniques previously designed for the analysis of highly paramagnetic materials, and allowed to overcome the severe drawbacks connected to the hyperfine couplings to unpaired electrons.

By the combination of ultra-fast MAS, short high-powered adiabatic pulses, short recoupling schemes, and state-of-the-art DFT and ab initio calculations, we were able to accomplish the detection and the assignment of signals associated to the 1 H, 13 C, and 15 N nuclei in the "blind" coordination sphere of paramagnetic Fe, Co, and Cu centers in EhHiPIP I and SOD. The shift tensors of these signals are extremely sensitive to the fine details of the metal ion coordination, and can be converted into structural restraints for obtaining atomic-resolution geometries of active sites at ultra-high resolution.

Still, different aspects will require additional investigation in the future. In particular, we aim to extend the methodology presented in the thesis in the case of magnetically coupled systems, which are rather common in metalloproteins, for which a full theoretical framework for the interpretation of the PNMR shifts is not yet available, as discussed in the case of SOD.

Besides this, we also aim to analyse a wider repertoire of systems, in particular membraneembedded metalloenzymes, for which there is still a paucity of solved structures, with the result that many essential related biochemical processes are currently unknown. In this regard,

CorA represents an attractive target, and once optimized protocols for the inclusion of paramagnetic species will be established, we expect that the methodology described in the thesis will provide insights into the gating mechanism of the channel, paving the way to the study of other similar systems.

Overall, we believe that the techniques described in this thesis will be an essential tool to elucidate many currently unanswered questions about structure and function of metal sites in structural biology, representing a substantial step forward for biomolecular MAS NMR.

Appendices and 4.0 ms for the 13 CO and 13 C α sides of the transfer respectively (the durations for optimal transfer is sample dependent). Gaussian-cascade Q3 frequency-selective refocusing pulses 5 selective for the CO region (typical length ~350 µs) and the C α region (typical length ~600 µs) are used for selective refocusing.

The (H)(CO)CA(CO)NH experiment comprises two spin echoes for the out-and-back 13 CO-13 C α scalar transfer, of which the half-echo is typically 4.7 ms.

Both the 

Side chain assignment and contacts determination of GB1 (Chapter II)

Experiments were recorded on a 1 GHz Bruker Avance III spectrometer equipped with a triple resonance 0.7 mm probe at 111 kHz MAS. The experimental parameters are listed in Table 11. [10][11] were recorded on a 1 GHz Bruker Avance III spectrometer equipped with a triple resonance 0.7 mm probe at 111 kHz MAS (Table 12). 

PNMR experiments for Co II -SOD (Chapter IV)

Paramagnetic solid-state NMR experiments were performed on a 500 MHz Bruker Avance III spectrometer with a triple-resonance 0.7 mm probe. All experiments were acquired at 100 kHz MAS and at an estimated sample temperature of 280 K, unless specified otherwise. In all experiments the highest allowed power was used for hard-pulses, corresponding to a ν 1 field of 350 kHz for 1 H, 190 kHz for 13 C, and 115 kHz for 15 N, respectively. Recycle delays were set to 25 ms in 1 H-detected experiments and 50 ms in 13 C-detected ones. The water signal was suppressed by presaturation using a continuous pulse of 2 kHz for 10 ms. One-dimensional 1 H and 13 C spectra were acquired with a rotor synchronized spin-echo sequence. The 1 H adiabatic magic angle turning (aMAT) 18 experiment was acquired at 40 kHz MAS using six tanh/tan short high-powered adiabatic pulses (SHAPs) that swept through 10 MHz in 50 µs. The 13 C aMAT experiment was acquired at 30 kHz MAS using six tanh/tan pulses sweeping through 5

MHz in 33.33 µs. The shifts anisotropies (SAs) were estimated using the program Dmfit. 19 For this purpose, rows corresponding to the spinning-sideband manifold of each nucleus were extracted from the aMAT spectra and fitted separately. The (H)CH and (H)NH transferred echo double resonance (TEDOR) [16][17] experiments were acquired using the same radiofrequency powers used in the 1D experiments; in both cases the recoupling period was set to four rotor periods. The (H)C(H)H TEDOR spectrum was acquired with the same parameters used for the (H)CH TEDOR, using a 1 H-1 H radio frequency driven recoupling scheme (RFDR), 14 with a mixing time of 0.64 ms (Table 14). 

Backbone assignment of TmCorA (Chapter VI)

Experiments were recorded on a 1 GHz Bruker Avance III spectrometer equipped with a triple resonance 0.7 mm probe at 107 kHz MAS, or on a 800 MHz Bruker Avance III spectrometer equipped with a four-channels 0.7 mm probe at 107 khz MAS (Table 15). 
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 61 Figure 1. Schematic representation of the paramagnetic effects, and of their spatial dependence, shown on isosurfaces of the protein Co II -SOD, 7-8 containing a paramagnetic Co II ion 7-8 : A) PRE, B) Dipolar shift anisotropy, C) PCS, with the definition of the PAS of the χ tensor. PCS isosurfaces are calculated using the FANTEN software. 9 D) Representation of the distribution of the spin-density around the Co II center in Co II -SOD (present work), and schematic representation of its effect on the contact shift.
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 2 Figure 2. Predicted temperature dependence of the shifts of nuclei sensing either the = or the = spin of an antiferromagnetically coupled pair with J = 300 cm -1 . Reproduced from reference 1.
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 611 Fig. 6.11. Predicted temperature dependence of the shifts of nuclei sensing either the S = % or the 5 = 2 spin of an antiferromagnetically coupled pair widi / = 300 cm"*.
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 3 Figure 3. Simulated 1 H and 13 C spectra for a 1 H-13 C spins pair at 5 Å from a paramagnetic center (S = 3/2, τ e = 10 -11 s, which are typical values for a high-spin Co II ion in a tetrahedral environment) at a different MAS regimes (A-C) and in solution (D). Reproduced from reference 12.
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 9 Figure9. A) Shift in the conformation of the Phe87 residue in cytochrome P450 BM-3 before (blue) and after (red) the substrate binding. B)15 N-13 CO correlation spectrum of the13 CO-Leu,15 N-Gly,15 N-Phe labeled cytochrome P450 BM-3 before (blue) and after (red) the substrate binding, acquired at 600 MHz and 13 kHz MAS showing the Leu86-Phe87 correlation which is shifted after substrate binding. Reproduced from reference 43.

  (H)(CO)CA(CO)NH one.II.3.3 Extending the connectivity to the 13 C β : (H)(CA)CB(CA)NH and (H)(CA)CB(CA)(CO)NH sequencesThe strategy described above can be developed to establish connectivity between1 H N -15 N H pairs and the 13 C β of the same or the preceding residue in the (H)(CA)CB(CA)NH[START_REF] Barbet-Massin | Outand-back 13 C-13 C scalar transfers in protein resonance assignment by proton-detected solid-state NMR under ultra-fast MAS[END_REF] and (H)(CA)CB(CA)(CO)NH sequences, respectively.

  H α -detected experiments enable the detection of proline resonances and thus improve the reliability sequential assignment for proline-rich proteins.Most importantly, the approach based on 1 H α -detection opens the way to assign side chain protons with high sensitivity through TOCSY-based techniques. These protons are sensitive probes of the protein environment, intermolecular interactions, internal dynamics, and threedimensional structure as previously shown.II.5.6 Case study II: backbone and side chains assignment of a paramagnetic protein,EhHiPIP IAs a second example of the applicability of the methods discussed above to a paramagnetic protein, we illustrate here the backbone and side chain assignment of a small microcrystalline protein, the high potential iron sulfur protein I, from Ectothiorhodospira halophila (EhHiPIP I). This is a 8-kDa, 73-residues long protein which binds a paramagnetic Fe 4 S 4 cluster through four cysteine ligands (Cys33, Cys36, Cys50 and Cys66), as discussed in detail in Chapter IV. This example is qualitatively different from SOD in "case study I", since EhHiPIP is investigated without deuteration, and therefore required the use of the ultrafast MAS (> 100 kHz). Indeed, bulk transverse coherences lifetimes1 H N increased from 1.3 ms at 60 kHz to 2.3 ms at 111 kHz MAS, while for 15 N H they increased from 21 to 31 ms, with an undoubted benefit in terms of sensitivity. Data collection and analysis of spectra for EhHIPIP was performed predominantly by the author. With a set of six 3D experiments ((H)CANH, (H)(CO)CA(CO)NH, (H)CONH, (H)CO(CA)NH, (H)NCAHA and (H)CCH), together with the two 2D fingerprint (H)NH and (H)CH spectra (Figure 23), acquired at 111 kHz on a 1 GHz (23.5 T) spectrometer, it was possible to assign 53 (73%) out of 73 residues. Partial side chains assignment was also obtained. The resonance frequencies are reported in Appendix 7.

Figure 35 .

 35 Figure 35. A) Asymmetric unit of EhHiPIP I showing the two molecules. B) Superposition of the two molecules showing the cluster and the coordinating cysteines. Reproduced from reference 6.

  H and 13 C spectra of oxidized EhHiPIP I acquired on a 500 MHz (11.7 T) spectrometer at a MAS rate of 60 kHz are shown in Figure36A-B. These spectra are acquired with the double spin-echo sequence, using two adiabatic SHAP pulses,30 allowing broadband excitation without phase distortions (details on the acquisition of NMR experiments are reported in the Appendix). Contact shifted resonances, up to 100 ppm in the1 H case and up to 400 ppm for13 C are observed, associated to the nuclei in β and α positions of the cysteines coordinating the Fe 4 S 4 cluster. These resonances represented the most hyperfine-shifted NMR signals observed for a metalloprotein in the solid-state at the time of this study.

Figure 37 .

 37 Figure 37. Curie plot of EhHiPIP I in solution 23 (open symbols) and in the solid state (solid symbols). Reproduced from reference 6.

  -B), whose tip is formed by two transmembrane (TM) helices from each monomer, located at the C-terminal part of the protein. The basis of the cone is represented by the N-terminal cytosolic region of the protein (Figure45C). Each monomer consists of 354 residues and is formed by an N-terminal α/β domain with a central sevenstranded mixed β sheet lined by three small helixes (helixes α1, α2, α3). Two longer helixes (α5, α6) cover one face of this domain and are bundled with a very long (70 residues) helix (α7), whose C-terminal part constitutes the first TM domain. A second helix (α8) follows, which forms the second TM domain, and packs in a ring-shape around the helix α7. Helixes α7 and α8 are connected by a short extracellular loop. Two highly conserved motifs are found in the TM regions: a YGMNF motif (residues 311-315), located at the end of the TM1 region, and a KKKKWL motif, at the end of the TM2 region. The TM domains in the X-ray structures form a narrow pore that displays a hydrophobic stretch (residues 291 and 294)

(

  H)(CA)CB(CA)NH and (H)(CA)CB(CA)(CO)NH experiments uses two spin echoes for the out-and-back13 C α -13 C β transfer, with Q3 refocusing pulse selective for the entire13 C aliphatic region (typical length ~150 µs), and half-echo delays of 7.2 ms. In the (H)(CA)CB(CA)(CO)NH experiment, the second scalar transfer from13 C α to13 CO is performed using the same parameters as for the (H)(CO)CA(CO)NH sequence. mL column as in the previous step. The flow-through was concentrated to ~ 3mL and charged into a Superdex 200 column in 20 mM Tris, 150 mM NaCl, 0.5 mM TCEP and 0.02 % DDM.Reconstitution of TmCorA in lipid bilayers. For reconstitution in lipid bilayers the collected fractions from the previous steps were mixed with different lipids in defined protein-to-lipid ratios. In particular the following preparations were analyzed: DMPC 2:1; DMPC 1:1; DPPC 1:1; DPPC 2:1; DPhPC 1:1. The protein-lipids mixture was extensively dialyzed against 10 mM HEPES, 50 mM NaCl, 0.05 % NaN 3 , pH 7.5 and MgCl 2 40 mM (Mg 2+ -containing form), or 20 mM CoCl 2 (Co 2+ -containing form), or 1mM EDTA (metal-free form). The obtained precipitate was then packed into 1.3 mm or 0.7 mm rotors. Crystallization of TmCorA. For crystallization the collected fraction from the gel filtration was concentrated to 3 mg/mL and dialyzed overnight against 20 mM Tris, 1 mM MgCl 2 , 0.02 % DMM, pH 8.0. Screening of crystallization conditions was performed by sitting-drop method, mixing 1 µL of protein solution with of 1 µL reservoir. The reservoir composition was changed by varying the buffer composition (Tris pH 8.0 or HEPES 7.5, either 100 or 300 mM), precipitating agent (PEG 400, PEG 1000 or PEG 2000, at 10 or 20 % w/v concentration) and Mg 2+ source (MgCl 2 or MgNO 3 , either 100 mM or 300 mM). Different conditions produced needle-shaped crystals within 2 or 3 weeks. For NMR analysis the crystallization was performed using a 100 mM Tris, 100 mM MgCl 2 , 10 % w/v PEG 2000, pH 8.0 reservoir, mixing 15 µL of protein solution with 15 µL of reservoir. The crystals were then packed into an 1.3 mm rotor.
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  C β spins, whose chemical shifts (61.8 and 56.2 ppm, respectively) is quite large compared to average values for histidine (30.3 ppm according to the Biological Magnetic Resonance Data Bank), which is a clear indication of a nonnegligible hyperfine contribution. The unassigned residues are mostly located in unstructured parts of the protein, or spatially close to one of the metal ions.

Table 2 .

 2 H β and 13 C β nucleus displays two different chemical shift values. Differently from the case of the 1 H N -15 N H correlations discussed in Chapter II, here the shift difference between equivalent proton signals is more than 10 ppm. Only one set of resonances is observable for Cys36, but the considerable broadening of these two peaks suggests that two species with very close chemical shift values may be associated to this residue as well. For Cys66 1 H β and13 C β resonances are not observable, being probably buried in the diamagnetic region of the spectrum, but from the 1 H α and13 C α resonances it is clear that this residue features two forms as well.1 H and 13 C chemical shifts of the cysteine residues coordinating the Fe 4 S 4 cluster at 298 K. Signals belonging to the two forms in solid are denoted with (') and (''), while data from solution NMR22 are labeled with ( sol ). (*) data acquired at 288 K. of the values observed in the solid state. This may indicate that the conformation of the cluster-coordinating cysteines in solution is intermediate or exchanges between two extreme conformations represented by the two different molecules found in the crystal.

	Nucleus	δ (ppm)	Averaged δ (ppm)	δ sol (ppm)	Difference (ppm)
			Cys33 (Fe 3+ 100 %)		
	C β '/ C β ''	68/7	37.5	41.1*	3.6
	H β1 '/ H β1 ''	-10.5/-26.5	-18.5	-16.3	2.2
	H β2 '/ H β2 ''	-21.0/-29.0	-25.0	-24.1	0.9
			Cys36 (Fe 2.5+ 80 %)		
	C β	390		390*	0
	H β1	44.7		45.2	0.5
	H β2	39.1		41.1	2.0
			Cys50 (Fe 2.5+ 100 %)		
	C β '/ C β ''	465/410	437.5	440*	2.5
	H β1 '/ H β1 ''	31.7/23.9	27.8	27.0	0.8
	H β2 '/ H β2 ''	93.8/79.9	86.8	88.1	1.3
			Cys66 (Fe 3+ 80 %)		
	C α '/ C α ''	130/11.5	70.7	129*	58.3
	H α '/ H α ''	17.9/11.7	14.8	16*	1.2

Table 3 .

 3 Fitting parameters for the Curie plots of EhHiPIP I. Signals belonging to the two forms in solid are denoted with (') and (''), while data from solution NMR22 are labeled with ( sol ).

	(see Chapter I), while Cys33 1 H β resonances, bound to an iron ion belonging to the ferric pair,
	follow a hyper-Curie dependence, 36 extrapolating quite far downfield in the limit of infinite
	temperature. Cys66 1 H α resonances follow instead an anti-Curie behavior, extrapolating far
	downfield at infinite temperature too. 16, 35-36

1 

H β resonances, which are both bound to a mostly mixed-valence iron ion, follow a Curie-like temperature dependence

Table 4 .

 4 Summary of EPR parameters of the Co II center of Co II -SOD calculated at NEVPT2 level and comparison to the available experimental data.

	a

parameter 1SOS.A 1SOS.B 1SOS.C 1SOS.D 1SOS.E 1SOS.F 1SOS.G 1SOS.H 1SOS.I 1SOS.J EXP a Taken from reference 12. b In cm -1 . Principal values of the traceless D-tensor (D ii , ii = 11, 22, 33) sorted in mutual correspondence with the principal values of the g-tensor (g ii ) such that the principal axes of the two tensors with the same label approximately coincide.

Table 7 .

 7 C, and two15 N resonances and based on calculations predicted the likely positions of all remaining signals. Experimental shift anisotropies (SAs, in Haeberlen convention22 ) for the paramagnetically shifted1 H,13 C, and15 N nuclei (in ppm) and comparison with the calculated data for the model F for Co II -SOD. Numbers in italics indicate tentative assignment.

			Experiment		Calculation	
						PBE0 a	PBE50 a
	Residue	Atom type	1 H	13 C/ 15 N	1 H	13 C/ 15 N	1 H	13 C/ 15 N
	His63	β1	618 b	-	743	874		860
		β2	-		1307		1288	
		γ		-		1387		1331
		δ1		-		6359		5481
		δ2	188	381	272	502		487
		ε1	-	-	1087	1186	1070	1183
		ε2	-	-	307	471		458
	His71	β1 β2	232 780 b	-	359 925	725		713
		γ		1019		1286		1216
		δ1		-		6355		5403
		δ2	184	381	256	568		534
		ε1	795 b	-	1252	1560	1233	1537
		ε2	223	-	306	624		584
	His80	β1	-	-	502	842		828
		β2	-		1435		1414	
		γ		1019		1368		1287
		δ1		-		6611		5719
		δ2	199	405	258	567		543
		ε1	994 b	-	1176	1484	1155	1439
		ε2	257	-	310	748		704
	Asp83	α	-	309	498	414		384
		β1	201	-	416	745		632
		β2	211		370			
		γ		-		1742		1712

a Method for hyperfine coupling. b Estimated from

1 

H spin echo. (-) Atom unassigned or SA not measurable.

Table 8 .

 8 Assignment of the paramagnetically shifted experimental 1 H,13 C, and15 N resonances (in ppm) for Cu II ,Co II -SOD.(-) Atom unassigned. *Tentative assignment. **In solution the assignment for His80 1 H ε2 and His711 H ε2 are reversed between Co II -SOD and Cu II ,Co II -SOD.

	Atom type

Table 9 .

 9 Experimental parameters for the acquisition of NMR experiments for backbone assignment of Hi6tagged ubiquitin.

	Spectrum	Max indirect	Spectral window	Scans per	Experimental
		evolution	(ppm)	point	time
	(H)NH	40 ms	40 ( 1 H)	4	16 m
			40 ( 15 N)		
	(H)CANH		40 ( 1 H)	4	4 h
		4 ms ( 13 C)	40 ( 13 C)		
		8 ms ( 15 N)	40 ( 15 N)		
	(H)CONH		40 ( 1 H)	8	8 h
		8 ms ( 13 C)	20 ( 13 C)		
		8 ms ( 15 N)	40 ( 15 N)		
	(H)CO(CA)NH		40 ( 1 H)		16 h
		8 ms ( 13 C)	20 ( 13 C)		
		8 ms ( 15 N)	40 ( 15 N)		
	(H)(CO)CA(CO)NH		40 ( 1 H)		16 h
		4 ms ( 13 C)	40 ( 13 C)		
		8 ms ( 15 N)	40 ( 15 N)		
	(H)(CA)CB(CA)NH		40 ( 1 H)	8	16 h
		4 ms ( 13 C)	80 ( 13 C)		
		8 ms ( 15 N)	40 ( 15 N)		
	(H)(CA)CB(CA)(CO)NH		40 ( 1 H)		32 h
		4 ms ( 13 C)	80 ( 13 C)		
		8 ms ( 15 N)	40 ( 15 N)		
	(H)N(CA)(CO)NH		40 ( 1 H)		36 h
		8 ms ( 13 C)	40 ( 13 C)		
		10.2 ms ( 15 N)	40 ( 15 N)		
	(H)N(CO)(CA)NH		40 ( 1 H)		
		8 ms ( 13 C)	40 ( 13 C)		
		10.2 ms ( 15 N)	40 ( 15 N)		

Backbone assignment of Cu II ,Co II -SOD (Chapter II)

  Experiments for backbone assignments (2D (H)NH, 3D (H)CANH, (H)(CO)CA(CO)NH, (H)CONH, (H)CO(CA)NH, (H)(CA)CB(CA)NH, and (H)(CA)CB(CA)(CO)NH)10 were recorded on a 800 MHz Bruker Avance III spectrometer equipped with a triple resonance 1.3 mm probe at 60 kHz MAS. For each of these experiments the experimental parameters are listed in Table10.

Table 10 .

 10 Experimental parameters for the acquisition of NMR experiments for backbone assignment of Cu II ,Co II -SOD.

	Spectrum	Max	Spectral window	Scans per	Experimental
		indirect	(ppm)	point	time
		evolution			
	(H)NH	30 ms	60 ( 1 H)	8	16 m
			35 ( 15 N)		
	(H)CANH		40 ( 1 H)	24	26 h
		4 ms ( 13 C)	40 ( 13 C)		
		8 ms ( 15 N)	35 ( 15 N)		
	(H)CONH		40 ( 1 H)	16	16 h
		8.6 ms ( 13 C)	16 ( 13 C)		
		8 ms ( 15 N)	35 ( 15 N)		
	(H)CO(CA)NH		40 ( 1 H)	16	16 h
		8.6 ms ( 13 C)	16 ( 13 C)		
		8 ms ( 15 N)	35 ( 15 N)		
	(H)(CO)CA(CO)NH		40 ( 1 H)	32	32 h
		4 ms ( 13 C)	40 ( 13 C)		
		8 ms ( 15 N)	35 ( 15 N)		
	(H)(CA)CB(CA)NH		40 ( 1 H)	16	35 h
		4 ms ( 13 C)	80 ( 13 C)		
		8 ms ( 15 N)	35 ( 15 N)		
	(H)(CA)CB(CA)(CO)NH		40 ( 1 H)	32	
		4 ms ( 13 C)	80 ( 13 C)		
		8 ms ( 15 N)	35 ( 15 N)		

Table 11 .

 11 Experimental parameters for the acquisition of NMR experiments for side chains assignment and contacts determination of GB1.

	Spectrum	Max indirect	Spectral window	Scans per	Experimental
		evolution	(ppm)	point	time
	(H)NH	20 ms	100 ( 1 H)	4	24 m
			40 ( 15 N)		
	(H)CH	46 ms	100 ( 1 H)	8	5 h
			88 ( 13 C)		
	(H)NCAHA		40 ( 1 H)	4	25 h
		4 ms ( 13 C)	40 ( 13 C)		
		8 ms ( 15 N)	40 ( 15 N)		
	(H)CCH TOCSY		40 ( 1 H)	2	32.5 h
		6.8 ms	88 ( 13 C)		
	(H)NHH RFDR		40 ( 1 H)	4	15 h
		6.9 ms ( 1 H)	14 ( 1 H)		
		13.6 ms ( 15 N)	40 ( 15 N)		
	(H)CHH RFDR		40 ( 1 H)	4	67 h
		2.6 ms ( 1 H)	14 ( 1 H)		
		5.3 ms ( 13 C)	75 ( 13 C)		

and side chain assignment of EhHiPIP I

  Experiments for backbone assignments (2D (H)NH and (H)CH, 3D (H)CANH, (H)(CO)CA(CO)NH, (H)CONH, (H)CO(CA)NH, (H)NCAH, and (H)CHH)

Table 12 .

 12 Experimental parameters for the acquisition of NMR experiments for backbone and side chains assignment of EhHiPIP I.

	Spectrum	Max indirect	Spectral	Scans per	Experimental
		evolution	window	point	time
			(ppm)		
	(H)NH	20 ms	100 ( 1 H)	16	20 m
			50 ( 15 N)		
	(H)CANH		100 ( 1 H)	16	11 h
		4 ms ( 13 C)	50 ( 13 C)		
		8 ms ( 15 N)	50 ( 15 N)		
	(H)CONH		100 ( 1 H)	16	6 h
		5 ms ( 13 C)	20 ( 13 C)		
		8 ms ( 15 N)	50 ( 15 N)		
	(H)CO(CA)NH		100 ( 1 H)	32	11 h
		5 ms ( 13 C)	20 ( 13 C)		
		8 ms ( 15 N)	50 ( 15 N)		
	(H)(CO)CA(CO)NH		100 ( 1 H)	64	39 h
		4 ms ( 13 C)	40 ( 13 C)		
		8 ms ( 15 N)	50 ( 15 N)		
	(H)CH	46 ms	100 ( 1 H)	8	5 h
			88 ( 13 C)		
	(H)NCAHA		40 ( 1 H)	24	25 h
		4 ms ( 13 C)	40 ( 13 C)		
		8 ms ( 15 N)	50 ( 15 N)		
	(H)CCH TOCSY		40 ( 1 H)	4	24 h
		6.8 ms	70 ( 13 C)		

Table 14 .

 14 Experimental parameters for the acquisition of PNMR experiments for Co II -SOD.

	Spectrum

Max indirect evolution Spectral window (ppm) Scans per point Experimental time

  

	1 H spin echo	-	1500	92160	2 h
	13 C spin echo	-	2980	614400	12.5 h
	(H)NH TEDOR	0.2 ms	1500 ( 1 H)	27136	10 h
			1971 ( 15 N)		
	(H)CH TEDOR	0.2 ms	1500 ( 1 H)	10240	6.5 h
			794 ( 13 C)		
	(H)C(H)H TEDOR	0.2 ms	1500 ( 1 H)	25600	14 h
			794 ( 13 C)		
	1 H aMAT	0.325 ms	800 (ω 2 )	5120	10.5 h
			400 (ω 1 )		
	13 C aMAT	0.633 ms	1986 (ω 2 )	24832	4.4 d
			1758 (ω 1 )		

Table 15 .

 15 Experimental parameters for the acquisition of NMR experiments for backbone assignment of TmCorA. * Acquired at 800 MHz.

	Spectrum	Max indirect	Spectral window	Scans per	Experimental
		evolution	(ppm)	point	time
	(H)NH	30 ms	40 ( 1 H)		2 h
			40 ( 15 N)		
	(H)CANH		40 ( 1 H)	8	18 h
		6.4 ms ( 13 C)	32 ( 13 C)		
		10 ms ( 15 N)	30 ( 15 N)		
	(H)CONH		40 ( 1 H)	8	11.5 h
		8 ms ( 13 C)	15 ( 13 C)		
		10 ms ( 15 N)	35 ( 15 N)		
	(H)CO(CA)NH		40 ( 1 H)		23 h
		8.6 ms ( 13 C)	15 ( 13 C)		
		8 ms ( 15 N)	35 ( 15 N)		
	(H)(CO)CA(CO)NH		40 ( 1 H)		36 h
		6.4 ms ( 13 C)	32 ( 13 C)		
		10 ms ( 15 N)	30 ( 15 N)		
	(H)(CA)CB(CA)NH*		40 ( 1 H)		4 d
		4 ms ( 13 C)	70 ( 13 C)		
		6 ms ( 15 N)	40 ( 15 N)		
	(H)CH	10 ms	100 ( 1 H)		4 h
			80 ( 15 N)		
	(H)(CA)CBCAHA		40 ( 1 H)	8	2 d
		6 ms ( 13 CA)	35 ( 13 CA)		
		6 ms ( 13 CB)	65 ( 13 CB )		
	(H)NCAHA		40 ( 1 H)	8	18 h
		6.4 ms ( 13 C)	32 ( 13 C)		
		10 ms ( 15 N)	30 ( 15 N)		
	(H)COCAHA		40 ( 1 H)	8	13.5 h
		6.4 ms ( 13 CO)	15 ( 13 CO)		
		7 ms ( 13 CA)	30 ( 13 CA)		
	(H)N(CO)CAHA		40 ( 1 H)		36 h
		6.4 ms ( 13 C)	32 ( 13 C)		
		10 ms ( 15 N)	30 ( 15 N)		
	(H)CO(N)CAHA		40 ( 1 H)		
		6.4 ms ( 13 CO)	15 ( 13 CO)		
		7 ms ( 13 CA)	30 ( 13 CA)		

Table 16 .

 16 Isotropic shieldings used for reference. a 1 % solution with CDCl 3 solvent.

		Hε2	48	37	39	43	39	37	35	47	30	50
		Nδ1 11332 9663	9838 10454 9949	9742	9500 10925 9888 11280
		Nε2	1031	1048	1057	1025	1053	1041	1030	1028	1029	1055
	Asp83	Cα	191	170	163	180	157	174	158	180	170
		Cβ	100	369	299	189	340	299	378	135	410
		Cγ	-35	72	14	-9	37	23	51	-16	147	16
		Hα	6	7	8	8	8	8	6	8	7	8
		Hβ1	34	23	25	26	20	26	13	31	24	31
		Hβ2	17	24	25	22	27	24	35	20	24	20

Table 18 .

 18 Calculated chemical shifts with PBE0 hyperfine coupling. . Assignment for [U-13 C, 15 N] labeled microcrystalline oxidized EhHiPIP I. All shifts are in ppm with respect to TMS. Shifts for the two different diastereoisomers of the same nucleus are in two different lines. Shifts for the same spin in two different conformers are divided by a slashed bar.

	β

H-detected methods under ultrafast MAS

CO of the same residue, respectively, complementing the information available from (H)CONH and (H)CANH.

C shifts. This is in contrast e.g. with ILV labeled samples, in which it is difficult to

H and 13 C chemical shifts and their assignment are reported in Table

It is interesting to observe how in all the cases the chemical shift values in solution are very close to the average
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Chapter I

Experiment Experiment Calculation

(solution NMR) 13 (MAS NMR) PBE0 a PBE50 a

Residue

Atom type 1 γ -- 44 23 Table 6. Assignment of the paramagnetically shifted experimental 1 H, 13 C, and 15 N resonances (in ppm) and comparison with the calculated data for the model F for Co II are usually set to 2.5 µs and 100 kHz rf-amplitude for 1 H, 5.0 µs and 50 kHz rf-amplitude for 15 N, and 3.12 µs and 80 kHz rf-amplitude for 13 C.

Cross-polarization.

The optimal CP conditions are sample dependent, and they need to be carefully optimized. What it is experimentally found is that both zero-quantum (ZQ CP) and double-quantum (DQ CP) conditions are suitable. 1 H-15 N forward CP is usually achieved with contact times around 1 ms, while for the 15 N- 1 H back CP shorter contact times, around 0.5 ms are used in order to avoid long-range transfers. For ZQ CP conditions 1 H rf-amplitude is set at about 100 kHz and 15 N rf-amplitude is set at about 40 kHz, while for the DQ CP conditions 1 H rf-amplitude is usually set at 20 kHz, with the 15 N rf-amplitude set at about 40 kHz. The 1 H rf-amplitude is usually ramped linearly across the optimal value, holding 15 N rf-amplitude constant, in order to achieve a broader selection of the Hartmann -Hahn condition. 1 H- 13 C CP is usually achieved with contact times between 3 and 5 ms, using either the ZQ CP (100 kHz rf-amplitude for 1 H, 40 kHz rf-amplitude for 13 C) or the DQ CP (100 kHz rfamplitude for 1 H, 20 kHz rf-amplitude for 13 C). Again, 1 H rf-amplitude is usually ramped linearly, helding 13 C rf-amplitude constant, like for 1 H-15 N CP. 15 N- 13 C CP requires longer contact times, between 8 and 15 ms, and DQ CP is usually used, with 13 C rf-apmplitude held constant at about 35 kHz, and a tangent-modulated amplitude spin lock 1 of mean RF field amplitude of about 25 kHz on 15 N.

Decoupling and water suppression. Low-power heteronuclear decoupling is used in all the sequences. For 13 C and 15 N decoupling WALTZ-16 2 at an rf-amplitude of 10 kHz is usually applied, while for 1 H decoupling also the swept-low-power TPPM 3 sequence, applied at an rf-power of about 13 kHz is found to be equally effective, in addition to WALTZ-16.

Water-suppression is achieved with the MISSISSIPPI pulse sequence, 4 without the use of homospoil gradients, with around 20 kHz irradiation for 100 to 300 ms. 

EhHiPIP I

Purified [U-13 C, 15 N] labeled oxidized HiPIP I from E. halophila was purchased from Giotto Biotech S.r.l. (Sesto Fiorentino, Italy). Protein solutions of 10 mg/mL were dialysed against 10 mM TRIS, pH 8. Protein crystals were grown by sitting drop vapor diffusion using a ratio of 1:1 (protein / reservoir). The reservoir solution consisted of 3.5 M Ammonium Sulfate, 100 mM MES, pH 5.6. Platelet-like crystals were obtained in 34 days. Crystals were harvested by centrifugation and packed in a 1.3 mm rotor using the ultracentrifugal device 1 (Bruker Biospin). 7 The rotor was centerpacked with FKM inserts (courtesy of Bruker Biospin) to avoid dehydration.

SOD

[U-13 C, 15 N]-labeled samples of the thermostable mutant of human Co II -SOD and Cu II ,Co II -SOD, and [U-1 H N , 2 H, 13 C, 15 N]-labeled sample of the thermostable mutant of human Cu II ,Co II -SOD, were expressed and purified as described previously. [8][9] For crystallization the sample were concentrated to 20 mg/mL in a 50 mM sodium acetate pH 5.0 buffer, mixed 1:1 with a precipitant solution of 20% PEG 4K in unbuffered water and crystals grown in sitting drops over a reservoir solution of the same precipitant supplemented with 2 M NaCl. Complete crystallization occurred in 3-4 days. The suspension of microcrystals was then packed into a 0.7 mm rotor by ultra-centrifugation, using the ultra-centifugal device provided by Giotto Biotech. 7

TmCorA

Expression and purification of TmCorA. TmCorA was expressed with a N-terminal (His)6

tag from BL21(DE3) cells transformed with a pET15b vector. Cells were grown in 1.5 L of LB medium at 37˚C with 180 rpm shaking to an OD 600 of ~0.6, harvested and then transferred to 1.5 L of M9 medium supplied with 15 N-labeled ammonium chloride and unlabeled or 13 Clabeled glucose in H 2 O, using Ampicillin as antibiotic, for 30 minutes at 37˚C and 180 rpm shaking. Protein expression was induced with 1 mM IPTG and the culture was kept at 30˚C for 3-4 hours, until an OD 600 of ~2. Cells were resuspended in 75 mL of binding buffer (50 mM HEPES, 500 mM NaCl, 5 % glycerol, pH 7.5), in the presence of 1mM PMSF, 3 µg/mL DNAse I and 1mM MgCl 2 , and lysed using and Avestin homogenizer (Mannheim. Germany).

The lysate was centrifuged at 8000 rpm for 15 minutes to remove cells debris and the corresponding supernatant was then centrifuged at 100000 g for 1 hour. The pellet was homogenized with 25 mL of binding buffer in the presence of 1mM PMSF and 1 % DMM and stirred gentle overnight. The solution was centrifuged at 100000 g to remove residual debris and, after addition of 10 mM imidazole, charged into a HiTrapTM IMAC HP 1 mL column equilibrated with binding buffer. The column was washed with ~ 20 column volumes of washing buffer (50 mM HEPES, 500 mM NaCl, 5 % glycerol, 35 mM imidazole, pH 7.5)

and the protein eluted with ~3 mL of elution buffer (50 mM HEPES, 500 mM NaCl, 5 % glycerol, 400 mM imidazole, pH 7.5). The buffer was changed to binding buffer on a PD10 column and the resulting solution was incubated with TEV-protease and 0.5 mM TCEP overnight to remove the (His)6 tag. The solution was charged into HiTrapTM IMAC HP 1

Appendix 4. NMR experiments Backbone assignment of His6-tagged ubiquitin (Chapter II)

Experiments were acquired on a 800 MHz Bruker Avance III spectrometer equipped with a triple resonance 1.3 mm probe at 60 kHz MAS (Table 9).

PNMR experiments for EhHiPIP I (Chapter IV)

Paramagnetic solid-state NMR experiments were performed on a 500 MHz Bruker Avance III spectrometer equipped with a double-resonance 1.3 mm probe. All experiments were acquired at 60 kHz MAS. The temperature was regulated in order to obtain an estimated sample temperature of 298 K, unless otherwise specified. One dimensional 1 H spectra were acquired with the double-adiabatic spin-echo sequence using tanh/tan refocusing pulses at 200 kHz with a sweep width of 500 kHz over 50 µs. [12][13] The water signal was suppressed by presaturation using a continuous pulse of 2 kHz for 10 ms. The recycle delay was set to 20 ms. The 1 H-1 H radiofrequency driven recoupling (RFDR) spectrum 14 was acquired using a mixing time of 0.5 ms and a recycle delay of 20 ms. 15 The ( 1 H) 13 C transferred echo double resonance (TEDOR) [16][17] was acquired with a recoupling period of 16.67 µs (one rotor period) and a recycle delay of 50 ms.

Table 13. Experimental parameters for the acquisition of PNMR experiments for EhHiPIP I.

Spectrum

Max indirect evolution

Spectral window (ppm)

Scans per point

Experimental time 1 

Appendix 5. Calculations for Co II -SOD Molecular models

Molecular models were built from the X-ray crystallographic structure of the thermostable mutant of human Cu,Zn-SOD (PDB ID 1SOS). 20 The crystal unit cell of 1SOS contains 10 protein chains labeled A-J. PNMR calculations were performed consistently for all of them, thus exploiting the natural structural variation occurring in the crystal.

Two molecular models of the Co II (substituted for Zn II ) site were built (Figure 53) a larger one (m1, 86 atoms) for structure optimization, hyperfine coupling and orbital shielding calculations and a smaller one (m0, 32 atoms) for subsequent high-level ab initio calculations of EPR parameters. The larger model m1 consists of the Co II ion in place of the native Zn II , two backbone segments between Cα atoms of residues 71-72 and 79-83, and side chains of metal-binding residues His63, His71, His80, and Asp83. All other side chains were removed and terminated with hydrogen atoms. The conformation of the metal-binding Asp83 side chain is stabilized by two hydrogen bonds to backbone amide protons of His80 and Gly72, both essential for the proper fold of the SOD Zn II (Co II ) site and both properly included in model m1. The hydrogen atoms were added to the raw PDB structures with the REDUCE tool. 21 The m1 structures were optimized with PBE0-D3BJ 22-25 method using TURBOMOLE. 26 The conductor-like-screening model 27 A locally dense Gaussian basis set was applied, using a def2-TZVP basis for Co and def2-SVP for the main-group elements. 28 From each optimized m1 structure, a model m0 was built by truncating and terminating with hydrogen atoms followed by an optimization of positions of the newly added hydrogen atoms. The smaller model m0 includes only the metal-binding imidazole rings of His63, His71, His80. The total charge was +1 for both models. All DFT and single-state CASSCF calculations were done for the high-spin (S = 3/2) ground state of the Co II complex.

Calculation of PNMR shifts

PNMR shift tensors were obtained according to the Kurland-McGarvey theory 29 in its recent formulation by Vaara et al., 30 where the hyperfine part of the PNMR shift tensor is expressed in terms of EPR property tensors. EPR g-and D-tensors were calculated in model m0 applying a strongly contracted variant of the N-electron valence-state perturbation theory of second order (NEVPT2) 31 to a state-averaged complete-active-space self-consistent-field reference wave-function [32][33] with seven electrons in five active 3d-orbitals (SA-CASSCF(7,5)) as implemented in ORCA. 34 It is known that standard DFT functionals dramatically underestimate the magnitude of zero-field splitting (ZFS, D-tensor) in high-spin

Co II complexes and correlated multi-reference wave-function level of electronic structure theory is needed for reliable results. 35 The spin-orbit part of the D-tensor was evaluated using quasi-degenerate perturbation theory 36 (QDPT) applied to the NEVPT2 electronic structure. A test CAS-CI calculation with the converged SA-CASSCF (7,5) wave-function confirmed that the spin-spin part of the D-tensor is this case really negligible with all matrix elements being smaller than 0.15 cm -1 . EPR g-tensor was calculated on NEVPT2 level with the effective Hamiltonian approach. 37 For both D SO -and g-tensors, the spin-orbit mean-field (SOMF) approximation [38][39] to the spin-orbit matrix elements in Breit-Pauli form was applied. The RI technique was applied in the orbital transformation step of NEVPT2. The state-averaging in SA-CASSCF involved all 10 quartet and 40 doublet roots implied by the (7,5) active space, all equally weighted. Single-state CASSCF(7,5) calculations for the S = 3/2 ground state were performed to obtain Mulliken spin densities at Co II plotted in Figure 53. The atomic basis used for the DFT structure optimizations was in all multi-reference calculations enhanced with diffuse functions optimized for molecular properties. 40 We thus used the def2-TZVPD basis for Co and def2-SVPD for the main-group elements. In the DFT hyperfine coupling and orbital shielding calculations we employed the def2-TZVPD and IGLO-III 41 basis sets for Co and main-group elements, respectively.

The FC and SD terms of EPR hyperfine coupling tensors for the 1 H, 13 C, and 15 N nuclei in model m1 were calculated using PBE0 [22][23] and PBE50 functionals including 25% and 50% of Hartree-Fock exchange, respectively. GIAO orbital shielding tensors 42 were calculated on PBE0 level with GAUSSIAN. 
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