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Abstract

Nuclear Magnetic Resonance (NMR) has been used to study biomolecules for several decades. Solid-
State NMR, specifically with Magic Angle Spinning (MAS), is an emerging tool that yields rich
information of insoluble or poorly soluble biomolecules. The dependence of the signal on local chem-
ical environments allows a selective description of both position and behavior in different parts of
biomolecules. More specifically several NMR relaxation observables (T, T2, Timo ...) can give val-
uable information about the molecular level dynamics of the sample, such as the timescale or the

amplitude of local motions.

Among the different classes of complex biomolecules, proteins are of particular interest due to their
extreme variability in terms of function since virtually all known biological processes require the
intervention of several specific proteins. And despite the enormous progresses that has been made to
understand their behavior, there is still a long way to go before being able to predict accurately and

easily their behavior.

In order to fully describe proteins, the concept of dynamism must be included. Proteins are indeed
not static objects and their motions are a key component of their biological functions. Understanding
the interplay between protein function and dynamics is currently one of the fundamental challenges
of physical biology. One classical way of understanding dynamics is to observe the energy landscape.
In order to have access to the distribution of the physical values describing this energy landscape,
here we develop an approach based on the observation of the temperature and magnetic field depend-
ence of T1. We consider that protein motions will roughly follow the Arrhenius law, and we use well
established descriptions from Redfield theory to fit the temperature dependence of T in order to

extract activation energies.

The correlation between the model and our observables allows us to accurately describe aspects of
the energy landscape driving protein dynamics. Specifically we measure relaxation at multiple mag-
netic field strengths, allowing us to better constrain the motional models, and to simultaneously eval-
uate the robustness and physical basis of the method. The data reveal backbone and sidechain motions
exhibiting low and high-energy modes with temperature coefficients around 5 kJ-mol! and 25 kJ-mol

I, The results are compared to variable temperature molecular dynamics simulation of the crystal



Abstract

lattice, providing further support for the interpretation of the experimental data in terms of molecular

motion.

We then use the multi field variable temperature NMR longitudinal relaxation approach to determine
the hierarchical activation energies of motions of four different proteins: two small globular proteins
(GB1 and the SH3 domain of a-spectrin), an intrinsically disordered protein (the N-terminus of the
nucleoprotein of the Sendai virus, Sendai Ntail), and an outer membrane protein (OmpG). We were
able to identify similarities and differences in the average motions of the proteins. We find that the
NMR relaxation properties of the four proteins do share similar features. The data characterizing
average backbone motions are found to be very similar, the same for methyl group rotations, and
similar activation energies are measured. The main observed difference occurs for the intrinsically
disordered Sendai Ntail, where we observe much lower energy of activation for motions of protons
associated with the protein-solvent interface as compared to the others. We also observe variability
between the proteins regarding side chain >N relaxation of lysine residues, with a higher activation
energy observed in OmpG. This hints at strong interactions with negatively charged lipids in the
bilayer and provides a possible mechanistic clue for the ‘positive-inside’ rule for helical membrane
proteins. Overall, these observations refine the understanding of the similarities and differences be-

tween hierarchical dynamics in proteins.

Finally, in another direction, we describe progress towards an approach to determine the fat distribu-

tion in ants, and the consequences for distribution of labor.

Keywords

Protein dynamics, nuclear magnetic resonance, activation energies, nuclear spin relaxation
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Résumeé

La Résonnance Magnétique Nucléaire ou RMN est utilis¢ pour étudier les biomolécules depuis plu-
sieurs décennies. La RMN des solides, plus particulierement avec une rotation a I’angle magique, est
un outil permettant de donner de nombreuses informations pour les biomolécules insolubles ou peu
soluble. La dépendance du signal de chaque noyau avec I’environnement chimique de celui-ci permet
une description spécifique et donc précise de la position et du comportement des différents parties
composant les biomolécules. Plus précisément différents paramétres de relaxation (T1, T2, Tirho ...)
peuvent donner des informations importantes au sujet des dynamiques d’un échantillon donné, tel

que I’amplitude ou le temps caractéristique de certain mouvement.

Parmi les biomolécules complexes, les protéines sont sujettes a un intérét particulier de par leur ex-
tréme variabilité d’action. En effet la quasi-totalité des processus biologiques connu requiere 1’assis-
tance de plusieurs protéines. Et malgré les progrés importants ayant été accomplis pour comprendre
leurs comportements, de nombreux efforts sont encore nécessaire avant de pouvoir prédire et modé-

liser facilement et avec précision leurs actions.

Afin de décrire de maniére compléte les protéines, il faut considérer leur dynamique. En effet il ne
s’agit pas d’objets statiques et leurs mouvements sont un composant clé de leurs fonctions biologique.
Comprendreles liens entre dynamique et fonction est I’une des questions fondamentales de la biophy-
sique. Une manicre classique d’expliquer la dynamique est de regarder le paysage énergétique. Pour
avoir acces a la distribution des constantes physiques décrivant le paysage énergétique, nous obser-
vons la variabilité du T; par rapport a la temperature et au champ magnétique. Nous considérons que
les mouvements interne des protéines vont suivre approximativement une loi de type Arrhenius, et
nous avons utilis¢ des descriptions reconnus et utilisés largement, issue de la « Redfield Theory »

pour décrire I’influence de la température sur T; afin d’extraire les énergies d’activation.

Les corrélations entre le modeleet les observables nous permet de décrire précisément la forme du
paysage énergétique qui guide la dynamique des protéines. Plus spécifiquement nous avons mesuré
la relaxation a différente force de champ magnétique, ce qui permet de mieux définir le model, et
pour en meme temps évaluer la robustesse et les soubassements physique de la méthode. Les donnés
révelent des mouvements du squelette de la protéine et des chaines latérales avec des modes énergé-

tiques haut et bas, avec des énergies d’activation aux alentour de 5 kJ-mol?! et 25 kJ-mol . Les
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Résumé

résultats sont comparables a des simulations de dynamique moléculaire a différente température
d’une structure cristaline de protéine. Ceci confirme I’interprétation des donnés expérimentale au

sujet des mouvements moléculaire.

Nous avons utilisé la relaxation longitudinale de RMN a différente température et champ pour déter-
miner la hiérarchie des énergies d’activation de dynamique de quatre protéines différentes : deux
petite protéine globulaire (GB1 et le domaine SH3 de I’a-spectrin), une protéine intrinséquement
désordonnée (la partie N-terminus de la nucleoprotein du virus Sendai, Sendai Ntail) et une protéine
de la membrane externe (OmpG). Nous avons été capable d’identifier les similarités et les différences
dans la dynamiques moyenne des protéines. Nous avons trouvé que les parametres de relaxation pour
les quatres protéines on de nombreuses similaritées. Les données décrivant les moyennes des dyna-
miques du squellette protéique sont trés simmilaire, ainsi que les rotations des groupes methyl. Des
énergies d’activation semblables sont obtenu. La différence principale est observée pour la protéine
désordonnée Sendai Ntail, ou une plus faible énergie d’activation pour les mouvements des protons
associés a I’interface protéine -solvent comparer aux autes protéines. Une variabilité est observée par
relaxation de N entre les différentes protéines au sujet des chaines latérales des lysines, avec une
énergie d’activation plus élevé chez OmpG. Ceci peut indiquer des interactions fortes avec les lipides
chargés négativement and la bi-couche et propose un méchanisme posible pour la régle « positive-
inside » des protéines membranaire hélicoidale. Globalement, ces observations précises la compré-
hension des points commun et des différences entre les différents mouvements hiérarchisés dans les

protéines.

Finalement, dans un autre registre, nous décrivont le progres vers une aproche pour déterminer la

distribution de gras parmis les fourmis, et ses conséquences pour la division du travail.

Mots-clés

Dynamique des protéines, Résonance magnétique nucléaire, Energie d’activation, Relaxometrie
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Introduction

Proteins were shown to be an important part of biological life as soon as they were discovered, almost
two centuries ago, and since then their role in virtually all living processes has been shown to be

crucial.

The discovery in 1902 that proteins where formed by discrete ordered assemblies of amino acids was
the first step in order to understand biological phenomena from the molecular point of view, a task
that is far from being finished today. This description went forward in the early fifties with the proof
that proteins where generally formed by a single chain of amino-acid residues.! This paved the way

for an atomic-level approach to understanding the structure and the function of these biomolecules.

The first biochemical descriptions were focused on the composition of specific isolates of protein,
but it was not until the advent of modern analytical techniques allowing us to probe the structure of

proteins that our understanding of their mechanisms of action really made a gigantic step forward. 2

From there, we will briefly mention the techniques and discoveries that paved the way to this study.

1.1 Protein structure

Proteins are identified by their chemical composition, i.e. large heteropolymers of amino acid resi-
dues. These large poly-peptides are essential for virtually all biological events. In order to understand
the complex relationship between the ordering of amino acids and the almost infinite different func-
tions that can be observed in nature, a description of the different scales used to observe and charac-
terize the protein is essential. And even if not all information about a protein arises from the structure
alone, this does often give great insight into the mechanisms of action of the protein. For example,
structure of enzymes with different substrates or inhibitors can inform the enzymatic reaction mech-

anism taking place.

17



MAS NMR STUDIES OF HIERARCHICAL INTERPLAY IN PROTEIN DYNAMICS
1.1.1 Protein Structure and environment

One of the first ways of describing proteins is to analyze each bond separately. The geometries that
are allowed by the steric effects allow to constrain the relative orientations of the amino acids, giving
a first description of the structures of proteins.? This theoretical model is still used today, for example

when numbering the Ramachandran outliers in a structure, as presented in Figure 1.
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Figure 1: Representation of the angle phi (N-C,) et psi (Cy C) of the amino acids of the protein OmpG that will
be studied in the chapter 3. The red dots represent the glycines and the green lines the probability contours
for glycines observed in a large sample of proteins.

Single crystal X-ray diffraction is the leading technique when it comes to obtaining protein structures
today. Most of the structures in the Protein data bank (PDB, rcsb.org) have been determined using X-
ray diffraction methods (84% of protein structure described in 2019 in the structure databank PDB).

To illustrate the power of single crystal X-ray diffraction, one example can be the ion channels that
are a key factor for cell homeostasis, signaling and many other biological processes. Snapshots of the

channels in different conformations, or with different ligands, allow us to identify both the function

18



MAS NMR STUDIES OF HIERARCHICAL INTERPLAY IN PROTEIN DYNAMICS
and the regulation of these proteins, as long as a crystalline sample can be obtained.* Figure 2 shows

an example of a 1.2 A resolution structure of the immunoglobulin-binding B1 domain of protein G
(GB1) mutant, This protein as been extensively studied and will be used as a model in the next chap-

ter.

Numerous other methods such as Cryo-Electron Microscopy (cryo-EM)>7(13% of PDB structures in
2019), Fluorescence Resonance Energy Transfer (FRET) ® © or mass spectroscopy are also incorpo-

rated in order to have a clearer picture of the three-dimensional atomic-level structure of proteins.

It is also possible to use other more indirect methods to infer structure activity relations, one example
being analyzing evolution to determine contacts in proteins, using protein sequence coevolution. The
concept is based on mutations that will compensate each other. For example, a core phenylalanine
that is stabilized by a neighboring aliphatic side chain: if the phenylalanine changes to a polar residue
due to a random mutation, then the protein can experience a loss of function due to drastic changes
in structure. Gain of function can be achieved if the neighboring residues mutate to polar ones. There-
fore, amino acids can change the evolutionary trajectories of their contacts in the protein. Statistical
approaches using evolutionary models allow to determine such contacts, since those residues will be

evolutionarily coupled.

Figure 2 : Adapted from'°. Crystal structure of a GB1 mutant destined to probe the 7’Se reaction to different
chemical environments, as determined by single crystal X-ray diffraction. Image from RCSD PDB with Mol**!

19



MAS NMR STUDIES OF HIERARCHICAL INTERPLAY IN PROTEIN DYNAMICS

We will not go further into these other techniques, and will just highlight the importance of environ-
ment in protein structure, from ligand to hydration level. # !2 The range and complexity of protein
structure also opened the Pandora’s box of protein folding, which will not be discussed in our analysis.

Instead, we here focus on dynamics of proteins, in order to describe their flexibility.

1.1.2 Protein structure through the lens of NMR

3% of the structures in the PBD (2019) have been determined by NMR spectroscopy. Solution state
NMR as well as Magic Angle Spinning (MAS) NMR provide information about the atomic-level
environment of nuclei. This local information can then be extrapolated to determine protein struc-
tures. The principles are explained below to illustrate the different information that is accessible

through this method.

1.1.2.1 Basic NMR for studying proteins

The principle of NMR spectroscopy was described in 1938 by Rabi'3, and demonstrated for con-
densed matter in 1946 by Bloch (liquids'#) and Purcell (solids'®). They were awarded the Nobel prize
in physics for their discoveries. Here we will only talk about atoms with a spin 7 = %, since in this
work the only nuclei that will be studied are '3C, >N, and 'H, which all have spin / = %.

To analyze those properties we use a quantum description of NMR with the Hamiltonian for a typical

system of nuclear spin / = ' of the form:

H = H, + Hes + H; + Hp Eql1l

With the H. term describing the Zeeman interaction, the CS term describing the chemical shift, J the

scalar coupling, and D the dipole-dipole coupling. ¢

For a spin I, in the presence of a strong magnetic field the energy levels of the spin states that are
otherwise degenerate will be split into 21 + 1 levels, so two states in our case. The low energy state

has its component of magnetic moment aligned with the magnetic field while the high energy one has

20



MAS NMR STUDIES OF HIERARCHICAL INTERPLAY IN PROTEIN DYNAMICS
its magnetic moment opposed to the magnetic field if y is positive, and vice versa. This Zeeman effect

is by far the strongest in NMR of diamagnetic spin / = 'z, and is at the basis of all our experiments.
As for any spectroscopy, we will measure transitions between energy levels. For an isolated spin 72

the energy levels accessible are 21y B, with 7 the reduced Planck constant, y the gyromagnetic ratio

of the nucleus and B, the strength of the magnetic field.

Therefore, the spin of such a nucleus would resonate with a frequency

(UO = _]/Bo. quz

However, more information than simply the nucleus type is accessible. The local electronic environ-
ment will influence the perceived field at the position of the nucleus. If the shielding tensor is o the

frequency will now be
wo = —Y(1 —0)B,. Eql3
with the shielding constant being a consequence of neighboring electrons decreasing the field B, at
the nucleus.
The nucleus with spin I has a magnetic moment y; according to

u = hyl Eql4

Other nuclei that are close in space with a spin different from 0 will give rise to magnetic dipole-

dipole interaction, called dipolar coupling in NMR.

Since the chemical shift and dipolar interactions are anisotropic, in solution, the rapid rotational tum-
bling will average these two interactions. In the case of the dipolar coupling it is averaged to zero. In

the case of the chemical shift it is averaged to a single isotropic value.

NMR can also be done on solids. Spectra of static samples can be informative about the CSA tensors,

but most solid-state NMR experiments today are made with magic-angle-spinning (MAS).

21
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Figure 3: reproduced from *’. Simulation of the effect of MAS on the NMR signal of a -% spin nucleus with a
broadening in static condition due to a large chemical shift anisotropy.

In MAS NMR, the interactions are averaged by a rapid physical rotation of the sample around an
angle 8 = 54.7° (i.e. 3cos?0 = 1) with respect to the direction of the main magnetic field B,. This
will average the second rank anisotropic part of the interactions to zero, leaving only the isotropic

part of the interaction.

Other directly bonded nuclei will influence the frequency of the observed spin. The J-coupling is due
to spin-spin interaction (both homo- and heteronuclear) where the up or down states of spins influence
their neighbors. This will induce further splitting between the energy levels. In our experiments this
will not be of great interest since at low temperature the broadening obscures this splitting, which is
typically in the order of magnitude of 10-100 Hertz in proteins for 'H, '*C and >N. Furthermore, it

does not contribute significantly to relaxation, which is the main observable that we will consider.

1.1.2.2 Structure of proteins using solution state NMIR

22



MAS NMR STUDIES OF HIERARCHICAL INTERPLAY IN PROTEIN DYNAMICS
As presented in the previous subsection, solution state NMR allows to discriminate between the dif-

ferent chemical environments of nuclei, and can therefore be used to gather information about the
structure of molecules. This is also true for proteins, that can be studied in solution as long as their
molecular weight does not exceed roughly 30 kDa. Above this range the molecular tumbling becomes

too slow, leading to short Tz, and the signas typically become too broad to be informative.

One of the major milestones that allowed determination of protein structure is the use of 2D spectros-
copy, popularised by Richard Ernst and his team (discovered by Jean Jeneer), for which he was
awarded the Nobel prize in 1991. This possibility to observe correlation signals between different
nuclei on two (or more) axes simultaneously allows a much more precise description than single

dimension experiments, due to the much higher resolution obtained.

This approach was used to fully take advantage of the nuclear Overhauser effect (NOE), which de-
scribes the transfer of polarization from one nucleus to another through the dipolar coupling. The
very first protein structure was obtained on this basis using two-dimensional nuclear Overhauser en-
hancement spectroscopy (NOESY) through NMR in 1985 by Wiithrich and his team, for which he
received the Nobel prize in 2002.!® Proton-proton distances extracted from NOE provided constraints
for computational modelling, and allowed the research team to determine the atomic-level structure

of the proteinase inhibitor IIA (a bovine pancreatic trypsin inhibitor) in solution.

A plethora of methods are today accessible to NMR spectroscopists to study protein structure in so-
lution. With one clear advantage over single crystal X-ray diffraction, which still remains today the
method of choice: proteins do not need to be crystalized to be observed, and therefore proteins with
unstructured regions or that do not crystalize can be studied. Recently structures have also been de-

termined for proteins inside cells.!”

The first step in observing protein structure through NMR is the assignment of resonance in 2D (or
up to 5D)** NMR spectra, where the backbone signals are assigned to the cross peaks obtained in the
spectrum. Then in order to obtain the constraints necessary to model the protein, several methods can
be used. As described above, NOESY spectra will give an indication of proximity for spatially close
protons. It is important to note that these distance measurements are usually more qualitative than
quantitative, since they do not only depend on the distance but also on the correlation time of the
dipole-dipole interaction due to rotational tumbling. Furthermore, spin diffusion or other relaxation

mechanisms can hinder the precision of the measurement. This potential imprecision is however not
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MAS NMR STUDIES OF HIERARCHICAL INTERPLAY IN PROTEIN DYNAMICS
a major problem in this approach because it is compensated for by the very large number of constraints

obtained.

Using restraints is the basis of NMR structure determination. These can be distance restraints ex-
tracted from NOESY experiments, as described above, or angle restraints (the backbone ¢ and ¥
angle) that can be extracted from coupling measurements or chemical shifts. 2123 Orientational re-
straints can be obtained using residual dipolar splittings in anisotropic solutions. Paramagnetic relax-
ation enhancement (PRE) based on the change of Ti or T2 of the nuclei close to a stable radical or
metal center is also very informative. This allows to probe long distances (15-25A) compared to the

short (<6 A) distances available through NOE experiments.?*

The constraints will then allow the creation of an ensemble of structures that are in agreement with
the data. The ensemble can then be validated (or not) using statistical models such as WHAT IF
(https://swift.cmbi.umcn.nl/whatif/) for example.?> Today NMR structures of proteins typically can

have a resolution on the order of 0.8/1 A.%8

1.2 Protein dynamics

The ability to describe not only the sequence but also the three-dimensional structure of proteins is a
key step in describing their functions. Nonetheless this description, even though it is essential to un-
derstand the biochemical reactions happening in living organisms, is not sufficient to fully describe

them.

The behavior of proteins, and especially their numerous interactions, can only be understood as highly
dynamic processes. From single ligand binding to multimeric cooperativity, all these processes re-
quire a description of a fourth dimension: time.?” Dynamics in proteins are extremely diverse, since
they can be driven by chemical energy or not, be pH or temperature dependent, require or be inhibited
by small molecules and ions, etc...28-3!. This is why most studies focus on specific motions, or specific
probes, in specific proteins, in order to simplify the problem. There is an extensive literature about
the use of different techniques to characterize protein motions. 3% 324! These approaches allow us to
gain information about the specific motions of the studied proteins, but also allow the emergence of

the set of underlying rules describing those motions.
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The focus on the underlying properties of protein dynamics has obviously been widely studied. Mdss-
bauer spectroscopy or differential scanning calorimetry for example can be used to identify motions
of a system as a function of temperature, and therefore can discriminate the different types of motion

in proteins. 4%

A description of the thermodynamic landscape of proteins would allow us to perfectly predict their
dynamics. This is one of the core objectives of the previously cited methods. This approach has been
proven to be successful in cases using predictions from molecular dynamics simulations where the
thermodynamic landscape regarding specific conformations is computed. *¢*° This powerful and rap-
idly evolving technique suffers nonetheless from some limitations. Long time scales (more than a
millisecond) and large ensembles (like the ribosome) are impossible to compute efficiently. Moreo-
ver, the force fields that have been developed are still not a ‘perfect’ description of the real forces and
lead to inaccuracies. *° Determining the landscape experimentally would obviously be much more

satisfactory.

1.2.1 Description of hierarchical protein dynamics at different scales using a biophysical ap-

proach

1.2.2 approach

As mentioned above, despite large differences in function and structure between different proteins,
the dynamic properties of proteins are thought to share common features. The so-called universal
dynamic properties include “transitions” in global dynamics as a function of temperature, often as-

cribed to be due to interactions between protein components and solvent !,

Observing these universal properties has been a longstanding focus, and several methods have been

31,34 Terahertz spectros-

used as probes, including neutron scattering, >* 3 Mdossbauer spectroscopy
copy *°, dielectric spectroscopy,’! DSC *¢ and molecular dynamics simulations 7> *%. However, this
has still not led to a consensus picture of the dynamic transitions and their origins, since different
methods detect different, often contradictory, processes > 0. This situation may be in part due to
varying sample conditions for the studies, which were required to isolate contributions from different

processes, but since the timescales of internal dynamics of proteins spans several orders of magnitude,
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it is intrinsically a difficult subject to study since most techniques are only sensitive to a restricted

timescale. ¢! 62

Recently, Lewandowski et al. showed how multiple NMR observables can be used to simultaneously
identify dynamics occurring on different timescales and in different parts of the system by measuring

relaxation rates over temperatures from 105 to 280 K in crystalline GB1.%

The analysis of these
multiple probes, reporting unambiguously on the different structural components of this complex
system, allowed them to determine, from a single sample, a complete and coherent picture of the
dynamic processes across the whole temperature range. It also allowed them to rationalize observa-
tions from other techniques. Their findings supported strong coupling between protein and solvent
dynamics above 160 K, with motions in the solvent, then the protein side chains, and then the protein

backbone being activated sequentially as temperature increases.

The key to generating this complete picture was the use of different 'H, *C and >N relaxation rates
64 to distinguish between motional modes in a type-specific manner, affecting bulk solvent, hydration
water, protein side chains and the backbone (see Figure 4). In the following two chapters we will

build on this approach.
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Figure 4: reproduced from 3. Location of the motions and the relaxation rates that are most sensitive to
those motions, together with an illustration of the dynamic transitions identified by the change in the
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relaxation trends (green arrow in the bottom right corner). The rates indicated in green, purple and red font
report respectively on backbone, side chain and solvent motions. The numbers at the top and the bottom of
the arrow indicate respectively approximate transition temperatures (units of K) and inverse temperature
(units of 102 1/K). Labels FS1, F2, S2 and F3 indicate the transitions. Those transition represent the temper-
atures at which the motions driving relaxations change for a given observable.

In order to further set the scene, in this section we will review some of the methods used for the study

of protein dynamics, as well as their interactions with water.’® We will describe the consensus with a

large range of different techniques in order to be able to test and compare the results obtained with

NMR, to avoid mistaking technical biases for meaningfull information about proteins.
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Figure 5: Adapted from From®2. The vertical axis is the typical timescale at room temperature. The first panel
represents inter basin transitions that are due to large structural changes. The second panel represents intra
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basin transitions which are mostly attributed to side chain/domain motions. The third panel represents the
motions of protein and solvent that are coupled together and are analogous to a diffusionin a potential well,
aka localized diffusion. The last panel represents fast dynamics which typically have a low energy of activation
and small amplitude.

Figure 5 displays an overview of the hierarchical motions present in internal protein dynamics. Fast
dynamics are mostly due to vibrations and are of small amplitude and displacement. Localized diffu-
sion refers to the coupled motion in both protein and solvent. Conformational jumps represent the
exchange between different conformers, mostly from side chains in protein. Major backbone motions

display the highest energies of activation and are due to torsion of the backbone angles.

Fast dynamics: Neutron scattering can extract information from both local and collective motions. As
seen by Neutron scattering, fast (ps at room temperature) motions have a small amplitude (<1 A) and
an energy of activation of 2-5 kJ/mol. Collective vibrations on that timescale are also observed. The
side chains have extremely heterogenous motional timescale at RT, from 10 s of ps to us with energies
of activation of 10-20 kJ/mol. Water has a strong impact on fast protein dynamics. The hydration of
a protein will increase the amplitude of picosecond motions in a protein at high temperature, and

decrease it at low temperature.

Coupled protein-solvent motions: These motions analogous to a localized diffusion are also very het-
erogenous. It is observable notably by terahertz spectroscopy on the whole protein, even in parts not
directly in contact with the solvent. The typical amplitude is estimated to be 1-3 A, and the typical
timescale are 10-50 ps at room temperature. This specific motion seems to be necessary for protein
activity since those motions and protein activity are strongly correlated. 323 The correlation between
protein activity and 1-3 A 10-50 ps motions is probably due to localized diffusion enabling other
motions, since solvent dynamics is typically much faster than the other motions in a protein. It is
important to note that in this picture there is no discrete jump between different conformers, but rather
continuous diffusion in a constrained position. ®-7 Water-protein coupling has therefore been postu-
lated to be well suited for analysis by models including friction-like parameters, which could lead to
new types of models suitable for long timescale MD while still retaining accuracy. > Hydration water
behaves differently for intrinsically disordered proteins (IDP) compared to membrane proteins as
reported by neutron scattering experiments.®® IDPs present stronger coupling between the protein and
water compared to structured proteins. For all proteins there is nonetheless a broad distribution of

couplings depending on the specific surface interactions.
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Side-chain motions: Conformational jumps of large scale observed with neutron scattering and die-

lectric spectroscopy (1-10 A) display energies of activation in the 20-40 kJ/mol range and have a
timescale of ns at room temperature.®> %° Neutron spin echo spectroscopy can be used to probe those
motions that are of high importance for proteins that rely on large structural changes for their activity.

For example, the catalytic activity of a kinase that relies on 50 ns timescale large amplitude motions.”

Methyl group rotations: In such dynamics, methyl rotation is generally included. Both MD simulation
and neutron scattering can characterize methyl rotation. 7 One interesting feature is that the methyl
group rotation due to its hydrophobicity does not seems to be related to the solvent, in that it does
not depend on the presence (or absence) of hydration water around the protein. We notice that the
fastest methyl groups in both lysozyme and myoglobin are near their active sites.”!>7? All other protein

dynamics except some specific hydrophobic motions depend on the solvent.?

Backbone motions: By analyzing with precision different parts of the peptide plane with NMR, is it
possible to further identify the relative dynamics of protein backbone.”® The current slow limit for
neutron scattering is represented by timescales higher than hundreds of ns. Similarly, most MD meth-
ods will be in the same timescale, which makes the study of slow dynamics difficult in biomolecules.
Nonetheless, torsional rotations happening in the microsecond timescale at room temperature in back-
bones have been identified, using MAS NMR mostly, since having information about microsecond
timescales has proven to be a challenge in proteins.’”* Backbone motions could be related to the glass

transition in protein, since they show a drastic change of behavior at T, the transition temperature. 4

Processes with even longer timescales can be analysed by other methods.® 7> ¢ FRET methods are
particularly useful for in cell characterization since the probes do not require a preparation as drastic

as many other techniques, and can be done in vivo.

The influence of the solvent: It is speculated that hydration water acts as an enabler of protein dy-
namics, and that proteins will displace neighboring water molecules as they move, which is in itself
the definition of a coupling.®® Surprisingly larger scale motions are thougth to have an even larger

hydration dependence than small/fast ones, even if they are not directly coupled to the solvent.

Water can be either trapped inside the protein or adsorbed to the protein surface. The trapped water

is generally very stable.%* Differences between bulk and hydration water have been highlighted by
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dielectric relaxation measurements, showing that protein will prevent diffusion of the hydration water.

76 Some hydrogen bonds in the interfacial water can be 1000 times longer lived than in bulk.®®

According to tryptophane photoexcitation experiments, which possess a ps resolution, after a distance
larger than 7 A from the protein, there is no influence detectable of the protein, and therefore no more
hydration shell.”” The influence of the protein on water is not uniform and depends on the local inter-
actions. The hydration shell is still very dynamic, but less than the bulk water.®* Hydration water stays

dynamic at very low temperature, and will not crystallise but instead forms a glass.*

Dynamics in presence of other biological solvents has also been studied, with neutron scattering
among other methods.”® With various results such as glycerol protecting the proteins from cold and
trehalose from the heat. Liquid-liquid phase separation is also observed in vivo in the case of several

membrane-less organelles.”

1.2.3 Specificity of MAS-NMR to study the dynamics of proteins

To have information about the thermodynamic landscape we need to have an probe of motion. The

use of relaxometry in NMR is very well suited for this purpose.

To use relaxometry a semi classical derivation of the master equation (a matrix or set of equations
describing the time evolution of a system), was established by Wangsness, Bloch and Redfield.!* 8°
For different models of the dynamics involved a spectral density function can be estimated. In the
case of the model-free approach,?!- 82 which assumes that a motion can be described with two param-
eters, the rate of dynamics and an order parameter describing the spatial restriction of the motion, by

assuming a monoexponential decay for the correlation function the spectral density function is

J(w) = (1-52)2 % EqI5

2 1+(wTe)?

with the two parameters, 7, characterizing the timescale of the motion, and S? the amplitude of the
motion. The order parameter S will be 0 if the motion is isotropic (no spatial restriction) and 1 if there
is no motion. The dependence of S with the spatial restriction of its specific motion has been previ-

ously examined. 8
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Longitudinal relaxation (R4, the return of magnetisation to equilibrium along the z axis ) of indi-
vidual nuclei can easily be observed, and is the observable of choice.®* Note that spin diffusion can
homogenize the properties of neighboring atoms.3* This is especially true at low temperature, and can
be attenuated by high spinning speeds.®> Longitudinal relaxation is most sensitive to motion on ns

timescales.

Heteronuclear cross relaxation (NOE) is due to transfer of polarization between different nuclei. The

information extracted from NOESs have a high redundancy with T (R;=1/T;) parameters.5¢

Transverse relaxation (R = I/T>) parameters are sensitive to motion occurring with a longer time-
scale.®? Unfortunately, anisotropic interaction being incompletely averaged out leads to difficulties in
quantitative interpretation of those data, and the observable in solids is usually referred to as T,’.%?
Moreover, the Redfield approximation might not hold in the slow motion regime. A spin lock field
can also be used to measure transverse relaxation (T1,). Generally different lock amplitudes are used
to better analyse the motion. 7 Cross relaxation, which is due to interferences between different in-
teraction is also used. ® Cross relaxation is mainly due to dipolar and CSA interaction, or between
two different CSA interaction. * Finally it is also possible to probe the relaxation dispersion using

CPMG RD experiments. 38

In principle MAS NMR allows to study virtually any protein without the restriction of crystallization.
Other preparation methods such as sedimentation or incorporation into lipids bilayers can be used to

obtain a solid sample for MAS studies.
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Figure 6: From® top panel represents the different timescales at room temperature for motions in protein,
bottom panel, the experiments sensitivity to different types dynamics.

The relaxation parameters are thus highly sensitive to motions over a very wide range of timescales,
and the equations describing the relation between motion and relaxation have been extensively stud-
ied and validated.?®°° Solid state NMR has also an advantage compared to the more widely used
solution state NMR, which is the possibility to analyze samples at a much lower temperature (i.e.
frozen), since there is no reliance on the tumbling of molecules. This comes at a price of lower reso-
lution than solution state NMR. It is therefore possible to analyse the motions over a large range of
temperatures, thus allowing us to probe both the low-energy and high-energy motions directly, that
could otherwise be masking each other at room temperature as described in Figure 5.°!:% Due to the

site-specific resolution, NMR can be used to extract local information.

MD simulation and NMR can be used conjointly to study proteins (or nucleic acids)** 8¢ In particular
here using a comparison of different observables from MD could allow us to validate the motional

models.3-°1

The same conformational changes can be observed with NMR as well as with neutron scattering or
dielectric spectroscopy. Motions with 1-10 A of amplitude and an energy of activation in the range
of 20—40 kJ/mol were observed. Those amplitude and energy of activation were confirmed by MD

simulation.®’: 69-92
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Protein dynamics techniques were mostly first developed in solution NMR. These techniques have
then been adapted to analysis of solid samples, in order to extract information about site specific
motions including their timescale, amplitude and anisotropy.’* For example analyzing '*C relaxation
data gives information on site specific side chain motions.”* Even if resolution is sometimes a chal-
lenge in solid state NMR, site specific dynamics can be obtained, at least on room temperature sam-

ples, with an amino-acid specific estimation of the timescale and anisotropy.®’- 4

Deuterium wideline spectroscopy was also widely used to probe motion in biological systems in the

early days of solid state NMR.%’

In order to comment on the precision of MAS NMR to probe dynamics, results have been compared
to validate the concept and to observe the differences of the behavior of proteins in solid state (crys-
talized, sedimented...) and in solution. Studies compared protein side chain dynamics of small pep-
tides by looking at 2H methyl relaxation in solution and in solid state. The autors highlighted the
similarity of motions between the two preparations, even if some details differ, due to different sample
preparations and instruments. The similarities can be seen in Figure 7.%° The dynamics in proteins are
not believed to fundamentally change in crystals or solutions, as long as the hydration level is high
enough. Most of the observed differences to the dynamics in solution and in crystals seem to be
located in the loops that might be more contrained by crystal packing effects.®” The solid (MAS) and
solution comparison of SH3 also highlights the similarities of behavior in both environments. The
pertinence of the model free analysis is also demonstrated for solid state in their approach, with mo-

noexponential decay (thanks to an ingenious labelling scheme).®

Rotational double echo resonance (REDOR-type) experiments allow to measure order parameters
directly (describing the rigidity of the system) of specific residues (with ns and ps resolution, and an
estimation of the amplitude of the associated motion), and again those results are in concordance with
the results found in solution.”® Due to the absence of molecular tumbling on the ns timescale, more
dynamics are accessible with solid state NMR than with solution state. Different relaxation parame-
ters, or lineshape analysis (specifically with quadrupoles like deuterium) allow to access the question

of protein dynamics with different observables.’”°7

33



MAS NMR STUDIES OF HIERARCHICAL INTERPLAY IN PROTEIN DYNAMICS
There are specific motions and effects that should not be ignored in order to produce accurate results.

A 10 ps timescale rocking motion in protein crystals is observed at room temperature, it is specific to
the crystalline phase and must be addressed in slow dynamics studies in solid state.”® This seems to
have homogeneous timescale (30-50 ps) even if the amplitude varies significantly.”® Moreover Proton
Driven Spin Diffusion (PDSD) and direct spin diffusion is strong (in protonated samples and/or for
3C uniform labeling) especially at low spinning speeds and low temperatures, and will average the
relaxation rates between spatially close nuclei.®® N T, relaxation shows small amplitude motions
(1 us timescale) across proteins. Larger amplitudes are found at specific sites, but the timescale seems
uniform.!% These results are in concordance with observation from other techniques.!'®! Like in solu-
tion, exchange between different states for a protein can be probed, even with very low populations.
Moreover, the timescale of transitions and energy landscape describing the slow exchange can be

obtained.!0?
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Figure 7: From’*#” order parameters of backbone N-H both in solution and in solid state. SH3(a) and Ubig-
uitin (b,c). data in c) have been obtained by MD simulation. The general trends are the same in both condi-
tions.

One of the advantages of MAS is the absence of molecular tumbling, which masks any motion with
a timescale slower than the molecular tumbling itself (on the order of 10 s of ns for small globular
proteins studied in solution). Therefore slow motions (ns-ms) can be determined with a site specific
resolution using MAS NMR. !9 This example gives a quantitative description of the only 4 residues
(for GB1) which exhibit significant motions in the 40 ps to 0.1 ms range. More than just timescales,

it is also possible to have access to the anisotropy of motions.
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In MAS the dipolar coupling is not irreversibly averaged like in solution, and can be probed directly

by MAS NMR. This therefore allows access to both the amplitude and the anisotropy of motions in

a specific residue, if the structure is known.88: 104

MAS NMR allows also to probe a larger temperature range and therefore to better describe the ther-
modynamic landscape. For example, spin lattice relaxation of 2H at different fields has been be ana-
lyzed to identify motional timescales, and their dependence on temperature. *> At low T,(below 250
K) 2H T relaxation is almost field independent indicating that motions have a timescale faster than
ns. Moreover, motions in the time range of 0.1-1 ps only induce *H relaxation above this temperature
(250 K). This was described as a dynamic glass transition, but the term (not the observation) is refuted
in the literature.>®- 195 196 Since this rapid shift in observed relaxation rates is due to a second order
transition (motions being more or less efficient to induce relaxation as a function of temperature), we

are here looking at a progressive transition and not an abrupt one.

The specificity of the thermodynamic landscape can be probed for different classes of proteins.

In fibrils, diffcult to seen by solution state NMR, three different motional timescales can be observed

at room temperature by measuring R; and Rip at different fields. These three types (different time-

scales) of motions can be detected with site specific resolution.!?’

In membrane proteins there is evidence for two different timescales at room temperature with 10-100
ps local motions.”® Those motions are more important at the contact with the lipidic phase, and slower

collective motions with a timescale of 10-100 ns are more important near the water solvent.!%®

Large assemblies and their interactions are also better suited to MAS NMR compared to solution, due
to the limitation of the tumbling with the size. Large complexes, and protein-protein contacts and
interaction can be probed by PREs in the solid state.!” Internal motions of big assemblies can also
be detected by probing the flexibility among large timescales, as has been described for the nucleo-

some.'10

For MAS NMR, crystalline samples (or highly ordered samples) are still generally better than amor-
phous ones, which is well adapted for the study of big assembles like virus capsids or fibrils.”® More-
over extracting information from protons in solid state with a high precision is still hard due to poor

resolution of most spectra in the proton dimension.!!!
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As described above, water plays a key role in protein dynamics,*?- 62 5. 67. 112

and protein dynamics
occurs in a wide range of timescale and amplitudes, with the influence of water being critical.®> More-
over, it was shown that MD simulation taking in account explicitly the role of water were better when
it comes to replication of NMR measurments.!!3 Water can be separated into water close to the pro-
tein, and bulk water, with different motions detectable by solid-state NMR. One should notice that in
protonated water, the water seen to be in contact with the protein extends further than the hydration
shell, and that signal from bulk water might be significant while probing hydration water.!!? Site
specific water interactions can be probed, and those interactions highlight the role of the hydration
shell to modulate protein dynamics.>® Other solvents also have their importance, for example liquid-

liquid phase separation is correlated to conformational dynamics, and work is done outside of “clas-

sically” hydrated proteins.!!*

Here, we build on this initial study to further develop our understanding of hierarchical dynamics in

proteins.

In chapter 2 we will use the aproach presented by Lewandowski et al.®* and extend the experiment to
relaxation at different fields. This allows us to validate the relaxation model used for a specific mo-

tion, and to better constrain better the physical description of the hierarchically organized motions.

In chapter 3 we will compare the behavior of different classes of proteins, soluble globular proteins,
intrisically disordered proteins (IDP) and membrane proteins, using multiple filed variable tempera-

ture spin lattice relaxation measurements.

The chapter 4 presents a different subject (metabolomic studies of ants) and will be treated separately.
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Chapter 2 Analysis of the motional model and
application to the model protein GB1

As discussed in the introduction, protein dynamics studied by MAS NMR relaxometry or other tech-
niques rely on descriptions of specific motions. Building on the method introduced previously using
variable temperature solid state nuclear magnetic resonance relaxation measurements,! here, we ex-
tend this approach to measure relaxation at multiple magnetic field strengths, allowing us to better
constrain the motional models, and to simultaneously evaluate the robustness and physical basis of
the method. The data confirm backbone and sidechain motions exhibiting low and high-energy modes

with temperature coefficients around 5 kJ-mol™! and 25 kJ-mol..

The results are compared to variable temperature molecular dynamics simulation of the crystal lattice,

providing further support for the interpretation of the experimental data in terms of molecular motion.

The initial investigation measured longitudinal and transverse spin relaxation at a single magnetic
field strength, limiting the ability to unambiguously identify the nature of the observed relaxation
phenomena and to cross-validate our interpretation in terms of dynamic behaviour. Here, again using
the protein GB1, we therefore extend the approach to measure longitudinal relaxation over a range of
different magnetic field strengths and temperatures, thereby exploiting the dependence of relaxation
rates on the Larmor frequency expected from Redfield theory. This allows us to test the dynamic
origin of the measurements, to better constrain the motional models used to interpret the data and to
evaluate the reproducibility of the method. Specifically, we perform the same set of experiments at
four different magnetic field strengths (9.4 T, 11.75 T, 14.1 T and 18.8 T), on different sample batches
and for different temperature variation protocols. The field-dependent measurements allow a more
precise description of the timescale and amplitudes of the backbone motions in GBI, substantiating

and refining our findings from the previous single-field analysis.

43



MAS NMR STUDIES OF HIERARCHICAL INTERPLAY IN PROTEIN DYNAMICS
2.1 Relaxation and dynamics

2.1.1 Theoretical framework

Note that the goal of this section is only to present the tools and theory used. The full derivations

present in the cited references have not been reproduced here.

Nuclear spin dynamics can be summarized in the semiclassical vector model formulated by Bloch.

The Bloch equation can be written in the rotating frame as

—R, —Q w.Sind 0
%f) = Q —R, —wycos®|M(t) + R,M, o] Eq 111
—wysin®  w;cosd —R; 1
M, (t)
With the matrix M(t) = [M,(t)
M, (t)

where is R; is the spin-lattice or longitudinal relaxation rate and R, is the spin-spin or transverse
relaxation rate and where the matrix M (t) representing the bulk magnetic moment, Q is wy — w, sthe
offset, which is close to 0 for on resonance pulses, w,is —y B; the strength of the applied pulse and
® the phase of pulse. Here we see that the R; relaxation rates tend to drive the longitudinal magneti-
zation towards equilibrium, while the R; rates drive the transverse magnetization towards zero. Ri
and R rates can be measured for example by inversion recovery or CPMG pulse sequence respec-

tively. To measure Ri, examples are shown using the pulse sequences in Figure 10.

To relate the measured rates to microscopic parameters, a quantum mechanical description using the
density matrix formalism has been used for decades and is at the basis of any modern NMR descrip-
tion.? Nuclear spin relaxation is not based on spontaneous emission but rather due to couplings and

interaction between different spins, or with spin-lattice interaction.

Here we will briefly introduce the Bloch-Redfield-Wangness theory (or Redfield relaxation theory)
that can treat weak modulation of the spin interactions happening on short timescale. It relies on a
semiclassical model, in which the spin systems are treated quantum mechanically, while the lattice is

treated classically.
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Redfield theory yields a so-called master equation for relaxation?

as(t) _

N G A GEE M EqID2

If the change of density operator is not much slower than the motions, the Eq II12 canot be simplified

from the previous form

ds(t) _

°O = — [ |Fu0), [Tt - 0,5 — ) — 0] | de Eq II2bis

The problem is generaly solved by using Stochastick-Liouville equation as described in®® since the

exact calculation are not feasible.

With the overbar representing an ensemble average, o the density operator (in the laboratory frame),
and where the tilde symbol indicates that the operator is in the interaction frame. o, is the value of
the density operator at the equilibrium. H;(t) the Hamiltonian which contains the time dependent
spin interactions that are due to stochastic processes. By considering the nature of the Hamiltonian,

and making a series of approximations, we can obtain:

as(t)
at

= S [Veo G5, (6@) = 0] Ju (@) Eq 113

Where V the eigenoperators and the spectral density J, is the Fourier transform of the autocorrelation

function

Ga(t) = F_,(O)F,(t —1) Eq 114

With F the random function of time.

The spectral density thus depends on the nature of the random fluctuations in the Hamiltonian Hj. In
most cases in NMR the fluctuations in H; are induced by molecular motions that modulate the orien-

tation dependent interactions, in particular as far as we will be concerned with the dipolar coupling
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and the chemical shift anisotropies. A complete description of these formalisms can be found in the

texts by Goldman* and Abragam?.

Importantly, the approximations made mean that this approach is valid in the ‘fast motion limit’,
which means that the dynamics should be faster than the timescale of the interaction that is modulated
by the dynamics itself. We assume that the random fluctuations of the magnetic field (which drive
relaxation) are much shorter than the evolution of the density operator. This is referred to as the Red-

field limit (or weak collision limit). This limitation should be kept in mind.®’

With the master equation, we can now use models for the spectral densities in order to predict relax-
ation times quantitatively. The so-called “model-free” model is popular since it assumes no specific
geometry for the motion, only that different orientations are possible and that the system will jump
from one to the other at a specific rate and that the amplitude of the motion is restricted with an order

parameter.®

In this model, the spectral density function, which is the Fourier transform of the correlation function

describing the fluctuation of the magnetic field will be

2
J(w) =2—Fe Eq 115

2 1+(wTc)?

With 7, being the rate of the motion, and S? the order parameter. The order parameter describes the
spatial restriction of the motion. For fully isotropic motion it is equal to 0, and for a fully restricted

motion its value is 1.

We then have the final expression to describe R; for a heteronuclear two spin system.

51\ 2
R, = (TD) (]((L)I—a)s) + 3/ (ws) + 6](0)1-}-0)5)) + 8254 Z]((Us) Eq 116
With the corresponding dipolar and chemical shift terms being

§p = —2 (”—0) hyivs Eq 17

i) rig3
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And

5CSA = AO—VIBO Eq 118

where Ao is the difference between the two axes of the axially symmetric (as an approximation) shift
tensor, B, is the magnetic field strength, w; and wg the Larmor frequency of the two spins, y; (re-
spectively ys) represents the gyromagnetic ratio of the I (resectively. S) atoms, p, denotes the perme-

ability of free space, A the reduced Plank’s constant and 7y is the distance between the two nuclei.

2.1.2 Model free approach for temperature dependent measurements

2.1.2.1 Theory of the model

As discussed above NMR relaxation is mainly caused by fluctuations of the anisotropic interactions,
like the CSA tensor or the dipolar couplings due to relative motions of the nuclei. Thus, the relaxation
rates of individual resonances can be used to report on the dynamics of different regions of the pro-

tein.? 10

Here we assume that each motional mode has a temperature dependent rate of motion according to

an Arrhenius relation'! as follows

Ty = Too e FR/RD Eq 119

Where Ty is the correlation time of motion at a given temperature, Ex denotes the activation energy
for the mode, and T,y is analogous to a timescale and in abstract terms corresponds to the correlation
time of the motion at infinite temperature. Note that comparisons should be made between the times

Ty at given temperatures, since T, i 1S not particularly informative.

This equation is not universal to describe motions (or more generally exchange processes). For ex-
ample the deformed Arrhenius equation with : § = 1/kzT., and the parameter d. This equation sim-

plifiy to the Arrhenius equation for d=1

k(B) = A(1 — dEB)/4 Eq 1110

47



MAS NMR STUDIES OF HIERARCHICAL INTERPLAY IN PROTEIN DYNAMICS

The correlation times are related to the relaxation times through the spectral densities, J (w), presented

below.) The following expressions are used for the different relaxation rates:!?
-spin-lattice relaxation for protons

Rl = Cinteraction U((UH) + 4](20)H)) Eq 1

-dipolar spin-lattice relaxation for heteroatoms

RfD = Cinteraction U((‘JH - wX) + 3](0))() + 6](0)1'1 + wX)) Eq 2

-CSA spin-lattice relaxation for heteroatoms (not for methyl R; because the CSA is negligible com-

pared to the dipolar coupling to drive relaxation in those conditions.)
RfSA = Cinteraction](wx) Eq II13

where wy is the proton Larmor frequency, wy the the heteroatom Larmor frequency (1*C or 1°N) and
w, the nutation frequency of the radio frequency (rf) field. Ciyteraction 1 @ constant depending on the

type of interaction, as discussed below.

We assume a Gaussian-Markoff process (this approximation assumes that any motion is independent
from each other) for the individual motional modes. This results in a spectral density J(w) at fre-

quency w, represented as a sum of the different modes.

N
](0)) = Zk— Ck,amplitude #ﬁtkz Eq 1114

If the Gaussian-Markoff approximation are not true, any further treatment would need to identify the

positive (or negative) contribution of a motion to the next one.

With N being the number of different motional modes (in our case from 1 to 3). Cy amplitude 1S @

dimensionless factor associated with the amplitude of the motion, which can also be described
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through the order parameter of the motion. It is equivalent to £ * (1 — §?) described in the previous

section. Note that in the following we assume that the amplitude of motion is constant as a function

of temperature. This assumption is further verified as discussed later. This simplification is necessary

to avoid overfitting the relaxation data.

Cy 1s the product of factor associated with the amplitude, and the interaction of the motion (C, =
Ci.ampiitude X Cinteraction)- Cinteraction depends on the exact geometry of the interaction and since
we are working with an ensemble of resonances (the signal is typically integrated over a large region
of the spectrum, where all the observable resonances of a given type contribute) we can not have a
precise value. Moreover, coherent effects may arise from not totally averaging of the dipolar interac-
tion, which will perturb our measurement of stricto sensu Cipteraction - In order to perform our fits,

we first estimated Cipteraction @nd added a multiplicator factor as a fitting parameter.

The Cipteraction CONstants are given as:'°

5N dipolar R;
1 (Hoynynh)?
E( 411'7"131_, ) Eq I3
5N CSA R:
2
Ewlz\,(a” —0,)? EqlIl16
BBC dipolar R, C’
2
10\ 4nrdy q
3C dipolar R; methyl
2
i HoYHYch E 1118
10\ 4nrdy q
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BCCSARIC

2
~wi(oy—0,)? Eq 1119

Yx represents the gyromagnetic ratio of the X atom, y, denotes the permeability of free space, h the
Plank constant, g — o, the chemical shift tensor (assumed axially symmetric for a first approxima-
tion to decrease the complexity) with the value of -160 ppm for the N-H coupling in the amide bond,
-15 ppm for the N-H coupling of the lysine side chain, -172 ppm for the carbonyl-proton coupling of
the carbonyl and negligible for the methyl. All those approximations have been widely used. '3 1oy
and ryy denote the average inter-nuclear distance between carbon and proton, and nitrogen and proton
atoms respectively, given as 1.115 A for the C-H coupling of the methyl, 2.04 A for the C-H coupling
of the carbonyl and 1.02 A for the N-H coupling.'°

2.1.2.2 Type specific variable temperature relaxation measurements.

In the light of the above, in order to access activation energies, we carry out relaxation measurements
as a function of temperature on the solid samples. Experimentally we can access a range from 100 K
up to room temperature (or above). The different spy nuclei can be selected by using different pulse
sequences or the difference in the respective chemical shifts of the nuclei. At low temperatures reso-
lution in the NMR spectrum degrades'#!7 such that site-specific information is no longer accessible,

but type specific information is still resolvable as presented in figure below.
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Amide signal

Lysine signal

150 100 50 0 15N ppm
Methyl signal
Carbonyl signal
200 150 100 50 0 3Cppm

Figure 8 : Site specific resolution and signal used for our experiment, here in the GB1 spectrum at 400MHz
and 100K (lowest resolution of our dataset)

Here we use 13C relaxation from the backbone carbonyl or from the methyl group, 'H relaxation from
the hydration shell or bulk solvent, and '°N relaxation from the backbone or the lysine side chain.
Thus, the rates we measure here are the sum of the contributions from all of the observable nuclei of
a given type in the protein. Here we measure the relaxation parameters T1. Fast motions (ps-ns) will
be efficient in inducing spin-lattice relaxation (T1), while slower motion (ns-ms) will have more im-

pact on the relaxation in the rotating frame (Ti,) or on spin-spin relaxation (T>").!8
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Figure 9 : Spectra of >N R; measurements on GB1 at 600MHz and 270K, the different curved represent the
different delays. The pulse can be found in Figure 10. The top panel represents few spectra, with the inte-
grated region underlined. The bottom graphs are their respective fits to a single exponential, with R; of 2.5
s for the lysine resonance and 0.03 s for the amide.

For 13C and '°N we determined the relaxation rates by fitting the slope of the data to a single expo-
nential Ae™%T1 | with A and T as fitting parameters, as presented in Figure 9. The "H measurements
were performed using saturation recovery experiments, the pulses sequences are presented Figure 10.

—(B8
We fitted the curves to A(1 — e @)

) with A, Ty and § as fitting parameters. The stretching param-
eter becomes higher at low temperature, and reports on the heterogeneity of the relaxation curve. We
believed that it is more important in the case of proton relaxation because of the unique signal inte-
grated taking in account all protons. The stretching parameter represents a situation where there is a
distribution of relaxation rates centered around a mean. It allows to obtain a good approximation of
T without having to rely on too many different parameters. This is not always useful but will give

the same results (for T1) as a fit without streching parameter if the disorder is low, so the risk of

overfitting is negligible.

All our experiments were performed at 10 kHz MAS rate. In this spinning rate regime, and in presence
of a large network of coupled protons, spin diffusion, and especially proton driven spin diffusion
(PDSD) can become a confounding factor for some rates. Indeed, magnetization will diffuse between

the different nuclei, and our measurement will probe an average property of the protein rather than
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the ones of a specific sub-part. We detail in section 2.2 how we were able to spot when PDSD was

occurring.

2.1.2.3 Pulse sequences

(a

) /2 /2

"l -
d

— > >

saturation
(b) /2 w2
H
T, CP SPINAL-64
— >
saturation

f1%
13C T, cp

«—>
saturation

TT/2
1
© "= ]
CP SPINAL-64
/2 /2
13C/BN| cp I T,

Figure 10: Schematic representation of the pulse sequences. a) R1 measurement for *H b) 3C detected R;
measurement for *H c) Ry measurement for heteroatoms (33C, °N). The CP parameters and the 1/2 pulses
were optimized for each temperature if needed, note that the tuning and matching change with tempera-
ture. In particular an abrupt change of the tuning, that is also reflected in the change of linewidth for the
proton signals, is observed at around 250K, where the bulk solvent freezes.

Figure 10 represents the pulses sequences used for measuring the R;. The pulses were adjusted at
different temperatures when the condition for a 90° pulse changes. This was correlated to change in

the tunning and matching condition of our sample.

2.1.2.4 Model assumptions
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Note that the MD calculation in this subsectionwere performed by Nicola Salvi and Martin Black-

ledge, not directly by myself. I was involved in the discussion of the results.

As already mentioned, our model comports certain assumptions, notably that the amplitude of the
motions (timescale) does not change significantly with temperature, and that the activation energy of
the motions is following an Arrhenius law. In order to test these assumptions, we performed molecular
dynamics simulations of the crystalline lattice of the hydrated GB1 protein at four temperatures from
248 to 278 K. The results demonstrate almost negligible change in the amplitude of relaxation-active
backbone motions and suggest that the steep change in longitudinal relaxation rates within this range
is indeed due to significant slowing of intermediate timescale (nanosecond) backbone motions with

decreasing temperature.

Three independent 200 ns trajectories of a periodic box containing 32 explicit copies of the protein
comprising 8 asymmetric units of 4 proteins,!” were run at four temperatures from 248 to 278 K.
Figure 11 shows the order parameters derived from the angular correlation functions describing the
motion of inter-nuclear backbone NH bond vectors which were modeled by fitting to a three-expo-
nential fit, in order to extract motional amplitudes and characteristic timescales. The full procedure
of the MD simulations is described below. The MD simulations were not performed with a wider

range of temperature since force fields are valid only for a specific temperature range.
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Figure 11: Temperature dependence of dynamic parameters for backbone amide NH bonds derived from MD
simulations. Inset: The average order parameter calculated by averaging the values of each of the four curves
in the main panel

The marginal systematic decrease observed in Figure 11 when increasing the temperature is because
of the increase of the amplitude of very fast (<10 ps) fluctuations that do not contribute significantly
to relaxation. The inset shows that the average order parameter varies only slightly as a function of
the temperature, and thus justifies our approximation that the order parameters do not vary signifi-

cantly with temperature.

More specifically, as described previously,'® a “superlattice” of 32 copies of protein GB1 (equivalent
to 8 unit cells of 4 proteins each), 4227 water molecules and 128 Na* ions was constructed according
to the crystallographic symmetry. The dimensions of the superlattice allow for a periodic box. Simu-
lations were carried out using GROMACS 5.1.2% with the AMBER99SB force field.?! After mini-
mization using the steepest descent algorithm three independent 200 nanosecond trajectories were
calculated at each of the four temperatures - 248, 258, 268 and 278 K. Angular correlation functions
representing the motion of the relaxation-active interactions were analyzed as previously described,

in terms of amplitudes and timescales of distinct motional modes:

C(t) = Ag + Xioy Ae ™t/ Eq 1120
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with n=3 for all cases discussed here. Most notably the amplitude of motions derived from the fit of
the correlation functions are seen to vary with respect to temperature, but within a very restricted way

described in the Figure 11.

The characterization of the effective timescales extracted from these fits is less easy to compare with
experiment, firstly because characteristic timescales are less accurately predicted from MD simula-
tion than motional amplitudes and, secondly, because the number of relaxation active contributions
at higher temperatures are not equivalent to the experimental study (where one main contribution is
assumed to dominate). Nevertheless, the trend seems to qualitatively reproduce experimental obser-

vation.

As an example, correlation functions from amino acids in each of the 32 copies of the protein in the
simulation box were averaged and fitted to a three-exponential fit Figure 12. Note, that most of the
temperature-dependent variation of the curve is due to the amplitude of very fast motions (i.e. the
value of the correlation function at its first plotted point, 10 ps). Average timescales derived from the
weighted averaged of the results of the fit show systematic changes in timescale (from 0.76 to 1.3 ns

over the range of 278 to 248 K). This would correspond to an effective activation energy of 12 kJmol
1
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Figure 12: Average rotational correlation function of backbone N-H bonds calculated as described above.

Note the most evident differences between the curves of Figure 12 for different temperatures results

from the increasing amplitude of the fast (<10 ps) initial decay of the correlation function.
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Figure 13: Order parameters calculated for each of the 32 copies of the protein in the superlattice at 248

(panel A), 258 (B), 268 (C) and 278 K (D). Motional timescales panels E-H from the corresponding tempera-

ture.
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Order parameters in the superlattice in the Figure 13 are clustered around a well-defined average
value, providing a useful comparison with experimentally-determined parameters. On the contrary,
motional timescales with the exception of the fast component around 5 ps, are much more scattered,

thereby hindering any quantitative comparison with the experimental results.

03 T T T T T T T T T

02 F -

_04 1 1 1 1 1 1 1 1 1
3.55 3.60 3.65 3.70 3.75 3.80 3.85 3.90 3.95 4.00 4.05

1000/T K

Figure 14: Timescales resulting from the fit of individual correlation functions (see Figure 18) at each temper-
ature — points show averages over 32 copies of 56 N-H" pairs. Calculated values (points) are fit to an Arrhenius
relationship with effective activation energy of 12kJmol™? (line). Averages are weighted by their contribution
to the associated correlation function.

In conclusion, it seems that the temperature does not significantly impact the amplitude of motions

that are driving relaxation.

2.2 Reproducibility and self consistency of the model

2.2.1 Method
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In this section we study a microcrystalline preparation a small globular protein, GB1. We measure

five 'H, 13C and >N relaxation rates at multiple fields (from 400 to 900 MHz) and at temperatures in
the range 100 K to 300 K.

2.2.1.1 Sample preparation

The B-1 Imunoglobuline G Binding Domain (GBI in the following), is a 6.23 kDa, 56 aminoacids
water-soluble protein, studied here in a microcrystalline form. Its structure and sequence are shown

in Figure 15.

The uniformly 'H, 3C,">N labelled, microcrystalline GB1 protein was purchased from Cortectnet (10
mg for each patch), and has been packed without any further treatment in a 3.2 mm rotor by ultracen-
trifugation using Giotto Biotech device (100 000 g, 4°C) in order to sediment most of the microcrys-
tals and remove as much as possible of the supernatant.?? The rotor is stored at 4°C between experi-
ment sessions. In the crystallization procedure (performed by Cortecnet), the buffer was firstly re-
placed by extensive dialysis against 50 mM sodium phosphate buffer (pH 5.5). The protein was con-
centrated to 25 mg.ml"!. A mixture of 1:2 isopropanol:methyl-2-4-pentane-diol was used for precipi-
tation of the protein by adding 3 volumes of the mixture for 1 volume of protein solution which gave

the sample the appearance of a milky solution.?

Figure 15 : Structure of GB1 with the highlighted lysine side chains (blue) and methyl groups (black). Full
sequence: MQYKLILNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTYDDATKTFTVTE
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2.2.1.2 Solid-state NMR spectroscopy

Solid state NMR measurements were carried out on Bruker AV-1 9.4 T, AV-IIIHD 11.75 T, AV-III
14.1 T, AV-III 18.8 T and 21.1 T spectrometers. For all the measurements 3.2 mm low temperature
MAS probes were used in triple resonance (‘H,'*C,!>N) mode. All the experiments were performed
at the same spinning speed (10 kHz) to reduce overall variability. The spinning speed set to 10 kHz

in order to remove the overlap with the sidebands manifold with the signals of interest.

The measurements were performed on two batches of GB1 protein. The two 11.75 T dataset were
aquired on the first batch of GB1. 9.4 T, 14.1 T, 18.8 T measurements were done on a second batch
of GB1. Each of these 5 measurements was made as a function of the temperature, going from 105 K
to 285 K in steps of 5 or 10 K. VT, bearing and drive display temperatures were held identical in the
cooling cabinet, in order to minimise temperature gradients across the sample. All the noted temper-
atures had a precision of +/- 10 K. At 11.75 T, measurements were carried out twice (same batch),
first with an increasing order of temperatures and a second time with a random order of temperatures.

The data are reproduced from.?*

The temperature was measured using the internals sensors of the probe. We verified the agreement
between the actual and measured temperature by using lead nitrate, as described below. We are aware
that using a different sample/pulse sequence could change our results, but since we are using a wide

range of temperatures, such small differences are not expected to be important.

120
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| | | | | | | | | |
100 120 140 160 180 200 220 240 260 280
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Figure 16: Sensor temperature as a function of chemical shift in ppm for lead nitrate.
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To control the temperature, we measured the lead nitrate shift as a function of temperature as de-
scribed in.? From a linear fitting of the measured shift as a function of the measured temperature, we
obtained a value for the slope of 0.72 £2 ppm/K, as compared with the reported value of 0.753ppm.
We can therefore conclude that indeed a small shift between real temperature and read temperature is
present in our measurements, nonetheless due to the large range of our measurements, this will not
significantly impact our results. We will therefore use the “sample temperature” sensor of the spec-

trometer as a good estimation of the real temperature.

2.2.2 Confidence intervals

The error bar for any specific relaxation rate was obtained using the Student law.¢ This gives us the
95% confidence interval for the R; value. Equations describing the return to equilibrium of a spin

system are well known, and are illustrated in the previous chapter.

In order to verify the reproducibility of the method, we checked if it was possible to accurately repli-

cate the results.

Figure 17a shows "N R, values measured as a function of temperature for GB1 in three different
experiments. The red symbols correspond to the data from Lewandowski et al.! recorded in Lyon in
2012 (here called set I), and the blue symbols are the R, rates extracted from data recorded in Lausanne
with a different sample of GB1 and progressively increasing temperatures (here called set II). Green
symbols show relaxation rates from experiments on the same sample, performed two months later on
the same spectrometer using a random order of temperatures (here called set III). The experiments
were performed on different batches of the protein (from the same source), with different spectrom-
eters, by different people and in different order, to maximize the variability. This is done to ensure
that, when comparing different proteins, small experimental variations would not have a strong influ-

ence on the extracted motional parameters.
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Figure 17: a) Fitting of repeated measurements of >N R; (amide signals, mostly representative of the back-
bone) for GB1. Red circles show data set I,18 the blue circles data set Il, and the green circles show data set
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I1l. Dashed lines show the contribution due to two motional modes, and the sum is shown as the solid line,
where data were fit to a two-component relaxation model. The number of components was statistically jus-
tified with an F-test (p < 0.05). b) Fitted activation energy plotted against the correlation time at 293 K, from
T = Tm,ke(Ek/RT), for the indicated relaxation rate for the three independent measurements. In each panel
the red symbols show the low energy motional mode and the blue symbols show the higher energy mode.
Squares show data set I,! triangle show data set Il, and circles show data set Ill. The lines connecting the
symbols for the three data sets are intended as a guide to the eye.

The same temperature behavior is observed in all three datasets that can all be fit to two motional
modes, one with low activation energy dominant at low temperatures, and one with high activation
energy appearing at higher temperatures. The activation energies and correlation times match well
between the three samples and there is no evidence for hysteresis in the temperature dependence.
Similar results are found for activation energies and correlation times extracted for the other 6 relax-
ation rates (Figure 17). Note that while the energy barriers are accurately defined, the motional time-
scales are less accurate, and indeed relatively large variation of this parameter will have a moderate

impact on the fit obtained.?’

For the cross-validation procedure?® (10-fold-split) the experimental data from the three sets (I, I and
IIT) were combined and 90% of the combined data (R;) were randomly sampled (training set) and
used to predict the remaining 10% (validation set) of the experimental data (R1). This procedure was
repeated 100 times. The random sampling was restricted to avoid double sampling and to contain at
least two data points per temperature range (£5 K). For °N lysine we only used the data sets II and
I1I in the cross-validation procedure. Also for >N lysine only set III contains R; values above 220 K.
Thus, the random sampling was only restricted to avoid double sampling. Here we plot the experi-

mental against the predicted R; values for both the training and the validation sets.
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Figure 18: Scatterplots showing the experimental against the predicted R; values for all the used probes. The
predicted R; values are calculated using a model fit to 90% of the combined data sets (I, Il and Ill). The red
points show the training set and the blue points show the validation set. The black line corresponds to a one-
to-one mapping between the experimental and predicted values.

As we can see from Figure 18, the training dataset allows to generalise our finding to an ‘independent’

dataset, furthermore indicating the high replicability of our results.
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In order to estimate the error on our result, we used a Monte Carlo approach. To do so, a set of data

was first fitted with the model previously described. To estimate the errors on the extracted constants,
500 new artificial data sets containing the same number of points, with similar displacements from
the fitted curve, were generated using the fitted constants. These new data sets were then fitted again.
The 500 sets of extracted values were then compared. Note that this method only measures the pre-
cision and not the accuracy. Therefore we are testing the precision of the extracted parameters, as-
suming our model is correct. So, the error bars regarding a specific energy will be representing the

95% scatter interval of our artificial fits.

1072 : :
250 200 150 100

Temperature [K]

Figure 19: An example with in light blue the fit, and in dark blue two generated sets of data with the associ-
ated fits, while below the associated code for one example is reported in the Appendix.

2.2.3 Self-consistency of the model

In this section we will show how using multiple fields allows us to confirm the accuracy of our re-

laxation model, by focusing on the specific case of carbonyl detected R; relaxation.

66



MAS NMR STUDIES OF HIERARCHICAL INTERPLAY IN PROTEIN DYNAMICS
First, we note that intrinsic '*C’ R; rates, which would be primarily due to '*C CSA, are expected to

be longer than those we observe. Indeed, Lewandowski et al.? already noted that in a fully '3C en-
riched protonated protein, spin diffusion of longitudinal magnetization between nearby carbon atoms
is likely to be faster than the R relaxation rates, and it is well known that this will lead to averaged
apparent R; relaxation rates that are dominated by the fastest relaxing local species.*® This will be
much less significant for transverse relaxation rates or rates between distant spins such a >N.*! This
means in particular that the apparent relaxation of the carbonyl nuclear spins are likely to be domi-
nated by the faster relaxation of the nearby methyl groups within the same amino acid.?’ The multi-
field data here provide very compelling evidence to support this hypothesis. Figure 20 shows that
whereas both pure CSA relaxation or dipole-dipole relaxation can explain the behaviour observed at
a single field as a function of temperature, the field dependence of the two mechanisms is different,
and only the dipole-dipole mechanism can correctly explain the field dependence of the 1*C* Ry, con-
firming relayed relaxation of the carbonyls by the methyl sinks. As expected in this analysis, the *C’

R; are now finally also explained by two modes with this model, as are the *Crmetnyi R1.
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8C’ R, with 3C model simultaneous fit

methyl

R, [s]

500MHz Il
400Mhz

1 Y 1

280 260 240 220 200 180 160 140 120 280 260 240 220 200 180 160 140 120

Temperature [K] Temperature [K]

Figure 20: 13C’ R, rates fitted with two different models. Either with the model for CO relaxation on the left,
with major relaxation contribution coming from CSA, or on the right using the model for 3 CMethyl Ry, with
the major contribution to relaxation coming from dipole-dipole interactions. The upper panels show the sin-
gle field fit while the lower panels shows the conjointed fit for the complete dataset.

This is why in the following interpretation we will not consider the carbonyl detected resonances

since they actually inform us on methyl dynamics

The full developed equation describing methyl relaxation is here (only CSA and no dipole-dipole

relaxation):

T 3 T
= 2) + Cinteraction(Z)AUVIBO 4 (¢) Eq 121

3
R, =C(; ; Aoy;By=(———"—
1 interaction(1) YiDo 4 (1+ w2 k(1) 1+ w? 1.k(z)z

With the (1) and (2) representing the two motional modes.
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The possibility to perform self-consistently the fit at multiple fields simultaneously validates the re-

laxation model used, and moreover allows to increase the precision, due to the better constriction of

the model, as discussed in the following section.

2.3 Findings for the GB1 protein

2.3.1 Results

In order to fit our data as explained in the previous chapter, we introduce the code that takes as an
entry the relaxation rates at different temperature, and that fits them with the corresponding model.

This specific code is shown in the appendix.
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Figure 21 : ®*NLys R; rates measured as function of temperature and magnetic field strength. Data were rec-
orded from 105to 285K, and at9.4 T, 11.75 T (set Il), 11.75 T (set I}, 14.1 T and 18.8 T. The error bars reflect
the error on the R1 fits. Dashed lines show contributions of a given motional mode to relaxation, and the
contribution from the sum of the modes is shown as the solid line, which is fit to the relaxation data (points).
The number of modes needed (here 2) for the fits was statistically justified with a F-test (p<0.05), except for
the 11.75 T set lll data, where two modes were also used for comparison purposes. The first five panels show
the temperature dependent relaxation fit to the relaxation rates obtained at a single magnetic field. The sixth
panel shows the temperature dependent relaxation fit simultaneously to all magnetic fields.
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Figure 22 : The activation energies and correlation times at 293K, t;, = Tm,ke(Ek/RT), for >N,y extracted from
the data in Figure 2. The red and blue symbols refer to the low energy and the high energy mode respectively
for 9.4 T (square), 11.75 T (set ll) (diamond), 11.75 T (set lll) (circle), 14.1 T (cross), and 18.8 T (asterisk), and
denote the values extracted from the single field fits. The bold stars show the values extracted from the
simultaneous fit to all the data. The error bars are set to +/- one standard deviation, calculated with a Monte
Carlo error estimation over 500 runs. Because of the logarithmic scales negative error bars are not displayed.

Figure 21 shows relaxation rates from >N lysine sidechain moieties, indicating that relaxation shows
similar trends as a function of temperature at all the different fields. Analysis of all data in terms of
two contributions to the spectral density function reveals clear clustering, both in the correlation times
and activation energies of the two extracted motional modes (Figure 22). For >Ny solvent rotations
become active at around 160 K, which allows side chains to access different rotameric states on time
scales that interfere with the pulse sequence and which leads to the disappearance of the '"Niys reso-
nance signals in the region between 160 K to 240 K.32 33, This results in large errors and significant
differences in the values extracted from the fits to the motional modes at each field. By combining
the information obtained at different fields and fitting them simultaneously we are able to determine

the motional parameters with much greater accuracy.
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Figure 23. The left panels show the longitudinal relaxation rates as function of temperature for all investi-
gated nuclei. Data were recorded from 105 to 285 K. The error bars reflect the error on the R1 fits. Dashed
lines show contributions of a given motional mode to relaxation, and the contribution from the sum of the
modes is shown as the solid line, which is fit to the relaxation data (points) for all fields simultaneously. The
colour code is given as: red 9.4 T, dark blue 11.75 T (set Il), cyan 11.75T (set lll), purple 14.1 T and green 18.8
T. The number of modes was statistically justified with a F-test (p<0.05). The right panels show the activation
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energy plotted against the motional rates T,93 for all the investigated relaxation rates. Dark symbols (blue,
red and green) show the simultaneous fit over all magnetic fields while the light symbols (cyan, orange and
green) show the fits at a single magnetic field. Error bars are set to +/- one standard deviation, calculated
with a Monte Carlo estimation over 500 runs. In the right panels the symbols represent: 9.4 T (square), 11.75
T(set Il) (diamond), 11.75 T(set Ill) (circle), 14.1 T (cross), and 18.8 T (asterisk), and denote the values ex-
tracted from the single field fits. Bold stars show values extracted from a simultaneous fit to all data. The first
modes are represented in orange, the second in blue and the third in green.

Figure 23 summarizes the field-dependent variable-temperature data for all 6 measured relaxation
rates. 1°N R, rates, which report on motion in the protein backbone,** or the 1*C methyl R; measure-
ments, reporting on hydrophobic side chains, show very clear field dependencies that are well repro-
duced in the joint fits. The figure also shows the modes that are found as a result of the joint fits to
the data. Again, using the information from all fields simultaneously leads to a much more precise
determination of the motional parameters from all the measured rates. The exact details are presented
in Table 1. For example, the Ri maximum is better defined at 9.4 T, leading to a more precise estimate
of both timescales and amplitudes, as is evident in Figure 23. Both the decreasing R and the observed
shift of R maximum with respect to magnetic field strength closely follow theoretically expected

behavior, substantiating the dynamic origin of the relaxation phenomenon.
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Figure 24: Individual fits of the different observables for GB1

Table 1: Numerical values for the fits of the relaxation parameters. The activation energy and the correlation
time refer to the Arrhenius fit, and the C represent the Cy gmpiituae Used in fit as described above. Sd stand
for one standard deviation as a measure of error. The single fit are represented in Figure 24.
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Mode /Activation En-400 MHz 500 MHz set Ill '500MHz set600MHz 800MHz Simultaneous fit | Sd 400 MHz 500 MHz set500 MHZz600 MHz 800 MHz Simultaneous fit
ergy (J/mol) n m set Il
1 "HCP E 1 6.2E+03 4.2E+03 8.5E+03 8.1E+03 5.9E+03 4.6E+03 5.0E+02 1.3E+03  3.4E+03 1.5E+03 1.4E+03 4.7E+02
"Hdirect E 1 7.8E+03 4.8E+03 3.6E+03 9.5E+03 1.2E+04 5.6E+03) 1.5E+03 1.3E+03  1.1E+03 2.2E+03 1.5E+03 5.0E+03
"*Cmet E 1 7.3E+03 6.0E+03 6.9E+03 7.0E+03 5.7E+03 6.5E+03) 1.9E+02 2.0E+03  1.5E+02| 2.0E+02 2.0E+02 1.7E+02
""NR1E1 6.2E+03 3.4E+03 8.1E+03 4.5E+03 5.1E+03 6.4E+03 1.5E+03 7.2E+02  3.9E+02| 1.5E+02 1.2E+02 6.1E+02
"N LysE 1 4.4E+03 5.0E+03 3.2E+01 9.5E+03 5.4E+02 4.8E+03 2.8E+03 2.9E+04  1.9E+03| 3.0E+03 1.1E+03 3.0E+02
2 "HCP E 2 3.8E+04 2.2E+04 2.1E+04 1.8E+04 1.5E+04 3.2E+04) 8.5E+03 4.4E+03( 1.0E+04| 4.2E+03 3.7E+03 1.9E+03
"Hdirect E 2 3.2E+04 2.4E+04 2.4E+04 4.4E+04 3.6E+04 1.9E+04| 1.1E+04 6.2E+03  7.3E+03| 1.1E+04 1.4E+04 1.2E+04
"*Cmet E 2 2.4E+04 2.2E+04 3.2E+04 5.6E+04 3.4E+05 2.9E+04) 4.7E+03 5.3E+03  1.1E+04| 1.5E+04 3.7E+04 9.6E+03
""NR1E2 2.4E+04 2.7E+04 2.3E+04 3.8E+04 3.2E+04 2.2E+04) 5.0E+03 3.8E+03  3.7E+03| 3.3E+03 2.6E+03 3.0E+03
"NLysE2 6.0E+04) 3.4E+04 2.5E+04 4.7E+04) 4.1E+04) 2.9E+04 7.9E+03 4.0E+03] 7.1E+03 4.1E+03 4.1E+03 1.5E+02
3 '"HCPE 3 0.0E+00 0.0E+00 0.0E+00 3.3E+04 0.0E+00 3.3E+04) 0.0E+00 0.0E+00  0.0E+00) 5.4E+03 0.0E+00 9.9E+04
Mode Correlation 1400 MHz 500 MHz set Ill 500 MHz set600 MHz 800 MHz Simultaneous fit | Sd 400 MHz 500 MHz set500 MHZz600 MHz 800 MHz Simultaneous fit
Time (s) n m setll
1 "HCP 11 3.6E-11 5.9E-11 5.7E-13 4.9E-13| 3.5E-11 1.8E-10| 6.1E-10 2.5E-09 3.1E-09 7.7E-12 9.3E-11 3.1E-10
"Hdirect T1 9.4E-12 1.1E-10| 1.5E-10| 3.8E-12 4.3E-13| 2.9E-11 1.8E-09 1.1E-09 1.2E-08 1.4E-09 1.5E-09 5.1E-09
"*Cmet 11 1.3E-11 3.0E-11 2.1E-11 2.4E-11 5.2E-11 2.5E-11 2.5E-12 8.3E-12 3.0E-12 4.8E-12| 1.1E-11 4.6E-12|
N T1 5.7E-11 8.5E-10 1.3E-11 8.2E-10 2.8E-10 3.8E-11 4.0E-10| 3.8E-08 2.0E-08 1.1E-08 9.1E-10 1.7E-10|
"*NLys 11 2.1E-10 9.5E-11 1.6E-10 1.5E-12 2.6E-11 5.4E-11 2.0E-08 2.1E-10 2.4E-08 1.0E-10| 5.0E-11 6.6E-11
2 "HCP 12 1.7E-18 2.0E-15 9.4E-15 1.2E-14| 6.6E-13 3.9E-17| 1.5E-14| 5.1E-14 1.5E-14| 1.1E-13 1.9E-12 7.4E-18
"Hdirect T2 4.3E-17| 1.5E-15 4.5E-15 8.8E-19 3.6E-17| 2.7E-14 3.5E-14 8.3E-14 3.5E-14 1.9E-14| 2.3E-17| 9.0E-14
"*Cmet 12 8.2E-14 6.2E-13 6.2E-14 4.0E-17| 8.1E-12 2.5E-12 2.9E-12 6.6E-12 3.4E-12 4.0E-12| 3.7E-12 5.3E-11
"N T2 1.1E-13 3.2E-14 2.4E-13 2.2E-16 2.4E-15 5.0E-13 6.1E-12 2.4E-13 2.0E-11 3.8E-14 1.9E-14| 1.2E-11
"*NLys 12 1.0E-22 2.6E-16 3.4E-15 2.5E-19 3.0E-18 4.5E-15 1.6E-18 2.6E-14 3.8E-13 2.3E-14 1.9E-14| 2.6E-15
3 "HCP 13 0.0E+00 0.0E+00 0.0E+00 1.5E-16| 0.0E+00 4.4E-16| 0.0E+00 0.0E+00  0.0E+00| 1.2E-15 0.0E+00 2.1E-15
Mode C 1400 MHz 500 MHz set Il 500 MHz set600 MHz 800 MHz Simultaneous fit [Sd 1400 MHz  |500 MHz set500 MHz600 MHz 800 MHz 'Simultaneous fit
n m set Il
1 "HCP Ck 1 5.9E+09 2.9E+09 8.1E+08 4.0E+08 2.7E+09 9.0E+09 3.9E+10 1.2E+11 6.7E+10 7.6E+08 6.8E+09 1.2E+10
"Hdirect Ck 1 4.8E+09 6.9E+09 6.8E+09 3.7E+09 2.3E+09 3.3E+09 1.9E+11 8.4E+10  2.8E+11 5.6E+11 1.5E+12 1.8E+11
"*Cmet Ck 1 6.5E-02 3.1E-01 6.5E-02 8.2E-02 8.2E-02 7.0E-02 2.0E-03 5.7E-02 2.3E-03 5.6E-03 3.6E-03 3.5E-03
"°N Ck 1 7.7E-04 1.2E-03 7.3E-04 2.3E-03 1.6E-03 6.8E-04) 3.6E-01 4.0E-02| 2.9E-01 2.8E-02 4.2E-03| 7.0E-04
"*NLys Ck 1 9.3E-04 1.4E-03 3.5E-03 1.1E-03 4.8E-03] 7.4E-04 3.4E-02 1.7E-03 9.0E-03 3.2E-03 3.4E-03 2.1E-04
2 "HCP Ck 2 9.9E+08 2.4E+09 3.7E+09 1.6E+09 5.7E+09 1.7E+09 5.0E+09 8.8E+08  3.6E+10| 1.2E+09 1.4E+10 2.4E+08
"Hdirect Ck 2 1.1E+09 2.6E+09 2.4E+09 2.2E+09 3.8E+09 2.6E+09 2.0E+10 9.0E+08  9.7E+08| 9.7E+10 2.1E+11 1.4E+11
"*Cmet Ck 2 4.3E-02| 9.2E-01 6.3E-01 8.3E+00 2.0E-01 7.0E+00| 1.7E-01 1.8E-01 8.4E+01 8.4E+01 1.8E-01 1.5E+02
"°N Ck 2 1.5E-02 1.6E-02 1.5E-02 8.7E-03 8.4E-03 1.6E-02 2.3E-03 2.9E-03 2.6E+01 1.1E-01 1.9E-02 1.3E-01
"*NLys Ck 2 3.4E+01 1.5E+00| 8.2E-03 1.8E+00| 1.8E+00| 1.1E+00| 1.9E+01 4.3E-01 3.2E+00 1.9E-01 2.2E-01 1.2E-01
3 "HCP Ck 3 0.0E+00 0.0E+00 0.0E+00 4.7E+09 0.0E+00 1.0E+09 0.0E+00 0.0E+00  0.0E+00| 1.4E+10| 0.0E+00 2.5E+09

2.3.2 Conclusion

This analysis illustrates the problems associated with describing the dynamics by a so-called “dy-

namic transition temperature”. °N R; and '3C methyl R; relaxation measurements clearly show that

the observed “crossover” temperature, where the higher activation energy mode becomes the domi-

nant source of relaxation, changes as a function of the magnetic field, as expected from theory. This
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highlights that the apparent “transition temperatures” are properties that depend both on the physical

probe and the intrinsic properties of the protein that are better described in terms of the energy barriers

to the motion.*>> We note that all but three of the curves can be explained with two motional modes.

The 'Hcp R: data justifies the use of three modes. This was also observed in the previous study at a
single field and is validated here by the multi-field data that fits to three modes with energy barriers
of 5, 34 and 35 kJmol!. These rates are influenced by both the protein, and the crystal water, which
implies that they may indeed be different from, for example, the *Cemyt R1 which report mainly on

the hydrophobic sidechain dynamics.

Figure 25 compares the two activation energies for the different modes extracted from the multi-field
analysis (numerical values are given in Table 1). Note that in the analysis we use here we obtain a
single activation energy for each mode per residue type. This description is obviously an approxima-
tion, since the relaxation rates measured are almost certainly due to a finite distribution of motions
over a range of timescales and amplitudes. The activation energies and amplitudes obtained should
thus be considered as weighted averages. The energies clearly cluster, with a low energy barrier be-
tween 5 and 10 kJmol™! and a high-energy barrier between 20 and 40 kJmol!. These results are in
good agreement with our previous work,*® substantiating, in accordance with previous publications,*-
37 the identification of two to three main motional modes per component: a uniform low energy mode
(<10 kJmol! ) and one to two high energy ( >15 kJmol! ) modes per component. We note that the
activation energies of the second mode are not as similar among the different probes as for the first
mode. This apparent inhomogeneity can be tentatively assigned to more variability in the high-energy
motions as compared to the low energy motions which appear more homogenous across the protein.
Overall these observations are consistent with our previous assignment of the high activation energy
components to anisotropic motions of peptide planes or sidechain moieties that dominate solution
state spin relaxation in proteins, while the low activation energy components appear to report on

smaller amplitude librational motions.

In summary, we have presented a variable temperature, multi-field NMR relaxation approach to dis-
entangle motional modes governing protein dynamics, and used temperature-dependent MD simula-
tion to support the interpretation. The combination of multi-field relaxation rates and MD simulation
substantiates the interpretation of '’N R; relaxation in terms of backbone dynamics and more accu-

rately defines the activation energies and correlation times of the associated motional modes.
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Figure 25 : Activation energies from the simultaneous fits, plotted for each nuclear spin probe. The error bars
are set to one standard deviation, calculated with a Monte Carlo error estimation over 500 runs. The red bars
represent the energies of the first mode, the blue bars the energies of the second mode. The third mode of
the YHcp Ry is not plotted. The energies for 13C’ Ry are not reported since as described in the text spin diffusion
renders them equivalent to the **Cmetnyl R1.
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Chapter 3 Similarities and differences among
protein dynamics

In the previous chapter we described and developed on a method using variable temperature relaxa-
tion measurements to show how it is possible to gain insights about the energy landscape of proteins,
with a discrimination within the different types of protein probes (backbones, solvent and side chain

of specific hydrophobicity).

In this chapter we will analyse to which extent the previous findings can be generalized to other types
of proteins, and if differences in the classes of proteins can be associated with changes in the energy

landscape. This chapter is adapted from reference.?

3.1 Introduction

Large differences in both structure and function among proteins of different families are observed,
and despite the inevitable presence of dynamic heterogeneity at the local level due to the presence of
specific bindings sites or loops, overall protein dynamics appears to exhibit many common general
features. In particular the coupling between protein regions and the solvent, which causes a second

order dynamic transition, has been postulated to lead to ‘universal’ properties.’

Here we explore this concept by a comparative study of the similarities and differences in activation
energies of different processes and the associated dynamic transitions of four different proteins in
three principally different kinds of sample conditions, using the variable-temperature variable-field
relaxation approach presented in the previous chapter. Specifically, we study microcrystalline prepa-
rations of two small globular proteins, GB1 and the SH3 domain of a-spectrin, which appear as a
solid at all temperatures. The soluble N-terminal tail of the nucleoprotein of the Sendai virus (Sendai
Ntail), which is an intrinsically disordered protein, is dissolved in buffer and behaves as a solid upon
sample flash freezing in liquid N2. The membrane protein OmpG is incorporated into lipid bilayers
composed of E.coli lipids and thus also accessible to solid-state NMR methods at all temperatures.
We measure five 'H, 13C and "N NMR longitudinal relaxation rates (R;) at multiple magnetic fields

(from 400 to 900 MHz) and at temperatures in the range 100 K to 300 K. We used the approach
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described in the previous chapter and in the literature.!> 2 The correlation between the R;, and the

temperature and field allows to qualitatively map the thermodynamical landscape describing protein

dynamics.

For this comparison we determine the hierarchical activation energies of motions of the four different
proteins described above. The activation energies map to motions occurring in the sidechains, in the
backbone, and in the hydration shells of the proteins. We were able to identify similarities and differ-
ences in the average motions of the proteins. We find that the proteins do share similar features. The
average behaviour of backbone motions is found to be very similar across the series of proteins, as
are methyl group rotations, suggesting that proteins exhibit universal dynamic features. For these
motions, similar activation energies are measured for all four proteins. The main observed difference
occurs for the intrinsically disordered Sendai Ntail protein, where we observe much lower energy of
activation for protons associated with the protein-solvent interface as compared to the others. We also
observe variability between the proteins in the hydrophilic sidechains, with the onset of slow motions

in OmpG occurring with lower energies than in the other three proteins.

3.2 Experimental

3.2.1 Samples

GBI (56 amino acids), an antibody-binding protein was previously used to introduce the methodol-
ogy used here and to assess the reproducibility of the experiments and the robustness of the model®.
The protein was studied as a micro-crystalline precipitate. The water to protein to MPD/IPA ratio in
the GB1 sample was 1 : 0.03 : 0.59. The data shown here are reproduced from ref 2. Those data have
also been presented alone in the previous chapter, no new data where recorded for the comparison

between the different proteins.

The Src-homology 3 (SH3) domain of a-spectrin (62 amino acids) is studied as microcrystals grown
from H>O, without cryoprotectant, and served as test case for a MAS structure determination meth-

odology. Its structure and sequence are shown in Figure 26.

Both GB1 and SH3 samples have the characteristics that the crystal lattice is expected to impose some
rigidity and reduce solvent accessibility in addition to restriction in the hydrophobic core, particularly

in crystal contact areas.
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The Ntail of the nucleoprotein of the Sendai virus, referred as Sendai Ntail, is an intrinsically disor-
dered protein (IDP) with 126 amino acids. The sample was studied as a frozen solution with a con-
centration of 750 uM. The protein has no hydrophobic core, and the whole protein may be considered

as solvent-exposed.

OmpG is a membrane protein, with 301 amino acids, here inserted into an E.coli lipid bilayer. Two

samples of OmpG were used for the measurements.

The 'H, 13C, >N labelled, microcrystalline SH3 protein, generously provided by our collaborators,
was overexpressed and purified as described by Castellani et al.* Briefly, crystals were grown in a
296 large scale sitting drop (500 pl) with the hanging drop vapour diffusion method using 100 mM
ammonium sulphate titrated to a pH value from 3.5 to 7.5. The sample is then centrifugated three
times on a bench Eppendorf centrifuge to remove all the excess water, and packed, estimates of 5 mg

in the rotor.

Figure 26: Structure of SH3. The aliphatic chains are in grey and the Lysine are in blue. The full sequence is
MDETGKELVLALYDYQEKSPREVTMKKGDILTLLNSTNKDWWKVEVNDRQGFVPAAYVKKLD
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We may anticipate problems with ice crystal formation since there is no specific cryoprotectant, but

we did not see any changes in the sample after one full temperature cycle, as shown in Figure 27.

This resistance to freeze cycling has been previously observed for SH3.5

First session

Second session

150 100 50 0
ppm, °C

Figure 27: Comparison of 1D 13C spectra of the same batch of SH3, at room temperature. First session a fresh
sample, and second session after a 100 K-280 K cycle.

The intrinsically disordered Ntail of the large protein of the Sendai virus (Sendai Ntail in the follow-
ing), is a 13.39 kDa, 126 amino-acids intrinsically disordered protein (IDP). It acquires a specific
structure when in contact with specific ligands, which were not present in our sample in order to study

the intrinsically disordered state.® The structure is presented in Figure 26.
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Two different samples with specific preparation were used. A 'H, '3C uniformly labeled and a 'H, 1*C

, N uniformly labelled one. The Sendai Ntail fragments were expressed as described previously by
Blanchard et al.® The solution contained ~750 uM of protein in a pH6, 50 mM sodium phosphate and
500 mM NaCl buffer. The solution was flash frozen while inside the rotor using liquid N> before

measurement.

Figure 28: One of the many structures of the Sendai Ntail (all of them have this typical lack of secondary
structure). The Lysines are in blue and the aliphatic chains are in grey. The full sequence is GHMSGG-
DGAYHKPTGGGAIEVALDNADIDLE-
TEAHADQDARGWGGESGERWARQVSGGHFVTLHGAERLEEETNDEDVSDIERRIAMRLAERRQEDSATHGDEGRNNG
VDHDEDDDAAAVAGIGGI

The OmpG protein is a selective channel naturally found in bacteria. This membrane protein is 286
amino acids and its molecular weight is 32.91 kDa. Its properties are dependent on its environment
and will be studied with the protein inserted in a lipid bilayer. The structure and sequences are pre-

sented in Figure 29.

84



MAS NMR STUDIES OF HIERARCHICAL INTERPLAY IN PROTEIN DYNAMICS
The 'H, 13C, >N labelled OMPG was kindly produced by our collaborators. The expression is as

described in Hiller et al.” For refolding, purified OmpG was diluted into a buffer containing n-do-
decyl-b-d-maltoside DDM (1 mM) and I-arginine (0.6 M) at pH 8.8 . The refolded protein was washed
and concentrated with buffer 10 mm Tris-HCI, pH 8.0 and DDM (1 mM) to a final concentration of
1-2 mg/mL. The detergent concentration was reduced by binding OmpG to a Resource-Q column
and washing with 3 column volumes of buffer 10 mM Tris-HCI, pH 8.0 with DDM (0.4 mM). OmpG
was eluted with NaCl (0.3 M) and concentrated by a centrifugal filter device final concentration 3

mg/ mL).

Refolded OmpG was reconstituted into lipid bilayers. For this purpose, an E. coli total lipid chloro-
form extract (20 mg) was dried in a nitrogen stream. The resulting lipid film was dissolved in buffer
10 mM Tris-HCI, pH 8.0 containing n-octyl--D-glucopyranoside 34 mM. Aliquots of this lipid so-
lution and refolded OmpG (2 mg/mL) were mixed to yield a lipid-to-protein ratio (LPR) of 1:2 (w/w).
For 2D crystallization, the detergent was removed by dialysis (dialysis-tube cut-off 25 kDa, Roth,
Karlsruhe, Germany) at 20 °C against buffer B (5 L, 20 mM Tris-HCI, pH 7.0, 25 mm MgCl 2,3mM
NaN3, 150 mM NacCl) for 6 to 7 weeks. The dialysis buffer was changed every 5 days.

No specific cryoprotectant was used. This was not an issue since the sample was only subjected to

one series of measurements with decreasing temperature.
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Figure 29: Structure of OmpG. The aliphatic chains are in grey and the Lysine are in blue. The full sequence is
MEERNDWHFNIGAMYEIENVEGYGEDMDGLAEPSVYFNAANGPWRIALAYYQEGPVDYS-
AGKRGTWFDRPELEVHYQFLENDDFSFGLTGGFRNYGYHYVDEPGKDTANMQRWKIAPDWDVKLTDDLRFNGWLSMY
KFANDLNTTGYADTRVETETGLQYTFNETVALRVNYYLERGFNMDDSRNNGEFSTQEI-
RAYLPLTLGNHSVTPYTRIGLDRWSNWDWQDDIEREGHDFNRVGLFYGYDFQNGLSVSLEYAFEWQDHDEGDSDKFHYA
GVGVNYSF

Measurements on SH3 were done on a single batch, first at 11.75 T and then at 21.1 T. The Sendai
Ntail measurements were done on two different batches, one for ’N and 'H relaxation and one for
13C. for both SH3 and Sendai Ntail, the rotors were frozen to 100 K and the experiments were made
with increasing temperature. For OmpG the experiments were performed at 280 K first and then in

decreasing temperature order.

All proteins were uniformly 3C,'>N labelled, except one batch of Sendai Ntail samples which was

only 13C- labelled.

The water and lipid content of the samples as packed into the rotors was evaluated qualitatively
through signal integrals. The water to protein to MPD/IPA molar ratio in GB1 was 1 : 0.03 : 0.59. The
water : protein ratio in SH3 was 1 : 0.04. The water : protein ratio in Sendai was not measurable, and
below 1:0.01. The original sample in this case is unchanged by sample packing, and was 750 pumol/L.
Two samples of OmpG were used for the measurements. The water : lipid : protein ratio in the first

sample was 1 : 0.06 : 0.03 and in the second sample was 1 : 1.17 : 0.02.
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3.2.2 NMR experiments, measurements and activation energies:

The approach has been described in the previous chapter as well as in the literature.! 2 The main

points are highlighted below.

We measured spin lattice relaxation estimated from integration of defined regions of 'H, N and 3C
spectra from 100 to 290K. This allows us to have five observables: bulk solvent, crystal water/protein
protons, backbones, hydrophilic side chain and hydrophobic side chains.

Using the well-established equation® and a previously described protocol,! as discussed in the previ-
ous chapter, it is possible to explain changes in relaxation as a function of temperature with changes

of dynamics as a function of temperature.

This allows to map the thermodynamical landscape of the motions separately for each individual

probe.

3.3 Results

3.3.1 Relaxation Rates description

For each sample we measured: 'H R; from 'H spectra, '"H R on 3C through cross polarization (CP),

methyl *C Ry, amide N R; and lysine >N¢ R;.

Data were taken at 11.7 T (500 MHz 'H frequency) and 21.1 T (900 MHz 'H frequency) for SH3,
Sendai Ntail and only 11.7 T for OmpG, while the data for GB1 were taken at 9.4, 11.7, 14.1 and,
18.8 T and are here reproduced from ref. 12 For GB1, SH3 and OmpG data were taken over a tem-
perature range from 100 to 280 K. The Ntail sample melts at around 250 K and therefore transits to
rapid overall isotropic motion, and consequently the signals in CP-excited spectra disappear, since
CP is not efficient in this motional regime. This sets an upper limit on temperature for Sendai Ntail

for the measurements with our approach.
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Figure 30: Measured R; of the directly observed proton signals (solid circles), Rin, which is mainly associated
with the solvent, together with the associated error bar, as a function of temperature. Each colour corre-
sponds to a different magnetic field, with red being 400 MHz, blue 500 MHz, purple 600 MHz, green 800
MHz, and violet 900 MHz. The solid line is the result of the joint fit for all the data simultaneously to a model
with N = 2 modes for GB1, SH3 and OmpG, and to N = 1 for Sendai Ntail. The dotted lines show the contribu-
tion of each mode to the full relaxation process. The number of modes needed for the fits was statistically
justified with an F-test (p < 0.05).

As expected in Figure 30 the relaxation rates roughly increase with temperature, as motions become
more efficient to drive relaxation. The relaxations rates occur at several orders of magnitudes of dif-

ferences, as presented in Figure 31.
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Figure 32 : Measured R; of the H signals measured through CP to 13C are represented by solid circles together
with the associated estimated errors, as a function of temperature. Each colour corresponds to a different
magnetic field, with red being 400 MHz, blue 500 MHz, purple 600 MHz, green 800 MHz, and violet 900 MHz.
The solid line is the result of the joint fit for all the data simultaneously to a model with N = 3 modes for GB1,
and to N = 2 for, SH3, OmpG and Sendai Ntail. The dotted lines show the contribution of each mode to the
full relaxation process. The signals arise mostly from the protons bound to the protein, but since the relaxa-
tion times are in the order of magnitude of seconds, proton spin diffusion takes place. This homogenises the
relaxation rates with the ‘crystal water’. The number of modes needed for the fits was statistically justified
with an F-test (p < 0.05).
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The relaxation rates presented in Figure 30 and Figure 32 are highly similar due to the solvent being

the main contributor to both. For a more precise description, the relaxation rates alone are not enough

and we will refer to the Figure 40 and Table 2 for a more detailed analysis.

° Carbonyl

Threonine

250 200 150 100
Temperature [K]

Figure 33 : Multi field fit of the of the H R; rates measured through CP to 3C obtained from the integration
of different regions of the 13C spectra analysed in Figure 2. The pattern and the fit constants are very similar.
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Since the CP mechanism is only efficient at short distances, it might be expected that the '3C spectra

detected 'H relaxation will give different relaxation time for different part of the spectra. But, since
our samples are fully protonated, and since the T; are long compared to spin diffusion timescales,
relaxation rates are efficiently homogenized by spin (Figure 33), and as a consequence we only ob-
serve a single relaxation time being the weighted average of the protein protons and “crystal water”.

We therefore conducted our experiments by integrating the entirety of the '3C spectra.
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Figure 34 : Energies of activation for motions for the different probes obtained from the data shown on Figure
33. A all the differences are well in the error bars. The full extent of the error is not shown in the mode 3.
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We first briefly recall what each of the measured rates reports on. 'H R; are evaluated by integrating

the whole 'H spectrum. As the spectrum is largely dominated by the solvent (and lipid for OmpG)

signal, the measured R mainly reports on the solvent dynamics (Figure 30).

The 'H BC CP signals arise mostly from the protons bound to the protein, but since the relaxation
rates are on the seconds timescale, 'H-'H spin diffusion will average relaxation rates between hydra-
tion water, channel water in the microcrystal, and any bulk water by diffusion length scales up to
around hundreds of nanometers from the protein surface even at intermediate temperatures. Therefore
the 'H relaxation observed through the 13C spectra probes a weighted average of near and far protons.
If this is the case, the measured relaxation rates are seen to be uniform at the protein scale, i.e. across

all the 13C chemical shifts (Figure 34).
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Figure 35 : Measured 3C R; of the methyl signals (solid circles), which are mainly associated with the hydro-
phobic side chains, together with the associated error estimated bars, as a function of temperature. . Each
colour corresponds to a different magnetic field, with red being 400 MHz, blue 500 MHz, purple 600 MHz,
green 800 MHz, and violet 900 MHz. The solid line is the result of the joint fit for all the data simultaneously
to a model with N = 2 modes for GB1, SH3 and OmpG, and to N = 1 for Sendai Ntail. The number of modes
needed for the fits was statistically justified with an F-test (p < 0.05).
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The methyl signal relaxation represented in Figure 35 has been used in numerous studies’ '3, and the

reconstructed data at room temperature using this model fit direct observation through other methods.*
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Figure 36 : Measured °N R; of the signals near 120 ppm, represented by solid circles, which are mainly asso-
ciated with the backbone, and hydration water, together with the associated estimated error bars, as a func-
tion of temperature. Each colour corresponds to a different magnetic field, with red being 400 MHz, blue 500
MHz, purple 600 MHz, green 800 MHz, and violet 900 MHz. The solid line is the result of the joint fit for all
the data simultaneously to a model with N = 2 modes for GB1, SH3 and OmpG, and to N = 1 for Sendai Ntail.
The number of modes needed for the fits was statistically justified with an F-test (p < 0.05).
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Figure 37 : Measured °N R; of the signals near 120ppm of SH3, previously shown in Figure 4b, represented
by solid circles, which are mainly associated with the backbone, and hydration water, together with the as-
sociated estimated error bars, as a function of temperature. Each colour corresponds to a different magnetic
field, with blue 500MHz and violet 900MHz. The solid line is the result of the joint fit for all the data simulta-
neously to a model with N = 2 modes. The dotted lines show the contribution of each mode to the full relax-

ation process. The energy of the second mode was arbitrary fixed to 30kl.mol* in order to better illustrate the uncertainty on the
energy of the second mode.

Methyl 13C R; are mostly associated with aliphatic side chains (Figure 3). Amide '°N R, are associ-
ated with the protein backbone and hydration water (Figure 32). Lysine >N R; probes hydrophilic
side chains (Figure 38). The relaxation pattern is qualitatively similar for all the proteins studied, as

their composition is also similar.

At first sight the most obvious difference in the behaviour between samples in the raw relaxation data
shown in Figure 30 to Figure 39 for the Sendai Ntail, which, since it is a frozen solution, melts to an
isotropic liquid at around 250 K. This means that relaxation above this temperature will now include
contributions from overall isotropic molecular tumbling, and the formalism used here is no longer
directly applicable. A side effect is also that the isotropic motion will average dipolar couplings to
zero, and the cross polarization experiments will no longer work. Since the other proteins are precip-

itated in lipid bilayers (OmpG) or are microcrystalline (SH3 and GB1) they remain solid even when

94



MAS NMR STUDIES OF HIERARCHICAL INTERPLAY IN PROTEIN DYNAMICS
the bulk solvent unfreezes. As a result, in those samples overall tumbling is still highly restricted,!*

and cross polarization is still effective.

The characteristic relaxation behaviour that is observed for the other proteins above 250 K is therefore
not observable in Sendai Ntail. This has the consequence that for the heteronuclear relaxation rates,
only the low energy mode is measurable in Sendai Ntail. However, this does not in itself mean that

the underlying dynamics up to the melting point are different.
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Figure 38: Measured °N R; of the signals near 40 ppm, represented by solid circles, which are associated
with the hydrophilic lysine side chains, together with the associated estimated error bar, as a function of
temperature. Each colour corresponds to a different magnetic field, with red being 400 MHz, blue 500 MHz,
purple 600 MHz, green 800 MHz, and violet 900 MHz. The solid line is the result of the joint fit for all the data
simultaneously. N = 2 modes for GB1, SH3 and OmpG, and to. The number of modes needed for the fits was
statistically justified with an F-test (p < 0.05). The signal of Sendai Ntail is too weak to be measured by our
methods, due to the low concentration.
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The comparison between the Figure 37 and the SH3 panel of Figure 36 highlights the low precision
of the measures of the highest energy modes. This is due to not sampling a wide region of the tem-

perature range where this mode drives relaxation.
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Figure 39: Measured °N R; of the signals near 70 ppm, represented by solid circles, which are associated
with the hydrophilic arginine side chains, together with the associated estimated error bar, as a function of
temperature. Each colour corresponds to a different magnetic field, with red being 400 MHz, blue 500 MHz,
purple 600 MHz, green 800 MHz, and violet 900 MHz. The number of modes needed for the fits was statisti-
cally justified with an F-test (p < 0.05).

The other obvious difference is in the data for !N lysine Ri, shown in Figure 38. Here we observe a
loss of signal for GB1 and SH3 between the two measurement points 150 K and 250 K. This has been
associated with intermediate exchange motions interfering with decoupling or MAS (motions which
are much slower than the motions impacting R1).!? In the case of Sendai Ntail it was not possible to
properly integrate the signal of interest due to the low signal to noise, and the analysis is thus omitted.
The case of OmpG is particularly interesting, since the data obtained here can potentially provide

mechanistic insight into the function of positively charged residues in the context of the “positive-
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inside rule’ determining the orientation of helical membrane proteins. Although we are investigating

a B-barrel protein, the interaction of the positively charged head groups of arginine and lysine with
negatively charged groups of the lipids, mainly phosphates, may lead to an altered relaxation behavior
in comparison to the corresponding residues in the three soluble proteins. . OmpG contains six lysine
residues, of which five are situated indeed in the loops, turns or just at the ends of the 3-strands that
may readily interact with lipid molecules, and fifteen arginine residues, with the majority of them
located in loops or turns, but also several pointing into the pore. The lysine side chain '°N signals are
observable only in the high temperature range (in our measurements above 250 K), and they do not
reappear in the low temperature range. This seems already to illustrate a different behavior for these
slow motions in the water-soluble proteins as compared to the membrane protein. The data here sug-
gest that the slow lysine side chain motions are significantly modified in OmpG, with an earlier onset
in the membrane protein as compared to the water-soluble proteins. Example !°N spectra illustrating
this intermediate exchange effect are shown in Figure 41, including spectra with high signal to noise
ratios to confirm that the OmpG signals do not reappear at low temperatures. Similarly, the arginine
side chain >N signals are too small at low temperatures to determine R; reliably, and a similar, yet

slightly shifted curve is obtained as displayed in Figure 39.

If we look in detail at the *C filtered 'H relaxation data shown in Figure 32, which is representative
of the protons of the protein, the hydration shell, and a contribution from solvent outside the hydration
shell,'*> we find that three modes can be distinguished in case of the richer GBI dataset, but this was
not the case for the other proteins that only required two modes to explain the data. However, the two
high energy modes found for GB1 are very similar in energy, and we consider them as one mode in

the following comparison.

Figure 37 is a fit of the SH3 >N backbone signal (like Figure 4B) with the high energy mode fixed at
30 kJ.mol"!. This illustrates the relatively low accuracy of the previous fit, and illustrates that in this
case the difference between GBI and SH3 shown in Figure 36 might not be significant, as forcing
this energy to be similar does still give us a reasonable answer. We note that this is not the case for

other constrained fits.
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Figure 40: Energies extracted from the fits to the different relaxation rates for the dynamics associated with
the 5 probes. Error bars are estimated based on a Monte Carlo analysis as described in the motional mode
and activation energies subsections. The double bars in the H CP panel represent the modes 2 and 3. The
darker bars in the °N panel for the SH3 resonances represent the data for the forced fit shown in figure 6.
The two bars in the >Nargs panel represent the two separate lysine signals from OmpG.
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3.3.2 Activation Energies.

We are now in a position to compare the energetics of the fast motion modes exhibited by the different

types of protein, as shown in Figure 40.

As it was discussed more extensively in the previous chapter, it is important to note that we do not
obtain a single activation energy for each mode per residue type. Our description is obviously an
approximation, because the relaxation rates measured are averaged over many sites and thus due to a
distribution of motions over a range of timescales and amplitudes. The activation energies and am-
plitudes obtained are thus weighted averages. Nonetheless, this implies both that if we can identify
two modes with statistical significance, then these modes are measurably different, and that any dif-
ferences in these averages between proteins corresponds to significant changes in dynamics between

proteins.

Overall, we see that qualitatively all the proteins have low and high energy modes in broadly similar
ranges, and that this tends to confirm the idea that protein dynamics is to some extent universal. The
low energy modes range from 2 to 6 kJ.mol! (excluding the Sendai Ntail mode for the protons near

the protein), and the high energy modes range from 10 to 35 kJ/mol.

When we take a deeper look at the activation energies, we can identify differences in behaviour that

can be rationalised in terms of the atomic-level structures.

The directly measured 'H rates, which probe activation energies of solvent motion both within the
crystal lattices and in bulk excess water or lipid, are reported in the first panel of Figure 40. The low
energy mode is mainly due to libration of the solvent since at this temperature water rotation as well
as translation is almost entirely blocked.!¢ The high energy mode has been assigned to solvent rota-
tions. We observe quite consistent behaviour across the series, with the most striking difference being
the relatively low value for the high energy process in Sendai Ntail. We attribute this to the less
stringent requirement for solvent ordering around the intrinsically disordered protein (which is only
present at very low concentration yet widely distributed), as compared to the in the other three, some-
what compartmentalized samples. We assume that the latter is particularly the case for the samples

containing both the crystalline GB1 and SH3 structures due to the presence of spaces in the crystal
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lattice, and also for the one with the membrane inserted OmpG where the extended lipid bilayer-water

interface is expected to contribute dominantly to this effect rather than the protein. Indeed, the relax-
ation behavior of the overall 'H signal of the OmpG sample indicates the highest activation energy of
the set for these motions, whereby it should be noted that part of the observed R; rate is obtained on

the signals of the lipid bilayer.

The measured activation energies obtained from the '3C-filtered 'H relaxation rates, which are sensi-
tive to dynamics of protons in the solvent close to the protein are shown in Figure 26. The low energy
mode has been attributed to fluctuation of side chains within local energy wells, as well as to the
above-mentioned restricted solvent motions. The high energy mode is assigned to solvent rotation
and larger amplitude side chain motions, with the first being concomitant with the second.!® The most
obvious difference is the energy for the first mode of the very dilute and the most highly water acces-
sible Sendai Ntail being one order of magnitude lower than its counterparts. We can also notice that
the more complete data set of GBI allows us to distinguish three modes here. The energy of the
second mode for Sendai Ntail also seems to be lower than its counterparts. We would explain this by
the IDP being less structured, and therefore being less constrained, leading to a lower energy of
activation. We previously noted? that the 'H and '*C filtered 'H signals appear to be reporting on the
same processes as the backbone relaxtion, and it is not possible to distinguish between the solvent
inducing (slaving) protein motions or vice versa. The solvation water moves in concert with the
protein. Therefore in this case the '3C filtered 'H relaxation reports on the slow component of the
backbone motion of Sendai Ntail. We note that this is invisible in the ’N relaxation, but measurable
here, and is, not surprisingly, lower than for the other proteins. This yields values that are very similar
to those measured in solution.!” This is coherent with previous descriptions and values that have been

measured in solution,'® although they have been made at higher temperature.

Measures of 13C relaxation in methyl groups report on the activation energies of the methyl group
motions in the protein and are reported in the third panel of Figure 40. The low energy mode was
assigned to methyl rotation, while the higher mode was associated with the jump between different
side-chain rotameric states.! The first observation is that the low energy mode (i.e. rotation) seems to
be very consistent between the four proteins. This might be unexpected, since methyl rotations are
known to vary significantly.!%!! However, it is not surprising that there is overall very high similarity
here, due to the fact that we measure the average activation energy for all the methyl groups in the
protein. The average environment of methyl groups in the proteins is expected to be similar, and

therefore the average activation energies should be similar among proteins. It is also known that
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methyl group rotation does not depend strongly on solvent, such that the contacts with lipids for

OmpG is not expected to significantly affect the dynamics.!”

Measures of °N amide relaxation rates which are mostly influenced by backbone motions are shown
in the corresponding panel in Figure 40. We note that amide bonds also interact with water, depending
on the fold. The low energy mode was assigned to small scale and small amplitude motions, while
the high energy was assigned to collective small amplitude backbone motions — for example of the
peptide plane.! The main concern here, as mentioned above, is with the SH3 fit, that is not highly
accurate. The forced fit shown in Figure 6 is an indication that the differences between SH3 and GB1
might not be significant, especially if we notice that the energies are similar among the other proteins
as shown in Figure 40. If we discount this difference, then these activated processes seem to be very

similar between the four proteins.

The arginine group and the lysine NH3" are sensitive to motions related to the hydrophilic side chains
enabling interesting comparisons, although the data set is somewhat incomplete. Arginines are absent
from GBI, and data for SH3 are missing at high temperature due to low signal-to-noise ratios and
chemical exchange, and therefore only the low energy motions are observable. The energies extracted

from the arginine !N R, for SH3 and Sendai NTail are shown in Figure 39.

The analysis of the observable lysine '°N R;s for GB1, SH3 and OmpG yields the energies shown in
Figure 40. The data again indicate at least a bimodal distribution of energies for side-chain motions
in GB1 and SH3. It appears that the difference is the most significant in the comparison between
OmpG and the other proteins, where we observe a higher activation energy associated with the second
mode in OmpG. This might be associated with a higher rigidity of the lysine sidechains in the loops
and turns. In OmpG, they are all available for interactions with negatively charged lipids in the mem-
brane, in particular phosphatidylglycerol. The corresponding activation energies associated with the
arginine guadinium group signals cannot be compared to those of SH3 and Sendai NTail, but they are
closer to the values observed for backbone amide nitrogen. This implies the mixture of rigidity and
flexibility that is represented by the loop/B-sheet composition of OmpG: the larger part of the arginine
residues in OmpG may interact with the membrane, but a large fraction also not. As discussed above,
due to the disappearance/low intensity of side chain >N signals below 250 K, it was not possible to
extract the motional parameters associated with the low energy mode of lysine residues in OmpG.
This difference also corroborates an overall difference in the lysine side chain dynamics. We conclude

therefore that the data reflect interactions of the lysine side chains with the lipids in the bilayer.
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The difference of behavior of the lysine sidechains of the membrane protein for both '’N R; and the
slow exchange behavior, point both to an overall difference in lysine motions between the membrane
protein and the microcrystalline globular proteins. This corroborates interactions of the positively
charged lysine head group with negatively charged lipids in the bilayer, and provides a possible mech-
anism that explains the role of positively charged amino acids in membrane protein biology. The
comparison of the lysine data obtained on SH3 and GB1 with the activation energy E> obtained for
OmpG also suggest a stronger interaction with the membrane than with the aqueous environment

within the crystallites present in the SH3 and GB1 samples.

In Table 2 to decide if the mode was a the ‘low energy’ or the ‘high energy’ mode, we focus on where
it drove relaxation. Motion that were driving relaxation at higher temperature were assigned to high

energy, and motions that drive at low temperature where assigned to the low energy.
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Figure 41 : broadening and disappearance of the lysine signal as a function of temperature for >N spectra.
The scales are not similar between the experiments but they have been made at 500MHz. The red box indi-
cates the lysine signal,the yellow box the arginine signal and the green line the pulse transmitter location.
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Table 2 : Numerical values for the fits of the relaxation parameters. The activation energy and the correlation
time refer to the Arrhenius fit, and the C represent the Cy gmpiituae Used in fit as described above. Sd stand

for one standard deviation as a measure of error.

1H CP
results GB1 SH3 Sendai Ntail OmpG error GB1 SH3 Sendai Ntail OmpG
ck1 9.00E+09 = 1.03E+09  7.83E+08 2.92E+09 2.80E+10  2.46E+08  3.87E+11 3.81E+08
ck2 1.69E+09  2.78E+09  3.88E+09 2.24E+09 4.52E+08  3.83E+08  3.70E+11 6.76E+08
ck3 1.04E+09 3.70E+09
t1 (s) 1.78E-10 4.04E-12 7.74E-11 2.87E-11 4.94E-10 5.34E-12 1.50E-09 1.57E-11
t2 (s) 3.87E-17 2.68E-15 1.49E-13 2.00E-17 sd 1.34E-16 1.50E-14 2.43E-10 1.02E-14
t3 (s) 4.39E-16 1.55E-15
el (J/mol)  4.63E+03  5.88E+03 = 3.33E+02 5.02E+03 6.88E+02  1.30E+03 = 2.81E+03 1.24E+03
e2 (J/mol)  3.16E+04  2.19E+04 = 1.49E+04 3.14E+04 3.67E+03  4.66E+03 10620.6203 3.48E+03
e3 (J/mol) 3.33E+04 7.40E+04
1H direct
GB1 SH3 Sendai Ntail OmpG error GB1 SH3 Sendai Ntail OmpG
ck1 3.42E+09 = 2.29E+10  3.57E+08 1.94E+09 1.25E+09  2.74E+10 = 9.39E+10 9.83E+08
ck2 2.20E+09 = 1.76E+09 = 3.72E+10 5.39E+09 1.40E+09  1.37E+09 = 3.06E+13 1.22E+09
t1 (s) 1.49E-11 1.04E-09 7.57E-12 1.97E-12 sd 1.44E-10 2.85E-24 1.46E-08 1.37E-10
t2 (s) 3.99E-14 1.42E-16 1.18E-11 7.84E-18 4.58E-16 2.85E-09 7.68E-09 3.16E-16
el (J/mol)  6.65E+03 2911.12088 2.32E+03 5.26E+03 2.32E+03  1.02E+03 = 2.26E+03 2.40E+03
e2 (J/mol)  1.87E+04 28603.5815 1.20E+04 3.43E+04 1.46E+04 = 7.28E+03 6.42E+03 1.66E+04
13C Me
GB1 SH3 Sendai Ntail OmpG error GB1 SH3 Sendai Ntail OmpG
ck1 7.04E-02 3.40E-01 3.27E-01 2.90E-02 2.87E-03 3.47E-02 5.83E-01 2.58E-03
ck2 7.09E+00 = 3.24E+01 1.89E-01 1.84E+02  2.20E+03 3.11E+00
t1 (s) 2.56E-11 7.31E-11 3.55E-11 4.78E-11 sd 4.36E-12 1.30E-11 2.81E-09 2.04E-11
t2 (s) 2.11E-12 2.99E-10 4.59E-13 6.06E-11 2.28E-08 1.39E-11
el (J/mol)  6.54E+03 = 5.22E+03 = 5.76E+03 5.21E+03 1.69E+02  1.41E+02 = 1.05E+03 3.44E+02
e2 (J/mol)  2.90E+04  1.78E+04 2.38E+04 8.57E+03  9.70E+03 6.17E+03
15N backbone
GB1 SH3 Sendai Ntail OmpG error GB1 SH3 Sendai Ntail OmpG
ck1 8.81E-03 = 7.91E+01 6.36E-01 2.00E-03 2.50E-01  1.75E+03 = 8.92E-03 6.16E-03
ck2 1.29E-02 2.25E-02 8.48E-03 9.55E-02 5.37E-01 4.59E-08
t1 (s) 2.27E-09 2.00E-04 9.42E-08 1.57E-09 sd 7.18E-08 5.00E-03 1.48E-07 6.72E-09
t2 (s) 2.24E-14 5.00E-11 5.40E-14 6.31E-13 1.48E-09 1.34E-13
el (J/mol)  4.92E+03  2.10E+03 = 4.95E+03 2.66E+03 3.98E+02  7.90E+02 = 1.27E+02 3.61E+02
e2 (J/mol)  2.85E+04 = 1.21E+04 2.50E+04 4.82E+03  1.29E+03 1.62E+03
15N Lys
GB1 SH3 Sendai Ntail OmpG error GB1 SH3 Sendai Ntail OmpG
ck1 7.37E-04 1.52E-02 0.00020888  1.61E+00
ck2 1.08E+00 = 2.34E+00 7.96E-01 0.121699  6.66E+00 2.26E+01
t1 (s) 5.42E-11 7.78E-08 o 6.6176E-11  5.37E-06
t2 (s) 4.50E-15 1.63E-16 4.06E-20 2.6234E-15  1.12E-14 4.26E-16
el (J/mol)  4.76E+03 = 9.95E+02 297.6975 = 2.34E+03
e2 (J/mol)  2.89E+04 = 2.97E+04 5.29E+04 145.1861 5.73E+03 2.41E+04
15N Arg
GB1 SH3 Sendai Ntail OmpG 1 OmpG 2 error GB1 SH3 Sendai Ntail OmpG 1 OmpG 2
ck1 3.90E-02 1.49E-01 2.72E-02 1.45E+00
ck2 7.43E-02  0.07788171 4.39E-01 0.71028054
t1 (s) 6.53E-08 1.16E-08 o 4.24E-08  9.34E-08
t2 (s) 4.25E-13 6.84E-13 4.89E-10 1.18E-09
e1 (J/mol) 1.72E+03 4.34E+03 6.64E+02 8.02E+02
e2 (J/mol) 2.05E+04  19551.2057 7.93E+03  6319.67228
3.4 Conclusions

In conclusion, we have shown that by measuring a series of 6 relaxation rates at variable temperatures
and variable magnetic fields, we can obtain averaged activation energies for motions in different parts
of a series of four proteins representing three of the broad classes of proteins: soluble globular pro-

teins, intrinsically disordered proteins and membrane proteins.
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We observe many similarities, notably in backbone motions and methyl group rotations, suggesting
that proteins do share universal dynamic features. For these motions, similar activation energies are

measured for all four proteins.

Besides this, some differences are evident, with the main observed difference between the various
types of protein occurring at the interface between solvent and protein. This is unsurprising since the

influence of the solvent on the dynamics of proteins has been well documented?®-25,

One difference is related to the reduced activation energy of the Sendai Ntail (reported on by 'H and
3C mediated 'H relaxation). This suggests that the well defined energy minimum associated with a
folded protein impacts local dynamic modes by constraining the degrees of conformational freedom,
while this does not happen in IDPs because the energy landscape is flatter. This lack of restraint
imposed by the rigid scaffold appears to lead to lower activation energies. In the case of the membrane
protein, the activiation energy is similar to the water-soluble proteins, suggesting that the fold is more

important than the nature of the solvent.

Another difference is observed in the lysine sidechains of the membrane protein for both '’N R; and
the slow exchange behavior, pointing to an overall difference in lysine motions between the mem-
brane protein and the microcrystalline globular proteins. This is consistent with interactions of the
positively charged lysine head group with negatively charged lipids in the bilayer, and suggests a
possible mechanism for the role of positively charged amino acids in membrane protein biology. The
comparison of the lysine data obtained on SH3 and GB1 with the activation energy E2 obtained for
OmpG also suggest a stronger interaction with the membrane than with the aqueous environment

within the crystallites present in the SH3 and GB1 samples.

Future work will be directed to extending this analysis to more proteins, in order to validate the pre-
liminary observations here, and further refine the understanding of the similarities and differences

between dynamics in proteins.
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Chapter 4 NMR analysis of lipid content and
division of labour in ants

The following is a description of work carried out in parallel to the main thesis work described in the

previous chapters.

Ants are one of the major pests in agriculture, responsible alone for several billion dollars worth of
damages every year. This is due to multiple factors like direct predation to different parts of many
crops (roots, flowers...) and indirect damages through mutualism with sap sucking insects like aphids,
which are notoriously hard to eradicate due to the protection that ants provide to them.! Moreover,
the direct risks to human health should not be ignored.? From infection to hypersensitivity reaction,
with some life-threatening cases, several species of ants cause significant damages to human popula-
tions, even in high density populated areas. They are also directly responsible for damaging ecosys-
tems when present as invasive species, for example by predation on amphibians, other arthropods or

ground nesting birds.?

These reasons are the driving force for research into the behavior and organization of ants. These
(mainly) eusocial insects have conquered all available land surfaces, except the Antarctic and a few
reclusive islands. They are thought to represent close to 10% of the animal biomass present on land,

which places them as the second most ecologically dominant species after humans. *

Ants have a well defined social organization with individuals distributed amongst various tasks in the
colony. This is thought to enhance efficiency of labor and permits large, populous colonies with high
production. At its simplest tasks are split into those considered as ‘nursing’ (involving caring for
developing brood, the queens as well as various nest maintenance behaviors) and ‘foraging’ (involv-
ing leaving the nest to go and find food, as well as other diverse roles such as scouting and colony
defense). The physiology of ants is quite well documented from destructive analyses, and a correla-
tion between lipid content and behavior is apparent, most notably with nurses having high fat and
foragers low fat content. However, the dynamic interplay between physiology and behavior remain
unclear, as techniques have not been available to non-destructively measure the physiology of indi-
viduals over time and correlate this with their behavior.* Here we develop a methodology to analyze

this problem by combining MAS-NMR and a tracking system. Initial results are presented and
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ultimately the method will allow the physiology of individual ants be manipulated to find a dynamic,

causative relationship between physiology and behavior.

4.1  Antbiology

Ants belongs to the family Formicidae, which split from the wasps and bees in the early Cretaceous
at the latest. They are highly diverse in morphology and behavior, but most have some distinctive
features. Note that due to the high diversity among ants, almost all generalization about their biology
and behavior will find some exceptions, and the following introduction serves only as a general over-

view.

First, the most striking characteristic of ants is their eusocial behavior, displayed by the vast majority
of ant species. This means that a typical ant population consists of mainly sterile female workers,
with one or more fertilized queens that will lay eggs. When males (also called drones) are produced
their only function is reproduction, and mating with virgin queens (gynes) after which they die. While
there is much to analyze in terms of evolutionary games theory regarding the eusocial behavior, this

subject will not be treated here.

We will first go through the life cycle of an ant to understand their specific biology. When an egg is
laid, it will develop as female if it is diploid (two set of chromosomes like most of human cells) and
as male if it is haploid (one set of chromosomes, like human spermatozoids and ovules). Therefore,
only mated queens can produce both workers and alates (the cast of eusocial insects dedicated to
reproduction). Eggs, like larvae and pupae, require precise conditions and constant care to develop.
These are cared for by other workers in mature colonies, and the queen(s) will only play a role in their
development in the earliest stages of the colony, before the nanitics (first generations of workers) are

developed.

The eggs, larvae and pupae are fed, cleaned, and maintained at the right hygrometry, temperature and
obscurity by the workers. Depending on a mix of genetic, environmental and nutritional/care factors,
pupae will develop in a mature ant. Many ant species have different specific castes of workers (better
described by a discrete distribution than a continuous one in the vast majority of cases). Since the
model organism that we study here (Myrmyca rubra) does not exhibit different castes (with the ex-

ception of nanitics) we will not go into further detail.
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If the new ant is an alate, it will generally fly out of the nest during a nuptial flight to find one single
mate. Drones will die quickly after reproduction, and also have a very short lifespan if prevented from
mating. The newly mated queen ants will then amputate their own wings and find an appropriate
place to start a colony on her own. Most workers can reproduce in certain specific conditions, but
since they lack the ability to mate they will only be able to produce male alates. This explains why

most ants colonies will die if their queen is removed: they cannot make new workers.

If the new ant is a worker it will start its life by caring for the queen and the brood. It will then move
to nest organization and maintenance, and finally foraging. The risks of death and injuries for ants
that stay inside the nest are very low, whereas foragers experience a much higher death rate. The
change of job is rapid (Richardson et al - in preparation), and that there is a discrete distribution of
jobs among ants. For Myrmyca rubra only two jobs will be considered, nurses and foragers, which is
the widely used method to analyze this species in an artificial setup. This distribution of labor is made
possible by social stomachs, which allow ants to regurgitate food or water to each other. By this
mechanism (called trophalaxis) the entire colony can be fed with only a portion of the individuals

actually risking their lives by leaving the nest.*

As famously said by Theodosius Dobzansky, “nothing in biology makes sense except in the light of
evolution”. Therefore, this organization where workers care for their sisters and not for their own

progeniture can be much better explained by reference to the field of general evolution.

The simplified explanation is as follows: Female ants are diploid , males are haploid. When a virgin
queen gyne mates with a male she combines reproductive material from her genome and his. As such
any egg produced by the now mated queen will necessarily contain half her genetic material and all
the male material. Therefore any of the queen’s daughters will be 75%. related to another daughter
(100% of the father’s genes and 50% of the mothers). Consequently, sisters are highly related and it
is more beneficial for them to encourage the queen to make them more sisters, rather than lay their
own eggs to which they would only share 50% of their genetic lineage. This is true also for the queen,
all her daughters are only 50% related to her, even if the daughters are 75% related to each other. This
is the evolutionary theory explanation as to why ants are eusocial and why workers forego reproduc-

tion. A more extensive and rigorous description can be found here.*
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4.2 Ant society

The division of labor presented above is believed to be the main reason for the ecological success of

ants.*

Division of labor is self-organized, with no knowledge about the global system. Ants behavior can be
explained by reaction to local stimuli, and no global goal nor any centralization of information is
required. °> As mentioned above, jobs are highly correlated with aging, with young ants being nurses
and older ones being foragers.® Nonetheless some exceptions to this general trend are observed. Pre-
cocious foraging, as well as behavioral reversion have been observed among eusocial species. ”-® This

indicates a much more subtle progression than previously thought.

Several mechanisms driving the temporal polyethism (age coraleted task allocation) have been scru-
tinized*. One relates to is the amount of fat reserve, i.e. the corpulence.’ It is important to notice that
is not believed to be the only driving force in behavior, but only one in many (like nest architecture
or colony size * 19). The division of labour has previously been correlated to a division in fat reserves,
with lean foragers and fat nurses.* °- !! This can be also predicted from an evolutionary point of view.
Since ants are able to perform trophalaxis, ants that die with reserves (like fat) are a loss for the
colony. Therefore, if only the lean individuals are subjected to a high risk of death, the colony can
decrease its potential loss of resources, and therefore increase its reproductive success.* The negative
correlation between corpulence and foraging behavior in eusocial insects has also been highlighted
in honeybees, ants and wasp, i.e. the majority of eusocial species. This common trait is therefore

likely to be important for their fitness as explained above.!?

Moreover, it is likely that lean foragers will not easily regain fat (if at all). Successful foraging does
not lead to consumption by the foraging ant but rather the distribution of resources to the whole
colony. Furthermore, foraging is energetically costly, directly by locomotion, and indirectly by the

necessity of cuticular hydrocarbon synthesis and immunity response. ! 14

The quantification of lipids in ants is generally done using a destructive method.!> 1® Therefore, it is
difficult to follow both the ‘job’ and the corpulence of an ant over time. We suggest to use NMR to

measure both the corpulence of ants and their behavior without killing them and therefore analysing
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the trends and correlations of those two indicators over time. Moreover, the key role of fat in insect

metabolism makes it a probable intermediate in the phenomenon. !¢

We are asking how corpulence regulates temporal polyethism in ants. In order to analyse this problem
we will monitor simultaneously the corpulence as well as the foraging behavior of all workers from

full colonies of Myrmica rubra.

4.3 Non-lethal corpulence and social network measurement

4.3.1 Lipid reserve measurements.

In order to measure the lipid reserves of ants as described in the literature!”, liquid state NMR exper-
iments have been tried, by placing a cold anesthetised ant near to a capillary with solvent for the lock.
Unfortunately, the experiments were non-reproducible, very likely due to field inhomogeneity in-
duced by the non-uniform bulk magnetic susceptibility (BMS) of the ant. Since even at low spinning

speeds MAS NMR can average this inhomogeneity, we moved to that method.

In order to test our method, we measured a few spectra of 'H at 21 T (900 MHz 'H frequency) using
a 3.2 mm rotor spinning between 1 and 1.2 kHz. The results are presented in Figure 42. We can clearly
separate the fat signal (near 1 ppm) from the water (4.3 ppm). And at this field and this spinning speed
the impact of the side bands is negligible to the main fat signal. It is also important to note that the
balance of the rotor is far from ideal due to the asymmetric moment of inertia of the ant. This causes
spinning to be unstable and may distort the signal. To minimize this and the effect of the sidebands,
we measured each ant at two different spinning speed, allowing the two measurements to be compared

and errors detected easily.

To minimize the error due to the different position of the ants, they were put in a cold induced anes-
thetized state. They were then introduced with the gaster (abdomen; lower portion of the body, where
the stinger is located) in the rotor, and moved to the bottom of the rotor by gently tapping it against
the table. Neither the glue used to stick a QR code to the back of the ants, nor the QR code itself nor
the paint used to mark them was detectable using our experiment, and they will therefore not influence

our measurement of lipids. The QR code function is explained in the tracking of ants section.
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Figure 42: 'H NMR spectra of the same Myrmica rubra ant. The asterisks indicate spinning sidebands, in black
for the water and in red for the lipids. We observe that at this spinning speed, water sidebands can overlap
with the lipid signal.

To assure the reproducibility of the method, we measured the same ant with different measures, letting
her wake up and changing rotor between measurements, in order to identify any variation. In Figure
43 we present the spectra for a single ant across multiple sessions. The same peaks are observed with

minimal variation in intensity, indicating that the method is indeed reproducible.
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Figure 43 : comparison of the H signal of the same ant in in different rotors.

To quantitatively compare the spectra, we measured the integral of the biggest peak of the lipid region
only, as it is difficult to control the spinning speed precisely at such low speed, and the smaller peaks
are much more sensitive to superposition with side bands (Figure 44). The main contribution to this
peak comes from the CH> groups from the lipid chains. We observe that the reproducibility is high,
and that there is influence of the packing. One of the rotors was extremely unstable, nevertheless we

kept these data to assure a maximum estimate of our error. The results are represented in Figure 44.
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Figure 44: Integrated intensity of the lipid signal at 0.9 ppm, for multiple trials within three different sessions
(blue, yellow and red). For the session in yellow, the rotation was particularly unstable . Even if the results
are concordant, packing seems to have a small influence on the results. The standard deviation is approxi-
mately 10% of the signal in this case.

In order to determine if the measured lipid content for an ant is simply determined by its size, we
investigated the correlation between the integrated intensity for the water and lipid signals for two
ant colonies, since the intensity of the water signal should scale with the size of the ant (Figure 45).
There is a large scatter between the intensity of the water and lipid signals, indicating that they are
not just determined by the size of the ant, and that NMR can therefore be used to measure the corpo-
rality of the ants. As a control experiment, the integrations of the lipid CH> and methyl resonances
were compared; in contrast, strong positive correlation is now observed, indicating that a greater lipid

content increases the intensity of both.
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Figure 45: Integrated intensities of the lipid CH, (0.9 ppm) and methyl (0.5 ppm) signals for different ants. b)
Integrated intensities of the water (4.3 ppm) and lipid CH» (X ppm) signals. In the first panel the high correla-
tion between the two lipids signal seems to indicate that they probe the same phenomenon. The correlation
is much less clear when it comes to comparing water versus lipids signal. We are not therefore not just ob-
serving the effect of the size of the ant. Each ant is represented by a color, and one colony members by
crosses and the other by circles. The largest peak contains resonances from CH, fatty chains of lipids, and the
smaller one contains resonances from methyl groups.
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For the MAS measurements, 7 mm rotors were not able to achieve stable rotation, neither to preserve

the ants inside, even at very moderate speed. 3.2 mm rotors have proven to be the more stable. Sur-
vival tests have been made with several species (with variable survival rate) and we decided to focus

on Myrmica rubra.

Myrmica rubra ants are able to resist for a minute to a spinning speed of 1.2 kHz in a 3.2 mm rotor,
which allows us to prevent the side bands of the water signal interacting with the lipids signals. More-
over, their stinger does not penetrate the skins of human hands which is important for such careful

manipulation.

Another particularity is their recognition pattern. Most ants, will recognize the smell of the colony
where they were born and raised, regardless of genetic proximity and this smell will vary with time
(typically through consumption of varying edible material)*. This means that if separated from the
main colony for too long they may be unable to recognize their sisters and will fight. For Myrmica
rubra, this recognition has a very strong genetic component, which allows us to isolate at will any

worker or group or workers without fearing future aggression.'®

4.3.2 Metabolic correlation

In order to test our hypothesis stating the changes in lipids reserve drive task allocation we tried direct
injection. Unfortunately, injection of lipids directly into the haemolymph, or chemical perturbation
the metabolism of liquid are not compatible with MAS NMR as the injured ants does not survive the

centrifugal forces.

The method that we choose was therefore starvation. We isolated identical sub population of the three

colonies, and starved half on them while the others had an unrestricted access to food.

In order to test the method, we measured the lipids signals from two sub populations, foragers and

nurses.

116



MAS NMR STUDIES OF HIERARCHICAL INTERPLAY IN PROTEIN DYNAMICS

6 -
12 !
5 l
=) T |
- |
% 8 > 4 |
5 g :
[0}
B £ 3
e}
E 4 :
=z ) :
|
I J
0 0 2 4 6 1 - :
P
' [ nurses
Intensity (AU) I foragers

Figure 46: Lipid content measured by NMR for nurses and foragers. Left: Histogram and right: boxplot show-
ing the median, 25" and 75" percentiles and the extreme non outlier values. The difference is significant
(p<0.05).

As described in Figure 46 we reproduced the results from an extensive literature by observing lean

foragers and corpulent nurses.*

We then observed if starving them depleted their fat reserve, as it is common in many animals. The
results presented in Figure 47 were positive. We therefore conclude that the method is adapted to our

study.

117



MAS NMR STUDIES OF HIERARCHICAL INTERPLAY IN PROTEIN DYNAMICS

|
. \
|
4 + + |
20 |
|
L, |
I
15 S 3 | *
[2] s ‘
E 2 *
< 10 2 o
5 g °
o) C
& IS
£ s |
=z 1 ‘
I J
I
0
O E
0 5 4 | fed
Intensity (AU) [ starved

Figure 47 : Lipid content measured by NMR for fasted and well fed workers. Left: Histogram and right: boxplot
showing in each case the median, 25" and 75" percentiles and the extreme non outlier values. The difference
is significant (p<0.05).

Using paint for age marking ant in conjunction with color analysis that is extremely specific for this

species, we were able to have four colonies of 70 workers with a similar age distribution.

4.3.3 Tracking system

The method to track ants have been developed by a research group at UNIL! and is extensively
explained. This approach was first used to identify cleaners, nurses and foragers, in Camponotus

fellah.

QR codes from an ARTag library with 36 bits of information (more than 2000 tags for a colony) were
used. Our colonies were 70 workers strong at the beginning of our experiment, and we only expect
less than 10 new births (ants emerging from the pupal stage to the worker stage) for the season and
duration of the experiment. The QR codes weigh less than 1mg, which is at most 10% of the body-
weight of our ants, and does not significantly change their behavior or death rates.!® For tagging, ants
are immobilized by flexible plastic blades and the QR code is glued on their back using Sauer skin
glue. This specific glue is used because ants do not try to remove it from themselves or their sisters,

which happens with many man made compounds. The tags are changed after each NMR measurement
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since the force exerted during the manipulation greatly damages the glue. The QR codes are presented

in Figure 48.

Individually tagged ants are then placed in an artificial nest/outside box, as represented in Figure 49.
No specific unusual behavior was observed after tagging. No attacks on the QR codes were detected,
except in one of our four colonies. This behavior was partially related to physical constrains at the

entrance of the nest, modification decreased the QR code degradation but did not totally suppress it.

To record the QR codes, a monochrome camera 4560*3048 pixel, sensitive in the infrared spectrum,
was used. The lighting was assured by 5 ms infrared flashes above the nest, which are not detected
by ants and are synchronized with the data acquisition.!® Such short flashes increase the resolution
and have a minimal heating. Ants position are detected every half second, and video and images are
saved for post processing. The angle between the ant and its tag is manually corrected to better iden-
tify the position of the ant. To discriminate a meaningful contact between two ants and just spatial
proximity, the angle between the two ants bodies and the time of the interaction are recorded. The

parameter describing a contact can be modified to better identify the social network.

The week long time-lapse is then analysed by an algorithm to allocate a job to each worker, as well

as constructing a social network.'

The humidity as well as the temperature are controlled for the well-being of the ants and the longevity
of the QR code by placing the colony (presented in Figure 49) in a insulated foam box. The temper-
ature is keept constant at 20°C and the humidity at 60%. This is less than the optimal humidity for
this species (80%) but prevents tags degradation
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Figure 48: reproduced from reference?’, picture of ants with their QR code on the A panel. Alongside eggs,
larvae and pupae, a queen and several workers of Lassius niger.
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Figure 49: Schematic representation of the nest used for detection. The cover of the nest is transparent to
infrared light. View from above. The fluon prevents the ants from climbing outside the restricted area.

4.3.4 Behavioural/metabolic correlation

Experiments are still underway. One example of the data being collected is presented in Figure 50. In
this example one ant (blue) seems to have become leaner over the three week period, while the two
others do not seem to change meaningfully. Our objective is to record those data for three months and

observe the corelations with the task allocation.
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Figure 50: Absolute lipid content (right) and normalized by weight (left) for three ants of the same colony
over the course of three weeks. Each week two measurements were performed.
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