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Abstract

In English

Proteins undergo dynamics that span several orders of magnitude in time, englobing the
femtosecond to microsecond timescale, which can be investigated with neutron scatter-
ing techniques. Among spectroscopy techniques, neutron scattering is a valuable tool to
study the self-dynamics of hydrogens in proteins and understand conformational relax-
ation and diffusion at the atomic scale. However, neutron scattering is not just a probe for
self-diffusion, but also encodes collective dynamics through its division into an incoherent
(self) and coherent (self and collective) contribution, which cannot be separated with con-
ventional neutron scattering techniques, although it is stated that coherent scattering is
negligible in those hydrogen-rich systems. The advent of neutron polarisation set-ups for
the Time-Of-Flight (TOF) technique, with enough resolution to resolve ps-scale motions,
it is an opportunity to investigate both contributions and shed light on the importance of
considering collective motions arising from the protein and its hydration water. Therefore,
we investigate the dynamics of a protonated Green Fluorescent Protein (pGFP) and its
per-deuterated counterpart (dGFP) in powder state and hydrated in DyO with the help
of polarised neutrons and new theoretical approaches adapted to the study of complex
systems with self-similar dynamics. First and foremost, this PhD work focuses on the
structural information held by polarised diffraction to assess the impact of both contribu-
tions, and permits us to understand the extent of D/H exchange between the atmosphere
and the hydration shell of the protein. This is then pushed forward with a dynamical
study at the ps-scale with polarised quasielastic scattering, which highlights the strong

impact of coherent scattering arising from hydration water D-bond network relaxation
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in both deuterated and protonated GFP. Consequently, a similar study performed with
unpolarised elastic and quasielastic neutron scattering permits us to conclude the study
by comparing polarised and conventional QENS. Many questions are then raised concern-
ing usual assumptions, shattered by our investigations, that are made in the frame of
incoherent neutron scattering applied to biomolecules, including reflexions on a quantum

formalism of scattering functions.

En francgais

La dynamique des protéines hydratées s’étend sur plusieurs décades, comprenant des
gammes de temps allant de la femtoseconde a la picoseconde qui sont accessibles a la
diffusion de neutrons. La diffusion de neutron est un excellent outil pour étudier la dy-
namique moyennée des noyaux d’hydrogenes dans un échantillon, afin de comprendre les
phénomenes de diffusion et de relaxation prenant place a 1’échelle atomique. Cependant,
la diffusion de neutrons ne sonde pas uniquement la diffusion de noyaux isolées mais com-
prend aussi des effets collectifs, de par sa division en une partie incohérente (self) et une
partie cohérente (self et collective) qui ne sont pas séparables par les techniques de spec-
troscopie de neutron conventionnelles, méme s’il est souvent argumenté que la diffusion
cohérente est négligeable dans ces systemes riches en noyaux d’hydrogene. L’émergence
d’un systeme de polarisation de neutrons pour la diffusion & temps de vol (TOF), avec
une résolution suffisante pour étudier la dynamique a 1’échelle de la picoseconde, est une
opportunité pour explorer 'apport de ces deux contributions, afin de mettre en lumiere
I'impact non négligeable de la dynamique collective provenant a la fois de la protéine et
de son eau d’hydratation. Dans ce but, nous étudions la dynamique de poudres hydratées
d’une protéine fluorescente verte protonnée (pGFP) et de sa version deutérée (dGFP)
par diffusion de neutrons polarisés. Nous utilisons pour cela une approche théorique
adaptée a I'étude de systemes complexes au comportement auto-similaire. En premier
lieu, ce manuscrit présente 'information structurelle obtenue par diffraction de neutrons
polarisés, afin d’évaluer 'impact des deux contributions et de nous permettre de compren-
dre I’étendue des échanges deutérium/hydrogene ayant lieu a l'interface entre la couche
d’hydratation de la protéine et ’atmosphere. Nous poursuivons avec une étude de la
dynamique des deux protéines a l’échelle de la picoseconde par spectroscopie de neu-

tron polarisés a temps de vol. Cela nous permet de souligner 'impact de la diffusion



cohérente dans le signal, qui provient de la relaxation collective du réseau de liaisons
hydrogene formé par ’eau d’hydratation deutérée de la protéine. L’étude de la diffusion
élastique et quasi-élastique de neutrons non polarisés nous permet de conclure en com-
parant diffusion polarisée et non polarisée. A la lumieére de ces nouveaux résultats, de
nombreuses questions émergent concernant les hypotheses habituellement formulées en
diffusion incohérente de molécules biologiques. Cela implique notamment une réflexion

sur le formalisme quantique des fonctions de diffusion appliqué aux biomolécules.
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Introduction

Proteins are functional chains of amino acids, defined by a hierarchical structure under-
going fluctuating or actively driven motions. They arise at the sub-Angstrom scale up to
large amplitudes spanning the whole protein, while stretching from about 10 fs to several
seconds. In this large panel of dynamics that reveals self-similarity in time [1], neutron
scattering is an ideal method to probe directly the motions of hydrogen atoms in proteins
from vibrational stretching or bending (& fs-ps) 2] to amino acid side-chains fluctuations
(~ ps-ns), global protein diffusion in its environment [3] or inter-domain motions (/& ns-
ps) [4]. Even the shortest motions in time and scale are paramount to explain functional
modes [5]. These dynamics are also intrinsically dependent on the protein’s environment.
The impact of temperature [6], pressure |7], crowding [8], weak interactions in the cellular
environment [9] etc., are also assessed by neutron scattering.

Proteins were long thought as rigid molecules: this dynamic vision is rather recent, and
the existence of conformational fluctuations was indeed brought by Lakovitz and Weber
[10] in 1973 with fluorescence quenching by molecular oxygen, and was accepted among
the crystallography community around 1980 |11]. Currently, the demonstration of the
impact of quantum effects at physiological conditions despite thermal noise brings as well
a new conception of the dynamics of biological systems. For instance, it explains en-
hanced rates between donnor and acceptance states of some enzymes, that are unravelled
by primary or secondary kinetic isotope effects that require a quantum formulation based
on tunnelling to explain the intensity of isotope effects [12]. It is also reported that in the
first step of photosynthesis, the coherence of excitons (electron-hole pairs) would explain

how they find the most efficient path to the reaction center |13|, and coherence has also



Introduction

been held as an explanation of birds’ sensitivity to the earth’s magnetic field [14]. As
highlighted by J.C.Brookes in Ref. [15], all those phenomena have in common that they
rely on a system based on a protein and a smaller interacting particle, requiring to express

the rate of events with Fermi’s golden rule formalism.

Hence, our project started with the idea of probing quantum-effects in the internal dy-
namics of proteins with neutron scattering. To this end, two isotopic forms of the same
Green-Fluorescent Protein (GFP) in powder-state were produced and hydrated in D,O
with a hydration level h = 0.4 g protein/g D50, in order to minimise at most any contri-
bution from the protein’s environment. Indeed, neutrons are very sensitive to hydrogen
isotopes: neutrons are the perfect probe for averaged dynamics of single hydrogen nuclei
in a protonated protein, and to a lower extent of deuterium nuclei in a per-deuterated
protein [16].

We also aimed at working with a new formalism developed by G.Kneller. He expresses
incoherent neutron scattering from transition probabilities which imply the system wave-
functions [17], instead of using Van-Hove correlation functions formalism [18], hence
proposing a whole new quantum-based understanding of neutron scattering in complex
systems. It identifies with a sort of Franck-Condon principle [19], where scattering func-
tions write with transition probabilities determined from the overlap of the system’s wave-
functions upon energy change Aw and upon momentum transfer A() when the neutron
"kicks” the sample.

In that sense, a set of elastic (AE ~ 80 peV), quasielastic (E; ~ 1meV') and inelastic
neutron (£; < 200 meV) scattering data had been measured by Judith Peters on IN5
(ILL) [20] with the two protein samples. The goal was to investigate isotope effects in
zero-point fluctuations, small conformational fluctuations and vibrations in the protein
sample. However, our first attempts to understand experiments raised unexpected re-
sults: mean squared displacements suggested extremely large amplitude of motions for
deuterium in the deuterated protein (dGFP) with respect to hydrogen in the protonated
protein (pGFP), although we expected a slow-down and increased confinement. Further-
more, it did not vanish with cross section weighted subtraction of the hydration water.
Similarly, quasielastic scattering data suggested fast motions arising from dGFP internal
dynamics, at odds with the slow dynamics of pGFP. Indeed, it became clear that we were
facing a mix of different information that we could not easily discriminate. It especially

raised concerns about the impact of coherent scattering in our samples. Therefore, after



Introduction

a year we instead decided to dig this essential question in order to continue our initial

project.

Indeed, scattering functions, yielding structural and dynamical information weighted by
cross-section factors accounting for the interaction between the probe (neutron) and the
scattering particle (nucleus), is a sum of cross-terms corresponding to different nuclei and
self-terms corresponding to single nuclei. Thus, one can write scattering functions as the
sum of an incoherent scattering term, comprising only self-terms weighted with “inco-
herent” scattering lengths, and a coherent scattering term, comprising both self terms

7

and all the cross-terms weighted with “coherent” scattering lengths [21]. Hence, coherent
scattering corresponds to collective information.

Indeed, biological samples are composed of about 50% of hydrogen nuclei which are uni-
formly distributed in the protein. It raises the assumption that due to the large incoherent
scattering cross section of hydrogen with respect to the incoherent or coherent cross sec-
tions of all other nuclei, what we probe with time-of-flight and backscattering spectroscopy
are the average motions of single hydrogen nuclei in the sample. Another usual assumption
is that deuteration of the hydration layer around the protein ensures that only the protein
is visible during neutron scattering experiments. It is very convenient in the sense that
most available models are built for single particle motions [22} 23]. For coherent scattering

involving collective terms, a theory adapted to complex system dynamics is almost non-

existent, especially on the space and time scales probing local slow relaxation phenomena.

When we adressed this issue, direct assessment of the impact of coherent scattering in pro-
teins was scarce, although studies implying fully deuterated proteins in D,O had already
been performed and invoked that coherent scattering is preponderant in those samples
[24, 25, [26]. Indeed, performing neutron scattering with a polarised neutron beam where
one spin projection is scattered and analysed is the only way to unambiguously separate
both incoherent and coherent terms [27, |28 29]. However, the use of such techniques
for soft matter is quite recent [30, |31} |32]: most experiments are usually performed with
an unpolarised beam where all information is mixed. Polarised neutron scattering for
proteins was basically limited to diffraction applied to myoglobin and C-phycocyanin by
Gaspar et al [33]. In this study, authors show that coherent scattering is non-negligible
in biomolecules. Furthermore, they also demonstrate a significant impact of deuterated

water with strong ()-dependence. However, no information concerning per-deuterated
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protein in D,O was available, so we decided to perform our own polarised diffraction on
IN12 and D7 (ILL) |34, 35]. Again, we faced startling results concerning the ratio of

coherent scattering.

Step by step, the project ended-up concerning almost this single question: what is the
impact of coherent scattering in the scattering signal corresponding to protein dynamics,
in the energy-range and ()-range that is usually associated to purely incoherent contribu-
tion ? Having at hand two isotopic forms of the protein was indeed a great opportunity
to answer this essential question that requires systematic studies with model systems.
However, the simple “static” picture offered by diffraction does not raise any information
concerning the dynamics of the system. At that time, we fortunately came across the
work of Arbe et al [32]: they studied DoO with polarised quasielastic neutron scatter-
ing (QENS) and disclosed that in this liquid, both incoherent and coherent contributions
have very distinct timescales which fuse for @) large enough. Hence, we decided to perform
QENS experiments at LET (ISIS) [36] to directly probe coherent and incoherent dynamics
separately. Eventually, the more information we got, the more hints there were concerning
a high role of hydration water in our sample dynamics, increasing the complexity of our
study. All our finding were questioning usual assumptions, as well as highlighting the im-
portance of choosing the right ()-range to discriminate unwanted collective contributions.
Hence, we present here the first study of protein dynamics based on coherent and incoher-
ent separation. We interpret scattering functions with a minimalist model for a collective
variable diffusing in a rugged harmonic potential in the frame of fractional Brownian dy-
namics |37, 38,39, 40, |41} 42]. We present the outline of the manuscript as follows :
Chapter 1 recalls neutron theory with a highlight on the partial differential cross section
obtained from a polarised beam. It presents the minimalist model used for both inco-
herent and coherent scattering, and a state-of-the art on coherent neutron spectroscopy
experiments carried-out so far in soft matter.

Chapter 2 presents neutron scattering experimental methods and the description of our
instrumental set-ups. It also introduces our data reduction and analysis, with the spot-
light on our analysis in time domain and our handling of polarised data. It also presents
the sample production and preparation, as well as the protein structure used for calcula-
tions in Chapter 3.

Chapter 3 focuses on the information brought by polarised neutron diffraction studies,

and how it can be completed by static structure factor calculations to infer information

4
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on the sample’s coherent contribution. It permits to get new insights on the timescale of
D/H exchanges in the hydration layer of a protein.

Chapter 4 goes beyond the scope of structural information and provides an analysis of
separated incoherent and coherent dynamical information at the picosecond timescale with
polarised QENS. It especially highlights the coherent contribution of hydration water in
both versions of the protein. We draw parallels with works from other neutron-scattering
communities.

Chapter 5 proposes a comparison of aforementioned results with non-polarised data,
while Chapter 6 entails a discussion on elastic scattering in complex systems, with a
focus on the search for quantum-effects in elastic scattering and a reflexion on the non-

elastic contribution present in elastic scans.

Remark: in the manuscript, the term “collective” refers to terms arising strictly from

different nuclei, but we sometimes also extend the term to coherent scattering.



CHAPTER 1

Principles of neutron scattering

1.1 The neutron, a probe to understand the dynam-
ics and structure in matter

In 1932, Chadwick discovers the existence of a neutral particle by bombarding a beryllium
target with alpha radiation, which mass should be close to the proton’s mass [43]. Its
specificity is a high penetration into matter, contrary to high-energy photons that interact
strongly with the atom’s electron cloud : this lead to a strong interest into neutron-matter

interaction.

Eversince, neutrons produced in nuclear reactors (Institut Laue-Langevin) or in spallation
sources (ISIS facility) have proved to be a strong probe to investigate both structure and
dynamics in condensed matter.

The velocity of produced neutrons follows a Maxwell law, and the further use of moder-
ators enables to modify their velocity and therefore their range of energy of interaction
with the sample. Hence, it makes it possible to probe diffusion phenomena occuring at
small energy-exchange (=~ meV) with cold neutrons, as well as characterizing vibrations
and phonon emission or absorption phenomena (energy > kgT') with thermal neutrons.

The neutron properties are at the origin of their interest for matter-matter interactions.

e Its mass m = 1.675¢ 2" kg confers the neutron a De Broglie wavelength A = ]—’j
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that scales close to the inter-atomic distance, thus permitting diffraction studies.
As a consequence the neutron goes slowly from one atom to another compared to
the typical timescale of relaxation in the sample : time-resolved information can
be probed with neutrons. This negligible mass explains that the neutron is tackled

both as a wave and a particle in the frame of wave-particle duality.

e The coupling of the neutron spin s = % with the nuclear spin defines the amplitude
of the nuclei cross section. It yields a non-trivial expression of the cross section as
a function of the atomic number, which is illustrated by the strong incoherent cross
section of hydrogen while high-energy photon based techniques are barely sensitive
to light atoms. It yields both an incoherent and a coherent cross sections for each
nucleus which enable to separate respectively individual from collective phenomena.
Moreover, it enables magnetic studies : its magnetic moment p,, = 1.913uy implies

magnetic dipole-dipole interactions with surrounding unpaired electrons.

e The neutron’s neutrality implies that electrostatic interactions are negligible and

that only nuclear interaction prevails, permitting its high penetration into matter.

The kinetic energy of an incoming neutron is equal to :

R

FE .
2m

(1-1)

For a typical cold neutron experiment with a A = 5 A wavelength, it corresponds to a

velocity of v = 792 ms™! and an energy of E = 3.2 meV.

A neutron experiment consists in bombarding a sample in crystal, liquid or powder state
for instance. A typical neutron beam at ILL is of the order of a few cm? with a neutron
flux of about 10° to 10'° neutron/cm?/s.

The incoming beam is characterised by its flux ®(, the neutron’s initial energy E and
its initial momentum k which is a vector holding the information of the incident neutron
direction. Upon interaction, neutrons can be either absorbed or scattered. Scattered
neutrons exit the sample with an energy F’ and a momentum k’. A neutron spectroscopy
experiment consists in measuring the response of the system to the perturbation caused
by the neutron probe.

Measuring both the energy and the scattering angle of the scattered neutron is enough to

retrieve both E’ and k’ information. Therefore a typical neutron measurement consists in

7
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Scattered neutrons

direction 8, ¢
ds
Momentum k'
Energy E’
r
Incident neutrons o
Flux ¢y
9 dQ
Momentumn k Sample —> z axis

Energv E

Figure 1-1: Schematics of a neutron scattering experiment, adapted from [44].

counting the number of neutrons escaping the target per second in a solid angle df2 defined
in directions 6 and ¢ in spherical coordinates, with an energy comprised between E’ and
E’ 4+ dE'. This quantity, the double differential cross section, is the master equation
for neutron scattering, which depends on the energy exchange AFE of the neutron, with

w its pulsation

AE = hw), (1-2)

and on the momentum transfer of the neutron Q

Q=k'—kj (1-3)

The derivation of the double differential cross section and the further application of clas-
sical or quantum-based models to derive physical parameters of the sample’s structure or

dynamics are the foundations of neutron scattering.

Generally speaking, the goal of spectroscopy is to induce information on the sample’s
dynamics and structure from its interaction with a probe, be it photons or light particles
of matter. The probe’s characteristics determine its interactions with the sample, and
therefore the extent of available information on the sample : space and energy ranges
that can be probed, whether it yields bulk or interface information... The derivation of

the double-differential cross section in requires to express a point-like inter-
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action potential 1% specific to the neutron-nucleus interaction, the Fermi pseudo-potential.

Why is it interesting to probe biological samples with neutrons ? Briefly, it yields in-
formation on the average dynamics of hydrogen nuclei at very short time and space scales
with spatial resolution, while causing little damage to the sample. This last aspect is
paramount because proteins have to be studied in their native state, and the required
amount of sample to carry-out spectroscopy experiments on proteins is about ~ 100 mg,
which is hard and time-consuming to produce. As will be discussed in the instrumental
section, neutron spectroscopy techniques are able to span timescales from the fs to almost

the us, for space-scales ranging from covalent bonds to inter-molecular structures.

In the manuscript we mainly focus on the dynamics of samples studied by Time-Of-
Flight (TOF) neutron spectroscopy, an instrumental technique that relates the neutron’s

energy to its travelling time from the sample to the detector.

1.2 Derivation of scattering functions

This section concerns the derivation of scattering functions, using Refs. |45} 46, |47, 21].
The reader is partially referred to the appendix to ease the reading of this section.

In the following section, we introduce the target’s Hamiltonian H,,. The sample is com-
posed of N nuclei at thermal equilibrium and characterized by eigenvectors |m) and eigen-
values F,, corresponding to its initial state before scattering, and eigenvectors |m’) and
eigenvalues F,, corresponding to its final state.

The neutron probe, on the other hand, is characterized by eigenvectors |k) and |k') and
eigenvalues E) and Ej corresponding respectively to its initial and final states, defined
by Hamiltonian H,.

The scattering Hamiltonian, corresponding to the coupling of the probe and the sample,

writes H,. We denote operators with a hat ", and vectors in bold.

Let us consider that the initial state of the neutron |k) is fixed. The double differen-

do?
dQdE

tial cross section ( ) restricted to processes in which the sample goes from state
m,m’

)
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m) to state |m’) is expressed according to :
|m) | g

dQdE oy  dQUE

Indeed, W, ox—m/ek> corresponds to the number of transitions of the system from initial
state |m) ® |k) of the total system to its continuum final state |m’) ® |k’) per time unit,
per solid angle dQ2 with final energy in E,E + dFE (this is homogeneous to a flux). It is
divided by the incoming neutron flux, ®.

This is defined such that the total double differential cross section (our master equation)

is summed over all initial |m) and final |m') states of the sample :

(deE) ZZ (dﬂdE) o (1-5)

With P, the probability of the sample to be in initial state |m).
Integration of this quantity yields the cross section ¢, which is homogeneous to a surface

and is a measure of the effective size of the nucleus as seen by the neutron.

a_/dE/dQ<deE) (1-6)

Getting back to the transition rate W,,gk m/eke from initial state i = m®k

is determined using Fermi’s Golden Rule, supposing that the final state f = m’ ® k’ is
a continuum and that the pertubative Hamiltonian H, for the coupling of the neutron

and the probe is weak and time-independent. The whole derivation is available in the

appendix,

L3 mk

T T PR UV 10 PO — B, (1-7)

AR
Where m is the mass of the neutron, and L is the size of the box where the wavefunctions of
the neutron are normalised, which tends to co. The incident wavefunction of the neutron
is linear, and the scattered wavefunction is spherical due to the spherical symmetry of
the coupling Hamiltonian, and arrives linear to the detectors due to the large distance
betwen the sample and the detectors with respect to the size of the sample.

Hence, H, is a point-like Hamiltonian standing for the nuclear interaction of the neutron

and the total system composed of N nuclei. Each nucleus j interacts with the neutron

10
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with the empirical Fermi pseudo-potential Vj = 27;1:’/2 b;jo(r — fij) introduced in 1936 [48,
19]

N
N 2mh? A
H. = E - bj6(1 — R;). (1-8)
J

Rj is the position operator of nucleus j at time 0, and b;, the bound scattering length
of nucleus j, is a complex value which measures the amplitude of interaction with the
neutron. These are tabulated values for a single fixed nucleus, where a positive value for
b denotes a repulsive interaction. The real part of the scattering length corresponds to

scattering of the neutron, while its imaginary part denotes the absorption of the neutron.

Replacing and [Equation 1-7] in [Equation 1-4| yields the following expres-

sion for the partial differential cross section for an initial state m and a final state m’ for

the sample

d0'2 . Wlﬂf
dQdE ), ., PdQdE
, A A (19
= DN (mlbjexp(—iQR; ) ) (v biexp (iQER ) [m) d(Ef - E),
il
where k£ and k&’ are the norms of the initial and final momentums of the neutron. De-
tailed presentation of the significance and origin of the coupling Hamiltonian, as well as
aditional steps to the calculations, are presented in the appendix, [section 6.5]
Now, to obtain the master equation we return to : we sum the partial differ-
ential cross sections on all initial and final state, considering that initially the sample is at

equilibrium and follows the Boltzmann distribution. Detailed calculations are performed

in the appendix, [section 6.5]

do? do?
— | = P, | ——
(do7) =227 (qarm),
No Np

> Db barexp (—iQRa,(0)) exp (1QR5(1))) | exp(—iwt)dt.

o
a=1 =177 \ j=1 I=1

(1-10)
At the cost of simplicity we express the sum on atomic types o and 3, which appears useful
for the development of scattering cross sections in the case of polarised and unpolarised

beams.

11



Chapter 1, Theory

1.3 Introduce coherent and incoherent scattering for
a polarised and a non-polarised beam

The goal of this section is to explain how scattering functions are obtained in case of
a polarised beam where the spin projection is non-random. It appeared essential to
us regarding the scarce information available on polarisation analysis applied to non-
magnetic materials. We define coherent and incoherent scattering contributions, and how
linear combinations of spin-flip and non spin-flip partial differential cross section permit

to experimentally separate them.

1.3.1 The scattering length operator

|[Equation 1-10| standing for the double differential cross section is now fairly simplified

and involves the position operators of nuclei in the sample. However, in order to reach an
expression where probe and sample information is uncoupled, we need to get scattering
lengths out of the thermal average.

However, until now we have neglected the impact of the spin states of both the nuclei and
the neutron in the Golden Fermi Rule. We trade b for an operator b depending on both
the neutron’s spin operator %& and the nucleus spin operator I. This is now taken into

account, such that H, writes :

N
A 2rh? . A
o, = bio(F — R.), ]
DRUERESD (1)
and
b= A+ Bol. (1-12)

A and B are complex constants.

What is the interest of such a representation ? Once b will be expressed as a func-
tion of both I and &, it will be possible to project it on the neutron’s states to express
the double differential cross section in case of a polarised beam (determined initial and
final states of the neutron) and an unpolarised neutron beam (random initial states of the

neutron, unanalysed final states of the neutron).

12
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Explicit the scattering length operator Let us denote I the spin angular momen-
tum of a single nucleus, and s = % the spin angular momentum of the neutron.

We express the coupled {neutron,nucleus} system in the adequate base |+) and |—) con-
structed with Clebsch-Gordan coefficients from the uncoupled base. The coupled spin

operator S is equal to

~

S=1+ =6, (1-13)

N | —

and verifies S |+) = S* |+). There are thus only two degenerated allowed spin states in
the coupled system

ST =T+ )4, 8715 = (- 3) ). (114

Both states correspond respectively to scattering lengths b™ and b~, which are both a
measure of the interaction potential and of the scattering amplitude. The
latter is the Fourier transform of the Fermi pseudo-potential. b and b~ are estimated
experimentally from scattering of a bound nucleus and are isotope-specific. They are
listed in Ref. [23].

Therefore, the scattering length operator b verifies :
bl+) =b"|4), bl=) =b"|-). (1-15)
Since spin operators verify I2|+) = I(I + 1) |£) and 62 |+) = 2(3(3 + 1)) |£), using
o _ Lo s s
5% = 2 +1° 401, (1-16)

yields an expression for the spin coupling operator 61 contained in b= A+ %B&f . Solving

[Equation 1-15{ by projecting S% on |+) and |—) and using [Equation 1-12| yields :

(I4+1)b" +1Ib-
21 +1

(b" —b7)

21 +1

A:

(1-17)

We now have an expression for b operator, |Equation 1—12|, expressed from bt and b~

tabulated values.

13
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1.3.2 Assumptions and simplifications for a protein sample

Spin average Introducing a spin-dependence of the scattering length operator b implies
that the state of the whole system, as featured in the Golden Rule, includes now the spin-
state of the neutron, denoted |o) and the spin-state of the nucleus, denoted |I) in the
thermal average. This average on spin and sample states is denoted by horizontal bar over
the averaged quantities. Formally this should be expressed, as for any operator 121, using
A= Tr(/lﬁ) with p the density matrix for neutron and nuclear spin states. However, it
will not be necessary : we assume that in a protein sample, the lack of magnetic
order implies that nuclear spins are randomly oriented, so that for nuclear-spin

average applied to the nuclear spin operator I , in cartesian coordinates:

~>

0, I :%I([Jrl),

Y,z T x,Y,2

While the same holds for the neutron’s spin operator ¢ in the case of an unpolarised

beam :

1
Oy =0, 5&%%2 =o(oc+1), (1-18)

Isotope average We shall also introduce the mean over isotope states. However, we
suppose that in our study, the distribution of isotopes for other nuclei than H (that is,
C,N,0,S) are negligible, and that we treat explicitly hydrogen separately from deuterium

when estimating the neutron polarised cross sections.

Expression for the general case The most general expression for the double-differential

cross section should write in the style of [Equation 1-10]:

do? 1 KoL
(deE) - QWhEO;Z
No Npg

/_ Z exp(—lQRm( ))B ()Tbm<>exp(z'QRB,j(t))> exp(—iwt)d.

In the case of a protein sample, the formula for the double-differential scattering cross

(1-19)

=

section is drastically simplified : there is no dynamic coupling between positions and
scattering properties of the nuclei, implying that the time-dependent operator B(t) can be
replaced by its value b at t = 0. There is also no position dependence of operator ZA), SO

that we can extract it from the thermal average.

14
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It yields the following equation :

(1-20)
/ Zzb ibs.i eXP<—ZQRm( )) eXp<iQR5,j(t)>> exp(—iwt)dt

7j=1 =1

b is the scattering length operator and bl its adjoint operator. The bar stands only for

neutron and nuclear spin averages.

We will introduce the derivation of the double differential cross section for two differ-

ent cases :

e A non polarised beam. The neutron beam is produced by the nuclear or spal-

lation source with the same amount of projected spins up (1, s = %) and down ({,

2
s=—1).

e The beam is polarised by means of neutron optics techniques [section 2.1.2| so
that the incoming beam is composed only of spin up neutrons (1) or spin down

neutrons (/) depending on the polarisation technique.

1.3.3 Scattering from an unpolarised neutron beam

In a classical neutron experiment, the beam arrives to the sample unpolarised, which
means that the neutrons spins are randomly distributed. It is the default set-up in neutron
spectroscopy experiments.

We express the average of scattering lengths operators :

P 1~ -
bl ;bs. = Ay jAs1+ Sl l51 B ;B

&fa/gj/l—o
A;;Aﬁ+ 5 I (I, + 1)| B,

(1-21)

~—
Ia"j[ﬁ’lzo

The last equivalence is due to the lack of correlation between the spin states of two differ-
ent nuclei j and [. Please note, for the calculations, that the spin operator is a hermitian

operator (6T =&, I = 1),
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Therefore the expression for the average of the scattering length operator is composed
of a term A’ A that holds for all pairs of nuclei where 57 = [ and j # [, and one term

}1(50[5[&(]0{ + 1)| Bo|? that holds only for pairs of the same nucleus where j = [.

This leads to a somehow natural decomposition of the double-differential cross section

into two contributions corresponding to those weights. Let us introduce the following

notations.
bcoh,a = Aa
1 ) (1-22)
binc,a - \/ZIOt(]a + 1)|BC¥|2

Which are directly expressed from the tabulated eigenfunctions bt and b~ of the scatter-

ing length operator. We then write :

[;L,jéﬂ,l = bZoh,abcohﬁ + 6jl|bincya|2 . (1‘23)

So we can split the double differential scattering cross section [Equation 1-20] into two

contributions :

e A coherent term summed over all pairs of atoms, displaying both “self-terms”

(j = 1) and “distinct-terms” (j # [). This term encodes interference effects.

e An incoherent term, corresponding only to “self-terms” (i = 7). This term does

not display interference effects.

How can we understand this splitting into two contributions, and what is the interest

behind it ?

Meaning of incoherent and coherent scattering lengths

The physical meaning can be retrieved for the scattering of single bound nuclei. Let us
write b as a complex value rather than an operator. We introduce again the scattering
lengths b* and b~ corresponding to the two available spin states of the whole system.

In the case of a non-polarised sample, the neutron and nucleus spin states are randomly
distributed such that all projections of the total spin S |+) are equivalently probable, so
that |4) is degenerated m* = 25t + 1 = 27 + 2 times and |—) is degenerated m* =

25~ + 1 = 21 times, see [Equation 1-14| It raises the following means for b and b* values :

16
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m*ot +m~b™ (I +1)b" + Ib™

B: =
+ —
m +m+ , i 22I—|—1 (1-24)
b_2:(1+1)(b ) +1(b7) ‘
21 +1

Direct comparison yields that term A in the scattering length operator b (]Equation 1—17[),

is equal to b (Equation 1-24). That is, beo, = b, [Equation 1-24] The same way, calculations

lead to b, = \/b_2 — 52, using eq [Equation 1-22| [Equation 1-17| and [Equation 1-24{

bcoh = l_)
. (1-25)
binc = b? — 52
For a mono-atomic sample with fixed nuclei, we introduce
Oinc = 47T|binc|27 Ocoh = 47T‘bcoh|2- (1‘26)

The incoherent and coherent cross sections, respectively. The coherent contribution re-
flects the structural dynamics of the atoms in the scattering system, and the incoherent
contribution results from single-atom contributions. Therefore, the coherent scattering
contribution is weighted by the spin-average of the scattering lengths b and b~ of a
nucleus, while the incoherent scattering contribution is weighted by their mean-square

deviation.

It is now useful to introduce the calculation of incoherent and coherent cross sections
in the case of 'H and ?H (deuterium) in . The large hydrogen incoherent cross
section is therefore both a consequence of the strong discrepancy between the scattering
lengths b+ and b~ corresponding to the two accessible spin states, but also to the gap
between degeneracies m=+ of the two spin states. It introduce a large variation in the
scattering amplitudes of a nucleus seen by the neutron, which is exactly what incoherent

scattering probes.
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Table 1-I: Calculations of hydrogen and deuterium coherent and incoherent scattering
lengths and cross sections.

1H (hydrogen) oH (deuterium)
Spin % 1
Scattering lengths | b~ = —47.4 fm, b* = 10.4 fm b= =1.0 fm, b = 9.5 fm
Occurrences n-=1,n"=3 n- =2 nt=4
by , (b*) (b) =—3.7 fm, (b*) =6.5 barn | (b) =—6.7 fm , (b*) =0.60 barn
beon, [23] —3.7 fm 6.67 fm
bine, [23] 95.27 fm 4.04 fm
Tcons 23] 1.76 barn 5.60 barn
Tine,s 23] 80.27 barn 2.05 barn

We emphasize the following remarks :

e The difference between the spins of two isotopes, especially for hydrogen and deu-
terium (table [Table 1-1I)); makes it a powerful tool for contrast when performing

partial or total isotopic change.

e Scattering lengths are tabulated for the bound states of a nucleus and are given

in for the nuclei composing biological systems. Let us notice that if the

M

i +mbbound, with m the neutron’s mass and M the nucleus

nucleus is free, bgee =

mass. Therefore the bound state assumption holds better for heavy nuclei.

e The imaginary part of the scattering length corresponding to absorption is negligible
for nuclei in biomolecules, therefore we consider that for any nucleus ¢ in our protein

sample, we have b = b;.

e Contrary to X-Rays, for which b scales with the square of the atomic number,
the distribution of scattering lengths for neutron scattering (both incoherent and
coherent) is erratic with respect the atomic number, see . This is therefore
a strong complementary method to other spectroscopy techniques, especially for

hydrogen-rich samples.

Why separate both contributions ? Large coherent or incoherent scattering lengths
in a sample will respectively favour information arising from different nuclei (useful for
diffraction, small angle scattering, the study of collective dynamics and phonons...) or
favour information arising from single nuclei (useful to study mean-square displacements,

self-dynamics, vibrations...).
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Table 1-II: List of scattering lengths and cross sections for the most abundant atoms in
proteins [23].

beor, [fm] | bine [fm] | 0con [barns| | oyne [barns] | oups [barns] | % in pGFP

H -3.7 25.27 1.76 80.27 0.33 0
D 6.67 4.04 5.60 2.05 0.00 49
C 6.65 0.00 5.55 0.00 0.00 32
N 9.36 2.0 11.01 0.5 1.9 9
O 5.80 0.00 4.23 0.00 0.00 10
S 2.85 0.00 1.01 0.00 0.53 0
Al 3.45 0.256 1.495 0.00 0.231

Vv -0.402 6.35 5.08 0.018 5.08

o ® O () ® o

Figure 1-2: Representation of the incoherent and coherent cross sections of nuclei present
in OH.coh 18 In red to denote its coherent negative scattering length, corre-
sponding to an attractive Fermi-potential.

Hence, next section will focus on how a fully polarised beam permits to separate easily

both contributions.
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1.3.4 Scattering from a polarised neutron beam

In the case of a polarised neutron beam, the initial |o) and final |¢o’) spins of the neutron
are produced and analysed such that they are projected upon one spin-state (1 or J);

Therefore, the double-differential cross section obtained is partial on the neutron’s

spin :
do? 1 L E
<deE) o %EZZ
o—0 a=1 p=1
00 No Np _ _ ~ R
/ S5 (ol 10" (ol bs yo><exp(—¢QRa,j(o>) exp (iQRﬁ,l(t>)> exp(—iwt)dt.
=00\ j=1 1=1 " ~~ d

No magnetic order

(1-27)

Where the horizontal bar stands now only for the nuclear spin average.
Now, we need to evaluate the matrix element (0| b|o’) for each neutron initial and final

states. Let us denote |u) the spin-up state (1) and |v) the spin-down state ({).

It is performed from the expression of the scattering length operator ([Equation 1-12]),

by using the Pauli matrices properties in cartesian coordinates :
Oy luy =v, oylu) =1iv, 6,|u) =u 0,|v) =u, G,lv)=—iu, 7,v)=—v,

and by developing the scalar product 61, such that for any {o,0’} in {|u), [v)}: (¢/|b|o) =
(0| A+ 1B (@jx + 6,0, + &Zf;) o).

It yields :

(ulblo) = A+ SBL (1)
Non spin-flip (nsf) : ) 1. (1-28)
(v|blvy =A— §BIZ (W)

Wbl = 5B (L+il,) (1)

Spin-flip (sf) : A 1 . A
wlbp) =3B (L —il,)  (14).

(1-29)
(u|u) and (v]v) denote a non spin-flip event (the spin of the neutron has not changed
upon scattering), while (u|v) and (v|u) denote a spin-flip event. We can already guess
from formula that for a non-magnetic sample, where nuclear spins are disordered, the
cross sections for spin flip events are both equivalent, and the same stands for non spin-flip

events : we require only two measurements to reach the whole information in longitudinal
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polarisation analysis (one spin projection axis long z).

We remind that, since the nuclear spins are randomly oriented :

~

- 1
Loye=0, 2, =211 +1),

x7y7z

We now treat the spin-flip and non-spin flip derivations of the nuclear spin average of the

scattering length operator introduced in the partial scattering cross section, [Equation 1-27|

e The non-spin-flip case. We do the calculations for spin-up |u) polarization, how-

ever the same result holds for spin-down |v) polarisation.

1

- - o - [
(ul bl s [u) (ul b [u) = A% Apy + SABL g+ SAB o1 + 5

B} Bsjl:ailp,;

1/1
= A% Az + 5&,55 (Z|Ba\21a(la + 1)) :

Since fa,ifg,j =0 if i # j. Comparing to [Equation 1-22| we retrieve

- - . 1
<O—’ b:;aj |J/> <OI’ bﬁ’l ‘0—>n0n spin-flip - bcoh,abCOth + 6017,3567,2710,04 : (1_30)

e The spin-flip case. We do the calculations for spin-up |u) polarised neutrons,
analysed for final spin down |v) neutrons, however the same result holds for |v) — |u)

polarisation.

. - 1 . . . -
(u] BF; v} (v] bsy [u) = ZBZ,jBﬁ,l(f:c,a,j +ilyp1)(Leay —ilyp,)

1 2
= —|B,I?ZI,(I, +1).
1| Bal* 5 la(la+ 1)

The same result holds for spin flip from spin-down |v) to spin-up |u). Comparing

to equation |Equation 1-22] we retrieve that :

- - 2
(o] L [0") (0| b, |or) = 00,62 Vinca | (1-31)

spin-flip 3 nea

Finally, the implication concerning cross sections is obtained fromEquation 1-30[and [Equa-|
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used in [Equation 1-27|

(@), ...~ (aai) ..., 2 (awe)
dQdE coherent dQdE non spin flip 2 \dQdE spin flip

(@008, =2 (d008)
dQUdE incoherent 2 \dQdE spin ﬁip.

Remark : Beam polarisation permits separation of contributions, but nuclear polar-

(1-32)

isation is also a feasible contrast agent. Polarised beam could perhaps benefit one day
from a resurgence of interest in dynamic nuclear polarization (DNP) at low temperature
(T =~ 1K) for the study of biomolecules [50, [51], which improves contrast and decreases
the intensity of incoherent scattering through polarisation of hydrogen and deuterium

nuclei from paramagnetic centers spread in the sample.

1.3.5 Scattering functions and properties

The double differential cross section is the quantity that is directly probed instrumentally.
For the sake of simplicity, we englobe all atomic pairs under subscripts j and k and do

not sum on each nucleus type anymore, but on the total number of nuclei N.

(d‘(l;’;E) s /Oo (ikf;r (exp (i R-(O))exp(zQRk(t))>) exp(—iwt)dt |

s

(1-33)
With
Lk = (bzothcoh,k + (Sjk|binc,j‘2) ) (1-34)

in the case of an unpolarised beam. We introduce the dynamical structure factor
S(Q,w), with N the total number of atoms in the target. This function is directly a
probe of the sample’s dynamics and does not explicitly depend on the momentum of the
neutron.

From this function, two other functions can be deduced using Fourier Transforms, since
r and Q are quantum conjugate variables : the intermediate scattering function

F(Q,t) and the time-dependent pair-correlation function G(r,t).
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S(Q,w) = — /_ " P(Qu 1) expl—iwt),

2 J_
Glr.t) = — /+°on F(Q, ) exp(—iQr). e
o /o

displays how the three functions relate in the case of a simple exponential
decay for the intermediate scattering function.

The three functions are paramount : S(Q,w) is probed with most instruments, F(Q,t) is

Fourier transform Fourier transform
S(Q w) — F(Q,t) S G(r,t)
1.0
.020
— Q:2.1A7 0.8 — Q:2.1A" mﬁooz — t:10ps
10" 1c 0.015
% g6 = 0.010
d 105 204 5; ’
b7 0.2 0.005
0.0 — 1 0.000 ]
1.0 -05 00 05 1.0 0 s 1o 15 20 0 2 4 6 8 10 12
hw[meV] t{ps] Al

Figure 1-3: Examples of the three scattering functions obtained by Fourier transform, in
the case of a single exponential decay with diffusion constant D = 0.0SAst_l.

probed with the neutron spin-echo technique, and F(Q,t) and G(r,t) are more convenient
to build models for relaxation and diffusion of nuclei. Our model presented in
is built from the intermediate scattering function F'(Q,t).

The classical limit

It is very important to notice that time-dependent position operators R(t) do not commute

with each others. It is obvious from Heisenberg representation, [Equation A-17] : the

Hamiltonian H is a function of p, the momentum of the nucleus, which does not commute
with the position operator.

They do commute at two conditions :

o At t=0.

~

e In the classical limit (A — 0) R(t) are no longer quantum operators but simply

space coordinates. It corresponds indeed to the condition % < |hw| (the recoil
energy of the neutron is negligible compared to the energy exchanged from/to the

neutron by the system) [21].

In the classical limit, S(Q,w) and G(Q,t) are real and even functions. For disodered

systems, it also applies to 1(Q,t) [52].
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In the general (quantum) case, in the frame of a Boltzmann distribution of energy
levels in the nucleus, the dynamical structure factor for energy loss and gain, are related
by the detailed balance (where Q reversal is supposed to have no effect in our isotropic
sample) :

5(Q, —w) = exp(—fhw)5(Q, w). (1-36)

It means that the probability that enery exchange occurs from the neutron to the nucleus
is lower by exp(—hwf) compared to the nucleus—neutron energy exchange.

It implies that, as well, the intermediate scattering function is non symmetric :

F(Q,—t) = F(Q,t + ihp), (1-37)

which is taken into account when adapting the quantum-correlation function to our clas-

sical model, [subsection 2.2.4]

Neutron scattering spectra in proteins

Proteins are complex systems with a quasi-continuum of accessible energy levels. However

we usually distinguish 3 different regimes of scattering, their energy scales are presented

in [Figure 1-4

e Elastic scattering : it corresponds to AE = 0, there is no detectable energy ex-
change between the sample and the neutron. However, this is dependent on the
instrument’s resolution : all non-resolved energy exchanges for which neutrons are
too fast to be detected appear as elastic scattering. Hence, it experimentally appears
as a broadened peak around hw = 0 in the shape of the instrument’s resolution.
Typical information : measurements of Mean-Squared Displacements (MSD), ge-

ometry of confinement of diffusing particles.

e Quasielastic scattering (QENS): it corresponds to small energy exchange (=
sub-meV) both sides of the elastic peak. It equivalently correspond to slow dynamics
of nuclei submitted to stochastic forces. Statistical physics provides models to relate
the shape of the spectrum as a function of Q and w to macroscopic properties of
the sample.

Typical information : characteristic times of diffusion and relaxation in the sample

(translational, rotational).
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e Inelastic scattering (>> meV) : it probes collective excitations (phonons) and
vibrations. An advantage with respect to other spectrocopy techniques is the lack

of selection rules.

Typical information : densities of vibrational states, dispersion relations of acoustic

and optical phonons...

Neutron scattering is therefore a strong probe for dynamics in materials due to this large
accessible energy range. In this manuscript, we are mainly concerned with sub-meV

processes (elastic scattering and QENS).

%% ; AN
y <@- 19)? >
| AL AL A
~ | Elastic scattering ~ A I J
g ] T 0, symmetric stretching  asymmetric stretching bending
\:;; 13 Molecular vibrations
Phonons
Diffusion, /
relaxation
A o
. ‘\ : .
SN ~ 10 — 100 > 100 Excitation
= »_J QENS ~1 meV meV energy (hw)
' meV

Figure 1-4: Schematics of the excitations in the sample at the atomic scale, observable
with neutron scattering, as a function of energy exchange. Adapted from [53, [54, 55, |56].

1.4 Introduction of a model for the neutron scatter-
ing intermediate function to encompass both self
and collective dynamics in proteins

This section relies on the formalism introduced by Kneller et al in [37, 38] that he and
collaborators further applied to protein dynamics [39, |40, 42] and confined water [57].
Ref. [42] proposes a pedagogical introduction to the model in the case of a multi-domain

protein, where both following models are used describe the dynamics of hydrogens.
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1.4.1 A model for the autocorrelation of a dynamic variable in

the frame of fractional brownian dynamics (FBD)

In this section we introduce the solution for the normalised auto-correlation function ¢(t)

o(r) = 2Ow(D) (1-38)

of a complex dynamic variable x subject to a Fractional Ornstein Uhlenbeck process

(FOU), where the autocorrelation is defined as

(x(0)x(t)) ://dxode(x,t;xg,O):vox. (1-39)

P(x,t;20,0) = P(x,t|zo,0)P(xg,0) is the joint probability of variables z(t) and x(0). * is

the complex conjugate.

The Ornstein-Uhlenbeck (OU) Process

The Ornstein Uhlenbeck process models nuclei confined in space, via a quadratic potential
V(z) = 527 acting as an external force on the nucleus [58].
It means that P(z,t) = P(x,t|xg,to), the transition probability density of x to move from

zo at time to to = at time ¢, can be solved with the Fokker-Planck equation [59, |60] :

OP(x,t
% = LrpP(z,1),
) (1-40)
here £ 0 (z) + L9 (z)
wher =——a1(2) + ===as(x
FP ax 1 281’2 2 3
with drift coefficient a(z) = —nx such that n is an inverse relaxation time and the
fluctuation coefficient ag(z) = 2D with D the diffusion coefficient. The fluctuation-
kT _

(2%)eq, With (2%)., the mean-square displacements

. . . D _
dissipation theorem states Pl

at equilibrium. Initial conditions imply that P(xz,0) = d(z — o).
The solution to such a process is simply an exponential decay with relaxation time 7,
such that the transition density probability of x follows a Gaussian distribution with

standard-deviation /D /n [61]:
2
P(zx,t) = %exp (—%) , (1-41)
¢(t) = exp(—nt). (1-42)
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The Fractional Ornstein-Uhlenbeck (FOU) Process

The Fractional Ornstein-Uhlenbeck (FOU) process brings in memory effects [62, 63]. It is
necessary in order to get non-exponential decays of the relaxation function, as are probed
in proteins due to their heterogeneous behaviour [64]. It is furthermore required to model
a more “adequate” environment for the dynamic variable : a walk in a rugged harmonic
potential [65] where the effective stiffness is the one of the OU process, but series of local
minima are encountered and are reminiscent of the picture of the protein energy landscape

[66,67]. The “fractional” aspect comes from the introduction of fractional derivatives [68]

in the Fokker Planck equation, [Equation 1-40|:

OP(z,t)

9 = 7:170[ ODtliaﬁppP(l',t), (1_43)

where ¢ D; ™ = 4 fgd (-

(1), defined for an arbitrary function f (here, LppP(z,1)),
is the Riemann-Liouville fractional derivative of order 1 — v with respect to t. I' is the

Gamma function and 717 is a scale factor to preserve dimensionality.

In this case, the solution for the autocorrelation function brought by [Equation 1-43|is a

generalized stretched exponential, the Mittag Leffler (ML) function F,,[t]

o) = B |- (f)] , (1-44)

where 7 is the relaxation time

T = 1-45
7 (1-45)
The ML function is defined by the series [69, 70, [71],
1-4
Z 1+ ak (1-46)

k=0

with z € C and o € C.
It can be understood as a “generalization” of the exponential function for fractional
calculus, such that exp(t) verifies dfd—g) = f(t) and E,(t*) verifies & (t) =0 D~ f(t) for an
arbitrary function f, therefore explaining that it arises as the solution of the fractional
Fokker-Planck equation. It interpolates between a stretched exponential at very low times
EQ(t) = exp(—

and a power law function at very long times : E°(t) = see

F(l a) (1+a)>
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[Figure 19 (0]

In the limit a — 1, the Mittag-Leffler function is the solution to the OU process ¢(t) =

exp(—nt).

Figure 1-5: Interpolation of the Mittag Leffler fonction (blue full line) between a stretched
exponential (green dotted line) and a power law (red dotted line) as a function of time,

adapted from [70].

Brownian Diffusion  Fractional Brownian
Diffusion (FBD)

Potential seen by the
dynamical variable

@ Trajectories of the
dynamical variable

Orstein-Uhlenbeck (OU) Process

X(t)
% {l‘n‘ 1 @ Time-dependence of
W‘“ i /1;\ ] time the d ical iabl
N RV ; ynamical variable
1 ﬁ‘ Mm‘ﬁ \“( A me 4
-2 fJ ! -2
OU process, T = 0.3 FOU process, 7=0.3,a =0.3

Figure 1-6: Figure adapted from , illustrating the behaviour of the dynamic variable
in a quadratic potential, in the case of normal and fractional Brownian diffusion.

Mori-Zwanzig formalism and memory effects

The concept of “memory effect” is perfectly illustrated in the Mori-Zwanzig formalism,
which is briefly described to enhance the difference between simple diffusion and fractional
diffusion [72] [73].

The derivative of the dynamic variable z(p,q) dependent on phase space variables is
determined by the Liouville operator L, such that Cfl—f = Lx. L is separated into its
projection onto the dynamic variable space, and onto the orthogonal space of non-relevant
variables.

It yields a generalized form of the Langevin equation were “slow” and “fast” varying
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functions do not have to be specified, avoiding strong hypothesis on the timescales of the
Brownian particle velocity with respect to its environment. Indeed, projectors naturally
express the derivative of the dynamic variable as the sum of a “friction term” fg drr(t —
7)x(7) and a “fluctuating force” f*(¢). The latter is projected onto the orthogonal space
and is uncorrelated to the dynamic variable x such that (z, f*(¢)) = 0. For a classical

system one gets :

o0+ [ dra(e—ryalr) = 10 (1-47)

From this, we get an expression for the derivative of the autocorrelation function ¢(t) of
x, for which the fluctuating term disappears, only the friction term remains.
Let us notice that the remaining term is the convolution of ¢(¢) with a “memory kernel”

k(t), where k(t) is determined by the autocorrelation of the fluctuating force f*(¢).

%gb(t) = —/0 drr(t — T)o(T). (1-48)

The memory kernel for Brownian dynamics For Brownian motion, i.e. free dif-
fusion, the memory kernel is proportional to the Dirac distribution function for an expo-

nential decay

K(E)an = —5(8). (1-49)

-
Hence, no “memory” effects. It gives rise to the “Gaussian noise” of the fluctuating func-
tion introduced in the Langevin equation formalism, which models the weak interaction

of the particle with its surrounding environment

The memory kernel for Fractional Brownian dynamics The memory kernel for
fractional Brownian motion, which is a non-Markovian process, takes a more complex

form. For the Mittag-LefHler function, for ¢ > 0, it writes

oo = o (Ti) (1-50)

and expresses, in a nutshell, how the fluctuating force determines the time-evolution of
the auto-correlation function. It accounts for the large number of interacting particles,

where the mass of particles in the bath are sensibly close to the diffusing particle.
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1.4.2 Application to the intermediate neutron scattering func-
tion
The intermediate neutron scattering function

Now, why being interested in the autocorrelation function of a dynamic variable 7 When
it comes to neutron scattering, the quantity obtained with experiments is the dynamic

structure factor,

S(Q,w) = — /_ " P(Q 1) exp(—iwt). (1-51)

2 J_
where Q and w are, respectively, the momentum and energy transfer from the neutron
to the scattering atoms in units of A. It is the Fourier-transform of the intermediate

scattering function F(Q,t)

FQ.1) = % > teexp(~1QR,0)) exp (1 (1))

1 A A (1-52)
=~ Z g I r(exp (—iQRj(O)> exp <ZQRk<t)>>

N is the number of atoms in the sample, (...) denotes a quantum ensemble average, and

Rj(t) is the position operator of atom j in the Heisenberg picture. We write
Ljr= (bzoh’jbcoh,k + 5jk|binc,j‘2) ) (1-53)

where b; con is the coherent and b, i, the incoherent scattering lengths of atom j.

Separate terms weighted by coherent and incoherent scattering lengths raises the inco-
herent and coherent intermediate scattering functions. They can only be separated with
polarisation analysis. We recall that the coherent part reflects the structural dynamics
of the atoms in the scattering system, and the incoherent part results from single-atom
contributions. Separating the sum into “self” terms (j = k) and distinct terms (j # k)
emphasises that incoherent scattering is only self scattering, while coherent scattering is

composed of both a self and distinct parts.

Introduction of a dynamic variable

General case We need to introduce a dynamic variable x(Q,t) to account for both

self and distinct scattering [37, 42]. It is a collective variable, expressed as the sum of all
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nuclei

t) = Z%‘&%‘(Q t), (1-54)

where w; are weights determined by scattering lengths (w; = b; for total scattering and

beon for coherent scattering), and
55;(Q.1) = exp (iQR; (1)) — (exp (iQE;(1))), (1-55)
is the temporal fluctuation of the Fourier transform of the particle density,

5(Qu1) = / " dr exp(iQU)S(r — ;). (1-56)

—00

from its equilibrium.

We introduce the Elastic Structure Factor (ESF)

ESF(Q) = Jim F(Q.1) = |(x(Q)P| (1-57)

F(Q,0) is the static structure factor S(Q)

+o00o
F(Q.0) = 5(Q) = / 2o S(Q,w) | (1-58)

o0

such that the intermediate scattering function is a function of ¢(t), the autocorrelation

function of x(Q,t). F(Q,t) relaxes from S(Q) to the ESF(Q) via ¢(t),

A~ TA
F(Q,t) = ESF(Q) + (S(Q) — ESF(Q)) <<;(< ’ ))Tié(( ))>> (1-59)

g

(t)

T indicates the Hermitian adjoint. The calculations are provided in the Appendix,
ftion A-201

Incoherent scattering We introduce, in the special case of incoherent scattering, the

self dynamic variable xser;(Q,?) of a single atom j

3(Q. 1) = w;0p;(Q, 1)}, (1-60)
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where w; = bjin.. Thus, the intermediate scattering function is instead the sum of auto-

correlations of N individual variables.

=N

o _ l Xself,] Xself,j (Q7 t)>
Far(Q,t) = EISF(Q) + (1 — EISF(Q NZ (Yoott; (Q )szelf,j(Q,O» . (1-61)

b(t)

J=1

F(Q,0) = 1, and F(Q,0) corresponds to the Elastic Incoherent Scattering Factor,
EISF(Q).

Hydrogen atoms are abundant and homogeneously distributed within a biomolecule.
Combined to the large incoherent cross section of hydrogen nuclei, it usually entails to ex-
press ¢(t) for a protonated protein in D;O as a sum of individual self variables stemming

from protonated hydrogens only, such that 7 € H.

Introduction of a model for protein dynamics

We suppose, in the general case, that x(Q,t) is submitted to a FOU process. Hence, we

model its autocorrelation with a Mittag-Leffler function

(1) = En {— (;)a] | (1-62)

o(t) takes its values in [0,1]. Hence, the autocorrelation function in [Equation 1-61| in

replaced with [Equation 1-62

Hence, we emphasize that it is the dynamics of the collective variable x(Q,t)
(coherent scattering) or an average of all self variables Xger;(Q,?) (incoherent
scattering) that we analyse with the model all along the manuscript.

Therefore, to model the intermediate function F(Q,t) in the general case without assum-
ing self-diffusion, we introduced a 3 parameter model dependent on parameters 7, o and

ESF which are )-dependent parameters.

A few remarks

e Let us notice that the dynamic variable is a function of Q, as opposed to usual
models expressed in the Van-Hove formalism [18], where the dynamic variable is the

particle density and depends on position r.
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e In practice, relaxation functions are defined such that ¢(Q,0) = 1 and ¢(Q, c0) = 0.

They require to normalize [Eiquation 1-59| such that :

1
Jim F(Q,0) =+ Zj:rjj = 1. [75] (1-63)

1.4.3 Physical meaning of the FBD model applied to protein
dynamics
Properties of the Mittag-Leffler function

Further than being the solution of fractional Brownian dynamics processes, appearing in
complex energy landscapes [76, 66, 77|, the Mittag-Leffler function has several mathe-
matical properties making it a strong candidate to model slow processes in biomolecular

systems.

o

1. The Mittag-Leffler function tends to a power law for long times : E,(t) ~ i a)”

t—o0
which is typical for proteins and, more widely, complex systems [78, (79, 80, 81].
Therefore it is an asymptotically self-similar function, meaning form-invariant under

the scale transformation t — ut for any p > 0.

2. Furthermore, in the frame of asymptotic analysis [82], Kneller et al essentially prove
that any relaxation function that follows an asymptotic power-law decay and which
memory kernel reaches almost instantaneously its asymptotic form (i.e. in a time
7* negligible with respect to the relaxation time 7 of the system) is expressed by a
Mittag-Leffler function. It highlights the inherent requirement to use this particular
function for systems following power-law relaxations when external force fluctuations

are rapidly set.

3. In [83], Kneller et al extend the range of self-similarity by introducing a “weak”
self similar asymptotic form for the Mittag-Leffler function at very long times and
its derivatives at very short times. The asymptotic behaviour is approached by
expressing the Mittag-Leffler function as the product of a self-similar power law

L(\t) t—00

function f(t) = (rt(/ﬁ_o; and a slowly varying function L(t) verifying Zo ~ 1 and

tlim L(t) = 1. This form extends self-similarity on a larger timescale both ends of
—00
the spectrum. It indicates the Mittag-Leffler function as a good candidate for self-

similar relaxation spanning on several decades, which is a property found in proteins
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[1]. Nb: Both weak self-similarity and the requirement for a fast converging memory

kernel increase when « (heterogeneity) decreases.

4. For a — 1, a single exponential decay is retrieved for the relaxation function :
lim, .1 E,(t) = exp(—t) and the power law long time tail vanishes. This has been

observed experimentally for bulk water [57].

By definition this model does not resolve single processes. It englobes all processes as a
whole, considering that the complexity and heterogeneity of the system does not permit
such a decomposition into elementary diffusive, rotational and vibrational motions as is
often performed even in such complex systems as proteins. The model does not require

that the conformational space be fractal to use fractional dynamics.
Interpretation of the 3-parameter model
The model is minimalist and enables to fit only 3 ()-dependent parameters
1. the form parameter o = a(Q),
2. the time scale parameter 7 = 7(Q),
3. the elastic intensity F(Q, o).
Let us discuss briefly how those three parameters shall be interpreted :

e The order of the fractional derivative, the form parameter 0 < o < 1, models the
heterogeneity of the system : it can be understood from the concept of memory
kernel where it models the impact of the environment and its delay with the friction
term. It can also illustrates the heterogeneity of internal processes in the protein,
(modeled by exponential decays with a broad range of relaxation times) or the non-
exponential decay of individual nuclei. It is because the spectral distribution of the

Mittag Leffler function writes, with dimensionless rate A

E. -] = /000 p(A) exp(—At)dt. (1-64)

where the relaxation spectrum p, () is equal and expressed as :

1 2sin(ma)

) (A)* + (A) " + 2cos(ma) (1-65)

PalA) =
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Figure 1-7: Relaxation spectrum p,(\) of the Mittag-Leffler function, |Equation 1-65|

e 7 is a scale factor defined in [Equation 1-45 describing the time scale at which dy-

namics occur. It is highly dependent on the instrumental resolution. il-

lustrates how 7 differs from the relaxation time of an exponential function. Noticing
that the exact same expression holds for the rate and time spectra of the Mittag-
Leffler function, one sees onthat the distribution p,(A) broadens strongly
around 0(z — 1) (exponential case) already for a = 0.99, and is distributed along a

large range of values and diverging at A = 0 when a — 0.

e The ESF is the asymptotic plateau value towards which F(Q,t) decays. Normali-
sation by [Equation 1-63| yields 0 < ESF(Q) <1 and g)irrbESF(Q) =1
—

1.4.4 Review of usual models for incoherent neutron scattering

in proteins.

Incoherent QENS in proteins consists in probing self diffusion of the hydrogen atoms, and
most models are indeed expressed in the classical limit of the Van Hove formalism where

operators R commute
1
Guneatlr, ) = 3 / dr(exp (r — (Ry(t) — Ry(0))). (1-66)

It is usually tackled by assuming that distinct processes are at stake in the sam-
ple and can be multiplied due to their dynamic independence . Usually, distinction
is performed between translational diffusion (L), rotational diffusion (R) and molecular
vibration (V).

Fae(Q, ) = Flo(Q, ) FE(Q, ) FY.(Q 1). (1-67)
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Diffusion While proteins in solution undergo translational and rotational diffusion of
their center-of-mass, protein powders only display localised confined motions, hence a non-
vanishing ESF(Q). The latter processes are usually expressed from Markovian models and

analysed in w-space from S(Q,w) :
1 T(Q)

HQ) +w? (1-68)
& F(Q,1) = EISF(Q) + (1 — EISF(Q)) exp(T(Q)1),

S(Q,w) =FEISF(Q)§(w) + (1 — EISF(Q))

where S(Q,w) and F(Q,t) respectively take exponential and Lorentzian forms, I'(Q) is
the HWHM of the Lorentzian function. Most models in w-space can be expressed as
a single Lorentzian (Fick diffusion) or an infinite sum of Lorentzian decays (Hall and
Ross, diffusion inside a sphere, isotropic rotational diffusion models). For proteins, the
first term of the sum is usually enough to describe the motion, since amplitudes of terms
decay rapidly for n > 1 for @) sufficiently small, where n is the incrementation term of the
sum of Lorentzians. Furthermore, considering the whole sum would significantly increase
the number of parameters.

In a nutshell, those models provide explicit timescales of motion (diffusion coefficient,
residence time..) with I'(Q), and information on confinement geometry with ESF(Q). A

few models are briefly introduced here [84], in the case of 1D diffusion, illustrated with

rQ) r) R%MCHCCF(Q) F(Q)’
‘ |—/ ’ time Confinement,
Q Confinement Q 1

Figure 1-8: Illustrations for the Fick free-diffusion, confined Hall-Ross diffusion, diffusion
inside a sphere and isotropic rotational diffusion from left to right. Sketch of the particle’s
motion and I behaviour as a function of Q2.

e Fick diffusion (translational) : Accounts for the translational diffusion of a free

particle (no external potential), with no boundary conditions. In the Fokker-Planck

equation [Equation 1-40| applied to the position r it consists in setting a;(x) = 0,
as(x) = 2D.
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It yields a solution of the form of [Equation 1-68 with I'(Q) = DQ? ESF(Q) = 0.

e Hall and Ross model (translational) [22] : Defining 3 dynamical parameters, the
model accounts for non-continuous diffusion within boundaries of width L due to
uncorrelated jumps, which lengths are distributed according to a Gaussian distri-
bution defined with (r?) = 3r2. During jumps, the particle diffuses with diffusion
coefficient D. In between two jumps, the residence time 7 of the particle is defined
such that the number of jumps follows a Poisson law. This is a special case of jump-
diffusion models, which are largely used to analyze global motions in solubilized
proteins [6], hydration water [85], as well as protein localised motions [6].
Dynamical parameters : For low @ (= large r, confinement) I'(Q) = ”L? , and for

higher Q, I'(Q) = %(1 — exp (—%)), Geometry : EISF(Q) = 70(QL/2) (jn

are the spherical bessel functions of order N).

¢ Diffusion in a sphere [86] : Considering a free particle inside a sphere of radius R
(V(r) = 0 when r < R) with boundaries set by an infinite radial potential outside
the sphere (V' (r) = c0), Volino and Dianoux introduced a model for a particle free-
diffusing inside a sphere based on spherical harmonic decomposition. Only the two
first terms of the sum of Lorentzian functions are usually accounted for as explained
in [87]. Eg : hydration water motions [87], protein localised motions in powders [8§]
Dynamical parameters : low @ (confinement) I' ~ 4.33 D/R, large @ (diffusive
motions) ' & DQ?* Geometry : EISF(Q) = (37:1(QR)/QR)*.

e Isotropic rotational diffusion [89] : Random small-angle rotations with no spe-
cific preferred orientation on a sphere of radius R, leading to rotational diffusion
with coefficient D,.. Many refined models account for preferred orientations in a
finite number of sites. Dynamical parameters : T' = 2D,, no Q-dependence (no
translational motion). Geometry : Ag(Q) = j2(QR). Eg : localised rotations of H

atoms in fluorescent proteins [90, 91].

However, regarding the complexity of protein motions, our fractional model rather as-
sumes coupled and indistinguishable motions, far from exponential behaviour. Some

models also following the same paradigm :

e The complexity of protein motions is also often accounted for by the Kohlrausch—Williams—Watt
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(KWW) function. It is applied in time-domain

F(Q, ) = exp <_ (£>B> (1-69)

It is a stretched exponential used to describe the final decay in the Mode-Coupling
Theory (MCT) accounting for the dynamics of glass-forming materials [92] and
applied to protein [88] and water [93] localised motions. It yields similar parameters
to our model, 3, which can also be understood as a motional heterogeneity (5 — 1
retrieves the exponential relaxation) and 7 a timescale of motions, and is similar
enough to provide comparison with our own results. However, it does not provide

an analytical memory kernel.

e Some authors rather work with the dynamic susceptibility " (Q,w) = S(Q,w)/nb(T, E)
with nb(T, E) the temperature Bose factor. This formalism is derived from linear
response theory. Using a Cole-Cole function raises a Mittag Leffler function in time-
domain [94], and has also been used to model the GFP protein localised motions

[91]. Hence, it also provides a baseline for comparison to our model.

Vibrations Usually, harmonic vibrations are accounted by a Debye-Waller factor

Fine(Q, 1) = exp(—({r}) + (r1)Q%), (1-70)

with (r2) and (r?2) MSD corresponding to internal and lattice vibrations. However in
proteins, it is often encountered (e.g. the Boson Peak) that collective vibrations spanning
a large portion of the proteins present strong softening (close to the QENS region, ~
3 meV) and anharmonicity with an excess of vibrational density compared to what is
expected from the Debye model, reminiscent of glassy dynamics. Those motions are

usually modelled with log-normal functions [95, 96 97].

1.5 An overview of coherent quasielastic scattering
modeling in soft matter and proteins

We present here the current situation for the study of coherent quasielastic scattering in

proteins and more generally soft matter. We focus on the work of Arbe et al. which

greatly influenced us as reported in [chapter 3| and |chapter 4, It requires the knowledge
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of the different neutron spectrometer types and characteristics, see [subsection 2.1.3| and

isubsection 2.2.2

1.5.1 Models for coherent scattering in soft matter

The collective information encoded in quasielastic coherent neutron scattering has been
scarcely studied in proteins so far. Contrary to some liquids which can provide coherent
data in the @) region where TOF and backscattering spectroscopy are performed 98], pro-
tonated biomolecules are inherently highly incoherent scatterers. Therefore, it requires
per-deuteration [24, 25, scattering from a polarised neutron beam [33], or ideally both
methods in order to study directly coherent dynamics : it is costly, and adapted instru-
mentation is rare.

Nevertheless, models for coherent scattering have been investigated and cover small

Q> 0.0lAfl) and large (Q > 1A71) Q) ranges:

e At long timescales and for motions spanning large distances (> nm) englobing sub-
units of the system, neutron spin echo (NSE), which is more adapted to protein
solutions due to the fast decay of internal modes, gives access to coherent scattering
(F(Q,t) = Feon(Q,t) —1/3 Fiyc(Q, t) in the classical description). This is inherent to
the technique, relying on the precession of the spin of the neutron. Models emerged
to understand collective dynamics in proteins : coarse grain models for polymers
(Rouse model, reptation dynamics... [99]) applied to intrinsically disordered protein
[100], study of domain motions 101} |102] or global diffusion and internal motions
[100, 3]. Analyses of internal motions can benefit from the investigation of the
principal normal modes in the protein |100} 24]. However, it concerns much larger

amplitudes than what TOF and even backscattering can probe.

e On the contrary, at local scales close to near-neighbour distances (Q ~ 1.5 — 2A71),
a few models account for collective dynamics directly from the knowledge of self-
dynamics and the structure of the sample which is embedded by S(Q),
Both incoherent and coherent timescales tend to merge at that scale, but the
coherent one undergoes a "De-Gennes” rescaling [103] : an increase of the relax-
ation timescale at the main diffraction peak due to increased space correlations,
predicted from the 2nd and 4th moments of the sum-rules of the intermediate
scattering function. A first convolution approximation was proposed initially by

Vineyard [104] for monoatomic liquids, proposing Scon(@,w) & Siot(Q)Sinc(Q,w).
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Upon violation of the moment relation and liquid properties at very low Q, more

adequate Ansétze were then proposed over the years by Skold where Son(Q,w) ~

Stot (@) Sinc (Q/\/ S(Q), W) Or Swingi

rect adequation for ) large enough and even for complex systems [106].

[u—y

05| for instance, and demonstrated cor-

However, there is a lack of available models at intermediate scales spanning intermediate

() ranges, as illustrated on [Figure 1-9| (Q =~ 0.01A" to Q ~ Qmaz ~ 1.5A) for the cases of
polymers or more generally glass-forming materials [107, [108]. Minimalist interpolating

models for distinct coherent scattering were proposed for glass-forming liquids [109] and
polymers [108]. It bridges the gap between the Q-independent mean relaxation time (7) for
() — 0 and the diffusive 7 perturbed by structural correlations (Q — Qmax). Still, those
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Figure 1-9: Graph proposed by Colmenero in [108] to illustrate the Q-range where coherent
scattering lacks a unified model, grounded on physics arguments, in the case of glass-
forming materials.

models are not casually used, and model-free approaches [31] or stretched exponentials
are also proposed to model F(Q,t) this @ region. However, to our knowledge a
formalism that applies to protein internal dynamics has never been put forward. Hence,
for many reasons, coherent protein dynamics at the local scale remain experimentally

unexplored and lack theoretical background.

1.5.2 A model introduced for the dynamics of liquids studied

with polarized neutrons

Arbe et al have introduced a model, [Equation 1-71|, for incoherent and coherent neutron

scattering in both D,O and deuterated tetrahydrofuran (THF, used as a model for a
simple Van-der-Waals liquid) | applied to a similar @) range ([0.4,2.2] Afl) to

40



Chapter 1, Theory

ours corresponding to “Intermediate Scales” (ILS) below hydrodynamic scales and above
intermolecular distances. This is especially interesting for us regarding the importance
of DO hydration water in our sample. Similarly, it was performed on polarised LET
instrument with incoming energies 1.05, 1.81 and 3.84 meV at a temperature of 7' = 300
K([32].

The intermediate function accounts for vibrational processes with F,(Q,t) described as
a damped resonance term with an amplitude (1 — C(Q)). Simulations have identified it
with hydrodynamic-like modes [113]. The other term with amplitude C(Q) corresponds
to a pure relaxational process [,.(Q,t). They argue that relaxation can be expressed as
the product of two independent processes :

-One corresponds to a diffusional process with time-constant 7,4, which can be estimated
from incoherent (self) scattering.

-One is a “local” Q-independent process that they identify with the forming and breaking
of H-bonds during the relaxation of the H-bond network of DyO [112]. Its relaxation time
is 7.0. It has a -dependent amplitude (1 — A(Q)).

Reformulating this model to factorize it by A(Q) introduces two effective time constants :
T4, a diffusive relaxation time, and 7. = (ﬁ + %) _1, the Q-independent mode affected by
the diffusional process. Hence, we emphasize that the model is based on a bi-exponential

Markovian relaxation, making it not directly comparable to our results.

Fun(@:8) = S(Q) | (1= CQ)E(Q.1) + C(Q) (1= A@))e ™% + A(Q)e )

(& J/

o (1-71)
1-71

At very low @, the Q-independent mode is dominant and not affected by diffusion (see the

i
ratios of amplitudes [Figure 1-10f (a)) implying gn%FT(Q,t) =e 70 with 7.0p,0 = 1.7ps
%

and 7.0 ar ~ 1.3ps at T' = 300K

Some important conclusions from their works are the following :

1. Coherent neutron scattering is the linear combination of a “distinct” (dist) and
a “self” contribution. The first term corresponds to correlations of different nuclei
only, while the latter corresponds to self-correlations. In DyO, the amplitude of
vibrational motions is almost constant over (), while the Q-independent process is

preponderant below ) = 1.5A7" with a cross-over with dominating diffusion for
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Figure 1-10: Figure adapted from results of Arbe et al, , , , from experiments
performed on LET and molecular dynamics studies (MD). a) Dynamical results obtained
from LET. Top : comparison of the relative amplitudes of vibration (blue), Q-independent
(green), and diffusion processes (red) (top figures) for DoO as a function of momentum
transfer (). Bottom : time scales for self-diffusion (74, in red) the @-independent mode
(7¢, in green) for DoO (295K, E; = 1.81 meV and 3.84 meV).

b) Explanations obtained from MD simulations. Top : static structure factor of DyO
separated in its self and distinct parts , bottom : time and () dependence of distinct
(red) and self (blue) coherent dynamic structure factors calculated from simulations for

D, 0. [114].
Q > 1.5A_1, see [Figure 1-10| (a). This is explained with the cancellation of dif-

fusion in self and distinct scattering below () = O.7A71, where the amplitudes
and timescales of diffusion are similar but of opposite signs in both contributions,
as illustrated in (b) for the static and dynamics structure factors. At
higher Q, there is intrusion of diffusion with the increase of Scon gist (@) around the
main peak at Q) ~ 2A71, (b). Hence, it is important to understand how
the two dynamic contributions of the coherent dynamic structure factor Seon(Q,w)
scale with respect to one another, in this () range where the amplitude of distinct
correlations varies a lot. It can only be accessed with Molecular Dynamics (MD)
simulations. However, as illustrated with (b) the Q-dependent contri-
butions Seon dist (@) and Sconseif(Q) to the static structure factor are already a decent

proxy to spot eventual cancellation of diffusion.
2. D50 is qualitatively different from THF, a model for simple liquids. Their mean
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relaxation times (7) at Q. are respectively very close to the @-independent time
7. for D,O and largely influenced by the diffusion time 7,; for THF. Therefore, D,O
is particularly impacted by the ()-independent mode, that follows an Arrhenius law
with twice the energy activation found for THF, underlying how the restructuring
of the H-bond network influences the characteristics of the local mode and its am-
plitude in the relaxation of density fluctuations, compared to simple liquids relying

on repulsive forces.

3. A clear De Gennes narrowing (scaling of 7., with S(Q)/Q?) is present in THF
but not in D50, which is again a hint towards the specificity of the intermolecular

bonding of the H-bond network.

We retain here the presence of a local Q-independent mode in coherent scattering of
D50 that relaxes at the ps-scale, emphasized by the peculiarity of the H-bond network
in this liquid, and which dominance is driven below the structure factor peak by to the
cancellation of distinct and self contributions. The amplitude of this ()-independent mode

is higher than for simple liquids.
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CHAPTER 2

Materials and Methods

2.1 Presentation of neutron scattering instrumenta-
tion

What does a neutron experiment probe 7

C
Ly

Inelastic

k'>k

1
\
v l

7’
,/Inelastz'c
k' <k

Detectors

Figure 2-1: Schematics describing elastic and inelastic neutron scattering, resolved along
6.

During a neutron experiment, we measure the solid angle €2 in which the neutron

scatters, defined by spherical coordinates ¢ and 6, in order to retrieve the momentum

transfer Q = k —k. To study dynamics, the experimenter has to resolve the energy

E' of scattered neutrons and relate it to their incoming energy E to get the energy
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transfer iw = E' — E. Those two quantities are enough to obtain the double-differential

cross section of the neutron’s interaction with the sample, [Equation 1-33, [Figure 2-1]

demonstrates this in two dimensions for elastic and inelastic scattering. Since we work
with powders, scattering functions are only dependent on @) = |Q|, the scalar norm of
vector Q.

Remark: The number N of scattered neutrons follows a Poisson law, such that 0N/N =
1/ Vv/N. It means that to increase twice the quality of data, one has to measure experiments

4 times longer.

2.1.1 Neutron production

There are several pathways that can induce the production of neutrons. For a long time,
nuclear fission in reactors was the main source of neutrons for research purposes (ILL was
operational by 1971 and provided at that time the highest flux worldwide), however it
has been replaced overtime by spallation sources due to their high-flux condition, such
as the European Spallation Source currently under construction. Such sources produce

neutrons for experiments that require a strong brilliance.

Nuclear reactors Fission in nuclear reactors is initiated from the collision of a thermal
neutron and 23U (contained in a highly compact 40 x 80 cm?, 93% enriched fuel element

617* that undergoes a fission process. It raises

at ILL). This collision yields an unstable
two product nuclei dependent on the fission pathway (one of the most probable events
is displayed in , an average of 2.5 neutrons per fission event, representing 192
MeV of energy. Product elements, with average 95 and 136 mass numbers, are unstable
compounds that can undergo f and a decay, producing further neutrons. Neutrons re-
leased by fission can then interact again with 2**U in a cascade of fission events.

We typically refer to neutrons as “cold”, “thermal” or “fast” considering the energy range
they belong to, see Around 100 eV, the correspondence between the neutron’s
energy and the internal energies states of the nucleus raises resonant effects, implying an
erratic behaviour of the absorbance cross sections. Fission events produce fast neutrons,
thus to increase the total yield of neutrons, it is important that the neutrons belong to
the thermal range of energy, in order to maximise the fission cross section over capture
cross section ratio, as seen from |[Figure 2-2| This thermal neutron energy range can be

reached by slowing down the neutron upon inelastic collision with an adapted component.

D50 heavy water is a good moderator considering both its high "UC—‘;“ ratio and its light
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Figure 2-2: Description of thermal, resonant and fast neutron energy zones for the fission
and capture cross sections of Uranium 235. Adapted from [115]

mass implying as small recoil energy for the neutron. DyO serves as main moderator in
the 2.5m diameter pool surrounding the nuclear core at ILL.

Furthermore, in order to keep a constant number of produced neutrons as a function of
time and remain in the so-called “critical” regime, mobile control rods with a high capture
cross section such as the Silver, Indium, Cadmium alloy at ILL reactor, are positioned
around the core. Produced neutrons are collected at beam tubes and guided along neu-
tron guides to the instruments. Their energy follow a Maxwell-Boltzmann distribution
centred on thermal energies A ~ 2A. This is why cold and hot sources, made out of
Dy and graphite respectively, are positioned at the entry of beam tubes to modify the

distribution of energy to produce either to cold neutrons (eg. quasielastic scattering) or

fast neutrons (eg. high-energy vibrations), see [Table 2-11|

Spallation sources In spallation sources, protons are confered a very high energy (hun-
dreds of MeV) by acceleration in linacs or synchrotrons. They reach a target, which is
a solid cylinder of tungstene in target station 2 -TS2- at ISIS. Upon collision, an intra-
nuclear cascade occurs where a few high-energy particles are released in the direction of
the initial proton. Protons with an energy of about 20 MeV will then initiate further
collisions in the target material. The collision nucleus, after releasing those particles,
reaches an excited state that relaxes in an isotropic evaporation of low energy (=~ 1meV)
particles, among which neutrons. Neutrons are emitted in white beam pulses centered on
the thermal region (10Hz at ISIS TS2) in the shape of an asymetric peak as a function of
time. Characteristics of both sources are compared in [Table 2-1]
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Figure 2-3: a) Fission reaction upon interaction of a neutron and a radioactive compound.
b) Spallation induced on a target.
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Table 2-1: Comparison of characteristics of a spallation source and a reactor source, to
which ISIS and ILL facilities respectively belong.

Reactor Spallation Source
1.5 free neutron/event ~ 30 free neutrons/event
150 MeV /neutron 25 MeV /neutron: 10 times higher brightness/unit heat
Continuous source Pulse source
Symetric resolution function Asymetric resolution function
~ 50 MW source (58 MeV at ILL) ~ 5 MW source
ILL 1.5 10'n/cm?/s ISIS 2 10n/cm? /s [116]

2.1.2 Neutron optics

Neutrons enter the guides unpolarised and with a very low flux (Table 2-1)), and optics
teach us how to transport neutrons, select a wavelength, collimate the beam and detect
where neutrons scatter. It is feasible because neutrons behave as waves and can be
refracted or reflected at the interface of chosen materials and alloys. As for any optical
system, the beam is defined by its wavelength range, energy and angular resolution,
divergence, polarisation state... etc. In this section we want to specifically highlight that
polarised neutrons require specific optical systems which are different from conventional

systems.

Beam tubes and neutron guides In order to guide neutrons with a minimal loss of
intensity, neutrons have to be transported in a similar way as optic cables for photons. It
relies on neutron reflectivity. Incident neutrons can be represented as plane waves, ¢(z) =
exp(ikz). Upon scattering on a nucleus of mean nuclear scattering length b,, (for simplicity,
we consider a non magnetic material), the wave becomes spherical: ¢'(z) = —% exp(ikr).

The neutron refractive index can be shown to be independent of the structure of the
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material (e.g. nickel) and equal to:

pA® —
=1—"—(by), 2-1
n=1-2(,) (2-1)

p is the number of nuclei per unit volume and is of the order of p = % for thermal
neutrons, yielding a value for n that scales very close to unity [46]. Mirrors or guides are

characterised by the critical glancing angle
p J—
ec =\/= bn 5 2-2
2 (o) (22)

defining the wavelengths that can be reflected, and reflectivity R € [0, 1] which defines
the efficiency of the mirror. Properties are tuned by superposing layers or materials with
a gradient of thickness.

Beam tubes are placed almost isotropically around the nuclear core to capture produced
neutrons. They are made of aluminium to ensure mechanical resistance and are coated
with nickel to enable reflection and transport. Guide tubes further transport neutrons to
the instruments and are made of absorbing glass coated with nickel, and are tilted with

alternative critical angles to increase security, flexibility and performance.

Monochromaters Whether instruments work in direct geometry (incoming selected
beam, analysed multi-wavelengths beam) or indirect geometry (incoming multi-wavelengths
beam, analysis of a unique wavelength), they require to produe or analyse a monochro-
mated beam with optimised energy resolution.

We describe monochromaters of 2 categories: crystals and choppers. Each spectroscopy
instrument favors a certain type of monochromater, such as crystals for backscattering
spectrometers and triple-axis spectrometers (IN12), or choppers for time-of-flight spec-

trometers (IN5).

e A crystal is a solid with microscopic arrangements of atoms associated to a lattice

parameter d. Crystal monochromaters rely on Bragg elastic scattering, following

oo T3
2dsin(0) = nA. (2-3)

Hence, chosing the angle of incidence 8 along one plane of the crystal enables to get
the required A wavelength as an output, with orders n € N, see |[Figure 2-4| (a). The

incoherent and absorption scattering lengths of the crystal shall be weak enough
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to avoid background and loss of neutrons. Mosaic crystals, which feature defects,
improve intensity of the reflected beam as a trade-off with resolution, and curved
assemblies of mosaic crystals can be used to focus the beam on the sample instead

of just tuning the wavelength.

e Chopper monochromaters are rotating disks of absorbing material with transparent
slits, so that only neutrons that enter the slit are not absorbed, see [Figure 2-4] A
first chopper cuts the beam into pulses, while a phase-shifted second chopper with
same pulsation selects the wavelength of the neutrons, which disperse from the first
chopper to the second chopper according to their velocity. A is therefore a function
of the speed, phase and distance between the two choppers, with a resolution of

~ 10% . Choppers are typically used in TOF experiments.

Figure 2-4: (a) Bragg-scattering on a perfect crystal (b) Disk-chopper.
Adapted from https://www.xtal.igfr.csic.es/Cristalografia

Optics dedicated to polarization analysis We focus on uniaxial polarisation anal-

ysis, for which the spin is projected along one axis. As explained in [subsection 1.3.4)

|[Equation 1-28| and [Equation 1-29] we need to polarize the beam ahead of the sample and

analyze the spin projection after scattering to separate coherent from incoherent scatter-
ing, which requires adapted polarizers, detectors, and to chose a single spin projection
with “flippers”. This general picture of a polarized experiment, which is compatible with
non-polarised instrument layouts, is presented on [Figure 2-5

Let us broadly introduce the three constitutive methods to polarise or analyse a neu-

tron beam :

e Supermirrors are composed of a gradient of magnetic and non magnetic bilayers (eg:
Fe/Si). They are characterised by an dimensionless ratio of glancing angles (Equa-|
tion 2-2)), m = 0./0picke;- When m increases, the range of wavelengths that reflects

through the guide extends. This system polarises neutrons because its reflectivity is
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spin-dependent : for a superposition of layers defined with nuclear scattering length
by for the non-magnetic layer and nuclear and magnetic scattering lengths by and p
for the magnetic layer, it can be shown that spin-up or spin-down reflectivity R+
is proportional to p;b; — pa(by £P). R can be maximised for one spin and cancelled
for the other with the right choice of bilayer materials such that pib; = ps(by % P)
[117]. Therefore supermirrors transmit one spin and absorb the other, they are well
adapted as upstream beam polarizers and polarizing guides (on LET, IN12 and D7

for the neutron’s polarisation, and on D7 for the analysis of the neutron’s spin).

Spin filters transmit one neutron spin while absorbing the other. In *H, spin filters,
gas *H, is optically pumped so that it is fully polarised (1). The absorption cross
section gets close to a resonance and becomes highly spin-dependent. Hence, spin
down of the neutron is fully absorbed while spin-up is transmitted. Filters are
adapted for A dependent analyzers (i.e. for TOF equiped with polarisation analysis,

LET), although they have an exponential depolarisation time and require regular

pumping.

Polarizing crystals (eg: Heusler alloys, CusMnAl) reflect only one neutron spin by
cancelling the magnetic (M) and the nuclear (N) cross sections for Bragg-scattering,
under a uniform magnetic field B of unitary direction n. Writing P the polarisation
of the neutron and Fiy 5 the nuclear and magnetic structure factors, if nP = 1 then
de = (Fn(Q) + Fu(Q))?, otherwise if nP = —1 then 22 = (Fy(Q) — Fi(Q))%
It yields that a crystal verifying |Fxn(Q)| = |Fu(Q)]| is a perfect polarizer absorb-
ing one spin and reflecting the other. Those polarizers are usually used on triple
axis spectrometer where the final neutron energy is selected, contrary to TOF or

diffractometers (a Heussler analyzer is used on IN12).

Remark : The beam undergoes fast depolarisation due to external fields: it requires a

strong uniform magnetic field applied along the neutron guides.

Spin flippers The techniques described above are designed to polarize and analyse the

beam along only one defined spin projection. It is not enough to investigate the 4 matrix

elements presented inEquation 1-28| [Equation 1-29| associated to all spin projections. It

is therefore paramount to have a technique to flip the spin by 180°. In spin flippers, a

rotational magnetic field B is applied with pulsation wg on a short defined distance. If

the Larmor frequency wy, of the neutron caused by B is small compared to wg, wg > wry,,
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Figure 2-5: Schematics of the uniaxial polarisation analysis performed for neutron spec-
troscopy or diffraction. It consists in polarizing the beam ahead of the sample and
analysing it downstream. Flipping the spin makes it possible to get the differential cross
sections in the spin-flip and non spin-flip cases. Figures for optical systems are adapted

from Refs. .

it raises an adiabatic change of the spin to get a 180° rotation out of the flipper. More
convenient because it does not require to modify the guide’s magnetic field after the
flipper, other flippers rely on sudden non-adiabatic magnetic field transition (wp < wy,).

An example are Mezei flippers [120].

Detectors Eventually, neutron specific detectors count the number of neutrons per solid
angle. For instance, highly absorbing particles such as *H, or °B permit prompt detection
by interaction with the incident neutron, expulsing ionized particles that are amplified

and detected above a certain voltage threshold.

2.1.3 Determinant instrumental parameters in a neutron exper-

iment

The range of phenomena probed during an experiment is intrinsically determined by the
instrument’s characteristics. We present here the three determinant quantities during a

neutron spectroscopy experiment :

1. First and foremost, instruments are designed to function with a certain range of
energy, see [lable 2-IIL Hence, neutrons are moderated at the source to arrive with
an appropriate speed. The incoming energy E; and the resolution fiw,.s (second

bullet point) determine the dynamical range which is the range of energies avail-
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able on the spectrum hence, the timescale probed. The largest incoming energy, the
shortest relaxation times we observe.

Positive energy exchanges fiw correspond to neutrons that have lost energy (e.g. slow
neutrons) and this transfer is limited by the incoming energy E;, while negative en-
ergy exchanges correspond to an energy gain for the neutron, and is theoretically

limited by the internal energy of the nucleus (E,,., = kgT for a set of harmonic

oscillators). Detailed balance (Equation 1-37)) favours energy gain over energy loss

for the neutron.

Table 2-1I: Approximate range of energies corresponding to cold, thermal and hot neu-
trons, and examples of phenomena or experiments that are favoured in this energy range.

Cold Neutrons E; <25 meV e.g. Elastic scattering, diffusional processes
Thermal Neutrons 200meV > E; > 25 meV e.g. Phonons, librations...
Hot Neutrons E; > 200 meV e.g. Vibrations, deep inelastic scattering...

2. Another important quantity is the energy resolution Aw,.s, which is experimen-
tally determined from the spectrum of an incoherent crystal scatterer such as Vana-
dium. For biological sample, measuring the sample at very low temperature also

provides a good resolution spectrum. In a TOF instrument, this resolution equals

[121]
ot

ﬁwms - 2Ef7 (2—4)

where E; is the neutron’s final energy, t is the neutron’s time-of-flight and 0t =
>; 0t; is a sum of uncertainties depending on the choppers’ characteristics and rela-

tive distances, therefore energy resolution and incoming energy (= dynamical range)

are not independent (Equation 2-12| relates the incoming energy to the chopper’s

characteristics). The energy resolution determines t,.5, the maximum experimental
observation time. Hence, Aw,.; determines which processes are too “slow” to be

observed, which fall into the elastic peak for hw < hw,es :

2rh
tres = . 2-5
hwres ( )

hw,es is obtained from the resolution function R,(Q,w) of the instrument, which is
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generally of Gaussian form on a TOF spectrometer.

Ra(Que) = —— e (55 ) (26)

hw,es is calculated as the Full-Width at Half-Maximum of the resolution :
hwyes = 24/21n(2)0. (2-7)

We also name this quantity AF in the rest of the manuscript.

3. The momentum transfer range determines whether one probes large scale mo-
tions and structure (for instance, protein large-scale structure, domain motions...)
at small @ values < 0.1 A_l, or short scale motions (internal protein motions, trans-
lational diffusion of hydration water...) at larger @ values.

The scalar momentum transfer writes [122)]

Q* = (ky — k;)? =2 (i—W)Q (1 - ;; —/1- % cos(29)) : (2-8)

which is once again dependent on the incident energy. [Figure 2-6| (a) shows how

for an incident energy F; =~ 3.3 meV, the energy transfer hw and @) are related in a

TOF instrument in direct geometry.

1_ ¥ - r .E_ s . ¥ -. F b .E_ s . ¥ . B -
a) Energy transfer, Aw b) Momentum transfer Q [A 1
ot 10 10?2 1! 1 10 10?
T T T T = T I T 10ev
| 1 “I1lter tec (23
30 : Time-OFFlight 7 | & oAy
| Neutrons in i R ST
Condensed 7 = ——
| 1 Matter
2.5¢ 140.° 1 100 meV
' 125 | Our

| 110.° .
20 I~ studies

3
i
‘1ojsuea) ABIous]
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| | i Schsion . 1 mev
3 65° ] :
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Figure 2-6: a) Kinematically allowed region for indirect geometry TOF instrument: energy

transfer as a function of ) plotted for E; ~ 3.3 meV (Equation 2-8), adapted from [121].

b) Energy and momentum transfer ranges associated to the 4 main categories of neutron
scattering instruments and the phenomena they probe, our ranges used in the manuscript
are framed in green, adapted from |[121].
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What will be a topic of discussion in [chapter 3] is that the choice of the energy and
momentum transfer ranges defines the relative significance of incoherent and coherent
contributions. In proteins, very large () ranges correspond to local dynamics with a
majority of incoherent scattering, while coherent scattering can be preponderant at low
() where secondary, tertiary and inter-protein structures arise. Furthermore, in order
to probe collective motions implying pairs of different nuclei, they have to relax in the
right experimental time-window with an amplitude of displacements corresponding to the
available () range. Therefore, making the right choice of E and () ranges is paramount

when one considers performing polarisation analysis.

2.2 Experiments and data analysis

2.2.1 Principles of data reduction

Corrections for the instrument Instruments do not display perfect counting rates
due to inherent variability in detectors’ efficiency, the scattering from sample holders con-
taining the sample, and general background that is not totally prevented with shielding.
Sample holders are in aluminium for QENS studies due to their high transmission, low
incoherent scattering and lack of spatial information except for a Bragg peak situated
around ) ~ 2.6 A™" The sample data is corrected for the empty sample holder counting
rate Ngc and for the cadmium counting rate Ncgq which acts as a “black” sample which
fully absorbs neutrons. The sample is normalised with the counting rate of a Vanadium
sample, Nyvana, Which is an incoherent and isotropic material with no inelastic contribution
that corrects the energy and angular dependent efficiency and geometry of detectors.

We used Beer-Lambert law T' = exp|—osnst] to estimate the transmission of Vanadium
(TVana) for a flat sample holder of thickness ¢ in cm, o5 = Taps + Tcon + Oine the total

L'em™. We mea-

macroscopic cross section in barn, and ns the number density in barn™
sured experimental transmission values for dGFP and pGFP (Ts) on D7. The number of

neutrons N, scattered is obtained from the measured counting rate N,,

(Nn(Q,w) — Nea(Q, w) — Ts(Npe (@, w) — Nea(Q,w)))
(NVana(@, w) — Nea(Q, w) — Tvana(Nec(Q, w) — Nea(Q, w)))

In case of polarisation analysis, the correction is applied to the coherent and incoherent

Ny(Q,w) = (2-9)

parts of the scattering.
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Figure 2-7: Sets of experiments required to study the sample (a) and correct for back-
ground (b and c) and detectors (d). Inspired from Practical Neutron Scattering Course,
Oxford School on Neutron Scattering 2019, R. Stewart [123].
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Figure 2-8: Workflow of data reduction (simplified) to correct for background and effi-
ciency of the instrument and obtain scattering functions from double-differential cross
sections.

Corrections for the sample: multiple scattering Multiple scattering occurs when

a neutron scatters several times inside the sample before detection, which is an unwanted

phenomenon that is not taken into account in the differential cross section, [Equation 1-33|

It occurs when the mean free path [ of the neutron, calculated from the scattering and

absorption cross sections of the sample per volum unit >, and ¥, is short compared to

the size of the sample . Let us write:

1 mM

[ = = .
Z:s + Ea pNa Zz Ni<ainc,i + Ocoh,i + Uabs,i)

(2-10)

Where m is the sample’s mass, M its molar mass, p its density, o the nuclear cross sections
summed over the N; nuclei of each type ¢ and N, Avogadro’s number. For a flat sample-
holder of thickness d, it is related to the measured transmission 71" of the sample: [ =

—d/log(T). Choosing the right sample geometry and thickness d regarding the theoretical
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mean free-path will decrease transmission while increasing multiple scattering: to the
zeroth order, the probability of double diffusion is equal to (1 —T')? [121]. Our measured
transmission on D7 yield T,grp = 0.91 and Tygrp = 0.98. It should be enough to ensure
that less than 1% of neutrons undergo multiple scattering: we do not require to perform
any correction.

However, we remain aware that multiple scattering has strong impact on polarisation
analysis, where two consecutive spin flip events will end up being considered as non
spin-flip. Thus, the main effect of multiple scattering is to increase artificially coherent

scattering [124].

2.2.2 Presentation of instruments and experiments
IN5 and LET Time-Of-Flight

Description of the instruments LET and IN5 are direct geometry Time-Of-Flight
instruments. TOF instruments are versatile instruments typically used for quasielastic
and inelastic measurements, with incoming energies in the range [1,130] meV at ILL,
and @) ranges > 0.1A7" They bridge the gap in both energy and momentum transfer
between very high resolution instruments (backscattering and spin-echo spectrometers)
and lower energy resolution instruments (triple axis spectometers) [Figure 2-6| (b)]. The
principle is to measure the time ¢,_,, taken by the neutron to travel from the sample to
the detectors, and deduce the energy transfer hw = Ef — E; from the knowledge of the
travelling distance [,_,4, such that the final neutron energy writes

i (2-11)
"ot )

s—d

Ef:m

with m,, the neutron’s mass.

On IN5, the continuous ILL beam requires to be pulsed into packets of ~ 10 p s with
a first chopper, diminishing the continuuous flux in the same time by a factor of =
10* n/cm?/s. Then, two choppers ahead of the sample rotating with the same speed act
as a monochromater and select an incoming wavelength \; which is determined by their
phase ¢. In between them, a set of choppers are used to successively discard contaminating
orders of higher harmonics (the aforementioned phase is defined modulo 27) and avoid
frame overlap such that very slow neutrons are not mistaken for the following neutron

packet (the sample-detector distance is about 4 meters to improve resolution, however
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it increases the spread of neutrons due to imperfect monochromatization). The incident

wavelength is determined by the first chopper’s frequency v. and the phase ¢[122]

U (212)
mnls—>d27”/c

IN5 instrument is presented in |[Figure 2-9| (a).

On the other hand, for LET the beam obtained from the spallation source is already
pulsed. LET is is a multiplexer spectrometer, meaning that the multi-chopper system is
designed to enable a few measurements at the same time, i.e. more than one incoming
energy are available by using the whole 100ms time-frame. The chopper system is similar
but also provides for pulse shaping and long-tail removal [125]. In both instruments,
detection is operated with ®H, position sensitive detectors (PSD).

LET is also designed to perform uniaxial polarisation analysis (PA). Therefore, a few
removable additional elements are added when performing PA: the beam is polarised
upstream with a supermirror (m=>5), guided and analysed downstream with 3He spin
filters ahead of the PSD. Flipping is performed with a current-ramped precession coil to

correctly spin the neutron’s flip for the different chopper-selected velocities .

Experiments

1. LET, DOI: 10.5286/ISIS.E.RB2220225-1 [36]. 03/10/22 — 06/10/22: We
acquired the spin flip (sf) and non spin flip (nsf) intensities for dGFP, pGFP and the
empty cell at T'= 310K and T" = 2K. We used annular cylinders sample holders of
outer diameter 16mm, 1mm thickness and 40 mm height. Spectra were normalised to
a Vanadium spectrum and corrected for the empty cell and Cadmium. We measured
multiple incident energies at the same time: F; = 1.83 meV, 3.27 meV and 7.44 meV.
For our resolution of interest corresponding to F; = 3.27 meV, we obtained a flux
of approximately 4.5 10%n/cm?/s (that is about 35 % of the incoming unpolarised
beam). We covered a ) range from about 0.6 Alto22A7"

2. IN5, DOI: 10.5291 /ILL-DATA.DIR-173 [20]. 04/10/19 — 07/10/23: We
carried out QENS measurements at 7' = 2 K, T" = 220 K and 7" = 310 K for
dGFP, pGFP and the empty cell (Vanadium was measured at 7" = 180 K). We used
flat sample holders of thickness tqerp = 0.7 mm and ¢,grp = 0.4 mm. We cor-

rected for the empty cell and normalised with Vanadium. We measured 3 incident
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energies, E; ~ 36 meV (unused because of a wrong set-up for Vanadium measure-

ment), E; ~ 3.3 meV and E; ~ 0.8 meV with respective resolutions AE =~ 80 peV

and AFE =~ 13 peV, for a neutron flux of approximately 6.8 10°n/cm?/s. Each

{temperature,resolution} configuration was measured for 30 minutes. Elastic scans

were measured with F; ~ 3.3meV during sample heating for ~ 5min/temperature,

raising 234 and 95 temperatures for dGFP and pGFP respectively (more measure-

ments were performed in the region 7' ~ 220K around the dynamical transition).

We covered Q € [0.5,2.3] A" for the lowest resolution and @ € [0.27,0.92] A~

for the highest resolution.

1000 detectors [rom 0° to
1307 : count neutrons with
transfers @ (angle) and w
(time-of-flight ) for each
pulse.

The monitor
counts entering
neutrons

Chopper 2 :
eliminate

neutrons with

higher order A

Chopper 3 :

Chopper 1 : Avoid frame Chopper 4 : Q=0
Creates a overlap and high Selects energy

order (dephasing Ag )

contamination

neutron puise

c)

IN12 instrument : Triple Axis Spectrometer

Ahead : all neutrons’ spins polarised to « T » (supermirrors)

Axis I selects k;
(crystal
monochromator)

Velocity Selectr|  Neuron Gide ~ Cllimtor

Curved Monochromator

Axis2selects
output Q
direction.

Digphragms
B4C tunnel
Soller collimator

A spin flipper
is added to :
the
mstrument.
Beom

Axis 3 selects kg and
spin « T » neutrons

(Heussler analyzer)
Curved analyser

Detector
investigates a
specific {Q, w}
couple.

Figure 2-9: Detailed diagram for IN5 (a) and IN12 (b) instruments, adapted from
https://www.ill.eu/users/instruments/instruments-list. Figure (c) proposes a visual rep-
resentation of the dynamical ranges studied in the manuscript.
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IN12 Triple-Axis Spectrometer

Description of the instrument Triple axis spectrometers are typically used for the
observation of phonons and magnetic excitations. Measurements are performed for fixed
transfers of energy E and momentum Q, owing to the two rotating axis with crystal
monochromaters and analyzers. The main difference with TOF is that it is only measuring
one energy and one momentum at a time, but it receives a high direct continuous flux from
the source which is adapted to condensed matter studies and measurements of dispersion
curves.

Here IN12 was equipped with an uniaxial polarisation analysis set-up and a vacuum box
around the sample to reduce air scattering in the flight path of the neutrons in the vicinity
of the sample and therefore drastically reduce the background at low Q [126]. The beam
was polarised ahead of the monochromator with a polarizing cavity transmitting spin
down neutrons (for A € [2,6] A, spin up neutrons are reflected while spin downs are
transmitted). A magnetic field applied to the guides and Helmholtz coils around the
monochromator ensured that the neutrons do not depolarise until they reach the sample.
The flipping of the beam is performed with a single high efficiency Mezei spin flipper [120)]
ahead of the sample, and then analysed with a vertically focusing Heusler(111) alloy.

Experiment. DOI: 10.5291/ILL-DATA.8-05-468 [34]. 11/06/21 — 15/06/21
We performed elastic neutron scattering centered on £ = 0 meV with resolution AE =
500 pueV. We have acquired the sf and nsf intensities of dGFP and pGFP with a 0.55mm
thick flat sample holder, as well as the intensities of a 1.5mm thick Cadmium slab and
a lmm thick Vanadium slab. It was carried out at room temperature (7" ~ 300K),
with incoming energy E; = 9 meV. The flux reached about 5 107 n/cm?/s. Momentum
transfer Q was probed from 0.05 A" to 2.2 A~ (steps of 0.05A7", 650ms acquisitions

for each sf/nsf state). The overall efficiency is determined by the flipping ratio R=24

(Equation 2.2.4) obtained experimentally from a Quartz sample, corresponding to a 92%

polarisation efficiency.

D7 Diffuse scattering spectrometer

Description of the instrument D7 is a neutron diffuse scattering spectrometer adapted
to disordered materials [29], which was used in diffraction mode (no TOF analysis).

Contrary to spectrometers, diffractometers do not resolve energy and integrate over the
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whole energy range E € [—kgT, E;], hence providing structural information as a function
of momentum transfer (). D7 data is analysed in the frame of the static approximation,
)

The beam is polarised using a focusing bender-type suppermirror polarizer and the neu-
tron spins are flipped with a Mezei-type flipper. The incoming energy is selected with a
double-focusing monochromater. The scattered neutrons are analysed downstream by 66

bender-type supermirror analyzers, in front of 132 3He detectors.

Experiment. DOI: 10.5291/ILL-DATA.EASY-1064 [35]. 04/10/23 We cali-
brated the acquisition windows and the flipper magnetic field values. We acquired data
for Quartz, Empty Cell, Cadmium and Vanadium, 30 minutes each and measured the
transmission of each sample. Then we acquired 1h30 of neutron scattering intensity for
each sample, dGFP and pGFP. Thicknesses of flat sample holders were ¢t = 0.55mm for
the GFP sample and ¢ = Imm for Vanadium and Cadmium. Data was normalised with
Vanadium and corrected with the sample holder and Cadmium, the flipping ratio was
measured with the Quartz sample.

Experiments were carried out at room temperature (7'~ 300K’). For an incident energy
of 3.55 meV, it yields a flux of around 2 10°n/cm?/s, for QQ ranging between 0.1A7" and
2.547". Sample preparation was common to IN12 experiment,

2.2.3 Instruments characteristics

The characteristics of the instruments for which experiments have been performed is

summed-up in [Table 2-ITI @ ranges used for static and dynamic studies are separated.

2.2.4 Data reduction and analysis: diffraction data

Separate incoherent and coherent scattering from spin-flip and non-spin flip

data

In order to separate the incoherent and coherent intensities of the sample, I.,,(Q) and

I;:(Q), the spin-flip (sf) and non spin-flip (nsf) intensities of a polarised incoming beam

have to be corrected for the polarizing efficiency of the instrument, which is carried out
I,

calculating the flipping ratio R = I—ff of the instrument obtained from a coherent scatterer
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Table 2-11I: Energy and momentum-transfer characteristics of instruments used for diffrac-
tion and QENS experiments

IN5 (ILL) LET (ISIS) D7 (ILL) IN12 (ILL)
Date 10.19 10.22 06.21 10.21
Type of instrument ~ TOF Spectrom- TOF Spectrome- Diffractometer  Triple Axis
eter ter Spectrometer
Polarisation analysis No Yes Yes Yes
Energy Range [meV], FE €[-2.3,2.2] FE€[-2.2,2.2] E €[-25,355] FE €[-0.5,0.5]
S(Q)
Energy Range [meV], FE e [-1.7,1.7 FE€[-1.7,1.7]
QENS
Resolution [peV] AE =170 AE ~ 95 AFE =~ 500
Q range [A7] Q €[0.6,2] Q € 0622 Qe€[0.1,22] Q€][0.0522]
(QENS: [0.8,2])
(eg., Quartz).
RI™(Q,w) — I'(Q,w
n(@u) Q) = (@
. ¢ (2-13)
_1IRF(Quw) — I™(Qw)
2 R—1
3RIF(Q,w) — I™(Q,w
[inc(Qaw) =5 ( ) ( )

2 R-1

LET is a special case where R is a function of time. As explained in Ref. [32], the

I}”f holds the information of the polarizing efficiency and
sf

is a function of time t, the out-of-plane scattering angle 7, and the incident and final

flipping ratio R(t,v, E;, Ef) =

energies E; and E, because of the time dependence of * He polarisation in the filters used
ahead of the detectors (they require to be changed during experiments). After correction
for the flipping ratio obtained from a coherent scatterer, the dynamical structure factor

was also corrected for the transmission through 3He filters.

Calculate the coherent static structure factor

Gabrys et al show that the incoherent Q)-integrated intensity of polymers

T d
(Oine = / db (%) 27sin(0)), which is always stated to be flat, is indeed decreas-
0 inc

ing with ) due to anisotropy. Furthermore they attribute it to inelasticity, comparing

the decrease in Q for PMMA with different flexibilities. This drop in ) cannot be sim-
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ply corrected with a Debye Waller factor [127]. This echoes Maconnachie’s work, who
demonstrates with polystyrene and polybutadene that the effective hydrogen cross sec-
tion is dependent on the sample’s dynamics, the incoming wavelength, and increases with
temperature. The measured values are way above the expected ~ 80 barns bound cross
section of the hydrogen nucleus [128]. Therefore, we need to be careful and correct for
this anisotropy.

The static structure factor S(Q) is defined as the first moment of the scattering function

5(Q,w)

o0 Wmax

dwS(Q,w) %/ dwS(Q,w)|.

Wmin

5@ =FQ0 = [ 214

—00

with [Wiin, Wmax] the experimentally accessible dynamical range. We shall use the fol-
lowing notations: S, (Q) is the total structure factor as obtained with non-polarised
experiments such that Sy (Q) = Sine(Q) + Seon(Q) expressed with the incoherent and co-

herent structure factors obtained from polarised intensities, with normalisation condition

Qh_f)ﬂ Siot(Q) = 1. (2-15)

Gabrys et al have proposed a method to correct for inelasticity effects, [129, [127]. There-
fore, we introduce a differential cross section in barns normalised by instrumental effects

and the Debye-Waller factor to retrieve a constant incoherent structure factor.

Ion(Q)  4m (0o
IinC(Q) B Tinc (a_Q)coh,barn ' (2-16)

It yields

Oinc dm do
St(Q) = =+ — (o5
t t(Q> Tiot Otot <aQ)coh,barn
= Oinc Oinc Icoh(Q) (2_17)
Otot Otot ]inc(Q) '
N N—.—
SinC(Q) Scoh(Q)

Where the cross sections o were introduced in the first chapter, [Equation 1-26, and is

further expressed in [Equation 3-1] This approach, consistent with further polarisation

analysis diffraction studies on protein powders and solutions [33] yields the ratio of co-
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herent over total scattering (Equation 2-16|and [Equation 2-17)) :

Scoh(Q) _ Icoh(Q)
Stot(@) [tot(Q) '

(2-18)

that does not rely on prior estimation of the macroscopic cross sections. Also, following

from [Equation 2-17, we have :

Icoh(Q)

SCOh(Q) > Iinc(Q) .

(2-19)

Comments on data reduction and analysis

IN12 For IN12 data, background was subtracted with both Cadmium and the empty
cell following [Equation 2-9 However, we could not normalize it to Vanadium because of
strong anistropy that seems to occur from the sample holder’s flat geometry [occurence
of a peak at @ =~ 0.8 AT (b)] when the beam gets close to 90° with re-
spect to the sample holder. Further test measurements were performed (a)],
showing that the peak gets shifted with experiments due the strong sensitivity of the
triple axis on the position of the sample holder. However, trying a correction by shifting
the Vanadium spectrum to match the peak visible on (b) in pGFP increases
normalisation artefacts. Therefore, a flat sample holder was not an adapted geometry to
ensure good normalisation, but was required to avoid the loss of sample that would occur

with cylindrical geometry.

300 —————— e .  ————-

a) 250 - b) crp | s pGFP
< 200 : 25(1; p Vana norm
g \ 7 i : g 200; ”H"w 5 Coh, shifted Vana
E 150 — Vana spin flip - g 1 Coherent Intensity g 10 ] '
2 100 0 Py { — Inc, shifted Vana
£ — Vana spin flip -‘g 100t ~— Incoherent Intensity = 1 )
Y 50 B 5} 205 1 — Coh, Vana

o : 50; \.‘M*«"--—m-‘dm. W — Ine, Vana

00 05 1.0 15 20 25 05 1.0 15 2.0 25 0.5 1.0 1.5 2.0 2.5

Q[AT] QA QAT

Figure 2-10: IN12, AE = 500 meV, E ~ 0 meV. a) Vanadium acquisitions performed on
IN12, during the experiment (dark red) and during the control (red). b) Non-normalised
pGFP incoherent and coherent spectra. c¢) pGFP spectrum normalised to Vanadium or
to shifted Vanadium.

LET LET data is normalised to Vanadium, corrected for the flipping ratio dependent on
Helium depolarisation. For this, a Quartz sample was acquired, and corrections followed

the workflow presented in [130].
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D7 D7 data was normalised to Vanadium, corrected for the flipping ratio with ac-

quisition of a Quartz sample and subtracted for background by the linear combination

presented in [Equation 2-9| using LAMP software. We cut the ) range around 22471

because of a strong artificial decrease in intensity which is due to the neutron path that

becomes parallel to the sample at high angles.

Remark:
All data sets are still in very good agreement with each others, highlighting that correction

issues have minor effects on results.

2.2.5 Data reduction and analysis: quasielastic scattering data
Procedure for QENS analysis

The analysis was performed with Mathematica software [131]. The model was introduced

earlier in [subsection 1.4.2] Ref. [75] contains also a link to the corresponding deposited

codes written by Kneller et al on zenodo platform, 10.5281/zenodo.7058345. We ensure
that the quantum intermediate scattering function F'(Q,t), which fulfils the detailed bal-

ance, is adapted to our classical model for which the intermediate scattering function

requires to be real and symmetric, [subsection 1.3.5]

The dynamical structure factor is mirrored using the neutron gain side of the spectrum
and symmetrised following Schoffield’s prescription [46], such that after Fourier Trans-

form, the intermediate scattering function F'(Q,t) has the form :
1
FHQu) = F(Qu1 + 5ih) ~ F(Q 1), (2:20)

where F(Q,t) is the fitted function. This has been described in Kneller’s articles [40),
39, |41]. Experimentally, the dynamical structure factor Se,(Q,w) results of the convo-
lution of S(Q,w) and the resolution function R(Q,w) of the instrument. Therefore, the

convolution theorem implies that

Ff(Q.t) = FT(Q,t)R*(Q,1), (2-21)

with R*(Q,t) the symmetrized and Fourier-Transformed (denoted by ) resolution func-
tion, obtained usually with a Vanadium or low temperature sample spectrum. It implies

that the resolution function can be simply divided from the experimental function to yield
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FH(Q,t).
FT(Q,t) is normalised by F'*(Q,0)

FHQ)_FQe, () P

F+(Q,0) F+(Q,0) - m) P(Q. 1), (2-22)

where F(Q,00) = tlim FH(Q,t) = ESF(Q), and ¢(Q,t) is the Mittag-Leffler function.
—00

Handling of IN5 data IN5 data was reduced on LAMP software, [132]. The different
choices made for analysis are summed-up in [Iable 2-IV|and explained shortly, details are

in the appendix. They concern good practice when working in the time domain.

Table 2-IV: Sum-up of choices made for reduction and analysis for IN5 data

Reduction: Normali- | Deconvolution () range Choices for en-
sation
ergy range
Elastic Low temperature | / Q € 10.3, 2.1]A71 E € [-0.4,04]
data spectrum meV
QENS Vanadium spectrum | Full low temper- | Q € [0.6, 2]A71 E e [-1.7,0]
data ature spectrum meV, mirrored

e Normalisation of data in the reduction phase was performed with the low temper-
ature spectrum for elastic data, which is used to correct for both detectors and the
structure factor at low temperature (section 6.2)). However, we normalised data to

Vanadium for QENS in order to recover the correct structure factor, see comparison

in |F1igure A-2

e Deconvoluting with a Vanadium spectrum instead of a low temperature spectrum
raises non-monotonous intermediate scattering functions denoting a wrong decon-

volution process, |[Figure A-3| (¢) and (d), and the two convolution processes yield

strongly dissimilar parameters for pGFP (which exhibits narrower broadening with
respect to dGFP), (a) and (b). It is suggested in Ref.[133] that sample
geometry and self-shielding characteristics are important for resolution deconvolu-
tion in time space, encouraging the use of a low-temperature sample instead of a
vanadium spectrum. One can see that Vanadium, dGFPyk and pGFPyk bear very

different behaviours as a function of () and w. Hence, the sensitivity to the choice

made for deconvolution, see [Figure A-3 (e).

65



Chapter 2, Materials and Methods

e We decided to cut the spectrum to lower energies than the accessible range (1.7 meV
instead of 2.5 meV). This is due to the presence of collective vibrations ascribed to
the Boson peak, that are ubiquitous in glassy materials [97]. They arise around
E = 1.7 meV at T=150K as observed on PANTHER hybrid TOF instrument,
E; = 19 meV (c)]. Although they seem to vanish at 7' = 310K,

the impact is still non-negligeable, as probed with both the intermediate function
|[Figure A-4| (d)] and resulting parameters (a) and (b)] that become
increasingly noisy and apparently slowed down when F > 1.7 meV. Below this
threshold, cutting the range has no impact on fitted parameters. Let us notice that
in literature (GFP, h=0.4), vibrations of pGFP/D,0 [134}, 135] also appear more
intense than for AGFP /D50 [25].

e The time-dependent data is analysed for ¢t < t,., where t, is the maximal time of

observation defined by the instrument’s resolution (Equation 2-5)).

e We used the mirrored neutron energy-gain side of the spectrum rather than its
energy-loss side for the study: the latter remains subject to the TOF-energy trans-
formation where t~* arises as a proportional factor between the double differential

scattering function and S(Q,w) [121], despite corrections.

e We emphasize that using the whole resolution function for deconvolution is paramount.

On IN5, the resolution function is highly non-symmetrical (which is not an effect of

the detailed balance factor, [Equation 1-37)) and cannot be fitted with conventional

Gaussian or Voigt functions.

We checked our assumptions by deconvoluting with three different functions :

1. A Gaussian fit of the resolution.

2. The central peak of the raw resolution function where wings defined by E ¢
[—2.580,2.580] are padded to zero (where ¢ is the standard deviation of the

Gaussian fit, such that 99% is contained in the interval).
3. The whole resolution function.
Corresponding figures for T' = 310K are available in the appendix, [Figure A-5 and
prove that a Gaussian fit of the resolution function is not adapted as a deconvolution

function in time. The cropped resolution function raises similar results as the full

resolution function, but the information held in the wings remains important in the
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case of pGFP to correctly estimate parameters, since it does not broaden as much

as dGFP.

Handling of LET data LET QENS analysis was performed similarly to IN5 data:
Vanadium reduction, empty cell and vanadium corrections are the same. Choices for bin-
ning, dynamical range and deconvolution were also performed similarly, more information
is available in [Table 5-T11

The only difference lies in the choice of cutting the deconvoluted F'(Q,t) function at
tmax = 0.7 .o Instead of tes . This choice was performed because of
the high uncertainties and oscillations of the deconvoluted function for coherent scatter-
ing above that limit. This choice is justified by comparing the parameters obtained for
tmax = tres and tna = 0.7 te for total scattering, see appendix, [Figure A-6, Parameters
remain similar within error bars except for @ = 0.8 A Furthermore, upon compar-

ison to INH parameters, using tn.x = 0.7 t,s on LET raises better agreement for both

instruments, see [Table A-TI|
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2.3 Description of the sample

2.3.1 The Green Fluorescent Protein (GFP)

The GFP protein was purified from bioluminescent jellyfish Aequorea Victoria and stud-
ied extensively from 1962 on [136], leading to the Nobel Price of Chemistry in 2008 for
Roger Y. Tsien, Osamu Shimomura, and Martin Chalfie due to its large pannel of appli-
cations in bio-imaging. GFP is used as a fluorescent tag in a wide range of applications,
and was obviously one of the pillars of modern bio-physics. It can be fused to another
protein’s gene and expressed from the protein’s terminal or with a peptide linker to follow
the presence or dynamics of the protein of interest. It can be used as a gene expression
reporter when added in a DNA sequence, and then be controlled by the promoter of in-
terest. It can be employed for FRET studies or even used for photobleaching to follow
diffusion of a protein in cells or interaction between proteins.

The advantages of GFP as a fluorescent tag for proteins are several: it does not alter
the protein structure or the diffusion behaviour inside the cell thanks to a flexible hinge
between the two proteins [137], it is not phototoxic and it is resistant to heat, pH, high
pressure, photobleaching [138]... The Green fluorescent protein has a peculiar secondary
structure, composed of 11-strand § barrel surrounding an inner chromophore held by «
helices. The chromophore absorbs in ultra-violet at 398nm, and excites around 508 nm,
hence its name, and displays a high quantum yield (number of emitted photons per ab-
sorbed neutrons) of 0.8. It has a cylindrical structure with a 24A diameter and a 42A
height. It is therefore a particularly rigid compound, also due to the role of the barrel
matrix to sustain the spectral characteristics of the chromophore by a large H-bond net-
work of side chains and internal water molecules around the chromophore |138], to sustain
planarity and to avoid quenching.

The chromophore 65Ser-Tyr-Gly67 is formed by autocatalytic post-translational cycliza-
tion (which is a rare event in protein formation) in the presence of oxygen, extending the
maturating time of the protein to about 90 minutes [138]. The stability of its H-bond
network also drives its stability characteristics: it is reversible upon denaturation with
full recovery of its spectral properties.

Ever since, a large amount of mutants have been engineered in order to enhance or modify
the natural emission wavelength of the protein, as well as reducing maturation time and

providing an optimal folding at physiological temperatures. It results in a large family of
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mutants, with currently 567 structures on the Protein Data Bank obtained from X-rays,

electron-microscopy or neutron diffraction.

2.3.2 Sample production and preparation

Experiments were performed on a powder sample of Green-Fluorescent Protein and a
powder sample of its per-deuterated counterpart, both hydrated in D,O with hydration
level close to h = 0.4gD20/gGFP which corresponds to about one layer of hydration water.
About 100mg of protein powder were produced for both samples. The protein atomic
formula is Hy505D414C1261N34200379Sg, considering a full H — D exchange of labile atoms

of the protein estimated to 414 D atoms when hydrated in DO (see section [Table 2.3.4)).

GFP production Deuterated GFP (dGFP) was produced at the D-Lab of the Institut
Laue Langevin (ILL) by Martine Moulin. It was over-expressed in E.coli strain BL21
(DE3) adapted to growth in deuterated minimal medium [139]. A 1.6 L (final volume)
deuterated high cell-density fed-batch fermenter culture was carried out at 30°C'. Feeding
with glycerol was started at an OD600 value of about 3.8. Expression of dGFP was
induced at an OD600 of about 11 by addition of IPTG ( 1mM final concentration). Cells
were harvested at an OD600 of 14 yielding 40g wet weight of perdeuterated cell paste.
Protonated GFP (pGFP) was produced at INSA Lyon by Pilippe Oger from the same
GFP sequence. Hydrogenated GFP was over-expressed FE.coli strain BL21 (DE3) pLys.
A 10L (final volume) of LB medium fermenter culture was carried out at 37°C until it
reached ODG600 0.4. Expression of h-GFP was induced by addition of IPTG ( 1mM final
concentration) for 16h at 37°C. Cells were harvested by centrifugation at 14000g for 20mn
yielding 20g of cell paste.

Purification was carried-out identically for both deuterated and protonated proteins. GFP
was purified essentially as described in Bernaudat and Biilow [140]. In brief, 30 g of cell
paste were resuspended in 200 ml of Lysis buffer (20 mM Na phosphate pH7.2, 500
mM Nacl), and sonicated 8 times 25 s 50% power with a pause of 25 s in between.
The sonicated mixture was centrifuged at 45000g for 30 min at 4°C. The supernatant
containing the soluble GFP was transfered to a clean tube and heated 15 minutes at 70°C
to remove FE.coli proteins. Denatured proteins were removed by centrifugation at 45000
g for 30 minutes. The cleared supernatant was further purified with a Ni-NTA resin pre-
equilibrated in lysis buffer. The resin was combined with the supernatant and incubated 1

hour at 4°C under gentle agitation prior to loading on an empty chromatography column.
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The resin was washed with 25 volumes of wash buffer (lysis buffer+ 12m M imidazole).
The protein was eluted with 10 column volume elution buffer (Lysis buffer + 250 mM
imidazole). The protein was further purified by Size Exclusion Chromatography on an
AKTA® FPLC system, using an XK50-60 column packed with 1 L of Superdex® 75 Prep-
Grade resin, calibrated with the GE Healthcare® Low Molecular Weight kit. Fractions
containing the protein were then pooled, concentrated by ultrafiltration (Amicon® Ultra-
30 centrifugal filter units, Millipore, Burlington, MA, USA) and lyophilised. The purity
of the proteins was assessed by SDS-PAGE, and was greater than 99%.

GFP preparation Neutron scattering is sensitive to isotope exchange which is used to
highlight specific parts of the sample, for instance to enhance the protein self-dynamics
compared to the surrounding water. This is known as H/D contrast matching [139]. Sam-
ple preparation was carried-out following the usual protocol performed in the group [141].
Hydration was carried-out with DO adsorption of the lyophilised powder in a D,O satu-
rated desiccator until total weight of the protein/water system was reached. We estimate
the amount of fast exchanged labile atoms equal to 268, and fast + slow amide protons
equal to 414 [142], see . The hydrated powder was sealed with Indium in a flat
0.5 mm thick aluminium flat sample holder (D7, IN12) or wrapped in an aluminium foil
in an annular cylinder sample holder of 4 cm long, 1mm diameter (LET). It implies a few
seconds of exposure to the air during weighing before sealing the sample holder, never
exceeding 30 s (the longest time was for LET experiment, the powder was deposited on an
aluminium foil wrapped in the cylinder, see [Figure 2-11)). No dehydration of the sample
was noticed during experiments (less than 3% of hydration was lost between the weight
of the sample and the end of experiments on LET).

IN5 experiment was performed right after the sample production. For D7 and IN12 exper-

Table 2-V: Sample preparation of dGFP and pGFP hydrated samples in D,O for D7/IN12
and LET experiments..

IN5 D7/IN12 LET
Sample dGFP pGFP dGFP pGFP dGFP pGFP
Mass dry protein £0.2 | 108 mg 103 mg 95.6 mg | 126 mg 84.7 mg | 132.8 mg
mg
% initial hydration 46 +£4% [29+3% | 43+£4% | 37£4% | 47+£4 % | 27+ 3%
% final hydration 46 +5% | 24+3% |/ / 45+ 5% | 25+ 3%
Exposure time to the <15 s <15s <45 s
air

iments, the protein was lyophilised and hydrated again in the D,O saturated dessicator.
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"
L

Figure 2-11: Sample preparation for LET, hydrated powder deposited on an aluminium
foil wrapped around the inner cylinder of an aluminium hollow cylinder sample holder.

For LET experiments, upon suspicions of exchange, the sample was checked for aggrega-

tion with gel electrophoresis and deuteration of non-labile atoms with mass-spectrometry;,

seesubsection 2.3.5|and then solubilised three times against DO, lyophilised and hydrated

in the dessicator.

2.3.3 Comparison with 6126.pdb, a GFP mutant used for calcu-

lation purposes

In [section 3.3 we perform calculations of the static-structure factor S(Q) from an existing
structure of a GFP protein. Among the available structures on the Protein Data Bank
(PDB), the X-ray structure 1GFL.pdb is the closest in term of amino acid sequence. How-
ever, since we study the effect of hydrogen-deuterium isotopic exchange on the structure
factor of the hydrated protein, an X-ray structure deprived of explicit hydrogen atoms
does not guarantee at all that we reach a reasonable )-dependence of S(Q).

This is why we used 6126.pdb (2020, [143, [144]), the only GFP structure resolved with
neutron-scattering available on the PDB, obtained from a mutant enhanced green-fluorescent
protein. Its atomic formula is D1765C11510306N3485¢; It differs by 8 amino-acids from the
wild-type protein as displayed in The histidine tag MEFYHHHHHH in the
wild-type protein was used to enhance production of deuterated GFP and might not have
been cleaved, hence its presence in the sequence.

Neutron diffraction data were collected by Shibazaki et al at T= 100 K on BioDiff diffrac-
tometer (Garching) with a 1.45 A resolution, enough to discrimate hydrogens in water
molecules. The protein is a protonated protein crystallised in presence of D;O. 377 heavy

water molecules are present in the PDB file.
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This structure holds several advantages :

Red : hydrophobic aliphatic

Blue : Polar neutral
Dark Green : Basic

10 20 30 40 50 60

Wild-type GFP — MEFYEHHHHEH MSKGEELFTG VVPILVELDG DVNGHKFSVS GEGEGDATYG KLTLKFICTT
Enhanced GFP, 6126.pdb — M GEELFTG VVPILVELDG DVNGHKFSVS GEGEGDATYG KLTLKFISTT

Wild-type —
6126.pdb —

{

Wild-type
6126.pdb -

Wild-type
6126.pdb -

l

70 80 90 100 110 120
GKLPVPWPTL VITFSYGVQC FSRYPDHMKR HDFFKSAMPE GYVQERTISF KDDGNYKTRA
GKLPVPWPTL VITLTYGVQC FSRYPDHMKR HDFFKSAMPE GYVQERTIFF KDDGNYKTRA

130 140 150 160 170 180
EVKFEGDTLV NRIELKGIDF KEDGNILGHK LEYNYNSHNV YITADKQKNG IKANFKIRHN
EVKFEGDTLV NRIELKGIDF KEDGNILGHK LEYNYNSHNV YIMADKQKQG IKVNFKTRHN

190 200 210 220 230 240
IEDGSVQLAD HYQQNTPIGD GPVLLPDNHY LSTQSALSKD PNEKRDHMVL LEFVTAAGIT
IEDGSVQLAD HYQQNTPIGD GPVLLPDNHY LSTQSALSKD PNEKRDHMVL LEFVTAAGIT (H)

Figure 2-12: Amino-acid sequence for the produced wild-type GFP, compared to the
structure of a enhanced green fluorescent protein available in 6126.pdb. Mutations are
coloured according to the type of amino-acid involved.

1. The presence of D nuclei in the structure yields direct information on the position

and proportion of labile atoms in the protein, see [subsection 2.3.4, This is precious

information for a good derivation of the diffraction profile of the protein.

2. Explicit hydrogens in the PDB file avoids to resort to simulations to elucidate hy-

drogen atoms;

3. The presence of a layer of 251 water molecules (=~ 0.17 gD;O/gGFP) included

with fully explicit D and O coordinates that can be compared to the simulated 0.4
gD>O/gGFP layer.

2.3.4 Labile hydrogen atoms in the GFP

Categories of labile atoms

A protonated protein exposed to a DO solvent, or a deuterated protein exposed to

H>0O, will undergo fast exchange of their labile protons. Labile protons are hydrogens

covalently bound to oxygen (O), sulfur (S) and nitrogen (N) atoms of polar amino-acids.

The exchange is acid or based catalyzed, and therefore depends on the pH of the solvent.

Labile atoms are also situated on H-bond acceptor and donnor positions depending on

the functional group, reducing the exchange rater of labile atoms in protein compared to

simple peptides |142] [145].

Exchange rates occurring from H to D in deuterated solvents are well-documented due to
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their relevance in the field of Mass-Spectometry based H/D exchange methods, and are

usually separated into three groups according to their kinetics of exchange :

1. Side chains labile atoms involved in hydroxyl, carboxyl, amine or sulfhydryl fonc-
tional group, exchange at faster rate than what most experiments can probe (the
kinetic rate constant approaches k &~ s~! [146]), and are supposed to be instanta-

neously exchanged.

2. Amide backbone hydrogen atoms exchange more slowly. Their exchange time has
been measured to extend from 10 to 1000 ms in random coils. However, it has also
been calculated in lysozyme at physiological temperature and pH to extend over 6
orders of magnitude, from milliseconds to years: k € [1072,1079]s™! [147]. These
labile protons are used as probes of the protein’s accessibility in solvent, or to probe
ligand-protein interactions [148] because the exchange rate depends on the opening
and closing rates of the local protein state. Amide backbone labile protons exchange
rate presents a V-shaped curve as a function of pH with a minimum around 2.3 (this
pH value is used to quench the system), therefore high temperature and neutral pH
physiological conditions favour exchanges |149]. Neighbouring side-chains also exert
a steric effect that modifies the rate [150], explaining also the slower rates within a

protein compared to random coils.

3. Hydrogens involved in carbon bounds of aliphatic chains or aromatic groups do
not exchange at the scale of experiments if it is not favoured by a catalyst or high
temperature conditions: it cannot exchange without a ionization process [151].
Indeed, it is not an easy process to exchange all labile atoms: successive incubations
of a hydrated protein in a deuterated solvent are not sufficient to yield more than
80% of exchange among amide backbone hydrogen|152]. In the Appendix, m
gives the list of common amino acids and their respective labile hydrogen atoms,
sorted into side-chains or backbone. Let us notice that we define a Pk, for most
charged and polar amino acids, which is the pH required to balance acidic and basic
side-chain functional groups of one type. It implies that for those side-chains we

need Pk, > 7 to observe exchange of labile atoms.

Characterisation of labile atoms in 6126.pdb

6126.pdb structure displays two configurations A and B. In configuration A, all explicit

D atoms (labile atoms) have an occupancy level equal to 1, while configuration B
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features additional labile atoms with occupancy levels < 1.

We verified that labile atoms in configuration A correspond to labile atoms of types 1
and 2 described above (fast+amide) which are not involved in the secondary structure
H-bonds , while configuration B corresponds to all labile atoms of types 1 and 2.
For this purpose, we computed internal backbone H-bonds with Pymol software (see ap-
pendix, implied in secondary structures. Subsequently, we estimated the
number of labile atoms of types 1 and 2 from the FASTA sequence of “6126.pdb” and
“1GFL.pdb”, which is the closest sequence to our produced wild-type GFP |, using
ble A-Tl This is stored in subtable 2 of [Table 2-V1I

a)

@ Backbone labile atom

® Side-chain labile atom

Teaa] Aouednoo

L
¢

-2 -
5 Ny S

&

< 10}
c 0'
00 02 04 06 08 10

Occupancy level
(slow exchangeable H)

Figure 2-13: a) Labile atoms present in 6126.pdb sorted into backbone and side-chains
atoms. b) Labile atoms in 6126.pdb sorted by occupancy levels. c¢) Occupancy levels of
slow exchanging labile atoms (Occupancy levels < 1).

We compare to the labile atoms of configuration A (occupancy level =1) and B (occupancy

level < 1), obtained directly from “6126.pdb” structure. They are sketched in [Figure 2-13
(a) and (b) and stored in sub-table 1 of [Table 2-VI

Successful comparison of explicit and calculated labile atoms for 6126.pdb implies that

e For S(Q) calculations, it is reliable to use explicit D atoms in 6126.pdb file for labile

atoms.

e In configuration A, only fast labile atoms which are not engaged in secondary-
structure H-bonds have exchanged, and in configuration B all fast and slower
hydrogens from amide functional groups labile atoms have exchanged.

Hence, our calculations with 6126.pdb can feature both situations.
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e We can use the number of labile atoms corresponding to the wild type 1GFL.pdb,
highlighted in yellow in [Table 2-VI| to estimate the number of labile atoms in our
protein (268 for configuration A and 414 for configuration B).

Furthermore, occupancy levels < 1 display an average of ~ 0.67 and are distributed close
to 1, [Figure 2-13| (c). Hence it is highly probable that both slow and fast labile atoms
(configuration B) have exchanged in our sample. Hence, we can consider that ~ 414

labile atoms have exchanged in our sample.

Table 2-VI: Estimation of labile atoms, obtained from explicit deuterium atoms and from
calculations of labile atoms using the FASTA sequence of in 6126.pdb and 1GFL.pdb.

Explicit labile atoms in the PDB structure

Side Chains | Backbone | Total
6126.PDB, config A 185 90 275
6126.PDB, config B 186 202 388

Calculated labile atoms
Side Chains | Backbone | Total

6126.PDB, fast labile atoms (= config A) 175 76 251
6126.PDB, slow labile atoms (= config B) 175 215 390
Wild-type GFP, fast labile atoms (= config A) 185 83 268
Wild-type GFP, slow labile atoms (= config B) 185 229 414

2.3.5 Isotopic state of the protein

In order to verify that former experiments (IN5, D7, IN12) had not compromised the
isotopic state of the protein, we performed gel electrophoresis and mass spectroscopy

before pursuing the project with polarised QENS experiments on LET.

Sample aggregation state pGFP and dGFP were excluded by size with gel elec-
trophoresis. It consists in applying a voltage to trigger the migration of biomolecules
through the viscosity of the gel matrix, and the distance from the origin is a function of
the fragment’s size. The presence of oligomers in the sample appears as multiples of the

expected mass of the monomeric form of the protein (27kDa).

Deuteration of non-labile atoms assessed with mass-spectrometry We quan-
tified the percentage of deuteration of non-labile protons in the protein sample before
performing LET experiment.

A MALDI mass spectrometry (MALDI TOF/TOF MS, Autoflex maX, Bruker Daltonics)

experiment was carried on at Institut de Biologie Structurale (IBS, Grenoble) with the
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Sample 1, Sample 2, Sample I, Sample 2.
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Figure 2-14: Gel electrophoresis of a deuterated GFP control sample dating back to
production (sample 1, column 1: 10uL and column 3: 154L) and a sample used on IN5,
D7 and IN12 (sample 2, column 2: 10uL and column 4: 15uL)

help of Elisabetta Boeri on a HyO diluted dGFP sample to check the deuteration percent-
age of non-labile atoms. The first sample dates back to GFP preparation 2019 and was
stored at 2C', while the second sample was used for three neutron experiments and stored
in different conditions, then three times solubilised and lyophilized in D,O before being
checked with mass-spectrometry in view of LET experiment. Sample 1 corresponds to
the state of the sample used on the first experiment on IN5 (never used under a neutron
beam), and sample 2 to the state of the sample used on LET (sample prepared and then
used several times). The output of a mass spectrometry experiment is the mass-to-charge
ratio of the ionized protein fragments, leading directly to the mass of the protein.
displays the peaks associated to Sample 1 (a) and Sample 2 (b) as a functions
of their mass-to-charge ratio m/z. The charge of the cation is denoted as z* next to the
associated peak, and the mass-to-charge ratio is displayed above the peak.

The mass for a fully deuterated sample is estimated from the amino-acid sequence by
doubling the mass of hydrogen atoms except labile atoms. It is then compared to the
mass of the fully protonated sample to extract the deuteration ratio from the experimen-
tal mass M. We analysed the most intense peaks, such that M = (%) z . Results are
exposed in table showing that non-labile atom exchanges are negligible in
the GFP protein whether the sample has been used under a neutron beam or not.
Therefore, any difference between experiments and expectations cannot be
explained by the deuteration state of the protein.

Method : The sample is dissolved into an acidic solvent exchanging all labile atomes,
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Figure 2-15: Table of resulting deuteration ratios for sample 1 (unused 2019) and sample
2 (2022) obtained from mass-spectrometry experiments, MALDI-TOF, IBS.

a) : " e 0888530 80 pM, 1:25 diluted
= 44
o 34
::- ] DO3G.15F .
dGFP sample 1, 2019.
24
m/z
b) = UR06.975 . . . . .
o 130 pM, diluted 1:60 in 0.1% TFA (2 pM)
= 3
= |
g dGFP sample 2, 2022
g TA22.643 Used in neutron experiments,
4844008 resolubilised against D, Q.
4 24
"1 BO34.187

Wl -
M n 14 2umed04 III/Z
L— — —_— [Da]

Figure 2-16: Mass-spectrometry intensity over mass-to-charge ratio, dGFP in D,O. Sam-
ple 1: unused sample from initial batch, sample 2: sample used for IN12 and D7 experi-
ments, resolubilised against D5O. Performed at IBS mass-spectrometry platform.

Table 2-VII: Table of deuteration ratios obtained for sample 1 (unused, 2019) and sample
2 (used, 2022) obtained from mass-spectrometry experiments, MALDI-TOF, IBS.

Sample 1 \ Sample 2
Expected mass, protonated sample HyO [Da] 28187
Expected mass, deuterated sample in HyO [Da] 29673
Experimental average mass [Da) 29668 29688
Deuteration ratio of non-labile protons (%) 99.7 101.1

containing an organic crystal “matrix”. The solvent is vaporized, leaving a co-crystallized
matrix with the embedded protein on a plate. This system is then excited in vacuum
with a laser: the matrix containing the protein is desorbed, vaporized and ionized, which
successively ionizes the protein. The application of a voltage induces a drift on the protein,
and the time required to reach the detector is measured by time-of-flight and yields the

mass-to-charge ratio. The presence of the matrix reduces the cleavage of covalent-bounds

to study whole bio-molecules.
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CHAPTER 3

Polarised diffraction at intermediate ()-scale in protein powders:

infer a timescale of exchanges at the interface of water surface

Study of both the dynamics of a per-deuterated and a protonated protein requires to
figure out what can be compared in such samples, regarding their very different expected
coherent over total scattering ratios (83 % versus 16 %). Only quasielastic scattering can
provide a clear assessment of the contamination of incoherent scattering with collective
motions at the timescale of interest. However, diffraction already gives a paramount in-
sight into the ()-dependence of coherent scattering, to decide the relevance of performing
polarised QENS. Diffraction also corresponds to an experimental set-up that is already
available and used in soft matter [154, 33|, in comparison with polarised TOF that un-
derwent a recent development for higher resolution studies and just opens to the dynamic
study of non-magnetic samples. In this chapter we investigate the (-dependence of coher-
ent scattering in both a deuterated and a protonated protein powder samples hydrated in
D50. Upon a surprisingly low percentage of coherent scattering in the deuterated sample,
we perform calculations of S(Q) to evaluate whether it stems from a strong amplitude
collective term or from an exchange of both labile atoms and hydration water in the

sample.
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Chapter 3, Polarised diffraction at intermediate ()-scale in protein powders: infer a
timescale of exchanges at the interface of water surface

3.1 Introduction

Diffraction of protein powders is usually performed in the Q) < 0.1A7" range dedicated to
Small Angle Scattering Studies (SANS) to study structure, organisation, interaction or
polydispersity in a large panel of bio-molecular samples. It is feasible because coherent
scattering is preponderant in this range corresponding to large distances (>nm). This
is also why Neutron Spin Echo is performed to study collective dynamics in this range
despite the presence of incoherent scattering with a factor —1/3.

On the other hand, incoherent quasielastic neutron scattering is usually performed for
Q > 0.1A7" Gaspar et al carried-out polarised diffraction on that ()-range using a pro-
tonated Myoglobin powder in D,O and a deuterated C-Phycocyanin powder in HyO [33],
h = 0.35. They show that for Q) < 0.4A7" (O.GA_1 in the deuterated C-phycocyanin), co-
herent scattering represents up to 80% of scattering, defining a criterion for the cross-over
towards the predominance of incoherent scattering. Above that range, coherent scatter-
ing remains non negligible with a baseline of about 15% in D,O hydrated protonated
protein powders, which increases at the typical peaks of proteins around @) = 0.7A7" and
Q = 1L7A7" Although Gaspar et al suggested the importance of carrying-out investi-
gations with polarised quasielastic scattering to go beyond this “static” interpretation of
the impact of both contribution of scattering, highlighting that ratios of coherent scatter-
ing should be dependent on the relaxation processes involved, it had not been performed
so-far. Furthermore, there exists no information concerning the proportion of coherent

scattering in a deuterated protein hydrated in D,O, which further motivates our study.

Coherent scattering is the sum of a distinct and a self term, corresponding respectively
to sums of correlations of pairs of different nuclei and of correlations from single nu-
clei. Therefore, estimating the coherent static structure factor Scon(Q) = Scon,dist(Q) +
Sconserf(@)) implies to know of all inter-nuclei distances, which is not straightforward.
Hence, for the sake of simplicity, often the -independent self coherent ocopseif and inco-
herent macroscopic oy, cross sections are rather evaluated in literature [24, [25, |33] in

order to raise an estimation of Scon(Q)/Sinc(@).
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i=n

1
2
Ocoh,self = E E bcoh,iNi7

i=1

_ (31)
1 i=n

inc — & _ b2 'Nia
o 47‘(’ ; mc,?

with beopn; and bipe; the coherent and incoherent scattering lengths of atom of type i and
N; the number of atoms of type i, such that n types of nuclei are present in the sample.
However this is valid only in the large () limit and in the frame of the static approximation,

where
lim Scoh(Q) _ O coh,self
Q—ro0 Sinc(Q) Oinc,self

(3-2)

This approach is often used to justify that only the protein self-motions are visible in the
case of a protonated protein hydrated with a single layer of DoO. However, it is expected
to be unrepresentative for t # 0 due to both the lack of consideration of pair-terms and

the sample’s inelasticity.

displays the expected contributions of scattering using [Equation 3-1] for a

polarised experiment on the dGFP sample, that is, for incoherent and coherent scattering
disentangled. a) displays contributions from the different nuclei types while
b) clarifies the contributions from either the protein or the hydration layer. In
each figure, the case of no exchange in the sample (ideal case) is compared to the case of
full labile atoms exchange + 40% of hydration water exchange.

This discussion will serve as a guideline along the manuscript to prove that those “static”
considerations, usually held as a convincing argument that only self-dynamics of hydro-
gens are probed when contrast is made with deuterated hydration water, provide a wrong
picture, and are not a good argument to interpret which nuclei are emphasized at a certain

resolution and on a certain ()-range.
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a) dGFP. Incoherent scattering. dGFP. Coherent scattering. C) dGFP, 40% D->H exchange in dGFP, 40% D->H exchange in
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Figure 3-1: Expected contributions from [Equation 3-1]for dGFP, in the ideal case without
exchange [(a) and (b)] or in the case of D — H full exchange of labile atoms and 40%
hydration water exchange [(c¢) and (d)]. (a) and (c) correspond to the contributions ex-
pected for each nucleus type, while (b) and (d) correspond to the respective contributions
from protein and hydration water.

3.2 Polarised neutron diffraction experiments per-

formed on pGFP and dGFP powders in D,O

3.2.1 Evaluation of the coherent ratio of scattering in the static-

structure factor

We performed diffraction with polarised neutrons on pGFP and dGFP, both hydrated
with a single layer of D,O, h = 0.4. Characteristics of the three instruments used for
polarised diffraction are presented in Materials and Methods, where the reader
is referred. We will only highlight again the differences in set-up and dynamical range,
noticing that the latter stretches from E,,;, ~ 26 meV on D7 (largely out of the QENS
region and Boson peak region) to E,,;, = 0.25 meV on IN12 (in the QENS region).

shows the experimental ratios obtained on IN12 (blue dot), D7 (yellow dots)
and LET (green curve). [Table 3-1| gives the average Scon(Q)/Siot(Q) ratios obtained on

the three instruments for dGFP and pGFP, |[Equation 2-18, S..,(Q) is the static structure

factor obtained from the coherent intensity, while Siot(Q) is the static structure factor
obtained from the merged incoherent and coherent intensities.

For dGFP the same ratio is obtained for all instruments within error bars.
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Figure 3-2: Experimental ratio Seon(®)/Stot(Q) obtained from polarised neutron diffrac-
tion on IN12 (Triple Axis Spectrometer-TAS), D7 (diffuse diffractometer) and LET
(Time-Of-Flight Spectometer-TOF), their dynamical ranges are featured in the legends.
Comparison is made with the expected ratios oeon/otor in the case of integration over
E € [—00,00] and Q — oo, for different labile atoms and D,O exchange

situations.

However, discrepancies are larger for pGFP. We emphasize both the hazards in sample

preparation (pGFP adsorbed water very slowly at each preparation, affinity with water

82



Chapter 3, Polarised diffraction at intermediate ()-scale in protein powders: infer a
timescale of exchanges at the interface of water surface

molecules was way more restricted than for dGFP) and the strong effect of the flat sample

holder on IN12 around @) ~ O.SAfl, see . Furthermore, the substantial higher

coherent scattering contribution on LET for both samples could be due to the cylindrical

geometry of the sample holder reducing multiple scattering (with Tygrp < Tugrp) rather

than a difference in sample preparation, see |[subsection 2.2.1]

As shown on figure [Figure 3-3| the ratio of coherent over total scattering is barely a

Table 3-1: Average of experimental Seon(Q)/Stot(Q) over @ € [0.4, Q.Q]Afl for pGFP and
dGFP. Uncertainties are below 1072 except for pGFP, LET (£0.04)

Sample Seon(Q)/Stot(Q)
LET D7 IN12

pGFP 0.172 0.148 0.113
dGFP 0.260 0.250 0.256

function of temperature for pGFP, and is the same within error bars (+£0.04) for 7" = 2K
and T = 310K for dGFP. It was already found in polymers that the ratio calculated
with polarisation analysis is not a function of temperature . It further corroborates
the robustness of results despite differences in instrument type, dynamical range and

temperature. However, what directly strikes is the very low coherent ratio for dGFP

1.0~
0.8}
- v pGFP, T=2K ¢ dGFP, T=2K
@ 0.6¢
i 0.4}

0.2}

0.0L:

@ pGFP, T=310K @ dGFP, T=310K

ot

t

Scoh (Q)

Figure 3-3: Structure factor ratio % obtained for pGFP (blue) and dGFP (red) for

temperatures 7' = 310K (full markers) and 7" = 2K (open markers) measured on LET
spectrometer.

reported in Although pGFP coherent ratio corroborates results of Gaspar et
al for similarly hydrated protonated Myoglobin in D,O [33], a dubious ~ 25% ratio is
obtained for a per-deuterated dGFP in DyO where coherent scattering is supposed to

prevail.
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3.2.2 Discussion: deviations from asymptotic expectations

Results are at odds with the large @ limit, [Equation 3-2] and it cannot be attributed to a
inelastic effect regarding the agreement among instruments. For dGFP we asymptotically
expect a ratio of coherent scattering of 83 % (red dotted line, . It drops to
41 % in the situation where all labile atoms have exchanged with hydrogen (black dotted
line). However, the highest peak around @ = 1.4 A7 exhibits a ratio of only ~ 30 %.
In literature of protein powder diffraction [155], this peak is reported to reach above the

large @ limit, implying that experimental results are still at odds with even

with the exchange of all labile atoms. Deuteration of non labile atoms has been shown to

approximate 100% and cannot be held responsible for results, see [subsection 2.3.5|

Exchange in deuterated hydration water at atmospheric pressure is not casually reported
in literature but is rather discussed in the lab: a consensus with respect to the extent
and the kinetics of this exchange does not exist among scientists. However, it is clear
that upon weighing the hydrated sample under ambient atmosphere, mass changes at
experimental timescale up to a few milligrams, which is usually attributed to evaporation
(hence, a loss of water molecules). However, evaporation would concern at large a few
percent of hydration and it does not affect the coherent over total scattering ratio (< 1%
of decrease for h = 0.4 — h = 0.35).

In order to explain our results, we raise two hypotheses :

1. D—H exchange occurs in the hydration layer, explaining both the very high inco-
herent intensity in the dGFP (fine pgrp/linc.acrp ~ 3 while oi,cn = 80.3 barns and
Tine.p = 2.05 barns [23], see and the decrease in coherent scattering. Two
scenarios are proposed, calculated with [Equation 3-2] to illustrate this hypothesis
on : a 50% exchange that fits very correctly experimental results (purple

dotted line), and a 100% exchange which raises a very low ratio (gray dotted line).

2. Although quite unlikely regarding existing powder-form protein and peptides diffrac-
tion patterns [155], the distinct part of the coherent structure factor could be highly

negative and almost constant in this () range, as has been observed in bulk wa-

ter (see [subsection 1.5.2) [156, 113]), and explain that the asymptotic limit is not

reached at all in this @) region, resulting in a seemingly low coherent ratio.

Those hypotheses are briefly resumed graphically in Verifying such hypothesis
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requires formal calculation of the static structure factor S(Q) for a hydrated protein
powder with the required hydration.

Hypothesis 1

Hypothesis 2
S(@

| S Sconsetf (@)
[
Y \ Scon(Q)
[} ‘\ T T N ——
! S’

o - : .
tes 1 15 2 Q[ATY
\ e
\\ .~ S~
\\-_—’, SCD}Ldl‘Sf(Q)

Scok(Q)/stot(Q) l

0.83

Scoh‘self (Q)/Stot.self(Q)

Smh (Q)/Stot (Q)
0. 25 .............................................
0,:5 155 5 QAT

e

Experiments
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Scoh (Q)
Stot (Q)

o5 2 QAT
Figure 3-4: Schematics representing hypothesis 1 and 2, raised to explained the experi-
mental

ratio. Hypothesis 1 involves D—H exchange in the atmosphere. Hypothesis
2 involves a steady and negative distinct coherent structure factor Seon aist(Q)-

Due to experimental variation in pGFP and its lower affinity to exchange and the

and the lesser quantitative distinction between scenarios, dGFP will be used
as the model to answer that question.
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3.3 Calculation of the static structure factor of a

powder sample from its PDB structure

3.3.1 Method

We want to provide a simple estimation of S(Q) and avoid the resort to molecular dy-

namics simulations to check our hypothesis.

Hence, we propose a general expression for the static structure factor S(Q), [Equation 2-14]

and suppose that atoms are highly localised at time t=0, therefore dropping the thermal

average (...) in [Equation 1-52| We write

1 .
S(Q) = N Z bi,cohbj,coh exXp ZQ (Rj — Rz)

i
sJ rij

SCO‘QQ) (3-3)
Z N bl inc»

Sinc(Q)

with b; con and b; jne the coherent and incoherent scattering lengths corresponding to nu-
cleus i, and r;; the vectorial distance between nuclei ¢ and j introduced as the difference
of space operators R; and R; at time t=0, where they commute.

In powder state, the static structure factor is averaged over 6 and ¢ in spherical coordi-

nates due to the isotropy of the sample. It yields a simple formula for S(Q) detailed in

the appendix, [Equation A-22|

S i
S Z bz cohb] coh™ ~ ln QT ! Z N; bz inc * (3_4)
Seon@) Sinc(@)

Seon(Q) contains itself two terms, namely: Sconseif ad Scon st corresponding to self cor-
relations (¢ = j) and distinct correlations (i # j). Let us highlight again that “distinct”
means distinct pairs of nuclei, not distinct types of nuclei. In the distinct term, each
different couple of nuclei counts twice in the sum.

Therefore, knowledge of respective distances of all nuclei in the { GFP+hydration water}
system is enough to yield an approximate S(Q) for the protein. This is valid above

Q =~ 05 A" the largest distances in the protein (height h ~ 40A) correspond to
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Q = 2n/h =~ 0.2A7" hence, small @ values below 0.5A7" lack the protein-protein and
protein-water interdistances information which is present in the real system. Indeed,
we only calculate distances within the protein and its hydration water, so inter-protein
distances are not feature: a box with more than one protein, equilibrated with MD sim-

ulations, would be required to refine the low () range.

6126.pdb, a model for nuclei inter-distances in the protein

The only way to get distances between all nuclei in the protein is to perform diffraction on
a crystallised sample. Since we are interested in estimating D/H exchange, it is paramount
to have access to explicit positions of all hydrogens, which are not resolved with X-rays:

we require neutron diffraction data with high resolution, which is furnished by the sole

available neutron diffraction PDB file for a mutant GFP (described in [subsection 2.3.3|
[143,144]), see|Figure 3-5| Besides the information of inter-nuclei distances, 6126.pdb also
provides explicit DoO hydration molecules and labile atoms, this is reported in[Table 3-T1|

Hence, the amount of labile atoms is sufficiently close to account for our own protein
sample, but the hydration layer is not dense enough and needs to be simulated and

compared to the crystallised water of 6126.PDB.

Table 3-II: Comparison of hydration and labile atoms of wild type GFP used for experi-
ments, to the features available from 6126.PDB.

Hydration Nb of water | Nb of labile atoms | Nb of labile atoms | Temperature
molecules | (fast exch) (fast+slow exch) (K]
Wild type GFP, | h=04 | =600 268 414 ~ 300 K
experiments
Enhanced GFP, | h=0.25 | 377 251 388 100 K
6126.PDB

Figure 3-5: Hydrated enhanced green fluorescent protein, 6126.pdb.

correspond to crystallised water in the first hydration layer.
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Create a hydration water layer with exchanged water in the layer

We generate a PDB file with explicit hydrogen and oxygen atoms calculated for a hydra-
tion layer using Solvate software written by H. Grubmiiller [157] yielding a layer optimised
for sterical constraints. The simulated layers correspond to 2376 water molecules, that
is h = 1.7. In order to reduce hydration to h = 0.4, we kept only DO molecules with
the minimal distance to the envelope of the protein (=~ 600 molecules, dependent on the
protonation state of the protein).

Comparison of the static structure factor of the generated water with crystallised water
is performed by reducing the simulated hydration layer to h = 0.25, see (b).
Secohdist differs mainly by the position of the main peak at 2 A in the simulated water

towards 1.7 A~ in the crystallised water, see|Figure 3-6|(a). In the following figures, lines

are only used as a guide for the reader to join the calculated data points.

&
~—
oe]
=)

—e— Scon distinct(Q), 377 crystallographic water .
molecules from 6126.PDB

N

= Seoh distinet(Q), 377 water molecules
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Figure 3-6: a) Comparison of the coherent structure factor distinct and self contributions
(fm? /nucleus) using the crystallographic water collected at 100K from 6126.PDB
representing an amount of 377 water molecules, and the water layer simulated with Solvate
software. b) Comparison of the two water layers, featuring a zoom on the internal cavities.
¢) S(Q) (X-ray diffraction, O-O correlations) obtained from MD simulations on hydrated
lysozyme (h = 0.23) at different temperatures (red: 7" = 300 K, blue: 7" = 180 K),
adapted from Ref. |[158], displaying a peak-shift upon temperature.

This shift arises mainly from D-O correlations, [Figure 3-7| (a), and might be explained by

the lack of energetic consideration in Solvate or by a temperature effect implying greater
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order of the crystallographic water at 7" = 100K [158], |[Figure 3-6| (c) hence a shift of

the peak towards lower (. However, it is not expected to play a major role in the total
structure factor calculation. This generated hydration layer is therefore a correct model
in the frame of our study.

D—H exchanges in hydration water were carried-out uniformly at the surface of the pro-
tein, to a given percentage of the initial D,O content, see (b). We did not
chose to specifically exchange whole molecules or to simulate an equilibrium with HDO
molecules following the known equilibration curve , regarding our lack of knowledge

of the exact involved phenomenon.

o
p—
)
W

—— Solvate « PDB

[S]
o
I.

Main peak shift contribution : D-O

)
=
=
=
o 15' ..'.'_.--.‘- ‘o
o 2 o
wi 10 D-0 o]
o
= 9 :
3 b 0-0 .
“ ol g T =0T 1y &
:E_M_i'°fs4$944_oﬂ4_13_2_%?_9_9_944}{rrwﬂ L Fog ‘J ,
: : ‘ : : : : At
10 12 14 16 18 20 22 Gl
-1
QA7)

Figure 3-7: a) Comparison of D-D (orange curve),D-O (blue curve) and O-O (green curve)
contributions to the distinct coherent structure factor of water for either crystallographic
water (PDB) or Solvate simulated water (Solvate). The main shift between distinct

structure factors arises from D-O correlations (Q ~ 1.69 A7 PDB — Q ~ 2.02 AT
Solvate)

b) Picture of the dGFP cartoon with hydrogen labile atoms in green and DO water
molecules surrounding the protein and simulated with Solvate, such that deuteriums are
in white and hydrogens are in blue.

Assess the dry protein structure factors

Dry protein structure factors have already been experimentally reported by Gaspar et
al in with polarised neutron diffraction for @ € [0.1,2.3] Afl, offering a good basis
to check our simulated dry protein factors (dAGFP to deuterated C-phycocyanin in HyO,
pGFP to protonated Myoglobin in D,0), (c) and (d).

Interestingly, as observed on (a) and (b), isotope exchange does not alter much
the distinct correlation peak arising around Q = 1.5 A_l, because it implies heavy atoms

and is rather a signature of the backbone structure. It is retrieved for GFP (5 barrel
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structure) as well as myoglobin or C-Phycocyanin « rich proteins [Figure 3-8 (c) and (d)].

However it does impact low () values where isotope-specific partial structure factors have

higher amplitudes and stronger variations.

Strong intensity below Q = 0.6 A~! is present in our dry proteins while it is absent in
Gaspar’s et al work (they report that it appears upon hydration and those correlations
are assigned to water-protein correlations), somehow explaining the variations between

experiments and simulations at low () values.
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Figure 3-8: a) and b): Partial contributions to the distinct coherent static structure factor,
strong contributions are labelled. a) corresponds to dGFP (dry, no labile atoms exchange)
and b) corresponds to pGFP (dry, no labile atoms exchange). ¢) and d) Coherent structure
factor Scon(Q) for dry dGFP (c¢) and dry pGFP (d), in the case of no labile exchange
(blue curve) and full labile atom exchange (orange curve). It is normalised to verify
ngn Secon(Q) = Sconself/ (Scohself + Simeserf). The latter curve is compared to Gaspar et al

coherent structure factors for deuterated C-Phycocyanin with D—H exchange and
protonated Myoglobin with H—D exchange. The gray curtain corresponds to lower @)
values where our model fails to reproduce data.
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3.3.2 Compare the calculated static structure factor to experi-

ments

The static structure factor S(Q) was calculated for AGFP and pGFP for H—D exchanges
taking values in {10, 20, 30,40, 50,60}%. It was calculated for @ € [0.1,2.5] A7 with
a step of AQ = 0.03 A", Tt was calculated in fm? /nucleus using the scattering length
available on the NIST base, and then normalised using Sinc(Q)+Scon se1f(Q) = 1 to retrieve

the asymptotic condition in [Equation 3-2| and
lim S;(Q) = 1. (3-5)
Q—oo

Root-Mean-Square Deviations measure the difference between calculations and experi-
ments for ) > 1 A7 Tt raise the most probable hydration exchange for each experiment
as featured in We discard low () values for RMSD calculations because we
only consider a single protein instead of a powder, hence, all distances above ~ 50A lack

in the model.

Table 3-I1I: Exchange ratios for hydration water, obtained from minimising RMSD be-
tween the computed and experimental structure factor ratio ift%((g)) Equation 3-4)). Full

labile atom exchange is supposed for dGFP while full recover (O)f labile atoms (H—D) is
supposed for pGFP.

Sample/Instrument ~ LET D7 IN12

pGFP, exchange ratio 0% 30% 40%
dGFP, exchange ratio 40% 50% 30%
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Results for the dGFP sample

'dGFP, h=0.4 QU

3 AR- %

Scoh (Q)

0.5 1.0 15 2.0

QIA™']
@ % IN12 (ILL). TAS, E € [-0.25,0.25]meV — No exchange ft‘
228 D7 (ILL). Diffractometer, E € [-25,3.55]meV Labile atoms exchange
& 20 LET (ISIS). TOF, E € [-2.2,2.2meV — Labile atoms exchange

+ 40% D,0 exchange

Figure 3-9: dGFP sample, h = 0.4 at T= 310 K. Experimental ratio of the coherent static
structure factor over the total static structure factor Seon(Q)/Siot(@) has been measured
on D7 diffuse diffractometer (orange A), IN12 triple-axis spectrometer, ILL (blue o) and
LET TOF, ISIS (green <») with different resolutions and dynamical ranges, .
As a comparison, calculation of the static structure factor raises the ratio in case of no
exchange occurring in the sample (red line), the ratio in case of labile atoms exchange
in the protein (414 hydrogens in total, gray line), and the ratio in case of labile atoms
exchange in the protein + 40% D—H exchange in its hydration water (black line). Figures
on the right side show the sketch of the protein surrounded by hydration water (top figure,
deuterium in white) and a sketch of the protein where labile atoms and exchanged water
are explicitly displayed (labile atoms in green, hydrogen in blue).

It appears that exchange of all labile atoms (gray curve) is not enough to obtain
correspondence between experiments and calculations for dGFP. Hence, D—H exchange
in hydration water is be required to explain the low S¢on(Q)/Siot(Q) ratio in dGFP.
About 40% of exchange is necessary to explain deviations with theoretical

expectations.
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Results for the pGFP sample

shows the structure factor obtained for pGFP at different percentages of
hydration exchange. It appears that experimental uncertainty makes it ambiguous to
distinguish exactly which proportion of D,O has exchanged in the range [0%,50%)] and
depends on our arbitrary @) = 1 A" cutoff used for RMSD. It seems that pGFP undergoes
less exchange with respect to dGFP. It might arise from the strength between the protein
and its hydration water, since D-bonds are stiffer with respect to H-bonds . It plays
a role in both affinity to hydration water and its propensity to exchange with hydrogen.
Let us remark in that sense that experimental time to hydrate pGFP to h = 0.4 was
much longer (> 2 days) than to hydrate dGFP < 8hours. pGFP also difficultly exceeded
h =0.35.

1.0f
pGFP, h=0.4
0.8¢

0% No exchange
) 10%
Qi 0.6}

20% —— Labile atoms exchange
] 30%
2 0.4f20%

Scoh (Q)

0.2;

0.0k - - - -
0.0 0.5 1.0 1.5 2.0

QA™"]

® PGFP SSCL(‘QQ)) IN12 (ILL). TAS, E € [-0.25,0.25]meV
tot

pGFP SCL(Q)) D7 (ILL). Diffractometer, E e [-25,3.55]meV

Siot (Q
& pGFP %L(‘g)’ LET (ISIS). TOF, E € [-2.2,2.2]meV
tot
Figure 3-10: Comparison of experimental against computed % ratio, for different

D — H hydration exchange conditions in gray from 0% to 60% (0% in black, no labile
atoms exchange in light red, labile atoms exchange in dark red)
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3.4 Validate the exchange of hydration water: com-
parison of incoherent intensities

Comparing the w-integrated incoherent intensities obtained from both dGFP and pGFP
samples from the same experiment with polarisation analysis is a good indicator of the
presence of D—H exchanges in the sample.

We calculate %EFP as a function of rexen € [0%, 100%], the percentage of D—H exchange
in hydration water, and compare it to the ratio obtained from polarised incoherent diffrac-
tion on D7, IN12 or LET in order to get an estimation of the percentage of exchanged
hydration water in the sample.

Instrumental conditions are the same for pGFP and dGFP in each experiment (sample
holder thickness, homogeneity of the powder sample, incoming beam, detector efficiency

and resolution). Hence, [Equation 3-6| holds for the ratio of raw incoherent intensities for

both samples, normalised with vanadium [123].

Iineparp(0) pE(A)pAQns , T, <_Sgl>1nc » /(Cpr(A)pAcht)
Iinc,dGFP (‘9) deE()\)dAQns de ( z

(mpr(é’é)mc > (3-6)

B ded<89>mc,d ’
My

p and d subscripts stand for protonated and deuterated. With Igpp the raw intensity

of the GFP sample, ¢ the incoming flux of neutrons, F(A) the detector efficiency, n
the sample’s number density, Tgrp the sample’s transmission, Af2 the solid angle of the
detector, mgrp the sample’s mass and Mqgpp the sample’s atomic mass. Transmissions
are obtained from D7 measurements such that Tygrp = 0.976 and T,grp = 0.910.

Since we experimentally verify [;,.(Q) ~ cst for all instruments when @ < 2.2 A" and

that we place ourselves in the limits of the static approximation [46], such that:

/ dQ <§;> = Oine. (3-7)

One gets :
MpTpTine,p
Iinc,pGFP> ~ Mp (3 8)
Iinc.acrp maTa0ine.d )’
Mgy
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with (...) the mean over accessible 6 or @) values. oy, grp is the total incoherent scattering
cross section expressed in [Equation 3-1 mgpp and Mqgpp are functions of hydration A
and exchange ratio regeh.

Labile atoms are supposed to have exchanged completely (414 labile atoms). The rest
of the protein is not subject to exchanges (99% deuteration). rewn = 0% corresponds
to a 100% deuterated hydration water, rexe, = 100% corresponds to a 100% protonated

hydration water.

linep (r
The curves for lnepTexch)

T are displayed in [Figure 3-11| for both sample preparations in

black and gray. Experimental ratios are displayed as colored lines and calculated from

Iinc

792) o over the accessible @ range for @) > 02A7". The percentage

the average of (72

)

of hydration exchange is obtained from the adequacy of the calculated and experimental

ratios of incoherent intensities.

It raises an exchange ratio 7 of &~ 40/50%, [Table 3-IV]| It is in agreement with the

Table 3-IV: Most probable D— H exchange percentage of hydration water obtained from
the w-integrated incoherent intensities <Ii"c'p>eXp on D7, LET and IN12, for 7" = 310 K.

]inc,d

All 414 labile atoms have exchanged. Uncertainties for (?”“’i)exp do not exceed +0.05.

Considering only “fast” labile atoms exchange raises ren 54%, 62% and 63% for IN12,
D7 and LET respectively.

—QZEZEZZS =0 (%)exp D — H exchange, D — H exchange,
’ 7 obtained from obtained with S(Q)
(2o
IN12 7.39 3.30 39% ~ 30%
D7 8.7 2.90 46% ~ 50%
LET 7.39 3.01 (3.04 for T=2K) 59% ~ 40%
Average / 2.950 + 0.021 48% ~ 40%

estimation raised in [Table 3-11I| and reinforces the insight that the low Seon(Q)/Stot(Q)

stems from an increase of incoherent scattering intensity upon D—H exchange rather than
a strong decrease in coherent scattering due to cross-correlation terms in the distinct term
of coherent scattering. However, this estimation is prone to large variation compared to
previous methods, due to the theoretical curve convex shape, the sensitivity on sample

preparation, and the probably larger exchange for dGFP than for pGFP (Table 3-II1) .
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T
’lnC.DGFP

(fexch)-All 414 labile atoms
’mc.dGFP calc
IN12 — Sample prep 1 (IN12, D7)

rexch=39.% — Sample prep 2 (LET).

D7 LET
rexch=46.% "exch=59.%

BRan

/mc,pGFP
fnc,dGFp

SR S BB S NS)
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fexch (D-H) [%] in D50

Iinc,p(Q)) Of
Iinc,d(Q)
the protonated over the deuterated protein, corresponding to data obtained on LET

orange dotted line), D7 (green dotted line) and IN12 (blue dotted line), see [Table 2-

)pGFP

. Correspondence is made with the calculated curve of ﬁg)dmp

10,100]% (dependent on the mass of the preparated sample) which corresponds to the
percentage of D — H exchanged hydration water. Labile atoms have all exchanged.

Figure 3-11: Ratio of w-integrated and Q-averaged incoherent intensities (

as a function of 7rexen, €

3.5 Discussion

3.5.1 Hydration water exchange in protein powders

We mentioned two hypothesis in the frame of this chapter to explain polarised diffrac-
tion data obtained with dGFP: The low experimental coherent over total scattering ratio
stems either from 1) exchange in hydration water, or 2) from a negative distinct
coherent structure factor explaining deviation from the asymptotic ratio expected
for ) — oo. Eventually, D—H exchange is responsible for most of the deviation. It is
illustrated with where we observe that with or without exchange in the hy-
dration layer, Scon gist () oscillate closely to 0 implying that Scon(Q) & Scon self, discarding
hypothesis 2 as an explanation for experimental results. Calculations of Seon(Q)/Stot(Q)
for different hydration ratios in dGFP shown in and the comparison of inco-
herent intensities in pGFP and dGFP illustrated further validate hypothesis
1. Variations in sample preparation and in accessible dynamical ranges in this versa-
tile study do not substantially modify resulting exchange ratios: it points-out a robust

exchange phenomenon.
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0 0% D->H 40% D - H A
1.0y exchange in D,0 exchange in D,0 :
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O.6F b o AMEANE
0.4¢ \ — Scon(Q)
0.2} ""-\\ é"' Scoh.self(Q)
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exchange in D,0
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Figure 3-12: Illustration of the resolution of hypothesis raised for the low experimental

Seon(Q)/Stot(Q) represented in [Figure 3-41 Structure factors are normalised to Scon seif +

Sinc. All labile atoms are supposed to have exchanged.

Hence, it appears that for hydrated dGFP, sole labile atoms exchange cannot explain
our results: D—H exchange has occurred to an extent of 40% during sample preparation,

before sealing the sample while weighting it. Most importantly, since the distinct term of

coherent scattering is negligible in our case (Scon(Q) = Sconself), [Equation 3-1| and [Equa-|

which were previously introduced to estimate the coherent fraction of scattering
with atomic cross-sections only, are enough to approximate the exchange occuring in the
sample, raising reen ~ 37 £ 3%. Hence we do not require the full calculations of S(Q):
self-terms are enough to raise correct estimations in this Q-range.

Polarisation analysis is paramount to observe this exchange phenomenon. It might be
challenging to trace this effect in standard studies with protonated proteins, due the
negligible impact of increasing water exchange on the coherent to total scattering ra-
tio. Furthermore, hydration water exchange appears less favorable in the case of pGFP

compared to dGFP.
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3.5.2 Proposition for the implicated phenomenon

We propose that a hygroscopic effect leads to isotopic exchange at the liquid-gaz interface
between deuterated hydration water and the H20-satured atmosphere. The hygroscopic
effect occurs following the chemical reaction HO+D,O «— 2 HDO [160].

Considering that the atmosphere is an infinite reservoir of HoO molecules dependent on
the ambient humidity rate, exchange between D and H nuclei can occur between the
surface of the initial D;O liquid phase and the atmospheric gaseous phase. It has been
reported with Vibrational Sum-Frequency Spectroscopy [161] that although D-bonds are
isotropic in the bulk phase, at the surface free D donors orientate perpendicular to the
surface while the hydrogen-bond network remains liquid-like. The intermolecular D-bonds
strength is also almost recovered from the first layer [162].

Therefore, isotopic exchange is rather a surface phenomenon, as testified by the estima-
tion of a 7 = 8s exchange-time of D to H in bulk DO measured from change in the
maximum-density temperature of water DoO:HO mixtures (initially 100%D50O) in a 10
cm diameter petri-dish [163], compared to the 7 = 1.7 ms exchange time in a 20u L
droplet as probed with Surface Plasmon Resonance [159] or the 7 = 50 ms exchange time
reported in [164]. The order of the reaction is also reported to change from bulk (Oth
order) to surface (2nd order). When equilibrium is reached, water remains a mixture of
D50, HyO and HOD |159).

Both experiments were performed at ambient humidity, pressure and temperature, where
it is important to notice that there is a competition between exchange and evaporation
that cannot be easily quantified. Therefore, a single hydration layer that displays transient
jump-like and rotational dynamics due to the protein’s surface topology and electrostatic
interactions is very likely to present such isotopic-exchange effects, where the final ex-
change hydration ratio must depend on surface properties (hence, differences between
protonated and deuterated proteins).

Such an explanation makes sense regarding the amount of exchanged water: it seems to
reach an equilibrium within the experimental preparation time of a few seconds, with
negligible variation in the final exchange percentage (~ 40%) despite hazards in sample
preparations and in ambient humidity rate.

Further propositions to explain exchange are :

e Residues of HyO hydration water in the lyophilised protein before D,O adsorption

in the dessicator. However, we tried to avoid such a phenomenon with multiple
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lyophilisation and solubilisation against DoO before LET experiment, which we did
not perform for D7 and IN12, It did not prevent from any exchange in

the sample.

e The fast exchange between labile hydrogen atoms of the protein and isotopes in
the hydration layer, which is reported to scale around the millisecond with NMR
relaxometry (Texen = 0.13ms in bovine serum albumin, 7ey, = 0.10ms in lysozyme
[165]). However, once the sample is sealed, the total amount of deuterated nuclei in
the isolated {labile atoms + hydration water} system cannot change. Hence, this
phenomenon can increase the speed and total amount of exchange in the layer, but
still require hydration water exchange to explain that not only the amount of labile

atoms Nppie has exchanged.

3.6 Conclusion

Both the kinetics and the extent of hydration water D— H exchange in protein powders at
room temperature and at atmospheric pressure are almost always underestimated during
sample preparation. It implies that the ratio of coherent intensity is only about 25%
instead of 83% in deuterated GFP hydrated in D,O, h = 0.4, due to D—H exchange
of all labile atoms and ~ 40% of hydration water. We point out very fast (< s) D/H
exchange upon exposition to the atmosphere. Hence, we reckon that D,O adsorption
should be performed systematically under controlled hydrogen-free atmosphere to avoid
contamination from hydrogen nuclei in the hydration layer of the powder-state protein.
This issue seems to concern mostly hydration water since exchange is mainly an interface

phenomenon, and should be negligible in bulk solutions.
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CHAPTER 4

Polarised QENS experiments, impact of coherent scattering on

protonated and deuterated protein samples

4.1 Introduction

Incoherent Quasielastic Neutron Scattering is a technique used to investigate the self-
dynamics of hydrogen-rich samples from the picosecond to the nanosecond timescale,
such as biological molecules, which contain a majority of equally spread H atoms (typi-
cally around 50%).

The situation is more complex for a deuterated protein, since several atoms contribute
more or less equally to the total coherent scattering cross section. Deuteration is usually
used for H/D contrast matching |139], or the investigation of hydration water dynamics
at the protein surface when using a perdeuterated protein hydrated in HoO [166| 87,
134]. Furthermore, deuteration has also been proposed to investigate internal collective
motions of proteins in D,O |24} 25| 26].

Neutron scattering is sensitive to isotope exchange and is used when to highlight specific
parts of the sample, for instance to enhance the protein self-dynamics compared to the
surrounding water. This is known as H/D contrast matching [139]. A typical interest
is the investigation of hydration water dynamics at the protein surface when using a
perdeuterated protein hydrated in HoO [166, 87, 134]. Moreover, perdeuteration has also

been proposed as a possibility to investigate internal collective motions of proteins in DO
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[24 25, [26].

However, scarce are the studies demonstrating the effectiveness of such a deuteration
procedure to hide or separate contributions in QENS. This is now made possible with
the advent of high-flux time-of-flight instruments equipped with polarisation analysis
set-ups [167] to separate exactly incoherent and coherent contributions [168] from the
analysis of the neutron’s spin state at the detectors, with good energy resolution. This
had long remained a challenge due to strong flux reduction and technical impediments
[29]. LET is currently the instrument that provides data with enough resolution to apply
to biomolecular sample, although several projects of polarised QENS instruments have
recently developed (e.g. backscattering SHERPA [169]). Moreover, TOF probes large
ranges of momentum transfers ) that can span from very low values corresponding to
few intra and inter-molecular distances (Q ~ 0.1 A_l) where coherent scattering usually
dominates [33], towards higher @ values (Q ~ 2 Afl) where incoherent scattering dom-
inates, but structural information remains non-negligible. This makes an unambivalent
separation of contributions impossible without polarisation analysis.

Up to now, the few studies that have explored coherent QENS on samples in solution with
a polarised beam have highlighted the non-triviality of structural relaxation as a function
of momentum transfer and time in DoO and Van-der-Waals liquids [32, 156, [112],
lsection 1.5.2] or reported systematic underestimation of incoherent diffusion coefficients
in the case for ionic liquids in non-polarised experiments [31, [106].

Upon separation of incoherent and coherent dynamics in a protonated and a deuterated
GFP powders hydrated in D,O, we extract dynamical parameters with the FBD model
presented in [section 1.4} and interpret them in the light of analysis of coherent scattering
in other materials. Therefore, we question in this chapter what happens when a perdeuter-
ated protein is measured in D,O, where sample and hydration water equally contribute to
coherent scattering. We also challenge the assumption that a protonated protein should
dominate the signal when surrounded by heavy hydration water. Generally speaking, we
dispute the use of the “static picture” offered by the comparison of atomic cross sections
in the sample to deduce which parts of the sample are invisible or emphasized. This
is especially true in dynamical studies of biomolecules, where relaxation timescales are

broad and heterogeneous.
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4.2 Elements of bibliography: dynamics of a protein

powder and its hydration water

4.2.1 Internal protein dynamics in a hydrated protein powder

Proteins are functional bio-molecules, composed of amino acids assembled by condensation
and linked by peptide bonds -(C=O)NH- formed by a carboxylic acid group and an
amine group. The backbone (the peptide bond structure) essentially undergoes slow
restructuration, rotating along the dehydral angles ¢ and 1. Those angles are defined
from the N and C atoms of the functional groups to the C, atom linking the residue to
the backbone. They usually take values in regions “allowed” by the Ramachandran plot
to form the secondary structures: it raises flexible « helices and more rigid § barrels, see
figure [Figure 4-1|

Side-chains are the residues of amino-acids. They present a wide range of polarities
and hydrophobicities. Most hydrophobic amino-acids are buried in globular proteins
while polar amino-acids interact with the solvent. Side-chains promote the tertiairy 3D
structure of the protein by forming intra-molecular non-covalent bounds. The strength
of the latter scales as units of the thermal energy kgT, which is at the base of resilience,
flexibility and function of proteins [170]. Side-chains are more flexible than the backbone,

and undergo a large scale of vibration and relaxation motions.
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Figure 4-1: Schematics of the primary, secondary and tertiary structures of a protein.
Adapted from [171] and https://www.chemistrylearner.com

Proteins have dynamics spanning approximately from the femtosecond to the second
timescale, hence requiring many different spectroscopy techniques to span and analyse
motions. Neutron spectroscopy focuses on the fs-us timescale. Protein dynamics are now
commonly described as hierarchised into “tiers” of motions since Frauenfelder conception

of the energy landscape of proteins [172, |173], that is a succession of hierarchised sets of
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energy minima in the configurational space. Large gaps in energy barriers exist between
those “tiers”, hence defining different classes of motions. We introduce here Khodadadi

and Sokolov description in Ref. :
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Figure 4-2: Representation of the protein energy landscape and hierarchical ranges of
motions probed by neutron spectroscopy, with their respective energy barriers, on the
range probed with neutron spectroscopy. Water motions on the same ranges are compared

on the lower pannel. Adapted from .

1. Fast < ps motions, implying subA displacement (bond vibrations, Boson peak...).

2. Motions appearing from about 10 to 100 ps time scale. This category of motions
includes the “localised diffusion” coupled with hydration water and corresponds
to~ 1—3 A displacements . This category includes as well the highly het-
erogeneous methyl group rotations, which are strongly correlated with the protein
function. Authors point out that those small-amplitude motions correspond to dif-
fusion in a rugged harmonic potential, rather then jumps between conformational

states, which is in line with our own model. The GFP backbone is still rigid on this

timescale [176]

3. At =~ ns, motions implying crossing larger energy-barriers and spanning larger am-

plitudes (< 10A) arise. Khodadadi and Sokolov name them “secondary relaxations”
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in the sense that they do not lead to major structural changes, and are driven by

faster motions described earlier.

4. With neutrons, the slowest motions observable occur at the ~ us scale, where

backbone restructuration becomes dominant.

Those motions are presented in the upper panel of [Figure 4-2 Above that scale, long-
range slow dynamics occurs such as tumbling (ns), structural transitions (us) or folding
(ms-s) |175]. Let us notice that in protein powders at h = 0.4, side chain motions are
just activated [177], and their dynamics increase with h [178] and are fully activated in
solution [179].

In this manuscript we focus on the first two types of local motions accessible with TOF
spectroscopy, and we mainly use the term “localised motions” to differentiate internal

dynamics from centre-of-mass motions.

4.2.2 Impact of isotope exchange on protein stability, structure

and dynamics

The effect of deuterating the hydration water on the protein itself is well recognised: it
has a stabilising effect in intra-protein H-bonds with decreased flexibility [180, |181] due
to stiffer D-bonds [182], and decreased hydrophobic effect (burial of non-polar residues
[180]). It also impacts the secondary structure |[183]. Strong kinetic isotope effect is even
found in azurin for electron transfer upon D/H exchange in the solvent [184].

However, the effect of protein per-deuteration is not yet clear. Structure is left almost
identical [185] although changes in protonation states have been reported in GFP upon
deuteration [186]. It is clear from DSC experiments that thermal stability is reduced
in deuterated proteins with respect to protonated proteins [185, 187, 188, 189 , and
hydrophobicity is reduced as well [190, [185] |189]. However, the impact on dynamics is
clearly non-trivial, and has not sparked many studies on the subject yet. A few studies
have demonstrated the dependence on the choice of the protein and the probed timescale.
A reduced enzymatic activity was probed in deuterated lysozyme [185], while FTIR ligand
rebinding shows non significant change in local and global dynamics of the P450cam-CO
complex [188]. However, long-time correlations in the backbone (with a timescale of
~ 150 s7! for ¥C,, —13 Cj cross-correlated chemical shift modulations) of a perdeuterated

GB3 protein probed by NMR are slowed down in comparison to the protonated one,
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Ref. [190]. However, the same authors [187] highlight non-trivial effects: per-deuteration
increases the global flexibility of HP36 while decreasing this of GP3.

Subsequently, there exists no quantitative nor qualitative knowledge of the impact of
protein deuteration on dynamics. It would rather point-out towards negligible effects,
and if, a slow-down of dynamics. Basically, the main effect from isotope deuteration is
the change of mass, implying also modified zero-point fluctuations and an isotopic shift

in vibrations.

4.2.3 Hydration water of a protein powder

Water is a unique liquid, with anomalous properties [191, [192] due to the fact that inter-
molecular bonding relies on H-bonds. Pictures underlying the microscopic behaviour of
water are several: it stretches from the initial picture of a continuous process of coop-
erative interactions, to a picture of jump-like motions with for instance decoupled ro-
tational translational motions at low temperature [193] or transitions between solid-like
and short-lived continuous liquid-like dynamics [194]. Models constantly evolve, including
markovian continuous-random walk models [195], relaxing cage models inspired from «
relaxation in glasses [196], non-Markovian fractional Brownian dynamics [197] etc. But
the global picture tends towards a strong heterogeneity and cooperativity at the ps-scale,
which are inherent to the H-bond network restructuration that occurs through the conse-
quent breaking of H-bonds driven by <ps librations and slow vibrational modes in water
[198] [199]. Those motions are presented in the bottom panel of and compared

to protein motions.

Hydration water of proteins is confined water in close contact with the protein’s sur-
face, undergoing subdiffusion [200]. It is indeed a dynamically and structurally perturbed
layer of water, stretching up to 2 to 5 A [201} |202] (5.5 A [203] for GFP) and still con-
tinuously perturbed until reaching bulk water dynamics around 10 A from the protein’s
surface [204]. Regular exchanges of molecules occur from the first layer to the bulk phase.
Perturbation arises upon interaction of water with patches of hydrophobic and hydrophilic
amino acids [205, 206] the latter increasing strongly the lifetime of H-bonds [204], but also
the topology of the surface [207, |165], [208|, and electrostatic interactions with amino-acids
charges [209]. Both entropic (modification of conformational possibilities) and enthalpic

(difference of H-bond energies at the surface) contributions are implied in the slowing
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down of the first hydration layer [56].

Its structure is clearly different from bulk water: it is more dense (at least 6% density
excess) [210] and displays a more tetrahedral network of H-bonds in the vicinity of the
interface [201, 198, 211] compared to bulk water, while being topologically closer to su-
percooled water [211].

It dynamics are reported to resemble bulk water under pressure. It has a spectral distri-
bution (> meV) corresponding to the superposition of Low and High Density Amorphous
(LDA-HDA) water states [208] driven by hydrophobic and hydrophilic sites of the protein
respectively [206], and its collective dynamics (sound velocity and damping coefficients)
are that of 2kbar bulk water [198]. Furthermore, its dynamics are said to be “analogous
to that of bulk water at temperatures typically 20 degrees lower” [199).

Hydration water is paramount due to its impact on protein’s activity. Dewetting zones
correlate with interaction sites of the protein [205], desolvation cost is highly implicated
in ligand binding [212]. Water-protein decoupling of motions and reducing water cavities

is also key to adaptation to pressure [213].

4.2.4 Dynamics of hydration water and its coupling with pro-

teins

Water is essential to permit the onset of motions and the function of the protein. Motions
essentially take place on the fs-ns scale. The femtosecond timescale consists essentially
of librations (hindered rotations, 70 meV-60 fs), intra (OH bending mode 220 meV-19
fs, OH stretching 420 meV-10fs) and inter (HB collective stretching mode 25 meV-166
fs, HB collective bending mode 6 meV-700 fs) molecular bonds vibrations [214} 215| 216]
and are essential to permit H-bonds breakage, such that the network locally restructures
through large amplitude reorientations on the picosecond-timescale, when water changes
H-bond acceptor (Laage et al, [217]). Modes in brackets correspond to modes observed
with neutron inelastic scattering. The H-bond lifetime is evaluated to ~ 2 ps in bulk
water, while for hydration water it centres around 4 ps with a long-time tail for hydration
water according to Ref.[218], although Ref.[212] gives 10 — 100 ps. Large timescales of
hydration water motions are specific to macromolecule solutes, such as the motions of

water inside clefts (= ns) or cavities (= ms) [56].

Hence, it raises a retardation of hydration water with respect to bulk water (£ = Tiydration/ Thulk)
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on the ps timescale, with a large range of proposed values in different techniques (§ ~ 2—3
in NMR, £ < 20 in femtosecond fluorescence spectroscopy, £ ~ 6 — 7 in optical Kerr-effect
spectroscopy [56]). Concerning neutron scattering, Perticaroli et al [204] report a Q-
dependent retardation of HyO for dGFP (h=0.4) scaling from about 4 at ) = 2 A to
10at Q@ =0.5 A7 Hence they explain that a local probe (NMR) versus large scale probe
(THz spectroscopy) report different scales of perturbation due to this @)-dependence.
Concerning timescales of the H-bond network relaxation, femtosecond fluorescence Stokes
shift spectroscopy applied to single tryptophan (Trp) reports a bi-modal exponential de-
cay with a first fast decay assigned to vibrations and diffusive rotation ([219] 800 fs,
[220] 5 ps) and a slow decay assigned as coupled to side-chains (|219] 38 ps, [220] 87
ps). Especially, Zhong et al [221] recently studied the cooperation of collective motions
simultaneously in hydration water and side chains in DNA polymerase IV with single Trp
mutations situated at regions of interest. They reported a double exponential decay at
the ps scale for hydration water and, two corresponding decays at similar time scales in
side chains. They observe local collective reorientational relaxation of water’s H-bond
network with 7, € [3,6] ps, that drives the structural relaxation of the network that oc-
curs at larger timescales with 75 € [50,120] ps. They are correlated to the timescales of
side-chain motions, the latter always being slower, by a factor from 1 to 3 from 77 and up
to 10 for 7 corresponding to a higher solvent-protein cooperation.

Generally speaking, hydration water tends to be classified into two or three classes: slow,
embedded water and almost bulk-like fast transient water [207, 165, 215] [218] picturing
the cooperativity between protein surface side-chains and water. It has also been proposed
that water molecules closer to the surface mainly undergo rotational motions, transition-
ing to translational motion when reaching the bulk area [222] or in cavities [218]. Both
experiments and simulations propose that ~ 30% of hydration water is simply retarded

while the rest is strongly coupled to side chain motions [219, 81].

Hence, ps relaxation concerns both the protein and its hydration water, and separat-
ing both contributions is not an easy task, even enhancing contrast with deuterated
water. The concomitant role of water and protein side chains has sparked discussions for
decades, concerning whether water or protein enslaves one another. Neutron scattering
provides many insights to answer that question, we mention here that water translations
are required for the onset of the dynamical transition [222] and water arrest “rigidifies” the

protein below 220K compared to the dry form of the protein |[134]. Hence, hydration water
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was long thought as “slaving” the protein fast motions [173]. However, the fact that both

water and protein necessary couple to induce slower processes is now established [220), |67].

In a nutshell, despite differences in techniques and motions probed (self diffusion is probed
in neutron scattering, NMR while collective diffusion in fs spectroscopy, optical Kerr ef-
fect), one picture remains: hydration water has a large spectrum of relaxation timescales.
Especially, two average relaxation times around 7 = 5ps and 7 = 80 ps seem to emerge,
the latter corresponding to strong protein-water coupling. Although protein and water
motions are usually both non-separable in neutron scattering, it seems that protein side-

chain dynamics coupled to water relax on longer time scales compared to water dynamics.

4.3 Experimental separation of coherent and inco-
herent scattering

We performed quasielastic neutron scattering with polarisation analysis on LET. In this
chapter we analyse data obtained with incoming beam FE; = 3.27 meV, such that AF =
95 peV, at T = 310 K. Due to the isotropy of the sample, F(Q,t) is a function of the
norm of Q.

LET S(Q,w) data and its fitted model are compared for both proteins for @ = 1.4 AT
on (e) and (f). The quality of the fit is assessed for F(Q,t) for t € [1,16] ps
at all @ values for dGFP, see [Figure 4-3] (a) and (b). It appears that both incoherent
and coherent scattering functions S(Q,w) present a clear broadening with increasing @
[Figure 4-3| (g) and (h)]. However, while pGFP and dGFP incoherent dynamic structure
factor are clearly distinct (f)], their coherent dynamic structure factors are
almost superimposed at fixed Q (e)], reflecting strong similarity of coherent
dynamics in both samples.

Intermediate scattering functions display interesting features: Fion(Q,t) reflects that the
asymptotic regime is quickly reached (a plateau is already visible around 10ps for most
() values), hence fast dynamics and high Elastic Scattering Factor (ESF) compared to
Fine(@,t) (although long decays are typical for slow power-law relaxations and require
more than visual inspection). As will be confirmed with the analysis of parameters,
strong variation of the coherent ESF (ECSF) with @ entails that F..,(Q,t) do not

nicely superimposed with decreasing (), compared to what is usually probed, see the self
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Figure 4-3: Scattering functions obtained on polarised LET, AE ~ 95 peV and T =
310 K. (a) and (b) Experimental intermediate scattering function F(Q,t) for dGFP sample
(markers) compared to the fitted model expressed in [Equation 1-62| and [Equation 1-59|

(lines) for @ € [1, 2] A_l, for coherent and incoherent contributions respectively.
(c¢) and (d) Experimental (open dots) and modeled (lines) dynamical structure factors
compared for dGFP (dark labels) and pGFP (light labels) in the case of coherent scattering

[(¢), blue] and incoherent scattering [(d), red] for @ = 1.4 AT
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Figure 4-4: 7, o and ESF parameters for incoherent (blue dots), coherent (orange dots)
and merged (gray lines) contributions on polarised LET at 7' = 310 K. (a) Parameters
obtained for pGFP, (b) parameters obtained for dGFP.

intermediate function Fi.(Q,1).

The same Fractional Brownian Dynamics model is used for the analysis of both inco-
herent and coherent scattering, described in [section 1.4 Our relaxing dynamic variable

is a function of both momentum transfer Q and the position operator R, which is a self

variable previously introduced for incoherent scattering |[Equation 1-60, and a collective

variable for coherent or total scattering [Eiquation 1-54]

Results from the model applied to LET data are presented in [Figure 4-4] (a) and (b). It

displays dynamic parameters for the separated and total (inc+coh) contributions. A few
remarks beforehand are the very fast and more homogeneous dynamics of the coherent
variable in comparison to the incoherent one, such that total scattering interpolates be-

tween both contributions as expected.

Finally, in order to check the validity of our results, we also verified that we experimentally
obtained the following linear combination for ESF(Q) from EISF(Q) and ECSF(Q)
Scoh(Q)

ESF norm,ex N o ECSF norm,ex +
(Q> ,exp,LET Stot (Q) (Q) ,exp,LET

Sinc(Q)
Stot(@)

EISF(Q)norm,exp,LETa
(41)
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This relationship is correct because we normalise the intermediate function F(Q,t) before

applying the model for all three contributions, Foom(Q,t) = F(Q,t)/Sit(Q) . Even
replacing Scon(Q)/Stot (@) With gcon/Tot, 1S a good estimation, see [Figure 4-5|

1.0 1.0

08 1.pG.FP 08 dGFP

Qo6 P Q o6l

,_uﬁ 0.4} - &r@ % ,_uﬁ 0.4 ) S 8

Ll o 2Dask(Q) + $22ECsFQ) Ll 2 1
0.2 « Z<EISF(Q) + Z2ECSF(Q) 0.2 | = ¥
0.0 0.0-

0.81.01.2141.61.820 0.81.01.21.41.61.82.0

Q[A™] Q[A™]

Figure 4-5: ESF parameters obtained for non polarised scattering on LET, merging in-
coherent and coherent data before fitting the model, are displayed in orange dots. The
estimation of ESF from incoherent and coherent scattering follows [Equation 4-1] using
either the structureless ratio that can be estimated from scattering lengths (gine/0tot, blue
o) or the exact (Q-dependent ratio requiring polarised diffraction data (Si.(Q)/Siot(@),
green A). The gray enveloppe is a guide corresponding to values taken by incoherent and
coherent parameters.

4.4 Incoherent quasielastic scattering of protonated
and deuterated protein powders

Considering results presented in the last chapter, namely that 40% of hydration water
has exchanged from D to H in both pGFP and dGFP, it is expected that incoherent
quasielastic scattering for the deuterated protein is fairly impacted by hydration water’s
self-dynamics (oine g = 80.3 barns, oi,.p = 2.05 barns [23]) while it should be negligible

for the protonated protein sample (Gine,Grp/(Tine,0,0 + Tinc,crp) = 80 %).

Incoherent dynamical parameters are directly compared on [Figure 4-6, We first discuss
the insights obtained from the relaxation timescale 7, indicating much faster relaxation
for dGFP compared to pGFP. Locally at Q) = 21&_1, we get Tine.agrp = 9.5 £ 0.6 ps and
TinepGFP = 17 £4 ps. On the one hand, H-bond network relaxation in hydration wa-
ter is dependent on the H-bond lifetime that scales very close to Tincagrp (= 4ps) for high

Q/local motions, such that water molecules re-orientate at the pico-second time scale with
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Figure 4-6: Dynamical parameters « , 7 and ESF (Elastic Structure Factor) as a function
of Q, obtained for the incoherent contribution of scattering for both dGFP (full orange
circles) and pGFP (full blue circles) hydrated powders

large amplitude rotations after H-bond breaking. Regarding the time-window defined by
our dynamical range (¢,.x = 16 ps) we shall mainly probe the fast and weakly coupled
relaxations, for which Zhong et al [221} [223] report a 1 to 3 ratio for the protein dynamics
relaxation time with respect to hydration water.[224, 56]. This is in agreement with the
timescale obtained for pGFP if we hypothesize that mainly internal protein dynamics are
probed in the protonated sample: on average we have T,arp/Tacrp ~ 3. It rationalises
both timescales obtained obtained for dGFP and pGFP, assigned to self-motions of hydro-
gen atoms in hydration water and the protein respectively. Although, we cannot rule-out
minor presence of water dynamics in pGFP and especially the 414 exchanged hydrogens
in dGFP.

Concerning parameter o, we expect internal powder-state GFP dynamics to reflect highly
local motions of hydrogen nuclei in the residues as probed by Nickels et al [91] due to
the rigidity of the protein brought by S-barrels [135], hence a very low heterogeneity pa-
rameter. We observe here that o almost does not depend on Q, such that cincacrp =~
Qine parp + 0.12, with e pgrp = 0.55 £ 0.01 and aypeacrp = 0.67 & 0.01. This is a
non-negligible change in o parameter: for instance, inhibition of acetylcholynesterase has
been reported to decrease a only by 0.05 on average [39]. Therefore, it supports the
hypothesis of two very different contributions in dGFP and pGFP. Concerning the high
heterogeneity factor of water, MD suggest a power-law tail distribution of reorientation
times for the slowest molecules [81], [218] which entails strong retardation with respect
to bulk-water [204], explaining discrepancy with incoherent scattering of bulk HyO for
which « is reported to decrease from 1 at large () values down to 0.9 at Q = 1 AT
[197]. The difference in o parameters suggests that the quadratic potential in which the
self-dynamic variable corresponding to H atoms diffuses is more rugged for the protein

than for hydration water. This analyses is further developped in [chapter 5]
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Even the EISF is particularly low in dGFP compared to pGFP, such that dGFP self-
variable is strongly decorrelated at ¢ — oo, indicating large motional amplitude in the
hydration shell. The low EISF is also the signature that H atoms in water overtake the
signal, hence a reduced weight for slow deuterium dynamics of the protein. It explains
that on average, EISFqarp ~ 0.27 £ 0.02 while EISF crp = 0.55 £ 0.02: motional am-
plitude is reduced inside GFP because all H atoms are still not mobile at this timescale

inside the protein.

To avoid any counter-argument, the slow and heterogeneous dynamics in pGFP com-
pared to dGFP cannot likely be attributed to an “isotope effect” taking place in the
protein internal dynamics. As mentioned earlier, effect of the protein perdeuteration on
its dynamics is still under study and is highly dependent on the timescale and the protein
under-consideration [187]. Indeed, even in a light system such as water, isotopic exchange
only induces a Dp,o/Dn,0 =~ 1.2 ratio for the translational diffusion coefficient D at
310 K [225, 226, [227], and this isotope effect remains below 1.15 in many liquids for both

rotational and translational diffusion [22§].

It is thus reasonable to admit that ps-scale local self-dynamics of a deuterated protein are
highly sensitive to exchanges occuring in the hydration layer, while a protonated protein

is almost not affected and still is a probe for protein internal motions.

Validation of our results with literature [lable 4-I| compares incoherent dynamical
parameters obtained in literature from protein powders (h ~ 0.4) studied with models
accounting for the stretching of the relaxation function (embedded by parameter ) with
timescale 7(Q) at 7' ~ 300 K. It gathers parameters assigned to HyO relaxation (Sm,0
and T,0) and to the slow process usually assigned to protein relaxation coupled to water
motions (Sprotein ANd Tprotein). Methyl group rotations are calculated separately in dry pro-
teins in Ref. [229] 134] and provide a typical timescale of motions 7 centered on 60 — 80
ps.

Parameters do not all corroborate, however they all point towards a lower heterogeneity
for hydration water Bu,0 ~ 0.6 compared to the protein itself Sprotein = 0.3. On the other
hand, timescales are highly dependent on the FWHM of the resolution function, but pro-
vide the insight that for AEF ~ 100 peV, hydration water relaxes faster, my,0 ~ 10 ps,

than protein side chains and backbone 7potein = 30ps.

113



Chapter 4, Polarised QENS experiments, impact of coherent scattering on protonated
and deuterated protein samples

It is in correspondence with our own results presented in the gray column, where HoO=dGFP
and protein=pGFP. Weaker stretching for the protein sample in literature might arise
from non-negligible signature of water in the incoherent scattering of pGFP (increasing

our « parameter), or simply from the ML model.
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Hence, the relaxation observed in pGFP seems to correspond to the slow and localised
[91] water-coupled side chain motions previously observed in proteins, while dGFP under-
goes similar dynamics as HoO hydration water. This insight is pushed forward noticing
that Ref. [229, 233] mention a @Q-independent 7 for protein internal motions, as we also
observe within error-bars for ) > 1.2 A" in pGFP, see . Furthermore, in Ref.
[204], GFP H,0 hydration water 7 follows a power law 7(Q) o< Q2. We also find a
power law, Ti,0(Q) oc Q733 for Q > 1 A7 with dGFP.

4.5 Coherent dynamics in proteins at the picosecond
timescale are overtaken by hydration water dy-

namics

4.5.1 Coherent scattering of a protein powder at the ps-scale

While incoherent scattering favours the visibility of hydrogens and to a lower extent deu-
teriums, all nuclei are weighted similarly in coherent scattering [23|. Therefore, reasoning
from a “static” point of view, a large contribution from the protein itself is expected in
the coherent channel, as exposed in the previous chapter, [Figure 3-1 This figure also
shows that the nucleus-specific contributions in coherent scattering is supposedly minor
upon D—H.

However, 7 coherent parameter unravels much faster dynamics than was observed for in-
coherent scattering, see (c) (=12 A™"is an outlier that could not be fitted
correctly in both pGFP and dGFP). Furthermore, parameters are almost identical within
error bars for pGFP and dGFP with 7., & 5 ps and aeen ~ 0.65, see [Figure 4-7 The
timescale is much faster than self-dynamics of hydrogen atoms (7, & 30 ps) in sidechains
of the protein, as seen from incoherent scattering in pGFP. Furthermore, we expect slower
dynamics from heavier atoms -C,O,N,S- in the backbone as reviewed in Ref.[2306]: it is
clear that the impact of internal protein motions arising from heavy atoms in the coherent
signal is negligible. Instead, 7., corresponds to the timescales found for local collective
re-orientations of the H-bond network in hydration water by Zhang et al [221, 223], favour-
ing the hypothesis of a strongly visible hydration water. Therefore, the dynamics probed
by neutrons stems from structural relaxation in hydration water, involving both oxygen

and hydrogen isotopes. One important conclusion is that it seems unfeasible to probe
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Figure 4-7: (a) Dynamical parameters «, 7 and ESF (Elastic Structure Factor) as a
function of Q, obtained for the coherent contribution of scattering for both dGFP (full
orange circles) and pGFP (full blue circles) hydrated powders. b) Ratios of dynamical
parameters for the coherent contribution, obtained for dGFP and pGFP.

the protein collective dynamics on this timescale due to the presence of fast water nuclei,
even stemming from deuterium inside the protein. Concerning heavier nuclei in the pro-
tein, these contributions appear static, as observed from the high ECSF: a large amount
(1/3 of all nuclei) of immobile heavy atoms are invisible to incoherent scattering due to
their low cross-sections, but are visible to coherent scattering. However their motions are
too slow with respect to the resolution of the instrument, hence the signal remains in
the elastic region. Therefore, it explains the strong discrepancy in both incoherent and
coherent ESF(Q). Hence, considering ranges of motions of the protein with respect to its
hydration water as featured in it is paramount to work with a higher energy
resolution verifying ¢t > 100ps to avoid any contributions from water dynamics.

Furthermore, we also observe the merge of incoherent and coherent timescales of motions
in dGFP [32], [Figure 4-8| (c)] at short distances in the range of nearest-neighbours dis-
tances when ) > 1.4 Afl, comforting the interpretation that both contributions arise
from hydration water. This merge is also observed by Arbe et al in bulk D;O. Hence,
we can characterize the confinement effect of hydration water with respect to bulk water,

with a collective retardation factor {p,0, con for D2 O.

TD50,hydr,coh
§D,0, coh = —————— =~ 2.5, (4-2)
TD50,bulk,coh
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Figure 4-8: % ratio, dGFP. The gray area indicates the region where both timescales

merge. Lines are only displayed to join data points.

which is scale-free, contrary to the ()-dependent incoherent retardation factor &m,0, inc
obtained for HyO in GFP [203] which strongly decreases with Q. Tp,0 bulk.con 1S €xtracted
from [32] and 75,0 hydr,con corresponds either to pGFP or dGFP 7., parameter. The same
magnitude & ~ 2.5 for self ({m,0, inc)[203] and collective (ép,0, con) retardation factors is
recovered at higher () values. However, our comparison of bulk and hydrated water
dynamics has limits, due to our model corresponding to a wide-spread distribution of
exponential relaxations, in comparison to the bi-exponential relaxation proposed by Arbe

et al.

4.5.2 Explanations for the ()-independent mode

Then, how can we explain the @)-independence of the timescale of motions, which seems
to be a feature of collective motions ? Indeed, it has not been observed with our model for
incoherent scattering either in protein powders [39], protein solutions [39, 42| or confined
water in clays [237] where 7 decreases with Q).

First and foremost, as introduced in [section 1.5 this @-independent mode has been
evidenced in bulk D;O by Arbe and collaborators with polarised neutrons scattering
experiments and molecular dynamics simulations of coherent neutron scattering [113,32]
and further with Van der Waals liquids [112]. It has been assigned to a mode that they
identify with the local H-bond network relaxation due to forming and breaking of H-bonds
[32], which is visible in coherent scattering at intermediate length scales. In[section 1.5 we

mentioned that they rationalize this behaviour showing that in DO, the diffusive term

118



Chapter 4, Polarised QENS experiments, impact of coherent scattering on protonated
and deuterated protein samples

1 b

a)_ 40¢ l Hydration water, 40% H/D exchange ) g \_ Hydration Water, 40% exchange,
ey 20 N oh.distinr(Q), pair contributions.
é v - S(Uh,d\st(Q) &E, 10 T ~-,_,-—--"/ ™ H_O
= g ;
NE 20 — Scoh,self(Q) ; - D-0
b <
et = — H-H
@ 10¢ 2 — D-D
72} 0 oy — 0-0

0.5 1.0 L.5 2.0 2.5 0.5 1.0 1.5 2.0 2.5
QIA™] QIA™

Figure 4-9: a) Coherent static structure factor calculated for hydration water (40% D—H
exchange) expressed in fm?/nucleus, separated into its distinct part (red) and self part
(black). b) Separations of the distinct structure factor into contributions from pairs of
atoms, into HD (blue), HO (orange), DO (green), HH (red), DO (purple) and OO (brown).

contained in both the self and distinct partial dynamical structure factors bear opposite
signs until @ ~ 1.5A7" (nearest neighbours distances), explaining the Q-independence
of the coherent relaxation time. Above this threshold, strong correlations arise in the
dynamic structure factors, such that diffusive terms do not vanish anymore.
In order to perform a similar study, MD simulations are required to yield the self and
distinct coherent dynamic structure factors of the system. However, in Arbe et al work,
the distinct and self coherent static structure factors, bearing opposite signs, also display
a signature of this cancellation. We have performed this separation in our calculations of
the hydration water of GFP in the case of 40% of D—H exchange, yet we do not observe
such a cancellation of the self and distinct terms of our coherent static structure factor,
see (a), that could point towards a similar explanation. However,
(a) shows that the distinct coherent static structure factor is non-negligible, especially for
the D-O pair of nuclei [Figure 4-9| (b)]. It explains that we do have strong discrepancy
between dynamical parameters for self (incoherent) aFfor nd distinct scattering of water,
hence a signature of “purely” collective motions in water in the sample.

Otherwise, this ()-independent timescale of motions has been observed in colloidal
and polymeric systems at sufficiently small ) values, in the form of relaxation functions

((Q,0)1X(Q, 1)) /(X(Q,0)T¢(Q,0)) superposed over Q (x(Q,t) is the collective dynamic
variable defined in [Equation 1-54)). Handle et al evidenced with MD simulations that it

is a general feature of slowly-relaxing systems with a ()-independent memory function
[238]. Although @ = 1.2 A" remains an outlier, we almost observe a superposition of co-
herent relaxation functions for pGFP and dGFP, see [Figure 4-10| (b) and (d), as opposed

to incoherent relaxation functions which are typical of diffusive motions. For @) = 2 AT
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Figure 4-10: Relaxation function ¢(t) = (x(Q, 0)"x(Q, 1)) /(x(Q,0)"x(Q,0)) displayed for
incoherent scattering [pGFP (a), dGFP (c)] and coherent scattering [pGFP (b), dGFP
(d)] obtained on LET, AE = 95ueV, T' = 300K.

where diffusive and collective timescales merge in dGFP the superposition
does not hold anymore. It is paramount to notice that their studies highlight that this
mode occurs for ¢ large enough (> 1 — 10 ps) but they only study @ < 0.3 A7 For bulk
water the () independent mode sustains until ) = 1.5 A7 as observed by Alvarez et al
[32], and seems to be preserved for larger @ values (Q < 2 A_l) in our case for hydration

water, probably due to confinement.

We are still left with open questions concerning an explanation for this ()-dependent
mode. Let us just mention a nice microscopic approach proposed by Nava et al [239],
showing that beads in a 1D network submitted to harmonic potential applied by its direct
neighbours will present a (J-independent relaxation if the stiffness k reversibly changes
from a value k; to ko verifying k; < ko, with a characteristic time I'"!. It models a
topological relaxation of the network with elastic fluctuations. The ) independent mode
with timescale 1y arises from k fluctuations. Furthermore, in the presence of viscous flow,
a cross-over from the (Q-independent to a ()-dependent mode occurs when the slow vis-
coelastic time 7, o Q2 [both dependent on viscosity and the average of elastic moduli
(k1 + k2)/2] approaches I'™! for @ large enough. In that case it raises 7 = ['"', which
is reminiscent of our -independent mode having a relaxation time close to the H-bond
lifetime which governs the local stiffness. Basically, it means that elastic relaxation arises

without mass transport for ) small enough.
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Presence of a De Gennes narrowing ? Eventually, we do not observe any scaling
of 7 with S(Q) that could be assigned to a De Gennes narrowing [103]. This principle
based on sum-rules formulates the increase of the relaxation timescale due to increased
space correlations around the main diffraction peak. It has been observed for complex
systems with heterogeneous dynamics (glass-forming liquids [240, 241}, 112], inter-domain
motions in proteins. [4]), however not in DO [32]. Nevertheless, let us notice that the
heterogeneity parameter o and more convincingly the Elastic Coherent Structure Fac-
tor (ECSF) follow the trend of S(Q) where structural correlations are maximal around
Q=14 A", This has been observed in glass-forming liquids, see Ref.[242], and this is a

direct expression of the impact of structure in collective processes.

In conclusion, coherent scattering of a protein powder at the ps time scale is strongly over-
taken by confined heavy-water fast collective dynamics, which display a @-independent

relaxation time as already observed in bulk D,O with polarisation analysis.

4.6 The significance of using a polarised beam for the

study of proteins

a) & 100 - b) & 100
G| . a E|
g| & 60 5| & 60
Ll @ ESF L S
EB 8 40 g& 40
© <
gl 200 T 20
S S !
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Figure 4-11: Relative gaps for dynamical parameters 7 (blue), o (orange line) and ESF
(green line) as a function of Q, corresponding to the error made using a non-polarised
beam (inc+coh) compared to polarised incoherent scattering.

Figure 4-11] (a) expresses the error made not using a polarised beam when assessing

self-diffusion.

e The gap for the protonated protein is due to the fast pico-second fluctuations of
the collective motions of the hydrogen-bond network of water entering the scatter-

ing signal from the coherent contribution. It artificially decreases the relaxation
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timescale for the slow and heterogeneous self-dynamics of proteins. It therefore
mainly impacts 7 (in blue) by about 30%, but it leaves « (in orange) and the ESF
(in green) almost identical (< 5% and < 10%).

e The impact of collective dynamics on total scattering is more important for the
deuterated protein. The ESF is poorly estimated on the whole () range, whereas 7
is almost retrieved at higher Q). « is subject to an error below 10%. The question
still remains for the error made on a deuterated protein in D50 if no D—H exchange

occurs: incoherent scattering would certainly be negligible and lead to strong errors.

Therefore, for both samples it implies a systematic underestimation of the timescale of
motions and overestimation of the heterogeneity in the sample, while the impact on the
asymptotic regime is less measurable. For pGFP, the error performed on the ESF is close
to 10% as already observed in protonated or partially deuterated polymers [243, 28|, while
it is the parameter that depends the most on polarisation analysis for dAGFP due to the
presence of heavy scatterers in coherent scattering.

At Q = 0.8 A" the trend seems to exchange suddenly in both samples, with a strong
increase of coherent time scales and decrease of heterogeneity. However, statistics are not

good enough to infer if it is due to the entrance of protein motions at larger scales.

With respect to literature, the impact of coherent scattering on non polarised scat-
tering had already been estimated experimentally with pyridinium-based ionic liquid
[BuPy][Tf2N], and with MD simulations on lysozyme protein [244]. Both coherent and in-
coherent MD simulations were performed by Matsuo [244] on lysozyme, analyzing internal
localised motions with a jump-diffusion model (similar conditions: At = 77 peV, tyax = 50
ps, 4 free parameters + background). Analyzing the protein motions only (hydration wa-
ter is dismissed for model fitting) raises a maximum 6% of discrepancy in incoherent and
total dynamical parameters. Therefore, it seems that hydration water plays a strong role
in widening the gap between incoherent and total scattering in experiments although the
protein itself plays a role.

Polarisation analysis on ionic liquids by Burankova et al [106] (D7 TOF, AE = 140ueV)
succesfully observed an underestimation of the global and localised incoherent diffusion
coefficient (hence, an over-estimation of motions timescales) without polarisation, but
unchanged ESF. This is in opposition to our findings in proteins and hydration water,

and highlights that there is no common and systematic effects in hydrogen-rich samples.

122



Chapter 4, Polarised QENS experiments, impact of coherent scattering on protonated
and deuterated protein samples

4.7 Conclusion

Assumed visible dynamics

Single-particle Collective
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Figure 4-12: a) and b) Relative gaps for dynamic parameters 7 (blue), a (orange line) and
ESF (green line) as a function of @, corresponding to the error made using a non-polarized
beam (inc+coh) compared to polarized incoherent scattering, for pGFP (a) and dGFP
(b).

¢) Dynamics expected to prevail in the sample using usual self cross section arguments
(Equation 3-1jand [Equation 3-2)) are displayed in the upper panel and divided into incoher-
ent (self) dynamics and coherent (collective) dynamics. Opacity identifies which species
or atoms provide major contributions, while transparency and dashes express minor and
non existent contributions respectively, see the chart on the right. Colours designate
different atomic types. The lower panel maps the effective dynamics that prevail in the
sample, as analyzed from polarized neutron scattering for ¢ € [1,16] ps and Q > 1A~
The figure is produced with Pymol software with a 4 A diameter focus on GLU34.

We show in this study how critical D—H exchange is for incoherent scattering in
a deuterated protein, almost deleting any signature from the protein itself in favour of
water molecules. It contrasts with the little impact it has on a protonated protein. This
is illustrated on the left pannel of
On the other hand, we demonstrated that dynamics in a hydrated protein powder, both
protonated and deuterated and probed at the picosecond timescale, is highly contaminated
by the fast collective motions of the heavy-water D-bond network, to the point that
the protein seems invisible, see the right pannel of This is all the more

unexpected, since dGFP hydration water represents only 26% of coherent scattering if we
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estimate its contribution from scattering lengths with the formula introduced in chapter
1, [Exquation 31

Although the intensity of coherent scattering is low compared to incoherent scattering, it
implies a non-negligible discrepancy with scattering from an unpolarised beam due to the
difference in timescales of water and protein dynamics. Hence, eventhough deuteration of
the hydration layer is used in principle for the purpose of enhancing the protein’s dynamics
against its solvent for incoherent scattering, its impact unexpectedly arises from coherent
scattering.

It puts into perspective the momentum and energy scale relevance of deuteration as a
contrast tool for neutron scattering. Water dynamics should mainly be present in the
time scale below 100ps where water motions are non-negligible. It also questions using
sole ratios of coherent and incoherent atomic cross sections, which is an argument that
holds for “static” studies such as diffraction, to deduce which parts of the sample will be
highlighted in case of energy-dependent neutron scattering experiments. Hence, spanning
towards slower relaxation times with increasing resolution should modify the relative
impact of the solvent on the dynamics.

Our insights might be extended to the impact of collective water dynamics in a protein
solution as well, for which the ()-dependent retarded first hydration layer cannot be
subtracted from a bulk-water spectrum. Moreover, the impact of coherent scattering on
the total signal shall increase at lower ()-scales where the coherent fraction of scattering
is preponderant due to water-protein and protein-protein correlations [33], raising the
question of the choice of the ) range to avoid prominent contamination from coherent
scattering, espacially on backscattering instruments reaching lower than ) = 0.4 AT
We want to point out that our results may vary with secondary structure: the latter
has a global impact on the elastic modulus of the protein, such that « helices and loops
provide a smaller global Young Modulus (~ 7 GPa for myoglobin) than rigid beta sheets
and especially barrels (= 12 GPa for GFP, closer to the values confered to solid-state

materials) as probed by Brillouin scattering and QENS [135].
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CHAPTER b

Understand conventional QENS studies in the light of polarised
QENS

5.1 Introduction

Polarisation analysis is currently available on very few Time-Of-Flight spectrometers
(LET at ISIS, D7 at ILL, HYSPEC at SNS, MACS at NIST...), and do not permit
casual polarised QENS experiments. Furthermore, accessible () ranges are narrow due to
instrumental limitations, and the flux is strongly reduced with the polarisation analysis
set-up, which makes it tricky to analyse high resolution data. It is therefore paramount to
make sure that the model raises similar results on standard instruments to infer general
properties from systematic polarised QENS experiments. For this purpose we compare
the dynamics of dGFP and pGFP obtained on IN5 spectrometer, AE = 80 and on to

LET polarised neutrons spectrometer, AE = 90 , on similar dynamical ranges.
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5.2 Comparison of unpolarised and polarised QENS

5.2.1 Estimate D—H exchange in a non-polarised sample from

polarised diffraction data

A prerequisite to our study is to verify whether exchange has occurred similarly during un-
polarised neutron scattering experiments on IN5 in the water layer of dGFP . As exposed
in previous chapters, the ratio Si.(Q)/Sit(Q) is an estimator of hydration exchange.
However this information is not directly available on IN5, but can be approximated using

diffraction data from D7, IN12 and LET. For this purpose, we express IN5 normalised

SINE)

totnorm () @s a linear combination of a flat normalised incoherent

static structure factor

SIN5

inenorm (@) = 1 and a normalised coherent structure factor obtained with

structure factor

polarisation analysis (pol), Sf;)ﬁ o (Q) = SPUINIILET () - The three structure factors

are normalised to verify :

lim S(Q) =~ S(Q) ~ 1. (5-1)

Q—o0

Where the overline stands for @) average over [0.6, 2.1]A_1, since our () range does not ex-

tend far enough to extrapolate a limit for () — co. We estimate the experimental coherent

structure factor with S%(Q) = <I Pl Q) 12°N(Q )), Materials and Methods [Equation 2-18

coh coh inc

The model for the total structure factor of IN5 is expressed in [Lquation 5-2|

aO-tot o 80 inc + aO-coh
o )\ o0

IN5 fit IN5 fit
IN5 inc coh 1
Stot norm(Q) = ( ) ( ) g(;)h norm(Q)7

Otot Otot

(5-2)

IN5,fit IN5 fit IN5 fit
where (”t“t> is a free parameter verifying ("—“) + <M> = 1. [Equation 5-1

o Otot Ttot

implies

("im)IN5’ﬁt ~ Jim 5@ (5-3)
Otot Q=00 Siot(Q)

The ratios obtained from this method are presented for each instrument in [Table 5-1, and
the quality of the fits can be assessed from [Figure 5-1 The ratio obtained with IN5 is
similar to the ones obtained for LET, D7 and IN12 ( lim gtzt—g; ~ 0.7). As a comparison,

the expectation based on cross sections when no exchange occurs is hm St“tggg = 0.46.

The Chi-squared goodness of fit compares IN5 data with the model such that
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Figure 5-1: Comparison of IN5 normalised total structure factor S,;""""(Q) (red dots)

to the model expressed in [Equation 5-2| (blue line), performed with coherent structure
factors obtained on LET, IN12 and D7. The filled dark blue area illustrates the ratio of

incoherent over coherent scattering cross sections obtained with the model.

Table 5-1: Comparison of ratios of incoherent over total structure factors obtained on IN5
and for polarised neutrons experiments.

ING

Qlim “;”((g)) L' LET fit D7 fit IN12 fit
—00 Otot

0.79 0.59 0.74

) pol

C;im :Zf"c((g)) 2 LET D7 IN12
0 Otot

0.74 0.76 0.76

L IN5 ratio of incoherent over total S(Q). Ex-
pressed from [Equation 5-2| and [Equation 5-
Bl

2 Ratio of incoherent over total S(Q) obtained
in polarised experiments.

=)

1€Q

(S(Qi)ns — S(Qi)1ns 6t )

U(Qi)%NE) &4

)

where the uncertainty on IN5 data, o(Q)ns, should compare to the residues such that
x? < N where N = 18 is the number of @) points, which is the case for all instruments.
We get xZpr = 20.6, x3, = 2.86 and i, = 3.5

Therefore, although IN5 experiment was performed right after sample production, it un-
derwent the same exchange phenomenon. D7 data is most accurate to minimize the sum

of squared residues, indicating that at least 30% of water has exchanged.
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5.2.2 Comparison of unpolarised and polarised QENS from sim-

ilar TOF instruments. AFns = 70 peV, AELgr = 95 peV

In this section, we compare the scattering functions and fitted parameters acquired with
two TOF spectrometers with similar characteristics, summed-up in For that,
incoherent and coherent contributions have been summed for LET.

We chose similar binnings along the energy range, in order to have a dozen data points in
the resolution function. We cut the Fourier-transformed spectrum at ¢ = t,es = 27 /Wyes

for IN5, and ¢t = 0.7 t,e for LET.

Table 5-11: Characteristics of instruments and data reduction performed on both IN5 and
LET instrument, ensuring good comparison between the two data-sets.

IN5 LET
Energy resolution (ueV) 70 95
Energy Binning (meV) 0.02 0.02
tmax (DS) 16 28.5
At (=tmin ) (ps) 1.2 1.2
QAT 0.8,2] [0.6,2.2]
Q binning [A™] 0.1 0.2

At first sight, strong discrepancies are observable in S(Q,w) [Figure 5-2| (a)] and F(Q, )
[Figure 5-2| (b)] between both instruments. It is the case for both samples, on the whole
energy range.

The corresponding fitting parameters are exposed in [Figure 5-3] For the sake of compar-
ison, IN5 data @ range was cropped for Q < 0.6 A~!, smaller Q values are available on
dGFP parameters corroborate on both instruments and pGFP parameters
are completely at odds, which is unexpected from raw scattering functions. Discussion is

carried out for the two samples separately.
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Figure 5-2: a) S(Q,w) at T" = 310 K compared for IN5 (unpolarised, light labels) and
LET (polarised, dark labels), dGFP in blue and pGFP in red, resolution is represented
as a dotted line for LET and full line for IN5.

b) F(Q,t) at T' = 310 K experimental data for dGFP (blue: LET, light blue: IN5) with
pGFP (IN5) in red as a comparison.
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Figure 5-3: 7, @ and ESF parameters obtained as a function of @ on polarised LET (blue
o), AE = 95 pueV, compared to unpolarised IN5 (orange o), AE = 70 pueV .(a) corresponds
to dGFP, (b) to pGFP. A corresponds to the measured ESF following for
e = FWHM/2.
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dGFP sample: similar dynamics, different asymptotic relaxation.

A stricking point of the comparison of scattering functions and parameters
|[Figure 5-3| (a)] for both instruments is how for dGFP, F(Q,t) and S(Q,w) appear to
differ strongly between both instruments. However, parameters inform that dynamics
embedded by 7 and « remains almost the same (there is a slight decrease of the timescale
of relaxation for LET compared to IN5), and only the static information held by ESF(Q)
is modified, with ESF(Q)Ler ~ ESF(Q)ins — 0.1 for @ > 1A7" An interpretation is
probably that from a sample preparation to another, an increase of D—H exchange or h
value can modify the amount of relaxing deuteriums in hydration water: hence changing
the proportion of relaxing nuclei and the ESF(Q) without modifying their dynamics.
This might not an artefact from the model: measuring ESF from the elastic peak with
raises a similar 0.1 gap between instruments, see (ESF,,, green
triangles). Of course, resolution effects hiding slower dynamics in LET (AFns < AELgT)

could also be at stake, which explains that 7 is slower for INb5.

pGFP sample: observation of hydration-induced dynamics.

For pGFP, the clear difference between the two instruments is visible from the broadening
of S(Q,w) on the whole energy range, which is essentially an effect of the slower dynamics
on IN5. Parameters clearly indicates a strong discrepancy that is not due to a resolution
effect.

Several hints show that dehydration of the sample on IN5 is responsible for this :

e Measuring the pGFP sample holder before and after experiments on IN5 pointed
out a leak in the indium sealing, permitting the sample to dehydrate from h = 0.4
to h = 0.2 during the experiment. It was not the case during LET experiment.
Dehydration implies that side chains motions are reduced: methyl group rotations
occur in dry proteins for 7" > 150 K, while hydration-induced side chains dynamics
occur for hydrated proteins only for A > 0.2 and increase until h ~ 0.5. Methyl
group motions are highly heterogeneous, centered on 7 = 75ps and stretching from
about 20 to 200ps [229] compared to the localised side-chains diffusion implying
T &~ 15 — 50 ps for h=0.4 [229, 91]. Both timescales correspond respectively to
our results on IN5 and LET, implying that only methyl group motions allowed in

dry-state are activated on INb.
e We measured non-polarised intensity on LET in the elastic peak during sample
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heating, providing measurements for Mean Square Displacements (MSD) for 7" >
250 K (methods presented in , and compared to MSD measured on INb5.
This is exposed in [Figure 5-4 and MSD for 7' = 295 K are reported in
[11l For dGFP, MSD are almost identical, but differ by 0.1 A? for pGFP. This is
because dry proteins display no dynamical transition (although it has been observed
for backbone dynamics in deuterated dry GFP and CYP, for At ~ 1 ns [3]): pGFP
only displays a very soft transition at 7' ~ 260 K. Above h = 0.2, the MSD suddenly
increase due to the entrance of side chain motions [246 (247, |248| [249], which is here

observable for LET but not IN5.

Table 5-111: MSD [AQ] obtained for 7' = 295 K on LET and IN5 for dGFP and pGFP.

MSD/Instrument LET  IN5
dGFP [A*] 0493 0475
pGFP [A*]  0.386 0.296

0.5}
—e— dGFP IN5

0.4} pGFP INS
0.3 A dGFPLET
A+ pGFP LET

MSD [A%]

0.2¢

Mﬁk‘ '”
0.1f .

0.0t . . . . . ]
180 200 220 240 260 280 300

TIK

Figure 5-4: Comparison of the MSD obtained with LET for 7" > 250 K, AE = 0.097 meV
(scan performed during sample heating) and the MSD obtained with IN5 for 310K >
T >10 K, AE ~ 0.080 meV (5 minutes elastic window scans).

e pGFP structure factor measured with IN5 strongly differs from the one measured
with polarised instruments, see [Figure 5-5| indicating strong structural and dynam-

ical discrepancies in IN5 sample.
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Figure 5-5: Unpolarised structure factors obtained on LET, D7, IN12 and IN5, for (a)

dGFP, (b) pGFP. The peak at @ ~ 0.9 A" in IN12 data (pGFP) is an artefact from the
flat sample holder geometry.

Therefore, we have shown that at the pico-second scale, it is feasible to compare pa-
rameters analysed in the frame of Brownian dynamics for two similar instruments where
one is equipped with polarisation analysis. However, discrepancies arising from sample
preparation (or resolution) are unavoidable and are indeed the limiting parameter for
comparison. The dGFP sample bears almost the same dynamical information in both
instruments, while for pGFP the model catches the strong difference in heterogeneity and
timescales occuring from the onset of side-chain motions in LET, which is prevented in
IN5 due to hydration close to h = 0.2 where the onset takes place. Hence, all the insights
obtained from LET shall steer us towards better understanding of unpolarised data for
similar instrumental characteristics. However, it is useless to perform quantitative com-

parison: the error made using a non-polarised beam due to coherent scattering, previously

introduced in [chapter 4] |[Figure 4-11| is even less significant than the gap between the

two instruments. It is shown for dGFP sample in [Figure 5-6, respectively with full and
dotted lines.

a 100 - b 100 c) .o 100
)o\° dGEP,T )°\° - dGFP,a )i | dGFP,ESF
o 80 a 80! o 80!
g i T g t o f:
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QAT] QA QAT]
— %err inc vs tot (LET) «==%err LET vs IN5 (tot)

Figure 5-6: Comparison of the error made using a non polarised beam due to coherent
scattering (full lines) compared to the error made comparing similar instruments (dotted
line). 7((Q)) parameter is in blue (a), a(Q) in orange (b) and ESF(Q) in green (c).
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5.3 Interpretation of dynamics as arising from diffu-

sion in a rugged harmonic potential

5.3.1 Theory

The FBD model provides an interesting insight into the sample’s heterogeneity, through
the expression of the Mittag Leffler function as a relaxation of exponential decays for
which we can extract the spectral density.

We follow the procedure introduced in [230], where further information is available. While
a Ornstein Uhlenbeck (OU) process describes the dynamic variable diffusing in a harmonic
potential, a Fractional OU process (FOU) corresponds to a rugged potential which consists
of a set of local minima spread along the quadratic potential with barriers AFE that scale
close to the thermal energy kgT and in which the variable is temporarily trapped, see
Figure 5-7| (b). It echoes the energy landscape image for the protein conformational states
fluctuations on the ps-scale. Under the assumption of a heterogeneity of internal processes
in the protein, the relaxation function writes as a superposition of exponential decays with

dimensionless rate A ;

Eol~01) = [ pal) exp(-2)dn, (5-5)
0
with relaxation spectrum p(\) expressed as

b 2sin(ma) )
Pa(A) = A (A + (N7 + 2cos(ra)’ (5-6)

and verifying f_oooo p(A)dA = 1. |[Figure 5-7|is illustrated for dGFP and pGFP and compared
for the two experiments on

From this expression we want to derive a useful semi-quantitative tool to understand
how the protein nuclei see their environment. Therefore, we write the dimensionless
relaxation constant A = ;L as the ratio of the inverse relaxation times of FOU (n) and OU
(no) models respectively, modelling the retardation of diffusion in the rugged potential.
Considering a scale-independent Gaussian distribution of energy barriers, adapted from
Zwanzig’s [65] qualitative approach, we introduce an effective diffusion constant in the

rugged potential expressed from the quadratic potential diffusion constant, that writes

D = Dyexp (—(AE/kpT)?), (5-7)
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Figure 5-7: a) Distribution p,(A) defined by for a values corresponding to water coherent
(dGFP coh, red) and incoherent (dGFP inc, green) motions at T = 310 K, hydrated
protein (pGFP inc, orange) and dehydrated protein (pGFP tot IN5, blue) motions, see
Table 5-1V| b) Sketch of a rugged potential for the FOU process with energy barrier AE.

with Dg the diffusion constant of the OU model. Therefore

A= % = exp(—e) |, (5-8)
with
e = (AE/kgT)* | (5-9)

where € is a dimensionless energy barrier and is dependent on the scale of observation
since lower () values englobe larger fluctuations and a higher number of modes.

Thus the normalised distribution of dimensionless energy barriers € writes as :

O — 1 2esin(ma) )
Pal€) T (exp(—€2))® + (exp(—€2)) ™ 4 2 cos(ra) (5-10)

Since moments of order n of p,(€) are not defined for n > 1, we introduce the median

value of the relaxation spectrum ¢; /5 defined as :

€1/2 1
/ Pal€)de = =, (5-11)
0 2

in order to evaluate the amplitude of energy barriers.

To conclude, we recall that the stiffness k of the potential writes kBLT = (X?)eq With

% (Q) the self dynamic variable expressed in [Equation 1-60l ({?), are the MSD provided

by Elastic Neutron Scattering and therefore indicate the stiffness of the global potential
experienced by ¥. Therefore { sees a potential V(x) = kx?+ Vi(x) with V; an oscillating
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potential distributed following a Gaussian distribution of standard deviation e.

5.3.2 Application to IN5 QENS data for T=220K and T=310K.

We show the relaxation spectrum p(e) for IN5 data in [Figure 5-8] expressed from
as a function of € = é—% Let us notice that ¢ expresses the ratio of AFE, the
height of distributed the energy barriers, to kg7, the energy that is already brought by to
the system by the thermal contribution. Therefore it expresses the capacity of the system
to overcome transient energy barriers in given temperature conditions.

It appears that while internal dynamics of the pGFP protein undergo a slight shift to-
wards lower energy barriers upon increasing temperature from 220K to 310K, this shift is
much stronger for dGFP and indicates a radical change of the local landscape experienced

by x. Especially, the distribution width shrinks at high temperature for dGFP while re-
maining similar for pGFP. The bottom panel of displays the dimensionless

V)

potential T

experienced by the dynamic variable, for the energy barrier distribution
parameterised by €} /5.

We express an effective activation energy E, featured in for each temperature
Ea == NaGI/QkBT, (5—12)

with N, Avogadro’s number and kg Boltzman’s constant. It is important to notice that
the energy barrier is not “per particle” per se, because it is experienced by the cross

section weighted dynamic variable, hence we name it an “effective” energy.

Those energy barriers are displayed in and do not scale with activation
energies of fundamental processes that take place at the ps timescale. To get a general
idea, inside the protein, the activation energy of methyl groups rotations (present at
both 220 K and 310 K) scale around 3.96 £ 0.5 kcal/mol|177, 251, 91] and H-bonds
breaking scales from about 5 to 1.5 kcal/mol from dry to hydrated conditions in S-sheets
at physiological temperature in peptides [252]. In bulk water, diffusion has an activation
energy of around 4.4 kcal/mol and O-H reorientational time has an activation energy
of around 4.1 kcal/mol [253]. Therefore, energy barriers are rather the picture of how
heterogeneity impacts the local relaxation of the density of particles and the diffusion

coefficient of the process, if it were to be a single exponential decay (Equation 5-7]).

Those small additional energy barriers are crossed only with a fraction of the activation
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Figure 5-8: Study of energy barriers performed with IN5 data. Top panel: distribution
of dimensionless energy barriers p, () ﬂEquation 5-10] with e = kA—% as a function of
Q, compared for both protein powder samples: dGFP (a), pGFP (]ao) at 220K (dGFP:
orange, pGFP: green) and 310K (dGFP: blue, pGFP: red). Low Density Liquid (LDL)
and High Density Liquid (HDL) water pictures are adapted from [250]. Bottom panel:

corresponding potentials V() = kx*+Vi(X) seen by the dynamic variable and normalised

by kgT'. The color-code is the same as for energy barriers, () = 12871

energy for the main process, and are inherent to the “fractional” Brownian motion. The

@ dependence of activation energies shows that the more local, the softer the potential.

Table 5-IV: AFE ), calculated from [Equation 5-11f for @ = 1.2 AT

Sample 220K (310K AE1/27220K [kcal/mol] AE1/27310K [kcal/mol]
pGFP 034 045 0.73 0.88
dGFP  0.21  0.65 0.87 0.64

Interpretation In Ref. [233], authors model the hydrated lysozyme powder (h = 0.3)
relaxation function following a KWW law with stretching exponent 3. 8 decreases with
temperature in such that Sr_s0x &~ 0.8 and Sr—310x ~ 0.25, with a linear trend and offset
at T ~ 220 K. In dehydrated powders they see almost no change with temperature (5 ~ 1
between 7' = 200 K and 7" = 300 K). However, in Ref. the opposite trend is found
for lysozyme hydration water: § ~ 0.2 is almost constant for 7" € [160, 210] K, suddenly
increases to  ~ 0.7 until 7" = 235 K and finally slightly increases to reach § = 0.9 at
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Figure 5-9: a) Distribution of activation energies E,, [Equation 5-12| for total scattering
(inct+coh). pGFP at low hydration (IN5, orange full line) where mostly methyl groups
are mobile, pGFP at h ~ 0.4 (LET, orange dotted line) where side chains are hydrated
and mobile, and dGFP at h ~ 0.4 (IN5 and LET, blue lines) at 7" = 310 K corresponding
to hydration water’s motions.

T =280 K. T = 220 K is analysed as a crossover temperature for 8 corresponding to the
transition from a fragile (7(7") follows a Vogel-Fulcher-Tammann law) to strong behaviour
(Arrhenius law, F, = 3.13kcal/mol) in hydration water, sign of a LDL to HDL transition
[254]. The onset of rotational and translational motions in hydrations water (respectively
occuring at T = 200 — 250 K and T =~ 240 K|[222]) softens hydration water potential
(6 increases strongly, sigmoid trend) but increases the heterogeneity of motions in the
protein (/3 decreases strongly, linear trend).

It is in line with our results for dGFP (ar—200x = 0.21 , ar—siox = 0.65) strongly
softening with temperature like hydration water, and pGFP displaying almost no change
(r—g20x = 0.34 , arp—o9ox = 0.45) similar to a dehydrated protein powder, although « is
small.

Hence we propose the two following interpretations :

e dGFP: We interpret the sudden change of dynamical environment of the deuterated
sample in the frame of the liquid-liquid transition in supercooled hydration water
around 220 K at ambient pressure from a low density liquid (LDL) to a high density
liquid (HDL). In the case of bulk water it is assumed to imply a transition of the
connective properties of the H bonds network from an almost crystalline tetrahe-
dral network (LDL) to disordered interconnecting networks with a high degree of
intersticial sites (HDL), typical of water under pressure [255]. In the case of in-

terfacial water this transition occurs with the creation of patches of HDL water in
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the preexisting LDL phase and is combined with a strong increase of mobile water
molecules [256]. This has also been held by some authors as the explanation for
the dynamical transition of hydrated proteins. Therefore, in deuterated GFP, at
T= 220 K the dynamic variable is trapped in local minima requiring a few thermal
energy unities to escape due to the ordered D-bond network, while at T= 310 K
the potential drastically softens and thermal energy is enough to overcome most of

energy barriers for pGFP (e < 1).

e For protonated GFP, we interpret the minimal change in dynamical landscape as
arising from sample dehydration meaning that only methyl groups undergo relax-
ation (the onset is at 150 K) at 220 K and 310 K. Hence, the almost same distribution
of € for low and high temperatures for pGFP.

Furthermore, energy barriers for pGFP at h &~ 0.4 obtained on LET are higher than
for hydration water (dGFP), but lower than for the protein at low hydration level
(pGFP, IN5), see [Figure 5-9) which is the sign that the onset of side chain motions
coupled with hydration water has been enabled on LET. It rationalizes the strong

difference between parameters on IN5 and LET for pGFP, especially 7 parameter

This interpretation is illustrated on the top pannel of [Figure 5-§|

5.4 Conclusion

We performed comparison of polarised and unpolarised neutron spectroscopy at the ps-
resolution, highlighting that results are highly comparable between similar instruments,
in the limiting case of reproducible sample preparation and similar energy-resolution.
Indeed, the error made using two different instruments is larger than the error due to the

presence of coherent scattering.
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CHAPTER 6

A discussion on elastic scattering in a protonated and a deuterated

protein powders

6.1 Introduction

This chapter focuses on elastic scattering in biomolecules. An elastic scan performed on a
large range of temperatures from T~ 2K to T=310K is analysed and discussed in the light
of a new quasi-analytical model proposed recently by Hassani et al |[75] which illustrates
the contamination of quasielastic scattering in elastic scans. This article also proposes
a reduction of parameters for the FDB model, that we apply to IN5 data. We end-up
with a new proposition to explain the dynamical transition, which yields approximate but

Y

encouraging results, although this is a “toy” model that requires refinement.

6.2 Elastic scattering in complex systems

6.2.1 Separation of elastic and quasielastic scattering in biomolecules

As introduced in [Equation 1-59] in the framework of the proposed model, the intermediate

scattering function F(Q,t) is halved in a time-dependent and an asymptotic part where

ESF(Q) is the elastic scattering factor of the protein and ¢,,(Q,t) the Mittag-Leffler
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relaxation function dependent on « and 7.

F(Q,t) = ESF(Q) + (1 - ESF(Q))da-(Q,1). (6-1)

Which raises upon Fourier transform, the following form for the dynamic structure factor

S(Q,w) = ESF(Q)S(w) + (1 — ESF(Q))éu,-(Q,w), (6-2)

where ggaﬁ is the Fourier Transform of the relaxation function. This quantity is convoluted
in experiments resolution function of the instrument R,(Q,w) of standard deviation o,
which defines the resolution energy wyes in units of 4. In the case of a Gaussian resolution

function,

wres = FWHM (R, (Q,w)) = v/2In(2)0. (6-3)

Hence, the elastic peak w &~ 0 broadens to w € [—wyes/2, Wres/2]. This interval is called

the elastic peak, or elastic window. Integration over the elastic peak writes

wres/2 Wres /2

AoBa(Q)+(1-ESFQ) [ dofa(Q)rdnr(Q)

Selastic(Qaw) = ESF(Q)/ — /2
res (6—4)

—Wres/2
Therefore, the elastic peak contains all dynamics occuring at time scales t > t..s where
tres = 27 /wyes As far as the nuclei in the sample do not undergo spatial dynamical disorder
(such as Fickian diffusion for instance), they are confined in space which implies that the
Elastic Structure Factor does not vanish.

Hence, ideally, the elastic peak is perfectly distinguished from quasielastic scattering, this
is what motivates elastic scans, which consist in measuring the signal in the elastic peak

under the assumption of a perfect separation of elastic scattering and QENS :

Sl dwRe(Q,w)S(Q,w)
f:wm” dwR,(Q,w)S(Q,w)

Wmin

ESF,(Q) = , (6-5)

where [Wimin, Wmax] in units of & defines the dynamical range of the instrument. During

an elastic scan, normalisation on the total energy range is indirectly performed from a

low-temperature sample, see [Equation 6-11|

In reality, quasielastic and elastic peaks merge. A first reason is the convolution with

the resolution function, which broadens the elastic peak. But this is not the only reason:
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it is also due to the shape of the relaxation function of biomolecules. Indeed, it has been
shown by Kneller et al [17] that while an exponentially decaying relaxation function can
still permit the separation when the resolution is high enough compared to the timescale
of the process, power-law relaxation functions such as encountered in proteins do not
permit this separation even at very high resolution due to the intrinsic self-similarity of
protein dynamics and the wide range of timescale captured in a single process. For a
Mittag-Leffler relaxation function, it worsens when the heterogeneity parameter o de-
creases (which is rarely assessed above a = 0.7 in proteins).

This is what motivates us to calculate the ESF directly within the model used for QENS
and to further estimate the corrections that should be introduced to our elastic scans to

ensure a good estimation of the MSD knowing the fitting parameters.

S[w,e=0.01] S[w,e=0.001]
1.0¢ —a=1

08 a=0.7

Figure 6-1: Scheme extracted from [17], showing the impact of the form factor « of
the Mittag Leffler function, a self-similar relaxation function, on the distinction between
elastic and quasielastic. @ = 1 corresponds to a single exponential decay and raises better
disctinction. It is shown for two different effective resolutions € = 0.01 (left) and e = 0.001
(right).

6.2.2 Incoherent elastic scattering: models for the elastic scan

For the rest of that section, we suppose that incoherent scattering is the main contribution,
although [chapter 5earlier evidenced the impact of coherent scattering in the ESF of dGFP.
In the EISF, information on motional amplitude arises from the cumulant expansion of
the incoherent intermediate scattering function [257]. Considering that all N nuclei in the

sample are equivalent and remaining in the classical limit :

Fine(Q, 1) = {exp (—iQ(R(t) — R(0))) = exp ((—1)*Q*yar) . (6-6)
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where even cumulants 7o, are expressed in terms of the velocity autocorrelation function

and take the following values for the two first terms :

L nq(R(1) — R(0))?)

2 (6-7)

71 = 77 (nq(R(t) = R(0))*) = 3(nq(R(t) = R(0))")*)

Y2

where nq is the unitary vector parallel to Q.

The Gaussian approximation consists in keeping only the first harmonic term correspond-
ing to the first cumulant. We assume isotropy of motions such that EISF(Q) depends
only on the magnitude of Q, and

(nq(R(t) = R(0))*) = 5 (r(t)*), (6-8)

where (r(t)?) is our notation for the time-dependent MSD. For motions confined in space,

the plateau value reached by the MSD is such that lim (r(t)?) = 2(r?) where (r?) is our
—00

notation for static MSD.

Using |[Equation 6-7] and [Equation 6-8|in [Equation 6-6|raises the Gaussian Approximation

(GA), holding for Q*(r?) < 1

(6-9)

BISF(Q) = Fue(Q, 00) = exp (—QQM) |

3
This equation holds when hydrogen isotopes perform harmonic oscillations around their
resting positions on the whole temperature range, provided that motions are not too an-
harmonic or anisotropic [258].

One of many models accounting either anharmonic motions or for distributions of in-
dividual mean square deviations was proposed by Kneller et al [259, 260]. Since single
hydrogens undergo motions in an effective harmonic potential and verify the GA, devia-
tions from the GA can be explained by a motional heterogeneity of MSDs among nuclei.
EISF(Q) follows a Gamma distribution p(\, ;) of Gaussian approximations of individual
atoms, where a parameter 3, accounts for heterogeneity (GA is retrieved for 5, — o0)

and a parameter A\ scales single MSD,

1
(1+ Q%%/ﬁ)ﬁh'

Bh

EISF(Q) = /0 h dAp(\, Br) exp(—AQ?) = (6-10)
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6.2.3 Elastic scans of dGFP and pGFP samples, IN5 (wyes =~ 0.08

meV)

An elastic scan consists in a short time exposure of the sample to neutrons on a wide
range of temperatures upon heating, estimating the ESF from the elastic peak. 5 minutes
elastic scans have been measured with an increasing temperature ramp for 7' € (2, 310] K
for both pGFP (Ty,n) and dGFP (T),.,) and integrated over the elastic peak such that
wres =~ 0.04 meV. Considering that coherent scattering is negligible, normalisation is

performed following

S(Q> Wres, T)

EISF(Q) ~ SCETIT

(6-11)

We deviate from the standard normalisation process which uses S(Q, wy.es, T =~ 0), because
it artificially eliminates zero-point fluctuations. We suppose that the absence of motions
at minimal temperature for ) — 0 (very large distances probed by a single nucleus)

provides a perfect flat-line for S(Q =~ 0, wyes, T = 0).

Applying the model accounting for heterogeneity featured in [Equation 6-10jon both pGFP

and dGFP yields very high values of 3, (> 1000) with no defined tendency as a function of
temperature when the parameter is unconstrained, implying a high homogeneity of mean-
squared deviations on this )-range. Hence, all nuclei have similar motional amplitudes
within the sample despite heterogeneous dynamics embedded by a strong « parameter in
the FBD model in our QENS analysis. Therefore, the Gaussian approximation is good
enough a model for the present data on our )-range, although MD simulations tend to
point out that MSD follow non Gaussian distributions in both hydration water [261] and
proteins [259]. shows the MSD as a function of temperature, where the fit has

been optimized using recommendations of Zeller et al [258].

Analysis of MSD in the high temperature range

As presented in [Figure 6-3 MSDycrp are larger then pGFP on the whole temperature
range, except for the dynamical transition where suddenly the motions slightly lose am-
plitude compared to pGFP around the liquid-liquid transition temperature of water at
T = 220 K. The low hydration of pGFP is visible from the almost nonexistent slope after
the dynamical transition 7Ty at Ty = 260 K, while dGFP’s dynamical transition arises at
Ty ~ 260 K.

At high temperature, MSD increase much faster for dGFP than for pGFP, indicating a
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Figure 6-2: Mean-Square displacements (z?) (MSD) evaluated with IN5 elastic scan,
AFE = 70ueV from equation [Equation 6-9, and extrapolated at low temperature with
expression |[Equation 6-12| for both the deuterated protein (dGFP) and the protonated
protein (pGFP) hydrated in DyO with h = 0.4.

0.7
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Figure 6-3: MSD of hydration water from staphylococcal nuclease (SNase) compared to
hydrated pGFP and dGFP MSD at similar resolution and hydration conditions. Hydra-
tion water data was furnished by the authors of Ref. .

“softer” system in term of resilience . In this region, the MSD obtained for dGFP
tend to scale closely to HyO hydration water of staphylococcal nuclease at similar res-
olution (AE = 106 peV), @ range (Q € [0.4,2] A_l) and hydration (h = 0.36), see
Figure 6-3| Data was provided by Nagakawa et al, see Ref. .
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Zero-point fluctuations in dGFP and pGFP

Very low temperature MSDs are extrapolated with an analytical expression that holds for
a single trapped hydrogen nucleus in a quantum harmonic oscillator potential [263]. In

order to extract (0|r2|0), low temperature MSDs below T= 120 K were fitted considering

that energy levels are populated according to Boltzmann’s law. It yields [Equation 6-12|

[264].
(r?) = ZEZ; coth(kBTTW), (6-12)

where parameters are averaged (brackets) on all hydrogens present in the sample. In the
limiting case of zero-point fluctuations (zpf) which are the amplitude of motions associated

to the ground state, MSD write

MSDr_gk = (0[r2|0) =

2m(v) - 9 (kym’ (6-13)

with (v) the mean pulsation of the potential well, (k) the mean stiffness of the harmonic

potential. Therefore, for a given neighbouring environment defined by (k), MSDr—ok o 1/+/m.

Data for T" < 120 K is fitted with [Equation 6-12| with free parameters (k) and w, re-
ported in For pGFP the harmonic oscillator model is extremely adapted until

very low temperature, as can be seen on the insert in [Figure 6-2 However, a sudden drop
of the MSD below T" = 40 K for dGFP makes it possible to fit zero-point fluctuations
assuming that the tendency is drawn by upper values, but reveals a decrease of motional

amplitudes at very low temperatures.

Table 6-I: Fit parameters extracted from [Equation 6-12| applied to MSD evaluated from
IN5 elastic scans with resolution AE = 70 peV on @ range [0.3,2.1] A" from both pGFP
and dGFP proteins hydrated in D5O.

(k) [Nm™'] () [em™'] zero-point fluctuations [A2] Meg [U.]
pGFP 2.69 54.1 0.021 148 £0.1
dGFP 1.97 89.7 0.045 4.15+0.01
: : (k)Y . . : .
Using relation m = W with parameters in |Table 6-I| to calculate an effective mass dif-
v

fusing in the potential, it appears that although zero-point fluctuations should scale with

\/—%, see [Equation 6—13|, it yields masses corresponding to about 14 hydrogen nuclei in the

case of pGFP and 2 deuterium nuclei in the case of dGFP, see [Table 6-1. Basically, it
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means that the amplitudes of motions correspond to a rigid unit of mass meg. Therefore
the effective mass in pGFP corresponds to about the average mass of all hydrogens in a
side chain (= 11 u. for the produced wild GFP sequence) in accordance with the picture
that movements of the whole side-chain describes as well motions in MD simulations as
motions of single nuclei. On the other hand, for dGFP it corresponds to the average mass

of hydrogens in a D,O molecule.

It would be a nice picture if the elastic scan was less dependent on the definition used
for the elastic peak or on the impact of QENS, even at low temperature. We report be-
low the parameters that we obtain when using only the central channel available on IN5
(AE =8 peV) as our definition for the “elastic peak”, instead of the whole elastic range
defined by the FWHM of the resolution:

e For dGFP: <k>dGFP = 1.76 IlIIl_l, <V>dGFP = 130 cm™! and MSDT:OK,dGFP =
0.073 A%, raising megagrp = 1.76 .

e For pGFP: <k>pGFP = 2.01 IlIIl_l, <V>pGFP = 54 Cm_l, and MSDT:(}K,pGFP =
0.039 A~ raising megprp = 3.01 .

It implies that despite restricting the definition of the elastic peak, hydrogens in dGFP
still have larger amplitudes of motions and diffuse in a softer potential than hydrogens
in pGFP. However, MSD at T' = 0 K are larger and are associated to a lower effective
mass which is closer to the expected meg = 2 u. value. It underlies that the impact
of QENS vanishes, even for T' < 120 K, for a more restrictive definition of the elastic
window. Lower y? also testify that the Gaussian approximation holds better in that case.
For comparison, a study on horse myoglobin reports (v) = 210 cm ™" and (k) = 1.29 nm™!
[263], and a study on DMPA+MBP (AE = 8ueV) raises (v) = 133 em™, (k) =
0.62 nm~!, [265]. Tt corresponds to much lower masses, respectively meg = 0.49 u. and
meg = 0.81 u. But those studies relied on a small collection of lwo temperature values (6

and 2 values for T in 10 — 120 K).

6.2.4 Limitations of the elastic scan: the pseudo-elastic correc-
tion

As exposed in [section 6.2} elastic and quasielastic scattering cannot be separated unam-

biguously in an elastic window scan for complex system undergoing powerlaw relaxation.
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In order to quantify the over-estimation of MSD due to the presence of relaxation in the
energy window probed by the elastic scan, we refer to an article by Kneller et al [75]
where a quasi-analytical correction for the MSD is introduced as a function of o and
T parameters of the Mittag-Leffler relaxation function ¢, ,(Q,t). We briefly introduce
here their correction method. As introduced previously, in the hypothesis of an isotropic
sample where scattering functions depend only on the norm of the momentum transfer,
ESF,,(Q) measured with the elastic writes

Wres/z

ESF,(Q) = / dwR,(Q,w) * S(Q,w). (6-14)

—eres/2

However, the measured ESF contains by definition a non-elastic term due to the part of

the relaxation function contained within [—wyes/2, Wres/2]:

Wres /2 5
€rao(Q) = / QR (Q,w) * b (Q ), (6-15)

_Wres/2

In [75], Kneller et al describe the implementation for the calculation of [Equation 6-15|

This pseudo-elastic factor is represented for our data on [Figure 6-4| (a). |[Figure 6-4f (b)

shows the two positions where &, ,,(Q) has been measured as gray vertical lines. For
dGFP, the pseudo-elastic factor is higher at Q = 0.67 A" than at Q = 1.48 A" where
the measured FSF,,(Q) (blue markers) significantly differs from the calculated ESF(Q)
(orange markers) from which the pseudo-elastic contribution &, ,(Q) has been removed.

Directly from [Equation 6-4, we get

ESFy(Q) ~ £0(Q)S(Q) (6-16)
fj};e;iiz dWRU(Qu w) - gT,a,O(Q) ’

— ESF(Q) =

\V/2In(2)o/2

where ESF(Q) < S(Q) and ESF,,(Q) < ESF(Q), and / dwR,(Q,w) = 0.758.
—1/21In(2)0/2

The limiting case &, 4., (Q) = 0 basically means that the resolution function and the quasi-

elastic signal do not overlap in [—wyes/2, wres/2] interval and that therefore it is absolutely

correct to use an elastic window scan. It is the case when ov = 1 (for a single exponential

decay) or when the observation time defined by resolution is greater than the relaxation

time.

A rule of thumb is that when 7 is below 0.3 ¢, (the relaxation is achieved within the
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time of observation defined by resolution, and leads the a measurable asymptotic regime),
then the correction to the measured ESF is low enough. Therefore, a very long relaxation
time compared to resolution leads to large errors in the ESF. An increasing heterogeneity

embedded by « parameter also increases the pseudo-elastic correction if 7 < tyes.

Can we use this information to correct elastic scans on a large temperature range such
as presented on [Figure 6-3| deducing ESF(Q) from both the measured ESF,(Q) at
temperature 7" and the pseudo-elastic factor &, ,(Q) fitted with QENS at the closest
temperature to 7' 7 Unfortunately, we do not get satisfying results because the ESF(Q)
calculated with the model is strongly non-Gaussian, and &, , ,(Q) is strongly temperature

dependent (seemingly strong around T=220 K). Otherwise, a first order correction for

the Gaussian approximation at low () values presented in [Equation 6-17] was proposed by

Kneller et al,
<7"2> ~ <T2>m

Q:O 1 - gﬂ—,a,a(Q)’

where (r?) are the corrected MSD, and (r?),, the MSD measured with the elastic scan.

(6-17)

However, this correction assumes an elastic window of width [—30, 30] with ¢ the standard
deviation of the resolution: this is unreasonably large since experimenters usually define
the elastic peak as the FWHM of the Gaussian resolution. Furthermore, this correction
hold if &, (@) takes values < 1 which is usually not the case since slow processes in

proteins imply that 7 is not negligible compared to .

Therefore, we just settle for a discussion of the pseudo-elastic contribution in our samples.
In both samples, « is almost constant and plays a minor role in determining the evolution
of &;.0.0(Q) with Q. It appears with IN5 data, see (¢), that diffusion of water in
dGFP implies a decrease of {,grptot(Q) from 0.6 to 0.3 over Q until 7 ~ t,.5/3. It means
that the correction is lower at higher () where the relaxation timescale is shorter. For
pGFP, the almost constant 7 parameter verifying 7 > t..s implies that the pseudo-elastic
constant {,grpiot(Q)) = 0.6 is constant and high on the whole () range, as featured on
Figure 6-4] (¢). It means that most of the elastic scan data has contribution from QENS.
On LET, since 7 and « parameters are almost constant for coherent scattering, the

pseudo-elastic contribution is low and steady for the fast collective motions of water:

§arFp,con ~ 0.25.
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Figure 6-4: a) dGFP: Comparison of the quasielastic contribution &, ,,(Q) |[Equation 6-
to the measured ESF,,(Q) ﬂEquation 6-14], Q = 0.67 A7 and Q=148 A", b)
Comparison of ESF(Q) to ESF,,(Q),[Equation 6-14] the vertical lines correspond to the
projections used for (a). ¢) Pseudo elastic contributions of pGFP and dGFP measured
on IN5, as a function of Q. The red line shows where 7(Q) & tyes.

As a conclusion, for heterogeneous dynamics slower than or equivalent to the resolution
function, the pseudo-elastic contribution represent a non-negligible percentage of what is
usually called “elastic scattering” within the resolution function. Since studies have until
now reported « values that do not evolve much as a function of @ in proteins [230],]40], the
determinant of the fraction of quasielastic in the elastic peak is mainly how the timescale
of dynamics compares to the time-resolution of the instrument. As reported in [75], very

fast dynamics compared to t,., are required to ensure that an elastic scan is correct.

Remark Diffusive dynamics implies a strong decay of 7 with @ (see dGFP decay on
Figure 6-5| (a), green markers) and, as a consequence, a decay of the pseudo-elastic con-
tribution. The latter becomes steady when 7 crosses the resolution time 7 = t,., in our
case at local Q scales for Q ~ 1.3 A,

It might explain that fitting a bimodal EISF(Q) for @ values below and above a deter-
mined threshold [266, 258| raises different MSD that are said to correspond to “localised”
and “global” motions, see (b). We observe that in the frame of [Equation 6-17]

low @ values where T < t,5/3 yield high pseudo-elastic factors. It implies that corrections
required to get the “real” MSD from the measured MSD of an elastic scan are higher for

low @ values than for high () values, due to the strong impact of quasielastic scattering
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Figure 6-5: (a) dGFP and pGFP dynamical timescales compared to the resolution
time s defined as trs = 27/wres. (b) and (¢) MSD obtained from fitting the elastic
structure factor obtained from elastic scan (IN5) on ) ranges corresponding to before

(Q €]0.3,1.3] Afl) and after (Q € [1.3,2.1] Afl) the time scale-factor 7 of dGFP cross
the third of the resolution time t,.s = 40 ps. Lines are a guide to the reader.

within the window. It explains visibly “lower” amplitudes of motions at low Q. This
effect is absent from pGFP where the timescale of motions is Q-independent
(¢)], which also explains that MSD for pGFP are not impacted by the range used for the
fitting procedure.

6.3 A 2-parameter fit model applied to protein dy-

namics

The estimation of the pseudo-elastic contribution &, ,,(Q) was used in [75] to raise a

pseudo-analytical expression ESF, ;(Q) from a and 7 parameters only.

Ref. [75] gives a detailed explanation of the approach. In a nutshell, [Equation 6-16|gives

an expression for ESF(Q) where &, ,(Q) is expressed in w-space as the convolution on
a restricted interval (the elastic peak) of two model functions for dynamics of the sample
and of the resolution. In our case we choose a Mittag-Leffler function ¢, -(Q,t) and a
Gaussian resolution function R, (Q,w) of standard deviation o. The important condition
is that both functions admit Laplace transforms and are even in time. It makes it possible
to write a quasi-analytical expression of &, (@) based on Padé approximants of both

the resolution function and the boxcar function defining the limits of the elastic peak.

Hence, using [Equation 6-16] ESF(Q) becomes a function of parameters o and 7 (o is
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estimated from the resolution function and is not a fitting parameter), reducing the fitting
parameters of F(Q,t) to a and 7 only. Hence, the 2 parameters model
relies on the existence of a quasi-elastic contribution to the elastic window that can be
expressed quasi-analytically.

Figure 6-6 (a) and (b) show its application on our data. For dGFP and @ > 1A7" dy-
namics are fast enough and scale close to the resolution time t,., therefore the nested 2-
parameter model raises parameters that are highly comparable to the 3-parameter model,

especially at higher () values when the resolution window catches most of the relaxation

decay.
1.0
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Figure 6-6: Parameters obtained for both dGFP (a) and pGFP (b) with IN5, AE =
70 peV, using the 3 parameters model (dark blue and orange respectively) or the 2 pa-
rameters model (light blue and orange respectively).

For pGFP, which displays strong heterogeneity and slow relaxation times, the 2 parameter-
model enables to catch better 7 and ESF(Q) parameters than the 3 parameter-model.

Scrutiny of fitting quality show that differences in both fits arise only at large energy-
exchanges hw (lower timescales), [Figure 6-7) (a). A small bias is observable in residues
and favors the 3-parameter model, see and a partial Fisher test with risk value
of 0.05 performed to compare both models is not conclusive to accept the hypothesis that
the 2-parameter model sensitively increases the fitting quality. However, from a physical
point-of-view it is clear that the 2-parameter model discards the intrinsic correlation of
7(Q) and ESF(Q) parameters. We remark that an outlier for the ESF generally corre-
spond to a 7 outlier: a badly estimated “longer” relaxation time automatically implies a

badly estimated “lower” asymptotic value when the timescale of dynamics are out of the
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resolution window. Indeed, non-diagonal elements corresponding to 7/ESF in the covari-
ance matrix of the 3 parameter non-linear regression are larger than other correlations. As
a consequence, parameters as a function of () are smoother with the 2-parameter model

and enable to draw clearer behaviour of parameters as a function of Q.
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Figure 6-7: a) Non-linear regression of the pGFP data set on IN5 for AE = 70 peV
and @ = 1.39 Afl, comparison of the 2 parameter-model (full light red line) and the

3-parameter model (full dark red line). b) Residues obtained for pGFP, @) = 1.39 A_l,
compared for both models at large energy-exchanges. c) x? values compared for both
samples and models as a function of @ (legend at the bottom of the figure).

6.4 Can the dynamical transition arise from diffusion
in an asymmetric potential with a single mini-

mum 7

6.4.1 The dynamical transition in proteins and other systems

In 1989, Doster et al [267] reported a sudden rise in the MSD of proteins around T= 220
K as a function of temperature called the “Protein Dynamical Transition”. Numerous
explications have been proposed for this phenomenon. This transition occurs at higher
temperatures than the hydration-independent transition attributed to methyl groups for
T ~ 120 K.

It is clear that the solvent plays a major role in this transition [26§], since hydration water

motions are enhanced at similar temperature. Increasing hydration shifts the transition
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temperature towards lower values [269]. Mainly hydrophilic residues undergo this transi-
tion [270], that arises concomitantly with hydration water dynamical transition and with
the decrease of protein/water H-bond relaxation time [270, 271]. Hence, the water envi-
ronment is key to understand the transition. However, the reason is unclear and among

other explanations it has been proposed that:

e The transition is dependent on the instrumental resolution: the “frequency window”
scenario implies that MSDs increase when relaxation processes suddenly enter the

instrument’s resolution time window [272].

e Considering that the hydrated protein displays the dynamics of a glass-forming ma-
terial, 5, "statistically independent” fast inter-basin equilibrium fluctuations origi-

nating from hydration water are responsible for the dynamical transition [268].

e The transition is due to quasi-harmonic and multi-minima modes arising from T=

210 K and involving global motions of the protein [273].

e The nucleus sees a double-well harmonic potential with a strong stiffness and a
softer stiffness, representing the local cages of the nucleus. Both are separated by

an energy barrier defined by E, > kgT |274].

However, it became obvious that the transition is not directly linked to to the onset of
biological functions [275], and especially, the secondary and tertiary structures peculiar to
proteins are not needed to observe this transition [276] which requires a minimum A = 0.2
for the onset of the dynamical transition [96]. Especially, the last few years have seen
dynamical transitions reported in other systems: it does not appear as a “protein” feature
anymore. It has been observed in PNIPAM (=~ 225 K) [277, 278], trehalose (=~ 250 K)
[279] or even protein detergent NP40 (=~ 250 K) [280], SI. In PNIPAM, the transition
temperature is barely resolution dependent and is strongly affected by its environment,
with strong a shift towards higher 7" upon dehydration (7" > 350 K for A = 0) or in
presence of glycerol and glucose [281]. Hence, the dynamical transition seems to be a
“universal” feature of flexible macromolecules interacting with its aqueous environment.

Hence, we propose here a general model that does not focus on protein characteristics.
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6.4.2 Can a transition arise from the diffusion of a light particle

in quantum formalism ?

In this section, we propose that the dynamical transition could arise from the temperature-
driven excitations of energy-levels in an asymmetric potential. In this purpose, we choose
a Morse potential in quantum formalism. It does not require to suppose diffusion in
a multi-minima potential anymore, and would explain the university of the dynamical
transition in macromolecules where the interactions exerted by the solvent seem to drive

the dynamical transition 7.

Introduction: a transition at very low temperature with an harmonic oscillator

This idea arises from the discussing differences between the classic and the quantum
description of MSD as a function of temperature for a nucleus trapped in a harmonic

potential (“HO”) described by stiffness k, with potential

1
_ 0200 _ (lassic
2 0.15__ Quantum
< 0.0
D -
vl
= 0.05-

0007 ... ..
0 50 100150200250300
TIK]

Figure 6-8: MSD(T) calculated for the classical case with [Equation 6-19| and in the
quantum case with [Equation 6-20, k£ and m correspond to the values obtained with the

low temperature elastic scan reported in for dGFP.

In the classical case, the MSDs are defined if the nucleus is subject to random forces,
implying a statistical description of its dynamics. MSDs are calculated as a function of
T considering that the particle is submitted to an Ornstein Uhlenbeck process (diffusion

in a harmonic potential, viscosity n = 0), |38],

kT

- (6-19)

<(.Z' - x<0))2>HO, classic —
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with x(0) the equilibrium position of the nucleus. One gets the same result using energy
conservation (thermal energy with 1 degree of freedom 1/2kgT = 1/2kx? for the elastic
energy). Diffusion in a quantum harmonic oscillator, assuming a Boltzmann distribution

for energy levels at equilibrium,yields:

(& = (0))? 110, aumntum = —— coth <M> (6:20)

where 3 = kBLT |Equation 6—19| is retrieved for h — 0.

The quantum and classic MSD converge at high temperature. The convergence depends
on the values of m and k (or equivalently, w = \/k:/_m), around 7" = 150 K in .
Classical and quantum MSD follow different trends: classical MSDs are simply propor-
tional to temperature, while quantum MSD undergo a transition at low temperature

(T ~ 50 K using the parameters obtained for GFP with the elastic scan, see [Table 6-I))

and gives rise to zero-point fluctuations.

Now, the question that we raise is whether a quantum description of a nucleus diffus-
ing in a non-symmetric potential, as for example Morse potential, with a non uniform
separation of energy levels (E,.1 — E, # hw) would yield a systematic transition at
higher temperatures in contrast to a harmonic oscillator. The temperature-driven popu-
lation of energy states would increase sharply the MSD, due to the strong increase of the
distance between turning-points with higher energy levels.

compares the Morse potential with its approximate harmonic potential for low

oscillations, obtained from second-order Taylor development around x(0).

250

200

150¢

E[meV]

100

50

0

Figure 6-9: Comparison of a Morse potential (De = 200 meV, m = Muydrogen, £(0) =
1.05 A, k =86 meV) with a harmonic oscillator obtained by linearisation, writing w =

a\/% (see [Equation 6-21]).
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Diffusion in the Morse potential

Morse potential was introduced by Philip Morse in 1929 to describe the potential of a
diatomic molecule [282]. Its specificity is a finite number of energy levels determined by
the potential depth De, and a potential width «. It describes how the bonding of the

molecule loosens until dissociation
Wtorse () = De [exp (—2a(x — z¢)) — 2exp (—a(z — xp))] . (6-21)

Resolving the Schrodinger equation is performed with an adapted variable change to
recover a second-order differential equation. The stationary solution defines the following

energy eigenvalues F,
1, (hw(n+3))?

E, = hw(n + 5) ~ T iDe (6-22)
where
w=a %De, (6-23)
such that
E,oi—E,=h—(n+1) (hw)2 (6-24)

2De

Inherent to the finite size of the well, there is a maximum energy level of index N defined

by the first n value verifying F,, .1 — E,, < 0 using [Equation 6-24!

N = L%De - 1J | (6-25)

We are interested in the mean-squared displacements of the quantum Morse oscillator,

which are defined as :

(@~ #(0)) = Tr (&~ 2(0)5) = 5 Y p(—,f—T) (n] (&~ 2(0)*|n) . (6-26)

where p = w and Z = Tr (exp(—ﬁH)).
Hence, we require the analytical expression for the diagonal matrix elements (n| (Z — (0))* |n)
for n € [0, N] to calculate the MSD. We do not report here the calculation, but we used
the expression proposed in Ref. [283] eq.15 expressed from hypergeometric functions. We

then study the emergence of a dynamical transition as a function of the parameters of the

problem.
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6.4.3 Numerical implementation

Method The Morse potential depends on 3 parameters o, De and m, where we always

use M = Mpvdrogen — 1 U. The matrix elements (n|(z — z(0 % |n) [283] are numericall
ydrog Yy

evaluated, and then averaged on energy states following [Equation 6-26, We make an

estimation of Ty, the dynamical transition temperature, with two methods

1. Minimizing the curvature radius

|

(1+ (22)%)
2
(£as)

Ty = min p(MSD(T")) = min : (6-27)

of MSD as a function of T.

2. Fitting MSD with a piecewise function defined by

ar + kT T <T <Tj
MSD(T) = (6-28)

ag + kT Ty <T < Thax,
with aq, as, k1, ko and Ty free parameters, and T, = 2 K and Ty, = 300 K are
the boundaries, in order to compare to our experimental data. Hence, Ty defines
the transition between two “linear” regimes, which is not true experimentally (ex-

periments also display a “soft” transition), but it coincides with how experimenters

define it.

The curvature radius method yields more satisfying and robust results to estimate Ty,

however tends to over-estimate the transition temperature.

Definition of dimensionless quantities We introduce a dimensionless energy gap wy:

hw

wo(a, De,m) = Do (6-29)
e

Which measures how the gap between energy levels (hw = E; — Ey, see [Equation 6-24))

compares to the total size of the well De. as a function of wy. It implies from [Equation 6-25|

that
2
N=|—-1 6-30
=1, (6-30)

S0 wp also defines the maximal number of accessible energy levels.
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Parametric studies In this study, we performed two parametric studies before apply-

ing the model directly to our data.

1. De varies with fixed wy (thus, a fixed number of energy levels). Hence, what matters

is the depth of energy of levels and the associated amplitude of matrix elements

~

(n] (& — =(0))* n).

2. wp varies with fixed potential depth De. It analyses the impact of the scaling of

energy levels with respect to kgT'.

De=70 meV De=200 meV w0=0.13 w0=0.27

-20
-40

E[meV]
E[meV]
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E[m
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N=1

o De=130 meV

Figure 6-10: Picture of the parametric study on De and wy.

Although this is a coarse picture, the first study is about the impact of the thermal aver-
age (how energy levels populate and how distant they are) and the second one about the

specific impact of the asymmetry and amplitude of energy levels.

Remark 1: Let us notice that De does not compare with spectroscopic values reported
by Morse et al [282] where De = 2eV corresponds to the energy dissociation for a diatomic
molecule composed of two hydrogen nuclei. Indeed, we rather associate dissociation with
a change of the local environment of the probe which cannot be simply reached with
thermal fluctuations kgT'. Hence, we introduce for De a value that permits energy levels
to weakly scale with kT (kpT = 0.17,12.9 and 26 meV for 7' = 2 K, 150K and 310 K
respectively), hence, D, is in the range of 70 — 150 meV.

Remark 2: We are actually limited to N ~ 18 energy levels due to a large overflow
during matrix elements calculations, since diagonal terms are successively negative and

positive with increasingly large values.

6.4.4 Existence of a transition

A first observation is made with fixed wy = 0.2, N =8, m = myg, De = 60 meV. Matrix

elements (n| (z — x(O))2 |n) increase almost exponentially with n, [Figure 6-11f (b). With
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this configuration, energy states are already all populated at T" = 150 K and still increase

with higher temperature, see [Figure 6-11| (c). It raises a dynamical transition around
T =100 K.
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Figure 6-11: Calculations of MSD for m = mpy, De = 60 meV and wy = 0.2. a) Nor-
malised MSD defined by MSDpom = ((& — #(0))?)/zpf where zpf = h/(2mw) are the
zero-point fluctuations for the approximated HO potential. b) Normalised matrix ele-
ments (n| (& — 2(0))* |n) /zpf calculated from Matsumoto et al as a function of n. ¢)

E,
kpT

Probability P, for the nucleus to occupy energy level n, defined by P, = exp(—

6.4.5 Comparison of Morse matrix elements with the HO po-

tential

The strong difference of the Morse potential with the harmonic oscilator comes from the

expression of matrix elements, which for the HO are simply linear with n,

(n] (& — 5(0))2 |n) = %(Qn L), (6-31)

shows how Morse-potential matrix elements evolve almost exponentially with
n for De = 117 meV and wy = 0.2,where the HO matrix elements almost seem constant

in comparison.
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Figure 6-12: Morse potential (red) and harmonic oscillator (orange) matrix elements
(n] (2 — 2(0))? |n), compared for the case De = 117 meV and wy = 0.11

6.4.6 Parametric studies
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Figure 6-13: Parametric study for De € [70,200] meV with fixed m = my and wy = 0.2.
a) D, parametric study of the MSD as a function of 7. b) and ¢) Dynamical transition
temperature calculated with the curvature radius (b) and the piecewise fit (c) respectively.
d) Fit of the dynamical transition as a function of De calculated with the curvature radius.
e) Probability of occupation of the energy levels as a function of n, for three temperatures
in the investigated range, and plotted for different the De values presented in (a).

We conduct a parametric study with wo = 0.2 (N =9) and with De taking its values
in [70,200] meV, to study the emergence of a transition with T.

As exposed on [Figure 6-13| (a) to (d), increasing De for a fixed number of energy levels

implies an increase of the transition temperature T4q. The trend is almost linear with T,

see |[Figure 6-13[ (d). It goes with an increasing probability of occupation for higher energy
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levels with T, as shown on [Figure 6-13| (e).

Hence, for a fixed number of energy levels, increasing the depth De (hence, the amplitude

of energy levels) shifts the transition temperature Ty towards higher temperatures.

Fixed D,

First, we have fixed the number of energy levels and modified the depth of the well, which
appeared to tune Ty. Now, on the contrary, we modify the number of energy levels with wy
and keep De constant. To get a physical insight, we introduce an “effective” temperature
T.g, which is also fixed by wy. It represents the temperature required to reach the first
energy level from the ground state.

_ B - Ey

Tg = -32
i . (6-32)

Results are summed up in for a fixed potential depth De, modifying the

200 \\
_ ]50} M— —_— <+ De=130. meV
- 100/~ - De=115. meV
= : ) 7 « De=100. meV
50f +« De=85. meV
0 + De=70. meV
80 90 100 110 120 130 140 150

Teff [K]
Figure 6-14: Dynamical transition Ty as a function of T.g, for De € [70,130] meV.
access to energy levels by increasing T.g barely changes the transition temperature, al-
though the number of energy levels drastically decreases with increasing T.g (ex: for

De = 130meV, N goes from 18 to 8 for Tog going from 75K to 150K). Hence, this is not

a determinant criterium to shift the transition, contrary to the depth of the well.
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Discussion A dynamical transition, which position in 7" is highly dependent on the
parameters of the potential, arises almost systematically. It is still unclear how it behaves
as a function of wy and De, but the potential well depth, in our simulations, is more of a
determinant parameter in the location of the transition than the scaling of energy levels
with kgT. Hence, it means that the behaviour of (n|(Z — 2(0))? |n) as a function of n,

determined by the potential shape, is paramount to raise this transition.

6.4.7 Application to dGFP data

In this section, we replace m and w with the values fitted from experiments for dGFP, in-
troduced in[Table 6-11 De takes values in [20, 110] meV (110 meV corresponds to N = 18,
the maximum number of energy levels we can calculate without overflow).

We calculate MSD for both the harmonic oscillator (HO) and Morse potentials, see
ure 6-151
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P 1.0 ]
""" HO & 0.15 . <08 : — Morse, De=20. meV, Nipa,=2
HO é’ 0.10 ’>'1 é 0.6 {— Morse, De=42.5 meV, Npa=6
rrrrr HO = e =04 | — Morse, De=65. meV, Nyax=10
----- HO 0.05 -0 0.2 1 — Morse, De=87.5 meV, Npax=14
----- HO 0.00 0.0 — Morse, De=110. meV, Nnax=18
0 50 100 150 200 250 0 50 100 150 200 250
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c) _ 150
X,
5 100
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[

0
40 50 60 70 80 90 100110
De [meV]

Figure 6-15: dGFP w and m parameters fixed with values obtained by the low temperature
fit of our experimental elastic scan with a quantum HO potential, a) Normalised
MSD(T) as a function of w for the HO potential. b) Normalised MSD(T) as a function of
w for the Morse potential. ¢) Dynamical transition temperature calculated for De = 42.5
meV, De = 65 meV, De = 87.5 meV and De = 110 meV.

Rq: each colour of the legends of (a) (harmonic oscillator) and (b) (Morse potential)
corresponds to the values of D, and Np,.x specified in the legend of (b).

Harmonic potential Interestingly, the asymptotic form for the MSD of a quantum

harmonic oscillator for N — oo (Equation 6-20)) is already reached for De = 65 meV, see
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Figure 6-15| (a). The depth De defining the number of energy levels has no effect on the

position of the effective transition around 7" = 50K.

Morse potential Increasing the depth De has a direct effect on the transition shift, as
exposed for short time on (c) with an almost linear increase of Ty with De,
with slope 1.6 KmeV ™' (same as , R? > 0.99. It is then a direct effect of the
Morse potential, regarding its absence for the harmonic potential.
To compare experimental and simulated data, we calculate the pseudo force constants
1 cale and kg cale With our parameters for De = 110 meV, deduced from the slopes of
the MSD for temperatures below and above T;. We compare them to the pseudo-force
constants ki exp and kg exp Obtained similarly with our elastic scan on INS, and finally
compare it to the force constants k; and ko introduced by Bicout and Zaccai in [274] . ky
and ko correspond respectively to the low temperature and high temperature stiffnesses
separated by Tjy.

MSD(T) = kgT'/k1/2. (6-33)

We get ki exp = 2.76 Nm~! and ki cae = 0.98 Nm~!, while ko exp = 0.26 Nm~' and
ko cate = 0.16 Nm™" (T exp = 234 K, Tycae = 150 K). For the sake of comparison, in
Myoglobin [274], k; = 2.76 Nm™" and ky = 0.28 Nm™*.

Hence, diffusion in a single Morse potential is enough to raise a transition, although the
obtained force constants are not strictly in the range of literature or experiments, or that
the transition temperature obtained is here at maximum 7" = 150 K instead of T = 220

K due to computing limitations.

6.5 Conclusion

In this chapter we discussed different topics :

e First, the methods usually employed to study elastic scattering in proteins are highly
dependent on how the timescale of motions ranges in comparison to the instrument’s
resolution time. It implies that a correction would be required to raise the correct
MSD from elastic scans, but this correction is both non-straightforward and requires
to perform QENS at different temperatures, which is not suitable. However, the
estimation of this “error” made on MSD enables to improve the FBD model into a 2-

parameter model that catches much better slow dynamics than the three-parameter
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model.

e We propose an alternative explanation for the dynamical transition that takes roots
in quantum formulation of MSD in an anharmonic Morse potential. A transition
similar to the experimental one occurs as far as the scaling of £y — Ey with kgT is
reasonable, ensuring a decent number of energy levels in the well. The conditions to
shift the temperature of the transition are non-trivial, and depends on all param-
eters. However, the transition temperature seems to shift towards higher 7" values
with increasing potential depth for a fixed number of energy levels.

This analysis yields reasonable results with our own experimental data: a transition
around 7y = 220 K with reasonable force constants for high temperature might
arise from considering a nucleus diffusing in a local single-minimum asymmetric
potential with sufficiently high depth De of the order of &~ 100 meV exerted by
neighbouring atoms. However, the stiffness kj cac at low T is clearly out of experi-
mental expectation. This study is only a toy-model that requires refinement, but is
a proof-of-concept for future works. In biomolecules we rather encounters a quasi-
continuum of energy levels, but in this study we only computed the first energy
terms due to overflow issues coming from the diagonal terms of (Z — #(0))? matrix.
We also need to compare our results to the classical equivalent like for the har-
monic potential on in order to justify that this effect could not arise
from classical approaches. It requires to solve the Fokker Planck equation for the

Ornstein-Uhlenbeck process, where the harmonic potential is replaced with Morse

potential. Another way would be to reach an analytical formula for [Equation 6-26|

and use h — 0 to reach the classical equivalent, but it seems unfeasible.
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Outlook

Further data analyses on our dGFP and pGFP samples The present work was
focused on the separation of the coherent and incoherent parts of protein dynamics and
on the impact of quantum effects. To go beyond these results, other neutron data which

were collected on the same samples could be further exploited:

e QENS data on LET and IN5 were also obtained for higher resolutions, AE = 10 ueV
and AFE = 30 peV respectively, with dynamical range E € [—0.95,0.95] meV.
It corresponds to different ) ranges: on IN5, @ € [0.27,0.92] A" and on LET,
Q € [0.6,1.6] AT, Although resolutions are different, we plot on a single graph the
parameters that we obtained with the FBD model, see [Figure 6-1]

250 10 1.0
500 ., ® INS AE=10peV 0.8 R
. IN5 AE=70peV : ..'“.'0-.. P 0.8 -
150 & LET AE=30peV 0.6 * an sl 06 eee
~ . s ® INS5 AE=10peV e o 4
100 N A LET AE=95peV 0.4 INS&Egm,ueV w 04 . ey 5%, TN ',
50 .-o'-‘:J 0.2 @ LET AF=30peV 0.2 ° L s
0 LT LT T r—— 0.0 A LET AE=95peV 0.0 A
00 05 1.0 1.5 20 0.0 05 1.0 1.5 2.0 00 05 1.0 1.5 20
QIA™] QAT QA

Figure 6-1: Parameters 7, a and ESF for total scattering on IN5 and LET, merged for
different resolutions AFE € [10,95] peV. Uncertainties on parameters are not displayed.

For @) > 0.8 Afl, data corroborates the same trend for all resolutions: it is unlikely

that more information is contained in high resolution data (LET, AE = 95 peV)
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compared to low resolution data (LET, AE = 30 peV). Furthermore, coherent data
obtained on LET at AE = 30 peV is too noisy to be interpreted. On the contrary,
IN5 high resolution data shows interesting features: it probes lower () values, where

a sudden change of dynamics occurs: it could permit further analyses.

e We acquired inelastic neutron scattering data on the thermal neutron direct-geometry
hybrid time-of-flight spectrometer Panther, ILL (incident energies E; = 19 peV,
E; =76 peV and E; = 171 peV) at T =2 K, T'= 220 K and 7' = 300 K. We also
measured on Lagrange indirect-geometry TOF spectrometer, £y € [20,400] meV,
at T'= 2 K such that Aiw > kgT. The idea was to see if any strong isotopic effect
could be explained by the presence of stronger zero-point fluctuations in pGFP with

respect to the dGFP, or by quantum tunnelling, in the spirit of Ref. [284].
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Figure 6-2: a) S(Q,w) acquired on IN1 Lagrange for 7'~ 2 K where the main peaks are
assigned considering the simulation analysis results provided in Ref. [2, 285]. b) Isotope
effects of deuterating the dry SNase (labelled ”exchanged”, dotted lines) obtained from
simulations, adapted from Ref. [2].

We performed a first attribution of vibrational peaks using normal mode analysis
and experiments on dry SNase performed by J.C. Smith et al |2, 285] and using
results from experiments carried out on hydration water [286]. This attribution
that can be visualised on (a) points-out that exchanged hydrogens in the
D50 layer of dGFP (dGFP: blue markers, pGFP: orange markers) hide incoherent
protein contributions. It instead enhances hydration water vibrational contribu-
tions, as probed from the large impact of water librations for £ & 50 — 100 meV in

Figure 6-2 (a).

167



Outlook and conclusion

Figure 6-2| (a) shows the preliminary understanding of S(Q,w) spectrum obtained
on IN1. Ref. [2] already investigated the impact of perdeuteration with simulations,
see (b), which entails rather small shifts (Ak < 100 cm™!) for wave vec-
tors in the 500 — 2000 cm~* window, but large shifts for wave vectors which are out
of the spectrum (e.g. NH stretch shifts from 3300 cm™! to 2430 cm™!). The region
where we might probe isotope effects is in light green, but it is obvious that normal

mode analysis would be required for any detailed study.

Improvement of the protocol of protein powders preparation It is paramount
to estimate the kinetics of H/D exchange in hydration water and to deduce whether an
equilibrium is reached (as suggested from our experiments on dGFP). Especially, we did
not manage to conclude on the extent of exchange occuring in a protonated protein, and
if per-deuteration plays a role in the amount of exchanged water. Upon discussion with
scientists, several ideas came up to assess the H/D exchange kinetics. They require a

feasibility study, and are exposed below :

1. Prepare D5O hydrated protein powders samples which are exposed to air for different
periods of time, and perform polarised diffraction to monitor the percentage of
exchange (no exchange case: Scon(Q)/Siot(Q) = 0.8). We could eventually derive
a rate of exchange, if the time scale of exchange is slow enough to scale to the
time of exposure. We could also discriminate at which stage H/D exchange occurs
in the sample preparation: perhaps another explanation can be that residual H,O
was adsorbed after lyophilisation and remained despite D,O adsorption. We also
discussed using a humidity chamber developed at ILL [287] which permits to monitor
the rate of humidity and its DoO/H50 ratio, but the relationship between ambient

humidity rate and adsorption properties of the protein are non-trivial.

2. A convenient method could be ATR FTIR performed under nitrogen atmosphere,
which is adapted to powder studies. Typical absorption lines of DoO and HDO
would also enable to discriminate if exchange implies single atoms or whole water
molecules. It would also permit comparison of exchange between protonated and

per-deuterated proteins.

3. Maithani et al |159] used surface plasmon resonance to monitor the kinetics of
H/D exchange of a water droplet, but adaptation to the protein+water system and

calibration with deuterium content is tricky.
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Protein preparation should be performed under nitrogen atmosphere in a glove box. Under
the advice of Jean Marc Zanotti (ILL) we propose the following protocol to avoid both

labile atoms and hydration water exchange:

e Prepare a DyO buffer where salts have been lyophilised in order to avoid that hy-

drogen remains in the buffer due to hygroscopic effects.

e Dialyse the protein against the buffer with regularly exchanged small volumes of
the buffer, for about 2 weeks. The protein has to be placed in a tube with a cutoff

smaller than the gyration radius of the protein.

e After lyophilisation of the protein, hydrate the protein powder in a DyO saturated

atmosphere before weighing and sealing the sample.

Buffer preparation, dialysis, hydration, weighting and sealing have to be performed under
nitrogen atmosphere.

To finish with, flat sample holders are usually not adapted to the geometry of instruments
used for condensed matter, as we observed on IN12 and D7 with strong variation of neu-
tron counts when the path of the neutron is parallel to the slab. Furthermore, we lost a
great amount of protein powder on LET because the annular cylinder shape requires to
hydrate sticky protein powder on a thin aluminium foil. Hence, we should consider how
to minimise both the impact of geometry and the loss of material during experiments on
protein powders, when instruments are not optimised to flat sample holders.
Furthermore, performing polarised diffraction ahead of any polarised QENS experiment
would ensure the sample’s quality: especially, once the calibration is done, each measure-
ment does not require more than an hour of acquisition. This would avoid wasting long

measurements (> 10h) for QENS if the sample is not correctly prepared.

Pursue the work on collective dynamics in proteins It is paramount to continue
this work in a systematic way. We have only measured GFP, a rigid g-barrel protein.
However, due to the prominent impact of secondary structure on protein dynamics and
rigidity [135] 97] we suggest that a study on three proteins with a majority of « helices
(e.g. lysozyme), a majority of 3 sheets (e.g. anti-freeze protein III 3) or a mixed secondary
structure (e.g. YFHI, yeast frataxin) could be the basis of a complete set of study. A
set of 3/4 temperatures would enable to study the temperature dependence of relaxation

times, which we could not do in our work.
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On the other hand, to validate our work and strictly define the relaxation scales of col-
lective dynamics, we need to study hydration water only. Ideally it implies to study a
deuterated protein hydrated in HyO at h = 0.4 (single hydration layer) and h > 1 (more
than a single hydration layer) for 7' = 220K and 7" = 310K.

Of course, it is important to study higher resolution up to the ns-scale to probe side-
chain fluctuations in the protein. To our knowledge the current best resolution available
is &~ 20pueV on LET (ISIS) and MACS (NIST): hence, we cannot probe ¢ > 100ps with
polarisation analysis. Furthermore, a mass m =~ 100mg is not enough to assess high
resolution with just a few hours of neutron exposure on LET, although this is already a
huge work to produce this amount of protein. Hence, we could examine the feasibility of
performing neutron spin-echo experiments on WASP (ILL) with \; = 10A to reach sub-ns
timescales and complete the () range available on LET for ) < 0.4A_1, where coherent
scattering is dominant.

Of course, we encourage strongly to perform polarised scattering with protein solutions to
investigate the impact of DO and benefit from fully activated side-chains motions, with
the same aforementioned proteins and temperatures.

We also think that we could benefit from discussions with other communities: coherent
scattering has been studied in liquids, glass forming materials or polymers, for which the-
oretical frameworks have been proposed [109, 108], while no theoretical framework exists

yet to explain coherent scattering in proteins.

Molecular dynamics simulations We recently started a collaboration with Jeremy
C. Smith, Alan Hicks and Tasneem Kausar: they are currently performing molecular dy-
namics simulations and trajectory analysis on a hydrated GFP powder. We aim to analyse
separately incoherent and coherent scattering, and analyse which motions arise from the
protein or from its hydration water, with resolutions AE = 70ueV and AE = 10ueV.
Furthermore, we especially want to separate self and distinct coherent scattering, in order
to compare our results with the work of Arbe et al on MD simulations of coherent scatter-
ing of D20 [156, [113]. Our collaboration already validated some results: an approximate
40% of hydration exchange in the D,O layer is indeed required to explain static struc-
ture factors obtained from polarised neutrons. To compare this data with a more flexible
protein, Tatsuhito Matsuo already proposed to share data of collective trajectories of a
lysozyme protein obtained from MD simulations. Trajectories were analysed for total and

incoherent scattering but not for coherent scattering, as published in Ref. [244].
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Conclusion

It has always been admitted that proteins, due to their large amount of uniformly dis-
tributed hydrogen atoms, scatter neutrons with a dominant incoherent cross section for ()
of the order of 1A~ However, verifying this assumption has been impractical so far due
to technical reasons: separation of incoherent and coherent dynamics requires a polarised
neutron beam with adapted optics and detectors. Although polarised diffraction has been
performed in the past and showed a non-negligible contribution of coherent scattering es-
pecially for Q) < 0.4A7" [33], its impact on dynamics has never been assessed before.

We propose a comparison study of a protonated (pGFP) and a deuterated (dGFP)
powder-state proteins hydrated in DO with h = 0.4, which permits to clearly high-

light new insights for neutron scattering applied to biomolecules.

First and foremost, we shed the light on the sub-second D/H exchange occurring in the
deuterated hydration-layer of a protein when it is exposed to ambient air during sam-
ple preparation. We compared calculations to polarised diffraction data, and concluded
that there is a robust 40% exchange occuring in the hydration layer of dGFP. Agreement
between different techniques and dynamical ranges strongly support our findings, which
are of paramount interest for experimenters: it calls for improving good practice during
sample preparation. It clearly indicates that sample preparation requires careful handling
in a glove box to avoid any contact to the air. To our knowledge based on scientific
discussions and important research in literature, we reckon that it is an under-estimated
phenomenon which adds up to labile atoms exchange. A reason for the under-estimation
of this phenomenon is that a protonated protein hydration water might exchange on dif-
ferent timescales or to a lower extent, due to different surface interaction. Furthermore,
no clear hint of the presence of HoO appears in the diffraction pattern or the measured
dynamics of a protonated protein. Eventually, a deuterated protein is usually used on

purpose with H,O for the study of its hydration water.

Although water and protein interactions are strongly entangled and occur both with
similar relaxation times at the picosecond scale, we managed to single-out dynamics with
polarised QENS. First and foremost, dGFP and pGFP incoherent contributions enables to
assign the self-relaxation times for hydration water and internal protein dynamics, respec-

tively. Hence, it permits to prove that coherent scattering in both proteins indeed arises
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from very fast H-bond local dynamics and network rearrangement in the hydration layer,
which contaminates standard experiments performed in the assumption of completely
incoherent scattering. Furthermore, the ()-independent timescale found for coherent re-
laxation of hydration water is reminiscent of experimental and simulation findings in bulk
D,0 [32, 156, [113] and other liquid, polymeric or supercooled systems [112, 239, 238]. Tt
also gives a parameter-dependent quantitative estimation on the error made when assum-

ing that scattering is fully incoherent.

All this study is performed with a 3-parameter model based on Fractional Brownian
motion developed by Kneller et al [37, [38] |42, |40, 41}, 39], describing the diffusion in a
rugged harmonic potential of a ()-dependent dynamical variable, standing either for self or
collective dynamics. Besides, it catches strong properties of protein relaxation processes:
mathematically speaking, it is a convenient model for complex systems with self-similar
behaviour. We show that this minimal model facilitates comparison between instruments,
especially for the purpose of comparing polarised to non-polarised data. Obviously, it also
avoids to overfit extremely noisy data due to the reduction by ~ 2/3 of a polarised flux
with respect to a standard neutron flux. We further show that a quasi-analytical reduc-
tion of the model to 2 parameters, recently proposed by Kneller et al [75], improves the

analysis when relaxation-times are very large compared to instrumental resolution.

To finish with, stemming from early reflexions in the frame of our initial project, we
launch a discussion concerning elastic scattering in such complex systems. We show
that zero-point fluctuations are clearly non-negligible in protein powders: a set of quan-
tum harmonic oscillators models data very well and informs on the local environment of
the protein (pGFP) and of hydration water (dAGFP) at 7" = 0K. However, upon strong
dependence of the analysis on the definition of the “elastic peak”, we invoke the “pseudo-
elastic” contribution proposed by Kneller et al [75] to quantify the impact of QENS in
the experimenter-defined elastic peak. It appears that ()-dependent relaxation timescales
typical of translational diffusion (e.g. self-diffusion of water in dGFP) imply that on the
low @) range, long relaxation times compared to instrumental resolution greatly increases
the non-elastic contribution in the “elastic peak”. It artificially reduces the measured
MSD. Finally, we propose a toy-model to explain that the dynamical transition in MSD
as a function of temperature does not have to include instrumental resolution effects or

a multi-minimal potential to raise a transition that shifts with change of the protein’s
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environment.
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Appendix

Theory: Fermi’s Golden Rule

Fermi’s Golden rule yields the rate of transition from an initial state i to a continuum of
final states f, considering that the transition is induced by a pertubative Hamiltionian H.
which is time independent and weakly coupled. It is obtained from first order perturbation
of the system’s eigenstates [61]. It requires a few assumptions :
-It holds for very long times, ensuring that only transitions corresponding to E; to Ey
take place.
-Hamiltonian matrix elements and the final density of states vary slowly with the final
system’s energy.
let us denote the initial state i = m ® k and the final state f = m’ ® k’. Fermi Golden
Rule yields

2m

Wisg=—+ (f| H.|i) *p(E;)dE;5(Ef — E). (A-1)

Such that Fy = By + E,y and E; = Ej, + E,,, denoting energy conservation of the whole

system for very long times.

yields the following equivalence :
AEp(Ey) = dk’p(K’). (A-2)

That is, the final density of energy for the final state can be expressed from the density

of vectorial momentum transfers of the neutron probe.

We consider that the initial and final quantum states of the neutron probe are plane
wavefunctions, due to the long distance from the sample to the detectors. This implies
that we are considering transitions between free states, which are not normalised and
prevent a calculation of the density of momentum states. Thus, we normalise them using
a cubic volume V = L3 containing both the neutron and the scattering system, so that

the continuum is retrieved for L — oo. This method is called the “box normalisation”.

1
k) = (rlow) = — exp(ikr),
/ Ii qos (A_3>
k') = (rlow) = \/ﬁexp(zk r).

Therefore, (k|k) = (K'|k") = 1.
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This imposes boundary conditions on wavefunctions, so that they vanish outside the
box: ¢r(r) = ¢p(r + L) with L = {L,L, L} in cartesian coordinates. Consequently,
k = i—’;{kl, ko, k3}, ki being integers.

Thus each wavevector occupies a volume of Vj, = (2%)3, defining the density of momentum

plk) = ( . )3- (A-4)

27

states

On the other hand, the volume element for the final wavevector dk’ in solid angle d2

writes dk” = dk’k’>d§2 such that & is the norm of momentum k’, yielding :

L 3
p(k)dk’ = (2—> dk*®
™

L\®mk
<%) B,

(A-5)

__dEm
dk=1E2,

Therefore, the transition rate in finally writes from :

L3 mk' N
Wi = ———dEdQ H.|i) *(E; — E)). A-6
I e 7 g AR S ) POy — E) (A-6)

Theory: Express the coupling Hamiltonian H,

Another way of calculating the double-differential cross section involves the use of the
Lippmann-Schwinger equation. This equation expresses the scattered neutron as the sum
of the incident neutron wavefunction and the application of the Green propagator Go and

the transition operator T to the incident neutron wavefunction:
[K) = [k) + TGo [k) . (A-7)

The transition operator T is an infinite sum of operators involving the potential of inter-

action H, between the neutron and the probe.
=3 G R (A9)
n=1
A pseudo-potential Vf was introduced by Fermi in 1936 [48, 49|, such that T = Vf for the

scattering of a single nucleus.

Considering the first-order truncation of the series yields T = H, (Born approximation,
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implying that attenuation effects vanish). Therefore, we use Vf as an expression for the
interaction potential H. in the Golden Rule, in the frame of the first-order perturbation.

Vf writes, for the interaction of the neutron with a nucleus denoted j :

B 2 h?
om

Vi bio(F — R;). (A-9)

Such that H, for the total system composed of N nuclei equals :

- N orn? . oA
Ho=> ——bj5(7F — R))| (A-10)

m

J

Rj is the position operator of nucleus j at time ¢y, and b; is a complex value, the bound
scattering length of nucleus j, holding for the case of a fixed nucleus. Rigorously, b;
should to be treated as an operator dependent on the system’s spin, as explained in
section T.3.11

Fermi pseudo-potential is empirical by definition, and expresses the strong interaction of
the neutron with the nucleus compared to the neutron’s wavelength such that the interac-
tion potential is simply an impulse. It also expresses the spherical symmetry of scattering.
The interaction is point-like, and the bound-scattering length is evaluated experimentally.
b; is a measure of the amplitude of interaction. A positive value for b denotes a repulsive
interaction. The real part of the scattering length implies scattering of the neutron, while

its imaginary part denotes the absorption of the neutron.

Now we can express the matrix element (f| H, |i), using the neutron wavefunctions

introduced in [Equation A-3

(fI Held) = (m' @ K| He |k @ m)

, 1 , 27 h? L1 ,
= <TTI, ’ / \/? exp(—zkr) Z ijéa' — RJ)\/? exp(zk’r)dr |m>

J
2mh? P
= (m'| b, exp(zQR]) |m) .

- mlI3

With Q = k’ — k the momentum transfer of the neutron probe, such that the norm of the
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matrix element equals :

[(fI He i) P = (m' @ K| He [k @ m)" (m' @ K| He |k © m)

<:§§> ZZ (m] b eXP( iQé]’) |m') (m/| b, exp(iQRl) Im) .

(A-11)

Therefore, using [Equation A-11| and [Equation 1-7| boils down to :

Wor 13, (mL3> ZZ (m] b; eXP( Z’QJ%> m') (m'| by exp(z’QE) im) 6(E—E;)dQUE.
(A-12)

Calculate the double differential scattering function The flux of incoming neu-
trons ®¢ in the volume V = L3 is the product of the neutron’s velocity [Equation 1-1| and

its density p, = 75 (the box is defined to contain 1 neutron).

hk
L3m

By = (A-13)

We replace terms in expression [Equation 1-4] using [Equation A-5| and [Equation A-13

d0'2 . Wl%f
dQdE ), ., ©odQdE

— %’Z Z (m)| b; exp(—iQ]iA’j) Im/) (m/| by exp (iQR,) im) §(E; — E;).
J l

(A-14)

Theory: Sum over all sample accessible states

Therefore, we have access to the double differential cross section corresponding to fixed
initial and final sample states, as denoted from subscript (...)m’m,. However we want to
express this value for all accessible initial and final states, referring to [Equation 1-5, This
requires to introduce P,, = % with Z,, =) exp(—fE,) the partition function of

the sample system at equilibrium following the Boltzmann law. This implies that

do? B
(deE) N
K’ exp(—0GFEy,) . P N D
SO by exp(—iQER; ) ) (| by exp (/QER) m) 0(E; — E»).
i l m m/ m

(A-15)

We use then the following relationships :
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1. We introduce the integral notation of the Dirac function of energy conservation (E
and t are non-commutative variables connected by Heisenberg uncertainty princi-

ple). This is how the time dependence of position operators is introduced :

5(Ey — Ep) = 6((Bws — Bn) — By — By)
(A-16)

1 o Bt Et (—iwt)dt
=55 _ooexp 7 5 exp| —17 W exp(—iwt)dt.

Such that Aw is the energy transfer of the neutron, and therefore :

(m| b exp(—iQRj) ) (| by exp <z’QRl) im) 6(E; — E;)

> 5 Em’ . A -Em , .
- % - (m| b} exp(—iQRj) |m') (m’] by exp <2 . t) exp (ZQRZ) exp (—zht) |m') exp(—iwt)dt
= % | {mlt exp(—iQR;(0)) [m') (| brexp (iQR(E) ) Im') exp(—icwt)dt.

Using Heisenberg representation to express I%j operator as a function of t

R;(t) = exp (z%) exp (ZQR]-> exp (—z%) ) (A-17)

2. The closure relationship ensures that term Y. |m’) (m/| = 1 makes the final states

vanish, due to the orthonormality of eigenfunctions.

3. The thermal average of a given observable at equilibrium A is given by formula
(A) = X2, (m] pmA [m) = Tr(pnA).
|m) are H,, eigenvalues, Tr(..) is the trace operator and p,, = % is the

density operator for a canonical ensemble. The thermal average is denoted (..)

The thermal average is applied using that —eXp(gj Erm) |m)

All previous remarks lead to :

(déadQE) _ 271rh%’ /_Z ; ;(b;bl eXp(—iQRj(O)) exp (zQ}?il(t)>> exp(—iwt)dt.
(A-18)

Each nucleus j or 1 can belong to any isotope present in the sample.

Thus, for further considerations, it is interesting to separate contributions into sums cor-
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responding to the IV isotopes represented in the sample. Each matrix element corresponds
to the position operators R, ;j(Rg,;) of two nuclei of type o or 3, denoted j and [ such

that j({) is one of the N,(Njs) nuclei of their respective type.

do? 1 KL
<deE) B 2whEaZ::Z
No Np

/_ Z Z baj€Tp <_iQéa,j(O>> exp (iQR,s,z(t)>> exp(—iwt)dt.

7j=1 [=1

(A-19)

Now we have an expression for the partial double-differential cross section for any
initial and final sample state. This is expressed from the momentum exchange of the

neutron Q and its energy exchange hw which are the observables of a neutron experiment.

Theory: the relaxation function

Replacing the particle density operator with p;(Q,t) = 0p;(Q,t)+(p,;(Q)) and normalizing

the relaxation function in [Equation 1-61] leads to

Q1) = - S 05hel(Q.0)4(Q. 1)

7.k
B ¥ 3 5bk6pH(Q, 0)0pK(Q, 1))
~—
Pj Q,t)= N N\ _
55,(Q.0)+(5;(Q) ~r oD
1 . .
ty (50;(Q)) (broe(Q))
7.k
ESF(Q) (A-20)
) 1 . 1
With A = N ]Z;@ bip (Q> 0)0x(Q,0)) — N Z}; N (bepr(Q))
1(Q.0) ESF(Q)
1 . 1 o R
-~ Z(%&(Q))(bwk(Q 0)) + N Z(%P}(Q»(bkﬂk(Q» :
gk 7,k
£SIQ) ESF(Q)

Therefore, F(Q,t) = (F(Q,0) — ESF(Q)) ¢(Q,t) + ESF(Q).
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A-1 Calculations of S.o,(Q) in an isotropic powder

In powder state the static structure factor is averaged over ¢ and ¢ in spherical coordi-

nates due to the isotropy of the sample. It yields :

1 ¢=2m
— E/@ /¢> sin(0)dfdp— sz,b exp(igrijcos(9)). (A-21)
Replacing cos(6) with the variable u raises :
1 ! —du 1
:_2 1 —_— . . ) ..
S(Q) gy W/U_l Sm(e)sin(@) N Zbl,bj exp(iqri;u)
exp(igriju) !
Z biy bj | ————— (A-22)
iqTij -1

1 Z b b'exp(zqrij) — exp(—iqr;;)

2iq7“ij
_ sz,b sin q’f’”

qrzy
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Labile atoms exchange

Amino Acid
Arg
His
Lys
Asp
Glu
Ser
Thr
Asn
Gln
Ala
Val

Ile
Leu
Met
Phe
Tyr
Trp
Cys
Gly
Pro

Category
Charged +
Charged +
Charged +
Charged -
Charged -
Polar
Polar
Polar
Polar
Hydrophobic
Hydrophobic
Hydrophobic
Hydrophobic
Hydrophobic
Hydrophobic
Hydrophobic
Hydrophobic
Others
Others
Others

Side Chains, nb of exch. H (Pk;)

3 (12.48)
1 (6)
3 (10.53)
0 (3.65)
0 (4.25)

—_
—~
—_

1

SO OO0 OO0 OO

=)
3
N—

—
—~
]
(0.¢]
~—

oo P —

Backbone, nb of exch. h
1

O o= R R e e e e e e e e e e

Table A-I: Chart of exchangeable hydrogen atoms depending on the amino-acid’s category,

Pk, values were obtained on www.sigmaaldrich.com.

Figure A-1: Internal H-bond network estimated with Pymol software. Red distances
correspond to backbone-backbone Hbonds, yellow distances to backbone-side chains (&
39), blue distances to side chains-side chains H-bonds (=~ 35). Polar bounds are calculated

with a cutoff distance of 3.2A.

216



Appendix

A-2 Data reduction and analysis of quasielastic neu-

tron elastic on IN5
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Figure A-2: a) Static structure factor S(Q) measured on IN5 for £ € [—2.5,2] meV.
Normalization performed with the spectrum of the respective sample at low temperature
(T' = 2 K). b) Static structure factor S(Q)) measured on IN5. Normalization performed
with a spectrum of a vanadium incoherent scatterer. Lines are meant as a guide.
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Figure A-3: (a) and (b):

Parameters 7, a and ESF obtained for pGFP and dGFP

respectively, at T=310K. Blue joined dots correspond to deconvolution performed with
Vanadium, and orange to deconvolution performed with a low temperature spectrum of
the said sample. Lines are meant as a guide. ¢) F(Q,t), intermediate scattering function
of pGFP deconvolved with the low temperature spectrum (7" = 2 K) of pGFP. On the
right-hand side, T = 310 K, on the left hand-side: T = 220 K. d) Same for F(Q,t)
deconvolved with Vanadium, pGFP. d) Comparison of Vanadium with pGFP and dGFP
low temperature spectra for () = 0.4 A7 and Q=17 A7 Blue lines correspond to
Vanadium, red lines to dGFP, and green lines to pGFP.
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Figure A-4: (a) and (b):

Parameters 7, a and ESF obtained for pGFP and dGFP

respectively, at T=310K. Blue dots correspond to a cut dynamical range of E., = 1.7
meV, and orange dots correspond to a full dynamical range of F,,,x = 2.5 meV. Lines are
meant as a guide.
¢) S(Q,w) summed over accessible @) values in [0.02, 3] A" for E; = 19 meV, measured on
Panther. On the left hand-side this corresponds to 7" = 150 K and on the right hand-side
this corresponds to 7' = 310 K. dGFP is in purple and pGFP in green.

d) T = 310 K. Comparison of intermediate scattering functions corresponding to Fyax =
1.7 meV (full dots) and FEp,.x = 2.5 meV (empty dots) for pGFP.
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Figure A-5: Study of the deconvolution method for IN5. T=310K. a) and b) display
parameters 7, a and ESF for dGFP and pGFP respectively, deconvoluting either with
a fitted Gaussian resolution function (blue), a cropped resolution function corresponding
to the low-temperature spectrum (orange) or the total low-temperature spectrum (blue).

c¢) Shows the corresponding deconvolved F(Q,t) for @@ = 0.85 A_I,Q — 148 A" and

Q = 1.985 A™". The colour code is the same. d) Shows the same results for pGFP
but in the energy transfer domain. x? are calculated for pGFP and dGFP with the 3
deconvolution methods.

220



A-3 Data analysis of quasielastic neutron elastic on

LET
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Figure A-6: dGFP, T=310K. Comparison of parameters 7, « and ESF obtained from
cutting the deconvoluted function in time for t,,c = t.es (orange dots), or tymax = 0.Ttes
(blue dots). IN5 parameters obtained in similar experimental conditions for ¢, = tres
are displayed in green dots.

tmax = 0.7 Lires  lmax = lres

T 0.41+0.1 0.324+0.5
« 0.10 £0.03 0.08 + 0.04
ESF 0.34 +0.08 0.30 +0.11

Table A-II: Relative gaps defined by (param; pp—paramy;)/param; gp obtained for ¢y, =
tres and tpax = 0.7 toe, for 7 a and ESF.

Detailed atomic contributions to the distinct structure

factor of hydrated dGFP, 40% D—H exchange
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Figure A-7: Comparison of all partial structure factors (divided into incoherent, coherent
self and coherent distinct structure factors) in the deuterated GFP protein in the case of
full labile atoms exchange (configuration B) + 40% hydration water exchange (a). D-D
and O-O partial structure factors are isolated for pGFP b), displaying a compensation of
self and distinct coherent partial structure factors over a large range of Q.
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