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Abstract

Studi biofisici realizzati a temperature criogeniche permettono di investigare pro-
prietà dinamiche, cinetiche e strutturali di biosistemi che, sebbene presenti, sareb-
bero di difficile risoluzione a temperature più alte. Queste proprietà hanno rile-
vanza in molti processi fisiologici che influenzano la funzionalità biologica di macro-
molecole. I metodi di spettroscopia di risonanza paramagnetica di spin (EPR) sia in
onda continua (cw-EPR) che in regime pulsato (FT-EPR) sono particolarmente
efficienti per la caratterizzazione di aggregati sopramolecolari nello stato conge-
lato. In questo lavoro sono presentati e discussi esperimenti di cw- e FT-EPR a
9 GHz condotti su diversi biosistemi spin-labellati (membrane lipidiche a doppio
strato, fasi lamellari interdigitate, micelle, membrane naturali e proteine) nelle fasi
a bassa temperatura. È dato particolare risalto allo studio delle proprietà dell’acqua
di idratazione entro una distanza di 0.5 nm dai radicali nitrossidi, alla caratteriz-
zazione della dinamica a bassa temperatura dei biosistemi e come le condizioni di
idratazione influenzino le proprietà dei biosistemi a bassa temperatura. Sono anche
inclusi i risultati ottenuti dall’analisi di dati di scattering di neutroni per investigare
la dinamica dell’acqua di idratazione nella proteina tau umana, una proteina intrin-
secamente disordinata coinvolta nell’insorgere di patologie neurodegenerative come
la malattia di Alzheimer.

Esperimenti a tre impulsi di modulazione dell’eco di spin elettronico dall’interazio-
ne iperfine con deuterio (D2O-ESEEM) ed esperimenti di cw-EPR sono stati combi-
nati a T = 77 K per caratterizzare il grado di permeazione dell’acqua e la polarità
dell’ambiente, rispettivamente, nella shell di idratazione più prossima di aggregati
lipidici spin-labellati selettivamente. È stato studiato il comportamento di fase li-
otropico di miscele a completa idratazione di lipidi formanti doppi strati (bilay-
ers) di dipalmitoilfosfatidilcolina (DPPC) con lipidi formanti micelle di dipalmi-
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Abstract

toilfosfatidiletanolamina (DPPE) derivati sulla testa polare con poli-etilene glicole
di peso molecolare 2000 Da (PEG:2000-DPPE) o di Liso-palmitoilfosfatidilcolina
(Lyso-PPC), studiando l’intero range di composizione (concentrazioni tra 0 e 100
mol%). Sono stati delineati i profili transmembranali di accessibilità del solvente e
di polarità in liposomi stabilizzati stericamente (SSL), formati da miscele di DPPC
e 2 mol% di PEG:2000-DPPE, e in micelle di polimero-lipidi. Questi profili sono
stati confrontati con quelli registrati per lipidi organizzati in bilayer e in lamelle
con catene interdigitate e per micelle di lipidi a singola catena. Inoltre, misure di
D2O-ESEEM e cw-EPR condotte su steroidi cardiotonici spin-labellati nella pompa
sodio-potassio Na+,K+-ATPase hanno mostrato che il vestibolo che conduce ai siti
di legame di steroidi e cationi è relativamente ampio e ricco di acqua.

Sono stati, poi, combinati spettri cw-EPR e spettri rilevati tramite echo in es-
perimenti a due impulsi (spettri ED) per caratterizzare la dinamica di campioni
spin-labellati nello stato congelato nel range di temperatura tra 77 K e 270 K. In
tutti i sistemi modello di membrana analizzati in questo lavoro, costituiti da lipidi
con catene sature o insature o con catene interdigitate, si manifestano moti librazion-
ali di piccola ampiezza angolare (< 20�) che avvengono sulla scala dei nanosecondi.
Tutti i campioni studiati hanno mostrato un comportamento simile nella dipendenza
in temperatura dell’ampiezza angolare librazionale, manifestando un rapido incre-
mento in corrispondenza della transizione dinamica che avviene ad una temperatura,
Td, di circa 200 - 220 K. La transizione è associata all’attivazione di moti stocastici
di maggiore ampiezza che fanno sì che i bilayers superino una barriera energetica
con energia di attivazione Ea ⇡ 15 - 30 kJ/mol.

La prima shell di acqua di idratazione che circonda le macromolecole è fondamen-
tale per l’attivazione della loro funzionalità biologica. È stata, pertanto, caratteriz-
zata l’influenza dell’idratazione sulla dinamica nello stato congelato di due proteine
con diversa struttura secondaria, cioè ↵ per l’albumina del siero umano e � per la
�-lattoglobulina, e del più comune sistema modello di membrana lipidica costituito
da DPPC. Mentre la dinamica delle proteine è inibita nello stato liofilizzato per at-
tivarsi progressivamente in presenza di molecole di acqua, nel caso della membrana
lipidica le librazioni di ampiezza significativa si registrano nella regione idrofobica
interna del bilayer anche in assenza di acqua.

Infine, è presentato uno studio della dinamica traslazionale e rotazionale dell’acqua
di idratazione della proteina tau perdeuterata attraverso l’analisi di dati di scatter-
ing di neutroni quasi-elastico, raccolti allo spettrometro TOFTOF alla sorgente di
neutroni Heinz Maier-Leibnitz.
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Abstract

Biophysical studies at cryogenic temperatures allow us to unravel dynamic, ki-
netic, and structural features of biosystems that are present also at higher tem-
peratures but difficult to resolve explicitly. These properties impact on function-
ally important processes of physiological relevance in biological media. Methods
of electron paramagnetic resonance (EPR) spectroscopy, both in continuous wave
(cw-EPR) and in pulsed, Fourier transform version (FT-EPR), are appropriate to
characterize supramolecular aggregates in the frozen state. In this work, results
from 9 GHz cw- and FT-EPR investigations on differing spin-labelled biosystems
(such as lipid bilayers, interdigitated lamellae, micelles, natural membranes and
proteins) in the low-temperature phases are presented and discussed. Emphasis
is given to investigate the properties of hydration water within 0.5 nm from the
spin-label nitroxide moieties, to characterize the low-temperature dynamics of the
different biosamples, and to highlight the influence of hydration conditions on the
low-temperature properties of the biosystems. Analysis of neutron scattering data
on the intrinsically disordered human tau-protein to investigate the hydration water
motion is also included.

Three-pulse electron spin echo envelope modulation from 2H-hyperfine interac-
tion with deuterium (D2O-ESEEM) and cw-EPR are jointly employed at 77 K to de-
tect the extent of solvent permeation and the environmental polarity, respectively, in
the nearest hydration shell of site-specifically spin-labelled self-assembled lipid aggre-
gates. The lyotropic phase behaviors of fully hydrated mixtures of the bilayer form-
ing lipid dipalmitoylphosphatidylcholine (DPPC) with either the micelle-forming
lipid poly(ethylene glycol:2000)-phosphatidylethanolamine (PEG:2000-DPPE) or Ly-
so-palmitoylphosphatidylcholine (Lyso-PPC) are investigated over the entire com-
position range (0 – 100 mol%). The transmembrane water accessibility and polarity
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profiles of sterically stabilized liposomes (SSL), formed by admixture of DPPC and
2 mol% of PEG:2000-DPPE, and of polymer-lipid micelles have been delineated.
They are compared to those of lipid bilayers and lamellae with interdigitated chains
and those of small, single-chain micelles. Additionally, D2O-ESEEM and cw-EPR
measurements of spin-labelled cardiotonic steroids in Na+,K+-ATPase revealed that
the vestibule leading to steroid-binding and cation binding sites is relatively wide
and water-filled.

Cw-EPR and two-pulse echo detected ED-spectra are used to characterize the
dynamics of spin-labeled samples in the frozen state over the temperature range 77
– 270 K. Rapid librations (in the nanosecond timescale) of small angular amplitude
(< 20�) manifest themselves in all the model membranes of saturated or unsaturated
lipids or with interdigitated chains studied in this work. A feature shared by the in-
vestigated samples is that the temperature dependences of the segmental librational
amplitudes show a rapid increase at the dynamical transition occurring at Td ⇡ 200
- 220 K. The transition is associated with the onset of stochastic motions with the
bilayers crossing low-energy barriers of activation energy Ea ⇡ 15 - 30 kJ/mol.

The hydration water surrounding macromolecules is fundamental in the acti-
vation of their biological functionality. The effects of hydration on the dynamics
of proteins of different structures, namely ↵ for Human Serum Albumin and � for
�-Lactoglobulin, and model membranes of the most common lipid DPPC in cell
membrane in the low-temperature phases have been also addressed. While the pro-
tein dynamics is suppressed in the lyophilized state and is progressively activated in
the presence of water molecules, it is found that segmental librations of considerable
amplitudes are detected in the inner membrane hydrocarbon region even in the dry
state.

Finally, results on the analysis of quasi-elastic neutron scattering data collected
at the Time-Of-Flight spectrometer TOFTOF of the research neutron source Heinz
Maier-Leibnitz on perdeuterated human tau protein are presented, in order to de-
scribe the translational and rotational dynamics of hydration water molecules.
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CHAPTER 1

Introduction

Nowadays, biophysical studies of macromolecules and supramolecular assemblies
are routinely carried out at low (samples cooled with nitrogen down to 77 K) and
very low (samples cooled with helium below 77 K) cryogenic temperatures by us-
ing high-resolution spectroscopic techniques that operate on different time, space
and energy scales [1–4]. By suppressing the molecular tumbling and the conforma-
tional exchange and by trapping (by rapid freeze quenching) transient intermediate
states in non-equilibrium kinetic processes, low-temperature studies allow to unravel
structural, dynamic and kinetic features of biosystems that are inevitably present
but not explicitly detectable at higher physiological temperatures. As such, they
play an important role in elucidating the molecular mechanisms underlying the
structure/dynamics/function relationships in biosystems. Moreover, biological me-
dia are intensively investigated at cryogenic temperatures in several fields of applied
research because of the relevance to (cryo)preservation and (bio)protection of cells,
tissues, therapeutic proteins, vaccines and food [5–9].

Among the other spectroscopic techniques, such as X-ray and neutron crystal-
lography, cryo-transmission electron microscopy, solid state nuclear magnetic reso-
nance, Raman and infrared spectroscopy, methods of electron paramagnetic reso-
nance (EPR) spectroscopy, both in continuous wave (cw-EPR) and in pulsed, Fourier
Transform (FT-EPR) version and at different operating frequency, represent efficient
tools to investigate frozen spin-labeled biosystems [10–14]. By using conventional
EPR and spin-echo methods of FT-EPR at 9 GHz, relevant properties have been
addressed in spin-labeled biomembranes and proteins in the low-temperature phases
(see, i.e., [15]). These include the solvent penetration at specific region around the
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1. Introduction

spin-label site, the transmembrane polarity profiles as revealed by polarity-sensitive
spin-label EPR parameters, the segmental librational dynamics, and the heterogene-
ity of protein substates [16–22].

The properties of water within 0.5 nm from the spin-label nitroxide moiety in
fully hydrated samples are readily detected by three-pulse electron spin echo en-
velope modulation by deuterium (D2O-ESEEM) at 77 K. By using this pulsed
technique, it is possible to reveal the direct accessibility of the solvent around the
spin-label site, to distinguish and resolve the component due to solvent molecules
hydrogen-bonded to the nitroxides from that due to unbound, more distant deuterons,
as well as to determine the fractions of spin-labels singly and doubly hydrogen-
bonded to the solvent molecules (see, i.e., [17, 23]). These results have important
general implications for the binding of water to H-bond acceptors and donors within
the membrane; for instance, water H-bonded at the intramembranous surface of
integral proteins could potentiate the diffusive water permeation pathway through
membrane [24]. Moreover, it has been reported that bound hydration water has a
dynamics slower than both unbound hydration water and bulk water [25]. There-
fore, the D2O-ESEEM results could also be relevant in relation to the slowdown of
biological activity upon dehydration. The interaction of water with macromolecules,
as well as the direct solvent accessibility at specific regions in macromolecules, are
fundamental to transport studies and to the formation and stability of biological
membranes. Further, the penetration of water into lipid membranes and the resul-
tant transmembrane polarity profiles delineated in D2O-ESEEM studies of chain-
labelled lipids have direct relevance for the permeability across biological membranes
and for the energetic of the insertion of proteins, peptides, and amphiphiles into the
membrane.

Two-pulse, partially relaxed echo detected ED-EPR spectra and cw-EPR spectra
acquired in nitroxide-labelled samples in the temperature interval 77 - 270 K are
indicative of isotropic librational motion. This consists of rapid torsional oscillations
in the nanosecond timescale of small angular amplitude occurring simultaneously
and independently around the three perpendicular molecular nitroxide axes [16,26–
28]. From the pulse and conventional EPR measurements, the librational motion
can be fully characterized via the evaluation of the motional parameter, h↵2i⌧c, the
mean-square angular amplitude, h↵2i, and the correlation time, ⌧c, of the librations.
High frequency librations are an important feature of the rotational dynamics of
biosystems at low, cryogenic temperatures. Stochastic librations explicitly detected
in biosystems at low temperatures are also present at higher temperatures hidden by
rotational motions of large amplitude. These motions are involved in functionally
important processes at physiological temperatures; for instance, they can contribute
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1. Introduction

to pathways between the different conformational substates in proteins and may be
involved in ion conduction within hydrophobic peptide channels in lipid membranes;
also, fluctuations in the lipid environment can drive solvent-mediated transitions in
membrane proteins [29–32]. Librations are also important for the survival upon
cryopreservation of tissues, cells and genetic materials [6, 33].

A remarkable feature of the biosystem dynamics at cryogenic temperatures ob-
served by EPR is that the temperature dependence of the mean-square librational
amplitude, h↵2i, starts to increase very rapidly for temperatures around 200 K
[26, 32–41]. This behavior is rather similar to the temperature dependence of the
mean-square atomic displacement, hr2i, measured in membranes and proteins from
diffraction studies [29, 42–52]. The temperature at which the sharp rise occurs in
both h↵2i and hr2i is identified with the temperature, Td, of the so called dynamical
transition, which has been associated with the onset of stochastic, diffusive motions
and the crossing of low energy barriers of about 20 kJ/mol [29, 39, 41, 53, 54]. The
dynamical transition is detected not only in fully hydrated biological media and
supramolecular aggregates but also in non-biological aqueous environments [55].
Hydration water influences the stability and function of biomolecules [56–60]. It
is reported that the low-temperature dynamics and the dynamical transition are
affected by the hydration level of the samples. Protein dynamics is suppressed in
the absence of water and is activated by hydration water molecules, which drive
the onset of stochastic oscillations of augmented amplitude at the dynamical tran-
sition [35, 44, 59, 61]. On the other hand, the influence of the hydrating conditions
in lipid membrane librations is currently debated in the literature [25,52,62,63], so
that more accurate investigations are needed.

In this thesis, we use D2O-ESEEM and ED-EPR spectra combined with conven-
tional cw-EPR to investigate biophysical properties of the low-temperature phases
of differing spin-labelled biosystems, usually studied at higher physiological temper-
atures. We aim at advancing the molecular characterization of membrane model
systems consisting of either single specie lipids or binary lipid mixtures, lamellar
lipid assemblies with interdigitated chains, micelles, soluble proteins, and natural
membranes. Emphasis is given to the properties of hydration water and to the sol-
vent penetration at selected sites within biosystems, to the librational motion and
the dynamical transition and their dependence on the hydration level, and to the
study of the water hydration dynamics.

Spin-label D2O-ESEEM in fully hydrated biosystems at 77 K is used (i) to
study the lyotropic phase behavior of mixtures of bilayer-forming lipids and micelle-
forming lipids over the entire composition range (0 - 100 mol%); (ii) to delineate
the transmembrane water accessibility and polarity profiles of sterically stabilized
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1. Introduction

liposomes, interdigitated lamellar phases and micellar phases; (iii) to characterize
the interaction of spin-labelled cardiotonic steroids (CTS, cardiac glycosides) with
the sodium pump Na+,K+-ATPase, which is the primary pharmacological receptor
for CTS.

For issues (i) and (ii), as bilayer-forming lipids we use diacyl phosphatidyl-
cholines (PCs) because of their large abundance in the cell membrane of eukary-
otes and bacteria [64]. In particular, bilayers composed of dipalmitoylphosphatidyl-
choline (DPPC) lipids are widely used for cell membrane model systems and rep-
resent appropriate matrices in which other types of lipids can be incorporated [65].
Among them, polymer-lipids of diacyl glycerophosphatidylethanolamines (PEs),
with poly(ethylene-glycol) polymers (PEGs) of different molecular weight covalently
attached at the polar head (PEGs-PEs), find extensive application as biocompatible
coating. PEGylated phospholipid aggregates capture the interest in basic research
and in biotechnological applications as efficient drug carriers and smart soft mate-
rials [66–68]. In particular, mixtures of PCs and appropriate amount of PEGs-PEs
polymer-lipids form sterically stabilized liposomes (SSL), also known as Stealth or
long-circulating liposomes, that are suitable vehicles for drug encapsulation and de-
livery [65, 69]. Because of the bulky hydrophilic polymer head groups, PEGs-PEs
molecules retain a wedge shape and, at fully hydration in water, self-assemble in
micelles. PEGs-PEs micelles are promising nanoparticles for drug carriers [70].
Another example of interesting lipids well compatible with the host DPPC matrix are
the single-chain micelle-forming Lyso-phosphatidylcholines (Lyso-PCs). Lyso-PCs
are found in small amounts in mammalian cell membranes and in various mem-
branes of subcellular organelles, where they play a key role in cellular, physiological
and pathological processes [71–73]. As a function of their concentration in the host
model membrane, Lyso-PCs affect the order and the structure of the acyl chains
as well as the permeability of lipid vesicles [74–80]. At low content, Lyso-lipids
are essential components of PC-based thermosensitive liposomes used in drug deliv-
ery [81,82]; at intermediate content (30 - 50 mol%), Lyso-lipids in bilayers of DPPC
induces the formation of an interdigitated gel phase [77, 83]. Chain interdigitation
can be achieved in DPPC bilayers also with other external inducers such as glycerol,
ethylene glycol, short-chain alcohols and chaotropic salts [84].

In this thesis, bilayer-to-micelle phase transformation and the formation of inter-
mediate lipid phases which occur on adding increasing content of either PEG-lipids
or Lyso-lipids in DPPC are readily identified from the dependence of the spin-label
D2O-ESEEM signal on the type of lipid aggregate and on the position of labeling.
Moreover, the pulsed EPR method, combined with the use of spin-labelled lipids
bearing the nitroxide –NO doxyl ring stereospecifically attached to a Cn atom po-
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1. Introduction

sition along the sn-2 chain, from the polar/apolar interface toward the terminal
methyl end (n-PCSL, n = 4, 5, 7, 8, 9, 10, 11, 12, 14, 16), allows us to investigate
the structural heterogeneity and the H-bond propensity of the solvent as well as to
delineate at high spatial resolution the water penetration profile and the hydropho-
bic barriers in a variety of interesting lipids aggregates (SSL, interdigitated lamellar
phases, polymer-lipids and Lyso-lipid micelles) never studied before with spectro-
scopic techniques at cryogenic temperatures. The results are relevant for the interac-
tion of biomacromolecules (peptides and proteins) with surface-functionalized, PEG-
grafted lipid aggregates and for the interaction (binding, encapsulation, transport
and release) of hydrophobic ligands and active compounds with smart drug-carries.
Moreover, the characterization of interdigitated phases at cryogenic temperature is
of biological and biophysical interest because any molecule affecting the structure,
the dynamics and the molecular properties of model membranes may influence spe-
cific membrane functions. In particular, surface-active molecules and lipids may also
have an effect at the water-lipid interface in biomembranes.

The issue (iii) is of high biomedical impact. Indeed, for their ability to inhibit
Na+,K+-ATPase, cardiotonic steroids are useful in the treatment of heart failure
and bufadienolides (i.e., specific CTS subgroup) show significant pharmacological
activity against certain types of cancer. The interaction of spin-labelled bufadieno-
lides, namely bufalins and cinobufagins of different length, with Na+,K+-ATPase
membranes is explored by D2O-ESEEM and conventional EPR at 77 K to define
the geometry and the water accessibility of the binding channel of the sodium pump.
The binding site of CTS overlaps with the extracellular access channel for the cations
of the Na+,K+-ATPase, so that the EPR-based experiments at cryogenic tempera-
ture are the first step for future studies of possible conformational changes of this
fundamental functional site of the enzyme.

Another topic addressed in this thesis is the librational dynamics and the related
dynamical transition in membrane model systems in the frozen state. By using echo
detected ED-spectra and cw-EPR spectra in the temperature interval 77 – 270 K,
the segmental librational motion and the dynamical transition in saturated and
unsaturated lipid lamellae and in interdigitated lamellar phases are investigated.
We compare the dynamical properties of low-Tm (i.e., low value of the main phase
transition temperature, Tm, to the fluid state) unsaturated DOPC and POPC bi-
layers and of high-Tm saturated DPPC (ca. 253 K and ca. 271 K vs 314 K) [85].
Low-Tm bilayers are in the fluid phase over a broad temperature range of biological
relevance, they impart fluidity to membranes and impact on membrane thickness.
For these properties they have been used as model systems to study lipid–protein
or lipid–peptide interaction, domain formation in membranes, and nanometer-scale
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1. Introduction

surface properties at high temperatures [64, 86, 87]. We aim at investigating the
lipid interactions and the dynamical properties at cryogenic temperatures and to
compare the dynamical behavior around 200 K in low-Tm unsaturated bilayers vs
high-Tm saturated bilayers.

Particular attention is also given to the role of the solvent on modulating the
dynamics of biosamples. It is known that solvent controls protein dynamics and
affects macromolecule activity [29, 35, 49]. Since the seminal work of Frauenfelder
and coworkers [29,49,88,89], the impact of the hydration on the dynamics of macro-
molecular systems is a well-accepted fact. The effects of the hydration level on the
librational dynamics in soluble proteins of different structure, shape and size as well
as in DPPC model membranes (prepared at full hydration, low hydration and in the
dry state) are investigated, with specific focus to the dependence of the dynamical
transition on the hydrating conditions. Two proteins, the ↵-structured multidomains
Human Serum Albumin (HSA, 66 kDa) and the �-structured �-Lactoglobulin (�-
LG, 18 kDa), are studied in the lyophilized state, at low and high hydration. HSA is
the principal extracellular protein with a high concentration in blood plasma where
it performs different functions, such as binding, storing and transporting of a wide
variety of exogenous and endogenous molecules, drugs and metals [90]. �-LG is the
most abundant protein in the milk of different mammalians, not including humans,
and it is involved in the binding and transport of hydrophobic and amphiphilic
molecules. The rapid, small-amplitude angular oscillations detected in the proteins
and lipid lamellae in the present study may be relevant in regulating their physical
properties and function at higher physiological temperatures. The detailed char-
acterization of stochastic librations and the detection of the dynamical transition
will contribute to understand whether the low-temperature behavior is common to
all hydrated macromolecular systems, and to highlight similarities and differences
among the various samples at different water content.

Coupling is suggested between hydration water dynamics and macromolecules
dynamics [25, 61, 91–94]. Within this contest, in the last chapter of the thesis, neu-
tron scattering data on perdeuterated protein samples are analyzed, focusing the
attention on the dynamics of the hydration water. Neutron scattering is particu-
larly appropriate to study the dynamics of biomacromolecules and of the hydration
water on the picoseconds to nanoseconds time scale. The technique has revealed
that the onset of functionally relevant dynamics observed in proteins around the dy-
namical transition at ca. 220 - 240 K is closely related to the dynamics of hydration
water [47,92,93]. Results on the analysis of quasi-elastic neutron scattering data col-
lected at the Time-Of-Flight spectrometer TOFTOF of the research neutron source
Heinz Maier-Leibnitz on perdeuterated human tau protein are presented, in order
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1. Introduction

to describe the translational and rotational dynamics of hydration water molecules.
Human tau protein is an intrinsically disordered protein involved in cellular signal-
ing, neuronal development, neuroprotection and apoptosis. Hyperphosphorylated
insoluble aggregates of Tau protein are known to be responsible of the occurrence
of neurodegenerative pathologies, such as Alzheimer’s disease.

In this doctoral thesis on cryobiophysics, by applying EPR experimental methods
and by analyzing quasi-elastic neutron scattering data, we investigate specific struc-
tural, dynamic and molecular properties of the low-temperature phases of biosys-
tems that would otherwise be of difficult or even of impossible resolution at higher
temperatures. The results at cryogenic temperatures contribute to expand the bio-
physical characterization of samples at an unprecedented level of detail. The thesis
is structured in chapters: after a comprehensive illustration of the electron spin
resonance theory of nitroxide spin-labels (including cw-EPR, D2O-ESEEM and ED-
spectra; Chapter 2) and the description of the used materials and the applied meth-
ods (Chapter 3), the results on the addressed issues are presented and discussed in
Chapters from 4 to 7. They concern water penetration in biosystems (Chapter 4),
dynamics of lipid assemblies at cryogenic temperatures (Chapter 5), role of hydra-
tion water in the dynamical properties of proteins and lipid membranes (Chapter 6),
and hydration water dynamics in tau protein from neutron scattering data analysis
(Chapter 7). Some of the results presented in this thesis are already published in
research journals, while some others will be published soon.
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CHAPTER 2

Electron Paramagnetic Resonance

2.1 A short history of EPR

Electron paramagnetic resonance (EPR) or electron spin resonance (ESR) is a
spectroscopic technique for unraveling structure, dynamics and chemical processes
of free radicals and paramagnetic species. In 1944 at Kazan State University in
Russia, scientist E.K. Zavoisky performed the first EPR experiment at a frequency
of 133 MHz and in 1946 the first microwave EPR experiment. Then, in 1958, the
basis of pulse EPR were set when different scientists simultaneously observed elec-
tron spin echoes [95, 96]. In the 1960s pioneering work on pulse EPR was made by
Mims group at the Bell laboratories, where for the first time a modulation of the
echo amplitude because of the electron-nuclear dipole interaction was observed, and
by Tsvetkov group in Novosibirsk, where the first echo modulation experiment on
a disordered system was performed [97]. EPR has been applied over the years and
is applied nowadays in chemistry, biology and physics and has proved useful in ar-
chaeology and geology for dating materials and for radiation measurements. A great
advantage in the application of the technique is reached adding some paramagnetic
probes to the samples. Among them, nitroxides are stable free radicals particularly
useful for labelling macromolecules, addressing both their structural and dynam-
ical properties. The first synthesized spin-labels were produced in 1965 in H.M.
McConnell’s laboratory, where bovin serum albumin and poly-L-lisine were site-
directed spin-labelled with a nitroxide label synthesized from triacetonamine [98],
setting the start for site-directed spin-labeling technique for the local investigation
of proteins and biomolecules properties.
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2. Electron Paramagnetic Resonance

2.2 The EPR phenomenon

2.2.1 Zeeman interaction

Electron paramagnetic resonance is a spectroscopic technique that detects the
absorption of microwave electromagnetic radiation by a paramagnetic system lo-
cated in a static magnetic field. The technique involves spin transitions among the
Zeeman levels of the system, created by the external magnetic field. The electron
Zeeman interaction of the magnetic moment µ of an electron (spin operator S with
components ms) with an external magnetic field H (H = (0, 0, H0) in the laboratory
axis system (x, y, z )) is represented by the following spin Hamiltonian H :

HZ = �µ ·H = �eH · g · S (2.1)

where �e is the Bohr magneton for an electron and g is a second-rank tensor [11].
Analogously, the nuclear Zeeman interaction, arising from the coupling of a nu-

clear spin I to the external field H, is:

HnZ = �gn�nH · I (2.2)

where gn and �n and the g-factor and the Bohr magneton for a nucleus, respectively.
In most EPR experiments the nuclear Zeeman interaction contribution is negligible
compared to the electron one [12].

For a spin system with S = 1/2 and ms = ± 1/2, the energy separation, �E,
between the two Zeeman levels is:

�E = ge�eH0 (2.3)

with ge the g-factor for a free electron (see left side of figure 2.1).
Resonant transitions between the Zeeman levels are induced by a perturbative

electromagnetic radiation oscillating in the x direction perpendicular to H, of am-
plitude H1 « H0 and frequency ⌫. The excitation of the electronic state by this
continuous radiation allows to perform a conventional or continuous wave electron
spin resonance (cw-EPR) experiment.

The probability of transition, W , per unit time, according to the Fermi’s golden
rule, is:

W =
2⇡

~ g
2
e
�
2
e
H

2
1 |h

1

2
|Sx|�

1

2
i|2� (�E � h⌫) (2.4)

Thus, transition is allowed if the selection rule �ms = ±1 and the resonance condi-
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2. Electron Paramagnetic Resonance

tion:

h⌫ = �E = ge�eH0 (2.5)

are satisfied. Considering a magnetic field of 330 mT, the operating frequency is 9
GHz, the so-called X-band. In an X-band cw-EPR experiment is more convenient to
keep the frequency constant and satisfy resonance by sweeping the magnetic field.

The population distribution in the Zeeman levels follows the Boltzmann law:

n|1/2i

n|�1/2i
= exp

✓
��E

kT

◆
(2.6)

where ni is the population of the ith level, �E is the energy separation between
the Zeeman levels, k is the Boltzmann constant and T is the temperature. For
X-band EPR, �E ⇡ 0.3 cm�1 is much smaller than kT ⇡ 200 cm�1, therefore
there is a small population difference, with the lower level slightly more populated
than the upper one. As the stimulated transitions have the same probability to
occur in both directions, at the resonance a net (small) absorption of microwave
radiation is detected. The maximum of absorption is centered for the g-value that
fulfills resonance. To improve the signal-to-noise ratio in a cw-EPR experiment, a
magnetic field modulation of small amplitude and at the frequency of 100 kHz is used
together with phase sensitive detection. As a consequence, the absorption spectra
are typically presented as the first derivative (figure 2.1). The first derivative line-
shape is an approximation valid when the modulation amplitude is smaller than
the line width. Such a single-line spectrum is recorded for isolated free radicals
and when magnetic interactions other than the electron Zeeman interaction can be
neglected.

Figure 2.1: Left : Zeeman splitting for a spin S =
1

2
system. Right: Absorbance and

corresponding first derivative spectra for a spin S =
1

2
system.

While the system absorbs the energy from the perturbative electromagnetic field,
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2. Electron Paramagnetic Resonance

the inverse process of stimulated emission occurs, the small population difference
disappears and the system approaches saturation. Saturation is avoided because the
Boltzmann population distribution is restored through two relaxation processes. The
first one is the spin-lattice or longitudinal relaxation time, T1, on the microseconds
time scale, which corresponds to the nonradiative thermal energy loss. The second
one is the spin-spin or transverse relaxation time, T2, on the nanoseconds time
scale, which is a magnetic interaction modulating the energy of the excited state
(affecting the Zeeman levels). It influences the broadening of the absorbance spectral
linewidths.

2.2.2 Hyperfine interaction

The electron spin, S, of the unpaired electron of the paramagnetic species in-
teracts with the nuclear spin, I, of the atom to which the electron belongs, giving
rise to the hyperfine interaction. The hyperfine interaction can be described by the
following Hamiltonian [11]:

Hhf = �ge�egn�n

(I · S)
r3

� 3(I · r)(S · r)
r5

� 8⇡

3
(I · S) |  0(0) |2

�
(2.7)

with r the distance between the electron and the nuclear spin.
The first two terms of equation (2.7) represents the electron-nuclear dipolar

interaction, while the third term, i.e., the Fermi contact interaction, accounts for
the electron probability distribution |  0(0) |2 at the nucleus. The equation (2.7)
can be written in the compact form:

Hhf = I ·A · S (2.8)

where A is the hyperfine tensor, which is, like g, a second-rank tensor. Thus, the
spin Hamiltonian is [11]:

H = HZ +Hhf = �eH · g · S + I ·A · S (2.9)

2.2.3 The nitroxide spin labels

For samples of biophysical or biological interest that are not paramagnetic, it is
necessary to introduce a spin probe/spin-label that allows to detect the EPR signal.
Widely used are nitroxides -NO (S = 1/2, I = 1), stable free radicals in which the
unpaired electron possible reactions are prevented by the presence of four methyl
groups.
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2. Electron Paramagnetic Resonance

Figure 2.2: Nitroxide radical and associated molecular axis system (X,Y, Z) [99].

In the nitroxide molecular axis system (X, Y, Z) (figure 2.2), the tensor g and
the hyperfine tensor A are diagonal:

g =

0

B@
gXX 0 0

0 gY Y 0

0 0 gZZ

1

CA A =

0

B@
AXX 0 0

0 AY Y 0

0 0 AZZ

1

CA

At 9 GHz, the hyperfine tensor is axial: A? ' AXX ' AY Y ' 0.6 mT << AZZ =

Ak ' 3.2 mT ; the tensor g shows little anisotropy: gXX > gY Y > gZZ . The
Hamiltonian of equation (2.9) can be written in the following extended form:

H = �e (gXXHXSX + gY YHY SY + gZZHZSZ)

+ AXXIXSX + AY Y IY SY + AZZIZSZ

(2.10)

The transitions allowed for a nitroxide radicals are 2S(2I + 1) = 3, according to
the selection rules �mS = ±1, �mI = 0 (figure 2.3).

In the case of immobilized free radicals in the rigid limit motion, at low tem-
perature or in high viscous medium, a powder spectrum can be observed, where
the hyperfine splitting 2hAZZi can be evaluated as the outer separation between
the maximum of the low-field resonance line and the minimum of the high-field
resonance line. The EPR spectral parameter AZZ reflects environmental polarity
and proticity around the spin-label via the dependence on the net unpaired electron
spin density on the nitroxide –NO reporter group [14,100]. It is measured from the
spectra at low temperature (i.e., 77 K) when motional contributions are negligible.

In the case of radicals in the fast motion regime, at high temperature and non
viscous media, the angular dependence in the Hamiltonian is averaged out and
the nitroxide spectrum is isotropic, with three equally intense and equally spaced
resonance lines. The isotropic g-value g0 = 1/3(gxx + gyy + gzz) and the isotropic
hyperfine splitting A0 = 1/3(Axx +Ayy +Azz) can be evaluated. In axial symmetry
g0 = 1/3(2g? + gk) and A0 = 1/3(2A? + Ak).
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2. Electron Paramagnetic Resonance

Figure 2.3: Left : energy levels and transitions allowed for a nitroxide spin label. Right :
(up) nitroxide molecular axis system and (down) simulated nitroxide spectra
with the magnetic field oriented along each of the molecular axis X,Y, Z. An
anisotropic spectrum in the rigid limit of motion and an isotropic one in the
fast motion regime are also shown.

Considering a generic orientation (✓,') of the magnetic field with respect to
molecular axis Z, the allowed transitions are:

h⌫ = �e g(✓,') H
(✓,')
mI

+ A(✓,') mI (2.11)

where

g(✓,') =
�
gXX cos2 '+ gY Y sin2

'
�
sin2

✓ + gZZ cos2 ✓

A(✓,') =
⇥�
A

2
XX

cos2 '+ A
2
Y Y

sin2
'
�
sin2

✓ + A
2
ZZ

cos2 ✓
⇤1/2 (2.12)

and in the axial symmetry:

g(✓) = g? sin2
✓ + gk cos

2
✓

A(✓) =
�
A

2
? sin2

✓ + A
2
k cos

2
✓
�2 (2.13)

with ✓ being the angle between the Z axis and the magnetic field [14].

17



2. Electron Paramagnetic Resonance

2.2.4 Librational motion from cw-EPR

At cryogenic temperatures, as in the case of cooling samples in liquid nitrogen (77
K), the nitroxide spin-labels dynamics is librational [101]. The librational motion
(figure 2.4) consists of rapid oscillations, in the nanosecond time scale, of small
angular amplitude (< 20�) around an equilibrium position.

Figure 2.4: Librational angle, ↵, of the nitroxide group around the three principal axes.

Considering, as an example, small oscillations around the Y molecular axis,
the outer hyperfine separation 2hAZZi depends on the X and Z component of the
hyperfine tensor A [26, 101]:

hAZZi = AZZ � (AZZ � AXX) hsin2
↵i (2.14)

with ↵ the angle determining the radical orientation with respect to the equilib-
rium position along the motional axes. Analogues equations can be written down
considering motion around the other principal axes by permutation of X, Y, Z.

For small amplitude motion, the equation (2.14) can be approximated to:

hAZZi = AZZ � (AZZ � AXX) h↵2i (2.15)

Therefore, the mean-square angular amplitude of libration can be evaluated as
follows:

h↵2i = AZZ � hAZZi
AZZ � AXX

(2.16)

with AZZ and AXX the principal components of the hyperfine tensor A and hAZZi
the experimental value obtained from measuring the outer hyperfine splitting from
EPR spectra [26].
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2.3 Fourier-Transform EPR

Fourier-Transorm electron paramagnetic resonance (FT-EPR) allows to over-
come some limitations intrinsically present in conventional EPR, such as spectral
and time resolution. FT-EPR applies intense microwave pulses to generate a mag-
netic response in the samples. Considering the simplest case where an ideal pulse
�(t) rises a system response h(t), then H(!) is its Fourier transformation in the
frequency domain [12]:

H(!) =

Z
h(t)e�i!t

dt

h(t) =
1

2⇡

Z
H(!)ei!td!

(2.17)

The real part of H(!) is the absorbance spectrum A(!), while its imaginary part is
the dispersion spectrum D(!):

A(!) = Re{H(!)} =

Z
h(t) cos(!t)dt

D(!) = Im{H(!)} = �
Z

h(t) sin(!t)dt
(2.18)

The pulse applied for a time tp of intensity !1 rotates the magnetization vector
M of an angle � = !1tp, called flip angle. After the pulse, M precede around the
orientation of the static magnetic field H (z axis). The transient signal observed
is the free induction decay (FID). The free evolution of magnetization depends on
the spin-spin relaxation time T2 on the nanosecond time scale, also identified as the
phase memory time T2M .

2.4 Electron Spin Echo

The electron spin echo (ESE) technique detects the spin echo signal originating
from the refocusing of the magnetization after the application of a sequence of pulses.

Figure 2.5 shows the Hahn (or primary) echo as a consequence of the application
of a sequence of two pulses separated by a time interval ⌧ (⇡/2� ⌧ � ⇡� ⌧ � echo).
The first pulse (⇡/2) fans out the magnetization, M, oriented along the z axis of the
laboratory frame in the xy plane. In the time interval ⌧ , when no microwave pulse
is applied, M dephases and the higher frequency spin packets move faster than the
lower frequency ones, according to the relaxation time T2M . The second inverting
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2. Electron Paramagnetic Resonance

pulse (⇡) flips M about the x axis, the higher frequency spin packets are now moving
towards the lower frequency ones and thus after an interval ⌧ the magnetization is
refocused.

Figure 2.5: ESE signal after the application of a sequence of two pulses. The signal that
decays after the first pulse (FID) is recovered by a second pulse and a Hahn
(or primary) echo is produced. The magnetization precession and refocusing
is also shown [102].

It is not possible to measure the signal until the high power microwaves are
dissipated, this process occurs in a 80 ns period called deadtime. A very short FID
will disappear before the deadtime ends.

The transverse relaxation processes lead to an exponential decay of the echo
signal, V (2⌧) [15]:

V (2⌧) / exp

✓
� 2⌧

T2M

◆
(2.19)

which depends on the phase memory time T2M . Therefore, studying the echo am-
plitude decay at increasing interval ⌧ allows the measurements of T2M (figure 2.6).
Because of the many contributions to T2M , it is possible that not all of the spin
packets after the application of the second pulse are able to refocus and thus not
the entire magnetization is refocused.

Figure 2.6: Echo height decay as a function of the time interval between pulses, ⌧ .

The pulses choice determines the kind of experiment it is possible to perform.
The echo resulting from an experiment that applies long lasting, low intensity pulses
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2. Electron Paramagnetic Resonance

(soft-pulses) does not take into account the modulation arising from the hyperfine
interaction between the electron and the nucleus and it is used to determine T2M .
An experiment performed by integrating the echo signal while the external magnetic
field is swept gives the absorbance spectrum defined as echo-detected (ED-EPR)
spectrum. Short lasting, high intensity pulses (hard-pulses) excite not selectively
the spectrum and the echo takes into account the hyperfine interaction modulation.
An experiment performed as a function of the time interval between pulses reveals
the electron spin echo envelope modulation (ESEEM) signal.

2.5 Librational motion from ED-EPR spectra

It is possible to study the dynamics of spin-labelled biosystems at cryogenic
temperatures (77 - 270 K) by recording echo-detected electron paramagnetic res-
onance (ED-EPR) spectra. An ED-EPR experiment is a two-pulses experiment
(⇡/2 � ⌧ � ⇡ � ⌧ � echo) in which at a fixed ⌧ the primary echo is recorded and
integrated while the static magnetic field is swept. The ED-EPR spectra recorded at
increasing delay time ⌧ at fixed temperature contain the information about the ro-
tational molecular dynamics of spin-labels [15]. Therefore, an ED-EPR experiment
allows studying the dynamics of spin-labelled systems at low temperature [26, 27].
Figure 2.7 shows the ED-EPR spectra of a nitroxide spin-label in a lipid membrane.

Figure 2.7: Absorbance ED-EPR spectra of a nitroxide spin-label in a DPPC bilayer
at fixed temperature T = 200 K. Spectra at different delay time between
pulses ⌧ are shown. Spectra are normalized to the central line height. Figure
adapted from [15].

At increasing ⌧ , the low-field and high-field regions of the spectra relax faster
than the others. These are spectral features of librational motion evidenced by

21
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ED-spectra [14–16]. The pronounced changes in the lineshape depend on the re-
orientation of the spin-labels with respect to the magnetic field. The outer regions
and the central one, instead, do not change because they are not influenced by the
angular dependence of the spectra.

For rapid motion, the echo intensity depends on the product of the resonance
frequency shift, �!, and the correlation time, ⌧c, �!2

⌧
2
c
, which satisfies the con-

dition for fast and small amplitude librations when �!2
⌧
2
c
<< 1. In the case of a

14N-nitroxide, the resonance frequency !mI (✓,') is [14]:

!mI (✓,') = g(✓,')
�

~H +mIA(✓,') (2.20)

with A(✓,') and g(✓,') from equation (2.12), H is the static magnetic field oriented
along the Z axis and mI is the nuclear magnetic quantum number.

Considering the polar angles (✓, ') as the pair describing the orientation of the
magnetic field with respect to the molecular frame, the phase-memory time, T2M ,
is:

1

T2M
= h�!2(✓,')i⌧c (2.21)

and the echo decay curve is:

E(2⌧, ✓,') ⇡ exp
�
�2�!2 (✓,')⌧c⌧)

�
(2.22)

For librational motion of small amplitude of angular dependence ↵ around the
molecular axis Y , the frequency shift can be approximated to:

�!(✓,') = ↵

⇢
�

~H (gZZ � gXX) +
mI (A2

ZZ
� A

2
XX

)

A (✓,')

�
⇥ sin ✓ cos ✓ cos' (2.23)

where gZZ and gXX , and AZZ and AXX are the principal values of the g tensor
and the hyperfine tensor A, respectively; H is the static magnetic field oriented
along the Z axis; mI is the nuclear spin quantum number; A(✓,') the hyperfine
separation constant reported in equation (2.12). Analogously, for rotations around
the molecular axes X and Z, �!(✓,') is, respectively [14]:

�!(✓,') = ↵

⇢
�

~H (gY Y � gZZ) +
mI (A2

Y Y
� A

2
ZZ

)

A (✓,')

�
⇥ sin ✓ cos ✓ sin'

�!(✓,') = ↵

⇢
�

~H (gXX � gY Y ) +
mI (A2

XX
� A

2
Y Y

)

A (✓,')

�
⇥ sin2

✓ cos' cos'

(2.24)
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The librational motion can be described with the so-called isotropic model. This
model assumes stochastic changes in the orientation of the librational axis in all
possible directions at different moments in time. The assumption is that simultane-
ous and independent librational motions each of amplitude ↵ and correlation time
⌧c occur around each of the three axes of the molecular frame. The net relaxation
will be the product of the three relaxations induced by the independent librational
motions around the three axes [16,28].

The ED-EPR spectrum lineshape is the sum of the echo amplitudes evaluated
for each orientation (✓,') of the magnetic field and for each hyperfine manifold
(mI = 0,±1) of the nitroxide spin-label:

ED(2⌧, H) =
X

mI

1

4⇡

Z Z
sin ✓ d✓ d' f

✓
H � !mI (✓,')

�

◆
⇥ E(2⌧, ✓,') (2.25)

where E(2⌧, ✓,') came from equation (2.22) and f(�H) is the lineshape for a single
spin packet. The result will be a convolution of a Gaussian and a Lorentzian func-
tions, with inhomogeneous broadening because of the unresolved proton hyperfine
interaction [16,28].

At the temperature T = 77 K, it can be assumed that no molecular motion
is possible in a spin-labelled system and the spectral lineshape depends just on
the instantaneous diffusion, a spin-spin interaction that modulates the resonance
frequency. Instantaneous diffusion arises from flipping of surrounding electron spins
by the inverting second pulse in the primary-echo sequence. Indeed, the ⇡-pulse
changes orientation of spins and therefore changes the direction of dipolar fields. The
effect of instantaneous diffusion is the preferential reduction of the central manifold
intensity [14, 103]. Because instantaneous diffusion is temperature independent,
ED-EPR spectra recorded at temperature T > 77 K, need to be corrected with the
spectrum recorded at the lowest temperature [16]:

ED
corr

T
(2⌧, H) = EDT (2⌧, H)

ED77K(2⌧0, H)

ED77K(2⌧, H)
(2.26)

where ⌧0 is the shortest ⌧ value.
By comparing ED-EPR spectra at different ⌧ values and normalized at the cen-

tral line height, to eliminate any possible contribution to the relaxation processes
independent from the magnetic field, it is possible to highlight how the low field
and high field spectral regions are influenced by the exponential decay at increasing
interpulse delay time ⌧ as a consequence of the librational motion (figure 2.8a) [104].
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Figure 2.8: a) Simulated ED-EPR spectra recorded at different delay time ⌧ and nor-
malized at the central line height. L,L

00
, H,H

00 are the line heights at low
and high field. b) Anisotropic part of the relaxation rate W at low field, WL,
and high field, WH [16].

The ED-EPR spectra dependence from the librational dynamics can be analyzed
from the anisotropic component of the relaxation rate, W . This parameter is the ra-
tio of the lineshape obtained with the shortest interpulse spacing ⌧0 to the lineshapes
recorded at ⌧i > ⌧0:

W (H, ⌧0, ⌧i) = ln

✓
ED(2⌧0, H)

ED(2⌧i, H)

◆
⇥ 1

2(⌧i � ⌧0)
(2.27)

with ED(2⌧, H) from equation (2.25) [14,16].
The anisotropic relaxation process for an individual spin packet and a particu-

lar orientation (✓,') is exponential, as expected from equation (2.22) both in the
low field, WL, and high field, WH , region: the W intensities are superimposed at
each ⌧ , as it can be seen from figure 2.8b. At each temperature, from the simu-
lated ED-EPR spectra at increasing ⌧ value, the motion parameter h↵2i⌧c can be
obtained, which is the product of the mean-square angular amplitude of libration
h↵2i and the correlation time of motion ⌧c. The motion parameter depends on the
relaxation rate according to the relation W = kcalh↵2i⌧c. The calibration constant,
kcal, can be obtained for both WL and WH through simulations or considering the
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slope of the logarithmic plots of the line heights at low and high field, respectively,
dln(L

00
/L)/⌧ = kcalh↵2i⌧c and dln(H

00
/H)/⌧ = kcalh↵2i⌧c [14, 16].

The librational dynamics can be fully characterized combining spin-label two-
pulse echo detected spectra and cw-EPR. Indeed, the product h↵2i⌧c, depending on
the relaxation rate W , can be obtained from the two-pulse experiment, and, inde-
pendently, the amplitude of the librational motion, h↵2i, can be deduced from the
continuous-wave experiment as described in equation (2.16). Finally, the correlation
time of the librational motion, ⌧c, can be determined from the two evaluations.

2.6 ESEEM spectroscopy

Electron spin echoes are generated in response to suitable resonant pulse se-
quences, which reorient the magnetic dipoles [105]. Their dephasing and consequent
rephasing originates the echo. The echo, therefore, measures the net magnetiza-
tion of the spin system at a given time. In an experiment in the time domain in
which the interpulse separation, ⌧ , is increased, it is recorded the monotonous de-
cay of the echo amplitude. Sometimes, the echo decay is accompanied by periodic
falls and rises in the amplitude. These modulations arise from the weak hyperfine
interactions between the electron spin and the nuclear spins of the nearby nuclei.
The periodic dependence on ⌧ of the oscillations is determined by the nuclear hy-
perfine frequencies. The modulation effects are called electron spin echo envelope
modulation (ESEEM) [14,106].

The interaction that contributes as first-order splittings in an ESEEM experi-
ment is the nuclear electric quadrupole coupling interaction manifesting for nuclei
with spins I � 1 (i.e., 14N or 2H). It arises from the interaction of the nuclear
quadrupole moment, Q, with the electric field gradient produced by the electronic
environment of the nucleus, and its Hamiltonian can be written as [12, 14]:

Hnq = I ·Q · I (2.28)

where Q is the nuclear quadrupole tensor. Thus, the nuclear quadrupole Hamilto-
nian is:

Hnq =
e
2
qQ

4I(2I � 1)~
⇥�
3I2

Z
� I(I + 1)

�
+ ⌘(I2

X
� I

2
Y
)
⇤

(2.29)

where eq is the electric field gradient and ⌘ = (QX �QY )/QZ .
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2.6.1 Three-pulse ESEEM

In a three-pulse ESEEM (⇡/2�⌧�⇡/2�T�⇡/2�⌧�echo) experiment, the time
delay ⌧ between the first and the second pulses is fixed, instead the time delay T
between the second and the third pulses is incremented (figure 2.9). The advantage
of a three-pulse ESEEM experiment with respect to the more straightforward two-
pulse experiment is an increase in resolution after a Fourier transformation (ESEEM
spectrum), because the echo modulation is recorded on a large time period. The
linewidth in a three-pulse ESEEM spectrum is determined by the phase memory
time of the nuclear spin that is on the time scale of the the spin-lattice relaxation
time, T1, of the electron spin.

Figure 2.9: ESE signal after the application of a three-pulse sequence.

Considering the two possible spin states for an electron with spin quantum num-
ber ms = ±1/2, during the evolution time T the magnetization is along the Z-
direction and thus the echo amplitude, E3p, is the superposition of the two states [14]:

V3p(2⌧ + T ) =
1

2

h
V

1/2
3p (2⌧ + T ) + V

�1/2
3p (2⌧ + T )

i
(2.30)

with V
1/2
3p and V

�1/2
3p the echo amplitudes for the electron spin states ms = 1/2 and

ms = �1/2, respectively. In the particular case of a nucleus with nuclear spin I =
1

2
(i.e., 1H) it is [14]:

V3p(2⌧ + T ) =1� k

4
[
�
1� cos!�1/2⌧

� �
1� cos!1/2(⌧ + T )

�
+

+
�
1� cos!1/2⌧

� �
1� cos!�1/2(⌧ + T )

�
]

(2.31)

with k the modulation depth parameter, and !1/2 and !�1/2 the angular frequencies
for nuclear transitions for the electron spin states ms = 1/2 and ms = �1/2, re-
spectively. For weak hyperfine couplings, the angular frequencies can be considered
equal to the Larmor frequency !l of the nucleus.
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In analogy, considering a nuclear spin I = 1 (i.e., 14N or 2H) [14]:

V3p(2⌧ + T ) =1� 2

3
k[
�
1� cos!�1/2⌧

� �
1� cos!1/2(⌧ + T )

�
+

+
�
1� cos!1/2⌧

� �
1� cos!�1/2(⌧ + T )

�
]+

+
k
2

6
[
�
1� cos!�1/2⌧

�2 �
1� cos!1/2(⌧ + T )

�2
+

+
�
1� cos!1/2⌧

�2 �
1� cos!�1/2(⌧ + T )

�2
]

(2.32)

The modulation depth depends on the nuclear frequency through the only ⌧ -
dependent terms in equations (2.31) and (2.32). It is possible to eliminate some
ESEEM components simply choosing particular ⌧ values for which cos!l⌧ = 1. On
the opposite, the echo amplitude can be optimized for a specific nucleus choosing
⌧ values for which cos!l⌧ = �1. For instance, ⌧ = 168 ns optimizes deuterium
and proton modulation simultaneously, while ⌧ = 204 ns suppresses the proton
modulations [14,17].

If in the case of nuclei with I = 1, we consider a weak quadrupole interaction,
which contributes as another components to the modulation, the equation (2.32)
becomes:
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(2.33)

where A and B are hyperfine constants function of the axial hyperfine tensor A,
and Q is the quadrupole coupling that depend on the orientation ✓ of the static
magnetic field [14].

To compare different ESEEM spectra and their intensities, it is important to
follow a data-processing procedure that gives a machine independent result [17,107].
An example of the procedure for the particular case of a nitroxide spin-labeled sample
hydrated in deuterium is described in figure 2.10.
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Figure 2.10: (a) Decay of the 3p-ESE; (b) normalized ESEEM modulation signal (c) zero-
filling procedure: to increase resolution null points are added (d) Fourier
transform (ESEEM spectrum): two peaks at the characteristic NMR fre-
quencies of deuterium (2H) at 2.5 MHz and of protons (1H) at 14.6 MHz.

The echo decay amplitude V3p(⌧, T ) is fitted with a biexponential function to
obtain the average echo decay hV3p(⌧, T )i; the normalized echo decay amplitude,
Vnorm(⌧, T ), is obtained by dividing the echo decay amplitude by the fitted average
decay function and subtracting the unit level as described in the following equation:

Vnorm(⌧, T ) =
V3p(⌧, T )

hV3p(⌧, T )i
� 1 (2.34)

In this way the decay is suppressed and only the modulations are present.
To increase the total number of points and thus the resolution, null points are

added at the end of the resulting function, obtaining the full information in the real
part of the spectrum. Then the normalized signal in the time domain is Fourier
transformed in order to have a discrete signal of finite length in which the noise
contribution is confined to a frequency region where no signals are expected. In the
frequency domain, the information arising from the different nuclei are separated,
with their signals centered at their Larmor frequencies (deuterons resonate at ca. 2.5
MHz, protons resonate at ca. 14.6 MHz), and the quadrupole interaction manifests
itself as a doublet splitting (Pake doublet) [17,107].
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2.6.2 D2O-ESEEM

Three-pulse electron spin echo envelope modulation by deuterium (D2O-ESEEM)
spectroscopy is used to investigate the solvent properties in the nearest hydration
shell of nitroxide spin-labelled systems, hydrated in D2O. It is used to determine the
direct solvent (D2O) accessibility at the labeling site into the biosamples, and it also
gives information on the hydrogen-bonding formation (single or double H-bonding
of nitroxide with D2O molecules) [17,18,108].

The D2O-ESEEM echo amplitude decay (see the first panel of figure 2.10) is
composed by the superposition of rapid oscillations, due to the weak hyperfine inter-
action of the spin-label with protons, and slow modulations, reflecting the hyperfine
interaction with deuterium. A D2O-ESEEM spectrum (see the last panel of figure
2.10) consists of the superposition of a broad component of intensity Ibroad evaluated
at 2.6 MHz, and a narrow component of intensity Inarrow evaluated at 2.2 MHz. The
first one arises from the D2O molecules H-bonded to the spin-label, while the second
one arises by the dipolar interaction of D2O molecules that are not H-bonded to the
spin-labels and originates the doublet (figure 2.11) [17]. The two components have
been assigned by combining DTF calculations and classical EPR simulations. A
model has been assumed in which the nitroxide spin-label group can form one or
two hydrogen bonds with the nearest deuterons, and 12 bulk solvent molecules are
distributed over a radius of 0.5 nm [17].

The total amplitude of the deuterium ESEEM signal, Itot, at 2.5 MHz is de-
termined by the distance, r, of the D2O 2H-nuclei from the spin-label and by the
number, n, of D2O molecules neighboring the spin-label, and it is proportional to
n/r

6 [12,18,106,109]. The high order dependence on the distance and the magnetic
properties of deuterium indicate that only nuclei within 0.5 - 0.8 nm contribute to the
ESEEM signal, as shown in the theoretical models described in [17, 18]. Itot, there-
fore, gives a direct measure of the solvent (D2O) permeation at the site-specifically
labeled position in the sample.

While Itot varies, the ratio of the narrow component to the broad one remains
constant, suggesting that the H-bonding of one and two water molecules to the
nitroxide radical follows the following local equilibrium:

R +W
K1 ! W1R

W1R +W
K2 ! W2R

(2.35)

where W represent the water molecules, R the nitroxide radical, K1 and K2 are the
association constants for binding the first and the second water molecules. If the
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Figure 2.11: Upper panel : Simulated lineshapes of the broad component (left) and the
narrow component (right) in the D2O-ESEEM spectrum of a nitroxide spin-
label. Lower panel : Experimental D2O-ESEEM spectrum resulting from
the superposition of the broad and narrow components; the model of the
deuterium molecules in the vicinity of the spin-labels is also given.

binding of W2 is independent from the binding of W1, K1 and K2 are related to the
intrinsic binding constant K for binding to an isolated single site. Conservation of
the number of spin labels requires:

[R]0 = [R] + [W1R] + [W2R] (2.36)

where [R]0 is the total concentration of spin labels.
The normalized intensity of the broad component under equilibrium is [17]:

Ibroad

I0
=

[W1R]

[R]0
+

2[W2R]

[R]0
(2.37)

with I0 = 115 ns the intensity for a single water molecule permanently bound to the
nitroxide, the value previously evaluated through DFT calculations [17].

Applying the low of mass action and considering equation (2.36), equation (2.37)
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becomes:

Ibroad

I0
=

2K[W ]

1 +K[W ]
(2.38)

that confirms the dependence of the broad component amplitude on the local water
concentration.

It is possible to determine the populations of doubly and singly H-bonded ni-
troxides to water molecules. The ratio of the two populations is:

[W2R]

[W1R]
=

K[W ]

2
(2.39)

The fraction of spin label singly H-bonded, f1W , is the following:

f1W =
2✓

1

K[W ]

◆
+ 2 +K[W ]

(2.40)

and the fraction of the doubly H-bonded population, f2W , is:

f2W =
1

2

✓
Ibroad

I0
� f1W

◆
(2.41)

All of the above information that can be obtained from a three-pulse D2O-
ESEEM experiment allows the determination, for instance, of the water penetration
profile and the transmembrane polarity profile in a lipid membrane or the interaction
of water with the transmembrane domains of integral proteins.

31



CHAPTER 3

Materials and methods

3.1 Materials

Synthetic lipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-
dioleoyl-sn-3-glycero-phosphocholine (DOPC) and polymer lipid 1,2-dipalmitoyl-
sn-glycero-3-phosphoethanolamine-N-poly(ethylene glycol) (PEG:2000-DPPE) were
purchased from Avanti Polar Lipids (Alabaster, AL); the spin-labeled lipids 1-pal-
mitoyl-2-(n-(4,4-dimethyl-oxazolidine-N-oxyl)stearoyl)-sn-glycero-3-phosphocholine
(n-PCSL) were from Avanti Polar Lipids as well or synthesized as described else-
where [110]. Synthethic lipids 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
and 1-palmitoyl-2-lyso-sn-glycero-3-phosphocholine (Lyso-PPC), the spin-labeled
maleimide 3-maleimido-1-oxyl-2,2,5,5-tetrame-thylpyrrolidine (5-MSL), proteins Hu-
man Serum Albumin (HSA) and bovine �-Lactoglobulin (�-LG), ethanol and deu-
terium oxide (99.9 atom% 2H) were purchased from Sigma Aldrich (St. Louis, MO).
All materials were used as purchased without further purification.

3.2 Sample preparation

Spin-labelled fully hydrated lipid vesicles were prepared by the thin film hydra-
tion method. Appropriate amount of lipids were dissolved in chloroform with 0.5
mol% of n-PCSL spin-labeled lipid. The solvent was first evaporated under a ni-
trogen gas stream and then under vacuum overnight. The dried films were then
fully hydrated in D2O by heating at temperature higher than the main transition
temperature of the lipids and periodically vortexing. The hydrated samples (final
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lipid concentration 50 mM) were concentrated at room temperature by pelleting in
a bench-top centrifuge at 3000 rpm for 20 minutes, the excess of solvent removed
and the samples finally loaded in standard 3 mm diameter quartz tubes.

For experiments reported in Chapter 6, lipid bilayers were prepared as described
above at full hydration in bi-distilled water at a ratio nw/nL = 25, with nw and nL

number of water molecules and of lipid molecules, respectively, ensuring saturation
of lipids with water [111]. The low hydrated samples (nw/nL = 3 - 4) and, then, de-
hydrated samples were obtained by carefully evaporating the solvent in a desiccator
and, finally, checking the sample weight. In particular, the low hydrated samples
with less than 12 water molecules per lipid molecule are below the limit of complete
hydration for the phosphocholine group, with most of the water molecules hydrogen-
bonded to the lipids [112–114]. Proteins were spin-labeled with 5-maleimide spin-
labels as described elsewhere [22, 115]. The lyophilized samples were measured and
then fully hydrated in bi-distilled water with more than 0.55 mg of water per 1 mg
of protein (h > 0.55). The low hydration sample contained 0.1 - 0.14 mg of water
per 1 mg of protein (h = 0.10 - 0.14) and was obtained by careful evaporation of
the solvent in the fully hydrated sample.

3.3 EPR measurements

Continuous wave electron paramagnetic resonance spectra were acquired on a
Bruker ESP-300 spectrometer operating at 9 GHz, equipped with a Bruker ER 4201
TE102 standard rectangular cavity and a Bruker ER 411VT temperature controller.
Spectra were recorded at 10 mW microwave power with 2-3 Gausspp magnetic field
modulation amplitude and with 100-kHz field modulation. For measurements at 77
K, samples were rapidly frozen in liquid nitrogen and then introduced into a finger
dewar containing liquid nitrogen and positioned in the spectrometer cavity.

Pulsed EPR experiments were executed on a Bruker ELEXSYS E580 FT-EPR
spectrometer operating at 9 GHz equipped with a MD5 dielectric resonator and a
CF 935P cryostat (Oxford instrument, UK). Tubes containing samples were rapidly
frozen in liquid nitrogen and then quickly accommodated into the pre-equilibrated
cavity at 77 K.

Primary, two-pulse (⇡/2 � ⌧ � ⇡ � ⌧ � echo) echo-detected (ED)-EPR spectra
were obtained by recording the integrated spin-echo signal at fixed interpulse delay
⌧ , while sweeping the magnetic field. The microwave pulse widths were 32 and 64
ns, with the microwave power adjusted to provide ⇡/2 and ⇡ pulses, respectively.
The magnetic field was set to the EPR absorption maximum, and the integration
window was 160 ns. ED-spectra were corrected according to equation (2.26) and
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the relaxation rates, W , obtained according to equation (2.27).
For three-pulse D2O-ESEEM experiments, stimulated echo decays (⇡/2 � ⌧ �

⇡/2 � T � ⇡/2 � ⌧ � echo) were recorded by using microwave pulse widths of 12
ns, with the microwave power adjusted to give ⇡/2-pulses. The time delay, T, be-
tween the second and the third pulses was incremented from 20 ns by 700 steps of
12 ns, whilst the inter-pulse separation, ⌧ , between the first and second pulses was
set equal to 168 ns to maximize the deuterium and proton modulations simulta-
neously. The magnetic field was set to the maximum of the EPR absorption. A
four-step phase-cycling program was used to eliminate unwanted echoes. For ob-
taining Fourier-Transform ESEEM spectra, i.e., standardized ESEEM intensities in
the frequency domain, the time-dependent echo amplitudes were processed as re-
ported in Section 2.6. Fourier tranformed ESEEM spectra are, finally, multiplied by
the dwell time, �T, in order to obtain machine-independent spectral densities with
the dimensions of time (nanoseconds) [107]. This procedure ensures the validity of
comparing measurements among different D2O-containing systems.
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CHAPTER 4

Water penetration in biosystems

The extent of water penetration at selected regions of biosystems is relevant
because it gives insight on the permeability and polarity properties in membranes
as well as on the stability and function of membrane proteins. This research topic
is appropriately studied by continuous-wave electron paramagnetic resonance (cw-
EPR) and three-pulse electron spin echo envelope modulation by deuterium (D2O-
ESEEM) combined with site-specific spin-labeling technique. By means of these
EPR methods we focused on molecular aggregates formed by binary mixtures of
bilayer-forming lipids and micelle-forming lipids fully hydrated in D2O. Diacyl phos-
phatidylcholines are used as bilayer-forming lipids, whereas polymer-grafted lipids
like phosphatidylethanolamines (PEs) with hydrophilic polymer N-polyethylene gly-
col (PEG) covalently attached on the polar heads (PEG-lipids) or single-chain Lyso-
phosphatidylcholines are used as micelle-forming lipids. In particular, while the
PEG-lipids are able to guide the transition from a lamellar to a micellar phase,
Lyso-Pcs induce micellization going first through an inderdigitated lamellar phase.
Another issue that will be studied is the interaction of the Na+,K+-ATPase mem-
brane protein with bufadienolide cardiotonic steroids, which are specific inhibitor of
the sodium pump.

Results and discussion, as well as adapted figures, of the present Chapter are
from the published articles [116–119].
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4. Water penetration in biosystems

4.1 Lyotropic phase behavior of bilayer-forming lipids

and micelle-forming lipids mixtures

4.1.1 Diacyl- and polymer-lipids mixtures

Polymer-lipids are lipid molecules modified in the headgroup with hydrophilic
polymers, thus exhibiting properties of both polymers and lipids. In the case of
PEG-lipids, the polymer is composed by a number of repetitive (CH2-CH2-O) units,
or degree of polymerization, np, and it is able to create a biocompatible coating.
This particular property raises the interest of researchers for application in biotech-
nological and pharmacological fields: PEG-lipids are essential components of effi-
cient drug carriers known as long circulating sterically stabilized, or Stealth, lipo-
somes (SLL) [66–69]. Specifically, dipalmitoylphosphatidylethanolamine (DPPE)
with poly(ethylene-glycol) of average molecular weight 2000 Da (np = 45) cova-
lently attached at the polar head (PEG:2000-DPPE) has been used in the present
study. The geometry of such a molecule is comparable to a cone with packing pa-
rameter close to 1/3, therefore at full hydration PEG:2000-DPPE polymer-lipids
self-assemble into micelles [120]. D2O-ESEEM and cw-EPR experiments were con-
ducted at 77 K on rapidly frozen mixtures made of saturated DPPC mixed with
PEG:2000-DPPE over the entire composition range (0 - 100 mol%) spin-labeled at
different Cn atom position along the sn-2 chain (n = 4, 5, 7, 8, 9, 10, 11, 12, 14,
16) (see figure 4.1 for chemical structures).

Figure 4.1: Structures of a) and b) polymer-lipid PEG:2000-DPPE, c) saturated lipid
DPPC, and d) spin-labeled lipid 5-PCSL.

We have investigated the phase behavior of the mixtures and the profiles of water
accessibility and polarity across the hydrocarbon region as well as the properties of
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the solvent in the different formed lipid aggregates.
Figure 4.2 shows selected three-pulse ESEEM measurements carried out on

DPPC mixed with increasing amount of PEG:2000-DPPE, fully co-hydrated in D2O
in the presence of 0.5 mol% of spin-labelled lipid 5-PCSL, which investigates the po-
lar/apolar interface between the lipid environment and the solvent.

Figure 4.2: Left : decay curves at 77 K of the three-pulse electron spin echo intensity as a
function of the delay time, T, between the second and the third pulses for 5-
PCSL in DPPC/PEG:2000-DPPE mixtures hydrated in D2O at the polymer-
lipid mole fraction indicated on the figure. Right : Fourier-Transform ESEEM
spectra for samples as in the left panel.

In the left panel decays of the maximum amplitude of the stimulated echo with
respect to the interpulse spacing, T, are shown. They present the typical super-
position of slow modulations, due to the dipolar interaction of the nitroxide with
the surrounding deuterium nuclear spins, and small rapid modulations due to in-
teractions of the nitroxide with the nearby protons. The right panel contains the
corresponding absolute-value frequency D2O-ESEEM spectra. Both the amplitude
of the slow D2O-oscillations in the time domain decays and the corresponding inten-
sity of the deuterium 2H-peaks at the characteristic Larmor frequency 2.5 MHz in
the frequency domain spectra show slight variations with increasing concentration
of the polymer-lipid incorporated in the DPPC host matrix. In contrast, the 1H
signal is sample-independent in both cases.

ESEEM measurements with 16-PCSL (i.e., the other extreme labeling position
at the terminal methyl segment of the hydrocarbon chains) exhibit the slow modu-
lations from deuterons showing up at 10 mol% content of PEG:2000-DPPE and the
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modulation depth increasing progressively up to 100 mol% of PEG:2000-DPPE (see
left panel of figure 4.3).

Figure 4.3: Left : decay curves at 77 K of the three-pulse electron spin echo intensity
as a function of the delay time, T, between the second and the third pulses
for 16-PCSL in DPPC/PEG:2000-DPPE mixtures hydrated in D2O at the
polymer-lipid mole fraction indicated on the figure. Right : Fourier-Transform
ESEEM spectra for samples as in the left panel.

Correspondingly, the ESEEM frequency spectra for 16-PCSL in the right panel
of figure 4.3 clearly show that the solvent 2H-peak shows up at 10 mol% of PEG:2000-
DPPE and then its intensity progressively and moderately increases with the polymer-
lipid concentration up to 100 mol%. Note that the proton 1H-peak has a constant
intensity over the whole polymer-lipid concentration range.

Quantitatively, the total amplitude of the deuterium ESEEM signal, I(2H), eval-
uated as the intensity of the Fourier transform of the ESEEM decay at 2.2 MHz and
corrected by the background signal [12,17,18], gives a direct measure of the solvent
(D2O) accessibility at the nitroxide-labeling site. Figure 4.4 shows the dependence
of I(2H) for 5- and 16-PCSL in DPPC/PEG:2000-DPPE mixtures as a function of
the polymer-lipids concentration.

In DPPC bilayers (0 mol% polymer-lipid), there is an intense solvent peak of
about 59 ns at the polar/apolar interface probed by 5-PCSL and a null signal at the
bilayer midplane probed by 16-PCSL, typical of bilayers in which the midplanes are
not accessible to water [17]. In PEG:2000-DPPE micelles (100 mol% polymer-lipid),
instead, a solvent peak is evident not only for 5-PCSL (I(2H) ⇡ 63 ns) but also for
16-PCSL (I(2H) ⇡ 29 ns). Therefore, PEG:2000-DPPE micelles are characterized by
higher solvent accessibility at the polar/apolar interface and by solvent permeation
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Figure 4.4: Dependence at 77 K on PEG:2000-DPPE concentration of the deuterium
spectral amplitudes, I(2H), for (upper panel) 5-PCSL and (lower panel) 16-
PCSL in DPPC/PEG:2000-DPPE/D2O dispersions.

in the terminal region of the hydrocarbon chains. These findings reflect the differ-
ences in chain packing between bilayers and micelles: the increased area per polar
head allows more water permeation at the polar/apolar interface in micelles than in
bilayers and some configurational disorder makes the deep hydrocarbon interior of
micelles accessible to water.

Mixtures of DPPC and low content of PEG:2000-DPPE lipids are of interest.
It has been found that when the PEG-lipids concentration is increased at low con-
tent, the hydrophilic polymer chains attached to the lipid polar heads undergo a
transition from a non interacting random coiled (mushroom) configuration to an
extended (brush) configuration [69, 121–123]. The mole fraction, XPEG, at which
the mushroom-to-brush transition occurs depends on the molecular weight or the
degree of polimerization, np, of the polymer. In the case of PEG:2000-DPPE (np =
45) XPEG ⇡ 1.2 mol% [69, 123]. In figure 4.4, the presence of PEG:2000-DPPE at
concentrations up to 5 mol% leads to a decrease in the D2O signal intensity at the
polar/apolar interface, while the corresponding intensity at the terminal methyl end
maintains zero value. This behavior reflects the steric protection provided to the
bilayer surface by the polymer and the formation of sterically stabilized liposomes
(SSL) at XPEG = 2 mol%. The reduced water content at the 5-PCSL probed region
is consistent with previous findings on the dehydration activity of the polymer brush
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on the DPPC surface [124] and an increase in the DPPC packing density [122].
For 5 mol% < XPEG < 10 mol%, the steric lateral pressure of the brush extension

is responsible of the expansion in the DPPC area per polar head with the consequent
increase in water penetration at the 5-PCSL probed membrane region. Then, for
XPEG up to 50 mol%, polymer-grafted bilayers and polymer-grafted micelles coexist
at different proportion and the hydrophobic core becomes accessible to the solvent.
Finally, for XPEG > 50 mol% the micellization transition is completed and the water
accessibility both at the first hydrocarbon segment and at the deepest hydrocarbon
interior is augmented with respect to DPPC bilayers (i.e., 0 mol% PEG-lipids).

More specifically, for SLL formed by mixing DPPC and 2 mol% PEG:2000-
DPPE in D2O we have delineated the transmembrane profile of water penetration
and polarity by using a variety of chain-labeled lipids, n-PCSL, by evaluating the
I(2H) ESEEM intensity and the AZZ half hyperfine splitting, respectively.

Figure 4.5 reports the I(2H) data in the upper panel and the AZZ data in the
lower panel for both DPPC/PEG:2000-DPPE SSL mixture and, for comparison,
DPPC bilayers previously studied [17,125].

The I(2H)-values in the upper panel of figure 4.5 for SSL decrease with a sigmoidal
trend on moving along the chain, from the first water-accessible CH2 segments to
the terminal water-inaccessible chain segments. Interestingly, the depth-dependent
changes in AZZ in the lower panel also show a similar decrease from the first chain
positions toward the end of the chains, indicating that the polarity decreases on
moving along the chain in SSL. The profiles exhibited by both the parameters in the
upper and lower panel of figure 4.5, have been successfully fitted with the following
sigmoidal function:

P (n) =
P1 � P2

1 + e(n�n0)/�
+ P2 (4.1)

where P(n) is the parameter, I(2H) or AZZ , as a function of the labeling position, n,
P1 and P2 are the limiting values of P at the polar headgroups and terminal methyl
ends, respectively, � is an exponential decay constant, and n0 is the labeling position
where the gradient of the curve is maximum. Equation (4.1) describes a transition
from a water-accessible, high-polarity region adjacent to the lipid head groups (n
< n0) to a water-inaccessible, low-polarity region at the chain termini (n > n0),
occurring at n = n0 and whose width is specified by �.

The parameters resulting from the plots of figure 4.5 are listed in Table 4.1.

Comparing the solvent accessibility profile between the SSL and the DPPC bi-
layers, in SLL the limiting values for the I(2H) intensity are smaller with respect to

40



4. Water penetration in biosystems

Figure 4.5: Upper panel : Profile of D2O penetration from the deuterium spectral am-
plitude I(2H) vs. label position, n, for n-PCSL in SSL (solid symbols) and
DPPC liposomes (open symbols, from [17]). Lower panel : Polarity profile
from outer hyperfine splitting AZZ vs. n for n-PCSL in SSL (solid symbols)
and DPPC liposomes (open symbols, from [125]). Samples are fully hydrated
in D2O. Temperature = 77 K. Full and dashed lines represent nonlinear least-
squares fits with equation (4.1). For better visibility of the water penetration
and polarity profiles, the experimental data have been mirrored with respect
to the bilayer midplane.

Table 4.1: Parameters describing the water accessibility (via I(2H)-determinations) and
polarity (via AZZ-determinations) profiles in figure 4.5 according to equation
(4.1) in SSL of DPPC/PEG:2000-DPPE (2 mol%). For comparison, corre-
sponding parameters for DPPC multibilayers are given in parenthesis.

Water accessibility profile Polarity profile
I(2H)1 = 57.3 ± 4.1 ns AZZ,1 = 3.36 ± 0.01 mT

(58.1 ± 3.4 ns) (3.369 ± 0.001 mT)
I(2H)2 = -0.8 ± 5.1 ns AZZ,2 = 3.25 ± 0.01 mT

(9.2 ± 5.1 ns) (3.244 ± 0.001 mT)
n0 = 10.3 ± 0.4 n0 = 8.1 ± 0.4

(11.6 ± 0.3) (10.37 ± 0.05)
� = 1.7 ± 0.5 � = 1.0 ± 0.4
(0.3 ± 0.2) (0.85 ± 0.06)

those of DPPC bilayers and the lower extreme positions are less accessible to water
in SLL than in DPPC multibilayers. The polarity profile, instead, exhibit AZZ limit-
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ing values comparable between SSL and DPPC both at the first acyl chain segments
and at the terminal ones. In addition, by analyzing both the deuterium intensity and
the polarity profiles, it is evident that the transition from a water-accessible, high-
polarity region at the polar/apolar interface to a water-inaccessible, low-polarity
region at the chain termini occurs at a smaller n0 in SSL than in DPPC, with �SSL
> �DPPC for both I(2H) and AZZ . This lower cooperativity of the transition for
the Stealth liposomes with respect to that of DPPC bilayers may be addressed to
the reduced lamellar dimensions for the SSL (likely unilamellar) compared to that
of DPPC liposomes (multilamellar) [126,127].

4.1.2 Diacyl- and Lyso-lipids mixtures

Lyso-phosphocholines are single chain lipids present in mammalian cell mem-
branes and in subcellular organelles. They are involved in various physiological and
pathological processes [71–73], and at low content they are essential component of
thermosensitive liposomes used in drug-delivery [81, 82]. Moreover, it has been evi-
denced that they impact on the stability, permeability and molecular properties of
lipid membranes [74–80]. We have investigated the entire composition range (0 – 100
mol%) of lyso-palmitoylphosphatidylcholine (Lyso-PPC) (figure 4.6) in DPPC bi-
layers fully hydrated in D2O by applying three-pulse D2O-ESEEM to lipid mixtures
spin-labeled with 5- and 16-PCSL.

Figure 4.6: Chemical structure of single-chain lipid Lyso-PPC.

Figure 4.7 shows the experimental decays for 5- and 16-PCSL in DPPC/Lyso-
PPC mixtures at selected concentration of Lyso-lipids, fully hydrated in D2O. The
D2O-ESEEM decays for 5-PCSL show the typical superposition of rapid and slow
modulations, while in the case of 16-PCSL the slow 2H-modulations are absent in
DPPC bilayers and show up with the lowest Lyso-PPC content.
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Figure 4.7: Decay curves at 77 K of the three-pulse electron spin echo amplitude with
interpulse spacing, T, for (left panel) 5-PCSL and (right panel) 16-PCSL in
mixtures of DPPC and selected concentration of Lyso-PPC hydrated in D2O.

Figure 4.8 shows frequency ESEEM spectra for the same samples in figure 4.7.
For 5-PCSL, both in the absence and in the presence of Lyso-PPC, there is an evident
2H signal at the characteristic Larmor frequency 2.5 MHz. Up to 50 mol% Lyso-
PPC the signal intensity increases, then, at the higher concentrations, it decreases
slowly but it is always present. For 16-PCSL, the 2H signal is absent in the DPPC
sample and appears even with the lowest content of the single chain lipids.

In order to quantify the effects of Lyso-PPC, I(2H) for 5- and 16-PCSL in
DPPC/Lyso-PPC mixtures are reported in figure 4.9. Again, as expected, in DPPC
bilayers (0 mol% Lyso-PPC) at the first methyl segments of the hydrocarbon region,
probed by 5-PCSL, there is an evident 2H-peak, whereas in the inner hydrocarbon
region at the bilayer midplane, probed by 16-PCSL, the deuterium signal is absent,
in agreement with previous results [17, 128,129].

It is evident that the deuterium signal of 5-PCSL increases when the Lyso-PPC
content increases from 0.25 mol% up to 7 mol% and then more slowly, reaching a
plateau value at 20 mol%. This is due to the expansion in the area per polar head
consequent to the insertion of the single chain lipids in DPPC. A value approximately
constant is maintained until the Lyso-PPC concentration is of about 70 mol%, then
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Figure 4.8: Fourier Transform ESEEM spectra at 77 K for (left panel) 5-PCSL and (right
panel) 16-PCSL in mixtures of DPPC and selected concentration of Lyso-
PPC hydrated in D2O.

I(2H) progressively decreases reaching in micelles of pure Lyso-PPC a value slightly
higher than that recorded in DPPC bilayers. An analogous pattern is recorded in
the case of 16-PCSL. Indeed, from figure 4.9 it can be seen a rapid increase in
I(2H) intensity up to 20 mol% of Lyso-PPC. Solvent penetration even in the deepest
hydrophobic interior of the bilayers indicates that the apolar groups are transferred
to the solvent and a change in the chain packing is occurring. Then, a constant value
up to 70 mol% of Lyso-PPC content is maintained. For Lyso-PPC content equal
to 80 mol% there is just a small decrease and then the reached intensity remains
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Figure 4.9: Dependence on Lyso-PPC concentration of the deuterium spectral ampli-
tudes, I(2H), at 77 K for 5-PCSL (squares) and 16-PCSL (circles) in DPPC/
Lyso-PPC mixtures hydrated in D2O.

constant up to the formation of Lyso-PPC micelles. The two labeling positions,
therefore, show a similar behavior over a wide concentration range up to about 60
mol% of Lyso-PPC. Instead, they differ at the highest concentrations, where for
5-PCSL samples show deuterium intensity progressively smaller while for 16-PCSL
I(2H) maintains high values.

The constant and similar intensity for both labeling positions at intermidiate
Lyso-content, between 20 mol% and 60 mol%, indicates that two different lamellar
phases coexist: a bilayer organization and an organization with interdigitated chains.
A fully interdigitated lamellar phase is reported to occur in mixtures of DPPC and 40
mol% of Lyso-PPC [80]. In the presence of chains interdigitation, the two isomers 5-
PCSL and 16-PCSL probe the same hydrocarbon region at the polar/apolar interface
and therefore they give a comparable I(2H) intensity. When Lyso-lipids are at about
the 70 mol% of the total lipid composition, micelles begin to appear and the solvent
permeates deeper in the hydrocarbon chain region, otherwise inaccessible in DPPC
bilayers.

EPR results on interdigitated phases formed by equimolar content of DPPC and
Lyso-PPC or by DPPC hydrated in ethanol containing D2O (60% v/v), and micellar
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assemblies of Lyso-PPC or PEG:2000-DPPE are given below.

4.2 Interdigitated lamellar phases

Cw- and D2O-ESEEM measurements at 77 K have been carried out on a variety
of cryogenically frozen chain-labelled samples with interdigitated chains, namely
DPPC/Lyso-PPC and DPPC/etOH. X-ray diffraction measurements have evidenced
that these systems are interdigitated in the gel phase [77,78,83,130,131].

We focused our attention on the interdigitated DPPC/Lyso-PPC mixture, la-
beled at the carbon atom positions n = 5, 7, 8, 9, 10, 11, 12, 14 and 16. The
cw-EPR spectra in figure 4.10, although exhibiting spin-spin broadening, particu-
larly evident for labeling positions in the middle of the chains, are powder patterns
of similar lineshape and outermost peak separation, with a broad first resonance of
Voigtian character. The line broadening is likely due to a possible increase of local
concentration of nitroxide spin-labels [132,133].

Figure 4.10: Cw-EPR spectra of n-PCSL spin-labels in interdigitated DPPC/Lyso-PPC
dispersions fully hydrated in D2O. Central field = 332.5 mT, spectral width
= 10 mT. Temperature = 77 K.
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The transmembrane polarity profile in the interdigitated DPPC/Lyso-PPC equimo-
lar mixture delineated by 2AZZ as a function of n in figure 4.11 is uniform and of
elevated polarity, with 2AZZ values typical of the polar hydrophobic environment
of different lipid lamellae [129, 134, 135]. Moreover, the 2AZZ dependence on n is
similar to the one reported for dialkyl-lipid DHPC, which spontaneously interdigi-
tates through the gel phase [136]. Thus, the presence of Lyso-PPC in 1:1 mol/mol
ratio with respect to the bilayer-forming lipid DPPC abolishes the DPPC typical
sigmoidal polarity profile, favoring the exposure of the entire hydrocarbon chain to
a more polar environment.

Figure 4.11: Dependence on spin-label position, n, of the deuterium spectral amplitude,
I(2H) (solid line and left-hand scale), and of the outermost peak separation,
2AZZ (dashed line and right-hand scale), for spin-labeled phosphatidyl-
choline n-PCSL in interdigitated lamellar dispersions of DPPC and 50 mol%
Lyso-PPC hydrated in D2O. Temperature =77 K.

Figure 4.11 reports also the dependence of the 2H-ESEEM intensity as a function
of the chain labeling position. The profile of solvent access through the hydrocarbon
region mirrors the polarity profile, confirming that both the positional isomers at
the beginning of the hydrocarbon chains and those at the terminal ends experience
a similar polar environment and are all exposed to the solvent in the interdigitated
phase. The upper region of the hydrocarbon chains (probed by 5-9-PCSL) and the
inner segments (probed by 14- and 16-PCSL) show comparable values, with I(2H)
⇡ 90 ns. The intermediate region (probed by 10-12-PCSL) exhibits, instead, a
higher solvent penetration. A similar outline of the I(2H) values is exhibited by the
spontaneously interdigitated DHPC [136]. It is worthy to note that the deuterium
intensities here reported for the interdigitated samples of DPPC with 50 mol% of
Lyso-PPC are greater than those for DPPC bilayers and are comparable to those
that have been previously recorded in DPPC bilayers with equimolar content of

47



4. Water penetration in biosystems

cholesterol. The steroid, spacing apart the polar heads as the Lyso-lipids do, allows
a considerable solvent penetration in the hydrocarbon region [17].

An interdigitated lamellar phase in DPPC is formed not only with the insertion
of micelle-forming lipids with a single hydrocarbon chain (Lyso-PPC) but also for
the effect of solvents. For instance, ethanol at the threshold concentration of 50
mg/ml in aqueous buffer is able to induce interdigitation in DPPC [130,131].

Figure 4.12 shows the decay curves (on the left) and the corresponding Fourier
transforms (on the right) of the three-pulse D2O-ESEEM experiment for 5- and
16-PCSL in interdigitated DPPC in the presence of ethanol (60% v/v) in the D2O
hydration buffer. As expected, both positional isomers exhibit decay curves char-
acterized by the superposition of both the rapid modulation due to the proton and
the slow modulation due to the presence of deuterons, confirming the exposure to
the solvent even of the terminal methyls of the hydrocarbon chains. Indeed, com-
paring the two signal in the frequency domain on the right side of figure 4.12, the
2H signal presents a high value comparable between the two labeling sites, being
89 ns for 5-PCSL and 101 ns for 16-PCSL. This confirms the transfer of the inner
apolar groups to the solvent upon the formation of the interdigitated phase, due to
the presence of the external inducer ethanol.

Figure 4.12: Left panel : Decay curves of the three-pulse electron spin echo amplitude
with interpulse spacing, T, for 5-PCSL and 16-PCSL in DPPC hydrated in
etOH and D2O. Right panel : Fourier Transform ESEEM spectra for samples
as in the left panel. Temperature = 77 K.

These results are characteristic hallmarks of chain interdigitation and are in
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agreement with previous findings of the 2H-ESEEM intensity dependence on the
spin-labeling position along the chain in DPPC/Lyso-PPC (50 mol%), presented in
figure 4.8, and in DHPC dispersions in the frozen state [136], which have shown that
all the methylene segments are accessible to the solvent to a similar extent and are
of elevated polarity. In particular, I(2H) resulted to be 90 ns (96 ns) in DPPC/Lyso-
PPC and 129 ns (144 ns) in DHPC for 5-PCSL (16-PCSL). On the contrary, in the
case of DPPC bilayers with and without cholesterol the water extent at the 5-PCSL
probed region is, respectively, 121 ns and 59 ns, while the bilayer midplane probed
with 16-PCSL is devoid of water in both matrices. Lipid bilayers are characterized
by a sigmoidal transmembrane polarity profile that is, instead, suppressed in the
interdigitated samples [17,53,100,128].

According to theory presented in Section 2.6.2, by evaluating the intensity of the
broad component from the Fourier transformed D2O-ESEEM signal and by applying
equation (2.40) and equation (2.41), the nitroxide moieties singly, f1w, and doubly,
f2w, hydrogen bonded to the deuterium molecules can be calculated. Figure 4.13
reports a comparison of the fractions between interdigitated and non interdigitated
samples, i.e., DPPC/Lyso-PPC, DPPC/etOH and DHPC, and bilayers of DPPC
and DPPC with equimolar content of cholesterol.

Figure 4.13: Fractions of 5- (black) and 16-PCSL (gray) hydrogen bonded by one,
f1w (shaded), or two, f2w (full), water molecules from D2O-spectra of
DPPC/Lyso-PPC, DPPC/etOH interdigitated samples and, for compar-
ison, for DHPC interdigitated dispersions (from [136]) and DPPC and
DPPC/cholesterol noninterdigitated bilayer dispersions (from [17]).

In all samples in figure 4.13, the fraction of single H-bonded spin-labels to the
D2O molecules is greater than that of the double H-bonded ones, suggesting het-
erogeneity in the structure of water surrounding the nitroxides. Moreover, the in-
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crease in the area per polar head due to the presence of external components in the
DPPC lamellae enhances the solvent penetration at the C5 (black columns in the
bar chart) position with respect to pure DPPC bilayers. In particular, for 5-PCSL
the presence of cholesterol increases solvent penetration with respect to DPPC and
the extent of bounded nitroxides is comparable to the spontaneously interdigitated
DHPC. The other two interdigitated samples present almost equal values for f1w

and f2w and these values are lower compared to the DHPC and DPPC/cholesterol
ones. For 16-PCSL, instead, solvent accessibility occurs only in the three interdig-
itated samples, while in the noninterdigitated ones the midplane is inaccessible to
water. Analogously to 5-PCSL, also for the 16-PCSL samples the order is f(DHPC)
> f(DPPC/Lyso-PPC) ⇡ f(DPPC/etOH). Thus, the two interdigitation inducers,
ethanol and Lyso-PPC, contribute similarly to the enhancement of the solvent pen-
etration to all chain segments of the hydrocarbon chain, but the extent of solvent
accessibility is lower with respect to that in the lamellar phase of the DHPC lipids
that spontaneously interdigitate. Moreover, the two inducers confer different prop-
erties to the interdigitated phase, with the chains resulting less densely packed in
the presence of ethanol than in the presence of Lyso-lipids.

4.3 Micellar phases

Two micelle dispersions, namely those formed by Lyso-PPC or PEG:2000-DPPE
hydrated in D2O, have been also studied and compared.

Cw-EPR spectra recorded at 77 K in spin-labeled micelles of Lyso-PPC or
PEG:2000-DPPE at full hydration for various n-PCSL isomers are shown in figure
4.14. Although they present some extent of spin-spin broadening, their lineshapes
indicate that the spin-labelled lipids are randomly and well distributed within the
host lipid aggregates. All the spectra are powder patterns typical of immobilized
nitroxides on the EPR time scale.
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Figure 4.14: Cw-EPR spectra at 77 K of selected n-PCSL spin labels in micelles of (left)
Lyso-PPC and of (right) PEG:2000-DPPE, fully hydrated in D2O. Central
field = 330 mT, spectral width = 10 mT.

Figure 4.15 and figure 4.16 show for Lyso-PPC micelles and PEG:2000-DPPE
micelles, respectively, both the I(2H) signal intensity of the D2O-ESEEM spectra
and the outer hyperfine separation 2AZZ from the cw-spectra as a function of the
labeling position.

Figure 4.15: Dependence on spin label position, n, of the deuterium spectral amplitude,
I(2H) (full symbols and left-hand scale), and of the outermost hyperfine
splitting, 2AZZ (open symbols and right-hand scale), in Lyso-PPC micelles
at 77 K.
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Figure 4.16: Dependence on spin label position, n, of the deuterium spectral amplitude,
I(2H) (full symbols and left-hand scale), and of the outermost hyperfine
splitting, 2AZZ (open symbols and right-hand scale), in PEG:2000-DPPE
micelles at 77 K.

The I(2H) values for Lyso-micelles are higher at any labeling position with respect
to the values for PEG-micelles. Moreover, while the deuterium intensity maintains
a constant value in Lyso-PPC micelles from the first chain segments to the middle
of the chain (n = 12) and then progressively increases up to n = 16, in PEG:2000-
DPPE micelles the high value recorded at the beginning of the acyl chain abruptly
reduces of about one-third at the n = 8 position and then oscillates around this
value until the n = 16 position, where, again, there is a decrease.

Correspondingly, the 2AZZ values are higher in Lyso-PPC micelles than in
PEG:2000-DPPE micelles. In the first sample, the hyperfine separation maintains
approximately a constant value in the positional range n = 5 - 14 and then a greater
value for 16-PCSL. In the second sample, instead, mirroring the I(2H) profile, the
first acyl methylene segments, n = 4 - 7, have a high 2AZZ-value, which drops at
intermediate chain position, n = 8 - 11, and then increases a little from the n = 12
to n = 16 labeling position.

The results obtained in both types of micelles suggest that each region of the
hydrocarbon tails is accessible to water, reflecting the conformational disorder of the
chains both in small micelles of single chain lipids and in large pegylated micelles. In
particular, the I(2H) and the 2AZZ-values determined in frozen Lyso-PPC micelles
are in the same range of variability of those previously reported for the upper apolar
region in frozen DPPC bilayers [17, 129, 134]. Moreover, the polarity profiles estab-
lished with cw-EPR in frozen Lyso-PPC micelles and in frozen pegylated micelles
are also comparable to the profile recorded with cw-EPR in the same lipid matrices
in the fluid phase at 323 K [137] and to two-pulse D2O-ESEEM data in the time
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domain for 5-, 7- and 10-doxyl stearic acid in small micelles of dodecyl sulphate,
which indicated water penetration at any depth in their hydrophobic zone [138].

Figure 4.17 shows the fractions of nitroxides singly, f1w, and doubly, f2w, bonded
to the deuterium molecules for selected n-PCSL inserted in micelles of Lyso-lipids
and PEG-lipids, evaluated from equations (2.40) and (2.41).

Figure 4.17: Fractions selected n-PCSL hydrogen bonded by one, f1w (shaded), or two,
f2w (full), water molecules in micelles of Lyso-PPC (black) and PEG:2000-
DPPE (gray).

In any sample, some spin-labels do not have water molecules bonded, other are
H-bonded to one water molecule, a small part is H-bonded to two water molecule,
with f1w > f2w at each labeling position. Therefore, heterogeneity is present in the
structure of the solvent penetrating from the first acyl segments to the terminal ones.
Specifically, the fractions of bounded nitroxides are higher in Lyso-PPC micelles
than in PEG-micelles almost at every labeling position, maintaining high values
close to each other. Instead, in PEG-micelles the fractions of bounded nitroxide
moieties are progressively smaller on going down along the chain. The high values
at the polar/apolar interface are comparable with the one reported in the bar chart
of figure 4.13, but also with the values reported for other type of lipid aggregates,
including membranes and model lipid bilayers [17,139].
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4.4 Membrane protein: the case of Na
+
,K

+
-ATPase

The Na+,K+-ATPase (figure 4.18), or sodium pump, is a complex of three in-
tegral membrane proteins, which plays a central role in the homeostasis of animal
cells. The sodium pump is also the primary pharmacologic receptor for cardiotonic
steroids (CTS). The binding site of CTS overlaps with that for ions. Here we present
EPR results, both cw-EPR and D2O-ESEEM, aimed to characterize the extracellu-
lar binding site in the sodium pump. This is done by using spin-label bufadienolides,
a subgroup of cardiotonic steroids with anticancer activity. Specifically, bufalins and
cinobufagins with five- (i.e., PROXYL) and six-membered (i.e., TEMPO) nitroxide
ring, which are specific inhibitors for the sodium pump, have been used. This work
is the result of a fruitful collaboration with a group from Aarhus University in Den-
mark (professor Natalya U. Fedosova) and a group from Jinan University in China
(professor Ren-Wang Jiang).

Figure 4.18: Crystal structure of Na+,K+-ATPase (PDB ID 4RES [140]).

Figure 4.19 shows structures of seven synthesized bufalin EPR probes and the
corresponding cinobufagin ones for three of them, having different lengths of the
spacer arm between the EPR-active nitroxide group and the steroid core, thus de-
termining different positioning of the spin-labels in the binding cavity.

Pairwise samples containing the competitor ouabain discriminates between spe-
cific and non-specific interactions [141]. Indeed, ouabain blocks the pump, when it
occupies the extracellular binding site a conformational change happens in the pump
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Figure 4.19: Structures of spin-labeled cinobufagins (C) and bufalins (B).

and the pharmacological effect in the treatment of cardiac tissues is stabilized. Thus,
the presence of ouabain does not allow the spin-label cardiotonic steroids to access
the binding site in Na+,K+-ATPase, remaining, instead, in the membrane environ-
ment.

Figure 4.20 shows the outer hyperfine splitting 2AZZ-values evaluated from cw-
EPR spectra recorded in the frozen state at 77 K for the various CTS labels.

Figure 4.20: Outer hyperfine splitting, 2AZZ , in the cw-EPR spectra of different spin-
labeled cinobufagins and bufalins in Na+,K+-ATPase membranes in the
absence (open symbols) and presence (solid symbols) of ouabain. Temper-
ature = 77 K.
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It can be seen that in the absence of ouabain, the spin-labels access the binding
site and experience a high polarity environment (2AZZ ⇡ 7.1 - 7.2 mT). In the
presence of excess ouabain, instead, the values are always lower, with the greatest
difference presented by the pair C8-B8, the shortest cardiotonic steroids.

By means of three-pulse (⇡/2 � ⌧ � ⇡/2 � T � ⇡/2 � ⌧ � echo) D2O-ESEEM
experiment, the water accessibility in the entrance cavity of Na+,K+-ATPase was
compared for the different CTS spin-labels. In figure 4.21 are shown representative
measurements for the bufalin B7 cardiotonic steroid spin-label in Na+,K+-ATPase
without and with the inhibitor ouabain.

Figure 4.21: Left-hand side: decay curves of the three-pulse electron spin echo amplitude
with interpulse spacing, T, for spin-labeled bufalin B7 in Na+,K+-ATPase
membranes hydrated in D2O. Right-hand side: Fourier-Transform ESEEM
spectra for samples as in the left panel. Temperature = 77 K.

The decay curves for B7 and B7 + ouabain exhibit some differences: the first
one shows deeper slow modulations with period of 0.4 µs due to the dipolar interac-
tion of the nitroxide with the surrounding deuterium nuclear spins and small rapid
modulations with period 0.07 µs due to interactions of the nitroxide with the nearby
protons; the second one presents a fast decay with deep rapid oscillations occurring
during the slowest oscillations. These differences are better seen in the frequency
domain spectra where the Fourier transform for the B7 sample exhibits an intense
deuterium peak at the Larmor frequency 2.5 MHz of about 220 ns and a smaller
proton peak at the Larmor frequency 14.5 MHz of about 50 ns. In the case of its
pairwise, B7 + ouabain, a reduced 2H signal of about 90 ns and a 1H intensity peak
of about 80 ns are recorded.

Figures 4.22 and 4.23 show the other spin-label cardiotonic steroids decays and
Fourier transform without and with ouabain, respectively.
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Figure 4.22: Left-hand side: decay curves of the three-pulse electron spin echo amplitude
with interpulse spacing, T, for spin-labeled bufalins and cinobufagins in
the absence of ouabain in Na+,K+-ATPase membranes hydrated in D2O.
Right-hand side: Fourier-Transform ESEEM spectra for samples as in the
left panel. Temperature = 77 K.

57



4. Water penetration in biosystems

Figure 4.23: Left-hand side: decay curves of the three-pulse electron spin echo amplitude
with interpulse spacing, T, for spin-labeled bufalins and cinobufagins in
the presence of ouabain in Na+,K+-ATPase membranes hydrated in D2O.
Right-hand side: Fourier-Transform ESEEM spectra for samples as in the
left panel. Temperature = 77 K.

58



4. Water penetration in biosystems

A summary of the ESEEM results collected on all investigated samples is given
in figure 4.24. Both the total intensity, Itot, and the broad component due to the
spin-label nitroxides H-bonded to deuterium molecule, Ibroad, of the 2H signal are
shown.

Figure 4.24: Intensity of the total D2O-peak, Itot (plain), and its broad component,
Ibroad (shaded), in ESEEM spectra of different spin-labeled cinobufagins
and bufalins in Na+,K+-ATPase membranes in the absence (black) and in
the presence (red) of ouabain. Temperature = 77 K.

It is evident that all the CTS sampling the channel cavity of the sodium pump
experience a water accessible environment, while the spin-labeled steroids whose
access to the cavity is blocked by ouabain are located in a membrane environment
with less water penetration. Moreover, the ratio of broad to narrow components is
similar in the presence and absence of ouabain, reflecting a similar H-bonding equi-
librium in the binding site to that in the membrane. There is, also, correspondence
in the ratio between the intensity in the presence of ouabain and in its absence for
cinobufagins and corresponding bufalins. Indeed, for the pair C8 and B8 there is
the highest intensity without ouabain and the lowest intensity with ouabain. That
is because this CTS pair has the shortest spacer, thus in the presence of ouabain
the location is in the deepest hydrophobic membrane interior.

The high I(2H)-values recorded when the spin-labels access the sodium pump
cavity are comparable to those found for spin-labels attached to surface -SH groups
on the Na+,K+-ATPase as well as on other proteins [31,36,142]. In the presence of
ouabain, instead, the I(2H) intensities for spin-labels in the membrane are compa-
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rable to those reported in figure 4.11 for interdigitated DPPC/Lyso-PPC mixtures
and for interdigitated DPPC/etOH, and also to those of lipids spin labelled at the
n = 6 - 8 chain position (n = 9 - 10 for the short-linked B8 and C8) [136,139].

Table 4.2 summarizes the results regarding solvent properties at the entrance
of the hydrophilic binding site in Na+,K+-ATPase (for samples in the absence of
ouabain) and in the lipid membrane environment (for samples in excess ouabain).
Fractions of singly, f1w, and doubly, f2w, H-bonded nitroxides belonging to the
cardiotonic steroids to the solvent as well as the product of equilibrium constant
for hydrogen bonding, K, and effective concentration of free water, [W], K[W], are
listed. They have been calculated by applying equations (2.38), (2.40) and (2.41).

Table 4.2: Product of equilibrium constant for H-bonding, K, with effective free wa-
ter concentration, [W], from 2H-ESEEM spectra of cinobufagin and bufalin
spin-labels from Na+,K+-ATPase membrane dispersions in D2O, and frac-
tions of spin-labels that are hydrogen bonded by one (f1w) and two (f2w)
water molecules. Data with (+ ou) and without ouabain are given.

+ ou + ou + ou

Sample K[W] f1w f1w K[W] f1w f1w

C9 0.652 0.478 0.156 0.293 0.350 0.051
C8 0.841 0.496 0.209 0.064 0.113 0.004
C4 0.625 0.473 0.148 0.182 0.260 0.024
B9 0.839 0.496 0.208 0.263 0.330 0.043
B8 0.823 0.495 0.204 0.070 0.123 0.004
B4 0.635 0.475 0.151 0.154 0.232 0.018
B1 0.531 0.453 0.120 0.090 0.152 0.007
B5 0.638 0.476 0.152 0.161 0.240 0.019
B6 0.548 0.457 0.125 0.185 0.263 0.024
B7 0.597 0.468 0.140 0.190 0.268 0.025

In all sample pairs, values of the K[W] product are in the range 0.5 - 0.8 for spin-
labeled cardiotonic steroids in the cavity and are much reduced, in the range 0.2 - 0.4,
for those bound to the membrane but displaced from the cavity. Correspondingly,
f1w is higher than f2w and both are higher for spin-labeled steroids in the binding
site than in Na+,K+-ATPase membrane dispersions.

The above cw and ESEEM data at 77 K combined with conventional EPR mea-
surements carried out as a function of temperature in the interval 5 - 50 �C for the
differing spin-labeled CTS allowed to describe the cavity at the extracellular en-
trance as large and water filled. Overall, the EPR results have also been confirmed
by molecular modeling experiments. Details on the high-temperature dependent
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cw-EPR and the docking experiments can be found in the recent publication by
Aloi, Guo et al. in press for the Biophysical Journal [119].
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CHAPTER 5

Dynamics of lipid assemblies at cryogenic temperatures

Cw-EPR and two-pulse ED-spectra are used to characterize the librational dy-
namics of chain-labelled supramolecular lamellar aggregates in the temperature
range 120 - 270 K. Bilayer phases composed of unsaturated lipids and interdig-
itated phases formed by saturated symmetrical chain lipids in the presence of a
threshold concentration of monoacyl lyso-lipids or hydrated in ethanol containing
buffer are considered. The motional parameter h↵2i⌧c, given by the product of the
mean-square angular amplitude of libration, h↵2i, and the correlation time of mo-
tion, ⌧c, is detected from the pulse measurements, an independent evaluation of the
angular amplitude of the motion is obtained from the conventional EPR measure-
ments, and the rotational correlation time is calculated from a combination of both
evaluations. Fast librational oscillations of small angular amplitude are detected in
all the investigated samples. At a temperature within the 200 - 240 K interval, the
onset of larger diffusive motion is observed in all biosystems and has been associated
to the dynamical transition.

Results and discussion of the present Chapter are published in [117] and [143].

5.1 Librational dynamics of unsaturated bilayers

Glycerophospholipids with unsaturated hydrocarbon chains are abundant in ani-
mal cell membrane and are naturally present in eukaryotes. Representative lipids are
palmitoyl-oleoyl-glycero-phosphocholine (POPC) and di-oleoyl-glycerophosphocholine
(DOPC) (figure 5.1).

62



5. Dynamics of lipid assemblies at cryogenic temperatures

Figure 5.1: Chemical structure of the unsaturated phospholipids POPC and DOPC, and,
for comparison, of the saturated phospholipid DPPC.

POPC is an asymmetric mixed-chain lipid composed by one unsaturated acyl
chain with 18 carbon atoms at the sn-2 position and one saturated chain with 16
carbon atoms at the sn-1 position. DOPC consists of two chains with 18 carbon
atoms and with one unsaturated bond in each of them. For the presence of double
bonds along the chains, bilayers composed of POPC or DOPC are low-Tm bilay-
ers. Indeed, the main phase transition temperature, Tm, occurs at 271 K for the
monounsaturated POPC bilayers and at 253 K for the di-unsaturated DOPC [85].
For comparison, DPPC, which presents two saturated symmetrical chains with 16
carbon atoms, has Tm at 314 K.

For their low-Tm values, POPC and DOPC bilayers are fluid over a large tem-
perature range, including the physiological interval, and have been widely used as
membrane models mainly studied at temperatures higher than their main phase
transition temperature. Less investigated are the unsaturated bilayers in the frozen
state, for T < Tm. A combination of cw- and ED-spectra of 9 GHz electron spin res-
onance spectroscopy is resulted to be particularly successful to study the librational
dynamics in the low-temperature phases of chain-labelled lipid bilayers [15]. Here
we report results on the characteristics, i.e., the mean-square angular amplitude,
h↵2i, and the correlation time, ⌧c, of segmental librational motion in unsaturated
POPC and DOPC bilayers spin-labelled with 5- and 16-PCSL.

Two-pulse (⇡/2 � ⌧ � ⇡ � ⌧ � echo) echo-detected EPR spectra at 200 K for
5-PCSL and 16-PCSL in POPC, DOPC and DPPC bilayers as a function of the
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interpulse delay time, ⌧ , are reported in figure 5.2.

Figure 5.2: Two-pulse echo detected ED-EPR spectra of (upper row) 5-PCSL and (lower
row) 16-PCSL in POPC (left), DOPC (center) and DPPC (right) bilayers at
200 K for interpulse spacings (top to bottom) of ⌧ = 168, 296, 424 ns. Solid
lines are the corrected experimental spectra, dashed lines are simulations for
isotropic librational motion.

In any sample, the dependence of the ED lineshape on echo delay, ⌧ , reveals
preferential spin relaxation in the intermediate spectral regions, at low and high
field, that is characteristic of librational dynamics [16,26,28].

The occurrence of librational motion in the lipid membranes is also confirmed by
spectral simulation. Indeed, by comparing the experimental and simulated spectra in
figure 5.2 (solid and dashed lines, respectively), it can be seen that the ED spectra
are well described with the isotropic model for librations, in which uncorrelated
librations take place simultaneously and independently around the three X-, Y-,
Z-nitroxide axes [16, 28].

From figure 5.2 it can be noted that spin-labels at the chain termini (see 16-
PCSL spectra) relax faster than those at the beginning of the chains (see 5-PCSL
spectra) and faster in the unsaturated POPC and DOPC than in saturated DPPC
bilayers.

The partially-relaxed ED-spectra can be analyzed via the corresponding relax-
ation rate, W, evaluated for different pairs of time delay according to equation (2.27).
An example is shown in figure 5.3.
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Figure 5.3: Upper panel : Two-pulse echo detected ED-EPR spectra of 5-PCSL in POPC
bilayers at 200 K for interpulse spacings (top to bottom) of ⌧ = 168, 296,
424, 552 ns. Lower panel : Anisotropic part of the relaxation rate, W, ob-
tained according to equation (2.27) from pairs of ED-spectra with interpulse
separation of ⌧1 = 168 ns and ⌧2 = 296 ns, 424 ns or 552 ns.

As it can be seen, W -spectra coincide within the noise level. This hows that
relaxation is close to exponential and confirms the validity of the isotropic model for
librations. The relaxation rates are characterized by the maximum values, WL and
WH , determined in the low- and high-field regions, respectively, of the ED-spectra
(see figure 5.3). The difference in intensity at the two positions arises simply from
the different inherent sensitivities of the low- and high-field spectral regions to spin
relaxation.

The WL-values collected from the ED-spectra of 5- and 16-PCSL in POPC,
DOPC and DPPC bilayers at different temperatures are used to determine the
motional parameter for librations, h↵2i⌧c, by using the conversion factors relating
h↵2i⌧c to WL of 1.41 ⇥ 1017 rad�2s�2 for 5-PCSL and of 1.05 ⇥ 1017 rad�2s�2 for 16-
PCSL, as established previously [16]. The temperature dependence of the motional
parameter h↵2i⌧c for 5- and 16-PCSL in POPC, DOPC and DPPC bilayers are
compared in figure 5.4.
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Figure 5.4: Temperature dependence of the amplitude-correlation time product of li-
brations, h↵2i⌧c, for 5- (squares) and 16-PCSL (circles) in POPC (left) and
DOPC (center) unsaturated bilayers and in DPPC (right) saturated bilayers.

In both unsaturated bilayers, h↵2i⌧c for 5-PCSL increases first slowly up to 180 K
and then more markedly for T > 200 K. The temperature dependence for 16-PCSL in
monounsaturated POPC bilayers follows the steps described for 5-PCSL for T < 200
K and it becomes temperature independent for T � 200 K. At any temperature,
the values of h↵2i⌧c for 16-PCSL di-unsaturated DOPC bilayers are higher with
respect to those recorded for 5-PCSL, with the motional parameter increasing from
77 to 150 K, being temperature independent up to 180 K and then increasing again
for T > 200 K. Moreover, at each temperature and for both positional isomers,
the values recorded for DOPC are always higher with respect to those recorded for
POPC. Further, it is interesting to note that in DOPC echo disappears at lower
temperatures for both 5- and 16-PCSL compared to POPC.

From these ED-EPR results it can be highlighted that in both unsaturated bi-
layers the librational dynamics is activated at lower temperature at variance from
what occurs in saturated DPPC bilayers, where for both positional isomers h↵2i⌧c
maintains a low value over a broader temperature range [41]. The most likely expla-
nation of these findings is that the unsaturated bilayers are characterized by a loos-
ened packing density with respect to saturated bilayers that allows larger segmental
librations. This is more evident in DOPC bilayers for the presence of unsaturated
bonds in both the hydrocarbon chains.

To determine the angular amplitude of the librations, cw-EPR spectra of 5-
and 16-PCSL in POPC and DOPC bilayers have been recorded as a function of
temperature. Representative cw-EPR spectra are shown in figure 5.5.
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Figure 5.5: Cw-EPR spectra of (upper panel) 5- and (lower panel) 16-PCSL in monoun-
saturated bilayers of POPC and di-unsaturated bilayers of DOPC at selected
temperatures. Central field = 330 mT, sweep width = 10 mT.

It can be seen that at the lowest temperatures (i.e., T < Tm of the corresponding
lipid matrix) the spectra for both labeling positions are powder patterns typical of
immobilized nitroxides on the EPR time scale and the resonance lines are inhomoge-
nously broadened with evident spin-spin broadening in di-unsaturated DOPC. For
both 5- and 16-PCSL, the spectral anisotropy reduces on increasing the tempera-
ture, first moderately and then more rapidly on approaching the temperature of the
main phase transition of the bilayers. This behavior is particularly evident at the
chain termini in the deep interior of the bilayers probed by 16-PCSL where, for T
> Tm, three-line triplets with differential lineheights and linewidths are recorded.

From the collected cw-EPR spectra, the motionally averaged outermost peak
separation 2hAZZi have been measured and then the mean-square angular ampli-
tude of librations h↵2i calculated according to equation (2.16). The temperature
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dependences of 2hAZZi and h↵2i are shown in figure 5.6.

Figure 5.6: Temperature dependence of (upper panel) the hyperfine splitting, 2hAZZi,
and (lower panel) mean-square angular amplitude of libration, h↵2i, for 5-
(squares) and 16-PCSL (circles) in POPC (left), DOPC (center) and DPPC
(right) bilayers. Errors for 2hAZZi are within symbols.

For POPC bilayers, 2hAZZi-values for 5-PCSL, i.e., a labeling probing the po-
lar/apolar interface within the membranes, are high and almost constant at about
6.80 mT over a broad temperature range and reduce to 6.10 ± 0.02 mT at the highest
temperature 270 K. For 16-PCSL, instead, 2hAZZi-values show a slow temperature
decrease from 6.50 ± 0.02 mT to 6.20 ± 0.02 mT on going from 120 K to 220 K,
and then a more marked and progressive decrease to 5.01 ± 0.02 mT at 250 K and
3.40 ± 0.02 mT at 270 K. For DOPC bilayers, the dependence on temperature for
the two positional isomers is similar to that observed in POPC with an interesting
difference: the reduction in 2hAZZi-values occurs at lower temperatures and it is
more marked for 16-PCSL than for 5-PCSL. Indeed, from figure 5.6 it can be seen
that for DOPC/5-PCSL a high and constant 2hAZZi value of about 6.30-6.50 mT is
recorded up to 250 K, it is 6.40 ± 0.02 mT at 260 K and decreases to 6.09 ± 0.02
mT at 270 K; for DOPC/16-PCSL, instead, 2hAZZi is 4.40 ± 0.02 mT at 240 K,
3.70 ± 0.02 mT at 250 K and 3.30 ± 0.02 mT at 270 K, when the bilayers are in
the fluid state.

What we have seen above for the temperature dependences of the outer hyperfine
splitting is mirrored in the temperature dependences of the mean-square angular
amplitude of librations for 5- and 16-PCSL in unsaturated POPC and DOPC bilayers
reported in the lower panels of figure 5.6.

For 5-PCSL, h↵2i is first low and constant over a wide temperature range, then
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it starts to increase rapidly for T � 240 K in POPC and for T � 250 K in DOPC.
For 16-PCSL the angular amplitude is low and constant at the lowest temperatures,
then it increases progressively, first slowly and then more rapidly for T > 210 K in
POPC and T > 190 K in DOPC.

From the plots in figure 5.6, it can be also observed that the angular amplitudes
of libration are higher at the chain termini than at the beginning of the chain and
slightly higher in DOPC than in POPC. For monounsaturated POPC bilayers, ↵
for 5-PCSL increases from 5.3� ± 1.8� at 210 K to 7.4� ± 1.3� at 240 K to 11.3�

± 0.8� at 260 K, whereas for 16-PCSL it increases rapidly from 8.2� ± 1.2� at 180
K to 10.3� ± 1.0� at 200 K to 13.2� ± 0.6� at 220 K. For di-unsaturated DOPC
bilayers, comparable values to the above listed angles are recorded for 5-PCSL at
the polar/apolar interface, while higher values are recorded for 16-PCSL in the inner
hydrocarbon region, with ↵ being 9.5� ± 1.1� at 180 K, 14.2� ± 0.7� at 200 K, 18.9�

± 0.5� at 220 K.
Finally, for comparison, it is worthy to note from figure 5.6 that the h↵2i-values

for both spin-labels are larger in the unsaturated bilayers than in the compact high-
Tm bilayers of DPPC lipids [41]. They are, instead, comparable to those reported for
stearic acid spin labels in bilayers of natural lipid extracted from Na,K-ATPase [32].

Characterization of the segmental librational motion is completed by evaluating
the correlation time of motion, ⌧c (figure 5.7). This is done by dividing the h↵2i⌧c
values by h↵2i at corresponding temperatures.

Figure 5.7: Temperature dependence of the librational correlation time, ⌧c, for 5-
(squares) and 16-PCSL (circles) in POPC (left) and DOPC (center) un-
saturated bilayers and in DPPC (right) saturated bilayers.

From figure 5.7 it is evident that in both POPC and DOPC ⌧c lies in the nanosec-
ond time scale for 5-PCSL and in the subnanosecond time scale for 16-PCSL. Seg-
mental chain librations lay in the subnanoseconds along the saturated chain of DPPC
bilayers. In any sample, data in figure 5.7 give confirmation that librations are rapid
and occur on the T2 nanosecond timescale accessible to cw-EPR and two pulse elec-
tron spin echo experiments.
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5.2 Angular librational oscillations in interdigitated lamellar

phases

Some phosphocholine bilayer-forming lipids are able to self-assemble in a lamel-
lar phase with interdigitated chains in the gel phase, either spontaneously or in the
presence of an inducer agent at a threshold concentration that causes the loss of
the bilayer midplane [84]. The induction of acyl chain interdigitation affects dif-
ferent bilayer properties, such as the packing density and order of the acyl chains,
electrostatic interactions at the surface, structural and mechanical properties. EPR
of chain-labelled lipids represent an appropriate tool to investigate lamellar phases
with interdigitated chains. The main experimental evidence when lamellar phases
with interdigitated chains are studied with EPR spectroscopy is that a positional
isomer at the chain termini (viz., 14- or 16-PCSL) is located near the interfacial
region on the opposite side of the lamellae, and it is motionally restricted to an
extent comparable to that of a positional isomer at the first segments of the lipid
chains (viz., 4- or 5-PCSL). So that, in the interdigitated phase two extreme posi-
tions of labeling (such as 5- and 16-PCSL) sample the same high-polarity interfacial
bilayer regions upon the transfer of the apolar groups to water. Model membranes
of the ether-linked lipid DHPC adopt an interdigitated structure in gel phase and
have been characterized in-depth at low, cryogenic temperature by applying cw- and
pulsed EPR [41, 136]. Here we focus on the librational oscillations of spin-labels in
two fully hydrated lamellar assemblies with interdigitated chains, namely mixtures
of DPPC and Lyso-PPC lipids at equimolar content and DPPC hydrated in ethanol
and D2O (60% v/v), that have been also studied by D2O-ESEEM spectroscopy and
presented in Section 4.2.

Cw-EPR spectra at selected temperatures for the two interdigitated systems in
the frozen state are shown in figure 5.8.

They are powder patterns typical of spin-labeled lipids well incorporated within
the host lipid matrix and probing a frozen ordered environment. Up to 220 K,
both labeling positions (i.e., 5-PCSL, located at the polar/apolar interface, and
16-PCSL, located at the terminal methyl chain segment) are strongly immobilized
and exhibit spectra of comparable large anisotropy and inhomogenously broadened
resonances. The spectral anisotropy reduces and the lines slightly narrow upon
progressive temperature increase, and this is more evident at the n = 16 position
than at the n = 5 position.
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Figure 5.8: Cw-EPR spectra of (upper panel) 5- and (lower panel) 16-PCSL in inter-
digitated DPPC/Lyso-PPC (left) and DPPC/etOH (right) dispersions at
selected temperatures. Central field = 332.5 mT, sweep width = 10 mT.

Variations in the spectral anisotropy in the differing samples can be single out
in the temperature dependence of the outer hyperfine separation, 2hAZZi, for both
5- and 16-PCSL (figure 5.9).

The interdigitated matrix composed by equimolar content of DPPC and Lyso-
PPC is characterized by constant high values for the hyperfine separation of about
6.90 mT for both spin-labels. This value is maintained over a broad temperature
range, up to 220 K, and then it progressively reduces to 6.72 ± 0.02 mT for 5-PCSL
and more rapidly to 6.55 ± 0.02 mT for 16-PCSL. In the case of the interdigitated
sample DPPC/etOH, again, for both labels, 2hAZZi maintains high values (that are
smaller than those in DPPC/Lyso-PPC) up to 220 K, and it is slightly greater at
n = 5 (6.85 ± 0.02 mT) than at n = 16 (6.80 ± 0.02 mT). For T > 220 K, the
hyperfine separation reduces rapidly reaching 6.55 ± 0.02 mT for 5-PCSL and 6.38
± 0.02 mT for 16-PCSL at 260 K.

The coincidence of the 2hAZZi values between the two extreme positions of la-
beling in both samples (DPPC/Lyso-PPC and DPPC/etOH) is a clear consequence
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Figure 5.9: Temperature dependence of the hyperfine splitting, 2hAZZi, for 5- (squares)
and 16-PCSL (circles) in interdigitated (upper panel) DPPC/Lyso-PPC and
(lower panel) DPPC/etOH dispersions. Errors are within symbols.

of chain interdigitation in which both spin-labels experience the same membrane
environment and are exposed to the solvent at the polar/apolar interface. The tem-
perature dependences of 2hAZZi for the spin-labeled lipids in both interdigitated
samples differ notably from those reported for DPPC bilayers in figure 5.6 [41]. In
noninterdigitated DPPC bilayers, 2hAZZi for 5-PCSL keeps high values over almost
the entire sampled temperature range, whereas tha values for 16-PCSL are lower
and decrease on increasing the temperature. This finding accounts for the reduction
in polarity (from the 2hAZZi-values at the lowest temperatures) and the increased
segmental chain disorder and rotational mobility (from the 2hAZZi-values at the
highest temperatures) on going down along the chain in DPPC bilayers [41, 132].
Data in figure 5.9 indicate that DPPC/etOH exhibits a more loose chain packing
density with respect to DPPC/Lyso-PPC, evidenced by lower 2hAZZi-values in the
high temperature regime. Differences in chain packing properties among various
interdigitated samples were previously evidenced. Indeed, the interdigitated state
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promoted in DPPC by glycerol is characterized by a uniformly tight packing of the
interdigitated chains [132,144]. A loosened packing density was evidenced in DPPC
with 80 mg/ml of ethanol [145] and chaotropic ions [146]. Other examples of loos-
ened packed interdigitated bilayers are DHPC [41] and 1,3 DPPC [145], that are
known to spontaneously interdigitate in the gel phase.

The slight temperature variation of the spectral anisotropy of the two end labels
in the interdigitated matrices (see figure 5.8), the constant temperature dependence
of the motionally averaged hyperfine separation in the low-temperature regime and
its decrease at T > 220 K (see figure 5.9) are indication of librational motion [16,26,
34, 39, 41]. Thus, by applying equation (2.16), the mean-square angular amplitudes
of libration, h↵2i, for 5- and 16-PCSL in DPPC/Lyso-PPC and DPPC/etOH have
been evaluated and their temperature dependences are shown in figure 5.10.

Figure 5.10: Temperature dependence of the mean-square angular amplitude of libration,
h↵2i, for 5- (squares) and 16-PCSL (circles) in interdigitated (upper panel)
DPPC/Lyso-PPC and (lower panel) DPPC/etOH dispersions.

From the figure, it can be highlighted that i) in any sample, similar h↵2i are
obtained for the two labeling positions as a result of chain interdigitation; ii) in both
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samples, h↵2imaintains a constant very small value up to 220 K and then it increases
more rapidly in DPPC/etOH than in DPPC/Lyso-PPC matrix. The librational
angle is 3.3� ± 2.3�, 5.2� ± 2.3�, 10.4� ± 0.9� for 5-PCSL and 6.0� ± 1.5�, 6.7� ±
1.4�, 14.1� ± 0.7� for 16-PCSL in DPPC/Lyso-PPC on going from 230 K to 240 K to
260 K, respectively; it is 7.9� ± 1.3�, 9.3� ± 1.1�, 13.9� ± 0.7� for 5-PCSL and 7.0� ±
1.3�, 9.5� ± 1.0�, 15.9� ± 0.7� for 16-PCSL in DPPC/etOH on going from 230 K to
240 K to 260 K, respectively. As a consequence of the difference in the chain packing
density, the angular amplitude is greater in DPPC/etOH than in DPPC/Lyso-PPC.
We note that h↵2i temperature dependence in the two interdigitated systems is
similar to what has been reported for DPPC with equimolar content of cholesterol
[16], for lipids extracted from Na,K-ATPase membranes [32], for small spin-labels
in glassy media [26,147], and for spin-labeled proteins [39,148].

It is of interest to compare the results obtained in the interdigitated DPPC/Lyso-
PPC and DPPC/etOH samples with those for the ether-linked DHPC membranes,
which spontaneously interdigitate in the gel state, and with those for the ester-
linked saturated DPPC [41] and unsaturated POPC and DOPC [143], which form
bilayers with noninterdigitated chains. In the interdigitated DHPC sample, the
h↵2i-values for both labels are very low and temperature independent up to 230
K and then increase steeply, with h↵2i always greater at the chain termini than
at the first segments, over the entire temperature range investigated [41]. In the
noninterdigitated bilayers, instead, the two positional isomers show a progressive
increase in the librational amplitudes on increasing the temperature with h↵2i at
the last methyl chain segments (16-PCSL) greater than h↵2i at the polar/apolar
interface (5-PCSL) at any temperature higher that 180 K [41,143].

5.3 Dynamical transition

The most striking feature of the temperature dependences of the mean-square
librational amplitudes reported in figures 5.6 and 5.10 is that they show a steep in-
crease at about 200 K. This behavior has already been observed with EPR methods
in a variety of hydrated spin-labeled biosystems, including proteins [35,39,142,148–
150], model membranes [40,41] and natural membranes [31,32]. Even more interest-
ingly, the same trend is observed in the temperature dependence of the mean-square
atomic displacement, hr2i, by neutron scattering and Mössbauer spectroscopy for hy-
drated macromolecules and membranes [29,45,46,49–52]. The temperature at which
the rapid increase of the mean-square displacement parameter or of the mean-square
librational amplitude sets in is identified with the dynamical transition temperature,
Td, which denotes the onset of stochastic (diffusive) motions of grater amplitude [29].
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According to this definition, a dynamical transition can be identified in POPC
and DOPC spin-labeled with 16-PCSL at a temperature of 210 K and 190 K, respec-
tively, and at about 220 K in the interdigitated DPPC/Lyso-PPC and DPPC/etOH
membranes spin-labeled with both 5-PCSL and 16-PCSL. These temperature values
are comparable with those previously reported in the range 180 - 240 K, by spin-
label EPR in ether and ester-linked saturated chain PC membranes [41], by neutron
scattering in hydrated purple membranes [43, 47] and in multibilayers of dimyris-
toylphosphatidylcholine [52] and dipalmitoylphosphatidylcholine [48], and in model
membranes by Raman spectroscopy [38,151,152] and differential scanning calorime-
try [153, 154]. A dynamical transition has been also observed in a nonbiological
system composed by hydrated microgels [55,94].

For temperatures above the dynamical transition temperature, the temperature
dependences of the mean-square angular amplitude of librations conform with an
Arrhenius law:

h↵2i = h↵2io exp (�Ea/RT ) (5.1)

where Ea is the activation energy of motion that can be derived from linear fits of
the data of h↵2i vs 1/T as shown in figure 5.11.

Figure 5.11: Arrhenius plots characterizing the temperature dependence of the libra-
tional amplitude, h↵2i, in the high temperature regime for (left) 16-PCSL in
POPC (solid symbols) and in DOPC (open symbols), (right) DPPC/etOH
(squares) and DPPC/Lyso-PPC (circles) interdigitated samples spin labeled
with 5- (solid symbols) and 16-PCSL (open symbols). Dashed lines are lin-
ear regressions evaluated by applying equation (5.1) to the data.

The activation energy, Ea, evaluated from the linear regression of figure 5.11 is
17.4 ± 1.8 kJ/mol for POPC and 13.0 ± 1.4 kJ/mol for DOPC, spin-labeled in the
inner hydrocarbon region; it is 20.3 ± 1.8 kJ/mol for 5-PCSL and 32.4 ± 2.6 kJ/mol
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for 16-PCSL in DPPC/etOH, and 29.0 ± 4.6 kJ/mol for 5-PCSL and 31.2 ± 3.4
kJ/mol for 16-PCSL in DPPC/Lyso-PPC.

These values are, again, comparable with previous estimations for spin-labeled
lipid model systems [41,53,155] and natural membranes and proteins [39] analyzed
with electron spin resonance, as well as for proteins analyzed with other experimental
techniques [29, 54] and non-biological samples [94], suggesting that the dynamical
transition is a property shared by various hydrated systems investigated with a
multiplicity of physical techniques.
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CHAPTER 6

Role of hydration water in the dynamical properties

of proteins and lipid membranes

The dynamics of biomolecular systems is influenced by the hydration water and
both underlie on functioning. In this chapter the effects of hydration on the li-
brational dynamics of bio-aggregates in the low temperature regime 120 - 270 K
are investigated. Globular proteins of different structure, namely �-Lactoglobulin
(�-LG) and Human Serum Albumin (HSA), and lamellar phases of di-saturated
symmetrical chain palmitoyl-phosphatidylcholines (DPPC) are considered. The li-
brational motion is markedly restricted in the lyophilized proteins and is activated
in hydrated proteins independently of the hydration level. The segmental librational
oscillations in lipid membranes are dependent on chain position of labeling and hy-
dration conditions: they are larger in the deep bilayer interior than in the region
close to the polar/apolar interface and larger in hydrated than in de-hydrated lipid
membranes. In any hydrated biosystems, proteins or lipid lamellae, the dynami-
cal transition is detected around 220 - 235 K, as it is found for other investigated
samples, and is characterized by similar activation energies in the range 16 - 21 kJ
mol�1.
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6.1 Effect of hydration on librational oscillations of ↵ vs �

globular proteins

�-LG and HSA are two globular proteins with different shape and size (18 kDa
for �-LG vs 66 kDa for HSA) and structure (mainly ↵-helical for HSA and �-
sheets for �-LG) that serves as paradigms for biophysical studies (see figure 6.1
for proteins structure). For the present work, they have been spin-labeled with
maleimide nitroxide derivative (5-MSL) on surface exposed cysteins (Cys121 in �-
LG and Cys34 in HSA) and prepared in differing hydration conditions, namely
lyophilized, low hydration (h = 0.10 - 0.14) and full hydration (h > 0.55).

Figure 6.1: Crystal structure of (left) �-LG (PDB ID 3NPO [156]) and (center) HSA
(PDB ID 1AO6 [157]). Cysteins labelled with maleimide spin-label 5-MSL
are indicated in orange. 5-MSL structure is also given (right).

In figure 6.2 are reported the conventional EPR spectra at selected temperatures
of frozen spin-labeled �-LG and HSA in the lyophilized state and at low and full
hydration.

From figure 6.2 it can be seen that, independently from protein structure, a)
powder patterns with large spectral widths and broad lines are obtained at low
temperatures; b) the spectral anisotropy moderately reduces and the linewidths
narrow only at the highest temperatures for proteins in the lyophilized state; c) for
hydrated proteins, from T > 200 K, the spectra progressively narrow and achieve
almost sharp lineshapes at the highest temperatures, more in the full than in the
low hydration state.
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Figure 6.2: Cw-EPR spectra at selected temperatures of (upper panel) �-
Lactoglobulin/5-MSL and (lower panel) Human Serum Albumin/5-MSL at
differing hydration conditions.

The two proteins display a rather similar temperature dependence of the mo-
tionally averaged hyperfine splitting, 2hAZZi, under corresponding experimental
conditions. Indeed, as it can be seen by comparing the two panels in figure 6.3,
an almost constant value of the hyperfine separation of about 6.90 mT is recorded
in both lyophilized proteins, although it slightly decreases in �-LG on increasing the
temperature. In contrast, the 2hAZZi temperature dependence in the proteins at

79



6. Role of hydration water in proteins and lipid membranes

low and full hydration is biphasic: for T < 200 K, the 2hAZZi-values increase with
temperature, more rapidly in HSA than in �-LG; for T � 200 K a similar decrease
at the same rate is recorded for the 2hAZZi-values as a result of progressive motional
narrowing by librations [101].

Figure 6.3: Temperature dependence of the outer hyperfine separation, 2hAZZi, for (left)
�-LG/5-MSL and (right) HSA/5-MSL at differing hydration conditions.

On the whole, the results in figure 6.3 suggest that i) the environmental polarity
on the surface of the proteins and the ability of the nitroxide maleimide group to
form hydrogen-bonds with water molecules change as a function of sample hydration
in the order: lyophilized < low hydration < full hydration; ii) mobility is markedly
restricted in the lyophilized proteins and it intensifies at comparable extent for both
proteins in the high temperature regime at low and full hydration conditions. Our
results in the first point are in agreement with literature data that evidenced the
presence of a local maximum in the temperature dependence of 2hAZZi in HSA
dispersed in different amount of hydration water molecules [142, 158] and in fully
hydrated spin-labelled lipid membranes [16]. To this behavior contributes the tem-
perature dependence of the hydrogen-bonded water [159]. The second point clearly
indicate that low-temperature protein dynamics is activated even in the presence of
a low number of water molecules. Again, this is in keeping with previous results ob-
tained by using a variety of biophysical techniques relating the level of hydration to
the dynamics of proteins [35,59,150,160,161] and non-biological polymers [94,162].

The dependence on temperature of the mean-square angular amplitude of libra-
tions, h↵2i, in figure 6.4 gives results consistent with those of the outer hyperfine
splitting, 2hAZZi, in figure 6.3.
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Figure 6.4: Temperature dependences of the mean-square angular amplitude, h↵2i, for
(left) �-LG/5-MSL and (right) HSA/5-MSL at differing hydration condi-
tions. Insets : difference among the h↵2i values in the hydrated and in the
lyophilized samples, �h↵2i = h↵2i (fully hydrated)�h↵2i (lyophilized).

Indeed, in figure 6.4 it can be seen that for T > 200 K, the angular librational
amplitude increases at the same rate and at the same extent in both proteins under
low and full hydration conditions, whereas in the lyophilized samples h↵2i maintains
small and constant values in accordance with previous findings [29, 35, 92]. In this
latter case, the angular amplitude is about 6 - 7� in �-LG and about 3� in HSA.

To better discriminate the effect of the solvent on the extent of the librational
amplitudes, we plot the difference in the mean-square angular amplitude, �h↵2i,
between the fully hydrated and lyophilized samples. From the insets in figure 6.4 it
can be seen that the presence of water molecules intensifies the librational dynamics
at a temperature where the protein dynamical transition sets in, with Td at about
230 K in both proteins. In close agreement with literature [39, 54], at this temper-
ature �-LG and HSA cross low-energy barriers of 21.53 ± 0.53 kJ mol�1 and 21.04
± 2.10 kJ mol�1, respectively. These activation energies are calculated by applying
equation (5.1) to the h↵2i-values.

6.2 Effect of hydration on segmental librational oscillations of

lipid bilayers

Cw-EPR spectra at selected temperatures in the range 150 - 260 K for 4-PCSL
and 14-PCSL in DPPC bilayers at different level of hydration, namely de-hydrated,
low hydrated (nw/nL ' 3), and fully hydrated (nw/nL � 25) are shown in figure
6.5 and 6.6, respectively. With 4-PCSL the hydrocarbon region in close proximity
at the polar/polar interface of the lipid glycerol backbone is probed, whereas with
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14-PCSL the inner hydrocarbon region at the bilayer midplane is investigated.

Figure 6.5: Cw-EPR spectra at selected temperatures of 4-PCSL in DPPC bilayers at
differing hydration conditions.

For DPPC bilayers in the dehydrated state, the spectra of 4-PCSL are pow-
der patterns of immobilized spin-labels well incorporated in the host matrix and
characterized by large anisotropy and linewidths which reduce only a little at the
highest temperatures. In contrast, by comparing the spectra of de-hydrated 4-PCSL
in DPPC with that of the other two samples at corresponding temperatures, it is
evident a slight reduction of the spectral anisotropy of comparable extent at low
and full hydration state, particularly in the high temperature regime.

Powder patterns of immobilized spin-labels are also recorded for 14-PCSL in
DPPC bilayers in the frozen state at any hydration condition (see figure 6.6). How-
ever, a progressive reduction of anisotropy on increasing temperature is evident
independently of the hydration condition. In the low and fully hydrated DPPC/14-
PCSL samples, in particular, variations proceed at a more rapid rate for T > 240 K
compared to the de-hydrated sample. In any case, the region of the CH2 segments at
the beginning of the chains is a membrane zone where the lipid mobility is strongly
inhibited; in contrast, lipid mobility is favored in the inner membrane region of the
terminal CH3 methyls [16,132].
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Figure 6.6: Cw-EPR spectra at selected temperatures of 14-PCSL in DPPC bilayers at
differing hydration conditions.

Quantitatively, the effects of hydration on the spectral anisotropy of chain la-
belled lipids in DPPC bilayers can be seen in the temperature dependences of the
motionally averaged hyperfine separation, 2hAZZi, reported in figure 6.7.

Figure 6.7: Temperature dependence of the outer hyperfine separation, 2hAZZi, (left)
4-PCSL and (right) 14-PCSL in DPPC bilayers at differing hydration condi-
tions.

Higher values of 2hAZZi are reported for 4-PCSL with respect to 14-PCSL over
the whole temperature range investigated. This behavior in the low temperature
regime reflects the higher environmental polarity at the polar/apolar interface of
the bilayers compared to the low one at the bilayer midplane. From figure 6.7 it
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comes out that the temperature variation of 2hAZZi is dependent on labeling posi-
tion and hydration conditions. For 4-PCSL in DPPC, 2hAZZi in the de-hydrated
sample maintains a constant value of 6.65 ± 0.02 mT over the entire temperature
range investigated and it is also evident that 2hAZZi (de-hydrated)  2hAZZi (low
hydrated)  2hAZZi (fully hydrated), with a moderate hyperfine separation reduc-
tion in the high temperature regime for the hydrated samples.

For 14-PCSL, 2hAZZi (de-hydrated) ' 2hAZZi (low hydrated) < 2hAZZi (fully
hydrated). This trend at the lowest temperatures accounts for the higher environ-
mental polarity in DPPC bilayers at full hydration. For T > 200 K, a progressive
decrease of 2hAZZi is seen in any DPPC/14-PCSL sample, being more rapid in the
hydrated (both low and full) than in the de-hydrated sample. At 200 K, 2hAZZi
is 6.35 ± 0.02 mT both in the de-hydrated and low hydrated samples and 6.50 ±
0.02 mT in the fully hydrated one; at 270 K it reduces to 6.15 ± 0.02 mT in the
de-hydrated sample and to 6.05 ± 0.02 mT in the low hydrated and fully hydrated
samples.

The results in figure 6.7 clearly suggest that the segmental chain dynamics is
favored in the hydrated samples and that in the upper bilayer regions is markedly
restricted in the de-hydrated state, whereas mobility is observed at the chain termini
even in the absence of water. Indeed, it can be noted that for DPPC/14-PCSL at
the bilayer midplane the hyperfine separation decreases first slowly from 120 K to
240 K and then more rapidly from this temperature onward.

What is said for the temperature dependences of 2hAZZi is mirrored in the
temperature dependences of the angular librational amplitude for both positional
isomers in the various DPPC samples reported in figure 6.8.

For de-hydrated DPPC bilayers in the frozen state the librational dynamics at the
first acyl segments is highly restricted, maintaining an average angular value of about
5�, whereas librational oscillations of increasing angular amplitude are recorded at
the terminal chain segments. Indeed, for 14-PCSL ↵ progressively increases from
about 3� to about 13� on going from 120 k to 270 K. For low hydrated and fully
hydrated DPPC samples, the angular librational amplitudes intensify with temper-
ature more in the inner hydrocarbon region than at the polar/apolar interface, with
↵ reaching a value of about 10� and 17� for 4-PCSL and 14-PCSL, respectively, at
full hydration condition at 270 K.
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Figure 6.8: Temperature dependence for the mean-square librational amplitude h↵2i for
(left) 4-PCSL and (right) 14-PCSL in DPPC bilayers at differing hydra-
tion conditions. Insets : difference among the h↵2i values in the hydrated
and in the de-hydrated samples, �h↵2i = h↵2i (fully hydrated) �h↵2i (de-
hydrated).

The insets in figure 6.8, showing the difference between the mean-square angular
amplitudes of libration in the hydrated and de-hydrated samples for 4-PCSL and
14-PCSL in DPPC bilayers, clearly indicate that the presence of hydration water
intensifies significantly the librational dynamics at a temperature of about 240 K
for 4-PCSL and 225 K for 14-PCSL. Therefore, the dynamical transition at Td =
240 K can be attributed for hydrated 4-PCSL sample with an activation energy Ea

= 18.43 ± 1.93 kJ mol�1, deduced from the Arrhenius plot (equation (5.1)) for the
librational amplitudes. The Arrhenius plots on DPPC spin-labeled with 14-PCSL
for the three hydration conditions are shown in figure 6.9.

It can be seen from figure 6.9 that the fully hydrated sample presents a steeper
temperature dependence with respect to the low hydrated and the de-hydrated sam-
ples. Indeed, the activation energies are: Ea (de-hydrated) = 7.47 ± 0.67 kJ mol�1

< Ea (low hydration) = 9.06 ± 0.11 kJ mol�1 < Ea (full hydration) = 16.39 ±
0.57 kJ mol�1. The spin-label EPR results for hydrated DPPC agree with previous
data obtained with 5- and 16-PCSL exhibiting the dynamical transition around 220
K and Ea = 15.0 ± 1.5 and 13.0 ± 0.3 kJ mol�1 at the upper bilayer region and
inner hydrocarbon zone, respectively [41]. A gradient of increasing librational am-
plitudes has been observed on going down the chain at low temperatures in DPPC
with equimolar content of cholesterol [16]. These results are also consistent with
those recorded in frozen fully hydrated unsaturated bilayers [143]. Moreover, slowed
dynamics in the region close to the head groups as a consequence of reduced hydra-
tion has been observed in POPC bilayers by applying computational methods [163].
Further, a recent neutron diffraction study highlighted that the dynamics of DMPC
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Figure 6.9: Arrhenius plots characterizing the temperature dependence of the librational
amplitude, h↵2i, in the high temperature regime for 14-PCSL in DPPC bi-
layers at differing hydration conditions. Dashed lines are linear regressions
evaluated by applying equation (5.1) to the data.

bilayers is not significantly affected by the hydration state and the dynamical tran-
sition occurs at a lower temperature in the hydrocarbon chains compared to the
polar heads [52].

The present EPR results give insights on how water promotes dynamics in pro-
teins and model membranes. Acting as a plasticizer, water could equally affect the
functioning in the active state of the macromolecules.
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CHAPTER 7

Hydration water dynamics in tau protein

from neutron scattering data analysis

The work I am going to present in this chapter is the result of a research period
at the Institut de Biologie Structurale (IBS) in Grenoble, were I spent six months in
2019 as a visiting PhD student. I was welcomed in the DYNAMOP group led by Dr.
Martin Weik and my research supervised by Dr. Giorgio Schirò. My research is part
of a major project aiming to develop a comprehensive model to describe hydration
water dynamics from room temperature down to the supercooled regime, analyzing
neutron scattering data on the intrinsically disordered human tau protein at differ-
ent energy resolutions. Here, quasi-elastic neutron scattering data analysis on tau
protein collected at the time-of-flight spectrometer TOFTOF will be presented. It
drafts of an ongoing work dealing with the development of a code to perform the
fitting procedure of TOFTOF data on hydration water in perdeuterated tau.

7.1 Quasi elastic neutron scattering: theoretical background

Neutrons existence, predicted by Rutherford in 1920, was confirmed by Chad-
wick in 1932 when the irradiation of beryllium with ↵-particles caused an emission
attributed to neutral particles coming from beryllium itself [164]. In 1936 the first
Bragg reflection of slow neutrons from MgO single crystal and Fe was performed.
Later, in 1946, experiments in a nuclear reactor by Fermi and Zinn demonstrated
that neutrons can be reflected if the angle of incidence of the neutron beam is
sufficiently small, starting subsequent progresses in the application of neutrons in

87



7. Hydration water dynamics in tau protein

science [165]. In late ’60s and ’70s the majority of all the currently used nuclear
facilities were built.

The validity of neutron research relies on the fact that thermal neutrons wave-
length corresponds to interatomic distances in solids and liquids, thus the crystalline
structure can be investigated as well as shape and volume of macromolecules. Be-
cause of its neutral condition, neutron does not disrupt matter and it is able to come
close to the nuclei, being a useful tool for the investigation of a variety of samples
with only weak interactions [166]. Moreover, the energy of thermal neutrons is of the
order of the energies of excitation in condensed matter, giving information on inter-
atomic forces, and neutrons have magnetic moment, thus can interact with unpaired
electron giving information on the electron spins and electronic configuration [167].

7.1.1 Principles of neutron scattering

A neutron is scattered by a general scattering system with a probability de-
pendent on the cross section, �, which is the quantity measured in a scattering
experiment (figure 7.1). The cross section is determined by the element, the isotope
and the relative spin orientations of neutrons and nuclei. The cross section can be
defined as the ratio between the number of neutrons scattered per second and the
flux of a neutron beam, �.

Figure 7.1: Geometry for a scattering experiment (from [167]).

To take into account the angles (✓,�) of the scattering process, the differential
cross section can be defined as follows:

d�

d⌦
=

N

�d⌦
(7.1)

with N number of neutrons scattered per second in the solid angle d⌦. Considering
the possibility of energy exchange between the scattered neutrons and the nuclei of
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the scattering system, the partial differential cross section is defined:

d
2
�

d⌦dE 0 =
N

�d⌦dE 0 (7.2)

with N number of neutrons scattered per second in the solid angle d⌦ with final
energy [E 0;E 0 + dE

0].
In the simple case of an incident beam of neutrons interacting with a single fixed

nucleus, the following wavefunctions can be associated:

 incident = exp(ikz) (7.3)

 scattering = �
b

r
exp(ikr) (7.4)

where b is a constant, the so-called scattering length. Its value, depending on the
nucleus and the spin-state of the nucleus-neutron system, needs to be determined
experimentally [167].

It is useful to apply the Fermi’s golden rule to derive a definition of the differential
cross section describing the process of a scattering system in an initial state � defined
by the wavevector k which, interacting with a potential V , goes in a final state �0

described by the wavevector k
0 as follows:

d�

d⌦�!�0
=

k
0

k

⇣
m

2⇡~2
⌘2

| hk0
�
0 | V | k�i |2 (7.5)

where V (r) = 2⇡~2m�1
b�(r) is the short range Fermi pseudopotential, m is the

mass of the neutron and r is the neutron coordinate [167].
The conservation of the energy among the initial and final state of the scattering

system, respectively E� and E
0
�
, and of the scattering neutrons, E and E

0, allows
the following expression for the partial differential cross section:

✓
d
2
�

d⌦dE 0

◆

�!�0
=

k
0

k

⇣
m

2⇡~2
⌘2

| hk0
�
0 | V | k�i |2 � (E + E� � E

0 � E�0) (7.6)

with � (Einitial � Efinal) the energy distribution described by a Dirac function. In-
serting the expression for the Fermi pseudopotential, equation (7.6) becomes:

✓
d
2
�

d⌦dE 0

◆

�!�0
=

k
0

k

X

j

bj | h�0 | exp (iq · rj) | �i |2 � (E + E� � E
0 � E�0) (7.7)

being q = k � k
0 the scattering vector. Thus, writing the Dirac function in its

89



7. Hydration water dynamics in tau protein

integral form it follows:

✓
d
2
�

d⌦dE 0

◆

�!�0
=

k
0

k

1

2⇡~
X

ij

bjbi

Z +1

�1
h� | exp (�iq · rj(0)) | �0i⇥

h�0 | exp (iHt/~) exp (iq · ri(0)) exp (�iHt/~) | �i exp (�i!t) dt
(7.8)

and applying the Heisenberg operator:

✓
d
2
�

d⌦dE 0

◆

�!�0
=

k
0

k

1

2⇡~
X

ij

bjbi

Z +1

�1
h� | exp (�iq · rj(0)) | �0i⇥

h�0 | exp (iq · ri(t)) | �i exp (�i!t) dt
(7.9)

with ri(t) the position of the nuclei at time t. Summing over �0 and by applying the
density operator and averaging over �, equation (7.9) can be written as [167]:

d
2
�

d⌦dE 0 =
k
0

k

1

2⇡~
X

ij

bjbi

Z +1

�1
hexp (�iq · rj(0)) exp (iq · ri(t))i ⇥ exp (�i!t) dt

(7.10)
The scattering length bi for the ith atom shall be such that:

bibj = b2 if i = j

bibj = b
2

if i 6= j

(7.11)

and thus equation (7.10) can be easily written as follows:

d
2
�

d⌦dE 0 =
k
0

k

1

2⇡~b
2X

ij

Z +1

�1
hexp (�iq · rj(0)) exp (iq · ri(t))i ⇥ exp (�i!t) dt+

+
k
0

k

1

2⇡~

⇣
b2 � b

2
⌘X

i

Z +1

�1
hexp (�iq · ri(0)) exp (iq · ri(t))i ⇥ exp (�i!t) dt

(7.12)

with the first term of the sum in equation (7.12) being the coherent part and the
second term the incoherent part of the total scattering cross section. The cross
section is proportional to the scattering length b and the difference in the scattering
lengths arises from the different total spin states of the nucleus-neutron system.
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Moreover, defining the coherent scattering cross section as �coh = 4⇡b
2 and the

incoherent scattering cross section as �inc = 4⇡
⇣
b2 � b

2
⌘
, equation (7.12) is also:

d
2
�

d⌦dE 0 =
�coh

4⇡

k
0

k
Scoh(q,!) +

�inc

4⇡

k
0

k
Sinc(q,!) (7.13)

where Sinc(q,!) and Scoh(q,!) are the incoherent and coherent dynamic structure
factors, respectively. The first one accounts for the correlation among positions of
different nuclei and the second one represents the correlation among positions of a
single nucleus at different times [167].

7.1.2 Scattering functions

The dynamic structure factors can be written with the useful intermediate func-
tion for the nuclei I(q, t) as follows:

Scoh(q,!) =
1

2⇡

Z +1

�1
Icoh(q, t) exp(�i!t)dt

Sinc(q,!) =
1

2⇡

Z +1

�1
Iinc(q, t) exp(�i!t)dt

(7.14)

with the intermediate functions:

Icoh(q, t) =
1

N

X

ij

hexp (�iq · rj(0)) exp (iq · ri(t))i

Iinc(q, t) =
1

N

X

i

hexp (�iq · ri(0)) exp (iq · ri(t))i
(7.15)

where N is the total number of nuclei in the scattering system. The above derivation
and the following ones can be found in detail in [167–170].

It is possible to return to the real space taking the Fourier transform of the in-
termediate scattering function, G(r, t), which is the time-dependent pair-correlation
function:

G(r, t) =
1

(2⇡)3

Z +1

�1
I(q, t) exp(�iq · r)dq (7.16)

and therefore:

G(r, t) =
1

N

X

ij

Z +1

�1
h� (r � r

0 + ri(0)) � (r
0 � rj(t))idr0 (7.17)

If i = j, G(r, t) is known as the self pair-correlation function.
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From equation (7.16), it follows:

S(q,!) =
1

N

1

2⇡~

Z +1

�1

Z +1

�1
G(r, t) exp(iq · r)dr exp(�i!t)dt (7.18)

that can be easily divided in a coherent contribution and an incoherent one to the
dynamic structure factor, as it has been done in equation (7.14).

It can be demonstrated that by applying the density operator to the scattering
functions and in particular to the dynamic structure factor it results:

S(q,!) = exp

✓
~!
kBT

◆
S(�q,�!) (7.19)

with kB the Boltzmann constant and T the temperature. This equation is known
as the principle of detailed balance and reports the relationship between the two
opposite processes of energy loss and energy gain by the neutron, following the
Boltzmann population distribution among the two energy levels involved in the
processes [167,168].

7.1.3 The incoherent contribution

The scattering length b involved in the calculation of the total scattering cross
section differs depending on the chemical element because different are the spin
states involved. Hydrogen has an average scattering length, b, averaged over its two
spin states, which the coherent scattering cross section is proportional to, that is
small; on the contrary, b2 is large and the resulting incoherent scattering cross section
proportional to (b2 � b

2) is large. An opposite example is the case of deuterium,
for this element b2 and b

2 are similar quantities, thus the incoherent cross section
for deuterium is small. Biosystems contain larger amount of hydrogen atoms with
respect to the other constituent of biomolecules. Therefore, neutron scattering signal
from biological matter is dominated by the incoherent contributions.

Focusing on the incoherent contribution to the intermediate scattering function,
it is possible to distinguish a time-dependent contribution and a time-independent
one:

Iinc(q, t) = Iinc(q,1) + I
inel

inc
(q, t) (7.20)

with I
inel

inc
(q, t) being the inelastic term of the intermediate incoherent scattering

function. This term takes into account three separate motions: translational, rota-
tional and vibrational motion [168]:
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I
inel

inc
(q, t) = I

tra

inc
(q, t) · Irot

inc
(q, t) · Ivib

inc
(q, t) (7.21)

The incoherent dynamic structure factor consequently becomes:

Sinc(q,!) = Iinc(q,1)�(!) + S
inel

inc
(q,!) (7.22)

with Iinc(q,1)�(!) being an elastic contribution. From equation (7.21):

S
inel

inc
(q,!) = S

tra

inc
(q,!)⌦ S

rot

inc
(q,!)⌦ S

vib

inc
(q,!) (7.23)

The inelastic term of Sinc(q,!) contains small energies contributions addressed in the
so-called quasi-elastic term, Sqel

inc
(q,!). This term describes the contribution of the

translational and the rotational motion, Stra

inc
(q,!) and S

rot

inc
(q,!) respectively, while

the vibrational contribution to motion, Svib

inc
(q,!), manifests as an inelastic spectra

outside the quasi-elastic region; because of the faster scale of motions of vibrations
and librations of molecules, this term can generally be considered as an inelastic
background in the quasi-elastic energy region [168, 170]. Applying the convolution
of equation (7.23) and the consideration on the vibrational motion in the quasi-
elastic energy range, the incoherent dynamic structure factor in the quasi-elastic
energy range can be written as follows:

S
inel

inc
(q,!) = exp

⇥
�hu2iq2

⇤ ⇥
S
tra

inc
(q,!)⌦ S

rot

inc
(q,!) + S

I

inc
(q,!)

⇤
(7.24)

with the exponential term, the Debye-Waller factor, considering the attenuation to
the intensity of the scattering signal due to vibrations and rapid internal molecular
motions, and S

I

inc
(q,!) being an inelastic background considering the vibrational

contribution in the quasi-elastic region [168]. Sinel

inc
(q,!) can also be written as:

S
inel

inc
(q,!) = exp

⇥
�hu2iq2

⇤ h
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inc
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inc
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i
(7.25)

where I
dif

inc
(q,1) is the elastic incoherent structure factor and represent the quasi-

elastic intensity contained in the purely elastic peak, and S
dif

inc
(q,!) is the quasi-

elastic contribution [170].
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7.1.4 Characterization of hydration water dynamics

Quasi-elastic incoherent neutron scattering is appropriate to characterize the
diffusive motion of liquids, being suitable for the study of water dynamics in hydrated
systems [61,168]. It has been commonly applied a model for the description of water
dynamics considering a decoupling between the translational and the rotational
motion of water molecules [171]. Albeit a simplification, this approach has proved
effective in some cases for fitting the experimental data, giving information on the
time scales and properties of the two range of motions.

It has been demonstrated that for most proteins the biological functionality is lost
in the absence of water, while the first layer of hydration water is sufficient to activate
proteins motion and to create a biologically active complex. [61, 172]. Because of
the large scattering cross section of hydrogen atoms, using deuterium is an efficient
procedure to selectively investigate part of the systems. Various neutron scattering
experiments have been performed on biomolecules hydrated in D2O such as proteins
[61, 92, 173, 174], protein aggregates [93, 175], biological and lipid membranes [52,
176–179], but also nonbiological microgels [55]. Following the same path, using
perdeuteration allows to focus on water dynamics. This technique consists in the
substitution of hydrogen atoms in the sample with deuterium atoms. The majority
of the scattering signal arises now from water hydrogen atoms. The procedure has
been used to analyze specific regions of lipid membranes [52,180], to investigate the
role of hydration water and membranes [91,177] and the possible coupling between
hydration water and protein dynamics [47,61,93,160,181].

7.1.5 The Time-of-Flight spectrometer: TOFTOF at FRM-II

A quasi-elastic neutron scattering (QENS) experiment aims to detect the status
of neutrons after their interaction with the scattering system. Knowing the initial
condition of the neutron beam, i.e., initial energy and wavevector state, and the
scattering angle with respect to the incident beam allows the determination of the
final energies of the scattered neutrons and the momentum transfer [168]. Among
the various approaches, a time-of-flight measurement is suitable to collect a wide
range of momentum and energy transfer of the scattered cold neutrons, measuring
their kinetic energies after interacting with the scattering system.

TOFTOF at the neutron source Heinz Maier-Leibnitz (FRM-II) in Garching
(Germany) is an example of a time-of-flight spectrometer. It is a multi-chopper
time-of-flight spectrometer with direct geometry, which can be used in many ap-
plications, thanks to the high rotation speed of the chopper system (up to 22 000
rpm) and the high neutron flux in the wavelength range of 1.4 -14 Å, which can
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be adjusted to obtain energy resolutions between 3 meV and 2 µeV [182, 183]. It
is particularly suitable to investigate dynamics in disordered materials in hard and
soft condensed matter systems (such as polymer melts, glasses, molecular liquids,
or liquid metal alloys), properties of new hydrogen storage materials to low-energy
magnetic excitations in multiferroic compounds, and molecular magnets. It can be
successfully applied to perform energy-resolved quasi-elastic neutron scattering ex-
periments on proteins, vesicles, and biological materials [183]. A schematic overview
of the TOFTOF instrument is depicted in figure 7.2.

Figure 7.2: Scheme of the TOFTOF instrument cofiguration at the Heinz Maier-Leibnitz
Zentrum from [183].

7.2 A model for water dynamics in perdeuterated tau protein

Human tau is an intrinsically disordered protein which exists in six possible
isoforms in brain tissue, it is highly soluble and responsible of the stability of micro-
tubules in the axons in the neuronal cells, where the isoform htau40 is the largest
one. Beside this main activity, tau protein is also involved in cellular signaling, neu-
ronal development, neuroprotection and apoptosis. Excessive tau phosphorilation
induces the formation of insoluble aggregates responsible of the occurrence of neu-
rodegenerative pathologies, such as Alzheimer’s disease [184]. Compared to folded
proteins, tau, specifically its isoform htau40, has been shown to have a stronger
coupling with its hydration water [92], it proved also enhancement of its hydration
water motions in the fiber aggregation configuration, suggesting the possibile role
played by water in the formation of fibers [93]. Moreover, the relation between
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htau40 dynamical transition and the onset of its hydration water translational diffu-
sion has been also addressed by means of QENS data collected at the backscattering
spectrometer SPHERES [61].

In this scenario the study here presented collocates. The presented results are
fitting procedures on htau40, simply addressed as tau in the following, realized by
coding ex-novo Python scripts to analyze data collected at TOFTOF on perdeuter-
ated tau protein hydrated in water, DTAU-H2O. Data were collected at the resolu-
tion temperature of 10 K and in the temperature range from 210 K to 300 K (210
K, 230 K, 240 K, 250 K, 260 K, 280 K, 300 K) for a momentum transfer interval
from 0.1 Å�1 to 1.8 Å�1 at 0.1 Å�1 step, an energy transfer from -1 meV to +3 meV
and an energy resolution of 30 µeV. The q = 0.1, 1.7 and 1.8 Å�1 set of data were
excluded because no valid values were collected. For the other datasets, values with
no errors associated were excluded.

The first step in the analysis of these QENS data has been the spectra normal-
ization for the integrated area of the resolution spectra recorded at 10 K, where
there is almost a purely elastic contribution to the signal. A heuristic fit q by q

was performed to determine the contribution to the elastic peak of the resolution
spectra, in this way a function fitting the spectra at 10 K has been identified. Then,
this resolution function has been used in the heuristic fit q by q at each of the other
temperatures to take into account the instrument resolution and contribution to the
signal. By this fitting procedure, the minimum number of contributions necessary
to efficiently reproduce the experimental data is hypothesized. We found the convo-
lution of two Lorentzian-like contributions to be enough to represent our data. The
crucial point is now the choice of a complete model to describe water motion behav-
ior. We decided to consider a roto-translational model in which rotations around
the center of mass (the oxygen atom) and translations of the center of mass of water
molecules are convoluted. A term taking into account the fraction of molecules that
appear immobile on TOFTOF time scale is also added, which mainly has an elas-
tic contribution. A constant term for the instrumental background and vibrations
occurring too fast for TOFTOF time scale is also considered.

The two-dimensional model in the space (q,!) applied to describe our TOFTOF
DTAU-H2O data follows from equations (7.24) and (7.25) and the incoherent dy-
namic structure factor can be written as [171,185]:

S(q,!) /
⇥⇥
S
elast(q,!) +

�
S
tra(q,!)⌦ S

rot(q,!)
�⇤
⌦R(q,!) + b(q)

⇤
(7.26)

with S
elast(q,!) a purely elastic contribution, R(q,!) is the resolution function to

96



7. Hydration water dynamics in tau protein

be convoluted, and b(q) is the background. Resolving the convolution between the
translational and the rotational contributions:

S(q,!) /
 
S
elast(q,!) +

j
2
0(qa)

⇡

�T

!2 + �2
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+
1

⇡
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(qa)

l(l + 1)Dr + �T

!2 + (l(l + 1)Dr + �T )
2

!

⌦R(q,!) + b(q)

(7.27)

where the translational and rotational motions are considered in the translational
parameter, �T , that is expected to be q-dependent, and in the rotational parameter,
Dr, which is, instead, expected to be q-independent; jl(qa) is the spherical Bessel
function of l-order; a is the H-O distance that is the radius of rotation. Considering
that the first two terms of the expansion account for about 90%, the model can be
approximated as follows:

S(q,!) /
✓

A0 · �(!) + A1
�T

!2 + �2
T

++A2
2Dr + �T

!2 + (2Dr + �T )
2

◆
⌦R(q,!) + b(q)

�

(7.28)
The convolution of the resolution function and the Dirac delta gives information on
the immobile fraction of water molecules, manifesting as a purely elastic contribu-
tion.

The fitting procedure is performed minimizing the �2 function and evaluating
the reduced �2, �̃2. The fitting is performed utilizing the Minuit routine for Python
3.6 released by CERN [186].

7.2.1 Spectra normalization

Figure 7.3 shows the experimental dataset at the temperature of 10 K for se-
lected scattering vectors (0.3, 0.7, 1.0, 1.2, 1.4 Å�1). Spectra recorded at the lowest
temperature of 10 K are meant to be used to normalize spectra at higher temper-
atures, giving information on the resolution of the elastic peak. The experimental
data are corrected by applying the detailed balance principle of equation (7.19).

A possible resolution function is detected to fit the resolution data recorded at
10 K:

R(x) =
norm

a1 + a2
· (a1 · Lor(x) + a2 ·Gauss(x)) + b (7.29)

with x being the energy. The fitting function contains two contributions, a Gaussian
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Figure 7.3: Experimental dataset for selected angles at 10 K. Data are reported in loga-
rithmic scale on the y-axis.

and a Lorentzian function, and a flat background, with:

Lor(x) =
1

⇡

w

w2 + (x� (x0 + �x))2
(7.30)

and

Gauss(x) =
1

g2
p
2⇡

exp

✓
(x� x0)2

2g2

◆
(7.31)

where norm is a normalization factor, a1 and a2 are the weight factor for the
Lorentzian function (equation (7.30)) with standard deviation w and energy shift
(x0 + �x) and the Gaussian function (equation (7.31)) with standard deviation g

and energy shift x0, respectively; b is the constant background.
Figure 7.4 shows the fitting procedure results for each q-vector for the resolution

temperature 10 K.
Figure 7.5 reports the residues for each scattering vector as a function of the

energy transfer. They show a slight discrepancy around the elastic peak that can be
neglected, the resolution function of equation (7.29) can be considered appropriate.
Moreover, �̃2 ⇡ 1.5 as a mean value, evaluated considering the 8 degrees of freedom.

The minimization procedure provides the fitted parameters of the resolution
function. They are reported in figure 7.6 for each q-vector. It can be seen how the
values for q = 0.2 and 1.6 Å�1 do not seem to behave consistently with the others,
thus they will be excluded from the successive analysis.
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Figure 7.4: Experimental dataset and fitting results for the 15 scattering vectors for
the resolution temperature 10 K. Blue the experimental dataset, green the
Lorentzian component, red the Gaussian component, purple the background,
orange the fitting function result. Data are reported in semi-logarithmic
scale.

Figure 7.5: Residues for each q-vector of the fitted resolution function at 10 K .
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Figure 7.6: Parameters of the fitted resolution function at 10 K as a function of q.

7.2.2 DTAU-H2O temperature dependence

Figure 7.7 reports the experimental data compared for different temperatures at
representative low and high momentum transfer, namely q-vector = 0.6 Å�1 and 1.4
Å�1. As the temperature increases, the spectra become broader and with a larger
quasi-elastic contribution. This is more evident at temperatures greater than 240 K
and more at high than low momentum transfer.

The fitting procedure is performed considering as starting parameters for the Mi-
nuit routine the fitted values of the former temperature for the first q vector. Then,
the fitted parameters for one q are used as starting parameters for the following.
The heuristic fit q by q confirmed that two Lorentzian-like contributions describe
the signal. With this in mind, the model of equation (7.28) can be applied in a
one-dimensional q-independent space:

S(x) = c·R(x)+

 
a1

�T

⇡ ((x� x0)2 + �2
T
)
+ a2

2Dr + �T

⇡
�
(x� x0)2 + (2Dr + �T )

2�
!
⌦R(x)+b

(7.32)
The first term, c · R(x), takes into account the immobile fraction of water

molecules, moving too slowly for TOFTOF dynamic range and contributing elasti-
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Figure 7.7: Experimental datasets for different temperatures at (upper panel) q = 0.6
Å�1 and (lower panel) q = 1.4 Å�1, in semi-logarithmic scale.

cally; the second term account for the translations and rotations of water molecules,
considering the correlation of the two motions in the second Lorentzian contribution;
b is the flat background, accounting for the instrumental background and motions
too fast for TOFTOF time scale.

This fitting approach limited to the energy transfer, x-space, relies on the need-
ing of confirming the validity of the suggested model of equation (7.28) for each q
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first. The computational time required to perform the fitting is high, mainly be-
cause of the convolution operation. Indeed, the shape of these data does not allow
us to perform the operation using an optimized routine for Python applying Fast
Fourier Transform in the frequency domain. It was, instead, necessary to write
a direct convolution function, making the calculation of the integral function and
the subsequent minimization computationally expensive. Therefore, optimizing the
starting parameters and the validity of the model and performing the fitting proce-
dure for each momentum transfer required a consistent amount of time. Moreover,
it is relevant to notice that both translations and rotations have a Lorentzian-like
dependence on energy transfer, thus it is not immediate to distinguish and assign
the two different dynamical contributions to the QENS spectrum when performing
a q by q fitting.

Figure 7.8 shows an example of the fitting results at two temperatures, 230 K
and 280 K, for q = 0.6 Å�1.

Figure 7.8: Experimental dataset and fitting results for q = 0.6 Å�1 at (left) T = 230 K
and (right) T = 280 K. Data are reported in semi-logarithmic scale.

It can be seen that the model is consistent with our data and the minimization
process correctly fits the experimental spectra.

In figure 7.9, the parameters describing the roto-translational contributions re-
sulting from the fitting procedure at T = 280 K are reported as a function of q,
representative for the others.

It can be seen that the suggested model is consistent with the data. �T manifests
a q-dependent behavior, as expected, while the opposite holds for Dr. Indeed, �T

has an increasing trend as a function of q, while Dr oscillates around a constant
value. The intensities, a1 and a2, resembles correctly the first two spherical Bessel
functions, of order 0th and 1st respectively, with a1 starting from a non-zero value
and maintaining a constant value over a broad q-range and then decreasing, and a2
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Figure 7.9: Parameters resulting from the fitting procedure for the translational and
rotational motions at T = 280 K as a function of q.

starting from zero and increasing at increasing momentum transfer.
These dependencies on the q-vector are a confirmation of the validity of our

model to describe hydration water dynamics in tau protein at the energies of TOTOF
resolution and sustain the component assignment to the Lorentzian contributions,
although some adjustments are needed to ensure better stability to the fitting proce-
dure. As expected, rotational motions around the center of mass, accounted by Dr,
do not depend on the momentum transfer. That is because rotations are a confined
motion depending just on the nature of the water molecule H-O bond. Translations
of the center of mass, instead, increase with increasing momentum transfer.

More interesting it is the analysis of hydration water dynamics in tau protein
as a function of temperature. Focusing on the dynamical parameters describing
translational motion, �T , and purely elastic contribution of the water molecules
that appear immobile, c, figure 7.10 and figure 7.11 show the fitted parameters
at increasing temperature at two selected q-vectors, one at low and one at high
scattering angle, respectively.
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Figure 7.10: Fitted parameters (left) �T for the translational motion and (right) c for
the immobile fraction of hydration water molecules in perdeuterated tau for
q = 0.6 Å�1 as a function of the temperature.

Figure 7.11: Fitted parameters (left) �T for the translational motion and (right) c for
the immobile fraction of hydration water molecules in perdeuterated tau for
q = 1.4 Å�1 as a function of the temperature.

In both cases the translational parameter �T presents an increasing trend at
increasing temperature, with a specific slope change at temperature greater than
240 K. On the contrary, the fraction of molecules that appear immobile on the
TOFTOF time scale is high at the lowest temperatures and approaches zero from
250 K onward, consistently with the onset of faster translational dynamics.

The complete characterization of hydration water dynamics in DTAU should
now be persecuted ensuring the stability of the model and applying it in the two-
dimensional (q,!)-space, explicitly introducing in the fitting function of equation
(7.32) the q-dependencies of the parameters, as supposed in the model of equation
(7.28).
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7.2.3 Discussion and perspective

The results here presented are in keeping with previous findings on protein dy-
namical transition and onset of larger anharmonic motions for a temperature Td ⇡
240 K. To better focus on this comparison, figure 7.12 from Schirò et al. [61] shows
the low-temperature behavior of the mean-square displacements of tau protein in
the presence and in the absence of water.

Figure 7.12: MSDs of htau40 hydrated in D2O (full blue diamonds) and dry (open
black diamonds), measured by elastic incoherent neutron scattering at the
backscattering spectrometer IN16 (ILL, Grenoble). Inset : the MSD dif-
ference between the hydrated and the dry protein highlights an onset of
large-amplitude protein motions at around 240 K. Figure adapted from [61].

It can be highlighted comparing the tau protein behavior in figure 7.12 and water
behavior presented in figures 7.10 and 7.11 that the onset of water translational mo-
tion and the onset of dynamical transition in tau protein are related. The behavior
exhibited by the elastic contribution, c, the analogous of the mean-square displace-
ments, gives us the information that at temperatures greater than 240 K nothing
appear immobile anymore, on the time scale probed by TOFTOF. Moreover, by
comparing the dry and the hydrated tau samples previously measured [61], it can
be seen how the presence of hydration water enhances the protein motion.

The results obtained for the hydration water in tau protein at the energy reso-
lution of TOFTOF and presented here are comparable to what has been seen for
the hydration water dynamics in the intrinsically disordered tau and in the folded
maltose binding protein (MBP) at the backscattering spectrometer SPHERES, char-
acterized by an energy resolution of 0.7 µeV (see figure 7.13).

Comparing these results on data collected at SPHERES with our results pre-
sented in figures 7.10 and 7.11 and having in mind that the backscattering spec-
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Figure 7.13: Fractions of different dynamic contributions to the quasi-elastic spectra
as a function of temperature: (left) center of mass translation of water
molecules; (right) water molecules not moving in the dynamic window in-
vestigated. Data recorded at the backscattering spectrometer SPHERES
(MLZ, Garching). Figure adapted from [61].

trometer has higher resolution with respect to the time-of-flight spectrometer, it
can be pointed out that the temperature behavior of both the translational com-
ponent and the immobile fraction follows the same path. At the onset of faster
translations corresponds the zero-value of molecules that do not seem to move on
the probed time scale and this happens at a temperature of about 240 K. It is pe-
culiar that water translational motion starts to occur at the same temperature at
which the dynamical transition sets in in the protein sample and correspondingly
the elastic contribution reaches zero-value, being an indication of the influence of
hydration water dynamics on the onset of larger diffusive motions in the protein.

Interestingly, the mean-square displacements have been reported to increase at
T ⇡ 240 K also in water hydrating perdeuterated tau in its aggregate fiber form [93]
and in water hydrating both disordered tau and folded MBP (data collected at the
backscattering spectrometer IN16), where it was highlighted a tighter coupling with
hydration-water dynamics for an intrinsically disordered than for a folded protein
[92].

To complete this analogy and have a comprehensive view of the hydration water -
protein complex and their relation, and to better understand their dynamic coupling,
it is necessary to complete this analysis by performing a global fitting in the two-
dimensional (q, E)-space, to consider explicitly the q-dependence of the parameters
representing the roto-translational motions. This will be the future goal of this work.
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The overall results presented in this doctoral thesis show that methods of spin-
label cw- and FT-EPR are particularly suitable to get insights in differing molecu-
lar properties of cryogenically frozen biosystems. Nucleic acids, proteins, carbohy-
drates and lipids, together with water, are fundamental components of living matter.
We focused on interesting examples of macromolecules and lipid aggregates, such
as model membranes and micelles of characteristic lipid composition (single lipid
species of saturated and unsaturated PCs, PEG-grafted lipid dispersions, mixtures
of Lyso-PPC and DPPC, PEG-grafted lipid micelles and Lyso-PPC micelles), nat-
ural membranes (Na+-K+-ATPase), and proteins (HSA, �-LG, htau40). The use of
low, cryogenic temperatures highlights dynamic features and solvent properties as
well as the solvent-biosystem mutual influence.

D2O-ESEEM and cw-EPR at 77 K have been employed to study the phase be-
havior of chain-labelled DPPC/PEG:2000-DPPE and DPPC/Lyso-PPC dispersions
over the whole range of relative composition (0 - 100 mol%). By detecting the vari-
ation of solvent accessibility and environmental polarity at different depth along the
hydrocarbon chain, micelles formation has been studied on increasing the concen-
tration of the micelle-forming lipids (polymer-lipids or Lyso-lipids) incorporated in
DPPC bilayers. Emphasis was given to the description of solvent permeation and
polarity profiles in SSL composed by DPPC and 2 mol% of PEG:2000-DPPC, in
interdigitated lamellae formed by DPPC and equimolar content of Lyso-PPC, and
in micelles of Lyso-PPC or PEG:2000-DPPE.

Compared to those in DPPC bilayers, the sigmoidal profiles in SSL showed in-
creased hydrophobicity at both the polar/apolar interface and the chain termini,
and a broader transition that is shifted toward the interface. In both polymer-lipid
and Lyso-PPC micelles, solvent exposure and polarity decreased on going down the
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chain, and the chain termini were accessible to water. However, PEG-micelles ex-
hibited lower solvent accessibility and polarity at any labeling position with respect
to the smaller Lyso-micelles. The results obtained at low temperature by means
of ESEEM and cw-EPR in lipid aggregates containing PEG-lipids can be relevant
for biotechnological applications, for the interaction of biomacromolecules (peptides
and proteins) with optimized lipid aggregates and for the interaction (binding, en-
capsulation, transport and release) of ligands and active compounds with smart
drug-carries. Indeed, PEG-lipids impart steric protection to biomaterials and both
SSL and PEG-lipid micelles are successfully used in drug-delivery.

As said, at intermediate content Lyso-lipids are able to induce chain inderdigi-
tation in DPPC membranes. Similarly, a lamellar phase with interdigitated chains
is also formed in DPPC in the presence of ethanol (60% v/v). At a variance with
the sigmoidal transmembrane water penetration and polarity profiles delineated in
DPPC bilayers and in SSL, almost uniform profiles of high solvent accessibility and
polarity across the hydrocarbon zone were recorded in the interdigitated phases.
Moreover, the two types of interdigitated phases manifested differences in the pack-
ing density as the chains resulted to be less densely packed in the presence of ethanol
than in the presence of the Lyso-lipids.

The interaction of spin-labeled bufadienolides with Na+,K+-ATPase membranes
has also been addressed by using D2O-ESEEM and cw-EPR at 77 K. These are
cardiotonic steroids and specific inhibitors of the sodium pump, with their binding
site overlapping with the extracellular access channel for cations. By employing
steroids with different lengths of the spacer arm between the EPR-active nitroxide
group and the steroid core, and with five- as well as six-membered nitroxide rings,
it was found that the vestibule leading to the ligands binding site is of high polarity,
exposed to water and allows various degrees of mobility of the ligands.

Another issue discussed in this thesis is the dynamics at low temperatures (77
- 270 K) of self-assembled lipid aggregates and proteins and the influence of the
hydration degree. Cw-EPR and two-pulse ED-EPR spectra indicated that seg-
mental librational motion occurs in the low-temperature phases of the investigated
samples. Rapid torsional oscillations of small amplitudes have been character-
ized in fully hydrated high-Tm saturated DPPC bilayers and low-Tm unsaturated
POPC and DOPC bilayers, as well as in interdigitated lipid aggregates composed
by DPPC/Lyso-PPC mixtures or DPPC/etOH.

Hydration affected differently the characteristics of the librational motion in pro-
teins and in lipid bilayers. Librations were of very small amplitudes and temperature
independent in lyophilized �-LG and HSA, whereas they were of larger amplitudes
which increased with temperature in proteins even at low-water content. In DPPC
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bilayers, the polar/apolar region showed restricted librational dynamics in the de-
hydrated state and it became progressively more rapid upon increasing the water
content. In contrast, librations of considerable amplitudes occurred in the DPPC
hydrocarbon interior almost independently from the hydration condition. This is a
new and interesting EPR result: the membrane midplane regions that are of low po-
larity and inaccessible to water, exhibit segmental librations even in the de-hydrated
state.

Another remarkable feature observed in all the investigated hydrated biosystems
(lipid bilayers, interdigitated lamellae and proteins) at cryogenic temperatures is
that the mean-square librational amplitudes started to increase more rapidly for
temperatures around 200 K (190 – 240 K). This behavior is similar to the temper-
ature dependence of the mean-square displacement measured in diffraction studies.
It has been associated with the onset of dynamical transition and the crossing of
low energy barriers of about 20 kJ/mol (13 – 32 kJ/mol). The most striking feature
evidenced by the present EPR results is that a dynamical transition occurs also in
membrane model systems in the absence of water.

Water dynamics affects at different extent various biomacromolecules. In the
last chapter of this thesis, the analysis as a function of temperature of the hydration
water in htau40 from quasi-elastic neutron scattering data collected at TOFTOF
has been reported. Hydration water manifested the onset of translational motion
at the temperature of about 240 K, which coincides with the protein dynamical
transition temperature. This strongly suggests that water dynamics is coupled with
protein dynamics.

Biophysical studies at cryogenic temperatures allow an in-depth characterization
of lipid membranes and macromolecules, that are generally studied at higher tem-
peratures. The obtained results on the structure, dynamics and molecular properties
contribute to clarify still open aspects on the structure/dynamics/function relation-
ships in biosystems and on the role played by water in activating physiologically
important processes.
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