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Introduction Générale

1. Introduction Générale

Cette these a été effectuée a I'lInstitut Laue-LaimyeGrenoble, et au Centre de Recherche
Jilich, Allemagne, sous la direction du Dr. Jos@plecai et du Prof. Dr. Georg Bildt. Le
sujet de la these concerne 'étude de la dynamilgukhémoglobine et de I'eam-vivo dans

les globules rouges comparée a la dynamique dembhiobine isolée en fonction de
I'hydratation, mesurée par diffusion incohérentagijélastiqgue et élastiqgue de neutrons. Le
manuscrit est basé sur trois articles scientifigDesix sont déja publiés, respectivement dans
Biophysical Journakt Journal of the American Chemical Socjdty troisieme a été soumis

pour publication 8iophysical Journaén janvier 2009.

Tous les organismes vivants sont formés par ddsle®l Une thématique de recherche
importante vise a comprendre les processus moiéesiliqui ont lieu dans les cellules. Le but
de la biophysique moléculaire est de comprendr®nation, la structure, la dynamique et
l'interaction avec le solvant des systémes biomdées comme les protéines, 'ADN, ou les
membranes au niveau atomique. Les protéines senimderomolécules qui sont produites
dans les cellules et qui sont responsables d’uzedgrpartie des fonctions dans I'organisme.
Le génome humain contient l'information pour degzadies de milliers de protéines
différentes. Chacune a sa ou ses fonctions spéegigQuelques protéines fonctionnent
comme des enzymes et catalysent des réactionscetemi D’autres forment le tissu et des
structures comme les muscles, la peau ou le cyetestier Des protéines spécialisées
transforment I'énergie solaire en énergie chimigige la photosynthése. D’autres encore
transportent et stockent des substances de fagement régulée, comme c’est le cas de
I’'hémoglobine avec I'oxygene. Les protéines fonivant partie de grands assemblages avec
d’autres protéines, 'ADN, I'ARN, des sucres, owsdipides. La connaissance de la structure
au niveau atomique est nécessaire pour comprednenent les protéines peuvent réaliser
toutes leurs fonctions. Néanmoins, les protéinesard pas des objets statiques mais leur

structure est animée par des fluctuations permaserilles sont des objets mous et
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déformables. La dynamique et les fluctuations aom¢ importance fondamentale pour la

fonction biologique.

La technique de diffusion incohérente des neutreststrés bien adaptée pour étudier la
dynamique des biomolécules dans la gamme de temfssmlcoseconde a la nanoseconde et
la gamme de longueur de I'Angstrom. La sectioncaffe de diffusion incohérente de
'hydrogéne est d'un ordre de grandeur plus éleué gelles des autres éléments qui
constituent normalement la matiére biologique, iaqmee celle du deutérium. Les atomes
d’hydrogene sont distribués quasi-uniformément dassprotéines. Pratiguement, un atome
sur deux dans une protéine est un atome d’hydrogEne conséquence, la diffusion
incohérente de neutrons mesure la dynamique moyedeseprotéines. La technique de
diffusion quasiélastigue de neutrons est partioetieent bien adaptée pour mesurer la
dynamique de I'eau dans la gamme de temps corrdapbaux mouvements rapides de I'eau
volumique a ceux plus lents de I'eau interfacidle.systeme biologique choisi pour cette
thése est I'hnémoglobine dans les globules rougekéntoglobine est le constituant
macromoléculaire principal des globules rougespiaéine transporte, avec une régulation
extrémement fine, 'oxygéne des poumons aux tiskes.globules rouges sont des cellules
plutét simples, comme ils ne possedent pas de noyad’organelles et ils ne sont pas
capables de synthétiser des protéines. Des expésied’aspiration de globules rouges
humains individuels utilisant des micropipettes ombntré qu’il existe une transition de
passage a la température physiologique (Artmannalet1998). Des expériences de
viscosimétrie avec des solutions d’hémoglobine t@scentrées ont montré qu’il y a une
transition colloidale d’'un gel a un état fluidigggalement a la température physiologique
(Kelemen et al. 2001). Des expériences de dichmisnsulaire et de diffusion dynamique de
la lumiere ont été effectuées sur I'hémoglobine diéérentes especes a températures
physiologiques différentes. Elles ont montré queelmpérature de transition est corrélée
directement a la température physiologique (Digal.€2006 ; Zerlin et al. 2007). Le but de la
these était d’étudier par diffusion des neutroiisysa une transition dans le comportement
dynamique de I'hémoglobine ou du solvant autouradéempérature du corps. Une série
d’expériences de diffusion de neutrons ont étéedasur des globules rouges entiers et
comparées a des expériences sur des poudres d’'lofrneghydratées et sur ’lhémoglobine

en solution concentrée.
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Suite a l'introduction générale, le deuxieme chapite la thése présente une introduction a
I’lhémoglobine et aux globules rouges. Les expéasraur la transition de I’'hémoglobine a la

température physiologique sont résumées dans pétreha

Le troisieme chapitre décrit la diffusion des neng appliquée a I'étude de la dynamique des
biomolécules. La dynamique des protéines en genétales propriétés de la dynamique de
I'eau dans les systemes biologiques sont présentéspropriétés du neutron et les méthodes
de production et de détection des neutrons sonhélm Des éléments de la théorie de
diffusion de neutrons qui sont nécessaires powotapréhension de la these sont résumes.
Les méthodes de la diffusion élastique et quadiéles de neutrons et les instruments sont
décrits. Finalement, les concepts de déplacemeré ozoyen et constante de force obtenus
par diffusion élastique de neutrons sont expliqetées modeles utilisés pour interpréter les

expériences quasiélastiques sont resumes.

Le quatriéme chapitre est basé sur un article uddnsBiophysical Journalll présente une
étude sur la dynamique de I'hémoglobine dans lebults rouges mesurée par diffusion
guasiélastique de neutrons.

Hemoglobin Dynamics in Red Blood Cells: CorrelattonrBody Temperature (2008) Stadler
A. M., . Digel, G. M. Artmann, J. P. Embs, G. Zagcand G. BuldtBiophysical Journab5:
5449-5461

Dans I'étude, la dynamique interne de 'hémoglolah& diffusion macromoléculaire globale
ont été mesurées. L'expérience a montré qu’il yna transition dans la géométrie des
mouvements internes a 36.9°C. A des températuussghitvées que la température du corps,
la dynamique des chaines latérales des acides anoioc@pent des volumes plus grands que
prévu par l'effet normal de la température. La uhfbn macromoléculaire globale a été

interprétée avec des concepts théoriques pouratgsytes colloidales.

Le cinquiéme chapitre présente un article baséasdynamique de 'hémoglobine en fonction
de I'hydratation. L’article a été soumis Biophysical Journal

From Powder to Solution: Hydration Dependence ofmidn Hemoglobin Dynamics
Correlated to Body Temperature. Stadler A. M., igdD, J. P. Embs, T. Unruh, M. Tehei, G.
Zaccai, G. Buldt, and G. M. Artmann.

L'influence de I'hydratation sur la dynamique dbedimoglobine a été mesurée par diffusion

élastique et quasiélastique de neutrons. Les taiepsesidence entre les sauts locaux, de
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I'ordre de quelques picosecondes, sont réduitokrtien concentrée et augmentés en poudre
d’hémoglobine hydratée. La transition dans la gédméles mouvements internes a la
température du corps a été trouvée dans la soletimeentrée mais non dans la poudre
hydratée. Ceci indique que les mouvements rapidesiqués dans la transition sont activés
seulement a partir d’'un certain niveau d’hydratation résultat annexe est que les poudres
hydratées ne pourraient pas montrer tous les aspgaamiques dans l'ordre de quelques

picosecondes, qui pourraient étre nécessaireslgdomction biologique.

Le sixieme chapitre est basé sur un article séigné publié danslournal of the American
Chemical Societyjui décrit des expériences sur la dynamique deul’eellulaire dans les
globules rouges.

Cytoplasmic Water and Hydration Layer Dynamics iedRBlood Cells (2008) Andreas M.
Stadler, Jan P. Embs, llya Digel, Gerhard M. Artmamobias Unruh, Georg Bildt, and
Giuseppe Zaccadournal of the American Chemical Soci&80 (50): 16852-16853

La dynamique de I'eau dans les globules rougeg mésurée par diffusion quasiélastique de
neutrons. Des spectrométres de neutrons a résoknieemps de 40, 13 et 7 picosecondes ont
été combinés pour couvrir I'échelle de temps deawvements de I'eau volumique et de I'eau
interfaciale. Une fraction d’eau cellulaire d’eronir90% est caractérisée par un coefficient de
diffusion translationnel similaire & I'eau volumiguUne partie de I'eau cellulaire (~10%)
montre par contre une dynamique significativemalgntie. Le ralentissement a été attribué a
l'interaction avec la surface de I'hémoglobine. fraction de I'eau ralentie correspond a

environ la moitié des molécules d’eau dans la pgeancouche d’hydratation.

Le septieme chapitre présente un résumeé du tréemitonclusions et les perspectives.
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1. General Introduction

The present PhD thesis was carried out at thetuhdtaue-Langevin, Grenoble, and at the
Research Centre Jilich, Germany, under the joipersision of Dr. Giuseppe Zaccai and
Prof. Dr. Georg Bildt. The subject concerns inceherquasielastic and elastic neutron
scattering experiments on the dynamics of hemoglahd water in whole red blood ceiis

vivo, and as a comparison, hemoglobin dynamics in resptm hydration. The document is
based on three scientific articles. Two of them published inBiophysical Journal and

Journal of the American Chemical Society, respectively. The third one has been submitted fo

publication toBiophysical Journal, in January 2009.

All living organisms consist of cells. One subjettresearch lies in a detailed understanding
of the molecular processes that occur in cells. edalr biophysics focuses on the
investigation of biological systems at the atomavel, such as for example proteins,
membranes, DNA and their interactions with the@umding solvent. Proteins are responsible
for a large variety of different functions. The haimgenome contains the information for
several tens of thousands of different proteinschEane has got one or more specific
functions. Some proteins work as enzymes and cEatyhemical reactions. Others form
tissues and structures such as muscles, skin arytbekeleton. Specialised proteins convert
solar energy via photosynthesis into chemical gnerg transport and store substances in a
sophisticated way, as it is the case for hemogltanh carries oxygen. Proteins are often part
of complex macromolecular assemblies that condisitleer proteins, DNA, RNA, sugar or
lipid molecules. The knowledge of its structureleg atomic level is necessary to understand
how a protein can fulfil its specific task. Howeygroteins are not static structures but they
are soft and deformable. The dynamics and fluauatiof proteins are of fundamental

importance for biological function.
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Incoherent neutron scattering is a particular veelited technique to study biomolecular
dynamics in the picosecond to nanosecond time amgstfom length scale. The incoherent
scattering cross section of hydrogen is one orflenagnitude larger than all other elements
that usually occur in biological matter, and deut®r Hydrogen atoms are uniformly

distributed in proteins and constitute nearly eveegond atom. Neutron scattering therefore
probes average protein dynamics. The techniqueiasiglastic incoherent neutron scattering
is especially useful for the study of the dynanatsgvater in the time scales of fast motions of
bulk water to slower dynamics of interfacial wat€éhe biological system that was studied in
the thesis is hemoglobin in red blood cells. Herobij is the main macromolecular

constituent of red blood cells. The protein tramtgpoxygen from the lungs to the tissues in a
highly coordinated and regulated way. Red bloots @ae simple cells as they do not contain
a nucleus or organelles, and are not able to sgizth@roteins. Micropipette experiments on
single red blood cells identified a passage traorsiat body temperature (Artmann et al.
1998). Viscosity measurements of hemoglobin sahgtiat high concentration showed that
there equally occurs a colloidal gel to fluid tréie® of hemoglobin solutions at body

temperature (Kelemen et al. 2001). Circular digmoiand dynamic light scattering

experiments further revealed that the temperatua@sition of hemoglobin is directly

correlated to the body temperature of differentcgse(Digel et al. 2006; Zerlin et al. 2007).

The aim of the thesis was to study if a transiiierthe dynamics of hemoglobin or solvent
occurs at body temperature. This was achieved sergs of incoherent neutron scattering
experiments on whole red blood cells that were amegb to results of hydrated hemoglobin

powder, and concentrated hemoglobin solution sasnple

Following the general introduction, the second t&iapf the thesis gives an introduction to
hemoglobin and red blood cells. Recent experimemisthe temperature transition of

hemoglobin at body temperature are summarized.

The third chapter deals with neutron scatterindiagpo the study of biomolecular dynamics.
Protein dynamics and the dynamic properties of witebiological systems are presented.
The general properties of the neutron and methédgwtron production and detection are
described. The elements of neutron scattering yhéloat are necessary for the further
understanding of the thesis are summarized. Thehodst of elastic and quasielastic
incoherent neutron scattering are presented ancotinenonly used instruments are described.

Finally, the concepts of mean square displacenarddorce constants that are obtained from
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elastic incoherent neutron scattering are explaiaed typical models that are used for

guasielastic neutron scattering are summarized.

The fourth chapter is based on a published artircBBiophysical Journal about hemoglobin
dynamics in red blood cells measured with quadielasoherent neutron scattering:
Hemoglobin Dynamics in Red Blood Cells: CorrelattonrBody Temperature (2008) Stadler
A. M., . Digel, G. M. Artmann, J. P. Embs, G. Zagand G. BuldtBiophysical Journal 95:
5449-5461

Internal protein dynamics and global macromolecutlifusion were separated. The
experiments revealed a change in the geometrytefnal protein dynamics above 36.9°C.
Above this temperature amino acid side-chain dyoamccupy larger volumes than expected
from normal temperature dependence. Global macreeutdr diffusion was interpreted
favourable with theoretical concepts for short-tiggdf-diffusion of non-charged hard sphere

colloids.

The fifth chapter presents an article about hentogldynamics as response to hydration. The
article has been submittedBoophysical Journal.

From Powder to Solution: Hydration Dependence ofmidn Hemoglobin Dynamics
Correlated to Body Temperatur@tadler A. M., I. Digel, J. P. Embs, T. Unruh, TWehei, G.
Zaccai, G. Buldt, and G. M. Artmann.

The influence of hydration on hemoglobin dynami@swtudied with elastic and quasielastic
incoherent neutron scattering. The residence tiofidecalized jumps in the order of a few
picoseconds were found to be significantly reduoecbncentrated solution compared to fully
hydrated powder. The body temperature transitiompristein dynamics was found in the
concentrated solution sample but was absent infultye hydrated powder, indicating that
picosecond protein dynamics responsible for thestt@n is activated only at a sufficient
level of hydration. A collateral result from theudy is that fully hydrated protein powder
samples do not accurately describe all aspectsodéip picosecond dynamics that might be

necessary for biological function.

The sixth chapter deals with the dynamic propeniesellular water in red blood cells in the

form of a scientific article that was publishedlournal of the American Chemical Society.
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Cytoplasmic Water and Hydration Layer Dynamics edRBlood Cells (2008) Andreas M.

Stadler, Jan P. Embs, llya Digel, Gerhard M. Artmamobias Unruh, Georg Bildt, and

Giuseppe Zaccaiournal of the American Chemical Society 130 (50): 16852-16853

The dynamics of water in human red blood cells massured with quasielastic incoherent
neutron scattering. Neutron spectrometers with tmnesolutions of 40, 13, and 7 ps were
combined to cover time scales of bulk water dynanmicreduced mobility interfacial water

motions. A major fraction of around 90% of cell wais characterized by a translational
diffusion coefficient similar to bulk water. A mindraction of around 10% of cellular water

exhibits reduced dynamics. The slow water fractioas attributed to dynamically bound

water on the surface of hemoglobin, which accofmtsapproximately half of the hydration

layer.

The seventh chapter gives a summary of the peribrwerk and presents an outlook on

future perspectives.
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2. Hemoglobin and Red Blood Cells

2.1 Biological Background

The main natural environment of proteins is witthia cell, and protein function necessarily is
adapted to these conditions. In bacteria and eokargells macromolecular interactions are
likely to be influenced by the high cellular pratetoncentration (Hall and Minton 2003;
Minton 2001; Zimmerman and Minton 1993). This effetalled ‘crowding’, results from
high volume occupancy and steric hindrance of tiséepn molecules between each other. The
free distance between macromolecules in the célltise order of a few Angstroms (Krueger
and Nossal 1988) and intercellular water is in €loinity to the protein surfaces. There is
much interest and discussion about similarities @ifférences in structure and dynamics of
cytoplasmic and bulk water (Ball 2008). Little islisknown on how protein dynamics is
influenced by the crowded cytoplasmic environmemdl #he special properties of cellular

water.

The main protein constituent of red blood cellsheamoglobin (92% of dry weight) (see
Figure 1). Its biological function is to carry oxygen frotime lungs to the tissues. The X-ray
structure of hemoglobin is shown Kigure 2. The protein is a tetramer with a molecular
weight of around 64 kDa. It consists of twechains and tw@-chains, each having 141 and
146 amino acid residues, respectively. Thehains contain seven and tRechains eight

helices (Perutz 1987). Each chain carries one fggowp, in a pocket, to which oxygen and
several other small molecules can bind reversibiye concentration of hemoglobin in the red

blood cells is around 330 mg/ml (Krueger and No38&8).
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Figure 1: lllustration of a red blood cell in the lower half the picture with surrounding
blood serum proteins in the upper half. The resbthloell is densely filled with hemoglobin,

drawn in red. The cell wall with membrane protassoloured purple. (Goodsell 2000).

Figure 2: Hemoglobin is a tetrameric protein. It consistdwbd a- and twop-chains. Every
chain carries one heme molecule in a pocket to lwhiygen binds reversible. (PDB code
1G09)
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2.2 Body Temperature Transition of Hemoglobin

Hemoglobin at high concentration shows a variety irdkeresting effects. Micropipette
experiments with aspirated single human red bloelts cevealed a sudden change in the
behaviour of the cells from blockage of the pipdiEow Tpipae=36.4 £ 0.4 °C to easy
passage above. The transition temperaliige Of cell passage was surprisingly very close
to human body temperature. During the micropipeipeeriment water is pressed out of the
red blood cell and the hemoglobin concentratioesrito values of more than 500 mg/mi
(Kelemen et al. 2001).

Viscosity measurements were performed on human glednio solutions between 330 mg/mi
and 500 mg/ml to study the flow properties at scahcentrations (Artmann et al. 1998). The
experiments found a sharp drop in viscosity in Amias plots, at concentrations higher than
450 mg/ml at body temperature. The drop was abaettie physiological concentration of
330 mg/ml. The results were interpreted as a adlgbhase transition in highly concentrated
hemoglobin solution from a gel-like to a fluid &att body temperature (Artmann et al. 1998;
Kelemen et al. 2001). In the fluid-like state, abdsody temperature, hemoglobin exhibits
pronounced aggregation, whereas at lower tempesaturemoglobin aggregation is

suppressed (Artmann et al. 1998).

Further studies with circular dichroism investightdhanges of the protein secondary structure
around the transition temperature. A partial lo§salpha-helical content was found at a
temperaturelcp=37.2 = 0.6 °C for human hemoglobin (Artmann et2004). The loss of
hemoglobin alpha-helical structure at a specifimgeratureTcp was also observed for
hemoglobin molecules of a large variety of diffarepecies (Digel et al. 2006; Zerlin et al.
2007). Amazingly, the transition temperaturés were directly correlated to the body
temperature of the animals ranging from 34 °C,th& duck-billed platypus, to 42 °C for a
bird, the spotted nutcracker. It was excluded thatpartial loss of protein structure &p
results from irreversible protein denaturation whaxcurs at distinctly higher temperatures.
Independently of these experiments, two-dimensionédared correlation spectroscopy
suggested a structural perturbation stage of bdwemeoglobin between 30 °C and 44 °C (Yan
et al. 2004). The observed perturbations were asdigo hydrogen-bonded extended chains
that connect the helices. It was concluded thatpdesage transition of red blood cells is
caused by hemoglobin molecules and that the obdesreall structural changes of
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hemoglobin afTcp might be the cause for the drop of viscosityTapee (Kelemen et al.
2001). It has been speculated that partial unfgld the a-helical structure at body
temperature goes in hand with an increase in sairfgcrophobicity that promotes protein
aggregation (Digel et al. 2006), which causes @ draolloidal osmotic pressure (Artmann et
al. 2008).
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3. Neutron Spectroscopy to Study Biomolecular
Dynamics

The chapter starts with a presentation of proteid water dynamics in general. Physical
concepts and equations that are necessary fornierstanding of the theory of incoherent
neutron scattering are schematized. Inelastic #mti@ scattering processes and incoherent
and coherent neutron scattering are presented.appication of elastic and quasielastic
incoherent neutron scattering to measure biomakealynamics is explained at the end of the

chapter.

3.1 Protein and Water Dynamics

First studies on protein dynamics used sperm wimgieglobin as a model system. It was the
first protein of which the structure could be saugy X-ray crystallography (Kendrew et al.

1960). The protein serves as a scaffold for the aontaining heme-group that is responsible
for oxygen binding and transport. The crystal stitee showed clearly that there are no
permanent channels in the protein structure thraughbh the oxygen molecule could migrate
from the surrounding solvent to its binding plaeepl in the protein. Only fluctuations of the

protein structure can allow the rapid opening alodiog of channels in the protein structure
for the purpose of oxygen binding indicating thabwledge of both protein structure and

dynamics is necessary for a complete understaradipgptein function.

Ligand rebinding in myoglobin was measured withictabsorption in the range of 1@

10° seconds after photo flash dissociation (Austimletl975). In total, up to four different
rebinding processes were found that depend diffigream temperature. Between around
180 K to 280 K all four processes could be foundloty around 180 K only the first
rebinding process occurs. The rebinding processere videntified with four different
activation energy barriers that the ligand hasasspbefore rebinding. It was concluded that
the first energy barrier corresponds to direct ndinig of the ligand to the iron atom.

Nonexponential rebinding rates were found for tinst fprocess below 180 K. The results
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imply that the first energy barrier is in fact atdibution of activation energies. The authors
explained this by the assumption that myoglobinsdug exist in only one fixed structure but
it possesses many slightly different conformatistates. Below 180 Kach protein is frozen
and trapped in one of the conformational statesov&bl80 K the protein can interchange
between the different conformations. The differend®tween many different structural
conformations need to be rather small as they coatdoe seen with X-ray crystallography
(Frauenfelder et al. 1979). These experimentsdetd picture of conformational substates of
proteins (Frauenfelder et al. 1988). In the nasitzge a protein does not exist in a single static
structure. Instead it fluctuates between a largeemble of slightly different conformational
structures. The free enthalpy of all substateshés dame (or very close) and the different
conformations are separated by activation energyridose The sampling of the

conformational substates leads to the entropiclsation of proteins.

Motions in biological macromolecules and proteircsw over a very broad range of time
scales: from fast vibrations and electron trangfecesses in the order of some femtoseconds,
to protein folding events in the order of some selso The amplitudes of motion lie between
around 0.1 A for fast atomic vibrations up to savelO A for collective motions. A short
overview of time and length scales of motions inldigical macromolecules is given in
Table 1
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Table 1: Typical time and length scales of internal motion proteins modified after

(McCammon and Harvey 1987)

Motion Spatial extend [nm] | Amplitude [nm] | Logl0
characteristic
time [s]

Relative vibration of 0.2t0 0.5 0.001to 0.01 -14 to -13

bonded atoms

Elastic vibration of globular 1 to 2 0.005 to 0.05 -12to -11

region

Rotation of sidechains at0.5to 1 05to1l -11 to -10

surface

Torsional  libration of 0.5t01 0.05 -11to -9

buried groups

Relative motion of different 1 to 2 0.1t00.5 -11to -7

globular regions (hinge

bending)

Rotation of medium-sized0.5 0.5 -4t00

sidechains in interior

Allosteric transitions 0.5t04 0.1t0 0.5 -5to 0

Local denaturation 05to1l 05to1 -5to +1

First experiments on protein dynamics came from bé&if@r spectroscopy studies of
myoglobin. The technique specifically probes thaatgics of the iron atom in the heme
group with very high resolution. Motions in the &nscale up to 140 ns are detected. The
results showed that the mean square displacemérnkte aron atom increase linearly with
temperature up to around 180 K. Above 180 K themsemiare displacements increase with a
steeper gradient. This was interpreted in termsugplemental anharmonic motions that
contribute to the dynamics above 180 K (Parak etl18B2). The results obtained with
MolRbauer spectroscopy were interpreted with a motdeh overdamped Brownian oscillator
(Knapp et al. 1982). Below the dynamical transitiemperature of 180 K proteins are trapped
in conformational substates and perform harmoniullagons. Above 180 K the proteins
switch by thermal activation to a more flexibletefan which internal quasi-diffusive motions

are possible.
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The nature of the hydration shell of myoglobin viagestigated with infrared spectroscopy
and calorimetry (Demmel et al. 1997; Doster etl886). At low temperature the hydration
water turns into an amorphous, disordered staté witongly reduced dynamics. The
experiments revealed a glass-like transition ofttp@ration water at around 200 K which is
close to the dynamical transition temperature ofoghgbin. The authors emphasized the
importance of the glass-like transition of the soltivnear 200 K for the dynamical transition
of myoglobin. They concluded that the cooperativity the hydrogen bonding network
provides the intimate coupling between solvent pratein dynamics (Doster et al. 1986).
The important role of the solvent on the dynamtcahsition was further demonstrated in a
MoRRbauer experiment that investigated myoglobinagyics in a sucrose- water solvent
(Lichtenegger et al. 1999). The dynamic transibmyoglobin was shifted to 240 K due to

the higher viscosity of the solvent.

Incoherent neutron scattering is dominated by hyelnoatom motions as their incoherent
scattering cross section is one order of magnibigger than that of all other elements which
usually occur in biological matter, and deuteritsedrs 1992). The technique probes average
protein dynamics because hydrogen atoms are urifatistributed in the natural abundance
protein. The time and length scales of moleculations that are accessible are determined by
the energy resolution and the scattering vectageaft the spectrometer, respectively. On the
ps-A time-length scale, hydrogen atoms that arelemily bound to amino acid side-chains
reflect the dynamical behaviour of the bigger chehunits (Reat et al. 1998; Smith 1991;
Wood et al. 2008).

The dynamical transition at about 180 K was rewk#beexist for the motion of all hydrogen
atoms in myoglobin by energy resolved incoherenitno@ scattering (Doster et al. 1989).
The dynamical transition was also found by neutsmattering in a membrane protein
(Ferrand et al. 1993). Below 180 K the dynamicsmyfoglobin are similar to a harmonic
solid. At 180 K additional non-vibrational motiosst on that were attributed to jumps of the
hydrogen atoms between two states (Doster et 80)19he jump motion was described with
a double well model for two states separated wiidngperature independent distaicand a
free energy difference. The amplitude of the junigtathce was found to b#=1.5 A which
was interpreted being due to dihedral angle fluchna (Doster et al. 1989). A fatprocess

and a slowem-process were identified in the inelastic spectrangoglobin (Cusack and
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Doster 1990; Doster et al. 1989, 1990). The fagtocess was attributed to localised jumps
with correlation times of ~0.5ps, the sloweprocess was brought into connection with dhe
process that occurs in liquids and polymers (Dostal. 1989). The onset of tlxeprocess
occurs at 240 K and was attributed to collectiveitations that are induced by the melting of
glassy water in the hydration shell (Demmel et18l97; Doster et al. 1986; Doster et al.
1989). Model independent mean square displacemerte obtained in the Gaussian
approximation that included the contributions o &k, theB-process and vibrational motions
(Doster et al. 1989). In that way, the amplitudeshe a-process were obtained as a function
of temperature. The slowprocess is absent in dehydrated powders. Receéh#é-process
was attributed to localised jumps of amino acicesiiains (Doster 2008). The shape of the
inelastic spectra of the- andp-process could be described quantitatively wittdjateons of
mode coupling theory (Doster et al. 1990). It wasatuded that a cage effect of nearest
neighbours is responsible for the spectral featudesvever, the difference between protein
dynamics and glass physics was pointed out, asttheture of a protein imposes restrictions
to the possible movements in the long time limmjrgo acid side chains are attached to the
protein backbone for example (Doster et al. 1980analogy to the glass transition, the onset
of the slowerm-process at 240 K was defined as the dynamicasitian temperature and the
a-process was identified as the elementary stepfffstbn. The onset at 180 K due to fast

jumps between states of different energy is a psecwf the slowes-process (Doster 2008).

Depending on the energy resolution and scatteraafov range of the neutron spectrometer, a
third inflection in the thermal displacements, whis hydration-independent, was observed at
a temperature between 100 and 150 K. It has beeibudé¢d to methyl group rotations
(Cornicchi et al. 2006; Doster and Settles 2009 Bioal. 2006; Roh et al. 2005). These local
jumps contribute to the sampling of a large numbkiconformational substates that are

responsible for the entropic stabilization of pnasg(Fraunfelder et al. 1991).

A model for protein dynamics related to the Dosteal. (1989) double well used in this work
was proposed by Bicout and Zaccai (Bicout and Z&2@@1). Protein dynamics is interpreted
with a picture of a quasi-harmonic average poténtell for the complex macromolecular
force field (Bicout and Zaccai 2001; Zaccai 200)e model assumes that protein dynamics
can be described by two states: local fluctuatemesind the equilibrium positions with small
amplitude and larger amplitude fluctuations in gecéormed by neighboring molecules. The

two states are separated by a free energy differand the transition from the low amplitude
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state to the large amplitude state is activatedenyperature. The dynamical transition is
defined as the deviation of the mean square dispianats from low temperature linear
behaviour. In the model this occurs when a smalition (10%) of the total population of

particles in the small amplitude state changestimtdarge amplitude state.

Following the Bicout and Zaccai model, protein flehty was defined as the amplitude of
atomic motion51/<u2> which corresponds to the width of the quasi-harmaaverage

potential well. Protein thermal stability would cespond to the depth of the well (Tehei et al.
2001; Tehei and Zaccai 2007). A mean effectivedmenstantk’> can be obtained from the
dependence of theu®> as function of temperature. This mean effectivedaonstant, called
resilience, describes the shape of the well (Za2@@0). Many conformational substates exist
within the average well and are sampled by locdlimenp-diffusion (Fraunfelder et al. 1991).
The geometry and activation energy of localizedgaman be determined by QENS. From
elastic incoherent neutron scattering (EINS) meprae displacementsu®> of the thermal
cloud of atomic motions can be determined. Quasielaneutron scattering (QENS) on the
other hand, enables to distinguish between vibmatiand diffusive components (Bee 1988).
This technique allows the quantification of intdrdéfusion coefficients, residence times and

the determination of the average geometry of metion

Both protein function and dynamics are closely ¢idkto sufficient hydration. Enzymes are
non-functional in the dry state and catalytic fumatis only possible above a sufficient

threshold hydration level of around 0.2gC4 g protein (Rupley and Careri 1991). In a
membrane protein, anharmonic processes are onatert above a hydration level of around
0.35g HO/ g protein (Ferrand et al. 1993). Recent workterature points out that it is the

onset of translational diffusion of the solvent smlles that enables the protein dynamical
transition (Tarek and Tobias 2002; Tournier et28l03; Wood et al. 2007). The dynamical
properties of water that is in close contact tagirosurfaces are therefore of high importance

for the understanding of protein function.

The cytoplasmic environment in cells is very crodi@ad protein concentrations range up to
~400 mg/ml (Ellis and Minton 2003). Distances betwenacromolecules are in the order of
~1nm, which corresponds to only a few layers ofenah large fraction of water molecules is
therefore in close contact to protein surfaces. Ta@slational diffusion coefficient of

hydration water on the surface of C-phycocyanin feasd to be 3 times reduced (Bellissent-
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Funel et al. 1996; Dellerue and Bellissent-FuneD@0compared to that of bulk water
(Teixeira et al. 1985). The dynamics of water imtagt with hydrophilic and hydrophobic
peptides at high concentration was found to beaedlicompared to bulk water (Russo et al.
2005). Molecular dynamics simulations showed thatstiy water molecules in protein
surface cavities exhibit strongly reduced dynaniMakarov et al. 2000). Water in cells was
therefore assumed to show different dynamics thalk lwvater. Recent work on water
dynamics in cells proved the contrary: Jasnin emnalasured the dynamics of cellular water in
Escherichia coliwith neutron scattering (Jasnin et al. 2008). &b#hors reported that the
average translational and rotational diffusion Goiits of cell water show similar behaviour
to bulk water. The residence times of cell waterenteiice as long which was attributed to the
longer times spent in the hydration shell. Perssmh Halle measured water dynamic<Ein
coli with NMR spectroscopy (Persson and Halle 2008gyT¢toncluded that around 85% of
cell water has similar dynamics to bulk water, angund 15% of cell water interacts with the
surface of biomolecules, being slowed down by #&ofacf around 15 + 3 compared to bulk

water.

The halophilic cell is a special case. The celluatglates large amounts of KCl in the molar
level in its cytoplasm and halophilic proteins ardy stable at such high salt concentrations.
Solvent interactions of halophilic proteins aretjgatarly strong and halophilic proteins bind
both water and salt ions in their hydration shiela@lern et al. 2000). A previous experiment
on water dynamics in the halophilic organigtialoarcula marismortuirevealed a major
cellular water fraction of around 76% with 250 teredower dynamics than bulk water (Tehei
et al. 2007). The slow water fraction at 300 K shdwcharacteristic signs for confined
motions in a restricted volume. That study alseaded that cell water dynamicshkn coli is

not governed by such a slow water fraction (Teheile 2007). Tehei et al. therefore
suggested that an ordering effect of water molagukeCl and halophilic proteins is

responsible for the large slow water fractiotHinmarismortui(Tehei et al. 2007).

Fast bulk-like dynamics of water are in the ordes@me picoseconds, whereas interfacial
water motions are slowed down and are in the ooflesome ten picoseconds. Quasielastic
neutron scattering is a well suited technique e $tudy of the microscopic nature of water

dynamics.
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3.2 Properties, Production and Detection of Neutrons

The neutron is a nuclear particle that decaysanpooton, an electron and an electron
antineutrino with a half-life of 887.6+x3 s (Mampeat 1989) (3 decay mediated via the weak
interaction). The energy of 0.77 MeV that is proglliduring the decay is shared between the

proton, the electron and the antineutrino.

n- p"+e +0,+ 077Mev
Neutrons can be described as waves with the wastervie defined by

H 27 (3.1)
whereA is the wave length of the neutron.

The momentump of the neutron is given by

p=mn\7=hR, (3.2)
with the mass of the neutron,@nd its velocityv. The kinetic energy of the neutron is

S (3.3)
kin 2 :
mn

Several properties of the neutron are summarizdcliobe 2

Table 2: Properties of the neutron

Mass m.,=1.675-1G" kg
Charge 0

Spin 1/2

Magnetic Moment K=-0.966-16°J T1
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Although ~50% of all matter consists of neutronss difficult to extract bound neutrons from
the atomic nuclei. Free neutrons need to be prabbgenuclear reactions. A high flux is
mandatory for scientific investigations using neatbeams. Research neutron sources either
use nuclear fission or spallation for the productid high flux neutron beams. Both nuclear
fission and spallation are schematically presemedeigure 1. Examples for reactor neutron
sources are the High Flux Reactor at the Instiud-Langevin (Grenoble, France) and the
Research Reactor Heinz Maier-Leibnitz at the TeminlUniversity Munich (Garching,
Germany). Neutron spallation sources are the 181Sed spallation source at the Rutherford
Appleton Laboratory (Didcot, United Kingdom) anek tbontinuous spallation source SINQ at

Paul Scherrer Institut (Villigen, Switzerland).

The produced neutrons have energies in the rangemé& MeV. This energy is too high for
neutron scattering experiments. In reactor soutbesneutron energy has also to be reduced
in order to maintain the chain reaction. Thereftie, kinetic energy of the neutrons needs to
be changed by thermal equilibration with moderagtegments that are kept at different
temperatures. In the moderators the neutrons egehtheir kinetic energy with the moderator
atoms through collisions. At thermal equilibriumetlvelocities of the neutrons follow a
Maxwell distribution determined by the temperatwfethe moderator. So called thermal
neutrons are produced with moderators at ambienpeeature, while cold neutrons are

obtained from mainly liquid hydrogen or deuteriuroderators at ~25 K.

A thermal neutron produced by a moderator at TR ®%&s got in average a kinetic energy of
E=25 meV, a wavelength a£1.8 A and a velocity of 2200 m/s.
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Neutrons are produced in reactors through theofissif Uraniumd®. The excited Uranium

decays into a series of fission products, includm@verage ~2.5 neutrons with energies in
the order of some MeV. These high energy neutrees io be moderated such that they can
maintain the nuclear chain reaction. In spallatsmurces, protons are accelerated to high
energies and brought to collision with heavy m&gegets. The excited target nuclei evaporate

in average ~20-30 neutrons with energies in therosisome MeV.

Neutrons are detected indirectly via nuclear reastithat produce charged particles. The
charged particles can then be detected by apptepdatectors such as for example

proportionality counters or photo multipliers.

Proportionality counters are filled with a gas toanhtains®He. The helium isotope absorbs
neutrons efficiently. The products of the nuclezaation are charged protons or tritons with
energies in the order of one MeV andSxintillation counters are enriched wfith and ZnS.

Neutron absorption leads to fluorescence radidgtiahcan be detected with photo multipliers.
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3.3 Scattering Processes and Observational Limits

We now consider the scattering of a neutron bynegpta Letk andk' be the wave vectors of
the incident and scattered neutron, respectivelscifeme of the scattering process is given in

Figure 2.

dQ

20

v

K v

Figure 2: Scheme of the scattering process of neutrons avsample. An incident neutron

enters from the left and is scattered into thedsafigledQ. The incident neutron has got the

wave vectork , the scattered neutron the wave vektofThe direction ofk' is determined by
the scattering anglgéd and the azimuthal angl@ The sample is indicated as a box at the
centre of the coordinate system and the wave vettibre incident neutron beam is parallel to

thez-axis.

The difference in kinetic enerdybetween the incident and scattered neutron is

E=" (k2 -k?), (34)

E is also called energy transfer. Positive value& aforrespond to the situation when the
neutron deposits energy in the sample. In the chsegative values dE, the neutron gains

energy from the sample.
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If E=0 than the process is calledastic scattering If there occurs exchange of energy

between the neutron and the sample \iitl O, then the event is calledelastic scattering

The difference in momentum between the incidentsoadtered neutron is

hq = hk — k', (3.5)

with the so called scattering vect@y. Sometimes, in analogy with crystallography, the

scattering vector is defined a@s= k'—k .

In the case of elastic scatterikg k' and the scattering vectqrcan be written as

|:4,T5i”_@, (3.6)

q=|q y

with the scattering angl?9 as defined irFigure 2.

For inelastic scattering processes ikig k andequation ( 3.6 )is not valid anymore. The

connectionid = 7k -k ‘can be written as
g2 =k?+k? - 2k'k cos8) . (3.7)

With the energy transfdt it is

k|2:k2_2mnE. (38)
hz

This can be written finally as

o = 26 - 2T ~ 2 cosa) ke - ZHE (3.9)
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which describes the fundamental kinematic connedto neutrons between scattering vector
g, energy transfelE and scattering angf. This relation gives the limiting boundaries oé th
accessibleg-E space for any neutron spectrometer. The connetigiweeng, E and 26
according teequation ( 3.9 )is plotted exemplarily ifrigure 3 for neutrons with the incident
energy Rkn,=3.14 meV. It is important to notice that the seatly vectorq changes as a

function ofE at a fixed scattering angl®.

0.;.-i..-.l...nl-...l-n..lu-lnl..-.l...-
5 0 -5 -0 15 20 25 30 35

E [meV]

Figure 3: The connection between scattering vectoenergy transfee and scattering angle
26. In this plot the kinetic energy of the incidem®iutron isEi,=3.14 meV, which corresponds
to a neutron wave length @£5.1A. The maximum energy transfer E is determibgdhe
kinetic energy of the neutron that it can depasitne sample; it is indicated by the vertical
dotted line at E=3.14 meV. The energy transfehandase of elastic scattering is E=0, which
is shown by the vertical dotted line at E=0. Thidsborizontal line indicates the scattering

vector q=1.7A, as shown irFigure 4.

If the incident neutrons have a fixed kinetic elyeagd neutron scattering shall be measured
at constant scattering vectqras a function of energy transfé then the scattering angle

value of the detector position has to be variedalog toequation ( 3.9 )(seeFigure 3).
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Figure 4: Different scattering angles need to be connectetb¥@r a broad energy transfer
range at constant scattering vector q=1'74 is schematically illustrated how experimental
data measured at different detector positions aireegl together (Settles 1996). At energy

transfer values close to E=0 it is not necessargdmye different detector positions.
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3.4 Elements of Neutron Scattering Theory

A neutron scattering experiment with angular andrgy resolution measures the double

. . . _d%0 L
differential scattering cross SeCtl%ngm_E’ which is the number of neutrons that are scattere

per second into the solid angl@ in the direction of the scattering vectior with an energy

in the interval betweek andE+dE, normalised by the incident neutron flgx

The incident neutron wave can be written as a pleanes with

=i

Y(r)=¢e" (3.10)

The scattered neutron waye () can be written at sufficient large distance asira sf the

transmitted wave and a spherical wave multipliethhe scattering amplitudé(Q)

e 3.11
w(r) =€ +eT £(Q). (3.11)

The neutron interacts with the sample via nucledrrmagnetic forces. The nuclear interaction
depends on the element, the isotope and the dii@maf the spin of the neutron and the spin

of the nucleus of the sample.

The magnetic interaction is neglected in the follmyvand only the nuclear interaction is
further considered. The wave length of thermal mest is in the order of some 1bm, the
diameter of the nucleus of an atom is around®1® which is much smaller than the neutron
wave length. The phenomenological assumption obiatpike interaction potential (Fermi
pseudo potential) has been proven to be very ssitddn the theory of neutron scattering.
However, this assumption is only valid to descsbattering of cold and thermal neutrons and

fails completely for high energy neutrons.

The Fermi pseudo potential has the form
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21 (3.12)

v(r) =" sl - R),

n

with the scattering length that is a complex number. The real partbofiescribes the

scattering strength, the imaginary parbdhe absorption.

The further evaluations of the double differensighttering cross section take into account the
Fermi pseudo potential and the so called Born agmation that is a first order
approximation of the scattering process. Only singtattering is considered. The double

differential scattering cross section finally canvritten as

d’o k' (3.13 )

ﬁzﬁE§_£<b b exp{lqr (O)]exp{ iqr; (t)]>e et

The indiceg andj’ account for the atoms in the sample. The scagdengthb; depends on
the element, the isotope and the orientation okfhes. The position of the atom j at time t=0
is 1; (0); its position isrF; (t )at time t.

The sum irequation ( 3.13 )can be split into two parts,

dcgl)zdaE - 27 k Ocor Z _[< eXF{'qr (0)]eXF{—Iqr (t)] > e '¥dt + (3.14)
" e

%t - Z J'< exp{lqr (0)]exr{—|qr (t)]> e “dt

with the so calledoherentscattering lengthcon
2
bcoh2 =<b> ' (3.15)

and the so calleshcoherentscattering lengthik
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bine” = (b?) =(b)*. (3.16)

The coherent scattering length is the averageescajtlength of the element. The incoherent

scattering length is the standard deviation froenaberage.

The first term inequation ( 3.13 )is calledcoherent scatteringwhile the second term is the
incoherent scatteringThe double sum in the first term efuation ( 3.14 )contains cross
terms of the different atomsandj’; the second term only contains the self term ang over
the different atom as a single sumjoThe double differential scattering cross sectian be

written shortly as

d’oc _ d’o N d’o | (3.17)
deE deEcoh deEinc

Coherently scattered neutrons from different nuci@n interfere with each other. These
interferences contain both information of structaral collective excitations of the sample.
An ideal system would give purely coherent scaitgif all atoms in the sample of the same
element have the average scattering length of ldreemt<b> and do not deviate from the
average. Deviation from the average occurs, fomgte, with variation in the spin state of

the nuclei.

Incoherent scattering contains information aboatdiinamics of the individual atoms. It can
be interpreted as a superposition of neutron wéwatswere scattered from the same nucleus
at different times. The time range is determinedh®y energy resolution of the instrument.
The physical reason for the existence of incoheseattering is the random distribution of

scattering nuclei that have a deviation from therage scattering lengtb>.

Scattering cross sections,., 0,

C

. and scattering lengthisn., beon are connected by the

relations:

oS40, (3.18)
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acoh = 4'7t)coh2 . ( 319 )

The incoherent scattering cross section of hydrogehe largest of all elements that usually
occur in biological matter (s€Bable 3). The reason for this behaviour is that the sdatje
length for different spin orientations between tleitron and the proton spin differs rather
strongly. Incoherent scattering of natural abundapooteins is dominated by hydrogen
atoms. The incoherent scattering cross sectioryafogen is around 40 times larger than that
of deuterium. Therefore, hydrogen/ deuterium labglis made possible. Scattering of natural
abundance proteins in,D solvent is dominated by the protein signal, wasrscattering of
deuterated proteins hydrated with(Hallows to focus on the signal of the solvent. Th# of

the scattering cross section is the barn with h bat0%* cnt.

Table 3: Coherent and incoherent scattering cross sectionselements occurring in
biological systems (Sears 1992).

Element Ocon [barn] Oinc [barn]
H 1.7568 80.26

D 5.592 2.05

C 5.551 0.001

N 11.01 0.5

o 4.232 0.0008

P 3.307 0.005

S 1.0186 0.007

Fe 11.22 0.4
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3.5 Connecting Theory with Experiments

The Van Hove pair correlation function describes mhicroscopic structure and dynamics of
the sample (Van Hove 1954). Van Hove showed matheatiy in his article how the
theoretical pair correlation function can be redati® measurable neutron scattering quantities.
The work paved the ground for all the models onrasicopic motion that came afterwards.

The pair correlation function is defined as
=2 Nod B,
G(F,t ﬁz<5[r + (O)—rj'(t)]>. (3.20)
N

The pair correlation function contains the prob&pilo find a scattering particle at timeat

the positionr’(t) , when it was at tim&=0 at the positio™ (Q)N is the number of atoms.

The self term of the pair correlation function is

18,0 . ~ (3.21)
Go(f) =2 (ol +7,0-7,w)).
j
The intermediate scattering function
I (q!t) = lcoh(qlt) + linc(q!t) ( 3.22 )

is obtained by a space Fourier transformation ef\tan Hove pair correlation function. The

incoherent part of the intermediary scattering fiorc 1, (q,t) is related with the self-term

G,(r,t). The coherent part_,(d,t 5 connected with the pair correlation functiGir, : t)

leon @1) = [ G (F,t)e™dF % <exp[|qr O exd- iar; v)) (3.23)
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line @ 1) = [ G (7, a = %z<exp{i€|ﬂ- ©exd- g v)) . (3.24)

j
The intermediary scattering functions can be catedlanowadays from molecular dynamics
simulations. Measured neutron data can be compardtiese simulations and molecular

events that are responsible for the measured esesan be eventually identified.

The scattering functiors(d,a) in energy space is obtained by a time Fourierstamation

of the intermediate scattering function
- 1 ¢1/a neia
S(6, w) = —j 1 (g,t)e"“dt. (3.25)
2n
The scattering functioi®(q,« ¢an also be divided into a coherent part and eshi@rent part
S(0, @) = Seon (@, @) + Sinc (. @) - (3.26)

The experimentally accessible double different@tiering cross section is connected to the

scattering function with

d’c
dQdE

ok o .k
=N coh_S 9 +N inc S %) (327)
477 k (q )coh 4 (q )

7 E inc *

2
can be corrected with

inc

Measured incoherent neutron scattering data irfdima of

computer programs for the ternEr and the scattering functiors(q,w),,. is containing

inc

information about the dynamics of the sample.
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3.6. Elastic and Quasielastic Incoherent Neutron Scattering

Energy resolved incoherent neutron scattering altve study of molecular motions in the

order of picoseconds to nanoseconds. The obsertiaiderange is determined by the energy
resolution of the spectrometer. The detectabletbesgale of the motion is in the range of
some Angstrom and is given by the scattering veetoge of the instrument. Energy and time
ranges of molecular motions that can be detectedhdagron spectroscopy are given and
compared to other experimental techniqueBigure 5. Incoherent neutron scattering data of
biomolecules or water informs about the dynamickyafrogen atoms as their scattering cross
section is much larger than all other elements taially occur in biological matter.

Hydrogen atoms are uniformly distributed in prosesnd around every second atom of a
protein is a hydrogen atom. Therefore, averageeprotlynamics can be detected with

incoherent neutron scattering experiments.

4 3 2 1 0 -1
r/A 10 10 10 10 10 10
10°
10° 10°
eV spectroscopy 7
10° S 10
10° T C% 10°
t
o (I Raman, VUV-FEL Gmp | 10 10"
scattering 2 Chopper ;
10' 10
10’ o . e 10°
| Brillouin Multi Chopper s 10
> 10 scattering o i ,
GE" 102 nelastic Neutron Scattering / =} 0z
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L Backscatterin = 7
10° 9 5 10
. . 2 10°
10 Photon Spin Echo e .
10 correlation g 10
kD 107
107 =
10°
10°* 10° 10 10““&_1 10° 10' 10°

Figure 5: The covered energy and time range that can beredwsith inelastic neutron
scattering is compared with other various expertaemethods. Chopper, multi chopper,
backscattering and spin echo neutron spectromaterdifferent instrumental techniques that

allow increasing energy resolution (http://neutn@utron-eu.net/n_nmi3 2008).
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A typical incoherent neutron scattering spectrurshiewn inFigure 6 when molecular long

range diffusion is absent. The graph shows elagtiasielastic and inelastic neutron scattering

features.
elastic scattering: A
@
o
o resolution width: T'__
o —| ]
c
o
=
o
| ==
i i ring: A
inelastic scattering quasielastic scattering: A,
=—width: H—=
1
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he/2r < 0 ho/2r >

energy transfer

Figure 6: Typical incoherent neutron scattering data atxadiscattering vector. Elastic,
guasielastic and inelastic parts of the spectruemiraticated. Elastic neutron scattering refers
to the detected intensi# at the energy transf&=0. The elastic peak is always broadened
by the finite energy resolutiofies Of the instrument. Quasielastic intensity is caubg
diffusive motion and is responsible for the broaidgs of the spectrum with the widthyH
Inelastic scattering is caused by molecular exonatand vibrations and causes features in

the spectrum at large energy transfer values (Fittd Lechner 1998).

Elastic incoherent neutron scattering (EINS) reterseutrons that do not exchange energy
with the sample and are detected at zero energgfaeE=0. The elastic peak with intensity
A is always broadened by the finite energy resatufigs of the instrument. The intensities of
the elastic peak as a function of the scatteringjorecontain information about the amplitude

and geometry of molecular motion.

Quasielastic neutron scattering (QENS) is visibdebaoad wings centred at zero energy

transfer around the elastic peak. Molecular diffasand rotational motions give rise to the

guasielastic broadening. Simple diffusion is déxdiby a single exponential in time space.

The Fourier transformation of an exponential isaentzian function in energy space. The

guasielastic signal is mathematically described abyum of Lorentzian functions with
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characteristic intensities and half-widths at maldximum (HWHM) /. Microscopic model
are employed to analyse the HWHM. Within the framogwof the models diffusion

coefficientsD, residence timeg and correlation timeg, =1/ can be determined. The

measured energy transfer range of QENS spectrandepstrongly on both the energy
resolution and the instrumental properties of thatron spectrometer. Approximately, on a
time-of-flight instrument with an energy resolutioh~100ueV the energy transfer range used

for QENS is in between around -1.5meV and +1.5meV.

Molecular excitations cause inelastic neutron scaiy at high values of the energy transfer
|[E|. The typical measured energy transfer range déstie neutron scattering is in between
~1 and 200meV.

In this work we focus only on elastic and quasigtaseutron scattering.

The theoretical scattering function for elastic ajahsielastic neutron scattering can be
written as (Bee 1988)

2l 2 3.28
Shheol0l, ) = €7 EEAo(q) [B(w) + Y A(Q) un(w)} (3:28)

The delta functiond(«) needs to be taken into account if there are mstinrconfinement,
or if the dynamics are much slower than the resmudf the instrument. The factoh(q i3

called Elastic Incoherent Structure FactofEISF) and contains information about the
amplitude and geometry of motions. The quasielastimponent is described by a sum of

Lorentzians L,(w ) with the Quasielastic Incoherent Structure Factégq). Faster

—<x?>q?

vibrational motions are contained in the Debye-Wafhctor e , with <x*>> the mean

square displacement of fast vibrational motions.

In the presence of long range translational diffnsihe theoretical scattering function needs
to be extended. It is commonly assumed in liteethat long-range translational diffusion
and internal motions are independent of each o#teit facilitates data analysis. This might

not necessarily be the case for all systems atiteisonly an approximation. The presence of
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long range translational diffusion then leads tooavolution ofequation ( 3.28 )with the

scattering function for long-range translationdfugiion S, (q, )

202 3.29
Sy ) = €0 zﬁw csm(q,w){zw un(w)]msm(q,w)] (3:29)

When there is a fractiop of hydrogen atoms that appear immobile within riésolution of

the spectrometer, the EISF can be written as
A = p+(A-p) A (9), (3.30)
with A)'(q) the EISF for the dynamics of the hydrogen atoras appear mobile.

The measured QENS data are then fitted with therétieal scattering functiors,, (g, )

that is convoluted with the instrumental energyhesion S, (q,w) as

Sﬂeas(q’a)) = [Sheo(q’w) + B] O Sres(q’a))’ ( 3.31 )

whereB is a linear function that accounts for backgroaadtribution.

3.7 Instruments Used for Incoherent Neutron Spectroscopy

All neutron spectrometers need to measure thesiyeof scattered neutrons by the sample as
a function of energy transfé&rand scattering vectay. Two experimental techniquasne-of-
flight spectroscopyand backscattering spectroscapyere used in this work to measure
elastic and quasielastic incoherent neutron soagtemhree axis neutron spectrometers are
widely used in condensed matter physics for thelystof collective excitations in single
crystals. The highest energy resolution is reachkigial neutron spin echo spectrometers and
slow relaxation times up to 200 ns can be detewfiéid current instruments. A neutron spin
echo spectrometer at the American spallation so8M8 is in construction which is planned

to detect relaxation times up to 1 ys.
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At reactor sources a monochromatic neutron beandsné® be extracted by the primary
spectrometer from the polychromatic neutron beamieg from the reactor. In the case of
crystal time-of-flight and backscattering spectroene this is achieved with a single crystal
using Bragg reflections. After the single crystiaé tmonochromatic beam is then cut into
neutron pulses with a rotating chopper. Multi chepiime-of-flight instruments use a set of
counter rotating chopper discs to prepare a mowocatic and pulsed neutron beam. The
prepared monochromatic neutron beam has a certarge bandwidth given bylE. At

spallation sources the time structure of the inuideeutron beam allows the use of a
polychromatic beam for measurements. The neuttwars interact with the sample contained

in the sample holder, located inside of a crydstatemperature control.

Time-of-flight instruments contain a large neutidetector bank of up to 400 detectors that
are placed at a certain distance, radially arotmedsample. The large number of detectors
allows a simultaneous measurement of scatteredamsubver a large solid angle. Time-of-
flight spectrometers are therefore efficient forapid mapping of a large scattering vector
range. A pulsed beam of neutrons arrives at thepkamleutron scattering in the detector
bank is then measured as a function of time. Naattbat gain energy from the sample will
be faster and arrive first at the detectors. Edall§i scattered neutrons without energy
exchange arrive afterwards and neutrons that depagiof their kinetic energy in the sample
arrive latest. The time resolution of these insteuats is determined by the energy bandwidth
AE of the prepared neutron beam. Typically, crysitaetof-flight instruments operate at
energy resolutions between around 50 to 200 peVHMYV Multi-Chopper time-of-flight
spectrometers can be set to a nearly continuoug)enesolution between around 5 peV and
5 meV (FWHM).

Backscattering spectrometers reach a high energgluteon by the principle of Bragg
reflection. If a neutron beam is reflected by astal/in a geometry close to 90° the reflected
beam has a very small energy dispersion. Neutnenscattered by the sample in the direction
of analyzer plates. The analyzer plates reflect &mcus the neutrons under nearly
backscattering conditions into neutron detectors.tHis way typical energy resolutions
between 0.9 and 8 peV are reached at reactor soubeee to the small energy bandwidth,
neutron backscattering has always lower countiagssics than time-of-flight spectroscopy.
To compensate at least partially this effect neuttnalyser plates need to cover large solid

angles at the expense of scattering vector resolutit spallation sources, the so called
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inverse backscattering spectrometesse used. This class of instruments utilizes a
polychromatic neutron beam and the time structuverngby the spallation source. Higher

counting rates are possible at the expense of gmesglution.

Table 4: Time-of-flight and backscattering spectrometerghatinstitutes ILL, ISIS, PSI and
FRM-II used in this work. Given is the incident vedength, the instrumental energy
resolution, the corresponding time resolution dreddovered scattering vector range.

Instrument A [A] AE [peV] At [ps] q[AY

IN13, ILL 2.23 8 ~100 0.2-5.0
IRIS, ISIS ~5 17 ~40 0.3-1.8
FOCUS, PSI 6 50 ~13 0.4-1.6
TOFTOF, FRM-II 51 100 ~7 0.4-2.0

The characteristic properties of neutron spectremsehat were used in this work are given in
Table 4.

In an incoherent neutron experiment the sample@@ntie aluminium sample holder and the
empty sample holder need to be measured. To obtadinthe scattered intensities of the
sample, the empty sample holder has to be corrsciiyracted. The neutron detectors are
calibrated by a reference scatterer. In the cadeydifated powder samples this can be done
with the sample itself at low temperature where enolar motions are strongly reduced
(usually between 10 to 20 K). If the sample corddarger amounts of water which can form
ice at low temperatures or if the sample is searesito freezing then vanadium is used as a
reference. The coherent scattering cross sectioar@ddium is around 300 times smaller than
the incoherent scattering cross section (Sears)1@Rsielastic line broadening is absent and
the inelastic signal due to phonon excitationsnmls compared to the elastic signal. The
Debye-Waller factor of vanadium is large; therefeamadium gives a purely incoherent and

isotropic signal that can be used for neutron detexalibration.
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3.8 Mean Square Displacements and Force Constants
obtained from Elastic Incoherent Neutron Scattering

Model independent mean square displacements can be determined from the measured
intensities at zero energy transfer.

The intermediary incoherent scattering functidq,t). . of a system consisting d&f atoms is

inc

oo = 3 (exdials @ -1 0)]). (3.32)

This expression can be simplified in the Gaussgpr@imation. The approximation assumes
that the distribution of the atoms around theirrage position follows a Gaussian function.
However, agy approaches zero, the approximation is valid for mmotion localised in the

length-time window of the spectrometer. Knapp sifiga |(q,t)... under this assumption as

inc

(Knapp et al. 1982)

’ 3.33
0.0 = 1 T - £ @ -0 | (333)
The mean square displaceme(n§> of atomi are introduced as
(W) =r@-rmP. (334)

They correspond to the full amplitude of motion {8M.991) and can be compared to values

obtained from molecular dynamic simulations.

In the long time limit witht - c the elastic incoherent scattering functigfy,0). . reads

inc

2 3.35
S(00,. = 5 Lex -5 {u)| (3:35)
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and the average mean square displacement can dieexbfrom the slope of the logarithm of

the scattered intensities versdsagcording to

<u2>= -6[AINnS(q,0) . (3.36)
AQ®

This approach is formally similar to the Guinierpagximation in small angle scattering

experiments (Guinier and Fournet 1955). The appmatibn is strictly valid forg> — Obut

holds up to<u2> [t* ~2 (Réat et al. 1997).

A neutron scattering instrument always has a fiartergy resolutioalE and a corresponding
time resolution ofAt :E; a certain scattering vector range is coveredheyinstrument.

Only motions that are in the accessible lengthesgalen by the scattering vector range and
the time resolution of the instrument can be detécTherefore, mean square displacements

<u?> depend on the kind of neutron spectrometer used.

Mean square displacements are often measured asctoh of temperature in so called
elastic scans on backscattering instruments witfh renergy resolution. The measured
intensities at zero energy transfer are ratherelathus elastic scans rapidly allow a
determination of the molecular dynamics as a famctof temperature. As an example,
Figure 7 shows the measured mean square displacementspb¢ poembrane in the dry and
hydrated state.
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Figure 7: Hydrogen mean square displacement$> of purple membrane in dry) and
hydrated statem) in the length and time scale given by the instntal scattering vector
range (see inset) and energy resolution. Watereobim hydrated state was 0.55@ g dry
membrane (Ferrand et al. 1993). Data was measurduedoackscattering instrument IN13 at
ILL and was analysed within the Gaussian approxonatccording tequation ( 3.35 ) The

inset shows measured intensities as a functiay af different temperatures.

A mean effective force constank’> can be obtained from the dependence of<th®e as

function of temperature (Zaccai 2000). The forcestant is defined as

< 5o 000276 (3.37)

the values are chosen in such a way kat is in N/m whern<u?> is in A% andT in Kelvin.
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3.9 Models for Quasielastic Neutron Scattering

Quasielastic incoherent neutron scattering allowprecise determination of molecular
dynamics. The geometry of motions can be extraicted the EISF. The half-widths at half-
maximum (HWHM) of the quasielastic components contaformation about diffusion

coefficients and residence times. The dependencéheofHWHM as a function of the
scattering vector contains information on the ratof diffusive dynamics. Microscopic
models are needed to interpret QENS data. In thewimg the common models that were
used in this work are presented.

3.9.1 Long Range Translational Diffusion

The scattering function for continuous translatioddfusion can be written as a simple
Lorentzian with (Bee 1988)

:1 Dq? (3.38)
STD(q,a)) 7Ta;2+(Dq2)2

S, (g, w) was already introduced in equatip8.29 )
The HWHM intercept zero foi® -~ @nd have the typical form df(q) = D¢’ with the

translational diffusion coefficierid.

Singwi and Sjolander (Singwi and Sj6lander 196Q)ettgped a model for translational jump-
diffusion of liquid water. In this model a molecuberforms oscillatory motion around its
equilibrium position for a timey After that it diffuses for a time; by continuous diffusion.
This process is then repeated. The scatteringibtmcan be evaluated in two limiting cases:
when the time of continuous diffusion is much longfean the time of oscillatory motion
11>>10, the scattering function is identical to that ohtinuous translational diffusion given in
equation ( 3.38 ) The second case is when the time of oscillatastion is much longer than
the time of continuous diffusiom<<tg. Then the scattering function can be described by a
single Lorentzian with the HWHNI'(q) and the Debye-Waller factexp(-2W)as
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~ (3.39)
Q=7 Tod |
0 q7,

When the amplitude of molecular vibrations are $ncaimpared to the diffusive steps

fulfilling the condition 2W << Dg’z,, then the HWHM can be simplified to

Mg)=———.
(@) 1+ Dg’r,

Characteristic properties of the HWHM are to intetszero forg® — Oand to follow

r(q) = Dg? for very small Gvalues. At large Gvalues they tend to the asymptotic value of

r, =1/7,.

Teixeira measured the dynamics of water with QEN&xeira et al. 1985). Rotational and
translational diffusive motions of the water moliesucould be separated. The translational
component could be described to high accuracy thighump-diffusion model of Singwi and

Sjolander. The measured HWHM Figure 8 nicely show thel(q) = Dg* law at small

scattering vectors and the platdlau=1/7, at largeq? especially for low temperatures.
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Figure 8: Half-widths at half-maximum (HWHM) of translationdiffusion of liquid water as

a function ofq’ at different temperatures (Teixeira et al. 198%)lid lines are fits with the
model of jump diffusion. At lowg*-value thel (g) = Dg? law is indicated, at high scattering

valuesg® the platealr, =1/ I, is reached, being especially visible at low terapges.

3.9.2 Rotational Diffusion

The formalism of Sears (Sears 1966) is often ugedkescribe molecular rotational diffusion.

The scattering function of the model is a sum @& dalta function and several Lorentzians

_ & [ ot (3.41)
Sla.a)= Ala)Bla)+ A G .

rot,|
The prefactors are given by = (2I +1)Dj|2(qr), ji are the first order spherical Bessel
functios of I kind. The HWHM arel,,, =1 +1)(D,, with the rotational diffusion

rot

coefficientDot.
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The characteristic feature of rotational diffusian that the HWHM of the quasielastic

intensities are independent of the scattering veatml have constant line-width,,. The

correlation time of rotational motion can be obégirasr , =1/T .

For the description of rotational diffusion of liguwvater often only the first two Lorentzians
are taken into account with prefactorgd taken from the Sears model (Teixeira et al.5)98
In a simplified approach QENS data of water carp dl€ approximated by only one
Lorentzian for the rotational diffusion (Tehei &t2007).

3.9.3 Diffusion within Confined Space

A model for continuous diffusion in a sphere withpermeable boundaries was developed by
Volino and Dianoux (Volino and Dianoux 1980). It ngther useful in the investigation of

protein dynamics with QENS as it gives analyticglressions for the measured EISF.

The scattering function of this model reads as

S(q, ) = A°(q) D 2+ (AP (342)
@e)= )+ >@+)m)e 7+ (o)

The A are eigenvalues of a differential equation defiedthe article by Volino and
Dianoux. In their work (Volino and Dianoux 1980ktfirst 99 values ofA’ were calculated

numerically. The values of (q) can then be calculated frof.

It is important to note that the EISF has got aaital solution with

¥@=F%@T, ()

wherej; is the first order spherical Bessel function oétfikind andr is the sphere radius. The

value ofr can be deduced easily from measured EISF.
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The HWHM of the quasielastic intensities of the iMolDianoux model are plotted in
Figure 9. Its characteristic features are that at hightedaf vector values the model
converges towards the Behaviour of continuous diffusion. At small g-vesuthe HWHM

converge to a plateal, for q < The value off, is related to the diffusion coefficiebt
r

with
_ 433D (3.44)
M=——.
r
100
= 10
=
e =
1k
&
1 10 100
a’R?

Figure 9: Half-widths at half-maximum of the Volino-Dianoumodel for continuous
diffusion in a sphere (Volino and Dianoux 1980). gxhall g° values the HWHM reach a

plateau.

Hall and Ross developed a model for random jumfusidn in restricted geometry (Hall and
Ross 1981). The Hall and Ross model exhibits bo¢hcharacteristics of jump diffusion and
diffusion within a restricted volume, s€eyure 10. The model is commonly applied in QENS
of protein dynamics to describe the dynamics ofrbgdn atoms that are attached to amino-
acid side chains. Amino-acid side chains perforstrigted jump-diffusion in a cage formed

by the neighbouring side-chains. The picture wkeridrom (Bee 1988).
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At small scattering vector values the Hall and Ruosslel shows the behaviour of diffusion in
a sphere. The HWHM converge to a plateau at higttesing vector values as the elementary
jumps are not infinitely small but have a finiteesi This behaviour can be described with the
jump-diffusion model of Singwi and Sjolander.

1/t

102E

g -
- Random- jump diffusion
I /
£ - /
T i /
= S4
13: L 3 &)0/
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Figure 10: Half-widths at half-maximum for jump-diffusion mestricted geometry described
by the model of Hall and Ross (Hall and Ross 198t1)small scattering vector values the
HWHM follow the model for diffusion in a sphere. Adrge scattering vector values the
HWHM approach a plateau and can be approximatedal joynp-diffusion model. The picture

was taken from (Bee 1988).
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4. Hemoglobin Dynamics in Red Blood Cells:

Correlation to Body Temperature

The technique of incoherent quasielastic neutrattesing was used to measure hemoglobin
dynamics in human red blood cells in the picosectm#® and Angstrom length scale. The
experiment allowed the separation between macramlaecentre of mass diffusion and internal
protein dynamics. Internal protein dynamics shoveedhore pronounced increase in protein
flexibility above body temperature than expectednfrnormal temperature dependence. The
temperature behaviour was interpreted with pauntiblding of hemoglobin at body temperature.
The measured half-widths at small scattering vegtues for global hemoglobin diffusion

showed typical signs for dynamics in confinemenhisTwas interpreted that neighbouring

hemoglobin molecules form a cage structure in whioh central protein is trapped on the
picosecond time scale. The rather large errorshefmeasured line-widths at large scattering
values did not allow an unambiguous decision ibgldhemoglobin diffusion is characterised by
translational or jump diffusion. The obtained dgilon coefficients for global translational centre
of mass diffusion were favourable compared to tssof hydrodynamic theory that were

originally developed for colloidal particles.

The following chapter is based on an article pinggsinBiophysical JournalFor the purpose of

continuity, the article is presented in the genknabut of the manuscript.
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4.1 Abstract

A transition in hemoglobin behavior close to bodynperature has been discovered recently by
micropipette aspiration experiments on single rémbd cells (RBC) and circular dichroism
spectroscopy on hemoglobin solutions. The tramsitenperature was directly correlated to the
body temperature of a variety of species. In anlagpon of the molecular basis of the
transition, we present neutron scattering measuremen the temperature dependence of
hemoglobin dynamics in whole human RBRyivo. The data revealed a change in the geometry
of internal protein motions at 36.9 °C, at humardypdemperature. Above that temperature,
amino acid side-chain motions occupy bigger voluties expected from normal temperature
dependence, indicating partial unfolding of thetgirm Global protein diffusion in RBC was also
measured and compared favorably with theoreticatliptions for short-time self-diffusion of
non-charged hard-sphere colloids. The results detraiad that changes in molecular dynamics
in the picosecond time range and Angstrom lengthlesenight well be connected to a

macroscopic effect on whole red blood cells ocagrat body temperature.

4.2 Introduction

The function of biological macromolecules dependsanly on their structure but also on their
dynamics. Many functional properties of proteinsirea be completely understood from the
average protein structure as determined from Xerggtallography or NMR. Reaction rates for
example are closely related to protein dynamicss{dwet al. 1975). Protein dynamics covers a
very large range of timescales, from fast electrararrangements in the femtosecond scale to
slow protein folding events in the order of secotalsninutes (Creighton 1992). Motions in the
pico- and nanosecond time scale are believed tcasc lubricant for much slower protein

dynamics in the millisecond time range (BrooksdIL. 1988)

Below a dynamical transition temperature betwee® Hhd 240K, atomic motions are
predominantly harmoni¢Frauenfelder et al. 1988; Fraunfelder et al. 1991)this state, the
58



Hemoglobin Dynamics in Red Blood Cells

atoms vibrate around their structural equilibriurosiions. Above the dynamical transition
temperature at sufficient hydration, the mean-sgjd#placements increase significantly because
of the contribution of internal anharmonic, diffusi motions. These diffusive motions may
contribute to the sampling of different so-callezhfbrmational substates on a complex energy
landscape (Frauenfelder et al. 1988; Fraunfeldat. €t991). The forces that maintain biological
molecular structure and allow atomic motions aredW because they are similar to thermal
energy at physiological temperatures (Brooks IIL.(L988). The amplitudes of atomic motions
are a measure of the internal macromolecular figtyibecause they correspond to the width of
the potential well in which atoms move (Zaccai 200@ this picture, equilibrium protein
stabilization would correspond to the depth of Wedl (Tehei et al. 2001). The dependence of
mean square displacements on temperature has hieepreted in terms of an effective force
constant that was called resilience (Zaccai 2008jch is related to the shape of the well. Protein
thermal stability was supposed to be inverselyeatated to protein flexibility (Tang and Dill
1998; Tsai et al. 2001), although this point il &rgely debated (Fitter et al. 2001; Tehei et al
2001). The dynamics of lysozyme has been studidd quasielastic neutron scattering during the
unfolding process (De Francesco et al. 2004), améh$ concluded that compared to the folded
state, the unfolded state is characterized by fstgnitly larger amplitudes of diffusive motion of
amino acid side-chains. Protein unfolding was tloeeerelated to a loss of macromolecular

resilience.

There is considerable evidence that protein dynsnmsc strongly influenced by the local

environment and the level of hydration (Lehneraket1998; Paciaroni et al. 2002; Perez et al.
1999; Tsai et al. 2001). Solvent molecules caretioer as plasticizer or stabilizer by allowing or
preventing the protein groups to jump between aonétional substates (Gregory 1995). Water,
which is the natural solvent of biomolecules, isvall known plasticizer. Pacciaroni et al.

(Paciaroni et al. 2002) could show that internalokyme dynamics gets activated when the
environment is altered from pure glycerol, which dsstabilizer, towards a plasticizer by

increasing the level of hydration.
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The main natural environment of proteins is witthe cell, and protein function necessarily is
adapted to these conditions. In bacteria and eokargells macromolecular interactions are
likely to be influenced by the high cellular preteioncentration (Hall and Minton 2003; Minton
2001; Zimmerman and Minton 1993). This effect, edlicrowding’, results from high volume
occupancy and steric hindrance of the protein nubdscbetween each other. The free distance
between macromolecules in the cell is in the omfesome Angstroms (Krueger and Nossal
1988) and intercellular water is in close vicinitythe protein surfaces. There is much interest
and discussion about similarities and differeneestructure and dynamics of cytoplasmic and
bulk water (Ball 2008). Little is still known on hoprotein dynamics is influenced by the
crowded cytoplasmic environment and the speciabemies of cellular water. Doster and
Longeville (Doster and Longeville 2007) have meaduthe global diffusion of hemoglobin in
red blood cells with neutron spin-echo spectroscdpwey found a reduced diffusion coefficient
of hemoglobin compared to dilute solution and hittied the reduction to direct interactions
between protein molecules and to hydrodynamic a&ctesns with the solvent. The authors
deduced that hydrodynamic effects dominate macrecutdr transport at high protein
concentration. In recent work, Jasnin et al. havestigated macromolecular and water dynamics
in Escherichia colibacteria with quasielastic neutron scattering wide range of time scales
(Jasnin et al. 2008; Jasnin et al. 2008). An apalée increase of internal molecular flexibility
as compared to fully hydrated protein powders wagealed. The authors concluded that
intracellular complexity influences protein dynasiwhich is necessary for biological activity.
The study of global and internal protein diffusivetions is of importance for a fundamental

understanding of macromolecular transport and fanat protein internal flexibility in cells.

The fast trajectories in the pico- and nanosecond scale can be directly accessed by molecular
dynamics simulations (McCammon 1987) and incohementron scattering (Doster et al. 1989).
Incoherent neutron scattering has the advantagehtbaroteins under study are not limited to a
maximum molecular weight, samples do not have tochestalline or even monodisperse.
Neutrons penetrate deeply in the sample withousioguadiation damage which makes them an
ideal tool to probe radiation sensitive biologioatter. The incoherent scattering cross section of
hydrogen atoms is one magnitude larger than alerotlements which occur in biological

material. As hydrogen atoms are uniformly distrdzltin proteins, neutron scattering probes
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average protein dynamics. Incoherent neutron soadtexperiments have been performed on
hydrated protein powders (Doster et al. 1989; Retaal. 1998; Zanotti et al. 1999), protein
solutions (Longeville et al. 2003; Perez et al. Z;9Russo et al. 2002) and eviervivo on whole
cells (Doster and Longeville 2007; Jasnin et a0 ehei et al. 2004).

Hemoglobin is the main protein constituent of réabld cells (92% of dry weight). Its biological
function is to carry oxygen from the lungs to thestes. The discovery of the structure of
hemoglobin by Max Perutz is one of the major breakighs in the history of molecular biology
(Perutz et al. 1960). The protein is a tetrameh veitmolecular weight of around 64 kDa. It
consists of twoa-chains and twdB-chains, each having 141 and 146 amino acid resjdue
respectively. Ther-chains contain seven and tRechains eight helices (Perutz 1987). Every
chain carries one heme group in a pocket to whigilyen and several other small molecules can
bind reversible. The concentration of hemoglobirthie red blood cells is around 330 mg/ml
(Krueger and Nossal 1988) which corresponds to lanwe fraction of 0.25. Recently it has
become clear that hemoglobin at higher concentrasitpows a variety of interesting effects.
Micropipette experiments with aspirated single homed blood cells showed a sudden passage
phenomenon of the cells which is very close to hutmady temperature. A drop in viscosity of
concentrated hemoglobin solutions at temperatuigiseh than the transition temperature was
found and it was hypothesized that protein aggregas the cause for the cellular passage effect
and the drop in viscosity (Artmann et al. 1998)daidnally it was found that hemoglobin shows
a pronounced loss of ite-helical content at body temperature. Amazinglye tiansition
temperatures were directly correlated to the bedyperature of a big variety of species (Digel et
al. 2006; Zerlin et al. 2007). It was speculatedt ttnis reflects partial unfolding of the helical
structure and goes in hand with an increase inasarhydrophobicity which promotes protein

aggregation (Digel et al. 2006).

In the following we present an incoherent quastalaseutron scattering study on the temperature
dependence of hemoglobin dynamics in whole reddbtmls. The experiment was performed at
temperatures between 16.9 °C and 45.9 °C. Globdl iaternal protein motions could be

separated. A change in the amplitudes of protela-shain diffusion was found close to human

body temperature which was attributed to partial folding of hemoglobin.
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4.3 Materials and Methods

4.3.1 Sample preparation

For neutron scattering experiments, samples of humemous blood from healthy adults were
drawn with tubes containing heparin to prevent Blamagulation. The blood samples were
suspended in HEPES buffer solution at pH=7.4 and @@sm (137 mM NaCl, 4 mM KClI,
1.8 mM CadCj, 0.8 mM NaHPQ,, 0.2 mM NaHPQO,, 0.7 mM MgSQ, 8.4 mM HEPES, 4 mM
NaOH). The cells were washed twice and collecteddntrifugation at 560 rcf for 10 min. The
supernatant was removed together with the ‘buffst’con top of the cells. The washed cells and
the successively used buffer solutions were thessegh with CO to increase the stability of
hemoglobin. The cells were resuspended in TRISeb#0 mM TRIS, 145 mM NaCl) at pH=5.5
and treated with neuraminidase (fr@ostridium perfringensl'ype VI, purchased from Sigma-
Aldrich) to remove the glycocalyx matrix as desedlelsewhere (Elgsaeter and Branton 1974).
Afterwards the cells were washed in(H HEPES buffer. To reduce the neutron scattering
contribution of the buffer, the cells were washeathvdb,O HEPES buffer (pD=7.4, 290 mOsm),
incubated for around 30 min and centrifuged at f80The washing steps were repeated until the
level of HO was estimated to be below 0.1 vol% assumingtheatO-D,O exchange through
the cell membrane reaches a constant value intithes No cell lysis was detected during the
preparation and the shape of the cells was cheafthdoptical microscopy at the end. After a
final centrifugation step the cell pellet was sdaile a flat aluminum sample holder of 0.2 mm
thickness for the neutron scattering experimene $tattering from the aluminum screws was
blocked using a cadmium mask. It was checked byhtiig that there occurred no loss of

sample material during the experiment.

Hemoglobin samples for dynamic light scatteringeskpents were prepared from around 75 pl
of human red blood cells which were taken fromfthger tip with a heparinized glass capillary.
We tried to perform the light scattering measureisien conditions that resemble the saline
environment in the red blood cell. Although theragéllular concentration of sodium is around

145 mM, the intercellular concentration is betw&amd 15 mM only. Inversely, the intracellular
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concentration of potassium is around 140 mM ancettigacellular concentration is around 5mM
(Alberts B. 2002). Therefore, we used potassiurorai instead of sodium chloride for the light
scattering experiments. The cell sample was wastsedescribed above with buffer solution
(0.1M KCI, 61.3 mM KHPO4, 5.33 mM KHPO4, pH 7.4, 290-300 mOsm). The cells were then
hemolyzed in 200 ul distilled 40 and diluted with 800 pl buffer. The solution waentrifuged
twice at 20000 rcf to remove cytoskeleton and mambrparts. Oxy-hemoglobin solutions of
4.0 mg/ml, 1.2 mg/ml and 0.3 mg/ml were prepared diltered twice using 0.25pum
nitrocellulose filters into dust-free glass sciation vials used for dynamic light scattering
experiments. The hemoglobin concentration was aeted spectrophotometrically using
extinction coefficients of 13.8 at 541 nm and 128@5 nm for oxy-hemoglobin (Antonini and
Brunori 1970).

4.3.2 Neutron scattering experiments

The experiment was performed on the cold time-ghfl spectrometer FOCUS at the neutron
spallation source SINQ (Paul Scherrer Institut)iy#n, Switzerland). A detailed description of
the instrument can be found in (Janssen et al.)19®%ig incident wavelength was set to 6 A. The
g-dependent elastic energy resolution ranges frdnued (full-width at half-maximum) at
q=0.5 A* to 61 peV at g=1.6 A as determined from a vanadium measurement. Duhgg
experiment we could largely profit from the highutven flux delivered by the liquid metal target
of the MEGAPIE project (Bauer et al. 2001). Samplese measured in the temperature range of
16.9°C to 45.9°C in which no hemolysis occurs. gdinples, including the 1 mm thick vanadium
slab and empty sample holder, were oriented at #8%f respect to the incident neutron beam
direction. The measured time-of-flight spectra wererected for empty cell scattering,
normalized to vanadium, transformed into energgdier and scattering vector space and binned
into 12 groups with 0.5 A< g < 1.6 A™. The spectra were corrected with a detailed balanc
factor. Data treatment was done using the DAVE agek (http://www.ncnr.nist.gov/dave).

Multiple scattering was neglected as the transissf all samples was between 0.9 and 0.95.
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4.3.3 Data analysis

An exhaustive description of quasielastic neutrcattering can be found in Bée (Bee 1988). The
application to protein dynamics has been reviewe@abel et al. (Gabel et al. 2002) and Smith
(Smith 1991). In concentrated protein solutionshidaternal and global diffusive motions of the
proteins contribute to the measured signal. In d¢hse that internal and global motions are
uncorrelated, the theoretical incoherent quasielastattering function can be written as (Bee
1988)

Sl )= 5, (0,0)0 S (0.0, (4.1)

where the scattering functioss(q,a)) corresponds to global protein motions, the sdatier
function S (g,w) to internal motions anc(x2> stands for the mean square vibrational

displacements. The scattering function for intemations can be separated into an elastic and a

Lorentzian part

S (@)= A2 +0- AT 0 (42)

with A/(q) the elastic incoherent structure factor (EISF) thantains information about the

geometry of internal motions. Global protein mosoare a combination of translational and
rotational diffusion. A recent work by Perez et @erez et al. 1999) showed that the global

scattering function for proteins in solution candpproximated by a single Lorentzian

o

Nlr

with the apparent diffusion coefficierit, =D, [¢)>. This study found that in the case of the

small protein lysozyme the value Dfp, is 1.27 times higher than free Brownian diffuschre to
the contribution of rotational motion. We followdige calculations given in (Perez et al. 1999)

for the bigger protein hemoglobin and found tha #pparent diffusion coefficient is also 1.27
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times higher than an assumed free translationflsiifn coefficient 0Dy=8.61*10"cm?/s with a

_ 3D,

radius of R=31A and a rotational diffusion coeftict given byD,, = IR

The theoretical scattering function then reads

et Al @ 1A, nEn@ ],
selaal=e A A a4

where B is an inelastic background due to vibrational nsodelowest energy (phonons) (Bee
1988).

The measured data were fitted with the PAN routofethe DAVE software package

(http://www.ncnr.nist.gov/dave) using the followingjation

Smeas = aheo(q’w) O Sres(q’w) ' ( 4.5 )

in which S

res

(q,w) is the instrumental resolution determined by vamad The fits were

performed over the energy transfer range from -@é¥ to +0.75 meV.

In the following, we outline the essential stepshe calculation of the global scattering function

for proteins in solution: The scattering functidrfree translational diffusion takes the form of

rtrans (q) ( 4' 6 )

-1
S[ranS(q’ a)) ) 7T ajz + rtrans(q)2 ’

with the diffusion coefficientD, =T .. [§° (Bee 1988). Rotational diffusion on the surface of

trans
sphere is described by the formalism developed é&grsS(Sears 1966). We assume that the
protein has spherical shape of radius R and thatoiggn atoms are homogeneously distributed

within this sphere. The Sears model then needsetintegrated over the protein volume to
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correctly account for the distribution of hydrogatoms (Perez et al. 1999). The scattering

function for rotational protein diffusion then iBdrez et al. 1999)

S (0,6) = B, (0) B(c) Fo (4.7)

+
NgE
o
o

with T, =I(I +1)[D,, and the rotational diffusion coefficieBt.; as defined above. The integrals

rot
in the termsB, (q) and B, (q) are an extension to the Sears model to describdisitribution of

hydrogen atoms within the protein,

a)= f4ﬂ2 D, (ar)dr, By, ()= T4n2 {21 +2) 0, % (qr)dr. (4.8)

r=0 r=0

The termsj are thel™order spherical Bessel function of the first kindotational and
translational diffusion are assumed to be uncaedlaTherefore, the global scattering function

S; (g, ) is then the convolution of both terms and reads

(d)+r )
Saa)= R e e SR (49)

The termsB, (q) were integrated numerically using the mathemasoétiware Maple (Waterloo
Maple Inc.) forg-values in the range of 0.5%%o 2.0 A*. The Lorentzians in Eq. ( 4.9 ) were
summed over the experimentally covered energy radgpending on the radius of the protein
and theg-value, different numbers of terms are needed dcolreeonvergence in the infinite sum
of Eq. ( 4.9). At the scattering vectpr2.0 A*, 39 terms were necessary to be included for the
small protein lysozyme with a radius 819 A (Perez et al. 1999). For the bigger protein
hemoglobin with a radius d®=31 A, 70 terms at=2.0 A* had to be included. The obtained

global scattering functiors, (q,a)) could be perfectly approximated by a single Laremt as
stated in Eq. (4.3 ) (data not shown). The appatéusion coefficientDap, was calculated from
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the half-widths byl =D, [§° and compared to the assumed free translationfusain

app

coefficientDo, which gave the relation o?a% =127.
0

Although predominant incoherent scattering is duaanexchangeable hydrogen atoms of the
protein, scattering from f® solvent contributes partially to the signal. Theoherent scattering
cross section of human carbonmonoxy hemoglobinegéimated from the amino acid sequence
taken from pdb file 2DN3 (Park et al. 2006) assigniimat 13% of the protons exchange with
deuterons (Elantri et al. 1990). The fraction efO0On the sample was determined by drying and
weighting of an aliquot. These theoretical estiovai give a PO solvent incoherent scattering
cross section of around 9% of the total incoheseattering cross section. Even so, it still could
be that DO dynamics contribute strongly to the measuredadigns the characteristic relaxation
times of DO are mostly in the picosecond time range, whepeatein dynamics might be slower
and appear more dominant at slower timescales alich could be out of the accessible time-
space window of the neutron spectrometer. The eolhestructure factor of J® begins to
increase above 0.8Aand reaches a maximum at around 2(Bosio et al. 1989), thus a stronger

contribution of RO to the measured signal is expected at highelupsa

To estimate the incoherent and coherent contributd D,O to the measured signal, we
compared the measured elastic intensity of equaluats of DO buffer and red blood cell
sample (data not shown). The elastic intensity gD 3 around 6% at low g-values and reaches
around 10% above 1.3 %of the elastic intensity of the red blood cell gdenWhen corrected for
the fraction of DO in the red blood cell sample, we obtaipCDcontributions of 4.5% at low
scattering vectors and 7.5% above 13 &his demonstrates that protein dynamics giveasong

signal compared to {® buffer at the energy resolution of 50 peV.
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4.3.4 Dynamic light scattering measurement

Dynamic light scattering was measured with a DAWESE instrument equipped with a

guasielastic light scattering module (Wyatt Tecbggl Santa Barbara, CA) in a temperature
range of 16.9 °C to 45.9 °C. Temperature variatinaser exceeded + 0.2°C. The ASTRAS
software package from the manufacturer was usedldta acquisition and calculation of the
diffusion coefficients. The instrument was usedatch mode and around 5 ml of sample was

measured in glass scintillation cells.

4.4 Results

4.4.1 Neutron Scattering

Typical quasielastic neutron spectra at 16.9 °C9 3C and 45.9 °C at q=1.6"Atogether with
the results from the fits using equation ( 4.5¢ shown inFigurel. The narrow Lorentzian

corresponds to global protein motions and the btaadntzian to internal protein dynamics.
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Figure 1. Quasielastic neutron scattering spectra of henbaglm human red blood cells at the
different temperatures (A) 16.9 °C, (B) 31.9 °C 6345.9 °C at the scattering vector g=1.6 A
The circles show measured data and the solid liesents the fit over the energy transfer range
from -0.75 meV to +0.75 meV. The components cowedpto the narrow Lorentzian (dashed
line) and the broad Lorentzian (dotted line). Thetiumental energy resolution determined by

vanadium is indicated in (A), (dashed-dotted line).
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4.4.2 Global Motions

The line-widthsI's(q) of the narrow Lorentzian at the temperatures 16.@nd 45.9 °C as a
function of ¢ are shown ifFigure 2 A. I's(g) does not intercepfg0 as it would be expected for
free translational diffusion. Above around 1.3 feI's-values increase with?, below thisg’-
value the half-widthg's(q) converge to a platediy atg’=0. This is interpreted as resulting from
global hemoglobin diffusion within a restricted uole formed by the neighboring protein
molecules. All protein hydrogen atoms are involuethe global motions, the plateau in the line-
widths at smallg® therefore represents center of mass diffusion. fiwelel of Volino and

Dianoux was developed for free diffusion in a riesdd spherical volume of radingVolino and

Dianoux 1980). It is characterized by a plateathefhalf-widthsI', until q <2 and forq >
r r

by a limiting behavior of the half-widths at larg with '(g)=D,,, [, whereDapp, is the

apparent translational diffusion coefficient. Iipreliminary, simplified and speculative approach
we use the model of free diffusion to describe theasured data. Especially at the lowest
temperature, deviations from linear behavior asbié. The linear fits appear more justified at
higher temperatures. An alternative interpretatiwith a jump-diffusion model is presented

further below.
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Figure2: (A) Half-widths at half-maximuni's of the narrow Lorentzian as a function &fa
T=16.9 °C (squares) and 45.9 °C (circles). The-Vifdths reach a plateau at smafl\ghich is
interpreted as global diffusion within confined spaThe solid lines are linear fits in thergnge

of 1.0 A% to 2.56 A% which are extended to intersect the constant qlstat smaller %values.
The linear fits pass through zero which is indidabg the dotted lines. The dashed lines are fits
according to a jump-diffusion model in thé-range of 0.49 X to 2.56 A% (B) Temperature
behavior of the apparent translational diffusioeftioients of hemoglobin in red blood cells, the

error bars are within the symbols. The dashed ildé&ates expected normal thermal behavior

according to the Stokes-Einstein equation widy, (T)=k,T /677(T)R, wherey(T) is the

viscosity of pure RO and R=31.3 A the hydrodynamic radius of hemoglobin.

71



Hemoglobin Dynamics in Red Blood Cells

The apparent translational diffusion coefficienf8,, were calculated according to

Is(a) = D,,, [0 in theg™range of 1.0 & to 2.56 A°. The obtained values @, as a function

of temperature are presentedrirgure 2 B. Following the model of Volino and Dianoux (Volino
and Dianoux 1980) and the corrected translationlision coefficient Dyans=Dapd1.27, the

radiusr of the spherical volume can be estimatedrby 433d3tfa“8 r- The obtained radii lie
0

betweenr=2.1+0.2 A at 16.9 °C and=2.3 +0.2 A at 45.9 °C which are constant withire t

errors.
Normal temperature behavior of the diffusion camdint follows the Stokes-Einstein equation

D, (T):kB—T, with the solvent viscositieg(T) and the hydrodynamic radius of the
P emn(T)R,

protein R. The Stokes-Einstein equation was fitted to ttH&usion coefficientsD,,, by taking
literature values of the viscositie;s(T) of pure BO (Cho C.H. 1999) and the hydrodynamic
radiusR, as a free parameter, see Figure 2 B. We obtairug wi R,=31.3 A which is nearly
identical to the published hydrodynamic radius afrian hemoglobin of 31.7 A (Digel et al.
2006).

To check the validity of the Volino and Dianoux negdand the approach of assumed free

diffusion at largeg®, we examined the behavior of the platdguat smallg. The sphere radius

is then given by the upper Iiquﬁ at which the platealr, ends. This yields radii between
r

r=3.4 A at 16.9 °C and 4.0 A at 45.9 °C, which areverage 1.7 times bigger than the values

from the approach of free diffusion at largé Diffusion coefficientsDi,cay Were estimated

2

according to D _r4_;l’:'30 (Volino and Dianoux 1980). We get values rangingiween

local —

13.7*10" cnf/s at 16.9 °C and 22.0*10cnt/s at 45.9 °C. The reasons for the discrepancy are

considered in the ‘Discussion’ section.
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At largerg®values, the half-widths present some deviatiomftimear behavior. There might be
signs for saturation at 16.9 °C and 45.9 °C, whglhess visible at high temperatures. In the
Volino and Dianoux model for restricted free diffus, the elementary steps of motion are
assumed to be infinitely small and therefore thé-Wimlths show linear behavior at largg-
values. In the case of elementary steps of motiitim avfinite size, these steps become observable

at highg®. A plateau at higtly>values is then a sign for a possible jump-diffasinechanism.

2
Djumpq
2

The line-widths were approximated with a jump-dsibn model ', = 17D
T
jump

, with the

diffusion coefficientD;,mp and the mean residence time(Bee 1988). The fits are presented in
Figure 2 A. The residence time on one site betweeps is r=}/r , Where Tl is obtained
from the asymptotic behavior at high q whilepproaches a constant value. Thealue at high
g is still increasing over theg-range examined, and has not yet reached a congsdunt.

Therefore, the constant value was estimated usiagtesented equation of the jump-diffusion

model and extrapolated to highgrThe behavior of the residence timescan be approximated

by an Arrhenius relation withr =7, exp{Ea K T) in the investigated temperature range. The
B

residence timeg are presented in an Arrhenius plotHigure 3. We obtained for the activation
energy a value dE;=6.6 + 1.8 kcal/mol. All value®;,mp are constant within the errors and have
the average value of 12.6 + 0.2 *46nf/s.
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Figure 3: Arrhenius plot of the residence time of the jump diffusion model for global

hemoglobin motion.

The measured line-widths at largecan be approximated both with a jump-diffusion elaghd
the Volino-Dianoux model for free diffusion in coméd space. However, the errors are too big to
decide clearly which model is appropriate. A jumffudion mechanism seems to be more
favorable at low temperatures than at high tempezat How far a whole globular protein with a
molecular weight of 64kDa can perform jump-diffusivnotion is still not understood. The
diffusion coefficient is mostly determined by thehavior of the line-widths at smaif. The
diffusion coefficients were estimated from the haifiths at smally within the Volino-Dianoux
model and with an approach of free confined diffasat large § The level of the resolution
ranges between 20 peV at q=0.% d@nd 30 peV at q=1.6 AHWHM). All measured line-widths
are at the lower limit of energy resolution. If lted energy resolution should play a role, then
this would influence the low temperature data ggssnas the line-widths are generally smaller
than at high temperature. At this point, we cartestide clearly if the plateau at highvalues is

an artifact or a real feature. The obtained diffnscoefficients for free diffusion should be
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considered rather as average values, as the platdagho? influences the data. The validity of
these average diffusion coefficients is checkethieycomparison to expected normal temperature

behavior.

4.4.3 Internal Motions

Conclusions about protein internal motions can fasvd from the amplitude&y(q) and the half-
widths 71(q) of the broad Lorentzian. Information about therage geometry of internal protein
motion and the fraction of hydrogen atoms partitngain this motion is contained in the Elastic
Incoherent Structure Factor (EISF) which appeafsoint of the delta-function in Eq. (4.2). In the
case of a protein solution the delta-function faernal protein motion is convoluted with the
Lorentzian for global protein motion (Perez et199; Russo et al. 2002). We used a pseudo-
EISF which appears as the prefadtgrof the narrow Lorentzian in Eq. (4.4). The valoéd\,
were fitted using a model for ‘diffusion in a sp&eproposed by Volino and Dianoux (Volino
and Dianoux 1980) with

3j,(qa) |
Afa)=p+(L-p)=t" |, (4.10)

ga
wherej; is the first-order spherical Bessel function @ thist kind and a is the sphere radius. The
populations of hydrogen atoms which appear as inilm@nd mobile are represented by the

fractionsp and(1-p), respectively.

Molecular dynamics simulations showed that the gislyersity of protein internal motions and
geometries are best represented by a free disdigtigbution of sphere radii (Dellerue et al.
2001). As the measured experimental results conlyr @ limited g-region ofy(q), a fit with a

completely free discrete distribution of sphereiiradas not feasible. A simplified model

) ) o . 2 2
assuming a Gaussian distributiffa) of the sphere radii withf (a) = exp(‘a ) and
g t( ) p ( ) U\/ZT Aa.z

the standard deviatiom as free parameter (Perez et al. 1999) gave gsuitseThe mean value
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of the sphere radius is then given ay a\/z. The fits to the EISF together with the Gaussian
T

distributions are shown iRigure 4 A and B. Due to the used model of a Gaussian disioil of
spheres the EISF decays slowly witland reaches the constant value of the immobiledggh
fraction only at very higly-values. The inset ifigure 4 A illustrates this behavior of the EISF.
With increasing temperature the Gaussian distiomstichange from narrow to broad above
36.9 °C. The mean radéd as a function of temperature are givenFigure5A. The values
between 16.9 °C and 31.9 °C increase slightly lirveith temperature, whereas there appears a
kink at 36.9 °C with a much steeper increase atdridemperatures. The fraction of immobile
hydrogen atoms are shown kinigure5 B. They are roughly constant within the errors betwe
16.9 °C and 39.9 °C and have an average value36i&0.01. The value at 42.9 °C and 45.9 °C
are slightly above the average.

In a recent study on the dynamics of apo-calmogd@ibrat et al. used a lognormal distribution
to describe the polydispersity of protein motiomsl do fit the measured EISF (Gibrat et al.

_ 2
2008). The lognormal distribution is defined tf)(a)=; [&x —w where u
aow 2 20

and g are the mean and the standard deviation of thahtars natural logarithm. A lognormal
distribution is appropriate if the variable is fhrduct, whereas a Gaussian distribution is valid i
the variable is the sum of a large number of indédpat, identically distributed variables.

It was shown that the radius of the sphere of diffn of a hydrogen atom along an aliphatic
chain fixed at one end increases linearly withatise from the fixed end (Carpentier et al. 1989).
It was argued by Gibrat et al. that the motionshef hydrogen atoms that are bound to a carbon
atom of the aliphatic chain are then the ‘prodeétthe motions of the previous hydrogen atoms
in the chain (Gibrat et al. 2008). In this sensayas concluded that a lognormal distribution
would be more appropriate than a Gaussian distobuiGibrat et al. 2008) to describe the

polydispersity of hydrogen motion in the amino asidie-chains of a protein.

In fact, we found that both a Gaussian and a lagabdistribution for the Volino and Dianoux
model could fit the measured EISF equally well. Tdtgained average sphere radii of the
lognormal and the Gaussian distribution were idahtivithin the errors and showed similar
temperature behavior, but the standard deviatidnthe® lognormal distributions were much
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bigger than those of the Gaussian distribution®r&fore, we use the results of the fits with the

Gaussian distributions in the following. Fits t@t&ISF using a single sphere radius gave only

poor results.

EISF

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

04 —————— 11—

f(a)

Figure4: (A) Variation of the EISF as a function of q aéttemperatures 16.9 °C (squares) and
45.9 °C (circles).The solid and dashed lines dsewith a model for diffusion in a sphere with a
Gaussian distribution of radii. The inset shows stev decay of the model which reaches the
limiting value of the immobile hydrogen fractionlgmt high g-values. (B) Gaussian distribution

of the sphere radius f(a) at different temperatures
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Figure5: (A) Mean value & of the Gaussian distribution &snation of temperature. The dashed
line is a linear fit to the values between 16.91@ 31.9 °C and serves as a guide for the eye. (B)
Fraction of hydrogen atoms which appear immobiléhwvithe instrumental energy resolution.
The average value between 16.9 °C and 39.9 °Qlisated by the dashed line.

78



Hemoglobin Dynamics in Red Blood Cells

The half-widths/(q) of the broad Lorentzian are shownRigure 6. The half-widths tend to a
constant value of around 100 peV fof — . At higherg®values, the line-widths follow the
behavior of a jump-diffusion model (Bee 1988). Atghul_ at highest?values is approached
which ranges approximately between 170 peV at 16.%and 240 peV at 45.9 °CI
corresponds to a correlation time oE1/T_, which is roughly between 3.9 ps at 16.9 °C and

2.7 ps at 45.9 °C. However, the determination'pfis inaccurate and doesn’t allow a more
precise analysis.
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Figure6: Half-widths at half-maximuml’, of the broad Lorentzian as a function of at

T=16.9 °C (squares) and 45.9 °C (circles).
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4.4.4 Dynamic light scattering

The diffusion coefficients of hemoglobin in,@® buffer at the concentrations 0.3 mg/ml,
1.2 mg/ml and 4.0 mg/ml were measured with dyndigit scattering in the temperature range
of 16.9 °C to 45.9 °C. The diffusion coefficientsiafinite dilution were obtained by linearly
extrapolating the measured values to zero condemiraThe measurements in,@ buffer
showed pronounced hemoglobin aggregation. Theréferealues in KD buffer were corrected
for pure DO and HO viscosities (Cho C.H. 1999) to estimate the diffn coefficients of
hemoglobin in RO buffer.

4.5 Discussion

4.5.1 Global Motions

Hemoglobin molecules are densely packed in theptgson with intermolecular distances in the
order of some Angstrom (Krueger and Nossal 1988}l \&tudied model systems for such a
highly crowded protein solution are suspensionsatioidal particles (Hunter 2001). Colloidal
particles are small enough that their motions aseegned by thermal energy and big enough that
the solvent molecules participate to the interagtionly in an averaged way. The diffusion of
these colloidal particles at infinite dilutionos described by the Stokes-Einstein relation. At
higher concentration the interactions between idd&! colloidal particles become important. In
this case, direct Van-der-Waals and electrostatices determine particle diffusion, but
hydrodynamic interactions mediated by the solvéay an important role (Dhont 1996). These
hydrodynamic interactions describe how a colloigaiticle moves in the flow-field which is
determined by its neighboring particles. If a coléd particle has collided and interacted directly

with other particles, the diffusion coefficient appches a constant value which is now termed

long-time self-diffusion coefficientDS. The time that a particle needs to cross a typical
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interparticle distance d is referred to as strudtuelaxation timerp. At timescales shorter than
this structural relaxation time, the particle mowesan approximately constant configuration of
the surrounding particles. This stage is governgd hgdrodynamic interactions and the

displacements of the colloidal particle are chamaned by the so-called short-time self-diffusion

2

coefficient DS. The relaxation time is then given byD=$. Beenakker and Mazur

S

(Beenakker and Mazur 1984) first evaluated the foefit DS over a large range of volume
fractions. Due to configurational relaxation at dotime scales, the long-time self-diffusion

coefficient Dg is always slower than the short-time self-diffustmefficientDS .

The values ofD$ and D¢ as a function of the volume fractignfor non-charged hard-sphere

particles were calculated by Tokoyama and Oppenli€okuyama and Oppenheim 1994) taking
into account both short and long range hydrodynaimteractions. Their theory predicts

experimental data of uncharged colloids at intetiatecand high volume fraction quite well. The
volume fraction of hemoglobin in red blood cellsprs0.25 (Krueger and Nossal 1988) and their

calculations yield values ob$ = 056[D, and D§ = 028[D, with the diffusion coefficient at

infinite dilution Dy.

Doster and Longeville measured the long-time sélfision coefficient of hemoglobin in red
blood cells with neutron spin-echo spectroscopystBroand Longeville 2007) and applied for the
first time in neutron spectroscopy the above meeiibconcepts of hydrodynamic theory to
interpret their data. They found a slightly redudedg-time self-diffusion coefficient of
hemoglobin as compared to the predicted theoretmiale. This reduction was explained due to
the influence from the protein hydration shell whiwzas supposed to stick to the surface of the

protein and to move in a joint way.

In our work, we used the behavior of the line-wslifs(q) of the narrow Lorentzian to gain

information about the short-time self-diffusion ffagent, the interparticle distance d and the
residence time of hemoglobin diffusion in red blomals. Neutron scattering results show the
dependency of the length scale. The form of théalths is in agreement with a model for

confined diffusion within a restricted sphericalmme (Volino and Dianoux 1980). At smafl-
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values, longer real space length scales get visifitbthe effects of the boundaries dominate; the
line-widths tend to a constant vallig instead of a zero intercept andg’ behavior forg?=>0.

At large g*-values, the dynamic behavior at small real spangth scales dominates. In the case
of free diffusion, the elementary steps of motians supposed to be infinitely small and the half-

widths follow a limiting behavior of(q) = D [ at larged?. If the elementary steps of motions

have a finite size, then the half-widths tend taaymptotic valuea =1/T  (Bee 1988).

In our study, we calculated apparent average ddfusoefficients for assumed free diffusion
from the behavior of the half-widths at large according tor(q)= Dapp [4)°>. The temperature
behavior of these apparent diffusion coefficiestsvell approximated with the Stokes-Einstein
equation and a hydrodynamic radius RE31.3 A that is nearly identical to the published
hydrodynamic radius of human hemoglobin of 31.1Agél et al. 2006). The sphere radiusf

global confined motion was estimated from the vatieonstant’, at small g and the diffusion

coefficients according to the model of Dianoux avidlino with r® = 4.33[Ptransr f the
0

assumptions are valid, then the sphere radiusuldlegually be given by the value gf= 7% at

which the plateau”, ends. These sphere radii are in average 1.7 tianger than those radii

which were calculated using the diffusion coefintgeof free diffusion and the value bj.

Dellerue et al. performed molecular dynamics simmoes of a globular protein. They were able
to analyze amino acid side-chain and backbone dysaseparately with a model for diffusion
within a sphere with a distribution of radii (Delle et al. 2001). The authors calculated
scattering functions from the simulations that wesenpared to neutron scattering results. They
demonstrated that only in an ideal case for diffnsh a single-sphere with radiusthe plateau

I, ends promptly ag = 7% In the case of a distribution of sphere radig fhateau exhibits a

more gradual change and the plateau ends at anreapganaller valug’ than in the single sphere
case. Consequently, if a sphere size is deterninoed the position ofy’, the obtained apparent

sphere radius is bigger than the real average \dltige sphere radii distribution (Dellerue et al.
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2001). For the side-chains and the backbone, tharapt sphere radii were between 1.7 and 1.8

times bigger than the average value of the didiobu

In our study, we found a factor of 1.7 between gpbere radii obtained with the two methods,
which agrees nicely with the work of Dellerue etlalthis sense, the validity of our approach is
confirmed. Obviously, this also demonstrates tloafioed global diffusion of hemoglobin in the
red blood cells is best described by a distributddrsphere radii. In fact, recent small angle
neutron scattering work points to the existenca bfgher concentration of hemoglobin close to
the internal membrane surface than in averagedrcéti (Garvey et al. 2004). Necessarily, the
factor between apparent and average sphere radigepend on the precise nature of the sphere
distribution. In the following we limit our discus® to the sphere radii which were obtained

from the value of constarit, at smallg® and the average diffusion coefficients obtaineunfr

linear approximation at highef-values.

We estimated a temperature independent radi2s2+0.2 A of confined global hemoglobin
diffusion. This has to be understood as the radiuke sphere in which the center of mass of the
protein moves. This is in agreement with high reSoh neutron-backscattering measurements of
protein dynamics in whol&scherichia colibacteria which found an average jump-length of
2.2+0.3 A at 10.9°C and an average jump-lengthl®+0.2 A at 29.9 °C of the protein
population (Jasnin et al. 2008). Another neutrockbeattering study with concentrated
myoglobin solution at=0.26 found a protein jump-diffusion length of A4Busch 2007). In
this experiment the pH was not controlled which mhigave influenced the packing density of the
protein, leading to a slightly reduced value.

From our measurements we conclude that the hemiagioblecules diffuse in a cage of 2.2 A
radius before they interact directly with the ndigh proteins. The diffusion coefficiem, at

infinite dilution in D,O buffer was obtained from dynamic light scatterexperiments. The

theoretical ~ prediction  yields DS = 056D, = 28510 'cm’/s at 16.9°C and

DS =583M10"cn?/s at 45.9 °C (Tokuyama and Oppenheim 1994). Fronsethealues we
obtain structural relaxation times ranging from 280to 140 ps. Even if the real short-time self-
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diffusion coefficient might deviate from the thetical predictions, the calculations show that the

structural relaxation time is in the order of seVéundred picoseconds.

We deduced the global apparent diffusion coefficfesm the line-widths of the narrow Lorentz
function. The correlation times of these line-wilttange from 47 ps at 1.0%to 150 ps at
2.56 A2 This is smaller than the structural relaxatiometiand therefore the experimentally

measured apparent diffusion coefficients reflecrsstime self-diffusion behavior of hemoglobin.

The measured apparent global diffusion coefficieate bigger than the true translational
diffusion coefficients as they contain the conttibn of rotational motion (Perez et al. 1999).
Calculations for free diffusion of hemoglobin afiimite dilution give a correction factor of 1.27
between the apparent and true translational ddfusioefficients, similar to myoglobin and
lysozyme solutions (Perez et al. 1999). Howevee ttanslational diffusion coefficient of
hemoglobin in red blood cells is strongly reducedcampared to free diffusion (Doster and
Longeville 2007). This is due to the high concetdra of hemoglobin and resulting crowding

effects, the correction factor can therefore serndg as an estimate.

The apparent global diffusion coefficients of hemobgn were divided by 1.27 to obtain the
translational diffusion coefficient®qans The diffusion coefficients at infinite dilution exe
scaled by a factor 0.56 (Tokuyama and Oppenheird)1@Qyield the theoretical predictions for
short-time self-diffusion. The calculated quanstes a function of temperature are compared in
Figure7. The lines in the graph represent expected notineainal behavior. In the investigated
temperature range this is nearly linear in tempeeatThe translational diffusion coefficients in
the red blood cells are around 1.5 times biggen tha predicted short-time self-diffusion values.
An explanation could be that the concepts for noarged hard-sphere colloids are not fully
applicable to the much smaller protein moleculesernains to be studied, if the solvent can be
treated equivalently as a continuum both for lacghoid particles and for the smaller protein

molecules.
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Figure 7: The apparent global diffusion coefficients of hghobin were divided by 1.27 to
obtain the translational diffusion coefficientg.R (circles). The diffusion coefficients at infinite

dilution were scaled by a factor 0.56 to yield theoretical predictions for short-time self-

diffusion DS (squares). The dashed and dotted lines show eélermal behavior of the

diffusion coefficients.

Hemoglobin carries only small total charge at tekedupH values (Krueger and Nossal 1988) but
it has got a distribution of positive and negatyveharged residues on the protein surface. The
interactions between proteins in concentrated soludre not expected to be described only by
hard-sphere interactions. Recent investigationsiguEmall angle scattering and molecular
dynamics simulations have shown the importanceath lattractive and repulsive interactions
between proteins in concentrated solution (Cardiredal. 2007; Stradner et al. 2006; Stradner et
al. 2007; Stradner et al. 2004). How these repelsind attractive protein-protein interactions
influence hemoglobin self-diffusion in red bloodliserequires further studies. Doster and
Longeville argue that the hydration shell moveswiite protein and needs to be included into the
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volume fraction to correctly describe hemoglobiffugion in red blood cells measured with
neutron spin-echo spectroscopy (Doster and Lonlge2007). In this way they obtain effective
volume fractions between 0.32 and 0.36. Taking axtoount these effective volume fractions,
the discrepancy between our measured translatthifiasion coefficients and the predicted short-
time self-diffusion coefficients would then be evéigger. This interesting fact could be
investigated further in detail by using neutron cipemeters with higher energy resolution to

observe the change-over between hemoglobin smoetith long-time self-diffusion.

As discussed above, the line-widths might show ssigh saturation at higly>values. We
calculated the residence times between jumps flmnanalysis with a jump-diffusion model.
Busch et al. (Busch 2007) found a residence tim80pls at 20 °C in concentrated myoglobin
solution and Jasnin et al. (Jasnin et al. 200&inbtl a residence time of 590ps at 30 °C in whole
bacteria with high resolution neutron backscatterin our work we obtained residence times of
51ps at 21.9 °C and 31ps at 31.9 °C. This is ctosthe values of concentrated myoglobin
solution but differs strongly of the results of idadacteria. We obtained an activation energy of
E,=6.6 £ 1.8 kcal/mol from the residence times. Thsidence time of jump-diffusion of pure
water cannot be described in a general way by ahefiius law over a broad temperature range
(Teixeira et al. 1985). We applied an Arrhenius lawliterature values for the purpose of
comparison for a restricted temperature range €ieixet al. 1985). In this way, the activation
energy of pure water residence times in the rargfevden 5 °C to 20 °C was found to be
6.7 = 0.5 kcal/mol. This is very close to our ob&ad activation energy of hemoglobin residence
times and could point out that hydrogen bond flattins are involved in hemoglobin global
diffusion. The measured line-widths at lagfecan be approximated both with a jump-diffusion
model and assumed free diffusion in confined spBEosvever, the errors are too big to decide
clearly which model is appropriate. A jump-diffusicnodel might be more favorable to describe
the measured dat&low far a whole globular protein with a moleculaeight of 64kDa can

perform jump-diffusive motion is still not undereth

Global protein diffusion was estimated from the datening of the narrow Lorentzian. The

experimentally measured line-widths reach down fe® which correspond to correlation times
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of 200ps. Usually any motions which result in liwelths smaller than the Gaussian resolution
function — in our case 25 peV in average (HWHMYe-@nsidered to produce elastic scattering.
It was shown by Perez et al. (Perez et al. 1998)vanified by Russo et al. (Russo et al. 2002)
that in the case of protein solution this is no¢ ttase. Global protein diffusion results in
detectable line-widths that are even smaller themninstrumental resolution itself. However, it
should be noted that a Lorentzian has a signifigamider tailing than the Gaussian resolution

function, which facilitates detection of small limedths.

4.5.2 Internal Motions

Internal protein dynamics covers a very broad ifhstion of time-scales ranging from motions in

the pico- to nanosecond scale up to motions imtitlesecond range. Fast internal motions in the
picosecond time range are contained within the oredsbroad Lorentzian, whereas slow
motions which cannot be resolved by the instruncemtribute to the elastic part in the internal
scattering function. The extracted quantities yigldrefore only phenomenological information

about average internal dynamics. Nevertheleslthened information is valid to study changes
of the average internal dynamics as a functioreofperature. We gained information about the

geometries from the analysis of the EISF.

Micropipette experiments with aspirated single homed blood cells revealed a sudden change
in the behavior of the cells from blockage of thpefte belowTpipere=36.4 + 0.4 °C to easy
passage above. The transition temperaligRqe Of cell passage was surprisingly very close to
human body temperature. The effect was interprasegronounced reduction in the viscosity of
concentrated hemoglobin solution &tpere (Artmann et al. 1998). Further studies with ciesul
dichroism (CD) investigated changes of the prosacondary structure around the transition
temperature. A partial loss of alpha-helical conhteas found at a temperatufgp=37.2 + 0.6 °C
(Artmann et al. 2004). The loss of hemoglobin alpkécal structure at a specific temperature
Tcp was also observed for hemoglobin molecules ofavariety of different species (Digel et al.
2006; Zerlin et al. 2007). Amazingly, the trangitittmperature3cp were directly correlated to
the body temperature of the animals ranging froniG4or the duck-billed platypus to 42 °C for

a bird, the spotted nutcracker. It was excluded tha partial loss of protein structure &ip
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results from irreversible protein denaturation whioccurs at distinctly higher temperatures.

Independent of these experiments two-dimensioriedred correlation spectroscopy suggested a
structural perturbation stage of bovine hemogldimtween 30 °C and 44 °C (Yan et al. 2004).

The observed perturbations were assigned to hydrbgaded extended chains that connect the
helices. It was concluded that the passage transitf red blood cells is caused by hemoglobin

molecules and that the observed small structurahgés of hemoglobin &tcp might be the

cause for the drop of viscosity Biipete (Kelemen et al. 2001).

In our work we could determine the mean radius &efdistribution of spheres in which the
mobile protein protons — in the used model mosygrbgen atoms in side-chains — diffuse. The
mean radii increase linearly between 16.9 °C an@ 31 due to higher thermal amplitudes. At
36.9 °C and higher temperatures the mean radiatee¥iom the low temperature linear behavior
and increase with a significantly steeper slopés phonounced increase in average sphere size is

interpreted as partial unfolding of hemoglobin whixegins at human body temperature.

In the partially unfolded state the side-chains camve in a larger space than in the more
compact low temperature state. At 45.9 °C the aiolesvolume is around three times bigger
than at 31.9 °C. The fraction of immobile protonsemains roughly constant within the errors;
only the temperatures at 42.9 °C and 45.9 °C aghtbkl above the average. Hydrogen atoms
which move so slowly that they contribute to thamabile fraction p are mainly located in the
protein interior and in the protein backbone, amac@s towards the exterior and on the surface

of the protein contribute mostly to the mobile fran (Dellerue et al. 2001).

It was proposed that aggregation of hemoglobirethiylood cells occurs above body temperature
and that an increase in surface hydrophobicity cda the reason for it (Digel et al. 2006). At

first sight the aggregation effect at 36.9°C seémnige in contradiction with the observed larger
volume of side-chain diffusion above this tempemtuThe observed change in side-chain
mobility might reflect structural rearrangementattbause the increase in surface hydrophobicity.
In this way the observed dynamical and structulelnges in the picosecond time range and
Angstrom length scale could influence protein-proténteractions in the crowded cell

environment. The cooperated effects of the protgieractions would then cause the measured
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passage effect of whole red blood cells seen wittrapipette experiments. This might be an

intriguing example how atomic effects influence mascopic properties of whole red blood cells.

The onset of protein aggregation might be as vwelldause for the small increase in the fraction
of immobile hydrogen atoms at 42.9 °C and 45.9A({though the majority of external protein
side-chains can access a larger space at thesersomes, a small side-chain fraction might get
slowed down due to strong protein-protein interaeti The hydrogen atoms of these slowed
down side-chains could then contribute to the foactof immobile protons. Removing the

protons from the average would also lead to a tasgkere radius in the Volino-Dianoux model.

As the immobile fraction p changes only slightlyileithe mean radii increase strongly above
36.9 °C, we conclude that the observed changdseimbbility occur mostly in amino acid side-
chains on the surface of hemoglobin. If hydrogesmat in the protein interior were involved
during partial unfolding, then we would expect mprenounced changes in the fraction p of
immobile protons. Large changes in the immobiletfoa p go in hand with protein unfolding
and denaturation (Fitter 2001; Gibrat et al. 20R8sso et al. 2002) when internal side-chains and
backbone hydrogen atoms become more mobile. Inctse the immobile fraction approaches
zero in the unfolded state. Our results confirnt tha internal structure of hemoglobin unfolds

only partially and does not denature completelthaminvestigated temperature range.

It is not yet understood if the observed effecti@hoglobin around body temperature are related
to hemoglobin function in the human body. The terapee close to the core of the human body
is some degrees Celsius higher then in the extiesnif and how hemoglobin function and the
properties of red blood cells are influenced bys ttemperature difference is still an open

guestion.
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4.6 Conclusion

We have used incoherent quasielastic neutron sicgfte® measure the dynamics of hemoglobin
in whole human red blood cells around body tempeegatin our approach we could separate
global protein diffusion from internal hemoglobinotions. We complemented our neutron
experiments with dynamic light scattering measum@séo obtain the diffusion coefficient of
hemoglobin at infinite dilution. Theoretical pretians for concentrated suspensions of non-
charged hard-sphere colloids were used to complaee global diffusion coefficients of
hemoglobin in red blood cells with hemoglobin ddilon coefficients at infinite dilution. The
values of the hemoglobin diffusion coefficientshe cells are in the same order as it is expected
for short-time self-diffusion. The hemoglobin malées are trapped in cages formed by
neighboring proteins. The cage radius is in agreémeth results of neutron backscattering
studies on the average protein populatioBscherichia colicells and on concentrated myoglobin
solutions (Busch et al. 2007; Jasnin et al. 2008grnal protein motion was analyzed with a
model for diffusion in a sphere with a distributiohradii. At temperatures higher than 36.9 °C
amino acid side-chain motions occupy larger voluities expected from normal temperature
dependence. These results indicate partial unfgldih hemoglobin around human body
temperature which is in agreement with circulathdi¢csm experiments (Artmann et al. 2004;
Digel et al. 2006; Zerlin et al. 2007). It was deed that these changes are caused mostly by
amino acid side-chains towards the exterior andhensurface of the proteins. Micropipette
experiments with single red blood cells found aspge phenomenon from complete blockage of
the pipette below body temperature to sudden passtbigher temperatures. It was suggested
that intracellular hemoglobin aggregation at terapges above human body temperature is
responsible for the passage effect (Artmann et288). The observed changes in the geometry of
amino acid side-chain motion at body temperatureldcaeflect an increase in surface
hydrophobicity which might cause an increase intggmeprotein attraction and cause protein
aggregation. Further studies on hemoglobin interastin red blood cells would help to shed
light on this issue. It is still unknown if the aiges in the behavior of hemoglobin at body

temperature are necessary for hemoglobin functiotheé human body. Protein dynamics and
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structural changes in the picosecond time rangefaggtrom length scale might be connected to
a macroscopic effect of whole red blood cells.
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5. From Powder to Solution: Hydration Dependence
of Human Hemoglobin Dynamics Correlated to Body

Temperature

Hemoglobin dynamics in concentrated solution andrégd powder was measured with
elastic and quasielastic incoherent neutron soagteGlobal protein diffusion is absent in
hydrated powder and strongly reduced in the salutsample at high concentration.
Hemoglobin centre of mass diffusion did not conitéoto the measured signal on the time
scale of the used instruments. The experimentsvaticdhe determination of internal protein
dynamics with high accuracy. Hemoglobin dynamicedncentrated solution showed a larger
flexibility above body temperature than expecteairfrnormal temperature dependence in
agreement with the body temperature transition ewhdglobin that has been interpreted as
partial unfolding. The results on hemoglobin dynesmin concentrated solution confirm the
body temperature transition of hemoglobin dynaniicsvhole red blood cells described in
chapter four of the thesis. Interestingly, the bddynperature transition of hemoglobin
dynamics was absent in the hydrated powder sariple.hydration level was sufficient to
allow the well known dynamical transition at arouBd0 K. Therefore, protein specific
motions are present at physiological temperaturabe hydrated powder sample. However,
the rates of internal protein motion were suppre$sehe hydrated powder sample compared

to concentrated hemoglobin solution.

Hydrated protein powder samples have been considergood model systems for studies on
protein dynamics, and it was with such a sampleexample, that the dynamical transition at
about 200K was discovered. In the comparison of dewsolution and cell samples, we
concluded that fully hydrated protein powder sammpteight not accurately describe all

protein picosecond dynamics aspects that are reegefss biological function.

The following chapter is based on an article sutaditoBiophysical Journal
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5.1 Abstract

A transition in hemoglobin (Hb), involving partiahfolding and aggregation, has been shown
previously by various biophysical methods. The elation between the transition
temperature and body temperature for Hb from dfieispecies, suggested that it might be
significant for biological function. In order todas on such biologically relevant human Hb
dynamics, we studied the protein internal picosdomotions as a response to hydration, by
elastic and quasielastic neutron scattering. Rattéast diffusive motions were found to be
significantly enhanced with increasing hydratioonfr fully hydrated powder to concentrated
Hb solution. In concentrated protein solution, tega revealed that amino acid side-chains
can explore larger volumes above body temperahae &xpected from normal temperature
dependence. The body temperature transition ireprotynamics was absent in fully hydrated
powder, indicating that picosecond protein dynamésponsible for the transition is activated
only at a sufficient level of hydration. A collagé¢result from the study is that fully hydrated
protein powder samples do not accurately desctil@spects of protein picosecond dynamics

that might be necessary for biological function.
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5.2 Introduction

Hemoglobin (Hb) in red blood cells and at high aamtcation in solution shows a variety of
interesting effects (Artmann et al. 2008). Micraogiie experiments with aspirated single
human red blood cells found a sudden passage plesoomof the cells at a transition
temperatureTpipee=36.4 + 0.4°C close to human body temperature (86.6r 309.8 K)
(Artmann et al. 1998). The diameter of the micrepig (~1.5 um ) was small compared to the
entire cells (~7 um). Part of the cellular membrenaspirated into the tight pipette tip and
forms a tongue. The major fraction of the cell ferm sphere filled with Hb outside of the
pipette. At temperatures lower than body tempeeatbe cell cannot pass into the pipette
completely and blocks the tip. Above body tempeagtthe trailing sphere can be compressed
easily and all cells pass into the pipette withapparent resistance (Artmann et al. 1998).
Under normal conditions the concentration of Hved blood cells is ~330 mg/ml (Krueger
and Nossal 1988). During the aspiration processvbebdy temperature intracellular water is
pressed out of the red blood cell, and it was eg#@ohthat Hb concentration reaches values of
more than ~500 mg/ml (Artmann et al. 1998). Visgosieasurements were performed on Hb
solutions between 330 mg/ml and 500 mg/ml to stutg flow properties at such
concentrations (Artmann et al. 1998). The experisxdaund a sharp drop in viscosity in
Arrhenius plots at concentrations higher than 450nmh at body temperature. The drop was
absent at the physiological concentration of 330nmhgThe results were interpreted as a
colloidal phase transition in highly concentratela $blution from a gel-like to a fluid state at
body temperature (Artmann et al. 1998; Kelemen.&Q91).

It has been further investigated, if the transitiemperature of Hb is correlated to changes of
the protein structure; the thermal stability of Bécondary structure was investigated with
circular dichroism spectroscopy (CD) (Artmann et24l04). The study showed a pronounced
loss of a-helical content atTcp=37.2 £0.6 °C, which is again close to human body
temperature. Interestingly, further CD experimesegsablished that thermal stability of Hb
secondary structure of different animals is disectbrrelated to the corresponding body
temperature of the species. The results ranged ffepx34.0+0.5°C for the duck-billed
platypus (body temperature 33.0+1.0°C)t$=42.0£1.0°C for a bird, the spotted nutcracker
(body temperature 42.2+0.5°C°C) (Digel et al. 20@&rlin et al. 2007). It has been

speculated that the mechanism behind Hb temperb&iravior might be partial unfolding of
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the a-helical structure at body temperature, which gimeBand with an increase in surface

hydrophobicity that promotes protein aggregatioigéDet al. 2006).

Energy resolved incoherent neutron scattering igowerful technique for the study of
dynamics of biological macromolecules and its deleece on environmental conditions.
Protein dynamics has been studied with neutroriesoag in hydrated powders (Doster et al.
1989; Ferrand et al. 1993) and as a response tooamental conditions, in particular to the
level of hydration (Cornicchi et al. 2006; Pacidrenal. 2002; Paciaroni et al. 2006). In the
past years, neutron scattering has been applistutly protein dynamics in whole cells
vivo (Doster and Longeville 2007; Jasnin et al. 20Q8¢dr et al. 2008; Tehei et al. 2004), in
solution (Perez et al. 1999; Russo et al. 2002gTehal. 2006), as well as recently in time-
resolved experiments after photo-excitation (Combttal. 2008; Pieper et al. 2008).
Incoherent neutron scattering is dominated by hyeinoatom motions as their incoherent
scattering cross section is one order of magnihigger than that of all other elements which
usually occur in biological matter, and deuteriUdedrs 1992). The technique probes average
protein dynamics because hydrogen atoms are uryfatistributed in the natural abundance
protein. The time and length scales of moleculations that are accessible are determined by
the energy resolution and the scattering vectogeaof the instrument, respectively. In
general, the method covers the picosecond to neondetime range and angstrom length
scale. At this time-length scale, hydrogen atonas éine covalently bound to amino acid side-
chains reflect the dynamical behavior of these &igdnemical units (Reat et al. 1998; Smith
1991; Wood et al. 2008a). Below a so-called dynahtransition temperature of around 180-
240K protein dynamics is predominantly harmonic.rrii@nic motions correspond to
vibrations of atoms around their structural equilin positions. Above the dynamical
transition, and at sufficient hydration, additiomaharmonic motions are activated (Doster et
al. 1989; Ferrand et al. 1993; Lehnert et al. 1988pending on the energy resolution and
scattering vector range of the neutron spectrometesecond inflection in the thermal
displacements, which is hydration-independent, alaserved at a temperature between 100
and 150 K, and has been attributed to methyl grotaiions (Cornicchi et al. 2006; Roh et al.
2006; Roh et al. 2005; Wood et al. 2007). Thesallpenps contribute to the sampling of a
large number of conformational substates that @spansible for the entropic stabilization of
proteins (Fraunfelder et al. 1991). From elastimohrerent neutron scattering (EINS) mean
square displacementai®> of the thermal cloud of atomic motions can be deieed. The

measurecu?> include both vibrational and diffusive motions éRet al. 1998). Quasielastic
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neutron scattering (QENS) on the other hand, esablelistinguish between vibrational and
diffusive components (Bee 1988). The techniquewalahe quantification of internal
diffusion coefficients, residence times and theedwuination of the average geometry of
motions.

Protein dynamics has been interpreted with a pctira quasi-harmonic average potential

well for the complex macromolecular force field ¢But and Zaccai 2001; Zaccai 2000). In
this sense, protein flexibility was defined as #meplitude of atomic motion§/<u2> which

corresponds to the width of the potential well.tBio thermal stability would correspond to
the depth of the well (Tehei et al. 2001; Tehei &@adcai 2007). A mean effective force
constantk’> can be obtained from the dependence of<ilie> as function of temperature.
This mean effective force constant, called restéerdescribes the shape of the well (Zaccai
2000). Many conformational substates exist withie faaverage well and are sampled by
localized jump-diffusion (Fraunfelder et al. 199The geometry and activation energy of

localized jumps can be determined by QENS.

Recently, we measured protein dynamics of Hb indmumed blood cellgh vivo with QENS
(Stadler et al. 2008). At temperatures higher thaman body temperature, amino acid side-
chains dynamics showed a change in the geometrgotion towards larger volumes than
expected from normal temperature dependence. Haege under physiological hydration
conditions was interpreted as a result of partrgblding of Hb at body temperature. The
partially unfolded state above body temperature feasd to be less rigid than Hb below
body temperature. Our goal in the present study twasvestigate in detail with neutron
scattering from powder to solution, how the difféarenotions of human Hb depend on
hydration. A change in the geometry of amino aaig-£hain dynamics was identified close
to human body temperature in concentrated Hb swiutrully hydrated Hb powder showed
the well known dynamical transition at around 18@- X, but the change in the geometry of

protein motions at body temperature was not found.
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5.3 Material and Methods

5.3.1 Sample preparation

Human Hb was purchased from Sigma (Sigma-Aldri¢hL.8uis, MO, USA). To remove the
exchangeable hydrogen atoms, around 1g proteirdisaslved in 10 ml BO and lyophilized
afterwards. For the preparation of the hydrated dg@vwsample, BD exchanged Hb powder
was dried over silica gel until no further losswight was observed. The dried powder was
then rehydrated in f® atmosphere to a level of 0.4 g 1 g protein. That level is not
sufficient to cover the protein surface with a céetg monolayer (Ball 2008), but this amount
of non-freezing water permits the onset of anhaimomotions above the dynamical transition
temperature of around 180-240 K (Rupley and Cdr@9il). In this article we consider this as
one full hydration layer. For the preparation ok tihib solution sample, J® buffer
(0.1M KClI, 61.3 mM KHPQO,, 5.33 mM KHPQO,, pD 7.4) was added to the® exchanged
protein powder to a level of 1.1 @O/ 1g. The obtained concentration (570 mg/ml)
corresponds to roughly three hydration layers. Tbecentration of potassium buffer was
chosen to resemble saline conditions in whole d@llberts B. 2002), but it shall be noted
that the choice of saline buffer can have an imftigeon protein dynamics (Gabel et al. 2004).
The samples were rapidly sealed in flat aluminuma holders for the experiments. It was
checked by weighting that there occurred no lossamfiple material during the experiment.
The scattering cross section of Hb in the concesdraolution was estimated to be >96% and
in hydrated powder to be >98.5%. Therefore, we awgtl the contribution of the O
solvent to the measured data.

5.3.2 Neutron scattering experiments

The experiments were performed on the cold neutrauiti-disk-chopper time-of-flight
spectrometer TOFTOF (Unruh et al. 2007) at theamesereactor FRM-1l (TU Minchen,
Garching, Germany), on the cold neutron time-ajkti spectrometer FOCUS (Janssen et al.
1997), at the neutron spallation source SINQ (R#ligen, Switzerland) and on the thermal
neutron backscattering spectrometer IN13 (NatakleR008) at the ILL high flux research
reactor (ILL, Grenoble, France).
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On TOFTOF, the incident wavelength was set to 5.4Wd a chopper frequency of
12,000 rpm was chosen which corresponds to a sogttgector independent instrument
resolution of approximately 100 peV (full-width lalf-maximum, FWHM). Hb in solution
was measured on TOFTOF between 280 K and 325 KF@QUS, the incident wavelength
was set to 6 A, which corresponds to only a moedracattering vector dependent elastic
energy resolution between 41 peV (FWHM)ab.4 A* and 61 peV (FWHM) ag=1.6 A,
Hydrated Hb powder was measured on FOCUS betweenK2&nd 322 K. The
backscattering spectrometer IN13 is characterizednbenergy resolution of 8 peV (FWHM)
and an incident wavelength of 2.23 A. Hydrated lelwger was measured between 20 K and
320 K on IN13. All samples, including the vanadishab and empty sample holder, were
oriented at 135° with respect to the incident rmutseam direction.

The measured spectra were corrected for energyndept detector efficiency, empty cell
scattering, normalized to vanadium, transformed iemergy transfer and scattering vector
space, and corrected with a detailed balance faBtata on IN13 were normalized to the
recorded intensities at 20 K instead of vanadium. IN13 elastic neutron scattering was
measured between 0.2'4 q<5.0 A*. TOFTOF data were binned into 16 groups with
0.5 A'<q<2.0 &', FOCUS data were binned in 13 groups with 0<fq< 1.6 A*. QENS
data reduction and analysis was done using thegmgFRIDA for TOFTOF (Wuttke 2006)
and DAVE (2008) for FOCUS data. IN13 data were oceduwith ILL standard programs.
Multiple scattering was neglected as the transssf all samples was higher than 0.9.

The resolution function of the instruments was eieed with vanadium measurements for
TOFTOF and FOCUS. The instrumental energy resaigatiof AE= 8, 50 and 100 peV
correspond to observable time scales in the ortlet~080, 13 and 7 ps, respectively, using
the relationAt = #2/AE..

5.3.3 Quasielastic Neutron Scattering Analysis

An exhaustive description of quasielastic neutrcaititering can be found in Bée (Bee 1988).
The application to protein dynamics has been restely Gabel et al. (Gabel et al. 2002) and
Smith (Smith 1991). QENS spectra in this study wesrdl described with a theoretical
scattering functionS,;.. (g, w )that contains a delta-function for the fraction hgfdrogen
atoms that appear localized within the time-spadedow of the instrument and one

LorentzianL(«, q) for the quasielastic signal,
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Sheo(0 @) = Ay (0) x 3(c) + (1~ A, (0)) ¥ LG, &) . (5.1)

The elastic incoherent structure fact.éy(q) (EISF) contains information about the geometry
of motions. Mean square displacements of fast tidoral motions<u2>Vib (defined as the full

amplitude of the motion (Smith 1991)) were taketoiaccount by a Debye-Waller factor

exd—<u2>vibq2 /6) and were deduced from the scattering vector depwedof the summed

intensities (Tehei et al. 2006). The quasielastiomgonent is a Lorentzian

L(q, ) = 1 Gi)z , with half-widths at half-maximuni™(q).
7 o’ +I(q)

The scattering functionS(q,«) plus background was convoluted with the instruralent

resolution functionS, (g, w) and fitted to the measured data according to

Smeas: leXF{_ <uz>vibq2 /6))( Stheo(q! C!)) + BOJ O Sres(q’ w) ( 5.2 )

The fits were performed over the energy transfelgeafrom -1.5 meV to +1.5 meV for
TOFTOF data and over the energy transfer range #bitb meV to +0.75 meV for FOCUS

data.

Depending on the instrumental energy resolution thiedused scattering vector range both
internal protein dynamics and global translatiadiffision of the macromolecules contribute
to the measured signal in protein solution (Dostedt Longeville 2007; Gaspar et al. 2008;
Perez et al. 1999; Russo et al. 2002; Stadler. @088). Due to the high protein concentration
of our solution sample, global protein diffusiorsisongly suppressed and cannot be resolved
with the energy resolution of 100 peV of the spmoigter TOFTOF (Tehei et al. 2006). In
hydrated protein powders global macromolecularuditin is absent. Therefore, it was

possible to perform the experiment on FOCUS wittigher energy resolution of 50 peV.
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5.3.4 Elastic Neutron Scattering Analysis

Elastic incoherent neutron scattering on IN13 waterpreted in terms of the Gaussian

approximation. Mean square displacement$> were obtained from the scattering vector

-61A(n1(q))

5 , Where we use the
Aq

dependence of the elastic intendfiy) according to<u2> =

definition of <u®> given by Smith that accounts for the full amplitudie motion (Smith
1991). This approach is formally similar to the @ar approximation in small angle
scattering experiments (Guinier and Fournet 195bg analogy to small angle scattering has
been discussed in (Gabel 2005; Réat et al. 1997%. dbtained<u®> describe the spatial
extend of the atomic thermal motions and includéhbhabrational and diffusive dynamics.

The approximation is strictly valid fog®> —  ®ut holds up t0<u2>th2 ~2 (Réat et al.

1997). The calculations were performed in the sesalhccessible®-range of IN13 data
between 0.04 A< ¢?<2.02 A? in which the Gaussian approximation is valid. Mdarce

constants<k> that describe the protein resilience were obtaifteth the slope oku®>

versus temperature T according(td = 0.0027¢ (d<u2> / dT). Effective force constantsk’>

that include anharmonic dynamics of proteins weralcutated according to

<k'> :0.0027§/(d<u2>/dT) in a quasi-harmonic approximation (Zaccai 2000)e Tinits are

chosen so thatk> is in N/m when<u?> is in A2 andT is in K.
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5.4 Results

5.4.1 Quasielastic Neutron Scattering

Typical quasielastic neutron scattering spectrhyofrated Hb powder at 285 K measured on
the spectrometer FOCUS and of Hb solution at 29@d&asured on the instrument TOFTOF
are shown inFigurel. The measured data could be described with anicelgsak for the

hydrogen fraction which appears localized in theetlength scale given by the energy
resolution and scattering vector range of the umsént, and one Lorentzian for diffusive

internal protein dynamics.

Conclusions about protein internal motions can kewvd from theq dependences of the
intensities and half-widthd(q) of the elastic peaks and the Lorentzians, respygti
Information about the geometry of the motions istamed in the EISRy(q), and about their

correlation times i (q).

Hydrogen atoms that are covalently bound to amitid aide-chains reflect the dynamical
behaviour of the bigger chemical units (Reat e1888; Wood et al. 2008a). The ‘diffusion in
a sphere’ model proposed by Volino and Dianoux iMmbnd Dianoux 1980) accounts well
for the motions of amino acid side-chains whichfgen diffusive jumps in a spherical
volume restricted by neighboring amino acid sidaieb. The radius can then be deduced

from

Aya)=p+(1- p)[EMT

a | | (5.3)

whereji(ga) is the first-order spherical Bessel function & tlist kind,a is the sphere radius,
andAy(q) is the EISF (Volino and Dianoux 1980). The popola of hydrogen atoms which
appear as immobile and mobile within the instrurakahergy resolution are represented by

the fractions p and (1-p), respectively (Bellissennel et al. 1992).
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Figure 1. Quasielastic neutron spectra of (a) hydrated heohaglpowder measured on
FOCUS at the temperature 285 K at the scatterimgove=1.6 A', and (b) hemoglobin in
solution measured on TOFTOF at the temperaturek280the scattering vector q=1.8"A
The circles show measured data and the solid liesepts the fit (eq. 5.2). The components
correspond to the elastic fraction (dashed line) thie Lorentzian (dotted line). The insets in

(a) and (b) show magnifications of the spectra.
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A Gaussian distributiorf(a) of sphere radia was used to describe measured EISF data of

proteins to a high degree of accuracy (Russo &082). The Gaussian distribution is defined

as f(a)= 2 exp(‘ 37 2), with the standard deviation as free parameter. The mean
o2 20

value of the sphere radius is then givendy o 2 .We recently measured Hb dynamics in
T

whole red blood cells vivo (Stadler et al. 2008and interpreted the obtained EISF with the
model for ‘diffusion in a sphere’ including a Gaiass distribution of sphere radii. For the
purpose of continuity and comparison with the prasistudy, we used this model to interpret
the EISF of the present work. Fits of the EISF wawae over the scattering vector range of
0=0.6-1.8 A for TOFTOF and of=0.5-1.6 A' for FOCUS. The EISF of Hb powder at the
temperatures 285 K and 322 K and Hb solution atti¢hgperatures of 290 K and 325 K are
shown together with the fits of the model for d#fiflon in a sphere with a Gaussian distribution
of radii in Figure2 a) andb). The mean sphere radidsof the Gaussian distribution as a
function of temperature is given Figure 3 for Hb powder and Hb solution. The mean radii
of the hydrated powder sample remain constant enilvestigated temperature range and
have the average value &2.06 +0.02 A. The mean valuésof the Hb solution sample
show different behavior. Within the errors, thegrgase linearly with temperature between
the valuesa=2.27 + 0.06 A at 280 K andé=2.58 + 0.09 A at 310 K. There is an inflection
point at 310 K above which the mean sphere radiei@se linearly with a significantly steeper
slope up to 3.44 +0.09 A at 325 K. The valueshaf immobile fraction were found to be
constant with temperature for the concentrated HBlotisn sample withp=0.38 and to
decrease linearly with increasing temperaturetieriib powder sample wiip=0.67 at 285 K
andp=0.53 at 322 K.

110



From Powder to Solution

('S
l’ —285K
w -=-322K
04 | 4
02k 1 -
afA]
OO n 1 " 1 " 1 L 1 " 1 I 1 L 1 " 1 " 1 "
0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6 1.8 2.0
A
q[A7]
T T T T T T T T T
[T
(2]
L

02 °F 4

0.0 s 1 " | |a[A|] " 1 " | " | L | ' | s | '
00 02 04 06 08 10 12 14 16 18 20

Figure 2 (a) EISF of hydrated hemoglobin powder at the tempeeat 285 K (squares) and
322 K (circles) measured on FOCU®) EISF of hemoglobin solution at the temperatures
290 K (squares) and 325 K (circles) measured on TKQF: The error bars are within the
symbols. The solid lines present the fit (eq. SvBh a Gaussian distributioia) of radii. The
insets in(a) and(b) show the distributionfa) at the indicated temperatures for hemoglobin

powder and solution, respectively.
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Figure 3: Mean value a of the Gaussian distribution as a tfomcof temperature of
hemoglobin in solution (filled circles) and hydrateemoglobin powder (empty circles). The

dashed and dotted lines are linear fits and sex\azequide for the eye.
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The half-widths at half-maximurm of the Lorentzian are shown kigure4 as a function of
the squared scattering vectrat 285 K and 322 K for hydrated powder and at R%nd
322 K for Hb solution. The measured half widtfioof the Hb solution sample show clear
signs for restricted jump-diffusion (Hall and Ro%¥3881). The half widthd™ approach a
constant valud, at smallg® at 290 K. Smallg®values correspond to larger real space
distances and the effects of boundaries on thendisaof amino acid side-chains become
visible. At the highest measured temperature of828e plateau due to confinement would
be visible only at very smatf’ values and is outside of the instrumental acckssitattering
vector range as it was also found in protein sotu{Bu et al. 2000). The limiting behavior of
I" at smallg-values is approximately described by the Volinamiux model for diffusion in

confined geometry (Volino and Dianoux 1980). Thedelaassumes diffusion that is restricted

to a sphere of radiua. It predicts constant half widthg at g values smaller them < %

(Volino and Dianoux 1980). In the case of a disttibn of sphere radii, the plateau ends at a
smaller valugy’ than in the single sphere case as shown with mi@edynamics simulations
(Dellerue et al. 2001). We extracted the scatteviejor positions from the article of Dellerue
et al. (Dellerue et al. 2001) and concluded thatwhlueq’ is approximately 1.7 times smaller
for amino acid side-chain dynamics than predictedhle Volino-Dianoux model for a single
sphere of radiua that is the average value of the sphere distribufizellerue et al. 2001). In
our work, at the temperature of 290 K the obtaineshn sphere radius &2.27 A and at

322 K the mean radius i§=3.22 A. The constant valué, should therefore end at
q° = (%7@1)2 = 0.7A? at the temperature 290 K andyat0.3 A? at the temperature 322 K.

The q resolution of the experiment is not very preciseé the constant value @l at 290 K
ends betweenf=0.64 A% and 0.81 K which agrees well with the derived value from the
model. The constant value at 322 K would therefiwevisible only belowg?=0.3 A2 which
cannot be measured with the instrument. Additignathis supports our assumption of a
distribution of sphere radii to describe the measEISF.
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Figure 4. Half-widths at half-maximund” of the Lorentzian as a function of scattering gect
at different temperatures of hemoglobin in solutaond as hydrated powder. The solid lines
are fits according to a jump-diffusion model in tiferange from 0.64 & to 4.0 A% and from

0.64 A%to0 2.56 A?,

At large scattering vector values of the Hb solutgample, the elementary nature of the
diffusive jumps of the amino acid side-chains beesnevident. As these jumps are not
infinitely small but occur over a finite length,etthalf-widths/™ approach asymptotically a
plateaul", at largeg”. The behavior of the half-widths can be describgé model of jump-

2

diffusion according tol :D—qZ' with the residence time before a jumpnd the jump-

1+Dg°r
diffusion coefficientD (Bee 1988). Fits were done with the jump-diffusiondel in theg’-
range between 0.647Aand 4.0 & The values of the residence timeas a function of

temperature are presentedHigure 5. The obtained residence times follow the Arrheraus

Ea
r(T)=1,xe*", and we extracted an activation energ¥#gf1.45 + 0.18 kcal/mol.
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Figure 5. Residence timer of hemoglobin in solution (filled circles) and hgated
hemoglobin powder (empty circles). The straigheédinndicate fits according to the Arrhenius
law. Activation energies ofE,=1.45 = 0.18 kcal/mol for hemoglobin in solutionnda
E;=1.70 + 0.12 kcal/mol for hydrated hemoglobin pomwdere obtained.

The line-widthsI™ of the Hb powder sample increase with which is a sign for diffusive
motions. Similar behavior was already observed ydréted lysozyme and myoglobin
powders (Perez et al. 1999). The line-widths dointercept zero at the smallegtvalues,
which is characteristic for diffusion in a confinegpace (Bee 1988). For the purpose of
comparison with the Hb solution, the half-widthstioé Hb powder were also approximated
with the jump-diffusion model as described abovettie q*range of 0.64-2.56 A The
plateaul”, of the half-widths was obtained by extrapolatiéithe model to higheg’-values.

In this way, we calculated residence times whiehsimown inFigure 5. The residence times

follow the Arrhenius law and we obtain an activatenergy oE,=1.70 £+ 0.12 kcal/mol.

The half widths of the Hb solution are atafHvalues and all temperatures larger than those of
Hb powder. As correlation times and line widths areersely correlated, the larger half
widths of the Hb solution compared to the hydrgbedvder indicate that the rates of side-
chain diffusion get enhanced with increasing hydrat
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5.4.2 Elastic Neutron Scattering

Mean square displacemer(ﬁs2> of hydrated Hb powder measured on IN13 were caied|

from the data in the?range up to %2.02 A2 and are given ifFigure 6. The <u2> include

both vibrational and diffusive motions of proteiryndamics and show the well known
dynamical transition at around 240 K (Doster etl889; Ferrand et al. 1993; Parak et al.
1982). Values of the force constants<é>=1.18 + 0.29 N/m for the low temperature range
below 240 K andkk’>=0.17 + 0.01 N/m for the high temperature rangevab®40 K were
obtained. QENS experiments allow the separatiowilfational and diffusive dynamics.
Mean square displacements of fast vibrational metiou®> i, of the Hb powder sample
measured with QENS on FOCUS are presenteBigare 6. The <u®>,;, agree with good
accuracy with expected values obtained from linedrapolation of the low temperature

vibrational valuescu>> measured on IN13.

25— ¢+ - -

<k'>=0.17 +/- 0.01 N/m

1.5 |

1.0 -

<u® [A7]

051 <k>=1.18 +/- 0.29 N/m

0.0 -

. . 1 1 1 .
0 50 100 150 200 250 300 350

TIK]

Figure 6. Mean square displacementa®> of hydrated hemoglobin powder measured on
IN13 (filled circles) and mean square displacemefifast vibrational motions €, (Using
eq. 5.1 and 5.2) measured on FOCUS (empty circlés.error bars of <&, are within the
symbols. The straight lines are linear fitsto®> measured on IN13 below and above the

dynamical transition temperature. The energy reégoiwf IN13 is 8ueV.
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5.5 Discussion

It has previously been reported in the literatdrat tprotein flexibility is linked to protein
structure: A neutron scattering study found flaheet proteins are less flexible thahelical
proteins. Proteins which consist of bath and p-structure elements are more flexible than
pure a-helical proteins and unstructured proteins wemenébto be the most flexible ones
(Gaspar et al. 2008). Additionally, it has beenvahdhat the unfolded state of lysozyme is
more flexible and less resilient than the foldeates{De Francesco et al. 2004). Consistently
with these results, neutron scattering measurenwntghole bacterian vivo revealed that
average protein flexibility is increased and maavteaular resilience is reduced in heat
denatured bacteria cells as compared to native (Edhei et al. 2004). Furthermore, protein
flexibility, resilience and internal diffusion ratdave been found to be closely linked to the
degree of hydration. Neutron scattering combineth viiydrogen/ deuterium labeling of
specific amino acids allowed the determination wérage protein dynamics and active core
fluctuations of bacteriorhodopsin as a functiorhypdration. Increasing the level of hydration
from dry powder to a complete hydration layer cager of bacteriorhodopsin permitted the
onset of anharmonic motions above the dynamicaisitian temperature of around 180-
240 K at a certain threshold hydration; a furtherease of hydration led to a decrease of
protein resilience (Lehnert et al. 1998; Paciasdral. 2002; Paciaroni et al. 2006; Wood et al.
2008b). Neutron scattering measurements of dryhgadated protein powders, as well as of
protein solution showed that the rates and ammguaf amino acid side-chains diffusion on
the protein surface are enhanced with higher hiymrafMarconi et al. 2008; Perez et al.
1999). A study on lysozyme pointed out that inteqratein dynamics get more activated
when the environment changes from being a stabiliea plasticizer with increasing
hydration (Paciaroni et al. 2002; Paciaroni eR@D6). Paciaroni et al. (Paciaroni et al. 2002)
concluded that protein internal dynamics seemsetouted on the whole by the dynamical
features of the environment. Further work on protginamics under physiological conditions
in E. colishowed that hydrated powders do not accuratehgsept the dynamical behavior of
macromolecules in whole cells. The higher amountvafer in cells, as compared to fully
hydrated protein powders, increases internal mtdediexibility and diffusive motion rates

in the picosecond time-range (Jasnin et al. 2008).

We verified with EINS that the well know dynamidednsition at around 240 K occurs at the

chosen hydration of the Hb powder sample. At lomgeratures only solid-like vibrational
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motions are detected; at temperatures above thandgal transition temperatuiie protein
specific quasi-diffusive motions are activated andtribute to the measuredi®>> (Parak et

al. 1982). From QENS experiments vibrational arffusive motions can be separated. As
expected, the obtained vibrational motiors®>;, are in good agreement with linear
extrapolation of low temperaturau®> obtained from the EINS measurement. This supports
the concept of quasi-diffusive motions in proteinsing activated afl. that cause the
pronounced increase eli>> at temperatures abovg (Fraunfelder et al. 1991; Parak et al.
1982).

Our experiments revealed that increasing hydratioHb has a strong influence on the rates
of diffusive motions. The residence times of amamd side-chain jump-diffusion in Hb
solution lie between=4.0 £ 0.2 ps at 280 K and 2.8 + 0.1 ps at 322 Kewwas we obtain
significantly higher residence times betweeri0.3 + 0.3 ps at 285 K anct7.6 £ 0.4 ps at
325 K for hydrated Hb powder. The obtained actoratenergy E of the residence times
raises from 1.45 + 0.18 kcal/mol for Hb solution 2670 £ 0.12 kcal/mol for hydrated Hb
powder. We conclude that an increase of hydratiomfa single layer to nearly three layers
enhances the rates of diffusive motions. The supgteary amount of water decreases the
activation energy barriers between diffusive junapsl thus facilitates protein dynamics, as
shown with QENS.

Protein folding and stability around body temperatis important for medical engineering
and of high relevance for medicine and biology engral. Artmann et al. (Artmann et al.
1998) reported a transition temperature of humaraHindy temperature that was interpreted
as Hb partial unfolding and acts as a precursopfotein aggregation. Further evidence for
perturbations of Hb secondary structure at a sjget#nsition temperature came from CD
experiments (Digel et al. 2006; Zerlin et al. 200Mese studies of Digel et al. and Zerlin et
al. established the fact that the transition termoee of Hb from a big variety of different
animals is directly linked to the species’ body pemature. Sequence alignments of Hb of
different species were performed to identify anndéwal region for the structural perturbation
(Zerlin et al. 2007). Hb tertiary structure is Higleonserved in general. However, but it was
found that the amino acid sequences of the first lices of thexr- andp-subunits of Hb
were of low similarity (~40-50% similarity), whergghe other parts have significantly higher
similarity (~70-80% similarity), and especially tirner parts of the protein that are in close

contact to the heme groups are highly conserveddu00% similarity). The parts of low
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sequence similarity are located at external pdrteeosubunit and are solvent exposed. It was
suggested that these solvent-exposed amino adaliessmight be responsible for the onset
of Hb partial unfolding and protein aggregation r{feet al. 2007). In this work, we were
able to investigate the geometry of amino acid-sidain diffusion of Hb as a function of
temperature and hydration. QENS measurements aflowaccurate analysis of protein
diffusive motions (Bee 1988). A study of Englemaét(Engler et al. 2003) classified hydrogen
atoms in myoglobin in three dynamic groups: metpgup, long side-chain, and backbone
hydrogen atoms. The authors concluded that abavelyhamical transition at around 180-
240 K mean square displacements measured by ireatheeutron scattering are dominated
by the side chains, whereas the main chain stalysrregid on a time scale faster than 100 ps
(Engler et al. 2003). Therefore, in this study, uged the model of ‘diffusion in a sphere’
(Volino and Dianoux 1980) that is best suited tsalide amino acid side-chain diffusion.
Amino acid side-chain dynamics within proteins wdoeind to be characterized by a
distribution of flexibility. Side-chains in the pmn interior are more rigid, whereas they
possess a higher degree of flexibility towardsdbtside of the protein (Dellerue et al. 2001).
The term flexibility corresponds in this senselte testricted volume in which the amino acid
side-chains can move. A recent neutron scattetuntyon bacteriorhodopsin using hydrogen/
deuterium labeling concluded that a mixture of lagavironment and residue type defines
amino acid side-chain dynamics; further it was fednout that different amino acids of the
same type have different dependencies on their@mwient (Wood et al. 2008a). Therefore,
we used an extended version of the ‘diffusion sphere’ model, which takes into account of
a distribution of sphere radii (Perez et al. 19R0sso et al. 2002; Stadler et al. 2008). We do
not claim that the model by Volino and Dianoux (Mol and Dianoux 1980) which implies
motions in a sphere with impermeable surface isntiost appropriate one to describe the
atomic nature of protein dynamics. However, it lideato describe the measured EISF with
high accuracy. As we are mostly interested in tbeperature dependence of protein
flexibility, it is a valid approach to use this nedfor the purpose of comparison. We
observed a sudden change in the geometry of amimb s@ade-chains at human body
temperature towards larger volumes in concentrddéd solution. This change at body
temperature was absent in hydrated protein powder.

In recent studies of Hb dynamics in red blood ¢élie break at 310 K in the sphere radii was
interpreted as partial unfolding of Hb at humanotemperature (Stadler et al. 2008). The
same interpretation is valid for the results of iHlconcentrated solution. In this sense, the
partially unfolded state of Hb solution at temperas above 310 K has got higher flexibility
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than the low temperature state, as its distribuisoshifted to larger volumes. The fact that
partial unfolding and the consequent changes ofmycs do not occur in hydrated powder
implies a crucial role of hydration in this proceiswas previously suggested that solvent
accessible amino acid side-chains might be resplenfir Hb partial unfolding (Digel et al.

2006; Zerlin et al. 2007). The experimental factespnted in this work justify this view.

Diffusive motion rates of side-chains are stronglyppressed in hydrated Hb powder as
compared to Hb in concentrated solution. We coredygreviously that protein dynamics and
changes in the complex macromolecular force fielghtnbe responsible for structural

rearrangements and pronounced protein aggregatowneabody temperature (Stadler et al.
2008). The molecular properties of Hb therefore Idodetermine in this sense the
macroscopic properties of whole red blood cellstigfann et al. 1998). We identified a fast
process in the order of some picoseconds thatsigoresible for the change in geometry of
protein dynamics at body temperature. A sufficiksmel of hydration beyond one surface

layer is crucial for the activation of this fasbpess.

5.6 Conclusion

We studied protein dynamics of human Hb with etaatid quasielastic incoherent neutron
scattering from fully hydrated powder to highly centrated solution. The change in the level
of hydration strongly influences the rates andvatibn energies of diffusive motions in the
order of some picoseconds. The geometry of amiie side-chain diffusion was described
by a distribution of sphere radii that takes inteaunt the polydispersity of internal protein
flexibility. Above 310 K and only in highly conceated solution, amino acid side-chain
motions occupy larger volumes than expected frommab temperature dependence. These
results are in agreement with CD measurements aaepipette experiments that reported
partial unfolding of Hb and a passage transitiosingle red blood cells at body temperature
(Artmann et al. 1998; Artmann et al. 2008; Digehkt2006; Zerlin et al. 2007). The change
in Hb properties at body temperature was suggetsieble related to biological function
(Artmann et al. 1998; Artmann et al. 2008; Stadteal. 2008). Therefore, it was concluded
that dynamical processes of Hb in the order ofva flecoseconds could be relevant for the
properties of whole cells. Fully hydrated powdempées might not accurately describe fast
protein dynamics that are relevant for biologicaidtion.
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6. Cytoplasmic Water and Hydration Layer Dynamics
in Human Red Blood Cells
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The dynamics of water in human red blood cells wesasured with quasielastic incoherent
neutron scattering in the temperature range bet28énK and 320 K. Neutron spectrometers
with time resolutions of 40 ps, 13 ps and 7 ps veamabined to cover time scales from that of
bulk water dynamics to that of reduced mobilityerfidcial water motions. A major fraction of
around 90% of cell water is characterized by aslegional diffusion coefficient similar to bulk
water. A minor fraction of around 10% of cellulaater exhibits strongly reduced dynamics.
This slow water fraction was attributed to dynarthychound water on the surface of hemoglobin
which accounts for approximately half of the hyanatiayer.

The following chapter is based on a communicatiabliphed in theJournal of the American
Chemical Society. The length of the communication in edited formswinited to two pages.
Therefore, details on sample preparation protocwsiron scattering experiments, data analysis
and surface area calculations are given in Suppphtiformation. For the purpose of continuity,
the article is presented in the general layouhefrhanuscript.
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6.1 Introduction

Water is essential to life and a major scientifiterest lies in a detailed understanding of how it
interacts with biological macromolecules in cellle cellular environment is extremely crowded
with macromolecular concentrations up to 400 mg(glis and Minton 2003). Distances
between macromolecules are in the order of 1 nnighwdorresponds to only few layers of water.
Water that is in close contact with hydrophilic lydrophobic protein surfaces (Russo et al.
2005) or which is trapped in surface cavities (Makeaet al. 2000) is shown to have significantly
different behavior than bulk water. Recent stugest out that a major fraction of water in cells
and bacteria shows bulk like dynamics (Jasnin 1e2@08; Persson and Halle 2008). We
measured quasielastic incoherent neutron scatt@@igS) of HO in red blood cells (RBC)n
vivo. The data revealed two populations of water in RB@najor fraction of ~90% which has
translational properties similar to those of buliter (time scale ~ps) and a minor fraction of
~10% which is interpreted as bound hydration watih significantly slower dynamics (time
scale ~40 ps).

6.2 Material and Methods

QENS is a well-suited technique to study water dyica in the ps-ns and A time and length
scale, respectively. Incoherent neutron scattepiieglominantly detects the motion of hydrogen
nuclei, which have an incoherent scattering cresian which is more than 40 times larger than
all other elements that occur in biological mattand deuterium (Gabel et al. 2002). By
subtracting experimental data of natural abund®&f€ in D,O buffer from natural abundance
RBC in HO buffer, the cytoplasmic dynamics of,® was separated from membrane and
macromolecular dynamics. RBC consist mostly gOHand hemoglobin at a concentration of
~330 mg/ml (Krueger and Nossal 1988). Samples ofdruvenous blood were prepared yOH
and DO HEPES buffer (see Supporting Information). Exgtlutar water content was found to
be less than 10% of the total water content. Wienas¢ that the incoherent cross section of the
intracellular HO is more than three times that of the macromoéscuh DO, the incoherent
cross section of water is 8% that of the macromudéec The difference is therefore dominated
by the water signal, and we neglected changes mbrene and macromolecular dynamics due
to isotope effects. Energy resolved neutron seéagevas measured on the spectrometers IRIS at
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ISIS, FOCUS at PSI and TOFTOF at FRM-Il. A neutgpectrometer is characterized by its
energy resolution and scattering vectgy (ange, which determine the observable time and
lengths scales of hydrogen motions. The energyugso of the instruments IRIS, FOCUS and
TOFTOF was 17 peV, 50 peV and 100 peV, respectivcayresponding to longest observable
times scales in the order of 40 ps, 13 ps and Tlps.theoretical scattering function of water
dynamics is well described by a narrow and a bilca@ntzian for translational and rotational
diffusion, and a delta function for the fractionsdéw hydrogen motions that appear localized on
the time scale corresponding to the energy reswolubf the instrument (Bee 1988). The
dependence of the half-widths at half-maximum (HWHi¥ithe narrow Lorentzian as a function
of q yields information about the atomic scale tramstet! diffusion process (Bee 1988) (see 6.8
Supporting Information).
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6.3 Results

The HWHM of cytoplasmic BD measured on IRIS are shown with fits according fjomp-
diffusion model inFigure 1 a); in Figure 1 b) a measured spectrum on FOCUS together with the
fitted components is given.
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Figure 1: a) Half-widths at half-maximum of the translatibd#fusion process of cytoplasmic
H,O in RBC measured on IRIS at different temperatugedid lines represent fits according to a
jump-diffusion model. b) QENS spectrum on FOCU&yibplasmic HO in RBC at 290 K and
q=0.55 A. Symbols show measured data, the black line prestie result of the fit. The
components correspond to the immobile fraction (me€l), the narrow Lorentzian (green line)
and the broad Lorentzian (blue line).

Figure2 a) reports the obtained translational diffusion ceefhts D of H,O buffer and
cytoplasmic HO as a function of temperature measured with IRISCUS and TOFTOF. The
data demonstrate that the translational diffusimefftcient of cellular water is nearly identical to
H>O buffer on all spectrometers. The dashed linecatds normal temperature behavior gOH
buffer following an Arrhenius law and serves aerefce. The measured diffusion coefficients
of intracellular water with the instrument IRIS shperfect agreement with the reference; the
results of TOFTOF and FOCUS deviate only slighthpwe and below, respectively. Residence
times were found to be larger in intracellular ti@bulk water (see 6.8 Supporting Information).
The results indicate that translational diffusidrwater in RBC behaves similarly to bulk water.
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A QENS study on translational and rotational dikbusof water inEscherichia coli concluded
that the main fraction of intracellular water shasusilar dynamic behavior as bulk water with
residence times twice as long (Jasnin et al. 2008JR work on rotational diffusion of
cytoplasmic water found that approximately 85% elf water inEscherichia coli has bulk-like
dynamics (Persson and Halle 2008).

We could identify a significant fraction of immobilvater in RBC that is absent in® buffer.
The immobile water fraction was determined by thmpltude of the elastic peak divided by the
integrated total intensity. Experimental data issented inFigure2b) for the smallest
accessible scattering vector of q~0.6 vkhich reports on all movements up to around 1@& r
space distance. On this length scale confiningceffef protein surface cavities or boundaries on
water become observable. From théependence of the elastic intensity we estimaietimean
square displacements %{?of ~2.3 A and ~2.1 A for IRIS and FOCUS, respedfivevhich are
smaller than the mean distance between water mekdaround 3 A) and emphasize the
localized nature of immobile water. Immobile watarrelation times need to be longer than

around 40 ps which is the time resolution of thghlresolution spectrometer IRIS.

The obtained immobile water fraction of the RBC parvaries between 11% and 8% in the
investigated temperature range. The uncertaintytoldmckground subtraction was estimated to
be below 2%. In contrast, the immobile fractionHhD buffer is below 1% at all temperatures.
The temperature dependence of the immobile fracabrH,O in RBC follows Arrhenius
behavior with an activation energy of2.15 + 0.10 kcal/mol.
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Figure 2: a) Translational diffusion coefficierd of H,O in RBC measured on the instruments
IRIS (filled black squares), FOCUS (filled red ¢&€) and TOFTOF (filled green triangles);(M
buffer was measured on the instruments IRIS (erbjatyk squares) and TOFTOF (empty green
triangles). The dashed line indicates normal teatpee behavior of HD buffer.b) Percentage
of immobile fraction of HO in RBC measured on IRIS at q=0.61 Hilled black squares) and
FOCUS at q=0.55 A (filled red circles) are compared to values e®rbuffer measured on IRIS
(empty black squares) and FOCUS (empty red circlés straight red line represents Arrhenius

behavior.
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6.4 Discussion

Hydrodynamic calculations of hemoglobin neededntdude a bound water coverage of around
50% of the first hydration layer to predict quaetiitely experimentally measured hydrodynamic
parameters (Garcia de la Torre 2001). We estintatgdapproximately 2300 water molecules are
in the first hydration layer of hemoglobin (see &8pporting Information). A study with High-
Frequency Dielectric Spectroscopy (between 45 MBI&RIz) reported a value of 1030+70
dynamically bound kD molecules on the surface of hemoglobin with higbktricted rotational
dynamics (Wei et al. 1994) corresponding to a ~%@%upation of the first hydration layer. Site-
directed tryptophan mutations combined with femtosel spectroscopy identified two water
populations in the protein hydration layer withtf§s1-8 ps) and slow (~20-200 ps) dynamics
(Zzhang et al. 2007). Assuming a cellular hemoglol@ancentration of ~330 mg/ml,
approximately 28% of all cellular water moleculag @& direct contact with the surface of
hemoglobin. Considering half of the first hydratidayer to be bound, roughly 14% of
cytoplasmic water would be bound in the proteinrhtidn layer. This value is remarkably close
to our results of the immobile water fraction. Weerefore conclude that there exist two
populations of water in RBC: a major fraction of098 which has translational properties similar
to bulk water and a fraction of ~10% of immobileteravhich could be identified as dynamically
bound water in the hydration layer of hemoglobmyivo. This bound hydration water should

have important properties concerning protein stgtahd interactions in living cells.

6.5 Acknowledgment

We thank Franz Demmel for help with the experimemtIRIS, Aysegll Temiz Artmann and

Dariusz Porst for help during sample preparatione®a Tehei and Marion Jasnin for fruitful

discussions. This work is based on experimentpedd at the neutron sources SINQ FRM Il
and ISIS. This research project has been suppbstetie European Commission under tie 6

Framework Programme through the Key Action: Streeging the European Research Area,
Research Infrastructures. Contract n°: R1I3-CT-2608925

135



Cytoplasmic Water and Hydration Layer Dynamics in Human Red Blood Cells

6.6 Supporting Information

6.6.1 Sample preparation

For neutron scattering experiments, samples of humemous blood from healthy adults were
drawn with tubes containing heparin to prevent Bl@magulation. The blood samples were
suspended in HEPES buffer solution at pH=7.4 an@ 2®sm (137 mM NaCl, 4 mM KClI,
1.8 mM CaCj, 0.8 mM NaHPQ;, 0.2 mM NaHPQy, 0.7 mM MgSQ, 8.4 mM HEPES, 4 mM
NaOH). The cells were washed twice and collecteddntrifugation at 560 rcf for 10 min. The
supernatant was removed together with the ‘bufft’'con top of the cells. The washed cells and
the successively used buffer solutions were thessegh with CO to increase the stability of
hemoglobin. The cells were resuspended in TRISebuf20 mM TRIS, 145 mM NaCl) at
pH=5.5 and treated with neuraminidase (frGhostridium perfringens Type VI, purchased from
Sigma-Aldrich) to remove the glycocalyx matrix assdribed elsewhere (Elgsaeter and Branton
1974). Afterwards the cells were washed yOHHEPES buffer. To reduce the neutron scattering
contribution of the buffer, a portion of the cellere washed with D HEPES buffer (pD=7.4,
290 mOsm), incubated for around 30 min and cemgeduat 560 relative centrifugal force. The
washing steps were repeated until the level 8 Was estimated to be below 0.1 vol% assuming
that the HO-D,O exchange through the cell membrane reaches saconglue in this time. No
cell lysis was detected during the preparationtaedshape of the cells was checked with optical
microscopy at the end. After a final centrifugatistep the cell pellet was sealed in a flat
aluminum sample holder of 0.2 mm thickness for tietron scattering experiment. The
scattering from the aluminum screws was blockedgisi cadmium mask. It was checked by

weighing that there occurred no loss of sample n@t@uring the experiment.
The amount of water in the cell sample was detezthiby drying of an aliquot. Taking into

account a cellular hemoglobin concentration of 88@ml, we obtained an extracellular water

content of less then 10%.
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6.6.2 Neutron experiments

High resolution neutron scattering was measuredheninverted time-of-flight backscattering
spectrometer IRIS (Carlile and Adams 1992) at @S Ineutron spallation source (Rutherford
Appleton Laboratory, Didcot, United Kingdom). Thaeegy resolution of the instrument was
approximately 17 peV. Neutron scattering with m&ddhergy resolution was measured on the
cold time-of-flight spectrometer FOCUS (Janssemletl997) at the neutron spallation source
SINQ (Paul Scherrer Institut, Villigen, Switzerlgndhe incident wavelength was set to 6 A,
yielding an average energy resolution of aroungi&d. Low resolution neutron scattering was
measured on the cold neutron time-of-flight speatter TOFTOF (Unruh et al. 2007) at the
research reactor FRM-II (Research Reactor HeinzeMagibnitz, Garching, Germany). The
incident wavelength was set to 5.1 A and the choppeed to 12000 rpm which corresponds to
an instrument resolution at the elastic line ofragpnately 100 peV.

Samples were measured in the temperature rang®®K 2o 320 K in which no hemolysis
occurs. All samples, including the 1 mm thick vaoad slab and empty sample holder, were
oriented at 135° with respect to the incident reautbeam direction. Measured data of the cell
sample in DO buffer was subtracted from data of the cell semplHO buffer to obtain the
contribution of HO. Experimental data of RBC samples isOHbuffer and DO buffer measured
on the instrument FOCUS at 290 K are showkigure 3. The relatively big difference of both

samples allowed a clear separation of th@® ontribution.

In the case of vanadium which gives purely incoheamd isotropic scattering and® HEPES
buffer, the empty cell was subtracted instead. Tieasured time-of-flight spectra were
normalized to vanadium, transformed into energyndfer and scattering vector space and
corrected with a detailed balance factor. IRIS datas binned into 17 groups with
0.48 A'<q<1.85 A', FOCUS data was binned in 12 groups with 0%5fq<1.6 A?,
TOFTOF data in 13 groups with 0.6'4 q< 1.8 A’ The instrumental energy resolution was
measured with vanadium. Data treatment and analyass done with the instrument specific
program packages DAVE (2008a), IDA (Wuttke) and MEXD(2008b). Multiple scattering was
neglected as the transmission of all samples wgeehihan 0.9.
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Figure 3: Experimental QENS data of RBC in®l and DO buffer measured on FOCUS at the
temperature 290 K and at the scattering vector&=8. The larger intensities of the elastic
and quasielastic part of RBC in® buffer as compared to RBC in® buffer result from KO

dynamics.

6.6.3 Data analysis

The theoretical scattering function for translatibmand rotational diffusion of water can be

approximated as (Bee 1988)

— -{(x*)a? My (q) I (q) s (q)
Speo (G ) =€ {H(Q)W‘FAQ(Q) Dwz @+ @F | (6.1)

where <x2> stands for the mean square displacement of fdsational motion; the first

Lorentzian in the curly brackets represents tramslal diffusion, the second Lorentzian
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combines translational and rotational diffusionhatihe half-widths at half-maximum (HWHM)

(q) and r,(qg), respectively. The experimental measured scatteftimction S, _(q,w) is

exp
obtained by convolution ofS,(q,«w) with the instrumental energy resolutio8 (g, w)

according to
Suolte )= &1 TR () B0 + Sy 0.0+ B, | DS 0.6, (62)

where Ab(q) is the elastic incoherent structure factor of sloydrogen dynamics that appear

immobile within the instrumental energy resolutard B, is linear background.

All QENS data were fitted according to equationd ) &nd (6.2): IRIS data was described well
with only one Lorentzian for translational diffusioFits were performed in the energy range of
-0.5 meV to +0.5 meV. Rotational diffusion of watem be treated as flat background on IRIS in
the investigated energy range. Focus data wasideddoy two Lorentzians and the data was
fitted in the energy range of -1.25 meV to +1.25%m@OFTOF data was fitted by two
Lorentzians in the energy range of -1.5 meV t&+heV.

The HWHM of translational diffusior; (q) were best fitted with a jump-diffusion model given

Dg?

by (Bee 1988)TI" =
y ( )T+ (a) T+ D,

, with the translational diffusion coefficienb and the

residence time between jumps. HWHM T, (q) of H,O in RBC and HO buffer measured on

TOFTOF, FOCUS and IRIS are shown with fits accagydio a jump-diffusion model in
Figure4.
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The residence timesg, of water in RBC were up to 4 times larger thansthof the reference

buffer (Table 1), strongly depending on the instrument.

Table1: Residence timeg, of intracellular HO in RBC, r, of buffer HO, and the ratio

between both. All values are at the temperaturek290

I, HXO in |71, H,O | (7, H,Oin RBC)/ (7, H20 buffer)
RBC buffer
RIS (17peV) 2.53 +0.06 ps 0.57+0.03ps 4.4

FOCUS (50peV) 1.12 £ 0.05 ps 1.02+0.09ps 1.1

TOFTOF (100peV) | 1.68£0.03ps | 0.68x0.03ps 25

The obtained residence times ofCHbuffer are smaller than the literature valuergf1.1 ps for

pure water at 298 K (Bellissent-Funel et al. 1995).
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Figure 4: Half-widths at half-maximund¥ of the translational diffusion process oftHin RBC
and of BO buffer measured on TOFTOF, FOCUS and IRIS. Solek represent fits according
to a jump-diffusion model.
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The HWHM of rotational diffusion,(q) measured on TOFTOF are showrFigure5 a). The

values of the half-widths are independent of thattedng vector, as expected for rotational

diffusion. The rotational correlation timesg,, . :l_i are given irFigure 5 b), they are however
R

smaller than the literature value of, =3.3 ps at 298 K for pure water(Bellissent-Funehlet

1995).
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Figure5: a) Half-widths at half-maximundr of the rotational diffusion process ot® in RBC

measured on TOFTOM) Rotational correlation times., . of H,O in RBC and HO buffer as

determined with TOFTOF.

The immobile fraction of KD in RBC at the scattering vector q was determiaecbrding to

Ala)

p=——>-—"+"—— and the temperature dependence was described Byrbenius equation
J.Sexp(a)’ q) dw

with the activation energ§, with p(T)= p, Eéxr{ kEfI'j'
B

Mean square displacemer(ﬂsz> can be obtained from the scattering vector depeaelef the

elastic intensityAys(q) according to

(u?)="= 62\(In A (a)

AT . (6.3)
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This approach is formally similar to the Guiniepagpximation of small angle scattering(Guinier
and Fournet 1955). The mean square displacemeptstren the average radius of atomic

thermal motion, where we follow the definition @jz> given by Smith (Smith 1991). Equation

(6.3) is strictly valid forg® — 0 but holds fo<u2>m2 = 2. Mean square displacements were

calculated from IRIS data in the rangegd£0.37-1.14 & and yielded a temperature independent

value of <u2>=5.4iO.7 R. From FOCUS data<u2> were calculated in a similar range of

¢°=0.30-1.10 & and we obtained a temperature independent val(e’ot4.5+0.5 K.

6.6.4 Surface Area Calculations

We calculated the Surface Accessible Surface AB&6A) per human deoxy-hemoglobin from

a neutron crystallographic structure (pdb file 2DXMith the web based server GETAREA
(Fraczkiewicz and Braun 1998) and obtained a vaftzt,550 XK. Persson et Halle (Persson and
Halle 2008) report a value of ~10.75 #at a water molecule occupies on the surface of a
protein. Taking this value, we obtain that arour@2 HO molecules are in direct contact with
the surface of one hemoglobin protein. We furtlssuane that the volume of one RBC is around
100 un? as given in Artmann et al. (Artmann et al. 1998y Ehe purpose of simplicity, we

approximate the RBC by a sphere with equal voluites yields a total surface area of the
cytoplasmic and periplasmic cell side @f,. =208um*. Considering a cellular hemoglobin

concentration of 330 mg/ml, we obtain a total SA®A intracellular hemoglobin of

A, =7600'um*. The ratio A*%R =400 indicates that the amount of water in the
BC

hemoglobin hydration layer is two orders of magiuarger than water in the membrane
hydration layer. Extracellular matrix and glycogalvas removed during sample preparation, as

it might be strongly interacting with water.
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7. Conclusions Générales et Perspectives

La dynamique de I'némoglobine dans les globulegesiwen fonction de la température a été
mesurée par diffusion quasiélastique de neutroaglitfusion globale des macromolécules et
la dynamique interne des protéines ont pu étreréépgoar les données et I'analyse. Les
prédictions théoriques pour la diffusion des patés colloidales a temps de courte durée ont
été utilisées pour comparer les coefficients déusibn de I’hémoglobine mesurés dans les
globules rouges avec les coefficients de diffusle’hémoglobine a grande dilution mesurés
par diffusion de lumiére. Il a ainsi été montré des molécules de I'hémoglobine se
comportent comme si elles étaient confinées dassages formées par les protéines voisines
sur les échelles de quelques picosecondes et tiugaelngstroms. La dynamique interne de
I'némoglobine montre un changement de régime a°86.8 des températures plus élevées
gue la température du corps humain, les chainésalas des amino acides occupent des
volumes plus grands que prévu par la dépendanceat®de la température. Ce phénomene a
éte interprété comme étant dd0 au dépliement padeel la protéine a température
physiologique, en accord avec des résultats d'épeées de dichroisme circulaire (Digel et
al. 2006 ; Zerlin et al. 2007). Il a été conclu geechangement de la dynamique a la
température du corps pourrait refléter une augnientde I'hydrophobicité de la surface, qui
serait responsable pour I'agrégation des protéipesr la baisse de la pression osmotique
colloidale et pour l'effet sur le passage vu dassdxpériences de micropipette (Artmann et
al. 1998 ; Artmann et al. 2008 ; Digel et al. 2Q00Glement et al. 2001). Cela indique que la
transition macroscopique de « I'élasticité » dexbgles rouges a température physiologique a

bien une base moléculaire au niveau de 'hémogéobin I'échelle ps-A.

Pour but examiner si les observations du paragrapéeédent sont dues a des propriétés
particulieres du cytoplasme des globules rougesiylamique de I'hémoglobine pure en
fonction de I'hydratation a été mesurée dans ume sBexpériences neutroniques. Les
techniques de diffusion élastique et quasiélastapi@eutrons ont été utilisées pour mesurer
la dynamique de la protéine en fonction de la teatpée dans des échantillons de poudre
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hydratée et en solution concentrée. Les tempssigerice entre les sauts locaux de I'ordre de
guelques picosecondes, sont réduits en solutiocetiee et augmentés en poudre hydratée
d’hémoglobine. L’énergie d’activation entre lestsdocaux est également réduite en solution
concentrée comparée a la poudre hydratée. La tiangie géométrie des mouvements
internes a température du corps a été vue damdu@os concentrée mais non dans la poudre
hydratée. Ce résultat est en accord avec I'hypethas la dynamique de I'hémoglobine pure
sur I'échelle ps-A est responsable du changemepraaiétés macroscopiques des globules
rouges a température physiologique. Il a été cogatiles poudres hydratées ne représentent
pas un bon modeéle pour la dynamique de la protinérdre de quelques ps-A, qui pourrait

étre corrélée a la fonction biologique.

Les résultats de ces deux études sur les globoleges et 'hémoglobine inspirent les

perspectives suivantes.

Il a été montré que la transition de I'hémoglobéast corrélée avec la température du corps
d'une grande variété d’espéces (Zerlin et al. 200&% travaux de cette these ainsi que des
travaux précédents sur des bactéries ont demoetiiédcité de la diffusion de neutrons pour
mesurer la dynamique moléculairevivo dans les cellules (Jasnin et al. 2008 ; Tehel.et a
2004). En plus, une étude de diffusion de neuteonsontré que la dynamique des protéines
dans des bactéries psychrophiles, mésophiles, tipdnifes et hyperthermophiles s’adapte aux
températures de vie respectives de ces bactérgsei(let al. 2004). Il serait intéressant
d’étudier, par des expériences similaires, si laaglyique de 'hnémoglobine dans des globules
rouges des différentes espéces est égalementémmaeéc la température physiologique de
chacune de ces espéces.

Il a été postulé que I'hémoglobine en solution emice s’'agrege a la température
physiologique (Artmann et al. 1998 ; Digel et 08 ; Kelemen et al. 2001). La diffusion de
neutrons aux petits angles serait une méthode &iptée pour étudier I'agrégation de
’lhémoglobine en solution, en fonction de la tenapédre. La diffusion de neutrons aux petits
angles, en plus, ne cause pas de dommage de oadizdi qui est le cas pour le rayonnement

synchrotron.

La diffusion globale de I'hnémoglobine a été meswrd@chelle de quelques picosecondes, ce

qui a permis d’évaluer le coefficient de diffusidans la limite des temps courts. Doster et
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Longeville ont mesuré le coefficient de diffusioa hémoglobine dans les globules rouges
dans la limite de temps courts et dans la limitaeteps longs sur un spectromeétre de spin
écho a I'échelle des nanosecondes et nanometresefl Longeville 2007). Les auteurs ont
trouvé que le coefficient de diffusion dans la tenide temps courts et longs est réduit
comparé aux prédictions de la théorie hydrodynamidue coefficient de diffusion dans la
limite de temps longs était faiblement réduit compa la valeur théorique, en revanche, le
coefficient de diffusion dans la limite de tempsite a montré une déviation plus grande. La
réduction de la dynamique dans la limite de teropgd a été interprétée par l'influence de la
couche d’hydratation qui est lié a la surface dpréine. Busch et co-auteurs ont mesuré la
diffusion de la myoglobine en solutions concentréas un spectrometre a rétrodiffusion
(Busch et al. 2007). Un coefficient de diffusiomué a été trouve, qui était en accord avec
une étude de spin écho sur la diffusion de la nofmge en solution concentrée (Longeville et
al. 2003).

Le coefficient de diffusion de I'hnémoglobine dares Iglobules rouges en fonction de la
température et en fonction du temps d'observati@urmpait étre mesuré avec des
spectrometres neutroniques a difféerentes résokitiom énergie. Il serait intéressant de
mesurer le coefficient de diffusion dans la lindeetemps longs en fonction de la température
sur un spectromeétre a rétrodiffusion (échelle -ens¥pin-écho (échelle ~100ns). Dans le cas
de I'agrégation des protéines, le coefficient déudion dans la limite de temps longs sera
réduit. Les propriétés de la réduction du coeffitige diffusion dans la limite de temps longs
pendant I'agrégation des particules constituentnéme de recherche actuel dans la science
de particules colloidales. Il serait intéressanta@parer un systeme biologique aux résultats

sur des systemes colloidaux physicochimiques.

La dynamique de I'eau cellulaire dans les globulasges a été mesurée a I'échelle des
quelques picosecondes et quelques Angstroms avechaique de la diffusion quasiélastique
de neutrons, dans une grande gamme de températoie.spectrométres de neutrons avec
résolutions en temps de 40, 13 et 7 ps ont été io@mnipour couvrir I'échelle de temps des
mouvements de I'eau volumique a I'eau interfacibliee fraction de I'eau cellulaire d’environ
90% est caractérisée par un coefficient de diffusranslationnel similaire a celui de I'eau
volumique. Les 10% restant présentent une dynamiglemtie de facon significative. La
fraction ralentie a été attribuée a I'eau en irtttoa avec 'hémoglobine. Elle correspond a

environ la moitié de I'eau dans la premiére coudhe/dratation de la protéine. Il a été
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proposé précedemment que I'eau liée a la surfadé@moglobine pourrait étre responsable
pour l'effet de passage des globules rouges obsdsmé les expériences de micropipette
(Kelemen et al. 2001). Les auteurs ont proposé gud de I'eau interfaciale ralentie qui
‘dégele’ a la température du corps et qui est ¢téraée par une dynamigue similaire a I'eau
volumique dans I'état ‘dégelé’. La réduction deviascosité des solutions de I'hémoglobine
concentrée a la température du corps serait exgdigpar la fraction de I'eau ‘dégelée’ qui
diluerait la solution de la protéine. Les expérande diffusion des neutrons ont montré qu'il
existe en effet une fraction d’eau interfacialecauae dynamique plus lente dans les cellules.
Cette fraction baisse en augmentant la températeae. contre, on n’observe pas de
changement brutal de la fraction de l'eau lenteowuide la température physiologique.
L’hypothese que l'eau interfaciale est responsgidar la réduction de la viscosité des
solutions de I'hémoglobine concentrée a la tempésadlu corps n’est pas confirmée par les
expériences de neutrons. Une étude récente synémique de I'eau cellulaire dags coli a
montré que l'eau majoritaire cellulaire présentee udynamique translationnelle et
rotationnelle similaire a I'eau volumique (Jasninak 2008). L'étude sur la dynamique de
I'eau cellulaire dans les globules rouges a mogtré ces résultats ne sont pas limités aux

procaryotes mais sont aussi valables pour les yoies:

Les propriétés spécifiques de I'eau d’hydratatibteecouplage entre la dynamique de 'eau
d’hydratation et de la protéine ont été montréeménent. Paciaroni et al. ont utilisé la
diffusion inélastique incohérente de neutrons poesurer la densité d'état des molécules
d’eau dans la couche d’hydratation d’une protéaciaroni et al. 2008). Les résultats ont
montré que la densité d'état de I'eau dans la ceuthydratation est significativement
différente de la densité d’état des formes simpléstallines de la glace et ressemble a un
mélange entre les formes amorphes de la glaceaelgret faible densité. Le couplage entre
la dynamique de la protéine et de I'eau a été étddns une expérience complémentaire par
Wood et al. (Wood et al. 2008). L'étude a montré des propriétés dynamiques de la
protéine et de I'eau d’hydratation sont caractégsgar une transition dynamique a la méme
température d’environ 220 K. Des simulations deatdiyigue moléculaire de ce systéme ont
montré que le début de la diffusion translatiorales molécules d’eau dans la couche
d’hydratation a 220 K est responsable pour la edlar du réseau des liaisons d’hydrogene
entre la protéine et les molécules d’eau, qui dstrigine de la transition dynamique (Wood
et al. 2007).
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La dynamique de lI'eau cellulaire a été mesurée dengs étude récente dans l'organisme
halophileHaloarcula marismortui(Tehei et al. 2007). Cette étude a montré qu’enmvif6%

de I'eau cellulaire dand. marismortuiest caractérisée par une dynamique 250 fois phis |
que I'eau volumique. A 300 K I'eau cellulaire lemt®ntrait des signes caractéristiques pour
la dynamique en confinement. Cette étude a égakementré qu’il n’y a pas de fraction
majoritaire de I'eau cellulaire lente daBscoli (Tehei et al. 2007). Une étude supplémentaire
a montré que la fraction majoritaire de I'eau d&hscoli a des propriétés dynamiques
similaires a I'eau volumique (Jasnin et al. 200&).cellule halophile est un cas spécial. La
cellule contient du KCI a concentration molaire sléancytoplasme et les protéines halophiles
sont seulement stables a cette haute concentrdgosel. Les interactions des protéines
halophiles avec le solvant sont particulieremertefet la couche d’hydratation des protéines
halophiles contient des molécules d’eau et des (Madern et al. 2000). Tehei et al. ont
suggéreé qu’un effet de structuration entre les ouds d’eau, les ions du KCI en solution trés
concentré et les protéines halophiles est resptgaloir la grande fraction d’eau lente dans

le cytoplasme del. marismortui(Tehei et al. 2007).

Les propriétés d’eau ralentie dans les globulegesupourraient étre examinées sur un
spectrometre a rétrodiffusion a haute résolutiogrergie (par exemple IN16 a I'lLL). IN16 a
une résolution en énergie de 0.9 peV qui correspoude échelle de temps de I'ordre d’'une
nanoseconde. Il serait intéressant de mesurer éfficent de diffusion et le temps de
résidence de I'eau ralenti dans les globules rosgese spectrométre sensible a I'échelle de
la nanoseconde et d’étudier si cette fraction éau’lente montre des signes de la dynamique
en confinement. De plus, des simulations de dynaeniqoléculaire de I'hémoglobine
hydratée pourraient aider a identifier des molécdleau ralenties et a corréler leurs temps de

résidence avec les données expérimentales.
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7. General Conclusion and Perspectives

The technique of quasielastic neutron scattering wsed to measure the dynamics of
hemoglobin in whole human red blood cells as a tianc of temperature. Global
macromolecular diffusion and internal protein dym@smcould be separated from the
measured data in the analysis. Theoretical predistifor the short-time self-diffusion of
colloidal non-charged hard-sphere particles weredus compare the measured global
diffusion coefficients of hemoglobin in red blooclls with diffusion coefficients of
hemoglobin at infinite dilution, measured with dyma light scattering. It was revealed that
hemoglobin molecules in the picosecond and Angstiiome and length scale behave as if
they were trapped in cages formed by neighbourmgems. The experiment showed that
internal hemoglobin dynamics displays a sudden ghat 36.9°C. Above body temperature
amino acid side-chains occupy larger volumes thgpeeed from normal temperature
behaviour. The phenomenon was interpreted as pamialding of hemoglobin at body
temperature, which is in agreement with resultsi@ular dichroism experiments (Digel et al.
2006, Zerlin et al. 2007). It has been concluded the change in protein dynamics at body
temperature could reflect an increase in surfackdphobicity of the surface of hemoglobin,
responsible for pronounced protein aggregationdtbe in colloidal osmotic pressure and the
passage effect seen in micropipette studies (Annedral. 1998; Kelemen et al. 2001; Digel
et al. 2006; Artmann et al. 2008). It has been estgg further that protein dynamics and
structural changes in the picosecond time range Angstrom length scale might be

connected to a macroscopic effect on whole reddotadis.

With the aim to study if the observations of theyous paragraph are a particular property of
the cytoplasmic environment of red blood cells, diggamics of pure human hemoglobin as a
function of hydration was studied in a series ofitr@n scattering experiments. Elastic and
guasielastic incoherent neutron scattering werel use measure protein dynamics as a
function of temperature. The residence times ofliaed jumps in the order of a few

picoseconds were found to be significantly reduoecbncentrated solution compared to fully
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hydrated powder. Furthermore, the activation enefgghe localised jump-diffusion process
was found to be reduced for the solution sampleaspared to the hemoglobin powder.
Above human body temperature, and only in the Emlusample, amino acid side-chain
motions occupy larger volumes than expected frommab temperature dependence. The
result is in agreement with the observed chandemoglobin dynamics at body temperature
in red blood cells. In that study it was suggested hemoglobin dynamics in the order of a
few picoseconds might be relevant for the propertiewhole red blood cells. As the body
temperature behaviour was found to be absent inhgdrated powder sample, it was
concluded that hydrated powder samples do not ibesatl fast protein dynamics that are

relevant for biological function.

The results on human hemoglobin dynamics stimulkegdollowing perspectives.

Previous work of Zerlin et al. showed that the $iion temperature of hemoglobin is directly
correlated to the species’ body temperature (Zetlial. 2007). The work of this thesis as well
as previous work on bacteria showed the efficiemtyneutron scattering to measure
molecular dynamics in-vivo in cells (Tehei et 8002; Jasnin et al. 2008). It has already been
shown with neutron scattering that average protginamics of psychrophile, mesophile,
thermophile and hyperthermophile bacteria are adbpd the respective temperatures at
which these bacteria live (Tehei et al. 2004). ¢tudd be now of scientific interest to study
with neutron scattering if hemoglobin dynamics &d rblood cells of different species is

equally correlated to the body temperature of edt¢hese species.

It has been postulated in recent work that hemaglshows pronounced aggregation at body
temperature (Artmann et al. 1998; Digel et al. 20B6lemen et al. 2001). Small angle
neutron scattering would be an excellent experialembethod to investigate protein
aggregation in concentrated solution as a funatibtemperature. Additionally, small angle
scattering does not induce radiation damage, wikitlie case of synchrotron radiation.

In the thesis, global macromolecular diffusion efrtoglobin in red blood cells was measured
in the picosecond and Angstrom time and lengthesashich allowed the determination of
the short-time self-diffusion coefficient. DostardalLongeville measured the short-time and
long-time self-diffusion coefficient of hemoglobin red blood cells with neutron spin-echo

spectroscopy in the nanosecond and nanometer tichéeagth scale (Doster and Longeville
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2007). The authors found that both the short-tima the long-time self-diffusion coefficients
of hemoglobin were reduced as compared to predicagkes of hydrodynamic theory. The
long-time diffusion coefficient showed only a smdkviation from the theoretical value,
whereas the short-time diffusion coefficient extadia larger deviation. The reduction of the
long-time diffusive dynamics was attributed to thBuence from the protein hydration shell,
which was supposed to stick to the surface of théepn and move in a joint way. Busch and
co-authors studied the self-diffusion of myoglolinconcentrated solutions using neutron
backscattering spectroscopy (Busch et al. 2007eddction of the diffusion coefficient was
reported that was in good agreement with previesslts of a neutron spin echo study on the

diffusion of myoglobin in concentrated solution®figeville et al. 2003).

The diffusion coefficient of hemoglobin in red btboells as a function of temperature and as
a function of the observation time could be studmth neutron spectrometers of different
energy resolution. It would be interesting to measiine behaviour of the long-time self-
diffusion coefficient as a function of temperatorea backscattering spectrometer (time scale
~1ns) or on a spin echo instrument (time scale r§00N the case of protein aggregation the
long-time self-diffusion coefficient will be redudeThe reduction of the long-time diffusive
dynamics during particle aggregation is a topisaentific interest in the field of colloidal
science. Colloidal particles are ideal model systemd it would be of interest to compare a

biological system to the physicochemical resultsadfoidal research.

The dynamics of cytoplasmic water in the picosecom# and Angstrom length scale was
measured with quasielastic neutron scatteringhroad range of temperature. Three different
neutron spectrometers with time resolutions ofl8),and 7 ps respectively were combined to
cover time scales from that of bulk to that of ifaeial water dynamics. The experiments
revealed that around 90% of cellular water hasagoanslational diffusion coefficient similar

to bulk water. A minor fraction of 10% cellular veatwas found with significantly slower

dynamics that appeared immobile on the instrumeimted scales. The correlation times of the
slow water fraction need to be longer than 40 pghvtvas the highest time resolution in the
study. The fraction of slowed down water was atiill to HO molecules which are

dynamically bound on the surface of hemoglobirwdts concluded that roughly 50% of the
surface of hemoglobin is covered with dynamicallgubd water molecules. It has been
suggested previously that bound water on the seirdddremoglobin could be responsible for

the passage effect of red blood cells in micropgoekperiments (Kelemen et al. 2001). The
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authors proposed that there exists bound watenesurface of hemoglobin that would ‘melt’
at body temperature and would then exhibit fastgrachics similar to bulk water in the
‘melted’ state. The reduced viscosity of the herabmil solution above body temperature was
then explained as a dilution effect of the protemtution by this additional bulk water. The
neutron experiments on cellular water showed thlabwand water fraction on the surface of
hemoglobin exists in red blood cells. The immolvier fraction is reduced with increasing
temperature but it does not exhibit any sudden gesuat body temperature due to ‘melting’.
Therefore, the hypothesis that bound water causesldss of viscosity in concentrated
hemoglobin solutions above body temperature wascaofirmed by the neutron scattering
experiments. A previous study on cell water dynamitE. coli has shown that the major
fraction of cytoplasmic water has translational aottional dynamics similar to bulk water
(Janin et al. 2008). The study on cell water inlbkxbd cells showed that not only cell water
in prokaryote but also in eukaryotes has similangfational dynamics compared to bulk

water in the picosecond and Angstrom time-spacelovin

The specific dynamical properties of protein hydmatwater and the intimate coupling
between hydration water and protein dynamics haes lmemonstrated recently. Paciaroni et
al. used inelastic incoherent neutron scatteringnéasure the vibrational density of states of
water molecules in the first hydration layer of toaé binding protein (Paciaroni et al. 2008).
The results showed that the measured density tésstaf hydration water is significantly
different from the density of states of simple taji;he ice and is similar to a mixture of both
low- and high-density amorphous ice. The couplimjween protein and hydration water
dynamics was studied in a complementary experimgim/ood et al. (Wood et al. 2008). The
study showed that both the protein and the hydratiater exhibit a dynamical transition at
the same temperature at around 220 K. Computerlaiions on the same system were
performed and revealed that the onset of translatidiffusion of water molecules in the
hydration layer at 220 K is responsible for theaxakion of the protein-water hydrogen-
bonding network that leads to the measured dynarnarzsition (Wood et al. 2008).

The nature of the dynamical bound water fractionréal blood cells at physiological
temperature could be further investigated with reutexperiments on a high resolution
backscattering spectrometer (for example the ingtnt IN16 at ILL). IN16 has an energy
resolution of 0.9 peV which corresponds to a ticedesin the order of one nanosecond.
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A previous experiment on water dynamics in the jplailcc organismHaloarcula marismortui
revealed a major cellular water fraction of arodiedo with 250 times slower dynamics than
bulk water (Tehei et al. 2007). The slow water ticaat at 300 K showed characteristic signs
for confined motions in a restricted volume. Thatdy also revealed that cell water dynamics
in E. cali is not governed by such a slow water fraction €iedt al. 2007). As discussed
above, a further study revealed that the major weiter fraction inE. coli has similar
dynamical properties as bulk water (Jasnin et @082 The halophilic cell is a special case.
The cell accumulates large amounts of KCI in théamizvel in its cytoplasm and halophilic
proteins are only stable at such high salt conaéofrs. Solvent interactions of halophilic
proteins are particularly strong and halophilictpnas bind both water and salt ions in their
hydration shell (Madern et al. 2000). Tehei ettsrefore suggested that an ordering effect of
water molecules, KCI and halophilic proteins isp@ssible for the large slow water fraction

in H. marismortui (Tehei et al. 2007).

The work in this thesis showed that there existsireor water fraction of ~10% in red blood
cells with slow dynamics. The existence of sucimalkwater fraction with reduced dynamics
might also be possible iB. coli and other cells. In further work, it would be irgsting to
study if the slow water fraction in red blood celéd possibly other types of cells, shows
signs for confined dynamics and to quantify thedesce times and diffusion coefficients of
the slow water dynamics. Additionally, moleculamédynics simulations could be performed
of one hemoglobin molecule surrounded with watey. Berforming sufficiently long
simulations it might be possible to identify wabeolecules close to the surface of the protein

with reduced dynamics and to correlate their residd¢imes with the neutron measurements.
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8. Abbreviations

CD circular dichroism

DLS dynamic light scattering

DNA deoxyribonucleic acid

E. coli Escherichia coli

FRM-II Forschungsreaktor Miinchen Il
FWHM full-widths at half-maximum
EINS elastic incoherent neutron scattering
EISF elastic incoherent structure factor
eV electronvolt

Hb hemoglobin

HWHM half-widths at half-maximum
ILL Institut Laue-Langevin

kDa kilo Dalton

M molar

MD molecular dynamics

MSD mean square displacements
MW molecular weight

ns nanosecond

NMR nuclear magnetic resonance
ps picosecond picosecond

PSI Paul Scherrer Institut
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QENS
RBC
rcf
RNA

SASA

magnitude of the scattering vector
quasielastic neutron scattering
red blood cells

relative centrifugal force
ribonucleic acid

surface accessible surface area
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10.1 From shell to cell: neutron scattering studies of

biological water dynamics and coupling to activity

The following article presents neutron scattering measurements of the dynamics of water in
the hydration shell and the coupling between protein and water motion. Different biological
systems were studied: a soluble protein, a membrane protein, Escherichia coli and red blood
cells.

| contributed to the article with the measurement of water dynamics in red blood cells on the
time-of-flight spectrometer TOFTOF at FRM-I1, Munich.
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An integrated picture of hydration shell dynamics and of its coupling to
functional macromolecular motions is proposed from studies on a soluble
protein, on a membrane protein in its natural lipid environment, and on the
intracellular environment in bacteria and red blood cells. Water dynamics in
multimolar salt solutions was also examined, in the context of the very slow water
component previously discovered in the cytoplasm of extreme halophilic archaea.
The data were obtained from neutron scattering by using deuterium labelling to
focus on the dynamics of different parts of the complex systems examined.

Introduction

Understanding the dynamic state of water in biological systems and its influence on
macromolecular activity is a major scientific challenge. The huge diversity displayed
by living organisms is based on a few unifying principles. All known living organisms
are constituted of cells or have been through a cellular stage. They require the full set
of a variety of macromolecules of specific chemical type (DNA, RNA, proteins...),
ions, specific small molecules and water, in order to thrive and reproduce. Life on
Earth has colonized every possible niche in conditions that span extremes in solvent
salinity and pH values, temperature and pressure. A scoop of soil, a sample of water,
of ice, of air or even of rock from just about anywhere on Earth—including the
poles, the tops of the highest mountain ranges, the deepest ocean trenches, neutral
or alkaline salt lakes, or very hot acidic volcanic springs—are all likely to reveal bio-
logical activity. Ice usually has liquid inclusions, and organisms that live at temper-
atures well above 100 °C are under high pressure, in which the water is still liquid. As
was debated at a Royal Society discussion published in 2004,' the availability of
liquid water may well be the only environmental requirement for Life. The extreme
halophilic archaea live in salt lakes and saline ponds in essentially saturated salt
water; they counterbalance the osmotic pressure due to the external multimolar
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NaCl concentration by accumulating multimolar KCl in their cytoplasm. Consid-
ering the inside of a cell is already very crowded with macromolecules, which occupy
close to 30% of its volume, what is the state of the water compared to that in the bulk
liquid? There are about 55 moles in a kilogramme of water. In a six molal solution of
a fully ionised monovalent salt, therefore, there are 4.5 water molecules per ion. lons
may be coordinated by six water molecules, so that each and every water molecule
has at least one ion as one of its nearest neighbours, leading to significantly reduced
water activity. The existence of extreme halophiles proves that Life has adapted to
reduced water activity, but there is no evidence that water can be done away with
altogether in biological activity.

In this paper, we present and discuss results on water dynamics in different
biological systems, and on the coupling between biological activity and the environ-
ment around macromolecules: water in the case of soluble proteins, water and lipids
in the case of membrane proteins.

Neutron scattering is a particularly suited experimental technique to probe water
dynamics under different conditions. Slow neutrons scatter off bound protons
exchanging energy in the thermal range corresponding to the picosecond-nanosecond
(ps—ns) time-scale, and momentum corresponding to the 0.1 nm length-scale. Energy-
resolved incoherent neutron scattering, especially in the elastic (EINS) and quasielas-
tic (QENS) scattering modes, have been informing us on water dynamics under
different conditions for decades. Because the method relies on incoherent scattering,
samples need not be crystalline or even monodisperse and measurements can be
performed on highly complex systems such as living cells® or stacks of natural
membranes.* The incoherent neutron scattering cross section of hydrogen is more
than an order of magnitude larger than that of other atomic nuclei usually found in
biological material and their isotopes, including deuterium, and the development of
in vivo specific deuterium-labelling methods permitted the focus on water dynamics
in complex biological samples, and its coupling with biological function and activity.

While a consensus has emerged that water molecules close to protein surfaces are
dynamically slowed down with respect to bulk water molecules, quantitative aspects
and the mechanisms involved remain the objectives of active research (reviewed by
Ball*). Reports on the dynamics of water molecules close to protein surfaces
measured by neutron spectroscopy were presented at a previous Faraday Discus-
sion.>® The factors found for the slowing down of the diffusion coefficient of hydra-
tion water compared to bulk water varied between 2 and 100, depending on the
protein, temperature and hydration conditions. Bon et al.” studied hydration water
in lysozyme crystals by QENS. They distinguished two water populations, denoted
as “first” and “second” hydration shells, with diffusion coefficients slowed down by
a factor of 10 and 50 compared to bulk water respectively. By combining EINS data
from two spectrometers, Gabel and Bellissent-Funel® reported diffusion coefficients
of deuterated C-phycocyanin hydration water, in the presence of trehalose mole-
cules, which are slowed down by a factor of 10-15 with respect to bulk water. As
has been pointed out, however, in Gabel et al.® and by Gabel and Bellissent-Funel,®
results obtained at different energy resolutions, different wave-vector transfers and
using different fit models are not directly comparable.

On the scale of the biological cell, water constitutes the malleable matrix that
envelops and sustains intracellular components and biological activity. Considering
that macromolecular concentration in the cytoplasm can reach 400 mg ml~', to what
extent is water dynamics perturbed by steric confinement between macromolecular
surfaces? Does the cell ‘tame’ water behaviour as some believe (reviewed by
Ball*)? While widely differing opinions concerning the dynamic state of water in
the cell are represented in the biology community, there has been very little work
on atomic-scale measurements of intracellular water dynamics in close to physiolog-
ical conditions. Below, we present and discuss recent neutron scattering experiments
performed on different cell systems, which shed light on in vivo intracellular water
dynamics.
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Hydration water is an integral and essential part of a protein structure. Without it
the macromolecule would not be folded correctly. It is essential for the protein to
fulfil its biological function. Devoid of hydration water, proteins are inactive'®
and lack essential motions, thus implicitly suggesting a close relationship between
protein and hydration-water dynamics. The term ‘slaving’ has been used to express
that water can impose its dynamical fingerprint on a protein.’"'> Cryo-temperature-
dependent neutron scattering experiments revealed the solvent dependence of
dynamical transitions in soluble proteins’*2*' and in RNA?? and provided insights
into the coupling between them. Molecular dynamics simulations suggested the
onset of water translational diffusion to be at the origin of the dynamical transi-
tion.?*** In contrast, however, the onset of hydration-water translational diffusion
at 200 K, in a membrane, was not observed to trigger a dynamical transition in
the membrane protein,?*® suggesting a more complex interaction between protein,
water and the membrane lipid environment. Recent neutron scattering studies, using
specific deuterium labelling, confirmed that a dynamical transition coincides with the
onset of hydration water translational diffusion, in the case of a soluble protein,?’
but not in the case of a membrane protein.**®

By using specific deuteration and samples with controlled hydration, water
dynamics was measured directly by neutron scattering in the hydration shell around
a soluble protein and a natural membrane and correlated with macromolecular
dynamics, as well as in situ in prokaryotic and red blood cells.

Maltose binding protein (MBP) is a soluble monomeric protein of 41 kDa. It plays
an essential role in the metabolism of E. coli.*® In vivo deuteration of MBP allowed the
direct extraction of hydration-water dynamics in neutron scattering experiments on the
deuterated protein hydrated in H,O. Water dynamics thus obtained were compared to
protein dynamics obtained by measuring the natural abundance of MBP in D,0.”’

The purple membrane (PM) of H. salinarum is formed of a highly ordered two-
dimensional lattice of archaeal specific lipids and the retinal binding protein, bacte-
riorhodopsin (BR).?** BR functions as a light-driven proton pump. Its activity can be
followed quite sensitively by spectroscopic methods because it is associated with
a millisecond photocycle of protein conformational changes and retinal colour
changes. Integral membrane proteins are active in a complex environment consti-
tuted of lipid hydrocarbon chains, lipid head groups and hydration water in contact
with different parts of the protein. By using fully deuterated membranes hydrated in
H,O and natural abundance membranes hydrated in D,O, the coupling between
hydration water and membrane dynamics has been explored.®*® In another set of
experiments, the dynamic coupling between membrane protein and lipids was
observed by applying in vivo deuterium labelling and in vitro reconstitution of PM.
The samples allowed the observation of the lipid and protein dynamics, separately.

In vivo neutron scattering measurements in the cytoplasm of deuterated prokary-
otic organisms revealed very different water-dynamic behaviour in bacteria and
extreme halophilic archaea. In order to examine the effect of the high salt environ-
ment within halophilic archaea, water dynamics was measured in saturated KCl and
NaCl solutions. The water dynamics inside red blood cells (RBC), which contain
mainly the equivalent of a 300 mg ml ' solution of hemoglobin, was also measured.

The joint analysis of the results allowed us to propose a coherent view of water
dynamics in the hydration shell, the lipid environment of a membrane protein and
the intracellular milieu in various cell types, as well as of the dynamic coupling
between biological activity and environment.

Materials and methods
Samples

The expression and purification of deuterated and natural abundance MBP has been
described before.?” For neutron scattering experiments, powders of deuterated and
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natural abundance MBP were hydrated to a level of 0.4 g water per g MBP in H,O
and D,O0 respectively (for details see Wood et al.*").

PM was extracted from natural abundance or fully deuterated cultures of H. sal-
inarum as described before.**> The experiments were performed on membrane-
water stacks in H,O or D,O with lamellar spacings of 54 A, corresponding to an
inter-membrane water layer of 5 A, and a hydration level of approximately 0.1 g
water per g membrane.®® The specifically labelled lipid and BR samples were
prepared by delipidation and reconstitution as described in detail by Lehnert.*®
Three reconstitutions were prepared: (i) a control sample of hydrogenated BR and
hydrogenated lipids (H-BR-H-lip or H-H); (ii) a sample with hydrogenated BR
and deuterated lipids (H-BR-D-lip or H-D); (iii) a sample with deuterated BR
and hydrogenated lipids (D-BR-H-lip or D-H). Several parameters were tested in
order to find optimum reconstitution conditions. When the buoyant density (from
a sucrose gradient) of the fully hydrogenated reconstitution (H-H) corresponded
to native PM, the conditions were considered as correct and applied to the hybrid
deuterated PM samples. The experimental values agreed well with the expected
ones indicating that the lipid-to-BR ratio corresponded to that in natural PM.
X-ray and neutron diffraction indicated poor lattice formation in the reconstituted
samples. Light-induced cross-linking indicated that the probability of trimer forma-
tion in the reconstituted sample was smaller compared to dimer formation, in
contrast to native PM. The UV absorption spectrum indicated a shift of the bound
retinal peak to 567 nm, compared to 570 nm in native PM, as observed before in
reconstituted samples. The lipid composition of the reconstituted samples was inves-
tigated in the negative-ion mode of electrospray ionisation (ESI) mass spectrometry.
Traces of hydrogenated phospho- and glyco-lipids were observed indicating that
they were not removed during the delipidation process. The hydrogenated contribu-
tion accounted for about 5% of the total. It arises from lipid strongly associated to
the protein and that was not removed in the delipidation process. The special inter-
action between the glycolipids and the protein has been discussed by Weik et al.**

Deuterated E. coli (BLE21(DE3) strain) were cultivated as described previously.3s
Cell pellets containing H,O or D,0 buffer were prepared in such a way as to reduce
strongly the quantity of extracellular water in the sample, which was found to repre-
sent less than 7% of the total water (see Jasnin et al.® for details).

Deuterated H. marismortui cells were grown at 37°C to an optical density of 0.8-1
(late logarithmic phase) in the medium described before,* in which yeast extract was
replaced by deuterated algal extract produced at the Max Planck Institut fiir Bioche-
mie (Martinsried, Germany). For neutron scattering experiments, cells were pelleted
in D,O or H,O buffer (see Tehei et al.* for details).

For the RBC experiments, samples of human venous blood were taken from
healthy adults. The cells were washed with phosphate buffer solution (PBS) and
were gassed with CO to increase the stability of hemoglobin. The glycocalyx matrix
was removed as described elsewhere.3” Half of the cells were then washed with D,O
PBS buffer until the level of HO was below 0.1%. No cell lysis was detected during
the preparation and the shape of the cells was checked with optical microscopy.

Neutron scattering

Elastic incoherent neutron scattering (EINS) experiments provide information on
atomic mean-square displacements (MSD) in a sample as a function of tempera-
ture.?® These are obtained from a Gaussian approximation plot of the scattered
elastic intensity dependence on scattering vector amplitude,®*® Q: In I(Q) = 1/6
(#*) Q% In an incoherent scattering situation, waves scattered by a single nucleus
at different positions as it moves in time interfere to give a Q-dependent scattering
pattern. The pattern then contains information on the shape of the volume traced
by the moving particle in the same way as a small-angle scattering curve contains
information on the shape of a particle in solution. The Gaussian approximation
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given above is therefore a direct analogy to the Guinier approximation, with the
radius of gyration squared defined as half the MSD value; the domain of validity
of the approximation is for (¥?)Q* smaller than or about 2.** The time-scale
examined of 1 ns on IN16 (http://www.ill.eu/in16/home/) at the Institut Laue Lan-
gevin (ILL) depends on the energy resolution of the spectrometer, while the range
of the scattering vector, @, in which the scattered intensity is measured, defines
the length-scale which is of the order of 1 A for IN16. Plots of MSD as a function
of absolute temperature are called elastic scans. MSD are in absolute A? units.
An effective dynamic resilience expressed as an elastic force constant (in Newtons
per metre) can be calculated from the inverse of the slope of (u?) versus T.3%4°
Elastic scans for proteins and membranes usually show a break in slope at about
200 K, which has been interpreted as a dynamical transition from a harmonic
low-temperature regime to an anharmonic regime that has been modelled, for
example, by a double-well free-energy potential.’* In a quasi-harmonic approxi-
mation, the dynamical transition is associated with a significant decrease in
resilience.

An exhaustive description of quasielastic incoherent neutron scattering (QENS)
can be found in Bée.** QENS is measured as a function of both energy transfer
and scattering vector, Q. On the energy scale, the elastic scattering appears as
a peak centred on zero energy transfer whose width corresponds to the spectrometer
resolution. The QENS appears as a significantly broader peak, also centred on zero
energy transfer. The shape of the QENS peak and its Q variation contain informa-
tion on the time and geometry associated with the motion of the scattering particle.
In the case of simple exponential diffusion processes, the QENS spectra can be fitted
mathematically by Lorentzian functions. By applying various models, such as the
jump diffusion, Singwi-Sjolander and Sears models (see Bée*!' for details), to fit
the Lorentzian width as a function of Q, it is possible to calculate rotational relax-
ation and correlation times, translational residence time and translational and
rotational diffusion coefficients for the scattering particle. Instruments used for
QENS experiments were IN16 at ILL (energy resolution 0.9 peV, corresponding
to a time-scale of 1 ns, see above), BSS backscattering spectrometer (energy resolu-
tion also of 0.9 peV, at the Jiilich Neutron Centre, see http://www.jcns.info/), IN6 at
ILL (energy resolution of 90 ueV, corresponding to a time scale of ~10 ps, see http://
www.ill.eu/in6/home/), TOFTOF at the Munich FRM2 reactor (energy resolution
of 100 peV, similar to IN6; see ref. 42 for instrumental details), IRIS at the ISIS
spallation neutron source at the Rutherford Laboratory (energy resolution of
17 peV, corresponding to a time scale of ~50 ps, see http://www.isis.rl.ac.uk/molec-
ularSpectroscopy/iris/), and IN5 at the ILL (http://www.ill.eu/in5/), which can be
tuned for different energy resolution and Q-range values.

Data from the following neutron scattering experiments are discussed in the
paper. In order to avoid laborious repetition and because different experimental
conditions applied to the different studies, more detailed descriptions of experi-
mental conditions are given in the relevant Figure caption or results section.

- Elastic scans on deuterated or natural abundance maltose binding protein in
H,O or D,O collected on the IN16 spectrometer.

- Elastic scans on native and fully deuterated purple membrane in H,O or D,O
collected on the IN16 spectrometer.

- Elastic scans on specifically deuterated (in the lipid or protein parts), reconsti-
tuted purple membrane collected on the IN16 spectrometer.

- QENS scans on IN6 and IRIS to measure water diffusion inside deuterated
E. coli.

- QENS scans on TOFTOF to measure water diffusion inside red blood cells.

- QENS scans on IN16 and IN6 to measure water diffusion in deuterated H. mar-
ismortui, with a control experiment using BSS on deuterated E. coli.

- QENS scans on INS to measure water diffusion in concentrated solutions of
NaCl and KCI.
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Results

Hydration-water dynamics and coupling to the soluble maltose binding protein from
E. coli

Water structure*** and dynamics>?®® at the vicinity of a soluble protein surface are
different from in the bulk liquid state. MBP powders hydrated at 0.4 g water per g
protein contain one hydration layer per protein molecule. The deuterated MBP in
H,O gave access to the dynamics of hydration water, which contributes 73% to
the total incoherent scattering cross section but only 2% in natural abundance
MBP in D,0. The MSD of water and protein motions, plotted in Fig. 1A, are similar
up to 220 K, at which temperature they both exhibit a transition.?” Above 220 K, the
water MSD are above those of the protein.
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Fig. 1 (A) Mean square displacements (MSD) of maltose binding protein (MBP) and its
hydration water.?’” Dynamic transitions in the hydration water and in MBP take place at similar
temperatures (~220 K). (B) MSD of purple membrane (PM) and its hydration water.?® Dynam-
ical transitions take place at 200 K in the hydration water and at 120 and 260 K in PM. The
elastic scans were carried out on the IN16 spectrometer with an energy resolution of 0.9 ueV
(full-width at half-maximum of the elastic peak and a wavelength of 6.275 A®). MSD were
extracted from data in the following Q [Q with units of A~'] ranges: 0.2 < Q* < 1.8 for hydro-
genated MBP in D,O (panel A, grey circles), 0.2 < 0> < 1.1 for deuterated MBP in H,O (panel
A, black diamonds), 0.2 < @ < 1.5 for hydrogenated PM in D,O (panel B, grey circles), 0.2 <
0? < 0.9 for deuterated PM in H,O (panel B, black diamonds).
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Hydration water dynamics in purple membrane and coupling to bacteriorhodopsin
and membrane lipids

PM stacks were hydrated to a level that corresponds to one hydration layer per
membrane surface (.e. 5 A of inter-membrane water). EINS experiments on
deuterated PM hydrated in H,O permitted us to access the dynamics of the first
hydration layer directly. In the sample, 60% of the total incoherent scattering cross
section was calculated to be due to the contribution of inter-membrane water. In
contrast, as with the MBP samples discussed above, in natural abundance PM
hydrated in D,O the contribution from hydration water is negligible and the total
incoherent scattering cross section is strongly dominated by the PM (77% BR
protein, 23% lipids), thus reflecting membrane dynamics. The elastic temperature
scans are presented in Fig. 1B.?® Hydration-water MSD increase linearly up to
200 K, at which temperature there is a break in slope suggesting a dynamical
transition in water dynamics. The PM MSD show breaks in slope at 120 and
260 K, but not at 200 K.

The in vitro reconstituted PM samples were characterised by UV spectrophotom-
etry, cross-linking experiments for BR trimer formation, mass spectrometry for
lipid composition and deuterium labelling, and X-ray diffraction for lattice forma-
tion and order (see Materials and methods). Studying the reconstituted hydroge-
nated BR and hydrogenated lipids sample (H-BR-H-lip) probed the global
dynamics of the whole membrane (68% of the incoherent scattering cross section
is from BR, 31% from lipids), whilst in the hydrogenated BR, deuterated lipid
sample (H-BR-D-lip) BR clearly dominated the signal (98%). Using deuterated
BR with hydrogenated lipids (D-BR-H-lip) provided information on the lipid
dynamics, which represent 92% of the incoherent scattering cross section. Fig. 2
presents the MSD measured for the H-BR-H-lip and D-BR-H-lip reconstituted
samples at 93% relative humidity which represent, respectively, dynamics of global
PM and of the native archaeal lipids in the membrane on the ns time-scale. The
H-BR-D-lip sample MSD are not shown; they were very close and slightly below
the H-BR—H-lip values, as expected from the BR-to-lipid ratio in the membrane
composition. The MSD of the H-BR-H-lip sample are very similar to those of
natural PM. The two-dimensional lattice in the reconstituted samples, however,
was not as well ordered as in the natural membrane, indicating that membrane
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Fig. 2 Mean-square displacements (MSD) extracted from the analysis of the elastically scat-
tered neutron intensity, measured on the IN16 spectrometer at the ILL (energy resolution, full-
width at half-maximum, of 0.9 peV). The MSD, (i), were calculated using the Gaussian
approximation: I 7{Q,0w = 0) = Aexp{—(u*)Q */6 }, in which I; {Q,w = 0) is the elastically
scattered intensity at temperature 7; Q and w are the momentum and energy transfer, respec-
tively, and A is a constant. Data are shown for the H-BR—H-lip (H-H) and D-BR-H-lip (D-H)
reconstituted samples (see Materials and methods). Samples were hydrated to 93% relative
humidity in D,0O.
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internal dynamics in the ns time-scale is not influenced by lattice order. As seen in
Fig. 2, between 20 and about 200 K, the MSD of both samples are the same, with
a deviation from harmonic behaviour at about 150 K: PM and its lipid components
have similar vibrational dynamics at very low temperatures and display the anhar-
monicity associated with methyl rotations from about 150 K.**** We recall that PM
lipids do not have fatty acid chains but phytol chains that are rich in methyl
groups. Above 200 K, the MSD of the two samples become clearly different,
with the archaeal phytol chains displaying greatly increased dynamics compared
to the average membrane. In both samples shown in Fig. 2, further onsets of
large-amplitude motions occur at 260 K, suggesting coupled increases in dynamics
in the lipid and protein components of PM.

Intracellular water dynamics in E. coli and red blood cells

E. coli water dynamics was studied in fully deuterated cell pellets resuspended in
H,O and D,0 buffers respectively. A subtraction of the cell spectra measured in
DO from the cell spectra measured in H,O, scaled by the sample mass, provided
a good approximation to the scattering signal from the water present in the samples.
A sample of H,O buffer alone was measured as well, and used as a reference for
interpreting the data. The measurements were carried out on two neutron spectrom-
eters, IN6 and IRIS (see Materials and methods), to cover diffusive motions from
those of bulk to interfacial water. IRIS and IN6 QENS spectra were well fitted using
a single and two Lorentzian functions, respectively (see Jasnin et al® for details).
The Lorentzian extracted on IRIS was attributed to translational motions of cell
water. Its half-width at half-maximum (HWHM), ', was extracted and best fitted
using a jump diffusion model,*! which describes diffusion between sites for the water
protons with a mean residence time, 7, at each site. We found the following
values for the translational diffusion coefficients, D+, and associated 7o: Dy =
1.53 x 107> cm? s7!, 79 = 2.63 ps at 281 K and Dy = 2.39 x 10° cm? s, 7y =
2.16 ps at 301 K. Dy values are very close to those of bulk water at corresponding
temperatures, with residence times about twice as long. The rotational water contri-
bution emerged from the broad Lorentzian extracted from IN6 QENS spectra. We
found the following rotational correlation times, Tcorr: Teor,r = 1.96 ps at 281 K,
and 1.54 ps at 301 K. The values were close to the values extracted for the buffer
under the same conditions and of the same order as the values measured for bulk
water by QENS* and NMR.*” From the two sets of data, we concluded that
E. coli water dynamics is dominated by a bulk-like water component at physiological
temperature. A similar conclusion was reached for water in RBC, indicating that the
result was not restricted to bacteria (see below).

The diffusion of cytoplasmic water in whole human RBC was measured by
QENS. RBC grow in the bone marrow of mammals, and deuterated material is
not available so far. Natural abundance cells were measured in H>,O and D,O
buffers with high precision and the scattering data were subtracted from each other,
to yield intensities representing the dynamics of water only. As a reference, H,O
buffer solution was measured. The experiment was performed on the time-of-flight
neutron spectrometer TOFTOF* at the Munich FRM2 reactor, with an energy
resolution of 100 peV, in the temperature range 290 to 320 K. The measured spectra
in the Q-range from 0.5 to 1.5 A~' were well fitted from —1.5 to +1.5 meV with
a narrow and a broad Lorentzian function plus linear background, corresponding
to translational and rotational motions of the water molecules respectively. The
HWHM profile as a function of @ of the narrow Lorentzian are in agreement
with a jump diffusion model.** The translational diffusion coefficient, Dz, and the
residence time, 7o, of water were obtained from the fits. The diffusion coefficients
of cytoplasmic water are only slightly reduced compared to those obtained for the
buffer solution, but interestingly the residence times of cytoplasmic water are on
average five times higher than in buffer solution (details are given in Stadler ez al.*®).
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Extreme halophiles: a special case?

Intracellular water dynamics in H. marismortui, an extreme halophile originally iso-
lated from the Dead Sea, was studied by QENS. Water motions in centrifuged cell
pellets were measured by means of two spectrometers, IN6 and IN16, sensitive to
motions with time-scales of 10 ps and 1 ns respectively (see Materials and methods).
From IN6 time-of-flight data, using the model of Singwi and Sjolander,* a transla-
tional diffusion constant of 1.3 x 1075 cm? s~! was determined at 285 K for H. mar-
ismortui cells. The value is close to that found previously for other cells and close to
that for bulk water, as well as that of the water in the 3.5 M NaCl solution bathing
the cells.>® A very slow water component was discovered from the IN16 data (energy
resolution of 0.9 peV). At 285 K, the values of HWHM are independent on Q* The
water protons of this component displayed a residence time of 411 ps (compared
with a few ps in bulk water). At 300 K, the residence time dropped to 243 ps and
was associated with a translational diffusion 0f 9.3 x 1073 cm?s™!, or 250 times lower
than that of bulk water. The slow water accounts for about 76% of cell water in
H. marismortui. No such slow water was found in E. coli, measured on the BSS back-
scattering spectrometer (energy resolution of 0.9 peV, at the Jiilich Neutron Centre
(see http://www jcns.info/)). It was hypothesized that the slow mobility of a large
part of H. marismortui cell water indicates a specific water structure responsible
for the large amount of K* bound within these extreme halophilic cells.

In order to estimate the influence of the solvent ions on the intracellular water
dynamics in the extreme halophiles, we studied the diffusion coefficients of water
in molar solutions of KCI and NaCl by QENS. To this end, a 3M KCI and a 4M
NaCl (each at 50 mM Tris, pH = 7.6, T = 298 K) were measured on the instrument
IN5 at the ILL (see Materials and methods for web details), at an energy resolution
of 63 peV (A = 6 A) in the wave-vector range 0.26 < Q < 1.87. The quasielastic
spectra were fitted in the energy transfer range —0.5 to +0.5 meV with a scattering
law constituted of a linear background, an elastic intensity and a single quasielastic
contribution, interpreted within the Singwi-Sj6lander model.* The model assumes
that individual water molecules diffuse during a time 7; and vibrate during a time
7o around an equilibrium position. In the approximation 7; > 7, we extracted
the apparent diffusion coefficient, D,pp, from the HWHM of the QENS spectra as
a function of Q (Fig. 3).

The following apparent diffusion coefficients (combining translational and rota-
tional motions) were measured (the bulk water value is from the literature): D,
(4M NaCl in H,O, T =298 K) = 1.5 x 107 cm® s™'; D,,, (3M KClI in H,0,
T =298 K) =20 x 107° cm® s' and D, (bulk water,” 7' = 298 K) = 2.3 x
102 cm? s7'. The results showed clearly that the presence of molar salt concentration
of NaCl or KCl hardly affects the diffusive properties of water. The findings supple-
ment QENS data published earlier at different salt concentrations and tempera-
tures.®® Only a weak dependence of the water diffusion coefficient on NaCl
concentration (up to 6 M NaCl) was found. In the case of KCI (up to 3.2 M), the
diffusion coefficient was similar to that of bulk water. Furthermore, characteristic
water frequencies (in the range from 100 to 1000 cm™') persisted up to 4.6 M KCl
and 0.5 M NaCl respectively. It is only in the case of very small or highly charged
ions (Li*, Mg**, La*" etc.) that the authors could find a decrease of the water
diffusion coefficient at higher concentrations (>1 M).

It can be concluded that the presence of high salt concentrations in the cytoplasm
of extreme halophilic archaea, multimolar NaCl and KCl, is not responsible by itself
for the very slow water component observed by Tehei et al. 3

Discussion

The hydration shell is vital to a macromolecule’s biological activity. Without hydra-
tion water, proteins would lack not only their correctly folded structure but also the
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Fig. 3 (Q*Dependence of the Lorentzian half-widths at half-maximum (HWHM) extracted
from the quasielastic spectra of the multimolar NaCl and KClI solutions measured on INS
(see Materials and methods) with an energy resolution of 63 peV. 4M NaCl and 3M KCl solu-
tions were investigated both in D,O (top) and H,O (bottom). The continuous lines represent

the fits obtained with the Singwi-Sjolander model,* which were used to extract the apparent
diffusion coefficients.

conformational flexibility that brings them to life and allows their biological activity.
Consequently, protein and hydration water dynamics are supposed to be intimately
coupled. One way of exploring the coupling has exploited the so-called protein
dynamical transitions, characteristic changes in MSD that appear in at temperatures
between about 180 and 250 K. Do hydration-water MSD show similar behaviour,
and if so, does the ‘transition’ temperature coincide with the protein dynamical tran-
sition temperature? The questions were addressed in the soluble MBP?” and in
PM,3*?® by using neutron scattering combined with deuterium labelling to examine
the dynamics of each component separately. The first layer of hydration water in
both PM and MBP showed a characteristic change in MSD at temperatures between
200 and 220 K (Fig. 1) that was attributed to the onset of translational diffusion2’
as proposed earlier.?® Water and protein transitions in MBP appeared at the same
temperature (Fig. 1A), as expected from the intimate coupling between hydration
water and soluble protein dynamics, which has been reported frequently in the liter-
ature (see e.g. Doster et al.;'> Cordone et al ;3 Fitter;'® Réat er al.;' Tsai et al.;*!
Vitkup et al.;** Zaccai;®® Paciaroni et al;'® Fenimore et al;'* Chen et al;'* Roh
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et al.;** Swenson et al.;3* Joti et al.;'” and Doster'®). In the case of PM, however, the
hydration water and membrane transitions were found to be separated by as much
as 60 K (Fig. 1B). The onset of water translational motion in the first**® and
second*?® hydration layers at 200 K did not trigger a dynamical transition in
PM. The data from specifically labelled reconstituted PM permitted the separated
observation of lipid and BR dynamics and showed that the membrane protein
dynamics is coupled to the dynamics of its lipid environment, as has been sug-
gested, 3¢ rather than to that of inter-membrane hydration water. The lipid compo-
nent of PM constitutes only 25% of the membrane mass, and most of the lipid
molecules are in contact with protein. The neutron data nevertheless established
that the lipids in PM, above 200 K, display higher MSD and softer resilience than
BR (Fig. 2). As discussed above, 200 K is the temperature of onset of hydration
water translational diffusion. It appears, therefore, that lipid dynamics responds
to the water. At 260 K there is another break in the MSD of the lipids towards
a domain of even smaller resilience (larger slope with temperature), which coincides
with a similar dynamic transition in BR. Early neutron diffraction experiments on
PM, using H,O-D,O exchange to highlight water location, and their comparison
with data from lipid bilayer models, had shown the extent of hydration penetrating
into the membrane around lipid head groups, and its dependence on the relative
humidity of the sample environment.’”>® Following these structural observations
and the observation that PM activity was inhibited in the dry membrane, it has
been speculated that a flexible lipid environment induced by high head-group hydra-
tion was essential for BR functional dynamics.>® The parallel transitions in the lipid
and BR MSD data at 260 K, observed in the reconstituted PM samples (Fig. 2),
supports the hypothesis. At 200 K, the onset of translational diffusion in inter-
membrane hydration water apparently induced some flexibility in the membrane
lipids but not sufficiently to free high-amplitude protein motions. At 260 K, perhaps
related to a ‘melting’ of head-group hydration water, both the lipid and BR compo-
nents of the membrane display a dynamical transition to lower-resilience, high-
amplitude MSD motions.

At the intracellular level, the studies on E. coli and RBC revealed that water
dynamics is similar to the dynamics of water in the bulk state (Fig. 4D and zoomed
in insets A, B, C). Our studies contributed to dismantle the concept that the cell
somehow ‘tames’ water by modifying its dynamics compared to bulk water.>
They confirmed the importance of hydration degree for water dynamics in confined
geometries; in deuterated C-phycocyanin, for example, increasing water mobility
had already been observed when hydration coverage reached one water layer.*®®
The first macromolecular hydration layer accounts for about 0.4 to 0.5 g of water
per g of macromolecule. Macromolecular concentrations in E. coli and RBC
correspond to about 300 to 400 mg ml~', ie. to four to six water layers around
macromolecular surfaces. The analysis established that because of the relatively
high hydration level and resulting low water confinement, intracellular water forms
a network of communication that is as fluid as bulk water. In both E. coli and RBC,
however, residence times were found to be increased by a factor of 2 and 5, respec-
tively, suggesting that water molecules spend longer times in the first hydration shell
of macromolecular structures than in the bulk phase.

The extreme halophilic archaea appeared to present an exceptional case with
respect to cytoplasmic water mobility. The presence of multimolar NaCl and KCl
salt concentrations in their cytoplasm is clearly not responsible by itself for the
very slow water component observed by Tehei ez al.3® (Fig. 3). It was hypothesised
that the slow mobility of a large part of H. marismortui cell water indicated a specific
water structure, which would also be responsible for the large amount of K* bound
within the extreme halophile cells. The absolute requirement of H. marismortui for
a high salt environment and its ability to bind potassium ions specifically appear
to be closely related to the low mobility of water in the cells. Halophilic proteins
have been shown to have special hydration and ion-binding properties associated
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Fig. 4 Summary Figure, which shows hydration and coupling ‘from shell to cell’. The
Figure illustrates the main points presented and discussed in the paper, drawn in a large sche-
matic cell. (A) Hydration around a soluble protein and coupling with protein dynamics. (B)
Hydration around a membrane not coupled to membrane protein dynamics. (C) Dynamic
coupling between protein and lipid in the membrane. (D) Channels of free water flowing
around the hydrated macromolecules in the cell and the special case of the extreme halophile.

with an excess of negative charge in carboxylic groups on their surface.®! The inter-
actions may be similar to those of structured water around potassium ions and
protein carboxylic groups observed by MacKinnon® in the potassium channel
protein. It would be of significant interest to measure water mobility in these
systems, in order to assess if similar mechanisms are responsible for the slow water
component in the extreme halophile.
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10.2 Dynamics of apomyoglobin in the a-to-f8
transition and of partially unfolded aggregated
protein

Protein dynamics during the-to§ transition associated with amyloid formation was
measured on the model system apo-myoglobin. Clarstit elements for the structural
transition were found using wide angle X-ray santscattering above around 55°C. Circular
dichroism (CD) was measured as a function of teatpez and solvent condition. The
secondary structural content of apo-myoglobin dutime structural transition was estimated
from the CD data. Protein dynamics was measurel wttoherent elastic neutron scattering.
The data revealed a more resili@rstructure phase. A similar transition was foundaio-
myoglobin that was attributed to protein unfoldirapd aggregation. Mean square
displacements showed that the dynamical transaiparound 200 K also occurs in a heat

denatured aggregated protein.

| contributed to the article with the analysis anterpretation of the neutron scattering
experiments, calculated the secondary structuréenbfrom the CD data and participated in

the writing of the article.
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Abstract Changes of molecular dynamics in the o-to-f3
transition associated with amyloid fibril formation were
explored on apomyoglobin (ApoMb) as a model system.
Circular dichroism, neutron and X-ray scattering experi-
ments were performed as a function of temperature on the
protein, at different solvent conditions. A significant
change in molecular dynamics was observed at the o-to-f8
transition at about 55°C, indicating a more resilient high
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temperature f§ structure phase. A similar effect at approx-
imately the same temperature was observed in holo-
myoglobin, associated with partial unfolding and protein
aggregation. A study in a wide temperature range between
20 and 360 K revealed that a dynamical transition at about
200 K for motions in the 50 ps time scale exists also for a
hydrated powder of heat-denatured aggregated ApoMb.

Keywords Amyloid former - Protein dynamics -
Neutron - Circular dichroism

Introduction

Amyloidosis is an emerging category of diseases charac-
terised by the extracellular accumulation of protein
aggregates in body organs or tissues, including brain, liver,
spinal cord and intestine. Even if the first cases of amy-
loidosis were described over 300 years ago, it is only
within the past 20 years that the specific chemical com-
position and structure of amyloid protein formations have
been understood. More than 20 different kinds of amyloi-
dosis are known currently. They include Alzheimer’s
disease, Parkinson’s disease, Huntington’s disease and the
“prion diseases” (Scrapie, Kuru, CJD, BSE, etc.). Thera-
peutic approaches have focussed on reducing the
production of the protein, with different treatments for the
different cases of amyloidosis.

Amyloid aggregation is closely related to protein folding
issues. “Amyloid fibrils” consist of polymerised cross-f-
sheet structures in which the beta-strands are arranged
perpendicular to the long axis of the fibre. There are var-
ious causes for protein misfolding that could lead to
amyloid formation. For example, in the absence of chap-
erones, certain proteins will fail to achieve their native state
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and may associate with other unfolded polypeptide chains
to form large amyloid fibrils. Misfolding can also occur
when a protein is subjected to particular conditions, such as
extremes of heat or pH. Understanding the physical bases
of misfolding in these cases is of fundamental scientific and
biotechnological importance. In the context it is important
to characterise the forces that stabilise protein structure,
and therefore its dynamics under relevant solvent
conditions.

Apomyoglobin (ApoMb) was chosen for neutron, X-ray
scattering and circular dichroism (CD) measurements
because previous studies on the protein have shown that its
fibril formation appears under particular conditions of
temperature and pH (Findrich et al. 2003). Before amyloid
formation, ApoMb can adopt two well-defined structural
conformations at pH 9: below 55°C, the helix-rich native-
like structure o, and above 55°C, the cross-f structure
characteristic of proteins that can generate amyloid
deposits in humans. The transition arises because the
helical structures in ApoMb are destabilised partially so
that neighbouring strands will interact to form the cross-f
structure between them. Amyloid structures differ from
globular protein structures, which are always encoded in
the amino acid sequence, because they do not depend on
the presence of distinctive sequence patterns or specific
intramolecular side-chain interactions. The structural
aspects of the transition have been characterised by small
and wide angle X-ray scattering (WAXS; Onai et al. 2007).
The total structure factor observed showed two peaks at
0.58 and 1.34 A~', which are strongly correlated with
amyloid transformation (Onai et al. 2007). The peaks
appear at pH 9 at 55°C, and become more pronounced as
the temperature is raised. Further investigations of structure
(Booth et al. 1997; Chamberlain et al. 2001) and folding
dynamics (Takano et al. 2001; Canet et al. 1999, 2002)
have led to a better understanding of the process involved
in the conversion of globular proteins into amyloid fibrils.

The work reported concerns the measurement and
comparison of the structure and dynamics, in a wide tem-
perature range, of ApoMb under different solvent
conditions (at pH 9 and pH 7, in H,O and D,0), by using
CD to characterise secondary structures, and energy
resolved elastic neutron scattering. As it has been demon-
strated for other biological systems, energy resolved
neutron scattering provides quantitative information on the
forces involved in the stabilisation of protein structures
(Zaccai 2000). The scattering cross-section of '"H domi-
nates that of all other atoms in biological material, and of
its isotope, deuterium ’H (D). Thus, heavy water (D,0) is
often used to reduce the contribution of hydration water to
the scattering signal. CD experiments were performed in
H,0 and D,0, therefore, to characterise whether or not the
a-to-f transition is affected by the solvent isotope.

@ Springer

A significant change in molecular dynamics towards a
more resilient structure was observed for ApoMb at pH 9,
at the o-to- 3 transition at about 55°C. A similar observation
for holo-myoglobin (HoloMb) was attributed to partial
unfolding and protein aggregation, indicating that dena-
tured and aggregated protein display similar dynamics as
f-amyloid. In a further examination of the dynamics of
irreversibly heat-denatured and aggregated protein, a
hydrated powder sample of ApoMb was shown to undergo
a dynamical transition at about 200 K as has been observed
for native HoloMb (Doster et al. 1989), purple membranes
(Ferrand et al. 1993; Lehnert et al. 1998).

Materials and methods
ApoMb preparation

Apomyoglobin was obtained by removing the heme from
HoloMb. Several protocols yield the apo-protein with
similar properties. We successfully adapted the method of
Rothgeb (Rothgeb and Gurd 1978) to obtain the apo-protein
form in gram quantities for the neutron scattering experi-
ments. The process was promoted by acid conditions in
suitable solvent. An appropriate amount of lyophilised
horse heart HoloMb purchased from SIGMA-ALDRICH
was dissolved in water. The pH of the HoloMb solution was
then lowered to 1.5 with concentrated HCI at 4°C. The
acidified solution was extracted as quickly as possible with
4 volumes of 2-butanone. The upper organic layer was
decanted, and the extraction was repeated at least twice
more in order to obtain a hazy, colourless aqueous layer
which was dialysed exhaustively against a dilute bicar-
bonate solution followed by pure water. After salt was
completely removed by dialysis, the protein was lyophi-
lised. For the neutron experiments, the powder was
hydrated by pipetting uniformly buffer solutions to the
sample to a level of 0.73 g H,O/g protein or corresponding
0.8 g D,O/g protein. This corresponds to approximately
two hydration layers per protein and allows for pH effects.
CD experiments were performed on the protein solution
before lyophilisation.

Solvent conditions

For neutron experiments, the lyophilised ApoMb was re-
hydrated under different solvent conditions in H,O and
D,0 potassium phosphate buffer (20 mM KH,PO,, pH/pD
7 and pH/pD 9). Potassium phosphate was purchased from
SIGMA.

All solutions were obtained by dissolving the buffer in
distilled water (H,O) or heavy water (D,0). The pH (pD)
was adjusted to the desired value by adding acid or base.
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The pD was calculated by adding 0.4 to the value measured
on a normally calibrated pH metre (Lide 1999). The same
buffer solution was used to adjust the pH (pD) of the
protein solution for the CD experiments.

Circular dichroism experiments

Circular dichroism measurements were used to check the
o-to-f transition, the pH (pD) and temperature dependence
of secondary structure. CD spectroscopy measures differ-
ences in the absorption of left-handed polarised light vs.
right-handed polarised light, which arise due to structural
asymmetry. The absence of regular structure results in O
CD intensity, while an ordered structure results in a spec-
trum, which can contain both positive and negative signals.
CD spectroscopy is particularly good for determining
whether or not a protein is folded, and if so characterising
its secondary structure. CD measurements were performed
at the Institut de Biologie Structurale (IBS) and EMBL in
Grenoble (France) by using a CD spectrometer equipped
with a temperature-controlled cuvette holder. The far-UV
CD spectral region (190-250 nm) was explored for dif-
ferent temperatures, pH and buffer conditions. The protein
concentration was about 20 uM for all samples. The
experiments were performed in the temperature range
between 25 and 95°C. The data were analysed by sub-
tracting the background CD spectrum and converting the
spectra from millidegrees to molar ellipticity () in
degrees-cm” per decimole residues using the measured
protein concentration. Secondary structure analysis of the
final CD data was carried out using the K2D web program
(Andrade et al. 1993; Merelo et al. 1994).

Neutron scattering experiments

Neutron scattering has proven to be a versatile tool for the
study of the molecular dynamics of condensed matter in
general (Bée 2000), and biological macromolecules and
solvent interactions, in particular (Gabel et al. 2002; Pacia-
roni et al. 2002; Lehnert et al. 1998; Gabel and Bellissent-
Funel 2007; Andreani et al. 1995; Pieper et al. 2004). The
complexity of protein dynamics is reflected in a vast range of
types of motion and corresponding associated time and
length scales. Neutrons are sensitive in different ways to the
motions of hydrogen (H) and its heavy isotope deuterium
(D). Isotope labelling as well as the use of spectrometers with
different energy resolution (corresponding to different time
scales) considerably enriches the interpretation of scattering
spectra. Elastic incoherent neutron scattering is a specific
technique for the study of dynamical processes occurring on
atime scale defined by the spectrometer resolution in energy.
It provides atomic mean square displacement values (dom-
inated by H atoms because of their large scattering cross-

section compared to all the other atoms in biological sam-
ples) as a function of temperature, from which effective force
constants can be obtained (Zaccai 2000).

The mean square displacement <u”> is derived from the
analysis of the Elastic Area vs. Q% in a Gaussian approxi-
mation, where the Elastic Area is the area of the elastically
scattered intensity and Q is the modulus of the scattering
vector, (4 sin 0/2)/) (Gabel et al. 2002) where 0 is the
scattering angle and 4 is the neutron wavelength.

d In(Elastic Area)
<t > = —6( )
d(Q?)

The approximation is valid for values of <u®> Q°
smaller than or close to about 2, and the Q ranges for the fit
were chosen appropriately.

In cases for which the data quality is not sufficient to
derive precise mean square displacement values, an anal-
ysis as a function of temperature of the total intensity sum
in the same Q range, can give a good indication of a
transition in dynamical behaviour (Reat et al. 2000).

(1)

At the Institut Laue-Langevin reactor neutron source

Energy resolved elastic neutron scattering experiments on
ApoMb and HoloMb were carried out at the Institut Laue-
Langevin in Grenoble (France) on the spectrometer IN13
(http://www.ill.eu/YellowBook/IN13/). IN13 is a back-
scattering spectrometer characterised by a high-energy res-
olution (of about 8 peV, corresponding to 0.1 ns time scale)
associated to a wide range of momentum transfer (Quax
~47 A7, corresponding to a length scale ~/°%ngstrom
unit). Free and hydration water motions are too fast to be
observed in this time-length window for g > 1 A" and
contributes to the measured signal only as a negligibly low
background. Measured data was analysed in the g*-range
from 1.5 to 5 A™2 In this high scattering vector range exper-
iments in natural abundance water solvent are feasible with
negligible H,O contribution (Tehei et al. 2004; Jasnin et al.
2008). An amount of 100 and 120 mg of re-hydrated ApoMb
and HoloMb powder, respectively (0.73 g H,O/g protein) at
pH 9 was inserted in a flat aluminium cell with internal spacing
of 0.3 mm, which was put in the IN13 sample environment at
an angle of 135° with respect to the incident beam. The
experiments were performed as a function of temperature
(heating between 280 and 350 K). An displex device specific
to IN13 was used for temperature control. The data were
analysed as outlined above.

At the ISIS spallation neutron source
Neutron scattering experiments on a heat-denatured and

aggregated ApoMb hydrated powder sample were carried
out on the IRIS spectrometer at the ISIS spallation neutron
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source, Chilton, UK. The denatured sample was obtained
by heating the hydrated powder in a closed sample holder
at 360 K and allowing incubation for 4 h. By exploiting the
Pyrolitic Graphite PG(002) analyser configuration and the
Beryllium filter, the covered momentum transfer range was
between 0.3 and 1.8 A~' with an energy resolution of
17 peV (corresponding to a 50-ps time scale). The exper-
iment was performed with D,O solvent, since diffusion of
H,O would contribute strongly to the measured signal at
the small scattering vector range covered by the instrument
(Jasnin et al. 2008. An amount of 130 mg hydrated powder
(0.8 g D,O/g protein) at pH 9 in D,O was held in a flat
aluminium cell with internal spacing of 0.3 mm, placed at
an angle of 135° with respect to the incident beam. We
estimated that D,0 solvent contributes only with 2% to the
total incoherent scattering cross-section. Therefore, it is
justified to neglect the solvent contribution of D,O. Each
temperature point was collected for 4 h. The temperature
scan was performed in a temperature range between 20 and
360 K in order to examine the mean square atomic dis-
placements and effective force constants (Zaccai 2000). It
was reported in literature that water in the secondary
hydration shell of proteins can be vitrified during flash
cooling to 100 K and crystallises during reheating at 200—
210 K to cubic ice (Sartor et al. 1995). Even if there was a
secondary hydration shell present in our sample, we did not
observe ice formation during the experiment at low tem-
perature as evidenced by the absence of ice Bragg peaks.
We can only speculate about the reason, but the presence of
buffer solution and not pure water might be an explanation.
The temperature was controlled by heating the sample in a
standard IRIS cryofurnace. First the sample was inserted at
280 K. Then it was heated up to 360 K to allow for heat
denaturation. Afterwards the sample was cooled down to
20 K and the scattering at low temperatures was measured
as a reference. In the following, the temperature scan was
measured for different temperature points from 20 to
360 K. Heating and cooling rates were approximately in
the order of 1-3 K min~'. Mean square displacements
were calculated from the analysis of the integrated intensity
over a frequency window corresponding to instrumental
resolution around the elastic peak, according to Eq. 1.

Wide angle X-ray scattering experiments

To check an effect of change of solvent (H,O or D,O) on
o-to-f§ transition and amyloid transition of ApoMb, we
have carried out WAXS measurement under the same
solvent condition used before (Onai et al. 2007), where the
D,0O solvent was 50 mM Tris—DCl (2-amino-2-hydroxy-
methyl-1,3-propanediol hydrochloride) buffer at pD 9. The
ApoMb concentration was 1% w/v. The WAXS measure-
ment was performed by using the BL-40B2 spectrometer
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installed at the synchrotron radiation source (SPring-8) at
the Japan Synchrotron Radiation Research Institute (JAS-
RI), Japan. The X-ray wavelength, the sample-to-detector
distance and the exposure time were 0.82 A 41 cm and
30 s, respectively. The details of the scattering data anal-
ysis were as reported previously (Hirai et al. 2004).

Results and discussion
Circular dichroism

The far-UV CD spectra of ApoMb are presented in Fig. 1
for all temperatures and solvent conditions explored. At
room temperature, all spectra show two negative peaks at
207 and 222 nm and a positive one at 193 nm, character-
istic of the alpha-helix structure (black curves). ApoMb
shows the predominance of the alpha-helix structure until
55°C. Above 55°C and only at pH and pD 9, the beta-sheet
contribution appears and replaces the alpha-helix second-
ary structure. This is evident in Fig. 1b, d by the shift of
the minimum from 207 nm to at around 200 nm during
heating (Féndrich et al. 2003) and by the behaviour of the
beta-sheet content from the K2D analysis of the spectra
shown in Fig. 2. Note that the K2D data show similar
behaviour in H,O and D,O at corresponding pH or pD
values, respectively. Synchrotron radiation experiments
also showed similar behaviour at the large angle scattering
features (indicative of secondary structure) irrespective of
whether the sample was in H,O or D,O as shown below.

In Fig. la,b, at pD (pH) 7 in D,O and H,O, the
amplitudes of the two peaks are lowered with increasing
temperature, consistent with the expected partial unfolding
of the protein. Analysis of the spectra with the programme
K2D (Fig. 2) yielded helix fractions of 70-80% and 40% at
20 and 70°C, respectively, while the beta fraction, which
was negligible at room temperature increased to about 15%
at high temperatures. A random fraction increased from
20-30% to 40-60% between 20 and 70°C. However, in
Fig. 2 at pH (pD) 9 in H,O and D,O, the helix fraction
decreases rapidly to 15-25% between 20 and 70°C and the
beta fraction increases up to 20-30% at 70°C, which is in
agreement with an expected higher beta-sheet content at
basic solvent conditions and high temperatures.

Previous CD experiments on HoloMb had shown partial
unfolding of the protein at 65°C, total unfolding at
84.5 £ 1.0°C (Findrich et al. 2003), with no indication of
an o-to-f transition at 55°C at pH 9.

X-ray scattering

Figure 3 shows the WAXS curve of ApoMb in D,0 buffer
at pH 9 depending on temperature from 25 to 65°C. As
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Fig. 1 Circular dichroism data for apomyoglobin a in D,O at pH 7, b in D,0 at pH

range between 20 and 95°C

reported previously (Hirai et al. 2004), we can discuss
about the details of the structural transition of ApoMb in its
different hierarchical levels that are the quaternary and
tertiary structures (¢ < ~0.2 Afl), the inter-domain cor-
relation and the intra-domain structure (g = ~0.25-
0.8 A™1), and the secondary structure and the closely
packed side chains in the hydrophobic cores (g = ~1.1-
1.9 A™Y, respectively. The arrows plotted in Fig. 3 indi-
cate the typical features of the scattering curve of an
amyloid formation. Namely, the peak at ¢ = ~1.35 Al
the broad peak at g = ~0.60 A~ and the shoulder at
q = ~0.09 At correspond to the o-to-f transition (cross-
f structure), the pleated sheet stacking, and the oligomer-
isation of denatured ApoMb, respectively. These features
appear simultaneously and are evidently seen above
~55°C. It should be mentioned that the positions of the
peaks at ¢ = ~1.35 and ~0.60 A" are slightly larger
than those observed in H,O buffer (Onai et al. 2007). This
suggests that in D,O solvent the formed stacking of the
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9, ¢ in H,O at pH 7 and d in H,O at pH 9 in the temperature

cross-f3
solvent.

is more compact as compared with that in H,O

Neutron scattering

The total intensity analysis of the IN13 data at pH 9 is
shown in Fig. 4. The curves for ApoMb and HoloMb both
show a “transition” at about 55°C indicative of a more
resilient (smaller rate of decrease with temperature)
structure at the higher temperature. The CD data showed
that in the case of ApoMb, the effect is correlated with the
o-to-f transition. In HoloMb, the more resilient state seems
to be associated with partial unfolding of the protein and
aggregation in accordance with Féndrich et al. (2003). We
present only summed elastic intensities as these are more
precise to identify dynamical transitions (Reat et al. 2000).
Calculation of mean square displacements gave errors bars
that were to big to make any conclusion about a dynamical
transition around 55°C.
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Fig. 2 Analysis of the structural content of ApoMb at pH 7 and pH 9
in a H,O and b D,O

As the temperature is increased and before total
unfolding at higher temperatures, both ApoMb and Ho-
loMb display a transition to a more resilient aggregated
dynamic structure at about 55°C. In the case of ApoMb at
pH 9, the structure is the f-structure associated with
amyloid fibre formation. While in the case of HoloMb, the
structure is likely due to partial unfolding and an undefined
aggregate state (Fandrich et al. 2003). The transition to a
more resilient high temperature dynamics structure at
~55°C was also observed in IN13 experiments on ApoMb
at pH 7 (data not shown), suggesting that like for HoloMb,
ApoMb at pH 7 partially unfolds and aggregates in this pre-
transition to total unfolding. In order to explore further the
dynamic behaviour of aggregated protein, a temperature
scan of the elastic intensity was performed on heat-dena-
tured ApoMb on the IRIS spectrometer at ISIS (Fig. 5).
The 17 peV energy resolution condition chosen on the
instrument corresponds to a time scale of 50 ps. Interest-
ingly, the data showed a dynamical transition for the
sample at about 200 K, similar to that observed in hydrated
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log I(q) (arb. units)

Fig. 3 Wide angle X-ray scattering curve of apomyoglobin in D,O
solvent at pH 9 in the temperature range from 25 to 65°C. The arrows
(the peaks at ¢ = ~1.35 and ~0.60 A~!, the shoulder at q = ~0.09
A™') indicate typical features of amyloid transition. This transition
occurred above ~55°C
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Fig. 4 IN13 sum of intensities vs. temperature for apomyoglobin and
holo-myoglobin. The broken line is a linear fit for holo-myoglobin
and the straight line is a linear fit to apomyoglobin. Due to limitations
of the temperature control, no experimental points could be measured
between around 45 and 55°C
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Fig. 5 Mean square displacement <u®> vs. temperature from IRIS
elastic scan measurements on heat-denatured and aggregated ApoMb.
Error bars are within the symbols

native HoloMb (0.38 g D,0O/g protein) by Doster et al.
(1989), indicating that the transition is also a property of
heat-denatured and aggregated protein. The force con-
stant <k> and the effective force constant <k’> were
determined for the low temperature range below
200 K with <k>=3.74+ 0.3 Nm™' and above 200 K
with <> = 0.17 + 0.0l Nm™' (Zaccai 2000). In the
100 ps time range values of <k>=3Nm ' and
<k'>=0.3Nm~' were obtained for hydrated HoloMb
powder (Zaccai 2000). At low temperatures the force
constants <k> between ApoMb and HoloMb are similar.
Above the dynamical transition temperature, the effective
force constant <k'> of ApoMb is significantly smaller than
that of HoloMb. The higher degree of hydration of the
ApoMb sample might facilitate protein motion and be the
cause of this discrepancy.

Conclusion

In this paper, ApoMb was used as a model biochemical
system in order to explore the molecular changes of
dynamics in the a-to-f transition associated with amyloid
fibril formation. CD and neutron scattering experiments
were performed on the protein, at pH 9 in H,O and D,0, in
a wide temperature range. Similar experiments were car-
ried out on HoloMb, on the same solvent condition. WAXS
was used to confirm the occurrence of the a-to-f transition
of ApoMb in D,O solution at pD 9 by the appearance of
characteristic Bragg peaks. CD experiments emphasised
that the transition is present above 55°C and only at pH and
pD 9 in dilute solution. ApoMb results show a significant
change in molecular dynamics at the a-to-f transition at
about 55°C, indicating a more resilient high temperature f3

structure phase. The behaviour of the holo-protein as
function of temperature is associated with partial unfolding
and protein aggregation.
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10.3 Hemoglobin senses body temperature

The following article presents a study on whole red blood cells using different experimental
methods. The effect of heavy water on the passage transition of RBC was examined using the
micropipette technigue. RBC volume measurements were performed with very narrow
micropipettes. The T1 relaxation time in RBC was measured with NMR. The colloid osmotic
pressure of whole RBC in autologous plasma was determined as a function of temperature.
The data revealed the onset of hemoglobin aggregation at body temperature. The use of heavy
water results in a higher aggregation temperature. The mechanism was interpreted as being
similar to a colloidal phase transition. It was concluded that hemoglobin senses body
temperature.

| contributed to the article with the micropipette experiments on red blood cells in heavy

water.
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Abstract

When aspirating human red blood cells (RBCs) int® dm pipettes AP = -2.3kPa), a
transition from blocking the pipette below a ceitemperature Tc = 36.3 + 0.3°C to passing
it above the Tc occurred (micropipette passagesiian). With a 1.1 um pipette no passage
was seen which enabled RBC volume measurement@riicydar above Tc. With increasing
temperature RBCs lost volume significantly fastetolw than above a Tc = 364 0.7
(volume transition). Colloid osmotic pressure (CORgasurements of RBCs in autologous
plasma (25°C< T < 39.5°C) showed a Tc at 37.1 £ 0.2°C above whieh @OP rapidly
decreased (COP transition). In NMR-fElaxation time measurements, the of RBCs in
autologous plasma changed from a linear (r = Gré@ement below Tc = 37 £ 1°C at a rate
of 0.023 s/K into zero slope above Tc (RBE tiansition). In conclusion: An amorphous
hemoglobin-water gel formed in the spherical trtg residual partial sphere of the aspirated
RBC. At Tc, a sudden fluidization of the gel occuk changes mentioned above happen at a
distinct Tc close to body temperature. The Tc iv@dot+ 0.8°C to higher temperatures when a
D,O buffer is used. We suggest a mechanism simila tglass transition” or a “colloidal
phase transition”. At Tc, the stabilizing Hb boumdter molecules reach a threshold number
enabling a partial Hb unfolding. Thus, Hb sensedyliemperature which must be inscribed
in the primary structure of hemoglobin and possdilyer proteins.
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I ntroduction

Nonlinearities in the physical, biological and cheah properties of cells (Hennig et al.,
2002;Hennig et al., 2002), membranes (Gowrishaeka., 1998) and biological molecules
(Braxenthaler et al., 1997;Pascher, 2001) haveldpeé into a growing field of interest. For
some types of cells, intrinsic, pronounced nonliitgas a well known feature, essential for
normal cell function and successful signal tranidac(Hennig et al., 2002). Some authors
even prefer the term “phase transition  insteachailinearities (Pollack, 2001a;Pollack,
2001b). The concept of nonlinearity and phase itians in protein and cell function is on the

brink of revolutionizing cell biology (Pollack, 220).

Nonlinear features of hemoglobin (Hb) function hdezn repeatedly reported (Lukin et al.,
2003;Bettati et al., 1998). Allosteric propertiesgarding its R-T transition and oxygen
binding (Bettati et al., 1998) suggest increasedadyics of “ligation intermediate” species
and the distinctive role of the hydration shelHb function (Knapp et al., 1999;Levantino et
al.,, 2003). For many years it was assumed that hbmoglobin solution viscosity
monotonically depended on temperature and condemtréDanish and Harris, 1983;Chien et
al., 1982;Muller et al., 1992). However, none oégé studies used highly elevated, non-
physiological Hb concentrations (i.e. significartigher than 33 g di). In fact, investigators
ended their studies at concentrations too low teple an accelerated viscosity drop around
body temperature (Kelemen et al., 2001). In ouwipres studies on human red blood cells
(RBCs) that began a decade ago, sudden tempematinreed changes in passage behavior
through narrow micropipettes were found (micropgpgiassage transition) (Artmann et al.,
1998). Hemoglobin was identified as the moleculesoay the transition. Further studies on
these discontinuities usir®BCs and/or standardized Hb solutions showed neatichanges
at temperatures all close to the human body terypergKelemen et al., 2001;Zerlin et al.,
2007e;Artmann et al., 2004;Hennig et al., 2002)elyawe showed that Hb obtained from
monotreme animals such as the echidna and theppktpaving body temperatures of 33°C,
underwent a temperature transition around thepeetsve body temperatures (Digel et al.,
2006). All these and further studies (Zerlin et &007d) suggested that the structural
transition in hemoglobin involving an unknown meisa is linked to the species’ body
temperature. However, for methodological reasoremyrof these studies did not reflect the

natural environment which Hb molecules reside in.

This paper aims to show that the sudden structtreaisition of hemoglobin at body
temperature (Artmann et al., 1998) can be showa series of other experiments: 1) RBC

volume changes as measured with micropipettesy 2ploid osmometry, and 3) by NMR, T
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relaxation time measurements (Zefirova et al., J9&Ing individual RBCs or whole blood,
respectively. The results gave hints on the modecolechanism of the structural transition.
They supported the idea put forward earlier (Kelene¢ al., 2001) that a Hb structural
rearrangement was initiated by a steady thinninghef Hb bound water shell with rising
temperature. Below Tc, the bound water shell sialthe molecule. At Tc this had reached
a threshold. It enabled a molecular rearrangenmtieiting the transitions observed. It occurs
in the spherical trail of an aspirated RBC whekbawater gel forms below Tc. At Tc this gel
suddenly turns fluid caused by a break down offmtdecular Van der Waals forces. The fact
that Tc depends on the species’ body temperatyskesnthat this temperature is somehow
inscribed in the primary Hb structure. Thus, the dliserved may generally reflect body
temperature and the Hb molecule “senses” this qudati temperature by undergoing certain

structural transitions.
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Materials and Methods

Blood sample preparation: Blood samples were obtained from healthy donor&DTA-
filled syringes, centrifuged at 58@ for 10 min and with the buffy coat removed frohe t
pellet. Samples were obtained and processed jimtebine beginning of an experiment. This

paper presents data obtained with intact RBCs.

Micropipette _measurementdn micropipette experiments used for single cefllume

determinations washed RBCs were used. After cegtifon, the RBC pellet was re-
suspended in HEPES buffer (pH = 7.4, 300mOsm)tegmaatocrit of 0.1%. In a separate set

of experiments, BD was used instead o8 for HEPES buffer preparation.

NMR measurementstn the the NMR as well as in the COP experimeRBCs were

resuspended in autologous blood plasma. The méferahces to real blood in the NMR and
COP experiments were 1) the absence of shear ,sBgdbe absence of leucocytes and
thrombocytes, and 3) an elevated hematocrit. Tepgvation protocols were essential for the
results presented below. Plasma and RBC pellets separated and degassed for 5min. For
samples containing RBC, 0.5 mL plasma and 0.225Dy0Q were added to 3.5 mL RBC
pellet.

Colloid osmotic pressure (COP) measuremeiitse RBC pellet was re-suspended with

autologous plasma. The average hematocrit wast/3.8 % (N = 16 blood samples).

Micropipette System Set-up: Aspiration experiments for individual RBC volume
determination were carried out with an inverted rascope and bright field light (1000 x )
microscopy (CLSM, AxioverT 100, Carl Zeiss, Gotamyg Germany). A micromanipulator
system (Luigs and Neumann, Ratingen, Germany), grotatic pressure system and a
temperature chamber (Cell and Tissue Technologgh&a Germany) at an accuracy of +
0.2°C were used for micropipette experiments. Cylocal micropipettes with an inner
diameter of 1.1um were pulled (Mecanex SA, Nyon, Switzerland; BB-€8) from
borosilicate glass tubes (World Precision InstrutsieBerlin, Germany). The inner diameter
was measured microscopically using image analy$is.aspiration pressure was adjusted at -
2.3kPa.

Single RBC volume measurements. For individual RBC volume determinations of N = 12
RBCs one and the same micropipette was used. Rneceflvolume determination: An RBC

was aspirated at T = 34.5 °C and geometrical datpe 1) were obtained. The cell was then
blown out. The temperature was raised by aboutd®4 °C and equilibrated. The same cell
was re-aspirated and the new geometrical data meesured. The cell was blown out and the
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temperature was raised again and so on. This veasethtive volume change of the particular
cell could be measured highly accurate. Cell datddceasily be compared with each other
since the same pipette was used for all twelvesc&lhe temperature was adjusted between
34.5 and 39.5 °C. In order to avoid irreversiblenbglobin denaturing, 39.5 °C was not
exceeded (Williamson, 1993). For the passage transexperiments in D20 buffer N=40
RBC were aspirated at each temperature. The sanrepipette was used in the measurement

series.

RBC volume determinations (Figure 1, A and B) weaeried out with established methods
(Engstrom et al., 1992). An individual RBC was pdllinto the pipette at 34.5°C. The final
aspiration pressur@AP = -2.3 kPa was build up slowly until a steadyestaas reached i.e.
when the RBC tongue length no longer showed angleishanges (Figure 1 A). Thus,
microscopic images of aspirated RBCs were acquatesteady state conditions. From these
images, geometrical parameters (Figure 1 B) wereroned. The RBC volume was

calculated as follows (equations la-1c):

v, = m/12p* (spherical tongue cap) (Eq.1a)
V, =1/4p2z [l —1/2p) (cylindrical tongue volume) (Eq.1b)
V, = 7h* /30{(3d /2) - h), whereh = 1/2d + (1/2d? - 1/2p?"? (Eq.1c)

(trail outside the pipette).

The equations describe volumes measured with alargipette and cylindrical tip (for

abbreviations see Figure 1 B). The total RBC voluvas V = \{+V,+V3.
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Figure 1. A: Typical micropipette aspiration experiment. Thgherical trail outside the
pipette is clearly visible. The arrow indicates thed of the aspirated RBC’'s tongug.
Individual volume compartments of an aspirated RBEd for single cell volume calculation.
C: Volume change over temperature of an individualCRBhere was a clear turning point
indicating a critical temperature at Tthe slopes of the linear curve below and above Tc

differed significantly according to the statistiealalysis applied.
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Hemoglobin molecular radius estimations from micropipette experiments. At an
aspiration pressure of -2.3 kPa, the pulling foreetor acting on an aspirated RBC tongue
and pointing into the micropipette had a highermmahan the colloid osmotic force vector
caused by the very high Hb concentration inside gpieerical RBC trail (Kelemen et al.,
2001) pointing outwards. At this pressure, it waasonable to assume that most of the
cytosolic bulk water had been squeezed out andsalgoHb molecules together with their
bound water shell were closely packed, leaving dréges of unbound water within the
intermolecular gaps. We have developed a simpleang&ical model to estimate the Hb
molecular radius,4#, under the boundary condition of a circumferenisakropic membrane
tension compressing the Hb molecules inside RBCsngluaspiration. We considered
physiological data as the intracellular Hb concain in RBCs, G, = 330 g/L, molecular
weight of tetrameric human Hb, M\ = 64.000 g/Mol, and an average RBC volume g/

= 88 fL. The molecular Hb radius was calculateahgg$ollowing equations (2a-2c):

Hbgee = Cpp Wiac (Eqg.2a)
N,, = N, (Hbge. / MW, (Eq.2b)
Mo = (Vrec /A'”l:'\le)l/3 (Eqg.2c)

where N, is Avogadro’s number, Hiac is the total intracellular Hb content of a sin§BC,
and where Ny is the number of Hb molecules per RBC. For thewdation of the number of
hydration layers per hemoglobin molecule, it wasuased that the amount of 0.35g H20/ g
protein corresponds to one hydration layer. A phiggjical concentration of hemoglobin at
330 g/L in red blood cells at conditions was assiiniéie concentration of hemoglobin in the
aspirated cells was calculated using the measwekdalume. The amount of cell water was
then estimated by assuming a constant densityeohémoglobin solution. The number of
hydration layers was finally obtained by dividirgetamount of cellular water per hemoglobin
molecule by the assumed value for one hydratioarlay

NMR measurements. NMR T; relaxation time measurements were carried out sathples
inserted into NMR tubes at temperatures of 1530535, 37, 39 and 42°C, respectively. The
samples were allowed to equilibrate for 10 minathetemperature step. A DRX 600 (Bruker
Co., Germany) NMR device was used farrnieasurements carried out at a static magnetic
field strength of 14.7 T corresponding to a Larnfrequency of 600 MHz (Finnie et al.,
1986;Zefirova et al., 1991). An inversion recov@uylse sequence was used and data were
analyzed with the XMGR software (http://math.nywanl/software/xmgrace.html).
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Colloid osmotic pressure (COP) measurements. The colloid osmometer (Wescor Co.,
USA) was placed into a heating chamber at 39 °Ctlaedemperature was equilibrated for 30
min. Then the blood plasma sample was injected ihéo measurement chamber and the
colloid osmotic pressure (COP) was observed. Wheady state was reached, this value was
taken as the COP of the plasma sample at this ratupe. Afterwards, the sample was
exchanged with the RBC-in plasma sample and theegoe was repeated. Subsequently, the
blood plasma and the RBC-in plasma COP were olitaatesteps of about 1°C going
stepwise down to 29°C.

Statistical data analysis (Dikta et al., 2006): The volumes of 12 RBCs were measured at
temperatures of 34.5, 36.4 ( = Tc), and 39.5 (RDy.each cell, three dependent observations
were available, while the 12 measurements at eanpdrature step were independent of each

other, since they originated from different cells.

To check whether the expected volume at the teriyrerdc = 36.4°C was less than the one
at 34.5°C, a t-test was applied, where the diffeesn(D1) between individual RBC volumes
at 34.5°C and Tc = 36.4°C were taken as

D1 = RBC volume (= 36.4°C) — RBC volume (34.5°C). (Eq. 3a)

These differences were checked for normality byShapiro-Wilks test. If this test showed no

significant departure from normality, the one-sidedst was applicable. The t-test was used
to check the null-hypothesis that the expectedevaluthe difference was zero against the
alternative that the expected value of the diffeeewas less than zero. A significant departure
from the null hypothesis must therefore be intagmieas a significant negative slope of the
first straight line in Figure 2. The same approaas used to check the second straight line

between Tc = 36.4 and 39.5°C, i.e. to analyze
D2 = RBC volume (39.5° C) — RBC volume (Tc = 3&% ° (Eq.3b)

Since D1 and D2 can be associated with one ofwibestopes, they can be used to check for
differences (D) between the two slopes. For eadh ttee D = D2-D1 calculation was

performed and analyzed statistically as descrilbede
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in this Figure 2 there are only three data poiftsws). The RBC volume decreased with
increasing temperature but at two significanthyfetént slopes below and above Tc = 36.4
0.7 °C, respectively. Below Tc, RBCs lost volumeaatte of 7.8 fL/K, and above at 3 fL/K.
The inserts represent Hb molecule schemes; darkogiebin, light: remaining cytosolic
water per molecule. On the left: the remaining syt water decreased continuously. Right:
The water decreased further, however at a signiigdower rate. The error bars in vertical
direction include systematic and random errors. &l@v, these error bars are dominated by

the varying individual RBC volumes.
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Results

This paper presents data obtained with intact RBG% healthy donors. Except for the
micropipette experiments in single cell volume dweieations, RBCs remained in their
natural chemical environment - in blood plasma.r&heas no shear force acting on the cells
during measurements, no leucocytes and thromboeytes present, and the hematocrit was

elevated. These preparation protocols were estéotithe results presented below.

Micropipette experiments: During RBC aspiration (Figure 1), tongue formatiaras
observed to occur in two time-phases, 1) a fasialrentrance phase which typically lasted
less then a second and 2) a subsequent slow cgeglpaise for a couple of seconds where the
tongue length usually changed less then 10%. Adgtstate of tongue length was considered
to be reached, when an aspiration pressure of PE2vikas applied for a short time and no
further tongue length increment was observed. EiduC shows a typical volume (Formula
1) vs. temperature curve of one individual. Therage volume over temperature data of
twelve individual RBCs showed a distinct and siigiaiht change in slope with a significant
kink at Tc = 36.4: 0.7 (N = 12) (Figure 2). The RBC volume below Bcikased at a rate of
7.8 fL/K with increasing temperature. Setting of the rate was decreased to only 3 fL/K.

The calculated average RBC volume data at various t

emperatures are shown in Table 1.

Temperature Mean RBC Hemoglobin Hemoglobin  Number of

volume molecule molecule hydration
volume radius layers per
(°C) (fL) (nm) (nm) Hemoglobin
molecule
25°C MCV = 88t6 321,6* 4.25* 6
34.5+1°C 96.2+ 7 352,0 4.38 7
T.=36.4°C 76.47.1 280,3 4.06 5
39.5°C 69.2+ 7.8 252,3 3.92 4

Table 1: Estimated RBC and hemoglobin molecule data regultirom micropipette
experiments (Legend: MCV, mean cellular RBC volurhealculated for freely suspended
RBCs at an average volume of 88 fL). Please naé ltth molecules were mechanically

confined and under elevated pressure due to pigetti
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Statistical analysis revealed that the data wemnalby distributed since the Shapiro test
resulted in 0.5029 for D1, in 0.6798 for D2, andii433 for D (see methods). The p-values
of the t-test were p (D1) = 0.0000, p (D2) = 0.0021d p (D) = 0.0016 and confirmed that all
three differences deviated significantly from thdl rhypothesis. Thus, the slopes between
34.5°C and Tc and between Tc and 39.5°C, respégtivere both significantly negative. In

addition, the slope in the lower temperature rawgs significantly more negative than the
one above Tc. With formulae 2a-2d Hb molecular wwds, surfaces and radii were estimated
from the micropipette data (Table 1). The Hb radiirespond to a water layer thinning rate
per one individual Hb molecule of 0.084 nm/K beldw and of 0,052 nm/K above,

respectively.

NMR T; measurements. Two NMR T; relaxation time measurements were carried out in
parallel 1) with blood plasma containing 83% RBE8C-in-plasma sample, Figure 3A) and
2) with blood plasma alone (plasma-only-sampleufgg3B). With both samples, a two-
phasic behavior of 1Tvs. temperature was observed, showing a tranditimperature at Tc =
37 £ 1°C. The RBC-in-plasma-sample showed a chdragga a steady, linear (r = 0.99)
increment of T below Tc at a rate of 0.023 s/K. Setting on atTfcdid not show any visible

dependency of temperature.

The plasma-only-sampkehowed converse characteristics: No temperatysendiency below

37°, a transition temperature at 37°C and a deereédth temperature at the modest rate of

3.810° above Tc (Figure 3B). The;Tof the plasma-only-sampieas about three to five

times higher as compared to the RBC-in-plasma-sampl

Colloid osmatic pressure experiments:. As shown in Figure 4, the COP of the plasma-only-
sample increased linearly up to 39.5°C. The CORhef RBC-in-plasma-sample was in

general 2 mmHg lower than the one of pure plasmekss at the same temperature. Setting
on at Tc = 37.1 = 0.2°C, the COP of the RBC comtgirsample decreased rapidly and

significantly.
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Figure 3: NMR T; relaxation time data. A) blood plasma containirfgywlume-% RBCs
(RBC-in-plasma-sample). The Telaxation time increased with temperature at@eoéabout
0.023 s/K below 37°C (310 K). Above 37°C, it renednalmost constant. B) blood plasma
alone (plasma-only-sample). The €Thange over temperature in the plasma sample (B)
showed converse characteristics, i.e. no changsvii&l° and an increase above 37° (note the

different scales 1/Tused in the two graphs).
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Figure 4: Temperature course of the colloid osmotic pres@f@P) over temperature. Upper
curve: Blood plasma without RBC (plasma-only sarjplelow: RBCs re-suspended in
autologous plasma at an average of 77,6 + 5.3 wiunRBC (RBC-in-plasma-sample). At
each temperature step, N = 16 individual sampldseafthy donors were measured (average *
1 SEM). The 95% confidence interval is indicatedhwdotted lines. The RBC-in-plasma-
sample showed a 2mmHg lower COP below Tc and ardimerement with temperature and
was in parallel with the plasma-only-sample. Begignat Tc = 37°C, its COP dropped
significantly. Instead, the plasma-only sample shiwa regular temperature course with no

turning point at 37 °C.
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Discussion

There is growing evidence that the cell cytosol thesproperties of a hydrogel consisting of
proteins, protein-bound and bulk water. The curigmhion is controversial. Some studies
showed that the cell cytosol of cells mainly cotssi®f bulk water (Stadler et al.,
2008b;Zaccai, 2004), some that the cell contentdgrenantly is gel-like (Pollack,
2001a;Pollack, 2001b). However, the methods prakigere microscopic or macroscopic
properties and the results might not be directlyngarable. Sudden phase transition like
changes of protein function or cell behavior, respely, could also be related to protein-
bound and bulk water effects. In our earlier stadf@gure 5) a sharp temperature transition
of RBC passage behavior through narrow pipettearoed within less than a degree Celsius
at Tc = 36.3 £ 0.3°C (Artmann et al., 1998;Artmaginal., 2004;Kelemen et al., 2001).
Moreover, studies with hemoglobins from variouscépe with body temperatures different
from those of humans revealed that temperaturesitrans occurred as well. Those critical
temperatures were close to the specific speciady tmmperature (Digel et al., 2006;Zerlin et
al., 2007c). We concluded that the hemoglobin maéesenses the species’ body temperature
by undergoing a partial unfolding at Tc (Stadleakt 2007;Stadler et al., 2008a). Thus, the
critical transition temperature separates two nicsty different physical molecular stages and,

consequently, cellular behaviors.
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Figure 5: Micropipette passage experiment. The red bloodpzebage curves were obtained
with human RBCsL eft curve: RBCs were suspended in a@Hbased buffer (Artmann et al.,
1998),Right curve: RBCs were suspended in abased buffer (Buldt et al., 2007;Stadler
et al., 2007;Artmann et al., 1998). The Tc measwigd H,O based buffer was by 0.7 - 0.8°C
smaller then the one with,D buffer. This indicated that stronger water boedsrted by
deuterium replacing hydrogen caused a shift ircthieal temperature by 0.7 - 0.8 °C.
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Micropipette RBC volume measurements: When an RBC enters a narrow micropipette, an
isotropic RBC membrane tension builds up until beéaof forces was established (Evans,
1983;Hochmuth et al., 1979;Chien et al., 1978).imythe aspiration process, cellular bulk
water was squeezed out across the membrane ar@B@elost volume (Fairbanks et al.,
1971;Farinas et al., 1993;Jay, 1996;Poschl et2a8D3;Walz et al., 1997;Yokoyama et al.,
1978). In our experiments a short term increasth@faspiration pressure up to -12 kPa did
not show any further RBC volume decrement. Thus, kb molecules inside RBCs were
assumed to be in closest possible contact to dhehn leaving only traces of bulk water inside
the RBC, if at all. The remaining cell water mulerefore be trapped between (mostly)
hemoglobin molecules and must be constrained itrarssversal diffusion (Dencher et al.,
2000). This conclusion seems to contradict recentron scatter experiments which showed
that only 10% of the RBC’s cytosolic water exhitgiluced dynamics (Stadler et al., 2007).
However, in the spherical trail of an aspirated RB€ cytosol is compressed due to the
aspiration pressure. The remaining distance betwdgtent Hb molecules was estimated to
be about ten water molecule diameters only (Kelememl., 2001). Such protein water
arrangement should reduce the translational ddfusf water molecules. A hemoglobin-
water-gel had formed in the RBC's spherical tr&iggre 1) which did not allow RBC
passage through the pipette below Tc (Artmann.e1898).

However, why do at Tc the RBCs set on passing ipetge in an almost step-function like
manner (Figure 5)? From figure 5 must be concluded} the transition is related to
hemoglobin-water interaction. It is known, that lggen bonds formed by heavy water are a
little more stable than those in normal water. Blwerage protein dynamics was measured
with neutron scattering in Escherichia coli (Jasgiiral., 2008). Mean protein flexibility and
macromolecular resilience (protein ‘stiffness’) edound to be reduced in D20 compared to
H20 buffer. It was concluded that D20 favors thelkirag of non-polar residues in the core of
the protein and at the same time enhances the sgpfl conformational substates. The
reduced protein flexibility and enhanced sampliatgrof conformational substates in D20
would therefore contribute to thermal stabilizatmhprotein structure. Micropipette passage
experiments carried out with a heavy water buffegQ buffer) showed a temperature
transition at only 0.7 — 0.8 degrees higher tempesa(Figure 5). Interestingly, in a
completely different biological systeridtrahymenaells) the optimum temperature for cell
division shifted upward as the heavy water conegiain was increased. A maximum shift of
1 °C was observed in 40% heavy water (Moner, 19723.well known from neutron small

angle experiments that D20 causes protein aggorgati certain systems. If only simple
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protein aggregation would be the cause for theggesphenomenon observed in micropipette
experiments, then the usage of heavy water wouldeca reduced passage temperature as
compared to normal water. However, the micropipetgeriments revealed that the passage
temperature in D20 buffer is increased compared20 buffer. Recent neutron scattering
experiments with RBCs and hemoglobin solutionspeesvely, revealed that at Tc a small
partial unfolding of Hb molecules occurred (Stadieal., 2007;Stadler et al., 2008a;Stadler et
al., 2008b). We concluded that this effect initibtiee fluidization of aspirated RBCs and their
passage through the pipette. Probably the hemagkbsurface hydrophobicity pattern
changed as well which was followed by cytsosolicadjgregation. Therefore, the stabilizing
effect of heavy water on protein flexibility and timermal unfolding might be the cause for
the increase of the passage temperature observeicinpipette experiments (Buldt et al.,
2007;Stadler et al., 2007;Goldenfeld and N., 1992).

RBC volume vs. temperature experiments were cawigdvith micropipettes (Linderkamp
and Meiselman, 1982). The inner pipette diameter. biim was small enough to prevent any
RBC passages. Measurements performed between 34r&f@9.5°C showed that the RBC
volume decreased in general with increasing tentperaHowever, this happened at two
significantly different slopes. There was a crititamperature of Tc = 364 0.7°C observed

where the volume vs. temperature curves showedla ki

The RBC volume of 96.2 fit 7.0 at 34.5°C and -2.3 kPa (Table 1) fit to 94.&f -1.96 kPa
and to 91.2 fL at 2.45 kPa aspiration pressur@@trtemperature, respectively, as observed
in an earlier publication. With the set of formuldeveloped for estimating the Hb molecular
volume inside an RBC during aspiration (formulaed2awe determined Hb molecule radii,
', (Table 1). Results oy were surprisingly consistent with those derivegbiavious light
scattering data (Zerlin et al., 2007b;Digel et aD06). This method, thus, may be a step
forward in terms of estimating the Hb molecule wsdi(Engstrom and Sandstrom,
1989;Engstrom and Meiselman, 1996).

The major findings of these RBC volume experimentse that RBCs lost volume with
increasing temperature significantly more readiglolv than above Tc. Obviously, the Hb
molecules handle water in two distinctly differevays below and above Tc, respectively.
Discussing a decreasing molecular radius for Hh witreasing temperature (Figure 2, Table
1) seemed to contradict two earlier findings: Ligbattering data (Zerlin et al., 2007a;Digel et
al.,, 2006) as well as preliminary X-ray diffractistudies (Buldt et al., 2007) showed

increasing hydrodynamic radii and lattice constavith increasing temperatures until Tc was
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reached. The preliminary X-ray studies with Hb-tals showed in addition, that the Hb

crystal disintegrated at Tc (Figure 6 A).
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Figure 6: Summary slide’A) X-ray diffraction: Below Tc, the Hb crystal latticeonstant

increases disproportionate with increasing tempegatAt Tc, the Hb crystal disintegrates
(Buldt et al., 2007)B) NMR T; relaxation time (RBC in plasma-sample): Below Tg,

increment, at Tc, structural Hb transition, abowe Mo net T change with temperatur€)

Colloid osmotic pressure (RBC-in-plasma sample)loBeTc, the COP increases, at Tc =

37.1 £ 0.2°C on-set of Hb aggregation causing RBC®lease cell water - COP decreases,

D) Micropipette aspiration (single RBCs): Hb molecwelume remains unchanged with

temperature due to hydrostatic pressure insidespierical trail of the aspirated RBC and

bound water turns into bulk water. This was squéeng due to aspiration pressure. At Tc,

glass-like-transition and further RBC volume lossuwr because of hemoglobin aggregation.
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In postulating two assumptions, a clearer undedstgnof the volume loss of RBCs with

rising temperature was achieved. First, duringrasipn the fluctuations of the cytosolic Hb

molecules as well as the cell water diffusion aexhanically constrained. The Hb molecule
could not expand with temperature as it does i@ $aution and crystals. Water diffusion was
as well constricted. Second, the number of wateleoubes associated with hemoglobin
continuously decreased (“melted off”) and this wates squeezed out from the cell. This
effect caused the RBC volume loss below Tc wheeehdgmoglobin water complex had the
consistency of an amorphous gel. The term “meltingéd here is just a more descriptive
word for a shift of the equilibrium between Hb-bdumater and bulk water toward bulk water
(Cameron et al., 1988).

At Tc the amount of Hb bound water molecules hathed a threshold value at which the
Hb-water complex was destabilized. This enabledpmtial unfolding and the assumed Hb
surface hydrophobicity changes. The latter initlatdh molecular aggregation which we also
found in neutron scattering experiments (Stadlealet2007;Digel et al., 2006;Zerlin et al.,
2007i).

Above Tc, with increasing temperature ongoing aytiosHb aggregation determined the
RBC volume loss (Figure 6) due to colloid osmotifees. We concluded that Hb
aggregation lead to an imbalance of the osmoticssures inside vs. outside the cell
constituting of native blood plasma. As consequeRBEs release water to the blood plasma
to re-balance osmotic pressures. Thus, the cotlsidotic pressure decreased above Tc with

increasing temperature (Figure 4, see discussimwpe

NMR T; measurements. NMR T; relaxation time data reflect magnetic interactiais
hydrogen nuclei with their environment (latticeowkver, interpreting them when the sample
consisted of complex protein water solutions is siatple (Victor et al., 2005;Kiihne and
Bryant, 2000). Although these measurements werértbe focus of this study, they revealed
important information. The RBC-in plasma samplesisted of 83 % RBCs and 17 % blood
plasma, thus the protons participating in the NMiRegiment originated in its majority from
water, both protein-bound and free, of hemoglobimd to a smaller percentage of human
albumin. At 83% hematocrit the NMR sample contai@édt g d* Hb. Thus, the Tsignal
can be attributed to an high extend to Hb-interpedton interactions and Hb-proton
interactions with their water-proton environmente \@bserved a critical temperature at Tc =
37 £ 1°C (Figure 3). Below Tc, Trose linearly with increasing temperature. We tahed
that these interactions became less and less stBinge we observed at the same time a

“melting-off” of water from hemoglobin (Figure 1 drFigure 2 and table I) much of this
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signal increment may have derived from increasin lvater. At Tc, the 7(T)-curve turned
into zero slope. Thus, Tc represents the onset@haerature interval where the fElaxation
time became independent of temperature. Interdgtimgthe plasma-only sample the T1 (T)-
curve showed exactly a vice versa behavior: Zespesbelow Tc and a small negative slope
above. In summary, above Tc temperature did noécafiny longer the spin lattice
interactions in the RBC-in-plasma sample but bagareasing the spin lattice interactions in
the plasma-only sample. In other words, in the RB@asma sample the intramolecular
proton-proton interactions as well as the hemoglgoton to water interactions have
overruled the interaction of plasma proteins withtev. This might arise from the partial
unfolding of hemoglobin at Tc and its consequerioetiemoglobin aggregation and changes
of the hemoglobin bound and free water balancentAnn et al., 2004;Kiihne and Bryant,
2000;Stadler et al., 2007;Stadler et al., 2008a).

Colloid osmoatic pressure (COP) of RBC suspensions in blood plasma: Some effects in
cells can only be seen when cells and proteins kam in their natural environment
(Eisenberg, 2003;Zheng and Pollack, 2003;Lucas lgt 1®91;Todd, 1l and Mollitt,
1994;Artmann et al., 1998). In our studies, CORvdetre obtained from both plasma-only-
samples and RBC-in-plasma-samples at a hematocmt7® as function of temperature
(Figure 4). In contrast to micropipette experime@®©P data were gathered both at shear
stress-free conditions within the RBC cytosol arndaacell internal hydrostatic pressure
unmodified by external mechanical forces actingRBC membranes (Figure 6C, D). It was
found that 1) the COP of the plasma-only-samp[9ac fits to the physiological COP found
in text books, 2) it increased linearly with temggere, and 3) it did not show any kink
(change in slope) at any temperature. However RBE-in-plasma-sample as compared to
the plasma-only-sample below 1) exhibited a vistolé not significant 2mmHg lower COP,
and 2) showed a turning point at Tc = 37°C where @OP began decreasing with
temperature (Figure 4). Thus, a temperature tiansitas observed in COP measurements at

mechanically unaffected conditions.

How can the COP drop above Tc be explained? Forgdotein concentrations the COP
follows van’t Hoff's law. In the plasma-only-sampteerefore the COP increased linearly
with temperature. As for the RBC-in-plasma-samplaijre 4), however, things are more
complex. Two sample volume compartments must bsidered, 1) the volume occupied by
RBCs, on average 77#65.3 %, and 2) the remaining plasma volume at 2296 COP of

this sample should be identical to the plasma-salyyple since RBCs are too big to
contribute significantly to the COP. In order todenstand why the COP of the RBC-in-
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plasma-samples dropped above Tc, we need to remnetmitethe COP depends upon the
particle number in the RBC cytosol and not on atsilt protein content. When Hb molecules
inside RBCs aggregate as suggested and confirnrédrg®igel et al., 2006;Zerlin et al.,
2007h;Stadler et al., 2008a;Stadler et al., 20084y the particle number and at the same time
the intracellular COP decrease. Consequently wagr moves outwards, diluting the outside
plasma until equilibrium is reached. Due to thisr@xvater derived form the RBCs cytosol
above Tc the COP of whole RBC-in-plasma-sampleeadesad.

The global picture: In many experiments on the temperature dependehéib @roperties
using light scattering, CD spectroscopy (Artmanmalet2004;Digel et al., 2006;Zerlin et al.,
20079), micropipette volume (Figure 2) or Hb visgomeasurements (Kelemen et al., 2001)
a transition temperature, Tc, was found. Howeues,ttansition_gradienwvas never as sharp
as in the micropipette passage change (Figure &d)rathe viscosity experiments of highly
concentrated Hb solutions (Kelemen et al., 2001jis Timplies an unknown mechanism
making these two particular transitions signifi¢grgharper. We suggest thag marks the
temperature at which a colloidal phase transitibsexzond order occurred (Goldenfeld and
N., 1992;Heller and Hofer, 1975;Landau, 2007).na micropipette passage experiments, the
transition would take place inside the sphericall tof the aspirated RBC where the Hb
concentration was between 45 g'dand 50 g di* (Kelemen et al., 2001). Below Tc, a
“disordered Hb-water gel” was formed consisting lifmoglobin plus bound water and
cellular water with dynamics similar to bulk watge. in physical terms “amorphous glass”
or “colloidal system with gel like properties”). B& Tc, sample enthalpy, entropy and
volume are continuous functions of temperature.rilea “glass like transition” temperature,
Tc, the hemoglobin “glass™ or ‘colloidal gel’ wousdiddenly “soften” and set on flowing
under mechanical cytosolic shear forces exertechvaneRBC enters the micropipette (Figure
5). Above Tc the spherical trail's cytosol (Figu2g would exhibit properties approaching
those of an ordinary fluid (Artmann et al., 1998#taen et al., 2001), although still more
viscous than low-molecular weight liquids. We sugjgthat the very sharp micropipette
passage transition represents a phenomenon simiéafglass transition” or “colloidal phase
transition” common to many polymers and proteinsa{@ and Terentjev, 2005;Hill et al.,
2005;Smith et al., 2004). In strict classical setis® term “glass transition” or “dynamic
transition” is used for a change in protein dynarat 200K (-73°C). However, some “glass
transition” features fit surprisingly well to thergperties of the temperature transition

observed in the micropipette experiments.

225



What would now be the links of physics to physigtedOur answer is that Tc 1) marks the
set-point of a species body temperature origindtiogn a partial unfolding of hemoglobin at

Tc (Digel et al., 2006;Zerlin et al., 2007f;Stadkdral., 2008a;Stadler et al., 2008b), 2) Tc
represents the set point of a reversible Hb deattur (Artmann et al., 2004), finally, Tc

marks the beginning of the pyrexia zone on the tgatpre scale. In this pyrexia zone,
depending on the actual stage of cell internal Bgregation followed by COP changes cell
water moves in and out of the cell depending ondihection of temperature change (Figure
4). The latter might contribute to blood homeostakiring fever. The pyrexia zone in humans
ends physiologically at a temperaturgp E 42,6 °C, where proteins thermally denature
irreversibly. The pyrexia zone might now be defilgdtwo distinct temperatures, the lower
one marked by Tc and the upper one marked by Hvidently, new perspectives on cell

biophysics using completely different approachesnfrthose used by molecular and cell
biologists will become more and more important ur attempt to understand cells as gels,

and muscles as engines based on principles of golgaience.
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Summary

Incoherent quasielastic and elastic neutron soaftewvere used to measure protein and cell water
dynamics in the picosecond time and Angstrom lesgtie.

Hemoglobin dynamics was measured in human red btmsdid, in vivo. The experiments
revealed a change in the geometry of internal pratgnamics at 36.9°C, human body temperature.
Above this temperature amino acid side-chain dynaroccupy larger volumes than expected from
normal temperature dependence. Global macromolediffusion was interpreted according to
theoretical concepts for short-time self-diffusmmon-charged hard sphere colloids.

The influence of hydration on hemoglobin dynami@swtudied with neutron scattering. The
residence times of localized jumps in the ordea déw picoseconds were found to be significantly
reduced in concentrated solution compared to fjigrated powder. The change in the geometry of
amino acid side-chain dynamics at body temperata® found in concentrated hemoglobin solution,
but the body temperature transition in protein ayita was absent in fully hydrated powder. This
indicated that picosecond protein motions resptm$dy the body temperature transition are actidate
only at a sufficient level of hydration, and thadhated powders may not reflect fully all functibna
protein dynamics.

The dynamics of cell water in human red blood celisas measured with quasielastic
incoherent neutron scattering. A major fractionaobund 90% of cell water is characterized by a
translational diffusion coefficient similar to bulkater. A minor fraction of around 10% of cellular
water exhibits reduced dynamics. The slow watestiiva was attributed to dynamically bound water
on the surface of hemoglobin, which accounts faraximately half of the hydration layer.

Keywords: incoherent neutron scattering, hemoglobin, readbloells, cell water dynamics, protein
dynamics, body temperature,

Résumé

Les techniques de diffusion incohérente élastiguguasiélastique de neutrons ont été utilisées pour
mesurer la dynamique de la protéine et de I'edulaek sur les échelles de quelques picosecortdes e
de quelques Angstroms.

La dynamique de I'hémoglobine a été mesurée dassglebules rougesin vivo. La
dynamique interne de la protéine montre un changerde régime a 36.9°C, la température
physiologique. A des températures plus élevéedagtempérature physiologique, les chaines latérales
des amino acides occupent des volumes plus gramelpevu par la dépendance normale sur la
température. La diffusion globale de I'hémoglobiété interprétée avec la théorie pour la diffusion
des particules colloidales a temps de courte durée.

L’influence de I'hydratation sur la dynamique diedimoglobine a été étudiée avec la diffusion
de neutrons. Les temps de résidence entre lesleaatsx dans I'ordre de quelques picosecondes sont
réduits en solution concentrée et augmentés enrpalidémoglobine hydratée. La transition dans la
géométrie des mouvements internes a la tempéraureorps a été trouvée dans la solution
concentrée, mais pas dans la poudre hydratéétdl eonclu que les poudres hydratées ne représenten
pas un bon modele pour la dynamique de la prowémes I'ordre de quelques picosecondes, qui est
corrélée a la fonction biologique.

La dynamique de I'eau cellulaire dans les globuteges a été mesurée avec la technique de
diffusion incohérente quasiélastique de neutromse flaction de I'eau cellulaire d’environ 90% est
caractérisée par un coefficient de diffusion tratishnel similaire a celui de I'eau volumique. Les
10% restant présentent une dynamique ralentie ¢enfaignificative. La fraction ralentie a été
attribuée a I'eau en interaction avec I'hémoglobigke correspond a environ la moitié de I'eau dans
la premiere couche d’hydratation de la protéine.

Mots clefs: diffusion incohérente de neutrons, hémoglobinepgjies rouges, dynamique de l'eau
cellulaire, dynamique de la protéine, températimgsiplogique
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