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From powder to solution: hydration dependence of human hemoglobin dynamics
correlated to body temperature

Abstract

A transition in hemoglobin (Hb), involving partial unfolding and aggregation, has been shown previously
by various biophysical methods. The correlation between the transition temperature and body
temperature for Hb from different species, suggested that it might be significant for biological function. In
order to focus on such biologically relevant human Hb dynamics, we studied the protein internal
picosecond motions as a response to hydration, by elastic and quasielastic neutron scattering. Rates of
fast diffusive motions were found to be significantly enhanced with increasing hydration from fully
hydrated powder to concentrated Hb solution. In concentrated protein solution, the data revealed that
amino acid side-chains can explore larger volumes above body temperature than expected from normal
temperature dependence. The body temperature transition in protein dynamics was absent in fully
hydrated powder, indicating that picosecond protein dynamics responsible for the transition is activated
only at a sufficient level of hydration. A collateral result from the study is that fully hydrated protein
powder samples do not accurately describe all aspects of protein picosecond dynamics that might be
necessary for biological function.
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Abstract

A transition in hemoglobin (Hb), involving partiahfolding and aggregation, has been shown
previously by various biophysical methods. The eation between the transition
temperature and body temperature for Hb from difierspecies, suggested that it might be
significant for biological function. In order todas on such biologically relevant human Hb
dynamics, we studied the protein internal picosdamotions as a response to hydration, by
elastic and quasielastic neutron scattering. Reftdast 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 éxpected from normal temperature
dependence. The body temperature transition irejorotynamics was absent in fully hydrated
powder, indicating that picosecond protein dynamaésponsible for the transition is activated
only at a sufficient level of hydration. A collasresult from the study is that fully hydrated
protein powder samples do not accurately desctlil@spects of protein picosecond dynamics
that might be necessary for biological function.



Introduction

Hemoglobin (Hb) in red blood cells and at high camteation in solution shows a variety of
interesting effects (1). Micropipette experimenishvaspirated single human red blood cells
found a sudden passage phenomenon of the cells aframsition temperature
Tripette=36.4 + 0.4°C close to human body temperature (86d 309.8 K) (2). The diameter
of the micropipette (~1.5 um ) was small compa@dhe entire cells (~7 um). Part of the
cellular membrane is aspirated into the tight pedip and forms a tongue. The major
fraction of the cell forms a sphere filled with ldbtside of the pipette. At temperatures lower
than body temperature the cell cannot pass intopitpette completely and blocks the tip.
Above body temperature, the trailing sphere candmepressed easily and all cells pass into
the pipette with no apparent resistance (2). Umdemal conditions the concentration of Hb
in red blood cells is ~330 mg/ml (3). During theiaation process below body temperature
intracellular water is pressed out of the red blamdl, and it was estimated that Hb
concentration reaches values of more than ~500 Mm@m Viscosity measurements were
performed on Hb solutions between 330 mg/ml andrB@0nl to study the flow properties at
such concentrations (2). The experiments foundagpstirop in viscosity in Arrhenius plots at
concentrations higher than 450 mg/ml at body teatpee. The drop was absent at the
physiological concentration of 330 mg/ml. The réswlere interpreted as a colloidal phase
transition in highly concentrated Hb solution froan gel-like to a fluid state at body
temperature (2, 4).

It has been further investigated, if the transitiemperature of Hb is correlated to changes of
the protein structure; the thermal stability of Bdécondary structure was investigated with
circular dichroism spectroscopy (CD) (5). The stathpwed a pronounced loss whelical
content affcp=37.2 = 0.6 °C, which is again close to human btalgperature. Interestingly,
further CD experiments established that thermabilitta of Hb secondary structure of
different animals is directly correlated to theresponding body temperature of the species.
The results ranged fromcp=34.0+0.5°C for the duck-billed platypus (body tesrgiure
33.0£1.0°C) toTcp=42.0+1.0°C for a bird, the spotted nutcracker ghaemperature
42.2+0.5°C°C) (6, 7). It has been speculated that mechanism behind Hb temperature
behavior might be partial unfolding of thehelical structure at body temperature, which goes
in hand with an increase in surface hydrophobitigt promotes protein aggregation (6).

Energy resolved incoherent neutron scattering igowerful technique for the study of
dynamics of biological macromolecules and its déace on environmental conditions.
Protein dynamics has been studied with neutroriesaag in hydrated powders (8, 9) and as a
response to environmental conditions, in particttathe level of hydration (10-12). In the
past years, neutron scattering has been applistutty protein dynamics in whole cells
vivo (13-16)and in solution (17-19). Incoherent neutron sciateis dominated by hydrogen
atom motions as their incoherent scattering cressia is one order of magnitude bigger
than that of all other elements which usually oaoubiological matter, and deuterium (20).
The technique probes average protein dynamics becaydrogen atoms are uniformly
distributed in the natural abundance protein. Time tand length scales of molecular motions
that are accessible are determined by the enesgyuteon and the scattering vector range of
the instrument, respectively. In general, the mettmvers the picosecond to nanosecond time
range and angstrom length scale. At this time-kesgale, hydrogen atoms that are covalently
bound to amino acid side-chains reflect the dynahtiehavior of these bigger chemical units
(21-23). Below a so-called dynamical transition pemature of around 180-240K protein
dynamics is predominantly harmonic. Harmonic mati@orrespond to vibrations of atoms
around their structural equilibrium positions. Aleawe dynamical transition, and at sufficient
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hydration, additional anharmonic motions are atigla8, 9, 24). Depending on the energy
resolution and scattering vector range of the weuspectrometer, a second inflection in the
thermal displacements, which is hydration-indepehdevas observed at a temperature
between 100 and 150 K, and has been attributecetbyingroup rotations (10, 25-27). These
local jJumps contribute to the sampling of a largenber of conformational substates that are
responsible for the entropic stabilization of pnate(28). From elastic incoherent neutron
scattering (EINS) mean square displacements> of the thermal cloud of atomic motions
can be determined. The measured> include both vibrational and diffusive motions (21
Quasielastic neutron scattering (QENS) on the olfard, enables to distinguish between
vibrational and diffusive components (29). The teghe allows the quantification of internal
diffusion coefficients, residence times and theedwination of the average geometry of
motions.

Protein dynamics has been interpreted with a moflé quasi-harmonic average potential
well for the complex macromolecular force field (3Q). In this sense, protein flexibility was

defined as the amplitude of atomic motiodéu2> which corresponds to the width of the

potential well. Protein thermal stability would cespond to the depth of the well (32, 33). A
mean effective force constank’> can be obtained from the dependence of<th®& as
function of temperature. This mean effective focomstant, called resilience, describes the
shape of the well (31). Many conformational sulestagxist within the average well and are
sampled by localized jump-diffusion (28). The getntywend activation energy of localized
jumps can be determined by QENS.

Recently, we measured protein dynamics of Hb indmumed blood cellg vivo with QENS
(15). At temperatures higher than human body teatpex, amino acid side-chains dynamics
showed a change in the geometry of motion towaadgel volumes than expected from
normal temperature dependence. This change ungsiopbgical hydration conditions was
interpreted as a result of partial unfolding of attbody temperature. The partially unfolded
state above body temperature was found to be ésdigent than Hb below body temperature.
Our goal in the present study was to investigat@eitail with neutron scattering from powder
to solution, how the different motions of human Hépend on hydration. A change in the
geometry of amino acid side-chain dynamics wastifieth close to human body temperature
in concentrated Hb solution. Fully hydrated Hb pewdhowed the well known dynamical
transition at around 180-240 K, but the changehen geometry of protein motions at body
temperature was not found.

Material and Methods

Sample preparation

Human Hb was purchased from Sigma (Sigma-Aldri¢h|.8uis, MO, USA). To remove the
exchangeable hydrogen atoms, around 1g proteirdigaslved in 10 ml BD and lyophilized
afterwards. For the preparation of the hydrated gmvsample, BD exchanged Hb powder
was dried over silica gel until no further lossveéight 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 cdéetg monolayer (34), but this amount of
non-freezing water permits the onset of anharmamitions above the dynamical transition
temperature of around 180-240 K (35). In this &tiwe consider this as one full hydration
layer. For the preparation of the Hb solution san@hO buffer (0.1M KCI, 61.3 mM
KoHPO,, 5.33 mM KHPQO,, pD 7.4) was added to thex® exchanged protein powder to a
level of 1.1 g RO/ 1 g. The obtained concentration (570 mg/ml) egponds to roughly three
hydration layers. The concentration of potassiunffebuwas chosen to resemble saline
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conditions in whole cells (36), but it shall be edbthat the choice of saline buffer can have an
influence on protein dynamics (37). The sampleswapidly sealed in flat aluminum sample
holders for the experiments. It was checked by kteig that there occurred no loss of
sample material during the experiment. The scatjecross section of Hb in the concentrated
solution was estimated to be >96% and in hydramader to be >98.5%. Therefore, we
neglected the contribution of the,® solvent to the measured data. Hemoglobin from
lyophilized powder was predominantly in the metest@90%) as determined with UV/VIS
spectroscopy. As shown by Perutz et al. the tgrtiand quaternary structure of
methemoglobin is very similar to that of oxyhemdmio(38). All used buffers were degassed
before usage and did not contain any reducing ag&herefore Hb is supposed to be in the
met state throughout the experiments.

Neutron scattering experiments

The experiments were performed on the cold neutraiti-disk-chopper time-of-flight
spectrometer TOFTOF (39) at the research reactavl-HR(TU Mdunchen, Garching,
Germany), on the cold neutron time-of-flight spesteter FOCUS (40) at the neutron
spallation source SINQ (PSI, Villigen, Switzerlaraahd on the thermal neutron backscattering
spectrometer IN13 (41) at the ILL high flux reséareactor (ILL, Grenoble, France).

On TOFTOF, the incident wavelength was set to 5.4 a chopper frequency of
12,000 rpm was chosen which corresponds to a sogtteector independent instrument
resolution of approximately 100 peV (full-width laalf-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 moeératcattering vector dependent elastic
energy resolution between 41 peV (FWHMY@a0.4 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 characterizeanbenergy resolution of 8 peVv (FWHM)
and an incident wavelength of 2.23 A. Hydrated ldvgler was measured between 20 K and
320 K on IN13. All samples, including the vanadigiab and empty sample holder, were
oriented at 135° with respect to the incident rautream direction.

The measured spectra were corrected for energyndepe detector efficiency, empty cell
scattering, normalized to vanadium, transformed mergy 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'A4 q<5.0 A'. TOFTOF data were binned into 16 groups with
0.5 A'<q<2.0 A, FOCUS data were binned in 13 groups with 04<f < 1.6 A*. QENS
data reduction and analysis was done using thergmsy FRIDA for TOFTOF (42) and
DAVE (43) for FOCUS data. IN13 data were reducethuiLL standard programs. Multiple
scattering was neglected as the transmission saaiples was higher than 0.9.

The resolution function of the instruments was aeieed with vanadium measurements for
TOFTOF and FOCUS. The instrumental energy resaiatiof AE= 8, 50 and 100 peV
correspond to observable time scales in the orfldt-080, 13 and 7 ps, respectively, using

the relationAt = 72/AE.

Quasielastic Neutron Scattering Analysis
An exhaustive description of quasielastic neutroattering can be found in Bée (29). The
application to protein dynamics has been revieweGabel et al. (44) and Smith (22). QENS

spectra in this study were well described witheotktical scattering functio8, ,(dq, w that

contains a delta-function for the fraction of hyglea atoms that appear localized within the
time-space window of the instrument and one Loiiantk(«, q) for the quasielastic signal,



Sheo(0 @) = Ay (0) x 3(c) + (1~ A, (0)) ¥ L(q, &) . 1)

The elastic incoherent structure facta;(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 (22)) were taken into actoy a Debye-Waller factor
exd—<u2>vibq2 /6) and were deduced from the scattering vector depwedof the summed

intensities (19). The quasielastic component isoeehtzian L(q,a)):EG%, with
T o+ q

half-widths at half-maximun(q).

The scattering functionS(g,«) plus background was convoluted with the instrumlent
resolution functionS, (g, w) and fitted to the measured data according to

Smeas = leXF{_ <U2 >vib q2 /6))( Stheo(q! C!)) + BOJ O Sres (q’ w) . (2)

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

Depending on the instrumental energy resolution thiedused scattering vector range both
internal protein dynamics and global translatiatiffusion of the macromolecules contribute
to the measured signal in protein solution (13, 1B, 18, 45). Due to the high protein

concentration of our solution sample, global pmotdiffusion is strongly suppressed and
cannot be resolved with the energy resolution & 18V of the spectrometer TOFTOF (19).
In hydrated protein powders global macromoleculiffiusion is absent. Therefore, it was

possible to perform the experiment on FOCUS wikiigher energy resolution of 50 peV.

Elastic Neutron Scattering Analysis
Elastic incoherent neutron scattering on IN13 waterpreted in terms of the Gaussian
approximation. Mean square displacemen$> were obtained from the scattering vector

-61A(n1(q))
Ag’
definition of <u®> given by Smith that accounts for the full amplitusfemotion (22). This
approach is formally similar to the Guinier approation in small angle scattering
experiments (46). The analogy to small angle scagidhas been discussed in (47, 48). The
obtained<u®> describe the spatial extend of the atomic themmafions and include both

vibrational and diffusive dynamics. The approxiroatis strictly valid forqg®> — Obut holds

dependence of the elastic intensity) according to<u2> = , where we use the

up to <u2> [f? ~2 (48). The calculations were performed in the sesalaccessiblg®-range

of IN13 data between 0.04%< o < 2.02 A? in which the Gaussian approximation is valid.
Mean force constantsk> that describe the protein resilience were obtafrnad the slope of

<u?> versus temperature T according(k) = 0.0027@ (d<u2> / dT). Effective force constants
<k’> that include anharmonic dynamics of proteins weadculated according to
(k)= 0.0027¢(d<u2>/dT) in a quasi-harmonic approximation (31).



Results

Quasielastic Neutron Scattering

Typical quasielastic neutron scattering spectrayafrated Hb powder at 285 K measured on
the spectrometer FOCUS and of Hb solution at 29@d&sured on the instrument TOFTOF
are shown in Figure 1. The measured data couldeleritbed with an elastic peak for the
hydrogen fraction which appears localized in thmeetlength 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 kevd from theq dependences of the
intensities and half-widthd(q) of the elastic peaks and the Lorentzians, respayti
Information about the geometry of the motions istamed in the EISPy(q), and about their
correlation times i (q).

Hydrogen atoms that are covalently bound to amicid aide-chains reflect the dynamical
behaviour of the bigger chemical units (21, 23)e Tdhffusion in a sphere’ model proposed
by Volino and Dianoux (49) accounts well for thetrans of amino acid side-chains which
perform diffusive jumps in a spherical volume rigséd by neighboring amino acid side-
chains. The radius can then be deduced from

. 2
Aa)=p+(1-p) EE—Bh(qa)}

ga | 3)
whereji(ga) is the first-order spherical Bessel function o fhist kind,a is the sphere radius,
andAy(q) is the EISF (49). The populations of hydrogen aavhich appear as immobile and
mobile within the instrumental energy resolutior eepresented by the fractions p and (1-p),
respectively (50).

A Gaussian distributiof(a) of sphere radia was used to describe measured EISF data of
proteins to a high degree of accuracy (18). The s&an distribution is defined as

f(a)= 2 ex ‘37 2), with the standard deviatianas free parameter. The mean value
o2 20

of the sphere radius is then given &y o ]—ZT.We recently measured Hb dynamics in whole

red blood cellsn vivo (15)and interpreted the obtained EISF with the modeldiffusion in

a sphere’ including a Gaussian distribution of sphadii. For the purpose of continuity and
comparison with the previous study, we used thisiehto interpret the EISF of the present
work. Fits of the EISF were done over the scattprector range of=0.6-1.8 A' for
TOFTOF and ofg=0.5-1.6 A' for FOCUS. The EISF of Hb powder at the tempegstur
285 K and 322 K and Hb solution at the temperatafe®0 K and 325 K are shown together
with the fits of the model for diffusion in a spkewith a Gaussian distribution of radii in
Figure 2 a) and b). The mean sphere radiwg the Gaussian distribution as a function of
temperature is given in Figure 3 for Hb powder &fia solution. The mean radii of the
hydrated powder sample remain constant in the tigadsd temperature range and have the
average value 08=2.06 +0.02 A. The mean valués of the Hb solution sample show
different behavior. Within the errors, they incredsearly with temperature between the
valuesad=2.27 + 0.06 A at 280 K ar@=2.58 + 0.09 A at 310 K. There is an inflection micat
310 K above which the mean sphere radii increamatly with a significantly steeper slope
up to 3.44 + 0.09 A at 325 K. The values of the iwhite fraction were found to be constant
with temperature for the concentrated Hb solutiamgle with p=0.38 and to decrease



linearly with increasing temperature for the Hb plew sample withp=0.67 at 285 K and
p=0.53 at 322 K.

The half-widths at half-maximum of the Lorentzian are shown in Figure 4 as a foncof
the squared scattering vectfr at 285 K and 322 K for hydrated powder and at R%nhd
322 K for Hb solution. The measured half widifiof the Hb solution sample show clear
signs for restricted jump-diffusion (51). The halidths I” approach a constant valuig at
smallg® at 290 K. Smalb-values correspond to larger real space distanuéshe effects of
boundaries on the dynamics of amino acid side-sh&iecome visible. At the highest
measured temperature of 322 K the plateau duertfinemnent would be visible only at very
small o values and is outside of the instrumental acckssitattering vector range as it was
also found in protein solution (52). The limitingehmavior of I" at small g*-values is
approximately described by the Volino-Dianoux motiel diffusion in confined geometry
(49). The model assumes diffusion that is resiiétea sphere of radius It predicts constant

half widths/7} at q values smaller them < % (49). In the case of a distribution of sphere

radii, the plateau ends at a smaller valighan in the single sphere case as shown with
molecular dynamics simulations (53). We extracteel scattering vector positions from the
article of Dellerue et al. (53) and concluded ttteg¢ valueq’ is approximately 1.7 times
smaller for amino acid side-chain dynamics thamlisted by the Volino-Dianoux model for a
single sphere of radiwsthat is the average value of the sphere distribuf3). In our work,

at the temperature of 290 K the obtained mean splagtius is8=2.27 A and at 322 K the
mean radius is 4=3.22 A. The constant valuel, should therefore end at

q° :(%.7Ea)z =07A? at the temperature 290 K and @ft=0.3 A? at the temperature

322 K. Theq resolution of the experiment is not very precisé the constant value @} at
290 K ends betweegf=0.64 A% and 0.81 & which agrees well with the derived value from
the model. The constant value at 322 K would tlweesbe visible only belovg®=0.3 A?
which cannot be measured with the instrument. Aalukitly, this supports our assumption of
a distribution of sphere radii to describe the meas EISF.

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,ethhalf-widths/™ approach asymptotically a
plateaul”, at largeg”. The behavior of the half-widths can be describg@ model of jump-
Dg?
1+ Dg°r
diffusion coefficientD (29). Fits were done with the jump-diffusion modtelthe g>range
between 0.64 & and 4.0 . The obtained residence times follow the Arrhenias
Ea
r(T)=r1, xe*" , and we extracted an activation energ¥gf1.45 + 0.18 kcal/mol.

diffusion according ta" = , With the residence time before a jumpnd the jump-

The line-widthsI” of the Hb powder sample increase wifh which is a sign for diffusive
motions. Similar behavior was already observed yaréted lysozyme and myoglobin
powders (17). The line-widths do not intercept zatothe smallest?-values, which is
characteristic for diffusion in a confined spac8)(Zor the purpose of comparison with the
Hb solution, the half-widths of the Hb powder weakso approximated with the jump-
diffusion model as described above in tieange of 0.64-2.56 A The plateau/", of the

half-widths was obtained by extrapolation of thedeloto higherg’-values. The residence



times follow the Arrhenius law and we obtain an iatton energy of
E,=1.70 = 0.12 kcal/mol.

The half widths of the Hb solution are ataffvalues 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 hydrgpesvder indicate that the rates of side-
chain diffusion get enhanced with increasing hydrat

In a recent work, we studied global macromoleculiffusion in red blood cells (protein
concentration ~330mg/ml) with neutron spectroscopyig an energy resolution of 50 peV
(FWHM) (15). Global protein diffusion in red bloazlls is nearly to slow to be measured
with an energy resolution of 50 peV. Global macr@eoolar diffusion is even stronger
reduced at the high concentration of 570 mg/m| amgears nearly static at the instrumental
energy resolution of 100 peV (FWHM) and the acd#ssscattering vector range. This was
already demonstrated by Jasnin et al. and Telai €14, 19). Gabel studied the contribution
of global macromolecular diffusion to mean squaispldcements<u®> determined with
elastic neutron scattering (47). The author coreduthat global macromolecular diffusion
results in 7% largeru®> when using an instrumental energy resolution dipEY and a
scattering vector range of 1-#AAs a check, we tried to fit the data for Hb sintwith two
Lorentzians: a narrow one for global macromolecdiffusion and a broad one for internal
protein dynamics. The obtained HWHM of the broachponent are a factor three larger at all
temperatures and all scattering vector values tien HWHM shown in Figure 4. The
HWHM are then too large and do not agree with valeported in literature (14, 15, 19, 52,
54). The HWHM of the narrow component show line@hdvior as a function off.
However, the obtained diffusion coefficients afa@or two to three too large as compared to
expected values (55).

Elastic Neutron Scattering
Mean square displacemer(us2> of hydrated Hb powder measured on IN13 were caied|

from the data in the®range up to %2.02 A% and are given in Figure 5. Tl'(az> include

both vibrational and diffusive motions of proteiyndmics and show the well known
dynamical transition at around 240K (8, 9, 56).lléa of the force constants of
<k>=1.18 £ 0.29 N/m for the low temperature range Wed0 K and<k’> =0.17 £ 0.01 N/m
for the high temperature range above 240 K weraiobtl. QENS experiments allow the
separation of vibrational and diffusive dynamicsedv square displacements of fast
vibrational motions<u®>;, of the Hb powder sample measured with QENS on FO@te
presented in Figure 5. Thau®>,j, agree with good accuracy with expected valuesirmdda
from linear extrapolation of the low temperaturbrational valuesu®> measured on IN13.

Discussion

It has previously been reported in the literaturat tprotein flexibility is linked to protein
structure. Gaspar et al. investigated the dynaofiggoteins that consist purely pfsheeta-
helix, botha- andp-structure elements and unstructured proteins.alitieors reported thft
sheet proteins are the least flexible, followedokyelical proteins. Proteins which consist of
both o- and B-structure elements are more flexible than puarbelical proteins and
unstructured proteins were found to be the mogilfle ones (45). Additionally, it has been
shown that the unfolded state of lysozyme is mtaeilfle and less resilient than the folded
state (57). Consistently with these results, neuscattering measurements of whole bacteria
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in vivo revealed that average protein flexibility is irsed and macromolecular resilience is
reduced in heat denatured bacteria cells as cohpaumative cells (16). Furthermore, protein
flexibility, resilience and internal diffusion ratdave been found to be closely linked to the
degree of hydration. Neutron scattering combineth wiydrogen/ deuterium labeling of
specific amino acids allowed the determination wérage protein dynamics and active core
fluctuations of bacteriorhodopsin as a functiorhgdiration. 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 (11, 12, 24, 58). Neutron scaite measurements of dry and hydrated
protein powders, as well as of protein solutionve that the rates and amplitudes of amino
acid side-chains diffusion on the protein surfaceenhanced with higher hydration (17, 59).
Further work on protein dynamics under physiologicanditions inE. coli showed that
hydrated powders do not accurately represent thardical behavior of macromolecules in
whole cells. The higher amount of water in cells,@mmpared to fully hydrated protein
powders, increases internal molecular flexibilindadiffusive motion rates in the picosecond
time-range (14). Colombo et al. studied hydratibanges between the fully deoxygenated
tense (T) form and the fully oxygenated relaxed f&ijn of Hb (60). The authors reported
that ~60 extra water molecules are bound in thetd®e scompared to the T state. The
additional water molecules were found to be thewynadically important for functional
regulation of Hb. Caronna et al. studied the dywranof Hb in the T and R state with high
resolution neutron spectroscopy (61). In the nacmse time scale the structure of Hb in the
R state is slightly more flexible and less rigi@nhin the T state, which is in agreement with
the assumption that the ~60 extra water moleculethé R state contribute to a larger
flexibility of the protein. However, it was alsop@rted that faster protein motions in the order
of ~100 ps are not influenced by the quaternaryctire of Hb (61). Consequently, the
dynamics of Hb in different quaternary states aqgeeted to be similar if not identical in the
order of some picoseconds, which is the time safadeir study.

We verified with EINS that the well know dynamid¢ednsition at around 240 K occurs at the
chosen hydration of the Hb powder sample. At lomgeratures only solid-like vibrational
motions are detected; at temperatures above thandgntransition temperature protein
specific quasi-diffusive motions are activated andtribute to the measured®> (56). From
QENS experiments vibrational and diffusive motiaen be separated. As expected, the
obtained vibrational motionsu®>;, are in good agreement with linear extrapolatioroaf
temperature<u®> obtained from the EINS measurement. This suppbesoncept of quasi-
diffusive motions in proteins being activated a ttynamic transition temperature that cause
the pronounced increase<ai®> at higher temperaturgg8, 56)

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 Keneas we obtain
significantly higher residence times betwesri0.3 + 0.3 ps at 285 K ang-7.6 + 0.4 ps at
325 K for hydrated Hb powder. The obtained actoatenergyE, of the residence times
raises from 1.45 = 0.18 kcal/mol for Hb solution 1670 + 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 supghtary amount of water decreases the
activation energy barriers between diffusive junapsl thus facilitates protein dynamics, as
shown with QENS. In the picture of Fraunfelder lepeoteins exist in many slightly different
conformational substates which are separated byatioh energy barriers (28). The sampling
of the conformational substates contributes todh&opic stabilization of proteins. Lower
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activation energy barriers allow an increased samgphte of the conformational substates.
The other term that determines protein stabilitythe enthalpic contribution which is
determined by the macromolecular force field (31).

Artmann et al. (2) reported a transition tempegmtof human Hb at body temperature that
was interpreted as Hb partial unfolding and acta peecursor for protein aggregation. Partial
unfolding of human Hb was independent of the oxygjen state and also occurred for sickle
cell Hb in the oxygenated state (5). Partial unfaddof human Hb was fully reversible at least
up to 39°C (5). Human Hb aggregation and thernadikty of the Hb tetramer was studied
with small angle neutron scattering (manuscripbri@paration). Hb aggregation was found to
be reversible up to 40°C, the Hb tetramer was fotmde stable at least up to 44°C.
Dissociation into dimers would lead to a highedadigl osmotic pressure rather than a lower
one as observed previously (1). Further evidencgdaurbations of Hb secondary structure
at a specific transition temperature came from @peements (6, 7). These studies of Digel
et al. and Zerlin et al. established the fact that transition temperature of Hb from a big
variety of different animals is directly linked the species’ body temperature. Sequence
alignments of Hb of different species were perfatn@ identify an eventual region for the
structural perturbation (7). Hb tertiary structusehighly conserved in general. However, it
was found that the amino acid sequences of thetius helices of the- andp-subunits of

Hb were of low similarity (~40-50% similarity) arade solvent exposed. The other parts have
significantly higher similarity (~70-80% similarity and especially the inner parts of the
protein that are in close contact to the heme goame highly conserved (up to 100%
similarity). It was suggested that these solvemesed amino acid residues might be
responsible for the onset of Hb partial unfoldimgl @rotein aggregation (7).

A study of Engler et al. (62) classified hydrogeéonas in myoglobin in three dynamic groups:
methyl group, long side-chain, and backbone hydrog®ms. The authors concluded that
above the dynamical transition mean square displants measured by neutron scattering are
dominated by the side chains on a time scale féséer 100 ps (62). Therefore, in this study,
we used the model of ‘diffusion in a sphere’ (48attis best suited to describe amino acid
side-chain diffusion. Amino acid side-chain dynasnwwithin proteins were found to be
characterized by a distribution of flexibility. ®ethains in the protein interior are more rigid,
whereas they possess a higher degree of flexiltdityards the outside of the protein (53).
The term flexibility corresponds in this senselte testricted volume in which the amino acid
side-chains can move. Therefore, we used an exdevelsion of the ‘diffusion in a sphere’
model, which takes into account of a distributidrsphere radii (15, 17, 18). We do not claim
that the model by Volino and Dianoux (49) which Irep motions in a sphere with
impermeable surface is the most appropriate ongeseribe the atomic nature of protein
dynamics. However, it is able to describe the mesb&ISF with high accuracy. As we are
mostly interested in the temperature dependenpeodéin flexibility, it is a valid approach to
use this model for the purpose of comparison.

Alternative models for the interpretation of protedynamics are the double well model
proposed by Doster et al. (8), the quasi-harmopmraimation by Bicout and Zaccai (30),
the Brownian oscillator by Knapp et al. (63) or fh&ctional Brownian dynamics model by
Kneller (64). Especially the models proposed by fnat al. and Kneller might be relevant
for the interpretation of QENS data. Molecular dymzs simulations yield detailed atomistic
information about protein dynamics in the picoset@nd nanosecond time scale. The
simulations allow a direct comparison with neutrexperiments and facilitate the
interpretation of the measured QENS spectra. Itlavdae of high interest to perform
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molecular dynamics simulations of hydrated Hb amdttidy the temperature behavior of Hb
dynamics around body temperature.

In recent studies of Hb dynamics in red blood ¢éfle break at 310 K in the sphere radii was
interpreted as partial unfolding of Hb at human \po@mperature (15). The same
interpretation is valid for the results of Hb inncentrated solution. In this sense, the partially
unfolded state of Hb solution at temperatures al3i®&K has got higher flexibility than the
low temperature state, as its distribution is shlifto larger volumes. It is not known, if
protein aggregation influences protein dynamicsweleer, protein aggregation would rather
lead to a reduction and not to an increase inlfiéyi, as observed in our study. Therefore, in
the time-space window of the neutron spectrometecenclude that protein aggregation has
a minor influence on protein flexibility. The fatitat partial unfolding and the consequent
changes of dynamics do not occur in hydrated powdplies a crucial role of hydration in
this process. It was previously suggested thateswlaccessible amino acid side-chains might
be responsible for Hb partial unfolding (6, 7). Tdieserved changes in the dynamics of amino
acid side-chains at body temperature might be resple for an increase in surface
hydrophobicity that promotes protein associatiod aggregation (15). The trigger for Hb
aggregation would be body temperature. The expeatamhéacts presented in this work justify
this view. Diffusive motion rates of side-chains astrongly suppressed in hydrated Hb
powder as compared to Hb in concentrated solutide.concluded previously that protein
dynamics and changes in the complex macromoledotae field might be responsible for
structural rearrangements and pronounced protajreggtion above body temperature (15).
The molecular properties of Hb therefore could wheiee in this sense the macroscopic
properties of whole red blood cells (2). We ideatifa fast process in the order of some
picoseconds that is responsible for the changeemmgtry of protein dynamics at body
temperature. A sufficient level of hydration beyoonde surface layer is crucial for the
activation of this fast process.
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Figure 1. Quasielastic neutron spectra @) hydrated hemoglobin powder 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 vecta=1.8 A™.
The circles show measured data and the solid lieeepts the fit (eq. 2). The components
correspond to the elastic fraction (dashed line) twe Lorentzian (dotted line). The insets in
(a) and(b) show magnifications of the spectra.

Figure 2 (a) EISF of hydrated hemoglobin powder at the tempeeat285 K (squares) and
322 K (circles) measured on FOCU®) EISF of hemoglobin solution at the temperatures
290 K (squares) and 325 K (circles) measured onTKQH: The error bars are within the
symbols. The solid lines present the fit (eq. 3hve Gaussian distributidi(a) of radii. The
insets in(a) and(b) show the distributionfa) at the indicated temperatures for hemoglobin
powder and solution, respectively.

Figure 3: Mean valuea of the Gaussian distribution as a function of terapure of
hemoglobin in solution (filled circles) and hydrateemoglobin powder (empty circles). The
dashed and dotted lines are linear fits and sex\aeqiide for the eye.

Figure 4. Half-widths at half-maximund” of the Lorentzian as a function of scattering gect
at different temperatures of hemoglobin in soluteord 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% t0 2.56 A2,

Figure 5. Mean square displacementsa®> of hydrated hemoglobin powder measured on
IN13 (filled circles) and mean square displacemehfsst vibrational motionsu®> ., (using

eq. 1 and 2) measured on FOCUS (empty circles).eFter bars oku®>,;, are within the
symbols. The straight lines are linear fitste®> measured on IN13 below and above the
dynamical transition temperature. The energy résoiwof IN13 is 8ueV.
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