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ABSTRACT A transition in hemoglobin behavior at close to body temperature has been discovered recently by micropipette
aspiration experiments on single red blood cells (RBCs) and circular dichroism spectroscopy on hemoglobin solutions. The
transition temperature was directly correlated to the body temperatures of a variety of species. In an exploration of the molecular
basis for the transition, we present neutron scattering measurements of the temperature dependence of hemoglobin dynamics
in whole human RBCs in vivo. The data reveal a change in the geometry of internal protein motions at 36.9°C, at human body
temperature. Above that temperature, amino acid side-chain motions occupy larger volumes than expected from normal
temperature dependence, indicating partial unfolding of the protein. Global protein diffusion in RBCs was also measured and
the findings compared favorably with theoretical predictions for short-time self-diffusion of noncharged hard-sphere colloids.
The results demonstrated that changes in molecular dynamics in the picosecond time range and angstrom length scale might

well be connected to a macroscopic effect on whole RBCs that occurs at body temperature.

INTRODUCTION

The function of biological macromolecules depends not only
on their structure but also on their dynamics. Many functional
properties of proteins cannot be completely understood from
the average protein structure as determined by x-ray crys-
tallography or NMR. Reaction rates, for example, are closely
related to protein dynamics (1). Protein dynamics covers
a very large range of timescales, from fast electronic re-
arrangements in the femtosecond scale to slow protein folding
events in the order of seconds to minutes (2). Motions in the
pico- and nanosecond timescales are believed to act as a lu-
bricant for much slower protein dynamics in the millisecond
time range (3).

Below a dynamical transition temperature between 180
and 240 K, atomic motions are predominantly harmonic
(4,5). In this state, the atoms vibrate around their structural
equilibrium positions. Above the dynamical transition tem-
perature at sufficient hydration, the mean-square displace-
ments increase significantly because of the contribution of
internal anharmonic diffusive motions. These diffusive mo-
tions may contribute to the sampling of different so-called
conformational substates on a complex energy landscape
(4,5). The forces that maintain biological molecular structure
and allow atomic motions are ‘‘weak’’, because they are
similar to thermal energy at physiological temperatures (3).
The amplitudes of atomic motions are a measure of the in-
ternal macromolecular flexibility, because they correspond to
the width of the potential well in which atoms move (6). In
this picture, equilibrium protein stabilization would corre-
spond to the depth of the well (7). The dependence of mean-
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square displacements on temperature has been interpreted in
terms of an effective force constant, called ‘‘resilience’’ by
Zaccai (6), which is related to the shape of the well. Protein
thermal stability was supposed to be inversely correlated to
protein flexibility (8,9), although this point is still largely
debated (7,10). The dynamics of lysozyme has been studied
with quasielastic neutron scattering during the unfolding
process (11), and it was concluded that compared to the
folded state, the unfolded state is characterized by signifi-
cantly larger amplitudes of diffusive motion of amino acid
side chains. Protein unfolding was therefore related to a loss
of macromolecular resilience.

There is considerable evidence that protein dynamics is
strongly influenced by the local environment and the level of
hydration (8,12-14). Solvent molecules can act either as
plasticizers or stabilizers by allowing or preventing the pro-
tein groups to jump between conformational substates (15).
Water, which is the natural solvent of biomolecules, is a well
known plasticizer. Pacciaroni et al. (13) could show that in-
ternal lysozyme dynamics gets activated when the environ-
ment is altered by pure glycerol, which is a stabilizer, toward
a plasticizer by increasing the level of hydration.

The main natural environment of proteins is within the cell,
and protein function necessarily is adapted to these condi-
tions. In bacteria and eukaryotic cells, macromolecular in-
teractions are likely to be influenced by the high cellular
protein concentration (16—18). This effect, called ‘‘crowd-
ing”’, results from high-volume occupancy and steric
hindrance of the protein molecules between each other. The
free distance between macromolecules in the cell is in the
order of some angstroms (19) and intercellular water is in
close vicinity to the protein surfaces. There is much interest
and discussion about similarities and differences in structure
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and dynamics of cytoplasmic and bulk water (20). There is
still little known about how protein dynamics is influenced by
the crowded cytoplasmic environment and the special prop-
erties of cellular water. Doster and Longeville (21) have
measured the global diffusion of hemoglobin in red blood
cells with neutron spin-echo spectroscopy. They found a
reduced diffusion coefficient of hemoglobin compared to
dilute solution and attributed the reduction to direct interac-
tions between protein molecules and to hydrodynamic in-
teractions with the solvent. The authors deduced that
hydrodynamic effects dominate macromolecular transport at
high protein concentration. In recent work, Jasnin et al. have
investigated macromolecular and water dynamics in Esche-
richia coli bacteria with quasielastic neutron scattering in a
wide range of timescales (22,23). An appreciable increase in
internal molecular flexibility compared to fully hydrated
protein powders was revealed. The authors concluded that
intracellular complexity influences protein dynamics, which
is necessary for biological activity. The study of global and
internal protein diffusive motions is of importance for a
fundamental understanding of macromolecular transport and
functional protein internal flexibility in cells.

The fast trajectories in the pico- and nanosecond time-
scales can be directly accessed by molecular dynamics sim-
ulations (24) and incoherent neutron scattering (25).
Incoherent neutron scattering has the advantage that the
proteins under study are not limited to a maximum molecular
weight, samples do not have to be crystalline or even mono-
disperse. Neutrons penetrate deeply into the sample without
causing radiation damage, which makes them an ideal tool to
probe radiation-sensitive biological matter. The incoherent
scattering cross section of hydrogen atoms is one magnitude
larger than all other elements that occur in biological mate-
rial. As hydrogen atoms are uniformly distributed in proteins,
neutron scattering probes average protein dynamics. Inco-
herent neutron scattering experiments have been performed
on hydrated protein powders (25-27), protein solutions
(14,28,29), and even in vivo on whole cells (21,22,30).

Hemoglobin is the main protein constituent of red blood
cells (92% of dry weight). Its biological function is to carry
oxygen from the lungs to the tissues. The discovery of the
structure of hemoglobin by Max Perutz is one of the major
breakthroughs in the history of molecular biology (31). The
protein is a tetramer with a molecular weight of ~64 kDa. It
consists of two a-chains and two -chains, each having 141
and 146 amino acid residues, respectively. The «-chains
contain seven and the (-chains eight helices (32). Every
chain carries one heme group in a pocket, to which oxygen
and several other small molecules can bind reversibly. The
concentration of hemoglobin in the red blood cells is ~330
mg/ml (19), which corresponds to a volume fraction of 0.25.
It has become clear recently that hemoglobin at higher con-
centration shows a variety of interesting effects. Micropipette
experiments with aspirated single human red blood cells
showed a sudden passage phenomenon of the cells that is
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very close to human body temperature. A drop in viscosity of
concentrated hemoglobin solutions at temperatures higher
than the transition temperature was found and it was hy-
pothesized that protein aggregation is the cause for the cel-
lular passage effect and the drop in viscosity (33). In addition,
it was found that hemoglobin shows a pronounced loss of its
a-helical content at body temperature. To our amazement,
the transition temperatures were directly correlated to the
body temperature of a big variety of species (34,35). It was
speculated that this reflects partial unfolding of the helical
structure and goes hand in hand with an increase in surface
hydrophobicity, which promotes protein aggregation (34).

Here, we present an incoherent quasielastic neutron scat-
tering study on the temperature dependence of hemoglobin
dynamics in whole red blood cells. The experiment was
performed at temperatures between 16.9°C and 45.9°C.
Global and internal protein motions could be separated. A
change in the amplitudes of protein side-chain diffusion was
found close to human body temperature, which was attrib-
uted to partial unfolding of hemoglobin.

MATERIALS AND METHODS

Sample preparation

For neutron scattering experiments, samples of human venous blood from
healthy adults were drawn with tubes containing heparin to prevent blood
coagulation. The blood samples were suspended in HEPES buffer solution at
pH 7.4 and 290 mOsm (137 mM NaCl, 4 mM KCl, 1.8 mM CaCl,, 0.8 mM
Na,HPOy,, 0.2 mM NaH,POy,, 0.7 mM MgSO,, 8.4 mM HEPES, and 4 mM
NaOH). The cells were washed twice and collected by centrifugation at 560
relative centrifugal force (RCF) for 10 min. The supernatant was removed
together with the ‘‘buffy coat’’ on top of the cells. The washed cells and the
successively used buffer solutions were then gassed with CO to increase the
stability of hemoglobin. The cells were resuspended in TRIS buffer (20 mM
TRIS, 145 mM NaCl) at pH 5.5 and treated with neuraminidase (from
Clostridium perfringens Type VI, purchased from Sigma-Aldrich, St. Louis,
MO) to remove the glycocalyx matrix, as described elsewhere (36). After-
ward, the cells were washed in H,O HEPES buffer. To reduce the neutron
scattering contribution of the buffer, the cells were washed with D,O HEPES
buffer (pD 7.4, 290 mOsm), incubated for ~30 min, and centrifuged at
560 rcf. The washing steps were repeated until the level of H,O was estimated
to be <0.1 vol %, assuming that the H,O-D,O exchange through the cell
membrane during this time reaches a constant value. No cell lysis was de-
tected during the preparation, and the shape of the cells was checked with
optical microscopy at the end. After a final centrifugation step, the cell pellet
was sealed in a flat aluminum sample holder of 0.2 mm thickness for the
neutron scattering experiment. The scattering from the aluminum screws was
blocked using a cadmium mask. It was checked by weighting that no loss of
sample material occurred during the experiment.

Hemoglobin samples for dynamic light scattering experiments were
prepared from ~75 ul of human red blood cells taken from the finger tip with
a heparinized glass capillary. We tried to perform the light scattering mea-
surements in conditions that resembled the saline environment in the red
blood cell. Although the extracellular concentration of sodium is ~145 mM,
the intercellular concentration is only between 5 and 15 mM. Inversely, the
intracellular concentration of potassium is ~140 mM and the extracellular
concentration is ~5 mM (37). Therefore, we used potassium chloride instead
of sodium chloride for the light scattering experiments. The cell sample was
washed with buffer solution, as described above (0.1 M KCI, 61.3 mM
K,HPO4, 5.33 mM KH,PO4, pH 7.4, 290-300 mOsm). The cells were then
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hemolyzed in 200 wul distilled H,O and diluted with 800 ul buffer. The so-
lution was centrifuged twice at 20,000 RCF to remove cytoskeleton and
membrane parts. Oxyhemoglobin solutions of 4.0 mg/ml, 1.2 mg/ml, and
0.3 mg/ml were prepared and filtered twice, using 0.25-um nitrocellulose
filters, into dust-free glass scintillation vials used for dynamic light scattering
experiments. The hemoglobin concentration was determined spectrophoto-
metrically using extinction coefficients of 13.8 at 541 nm and 128 at 405 nm
for oxyhemoglobin (38).

Neutron scattering experiments

The experiment was performed on the cold time-of-flight spectrometer
FOCUS at the neutron spallation source SINQ (Paul Scherrer Institut,
Villigen, Switzerland). A detailed description of the instrument can be found
in Janssen et al. (39). The incident wavelength was set to 6 A. The g-de-
pendent elastic energy resolution ranges from 41 weV (full width at half-
maximum) at ¢ = 0.5 A~ to 61 ueV at g = 1.6 A™", as determined from a
vanadium measurement. During the experiment, we could largely profit from
the high neutron flux delivered by the liquid metal target of the MEGAPIE
project (40). Samples were measured in the temperature range 16.9-45.9°C,
in which no hemolysis occurs. All samples, including the 1-mm-thick va-
nadium slab and empty sample holder, were oriented at 135° with respect to
the incident neutron beam direction. The measured time-of-flight spectra
were corrected for empty cell scattering, normalized to vanadium, trans-
formed into energy transfer and scattering vector space, and binned into 12
groups with 0.5 A™' = ¢ = 1.6 A~". The spectra were corrected with a
detailed balance factor. Data treatment was done using the DAVE package
(41). Multiple scattering was neglected as the transmission of all samples was
between 0.9 and 0.95.

Data analysis

An exhaustive description of quasielastic neutron scattering can be found in
Bée (42). The application to protein dynamics has been reviewed in Gabel
etal. (43) and Smith (44). In concentrated protein solutions, both internal and
global diffusive motions of the proteins contribute to the measured signal. In
the case where internal and global motions are uncorrelated, the theoretical
incoherent quasielastic scattering function can be written as (42)

2, 2
Slheo(q7 (,U) = ei(x >q X SG(q7 (,U) ®Sl(q7 w)a (1)

where the scattering function Sg (g, ) corresponds to global protein mo-
tions, the scattering function Si(¢, w) to internal motions, and {(x*) stands for
the mean-square vibrational displacements. The scattering function for
internal motions can be separated into an elastic and a Lorentzian part

l FI(Q)
7 o +Ti(g)”
2

with Ag(g) the elastic incoherent structure factor (EISF) that contains
information about the geometry of internal motions. Global protein motions
are a combination of translational and rotational diffusion. A recent work by
Perez et al. (14) showed that the global scattering function for proteins in
solution can be approximated by a single Lorentzian

. l FG(Q)
SG(qv w) - aT X wz + FG(Q)D (3)

Si(g, @) = A¢(q) X 8(w) + (1 — Ag(q)) X

with the apparent diffusion coefficient ' = Dy X ¢*. This study found that
in the case of the small protein, lysozyme, the value of D,p, is 1.27 times
higher than free Brownian diffusion due to the contribution of rotational
motion. We followed the calculations given in Perez et al. (14) for the bigger
protein hemoglobin and found that the apparent diffusion coefficient is also
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1.27 times higher than an assumed free translational diffusion coefficient of
Dy=38.61 X 1077 cmz/s with a radius of R = 31 A and a rotational diffusion
coefficient given by Dy = (3D /4R?).

The theoretical scattering function then reads

—(xAq? Ao(q) I's(q) 1 —Ao(q)
I's(q) +T'i(q)
S M ) B @

where By is an inelastic background due to vibrational modes of lowest
energy (phonons) (42).

The measured data were fitted with the PAN routine of the DAVE soft-
ware package (41) using the relation

Smeas = Slheo (CI7 (1)) ®Sres (Q> (1)), (5)

in which Syes(¢g, @) is the instrumental resolution determined by vanadium.
The fits were performed over the energy transfer range from —0.75 meV to
+0.75 meV.

Here, we outline the essential steps of the calculation of the global scat-
tering function for proteins in solution: The scattering function of free
translational diffusion takes the form of

l_‘trans (Q)

e ®)

1
Strans(q7 U)) = ; X

with the diffusion coefficient Dy = I'irans X¢? (42). Rotational diffusion on
the surface of a sphere is described by the formalism developed by Sears (45).
We assume that the protein has a spherical shape of radius R, and that
hydrogen atoms are homogeneously distributed within this sphere. The Sears
model then needs to be integrated over the protein volume to correctly
account for the distribution of hydrogen atoms (14). The scattering function
for rotational protein diffusion is then (14)

ad 1 I

Sioi(q; @) = By(q) X §(w) + ;BI(Q) X p= Xm, N

with I'y = [(I+1) XD, and the rotational diffusion coefficient D, as defined
above. The integrals in the terms By(g) and Bi(g) are an extension of the
Sears model to describe the distribution of hydrogen atoms within the
protein,

R
By(q) = / A’ Xj(z)(qr) dr,

=0

B (q) = / At X (21+1) lez(qr) dr. )

=0

The term j, is the /th-order spherical Bessel function of the first kind.
Rotational and translational diffusion are assumed to be uncorrelated.
Therefore, the global scattering function Sg(¢, ) is then the convolution
of both terms, and reads

B l hd ) 1_‘tra\ns (q) + F] (Q)
So(g,@) = 2% LB4) e r T @T

The terms By(g) were integrated numerically using the mathematical soft-
ware Maple (Waterloo Maple, Waterloo, Canada) for g-values in the range
0.5-2.0 A™". The Lorentzians in Eq. 9 were summed over the experimentally
covered energy range. Depending on the radius of the protein and the
g-value, different numbers of terms are needed to reach convergence in the
infinite sum of Eq. 9. At the scattering vector ¢ = 2.0 A™, it was necessary to
include 39 terms for the small protein lysozyme, with a radius of R = 19 A
(14), and 70 terms for the bigger protein, hemoglobin, with radius R = 31 A.
The obtained global scattering function Sg(g, ) could be perfectly approx-
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imated by a single Lorentzian, as stated in Eq. 3 (data not shown). The
apparent diffusion coefficient, D,,,, was calculated from the half-widths
using I'g = Dypp X ¢* and compared to the assumed free translational
diffusion coefficient Dy, which gave the relation of Dy, /Do = 1.27.

Although incoherent scattering is predominantly due to nonexchangeable
hydrogen atoms of the protein, scattering from D,O solvent contributes
partially to the signal. The incoherent scattering cross section of human
carbonmonoxy hemoglobin was estimated from the amino acid sequence
taken from pdb file 2DN3 (46), assuming that 13% of the protons exchange
with deuterons (47). The fraction of D,0O in the sample was determined by
drying and weighting of an aliquot. These theoretical estimations give a D,O
solvent incoherent scattering cross section of ~9% of the total incoherent
scattering cross section. Even so, it still could be that D,O dynamics con-
tribute strongly to the measured signal as the characteristic relaxation times
of D,0 are mostly in the picosecond time range, whereas protein dynamics
might be slower and appear more dominant at slower timescales only, which
could be out of the accessible time-space window of the neutron spectrom-
eter. The coherent structure factor of D,O begins to increase above 0.8 A~
and reaches a maximum at ~2 A~! (48); a stronger contribution of D,0O to
the measured signal is expected at higher g-values.

To estimate the incoherent and coherent contributions of D,O to the
measured signal, we compared the measured elastic intensity of equal
amounts of D,O buffer and red blood cell sample (data not shown). The
elastic intensity of D,O is ~6% at low g-values and reaches ~10% above
1.3 A~ of the elastic intensity of the red blood cell sample. When we correct
for the fraction of D,0 in the red blood cell sample, we obtain D,O contri-
butions of 4.5% at low scattering vectors and 7.5% above 1.3 A~'. This
demonstrates that protein dynamics gives a strong signal compared to D,O
buffer at the energy resolution of 50 ueV.

Dynamic light scattering measurement

Dynamic light scattering was measured with a DAWN-EOS instrument
equipped with a quasielastic light scattering module (Wyatt Technology,
Santa Barbara, CA) in the temperature range 16.9-45.9°C. Temperature
variations never exceeded +0.2°C. The ASTRA 5 software package from the
manufacturer was used for data acquisition and calculation of the diffusion
coefficients. The instrument was used in batch mode and a~5 ml of sample
was measured in glass scintillation cells.

RESULTS
Neutron scattering

Typical quasielastic neutron spectra at 16.9°C, 31.9°C, and
45.9°C at ¢ = 1.6 A" together with the results from the fits
using Eq. 5, are shown in Fig. 1. The narrow Lorentzian
corresponds to global protein motions and the broad
Lorentzian to internal protein dynamics.

Global motions

The line widths I'g(q) of the narrow Lorentzian at the tem-
peratures 16.9°C and 45.9°C as a function of ¢ are shown in
Fig. 2 A. T's(g) does not intercept ¢> = 0, as would be ex-
pected for free translational diffusion. Above ~1.0 A~2, the
I'g values increase with ¢, and below this ¢* value the half-
widths, 'g(g), converge to a plateau I'y at ¢> = 0. We in-
terpret this as resulting from global hemoglobin diffusion
within a restricted volume formed by the neighboring protein
molecules. All protein hydrogen atoms are involved in the
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FIGURE 1 (A-C) Quasielastic neutron scattering spectra of hemoglobin

in human red blood cells at the different temperatures 16.9°C (A), 31.9°C
(B), and 45.9°C (C) at the scattering vector ¢ = 1.6 A~ Circles show
measured data and the solid line presents the fit over the energy transfer
range from —0.75 meV to +0.75 meV. The components correspond to the
narrow Lorentzian (dashed line) and the broad Lorentzian (dotted line). The
instrumental energy resolution determined by vanadium is indicated in A
(dash-dotted line).
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FIGURE 2 (A) Half-widths at half-maximum I'g of the narrow Lorentzian
as a function of q2 at T = 16.9°C (squares) and 45.9°C (circles). The line
widths reach a plateau at small ¢*, which is interpreted as global diffusion
within a confined space. The solid lines are linear fits in the g’-range
1.0—2.56 A~ that are extended to intersect the constant plateaus at smaller
¢*-values. The linear fits pass through zero (dotted lines). The dashed lines
are fits according to a jump-diffusion model in the ¢*-range 0.49-2.56 A™2.
(B) Temperature behavior of the apparent translational diffusion coefficients
of hemoglobin in red blood cells. Error bars are within the symbols. The
dashed line indicates expected normal thermal behavior according to the
Stokes-Einstein equation, with Dy (T) = kgT /67 (T) Ry, where 7(T) is
the viscosity of pure D,O and R, = 31.3 A is the hydrodynamic radius of
hemoglobin.

global motions, and the plateau in the line widths at small ¢*
therefore represents the center of mass diffusion. The model
of Volino and Dianoux was developed for free diffusion in a
restricted spherical volume of radius r (49). It is characterized
by a plateau of the half-widths I'y until ¢ < (7/r), and when
g > (7 /r) by alimiting behavior of the half-widths at large ¢
with I'(¢) = Dypp X ¢*, where D, is the apparent transla-
tional diffusion coefficient. In a preliminary, simplified, and
speculative approach we use the model of free diffusion to
describe the measured data. Especially at the lowest tem-
perature, deviations from linear behavior are visible. The
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linear fits appear more justified at higher temperatures. An
alternative interpretation with a jump-diffusion model is
presented further below.

The apparent translational diffusion coefficients, D,pp,
were calculated according to I'g(g) = Dapp X ¢* in the ¢*
range of 1.0-2.56 A~% The obtained values of D,,, as a
function of temperature are presented in Fig. 2 B. According
to the model of Volino and Dianoux (49) and the corrected
translational diffusion coefficient D yans = Dpp/1.27, the ra-
dius, r, of the spherical volume can be estimated by
r? = 4.33 X (Dyans /T0). The obtained radii lie between r =
2.1 £0.2Aat 16.9°C and r = 2.3 = 0.2 A at 45.9°C, which
are constant within the errors.

Normal-temperature behavior of the diffusion coefficient
follows  the  Stokes-Einstein  equation Dy (T) =
(ksT /67 m(T)Ry), with solvent viscosities 1(T) and hydro-
dynamic radius of the protein Ry,. The Stokes-Einstein
equation was fitted to the diffusion coefficients D, by tak-
ing literature values of the viscosities 17(T) of pure D,O (50)
and the hydrodynamic radius Ry, as a free parameter (Fig.
2 B). We obtain a value of R;, = 31.3 A, which is nearly
identical to the published hydrodynamic radius of human
hemoglobin of 31.7 A (34).

To check the validity of the Hall and Ross model (42) for
restricted jump-diffusion, we examined the behavior of the
plateau I'y at small ¢g. The sphere radius, r, is then given by
the upper limit ¢ = (7/r), at which the plateau I'y ends. This
yields radii between r = 3.4 A at 16.9°C and 4.0 A at 45.9°C,
which are on average 1.7 times bigger than the values from
the approach of free diffusion at large ¢°. Diffusion coeffi-
cients, Dyycq, Were estimated according to Digear = ((1% X
Io)/4.33) (49). We get values ranging between 13.7 X 10’
cmz/s at 16.9°C and 22.0 X 10~ cmz/s at 45.9°C. The reasons
for the discrepancy are considered in the Discussion section.

At larger q2 values, the half-widths exhibit some deviation
from linear behavior. There might be signs for saturation at
16.9°C and 45.9°C, which is less visible at high temperatures.
In the Volino and Dianoux model for restricted free diffusion,
the elementary steps of motion are assumed to be infinitely
small, and therefore the half-widths show linear behavior at
large ¢* values. In the case of elementary steps of motion with
a finite size, these steps become observable at high ¢°. A
plateau at high ¢* values is then a sign for a possible jump-
diffusion mechanism. The line widths were approximated
with a jump-diffusion model ' = (Djumpq*/(1 + DjumpqT)),
with diffusion coefficient Dj,m, and mean residence time 7
(42). The fits are presented in Fig. 2 A. The residence time on
one site between jumps is 7 = (1/I'« ), where I' is obtained
from the asymptotic behavior at high ¢, whereas I" approaches a
constant value. The I" value at high ¢ is still increasing over the
g-range examined, and has not yet reached a constant value.
Therefore, the constant value was estimated using the presented
equation of the jump-diffusion model and then extrapolated to
higher g. The behavior of the residence times, 7, can be ap-
proximated by an Arrhenius relation with 7 = 7 exp(E, /kgT)
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in the investigated temperature range. The residence times T are
presented in an Arrhenius plot in Fig. 3. We obtained a value of
E, = 6.6 = 1.8 kcal/mol for the activation energy. All values
Djump are constant within the errors and have the average value
of 12.6 = 0.2 X 1077 cm?/s.

The measured line widths at large ¢ can be approximated
with either a jump-diffusion model or the Volino-Dianoux
model for free diffusion in confined space. However, the
errors are too big to decide clearly which model is appro-
priate. A jump-diffusion mechanism seems to be more fa-
vorable at low temperatures than at high temperatures. How
far a whole globular protein with a molecular weight of 64
kDa can perform jump-diffusive motion is still not under-
stood. The diffusion coefficient is mostly determined by the
behavior of the line widths at small ¢*. The diffusion coef-
ficients were estimated from the half-widths at small ¢ in the
Volino-Dianoux model, and with an approach of free con-
fined diffusion at large ¢>. The level of the resolution ranges
between 20 eV at g = 0.5 A~ ' and 30 ueV atg = 1.6 A™!
(half-width at half-maximum). All measured line-widths are
at the lower limit of energy resolution. If limited energy
resolution should play a role, then this would influence the
low temperature data stronger as the line-widths are generally
smaller than at high temperature. At this point, we cannot
decide clearly if the plateau at high ¢*-values is an artifact or a
real feature. The obtained diffusion coefficients for free dif-
fusion should be considered rather as average values, as the
plateau at high ¢” influences the data. The validity of these
average diffusion coefficients is checked by the comparison
to expected normal temperature behavior.

Internal motions
Amplitudes

Conclusions about protein internal motions can be drawn
from the amplitudes Ag(g) and the half-widths I'j(g) of the
broad Lorentzian. Information about the average geometry of

T[°C]
494 394 29.9 21.0 12.6
T T T
100 4
N
2
-
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3.1 3.2 3.3 34 35
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FIGURE 3 Arrhenius plot of the residence time, 7, of the jump-diffusion
model for global hemoglobin motion.
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internal protein motion and the fraction of hydrogen atoms
participating in this motion is contained in the EISF, which
appears in front of the delta-function in Eq. 2. In the case of a
protein solution the delta-function for internal protein motion
is convoluted with the Lorentzian for global protein motion
(14,28). We used a pseudo-EISF, which appears as the pre-
factor A of the narrow Lorentzian in Eq. 4. The values of A,
were fitted using a model for ‘‘diffusion in a sphere’’ pro-
posed by Volino and Dianoux (49) with

Ao(g) =p+ (1 - p) X [3’61(‘”} . o

where j; is the first-order spherical Bessel function of the first
kind and a is the sphere radius. The populations of hydrogen
atoms that appear as immobile and mobile are represented by
the fractions p and (1 — p), respectively.

Molecular dynamics simulations showed that the poly-
dispersity of protein internal motions and geometries are best
represented by a free discrete distribution of sphere radii (51).
As the measured experimental results cover only a limited
g-region of Ay(q), a fit with a completely free discrete dis-
tribution of sphere radii was not feasible. A simplified model
assuming a Gaussian distribution f{a) of the sphere radii with
f(a) = (2/ov/2m)exp(—a®/20?) and the standard deviation
o as free parameter (14) gave good results. The mean value of
the sphere radius is then given by @ = oy/(2/). The fits to
the EISF, together with the Gaussian distributions, are shown
in Fig. 4, A and B. Because the model we used is a Gaussian
distribution of spheres, the EISF decays slowly with ¢ and
reaches the constant value of the immobile hydrogen fraction
only at very high g-values. The inset in Fig. 4 A illustrates this
behavior of the EISF. With increasing temperature, the
Gaussian distributions change from narrow to broad above
36.9°C. The mean radii, d, as a function of temperature are
given in Fig. 5 A. The values between 16.9°C and 31.9°C
show a slight linear increase with temperature, whereas a
kink appears at 36.9°C, with a much steeper increase at
higher temperatures. The fraction of immobile hydrogen
atoms is shown in Fig. 5 B. They are roughly constant within
the errors between 16.9°C and 39.9°C and have an average
value of 0.35 = 0.01. The values at 42.9°C and 45.9°C are
slightly above the average.

In arecent study on the dynamics of apocalmodulin, Gibrat
et al. used a lognormal distribution to describe the poly-
dispersity of protein motions and to fit the measured EISF
(52). The lognormal distribution is defined by f(a) =
(1/ao\/2m)X exp | —((In(a) — ,u,)z/Za'z)}7 where u and o
are the mean and the standard deviation of the variable’s
natural logarithm. A lognormal distribution is appropriate if
the variable is the product, whereas a Gaussian distribution is
valid if the variable is the sum of a large number of inde-
pendent, identically distributed variables.

It was shown that the radius of the sphere of diffusion of a
hydrogen atom along an aliphatic chain fixed at one end in-



Hemoglobin Dynamics in Red Blood Cells

A T T T T T T T T T T T T T T T T
('8
7]
w
0.001‘ 2 3 4 56739101112
00 " 1 I 1 n q[‘i‘.] n 1 " 1 1 1 n 1 n 1 "
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
q[A]
B 0-4 T T T T T T T T T
s
-

FIGURE 4 (A) Variation of the EISF as a function of ¢ at 16.9°C
(squares) and 45.9°C (circles).The solid and dashed lines are fits with a
model for diffusion in a sphere with a Gaussian distribution of radii. The
inset shows the slow decay of the model, which reaches the limiting value of
the immobile hydrogen fraction only at high g-values. (B) Gaussian
distribution of the sphere radius f(a) at different temperatures.

creases linearly with distance from the fixed end (53). It was
argued by Gibrat et al. that the motions of the hydrogen
atoms that are bound to a carbon atom of the aliphatic chain
are then the ‘‘product’ of the motions of the previous hy-
drogen atoms in the chain (52). In this sense, it was concluded
that a lognormal distribution would be more appropriate than
a Gaussian distribution (52) to describe the polydispersity
of hydrogen motion in the amino acid side-chains of a
protein.

In fact, we found that both a Gaussian and a lognormal
distribution for the Volino and Dianoux model could fit the
measured EISF equally well. The obtained average sphere
radii of the lognormal and Gaussian distributions were
identical within the errors and showed similar temperature
behavior, but the standard deviations of the lognormal dis-
tributions were much bigger than those of the Gaussian
distributions. Therefore, we use the results of the fits with the
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FIGURE 5 (A) Mean value, d, of the Gaussian distribution as a function of
temperature. The dashed line is a linear fit to the values between 16.9°C and
31.9°C and serves as a guide for the eye. (B) Fraction of hydrogen atoms that
appear immobile within the instrumental energy resolution. The average
value between 16.9°C and 39.9°C is indicated by the dashed line.

Gaussian distributions in the following. Fits to the EISF using
a single sphere radius gave only poor results.

Widths

The half-widths T'j(¢) of the broad Lorentzian are shown
in Fig. 6. The half-widths tend toward a constant value
of ~100 ueV for ¢> — 0. At higher ¢*-values, the line-widths
follow the behavior of a jump-diffusion model (42). At
highest ¢*-values, a plateau T',, is approached that ranges
approximately between 170 ueV at 16.9°C and 240 ueV at
45.9°C. I', corresponds to a correlation time of 7 = 1/I',
which is roughly between 3.9 ps at 16.9°C and 2.7 ps at
45.9°C. However, the determination of I'; is inaccurate and
doesn’t allow a more precise analysis.

Dynamic light scattering

The diffusion coefficients of hemoglobin in H,O buffer at the
concentrations 0.3 mg/ml, 1.2 mg/ml, and 4.0 mg/ml were
measured with dynamic light scattering in the temperature

Biophysical Journal 95(11) 5449-5461



5456

Pl | _
B i §$?§ 3 5 O
01} é%%g% J

q'[A7

FIGURE 6 Half-width at half-maximum I'; values of the broad Lorent-
zian as a function of q2 at T = 16.9°C (squares) and 45.9°C (circles).

range 16.9-45.9°C. The diffusion coefficients at infinite di-
lution were obtained by linearly extrapolating the measured
values to zero concentration. The measurements in D,O
buffer showed pronounced hemoglobin aggregation. There-
fore, the values in H,O buffer were corrected for pure D,O
and H,O viscosities (50) to estimate the diffusion coefficients
of hemoglobin in D,0 buffer.

DISCUSSION
Global motions

Hemoglobin molecules are densely packed in the cytoplasm
with intermolecular distances in the order of angstroms (19).
Suspensions of colloidal particles are well studied model
systems for such a highly crowded protein solution (54).
Colloidal particles are small enough that their motions are
governed by thermal energy and big enough that the solvent
molecules participate in the interactions only in an averaged
way. The diffusion of these colloidal particles at infinite di-
lution D, is described by the Stokes-Einstein relation. At
higher concentrations, the interactions between individual
colloidal particles become important. In this case, direct van
der Waals and electrostatic forces determine particle diffu-
sion, but hydrodynamic interactions mediated by the solvent
play an important role (55). These hydrodynamic interactions
describe how a colloidal particle moves in the flow-field,
which is determined by its neighboring particles. If a col-
loidal particle has collided and interacted directly with other
particles, the diffusion coefficient approaches a constant
value that is now termed long-time self-diffusion coefficient
Dg. The time that a particle needs to cross a typical inter-
particle distance d is referred to as structural relaxation time
7p. At timescales shorter than this structural relaxation time,
the particle moves in an approximately constant configura-
tion of the surrounding particles. This stage is governed by
hydrodynamic interactions and the displacements of the
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colloidal particle are characterized by the so-called short-time
self-diffusion coefficient Dg. The relaxation time is then
given by 7p = (d*/6D3). Beenakker and Mazur (56) first
evaluated the coefficient DS over a large range of volume
fractions. Due to configurational relaxation at long time-
scales, the long-time self-diffusion coefficient Df is always
slower than the short-time self-diffusion coefficient D3.

The values of D§ and DY as a function of the volume
fraction ¢ for noncharged hard-sphere particles were calcu-
lated by Tokoyama and Oppenheim (57), taking into account
both short- and long-range hydrodynamic interactions. Their
theory predicts experimental data of uncharged colloids at
intermediate and high volume fraction quite well. The vol-
ume fraction of hemoglobin in red blood cells is ¢ = 0.25
(19) and their calculations yield values of Dg = 0.56 X Dy
and D§ = 0.28 X Dy with the diffusion coefficient at infinite
dilution Dy,

Doster and Longeville measured the long-time self-diffu-
sion coefficient of hemoglobin in red blood cells with neutron
spin-echo spectroscopy (21) and applied for the first time in
neutron spectroscopy the abovementioned concepts of hy-
drodynamic theory to interpret their data. They found that the
long-time self-diffusion coefficient of hemoglobin was
slightly reduced compared to the predicted theoretical value.
This reduction was attributed to the influence from the pro-
tein hydration shell, which was supposed to stick to the
surface of the protein and move in a joint way.

In our work, we used the behavior of the line widths I'g(g)
of the narrow Lorentzian to gain information about the short-
time self-diffusion coefficient, the interparticle distance d,
and the residence time of hemoglobin diffusion in red blood
cells. Neutron scattering results show the dependency of the
length scale. The form of the half-widths is in agreement with
a model for confined diffusion within a restricted spherical
volume (49). At small g*-values, longer real-space length
scales become visible and the effects of the boundaries
dominate; the line widths tend toward a constant value I'y
instead of a zero intercept, and a Dg” behavior for ¢* — 0. At
large ¢*-values, the dynamic behavior at small real-space
length scales dominates. In the case of free diffusion, the
elementary steps of motions are supposed to be infinitely
small and the half-widths follow a limiting behavior of
I'(q) = D X ¢* at large ¢*. If the elementary steps of motions
have a finite size, then the half-widths tend toward an
asymptotic value, 7 = 1/I"s (42).

In our study, we calculated apparent average diffusion
coefficients for assumed free diffusion from the behavior of
the half-widths at large ¢” according to I'(¢) = Dypp X ¢*. The
temperature behavior of these apparent diffusion coefficients
is well approximated with the Stokes-Einstein equation and a
hydrodynamic radius of Ry, = 31.3 A, which is nearly iden-
tical to the published hydrodynamic radius of human he-
moglobin of 31.7 A (34). The sphere radius r of global
confined motion was estimated from the value of constant I'
at small ¢°, and the diffusion coefficients according to the



Hemoglobin Dynamics in Red Blood Cells

model of Dianoux and Volino, with 72 = 4.33 X Dyans /L. If
the assumptions are valid, then the sphere radius, r, should be
given equally by the value of ¢ = 7r/r at which the plateau 'y
ends. These sphere radii are on average 1.7 times larger than
the radii calculated using the diffusion coefficients of free
diffusion and the value of I'.

Dellerue et al. performed molecular dynamics simulations
of a globular protein. They were able to analyze amino acid
side-chain and backbone dynamics separately with a model for
diffusion within a sphere with a distribution of radii (51). The
authors calculated scattering functions from the simulations
that were comparable to neutron scattering results. They
demonstrated that only in an ideal case of diffusion in a single-
sphere with radius r does the plateau I’y end promptly at
g = 7/r. In the case of a distribution of sphere radii, the
plateau exhibits a more gradual change and ends at an apparent
smaller ¢" value than in the single-sphere case. Consequently,
if a sphere size is determined from the position of ¢’, the ob-
tained apparent sphere radius is bigger than the real average
value of the sphere radii distribution (51). For the side chains
and the backbone, the apparent sphere radii were between 1.7
and 1.8 times bigger than the average value of the distribution.

In our study, we found a factor of 1.7 between the sphere
radii obtained using the two methods, which agrees nicely
with the work of Dellerue et al. In this sense, the validity of
our approach is confirmed. Obviously, this also demonstrates
that confined global diffusion of hemoglobin in the red blood
cells is best described by a distribution of sphere radii. In fact,
recent small-angle neutron scattering work points to the ex-
istence of a higher concentration of hemoglobin close to the
internal membrane surface than on average in the cell (58). Of
necessity, the factor between apparent and average sphere
radius will depend on the precise nature of the sphere dis-
tribution. Here, we limit our discussion to the sphere radii
obtained from the value of constant I'y at small ¢* and the
average diffusion coefficients obtained from linear approxi-
mation at higher ¢*-values.

We estimated a temperature-independent radius » = 2.2 *+
0.2 A of confined global hemoglobin diffusion. This has to be
understood as the radius of the sphere in which the center of
mass of the protein moves. This is in agreement with high-
resolution neutron-backscattering measurements of protein
dynamics in whole Escherichia coli bacteria, with average
jump lengths of the protein population of 2.2 + 0.3 A at
10.9°C and 1.9 = 0.2 A at 29.9°C (22). Another neutron-
backscattering study with concentrated myoglobin solution
at @ = 0.26 found a protein jump-diffusion length of 1.4 A
(59). In that experiment, the pH was not controlled, and this
might have influenced the packing density of the protein,
leading to a slightly reduced jump length.

From our measurements, we conclude that the hemoglobin
molecules diffuse in a cage of 2.2-A radius before they in-
teract directly with the neighbor proteins. The diffusion co-
efficient Dy at infinite dilution in D,O buffer was obtained
from dynamic light scattering experiments. The theoretical
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prediction yields D3 = 0.56 X Dy = 2.85 X 10 'cm? /s at
16.9°C and Dg =5.83 X 107 7cm? /s at 45.9°C (57). From
these values, we obtain structural relaxation times ranging
from 280 to 140 ps. Even if the real short-time self-diffusion
coefficient might deviate from the theoretical predictions, the
calculations show that the structural relaxation time is in the
order of several hundred picoseconds.

We deduced the global apparent diffusion coefficient from
the line-widths of the narrow Lorentz function. The correla-
tion times of these line-widths range from 47 ps at 1.0 A~> to
150 ps at 2.56 A~ This is smaller than the structural re-
laxation time, and therefore the experimentally measured
apparent diffusion coefficients reflect short-time self-diffu-
sion behavior of hemoglobin.

The measured apparent global diffusion coefficients are
bigger than the true translational diffusion coefficients, as
they contain the contribution of rotational motion (14). Cal-
culations for free diffusion of hemoglobin at infinite dilution
give a correction factor of 1.27 between the apparent and true
translational diffusion coefficients, similar to myoglobin and
lysozyme solutions (14). However, the translational diffusion
coefficient of hemoglobin in red blood cells is strongly re-
duced compared to free diffusion (21). This is due to the high
concentration of hemoglobin and the resulting crowding ef-
fects; the correction factor can therefore serve only as an
estimate.

The apparent global diffusion coefficients of hemoglobin
were divided by 1.27 to obtain the translational diffusion
coefficients Dy.,.. The diffusion coefficients at infinite dilu-
tion were scaled by a factor of 0.56 (57) to yield the theo-
retical predictions for short-time self-diffusion. The calculated
quantities as a function of temperature are compared in
Fig. 7. The lines in the graph represent the expected
normal thermal behavior. In the temperature range investi-
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FIGURE 7 Apparent global diffusion coefficients of hemoglobin were
divided by 1.27 to obtain the translational diffusion coefficients D
(circles). The diffusion coefficients at infinite dilution were scaled by a
factor 0.56 to yield the theoretical predictions for short-time self-diffusion
Dg (squares). The dashed and dotted lines show expected thermal behavior
of the respective diffusion coefficients.
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gated, this is nearly linear in temperature. The values for
translational diffusion coefficients in red blood cells are ~1.5
times larger than those for predicted short-time self-diffusion.
An explanation could be that the concepts for noncharged
hard-sphere colloids are not fully applicable to the much
smaller protein molecules. Future studies may determine
whether the solvent can be treated as a continuum equivalently
for large colloid particles and smaller protein molecules.

Hemoglobin carries only a small total charge at the pH
values used (19) but it has a distribution of positively and
negatively charged residues on the protein surface. The in-
teractions between proteins in concentrated solution are not
expected to be described only by hard-sphere interactions.
Recent investigations using small-angle scattering and mo-
lecular dynamics simulations have shown the importance of
both attractive and repulsive interactions between proteins in
concentrated solution (60-63). How these repulsive and at-
tractive protein-protein interactions influence hemoglobin
self-diffusion in red blood cells requires further study. Doster
and Longeville argue that the hydration shell moves with the
protein and needs to be included in the volume fraction to
correctly describe hemoglobin diffusion in red blood cells
measured with neutron spin-echo spectroscopy (21). In this
way, they obtain effective volume fractions between 0.32 and
0.36. Taking into account these effective volume fractions,
the discrepancy between our measured translational diffusion
coefficients and the predicted short-time self-diffusion coef-
ficients would then be even bigger. This interesting fact could
be investigated further, in detail, by using neutron spec-
trometers with higher energy resolution to observe the
changeover from hemoglobin short-time to long-time self-
diffusion.

As discussed above, the line widths might show signs of
saturation at high ¢*-values. We calculated the residence
times between jumps by analysis with a jump-diffusion
model. Busch et al. (59) found a residence time of 80 ps at
20°C in concentrated myoglobin solution, and Jasnin et al.
(22) obtained a residence time of 590 ps at 30°C in whole
bacteria with high-resolution neutron backscattering. In our
work, we obtained residence times of 51 ps at 21.9°C and 31
ps at 31.9°C, which is close to the values for concentrated
myoglobin solution, but differs strongly from those for whole
bacteria. We obtained an activation energy of £, = 6.6 = 1.8
kcal/mol from the residence times. The residence time of
jump-diffusion of pure water cannot be described in a general
way by an Arrhenius law over a broad temperature range
(64). We applied an Arrhenius law to literature values for the
purpose of comparison for a restricted temperature range
(64). In this way, the activation energy of pure water resi-
dence times in the range between 5°C to 20°C was found to
be 6.7 = 0.5 kcal/mol. This is very close to our obtained
activation energy of hemoglobin residence times, and could
point out that hydrogen bond fluctuations are involved in
hemoglobin global diffusion. The measured line widths at
large ¢ can be approximated using either a jump-diffusion
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model or assumed free diffusion in a confined space. A jump-
diffusion model might be more favorable to describe the
measured data. However, the errors are too big to decide
clearly which model is appropriate. How far a whole globular
protein with a molecular weight of 64 kDa can perform jump-
diffusive motion is still not understood.

Global protein diffusion was estimated from the broad-
ening of the narrow Lorentzian. The experimentally mea-
sured line widths reach down to 3 eV, which corresponds to
correlation times of 200 ps. Usually, any motions that
result in line widths smaller than the Gaussian resolution
function—in our case, 25 eV on average (half-width at half-
maximum)—are considered to produce elastic scattering. It
was shown by Perez et al. (14), and verified by Russo et al.
(28), that for protein solution this is not the case. Global
protein diffusion results in detectable line widths that are
even smaller than the instrumental resolution itself. However,
it should be noted that a Lorentzian has a significantly wider
tailing than the Gaussian resolution function, which facili-
tates detection of small line widths.

Internal motions

Internal protein dynamics covers a very broad distribution of
timescales, with motions ranging from the pico- to nano-
second scale up to the millisecond range. Fast internal mo-
tions in the picosecond time range are contained within the
measured broad Lorentzian, whereas slow motions that
cannot be resolved by the instrument contribute to the elastic
part in the internal scattering function. Therefore, the ex-
tracted quantities yield only phenomenological information
about average internal dynamics. Nevertheless, the obtained
information is valid for studying changes in the average in-
ternal dynamics as a function of temperature. We gained
information about the geometries from the analysis of the
EISF.

Micropipette experiments with aspirated single human red
blood cells revealed a sudden change in the behavior of the
cells from blockage of the pipette below Tpipeye = 36.4 =
0.4°C to easy passage above. The transition temperature
Tpipete Of cell passage was surprisingly very close to human
body temperature. The effect was interpreted as a pronounced
reduction in the viscosity of concentrated hemoglobin solu-
tion at Tpipeye (33). Further studies with circular dichroism
(CD) investigated changes in the protein secondary structure
around the transition temperature. A partial loss of a-helical
content was found at temperature Tcp = 37.2 * 0.6°C (65).
The loss of hemoglobin a-helical structure at a specific Tcp
was also observed for hemoglobin molecules of a large va-
riety of different species (34,35). To our surprise, the tran-
sition temperatures Tcp were directly correlated to the body
temperature of the animals, ranging from 34°C for the duck-
billed platypus to 42°C for a bird, the spotted nutcracker. It
was excluded that the partial loss of protein structure at Tcp
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results from irreversible protein denaturation that occurs at
distinctly higher temperatures. Independent of these experi-
ments, two-dimensional infrared correlation spectroscopy
suggested a structural perturbation stage of bovine hemo-
globin between 30°C and 44°C (66). The observed pertur-
bations were assigned to hydrogen-bonded extended chains
that connect the helices. It was concluded that the passage
transition of red blood cells is caused by hemoglobin mole-
cules and that the observed small structural changes of he-
moglobin at Tcp might be the cause of the drop in viscosity at
TPipette (67)

In our work, we were able to determine the mean radius, 4,
of the distribution of spheres in which the mobile protein
protons—in the model used, mostly hydrogen atoms in side
chains—diffuse. The mean radii increase linearly between
16.9°C and 31.9°C due to higher thermal amplitudes. At
36.9°C and higher temperatures, the mean radii deviate from
the low-temperature linear behavior and increase with a
significantly steeper slope. This pronounced increase in av-
erage sphere size is interpreted as partial unfolding of he-
moglobin, which begins at human body temperature.

In the partially unfolded state, the side chains can move in
a larger space compared to the more compact low-tempera-
ture state. At 45.9°C, the accessible volume is around three
times bigger than at 31.9°C. The fraction of immobile pro-
tons, p, remains roughly constant within the errors; only at
42.9°C and 45.9°C is p slightly above the average. Hydrogen
atoms that move so slowly that they contribute to the im-
mobile fraction p are mainly located in the protein interior
and in the protein backbone; amino acids toward the exterior
and on the surface of the protein contribute mostly to the
mobile fraction (51).

It was proposed that aggregation of hemoglobin in red
blood cells occurs above body temperature and that an in-
crease in surface hydrophobicity could be the reason for this
(34). At first sight, the aggregation effect at 36.9°C seems to
be in contradiction to the observed larger volume of side-
chain diffusion above this temperature. The observed change
in side-chain mobility might reflect structural rearrangements
that cause the increase in surface hydrophobicity. In this way,
the observed dynamical and structural changes in the pico-
second time range and angstrom length scale could influence
protein-protein interactions in the crowded cell environment.
The cooperative effects of the protein interactions would then
cause the measured passage effect of whole red blood cells
seen with micropipette experiments. This might be an in-
triguing example of how atomic effects influence macro-
scopic properties of whole red blood cells.

The onset of protein aggregation also might be the cause
for the small increase in the fraction of immobile hydrogen
atoms at 42.9°C and 45.9°C. Although the majority of ex-
ternal protein side chains can access a larger space at these
temperatures, a small side-chain fraction might get slowed
down due to strong protein-protein interactions. The hydro-
gen atoms of these slowed-down side chains could then
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contribute to the fraction of immobile protons. Removing the
protons from the average would also lead to a larger sphere
radius in the Volino-Dianoux model.

Because the immobile proton fraction p changes only
slightly as the mean radii increase strongly above 36.9°C, we
conclude that the observed changes in mobility occur mostly
in amino acid side chains on the hemoglobin surface. If hy-
drogen atoms in the protein interior were involved during
partial unfolding, then we would expect more pronounced
changes in p. Large changes in p go hand in hand with protein
unfolding and denaturation (28,52,68) when internal side-
chain and backbone hydrogen atoms become more mobile. In
this case, the immobile fraction approaches zero in the un-
folded state. Our results confirm that the internal structure of
hemoglobin unfolds only partially and does not denature
completely in the investigated temperature range.

It is not yet known whether the observed effects of he-
moglobin around body temperature are related to hemoglobin
function in the human body. The temperature close to the
core of the human body is some degrees Celsius higher then
in the extremities. Whether and how hemoglobin function
and the properties of red blood cells are influenced by this
temperature difference is still an open question.

CONCLUSIONS

We have used incoherent quasielastic neutron scattering to
measure the dynamics of hemoglobin in whole human red
blood cells around body temperature. In our approach, we
were able to separate global protein diffusion from internal
hemoglobin motions. We complemented our neutron ex-
periments with dynamic light scattering measurements to
obtain the diffusion coefficient of hemoglobin at infinite di-
lution. Theoretical predictions for concentrated suspensions
of noncharged hard-sphere colloids were used to compare the
global diffusion coefficients of hemoglobin in red blood cells
with hemoglobin diffusion coefficients at infinite dilution.
The values of the hemoglobin diffusion coefficients in the
cells are in the order expected for short-time self-diffusion.
The hemoglobin molecules are trapped in cages formed by
neighboring proteins. The cage radius is in agreement with
results of neutron backscattering studies on the average
protein population in Escherichia coli cells and in concen-
trated myoglobin solutions (22,59). Internal protein motion
was analyzed with a model for diffusion in a sphere with a
distribution of radii. At temperatures >36.9°C, amino acid
side-chain motions occupy larger volumes than expected
from normal temperature dependence. These results indicate
partial unfolding of hemoglobin at around human body
temperature, which is in agreement with the results of CD
experiments (1,3,47). It was deduced that these changes are
caused mostly by amino acid side chains toward the exterior
and on the surface of the proteins. Micropipette experiments
with single red blood cells found a passage phenomenon
from complete blockage of the pipette below body temper-
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ature to sudden passage at higher temperatures. It was sug-
gested that intracellular hemoglobin aggregation at temper-
atures above human body temperature is responsible for this
passage effect (33). The observed changes in the geometry of
amino acid side-chain motion at body temperature could re-
flect an increase in surface hydrophobicity, which might
cause an increase in protein-protein attraction and thus lead to
protein aggregation. Further studies on hemoglobin interac-
tions in red blood cells would help to shed light on this issue.
It is still unknown whether the changes in the behavior of
hemoglobin at body temperature are necessary for hemo-
globin function in the human body. Protein dynamics and
structural changes in the picosecond time range and angstrom
length scale might be connected to a macroscopic effect of
whole red blood cells.
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