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ARTICLE INFO ABSTRACT

Background: Dynamics in haemoglobin from platypus (Ornithorhynchus anatinus), chicken (Gallus gallus
domesticus) and saltwater crocodile (Crocodylus porosus) were measured to investigate response of conforma-
tional motions on the picosecond time scale to naturally occurring variations in the amino acid sequence of struc-
turally identical proteins.

Methods: Protein dynamics was measured using incoherent quasielastic neutron scattering. The quasielastic
broadening was interpreted first with a simple single Lorentzian approach and then by using the Kneller-Volino
Brownian dynamics model.

Results: Mean square displacements of conformational motions, diffusion coefficients of internal dynamics and
residence times for jump-diffusion between sites and corresponding effective force constants (resilience) and ac-
tivation energies were determined from the data.

Conclusions: Modifications of the physicochemical properties caused by mutations of the amino acids were found
to have a significant impact on protein dynamics. Activation energies of local side chain dynamics were found to
be similar between the different proteins being close to the energy, which is required for the rupture of single
hydrogen bond in a protein.

General significance: The measured dynamic quantities showed significant and systematic variations between the
investigated species, suggesting that they are the signature of an evolutionary adaptation process stimulated by
the different physiological environments of the respective protein.
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1. Introduction

Haemoglobin (Hb) is the main macromolecular component of red
blood cells. Its biological function is to transport oxygen from lung to
tissue, where it is needed for metabolism. Hb from higher species is
assembled into a tetramer with a molecular mass of approximately
64 kDa. The tetramer is composed of two so-called a-chains and two
3-chains, which are not identical but structurally very similar. From
this perspective Hb can be seen as a dimer of dimers. Each chain is pre-
dominantly composed of a-helices and holds one heme group in a cav-
ity, to which oxygen and several other small molecules can bind
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reversibly. Binding and release of oxygen to Hb is highly cooperative
[1]; it enables oxygen saturation in the lungs and an efficient deposition
in the capillaries. Hb also served as a prototype for the investigation of
an allosteric mechanism in proteins [2-4].

In more recent studies, circular dichroism and dynamic light scatter-
ing experiments revealed a direct correlation of a partial unfolding tran-
sition with body temperature of different species [5,6]. The transition is
accompanied by an onset in protein association. Interestingly, the inter-
pretation emerged that the effect is caused by specific physicochemical
properties of the Hb macromolecules in a way that each protein acts as a
molecular thermometer adapted to the respective body temperature of
the species [7]. Temperature dependent micropipette aspiration exper-
iments on single human red blood cells revealed a passage transition
through a narrow capillary in a narrow temperature range close to
human body temperature, following a phase transition in the highly
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concentrated Hb solution in the cells from a gel-like to a fluid state [8]. It
was suggested that the loss of secondary structure content and the
onset of protein aggregation [9], effects occurring on a molecular level,
could be at the origin of the phase transition and cause the macroscopic
cellular effect [7]. In a previous study we have investigated the
dynamics of human Hb in whole red blood cells [10,11] and the role of
hydration on these motions [12] by neutron spectroscopy. Results re-
vealed a correlation between protein resilience, melting temperatures
and average body temperatures of Hb from different species on the
nanosecond time scale [13].

The biological function of Hb is determined by its three-dimensional
structure and dynamics, which play an equally important role. Molecu-
lar forces need to be sufficiently strong to keep the protein in the folded
conformation and to prevent unfolding, while a certain flexibility of the
structure is necessary for biological function [14]. In Hb and the struc-
turally related myoglobin, for example, there does not exist a static
channel through which the oxygen can move directly to its binding
site at the heme group. Instead, the oxygen molecule diffuses through
a pathway of transient channels, which open and close as a consequence
of dynamic conformational rearrangements [15]. A static Hb structure
without conformational flexibility would not be biologically active.
Dynamics in biological macromolecules occur over a very broad range
of time scales [16]: Fast motions of amino acid side chains and meth-
yl groups happen on the picosecond time scale, while slower
reorientations of whole side chains, fluctuations of the backbone
and of secondary structure elements extend into the nanosecond
time range. Diffusive motions of whole protein domains occur at
times from some tens up to hundreds of nanoseconds, whereas fold-
ing and assembly of a protein into its correct three-dimensional
structure occurs on the micro- to millisecond level. Neutron spectrosco-
py is a well-suited and established technique to probe the dynamics of
biological macromolecules on the picosecond to nanosecond time scale
[17,18]. Incoherent quasielastic neutron scattering (QENS) yields the
relevant information about the spatial extent and the relaxation times
of the molecular motions as a function of the scattering vector [19].
The incoherent scattering cross section of hydrogen is the largest of all
elements that occur in biological matter including deuterium [20].
Therefore, hydrogen atoms are reporters for average protein dynamics
as they are uniformly distributed in biomacromolecules. The character-
istics of the neutron time-of-flight spectrometers in this study allowed
the investigation of protein motions with relaxation times of up to
several tens of picoseconds and amplitudes of some Angstroms.

In this article we report on a comparative QENS study of picosec-
ond dynamics of Hb from platypus (Ornithorhynchus anatinus),
chicken (Gallus gallus domesticus) and crocodile (Crocodylus porosus)
Hb measured by neutron time-of-flight spectroscopy. The scientific
aim was to investigate if picosecond dynamics in the proteins are
sensitive to the physicochemical differences caused by modifications
in the amino acid sequences. The different dynamic parameters ex-
tracted showed clear differences between the investigated species
that might reflect adaptation to the physiological environment of
the proteins.

2. Material and methods
2.1. Sample preparation

Blood samples of platypus, chicken and saltwater crocodile were
obtained from live animals. Red blood cells were harvested by centrifu-
gation and washed several times with isotonic buffer. The platypus red
blood cells were then lysed by adding distilled water and centrifuged at
20,000 relative centrifugal force (rcf) to remove membrane fragments.
Crocodile and chicken red blood cells are nucleated and were lysed
with a lysis buffer (0.5% Tris—HCl at pH 7.5) to avoid breaking the nucle-
ar membrane. Nuclei were separated by centrifugation at 2800 rcf and
the supernatant was consecutively spun at 20,000 rcf. The Hb solutions

were dialysed against distilled water before lyophilization. The dried Hb
powders were dissolved in 99.9% D,0 incubated for half a day to ex-
change the labile H atoms and before being freeze dried. For the neutron
experiments, highly concentrated Hb solutions corresponding to
protein concentrations of 570 mg/ml using the reported specific partial
volume of Hb 0.75 cm?/g [21] were prepared. The dry Hb powders were
placed in flat 0.3 mm thick aluminium sample holders. D,0 buffer (0.1
M K], 61.3 mM K,HPOy, 5.33 mM KH,POy,4, pD 7.4) was then added to
a level of 1.1 g D,0/1 g Hb. The comparatively large amount of D,0
was chosen as we showed before that one hydration layer, which is typ-
ically used in hydrated powder samples, is not sufficient to activate all
conformational fluctuations in proteins [12,13]. The sample holders
were then hermetically sealed and incubated in the fridge at ~6 °C to
allow for equilibration of the humidity. The amounts of Hb in the sample
cells were: 101 mg for platypus Hb, 202 mg for chicken Hb, and 152 mg
for crocodile Hb. It was checked by weighing that no loss of sample
material occurred during the neutron scattering experiments.

2.2. QENS experiments

The experiments were performed on the cold neutron time-of-flight
spectrometers IN6 at the Institut Laue-Langevin (ILL, Grenoble, France)
[22], TOFTOF at the Heinz Meier-Leibnitz Zentrum (MLZ, Garching,
Germany) [23], and FOCUS at Paul Scherrer Institut (PSI, Villigen,
Switzerland) [24]. On IN6 and TOFTOF the incident wavelengths were
set to 5.1 A. An incident wavelength of 5.0 A was chosen on FOCUS.
On TOFTOF the chopper speed and the chopper ratio were set to
12,000 rpm and 4, respectively. The settings resulted in similar energy
resolutions of approximately 100 peV (full-width at half-maximum)
and an identical covered scattering vector range on all spectrometers.
All samples, including the vanadium slab and empty sample holder,
were oriented at 135° with respect to the incident neutron beam
direction. The measured spectra were corrected for energy dependent
detector efficiency, empty cell scattering, normalized to vanadium,
and transformed into energy transfer and scattering vector space. The
spectra of the individual detectors were binned into groups for better
statistics. Multiple scattering was neglected as the transmissions of all
samples were around 0.9. The incoherent scattering cross section ratio
of Hb in the concentrated solutions was estimated to be >96% [12], so
that we could neglect the contribution of D,0 solvent to the measured
data.

2.3. QENS data analysis

A thorough description of the QENS technique can be found in the
book of Bée [19]. In general, the theoretical incoherent quasielastic
scattering function S(q, ®) due to diffusive molecular motions in soft
condensed matter can be written as [19]

N
5(q.@) = Ag(q) x 6() + > Ay(q) x L(q, ), (1)

n=1

where Ag(q) is the elastic incoherent structure factor (EISF), which
contains detailed information about the geometry of molecular motions
that are confined with respect to the length-time resolution of the
spectrometer; the following summation describes the quasielastic
broadening interpreted as N Lorentzians, the number N depending on
the model chosen.

In the simplest model, the QENS spectra can be interpreted
according to Eq. (2).

5(q,0) = Ag(q) x 6(w) + (1=Ag(q)) x L(q, @), @)

where the first term is the elastic scattering dominated by hydrogen
atoms that are localized within the length-time scale of the
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experiment and one effective Lorentzian is fitted to the quasielastic
broadening [17]. The Lorentzian has the form

1w
MO G + g °

where I'(q) is the half-width at half-maximum. The scattering function
S(q, ) plus linear background B(®) was convoluted with the instrumen-
tal resolution function S,.s(q, @) and fitted to each measured spectra S(q,
) meas (individual fitting procedure) according to

Smeas(@,0) = [ exp(— (¥ )0°) x 5(0, ) + B@)|®S,(q. ). (@)

Mean square displacements of fast vibrational motions (x,;?) were
taken into account by a Debye-Waller factor. The fits were performed
over the energy transfer range from — 1.5 meV to + 1.5 meV. Each in-
strumental resolution function S,.s(q, @) was determined by measuring
a vanadium standard sample.

In an alternative approach, the data were fitted by a model due to
Kneller-Volino [25,26] applying a Gaussian localization function for
the diffusing particles. The theoretical scattering function for Brownian
dynamics in a quasi-harmonic potential is given by

i 1 (nhDeff/<x2 )
5(6,@) = Ag(@)5(@) + 3 Ay(@) X Y : (5)
n (nhDeff/ <x2>> + (hw)?
with
Ag(@) =e )7 (1—p) +p (6)

as the EISF and the prefactors

Anlq) = e‘<x2>qz<1—p)m %

n!

of the Lorentzians describing the quasielastic broadening [25,26]. D is
an effective diffusion coefficient for the observed molecular motions.
The fraction p needs to be included to account for hydrogen atoms
that move too slowly to be resolved in the time scale of the spectrome-
ter and will therefore appear to be immobile. Their scattering function is
constant with q. In the case that the granularity of molecular motions
becomes visible by the spatial resolution of the neutron spectrometer
the diffusive motions are better described by a scenario of small jumps
between different sites with a residence time T between each jump. In
that case the g-dependence of the effective diffusion coefficient can be
described effectively by the jump-diffusion mechanism with

D

— _ 8
1+ Dg?t ®)

Dy (q)

and the jump-diffusion coefficient D and the residence time 7 [19,26].
During data analysis the model for Brownian dynamics in a quasi-
harmonic potential was convoluted with the resolution function and
fitted simultaneously to the whole data set (global fitting procedure)
including a Debye-Waller factor for vibrational motions and a linear
background for each spectrum as in Eq. (4). The summation was
performed up to N = 50, above that limit no changes in the fits were
observed. In the case that the diffusive motions would be described by
a g-independent diffusion coefficient, the fits would have converged
with 7 — 0.

Effective force constants <k’> were determined from the slope of
<x*> versus temperature according to

0.00046

( ,>:W 9)

[14,27], and from the Kneller-Volino model with respect to the shape of
the confining Gaussian function [25]. The units of <k’> are in N/m when
<x*>isin A? and Tis in K.

2.4. Multiple sequence alignments

Protein amino acid sequences were obtained from the NCBI
gene and protein databases (human Hb HBA_HUMAN P69905
and HBB_HUMAN P68871; platypus Hb HBA_ORNAN P01979 and
HBB_ORNAN P02111; chicken Hb HBA_CHICK P01994 and HBB_CHICK
P02112; crocodile Hb HBA_CRONI P01998 and HBB_CRONI P02129).
Multiple sequence alignments were performed using the CLUSTAL W
software [28]. The a-helical content of the subunits was calculated
using the Jpred3 secondary structure prediction server [29].

3. Results

The dynamics of the different samples in the picosecond time-scale
was studied using various neutron time-of-flight spectrometers:
platypus Hb was measured on TOFTOF at MLZ, chicken Hb on the
instrument IN6 at ILL, and crocodile Hb on the FOCUS spectrometer
at PSI. All neutron spectrometers were operated using similar energy
resolutions, thus, being sensitive to the same dynamic processes.
Representative QENS spectra of the different samples at the scatter-
ing vector ¢ = 1.8 A= are shown in Fig. 1.

First, we describe the analysis of the QENS data using Eq. (2). The
measured spectra could be well described with a 6-function and one
phenomenological Lorentzian for the quasielastic broadening plus flat
background. The flat background accounts for low frequency vibrational
motions. The contribution and g-dependence of the background is very
similar between the three different samples at the same temperatures.
As an example, we show the g-dependent relative contribution of the
background at different temperatures for platypus Hb in Fig. 2. The
background increased as a function of g2, as it is expected for vibrational
motions.

The phenomenological EISFs, which contain information about the
amplitudes of motions of the different samples, are shown in Fig. 3 at
selected temperatures. The EISF could be interpreted well using the
Gaussian approximation according to

Ao(@) = &7 (1—p) 1 p, (10)

where <x*> is the mean square displacement (MSD) of the observed
motions and p is the fraction of protons, which are too slow and appear
as immobile within the time resolution of the neutron spectrometer.
The theoretical function deviates slightly from the EISF at the highest
temperatures. It was pointed out that the shape of the EISF of proteins
can be better described by a <x*> distribution instead of a single average
MSD value [12,30-33]. This is certainly the case considering the hetero-
geneity of protein dynamics. However, for the analysis of Hb dynamics
in the picosecond time scale described in this work using a <x>> distri-
bution instead of a single average <x*> does not improve the quality of
the fits. Therefore, for simplicity we chose the standard Gaussian
approximation for the interpretation of the EISFs.

The obtained MSD and the fractions of immobile hydrogens of all in-
vestigated samples are shown in Fig. 4. Effective force constants <k’>
were determined from the temperature evolution of the MSD in tem-
perature ranges below and above the body temperatures of platypus
Hb and chicken Hb (vertical dashed lines in Fig. 4). The results are
summarized in Table 1.

The half-widths I'(q) of the quasielastic broadening of the samples
are presented in Fig. 5 as a function of the squared scattering vector g°
for selected temperatures. The measured half-widths are not constant
but show a strong g*-dependence especially at higher temperatures.
The half-widths do not intercept zero but approach a constant value at
q* — 0 which results from the effect of confinement on the observed
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Fig. 1. Quasielastic neutron spectra at the scattering vector g = 1.8 A~ (A) platypus Hb at 285 K, (B) chicken Hb at 286 K, and (C) crocodile Hb at 285 K. The circles are measured data and
the black solid line presents the total fit to the data. The components correspond to the elastic fraction (red dashed line), the Lorentzian (green dotted line) and the linear background (blue
dashed-dotted line). The insets in the figures show the data in a log-log plot to illustrate the quality of the fits.

dynamics [19]. The broadening of the half-widths can be described
phenomenologically by a simple jump-diffusion model according to

2
I — qu (11)
1+ Dg°T
with the residence time between jumps 7 and the jump-diffusion coef-
ficient D [19]. The fits shown in Fig. 5 using that model were performed
in the g*-range between 0.64 and 3.24 A~2. The diffusion coefficients
and residence times of the diffusive internal motions obtained from
the HWHM are given as Arrhenius plots in Fig. 8A and C, respectively.
Activation energies were extracted from the temperature behaviour of

the diffusion coefficients and of the residence times and are given in
Table 2. Jump-lengths | were calculated according to

| =/6Dr (12)

and are given in Fig. 8E.

In summary, the behaviour of the EISF and of the quasielastic
broadening is in agreement with localized diffusive motions within
the protein.

As the simple approach following Eq. (2) demonstrated that local-
ized diffusive motions are observed, we tested if the Kneller-Volino
model for Brownian dynamics in a quasi-harmonic potential would
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Fig. 2. Contribution of the flat background to the measured spectra. Data shown are from
platypus Hb measured on TOFTOF. The solid lines indicate the g>-dependence.

allow further information to be derived from the quasielastic broaden-
ing. The theoretical model function (Eq. (5)) was fitted simultaneously
to the whole dataset at each temperature (global fitting procedure).
The free parameters for the diffusive motions in confinement were the
MSD, the fraction of immobile hydrogens, the diffusion coefficient and
the residence time between jumps. In the case that the diffusive mo-
tions would be described by a g-independent diffusion coefficient, the
fits would have just given a value of 7 — 0. The theoretical model
gave an excellent description of the measured QENS of all investigated
samples. As a representative example the fit with the model and the ex-
perimental data of platypus Hb at 303 K are shown in Fig. 6. The obtain-
ed <x*> from the samples are given in Fig. 7. In contrast to the simple
one Lorentzian analysis described in the previous section the MSD are
not only determined from the EISF, but from the full QENS spectra. Effec-
tive force constants <k’> were determined from the slope of the <x*>
versus temperature and are compared in Table 1 to the force constants
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Fig. 3. Elastic incoherent structure factor obtained from the simple one Lorentzian analysis.
The solid lines are fits with the Gaussian approximation. (A) Platypus Hb, (B) chicken Hb,
(C) crocodile Hb.
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Fig. 4. (A) Mean square displacements and (B) fractions of immobile hydrogens obtained
from the simple one Lorentzian analysis. The errors are smaller than the symbols. The ver-
tical dashed lines in (A) indicate the body temperatures from platypus and chicken at
306.2 and 314.2 K (33 and 41 °C), respectively. The solid and dotted lines in (A) are linear
fits to the data.

determined from the simple one Lorentzian analysis. The diffusion
coefficients, residence times of the diffusive internal motions and
jump-lengths obtained with the Brownian model are given in Fig. 8B,
D and F, respectively. Activation energies were extracted from the tem-
perature behaviour of the diffusion coefficients and of the residence
times and are given in Table 2.

4. Discussion

The structures of human and chicken Hb have been solved by X-ray
crystallography showing a high structural similarity of both proteins
[34,35]. The crystal structures of salt water crocodile and platypus Hb
are not available. The amino acid sequence of salt water crocodile is
not published. As a compromise, we used the amino acid sequence of
the Nile crocodile, which is a very close relative [36]. Both crocodile pro-
teins are expected to be similar in their sequences and in their second-
ary structures. The aligned sequences and the predicted a-helical
regions of all proteins are shown in Fig. 9. Seven a-helical regions are
predicted both for the a- and B-subunits of the proteins. Note that the
crystal structures show eight helices. The length and location of the
predicted regions are nearly identical for all proteins. The sequence
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Table 1
Effective force constants obtained from the measured mean square displacements.

<k'> (N/m) <k’> (N/m) <k’> (N/m) <k’> (N/m) Brownian

low temp. range high temp. range Brownian oscillator oscillator high temp. range
Platypus Hb 0.038 + 0.004 0.017 £ 0.001 0.0227 + 0.0003 -
Chicken Hb 0.048 4 0.002 0.016 + 0.001 0.039 + 0.002 0.021 + 0.002
Crocodile Hb 0.0208 + 0.0001 - 0.0215 + 0.0002 -

alignments demonstrate that all proteins share a large amount of similar
and identical amino acids. However, there are also a considerable num-
ber of non-similar amino acids distributed in the sequences. Regions
with a larger number of non-similar amino acids are located before
and in the first predicted helix of the o -and -subunits, in the small
loop between the predicted helices F and G of the a-subunit and in
the large loop between the predicted helices C and D of the 3-subunit.

In previous work we investigated the dynamics of human Hb in red
blood cells and as concentrated solution using QENS [10,12]. It could be

>

¢ 330.0K
= 300.0K

0 1 I 1 I 1 l 1
0 1 2 3 4

q° (A%)
Fig. 5. Half-widths at half-maximum I of the Lorentzian as a function of the scattering vec-

tor. The solid lines are fits according to a jump-diffusion model in the range of 0.64 < ¢*
< 3.24 A=2 The horizontal solid lines indicate the region of constant half-widths.

shown that human Hb undergoes a softening above human body tem-
perature [7], which is visible by a break in the amplitudes of motion
close to that temperature. The softening of human Hb is accompanied
by a loss of secondary structure, which occurs at body temperature [5,
6]. That loss of secondary structure content at body temperature was
not found to be limited to human Hb, but also occurs in Hb from a
large variety of different species [5,6]. On the picosecond time-scale
the structure of human Hb at temperatures above body temperature
was found to be less resilient (softer) than the low temperature confor-
mation. Body temperature sensing appears to be imprinted into the
physical properties of Hb [7]. Thermal stability, for example, of platypus
Hb is significantly reduced compared to chicken and crocodile Hb,
which both have similar thermal stability [13]. That behaviour was
found to be correlated with weaker forces in platypus Hb as compared
to the more thermostable chicken and crocodile Hb on the 0.1 ns
time-scale [13].

In this study we investigated, if picosecond dynamics of other
members of the Hb family also show characteristic features. Motions
of non-exchanged hydrogens are seen by QENS. In the experimentally
accessible time window these non-exchanged hydrogens act as reporter
atoms for the diffusive motions of amino acid side chains. Side chain
motions in proteins contain a strong non-vibrational liquid-like diffu-
sive and confined component. That observation was found by neutron
scattering [37] and confirmed later by computer simulations [38,39].
More recently it was also shown by NMR [40]. Pure vibrational motion
is contained in our models by a Debye-Waller factor as a prefactor of
the equations. Therefore, the reported mean square displacements in
our manuscript report on the confined liquid-like diffusive motions. It
has been shown in a large number of publications that the quasielastic
broadening of proteins measured by neutron time-of-flight spectrosco-
py can be described effectively by a single Lorentzian [41-49]. The
model of a simple single Lorentzian is in that sense useful and justified,
as it allows a direct comparison of the different experimental results. In
a first approach we interpret the observable motions in terms of a phe-
nomenological average relaxation process, which can be described by a
single Lorentzian. Our results should be considered as phenomenologi-
cal results. It is, however, in general completely unrealistic to assume
that all dynamic processes in proteins are characterized only by a single
relaxation rate. Mean square displacements, for example, measured by
neutron scattering depend very strongly on the instrumental energy
resolution [50,51]. The present study concerning fast picosecond dy-
namics in Hb is a continuation of previous work, where we investigated
the dynamics of Hb from different species on the slower 0.1 ns time
scale [13].

The <x?> and the fraction of protons participating in the observed
picosecond motions, compare Fig. 4, show clear differences between
the investigated samples. Fewer hydrogen atoms participate in the

Table 2
Activation energies from Arrhenius plots of the residence times and diffusion coefficients
of fast diffusive motions from the jump-diffusion model and the Brownian oscillator.

E, 7 (kJ/mol) E, D (kJ/mol) E, 7 (kJ/mol) E, D (kJ/mol)

jump-diff. jump-diff. Brown. osc. Brown. osc.
Platypus Hb 41+03 115+ 05 53+ 04 119 + 03
Chicken Hb 42 4+ 0.2 91 +£03 47 £ 0.2 94 + 0.1
Crocodile Hb 46 + 0.2 79 £ 03 6.4 + 0.1 9.1 £ 0.1



image of Fig.�5

A.M. Stadler et al. / Biochimica et Biophysica Acta 1840 (2014) 2989-2999 2995

20 T T T I T | T

>

-1.5 rl1 -0.5 CI) 0.5 I1 1.5
Energy transfer (meV)

T !|| T T T TTT \I T T T LU ||
B 10 =
f =
- 3
=' gl
p _
S -1
—_
S oip E
o ]
~— 1
wn ]
0.01 -
R ——) i . T S 1
i 1 11 Ilr 1 | N I 1 1 1s.l 111 L-.\-I+'—
i 0.01 1

0.1
Energy transfer (meV)

Fig. 6. (A) Measured QENS spectra of platypus Hb at 303 K. Solid black lines are fits with
the analytical model for Brownian diffusion in a harmonic potential. (B) Log-log plot of
the same data to show the quality of the fits of the quasielastic broadening. The red dashed
lines are the elastic and the green dotted lines are the quasielastic components of the fit.
The blue dashed-dotted lines are linear background.

observed motions in crocodile Hb than in platypus and chicken Hb. That
observation goes in hand with a lower flexibility of crocodile Hb com-
pared to platypus and chicken Hb over the whole temperature range.
The flexibility of platypus and chicken Hb is nearly identical at tem-
peratures below around 305 K, but differences at higher temperatures
emerge, which result in a nearly temperature independent offset of
A<x* = 0.23 A between both proteins above 315 K. The MSD of
both proteins increase linearly up to the body temperatures of the
animals. An inflection in the <x?> is visible, which is shifted by a temper-
ature offset AT of approximately 10 °C between platypus and chicken
Hb. The inflection is better visible for chicken Hb, but weak and rather
smooth for platypus Hb. The locations of the inflection points correlate
approximately with the reported average body temperatures of 33
and 41 °C(306.2 and 314.2 K) for platypus and chicken [5], respectively,
and the temperature offset AT corresponds to the difference between
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Fig. 7. Mean square displacements of the investigated samples obtained by using the
model for Brownian diffusion in a harmonic potential. The lines are linear fits to the
<x%>, the dotted line indicates a change in slope of the <x?>> from chicken Hb at high
temperatures.

both body temperatures. A similar behaviour was reported for human
Hb, although changes in dynamics around body temperature were
more pronounced in human Hb [10,12]. As the softening of Hb above
body temperature occurs in Hb from very different species, our results
support the assumption that the structural softening is a general prop-
erty of Hb from higher endothermic species. Interestingly, crocodile
Hb does not show any inflection point in the <x*>> in the investigated
temperature range. The dynamic behaviour of crocodile Hb, therefore,
supports the hypothesis that the break in the <x*> is limited to endo-
therms but does not exist in exotherms. Molecular forces within the
Hb structures were quantified using effective force constants <k’> on
the picosecond time-scale. The effective force constants show that the
structures of platypus and chicken Hb are rather soft and similar at
higher temperatures. In the temperature range below body tempera-
ture molecular forces in the structure of platypus Hb are weaker than
in chicken Hb. A similar observation was obtained for molecular forces
in platypus and chicken Hb on the slower 0.1 ns time-scale [13]. The
resilience of crocodile Hb has a value, which is close to that of the soft
structures of platypus and chicken Hb at high temperatures. One could
speculate that the structural softening is adapted and related to the bi-
ological function of the proteins in their physiological environment.
Crocodiles live in a broad temperature range, and therefore, it might
be necessary for that animal that Hb is kept in the softer conformation
over the whole temperature range. Concerning platypus, human and
chicken Hb it could be the case that they have been selected by evo-
lution to exist in the softer state only close to their physiological
temperatures. These speculations, however, require further strong
experimental evidence. Furthermore, our results demonstrate that
effective force constants of proteins derived from MSD depend on
the time scale under observation. Fast motions of amino acid side
chains on the picosecond time scale, studied in this work, are
found to be governed by weaker forces than slower motions on the
0.1 ns scale [13].

We now consider the results obtained using the analytic model for
Brownian dynamics in a quasi-harmonic potential [25,26]. A similar
model was used for the interpretation of diffusive motions of the
heme-group in myoglobin measured by Md&ssbauer spectroscopy
[52,53]. Mdssbauer spectroscopy is sensitive to very slow diffusive
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Fig. 8. Arrhenius plots of the diffusion coefficients obtained from (A) the jump-diffusion model and (B) the Brownian oscillator. Arrhenius plots of the residence times determined from
(C) the jump-diffusion model and (D) the Brownian oscillator. Jump-lengths from (E) the jump-diffusion model and (F) the Brownian oscillator.

motions faster than 100 ns. Protein dynamics measured by incoherent
neutron scattering was interpreted using the viscoelastic Brownian
oscillator within the framework of mode coupling theory [37]. The frac-
tional Brownian oscillator was used for the interpretation of picosecond
to nanosecond dynamics in proteins measured by neutron scattering
[25,54]. In the model for fractional Brownian dynamics a memory
function is introduced, which is not the case for the model of Brownian
dynamics in a harmonic potential. However, the measured QENS data
presented in this work could be described well with the simpler
model for Brownian diffusion in a harmonic potential, see Fig. 6. We
would like to point out that all samples in this work were measured
as highly concentrated protein solutions and not as hydrated protein
powders. It could be that picosecond dynamics in proteins deviate
from that model at lower hydration levels. Further investigations
would be needed to answer that aspect. The shape of the quasielastic
scattering is well described by the Brownian oscillator at all measured
scattering vectors. Therefore, for simplicity we chose that model for
data analysis. The <x*> obtained from the Brownian oscillator are in
good agreement with the <x>> from the model free analysis. The same
strong features in the MSD of the investigated samples are emerging:
The flexibility of crocodile Hb is significantly lower compared to both
other proteins over the whole temperature range. The <x*> of platypus

and chicken Hb are similar in magnitude at low temperatures below ap-
proximately 305 K, but diverge at higher temperatures with a nearly
constant offset in the MSDs of A<x*> = 0.18 A? above 315 K. What is
not reproduced from the Brownian oscillator is the subtle inflection
point in the <x?> of platypus Hb, whereas it is visible for chicken Hb.
Within the Brownian diffusion model the effective force constants of
the platypus and crocodile Hb structures are similar, whereas forces in
chicken Hb are around 1.7 to 1.8 times larger. At high temperatures
the soft structure of chicken Hb has similar resilience as the soft struc-
tures of platypus and crocodile Hb. The values of the immobile fraction
obtained within the Brownian diffusion model are essentially identical
to those from the simple-model analysis described above.

Diffusion coefficients and residence times between molecular jumps
were determined from the HWHM using the jump-diffusion model and
from the full QENS spectra using the Brownian oscillator. Activation en-
ergies were extracted from the temperature dependence. Differences in
the diffusivities and residence times are visible for the different samples
depending also on the theoretical model used. The diffusion coefficients
obtained from the HWHM using the jump-diffusion model are in
average around 50% larger than those from the Brownian oscillator.
The residence times obtained from the HWHM are in average 35% larger
than those from the Brownian oscillator. Diffusion coefficients
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Fig. 9. Sequence alignments of Hb from the different species. The (A) ai-subunits and (B) R-subunits. The amino acid similarity between all proteins is given as follows: asterisks indicate
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the subunits. Black frames label the parts of predicted helices where the prediction confidence was less than 50%. The figure was also shown in [13].

calculated from the HWHM and from the Brownian oscillator are lower
for platypus Hb than for crocodile Hb. The diffusivity of chicken Hb is
found between the other proteins depending on the model used.
Residence times between jumps determined from both the HWHM
and from the Brownian oscillator are shorter in crocodile Hb than in
platypus and chicken Hb, which show similar behaviour. The jump-
lengths inform about the lengths of the atomistic jumps of the side
chains. They increase slightly with temperature and are in a similar
range for the different proteins. The parameters of crocodile Hb obtain-
ed from the HWHM using the jump-diffusion model show unphysical
deviations at the lowest temperatures, whereas the Brownian oscillator
yields a coherent picture of all samples at all temperatures. The values of
the activation energies from the diffusion coefficients are in reason-
able agreement independent of the theoretical model used. The acti-
vation energies from the residence times of the jump-diffusion
model are slightly underestimated as compared to those from the
Brownian oscillator. For crocodile Hb the activation energies of the
jump-diffusion model are in general a bit underestimated, which is
related to the deviations at lowest temperatures.

We now turn our attention to the interpretation and the origin of the
measured dynamics. Picosecond dynamics of hydrated proteins were
interpreted to arise from fast rotational and librational motions of
amino acid side chains along the consecutive C-C bonds [55,56]. The
fraction of mobile hydrogen atoms was attributed to side chains of
amino acids located on the surface of the protein, while the fraction of
immobile hydrogen atoms would correspond to buried residues
[55,56]. Therefore, the amino acids of the measured fraction of mobile
hydrogen atoms consist mostly of polar and charged amino acids, as
these are the predominating component of surface residues. Correlation
times of rotamer transitions of side chains were investigated using mo-
lecular dynamics simulations [57]. The rotamer correlation times

showed a strong decrease on the surface of the protein and a weaker
decrease for dihedral angles located away from the main chain in sup-
port of the view given by Zanotti and coworkers [55,56]. Therefore,
our interpretation is that the picosecond motions observed in this
work correspond to fast torsional jumps between different rotamer ori-
entations of the amino acid side chains. The observed mobile side chains
are mostly those located on the surface of the protein. The measured
fractions of mobile hydrogen atoms can be used to visualize the amino
acids belonging to the mobile surface layer. The solvent accessible sur-
face area of the amino acids of the chicken Hb structure (PDB code
1HBR) was calculated using the MMTK toolkit [58]. The fraction of
mobile hydrogens was then calculated as the number of hydrogens in
residues having a solvent accessible surface area larger than a certain
cut-off value divided by the total number of hydrogens in the protein.
The cut-off values were 0.138 nm?/atom and 0.190 nm?/atom yielding
the measured fractions of mobile hydrogens of 0.37 at 281 K and of
0.5 at 340 K, respectively. The amino acids of chicken Hb possibly
accounting for the measured fraction of mobile hydrogens at 281 and
340 K are shown in Fig. 10. They appear to form a clustered network
on the surface of the protein. With increasing temperature deeper
buried amino acids contribute to mobile surface layer.

Interactions between side chains are governed by van der Waals, hy-
drogen bonding and by screened electrostatic interactions. Hydropho-
bic side chains in the protein interior interact with each other via
weak van der Waals interactions. Charged residues can interact via
ionic bonds and polar residues can form hydrogen bonds with each
other and with the solvent. As discussed before charged and polar
groups are predominantly located on the protein surface and are as-
sumed to contribute to the measured fraction of mobile hydrogens.
The temperature dependence of the residence times and of the diffusion
coefficients can be used to quantify the interactions of side chains of the
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Fig. 10. Surface residues of chicken Hb possibly contributing to the measured fractions of
mobile hydrogens. (A) and (B) Surface residues at 281 K. (C) and (D) Surface residues at
340 K. The images on the right side of the figure are rotated horizontally by 90°. Residues
belonging to separate chains are marked by different colours.

mobile surface residues. The activation energy of the residence times is
a measure of the average energy, which is needed for an individual side
chain to break free out of its bonded configuration, while the activation
energy of the diffusion coefficient is a measure of the energy, which is
needed to displace other groups and to free sufficient space for the dis-
placement of the individual side chain. Both processes do not necessar-
ily have the same energetics. Within the errors the activation energies of
the residence times and of the diffusion coefficients are similar between
the different samples and have the average values of 5.5 kJ/mol for the
residence times of the Brownian oscillator (4.3 kJ/mol for the residence
times of the jump-diffusion model), and 10.1 kJ/mol for the diffusion
coefficient of the Brownian oscillator (9.5 kJ/mol for the diffusion coef-
ficients of the jump-diffusion model). The results show that the energy,
which is required to displace other side chains, is nearly twice than that,
which is needed for an individual side chain to break free. Peters et al.
|59] determined activation energies of native and inhibited human
acetylcholinesterase of 12.25 and 12.62 kJ/mol, respectively, from
measured MSD on the same time-scale as in this study. The activa-
tion energy obtained from the diffusion coefficients is in agreement
with these results. The explanation is that both measurements in-
form about the displacements of the side chains. Activation energies
for the rupture of a hydrogen bond in a 3-sheet and in an a-helix in
hydrated environment were calculated to be 6.61 and 8.08 kJ/mol,
respectively [60]. Our results show that attractive and repulsive
forces between side chains on the picosecond time scale are very
effectively counterbalanced. The determined activation energies
are close to the energy, which is required for the rupture of a single
hydrogen bond in a protein.

5. Conclusion

In this study we investigated internal dynamics of Hb from different
species on the picosecond time-scale using incoherent neutron scatter-
ing. The measured QENS data were interpreted within a simple one
Lorentzian fit approach and with the Kneller-Volino model of Brownian
diffusion in a quasi-harmonic potential. Variations in the amino acid se-
quence of the proteins were found to modify the MSD, diffusion coeffi-
cients and residence times. Our results demonstrate that picosecond
dynamics in proteins are not only controlled by strong external param-
eters such as the viscosity of the solvent [61,62] or the hydration level

[49,63-66], but also depend on specific physicochemical properties
and interactions of amino acids, even when the proteins are structurally
very similar. The results from the simple one Lorentzian analysis
support the hypothesis that Hb shows a structural softening close to
body temperature of endotherms, which does not occur in exotherms.
Activation energies of local side chain dynamics were found to be
similar between the different proteins.
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