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Protein functional motions are ultimately connected to water dynamics. The goal of this study is to link the
conformational dynamics of albumin to a dynamic transition taking place at ~42 °C in water. We report
the results of dynamic light scattering measurements of albumin aqueous solution in the temperature inter-
val 20-65 °C. The processing of the experimental data produced the temperature dependence of the macro-
molecular hydrodynamic radius. We demonstrate that the growth of the macromolecular size in this
temperature range can be divided into two stages that are connected to the dynamical properties of water.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction and background

Protein conformation and its dynamics define protein's biological
functioning. Despite very intensive research the molecular mecha-
nisms and the driving forces of conformational changes are largely
unknown. What is generally accepted is the key role of water in pro-
tein conformational dynamics.

Frauenfelder and colleagues have experimentally shown that pro-
tein dominant conformational motions are slaved by the hydration
shell and the bulk solvent [1], while the protein molecule itself pro-
vides an ‘active matrix’ necessary for guiding the water dynamics to-
wards the biologically relevant conformational changes (the protein's
‘function’ or folding). The change in water dynamics at the shell of up
to 20 A (almost a dozen water molecule diameters) around proteins
has been demonstrated in the work [2]. Many other experimental and
simulation works support the fact of ultimate connection between lig-
uid water dynamical properties and protein unique conformational mo-
tions [3-6]. The specific property of water and other glass-forming
liquids responsible for this behavior is their ‘dynamic heterogeneity’
manifested in the long known, but still poorly understood o- and
[-relaxation phenomena in liquid and supercooled water [7,8]. The es-
sence of the phenomenon is the existence of spatially separated areas in
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the liquid with qualitatively different dynamical properties dictated by
collective intermolecular interactions and in the case of water by the pe-
culiarities of the hydrogen bonding network.

In comparison with the majority of one component liquids water
shows many unusual properties which were the subject of extensive
studies for many years [9,10]. It was shown in [11], by separating the
contributions of different physical nature, that the behavior of the
normalized shear viscosities for water and argon can be compared
using the corresponding states principle. The analysis of the temper-
ature dependences of the reduced shear viscosity of water and argon
has revealed the temperature point Ty =42 °C, from which the be-
havior of these substances becomes similar (Fig. 1). The kinematic
shear viscosity of liquids is one of the main transport coefficients. It
is formed by different components of the thermal motion of mole-
cules, in the first place, by the translational and rotational degrees
of freedom. For water the significant influence on the manifestation
of its properties is produced by hydrogen (H) bonds. Thus, if a mole-
cule is connected with its nearest neighbors by three or four H-bonds,
it can only oscillate around some temporary equilibrium position.

Analogous results have been obtained on the basis of the temper-
ature dependencies analysis of the normalized fraction of volume and
the normalized heat of evaporation for water and argon (Figs. 2 and
3) [12].

For the molecular interpretation of these data it was proposed that
the molecular motion below Ty has a crystal like character. The de-
scriptive criterion for this region is the validity of the strong inequal-
ity T = I—? >> 1, where Ty is the residence time or the time of small
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Fig. 1. Temperature dependence of the reduced viscosity of water (1) and argon (2),
temperature is in reduced units, Ty;~0.55 (taken from [11]).

oscillations of a molecule near its temporary equilibrium position
[13], 71 is the time of transition to another temporary equilibrium

position: Ty~ \/;/TzS'IO’Bs. This situation is illustrated schemati-
cally in Fig. 4. Thus, the derivation of the temperature dependence
of ¥ allows to establish the region of the crystal like representation
of water. The detailed analysis of "7 as a temperature function has
been carried out on the basis of the quasi-elastic incoherent neutron
scattering data in [14,15].

In the vicinity of Ty the ratio of the characteristic times tends to 1.
We, therefore, suggest that the character of the thermal motion in water
at Ty= (3154 3) K undergoes a especial transformation, which will be
qualified by us as a dynamic transition. The rapid growth of the resi-
dence time 7, with the temperature decay can be naturally interpreted
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Fig. 2. Temperature dependencies of the normalized fraction volume for water and argon:
a) B(t) = v(t)/ve, b) V(t) = v(t)/vg. The light line in a) corresponds to 0.86° T" (t)
(taken from [12]).

in the framework of cluster representations, especially characteristic
for supercooled states. Indeed, it had been shown in [16] that the rela-
tive volume occupied by the crystal like clusters increases from the
value ©=0.11 at the melting temperature T,,, =273 K up to ©=0.41
at T=243 K. For these states of water 7y can be identified as the lifetime
of the crystal like clusters. Their average size changes more slowly
and remains close to 10 A. Note that among clusters, the leading role
belongs to the hexagonal rings, which are the building elements for
the ordinary (hexagonal) ice. Probably, © — 0 when T — Ty. The crystal
like picture of the thermal motion in water near the melting point is
also supported by the results of computer simulations presented in
[17]. There it was shown that for T<284 K the increment of the mean
square displacement of a molecule is close to zero in the time interval
10~ 13 s<7y, where 7o>10712 s starting from T<Tp,.

These data testify that the global hydrogen bonding network disinte-
grates into an ensemble of weakly interacting clusters: dimers, trimers,
tetramers, etc. [15]. In other words, the spatial connectivity between
linear molecular chains is disrupted in the vicinity of T=Ty. All these
facts lead to the conclusion that the temperature of 42 °C is the point
of a dynamic transition in water.

The value of Ty coincides with the physiological temperature at
which the thermal denaturation of proteins takes place. As denatur-
ation (unfolding) is a form of conformational dynamics of proteins,
the dynamic transition can have an effect on the protein's elementary
conformational changes.

The goal of the article is to relate the conformational dynamics of
proteins at the level of macromolecular size to the dynamic proper-
ties of water (within the framework of the 42 °C hypothesis describ-
ing the transition when the ‘liquid like’ molecular motion changes to
the ‘gas like’ one) in the temperature range 25 °C-60 °C, especially in
the vicinity of Ty~42 °C as the threshold temperature of protein con-
formational stability.

Here we report the results of studying aqueous human serum al-
bumin solution (HSA). HSA is a single chain protein with 585 amino
acids, with a molecular weight of ~67,000 Da. The structure of this
protein has been determined by X-ray crystallography of high resolu-
tion [18]. HSA plays a special role in transporting metabolites and
drugs throughout the vascular system and also in maintaining the
pH and osmotic pressure of plasma [19]. HSA structure and dynamics
are known to be influenced by several factors, like pH, temperature, and
binding of different ligands [20]. There is a number of investigations
of HSA by fluorescent [21], IR [22], and NMR spectroscopies [23].
However, to the best of our knowledge, there are no studies of the con-
nection between the size and structure of the protein molecule and its
hydration, especially at different temperatures.

2. Methodology, results, and discussion

Aqueous solution of HSA at concentrations 1 wt.% with ions K*
and Na™ 5 mmol/l was investigated by dynamic light scattering tech-
nique (DLS), also known as photon correlation spectroscopy (PCS) [24].
This technique has been successfully applied in studies of growth of
fractal aggregates in water solutions of albumin and DNA [25], aqueous
solutions of poly(ethylene glycol) [26], diffusive processes of alcohols
and semidilute polymer solutions [27-29], cluster growth in aqueous
sugars and glass-forming aqueous glucose solutions [30,31]. The mea-
surements have been performed in the temperature interval 25 °C-
50 °C with the 1 °C step. The vertically polarized light 632.8 nm from
a helium-neon laser was focussed onto the sample (the beam diameter
in the scattering volume 0.3 mm, scattering is regulated by the vertical
slit diaphragm) and the light scattered at 45° was recorded by a
photomultiplier. The diaphragm restricting the aperture of a scattering
beam was located before photocathode. The homodyne detection was
used in our study. The photoimpacts were digitized and fed to a cor-
relator which computed intensity-intensity correlation function,
which, for monodisperse samples consisting of a single particle size
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Fig. 3. Temperature dependencies of the normalized heat of evaporation § for water
and argon, where § = % where ¢ is the heat of evaporation at t=0.9 (taken from
[12]).

group, can be fit to a single exponential form as given in the following
expression

G () =B +Ac"M (1), (1)

where, GV(7)=exp{—2¢?Dr} — first order correlation function,
g =4m sin(9), B is the baseline, A is a constant depending on spatial co-
herence, and D is the diffusion coefficient, A is the vacuum wavelength
of the laser, and 6 is the scattering angle. Correlation is a second order
statistical technique for measuring the degree of non-randomness in
an apparently random data set. When applied to a time dependent in-
tensity trace, as measured by a DLS instrument, the correlation coeffi-
cient is the intensity-intensity autocorrelation function calculated as

=

G2 (m) = [1)I(t +7)dt )
0

or

@) - HOIT) ®

where 7 is the delay time. Typically, the autocorrelation function is
normalised, such that G(«) = 1. For the monochromatic laser light this
normalization imposes an upper correlation limit of 2 for G(7p) and a
lower baseline limit of 1 for G(e). In practice, experimental upper limits
for a DLS correlogram are typically around 1.8 to 1.9. In DLS, all informa-
tion regarding the motion or diffusion of the particles in the solution is
embodied within the measured correlation curve [24].

As a result we have obtained the autocorrelation function (1)
processed by the described regularization methods at different tem-
peratures (Fig. 5). Processing these data provided the temperatures
dependences of the macromolecule hydrodynamic radius (Fig. 6) cal-
culated using the particle diffusion coefficient obtained from Eq. (1)
and the Stokes-Einstein equation

kT
H = GmnD’ (4)
where k is the Boltzmann constant, T is the temperature, and 1) is the
dispersant viscosity.

Another set of measurements has been carried out using commercial
spectrometer Zetasizer Nano ZS (ZEN3600). This technique processes
the data using the cumulant analysis [32]. The cumulant analysis is es-
sentially the fit of a polynomial to the log of the G*")(7) correlation func-
tion

ln(G(”(T)) —a+br+cr?+dr 4 ... (5)

The value of b is known as the second order cumulant, or the
Z-average diffusion coefficient. This is converted to the size using the
dispersant viscosity and some instrumental constants. Only the first
three terms a, b, and c are used in the standard analysis to avoid
overresolving the data; however this does mean that the Z-average
size is likely to be interpreted incorrectly if the distribution is very
broad (i.e. has a high polydispersity).

The cumulant analysis gives a good description of the size that is
comparable with other methods for spherical, reasonably narrow
monomodal samples, i.e. with polydispersity below the value of 0.1.
For samples with a slightly increased width, the Z-average size and
polydispersity gives values that can be used for comparative pur-
poses. For broader distributions, where the polydispersity is over
0.5, it is unwise to rely on the Z-average mean, and a distribution
analysis should be used to determine the peak positions. The values
of the hydrodynamic radii obtained from the Z-average diffusion co-
efficient (formula (5)) in the temperature interval 20 °C-70 °C are
presented in Fig. 7.

Based on the obtained data we conclude that the change of the macro-
molecular hydrodynamic radius with temperature is a two-stage process.
The first stage is the increase of the radius up to the temperature of dy-
namic transition in water at Ty~42 °C. The second stage is the increase
of its value up to the denaturation temperature. These stages are separat-
ed by a ‘plateau’ in the vicinity of the temperature point Ty, the tempera-
ture interval where Ry has a constant value is approximately 3 °C-5 °C.
Partly, these results coincide with the data presented in [33] where it
was shown that the conformational changes of HSA in the temperature
interval 25 °C-55 °C is a process subdivided into three sub-transitions
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Fig. 4. a) The crystal-like character of the thermal motion in water; b) the temperature dependence of the characteristic times ¥ = :—? (taken from [14]).



V. Bardik et al. / Journal of Molecular Liquids 176 (2012) 60-64 63

a
2,0 .
e
S 1 .
(D .
c
kel
g 187 .
e .
S ®
4&; b °
© e
= 9 .
S 16 “."&""
2 7 & n e s SR e e St TS
2 o« o OP'.J°0 s?ﬂ.‘. ..g‘.o:‘: .'../,"u
T T T T T T T T T T T 1
0 50 100 150 200 250 ¢
time, us
= 20+
g :
(O] 8
L
c
i) L
° T
B o »
2 18- R
c PN
C_) e s, «323K
T B O
) '::°000°"‘>>>>>|315K
g SEEREEEREREE
g S :
S 1,6
< 293K
T T T T 1
5 10 15 20 25
time, us T

Fig. 5. The time dependence of intensity autocorrelation function G*(7): the experi-
mentally measured G)(7) (unprocessed data), time step is 10 ps; b) the results of
fitting of the experimental data using formula (1) at different temperatures.

which might be related to the links between the three structured domains
of HSA. Authors have shown that these sub-transitions are sequential and
separated by a temperature interval of approximately 9 °C. Interestingly,
the temperature of the last sub-transition coincides with Ty, which is also
the maximal value of fever in human body at pathological conditions.
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Fig. 6. The temperature dependence of the hydrodynamic radius of albumin macromolecule.
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Fig. 7. The values of the hydrodynamic radius in the temperature interval 20 °C-65 °C
obtained on Zetasizer.

3. Conclusions

Using the DLS technique we have investigated the temperature de-
pendence of the hydrodynamic radius of albumin in aqueous solution.
We have found that the radius increase roughly linearly up to approxi-
mately 4025 °C. It then exhibits a ‘plateau’ in the range ~40-45 °C. The
further increase of the radius follows by a maximum at approximately
55 °C.

We can, thus, hypothesize that the increase of the hydrodynamic
radius at the first stage (before the ‘plateau’) is provided by the swelling
of the protein itself. In the interval 40-45 °C the destruction of the hy-
dration shell compensates the increase of the protein core. The second
stage related to irreversible conformational changes following protein
denaturation.
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