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Abstract

Water is essential for protein three-dimensional structure, conformational dynamics, and activity. Human serum albumin
(HSA) is one of major blood plasma proteins, and its functioning is fundamentally determined by the dynamics of
surrounding water. The goal of this study is to link the conformational dynamics of albumin to the thermal motions in water
taking place in the physiological temperature range. We report the results of photon correlation spectroscopy and molecular
dynamics simulations of HSA in aqueous solution. The experimental data processing produced the temperature dependence of
the HSA hydrodynamic radius and its zeta potential. Molecular dynamics reproduced the results of experiments and revealed
changes in the secondary structure caused by the destruction of hydrogen bonds in the macromolecule’s globule.



1. Introduction and background

The stability of proteins macromolecules, that is the capacity to preserve their biological functions at
certain conditions (pH, temperature, the structure of external environment) is an important
physicochemical feature. The stability of a protein is defined by its structure as well as the interactions
with surrounding molecules. The solvation properties of peptide and protein aqueous solutions have been
investigated by various techniques and the fact of the ultimate connection between the dynamical
properties of the environment and the protein conformational motions was supported in many
experimental and simulation works [1-8]. Recent experimental studies [9-31] focused on the interactions
of hydration water with solute protein molecules. These techniques allowed to investigate the static and
dynamic properties of the hydration water and their relation with the properties of the hydrated molecules.

Quasi-elastic (QENS) and inelastic neutron scattering (INS), gave a possibility to study rotational and
translational motions at the picosecond timescale, and the vibrational density of states of water
surrounding proteins and peptides [10-12]. The fast collective dynamics of the biomolecule-solvent
mutual interactions have been investigated by Brillouin neutron scattering [13]. The combination of
Molecular Dynamics (MD) simulation and QENS has been performed in [14]. It was shown that water
dynamics appear spatially heterogeneous in the first hydration shell. Below the critical hydration level the
water translational and rotational dynamics are slow in comparison with the bulk water. Molecules of the
first hydration layer form structures like a barrier for outer water molecules. The results obtained by INS
[15-17] in pico- and nanosecond timescale indicate that the dynamics of the whole biomolecule are
affected by the hydration water and surface protein motions are strengthened by the solvent matching
those of the breaking and re-formation of hydrogen bonds.

THz spectroscopy has been used to investigate the influence of the water structure on peptides [98] and
proteins [19-23]. Based on this technique, the radii of the hydration shells have been detected for such
proteins as lysozyme, myoglobin, BSA [20, 23] and ubiquitin [21]. The estimations of the hydration shell
thickness obtained in [23] are substantiated by NMR studies [24,25], X-ray scattering [26], and neutron
scattering [27]. It was shown also [19, 22] that water molecules are arranged to form a gradient around
‘active' sites and to provide reactions via the active site's 'hydration funnel'. The change in water dynamics
[24, 25] at the hydration shell can be extended up to 5-8 water layers, which is longer compared to
previous findings.

The stabilising effects of buried water on the protein structure have been discussed in [28-31]. Single
water molecules stabilise protein by filling internal cavities. Backbone residues of loops and other polar
atoms interact with the water molecules buried in the protein core. Buried water may also act as lubricant
to favour loop dynamics.

Investigations carried out by FTIR spectroscopy have shown that water molecules connecting proton
donor to acceptor sites or electron donor to electron acceptor sites facilitate both proton-transfer processes
[32] and electron-transfer reactions [33-35]. In both cases, the transfer is faster where the linking water
molecules possess stronger hydrogen bonding. Besides, a cluster structure of H-bonds in water plays a
catalytic role in water oxidation in photosynthetic oxygen evolution [36].

The intra and inter-helical hydrogen bonds are important determinants of the local protein structure,
dynamics, and water interactions. Molecular dynamics simulation and bioinformatics revealed that
perturbation of the inter-helical hydrogen bonds can be coupled to rapid changes in water dynamics [37].
In some cases the water wire may be affected by the binding of various ions [38].

Thus the cited studies demonstrate reversible coupling of water dynamics with protein conformational
stability. However it remains unsolved what initially plays the major role in conformation dynamics of
proteins: surrounding molecules in the 'hydration shell' or physical properties of macromolecule. In other
words “...who is the master and who is the slave in the water—-macromolecule interaction...” [9].



We directed our attention to one of the aspects connected with the dynamics of surrounding water under
temperature effect. As it was shown in a number of papers [39-43] the global hydrogen bonding network
in water disintegrates into an ensemble of weakly interacting clusters: dimers, trimers, tetramers, etc in
the vicinity of a specific temperature point Ty = 42°C. In other words, the spatial connectivity between
linear molecular chains is disrupted. The value of Ty coincides with the physiological temperature at
which the thermal denaturation of many proteins takes place. As denaturation (unfolding) is a form of
conformational dynamics of proteins, the dynamics of water in this region can have an effect on the
protein’s conformational changes. Particularly, it was shown [44] that the conformational changes of
human serum albumin (HSA) in the temperature interval 25-55°C is a process subdivided into three sub-
transitions which might be related to the links between the three structured domains of HSA. The sub-
transitions are sequential and separated by a temperature interval of approximately 9°C. The temperature
of the last sub-transition coincides with Ty, which is the maximal value of fever in human body at
pathological conditions. In our study we tried to correlate the conformational dynamics of HSA (as one of
major blood plasma proteins) with the dynamic properties of water in the temperature range 25-45°C,
especially in the vicinity of Ty = 42°C as the threshold temperature of protein conformational stability.
The size and hydration were related to the structural changes of the protein molecule at different
temperatures.

The structure of HSA has been determined by X-ray crystallography at high resolution [45]. Several
factors like pH, temperature, etc can affect its structure and dynamics [46]. HSA plays a special role in
transporting metabolites and drug molecules throughout the vascular system and also in maintaining the
osmotic pressure of plasma acids, metabolites, and binding of different ligands [47-50]. HSA is a single
chain protein with 585 amino-acid residues with a predominant a-helixal heart-shaped structure [48,51].

2. Methodology, results, and discussion
2.1 Photon correlation spectroscopy

We have applied photon correlation spectroscopy (PCS) [52] to obtain the temperature dependences of
the hydrodynamic radius and zeta potential. This technique has much research interest due to its wide use
in studies of proteins and DNA aqueous solutions [53], aqueous solutions of poly(ethylene glycol) [54],
trehalose aqueous solutions [55-57], alcohols and semidiluted polymer solutions [58-60], cluster growth
in aqueous sugars and glass-forming aqueous glucose solutions [61,62]. The comparative studies of PCS
and incoherent quasi-elastic neutron scattering (IQENS) on hydrogenous systems such as polymeric
aqueous solutions, alcohols and homologous disaccharide aqueous solutions have been presented in [63,
64]. PCS technique showed that water behaved as a good solvent and furnished the temperature evolution
of the hydration number. IQENS revealed the presence of entangled water and evidenced the effects of H-
bond on the diffusive motions. The comparison of the rotational relaxation times, obtained by IQENS and
PCS separated the self particle contribution from the collective one.

In the process of measurement we obtain the second order correlation function or so called normalised
autocorrelation function ‘intensity-intensity’, defined as

U@ =(1OI@)/()Y, @

where, | is the total scattered intensity. In the case of non-interacting particles the relationship between
the second order and the first order correlation functions takes place

G (r)=1+alG'(z) )

For diffusing monodisperse spherical particles, the normalised field autocorrelation function takes a
simple exponential form
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where, D is the diffusion coefficient, z is time, g :4ﬁn/23in(§j, A is the vacuum wavelength of the

laser, n is the refractive index of the solution, & is the scattering angle.

Hydrodynamic radius. As it was noticed in [63,64] at low concentrations of proteins the diffusion
coefficient can be connected to the macromolecular hydrodynamic radius by the Einstein-Stokes relation

R, =kT/6znD, (4)

where, 7 is the dispersant viscosity, T is temperature, kis the Boltzmann constant. However, polymeric
solutions with macromolecules at high molecular weight can be considered as polydisperse, in this case a
standard cumulant analysis is more suitable for processing the data [52,60]. This technique used in the
spectrometer Zetasizer Nano ZS (ZEN3600) [52]. Aqueous solutions of HSA at concentrations 1mg/ml
with NaCl ions (0,075mol/I, 0,15mol/l, 0,225mol/l) were investigated. The measurements were performed
in the temperature interval 25-50°C with the 1°C step. The set of measurements were carried out using
commercial spectrometer Zetasizer Nano ZS (ZEN3600).
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Fig.1. Temperature dependence of the macromolecular hydrodynamic radius Ry
at different concentrations of NaCl



The cumulant analysis gives a good description of the radius that is comparable with other methods for
spherical, reasonably narrow monomodal samples (monomodal sample contains only particles of one
size), that is with polydispersity below the value of 0.1. For samples with a slightly increased distribution
width, the Z-average size and polydispersity gives values that can be used for comparative purposes. 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. In our study the index of
polydispersity was 0.1+0.05. The values of the hydrodynamic radii obtained from the Z-average diffusion
coefficient (formula (4)) in the temperature interval 30 — 50°C are presented in Fig.1. The value of the
hydrodynamic radius is unchanged in the investigated temperature range. The concentration of NaCl ions
does not affect Ry, and the value equals approximately 5 + 0.3 nm, that does not exceed the experimental
precision of Zetasizer (0.5nm).

Zeta potential (ZP). In order to correlate water dynamic in the ‘hydration shell> with conformational
changes of a macromolecule we investigated the temperature influence on ZP of an aqueous solution. The
ZP can be considered as a key parameter that describes the surface charge on protein and characterises its
hydration layer [65-69]. The charge distribution at the macromolecule surface affects the dynamics of
ions in the surrounding interfacial region. By convention the liquid layer surrounding the macromolecule
may be subdivided into two parts: an inner region (the Stern layer), where surrounding molecules and the
ions are strongly bound with the protein macromolecule and an outer, diffuse, region where they are less
firmly attached. An electrical double layer surrounds each macromolecule. In the Stern layer the protein
macromolecule move together with the surrounding molecules and the ions, beyond the inner layer, in the
diffusive region, the surrounding molecules do not drift together with the macromolecule. There is a
boundary between the Stern and diffusive layers. This boundary is the surface of hydrodynamic shear or
so called slipping plane. The potential which exists at this boundary is the ZP.
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Fig.2. Temperature dependences of the zeta potential (ZP) for albumin aqueous
solution



The ZP was obtained using electrophoretic light scattering technique based on the measurement of
electrophoretic mobility. The ZP of the particle can be calculated by the application of the Henry equation

25,56 (Ka)

3n
where, u is the electrophoretic mobility, & is the relative permittivity/dielectric constant, &, is the
permittivity of vacuum, ( is the zeta potential, f(Ka) is the Henry's function and # is viscosity at
experimental temperature. Electrophoretic determinations of the zeta potential are most commonly done
in aqueous media and moderate electrolyte concentration and two values of f(Ka) are generally accepted
as approximations, either 1.5 or 1.0 f(Ka). The accuracy in defining the electrophoretic mobility is
0.12-10m?V/-s (for particles diameter in measurements range: 3.8nm — 100 microns), hence the error for
the zeta potential does not exceed approximately 5%.

r ’

Temperature and pH are most important factors affecting ZP. In our study we have been carried out the
measurements at fixed pH 7 and concentration of NaCl (0,075mol/l). This value of pH corresponds to the
value of the zeta potential approximately -27mV at the temperature 30°C. The values of the ZP in the
temperature range 25-70°C are presented in the Fig. 2.

Based on the presented data we can conclude that the change of the ZP with temperature is a two-stage
process. On the first stage we observe the decrease of the ZP magnitude: starting from -27mV and
temperature 35°C up to zero value of the ZP in the vicinity of the temperature point 42°C. Thus, zero
value of the ZP or the isoelectric point (IEP) is located in the close proximity of 42°C. It should be noted
that the system is not particularly stable in a region surrounding the condition of IEP. Then the value of
the ZP varies from -2.5mV to 2.5mV up to the denaturation temperature.

2.2 Simulation

The dynamics of HSA macromolecule in aqueous solution at different temperatures was simulated using
the multifunction package HARLEM, which combines the methods of molecular and Brownian
dynamics. The crystallographic structure (PDB entry 1A06) [45] of albumin at the resolution of 2.5 A
was used. The albumin macromolecule consists of 585 amino-acid residues, 17 pairs of disulfide bridges,
and one free cysteine (Fig. 3).



Fig.3. Visualization of the albumin crystallographic structure from PDB [45].
Components of the regular secondary structure are shown:
o-helix — purple, turn — cyan, coil — white



The initial structure for the simulation was prepared by solvating the protein macromolecule (5672 atoms)
with 118722 water molecules of the fixed density in a cubic cell with the edge of 20 nm. To avoid
additional stresses, structure energy minimisation in vacuum was implemented over 10000 steps for each
model. Minimisation of protein with water was carried out over 20000 steps using the descent method
and the conjugate gradients scheme. The Langevin thermostat was used to fix momenta with a collision
frequency of 2:0. The initial temperature was set 4K and then increased by 20K at every simulation step
up to 304K. The preparatory simulation duration was 50 ps.

At the next stage, the obtained optimised model was investigated by molecular dynamics (MD). MD
simulations were performed for 50 ns for every model with given temperature. The data were saved every
10 ps. Periodic boundary conditions were applied with a constant pressure of 1 atm, using the Amber 99
force field, the cutoff for non-bonded interactions was set to 12 A. The TIP3P water model with unfixed
inner degree of freedom was used. Electrostatic interactions were calculated using the particle mesh
Ewald molecular dynamics (PMEMD) [70-72]. Intramolecular bonds were constrained using the SHAKE
algorithm [73]. The Berendesen thermostat with the time constant (relaxation time) of 2 ps was applied in
order to maintain temperature.

Gyration radius. The values of the gyration radius was calculated in the above mentioned temperature
range (Fig. 4). The radius of gyration was defined by the formula given below on the basis of the
crystallographic data [45] for atom coordinates and their changes under temperature effect

Re=2mr?/2.m:, (5)
where, m; is the mass of the i-th atom in the macromolecule and r; is the distance from the centre of mass
to the i-th atom.
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Both hydrodynamic and gyration radii remain unchanged within random fluctuations in the temperature
range 25-50°C. As one can see they approximately differ from each other by 1.5 nm, which coincide with
the values of the hydration shell reported in [20,23]. This difference has natural explanation. By definition
the hydrodynamic radius measured by PCS is the radius of a hypothetical hard sphere that diffuses with
the same speed as the macromolecule. In reality, such hard sphere does not exist. Macromolecules in
solution are non-spherical, dynamic, and solvated. The hydrodynamic radius calculated from the
diffusional properties of the macromolecule is indicative of the apparent size of the dynamic
hydrated/solvated particle. Whereas, as it was mentioned above, the gyration radius is the average
distance from the center of mass to the macromolecular surface [74].

At the next stage we have analysed the temperature effect in the vicinity of 42°C on the distances between
the sulfur atoms (Sy) in pairs of cysteines and COO-groups of asparaginic or glutamic acids and NHs-
groups of lysine or arginine (salt bridges).

Disulfide bonds (bridges) or SS bonds are covalent bonds formed from two thiol groups [75,76]. The
effect of SS bonds on the protein structural stability, dynamics, correlated motion, and flexibility of local
residues has been investigated experimentally [77-80] and computationally [81-87]. Three necessary
conditions were formulated [88] for cycteins pairs to be involved in SS bonds: a bond length of
2.05+0.3A, an angle between the sulfur atoms and B-carbon atom of 103°, and an orientation of the two
[-carbon atoms corresponding to a rotation of +90° about the SS bonds. In [87] atomistic MD simulation
of HSA with and without SS bonds have been carried out. The authors have shown that the removal of SS
bonds mainly destabilises the tertiary structure, and the removal of some of them affected the secondary
structure of the macromolecule.

12
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Initially, the equilibrium distances between S, atoms in the presence of SS bonds were defined as
2.05+0.03A (1A06 [45]). Destabilising changes occurred after 35 ns of simulation. The distances
between S, atoms reached above 5A and mostly below 10A, but in some pairs of cystein distances
increased up to 15A. The results of simulation for distances between S, atoms are presented in
Supplementary information and some of them in Fig.5. As one can see SS bonds are not changed by
temperature as the lengths of disulfide bridges are stable and correspond to one of the Creighton
requirements [88], namely the distances between S, atoms to be 2.05+0.03A.

Salt bridges represent a combination of two noncovalent bonds: the hydrogen bond and the electrostatic
interactions. Noncovalent bonds are considered to be relatively weak interactions, but these interactions
add up to make an important contribution to the overall stability of proteins [89]. The salt bridge derives
from the anionic carboxylate of either aspartic acid or glutamic acid and the cationic ammonium from
lysine or the guanidinium of arginine [90]. The distances between the residues participating in the salt
bridge are considered important. The length of salt bridge is approximately 4A. Lengths greater than this
distance do not qualify as forming a salt bridge [91]. We have analysed the temperature effect on the salt
bridge length for 40 pairs of residues. Most pairs of residues have distances of about 4 A with a standard
deviation of 0.5 (Supplementary information).

Minor fluctuations of the distance with temperature have been observed for the pair of GLUS530-
LYS499, the value was changing from 3.5A at temperature 25°C up to 2.5A at temperature 45°C, but in
general, most of distances between amino-acid residues forming the salt bridge have the constant value in
the temperature range 25-45°C. The error at calculation of both distances between S, atom and the lengths
of the salt bridges was 0.07A.

The dynamics of amino-acid residues with decreasing temperature were studied by calculating of root-
mean-square deviation (RMSD). Evaluation of the RMSD allows us to investigate the conformational
changes of the structure by comparing the residue positions in the reference points. The RMSD values
were calculated for close conformational states in specified temperature points with respect to the initial
structure (PDB). The residues displacements and the values of RMSD are presented in Fig. 6.

14



25-27°C

Figure 6. Cartoon representation of the amino-acids residue displacements and the RMSD values corresponding to every
temperature interval. Blue and silver colours correspond to the conformational state in the first temperature point, red indicates
the conformational state in the second temperature point for every snap-shot.

The visualisation was created using Visual Molecular Dynamics (VMD)

15



Thus, the structure of the macromolecule does not undergo significant transformations with the
temperature increase, we observe only slight deflection of the RMSD values with respect to the reference
temperature in the certain temperature interval. The average value of the RMSD for all temperature range
is 2.3A. The simulation of the HSA structure [87] without SS bonds gave the RMSD value 4.5A. Some
pre\g\ous MD studies [92-97] reported values ranging from 2 to 10A, at those for stable structures from 2
to 3A [96].

16



Figure 7. Visualization of conformation changes with temperature.
Components of the regular secondary structure:
a-helix — purple, 315-helix — blue, turn — cyan, coil — white, n-helix - red
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The simulation of the temperature effect on the conformation stability has shown structural changes in
secondary structures of HSA (Fig. 7). Conformational changes take place in the components of the
regular secondary structures, which are stabilised by hydrogen bonds. Most the structural rearrangements
are observed in the a-helix. The a-helix is maintained by the hydrogen bonds between the hydrogen and
oxygen atoms of peptides groups. Thus conformational changes in the a-helix are governed by the
hydrogen bonds destruction in the investigated temperature range 25-45°C.

3. Conclusions

The results presented here demonstrate that the conformation changes of albumin are ultimately
correlated with water dynamics in the vicinity of the temperature point 42°C. On the one hand the
experimental (hydrodynamic radius) and simulation (gyration radius, stability of disulfide bonds and salt
bridges) data support the fact of the macromolecule is stabile in the temperature range 25-50°C with
approximately the same size. The value of the gyration radius obtained from molecular dynamics is
supported by the results in [20,23]. The difference in 1.5 nm between the hydrodynamic and gyration
radii is proved. Additionally, this value coincides with the estimation of the hydration layer thickness
obtained by THz spectroscopy [20]. Thus, this suggests that the hydrodynamic radius includes both
solvent and shape effects. We obtain, on the basis of comparison of the simulation and PCS data, a well
established value of the hydration layer thickness.

On the other hand the zeta potential behaviour from temperature 35°C up to denaturation indicates that
the hydration layer beyond the Stern layer (an inner region, where surrounding molecules and the ions are
strongly bound with the protein macromolecule of HSA) is drastically changed in the vicinity of 42°C.
The temperature dependence of the zeta potential for HSA may imply conformational changes in the
macromolecule structure, surface modifications, and, as a result the initial stage of denaturation process.
In this context the simulation data just revealed the conformational changes of the secondary structures,
which are stabilized namely by hydrogen bonds. Thus it can mean that the temperature range 40 - 42°C is
the initial stage of denaturation for HSA.

For deeper understanding of the water collective dynamics around the protein and the correlation with
conformation changes we are planning to apply and develop the methods based on Linear Stochastic
Estimation [98]. We reserved also, for the future work, the Molecular Dynamics simulation of the
temperature effect on the retardation factor [9], which is the relation of the characteristic times in the bulk
water and the hydration layer. This important parameter is used to quantify the correlations between the
conformational changes of the macromolecule and the dynamics of the water shell.
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Highlights

The conformation changes of albumin are ultimately correlated with water dynamics.
The experimental and simulation data support the fact of the macromolecule is stabile.
The zeta potential behaviour indicates that the hydration layer is drastically changed.

The temperature dependence of the zeta potential for HSA implies the initial stage of
denaturation.

The simulation data revealed the conformational changes of the secondary structures.
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