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Abstract

Hyaluronan (HA) is a natural polysaccharide occurring ubiquitously in the connective tissues
of vertebrates widely used in the cosmetic and pharmaceutic industries. In numerous
applications HA oligosaccharides are being chemically modified using reactions incompatible
with aqueous solutions, often carried out in water:organic mixed solvents. We carry out
molecular-dynamics (MD) simulations of HA oligosaccharides in water:1,4-dioxane and
water:tert-butanol mixtures of different compositions. HA molecule causes a separation of the
solvent components in its surroundings, especially in tert-butanol containing solutions,
constituting thus a solvation shell enriched by water. Furthermore, interactions with ions are
stronger than in pure water and depend on the solvent composition. Consequently, the
dynamics of the HA chain varies with the solvent composition and causes observable
conformational changes of the HA oligosaccharide. Composition of mixed solvents thus

enables us to modify the interaction of HA with other molecules as well as its reactivity.

Keywords: hyaluronan, mixed solvent, molecular dynamics, solvent separation, 1,4-dioxane,

tert-butanol
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1. Introduction

As a highly hydrophilic polysaccharide, hyaluronan (HA) is most often studied in aqueous
solutions. In this environment HA forms highly swollen random coils and its macromolecular
chain strongly prefers interactions with water to those with other parts of the same or other
macromolecule. It was shown by numerous experimental works (Fouissac et al., 1992;
Hayashi et al., 1995; Mendichi et al., 2003) providing the description of HA random coils,
especially their radii of gyration Ry, corresponding with our previous molecular-dynamics
(MD) study presuming a model of a non-interacting chain (Ingr et al., 2017). In accord with
this, tertiary structures of HA oligo- or polysaccharides are thermodynamically unstable in
aqueous solution and are nowadays considered not to exist at all (Blundell et al., 2006;
Gribbon et al., 2000), although some authors declared their identification (Scott & Heatley,
1999, 2002). The semi-rigid nature of the HA chain, whose rigidity decreases along with the
increasing salt concentration in the solvent (Buhler & Boué, 2004), is stabilized by
intramolecular hydrogen bonds, but likely also by HA-water hydrogen bonds anchoring the
molecule to a well-structured solvation shell (Kutalkova et al., 2020). In that work we show
that regions of organized water exist both around the hydrophilic and hydrophobic epitopes of
HA molecule and thus wrap it into a shell protecting the HA molecule from intermolecular
interactions. Even ions are in general repelled from the HA surface behind this first solvation
shell except for several specific positions where the Na* cations are attracted electrostatically
either by the charged carboxylate group or by the partial negative charges of other oxygen
atoms. This makes HA not only highly soluble, but also rather inert to interactions with other
molecules. Mutual interactions between HA chains are enabled, although still weak, only at
higher ionic strength (Kolatikova et al., 2022). At low salt concentration HA interacts firmly
only with highly specific binding sites of its protein receptors called hyaladherins. For

technological applications HA is thus often modified chemically in order to change its
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physicochemical properties (Payne et al., 2018; Svechkarev et al., 2018; Strympl et al., 2021).
The chemical syntheses are not always feasible in aqueous solutions but should be carried out
in environments containing a fraction of various organic solvents (Kutalkova et al., 2021;
Schanté et al., 2011; Strympl et al., 2021). Such mixed solvents, however, represent
environments deprived of water and the behavior of HA in them may be different. Although
the mixed solvents are often used even within other technologically relevant processes
(Bicudo & Santana, 2012; Hu et al., 2009; Vitkova et al., 2019), to our knowledge no MD
simulation of HA in these environments has been carried out yet except for our previous study
(Kutalkova et al., 2021). Only few simulations of HA in solvents containing different
molecules than water and salts were carried out, investigating the interaction of HA with
phospholipids in the synovial fluid (Siédmiak et al., 2017; Betdowski et al., 2019; Siédmiak
& Betdowski, 2019). Therefore, investigation of HA in mixed water:organic solvents opens a
perspective research direction the results of which may contribute to understanding various
solvent-composition dependent physicochemical phenomena including chemical reactivity
(Kutalkova et al., 2021; Strympl et al., 2021) and can be exploited to design optimum

conditions of different technological processes.

In this work we carry out the first systematic MD study of HA oligosaccharides in two mixed
solvents, water:1,4-dioxane (dioxane, DX) and water: 2-methylpropan-2-ol (tert-butanol, TB)
in order to describe their conformation, solvation shell and interactions with the solvent
components. This study is a continuation of our previous work (Kutalkova et al., 2021) aimed
at providing an explanation of the results obtained thereof on the molecular basis. Our aim is
to show that different mixed solvents undergo different component separation in the solvation

shell of HA and change differently the properties of HA compared to aqueous solutions.
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2. Methods
Molecular-dynamics (MD) simulations

All MD simulations were carried out by NAMD 2.10 program package (Phillips et al., 2005).
CHARMM 36 force field was used for the HA molecule, CGenFF topology and parameter
files were used for the 1,4-dioxane and tert-butanol molecules (used also in previously
reported studies (Bakulin et al., 2021; Kutalkova et al., 2021; Overduin et al., 2019)), TIP3P
model of water was applied. First, equilibration of the boxes of pure mixed solvents were
carried out. HA was then wrapped by these boxes to form the complete simulation box. The
energy of each system was minimized for 5400 fs prior to the MD simulation. Integration was
performed by the Verlet-1/r-RESPA MTS method with the slow-force mollification, a
timestep of 1 fs for bonding and 2 fs for non-bonding interactions and 10 A cutoff of non-
bonding interactions was used. Full electrostatic calculations were performed every 6" fs
using the Particle Mesh Ewald (PME) method. The simulations were run for at least 200 ns at
NpT ensemble, the initial dimensions of the simulation box were approx. 100 x 100 x 100 A3,
The pressure (1 atm in all the simulations) was controlled using the Langevin piston Nosé-

Hoover method and the temperature was controlled using Langevin dynamics.

HA oligosaccharides of 20 monosaccharide units were simulated in altogether 7 different
solvents, pure water and three compositions of water:dioxane and water:tert-butanol solutions,
in both cases with volume fractions of the organic components of 0.33, 0.50, 0.67 (the volume
to volume ratios 2:1, 1:1 and 1:2, respectively). This choice is in accord with our previous
study (Kutalkova et al., 2021) which revealed different HA reactivity in the individual
mixtures. Experimentally, the esterification reaction of HA is usually performed in a mixture
of solvents composed of an organic polar solvent mixed with water (Huerta-Angeles et al.,

2014). Furthermore, it was observed that the esterification reaction of high molecular weight
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HA is more efficient in low permittivity ether solvents such as tetrahydrofuran or dioxane
rather than in alcohols and the regularity of the substituent distribution was influenced, too

(Strympl et al., 2021). Therefore we chose one representative of each group.

The simulations were carried out at two temperatures, 310 K (37 °C — physiological
temperature) and 277 K (4 °C — chosen to be as low as possible but still above the melting
point of all the mixtures). The choice of the two different temperatures was further supported
by the coherence with experimental studies searching for the optimum conditions that must
consider two effects that decrease the reaction rate — higher entanglement of HA chains at low
temperature causing increased viscosity impairing the diffusion of reagents and the decrease
of the stability of the reaction intermediates and thus the substitution yield at high temperature
(Peydecastaing et al., 2011). Simulations of HA oligosaccharides in salt-free solvent
contained 10 Na* cations compensating the negative charge of HA while simulations in 0.1 M
NaCl contained 70 Na* cations and 60 CI~ anions. (NaCl was chosen as the most common
salts with well reliably verified force fields. Moreover, HA is found naturally as sodium
hyaluronate, therefore the majority of experimental studies with HA are done in the
environment of Na* ions.) For simulation details see Table S1. The simulation results were
visualized and certain analyses were carried out using the VMD program (Humphrey et al.,
1996), also used to determine the numbers of hydrogen bonds. The donor-H-acceptor group of
atoms was considered as a hydrogen bond if the distance between the donor and acceptor was
up to 3 A and the deflection from the straight angle on the hydrogen atom up to 20°. Mean
values of different characteristics (end-to-end distance, numbers of hydrogen bonds, ions
within a given distance from HA) were evaluated from 3000 frames covering the last 100 ns
of the simulation. Their standard deviations of the mean are thus smaller than the symbols in

the graphs.
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Solvation shell of individual residues of HA oligosaccharides was studied using the
cumulative solvation-shell diagrams (CSSD) the construction of which was described
previously (Kutalkova et al., 2020). In brief, all the residues from all recorded simulation
frames (in this case 600 frames covering 50 ns of the equilibrated part of the simulation) are
viewed in the same orientation together with the solvent molecules, all these individual
images are superimposed and projected to a plane perpendicular to the viewing direction.
Atoms of different kinds are plotted in different colors in order to localize the positions of

their frequent occurrence. For details see section SM1.
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3. Results and discussion

3.1.Solvent components around the HA oligosaccharide

Distribution of solvent molecules around the HA chain was studied for three different
compositions of both kinds of the mixed solvents at two different temperatures and two
different NaCl concentrations. All the results are presented in Fig. 1 by means of radial

distribution functions (RDFs) of water and organic components.
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Fig. 1. Radial distribution functions of water and the organic components (A — dioxane, B — tert-
butanol) in the solvation shell of the HA molecule in mixed solvents of different composition
(indicated in the legends of the plots - the words (acronyms) indicate the components related to
individual curves and the numbers the volume fraction of the organic component).

A clear common feature of all the systems is the increased concentration of water in the

surroundings of HA while the organic component is repelled from this area. As we showed

9



160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

previously (Kutalkova et al., 2021), this separation is remarkably stronger in water:tert-
butanol mixture. The maximum of the water RDF is located at approx. 8 A for all the systems
but its value for tert-butanol solutions is always considerably higher than for the
corresponding dioxane mixtures. In case of water:dioxane salt-free solution the dioxane RDFs
are identical for all the solvent compositions and their temperature dependence is negligible,
too (Fig. 1). It indicates that within the considered concentration range the dioxane molecules
behave independently, each one as if it was alone in the solution. The molar excess of water in
the HA proximity grows with the dioxane concentration as a consequence of the smaller size
of the water molecule. This behavior shows that water defines the primary environment
around HA which determines the distribution of dioxane molecules protecting them from their
mutual interactions. It is likely caused by strong solvation of the dioxane molecules on its
oxygen atoms which, together with the symmetrical shape of the molecules, hinders the
hydrophobic interaction between them. When the solution contains 0.1M NacCl, the ions
attracted by HA bind some water to their own solvation shells pushing thus the dioxane
molecules farther from HA and increasing slightly the maximum of RDF of water. This
phenomenon is apparent comparing the dioxane RDFs for the volume fractions of 0.67 on one
hand and 0.33 and 0.50 on the other hand. Temperature dependence of the discussed
phenomena is negligible indicating that the solvation-shell reorganization around HA is
accompanied with only a small enthalpy change, i.e. a small difference in the energy of non-
covalent interactions of the molecules participating in this process, and is thus driven rather

entropically, i.e. by the tendency to reach a maximum possible disorder.

In water:tert-butanol solutions, both with and without 0.1 M NacCl, the tert-butanol radial
distribution functions have generally lower values than their dioxane counterparts and are
dependent on the mixture composition. For the tert-butanol volume fractions of 0.33 and 0.50

the trends of the RDFs are qualitatively similar, the one for 0.50 lies lower indicating

10
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relatively higher repulsion of tert-butanol by HA when less water is present in the system. It
indicates the mutual hydrophobic interactions of the amphiphilic tert-butanol molecules
stabilizing the solution by the formation of temporary clusters whose stability is supported by
tert-butanol concentration. This behavior resembles the phase separation of the mixtures of
limited-miscibility liquids which, however, takes place only in the close vicinity of HA for
tert-butanol. In the tert-butanol-richest solution (volume fraction 0.67) the described tendency
is kept in all the studied systems except for the salt-free solution at 310 K where the RDF of
tert-butanol gets higher than expected — the tert-butanol fraction in the solvation shell is even
the highest from all the solutions. It is likely a consequence of the more intense thermal
motion of the molecules leading to a more extensive mixing of the molecules that cannot be
overwhelmed by the hydrophobic forces. In the salt-containing solutions the differences
between the individual RDFs are larger, obviously due to the higher polarity of the solution
and stronger hydrophobic interactions. Consequently, no anomalous order of the RDFs is

observed in 0.1 M NaCl.

A spectacular comparison of the two kinds of mixed solvents is given in Fig. 2 where the
absolute molar concentrations of the components are shown as functions of the distance r
from the HA molecule. The concentration of water reaches its maximum at 5-10 A for all the
systems. In the dioxane-containing solutions the maximum concentration shows a notable
difference from the free-solvent concentration only for the highest dioxane fraction. On the
contrary, the maximum water concentration of the tert-butanol-containing solutions differs
significantly from its free-solvent values but its differences among the different tert-butanol
fractions are remarkably lower. It indicates again the strong solvent separation tending to
wrap the HA molecule by as much water as possible. Furthermore, when 0.1 M NaCl is
added, the mixed solvents separate more strongly around HA since the higher polarity of the

solvent results in a stronger attraction between HA and water (including the dissolved cations)

11
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and an increased repulsion of the organic molecules from HA due to the intensified
hydrophobic forces. While in dioxane-containing solutions this change is rather low, in
solutions of tert-butanol, that penetrates the HA solvation shell in much less extent than
dioxane (see also the discussion in section 3.6), it is so intense that almost no difference
between the maximum concentrations of water in HA vicinity is observed, no matter what its

free-solvent concentration is.
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Fig. 2. Molar concentration of water (upper quartet) and the organic component (lower quartet)
as a function of the distance from the HA molecule. The organic component and its volume

216 fraction are indicated in the legends.

217

218  Hence, the local surroundings of the HA molecule in water:tert-butanol mixtures is almost

219 independent of the free-solvent composition within the studied range (tert-butanol volume
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fraction 0.33-0.67) when 0.1 M NacCl is added and varies only moderately even when no NaCl

is present.

As a consequence of the different strengths of the solvent separation, the HA solvation shell
in tert-butanol solutions is remarkably thicker than in those with dioxane. Considering the
organic-component RDF value of 0.95 as the solvation-shell border, in dioxane solutions it is
generally below 24 A, while in their tert-butanol counterparts it is 4-12 A farther. This
indicates remarkably less polar local environment of HA in the dioxane solutions which may
positively influence the chemical reactions of HA with non-polar organic substituents, as

shown previously (Kutalkova et al., 2021; Strympl et al., 2021).

3.2.Distributions of solvent molecules around the individual residues

Distributions of the different solvent molecules around the individual HA residues, glucuronic
acid (GCU) and N-acetyl-D-glucosamine (NAG), were studied with the aid of cumulative
solvation-shell diagrams (CSSDs). Firstly, the distributions of water were evaluated for all the
solvent compositions and both the temperatures (Fig. S1). The diagrams show a strong
orientation of hydrogen-bonded water molecules interacting with the hydroxyl groups of HA
while in the partially hydrophobic regions in the directions of the axial bonds of the residue

rings (“above” and “below”) the water molecules are randomly oriented.

The distribution of the organic components follows the distribution of water. In the
hydrophilic region of the oxygens O2 and O3 of GCU and O4 and O6 of NAG the organic
molecules compete with water for the formation of hydrogen bonds with HA. Similarity of the
situation for dioxane and tert-butanol (see Fig. 3 for the organic-component volume fraction
of 0.67 and Fig. S2 for the other systems) indicates that the higher probability of dioxane

coordination to this position, given by two oxygen atoms in a molecule, is compensated by the

14
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Fig. 3. CSSDs showing the distribution of organic components of the mixed solvents around the HA residues
(dioxane — left quartet, tert-butanol — right quartet). The location of individual atoms in the side view (upper
images) and top view (lower images) is indicated in the orientation schemes of the monosaccharide ring.
Different atoms are shown in specific colors: black — carbon of HA, red — oxygen of HA, green — nitrogen of HA,
brown — carbon of organic component, violet — oxygen of organic component. Yellow arrows — region of hydrogen
bonded organic molecules, green arrows — organic molecules concentrated at the hydrophobic regions of HA.

hydrogen-bond donor capability of tert-butanol. On the contrary, none of the organic
compounds interacts significantly with the carboxylate group. In case of dioxane, it is
disabled by the absence of hydrogen-bond donors on both the partners. Tert-butanol may
interact, in principle, by its hydroxyl group, but it is expelled from this hydrophilic region by

the more strongly interacting water molecules.

In the hydrophobic regions specific locations of the organic-component accumulation occur.
The most typical position is below the GCU ring (see Fig. 3) where the organic component
concentrates with the oxygen atom oriented towards the GCU residue. This phenomenon is

apparent for both the organic compounds, but for dioxane seems to be somewhat stronger. A
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similar accumulation is observable also on the other side of the GCU ring, but in a lesser
extent. On the NAG residue this effect is considerably weaker and occurs in a higher extent at
the opposite (“upper”) side of the residue. In accordance with the GCU case, in dioxane
solutions it is stronger in comparison with tert-butanol. The concentration of the organic
compounds in these hydrophobic regions is likely driven by the hydrophobic interaction
pushing the less polar organic molecules towards the non-polar parts of the monosaccharide
rings. The fact that the hydrophilic oxygen atom is oriented towards the hydrophobic part of
the residues is probably a consequence of steric factors determining the orientation. In case of
dioxane this hydrophobic force pushes the four carbons and the related hydrogens to the
“parallel” position with respect to the residue ring, while the oxygens tend to stay solvated in
the solution. Combination of these effects results in the orientation when one oxygen is in the
solvent and the hydrophobic part is closer to the residue, therefore, the other oxygen atom has
no other option than being close to the residue ring. Although tert-butanol has only one
oxygen atom, its orientation with this atom towards the HA residue is probably enforced by
the formation of short-lived hydrophobically stabilized complexes of two tert-butanol
molecules supported by their higher concentration in this region. These complexes have two
hydroxyl groups on the opposite ends and thus behave similarly as dioxane molecules.
Moreover, the expected direct hydrophobic interaction of the three methyl groups with the
HA ring is likely in a steric conflict with the hydrophilic regions occupied by the hydrogen-

bonded water molecules.

3.3.HA-ions interactions

Previously we showed (Kutalkova et al., 2021) that the mixed solvents considerably enhance
the interaction between HA and positively charged ions influencing thus the course of

chemical reactions containing cationic intermediates. Here we study the interaction of the HA
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molecule with mixed solvents in more detail by means of RDFs of Na™ and CI" ions. Time
dependences of the number of Na* ions within the distance of 4 A from HA indicate a good
equilibration of the ions distribution within the last 100 ns of the simulation for all the
systems (Fig. S4). While in aqueous solutions the interactions of Na* with HA are rather
infrequent unless the NaCl concentration is relatively high (Kutalkova et al., 2020), in the
mixed solvents their affinity to HA grows substantially. Fig. 4 shows that the frequency of
interactions of HA and ions, especially Na*, is almost independent of temperature except for
the pure aqueous solution and, in a lesser extent, the water:dioxane solution of the lowest

dioxane concentration.
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289

290 Inthese cases more Na* ions interact with HA at the higher temperature indicating the
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entropic stabilization of this interaction consisting in the decay of the solvation shell of both
the ion and the interacting group on HA, most often the carboxylate group. At higher organic-
compounds fraction the permittivity of the solvent decreases lowering the electrostatic
screening and thus causing stronger attraction between the Na* cations and the negatively
charged HA. Therefore, the growing enthalpic component of the Gibbs free energy balances
the entropic contribution making thus the Na*-HA interactions temperature independent. Fig.
S3 shows the mean numbers of Na* ions within the distance of 4 A from the HA molecule
both with and without 0.1 M NaCl. The stabilizing effect of the organic component is clearly
apparent in both the systems. In addition, in the NaCl-containing solutions with the highest
organic fraction the numbers of Na* cations in this range is even higher than 10, i.e. than the
number of carboxylate groups, indicating interactions also at different positions. Indeed, the
CSSDs (Fig. 5 and S5) show that Na* cations often occupy also the position at the hydroxyl
groups on C2 and C3 of GCU (position 2) as well as the positions at the hemiacetal oxygen
atoms O5 of the monosaccharide ring of GCU (position 3) and NAG (position 3°). The
position at the carboxylate group is denoted as 1. While in aqueous solutions the occupancy of
positions 2, 3, and 3’ is very low, in both kinds of the mixed solvents they are occupied much
more frequently. The difference is especially obvious at the position 3’ on the NAG residue
occupied only marginally in aqueous solution but reaching almost equal value as the position

3 in the mixed solvents.
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Fig. 5. Cumulative solvation-shell diagram of the ions (Na* — orange, Cl — yellow)surrounding the residues
of HA molecule for 310 K and the 0.67 dioxane volume fraction. The colors of HA atoms: carbon — black,
oxygen — red, nitrogen — green (hydrogen not shown). The positions of frequented locations of Na* ions
are labeled by numbers (see the main text) and are schematically shown in the two right upper panels.
Position 3’ is analogous to 3, but located on NAG. Right bottom panel contains the orientation scheme of
the residue identifying their location in CSSDs.

311

312  The behavior of the HA molecules in solution is strongly determined by their total charge
313  including the ions present in their solvation shell. Fig. 6 shows this charge, as a function of

314  the distance r from the molecule up to which the ions are included. The total charge grows

20



315

316

317

318

319
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321
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324

along with the distance r from the value of —10 (HA charge) relatively slowly as the attracted
Na* cations are immediately followed by CI- anions, therefore even at 40 A from HA the total
charge is still between —4.0 and —1.5 for all the systems. It indicates that even in the mixed
solvents with 0.1 M NaCl HA does not lose its negative charge and keeps its capability to

resist precipitation.

0.1M Nacl 0.1M NacCl
-2 277 K 277 K

total charge

0
% 0.1M Nacl 0.1M Nacl
5 2 310 K 310 K
©
g 4

-6

-8

-10
0 8 16 24 32 40 0 8 16 24 32 40
r/A r/A

Fig. 6. Total charge of the HA oligosaccharide including its solvation shell up to the distance r.
Volume fraction of the organic component (dioxane — left, tert-butanol - right) is indicated in the
legends. The pure-water curves are identical for the panels of equal temperature.

An interesting difference between both kinds of solvents can be seen at 277 K. In the solvent
series containing pure water and mixtures of 0.33, 0.50 and 0.67 volume fractions of dioxane
the negative HA charge at any distance r is compensated in approximately equal steps. In an

analogous tert-butanol series the charge of the solvated HA is equal in all the mixed solvents,
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sharply distinct from pure water. This is a direct consequence of the strong solvent separation
in the tert-butanol solutions resulting in almost composition-independent local environment
wrapping HA, as discussed in section 3.1. At the higher temperature the curves of the
dioxane-containing solutions are only slightly more separated, while those of tert-butanol lose
their uniqueness and depart from each other in the same concentration trend as for their
dioxane counterparts, but with lower differences. This is a result of the more rapid thermal
motion disrupting the hydrophobic interactions among tert-butanol molecules diminishing
thus the solvent-separation strength and allowing more tert-butanol molecules to penetrate the

solvation shell of HA, especially when their concentration is high.

3.4.Hydrogen bonds in mixed solvents

Hydrogen bonds constituted by HA can be divided into three groups — intramolecular HA-
HA, HA-water, and HA-organic-component. Their average numbers within a simulation time
interval are shown in Fig. S6. Obviously, in the salt-free solution the number of HA-water
hydrogen bonds decreases along with the growth of the organic-component fraction. The
decrease is deeper in the mixtures of dioxane, consistently with its higher occurrence in the
solvation shell. The number of these bonds also decreases with the growing temperature
almost independently of the solvent composition. The missing HA-water hydrogen bonds are
partially compensated by the formation of the HA-organic-component hydrogen bonds. Their
number, however, is rather low, therefore only up to one third of the gap is filled this way,
often even less. Despite tert-butanol’s lower occurrence in the solvation shell, it forms more
hydrogen bonds with HA than dioxane as a consequence of its ability to serve both as a donor
and acceptor of hydrogen. Finally, the number of the intramolecular hydrogen bonds grows
with the organic-component fraction, too. This growth is higher for dioxane, consistently with

the decrease of the HA-water hydrogen bonds.
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Addition of 0.1 M NaCl does not affect the trends but changes their extent moderately. The
number of HA-water hydrogen bonds is generally lower in all the solutions and its decrease
along with the growing organic fraction is also steeper. Therefore, the largest differences
between salt-free and salt-containing systems can be found in the organic-rich mixtures. This
is likely caused by the interference of Na* ions with the formation of hydrogen bonds. On the
contrary, the influence of NaCl on the intramolecular and HA-organic-component hydrogen
bonds is relatively small, partially decreasing their number with respect to the salt-free
solution. For the intramolecular hydrogen bonds their initial increase along with the organic-

component fraction is even revered to decrease above the value of 0.5.

Increasing temperature lowers the number of HA-water hydrogen bonds in all the systems, as
we reported previously for aqueous solutions (Kutalkova et al., 2020). The observed decrease
differs for different environments but in general stays between 10-20 % of the value for

277 K. A similar decrease can be observed also for the HA-organic-component hydrogen
bonds. This indicates the enthalpic stabilization of these bonds resulting in their disturbance
by the more intense thermal motion. On the contrary, there is almost no temperature
dependence of the number of intramolecular hydrogen bonds within the HA chain. The
formation of these bonds is especially supported by the concentration of water molecules in
the close surroundings of HA, which is also negligibly temperature dependent. Moreover, the
conformation of the HA chain is rather rigid and the thermal motion is unable to change the

number of positions prone to hydrogen-bond formation considerably.

3.5.Dynamics of the HA chain in mixed solvents

As we showed previously (Ingr et al., 2017; Kutalkova et al., 2020), in pure water the HA
chain is relatively rigid forming large and loosely packed random coils. This semirigidity of
the chain, indicated by an exponent of the dependence of the radius of gyration on molecular

weight higher that 0.5, is typical also for different hydrophilic polysaccharides, see e.g. (Xu et
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al., 2012). The rigidity decreases when salt is added to the solution since the cations
interacting with the HA chain provoke dynamic processes leading to the formation of
temporary hairpin-like kinks and thus partial shrinkage of the random coils. It was also shown
that the formation of the kink is often triggered by a flip of a certain glycosidic dihedral angle,
most frequently 14 2 (for the labeling of dihedral angles see Fig. S7), following the
interaction of the chain with a Na* cation, especially when the ion enters the position 3. In the
mixed solvents at the lower temperature of 277 K the changes in the chain rigidity, monitored
by the mean end-to-end distance of the chain, are relatively small irrespectively of the solvent
composition. The differences become more significant when the temperature is increased to
310 K. At this temperature in the presence of 0.1 M NaCl the end-to-end distance apparently
decreases along with the growth of the organic-component fraction after a shallow maximum
at the organic volume fraction 0.33 (Fig. 7). This decrease is a consequence of more frequent
interaction of HA with Na* cations leading to the repeated shortenings of the chain, as
discussed above. These processes are clearly observable in the correlation of time
dependences of certain glycosidic dihedral angles and the end-to-end distance (Fig. S8)
confirming our previous findings for aqueous solutions (Kutalkova et al., 2020). In addition to
that study, in mixed solvents not only 14 2 dihedrals undergo the flips inducing the kink
formations but also dihedrals 13_1 contribute to these events. This is probably given by the
more frequent occurrence of Na* cations in the position 3 at the hemiacetal oxygen of NAG
in mixed solvents. While its GCU counterparts, position 3, provokes the flips in the 1-4

connection, position 3’ does the same in the connection 1-3.

24



396

397

398

399

400

401

402

403

404

405

406

o0
L, ]

3 ?
Q
% 76 é & 6
e
@
2 67 é
- @DX 277K A
€ 58
& @TB 277K
g 49 ADX 310 K
o a0 L ATB3IOK 0 M Nacl
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
volume fraction
85
o:E .
8 76 @ ®
c : A
T ®
2 67 A
=]
2
o 58
o)
g 49
s 0.1 M Nacl A
40

0.0 0.1 0.2 0.3 04 0.5 0.6 0.7
volume fraction

Fig. 7. End-to-end distance of the HA oligosaccharide at different mixed solvents, two NaCl
concentrations and two temperatures. Blue points indicate aqueous solution.

As more Na* cations occur in the close proximity of HA in dioxane-containing solutions, this
phenomenon is stronger there and the end-to-end distance is shorter in comparison with the
tert-butanol-containing solutions. The small increase of the end-to-end distance between pure
water and organic-component volume fraction of 0.33, where still not much more Na* cations
approach HA, may be rather attributed to the decrease of permittivity of the solvent leading to
a stronger electrostatic repulsion of the charged carboxylate groups in the mixed solvent
compared to pure water. This may lead to a more straight and rigid conformation of the HA
chain. At the lower temperature of 277 K such a strong dependence is not observed. The
probable cause of this is the lower energy of the thermal motion of the molecules. Therefore,

even though the number of Na* cations interacting with HA, and thus supporting the dihedral
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flips, is similar at both the temperatures, the mean kinetic energy of the chain is not sufficient

to overcome the energetic barriers of the dihedral rotation very often.

The other studied systems, i.e. at the low temperature or without NaCl, show only much less
pronounced dependences on the mixed-solvent composition. Nevertheless, they are also
driven by the same phenomena, the frequency of occurrence of the Na* cations in the HA
solvation shell and the decrease of electrostatic screening. The latter effect is the probable
cause of the longer end-to-end distance in all salt-free dioxane solutions compared to those
containing tert-butanol. The lower electrostatic screening is given by a weaker solvent
separation of dioxane-containing solution, as discussed in section 3.1. The maximum at a
certain water:organic volume ratio may correspond with the best combination of the
decreasing electrostatic screening and growing interaction of HA with Na* cations. The salt-
free systems at 310 K show a reversed trend of the tert-butanol-containing solutions compared
to those with dioxane that keep a similar profile like at 277 K. Although the explanation of
this feature is somewhat questionable, the minimum at the tert-butanol volume fraction of
0.50 may be attributed to the still high electrostatic screening decreasing the rigidity of the

chain and already relatively frequent interactions with the Na* cations.

3.6.Thermodynamic background of the solvent separation

The phenomenon of the solvent separation can be described by means of chemical potentials
of the solvent components. The chemical potential x; of a given component is constant

throughout the whole system and it can be split to two parts, ideal and non-ideal (excess)

W= i+ uf, 1)

where
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ui* = u? + RTInc,y. )

Here w is the standard chemical potential of a given component (standard state is pure
compound at a given pressure and temperature) and c¢,; = ¢;/c; is the relative concentration
of the component defined as the ratio of its concentration in the solution ¢; and as a free
compound ¢;. (Defining ; as a function of c,; seems to be more convenient in this case
compared to the usually used molar fractions due to the local variations of density.) The

excess part can be expressed as

uf = RTIny(cry) 3)

where y;(c,;) is an activity coefficient of the component dependent on c,;. The non-standard

part of the chemical potential
Au; = u; — 1) = RTInc,; + RT Iny;(c,;) = const. (4)

is constant throughout the whole solution and thus can be calculated from the known free-
solvent concentrations of the components far from the HA molecule from the published
values of activity coefficients, (Goates & Sullivan, 1958) for dioxane and (Koga et al., 1990)
for tert-butanol solutions. In Fig. 8 uf calculated from the experimental value of Ay; and the

simulation data

HEom = Dy — i = Ap; — RTIncyy (1) (5)

is compared with an analogous value calculated from the literature data for the free mixture of

the same composition

ﬂffree = RT In Vi(cri (T‘)) (6)

Both the quantities defined by equations 5 and 6 are thus considered as functions of the

distance from HA molecule r. (As MEsim is almost independent of temperature and NaCl
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Fig. 8. Excess chemical potentials of water (left) and the organic components (right) determined
from the simulation (dashed lines) and calculated for the free solvent from the literature data

(solid lines). Dioxane — upper panel, tert-butanol — lower panel. Organic-component volume
fractions are indicated in the legends.

This comparison shows that uf’;,,, is considerably lower than Mffree indicating a strong

attraction of water by the hydrophilic HA molecule. On the contrary, except the very close

vicinity of HA (r < 10 A), where steric hindrances play role, both the potentials are very

similar for any of the organic components showing thus very low interaction between HA and

the organic compound. The only observable difference for the tert-butanol volume fraction of

0.67 likely originates from an osmotic effect caused by the strong local separation of the

components. The organic-component chemical potential is therefore mostly given by the
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concentrations and behaves like in the free mixture. Consequently, the interaction between
HA and water is the primary effect controlling the solvent separation. The differences
between dioxane and tert-butanol are rather given by the different absolute values of their
excess chemical potentials. For both of them it is positive, but for tert-butanol it is remarkably
higher and also grows more steeply with the increasing water content than for dioxane, i.e.
with the decreasing distance from the HA molecule. Therefore, due to the primary excess of
water molecules at HA tert-butanol has a higher tendency to migrate away from the HA
molecule. The molecular reason of this difference consists in the amphiphilic nature of tert-
butanol in contrast to the symmetric dioxane molecule, as discussed in section 3.1. The
asymmetric tert-butanol molecules are prone to clustering via their hydrophobic parts,
therefore they tend to move away from the water-rich region around HA containing a lack of
clustering partners. On the contrary, the approach of the hydrophobic parts of dioxane
molecules necessarily causes also the approach of the hydrophilic oxygen atoms which have a
strong tendency to be solvated by water molecules resulting in their separation and lower
tendency to interact with another such molecule. Finally, the similarity of uf;,, and uf ;.
for both the organic components proves the correctness of the force fields used for their

molecules.

4. Conclusions

MD simulations of HA oligosaccharides in mixed solvents water:dioxane and water:tert-
butanol, in both cases of three different compositions, were carried out. They show a
remarkable separation of the mixed-solvent components in the close surroundings of the HA
molecule. Primarily, water is attracted by HA and the less polar organic component is repelled

from it consequently. A significant difference can be observed between dioxane- and tert-
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butanol-containing solutions. Separation of water:dioxane solution is weaker regarding both
the concentration changes and their reach from the HA molecule. Tert-butanol-containing
solutions, separate more intensively due to the stronger influence of the concentration changes
on the tert-butanol chemical potential, likely given by the mutual hydrophobic interactions
between the tert-butanol molecules. Dioxane, on the contrary, shows solvent-composition-
independent distribution curves indicating the independent behavior of its molecules.
Presence of the organic component in the solvent supports the interaction of HA with Na*
cations, more intensely in the dioxane case due to the weaker solvent separation and thus less
polar environment in the close surroundings of HA. In contrast to pure aqueous solutions, the
ions bind more frequently to the positions close to the hemiacetal oxygen atoms of both the
residues. These HA-Na* interaction then induce more frequent flips of the dihedral angles of
the glycosidic connections of the residues — not only of the 1-4 connection (flipping almost
exclusively in agueous solutions), but also 1-3. This leads to an apparent shortening of the
end-to-end distance of the oligosaccharide observed at the highest organic-component fraction
and 0.1 M NaCl and further supports the previously proposed shortening mechanism based on
the repeated formation and decay of temporary hairpin-like structures. Although only indirect
comparison of our findings with experiment is possible, comparison of the determined excess
chemical potential of the organic component with its free-solvent value (Goates & Sullivan,
1958; Hichri et al., 2014; Koga et al., 1990) shows an excellent agreement. Additionally, the
agreement of the simulated variations in reactivity of HA with the positively charged
intermediates of substitution reactions with experiment (Kutalkova et al., 2021; Strympl et al.,

2021) was shown previously.
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