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Classical molecular dynamics simulations were performed to study the effect of cosolvents and ions on the sol-
vation structure of zwitterionic glycine in liquid water. Simulations were carried out for 2 M and 1M concentra-
tion of TMAO, Urea, KCl and LiCl solutions to observe the changes in liquid structure of water near the glycine
molecule. Radial distribution functions and spatial distribution functions showed the presence of protective hy-
dration layer near the Cα in presence of TMAO which gets reduced in case of urea, KCl and minimum in case of
LiCl. LiCl is found to disrupt severely the solvation structure near the glycine molecule. For LiCl system, a small
hydration layer is foundnear Cα unit at higher distanceswhich ismainly due to thefirst hydration shell of lithium
ion bonded to the carboxylate group. Presence of these hydration layers gives extra stabilization energy to the
glycine water system. Stabilizing and destabilizing effect of water near the glycine molecule is calculated in
terms of Potential Mean Force. The anomalous behaviour of lithium salts with respect to Group I cation salts in
protein stabilization can be explained on the basis of this behaviour.We foundmaximumhydrogen bond lifetime
for water molecules in presence of TMAO followed by LiCl, KCl and least in case of urea. The higher lifetimes in
presence of ions are found mainly due to their electrostatic force. The stabilization of the hydrophobic part of
the glycine molecule can be correlated with the stabilization of proteins in presence of these cosolvents.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Water is unquestionably a complex liquid. It is not a static solvent; it
has dynamic micro-domains which result to many anomalous proper-
ties. The dynamics of water around biological molecules is complex
and non-uniform [1]. Biomoleculesmodify the structure of the adjacent
solvent layer which in turn changes the properties of the biomolecule.
All proteins have both hydrophobic and hydrophilic moieties. It
has been found that water exists as micro-domains of high density
water (HDW, density 1.2 g/ml) and low density water (LDW, density
0.91 g/ml) [2–8]. These micro-domains can be induced due to the pres-
ence of hydrophobic and hydrophilic group in the protein moieties
[9,10]. The surface water near the protein molecules mainly gets
perturbed compared to the bulk due to changes in the hydrogen-
bonding network. The associated distortions and loss of tetrahedral
symmetry of the interfacial water molecules in turn affect the dynamic
properties. It was observed that there is a decrease in entropy and
enthalpy when water was mixed with hydrophobic molecules due to
enhanced ordering of the solvation water [11]. Direct experimental
proof of enhanced ordering is very difficult to get as the important
details of dynamic behaviour are masked by both time-averaged and
spatially averaged measurements.
y).
The dynamics of water is not only changed due to the presence of
biomolecules, it is also affected by the presence of the cosolvents and
ions [12–16]. Aqueous salt solutions are natural environments for
functioning of biomolecules. Protein solubility can be changed by the
addition of salts to the solution [12]. Salts can affect the electrostatic
interactions in a solution through charge-charge interactions [17] or
by binding the charged groups and neutralizing it [18]. They can also
influence the solubility of amino acids and proteins by altering the over-
all liquid water structure. The functionality of the protein molecules are
also affected by the concentration of the salts. Ions differ widely in their
effects on the local structure of water [19–22]. Setschenow constants
provide useful information about salting-in and salting-out behaviour
of salt ions [23]. The behaviour of ions in solutions in general is
discussed in terms of kosmotropic (water structure-making) or
chaotropic (water structure-breaking) behaviour. It is known fact that
small ions tend to cause “salting-out” i.e., reduction of hydrophobic
solubilities; whereas large ions tend to cause “salting-in” i.e. increase
in nonpolar solubilities [24,25]. This is explained by the fact that smaller
ions have higher charge densitywhich leads to strong electrostatic field.
Thismakes thewatermolecules to befirmly held in their solvation shell.
The exchange of the water with the neighbouring shell becomes less
probable which reduces the hydrophobic solubilities. They also exert
strong orientational effects on water molecules within their first
solvation shell. In case of larger ions, there is easy exchange of the
water molecules with the neighbouring shells. The different effects of
the ions on local structure of water are also mirrored, in terms of their
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Table 1
Values of Lennard-jones and electrostatic interaction potential parameters for Glycine,
urea, TMAO, KCl, LiCl and water. e represents the magnitude of electronic charge.

Name Atom σ(A0) ε(kJ/mol) Charge (e)

Glycine C 3.56 0.2928 0.34
Cα 3.58 0.2343 0.13
O 3.02 0.5020 −0.67
N 3.29 0.8368 −0.30
H 0.40 0.1924 0.33
Hα 2.38 0.1171 0.09

Urea C 3.56 0.2928 0.60
O 3.02 0.5020 −0.58
N 3.29 0.8368 −0.69
H 0.40 0.1924 0.34

TMAO N 3.29 0.8368 −0.83
O 3.11 0.5020 −0.37
C 3.94 0.3221 −0.35
H 1.24 0.1924 0.25

Water (SPC) O 3.16 0.6501 −0.82
H – – 0.41

Water (SPC/E) O 3.16 0.6502 −0.8476
H – – 0.4328
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Hofmeister effects. An exception to this trend is seen in case of salts
containing lithium ion [26–28]. Lithium ion being the smallest ion in
the Group I cations is expected to have the most salting out effect. But
it has been reported in many cases that lithium ion has more salting-
in property in comparison to sodium or potassium ion [26,27].

This anomalous behaviour of lithium ion indicates that consider-
ation of the charge densities alone to describe their Hofmeister effects
is not sufficient [18]. Many molecular dynamic simulation studies
have been reported on aqueous solution of ions focussing mainly on
the calculation of the hydration thermodynamics of the constituent
ions [29–32] and their hydration shell structures [24,25,30,33–42].
Recent studies quantified the extent in which salt concentration
strengthens the hydrophobic interaction [28,34,43–45]. Therefore, it
would be interesting to observe the sensitivity of biological processes
in presence of different ions and their changes in the concentration
[12,15,46–49].

Changing the conditions of solution affects the thermodynamics of
proteins by altering their structural aspects [47,49]. Presence of alco-
hols, urea and guanidine hydrochloride are found to denature the pro-
teins; while addition of certain amino acids, sucrose, Trimethylamine
N-oxide (TMAO) stabilizes it. Urea is found to denature protein by direct
[50–53] and indirect mechanism [54,55]. It alters the structure of water
molecules [56–59] and thereby encourages the hydrophobic hydration.
It can also directly interact with the polar groups of the protein favoring
the denatured state. According to the ‘two-stage denaturation process’
[60,61], denaturation begins with preferential solvation of protein mol-
ecule by urea and expulsion of water from the protein solvation shell.
TMAO on the other hand, is known to be excluded from the protein
surface for entropy effect [62–64]. Its changes on the structure of
water lead to stabilization of proteins [65,66]. Several experiments
support the formation of immobile water [67–70] in presence of
TMAO which is supported by the simulations [71,72]. There are also
some studies done on themixture of urea and TMAO in protein aqueous
solutions to study the stabilization effect of TMAO to the protein mole-
cules in presence of urea [73–75]. But the studies of the effect of
hydrophobic hydration in presence of these molecules have not been
given much importance.

Proteinwater-exposed interface undergoes a lot of topological disor-
der and chemical heterogeneity due to presence of hydrophilic
and hydrophobic sites. There have been many studies done on the ef-
fects of ions on the solvation structure of water, mechanism of urea de-
naturation on protein, TMAO stabilization, urea and TMAO mixture
effect on protein but no systematic study on the role of stabilizing and
destabilizing effect of cosolvents on biomolecules. Both urea and con-
centrated salt solutions are found to denature the protein. Therefore, it
would be interesting to see whether there is a common factor between
these cosolvents that can explain the reasons leading to the destabiliza-
tion on the biomolecules and also if it is different from the TMAO effect
on the biomolecule. To study this process, we selected a small amino
acid, glycine for its simplicity in having one\\NH2 group, one\\COOH
unit and a hydrophobic part. The hydrophobic group is surrounded by
hydrophilic groups. Glycine forms zwitterionic state in aqueous solution
and in crystalline state [76–78] whereas; neutral form in the gaseous
phase [79,80]. Some theoretical studies using ab initio methods have
been reported regarding the study of the internal structure of glycine
and its interaction with water molecules and ions [81–86].

Further, it would be interesting to spot some interesting behaviour
of Lithium salts which can explain the anomalous behaviour of Lithium
solutes with respect to other salts [26–28]. In view of this, we present
here a relatively comprehensive set of molecular dynamics (MD)
simulations of aqueous glycine in presence of TMAO, Urea, KCl, and
LiCl at different concentrations. We are mainly interested to see the
effect of cosolvents towards the solvation structure of the glycine and
calculation of the forces that stabilizes and destabilizes a protein mole-
cule. In order to study the effects of co-solvents and ions inmore details,
we performed the simulation in differentwatermodels namely, SPC and
SPC/E using different thermostat and system size. From this study we
can have an overview of basic elementary molecular mechanism that
is responsible for protein stabilization. The rest of the paper is organised
as follows. Computational methodology is discussed in Section 2
followed by result and discussion in Section 3 and we conclude our
results in Section 4.

2. Computational methodology

In the present work, Glycine, Urea, TMAO, KCl, LiCl and water
molecules are characterized by multi-site interaction models. In these
models, the interaction between atomic sites of two molecules is
expressed as

u rij
� � ¼ 4εij

σ ij

rij

� �12

−
σ ij

rij

� �6
" #

þ qiqj

rij
ð1Þ

where, rijis the distance between sites i and j of different molecules, qijis
the charge of ith atom and the Lennard-Jones parameter (LJ) εijand
σijare obtained by using combination rules σij = (σi + σj)/2and εij ¼ffiffiffiffiffiffiffiffiεiε j
p , where σiand εiare the Lennard-Jones diameter and well-depth
parameter for ith atom. For water, we have employed the simple point
charge (SPC) model [87] and SPC/E model [88]. The values for the
potential parameters for Glycine, Urea, TMAO, KCl, LiCl and water
molecules are taken from CHARMM36 FF [89].

The corresponding potential parameters for the amino-acid, co-
solvents and water molecules are given in Table 1.

We have carried out classical molecular dynamics in a cubic box
comprising a total of 512 and 1024 particles, including zwitterionic gly-
cine, co-solvent and water molecules for SPC and SPC/E water models
respectively. The compositions of each solvent mixture in four different
solvent systems of varying concentrations are given in Table 2. Simula-
tions were performed using the GROMACS (v2016.5) simulation pack-
age [90,91]. The equations of motions were integrated using the
leapfrog algorithmwith time step of 10−15 s (1 fs) alongwithminimum
image conventions and periodic boundary conditions in all three direc-
tions [92]. Theminimum image conventions for calculation of the short-
range Lennard-Jones interactionswere employed and the particle mesh
Ewald (PME) sum to treat the long-range electrostatic interactions
[93,94]. Modified Berendsen thermostat (τT = 0.1 ps) [95] and
Velocity-rescale (τT = 0.1 ps) [96] thermostat was used for SPC and
SPC/E water models respectively along with Parrinello-Rahman
barostat (τP = 2.0 ps) [97] to keep the temperature and pressure con-
stant. All the bonds were constrained using the LINCS algorithm [98].



Table 2
Nglycine, Nurea/TMAO/KCl/LiCl, Nwater are thenumber of glycine,Urea, TMAO,KCl, LiCl andwater
molecules in the simulation box.a

System Nglycine Nurea/TMAO/KCl/LiCl Nwater

1 1 – 511
2 1 10 501(491)
3 1 19 492(473)
4 1 40 983(945)

a System1 corresponds to pure aqueous glycine. System 2 corresponds to 1M,whereas
Systems 3 and 4 correspond to 2 M concentration. SPC water model was used for systems
1,2,3 and SPC/E water model for system 4. Number of water molecules corresponding to
KCl and LiCl salts systems are shown in parenthesis.
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In the starting configuration, the glycine molecule was centered in
the box and co-solvents, water molecules were inserted with random
orientations for all the systems. We have carried out simulations in
which each systemwas equilibrated in NVT ensemble for 2 ns, followed
by NPT ensemble for 2 ns in order to obtain the appropriate box length
corresponding to 1 atm pressure at the end of the simulation. Finally,
the simulations were run for another 50 ns and 30 ns for the calculation
of the structural and dynamical quantities with 1 fs time step using the
NPT ensemble [92] for SPC and SPC/E water models respectively.
Fig. 1. Radial Distribution functions g(r) of aqueous glycine with different cosolvents for 2M con
of urea and TMAO, (e) Cα-Ow and (f) Ow-Ow for SPC water model.
3. Results and discussion

3.1. Radial distribution functions

The structural arrangement of water molecules with the variation of
solutes around the glycinemolecule is calculated from the intermolecu-
lar Ow-Ow, Cα-Ow, C-Ow, Ng-Ow and Og-Ow radial distribution functions
(RDF's). Fig. 1 shows the effect of different cosolvents on the RDF of ni-
trogen of glycinewith oxygen of water (Ng-Ow), carbonyl carbon of gly-
cine with oxygens of water (C-Ow), carbonyl‑oxygen of glycine with
oxygens of water (Og-Ow), carbonyl oxygen of glycine with cosolvents,
hydrophobic carbon of glycine with oxygens of water (Cα-Ow) and
water oxygen‑oxygen (Ow-Ow) at 2 M concentration for SPC water
model. We found similar trend in graph for 1 M SPC and 2 M SPC/E
case (Supplementary Figs.1 and 2). It can be observed that the place-
ment of first peak in case of Ng-Ow as shown in Fig. 1(a) is same for all
the cosolvent except for LiCl, where the minima are shifted little to-
wards lower distances. The height of the peak is more for urea, TMAO
and least for LiCl and KCl, which shows more number of water mole-
cules are bonded with the N-terminal of glycine in case of urea and
least in case of ionic solutes. The second coordination shell of urea and
pure glycine water remains almost same whereas; the peak height
centration (a) Ng-Ow, (b) C-Ow, (c) Og-Ow, (d) Og with respect to positive ions, hydrogens
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increases slightly for TMAO and much disrupted in case of LiCl. This
indicates that the second coordination shell is ordered more for TMAO
but aswemove towards the ionic salts there is loss in the tetrahedrality
of water molecules. We get more well-defined peaks for LiCl in case of
SPC/E water model.

The hydration structure of the water molecules near the carbonyl
carbon of glycine shown in Fig. 1(b) is found to be more perturbed
than the N-terminal in presence of ionic solutes and especially in case
of LiCl. The position of the maxima and minima of the first peak is
found to be same for TMAO, Urea, KCl and pure glycinewater. However,
the peak height is found to be more in case of TMAO which reduces in
the order of TMAO N urea N KCl. This suggests that water molecules
near the carbonyl carbon of glycine are more tetrahedrally ordered in
case of TMAO. For LiCl, we observe shifting of the first peak towards
higher distances. We also observe significant disruption of the second
and third solvation shells for LiCl. Lithium ion has high charge density
which significantly changes the structure of the water. The positions
of the second and third maxima remain unchanged for TMAO, urea
and glycine aqueous solution. However, we observe change in the sec-
ondary solvation shell structure for KCl. The structure of the solvation
shell for carbonyl oxygen in presence of LiCl shown in Fig. 1(c) is some-
what different from the other three cosolvents. The cations have strong
interactions with the carbonyl group compared to urea and TMAO
(Fig. 1(d)). In Fig. 2, we have shown the snapshot of the simulation
trajectory of aqueous solutions of glycine in the presence of urea, potas-
sium and lithium salts. The radial distribution functions of carboxylate
oxygen (Og)-cosolvent shown in Fig. 1(d) clearly explains the strong
association of the lithium cation towards the carbonyl groupwhen com-
paredwith potassium ions. It can be noted here that the first maxima of
Og-Li+ is at 2 Å and that of Og-Ow in presence of LiCl is at 2.6 Å. The peak
height suggests that in case of LiCl, there is more probability of finding
Li+ ions near the surroundings of two carbonyl oxygen atoms than
the water molecules. The lithium ion is then surrounded by the water
molecules which lead to the shifting of the first solvation shell at higher
distances, Fig. 1(c). In case of potassium ion, there is lesser probability of
finding K+ ion near the two carbonyl oxygens in comparison to lithium
ion. The first maxima of Og-K+ and Og-Ow are nearly at same distance.
Therefore, the changes in the solvation shell of carbonyl oxygen and
water molecules (Og-Ow) for KCl are found to be less pronounced than
LiCl. However, the second solvation shell of carbonyl carbon and water
oxygen in case of KCl as shown in Fig. 1(b) is seen to be disrupted. In
case of urea, we found some probability of binding the hydrogens of
urea with carboxylate oxygen at lower distances (Fig. 1(d)) but due to
the absence of strong electrostatic field, there is no strong hydration
shell near the hydrophobic unit as it is found for LiCl.

The ionic association near the carbonyl oxygen of glycine changes
the water density near the hydrophobic unit. It can be seen from Fig. 1
(e) that the position of the first maxima is same for all the cosolvents
but there is significant difference in the placement of the first minima.
The height of the first peak increases in case of TMAO in comparison
Fig. 2. Snapshots from the simulation of aqueous glycine mixtures in the presence of a) Urea b)
pink spheres represents oxygen, carbon, nitrogen, hydrogen, potassium and lithium atoms resp
colour in this figure legend, the reader is referred to the web version of this article.)
to aqueous glycine but it decreases in case of the ionic cosolvents.
Further, it can be seen that in case of TMAO, we have a small hump
near the minima of first solvation shell. The height of the hump de-
creases fromTMAO N urea N KCl N LiCl. Thismeans there is an increment
in the density of water molecules near the first solvation of the Cα in
case of TMAO compared to aqueous glycine which reduces in case of
the ionic solvents. For LiCl, we further notice a smaller hump at a
distance of 5.4 Å. The formation of smaller hump can be related to the
presence of the first hydration shell of Li+ ion near the carbonyl oxygen
which ismissing in case of the other cosolvents.We noticed similar type
of hump for SPC/E water model.

Finally, it would be interesting to see the changes in the RDF of the
water oxygen‑oxygen (Ow-Ow) as shown in Fig. 1(f). The first peak of
Ow-Ow RDF profile occurs at 2.80 Å for all of the cosolvents. Variations
in the peak height, minima positions and the peak maxima of the sec-
ond and third solvation shells are observed for all the cases.We observe
significant differences in structure ofwater around the glycinemolecule
mainly for the ionic cosolvents. The distribution of the peak height of
the first maxima clearly shows that the water molecules are more or-
dered in case of TMAO. Presence of the ions promotes local structure
in the water molecules.

Therefore, in the present scenario, we noticed the hydrophobic unit
is more surrounded by water molecules in presence of TMAO and LiCl.
In other words, it can be said that the hydrophobic part of glycine is
more hydrophilic (water loving) in presence of TMAO than other co-
solvents. Now, it would be interesting to see whether this hydration of
the hydrophobic unit gives an extra stabilization to the glycine water
system in comparison to other cosolvent system. For more insights,
we have plotted the spatial distribution function in the next section.

3.2. Spatial distribution functions

We have calculated the spatial distribution functions (SDFs) of
oxygen molecules around glycine for SPC water model in presence of
different co-solvents at 2 M concentration by using the TRAVIS [99]
software package. The calculated results of SDFs are shown in Fig. 3.
The oxygen atom densities are shown up to 6 Å from the centre of the
glycine molecule. It can be seen that there are three main regions
where the electron density cloud is mainly distributed. First, near the
three hydrogens of the ammonia, second, near the carboxylate ion and
third, near the hydrophobic unit. With the change in the cosolvent, we
found changes in the electron density mainly near the carboxylate ion
and near the hydrophobic unit. The oxygen density near the amine hy-
drogens remains almost unchangedwhich correlates well with the RDF
results. The oxygen density is significantly more towards the carbonyl
group for all the casesmainly due to the strong hydrogen bond between
the water molecules with the carbonyl group.

The SDF is found to be same for aqueous glycine and Urea solution,
so we have included the plots corresponding to Urea, TMAO, KCl and
LiCl in Fig. 3. It can be observed that there is an increment in the oxygen
KCl c) LiCl at 2 M concentration for SPC water model. Red, green, blue, white, orange and
ectively. Water molecules are shown in line style. (For interpretation of the references to



Fig. 3. Spatial distribution functions of the water oxygen around aqueous glycine amino-acid in the presence of different co-solvents (a) Urea, (b) TMAO, (c) KCl and (d) LiCl at 2 M
concentration for SPC water model.
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density in the region (I) near the hydrophobic unit for TMAO, which is
very unique. This is related to the hump seen near the first minima of
(Cα-Ow) RDF. Further, it can also be seen that there is a growth of a
new water dense region in the region (II) near the carbonyl oxygen
for the ions which increases from KCl to LiCl. This can be related to the
small hump at 5.4 Å seen in the RDF of hydrophobic carbon of glycine
with oxygens of water (Cα-Ow) in case of LiCl.

3.3. Number of hydrogen bonded water molecules

Presence of cosolvents and ions changes the solvent structure near
the glycine molecule significantly. Therefore, it would be interesting to
see the distribution of water molecules near the interface of amino
acid. In Fig. 4, we have plotted the population of number of hydrogen
bonded oxygen molecules near the Cα, carbonyl carbon and N-
terminal with the variation of cosolvents at 2 M concentration for SPC
model.

We have considered 3.25 Å as the distance criteria between two
oxygen‑oxygen atoms to be hydrogen bonded. We selected only the in-
terfacial water molecules within a distance of 5.6 Å from the Cα, 6.1 Å
from carbonyl carbon and 3.5 Å from amine nitrogen of glycine in the
calculation. The fraction (fn) of oxygen atoms ofwatermolecules involv-
ing in total n number of water–water hydrogen bonds were computed
and plotted.

In all of the cases it can be seen that the probability of occurrence of
one or two number of hydrogen bonds are found to be more compared
to three and four hydrogen bonds. In case of Cα and carbonyl carbon, the
probability of three coordinated water molecules are found to be little
more in presence of TMAO and LiCl in the solution; whereas presence
of KCl and Urea makes the probability of finding single coordinated
water more. This indicates that TMAO and LiCl are found to have more
ordered water molecules near the Cα of glycine compared to normal
glycine water. Presence of KCl and Urea in the solution was found to
promote more broken type of hydrogen bonds. Moreover, it can be no-
ticed here that LiCl has more probability of having four coordinated
water for carbonyl carbon than TMAO. This can be explained as, since
the carbonyl oxygens are more chelated by the Li+ ion (Fig. 1(d)),
there is a probability of finding strongly bound hydration sphere of
Li+ ion. This makes the water molecules more ordered and four coordi-
nated near the carbonyl oxygen. This hydration sphere ismissing in case
of TMAO andUrea. For K+ ion even though, there is a probability of find-
ing such hydration sphere near the carbonyl oxygen, it is less likely to be
found (Fig. 1(d)).

The scenario is quite different near theN-terminal. All the cosolvents
are found to have less ordered and broken hydrogen bonds in compar-
ison to that of pure glycine water. This may be because the anions pres-
ent in case of the ionic solutes and the oxygen present in TMAO
preferably replaces some water molecules near the \\NH2 group
(Fig. 1(a)) resulting to lesser number of hydrogen bonded water mole-
cules. For SPC/E water model we foundmore 3 and 4 number of hydro-
gen bonds in presence of TMAOnear Cα and carbonyl carbon atoms. The
rest of the co-solvents behaved in similar way.

3.4. Orientation profile

As evident from the RDF, the structure of the water molecules are
very much different near the C-terminal of glycine in presence of differ-
ent cosolvents, therefore, it would be interesting to see the orientation
profile of the water molecules found near the interfaces. One of the im-
portant criteria to see the tetrahedrality of thewatermolecules is to cal-
culate the bO\\O\\O angle distribution. For tetrahedralwater, we know
the ideal angle is 104.5°. In Fig. 5, we have plotted the probability distri-
bution of bO\\O\\O angle of the bulk water and interfacial water mol-
ecules near the Cα and the carbonyl carbon at 2 M concentration for
SPCwater model.We have considered water molecules up to a distance
of 5.6 Å from Cα and 6.1 Å from carbonyl carbon as interfacial water
molecules. It can be seen that in all the cases we have a broad distribu-
tion of angles near 104.5° and a small peak near 50°. These peaks are
found to be shifted slightly towards the lower angles in case of ionic
cosolvents. Therefore, it can be remarked here that as the cosolvent
water hydrogen bond strength decreases compare to water-water hy-
drogen bond strength, the distribution of bO\\O\\O angle is found to



Fig. 5. Probability distribution of bO\\O\\O angle of oxygen atoms of water molecules
which are within distance (a) (a) 5.6 Å from Cα (b) 6.1 Å from carbonyl carbon and
(c) bulk Ow at 2 M concentration for SPC water model.

Fig. 4. The fraction of water molecules having n number of hydrogen bonds within the
distance (a) 5.6 Å from Cα (b) 6.1 Å from carbonyl carbon and (c) 3.5 Å from amine
nitrogen of glycine at 2 M concentration for SPC water model.
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be shifted towards the higher angles. We found similar trend in peak
distribution for the interfacial water near Cα (Fig. 5(a)) and carbonyl
carbon (Fig. 5(b)). For LiCl, it is found that the distribution near 104.5°
gets flat and broader. The peak height near 50° increases. We have
also calculated the angle distribution of the water molecules present
near the hump region of the Cα carbon for all the cosolvents, i.e., in
the distance range of 4.2–5.6 Å, corresponding to the shoulder of the
first peak and rise of the second peak. We found similar trend in the
graph (Supplementary Fig. 4) as reported in the Fig. 5(a) and 5(b),
just the distribution gets broader in the range of 104.5° for all the
cosolvents except for LiCl. We found significantly different curve for
LiCl and it is included in the Fig. 5(a). It can be seen that there is clear
emergence of two peaks in this region for LiCl. Water molecules near
the minima of the first solvation shell of the hydrophobic unit in pres-
ence of LiCl show two distinct peaks, one at lower angles and the
other at the higher angles. This implies that the probability of observing
linear hydrogen bonds in this region is very less. The higher charge
density of Li+ ion makes the hydrogen bond strength of the water mol-
ecules within the first coordination shell of Li+ much stronger than the
hydrogen bond strength of the water-water molecules which leads to
the disruption of the hydrogen bond network and breaking down of
the tetrahedral structure to icosahedral structure [100]. The peaks
shift from 50° to 60° and emergence of a new peak near 120° occurs.
Similar type of behaviour is observed in case of SPC/E water model
(Supplementary Fig. 6) except the peaks are broader for LiCl. This
implies that the tetrahedral structure of the water molecules are less
disturbed in presence of LiCl for SPC/Emodel as compared to SPCmodel.

3.5. Potential mean force

Determination of solvation free energies is one of the important
criteria in the calculation of stabilizing forces. Solvation energies have
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profound influences in the conformational stability. From the calcula-
tion of the solvent free energies, we can have an overview of the com-
plex processes that determines the thermodynamics of the biological
systems. The structuring of the liquid around the biomolecules adds
up a contribution to the free energy cost due to the increased free
energy barrier along the potential of mean force between the first and
second solvation shells.

To calculate Potential Mean Force (PMF), we have used glycine-
water pair correlation functions, g(r), in the equation:

W rð Þ ¼ −kBT lng rð Þ ð2Þ

where, kB is the Boltzmann constant, T is the temperature and r is the
inter-atomic separations.

The differences in PMF can be compared more prominently by
converting the first minima and second maxima of the RDF's into free
energies. Fig. 6 (a) and (b) shows the relative free energies of interaction
between Cα of glycine with the water molecules and carbonyl oxygen
with the water molecules at different distances with respect to the in-
teraction energy of the aqueous glycine water respectively for SPC
water model.

The concentration considered here is 2 M. A clear difference was
found in the interaction of thewatermoleculeswith the glycine in pres-
ence of different cosolvents. At smaller distances, we found maximum
stabilization energy for water molecules near Cα of glycine in presence
of TMAO. The stabilization energy decreases as we go towards the
more charge dense species (urea N KCl N LiCl). This indicates that
water molecules like to come closer to the hydrophobic unit in case
of TMAO solution and prefer least in case of LiCl solution. This trend
continues up to a distance of 4.8 Å, and then at 5.4 Å for LiCl, we notice
Fig. 6. Potentials of Mean Force depicting the relative free energies of interaction between
(a) Hydrophobic carbon, Cα and (b) carbonyl oxygens, Og of glycine with the oxygen sites
of water molecules at different distances with respect to the interaction energy of the
aqueous glycine water at 2 M concentration for SPC water model.
a sudden reversal in the trend. At this distance, the stabilization energy
is more for LiCl which is even greater than TMAO and at around 5.8 Å,
the stabilization energy becomes almost equal for all the cosolvents.
At higher distances, again LiCl system becomes the most destabilized
with respect to other cosolvents. It is also noted that from 5.4 Å, for all
other cosolvents other than LiCl, the stabilization energy becomes al-
most equal. This stabilization energy gained around 5.4 Å by the LiCl so-
lution can be attributed due to the carbonyl oxygen molecules which
are bonded with the Li+ cation. It would be more clarified if we observe
the relative free energies of interaction between carbonyl oxygen of gly-
cine and the water molecules shown in Fig. 6(b). Here also it can be
clearly observed that the stabilization energy ismore for TMAO solution
at smaller distances but around 3.2 Å and 3.5 Å, LiCl solutions give more
stabilization. The solution of ionic species, LiCl and KCl solutions are
found to have more stabilizing energies than that of urea and TMAO in
this region. The stabilization energy in this region is attributed due to
the presence of strongly bound first hydration shell of the cations. Lith-
ium being the most charge dense will have more compact hydration
shell leading to the more stabilization energy than potassium ions.
Therefore, it can be commented here that the maximum hydrophobic
solubility is mainly gained in presence of TMAO solution. Ionic solutions
also contribute to the hydrophobic solubility due to the presence of
the strongly bound hydration shell arising due to the chelated ion-
carboxylate ion. This contribution comes more from the LiCl than KCl
which may be the origin of the anomalous property shown by Lithium
salts. So, the hydrophobic group of glycine is more hydrophilic in pres-
ence of TMAO and LiCl.

3.6. Hydrogen bond dynamics

Since the interaction with the water molecules is one of the main
factors of protein stability, therefore it would be interesting to investi-
gate the hydrogen bond strength of the water molecules in presence
of these cosolvents. We define two water molecules to be hydrogen
bonded if the intermolecular hydrogen‑oxygen distance are b2.45 Å.
The hydrogen bond population variable H (t) is calculated as follows:
If two molecules remain continuously hydrogen bonded from time
t = 0 to t = t then H (t) = 1 or it is zero otherwise. The continuous
correlation function SHB(t) is defined as [101,102]

SHB tð Þ ¼ h 0ð ÞH tð Þh i
h 0ð Þ2

D E ð3Þ

where ⟨…⟩ denotes an average over all pairs of a given type. This
function gives the probability that an initially hydrogen bonded
pair remains bonded at all times up to t. The associated integrated re-
laxation time τHB gives the average hydrogen bond lifetime of that
particular pair type. In Table 3, we have given the hydrogen bond
lifetime calculated for different cosolvent systems at the interface
of the glycine molecule near the amino group, Cα and carbonyl
Table 3
The lifetime (τHB) of glycine-water and water-water hydrogen bonds (in ps) in the pres-
ence of different cosolvents for 2M and 1M concentrations for SPC and 2M concentration
for SPC/E water models.a

GW GUW GTW GKClW GLiClW

(SPC)
Hng-Ow (τHB) 0.92 0.96(0.94) 1.20(1.04) 1.02(0.97) 1.05(0.98)
Og-Hw (τHB) 0.93 0.95(0.95) 1.31(1.18) 1.06(0.99) 1.02(1.03)
Ow-Hw (τHB) 0.91 0.95(0.93) 1.18(1.03) 0.99(0.95) 1.03(0.96)

(SPC/E)
Hng-Ow (τHB) 0.99 1.03 1.29 1.07 1.12
Og-Hw (τHB) 0.94 0.98 1.31 1.04 1.07
Ow-Hw (τHB) 0.95 0.99 1.42 1.06 1.10

a The lifetimes (τHB) of 1 M solutions are given in parenthesis.
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oxygen. We have shown the water-water (Ow-Hw), carbonyl oxy-
gens of glycine-water hydrogen (Og-Hw) and amine hydrogen of
glycine-water oxygen (Hng-Ow) hydrogen bond lifetimes.

For all the cases, we found strong hydrogen bond in case of TMAO
[103] followed by LiCl, thenKCl and least for Urea. In general, we noticed
an increase in hydrogen bond lifetimes for SPC/E water model com-
pared to SPCwatermodel.We found increase in the hydrogen bond life-
times as the concentration of the cosolvent is increased from1M to 2M.
The hydrophilic end of TMAO makes a strong hydrogen bond with the
water molecules and the presence of hydrophobic group blocks the
approach of new water molecules. This reduces the exchange rate of
water molecules leading to increased hydrogen bond lifetime of
the water molecules for TMAO. The hydrogen bond lifetime of amine-
water and carbonyl-water is also found to increase in presence of
TMAO. We found less change in the water-water hydrogen bond life-
time in presence of urea. Urea fits well into the hydrogen bond network
of water [65,66]. The structure of TMAO is semi spherically symmetric
whereas urea is not symmetric. This causes more disorder and disrup-
tion of hydrogen bond in the sphere of influence [65] in case of urea
whereas for TMAO we find greater spatial ordering. Therefore, in the
case of urea we have faster cooperative hydrogen bond rearrangement
dynamics which arises due to the possible disruption in the extended
hydrogen bond layer around urea [65,66]. This reduces the water-
water hydrogen bond lifetime compare to the presence of TMAO.
There is negligible change in hydrogen bond lifetime for carbonyl
oxygens and water molecules (Og-Hw) in presence of urea with the
increase in the cosolvent concentration.

The lifetime of the water-water hydrogen bonds increases in
presence of ions due to the presence of strong hydration sphere
around the ions. This result is in accordance with Soto et al. [104]
where it has been reported to have an increase in the molar volume in
presence of ions and a consequent increase of compressibility of Glycine
[105,106]. With the increase in concentration of the ions this lifetime
further increases due to more number of ions and their electrostatic
field of attraction. We found an increase of life time also in case of the
amine-water hydrogen bond. However, it can be noticed here that we
found negligible change in the carbonyl oxygen-water lifetime with
the increase in the concentration especially for LiCl case. This further
confirms the fact that Li+ has a preference towards binding of the
carbonyl carbon which disrupts the water structure in the lower con-
centration. On further increase in the concentration, there is negligible
change in the water structure. For KCl, we do observe some changes in
the hydrogen bond lifetime.

4. Summary and conclusions

In this article we investigated the structural and dynamical proper-
ties of TMAO, urea, KCl and LiCl solutions as a function of co-solvent
concentration on zwitterionic glycine usingMD simulation.We studied
the structural properties in terms of radial distribution functions, spatial
distribution functions and bO\\O\\O angle distributions.We also calcu-
lated the potential mean force and hydrogen bond dynamics for these
systems at different concentrations. TMAO was found to impart more
tetrahedrality to the structure of water. The water structure near
the N-terminal of glycine was found to be less disrupted than the C-
terminal. A compact hydration shell was found for TMAO near the
hydrophobic group of glycine which reduces when TMAO is replaced
by more charge dense species. However, in ionic systems especially
for LiCl, we noticed an increment in the water density near the hydro-
phobic unit at higher distances due to the presence of the first solvation
shell of Li+ ion bounded to the carboxylate group of the glycine. This
water density actually found to give extra stability to glycine molecule.

When Ions are incorporated in the solution, the hydration structure
around the glycine molecule is significantly modified. Both the ions
interfere the first hydration sphere of glycine. Lithium ions showed
preference towards binding with carboxylate ions, which displaces
water from the first hydration shell of the carboxylate oxygen. This
leads to decrease in the hydration number and number of hydrogen
bonds near carboxylate ion. The water structure near the carboxylate
ion is strongly modified by LiCl giving rise to two extreme peaks in
the angular distribution of bO\\O\\O near 60° and 120°. These peaks
suggest that the tetrahedral structure of water molecules is highly
disrupted near the C-terminal. Further, we calculate the hydrogen
bond strength of the water molecules near the surface of glycine.
Addition of the co-solvents found to increase the hydrogen bond
strength of water compared to that of pure glycine water. We found
increase in water-water hydrogen bond strength in presence of TMAO
whereas; urea showed similar strength of hydrogen bond as that
of aqueous glycine. Incorporation of ions increases the hydrogen bond
lifetime at the interfaces due to strong electrostatic field. Finally, to
conclude it is found that the hydrophobic hydration plays a role in the
protein stability. TMAO which is known to stabilize protein structures
are found to form a hydration shell near the hydrophobic unit. The
formation of another hydration shell was observed in case of LiCl
due to the presence of the carboxylate group. These hydration shells
were found to give some extra stability and have higher hydrogen
bond lifetimes. We termed the presence of these hydration shells near
the hydrophobic unit as the “Hydrophilicity behaviour of the hydropho-
bic group”. The anomalous behaviour of lithium ion in comparison to
other Group I cations can be explained on the basis on the extra stability
gained due to the presence of the hydration layer in comparison to the
potassium ion. Our result also stresses out the fact that the hydrophobic
solubility can be attributed as one of the reasons for protein stability.
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