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ABSTRACT

A detailed knowledge on hydrophobic association and solvation is crucial in understanding the con-
formational stability of proteins and polymers in osmolyte solutions. Using Molecular Dynamics sim-
ulations, we found the hydrophobic association using neopentane molecules is greater in mixed urea-
TMAO-water solution in comparison to that in 8 M urea solution, in 4 M TMAO solution and in neat
water. The neopentane association in urea solution is greater than that in TMAO solution or neat
water. We find the association is even less in TMAO solution than pure water. From free energy
calculations, it is revealed that the neopentane sized cavity creation in mixed urea-TMAO-water is
most unfavorable and that causes the highest hydrophobic association. The cavity formation in urea
solution is either more unfavorable or comparable to that in TMAO solution. Importantly, it is found
that the population of neopentane-neopentane contact pair and the free energy contribution for cavity
formation step in TMAO solution are very sensitive towards the choice of TMAO force-fields. A
careful construction of TMAO force-fields is important for studying hydrophobic association. Inter-
estingly it is observed that the total solute-solvent dispersion interaction energy contribution is always
most favorable in mixed urea-TMAO-water. The magnitude of this interaction energy is greater in
urea solution relative to TMAO solution for two different force-fields of TMAO, whereas the lowest
value is obtained in pure water. It is revealed that the extent of the overall hydrophobic association in
osmolyte solutions is mainly governed by the cavity creation step and it nullifies the contribution

comes from the solute-solvent interaction contribution.



I. INTRODUCTION

A deep understanding about hydrophobic solvation is very important to gain proper knowledge on
the conformational stability of proteins and hydrophobic polymers in aqueous osmolyte solutions.
Urea is a common osmolyte that unfolds proteins in aqueous urea solution. On the other hand, TMAO
is a protecting osmolyte means it stabilizes the folded form of protein. Interestingly, TMAO prevents
the denaturing ability of urea and helps a protein to stay in its folded form in aqueous urea-TMAO
solution. Several theoretical and experimental studies have addressed on the destabilizing effect of
urea,!® the stabilizing effect of TMAO and the role of TMAO to counteract the denaturing ability
of urea.” 2! It has been shown that the preferential interaction of urea with the protein side-chains as
well as protein backbone leads to an accumulation of urea around protein’s solvation shell and
eventually causes the protein unfolding.>* However, the complete molecular level understanding
about the role of TMAO in stabilizing protein native folded structure either in aqueous TMAO
solution or in water-urea-TMAO mixture is not established yet. Various contradictory theories are
proposed to explain the role of TMAO in stabilizing protein native folded structure.!%!1:15.17.20

The role of hydrophobic effect in protein folding is undeniable. Hence the study of the solvation of
small hydrophobic molecules or association behaviors of hydrophobic molecules in osmolyte
solutions is very important on this regard. Several simulations work concluded a favourable
dispersion interaction between urea and hydrophobic moieties is responsible for a higher population
of unfolded conformations of hydrophobic polymers or less positive solvation free energies of
hydrophobic molecules in urea-water relative to neat water.>*>2* It was also found using model
hydrophobic solutes (except methane) that the Hydrophobic solvation is more favourable in urea-
water mixture as the dispersion energy contribution is more favourable in aqueous urea solution in
comparison to that in pure water.???* For the same reason, association of large hydrophobic molecules
is reduced to certain extend in urea-water compared to that in pure water. Contrarily, the hydrophobic
association in water-TMAO solution or in water-urea-TMAO is not well understood and several
contradictory opinions are present in literature.!>>3* The work of Athawale et al.>> had found that
TMAO does not affect the strength of the hydrophobic interactions. Simulations studies also found a
greater number of TMAO molecules preferentially bind to the folded form of hydrophobic chain than
that of the unfolded form and that leads to a higher population of folded form in TMAO solution. '3

Nair and van der Vegt’!

showed by detailed thermodynamic analysis that TMAO stabilizes the
collapsed hydrophobic polymer structures at low TMAO concentrations and the unfolded structures
are stabilized at higher concentrations. Recent simulation studies from Ganguly et al.>? have shown
that hydrophobic association is very sensitive to the choice of the force fields of TMAO molecule. It
was found by Tah and Mondal* that the collapsed form of a hydrophobic polymer is destabilized in

mixed urea-TMAO solution.



The solvation process for any hydrophobic solute can be imagined as a two step process. Firstly, a
cavity is created to accommodate the solute. In the second step, the solute-solvent dispersion
interaction is introduced. The cavity formation step is highly unfavorable and it always
overcompensate the favorable dispersion interaction contribution. Now the extent of hydrophobic
association in various osmolyte solutions is not same because the cavity formation contribution and
dispersion contribution are different in various osmolyte solutions. It is really important to study the
cavity contributions and the solute-solvent dispersion interaction energy contributions in different
osmolyte solutions to get proper understanding about hydrophobic association in osmolyte solutions.
In our current manuscript, the hydrophobic solvation and hydrophobic association are studied using
neopentane molecules in neat water, in aqueous 8 M urea solution, in aqueous 4 M TMAO solution
and in a mixture of urea, TMAO and water solution using molecular dynamics simulations.
Hydrophobic association is quantified using pair correlation functions and Kirkwood Buff integral
data. The relative density of solvent molecules around neopentane is analyzed using pair correlation
functions between neopentane and solvents. Preferential binding between hydrophobic molecule and
cosolvent (urea or TMAO) is also estimated. All the analysis mentioned above are also performed
using neopentane cavities for the better understanding of hydrophobic association. The two important
contributions in hydrophobic solvation namely the free energy required for cavity creation and the
solute solvent interaction energies are also computed for a deeper understanding about the solvation

process in mixed solvent medium.

II. METHODS AND COMPUTATIONAL DETAILS

A. Molecular dynamics protocol:
We have carried out classical MD simulations using GROMACS package (version 5.1.4)%* in four

different solvent systems: water, aqueous-urea, aqueous-TMAO, and aqueous-urea-TMAO.

We use Partical Mesh Ewald electrostatics®® with a direct space cutoff of 1.0 nm and a grid spacing
of 0.12 nm. For nonbonded van der Waals interactions, a 1.0 nm cutoff is used. Pressure of the system
is 1 bar and we have fixed the pressure of systems using the Berendsen barostat.®” We have main-
tained the geometry of water, urea and TMAO molecules during the simulations by using the LINCS®®
algorithm. The temperature of the system is 298 K and it was kept constant using the velocity rescal-

ing thermostat.*°
Two different TMAO force-fields are considered for understanding the force-fields dependencies of

hydrophobic association. One model was developed by Garcia and coworkers® that is called as



Garcia force-fields in our manuscript. The second one was developed by Netz and coworkers'® that
is named as Netz force-fields. TIP3P* and SPC/E* water models are considered along with Garcia
and Netz force fields for TMAO respectively as this combination was used in the simulation studies
of Ganguly et al.>> Kirkwood buff force field*? for urea and gromos54a7 force fields** for neopentane
are used. The force fields used here for neopentane is an united atom model.

The details of the simulation boxes containing neopentane, water, urea and TMAO are given in Table
l.

Table I. Details of the systems containing cavity (Ncavity), neopentane (Nneo), water (Nw), urea (Nu)
and TMAO (Nta).

Systems Nneo  Ncav- Nw Nu Nitmao

ity

Iw 25 0 975 0 0

Hw-va 25 0 10000 2500 0
Iw-tmao 25 0 12500 0 1250
IV w-ua-tmao 25 0 6000 2500 1250

Cw 0 25 975 0 0

Cw-va 0 25 10000 2500 0
Cuw-tmao 0 25 12500 0 1250

Cw-ua-tmao 0 25 6000 2500 1250

System Iy refers to neopentane in water, system llw-ua refers to neopentane in water-urea, system 1.
tmao refers to neopentane in water-TMAO, and system 1V w.ua-tmao refers to neopentane in water-urea-
TMAO mixtures. System Cy refers to cavity in water, system Cuw.ua refers to cavity in water-urea,
system Cw-tmao refers to cavity in water-TMAO, and system Cuw-ua-tmao refers to cavity in water-urea-
TMAO mixtures. The numbers of cavity, neopentane, water, urea and TMAO molecules are given
by Ncavity, Nneo, Nw, Nu and Nimao respectively (subscripts referring to neopentane cavity, neopentane,
water, urea and TMAOQ). For cavities the Ce-term in van der Walls equation is set as zero, only Ci2
term is present to represent the excluded volume part. The C12 term in cavities is same as the C12 term

present in neopentane molecules.
Packmol software is used to generate the initial configuration of each system.** Initially, MD simu-
lations were performed for 50 ns in NVT ensemble for thermal equilibration of each system at 298K.

Subsequently, NPT simulations for 100ns were carried out for equilibration for each system using



velocity rescaling thermostat®® and Berendsen pressure barostat.3” Finally we have generated trajec-
tories of 400 ns for each system using NPT MD simulations by using Nosé-Hoover thermostat*>-4®
and Parrinello-Rahman barostat.*’

B. Simulation details of cavity formation free energy calculations

The Thermodynamics Integration (T1)*® method is employed to estimate the free energy cost to gen-
erate a soft cavity in four different solvent mediums. Here, the initial state is where zero solute -
solvent interaction is present and in the final state the r? part of the solute is introduced. To do that
the Cs and Ci2 terms for the van der Walls equation are set as zero for the solute at initial state and
the final state only Ci is there. For all simulations in this context, the box size is around 4 nm. The
numbers of water, urea, TMAO are presented in table Il. To perform T1, 16-20 A points are considered.
The leap-frog stochastic dynamics integrator®® with an inverse friction constant of 0.1 ps is used to
maintain the system temperature at 298K. For each A point, initially 1 ns to 4 ns equilibration runs
and 4 ns to 10 ns production runs are performed. We have fixed the pressure of systems 1 bar using
the Berendsen barostat®” for the equilibration and Parrinello-Rahman barostat*’ for the production

run. More details regarding the methodology are given in the work of Hajari and van der Vegt.>®

Table I1. The details of the systems for cavitation free energies of neopentane in water, water-urea,

water-TMAO and water-urea-TMAOQO mixtures.

Systems Nneo Nw Nu Nitmao

CAVy 1 2000 0 0
CAVw-ua 1 1250 300 0
CAVw-tmao 1 1250 0 150

CAVw-vatmao 1 1000 300 150

C. Radial distribution functions (RDFs)

To investigate solvation of neopentane in these systems, we calculate the RDFs between water, urea,

TMAO, neopentane and cavity. The RDFs is given by following equation.
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D. Preferential binding coefficients(y)

The preferential binding coefficient is defined as!

¢ N —n (r) %
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where nc(r) represents the number of cosolvents and nw(r) number of water molecules at distance r
from the center of mass of neopentane or cavity, Nc is total number of cosolvents and Ny, is the total
number of water molecules in the system. The positive value of y indicates preferential binding of

solute with co-solvent while negative value favors solvent i.e. water near the solute.

E. Kirkwood-Buff integrals

The Kirkwood-Buff Integrals®* (G;) between species i and j of binary mixture is defined as

Gij=4nf ) [gij( r) — l]rzdr .......................... (3)

0

Where gj; is the radial distribution function between species i and j. The major contribution in this
integral comes from distances r < 1.0 - 1.5 nm.>* Here we have chosen the upper limit r =1.2 nm for

getting the Gj; values. A positive value of G;; indicates that the number of particle type j around i



type particle is greater than the number of j type particle present in the bulk where particle type i is

absent at the center in the same volume element.

I11. RESULTS AND DISCUSSIONS

In this section, we discuss the solvation structures around neopentane and neopentane cavity
molecules in water, 8M urea-water, 4M TMAO-water and water-urea-TMAQO mixtures for two
different force fields of TMAO namely Garcia and Netz force fields. For the analysis of solvation
structure of neopentane and cavity, we use radial distribution function and preferential binding
coefficients. We also discuss about hydrophobic solvation and it is analyzed in details by computing
the solute-solvent interaction energies and the cavity creation free energies. The neopentane
association is also quantified using KBI values in osmolyte solutions.

A. Solvation structure of neopentane

Here, we discuss the solvation structure of neopentane in water, water-urea water-TMAO and water-
urea-TMAO mixtures for Garcia and Netz models. We present radial distribution function of
neopentane, water, urea and TMAO around neopentane in water, water-urea, water-TMAO and water-
urea-TMAO mixtures.

A-1. RDFs between neopentane molecules

The RDF between neo-neo is computed in pure water, water-urea, water-TMAOQO, water-Urea-TMAO
using two different force-fields namely Netz and Garcia which is shown in Figure 1. It is clear from
the plots the population of neo-neo contact pair (peak) follows the order: water-urea-TMAO> water-
Urea> water> water-TMAO for Garcia’s TMAO model. The order is as follows: water-Urea-TMAO>
water-TMAO> water-urea> water when Netz force field of TMAO is used. The neopentane
association at contact pair state is always higher in water-urea-TMAQO mixture than other three
solutions irrespective of the choice of TMAQ’s force-fields.

A relatively higher association of neopentane is observed here for TMAO solution with Netz model.
By computing potential of mean force (PMF) between two neopentane molecules, Su et al.>* also
showed a higher association at contact distance in TMAO solution relative to that in pure water using

Netz model. A similar kind of observation was pointed out by Ganguly et al.*

and they explained the
fact as the TMAO is more hydrophilic in nature in Netz force field. Possibly for this reason, we can
observe second highest contact pair population in water-TMAO for Netz force fields. Contrarily, the
lowest population is noticed in water-TMAO when Garcia force field is employed for TMAOQO. This
is possible because the TMAO is less hydrophilic in nature. So, in TMAO solution the neo-neo
association at this state is very sensitive and quite dependent on the force-fields.

On the other hand, the population of neo-neo solvent mediated pair shows different trends: urea-water

~ urea-water-TMAO> water> water-TMAO. Lee and van der Vegt®> showed that urea sits in between



neopentane molecules hence the population of solvent mediated pair is enhanced in urea-water
compared to water. For the same reason the populations in water-urea-TMAO and in water-urea are
comparable. For both force field of TMAO, it is observed that the population of solvent mediate pair

1s lowest in water-TMAO mixture.
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Figure 1. Radial distribution functions between neopentane-neopentane in water, water-urea, water-

TMAO and water-urea-TMAO mixtures for Garcia (A) and Netz (B) force fields.

A-2 Structure of water around neopentane

The water structure around neopentane molecules is quantified by computing the pair correlation

(g(r)). Figure 2 represents g(r) between the center of masses of neopentane and water. When Garcia’s

model of TMAO employed, the water density in the first solvation shell of neopentane follows the

following order water-urea-TMAO> water-urea> water-TMAO > water. A completely different order

is found when Netz’s TMAO force field is used. The order is water-urea>water-TMAO~water>

water-urea-TMAOQO.

In both TMAO force fields, the water density in the 1% solvation shell of neopentane is quite similar

for pure water and water-TMAO solutions. A significantly high population of water molecules around

hydrophobe is always found in water-urea solution compare to that in pure water or water-TMAO. In

this context, it is important to mention that a strong force field dependency is identified for water-



urea-TMAO mixture. In the case of Garcia’s TMAO force field, the peak height is highest and for
Netz’s TMAO force field, the peak height is lowest in comparison to that in pure water, water-TMAO
and water-urea mixtures.

So, upon the addition of urea to the water-TMAO solution or the addition of TMAO in water-urea,
the water density around neopentane’s 1% solvation shell is either slightly increased or decreased

which depends on the nature of the TMAQ’s force field.
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Figure 2. Radial distribution functions between neopentane-water in water, water-urea, water-TMAQO

and water-urea-TMAO mixtures for Garcia (A) and Netz (B) force fields.

A-3. Structure of cosolvent around neopentane

Figure 3 represents the g(r) between neopentane and urea molecule in water-urea solution and in
water-urea-TMAO solution. Independent of the choice of the force-fields of TMAO, a slightly higher
urea density in the 1% solvation shell of neopentane is observed in water-urea-TMAO solution in
comparison to that in water-urea solution. This increment is more when Netz’s TMAO force field is
used.

The RDFs between neopentane and TMAO is shown in Figure 4. Again, a marginally higher TMAO

density is found in water-urea-TMAO solution than that in water-TMAO solution. Hence upon



addition of TMAO in water-urea solution a bit more accumulation of urea around neopentane is
found. Similarly, an addition of urea in water-TMAO mixture, an enhanced accumulation of TMAO

is found near hydrophobes.
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Figure 3. Radial distribution function between neopentane and urea in water-urea and water-urea-

TMAO mixtures for Garcia (A) and Netz (B) force fields.
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Figure 4. Radial distribution function between neopentane-TMAO in water-TMAO and water-urea-
TMAO mixtures for Garcia (A) and Netz (B) force fields.
A-4. Preferential binding coefficient (y)
If a cosolvent prefers to interact with a solute, it will replace the water molecules from the
surroundings of the solute. So, a positive value of T indicates a pronounced accumulation of cosolvent
around the solute whereas a negative y value indicates that a preferential exclusion of cosolvent from
the surroundings of the solute. However, the effect of cosolvent is negligible when |y | < 1.5
In our current discussion the solute is neopentane and the cosolvent is either urea or TMAQO. Around
the neopentane molecule, the preferential binding coefficient for urea and for TMAO in water, water-
urea, water-TMAOQO and water-urea-TMAQO mixtures are computed using Eq. 2 and the data is shown
in Table III. It can be seen that the y values for urea are always negative. Using this finding, it can be
concluded that urea is preferentially excluded to neopentane in water-urea mixture or in water-urea-
TMAO mixture. From this data, we can see |y | < 1 for TMAO in water-TMAO or in water-urea-
TMAO mixture, no matter which force fields are used for TMAO. Hence, TMAO does not provide
any significant change in water binding to neopentane. A positive (>1) value of y for TMAO around
hydrophobic polymer is always observed by Mondal et al. both in collapsed and extended form of the

polymer.'?® The number of interacting sites are more for the polymer molecule in comparison to that



in small molecule like neopentane that may be one possible reason. The interaction parameters (c,€)

on each site of the hydrophobe is also equally important.

Table III. Preferential binding coefficients of neopentane with urea and TMAO cosolvents.

Preferential binding coefficients (y)

Mixtures GARCIA NETZ
Urea TMAO Urea TMAO
water-urea -2.01£0.07 -2.91+0.38
water-TMAO 0.18+0.017 -0.05+0.04
water-urea- -1.56+0.24  -0.12+0.03 -0.46+0.32 -0.11+0.05
TMAO

B. Solvation structure of neopentane cavity in water, urea and tmao mixtures

Here, we discuss the association between cavity molecules and solvation structures of cavity in water,
urea and TMAO mixtures for Garcia and Netz force fields. In this section, we present radial
distribution function of cavity, water, urea and TMAO around cavity in water, water-urea, water-

TMAO and water-urea-TMAQO mixtures.

B-1. RDFs between neopentane cavity molecules

We have shown the radial distribution functions between cavity in four mixtures for Garcia and Netz
force fields in Figure 5. The cavity-cavity contact pair (CP) and solvent mediated pair (SMP) are
observed in each mixture. The intensity of SMP is very weak than that of CP. The values of peak
intensity of CP are very high in four mixtures for both force fields. The cavity molecules clustered
together because of the repulsion between cavity and solvent molecules.

The order of population of cavity-cavity contact minima: w-ua-ta>w-ua~w-ta> w for Garcia force
field. In the case of Netz force field, the order is w-ua-ta~w-ta> w-ua> w. The peak intensity of contact
minima is lowest in water in comparison to other mixtures. Therefore, the cavity creation is easier in
water than w-ua, w-ta and w-ua-ta mixtures. Similar trend is observed using Netz model. We disclosed
that cavity creation in urea-water mixture is difficult than in water. Similar results were previously

reported.?2 4
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Figure 5. Radial distribution functions between cavity-cavity in water (w), water-urea (w-ua), water-
TMAO (w-ta) and water-urea-TMAO (w-ua-ta) mixtures for Garcia (A) and Netz (B) force fields.
The peak intensity of contact pair is highest in water-urea-TMAO mixtures for both force fields which
suggest that cavity creation is most difficult in water-urea-TMAO mixtures. For Netz model, the
population of CP in water-TMAO mixture is comparable to water-urea-TMAQO mixture and bit higher
than water and water-urea mixtures. Therefore, cavity creation is more difficult in water-TMAO
mixture as TMAO is more hydrophilic in nature. Contrarily, the peak intensity of contact pair in
water-TMAO mixture is similar to water-urea mixture and lower than water-urea-TMAO mixture for
Gacia model of TMAO. Thus, cavity creation is easier in water-TMAO in comparison to water-urea-
TMAO mixture possibly because Garcia TMAO is not so hydrophilic. So the cavity association in
TMAO solution is very much dependent on the choice of the force-fields of TMAO.

B-2. Structure of water around neopentane cavity

We have estimated the radial distribution functions (g(r)) of water molecules around cavity which is
presented in Figure 6. For g(r) calculations, we considered center of mass of cavity and water
molecules. We observed that the density of water in the first coordination shell of cavity follows the

following trend: water-urea-TMAO> water-urea> water-TMAQO > water for Garcia’s force field.



Similar trend is obtained for Netz model. Independent of the choice of the TMAO force field, it can
be noticed that the cavity-water RDFs are quite similar in neat water and TMAO-water.

On the other hand, the RDFs are similar in nature in urea-water and urea-TMAO solution. A relatively
high water density around cavity molecules causes the solvation of cavities more unfavorable in urea
water or urea TMAO water relative to TMAO-water or pure water. Upon addition of urea in water-
TMAO mixture, the water density around cavities is significantly enhanced in water-urea-TMAO
mixture for both force-fields. On other hand, on addition of TMAO in water-urea mixture, the water
density in the solvation shells of cavity molecules is significantly increased for Garcia’s model of

TMAO while it is slightly enhanced for Netz model.
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Figure 6. Radial distribution functions between cavity-water in water (w), water-urea (w-ua), water-

TMAO (w-ta) and water-urea-TMAO (w-ua-ta) mixtures for Garcia (A) and Netz (B) force fields.



B-3. Structure of cosolvent around neopentane cavity

We have estimated the RDFs between cavity and urea molecules in water-urea and water-urea-TMAQO
mixtures which is shown in Figure 7. The density of urea in the solvation shell of cavity is higher in
water-urea-TMAQO mixture in comparison to water-urea mixture for Garcia force field although the

considerable increment is observed for Netz force field. In the case of Netz force field, a sharp peak

is found which indicates more ordered structure of urea around cavity.

The computed g(r) between cavity and TMAO molecules is exhibited in Figure 8. For both force
fields, the density of TMAO in the coordination shell of cavity is larger in water-urea-TMAO solution
than that of water-TMAO mixture. The first RDFs peak of TMAO is significantly larger and sharper
in water-urea-TMAO solution for Netz model. Hence, the structure of TMAO around cavity is more

ordered and density of TMAO in the coordination shell of cavity is more in water-urea-TMAO

solution in comparison to water-TMAO mixture.
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and water-urea-TMAO (w-ua-ta) mixtures for Garcia (A) and Netz (B) force fields.

B-4. Preferential binding coefficient (y) of cavity with cosolvents

In this section, we present the preferential biding coefficients of cavity with urea and TMAO in water-
urea, water-TMAO and water-urea-TMAO mixtures. The values of preferential binding coefficients
of cavity are provided in Table IV. Urea molecules are always preferentially excluded from the
solvation shells of neopentane cavities. The highly negative value of y for urea indicates an excessive
depletion urea from the solvation shells of cavity. Interestingly, TMAO molecules is also
preferentially excluded from the solvation shells of cavity, however the magnitude of depletion is less
compared to the urea depletion around cavity. In contrast to urea, it can be noticed that TMAO is

preferentially excluded more in water-urea-TMAO solution.



Table IV Preferential binding coefficients of cavity with urea and TMAO cosolvents.

Preferential binding coefficients (y)

Mixtures GARCIA NETZ
Urea TMAO Urea TMAO
water-urea -16.57+0.08 -19.97+0.118
water-TMAO -2.17+0.03 -1.56+0.04
water-urea- -17.28+0.18  -4.51+0.04  -14.90+0.43 -2.30+0.08
TMAO

C. The cavitation free energies of neopentane in water, urea and tmao mixtures

A single neopentane sized molecular cavity is grown in w,w-ua, w-ta and w-ua-ta mixtures. At initial
state, the Cs and Cj2 terms for the van der Walls equation are set as zero for the solute and the final
state only Cj2 is there. The free energy change to grow the cavity is estimated using thermodynamic
Integration method, is called AGecaviy. The simulation details are discussed in the methods and
computational details section. A higher positive value of the AGcavity is indicating a more unfavorable
is the cavity creation. The cavitation free energies of neopentane in mixed solvents are provided in
Table V.

For Garcia TMAO ff, the order is AGecavity (W)<AGecavity (W-ta)<AGeavity (W-0a)<AGcavity (W-ua-ta)
whereas the order is following for NetzAGeavity (W)<AGcavity (W-ta)~ AGeavity (W-ua)<AGcavity (W-ua-
ta).

Table V. The cavitation free energies of neopentane in water, water-urea, water-TMAQO and water-

urea-TMAO mixtures. The errors in the cavitation free energies are within 2 kJ/mol.

Mixtures Cavitation free energies (AGcavity)/(kJ/mol)
Garcia Netz
CAV,, 73 78
CAVia 83.1 878
CAV-tmao 78 87.5

CAVw-ua-tmao 87 93.4




Independent of the force field employed, the cavity generation is toughest in urea-TMAO solution
and is easiest in pure water. Depending on the chosen model for TMAO molecule, the cavity
formation in urea solution is more difficult or equally difficult relative to that in TMAO solution.

We have discussed cavity-cavity association behavior using cavity-cavity RDFs in the Fig. 5. Now
this AGcavity data makes it clear why the association behavior is in that way. Independent of all force-
fields, it was found the highest cavity-cavity association in w-ua-ta mixture. The reason is that the
cavity creation is highly unfavorable as the AGcavity holds higher values. On the other hand, it is also
found a high cav-cav aggregation in w-ta mixture for Netz model. It is because the cavity formation

is difficult in TMAO (Netz) (AGcavity~87 kJ/mol) and is compare to the value in urea solution.

D. Solute-solvent interaction energy

Attractive dispersion interaction plays a vital role in hydrophobic solvation or hydrophobic
association. The neopentane-water, neopentane-urea, neopentane-TMAO and total interaction
energies are estimated and the data are presented in Figure 9 and Figure 10. Here the numbers of

neopentane, urea, water and TMAO molecules are same as in the Table 1.
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Figure 9. The interaction energies of neopentane with water, urea and TMAO in w, w-ua, w-ta and

w-ua-ta mixtures for Garcia model.
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Figure 10. The interaction energies of neopentane with water, urea and TMAO in w, w-ua, w-ta and
w-ua-ta mixtures for Netz model.

It is important to mention that the neopentane force field that is used, has zero partial charges on each
atom. The interaction energies showed in Figures 9 and 10 are only dispersion interaction energies
and the raw data is provided in Table S-III (Table S-III is given in supplementary material). The total
solute-solvent interaction energies follow the order as for the two different force fields of TMAO
E(w)> E(w-ta)> E(w-ua) > E(w-ua-ta). It is well established that urea stabilizes hydrophobes via

favorable dispersion interactions®* 2

and that is why the more negative solute-solvent interaction
energy is observed in urea-water than that in pure water.

The interaction energy is more negative in water-TMAOQO mixture compared to pure water. These
results indicate hydrophobic solvation gets a more favorable contribution in urea-water or water-
TMAO mixtures in comparison to pure water. Interestingly, it can be seen that the most favored
dispersion interaction (solute-solvent) is obtained in water-urea-TMAQO mixture. If we look the
individual solute-solvent contribution, it is clear that E(neo-urea) is more negative than E(neo-

TMAO) in different mixtures. This is because the number of urea present in the system is twice to the

number of TMAO. Interestingly, it can be seen that the most favored dispersion interaction (solute-



solvent) is obtained in water-urea-TMAO mixture. Contrarily, the overall association that is most in
urea-TMAO solution. We already found (Table V) the unfavorable cavity formation free energy
contribution in this solution is so high that overcompensate the effect of the favorable solute-solvent
dispersion interaction contribution. It leads to this excessive neopentane-neopentane aggregation in
urea-TMAO-water mixture relative to other three solutions. Again, the total solute-solvent energy is
more negative in urea solution than that in TMAO solution still the hydrophobic association is more
in aqueous urea solution that is because of this energy-entropy cancellation effect. So it is revealed
that the extent of hydrophobic association in aqueous osmolyte solutions is mainly governed by the
cavity formation step.

It is important to point out that the neo-urea interaction energy contribution is nearly same in urea-
water and in water-urea-TMAQO mixture. Similarly, the neo-TMAO interaction energy is almost same
as in water-TMAQO and water-urea-TMAQO mixture. Neo-urea and Neo-TMAOQO interaction have
provided an additive contribution in water-urea-TMAQO mixture.

E. Association of neopentane

To quantify the overall neopentane-neopentane association, we have estimated the Kirkwood Buff
integral between neopentane molecules using Eq. 3 in these four different types of solutions. The data
are shown in Table V1.

Table VI. The Kirkwood Buff integral between neopentane molecules in water, water-urea, water-

TMAO and water-urea-TMAQO mixtures.

Kirkwood—Buff integral

$.No Garcia Netz

water 1.56+0.06 0.47+0.30
water-urea 1.79+0.27 0.73+0.20
water-TMAO 0.83+0.25 0.32+0.27
water-urea-TMAO  2.02+0.23 1.83+0.59

A more positive value of KBI indicates a more neo-neo association. It is clear from the data table the
neo-neo association follows the order as: water-urea-TMAO ~ water-Urea> water> water-TMAO for
Garcia’s TMAO force field. The order is as followed water-urea-TMAQO > water-Urea> water ~
water-TMAO. Hence it can be concluded that the hydrophobic association is highest in water-urea-
TMAO relative to other three solutions for both the two force-fields of TMAOQO. On the contrary, it is
found by Tah et al.>® that the population of the extended conformers of a model hydrophobic polymer

is enhanced in water-urea-TMAO solution than other three types of solutions. So, the hydrophobic



association behaviors in osmolyte solutions are different and it depends on the choice of the molecules
to study hydrophobic association. If small molecules like neopentane are considered the result is
completely different than the result obtained using a hydrophobic polymer. We can see the lowest
neo-neo aggregation behaviors in TMAO-water mixture using two different force-fields of TMAO.
Interestingly, the neopentane association in urea-water mixture is higher than pure water or water-
TMAO mixture. It can be noted that the KBI value in TMAO solution is closer to the KBI value in
urea solution when Netz’s model is employed, whereas the KBI value in urea solution is significantly
high for Garcia model. The cavity creation penalty is the key factor to govern the overall association.
For Garcia force-fields of TMAOQO, the highest positive AGcavity 1S in urea-TMAO solution and the
second highest value is obtained for urea-water. The AGecavity value in urea solution is higher than that
in TMAO solution for Garcia model. Hence the association is significantly high in urea solution
relative to TMAO solution and the neo-neo association is following that order when the TMAO model
is the Garcia’s one. The AGeavity value is highest in urea-TMAO solution for Netz model and as a
result of that the neopentane association is the most here. We already found the AGecavity values are
comparable in aqueous urea solution and aqueous TMAO solution and this is why the difference in
KBI values for these two solutions is relatively less here and the association in urea solution is slightly
higher than that in TMAO solution for Netz model.

IV. CONCLUSIONS

A detailed understanding about hydrophobic solvation in mixed solvent medium is extremely useful
to explain various chemical or biological processes. In our current study, an attempt is made to shed
light on hydrophobic solvation and association in water-urea, water-TMAO and water-urea-TMAO
solutions by using the help of the radial distribution functions, preferential binding coefticients, free
energy required for cavity formation and the hydrophobe-solvent or cosolvent interaction energies
data.

The population of neopentane-neopentane contact pair is highest in water-urea-TMAO mixture for
two different TMAO force fields. Contrarily, it is revealed that the population of contact pair of
neopentane in water-TMAO solutions is highly sensitive to the choice of the TMAO force fields. The
probability of getting neopentane contact pair is second highest when the more hydrophilic TMAO
force field (Netz model) is used. On the other hand, the population is lowest if the TMAO force field
is a relatively less hydrophilic force field namely Garcia model. Interestingly, it is found that the
population of neopentane-neopentane solvent mediated pair is always lowest for water-TMAO
solution. A relatively greater population of this state is observed for both water-urea and water-urea-
TMAO. The lesser population of solvent mediated pair in water-TMAO eventually leads a lesser
overall neo-neo association in water-TMAO in comparison to that in pure water, water-urea and in

water-urea-TMAOQO mixtures.



For a better understanding of hydrophobic solvation in mixed solvent medium, the free energy penalty
to generate a soft cavity of neopentane is estimated. Independent of the choice of the force fields, the
AGeavity 1s the most unfavourable in water-urea-TMAO mixture. Again, it is found that the AGecavity
value is very sensitive towards the choice of the force fields. For Netz force fields, the AGcayity for
water-TMAO is almost same as the AGeavity for water-urea. Contrarily, a greater AGeavity for water-
urea is found in comparison to that in water-TMAO for Garcia’s TMAO model. Free-energetically it
is relatively less unfavorable to create a soft cavity in pure water than that in mixed solvent medium.
The analysis of solute (neopentane)- solvent interaction energies reveals the following order: |E(w))
< |E(water-TMAO)|< |E(water-urea)|< |E(water-urea-TMAO)|. The hydrophobic solvation gets the
most favourable contribution from solute-solvent interaction energy part in case of water-urea-TMAQO
solution still the hydrophobic association is highest here. The total solute-solvent interaction energy
is more favorable in urea solution than that in TMAO solution still the hydrophobic association is
more in aqueous urea solution. It can be seen that the AGcavity provides the most unfavorable
contribution in hydrophobic solvation in water-urea-TMAO mixtures. The AGeavity in aqueous urea
solution is more positive for Garcia model and the association is significantly higher in aqueous urea
solution than TMAO solution. The AGeavity values are almost same in urea solution and aqueous
TMAO solution if Netz model of TMAO is considered. The neopentane aggregation is marginally
higher in urea solution than that in TMAO solution. The unfavorable AGecavity contribution always
tries to compensate the attractive interaction energy contribution. The overall solvation process is
governed by the resultant of these two opposite effects. It can be concluded that the unfavorable free
energy contribution due to cavity creation in the osmolyte solutions is the key factor to govern the
overall association. It is also important to point out that the choice of force fields of TMAO is
extremely crucial. If the chosen force fields are able to reproduce properly these contributions then

only the study of hydrophobic solvation is worthwhile.
SUPPLEMENTRY MATERIAL
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of water, urea and TMAO molecules around neopentane and cavity are provided in Tables S1 and S2

respectively. The raw data of solute-solvent interaction energy is given in Table S3.
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Figure-2
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Figure-3
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Figure-4
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Figure-5
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Figure-9

E (kJ/mol)

O w w-u
-200 A
-400 -
-600 -
-800 A
-1000- mE
' mE,
-1200- mE.
1 H Etotal
-1400 :

(l}arcia Modell




Figure-10

E (kJ/mol)

O w w-u
-200 A
-400 -
-600 -
-800 A
-1000- mE
' mE,
-1200- mE.
1 H Etotal
-1400 :

T

IN etz Modell



