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ABSTRACT: Effects of trimethylamine-N-oxide (TMAO) on hydro-
phobic and charge−charge interactions are investigated using molecular
dynamics simulations. Recently, these interactions in model peptides and in
the Trp-Cage miniprotein have been reported to be strongly affected by
TMAO. Neopentane dimers and Na+Cl− are used, here, as models for
hydrophobic and charge−charge interactions, respectively. Distance-
dependent interactions, i.e., potential of mean force, are computed using
an umbrella sampling protocol at different temperatures which allows us to
determine enthalpy and entropic energies. We find that the large favorable
entropic energy and the unfavorable enthalpy, which are characteristic of
hydrophobic interactions, become smaller when TMAO is added to water.
These changes account for a negligible effect and a stabilizing effect on the strength of hydrophobic interactions for simulations
performed with Kast and Netz models of TMAO, respectively. Effects of TMAO on the enthalpy are mainly due to changes in
terms of the potential energy involving solvent−solvent molecules. At the molecular level, TMAO is incorporated in the solvation
shell of neopentane which may explain its effect on the enthalpy and entropic energy. Charge−charge interactions become
stronger when TMAO is added to water because this osmolyte decreases the enthalpic penalty of bringing Na+ and Cl− close
together mainly by affecting ion−solvent interactions. TMAO is attracted to Na+, becoming part of its solvation shell, whereas it
is excluded from the vicinity of Cl−. These results are more pronounced for simulation performed with the Netz model which is
more hydrophobic and has a larger dipole moment compared to the Kast model of TMAO.

■ INTRODUCTION

Organic osmolytes are small solutes used by various organisms
to regulate the water content of their cells.1,2 Accordingly, they
form part of the aqueous environments in which biochemical
reactions in living systems take place affecting the stability of
different molecular structures. This has led to their classification
into protecting or denaturant osmolytes.2−4 Denaturant
osmolytes comprise the class of organic molecules that favor
unfolded conformations over the native state of proteins. Urea
and guanidine are among the most studied denaturants.5 The
former is found at high concentrations in mammalian kidneys,
and it is a major osmolyte in marine elasmobranch fishes. The
denaturant effect of urea can be rationalized by its favorable
interactions with the protein surface. This favors the unfolded
state which is characterized by protein conformations with
larger solvent exposed surface area.6−11 Conversely to
denaturants, the presence of protecting osmolytes in solution
favors the native state of proteins.12 Trimethylamine N-oxide
(TMAO) is an example of a protecting osmolyte that
counteracts effects of water stresses allowing organisms to
endure extreme conditions.1 For instance, deep-sea creatures
prevent water stresses by elevating TMAO levels in their
body.13,14 A molecular understanding of the effects of TMAO
on proteins is still under debate despite intensive studies.15

The exclusion of TMAO from the vicinity of the protein
provides an explanation for its stabilizing effect.16−18 Favorable

TMAO−water interactions contribute to this exclusion19−25

which may be more pronounced close to the backbone of the
protein.25−29 Accordingly, polyglycine, which is a model of
protein backbone, was reported to adopt more compact
conformations in aqueous TMAO solutions than in pure
water.30,31 However, TMAO has also been shown to stabilize
some nonpolar polymers through direct interactions.32,33 This
challenges the view that TMAO exclusion from the protein
surface is its only/main mechanism of action. TMAO may also
act as a crowding agent,34,35 or/and it may weaken hydrogen
bonds between the protein and water molecules.35 A recent
study showed that TMAO can interact favorably with the
residues of the protein that are exposed to the solvent in the
unfolded state.36 In this study, TMAO was not excluded from
air−water or polypeptide−water interfaces which is a result
supported by both experiments and computer simulations.23,37

Recently, the presence of TMAO around nonpolar side chains
was found to correlate with the swelling of nonpolar peptides as
well as with the destabilization of the hydrophobic core in the
Trp-cage miniprotein.31 In this computational study, TMAO
was shown to strengthen charge−charge interactions which
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favored compact conformations of peptides flanked with
oppositely charged termini and increased the stability of the
native state of Trp-cage.31 Thus, TMAO may have opposing
effects on hydrophobic and charge−charge interactions which
may be key to understanding its stabilizing mechanism on
proteins. Here, we use simple compounds to provide further
insights into these effects of TMAO.
Previous studies have shown that TMAO has little effect on

the strength of hydrophobic interactions between small
hydrophobic compounds, e.g., methane (CH4),

38−40 whereas
this osmolyte has a nonzero effect on larger nonpolar
molecules, e.g., neopentane (C4H12).

32,41 Effects on the latter
depend on the force-field used to simulate TMAO. In
particular, studies using a five-site model for neopentane (see
Figure 1) reported that the penalty for transferring this

nonpolar molecule to water was reduced and increased when
simulations were performed using Kast and Netz force-fields for
TMAO, respectively.41 This implies that hydrophobic inter-
actions can be made stronger or weaker with the addition of
TMAO to the solution depending on simulation parameters.
Effects of Kast TMAO on the interaction between a pair of
neopentane molecules modeled as Lennard-Jones spheres have
also been studied showing that this osmolyte weakens
hydrophobic interactions.42 Recently, the Kast model was
shown to reproduce experimental properties of binary water−
TMAO solutions.43 However, the Netz model may provide a
more realistic description of proteins in water−TMAO
solutions as it was calibrated to reproduce experimental transfer
free-energies of polyglycine from pure water to TMAO
solutions.44

To study the effects of TMAO on distance-dependent
interactions, i.e., potential of mean force (PMF), between
hydrophobic molecules, we use a five-site and an all-atom
representation of neopentane as well as Kast and Netz models
to mimic TMAO. We use two representations of neopentane
because effects of other organic molecules on hydrophobic
interactions were reported to depend on the level of coarse-
graining of the system.45 In this paper, we also determine effects
of TMAO on the distance-dependent enthalpy and entropy
components associated with hydrophobic interactions. Exten-
sive simulations are required to compute in these components
of the free-energy, and therefore, they remain mostly
unexplored. We find that both the large favorable entropy
component and the unfavorable enthalpy, which are character-
istic of hydrophobic interactions, become smaller when TMAO
is added to water. These changes account for a negligible effect
and a stabilizing effect on the association of nonpolar molecules
when simulations are performed with Kast and Netz TMAO
molecules in the all-atom model for neopentane. Effects of
TMAO on the enthalpy are mainly due to changes in terms of
the potential energy involving solvent−solvent molecules. We

show that TMAO is incorporated in the solvation shell of
neopentane, and we discuss how this may explain its effect on
the enthalpy and entropy components. In this paper, we also
study effects of TMAO on distance-dependent interactions
between Na+ and Cl− ions. We find that charge−charge
interactions become stronger when TMAO is added to water
because this osmolyte reduces the enthalpic penalty of bringing
Na+ and Cl− close together mainly by affecting ion−solvent
interactions. At the molecular level, we find that TMAO is
attracted to Na+ becoming part of its solvation shell whereas it
is excluded from the vicinity of Cl−. These results for
hydrophobic and charged interactions are more pronounced
in the simulation performed using the Netz model which has a
larger dipole moment and nonpolar moieties when compared
to those of the Kast model.

■ METHODS
To investigate the effects of TMAO on hydrophobic and ionic
interactions, we perform molecular dynamics simulations in the
NPT ensemble at 1 atm and at four temperatures (273 K, 298,
338, and 368 K). The open-source Gromacs suite version 4.6.5
is used to perform these simulations.46 The temperature is
controlled using the v-rescale thermostat (τT = 1 ps), and
pressure is fixed using the Parrinello−Rahman barostat (τP = 1
ps). A cutoff of 1.3 nm is used to account for short-range
nonbonded interactions. Long-range electrostatics were calcu-
lated using the Particle Mesh Ewald (PME) algorithm with a
grid spacing of 0.13 nm and a 1.3 nm real-space cutoff.
Simulations are conducted using the TIP3P water model, the

Kast47 and Netz44 models for TMAO, the five-site OPLS,48 the
all-atom AMBER models for neopentane (see Figure 1 and
Table 1), and the AMBER model for Na+ and Cl−.49

Parameters of TMAO force-fields including combination rules
are given as Supporting Information. Notice that the Netz
model has been parametrized in solutions containing SPC/E
water whereas it is used combined with TIP3P water in this
study which is the recommended water model for the AMBER
force-field. Effects of Netz TMAO on the five-site model of
neopentane embedded in TIP3P (Figure 2 in this study) and in
SPC/E water (reported in ref 41) are in qualitative agreement.
Moreover, TMAO has been shown to have the same qualitative
effect on the conformation of peptides (poly leucine and
Aβ16−22) that are embedded in TIP3P or SPC/E water.31 This
suggests that the Netz model is robust, at least qualitatively,
against details of the water model. Notice that a new version of
the Kast model has recently been developed to account for the
density of aqueous TMAO solutions at high pressures.50 This
new Kast model has not been considered in this study.
To compute the free-energy landscape describing neo-

pentane−neopentane and Na+−Cl− interactions, we use an
umbrella sampling protocol. For the reaction coordinate of
these interactions, we use the distance ξ between central atoms

Figure 1. Molecular structures of the neopentane models used in this
work.

Table 1. Lennard-Jones Parameters and Partial Charges of
Neopentane Models Used in This Work

force-field atom σ (nm) ϵ (kJ/mol) charge (e)

all-atom model Ccentral 0.339967 0.45773 0.544
C 0.339967 0.45773 −0.298
H 0.264953 0.06569 0.054

united model Ccentral 0.38000 0.20920 0
CH3 0.39600 0.60668 0
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of neopentane molecules in the range 0.5−1.75 nm, and the
distance between ions in the range 0.2−1.1 nm. In the different
windows of the umbrella sampling protocol, neopentanes and
ions are restrained to their equilibrium distance by a spring.
The equilibrium distances of springs in neighboring windows
differ in steps of 0.05 nm, and their spring constant is 4000 kJ
mol−1 nm−2. Each window is simulated for 150 ns, and the
potential of mean force (PMF) is computed using the weighted
histogram analysis method (WHAM).51 Notice that the PMF
increases with −kbT log(ξ2) due to the three-dimensional
nature of ξ, where −kbT is the thermal energy. We subtract this
dependence of the PMF on ξ, and the PMF at the last umbrella
sampling window (ξ = 1.75 nm for neopentane dimers or ξ =
1.1 for Na+−Cl−) is shifted to zero. PMFs are computed from
simulations in pure water (0 M), and at 3 and 7 M TMAO
concentrations. See Supporting Information for a list of all
simulations performed in this work.
The enthalpy and entropy components as a function of ξ are

computed from the temperature dependence of the PMF. For
each ξ distance, the temperature dependence of the PMF is
fitted to the thermodynamic relation52−54

ξ ξ ξ ξ= Δ − Δ + Δ
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where ΔS0(ξ), ΔH0(ξ), and ΔCop(ξ) correspond to changes in
entropy, enthalpy, and heat capacity, respectively, at the
reference temperature T0 = 298 K. Notice that, with increasing
temperature, the different states of the system shift to larger ξ-
distances due to thermal expansion. For the range of
temperatures in our simulations, this effect is negligible for
charge−charge interactions, but it is significant for neopentane
dimers (see Figure S1 in Supporting Information). To account
for this effect, enthalpy and entropy components for neo-
pentane are computed as a function of ξ/ξ0, where ξ0 is the
reaction coordinate at the first minimum of the PMF.

■ RESULTS AND DISCUSSION

Effects of TMAO on Hydrophobic Interactions.
Potential of Mean Force. Figure 2a,b shows the potential of
mean force (PMF) of neopentane dimers in pure water (black)
and in aqueous TMAO solutions (blue and red) at 298 K and 1
atm. These PMFs exhibit three distinct states which are the
contact minimum (cm), the desolvation barrier (db), and the
solvent-separated minimum (ssm).55−59 At cm, the two
neopentane molecules are in direct contact at a distance
between their central carbon atoms of ξ = 0.58 nm. ssm occurs
at a neopentane distance of ξ = 0.94 nm which is large enough
to allow water molecules to occupy the space between the
dimer. db occurs at ξ = 0.79 nm wherein water molecules
cannot fit within the space between neopentanes. Config-
urations at db are, therefore, characterized by the presence of
cavities between neopentane molecules. In Figure 2c, we depict
characteristic conformations of these states for simulations
performed in pure water for the all-atom neopentane model.
Stabilities of cm, db, and ssm depend on temperature, the

concentration of TMAO, and the different force-fields used in
the simulation. In Figure 2a, we study effects of TMAO on the
PMF of the five-site model of neopentane. The addition of
TMAO to water accounts for an increase and a decrease in the
stability of cm when simulations are performed with Netz and
Kast models, respectively; see blue and red arrows in Figure 2a.
These results are consistent with the reported increase and
decrease in transfer free-energies of neopentane from pure
water to aqueous TMAO solutions for simulations performed
with Netz and Kast models, respectively.41 Notice that the
geometric rule for cross-interactions of Lennard-Jones param-
eters is used to study the five-site model of neopentane in our
study and in ref 41. In contrast to these force-field-dependent
effects at cm, both Netz and Kast models account for an
increase in the desolvation barrier and a shift in the position of
ssm to larger distances. The later effect suggests that TMAO
molecules, which are larger than water, occupy the space
between neopentanes at ssm. A characteristic configuration
illustrating the presence of TMAO in between neopentane
molecules at ssm is shown in Figure 2d.
In Figure 2b, effects of TMAO on the PMF of the all-atom

model of neopentane are shown. Similarly to its effect on the
five-site model of neopentane, Netz TMAO increases the
stability of cm, and it enhances the magnitude of the
desolvation barrier whereas the position of ssm is shifted to
larger distances. These effects are enhanced when the

Figure 2. Potential of mean force (PMF) of a neopentane dimer in
pure water (black) and aqueous TMAO solutions (red and blue)
computed using (a) the five-site united model and (b) the all-atom
model of neopentane. PMF values computed at ξ = 1.7 nm are used as
our reference, i.e., zero value. (c) Characteristic configurations of
neopentane dimers at cm, db, and ssm in pure water. Water molecules
within a distance of 0.65 nm from Ccentral are also shown. Neopentane
and water molecules are depicted using van der Waals and licorice
representations, respectively. Dotted red lines correspond to hydrogen
bonds. (d) Characteristic ssm configuration at 7 M Kast TMAO
solution. A TMAO molecule in between the neopentane dimer is
highlighted in yellow.
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concentration of TMAO is increased from 1 to 7 M. Kast
TMAO molecules also increase the magnitude of the
desolvation barrier, and they shift ssm to larger distances.
However, conversely to their destabilizing effect on cm in the
five-site model of neopentane, Kast TMAO molecules have no
significant effect on the stability of cm for the all-atom
neopentane model at concentrations of both 1 and 7 M. These
results show that simulations performed with the Kast model
are more strongly dependent on the details of the nonpolar
compound model than simulations performed with the Netz
model.
Enthalpy and Entropy Component. To provide insights

into how Kast and Netz models of TMAO affect the interaction
between neopentane molecules, we show in Figure 3 the

decomposition of the PMF into enthalpy (ΔH) and entropy
(−TΔS) components, i.e., PMF(ξ) = ΔH(ξ) − TΔS(ξ). This
decomposition is performed for the all-atom model of
neopentane in pure water and in aqueous solutions containing
7 M Kast or 7 M Netz TMAO molecules. These high TMAO
concentrations were chosen for further analysis as they beget
discernible effects in the PMF of neopentane dimers in Figure
2b. In pure water (panel a), the interaction between
neopentane molecules, i.e., small ξ distances, is disfavored by
enthalpy (ΔHwater > 0) whereas it is favored by entropy
(−TΔSwater < 0).54,60,61 This decomposition can be rationalized
by considering that water molecules around nonpolar solutes,
i.e., shell water, have a lower entropy and a lower enthalpy than
bulk water.60,62 During the formation of cm, some shell water
molecules are transferred to the bulk accounting for the
increase in entropy (or decrease in −TΔSwater) and the increase
in enthalpy of Figure 3a.
In Figure 3b,c, we show how the enthalpy (ΔHTMAO) and the

entropy (−TΔSTMAO) components change as a function of ξ in
aqueous 7 M TMAO solutions. Arrows in these figures depict
how ΔHTMAO and −TΔSTMAO at cm compare to ΔHwater and
−TΔSwater, respectively. In other words, arrows show ΔΔH ≡
ΔHTMAO − ΔHwater and −TΔΔS ≡ −TΔSTMAO + TΔSwater. For
both Netz and Kast models at cm, −TΔΔS > 0 which implies
that the increased order of solvent molecules in the vicinity of
neopentane (when compared to bulk water) is less important in

TMAO solutions than in pure water. In contrast, for Netz and
Kast models at cm, ΔΔH < 0. To provide molecular insights
into ΔΔH, changes in the potential energy of the system when
the dimer is brought to cm from noninteracting distances are
decomposed into contributions from neopentane−neopentane
(ΔENeo−Neo), neopentane−solvent (ΔENeo−Sol), and solvent−
solvent (ΔESol−Sol) interactions. Notice that the volume V of
the system does not change significantly when dimers are
brought to interact at cm58 and pΔV (where p is the pressure of
the system) is found to be negligible. Figure 4 depicts how the

different potential energy terms computed in TMAO solution
compare with the respective terms in pure water simulation, i.e.,
ΔΔE = ΔE7M − ΔE0M. This figure shows that the main term
accounting for the negative ΔΔH is solvent−solvent
interactions which suggests that bonding states of the solvent
in the vicinity of neopentane are less favorable in aqueous
TMAO solutions than in pure water. This implies that the
transfer of solvent molecules from the first shell to the bulk
during cm formation accounts for a smaller ΔESol−Sol in TMAO
solution than in pure water. Notice that ΔΔENeo−Sol > 0 which
implies that neopentane−solvent interactions become more
favorable when TMAO is added to water. This term for
charge−charge interactions behaves very differently as will be
shown in Figure 8.
In summary, both the enthalpic penalty and the favorable

entropic contribution of the hydrophobic effect become less
important when TMAO is added to water. Moreover, the
solvent−solvent interaction in the shell provides the driving
force for TMAO’s enthalpic stabilization. These effects are
more prominent for the Netz model.

Solvation Shell around Neopentane. To provide insights
into effects of TMAO on the solvation of neopentane
molecules, Figure 5 shows radial distribution functions
(RDFs) of the central carbon of neopentane, i.e., Ccentral, and
different atoms of TMAO, i.e., oxygen (OTMAO in red), nitrogen
(NTMAO in blue), or carbon (CTMAO in black). The RDF of

Figure 3. Decomposition of the PMF (black) into enthalpy (red) and
entropy (blue) components at T0 in (a) pure water and (b, c) aqueous
TMAO solutions as a function of ξ/ξ0. See Methods section. Effects of
TMAO on the enthalpy (red) and entropy (blue) components at cm
are shown by arrows. Error bars are estimated from curve fitting.

Figure 4. Changes in the enthalpy of cm formation, i.e., ΔΔH (in
gray), due to the addition of Kast (left) and Netz (right) TMAO
molecules to water for neopentane dimers. These changes are
decomposed into contributions from neopentane−neopentane
ΔΔENeo−Neo (yellow), neopentane−solvent ΔΔENeo−Sol (blue), and
solvent−solvent ΔΔESol−Sol (red) interactions. Notice that the gray
column corresponds to the ΔΔH computed at cm in Figure 3b,c.
These results indicate that solvent−solvent interactions, i.e.,
ΔΔESol−Sol, are the main energetic term accounting for the change
in ΔΔH when TMAO is added to water.
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Ccentral and oxygen atoms of water (Owater in green) is also
shown. These RDFs are computed in 7 M Kast TMAO
simulations when neopentane molecules are far apart from each
other, i.e., ξ = 1.7 nm. As part of the Supporting Information
(SI), we show that the position of the different peaks of the
RDF does not change significantly when simulations are
performed in 1 M Kast TMAO solution or when the
neopentane pair is at cm, i.e., at ξ = 0.58 nm.
The solvation shell of neopentane defined by the first peak in

the Ccentral−Owater RDF comprises 36 water molecules that are
located at distances smaller than 0.65 nm from Ccentral. Several
atoms of TMAO are located within this first solvation shell as
shown by the first peak in their RDF in Figure 5a. Accordingly,
by integrating the first peak of the Ccentral−NTMAO RDF up to its
first minimum, we find that 15.6 and 2.2 TMAO molecules are
located within the first solvation shell when simulations are
performed in 7 and 1 M Kast TMAO solutions, respectively.
The broad first peak in the Ccentral−OTMAO RDF can be

deconvoluted into two peaks: one located at 0.5 nm and the
other at 0.64 nm. These peaks can be interpreted by studying
the angle θ formed by the lines connecting NTMAO−OTMAO and
Ccentral−NTMAO pairs of atoms as shown in Figure 5b. Average

angles of 114° and 69° are found to correspond to the peaks
located at 0.5 and 0.64 nm. These angles are shown by dashed
vertical lines in the inset of Figure 5a where the distribution of
θ for all TMAO molecules in the first shell is also shown. This
distribution is center at 87°, implying that the vector formed by
NTMAO−OTMAO atoms is on average tangential to the surface of
neopentane. This implies that some of the CH3 groups of
TMAO are completely solvated whereas others are interacting
with neopentane. The two peaks in the Ccentral−CTMAO RDF
(black line) reflect these two states. The peak located at short
distances, i.e., 0.48 nm, corresponds to CH3 groups of TMAO
that are in contact with neopentane whereas the peak at 0.66
nm corresponds to CH3 groups that are solvated. These
configurations of TMAO have been reported in experiments
and computer simulations for large hydrophobic−water
interfaces.23,37 The insights brought up by studying RDF in
Figure 5a suggest that water in the first solvation shell of
neopentane is disturbed by the presence of TMAO. In pure
water, this shell accounts for a large favorable change in the
entropy component (−TΔS < 0) and an unfavorable change in
enthalpy (ΔH > 0) when small nonpolar molecules are brought
close together, see Figure 3a. By perturbing the first solvation
shell, TMAO reduces these entropic and enthalpic effects. This
gives rise to interactions that are less entropic in nature (i.e.,
−TΔΔS > 0) with a smaller enthalpic penalty (ΔΔH < 0), see
Figure 3b,c. Notice that the overall result of these effects on the
PMF is either negligible (due to an almost perfect enthalpy−
entropy compensation) or increases the stability of the
interaction between neopentane molecules for simulations
performed with Kast or Netz models, respectively, see Figure
2b. This shows that enthalpy and entropy can be used to
provide insights into the mechanism of action of TMAO even
when this cosolvent does not account for significant changes in
the free-energy of the system.
In Figure 5d, we show spatial distribution functions of

TMAO (pink color) and water (silver color) around neo-
pentane for simulations performed in 7 M Kast TMAO
solution. Spatial distribution functions are computed by
dividing the simulation box in bins of size 0.05 × 0.05 ×
0.05 nm3, and they are given as the ratio between the density of
solvent molecules in the bin and the density of the solvent in an
ideal fluid. In the left panel of Figure 5d, the two neopentane
molecules are far apart from each other, i.e., ξ = 1.7 nm, and the
spatial distribution is shown for only one of the neopentane
molecules. For this state, TMAO is located preferentially along
the edges of the tetrahedron formed by methyl groups of
neopentane (see Figure 5c) whereas water is found
preferentially in the center of the faces of this tetrahedron.
Thus, we observe 6 TMAO clusters comprising 7.8 molecules
and 4 water clusters comprising 18 molecules in the vicinity of a
single neopentane. In the right panel of Figure 5d, the
neopentane pair is at cm, i.e., ξ = 0.58 nm. For this state,
TMAO accumulates in the middle ring of two neopentane
molecules, and water is distributed laterally to the neopentane
dimer.

Effects of TMAO on Charged Interactions. Potential of
Mean Force. In Figure 6a, we show PMF describing the
interaction between Na+ and Cl− ions in pure water (black) and
aqueous TMAO solutions (red and blue). These PMFs are
characterized by the presence of a contact minimum (cm), a
desolvation barrier (db), a first-solvent-separated minimum (1st
ssm), and a second-solvent-separated minimum (2nd ssm).
Arrows in Figure 6a show the increased stability of cm states

Figure 5. Solvation of the all-atom model of neopentane in 7 M Kast
solution at 298 K. (a) Radial distribution functions of central carbon of
neopentane and different groups of TMAO (oxygen in red, nitrogen in
blue and carbon in black) or oxygen atom of water (in green). These
functions are computed when neopentane molecules are far apart, i.e.,
at ξ = 1.70 nm. The inset of panel a shows the distribution of θ for
TMAO molecules in the solvation shell. (b) Snapshot of a TMAO
molecule within the solvation shell of neopentane showing its angle θ.
(c) Tetrahedral (in black) formed by methyl groups of neopentane.
(d) Spatial distribution functions of TMAO (pink color) and water
(silver color) around neopentane in 7 M Kast TMAO solutions at ξ =
1.7 nm (left) and at ξ = 0.58 nm (right). Isovalues for TMAO and
water are 8 and 9.
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when Kast or Netz TMAO molecules are added to water. db
becomes smaller in simulations performed with Kast TMAO
whereas the Netz model has little effect on the stability of this
state. Surprisingly, we find that the Kast model stabilizes the
first ssm while the Netz model destabilizes this state. In the
Supporting Information (Figures S8 and S9), we provide an
explanation for this behavior in terms of the distribution of
TMAO and water at the first ssm. Notice that several force-
fields, including the AMBER force-field used in this work, have
been shown to reproduce the experimental transfer free-energy
of sodium (−375 kJ/mol) and chloride (−347 kJ/mol) to pure
water, which combined accounts for a free-energy change of
722 kJ/mol.63 However, the distance-dependent interaction for
Na+ and Cl− ions, i.e., position and magnitude of the PMF at
different states, has been shown to depend on the force-field
used in the simulation.64 To estimate how effects of TMAO on
charge−charge interactions are affected by the parametrization
of Na+ and Cl−, we show in Figure S10 (Supporting
Information) the PMF of NaCl computed using the Joung
and Cheatham force-field.65 These PMFs are computed in pure
water and 7 M aqueous Kast solution. In these simulations,
TMAO stabilizes both cm and first ssm while it reduces db.
These trends are consistent with the ones shown in Figure 6.
In Figure 6b, we show characteristic configurations of the

different states of the PMF. One and two layers of water
molecules separate Na+ and Cl− ions in the first and second
ssm, respectively. These ions are in contact, i.e., at close
proximity, at cm whereas cavities in the space between them
account for a large positive PMF at db. In Figure 6c,d, we show
RDFs for ion−Owater and ion−Hwater in simulations performed

in 7 M Kast TMAO solution when ions are far apart from each
other, i.e., ξ = 1.0 nm. From these RDFs, Owater peaks closer to
Na+ than Hwater whereas the opposite order in first peaks is
observed for Cl−. This reflects the orientation of water
molecules in the solvent first shell which is such that their
hydrogen atoms, which have positive partial charges, point
toward and away from Cl− and Na+ ions, respectively. These
water configurations minimize the electrostatic energy between
ions and the dipole moment of water. Notice that water
structures around neopentane optimize the network of
hydrogen bond in the solvation shell.

Enthalpy and Entropy. To provide insights into effects of
TMAO on the distance-dependent interaction of Na+ and Cl−

ions, we decompose the PMF into enthalpy (ΔH) and entropy
(−TΔS) components in Figure 7. In pure water (panel a), the

interaction between Na+ and Cl− ions is favored by entropy
(blue), and it is opposed by enthalpy (red).66 This reflects the
reduced mobility of water in the first solvation shell around ions
which emerges from strong electrostatic interactions between
ions and the dipole moment of water molecules.67 As Na+ and
Cl− are brought close to each other, some waters in the first
solvation shell are released into the bulk where they become
more disordered accounting for a favorable change in the
entropy component, see Figure 7a. Concurrently, the enthalpy
of these released water molecules increases as they stop
interacting with the ions.
The transfer of shell water to the bulk in the presence of

TMAO reduces both the enthalpic penalty and the entropic
gain associated with the formation of cm. This is represented by
arrows in Figure 7b,c. In this figure, ΔΔH (red arrow) is larger
than −TΔΔS (blue arrow) at cm implying that enthalpy is not
exactly compensated by entropy, and effects of TMAO are
dominated by enthalpy. Other effects of TMAO are to reduce
the enthalpic barrier and to increase the entropy component
associated with the formation of cavities at db. Notice that
effects of TMAO are more significant in the Netz model for
which TMAO has a larger dipole moment associated with its
nitrogen and oxygen atoms as well as a larger hydrophobicity
related to CH3 groups.
To provide molecular insights into the enthalpic stabilization

of charge−charge interactions by TMAO at cm, i.e., ΔΔH < 0,

Figure 6. (a) Potential of mean force (PMF) for the interaction
between Na+ and Cl− ions in pure water (black) and aqueous TMAO
solutions (red and blue). PMF values computed at ξ = 1.1 nm are used
as our reference, i.e., zero value. (b) Characteristic configurations of
sodium (cyan) and chloride (yellow) at cm, db, 1st ssm, and 2nd ssm.
Water molecules in the first solvation shell are shown in a licorice
representation. Dotted lines correspond to hydrogen bonds. (c, d)
RDFs of ion−Owater (red) and ion−Hwater (blue) in pure water
simulations when ions are far apart from each other, i.e., ξ = 1.1 nm.

Figure 7. PMF of Na+−Cl− decomposed into enthalpy (red) and
entropy (blue) components for simulations performed in (a) pure
water, (b) 7 M Kast TMAO, and (c) 7 M Netz TMAO solutions at
298 K.
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we decompose the potential energy of the system into
contributions from ion−ion, ion−solvent, and solvent−solvent
interactions. In Figure 8 we show how these potential energy

terms computed in 7 M TMAO solution compare with the
same terms computed in pure water; i.e., we show ΔΔE =
ΔE7M − ΔE0M. Figure 8 shows that the main term accounting
for the negative ΔΔH comes from ion−solvent interactions.
This suggests that solvent molecules bond less favorably with
ions in TMAO solutions than in pure water. This implies that
when solvent molecules in the first shell are transferred into the
bulk during cm formation, ΔEIon−Sol increases less significantly
in TMAO solutions than in pure water. This motivates the
study of how TMAO is distributed in the vicinity of ions to
weaken ion−solvent interactions in the next section.

Solvation Shell around Na+ and Cl− Ions. In Figure 9a,b,
we show RDFs for the interaction between ions and OTMAO
(red line), NTMAO (blue), or CTMAO (black). RDFs describing
the interactions between ions and Owater are also shown in
green. These functions are computed in simulations performed
at 7 M Kast TMAO solution when Na+ and Cl− ions are far
apart from each other, i.e, at ξ = 1.1 nm. In Figure 9a, first
peaks in the RDF of Na+ and oxygen atoms of both water and
TMAO occur at the same short distance of 0.24 nm. This
attraction between Na+ and oxygen accounts for a solvation
shell containing 1.4 TMAO and 4.5 water molecules,
respectively. In 3 M Kast TMAO solution (RDF not shown),
the numbers of TMAO and water molecules in the solvation
shell are 0.3 and 5.5, respectively. Notice that, in pure water
(RDF not shown), the number of solvent molecules around
Na+ is 5.9. These numbers were obtained by integrating the first
peaks in RDFs of Na+−OTMAO and Na+−Owater. The lack of
CTMAO atoms in the first solvation shell of Na+ (see Figure 9a)

Figure 8. Changes in the enthalpy of cm formation, i.e., ΔΔH (in
gray), due to the addition of Kast (left) and Netz (right) TMAO
molecules to water for NaCl. These changes are decomposed into
contributions from neopentane−neopentane ΔΔENeo−Neo (yellow),
neopentane−solvent ΔΔENeo‑Sol (blue), and solvent−solvent
ΔΔESol−Sol (red) interactions. Notice that the gray column correspond
to the ΔΔH in Figure 7b,c. These results indicate that ion−solvent
interactions, i.e., ΔΔEIon−Sol, are the main energetic term accounting
for the change in ΔΔH when TMAO is added to water.

Figure 9. (a, b) RDFs of ions and different atoms of TMAO (oxygen in red, nitrogen in blue, and carbon in black) or water (green) for simulations
performed in 7 M Kast TMAO solution when ions are far apart, i.e., ξ = 1.1 nm. Inset panels show the distribution of θ in the solvation shell. (c)
Spatial distribution functions of TMAO (pink color) and water (silver color) around ions in 7 M Kast TMAO solution at ξ = 0.375 nm (left) and at
ξ = 1.1 nm (right). Isovalues for TMAO and water are 7.5 and 10.
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suggests that methyl groups of TMAO are solvated away from
this ion. Accordingly, the distribution of θ (defined in Figure 9a
for TMAO molecules that are in the solvation shell) is biased
toward large angles, see inset of Figure 9a. This characterizes
TMAO orientations in which OTMAO atoms point toward Na+

and CTMAO atoms point away from this ion.
Figure 9b shows that RDFs of Cl− and different atoms of

TMAO are not characterized by a strong first peak. Moreover,
only a reduced number of CTMAO atoms are located within the
first solvation shell around the Cl− ion. This suggests exclusion
of TMAO’s polar group from the vicinity of Cl−. Accordingly,
the distribution of θ in the inset of Figure 9b is biased toward
short angles corresponding to oxygen atoms of TMAO
pointing away from Cl−.
In Figure 9c, we show spatial distributions of TMAO (in

pink) and water (silver) around Na+ and Cl− when these ions
are far apart (ξ = 1.1 nm) and at cm (ξ = 0.375 nm). In
agreement with RDF in Figure 9a,b, these spatial distribution
functions provide evidence that the solvation shell of Na+

contains both water and TMAO molecules whereas the
solvation shell around Cl− contains mainly water molecules.

■ CONCLUSION
In this article, we studied effects of TMAO on hydrophobic
interactions by considering two neopentane models (i.e., a five-
site model and the all-atom AMBER model) and two TMAO
models (i.e., Kast and Netz models). Computed PMFs show
that Netz TMAO favors hydrophobic association of both
models of neopentane whereas Kast TMAO has no significant
effect on the all-atom AMBER model and it destabilizes the
association of the five-site model. This shows that force-fields
play an important role on how TMAO affects hydrophobic
interactions in simulations. Results depend not only on
TMAO’s force-field but also on the model of nonpolar
molecules used in the simulations. This calls for caution
when extrapolating results from model compounds to proteins.
Accordingly, PMFs from our all-atom simulations suggest that
peptides made from mostly nonpolar side chains that resemble
neopentane (e.g., valine and leucine) would adopt more
compact conformations when TMAO is added to aqueous
solution. However, in a recent study, TMAO was shown to
have the opposite effect; i.e., it swells 10-residue homovaline
and homoleucine peptides. The former study was performed
using the AMBER99sb-ILDN-force-field which is compatible
with the AMBER force-field used in this work for neopentane.
Moreover, effects of TMAO on polyvaline and polyleucine
peptides were demonstrated to be robust against details of
TMAO’s force-field.
In this work, we also quantified entropic and enthalpic

contributions of hydrophobic interactions in pure water and
aqueous TMAO solutions. Both the large favorable change in
the entropy component and the unfavorable change in enthalpy
that emerge upon the association of small nonpolar molecules
in water become smaller when TMAO is added to the solution.
The combined effects of these enthalpic and entropic changes
account for a negligible effect and a stabilizing effect on the
association of neopentane molecules when Kast and Netz
models are used in the simulations, respectively. Effects of
TMAO on the enthalpy are mainly due to changes in the
potential energy involving solvent−solvent molecules. We show
that the presence of TMAO in the solvation shell of
neopentane may explain its effect on the enthalpy and the
entropy components.

To provide insights into how TMAO affects charged
interactions in aqueous solution, we study the association of
Na+ and Cl− ions. Kast and Netz models are used to mimic
TMAO. Both TMAO models are found to stabilize the
interaction between Na+ and Cl− as they reduce the enthalpic
penalty of bringing these ions together. The enthalpy is reduced
because TMAO has a strong effect on ion−solvent interactions.
We find that TMAO is attracted to Na+ becoming part of its
solvation shell whereas it is excluded from the vicinity of Cl−.
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