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Abstract

Osmolytes are small organic molecules that can modulate the stability and function of cellular proteins by altering the chemical environment of
the cell. Some of these osmolytes work in conjunction, via mechanisms that are poorly understood. An example is the naturally-occurring protein-
protective osmolyte trimethylamine N-oxide (TMAO) that stabilizes cellular proteins in marine organisms against the detrimental denaturing effects
of another naturally occurring osmolyte, urea. From a computational standpoint, our understanding of this counteraction mechanism is hampered by
the fact that existing force fields fail to capture the correct balance of TMAO and urea interactions in ternary solutions. Using molecular dynamics
simulations and Kirkwood-Buff theory of solutions, we have developed an optimized force field that reproduces experimental Kirkwood-Buff
integrals. We show through the study of two model systems, a 15-residue polyalanine chain and the R2-fragment (273GKVQIINKKLDL284) of
the Tau protein, that TMAO can counteract the denaturing effects of urea by inhibiting protein-urea preferential interaction. The extent to which
counteraction can occur is seen to depend heavily on the amino acid composition of the peptide.

1 INTRODUCTION

In many living organisms, especially in marine animals such as carti-
laginous fishes, rays and sharks, urea-induced protein denaturation is
counteracted by the naturally occurring protective osmolyte trimethy-
lamine N-oxide (TMAO). 1,2 Much effort has been invested in the
last decade into understanding the individual actions of urea and of
TMAO on protein structure. The mechanism of urea-induced denat-
uration has been extensively studied both theoretically and compu-
tationally, and it is now accepted that urea acts via a direct mech-
anism, binding to the protein backbone and side-chains, with little
disturbance to water structure. 3–9 Although it is a well-known fact
that TMAO stabilizes proteins at pH greater than its own pKa, 10,11

the mechanism by which TMAO stabilizes proteins in aqueous solu-
tions is perhaps more debated. Many recent experimental and com-
putational studies suggest that TMAO forms a complex with two to
three water molecules 12 and that protein stabilization is a result of de-
pletion effects associated with unfavorable interaction of TMAO with
the protein backbone 3,13–16 or from the destabilization of the unfolded
state by crowding effects. 17 Conversely, it has been suggested that
TMAO interacts favorably with polypeptides and that stabilization is
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a result of a surfactant-like effect of TMAO. 18,19 The counteracting
effect of TMAO on urea remains even more controversial. 12,20–24 It
has been argued that TMAO decreases the protein solubility by mod-
ifying the urea and water structure around the protein which leads
to protein-compaction. 21,25–27 Contrarily it has also been argued that
TMAO does not modify urea structure around protein. 28,29 It has been
shown that the urea-induced unfolding transitions of proteins in terms
of the m-values and the protein-urea preferential interactions are un-
affected in presence of TMAO 3,30–32 and that TMAO’s unfavorable
electrostatic interactions with the protein backbone overcome urea’s
favorable van der Waals interactions with the protein, leading to its
compaction. 28 Solvent excluded-volume effects 33 and alteration of
protein surface solvation 34 have also been argued to contribute in the
counteraction mechanism of TMAO in presence of urea.

In this work, we use computer simulations to shed light into how
TMAO counteracts the effects of urea. This approach presents an
invaluable tool to probe the combined mechanism of urea/TMAO
mixtures on protein structure, as it allows direct observation of the
atomistic interactions at play. 25,27–29,35–39 Computational studies of
proteins in urea/TMAO/water solutions are however hampered by the
fact that urea and TMAO force fields have been parameterized only
in binary solutions. In the case of binary urea-water mixtures, the
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Smith force field 40 has been parameterized to reproduce experimen-
tal thermodynamic quantities related to solvation such as activity co-
efficients or osmotic coefficients. In the case of binary TMAO-water
mixtures, most existing force fields are derived from the ab initio
based force field developed by Kast and co-workers (the Kast force
field 41). These include the recently developed Usui force field, 42

the density-based double-resolution force field for TMAO-water mix-
tures (the Shea force field) 43 and the Netz, 44 the Garcı́a, 15 and the
Hölzl force fields. 45 The Garcı́a force field was parameterized to cap-
ture the correct osmotic pressure of TMAO, while the Netz force field
reproduces solution activity data and the m-values for glycine, valine,
asparagine and the anomaly of tryptophan. The Hölzl model was
developed to reproduce experimental solution density and the varia-
tion of the activity coefficient. A detailed comparison of the TMAO
force-fields, in terms of their hydration and osmotic properties, can
be found in the work by Rodrı́guez-Ropero et al . 46 Overall, the most
recent TMAO force fields yield satisfactory results when extended to
the study of protein folding and aggregation in mixed TMAO/water
solutions. 15,47,48 There are however no force fields that have been de-
veloped specifically for aqueous solutions of mixed urea and TMAO
in order to capture the correct behavior of the solutions in terms of the
solvation thermodynamics. Simulations of mixed urea/TMAO sys-
tems have simply combined existing urea and TMAO force fields.

In recent work, in an effort to gain insight into how well current
TMAO force fields perform in conjunction with the Smith urea force
field, we performed molecular dynamics simulations on individual
amino acids in mixed aqueous urea/TMAO solutions using five dif-
ferent TMAO force fields (Kast, Netz, Shea, Garcı́a and Hölzl). 36,49

Our results suggested that the choice of force field had little impact
on the outcome of the simulations, with an apparent force field in-
dependent mechanism emerging by which urea and TMAO mutually
depleted each other from the protein surface. Subsequent work on
the association of a small hydrophobic moiety, neopentane, revealed
a more complex picture, in which the choice of force field led to sig-
nificantly different association behavior. Two extreme behaviors were
found in the case of the Kast and the Netz force fields. In an earlier
simulation work it has been shown that urea causes neopentane as-
sociation through bridging interactions. 50 Addition of TMAO to the
aqueous urea neopentane solution led to complete dissociation of the
hydrophobic moieties in the case of the Kast force field, while asso-
ciation was maintained for the Netz force field. Probing deeper, it be-
came apparent that a lower water-affinity and a higher urea-affinity of
the Kast TMAO model result into urea-depletion from the neopentane
surface which subsequently reduces the neopentane-aggregation by
effectively breaking the urea-bridges between the hydrophobic pairs.
In contrast, a higher water-affinity of the Netz model was shown to
dehydrate urea and neopentane molecules which led to accumulation
of urea around the neopentane molecules leading to an increase in
their hydrophobic association. Our results showed that a delicate
balance between the TMAO-water and the TMAO-urea interactions
governs the effects of the urea-TMAO mixtures on hydrophobicity.
Clearly, the balance between TMAO/Water/Urea needs to be prop-
erly addressed if one wishes to understand the stability of proteins in
mixed solutions.

In the present paper, we reparameterize the TMAO/Urea/water
ternary solutions using experimentally available data 51 related to
solvation thermodynamics to develop a new force field with the
proper balance of interactions between the three molecules. We
then apply the new force field to the study of polyalanine, a model
intrinsically disordered peptide (IDP), and contrast the results to
simulations using the unmodified force field. Next, we study the
conformational changes of the biologically relevant R2 fragment

(273GKVQIINKKLDL284) of the intrinsically disordered Tau pro-
tein in pure and mixed urea-TMAO solutions and the preferential in-
teractions of the peptide with the osmolytes. Through the study of
these two IDPs we successfully demonstrate how TMAO counter-
acts urea-denaturations and identify the most important interactions
which control the protein-protective properties of TMAO in presence
of urea.

2 METHODS

All the molecular dynamics simulations were carried out using the
GROMACS molecular dynamics package (version 4.6 and 5.0). 52

The technical details of the simulations are given below.

2.1 Force Fields. Polyalanine was simulated using GRO-
MOS54a7 53 parameters with the rigid SPC/E model for water. 54 The
R2 peptide was simulated with the OPLS-AA force field 55–57 com-
bined with the rigid TIP3P water model. 58 For urea the Kirkwood-
Buff derived Smith force field was used. 40 TMAO was simulated
with the Netz, 44 the Hölzl 45 and the Kast models. 41 The combina-
tion rules for the cross-interactions (van der Waals) were as follows:
σij =

√
σiσj , εij =

√
εiεj . The non-bonded parameters for these

TMAO models are described below.
Along with these TMAO models a newly developed force field for

the urea-TMAO solutions was also used. The newly developed force
field Netz(m) primarily used the Netz force field for TMAO and the
Smith force field for urea with scaled van der Waals parameters for
the urea-TMAO and the TMAO-TMAO interactions. For the Netz(m)
force field, the cross-interaction terms for the urea-TMAO interac-
tions were σij =

√
σiσj , εij = 1.10 × √εiεj and for the TMAO-

TMAO interactions were σij =
√
σiσj , εij = 0.90 × √εiεj . All

the other interaction parameters were according to the original Netz
and the Smith force fields. The Kirkwood-Buff integrals (KBIs) for
the ternary urea-TMAO-water system at 2 M urea with 1 M TMAO
were calculated with both SPC/E and TIP3P water models. It must
be noted that unlike constant pH simulations, 83 the protonation states
of TMAO have not been considered in this study since the pH of the
systems (7.0) is much higher than the pKa of TMAO (4.6). 30

2.2 System Details for Polyalanine Simulations and KBI
calculations. Cubic simulation boxes with linear dimension of
≈ 5.9 nm were simulated (≈ 5.8 nm for the simulation of polyala-
nine in pure water). The numbers of osmolyte and water molecules
were varied according to the desired Molar concentrations and are

Force field Atom σ (nm) ε (kJmol−1) q (e)

Kast

C 0.3041 0.2826 -0.260
H 0.1775 0.0773 0.110
O 0.3266 0.6379 -0.650
N 0.2926 0.8360 0.440

Netz

C 0.3600 0.2826 -0.260
H 0.2101 0.0773 0.110
O 0.3266 0.6379 -0.910
N 0.2926 0.8360 0.700

Hölzl

C 0.3707 0.2830 -0.260
H 0.2130 0.0775 0.110
O 0.3266 0.6389 -0.815
N 0.2926 0.8374 0.605

Table 1: Non-bonded interaction parameters of the atoms of a TMAO
molecule for a) Kast model, 41 b) Netz model, 44 and c) Hölzl model. 45
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System NUrea NTMAO NWater

Water 0 0 6334
1M TMAO 0 125 6265
4M TMAO 0 500 5000
2M Urea 250 0 6000
4M Urea 500 0 5330
6M Urea 750 0 4660

1M Urea + 1M TMAO 125 125 5935
2M Urea + 1M TMAO 250 125 5600
4M Urea + 2M TMAO 500 250 4530
6M Urea + 3M TMAO 750 375 3460
6M Urea + 6M TMAO 750 750 2100

Table 2: The numbers of the molecules for each of the polyalanine simulations
and KBI calculations.

system NUrea NTMAO NWater

2M TMAO 0 300 7030
4.1M Urea + 2M TMAO 600 300 5430

Table 3: The numbers of the molecules for the R2 simulations.

listed below. The simulation boxes contained one peptide chain for
the polyalanine simulations. The polyalanine chain was uncapped
and simulated with neutral termini NH2 and COOH. A randomly
generated helical structure was used as the initial configuration for the
chain. For the calculations of the KBIs for the ternary urea-TMAO-
water systems (without the polyalanine chain) the same numbers of
the osmolytes and the water molecules were used.

2.3 System Details for R2 Simulations. Cubic simulation
boxes with linear dimension of ≈ 6.3 nm for R2 in 2 M TMAO and
≈ 6.25 nm for R2 in the mixture of 4.1 M urea and 2 M TMAO were
simulated. The simulation boxes contained one R2 peptide in its nat-
ural charged state (+2) and two chloride ions were added to neutralize
the systems. The N and the C termini of the R2 peptide were capped
with the acetyl and the amide groups respectively in order to represent
the peptide condition in the context of the full-length Tau protein. A
fully extended conformation was used as the initial configuration for
the peptide.

2.4 KBI Calculations for Ternary Urea-TMAO-water
Mixtures. The KBIs between solution components i and j were
calculated from the radial distribution functions gij(r) between the
respective components. The corresponding KBIs (Gij) are defined
as,

Gij = 4π

∫ ∞
0

[
gij(r)− 1

]
r2dr. (1)

To calculate the KBIs 55 ns NpT simulations of the ternary urea-
TMAO-water mixtures were carried out at 300 K temperature and 1
bar pressure with the periodic boundary conditions in the x, y and
z directions. For the first 5 ns simulation the Berendsen thermostat
(relaxation time 0.5 ps) and barostat 59 (relaxation time 3 ps) were
used to maintain the system temperature and pressure respectively.
For the next 50 ns simulation the Nosé-Hoover thermostat 60,61 (relax-
ation time 0.5 ps) and the Parrinello-Rahman barostat 62 (relaxation
time 3 ps) were used. A leap-frog integrator was used to integrate
the equations of motion with a time step of 2 fs. 63 The particle mesh
Ewald (PME) method was used to calculate the electrostatic interac-
tions with a grid-spacing of 0.12 nm. 64 A cut-off of 1.2 nm was used
for all the non-bonded interactions. The water molecules were kept

rigid by using the SETTLE algorithm. 65 All the bond-distances of
the other molecules were kept fixed by using the LINCS algorithm. 66

The same technical parameters were used for all the other simulations
(see below) unless mentioned otherwise. The KBIs were calculated
from the last 45 ns simulation by taking the average of the running
KBIs between 1.0 and 1.4 nm. 67

2.5 Osmotic Pressure Calculations for Ternary Urea-T-
MAO-water Mixtures. The osmotic pressure of the systems was
calculated using the method proposed by Roux et al. 68 To calculate
the osmotic pressure of the systems the outputs from the first 5 ns
simulations of the KBI calculations (with the Berendsen thermostat
and barostat) were used as the initial configurations. These config-
urations had converged temperatures of 300 K and converged box-
volumes corresponding to 1 bar pressure. Let’s assume that these
converged boxes had x, y and z dimensions as d, d and d. Next
these boxes containing urea, TMAO and water were placed at the
center of a box with the same x and y dimensions but 2 times the
z-dimension (d, d and 2d). The empty spaces of the new box were
filled by randomly inserted water molecules. The z-components of
the distances of the osmolyte molecules from the center of the box
were constrained such a way that the osmolyte molecules were acted
upon a restoring force F (∆z) = −k.∆z towards the center of the
box when |Dz| = d

2
+ ∆z where Dz is the z-component of the dis-

tances of the osmolyte molecules from the center of the box and k is
the force-constant. The water molecules were not constrained. Such
a way two virtual walls were placed at z = ± d

2
(if we assume that

the origin is at the center of the box) which are not permeable for the
osmolytes but transparent for the water molecules. The forces on the
osmolytes due to these virtual walls were calculated using PLUMED
software 69 in conjunction with GROMACS. The bias functions in
PLUMED (“UWALLS” and “LWALLS”) were modified to calculate
the total force on the virtual walls due to the osmolytes instead of
calculating the sum of the squared forces on the virtual walls exerted
by the individual osmolyte molecule. The distances of the osmolyte
molecules from the center of the box were calculated by inserting a
non-interacting heavy virtual atom at the center and using the “DIS-
TANCE” function between the virtual heavy atom and the nitrogen
atom of TMAO or the carbon atom of urea. The value of the force-
constant k (4180 kJ mol−1nm−2) was taken from the earlier work
by Canchi et al. 15 The pressure of the system was constrained at 1
bar only along the z-direction using Parrinello-Rahman barostat with
3 ps relaxation time. The temperature of the system was kept fixed
at 300 K using Nosé-Hoover thermostat (relaxation time 0.5 ps). The
osmotic pressures of the systems were calculated from the average
forces exerted on the virtual walls (same as exerted on the osmolytes)
per unit area, which were calculated from 40 ns simulations preceded
by 10 ns of equilibrations.

2.6 Replica-exchange Molecular Dynamics Simulations.
The replica-exchange molecular dynamics simulations (REMD) 70–72

were performed in NVT ensemble using 64 replicas with tempera-
tures ranging from 291.2 K to 488.9 K. The converged volumes of the
systems were obtained from 5 ns NpT simulations at 300 K tempera-
ture and and 1 bar pressure using Berendsen thermostat and barostat.
These 5 ns NpT simulations were followed by an energy minimiza-
tion and a 5 ns long NVT simulation at 300 K temperature using
Nosé-Hoover thermostat. Then the systems were heated at 64 dif-
ferent temperatures (corresponding to each of the replicas listed be-
low) and were equilibrated for another 5 ns. Then short 5 ns REMDs
were performed with 3 ps exchange frequency to check the average
probabilities of the replica exchanges. Next with the same exchange
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frequency the 150 ns long REMDs for the systems of polyalanine in
osmolytes were performed (120 ns for the polyalanine in pure wa-
ter system) where the last 100 ns simulations were used for the data
analyses. For the systems of R2 in 2 M TMAO and in the mixture
of 4.1 M urea and 2 M TMAO REMD simulations of 200 and 250 ns
were performed respectively where the last 100 ns and 150 ns long
trajectories were used for the data analyses respectively. The average
exchange probabilities for all the polyalanine systems were ≈ 28%
and for the R2 systems were ≈ 25%. The corresponding maximum
standard deviation in the exchange probabilities for all the replicas
was <2%. The temperatures corresponding to the 64 replicas were:
291.2, 293.4, 295.6, 297.8, 300.0, 302.3, 304.6, 306.9, 309.2, 311.6,
314.0, 316.4, 318.9, 321.4, 323.9, 326.5, 329.1, 331.7, 334.4, 337.1,
339.8, 342.6, 345.4, 348.2, 351.1, 354.0, 356.9, 359.9, 362.9, 365.9,
369.0, 372.1, 375.2, 378.4, 381.6, 384.8, 388.1, 391.4, 394.7, 398.1,
401.5, 404.9, 408.4, 411.9, 415.4, 419.0, 422.6, 426.2, 429.9, 433.6,
437.3, 441.1, 444.9, 448.7, 452.6, 456.5, 460.4, 464.4, 468.4, 472.4,
476.5, 480.6, 484.7 and 488.9 K.

2.7 Preferential Solvation Calculations. In a mixture of so-
lute (protein, denoted by p), solvent (water, denoted by w) and cosol-
vent (urea/TMAO, denoted by c) the preferential solvation/binding
coefficient between the solute and the cosolvent can be given as
Γpc = ρc(Gpc − Gpw) where Gij is the KBI between i and j com-
ponent. Γpc is a measure of the excess (or deficit) of the cosolvents
around the solute molecules with respect to the bulk solvent. Pref-
erential binding coefficients are related to the m-values used in pro-
tein denaturation studies. 73–75 The preferential solvation coefficients
were calculated from the unnormalized radial distribution functions
between the proteins and the solvent components (osmolytes and wa-
ter) with respect to the surfaces of the proteins and the centers of mass
of the solvent components using the following equation:

Γpc(r) = Npc(r)−
ρc
ρw

Npw(r), (2)

where Npc(r) and Npw(r) are the running coordination numbers of
the cosolvent and the solvent molecules around the protein, respec-
tively, and the ρ-s are the average number densities of the respective
components of the solution. For a system with protein (p) in water
(w) and two cosolvents, urea (u) and TMAO (t), the preferential sol-
vation coefficient of the protein with urea over TMAO can be given
as,

Γt
pu(r) = Npu(r)− ρu

ρt
Npt(r), (3)

where Npu(r) and Npt(r) are the running coordination numbers of
the urea and the TMAO molecules around protein, respectively. Since
the average box-size of the simulations (≈ 6nm) was much larger
than the typical correlation length of the systems (≈ 1− 2 nm), cor-
rections to the preferential solvation coefficients due to the finite size
of the systems were not included.

2.8 Cluster Analyses. Cluster analyses of the protein confor-
mations were performed using the Daura algorithm. 76 Root mean
square deviations (RMSD) of the structures were calculated using the
positions of the Cα −C−N atoms. Similar structures were grouped
together based on their RMSD with a cut-off of 0.2 nm. Respective
snapshots were rendered using Visual Molecular Dynamics (VMD)
software. 77

2.9 Hydrogen Bonds and Salt-bridge Analyses for R2
Peptide. The intramolecular hydrogen bonds for the R2 peptide
were identified using a cut-off of 0.25 nm for the O–H distances along

with a cut-off of 30◦ for the OHN angles. The salt-bridges between
the aspartic acid (D) and the lysine (K) residues were calculated from
the distance-distribution between the COO− and the NH+

3 groups
of the sidechains of the respective residues. The salt-bridges were
identified when the distance between these two groups was less than
the respective cut-off distances. The cut-off distances corresponded
to the first minima of the aforementioned distance-distribution curves
and were 0.50 nm, 0.51 nm and 0.71 nm for the D283-K274, D283-
K280 and D283-K281 salt-bridges respectively. Finally, the proba-
bilities of finding the salt-bridges with respect to the total simulation
time were calculated.

2.10 Extraction of Experimental KBI Data (by Rösgen
and Jackson-Atogi) In an earlier paper Rösgen and Jackson-
Atogi had reported the experimental KBIs for ternary urea-TMAO-
water mixtures. 51 In Figure 3 of the aforementioned paper the au-
thors had plotted urea-urea, urea-TMAO, TMAO-TMAO, urea-water,
TMAO-water and water-water KBIs for varying TMAO (0 to 2 Mo-
lar) and urea (0 to 3.6 molal) concentrations. Although the data cor-
responding to 2 Molar urea (≈ 2.4 molal, estimated from our simu-
lations) with 1 Molar TMAO were not available, we used three data
sets of the plot to efficiently estimate the KBIs at 2 M urea with 1
M TMAO solution and the data sets corresponded to 2.4 molal, 2.0
molal and 1.6 molal urea. The highest concentrations of TMAO cor-
responding to those data sets were 0.74 Molar, 0.95 Molar and 1.16
Molar respectively. Hence we extrapolated the data corresponding to
2.4 molal and 2.0 molal urea to 1 Molar TMAO concentration and
also directly extracted the data corresponding to 1.6 molal urea and
1.0 Molar TMAO. For all the KBIs, the standard deviations of the data
obtained from these three data sets were within the line-thickness of
the graphs, except for the urea-urea KBIs. Also from the visual in-
spection of the plot it can be found that for 1 Molar TMAO concen-
tration the urea-dependent offsets of the KBIs are practically indistin-
guishable from the adjacent curves (except for the urea-urea KBIs).
Hence in this paper we reported the data obtained from the extrapola-
tions of the 2.4 molal urea-curves to 1.0 Molar TMAO concentrations
as the experimental targets for the development of the urea-TMAO
force field. The experimental urea-urea (Guu) and TMAO-TMAO
(Gtt) KBIs in urea-TMAO mixtures for 1.6 molal, 2.0 molal and 2.4
molal urea concentrations and the corresponding extrapolations are
shown in Figure S1 in the Supporting Information. Please note that
the unit of all the experimental data was converted from Lmol−1 to
nm3.

3 RESULTS AND DISCUSSION

3.1 A New Force Field for Ternary Urea/TMAO/water
Mixtures. We begin by assessing to which extent simply
combining existing urea and TMAO force fields can repro-
duce experimentally available thermodynamic quantities for ternary
urea/TMAO/water solutions. In particular, we focus on osmotic pres-
sure and the Kirkwood-Buff integrals (KBIs) of mixed urea-TMAO
solutions that have been experimentally reported by Rösgen and
Jackson-Atogi. 51 The KBIs are the volume integrals of the pair cor-
relation functions between the solution components which relate to
experimentally observable thermodynamic quantities such as activ-
ity derivative, compressibility and partial molar volumes though the
Kirkwood-Buff theory of solutions. 78,79 Figure 1 shows the osmolyte-
aggregation in terms of the urea-urea, urea-TMAO and TMAO-
TMAO KBIs at 2M:1M urea:TMAO concentration. For TMAO we
have used three previously reported force fields: the Netz, 44 the
Kast, 41 and the Hölzl. 45 When compared to the experimental data
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Figure 1: Shown are the urea-urea, urea-TMAO, TMAO-TMAO, urea-water,
TMAO-water and water-water Kirkwood-Buff integrals for ternary urea-
TMAO-water solution at 2 M urea and 1 M TMAO concentration. The data
are obtained using the Kast, the Netz and the Hölzl force fields for TMAO and
compared with the results obtained with the newly developed Netz(m) force
field for urea-TMAO mixtures. The experimental results are recalculated from
the data reported by Rösgen et al . 51 through suitable extrapolations.

(using suitable extrapolations, see the methods section for details)
the simulation results show a higher urea-urea KBI, a lower urea-
TMAO KBI (except with the Kast TMAO model) and a significantly
higher TMAO-TMAO self-aggregation. Interestingly, the KBI data
related to the hydration of the osmolytes do not show much devia-
tions from experiment. Too high urea-urea and TMAO-TMAO KBIs
are clear indications of an over-all high self-aggregations of the os-
molytes which is also followed by a lower urea-TMAO aggregation
(for the Netz and the Hölzl models). A very high TMAO-TMAO
KBI is a signature of the Kast TMAO force field as reported earlier
for binary TMAO-water mixture. However, in binary TMAO-water
mixtures, the Netz and the Hölzl models reproduce solution activity
and so does the Smith urea model for binary urea-water mixtures.
Hence any deficiencies in the urea and the TMAO models in pre-
dicting osmolyte-aggregation correctly in mixed urea-TMAO mixture
must arise from the incorrect interactions between these molecules,
and necessitate the reparameterization of the force fields, particularly
with a focus on the osmolyte-osmolyte interactions.

Having identified the interactions that are incorrectly captured by
simply mixing urea and TMAO, we can now proceed to reparame-
terize the interactions so as to reproduce experimental KBIs of the
solution components of a urea-TMAO mixture. We validate our force
field developments on the basis of the experimental KBI data for
ternary urea-TMAO water solutions at 2 M urea with 1 M TMAO con-
centration. As mentioned in the previous paragraph, the urea-TMAO
force fields discussed so far yield high urea-urea and TMAO-TMAO
KBIs and low urea-TMAO KBIs compared to the experiments. For
the Netz TMAO force field in particular, a very low urea-TMAO KBI
is noted.

Based on this observation, we modify the urea-TMAO force fields
(the Smith urea force field and the Netz and the Hölzl TMAO force
fields) by first increasing the effective interactions between urea and
TMAO to reproduce the experimental KBIs for the ternary urea-
TMAO-water systems at 2M:1M urea-TMAO concentration. At this
point we refrain ourselves from modifying any other interactions in

the systems such as the hydration propensities of the osmolytes be-
cause the urea (the Smith) and the TMAO force fields (the Netz and
the Hölzl) show correct variations in the solution activity for binary
urea-water and TMAO-water solutions respectively and also the hy-
dration data for the mixed urea-TMAO solution match well with the
experiments (Figure 1). We gradually increase the urea-TMAO van
der Waals interactions with a scaling factor ranging from 1.0 (no
scaling) to 1.5 and calculate the KBIs between the solution compo-
nents for the ternary urea-TMAO-water systems at 2 M urea and 1 M
TMAO concentration.

However, as seen from the relevant KBIs for the ternary urea-
TMAO-water systems (see Figure S2 in the Supporting Information),
we find that using this single scaling factor does not yield satis-
factory results. Scaling factors (≥1.2) result into high urea-TMAO
KBIs. Conversely a low scaling-factor (<1.2) cannot correct for
the TMAO-TMAO KBIs and predict very high values for it. It is
clear that the corrections for all three urea-urea, urea-TMAO and
TMAO-TMAO KBIs cannot sufficiently be met through solely mod-
ifying urea-TMAO interactions. Rather, it must be met through the
proper balance between all the individual osmolyte aggregations, that
is, through properly balancing urea-urea, urea-TMAO, and TMAO-
TMAO aggregations. Hence we scale down the van der Waals in-
teractions between the TMAO molecules (to correct for the overly
high TMAO-TMAO aggregation obtained by just mixing the urea
and TMAO force fields), along with scaling up the urea-TMAO in-
teractions. For this we scale down the TMAO-TMAO van der Waals
interactions with a factor ranging from 1.0 (unscaled) to 0.8 for dif-
ferent values of the scaling factor for the urea-TMAO interactions.
Using the Netz force field for TMAO we find that the scaling fac-
tors of 0.9 for the TMAO-TMAO and 1.1 for the urea-TMAO van der
Waals interactions yield the best over-all match with all the experi-
mental urea-urea, urea-TMAO, TMAO-TMAO, urea-water, TMAO-
water and water-water KBIs. Henceforth in this paper the newly de-
veloped force field for urea-TMAO mixtures is termed as the Netz(m)
force field. Relevant KBI data obtained with the Netz(m) force field
for the mixture of 2 M urea with 1 M TMAO are shown in Figure 1.
To develop the final version of the urea-TMAO force field we have
chosen the Netz force field over the Hölzl force field because the
Netz force field has been tested for predicting the m-value of polyg-
lycine in TMAO-water correctly 44 whereas the suitability of the Hölzl
model to study protein-TMAO interactions has not been tested previ-
ously. We have further applied the Netz(m) model to calculate the
relevant KBIs at a different osmolyte concentration (1 M urea with 1
M TMAO) and an extremely good overall agreement with the experi-
mental results has been found, except for a slightly high urea-TMAO
KBI (Figure S3 in the Supporting Information). Experimental KBIs 51

show very little to practically no dependency on the urea concentra-
tion (for a fixed TMAO concentration) which is reasonably well cap-
tured by the Netz(m) force field. All the calculations discussed above
used rigid SPC/E water model. 54 In Figure S4 in the Supporting In-
formation we also show the KBI data for 2 M urea and 1 M TMAO
using Netz(m) model with TIP3P water model 58 and the results com-
pare reasonably well with the experiments except for a moderately
high urea-TMAO KBI. Along with the KBIs we have also calculated
the osmotic pressure of the urea-TMAO mixtures (using SPC/E wa-
ter) at 2 M urea and 1 M TMAO using the methodology proposed by
Roux et al . (details provided in the methodology section). 68 When
compared with the experimental osmotic pressure (78.3 bar) 51 our
simulations show slightly higher osmotic pressure of the system. The
osmotic pressures obtained with the different TMAO force fields are
as follows: Netz 93.3±1.8 bar, Kast 85.3±0.5 bar, Hölzl 90.9±2.0
bar and no significant improvement to the results has been found us-
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(A) Water (B) 4M Urea (C) 6M Urea

(D) 4M TMAO 
Netz

(F) 6M Urea + 3M TMAO
Netz(m)

(E) 6M Urea + 3M TMAO
Netz

Figure 2: Distributions of the radius of gyration (Rg) and the end-to-end dis-
tance (Ree) of a 15 amino acid long polyalanine chain in water and in pure and
mixed urea-TMAO solutions. Representative snapshots corresponding to the
different conformations of the peptide are also shown. The Netz TMAO force
field has been used for the simulations of 4 M TMAO. For the urea-TMAO
mixtures the Netz and the Netz(m) force fields have been used as indicated in
the figure.

ing the Netz(m) force field (89.8± 1.0 bar).
We have also calculated the densities of the urea-TMAO solutions

with different TMAO [Kast, Netz, Hölzl and Netz(m)] and water
models (SPC/E and TIP3P) at 2:1 urea-TMAO concentrations and
compared the densities with the experimental values obtained from
the data by Rösgen and Jackson-Atogi. 51 The corresponding data (up
to 6 M urea with 3 M TMAO) are plotted in the Supporting Informa-
tion, Figure S5. We have found that the density of the urea-TMAO
solution depends both on the water and the TMAO models. The un-
modified Netz model combined with the SPC/E water model predicts
slightly higher densities at the higher urea-TMAO concentrations (>4
M urea) and the modifications to the urea-TMAO and TMAO-TMAO
Lennard-Jones parameters (Netz(m) model) do not have any signifi-
cant effect on the solution density. However, when the Netz(m) model
is combined with TIP3P water the solution densities are reasonably
well-reproduced at the higher osmolyte concentrations. The Hölzl
model with SPC/E water predicts the correct densities of the urea-
TMAO solutions. However, when the Hölzl model is combined with
TIP3P water model, it predicts solution densities lower than the ex-
perimental ones. From our data it is evident that it is not straight-
forward to develop urea-TMAO force-fields which would reproduce
both the KBIs and the densities. In terms of reproducing KBIs (up
to 2 M urea and 1 M TMAO concentration, which is the highest con-
centration of the osmolytes at 2:1 ratio with experimentally available
KBI data) and solution density (up to 6 M urea with 3 M TMAO) we
find that the Netz(m) force-field provides the best compromise, even
when the effects of different water models are taken into considera-
tion.

3.2 Structure and Preferential Solvation of Polyalanine
in Osmolyte Mixtures. We now turn to the study of a model in-
trinsically disordered peptide, a 15-residue long polyalanine chain,
and investigate its structure in water, urea, TMAO (Netz), and in the
uncorrected and corrected (Netz(m)) mixed urea/TMAO force fields.
It has been shown experimentally that TMAO counteracts urea’s ef-

Figure 3: (A) Shown are the preferential solvation coefficients between
polyalanine and urea in pure urea solutions with increasing urea concentra-
tions and compared with the results obtained after TMAO added to the sys-
tems at 2:1 urea:TMAO concentration ratio. (B) Urea-water KBIs (Guw) for
polyalanine in 2 M, 4 M and 6 M urea solutions (solid bars) and compared
with the data obtained after TMAO is added at 2:1 urea:TMAO concentration
ratio (hollow bars). (C) Corresponding TMAO-water KBIs (Gtw) for mixed
urea-TMAO solutions containing polyalanine. The results obtained with the
Netz TMAO force field and the Netz(m) urea-TMAO force fields are com-
pared (blue dashed line in panel A and blue hollow bars in panel B and C).

fects at 2:1 to 1:1 urea:TMAO concentration ratios 80–82 and we will
therefore focus on these ratios.

Figure 2 shows the distributions of the radius of gyration (Rg) of
the polyalanine chain along with its end-to-end distance (Ree) for dif-
ferent solvent conditions. Higher values of Rg and Ree indicate ex-
tended structures of the peptide chain and conversely the lower values
of Rg and Ree are found in collapsed or compact conformations of
the chain. In pure water (without the osmolytes) the chain predomi-
nantly assumes a very compact conformation (Figure 2A). Upon ad-
dition of urea the chain starts exploring more the extended structures
and it starts to sample both the extended and the compact structures
with comparable probabilities at 6 M urea (Figure 2C). In contrast,
the chain primarily remains in the compact conformations in pure
TMAO solutions (using Netz TMAO force field) as seen from the
results obtained at 4 M TMAO (Figure 2D). For mixed urea/TMAO
solutions with the uncorrected force field (Figure 2E), a 2:1 mixture
of 3 M TMAO (Netz) with 6 M urea leads to further unfolding of
the polyalanine chain over a pure urea solution. Similar results have
been found with the Kast model too (see the Supporting Information,
Figure S6). In contrast, from Figure 2(F) we find that the peptide
samples both the compact and the extended conformations with com-
parable probabilities when the newly developed Netz(m) force field
for urea-TMAO is used.

The TMAO-induced denaturation with the unmodified
urea/TMAO(Netz) force fields can be understood by consider-
ing the aggregation propensity of urea around the protein. We
plot the preferential solvation coefficient of the peptide with urea
(Γpu) in pure urea solutions with increasing urea concentrations
and compare the results with 2:1 urea:TMAO solutions at the same
urea concentrations in Figure 3(A). We find that the addition of 1
M TMAO (Netz) to 2 M urea effectively excludes urea molecules
from the vicinity of the protein, hence reducing the protein-urea
preferential solvation. We note that the preferential interactions
include the direct and the solvent-mediated indirect interactions
between the solute (peptide) and the solvent molecules (urea, TMAO
and water). Consequently, a decrease in the peptide-urea preferential
interaction may not necessarily imply a direct-depletion of urea
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from the protein surface but it implies an “effective” decrease in
the urea density over water density in the vicinity of protein with
respect to the bulk urea/water density. Henceforth in this paper the
exclusion or the depletion of the urea (or TMAO) molecules from
protein will refer to the aforementioned “effective” decrease in the
urea (or TMAO) density around protein. As opposed to the lower
urea-TMAO concentrations, from Figure 3(A) we find that when
TMAO (Netz) is added at the 2:1 urea:TMAO concentration ratio to
the urea solutions at high urea concentrations (≥4 M), TMAO tends
to promote urea-aggregation around protein. In contrast, when 3 M
TMAO is added to 6 M urea system using the Netz(m) force field, the
peptide-urea preferential interaction reduces. Figure S7 (upper panel)
in the Supporting Information shows the corresponding short-range
interaction energy between the peptide and the urea molecules in
terms of the Coulomb and the van der Waals interactions and it
can be seen that the Netz(m) force field makes the urea-peptide
electrostatic interactions unfavorable when 3 M TMAO is added to 6
M urea solutions, whereas the unmodified Netz force field slightly
enhances the urea-peptide van der Waals interaction.

From Figure 3(B) it can also be seen that the Netz(m) force field
enhances urea-hydration propensity (urea-water KBI) upon addition
of TMAO as opposed to the unmodified Netz force field which de-
hydrates urea molecules. This difference in the modification of the
hydration of urea can be correlated with the lower water affinity
(TMAO-water KBI) of the TMAO molecules in the Netz(m) model
over that of the unmodified Netz TMAO model, as seen from Fig-
ure 3(C). It must be noted that in contrast to the simulations per-
formed with the higher osmolyte concentrations, the differences in
osmolyte hydration for the Netz and the Netz(m) models are not sig-
nificant at the lower urea-TMAO concentrations (2 M urea with 1
M TMAO), as seen from the urea-water and the urea-TMAO KBIs
(without polyalanine) in Figure 1. Nonetheless, in the case of the
higher osmolyte concentrations it can be argued that the Netz(m)
force field effectively depletes urea from the peptide and promotes the
compaction of the peptide structure by the virtue of a comparatively
higher urea-TMAO interaction (by design) and a lower TMAO-water
interaction, in contrast to the unmodified Netz force field. It is also
very interesting to see that qualitatively the reduction in the peptide-
urea preferential solvation does not depend on the peptide conforma-
tions. In the Supporting Information (Figure S8) we plot the relevant
peptide-urea preferential solvations, separately for the very compact
(Rg < 0.8 nm) and the very extended (Rg > 1.0 nm) structures. We
find that upon the addition of 3 M TMAO to 6 M urea the peptide-
urea preferential solvation decreases for both the compact and the ex-
tended conformations. In addition, we also study the conformational
changes of polyalanine and the corresponding peptide-osmolyte pref-
erential interactions at 6M:6M (1:1) urea/TMAO solution. From the
relevant plots (Figure S9) in the Supporting Information we find that
the population of the compact structures increases with the increase in
TMAO concentration which is followed by a significantly larger de-
crease in protein-urea preferential solvation (see section “Polyalanine
in 6 M urea with 6 M TMAO” and Figures S10, S11 and S12 in the
Supporting Information for details). A strong correlation between the
decrease in the peptide-urea preferential solvation with the increase
in the compact peptide conformations has also been found by increas-
ing the urea-TMAO van der Waals interaction (details are given in the
Supporting Information, Figures S6, S13 and S14). Thus all the above
results clearly point at a mechanism of effective urea-exclusion from
the vicinity of protein with the addition of TMAO which potentially
contributes to the increased population of the compact conformations
of the peptide.

3.3 Counteraction of Urea-denaturation of R2 Peptide
by TMAO. We now consider a second IDP peptide, the GKVQI-
INKKLDL (R2) peptide of the microtubule-binding protein Tau that
flanks the R2 repeat of full-length Tau and a linker region contain-
ing the highly aggregation prone PHF6* segment VQIINK. In earlier
work, we studied the regulation of this peptide in pure TMAO and in
pure urea solutions, and showed that R2 peptide maintains compact
conformations in TMAO while it samples both the extended and the
compact structures in urea solution. 47 Here, as in the case of polyala-
nine, we study the conformations of this protein in mixed urea/TMAO
solutions with the Netz(m) force field. Figure 4(A) shows the rele-
vant distributions of Rg and Ree of the peptide in different solvent
conditions. In pure water and in 2 M TMAO the peptide predomi-
nantly samples compact conformations (Rg < 0.8 nm) while in urea
it acquires a broad range of conformations, sampling both the com-
pact and the extended domains with comparable probabilities. The
addition of TMAO to urea solution at ≈2:1 urea:TMAO ratio dra-
matically changes the distributions of Rg and Ree with significantly
more compact structures ((Rg < 0.8 nm)) are sampled. The cluster
analysis (shown in Figure 4(C)) of the peptide conformations reveals
that the most probable conformations in water are well maintained
in TMAO solutions but significantly perturbed in urea solution. The
addition of TMAO in urea solution retrieves the majority of the most
probable conformations corresponding to water or TMAO solutions.

Having demonstrated the counteraction of TMAO against urea-
denaturation we study the protein-osmolyte preferential interactions
associated with the relative stability and changes of the peptide-
conformations. Figure 4(B) plots the preferential solvation coeffi-
cients of the peptide with urea (Γpu) for urea and mixed urea-TMAO
solutions. Γpu for the urea solution has been calculated using the data
obtained earlier by Levine et al . 47 The addition of TMAO to a com-
parable concentration of urea (4.1 M) as in the pure urea solution (4.4
M) reduces the protein-urea preferential solvation. Similar to the case
of polyalanine, the reduction in the protein-urea preferential solvation
is independent of the protein conformations, as seen from Figure S15
in the Supporting Information. The corresponding peptide-urea in-
teraction energies, in terms of the Coulomb and the van der Waals
interactions, become unfavorable when TMAO is added to urea so-
lution, as seen from Figure S7 (lower panel) in the Supporting In-
formation. These results strongly suggest that the effective removal
of urea from the peptide correlates with the counteraction of urea-
denaturation by TMAO. For the R2 peptide, a moderate depletion of
the TMAO molecules around peptide by the addition of urea can also
be found by comparing the protein-TMAO preferential binding (Γpt)
for TMAO and mixed urea-TMAO solutions.

Along with solvation properties, intramolecular interactions such
as formation of intramolecular hydrogen bonds or salt-bridges in R2
peptide contributes to the formation and the stability of compact
structures. To explore how the osmolytic solutions impact the for-
mation of hydrogen bonds and salt-bridges in R2, we plot the prob-
ability distributions of the number of intramolecular hydrogen bonds
and the probabilities of occurrence of different salt-bridges (between
D and K residues) within the R2 peptide in Figure S16 in the Sup-
porting Information for different solvent conditions. The probability
of formation of hydrogen bonds (> 4) in R2 (see Figure S16 in the
Supporting Information, upper panel) is significantly higher in pure
water or 2 M TMAO solution than in 4.4 M urea or in the mixture
of 4.1 M urea with 2 M TMAO. The addition of TMAO to water
does not perturb the hydrogen-bonding propensity of R2 significantly,
similar to our earlier findings. 47 However, it is intriguing to find that
the addition of TMAO to urea solution has no significant effect on
the intramolecular hydrogen bonds when compared to the urea solu-

7



  

Water 2.0M TMAO

4.4M Urea 4.1M Urea + 2.0M TMAO

(A)

  

Water

10.1% 7.0% 4.3%
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11.5% 9.5% 7.8%
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4.4M Urea
+

2.0M TMAO
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Figure 4: (A) Distributions of the radius of gyration (Rg) and the end-to-end
distance (Ree) of the R2 peptide in pure water, 4.4 M urea, 2 M TMAO and
in the mixture of 4.1 M urea with 2 M TMAO. The TMAO solution without
urea is modeled with the Netz TMAO force field. The urea-TMAO mixture
is modeled with the newly developed Netz(m) force field for urea-TMAO.
(B) Urea-protein (Γpu) and TMAO-protein (Γpt) preferential solvation coef-
fcients for 4.4 M urea, 2 M TMAO and mixed 4.1 M urea with 2 M TMAO
solutions. (C) The most probable conformations of the R2 peptide in different
solvent conditions. The plots corresponding to 4.4 M urea and pure water are
reanalyzed from the data reported earlier by Levine et al . 47

tion, suggesting that TMAO does not counteract urea’s effects on the
R2 peptide through modification of intramolecular hydrogen-bonding
propensity. In contrast, TMAO is found to significantly increase the
probability of the formation of the D283-K274 salt-bridge (see Fig-
ure S16 in the Supporting Information, lower panel). 47 Similarly, in
another recent study involving Trp-cage miniprotein, the addition of
TMAO in water has been found to enhance the interaction propensi-
ties between the oppositely chraged residues. 84 However in R2, un-
like the D283-K274 salt-bridge, the other two salt-bridges (D283-
K280 and D283-K281) are found to be destabilized by the addition
of TMAO. Despite of the fact that the addition of TMAO to water
inhibits the formation of the D283-K280 and the D283-K281 salt-
bridges and does not alter the average number of the intramolecular
hydrogen bonds, the R2 peptide maintains its compact conformations
in TMAO. These results prompt us to infer that in the overall com-
paction of the peptide, the D283-K274 salt-bridge, formed by two
distant residues which are located near the two ends of the peptide,

prevails over the other two salt-bridges formed by nearby residues. In
urea solution the formation of D283-K274 salt-bridge is significantly
suppressed. Interestingly, when TMAO is added to urea solution, the
effect of urea on the formation of D283-K274 salt-bridge is com-
pensated and the probability of D283-K274 salt-bridge formation in
mixed urea-TMAO solution at 2:1 urea:TMAO ratio is very similar
to that found in pure water. Taken as a whole, the results discussed
above lead us to a counteraction mechanism by TMAO in presence
of urea where an effective removal of urea molecules from the R2
peptide promotes compact conformations of the peptide through the
retrieval of D283-K274 salt-bridge.

4 CONCLUSIONS

In this paper we have addressed the biologically important question
of how protective osmolytes influence protein stability in the pres-
ence of denaturing osmolytes by studying the conformational changes
of two model peptides, polyalanine and the R2-fragment of the Tau
protein, in pure and mixed TMAO/urea solutions. Using molecular
dynamics simulations we have first identified deficiencies in existing
urea-TMAO force fields that lead to an incorrect description of the
solvation thermodynamics of the urea-TMAO solutions. We intro-
duce a new combined force field for urea-TMAO mixtures that re-
produces experimental data related to the solvation thermodynamics
of urea-TMAO solutions. Through developing this new force field
for urea-TMAO mixtures we have studied how the variations in the
osmolyte-osmolyte interactions lead to the conformational changes
of polyalanine and identified that the effective removal of urea from
the vicinity of the protein by TMAO is strongly correlated with the
increased population of the compact conformations of the protein.
By studying another model IDP, the R2-fragment of the Tau protein,
the counteraction to urea-denaturation is also shown to correlate with
the reduction in the peptide-urea preferential solvation when TMAO
is added to urea solutions at 2:1 urea:TMAO concentration. Along
with effectively depleting urea from R2, TMAO is found to stabi-
lize the peptide through enhancing the propensity of the D283-K274
salt-bridge formation. In contrast, since polyalanine cannot make any
salt-bridges, this may explain why the peptide is significantly less
structured than R2, in water and in osmolyte solutions, as seen in
the probabilities of their most probable conformations. The counter-
acting effect of TMAO is more pronounced for the case of R2 than
for polyalanine which correlates with the presence of relatively more
stable compact conformations in R2 peptide than polyalanine, with
or without the osmolytes. Addition of TMAO in the urea solution
of R2 leads to relatively unfavorable van der Waals and Coulomb
energies between the peptide and urea, whereas for the polyalanine
systems, only the Coulomb energy component becomes unfavorable
without any significant decrease in the peptide-urea van der Waals
interactions. Since favorable van der Waals interactions between pro-
tein and urea are known to drive urea-denaturation of proteins, 28 this
would explain the more effective counteraction of urea by TMAO in
the case of R2, although urea-depletion by TMAO is observed in both
R2 and polyalanine systems.
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SUPPORTING INFORMATION AVAILABLE

The Supporting Information (SI) file contains supplemental figures
showing KBIs for the urea-TMAO mixtures, modeled with Netz(m)
force field, at 1 M urea with 1 M TMAO (using SPC/E water) and
at 2 M urea with 1 M TMAO (using TIP3P water). KBIs for the
urea-TMAO mixtures, the distributions of Rg and Ree of polyala-
nine in urea-TMAO mixtures and the corresponding protein-urea and
protein-TMAO preferential solvation coefficients with different scal-
ing factors for the urea-TMAO van der Waals interactions are also
shown. The SI contains the distribution ofRg and the four most prob-
able conformations of polyalanine in the mixture of 6 M urea with 6
M TMAO. The preferential solvation coefficients of protein with urea
over TMAO are also shown for the mixtures of 6 M urea with 3 M
TMAO and 6 M urea with 6 M TMAO. For R2 peptide in urea-TMAO
mixtures, the probability distributions of the intramolecular hydrogen
bonds and salt-bridges are plotted. The interaction energies between
the peptides and urea are plotted for polyalanine and R2 in urea and
in urea-TMAO solutions. The experimental urea-urea and TMAO-
TMAO KBI data for urea-TMAO mixtures 51 are replotted and the
corresponding extrapolations to 1 M TMAO concentration are also
shown. The densities of the 2:1 urea-TMAO mixtures are shown for
different TMAO and water models and the results are compared with
the experiments.
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