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Abstract

Trimethylamine N-oxide (TMAO) is a naturally occurring protecting osmolyte that stabilizes the
folded state of proteins and also counteracts the destabilizing effect of urea on protein stability.
Experimentally, it has been inferred that TMAO is preferentially excluded from the vicinity of
protein surfaces. Here, we combine computer modeling and experimental measurements to gain an
understanding of the mechanism of the protecting effect of TMAO on proteins. We have
developed an all-atom molecular model for TMAO that captures the exclusion of TMAO from
model compounds and protein surfaces, as a consequence of incorporating realistic TMAO-water
interactions through osmotic pressure measurements. Osmotic pressure measurements also suggest
no significant attraction between urea and TMAO molecules in solution. To obtain an accurate
potential for molecular simulations of protein stability in TMAO solutions, we have explored
different ways of parameterizing the protein/osmolyte and osmolyte/osmolyte interactions by
scaling charges and the strength of Lennard-Jones interactions and carried out equilibrium folding
experiments of Trp-cage miniprotein in presence of TMAO to guide the parameterization. Our
calculations suggest a general principle for preferential interaction behavior of cosolvents with
protein surfaces - preferentially excluded osmolytes have repulsive self-interaction given by
osmotic coefficient ¢ > 1, while denaturants, in addition to having attractive interactions with the
proteins, have favorable self-interaction given by osmotic coefficient ¢ < 1, to enable preferential
accumulation in the vicinity of proteins.

Keywords

protein folding; molecular simulations; preferential interaction coefficient; force field; protein
thermodynamics

Introduction

The folding equilibrium of proteins in solution can be altered by the addition of small
organic compounds known as co-solvents.! Co-solvents that shift the equilibrium towards
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the folded state are known as protecting osmolytes while those that favor the unfolded state
are termed denaturants. Trimethylamine N-oxide (TMAO) is a protecting osmolyte that is
found in the tissues of marine elasmobranchs, in which it also counteracts the deleterious
effects of the denaturant, urea, on plroteinsz’3

Experimentally, the interaction of co-solvents with proteins or other biomolecules is studied
by measuring the preferential interaction coefficient, defined as*

(), Ao
I'=- =\m (1)
aﬂ} ma, TP amz wupT. P

where u is the chemical potential, m is the concentration and the subscripts 1,2,3 indicate
water, protein and the cosolvent respectively. This quantity, measured using equilibrium
dialysis® or vapor pressure osmometry,® represents the change in chemical potential of a
protein in response to the additon of cosolvent. It can also be expressed as the change in the
cosolvent concentration to maintain constant chemical potential when a protein is added to
the solution. The latter description has been interpreted, using a two-domain model, as the
difference in the cosolvent concentration in the local domain of the protein and the bulk

solution,”8 i.e.,
btk
N
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where N denotes the number of molecules. Denaturants show a positive value of I, implying
an accumulation of the cosolvent in the vicinity of the protein due to a net favorable
interaction. On the other hand, protecting osmolytes show negative values of I', i.e., they are
excluded from the local domain of the protein due to net unfavorable interactions with the
protein surface.! The above expression can be used to calculate the preferential interaction
directly from all-atom MD simulations.”-10

The molecular basis of protein denaturation by urea has been extensively studied in
literature.! 114 It has been shown that urea preferentially accumulates in the vicinity of
proteins due to favorable interactions with the protein backbone as well as the sidechain
groups.!3-18 The larger preferential interaction of urea with the unfolded ensemble of the
protein provides the thermodynamic driving force for unfolding.

Much less is known about the molecular mechanism of the stabilization of proteins by
TMAO and the compensatory effect of urea-TMAO mixtures on protein stability. Bolen and
co-workers have demonstrated that TMAO can fold proteins that are thermodynamically
unfolded to native like structures with significant functional activity.!*20 Based on this
observation, urea-TMAO mixtures were used to measure stability of partly folded proteins
and it was suggested that the m-value of urea denaturation is unaffected by the addition of
TMAO.2! Linear increase of the free energy and the enthalpy of unfolding with increasing
TMAO concentration have been reported.2%23 It has also been shown that the preferential
interaction of the protein with urea was unchanged upon addition of TMAO.2* TMAO has
been observed to stabilize proteins against pressure denaturation, consistent with its
occurrence in deep sea animals.2> TMAO has also found application in design of protein
resistant surfaces, 2% and as a cryprotective agent in protein cyrstallography.2’

Based on transfer free energy measurements, it has been proposed that co-solvents exert
their influence on the protein through the peptide backbone, with the denaturants and
protecting osmolytes having favorable and unfavorable interactions with the backbone
respectively.3 In this model, the compensatory effect on protein stability in urea-TMAOQ
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solution arises from additivity of urea and TMAO interactions with the protein backbone.?8
An entropic stabilization mechanism for TMAO has also been proposed, in which TMAO
acts as crowding agent through excluded volume effects.?? From neutron scattering data, it
has been suggested that the compensatory effect of TMAO is due to direct interaction
between TMAO and urea itself, without any necessity of interaction of TMAO with the
protein.30

In contrast to the case of urea, there have been relatively few simulation studies addressing
the effects of TMAO and urea-TMAO mixtures in the literature.3!-38 Most of the simulation
studies of TMAO have employed the Kast Model for TMAO,3? developed using ab initio
methods. However, we find that the Kast model does not show the expected preferential
exclusion from protein surfaces and may act as a denaturant. To obtain the preferential
exclusion behavior, the balance of interactions in the three component protein-TMAO-water
system that matches experimental measurements of osmotic pressure must be addressed.
Using the Kast model as a starting point, we have developed a new model for TMAO by
incorporating realistic TMAO-water interactions based on osmotic pressure measurements
of TMAO solutions, over a range of osmolyte concentration reported here. The new model,
termed the Osmotic model, shows greater exclusion from protein surfaces than the Kast
model as a consequence of matching the experimental osmotic data. Experimental osmotic
data for urea-TMAO solutions shows that there is no significant attraction between urea and
TMAO molecules in solution. To obtain an accurate potential for molecular dynamics
simulations of protein stability in TMAO and urea-TMAO solutions, we have explored
different ways of parameterizing the protein/osmolyte and osmolyte/osmolyte interactions
by scaling charges and the strength of Lennard-Jones interactions. The dependence of the
preferential interaction on these parameters provides insights into the mechanism of action
of denaturants and osmolytes on proteins. Our results for TMAO suggest a general principle
that explains the mechanism of the effect of protecting osmolytes and denaturants on
proteins. This general principle posits that protective osmolytes must have repulsive self-
interactions given by osmotic coefficient ¢ > 1 to be preferentially excluded from protein
surfaces. On the other hand, denaturants, in addition to having attractive interactions with
the proteins, must also have favorable self-interaction given by osmotic coefficient ¢ < 1 to
enable its preferential accumulation in the vicinity of proteins.

Osmotic Pressure: Theory and Simulation

The phenomenon of osmosis is the spontaneous passage of a pure solvent into a solution
separated from it by a semipermeable membrane that allows only solvent molecules to pass
through. The osmotic pressure, II, is the pressure that must be applied on the solution side to
prevent the influx of the solvent and is given by the van’t Hoff equation, Il = [B]RT, where
[B] is the molar concentration of the solute. The van’t Hoff equation is valid only for ideal,
dilute solutions and deviation from ideality is accounted by the introduction of the osmotic
coefficient, ¢, defined as

11 nmmmred

=TBIRT T

The van’t Hoff equation can be treated as the first term of a virial like expansion, with
additional terms accounting for solution non-ideality.

N=RT {|B]+Bal B ...] @

The term, B, is known as the second osmotic virial coefficient. From the statistical
mechanical theory of osmotic pressure, presented by Mayer and MacMillan,*? the virial
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coefficients of osmotic pressure expansion can be written as integrals over potentials of
mean force of exactly ng solute particles in solvent A. For the case of n= 2, the osmotic
virial coefficient is given by

1 (el

By= —1[. lexp[—BW,, (R)] - 1}4nR*dR

0, _ ] s
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In the above equation, W (R)is the potential of mean force between two B particles in
solvent A and ggp(1) is the corresponding pair distribution function. The quantity, Ggp,
known as the Kirkwood-Buff integral,*! measures the excess or deficit of B particles in a
spherical observation volume centered on a B particle. A positive value of Ggp indicates an
excess while negative values show a deficit of B in the observation volume, which can be
interpreted as solvent-mediated attraction and repulsion among solute particles respectively.

Truncating the osmotic virial expansion at the second term provides physical insight into
measurement of osmotic pressure in terms of molecular interactions. If ¢ > 1, then Gpgis
negative and indicates solvent-mediated repulsion among solute particles. Else, if ¢ < 1, then
Gppis positive and indicates solvent-mediated attraction among solute particles.

The use of solution thermodynamic data to develop molecular models for solutes and
cosolvents, pioneered by P. E. Smith and co-workers,*2#4 is based on the inverse
Kirkwood-Buff theory*! which relates experimental data to microscopic solution properties
expressed as integrals of pair distribution functions. Instead, we calculate osmotic pressure
directly from MD simulations using an intuitive approach proposed by Luo and Roux.*> The
method is illustrated in Figure 1 A. An equilibriated solution of given osmolyte
concentration is built along with systems of solvent (water) of identical size. These systems
are then assembled together and the resulting system is simulated by applying a spatial
confining potential only on solute particles to restrain them to occupy their original volume,
while solvent molecules are free to diffuse throughout the system. The confining potential
acts as a virtual semipermeable membrane while freely diffusing water mimics the constant
solvent chemical potential. A half-harmonic potential on the central region boundaries in the
z-direction is applied and the average force, (F), exerted on solute molecules by the
confining potential in a simulation is calculated. The osmotic pressure is then calculated as
Il = (F)/A, where A is the cross-sectional (XY) area. Consistent with the thermodyanmic
interpretation, net replusive interactions among solute particles leads to more collisions with
the virtual walls and hence a greater osmotic pressure. The opposite holds true for net
attractive interactions among solute particles. The osmotic pressure, thus calculated, is
compared to experimental osmotic data obtained for TMAO and urea/TMAO solutions.

In experiments, the osmotic pressure is reported in terms of osmolalities. The quantity,
osmolal, denotes the apparent concentration of the solution, i.e, osm = ¢[ C], where ¢ is the
osmotic coefficient and [C] is the concentration of the cosolvent in molality. Molalities must
be converted to molarities using density data before the application of the van’t Hoff law.

Osmotic pressure measurements

Aqueous solutions of TMAO (Fluka-purum, > 99%) and urea used for water activity
measurements were prepared gravimetrically. TMAO was dried against phosphorus
pentoxide in an evacuated container for 2-3 days before use. Osmotic pressures were
measured in triplicate using a Wescor vapor pressure osmometer model 5520 at room
temperature, using the NaCl standards sent by Wescor.
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Osmotic Pressure simulations

TMAO-water solutions of different molalities using GROMACS 4.0, by imposing TMAO-
water number ratio in a cubic box of edge 4 nm. The concentrations correspond to
experimental measurements, and the system details are given in Table 1. The systems were
equilibriated for volume using the Berendsen pressure coupling. Water boxes of
corresponding to the final equilibirated volume at each molality were built, and was added to
the left and right sides of the original box along the z-direction. The new box was minimized
and run at constant volume for 1 ns with position restraints for TMAO, thereby allowing
waters at the boundary to equilibriate. The final configuration this run was used as the
starting configuration for further simulations using NAMD.40

In the NAMD simulations, TMAO was constrained to its original volume by applying a half
harmonic potential on its nitrogen atom (taken as its center of mass) in the z direction at the
boundaries of the central region using the tcIBC option. The stiffness constant of 10 kca/
mol1 A2 (4180 kJ mol -1 11111‘2) was used, and it was verified that the osmotic pressure
calculated does not depend on the particular value of the force constant used.

The coordinates are in units of Angstrom and the stiffness in units of kca/ mol~! A=2. The
confining forces are calculated using a Tcl script by reading the coordinates of TMAO
nitrogen and adding 46z to the z component of the force if z< zy,or z> zg;.

Each system was simulated initially with the Kast Model3® for TMAO and the TIP3P model
for water.*” The equations of motion were integrated using a 2 fs time step. The Langevin
thermostat was used to maintain the temperature in the simulation at 300 K. The cross-
sectional area in XY plane was held constant and the system allowed to fluctuate in
direction using the Langevin Piston barostat. All bond lengths were constrained using the
SHAKE algorithm. The electrostatic interaction were treated using particle-mesh Ewald
(PME) summation*3 and long-range corrections to energy and pressure due to the truncation
of Lennard-Jones potential were accounted for.

Each system was simulated for 15 ns with the application of the confining potential and the
last 10 ns were used for analysis. The simulation was split in blocks of 1 ns and the average
force on each of the left and right walls in a block was calculated. The average force
measured in a block is the mean of the average forces calculated on the two walls in that
block. The error is calculated from variation of the average force across blocks. The
histogram of the forces across the two walls in the equilibrium ensemble are very similar
and this is taken as indication of the convergence of the simulation.

The above protocol was also used to calculate the osmotic pressure of urea and urea-TMAO
solutions. The compositions of these systems is given in Table 2. Note that urea-TMAO
mixtures are built to maintain 2:1 urea-TMAO number ratio while keeping the box volumes
nearly identical. Though this slightly increases molality in the mixtures dues to fewer water
molecules, it allows direct comparison of the osmotic pressures of the mixture with the
single component solutions.

Calculations of preferential interaction

The preferential interaction of TMAO with polypeptides and proteins was calculated using
Equation Eq. (2) from NVT simulations of these systems. The simulations were carried
using Gromacs 4.0,% using a 2 fs time step. The Nose-Hoover thermostat®-3! was used to
maintain the temperature at 300 K, and the bond lengths were imposed using the LINCS
algorithm.>2 The PME method was used to calculate the electrostatic interactions, and long-
range corrections to energy and pressure due to LJ truncation were accounted. The
Amber99sb forcefield>® was used to describe the polypeptide and protein interactions. The
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system details are given in Table 3. The polypeptide systems were simulated for 50 ns and
the last 40 ns used for analysis. For the protein systems, the last 60 ns out of total 80 ns of
simulation was used for analysis. Counterions were added to neutralize the system, where
required.

Measurements of Trpcage stability

Results

Trimethylamine N-oxide dihyrate (TMAQ) was purchased from Sigma. It was purified by
recrystallization from pure methanol, followed by the treatment with activated charcoal.34-56
Concentration of TMAO was calculated from a refractive index as suggested.? The Trp-cage
peptide was chemically synthesized and purified as previously described.”8 The peptide
concentration was determined spectrophotometrically using an extinction coefficient

of £280nm0.1 = 3.24. 57,58

CD measurements were performed on a Jasco J-715 spectropolarimeter. All measurements
were carried in a 1 mm cylindrical cell with the temperature controlled by an external,
circulating water bath. Melting profiles were monitored at 230 nm (to reduce the
contribution of high concentrations of TMAO to the CD signal) and from 4 to 100 °C, in 1
°C increments. The actual temperature inside the cell was measured using an Omega HH24
internal temperature probe. A peptide stock solution was dialyzed into 20 mM Na-phosphate
pH 7.5 and diluted to 10 mM in the same buffer, containing different concentrations of
TMAO. Concentration of TMAO was calculated from a refractive index as suggested.?
Measured values of ellipticity, @were converted to mean molar residue ellipticity [©] using
the following expression:

oM,
" 10ie

[©] 6)

where M, is the mean molecular mass per residue, /is the path-length in cm and cis the
concentration in mg/ml. Experiments were performed in triplicate and averaged CD melting
profiles at each TMAO concentration were analyzed as described previously.57-38

Osmotic pressure for TMAO solutions

We have measured the osmotic pressure for TMAO solutions as a function of TMAO
concentration, reported in Table 4. Using previously reported densities for TMAO
solutions,>® we see in Figure 1B that the experimental osmotic pressures are larger than the
ideal value, implying a net repulsive interaction between TMAO molecules in solution. The
osmotic pressure calculated for TMAO using the Kast model shows a net repulsive
interaction as the TMAO concentration is increased, though not to the extent suggested by
experiment at larger concentrations. Therefore, we seek to modify the Kast model to obtain
agreement with experiment over the entire concentration range.

The non-bonded interactions among molecules in a classical MD potential are represented
by atoms interacting through Lennard-Jones (LJ) and Coulomb interactions. For each atom
in TMAO, we have three parameters - partial charge g, well-depth of LJ potential e, and the
hard-core radius o. To explore the effect of these parameters on osmotic pressure, we
employed scaling moves independently on partial charges, LJ €’s, and a’s. For simplicity,
we use a constant scaling factor for all atoms in the TMAO molecule. For each proposed
modification, we carried out osmotic pressure calculation for concentrations that show
largest deviation from experimental behavior viz. 2 m and 2.5 m.
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In charge scaling moves, the partial charges on all atoms in TMAOQO are scaled by a common
factor a such that §.=ag; and ¥g,=0. Scaling by factor a > 1 makes the TMAO molecule
more hydrophilic. The increased interaction with water effectively increases the repulsion
among TMAO molecules, leading to more collisions with the virtual walls and therefore a
larger osmotic pressure. The opposite behavior is expected when TMAO is made more
hydrophobic by scaling charges by a < 1. Similarly, the o and e of all TMAO atoms were
scaled by a constant factor separately in LJ modification moves. The parameter o controls
the distance of closest approach between molecules and indirectly controls the Coulomb
interaction. By reducing or increasing o, TMAO-water interactions can be strengthened or
weakened respectively. The parameter e in LJ potential is a measure of the strength of
attraction between two molecules due to dispersion interactions and can be similarly scaled
up or down for all atoms in TMAO. It should be noted that parameters o and € are
associated with a certain atom type in MD forcefields and LJ interaction parameters between
dissimilar atom types are specified using combination rules. We employ the Lorentz-

Berthelot combination rule, i.e., &;j=+/g;e;and 0= (o+ © j)/2.

Osmotic pressures obtained by scaling any one of g, o, and e, by factors in range 0.75 to
1.25, do not adequately capture the experimental trend over the entire concentration range.
Based on these preliminary results, we carried out simulations by scaling up g and
simultaneously varying either o or e on a grid. The best match with experiment over the
entire concentration range was obtained by making the following two changes (i) scaling up
the original charges by factor a = 1.2, i.e, strengthen the interaction of TMAO with water
and (ii) changing the combination rule forTMAO-TMAO LJ interactions to g;;=0.75 1/;g;
and 0= (o+0))/2, where 7and jare TMAO atom types, i.e, by making dispersion
interactions between TMAO molecules less favorable. Note that the TMAO-water LJ
potential is unchanged from the original Kast potential. The osmotic pressure obtained with
this potential, termed the ‘Osmotic Model’, is shown in Figure 1 B and in Table 4.

The Osmotic model has been parameterized to show larger net repulsive TMAO-TMAO
interactions than the Kast model such that the higher experimental osmotic pressure can be
captured. This must be reflected in the equilibrium structure of the solution as measured by
radial distribution function, g(r), a measure of local packing of molecules in solution, which
we calculate from MD simulations of 2 molal TMAO solution. In Figure 2 A and B, we
calculate the g(r) for TMAO nitrogen, NTM, with itself and the water oxygen, OW using the
Kast and Osmotic models while Figure 2 C and D show similar calculations for TMAO
oxygen, OTM. The repulsion among TMAO molecules can be seen clearly by comparing
the NTM-NTM g(7) in Figure 2 A and B. The first peak present at ~ 0.5 nm in the Kast
model is significantly diminished in the Osmotic Model, implying a reduction in local
density of TMAO molecules around a given TMAO molecule. The increase in direct
interaction of TMAO with water in the Osmotic model can be discerned from examining the
g(n) between TMAO and water oxygens in Figure 2 C and D. We see that the first peak for
OTM-OW g(7) has increased considerably in the Osmotic model. We find that that OW-OW
2g(1) is not effected by change in TMAO parameters (data not shown).

Osmotic pressure for urea-TMAO solutions

The experimental data for osmotic pressures of urea, TMAO and urea-TMAO solutions are
given in Table 5 in terms of osmolalties. The quantity, osmolal, denotes the apparent
concentration of the solution, i.e, osm = ¢[ (], where [C] is the concentration of the
cosolvent in molal. The range of concentration studied is limited by the measurement limit
of ~ 4 osm for the experimental apparatus. Table 5 reports the osmolalities of the individual
cosolvent solutions, the sum of the individual osmolalities, and the experimental osmolality
of the urea-TMAO solution of the given concentration. It is seen that the osmotic pressures
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of the mixtures are additive, i.e., the measured osmotic pressure of the mixtures are nearly
equal to the sum of the osmotic pressures of the single component solutions. Our data is in
good agreement with recently published activity coefficient data for urea-TMAO
mixtures.% This can be interpreted as a lack of net repulsive or attractive interactions
between TMAO and urea in the solution in the range of concentration studied, suggesting
that the counteracting effect of urea-TMAO mixtures is not due to sequestration of urea
molecules by TMAO.

We report the osmotic pressure obtained from simulations for single component as well as
the mixture solutions in Table 6. The Osmotic model for TMAO and the KBFF model for
urea*? were employed to model the solutes, with the LJ interactions between urea and
TMAO given by the default Lorentz-Berthelot combination rule. Using the osmolal data
from Table 5 with Ilideal from Table 4, we see that the KBFF model for urea shows good
agreement with the experimental osmotic pressure for the concentrations considered. From
Table 6, the osmotic pressures for the mixtures can be considered additive, within error, for
the concentrations studied, showing that the choice of models for TMAO and urea is
appropriate for simulations of urea-TMAO mixtures.

Preferential Interaction of TMAO with polypeptides and proteins

In this section, we study the preferential interaction of TMAO with various model systems.
The preferential interaction is calculated using Equation Eq. (2) as function of r, the
boundary of the local domain. The experimentally measured preferential interaction of
TMAO with proteins is negative,®2* which implies that TMAO is excluded from the
vicinity of the protein surface. Comparing the Kast and Osmotic models with respect to
preferential interaction behavior with various systems provides us a measure of the physical
viability of these models.

To study the interaction of TMAO with various aminoacids, we constructed systems of
infinitely repeating extended homopolypeptides.®! Each polypeptide is 10-mer whose last
residue is bonded to the first residue in its adjacent periodic image and is simulated with
position restraints on the backbone atoms. This system enables us to study only the chemical
interaction of TMAQO with aminoacids, without the factors of conformation and end effects.

In Figure 3 A to D, we report the preferential interaction of TMAO with four
homopolypeptides consisting of glycine, phenylalanine, asparagine and aspartic acid
monomers - each taken as representative of backbone, apolar, polar and charged residues
respectively. The Osmotic model for TMAO shows more negative values for I'(r) when
compared to the Kast model for polygly and polyphe as seen in Figure 3 A and B, which
implies that the Osmotic model is better excluded from the vicinal domain of these
polypeptides. Both the models show approximately the same first minimum in I'(s), but the
Osmotic model shows stronger exclusion at larger distances from the peptide. We note that
the first minimum in I'(7) is due to steric effect - the first peak of the peptide-water g(r) is at
a shorter distance than that of peptide-TMAO. A significant difference is shown by
polyphenylalanine in Figure 3 B, going from slightly accumulated beyond 0.5 nm in the
Kast model to being strongly excluded in the Osmotic model. For polyasn in Figure 3 C, we
find that the two models are essentially identical and shows that the preferential interaction
can be residue specific. For polyasp in Figure 3 D, we find that both models show exclusion
at large distances. However, the Osmotic model shows less exclusion than the Kast model
and this could be due to the larger dipole moment in the Osmotic model. Each of the amino
acids studied here shows a positive transfer free energy from water to 1 M TMAO solution,>
suggesting that TMAO should be preferentially excluded from all of systems studied here.
The sequence specificity shown by the Osmotic model indicates that peptide-TMAO
interactions may have to be tuned to match experimental transfer free energies.

J Phys Chem B. Author manuscript; available in PMC 2013 October 11.



1X91-}[.IBIII.IQJBAA$ 1X91-)[.IB‘III.191‘8AA$

1X91-)[.IBIII.IS],BAA$

Canchi et al.

Page 9

We next carried out simulations of three different proteins - Trpcage miniprotein, Ubiquitin,
and Lysozyme in increasing order of size, in ~ 2 M TMAO solutions to study the
preferential interaction behavior of the TMAO models with protein surfaces. The systems
are built with the proteins in their folded state, and they remain folded (as measured by
RMSD) during the course of the simulation.

From Figure 3 E to G, we see that the Kast model shows protein specific behavior - unlike
Ubiquitin, no preferential exclusion beyond 0.5 nm from the protein surface is seen for
Trpcage and Lysozyme. On the other hand, the Osmotic model shows greater preferential
exclusion of TMAO than the Kast model for all the proteins studied, as indicated by the
more negative value of I'(#) for distances beyond 0.5 nm from the protein surface. Therefore,
the Osmotic model qualitatively captures the preferential exclusion of TMAO from proteins,
in agreement with experimental observation. It would be interesting to carry out a spatio-
temporal analysis of the protein transfer free energies to gain insight into the protein-specific
behavior of the Kast model.%2

Effect of protein-TMAO interaction on I'

In the calculation of the preferential interaction of TMAO with polypeptides and proteins
using the Osmotic model, the protein-TMAO LJ interactions were kept identical to that in
the Kast model, i.e., given by the Lorentz-Berthelot mixing rule. The LJ interactions
between protein and TMAO can be altered by changing the mixing rule, without changing
the osmotic pressure of TMAO-water solutions. Motivated thus, we scaled the parameter &
for protein-TMAO LJ potential by a factor of V0.75=0.86 - effectively using the same &
parameters for TMAO to determine its interaction with itself as well as the protein.

Preferential interaction computed with the scaled down LJ potential , denoted as the
Osmotic-LJ model, is also shown in Figure 3. Except for the charged polyaspartic acid, we
find that greater exclusion of TMAO is obtained in the Osmotic-LJ model, i.e., by reducing
protein-TMAOQ direct interaction through scaling down their LJ potential by 14%. This
provides us a degree of freedom which can be guided according to experimental input on
protein-TMAO interactions.

Osmometry experiments can measure the quantity,

AOsm=0sm|P, O, W] - Osm|P,W]-Osm|O,W] )

where Osm is the osmolality of the solution and P, O and W stand for protein, osmolyte and
water respectively.18:03 Protecting osmolytes such as TMAO have repulsive interactions
with the protein surface, thereby showing a positive value for A Osm. The same experiment
can be carried out in a MD simulation by setting up a osmotic pressure calculation of the
three-component system with position restraints on the center of mass of the protein, such
that the osmotic pressure contribution of the protein in the simulation is zero. The difference
in osmotic pressure from simulation, AIl = II[ 2, O, W] — II[ O, W] can be matched to the
experimental data by tuning the protein-TMAOQO LJ interaction.

We have also explored the possibility of determing the protein-TMAOQ interaction based on
equilibrium folding experiments of the Trpcage miniprotein in TMAO solutions. Figure 4 A
shows the temperature dependence of the ellipticity of Trp-cage at 230 nm in solutions
containing various concentrations of TMAO. Addition of TMAO has profound effects on
ellipticity. First, the ellipticity values at low temperature increase with the increase of
TMAO concentration. This is consistent with the notion that even at the low temperatures in
the absence of TMAO, the population of the native state in Trp-cage is 90-95 %.57-%4 Upon
addition of TMAO the stability of the native state increases and thus leads to higher absolute

J Phys Chem B. Author manuscript; available in PMC 2013 October 11.



1X91-}[.IBIII.IQJBAA$ 1X91-)[.IB‘III.191‘8AA$

1X91-)[.IBIII.IS],BAA$

Canchi et al.

Page 10

values of ellipticity at low temperature. Second, the melting profiles shift to higher
temperatures upon addition of TMAO. This is again a direct indication that addition of
TMAO leads to the stabilization of Trp-cage. Such effect has been previously observed for
naturally occurring globular and repeat proteins.!®-2! Analysis of the melting profiles using a
two-state model allows the estimates of the Gibbs free energy of Trp-cage at 25 °C,

A G(25°0), at different TMAO concentrations, [TMAOQY]. Figure 4 D shows the dependence
of AG(25°C) on [TMAO]. Although the errors of the AG(25°C) are relatively large, it is
clear that the m-value, that is defined by the slope of the dependence, is positive. We
estimate it to be 0.30 #0.15 kJ/(mol M) for Trp-cage. The m-value for Trp-cage in presence
of TMAO is much smaller in magnitude than the m-value in presence of urea, which we
previously estimated to be 1.36 #0.08 kJ/(mol M).>8

To compare the TMAO models with the above folding experiments, we computed the
preferential interaction of TMAQ with Trpcage in the folded and the unfolded states. For the
unfolded state, we generated an unfolded configuration of Trpcage and solvated it as
described in Table 3, while the data for the folded state is taken from Figure 3. The results
for different models of TMAO is presented in Figure 5. In Figure 5 A and B, we observe no
difference between the folded and the unfolded ensembles of Trpcage with respect to their
preferential interaction with TMAOQO, using either the Kast or the Osmotic model. However,
using the the Osmotic-LJ model (Figure 5 C), we find that TMAO is more preferentially
excluded from the unfolded ensemble than the folded. In this case, we have ['Vnfold<Fold
i.e., AT = [ Unfold_pFold js negative. Note that AT is positive for urea.

An estimate of the m-value can be obtained from the measurement of AI'. Starting from the
Wyman linkage relation* and assuming a linear dependence for A G on cosolvent
concentration, i.e. AGI C] = AGWa€ry m[ (], it can be shown, for small concentrations, that

The m-value estimated using the Osmotic-LJ model, is 0.5 kJ/(mol M), which compares
favorably with the experimental value of 0.30 #0.15 kJ/mol/M. Our data suggests that
tuning protein-TMAO LJ interactions can capture the difference in the preferential
interaction of TMAO between the folded and the unfolded ensembles. This suggests that the
stabilization of the protein in TMAO may be enthalpic, and this interaction may be essential
simulate this phenomenon through more detailed MD simulations. Based on m-values, we
also suggest that the compensatory effect of urea:TMAO mixtures on Trpcage stability may
occur at a ratio of 1:3. While the Osmotic-LJ model performs better for Trpcage, we
recommend the use of the Osmotic model more generally and determination of the protein/
TMAO interaction based on data available for the system considered.

Origins of preferential interaction

We showed that the newly developed Osmotic Model captures the preferential exclusion of
TMAO from protein surfaces better than the Kast Model. To obtain the Osmotic model, we
made the following changes to the Kast model - (i) scale up the original charges by a factor
of 1.2 and (ii) weaken TMAO-TMAO L] interactions, i.e., change the combination rule for
TMAO-TMADO to &;;=0.75 +/g;g;. It is of interest to understand how each of these
interactions govern the preferential interaction of TMAQ with protein surfaces. To study
this, we carried out simulations of previously described systems with either one of the
modifications to the Kast model.

Firstly, we examine the preferential interaction of TMAO with polypeptides using one-step
modifications of Kast model and plot them in Figure 6 A to C, along with the result for the
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Kast and the Osmotic models for comparison. For the polypeptides, changing TMAO-
TMAO dispersions does not lead to greater preferential exclusion than the Kast model.
Scaling the charge on TMAO leads to greater exclusion from polygly and polyphe, almost as
much as shown by the full Osmotic model. For the protein systems, we report only the effect
of charge scaling in Figure 6 D to F as we expect the effect of changing TMAO-TMAO e’s
to be negligible. For all the proteins studied, we find that scaling the charge alone shows
preferential exclusion behavior similar to that shown by the Osmotic model.

To further explore the connection between the effect of charge scaling and preferential
exclusion, we carried out simulations of Trpcage (starting from the folded state) with the
charges of the Kast model scaled by a factor a, ranging from 0.8 to 1.4. We also evaluate
the osmotic pressure of the 2.5 molal TMAO solution for the above scaling factors and
report the results in Figure 7. We have seen previously that the Kast model ( a = 1) does not
show any exclusion from Trpcage for distances beyond 0.5 nm. From Figure 7 B, we see
that scaling down the charges leads to positive values of I'(r) beyond 0.5 nm, i.e., TMAO
behaves like a denaturant and accumulates around the protein. On the other hand, scaling up
the charges progressively increases the magnitude of preferential exclusion. The preferential
accumulation or exclusion is strongly correlated to solvent mediated TMAO-TMAOQO
interactions as reflected by osmotic pressure, as shown in Figure 7 A. Scaling down the
charges leads to reduction of osmotic pressure with respect to the Kast model, which can be
interpreted as an increase in net TMAO-TMAO interaction, while the vice versa is true for
scaling up the charges. Similar behavior is also observed in simulations of Lysozyme and
Ubiquitin (data not shown).

To test if the above behavior is model and cosolvent dependent, we also carried out a similar
charge scaling experiment with urea. We take the folded ensemble of Trpcage in 1.9 M urea
reported previously!” as the reference system, and scale the charges on the KBFF urea
model. From Figure 7 C and D, we observe qualitatively similar behavior to TMAO, i.e.,
scaling down the charges increases the preferential interaction of urea with the protein while
the opposite is observed for scaling up the charges. This is despite the fact that scaling up
the charges is expected to increase the electrostatic interaction and hydrogen bonding of urea
with the protein. The behavior of preferential interaction is again strongly correlated to the
osmotic pressure of the urea solution, as seen previously for TMAO.

This intimate connection between preferential exclusion and osmotic pressure provides us
physical insight into the role of solute-solute interaction in preferential accumulation or
exclusion of cosolvents from proteins. Denaturants such as urea have weak favorable
interactions with protein surfaces and a significant concentration of cosolvent is required to
to denature the proteins. We speculate that denaturants, in addition to favorable interactions
with proteins, must also be able to tolerate it’s own excess concentration in the vicinity
(local domain) of the protein, i.e, show a negative deviation from ideality with osmotic
coefficient ¢ 1. Osmolytes on the other hand, must have repulsive interactions with each
other in addition to repulsive interactions with the protein so that this factor also contributes
to making its accumulation in the vicinity of the protein unfavorable. One can think of
denaturants and osmolytes as lying on opposite sides of the ideal osmotic pressure curve
given by the van’t Hoff law, as shown in Figure 8. From experimental osmotic pressure
data, this scenario is true for the case of urea and TMAOQO, as well as for other osmolytes
such as betaine, trehalose, proline and glycerol in the concentration range reported.® Based
on this principle, we suggest that a mixture of two protecting osmolytes that have repulsive
interactions amongst themselves, as reflected in non-additivity of osmotic pressure, may
show a synergistic enhancement of protein stability. We note that a similar suggestion, based
on activity coefficients data, has been proposed earlier in literature.
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The goal of this work was to develop interaction potentials to enable molecular simulations
of the protecting effect of osmolyte TMAO on proteins, informed by experimental inputs
from relevant phenomena, to understand the molecular mechanism of protecting effect of
TMAO on proteins. Starting out with the Kast model for TMAO, we calculated the osmotic
pressure of TMAO-water solutions from MD simulations over a range of osmolyte
concentration. Comparison with experimental data showed that the Kast model
underestimates the osmotic pressure at higher concentrations of TMAQO. We then modified
the Kast model using physically motivated changes to obtain the Osmotic model for TMAO
which captures the osmotic pressure for TMAO solutions over the entire range of
concentration for which experimental data is available. Fitting a model to the osmotic
pressure for all concentrations is a challenging task, and the large deviations from the
experimental value at higher concentrations dictated what interactions the new parameters
must contain. Leaving out the osmotic pressure of 2 m and 2.5 m TMAO solutions from the
fitting would have resulted in potentials that, in retrospect, do not show much difference
from the Kast model with respect to preferential exclusion from protein surfaces.

We also studied the osmotic pressure of 2:1 urea-TMAO solutions. Experimental data shows
that the osmotic pressures of urea:TMAO solutions are additive, indicating that there is no
significant interaction between TMAO and urea molecules. We find that the Osmotic model
for TMAO used along with the KBFF model for urea, with default LJ combination rules,
adequately capture the experimental observation of additivity in MD simulations for the
concentrations the data is available.

Simulations of polypeptides and model proteins showed that the Osmotic model shows
larger preferential exclusion from protein surfaces than the Kast model, for most of the
systems studied. This was a consequence of incorporating realistic water-TMAQO
interactions through osmotic measurements. Though greater preferential exclusion obtained
in the Osmotic model is in qualitative agreement with experiments, the magnitude is still
undetermined. We showed that the magnitude of preferential exclusion can be varied by
tuning the direct LJ interaction between the protein and TMAO, and suggest experimental
data that may be used to determine the protein-TMAO LJ interaction.

Further, we showed that scaling the charges on the Kast model alone led to a significant
increase in preferential exclusion of TMAO from polypetides and proteins in comparison to
the Kast model. We also demonstrated that preferential interaction of TMAO with protein
surfaces can be controlled in a systematic way by progressively scaling the charges, and a
qualitatively similar scenario was observed for the case of urea. These results highlight the
importance of the solvent-mediated cosolvent-cosolvent interaction, as reflected by the
osmotic pressure of the two-component solution, in determining the preferential interaction
of the cosolvent with the protein surface. We suggest that a underlying design principle in
determining the effect of a cosolvent on proteins lies in the positive or negative deviation of
the osmotic pressure of the cosolvent solution from the van’t Hoff law. The chemical
specificity of the interaction of the osmolyte with the protein surface is also important, as
different osmolytes show varying magnitudes of exclusion at a given two-component
osmolality.® Further studies are required to determine the nature of ‘direct’ interactions of
TMAO with various amino acids and in protein folding/unfolding to examine if the
stabilization of proteins by TMAO is enthalpic, as suggested by the Osmotic-LJ model for
TMAO here and by recent work for other osmolytes,® as well as the role of water in
mediating these interactions.%9 We expect the use of a physically-motivated forcefield, in
concert with enhanced sampling methods, will enable detailed simulation of the stabilizing
effect of TMAO and the compensatory effect of urea:TMAO mixtures on protein stability
from which the molecular mechanism of the phenomena can be obtained.
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Figure 1.

Osmotic Pressure of TMAO solutions. (A) The schematic illustrates the simulation method
described in the text. Water, the primary solvent is shown as a blue background and the
cosolvent molecules, shown as orange spheres, are confined to the central region using a
restraining potential. (B) The osmotic pressure of TMAO using the new parameters (orange)
is shown in contrast to the Kast model (indigo), ideal solution (red) and experimental (cyan)
values.
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Radial distribution functions in 2 molal TMAO solution. Distributions of TMAO nitrogen
(NTM) and water oxygen (OW) around TMAO nitrogen shown for (A) Kast Model and (B)
Osmotic Model. Distributions of TMAO oxygen (OTM) and water oxygen (OW) around
TMAO oxygen shown for (C) Kast Model and (D) Osmotic Model.
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Figure 3.

Preferential interaction of TMAO with (A) poly-glycine (B) poly-phenylalanine (C) poly-
asparagine (D) poly-aspartic acid. The results for Kast and Osmotic models are shown in
black and red respectively.
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Thermodynamics of Trpcage stability in presence of TMAO. (A) Temperature dependence
of the ellipticity of Trp-cage at different concentrations of TMAO. Solid lines show the

results of the fit to a two-state model with the parameters 7}, AH(T,,), and A G(25°C)

shown in (B),(C) and (D) respectively. The solid line in (D) shows the linear regression fit to
the data, and the slope of the line corresponds to m-value for TMAO and is estimated to be
0.30 £ 0.15 kJ/(mol M). #
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Figurebs.

Preferential interaction of TMAO with Trpcage using (A) Kast model (B) Osmotic model v1
(C) Osmotic-LJ model. The result for the folded and unfolded ensembles are shown in black
and red respectively.
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Figure6.
Preferential interaction of TMAO with polypetides (A) Polygly (B) Polyphe (C) Polyasn (D)

Trpcage (E) Ubiquitin (F) Lysozyme. The Kast model is shown in black, the effect of charge
scaling in orange, the effect of reduced epsilon in indigo, and the full Osmotic model in red.
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Figure7.

Osmotic pressure and Preferential interaction. (A) Osmotic pressure of 2.5 m TMAO
solution as a function of scaling of TMAO charges. a. = 1.0 corresponds to the Kast model.
(B) Preferential interaction of Trpcage with TMAO as a function of scaling of TMAO
charges. (C) Osmotic pressure of 2.5 m urea solution as a function of scaling of urea
charges. a = 1.0 corresponds to the KBFF model. (B) Preferential interaction of Trpcage
with urea as a function of scaling of TMAO charges.
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Figure8.

Osmotic behavior of cosolvents. We hypothesize that osmolytes (orange) show a positive
deviation from the van’t Hoff law (black), while denaturants (red) show a negative deviation
from the same.
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System Details
molality Ntmao Nwaer boxlength (nm) molarity

0.5 17 1847 3.89607 0.47
1.0 35 1956 3.97873 0.92
1.5 50 1859 3.94926 1.34
2.0 65 1799 3.94028 1.76
2.5 76 1737 3.92311 2.08
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Table 2
Details for Urea and Urea-TMAO systems

Molality ~ Ntmao Nurea Nwaer boxlength (nm)

Urea
1.0 0 35 2014 3.99634
2.0 0 70 1893 3.98488
TMAO:Urea
0.5:1.0 17 35 1944 3.99523
1.0:2.0 35 70 1695 3.93108
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