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Abstract  
Osmolytes are ubiquitous in the cell and play an important role in controlling protein stability under 
stress. The natural osmolyte trimethylamine N-oxide (TMAO) is used by marine animals to 
counteract the effect of pressure denaturation at large depths. The molecular mechanism of TMAO 
stabilization against pressure and urea denaturation has been extensively studied, but the effect of 
TMAO against high temperature has not been addressed. To delineate the effect of TMAO on folded 
and unfolded ensembles at different temperatures, we study a mutant of the well-characterized, fast-
folding model protein B (PRB). We have carried out extensive, >190 µs in total, all-atom simulations 
of thermal folding/unfolding of PRB at multiple temperatures and concentrations of TMAO. The 
simulations captured folding and unfolding events and show an increased stability of PRB in 
presence of TMAO. At higher TMAO concentration, intermediate ensembles are gradually more 
favored over the unfolded state. Quantifying TMAO-water interactions revealed that at a low 
concentration threshold, TMAO forms a shell near but not at the protein surface, disrupting the water 
network and increasing hydration of the protein to help stabilize it. Intriguingly, we found that there 
are intermittent interactions between TMAO and certain protein side chains with preferred TMAO 
orientations. Although previous studies have proposed such interactions, the long time scales we 
study here help to highlight the protein’s sensitivity to local environment, particularly hydration, and 
raise questions about how even transient interactions could couple protein stability to TMAO effects. 
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Introduction 

Osmolytes are small organic molecules that regulate the overall cellular composition and maintain 
fluid balance in the cell. Other than their role in maintaining structural integrity they have been shown 
to be important for protein folding and stability.1 Osmolytes can be broadly divided into chaotropes 
(‘structure breakers’) and kosmotropes (‘structure makers’).2 The mechanism of stabilization or 
destabilization of protein structure by these osmolytes depends on their interaction with the hydrogen 
bond network of water and also their direct interaction with the protein.3 Destabilizing osmolytes 
generally strongly interact with the protein backbone while stabilizing osmolytes are excluded from 
the protein surface.4 

Trimethylamine N-Oxide (TMAO) is a non-ionic kosmotrope known to stabilize proteins against 
chemical and pressure denaturation. TMAO has been shown to stabilize against denaturation by 
urea in a 2:1 ratio indicating that 1 M TMAO is enough to protect the protein against denaturation by 
2 M Urea in solution.5,6 On the other hand, the amount of TMAO increases almost linearly with depth 
in the bodies of fishes indicating its role in stabilizing proteins against effects of hydrostatic pressure.7 
The mechanism by which TMAO protects proteins against urea is distinct from the way it protects 
proteins against pressure.8,9 Urea interacts directly with the protein backbone and this preferential 
interaction is what causes the unfolding of the protein.10–13 In the presence of TMAO, urea 
preferentially interacts with the TMAO instead of the protein backbone.14–16 TMAO is excluded from 
the protein surface, and studies of crowding due to TMAO show that the stabilization may have both 
significant enthalpic or entropic contributions.17 Since TMAO is generally repelled from the protein 
surface, despite indications of some residue-specific interactions, the effect on protein stability is 
assumed to be mediated by its effect on the water structure around protein.8,11,18 

TMAO is unique due to the partial charge separation on the nitrogen and oxygen and its 
“nonhydrophobic” methyl groups. The oxygen has been shown to form three hydrogen bonds with 
its surroundings and the methyl groups have interactions with the oxygen of water.19–21  While there 
is some consensus on the effect of stabilization by TMAO in cases of chemical and pressure 
denaturation, little is known about its effect on temperature denaturation. In particular, the interaction 
of TMAO and water at higher temperature has not been studied in detail. The unfolding of proteins 
due to temperature is distinct from chemical and pressure denaturation.22 Proteins undergo both cold 
and heat denaturation,23 due to loss of hydrophobic interactions at low temperature,24 and increased 
configurational entropy of the chain at high temperature.25 While the effect of temperature on protein 
structure is well studied, here we are using all-atom molecular dynamics simulations to understand 
the effects of TMAO on temperature denaturation of proteins.  

The protein that we choose for our study is Protein B (PRB), a small albumin-binding domain 
consisting of 47 amino acids.26 The variant consists of three alpha helices and has been mutated to 
fold on the microsecond time scale.27 This makes it ideal for probing its interaction with TMAO on a 
longer timescale than before.13,28,29 Previous studies have shown that the folding timescale of PRB 
is around 4 µs in both experiments and simulations.27,30 Performing all-atom microsecond simulations 
at different temperatures and TMAO concentrations (12 conditions modeled for ~16 µs, each, for the 
total time of ~190 µs), enables us to gain insights into how TMAO affects water structure and interacts 
with the protein at different temperatures and different concentrations of TMAO.  
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Methods 

Simulation setup. All-atom simulations of PRB were carried out using the GROMACS 5.1.231 
simulation package. Four different temperatures (340 K, 350 K, 360 K and 370 K) and three different 
concentrations of TMAO (0 M, 1 M and 2 M) were chosen for a total of twelve different simulation 
conditions. For each of the simulations, a structure of PRB (PDB ID 1PRB) was mutated according 
to the fast-folding sequence shown below using the Mutator Plugin in VMD.32 The simulations were 
conducted in the NVT ensemble, with a 2.5 fs time step, and a 1 nm cutoff for Lennard-Jones 
interactions. Electrostatic forces are calculated using the particle-mesh Ewald method.33 
Temperature is held constant using a Nose-Hoover thermostat.34,35 Frames were saved every 100 
ps and analyzed using the methods described below. The CHARMM36 force field36  was chosen to 
carry out the simulations. The protein was solvated with TIP3P water37 in a periodic box of size 57.36 
× 57.36 × 57.36 Å3. NaCl (2 Na+ and 1 Cl- ions) was used to balance out charges and standard 
protonation states were assumed for all the amino acid side chains.  

Protein Sequence (PDB ID: 1PRB): LKNAIEDCIA ELKKAGITSD FVFNAWNKAK TVEEVNALVN 
EILKAHA 

TMAO Force field. We started simulations by choosing three different force fields from Kast et al.,38 
Netz et al.18 and one generated by us from CGENff.39 The difference between Kast and CGENff was 
minimal, so we simulated only with the Kast and Netz force fields.  The major difference between 
Kast and Netz is the distribution of partial charges, which could potentially change the interaction 
between the protein side chains and TMAO. From a simulation of 5 μs of PRB with 1 M TMAO with 
the two different force fields at 340 K, we couldn’t find any major differences so choose to use the 
more widely used force field (Kast) for rest of the simulations. 

Analysis. Python 3.740 and the molecular dynamics analysis package MDTraj41 were used for 
analysis. Volume calculations were performed in ProteinVolume.42 Solvent accessible surface area 
(SASA) calculations were done in VMD32 with a probe radius of 1.4 Å. They were normalized 
according to equation (1) with the SASA of the PDB structure. The pairwise distance measurements 
between two atoms for calculating radial distribution function were done by MDTraj, along with 
assignment of the nearest atom in contact. The volume occupied by shells around the protein was 
done by an in-house implementation of Monte Carlo method in VMD. 

𝑆𝐴𝑆𝐴#$%& = ()()(+)-()()./0
()()./0

                                                       (1) 

 

Fraction of Native contacts (Q). The determination of folded and unfolded ensembles was done 
by assigning a value Q between 1 and 0 to each timeframe. Here 1 represents a completely folded 
structure, while 0 represents a completely unfolded structure. This value was calculated according 
to equation (2)  as defined previously43,44 to indicate the number of native contacts preserved 
compared to a native state. The native state was determined by clustering the trajectory using RMSD 
by the gmx_cluster command in GROMACS31 separated by an RMSD difference of at least 4 Å. The 
largest cluster in the 340K 0M TMAO trajectory was designated as the folded ensemble and native 
contacts maintained for at least eighty percent of the trajectory were used to calculate the Q value 
for all the trajectories. Timeframes with a Q value between 1 to 0.8 were defined as the folded 
structures, while values between 0.2 to 0 were defined as the unfolded structure to determine folded 
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and unfolded ensembles. The value of 𝛼 and 𝛽 was set to be 30 and 1.4 respectively to optimize for 
the difference between the folded and unfolded state.  
 𝑄(𝑡) = 5

6
∑ 5

589:;<=>?@A(+)-B?@A
C DEF,H 	,                                                  (2) 

where 𝑑FHK  is the averaged native contact distance, 𝛼 and 𝛽 are smoothing factors. 

Hydrogen bond lifetimes and diffusion rates. The hydrogen bond lifetimes of water around the 
protein were calculated using analysis module in MDAnalysis45,46 package. The half-lives of the 
bonds were calculated by fitting the autocorrelation curves to a single exponential curve. The 
diffusion rate was calculated using the mean square displacement module and fitting the result to 
the equation (3). 
                                                                𝑀𝑆𝐷 = 6𝐷𝑡                                                                            (3) 
where 𝑀𝑆𝐷 is the mean square displacement, 𝐷 is the diffusion coefficient and 𝑡 is time. 

 
Fig. 1 Fraction of native contacts for all trajectories with different concentrations of TMAO (0 M, 1 M and 2 M) 
and at different temperatures (340 K, 350 K, 360 K and 370 K) are shown as moving average (solid green line) 
over 101 frames (101 ns) with a polynomial of degree 3 using a Savitzky-Golay filter.  The light blue band 
indicates when the protein is in the folded state, while the light red band indicates protein in the unfolded state 
defined according to Q. The stick figure (top right) shows a TMAO molecule structure - oxygen (red), nitrogen 
(blue), carbon (light blue) and hydrogen (grey). The histograms (right) are binned together across all 
temperatures for a particular concentration of TMAO. Representative structure snapshots show the 
arrangement of water (grey) within 3 Å around the protein (teal) at different Q values.  

 

Results and Discussion 

A low concentration threshold of TMAO stabilizes protein against thermal denaturation.  
Fraction of native contacts (Q) is a well-established measure of the foldedness of the protein.43 To 
this end we plot the timeseries for all the different temperatures and concentrations of TMAO used 
in our simulations  (Fig. 1). The Q values for folded structures are considered in the range 1 to 0.8 
indicating close resemblance to the native state as defined by clustering of the 340 K 0M TMAO 
simulation. Similarly, the range of 0.8 to 0.2 is defined as the intermediate ensemble, while 0.2 to 0 
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is the unfolded ensemble. On average, Q decreases as the temperature increases in all simulations, 
most prominently in the 0 M TMAO case. There are almost no folded structures present in the 
simulation at 370 K in 0 M TMAO, highlighting that the protein is almost completely unfolded at this 
temperature. In the presence of TMAO, long-lived folded states are observed even at higher 
temperatures. However, the stabilization due to TMAO is not dependent on the concentration of 
TMAO higher than 1 M, with similar folded and unfolded time observed at 1 M and 2 M TMAO. This 
trend is consistent on other traditional reaction coordinates SASA, root mean square deviation 
(RMSD) and radius of gyration (Rgyr) as can be seen in Fig. S1-3. 

 
Fig. 2 Normalized solvent-accessible surface area (SASA) vs. fraction of native contacts (Q) plotted as a 
scatter plot with kernel density estimator isocontours to indicate the number of distinct intermediates that 
protein B might be going through between folded to unfolded state at different concentrations of TMAO and 
different temperatures. SASA is normalized compared to the SASA of the PDB structure by equation (1) used 
for the simulations. The light blue band indicates when the protein is in the folded state, while the light red band 
indicates protein in the unfolded state defined according to Q.  

This is interesting because most osmolytes induce a concentration-dependent stabilization,4 but 
TMAO seems to saturate below 1 M. The maximum amount of TMAO that has been found in 
biological samples is actually below 1 M.7 Other studies have previously reported that TMAO can 
have a destabilizing effect at very high concentrations,47 so the concentration-independence 
between 1 and 2 M may be a sign of the plateau between a threshold up to which the stabilizing 
effect increases, and a threshold where TMAO would destabilize the protein. 

Increased foldedness in TMAO leads to lower solvent exposure. For all concentrations of TMAO, 
increasing unfoldedness leads to an increase in the amount of solvent accessible surface area 
(SASA), as is expected. However, there is a large spread for all values of Q indicating rather large 
dynamical fluctuations of SASA. This is especially true for structures that have lower Q values, 
indicating the presence of collapsed structures for unfolded proteins with SASA similar to that of the 
folded protein. The protein free energy surface appears to be rugged with several transient but long-
lived states that have been grouped together in our analysis as the intermediate state (Fig. 2). TMAO 
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promotes population of multiple compact intermediate states over the unfolded state, which might 
help the protein refold more quickly and avoid aggregation when subjected to environmental 
stressors like temperature.  

TMAO is thought to protect proteins from pressure by compacting the folded state by pushing water 
onto the protein surface. However, in our simulations the protein void volume does not change by a 
large amount (Fig. S4) in the presence of TMAO at a given temperature. We do not observe 
compaction of the folded state due to TMAO. There is also a shift in helical arrangement giving rise 
to high Q values (0.6-0.8) in the presence of TMAO indicating a folded non-native state. This 
indicates a different mechanism of protein stabilization by TMAO with regards to thermal 
denaturation as compared to pressure denaturation. Even though thermal stabilization by TMAO is 
also associated with more water near the protein surface (Fig. S5), the mechanism of stabilization 
seems distinct between thermal and pressure denaturation, reflecting on pressure and volume being 
conjugate thermodynamic variables, while temperature and volume are not as closely linked. 

 
Fig. 3 Water and TMAO interactions with PRB for the simulation at 360K and 1M TMAO. (A) The radial 
distribution function g(r) is plotted versus distance from the protein surface (excluding hydrogens) to TMAO 
and water. To highlight the orientation of the TMAO towards the protein, two different distances are shown, 
from the nitrogen (blue) and the oxygen (red) atoms. The dashed line indicates a typical hydrogen bond 
distance from the protein surface. The images of TMAO molecules (inserts) are displaced and oriented towards 
the deduced mode of interaction that accounts for the visible peak.  (B) The first TMAO peak at 2.7 Å in (A) 
shows a normalized contact count that favor basic residues strongly over all others. (C) Pairwise distance 
distribution of water from the PRB protein surface for the simulations at 360 K and 0 M (light blue), 1 M (orange) 
and 2 M (green) TMAO. The trajectory has been divided into three distinct structural ensembles – folded (cyan), 
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unfolded (dark red) and intermediate (grey). (D) The normalized count of residues nearest TMAO in the second 
peak at 5 to 6 Å in (A) shows that TMAO evenly distributed over the protein surface at that distance. 

TMAO is mostly excluded from the protein surface but interacts with basic side chains. The 
radial distribution function of TMAO around the different ensembles of the protein at 360 K in 1 M 
TMAO shows how TMAO organizes around the protein and influences the organization of water 
around the protein (Fig. 3).  

The majority of TMAO molecules lies in a second solvation shell at 4 to 5 Å (nitrogen) or 5 to 6 Å 
(oxygen). The oxygen is more likely to point away from the protein (Fig. 3A), and the methyl groups 
are more likely to point towards the protein surface. To quantify whether this shell of TMAO molecules 
is evenly distributed over the protein surface or prefers certain side chains, we plotted a histogram 
of normalized count of TMAO nearest to each side chain (Fig. 3B and 3D). TMAO molecules in the 
second shell have no preferential interaction with any particular type of residue on the protein surface 
(Fig. 3D). 

In contrast, the TMAO peak in the first solvation shell at 2.7 Å (Fig. 3A) reveals an additional more 
specific interaction of TMAO with the protein, even though most TMAO is excluded from the surface. 
To quantify this interaction, we again binned a normalized count of TMAO nearest to each side chain, 
this time for TMAO in the first shell (Fig. 3B). The partially charged oxygen atom of TMAO almost 
exclusively interacts with the basic side chains of the protein, with only minimal interaction with the 
other side chain types. Indeed the experimental transfer free energies of side chains in 1M TMAO 
from water are the lowest (most negative) with positively charged residues.48 In agreement with a 
spectroscopic study49 we observe that the methyl group of TMAO molecules in this first solvation 
shell tends to point away from the surface of the protein. TMAO is excluded from the protein surface 
mainly near hydrophobic side chains, in agreement with the exclusion measured by X-ray 
scattering50 and spectroscopy.51  

The TMAO interactions with the three protein conformational ensembles (folded, intermediate, 
unfolded), (Fig. S5), indicate that the osmolyte does not interact preferentially with any of the protein 
ensembles. The increased amount of TMAO in the unfolded and intermediate ensemble compared 
with the folded ensemble in Fig. S5 can be accounted for simply by the increase in the solvent 
accessible surface area of unfolded and intermediate structures.  

Water is pushed to the vicinity of protein B in the presence of TMAO. The first shell of water in 
Fig. 3A lies at 2.7	Å and is due to direct interaction of water with the protein surface. These 
interactions are mostly hydrogen bonds between the side chains and backbone and water, along 
with other non-specific interactions.  

The probability of water oxygen being present in the first solvation shell is increased in the presence 
of TMAO, critical for keeping the protein folded at higher temperature (Fig. 3C). Increased hydration 
may be promoted by the presence of the TMAO oxygen atoms in the vicinity of the protein surface. 
Additionally, TMAO appears to be hydrophilic in our simulations and actively interacts with water—
both the oxide moiety and the methyl group of TMAO are hydrated (Fig. 3A), which agrees with 
experimental density data52. 

Thus, increased solvation by water at 2.7 Å from the protein surface directly correlates to the co-
solute effect of TMAO ‘herding’ water into the hydration shell to help keep protein B stable against 
denaturation. As can be seen, the amount of water pushed in is dependent on TMAO concentration 



 9 

– with 2 M TMAO pushing in more water than 1M TMAO. The same saturation effect was discussed 
earlier in the context of protein stabilization by TMAO. 

Water dynamics and hydrogen bond network around the protein. We selected five protein-water 
structures at 4 µs intervals from simulations at 360 K for each TMAO concentration and performed 
fifteen short 100 ps MD simulations, with finer temporal sampling of the trajectory, to study the 
residence times and diffusion rates of water molecules around the protein in the presence and 
absence of TMAO. We found that the diffusion of water molecules does not significantly change in 
the presence of TMAO (Fig. 4A). A previous study has shown a decrease in the diffusion rate of both 
bulk water and water hydrogen bonded with TMAO,1 whereas we find that diffusion is more 
dependent on distance from the protein surface than on TMA concentration in Figure 4A. Intriguingly, 
the TMAO narrows the range of diffusion coefficients. TMAO evens out the diffusion of water 
molecules particularly in the main 5 to 6 Å shell (not bonded to basic sidechains) where most TMAO 
resides. This is consistent with the ‘herding’ effect described above. 

 
Fig. 4 Water dynamics and water-water hydrogen bonds. (A) The diffusion rate of water plotted as a boxplot 
for shells from the protein surface at 3, 4, 5 and 6 Å for the 0M (blue), 1M (orange) and 2M (green) TMAO 
concentrations based on the fifteen 100 ps simulations at 360K. (B) The continuous and intermediate water-
water hydrogen bond half-life times plotted as a boxplot for the 3 Å shell around the protein for the fifteen 100 
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ps simulations at 360K - 5 each with 0M (blue), 1M (orange) and 2M (green) TMAO. The box in boxplot shows 
the interquartile range, the whiskers show the minimum and maximum, the dashes within the box show the 
median while the diamonds are the outliers. 

 The water-water hydrogen bond lifetimes are also similar in the presence or absence of TMAO (Fig. 
4B). We used two definitions of the lifetime to quantify the lifetimes: the ‘Continuous’ lifetimes report 
the half-life of a hydrogen bond that remains continuously formed while ‘Intermittent’ lifetimes allow 
for the bond to be broken briefly and formed again. While TMAO affects the water structure around 
the protein and increases solvation, it does not influence the speed of hydrogen bond breaking and 
making of water molecules around the protein, perhaps, due to its relatively small size and its 
hydrophilic nature. TMAO might be behaving as a hydrated hard sphere52 and a small size 
crowder54,55. In analogy to Fig. 4A, TMAO again narrows the range of hydrogen bond half-lives, 
making the water behave more uniformly than expected for the bulk. 

Conclusion 

Molecular dynamics simulation shows that Protein B is stabilized in the presence of TMAO against 
temperature denaturation. The stabilization appears at rather low concentration (<1 M TMAO), with 
no further increase upon doubling the TMAO concentration. Thus, TMAO is efficient at pushing water 
to the protein surface, while water is depleted farther from the protein surface where TMAO resides. 
This ‘herding’ manifests itself in a narrowing of the H-bond lifetime and diffusion coefficient 
distributions of water, rather than a change in average diffusion or lifetime. Studies in the presence 
of urea have suggested that TMAO can’t form hydrogen bonds with protein.56 Urea and protein 
interaction would be stronger even in the presence of TMAO compared to protein TMAO interaction. 
Although most TMAO is excluded from the protein surface, there are interactions between the TMAO 
oxygen and basic side chains that produce a significant peak in the TMAO g(r) near the protein 
surface. Due to the absence of urea in our system we see transient hydrogen bonds with the basic 
side chains of the protein. Unlike chaotropes, this binding is limited to side chains and not the 
backbone of the protein, and TMAO avoids hydrophobic patches on the protein surface. The 
interactions with basic residues might also play a role in the stabilization against pressure. One way 
to further probe this would be to study relative amino acid frequency in deep sea organisms. The 
mechanism of thermal stabilization is distinct but bears similarities to stabilization against pressure 
and urea in terms of exclusion from the surface of protein. At the level of overall protein structure, 
the stabilization is an increase in the population of compact intermediate states, making the low-lying 
protein free energy landscape rougher,52 while reducing the mostly unfolded population of protein. 
In that regard, TMAO acts like a small crowding agent. 
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