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Proteins are very sensitive to their solvent environments. Urea is a
common chemical denaturant of proteins, yet some animals con-
tain high concentrations of urea. These animals have evolved an
interesting mechanism to counteract the effects of urea by using
trimethylamine N-oxide (TMAO). The molecular basis for the ability
of TMAO to act as a chemical chaperone remains unknown. Here,
we describe molecular dynamics simulations of a small globular
protein, chymotrypsin inhibitor 2, in 8 M urea and 4 M TMAO/8 M
urea solutions, in addition to other control simulations, to inves-
tigate this effect at the atomic level. In 8 M urea, the protein
unfolds, and urea acts in both a direct and indirect manner to
achieve this effect. In contrast, introduction of 4 M TMAO coun-
teracts the effect of urea and the protein remains well structured.
TMAO makes few direct interactions with the protein. Instead, it
prevents unfolding of the protein by structuring the solvent. In
particular, TMAO orders the solvent and discourages it from
competing with intraprotein H bonds and breaking up the hydro-
phobic core of the protein.

echanisms have evolved in nature to allow living organisms

to compensate for extreme conditions. For example, cer-
tain marine creatures have adapted to life at high pressures and
salinity by using osmolytes to maintain cellular volume and
buoyancy (1, 2). However, certain osmolytes, like urea, can
degrade protein function and disrupt their structures at the high
concentrations found in some animals and marine life (1-3),
although elevated pressures (=70 MPa) could mitigate some of
the deleterious effects of urea (4-6). Nevertheless, the answer to
this paradox was the discovery of protective osmolytes such as
betaine and trimethylamine N-oxide (TMAO) in certain elas-
mobranchs by Yancey et al. (1, 7-8) and later in other marine
organisms and mammals (1, 6, 9). In marine animals, the TMAO
concentration varies with habitat depth, presumably as a re-
sponse to pressure (4-5). Furthermore, in organisms that con-
centrate urea as an osmolyte (7) and buoyancy factor (2), TMAO
has been found in urea at ratios of 3:1 and 2:1 (7, 10).

TMAO can restore enzyme function that has been lost be-
cause of the presence of urea (6, 10-12) by restoring the protein
to its native structure (13-15). The mechanism of action of these
protective osmolytes is not understood fully; both direct (16-19)
and indirect (13, 19-21) interactions have been proposed, and
the mechanism may be molecule-specific (14). Our understand-
ing of the mechanism of action of chemical denaturants, such as
urea and guanidinium chloride, is in a similar state (19, 20,
22-33). Consequently, we are pursuing molecular dynamics
(MD) simulations of such compounds in an attempt to charac-
terize these mechanisms at the molecular level.

Here, we investigate the ability of TMAO to overcome the
effect of urea on protein structure at the atomic level. Chymo-
trypsin inhibitor 2 (CI2) was chosen for this study because of the
extensive amount of information available regarding its folding
and unfolding behavior from both theoretical and experimental
studies (34). Simulation studies in our laboratory have focused
on its unfolding pathway by means of thermal denaturation
(35-40) and chemical denaturation by urea (22). Here, we
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describe simulations of CI2 in a ternary solution of 8 M urea/4
M TMAO at 60°C, which is below the Ty, of the protein (41),
focusing on the properties of the protein and solvent environ-
ment. The results are compared with the behavior of the protein
at high temperature (125°C) in water (40) and in 8 M urea at
elevated temperature (60°C) (22). Control simulations of CI2 in
4 M TMAO at 60°C, 1 M TMAO at 25°C, and in pure water at
25°C and 60°C were performed also. For the simulations pre-
sented here, we found that a small fraction of the total TMAO
molecules interacted specifically with Lys and Arg side chains.
The dominant mode of stabilization of the native state was
indirect: TMAO molecules ordered and strengthened water
structure, thereby discouraging unfolding of the protein. Fur-
thermore, TMAO decreased urea—protein interactions and
strengthened urea-water interactions, thereby mitigating the
denaturant action of urea.

Methods

MD simulations were performed by using ENCAD (42). The
protocols, as well as the potential functions of protein (43), urea
(20, 22), TMAO (20), and water (44), have been described. The
simulations began with the crystal structure of CI2 (lypc, ref.
45). The simulations of CI2 in water at 125°C and in 8 M urea
have been described (22, 40). The control trajectory of CI2 in
pure water at 60°C was prepared for MD as described (22),
yielding 2,596 water molecules.

We constructed 8 M-urea systems (mole fraction of 0.186) as
described (22). Briefly, water molecules were replaced randomly
with urea, resulting in 2,103 water molecules and 493 urea
molecules. The box volume was adjusted to reproduce the
experimental density for 60°C, 1.103 g/ml (46). The 8 M-urea
system described here is UR1 from ref. 22.

Ternary systems of 8 M urea and 4 M TMAO were constructed
in a similar fashion. Water molecules were randomly replaced
first with TMAO molecules and then with urea molecules to
achieve approximate mole fractions of 0.10 and 0.17 for TMAO
and urea, respectively, resulting in a total of 1,893 water, 259
TMAO, and 444 urea molecules. The box volume was adjusted
to set the final density of 1.129, which was estimated based on
predicted partial molal volumes of TMAO, urea, and water at
60°C (2). Several additional steps were performed to prepare the
system for MD. First, the potential energy of the system was
minimized for 1,500 steps. Next, water alone was minimized for
1,001 steps, followed by 1,001 steps of MD and another 1,001
steps of minimization. The protein was then subjected to 1,001
steps of minimization. Finally, the entire system was minimized
for 1,001 steps. A duplicate ternary simulation was prepared by
increasing the final energy minimization to 1,101 steps.

This paper was submitted directly (Track Il) to the PNAS office.

Abbreviations: CI2, chymotrypsin inhibitor 2; MD, molecular dynamics; RMSD, RMS devia-
tion; SASA, solvent-accessible surface area; TMAO, trimethylamine N-oxide.

*To whom correspondence should be addressed. E-mail: daggett@u.washington.edu.
© 2004 by The National Academy of Sciences of the USA

PNAS | April 27,2004 | vol. 101 | no.17 | 6433-6438

BIOPHYSICS



The 4 M and 1 M TMAO systems were prepared as described
above resulting in simulation boxes with TMAO mole fractions
of 0.10 and 0.02. The simulation boxes included 2,446 water and
271 TMAO molecules in the 4 M TMAO system and 2,545 water
molecules and 51 TMAO molecules in the 1-M system. The box
volume was adjusted to set the densities for 4 M at 60°C (1.015
g/ml) and 1 M at 25°C (1.0 g/ml) solutions of TMAO (22). The
4-M system was prepared in several steps. First, the water
potential energy was minimized for 1,001 steps, followed by 1,001
steps of MD, and it was then minimized for an additional 1,001
steps. Next, protein and TMAO potential energies were mini-
mized for 1,001 steps, followed by a final 1,001 steps for the
whole system.

Production simulations were then performed for each system.
A nonbonded cutoff of 8 A with smooth, force-shifted truncation
was used (43, 44), and the nonbonded list was updated every 2-5
steps. Periodic boundary conditions and the minimum image
convention were used to reduce edge effects within the micro-
canonical (NVE, i.e., the number of particles, volume, and
energy are constant) ensemble. The simulations were then
performed for 10 ns by using a 2-fs time step. It took up to 400
ps for some of the mixed solvent boxes to equilibrate. Structures
were saved every 0.2 ps for analysis, resulting in 50,000 structures
for each 10-ns simulation.

Results

Protein Properties. General properties of the protein were mon-
itored for each simulation. The Ca RMS deviation (RMSD) for
each simulation containing TMAO was well below the 125°C and
8 M-urea simulations (Fig. 1). In fact, the TMAO trajectories
were most similar to the simulation of CI2 in pure water at 60°C
(Fig. 1). Comparison of the 8 M-urea and 4 M TMAQO/8 M urea
ternary simulations is striking (Fig. 1b). A more detailed view of
the Ca RMSD is shown on a per-residue basis in Fig. 2. In the
8 M-urea denaturation simulations, contributions to the high-Ca
RMSD came from residues throughout the protein, whereas the
N terminus moved away from the B-strands and allowed the
hydrophobic core to become solvated with water in high-
temperature simulations (125°C). The deviations were quite low
throughout the structure in the presence of 4 M TMAO/8 M
urea (Fig. 2f).

The simulation in 1 M TMAO shows a similar pattern of
backbone motion in the active-site loop (residues 34-45) as the
simulation in pure water at 60°C (Fig. 2 a and d). The deviations
were also low in 4 M TMAO except in the active-site loop and
around residues 23-30. The CI2 simulation in 4 M TMAO/8 M
urea displayed low Ca RMSD values compared with all other
simulations (Figs. 1 and 2). Furthermore, the pattern of Ca
deviation for each residue in the ternary simulation was similar
to the pure-water control simulation, in which the N-terminal
and active-site loop residues exhibited the highest values.

There were no significant changes in the secondary-structure
content in the pure water, 1 M TMAO, and 4 M TMAO
simulations at =60°C (Fig. 3). In contrast, the native B-structure
dissolved in the 8 M-urea and high-temperature water simula-
tions, although a dynamic helix was present in both simulations
(Fig. 3). Interestingly, 4 M TMAO mitigated the effects of urea,
and the native helix and B-structure were maintained (Fig. 3).

We also monitored each simulation for tertiary contacts and
solvent-accessible surface area (SASA) to explore how CI2
behaved in various solvent environments. The number of tertiary
contacts in the TMAO and pure-water simulations ranged from
210-250. The number of contacts dropped 30-40% in 8 M urea
and at 125°C in water. The total SASA for CI2 in each solvent
environment is shown in Fig. 1c. In 8 M urea and at 125°C in
water, exposure of nonpolar side chains was the major contri-
bution to the overall increase in surface area. The solvent
exposure of CI2 was similar in the TMAO, pure-water control,
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Fig. 1. Ca RMSD from the crystal structure and the total SASA of CI2 in

various solvent environments. (a and c) CI2 in pure water at 60°C and 125°C,
in8Mureaat60°C,in 1 MTMAO at 25°C,in4 M TMAO at 60°C, and in a ternary
mixture of 8 M urea and 4 M TMAO at 60°C. (b) Simulations at 60°C of 8 M urea
and 4 M TMAO/8 M urea, which are displayed also in a.

and ternary simulations. The fluctuations in total SASA in the
TMAO and control simulations were due to periodic exposure
of nonpolar side chains; no significant changes in main-chain or
polar side-chain exposure were observed.

Solvent Properties and Interactions with CI2. The bulk water—water
H-bond lifetimes increased from 0.8 ps in pure water to 3.0 ps in
1 M TMAO and 3.8 ps in 4 M TMAO. In contrast, the values in
8 M urea were 1.3 ps for water—protein H bonds and 1.01 ps for
water-water H bonds. Urea—protein H-bond lifetimes were 1.0
ps. In the ternary simulation, water—protein H-bonding lifetimes
were 1.8 ps and average bulk-water lifetimes were 5.2 ps.
Interestingly, in the ternary simulation, water-water H-bond
lifetimes in the hydration layer remained constant at 0.41 ps,
whereas the urea—protein H-bonding lifetimes decreased 20%
(from 1.0 to 0.8 ps).

We observed roughly the same number of urea molecules in
the hydration shell [=3.5 A between any protein and solvent
heavy atoms; see Beck et al. (47) for the reasons for using this
distance cutoff] in the ternary simulation (the average was 45

Bennion and Daggett
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Fig. 2. Ca RMSD from the starting structure mapped per residue of CI2 in

various solvent environments.

molecules over the last nanosecond) as in the 8 M-urea simu-
lation (44 ureas) (Table 1). Thus, addition of TMAO did not
stabilize the protein by occluding urea from the surface of the
protein (see Fig. 5). Interestingly, fewer of the urea molecules in
the hydration shell made H bonds with the protein in the
presence of TMAO (36 H bonds on average in 8 M urea and 30
H bonds on average in 8 M urea/4 M TMAO). There were also
fewer TMAO-NO—H-protein H bonds in the ternary simulation
compared with the 4 M-TMAO simulation (9 versus 17, on
average). In contrast to urea, this decrease was a result of having
less TMAO in the hydration shell in the presence of urea (27
TMAO molecules in 4 M TMAO versus 18 TMAO molecules in
the ternary system). Considering the folded protein, where there
is little difference in the SASA between simulations, the average
number of hydration water molecules decreased in the presence

(BB}

\

Crystal Pure Water Pure Water Pure Water
Structure 25°C 60°C 125°C
. 4 - e
1M TMAO 4M TMAO 4M TMAO/ 8M Urea
25°C 60 °C 8M urea 60 °C 60 °C

Fig. 3. The CI2 crystal structure and final 10-ns structures from MD simula-
tions in different solvent environments.

of TMAO, dropping from an average of 159 water molecules in
the pure-water simulation to 110 water molecules in 4 M urea
and 123 water molecules in the ternary solvent.

In previous work, we found that the strength of water—water
H bonds was sensitive to the solvent environment (20, 22). The
average lengths of water—urea, water-water, and water-TMAO
H bonds were 1.90, 1.80, and 1.51, respectively. In these CI2
simulations, we also found that TMAO shifted water—-water
H-bond lengths to shorter distances in 4 M TMAO and in the
ternary simulation compared with the 8 M-urea simulation (Fig.
4). There was an increase in the number of water—urea H bonds
as well as a shift toward shorter, stronger H bonds upon addition
of TMAO (Fig. 4).

TMAO can only be a H-bond acceptor, and specific TMAO
interactions with the positively charged side chains of Lys and
Arg were observed. In 1 M TMAO, Lys residues formed two H
bonds, at most, with TMAOQO, with an average lifetime of ~1 ns.
However, in 4 M TMAO, TMAO formed H bonds with all Lys
residues until each Lys side chain made at least two TMAO H
bonds. For example, Lys-11, Lys-17, and Lys-18 participated in
three TMAO H bonds by 7 ns. Fig. 6a shows several TMAO
molecules close to Lys-11, with three of them involved in very
tight (1.5-1.6 A) H bonds at 10 ns. Arg-43 and Arg-62 each
formed only single H bonds with TMAO. Arg-46 and Arg-48
formed intraprotein H bonds throughout the simulation. No
other polar side chains made significant H bonds with TMAO.
The number of TMAO molecules within the hydration layer was
roughly linear with respect to concentration.

In the ternary simulation, there were an average of 65 H
bonds between urea and TMAO. H bonding between urea and
TMAO consisted of only one urea molecule per TMAO
molecule. However, bifurcated H bonds between a single urea
and TMAQO molecule were observed. Other urea molecules
within a 9-A radius of the TMAO nitrogen atom were sand-

Table 1. Properties of the hydration shell of CI2 with different solvent environments at 60°C

No. of H bonds

No.of No.of No.of
Simulation waters ureas TMAOs Water—protein Urea—protein TMAO-protein
Pure water 159 — — 127 — —
8 M urea 157 44 — 113 36 —
4 M TMAO 110 — 27 103 —_ 17
8 M urea/4 M TMAO 123 45 18 84 30 9

The hydration shell is defined as any solvent molecules with heavy-atom distances =3.5 A from the protein. H
bonds required a donor-acceptor distance of =2.6 A and a H bonding angle within 35° of linearity. All values are

averages over the last 2 ns of the simulation.
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Fig. 4. H-bond length distributions in bulk solvent for water-water and
water-urea H bonds. All data were normalized by the average number of
water molecules over the analysis interval (5,000 snapshots) for nonhydration
water molecules (>3.5 A from the protein).

wiched between water molecules surrounding TMAO methyl
groups (see Fig. 6b).

Discussion

The intriguing discovery of the ability of TMAO to stabilize
proteins and counteract urea-induced denaturation (4-6, 11, 12)
prompted our MD simulations of the system, with the aim of
providing detailed structural information for these water—
cosolvent—protein systems. An additional aim of these simula-
tions was to develop cosolvent models that are robust and display
the correct physical properties, so as to make MD simulations
more realistic. Previous MD simulations of model peptides
(cyclic di-Gly and di-Ala) in solutions of TMAO and urea
showed that TMAO rarely interacted with the peptides, whereas
urea interacted with both of them (20). Also, as a control for the
work presented here, we recently described the unfolding of CI2
in 8 M urea. Urea denatured the protein both by means of direct
attack on the main chain and indirectly by altering water
structure, facilitating the exposure of nonpolar side chains to the
solvent (22). Here, we take this work a step further to investigate
how TMAO affects protein and solvent at the atomic level.
Our results show that CI2 maintained native structure in the
presence of TMAO at room temperature, at 60°C and in 8§ M
urea (Figs. 1-3 and 5). The Ca RMSD values for CI2 in TMAO
were similar to CI2 in pure water (Fig. 1). Deviations in the
backbone occurred mainly in areas that are normally susceptible
to motion, such as the active-site loop and the N terminus (Fig.
2). Other sections of the backbone had higher deviations as a
result of Lys and Arg H bonds with TMAO (Fig. 6a). For
example, the high-Ca RMSDs for residues 23-30 in the 4
M-TMAQO simulation were a result of Lys-24 H bonding with
TMAQO instead of the main-chain carbonyl oxygen of residue 42.
The overall topology and SASA were preserved in the pres-
ence of TMAO, in contrast to high-temperature and urea
simulations (Figs. 1, 3, and 5). Furthermore, native secondary
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Fig. 5.
solvent. (a) TMAO H bonding with Lys-11 at 10 ns in the 4 M TMAO simulation.
(b) Hydration shell of a TMAO molecule in the bulk solvent from the 10-ns
snapshot of the 8 M urea/4 M TMAO simulation.

Stereoviews of solvent structure in the hydration shell and in bulk

structure was preserved, and no nonnative secondary structure
was imposed on the protein by TMAO, although some minor
fluctuations in the active-site loop were observed. As was the
case with the cyclic dipeptides (20), TMAO rarely interacted
with the main-chain atoms of the protein. Studies have shown
that TMAO is somewhat excluded from the surface of the
protein (20, 21, 24, 26). Water-binding sites on the denatured
protein outnumbered those for urea, as determined by H bond-
ing (22) and shown qualitatively in Fig. 5. This finding is in
agreement with recent magnetic-relaxation dispersion experi-
ments addressing solvation of a urea-denatured protein (48).

Experimental work has posited that urea interactions with the
protein surface are not perturbed significantly by the presence of
TMAO (10). There were a comparable number of urea mole-
cules within the hydration shell of CI2 in the ternary and 8
M-urea simulations. This finding is surprising because the SASA
of CI2 is ~50% greater in 8 M urea than in the ternary solution,
but it shows that TMAO does not act by preventing urea—water
interactions. However, TMAO did disrupt urea—protein H
bonds. In our earlier urea-denaturation simulations, water mol-
ecules were the first to solvate the hydrophobic core of CI2. Urea
then followed when the core had opened sufficiently (22). That
is, water was the first denaturant. TMAO appears to prevent this
initial water attack.

Bulk water was affected also by the cosolvents, and the effects
were different for urea and TMAOQO. Simulations of CI2 in 8§ M
urea have shown that many solvent H bonds were lost or
lengthened (22). In contrast, TMAO shortened and strength-
ened water—water H bonds even in the presence of 8 M urea (Fig.
4). These high concentrations of cosolvent also affected the
dynamics of water in the simulations. The presence of 8 M urea
reduced the water self-diffusion coefficient by 50% (22). Water
diffusion in solutions of TMAO was also reduced, but, at present,
no experimental data exist for comparison.

Direct interactions between TMAO and urea in the ternary
simulations were characterized by single urea-TMAO H bonds.
Generally, urea was observed to be sandwiched between water
molecules that formed the hydration layer of the TMAO methyl
groups (Fig. 6b). TMAO dominated the structure and dynamics
of the ternary simulations by increasing the number of tight
water-water H bonds in the bulk solvent when compared with

Bennion and Daggett
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simulations of 8 M urea (Fig. 4). Moreover, water—urea H bonds
increased and were shorter in the presence of TMAO (Fig. 4).
Specific interactions of TMAO with Lys and Arg side chains also
aided in ordering of the hydration layer, thereby discouraging
water—protein and urea—protein interactions further. Thus,
TMAO-induced ordering of both the hydration layer and bulk
solvent contributed to stabilization of the protein.

Conclusions

We present results from the first set of MD simulations to
explore the ability of TMAO to counteract the effects of urea on
the structure and dynamics of protein and solvent: that is, how
a chemical chaperone prevents protein unfolding. We found that
the native state of CI2 was maintained in the presence of a 2:1
urea/TMAO molar ratio, compared with simulations of CI2 in
8 M urea in which the protein unfolded. There were a compa-
rable number of urea molecules in the hydration shell in the
ternary and 8 M-urea simulations, and the relative water content
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