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Structure and effect of sarcosine on water and urea by using molecular dynamics
simulations: Implications in protein stabilization
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► MD simulations of sarcosine have been
performed in water and in water+urea
system.

► RDFs and SDFs were examined along
with hydrogen bond dynamics.

► Results support indirect mechanism
of protein stabilization.

► Sarcosine counteracts urea by increasing
its solvation.
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Sarcosine is one of the most important protecting osmolytes which is also known to counteract the denaturing
effect of urea. We used molecular dynamics simulation methods to investigate the mechanism of protein stabili-
zation and counteraction of urea by sarcosine. We found that sarcosine enhanced the tetrahedral structure of
water and strengthened its hydrogen bonding network. We also found that sarcosine did not form clusters unlike
glycine. Our results show strong interaction between sarcosine and urea molecules. Addition of sarcosine
enhanced the urea–water structure and urea–water lifetime indicated an increase in the solvation of
urea. These findings suggest that sarcosine indirectly stabilizes protein by enhancingwater–water structure
thus decreasing the hydrophobic effect and counteracts the effect of urea by increasing the solvation of urea
and directly interacting with it leaving urea less available to interact with protein.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Osmolytes are naturally occurring organic molecules which are
known to affect the conformational stability of proteins. Depending
rights reserved.
on their effect on protein stability, osmolytes are categorized in
two types: protective or stabilizing osmolytes and destabilizing or
denaturing osmolytes [1,2]. Methylamines, amino acids, and polyols
belong to stabilizing, whereas urea is in the destabilizing category of
naturally occurring osmolytes [3–5]. Osmolytes such as trimethylamide-
N-oxide (TMAO), sarcosine (N-methylglycine), glycine betaine, and
glycerophosphocholine are known to, despite stabilizing proteins,
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counteract the denaturing effect of urea which has been of long re-
search interest, still much of underlying mechanism remains un-
known [3,4,6–13].

Sarcosine is one of the most important protective osmolyte which is
known to stabilize proteins as well as counteract the denaturing effect
of urea. It is also used in the treatment of Schizophrenia [14] and has
recently been shown to act as bio-marker during prostate cancer pro-
gression [15]. Although there have been many studies on its affect on
the protein stability and on counteraction of denaturing effect of urea
[3,4,7,10,12,16,17], the mechanism bywhich sarcosine stabilizes proteins
and counteracts the denaturation of proteins caused by urea is missing.

Holthauzen and Bolen [10] observed that sarcosine and urea act
independently on protein as there is no competition between them at
the protein surface. A slight synergy was found between sarcosine and
urea by using phase diagram method [18] which is also consistent
with results by Venkatesu and Lee [8]. They found that, for example,
the presence of 1 M sarcosine increased the transition temperature,
(Tm), by 4 °C of α-chymotrypsin and the presence of 1 M urea de-
creased the Tm by 6 °C. However, when protein was taken in 1 M
sarcosine+1 M urea, there was an overall increase of 3 °C in the Tm of
the same protein [8]. That means sarcosine acts as stronger osmolyte
and urea becomes weaker denaturant which is an indicative of synergy.
For TMAO–urea mixtures, a similar situation was found where synergy
between TMAO and urea was due to strong hydrogen bonding at
TMAO–oxygen, and solvation of TMAO in aqueous urea [19,20]. In aque-
ous TMAO solution, TMAO interacted with peptide groups by making
hydrogen bonds to its hydrated waters, however, in aqueous TMAO–
urea solutions, TMAO has an option of interacting with peptide groups
through intercalated urea. Therefore, the spacing between TMAO and
peptide groups was increased due to the presence of urea or in other
words TMAO is more excluded from the protein surface, hence making
TMAO a more potent stabilizer [20]. Our results on the methylamine
sarcosine are fully consistent with the methylamine TMAO.

This study is an attempt to understand the structure of aqueous
sarcosine and its effect on structure and hydrogen bonding network
of water which has serious implications on stabilization of proteins
[21,22]. We have also studied sarcosine–urea interactions to explore
its counteracting mechanism of denaturing effect of urea on proteins.

2. Computational methods

Molecular dynamics simulations were performed for aqueous
sarcosine and aqueous sarcosine+urea systems (Table 1). The simu-
lations were carried out using isothermal–isobaric (NPT) ensemble at
T=298.15K and P=1bar. GROMACS 3.3.1 molecular dynamics simu-
lation package [23,24] was used for all the systems. Periodic boundary
conditions and minimum image conventions were applied in all dimen-
sions. The equations of motion were integrated with leap-frog algorithm
Table 1
Overview of the system simulated. S, U andW represent sarcosine, urea and water respec-
tively. NS, NU, and NW represent number of sarcosine, urea, and water molecules present in
the system respectively.MS is themolarity of sarcosine andMU is themolarity of urea. V and
d represent volume and density of the system.

System NS NU NW V(nm3) d(gcm−3) MS(M) MU(M)

W 0 0 1400 41.92 0.999 0.00 0.00
1S 30 0 1370 44.22 1.027 1.13 0.00
2S 60 0 1340 46.59 1.051 2.14 0.00
3S 90 0 1310 48.98 1.072 3.05 0.00
4S 120 0 1280 51.42 1.090 3.88 0.00
5S 150 0 1250 53.86 1.106 4.62 0.00
6S 180 0 1220 56.33 1.121 5.30 0.00
U 0 280 1120 53.17 1.155 0.00 8.74
U1S 40 290 1070 56.12 1.179 1.18 8.58
U2S 80 300 1020 60.34 1.198 2.20 8.26
U3S 120 310 970 64.00 1.214 3.11 8.04
U4S 160 320 920 67.67 1.228 3.93 7.85
at a time step of 1fs. The coordinates were saved at every 100fs in the
production simulations. Berendsen et al.'s coupling algorithm [25] was
employed tomaintain constant temperature and pressurewith time con-
stant of 0.2ps and pressure relaxation time of 2ps. Initial configurations
for all the simulations were generated using PACKMOL [26]. Steepest de-
scent energy minimization was performed until the maximum force was
smaller than 50kJmol−1nm−1 followed by 7ns of production runwhere
the last 5ns of the production runwas used for further analysis. Equilibra-
tion of the simulationswas checked bymonitoring potential energy, den-
sity and radial distribution functions (RDFs). We found that the densities
of sarcosine solutionswere in excellent agreementwith the experimental
values with maximum error of 0.6% [27]. In all the simulations OPLS
all-atom force field [28] was used for sarcosine and urea. Water was de-
scribed by the extended simple point charge (SPC/E) model [29]. Geom-
etry of sarcosine (Fig. 1) was optimized by using HF/6-31G⁎ approach
included in Gaussian 03 software [30]. ESP method [31] was used to de-
rive the partial charges in sarcosine. Thismethodwas used as it best pro-
duced charges for OPLS force field. We used R.E.D. Server [32] to do ESP
calculations. In Table S1, the Cartesian coordinates and the partial
charges of sarcosine atoms are reported.

The Lennard–Jones (LJ) potential was used to calculate intermolecular
interaction energy between pairs of neighboring atoms with cut-off
distance of 1.2nm and short-range columbic interactions were estimated
by using point charge columbic interactionswith cut-off distance same as
LJ potential. The Particle-Mesh Ewald (PMF) electrostatics [33] was used
to calculate the long range interactions. Long range dispersion correction
was applied for both energy and pressure. LINCS [34] algorithm was
applied to constrain all bonds.
3. Results and Discussion

3.1. Effect of sarcosine on water structure and in its hydrogen bonding
dynamics

We investigated the radial distribution function (RDF) between
water oxygens to see the influence of sarcosine on water structure.
The RDFs between water oxygen in pure water (system W) and in the
presence of sarcosine (system 3S and 6S) are given in Fig. 2. We note
that addition of sarcosine did not disrupt the tetrahedral structure of
water but enhanced the first peak of water oxygen–water oxygen
(OW–OW) RDF. To get further insights, we also investigated spatial
distribution functions (SDFs) [35,36] of oxygen water with respect to
water, displayed as isosurfaces in Fig. 3a–c, including 12% of all the mol-
ecules within 1 nm of distance. We observed an increase in the spatial
density of water oxygen upon addition of sarcosine indicating the higher
population of tetrahedrally oriented waters and strengthening of
Fig. 1. Structure and labeling scheme of sarcosine.
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Fig. 4. Hydrogen bond (a) angle and (b) distance distribution between water molecules.
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hydrogen bonding network of water. This prompted us to investigate
the hydrogen bonding properties of water in different solutions.

A cut-off radius of 0.35nmbetween donor and acceptor, and donor–
hydrogen–acceptor angle of 35° were taken to define hydrogen bonds.
Inspection of donor–hydrogen–acceptor angle and distance distribution
between hydrogen bonded water molecules (Fig. 4) reveal that proba-
bility distribution increases significantly at the peaks (0.274nm for
hydrogen bond length and 8.9° for angle distribution), and we observe
that hydrogen bond angles as well as hydrogen bond distances move to
the shorter angles and distances respectively upon the addition of
sarcosine, therefore, increasing the ratio of strong hydrogen bonds be-
tween water molecules.

3.2. Sarcosine–water interactions

Relevant sarcosine–water RDFs are plotted in Fig. 5a–b. We notice
significant increase in the first peak of sarcosine oxygen – water oxygen
Fig. 3. Spatial distribution functions of water oxygen with respect to (a), (b) and (c) wate
presence of sarcosine (system 6S, red) and, (c) is combined (a) and (b) plots. Plot (d) in
U4S, red) and, (f) is combined (d) and (e) plots.
(OS–OW) RDF upon addition of sarcosine indicating strengthening of
the sarcosine–water structure which can be attributed to increase in the
hydrogen bonding between sarcosine andwater, which is clear in hydro-
gen bond angle and distance distribution (Fig. 5c–d) where hydrogen
bond angle and distancemoves to shorter angle and distance respective-
ly. In case of sarcosine nitrogen–water oxygen (NS–OW) RDF, second
peak is more pronounced than the first peak. Addition of sarcosine has
a negligible effect on the first peak of NS–OW RDF indicating that addi-
tion of sarcosine has very little effect on hydrogen bonding between
r and (d), (e) and (f) urea. Plot (a) is in pure water (system W, blue), similarly (b) in
aqueous urea (system U, blue), (e) in presence of aqueous urea+sarcosine (system

image of Fig.�2
image of Fig.�4
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Fig. 5. (a) and (b) Sarcosine–water radial distribution functions and hydrogen bond (c) angle and (d) distance distribution between sarcosine and water. OS and NS are the oxygen
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sarcosine nitrogen and water, but the second peak is enhanced which is
likely due to increase in van der Waals interaction between methyl
group of sarcosine and water. Therefore, it can be concluded that
sarcosine interacts with water by forming hydrogen bonding between
oxygen and nitrogen of sarcosine with water where the hydrogen
bond between sarcosine oxygen and water is more pronounced than
sarcosine nitrogen and water. Sarcosine also interacts with water by
van der Waals interactions.

3.3. Structure of sarcosine

The NH2+ and COO− groups of sarcosine can interact with each
other through hydrogen bonding, therefore, the relevant RDF between
sarcosine nitrogen and sarcosine oxygen (NS–OS) is shown in Fig. 6.
The first peak of NS–OS RDF is highly populated than second and third
peak indicating sarcosine mostly interact with itself largely by hydrogen
bonding. Addition of sarcosine causes a slight decrease in the first peak
of NS–OS RDF which is likely due to higher probability of repulsions
between COO− and between NH2+ groups than attractions between
COO− and NH2+ groups (probability of repulsions is 56% and of
attractions is 44%). Sarcosine rather interacts with water and urea
(see sarcosine–water and sarcosine–urea RDFs).

Does sarcosine form clusters? Glycine is known to form clusters or
aggregates [37,38]. On the other hand, glycine betaine does not form
clusters [39]. The structure of sarcosine is analogous to glycine and
glycine betaine prompted us to investigatewhether sarcosine form clus-
ters as cluster formation can have major consequences in protein stabi-
lization [39,40].

To investigate the cluster formation, we calculated the number of
water molecules in the first hydration shell (taken as 0.35nm) of the
sarcosine molecule. Average number of water molecules per sarcosine
versus sarcosine concentration is shown in Fig. 7. As sarcosine concen-
tration increases, the number of water molecules decreases uniformly.
This uniform decrease is more likely due to random contacts between
sarcosinemolecules andmutual sharing of hydration shell of individual
sarcosine molecules than forming clusters which will become clear
below.

To further investigate whether sarcosine forms clusters, we adopted
the method used by earlier workers [41–43]. According to this method,
the local environment around amolecule can be decided as low, average
or high density regions as follows:

low if nbn0−σ

average if n0−σ≤n≤n0 þ σ

high if n≥n0 þ σ
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where n0 is the average number of solute within a sphere of radius r. n0
was calculated as 4/3πr3ρ, where ρ is the bulk number density of solute.
n is the number of solute molecules present in the sphere of radius of r
around a test solute molecule and σ is the fluctuation which is taken
10% of the n0 to relax the criteria. The value of r is taken 0.6nm as, at
this value, sarcosine–sarcosine RDF almost becomes 1.

In Table S2, the values of n, n0, and their difference along with σ
are given for all the systems. Here we notice that the value of n−n0
is less or almost equal to σ which is, according to above criteria, has an
average density or no formation of sarcosine clusters. And, also increase
in the concentration of sarcosine or addition of urea has a negligible
effect on local density of sarcosine.

3.4. Effect of sarcosine on urea–urea and urea–water interactions

To see the effect of sarcosine on urea–urea interactions, relevant urea–
urea RDFs are calculated. The RDFs for system U and for system U4S are
shown in Fig. 8a–c. The RDFs of aqueous urea are in accordance with pre-
vious studies [44,45]. Two peaks of urea oxygen–urea oxygen (OU–OU),
urea oxygen–urea nitrogen (OU–NU) and three peaks of urea nitrogen–
urea nitrogen (NU–NU) RDFs show the association of urea molecule in
the form of dimer and trimer [45]. Although addition of sarcosine into
urea solution depletes the urea–urea structure, sarcosine does not cause
any abrupt change in association properties of urea and it has negligible
effect on hydrogen bonding between urea molecules (Fig. 8a). Urea–
water RDFs are shown in Fig. 9 for system U and U4S. RDFs for aqueous
urea (system U) are similar to previous studies [44,45]. Urea–water
RDFs increase significantly upon addition of sarcosine. Sarcosine has
major effect on first peak of urea nitrogen–water oxygen (NU–OW) RDF
indicating enhancement in hydrogen bonding between urea nitrogen
and water, therefore, increasing the solvation of urea i.e. urea will be
less available to interactwithprotein consequently increasing the stability
of protein. To see spatial distribution of water around urea molecules, we
investigated water oxygen SDF around the center of the mass of urea as
displayed in Fig. 3d–f including 38% of all the molecules within 1 nm of
distance. We see an increase in the water density around the oxygen
and nearby hydrogen atoms of urea molecule and decrease in around
other two hydrogen atoms of urea (see Fig. 3d–f). This decrease might
be due to hydrogen bonding interactions between sarcosine oxygen and
urea hydrogen atoms.

3.5. Sarcosine–urea interactions

RDFs of sarcosine nitrogen–urea oxygen (NS–OU) and sarcosine
oxygen–urea nitrogen (OS–NU) (Fig. 10) indicate that sarcosine
interacts with urea mostly through hydrogen bonding. Increase in
concentration of sarcosine has negligible effect on sarcosine–urea struc-
turewith slight increase and decrease in thefirst peak of RDFs of NS–OU
and OS–NU respectively which corresponds to hydrogen bonding.

3.6. Hydrogen bond lifetime

We calculated interrupted hydrogen bond lifetime [46,47] to check
the stability of hydrogenbonds in sarcosine solutions. To calculate the life-
time, we used the theory of Luzar and Chandler [46] which uses autocor-
relation function of hydrogen bonds to analyze the lifetime. Lifetime for
pure water in our simulation was found to be 1.56ps which was higher
than the literature value of 1.20±0.08ps [48]. This difference can be
due to the difference inwater-model used and hydrogen bonding criteria
although the overall effect should not change while comparing with
sarcosine (or sarcosine and urea) solutions. The interrupted hydrogen
bond lifetimes for all the systems simulated are given in Table 2. Addition
of sarcosine increased the water–water and water–sarcosine lifetime sig-
nificantly. We notice that water–sarcosine hydrogen bond is longer lived
than water–water hydrogen bond. On the other hand, addition of 8.74M
urea (systemU) increases lifetime only slightly (8%) andwater–urea life-
timewas≈60% less thanwater–water lifetime hence urea has negligible
effect on hydrogen bond properties of water which is in accordance with
literature [6,45,36]. Urea–water hydrogen bond lifetime increases upon
addition of sarcosine which again shows the increase in solvation of urea.
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Table 2
Lifetime (in ps) of hydrogen bonds formed between different molecules. WW, WS and
WU represent water–water, water–sarcosine, and water–urea systems.

Sys. WW WS Sys. WW WS WU

W 1.56
1S 1.70 2.04 U 1.69 0.60
2S 1.92 2.33 U1S 1.99 2.78 0.72
3S 2.23 2.63 U2S 2.39 3.35 0.93
4S 2.61 3.05 U3S 3.04 4.19 1.18
5S 3.13 3.65 U4S 3.99 5.70 1.63
6S 3.81 4.45
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3.7. Diffusion coefficients

Translational self-diffusion coefficients for pure water, sarcosine and
urea were calculated by using famous Einstein relation [49]. The values
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Fig. 10. Sarcosine–urea radial distribution functions. Atomic notations are the same as
in Figs. 5 and 8.
of diffusion coefficients for some systems are given in Table 3. Diffusion
coefficients of pure water (W) and urea (U) are in excellent agreement
with literature value [50,51]. The decrease in the diffusion coefficient
of water, sarcosine and urea was found as anticipated after the addition
of urea or sarcosine. The decrease in diffusion coefficient ofwater caused
by sarcosine is relatively higher than urea. Diffusion coefficient of urea
changes significantly upon addition of sarcosinewhich is likely to reflect
strong interaction between urea and sarcosine.
4. Summary and conclusions

In this study,we investigate structure and effect of sarcosine onwater
and urea by taking into account hydrogen bonding, distribution func-
tions and diffusion coefficients to have deeper understanding of protein
stabilization and counteraction of denaturing effect of urea by sarcosine.
The increase in the first peak of water oxygen–water oxygen RDF in the
presence of sarcosine indicated the strengthening of tetrahedral struc-
ture as well as hydrogen bonding network of water which becomes
clear from shortening of hydrogen bond angle and distance and increase
in the lifetime of water molecules. Strong first peak of sarcosine oxygen–
water oxygen RDF indicates strong interaction of between sarcosine and
water through hydrogen bonding. Hydrogen bond lifetime between
sarcosine and water is stronger than water–water and urea–water indi-
cating more involvement of water with sarcosine, in other words, there
will be less availability of water to solvate protein backbone, therefore,
increasing the protein stability.

Although addition of sarcosine causes decrease in urea structure,
sarcosine has a negligible effect on urea–urea hydrogen bonding and
it significantly increases the first peak of urea nitrogen–water oxygen
RDF showing strong interaction of urea with water through hydrogen
bonding. Strong first peak of sarcosine–urea RDFs indicates strong inter-
action between sarcosine and ureawhich is supported by a significant de-
crease in the diffusion coefficient of urea upon the addition of sarcosine.
We can, therefore, conclude that sarcosine mostly counteracts the dena-
turing effect of urea by increasing the solvation of urea and by directly
interacting with it leaving urea less available to interact with proteins,
in other words, helping proteins to maintain their stability.
Table 3
Self-diffusion coefficientsa (in cm2s−1) of water (DW), sarcosine (DS) and urea (DU) for
some systems.

System DW×10−5 DS×10−5 DU×10−5

W 2.62
1S 2.00 0.65
4S 1.03 0.26
6S 0.58 0.17
U 1.73 0.94
U1S 1.30 0.35 0.56
U3S 0.63 0.14 0.25
U4S 0.40 0.11 0.14

a Maximum error in calculating diffusion coefficients is 4%.
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