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ABSTRACT: To improve our understanding of the effects of small solutes on protein stability, we conducted
atomistic simulations to quantitatively characterize the interactions between two broadly used small solutes,
urea and glycine betaine (GB), and a triglycine peptide, which is a good model for a protein backbone.
Multiple solute concentrations were analyzed, and each solute-peptide-water ternary system was studied
with ∼200-300 ns of molecular dynamics simulations with the CHARMM force field. The comparison
between calculated preferential interaction coefficients (Γ23) and experimentally measured values suggests
that semiquantitative agreement with experiments can be obtained if care is exercised to balance interactions
among the solute, protein, andwater. On the other hand, qualitatively incorrect (i.e., wrong sign in Γ23) results
can be obtained if a solute model is constructed by directly taking parameters for chemically similar groups
from an existing force field. Such sensitivity suggests that small solute thermodynamic data can be valuable in
the development of accurate force field models of biomolecules. Further decomposition of Γ23 into group
contributions leads to additional insights regarding the effects of small solutes on protein stability. For
example, use of the CHARMM force field predicts that urea preferentially interacts with not only amide
groups in the peptide backbone but also aliphatic groups, suggesting a role for these interactions in urea-
induced protein denaturation; quantitatively, however, it is likely that the CHARMM force field over-
estimates the interaction between urea and aliphatic groups. The results with GB support a simple
thermodynamic model that assumes additivity of preferential interaction between GB and various bio-
molecular surfaces.

Biomolecules exist in a heterogeneous cellular environment,
and it is well-known that small solutes can play important roles in
regulating the stability, structure, and therefore function of
biomolecules (1-3). In the context of protein stability, small
solutes can be classified as denaturants or protectants according
to their effect of destabilizing or stabilizing, respectively, the
native state of proteins (3, 4).Urea and guanidinium are twowell-
known protein denaturants (5, 6) and widely used in protein
denaturation experiments in vitro; glycine betaine, which is rich
in mammalian kidney and some vascular plants (7-9), and
trimethylamine N-oxide (TMAO), which is accumulated in
cartilaginous fish and the coelacanth (9-11), act as protein
protectants. Although much is known about the interaction
between small solutes and biomolecules (2, 12), the precise
denaturing-protecting mechanisms of these small solutes at
the molecular level remain controversial. For example, multiple
proposals have been put forward regarding how urea denatures
proteins, and they range frommodifying water structure (13-16)
to exhibiting strong interactions with protein backbone through
either polar (17-19) or dispersive forces (17, 20-22).

One important avenue for probing the mechanism of
small solute effects is to conduct systematic thermodynamic

analysis. A key quantity in this context is the “m value”, defined
as (2)

m value ¼ DΔGo
obs

Dm3
ð1Þ

in which ΔGobs
o is the standard free energy change for the

unfolding process and m3 is the solute concentration on the
molar scale; throughout the paper, we use the following conven-
tions to label the components in a ternary system: component 1 is
water, component 2 is the protein, and component 3 is the small
solute. The m value is closely related to the difference in
interactions between the solute and the unfolded and native
states. For example, if the solute interacts more strongly with the
unfolded state than with the native state, increasing the solute
concentration will shift the equilibrium toward the unfolded
state, leading to protein denaturation.

The m value (eq 1) is equal to Δμ23, the change in μ23 for the
unfolding process, where

μ23 ¼ Dμ2
Dm3

jm2,T,P ð2Þ

is the derivative of the chemical potential of component 2, μ2,
with respect to m3, at a constant protein concentration on the
molar scale (m2), constant temperature, and constant pressure.
μ23 refers to the change in the protein’s chemical potential in
response to the change in the solute concentration; i.e., it
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quantifies the stabilizing or destabilizing effect of the solute on a
specific (native or unfolded) state of the protein.

Another thermodynamic quantity closely related to μ23 is the
preferential interaction coefficient (2),Γ23, between the solute and
the protein:

Γ23 ¼ -
μ23
μ33

ð3Þ

in which μ33 is the counterpart of μ23 in the solute-water binary
system. The physical meaning of Γ23 can be understood on the
basis of the two-domain model (23, 24) (see ref 25 and references
cited therein for discussions of Γ23 in different ensembles).
Because of the presence of the protein (component 2), the
distributions of water (component 1) and solute (component 3)
in local domain II (close to the protein) are different from those in
bulk domain I (far from the protein). Γ23 can be cast in the
following form (23):

Γ23 ¼ nII3 -nII1
nI3
nI1

� �
ð4Þ

which clearly characterizes the extent of accumulation or exclu-
sion of the solute from the protein surface relative to the bulk. In
eq 4, the brackets indicate ensemble average; n3

II and n1
II are the

numbers of solute and water molecules, respectively, in local
domain II, while n3

I and n1
I are the corresponding values in bulk

domain I. Γ23 is positive when the solute accumulates around the
protein relative to the bulk and negative when the solute is
excluded from the protein. Therefore, depending on the degree of
preferential association with the native versus unfolded states, a
solute may stabilize or destabilize the native state of a protein. By
systematically probing how Γ23 or μ23 depends on the types
(e.g., polar, nonpolar, or anionic) of protein surfaces, rather
quantitative relations can be established regarding the effect of
small solutes on the stability of proteins (25-27).

In principle, atomistic simulations are ideally suited for in-
depth analysis of small solute effects, and a significant number of
simulation studies have indeed been conducted over the years
(16, 28-31). In practice, however, the reliability of atomistic
simulations using existing force fields is not straightforward to
evaluate considering the relatively subtle nature of solute effects.
Therefore, it is important to explicitly benchmark atomistic
simulations using accurate experimental data for model systems.
For urea, for example, careful studies have been conducted by
Smith and co-workers (30), who have shown that popular force
fields (e.g., OPLS) give qualitatively correct but quantitatively
inaccurate Kirkwood-Buff integrals (31, 32), which are closely
related to Γ23. Using the Kirkwood-Buff integrals as a guide,
Smith and co-workers have developed atomic force fields for a
few small molecules (33-37) such as urea (33) and a peptide
backbone analogue (N-methyl acetamide) (37); these parameters
have been able to be transferred to protein-urea-water ternary
systems.

In this work, we conduct a simulation study on the preferential
interactions of urea and glycine betaine (GB)1 with a triglycine
(TGLY) peptide, which is a good model for a protein backbone.
There are several motivations for this study. First, Record
et al. (25, 27) have recently conducted highly accurate measure-
ments of μ23 and Γ23 between urea or GB and small peptides

(e.g., diglycine and triglycine) using vapor-pressure osmometry
techniques; these data have provided an unprecedented oppor-
tunity to test current force fields regarding intermolecular inter-
actions. Second, although urea-protein interactions have been
extensively studied using molecular simulations, no thorough
simulation studies have been conducted so far forGB.Finally, we
note that the small solute thermodynamic data directly reflect the
interaction between functional groups in proteins relative to their
interactions with solvent, the underlying driving force behind the
assembly of amino acids in proteins. The molecular (as opposed
to atomic) nature of these datamakes themparticularly suited for
guiding the development of a proteinmodel at the coarse-grained
level, which is an active area of research. Therefore, another goal
of this study is to explore the degree to which the computed Γ23

value and its approximate group decomposition are sensitive to
parameters in the force field, which will determine the feasibility
of using Γ23 for coarse-grained model development.

The computational details are summarized in Computational
Methods; the results are presented and discussed in Results and
Discussion. Finally, we draw a few conclusions.

COMPUTATIONAL METHODS

The basic computationalmethods are similar to those reported
in the literature (29). We pay particular attention to the amount
of sampling for properly converging calculated Γ23 values.More-
over, we find that although using CHARMM27 parameters (38)
for urea leads to the correct sign in Γ23 and the dependence of Γ23

on urea concentration, the computed value for GB around
TGLY has the wrong sign if GB is described by simply taking
force field parameters fromCHARMM27 for functional groups.
A simple procedure is adopted to adjust the force field para-
meters, which we also briefly describe.
Molecular Dynamics (MD) Simulations. As summarized

in Table 1, multiple solute concentrations have been studied for
each small solute to achieve better comparisonswith experiments.
For the urea-TGLY interactions, three urea concentrations are
studied: 1.21, 2.26, and 3.61M. For theGB-TGLY interactions,
two GB concentrations are studied: 1.35 and 2.04 M. To
minimize the size of the simulation system, only one copy of
TGLY is included with the proper number of urea or GB and
water molecules. The initial structure of TGLY is constructed as
the ideal geometry in the CHARMM27 force field (38) using the
IC BUILD module in CHARMM (39). The peptide is first
solvated with a pre-equilibrated rhombic dodecahedron
(RHDO) solvent box with a box length of ∼35 Å. The proper
number of solutes (urea or GB) are then randomly inserted into

Table 1: Simulation Details of TGLY-Urea-Water and TGLY-
GB-Water Systemsa

solute concn (m) n3 n1

simulation

schemeb
box

lengthc (Å)

urea 1.21 23 1052 100 � 3 ns 36.0

urea 2.26 39 957 133 � 2 ns 35.4

urea 3.61 56 862 160 � 2 ns 34.8

GB 1.35 23 943 100 � 3 ns 35.4

GB 2.04 32 873 100 � 3 ns 35.4

aThroughout the paper, component 1 is water, component 2 is protein or
peptide, and component 3 is the small solute. bGiven in the format of
number of independent trajectories (e.g., 100) � the length of each
trajectory (e.g., 3 ns). cAverage box length with the rhombic dodecahedron
periodic boundary condition.

1Abbreviations: GB, glycine betaine; TGLY, triglycine; COM, center
of mass; vdW, van der Waals; ASA, accessible surface area.
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the simulation box according to the solute concentration; water
molecules that overlap with the solutes are removed. For
representative snapshots, see Figure 1.

TGLY and urea are described using the CHARMM27 force
field (38), and the modified TIP3P model (40) is adopted for
water molecules. There are no existing parameters for GB in the
CHARMM27 force field; thus, a simple procedure is used to
develop a model (see Force Field Parameters for GB). A switch-
ing scheme (41) for interatomic distances between 10 and 12 Å is
used for van der Waals interactions. For electrostatic interac-
tions, the particle mesh Ewald scheme (PME) (42) is used. All
simulations were conducted under the NPT ensemble: tempera-
ture controlled using theNose-Hoover algorithm (43, 44), with a
mass of 250 kcal mol-1 ps2 for the thermostat and a reference
temperature of 300 K; pressure controlled with the Andersen
algorithm (45, 46), using a mass of 500 amu for the pressure
piston, a reference pressure of 1 atm, a Langevin piston collision
frequency of 10 ps-1, and a Langevin piston bath temperature
of 300 K.

To ensure convergence in the calculated Γ23 values, for each
ternary system, ∼100 independent trajectories of 2-3 ns long
were carried out. These independent trajectories start with the
same equilibrated structure (∼5 ns) but with different initial
velocities at 300 K. Test calculations have shown that this is an
effective scheme (in part because of the highly parallel nature) for
converging Γ23. Throughout the simulations, the SHAKE algo-
rithm (47) is used to allow an integration time step of 2 fs. All
simulations were conducted using CHARMM (39).

To supplement the TGLY-urea-water simulations and im-
prove our understanding of the preferential interaction between
urea and aliphatic (-CH2-) groups, a set of propane-urea-water
simulations were also performed at 2.26 m urea. Specifically, 40
independent trajectories with a duration of 2 ns long were
conducted following the same MD simulation protocol used
for the TGLY-urea-water systems; the propane is described
with the standard CHARMM27 (38) force field.
Calculations of Solute-Water Radial Distribution

Function g(r) with Respect to the Peptide Surface. To

characterize the distributions of small solutes and water around
the peptide, the solute-water radial distribution functions, g(r),
relative to the peptide surface are calculated. g(r) values are
computed numerically in a manner similar to that of our recent
studies of ion distributions around proteins (48, 49). The shortest
distances r between the center of mass (COM) of each solute or
water molecule and the van der Waals (vdW) surface of the
peptide are collected from MD trajectories and binned to
generate δN(r) for each bin (r, dr). The volume factor [δV(r)]
corresponding to the bin (r, dr) is estimated using the volume
function in CHARMM (COOR VOLU) with all peptide atoms
having a radius of rvdW þ r ( dr/2, and δV(r) is calculated as
δV(r) = V(rvdWþ rþ dr/2) - V(rvdW þ r- dr/2), where rvdW is
the vdW radius of each atom. Bin size dr is set to 0.1 Å for all g(r)
calculations. The solute-water-peptide surface radial distribu-
tion function g(r) is then calculated as

gðrÞ ¼ 1

Fbulk

δNðrÞ
δVðrÞ

1

Nframe
ð5Þ

where Nframe is the number of simulation snapshots used for
calculations and Fbulk is the bulk number density of solute or
water and is estimated by dividing the number of solute or water
molecules by the average volume of the simulation box through-
out all MD trajectories.
Calculations of Γ23. Γ23 for each ternary system is calculated

on the basis of a two-domain model (23, 24) according to eq 4.

MD simulations generate an ensemble of snapshots, and for each

snapshot, the number of solute or water molecules in the local

and bulk domains is counted on the basis of the shortest distance

(r) from the COM of each solutewater molecule to the peptide

vdW surface; i.e., r is the same as that in the calculations of g(r).

To define the local and bulk domains, a boundary r* has to be

specified, which is determined on the basis of radial distribution

functions g(r). As shown in Figures 2 and 5, both solute and

water reach their bulk concentrations at ∼7-8 Å; thus, an r* of

8 Å is chosen as the boundary radius.Note that the calculated Γ23

is not sensitive to the precise value of r*; this relative insensitivity

FIGURE 1: Snapshots fromMD trajectories for (a) the TGLY-urea-water system at 2.26m urea and (b) the TGLY-GB-water system at 1.35
mGB.TGLYandwatermolecules are shown in vanderWaals formand line schemes, respectively.Urea andGBmolecules are shown in theCPK
scheme. Figures were created using VMD (60).



Article Biochemistry, Vol. 49, No. 9, 2010 1957

of the computed Γ23 to the precise value of r* (as far as it is larger
than ∼4 Å) was also found in a recent computational study by
Trout and co-workers (50).
Force Field Parameters for GB. Because there are no

existing parameters for GB in the CHARMM27 force field (38),
we started building a model for GB by selecting parameters for
similar chemical groups. Specifically, the headgroup of the lipid
molecule POPC (palmitoyloleoylphosphatidylcholine) is used to
describe the -N(Me)3 group, and the CTER patch is used to
model the carboxylate group. This simple scheme is adopted with
an attempt to maximize the compatibility between the GBmodel
and other components (TGLY and water) in the system. Test
calculations indicate, however, that this “raw” model leads to
qualitatively incorrect Γ23 values. At the GB concentration of
1.35 M, for example, the calculated value is 0.40, which differs in
sign from the experimental value of -0.16 (27); i.e., this simple
model leads to GB accumulation near TGLY rather than
exclusion as quantified by the experimental data.

As a simple way to improve the model (to maintain the
compatibility with the CHARMM force field in general), the
partial charges on GB are scaled down by a uniform factor to
achieve a proper balance of interactions among GB, TGLY, and
water. As shown in the Supporting Information, we consider six
gas phasemolecular complexes formed byGB, TGLY, andwater
in different relative orientations. The internal geometry of the
monomers is held fixed to that optimized at the HF/6-31G(d)
level (51) in the gas phase using Gaussian03 (52); this particular
level of theory is chosen because it is consistent with the
parametrization procedure of the CHARMM27 force field.With
the relative orientation also held fixed, the distance between
monomers in each complex is then varied to determine the
optimal separation at the HF/6-31G(d) level in the gas phase.
The interaction energy between themonomers in each complex at
the optimal separation is then multiplied by a factor of 1.16 to
account for the lack of electronic polarization in the
CHARMM27 force field; interaction energies for the six
molecular complexes are used to determine a single scaling factor

for the raw GB partial charges. As shown in the Supporting
Information, the scaled partial charges for functional
groups are in fact rather close to the natural bonding orbital
charges in GB.

RESULTS AND DISCUSSION

In the following, we first present results for urea-TGLY and
then results for GB-TGLY interactions. Finally, we discuss
these data in the context of relevant computational and experi-
mental studies in the literature.
Preferential Interaction between Urea and TGLY. (i)

Γ23 between Urea and TGLY. As shown in Figure 2, radial
distribution functions g(r) for urea andwater aroundTGLYvary
only slightly among three urea concentrations. The peak height
of g(r) is similar for urea andwater, although thewidth of the first
peak is substantially broader for urea. Qualitatively, these results
highlight a higher degree of local accumulation of urea around
TGLY (relative to bulk) than around water.

The convergence behaviors of computed Γ23 values between
urea and TGLY for the three urea concentrations are shown in
Figure 3. The red dashed lines represent the converged Γ23 ( the
estimated standard deviation using block average (53). Evidently,
it takes ∼100 ns for Γ23 to converge, which is substantially (and
surprisingly) longer than the time scale of a few nanoseconds
reported in previous studies (29, 31, 50). This difference is
probably due to the small protein (peptide) size, and therefore
the small protein surface area, in our study, although it also
highlights the importance of conducting extensive simulations for
a quantitative computation of Γ23.

The calculated Γ23 values between urea and TGLY are
compared to the experimental results (25) in Table 2. In
qualitative agreement with experiments, the calculated Γ23 values
are positive, which indicates that urea accumulates around
TGLY relative to the bulk; as the urea concentration increases,
both calculated and measured Γ23 values increase in a linear
fashion. The linear trend can be rationalized by noting that μ23

FIGURE 2: Radial distribution function, g(r), of ureaandwatermolecules aroundTGLYatdifferent urea concentrations: (a) 1.21, (b) 2.26, and (c)
3.61murea. The distance r is the shortest distance between the center ofmass of a urea orwatermolecule and the van derWaals surface ofTGLY.

FIGURE 3: Convergence behaviors of Γ23 with respect to accumulated simulation time for TGLY-urea-water systems at different urea
concentrations: (a) 1.21, (b) 2.26, and (c) 3.61 m urea. The red dashed lines indicate the converged Γ23 value( the estimated standard deviation.
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and μ33 in eq 3 can be expanded into polynomials of m2 and
m3 (25):

μ23 ¼ RTða11 þ a21m2 þ a12m3Þ ð6Þ

μ33 ¼ RT
1

m3
þ 2a02 þ a12m2 þ 3a03m3

� �
ð7Þ

where a11, a21, etc., are constants specific for a given ternary
system. Sincem2 is much smaller thanm3 and a03 is much smaller
than a12 for the TGLY-urea-water ternary system, the major
contribution of m3 to Γ23 comes from a12m3, which gives rise to
the linear dependence of Γ23 on m3.

At the quantitative level, however, the computed values are too
large by a factor of ∼2; for example, at a urea concentration of
1.21M, the calculatedΓ23 is 0.33while themeasured value is 0.12.
These results indicate that the standard CHARMM27 force field
can be further improved to balance interactions among urea, the
protein backbone (TGLY does not have a side chain), and water
(see below).

(ii) Group Decomposition of Urea-Protein Backbone
Preferential Interaction. To gain additional insights into the
molecular details of urea-protein backbone interactions, we
decompose the overall Γ23 into group contributions fromTGLY.
We define seven groups in TGLY: the N-terminus (NH3

þ), the
C-terminal carboxylate, two amide groups, and three -CH2-
groups. The group-specific preferential interaction,Γ23

i , is defined
like the overall Γ23 as

Γi
23 ¼ nII;i3 -nII;i1

nI3
nI1

� �
ð8Þ

where n3
II,i and n1

II,i are the number of solute or water molecules in
local domain II that are assigned to group i. A solute or water
molecule is assigned to a specific group on the basis of the
shortest surface-to-surface distance between a solute or water
molecule and different groups in TGLY. In this way, the sum of
Γ23
i over all seven groups is identical to the overall Γ23.
Such calculated Γ23

i values between urea and TGLY are
summarized in Table 3. The same trends are observed at three

urea concentrations: Γ23
i is negligible at two termini (-NH3

þ and
-COO-) and positive aroundboth amide groups and the aliphatic
-CH2- groups. In other words, CHARMM simulations predict
that urea accumulates at not only amide groups, as deduced from
previous experimental (4, 19, 25, 54) and simulation (16, 18)
studies, but also aliphatic -CH2- groups, consistent with recent
simulation results (21, 22, 28, 55).

As emphasized in previous studies (56), a group-based decom-
position of Γ23 is not necessarily straightforward because of
potential cooperative effects and the complex nature of peptide
surfaces. Therefore, to probe the preferential interaction between
urea and aliphatic (-CH2-) groups directly, a set of propane-
urea-water simulations (80 ns in total) were also conducted with
the CHARMM27 (38) force field; it is worth noting that while the
nonpolar hydrogen atoms in propane and TGLY bear the same
partial charge of þ0.09 (a convention adopted in the
CHARMM22 and -27 force fields), the net charge of the -CH2

group in TGLY isþ0.16 while the -CH2,3 groups in propane are
all charge-neutral. Γ23 between urea and propane is then calcu-
lated from these simulations following the same procedure that
was used for urea and TGLY. As shown in Figure 4, the
calculated Γ23 between urea and propane is essentially converged
within 30 ns. This faster convergence compared to that of the
urea-TGLY system is presumably due to the more homo-
geneous chemical nature of propane compared to TGLY. The
calculated Γ23 between urea and propane is 0.15( 0.07 at 2.26 m
urea, which is qualitatively consistent with the sum of contribu-
tions from three -CH2- groups in Table 4 for TGLY (0.25 (
0.04). Therefore, it is confirmed that, with the CHARMM27
force field, urea preferentially interacts with the aliphatic

Table 2: Calculated and Experimentally Measured (25) Γ23 Values for All

Simulated Systemsa

system

1.21 m

urea

2.26 m

urea

3.61 m

urea

1.35 m

GB

2.04 m

GB

Γ23
cal 0.33 ( 0.05 0.48 ( 0.08 0.63 ( 0.09 -0.24 ( 0.04 -0.33 ( 0.05

Γ23
exp 0.12 0.18 0.20 -0.16 -0.21

aThe error bar for experimentally determined Γ23 is <0.01.

Table 3: Group-Specific Γ23 Values for All Simulated Systems following the First Decomposition Scheme That Partitions TGLY into Seven Groups

system 1.21 m urea 2.26 m urea 3.61 m urea 1.35 m GB 2.04 m GB

Γ23 NH3
þ 0.01 (0.01)b 0.01 (0.02) -0.03 (0.02) 0.09 (0.01) 0.12 (0.02)

Γ23 CH2(1)
a 0.04 (0.01) 0.05 (0.02) 0.07 (0.02) -0.06 (0.01) -0.08 (0.01)

Γ23 CH2(2) 0.08 (0.01) 0.10 (0.01) 0.17 (0.01) -0.04 (0.01) -0.09 (0.01)

Γ23 CH2(3) 0.05 (0.01) 0.10 (0.01) 0.13 (0.01) -0.01 (0.01) 0 (0.01)

Γ23 CONH(1) 0.06 (0.01) 0.11 (0.02) 0.16 (0.01) 0.01 (0.01) 0.04 (0.01)

Γ23 CONH(2) 0.07 (0.01) 0.11 (0.02) 0.15 (0.01) 0.02 (0.01) 0.02 (0.01)

Γ23 COO- 0.03 (0.02) 0.01 (0.03) -0.01 (0.03) -0.25 (0.02) -0.34 (0.02)

aCH2(1) refers to the first -CH2- group close to the N-terminus of TGLY. bNumbers in parentheses are standard deviations.

FIGURE 4: Convergence behavior of Γ23 with respect to accumulated
simulation time for the propane-urea-water system at 2.26 m urea.
The red dashed lines indicate the convergedΓ23 value( the estimated
standard deviation.
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-CH2- groups in a manner independent of the peptide backbone
groups (see below for additional discussions).
Preferential Interaction between GB and TGLY. As

mentioned in Computational Methods, the distribution of GB
near TGLY is qualitatively incorrect without scaling the partial
charges of rawCHARMM27 parameters. Therefore, we focus on
results obtained with the scaled partial charges (summarized in
the Supporting Information).

(i) Γ23 between GB and TGLY. Radial distribution func-
tions g(r) of GB and water around TGLY for two GB concen-
trations are shown in Figure 5. As in the urea case, g(r) exhibits
very small variationwith respect toGB concentration. The g(r) of
GB has amuch lower peak height thanwater, which suggests that
GB is locally more excluded from TGLY than water. The
convergence behaviors of calculated Γ23 values between GB
and TGLY for two GB concentrations are shown in Figure 6.
Once again, it takes ∼100 ns to obtain converged Γ23 values,
similar to that in the case of urea.

As shown inTable 2, with the scaled partial charges, calculated
Γ23 values agree rather nicely with experimental data for bothGB
concentrations. For example, the calculated Γ23 at 1.35 m GB is

approximately-0.24( 0.04, compared to the experimental value
of approximately -0.16. The negative value indicates that GB is
excluded from the TGLY surface (protein backbone), which is
consistent with the fact that GB acts as a protein protectant.
Moreover, the concentration dependence of Γ23 (i.e., Γ23 de-
creases as the GB concentration increases) is also qualitatively
reproduced by MD simulations, which is encouraging consider-
ing the simple scheme used to construct a force field model
for GB.

(ii) Group Decomposition of GB-Protein Backbone
Preferential Interaction. Following the same group definitions
used for characterizing urea-TGLY interactions, group decom-
position is performed for the GB-TGLY Γ23. As shown in
Table 3, the main exclusion region for GB is the carboxylate
group of the peptide, which is consistent with experimental
results for GB and an anionic (protein carboxylate or DNA
phosphate) biopolymer surface (7); to a much reduced level, GB
is excluded from the aliphatic -CH2- groups. By contrast, GB
weakly accumulates around the -NH3

þ group and, to an even
smaller degree, around amide groups.

In a recent set of analyses, Record et al. (27) measured μ23
values between GB and a broad series of small solutes and
proteins. On the basis of global fitting of these data, they
obtained the μ23/ASA values between GB and different types
of surfaces by assuming that μ23 values for different surfaces are
additive and proportional toASA; here, ASA stands for (solvent)
accessible surface area. They found that this model can predict
μ23 values for a set of small solutes and proteins in overall good
agreement with experiments. Motivated by these findings, we
perform a second type of group decomposition for the
GB-TGLY Γ23, in which TGLY is divided into five instead of
seven groups on the basis of surface type: carboxylate O, amide
O, cationic N, and amide N and C. The hydrogen atoms are
assigned to the heavy atoms to which they are bonded, and

Table 4: Group-Specific Γ23 Values for the TGLY-Urea-Water System

with the Second Decomposition Scheme That Partitions TGLY into Five

Types of Surfaces

system 1.21 m urea 2.26 m urea 3.61 m urea

Γ23 carboxylate O 0.01 (0.02) -0.01 (0.03) -0.05 (0.03)

Γ23 amide O 0.08 (0.01) 0.10 (0.02) 0.18 (0.02)

Γ23 cationic N 0.01 (0.01) ∼0 (0.02) -0.03 (0.02)

Γ23 amide N 0.03 (∼0) 0.06 (∼0) 0.07 (∼0)

Γ23 C 0.20 (0.02) 0.34 (0.04) 0.46 (0.03)

Γ23 total 0.33 (0.05) 0.48 (0.08) 0.63 (0.09)

FIGURE 6: Convergence behaviors of Γ23 with respect to accumulated simulation time for TGLY-GB-water systems at different GB
concentrations: (a) 1.35 and (b) 2.04 m GB. The red dashed lines indicate the converged Γ23 value ( the estimated standard deviation.

FIGURE 5: Radial distribution function g(r) ofGBandwatermolecules aroundTGLYatdifferentGBconcentrations: (a) 1.35 and (b) 2.04mGB.
The distance r is the shortest distance between the center of mass of a GB or water molecule and the van der Waals surface of TGLY.
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surface C includes all carbon atoms. The group decomposition of
Γ23 with this scheme is shown in Table 5 for two GB concentra-
tions, along with the predicted ones based on μ23/ASA values
fitted to experimental results. Overall, the calculated Γ23

i values
from MD simulations agree well with predictions based on
μ23/ASA. The only exception is for amide O, for which the
predicted Γ23

i is negative while the calculated value based onMD
is nearly zero. Nevertheless, the key feature that GB is signifi-
cantly excluded from carboxylate O is captured well by MD
simulations. Moreover, we note that the total Γ23 between GB
and TGLY predicted on the basis of μ23/ASA does not agree
perfectly with experimental measurement. For example, the
predicted Γ23 at 1.35 m GB is approximately -0.35, which is
further from the experimental value of -0.16 compared to MD
simulations (-0.24).
Implications. This study has important mechanistic and

technical implications regarding the effects of small solutes on
protein stability.

With regard to the thermodynamic basis of protein denatura-
tion by urea, the group decomposition of CHARMM-predicted
values of Γ23 (Table 3) indicates that urea interacts favorably
relative towater with both the amide and aliphatic -CH2- groups.
The favorable urea-amide preferential interaction has been
observed in simulations (16, 18) and has been quantified in recent
analyses of experimental data (19, 25, 54). For example, from an
analysis of experimental osmometric (isopiestic distillation)
values of Γ23 for interactions of urea with small peptides (e.g.,
GlyGly, TGLY, and GlyAla), Cannon et al. (25) concluded that
the dominant preferential interaction of urea with the protein
backbone is a favorable interaction with amide groups and were
able to quantify this interaction. In a recent NMR study, Lim
et al. (19) concluded that urea forms hydrogen bonds with the
amide group on the basis of the dependence of the hydrogen
exchange rate on urea concentration. The urea-aliphatic group
preferential interaction observed here is qualitatively consistent
with limited data from solubility experiments, which show that
aliphatic hydrocarbons (longer than ethane) are more soluble in
7 M urea than in water (57, 58). Additionally, the authors of an
osmotic stress/X-ray scattering study of the effect of urea on
forces between hydroxypropylcellulose polymers concluded that
urea interacts favorably (but very weakly) with the mostly
aliphatic surface of these polymers. Moreover, several recent
simulation studies (21, 22, 28, 55) also proposed that the
dispersion interaction between urea and aliphatic groups could
be a driving force for denaturation. The most direct computa-
tional evidence is the observation that urea weakens the hydro-
phobic interactions between pure hydrophobic particles and
unfolds pure hydrophobic polymers (22). Only our study, how-
ever, has explicitly and quantitatively compared simulation

results with experimental thermodynamic data, which is essential
for evaluating the findings from simulations. For example, with
the CHARMM27 force field, the calculated preferential coeffi-
cient of urea near propane is 0.15( 0.07 at 2.26 m urea, which is
rather large considering the experimental observation that the
butane solubility as a function of urea concentration (57) in-
dicates a very small positive Γ23. Overestimation of preferential
interaction between urea and aliphatic groups with the
CHARMM27 force field is consistent with the overestimated
Γ23 for urea near TGLY (e.g., at 1.21 m urea, the calculated Γ23 is
0.33 while themeasured value is 0.12); as noted above, the -CH2/3

groups in propane and TGLY have fairly different overall
charges, although polar hydrogens have the same partial charges.
To further validate this conjecture, comparing computed and
measured group decomposition of Γ23 for urea and peptide
(E. Guinn and M. T. Record, Jr., work in progress) as we have
done for GB and peptide is valuable, and the results can provide
guidance to the improvement of the CHARMM27 force field. In
this context, we note that even a small positive preferential
interaction between urea and aliphatic groups still may indicate
a significant contribution of such effects in protein unfolding
since the amount of exposed aliphatic hydrocarbon surface upon
unfolding is very large.

For the stabilizingmechanismofGB, this study reproduces the
overall and group-specific Γ23 values between GB and TGLY
reasonably well compared to experimental analyses. The major
exclusion region for GB (see Table 3 and 5) is the carboxylate
group, which is consistent with the experimental evidence (7)
which shows that GB is excluded from anionic biopolymer
surfaces. GB is also slightly excluded from aliphatic groups
(-CH2- groups in Table 3 and aliphatic C surfaces in Table 5),
which is in line with findings from recent X-ray scattering
experiments, which showed that GB is excluded from the
nonpolar surface of hydroxypropylcellulose (59). The semiquan-
titative agreement between the surface-specific Γ23 and the
prediction of Record et al. based on μ23/ASA (Table 5) supports
the simple thermodynamic model that assumes additivity of
preferential interactions between GB and various biomolecular
surfaces.

On the technical side, this study serves as a benchmark for
CHARMM (38), a popular classical, nonpolarizable force field,
in terms of describing interactions among small solutes (urea and
GB), a protein backbone (TGLY peptide), and water. It is
encouraging that the CHARMM27 force field is shown to
reproduce Γ23 between urea and TGLY on a semiquantitative
level, although there is clearly room for further improvements.
For GB, however, the computed Γ23 has even the wrong sign if
parameters are not carefully chosen to balance the interactions
among GB, TGLY, and water. This result clearly highlights that

Table 5: Group-Specific Γ23 Values for TGLY-GB-Water System with the Second Decomposition Scheme That Partitions TGLY into Five Types of

Surfaces

system 1.35 m GB (sima) 1.35 m GB (predb) 2.04 m GB (sim) 2.04 m GB (pred)

Γ23 carboxylate O -0.25 (0.02) -0.29 -0.34 (0.02) -0.38

Γ23 amide O 0 (0.01) -0.15 0 (0.01) -0.20

Γ23 cationic N 0.09 (0.01) 0.04 0.12 (0.02) 0.05

Γ23 amide N 0.02 (0.003) 0.11 0.04 (0.004) 0.15

Γ23 C -0.10 (0.02) -0.05 -0.16 (0.02) -0.06

Γ23 total -0.24 (0.04) -0.35 -0.33 (0.05) -0.43

aGroup-specific Γ23 values fromMD simulations. Those in parentheses are standard deviations. bGroup-specific Γ23 values predicted from a model based
on μ23/ASA fitted to experimental data (see the text for details).
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care needs to be exercised when constructing force field models
based on existing parameters for chemically similar groups,
which is commonly done in the literature on the basis of the
consideration of force field compatibility.

The sensitivity of Γ23 to force field parameters suggests that
small solute thermodynamic data can be valuable in guiding the
development of accurate molecular models, which has already
been recognized by several authors (33, 37) but yet to be broadly
appreciated. In force field development, emphasis is often placed
on solvation free energies, whichmeasure the interaction between
functional groups and water. By contrast, small solute data
measure interactions between functional groups relative to their
interactions with water, which are precisely the driving force
behind many biological processes such as ligand binding and
protein folding and association. Therefore, small solute thermo-
dynamic data nicely complement solvation free energies in force
field development. Considering the molecular (as opposed to
atomic) nature of small solute data (e.g., as illustrated by the
group decompositions), this is particularly true for model devel-
opment at the coarse-grained level, whichwe plan to pursue in the
near future with joint experimental and computational efforts.
Along this line, we note that to reliably describe the thermo-
dynamics of processes that involve a significant change in the
local environment of amino acids (e.g., protein unfolding), it
might be important to include electronic polarization so that the
effective interaction between groups can adequately adjust to the
local environment.

CONCLUSIONS

Motivated by recent experimental efforts to understand the
effects of small solutes on protein stability, we have conducted
extensiveMDsimulations to characterize the interaction between
twowidely used small solutes, urea and glycine betaine (GB), and
a triglycine peptide that represents a protein backbone. The key
quantity of interest is the preferential interaction coefficient, Γ23,
which characterizes the degree of solute accumulation near or
exclusion from the protein surface relative to the bulk. To ensure
convergence and a thorough comparison with experiments, Γ23 is
calculated for multiple solute concentrations and each solute-
peptide-water ternary system is studied with 200-300 ns of
atomistic simulations using the CHARMM force field. The
results show that good agreement with experiments can be
obtained for both solutes if care is exercised to balance the
interactions amongwater, solute, andprotein.On the other hand,
a model based on directly taking parameters for chemically
similar groups from an existing force field leads to qualitatively
incorrect results (i.e., wrong sign in Γ23), which highlights the
value of small solute thermodynamic data in guiding the deve-
lopment of accurate force fields for biomolecules.

Despite potential caveats noted in a previous study (56), we
find that decomposing the calculated Γ23 values into group
contributions allows us to gain new insights regarding the
mechanism of small solute effects. Use of the CHARMM force
field predicts that urea preferentially interacts with both amide
and aliphatic hydrocarbon groups (CH2 groups in the triglycine
peptide); this supports the conclusion from several recent simula-
tion studies (21, 22, 55) that interaction between urea and
aliphatic groups also plays an important role in urea-induced
denaturation. Quantitatively, however, comparison to experi-
mental solubility (57, 58) and X-ray scattering (59) data indicates
that the CHARMM force field and perhaps others likely

overestimate the interaction between urea and aliphatic groups.
With regard to GB, this study finds that it is excluded mainly
from the carboxylate groups and weakly from nonpolar groups,
results that are consistent with recent experimental findings
(7, 59). The group decomposition ofΓ23 also supports an additive
thermodynamic model for preferential interactions between GB
and various biomolecular surfaces (27).
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