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Backbone and Side-Chain Contributions in Protein Denaturation by Urea
Deepak R. Canchi† and Angel E. Garcı́a‡*
†Department of Chemical and Biological Engineering and ‡Department of Physics, Applied Physics and Astronomy, and Center for
Biotechnology and Interdisciplinary Studies, Rensselaer Polytechnic Institute, Troy, New York
ABSTRACT Urea is a commonly used protein denaturant, and it is of great interest to determine its interaction with various
protein groups to elucidate the molecular basis of its effect on protein stability. Using the Trp-cage miniprotein as a model
system, we report what we believe to be the first computation of changes in the preferential interaction coefficient of the protein
upon urea denaturation from molecular-dynamics simulations and examine the contributions from the backbone and the side-
chain groups. The preferential interaction is obtained from reversible folding/unfolding replica exchange molecular-dynamics
simulations of Trp-cage in presence of urea, over a wide range of urea concentration. The increase in preferential interaction
upon unfolding is dominated by the side-chain contribution, rather than the backbone. Similar trends are observed in simulations
using two different force fields, Amber94 and Amber99sb, for the protein. Themagnitudes of the side-chain and backbone contri-
butions differ in the two force fields, despite containing identical protein-solvent interaction terms. The differences arise from the
unfolded ensembles sampled, with Amber99sb favoring conformations with larger surface area and lower helical content. These
results emphasize the importance of the side-chain interactions with urea in protein denaturation, and highlight the dependence
of the computed driving forces on the unfolded ensemble sampled.
INTRODUCTION
The stability of proteins is marginal, and the conformational
equilibrium Folded (F) # Unfolded (U) can be modulated
by addition of compounds known as cosolvents to the solu-
tion (1). Cosolvents such as trimethylamine n-oxide, glyc-
erol, and sugars that push the equilibrium toward F are
known as ‘‘protecting osmolytes’’ and play a crucial role
in maintaining the function of intracellular proteins in
extreme environmental conditions (2). On the other hand,
urea is a protein denaturant, i.e., it shifts the equilibrium
toward the unfolded ensemble.

Urea is a widely used denaturant in protein folding studies
(3,4), and its molecular mechanism has been actively
debated. The indirect mechanism postulates that the solva-
tion properties of the protein in urea solutions is altered
due to changes in the water structure (5–8), and this view
has been questioned by many studies (9–12). In the direct
mechanism, the denaturing ability of urea is attributed to
its favorable interaction with the protein surface (13–18).
The direct interaction model raises further questions on
the nature and strength of the interactions of urea with the
polar/apolar side chains and the peptide backbone, and the
role of urea-backbone hydrogen bonding in denaturation.

Recent studies have provided evidence for the direct
mechanism wherein urea denatures proteins due to favor-
able interactions with various protein groups, including
the backbone as well as the side chains (15–18). However,
there is disagreement on the contribution of the various
protein groups to the free energy of unfolding (19–21).
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We seek to examine the relative contribution of the side
chains and the backbone in the process of denaturation by
urea using the framework of preferential interaction coeffi-
cients, which are computed here using equilibrium folding/
unfolding replica exchange molecular dynamics (REMD)
simulations.

The preferential interaction coefficient for a protein, G, is
defined as (22)

G ¼ �
�
vm2

vm3

�
m2;T;P

¼
�
vm3

vm2

�
m3;T;P

; (1)

where m is the chemical potential, m is the concentration,
and the subscripts 1, 2, and 3 indicate water, protein, and
the cosolvent, respectively. This quantity is experimentally
measured using the technique of dialysis (23) or vapor pres-
sure osmometry (24). It is a measure of the change in the
chemical potential of the protein in response to the cosol-
vent. Equivalently, it is the change in the cosolvent concen-
tration to maintain constant chemical potential when the
protein is added to the solution. The latter description has
been interpreted, using a two-domain model, as the differ-
ence between the cosolute concentration in the local domain
of the protein and the bulk solution (25). Using the two-
domain model, G can be expressed as

G ¼
�
Nlocal

3 �
�
Nbulk

3

Nbulk
1

�
Nlocal

1

�
; (2)

where N denotes the number of molecules. A positive value
of G implies an accumulation of the cosolvent in the vicinity
of the protein, showing a net favorable interaction, whereas
negative values imply exclusion of the cosolvent from the
local domain. With the above expression, G can be obtained
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TABLE 1 System details

Concentration

Number

of urea

Number

of water Replica range Box length

1.9 M 105 2637 280–579 K 4.50904 nm

3.8 M 233 2637 280–557 K 4.67515 nm

5.8 M 391 2637 280–537 K 4.83007 nm

0 M 0 2637 280–590 K 4.35826 nm
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directly, using all-atom MD simulations, as a function of
distance from the protein by varying the boundary of the
local domain (26,27). The quantity, DG ¼ Gunfold – Gfold is
related to the derivative of the free energy of unfolding
with respect to the cosolvent concentration (22).

The quantity G has been computed from MD simulations
for many systems in the literature (28–31), but no calcula-
tions of DG for a protein have been reported yet. To calcu-
late G and DG for a protein, we sample the reversible
folding/unfolding equilibrium of the Trp-cage miniprotein
in aqueous urea, over a broad range of urea concentration,
using all-atom, explicit solvent REMD simulations.
Trp-cage is a designed 20-residue protein with a nontrivial
fold (32) that shows the thermodynamic features observed
for globular proteins, such as the temperature dependence
of the unfolding free energy and enthalpy (33–35). Its small
size and fast folding kinetics make computation of its
folding/unfolding equilibrium tractable. We simulate the
protein using two different force fields—Amber94 (36)
and Amber99sb (37)—with the following motivation. We
are interested in obtaining the driving forces in the process
of denaturation, and for any property, X, the driving force is
computed as the change upon unfolding, i.e., DX ¼ Xunfold –
Xfold. This implies that any driving force computed depends
on the unfolded ensemble sampled in the simulation,
because Xunfold is obtained as an ensemble average over
all conformations populated in the unfolded ensemble—
which further depends on the force field employed. The
Amber94 force field introduces a helical bias in the unfolded
ensemble, and predicts a melting point for Trp-cage higher
than the experimental value (34). In a recent study by Day
et al. (38), it was shown that the newly developed Am-
ber99sb force field shows an excellent agreement with the
experimental thermodynamics of Trp-cage (33), while
avoiding the helical bias of Amber94.

In this study, we first explore the differences in the
behavior of the system between the two force fields. We
then analyze the two datasets using the framework of pref-
erential interaction coefficient, and provide insight into the
interaction of urea with various protein moieties such as
the backbone and the side chains and their role in the
process of denaturation.
METHODS

Amber94 simulations

We use REMD simulations (39) to study the unbiased folding/unfolding

equilibrium of the Trp-cage miniprotein at different concentrations of

urea, using Amber94 force field for the protein (36), TIP3P model for water

(40), and the Kirkwood-Buff model for urea (41). We simulated systems at

three different concentrations of urea, i.e., 1.9 M, 3.8 M, 5.8 M, and 0 M

(water). All systems consisted of 50 replicas and were simulated for 150

ns per replica, except for 0 M which was simulated for 200 ns per replica,

amounting to a total sampling of 32.5 ms. The system details are summa-

rized in Table 1. The last half of the simulations is used for analysis, after

allowing for convergence.
The Trp-cage sequence was generated in an initially all-PP2 conforma-

tion using the LEAP program distributed with Amber 6.0. This structure

was simulated in gas-phase at 300 K to obtain an unstructured conforma-

tion, which is solvated in a cubic box of urea, and then water to obtain

the desired concentrations. The simulation boxes, obtained thus, are

energy-minimized and equilibrated for volume in a constant pressure simu-

lation for 2 ns at 300 K and 1 atm. The final box lengths are given in Table 1.

The peptide is completely unfolded and lacks secondary structure elements

in the final configuration of the equilibration runs at all concentrations. The

respective structures are used to start the REMD simulations at various

concentrations.

REMD is an enhanced sampling technique where multiple copies

(replicas) of a system are simulated at different temperatures in parallel.

State-exchange moves are attempted periodically, in which two neighboring

replicas exchange their temperatures. The acceptance rule for each state-

exchange move between adjacent states i and j is given by

Pacc ¼ min
h
1; exp

h�
bi � bj

��
U
�
~ri

N
�� U

�
~rj

N
		ii

; (3)

where b ¼ 1/kBT and Uð~ri NÞ represents the configurational energy of the

system in state i. The temperature spacing was chosen to ensure sufficient

overlap of energy distributions, and to set the acceptance probability to 0.2

(42). REMD simulations were carried out using GROMACS4 (43), with

a time step of 2 fs and exchange moves were attempted between all adjacent

replicas every 4 ps. The simulations were carried out in the canonical

ensemble, using the Nosé-Hoover thermostat with a coupling constant of

0.5 ps (44,45). Solvent constraints were solved using SETTLE (46), and

other bond constraints were imposed using LINCS (47). The electrostatic

interactions were treated by smooth-particle mesh Ewald summation

(48). Appropriate Lennard-Jones long-range correction for energy and pres-

sure were taken into account. The folded and the unfolded ensembles are

distinguished using a Ca RMSD cutoff of 0.23 nm from the native structure

(PDB code:1L2Y). Analysis based on this data set was reported in our

recent work (17).
Amber99sb systems

We picked a folded configuration at random from the converged part of the

Amber94 simulations at 300 K for the 1.9 M and 3.8 M urea systems and

changed the protein force-field parameters to Amber99sb (37). These

configurations were used to start the REMD simulations, with all the other

simulation settings unchanged. Both the systems using Amber99sb force

field were simulated for 500 ns per replica, amounting to a total sampling

of 50 ms. We have used the last 200-ns segment of the replicas for the anal-

ysis presented here. We did not simulate the 5.8 M urea system in

Amber99sb, as we expect the fraction of folded configurations to be too

low to compute quantities for the folded ensemblewith any statistical signif-

icance. The data for the 0 M urea system is obtained from Day et al. (38).
RESULTS AND DISCUSSION

The folding/unfolding equilibrium of Trp-cage is studied at
different urea concentrations, namely, 0 M, 1.9 M, 3.8 M,
and 5.8 M, using the Amber94 and Amber99sb force fields
Biophysical Journal 100(6) 1526–1533
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FIGURE 2 Characterization of the unfolded ensembles. (A and B)

Average solvent-accessible surface (SAS) area of the unfolded ensemble

as a function of temperature for the various urea concentrations, shown

for both Amber94 and Amber99sb systems. (C and D) Helical content

as a function of temperature, shown for Amber94 and Amber99sb

systems.
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for the protein. The two protein force fields differ only in the
backbone dihedral angle potentials, whereas the intermolec-
ular protein-solvent interactions are identical (37). However,
this modification leads to significant differences in the
stability of the protein as a function of urea concentration,
as shown in Fig. 1, A and B. The protein is much more desta-
bilized by urea in Amber99sb than Amber94, as can be seen
by the sharper decrease in the fraction folded, xf, with
increasing urea concentration at a given temperature. The
fraction folded at a given temperature is related to the free
energy of unfolding through DGu ¼ – RT ln [(1 – xf)/xf]. It
is experimentally observed that the stability of proteins
decreases linearly with increasing urea concentration, i.e.,
DGUrea ¼ DGWater – m[C], where the slope or the m value
measures the response of the protein stability to the addition
of urea. This relationship, known as the linear extrapolation
model (LEM), is used to estimate the stability of proteins
in water (4). The m values obtained from Amber94
and Amber99sb simulations are 0.41 kJ mol–1 M–1 and
1.81 kJ mol–1 M–1, respectively, whereas the experimentally
measured m value is 1.3 kJ mol–1 M–1 (35). The m values
calculated from the simulations are in the same order of
magnitude as the experimental value, and the variation is
reasonable for a protein of its size.

The Amber94 and Amber99sb simulations differ signifi-
cantly in the unfolded ensemble sampled as shown in
Fig. 2. From Fig. 2, A and B, we see that both the force fields
show similar behavior for solvent-accessible surface area
(SAS) of the unfolded ensemble, as a function of tempera-
ture and urea concentration. At any temperature, the
unfolded ensembles in various concentrations of urea in
either force field can be distinguished based on their average
SAS. However, it is seen that the SAS of the 1.9 M system in
Amber99sb at 280 K is comparable to the SAS of the 5.8 M
system at 500 K. This increase in the SAS of the unfolded
ensemble in Amber99sb simulations is due to the decrease
in the helical content when compared to Amber94. We
define helical content as the average number of residues
that occupy the helical basin at a given temperature. The
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FIGURE 1 Effect of urea on the folding equilibrium. (A and B) Fraction

of folded states as a function of temperature for the various urea concentra-

tions studied, shown for both Amber94 and Amber99sb systems.
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Amber94 force field exhibits a helical bias, and the unfolded
ensemble has significant helical content as shown in Fig. 2
C. From Fig. 2 D, it is seen that the folded and the unfolded
ensembles in Amber99sb are well separated by helical
content. Therefore, the unfolded ensembles sampled in
Amber99sb simulations are populated by conformations
that are less helical and have larger SAS than the corre-
sponding Amber94 ensemble.

In this study, we compute the preferential interaction of
Trp-cage with urea at 300 K, separately for the folded and
the unfolded ensembles, for all the urea concentrations
studied. The calculation scheme is illustrated in Fig. 3, using
the 3.8 M urea system as an example. Fig. 3, A and B, shows
the proximal radial distribution function (49) for both
urea and water around the protein for the two force fields
employed. For both the solvents, the proximal radial distri-
bution functions computed for the folded and the unfolded
ensembles are indistinguishable. In Fig. 3, C and D, we
compute the preferential interaction for the protein as a func-
tion of distance, G(r), using Eq. 2 and find that the solvent
distribution around the folded and the unfolded ensembles
can be distinguished with this metric, i.e., by using the infor-
mation for both the solvents together. In Fig. 3, E and F, we
dissect the G(r) obtained for the protein (P) into side chains
(SC) and backbone (BB) contributions. Out of 158 nonhy-
drogen atoms in the protein, we classify 84 atoms belonging
to the repeating unit of -C-O-N-Ca- as the backbone and the
rest of the protein atoms as side chains. The decomposition
is done by using the proximity criterion (50)—assign
a solvent molecule to a particular protein group if it is
closest to the group—thereby ensuring additivity i.e.,
GP ¼ GSC þ GBB.
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Solvent molecules interact with the entire protein as
dictated by the governing Hamiltonian, and we use assign-
ment of a solvent molecule to a particular group based on
the proximal distance only as a method to account for the
local density. Therefore, G is more aptly interpreted as the
preferential spatial arrangement of the cosolvent around
the protein (and its components), which arises due to under-
lying favorable energetic and/or entropic considerations.
The errors in the calculation of G(r) are determined using
the method of block averaging. The converged part of the
simulation at 300 K is divided into blocks of lengths 10 ns
and 20 ns in Amber94 and Amber99sb, respectively. The
folded and unfolded configurations are separated to estimate
the average value of Gfold and Gunfold in each block, and the
errors are obtained from the variation in the block averages.
The error in determining G increases with increasing
distance from the protein and we use a cutoff of 0.65 nm
to define the local domain, beyond which the difference in
the G between the folded and the unfolded ensembles is
not well resolved. Although the G-values reported in the
subsequent figures correspond to the above cutoff, the
conclusions are qualitatively similar for any cutoff larger
than 0.5 nm.

In Fig. 4, we compare the contribution of the side chains
and the backbone to the preferential interaction of the
protein in a given ensemble, either folded or unfolded.
Firstly, we note that all the values of G are positive, irrespec-
tive of side-chain or backbone classification, which shows
preferential interaction of both these groups with urea in
the folded as well as the unfolded ensembles. Fig. 4, A
and B, shows the data from Amber94 for the folded and
the unfolded ensembles, respectively, whereas Fig. 4, C
and D, are from Amber99sb. It can be clearly seen that
the preferential interaction of the side chains is larger than
that of the backbone in a given ensemble, for all the urea
concentrations studied.

In Fig. 5, A and D, we compare the preferential interac-
tion for the protein between the folded and the unfolded
ensembles from Amber94 and Amber99sb simulations,
respectively. As can be anticipated from the previous figure,
the preferential interaction for both the folded and the
unfolded ensembles is positive. The unfolded ensemble
has a larger preferential interaction with urea than the
folded, thereby providing a thermodynamic driving force
Biophysical Journal 100(6) 1526–1533
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for unfolding. We observe DGP to increase with urea
concentration in both Amber94 and Amber99sb simula-
tions, with the increase being linear in Amber94. We are
aware of only one direct experimental measurement of DG
for a protein in urea solution (51), and our data is in quali-
tative agreement with the results reported there.

An estimate of the m value can be obtained can be ob-
tained from the measurement of DG. Starting from the
Wyman linkage relation (22) and assuming the LEM for
DG, it can shown that

m
�
x

RTDG

½C� ; (4)

where m
�

is the estimate of the m value from DG, and [C]
is the urea concentration. The DG-values in Amber99sb
are larger than Amber94, implying a larger m

�
for

Amber99sb simulations. By averaging over all urea concen-
trations studied in a given force field, we estimate m

�
to be

0.83 kJ mol–1 M–1 and 1.56 kJ mol–1 M–1 for Amber94 and
Amber99sb, respectively. The agreement of m

�
with the m

values obtained from the LEM analysis of data in Fig. 1 is
quite good, considering the fact that these are two different
measurements.

We now examine the contributions to DGP from the back-
bone and the side-chain groups. Fig. 5, B and C, indicates
that the increase in GP upon unfolding in Amber94 simula-
tions can be entirely accounted by increase in GSC i.e., the
contribution of the backbone is negligible. From Fig. 5, E
and F, we see that the increase in GP upon unfolding in
Amber99sb simulations has nonzero contributions from
both the backbone and the side chains. The contribution of
the side chains is estimated to be ~60% for both 1.9 M
and 3.8 M urea systems in Amber99sb. The differences in
the backbone contribution for the two force fields arises
due to the differences in helical content present in the
unfolded ensemble. The unfolded ensemble in Amber99sb
has very little helical content, and this leads to a greater
exposure of the backbone and consequently a larger contri-
bution from the backbone to DGP.

The preceding analysis shows that not only is GSC > GBB

in a given ensemble, the difference upon unfolding, DGP, is
dominated by DGSC in both the force fields studied. This is
despite fewer atoms in the protein being classified as side
chain than backbone. Both the force fields are consistent
with experimental thermodynamics, i.e., linearity of unfold-
ing free energy with urea concentration. The variation of the
m value in the two force fields correlates well with change in
solvent-exposed surface upon unfolding (52). We expect the
data from the Amber99sb simulations to provide a better
estimate for the backbone and the side-chain contributions.
Even if not realistic in the unfolded ensemble sampled, the
Amber94 scenario is remarkable—it shows that the prefer-
ential interaction of side chains with urea alone is sufficient
to capture the experimental trend.
Biophysical Journal 100(6) 1526–1533
We now study how the differences in backbone and side-
chain contributions to DGP manifest in the direct interaction
and the hydrogen-bonding data. We calculate the
nonbonded interaction energy, EPU, of the protein with all
urea molecules in its first solvation shell, i.e., within
0.5 nm from the protein surface. We then calculate the
difference upon unfolding, DEPU, and examine the relative
contribution of the Coulomb and Lennard-Jones (LJ) inter-
actions. Negative values of DE indicate a favorable driving
force toward unfolding. The results obtained are weakly
dependent on the distance cutoff used to define the first
solvation shell. The calculations, obtained by averaging
over the temperature range 280–310 K, are shown in
Fig. 6, A and B. In Amber94, we find that the contribution
of LJ is larger than the Coulomb. On the other hand, the
Coulomb interaction dominates in the Amber99sb simula-
tions. The scenario in Amber99sb is qualitatively similar
to the data reported for Amber94 for the temperature range
410–460 K (17), but the effect is stronger. We find more
favorable Coulomb interactions to correlate well with
reduced helical content for urea as well as water (data not
shown). We also note that the change in the direct interac-
tion, DEPU, is larger in Amber99sb when compared to
Amber94.

The effect of decreased helical content is also reflected in
the hydrogen-bonding data. Using a acceptor-hydrogen
distance of 0.26 nm and donor-hydrogen-acceptor angle> 90�

as the existence criterion for a hydrogen bond (53), we
calculate the hydrogen-bond statistics between the protein
backbone and the solvent, separately for the folded and
the unfolded ensembles and plot the difference upon
unfolding, DNu, for the two force fields in Fig. 6, C and
D. We can see a significant increase in DNu for both urea
and water in Amber99sb simulations, when compared
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to Amber94, and this can be ascribed to the greater exposure
of the backbone due to reduced helical content in the
unfolded ensemble sampled in Amber99sb. These results
show that the driving forces computed from the two force
fields exhibit different behavior entirely due to the
differences in the unfolded ensembles sampled, without
requiring any change in the protein-solvent interaction
parameters.
CONCLUSIONS

It is widely accepted that urea denatures proteins through
favorable direct interaction with the protein (12). Within
the direct interaction model, there exists debate on the inter-
action of the side chains and the backbone with urea, and
their contribution in the process of denaturation. One can
deduce the propensity of various protein groups to interact
with urea by studying the interaction of model
compounds—amino acids, side-chain/backbone analogs—
with urea. Such studies have been carried out, in experiment
as well as simulation (15,18,54), and these show that most of
the amino acids have favorable interaction with urea.
However, model compounds do not undergo a folding tran-
sition and the interaction measured in such experiments can
be considered bare, i.e., not coupled to the context provided
by the protein sequence and conformation. The contribu-
tions of the various protein groups to the free energy of un-
folding cannot be directly determined without using further
assumptions or models.

One of the popular models to analyze the experimental
data is Tanford’s transfer model, where folding/unfolding
of the protein and the process of transfer of folded and
unfolded states from water to aqueous urea solution are
tied together in a thermodynamic cycle (19). In the transfer
model, the free energy of unfolding of a protein in 1 M urea
solution (DGUrea

1M) is related to the free energy of unfold-
ing in water (DGWater) through

DGUrea
1 M ¼ DGWater þ

X
i

niaidg
tr
i : (5)

Here ai is the fractional change in solvent-exposed surface
tr
area of group i upon unfolding, dg i is the experimentally

measured free energy of transfer of group i from water to
1 M urea solution, and ni is the number of groups of type
i present in the protein (54). The underlying assumption of
the transfer model is that the interaction of various groups
with urea contribute in an additive manner in unfolding.
Calculation of ai requires a knowledge of the exposed
surface area of the residue i in the unfolded ensemble, which
is obtained by using polymer models for the unfolded
ensemble (19). The contribution of each side-chain group
is obtained by subtracting the transfer free energy of glycine
from the transfer free energy of the corresponding amino
acid. Invoking the linear extrapolation model, it can be
seen that
X
i

niaidg
tr
i ¼ �m
and correct prediction of the m values is seen as the validity
of the model. Based on this approach, Auton and Bolen (19)
and Auton et al. (20) have proposed that the dominant
contribution to the free energy of unfolding in urea denatur-
ation comes from the peptide backbone, and the total contri-
bution of the side chains may even turn out to be
unfavorable.

By studying folding equilibrium of Trp-cage as a function
of urea concentration using REMD simulations, we have
shown that both the force fields employed—Amber94 and
Amber99sb—are consistent with experimental thermody-
namics of urea denaturation, i.e., the calculated m values
are in reasonable agreement with the experimental value.
The preferential interaction for the protein, GP and DGP,
was calculated from our simulation data and it was shown
that the behavior of these quantities are in qualitative agree-
ment with the experimental expectation. The decomposition
of GP into GBB and GSC using the proximity criterion is addi-
tive in a trivial manner, because G(r) for the protein is itself
calculated using the proximal distance. The assumption in
calculation of GX is that the solvent molecule belonging to
group X (in the proximal sense) has preferential or strongest
interaction with X, given the context of protein sequence and
conformation. Preferential interaction for a protein is not
a measure of bare interaction, either in the folded or the
unfolded ensemble, and there is no explicit separation of
geometry and chemistry in these calculations. The under-
lying thermodynamics of the system dictates the protein
and the solvent configurations sampled, and we stress that
G is a combined measure of the protein configuration and
the solvent distribution around it. Though the assignment
of solvent molecules to a particular group can be done for
distances up to half the simulation box length, the interpreta-
tion in terms of preferential interaction is valid only for
reasonably short distances (<1 nm) from the protein.

Our analysis, based on simulations with two protein force
fields (Amber94 and Amber99sb) provides a consistent
picture for the behavior of GP, DGP, GBB, and GSC. Urea
has favorable interaction with the protein backbone and
the side chains, in both the folded and the unfolded ensem-
bles. The increase in preferential interaction upon unfold-
ing, DGP, provides the thermodynamic driving force for
unfolding. Though the two force fields differ in terms of
the relative contribution from the backbone and the side
chains to DGP, the side-chain contribution is found to be
larger than the backbone in simulations using both the force
fields. We expect the Amber99sb data to provide a better
estimate for the individual contributions, i.e., ~60% contri-
bution from the side chains. The differences between the
two force fields are ascribed to the unfolded ensembles
sampled and the microscopic manifestation of these differ-
ences were highlighted in Fig. 6. Our study shows the
Biophysical Journal 100(6) 1526–1533
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importance of obtaining a good description of the unfolded
ensemble to evaluate the driving forces for unfolding. In
contrast to the results obtained from the transfer model
studies (19,20), the side-chain contribution to the preferen-
tial interaction, DGSC, and the LJ contribution to the protein-
urea interaction, DEPU, taken together for both the force
fields emphasize the importance of the interaction of urea
with the side chains in the process of denaturation. Our
study strongly supports the direct mechanism, in which
urea has favorable interactions with the side chains as
well as the protein backbone.

This work was funded by the National Science Foundation (MCB-1050966

and MCB-0543769).
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