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Urea and Guanidinium Chloride Denature Protein L in Different Ways in
Molecular Dynamics Simulations

C. Camilloni,* A. Guerini Rocco, I. Eberini," E. Gianazza, R. A. Broglia,** and G. Tiana*

*Department of Physics, University of Milano and INFN, 1-20133 Milan, Italy; *Gruppo di Studio per la Proteomica e la Struttura delle
Proteine, Dipartimento di Scienze Farmacologiche, Universita degli Studi di Milano, 1-20133 Milan, ltaly; and *The Niels Bohr Institute,
University of Copenhagen, DK-2100 Copenhagen, Denmark

ABSTRACT In performing protein-denaturation experiments, it is common to employ different kinds of denaturants inter-
changeably. We make use of molecular dynamics simulations of Protein L in water, in urea, and in guanidinium chloride (GdmCl) to
ascertain if there are any structural differences in the associated unfolding processes. The simulation of proteins in solutions of
GdmCl is complicated by the large number of charges involved, making it difficult to set up a realistic force field. Furthermore, at
high concentrations of this denaturant, the motion of the solvent slows considerably. The simulations show that the unfolding
mechanism depends on the denaturing agent: in urea the B-sheet is destabilized first, whereas in GdmClI, it is the «a-helix.
Moreover, whereas urea interacts with the protein accumulating in the first solvation shell, GdmCI displays a longer-range

electrostatic effect that does not perturb the structure of the solvent close to the protein.

INTRODUCTION

Denaturation has long been used as a tool to probe the folding
properties of proteins (1-3), and, in recent years, the dena-
tured state has gained increasing attention because of its
importance for understanding the folding process (4). The
denaturing agents most largely employed in folding/unfold-
ing experiments are urea and guanidinium chloride (GdmCl).

A central problem concerning this kind of experiment is
whether one can define a denaturation process simply, in-
dependent of the denaturing agent. Privalov and colleagues
(5,6) gave a clear answer to this issue, concluding that the
thermodynamic properties associated with protein unfolding
do not depend on the denaturing agent, whereas the structural
properties do. In other words, the net denaturation enthalpies
and entropies are intrinsic properties of proteins, whereas the
loss of secondary structures, of compactness, of buried sur-
face, and so on depend on the specific way in which these
proteins are denatured.

Because protein folding/unfolding is usually monitored
through the analysis of structural features (secondary structure
by circular dichroism, burial of tryptophans by fluorescence,
etc.) and not through direct calorimetric measurements, it is
important to evaluate the effects of the specific denaturing
agent.

The situation is further complicated by the fact that the
molecular basis for denaturation by urea and GdmCl is still
unclear. Two models have been proposed, one based on a
direct, favorable interaction between the denaturant and the
protein (7,8) and the other based on a modification of the
hydrogen-bond structure of water and a consequent weak-
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ening of hydrophobic interactions (9). Although both models
can explain denaturation curves (10), midinfrared spectros-
copy experiments have shown (11) that the dynamics of
hydrogen bonds is weakly affected by urea, suggesting that
the hydrophobic interaction is not hindered. Moreover,
studies of the end-to-end diffusion of unstructured peptides
agree (12) with a model in which urea and GdmCl interact
homogeneously with all the amino acids with binding con-
stants 0.26 M~ and 0.62 M ', respectively.

To gain insight into the denaturing effects of urea and
GdmCl, we studied the unfolding of the IgG binding domain
of Protein L, a 62-residue protein built of a B-hairpin, an
a-helix, and another 3-hairpin, and that folds following a two-
state model (13). Fluorescence experiments in 2 M GdmCl
suggest that the first B-hairpin of Protein L is partially struc-
tured in the denatured state (14). A ¢-value analysis based on
folding/unfolding obtained again with GdmCl indicates that
the helix is largely disrupted in the transition state (15).

In the following section, we introduce a model for GdmCl
and describe full-atom, explicit-solvent simulations, per-
formed in both urea and GdmCl, starting from the native
conformations and following the disruption of native struc-
tural elements. The goal is to understand at a molecular level
the destabilization mechanism associated with common
chemical denaturants. The elucidation of the differences
among urea, guanidinium, and thermal denaturation will be
useful both to experimentalists, to interpret correctly the re-
sults of experiments, and to theoreticians, to obtain a further
insight into the stabilization mechanism of proteins.

Unfolding simulations of Protein L in urea have been in-
vestigated extensively (16). However, this is the first time
that a comparison of the unfolding trajectories of a protein
under different denaturant agents has been carried out in
detail. Although the simulations done to investigate the
native basin have been performed at 300 K, the unfolding
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simulations have been performed at temperatures higher than
room temperature, to speed up the physical processes that
determine the unfolding of the protein. Because this kind
of simulation is very time consuming, performing high-
temperature simulations is a common approach (17,18). The
simulations in denaturant are compared with simulations
performed in pure water to discriminate the net effect of the
denaturant, under the approximation that the effects of tem-
perature in the simulations in water alone and in denaturant
are similar.

MATERIALS AND METHODS

The simulations were performed in explicit solvent making use of the
Gromacs molecular dynamics (MD) package (19) with the Gromos96 force
field (G45al) (20). Water is described with the SPC model. As a rule, the
electrostatic interaction implemented with PME, the thermal bath is coupled
with the Berendsen algorithm, and the time step is set to 2 fs. Exception is
made for the simulations made to study the box of guanidine chloride, which
requires a more precise control of the temperature, and thus, in this case, we
made use of a Nose-Hoover thermostat. The box is a dodecahedron with a
volume of ~100 nm”.

The parameters of the force field concerning the urea are taken from Smith
etal. (21). A 27-nm> box of urea is prepared starting from a larger box of 216
nm?® with 160 urea molecules and 480 water molecules and minimizing the
energy while applying an isotropic pressure of 100 bar. For details, see
Guerini Rocco et al. (16).

The parameters concerning the interaction of Gdm™, except partial
charges, were taken equal to those of arginine in the Gromos96 force field.
Partial charges are obtained from density functional theory calculations with
a plane-wave basis set and local density approximation (22). Specifically, we
first optimized the ionic positions of the isolated molecule. The final partial
charges are listed in the second column of Table 1. Making use of such
parameters, we carried out 10-ns MD simulations of a 3 M solution of
GdmCl. From the simulation we obtained the average electric field acting on
a Gdm™ molecule, and the quantum-mechanical optimization was repeated
in presence of the electric field. The resulting partial charges are listed in the
third column of Table 1. When the procedure was repeated once again, the
partial charges changed <5%. These values will thus be used in the fol-
lowing calculations. Note that the charges obtained for the isolated molecule
are similar to those used by Mason et al. (23), and the calculations with the
electric field provide a more polarized guanidinium molecule.

RESULTS
The guanidine solution

Although the force field that describes urea has been widely
tested (16,21), that associated with guanidine is complicated
by the large amount of charge involved and consequently is
worthy of further investigation.

TABLE 1 Partial charges of Gdm* atoms from density
functional calculations

Atom Charge (isolated) Charge (solution)
C 0.692 1.027
N —0.621 —0.845
H 0.362 0.418
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First, it is necessary to show that the force field correctly
describes the guanidine molecule in solution. For this pur-
pose, a 10-ns simulation of a 3 M solution of GdmCl in water
was performed at 300 K. The resulting radial distribution
function (RDF) associated with the N-atoms is displayed in
Fig. 1 together with that obtained from neutron diffraction
experiments (24). The two main peaks correspond to intra-
molecular N-N and N-H interactions (peaks corresponding to
bonded interaction have been excluded from the plot),
whereas the bumps at higher distances are given by correla-
tions between different molecules. The plot shows an overall
agreement with the experimental data.

The average density of the simulated solution is 1.041
kg/m?, compared with the experimental value of 1.049 kg/m’
(25).

A major problem in the simulation of a GdmCl solution
is the long time needed for equilibration starting from a
random-generated conformation because of the strong elec-
trostatic interactions present in the solution. To estimate the
equilibration time, we make use of the parameter

_(E) —(E)
h(t) - sz(Cp)t ’

where E is the energy of the system, the angular brackets
indicate the average calculated over a time interval of
duration ¢ from the beginning of the simulation, T is the
temperature, and k is the Boltzmann constant. The specific
heat (Cp), is determined through the finite difference between
the average energy calculated in two simulations of duration #
performed at temperature 7 and T + 10 K, respectively. The
fluctuation-dissipation theorem asserts that /& converges to
unity at equilibrium. The equality 2 = 1 is a necessary but not
sufficient condition for equilibrium; consequently, / can be
used, strictly speaking, only to monitor for how long the
system is out of equilibrium. The behavior of 4 as a function
of time is displayed in Fig. 2 for two different temperatures
and two different concentrations of GdmCI. The 3 M solution
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FIGURE 1 RDF of the nitrogens of guanidinium with respect to all other

atoms, obtained by MD experiments (solid curve) and by neutron diffraction
experiments (dashed curve, see Mason et al. (24)).
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FIGURE 2 Equilibration times for 3 M, 5 M, and 10 M GdmCl solutions
and for pure water (dashed curve) at 300 K (top panel) and 400 K (bottom
panel).

seems to reach equilibrium (cf. the above caveat) within a few
hundreds of picoseconds at both 300 K and 400 K, as in the
case of a pure water solution. The 5 M solution equilibrates
within the same timescale at 400 K, but at 300 K, it comes
close to equilibrium in hundreds of picoseconds but needs
nanoseconds to equilibrate completely. The 10 M simula-
tions remain out of equilibrium at both temperatures on the
nanosecond time scale. Consequently, the possibility of
efficiently simulating 10 M GdmCl solutions was ruled out,
and we employed 5 M solutions.

Unfolding of Protein L

The unfolding of Protein L was simulated starting from the
crystallographic structure (26) in 5 M GdmCl and in 10 M
urea solutions. The results in urea have been extensively
discussed (16). A summary of the simulations is listed in
Table 2.

TABLE 2 Summary of the simulations

Solvent T Duration
1 Water 400 K 30 ns
2 10 M urea 400 K 30 ns
3 10 M urea 400 K 30 ns
4 5 M GdmCl 400 K 30 ns
5 5 M GdmcCl 400 K 20 ns
6 5 M GdmCl 400 K 10 ns
7 Water 480 K 10 ns
8 10 M urea 480 K 10 ns
9 10 M urea 480 K 2 ns
10 5 M GdmCl 480 K 20 ns
11 5 M GdmCl 480 K 7 ns
12 5 M GdmCl 480 K 40 ns
13 10 M urea 300 K 20 ns
14 5 M GdmCl 300 K 20 ns
15 5 M GdmCl1* 400 K 20 ns

*This simulation was performed with the force field discussed by Mason
et al. (23).

Biophysical Journal 94(12) 4654—-4661

Camilloni et al.

The first set of simulations was performed at 400 K. At this
temperature, the protein in water has been observed to unfold
in 24 ns in an MD simulation (see Fig. S1 in the Supple-
mentary Material, Data S1). Figs. 3 and 4 display, respec-
tively, the root mean-square deviation (RMSD) and the
amount of secondary structure for two simulations performed
in urea and GdmCl, respectively. One more simulation in
GdmCl is reported in the Supplementary Material (cf. Fig.
S2, Data S1) and showed the same qualitative behavior as
Fig. 4. In all cases, the breakout of some elements of sec-
ondary structures corresponds to a RMSD value of ~0.5 nm.
This value is consistent with results obtained with a simpli-
fied model (27), according to which the transition state en-
semble displays a RMSD of ~0.4 nm and the denatured state
of ~0.6 nm. This unfolding event takes place in 16 ns and
17.5 ns in the simulations in urea and in 27 ns, 13 ns, and 4.5
ns in GdmCI. The time at which the RMSD reaches a value of
0.5 nm is then used to compare the structures of the protein
with equal degree of unfolding among different simulations.

An important observation is that, in the three unfolding
simulations in GdmCl, the «-helix is destabilized fast,
whereas the B-sheet is remarkably stable (when the RMSD
reaches 0.5 nm, the fractions of residues in «-helix are 0.26,
0.30, and 0, respectively, and those of 3-sheet are 0.83, 0.60,
and 0.66, respectively). Eventually, the amount of a-helix
drops to zero, whereas that of B-sheet remains larger than 0.5.
A small loss of B-structure takes place in the residues flanking
the helix (see Fig. 5, and Figs. S2 and S3 in the Supple-
mentary Material, Data S1), suggesting that it is related to the
elongation of the helical region. The hydrogen bonds be-
tween the N- and the C-terminal strands are never observed to
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FIGURE 3 Unfolding of Protein L in urea at 400 K in two independent
simulations. The first and third panels display the numbers of residues in
a-helix (solid curve) and B-sheet (dashed curve). The second and fourth
panels display the associated RMSDs. The vertical dashed line indicates the
time at which the RMSD reaches 0.5 nm.
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FIGURE 4 Unfolding of Protein L in GdmCI at 400 K in two independent
simulations. The first and third panels display the number of residues in
a-helix (solid curve) and B-sheet (dashed curve) in two unfolding simulations.
The second and fourth panels are the associated RMSDs. The vertical dashed
line indicates the time at which the RMSD reaches 0.5 nm.

break in the simulation time, resulting in transient unfolded
conformations as compact as the native one (with a gyration
radius of ~1.2 nm; cf. Fig. S5 in the Supplementary Material,
Data S1).

Urea 10M
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In contrast, in the simulations in urea, unfolding takes
place after a considerable destabilization of the 3-sheet. In
the first simulation, when the RMSD reaches 0.5 nm, the
B-sheet is 25% formed (whereas the helix is 80% formed),
and eventually the B-sheet is completely unstructured (al-
though the fraction of helical residues remains larger than
30%). The contacts between the N- and C-terminal strands
are now lost, although the transient unfolded conformations
remain quite compact (the gyration radius being lower than
1.3 nm, see Fig. S6). In the second simulation, when the
RMSD overcomes 0.5 nm, the B-sheet is 35% formed (and
the helix is 33% formed). Eventually, the fraction of B-sheet
drops to 23% and that of a-helix to zero. Interestingly, four to
six residues of the native helix assume a B-conformation (cf.
Fig. S4 in the Supplementary Material, Data S1).

A further set of simulations has been performed at 480 K in
urea and GdmCl. Although at this temperature the protein can
also unfold in absence of denaturant within a few nanosec-
onds (see Fig. S7 in the Supplementary Material, Data S1), it
is still interesting to analyze these simulations because all
physical processes are faster. The unfolding of Protein L in
urea and GdmCl is displayed in Figs. 6 and 7 (cf. also Figs.
S8-S12 in the Supplementary Material, Data S1), respec-
tively. In the simulations in urea, both the a-helix and the
B-sheet are completely disrupted within a few nanoseconds,
and subsequently, the protein elongates, reaching a gyration
radius oscillating from 1.5 to 2 nm (cf. Fig. S6, Data S1). The
simulations in GdmCl and in pure water, on the other hand,
behave similarly to each other: the a-helix is lost in the first
5 ns, whereas the f-sheet is never disrupted completely
within the simulation time. Consequently, the radius of gy-

FIGURE 5 Snapshots of the unfolding of Protein L at
400K in GdmCl and in urea.
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http://www.biophysj.org/cgi/data/biophysj.107.125799/DC1/1
http://www.biophysj.org/cgi/data/biophysj.107.125799/DC1/1
http://www.biophysj.org/cgi/data/biophysj.107.125799/DC1/1
http://www.biophysj.org/cgi/data/biophysj.107.125799/DC1/1
http://www.biophysj.org/cgi/data/biophysj.107.125799/DC1/1

4658

(%)
(=]

[\ ]
S

(=3,

# of residues

T

—
— W N W
L

o
r

RMSD [nm]
S W

o
o
~
(=
(o]
S

time [ns]

FIGURE 6 Unfolding of Protein L in urea at 480 K (see Fig. 3 legend for
details).

ration remains similar to that of the folded protein (i.e., <1.3
nm; cf. Fig. S5, Data S1). These results are compatible with
the picture described above and, furthermore, indicate that
the B-sheet is long-lived unless one adds urea to the solution.

Structure of the solution around the native state
of Protein L

To understand the different mechanisms that trigger dena-
turation of Protein L in urea and GdmCl, we performed a set
of 20-ns simulations at 300 K, at which temperature the
protein is not able to escape from its native basin (the RMSD
is lower than 3 A) and consequently can provide structural
information about the native metastable state.

Fig. 8 displays the correlation between the total RMSD of
the protein and the RMSD of the a- and SB-structures in urea
and GdmCl, respectively. The simulation in urea shows a
strong correlation (correlation coefficient r = 0.984) between
the degree of formation of the whole protein and of its
B-structure, and no correlation (r = —0.172) with the degree
of formation of the a-helix, supporting the idea that unfold-
ing starts in the native state by denaturation of the 3-sheet.

The RDF of urea and water with respect to the protein,
calculated in the 20-ns simulation in urea, is displayed in Fig.
9 (left panel) together with the RDF of water in a 20-ns
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FIGURE 7 Unfolding of Protein L in GdmCl at 480 K (see Fig. 4 legend
for details).
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simulation of the protein in pure water. The RDF in all cases
displays a peak at 0.17 nm, corresponding to the atoms be-
longing to the first shell of solvent molecules closest to the
protein. With respect to the simulation in pure water, one can
observe that in the simulation in urea the density of water
molecules in the first shell drops and is compensated by
molecules of urea. Integrating the RDF over the first shell of
solvent (i.e., up to 0.35 nm, which is the typical donor-
acceptor distance in hydrogen bonds), one deduces that in pure
water this is composed of 154.9 water molecules, whereas in
urea solution it is composed of 65.3 urea molecules and 37.2
water molecules. Note that the ratio 65.3:37.2 = 1.8 is much
higher than the ratio 816:3384 = 0.24 between the total
number of urea and water molecules in the system. This wide
difference suggests that the increase in urea density around
the protein is caused by an attractive mechanism (which can
be a direct interaction or an effective, entropy-mediated in-
teraction). This effect cannot be explained in terms of the
number of hydrogen bonds between the protein and the sol-
vent: in pure water the mean number of such bonds is 140.1, a
number that decreases to 49.8 on addition of urea (44.6 be-
tween protein and urea, 5.2 between protein and water).

The effect of GAMCl on the secondary structures of Protein
L is symmetrical to that of urea in the sense that the total
RMSD is more correlated to that of the a-helix (r = 0.73)
than to that of the B-sheet (r = 0.50, cf. Fig. 8). The largest
(former) correlation is smaller than in the case of urea, most
likely because the overall structural fluctuations are smaller
in GdmCI (i.e., the total RMSD ranges between 0.18 and 0.28
nm in GdmCl and between 0.11 and 0.31 nm in urea). More
interestingly, in GdmCl there are detectable correlations with
both a- and B-structures, indicating that the interaction is less
specific with respect to the kind of secondary structure.

The structure of the GdmCI solution around the protein,
described by the RDF shown in the right panel of Fig. 9, is
markedly different from that of the urea solution. The
structure of water is essentially identical to that observed in
pure water. Also, the distribution of GdmCl is similar to that
of water, especially in the first shell around the protein. This
implies that the density of water and GdmCl molecules in
the first shell is essentially the same as in the bulk solution. The
mean number of hydrogen bonds between GdmCl and the
protein is 28.7, whereas that between water and the protein is
75.2. As in the case of the urea solution, the total number of
hydrogen bonds between the solvent and the protein is lower
than in the case of pure water, but in this case GdmCl can build
fewer bonds than water.

The average dipole moment generated by the GdmCl so-
lution is 136.3 D, a number that should be compared with that
generated by the pure-water solution (15.1 D). This indicates
that the protein induces a polarization of Gdm " and CI~ that,
in turn, applies an electric field to the protein. Fig. 10 displays
the potential (calculated after Baker et al. (28)) that the
solvent causes on the surface of the protein. One can observe
that, unlike pure water, the GdmCI solution causes a dif-
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ference of potential between the two ends of the helix of
several kT/e.

DISCUSSION

The main result of the work presented here is that the un-
folding pathway of Protein L in GdmCl is different from that
in urea and involves first the destabilization of the a-helix in
the former case and of the B-sheet in the latter. The structural
characterization of the free energy minimum corresponding
to the denatured state is still computationally out of question.
Our simulations account only for the initial stages of un-

0 0.5 1 1.5 2 2.5 0.5 1 1.5 2 25

r [nm] r [nm]

FIGURE 9 RDF calculated in the 300 K simulation in urea (left panel)
and GdmCl (right panel). The total RDF, calculated between all the atoms of
the denaturant and all the atoms of the protein (a), the total RDF between all
the water atoms and all the atoms of the protein (b), and, as reference, the total
RDF between all the water atoms and all the protein atoms in a simulation in
pure water (c). In the case of GdmCl, the total RDF of denaturant with respect
to the protein, calculated at 3 M GdmCl is also displayed (d).

folding, as they describe few tens of nanoseconds, to be
compared with the overall unfolding time of 300 ms of
Protein L in 5 M GdmCl (13). Nonetheless, the differing
effect of GdAmCI and urea on the different secondary struc-
tures of the protein allows one to speculate that the two un-
folded states can be structurally (but not thermodynamically
(5,6)) different.

Within this context, the simulations carried out at 480 K
are of particular interest because such a high temperature
speeds up all physical processes. These show that GdmClI is
not able to break the -sheet in the whole simulation time,
even if the helix gets unstructured in the first few nanosec-
onds. On the other hand, the simulations in urea show that,
after the B-sheet is disrupted, the helix is also lost in a few
nanoseconds. These data suggest that the intrinsic role of the
B-sheet and of the a-helix are asymmetric, the former being
more critical for the overall stability of the protein.

The disruption of the helix and the robustness of the
B-structure observed in the simulations in GdmCI are com-
patible with NMR experiments of Protein L performed in 3 M
GdmCl (29). In fact, the chemical shifts, the medium-range

FIGURE 10 Electrostatic potential generated by the solution on the sur-
face of Protein L in 5 M GdmCl (left) and in water (right) at 300 K. The
colors range from red (V = —10 kT/e) to blue (V = +10 kT/e).
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nuclear Overhauser effect signals, and the oscillations in the
profile of paramagnetic-relaxation-enhancement experiments
indicate the presence of consistent residual structure in the
first hairpin but not in the helix. Moreover, the results of the
simulations are also compatible with the results of ¢-value
analysis, which indicate that the first hairpin, but not the
helix, is structured in the transition state between the native
and the GdmCl-stabilized denatured state (13—15). Similar
experiments in urea, which are not available in the literature,
would be welcome to validate our computational findings.

As compared with urea, building a computational model
for GdmCI displays two further problems. First, molecular
polarizability seems to play an important role, as a conse-
quence of the strong local electric field created by the large
quantity of ions in solution. The zero-order solution, em-
ployed here, is to account for the electric field in the quantum
calculation performed to obtain the partial charges and use
these (fixed) values for the classical simulations.

Simulations of aqueous solution of GdmCl have been
performed in the past (23) to characterize the structural
properties of the solution. In that work, the partial charges
were that of arginine in CHARMM?22, which is 0.64 for C,
—0.80 for N, and 0.46 for H. In a 20-ns simulation at 400 K in
5 M GdmCl using these partial charges, the RMSD does not
increase above 0.4 nm, and the secondary structure remains
intact (cf. Fig. S13, Data S1). The comparison of these results
with ours seems to indicate that the careful calculation of the
partial charges (as described in Materials and Methods) is
critical to describe correctly the unfolding ability of GdmCl
on proteins.

Recent calculations have been performed using the same
force field as that of Mason et al. (23), simulating the dy-
namics of methane, of the H1 helix of mouse prion (30), and
of the melittin helical peptide (31). The main difference be-
tween these and our calculations is that we do not observe a
net increase of Gdm™ in the first shell of solvent around the
protein but a polarization of Gdm™ and CI~. There can be
several reasons for this difference. First, we simulate a 5 M
GdmCl solution, whereas O’Brien et al. (30) and Mason et al.
(31) used a 3 M solution. In fact, repeating the simulation at
3 M concentration produces an RDF more similar to that dis-
played in Fig. 7 of O’Brien et al. (30) (cf. the curve d in the
left panel of Fig. 9). This result highlights a concentration
effect that was already noted in the case of methane (cf. Fig. 5
of O’Brien et al. (30)). Moreover, the systems studied by
O’Brien et al. (30) and Mason et al. (31) are considerably
smaller than Protein L, something that can again affect the
equilibrium distribution of charges.

The other difficulty associated with simulations of a
GdmCl solution is that at high concentration the dynamics of
molecules becomes slower, and consequently, simulations of
a few nanoseconds become meaningless. This phenomenon
is likely to be associated with the strong network of Coulomb
interactions produced by the large quantity of charges in the
solution. As a matter of fact, the viscosity of GdmCl solutions
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is known (32) to be highly nonlinear with concentrations
above 4 M. The concentration of 5 M GdmCl used above is
a tradeoff between denaturing power and ability to diffuse, a
quantity to which the unfolding rate is related.

The different unfolding pathways in urea and GdmCl are
reflected by the different structures of the solvent around the
protein. Urea accumulates in the first shell, pulling away
water and lowering the total number of hydrogen bonds be-
tween the protein and the solvent. This perturbation of the
structure of water extends to the whole volume. Conse-
quently, protein unfolding takes place both because of the
direct interaction between urea and the protein and because of
the variation of the structure of the solvent (and thus of the
hydrophobic effect). GdmCI, on the other hand, does not
appreciably change the static properties of the solution. The
average dipole moment generated by the GdmCI solution is
much larger than that generated by water. This allows for the
speculation that unfolding is associated with the Coulomb
interaction between GdmCl and the protein. In particular, the
helical region of Protein L is rich in residues that, at neutral
pH, are charged (7 of 17, i.e., 25E, 26K, 30E, 36D, 39K, 40K,
and 41D). Within the dipolar electric field generated by the
Gdm™ and CI™ ions, the charged residues stretch the a-helix,
causing its unfolding. On the other hand, the fraction of
charged residues in the 8-sheet is lower (9 of 43). Because the
Coulomb interactions are long-ranged, this can be done
without perturbing the first shell of solvent.

CONCLUSIONS

A detailed comparison of the unfolding trajectories of a model
protein in solution with urea and GdmCl has been carried out
for the first time. The unfolding of Protein L follows two
different pathways in urea and in GdmCI. This suggests that
the effects of the specific kind of denaturant should be ac-
counted for in interpreting folding and unfolding experiments,
especially when the protein is monitored through the degree of
formation of its secondary structure. To perform the simula-
tions that provided these results, we developed a force field to
describe guanidinium. This force field improves the parame-
trization described by Mason et al. (23), taking into account, in
a very simple way, some polarization effects.

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this
article, visit www.biophysj.org.
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