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Single-domain globular proteins composed of less than 100
residues often show simple thermodynamic and kinetic properties
with only two populations of molecules, folded and unfolded,
present at all times and under all solution conditions.1 This two-
state behavior is characterized by a linear relation between the
apparent activation free-energy changes and the concentration of
chemical denaturant, resulting in a V-shaped plot of the log-
(relaxation rate) vs denaturant concentration, called a “chevron”
plot. For a two-state system the relaxation rate is the sum of the
folding and unfolding rates (kobs) kf + ku), the equilibrium constant
is the ratio (Keq ) ku /kf,), and the equilibrium sensitivity to chemical
denaturant is related to the two slopes of the chevron plot by:meq

) mu - mf. The most common chevron plot has linear arms at low
and high denaturant concentrations where the relaxation rate
corresponds to the folding and unfolding rates, respectively. As in
the linear free-energy relations observed in chemical reactions, the
relative sensitivity of the folding and unfolding rates resulting from
the change in stability is taken as a measure of the position of the
transition state along a putative reaction coordinate, in this case
the compactness of the structure. There has been much discussion
on the interpretation and significance of deviations from linear
folding and unfolding arms to chevron plots (see excellent review
by Oliveberg and Wolynes2). Several factors have been suggested
as causes for this deviation, including the presence of intermediate
states, a change in the relative position of the transition and
denatured states with changing solvent or mutation, and the presence
of parallel pathways. Most recently, the slopes of chevron plots
were used by Mun˜oz and co-workers to make quantitative estimates
of the free-energy barrier heights separating folded and unfolded
states.3 Using an idealized free-energy surface, they conclude that
chevron plots flatter than predicted from the equilibrium experi-
ments (meq) mu - mf) are a sign of marginal folding barriers. Fersht
and co-workers have made qualitative arguments to suggest that
relatively flat chevron plots are expected for barrierless folding.4

Here we address the connection between free-energy surfaces
and chevron plots in a kinetic study of an ultrafast folding protein,
the 35-residue subdomain from the villin headpiece.5 The denatur-
ant-induced unfolding curves, measured by circular dichroism and
fluorescence, are typical for small single domain proteins and are
well fit assuming a two-state thermodynamic model (Figure 1). The
kinetics, however, are strikingly different from what is observed
for slower folding two-state proteins; there is no measurable
dependence of the relaxation rate on denaturant concentration
(Figure 2). The flat chevron plot indicates a clear deviation from
classical two-state behavior.3

If the folding and unfolding rates are calculated from relaxation
rates and the equilibrium constants derived from the fits in Figure
1, the logarithm of the folding and unfolding rates are nonlinear

functions of the denaturant concentration, and resemble those of
protein U1A measured by Oliveberg and co-workers.6 These
nonlinearities were interpreted as a consequence of transition-state
movement toward the folded state with increasing denaturant;6 the
equivalent of Hammond behavior in physical organic chemistry.1

However, the relaxation rate decreases by a factor of∼300 between
0 and 4 M GdmCl. In contrast, we observe a relaxation rate that is
denaturant independent, and therefore our result requires a different
interpretation.
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Figure 1. Guanidinium chloride (GdmCl) induced unfolding curve
measured by CD and tryptophan fluorescence quantum yield (pH 4.9,
40 °C). The triangles are the amplitudes from kinetic measurements. The
data were fit with a two-state model (see Supporting Information), yielding
cm ) 2.44 M, andm ) 0.82 kcal mol-1 M-1.

Figure 2. Kinetics. (a) Measured relaxation rates following laser T-jump
to 40 °C (blue points). Rates were calculated from theoretical free energy
surfaces (Figure 3) assuming no denaturant (D) or reaction coordinate (R.C.)
dependence in the hopping rate parameter,γ (long-dashed red curve);
D-dependence only,γ ) γ0(1 + R[GdmCl]) (short dashed green curve,R
) 0.63); and both D- and R.C.-dependence,γ ) γ0(1 + R[GdmCl])(exp-
(-â(P - 5))) for P > 5 (R ) 0.63,â ) 0.1, continuous blue curve) (see
Supporting Information). (b) Folding (red points) and unfolding rates (green
points) calculated using a two-state model; folding (red curves) and
unfolding (green curves) calculated from Ising-like model with both D-
and R.C.-dependentγ.
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To understand the denaturant-independent relaxation rates, we
have used an Ising-like model as a guide. The model has been
described in detail elsewhere,7-9 so we only present the basic ideas.
Each residue of the polypeptide chain exists in one of two possible
states, native (n) or non-native (c). To greatly reduce the number
of possible configurations, we employed the double-sequence
approximation, in which no more than two continuous stretches of
native residues are allowed in each molecule (e.g., ...cnnnc-
ccnnnccc...). The model only allows contacts between residues
within a native stretch of residues or between residues in two
different native segments, thereby connecting them with a disor-
dered loop. We employed the simplest description of interactions.
Non-native interactions and amino-acid type were ignored, with
identical energies for all contacts in the known three-dimensional
structure (defined as residues withR carbons separated by less than
0.8 nm) and the same conformational entropy loss for every residue
upon ordering it in its native conformation. The effect of denaturant
was simulated by reducing the contact energy linearly with GdmCl
concentration. The kinetics of folding and unfolding were calculated
by hopping along the one-dimensional free-energy surface generated
from the partition function (Figure 3), with the fraction of native
contacts or number of ordered residues as a reaction coordinate.
The simplest assumption that mimics diffusion on the free-energy
profile invokes a linear free-energy relation between hopping-rate
coefficients and equilibrium constants for adjacent values of the
reaction coordinate.

Figure 3 shows the free-energy profiles and the corresponding
populations generated by the model as a function of denaturant
concentration. Both the profiles and the nearly perfect exponential
time course of the calculated fluorescence relaxation (see Supporting
Information) are consistent with an approximately two-state process
with a small barrier separating the folded and unfolded states.9 The
model predicts a large movement of the major barrier fromP ) 6
at low denaturant concentration toP ) 24 at high denaturant (Figure
3.), but yields a chevron-like, albeit weak, denaturant dependence
in contrast to the experimental observation (Figure 2a). However,
two significant physical effects were not included in the model.
One is based on the elegant single molecule experiments of Schuler
and co-workers which show a strong and linear denaturant
dependence of the end-to-end diffusion coefficient of the denatured
state of a 66-residue cold shock protein.10 This diffusion coefficient
is proportional to the hopping rate on a free energy surface,11 which

we used to calculate the relaxation kinetics. N. Socci (personal
communication), moreover, has shown that the decay time for the
end-to-end distance correlation function of the denatured state of a
lattice model12 is nearly the same as that for the correlation time
for motion on the reaction coordinate (in this case, the fraction of
native contacts, Q). Incorporation of the Schuler result markedly
reduces the denaturant dependence (Figure 2a).

A second effect, discussed by Wolynes and co-workers,13,14 is
the dependence of the diffusion coefficient on reaction coordinate.
As the protein becomes more compact in progressing toward the
native state, the diffusion coefficient is expected to decrease. For
high barriers a reaction coordinate-dependent diffusion coefficient
has no effect on the rate of barrier crossing because only the
diffusion coefficient at the barrier top contributes to the rate.15 In
the present case, however, the barriers are very low and move with
denaturant concentration. From simulations of lattice models, Wang
and co-workers found large decreases in the diffusion coefficient
along the Q coordinate.16 By introducing a reaction coordinate-
dependent hopping rate which decreases exponentially, we find that
calculated relaxation rates show less denaturant dependence and
the time course remains exponential (see Supporting Information).

We see that a nearly denaturant-invariant, unfolding/refolding
relaxation rate can be produced by a large movement of a small
free-energy barrier, together with a denaturant and reaction
coordinate-dependent diffusion coefficient. We have not considered
the possibility that denaturant dependence of the diffusion coef-
ficient may also vary along the reaction coordinate. Nevertheless,
we find that the denaturant independence of the kinetics of this
ultrafast folding protein can be explained with a simple statistical-
mechanical model that yields a marginal folding barrier, ap-
proximately two-state thermodynamics, and exponential relaxation
kinetics. Although barrierless folding should result in little denatur-
ant dependence,4 the converse is not necessarily true.
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Figure 3. Theoretical model. Free energy (continuous curves) and
corresponding populations (dashed curves) versus number of ordered
residues at various denaturant concentrations from an Ising-like model. The
two adjustable parameters of the model, the energy of an inter-residue
contact (0.65 kcal mol-1) and the entropy loss associated with ordering a
residue in its native conformation (- 3.8 cal mol-1 deg-1), were obtained
by optimizing the fit to the measured excess heat capacity versus
temperature.9 All species to the right of vertical dotted line are considered
part of the folded state, and all to the left are considered the unfolded state.
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