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ABSTRACT: Analysis of curved chevron plots is a powerful tool in investigating protein folding pathways, as
the curvatures can be used to gain information about both early and late folding events. When and if
accumulation of low-energy intermediates can be ruled out, two different models have classically been applied
to describe curved chevron plots, namely , (i) Hammond effects along smooth barrier profiles and (ii) changes
in the rate-limiting step between two discrete transition states. The two models lead to very similar numerical
solutions, which are generally indistinguishable. This is not surprising, since the smooth barrier assumption
approximates barrier profiles with a more complex topology involving multiple local maxima that are too
close, or too broad, to yield clear-cut kinks in the chevron data. In this work, we have reconstructed the
transition state shifts as a function of protein stability over a wide stability range for three small globular
proteins, to screen for fingerprints more sensitive for different barrier profiles. We show that such an analysis
represents a valuable test for the discrimination between the two different scenarios.

A typical feature of small single-domain proteins is the ability
to fold via an all-or-none reaction. Hence, in the absence of
populated intermediates, experimentalists have focused on the
characterization of the folding transition state (TS),1 the highest
free energy point on the reaction pathway (1). Despite the
inherent complexity of the protein folding reaction, the TS is
often surprisingly robust and maintains its structural features
when its stability is altered by mutagenesis, or solvent condi-
tions (2, 3).However, some protein systems have been reported to
display plastic folding pathways characterized by a malleable TS
and a broad energy barrier (4-6). In spite of the remarkable
conceptual differences invoked by mechanisms implying either a
malleable or a robust TS, it is to date extremely difficult, if not
impossible, to unequivocally discriminate between the two
models (7). This is not surprising, because these two models
depict extreme manifestations of a more complex scenario,
whereby folding is characterized by a rough energy landscape (8).
Experimentally, such a roughness may give rise to detectable
transition state movements (9) or multiple folding pathways (10).

It has been empirically observed that changes in folding free
energy are linearly related to denaturant concentration, and the
slope of this dependence (mD-N=δΔG/δ[denaturant]) is corre-
lated with the change in accessible surface area upon unfold-
ing (11). Since denaturants reduce the stability of the different
conformational states according to the degree of their respective

solvent-exposed surface area, the activation energy will also
be linearly dependent on denaturant concentration. For a simple
two-state system, observed kinetics is governed by the sum of the
forward and reverse reactions (kobs=kFþ kU). Accordingly, two-
state proteins, displaying robust TS, are expected to conform to a
perfectly V-shaped dependence of the logarithm of the observed
rate constants on denaturant concentration (chevron plot), with
linear folding and unfolding arms (Figure 1a) (3). Deviations
from linearity of the folding and/or unfolding arms result from
different scenarios, including (i) accumulation of (un)folding
intermediates (Figure 1b) (12-14), (ii) changes in the rate-limit-
ing step between two discrete barriers (Figure 1c) (15, 16), and
(iii) structural changes in TS involving Hammond effects on
smooth energy barriers (Figure 1d) (4, 17). Thus, analysis of
nonlinear chevron plots is potentially a powerful tool for
addressing the shape of folding free energy barriers. While it is
sometimes possible to detect the accumulation of low-energy
intermediates [i.e., by observing multiphasic kinetics and/or by
analyzing the time zero/time infinite fluorescence levels of
observed time courses (see, for example, refs 12 and 18-20)],
the mechanisms involving either a change in the rate-limiting step
(i.e., involving a high-energy intermediate) or smooth energy
barriers are often kinetically equivalent (21). In this work, we
propose a kinetic test to distinguish between the two latter
analytical models, based on the assumption that they represent
extreme manifestations of the folding energy barrier profile,
whereby transition states become experimentally distinguishable
only when they are clearly separated along the reaction coordi-
nate. In this context, the smooth barrier formalism represents a
low-resolution analysis of a barrier having a more complex
profile, involving multiple local maxima that are too close, or
too broad, to be distinguished.

The test is applied to two different proteins displaying curved
chevron plots: (i) the second PDZ domain from PTP-BL (PDZ2)
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and (ii) the reconstituted pleckstrin homology domain from
PLC-γ (PH), which according to the analysis reported below
conform to the two different mechanisms. Moreover, we com-
pare the folding pathway of PDZ2 to that of R16, previously
characterized by Clarke and co-workers (7, 21). While the two
proteins exhibit similar chevron plots, involving in both cases a
rollover in the unfolding branch, the analysis presented below
highlights substantial differences in their folding pathways and
suggests that, while PDZ2 involves a high-energy intermediate,
the pathway of R16 is better described by the smooth barrier
model.

EXPERIMENTAL PROCEDURES

Site-directedmutants were produced using a QuikChange site-
directed mutagenesis kit (Stratagene). Proteins were expressed
and purified as described previously (22, 23). The following
buffers were used: 50 mM sodium phosphate from pH 8.0 to
6.3, 50 mM sodium acetate from pH 5.5 to 3.8, and 50 mM
sodium formate from pH 3.4 to 2.1. All reagents were of
analytical grade.
Stopped-Flow Experiments. Experiments were conducted

on an Applied Photophysics (Leatherhead, U.K.) Pi-star
stopped-flow instrument; the excitation wavelength was 280 nm,
and the fluorescence emission was measured using a 320 nm
cutoff glass filter in the case of PDZ2 or using a 360 nm cutoff
glass filter in the case of the PH domain. In all experiments,
refolding and unfolding were initiated by an 11-fold dilution
of the denatured or native protein with the appropriate buffer.
Final protein concentrations were typically 1 μM. The observed
kinetics were always independent of protein concentration (from
0.5 to 10 μM), as expected from monomolecular reactions
without effects due to transient aggregation (24). Over and above
minor phases due to proline cis-trans isomerization events,
observed kinetics were satisfactorily fitted to a single-exponential
time course. Each tracewas the average of at least five independent

shots. Analysis was performed by nonlinear least-squares fitting
using the program provided in the Applied Photophysics soft-
ware. The chevron plots obtained by plotting the observed rate
constants versus denaturant concentrations were analyzed as
described in the text using either Kaleidagraph (Synergy Soft-
ware) or Prism (Graphpad).

RESULTS AND DISCUSSION

Analysis of the βT Dependence on Protein Stability as a
test for Assessing the Shape of Folding Free Energy
Barriers. A very useful parameter in analyzing the nature of a
protein folding transition state is the Tanford β value (βT), an
estimate of the degree of buried surface exposure in the transition
state for unfolding relative to the denatured and native states. In
particular, the denaturant sensitivity of TS stability relative to
those of the denatured (D) and native (N) states is calculated by
comparing the denaturant dependence of the folding rate con-
stant [δ ln(kF)/δ[denaturant]] with that of the equilibrium con-
stant [δ ln(KD-N)/δ[denaturant]].

Both the two-transition state and smooth barrier models will
yield changes in βT as a function of denaturant concentration.
Following the smooth barrier model, folding takes place at a
nearly iso-energetic level along the barrier profile (25). Upon
addition of denaturant, the TSs closer in structure to the native
state are destabilized to a greater extent than those closer to the
denatured state (Hammond effect) (26). This has the effect of
shifting the highest point in the broad transition state ensemble
toward the native state (Figure 1d), resulting in a linear depen-
dence of βT as a function of denaturant concentration and
symmetrical chevron plots. It should be noted that the smooth
barrier model also represents an approximation of barrier
profiles having complex shapes, e.g., involving multiple local
maxima that are too close, or too broad, to be detected. In these
cases, the data need to be fitted with a low-resolution model that
assumes continuous movement of the transition state ensemble
along a smooth barrier top.Under such conditions, the logarithm
of the microscopic rate constants for the folding (kF) and
unfolding (kU) reactions displays a quadratic dependence on
denaturant concentration:

ln kF ¼ ln kwF þmF½denaturant� þmF
0½denaturant�2 ð1Þ

ln kU ¼ ln kwU þmU½denaturant� þmU
0½denaturant�2 ð2Þ

kobs ¼ kwFe
ðmF½denaturant�þm0 ½denaturant�2Þ

þ k w
Ue

ðmU½denaturant�þm0 ½denaturant�2Þ ð3Þ
where kF and kU are the folding and unfolding rate constants,
respectively, kF

w and kU
w are the folding and unfolding rate

constants in the absence of denaturant, respectively, and mF

and mF
0 (folding) and mU and mU

0 (unfolding) define their
respective dependence on denaturant concentration.

Furthermore, it follows from the two-state and linear free
energy dependence assumptions that curvature of the folding and
unfolding arms will be symmetrical (4):

DDGi f j

D½denaturant�2 ¼ 0 ð4Þ

mF
0 ¼ mU

0 ð5Þ

FIGURE 1: Chevron plots and schematic free energy diagrams pre-
dicted for (a) two-state folding, (b) three-state folding involving a
low-energy accumulated intermediate, (c) three-state folding invol-
ving a high-energy never accumulating intermediate, and (d) the
smooth barrier models. Solid black lines and dashed gray lines
represent schematic energy diagrams for the four different scenarios
obtained at low and high denaturant concentrations, respectively. It
may be noted that, while two-state folding is expected to result in
perfectly V-shaped chevron plots, all the other scenarios return
curved chevrons. While the mechanisms involving a change in the
rate-limiting step (c) or smoothbarrier (d) are generally indistinguish-
able, accumulation of a folding intermediate (b) results in double-
exponential time courses and may be addressed using ultrafast
mixing/relaxation techniques (18, 19, 31).
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Hence the value of βT may be calculated as a function of
denaturant concentration as follows:

D ln kF

D½denaturant� ¼ 2mF
0½denaturant� þmF ð6Þ

D ln KD-N

D½denaturant� ¼
mD-N

RT
ð7Þ

βT ¼ RT
2mF

0½denaturant� þmF

mD-N
ð8Þ

where, as described in the introductory section, mD-N=δΔG/
δ[denaturant] and is correlated to the change in accessible surface
area upon unfolding (11).

On the other hand, according to the two-transition state
model, the folding TSs are treated as fixed on the reaction
coordinate, with curvatures in the chevron plot arising from a
switch between discrete transition states separated by one or
more obligatory on-pathway high-energy intermediates (27, 28).
Under such conditions, a curvature may be observed in only one
limb of a chevron plot. By considering a chevron plot displaying
an unfolding rollover, it can be stated that

ln kF ¼ ln kwF þmF½denaturant� ð9Þ

ln kU ¼ ln kwU þmU½denaturant�-lnð1þKparte
mpart½denaturant�Þ

ð10Þ
where Kpart is the apparent partition factor between the two
transition states and mpart its associated m value.

The two-transition state model implies discrete shifts between
well-separated transition states along the barrier profile, which
should manifest as distinct “kinks” in the chevron plots. In an
effort to test whether curve fitting of individual chevron plots
could be used to distinguish clear kinks from continuous move-
ments along a smooth barrier, we simulated different chevron
plots involving two distinct maxima at different βT values (with a
ΔβT of up to 0.6) and fitted them with the smooth barrier
equation (data not shown). We observed that, for a protein
containing 100 amino acids (i.e., corresponding to an mD-N of
1.5 kcal mol-1 M-1 in urea), an experimental error on kobs as
small as 5% is sufficient to mask any systematic deviation from
residual analysis. This is not surprising since, as shown by Scott
and Clarke, the two models are basically indistinguishable even
when challenged with extensive site-directed mutagenesis (21).

For the two-transition statemodel, the βTmay be calculated as
a function of denaturant concentration by subtracting from unity
the derivative of the logarithm of the unfolding rate constant
normalized by the total mD-N value:

D ln kU

D½denaturant� ¼ mU -
mpartKparte

mpart½denaturant�

1þKpartempart½denaturant� ð11Þ

βT ¼ 1-RT
mU

mD-N
-

1

mD-N

mpartKparte
mpart½denaturant�

1þKpartempart½denaturant�

 !
ð12Þ

The βT is thus expected to display a sigmoidal dependence on
denaturant concentration (29), with at least two limiting βT
values, reflecting the relative change in accessible surface area
between discrete transition states; the apparent midpoint of the

βT versus [denaturant] plot reflects the experimental condition
under which the two TSs are at isostability (i.e., Kpart=1). Since
the smooth barrier model would be characterized by a linear
dependence of βT on denaturant concentration (or protein
stability), a rigorous analysis should allow unequivocal distinc-
tion between two-transition states and smooth free energy
barriers. However, such a task is complicated by the reversible
nature of the folding reaction, which implies observed kinetics to
be governed by a combination of folding and unfolding micro-
scopic rate constants. For example, a direct measurement of the
folding rate constants at higher denaturant concentrations is
prevented, since the process is dominated by the unfolding rate
constant. This implies that the two models are kinetically
indistinguishable from analysis of individual chevron plots, the
region close to the denaturation midpoint being the only interval
where information about both the folding and unfolding rate
constants, and thus the curvature of the folding and unfolding
arms, can be obtained.

In this study, we present a method for circumventing this
limitation. To enhance the resolution of the characterization of
free energy barriers, we calculate the shape of the βT versus
stability profile, by measuring the chevron plots under a variety
of solvent conditions. In particular, by measuring the
folding-unfolding kinetics of a given protein (wild type and
point mutants) while altering its stability using different
pH conditions and/or in the presence or absence of stabilizing
salts (such as sodium sulfate), we should be able to monitor the
βT versus stability dependence over a wide protein stability range.
We then compared the obtained profiles with the dependencies
expected from the two-transition state (sigmoidal) versus smooth
(linear) barrier models.

FIGURE 2: Chevron plot of PDZ2 (a) and PH (b) domains measured
in the presence of 50mM sodiumphosphate buffer (pH 7.0) at 25 �C.
The line is the best fit to eq 3. As described in the text, it was
impossible to discriminate between the smooth and two-transition
state barriers by comparing curve fitting residuals of individual
chevron plots.
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Comparing the Folding Kinetics of PDZ2 and PH
Domains. We performed a complete characterization of two
different proteins displaying curved chevron plots [PDZ2 and PH
domains (Figure 2)]. Over and above slow phases due to proline
cis-trans isomerization (data not shown), folding and unfolding
kinetics were well-fitted to single-exponential time courses, and no
additional fast phases could be detected, indicating the absence of
low-energy accumulated intermediates. In the case of the PDZ2
domain, we previously excluded the presence of low-energy
intermediates also by ligand-induced folding experiments (30).

The chevron plots of both PDZ2 and PHdomainsmeasured at
pH7.0 and 25 �C can be adequately fitted to both the smooth and

two-transition state models [the latter involving two on-pathway
intermediates in the case of the PH domain (Figure 2)]. Further-
more, in all cases, thermodynamic parameters obtained from
equilibrium denaturations were consistent, within experimental
error, with data obtained by fitting the chevron plots to the two
different kinetic models (data not shown). Hence, as previously
shown for other protein systems (21), a comparison of the fit to
the smooth and two-transition statemodels of individual chevron
plots does not allow us to distinguish between the two different
scenarios.

The folding and unfolding kinetics of a simple two-state
protein, characterized by a robust transition state, can be
described as follows:

kobs ¼ kwFe
ð-mF½denaturant�Þ þ kwUe

ðmU ½denaturant�Þ ð13Þ

where kF and kU are the folding and unfolding rate constants,
respectively,mF andmU are their associatedm values, and kF

w and
kU
w represent the folding and unfolding rate constants in the

absence of denaturant, respectively.
Upon comparison of eqs 3 and 13, it may be noted that the

smooth barrier model (malleable TS) will resemble the simple
two-state model (robust TS) at the limiting condition of mF

0

approaching zero. Hence, the mF
0 value reflects the degree of

curvature of a chevron plot and may be thus used empirically to
estimate the variations in βT. In particular, when a chevron plot is
fit to eq 3, the estimatedmF

0 will in turn be ameasure of the overall
change in βT value within the stability window experimentally
explored in the chevron (see eq 8). Following these premises, in an
effort to distinguish between the broad and two-transition state
barrier models, we resorted to reconstructing empirically the
dependence of βT over a wide window of protein stability. Thus,
we analyzed the chevron plots of the two proteins, as obtained
under a variety of different experimental conditions.

After fitting each individual chevron plot of PDZ2 and PH
domains to eq 3, we calculated the βT versus stability profile for
each individual chevron and obtained a family of lines spanning a
wide protein stability range for each of the two proteins (Figure
3a,b). Although each individual chevronwas fitted with a bias for
a linear dependence ofβT versus stability (as formalized in eq 8), a
different behavior was observed for the two proteins. Qualita-
tively, while in the case of the PH domain it appears that the
different lines display a common interception at βT≈ 0.65, in the
case of the PDZ2 domain, the behavior is more complex.

FIGURE 3: Dependence of βT vs stability for the PDZ and PH
domains. Different chevron plots of the PDZ2 (a) and PH (b)
domains were fitted to eq 3. From fitting parameters, we recon-
structed the linear βT vs stability profile of each chevron plot by
employing eq 8 (reported as black lines). Data refer to folding or
unfolding conducted under different pHconditions (ranging from2.7
to 8) and in the presence or absence of sodium sulfate (maximum
concentration of 0.4 M). In the case of the PDZ2 domain, we also
included data referring to the conservative site-directed mutants
reported in ref 32. A similar behaviorwas observedwhen themutants
were not included in the analysis (data not shown). (c and d)
Averaged βT vs stability dependence for the PDZ2 (c) and PH (d)
domains. The gray line represents the βT calculated according to the
multiple-transition state model, as formalized in eq 12. (e and f)
mF

0 values for PDZ2 (e) and PH (f) domains at different unfolding
stabilities. While in the case of the PDZ2 domain (e) data could be
satisfactorily fitted to eq 15, as expected if a change in the rate-
limiting step were operative, PH domain data could not be fitted.
Hence, a linear fit has been reported in panel f to guide the eye.

FIGURE 4: Dependence of βT vs stability for R16. (a) Averaged βT vs
stability dependence for R16. Data refer to the site-directed variants
reported in refs 7 and 21. The gray line represents the βT values
calculated according to the two-transition state model, as formalized
in eq 12. (b)mF

0 values for R16 at different unfolding stabilities. Data
could not be fitted to eq 15; hence, a linear fit is reported to guide the
eye.
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To analyze quantitatively the overall dependence of βT versus
stability for the two systems, we performed two tests on the dif-
ferent data sets. First, we computed an average of the calculated
families of linear profiles for each protein. More specifically, all
the lines obtained within a given denaturant concentration
window (1-7 M urea) were averaged and compared with the
dependence expected from the two-transition state model
(Figure 3c,d). Inspection of Figure 3 reveals that, while in the
case of the PH domain an average of the different lines returns an
approximately linear behavior (Figure 3d), the PDZ2 domain
displays a sigmoidal profile (Figure 3c). In the latter case, there
was also an excellent agreement between the profile obtained by
averaging the lines using the smooth barrier analysis and the
profile expected from the two-transition state model. These

observations suggested that, in the case of PDZ2, even when
the smooth barrier model is applied, a sigmoidal profile could be
observed, as expected if a change in the rate-limiting step between
two discrete barriers were operative.

A second test for detecting changes in rate-limiting step
between two different TSs may be invoked when comparing
δβT/δ[denaturant] values for the two different models. By taking
the derivative of eq 8 (smooth barrier) and eq 12 (two-transition
state barrier), we may formalize the following equations.

For the smooth barrier model

DβT
D½denaturant� ¼ 2RTmF

0 ð14Þ

For the two-transition state model

DβT
D½denaturant� ¼

1

mD-N

mpartKparte
mpart½denaturant�ð1þKparte

mpart½denaturant�Þ-mpartKpart
2e2mpart½denaturant�

ð1þKpartempart½denaturant�Þ2 ð15Þ

In simple terms, while δβT/δ[denaturant] is expected to be
constant in the smooth barrier scenario, it will display a bell-
shaped function in the two-transition state model, δβT/
δ[denaturant] tending to zero under the limiting conditions where
the protein is infinitely unstable and infinitely stable.

As discussed above, the mF
0 value is a measure of the overall

change in βT within the stability window experimentally explored
in the chevron and may thus be used to monitor changes in δβT/
δ[denaturant]. If curvatures in the chevron plot are due to
changes in the rate-limiting step,mF

0 should display a bell-shaped
dependence as a function of protein stability (as formalized in eq
15), which is linearly correlated to denaturant concentration. The
calculated mF

0 values for the PDZ2 and PH domains at different
unfolding stabilities are reported in Figure 3e,f. Strikingly, while
in the case of the PH domain mF

0 values were found to scatter
around an average, a bell-shaped dependence is observed for the
PDZ2 domain, with values consistent with eq 15. The bell-shaped
dependence clearly indicates that the PDZ2 domain follows the
two-transition state model, and that our proposed test is able to
distinguish between the two-transition state and smooth barrier
models.

In summary, while both PDZ2 and PH domains display
curved chevron plots, the kinetic test presented in this work
suggests that their associated barriers have different levels of
fine structure. Folding of the PDZ2 domain is best described
by the two-transition state model and folding of the PH
domain by the smooth barrier model. To further validate the
proposed test, we subjected previously published data for the
R16 protein (7, 21) to the same type of analysis. Importantly,
R16 kinetics (i) is reminiscent of that of the PDZ2 domain, i.
e., displaying a clear rollover only in the unfolding arm, and
(ii) has been characterized extensively by Clarke and collea-
gues (many chevron plots of site-directed mutants are
available).

Also for R16, the βT versus stability and mF
0 versus stability

profiles were calculated as described above and reported in
Figure 4. It may be noticed that, while individual chevron plots
of R16 and its variants are very similar to those of the PDZ2
domain, the former protein is consistent with the behavior
expected from the smooth barrier model; i.e., it displays a
quasi-linear βT versus stability profile, and mF

0 is insensitive to
protein stability. On the basis of these observations, we conclude

that the R16 folding pathway is better captured by the smooth
barrier scenario.

CONCLUSIONS

By global analysis of the folding and unfolding kinetics
measured over a wide range of protein stabilities, we recon-
structed a complete βT versus stability profile of three different
small proteins displaying curved chevron plots. Data reveal that
while the folding of PDZ2 involves a high-energy intermediate
and discrete shifts between distinct maxima, PH domain folding
and R16 folding are better described by continuous TS move-
ment over a smooth barrier profile. While the two mechanisms
are nearly indistinguishable when the fits are compared to
individual chevron plots, the proposed test can successfully
discriminate between the two different scenarios.
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