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Centro de InVestigaciones Biológicas, Consejo Superior de InVestigaciones Cientı́ficas (CSIC),
Ramiro de Maeztu 9, Madrid 28040, Spain, Department of Chemistry & Biochemistry,

UniVersity of Maryland, College Park, Maryland 20742, and Departamento de Quı́mica Fı́sica,
Facultad de Ciencias, UniVersidad de Granada, 18071-Granada, Spain

Received April 28, 2010; E-mail: vmunoz@cib.csic.es

Abstract: Proteins that fold over free-energy barriers e 3RT are classified as downhill folders. This regime
is characterized by equilibrium unfolding that is proportionally broader and more complex the lower the
folding barrier. Downhill proteins are also expected to fold up in a few microseconds. However, the
relationship between rate and equilibrium signatures is affected by other factors such as protein size and
folding topology. Here we perform a direct comparison of the kinetics and equilibrium unfolding of two
structural homologues: BBL and PDD. BBL folds-unfolds in just ∼1 µs at 335 K and displays the equilibrium
signatures expected for a protein at the bottom of the downhill folding regime. PDD, which has the same
3D structure and size, folds-unfolds ∼8 times more slowly and, concomitantly, exhibits all the downhill
equilibrium signatures to a lesser degree. Our results demonstrate that the equilibrium signatures of downhill
folding are proportional to the changes in folding rate once structural and size-scaling effects are factored
out. This conclusion has two important implications: (1) it confirms that the quantitative analysis of equilibrium
experiments in ultrafast folding proteins does provide direct information about free-energy barriers, a result
that is incompatible with the conventional view of protein folding as a highly activated process, and (2) it
advocates for equilibrium-kinetic studies of homologous proteins as a powerful tool to navigate the downhill
folding regime via comparative analysis. The latter should prove extremely useful for the investigation of
sequence, functional, and evolutionary determinants of protein folding barriers.

Introduction

The application of ultrafast protein folding techniques over
the last 15 years has led to two general findings. The first one
is the discovery of many proteins that fold to completion in a
few microseconds,1 which indicates that ultrafast protein folding
is a common phenomenon. The second is the fact that formation
of the simplest elements of secondary structure (R-helices and
�-hairpins) takes place in similar time scales.2 This immediately
leads to the realization that microsecond folding proteins are
close to the folding speed limit and by extension that free-energy
barriers to folding (Fb) are in general small.3 Therefore, some
of the fastest proteins may actually fold in a barrierless
(downhill) process. The possibility of downhill protein folding
is one of the critical predictions of energy landscape theory.4 It
is also of great practical significance because, in contrast to

activated two-state-like folding, a downhill folding process can
be experimentally resolved with exquisite structural detail in
kinetic5,6 and in equilibrium experiments.7 Theoretically, the
downhill folding regime is defined as the range covered between
very small free-energy barriers (maximum Fb of 3RT) all the
way down to one-state downhill (Fb < 1RT), in which the free-
energy surface approximates a single well.3,8,9

The practical question is how to distinguish whether a protein
that folds in microseconds does it in a classical barrier crossing
or in a downhill fashion and if the latter to what level within
the downhill regime. Regarding this point it is important to note
that once near or within the downhill folding regime, differences
in Fb cannot be accurately determined by simple rate comparison
because variability in the effective folding diffusion coefficient
between proteins becomes highly significant.10 Changes in the
folding diffusion coefficient have recently become center stage
even for very slow folding proteins.11 In recent years several
approaches to experimentally explore the downhill folding
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regime without prior knowledge of the diffusion coefficient have
been developed. Some of these methods have focused on
equilibrium manifestations,7 such as probe-dependent denatur-
ation midpoints,12,13 characteristically broad unfolding thermo-
grams,14,15 complex coupling between different denaturing
agents,16 and skewed pre- and post-transition baselines.17 In
terms of kinetic experiments, emphasis has shifted from the
observation of nonexponential decays,18 and the inherent
difficulties in their interpretation,19,20 to identification of quan-
titative kinetic trademarks for downhill folding. The first of such
methods, which was developed for λ-repressor, is based on
detecting new kinetic features in rate-increasing mutations on
moderately fast folding proteins.6 A second kinetic method
estimates Fb from the response of the folding relaxation rate to
temperature21 or chemical denaturants.21,22 Another important
realization is that the relaxation rate of a downhill folding
process should be mostly insensitive to apparent changes in
protein stability, whether judged by different probes or caused
by experimental conditions.23 Rate insensitivity is a particularly
interesting property because it is fundamentally different from
barrier-crossing kinetics in which rate and equilibrium constants
go hand in hand.

An exciting recent development from work on the proteins
gpW24 and villin headpiece subdomain,25 as well as on
λ-repressor mutants,26 is the finding of good agreement between
equilibrium and kinetic criteria for estimating Fb. Such agree-
ment is highly encouraging. However, a general scheme to
navigate the downhill folding regime concertedly using kinetic
and equilibrium experiments is still missing. A pressing issue
refers to effects from protein size (number of residues, N) and
three-dimensional structure. Folding rates decrease proportional
to (N1/2),27,28 and thus, proteins below 50 residues are best
candidates for microsecond folding.28 By the same token, these
small proteins are expected to have intrinsically broad equilib-
rium unfolding since both unfolding entropy and enthalpy
increase linearly with size.29 The debated question is whether
broad, apparently complex, unfolding equilibria and microsec-
ond folding rates are indeed interconnected, as expected for the

downhill regime,3 or unrelated manifestations of small protein
size. In parallel, folding rates correlate with protein topology,30

so that R-helical proteins tend to fold faster than �-proteins of
similar size. This would suggest that comparison between kinetic
and equilibrium estimates of Fb might be topology dependent
due, for example, to variability in the pre-exponential term
associated to the different intrinsic dynamics of R-helices and
�-sheets.2

Here we present a strategy to circumvent these issues by
comparing the kinetic and equilibrium behaviors of fast folding
structural homologues. In particular, we compare the ∼40-
residue structurally homologous R-helical domains BBL and
PDD, which share ∼30% sequence identity (Figure 1A and 1B)
and perform the same role on two multienzyme complexes
involved in glucose metabolism.31 BBL folds/unfolds in a few
microseconds (∼1 µs at 335 K23,32) and has become a forum
for discussing downhill versus barrier-limited folding. On the
onehand,BBLhasbeenshowntoexhibitthebulkequilibrium12,13,15,16

and kinetic23 signatures of one-state downhill folding. These
characteristics have been observed in computer simulations as
well, both in coarse-grained models9,33,34 and in atomistic
simulations.35,36 On the other hand, concerns have been
expressed about the significance and reliability of the equilibrium
analyses37,38 and the possibility of high sensitivity to small
changes in the amino acid sequence and/or experimental
conditions.39 The same discussion has been very recently
extended to single-molecule FRET experiments.40,41 However,
an important fact that has gone unnoticed in the midst of
discussion is that BBL folds in essentially the same microsecond
times regardless of the spectroscopic probe, variant, experi-
mental conditions, and most critically experimental group
making the measurements (see Figure S1 in the Supporting
Information). Such rate agreement indicates that the controversy
is not based on any significant differences between experimental
data produced by different laboratories (a point already made
for equilibrium experiments15) but rather on the interpretation
of the data.

In this work BBL serves as a reference for comparison. We
use the variant previously termed Naf-BBL15 (see Figure 1D),
which has been thoroughly examined and used to develop and
test many of the methods described above. Its counterpart,
PDD,42 appears to fold more slowly according to NMR line-
broadening analysis.43 Further experiments on a mutated form
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(41) Campos, L. A.; Liu, J. W.; Muñoz, V. Proc. Natl. Acad. Sci. U.S.A.

2009, 106, E139.
(42) Spector, S.; Kuhlman, B.; Fairman, R.; Wong, E.; Boice, J. A.; Raleigh,

D. P. J. Mol. Biol. 1998, 276, 479.
(43) Spector, S.; Raleigh, D. P. J. Mol. Biol. 1999, 293, 763.

11184 J. AM. CHEM. SOC. 9 VOL. 132, NO. 32, 2010

A R T I C L E S Naganathan et al.



of PDD also suggest slower folding kinetics44 and a marginal
thermodynamic free-energy barrier.45 Here we perform an
extensive kinetic and equilibrium characterization of PDD
folding to compare the various indicators of downhill folding
on two microsecond folding proteins of the same size and
structure.

Materials and Methods

Protein Synthesis and Buffers. Protein synthesis, purification,
and analysis of PDD were carried out as described in Garcia-Mira
et al.12 The Naphthyl-alanine was placed on the C-terminus rather
than on the N-terminus used for BBL to facilitate solid-phase
synthesis. All experiments, except FTIR, were carried out at pH
7.0 in 20 mM sodium phosphate buffer. Protein concentrations were
estimated using the following extinction coefficients (in units of
M-1 cm-1) at pH 7.0: ε280 ) 5526 for nafthyl-alanine and ε280 )
1280 for tyrosine.

Equilibrium and Kinetic Infrared Experiments. FTIR spectra
were recorded in an Excalibur FTS-3000 Spectrometer (BioRad)
at a sample concentration of 2.5 mM. Two CaF2 windows separated
with a 50 µm Teflon spacer were used as the sample cell. The
sample buffer was prepared in 99.9% 2H2O at pH 7.0 20 mM
sodium phosphate. The exchangeable protons in the protein sample
were substituted with deuterium in two consecutive heating-
lyophilization cycles. Samples for IR T-jump kinetic measurements
were prepared exactly the same way. The IR T-jump instrument
and kinetic experiments are as described before.23,24

Far-UV Circular Dichroism. Far-UV CD spectra were collected
every 5 K with a 1 mm path length quartz cuvette in a Jasco-815
Spectropolarimeter coupled to a Peltier system. Protein concentra-
tions were ∼50 µM. Urea concentrations were measured using a
refractometer.

Differential Scanning Calorimetry. DSC experiments were
carried out with a VP-DSC calorimeter from MicroCal (Northamp-

ton, MA) at a scan rate of 1.5 K/min. Protein solutions were
prepared by exhaustive dialysis against the buffer. Calorimetric cells
with a volume of ∼0.5 mL were kept under an excess pressure of
30 psi to prevent degassing during the scan. The protein concentra-
tions were in the range of 0.2-0.8 mg/mL. Absolute heat capacity
values were determined from the concentration dependence of the
apparent heat capacities, as previously described.46,47 All thermo-
grams shown and analyzed in this work are plots of absolute heat
capacity versus temperature.

Model Fitting and Parameters. The best fit to the DSC
thermogram with the variable-barrier model resulted in the following
parameters: ΣR ) 139.3 kJ/mol, f ) 1, T0 ) 322.7 K, � (or Fb) )
1.13 kJ/mol, native baseline slope )0.0307 kJ/(mol ·K2), and native
baseline intercept (at 273 K) ) 6.65 kJ/(mol ·K). For details on
the model and significance of the parameters refer to Muñoz and
Sanchez-Ruiz.14 It is important to note that the number of
parameters used here is the same as that required for a simple two-
state fit (i.e., 6). The relaxation rates as a function of temperature
were fit to a phenomenological 1D free-energy surface model to
extract estimates of kinetic free-energy barriers based on the
curvature of the rate-temperature plot.21 Following the prescription
described before,24 we fixed the following empirical parameters:
entropy cost per residue at 385 K (∆Sres ) 16.5 J/(mol ·K)), heat
capacity change per residue (∆Cp ) 8 J/(mol ·K)), and curvature
of the heat capacity functional (κ∆Cp ) 4.3). The final floating
parameters obtained from the fit to the rate data are as follows: the
curvature of the enthalpy functional (κ∆H ) 2.09), the enthalpy
change per residue at 385 K (∆Hres ) 5.88 kJ/mol), pre-exponential
at 333 K (k0 ) 103.76 s-1), and activation energy per residue for the
pre-exponential term (Ea,res ) 1.27 kJ/mol).

Results and Discussion

For this work we chemically synthesized a version of PDD
that is equivalent to that studied by Raleigh and co-workers42

but with the two protein ends free and a nafthyl-alanine attached
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Figure 1. Sequence, structure, and contact-map comparison of BBL (green; 2CYU) and PDD (blue; 2PDD). NafA stands for nafthyl-alanine. The same
color code (green/blue for BBL/PDD) is maintained in the following figures.
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to the C-terminus (from here onward PDD). The sequence of
the exact PDD and BBL variants used here are shown in Figure
1D. Both proteins have free N- and C-termini, but PDD is two
residues longer.

As a first step we measured the folding relaxation rate of
PDD as a function of temperature using laser-induced temper-
ature-jump experiments with infrared detection (IR) to monitor
the peptide bond amide-I band at 1632 cm-1. This technique
provides direct information about protein secondary structure.48

The PDD folding relaxation after T jumps of ∼10 K produces
single-exponential decays (Figure 2A) with relaxation times
ranging from 200 to 5 µs in the explored temperature range of
295-335 K (Figure 2B). This temperature range covers most
of the PDD unfolding transition, as indicated by the bell-shaped
amplitude of the IR kinetic phase as a function of temperature
(Figure 2C). The amplitude maximum at ∼315 K provides a
kinetic estimate of the midpoint denaturation temperature (Tm)
for PDD as monitored by the infrared signal. This kinetic
estimate agrees very well with that obtained from the derivative
of the Fourier-transformed IR equilibrium unfolding curve
(Figure S2, Supporting Information), demonstrating the agree-
ment between equilibrium and kinetic measurements. The data

available on another PDD construct42,43 allow us to test whether
the folding behavior of PDD is affected by specific choices made
in variant design (i.e., the fluorescent probe and the presence/
absence of charges on the protein ends). In this regard, it is
noteworthy that there is excellent agreement between our T-jump
relaxation rates and the rates estimated by Raleigh and co-
workers in their variant from NMR line-broadening analysis
(Figure S1, Supporting Information). The equilibrium thermal
unfolding of both variants is also very similar: the unfolding
curves at the same experimental conditions have identical
apparent cooperativity and pretransition baseline and minimal
differences in Tm (∼3K) (Figure S3, Supporting Information).
These results indicate that the folding properties of PDD, from
both equilibrium and kinetic experiments, are essentially
unperturbed by the chemical differences between variants.

On the other hand, the comparison between the folding
kinetics of PDD and BBL at the same experimental conditions
highlights three main differences: (1) PDD folds/unfolds with
a rate that is ∼8 times slower near the denaturation midpoint
(Figure 2A), (2) the logarithm of the folding relaxation rate for
BBL increases almost linearly with temperature, whereas for
PDD it exhibits slightly more curvature (Figure 2B), and (3)
the PDD unfolding curve, as judged by the amplitude of the IR
T-jump signal as a function of temperature, is sharper and with
a lower apparent Tm for PDD (Figure 2C).

The differences in relaxation rate are more apparent by
plotting them as a ratio (Figure 3A). The BBL/PDD ratio does
indeed show that the maximum rate difference occurs near the
denaturation midpoint, decreasing at both lower and higher
temperatures due to the more curved temperature dependence
for PDD. In general, the ratio between rates indicates that PDD
crosses a higher folding barrier since it is reasonable to assume
that the pre-exponential term is very similar for two homologous
proteins with the same size and 3D structure. However,
interestingly, the rate factor of ∼8 at the denaturation midpoint(48) Callender, R.; Dyer, R. B. Curr. Opin. Struct. Biol. 2002, 12, 628.

Figure 2. Microsecond folding kinetics of PDD (blue) and BBL (green).
(A) Relaxation decays from IR T-jump measurements at a common
temperature of 317 K. Single-exponential fits are shown in red. (B)
Rate-temperature plots of the two proteins highlighting the differences in
relaxation rate as well as in its temperatutre dependence. The red curve is
the fit to the 1D free-energy surface model of Naganathan et al.21 (C)
Amplitude from kinetic measurements. The dashed blue and green lines
signal the Tm obtained from equilibrium measurements and the red curve
the fit from the 1D free-energy surface model.

Figure 3. Comparing relaxation rates. (A) Ratio of the relaxation rates of
the two proteins as a function of temperature. The dashed lines correspond
to a rate ratio of ∼8 at the apparent Tm of ∼315 K. (B) Idealized folding
free-energy surfaces for BBL and PDD representing the same curvature
for the single downhill well (ωdown) and the curvature of the native well
(ωF), unfolded well (ωU), and inverted barrier top (ωb) for marginal barrier-
crossing folding.
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renders two significantly different scenarios for the interpretation
of equilibrium experiments depending on whether BBL folds
downhill or over a significant barrier. If BBL crosses a barrier
of >3RT, the ∼2RT higher barrier expected for PDD from the
rate factor should not affect its equilibrium behavior. On the
other hand, the 8-times slower rate of PDD is highly significant
in the downhill regime and should translate into a weakening
of all its equilibrium manifestations. This argument should be
true no matter what level within the downhill regime is BBL.
There are, however, additional considerations for the case in
which BBL reaches the global downhill (one-state) limit,
because there are some fundamental differences between dif-
fusing on concave or convex surfaces. In the simplest terms, a
global downhill relaxation can be described with the analytical
expression for diffusion on a harmonic well: kdown ) ω2D/RT,
where ω represents the well curvature and D the diffusion
coefficient.23 The equivalent Kramers expression for the relax-
ation rate back and forth over a barrier is kact ) kU + kF )
2[ω0ωbD/2πRT]exp(-Fb/RT), where Fb is the free-energy barrier
from either of the two ground states (U and F) at isostability
conditions (denaturation midpoint), ωb is the inverted curvature
at the barrier top, and ω0 is the well curvature for both U and
F, which for simplicity we assume here to be the same (Figure
3B). Comparing the two expressions shows that even for the
idealized situation in which all well curvatures and diffusion
coefficients are identical, the pre-exponential term for an
activated process is not equal to the downhill relaxation but π
times slower. The implication is that in such case the ∼8-fold
rate ratio corresponds to a PDD barrier of only ∼1RT (or 2.5
kJ/mol, as illustrated in Figure 3B). Nevertheless, such a smaller
barrier for PDD should still produce large differences in
equilibrium behavior given that the transition between global
downhill and a 1RT barrier is in the range of maximal
sensitivity.10,49 Other possible dynamic effects, such as differ-
ences in well curvatures and a position-dependent diffusion
coefficient, are extremely difficult to take into account but are
also likely to partially compensate for each other; the one-state
well at the denaturation midpoint may be broader than the barrier
top but should be located halfway along the reaction coordinate
and thus closer to the unfolded state (potentially faster D).

These arguments are confirmed by analysis of PDD folding
kinetics with an empirical 1D free-energy surface model,21 which
has also been used before to interpret the kinetics of BBL23 and
gpW.24 Fitting the BBL and PDD rate versus temperature data
together to this model with a common (constant) diffusion coef-
ficient21 reproduces the PDD rate data (both magnitude and
curvature, see red line in Figure 2B) and the sharper amplitude of
PDD (red line in Figure 2C) very well producing a barrier of 1RT
(red line in Figure 2B). In other words, the slower rate, more curved
temperature dependence and sharper amplitude for PDD are all
consistent with a 1RT barrier.

Building on this idea, we investigated the equilibrium
unfolding properties of PDD to compare them with those of
BBL on equal footing. Proteins in the downhill regime unfold
progressively (more or less depending on how close they are
to the global downhill limit), visiting increasingly unstructured
conformational ensembles as the denaturational stress rises.7

This is manifested in a variety of equilibrium unfolding
signatures, several of which can be simply detected (if the
protein is R-helical) monitoring helix melting by far-UV circular

dichroism (CD).15 The CD unfolding curves of BBL and PDD
show clear differences along these lines (Figure 4). The slope
of the CD signal at 222 nm in the range of temperatures prior
to the main transition (pretransition slope) is an indicator of
progressive helix fraying. Figure 4A shows that there is helix
fraying on the pretransition of both proteins, but the slope is
much steeper for BBL, in compliance with the downhill
scenario. The unfolding transition of PDD is also significantly
steeper, even though BBL and PDD have similar Tm, size, and
3D structure. The difference in broadness, which is clearly
apparent in the first derivative of the non-normalized CD
unfolding curve (Figure 4B) and also in the kinetic IR amplitude
from T-jump experiments (Figure 2C), indicates that PDD’s
equilibrium unfolding is slightly more cooperative, as expected
for an incipient barrier within the downhill scenario. Another
indication that the equilibrium unfolding of PDD is more
cooperative is the fact that the residual helical structure at high
temperature for PDD is decreased relative to BBL (-3700
deg · cm2/dmol versus -4600 for BBL, Figure 4A).

The comparison between the CD and the FTIR equilibrium
unfolding curves provides further evidence of the different
equilibrium behavior of these two proteins. For BBL the
apparent Tm determined from the maximum of the first derivative
of the CD curve differs in ∼5 K from that determined by IR
experiments, whether from the kinetic amplitude from T-jumps
or from equilibrium FTIR experiments (dashed green line in
Figure 4B). This probe dependence is another equilibrium
signature of downhill folding12 that reflects that in BBL the
native helices melt at apparently lower temperature when
monitored by CD (requires helices of at least 3-4 residues50)
than by IR, which reports the average hydrogen-bonding status
of single peptide bonds. However, on PDD the agreement
between CD and IR points again to less helix fraying with
temperature.

(49) Naganathan, A. N.; Doshi, U.; Fung, A.; Sadqi, M.; Muñoz, V.
Biochemistry 2006, 45, 8466. (50) Chen, Y.; Yang, J. T.; Chau, K. H. Biochemistry 1974, 13, 3350.

Figure 4. Far-UV CD thermal melts of PDD (blue) and BBL (green). (A)
Thermal unfolding curves at 222 nm (circles) exhibiting different pretran-
sition slopes (straight lines obtained from two-state-like fits). (B) Derivatives
of the curves in panel A (circles) in which the equilibrium Tm values obtained
from FTIR measurements are shown as dashed vertical lines for comparison.
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Another simple equilibrium test for the downhill scenario is
the double-perturbation experiment.16 Here the idea is to
combine two different denaturing agents (e.g., temperature and
chemical denaturant) to determine whether their coupling
follows the simple Maxwell relationship defined by a two-state
model. For a global downhill protein the shifting conformational
ensemble induced by one denaturing agent changes the sensitiv-
ity to the other agent, and thus, the overall unfolding behavior
deviates from the linear dependence between the effects of the
two agents (Maxwell relationship) expected for two-state
folding.16 This method was developed using BBL as a model
system, but it has also been recently applied to other proteins
such as gpW24 and a WW domain.51 The temperature-urea
equilibrium unfolding of PDD is shown in Figure 5A together
with the result from a global two-state fit in which the native
baseline is represented by the red line. The global two-state fit
for PDD shows some systematic deviations, but these are of
much smaller magnitude than for BBL or gpW. Likewise, the
apparent unfolding enthalpy at 298 K (obtained from individual
two-state fits) as a function of urea concentration is larger than
for BBL and even gpW (although this protein is much larger)
and closely follows the straight line expected from the simple
Maxwell relationship for two-state folding (Figure 5B). In this
case, the results of the double perturbation test are strongly
modulated by the fact that PDD has a very small change in
heat capacity upon unfolding (∆Cp), as it is common for other
thermophilic proteins.52,53 With an intrinsically small temper-
ature dependence on ∆H it is also more difficult to detect any
second-order deviations. Therefore, what we can say at this point
is that the double-perturbation test is less sensitive for PDD
than for BBL, and within such reduced sensitivity, PDD appears

to be compatible with conventional activated folding according
to this test. Since kinetic and other equilibrium criteria point to
a marginal barrier for PDD, it is possible that the double-
perturbation test requires a significant ∆Cp and/or may be only
sensitive to the lowest end of the downhill folding scenario.
Along these lines, the linear dependence of the apparent
unfolding enthalpy on chemical denaturant concentration mea-
sured in the double-perturbation test would not necessarily imply
a high folding barrier, but the observation of curvature (e.g.,
green symbols and line in Figure 5B) would be a strong
thermodynamic indicator of downhill folding.

The ultimate analysis of thermodynamic folding barriers is
provided by differential scanning calorimetry (DSC) because
the thermogram obtained with this technique is directly con-
nected to the partition function for protein unfolding.54 Figure
6A shows the DSC thermogram of PDD in absolute heat

(51) Cobos, E. S.; Iglesias-Bexiga, M.; Ruiz-Sanz, J.; Mateo, P. L.; Luque,
I.; Martinez, J. C. Biochemistry 2009, 48, 8712.

(52) Kumar, S.; Nussinov, R. Biophys. Chem. 2004, 111, 235.
(53) Razvi, A.; Scholtz, J. M. Protein Sci. 2006, 15, 1569.
(54) Freire, E.; Biltonen, R. L. Biopolymers 1978, 17, 463.

Figure 5. Double-perturbation test for PDD. (A) Thermal unfolding curves
at 222 nm and at various urea concentrations (circles). The curved red lines
are fits from a global two-state model with a single global native baseline
(straight red line). (B) The apparent enthalpy at 298 K (blue circles) together
with the prediction from the global two-state fit shown in A (blue straight
line). The data for BBL obtained from Naganathan et al.15 is shown in
green for comparison, also including as a straight line the prediction from
the global two-state fit to the original BBL data.

Figure 6. Differential scanning calorimetry of PDD (blue) and BBL (green).
(A) Direct comparison of the absolute heat capacity of the two proteins
(circles) plotted with the Freire’s empirical native baselines (straight lines).
(B) The best fit of the PDD data (open circles) to the variable barrier model
(red curve) together with the fitted native baseline (magenta). Freire’s native
baseline with the error estimated from experiments at various protein
concentrations is shown for comparison (black symbols). The gray dashed
and continuous lines are the unfolded and folded baselines, respectively,
obtained from a two-state fit. (C) The probability density from the best fit
to the variable barrier model (black curves). The red distribution is the
corresponding probability density at T0 ≈ 323 K. (Inset) Free-energy surface
at T0 obtained from the best fit.
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capacity units compared to that of BBL obtained at the same
experimental conditions. The DSC experiments show clearly
again that the two proteins have very similar Tm, as indicated
by the thermogram maxima. Both thermograms are broad, with
heat capacity values at the lowest temperatures that are well
above the empirical baselines obtained from Freire’s correlation,
and also have a much steeper temperature dependence.55 This
indicates that there are large energetic fluctuations even when
the two proteins are supposed to be on their native state (below
290 K). This is consistent (although not exclusively) with both
BBL and PDD being within the downhill folding scenario.15

However, the thermogram for PDD is still significantly sharper:
the maximum reaches higher heat capacity values, and at low
temperatures it is closer to the empirical baseline. This ther-
mogram can be well fitted to a simple two-state model, but the
“native” and “unfolded” baselines obtained from the fit cross
in the middle of the transition and thus are unphysical (gray
lines in Figure 6B). The implication behind the crossing DSC
baselines is that the protein unfolding process is too broad to
be adequately described as two-state-like unless a significant
fraction of the energy fluctuations are trimmed by the fitted
baselines. This observation is commonplace for proteins within
the downhill regime,15 as it has been illustrated with theoretical
calculations.49

However, analysis of the DSC thermogram can be taken to
a higher quantitative level and thus obtain an estimate of the
free-energy surface for folding and the height of the barrier
separating the native and unfolded conformational ensembles.14

In principle, this information could be directly extracted from
the Laplace transform of the thermogram.56 Practically, this is
done by fitting the DSC thermogram to a phenomenological
one-dimensional free-energy surface represented by a quartic
(Landau) polynomial in which the unfolding enthalpy is the
order parameter.14 This procedure has been shown to produce
free-energy surfaces with two conformational ensembles sepa-
rated by a barrier when applied to analyze DSC thermograms
of several proteins that fold slowly and exhibit two-state
unfolding thermodynamics.45 Moreover, the thermodynamic
barriers obtained from such DSC analysis correlated well with
the experimentally determined folding rates.45 In parallel, the
DSC thermograms of several proteins that fold in few micro-
seconds produce free-energy surfaces that range from globally
downhill for BBL15 to ∼2RT for the villin headpiece subdo-
main.25 For PDD this procedure finds a Landau polynomial that
fits the experimental DSC data very closely using a native
baseline that is within the experimental error of the one predicted
by Freire’s empirical correlation (red curve and magenta line
in Figure 6B). The resulting free-energy surface has a marginal
folding barrier that separates two broad wells representing the
unfolded and native ensembles. This incipient barrier reaches a
maximal height of just ∼0.5RT at the denaturation midpoint (inset
to Figure 6C). The thermodynamic Fb for PDD is so small that
the native and unfolded ensembles move closer together as
temperature approaches the denaturation midpoint, effectively
merging at the Tm (Figure 6C). The probability density for thermal
unfolding shown in Figure 6C shares the general features reported
previously for other microsecond folding proteins.

Therefore, the thermodynamic barrier obtained from DSC for
PDD is in excellent agreement with the kinetic estimate from
the BBL/PDD rate comparison assuming that BBL folds globally

downhill. Such quantitative agreement together with the small
but consistent differences in equilibrium behavior between the
two proteins (Figures 4-6) buttress our understanding of the
downhill folding regime. Within this regime the (un)folding
process is broad enough to produce characteristic deviations
from a conventional equilibrium two-state description that can
indeed be used as signatures of downhill folding. Furthermore,
the BBL versus PDD comparison demonstrates that for ultrafast
folding proteins of the same size and 3D structure the magnitude
of such equilibrium deviations are proportional to the differences
in rate and thus provide quantitative indicators of Fb. However,
our analysis also highlights that once within the downhill regime
it becomes difficult to directly correlate folding rates with
differences in Fb, especially among structurally unrelated
proteins, because ultrafast folding rates can be strongly influ-
enced by dynamic effects on the pre-exponential factor (i.e.,
diffusion coefficient or shape of the free-energy surface). This
issue becomes evident by comparing the four ultrafast folding
proteins that have already been analyzed combining DSC and
kinetics: BBL, PDD, gpW,24 and villin.25 BBL and villin fold
in the same time scales (τ ≈ 4-5 µs at 320 K) but according
to all other tests are on the two extremes of the downhill regime.
PDD and gpW fold significantly more slowly (33 and 22 µs at
the same temperature). Yet, according to all other criteria these
two proteins are in the mid-downhill range, exhibiting very
marginal folding barriers. This suggests that such differences
in rates are due to protein-specific dynamic effects with villin
seemingly having a much faster pre-exponential factor than BBL
and PDD. gpW, considering its larger size (62 residues versus
35 for villin and 40-42 for BBL-PDD) and the size-scaling
effects expected for the pre-exponential,21 would be somewhat
in between.

Conclusions

We compared the kinetic and equilibrium behaviors of two
structural homologues that fold in the few microseconds range:
BBL and PDD. BBL folds about ∼8 times faster than its
homologue. In principle, this observation could be interpreted
with two possible scenarios. In one scenario both proteins fold
within the downhill regime, with the faster folding BBL doing
it in a globally downhill fashion and the slower PDD folding
over an incipient barrier. In this case, both proteins should
exhibit the equilibrium signatures of the downhill scenario in
degrees proportional to the difference in folding rates. The other
scenario considers that both proteins have classical activated
folding with a difference in barriers of ∼2RT, in which case
they should not exhibit significant differences in equilibrium
unfolding since BBL and PDD have essentially the same 3D
structure, size, and Tm. From analysis of the equilibrium
unfolding we observe the exact pattern predicted by the downhill
scenario. PDD displays the equilibrium signatures of downhill
folding but to a lesser degree than the faster folding BBL. An
advantage of a comparative study between structural homo-
logues is that it naturally eliminates size scaling and structural
effects. Another important factor is that direct comparison
permits reaching conclusions without performing a detailed
quantitative analysis of the experimental data. In this case, the
correlation between differences in rate and equilibrium provides
very strong evidence that the two proteins fold within the
downhill regime with BBL being at the one-state downhill limit.
This equilibrium-rate connection is a feature of the downhill
regime that is incongruous with interpretations of folding as a
highly activated process,39 and as such it attests the invalidity
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of this conventional view to describe ultrafast protein folding.
Strictly speaking, this conclusion applies to the BBL and PDD
versions that we use for this study (Naf-BBL and PDD-Naf,
see Figure 1). However, given that the relaxation rates we report
for BBL and PDD are essentially the same as those obtained
by other authors with various experimental methods and in
variants with slightly different chemistry (see Figure S1,
Supporting Information), we can invoke a simple rate criterion
to make this conclusion general and independent of the protein
variant and of the experimental conditions tested so far.

In addition, the combination of kinetic and equilibrium
analyses of ultrafast folding structural homologues provides an
empirical test for the validity and sensitivity of the various
equilibrium signatures that have been proposed for the downhill
folding regime. The procedure is conceptually identical to the
analysis of rate-accelerating mutations in fast folding proteins.57,58

The use of homologues offers the advantage of comparing
natural proteins with large differences in sequence due to
divergent evolution, whereas mutations provide the opportunity
to further engineer folding barriers. These two approaches thus
complement each other. From the existing data on several
ultrafast folding proteins we can conclude that the thermody-
namic free-energy surfaces obtained from DSC experiments are
in reasonable agreement with the marginal barrier heights
estimated using a variety of kinetic arguments that rely on rate
comparisons. Moreover, we show here that the DSC analysis
successfully detects differences in equilibrium unfolding of
proteins that fold with slightly different rates but share size,
3D structure, and over 30% of their amino acid sequence. There
is, however, an emerging trend in which the estimates of
thermodynamic barriers seem to be slightly, but consistently,
lower than the kinetic estimates. This could be error in either
analysis or indicative of constitutive differences due to dynamic
effects and/or surface roughness.10 Another interesting result
is that simple equilibrium methods, such as standard CD thermal
unfolding curves, provide sensitive indicators of barrier heights
within the downhill folding regime to the extent that they could
be used to predict changes in ultrafolding rates resulting from
mutation26 or comparisons between structural homologues. We
see, for example, that the degree of helix fraying of the “native”
baseline, the broadness of the unfolding transition, and the
degree of residual structure in the high-temperature unfolded
ensemble correspond with the differences in relaxation rate
between structural homologues. The double-perturbation analysis
could turn out to be less sensitive, requiring that the protein
undergoes a significant change in heat capacity upon folding
or perhaps detecting only cases in which the thermodynamic
barrier is nearly zero. In such case the observation of curvature
in the correlation between the apparent equilibrium unfolding
enthalpy and the concentration of chemical denaturant could
be considered a strong indicator of global downhill folding,
whereas the lack of curvature would still be consistent with the
higher end of the downhill regime.

Finally, the comparison between kinetic and equilibrium
experiments on ultrafast folders opens the opportunity to
experimentally dissect the structural, sequence, and evolutionary
determinants of folding free-energy barriers and cooperativity.
One critical question is what makes PDD fold more slowly and
cooperatively than its structural homologue BBL? These proteins

have the same folding topology (Figure 1B), but their 3D
structures have some differences in packing. The available
structure of PDD is more compact and thus has more long-
range contacts (see Figure 1C). In molecular simulations using
Go models these differences in packing do indeed produce lower
cooperativity for BBL relative to PDD.33,34 There is similar
packing variability between 3D structures of BBL variants,
which also produce different free-energy barrier and cooperat-
ivity in simulations with Go models.9 However, the critical
difference is that the latter is not reflected on equivalent changes
in relaxation rate between BBL variants (Figure S1, Supporting
Information). It is thus unclear whether such differences in
structure are indeed connected to different heights of the folding
barrier or rather reflect alternative NMR structure calculation
protocols.10 At the level of the amino acid sequence there is a
related pattern that stands out. The two helical regions of BBL
have a high intrinsic propensity to form R-helix structure,
especially the first one (25% according to the algorithm
AGADIR59). The same regions in PDD have only marginal
helical propensity (∼2%). The lower helical propensity of PDD
implies a larger relative stabilization from nonlocal interactions,
which provides a simple explanation for its increased folding
cooperativity and incipient free-energy barrier. Another related
pattern is the fact that BBL does not have any aromatic residues,
whereas PDD has a tyrosine and a phenylalanine involved in
many hydrophobic contacts.

Navigating the downhill folding regime via structural homo-
logues may also shed light into the biological implications of
any observed differences. Different degrees of downhill folding
could be related to adaptation to different environments or may
have important functional implications, especially if the broad
conformational ensembles characteristic of downhill folding are
exploited to perform roles as molecular rheostats.49 The BBL
versus PDD story may have components of both since these
domains perform similar roles in two different multienzymatic
complexes and come from microorganisms that live at quite
different temperatures (310 K for E. coli and 333 K for B.
stearothermophilus, respectively). Along these lines it is
interesting to note that the folding relaxation rates of BBL and
PDD happen to be nearly identical at their respective physi-
ological temperatures (∼100 000 s-1, see Figure 2B). However,
this coincidence could be just an accident. Further work
combining equilibrium, DSC, and kinetic measurements on
equivalent domains from the two multienzymatic complexes of
other organisms will be critical to further explore these
interesting issues.
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