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In traditional chemical kinetics, reaction mechanisms are resolved
by measuring the reaction free energy surface as a function of
relevant coordinates. However, protein folding reactions require the
formation of myriads of weak noncovalent interactions and the
synchronization of large numbers of degrees of freedom,1 thus
making the mapping of detailed free energy surfaces a nearly
impossible task. A practical solution involves using a projection
onto a low-dimensional free energy surface that reproduces the
average molecular behavior.2 In this case, the dynamic term in the
rate equation (i.e., the pre-exponential ink ) k0 exp(-∆G/RT))
becomes a complex function of the projected surface and cannot
be derived from first principles. The inherent limitation is, of course,
that kinetic measurements of folding only provide relative barrier
heights.

Much effort has been devoted in the past decade to obtain
empirical folding speed limits, which could be used to estimate
barrier heights from kinetic experiments3 and to scale theoretical
predictions of folding barriers.4 Recently, we proposed a different
approach in which folding barrier heights are extracted from
differential scanning calorimetry (DSC) experiments.5 The approach
readily distinguishes between folding transitions with high free
energy barriers and globally downhill.5 Theoretically, our method
could even provide absolute folding barriers, thus allowing
discrimination between energetic and dynamic contributions to
folding relaxation rates. There are, however, intrinsic limitations
that need evaluation to assess its real impact on the study of protein
folding. The method approximates the free energy surface to a
Landau polynomial,5 instead of attempting the notoriously ill-
defined model-free inversion of the Laplace transform.6 Therefore,
proteins must have free energy barriers within the sensitivity of
the approximation and energy landscapes smooth enough to produce
simple thermodynamic and kinetic behavior.7 Here we explore these
issues.

As a first step, we investigated method sensitivity with a simple
test based on retrieving the barrier heights from simulated DSC
thermograms of theoretically calculated 1-D free energy surfaces.
The 1-D free energy surfaces were produced with a variant of
Zwanzig’s statistical mechanical model for protein folding,8 in
which the stabilization energy is assumed to decrease exponentially
as the degree of nativeness of the protein increases. In addition to
its extreme simplicity, the model reproduces the scaling of
thermodynamic and kinetic properties found for natural proteins.
Figure 1 shows a plot comparing the barrier height extracted from
the analysis of simulated DSC thermograms (i.e,. the parameterâ)
and the theoretical barrier height measured directly on the free
energy surface. In the figure, it is apparent that the extracted and
theoretical barriers are in very close agreement when the barrier is
small and progressively diverge as the barrier increases. This is

not surprising, as the method should be maximally sensitive when
the population at the top of the barrier is maximal. The data tend
asymptotically to∼15 kJ/mol (∼6 RT), signaling the sensitivity
limit of the procedure that corresponds to∼0.25% population at
the top of the barrier. More practically, Figure 1 indicates that barrier
heights can be measured quite precisely up to∼10 kJ/mol (∼4 RT
or 1.8%). From 10 up to 15 kJ/mol, there still is sensitivity to detect
relative differences, but the extracted barrier heights are increasingly
underestimated. In this analysis, we also found little dependence
of the extracted barrier height on the native heat capacity baselines
and specific shape of the (always smooth) theoretical free energy
surfaces.

At this point, the important question was whether this sensitivity
range is useful to measure folding free energy barriers of natural
proteins. This issue cannot be addressed directly because there are
no alternative methods available to measure absolute folding
barriers. Therefore, we used an indirect approach in which we
compared the free energy barrier extracted from DSC experiments
with folding rates in water obtained from kinetic experiments. For
this purpose, we built a database of 13(+2) proteins for which
reasonable DSC (no signs of irreversibility) and kinetic folding data
are available and which do not show signs of populated intermedi-
ates (see Supporting Information). The database is by no means
comprehensive and is quite uniform in protein size (i.e., 64( 15
residues). However, it does include proteins from the three main
structural classes and spans a wide range of folding times (i.e., 4
orders of magnitude).

To deal with the heterogeneity in the available DSC data, we
devised a general analysis scheme. In two of the proteins, we used
our own DSC data, analyzed exactly as explained before.5 For all
other proteins, we digitized the original published data. We then
analyzed the DSC thermograms using the lowest temperature point
to set a native baseline with temperature dependence as predicted
by Freire’s empirical correlation.9 This procedure rendered good
fits for a large fraction of the proteins. Figure 2A shows data and
fit for CspB as an example within that group. The inset shows the
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Figure 1. Comparison between theoretical barrier heights produced by
statistical mechanical model and barrier heights extracted from analysis of
simulated DSC thermograms (â).
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quality of the fit as a function of the barrier height (â), from which
we derive the error in the measurement. For the remaining proteins,
such baseline either crossed the thermogram (three cases) or could
not reproduce the low-temperature data (two cases). For the first
group, we allowed the baseline to downshift during the fitting, while
for the second group, we fixed the native baseline to the lowest
temperature data points (see Supporting Information).

The obtained free energy barrier heights range from negative
(i.e., -3 kJ/mol) for the global downhill folder BBL to∼18 kJ/
mol for Tendamistat (see Supporting Information for all data). These
barriers correspond to the characteristic temperature (T0) of the
protein, which spans a range of∼60 K. For the comparison with
the folding rates at 298 K, we use the ratio between the barrier
height (â) and T0. This ratio corrects for differences in stability
and facilitates comparison of energy scales. Figure 2B shows the
correlation betweenâ/T0 and the logarithm of the folding rates.
The correlation coefficient (r2) is 0.9, and the slope is∼0.8 R,
indicating that the two parameters do indeed have similar energy
scales. A slope slightly belowRand the skewing on the high barrier
limit agree with expectations from the theoretical analysis (Figure
1). The level of agreement is remarkable, given that there is no
significant correlation between folding rates and protein size (r2 <
0.2) or unfolding enthalpy (r2 ) 0.25) for this dataset. Furthermore,
the correlation withâ values directly is of similar quality (r2 )
0.86, slope∼0.9 RT), possibly because the net temperature
dependence of folding free energy barriers is weak as result of
enthalpy-entropy compensations.10

These results confirm the suitability of our approach to measure
free energy barriers in protein folding. Overall, the range of barrier
heights measured from DSC experiments agrees with estimates
based either on speed limits3 or on size-scaling11 arguments. For
cold shock protein fromT. maritima(1G6P), for example, we obtain
a barrier of 11.4( 1.1 kJ/mol, well within the limits obtained by
single molecule spectroscopy.12 The procedure also detects differ-
ences between homologous proteins (e.g., 1G6P and 1CSP). The
sensitivity reaches the level of detecting changes induced by single
mutations. An example is E3BD, a structural homologue of the
downhill protein BBL. The wild-type sequence has no net barrier
(2PDE in Figure 2B), while a single (although evolutionarily
nonconservative) Ff W mutation results in a small hump of∼4
kJ/mol (1W4E in Figure 2B). From our results, it appears that single
domain proteins can be classified in three distinct groups: with
marginal or no barriers (<2 RT, or 0.017 in Figure 2B), two-state-
like (>4 RT, or 0.033 in Figure 2B), and twilight zone proteins
(<4 RT and >2 RT). The latter group should comply with most
criteria for two-stateness, but show significant sensitivity to
perturbations.

In Figure 2B, the intercept for 0 barrier is found at∼1/(25µs),
corresponding to an average pre-exponential of∼40 000 s-1 at 298
K. This value is∼3 times slower than a recent upper limit estimated
from internal friction measurements on cytochromec.13 As a pre-
exponential, this average value applies only to proteins with
significant barriers and should not be confused with a folding “speed
limit”. 14 In proteins with no barriers, a favorable free energy gradient
will speed up folding (e.g., 1BBL in Figure 2B). Furthermore, other
factors, such as sequence, structure, stability, and temperature (e.g.,
our pre-exponential scales to>100 000 s-1 at temperatures more
typical of T-jump experiments just from the decrease in water
viscosity), also affect the folding speed of proteins with marginal
barriers. For these proteins, the combination of our calorimetric
analysis with kinetic measurements opens the opportunity of
measuring individual diffusion coefficients for folding.
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Figure 2. (A) DSC thermogram of CspB (1CSP) (blue circles) and fit to
variable-barrier model (red line), together with native baseline (green line).
Inset: sum of least squares as a function of parameterâ in a grid search.
The red line signals a 95% confidence interval. (B) Correlation between
folding rates at 298 K and the ratio between barrier height (â) and
characteristic temperature (T0). The dashed line shows the expectation for
a slope ofR. For 1W4E, the folding rate at 298 K was obtained by scaling
the available rate at 325 K for the changes in water viscosity (i.e., a factor
of ∼2 decrease). For HDN, slight aggregation was originally reported, but
we could still obtain a reasonable fit. Neither of these two proteins was
included in the correlation.
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