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The folding landscapes of polypeptides and proteins exhibit a
hierarchy of local minima.1 The causes range from proline
isomerization (large free energy barrier),2 to kinetic intermediates,3,4

down to microstructure in the free energy caused by residual
frustration inherent even in the best 20 amino acid design (<3 kT
barriers).5,6 The corresponding time scales range from hours to
submicroseconds. The smallest microstructures are difficult to
detect: ensemble experiments detect only the main barrier crossing-
(s), while single-molecule techniques currently cannot reach the
required submicrosecond time scale. We measured the folding/
unfolding kinetics of trpzip2 peptide at different tryptophan
fluorescence wavelengths. Each measurement yielded a different
rate. Wavelength-dependent folding kinetics on 0.1-2 µs time
scales show that different microstructures with a range of solvent
exposure and local dynamics are populated. We estimate a lower
limit for the roughness of the free energy from the range of rates
observed.

Very fast folding peptides and proteins provide the best
candidates for finding signatures of energy landscape microstructure
in folding kinetics because their main barrier is very small.7 A fast
phase preceding the activated folding kinetics of the 80-residue
protein λ6-85 has been assigned to diffusive hopping limited by
free energy microstructure,8 but the different spectroscopic signa-
tures one might expect from different microstructures have not yet
been differentiated during folding/unfolding kinetics.

With Swope and Pitera, we recently characterized the folding
thermodynamics of theâ-hairpin peptide trpzip2 constructed by
Cochran et al. by experiment and replica exchange molecular
dynamics9,10The trpzip2 free energy landscape is rugged with local
minima (other than the native state) ranging from 1 to 4 kT at 310
K (Figure 1). Although individual thermal titrations appear coopera-
tive, different spectroscopic probes yielded a range of apparent
unfolding temperatures, which were assigned to processes ranging
from loosening of the tryptophan side chains (<30 °C) to breakup
of the mini-core largely composed of tryptophans (>50 °C).

In addition to having a favorable landscape for observing free
energy microstructure, trpzip2 contains four tryptophans whose
fluorescence wavelength is solvation-dependent. Different local
minima of trpzip2 differ in solvent exposure and are probed to
differing extents by the tryptophans (Figure 1).10 As they are
populated during folding, the microstructures could manifest
themselves via wavelength-dependent kinetics. Each time scale
revealed by dynamics represents one or more microstructures ob-
served. Whether local minima are populated sequentially (homo-
geneously) or in parallel (heterogeneously in different molecules,
Figure 1), the different time scales contain information on local
barrier heights and diffusion times.

Trpzip2 was prepared as previously described.8 We induced
population relaxation among its free energy minima with a
nanosecond laser temperature jump of 11-13 °C.11 Different

fluorescent wavelengths were monitored by using different com-
binations of filters (Hoya U340, UV32, UV30, and B390). Low
UV excitation energy and concentrations below 11µM were used
to avoid tryptophan photobleaching and intermolecular effects (see
Supporting Information for details). No reconfiguration of the
experiment was required for different probe wavelengths so that
small changes in folding times could be determined reliably.

Relaxation of trpzip2 displays at least two groups of time scales
in 0-2 M GuHCl, independently of the protein concentration
(Figure 2). Within the first 100 ns, the fastest process leads to a
rapid increase of trpzip2 fluorescence. Within 0.6-5 µs (depending
on temperature and denaturant), the slower process completes the
kinetics, leading to the equilibrium fluorescence signature. Several
additional kinetic transients at different temperatures and denaturant
concentrations are shown in the Supporting Information.

Our key result is that the rate of the microsecond process depends
on which spectral region of the trpzip2 fluorescence emission is
collected. This is illustrated in Figure 2. The relaxation time is faster
at the red end of the spectrum, corresponding to more solvent-
exposed tryptophan residues. Another interesting result is sum-
marized in Figure 3: the wavelength-dependent discrepancy in the
kinetics increases as the temperature is raised from 30 to 60°C.
The ca. 0.7µs folding time in 0 M GuHCl at 25°C (see Supporting
Information) makes trpzip2 a very fast folder, but without a well-
defined rate constant.

The spectroscopic and kinetic signatures of the nanosecond and
microsecond processes match up in several ways with the two broad

Figure 1. (Top) Local microstructures on a 2-D free energy landscape,
populated homogeneously or heterogeneously, can be differentiated if their
spectroscopic signatures differ, and if no large barrier hides them. (Bottom)
1-D free energy landscape and representative structures of trpzip2 from ref
10, with the root-mean-square deviation of the CR carbons as reaction
coordinate.
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transition regions observed during thermal denaturation,10 and so
we assign the two dynamical processes accordingly.

We attribute the nanosecond process to a loss of tryptophan side-
chain ordering: Its amplitude decreases between 30 and 60°C
(Supporting Information), matching the thermal transition of trpzip2
side-chain flexibility reported by fluorescence intensity measure-
ments and molecular dynamics simulation.10 The faster phase
always corresponds to a fluorescence increase, as expected from
increased tryptophan mobility (Figure 2).12 Finally, its rate is
insensitive to GuHCl concentration, and so is the thermodynamic
transition to increased tryptophan flexibility as monitored by
fluorescence.10

The wavelength-dependentµs phase of main interest here comes
from breaking up the tryptophan-tryptophan mini-core: Its rate
and amplitude are sensitive to GuHCl concentration, in analogy to
the core melting probed by steady-state CD measurements.10 Its
amplitude relative to the fast phase grows as the temperature is
increased above 50°C, matching the trpzip2 core melting transition
at 50-70 °C.

A final observation ties in nicely with this assignment. Trpzip2
molecules with red-shifted fluorescence are more unfolded,10 yet
they relax to equilibrium up to 2.2 times faster than the trpzip2
molecules with blue-shifted fluorescence (Figure 3). Nearly folded
conformations are more likely to be trapped in local minima (e.g.

incorrect tryptophan pairings or incorrectly oriented aromatic
stacks). Thus, more unfolded molecules can end up folding faster
than more compact but trapped structures. The dynamics in Figure
3 speed up as the temperature is raised because more of the extended
structures are populated at higher temperature, whereas at low
temperatures most of the molecules reside in more compact trapped
states.10

A very simple model serves to illustrate the type of information
that can be extracted with more sophisticated theory. Let us assume
that escape rates from individual local minima can be modeled by
a transition state theory,ki ) νi

†exp(-∆Gi
†/kT) (strictly valid only

for barriers.1 kT), and that the prefactors are similar for all
microstructures (in reality local diffusion coefficients depend on
the reaction coordinate), so all roughness is contained in the
activation term.13 Then

characterizes the fluctuations in free energy. Using our valueki/kj

) 2.2 near the melting midpoint as an estimate for the true average
yields δ2G ≈ 0.6k2T2. This provides a lower limit (broadband
fluorescence detection averages over ensembles, reducing the spread
of rates), but the important point for more accurate modeling is
that free energy roughness must be characterized by the size of its
root-mean-square fluctuations,5 not by an average value. An average
value is meaningful only for a single, well-defined barrier.

Trpzip2 is thus an ideal candidate for analytical models, off-
lattice simulations, and molecular dynamics calculations to probe
folding free energy microstructure in more depth. To provide
additional data, it will be worthwhile to add more spectroscopic
probes, such as IR-detected temperature jumps, which could resolve
dynamics in more detail with the help of isotope substitution, as
shown in ref 14. [Note added in proof, see ref 15.]
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Figure 2. Relaxation dynamics of trpzip2 in aqueous 2 M guanidinium
buffer monitored at 57.5( 1 °C in two different wavelength regions (blue:
Hoya U340+ UV32 filters, kslow ) 0.37µs-1; red: Hoya B390+ UV30
filters, kslow ) 0.47µs-1) under otherwise identical conditions. The ns phase
acounts for half of the signal.

Figure 3. Temperature dependence of theµs process corresponding to the
two wavelength ranges in Figure 2. The dotted curves are fits to a quadratic
expansion of the apparent activation energy (Supporting Information).
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