
Ultrafast folding kinetics of WW domains reveal how
the amino acid sequence determines the speed limit to
protein folding
Malwina Szczepaniaka, Manuel Iglesias-Bexigab, Michele Cerminaraa,c, Mourad Sadqic,d,e, Celia Sanchez de Medinaa,c,
Jose C. Martinezb, Irene Luqueb, and Victor Muñoza,c,d,e,f,1

aCentro de Investigaciones Biológicas, Consejo Superior de Investigaciones Científicas, 28040 Madrid, Spain; bDepartamento de Química Física e Instituto de
Biotecnología, Facultad de Ciencias, Universidad de Granada, 18071 Granada, Spain; cCentro Nacional de Biotecnología, Consejo Superior de Investigaciones
Científicas, Campus de Cantoblanco, 28049 Madrid, Spain; dDepartment of Bioengineering, School of Engineering, University of California, Merced, CA
95343; eCenter for Cellular and Biomolecular Machines, University of California, Merced, CA 95343; and fNanobiosystems Programme, Instituto Madrileño
de Estudios Avanzados Nanociencia, 28049 Madrid, Spain

Edited by Martin Gruebele, University of Illinois at Urbana–Champaign, Urbana, IL, and approved March 19, 2019 (received for review January 5, 2019)

Protein (un)folding rates depend on the free-energy barrier separating
the native and unfolded states and a prefactor term, which sets the
timescale for crossing such barrier or folding speed limit. Because
extricating these two factors is usually unfeasible, it has been common
to assume a constant prefactor and assign all rate variability to the
barrier. However, theory and simulations postulate a protein-specific
prefactor that contains key mechanistic information. Here, we exploit
the special properties of fast-folding proteins to experimentally resolve
the folding rate prefactor and investigate how much it varies among
structural homologs. We measure the ultrafast (un)folding kinetics of
five naturalWWdomains using nanosecond laser-induced temperature
jumps. All five WW domains fold in microseconds, but with a 10-fold
difference between fastest and slowest. Interestingly, they all produce
biphasic kinetics in which the slower phase corresponds to reequilibra-
tion over the small barrier (<3 RT) and the faster phase to the downhill
relaxation of the minor population residing at the barrier top [transi-
tion state ensemble (TSE)]. The fast rate recapitulates the 10-fold range,
demonstrating that the folding speed limit of even the simplest all-β
fold strongly depends on the amino acid sequence. Given this fold’s
simplicity, the most plausible source for such prefactor differences is
the presence of nonnative interactions that stabilize the TSE but need
to break up before folding resumes. Our results confirm long-standing
theoretical predictions and bring into focus the rate prefactor as an
essential element for understanding the mechanisms of folding.
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In their natural environment, proteins fluctuate stochastically
between their marginally stable folded 3D structure and a dis-

ordered ensemble with rates that determine their biological prop-
erties. These rates, which hold the key to the underlying folding
mechanisms, vary vastly, resulting in folding and unfolding times that
range from a few microseconds to months (1). Such enormous var-
iability highlights the underlying mechanistic complexity of a process
that involves collective motions around thousands of protein and
solvent coordinates, and formation and dissolution of cooperative
networks of weak interactions (2). Theory describes protein (un)
folding rates as diffusion on a free-energy surface obtained by pro-
jecting the protein–solvent hyperdimensional phase space (or folding
energy landscape) onto one or few order parameters that capture the
reaction’s progress (3–5). Because projected folding free-energy
surfaces (FESs) tend to show two metastable wells (native and un-
folded) (6, 7), such description often reduces to Kramers rate theory
(8), which defines the rate of escape from each well as follows:

k=
βDωωp

2π
expðβΔGpÞ, [1]

where D is the diffusion coefficient at the top of the barrier
separating the two wells, ω2 is the curvature of the well (folded

or unfolded), −ðωpÞ2 is the curvature at the barrier top, β=
1=kBT (where kB is the Boltzmann constant and T is the temper-
ature), and ΔGp is the height of the free-energy barrier. Here, it is
important to note that D is not the Stokes–Einstein translational
diffusion coefficient, but an effective term that depends on many
factors, including the conformational motions responsible for cross-
ing the barrier (9), the kinetic connections between conformations
within the transition state ensemble (TSE) (10), and the energetic
roughness of the folding landscape (11). The rate thus depends
exponentially on the barrier height whereas the preexponential term
(or prefactor) defines the timescale for crossing over the barrier (8).
One key issue in using Eq. 1 is that its two terms cannot be

extricated from the rates measured experimentally. Accordingly,
common practice has been to assume a constant prefactor or
folding speed limit (12), and focus on the barriers as differential
factor given their exponential rate dependence (13). In early
times, it was not even clear what the right magnitude might be for
such folding rate prefactor. More recently, extensive biophysical
work has converged onto an estimate of ∼1/(1 μs) (14). This time-
scale is consistent with multivariate approaches, including mea-
surements of elementary folding motions (15), extrapolations from
size scaling of folding rates (16), or the timescales of the fastest
folding (17) and one-state downhill folding (18) proteins. Access
to empirical estimates of the folding speed limit enabled the
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conversion of rates onto barriers (19), which confirmed key
theoretical predictions such as their entropic origin and relatively
low heights (i.e., <10 kBT) (7). In parallel, massive efforts to
characterize folding TSEs using mutational analysis have unveiled
a strikingly simple rule by which the barrier recapitulates ap-
proximately one-third of the total native stabilization free energy,
regardless of the protein’s structure and sequence, or the position
and type of mutation (20). Relative folding and unfolding rates
can be in fact predicted reasonably well from protein size alone
(16), or significantly better by just adding their structural class
assignment (whether the protein is α, β, or mixed) (1).
Those findings hint that the complex folding mechanisms

predicted by theory (21) and observed in computer simula-
tions (22) must be subsumed to some degree into the rate
prefactor, which should accordingly vary characteristically
from protein to protein. Scaling analysis of folding rates points
to protein-specific folding prefactors, especially for β-sheet
proteins (23). The experimental analysis of the folding pre-
factor is, however, challenging. One possibility comes from single-
molecule methods, which can, in principle, capture the statistically
rare barrier crossing events [or transition paths (TPs)] undergone by
proteins fluctuating between the native and unfolded states. Such
folding TPs have been recently detected using single-molecule
fluorescence (24), optical tweezers (25), and atomic force micros-
copy (26). The somewhat limited experimental information about
folding TPs obtained thus far points to a universal rate prefactor
(27), with proteins designed de novo and thus not optimized by
natural selection as possible exceptions (28). Here, we aim to in-
vestigate to what extent the folding rate prefactor, or speed limit,
varies among naturally evolved amino acid sequences that fold onto
the same native 3D structure. Our rationale is that comparison
among structural homologs should unveil the natural variability in
folding mechanisms that coexists within a given structural fold. To
probe the rate prefactor experimentally, we resource to an alterna-
tive kinetic approach that is specific to fast-folding proteins, and that
was pioneered by Gruebele and coworkers (29, 30). This kinetic
approach relies on probing the downhill relaxation from the barrier
top (TSE) on proteins that have marginal folding barriers, and
thus detectable TSE populations, using ultrafast kinetic meth-
ods. As model proteins, we use a collection of WW domains, which
share the simplest antiparallel β-sheet topology found in nature
and fold in the microsecond timescale (31–34), and also exhibit the
marginally cooperative unfolding thermodynamics of the downhill
folding scenario (35).

Results and Discussion
Probing the Folding Prefactor by Experiment. The folding prefactor
has been derived from experiments on individual molecules by
comparing the characteristic dwell times in the native or the un-
folded states (τact) with the mean TP time (τTP) (24). There is an
alternative approach based on the ultrafast kinetic analysis of fast
folders (29). Microsecond folding proteins cross free-energy bar-
riers of height comparable to thermal energy (i.e., <3 RT) (36).
These shallow barriers result on minor, but significant, TSE
populations that must reequilibrate in response to perturbations.
The downhill relaxation from the TSE can be detected kineti-
cally provided the method is sufficiently fast (e.g., after a
nanosecond temperature jump) (Fig. 1), producing biphasic
relaxation kinetics. The fast phase [or “molecular phase” (29)]
corresponds to the downhill relaxation of molecules residing in
the TSE and follows an expression equivalent to the relaxation
on a harmonic well (37) with ðωpÞ2 representing the inverted
curvature at the barrier top:

kmol = βDðωpÞ2. [2]

Assuming similar curvatures for barrier and well, as done before
for the analysis of folding TPs (24), the ratio between the molecular
rate and the relaxation rate (the slower kinetic phase from the same

experiment) measured at the denaturation midpoint becomes the
following:

kmol=krel ≈ π expð−βΔGpÞ, [3]

where krel is equal to the right term in Eq. 1 multiplied by 2 (sum
of the equal folding and unfolding rates at the midpoint). Eq. 3
directly leads to the free-energy barrier. The rate prefactor is then
obtained from the molecular phase as kmol=2π (combining Eqs. 2
and 1). These expressions permit to estimate the barrier and rate
prefactor from nanosecond laser-induced temperature jump mea-
surements on fast-folding proteins that exhibit a molecular phase.

The Range of Folding Rates of Natural WW Domains. WW domains
have been very popular models for fast-folding experiments (31–
34) and molecular simulations (22, 34, 38) because they are the
smallest and fastest natural β proteins. Relative to the fastest
α-helical proteins, the natural WW domains studied so far fold
moderately fast (near 100 μs) (39). Despite their comparatively
slower rates, WW domains tend to fold within the downhill sce-
nario (barriers <3 RT) (40) and can exhibit a molecular phase
(33). Consistency with the downhill scenario implies an (un)fold-
ing rate prefactor that is slower for β than for helical proteins, as it
has been proposed theoretically (23). Nevertheless, mutants of the
FiP35 WW domain fold somewhat faster (30), and a variant op-
timized for speed by computational design folds in just 4 μs (34).
Here, we measure the ultrafast folding kinetics of five WW do-
mains, including three examples from group I (Nedd4-WW4,
Nedd4-WW3, and the L30K mutant of Yap65-WW1) and two
from group II (Fbp11-WW1 and Fbp11-WW2) (35). The five
domains have marked differences in sequence (∼30% homology),
but share size and fold topology (SI Appendix, Fig. S1). A detailed
thermodynamic analysis of these domains has recently demon-
strated their minimal cooperativity and downhill-like unfolding
thermodynamics (35).
We performed kinetic experiments using an infrared (IR) laser

T-jump instrument to probe secondary structure from changes in
the amide I band absorption within the 1,630–1,640 cm−1 range in
response to <10-ns temperature jumps of about 10 K (SI Appen-
dix). These experiments produced microsecond relaxation decays
for all WW domains (Fig. 2A). With times starting at 1 μs (the IR
detector has 600-ns response time), the measured IR decays can
be fit reasonably well to a single-exponential function (Fig. 2A).
The single-exponential fits render relaxation rates at the midpoint
temperature ranging from 1/(55 μs) for Nedd4-WW4 to 1/(10 μs)

Fig. 1. Measuring folding rate prefactors via ultrafast kinetic experiments.
The scheme depicts, as an example, the fast folder gpW and its folding free-
energy landscape (50). The Left panel shows native conditions (below the
Tm) in which the landscape is tilted to the folded state and downhill. The
Right panel shows the landscape at the midpoint temperature (Tm), which
results on the emergence of a small (<2 RT) free-energy barrier. The sub-
ensemble that corresponds to the barrier top (TSE) at Tm is shown as a gray
swath with populations of 10% at low T and ∼8% at Tm. In response to a
nanosecond laser-induced T jump that brings the protein to the folding
midpoint (rainbow arrow), the excess TSE population quickly reequilibrates
on a downhill relaxation toward the unfolded well, or molecular phase
(green). The excess native population reequilibrates with the unfolded well
more slowly by a relaxation that involves crossing the barrier (blue).
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for Nedd4-WW3. There are, however, signs of a faster, not well-
resolved process in some experimental traces of the slowest folders
(see below). The overall relaxation rate for each protein is only
weakly temperature dependent, but the total spread in rates is
large, ranging from 1/(130 μs) for FBP11-WW2 at the lowest
temperatures to 1/(1.5 μs) for Nedd4-WW3 and FBP11-WW1 at
the highest probed temperature (Fig. 2B). The weakly temperature-
dependent global (un)folding rates suggest that folding involves
crossing marginal free-energy barriers (<3 RT) (40). It is note-
worthy that these five natural proteins cover the entire range of
(un)folding times previously observed for WW domains. In this
regard, the folding relaxation of Nedd4-WW3 (Fig. 3, dark blue) is
comparable to that of the record holding, computationally designed
FiP35 variant [i.e., 1/(4 μs) at 363 K (34)]. We can thus conclude
that our protein catalog spans the rate variability found within the
WW fold, including natural and engineered variants.

WW Domains Fold–Unfold Over Marginal Free-Energy Barriers. The
spread in rates of Fig. 3 suggests differences in the folding free-
energy barrier of up to 2.3 RT from fastest to slowest. However,
the temperature dependence of the relaxation rate is flat for all
domains, as expected for downhill folders (40). To explore this issue
in more depth we analyzed the IR kinetic data within a 1- to 200-μs
window using a 1D-FES model of protein folding (40, 41). In this
model, folding thermodynamics are described using a projection of
the energy landscape onto a single local order parameter: nativeness.
The kinetic relaxation is described as diffusion over that surface, that
is, in Kramers-like fashion. The combination of relaxation rates (Fig.
2B) and kinetic amplitudes (Fig. 2C) as a function of temperature
provides all of the information required to determine the four pa-
rameters of the model (SI Appendix). This simple kinetic analysis fits
the IR experimental data for the five proteins remarkably well (Fig. 2
B and C and SI Appendix, Table S1 for parameters). Interestingly,
the 1D-FESs arising from the fitted model are similar for the five
domains and feature very small free-energy barriers (∼1 RT; SI
Appendix, Fig. S2). Therefore, the 1D-FES kinetic analysis suggests
that the nearly 10-fold rate variation among WW domains does not
result from different barriers, but rather from changes in rate pre-
factor. Large rate differences in structurally homologous proteins
have been reported before for spectrin domains, but in that case the
rate differences mostly arose from barrier changes (42).

Molecular Phase and Structural Properties of the Folding TSE. To
investigate whether these natural WW domains exhibit the mo-
lecular phase, we turned to laser T jumps using fluorescence de-
tection. Our fluorescence T-jump instrument has significantly
better time resolution and dynamic range than the IR instrument
[10 ns and logarithmic time acquisition (43)], and WW domains
have signature fluorescence signal linked to their folding status
because their two tryptophan residues engage in specific interac-
tions across the sheet (35). In fluorescence T-jump experiments,
we indeed detected a time-dependent red shift of the tryptophan
emission spectrum (∼5 nm) associated to the unfolding of the five
domains. When measured over the entire instrument’s dynamic
range (10 ns to 2 ms), the kinetic relaxation associated to the
spectral shift shows markedly nonexponential decays for all do-
mains that are well fit to a double-exponential function (Fig. 3). A
parametric statistical analysis confirms that these decays represent
double-exponential rather than single- or stretched-exponential
functions (SI Appendix, Fig. S3 and Table S2). At the denatur-
ation midpoint, the rates of the slow phase range from 1/(15 μs) to
1/(135 μs). These rates are similar to those measured using IR
detection (Fig. 2), but not identical, hinting at the probe-dependent
kinetics found in other fast-folding proteins (18). More significantly,
an additional much faster phase is observed for all domains with
rates ranging from 1/(0.3 μs) to 1/(3 μs) (Fig. 3). The two processes
are well separated in time (by a factor of ∼40), and thus both rates
are accurately determined from the double-exponential fits (SI
Appendix, Table S3). The timescales that we obtain for the fast
phase are consistent with the molecular phase reported by Gruebele
and coworkers on a fast mutant of lambda repressor (29) and

Fig. 2. Range of folding rates on a catalog of WW domains. Ultrafast
folding kinetics of the five WW domains measured by the IR laser-induced T-
jump technique. (A) Relaxation decay of the IR absorption at 1,640 cm−1

(amide I band) for the five proteins in response to nanosecond T jumps of
∼10 K to a final folding temperature of reference (i.e., Tf ∼348 K for all but
Nedd4-WW3, which was measured at Tf* ∼338 K due to its lower thermal
stability). The color code is provided in the Inset of A, and as in Fig. S1. Fits to
single-exponential functions are shown as gray lines. (B) Relaxation rate as a
function of temperature for the five WW domains. (C) Relative amplitude of
the IR signal after T jumps of ∼10 K to the final temperatures shown in the
abscissa. The maximum in this plot indicates the Tm (maximal amplitude
change). The curves in B and C correspond to the fits to the 1D-FES model
only using the data shown as filled circles to minimize biases in the tem-
perature dependence of the rate derived from the analysis (SI Appendix,
Fig. S1 and Table S1).
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mutants of other WW domains (33). They are also consistent with
the mean folding TP times derived from single-molecule fluores-
cence experiments on other proteins (27).
These observations agree with the expectation for the molec-

ular phase. However, biexponential folding kinetics with a minor
fast phase could also arise from the transient accumulation of a
kinetic intermediate separated from the unfolded and native
states by free-energy barriers (44). This intermediate can appear
on either the native or unfolded sides of the global TSE, cor-
responding to unfolding or folding kinetic intermediates,
respectively. To investigate these possibilities, we built linear

three-state kinetic models that represent the two intermediate
mechanisms (SI Appendix). This modeling exercise indicates that
the changes in fast phase amplitude are diagnostic of the folding
scenario (SI Appendix, Fig. S4). For an unfolding intermediate, the
fast-phase amplitude after a typical T jump is minimal up to the
denaturation midpoint (Tm), after which point it increases gradually.
The opposite is true for a folding intermediate. Our fluorescence T-
jump experiments show a distinct fast phase around the Tm (Fig. 3)
that quickly vanishes at lower and higher temperatures. These re-
sults are incompatible with either kinetic intermediate model. In
contrast, a maximal fast-phase amplitude at the midpoint is consis-
tent with the changes in population of the barrier top (TSE) for the
molecular phase scenario (SI Appendix, Fig. S4). The WW-domain
fluorescence signal is exquisitely sensitive to minor changes in ter-
tiary environment for the two tryptophans, and thus is likely to be
protein specific, consistently with the variation in fast-phase ampli-
tude we see among WW domains (SI Appendix, Table S3). In
contrast, the IR signal, which reports on overall backbone hydrogen
bonding, should be more uniform and likely to change more grad-
ually with temperature. The time resolution of our IR instrument
makes it challenging to measure the fast phase detected by fluo-
rescence (Fig. 3, vertical lines at 600 ns), which explains why the IR
transients measured from 1 to 200 μs (Fig. 3) are roughly single
exponential. Nevertheless, the fluorescence experiments also in-
dicate that the fast phase should be resolvable on the two slowest
folders (YAP65-WW1 and Nedd4-WW4) by pushing the IR de-
tection to its 600-ns limit. We could indeed resolve the IR fast phase
of these two domains and confirm that its amplitude is maximal at
the Tm. Fig. 4 A–C shows the IR relaxation decays of YAP65-WW1
at three final temperatures, and Fig. 4D shows the relative ampli-
tude of the fast phase for the two proteins. Equivalent transients for
Nedd4-WW4 are shown in SI Appendix, Fig. S5. Parametric statis-
tical analysis confirms that the transients for both proteins are
biexponential. The double-exponential fits indicate that the fast-
phase amplitude peaks at ∼15–20% near the Tm and drops to
∼10% at 10° below or above (SI Appendix, Table S4). In light of
these results, we can conclude that the changes in fluorescence (Fig.
3) and IR (Fig. 4) associated to the fast phase reflect the reequili-
bration of a significantly populated TSE. These signals demonstrate
concerted changes in tertiary interactions (fluorescence) and β-sheet
backbone hydrogen bonds (IR). We can conclude that TSE con-
formations of YAP65-WW1 and Nedd4-WW4 have partly disrupted
β-sheet structure and nonnative packing of the two tryptophan
residues. The TSEs of the three faster domains share the tryptophan
environment signature as judged by fluorescence (with amplitude
differences likely reflecting specific changes in local environment),
but we could not obtain information about hydrogen-bonding status
since their molecular phase is too fast for IR detection.

Variability in Folding Rate Prefactor Within the WW Fold. The kinetic
data of Fig. 3 reveal a strong correlation between the rates of the
fast and slow phases for these WW domains (r = 0.91 with a
slope of 1 in a log–log correlation; Fig. 5). Such correlation
demonstrates that the differences in (un)folding rates propagate
almost exactly to the fast phase rates, consistently with the mo-
lecular phase (see below), and not with the accumulation of an
intermediate. The intercept with the ordinate in this plot indi-
cates an average ratio between the fast phase (kmol) and slow
phase (krel) of 40. Using Eq. 3, a 40-fold ratio converts onto an
estimated mean (un)folding barrier of 2.5 RT for the WW fold. A
mean barrier of 2.5 RT further confirms the classification of
these proteins as incipient downhill folders, but it is moderately
higher than the barriers estimated from the 1D-FES kinetic
analysis (about 1 RT). The level of consistency between kinetic
barrier estimates is nevertheless remarkable given the different
assumptions made on each procedure. For instance, the curva-
ture of the ground states and (inverted) barrier are assumed
equal in the rate ratio procedure (Eq. 3), but the 1D-FESs have
different curvatures (SI Appendix, Fig. S2). Likewise, how the
prefactor’s temperature dependence is introduced into the model
affects the magnitude of the barrier obtained from the temperature

Fig. 3. Biphasic fluorescence T-jump kinetics reveal the folding molecular
phase or rate prefactor. Ultrafast kinetic decays in logarithmic time monitored
by Trp fluorescence in response to ∼10 K nanosecond T jumps to final tem-
perature near the mean denaturation midpoint (343 K). The curves are color-
coded for each protein as before. The continuous gray curves show the fits of
the decays to a double-exponential relaxation, and the dashed curves the fit of
the slow phase to a single exponential as reference (extrapolation to zero time
of both curves indicate the amplitude of the fast or molecular phase). The re-
laxation times for the two phases as obtained from the double-exponential fits
are shown color-coded in Insets.
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dependence of the rate. Most importantly, given that the prefactor
is the only term that affects equally the molecular phase (Eq. 2) and
the activated slow phase (Eq. 1), Fig. 5 confirms that the rate var-
iability found for these natural WW domains does not come from
the barrier, but rather from a sequence-specific folding speed limit.
Further confirmation is provided by the fast-phase amplitude, which
does not decrease proportionally to the relaxation rate of the do-
main, as it should be the case if the barrier grows (Fig. 3 and SI
Appendix, Table S3). We can thus derive the rate prefactor for
each individual protein by simply dividing their molecular rate by
2π (see above). This calculation produces speed limits that range
from as fast as 1/(2 μs) for FBP11-WW1 (Fig. 3, red) to as slow as
1/(19 μs) for Nedd4-WW4 (Fig. 4, cyan). That is, we find that the
rate prefactor for a set of fast-folding proteins that share size and
native fold varies by at least a factor of 10.

Conclusions
We show that the five WW domains of this study are fast folders
(Figs. 2 and 3). A previous in-depth thermodynamic analysis of
these domains showed that their equilibrium unfolding is minimally
cooperative and characteristic of downhill folding (35). Using two
independent kinetic procedures, we find that the five WW do-
mains cross a small folding free-energy barrier at the denaturation
midpoint. The kinetic barrier is comparable to thermal energy (<3
RT), confirming that these β-proteins fold within the downhill
scenario but are not one-state folders. Similar analyses on
α-helical (45) and mixed α+β (46) fast-folders have also produced
slightly higher kinetic than thermodynamic barriers. Consistently
lower thermodynamic barriers suggest that conformations classi-
fied as members of the TSE according to their structural-energetics

properties (i.e., by a free-energy projection) may not be directly
connected in kinetic microscopic terms. The overall effect is minor,
however, as it seems to account for infraestimations of only 1–2 RT
on the overall folding and unfolding rates.
A second important conclusion refers to the magnitude of the

folding prefactor for β-proteins. The folding speed limit that we ob-
tain for the simplest β-fold is 8(±6) μs, which is slower than the speed
limit for α-helical and mixed α+β-proteins (14). This average speed
limit is, on the other hand, consistent with the mean TP time that
Chung and Eaton (27) obtained for a different WW domain using
single-molecule FRET. The latter was measured in highly viscous
solutions, but both the raw and viscosity corrected data are within the
range established by our data. Therefore, β-folds seem to have slower
rate prefactors than helix-rich folds. A slower prefactor for beta
proteins was anticipated theoretically by Thirumalai and coworkers
(23). Here, we confirm this prediction by experiment. One reason
behind a slower prefactor for β-folds is likely their need to organize
around the β-turns, which results in few productive pathways that are
kinetically disconnected from one another, as observed in molecular
dynamics (MD) simulations (34). In this scenario, a folding mol-
ecule must backtrack to the unfolded state to switch pathways, a
subtle kinetic effect that reduces the flux over the barrier resulting
in a slower effective diffusion coefficient. In contrast, the folding
of α-helical structures starts from many alternative nucleation sites
and continues via broadly exchangeable pathways (22, 47).
Finally, we find that the folding speed limit of the simplest

antiparallel β-fold varies by at least one order of magnitude
among naturally evolved proteins. Such variability is remarkable
since it does not stem from structural constraints but from their
differences in amino acid sequence (Fig. 2). In this regard, the
most likely factor is a significant (and variable) contribution from
nonnative interactions to the stabilization of the folding TSE.
Nonnative interactions can trap the protein while in transit over
the barrier, increasing energy roughness, or internal friction (48),
and slowing down the effective intramolecular diffusion co-
efficient (i.e., smaller prefactor). Off-register electrostatic in-
teractions cause longer TP times on a de novo designed α-helical
protein, as was determined using single-molecule FRET exper-
iments and MD simulations (28). Here, however, the differences

Fig. 5. Molecular versus relaxation rates. Correlation between the re-
laxation rate (slow phase: from 65,000 to 8,000 s−1) and molecular rate (fast
phase: from 3,100,000 to 310,000 s−1) for the five WW domains (color-coded
as before) measured near the Tm by the fluorescence T-jump method. The
rates are shown as base 10 logarithms. The error bars across both axes cor-
respond to the fitting error at 95% confidence from the double-exponential
fits (SI Appendix, Table S3). The log–log linear correlation produces a slope
near 1 and a correlation coefficient r of 0.91.

Fig. 4. The amplitude of the molecular phase is maximal at the denaturation
midpoint. (A–C) Microsecond relaxation IR absorption decays at 1,640 cm−1

(amide I band) of YAP65-WW1 in response to ∼10 K nanosecond laser T jumps
to final temperatures of 321, 332, and 343 K. Fits to a double-exponential
function are shown in blue, and the single-exponential decay corresponding
to the slow phase in red. The difference between the two fits at time 0 reflects
the amplitude of the fast phase. (D) Relative amplitude for the fast phase de-
termined from IR T-jump experiments on YAP65-WW1 (pink) and Nedd4-WW4
(cyan) (SI Appendix, Fig. S4). The fitting errors from the double-exponential fits
to the transients from both proteins are given in SI Appendix, Table S4.
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in prefactor are found for natural proteins subjected to similar
evolutionary pressure. It thus seem that β-folds are more prone
to form nonnative interactions, possibly because slight changes in
β-turn position or geometry produce alternative structures sta-
bilized by off-register backbone hydrogen bonds and hydropho-
bic interactions, an effect that has been reported on de novo
designed α-β–miniproteins (49). The differences in prefactor that
we observe in just one fold are of the same magnitude as the
experimental rate variability that is leftover after correcting for
size and structural class effects (1), which provides a simple ex-
planation for the difficulty found to further improve rate predic-
tions. The key implication is that folding rate prefactors contain
important mechanistic information that is overlooked in conven-
tional experiments. We should thus measure folding TPs, and/or
molecular phases, for a larger catalog of proteins to better un-
derstand their fold and sequence determinants, as well as their
connection to the underlying mechanisms. Investigating their de-
pendence on solvent viscosity would also help to determine whether
the differences in rate prefactor are caused by internal friction (48).

Materials and Methods
An extended description of materials, methods, and procedures is provided in
SI Appendix. Genes encoding the sequences of FBP11-WW1 and FBP11-WW2,

YAP65-WW1, Nedd4-WW3, and Nedd4-WW4 were cloned, and proteins were
expressed and purified, as described previously (35). The laser-induced T-jump
experiments consisted in inducing jumps of ∼10 K with a <10-ns IR pulse
and monitoring the protein relaxation by either IR absorption or fluo-
rescence. For IR detection, we monitored the changes in the IR amide
I band (at 1,633 cm−1 for Nedd4-WW3 and 1,640 cm−1 for the other
WW domains) and used samples at ∼1 mM concentration in 20 mM
phosphate buffer (pH 7). For fluorescence, we measured the tryptophan
fluorescence emission spectrum at a sequence of times after the heating
pulse on protein samples at 150 μM concentration in 20 mM sodium
phosphate buffer (pH 7) containing 2% CS2 as tryptophan triplet quencher.
The relaxation rates and amplitudes obtained from single-exponential fits of
the IR T-jump experiments were analyzed with a 1D-FES model of protein
folding as described previously (46).
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Materials and Methods 
Protein samples. Genes encoding the sequences of two WW domains of human FBP11 
(FBP11-WW1 and FBP11-WW2), the L30K mutant of the first WW domain of human YAP65 
(YAP65-WW1) and the third and fourth WW domains of human NEDD4 (Nedd4-WW3 and 
Nedd4-WW4) were produced and cloned into the pETM30 plasmid (EMBL Core Purification 
Facility) as described in(1). All protein samples were expressed in E. coli BL21(DE3) cells as 
N-terminal GST-His-tagged proteins with a TEV protease restriction site between the WW 
domain and the tag. Purification of the fused protein was performed using a nickel affinity 
chromatography, as described before(1, 2). GST and His-tag regions were removed by 
controlled hydrolysis with TEV protease. Isolated WW domains were further purified by nickel 
affinity chromatography followed by gel filtration on a HiLoad Superdex 75 column (GE-
Pharmacia). The yield for the production of WW domains was about 5-7 mg per liter of LB 
culture in 50 mM sodium phosphate, 300 mM NaCl, at pH 8.0. The molecular mass of the 
domains was determined by MALDI-TOF and the extinction coefficients were determined 
according to the Gill and von Hippel method(3). 

Thermal unfolding. We performed temperature ramps on all five WW domains, monitoring 
the degree of unfolding with steady-state fluorescence (mostly tryptophan fluorescence), 
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circular dichroism in far-UV (CD), and Fourier-transformed Infrared absorption (FTIR). All 
protein samples were prepared in 20 mM phosphate buffer at pH 7 (Sigma-Aldrich). Samples 
for equilibrium and kinetic infrared (IR) spectroscopic measurements were prepared at 1 mM 
concentration in deuterated buffer (pD 7), based on D2O (Sigma Aldrich). Protein 
concentration was determined by UV absorbance spectroscopy on a Cary100 Bio 
spectrophotometer (Varian), using the following molar extinction coefficients at 280 nm: 
15,440 M−1cm−1 for FBP11WW1, 16,990 M−1cm−1 for FBP11WW2, 12,600 M−1cm−1 for 
YAP65WW1, 11,380 M−1cm−1 for Nedd4WW3, and 11,660 M−1cm−1 for Nedd4WW4. 

Steady-state fluorescence. Thermal unfolding experiments were performed on a Jobin Yvon 
Fluorolog-3 spectrofluorimeter, recording fluorescence spectra upon excitation at 280 nm in 
the temperature range 273–368 K in steps of 5 K. Spectra were recorded with 1 nm spectral 
resolution, a sample path length of 1 cm and protein concentration of 20 µM. 

Circular Dichroism. Far-UV CD spectra were acquired in the temperature range 273–368 K 
in steps of 5 K with a Jasco J-815 spectropolarimeter. Spectra were recorded with 1 nm 
resolution in a cuvette of 1 mm path length, and protein concentration was set to about 40 µM. 

FTIR. Infrared spectra were recorded on Jasco spectrometer FT/IR-4200 in the 283–368 K 
temperature range with 5 K steps. Spectra were acquired with 1 cm-1 resolution. 

Laser-Induced IR T-jump. Infrared laser-induced temperature jump experiments were 
performed on a home-built apparatus(4). The fundamental frequency of a Nd:YAG laser 
(Litron Nano-LG-320) was Raman shifted to 1,907 nm corresponding to absorption of D2O 
using a 1m path Raman cell (Lightage Inc.) filled with a high pressure mixture of H2 and Ar. 
The converted beam was focused on the sample, providing heating pulses that resulting in local 
temperature jumps of about 10 K. The effect of such thermal perturbation on the sample was 
monitored using a tunable quantum cascade laser (Daylight solutions) set to 1,633 cm-1 for 
Nedd4WW3 and 1,640 cm-1 for the remaining four WW domains (frequency was chosen to 
maximize the T-jump signal). Infrared light transmitted through the sample was detected with 
a MCT high-speed photovoltaic detector (Kolmar Technologies Inc.) connected to an 
oscilloscope (Tektronix DPO4032). Samples were sealed in a cell formed by two MgF2 
windows separated by a 50 µm teflon spacer and kept at the desired base temperature using 
two Peltier thermoelectric coolers (TE Technology Inc.)  For each protein sample appropriate 
deuterated buffer was used to determine size of the real temperature jump (varying slightly 
around a mean value of 10 K depending on alignment and initial temperature) and as a reference 
signal to determine the absorbance. 

Laser-induced fluorescence T-jump. Fluorescence laser-induced temperature jump 
experiments were performed on a custom-built apparatus based on the original design of Sadqi 
et al.(5). This fluorescence laser induced T-jump apparatus uses two nanosecond resolution Q-
switched Nd:YAG lasers as pump and probe sources and records time resolved fluorescence 
spectra after each probe excitation pulse (5). Briefly, the fundamental of a Nd:YAG laser 
(Litron Nano-LG-320) is shifted by a Raman converter to 1,561 nm to match the absorption 
band of water, obtaining ~6 ns pulses of about 20 mJ that result in local temperature jumps of 
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about 10 K. Nanosecond pulses at 266 nm from the fourth harmonic of a DPSS Q-switched 
Nd:YAG laser (Ekspla NL230) are used to excite tryptophan residues in the protein sample. 
Emitted fluorescence is collected at 90 degrees and imaged onto a spectrograph. A CCD camera 
(Pixis, Princeton Instruments) is used to collect the spectrally resolved light exiting from the 
spectrograph after each excitation pulse. In this setup time resolution is obtained by triggering 
the fluorescence excitation pulse at varying times after the heating pulse using a pulse delay 
generator (Stanford Research DG535). To achieve uniform heating across the probe path-
length, the heating infrared beam is split into two beams of similar intensity that reach the 
sample from front and back, respectively. The sample is contained in a 1 mm path length 
cuvette kept in a home-built sample holder that is set at the required initial temperature by 
Peltier thermoelectric coolers (TE Technology Inc.) 150 µM protein samples were prepared in 
20 mM sodium phosphate buffer (pH 7) containing 2% CS2 as tryptophan triplet quencher(5).  

Analysis of folding kinetics with 1D free energy surface model. The relaxation rates and 
amplitudes as a function of temperature measured by the IR laser-induced T-jump technique 
(data shown in Figure 3) 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. The 1D FES model is the same one that has been described before(6, 7). Following 
previous procedures(8), we fixed the following empirical parameters of the model: entropy cost 
per residue at 385 K (∆Sres) to 16.5 J·mol-1·K-1, heat capacity change per residue (∆Cp,res) to 25 
J·mol-1·K-1, and curvature of the heat capacity functional (κ∆Cp) to 4.3. The final floating 
parameters obtained from the fit to the rate data are given in table S1.  

Kinetic analysis of the fast phase amplitude with a three-state (kinetic intermediate) 
model. To investigate the properties of a fast phase arising from the transient population of a 
kinetic intermediate we used an on-pathway three-state kinetic model according to the 
following scheme: 

1 2

1 2

k k

k k
U I F

- -

¾¾® ¾¾®¬¾¾ ¬¾¾  

where U, and F are the unfolded and folded (or native, N) states, and I is a kinetic intermediate. 
Since I is a transient kinetic intermediate, it is never the most populated species of the three 
and exhibits maximum equilibrium population at the denaturation midpoint (9). I can be a 
folding intermediate in which case it is separated from N by a large free energy barrier (the 
global TSE), while in rapid equilibrium with U (no barrier crossing). I can also be an unfolding 
intermediate in which case it is separated from U by a large free energy barrier (global TSE), 
while in rapid equilibrium with U. Figure S2 shows the free energy profiles for these two three-
state kinetic models at native, midpoint, and unfolding conditions. For both kinetic models the 
rate matrix has the form: 

! =
−$% $&% 0
$% − $&% + $) $&)
0 $) −$&)
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For both models, calculations were performed for unfolding energy biases ranging from native-
like conditions (DGNU= -14 kJ/mol) to unfolding conditions (DGNU= 14 kJ/mol) in 0.5 
increments to simulate the range explored in laser-induced T-jump experiments. The free 
energy of the intermediate is taken to be a constant value of 4 kJ/mol relative to the state from 
which it is separated by the high barrier: DGIN= 4 kJ/mol for the folding intermediate model;  
DGIU= 4 kJ/mol for the unfolding intermediate model. The free energy barrier that separates I 
from either N (folding intermediate) or U (unfolding intermediate) was set to 8 kJ/mol. The 
fastest microscopic rate constant, which corresponds to conversion from I to U (k-1) for the 
folding intermediate model, and to the conversion from I to N (k2) for the unfolding 
intermediate model was set to 106 s-1. The microscopic rate constant corresponding to the 
barrier crossing conversion from I to N (k2) for the folding intermediate model, and to the 
barrier crossing conversion from I to U (k-1) for the unfolding intermediate model, were set to 
$* = 10, exp −8 12 	= 51,782 s-1 (e.g. at 325 K). The other two rate constants for each 
model (k1 and k-2) at each value of unfolding bias are simply set by detailed balance. For 
example, at zero unfolding bias (denaturation midpoint) the values for these rate constants are:  
k1 = 11,783 s-1 and k-2 = 227,560 s-1 for the unfolding intermediate model, and k1 = 227,560 s-1 
and k-2 = 11,783 s-1 for the folding intermediate model. Kinetic simulations were carried out by 
solving for the eigenvalues and eigenvectors of the rate matrix at each value of unfolding bias. 
The amplitudes for the fast and slow phases expected from T-jump experiments throughout the 
unfolding transition were obtained from the eigenvectors at each final condition and the 
probabilities for the three states calculated at a 0.5 kJ/mol decrement in unfolding bias to 
represent each initial condition. For simplicity, all calculations were performed using a 
reference temperature of 325 K.      
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Figure S1. WW domains as representatives of the simplest antiparallel b-sheet fold. The 
figure shows the native 3D structure of the five WW domains of this study superimposed and 
in ribbon representation (on the left panel: FBP11-WW2, green; YAP65-WW1, magenta; 
Nedd4-WW3, blue; on the right panel: Nedd4-WW3, dark blue; FBP11-WW1, red; Nedd4-
WW4, cyan. The color code is maintained throughout the article). The aligned amino-acid 
sequences for the five domains highlighting the two tryptophan residues that give name to the 
family is also shown. 

 
Figure S2. 1D folding free energy surfaces and probability distributions as a function of 
the local order parameter nativeness. The main figure shows the 1D free energy surfaces at 
the denaturation temperature (Tm) obtained for the five WW domains from the analysis of the 
IR laser-induced T-jump kinetic data (relaxation rates and relative amplitudes, see extended 
methods above). The inset shows the equivalent probability distributions at Tm obtained from 
the fitted model, which show that even for WW domains exhibiting a barrier between native 
and unfolded states, the barrier top still has relatively high populations. The color code is as in 
the main text: magenta, YAP65-WW1; dark blue, Nedd4-WW3; red, FBP11-WW1; green, 
FBP11-WW2; cyan, Nedd4-WW4.   



 7 

 

Figure S3. Fluorescence T-jump kinetic decays are bi-exponential for all WW domains. 
Ultrafast kinetic decays in logarithmic time monitored by Trp fluorescence in response to ~10 
K nanosecond T-jumps to final temperature near the denaturation midpoint. The gray curves 
are the data. The best fit to a single exponential function is shown in red, the best fit to a single-
stretched exponential function is shown in green, and the best fit to a double exponential 
function is shown in blue.  
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Figure S4. Kinetic analysis of fast phase amplitude for different kinetic models. Top) 
unfolding kinetic intermediate in which the intermediate is placed between the native state and 
the main free energy barrier or TSE, and the fast phase corresponds to transient formation of 
the intermediate from the native state; Middle) folding kinetic intermediate in which the 
intermediate is placed between the unfolded state and the main free energy barrier, and the fast 
phase of a T-jump corresponds to the formation of unfolded state from the intermediate; 
Bottom) representation of the marginal barrier scenario in which there is no intermediate, but 
the TSE has non negligible populations near the midpoint due to a free energy barrier 
comparable to thermal energy (i.e. a barrier of 4 kJ/mol at the midpoint, and TSE sensitivity to 
unfolding bias set halfway between N and U, or 50%). The left panels show examples of free 
energy surfaces for native-like (blue), midpoint (green), and unfolding-like (red) conditions. 
The right top and middle panels show the relative amplitudes for the fast (magenta) and slow 
(cyan) kinetic phases produced by the model in response to small (0.5 kJ/mol) increments in 
unfolding bias (negative bias signifies native conditions and positive bias unfolding conditions) 
to mimic the small perturbations in the unfolding direction caused by T-jump kinetic 
experiments. The right bottom panel shows the population of the TSE as a function of unfolding 
bias for the marginal barrier scenario.    
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Figure S5. Infrared T-jump decays of Nedd4-WW4 at various temperatures around the 
Tm. Microsecond relaxation IR absorption decays at 1640 cm-1 (amide I band) of Nedd4-WW4 
in response to ~10 K nanosecond laser T-jumps to final temperatures of 324, 335 (close to Tm) 
and 343 K (from top to bottom). Fits to a double exponential function are shown in blue and 
the single exponential decay of the slow phase is shown in red. The difference between the two 
fitted functions at time zero reflects the amplitude of the fast phase. The fitting errors for the 
double exponential fit are given in Table S4.  
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Table S1. 1D-FES analysis of IR laser-induced T-jump data (time window from 1 to 400 µs) 

as a function of temperature.  

 kΔH 
ΔHres 

(kJ/mol) 
D0 (n2/s) Ea,res (kJ/mol) Tm (K) βT0 (kJ/mol) 

FBP11-WW1 1.35 5.43 2,688 0.91 347.3 2.5 

FBP11-WW2 1.34 5.22 614 0.92 333.7 2.3 

YAP65-

WW1 
1.05 5.36 467 1.05 327.3 1.3 

Nedd4-WW3 1.25 5.23 3,101 1.38 330.4 2.0 

Nedd4-WW4 1.37 5.27 610 0.61 338.4 2.5 

The parameters of the model are shown in black, and the properties of the process that emerge from the 
fitted model are shown in red. The analysis was performed as described above, and using a fixed ΔCp,res 
= 25 J·K-1 mol-1. 
  

 

Table S2. Parametric statistical analysis of the kinetic decays measured by fluorescence laser-

induced temperature-jumps at the Tm. The table shows the residual sum of squares (RSS) for 

the fits to the decay for each protein to a single exponential, stretched exponential and double 

exponential functions, together with the probability that the single (or stretched) exponential 

model represents the data instead of the double exponential model as calculated from the F-

test. 

 
Domain Single 

Exponential 

Stretched 

Exponential 

Double 

Exponential 

F-test 

Single vs. Double 

F-test 

Stretched vs. Double 

FBP11-WW1 1.446 0.409 0.378 <10-16 <10-11 

FBP11-WW2 1.194 0.822 0.670 <10-16 <10-10 

YAP65-WW1 1.06 0.737 0.559 <10-16 <10-13 

Nedd4-WW3 0.924 0.495 0.449 <10-16 <10-5 

Nedd4-WW4 1.394 0.869 0.747 <10-16 <10-8 
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Table S3. Parameters from the double exponential fit to the fluorescence laser-induced 

temperature-jump kinetic traces at the Tm. The quoted uncertainty corresponds to the fitting 

error at a 95% confidence (2 standard deviations). 

Domain 
Fast Rate  

(log(s-1)) 

Slow Rate  

(log(s-1)) 

Fast-Phase 

Amplitude (%) 

FBP11-WW1 6.5 ± 0.08 4.8 ± 0.04 36 ± 3 

FBP11-WW2 6.4 ± 0.16 4.2 ± 0.04 20 ± 4 

YAP65-WW1 5.8 ± 0.14 4.1 ± 0.04 19 ± 3 

Nedd4-WW3 6.3 ± 0.17 4.7 ± 0.03 19 ± 3 

Nedd4-WW4 5.5 ± 0.1 3.9 ± 0.06 33 ± 3 

 

 

Table S4. Parameters from the double exponential fit to the IR T-jump data of YAP65-WW1 
and Nedd4-WW4 obtained at Tm and temperatures below and above. The quoted uncertainty 
in the parameters corresponds to the fitting error at 95% confidence (2 standard deviations). 

Condition 
Fast Rate 

(log(s-1)) 

Slow Rate 

(log(s-1)) 

Fast-Phase 

Amplitude (%) 

YAP65-WW1 

321 K 
5.43 ± 0.06 3.96 ± 0.04 13 ± 1.7 

YAP65-WW1 

332 K 
5.40 ± 0.03 4.01 ± 0.02 16 ± 1 

YAP65-WW1 

341 K 
5.41 ± 0.1 4.44 ± 0.04 8 ± 1.6 

Nedd4-WW4 

324 K 
5.51 ± 0.06 3.86 ± 0.03 7 ± 0.6 

Nedd4-WW4 

335 K 
5.58 ± 0.1 3.9 ± 0.06 14 ± 1.4 

Nedd4-WW4 

343 K 
5.67 ± 0.09 4.15 ± 0.01 8 ± 1.3 

 

 


