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ABSTRACT: The thermodynamics and kinetics of folding are characterized for villin 14T, a 126-residue
protein domain. Equilibrium fluorescence measurements reveal that villin 14T unfolds and refolds
reversibly. The folding kinetics was monitored using stopped-flow with fluorescence and quenched-flow
with NMR and mass spectrometry. Unfolding occurs in a single-exponential phase in the stopped-flow
experiments, and about 75% of the total amplitude is recovered in the fast phase of refolding. The remaining
25% of the amplitude probably represents trapping in cis-trans proline isomerization pathways. At 25
°C, the stability estimate obtained by extrapolation from the transition region of the stopped-flow chevron
matches the stability value from equilibrium urea titrations (∆G ) 9.7 kcal/mol,m value ) 2.2 kcal
mol-1 M-1). At low final urea concentrations, however, the refolding kinetics deviates from the two-
state model, indicating the formation of an intermediate. Under these conditions, quenched-flow followed
by NMR and mass spectrometry show no detectable hydrogen-bonded intermediate in the fast refolding
phase. In contrast, agreement is observed between the equilibrium and kinetic estimates of stability at 37
°C (∆G ) 6.0 kcal/mol,mvalue) 1.6 kcal mol-1 M-1), at all observed urea concentrations, demonstrating
apparent two-state folding at this temperature. This result shows that the two-state folding model, previously
applied to small domains with single, central hydrophobic cores, can also describe the folding of a larger
domain with multiple core structures.

Many polypeptides fold spontaneously to their native states
from a random coil conformation (1). This folding ability
contradicts Levinthal’s observation that an unfolded polypep-
tide has too many conformational degrees of freedom to fold
in a reasonable time, assuming a random search mechanism
(2). Therefore, protein folding should not occur through
random search; the accessible conformational space must be
restricted during folding. Many studies have been devoted
to characterizing folding pathway(s) for different proteins.

The Levinthal paradox could be resolved if proteins fold
through discrete metastable intermediates, which would
reduce the number of accessible states during folding.
Kinetic intermediates have been observed during the folding
of many proteins (3-13). However, it is unknown in most
cases whether intermediate formation is an obligatory step,
or actually serves as a kinetic trap. These two alternatives
can be distinguished by studying the kinetics at short
refolding times. An initial delay in native state formation,
during which time the intermediate accumulates, would
indicate the presence of an obligatory intermediate (14, 15).

In contrast, if some molecules reach the native state before
the intermediate can accumulate, then intermediate formation
acts as a kinetic trap. The latter case is observed in lysozyme
(16), which folds through two parallel pathways, a fast
pathway (50 ms) to the native state and a slow pathway (420
ms) to a kinetically trapped intermediate (5, 11, 16). The
fast pathway does not require a metastable folding intermedi-
ate (16), implying that the accumulation of intermediates is
not a general solution to the Levinthal paradox.

In addition, 10-15 small proteins fold without any
detectable intermediates, in an apparent two-state manner
(17-24). These proteins show agreement between equilib-
rium and kinetic measurements of∆GNU (free energy of
unfolding) andm value (slope of the∆GNU vs denaturant
concentration plot) (20). Since intermediates do not ac-
cumulate in these cases, they do not serve to restrict the
accessible conformational space, and therefore cannot explain
the Levinthal paradox. As an alternative, authors propose a
nucleation mechanism for two-state folding, in which the
formation of a subset of native contacts (“nucleus”) is the
rate-limiting step, followed by direct folding to the native
state (25, 26).

Intermediate accumulation frequently depends on the
environmental conditions, indicating the diversity of possible
folding pathways for a single protein, as well as between
different proteins. Kinetic intermediates often appear or
disappear as the result of changing variables such as
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temperature, denaturant concentration, and pH. For example,
a folding intermediate of F45W ubiquitin is detectable at 25
°C, but not at 8°C (27). Many proteins show a folding
intermediate at low denaturant concentrations, but reveal
apparent two-state folding behavior near the transition
midpoint of the denaturant titration curve (27-29). At high
pH, cytochromec folds with a misligated heme intermediate,
which becomes undetectable below pH 5 (13, 30-32).
Therefore, the protein folding energy landscape is highly
sensitive to experimental conditions; such patterns of sen-
sitivity can provide valuable information about any involved
intermediate(s).

We are interested in the folding kinetics of villin 14T, a
126-residue domain with almost ideal properties for studying
protein folding under a wide range of experimental condi-
tions. Villin 14T is the N-terminal domain of chicken villin,
which belongs to a superfamily of homologous actin bundling
and/or severing proteins (33). This domain is stable under
a wide range of pHs and salt concentrations, and can be
purified with high yields fromEscherichia coli. Villin 14T
contains two tryptophan residues, three trans prolines, and
no disulfide bonds. The solution structure of villin 14T has
been solved and refined (34, 35), showing a fold distinctive
for this superfamily, consisting of a five-stranded central
â-sheet, flanked on one side by twoR-helices and on the
other side by a short helix and a two-strandedâ-sheet (Figure
1). Two hydrophobic cores, one consisting primarily of
aromatic side chains and the other predominantly filled with
aliphatic side chains, stabilize the interactions between the
central â-sheet and adjacent secondary structures. The
kinetics of folding to this protein topology has not been
previously studied.

To study how folding behavior can be modulated by the
experimental conditions, the folding kinetics of villin 14T
was monitored using stopped-flow with fluorescence and
quenched-flow followed by NMR1 and mass spectrometry.
At 25 °C and in urea, the protein folds in a two-state manner
near the transition region, but seems to involve a refolding
intermediate at low final urea concentrations. Quenched-
flow experiments reveal that at low urea concentrations, the
fast refolding phase does not involve a stably hydrogen-
bonded intermediate. At 37°C, villin 14T folds in a two-
state manner at all measured urea concentrations. The 37
°C data are the first demonstration of apparent two-state
folding for a domain with multiple core structures (central
â-sheet and two hydrophobic cores). However, as shown
by the data at 25°C, the two-state behavior at 37°C is highly
dependent on the environmental conditions.

EXPERIMENTAL PROCEDURES

Materials. Ultrapure-grade guanidine hydrochloride (Gu-
HCl) was purchased from ICN Biochemicals, and deuterium
oxide was obtained from Cambridge Isotope Laboratory.15N-
labeled ammonium chloride was obtained from Isotec, Inc.

Expression and Purification of Villin 14T.Villin 14T was
expressed from BL21(DE3)E. coli cells transformed with
the villin 14T/pAED4 vector (36). For unlabeled prepara-
tions, overnight cultures were grown in LB broth with
ampicillin (100 mg/L); for15N-labeled proteins, cells were
grown in minimal M9 medium [with15NH4Cl, and supple-
mented with 2 mM MgSO4, 0.1 mM CaCl2, 0.005% (w/v)
thiamine hydrochloride, 100 mg/L ampicillin, and 0.4% (w/
v) glucose], with IPTG induction atA600 ) 0.6. One liter
culture growths were harvested by centrifugation, and cell
pellets were stored at-20 °C until further use. Cell pellets
were gently resuspended in 25 mL (4°C) of lysis buffer [50
mM Tris (pH 8), 20 mM NaCl, 2 mM EDTA, and 2 mM
DTT], lysed using a French press, sonicated for 1 min, and
then centrifuged for 40 min at 39000g (4 °C). The resulting
supernatant was loaded onto a 40 mL DEAE column, which
had been equilibrated at 4°C with “DEAE buffer” [10 mM
Tris (pH 8) and 100 mM NaCl]. (All columns were operated
with gravity flow, at nearly maximal flow rates.) All flow-
through was collected, and the column was washed with
DEAE buffer untilA280 approached the baseline. The flow-
through was then diluted with 15 mM Mes (pH 5.85 and 4
°C) to 3 times the original volume; the resulting pH was
checked (should be 6.0-6.1). This diluted flow-through was
then loaded onto a 40 mL CM column, which was pre-
equilibrated at 4°C with “CM buffer” [10 mM Mes (pH 6)
and 30 mM NaCl]. After loading, the column was washed
with more CM buffer untilA280 reached the baseline. Villin
14T was eluted from the column by applying a 30 to 300
mM NaCl gradient, over 300 mL [buffer was 10 mM Mes
(pH 6)]. Collected fractions were checked using SDS-
PAGE, pooled, dialyzed overnight into Milli-Q H2O, and
lyophilized. An extinction coefficient of 22 900 OD280/M

1 Abbreviations: GuHCl, guanidine hydrochloride; CI2, chymotrypsin
inhibitor 2; âME, â-mercaptoethanol; MALDI-TOF, matrix-assisted
laser desorption ionization time-of-flight; NMR, nuclear magnetic
resonance; HSQC, heteronuclear single-quantum coherence; IPTG,
isopropyl thio-â-D-galactoside; EDTA, ethylenediaminetetraacetate;
DTT, dithiothreitol.

FIGURE 1: Cartoon of villin 14T, based on the solution structure
by Markus et al. (34, 35). Side chains constituting the two
hydrophobic cores on either side of the centralâ-sheet are shown.
The left hydrophobic core is mostly aromatic, while the right core
is primarily aliphatic. When only side chain heavy atoms are
considered, the minimum separation distance between the two cores
is 5.2 Å [between the two atom pairs Y45 (CD1) and C44 (CB),
and I20 (CB) and W21 (CE3)]. This figure was generated using
the program MolScript (54).
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was used to determine protein concentrations. The yield for
unlabeled preps was 150 mg/L of cells and, for15N-labeled
preps, 40-60 mg/L of cells.

Equilibrium Fluorescence Measurements.A Hitachi
F-4500 fluorimeter was used to obtain an equilibrium
unfolding curve for villin 14T. To generate a urea titration,
two buffers were prepared, each containing 1µM villin 14T,
50 mM acetic acid, 15 mM NaCl, and 1 mMâME (pH 4.1);
one buffer contained 0 M urea, while the other contained
7.5 M urea. The buffer with 0 M urea served as the first
sample. Successive samples with increasing urea concentra-
tions were generated by replacing a volume of the previous
sample with the same volume of the 7.5 M urea buffer. The
fluorescence level of each sample was obtained by exciting
at 295 nm and measuring the emission at 320 nm. The
bandwidth for excitation was 2.5 nm, while that for emission
was 10 nm. Each data point was the fluorescence signal
averaged over 60 s. A 1 cm× 4 mm quartz cuvette with a
stir bar was used.

Stopped-Flow with Fluorescence.The kinetics of villin
14T refolding and unfolding was studied using an Applied
Photosystems SX-17MV stopped-flow fluorescence ap-
paratus, thermostated at 25 and 37°C. For all stopped-flow
experiments, “buffer A” was mixed with “buffer B” in a 1:5
ratio to generate the desired denaturant jump. For refolding
experiments, buffer A contained 2.5µM villin 14T, 6.5 M
urea, 50 mM acetic acid, 15 mM NaCl, and 1 mMâME
(pH 4.1); buffer B contained 50 mM acetic acid, 15 mM
NaCl, 1 mMâME (pH 4.1), and a range of urea concentra-
tions. In the unfolding experiments, buffer A contained 2.5
µM villin 14T, 3 M urea, 50 mM acetic acid, 15 mM NaCl,
and 1 mMâME (pH 4.1), and buffer B contained 50 mM
acetic acid, 15 mM NaCl, 1 mMâME (pH 4.1), and a range
of urea concentrations. The refractive index was measured
to verify the urea concentrations of all buffers (37). Upon
mixing, the fluorescence was monitored by exciting at 280
nm, and detecting all emission above 300 nm. The dead
time of the stopped-flow apparatus was∼5 ms. Resulting
kinetic traces were fitted to single-exponential curves.

Quenched-Flow with NMR.Quenched-flow experiments
were performed using a Biologic QFM-5 rapid mixing
module, operated at room temperature (∼21 °C). The
following is a modification of a previously published protocol
(17).

For refolding in 2.4 M urea, the lyophilized,15N-labeled
protein was first dissolved (to 40µM) in 6.5 M urea, 50
mM acetic acid, 15 mM NaCl, and 1 mM DTT (pH 4.1) in
D2O (reading unadjusted for isotope effect). This buffer was
mixed in a 1:12 ratio with 50 mM acetic acid, 15 mM NaCl,
and 2.06 M urea (pH 4.1) in H2O, to produce a refolding
environment of 3µM protein, 2.4 M urea, and pH 4.1.
Delays for monitoring the time course of refolding ranged
from 6 to 340 ms. To initiate amide hydrogen exchange,
the buffer was mixed in a 13:12 ratio with 180 mM glycine
and 15 mM NaCl (pH 9.8). The resulting pH was 9.3, which
promotes rapid H-D exchange (τ ) 0.6 ms). The exchange
delay was 20 ms. Exchange was quenched by addition in a
25:9 ratio of 1.5 M acetic acid and 15 mM NaCl. The final
pH was 3.7, essentially stopping exchange of all interior
amides. The product was collected, concentrated to 250µL
using Amicon centripreps and centricons (molecular mass
cutoff of 3 kDa), and then dialyzed overnight into NMR

buffer [50 mM NaH2PO4 and 100 mM NaCl (pH 4.1)].
Samples were adjusted to 10% D2O before acquiring
heteronuclear single-quantum coherence spectra (Bruker
AMX500 NMR instrument). After peak volumes were
calculated using the Felix95 analysis package, they were then
renormalized to adjust for differences in sample concentra-
tion. An all-protonated sample was used as the 0 ms time
point, and all volumes reported here are fractions of the
corresponding peak volume from the 0 ms sample.

Quenched-Flow with Mass Spectrometry. For analysis of
refolding populations using mass spectrometry (38), quenched-
flow mixing was repeated under the same conditions as
above, using 1µM unlabeled protein and 2.3 M urea during
the refolding phase. To optimize the resolution of the mass
spectrum, the mixing product was collected, concentrated
100-fold using Amicon centricons and centripreps, and
dialyzed overnight into Milli-Q H2O. A PerSeptives Voyager-
Elite Biospectrometry workstation [matrix-assisted laser
desorption ionization time-of-flight (MALDI-TOF)] was used
to acquire mass spectra. Each sample was prepared by
mixing on the target 1µL of sample with 1µL of matrix
(70% acetonitrile, 20 mg/mL sinapinic acid, and 0.1%
trifluoroacetic acid), immediately drying the mixture by
blowing gaseous N2 over the target, and then directly placing
the target in the spectrometer. Spectra were acquired using
the following parameters: accelerating voltage of 25 000 V,
grid voltage of 91%, guide wire voltage of 0.1%, and 50 000
channels (4 ns). Mass values were calibrated using com-
mercially purified horse heart cytochromec and horse heart
myoglobin as standards.

RESULTS

Equilibrium Results.At 25 and 37°C, urea titrations of
villin 14T monitored by fluorescence show a cooperative
unfolding transition between 3 and 5 M urea (Figure 2A,B).
The equilibrium constant (K) is estimated from the fluores-
cence data using

whereFn is the fluorescence of the native state andFu is the
unfolded state fluorescence. A linear dependence ofFn and
Fu on urea concentration is assumed. The equilibrium free
energy difference between the folded and unfolded states is
calculated (∆G ) -RT ln K). ∆G is then fitted as a linear
function of urea concentration within the transition region:

whereC is the urea concentration andm is the slope of the
∆G(C) versusC graph (37). The m value correlates with
the extent of protein surface burial upon folding (39), and
roughly indicates the degree of cooperativity of folding. The
resulting fitted parameters are given in Table 1. At 25°C,
∆G(0) ) 9.8 ( 0.1 kcal/mol andm ) 2.32 ( 0.02 kcal
mol-1 M-1, while at 37°C, ∆G(0) ) 6.2 ( 0.1 kcal/mol
and m ) 1.59 ( 0.04 kcal mol-1 M-1. Unfolding by
chemical denaturation is reversible, and refolding occurs
within the 20 s dead time of a hand-mixing experiment.
Thermal unfolding was also observed using circular dichro-
ism at 280 nm. Villin 14T unfolds cooperatively at about
65 °C, but this transition is not reversible under the observed
conditions.

K ) (Fn - F)/(F - Fu)

∆G(C) ) ∆G(0) + mC
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Stopped-Flow with Fluorescence.Rapid mixing followed
by fluorescence measurement indicates the level of tryp-
tophan burial during folding and unfolding. Example kinetic
traces are shown in Figure 3. All of the unfolding curves
fit well to single-exponential equations. Refolding kinetics
consists of a fast phase whose amplitude of fluorescence
change is 73% of that during unfolding (inset of Figure 4A).
Only the fast phase is considered here; the remaining 27%
of the amplitude is assumed to be the result of cis-trans
proline isomerization. Further analysis will be necessary to
determine if this assumption is valid. However, the slow
refolding phases of CI2 (23% amplitude) and tendamistat
(20% amplitude) have been attributed to proline isomeriza-
tion; CI2 contains four trans prolines in the native state, while
Tendamistat contains three (23, 40). Since villin 14T
contains three trans prolines in the native state, it would be
similar to the previous reports if 27% of the refolding
amplitude is the result of proline isomerization.

At 25 °C, there is a linear dependence of the log of the
rate constant (kf or ku) with urea concentration in the region
of 3.4-8 M urea (Figure 4A):

and

whereC is the final urea concentration,kf(C) andku(C) are
the refolding and unfolding rate constants as a function of
C, respectively, andmf andmu represent the dependence of
ln(kf) and ln(ku) on C, respectively. At 25°C, ln(k) values
deviate from the fitted line at low urea concentrations (<3.4
M urea), indicating departure from two-state behavior in this
region. At 37°C, the ln(kf,u) vs urea concentration graph
remains linear at all observed urea concentrations (Figure

4B). Fitted values for ln[kf(0)], ln[ku(0)], mf, andmu at 25
and 37°C are given in Table 1.

Table 1: Comparison of Equilibrium and Kinetic Parameters

Equilibrium: Fluorescence Titrationa

denaturant T (°C)
∆G(0)

(kcal/mol)
m (kcal mol-1

M-1)

urea 25 9.8( 0.1 2.32( 0.02
urea 37 6.2( 0.1 1.59( 0.04
GuHCl 25 9.8( 0.1 3.93( 0.03

Kinetics: Stopped-Flow with Fluorescenceb

denaturant T (°C)
∆Gkin(0)

(kcal/mol)
mkin (kcal

mol-1 M-1)

urea 25 9.5( 0.6 2.1( 0.1
urea 37 5.9( 0.2 1.5( 0.1
GuHCl 25 5.5( 0.2 2.5( 0.1

Kinetics: Other Fitted Parameters from Stopped-Flow with
Fluorescence Experimentsb

denaturant
T

(°C)
ln[kf(0)]

[kf(0) in s-1]
mf (kcal mol-1

M-1)
ln[ku(0)]

[ku(0) in s-1]
mu (kcal

mol-1 M-1)

urea 25 11.9( 0.6 -1.8( 0.1 -4.1( 0.2 0.33( 0.02
urea 37 6.8( 0.1 -1.11( 0.02 -2.8( 0.2 0.41( 0.03
GuHCl 25 7.5( 0.2 -1.8( 0.1 -1.8( 0.2 0.69( 0.03

a∆G(0) andmare the equilibrium parameters obtained from the data
in Figures 2 and 6A (see Figure 2 for the fitted equation).b Values for
ln[kf(0)], mf, ln[ku(0)], and mu were fitted from the stopped-flow
chevrons in Figures 4 and 7B (Figure 4 describes the fitted equation).
The values of∆Gkin(0) and mkin predicted from kinetics were then
calculated using∆Gkin(0) ) -RT ln[ku(0)/kf(0)] andmkin ) mu - mf,
respectively.

FIGURE 2: Equilibrium unfolding of villin 14T monitored with
fluorescence. Lines represent the fit of the data to the equationy
) [(a + bx) + (c + dx) exp[-[∆G(0) + mx]/RT]]/[1 + exp[-
[∆G(0) + mx]/RT]], wherey is the fluorescence,x is the denaturant
concentration,a + bx is the fluorescence of the native state, andc
+ dx is the fluorescence of the unfolded state. (A) Urea titration
at 25°C and (B) urea titration at 37°C.

FIGURE 3: Representative folding (A) and unfolding (B) traces from
stopped-flow fluorescence in urea, at 25°C. The curve represents
the best fit of the data to a single-exponential equation with a non-
zero end point.

ln[kf(C)] ) ln[kf(0)] + (mf/RT)C

ln[ku(C)] ) ln[ku(0)] + (mu/RT)C

Folding Kinetics of Villin 14T Biochemistry, Vol. 37, No. 41, 199814511



At 25 °C, the fast phase amplitude during refolding
decreases as the final urea concentration is lowered (inset
of Figure 4A), which is the result of an increasing fluores-
cence signal right after mixing (data not shown). This
suggests that the tryptophans (and other aromatic residues)
are partly buried within the dead time of the experiment, at
low final urea concentrations. At 37°C, the fast phase
amplitude does not significantly decrease with lower urea
concentrations (data not shown).

Comparison of Stopped-Flow Kinetics with Equilibrium.
The free energy of unfolding at zero denaturant concentration
can be estimated from the above kinetic data:

Values of∆Gkin(0) are shown in Table 1. At 25°C, ∆Gkin-
(0) ) 9.5 ( 0.6, and at 37°C, ∆Gkin(0) ) 5.9 ( 0.2; these
correspond within error to∆G(0) values derived from
equilibrium experiments. Similarly, anm value can be
predicted using kinetics data (mkin ) mu - mf). At 25 °C,
mkin ) 2.1( 0.1 kcal mol-1 M-1, while at 37°C, mkin ) 1.5
( 0.1 kcal mol-1 M-1. These values also agree with them
values obtained from the equilibrium data (Table 1). The
∆Gkin(0) andmkin values at 25°C are obtained by extrapolat-
ing the data from the 3.4-8.0 M urea region of the stopped-
flow chevron. Since there is significant rollover of the
chevron plot below 3.4 M urea at 25°C, the agreement of

kinetic data with equilibrium stability and them value does
not apply below 3.4 M urea.

Quenched-Flow Experiments with Urea.Quenched-flow
mixing followed by NMR and mass spectrometry was
performed to determine whether the intermediate suggested
by the stopped-flow data at 25°C includes stabilized
hydrogen-bonded structure. The results show that there is
no such stable hydrogen bonding in the intermediate.
Protection of amides from exchange with solvent is moni-
tored during refolding at 2.4 M urea, at which concentration
there is a clear deviation of the stopped-flow chevron from
two-state behavior. Of the 126 backbone amides, 31
exchange slowly enough from the native state so that they
can be studied by this technique. The resulting refolding
traces fit well to single exponentials decaying to non-zero
end points (e.g., Figure 5A). Thirty out of 31 probes show
approximately the same time constant for refolding (τ ≈ 60
ms), with an amplitude of about 65% (Figure 5B). The
stopped-flow fluorescence experiment also shows a 60 ms
refolding time constant in 2.4 M urea, suggesting that the
protection of amides observed in this experiment is due to
the formation of native structure, and not the formation of
an intermediate. The remaining 35% of the proton signal
does not decay during the first 340 ms of refolding, which
is the maximum refolding time studied in this experiment
(Figure 5A). The only exception to the uniform protection
kinetics of the amide probes is V31. This amide seems to
become protected with a time constant of 5 ms. It is difficult
to rationalize that this residue is part of a folding core; its
fast protection kinetics can be better explained by local
stiffness. Both residues 30 and 32 are prolines, implying

FIGURE 4: Stopped-flow fluorescence data in urea, in ln(k) vs
denaturant concentration plots. Filled circles represent folding data,
and unfilled circles represent unfolding data. Data points were fitted
to y ) ln[exp[ln[kf(0)] + mfx] + exp[ln[ku(0)] + mux]], wherey )
ln(kobs) andx is the denaturant concentration. The line shows the
resulting fit. (A) In urea, at 25°C. For this chevron, only the data
points above 3.4 M urea were used for the fitting. The inset depicts
the change in fluorescence upon folding (b) or unfolding (O), as
a function of the final urea concentration. (B) In urea, at 37°C.
All data points were used for fitting.

∆Gkin(0) ) -RT ln[ku(0)/kf(0)]

FIGURE 5: Quenched-flow followed by NMR, in 2.4 M urea, at 21
°C. (A) Representative time course of protection for residue 84.
(B) Time constants for the 31 amides studied (residues 19, 21-23,
29, 31, 45-51, 60, 62-65, 77, 79, 80, 82-84, 88, 97-99, and
108-110). Secondary structure elements are indicated above the
graph; boxes are helices, and arrows areâ-strands.

14512 Biochemistry, Vol. 37, No. 41, 1998 Choe et al.



that this region is relatively rigid. V31 is on the protein
surface in the native state, and the amide of V31 makes a
hydrogen bond with the carbonyl oxygen of V29, implying
that the protection of V31 from H-D exchange is indicative
more of local rigidity than of overall protein folding.

The above quenched-flow mixing was repeated with
unlabeled protein to observe the mass distribution changes
due to amide hydrogen deuteration during refolding, using
mass spectrometry. At zero refolding time, all protein
molecules are unfolded, and therefore, all amide deuteriums
exchange with H2O during the high-pH pulse, resulting in a
single peak at the all-proton position. (In fact, there is a
slight shift in the all-proton position because of the residual
deuterium component during the high-pH pulse.) At inter-
mediate folding times, if some of the molecules have
completely folded, all their internal amides (31 of them) are
protected against exchange with H2O, and remain deuterated
in the final product; thus, there should be a peak at the mass
of the protonated protein plus the number of internal amides.
In contrast, if some of the proteins partially fold at
intermediate times, one would expect to see a peak between
the fully folded and unfolded positions. The data in Figure
6A show that the refolding reaction mixture contains no
intermediates with stable hydrogen bonding. Although the
spectra do not give fully resolved peaks, there are only two
peak positions as determined by double-Gaussian fitting. The
all-proton mass of villin 14T is 14 158 Da. One peak is
near the location of the all-protonated (unfolded) protein
(14 162 Da), and the other peak is 28 Da away (about 14 186
Da), which is approximately the number of nonexchanging
internal amide hydrogens in this experiment, and therefore
corresponds to the fully folded protein. Small variations in
the peak positions (≈3-4 Da) are within experimental error.
To measure the time course of the folding reaction, the fitted
double-Gaussian curves were integrated to calculate the
fraction of unfolded molecules at each time point. A plot
of the unfolded fraction as a function of time is shown in
Figure 6B. Fitting of this plot to a single-exponential with
a non-zero end point gives a refolding time constant (50 ms,
solid line in Figure 6B) which is identical to that from the
stopped-flow experiment. The amplitude of the refolding
phase is about 65%.

Disagreement between Equilibrium and Kinetics When
Using GuHCl. In contrast to the above results in urea, results
from experiments in which GuHCl was used show a
significant difference between equilibrium and kinetic mea-
surements of stability. At 25°C, equilibrium fluorescence
obtained in GuHCl (Figure 7A) results in the same∆G value
as for urea titrations (9.8( 0.1 kcal/mol, Table 1). However,
stopped-flow estimates of stability and them value using
GuHCl are quite different from corresponding equilibrium
values. For example, fitting the data of Figure 7B results in
a ∆Gkin(0) of 5.5 ( 0.2 kcal/mol and anmkin of 2.5 ( 0.1
kcal/mol. Moreover, the unfolding rates seem to depend on
the initial environment of the folded protein (Figure 7C). In
general, protein samples equilibrated in higher initial GuHCl
concentrations tend to show faster unfolding. The amplitude
of fluorescence change upon refolding is about 80% of that
during unfolding; however, the amplitudes decrease slightly
at both low and high extremes of final GuHCl concentrations
(Figure 7D). In addition, there is significant nonlinearity of
the dependence of ln(k) with final GuHCl concentration

(Figure 7B) when the GuHCl concentration is>4 M. All
of the above data show that villin 14T does not fold in a
two-state manner in GuHCl, in contrast to the behavior in
urea at 37°C.

Quenched-Flow Experiments Using GuHCl.To detect if
stable hydrogen-bonded structure occurs in the intermediate,
refolding of villin 14T in 1.5 M GuHCl is monitored using
quenched-flow followed by NMR and mass spectrometry.
As with urea, refolding traces show single-exponential
kinetics. The average refolding amplitude is about 75% of
the total proton signal. The remaining 25% of the proton
signal does not become protected during the 340 ms
maximum folding delay of this experiment (Figure 8A). An
example (residue 47) is depicted in Figure 8A. Figure 8B
shows the resulting folding time constants for all residues
with slow amide exchange from the native state. The average
time constant is 50 ms. The stopped-flow fluorescence
experiment also reveals a 50 ms refolding time constant in
1.5 M GuHCl. With a few exceptions, all of the time
constants are within the range of 40-60 ms. Residues 83
and 108 show extreme time constant values (Figure 8B).
Residue 98 also seems to be an outlier, but its time constant

FIGURE 6: Quenched-flow followed by mass spectrometry. Refold-
ing in 2.4 M urea, at 21°C. (A) Example mass spectra of samples
representing deuteration at different refolding times. The solid
vertical line shows the peak position for 100% protonated protein.
Smooth lines represent the double-Gaussian fits to the raw data
(nonsmooth lines). (B) Time course of conversion from unprotected
(unfolded) to protected protein populations during refolding. The
Y-axis depicts the fraction of the population which is unfolded at
the given refolding time point. The line shows fitting of the data
to a single-exponential equation with a non-zero end point.
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has a large error. Residue 108 is located in the shortR-helix
adjacent to the aromatic hydrophobic core, while residue 83
is located in the longR-helix on the other side of theâ-sheet.
It is difficult to identify a folding intermediate on the basis
of the location of these two residues; it is more likely that
the rate constant errors have been underestimated in these
cases.

To see if a hydrogen-bonded intermediate can be more
easily detected at a lower final urea concentration, refolding
of villin 14T was also monitored by quenched-flow with MS
at 0.5 M GuHCl and 1µM villin 14T. These conditions
result in a single refolding phase (amplitude∼ 80%), with
a time constant of 5 ms (data not shown), which corresponds
to the time constant obtained by extrapolation of the stopped-
flow data at low GuHCl concentrations to 0.5 M. Therefore,
no stably hydrogen-bonded intermediate is detected at 0.5
M GuHCl. However, when the quenched-flow experiments
with MS and NMR are repeated at a higher protein con-
centration (40µM), a biphasic refolding time course for all
interior amides results, with each phase having about equal
amplitudes (data not shown). The fast phase of refolding
occurs with aτ of 5 ms; the slow phase constant is 50-100
ms. The appearance of the slow phase at higher protein
concentrations suggests that it is the result of transient
aggregation, as has been observed for other proteins (41).

Quenched-flow followed by mass spectrometry also shows
that there is no detectable hydrogen-bonded refolding

FIGURE 7: Equilibrium and stopped-flow data in GuHCl. (A)
Equilibrium fluorescence titration, at 25°C. (B) Stopped-flow
fluorescence in GuHCl at 25°C, in ln(k) vs denaturant concentration
plots. Unfilled symbols represent refolding data, and filled symbols
represent unfolding data. Only data points between 1 and 3.7 M
urea were used to fit the data (to the same equation as in Figure
4). (C) Stopped-flow fluorescence at 25°C, under different initial
conditions. Unfilled circles show unfolding, with protein pre-
equilibrated at 2 M GuHCl; unfilled squares show unfolding from
1.5 M GuHCl, and unfilled diamonds show unfolding from 0 M
GuHCl. All refolding experiments (filled symbols) were performed
with protein initially equilibrated in 4 M GuHCl. (D) Fluorescence
change during refolding and unfolding as a function of final GuHCl
concentration.

FIGURE 8: Quenched-flow followed by NMR, in 1.5 M GuHCl, at
21 °C. (A) Representative time course of protection of a single
amide proton during refolding (residue 47). The solid line shows
the single-exponential fit to the data. (B) Time constant (in
milliseconds) of refolding as a function of residue number. Amides
with slow exchange from the native state occur in residues 19, 21-
23, 29, 31, 45-51, 60, 62-65, 77, 79, 80, 82-84, 88, 97-99, and
108-110. Secondary structure elements are indicated above the
graph; boxes are helices, and arrows areâ-strands.
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intermediate at 1.5 M GuHCl. The data in Figure 9A show
the two peaks corresponding to the unfolded and folded
proteins, at 14 159 and 14 185 Da, respectively. As before,
these peaks are closely fitted by double Gaussians, suggesting
that no intermediate population exists. Integration of the
fitted double-Gaussian curves results in 9B. The refolding
time constant is 50 ms (solid line in Figure 9B), the same
value that was seen in quenched-flow with NMR and
stopped-flow. The amplitude of the refolding phase is about
80%, which is also similar to the amplitudes from the other
experiments.

DISCUSSION

The aim of this work is to characterize the folding pathway
for villin 14T, under several experimental conditions. The
results above indicate that the folding behavior of this domain
is sensitive to temperature and choice of denaturant, involv-
ing a refolding intermediate at 25°C with urea, apparent
two-state folding at 37°C with urea, and a kinetic intermedi-
ate at 25°C with GuHCl.

Apparent Two-State Folding at 37°C, but Not at 25°C.
There are three criteria for demonstrating two-state folding
of a protein (20). First, equilibrium and kinetic estimates
of protein stability (∆G) must agree. In the case of urea-
unfolded villin 14T, this criterion is met at both 25 (only
above 3.4 M urea) and 37°C. At 25 °C, ∆G ≈ 9.7 kcal/
mol, while at 37 °C, ∆G ≈ 6.0 kcal/mol. Second, the
estimates ofm values from equilibrium and kinetic measure-
ments must match; that is,mequil ) mu - mf. At 25 °C,
equilibrium and kinetic experiments on villin 14T both
indicatem ≈ 2.2 kcal mol-1 M-1 within the range of 3.4-
7.0 M urea, while at 37°C, m ≈ 1.6 kcal mol-1 M-1 at all
observed urea concentrations. Last, the ln(k) versus denatur-
ant concentration plots must be linear all the way to the low
and high extremes of denaturant concentration. For villin
14T at 25°C, the ln(k) versus denaturant concentration plot
is linear near the transition region, but deviates from two-
state folding at low (<3.4 M) urea concentrations. At 37
°C, the stopped-flow chevron is linear throughout the range
of observed denaturant concentrations (1.3-7.3 M). The
refolding constants extrapolated to 0 M urea give aτf(0) of
≈1 ms, which is within the range of time constants measured
for other two-state folding systems. Therefore, villin 14T
follows the two-state model in limited regions of urea
concentration at 25°C (3.4-7 M), while at 37°C, it folds
in a two-state fashion at all observed urea concentrations.

Characterization of the Intermediate at 25°C. At 25 °C
and low final urea concentrations, villin 14T deviates from
two-state behavior. One possible explanation is the estab-
lishment of a pre-equilibrium between the unfolded state (U)
and an intermediate (I), which is achieved before the dead
time of the kinetic experiments, and before folding to the
native state (N) (23). Since the U-to-I transition is too fast
to observe, it is impossible to distinguish whether I is a trap
or an obligatory intermediate, but here it will be assumed
that I is a trap. (If I is assumed to be an obligatory
intermediate, the resulting values of Figure 10 depict-∆GIU

instead of∆GIU.)

whereKIU ) [U]/[I] and kf is the U-to-N folding rate constant.
Since U and I seem to equilibrate before the dead time of
mixing, the apparent folding rate during the experiment
would bekapp ([I] + [U]) (23, 42). The above mechanism
suggests that the folding rate should also bekf[U]. Equating

FIGURE 9: Data from quenched-flow with MS in 1.5 M GuHCl, at
21 °C. (A) Mass spectra of samples allowed to refold for different
times (indicated at left) before exchange. The solid vertical line
shows the peak position corresponding to fully protonated protein,
and the smooth curve represents the fit of the data to a double-
Gaussian equation. (B) Fraction unfolded as a function of time, as
determined by integrating the double-Gaussian curves which were
fitted to mass spectra of Figure 6A. The solid line shows the fit of
the data to a single-exponential curve with a non-zero end point.

FIGURE 10: Free energy difference between the intermediate and
unfolded states, as a function of urea concentration. This graph
was generated assuming the reaction mechanism shown in the
Discussion. See the Discussion for an explanation.
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the two, one obtainskapp ) kfKIU/(KIU + 1). Using the
measured refolding rate constants askappvalues, and the rates
expected from the two-state model askf’s, one can calculate
KIU from the previous equation. Figure 10 shows∆GIU )
-RT ln(KIU) as a function of urea concentration, determined
from this model. If these data are fitted to a straight line
and extrapolated to 0 M urea,∆GIU(0) ) 4.1 ( 0.3 kcal/
mol. The ∆GIU(0) value is about half the free energy
difference between unfolded and folded states. The slope
of the linear dependence of∆GIU on urea concentration is
1.5 ( 0.1 kcal mol-1 M-1. The ratio of this value with the
m value obtained from equilibrium fluorescence titration is
65%, suggesting that the solvent-accessible surface area
buried upon intermediate formation is about 65% of the total
surface area buried during refolding. Extensive surface area
burial in the intermediate corresponds with the decreasing
stopped-flow amplitudes at lower urea concentrations, which
indicates tryptophan burial in the intermediate.

Although the above calculation implies extensive surface
area burial upon intermediate formation, the quenched-flow
experiments suggest that the intermediate involves no
stabilized hydrogen bonds. One can estimate the minimum
stability of the hydrogen bonds that can be detected with
this technique. The ratio of the exchange pulse length (20
ms) to the time constant of exchange for a random coil amide
at pH 9.3 (0.6 ms) gives the minimum protection factor (PF
) 33) that can be detected by the quench-flow experiment
(43). The protection factor, defined as the ratio of the
exchange rate constant of an amide in a random coil to the
rate constant of the amide in the structure of interest, indicates
the degree of protection of the structured amide from
exchange. One can also estimate the maximum protection
factor for a hydrogen-bonded amide in state I, taking into
account the U-to-I equilibrium constant (Figure 10) and
assuming an EX2 mechanism for exchange:

where I-NiD is the intermediate state with theith amide
deuterated and protected and U-NiD is any state which has
unfolded enough to expose this amide to exchange so that it
can become protonated (U-NiH). KIU,i is the equilibrium
constant for local opening of the intermediate structure to
allow this amide to exchange. Under EX2, the observed
exchange rate constant would beKIU,ikex (44); the resulting
protection factor would bekex/(KIU,ikex) ) 1/KIU,i. KIU,i must
be greater than the equilibrium constant for the I-to-U
transition (KIU); therefore, the maximum protection factor
possible with this scheme would be 1/KIU. During the
exchange pulse (at 1.25 M urea in Figure 10),∆GIU ) 2.26
kcal/mol, so 1/KIU ) 48. Thus, the quench-flow experi-
mental conditions are sensitive enough to detect the protec-
tion of amides which exchange with solvent only when the
entire intermediate unfolds. Further work will modify the
quench-flow experiment to detect protection factors greater
than 10.

Since the data indicate that the intermediate contains no
stable hydrogen bonds, but includes significant burial of
solvent-accessible surface area and tryptophan side chains,
it could involve nonspecific hydrophobic collapse of the
unfolded state upon dilution of denaturant. The degree of

hydrophobic collapse would increase with decreasing final
urea concentration. An increased degree of hydrophobic
collapse could favor a misfolded topology in a fraction of
the folding molecules, perhaps by excluding the hydrophilic
backbone groups in the centralâ-sheet from the protein core.
Sosnick et al. (45) have also proposed that nonspecific
hydrophobic collapse upon dilution of the denaturant ac-
counts for the burst phase intermediate observed in the
refolding of cytochromec.

The temperature dependence of intermediate stability may
also help to characterize its structure. The refolding inter-
mediate of villin 14T is destabilized relative to the transition
state at higher temperatures, and stabilized at lower temper-
atures. However, if the intermediate consists of nonspecific
hydrophobic collapse, one would expect the opposite tem-
perature dependence, since the hydrophobic effect generally
becomes more pronounced with increasing temperature (46,
47). For example, ubiquitin shows destabilization of its
refolding intermediate at lower temperatures, in agreement
with the hypothesis of a hydrophobically collapsed interme-
diate (27). This contradiction can be resolved by considering
that the hydrophobic effect is stronger at increased temper-
atures for aliphatic residues, but weaker at higher tempera-
tures for aromatic residues (48). Villin 14T has a higher
aromatic residue content than ubiquitin. The hydrophobic
cores of villin contain 20 (core 1) and 60% (core 2) aromatic
residues. Together, villin’s hydrophobic cores are 37%
aromatic. In contrast, the ubiquitin hydrophobic core
contains one aromatic residue (F45) out of a total 16.
Therefore, the differential aromatic residue content of the
villin14T and ubiquitin could explain the contrasting tem-
perature dependence of the stability of their hydrophobically
collapsed intermediates.

Implications of Apparent Two-State Folding at 37°C. All
single domains which have been previously shown to follow
the two-state model contain a single, central hydrophobic
core. Most previous studies on larger domains with com-
pound core elements, such as ribonuclease A and dihydro-
folate reductase, reveal refolding intermediates (6, 8). As a
result, some authors have suggested that two-state folding
is the property only of small domains with single hydro-
phobic cores, with more complex folding behavior expected
as the protein length increases (24). However, there is
already some evidence for two-state folding of longer
polypeptides. Mutant I96A of barnase shows nearly two-
state folding (28). A two-state folding pathway has also been
shown for lysozyme, existing in parallel with the originally
identified, intermediate-containing pathway (9, 11, 16).
However, lysozyme contains two domains, each with a single
hydrophobic core; therefore, this protein would not be a good
model for studying single domains with several buried
structures. The kinetic results at 37°C show the first
example of apparent two-state folding for a domain with a
compound core. Villin 14T is also the longest polypeptide
shown so far to fold in a two-state manner.

Several studies of apparent two-state folding systems have
concentrated on characterizing the activation barrier. Authors
propose that the activated state consists of a partly formed
hydrophobic core and little to no secondary structure (49-
51). Point mutation studies of chymotrypsin inhibitor 2 (CI2)
(50) and P22 arc repressor (49) show that their hydrophobic
cores are loosely structured in the transition state. In addition
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to loose core formation, a few specific hydrophobic contacts
in CI2 seem to be more strongly formed in the activated
state. Studies suggest that secondary structure formation
does not contribute to the high energy of the transition state.
For example, when theR-helical propensity of the GCN4
dimer is altered by point mutation, the kinetics of refolding
is largely unaffected (51).

Therefore, hydrophobic core formation seems to be the
dominant property of the transition state for fast folding
proteins. However, this observation may result from the fact
that most proteins with two-state folding have a single,
centrally located hydrophobic core. Domains with multiple
hydrophobic cores or buried secondary structures may show
different transition state properties. Since most of the
proteins with compound core elements have prominent
folding intermediates, transition state analysis is difficult for
these proteins. For example, the refolding pathway of the
126-residue domain CheY contains an intermediate; there-
fore, the transition state for folding is mostly inferred by
characterizing the transition state for unfolding, assuming
that these are identical (3). Analysis of the transition state
for villin 14T at 37°C would be useful in understanding the
role of hydrophobic collapse in folding of domains with
complex core structures.

Ratio of Kinetic and Equilibrium m Values.The ratio
-mf/m roughly indicates the protein surface area buried upon
going from the unfolded to the transition state, expressed as
a fraction of the total surface area buried upon refolding. At
25 °C, this value is≈86%, while at 37°C, it is ≈74%. These
figures suggest that the transition state is very similar to the
native state, with respect to solvent exposure. This result is
consistent with-mf/mvalues from studies of other two-state
folding proteins.

Lack of Two-State Folding in GuHCl.Kinetic studies of
villin 14T in GuHCl illustrate a point which is already clear
from the urea experiments: the folding behavior is highly
dependent on solvent conditions. The ln(k) versus denaturant
concentration plots in GuHCl yield low∆Gkin(0) values, from
4 to 5.5 kcal/mol, compared to a∆Gequil(0) of 9.8 kcal/mol.
Similarly, mkin (2.5 ( 0.1 kcal mol-1 M-1) is also too low
compared tomequil (3.93( 0.03 kcal mol-1 M-1). Work to
explain the different behavior of villin 14T in urea versus
GuHCl is ongoing. The main difference between the two
denaturants is ionic strength. The high ionic strength during
GuHCl kinetic experiments could affect the relative energies
of the unfolded, transition, and native states by screening
strong electrostatic interactions. Equilibrium studies of CheY
and RNase A show that the ionic strength of GuHCl affects
thermal stability (29, 52). The Mg-binding site of CheY may
interact with the GuH+ ion, stabilizing the protein. In
addition, when the stabilities of variously charged coiled coils
are measured using GuHCl and urea, varying electrostatic
contributions to stability can be differentiated using urea,
while GuHCl tends to screen charge-charge interactions and
therefore shows no difference in stability between the
different coiled coils (53). In the case of villin 14T, there
are two regions where charged groups are relatively buried,
whose interaction energies may be differentially shielded in
the different protein states. Histidine 62 is positively charged
at experimental pH (4.1), and is located very close to the
aromatic hydrophobic core. Also, the stronger Ca2+ binding
site (comprising residues E24, D43, and E73) contains

several negatively charged residues which are located in a
somewhat recessed part of the protein. The HSQC’s of the
native protein in 0.25-1.7 M GuHCl do not show any shift
in the amide N-H peaks of these residues, suggesting that
these regions are not shielded by GuHCl in the native state.
If it is assumed that the unfolded state energy is not affected
by the ionic strength of GuHCl, it is possible that the
shielding effect of GuHCl would act mainly on intermediates
or transition states.

Conclusion. It is shown here that villin 14T folds in an
apparent two-state manner in urea at 37°C. This is the first
example of two-state folding for a domain with a compound
core structure, containing two hydrophobic cores and a
buried, centralâ-sheet. However, this two-state folding
behavior is highly dependent on the temperature and choice
of denaturant. A refolding intermediate is detectable at 25
°C, or if the denaturant is changed to GuHCl (at 25°C).
Evidence shows that the intermediate involves the burial of
tryptophan side chains but no stable hydrogen bonding.
Future work to identify the transition state for this protein
at 37°C and in urea will elucidate the role of hydrophobic
collapse in nucleating folding.
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