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Unfolding of a Small Protein Proceeds via Dry and Wet Globules and a
Solvated Transition State
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†Department of Chemical Sciences, Tata Institute of Fundamental Research, Mumbai, India; and ‡National Centre for Biological Sciences,
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ABSTRACT Dissecting a protein unfolding process into individual steps can provide valuable information on the forces that
maintain the integrity of the folded structure. Solvation of the protein core determines stability, but it is not clear when such sol-
vation occurs during unfolding. In this study, far-UV circular dichroism measurements suggest a simplistic two-state view of the
unfolding of barstar, but the use of multiple other probes brings out the complexity of the unfolding reaction. Near-UV circular
dichroismmeasurements show that unfolding commences with the loosening of tertiary interactions in a native-like intermediate,
N*. Fluorescence resonance energy transfer measurements show that N* then expands rapidly but partially to form an early
unfolding intermediate IE. Fluorescence spectral measurements indicate that both N* and IE have retained native-like solvent
accessibility of the core, suggesting that they are dry molten globules. Dynamic quenching measurements at the single trypto-
phan buried in the core suggest that the core becomes solvated only later in a late wet molten globule, IL, which precedes the
unfolded form. Fluorescence anisotropy decay measurements show that tight packing around the core tryptophan is lost when IL
forms. Of importance, the slowest step is unfolding of the wet molten globule and involves a solvated transition state.
INTRODUCTION
An early theoretical study of the thermodynamics of protein
unfolding had suggested that protein unfolding begins by
the loss of tight packing interactions (1,2). It was proposed
that the native state (N) expands initially into a dry molten
globule (DMG), which, upon the penetration of water
into its structure, transforms into a wet molten globule
(WMG). Evidence for DMG intermediates have come
from both experiments (3–6) and simulations (7), but
several key questions remain unanswered (8). Is the DMG
a uniformly or selectively expanded form of the N state?
Have packing interactions in the DMG been lost only in
some segments of the structure, or are they also lost in the
hydrophobic core? Is the interior of a DMG liquid-like,
unlike the interior of the N state, which is more solid-like
(9,10) than liquid-like (11)? Packing interactions play a
major role in determining the stability of the N state
(10,12), but how important is their contribution, relative to
that of hydrogen bonding, to the stability of the DMG?
These questions are important to answer especially if the
DMG turns out to be as ubiquitous a folding intermediate
as the WMG turned out to be, and especially in the light
of recent studies that suggest that molten globule conforma-
tions with perturbed internal packing may nevertheless
retain function in some cases (13).

WMGs have been identified in equilibrium studies of the
unfolding of many different proteins. The WMG possesses
secondary structure, a perturbed and dynamic tertiary struc-
ture, solvated hydrophobic residues, as well as native-like
dimensions and topology (14–17). The WMG is important
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to study because it appears as the first detectable structured
intermediate early during folding, before the rate-limiting
step (18–21). Its formation either accompanies or closely fol-
lows the chain collapse reaction that initiates folding (22).
Surprisingly, the WMG has not been detected in kinetic un-
folding studies, with one exception (23). An understanding
of the placement of the WMG with respect to the rate-
limiting step on the unfolding pathway is important because
it will provide information on the structure, dynamics, and
solvent-accessibility of the transition state of unfolding.

The DMG is particularly hard to identify in studies of pro-
tein folding because it appears to form after the rate-limiting
step of folding (8,16). Intermediates that form after the rate-
limiting step of folding, however, can be identified from
studies of unfolding at high denaturant concentration, and
for several proteins (24–28). In particular, it has been shown
for barstar that the same mechanism for unfolding and
folding in urea is applicable over the urea concentration
range 0 to 7M (29).Hence, in zero to high urea concentration,
the folding and unfolding pathways of barstar are identical,
and a DMG identified to form early during unfolding at
high denaturant concentration can be expected to form late
during folding at low denaturant concentration. A practical
way to identify and characterize DMGs is therefore to study
unfolding at high denaturant concentration (3–5). The char-
acterization of unfolding intermediates identified in such
studies has provided useful information on the transition
state, and the characterization of DMGs is important because
it is expected to provide insight into the nature of the physical
forces that maintain the integrity of protein structure (8,30).

Several methodologies, some with single-residue resolu-
tion, enable the study of the packing, solvent-accessibility
and dynamics of an equilibrium molten globule (MG)
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(16,17,31–34), but these methodologies are not easily appli-
cable for the study of scarcely populated MGs. For identi-
fying and characterizing a transiently populated DMG
during protein folding or unfolding, it is necessary to
have fast probes that can provide residue-level information
on changes in solvent-accessibility, side-chain dynamics,
and packing. Time-resolved fluorescence methods can
monitor these changes when used in double-kinetic studies
(23,35,36), and they are ideally suited to determine whether
such changes occur in a sequential or concerted manner.

Here, time-resolved dynamic fluorescence quenching as
well as fluorescence anisotropy decay measurement, have
been used to dissect the unfolding of the small protein
barstar into distinct structural events characterized by
changes in solvent-accessibility and side-chain dynamics.
These changes have been placed in the context of changes
in secondary structure, tertiary structure and protein dimen-
sions by concurrent measurements of far-UV and near-UV
circular dichroism (CD) and two-site fluorescence reso-
nance energy transfer (FRET). Barstar was chosen because
previous unfolding studies using multiple structural probes
had already indicated that its unfolding does not follow a
simple N 4 U model (29,30,37–41). In this study, dry
and wet molten globules on the unfolding pathway have
been delineated, and the rate-limiting step of unfolding
has been characterized.
MATERIALS AND METHODS

Protein expression and purification

The single-Trp and single-Cys containing mutant forms of barstar, Cys-82

and Cys-25 were purified as described earlier (20). All the experiments

were done at 10�C.
Time-resolved fluorescence measurements

Fluorescence intensity decay traces during unfolding were collected using

a double kinetic setup as described previously (23). In short, the setup

consists of a ps laser system coupled to a stopped-flow device and a

time-correlated single photon counting instrument. Details of the setup

are given in the Supporting Material. Detailed data analysis is described

in the Methods of the Supporting Material.
Stern-Volmer plot for equilibrium and kinetic
experiments

Fluorescence lifetimes of the N and U states were measured at different

acrylamide (or KI) concentrations and the mean lifetime values in the

absence (t0) and in presence (t) of quencher were used to generate

Stern-Volmer plots. In KI quenching experiments, to ensure that all

solutions had the same ionic strength as that of 0.6 M KI, KCl was added

to solutions containing lower concentrations of KI. The Stern-Volmer

constant (Ksv) was obtained from the slope of fitting the data to a

linear equation with an intercept of 1.0 as given by the Stern-Volmer

equation:

t0
t

¼ 1þ Ksv½Q�: (1)
The bimolecular fluorescence quenching constant (kq) was determined by

dividing Ksv with the intensity averaged lifetime (ta) in the absence of

quencher as given in Eq. 2:

Ksv ¼ kqta: (2)

To obtain values for KSV and kq for acrylamide at different times of un-

folding, four separate unfolding kinetic experiments were done in the pres-

ence of 0.0, 0.1, 0.2, and 0.6 M acrylamide. In KI quenching experiments,

kinetic unfolding traces were obtained at different concentrations of KI,

with the ionic strength maintained at 0.6 M by the addition of appropriate

concentrations of KCl. Fluorescence decay traces were collected at every

0.2 s of unfolding, and analyzed to obtain mean lifetimes. The mean life-

time values for different concentrations of quencher for the same time

points of unfolding were further used to generate Stern-Volmer plots, using

Eq. 1, during the kinetic process. The Stern-Volmer plots were further used

to obtain values for kq at different times of unfolding, using Eq. 2.
Equilibrium and kinetic unfolding experiments
monitored by steady-state fluorescence and CD

Steady-state fluorescence-monitored equilibrium unfolding experiments

were done using the MOS450 optical system, and CD measurements

done using a JASCO J-815 spectropolarimeter (Easton, MD), as described

earlier (5). All the kinetic experiments were performed using the SFM400

stopped-flow mixing module from Biologic (Claix, France), as described

earlier (5,42). For details, see the Methods of the Supporting Material.
Double Jump experiments

The experimental setup was similar to other steady-state fluorescence mea-

surements (see above). 40 ml of native protein were mixed with 200 ml of

6.6 M urea buffer so that the protein commenced unfolding in 5.5 M

urea. After different delay times ranging from 1.5 s to 4.5 s, 110 ml of partly

unfolded protein solution were mixed with 110 ml of 5.5 M urea buffer

containing 1.2 M acrylamide at an 1:1 mixing ratio to make the final acryl-

amide concentration equal to 0.6 M, without diluting the urea. Fluorescence

was averaged for 50 ms after the addition of acrylamide. The dilution factor

for the protein after the addition of the acrylamide solution was accounted

to normalize the fluorescence signal.
RESULTS AND DISCUSSION

In this study, the unfolding of a single tryptophan containing
a mutant form of barstar (29) has been studied. This mutant
form contains only the fully buried W53 in the core of the
protein (Fig. 1), and not the other two Trp residues found
partially buried in wild-type barstar, and its folding and un-
folding mechanism have been shown to be similar to those
of the wild-type protein.
Multiple spectroscopic probes reveal early
intermediates during unfolding

The unfolding of barstar was monitored by measurement of
near-UV CD at 270 nm (Fig. 2 A), far-UV CD at 222 nm
(Fig. 2 B), and fluorescence intensity of the core W53
(Fig. 2, C and D), in 5.5 M urea and 10�C. Near-UV and
far-UV CD measurements probe tertiary packing inter-
actions and secondary structure, respectively, whereas
Biophysical Journal 105(10) 2392–2402



FIGURE 1 Structure of barstar. The Cys-25 and Cys-82 mutant variants

both possess a single tryptophan residue (W53) and either C25 or C82. The

indole ring of W53 is buried within the main core of the native protein. Of

the two cysteine residues, C25 is present on the surface, whereas C82 is

partially buried. All experiments were done with the Cys-82 protein; only

the FRET experiments were also done with the Cys-25 protein. The struc-

ture was drawn from the PDB file 1bta using the program PyMOL. To see

this figure in color, go online.

FIGURE 2 Dissolution of structure during unfolding monitored by

multiple spectroscopic probes. (A–C) Representative kinetic traces of the

unfolding of Cys-82 monitored by the change in near-UV CD signal at

270 nm (A), far-UV CD signal at 222 nm (B) and fluorescence intensity

of W53 at 350 nm (C) are shown. In each panel, the solid cyan line repre-

sents the kinetic trace, the solid black line through the data is a fit to a single

exponential equation, and the black dashed line represents the expected

signal of native protein at 5.5 M urea, obtained from linear extrapolation

of the native protein baseline of an equilibrium unfolding curve. In each

panel, the inset shows the comparison between equilibrium and kinetic am-

plitudes. The cyan circles represent the equilibrium unfolding transition,

and the solid black line is the fit to a two-state N 4 U model. The brown

triangles and inverted brown triangles represent t ¼ 0 and t ¼ N signals,

respectively, obtained from the fitting of the kinetic traces to a single

exponential equation. The error bars represent the standard deviations of

measurements from three separate experiments. The dotted line shows

the native protein baseline. (D) Comparison of fluorescence spectra of

barstar in equilibrium and kinetic measurements. Emission spectra in the

N state (solid cyan line), the U state (solid black line), as well as the t ¼
0 (brown triangles) and t ¼ 0.5 s (green inverted triangles) time points

from the kinetic unfolding traces are shown, upon excitation of W53 at

295 nm. The spectra are normalized to the native signal of 1 at its emission

maximum. The error bars for the t ¼ 0 and t ¼ 0.5 s fluorescence signals

represent the standard deviations of measurements from three separate

experiments. To see this figure in color, go online.
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fluorescence measurement is used as an indicator of solvent
polarity in the vicinity of the single Trp residue (W53) in
Cys-82, the variant of barstar studied (Fig. 1). As expected,
the kinetic curves measured by all three spectroscopic
probes all end at the equilibrium signals determined for U
(Fig. 2, A, B, and C). The near-UV CD signal does not, how-
ever, begin at the value expected for N: ~15–20% of the
near-UV CD signal is lost within 10 ms of the commence-
ment of unfolding (Fig. 2 A), indicating the partial unlock-
ing of packing interactions of side chains. The far-UV CD
kinetic curve begins, however, at the signal expected for N
in native buffer. The significant burst phase change in
near-UV CD indicates that the native structure is perturbed
significantly, very soon after transfer of the protein to un-
folding conditions. Loosening of tight packing interactions
in the burst phase is also inferred from the fluorescence
anisotropy measurement (see later).

It appears therefore that a native-like unfolding interme-
diate, N*, forms within 10 ms of the commencement of
unfolding. N* is different from N in having some tertiary
interactions perturbed, but it has native-like secondary
structure. In the N state, W53 has its emission maximum
around 320 nm, indicating that the core of the N state
must be solvent inaccessible (the same inference was
obtained from fluorescence quenching measurements, see
later). In the U state, W53 has its emission maximum at
356 nm, indicating that it is fully solvent accessible. The
fluorescence spectrum of N* (Fig. 2 D) shows that the quan-
tum yield of fluorescence of W53 is lower in N* than in N.
The fluorescence emission maximum is, however, the same
Biophysical Journal 105(10) 2392–2402
(~320 nm) in N and N*, indicating that the local polarity of
the environment in the vicinity of W53 has not changed. The
conclusion that the core of N* is dry is also supported by
fluorescence quenching measurements (see later).

The observable phase for the change in signal is well
described by an exponential equation, for all the probes.
It should be noted that although a two-state process will
always show an exponential kinetic phase for the observable
change in an optical signal, the converse need not be true.
Apparently single exponential kinetics may arise, for
example, from a transition involving multiple states. It is
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observed there is a dispersion of unfolding rate constants in
the range 0.22–0.30 s�1 determined from single exponential
fitting of the kinetic traces obtained using the different
probes, which is beyond experimental error and persists at
all urea concentrations (Fig. 3).
Protein expansion during unfolding

It was important to determine how different segments of the
protein undergo expansion after the formation of N* during
unfolding. Hence, FRET measurements were carried out
to determine whether two intramolecular distances, one
between W53 and a TNB moiety attached to C25 (in the
Cys-25-TNB protein), and another between C53 and a
TNB moiety attached to C82 (in the Cys-82-TNB protein)
(Fig. 1). The W53-TNB FRET pair has been used exten-
sively in FRET measurements of unfolding (36,41,42). It
has been shown previously (41) that the proteins Cys-25,
Cys-25-TNB, Cys-82, and Cys-82-TNB have similar sta-
bilities, and Fig. S1 shows that their unfolding kinetics
is similar when monitored by far-UV CD; hence, their
FRET-monitored unfolding kinetics can be directly
compared (see the Supporting Material Text).

FRET-monitored measurements of the unfolding of Cys-
25-TNB and Cys-82-TNB were carried out by measurement
of the increase in the fluorescence intensity of W53, the
FRET donor, which is a measure of the decrease in FRET
efficiency. In an earlier study, it was shown that the FRET
efficiency decreases during unfolding because of an increase
in intramolecular distance, and not because of a change in
FIGURE 3 Comparison of the apparent rate constants of unfolding

obtained from using different spectroscopic probes. The observed rates of

unfolding of Cys-82 are shown as a function of urea concentration, as

monitored by far-UV CD at 222 nm (>, green), near-UV CD at 270 nm

(>, brown) and fluorescence intensity at 350 nm (>, cyan). The solid lines

through the data represent fits to a linear equation. The error bars represent

the standard deviations of measurements from three separate experiments.

To see this figure in color, go online.
R0 (36,41). The fluorescence change for Cys-82-TNB is
describable as an exponential process with a rate constant
of ~0.25 s�1 (Fig. 4 A), whereas that for Cys-25-TNB
requires the sum of at least two exponentials with apparent
rate constants of 3.7 s�1 and 0.31 s�1 having relative ampli-
tudes of 0.2 and 0.8, respectively (Fig. 4 B). The apparent
rates increase exponentially with an increase in urea concen-
tration (Fig. 4 C), although the relative amplitudes of the
two phases observed for Cys-25-TNB do not change with
urea concentration (Fig. 4 D). The apparent rate of the
slower expansion of the W53-Cys-25TNB distance is close
to that of the expansion of the W53-Cys-82TNB distance
(Fig. 4), and in the range of slow rates observed by other
probes (Fig. 3), indicating that the observation of the faster
expansion of the W53-Cys-25TNB distance is not because a
different protein variant was used but because a different
segment of structure was probed. The data indicate that an
intermediate, IE, in which the W53-Cys-25TNB segment
of the protein (Fig. 1) has partially expanded, has formed
FIGURE 4 Two-site FRET monitored unfolding kinetics in 5.5 M urea

and 10�C. (A and B) Representative kinetic unfolding traces (cyan lines)

monitored by measurement of fluorescence intensity at 387 nm for Cys-

82-TNB (panel A) and Cys-25-TNB (panel B). In each panel, the dotted

black line through the data represents a fit to a single and two-exponential

equation for Cys-82-TNB and Cys-25-TNB, respectively. The data are

normalized to the native signal of 1 for each labeled protein. In each panel,

the upper inset and the lower inset show the residuals of fitting of the kinetic

traces to single and two-exponential equations, respectively. (C and D)

Dependence on urea concentration of the FRET-monitored kinetics of

unfolding. The rate constants of unfolding for Cys-82-TNB (o), and for

the slow (D) and fast (,) phases of unfolding for Cys-25-TNB are shown

at different urea concentrations (panel C). The black lines through the data

represent fits to a linear equation. Relative amplitudes of the slow (D) and

fast (,) phases of unfolding for Cys-25-TNB are shown as a function of

urea concentration (panel D). To see this figure in color, go online.
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from N* during unfolding at a rate of 3.7 s�1. These obser-
vations describe the unfolding process as N/ N*/ IE /
U (however, see later). The slowest step in unfolding, lead-
ing to the formation of U appears to occur at a probe-depen-
dent rate in the range of 0.22 to 0.31 s�1 (Figs. 3 and 4). The
significant probe-dependent dispersion in the unfolding
rates suggests that the final step in unfolding leading to
the formation of U may not be a two-state process even
though each probe yields unfolding kinetics that appear
describable as single exponential.

The observation that the fluorescence spectrum of the
Cys-82 protein at 500 ms of unfolding (when IE would be
substantially populated) has not undergone any discernible
red shift (Fig. 2 D) indicates that IE is still dry in the vicinity
of W53 in the hydrophobic core. In the case of cytochrome c
too, an equilibrium MG has been shown to possess a sol-
vent-inaccessible hydrophobic core, which is much more
loosely packed than that of the N state (43). In the case of
apomyoglobin, an equilibrium MG with disrupted second-
ary structure appears, nevertheless, not hydrated to a larger
extent than is the N state (44). Currently, it is not known
whether the structural segment that has expanded in IE has
also become hydrated.

Thus, the use of multiple probes has led to the identifica-
tion of two intermediates, N* and IE, which retain a dry
core, on the unfolding pathway of barstar. It is important
to determine when the core of the protein becomes solvated
during subsequent unfolding.
Identification of a WMG intermediate during
unfolding

The solvent accessibility of W53 in the native state (N) in
Cys-82 has been scored with respect to that in the unfolded
state (U), by measurements of the dynamic quenching of its
fluorescence, by two quenchers, the neutral acrylamide and
the negatively charged iodide (in the form of KI). Dynamic
quenching experiments provide a direct quantitative mea-
sure of the solvation of a fluorophore in a protein, but
have been used only rarely in kinetic measurements of
folding or unfolding (45–47).

Measurements of the mean fluorescence lifetime,
tm (¼ S ai ti where ai is the amplitude of the lifetime
component ti) made in the absence and presence of
quencher at different concentrations yield Stern-Volmer
plots for quenching by both acrylamide (Fig. 5 A) and
iodide (Fig. S2 A). These plots yield values for kq, the
bimolecular rate constant for the binding of quencher to
W53 in its excited state (see Materials and Methods). For
quenching by acrylamide, kq is seen to have values of
4 � 107 M�1 s�1 and 1.9 � 109 M�1 s�1 for N and U,
respectively, whereas for quenching by iodide, the values
are 3 � 107 M�1 s�1 and 9.6 � 108 M�1 s�1 for N and
U, respectively. The values of kq obtained for U are similar
to those reported for N-acetyl tryptophanamide in water
Biophysical Journal 105(10) 2392–2402
(48,49), indicating that W53 is fully solvent-accessible in
the unfolded protein. The values of kq obtained for N indi-
cate that W53 is secluded from water in the core of the
native protein. Similar values of kq for N, for quenchers
of different size and polarity, indicate that the level of
core solvation in native protein is correctly estimated
through dynamic fluorescence quenching measurement.
The value of kq for iodide quenching is lower than that
for acrylamide quenching in the U state probably because
the accessibility of iodide to W53 is hindered by electro-
static repulsion from the negatively charged side chain of
E52. The values for kq for quenching by acrylamide and io-
dide are similar to those reported for other proteins (50,51).
Fluorescence quenching in native proteins probably occurs
through nanosecond structural fluctuations (50) that expose
the fluorophore to the quencher. An alternative mechanism,
namely, the migration of the quencher through the protein
matrix (51) has been shown recently to be unlikely (52).
HX-NMR experiments have shown that native barstar
undergoes very rapid structural fluctuations, which allows
it to sample even the fully unfolded state (39), and it is
likely that quenching of W53 fluorescence in N by both
quenchers occurs via such fluctuations. Of importance,
the 50-fold and 30-fold dynamic ranges of kq for acryl-
amide (Fig. 5 A) and iodide (Fig. S2 A), respectively,
have been used to infer changes in the solvent accessibility
of W53 during unfolding with a high level of precision.

tm was determined at every 200 ms of the unfolding pro-
cess initiated by dilution of barstar (Cys-82) into 5.5 M urea
at 10�C, using the double-kinetic setup (see Materials and
Methods) described elsewhere (23). The kinetic traces of
unfolding in the absence and presence of acrylamide
(0.6 M) appear to be single exponential by themselves, but
the unfolding of Cys-82 is twofold faster in the presence
of acrylamide than in its absence (Fig. 5 B). The twofold
difference in rates becomes even more apparent when the
kinetic traces are normalized between values of 1 and
0 for N and U, respectively (Fig. 5 C). When unfolding in
the absence and presence of 0.6 M acrylamide was moni-
tored by measurement of fluorescence intensity, the kinetic
traces were coincident with those obtained using tm as the
probe (Fig. 5 D), as expected. In both the time-resolved
and steady-state experiments, no burst-phase intermediate
is discernable from the quenching kinetics (Fig. 5 D).
Similar results were obtained when 0.6 M KI was used
instead of 0.6 M acrylamide as the quencher; again, unfold-
ing appeared twofold faster in the presence of KI (Fig. S2, B,
C, and D). In iodide quenching experiments, uniform ionic
strength was maintained across all the solutions by adding
KCl, wherever needed.

It was important to demonstrate that the twofold acceler-
ation of unfolding in the presence of quenchers is real, and
not a manifestation of the effect of the quencher on the un-
folding rate constant or mechanism. It was not possible to
use far-UV CD as the probe to monitor unfolding in the



FIGURE 5 Quenching of W53 fluorescence by acrylamide. (A) Stern-

Volmer plots for W53 quenching in the N (inverted triangles) and U states

(triangles) of Cys-82. Themean fluorescence lifetime ofW53wasmeasured

in absence (t0) and in presence of acrylamide (t), and t0/t is plotted as a

function of acrylamide concentration. The solid lines through the data are

fits to a linear equation with an intercept of 1, and the slope is the Stern-

Volmer constant (KSV) from which the kq values were calculated (see

Materials and Methods). (B and C) Unfolding kinetics of barstar in 5.5 M

urea and 10�C was monitored by measurement of the changes in the tm of

W53 during unfolding in the absence (o, cyan) and presence (o, brown) of

0.6 M acrylamide (panel B). The kinetic traces have been normalized to

between values of 1 for completely native protein and 0 for completely

unfolded protein (panel C).The dashed black lines through the kinetic traces

are fits to a N / IL / U model (Eq. S14 and Eq. S16, see the Supporting

Material). The fits yield apparent rates for the N / IL and IL / U steps

of 0.48 and 0.22 s�1, respectively. The mean lifetimes for N, IL, and U ob-

tained from the fit were 4.20, 0.74, and 0.54 ns, respectively, in the presence

of 0.6 M acrylamide, and 4.45, 3.75, and 2.80 ns, respectively, in its absence

(panel B). (D) Unfolding kinetics of barstar monitored by fluorescence in-

tensity measurement at 350 nm. Kinetic traces of the unfolding of barstar

in the absence (solid cyan line) and presence (solid brown line) of 0.6 M

acrylamide are shown. Each kinetic trace is normalized to the native signal

of 1 in the absence of acrylamide. The solid lines through the data are fits

to the three-state N/ IL / U model (Eq. S13 and Eq. S15). The fits yield

apparent rates for the N / IL and IL / U steps of 0.46 and 0.22 s�1,

respectively. The fluorescence intensities for N, I and U obtained from the

fits were 0.92, 0.70, and 0.50, respectively, in the absence of acrylamide,

and 0.86, 0.10, and 0.07, respectively, in the presence of 0.6 M acrylamide.

The inset in panel D shows the data from the interrupted unfolding experi-

ment. The solid cyan and brown lines represent the unfolding kinetic traces

in the absence and presence of 0.6 M acrylamide, respectively. The brown
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presence of 0.6 M of quenchers, because of the very high
absorbance of the solution. Hence, to rule out any non-
specific effect of acrylamide, interrupted unfolding
experiments (see Materials and Methods) were carried out
in which unfolding was commenced in the absence of acryl-
amide, and acrylamide was added at a specific, variable time
of unfolding. It was found that upon addition of acrylamide
at any time of unfolding, the fluorescence was immediately
quenched to a value predicted by the kinetic trace of unfold-
ing started in the presence of acrylamide (Fig. 5 D, inset).
Hence, the faster decrease in tm or fluorescence intensity
during unfolding in the presence of quencher than in its
absence, is real, and must reflect a stepwise unfolding pro-
cess involving structures differing in the solvent-accessi-
bility of the core.

Because unfolding is faster in the presence of quencher, a
single rate constant cannot be used to describe the kinetic
traces in the presence and absence of quencher. Hence, a
two-state N/ U model with a single rate constant cannot
be used to describe the data. It becomes necessary, minimally
to fit the kinetic traces to a three-state N / IL / U model
with IL representing an intermediate. The fits (Fig. 5, B, C,
and D), yield apparent rates of 0.47 5 0.01 s�1 and
0.21 5 0.01 s�1 for the steps N / IL and IL / U, respec-
tively, for acrylamide quenching. The time-evolution of the
Stern-Volmer constant, KSV (Fig. 5 E) as well as of kq
(Fig. 5 F), calculated from these rate constants (see
the Supporting Material) agree well with the experimental
data. The value of kq for the quenching of W53 fluorescence
by acrylamide in IL is determined to be 1.8 � 109 M�1 s�1,
which is close to that for quenching in U (see the Supporting
Material). These values for kq suggest that quencher binding
is at or near the diffusion-controlled limit for a reaction in
aqueous solution, making it unlikely that quenching in IL oc-
curs bymigration of the quencher through the proteinmatrix.

Because the size of acrylamide is different from that of
water, it can be argued that the entrance of acrylamide
into the core of IL may not mimic the entry of water. Hence,
it was also necessary to check the rates of the N / IL and
IL / U steps in the case of iodide quenching. To be able to
do so, it was necessary to first understand the dependence of
the unfolding rate on ionic strength. It was found that
squares represent the fluorescence signals of protein unfolding in the

absence of acrylamide, before the addition of 0.6 M acrylamide, and the

red triangles represent the fluorescence signals immediately attained upon

the jumps in acrylamide concentration to 0.6 M. The arrows connecting

the fluorescence signals before and after the addition of acrylamide, indi-

cate the times at which unfolding was interrupted. (E and F) Evolution of

the Stern-Volmer constant (KSV) and bimolecular fluorescence quenching

constant (kq) during unfolding. KSV (panel E) and kq (panel F) values (D)

were calculated at each time point during unfolding from the tm values

(see Materials and Methods of the Supporting Material), and are plotted as

a function of unfolding time. The black dashed line through the data is a

simulated fit (see Materials and Methods) to the N/ IL /Umodel, using

parameter values from the fits to the data in panel B. The dashed blue line

represents the value for the N state. To see this figure in color, go online.
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FIGURE 6 Evolution of the core dynamics during unfolding by time-

resolved fluorescence anisotropy measurements. (A) Fluorescence anisot-

ropy decay traces for native protein (cyan trace), unfolded protein (brown

trace), and at 3.7 s of unfolding (purple trace) of Cys-82 in 5.5 M urea.

The trace for the native protein was fitted to a single exponential equation

and is described by: r(t) ¼ 0.19[exp(�t/6.5)]. The trace for the unfolded

protein was fitted to a two-exponential equation and is described by

r(t) ¼ 0.19[0.56 exp(�t/0.7) þ 0.44 exp(�t/2.9)]. The trace at 3.7 s of un-

folding was fitted to a two-exponential equation and is given by r(t) ¼ 0.19

[0.48 exp(�t/0.4)þ 0.52 exp(�t/7.6)]. The inset shows the local and global

rotational motions of the fluorophore attached to the polypeptide chain

responsible for the depolarization of fluorescence in time-resolved

anisotropy measurements. (B) Evolution of the amplitude of fast rotational

correlation time (blocal) during unfolding. The fluorescence anisotropy
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unfolding in the presence of 0.6 M KCl is ~1.5-fold faster
than in the absence of added KCl (Fig. S2), as expected
from an earlier study that showed the unfolding rate of bar-
star is faster at higher ionic strength (53). Unfolding occurs
at apparent rates of 0.31 s�1 and 0.68 s�1 in 0.6 M KCl and
0.6 M KI, respectively (Fig. S2, B and D). As in the case of
acrylamide quenching (Fig. 5), the data in Fig. S2, B and D,
were fit to the three-state N/ IL / U model, and apparent
rate constants of ~0.71 s�1 and ~0.31 s�1 were obtained for
the N / IL and IL / U steps, respectively (Fig. S2, B
and D). As expected from the ionic strength effect (53),
the apparent rate constants for both steps are ~1.5-fold faster
than the corresponding rate constants obtained for acryl-
amide quenching (Fig. 5). When the data were fit to the
three-state N / IL / U model, the value of kq obtained
for IL was 8.5 � 108 M�1 s�1, which is similar to the value
of 9.6 � 108 M�1 s�1 for U, indicating that W53 is as sol-
vent-exposed in IL as it is in U. It should be noted that for
unfolding in the presence of 0.6 M KCl, an additional
(25%) kinetic phase with an apparent rate of 0.003 s�1 is
also observed during unfolding, which is attributable to pro-
line isomerization (41,53), but this slow phase is not seen for
unfolding in the presence of 0.6 M KI, presumably because
the W53 fluorescence gets fully quenched before proline
isomerization occurs.

Interestingly, fitting to the three-state model (see figure
legends of Fig. 5 and Fig. S2) shows that the fluorescence
quantum yield of IL is ~40% higher than that of U and
~24% lower than that of N in the absence of quencher.
Hence, considerable changes in fluorescence occur in both
the kinetic steps, N / IL and IL / U; consequently, no
lag phase is observed in the unfolding kinetic traces. It
should be noted that a lag phase in the decrease in fluores-
cence would have been expected only if the fluorescence
property of IL were N-like, because then most of the change
in fluorescence would occur during the conversion of IL to
U. Thus, the nonobservation of a lag phase cannot be used
to rule out the three-state N/ IL/Umodel for unfolding.
On the contrary, additional support for the presence of IL
comes from the kinetics of the time-evolution of the
motional dynamics of W53 during unfolding (see below).

W53 resides in the core of the protein, where it is in con-
tact with seven other residues. Hence, the U-like solvent-
accessibility of W53 in IL suggests that much of the core
of the protein becomes solvated in IL, before complete un-
folding of the protein. Hence, the observation that W53 is
nearly fully accessible to quencher in IL makes it very likely
that it is also nearly fully accessible to water; consequently,
W53 and the core in which it resides must be fully hydrated
in IL. The fully hydrated core in IL qualifies it to be a WMG.
decay traces were collected for every 0.2 s of unfolding and fitted to a

two-exponential equation. blocal (cyan triangles) is plotted as a function

of unfolding time. The solid black line through the data represents the fit

to a single exponential equation. The error bars represent the standard

deviations of measurements from two separate experiments. To see this

figure in color, go online.
Evolution of core flexibility during unfolding

The side chain of W53 is held rigidly in the hydrophobic
core of native barstar, by contacts with seven other residues
Biophysical Journal 105(10) 2392–2402
(54). In fact, native barstar is a rare example of a single Trp-
containing protein showing a single fluorescence lifetime
due to conformational selection of a single rotamer
(37,55). When the rotational dynamics of the W53 side
chain is studied in Cys-82, no local dynamics of W53 is
observed in the N state (17,37): only a single rotational cor-
relation time of ~6.5 ns corresponding to the global tum-
bling dynamics of barstar (MW ¼ 10 kDa) is seen (Fig. 6
A). In contrast, the U state is characterized by a highly flex-
ible W53 (17,37), and two correlation times, ~0.7 ns and
~2.9 ns observed (Fig. 6 A), having amplitudes of 0.6 and
0.4, respectively. These are ascribed to the local motion of
the indole chromophore and a combination of segmental
and global tumbling dynamics of the polypeptide chain,
respectively (17,37). The shorter correlation time 4local

(~0.7 ns) and its amplitude blocal are used as indicators of
core flexibility. Entry of solvent molecules into the core of
IL requires loosening of tight packing interactions around
W53 in the N state, and that must be reflected in an
increased amplitude of anisotropy decay due to local rota-
tional motion of W53 (increase in blocal) in comparison to
the N state. Thus, monitoring W53 dynamics is a robust in-
dicator of the evolution of core flexibility during unfolding.

To monitor the development of the local motion of W53
during unfolding, the fluorescence anisotropy decay kinetics
of W53 was collected every 200 ms, using the double
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kinetics setup (see Materials and Methods). Typical decay
curves obtained at different times of unfolding are shown
in Figs. 6 A and Fig. S3, which were analyzed for two rota-
tional correlation times (see the Supporting Material for the
model). In the analysis, the initial anisotropy r0 was con-
strained to a value between 0.19 and 0.21, because the value
obtained for r0 from fluorescence anisotropy decay measure-
ments of N-acetyl tryptophanamide in 75% glycerol is
0.25 0.01, (data not shown). At any time point, the relative
amplitude of the anisotropy lost by local motion, blocal, rep-
resents the relative fraction of molecules that have unfolded
sufficiently for the W53 side chain to be able to undergo
very rapid (~0.4–0.7 ns) local motion. blocal is expected to
rise from zero (as observed in the N state) to ~0.6 (the value
observed for the U state) during unfolding. Fig. 6 B shows
this rise during unfolding, which occurs with an apparent
rate constant of ~0.45 s�1. This rate is very similar to that
obtained for the N / IL unfolding step from the fluores-
cence quenching experiments (see above). Thus, it appears
that the change in blocal tracks the formation of IL, in which
the core flexibility is very similar to that of U. This supports
the identification of IL as a WMG. Furthermore, this also
shows that the motional dynamics of W53 in IL is identical
to that in U.

Thus, observations of both the time evolution of fluores-
cence quenching of the core W53 and the flexibility of W53
during unfolding lead to the conclusion that the early inter-
mediates (N* and IE) get solvated via the formation of
WMG intermediate during unfolding. Interestingly, inspec-
tion of Fig. 6 B (the data and the fitting) seems to suggest the
presence of a burst phase increase in blocal, whose amplitude
is ~10% of the total observed increase, suggesting that pack-
ing interactions in the core have started loosening with the
formation of early unfolding intermediates whose core is
partially liquid-like (see above).
FIGURE 7 Mechanism of unfolding of barstar. The kinetic scheme of un-

folding is shown, along with the probes used to interrogate the individual

steps and the rates that these probes yield. The mechanism shown is a min-

imal mechanism and describes the sequence of structural events that occur

during unfolding. It does not preclude more complex schemes that invoke

multiple pathways or a continuum of intermediates.
Unfolding pathway of barstar

Both N* and IE possess characteristic features of a DMG.
Near-UV CD (Fig. 2 A) and fluorescence anisotropy mea-
surements (Fig. 6) show that tertiary interactions are per-
turbed in N*, and hence in IE, but both N* and IE retain
native-like secondary structure. Of importance, W53 in
the hydrophobic core remains secluded from water (Fig. 2
D). The dryness of the core in N* and IE is confirmed
from the fluorescence quenching measurements, which do
not show any burst phase change for any of the quenchers
(Fig. 5 and Fig. S2). N* and IE therefore resemble the
DMGs observed during the unfolding of other proteins
(3–6). IE is more perturbed structurally than N*: FRET mea-
surements show that the structural segment separating W53
and C25 has expanded in IE but not in N*. Such expansion
would necessarily have been accompanied by loosening of
the tight packing present in this structural segment in N
and N*. In contrast, IL clearly possesses characteristic fea-
tures of a WMG: a mobile (Fig. 6) and solvent-accessible
hydrophobic core into which water has entered (Fig. 5 and
Fig. S2), and having considerable secondary structure
(Fig. 2).
Multistep unfolding of barstar

Earlier equilibrium unfolding studies of barstar (37,55) had
suggested that it undergoes unfolding in incremental steps,
but could not delineate the nature of these steps. In this
kinetic study, it has been shown that unfolding is describable
by the five-state mechanism shown in Fig. 7. In this five-
state mechanism, the existence of N* was indicated by the
observation of a very rapid (>500 s�1) perturbation of ter-
tiary structure (Fig. 2, A andD); the existence of IL was indi-
cated by the observation that Trp-53 becomes hydrated
(Fig. 5, C and D), as well as rotationally mobile (Fig. 6 B)
at a rate that is twofold faster than that (0.2 s�1) of the disap-
pearance of overall structure (Fig. 2 C); and the existence of
IE was indicated by the observation that the Trp-53-Cys-25
TNB segment undergoes fast expansion at a rate of 3.7 s�1

(Fig. 4 B).
It was important to confirm that the multistep mechanism

(see above) satisfactorily describes all aspects of the experi-
mental data, by carrying out kinetic simulations (Fig. S4), as
well as by carrying out global fitting of the data (Fig. S5) to
the five-state mechanism (Fig.7). In kinetic simulations to
this mechanism shown in Fig. 7, it was found that the simu-
lated kinetic curves are coincident with the experimental
kinetic curves obtained with the different spectroscopic
probes (Fig. S4). Global fitting of all the kinetic traces to
the five-state mechanism shown in Fig. 7, but with all steps
reversible under the constraint of the measured overall equi-
librium constant, fit the data equally well (Fig. S5). The data
were also globally fitted to a four-state mechanism (Fig. S6).
A comparison of the residuals from the fits to the five-state
and four-state mechanisms (Fig. S7) clearly shows that a
four-state mechanism is unable to fit all the data as well as
does the five-state mechanism. Hence, global fitting of the
Biophysical Journal 105(10) 2392–2402
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data validates the necessity of including three intermediates
(N*, IE, and IL) in the minimal model (Fig.7) that delineates
the unfolding process of barstar.

Validation by global fitting of all the data obtained by
many different probes was especially important because
each probe by itself showed a change in only one kinetic
phase describable by an exponential equation, and the com-
plex unfolding mechanism (Fig. 7) was suggested by the
rates measured by the different probes being significantly
different, well beyond experimental error. Only the near-
UV CD and fluorescence signals (including FRET) change
in more than one step (kinetic phase) of unfolding. The
observation that the other probes each report on only one
kinetic phase, merely means that only one step in the reac-
tion is reported on by that probe, with the other steps being
silent to that probe.

The simple sequential mechanism (Fig. 7) is the minimal
mechanism that accounts for all the data. Obviously, more
complex mechanisms might also effectively describe the
data. One possible complexity suggested by the relative
small difference in unfolding rates for the last two steps in
the unfolding mechanism (Fig. 7) is that unfolding is
gradual, occurring through a continuum of transitions.
Indeed, the observed exponential kinetics observed for
each discrete step is also not incompatible with gradual
structural change (23,42). But the current study does not
provide any direct evidence for a continuum of unfolding
transitions as seen for example for monellin (23). The other
complexity suggested by the small dispersion in the unfold-
ing rates measured by different probes for the IL / N step,
and the differences in their dependences on denaturant con-
centration (Fig. 3), is that multiple pathways operate, even at
the slowest stage of unfolding. Indeed, several previous
studies have suggested that multiple pathways are available
for some mutant variants of barstar to unfold in some but not
all unfolding conditions (38,40,41). But the dispersion in the
denaturant dependences of the probe-dependent rates of the
slowest step is too small to warrant invoking multiple path-
ways for unfolding. Moreover, the absence of curvatures in
the plots of the logarithm of the probe-dependent unfolding
rate on denaturant concentration (Figs. 3 and 4), suggests
that parallel pathways are not operative in the range of dena-
turant concentrations used to induce unfolding in this study.
Hence, in the absence of any direct evidence in support of
either gradual unfolding or multiple unfolding pathways,
it is prudent at the present time to not look beyond the min-
imal kinetic mechanism (Fig. 7) that adequately describes
all the data obtained in this study.
Nature of the rate-limiting step in unfolding: the IL
to U transition

Much of the secondary and tertiary structure is lost during
the IL / U transition, and the protein becomes completely
solvated. The dispersion in unfolding rate constants
Biophysical Journal 105(10) 2392–2402
observed for this transition (Fig. 3) for the same mutant
variant (Cys-82) suggests that it occurs in multiple steps.
It remains to be seen whether the IL / U transition occurs
through a diffusive swelling process, as has been shown in
the case of monellin (23). It is notable that the transition
between U and the WMG that forms initially during the
folding of barstar appears to be a continuous transition
(22,42), and this may be the general case (56,57). Because
it has been shown, in the case of barstar, that the unfolding
pathway at high urea concentration is similar to the folding
pathway at low urea concentration (29), it is likely that the
last step in unfolding is also a continuous transition.

Because the IL / U transition is the rate-limiting step in
unfolding, and since W53 and its vicinity appear to be about
as hydrated in IL, as they are in U (see above), the transition
state of the overall unfolding reaction, which lies between IL
and U, must be at least as solvated as IL.

A fundamental issue is to locate the position of the tran-
sition state on the folding pathway with respect to U, the
DMG and WMG, and N. During the folding of barstar, the
WMG-like intermediate that is formed rapidly (20,42), folds
further much more slowly (19), suggesting that the rate-
limiting step is that between WMG and DMG-like inter-
mediates. Hence, it would appear that the rate-limiting
step switches from being between the WMG and U during
unfolding, to being between the WMG and DMG intermedi-
ates during folding. In this scenario, it would be difficult to
kinetically detect the DMG in a folding experiment because
it would form after the rate-limiting step. Thus, in this case,
an unfolding experiment is more useful than a folding exper-
iment to detect such an intermediate, which lies toward the
native basin of the major energy barrier. Understanding the
energetics of these transitions (58), and how it and the struc-
tures of the WMG and DMG intermediates are modulated
by changes in folding/unfolding conditions, forms the focus
of ongoing studies.
CONCLUSION

In summary, this study characterizes the structure and
dynamics of intermediate states populated during the un-
folding of barstar. The use of multiple probes reveals the
hidden complexity of the process. Solvation of the protein
core has been observed to occur in incremental steps,
through the sequential formation of dry and wet molten
globules. The presence of dry and wet molten globules dur-
ing the unfolding of a protein has been previously observed
in theoretical studies (1,2), and it has been detected experi-
mentally in this kinetic study. Specifically, this study has
provided answers to the questions raised in the Introduction:
i), DMG is a nonuniformly expanded form of N; ii), Tertiary
interactions are loosened in DMG, although not in the
hydrophobic core; iii), The interior of the DMG is partially
liquid-like; and iv), The main transition state for unfolding
lies between the WMG and U.
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