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Two-site fluorescence resonance energy transfer (FRET) measurements
have been made to determine how two intra-molecular distances contract
in the sub-millisecond collapse reaction that occurs initially during the
refolding of the small protein barstar. FRET measurements were made on
two, single-Cys and single-Trp-containing mutant forms of barstar, Cys25
and Cys62, in each of which a thionitrobenzoate (TNB) adduct was
attached to the cysteine thiol. In each protein, the core tryptophan, Trp53,
acted as the FRET donor, and the TNB adduct, located either at C25 or at
C62, acted as the FRETacceptor. The stabilities as well as observable folding
kinetics of the Cys25 and Cys62 mutant proteins were found to be identical.
The presence of the TNB adduct on the cysteine did not alter the stability or
folding kinetics of either protein. Thus, the FRET-monitored changes in the
two labeled mutant proteins, Cys25-TNB and Cys62-TNB, could be
compared directly. Refolding was commenced from unfolded protein in
8 M urea, and both the Trp53 to C25-TNB distance and the Trp53 to
C62-TNB distance were found to contract upon dilution of urea. The extent
of contraction of each distance, which was measured at a few milliseconds
of refolding, was dependent continuously on the concentration of urea
present during refolding, and was different for the two distances. For either
FRET pair, the gradual contraction of distance with a decrease in the
concentration of urea in which refolding occurs, was continuous with the
contraction of the polypeptide chain that is seen with a decrease in
the concentration of urea in the range in which the protein remains
completely unfolded. It therefore appears that the products of the initial
sub-millisecond refolding reaction of barstar are collapsed forms, whose
dimensions do not change cooperatively in an all-or-none manner, but
instead, change gradually with a change in concentration of urea. Thus, the
sub-millisecond polypeptide chain collapse reaction of barstar upon
denaturant dilution, appears to be a continuous structural transition.
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Introduction

Many proteins appear to fold via an initial
collapse of the polypeptide chain.1–15 The impor-
tance of an initial collapse reaction is highlighted in
computer simulations of folding,16 which suggest
that folding proceeds through an obligatory, rapidly
lsevier Ltd. All rights reserve
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collapsed, structure-less globule.17–18 Not only does
initial collapse of the polypeptide chain quickly
reduce the conformational space available for the
chain to sample, but it is also expected to facilitate
formation of specific structure.19 Nevertheless, the
requirement of a collapse event for correct folding
of a polypeptide is poorly understood.18,20,21 Proper
understanding is further confounded by the obser-
vation that for some apparently two-state folding
proteins, collapse appears to occur concomitantly
with structure formation,21–23 while for other
such proteins, chain collapse appears to precede
structure formation.12 Clearly, obtaining an
d.



Figure 1. Structure of barstar. The positions of Trp53 in
the core, Ala25 in helix 1 and Leu62 in helix 3 are shown.
Trp53 is completely buried in the core, while Ala25 and
Leu62 are solvent-exposed. Both Ala25 and Leu62 were
mutated independently to Cys, to yield two different
single cysteine-containing mutant proteins, Cys25 and
Cys62, respectively. The ribbon diagram was generated
from PDB file 1btb using Rasmol.80
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understanding of the nature and relevance of
polypeptide chain collapse during protein folding,
remains an important challenge.

A fundamental question concerning the initial
polypeptide collapse reaction is whether it is a
cooperative two-state transition,19,24–25 or whether
it is a continuous barrier-less transition occurring
through progressively more compact forms as
envisaged for homopolymers.26–27 The develop-
ment of new very fast methods for initiating the
folding reaction,28–30 based on laser-induced tem-
perature-jumps or on microsecond mixing, have
indicated that in the case of cytochrome c, the initial
sub-millisecond collapse of the polypeptide chain
from the extended state is a two-state process
defined by a free energy barrier.31 These results
suggested that specific intra-chain interactions
develop during initial polypeptide chain collapse
and, consequently, that the product of the collapse
reaction is a specific intermediate. The observation
that the initial collapse reaction during the refolding
of apomyoglobin is accompanied by the formation
of specific structure supports such a viewpoint,32–33

even though for cytochrome c itself, very little
secondary structure is seen to form during the
initial collapse reaction.5 On the other hand, other
studies indicate that the collapse merely represents
a non-specific solvent-dependent transformation,
experienced by the unfolded state ensemble upon
transfer from a high concentration of denaturant
where it is unfolded, to a low concentration of
denaturant in which folding is initiated.3,34–37

For several proteins that have not been studied by
sub-millisecond kinetic methods, the product of the
sub-millisecond collapse reaction manifests itself as
a kinetic intermediate at a few milliseconds of
folding, where it is relatively amenable to study by
many methods, including fluorescence, circular
dichroism and amide hydrogen exchange.38 These
studies have suggested that these initial inter-
mediates possess some of the specific structure
present in the folded protein, at least under strongly
stabilizing conditions,39 but have not been able to
determine unequivocally whether these inter-
mediates are productive on-pathway intermediates,
whether they represent a unique state or an
ensemble of forms, and to what extent they possess
non-native structure, if any. Moreover, some recent
studies have suggested that specific structure might
not be present in the initial intermediates of several
of the proteins commonly used in folding studies,40

and what appear to be intermediates might merely
represent the unfolded protein in refolding con-
ditions.36–37 Regardless of whether this conclusion
is valid, it is clear that a quantitative study of the
product(s) of the sub-millisecond polypeptide chain
collapse reaction can offer considerable insight
into the nature of the collapse reaction itself. Most
importantly, characterization of the size of the sub-
millisecond folding product(s), and of how the size
depends on the concentration of the denaturant in
which refolding takes place, will permit the
determination of whether the collapse reaction
initiated upon dilution of the denaturant has a
cooperative (all-or-none) or continuous dependence
on the concentration of urea. Surprisingly, such a
study has not been carried out so far for any protein.
The 89 amino acid residue protein barstar,

which functions as the intracellular inhibitor
of extracellular protease barnase in Bacillus
amyloliquefaciens, has had its folding pathway
studied extensively.41–46 The product(s) of the initial
(sub-millisecond) refolding reactions manifest
themselves as the early intermediate IE, at a few
milliseconds of refolding, which has been shown to
be an ensemble of different structural forms.43,45

These forms are populated differentially in different
environmental conditions,39,45 so that the structure
of IE appears different in different conditions of
folding. In marginally stable conditions of folding,
very little structure is apparent in the product of
the initial (sub-millisecond) folding events, when
studied at a few milliseconds of refolding, although
the product, UC, is known to be collapsed.1 It was
therefore proposed that the initial product of
polypeptide chain collapse is a structure-less
globule, UC, which could represent the unfolded
form in refolding conditions. UC transforms into the
structured IE within a few milliseconds or less, and
the extent to which this happens depends on the
stability conferred to IE by the conditions of
refolding.39 Moreover, examination of the optical
properties of the products of the sub-millisecond
collapse reaction by multiple probes, indicated that
the UC/IE reaction occurs in at least two steps,
either consecutive or in parallel.39 Thus, it appears
that the products of the initial (sub-millisecond)



706 Size of the Initially Collapsed Form of Barstar
collapse reaction of folding manifest themselves as
structure-less UC and structured IE, with the relative
population of each, as well as the composition of IE,
depending on the stability conferred by the
conditions of refolding.

In this study, fluorescence resonance energy
transfer (FRET) measurements have been used to
determine how two intramolecular distances within
the products of the initial (sub-millisecond) collapse
reaction of barstar vary as a function of the
concentration of urea in which refolding occurs.
Two different FRET pairs were studied in two
different single-Trp-containing, single-Cys-contain-
ing, mutant proteins, both of which contain Trp53 in
the core as the FRET donor. One mutant protein
(Cys25) has the Cys at position 25, while the other
(Cys62) has the Cys at position 62. These residue
positions were chosen because both are completely
solvent-exposed in the fully folded protein
(Figure 1). Thionitrobenzoate (TNB) was attached
to either Cys25 or Cys62, to obtain the labeled
proteins Cys25-TNB and Cys62-TNB, and it has
been shown that the TNB group at either position
quenches the fluorescence of Trp53 by acting as a
FRET acceptor.47–48 The Trp53 to C25-TNB and
Trp53 to C62-TNB distances in the products of the
initial (sub-millisecond) collapse reaction of barstar
were determined at a few milliseconds of refolding,
as a function of the concentration of urea in which
refolding took place. It is shown that both distances
contract monotonically with a decrease in the
concentration of urea, and that this decrease is
continuous with the contraction seen with com-
pletely unfolded protein upon a decrease in the
concentration of urea. The two distances vary
differently over a wide range of concentrations of
Figure 2. Refolding kinetics of
unlabeled and TNB-labeled pro-
teins. The folding reactions of (a)
unlabeled Cys25 and (b) unlabeled
Cys62, in 0.6 M urea, were moni-
tored by measurement of the
increase in Trp53 fluorescence at
320 nm. The folding of (c) Cys25-
TNB and (d) Cys62-TNB in 0.6 M
urea were monitored by the
decrease in fluorescence at
380 nm. Only the first 0.5 s of data
are shown. In (a) and (b) the
data were normalized to a value
of 1 assigned to the value of the
fluorescence of the fully folded
protein at the end of the folding
reactions, and the broken lines
denote the relative fluorescence of
the unfolded proteins. In (c) and
(d), the data were normalized to a
value of 1 for protein unfolded in
8 M urea (from which folding was
commenced). The continuous lines
through the data represent three-
exponential fits. The observed fast
rate constants of folding of Cys25
and Cys25-TNB are compared in
(e), and of Cys62 and Cys62-TNB
compared in (f). In (e) and (f), the
open triangles represent unlabeled
protein whose refolding kinetics
were monitored at 320 nm, the
filled triangles represent labeled
protein whose refolding kinetics
were monitored at 380 nm, and the
filled circles represent labeled pro-
tein whose refolding kinetics were
monitored at 320 nm. The error
bars represent the standard devia-
tions obtained from three
independent repetitions of the
experiments.
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urea. These results suggest that the sub-millisecond
contraction of the polypeptide upon denaturant
dilution is not an all-or-none (two-state) process,
but is, instead, a gradual process.
Results

Refolding kinetics of unlabeled and TNB-labeled
proteins

Figure 2(a) and (b) show representative kinetic
traces of the first 0.5 s of refolding in 0.6 M Cys25
obtained from three independent repetitions of the experim
each protein, which are populated before commencement of
function of the concentration of urea for Cys25-TNB and Cys6
FRET efficiencies in the completely unfolded forms of each
define the unfolded protein baseline of the equilibrium unfold
form (product of the initial refolding phase) populated be
concentration of urea was determined using equation (1). The
was taken as FD. The value of the fluorescence at 380 nm for th
either from extrapolation of the observed fast kinetic phase to t
of folding could be observed), or directly from the equili
corresponding to the unfolded protein baseline of the transit
and Cys62, respectively. No burst phase increase in
Trp53 fluorescence is observed for either protein:
the kinetic traces extrapolate to the values of
fluorescence corresponding to those of fully
unfolded protein in 8 M urea from which the
folding reactions were commenced.
Figure 2(c) and (d) illustrate representative

kinetic traces of the first 0.5 s of folding in 0.6 M
urea of Cys25-TNB and Cys62-TNB, respectively.
Folding was monitored by measurement of
fluorescence at 380 nm.48 For Cys25-TNB, w55%
of the decrease in fluorescence at 380 nm, which
accompanies refolding initiated by a jump in
Figure 3. Urea-dependences of
the initial phase in folding moni-
tored at 380 nm. Kinetic ampli-
tudes are plotted versus
equilibrium amplitudes of refold-
ing monitored at 380 nm for (a)
Cys25 and Cys25-TNB, and (b)
Cys62 and Cys62-TNB. In (a) and
(b), open circles represent the
equilibrium unfolding transitions
of the unlabeled proteins, and
inverted triangles represent the
signals obtained by extrapolation
of the observed kinetic curves of
unlabeled protein to tZ0, and the
broken lines represent a fit of the
urea-dependence of the fluor-
escence signal of unlabeled protein
to a second-order polynomial.
Filled circles represent equilibrium
unfolding transitions of the labeled
proteins, squares represent the
signals corresponding to tZN
points of kinetic refolding traces
of labeled protein, triangles rep-
resent the signals obtained by
extrapolation of the observed
kinetic curves of labeled protein
to tZ0, continuous lines represent
fits of the equilibrium unfolding
data of labeled protein to a two-
state N4U model for unfolding,
and dotted lines are linear extra-
polations of the unfolded protein
baselines of the labeled protein.
In (a) and (b), all data for labeled
and unlabeled protein were
normalized to a value of 1 for the
signal of the labeled protein in
8.3 M urea. The error bars
represent standard deviations

ents. In (c) and (d) the FRET efficiencies in the forms of
the fast folding phase, are plotted (as open squares) as a
2-TNB, respectively. Also shown (as filled squares) are the
protein, which are populated in urea concentrations that
ing transition. For each protein, the FRETefficiency for the
fore commencement of the fast folding phase at each
value of the fluorescence at 380 nm for unlabeled protein,
e corresponding TNB-labeled protein, which was obtained
Z0 (for low concentrations of urea in which the fast phase
brium unfolding transition (for concentrations of urea
ion), was taken as FDA.
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concentration of denaturant from 8 M urea to 0.6 M
urea, occurs in the sub-millisecond time domain,
too fast to be measured. For Cys62-TNB, w45% of
the increase in FRET efficiency occurs in the
unobservable sub-millisecond time domain.

Figure 2(e) and (f) show that the observed fast
rates of folding, at any concentration of urea, are the
same for Cys25 and Cys25-TNB, as well as for
Cys62 and Cys62-TNB. All four unlabeled and
labeled proteins fold at essentially the same rate at
any concentration of urea. This result was expected
(c) and (d) the FRET efficiencies in the forms of each protein
folding phase, are plotted (as open squares) as a function of
filled squares) are the FRET efficiencies in the completely unf
concentrations that define the unfolded protein baseline of th
FRET efficiency for the form (product of the initial refolding p
phase at each concentration of urea was determined using e
unlabeled protein, was taken as FD. The value of the fluoresce
which was obtained either from extrapolation of the observed
which the fast phase of folding could be observed), or d
concentrations of urea corresponding to the unfolded protein
from previous results,48 which had shown that all
four proteins had identical stabilities, and also
unfolded at identical rates.

Initial changes upon denaturant dilution in the
fluorescence values at 380 nm of unfolded
labeled proteins have linear dependences on the
concentration of denaturant

Figure 3(a) compares the kinetic and equilibrium
amplitudes of refolding, measured as the changes in
Figure 4. Urea-dependences of
the initial phase in folding moni-
tored at 320 nm. Kinetic ampli-
tudes are plotted versus
equilibrium amplitudes of refold-
ing monitored at 320 nm for (a)
Cys25 and Cys25-TNB, and (b)
Cys62 and Cys62-TNB. In (a) and
(b), open circles represent the
equilibrium unfolding transitions
of unlabeled protein, diamonds
represent the signals correspond-
ing to tZN points of kinetic
refolding traces of unlabeled pro-
tein, and inverted triangles repre-
sent the signals obtained by
extrapolation of the observed kin-
etic curves of unlabeled protein to
tZ0. Filled circles represent the
equilibrium unfolding transition of
labeled protein, squares represent
the signals corresponding to tZN
points of kinetic refolding traces
of labeled protein, and triangles
represent the signals obtained by
extrapolation of the observed kin-
etic curves of labeled protein to tZ
0. Continuous lines represent fits of
the equilibrium unfolding data
of unlabeled protein as well as of
labeled protein to a two-state
N4U model for unfolding, and
broken lines are linear extrapol-
ations of the unfolded protein
baselines of the unlabeled protein.
In (a) and (b), all data were
normalized to a value of 1 for the
signal of the labeled protein in
8.3 M urea. The error bars rep-
resent standard deviations
obtained from three independent
repetitions of the experiments. In

, which are populated before commencement of the fast
the concentration of urea for Cys25-TNB. Also shown (as
olded forms of each protein, which are populated in urea
e equilibrium unfolding transition. For each protein, the
hase) populated before commencement of the fast folding
quation (1). The value of the fluorescence at 320 nm for
nce at 320 nm for the corresponding TNB-labeled protein,
fast kinetic phase to tZ0 (for low concentrations of urea in
irectly from the equilibrium unfolding transition (for
baseline of the transition), was taken as FDA.
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fluorescence at 380 nm, for Cys25 as well as for
Cys25-TNB. Figure 3(b) does likewise for Cys62 and
Cys62-TNB. For either unlabeled protein, the
equilibrium values of fluorescence at 380 nm do
not show a co-operative or sigmoidal dependence
on the concentration of urea; instead, a smoothly
increasing dependence on the concentration of urea
is seen, which is similar for both proteins. For either
protein, the fluorescence at 380 nm increases by
about 30% over the entire range of urea concen-
tration. For Cys25, the tZ0 points of kinetic
refolding curves fall essentially on the equilibrium
points, while for Cys62, the tZ0 points of the kinetic
refolding curves show a small deviation at a low
concentration of urea.

For either labeled protein, a significant fraction of
the initial decrease in fluorescence, which accom-
panies refolding from 8 M urea, occurs in an
unobservable phase, in the sub-millisecond time
domain. This fraction is seen to increase linearly
with a decrease in the concentration of urea. This
linear dependence of the initial sub-millisecond
change in fluorescence on the concentration of urea
is seen to be exactly the same as that of the linear
dependence of the fluorescence of completely
unfolded protein on the concentration of urea, and
the two linear dependences are seen to be linear
extrapolations of each other. It should be noted that
the linear dependence of fluorescence on the
concentration of urea observed for Cys25-TNB
(Figure 3(a)) is different from what is observed for
Cys62-TNB (Figure 3(b)).
Dependence of the FRET efficiency on the
concentration of urea

The data in Figure 3(a) and (b) were used to
calculate the FRETefficiencies of the products of the
initial sub-millisecond phase of refolding, as well as
of completely unfolded protein, at each concen-
tration of urea. Calculations of the FRET efficiencies
by use of equation (2) is straightforward: at each
concentration of urea, the fluorescence at tZ0 of
folding of the unlabeled protein was taken as FD,
and the corresponding fluorescence at tZ0 of
folding of the labeled protein was taken as FDA.
Figure 3(c) shows how the FRET efficiency of the
product of the initial sub-millisecond phase of
folding as well as of completely unfolded protein,
decreases with an increase in the concentration of
urea in the case of Cys25-TNB. Figure 3(d) does
likewise for Cys62-TNB. For either protein, it is seen
that the FRET efficiencies of the products of the
initial sub-millisecond phase of folding, and of
completely unfolded protein decrease in a continu-
ous monotonic manner over a wide range of
concentrations of urea.

Dependence on the concentration of denaturant
of the initial changes in the fluorescence values
at 320 nm of unfolded labeled proteins upon
denaturant dilution

Figure 4(a) compares the kinetic and equilibrium
amplitudes of refolding, measured as the changes in
Figure 5. Spectral properties of
the product(s) of the initial phase of
refolding. The fluorescence spectra
of the N state (continuous line) and
of the U form in 8 M urea (broken
line) are shown together with the
values of the fluorescence intensi-
ties of the product(s) of the initial
phase of refolding at 320 nm,
350 nm and 380 nm (filled tri-
angles), measured at 2 ms of
refolding in 0.6 M urea, for (a)
Cys25 and (b) Cys62. All fluor-
escence values were normalized to
a value of 1 for the fluorescence
intensity of the native protein at
320 nm. The absorbance spectra of
the N state (continuous line) and of
the U form in 8.3 M urea (broken
line) are shown together with the
values of the absorption of the
product(s) of the initial phase of
refolding at 380 nm (filled squares),
measured at 10 ms of refolding in
0.6 M urea, for (c) Cys25-TNB and
(d) Cys62-TNB.
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fluorescence at 320 nm, for Cys25 as well as for
Cys25-TNB. Figure 4(b) does likewise for Cys62. For
either unlabeled protein, it is observed that the
kinetic amplitudes of the refolding experiments
account for essentially the complete equilibrium
amplitudes: there is no sub-millisecond burst phase
change in fluorescence.

When the folding of Cys25-TNB is monitored at
320 nm (Figure 4(a)), again the kinetic amplitudes
account for essentially the entire equilibrium
amplitude of refolding. The rates of refolding are
also identical with the rates measured for Cys25 at
320 nm or for Cys25-TNB at 380 nm (Figure 2(e)).
The refolding of Cys62-TNB could not be deter-
mined reliably by measurement of fluorescence
change at 320 nm, because the total equilibrium
change during refolding is itself very small, about
5% of the total equilibrium change observed in the
case of Cys62.

The data in Figure 4(a) were used to determine
the efficiency of energy transfer in the products of
the initial sub-millisecond phase of refolding of
Cys25-TNB, as well as of completely unfolded
protein, by the use of equation (2). It is observed
in the case of Cys25-TNB, that the efficiency
decreases continuously with an increase in the
concentration of urea, over a wide range of
concentrations. It is observed also that the value of
efficiency of energy transfer at each concentration
of urea, when determined from fluorescence
measurements at 320 nm (Figure 4(c)) is similar to
the value determined from fluorescence values at
380 nm (Figure 3(c)). In the case of Cys62-TNB,
fluorescence measurements at 320 nm allowed
efficiencies of energy transfer to be determined
only for unfolded protein at high concentrations of
urea (Figure 4(d)). These values determined for
unfolded Cys62-TNB are in good agreement with
values of efficiency determined from fluorescence
measurements at 380 nm.

Figures 3(a) and (b), and 4(a) and (b) also bring
out the important point, as reported earlier,48 that
the stabilities of the proteins, labeled as well as
unlabeled, are identical. The midpoints of the
equilibrium unfolding transitions, the Cm values,
are 3.2(G0.1) M for Cys25, 3.19(G0.1) M for Cys62,
3.2(G0.1) for Cys25-TNB and 3.29(G0.1) M for
Cys62-TNB.

Spectral characterization of the products of the
initial phase of refolding

In Figure 5(a) and (b), it is shown that for both
Cys25 and Cys62, the fluorescence emission spec-
trum of the product of the initial sub-millisecond
phase of folding must overlap substantially with
that of completely unfolded protein. This obser-
vation is in agreement with a previous report,
which had shown that the fluorescence emission
spectrum of the product of the initial phase product
of refolding of wt barstar was essentially U-like.45

The data in Figure 5(a) and (b) therefore indicate,
for Cys25 as well as for Cys62, that (1) the quantum
yield, QD, of the donor fluorophore (Trp53), which
is proportional to the area under the fluorescence
emission spectrum, does not change during the
initial (sub-millisecond) phase of refolding, and (2)
the emission spectrum of the donor fluorophore
does not shift. The observation that the fluorescence
emission spectrum of the Trp53 is essentially the
same in the initial refolding product and in the U
form indicates that Trp53 is as solvated in the
product of the initial (sub-millisecond) phase of
refolding as it is in the U form. It suggests also that
the local motion of the Trp53 side-chain is as
unrestricted in the product of the initial refolding
phase as it is in the U form.

In Figure 5(c) and (d), it is shown that for both
Cys25-TNB and Cys62-TNB, the absorption spectra
of the TNB group in folded and unfolded protein
overlap to a very large extent. This observation was
expected, given that both Cys25 and Cys62 are
expected to be as solvent-accessible as are the
residues they replace in wt barstar. Thus, it is not
surprising for either protein, that the wavelengths
of maximum absorption of the N and U forms are
very similar, indicating that the TNB group is nearly
as fully solvated in the N state as it is in the U form.
The value of the absorption at 380 nm of the product
of the initial sub-millisecond phase of folding is
identical with that seen for completely unfolded
protein. Hence, the data in Figure 5(c) and (d)
indicate the absorption spectrum of the acceptor
group (TNB) does not change significantly during
the initial sub-millisecond phase of refolding, and
indeed, during the entire refolding reaction.

Taken together the data in Figure 5 indicate that,
for Cys25-TNB as well as for Cys62-TNB, (1) the
overlap integral J (see equation (5)), which is
determined as the area that overlaps the emission
spectrum of the donor, Trp53, in unlabeled protein,
and the absorption spectrum of the acceptor, TNB,
in the labeled protein, does not change to any
insignificant extent during the initial sub-milli-
second phase of refolding, (2) the value of J for the
product(s) of the initial sub-millisecond phase of
refolding is the same as that for completely
unfolded protein, (3) both donor (Trp53) and
acceptor (TNB) are as fully solvated in the product
of the initial phase of refolding, as they are in the U
form, making it likely that both donor and acceptor
have unrestricted motional freedom in both forms.

Contraction of donor–acceptor distances in
Cys25-TNB and Cys62-TNB during the initial
phase of refolding has a continuous depen-
dence on the concentration of urea

To determine the distance separating a donor and
an acceptor, using FRET, it is necessary to first
determine the value of the Förster distance, R0, for
each donor–acceptor pair. The value of R0 can be
determined using equation (4), provided the values
of the donor quantum yield, QD, the spectral
overlap integral J, the refractive index, and the
orientation factor, k2, are first determined.



Table 1. Parameters used to calculate values of R0 for the two FRET pairs pairs

N U Burst phase product

Protein J!1013 QD
a R0 (Å) J!10K13 QD

a R0 (Å) J!10K13 QD
a R0 (Å)b

Cys25 5.0 0.27 25.1 5.6 0.11 21.4b 5.6 0.11 21.4b

Cys62 5.7 0.27 25.6 6.5 0.11 21.9 6.5 0.11 21.9

a Determined from unlabeled protein.47–48
b Assumed to be same as R0 of U, because the burst phase product has a U-like fluorescence emission spectrum, and the absorption

spectrum of the acceptor TNB group is not significantly different for N and U.
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For both the N state and the U form of Cys25-TNB
as well as of Cys62-TNB, the values of QD had been
determined previously,48 and are listed in Table 1.
The values of J for both the N and U forms of Cys25-
TNB as well as of Cys62-TNB, were determined by
using equation (5) to determine the spectral overlap
between the fluorescence emission spectrum of
Trp53 in an unlabeled protein and the absorption
spectrum of TNB in the corresponding labeled
protein. The use of a value of 2/3 for k2 in the case of
both the N and U forms, was justified earlier;47–48

both donor and acceptor appear to have unrest-
ricted motional freedom, as described above. The
values obtained for QD and J for the N and U forms
of both Cys25-TNB and Cys62-TNB, as well as the
values calculated for R0, are shown in Table 1.

For the product of the initial sub-millisecond
phase of refolding, of Cys25-TNB as well as of
Cys62-TNB, the value of R0 for the U form was
used. This use was valid, because (1) the value of
QD for the product of the initial phase, has been
shown to be the same as that for U (see above), (2)
the values of J are similar for the product of the
initial (sub-millisecond) refolding phase, and the U
form: the emission spectra of Trp53 in both are the
same (Figure 4(a) and (b)), and the absorption
spectra of TNB in both must be the same, as they are
for the N and U forms (Figure 4(c) and (d)), and (3)
the values of k2 for the burst phase product and the
U form must both be equal to 2/3 because both the
donor Trp53, as well as the acceptor, TNB, are as
fully solvated in the collapsed product of the initial
phase of refolding, as they are in the U form
(Figure 5, see above). It should be noted also that R0

has a sixth-root dependence49–50on J and QD as well
as on k2 (equation (4)).
Using the values for R0 given in Table 1, for the

products of the initial phase of refolding of
Cys25-TNB and Cys62-TNB, the dependence of
FRET efficiency on distance separating donor and
acceptor is first determined (Figure 6(a) and (c))
by use of equation (2). Then, using the FRET
Figure 6. Sub-millisecond col-
lapse of the polypeptide chain
upon denaturant dilution. The
dependence of FRET efficiency (E)
on donor–acceptor separation (R),
using a value for R0 of 21.4 Å in the
case of the product of initial
refolding of (a) Cys25-TNB, and a
value for R0 of 21.9 Å in the case of
product of initial refolding of (c)
Cys62-TNB, is plotted according to
equation (3) (continuous lines).
The FRET efficiencies from
Figure 3(c) and (d) are shown as
open squares, and the distances
separating donor and acceptor can
be read off the continuous lines.
For each protein, it can be seen that
the efficiencies determined from
Figure 3(c) or (d) fall on that part of
the E versus R curve where E is
most sensitive to R (the values
determined for R fall in the range
0.5 R0!R!1.5 R0). In (b) and (d)
the distance separating donor and
acceptor in the product(s) of burst
phase refolding (open squares), as
well as in completely unfolded
protein (filled squares), is plotted
against concentration of urea.
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efficiencies determined in Figure 3(c), (d) and 4(c),
the distance of separation corresponding to each
value of FRET efficiency, was determined.
Figure 6(b) and (d) show how the donor–acceptor
separation in the product of the initial phase of
refolding varies with the concentration of urea in
which refolding is carried out, for Cys25-TNB and
Cys62-TNB, respectively. It is seen that for both
proteins, the intramolecular distance decreases
continuously with a decrease in the concentration
of urea, over a broad range of concentrations, and
that the fractional change in distance is different for
the two intra-molecular distances.
Discussion

Unfolded protein chain dimensions contract
continuously with decreasing concentration of
denaturant

Very little quantitative information is available
about how any unfolded protein chain contracts in
volume when the concentration of denaturant used
to unfold it is decreased. In this study, FRET
measurements have allowed precise measurement
of two intramolecular distances within unfolded
barstar, which separate the core residue Trp53 from
the surface residues C25TNB and C62TNB, and
have allowed determination of how these distances
within the unfolded protein contract when the
concentration of urea is reduced from 8.5 M to
4.5 M. For each distance, the contraction is seen to
occur continuously with the decrease in the
concentration of urea, indicating that unfolded
protein contracts gradually with a decrease in the
concentration of urea. Such contraction occurs
probably because the polypeptide chain becomes
less flexible as intramolecular interactions within
the polypeptide chain compete out protein–solvent
interactions at lower concentrations of denatur-
ant.51 Such a contraction in intramolecular distance
of the unfolded chain had been apparent as a
decrease in the fluorescence lifetime of Trp53 in
earlier TR-FRET measurements47 of Cys82-TNB
distance at high concentrations of denaturant, but
the precise extent of contraction was not deter-
mined in that study. The increase in density or
compaction of unfolded protein with a decrease in
the concentration of urea, is likely to be non-specific
in the absence of any native-like structure in the
unfolded protein.52

It is seen in Figure 6(b) and (d), that the Trp53-
Cys25TNB distance appears to saturate at a value of
about 30 Å at the highest concentration of urea, and
the Trp53-Cys62TNB distance at a value of about
21 Å at the highest concentration of urea. The root-
mean-square distance separating two residues in a
random coil polypeptide chain separated by n
residues has been shown to be equal to 5.8!n0.49

in the absence of an excluded volume effect and
5.7!n0.58 in the presence of an excluded volume
effect.53 There is good agreement of the measured
Trp53-Cys62TNB distance with the distance
expected (21 Å) when the excluded volume effect
is taken into account. On the other hand, the
measured Trp53-Cys25TNB distance agrees well
with the distance expected (30.5 Å) when the
excluded volume effect is not taken into account,
and is significantly less than the distance expected
(39 Å) when the excluded volume effect is taken
into account. It is possible that some local structure
in the unfolded protein shortens the Trp53-
Cys25TNB distance to below its random coil
value, although computer simulations suggest that
the presence of such a structure may not affect
random coil distances.54

Initial sub-millisecond refolding phase of barstar

It is seen in this study aswell as in earlier studies1,43

that no initial change in intrinsic tryptophan
fluorescence is observed at a few milliseconds of
refolding of barstar. Nevertheless, it is well known
that structural refolding events have occured at a
few milliseconds after transfer from a high concen-
tration to a low concentration of denaturant. The
product of the initial submillisecond refolding
phase, unlike unfolded protein, is able to bind the
hydrophobic dye 8-anilino-1-naphthalene sulfonic
acid (ANS).43 It shows the presence of a-helical
secondary structure under strongly stabilizing
conditions,39 although not under marginally stabil-
izing conditions.1,39 The product of the initial sub-
millisecond refolding phase has a higher intrinsic
tryptophan fluorescence than that of unfolded
protein, under conditions where it is strongly
stabilized.39,45 Lastly, sub-millisecond events
during the refolding of barstar have been measured
directly,44 and shown to lead to the formation of a
loosely compact form. Clearly, the difference in
fluorescence intensity between the initially
unfolded form and the product of the initial sub-
millisecond refolding phase has its origin in the
structural changes that occur during the initial
refolding phase, which give rise to significant
energy transfer between Trp53 and the TNB
acceptor. In this study, the dimensions of the
product of the initial sub-millisecond refolding
phase have been determined over a wide range of
concentrations of denaturant.

Contraction of the dimensions of the products of
the initial collapse with decreasing concen-
tration of denaturant

The dimensions of the products of the initial sub-
millisecond phase of folding are seen to contract in a
gradual manner with a decrease in the concen-
tration of urea. For each distance, the contraction
observed at a low concentration of urea is
continuous with the contraction of unfolded pro-
tein, which is observed at a high concentration of
urea. This suggests that the collapsed products of
the initial phase of refolding, and the unfolded
protein respond in an identical manner to a
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decrease in the concentration of urea. This is not
surprising, because the products of initial refolding,
which include UC and IE, are known to have their
normally buried hydrophobic residues as solvated
as they are in the U form, as exemplified by the
observation that the fluorescence properties of
Trp53 in the products of the initial refolding phase
and in the U form are identical (Figure 5).45

Since the Trp53-Cys25TNB and Trp53-Cys62TNB
distances represent distances of two surface,
modified cysteine residues (Cys25-TNB and
Cys62-TNB) from a core residue (Trp53), they can
be used to estimate fractional change in size with
concentration of denaturant. In the case of Cys25-
TNB and Cys62-TNB, the distances contract by 17%
and 7%, respectively, upon a decrease in concen-
tration of urea from 3 M to 0.6 M. It is not surprising
that the distance to Cys62-TNB contracts relatively
less than that to Cys25-TNB, given that fewer
residues separate Trp53 and C62, than separate
Trp53 and C25. It therefore appears that the volume
occupied by the polypeptide chain decreases two-
to threefold, upon a dilution in urea from 3 M to
0.6 M. Similar relative decreases in volume upon
initial collapse have been observed previously for
CspTm in single-molecule experiments,55 for cyto-
chrome c in microsecond small-angle X-ray scatter-
ing measurements,56 and for barstar in dynamic
light-scattering measurements as well as time-
resolved measurements of salt-induced non-
specific collapse.57
Cooperativity of the sub-millisecond folding
reactions

The nature of sub-millisecond folding reactions,
which appear as burst phase reactions in milli-
second measurements, is examined typically by
determining how the fluorescence and CD proper-
ties of the product of these reactions, when
examined at a few milliseconds of refolding, vary
upon changing the concentration of denaturant
present during refolding. For many proteins, the
urea-induced structural transitions of the burst
phase product appeared sigmoidal or near-sigmoi-
dal in shape; consequently, the formation of the
burst phase products from the U form has been
assumed to be a two-state transition. But the
evidence that the formation of the burst phase
product of a folding reaction may be not two-state,
even for an apparently sigmoidal transition, has
been mounting. For example, both in the case of
thioredoxin58 and barstar,39 the dependences of
fluorescence and CD properties on the concen-
tration of denaturant in strongly stabilizing con-
ditions, appear to be near-sigmoidal; but they are
non-coincident, indicating that formation of the
products of sub-millisecond folding reactions is not
cooperative. In this context, it should be noted that
even the observation of a sigmoidal dependence on
the concentration of urea need not necessarily
denote an all-or-none transition, but may instead
arise from a gradual transition occurring through a
continuum of states.59

It is seen in Figures 3(c), (d) and 4(c), that the
efficiency in energy transfer varies in a gradual
monotonic manner over a wide range of concen-
trations of urea, and that the dependence of energy-
transfer efficiency on the concentration of urea is
different for the two distances being monitored. The
observed dependences make it very unlikely that
the transition between the initially unfolded protein
and the product of the initial sub-millisecond
refolding phase is a cooperative transition in the
case of barstar. In this context, it should be noted
that when in previous measurements it was
assumed that the initial refolding transition is
two-state, then the product of the sub-millisecond
refolding phase was found to be only about
0.5 kcal molK1 more stable than the initially
unfolded form.39,45 This stabilization is less than
the value of kBT, and it would not be unreasonable
for the transition between two forms separated by
less than kBT in energy to be a diffusive thermally
driven transition. Clearly, a two-state analysis of the
initial sub-millisecond transitions is not appropri-
ate. In this study, it has been shown, by measure-
ment of two intramolecular distances, that the
dependence of the dimensions of the product of
the initial (sub-millisecond) refolding phase on the
concentration of urea, is not sigmoidal but is
instead, continuous. Clearly, the formation of the
product of the initial phase of folding of barstar is
very non-cooperative, and appears to be a gradual,
continuous transition occurring through near-
degenerate states of intermediate densities.60–61

It is not known how generally applicable this
result is to other proteins. Indirect experimental
evidence supporting the notion that the transition
between the unfolded form and the sub-millisecond
folding products is highly non-cooperative comes
from studies of the unfolding of equilibriummodels
of such burst phase products, in the case of
a-lactalbumin62–63 as well as barstar.57,64 Gradual
unfolding has been observed also for the collapsed
form of a destabilized mutant variant of the
Engrailed homeodomain,65 and the transition
from the expanded to the initially collapsed form
of CspTm does not appear to occur in a two-state
manner.12

The recent use of sub-millisecond kinetic
methods in conjunction with small-angle X-ray
scattering or FRET methods, has made it possible
to measure directly, the kinetics of chain collapse.
The collapse reaction appears to follow exponential
kinetics,31 and is usually interpreted to represent a
two-state transition from the unfolded to collapsed
form. A two-state or all-or-none collapse reaction is
expected when a free energy barrier separates the
unfolded and collapsed forms. But exponential or
near-exponential kinetics (with a short lag phase)
are also expected in the absence of a free energy
barrier when collapse occurs as a diffusive process
through a continuum of structural forms, with the
time constant of collapse being determined by the
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friction experienced by the diffusing polypeptide
chain.59,66–67 Unfortunately, current theoretical
models are not capable of predicting the kinetics
of polymer collapse accurately.30 It is therefore not
known why such a large range (100 ns to 100 ms) of
time constants for polypeptide chain collapse has
been observed by sub-millisecond kinetic measure-
ments of the folding of different proteins.3,14,31,33,54,66

The reason could be that collapse is two-state, and is
slowed by free energy barriers of different magni-
tudes; or that collapse is continuous, and is slowed
by different magnitudes of hydrodynamic coupling
of the polypeptide chain with the solvent. The
entropic cost of chain collapse is presumably
compensated for by the gain in entropy of water
molecules that are released as at least some
hydrophobic residues become partially desolvated.
The observation that most proteins fold via an initial
collapse suggests that, with a few exceptions,21,23

the hydrophobicity of a protein chain is sufficient
that intra-chain interactions dominate over chain–
solvent interactions in refolding conditions, to make
the overall process of chain collapse energetically
favorable.

Thus, even direct measurement of sub-milli-
second kinetics cannot easily establish whether
they arise from a two-state or a continuous
structural transition. In this study, the choice of
two intramolecular distances from the core to two
different surface positions, as probes for coopera-
tivity of collapse, has made it possible to demon-
strate that the density of the burst phase product
decreases in a monotonic, apparently continuous,
manner, with a decrease in the concentration of
urea, in a gradual structural transition (Figure 7).

Similarity between the homopolymer collapse
and polypeptide chain collapse

Several theoretical and computational studies
have examined the kinetics of chain collapse of
homopolymers, to obtain a better understanding of
polypeptide collapse. These studies suggest that
homopolymers could be expected to collapse in a
continuous stage manner,19,26,68 or they suggest
multiphase kinetics.69–72 The collapse of structure-
forming heteropolymers (proteins) is obviously
more complicated because of the multitude of
specific interactions possible,19,73 and it is possible
that a free energy barrier separates the extended
Figure 7. Continuous compaction of the unfolded polypept
represent the C25-TNB to W53 and C62-TNB to W53 distan
20.6 Å, respectively, in the unfolded form in 8 M urea, and are
phase of refolding in 0.6 M urea. The transition between the e
continuous, and results in approximately a halving of the pr
and compact conformations.74 The work reported
here shows that a polypeptide chain can behave like
a homopolymer during its earliest response to a
change in solvent conditions, and it is likely that
this happens because very few specific interactions
develop during the initial chain collapse reaction.

Chain collapse, secondary structure formation
and core formation

Chain collapse can facilitate formation of second-
ary structure in several ways. When the chain
dimensions have become sufficiently compact as a
result of chain collapse, steric constraints will favor
configurations that are themselves compact, inclu-
ding the elements of secondary structure.58,75–76

Also, when the chain dimensions have become
sufficiently compact because of collapse, water will
be extruded from the core of the collapsed globule;
hence, hydrogen bonds between the main chain and
water will need to be replaced by those between
segments of the main chain leading to formation of
secondary structure. Consolidation (rigidification)
of the protein core is expected to form only after
collapse occurs to a sufficient extent, so that water is
extruded form the vicinity of core residues, and is
therefore expected to happen only when at least
some secondary structure is formed.

Previously, equilibrium studies of the folding of
barstar had shown that chain collapse precedes
formation of secondary structure, that secondary
structure forms along with the extrusion of water
from the core, and that the core consolidates only
when some secondary structure has formed.8,57

Previous kinetic studies of the folding of barstar had
shown that essentially no secondary structure is
present in the products of the sub-millisecond
refolding reaction for folding at concentrations of
denaturant that define the start of the equilibrium
unfolding transition (1 M GdnHCl, 2.4 M urea),1,39

and that the secondary structure content increases
only at lower concentrations of urea.39 This study
suggests that the secondary structure is probably
induced by sufficient compaction of the poly-
peptide chain at the low concentrations of urea.
Other kinetic studies had also shown that core
consolidation occurs only when some (although
not much) secondary structure has formed.77 It is
likely that after extrusion of water following
collapse,78 structural rearrangements leading to
ide chain occurs upon dilution of urea. Distances r1 and r2
ces, respectively. The values of R1 and R2 are 29.5 Å and
22.2 Å and 18.9 Å, respectively, in the product of the burst
xpanded and compact forms is shown to be gradual and
otein volume.
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core consolidation occur in a more cooperative
manner because of the necessity that many residue
side-chains have to pack tightly. If packing of core
residues does indeed occur in an all-or-none
manner, while overall collapse occurs gradually, it
would explain why probes that report on the core or
on changes associated with core formation (such as
secondary structure formation), might appear to
report cooperative burst phase transitions. It is
likely that it is the diffusive, exploratory nature of
gradual polypeptide chain collapse that allows the
formation of the correct set of intramolecular
interactions that enable subsequent consolidation
of the core. It is difficult to envisage how an all-or-
none (two-state) collapse reaction could achieve
this.

Given that the core Trp53 remains fully hydrated
in the products of the initial phase of refolding at
low ionic strength (Figure 5),45 and at all concen-
trations of urea used for refolding, it is unlikely that
core consolidation has occurred in the products of
initial collapse, even though some secondary
structure forms at the lowest concentrations of
urea.39 The absence of a consolidated core, and
hence the lack of a defined tertiary structure in the
collapsed products of sub-millisecond folding, is
probably the reason why the initial collapse
transition is a gradual transition. This matter is
currently being studied by FRET measurements
aimed at measuring distances between buried
residues that end up in the core of the fully folded
protein.
Materials and Methods

Protein expression, purification and labeling

Wild-type barstar has three tryptophan residues, W38,
W44 and W53, and two cysteine residues, C40 and C82.
The mutant proteins, W38FW44FC40AC82AA25C
(Cys25) and W38FW44FC40AC82AL62C (Cys62), were
generated by site-directed mutagenesis, and the proteins
purified as described earlier.48 The mass of each protein
was determined by mass spectrometry on a Micromass
Q-TOF Ultima, and was found to be 10,232 Da for Cys25
and 10,190 Da for Cys62, as expected for the proteins
when the N-terminal methionine residue remains
uncleaved.
The TNB-labeled proteins were obtained by reaction of

the protein in 8 M urea at pH 8.5, with a 20-fold molar
excess of DTNB (5,5 0-dithiobis (2-nitrobenzoic acid)).
After the labeling reaction was complete, the free dye
and urea were removed by passing the protein through a
PD10 column (Pharmacia). Both proteins were found to
be O95% labeled, with the expected 196 Da increase in
mass due to the presence of the TNB group.

Buffers, solutions and experimental conditions

All reagents used were of the highest purity available
from Sigma. The buffer used in all the experiments
contained 20 mM Tris and 0.25 mM EDTA at pH 8.0, and
all experiments were done at 25 8C. Concentrations of
stock urea solutions were determined from measure-
ments of refractive index. In all experiments with
unlabeled proteins, the protein concentration used was
in the range 5–10 mM,while in the case of the TNB-labeled
proteins, the protein concentration used was w 15 mM.

Determination of protein concentration

For unlabeled proteins, protein concentration was
determined by measuring absorbance at 280 nm, using
3280Z10,000 MK1 cmK1. Absorbance measurements
could not be used directly to determine concentrations
of labeled proteins, because of the contribution of the TNB
adduct to the abosrbance at 280 nm. To determine the
extent of this contribution, a solution of labeled protein
was divided into two. One part was treated with DTT,
while the other part was treated with an equal volume of
buffer. Each part was desalted using an AKTA Chroma-
tography system, and the absorbance at 280 nm of each
solution was determined. It was found that the presence
of the TNB adduct in Cys25-TNB increased its abosrbance
at 280 nm by 27%, and that the presence of the TNB
adduct in Cys62-TNB increased its absorbance at 280 nm
by 20%. These effects were taken into account for
determination of concentrations of Cys25-TNB and
Cys62-TNB solutions by measurements of absorbance at
280 nm.

Equilibrium unfolding experiments

All equilibrium experiments were done using a
Fluoromax-3 fluorimeter (Jobin Yvon) or an SFM-4
stopped-flow module (Biologic). The protein samples
were incubated in different concentrations of urea for
w3 h. Excitation of tryptophan fluorescence was carried
out at 295 nm, using a slit-width of 0.4 nm. Emission was
monitored at 320 nm and 380 nm for unlabeled protein,
and at 380 nm for TNB-labeled proteins, using a slit-
width of 10 nm, as described earlier.48

Kinetic refolding experiments

All refolding experiments were carried out on either a
SFM-4 or SFM-400 stopped-flow module (Biologic,
France). Typically, a mixing dead time of 1.8 ms was
achieved in experiments with unlabeled proteins by use
of the FC-08 cuvette, and a mixing dead-time of 6.2 ms
was achieved for TNB-labeled proteins by use of the
FC-15 cuvette. Sample excitation was carried out at
295 nm and the emission was monitored at 320 nm for
the unlabeled proteins, and at 380 nm for TNB-labeled
proteins using C10 nm bandpass filters. A FC-08 cuvette
was used for experiments with unlabeled protein, but an
FC-15 cuvette was used with labeled proteins because of
their significantly lower fluorescence intensities.
To normalize fluorescence values of a labeled protein to

that of the corresponding unlabeled protein, the fluor-
escence values of a known concentration of each protein
in 8.3 M urea were determined using the SFM module,
using identical excitation and detection parameters.

Acquisition of emission and absorption spectra

All fluorescence emission spectra were acquired on the
SFM-400 module coupled with a MOS-250 detection
system with both the excitation and emission bandwidth
set at 10 nm. The emission spectrum of the product of the
burst phase folding reaction was determined by moni-
toring fluorescence changes at different wavelengths
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(320 nm, 350 nm and 380 nm) after initiation of refolding.
The tZ0 points of the kinetic traces obtained after dead-
time extrapolation were used to reconstruct a three-
wavelength spectrum of burst phase product.
All absorption spectra were acquired on a Cary 100

spectrophotometer using a slit-width of 1 nm, a scan
speed of 1 nm/s, and using a cuvette of pathlength 1 cm.

Data analysis
Equilibrium unfolding data

Equilibrium unfolding transitions were analyzed using
a two state N4U model,79 to obtain values for the free
energy change for unfolding, DDGU(H2O), and the
midpoint of the unfolding transition (Cm).
Kinetic refolding data

Averages of several kinetic traces were fitted to the sum
of three exponentials using the equation:

yZ y0 Ca1e
Kl1t Ca2e

Kl2t Ca3e
Kl3t (1)

where y is the fluorescence intensity, which changes as a
function of time t, and l1, l2 and l3 are observed rate
constants of the different kinetic phases of refolding, and
a1, a2 and l3 are the respective amplitudes.
Analysis of resonance energy transfer

The FRET efficiency for N, U and the initial refolding
product was calculated using:

EZ 1K
FDA

FD
(2)

FDA is the fluorescence intensity of the donor in the
presence of the acceptor, and is measured for the labeled
protein. FD is the fluorescence intensity of the donor alone
in the absence of the acceptor, and is measured for the
unlabeled protein. At each concentration of urea,
efficiency for the initial refolding product was determined
from fluorescence values at tZ0 fluorescence for the
unlabeled (FD) and labeled (FDA) proteins.
FRET efficiency (E) is related to the distance, R,

separating donor and acceptor, by the equation:

EZ
R6
0

R6
0 CR6

(3)

R0 is the characteristic Förster’s distance for the FRET
pair. It was calculated for each FRET (donor–acceptor)
pair, in native as well as unfolded protein, using the
equation:

R0 Z 0:211ðQDJ k
2 nK4Þ1=6 (4)

QD is quantum yield of donor fluorescence, J is the
spectral overlap between the emission spectrum of the
donor and the absorption spectrum of the acceptor, k2 is
an orientation factor and n is refractive index of the
medium.
Values for QD of 0.27 and 0.11 were used for N and U

states, respectively, as reported earlier.48 J was deter-
mined separately for N and U states of each protein using
the equation:49–50

J Z

Ð
FðlÞ3ðlÞl4dl
Ð
FðlÞdl

(5)
To determine J, the fluorescence emission spectra (F(l))
of the unlabeled proteins were collected on the SFM 400
coupled to the MOS-250 detection system, using an
excitation wavelength of 295 nm (bandwidthZ5 nm)
and measuring emission from 310 nm to 410 nm (band-
widthZ10 nm). Absorption spectra of the TNB-labeled
proteins were collected as described above, from 310 nm
to 410 nm. All absorption spectra were divided by the
respective protein concentration (in M) to obtain 3(l).
J was determined as the overlap between F(l) and 3(l)
according to equation (5), where the wavelength, l, is in
nm.49

A value of 2/3 was used for the value of k2 for all
calculations,47 and values of 1.333 and 1.4 were used for
the refractive index of the folded protein in native buffer
and unfolded protein in 8 M urea, respectively.
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