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The structure and dynamics of the unfolded form of a protein are expected
to play critical roles in determining folding pathways. In this study, the
urea and guanidine hydrochloride (GdnHCl)-unfolded forms of the small
protein barstar were explored by time-resolved fluorescence techniques.
Barstar was labeled specifically with thionitrobenzoate (TNB), by coupling
it to the thiol side-chain of a cysteine residue at one of the following
positions on the sequence: 14, 25, 40, 42, 62, 82 and 89, in single cysteine-
containing mutant proteins. Seven intra-molecular distances (RDA) under
unfolding conditions were estimated from measurements of time-resolved
fluorescence resonance energy transfer between the donor Trp53 and the
non-fluorescent acceptor TNB coupled to one of the seven cysteine side-
chains. The unfolded protein chain expands with an increase in the
concentration of the denaturants. The extent of expansion was found to be
non-uniform, with different intra-molecular distances expanding to
different extents. In general, shorter distances were found to expand less
when compared to longer spans. The extent of expansion was higher in the
case of GdnHCl when compared to urea. A comparison of the measured
values of RDA with those derived from a model based on excluded volume,
revealed that while shorter spans showed good agreement, the
experimental values of RDA of longer spans were smaller when compared
to the theoretical values. Sequence-specific flexibility of the polypeptide
was determined by time-resolved fluorescence anisotropy decay measure-
ments on acrylodan or 1,5-IAEDANS labeled single cysteine-containing
proteins under unfolding conditions. Rotational dynamics derived from
these measurements indicated that the level of flexibility increased with
increase in the concentration of denaturants and showed a graded increase
towards the C-terminal end. Taken together, these results appear to
indicate the presence of specific non-random coil structures and show that
the deviation from random coil structure is different for the two
denaturants.
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Introduction

In recent years, unfolded forms of proteins have
attracted much attention for a variety of reasons, the
foremost being the need to define better, the starting
state of the protein folding reaction. The simplistic
notion that proteins unfolded by chemical denatu-
rants, such as urea and guanidine hydrochloride
(GdnHCl), behave like random coils, has been
challenged by the demonstration of residual struc-
tures in the unfolded forms of several proteins.1–5

Such observations, when coupled with the intuition
that residual structures might arise from a
sequence-specific propensity for native structure,
raise the possibility of defining early events in
protein folding from information obtained about
unfolded proteins. For example, the nucleation–
condensation mechanism for protein folding,6–8 is
based implicitly, to some extent, upon such residual
interactions which are hypothesized to persist in
unfolded polypeptides. Thus, the seeds of the
folding process may be sown in its unfolded form.
Interest in unfolded forms of proteins also stems
from the growing number of examples of proteins
that appear to remain natively unfolded.9–11 The
observation of disorder–order transitions even in
such intrinsically unstructured proteins10 makes
studies of the dynamics of unfolded proteins
profitable. Finally, interest in unfolded proteins is
augmented by observations that suggest that the
unfolded form of a protein may play a seminal role
in protein aggregation, including the formation of
amyloid fibrils characteristic of protein misfolding
disorders such as Alzheimer’s, Parkinson’s, and the
prion diseases.12–14

Structural characterization of unfolded proteins
by high resolution nuclear magnetic resonance
(NMR) spectroscopy15 has indicated, in several
cases, the presence of hydrophobic clustering1–3

and fluctuating secondary structures.16 These struc-
tures could be stabilized by hydrophobic1,2,5 or
electrostatic17–18 forces leading to either native-
like19 or non-native-like20 long range interactions.
Residual secondary structure with some degree of
compactness has been found in the thermally
unfolded state of native ribonuclease A, by small-
angle X-ray scattering (SAXS) and Fourier trans-
form infrared spectroscopy.21 SAXS and circular
dichroism (CD) measurements have shown an
alteration in the conformational distribution of
unfolded SNase delta by a single amino acid
substitution.22 Statistical models when combined
with experimental data provide a deeper under-
standing of the structural properties of polypeptide
chains.23 Although spectroscopic techniques such
as NMR, IR, and CD have been used extensively to
gather a wealth of information on the structures and
dynamics of unfolded proteins, several limitations
restrict their use. It is difficult to assign resonances
in unfolded proteins by NMR, although there has
been striking recent progress.24 Furthermore, the
low sensitivity of the NMR technique requires high
protein concentrations, where many proteins tend
to aggregate in their unfolded form. IR and CD
spectroscopy are not residue-specific, and hence
cannot distinguish between various parts of the
unfolded protein. On the other hand, measure-
ments of the kinetics of intra-chain contact forma-
tion, by triplet–triplet energy transfer25 and
quenching of the triplet state of tryptophan by
cysteine,26–27 have offered remarkable insights into
the dynamics of unfolded proteins and peptides.

Time-resolved fluorescence spectroscopy is a
highly sensitive and powerful tool to study
residue-level dynamics,28–30 and to resolve struc-
tural heterogeneity in proteins.31–34 Time-resolved
fluorescence resonance energy transfer (TR-
FRET)32,35–36 measurements give information on
the conformational heterogeneity in an ensemble of
molecules through intra-molecular distance distri-
butions. The efficiency of energy transfer between a
donor–acceptor pair in a macromolecular system is
highly sensitive to the distance between them.
Hence, the distribution of distance between the
donor and the acceptor chromophore will result in a
distribution of energy transfer rates, which can be
measured as a complex fluorescence intensity decay
of the donor. Distributions of intra-molecular
distances obtained in this way are similar to those
obtained from single molecule FRET studies.37–39

Such a distance distribution-based approach has
been used extensively to study conformational
heterogeneity in protein folding,31–33 unfolding36

and protein–protein association.34 Another exper-
imental tool for extracting site-specific information
on the structure and dynamics of a fluctuating
polypeptide chain is time-resolved fluorescence
anisotropy. Various dynamic modes such as local,
segmental and global motion can be visualized
directly by time-resolved fluorescence anisotropy
decay measurements of either tryptophan or a
fluorophore tag.28–30 The degrees of freedom
associated with the local and segmental dynamics
in the unfolded chains can then be used to infer
inter-residue interactions, segmental flexibility, and
the presence of residual structure at that location.

There are only a few studies of unfolded proteins
by site-specific time-resolved fluorescence spectro-
scopy. These studies have indicated the presence of
residual structures,5 which are compact and possess
high degrees of conformational heterogeneity.31,33,40

Due to their fluctuating nature and heterogeneous
distributions, residual structures, which might
serve as nucleation sites during the process of
protein folding, are hard to identify by many other
physical techniques.

Barstar, an 89 residue protein, which is the
intracellular inhibitor of extracellular RNase bar-
nase in Bacillus amyloliquefaciens, has been used
extensively as a model system for protein folding
studies.28,32,36,41 The unfolded form of barstar in
high concentrations of urea appears to be devoid of
native-like secondary structure,42 but electrostatic
interactions appear to persist in it.43 In order to
understand the significance of the dynamics and
structural features of unfolded proteins in general,
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the present work focuses on characterizing chemi-
cally unfolded barstar. Seven single cysteine-
containing mutants (Cys14, Cys25, Cys40, Cys42,
Cys62, Cys82, Cys89) of barstar, each with a single
tryptophan (Trp53) (Figure 1), have been used.
Trp53 is located centrally in the hydrophobic core of
the protein, positions 14, 25 are in helix-1, positions
40, 42 are in helix-2, position 62 is in helix-3,
position 82 is in loop-6 and position 89 is in b-sheet-
3 (see Figure 1).

Intra-molecular distance measurements by TR-
FRET between Trp53 and various locations on
chemically unfolded mutant variants of barstar
show that the intra-molecular distances are sensitive
to the concentration of the denaturant in the
“unfolded protein-baseline” region. The results
suggest an overall increase in the dimensions of
the unfolded chain with an increase in the concen-
tration of the denaturant. The extent of increase of an
intra-molecular distance depends on the specific
points on the polypeptide chain that are spanned by
the distance, as well as on the nature of the
denaturant. Residue-level rotational diffusion
studies were also carried out by specifically labeling
the mutant proteins at their single cysteine positions
with a fluorescent probe, either 6-acryloyl-2-
dimethylaminonaphthalene (acrylodan) or 5-((((2-
iodoacetyl)amino) ethyl) amino)naphthalene-1-
sulfonic acid (1,5-IAEDANS). Time-resolved fluor-
escence anisotropy measurements show that the
level of rotational freedom is not uniform through-
out the length of the polypeptide chain. Segments of
the chain that are relatively less dynamic may have
residual structures present and hence, higher
propensity for structure formation. This study
attempts to relate the dynamics and structural
features of the unfolded protein to its folding.
Results

Intra-molecular distances in unfolded barstar by
TR-FRET

The estimation of intra-molecular distances in
unfolded proteins by TR-FRET measurements is a
sensitive way of probing conformational and
structural heterogeneity.32,36 Intra-molecular
distances between Trp53 (donor) and the non-
fluorescent acceptor TNB covalently attached to
the single cysteine in each of the seven single
cysteine-containing mutant forms of barstar, in their
denatured state, were determined by TR-FRET.
Both unlabelled and TNB-labelled single cysteine-
containing mutant proteins were unfolded by the
denaturant urea (in the concentration range of 5 M
to 8 M) or GdnHCl (in the concentration range of
3 M to 6 M). These concentration ranges fall within
the flat unfolded protein-baseline regions of the
respective denaturant-induced equilibrium unfold-
ing curve of either cysteine-labelled or unlabelled
barstar. The insets in Figure 2(a) and (b) show the
urea and GdnHCl-induced equilibrium unfolding
curves obtained for the unlabelled Cys82 protein,
by monitoring the fluorescence of Trp53. All other
single cysteine-containing mutant proteins, either
unlabelled or labelled with TNB, showed similar
unfolding curves, indicating their similar stability.
Figure 1. (a) Structure of barstar
showing the locations of Trp53 and
the various cysteine mutations. The
structure was drawn using RAS-
MOL software and the PDB file
with accession code 1BTA. (b) The
structures of various probes used to
label cysteine residues are shown.
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Figure 2. Denaturant concentration-dependence of
distances (RDA) between Trp53 and TNB labelled at
various single cysteine sites in the seven single cysteine-
containing mutant variants of barstar unfolded in (a) urea
and (b) GdnHCl. Distances (Cys14TNB–Trp53),
(Cys25TNB–Trp53), (Cys40TNB–Trp53), (Cys42TNB–
Trp53), (Cys62TNB–Trp53), (Cys82TNB–Trp53) and
(Cys89TNB–Trp53) are shown by open circles (black),
open squares (dark gray), open hexagons (dark green),
open up-triangles (red), open down-triangles (dark red),
open diamonds (pink) and filled up-triangles (blue),
respectively. The continuous line through the data points
for each protein represents the linear regression fit. The
error bars represent the standard deviations of measure-
ments made in three separate experiments. The insets in
(a) and (b) represent the equilibrium unfolding tran-
sitions of unlabelled single cysteine-containing variants
of barstar, obtained by monitoring the fluorescence of
Trp53 at 320 nm in urea and GdnHCl, respectively.
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The mean fluorescence lifetime of Trp53,
measured in the presence of the acceptor TNB
covalently attached to a cysteine side-chain, was
translated into intra-molecular distance, as
described in Materials and Methods. Estimating
the distance from mean fluorescence lifetimes gives
an average estimate of the intra-molecular distance,
when the fluorescence decay has more than one
component. The dependences of the distances
between Trp53 and the seven single cysteine sites
mentioned above, on the concentration of the
denaturant in the range of concentrations corres-
ponding to the unfolded baseline regions are shown
in Figure 2. The slopes and correlation coefficients
obtained from linear fits of these data are shown in
Table 1. The following general features were
observed for both the urea and GdnHCl-unfolded
proteins. (i) The measured donor–acceptor dis-
tances (RDA) increase with the increase in the
concentration of denaturants, except for smaller
separations which showed very little increase
especially in the case of urea. (ii) The fractional
increase in RDA (slopes in Table 1) increases with
increase in separations in the chain in most of the
cases except for some distances (see later). (iii) The
values of RDA are similar at the highest concen-
tration of urea and GdnHCl only for the shorter
distances; and are different for the longer distances.
(iv) The fractional increase in RDA is higher in the
case of GdnHCl-induced unfolding compared to
urea-induced unfolding. Although the estimation of
RDA from changes in mean fluorescence lifetime
(tm) is very similar to estimations based on steady-
state fluorescence41 (since tm is proportional to
fluorescence intensity), the former method is much
more reliable, because errors in the determination of
mean lifetimes are very small (Table 1). The use of
tm instead of fluorescence intensity allows us to
extend the range of estimation of RDA to w1.6R0

with an acceptable level of accuracy (Table 1). The
very high level of accuracy in the measurement of
tm when coupled with its independence of factors
such as concentration of the fluorophore, excitation
intensity and collection efficiency allows us to
estimate, reliably, even changes as low as 4%
(Table 1). We used the randomized average value
of 2/3 for the orientation factor, k2 since the levels of
orientational freedom for the donor and acceptor
are expected to be quite high in unfolded proteins.
However, the range of k2 was estimated in typical
cases by using the fluorescence anisotropy decay
parameters associated with Trp53 and a fluoro-
phore attached to acceptor sites.44 For example, the
range of values of RDA estimated by taking into
account the range of k2 (0.42–1.15) is 20.5–24.2 Å for
Trp53–Cys62 in 6 M GdnHCl. Similar ranges were
obtained for the other distances.

To determine whether the higher fractional
increase in RDA observed in the case of GdnHCl is
due to the ionic character of the denaturant, the
estimation of RDA at various concentrations of KCl
was carried out for a short intra-molecular distance
(Cys40TNB–Trp53) and a longer distance
(Cys82TNB–Trp53) in 8 M urea. Both the distances
were found to be independent of the concentration
of KCl up to 0.5 M (Figure 3). Thus, it appears that
the greater fractional increase in RDA that is
observed with an increase in the concentration of



Table 1. Parameters obtained from the linear regression analysis of the denaturant dependence of various distances in
the unfolded protein-baseline region of barstar

In GdnHCl In urea

TR-FRET parameters (ns)
(in 6 M GdnHCl)a

Segment on
unfolded
barstar tD tDA

Distance
(Å) (in 6 M
GdnHCl)b

Slope of the
regression

line
Correlation
coefficientc

Distance
(Å) (in 8 M

urea)b

Slope of the
regression

line
Correlation
coefficientc

Cys62TNB-
Trp53

2.54G0.02 1.25G0.01 22.1G0.1 0.11 0.49 21.4G0.1 0.00 0.02

Cys42TNB-
Trp53

2.54G0.02 1.61G0.01 24.4G0.1 0.17 0.60 24.4G0.2 0.00 0.43

Cys40TNB-
Trp53

2.39G0.03 1.49G0.02 24.2G0.2 0.37 0.96 24.3G0.4 0.14 0.69

Cys25TNB-
Trp53

2.54G0.01 2.13G0.02 29.4G0.3 0.62 0.95 29.9G0.4 0.64 0.89

Cys82TNB-
Trp53

2.39G0.03 2.17G0.01 32.6G0.7 1.41 0.98 31.3G0.1 0.54 0.84

Cys89TNB-
Trp53

2.50G0.01 2.33G0.01 34.3G0.4 1.46 0.98 31.6G0.2 0.53 0.89

Cys14TNB-
Trp53

2.50G0.01 2.38G0.01 36.7G0.7 1.90 0.99 31.2G0.5 0.56 0.94

a tD and tDA are the mean fluorescence lifetimes of Trp53 in the absence and presence of acceptor TNB in barstar unfolded in 6 M
GdnHCl. The errors in the values of the lifetimes represent the standard deviations of measurements made in three separate
experiments.

b Distances between Trp53 and Cys-TNB in barstar, measured by TR-FRET.
c Correlation coefficient of the linear regression analysis.
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GdnHCl, as compared to that observed with an
increase in concentration of urea (Figure 2), reflects
the differential effects of GdnHCl and urea as
denaturants, rather than the ionic nature of
GdnHCl.

When the concentration of denaturant is
increased from 5 M to 8 M urea, or from 3 M to
6 M GdnHCl, the solvent viscosity increases by
factors of 1.14 and 1.21, respectively. An increase in
solvent viscosity will slow down Brownian diffu-
sion of the unfolded polypeptide chain, and hence,
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Figure 3. Dependence on the concentration of KCl, of
the distances between Trp53 and TNB-labelled Cys40
(shown by open triangles) and TNB-labelled Cys82
(shown by open circles) proteins unfolded in 8 M urea.
The continuous line through the data points for each
protein represents the linear regression fit.
might affect TR-FRET-based distance measure-
ments. During the excited state lifetime of the
donor, Brownian diffusion would cause fluctuation
in RDA, especially for flexible systems such as
unfolded proteins. Due to the inverse sixth power
dependence of energy transfer rate on RDA, the
estimates of distribution of RDA would be biased
towards the lower limit of the distribution of RDA

generated by the Brownian diffusion-driven
changes in the value of RDA during the excited
state lifetime of the donor.45 Based on this model,
there have been attempts to estimate the intra-chain
translational diffusion coefficient in flexible poly-
peptides.45 Since an increase in solvent viscosity is
expected to slow down Brownian diffusion, and
hence, reduce the width of such distributions of
RDA, the apparent value of RDA could be expected to
increase with the increase in solvent viscosity. To
check whether the observed increase in RDA with
the increase in the concentration of either urea or
GdnHCl is caused by the increase in viscosity,
estimation of RDA was carried out at both 5 M urea
and 3 M GdnHCl with appropriate amounts of
glycerol added such that the solvent viscosity
matched those of 8 M urea and 6 M GdnHCl,
respectively. It was found that the values of both
tDA and tD increased almost by the same factor
(data not shown), upon changing the viscosity of
the 5 M urea solution to that of an 8 M urea solution
or of a 3 M GdnHCl solution to that of a 6 M
GdnHCl solution by adding glycerol. This result
indicates that these changes are due merely to an
increase in the quantum yield of Trp53 caused by
the addition of glycerol. Since the value of R0

remains essentially unchanged, it appears that the
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value of RDA does not change appreciably upon an
increase in viscosity up to w1.2 cP.

Distributions of energy transfer kinetics in
unfolded barstar

The distribution of fluorescence lifetime of Trp53
in the presence of acceptor TNB, tDA, in mutant
proteins of barstar were determined by the maxi-
mum entropy method (MEM) of analysis of
fluorescence intensity decay kinetics,36,46–48 as
described in Materials and Methods. Figure 4
shows typical MEM distributions of tDA of the
TNB-labelled proteins and tD of an unlabelled
protein all unfolded in 8 M urea. Similar distri-
butions were observed in the case of proteins
denatured by GdnHCl (data not shown). Multiple
peaks observed in these distributions (in both
labelled and unlabelled proteins) are likely to be
due to the conformational heterogeneity arising
from the distribution of population of rotamers
around the Ca–Cb bond in the tryptophan side-
chain.47 The heterogeneity could also be due to
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Figure 4. Fluorescence lifetime distributions of Trp53 in (a
TNB, (e) Cys62-TNB, (f) Cys82-TNB, (g) Cys89-TNB, and (h
entropy method (MEM) of analysis. Dash-dot-dash (– † –) lin
line with open square symbols (– , –) represents the protein
interaction of adjacent side-chains with the indole
ring of the tryptophan. The distributions corres-
ponding to the native states of the proteins are
also shown (Figure 4). These distributions are
nearly unimodal, unlike those of the unfolded
proteins, and are due to conformational restric-
tion of Trp53 in the N-state, and they represent a
unique situation among several single-tryptophan
proteins, including barstar.28,36 For some of the
unfolded proteins, the distributions of tDA dis-
play minor peaks in the short lifetime (w0.1 ns)
region where the distributions of tDA for the
folded proteins display (Figure 4) their unimodal
peaks.

Rotational dynamics of fluorescence probes in
unfolded barstar

In order to further address the question whether
proteins unfolded by denaturants show true local
random coil structural characteristics, the degree of
flexibility at various locations on the unfolded form
of barstar was studied by measurements of the
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e represents the protein in the native form and the broken
unfolded in 8 M urea.
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rotational dynamics of fluorophores attached to the
single cysteine side-chain of the mutant proteins.
Thiol-specific fluorophores, acrylodan and 1,5-
IAEDANS were used as molecular probes. The
labelled proteins were unfolded by urea (at
concentrations of 5 M and 8 M) and GdnHCl
(at concentrations of 3 M and 6 M) and the
decay kinetics of fluorescence anisotropy were
determined.

Typical decays of fluorescence anisotropy of
acrylodan-labelled mutant proteins in 8 M urea
and 6 M GdnHCl are shown in Figure 5. The decay
curves observed at various locations are found to be
dissimilar in terms of their kinetics. For all the
proteins, the decay kinetics could be fitted to a
model with two correlation times (equation (5)),
where the fast correlation time (f2) represents the
local motional freedom of the probe with respect to
the polypeptide chain and the slower correlation
time (f1) represents a combination of the segmental
mobility of the polypeptide region with respect to
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Figure 5. Fluorescence anisotropy decay profiles of
acrylodan-labelled single-cysteine variants of barstar
unfolded in (a) 8 M urea and (b) 6 M GdnHCl. The
emission was monitored at 510 nm. Rotational correlation
times estimated from these decay profiles are given in
Table 2.
the overall chain and the global tumbling dynamics
of the entire chain. The values of the rotational
correlation times (f1 and f2) obtained from analysis
of the decay kinetics of acrylodan-labelled mutants
of barstar under various unfolding conditions are
listed in Table 2. Table 3 gives the parameters
obtained from mutant proteins labelled with 1,5-
IAEDANS.

It is seen from Tables 2 and 3 that almost all
parameters (correlations times and their ampli-
tudes) show a dependence on the position of the
fluorophore along the sequence of the unfolded
protein. The following general observations are
relevant. (i) The overall flexibility shows an increase
with an increase in the concentration of the
denaturant in the unfolded protein baseline region
(5–8 M of urea or 3–6 M GdnHCl). This conclusion
comes mainly from the observed decrease, at all the
positions of acrylodan-labelled proteins, in the
value of f1 with the increase in the concentration
of denaturants. In the case of the mutant proteins
labelled with 1,5-IAEDANS, the apparent value of
f1 does not show any decrease in contrast to the
observation in acrylodan-labelled proteins. It is,
however, to be noted that the solvent viscosity
increases by 1.14 and 1.21-fold when the concen-
trations of urea and GdnHCl are increased from 5 M
to 8 M and from 3 M to 6 M, respectively. Since f1 is
likely to have contributions from global dynamics,
its value could scale with viscosity as demanded
by the Stokes–Einstein hydrodynamics equation.
Furthermore, segmental dynamics might also
depend upon the solvent viscosity. Thus, the actual
value of f1 at each of the higher denaturant
concentrations should be lower (by the factors
mentioned) than the apparent values listed in
Tables 2 and 3. These changes would then result
in a general observation that, for both the probes,
the value of f1 decreases with an increase in the
concentration of denaturant. (ii) The level of
flexibility of the C-terminal region (82–89) is
significantly higher when compared to the rest of
the chain as shown by the value of f1 for the
acrylodan-labelled proteins. (iii) The shorter corre-
lation time, f2 which represents the local dynamics
of the probe, and its amplitude, does not show any
appreciable dependence on either the concentration
of the denaturants, or the position of the probe. The
dependence of local (internal) dynamics on solvent
viscosity is more complex and case-dependent49

and hence, its correction for solvent viscosity is not
attempted. (iv) The extent of denaturant-induced
decrease in the value of f1 is larger in the case of
acrylodan when compared to 1,5-IAEDANS. This
could be due to the shorter separation of the
chromophore from the peptide backbone, in the
case of acrylodan enabling it to sense better, the
level of structure formation by the peptide back-
bone. This assertion is supported by the observation
that the amplitude (b2) associated with the local
motion (shorter correlation time, f2) is smaller for
acrylodan when compared to 1,5-IAEDANS for all
the positions except Cys14, indicating the increased



Table 2. Parameters associated with fluorescence anisotropy decay in acrylodan-labelled single cysteine-containing
mutants of barstar, obtained under various denaturing conditions at room temperature

Rotational correlation times (f) and amplitudes (b)

5 M Urea 8 M Urea 3 M GdnHCl 6 M GdnHCl

Barstar
mutant
forms
labelled at
cysteine f1G0.5 (b1)

f2G0.05
(b2) f1G0.3 (b1)

f2G0.05
(b2) f1G0.5 (b1)

f2G0.05
(b2) f1G0.3 (b1)

f2G0.05
(b2)

Cys14-
acrylodan

4.00 (0.39) 0.32 (0.61) 2.30 (0.40) 0.32 (0.60) 3.35 (0.38) 0.24 (0.62) 1.90 (0.38) 0.23 (0.62)

Cys25-
acrylodan

4.17 (0.51) 0.33 (0.49) 3.00 (0.41) 0.41 (0.59) 4.10 (0.44) 0.33 (0.56) 2.12 (0.43) 0.34 (0.57)

Cys40-
acrylodan

3.70 (0.54) 0.35 (0.46) 2.68 (0.47) 0.38 (0.53) 3.80 (0.53) 0.31 (0.47) 2.36 (0.54) 0.28 (0.46)

Cys42-
acrylodan

4.58 (0.46) 0.32 (0.54) 2.77 (0.45) 0.33 (0.55) 4.07 (0.48) 0.28 (0.52) 2.47 (0.41) 0.34 (0.59)

Cys62-
acrylodan

2.38 (0.44) 0.31 (0.56) 1.67 (0.51) 0.30 (0.49) 3.16 (0.41) 0.36 (0.59) 1.61 (0.53) 0.35 (0.47)

Cys82-
acrylodan

2.57 (0.34) 0.35 (0.66) 1.05 (0.61) 0.25 (0.39) 3.70 (0.54) 0.33 (0.46) 1.15 (0.52) 0.36 (0.48)

Cys89-
acrylodan

2.20 (0.23) 0.30 (0.77) 1.09 (0.34) 0.32 (0.66) 3.60 (0.23) 0.32 (0.77) 1.33 (0.26) 0.37 (0.74)

The error in b1 and b2 is 0.02.
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level of restriction in the case of acrylodan (Tables 2
and 3).
Discussion

The dimensions of unfolded barstar depend on
the concentration of denaturants

Ever since Tanford50 showed that several proteins
exhibit the hydrodynamic properties of random
coils in the presence of denaturants, the question as
to whether the unfolded state is a true random coil
Table 3. Parameters associated with fluorescence anisotropy d
variants of barstar, which were obtained under various dena

Rotational correlatio

5 M Urea 8 M Urea

Barstar
mutant
forms
labelled at
cysteine f1G0.5 (b1)

f2G0.05
(b2) f1G0.5 (b1)

f2G0.
(b2)

Cys14-IAE-
DANS

4.10 (0.40) 0.25 (0.60) 2.65 (0.52) 0.37 (0.

Cys25-IAE-
DANS

2.90 (0.43) 0.42 (0.57) 2.70 (0.44) 0.45 (0.

Cys40-IAE-
DANS

3.00 (0.37) 0.45 (0.63) 3.00 (0.38) 0.46 (0.

Cys42-IAE-
DANS

3.00 (0.37) 0.35 (0.63) 3.00 (0.37) 0.44 (0.

Cys62-IAE-
DANS

2.10 (0.42) 0.35 (0.58) 2.50 (0.40) 0.42 (0.

Cys82-IAE-
DANS

2.10 (0.30) 0.35 (0.70) 2.02 (0.33) 0.43 (0.

Cys89-IAE-
DANS

3.00 (0.15) 0.35 (0.85) 3.00 (0.17) 0.38 (0.

The error in b1 and b2 is 0.02.
or not, under all conditions, has been debated
strongly.23,51–55 Interest in this problem stems
mainly from the recognition that any deviation
from random coil behavior can have implications
regarding the initial events of protein folding, and
may provide a rational hypothesis to construct the
pathway of folding. Implied in this expectation is
that any deviation from random coil behavior could
be sequence-specific, and might enable the predic-
tion of the pathway of folding for a given sequence.

Of the several physical techniques being used to
map the conformational dynamics of unfolded
proteins,56 small angle X-ray and neutron scattering
ecay in 1,5-IAEDANS-labelled single cysteine-containing
turing conditions at room temperature

n times (f) and amplitudes (b)

3 M GdnHCl 6 M GdnHCl

05
f1G0.5 (b1)

f2G0.05
(b2) f1G0.5 (b1)

f2G0.05
(b2)

48) 2.42 (0.45) 0.34 (0.55) 2.50 (0.46) 0.40 (0.54)

56) 2.85 (0.37) 0.55 (0.63) 3.00 (0.35) 0.60 (0.65)

62) 2.62 (0.46) 0.36 (0.54) 2.80 (0.44) 0.40 (0.56)

63) 3.00 (0.40) 0.37 (0.60) 3.00 (0.41) 0.48 (0.59)

60) 2.45 (0.36) 0.40 (0.64) 2.40 (0.45) 0.40 (0.55)

67) 2.05 (0.30) 0.40 (0.70) 2.05 (0.35) 0.42 (0.65)

83) 3.00 (0.18) 0.35 (0.82) 3.00 (0.20) 0.35 (0.80)
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(SAXS and SANS, respectively) techniques and
FRET-based methods are very powerful in provid-
ing the overall dimension through radius of
gyration (RG) and point-to-point (RDA) distances,
respectively. Although there has not been any direct
comparison of the solvent dependence of RG and
RDA for any protein, it is nevertheless useful to
point out that these two indicators of molecular
dimension provide complementary information. RG

is a measure of the overall dimension of the
molecule and could be insensitive to the presence
of intra-molecular interactions leading to stiffness.57

In contrast, RDA is more specific, and hence, it is
likely be modulated by the level of inter-residue
contacts in the relevant span of the unfolded
protein.

A principal result of this work, in which seven
intra-molecular distances (RDA), in barstar unfolded
by either urea or GdnHCl, were estimated by time-
resolved FRET, is that these distances expand with
an increase in the concentration of either denatur-
ant, that different distances expand differentially,
and that the degree of expansion is dependent on
the nature of the denaturant. The larger values
observed for changes in RDA in the cases of longer
sequence segments (such as Trp53–Cys89)
compared to shorter sequence segments (such as
Trp53–Cys40; Figure 2) might indicate a uniform
expansion of the unfolded protein, but different
long sequence segments are seen not to expand
similarly.

The expansion may be the result of domination of
solvent–peptide interactions over inter-residue
interactions when the concentration of denaturants
is increased. In fact, statistical mechanics theory of
protein stability predicts that the dimensions of
weakly hydrophobic sequences will depend upon
the nature of the solvent, and will increase as the
denaturing power of the solvent increases.58–59 These
studies also predict that the changes in the unfolded
state will be non-cooperative, similar to the obser-
vations reported here (Figure 2). The unfolded form
comprises molecules with differing dimensions, and
it is likely that increased binding of the denaturant to
the polypeptide chain, with an increase in the
concentration of the denaturant, leads to preferential
stabilization of the more expanded molecules. In this
way, the transition from less expanded to more
expanded forms, is expected to be a continuous
transition. When the weak binding of denaturant to
the polypeptide chain60 saturates at high denaturant
concentration, further expansion will stop, and the
dimensions of the chain are expected to reach a
plateau level. This appears to be the case for several of
the intra-molecular distances being individually
monitored in the present study. It should be noted,
however, that the observation that different long
spans expand differently with an increase in de-
naturant concentration (Figure 2 and Table 1),
suggests that observed effects of denaturant, parti-
cularly GdnHCl, on the average separation, are not
consistent with a model based simply on improved
solvation of the polypeptide chain.
Single molecule FRET experiments of unfolded
cold shock protein CspTm,38 chymotrypsin inhibi-
tor 261 and ribonuclease H62 have shown that these
unfolded proteins too expand with an increase in
GdnHCl concentration. In the case of CspTm,38

expansion appears to level off at high concen-
trations of denaturant, a result also seen in SAXS
measurements of other proteins at high concen-
trations of denaturant, showing that RG is largely
insensitive to both the type and concentration of
chemical denaturants.55,63–67 Ensemble FRET
studies of unfolded cytochrome c68 also indicate
that the unfolded protein expands with an increase
in the concentration of GdnHCl. Similarly, SAXS
studies of the B1 domain of streptococcal protein G
show also that RG of the unfolded form of the m-

mutant protein increases with the concentration of
the denaturant.69 Estimates of the rates of intra-
molecular contact formation in model peptides25 as
well as the unfolded forms of CspTm26 and the
headpiece sub-domain of villin27 indicate that the
rates increase with a decrease in the concentration
of denaturants, suggesting an increased level of
compaction at lower concentrations of denaturants.
The probability of loop formation in unfolded iso-1-
cytochrome c has also been shown to depend on the
concentration of denaturant.70 Thus, it appears that
denaturant-induced expansion of unfolded pro-
teins could be a general property of unfolded
polypeptide chains, and a mean field theory
model, in which solvophobic interactions are
pitched against chain entropy, predicts just this.59

Nevertheless, for both ubiquitin and acylphos-
phatase, the dimensions of the unfolded form do
not appear to change with a change in denaturant
concentration, even at low concentrations of the
denaturant.71

GdnHCl and urea-unfolded barstar behave
differently

The question whether proteins denatured by
either GdnHCl or urea are similar in their structure
and dynamics has not been resolved, although a
protein is generally believed to be a random coil in
either solvent. The present study is one of a few
studies where the effects of urea and GdnHCl on the
unfolded state of a protein have been compared
directly. A higher level of expansion is observed in
the case of GdnHCl when compared to the changes
in urea, and the reason why this cannot be due to
the salt effect of GdnHCl has been discussed
already. The difference between the behaviors of
the two denaturants is not surprising because the
nature of their interaction with the polypeptide
need not be the same. A calorimetric study of the
interaction of GdnHCl and urea with several
proteins had, in fact, shown that the number of
binding sites of urea is two to threefold higher when
compared to that of GdnHCl in both the native and
denatured states.72 Based on this, it was proposed
that GdnHCl forms nearly a twofold higher number
of H-bonds with protein groups when compared to
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urea.72 Furthermore, binding constants of GdnHCl
and urea to peptides estimated from denaturant-
dependence of the end-to-end diffusion of model
peptides are 0.62 MK1 and 0.26 MK1 for GdnHCl
and urea, respectively.60 This difference and the
difference in the mode of H-bond formation might
be the origin of the differential effects observed in
this work. Characterization of the structure and
dynamics of unfolded FK506-binding protein by
NMR had revealed subtle differences regarding
the location of persistent secondary structures in the
protein unfolded by either GdnHCl or urea.4 The
differences in barstar unfolded in urea and
GdnHCl, might be responsible for why the folding
and unfolding pathways of the protein appear to be
different in the two different denaturants.73

Is barstar a true random coil in high concen-
trations of denaturant?

The dependence of the dimensions of a polymer
on its length is a key criterion for the diagnosis of the
randomness of polymer structure. Early work by
Flory74 predicted that, under favourable solvation
conditions, the RMS values of RDA and RG will be
proportional to N3/5 for a chain of N monomers
when excluded volume is taken into account.
Measurements of RG by SAXS, for the unfolded
forms of many proteins with varying length, follow
the random coil behavior with an exponent of 0.6.63

Similarly, Monte Carlo simulations of several poly-
peptides whose conformations were restricted only
by steric repulsions, showed that both the end-to-
end distance and RG scale with an exponent of
0.583,75 which is close to the value obtained by Flory.
Thus, a comparison between the experimentally
observed values of the end-to-end distance and the
radius of gyration, and values predicted by random
coil simulations75 can be used as a criterion for
identifying any deviation from a true random coil. It
should, however, be pointed out that observation of
random coil behavior does not exclude the presence
of stiff segments in the chain.57

Table 4 presents the values of RDA obtained
experimentally in 6 M GdnHCl (Figure 2). The
values calculated from the equation RcoilZ5.68n0.583
Table 4. Calculated and measured values of distances betw
mutant proteins of barstar

Segment on
unfolded barstar na Rcoil (Å)b

Cys14TNB–Trp53 39 48.1
Cys25TNB–Trp53 28 39.6
Cys40TNB–Trp53 13 25.3
Cys42TNB–Trp53 11 23.0
Cys62TNB–Trp53 09 20.5
Cys82TNB–Trp53 29 40.5
Cys89TNB–Trp53 36 45.9

a nZ(a1Ka2), where a1 and a2 are the positions of the respective am
b Random coil distance RcoilZ(5.68G0.08)n(0.583) Å.75

c Minimum random coil distance Rcoil(min)z(RcoilK3.6) Å, see the
d Maximum random coil distance Rcoil(max)z(RcoilC6.2) Å, see the
e RDA(max) is the maximum distance between the FRET pair in bars
(where nZa1Ka2; a1 and a2 are the positions of the
respective amino acids) are given for comparison.
As mentioned earlier, this equation was deduced
from Monte Carlo simulations75 on various poly-
peptides whose conformations are restricted only
by steric repulsion, and hence, would represent true
random coils. It can be seen that the level of
agreement between the measured values of RDA

and the calculated random coil values Rcoil is rather
mixed. There is a fairly good level of agreement in
the cases of shorter distances (Cys40–Trp53),
(Cys42–Trp53), and (Cys62–Trp53), over the entire
range of denaturant concentrations studied
(Figure 2). On the other hand, the longer spans are
highly underestimated by experiments when
compared to the random coil values; moreover,
the degree of underestimation is greater at the lower
concentrations of denaturant, because these dis-
tances are seen to decrease with decreasing
denaturant concentration (Figure 2). The deviation
from the expected random coil distances of the
distances corresponding to the longer spans,
especially at lower concentrations of denaturant
where the protein is still fully unfolded, is
indicative of non-random coil structure.

The calculated values of Rcoil represent the
distance between the sulphur atoms of the pair of
cysteine residues.75 To compare the values of Rcoil

with the distances (RDA) measured by FRET
experiments, values of Rcoil should be corrected
for the dimensions of the donor and acceptor probes
used in FRET experiments. The flexibility of the
probes would result in uncertainty in the values of
Rcoil. The maximum value of Rcoil would corres-
pond to the conformation in which the emission
dipole of the donor and the absorption dipole of the
acceptor probes are maximally elongated along
the line connecting the donor and acceptor. The
minimum value would correspond to the confor-
mation where the dipoles are oriented towards each
other. The distance between the g-carbon and the
centre of the indole side-chain of the tryptophan
residue (donor) is w1.8 Å and the distance between
the sulphur atom at the g-position of the cysteine
residue and the centre of the benzene ring of the
TNB (acceptor) labelled to the cysteine thiol is
een Trp53 and various single cysteine sites on unfolded

Rcoil(min) (Å)c Rcoil(max) (Å)d RDA(max) (Å)e

44.5 54.3 36.7G0.7
36.0 45.8 29.4G0.3
21.7 31.5 24.2G0.2
19.4 29.2 24.4G0.1
16.9 26.7 22.1G0.1
36.9 46.7 32.6G0.7
42.3 52.1 34.3G0.4

ino acids.

text.
text.

tar unfolded in 6 M GdnHCl, obtained by TR-FRET experiments.



184 Non-random Structure of Unfolded Barstar
w4.4 Å. Hence, the maximum extent of correction
to Rcoil would be 6.2 Å. When the dipoles point
towards each other, their projections along the axis
of the polypeptide segment are estimated to be
w1.1 Å and w2.5 Å respectively, resulting in a
negative correction of 3.6 Å to Rcoil. A comparison
of the estimated values of RDA and the range of
random coil values Rcoil, with these considerations
taken into account, leads, once again, to the
conclusion mentioned above, viz. there is agree-
ment in the short spans but not in the longer spans.

The disagreement between the experimental and
calculated values of longer distances in unfolded
barstar might be due to the following reasons. (i) A
FRET efficiency higher than expected from Forster’s
theory with random orientations of D and A could
be due to insufficient averaging of orientations
during the lifetime of the donor, and also due to
breakdown of point dipole approximation used;37

however, these effects are expected to result in
disagreement in all the distances contrary to our
observations. (ii) Segmental Brownian diffusion of
the polypeptide chain during the donor lifetime
could have caused the reduction in the values of
RDA.45 This effect would be more dominant in the
distance estimation of longer spans of the poly-
peptide chain due to a larger degree of translational
freedom. However, this effect is likely to be
insignificant due to the short lifetime of the
tryptophan donor.31 (iii) Non-random structure
could be present in the regions spanned by the
longer distances. The observation that several intra-
molecular distances, especially those associated
with larger spans, show non-saturating behavior
in their increase (Figure 2) indicates that they are yet
to reach the random coil values. This alone could be
taken as a strong support for the assertion that the
structure of unfolded barstar in the presence of
denaturants shows specific deviations from a
random coil.

In the case of the cold shock protein Bc-Csp,
good overall agreement between several FRET-
determined values of RDA in unfolded protein and
the random coil values, Rcoil was reported, and it
was argued that the unfolded protein is devoid of
any residual structures.76 In that study, random
coil distances were, however, determined using
RcoilZ5.45n0.5 Å, which is applicable to random
chains with the neglect of excluded volume.
A more appropriate value for the exponent is
0.6, which results from the analytical theory of
Flory74 or 0.583, which has been determined from
Monte Carlo simulations on random coil poly-
peptides,75 in which excluded volume effects are
incorporated. We note that in our study also,
several experimental values of RDA (such as
Trp53–Cys25 and Trp53–Cys89) show a better
match with Rcoil estimated by RcoilZ5.45n0.5 Å,
but the validity of the model is obviously
questionable. In the case of the unfolded FynSH3
domain, site-specific deviations of the FRET-
determined values of RDA from the random coil
distances, Rcoil, have also been observed.39
Features of non-random structure in unfolded
barstar

Characterization of the residue-specific rotational
dynamics of covalently linked fluorophores
(Figure 5 and Tables 2 and 3) shows that the level
of segmental and global dynamics increases with an
increase in the concentration of denaturants at all
the seven locations monitored in this study. An
increase in the level of rotational dynamics of
probes is generally a result of increased flexibility
and hence, a decreased level of inter-residue
interactions. Thus, it appears that inter-residue
interactions are prevalent throughout the sequence
of unfolded barstar.

In addition to such a general picture, the present
study also provides information on some specific
aspects of residual structures. The level of flexibility
shows a graded increase towards the C-terminal
region as revealed by the parameters associated
with the rotational dynamics, especially the
rotational correlation time, f1 which is ascribed to
represent predominantly the segmental dynamics
of polypeptides (Tables 2 and 3). This graded
increase in flexibility is seen with both the
fluorescence probes (1,5-IAEDANS and acrylodan),
and with both the denaturants, and is therefore a
very robust observation. Since inter-residue inter-
actions could be the main cause of reduced
flexibility of a segment of polypeptide, this result
appears to suggest a higher prevalence of inter-
residue interactions, and hence, residual structures
in regions closer to the N-terminal region. Structu-
rally constrained regions such as loops may play an
important role in early events of folding.70 The
stiffness and length of such structurally constrained
regions in an unfolded polypeptide chain would
decide the rate of intra-chain diffusion necessary for
the loop formation77 which sets an upper limit to
the folding rate.25,78

It should be noted, however, that an NMR study
of the urea-unfolded form of barstar has shown it to
be devoid of native-like secondary structure, but
has shown that residues 83 to 89 at the C-terminal
region, corresponding to the last b-strand in the
native protein, may adopt non-native helical
conformations in 8 M urea.42 On the other hand,
another NMR study, of cold-denatured barstar, has
indicated that the cold-denatured protein does not
possess structure in the C-terminal region Asn65 to
Ser89.79 The NMR experiments therefore also
suggest, like the results reported here, that the
C-terminal region in barstar is flexible.

By the determination of specific intra-molecular
distances, as well as by the determination of
rotational dynamics at specific sites on the poly-
peptide chain, it has been shown here that structure
and dynamics vary along the length of the chain.
The correlation between structure and dynamics in
the unfolded protein is, however, not easy to
determine, and more such studies on other proteins
are needed to further understand these important
aspects of the unfolded form of a protein.
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Are compact structures present in the ensemble
of unfolded protein molecules?

The demonstration of the presence of residual
structures in unfolded barstar raises the question
whether any component in the population of
unfolded protein molecules could be a compact
structure with dimensions similar to that of the
native protein. Winkler and co-workers40 estimated
distributions of various intra-molecular distances in
unfolded yeast iso-1 cytochrome c by MEM analysis
of the kinetics of fluorescence energy-transfer from
a dansyl fluorophore to the Fe(III) heme. The
distributions showed multiple peaks, with some
distances very close to those of native protein. These
were interpreted as compact structures in the
unfolded ensemble. In that study, however, distri-
butions of RDA were constructed by assuming a
single value of lifetime of the donor in the absence
of acceptor as obtained from dansyl-modified
N-acetylcysteine, rather than from a donor attached
to the protein.40,80–81 This approximation is unlikely
to be valid due to the high sensitivity of fluorescence
lifetimes to environment, and could have caused
the artifactual recovery of native-like distances for
unfolded yeast iso-1 cytochrome c. In this TR-FRET
study of unfolded barstar, the donor Trp53 was part
of the polypeptide chain, and the measurement of
fluorescence lifetime distributions (Figure 4) in
seven mutant proteins indicates that the fraction
of unfolded molecules possessing native-like com-
pactness is insignificant in the total population of
unfolded molecules.
Materials and Methods

Chemicals

All the chemicals used were of the highest purity grade
available from Sigma Aldrich Inc. 1,5-IAEDANS and
acrylodan were from Molecular Probes. The buffer used
in all the experiments was 20 mM Tris (pH 8.0), 250 mM
EDTA. Concentrations of urea and GdnHCl stock
solutions were determined by refractive index measure-
ments. The protein concentration used was 5 mM. All the
measurements were done at 25 8C.

Protein purification and labelling

Wild-type barstar contains three tryptophan residues
(Trp38, Trp44 and Trp53) and two cysteine residues
(Cys40 and Cys82). All the mutant variants of barstar
used here were generated by site-directed mutagenesis.
Each mutant protein contains a single tryptophan (Trp53)
residue and a single cysteine residue located at one of
seven different locations on the protein. For simplicity, the
mutant proteins W38F/W44F/C40A/C82A/S14C,
W38F/W44F/C40A/C82A/A25C, W38F/W44F/C82A,
W38F/W44F/C40A/C82A/T42C, W38F/W44F/C40A/
C82A/L62C, W38F/W44F/S12T/C40A, and W38F/
W44F/C40A/C82A/S89C, are denoted by the position
of the single cysteine residue present in them as Cys14,
Cys25, Cys40, Cys42, Cys62, Cys82, and Cys89, respecti-
vely. All these proteins were purified as described82 and
their purity was confirmed to be O98% on SDS-PAGE.
The protein concentrations were determined by absor-
bance at 280 nm, using a value for 3280 of 10,000 MK1 cmK1

for all the proteins.83

For TR-FRET measurements, all the mutant proteins
were labelled at their single cysteine site with TNB by
reacting with a 100-fold molar excess of DTNB in 8 M
urea at pH 8.5. After the labelling reaction was complete,
the labelled protein was separated from free dye and urea
by passing the reaction mixture through a PD 10 column.
The extent of labelling was confirmed to be O98% by a
DTT assay.84 Similarly, for time-resolved anisotropy
measurements, all the mutant proteins were labelled
with 1,5-IAEDANS or acrylodan in 8 M urea at pH 8 with
about a 10 to15-fold molar excess of the dye, and the
labelled protein was separated from free dye and urea by
passing the reaction mixture through a PD 10 column.
The extent of labelling was checked by absorbance
measurements using a value for 3337 of 4500 MK1 cmK1

at 337 nm for 1,5-IAEDANS85 and a value for 3360 of
13,300 MK1 cmK1 at 360 nm for acrylodan.86
Spectrophotometric measurements

Absorption spectra were recorded on a Shimadzu UV-
2100 spectrophotometer using a cell of 1 cm path length.
The protein concentration used for the measurements was
w10 mM under various unfolding conditions.
Fluorescence measurements and data analysis

All the steady-state fluorescence measurements on
TNB-labelled barstar mutants were carried out using a
SPEX flourolog (T-format) FL111 spectrofluorimeter by
exciting Trp53 at 295 nm.

Time-resolved fluorescence intensity and anisotropy
decay measurements were carried out using a time-
correlated single photon counting setup. For TR-FRET
measurements on TNB-labelled barstar mutants, 1 ps
pulses of 887 nm radiation from the Ti-sapphire femto/
pico second (Spectra Physics, Mountain View, CA) laser,
pumped by an Nd-YLF laser (Millenia X, Spectra
Physics), were frequency tripled to 295 nm by using a
frequency doubler/tripler (GWU, Spectra physics). Simi-
larly for anisotropy measurements on 1,5-IAEDANS or
acrylodan labelled barstar mutants, 1 ps pulses of 830 nm
radiation were frequency doubled to 415 nm. Fluores-
cence decay curves were obtained at the laser repetition
rate of 4 MHz by a micro-channel plate photomultiplier
(model R2809u; Hamamatsu Corp.) coupled to a time-
correlated-single-photon-counting setup. The instrument
response functions (IRF) at 295 nm and 415 nm were
obtained using a dilute colloidal suspension of dried non-
dairy coffee whitener. The width (FWHM) of the IRF was
w40 ps. Fluorescence emission measurements from TNB-
labelled samples, excited at 295 nm, were done at 380 nm
by using a combination of a monochromator and a
320 nm cut-off filter. 1,5-IAEDANS or acrylodan-labelled
samples were excited at 415 nm and their emission
measurements were done at 500 nm and 510 nm,
respectively, by using proper excitation wavelength cut-
off filters. In fluorescence lifetime measurements, the
emission was monitored at the magic angle (54.78) to
eliminate the contribution from the decay of anisotropy.
In time-resolved anisotropy measurements, the emission
was collected at directions parallel (Is) and perpendicular
(It) to the polarization of the excitation beam. The
anisotropy was calculated as:
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rðtÞZ
IsðtÞKItðtÞGðlÞ

IsðtÞC2ItðtÞGðlÞ
(1)

where G(l) is the geometry factor at the wavelength l of
emission. The G factor of the emission collection optics
was determined in separate experiments using a standard
sample (NATA for TR-FRET measurements on TNB-
labelled samples; and fluorescein for anisotropy decay
measurements on 1,5-IAEDANS or acrylodan-labelled
samples). The fluorescence decay curves at the magic
angle were analysed by deconvoluting the observed
decay with the IRF to obtain the intensity decay function
represented as a sum of three or four exponentials:

IðtÞZ
X

ai exp ðKt=tiÞ iZ 1K4 (2)

where I(t) is the fluorescence intensity at time t and ai is
the amplitude of the ith lifetime ti such that

P
i aiZ1.

Time-resolved anisotropy decay curves were analysed
based on the model:

IsðtÞZ IðtÞ½1C2rðtÞ�=3 (3)

ItðtÞZ IðtÞ½1KrðtÞ�=3 (4)

rðtÞZ r0fb1 expðKt=f1ÞCb2 expðKt=f2Þg (5)

where r0 is the initial anisotropy. The values of r0 for
tryptophan, 1,5-IAEDANS and acrylodan were 0.20G0.01
(at lex 295 nm), 0.37G0.01 (at lex 415 nm) and 0.32G0.01
(at lex 415 nm), respectively. bi is the amplitude associated
with the ith rotational correlation time fi, such thatP

i biZ1.
Distance calculation from TR-FRET measurements

The apparent mean distance (R) between the donor and
acceptor pair in a system can be determined from the
mean efficiency of energy transfer (E) between them,
which in turn, is related to the fluorescence lifetimes of
the donor, tDA and tD, in the presence and in the absence
of the acceptor, respectively.
tDA and tD used in our estimations correspond to the

mean lifetime (Z
P

i aiti where i represents the lifetime
components obtained from discrete analysis by equation
(2) values:

EZ
R6

0

R6
0 CR6

� �
Z 1K

tDA

tD

� �
(6)

R0 Z 0:211½k2nK4QDJðlÞ�
1=6 �A (7)

JðlÞZ

ÐN
0

FDðlÞ3AðlÞl
4 dl

ÐN
0

FDðlÞdl

MK1cmK1ðnm4Þ (8)

where R0 is the distance between donor and acceptor at
which the energy transfer efficiency is 50%, n is the
refractive index of the medium. k2 is the orientation factor
for the emission and absorption dipoles and its value
(0–4) depends on their relative orientation. In our
calculations, the value of k2 is taken to be 2/3, for random
orientation of donor and acceptor with respect to each
other, an assumption that is applicable to unfolded
protein chains. QD is the quantum yield of the donor.
Since QD is proportional to fluorescence lifetime, its value
under various unfolding conditions was determined from
the known QD value of 0.11 in 7 M urea.87 J(l) is the
overlap integral, FD(l) is the fluorescence intensity of the
donor in the absence of acceptor, 3A(l) is molar extinction
coefficient of the acceptor. The overlap integral J(l) under
the various denaturant conditions was determined from
equation (8) by recording the emission spectrum of
unlabelled protein (lexZ295 nm) and the molar extinction
coefficient spectrum of TNB-labelled proteins under the
same conditions. Changes in the values of the parameters
n-4, QD and J(l) from one unfolding condition to another
unfolding condition are very small. Also, since R0 has a 1/
6th power dependence on nK4, QD and J(l), small changes
in the values of these parameters under any unfolding
conditions in the unfolded protein-baseline region do not
result in a significant change of R0, whose value under
any unfolding condition is 22.2(G0.1) Å. This value is the
same as reported earlier.87
Maximum entropy method of analysis (MEM)

The lifetime distributions in the unfolded form of
barstar were obtained by analysing the fluorescence
decay kinetics of Trp53 using MEM analysis.36,46–48

MEM analysis treats the fluorescence decay as arising
from a distribution of a large number (w100–150) of
discrete lifetime values equally spaced in the log(t) space
covering the range from 10 ps to 10 ns, or in a similar
range depending on the nature of the fluorescent
molecule. The analysis begins by assigning equal
probability (amplitude) to all the lifetime values.
Subsequently, in each iteration during the analysis, the
distribution is modified leading to minimization of c2 and
maximization of the Shannon–Jaynes entropy function,
SZK

P
i pi log pi, where piZai/Sai is the probability

(amplitude) of ith lifetime. If many possible distributions
have the same or similar value of c2, then the maximum
entropy criterion selects the distribution for which S is
maximum. Thus, MEM analysis results in a lifetime
distribution that is independent of any mathematical
model. The values of c2 were in the range of 1.0 to 1.05 for
all the MEM analyses. Peak values in the MEM
distribution agreed with those obtained from discrete
lifetime analyses, within 5%.
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