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Dissecting the Non-specific and Specific Components
of the Initial Folding Reaction of Barstar by Multi-site
FRET Measurements
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National Centre for Biological Initial polypeptide chain collapse plays a major role in the development of

Sciences, Tata Institute of subsequent structure during protein folding, but it has been difficult to
Fundamental Research elucidate the coupling between its cooperativity and specificity. To better
UAS-GKVK Campus understand this important aspect of protein folding, nine different intramole-
Bangalore 560065, India cular distances in the protein have been measured by fluorescence resonance

energy transfer (FRET) in the product(s) of the initial, sub-millisecond collapse
reaction during the folding of barstar, under different folding conditions. All
nine distances contract in these initial folding products, when the denaturant
concentration is reduced. Two of these distances were also measured in
peptides corresponding to sequence segments 38-55 and 51-69 of the protein.
Surprisingly, both distances do not contract in the peptides which remain fully
unfolded when the denaturant concentration is reduced. This suggests that the
contraction of at least some segments of the polypeptide chain may be
facilitated only by contraction of other segments. In the case of the initial
product of folding of the protein, the dependence on denaturant concentration
of the relative change in each distance suggests that there are two components
to the initial folding reaction. One is a nonspecific component, which appears to
be driven by the change in denaturant concentration that is used to initiate
refolding. This component corresponds to the collapse of completely unfolded
protein (U) to unfolded protein in refolding conditions (Uc). The extent of
nonspecific collapse can be predicted by the response of completely unfolded
protein to a change in denaturant concentration. All distances undergo such
solvent-induced contraction, but each distance contracts to a different extent.
There is also a specific component to initial sub-millisecond folding, in which
some distances (but not all) contract more than that predicted by solvent-
induced contraction. The observation that only some of the distances undergo
contraction over and above solvent-induced contraction, suggest that this
specific component is associated with the formation of a specific intermediate
(Ig). FRET efficiency and distance change differently for the different donor-
acceptor pairs, with a change in denaturant concentration, indicating that the
formation or dissolution of structure in Uc and Ig does not happen in a
synchronized manner across different regions of the protein molecule. Also, all
nine FRET efficiencies and intramolecular distances in the product(s) of sub-ms
folding, change continuously with a change in denaturant concentration.
Hence, it appears that the transitions from U to Uc and to Iy are gradual
transformations, and not all-or-none structural transitions. Nevertheless, the
product of these gradual transitions, I, possesses specific structure.

© 2007 Published by Elsevier Ltd.

Keywords: protein folding; polypeptide chain collapse; cooperativity;
*Corresponding author specificity

Abbreviations used: FRET, fluorescence resonance energy transfer; TNB, thionitrobenzoic acid; D-A, donor-acceptor.
E-mail address of the corresponding author: jayant@ncbs.res.in

0022-2836/$ - see front matter © 2007 Published by Elsevier Ltd.


mailto:jayant@ncbs.res.in

386

Specificity of Initial Chain Collapse

Introduction

Unfolded protein chains in high concentrations
of denaturant are thought to behave as random
coils,' ™ even when they might possess non-random
structure,” and they contract when placed in native-
like conditions. Natively folded proteins that have
been destabilized by mutation so strongly that they
no longer fold under native-like condltlons % as
well as natively unfolded proteins,” " expand when
put into high concentrations of denaturant. In this
respect, the behavior of protein chains resembles
that of homopolymer chains transferred from a bad
to a good solvent.'” Since protein folding reactions
are initiated typically by dilution of denaturant, the
first step in a protein folding reaction is expected to
be a solvent-induced collapse of the unfolded state,
which is thought to occur within 100 ps of the
initiation of folding,'>'* and Wthh is likely to be
non-specific by its very nature.”” Not surprisingly,
there has been some effort aimed at showing that the
product of the sub-millisecond folding reaction of a
protein could just be the unfolded state in refolding
conditions, and not a structured intermediate.!>-18
On the other hand, there are some proteins that
undergo polypeptide chain collapse and refold
completely in the sub-millisecond time domain.'**’

In earlier kinetic studies with millisecond resolu-
tion, it was usually not possible to resolve tempo-
rally chain collapse from specific structure
formation. The products of the sub-millisecond
folding reactions of many proteins appeared to be
compact and to possess secondary structure, sug-
gesting that collapse and spec1f1c structure forma-
tion occurred 31mu1taneously ? In fact, many
models of protein folding have suggested that
secondary structures formed before chain collapse
occurred.”* One of the first indications that
collapse could precede secondary structure forma-
tion came from a study of the folding of barstar,*®
where it was shown that the product of the sub-
millisecond folding reaction under marginally sta-
bilizing conditions was collapsed but did not
possess secondary structure. Only in strongly
stabilizing folding conditions did the collapsed
product possess secondary structure, but secondary
structure formation and collapse could not be
resolved temporally.”” Now it appears that poly-
peptide chain collapse may precede structure
formation even for the so-called two-state folding
proteins, for which all structure formation is
supposedly synchronized.”® It seems possible for
polypeptide chain collapse to follow secondary
structure formation only when folding is carried
out at cryogenic temperatures, where hydrophob1c
interactions would be greatly weakened.” Struc-
tureless protein globules have been identified under
different experimental®® and theoretical®®*°
contexts in protein folding reactions. The advent of
sub-millisecond kinetic methods has made it possi-
ble to study the actual process of collapse in a few
cases. A non-specific collapse of the polypeptide

chain has been shown to precede structure forma-
tion during the foldmg of r1bonuclease A In the
case of cytochrome ¢*® and monellin,” no significant
secondary structure formation is seen to accompany
the fastest observable collapse reaction, indicating
that collapse precedes secondary structure forma-
tion. In the case of apomyogobin, it was not possible
to resolve temporally chain collapse and secondary
structure formation, in mixing experiments in the
100 ps time domain,® although fast structural
events have been detected in the 10 ps time domain
using other methods.*'

Specificity of polypeptide chain collapse has been
inferred indirectly from two different sets of experi-
mental observations. Firstly, when the products of
sub-millisecond folding reactions of several proteins
were examined at a few milliseconds of folding,
their unfolding appeared to have sigmoidal depen-
dence on the concentration of urea.?>4243 A sigmoi-
dal dependence is commonly interpreted as arising
from a cooperative transition. But it has been shown
that a sigmoidal dependence does not necessarlly
have to arise from a cooperative transition.**** In
fact, for several proteins, different structural probes
y1eld e1ther non-overlapping 51gm01da1 transi-
tions”*® or non-sigmoidal transitions” for the
unfolding of the products of initial sub-millisecond
folding, indicating that they have formed in a
stepwise manner from the unfolded protein in
refolding conditions. Direct sub-millisecond mea-
surements of folding also indicate that the initial
collapse reaction is followed quickly by a second
structure-forming reaction, so that the product
observed at a few milliseconds of folding may be
the consequence of more than one folding transi-
tion.3”-3% Thus, the product of folding examined at a
few milliseconds of folding may be the result of
multiple folding transitions that have occurred con-
secutively and/or concurrently.

Secondly, in folding experiments initiated by sub-
millisecond mixing, the observation of very fast
exponential kmetlcs for the folding of cytochrome ¢
and other proteins®® was interpreted to represent a
barrier-limited, all-or-none folding transition. It was
held that such a cooperative folding transition could
only be specific, presumably because the formation
of specific mteractlons must be slowed by a subs-
tantial barrier.*” But the more recent observatlon
that large unstructured fragments of cytochrome c,”
can collapse with exponential kinetics nearly iden-
tical with the folding kinetics of collapse of intact
cytochrome ¢, has indicated that exponential kine-
tics are not necessarily indicative of specific struc-
ture formation.”'* It seems that a polypeptide chain

collapse reaction unaccompanied by the formation
of any specific structure, can also display exponen-
tial kinetics.

The identification of exponential collapse kinetics
with specific structure formation has also arisen
because it is widely believed that if a folding
transition occurs in a gradual manner, for example
by many diffusive transitions over small energy
barriers, then the observed kinetics cannot be
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exponential. Consequently, the observation of non-
exponential kinetics during folding has been taken
to mean that the folding is gradual or downhill in
nature.”>>* Non-exponential kinetics have also been
attributed to parallel downhill and activated folding
pathways.” A diffusive folding reaction might itself
display exponential kinetics.*>°2 It appears that just
as non-exponential kinetics need not necessarily be
simply taken as a signature of a gradual process
over many small barriers, exponential kinetics need
not necessarily signify a barrier-limited, all-or-none
process. The initial collapse process, like the overall
folding process, may be a combination of first-order
as well as higher-order transitions,”® and the kinetics
for such processes remain ill-defined.

There is an additional aspect to polypeptide chain
collapse during folding that adds further confusion
to the relationship between cooperativity and
specificity. This is the conformational heterogeneity
that must be present in the first step in protein
folding. Every unfolded molecule in a high concen-
tration of urea is expected to exist in a different
conformation, and each conformation is expected to
change every 100 ps or so. In addition, large-scale
diffusive motions occur in the 10 ps time domain.””
To better characterize the specificity and coopera-
tivity of a polypeptide chain collapse reaction, as
well as the heterogeneity inherent in the collapse, it
becomes imperative to use multiple structural
probes that can report on structure formation in
different parts of the protein molecule as it folds. In
this study, such an approach has been used to
characterize the product of the sub-millisecond
folding reactions of barstar.

Barstar is an 89 residue protein that serves as
intracellular inhibitor of the extracellular protease
barnase in Bacillus amyloliquefaciens. Its folding
pathway has been characterized, and several inter-
mediates are known to populate its folding
pathway.”®” Under strongly stabilizing conditions,
an early intermediate, Ig, is known to be populated
on the folding pathway during the initial few
milliseconds of the folding.”” It was shown earlier
that Iz is an ensemble of at least three structural
forms, and that different forms populate the folding
pathway under different folding conditions.””*" In
marginally stabilizing conditions, the product of the
initial folding phase has very little structure or does
not accumulate to a detectable extent, but retains the
ability to bind the hydrophobic dye 8-anilino-1-
naphthalene sulfonic acid (ANS): it therefore
appears to be a collapsed structure (Uc).”® The
formation of Uc and Iz appears to be a non-coo-
perative process, as suggested by the non-coinci-
dence of the burst phase amplitudes observed in
fluorescence and CD-monitored kinetic studies with
millisecond time resolution.””

In this study, the objective was to obtain an insight
into how cooperativity and specificity are coupled
during the initial folding reaction, including poly-
peptide chain collapse. Nine intramolecular dis-
tances in different structural segments of barstar
were measured in the product of the initial folding

reaction, as a function of denaturant concentration,
at a few milliseconds of folding. This was done by
measurements of the fluorescence resonance energy
transfer (FRET)-monitored refolding kinetics using
different single cysteine-containing, single trypto-
phan-containing variants of barstar, each having the
acceptor moiety in a different structural region of the
protein (Figure 1). The proteins used are Cys3,
Cysl4, Cys36, Cys40, Cys42, Cys67, Cys79, Cys82
and Cys89. The single tryptophan (Trp53) serves as
the FRET donor, and a small thionitrobenzoic acid
(TNB)-adduct coupled to the thiol group of the
single cysteine residue serves as the FRET acceptor.
The utility of multi-site FRET in characterizing
protein folding and unfolding reactions has been
demonstrated.®-¢* In this study, the use of multiple
FRET pairs has allowed an analysis of the non-
cooperative behavior of the initial folding transition,
including collapse, and has also given useful clues
regarding its specificity. It appears from the present
study that the product of the initial folding reaction
is a specifically collapsed species at a few milli-
seconds of folding. Yet, it appears to form by a
gradual, not an all-or-none, transition.

Results

Refolding kinetics of unlabeled proteins

Figure 2(a) and (b) show the first 0.5 s of
representative kinetic traces of refolding in 0.6 M
urea for two of the nine mutant proteins, Cys14 and
Cys79, respectively. The refolding kinetics of the
nine different single Cys-containing, single Trp-
containing mutant proteins were monitored at
320 nm by measuring the increase in fluorescence
intensity of the Trp53 upon refolding. There is no
burst phase (<6 ms) change in fluorescence during
the refolding of any of the proteins studied: the fit to
the kinetic trace extrapolates back to the fluores-
cence signal of the unfolded protein. In other words,
the observed kinetic amplitude accounts for the
entire equilibrium amplitude expected from the
equilibrium unfolding transition of the protein.

Refolding kinetics of the TNB-labeled proteins

Figure 2(c) and (d) show the initial 0.5 s of the
kinetics of refolding in 0.6 M urea of Cys14-TNB and
Cys79-TNB, respectively. The refolding kinetics of
the nine different TNB-labeled proteins were mon-
itored using the decrease in fluorescence intensity at
380 nm. The rationale for selecting this wavelength
for monitoring the kinetics of the folding of the
labeled proteins has been explained elsewhere.®® In
all the cases, there is a significant and very fast
unobservable decrease in signal amplitude within
the dead-time (~6 ms) of the stopped-flow mixing
device. This very fast burst phase change, which
precedes the observed fast refolding phase, must
occur in the sub-millisecond time domain.
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Figure 1. Structure of barstar. The locations of the different residues, which were independently mutated to cysteine to
generate the nine different single Cys-containing mutant proteins, are shown. Each of these mutant proteins has a single
tryptophan residue, Trp53, which is located in the core of the protein. Cys14, Cys42 and Cys79 have replaced residues that
were solvent-exposed. Cys3 and Cys67 are in the main hydrophobic core of the protein. Cys40 and Cys82 form part of a
separate hydrophobic pocket. The structure was generated from the PDB file 1btb using Rasmol.'"”

Figure 3(a)-(i) compare the observed fast rate
constants of folding of the different labeled proteins
to those of the corresponding unlabeled proteins.
The apparent rate constants appear to be similar
for the unlabeled proteins and the corresponding
labeled proteins. The similarities in the kinetics of
the refolding of the unlabeled and the TNB-labeled
proteins allow the results with the different mutant
proteins, labeled as well as unlabeled, to be com-
pared directly to one another.

Dependence of the burst phase amplitude on
urea concentration

Figure 4(a)-(i) compare the kinetic amplitudes of
the refolding reactions monitored at 380 nm, to the
equilibrium amplitudes at 380 nm, for both the
unlabeled and the TNB-labeled proteins. For all the
unlabeled proteins, the equilibrium unfolding tran-
sition shows a gradual increase in fluorescence
intensity with increasing concentration of urea,

without any sigmoidal dependence. The total
increase is small and amounts to ~30-35% of the
fluorescence signal at low concentrations of urea.
The t=0 points obtained from the extrapolation of
the kinetic traces of refolding measured in different
concentrations of urea, also show a similar gradual
increase in fluorescence intensity with increasing
concentration of urea. In the case of Cys89, the
kinetic =0 points are coincident with the equili-
brium unfolding transition, whereas for Cys3,
Cysl4, Cys36, Cys40, Cys42, Cys67, Cys79 and
Cys82, the t=0 points show small deviations from
the equilibrium unfolding transitions at lower con-
centrations of urea. It is notable that this dependence
of the t=0 fluorescence intensity on the concentra-
tion of urea is very similar to the dependence of the
fluorescence intensity of NATA (N-acetyl-L-trypto-
phanamide) on the concentration of urea (data not
shown).

In the case of the TNB-labeled proteins, the
equilibrium unfolding transition is sigmoidal in all
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Figure 2. Refolding kinetics of
unlabeled and TNB-labeled pro-
teins at 25 °C. Shown here are
representative kinetic traces of
refolding in 0.6 M urea for two
proteins, Cys14 and Cys79. The top
panels show the refolding traces for
the unlabeled proteins (a) Cysl4
and (b) Cys79, monitored at 320 nm.
The lower panels show the refolding

traces for the two TNB-labeled
proteins (c) Cysl4-TNB and (d)

(€) (d)
0.8 1 1
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Cys79-TNB, monitored at 380 nm.
All the traces have been normalized
to a value of 1 for the unfolded pro-
tein signal in 8.3 M wurea. The
continuous lines through the data
are fits to a three-exponential equa-
tion. In each panel, the broken line
represents the unfolded protein sig-
nal in refolding conditions, which
was obtained from linear extrapola-
tion of the unfolded protein baseline
of the equilibrium unfolding transi-
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>
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tion to 0.6 M urea. In the case of
Cys14-TNB, the fit to the refolding
data does not extrapolate back to the
signal of the unfolded protein in

0.6 M urea. In the case of Cys79-TNB, the fit to the kinetic curve extrapolates back at =0 to the signal of the unfolded protein

in 0.6 M urea.

cases. For Cys3-TNB, where the labeling seems to
have affected the stability (Figure 4(a)), very little of
the native protein baseline can be observed. In
kinetic studies with all of the proteins, a significant
amount of the fluorescence signal decreases in an
unobservable sub-millisecond phase, when the
folding was commenced from the 8 M urea unfolded
form by denaturant dilution to lower concentrations
of urea. This initial missing amplitude increases
significantly with decreasing concentration of urea
present during refolding. In 0.6 M urea, the missing
amplitudes are 61%, 66%, 55%, 63%, 64%, 66%, 56%,
48% and 48% of the total amplitude of the folding
transition from the unfolded protein in 8 M urea to
the native protein in 0.6 M urea, for Cys3-TNB,
Cys14-TNB, Cys36-TNB, Cys40-TNB, Cys42-TNB,
Cys67-TNB, Cys79-TNB, Cys82-TNB and Cys89-
TNB, respectively.

Interestingly, the dependence of the missing burst
phase amplitude on the concentration of urea is
different for the different labeled proteins. In the
case of Cys79-TNB and Cys82-TNB (Figure 4(g) and
(h)), the dependence of the extrapolated t=0 points
on the concentration of urea are colinear with that of
the fluorescence signal in the unfolded baseline
region of the equilibrium unfolding transition. In
other words, the t=0 points fall on the linearly
extrapolated unfolded protein baseline of the
equilibrium unfolding curve. It should be noted
that two other mutant labeled proteins studied
earlier,”” Cys25-TNB and Cys62-TNB, show similar
dependences of the t=0 points on the concentration

of urea. For these proteins, for which the depen-
dence of the t=0 points on the concentration of urea
is colinear with the dependence of the unfolded
protein baseline, it appears that the unfolded
polypeptide chain responds non-specifically to a
change in solvent conditions.

In the case of Cys3-TNB (Figure 4(a)), Cysl4-
TNB (Figure 4(b)), Cys36-TNB (Figure 4(c)), Cys40-
TNB (Figure 4(d)), Cys67-TNB (Figure 4(f)), and
Cys89-TNB (Figure 4(i)), the t=0 points show,
however, a significant deviation from the linearly
extrapolated unfolded protein baseline at lower
concentrations of urea. In the case of Cys42-TNB
(Figure 4(e)), the deviation is relatively small. For
these proteins, the missing amplitude is larger than
expected from linear extrapolation of the unfolded
protein baseline. At any particular low concentra-
tion of urea, the difference between the fluores-
cence signal obtained by linear extrapolation of the
unfolded protein baseline, and the fluorescence
signal obtained by extrapolation to t=0 of the
observed kinetic curve for folding in the same
concentration of urea, is taken to represent the
specific component of the burst phase amplitude.
This specific component accounts for 19% (Cys3-
TNB), 23% (Cys14-TNB), 13% (Cys36-TNB), 17%
(Cys40-TNB), 9% (Cys42-TNB), 14% (Cys67-TNB),
and 17% (Cys89-TNB) of the total amplitude of
the transition from the unfolded protein in 8 M urea
to the native state in 0.6 M urea. If it is assumed that
the fluorescence signal obtained by linear extrapola-
tion to a particular low concentration of urea of the
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Figure 3. Observed fast refolding rate constants for the different labeled and unlabeled proteins at 25 °C. (a) Cys3 and
Cys3-TNB, (b) Cys14 and Cys14-TNB, (c) Cys36 and Cys36-TNB, (d) Cys40 and Cys40-TNB, (e) Cys42 and Cys42-TNB, (f)
Cys67 and Cys67-TNB, (g) Cys79 and Cys79-TNB, (h) Cys82 and Cys82-TNB, (i) Cys89 and Cys89-TNB. The red triangles
represent the fast refolding rate for the unlabeled protein, and the blue triangles represent the fast refolding rate for the
corresponding TNB-labeled proteins. Where shown, error bars represent the standard deviations determined from three

independent experiments.

unfolded protein baseline represents the signal of the
unfolded protein in that concentration of urea, then
the specific component of the burst phase amplitude
accounts for 52% (Cys3-TNB), 51% (Cys14-TNB),
40% (Cys36-TNB), 50% (Cys40-TNB), 33% (Cys42-
TNB), 41% (Cys67-TNB), and 31% (Cys89-TNB), of
the amplitude of refolding from the unfolded protein
in refolding condition to completely refolded protein
in 0.6 M urea.

As is seen in Figure 4, the specific component of
the sub-millisecond folding reaction is seen only at
lower concentrations of urea (<2 M) in the form of a
deviation from the linearly extrapolated unfolded
protein baseline. At higher concentrations of urea
(>2 M) in the folding transition region, the =0
points fall on the linearly extrapolated unfolded
protein baseline, indicating that only the non-
specific component occurs at these concentrations
of urea. In fact, this non-specific component is seen
for all the labeled proteins at concentrations of urea
greater than 2 M, corresponding to marginally
stabilizing folding conditions. Thus, the non-specific
component arising from the response of the
unfolded polypeptide chain to a change in solvent

from good to bad is present at higher concentrations
of urea for all the proteins, and at all concentrations
of urea for Cys25-TNB, Cys62-TNB, Cys79-TNB and
Cys82TNB. The slope of the unfolded protein
baseline, which is colinear with the linear part of
the dependence of the =0 signal on the concentra-
tion of urea, is the same (0.065(x0.005) M) for all
the proteins. Indeed, this is what is expected if the
linear dependence on the concentration of urea of
the t=0 fluorescence intensities extrapolated from
the kinetic curves, for folding of the labeled proteins
in concentrations of urea greater than 2 M, repre-
sents a non-specific effect.

FRET efficiency in the burst phase product
varies continuously and differently for different
donor-acceptor (D-A) pairs

The data in Figure 4 were used to calculate the
FRET efficiency in the product of sub-millisecond
folding, for each of the intra-molecular distances
being monitored in the individual proteins. The
FRET efficiency was calculated using equation (2).
The t=0 fluorescence signal obtained by extrapolation
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Figure 4. Kinetic versus equilibrium amplitudes of the refolding of unlabeled and labeled proteins. (a) Cys3 and Cys3-
TNB, (b) Cys14 and Cys14-TNB, (c) Cys36 and Cys36-TNB, (d) Cys40 and Cys40-TNB, (e) Cys42 and Cys42-TNB, (f)
Cys67 and Cys67-TNB, (g) Cys79 and Cys79-TNB, (h) Cys82 and Cys82-TNB, (i) Cys89 and Cys89-TNB. In each of the
panels, the dark pink circles represent the equilibrium unfolding transition of the unlabeled protein monitored at 380 nm,
and the inverted triangles (green) represent the =0 points of the kinetic traces of refolding of the unlabeled protein. The
lines through the equilibrium and the kinetic data are second-order polynomial fits. The dark red circles represent the
equilibrium unfolding transition of the TNB-labeled protein monitored at 380 nm, and the continuous line through the
equilibrium unfolding transition represents a non-linear least-squares fit to a two-state N=U model. The values of C,,
obtained from the two-state analysis are: 1.3 M, 2.6 M, 23 M, 3.8M,3.2M,19M,2.6 M, 3.5M and 4.5 M, for Cys3-TNB,
Cys14-TNB, Cys36-TNB, Cys40-TNB, Cys42-TNB, Cys67-TNB, Cys79-TNB, Cys82-TNB, and Cys89-TNB, respectively.
The values of C,, obtained for the corresponding unlabeled proteins are 3.8 M, 3 M, 2.8 M, 3.2 M, 32 M, 3.7 M, 3.1 M,
2.5M, 3.6 M and 3.7 M, respectively. Thus, labeling does not alter stability significantly, except in the case of Cys3-TNB.
The blue triangles and the squares represent the =0 signal and the t = signal, respectively, obtained from fitting the
kinetic traces of refolding of the labeled proteins. The broken line is a linear extrapolation of the unfolded protein baseline.
All the data points are normalized to a value of 1 for the signal of the unfolded TNB-labeled protein in 8 M urea.

of the kinetic trace of refolding of the unlabeled  kinetics trace of refolding of the corresponding TNB-
protein was taken as Fp (fluorescence intensity at  labeled protein was taken as Fpa (fluorescence
380 nm of the donor), and the f=0 signal from the  intensity at 380 nm of the donor in presence of the
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acceptor). Similarly, for calculation of the FRET
efficiency in the species that is populated in different
concentrations of urea of the unfolded baseline, the
values of the signal obtained immediately after
denaturant dilution following stopped-flow mixing
(which is essentially the same as the equilibrium
value in that particular concentration of urea) for the
labeled and the unlabeled proteins were used as Fpa
and Fp, respectively. It is possible to use the kinetic
data obtained for the unlabeled and labeled proteins
in this manner to determine the FRET efficiencies, as
well as to compare the FRET efficiencies with each
other, because each of the individual proteins,
labeled as well as unlabeled, for which the FRET
data was obtained, display similar folding kinetics
and stabilities (Figure 3, and see above). Figure 5(a)-
(j) show the dependences of the FRET efficiencies on
the concentration of urea in which folding was
carried out. For all the proteins, the FRET efficiency

appears to have an exponential dependence on the
concentration of denaturant. Upon extrapolation of
the exponential dependence to zero denaturant, it is
seen that the FRET efficiency in the burst phase
product is either the same or less than the FRET
efficiency in the native protein in the absence of
denaturant. In the case of Cys14-TNB (Figure 5(b)),
Cys36-TNB (Figure 5(c)) as well as of Cys89-TNB
(Figure 5(i)) the extrapolation appears to exceed the
value of FRET efficiency calculated for the native
state, but it should be remembered that a ~10% error
is possible in the calculation of the FRET efficiency in
the native state.”

Figure 6 compares the dependence on the con-
centration of urea of the FRET efficiency in the
product(s) of sub-millisecond folding, for all the 11
D-A pairs studied so far. The fractional change in
efficiency was calculated using equation (6). It is
clear from Figure 6(a) that the FRET efficiencies
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0.2 4

0.0 T T

1.0

0.8
0.6 1

" M.

0.2

0.0 - w y " T
o 2 4 6 8 0 2

[Urea] (M)

T T T T T T

4 6 g8 0 2 4 6 8

Figure 5. Dependence on urea concentration of the FRET efficiency in the product of sub-millisecond folding. (a)
Cys3-TNB, (b) Cys14-TNB, (c) Cys36-TNB, (d) Cys40-TNB, (e) Cys42-TNB, (f) Cys67-TNB, (g) Cys79-TNB, (h) Cys82-TNB
and (i) Cys89-TNB. In each panel, the dark pink squares represent the FRET efficiency in the completely unfolded protein
forms that are present in different concentrations of urea in the unfolded protein baseline of the equilibrium unfolding
transition. The blue squares represent the FRET efficiency in the forms that are populated before the commencement of the
fast refolding phase. The continuous line through the efficiency data represents a fit to a single-exponential equation: E=
E(0) + a e Pl where E(0) is the FRET efficiency in 0 M urea, a is the amplitude, and m is the constant that has been used as
a measure of the dependence of the FRET efficiency (E) on the concentration of urea ([D]). The broken line represents the
FRET efficiency in the native state. The arithmetically propagated standard deviations are ~10% of the mean FRET

efficiency.
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calculated for the different D-A pairs have different
dependences on the concentration of urea. The
extents to which the different D-A pairs would
have contracted in 0 M urea, as the fits through the
data suggests, are also different. The dependence
parameter (the value of the constant m obtained
from the single-exponential fit to the efficiency
versus concentration of urea data) further highlights
the fact that the dependences are uncorrelated
(Figure 6(b)): the different D-A pairs do not have
the same value of m.
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Figure 6. Comparison of the urea-dependence of the
FRET efficiencies in the sub-millisecond burst phase
product for different D-A pairs. (a) The fractional change
in FRET efficiency. The colored triangles represent the
fractional change in the FRET efficiency in the initially
collapsed form with increasing concentration of urea.
Triangles of different colors have been used to show the
change in FRET efficiency for different D-A pairs. The
fractional change in FRET efficiency was calculated using
equation (6). The colored lines represent the fractional
change in efficiency calculated using the values from the
exponential fits to the efficiency data in Figure 5. Data for
Cys25-TNB and Cys62-TNB are taken from Sinha &
Udgaonkar.®® (b) Comparison of dependence obtained
from FRET efficiency versus [D] plots for different D-A
pairs. The parameter m (obtained from Figure 5) is plotted
against the position of the corresponding acceptor (-Cys-
TNB group) in the linear amino acid sequence.

Spectroscopic properties of the burst phase
product resemble those of the unfolded protein

An earlier study involving two mutant variants of
barstar with solvent-exposed cysteine residues had
shown that the values of the quantum yield and the
overlap integral (J) in the initial burst phase species
remain similar to that for the unfolded protein.®®
Figure 7 shows the emission and absorption spectra
of the burst phase species populated during the
initial few milliseconds of refolding in 0.6 M urea of
a mutant protein with a completely buried cysteine
residue (Cys40). It is seen in Figure 7(a), that the
emission spectrum of tryptophan in the burst phase
species is similar to that of the unfolded state. This
suggests that the quantum yield of the donor Trp53
is the same in the burst phase product and the
unfolded protein.

Figure 7(b) shows the absorption spectrum of the
acceptor TNB moiety in the burst phase species. It is
seen that this absorption spectrum of the acceptor is
blue-shifted when compared to the absorption
spectrum in the unfolded protein. Thus, there is
some burial of the thiol-TNB group in the burst
phase product. This is likely to result in some change
in the value of J: about a 15% increase is estimated.
This is, however, unlikely to cause any significant
change in the value of R, in the burst phase product,
compared to that calculated for the unfolded form,
as Ry has a sixth-root dependence on the value of |
(equation (4)). Hence, the value of R, determined for
U has been used for the calculations of the intra-
molecular distances separating D and A in the burst
phase product.

The value of Ry was calculated separately for each
of the D-A pairs studied (Table 1). Since the variation
observed in the values of Rg was small, a mean value
of Ry was used for the calculation of the distances
corresponding to the different D-A pairs. The values
of Ry used were 27.0(x0.5) A for the native state, and
22.5(£0.5) A for the unfolded state.

D-A distances in the burst phase product
contract gradually with decreasing urea
concentration

Figure 8 shows the denaturant dependence of the
distances that separate donor and acceptor in the
product of sub-millisecond folding, for the different
mutant proteins. The D-A distances were calculated
using equation (3). As discussed above, the value of
Ry for the protein unfolded in 8 M urea was used to
calculate the D-A distances in the burst phase
species. The data from Figure 5 were used for the
values of the efficiency of FRET in the burst phase
product. It is evident from Figure 8 that the D-A
distances change gradually with the concentration
of urea. Like the efficiency versus urea concentration
data for the different proteins, the dependence of the
D-A distances on the concentration of urea are not
the same for the different mutant proteins (Figure
9(a) and (b)). In the cases of Cys36-TNB (Figure 8(c)),
Cys40-TNB (Figure 8(d)), Cys42-TNB (Figure 8(e)),
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Figure 7. Spectral properties of the burst phase
species. The data shown were obtained for Cys40-TNB
in which the cysteine residue is >95% buried. (a) The
emission spectrum and (b) the absorption spectrum of the
burst phase species populated after a few milliseconds of
refolding. In (a) the blue line represents the fluorescence
emission spectrum of the native state, and the red line
represents the spectrum of the unfolded form in 8 M urea.
The green upright triangles represent the three-wave-
length spectrum of the burst phase species populated
during the initial few milliseconds after the initiation of
refolding in 0.6 M urea. In (b) the blue line represents the
absorbance spectrum of the TNB group in the native
protein, and the red line represents the same for the
unfolded protein in 8 M urea. The green squares represent
a four-wavelength absorbance spectrum of the burst phase
species.

Cys67-TNB (Figure 8(f)) and Cys89-TNB (Figure 8(i)),
the values determined for the D-A distances in
<1 M urea appear to be less than the D-A distance
in the native state. It should be noted, however, that
the application of FRET methodology to a native
protein may have intrinsic problems.®> In an earlier
time-resolved FRET study, an error of about a 10%
was found to be associated with the measurement
of the distances in the native state.”® Apart from
this, in all these calculations a value of 2/3 has been
used for the orientation factor (k%) assuming that
the dynamic averaging of all the possible orienta-
tions of donor and acceptor molecules takes place
within the fluorescence lifetime. The range of «?
determined for the dansyl group in earlier work™®
was found to be 0.25-2.3 for the native state. This
range in the value of ” can give rise to a possible

error of ~23% in the calculation of the D-A
distances. For TNB, this range is likely to be less
given that it is smaller than dansyl fluorophores.”
It should be noted that the donor (Trp53) is
completely solvent—exposed in the product of sub-
millisecond folding,®® and that, even when attached
to a buried cysteine, the TNB label in the product of
sub-millisecond folding is as solvent-exposed as it is
in the unfolded protein (Figure 7). Hence, the
assumption of a value of 2/3 for k” in the product
of sub-millisecond folding appears ]ust1f1ed

The root-mean-squared distance (<r*>1/?) between
the donor and the acceptor groups was determined
from the probability distribution funct1on P(r) of a
Gaussian-distributed random coil.® Brleﬂy, P(r) was
used to generate a probability distribution function,
P(E) for the FRET efficiency, from which the mean
efficiency was determined. <r*>'/2 corresponded to
the value of the distance for which the mean
efficiency so determined was equal to the experi-
mentally determined value of efficiency.® Tt was
found (data not shown) that at all concentrations of
urea, the values obtained for <r*>'/? exceeded the
values of D-A distances calculated directly from the
experimentally determined values of the FRET
efficiency. But importantly, the dependence of the
D-A distance on the concentration of urea remained
the same, irrespective of which of the two methods
was used to determine distances.

The Gaussian-distributed random coil model has
been used widely to describe the dimensions of
unfolded proteins,®*”® and some of these studies
report significant deviations of the experimental or
simulated data from a Gaussian distribution func-
tion.***7%7%7> When excluded volume effects are
explicitly taken into account, a narrower distribu-
tion function is found to better describe experimen-
tal hydrodynamic data.”” In fact, it is not known
whether a polypeptide chain of finite length behaves
like a freely jointed chain under any condition. The
Gaussian distribution random coil model appears to
be unsuitable for describing the dimensions of an
unfolded protein, and its applicability for estimating
intra-molecular distances within a collapsed glo-
bule, such as the burst phase product of the folding
reactions reported here, is even more questionable.
It is because of such uncertainties that the D-A

Table 1. Values of R, determined for FRET in the native
(N) and unfolded (U) forms of different mutant proteins

Ry D-A distance
Protein (N) (A) ) (A) N) A)
Cys3-TNB 26.6 23.0 209
Cys14-TNB 27.3 224 213
Cys36-TNB 26.4 22.6 25.0
Cys40-TNB 27.0 25 19.6
Cys42-TNB 27.0 21.5 22.0
Cys67-TNB 26.9 225 20.8
Cys79-TNB 26.7 22.1 20.0
Cys82-TNB 27.9 227 19.2
Cys89-TNB 27.8 233 20.6
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Figure 8. Contraction of intra-molecular distances in the

products of sub-millisecond folding. (a) Cys3-TNB, (b)

Cys14-TNB, (c) Cys36-TNB, (d) Cys40-TNB, (e) Cys42-TNB, (f) Cys67-TNB, (g) Cys79-TNB, (h) Cys82-TNB, (i) Cys89-
TNB. In each panel, the dark pink squares represent the average D-A distances in the unfolded forms in different urea
concentrations in the unfolded baseline regions of the equilibrium unfolding transitions. The blue squares represent the
average D-A distance in the collapsed forms, which populate the folding pathway before the observed fast refolding
phase, in different concentrations of urea. In each panel, the continuous line through the data represents a fit to a single-
exponential equation. The broken line represents the D-A distance in the native state (see Table 1).

distances were calculated directly from the experi-
mentally determined values of the FRET efficiency,
as described above.

Unstructured peptide fragments do not contract

Figure 10 shows the results of the equilibrium
FRET experiments carried out with the peptide frag-
ments 38-55 and 51-69, which represent amino acid
residue segments 38-55 and 51-69 in the sequence of
Cys40 and Cys67, respectively. The fragments 38-55
and 51-69, after labeling with TNB, contain the
Trp53-Cys40TNB and Trp53-Cys67TNB D-A pairs,
respectively. The circular dichroism spectra of both
of these fragments, in the labeled as well as
unlabeled forms, show that they are unstructured
in water (data not shown). It is seen from Figure 10
that for both the peptides, the fluorescence inten-
sities of the unlabeled, as well as of the TNB-labeled,
peptide increase linearly with the concentration of
urea. This indicates that the curvature of the t=0
points observed in lower concentrations of urea in

the case of the proteins with the Trp53-Cys40TNB
(Figure 4(d)) and Trp53-Cys67TNB (Figure 4(f)) D-A
pairs, is not because of changing spectral properties
of the donor or the acceptor group. It indicates that
the non-linear dependence on the concentration of
urea of the =0 points extrapolated from the kinetic
traces of refolding of Cys40-TNB, Cys67-TNB and
other proteins does not arise due to non-specific
effects, but must instead represent a specific event.
The FRET efficiencies calculated using these data
do not show any change with a change in the con-
centration of urea, which implies that the distance
separating Trp53 and Cys40-TNB, as well as Trp53
and Cys67-TNB, does not contract upon dilution of
urea, in the context of the peptides. The values of
the FRET efficiencies calculated for the distances
Trp53-Cys40TNB and Trp53-Cys67TNB in the
peptides are about the same as for the correspond-
ing unfolded proteins. In the case of the Trp53-
Cys40TNB distance, the values of the FRET
efficiency are 0.46 and 0.61 for the unfolded
protein and the corresponding peptide fragment
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Figure 9. Comparison of the urea dependence of the
contraction in the product(s) of sub-millisecond folding for
different D-A distances. The dependence on the concen-
tration of urea of the fractional contraction for different
D-A pairs is shown as triangles of different colours. The
fractional contraction of each distance was calculated
using equation (7). The colored lines through the data
points represent the fractional contraction calculated
using the values obtained from the exponential fit to the
experimental data in Figure 8. Data for Cys25-TNB and
Cys62-TNB are taken from Sinha & Udgaonkar.®®

in 8 M urea, respectively. In the case of Trp53-
Cys67TNB distance, the values of the FRET
efficiency are 0.36 and 0.44 for the unfolded
protein and the corresponding peptide fragment
in 8 M urea, respectively.

Discussion

Earlier work based on fluorescence and circular
dichroism measurements®**”*° had suggested that
the sub-millisecond folding reaction of barstar
involves two components, a non-specific component
that results in the formation of a structureless
globule, Uc, and a specific component that leads to
the formation of a specific intermediate, Ip. It
appeared that Uc and Ig, exist in a rapid pre-
equilibrium with U during the first few milliseconds
of refolding.”” The relative proportions of the two
varies depending on the conditions employed; in
marginally stabilizing conditions, Uc is the predo-
minant species present; whereas in the strongly
stabilizing conditions, I is the major species present.
In this study, the non-specific and specific compo-
nents of the sub-millisecond folding reaction have
been identified by the measurement of nine intra-
molecular distances using multi-site FRET. Such
identification has allowed the cooperativity and
specificity of the sub-millisecond folding reaction to
be characterized.

Solvent-induced contraction constitutes the
non-specific component of sub-millisecond
folding

The data in Figure 4 (see Results) show that two of
the nine measured intra-molecular distances, Trp53-
Cys79TNB and Trp53-Cys82TNB, undergo only
non-specific contraction during the first few milli-
seconds of folding in all concentrations of urea
studied. In a previous study, two other intra-
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51-69. The green inverted triangles
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of the unlabeled peptide, and the
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labeled peptides, in different con-
centrations of urea. The FRET effi-
ciency was calculated from the data
in (a) and (b) using equation (2). The
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shown as pink squares. The error
bars represent the spread obtained
from two independent experiments.
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molecular distances, Trp53-Cys25TNB and Trp53-
Cys62TNB, were observed to undergo similar non-
specific contraction.®® The extent of contraction is
predicted by the response of completely unfolded
protein to a reduction in the concentration of urea:
the dependence of the burst phase decrease in the
fluorescence intensity on urea concentration is
identical with, and is colinear with, the urea
dependence of the change in fluorescence intensity
of the completely unfolded protein. Because the
dependence of the signal of the initially collapsed
form on the concentration of urea is the same as that
of the unfolded protein, it is most likely that this sub-
millisecond decrease in the signal results from the
response of the unfolded polypeptide chain to the
change in solvent (concentration of urea) that is
used to initiate refolding. Hence, these four dis-
tances undergo only solvent-induced contraction
during the first few milliseconds of refolding in
strongly stabilizing conditions (concentrations of
urea <2 M) as well as in marginally stabilizing con-
ditions (concentrations of urea >2 M). Such solvent-
induced contraction of intra-molecular distances
constitutes the non-specific component of sub-
millisecond folding.

The other seven intra-molecular-distances also
show this non-specific component of sub-millise-
cond refolding, but only in marginally stabilizing
conditions (concentrations of urea >2 M). Thus, all
intra-molecular distances undergo only solvent-
induced contraction during the first few millise-
conds of refolding, when the protein is refolded in
concentrations of urea greater than 2 M. It has been
shown that for folding in such marginally stabilizing
conditions, the unfolded protein U collapses initially
to form a structure-less globule Uc, which is thought
to represent the unfolded form in refolding condi-
tions.”**” The results of this study show that all
intra-molecular distances have undergone only
solvent-induced contraction in Uc, confirming that
Uc is the product of non-specific polypeptide chain
collapse.

Specific contraction of some chain segments
constitutes the specific component of
sub-millisecond folding

The Trp53-Cys3TNB, Trp53-Cys14TNB, Trp53-
Cys36TNB, Trp53-Cys40TNB, Trp53-Cys42TNB,
Trp53-Cys67TNB and Trp53-Cys89TNB distances
all contract more than is predicted by the response of
unfolded protein to a reduction in the concentration
of urea, during the first few milliseconds of refolding
in concentrations of urea below 2 M. Previous
results had shown that in such more stabilizing
conditions, a specific intermediate Ig is populated
during the first few milliseconds of refolding.***® Ig
is a specific intermediate because its structure is
specific to the stablhty conferred by specific folding
conditions,”*®” and because it possesses secondary
structure. The results of this study confirm that Iy is
a specific intermediate: out of 11 intra-molecular
distances measured, only four have contracted to the

extent expected for only solvent-induced contrac-
tion. The other seven intra-molecular distances
display a specific component of the initial sub-
millisecond folding reactions: the extent to which
each has contracted in Iy is more than that expected
for solvent-induced contraction, and is different for
each of the seven distances. This suggests that the
extent of specific structure formation in Ig is
different in different regions of the molecule. Thus,
for refolding in strongly stabilizing conditions, in
concentrations of urea below 2 M, the folding
transition observed during the first few milliseconds
corresponds to U—Ig. If some of the regions of the
protein do not form any specific structure during
both the U— Uc and Uc— I transitions in the sub-
millisecond time domain, then the contraction of the
D-A distances corresponding to those regions would
be due solely to the non-specific solvent-dependent
effects. Thus, it appears that regions reported on by
measurement of the Trp53-Cys25TNB, Trp53-
Cys62TNB, Trp53-Cys79TNB and Trp53-Cys82TNB
distances are unstructured in Uc and in I.

Upon an examination of the positions of the
cysteine residues and the corresponding dependence
of the burst phase amplitude observed on the con-
centration of urea, some interesting trends can be
seen. The D-A pairs, where the acceptor is placed ata
position proximal to the N-terminal side of different
helices, viz. Trp53-Cys14TNB, Trp53-Cys36TNB,
Trp53-Cys40TNB, and Trp53-Cys67TNB, show the
specific component to sub-millisecond folding.
The D-A pairs with acceptor located towards the
C-terminal side of different helices, viz. Trp53-
Cys25TNB, Trp53-Cys62TNB,*® Trp53-Cys42TNB,
and Trp53-Cys79TNB, show only the non-specific
component of sub-millisecond folding. This observa-
tion suggests that the N-terminal parts of these
helices might be more structured than the C-terminal
parts, in Ig. This implies that in I, the individual
helices may be more stable at the N termini, which is
surprising, because in an 1solated peptide, helix
nucleation can occur at any site.”® On the other hand,
little is known about the initiation of helix formation
in the context of a protein. Interestingly, the depen-
dence of the burst phase amplitude on the concen-
tration of urea for any of the FRET monitored
distances for which the specific component of sub-
millisecond folding is seen (Figure 4), is similar to
that of the urea-induced unfolding curves of isolated
peptide a-helices, which show broad gradual transi-
tions suggestive of non-cooperative unfolding.”””®

The specific components of sub-millisecond fold-
ing are seen also for two intra-molecular distances
where the acceptor is located in a B-strand. In the
case of the Trp53-Cys3TNB distance, the acceptor
moiety lies close to the N-terminal end of the first
B-strand, whereas in the case of Trp53-Cys89TNB
distance, the acceptor adduct is on the cysteine
residue of the last C-terminal p-strand. Thus, the
correlation between the location of the residue and
the observation of a specific component of sub-
millisecond folding is absent from the case of
residues in the p-strands. The acceptor adduct for
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the Trp53-Cys82TNB distance lies in a short loop
region, and this distance undergoes only non-
specific solvent-induced contraction, possibly
because the loop region is unstructured in the
product of sub-millisecond folding.

Isolated peptides do not collapse

Interestingly, the unstructured peptide fragments
corresponding to two of the intra-molecular dis-
tances studied, viz. Trp53-Cys40TNB and Trp53-
Cys67TNB, do not contract in response to a reduc-
tion in the concentration of urea (Figure 10(b)). It is
possible that for the initial chain contraction to
happen in the protein, some key residues that are
distal elsewhere in the sequence, are required to
come together during the sub-millisecond folding
reaction. It is possible also that for a polymer chain
that does not fold into a distinct native structure,
there might be a minimum chain length required in
order for it to contract. This would be unusual, how-
ever, because the persistent length of a polypeptide
chain is expected to be the length of two residues.

Sub-millisecond folding leads to formation of
non-specific Uc and specific Ig

At present, it is not clear whether the formation of
Uc precedes, or occurs in parallel with, the forma-
tion of I, during initial folding. Since four of the
intra-molecular distances undergo only solvent-
induced contraction in both Uc and Ig under all
folding conditions, and because the remaining seven
intra-molecular distances also undergo only solvent-
induced contraction under marginally stabilizing
folding conditions, it is likely that Uc precedes Ig in
the sub-millisecond folding transitions. The U—Ig
transition might occur in multiple steps via one
pathway or it might involve multiple pathways. To
resolve the temporal sequence of the burst phase
events, direct measurement of the kinetics of the
sub-millisecond folding reaction is required. Such
work is underway.

Nature of initial chain collapse and its product
Uc

The initial solvent-induced contraction of the
polypeptide chain is a coil to globule transition.
For homopolymers, theory predicts that such a coil
to globule transition would be steeper for a long
polymer chain than for a shorter chain and,
conse%lently, the former would contract relatively
more.”” If the solvent-driven collapse of the unfol-
ded polypeptide chain is like that of a homopoly-
mer, greater contraction should be seen for distances
separating the donor and the acceptor groups by a
larger number of amino acid residues. Such a
correlation is not observed in the present study.
For example, the Trp53-Cys3TNB distance con-
tracts less than the Trp53-Cys14TNB and Trp53-
Cys25TNB distances, and the Trp53-Cys42TNB
distance contracts more than the Trp53-Cys82TNB

distance. Thus, the contraction of individual intra-
molecular distances in Ug, which correspond to
different chain segments of the protein, is different
from that expected for a homopolymer chain. The
dependence of the extent of contraction on the
concentration of urea, is different for all the dis-
tances that probe only the non-specific component
of the collapse viz. the Trp53-Cys25TNB, Trp53-
Cys62TNB, Trp53-Cys79TNB and Trp53-Cys82TNB
distances (Figure 9). Differences in the extent of
contraction are observed for the other distances for
folding in marginally stabilizing conditions (>2 M
urea, Figure 9), where Uc is the only product of
sub-millisecond folding. It appears, therefore, that
the solvent-dependent contraction of a polypeptide
chain is non-uniform along its sequence and, hence,
is different from that expected for a random
polymer chain. The differences imply that the
U— Uc transition is non-cooperative.®®

Ie has specific structure and a native-like
topology

The value of the FRET efficiency in Iy, can be
obtained from the extrapolation to 0 M urea of the
single-exponential fit to its dependence on the con-
centration of urea. For the Trp53-Cys14TNB, Trp53-
Cys36TNB, Trp53-Cys40TNB, Trp53-Cys42TNB and
Trp53-Cys67TNB distances, the efficiency of FRET in
Ig is very similar to that in N. On the other hand, in
the case of the Trp53-Cys3TNB, Trp53-Cys79TNB,
Trp53-Cys82TNB and Trp53-Cys89TNB distances,
the FRET efficiency is intermediate in value between
that in N and that in U. The observation that
different intra-molecular distances have contracted
non-uniformly in Ig, with some having contracted to
native-like values, and others distances significantly
less, is strongly indicative of I possessing specific
structure. It appears that Ig has a native-like topo-
logy, because many distances in it have contracted to
native-like values. Proper topological alignment of
different chain segments is expected to be very
crucial for the fast protein folding reaction that
follows the formation of Ig, as it may decide the
probability with which the stabilizing tertiary
interactions form.®

The specific intermediate Iz undergoes gradual
non-cooperative urea-induced unfolding

In this study, the cooperativity of the sub-
millisecond refolding reaction has been investigated
not by direct measurement of the kinetics, but by
measurement of the unfolding by urea, of the
product(s) of sub-millisecond refolding. Such an
approach, while not ideal, has allowed the use of a
multi-site FRET methodology, which permits struc-
tural changes in different parts of the protein
molecule to be probed. Moreover, measurement of
the urea-induced unfolding transitions permits
characterization of the cooperativity of the transition
from the sub-millisecond folding product to fully
unfolded protein, U. As is seen in Figure 5, the FRET
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efficiency in the burst phase species changes
continuously with a change in the concentration of
urea and displays a transition that is not sigmoidal.
For all the distances measured, the transition
observed for the dependence of the FRET efficiency
(Figure 5) and the D-A distance (Figure 8) on the
concentration of urea is gradual in nature.

It is perhaps not surprising that that the transition
from an early partially folded conformation such as
Ig to the unfolded state is gradual in nature. The
equilibrium analogs of early kinetic intermediates
are the well-known molten globules, and the
thermal unfolding of the molten globule forms of
several proteins is not two-state but gradual.®' The
NMR-monitored, denaturant-induced unfolding of
the molten globule forms of a-lactalbumin and
RNase H is non-cooperative.”®> The compact
denatured state of Engrailed homeodomain, which
has been shown by NMR to be a structured
intermediate, undergoes progressive unfolding.***
The salt-induced collapse of the high-pH unfolded
form of barstar is a non-cooperative higher-order
transition.**®” In single-molecule FRET studies of
several proteins, where the shift in the distribution
of the efficiency in the unfolded state with increasing
concentration of denaturant was analyzed, the
transition from the extended to the compact
conformation appeared to be continuous.®%7173 Tt
now appears that even a native protein might unfold
through a combination of first-order and higher
structural transitions.”® In fact, it has been suggested
that the synchrony observed in folding studies that
typically employ one or two probes that report on
changes only in global properties, is just the average
outcome of several asynchronous microscopic fold-
ing trajectories.*® But asynchronous folding or un-
folding of different regions of a partially unfolded,
kinetic intermediate, at fine structural resolution,
has not been observed, until now.

Formation or dissolution of structure in Uz and
Ig is not synchronized across different structural
regions

Figure 6 shows that the dependence of FRET
efficiencies on the concentration of urea for the 11
different D-A pairs are highly uncorrelated; conse-
quently, different distances contract to different
extents, relative to the total contraction expected
when the molecules undergo the transition from the
U to the N state. From Figure 6, it is evident that
compaction of different structural segments in the
collapsed species is asynchronous. If the observed
urea dependence of the FRET efficiency is consid-
ered to be a measure of the stability of the structures
present in different chain segments, then from
Figure 6 it can be inferred that different parts of
the unfolded polypeptide chain have not contracted
in a synchronous manner in the initially collapsed
form. This again means that the initial chain collapse
occurs in many steps and is clearly not cooperative.
The observation of asynchronous collapse of the
polypeptide chain of barstar, across different seg-

ments of the chain, is in contrast to the apparently
synchronous collapse observed in single-molecule
studies of the folding of the small cold-shock protein
CspTm.”

The results presented here emphasize the perti-
nent point that the use of a single probe to measure
the cooperativity of the folding reaction can be
misleading. Even a sensitive method such as FRET
can give misleading results if used to measure only
one intra-molecular distance, which might not be
representative of structural transitions in the entire
molecule. For example, in the case of cytochrome c,
early work utilizing time-resolved FRET with a
single D-A pair had led to the conclusion that the
transition between the compact and extended forms
of the unfolded polypeptide chain is two-state,* but
when multiple FRET pairs were used to map the
process, intermediate species in the population were
seen.®* In the present study also, if only the Trp53-
Cys82TNB distance had been studied, for example,
the product of sub-millisecond folding would have
appeared to be non-specific in nature. It is only
because many different intra-molecular distances,
which report on different structural regions, have
been monitored by FRET, that it has been possible to
obtain a full picture of the lack of cooperativity as
well as of synchrony in the sub-millisecond folding
reaction.

The transitions leading to the formation of Uc
and Ig are continuous transitions

The results from the present multi-site FRET study
suggest that the initial sub-millisecond folding
reactions of barstar could be processes defined by
many small (~kgT) barriers. This type of folding
has been referred to as downhill folding.” This is
indicated by the continuous nature and non-coin-
cidence of the observed transitions monitored by
measurement of different intramolecular distances,
as is seen in Figures 5 and 8. Earlier studies too had
indicated that the sub-millisecond folding transition
is non-cooperative,” and gradual in nature.®®

As is evident from Figures 5 and 8, there is
significant compaction of the chain dimensions in
both Uc and Ig. But there is considerable evidence
that both Uc and I are compacted only loosely, with
the core remaining hydrated.?”:5%.60.6687 Hence, their
formation would entail little entropic cost, and will
be rapid. The large entropic barrier to folding should
be present only at later stages of folding when
water is extruded from the core, and side-chains are
immobilized.***!

The role of polypeptide chain collapse in modu-
lating subsequent structure formation is yet to be
understood. Diffusion-driven collisions of seg-
ments of the polypeptide chain may not be
avoidable in the more dense globule produced by
the collapse, and the consequent internal friction®?
may slow folding. On the other hand, if the
diffusive motions of the chain during folding are
slaved to solvent fluctuations,” it is not clear what
the effect of chain collapse might be on folding
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kinetics. It is possible that the reduction of
conformational space in the collapsed globule,
which is available for the diffusing chain to
sample, might indeed speed folding in the globule.
All enthalpically stabilized conformations will be
sampled rapidly by the diffusing chain within the
globule, and these would include many with non-
native interactions. Collapse is expected to facil-
itate formation of sub-structures such as secondary
structural units, which are themselves compact. If
hydrogen bonded water is extruded from the
vicinity of the chain, then secondary structure for-
mation will be further facilitated,”* and the en-
tropic cost of structure formation may be paid for
by the entropic gain resulting from the release of
water molecules.

Can specific structure form via a continuous
transition?

In the present study, evidence for the specificity of
the structure in Iz comes from the observation that
different distances have contracted to different
extents (Figures 8 and 9). At the same time,
measurement of the expansion of the 11 intra-
molecular distances upon an increase in the con-
centration of urea indicates that both the U— Uc
and U—Uc—Ig transitions are non-cooperative
and gradual in nature. If I is indeed formed by a
gradual diffusive process, then its structure is
expected to be different under different folding
conditions, because all intermediate structures
would be separated by very small energy barriers.
In this study, the observation that different intra-
molecular distances in I have contracted differently
in response to a reduction in the concentration of
urea, indicates that the structure present in Ig is
different in the different concentrations of urea in
which folding was carried out. In other words, the
structure of I is specific to the specific conditions
utilized for folding. Similar observations were made
when the refolding was carried out in the presence
of different salts and osmolytes;27’60 different struc-
tures are observed for Iz under conditions that
confer different stability. It appears that due to near-
degenerate energies, these different forms can
interconvert when the solvent conditions are chan-
ged. It would not be too unusual for the specific
structure in Ig to form via an asynchronous and
continuous diffusive process. One example of spe-
cific structure forming via a conformational diffu-
sion search appears to be the formation of helices
from coils: both experiments and simulations have
suggested that the coil to helix transition occurs by
a diffusive search within the coil.”** The folding
of several small proteins also appears to be downhill
in nature.”*””

Heterogeneity in Ig
It is seen that in I, the efficiency of FRET is

different for different intra-molecular distances
(Figure 6). From steady state FRET measurements,

it is not possible to determine whether all of these
intra-molecular distances have contracted in all the
molecules. For the distances where it is the same as
in N, it is obvious that all the molecules in the
population must have contracted to native-like
dimensions for these distances. In contrast, for the
intra-molecular distances characterized by inter-
mediate values of FRET efficiency, such as for
Trp53-Cys82TNB, where it is ~50% of the native
state value, there are two explanations possible.
One possibility is that all the molecules in the
population have contracted to Ig such that the
FRET efficiency in Ig is half of that in N. This is
consistent with Ig possessing specific structure. The
other possibility is that only half of the molecules
in the population have collapsed such that the
FRET efficiency has become the same as that in N,
and the remaining half remain in the extended
conformations of U. The second possibility would
arise only if a barrier is present that prevents half
of the molecules from contracting. It implies
heterogeneity in Iy, which would consist of
compact and extended conformations. This also
implies that multiple pathways are available for
folding, because the molecules that do not collapse
initially also finally transform in the native
structure. It should be noted that previous work
has indicated that barstar does indeed utilize
multiple pathways to fold, which arise, in part,
from different unfolded forms.’®”® Nevertheless, all
unfolded molecules have been shown to undergo
the sub-millisecond folding reactions,” including
those that refold slowly.”

Do multiple pathways lead to the formation of Uc
and Ig?

Upon a rapid change to refolding conditions,
every individual conformation of an unfolded
protein is expected to follow its own collapse
trajectory. If collapse is diffusive, and if different
polypeptide chains collapse progressively, do all
molecules follow the same pathway of collapse? In
other words, is there one specific pathway repre-
senting the U — Uc— I transition? Or can different
large sets of molecular trajectories each be averaged
into a different pathway reporting on a different
progression of collapse events? In simulations,
preferred folding/unfolding pathways at the
macroscopic level are seen as the averaged outcome
of multiple folding/unfolding trajectories at the
microscopic level. 100101

One explanation for the observation (Figure 6)
that different segments of the polypeptide chain
collapse differently upon a reduction in the concen-
tration of urea is that the collapse occurs in multiple
steps. A more likely explanation, give the rather
wide dispersion in the dependence on the concen-
tration of urea for the contraction of different
distances, is that different pathways are involved
in the sub-millisecond folding reactions. This is
likely, given that the starting state, the unfolded
state, is itself heterogeneous,*>° as are the products
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of sub-millisecond folding, Uc and Iz.”*" There is
also evidence from ANS binding experiments for
multiple folding pathways,” as well as evidence of
heterogeneity in the later steps of folding.**'*
Heterogeneity in a folding intermediate ensemble
is likely to be a consequence of multiple routes and
pathways.'” For example, in the case of apomyo-
globin and bacteriophage T4 lysozyme, the
observed differences in the burst phase protection
of different amide protons in different structural
regions of the protein were interpreted to be an
outcome of heterogeneity in both the structures and
the folding pathways.'**!%° It is expected that direct
measurements of the sub-millisecond folding
kinetics, now in progress, will provide definitive
evidence that initial folding occurs along multiple
pathways.

Materials and Methods

Protein expression, purification and labeling

Wild type barstar has three tryptophan residues, at
positions 38, 44, and 53, and there are two cysteine
residues, at positions 40 and 82. The mutant proteins
Cys3, Cysl4, Cys36, Cys40, Cys42, Cys67, Cys79, Cys82
and Cys89 each contain only a single cysteine residue at
the locations indicated in their names, as well as only a
single tryptophan residue, Trp53. All the mutant proteins
described in this work were generated by site-directed
mutagenesis, and the proteins were purified as des-
cribed.®2¢ All proteins were judged by SDS-PAGE to be
>98% pure. The mass of each of the proteins was
determined by mass spectrometry using a Micromass
Q-TOF Ultima instrument, and was found to be
consistent with the mass expected for the mutant protein
with the N-terminal methionine residue remaining
uncleaved.

Labeling the proteins with TNB was achieved by
incubating the urea-unfolded protein with a 20-fold
molar excess of 5, 5’-dithiobis (2-nitrobenzoic acid)
(DTNB) at pH 8.5. After completion of the reaction, the
labeled protein was separated from free dye and urea by
the use of a PD-10 column (Pharmacia). All the proteins
were found by mass spectrometry to be >95% labeled, with
an expected 196 Da increase in the mass due to the TNB
adduct.

Buffers, solutions and experimental conditions

All the reagents used were of the highest purity grade
obtained from Sigma. Buffers used in all the experiments
contained 20 mM Tris and 0.25 mM EDTA. All the
experiments were performed at 25 °C. The concentration
of the stock urea solution was determined by refractive
index measurements on an Abbe refractometer. In all the
equilibrium experiments, the protein concentration used
was 3—4 uM in the case of the unlabeled proteins, and 8-
10 pM in the case of the TNB-labeled proteins.®® In all the
kinetic experiments, the concentration of protein was 5-
10 uM in the case of the unlabeled proteins, and 15-20 pM
in the case of the TNB-labeled proteins.®® It was necessary
to use a higher concentration for the labeled protein
because of the quenching of the fluorescence signal by

the TNB label. The protein concentration was determined
by measuring the absorbance at 280 nm, using &xg0=
10000 M 'em ™. Since the TNB group contributes to the
absorbance measured at 280 nm, a correction for its
contribution was done for the labeled proteins as
described earlier.*®

Acquisition of emission and absorption spectra

The emission spectra of the native and unfolded states
were acquired on a Fluoromax-3 fluorimeter. The three-
wavelength emission spectrum of the burst phase species
was constructed by using the t=0 points obtained from
dead-time extrapolation of the kinetic traces of refolding
in 0.6 M urea, monitored at the three different
wavelengths, using a Biologic SFM-400 stopped-flow
instrument.

The absorption spectra for the native and the unfolded
proteins were acquired on a Cary 100 double-beam
spectrophotometer with a bandwidth of 1 nm and a scan
rate of 1 nm/s, using a 1 cm path-length cuvette. The
absorption spectrum of the burst phase product was
constructed by monitoring the absorbance changes at four
different wavelengths after the initiation of refolding in
0.6 M urea on an SFM-4 module using a FC-20 cuvette. For
data points at 340 nm and 360 nm, the ¢ =0 points obtained
after dead-time extrapolation of the refolding traces were
used, whereas at 320 nm and 380 nm, time-averaged
absorbance values were used as no process could be
observed.

Equilibrium unfolding experiments

All the equilibrium unfolding experiments were car-
ried out on a Fluoromax-3 (Jobin Yvon) spectrofluori-
meter, or a Biologic SEM-4 stopped-flow instrument. The
protein was incubated in different concentrations of urea
for ~3 h and the equilibrium unfolding transition was
monitored by exciting tryptophan fluorescence at
295 nm with the slit-width set at 0.4 nm, and by
measuring the emission at 380 nm with the slit-width set
at 10 nm.

The equilibrium unfolding data were analyzed using a
two-state N = U model to obtain the values of the free
energy of unfolding in water and of C,,, the mid-point of
the unfolding transition. '

Kinetic refolding experiments

All the kinetic experiments were done on a Biologic
SFM-4 stopped-flow instrument with a FC-15 cuvette. The
dead-time of measurement was 6.2 ms. Excitation was
carried out at 295 nm, and emission was acquired at
380 nm using a 10 nm band-pass filter as described.®®

To normalize the signals of the labeled and unlabeled
proteins, the fluorescence intensities of known concen-
trations of labeled and wunlabeled proteins were
measured in 8 M urea under identical experimental
conditions.

The average of several (8-10) kinetic traces was fit to a
sum of three exponentials:

F=Fo+Fie ™M+ Fe™ +Fe ™ (1)

where F is the fluorescence intensity, which changes as a
function of time t, N1, N, and \j are the three observed rate
constants with amplitudes F;, F, and F3, respectively.
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FRET experiments with peptide fragments

Custom-synthesized peptide fragments of barstar (>95%
purity), corresponding to sequence segments 38-55 and
51-69 were obtained from GenScript Corporation. The
labeling of the peptides with the TNB adduct was achieved
by incubating the peptides dissolved in native buffer
(20 mM Tris, 250 uM EDTA, pH 8.0) with the DTNB
solution at pH 8.0. The labeled peptide was separated from
the free dye using a Mono-S Reverse Phase HPLC column
over an 80% (v/v) acetonitrile gradient or by using a GE
Hi-Trap desalting (G-25) column, on an AKTA HPLC
system. The extent of labeling was checked using mass
spectrometry and was found to be >95%. Equilibrium
experiments with both the labeled and the unlabeled
peptides were performed under identical fluorimeter
settings by incubating the peptides in different concentra-
tions of urea for ~1 h. The peptide concentrations used
were ~5 uM for the unlabeled peptides, and 15-20 uM for
the TNB-labeled peptides. The concentration was deter-
mined using the value of the extinction coefficient
calculated from the number of tryptophan and tyrosine
residues. These values are 7090 M !em™! and 5810
M 'em ! for the fragments 38-55 and 51-69, respectively.
The samples were excited at 295 nm, and the emission was
collected at 380 nm with slit-widths of 0.4 nm and 10 nm for
excitation and emission, respectively. To normalize the
fluorescence intensity of the labeled and the unlabeled
proteins, the absorbance value measured at 280 nm for the
TNB-labeled peptide was corrected for the contribution of
the TNB group. The contribution of the TNB group to the
absorbance at 280 nm was estimated from its contribution
to A,g in the corresponding labeled protein.®®

Data analysis

Analysis of FRET data

The FRET efficiency was calculated using the equation:
E=1- (Fpa/Fp) (2)

where Fp is the fluorescence intensity of the donor
(measured in the unlabeled protein) and Fpa is fluores-
cence intensity of the donor in the presence of the acceptor
(measured in the corresponding labeled protein).

Forster’s relationship between the distance R and the
energy transfer efficiency E is given by:

E = Rf/(RF+R) )

Ry is the Forster’s distance characteristic of the D-A pair
under study.

The value of Ry, was calculated using following
relationship:

Ry = 0.211(QpJx2n*)/® (4)

Qp is the quantum yield of the donor, | is the overlap
integral that signifies the spectral overlap between the
emission spectrum of the donor and the absorption
spectrum of the acceptor, k2 is the orientation factor, and
n is the refractive index of the medium used.

The value of | was determined using:

]:/F()\)s()\))\4d)\//F()\)d)\ (5)

The values of Qp, for the native and the unfolded protein
are known to be 0.27 and 0.11, respectively.”® In all the

calculations, a value of 2/3 for k> was used,’®®® which
assumes free rotation of the donor and acceptor molecules
in all the forms. The value of the refractive index was
determined separately for the native and the unfolding
buffers.

Calculation of the fractional change in efficiency

The fractional change in FRET efficiency was calculated
as:

Fg = (En — Ec)/(En — Ev) (6)

where F is the fractional change in FRET efficiency, Ey is
the efficiency in the native state, Ec is the efficiency in the
burst phase species, and Ey is the efficiency in the
unfolded state.

The fractional change in the D-A distance was calcu-
lated using the following equation:

Fc = (Dy — Dc)/(Dy — Dy) (7)

where Fc is the fractional contraction, Dy is the D-A
distance in the unfolded state (in 8 M urea), Dc is the D-A
distance in the collapsed form, and Dy is the value of the
D-A distance in the collapsed form in 0 M urea obtained
by extrapolation.
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