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A multi-site, time-resolved fluorescence resonance energy transfer
methodology has been used to study structural heterogeneity in a late
folding intermediate ensemble, I;, of the small protein barstar. Four
different intra-molecular distances have been measured within the struc-
tural components of I;. The I, ensemble is shown to consist of different
sub-populations of molecules, in each of which one or more of the four
distances are native-like and the remaining distances are unfolded-like.
In very stable conditions that favor formation of I, all four distances are
native-like in most molecules. In less stable conditions, one or more
distances are unfolded-like. As stability is decreased, the proportion of
molecules with unfolded-like distances increases. Thus, the results show
that protein folding intermediates are ensembles of different structural
forms, and they demonstrate that conformational entropy increases as
structures become less stable. These observations provide direct experi-
mental evidence in support of a basic tenet of energy landscape theory
for protein folding, that available conformational space, as represented
by structural heterogeneity in I, becomes restricted as the stability is
increased. The results also vindicate an important prediction of energy
landscape theory, that different folding pathways may become dominant
under different folding conditions. In more stable folding conditions,
uniformly native-like compactness is achieved during folding to I,
whereas in less stable conditions, uniformly native-like compactness is
achieved only later during the folding of I; to N.
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Introduction

having different energies are sampled, with the
most stable one being the final native state.” The

The process of protein folding involves the for-
mation of a unique, well-defined native state,
from a very large ensemble of unfolded forms.
Folding pathways are predicted to resemble a
many-dimensional energy landscape with an
energy gradient favoring the native state.' On the
free energy landscape that a protein molecule can
explore during folding, numerous conformations

Abbreviations used: N, native; U, unfolded; FRET,
fluorescence resonance energy transfer; TRFRET, time-
resolved FRET; MEM, maximum entropy method; TNB,
thionitrobenzoate.
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funnel-shaped energy landscapes predict that the
conformational space becomes narrow as the
stability of the structures increases. It has been
difficult to demonstrate experimentally the
presence of such an energy landscape for protein
folding. In particular, establishing the ensemble
nature of observed protein folding intermediates,
and determining how the structural composition
of the observed intermediates changes as the
energy bias towards the native state is increased,
have been challenges of long standing. Progress in
this regard has been slow because of the inherent
difficulty in structurally characterizing folding
intermediates, and because the many spectroscopic
probes typically used to monitor folding reactions,
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such as circular dichroism and fluorescence inten-
sity, report on ensemble-averaged properties of all
molecules present.

To determine structural heterogeneity in an
intermediate ensemble, it is necessary to identify
the presence of multiple conformations, and to dis-
tinguish structurally between them. Fluorescence
resonance energy transfer (FRET) methods allow
different conformations to be distinguished on the
basis of how they differ in a particular intra-
molecular distance, and measurement of FRET
efficiency during folding permits the observation
of conformational changes occurring in a specific
region of the protein as it folds. Changes in the
FRET efficiency between a single donor—acceptor
fluorophore pair have been used to monitor the
initial steps during the refolding of cytochrome ¢**
and acyl-CoA binding protein.® More detailed
structural analysis is possible with multiple FRET
pairs, with each FRET pair engineered to probe
the structural change that occurs in a different
region of the protein. For example, such a multi-
site. FRET approach has been used to measure
unfolding rates in different regions of barstar as it
unfolds.® A change in FRET efficiency, measured
by steady-state fluorescence intensity, can, how-
ever, give only ensemble-averaged information
about the overall increase or decrease in donor-
acceptor separation, and cannot give this infor-
mation for each distinct member of the protein
ensemble. This limitation can be overcome by
determining FRET wusing time-resolved fluor-
escence measurements, in which FRET efficiency
is estimated from the fluorescence lifetime of the
donor fluorophore in the presence and in the
absence of an acceptor fluorophore. In the presence
of the acceptor fluorophore, the donor fluorescence
lifetime depends on the donor—acceptor distances:
long lifetimes correspond to large distances, and
short lifetimes to small distances, provided that
the relative orientation of the fluorophores does
not change.” The fractional amplitude of each life-
time corresponds to the fraction of molecules
populating a particular conformation. Thus, time-
resolved fluorescence resonance energy transfer
(TRFRET) methods®™" allow a distance-based, and
hence structure-based, distinction to be made
between different conformations when all are
present together, and allow each state to be quanti-
fied. In this respect, the TRFRET method has a
major advantage over other methods of determin-
ing size, such as small-angle X-ray scattering,'*~'*
dynamic light-scattering,"'® and time-resolved
fluorescence anisotropy decay,"”*° all of which
rely on a model-based analysis to determine the
size of the molecules, and all of which, with the
exception of dynamic light-scattering, yield mainly
an ensemble-averaged size of all the forms of the
protein present.

The power of the TRFRET method is greatly
enhanced when the fluorescence intensity decays
are analyzed by the model-independent maximum
entropy method (MEM).”?"** The fluorescence life-

time distributions so obtained enable the distinc-
tion of sub-populations in an ensemble, and
provide an estimate of the conformational hetero-
geneity in each sub-population. The first reported
use of TREFRET coupled to MEM analysis was to
characterize the equilibrium unfolding of barstar,’
using a single donor—acceptor pair. The TRERET
method showed, for the first time for any protein,
that structure was lost in a continuously incre-
mental manner during denaturant-induced unfold-
ing. A similar result was obtained later for the
equilibrium unfolding of cytochrome c¢.>* The
only alternative to TRFRET studies coupled to
MEM analysis, for identifying heterogeneity in an
equilibrium unfolding reaction, are single-
molecule FRET studies,®* 2 but the former are
preferable” because they yield data that are statisti-
cally more significant. This is the first report
describing the wuse of multi-site TRFRET to
characterize the structural composition of a kinetic
folding intermediate ensemble.

The 89 residue protein, barstar, which functions
as the natural inhibitor to the barnase in Bacillus
amyloliquifaciens, has been used extensively as a
model for protein folding studies. Equilibrium-
unfolded barstar comprises of slow-refolding Us
molecules and fast-refolding Uz molecules,
populated to 66(*4)% and 34(*4)% at 10°C,
respectively.” In Us, the Tyr47-Pro48 peptide bond
is in the trans configuration, while it is in the cis
configuration in both Ur and N.**® The ratio of Us
to Us in equilibrium-unfolded protein has been
shown to be 66:34 for wild-type barstar® and for
several mutant forms that retain Pro48.2°* The
major folding reaction is Us=Ig=1 = N. I is
an early collapsed intermediate that forms within
a few milliseconds, and that folds to the late inter-
mediate I; within 1s. Ur molecules too collapse
rapidly during folding, and the collapsed form, Ir
folds to N within 1s.

At 10 °C, the overall rate of folding of I; to N is
so slow (~0.06 min')," that at one minute of
refolding, only ~6% of I, has had a chance to fold
to N. Nevertheless, double-jump experiments**
show that ~40% of the molecules present at one
minute of refolding, unfold at the same rate as
does N, suggesting that these 40% of molecules
must be N. Indeed, this is expected, because the
equilibrium ratio of Uy to Us is 34:66, and all 34%
of the molecules®®*** originally present as Ur
would have completed folding to N within one
minute. The remaining molecules are expected to
be present either as I;, or as U.

The structural properties of I, appear to be
different under different folding conditions. In
2M urea and at 10°C, I, appears to be compact
with a flexible core, and possesses relatively little
specific structure.® In low concentrations of
GdnHCI at 25 °C, I, appears to be far more native-
like (it had been called Iy) in its level of secondary
and tertiary structure.’**! In low concentrations of
urea at 25°C, I, is sufficiently native-like to be
capable of binding to and inhibiting barnase.” The
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smaller extent of structure in I; seen in 2 M urea,
10°C, as compared to that seen in low concen-
trations of denaturant at 25°C, correlates well
with its stability relative to that of N: at 10 °C, I,
unfolds nearly 25-fold faster than N, while at
25°C, it unfolds only sevenfold faster than N.***
This is not surprising, because N itself is consider-
ably less stable at 10 °C than at 25 °C,** and a compact
intermediate such as I; might be expected to be even
more destabilized at the lower temperature. The
stability of I, decreases with increasing concentration
of denaturant,”~%**? but denaturant-induced unfold-
ing of I; is not cooperative: different structural
probes yield non-coincident unfolding transitions.*
These results as well as the results of real-time NMR
experiments® suggested that I, might be structurally
heterogeneous. Nevertheless, different structural
components of the I; ensemble could not be differen-
tiated even with the use of multiple structural probes
to monitor the slow I; — N reaction.

In the present study, multi-site TRFRET
measurements have been used to characterize the
structural heterogeneity in I, in terms of four
intra-molecular distances, and to characterize how
this heterogeneity varies as the folding conditions
are made more or less stabilizing. The core trypto-
phan residue (Trp53) of barstar served as the
donor fluorophore, and a Cys residue labeled with
a thionitrobenzoate (TNB) moiety served as the
acceptor. An acceptor site was engineered at each
of four different locations by cysteine substitution
mutagenesis, followed by labeling with TNB. The
Cys residues were engineered, in four different
single-Cys single-Trp mutant proteins, into four
different regions: helix 1 (Cys25), helix 2 (Cys40),
helix 3 (Cys62) and the third B strand (Cys82).
Analysis of the fluorescence lifetimes in the TNB-
labeled  proteins  (Cys25TNB,  Cys40TNB,
Cys62TNB and Cys82TNB) was used to determine
the structural characteristics of I; and its slow fold-
ing to N at 10 °C in different concentrations of urea.
Care has to be taken in the analysis of FRET data,
and the validity of the analysis of FRET data for
the four labeled proteins used in this study was
established previously.*” It was possible to com-
pare directly the folding kinetics of the four
different mutant proteins because they have simi-
lar stabilities, which are unaltered upon labeling
by TNB,® and because the unfolding® and refolding
kinetics® of the unlabeled proteins are similar. The
multi-site TRFRET approach has allowed easy
identification of conformational heterogeneity in
I;, and has shown how different structural com-
ponents of the I, ensemble are populated in
conditions that confer different stability.

Results

Different FRET pairs show different amplitude
of the slow refolding phase

The refolding reaction of barstar can be moni-

tored by the changes in the FRET efficiency due to
changes in the donor—acceptor distances during
folding. The fluorescence intensity of the donor
reduces upon refolding, due to increased energy
transfer to the acceptor, which is closer to the
donor in the compact native state. In all the mutant
forms of barstar studied here, Trp53 was the donor.
Upon excitation at 295 nm, the changes in the
fluorescence emission of Trp53 at 380 nm have
been shown to represent directly the changes in
FRET efficiency during folding.® Figure 1 illustrates
the refolding kinetics of Cys25TNB, Cys40TNB,
Cys62TNB and Cys82TNB, in 1.4 M urea at 10 °C.
Figure 1 also shows (in insets) the fluorescence
spectra of the N state, the U form and the species
populated at one minute of refolding, for all four
labeled proteins. Only in the case of Cys82TNB, is
the spectrum collected at one minute of refolding
more unfolded-like rather than native-like. The
spectra are consistent with the kinetic curves.

The observable changes in fluorescence intensity
at 380 nm (FRET efficiency) occur at an apparent
rate of 0.06(x0.01) min~' for all the proteins. At
one minute of refolding in 1.4 M urea, double-
jump experiments in the case of both Cys40 and
Cys82% show that ~60% of the protein molecules
unfold 25-fold faster than do molecules of N,
thereby identifying them as I,. The slow kinetic
phase therefore originates from the folding of the
60% molecules present as I, at its start. Thus, the
observed changes in FRET efficiency suggest that
during the folding of I; to N in 1.4 M urea, only
small changes occur in the Trp53-Cys25TNB,
Trp53—-Cys40TNB and Trp53-Cys62TNB distances,
while a large change occurs in the Trp53—
Cys82TNB distance. In other words, in 1.4 M urea,
I, already appears to be very native-like in terms
of the Trp53-Cys25TNB, Trp53-Cys40TNB and
Trp53—-Cys62TNB  distances, but unfolded-like
with respect to the Trp53-Cys82TNB distance.
The observation that the rate of the I, — N reaction
is the same for all four proteins (Figure 1), together
with the observation that N is equally stable for all
four labeled proteins,® suggests that the overall
stability of I, is the same for all four labeled
proteins.

Fractional changes in FRET efficiency, observed
by changes in fluorescence intensity, can imply
that (1) a fraction of molecules has N-like distances
and a fraction has U-like distances, or (2) all
molecules have acquired a donor—acceptor
distance between that of the N and U states, or (3)
an ensemble of molecules having a wide range of
donor—acceptor distances, from the compact
N-like to the extended U-like, is present. These
possibilities ~ were  resolved by  TRFRET
measurements.

Fluorescence lifetimes in the folded and
unfolded TNB-labeled proteins

The fluorescence lifetimes obtained by the dis-
crete analysis of the fluorescence intensity decays
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Figure 1. Slow refolding kinetics monitored by FRET. (a) Cys25TNB; (b) Cys40TNB; (c) Cys62TNB; and
(d) Cys82TNB. Folding was monitored by the change in fluorescence intensity at 380 nm, upon excitation at 295 nm.
Refolding was initiated by dilution of the protein in 6.1 M urea to 1.4 M urea. In all panels, the discontinuous lines rep-
resent the fluorescence signal of the unfolded protein. All data were normalized to a value of 1 for the fluorescence
intensity of the native protein. The lines through the data were obtained by fitting to equation (1). The amplitude of
the slow, observable kinetic phase, relative to the total change in FRET efficiency, upon folding from the unfolded to
the native protein, is 12% for Cys25TNB, 21% for Cys40TNB, 17% for Cys62TNB and 49% for Cys82TNB. The inset in
each panel shows the fluorescence spectrum of unfolded protein (—..—), native protein (—) and at one minute of
refolding (- - -). For each protein, the spectra were normalized to a value of 1 for the intensity of the N state at 380 nm.

of unlabeled Cys25, Cys40, Cys62 and Cys82 in the
native and unfolded forms are shown in Table 1. In
the native state, all four proteins show a predomi-
nant fluorescence lifetime of ~4.9 ns, and a small
fraction (~5-10%) of a faster decay component.
The faster decay component could be due to a
small fraction of Trp53 rotamers having faster
de-excitation. Upon unfolding, three lifetimes are
observed. The multi-exponential decays of trypto-
phan fluorescence have been attributed to ground-
state heterogeneity arising from the rotation about
the C*~CP bond (x1 rotamers).?>**

Upon labeling the single Cys residue in each
protein with TNB, the fluorescence intensity decay
is different, depending on the position of the TNB
group (Table 1). The lifetime of Trp53 in the
N-state of each of the TNB-labeled proteins is
shortened because of quenching by the TNB
moiety” The extent of quenching of the fluor-
escence of Trp53 depends on how far it is separ-
ated from the TNB group in the different mutant

proteins, and it is more in the folded than in the
unfolded forms, indicating that the mechanism of
quenching is FRET from Trp53 to the TNB
group.®” Indeed, FRET analysis indicates that the
distances between Trp53 and the variously placed
TNB groups, are as predicted from the NMR
structure.® For Cys40TNB, Cys62TNB and
Cys82TNB, a short lifetime component (<1 ns) is
predominant (>90%), indicating a uniformly
quenched population of N and N-like molecules.
The minor (5-10%) long lifetime component could
be due to a small fraction (<5%) of protein
molecules not being labeled, as well as being due
to some labeled protein molecules with the Trp53
rotamer being in an unfavorable orientation for
FRET. FRET is extremely sensitive to small changes
in distance, and changes due to local structural
fluctuations when some parts of the molecule are
extended could also give rise to a small fraction of
molecules with long fluorescence lifetimes.

The case of Cys25TNB is slightly different. Here,
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Table 1. Fluorescence lifetimes (1) and their amplitudes (o) obtained from the discrete analysis of the fluorescence
intensity decays of the single-Trp single-Cys mutant forms of barstar and their TNB-labeled forms (A) in the native

state and (B) in the unfolded form

Protein 7 (ns) (a;) T, (ns) (o) T3 (N8) (a3) Tm (0S)?
A. Native (N) state

Cys25 495 + 0.01 (0.89 = 0.01) 1.45 + 0.10 (0.11 = 0.01) 4.58 + 0.05
Cys40 4.99 = 0.01 (0.88 = 0.01) 1.86 = 0.10 (0.12 * 0.01) 4.63 +0.04
Cys62 4.78 = 0.02 (0.92 = 0.008) 1.55 * 0.20 (0.08 = 0.01) 4.54 = 0.06
Cys82 4.88 = 0.02 (0.94 = 0.02) 1.31 = 0.10 (0.06 = 0.01) 4.65 + 0.03
Cys25-TNB 4.87 = 0.12 (0.09 = 0.005) 1.32 = 0.10 (0.27 =+ 0.06) 0.55 = 0.04 (0.64 = 0.15) 1.13 = 0.01
Cys40-TNB 5.02 = 0.10 (0.02 = 0.015) 1.64 = 0.11 (0.03 = 0.005) 0.45 = 0.01 (0.95 = 0.003) 0.59 = 0.005
Cys62-TNB 4.77 *+ 0.06 (0.07 = 0.001) 1.08 = 0.11 (0.04 = 0.002) 0.10 = 0.005 (0.89 = 0.001) 0.45 = 0.01
Cys82-TNB 4.73 = 0.06 (0.02 = 0.008) 1.30 £ 0.26 (0.03 = 0.006) 0.24 = 0.006 (0.95 = 0.005) 0.38 = 0.01
B. Unfolded (U) form

Cys25 5.50 + 0.25 (0.45 *+ 0.05) 2.40 + 0.40 (0.41 = 0.01) 0.54 + 0.10 (0.14 = 0.05) 3.55 = 0.04
Cys40 5.46 = 0.10 (0.46 = 0.10) 2.25 + 0.31 (0.43 = 0.02) 0.40 = 0.11 (0.11 % 0.06) 3.54 +0.03
Cys62 5.40 = 0.19 (0.45 = 0.05) 2.40 = 0.42 (0.39 = 0.01) 0.73 = 0.09 (0.15 = 0.05) 3.51 = 0.06
Cys82 5.73 £ 0.21 (0.40 = 0.06) 2.6 = 0.35 (0.43 = 0.01) 0.74 + 0.25 (0.16 = 0.06) 3.60 = 0.12
Cys25-TNB 4.87 £ 0.23 (0.39 £ 0.01) 2.15 + 0.16 (0.43 = 0.01) 0.56 + 0.11 (0.18 = 0.01) 292 +0.13
Cys40-TNB 4.08 = 0.23 (0.27 = 0.03) 1.92 = 0.18 (0.49 = 0.02) 0.50 = 0.07 (0.25 = 0.02) 2.14 = 0.07
Cys62-TNB 4.75 + 0.13 (0.08 = 0.01) 1.78 = 0.03 (0.49 = 0.006) 0.49 + 0.01 (0.43 = 0.02) 1.48 + 0.08
Cys82-TNB 5.05 = 0.07 (0.40 = 0.03) 2.14 = 0.06 (0.43 = 0.01) 0.41 = 0.11 (0.17 = 0.03) 3.00 = 0.08

? Mean lifetime, 7, = > a/m; > oy = 1.

the two short lifetimes are very close in value
(0.55ns, 1.32ns), and a clear distinction of their
relative amplitudes is difficult (the error in the
relative amplitudes of the two short lifetimes in
Cys25TNB was ~20%, compared to the <5%
error for the relative amplitudes in the other three
proteins). For Cys25TNB, the combined amplitude
of 7, and T, appears to be the major component of
the intensity decay, while for the other three
labeled proteins, the intensity decay in the native
protein is dominated by a single short lifetime
component. It is possible that the Trp53-Cys25
distance in the N state is heterogeneous due to
flexibility in the Cys25 region, and there could
exist different populations with slightly different
Trp53-Cys25 distances. Heteronuclear NMR* as
well as hydrogen exchange experiments,” how-
ever, have not provided any evidence for flexibility
in the Cys25 region.

A comparison of the mean lifetimes of the N
state and U form indicates that energy transfer
efficiency in the former (Table 1) is far more than
that in the latter (Table 1), for each of the proteins.
The FRET efficiency for the different FRET pairs
was calculated from the predominant (>90%
amplitude) fluorescence lifetime component in the

Table 2. Energy transfer parameters in the native state

unlabeled and TNB-labeled proteins using
equation (2). The Trp—CysTNB distances in the N
state were then calculated from the FRET efficiency
using previously determined values of Ry for these
four FRET pairs.® The distances, shown in Table 2,
are similar to those calculated from steady-state
fluorescence intensity measurements for these
FRET pairs.® MEM and discrete analyses of the
fluorescence intensity decays gave similar results.

Fluorescence lifetimes indicate structural
heterogeneity in the I, ensemble

Figure 2 shows the area-normalized fluorescence
lifetime distributions obtained from the fluor-
escence intensity decays of all the four proteins in
the U form, at one minute of refolding, and after
completion of refolding in 1.4 M urea. The fluor-
escence lifetimes and their amplitudes obtained
from the discrete analysis of the fluorescence
intensity decays are given in Table 3. For all the
proteins, the fluorescence lifetime distributions at
one minute of refolding, especially for lifetimes
below 1 ns (Figure 2 ii), do not deviate significantly
from the N-state lifetime distributions (Figure 2 iii).
Further, the long lifetimes (>1ns) appear to be

Lifetime (ns)

FRET pair JX 1072 M ecm ™' nm*) Ry (A) - @ E D-A distance (A)
(7a) (Taa)®

Trp53-Cys25 74 26.9 495 0.78 0.84 19.0

Trp53-Cys40 5.1 25.2 4.99 0.45 091 17.1

Trp53-Cys62 7.3 26.8 4.78 0.10 0.98 14.1

Trp53-Cys82 7.7 27.0 4.88 0.24 0.95 16.5

? 74a corresponds to the major component (amplitude >0.9) obtained from the discrete analysis of the lifetime decays. It corre-
sponds to 7; for Cys40, Cys62, Cys82 and an average of 7, and 7; for Cys25 (see the text).
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Figure 2. Fluorescence lifetime distributions of the TNB-labeled proteins. Lifetime distributions of (a) Cys25TNB,
(b) Cys40TNB, (c) Cys62TNB and (d) Cys82TNB obtained by MEM analysis of the fluorescence intensity decays of
Trp53 in the unfolded form in 6.1 M urea (panels i), at one minute of refolding in 1.4 M urea (panels ii) and after
completion of refolding in 1.4 M urea (panels iii). The dotted lines in all the panels represent the peaks of the lifetime
distributions in the native state for (b), (c) and (d). In (a), a mean lifetime for the broad N-like distribution is depicted

by the dotted line (see the text).

arising from molecules having U-like distances. It
is important to note the absence, at one minute of
refolding, of any significant region in the fluor-
escence lifetime distribution different from the
lifetime distributions obtained for either N or U
molecules. This indicates the absence of inter-
mediate states with intra-molecular distances in
between those of the N and U forms, at one minute
of refolding.

The refolding condition was altered by changing
the final concentration of urea at which each
protein was refolded. Concentrations of urea
greater than 2M were not used, because the

unfolding transition of N for each protein begins
at this concentration of urea.® At all concentrations
of urea, and for all four proteins, only two distinct
fluorescence lifetime distributions were observed
at one minute of refolding. Distributions centered
within 0.1 ns of the center of the distribution of
the fully folded N-state are classified as N-like,
while those centered at lifetimes greater than
1.5 ns are classified as U-like, keeping in mind the
broad distribution of lifetimes in the U form. For
each of the four FRET pairs, the N-like lifetime
arises from molecules possessing an N-like separ-
ation and the U-like lifetime arises from molecules

Table 3. Fluorescence lifetimes (1) and their relative amplitudes (o) obtained from the discrete analysis of the
fluorescence intensity decays collected at 1 minute of refolding upon dilution of urea from 6.1 M to 1.4 M

Fluorescence lifetimes

Protein

™ (ns) (o) 7, (ns) () 3 (ns) () Tm (NS)
Cys25-TNB 4.60 = 0.17 (0.10 = 0.01) 1.38 = 0.20 (0.37 = 0.10) 0.57 = 0.06 (0.53 = 0.20) 1.27 = 0.01
Cys40-TNB 4.37 = 0.17 (0.04 = 0.008) 1.48 = 0.15 (0.10 = 0.01) 0.44 = 0.01 (0.86 = 0.01) 0.69 = 0.01
Cys62-TNB 4.59 = 0.08 (0.07 = 0.005) 1.16 = 0.12 (0.11 = 0.005) 0.11 = 0.01 (0.81 = 0.006) 0.56 = 0.01
Cys82-TNB 4.73 = 0.06 (0.13 = 0.01) 1.91 £0.19 (0.22 = 0.01) 0.29 = 0.006 (0.64 £+ 0.01) 1.24 = 0.01
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possessing a U-like separation, between the donor
and acceptor fluorophores.” Since the N-like distri-
bution is narrow for each of the four proteins, it is
expected that if any partially folded form, with a
CysTNB-Trp53 separation intermediate between
that in the N and U forms, were to be populated
to any significant level, it should be detected. For
Cys25TNB, Cys40TNB and Cys62TNB, the short
lifetime distribution, at one minute of refolding in
1.4 M urea, is virtually indistinguishable from the
lifetime distribution of the N-state (Figure 2). As a
result, the forms of the protein present at one
minute of folding cannot be distinguished from
the N-state on the basis of the Trp53-Cys25TNB,
Trp53-Cys40TNB and Trp53—-Cys62TNB distances.
For Cys82TNB, on the other hand, the center of the
short lifetime distribution is shifted to a lifetime
longer than that of the N-state (Figure 2), indicat-
ing clearly that all molecules displaying an N-like
fluorescence lifetime distribution at one minute of
refolding are not present as N (see below).

Only the relative amplitudes of the N-like and
U-like lifetimes were found to vary with the final
concentration of urea. The relative amplitude cor-
responding to each lifetime reflects the fraction of
molecules having a particular separation between
donor and acceptor fluorophores. The relative
amplitude of the N-like lifetime in different urea
concentrations is shown for all the proteins in
Figure 3. The amplitudes of the short lifetimes of
the N state at the same concentrations of urea are
shown not to change significantly in the range of
concentrations used, confirming that native protein
remains fully folded. It should be noted that the
four intra-molecular distances that have been
measured in the TRFRET studies reported here rep-
resent distances from the core (Trp53)> to points in
four different secondary structural elements of the
protein: Cys25 in helix 1, Cys40 in helix 2, Cys62
in helix 3 and Cys82 at the beginning of the third
strand of the three-stranded B-sheet. Two of the dis-
tances (Trp53—-Cys82TNB and Trp53-Cys40TNB)
represent distances within the extended core,
while two of the distances (Trp53—Cys25TNB and
Trp53—-Cys62TNB) represent distances from the
core to the surface.

In the case of each TNB-labeled protein, the rela-
tive amplitude of the short lifetime component at
one minute of refolding corresponds to the fraction
of molecules having a native-like separation
between the donor and acceptor fluorophores com-
prising the FRET pair. This fraction naturally
includes those molecules present as N, and
double-jump experiments® with Cys40 and Cys82,
indicate that 40% of molecules are present as N at
one minute of refolding (see above). Since the
remaining 60% molecules are present either as I
or as U, the change in the relative amplitude of
the short N-like lifetime with urea concentration
(Figure 3) indicates the change in the fraction of I,
molecules possessing an N-like separation. The
observation that the fluorescence lifetimes of I,
molecules are always either N-like or U-like indi-
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Figure 3. Urea-dependence of heterogeneity in the I,
ensemble. The fractional amplitude of the shortest life-
time component obtained from the discrete as well as
MEM analysis of the fluorescence intensity decays of
(a) Cys25TNB, (b) Cys40TNB, (c) Cys62TNB and
(d) Cys82TNB, is shown at different urea concentrations.
Open circles correspond to the protein at equilibrium,
triangles correspond to the protein at one minute of
refolding. Refolding was initiated by diluting the urea
concentration from 6.1 M to different concentrations
below 2 M urea, shown here. The error bars represent
standard deviations from three repetitions of each fluor-
escence decay measurement. For many data points, the
error bar is smaller than the size of the symbol.

cates that the four distances in I, are either N-like
or U-like at all urea concentrations.

The TRERET data in Figure 3 indicate that I is
best described as an ensemble of conformations
that are structurally distinct, and show how four
intra-molecular distances vary within the I
ensemble, with a change in conditions that confer
different stabilities. In strongly stabilizing con-
ditions (0.5 M urea), the four distances in virtually
all I molecules are the same as they are in N
(Figure 3). Thus, nearly all I; molecules appear to
be as specifically and uniformly collapsed as N, in
strongly stabilizing conditions. In contrast, in less
stabilizing conditions (1.4 M urea), 99% of the
molecules have an N-like Trp53—-Cys25TNB dis-
tance, 93% of the molecules have an N-like Trp53-
Cys40TNB distance, 95% of the molecules have an
N-like Trp53-Cys62TNB distance, but only 71% of
the molecules have an N-like Trp53-Cys82TNB
distance. In other words, there appear to be, in
marginally stabilizing (but native-like) conditions,
different populations of molecules in each of
which one or more distances are unfolded-like.
Since the N states of the four TNB-labeled proteins
have similar stabilities,® the differences in the
denaturant-dependences of the relative amplitudes



706

Refolding of Barstar Monitored by Multi-site TRFRET

of the short lifetime for the four labeled proteins
(Figure 3) must reflect the differences in the
stabilities of different structural components
comprising the I, ensemble.

Folding of I, monitored by fluorescence
lifetime changes in Cys82TNB

Figure 4a shows the fluorescence lifetime
distributions obtained by MEM analysis of the
fluorescence intensity decays collected at different
times during the slow folding reaction of
Cys82INB in 1.4 M wurea. The distribution at
0.8 minute of refolding indicates that ~60% of the
molecules are as compact as the N-state with
respect to the Trp53-Cys82TNB distance. Since
~40% molecules are present as N and ~60% as I,
(see above) at this time of refolding in 14M
urea,” the characteristics of the 60% molecules
present as I, can be determined after subtracting
out the contribution of the 40% molecules that
have already folded to N. It then appears that
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with respect to the Trp53-Cys82TNB distance,
one-third of the I} molecules (~20% molecules of
all protein molecules) are as compact as the N
state, and two-thirds of the I, molecules (~40% of
all molecules) are as expanded as the U form. The
I molecules with an N-like Trp53—-Cys82TNB dis-
tance at one minute are not native, but still need
to undergo minor structural readjustment: the dis-
crete value of the short fluorescence lifetime, as
also the peak of the MEM distribution, changes
from 0.3(*0.006) ns at one minute of refolding to
0.25(*=0.006) ns at the end of the folding reaction
(Figure 4a). The small difference in the lifetimes
of I, and N, corresponds to very small changes in
distance. The change in the short lifetime from 0.3
to 0.25ns was obtained reproducibly in three
repetitions of the experiment, when the data were
subjected to either MEM or discrete analysis, con-
firming the exquisite sensitivity of the TRFRET
method for detecting even small changes in
structure.”

The small but significant shift in the position of

b
. 60
b 00000 O o
: 4.0
HCG
= 2.0 Sgoee o *
s
S 0.4
g AL akhd 5, ,
= 0.2
Q2
-
00 T T T T
0 20 40 60 80
Time of refolding (min.)
d
2.0
1.5
@
< 10
£
o
0.5 4
0.0 T T T

0 20 40 60 80

Time of refolding (min.)

Figure 4. TRFRET-monitored kinetics of refolding of Cys82TNB in 1.4 M urea. (a) MEM distributions of the unfolded
protein in 6.1 M urea (black), at 0.8 minute after refolding (red), at 9.8 minutes after refolding (green), at 24.9 minutes
after refolding (pink) and after complete refolding in 1.4 M urea (blue). The dotted line indicates the peak position of
the lifetime distribution in the N state. (b) The lifetimes obtained from the discrete analysis of the fluorescence intensity
decays during refolding, T, (O), 7, (®), 75 (A). (c) Relative amplitudes () of 71 (O), 7 (@), 75 (A) (2o, = 1). (d) The mean
fluorescence lifetime (7,, = Z;1;) during refolding. The continuous lines in (c) and (d) are fits to equation (1).
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the distribution of fluorescence lifetimes as folding
proceeds (Figure 4a), suggests that the Trp53-
Cys82TNB distance decreases continuously, and
not in discrete steps, even at late times of folding.
A similar continuous decrease is not observed for
the three other distances being measured
(Figure 2), at least at late times of folding. It
remains to be seen if these distances change con-
tinuously at early times of folding; these measure-
ments are now in progress. In this context, it
should be noted that a TRFRET characterization of
the equilibrium unfolding of barstar’” had
suggested previously that the unfolding transition
is continuous, and does not occur in a step-wise
manner.

The changes in the lifetimes and their relative
amplitudes during refolding are shown in
Figure 4b and c. The discrete analysis of the
same data agrees very well with the peak positions
and relative amplitudes obtained by the MEM
analysis. The amplitude of the shortest lifetime
component increases at a rate of 0.06 min’,
which is the same as the rate of the decrease in
the amplitude of either of the two longer lifetimes.
This rate is also the same as the apparent rate of
folding monitored by the changes in steady-state
FRET efficiency during folding, for all the proteins
(Figure 1). It agrees well with the rate of overall
compaction from I to the N state, as measured
earlier by time-resolved fluorescence anisotropy
decay measurements.”

Discussion

Analysis of the FRET between the core Trp
residue of barstar with Cys residues at four
different positions reveals the structural features
of the I ensemble. It appears that in marginally
stable conditions, the C-terminal region, which
comprises the third strand of the three-stranded
B-sheet of barstar, is unstructured in most mem-
bers of the I; ensemble. In contrast, in very stable
conditions (0.5M wurea), I} possesses uniformly
native-like compactness (see above). These results
support an important implicit prediction of energy
landscape theory that different folding pathways
will appear to dominate under different folding
conditions. In very stable conditions, the dominant
folding pathway is one in which uniformly native-
like compactness is achieved during the formation
of I;. On the other hand, in marginally stable con-
ditions, the dominant folding pathway is one in
which uniformly native-like compactness is
achieved only later, during subsequent folding of
IL'

A critical issue in protein folding studies con-
cerns the nature of the initial hydrophobic collapse
of the polypeptide chain, which has been observed
for many proteins, in experiments***** as well as
in lattice model simulations.” While several
studies have suggested that the initial collapse
leads to the formation of a specific intermediate,**'

other studies have suggested that the collapse
merely represents a non-specific, solvent-depen-
dent chain contraction experienced by the
unfolded state ensemble upon transfer from a
high concentration of denaturant where it is
unfolded, to a low concentration of denaturant in
which folding is initiated.**~** The analysis of the
structure of I;, presented here, can be used to
make inferences concerning the nature of the
collapse leading to the formation of Iz, which pre-
cedes I on the folding pathway, because folding
reactions are most likely to be hierarchal, in that
structure accumulates progressively: it is unlikely
that if parts of the chain were collapsed in I, they
would open out in I,.. If the initial collapse reaction
to Ir were non-specific, it is unlikely that a segment
of the polypeptide chain would remain as
extended in I, as it is in U, as is observed. This
observation indicates that the initial collapse to I
itself must have led to specific compaction of only
some segments of the polypeptide chain. Such an
argument gains credence from noting that the dis-
tance Trp53-Cys82TNB, which is observed to be
U-like in I;, is a distance separating two points in
the hydrophobic core of the protein, and hence
would be expected to have contracted in any initial
non-specific collapse.

In single-site TRFRET studies of the refolding of
cytochrome ¢,>* FRET between the heme group
and a dansyl group attached to the C-terminal Cys
residue had indicated a distribution of N-like and
U-like populations throughout refolding. But it is
possible that the apparently U-like molecules are
actually compact, with only the one distance that
was being monitored, being U-like. For example,
if only the Trp53—-Cys82TNB FRET pair had been
monitored in the case of barstar, it would have
appeared that a large fraction of the molecules is
completely unfolded at one minute of refolding.
Monitoring four distances has shown clearly that
this is not the case. This study therefore highlights
the importance of using multiple FRET pairs,
because information obtained using only one dis-
tance may be misleading. Of course, the use of
more FRET pairs increases the structural resolution
obtained.

Implications of heterogeneity in a late protein
folding ensemble

The data in Figures 3 and 4 show that as the
overall stability of I, is decreased by an increase in
concentration of denaturant, different structural
forms in the I; ensemble are destabilized differen-
tially so that structural heterogeneity increases.
The increase in structural heterogeneity makes it
appear that some parts of the structure (measured
by the four TRFRET-monitored intra-molecular
distances) are lost at lower concentration of urea
than others. In very stable conditions, those confor-
mations of the I} ensemble are most stabilized, in
which all four distances monitored, are N-like. In
less stable conditions, the I; ensemble has much
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Figure 5. Structural heterogeneity in I;. The cartoon depicts the structural implications of the data shown in Figure 3.
The highly heterogeneous U ensemble folds to a different I, ensemble at different urea concentrations. Formation of a
native-like intra-molecular distance in I; is depicted by a colored line. Four intra-molecular distances in barstar were
monitored here; thus, only four colored lines are shown. During refolding in a low concentration of urea (0.55 M),
almost all the molecules have all four distances similar to those in the native state. At higher urea concentrations, either

one, two, three or four distances are native-like.

greater structural heterogeneity, with significant
populations of molecules with one or more of the
four distances being U-like. In this way, the struc-
tural properties of I depend on the nature of the
refolding conditions, as depicted in Figure 5.

It is important to understand why structural
heterogeneity persists in a late intermediate
ensemble such as I;. Structural heterogeneity in I,
implies that I, possesses high configurational
entropy. Earlier time-resolved fluorescence aniso-
tropy decay experiments® had, in fact, suggested
this: Trp53 in the core of I, was observed to
undergo substantial, albeit partially hindered,
rotational motion, indicating substantial configura-
tional flexibility even in the core. The rate limiting
step in the folding of barstar has been shown to
involve consolidation of the core,*® which occurs
as the first event during the non-cooperative

I, — N reaction.® The transition state is expected
to resemble the intermediate nearest to it in energy,
which is usually the one that immediately precedes
it on the reaction pathway. The observation that I,
possesses and is probably stabilized by high con-
figurational entropy would therefore indicate that
the transition state, which follows I, also possesses
and is stabilized by high configurational entropy.
This offers an explanation for the structural hetero-
geneity seen in I;: it contributes to stabilization of
the transition state that follows, and folding is
speeded. Lattice model simulations indicate that a
transition state with many configurations leads
rapidly to the native state, providing a solution to
the Levinthal paradox.**

The existence of structural heterogeneity in a late
intermediate ensemble implies that similar or
greater heterogeneity must exist in any earlier
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intermediate ensemble. In fact, heterogeneity in the
initial intermediate ensemble, which accumulates
within a few milliseconds or faster, was detected
first in the case of barstar,®® and subsequently, for
ribonuclease A,*** lysozyme,* cytochrome c,*
and apomyoglobin.® In the case of thioredoxin,
the observation that the denaturant-dependence of
the amplitude of the initial (few milliseconds) kin-
etic phase is different when monitored by circular
dichroism and fluorescence,” can be interpreted to
be representing structural heterogeneity in the
initial intermediate ensemble.

The structural transition that is being monitored
during the slow folding reaction of I, is coupled to
trans to cis isomerization of the Tyr47-Pro48
peptide bond.”* It is, however, very unlikely that
proline isomerization is directly responsible for
the structural heterogeneity that has been identi-
fied in this study, because this heterogeneity is
dependent on the concentration of urea, whereas
proline isomerization is known not to be affected
by denaturant. It appears that multiple parallel
folding reactions, known to occur during the fold-
ing of barstar, are responsible for the observed
heterogeneity.”®*' In fact, there is strong evidence,
albeit not as direct as the TRFRET data presented
here for I;, showing that different components of
the early folding intermediate ensemble, I, of bar-
star are stabilized differentially under conditions
that confer different stability.®*!

According to the energy landscape view of
protein folding, heterogeneity in a folding inter-
mediate ensemble is a direct consequence of
multiple folding routes."*** Several earlier experi-
mental studies have, in fact, shown that multiple
intermediates and multiple folding pathways exist
for a number of proteins, including barstar,***' but
there has been no experimental evidence showing
that increased stability leads to a reduction in
structural heterogeneity of any folding inter-
mediate ensemble. Energy landscape theory
suggests that the reason for the bias in the energy
surface to favor the native state may be an energy
gradient and/or a restriction in accessible confor-
mational space.”® Here, the use of the TRFRET
methodology to distinguish between different
structural forms comprising an intermediate
ensemble has shown clearly that increasing
stability reduces conformational heterogeneity in
the late folding intermediate ensemble of barstar.
The fundamental result reported here, that the
structure apparent in a folding intermediate
depends on the conditions employed to study
folding, implies that the folding pathway observed
for a given protein will appear different under
different conditions.

Materials and Methods

The purification and characterization of the four
proteins Cys25, Cys40, Cys62 and Cys82 has been
described.® All experiments were done at 10 °C, in buffer

containing 20 mM Tris and 0.25 mM EDTA at pH 8.0.
The extent of TNB labeling for all the proteins was
confirmed to be >98% by mass spectrometry. The final
protein concentrations used in folding experiments were
20-40 pM.

The folding reactions were initiated by manual mixing
of the required solutions in the fluorescence cuvette. The
protein was unfolded by incubating in 6.1 M urea-con-
taining buffer, for three hours. Folding was initiated by
diluting the unfolded protein solution to obtain the
desired urea concentration. A SPEX Fluorolog FL1T11
fluorimeter was used for steady-state fluorescence
measurements. Tryptophan fluorescence excited at
295 nm, was monitored at 380 nm. The dead-time of
measurement was ~10s. Time-resolved fluorescence
decay curves were collected as described.” The dead-
time of the measurements was ~15s and each decay
was collected for ~45s.

Analysis of steady-state fluorescence
monitored kinetics

The change in fluorescence intensity (i) observed for
the refolding reactions as a function of time, ¢, was fit to
a single-exponential equation, given by:

y=yo+ae M M

Analysis of time-resolved fluorescence intensity
decays

Analyses of fluorescence intensity decays were carried
out by discrete analysis® as well as by MEM
analysis.*"?>>*~>*

MEM analysis begins with the assumption that the
decay originates from a distribution of fluorescence life-
times in the range 10 ps to 10 ns, or in a similar range,
with all lifetimes having equal probability (amplitude).
Subsequently, the distribution is modified in each
iteration of the analysis, leading to minimization of the
residuals (x*) and maximization of the Shannon-Jaynes
entropy, S =2 — P;log P;, where P; is the probability
(amplitude) of the ith lifetime. For a particular value of
x>, there could be many possible values of P;. MEM
analysis identifies the distribution for which S is
maximum. The analysis is terminated when successive
iterations do not change the values of x? S, and the dis-
tribution profile. Thus, MEM analysis is independent of
any physical model or mathematical equation (such as
Gaussian or Lorentzian distributions), and will not yield
any feature in the distribution of lifetimes, unless
warranted by the data.

The robustness of the lifetime distributions” (including
peak positions and widths of distributions) obtained by
MEM analysis was checked exhaustively by collecting
data on several samples under the same sample con-
ditions. Peak values of MEM distributions agreed with
those obtained from discrete lifetime analyses, within
~5%.

Analysis of FRET

The efficiency of energy transfer for a donor—acceptor
pair depends on the distance R, between donor and
acceptor, and can be determined experimentally from
the fluorescence lifetime of the donor—acceptor samples
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(Tpa) and of the donor-alone sample (p):

R6 - TDA
E=|14—| =1—-— 2
[+Rg] " @

where Ry is the Forster’s distance. The calculation of Ry
for all the FRET pairs has been described.®
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