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Abstract

To obtain proper insight into how structure develops during a protein folding reaction, it is necessary to
understand the nature and mechanism of the polypeptide chain collapse reaction, which marks the initiation of
folding. Here, the time-resolved fluorescence resonance energy transfer technique, in which the decay of the
fluorescence light intensity with time is used to determine the time evolution of the distribution of intra-
molecular distances, has been utilized to study the folding of the small protein, monellin. It is seen that when
folding begins, about one-third of the protein molecules collapse into a molten globule state (lyg), from which
they relax by continuous further contraction to transit to the native state. The larger fraction gets trapped into a
metastable misfolded state. Exit from this metastable state occurs via collapse to the lower free energy lyg
state. This exit is slow, on a time scale of seconds, because of activation energy barriers. The trapped
misfolded molecules as well as the Iyg molecules contract continuously and slowly as structure develops. A
phenomenological model of Markovian evolution of the polymer chain undergoing folding, incorporating these
features, has been developed, which fits well the experimentally observed time evolution of distance
distributions. The observation that the “wrong turn” to the misfolded state has not been eliminated by evolution
belies the common belief that the folding of functional protein sequences is very different from that of a random
heteropolymer, and the former have been selected by evolution to fold quickly.

© 2019 Elsevier Ltd. All rights reserved.

Introduction

Polypeptide chains undergo a collapse in size, as
they fold into functional, structured proteins [1,2].
Polypeptide-chain collapse need not always involve
specific structure formation: many intrinsically disor-
dered proteins (IDPs) remain devoid of specific
structure even in their collapsed forms [3-5]. Indeed,
for many proteins, it has now been shown that
polypeptide chain collapse precedes specific struc-
ture formation [6—10]. Chain contraction then con-
tinues during the main folding reactions.
Understanding the dynamics of the transition of the
polypeptide chain from an expanded to a compact
form is useful in multiple contexts such as (a) for
understanding how proteins begin to fold [1,2,11], (b)
for understanding how IDPs may form phase-
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separated functional liquid droplets in the cell
[12—14], and (c) for understanding the aggregation
propensities of proteins [15—18].

Understanding the nature of the polypeptide chain
collapse reaction that initiates the formation of the
specific native structure during folding is important,
because the degree to which structured conforma-
tions are populated during the process will dictate
how subsequent folding will proceed [2,19-22]. The
unfolded (U) state ensemble is structurally hetero-
geneous [23-26]: molecules may differ substantially
in the extent of residual structure they possess, in
the strength of electrostatic interactions present, and
in the isomerization of X-Pro bonds. An important
question, therefore, is whether all molecules col-
lapse initially or whether only a sub-population of
unfolded molecules undergoes a significant
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Fig. 1. Mapping collapse in the core of the protein during folding using FRET as a probe. (A) The location of the residues
used as donor (Trp19, blue sticks) and acceptor (TNB attached to Cys42, red spheres) is shown in the structure of single-
chain monellin (PDB entry 1IV7), drawn using the program PyMOL. (B) Kinetics of folding of unlabeled and TNB-labeled
W19C42 MNEI in 0.4 M GdnHCI at pH 8 and 25 °C, monitored by steady-state and time-resolved FRET. The change in
the mean fluorescence lifetime of Trp19 during refolding is shown for the unlabeled (blue open circles) and TNB-labeled
(red open circles) variants (left y axis.) The dashed horizontal lines correspond to the mean lifetime for the unfolded state in
4 M GdnHCI, for the unlabeled (blue) and TNB-labeled (red) variants. The green solid lines show the changes in the
fluorescence intensity of Trp19 (in the absence and presence of acceptor, TNB) during folding (right y axis). (C)
Dependence of the FRET efficiency (right y axis) and corresponding distance (left y axis) between Trp19 and TNB
(attached to Cys42) on the folding time. The dashed horizontal line corresponds to the average distance for the unfolded
state in 4 M GdnHCI. The initial unstructured collapse of the protein chain, called the burst phase, is over within 100 ms of
the initiation of folding. Error bars represent the standard errors of measurements from three independent double kinetics

experiments.

contraction in size. If all molecules do not rapidly
collapse, is it because of a single large free energy
barrier [27-31], or is it because of many small
distributed barriers on a rugged free energy land-
scape [32-35]? While several equilibrium studies
have suggested that conformational changes during
folding and unfolding occur incrementally [36-38],
very few Kinetic studies have been able to directly
determine the nature of the barriers that slow down
these reactions [39,40], or of the specificity of the
collapse reaction [23,33,41-44].

Like the expanded U state, the initially collapsed
form is also likely to be structurally heterogeneous,
with both native and non-native, non-covalent bonds
(hereafter referred to as interactions) present in
some but not all molecules [45—47]. This heteroge-
neity would manifest itself in different sub-
populations of molecules differing in both native
and non-native interactions in distinct segments of
their structures. Non-native interactions have now
been detected in the initially collapsed forms of
several proteins [47-50], as they have been in later
folding intermediates [21]. In some cases, they have
been shown to slow down subsequent folding
[29,51-53]. Theoretical studies have provided a
better understanding of the role of non-native
interactions in protein folding [54—56]. Importantly,
it has been suggested that the presence or absence
of non-native contacts might not have an influence
on the mechanism or sequence of native structure
formation during folding, but would more likely affect
the kinetics of folding by affecting the partitioning of
folding trajectories into paths containing misfolded/
non-native kinetic traps [54]. Understanding the

origin and nature of structural heterogeneity present
in initially collapsed forms as well as the evolution of
this heterogeneity during folding is important, be-
cause structurally distinct sub-populations of mole-
cules would be expected to also take different
pathways to the folded state [57]. Unfortunately,
while measurements of the time scale of initial chain
collapse have been possible for some time [58,59],
they have been able to provide only glimpses of the
conformational heterogeneity present in the initial
collapsed ensemble [46—49].

There is some uncertainty about the extent of initial
chain collapse during folding because of an apparent
discrepancy in the results obtained using two
different probes, small-angle x-ray scattering
(SAXS) and fluorescence resonance energy transfer
(FRET), to monitor collapse [60-64]. One issue is
that the parameter determined directly from SAXS
measurements is the radius of gyration (Rg), while
the parameter directly determined from FRET
measurements, using both ensemble
[22,33,42,46,49,65,66] and single-molecule
(smFRET) [25,26,34,45,67—69] methods, is a
donor—acceptor distance (Rys). While these will
generally both increase or both decrease with a
change in solvent conditions, the fractional changes
need not be equal. A direct comparison between
these two measures of molecular size requires
assumptions to be made about the shape and
geometry of the polymer chain [63,70], which may
not be correct. Second, hydrophobic dye adducts
used in smFRET measurements may affect the
collapse and the behavior may not be same as the
unlabeled protein in some [43], but not all [42] cases.
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Third, structural heterogeneity is present in the
unfolded state ensemble in folding conditions
[10,29-31,34-37,48-53], which arises because dif-
ferent fractions of the population of molecules have
collapsed to various extents in distinct segments.
This could lead to a given Ry, value being consistent
with several Ry values [70-73] and could lead to
different time dependences of Ry and Rgya. Clearly
understanding the nature and time evolution of this
structural heterogeneity is important from several
different perspectives.

The small protein monellin (MNEI) (Fig. 1A) has
proven to be of great utility for understanding basic
aspects of folding and unfolding reactions, in both
experimental [10,20,38,39,43,49,74—79] and com-
putational [80,81] studies. In particular, it has been
shown that its folding begins with a non-specific
chain collapse in which the average diameter has
decreased by ~35%, and some non-native interac-
tions have formed [49]. Subsequent stepwise con-
solidation of the collapsed globule occurs without a
concomitant decrease in average diameter and
leads to the formation of a kinetic molten globule
intermediate (Iyg) at 1 ms of folding. lyg is devoid of
the helix present in native MNEI [10]. The folding of
Iug to native protein occurs slowly along multiple
pathways [76,78] and is accompanied by a decrease
in average size [10] of the molecules. Hydrogen
exchange—-mass spectrometry (HX-MS) studies
have suggested that secondary structure changes
can happen gradually during the major folding
reactions, depending on the folding conditions [75].
Little is, however, known about the heterogeneity in
size of the initial collapsed forms (whether the
distribution of sizes in the population is unimodal or
not), and whether the collapse occurs gradually or is
limited by a barrier, because the ensemble-
averaging spectroscopic methods used so far to
probe the earliest folding events lacked the capabil-
ity to answer these questions.

One technique that can distinguish and also
quantify the sub-populations of different conforma-
tions present together is time-resolved fluorescence
resonance energy transfer (trFRET) measurements
[82,83], especially when analyzed by the maximum
entropy method (MEM)-based analysis [36,38,39].

Fig. 2. Evolution of distance distributions as a function
of folding time (A). Experimentally derived distance
distributions for representative time points of the folding
reaction. The top-most panel corresponds to the unfolded
(U) state, the bottom-most panel corresponds to the
distance distribution of the native (N) state, and the middle
panels correspond to intermediate time points, as de-
scribed on each panel, during folding following a 4 t0 0.4 M
GdnHCI jump. The vertical solid and dashed black lines
indicate the peak positions of the fluorescence lifetime
distributions corresponding to the N state and U state,
respectively.
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Fluorescence intensity decays of a FRET donor are
measured using a double-kinetics setup [39,84], at
different times of folding, both in the absence and
presence of a FRET acceptor. The observed fluores-
cence decay profiles are fitted to a sum of exponen-
tials using a MEM algorithm. The distribution of decay
times is converted into a distribution of distances
between the donor and acceptor fluorophore using the
Forster relation [36]. Since fluorescence intensity
decays occur in the nanosecond time domain, much
faster than the time scale associated with conforma-
tional fluctuations, the use of trFRET enables the
changes in the distribution of distances separating
donor and acceptor, in the population of molecules, to
be monitored as a function of the time of folding.

Materials and Methods

In this study, a custom-built double kinetics setup
(Fig. S1) was used to monitor simultaneously the
changes in the fluorescence lifetime as well as in the
steady-state fluorescence intensity of a tryptophan
residue (W19) that acts as the FRET donor, in the
absence and presence of a FRET acceptor, thioni-
trobenzoate (TNB), attached to C42, which accom-
pany the folding of MNEI (Fig. 1A). The W19-
C42TNB FRET pair maps the core of the protein
(Fig. 1A). The protein was first unfolded in 4 M
guanidine hydrochloride (GdnHCI). Folding from the
unfolded (U) state to the native (N) state was initiated
by reducing the GdnHCI concentration to 0.4 M
using a stopped-flow mixer. The trFRET measure-
ments determined the distribution of distances
separating W19 from C42-TNB, as a function of
the time of folding (Fig. 2). Fluorescence lifetime
distributions of both the unlabeled and the TNB
labeled variants were determined for consecutive
acquisition time windows of 100 ms by fitting the

observed fluorescence decay profiles to sums of
exponentials using the MEM algorithm [36,38,39].
The lifetime distributions of the TNB-labeled variant
at different times of folding were then converted to
FRET efficiency distributions by using the peak
lifetime values obtained for the corresponding
unlabeled variant (see Eq. 6 in Materials and
Methods, Sl). The FRET efficiency distributions
were then transformed into distance distributions
using the well-known Forster relation (see Eq. 7 in
Materials and Methods, Sl). A detailed description of
all the reagents and methods used in this study, as
well as of the data analysis is given in the Materials
and Methods section of the Supplementary Informa-
tion file.

Results and Discussion

Observation of heterogeneity in the product of
the initial collapse reaction

In an earlier equilibrium unfolding study, it was
established that the secondary structures and
stabilities of the unlabeled and TNB-labeled mutant
proteins used in the current study are similar [38]. In
the current study, it was found that the kinetics of
folding of the unlabeled and TNB-labeled proteins
are also similar when monitored by measurement of
far-UV circular dichroism (CD) and steady-state
fluorescence intensity (Fig. S2). It is important to
note that the TNB adduct introduced as the FRET
acceptor is small and charged, and it was found to
have only a weak effect on the structure and folding
dynamics of the labeled protein. In earlier ensemble
FRET-monitored studies of the folding of monellin
[10,38,77], the introduction of the Trp—TNB FRET
pair in different segments of the protein structure had
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Fig. 3. The folding kinetics are independent of protein concentration. Panel A shows the kinetic traces of the folding of
the TNB-labeled protein, obtained for a jump in GdnHCI concentration from 4 to 0.4 M. The protein concentrations used
were 2.25 (yellow), 4.5 (green), 9 (red), and 18 (black) uM. Panels B and C show the values of the rate constants of folding
and their relative amplitudes, respectively, which are obtained when the traces are fitted to a sum of three exponentials and
which are characterized as very fast, fast, and slow phases.
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little, if any, effect on the structure, stability, and
folding kinetics. Similar results had also been
obtained previously when the Trp—TNB FRET pair
had been used to carry out multi-site, ensemble
FRET studies of the folding of other proteins
[38,35,36,47,66,85,86]. In general, it appears that
small fluorophore adducts perturb protein conforma-
tional dynamics to only a small extent [2,70,87], in
contrast to the large Alexa dyes typically used for
smFRET measurements [62,88].

Figure 1B shows that the time courses of the
fractional increases in the mean lifetime and
fluorescence intensity, both simultaneously moni-
tored, were identical. This was true for both the
unlabeled and labeled proteins. This validates the
accuracy of the data collection in the double-kinetic
experiments (see Materials and Methods, Sl for
details). When the data in Fig. 1B was transformed
into FRET efficiency, and then into average distance
separating the FRET pair, an initial sharp (burst
phase) decrease in mean size was observed: the
fractional change in mean size at 100 ms of folding
was 39% =+ 6% of the overall change in size from the
U to the N state (Figs. 1C, 3C, and S3). It was found
that when the fit through the plot of distance versus
time of folding was constrained to start at the
distance corresponding to that in the U state, the
resultant fit was poor compared to the free fit (Fig.
S4B), supporting the identification of the burst phase
decrease in mean size as a separate kinetic phase
corresponding to an initial chain collapse process.

In previous steady-state FRET studies [10,49] of
the initial collapse reaction of MNEI, the use of
multiple FRET pairs distributed throughout the
molecule had shown that the average contraction
of different intramolecular distances at 1 ms of
folding was 35% =+ 9%, with individual segments
contracting to between 20% and 47%. Hence, the
39% =+ 6% decrease observed in the mean distance
separating the W19-C42TNB FRET pair is unlikely
to be a decrease for only this pair but would
represent an overall reduction in size in the other
measures of the size of the protein, including its
radius of gyration. It should be noted that the ~40%
reduction in mean size may be achieved by all
molecules undergoing a comparable reduction in
size, or by a smaller fraction (40%) becoming much
smaller, and the rest (60%) remaining roughly
unchanged. The latter scenario is referred to as
heterogeneous collapse. This issue could be inves-
tigated experimentally by trFRET measurements.
The distance distributions (Fig. 2) obtained from
MEM analysis (see Materials and Methods, SI for
details) of the double kinetics data revealed that at
the first observable time point (100 ms) after the
initiation of the folding reaction, the distribution of
intramolecular distances had become bimodal. The
major component (68% + 8%) of the bimodal distri-
bution corresponded to the distribution of distances

in U-like molecules, named as Uy sub-ensemble
hereafter, that had contracted by only about 14%
compared to the size of U (31.6 A). The minor
component (32% =+ 8%) of the bimodal distribution
corresponded to the distribution of distances in N-
like molecules, whose size was about 48% smaller
than U, but still 23% larger than that of N (13.8 A).
The N-like molecules had clearly undergone a
significant chain collapse at 100 ms of folding.

The ensemble-averaged size had been shown to
reduce by 35% + 9% within 37 ps of the initiation of
the refolding reaction, which does not change further
during the first millisecond and only by an additional
~5%—10% at 100 ms of folding [10,49]. It was found
in this study (Figs. 2, 3, and S7) that 32% + 8% of
the molecules had collapsed to a mean size that was
only about 23% larger than that of N at 100 ms of
folding in 0.4 M GdnHCI, and that the remaining
68% =+ 8% of the molecules had contracted in mean
size only by 14% at this time. These observations
agree very well with the previous measurements of
the reduction in ensemble-averaged size. These
results indicated that very little, if any, additional
decrease in chain dimensions occurred in the
100 ms following the initial collapse reaction that
was essentially complete within about 40 ps of the
start of the reaction.

The collapsed intermediate has molten globule-
like properties

A previous study [10] of folding, under very similar
but not identical conditions, had provided no
evidence for secondary structure formation at 1 ms
of folding and had shown that <5% of the native-like
secondary structure is formed at 100 ms of folding.
In the current study, the folding of the labeled protein
was also monitored by measurement of CD using
stopped-flow mixing (Fig. S5) under conditions
identical to those used for the steady-state fluores-
cence intensity and trFRET measurements. It was
observed that only about 2% of the total change in
CD that took place during the U to N reaction had
occurred at 100 ms of folding in 0.4 M GdnHCI. If
this change in CD occurred only during the collapse
of 32% + 8% of the molecules to N-like forms and
not during the contraction of U to Uy, it would mean
that the collapsed N-like forms possessed only about
5% of the N-state secondary structure. Clearly, very
little significant structure formed at 100 ms of folding.
Finally, from the amplitude-weighted effective rate
constant of folding monitored by the measurement of
either steady-state fluorescence intensity or CD (see
Materials and Methods, Sl and Fig. S10B), it was
estimated that only about 3% of the total extent of
structure formation had occurred at 100 ms of
folding. Hence, the ~40% reduction in the
ensemble-averaged size seen at 100 ms of folding
in both the current and previous [10,49] studies was
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unlikely to have been driven by the structure-forming
(folding) reactions that followed initial chain collapse.
Importantly, the collapsed forms at 100 ms ap-
peared to be only marginally more structured (if at
all) than the collapsed kinetic molten globule form,
lva, that is populated at 1 ms, and which is devoid of
native-like secondary structure [10] (Fig. S5). Hence,
the ensemble of molecules with a collapsed N-like
structure may be identified with the lyg sub-
ensemble defined earlier.

Collapse to the molten globule intermediate is
an activated process

It was found that at 100 ms of folding, 68% =+ 8%
of the molecules belong to Uy sub-ensemble, whose
size was only slightly smaller than that of U (Fig. 2).
As the folding reaction progressed, there was a
reduction in the population of the Uy sub-ensemble
and a corresponding increase in the population of
the N-like molecules that constitute the lyg sub-
ensemble. (Figs. 2 and 4A). This observation
suggested that the Uy sub-ensemble of molecules
relaxed (folded) to the Iyg sub-ensemble, through a
slow activated process that resulted in a major
reduction in the size of the molecules. Since Uy
encounters a substantial barrier in order to form the
native state, it can be called as a misfolded state.

It was important to verify that both Ux and lyg,
populated early during folding, are monomeric in
nature. For this, the kinetics of folding was monitored
by the measurement of steady-state fluorescence over
a range of protein concentrations (~2 to 18 pM). If the
Ux or Iyg ensembles were to consist of dimeric or
multimeric protein molecules, then the folding kinetics

would have been different at various protein concen-
trations. The observation that the apparent rate
constants and relative amplitudes of each of the three
phases of folding are independent of protein concen-
tration, for the TNB-labeled (Fig. 3) and unlabeled
protein variants (Fig. S8), strongly suggests that
transient oligomerization of the protein molecules is
not an important factor in the kinetics of folding.

The kinetics of evolution of the Uy sub-ensemble to
the Iyg sub-ensemble in a barrier-limited process was
found to be describable by a double exponential
equation (Fig. 4A, inset, and Fig. S9), suggesting that
the two sub-ensembles were separated by two free
energy barriers. At present, the structural origin of the
free energy barriers that separate the Ux and lyg sub-
ensembles cannot be established. It could be that the
molecules in the Uy sub-ensemble possess a few non-
native interactions that must be broken before they can
evolve to lyg, or that a few specific native interactions
must form before the transformation can occur. It should
be noted that these non-native interactions are unlikely
to have been present in the U state from which the
folding reaction was initiated, and hence, the Iyg sub-
ensemble could be initially populated to the extent of
32% + 8% within 100 ms of folding.

The presence of two free energy barriers separat-
ing the Uy and g sub-ensembles suggests that the
Ux sub-ensemble is heterogeneous, and consist of
two sub-populations of molecules that transform into
each other not faster than they transform to lyg, S0
that each subpopulation of Uy evolves independent-
ly to lyg. One possibility is that the two sub-
populations of molecules differ in conformation at
the two peptidyl-prolyl bonds that are known to be
present in the cis form in the N state, and which
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ensemble relative to the N (fy = 0) and U (fy = 1) states. (B) Barrier-less contraction of the Uy (green symbols) and lyg (red
symbols) sub-ensembles, monitored by the distance calculated from peak FRET efficiency of the U-like and N-like
distributions, respectively, for all time points of the folding reaction. (C) Dependence on the folding time, of the ensemble-
averaged size (distance) obtained from mean lifetime of double kinetics data (left y axis), and of the fractional change in the
population of the N-like (Iyg) sub-ensemble (right y axis). The dashed horizontal line corresponds to the ensemble-
averaged distance measured at 1 ms of folding reaction using steady-state FRET measurements. The error bars shown
are the standard errors obtained from three independent double kinetics experiments.



3820

Collapse and Folding of a Small Protein

would be expected to be predominantly in the frans
form in the U state and Uy sub-ensembles [76].

The observation that the evolution of the Uy sub-
ensemble to the Iyg sub-ensemble is an activated
process suggests strongly that the initial collapse of the
U ensemble, which was observed to be essentially
complete at 37 ps, in an earlier steady-state FRET
study of folding [49], is also an activated process. Also,
a quantitative correspondence between the folding
time dependence of fractional change in the ensemble-
averaged size and the population of the Iyg sub-
ensemble (Fig. 4C) suggests that the accumulation of
Img is the major contributor to the overall reduction in
dimensions throughout the folding reaction including
the initial collapse at 1 ms. An earlier trFRET study had
shown, though only qualitatively, that initial chain
collapse during the folding of cytochrome c is also
barrier-limited [40]

Observation of glassy behavior in the contrac-
tion of both the sub-populations

It was found that the molecules in both the Ux and lyg
sub-ensembles undergo slow continuous contraction in
size, which is concomitant with Uy evolving to Iyg (Fig.
2). The contraction in size was apparent in the
movements of the positions of the peaks of the
distributions corresponding to both sub-ensembles
(Fig. 4B). The lyg sub-ensemble evolved gradually to
form the more compact N ensemble, while the Uy sub-
ensemble evolved gradually to form the more compact
Ux*. In many respects, the evolution of lyg to the more
compact N, and of Uy to the more compact Uy*, is
similar to homopolymer collapse, which has been
predicted to be continuous when the homopolymer is
transferred from a good to a bad or theta solvent
[1,89-91]. The gradual contraction of molecules within
both the Ux and Iyg sub-ensembles was, however,
much slower than expected for the coil to globule
transition of a homopolymer. An order of magnitude
calculation of the effective viscosity for the observed
gradual contraction in both the sub-ensembles gives a
value of the effective viscosity that is 10° times the
viscosity of water at room temperature (see Materials
and Methods, Sl). This large effective viscosity is a
measure of the slow glassy dynamics of folding in this
system. The origin of this large viscosity is not well
understood [89,92-94]. It is likely that because of the
ruggedness of the free energy landscape of the protein
and because the rate of formation of the first few native
contacts is small because of entropic barriers, contrac-
tion is slowed down. These specific interactions remain
to be identified.

Role of denaturant in the collapse and folding of
MNEI

The extent to which the lyg sub-ensemble was
populated at 100 ms of folding was found to increase

non-linearly with a decrease in the GdnHCI concen-
tration in which folding was initiated (Fig. S10B). The
fractional weight of the Iyg sub-ensemble decreased
from 0.68 to 0.26, as the concentration of GdnHCI was
increased from 0.1 to 0.6 M GdnHCI. This suggests
that the initial collapse to the lyg sub-ensemble plays
a major role in mediating the effect of denaturant on
the folding of the protein. The size of the molecules in
both the Uk and Iy sub-ensembles was found to also
decrease with a reduction in GdnHCI concentration
(Fig. S10C). This dependence appeared to be linearin
nature and was similar to what is expected for any
homopolymer when the solvent quality is improved
[91,95]. A similar dependence had been observed
earlier for the contraction of the unfolded states of
globular proteins, as well as of IDPs, upon a reduction
in denaturant concentration, in various unfolding
studies [26,38,69,96,97]. The contraction seen in the
Iuc sub-ensemble under more stabilizing folding
conditions had, however, not been observed in earlier
kinetic studies, possibly because of the limited
sensitivity of the fluorophores used, in this short
distance regime.

A phenomenological coarse-grained Markov
evolution model can explain the experimental
observations in a quantitative manner

The characteristic time (~1s) of continuous
contraction of molecular size in both the Ux and
Iug sub-ensembles, as well as of the evolution of the
Ux sub-ensemble to the lyg sub-ensemble, corre-
sponded well with the apparent rate constant of the
major kinetic phase of the folding reaction [76,78].
This observation suggested that the continuous
contraction is accompanied by or induces specific
native structure formation. This suggests that after
the initial collapse that leads to the formation of the
structure-less lyg sub-ensemble over the first
millisecond of folding [49], native structure formation
occurs in a gradual manner, as the lyg sub-
ensemble undergoes continuous chain compaction
to evolve to N. A previous study of the unfolding of
MNEI had shown that unfolding occurred by gradual
swelling of the molecules along two pathways, that
the swelling was accompanied by an activated
process through which molecules were channeled
to the productive unfolding pathway, and that loss of
structure accompanied both types of processes [39].
Slow swelling during unfolding could be described by
a model based on Rouse-like polymer chain
dynamics, but with a very small effective monomer
diffusion constant. Also, the swelling was taken to be
effectively unidirectional, parameterized by a Gauss-
ian whose mean and width were chosen to best fit
the experimental data. A variation of this model (see
Materials and Methods, Sl) adequately describes the
data in Fig. 2: distance distributions obtained
assuming Rouse-like polymer chain dynamics
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Fig. 5. Probability distributions of distances obtained using a coarse-grained Markov evolution model. A comparison of
experimental data (gray vertical bars) and simulated data (black solid line) obtained using a coarse-grained Markov
evolution model (see Materials and Methods, Sl for details). Different panels correspond to different times of the folding

reaction as described on the top left of each panel.

during folding could satisfactorily describe the
experimentally observed distance distributions (Fig.
S11B; Table S1). Hence, the folding process is
described as a series of diffusive structural changes
leading to the formation of the N state. HX-MS
studies on MNEI had also earlier shown that
secondary structure is formed (and lost) in a gradual
manner [75].

In this study, the Markovian evolution model has
been reformulated to generalize it and to extend its
applicability beyond the Rouse-like model. The
phase space of conformations of molecules is
discretized into a finite number of disjoint classes
(about 100). Each class is characterized by a small
number of macroscopic variables like the mean
radius of gyration and distance from the native
conformation. Within a class, the relative weights of
different conformations are assumed to be the
Boltzmann weights in the equilibrium ensemble. It
is assumed that the time evolution of the system is
Markovian, and the transition probabilities satisfy the
detailed balance condition. Then, the progress of the
reaction is described by how the probabilities of
different classes evolve in time, as the reaction
proceeds. The classes have been characterized
using two parameters: the extent of contraction and
the degree of nativeness (Fig. 6). Upon initiation of

the folding reaction, U contracts and collapses to Uy
and lyg. As folding progresses, Uy and lyg undergo
gradual contraction to form Ux* and N, respectively.
Simultaneously, the U-like sub-ensemble converts
to the N-like sub-ensemble by an activated process.
It is to be noted that the transitions from U to Uy, Ux
to Ux*, and Iyg to N are downhill or gradual in nature.
However, a significant free energy barrier is encoun-
tered in the formation of lyg, either from U or from
Ux. The landscape (Fig. 6) is a qualitative represen-
tation consistent with the experimental data, and with
both the models (Rouse-like polymer chain model
and coarse-grained Markov evolution model) used
for describing the kinetic data for folding.

The values of the transition probabilities are
determined by fitting the data from trFRET observa-
tions. The detailed description of the modeling
procedure is given in the supplementary text
(Materials and Methods, Sl). An excellent quantita-
tive agreement between the experimentally derived
distributions and the distributions obtained from the
model is seen, at different times of folding (Fig. 5),
and this picture in terms of evolution in the phase
space helps in visualizing the population evolution
during folding (Fig. 6).

Interestingly, folding behavior very similar to that
seen in the current study was found in an early
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Fig. 6. Schematic free energy landscape for describing
collapse and folding of single-chain monellin. The free
energy of folding is plotted as a function of two structural
parameters, the extent of contraction, and the degree of
nativeness. All the three axes have arbitrary units.
Unfolded state is shown as “U,” “Ux to Ux*” constitute
the U state sub-ensemble, and “lyg to N” constitute the N
state sub-ensemble. The major pathways are denoted by
turquoise dashed lines.

Monte Carlo study of folding. In that study, a lattice
model of a rather short-chain heteropolymer was
studied on a simple two-dimensional lattice [98].
That study found a compact intermediate state with
many non-native hydrophobic interactions. The
same study also found multiple folding pathways,
which have been observed experimentally for the
folding of MNEI [76,78].

Resolving heterogeneity in polypeptide chain
collapse

The trFRET technique is ideally suited to probe the
nature of the initial events, especially chain collapse,
during protein folding, as it allows populations of
different co-existing conformations of a protein to be
identified and quantified [36,82]. While smFRET
studies can in principle provide similar information,
their application has been limited largely to equilib-
rium studies [5,68,69,96], because kinetic smFRET
experiments [67,99,100] are technically challenging.
The HX-MS methodology is a complimentary meth-
od to distinguish between different coexisting con-
formations, but it does not provide direct information
on chain collapse [101].

Much of the debate [1,29,30,35] about the nature
of polypeptide chain collapse during protein folding
has arisen because of confusion between the
interpretations of the results of measurements that
correspond to ensemble averages of different
physical quantities. For example, if the average
size X is determined as the mean squared size, its
value will differ from the value deduced from
measuring the average value of exp (-g°X?),
which is the quantity measured by SAXS. While

steady-state FRET has shown that folding com-
mences with non-specific hydrophobic collapse
[6,33], that there are both specific and non-specific
components to collapse [23,42], and that different
segments of the protein collapse in a non-synchro-
nized manner [42], it could not provide information
on whether the observed changes happened in all
molecules or were restricted to a sub-population of
molecules. In contrast, the current study shows that
trFRET measurements can not only distinguish
between expanded and collapsed sub-populations
of molecules of different size but also show that each
sub-population contracts continuously as folding
progresses.

Conclusions

In summary, the present study shows that two
distinct kinds of changes in chain size have occurred
at the earliest observable time point (100 ms), during
the folding of MNEI. About a third of the molecules
have collapsed to an N-like sub-ensemble, lyg,
whose dimensions are only slightly larger than those
of the N ensemble, but which is devoid of native-like
secondary structure. The remaining two-thirds of the
molecules have contracted to a metastable state,
called Uy here, whose size is only slightly smaller
than that of U. As folding progresses from 100 ms
onward, both the Iyg and Uy sub-ensembles
undergo slow continuous contraction with time. lyg
evolves gradually to form N, while the Uy sub-
ensemble evolves gradually to form Ux*. The Uy
sub-ensemble eventually relaxes to the Ilyg sub-
ensemble, through a slow activated process on the
time scale of seconds.
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