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ABSTRACT: To determine experimentally how the multiple folding pathways of
a protein differ, in the order in which the structural parts are assembled, has been
a long-standing challenge. To resolve whether structure formation during folding
can progress in multiple ways, the complex folding landscape of monellin has
been characterized, structurally and temporally, using the multisite time-resolved
FRET methodology. After an initial heterogeneous polypeptide chain collapse,
structure formation proceeds on parallel pathways. Kinetic analysis of the
population evolution data across various protein segments provides a clear
structural distinction between the parallel pathways. The analysis leads to a
phenomenological model that describes how and when discrete segments acquire
structure independently of each other in different subensembles of protein molecules. When averaged over all molecules, structure
formation is seen to progress as α-helix formation, followed by core consolidation, then β-sheet formation, and last end-to-end
distance compaction. Parts of the protein that are closer in the primary sequence acquire structure before parts separated by longer
sequence.

■ INTRODUCTION
The protein folding reaction is a “disorder to order transition”
from the unstructured random-coil-like unfolded (U) state to
the uniquely structured native (N) state.1,2 Many experimental,
computational, and theoretical studies have established the
existence of multiple intermediates and heterogeneity in the
folding of even small single-domain proteins.3−5 A fundamen-
tal unanswered question concerns the uniqueness of the
protein folding pathway.6−9 Can a protein be assembled from
its parts in more than one way? Do individual folding pathways
of a protein describe distinct sequences of formation of
progressively more structured conformations, or is there a
defined pathway for hierarchical structure formation shared,
with relatively minor distinctions, by different folding path-
ways?1 The traditional view of protein folding is that a single
unique sequence of structural events leads to the formation of
the N state.10−14 In contrast, energy landscape theory suggests
that folding can occur via a multitude of paths spanning
ensembles of intermediates and transition states that differ in
structure and energy,6,8,9,15,16 implying that a single unique
sequence of folding events is very unlikely.17,18 The existence
of more than one folding pathway would be favored by
evolution, as alternative pathways offer robustness to the
process of folding1,18,19 under varying environmental con-
ditions, as expected in vivo.20−23 It appears that the folding
process is plastic enough to adjust to environmental changes,
most probably by utilizing alternative routes to the N state.
Indeed, multiple folding pathways have been shown to be

operative concurrently during the folding of several pro-
teins.1,24−31 Importantly, folding and unfolding have been

observed to switch from one pathway to another when the
conditions have been varied.32−38 Moreover, in different
folding/unfolding conditions,25,35−39 or upon muta-
tion,32,34,40,41 the sequence of structural events can be different,
as can be the cooperativity of the folding/unfolding
reaction4,42,43 and the structure present in a folding
intermediate.44,45 Single-molecule methods have also revealed
the existence of multiple folding and unfolding pathways.46−51

Although evidence supporting the existence of more than one
folding/unfolding pathway continues to grow, there is little
evidence for a large multitude of pathways as envisaged by
energy landscape theory.
Measurements of time-resolved fluorescence decay kinetics

of a fluorophore as a function of folding time45,52−54 provide
quantitative temporal and structural information about the
populations of different conformations formed at different
stages of folding. When such measurements are of site-specific
Forster resonance energy transfer (FRET) and are analyzed by
the maximum entropy method (MEM), distance distributions
across different structural parts of the protein can be measured
as a function of (un)folding reaction.53,55−58 Multisite time-
resolved FRET (trFRET) measurements, in conjunction with
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MEM analysis, have been used extensively to characterize the
heterogeneity of protein folding reactions in both equili-
brium56,59,60 and kinetic45,54,58 studies of folding and
unfolding. Such an experimental approach is expected to not
only identify multiple folding pathways but also define how
these pathways differ in their sequence of structure formation
events.
The small monomeric protein MNEI is a variant of naturally

occurring heterodimeric monellin, in which the C-terminus of
chain B of the latter is covalently linked via a Gly-Phe
dipeptide29 to the N-terminus of chain A. MNEI has been used
extensively as a model protein for protein folding studies.
Hydrogen-exchange (HX-MS) studies have identified the
sequence of structural events during folding and unfolding,
ensemble-averaged at each time point of the reaction,42 and
have also revealed how folding cooperativity is determined by
stability.4 Multisite trFRET equilibrium studies of unfolding
have also revealed the heterogeneity of unfolding, its
noncooperative nature, and that the degree of noncooperativity
differs between the lone helix and different parts of the β-
sheet.60 Similarly monitored kinetic studies of unfolding have
identified two major pathways of unfolding and showed that
both continuous and barrier-limited steps lead to the formation
of the U state.58 Pertinent to the current study, previous
fluorescence-monitored measurements have identified ultrafast
(>1000 s−1), very fast (100 s−1), fast 10 (s−1), slow (0.1 s−1),
and very slow (0.001 s−1) kinetic phases of folding.29 Double-
jump, interrupted folding experiments have shown that the
very slow phase of folding leads to the formation of the N state
and/or a state with N-like stability and that the four faster
kinetic phases lead to the formation of intermediates on
competing folding pathways. The very fast phase of folding
originates from a subpopulation of molecules in the U state,
which differ from the remaining molecules in the cis−trans
isomerization status of peptidyl−prolyl bonds. The proposed
kinetic mechanism (Scheme 1) has folding intermediates

forming in fast and slow kinetic phases from the very early
intermediates, whose structural heterogeneity has been
confirmed by pulsed thiol labeling30 and steady-state FRET61

experiments, as well as by microsecond mixing experiments.62

While Scheme 1 accounts for the kinetic data, there is as yet
no understanding of how the different intermediates differ in
their structures and, hence, of how the different folding
pathways differ in their sequences of structural events. A recent
single-site trFRET study53 has confirmed an important feature
of the mechanism (Scheme 1) that initial polypeptide chain
collapse leads to the formation of the two very early
intermediate ensembles, whose relative populations depends
on how stabilizing are the folding conditions. That study also

suggested that the use of multiple FRET pairs in a trFRET
study might not only reveal the full complexity of the folding
mechanism but also reveal how the multiple folding pathways
(Scheme 1) differ in their sequences of structural events.
In the current study, the folding of MNEI has been studied

by monitoring FRET using four FRET pairs in different
mutant variants (Figures 1 and S1). The FRET pairs were
placed so that subpopulations of molecules that differed in the
extent of separation of the donor from the acceptor could be
distinguished on the basis of their distinct fluorescence lifetime
and distinct distance distributions. It therefore became possible
to determine how subpopulations of molecules that differed in
a distance within the helix (H), a distance separating two
strands in the β-sheet (B), a distance in the core (C) of the
protein, and an end-to-end distance (E) evolved with time of
folding. It is shown that changes in H, B, C, and E occur on
multiple folding pathways that differ in the temporal order of
the structural changes.

■ RESULTS AND DISCUSSION
Time-resolved fluorescence decay curves (Figure S2) were
measured for four single Trp, single Cys containing mutant
variants of MNEI, and their thionitrobenzoate (TNB)-labeled
counterparts, as a function of the time of folding in 0.4 M
GdnHCl (Figure 1). For each pair of unlabeled and labeled
variants, the mean fluorescence lifetimes (averaged over every
100 ms) were determined at 100 ms intervals during folding
(Figure S3). The mean fluorescence lifetime is the amplitude-
weighted average of the individual lifetime components
obtained from a multiexponential fit to the fluorescence
decay traces (τm = ∑ αi τi; ∑ai = 1; see Materials and
Methods section, SI, for details). The FRET efficiency was
calculated at each time point, and a kinetic trace was obtained
that monitored folding at each of the four segments, with
ensemble-averaged FRET efficiency as the probe (Figure 1).
Such trFRET-monitored kinetic traces were obtained for
segments H (using W19C29 and W19C29-TNB), B (using
W4C42 and W4C42-TNB), C (using W19C42 and W19C42-
TNB), and E (using W4C97 and W4C97-TNB) (see above).
Each kinetic trace showed the FRET efficiency changing in a
burst phase (100 ms), a fast kinetic phase, and a slow kinetic
phase. A very slow change in FRET efficiency could not be
monitored. Global fitting showed that the same value for the
fast folding rate constant and for the slow folding rate constant
could describe well all four kinetic traces (Figure S4).
Importantly, the global fitting also showed that the apparent

rate constants determined for the fast and slow kinetic phases
of trFRET-monitored folding also described the kinetic phases
of folding monitored by far-UV CD measurement (Figure S4).
This result and a comparison of the kinetics of folding of
labeled and unlabeled proteins (Figure S5) indicated that the
mutations and the introduction of the FRET label had no
significant effect on the folding rate constants. Earlier studies
had also shown that the structure and stability58,60,61 were only
minimally affected by such mutation and addition of the label.
Hence, the differences observed between the four FRET-
monitored kinetic traces (Figure 1) in the relative amplitudes
of the fast and slow phases of folding (Figure S4) cannot be
attributed to structural perturbations caused by mutation and/
or labeling.

1. FRET-Monitored Folding Kinetics Are Different at
Different Intramolecular Segments. The observation that
the ensemble-averaged trFRET-monitored kinetic traces for

Scheme 1
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folding at the four sequence segments differed not in the rate
constants but in the relative amplitudes of the fast and slow
phases (Figures S4 and S5) can be interpreted in two ways: (1)
the change in the FRET-monitored segmental distance occurs
in two sequential steps, and hence, the relative amplitude of
each of the two phases is the fractional change in distance on
going from the initial state to the intermediate state and then
from the intermediate state to the final state; (2) the change in
the FRET-monitored segmental distance occurs along two
parallel pathways; that is, there are two subpopulations of
molecules with U-like distances, which encounter different
energy barriers to undergoing further collapse and folding.
The burst phase increase in FRET efficiency, observed for

the H, B, and C segments, indicated that at 100 ms, the first
observable time of folding in the current study, the
intramolecular distances monitoring these segments were
significantly shorter than in the U state (insets, Figure 1). It
should be noted that these distances were determined directly
from the mean lifetimes using the Forster equation (see SI
Materials and Methods) and should therefore be considered as
rough and qualitative measures of compaction. When these
distances were calculated assuming that they have Gaussian
distributions, they were found to have values slightly different
from those reported in the insets of Figure 1, but the trends of
compaction were found to be the same (data not shown; see SI
Materials and Methods, for the limitation of this assumption).

This burst phase (<100 ms) reduction in the segmental
distances leads to the formation of a collapsed ensemble, which
is known to precede structure formation in the case of
monellin.53,61,62 The extent of collapse was different for the
different segments in the collapsed ensemble, indicative of an
overall asymmetric initial polypeptide chain collapse.

2. The Collapsed Ensemble Consists of Expanded and
Collapsed Subpopulations. In a previous study,53 it had
been observed that the fluorescence lifetime distribution
observed for the collapsed ensemble at 100 ms of W19C42-
TNB, in which the C segment was monitored, was bimodal.
The peak at shorter lifetimes (<0.6 ns) was N-like, as it was
centered near the distribution observed for the N state, and the
peak at longer lifetimes (>0.6 ns) was U-like, as it was centered
near the distribution of the U state. From the bimodal
distribution, it was possible to determine the fraction of
molecules in the collapsed ensemble that were U-like and N-
like at segment C. Figure 2 shows that the fluorescence lifetime
distributions observed at 100 ms of folding for W4C42-TNB
and W4C97-TNB were also bimodal, and it was therefore
possible to determine, from the relative sum of amplitudes (see
legend to Figure 3), the fractions of molecules in the collapsed
ensemble at 100 ms of folding that were U-like at segments B,
C, and E (Figure 3A).
In order to correctly determine the fractions of molecules

that were N-like and U-like at a particular segment in the

Figure 1.Multisite trFRET-monitored kinetics delineates segment-specific differences in collapse and folding. Kinetics of folding of MNEI in 0.4 M
GdnHCl at pH 8, 25 °C, monitored by multisite trFRET. The different panels correspond to data for different intramolecular FRET pairs, as
indicated on the top of each panel. The positions of the donor (Trp, shown as blue sticks) and acceptor (Cys-TNB, shown as red spheres)
fluorophores of each FRET pair are shown in the structure on the right of each panel. The structures (pdb ID 1IV9) were drawn using Pymol. The
FRET efficiency, in each case, was determined by using the mean lifetime values for the unlabeled and corresponding TNB-labeled mutant variant,
at each folding time. In each panel, the solid and dashed black horizontal lines represent the FRET efficiency in the N state (in 0.4 M GdnHCl) and
the U state (in 4 M GdnHCl), respectively. In each panel, the red line with arrowheads on both ends corresponds to the burst phase change in
FRET efficiency between the unfolded state and at the first observable time (100 ms) of folding. The inset in each panel shows the average donor−
acceptor pair distance (<RDA>) determined at different times of folding. The distances were determined using the FRET efficiency values and the
Forster distance values in the Forster equation.60 The error bars represent the standard errors of measurements from two independent double
kinetics experiments. The kinetic parameters obtained from global fitting of the data (fits shown as solid lines through the kinetic data) are shown
in Figure S4.
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collapsed ensemble at 100 ms or, indeed, at any subsequent
time of folding, it was important to take into account the
observation that for any segment the equilibrium U state had a
fraction of molecules that had an N-like distribution (<0.6 ns)
and that the equilibrium N state had a fraction of molecules
that had a U-like distribution (>0.6 ns) (Figure 2). These
fractions were similar for each pair of unlabeled (Figure S6)
and corresponding labeled (Figure 2) unfolded proteins,
indicating that they originate from different electronic
structures of the fluorophore or from different Trp
rotamers63,64 and not from the presence of the quenching
TNB moiety. With YU equal to the relative sum of amplitudes
for the U-like distribution observed for the equilibrium U state,
YN equal to the relative sum of amplitudes for the U-like
distribution observed for the equilibrium N state, and Yi equal
to the relative sum of amplitudes for the U-like distribution
observed at any time of folding, the fraction of molecules ( f U)
expanded (U-like) at a particular segment could be determined
as f U = (Yi − YN)/(YU − YN). It should be noted that f U was
determined from MEM analysis-derived fluorescence lifetime
distributions, such as those in Figure 2, because such

distributions have been shown previously to accurately
estimate the relative fractions of N-like and U-like molecules
present together.53,55 f U was not determined from discrete
analysis (see SI Materials and Methods) of the fluorescence
decay curves, because the values of the rate constants and
relative amplitudes obtained from discrete multiexponential
fits, which assume two to four discrete states, may not be
accurate. It is well known that different combinations of
relative amplitudes and rate constants can yield equally good
fits even for two-exponential fits.65 Hence, it is not possible to
confidently determine the fractions of molecules that were N-
like and U-like at any segment from the relative amplitudes
obtained from discrete analysis, as is also apparent in Figure
S2.
Different fractions of molecules in the collapsed ensemble at

100 ms of folding were N-like at the three segments (Figure
3A): 16% of the molecules had collapsed to N-like dimensions
at segment E, 23% at segment C, and 45% at segment B. The
collapsed ensemble formed at 100 ms of folding was clearly
heterogeneous with different fractions of molecules collapsed
at one or more segments or at none of the segments. For three
segments, with each being either expanded or collapsed, the
ensemble at 100 ms was expected to consist of eight
subensembles. It was not necessary that the populations of
these eight subensembles, which would be defined by their
stabilities, be the same. It was therefore useful to assume
minimal heterogeneity in the ensemble and examine the data
in Figure 3A based on this assumption. Based on the previous
observation29,61 that the collapsed globule is a kinetic molten
globule and on the expectation that molten globule-like
molecules are likely to have multiple collapsed segments,66 it
was assumed that 16% of the molecules were present in an IBCE
subensemble in which segments B, C, and E had all collapsed
to become N-like, 7% were present in an IBC subensemble in
which only segments B and C had collapsed to become N-like,
22% were present in an IB subensemble in which only segment
B had collapsed to become N-like, and 55% of the molecules
had not collapsed but remained U-like (UX) at all three
segments (Figure 3B). The IBCE subensemble corresponds to
the molten globule-like IMG subensemble identified in an
earlier single-site trFRET study.53 The assumptions therefore
led to a description of the collapsed ensemble at 100 ms as
being composed predominantly of four subensembles, each of
which was populated to greater than 5%. The other four
expected subensembles would also be populated, but appear to
be too unstable to be populated to an extent sufficient to
contribute significantly to subsequent folding. It is important
to note here that the assumption that the collapsed globule has
molecules with segment B collapsed, molecules with segments
B and C collapsed, and molecules with segments B, C, and E
collapsed does not in any way define any pathway of segments
collapsing during the initial collapse process. Indeed, initial
chain collapse, during the folding of MNEI, has been shown to
occur via more than one pathway.29,30 It is also not necessary
that subsequent folding from the collapsed globule utilize the
same pathways of segments becoming N-like, especially since
the starting state (U) for initial chain collapse is different from
the starting states for subsequent folding.
Interestingly, the fluorescence lifetime distribution seen at

100 ms of folding for W19C29-TNB, which reports on
segment H, was unimodal, indicating the absence of
population-level heterogeneity for this segment. This suggested
that the helical structural content was the same in all molecules

Figure 2. Evolution of fluorescence lifetime distributions as a function
of folding time. MEM analysis-derived fluorescence lifetime
distributions were obtained for the different TNB-labeled variants at
various times of folding at pH 8, 25 °C. The four panels correspond to
different TNB-labeled protein variants that report on changes in
different structural regions of the protein (as indicated on the top of
each panel). The solid and dashed black curves in each panel indicate
the lifetime distributions for the refolded and unfolded states,
respectively. Distributions corresponding to different times of the
folding reaction are shown in different colors as described in each
panel. In each panel, the U-like and N-like labels correspond to the
fluorescence lifetime distributions peaked at longer (>0.6 ns) and
shorter (<0.6 ns) lifetimes, respectively. The gray vertical dashed line
(at 0.6 ns) divides the distributions between the U-like and N-like
subensembles. The x-axis has been plotted on a log-scale. The relative
amplitude on the y-axis has been normalized to the sum of amplitudes
for each distribution to make the total population fraction equal to 1.
The fraction of molecules having a U-like or N-like distance for a
particular segment is given by the relative sum of amplitudes for the
corresponding distribution.
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at 100 ms of folding, whether the molecules belonged to the
UX, IB, IBC, or IBCE subensemble. Interestingly, the fluorescence
lifetime distribution remained unimodal during the course of
folding (Figure 2, W19C29-TNB). In the case of unlabeled
W19C29, a significant decrease in the exposure of Trp19 to
polar solvent molecules during folding resulted in a gradual
increase in the fluorescence lifetime (Figures S3, S6, and S7).
However, for W19C29-TNB, the extent of increase in the
fluorescence lifetime of W19 during folding was reduced
significantly as compared to unlabeled W19C29, as evident
from both discrete (Figure S3) and MEM analysis (Figure S7)
of the data. This observation highlights the role of FRET in
reducing the lifetime of the native state. Quantification of the
peak movement as a function of folding time (Figure S7), after
translating the fluorescence lifetime data for W19C29 and
W19C29-TNB into intrasegmental distance,53,60 suggested
that segment H contracted continuously in all protein
molecules, whether in UX, IB, IBC, or IBCE, as the folding
reaction progressed.
3. Segmentwise Population Evolution Kinetics of

Different Parts of the Protein Provides a Sequence of
Structure Formation along Parallel Pathways. The time
evolution of the MEM analysis-derived fluorescence lifetime
distributions was used to extract the fraction of molecules that
were expanded (U-like) at each of the three segments (B, C, or
E) as a function of folding time (Figures 2, S8, and 4A). For
each segment, the fraction of molecules that were expanded
(U-like) at that segment decreased in two observable kinetic
phases, a fast phase and a slow phase. For all the segments, the
rate constants for the fast phase were found to be similar, and
so were the rate constants of the slow phase (Figure S5). This
result was surprising, as it indicated that the barrier heights to
collapse of the different segments were similar, but it also
indicated that if collapse of the segments occurred on multiple
pathways with fast and slow phases, there would be flux of
folding molecules along all pathways. Unfortunately, the

individual rate constants were too similar in value, with the
measured differences being within the errors of measurement
(Figure S5), to deduce any small variation in barrier heights on
different pathways. In fact the rate constants were similar
enough that it was possible to carry out a global fit of the
kinetic data for all the segments. The same rate constant for
the fast phase and the same rate constant for the slow phase
described well the folding at all three segments (Figures 4B
and S9).
The two kinetic phases observed for the decrease in the

population of the U-like segments in the different sub-
ensembles correspond, in terms of their rate constants, to the
fast and slow kinetic phases of folding observed in earlier
fluorescence-monitored ensemble-averaging kinetic measure-
ments.29,30,61 These rate constants decrease with an increase in
the GdnHCl concentration, indicating that both kinetic phases
correspond to folding reactions.29 The possibility that either of
the two kinetic phases observed in the current trFRET study
corresponds to an unfolding reaction that serves as an off-
pathway correction of an optional error67 present in the fold of
the subensembles possessing one or more U-like segments can,
therefore, be ruled out. It should also be noted that there is no
evidence for any backtracking during the folding reaction.54

There were two important observations that had to be taken
into account for deducing a model to describe folding. (1) The
collapsed ensemble at 100 ms of folding was heterogeneous,
consisting of subensembles of molecules that were expanded
(U-like) at only segment E (IBC), at only segments C and E
(IB), and at segments B, C, and E (UX), and that there was also
a subensemble that was not expanded but compact (N-like) at
all three segments (IBCE) (Figure 3). (2) The fraction of
molecules transforming from being U-like to becoming N-like
at a segment was different for each segment (Figure 4A and B),
indicating that multiple pathways of folding were operative. A
fraction of molecules became N-like at a segment (B, C, or E)
in the fast kinetic phase on one or more pathways and in the

Figure 3. Resolving heterogeneity in the initial collapse transition. (A) Fraction of molecules, in the U-like (unfolded) and N-like (folded)
distributions at the monitored structural segment, measured from relative sum of amplitudes for the corresponding peak (see Figure 2) at 100 ms of
folding reaction. The relative sum of amplitudes is the sum of amplitudes of the distributions for the U-like or N-like distances divided by the sum
of amplitudes of the distributions for both the U-like and N-like distances. The fractional population of molecules that are expanded (U-like) at a
particular segment (designated as fraction unfolded, f U)

53 was determined relative to the equilibrium N ( f U = 0) and U ( f U = 1) states [f U = (Yi −
YN)/(YU − YN); Yi is the relative sum of amplitudes for the U-like distance distribution at any given time of folding] (Figure S8). (B) Schematic
describing the minimal heterogeneity observed in the collapsed ensemble at 100 ms of folding, which explains the data shown in panel A. The
polymer cartoons represent conformationally different subensembles with either none, one, two, or three distances collapsed to native-like
dimensions. The black segments are expanded. The red, green, and blue segments are collapsed in the β-sheet, core, and the end-to-end distance,
respectively. The coexistence of UX (fully expanded), IB (β-sheet collapsed), IBC (β-sheet and core collapsed), and IBCE (fully collapsed) highlights
the underlying heterogeneity in the collapsed ensemble at 100 ms of folding.
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slow kinetic phase on other, mutually exclusive, pathways. If a
single sequential pathway led from the expanded (U-like at any
structural segment) to the collapsed (N-like) populations of
molecules, the population of U-like molecules would have
decreased in a single kinetic phase. A previous study53 had
shown that the invocation of at least two parallel pathways
leads to a very good fit of the population kinetics data to a
quantitative coarse-grained Markov evolution model of the
folding of MNEI.
A phenomenological model for folding (Figure 4C) could be

deduced from the data (Figure 4B). (1) At 100 ms of folding,
77% of the molecules were expanded at segment C, as UX and
IB (Figure 3); 73% of these 77% molecules, that is, 56% of all
molecules, became compact at segment C in the fast phase of
folding (Figure 4A and B). Since 55% of the molecules present
at 100 ms were UX (Figure 3), the simplest deduction was that
all UX molecules became compact at segment C in the fast
phase. (2) At 100 ms, only the 55% of molecules present as UX
were expanded at segment B (Figure 3); hence, the fast phase
of compaction at segment B had necessarily to begin only from
UX; 60% of these 55% molecules, that is, 33% of all molecules,

became compact at segment B in the fast phase (Figure 4A and
B). (3) Hence, it was deduced that during the fast phase of
folding starting from UX 33% of all molecules became compact
at both segments B and C to form IBC, and 22% became
compact only at segment C to form IC. (4) 84% of the
molecules present at 100 ms as UX, IB, and IBC were expanded
at segment E (Figure 3); 20% of these 84% molecules, that is,
17% of all molecules, became compact in the fast phase of
folding (Figure 4A and B). Since 22% of all molecules present
at 100 ms were IB, it was deduced that all IB molecules became
compact also at segment E in the fast phase to form IBE.(5) At
the end of the fast phase of folding, only 22% of the molecules
were expanded at segment B, as IC. Hence, slow phase
compaction of segment B had to start only from IC. (6) At the
end of the fast phase of folding, only 22% of the molecules
were expanded at segment C, as IBE. Hence, slow phase
compaction at segment C had to start only from IBE. (7) At the
end of the fast phase, segment E was expanded in the 22%
molecules present as IC and in the 40% (33 + 7) of molecules
present as IBC. Hence, slow phase compaction of segment E
had to start from the 62% of molecules present as IC and IBC at

Figure 4. Sequence of structure formation obtained from the population-evolution kinetics derived from MEM analysis. (A) Kinetics of conversion
of expanded (U-like) distances to the collapsed (N-like) distances in the different subensembles, as a function of folding time. The differently
colored circles correspond to fractions of molecules unfolded at different segments: red, B; green, C; blue, E. The fraction of molecules that are U-
like (unfolded) and N-like (folded) at the monitored structural segment was measured from the relative sum of amplitudes for the corresponding
peak (inset, panel A). The relative sum of amplitudes and the fraction unfolded, f U, were determined as described in the legend to Figure 3. The
error bars represent the standard errors of measurements from two independent double kinetics experiments. The observed kinetics were fitted
globally to the sum of two exponentials, with the same two rate constants but variable amplitudes for all three FRET pair variants. The rate
constants and the relative amplitudes obtained for various FRET pairs from the global fit are given in the table in panel B. (C) Phenomenological
model describing the evolution of structural heterogeneity as folding progresses from the U to the N state. The scheme predicts the relative
amplitude data in panels A and B. The extent of structure formation increases along the x-axis. Conformational entropy (heterogeneity) decreases
with folding, as depicted in the width of the shown scheme. The black, red, green, and violet arrows represent the unobservable (over within 100
ms), fast, slow, and very slow kinetic phases of the folding reaction, respectively. The numbers in the circles denote the percentages of molecules
following a given folding route.
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the end of the fast phase. (8) At the end of the slow phase all
molecules had become compact at the B, C, and E segments to
form IBCE; 22% had formed from IBE, 22% from IC, and 40%
from IBC during the slow phase of folding, while the remaining
16% had formed directly from U.
The observed kinetics of compaction at the different

segments (Figure 4A and B) can be seen to be consistent
with the phenomenological model (Figure 4C). The model
shows that 33% of molecules become N-like at segment B
during the fast UX → IBC transition, and 22% of molecules
become N-like during the slow IC → IBCE transition (Figure
4C). Hence, the model predicts relative amplitudes of 0.60 and
0.40 for the fast and slow phases of the decrease in the
population of molecules that were U-like at segment B at 100
ms (Figure 4B). At segment C, 22% of the molecules become
N-like during the fast UX → IC transition, 33% of molecules
become N-like during the fast UX → IBC transition, and 22% of
molecules become N-like during the slow IBE → IBCE transition
(Figure 4C). Hence, the model predicts relative amplitudes of
0.71 and 0.29 for the fast and slow phases, respectively, of the

decrease in the population of molecules that were U-like at
segment C at 100 ms (Figure 4B). At segment E, 22% of
molecules become N-like during the fast IB → IBE transition,
22% of molecules become N-like during the slow IC → IBCE
transition, and 40% (33 + 7) of molecules become N-like
during the slow IBC → IBCE transition (Figure 4C). Hence, the
model predicts relative amplitudes of 0.26 and 0.74 for the fast
and slow phases, respectively, of the decrease in the population
of molecules that were U-like at segment E at 100 ms (Figure
4B). Thus, Figure 4B shows that the observed fractions of
molecules that become N-like in the fast and slow kinetic
phases, for each segment, are consistent with the phenomeno-
logical model.
The phenomenological model describing the folding of

MNEI (Figure 4C) has features that are likely to be generally
relevant to how several proteins fold. (1) There are multiple
pathways and there are multiple steps on each pathway.
Structural events occur in fast and slow phases on each
pathway. (2) Structural events, such as core consolidation in
segment C and β-sheet formation in segment B, can happen

Figure 5. Sequence of structural events during the folding of MNEI. (A) Dependence of the relative amplitudes (observed and predicted from the
scheme) for the fast kinetic phase of folding on sequence separation for the different FRET pairs. (B) Dependence of the apparent time constant on
sequence separation for the different FRET pairs. The apparent time constant is determined as the amplitude-weighted average of the time
constants (τ τ= =α τ α τ

α α
+
+ ; i kav

1

i

1 1 2 2

1 2
) observed for the two exponentials in the population evolution kinetics (Figure 4B) for all the FRET pairs except

for the α-helix. For the α-helix, the apparent time constant was determined from the unimodal contraction kinetics (Figure S4) which leads to the
formation of the N state. The different structures shown inside panel B represent the overall sequence of structure formation obtained from the
apparent time constants. Different structural segments are shown in different colors corresponding to the various FRET pairs; all the residues
spanned between a given FRET pair are shown with one color. The positions of the FRET donor and acceptor are shown as a blue ring and as a red
sphere, respectively. The color scheme is as follows: black, half-helix (segment H); red, core (segment C); green, β-sheet (segment B); and blue,
end-to-end (segment E). The error bars represent the standard errors of measurements from two independent double kinetics experiments. The
folding mechanism is shown in panel C. The black, red, green, and violet arrows represent the unobservable (over within 100 ms), fast, slow, and
very slow kinetic phases of folding reaction, respectively. The U state ensemble (U1 and U2) gives rise to three subensembles: UX, IB, and IBCE. IBCE
continues to evolve gradually to form the N state. Furthermore, IBCE formation from UX and IB occurs via three independent parallel pathways, each
consisting of two sequential cooperative steps, in fast and slow kinetic phases, as shown in the scheme. The numbers in the circles represent the
percentages of molecules following a given folding route.
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independently of each other. (3) A particular structural event
may happen in molecules in which other structural events may
or may not have already occurred. A structural event may
occur in the fast phase on one pathway and in the slow phase
on another pathway. (4) The rate constant at which a
structural event occurs depends on whether or not other
structural events have already occurred in the same population
of molecules. (5) The rate constants of structure formation
along different pathways involving different regions are the
same. This suggests that the underlying physicochemical
interactions that act cooperatively during the different stages
of folding are similar, irrespective of the structure-forming part.
It should, however, be noted that the nature of the barriers that
dictate the relative fluxes of molecules on the parallel pathways
is yet to be understood. (6) Very importantly, these results
clearly contradict the notion that structure accumulation
during folding must occur in a unique manner and on a single
defined pathway.7,13,14

4. Formation of Short-Range Local Contacts Precedes
That of Long-Range Nonlocal Contacts. A strong linear
correlation was observed between the relative amplitude of the
fast kinetic phase and sequence separation (Figure 5A). In
most of the molecules, the fast kinetic phase involves the
formation of local short-range contacts such as in the core
(segment C) and between the two strands in the β-sheet
(segment B). It appears that if core consolidation occurs in the
fast kinetic phase, then further reduction of the end-to-end
distance occurs in the slow kinetic phase. Conversely, if the
end-to-end distance becomes N-like in the fast kinetic phase,
starting from the IB molecules, then core consolidation occurs
in the slow kinetic phase. This suggests that the consolidation
of the core retards the end-to-end contact formation, and that
if the end-to-end distance becomes N-like, it retards the core
formation.
Despite the presence of the multiple pathways on which the

same structural event may occur either fast or slow, it is
possible to deduce the sequence of structure formation
averaged over the entire population of molecules. Amplitude-
averaged time constants (Figure 5B) obtained from the MEM
analysis-derived population evolution kinetics for the different
structural events (Figures 4A,B and 5A) and the time constant
corresponding to single-exponential continuous contraction
observed for the helix formation (Figure S7) indicate the most
probable sequence of structural events from the UX
subensemble to the IBCE subensemble. The relative flux of
folding molecules down the four parallel pathways suggests
that, on average, helix formation occurs first, followed by core
consolidation, followed by β-sheet formation, and, finally,
overall compaction of the end-to-end distance. These results
agreed with the kinetics of the change in average distances
(Figures S4 and S9). Clearly, the hierarchic accumulation of
structure does not necessitate that folding should occur via a
single defined pathway,11,19,67,68 as has been suggested
earlier.7,13

The same sequence of structure formation can be predicted
from the contact order in the primary sequence,69 as seen from
the linear correlation between the amplitude-averaged
(apparent) time constant and sequence separation (Figure
5B). A similar quantitative agreement has been observed for
the dependence of the overall folding rate constant on relative
contact order across multiple proteins earlier.69 This is perhaps
the first experimental demonstration of the linear dependence
of intramolecular segmental folding rate constants on contact

order, as predicted theoretically.70,71 These results are also in
accordance with classical theoretical predictions suggesting
that short-range contacts play a predominant role in the
folding kinetics and that long-range contacts determine the
cooperativity and stability of the folded state.70,71

Importantly, the observed overall sequence of structure
formation is in good accordance with the reverse of the
sequence of unfolding events reported earlier in HX-MS
studies.42 It had been shown that the separation of the helix
from the β-sheet during unfolding leaves an intact helix; this is
similar to the result of the present study showing that the helix
formation precedes the formation of the core, i.e., the helix−β-
sheet interface. It had also been shown earlier that the β2−β3
strands unfolded as the last step. The current study also
suggests that β2 (part of the core) forms early during folding.

5. Origin of Heterogeneity in the Initial Collapse
Reaction. At 100 ms of folding, the ensemble of protein
molecules consists of four intermediate subensembles of
molecules: UX (55%), IB (22%), IBC (7%), and IBCE (16%)
(Figure 3B). UX is, however, likely to have formed within the
first millisecond of folding,53,62 and hence, both the UX → IBC
reactions and UX → IC reactions (Figure 4C), whose time
constant is about 1 s, would have progressed about 10% at 100
ms. It could therefore be possible that the ∼7% IBC molecules
present at 100 ms originate completely from UX. This would
suggest that the initial collapse of U, which is complete within
1 ms,61,62 results in the formation of only three subpopulations
of intermediates, UX (62%), IB (22%), and IBCE (16%) (Figure
5C). The origin of this more limited heterogeneity at the end
of the initial collapse reaction can possibly be understood by
considering U state heterogeneity (Scheme 1) in terms of
peptidyl−prolyl bond isomerization. Native MNEI has six Pro
residues, of which Pro41 and Pro93 have cis peptidyl−prolyl
bonds. The minor U1 subensemble, which was shown29 to
comprise ∼15% of the U state ensemble (Scheme 1), also
appears to have Pro41 and/or Pro93 in a cis conformation, as it
folds in a very fast phase.29 It is possible that the IBCE
molecules present at 100 ms arise from U1 (Figure 5C). It is
also possible that the isomerization status of peptidyl−prolyl
bonds plays a role in the partitioning of the U2 subensemble
while folding to the UX and IB subensembles. The current
understanding of the origin of the early heterogeneity is clearly
far from satisfactory and will be the focus of future studies.

6. Folding to the Native State Occurs via Structurally
Distinct Parallel Routes. Only a few experimental studies
have been able to identify structural differences between
parallel pathways for (un)folding. In the case of hen lysozyme,
the α-domain and β-domain have been shown to fold via
different pathways.24 For other proteins, structural differences
between transition states of (un)folding on parallel pathways
have been discerned in some cases.34−36,51

Remarkably, the phenomenological model proposed in the
current study (Figure 5C) is in broad agreement with the
kinetic model proposed earlier29,30 (Scheme 1). The present
study has allowed the multiple pathways to be distinguished on
the basis of the structural events that occur (Figure 4C). The
major route from UX to IBCE involves sequential formation of
local short-range contacts and then nonlocal long-range
contacts, as expected from a hydrogen-bonding-driven
hierarchical model of protein folding.18 The minor route (IB
→ IBCE) involves the reverse sequence of structure formation.
As discussed earlier, early compaction of the end-to-end
distance appears to result in the retardation of core
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consolidation. Thus, the minor pathway of folding originating
from IB involves first the formation of relatively nonlocal
contacts, followed by later consolidation of the core, which is
dominated by local interactions. Another minor route that
arises from the U1 subpopulation (U1 → IBCE) suggests that
the isomerization status of a Pro residue plays a role in
determining the sequence of structure formation during
folding, by promoting the early formation of both long-range
and short-range contacts simultaneously (and hence a very fast
overall compaction to IBCE).

72 In the future, this study will be
extended to cover other segments of the protein to improve
the structural resolution and to perhaps reveal even more
complexity in the folding mechanism.

■ CONCLUSION
In the present study, the site-specific structural heterogeneity
of the collapse and folding reactions of monellin has been
resolved using multisite trFRET measurements. The collapsed
ensemble present at 100 ms is shown to comprise different
subensembles: a random-coil-like contracted metastable
intermediate state (UX), a site-specifically and nonuniformly
collapsed intermediate (IB), and a globular highly compact
molten-globule intermediate (IBCE). Subsequent folding occurs
along multiple pathways differing in their sequence of events
(Figures 4C and 5C). The helix undergoes collapse and folding
in a completely barrierless gradual manner involving a
continuous reduction in size, homogeneously across all
molecules. When structural information for all molecules is
averaged based upon the relative flux of folding molecules
down the four parallel pathways, it appears that the sequence
of events during folding is helix formation, followed by core
consolidation, followed by the β-sheet formation, and finally
end-to-end contact formation (Figure 5B). This averaged
sequence of structure development seems to suggest that local
structure consolidation precedes the formation of global
structure.
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