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ABSTRACT: Proteins have dynamic structures that undergo chain motions on time scales
spanning from picoseconds to seconds. Resolving the resultant conformational heterogeneity
is essential for gaining accurate insight into fundamental mechanistic aspects of the protein
folding reaction. The use of high-resolution structural probes, sensitive to population
distributions, has begun to enable the resolution of site-specific conformational heterogeneity
at different stages of the folding reaction. Different states populated during protein folding,
including the unfolded state, collapsed intermediate states, and even the native state, are
found to possess significant conformational heterogeneity. Heterogeneity in protein folding
and unfolding reactions originates from the reduced cooperativity of various kinds of
physicochemical interactions between various structural elements of a protein, and between a
protein and solvent. Heterogeneity may arise because of functional or evolutionary constraints. Conformational substates within the
unfolded state and the collapsed intermediates that exchange at rates slower than the subsequent folding steps give rise to
heterogeneity on the protein folding pathways. Multiple folding pathways are likely to represent distinct sequences of structure
formation. Insight into the nature of the energy barriers separating different conformational states populated during (un)folding can
also be obtained by resolving heterogeneity.
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1. INTRODUCTION

1.1. Perspectives and Overview

Proteins are the workhorse molecules that play crucial structural
and functional roles in the cellular and organismal processes that
define life. They are synthesized inside the cell as unstructured
chains (polypeptide chains) of amino acid residues connected
covalently via peptide bonds. The polypeptide chain can
undergo a self-assembly process, from an unstructured unfolded
(U) state to the uniquely structured native (N) state (Figure
1).1−3 The folding process occurs within microseconds to
minutes for most proteins.4 The folded state is stabilized by a
variety of intramolecular interactions that are weak and
noncovalent in nature. Unlike a simple chemical reaction that
involves the formation or breakage of covalent bonds, the
protein folding reaction is a “disorder to order” transition, in
which a large reduction in the conformational entropy of the
polymer chain is compensated for by the formation of multiple
noncovalent interactions,3 as well as by favorable entropy
changes in the solvent. The coupling between many different
interactions defines the free energy landscape for any given
protein5 and, importantly, the degree of cooperativity in the
folding process.6,7

1.2. The Protein Folding Problem and Its Relevance

Research on the protein folding problem focuses on under-
standing the rules by which various physicochemical inter-
actions are established during the folding process.4,8−11 It is
known that under stressed cellular conditions, or due to changes
in the amino acid sequence (mutations), the polypeptide chain
may fail to undergo correct folding (to the N state), resulting in
the formation of misfolded conformations.12,13 These misfolded
states may aggregate in vivo, and protein aggregation is linked to
several neurodegenerative disorders.14−17 Understanding how a

protein folds will provide clues as to how to prevent misfolding
and aggregation. A mechanistic understanding of the protein
folding reaction will also enable the design of proteins with
desired structural and unique functional traits.18

This review focuses on the experimental characterization of
protein folding reactions. Research on the mechanism of protein
folding has benefited tremendously from theoretical and
computational methods, as well as from the marriage of these
methods with experimental methods. This review will, however,
not discuss the results of computational and theoretical methods
in detail but will discuss them only in the context of providing a
proper perspective on the results of experimental studies.
1.3. Phenomenological Frameworks for Protein Folding

Thinking about the results from experimental studies of protein
folding, and the consequent progress in the experimental
characterization of protein folding reactions, continues to be
guided by several phenomenological models (Figure 1a) that
describe alternative ways in which structure may develop as a
protein folds.19,20

(1) Framework model: This hierarchical model posits that
local secondary structural elements form early during
folding, which assemble to form the tertiary struc-
ture.21−23 Stabilization of the secondary structural units
occurs when they associate upon random diffusive
collision.24,25 An underlying assumption is that coales-
cence of the secondary structural units can happen in
many different ways. The model is a recognition of the
observation that protein tertiary structures appear to be
assembled from their parts.26−28 The formation of a
secondary structure early during folding was observed in
many early experimental studies,29−33 as well as in
computer simulations34,35 of folding. More recently,
basic ideas of the framework model have evolved into

Figure 1. Models for protein folding. (A) Phenomenological models describing possible sequences of structural events associated with the
transformation of the unfolded state to the specifically structured native state. The framework model (topmost pathway) posits that secondary
structure formation precedes tertiary structure formation. The hydrophobic collapse model (bottom-most pathway) suggests that the initial
nonspecific collapse of hydrophobic groups in the polypeptide chain drives folding. The nucleation-condensationmodel (central pathway) ascribes the
formation of an activated folding nucleus before the transition state to be the initial step in folding. (B) The folding funnel model is described by the
energy landscape theory. The width of the funnel represents the conformational entropy, the depth or height of the funnel corresponds to the free
energy of the system (inclusive of interactions and solvation but excluding the contributions from the conformational entropy), and the angular
coordinates of the funnel symbolize different reaction coordinates. Unfolded conformations with high entropy are present at the top of the funnel,
compact partially structured intermediates are present at local minima, and the N state is present at the bottom of the funnel corresponding to the
global free energy minimum. The funnel model accommodates the results of many experimental studies of protein folding.
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the concept of foldons, secondary structural units that
assemble in a unique sequential manner to form the
tertiary structure36,37 during folding.

(2) Nucleation and Nucleation-condensation model: In nuclea-
tion models, a folding nucleus forms either locally in a
contiguous segment of sequence,38 possibly because of
hydrophobic interactions,39 or by the diffusive con-
densation of specific adjacent segments of the polypeptide
chain.40 In either case, the nucleus would form in the rate
limiting step, and then the rest of the structure develops
around the nucleus akin to the crystallization process. The
folding nucleus is expected to be present in the transition
state of folding. The nucleation-condensation model
suggests the formation of an unstable diffuse nucleus in
the transition state, whose structure is stabilized in the
subsequent rate limiting step of concerted condensation
of a specific secondary and tertiary structure.41,42 It has
been suggested that the transition state of folding is an
extended nucleus which is an ensemble of structures
possessing some native secondary structure but disrupted
native packing interactions.43,44 Computer simulations
not only have played a pivotal role in the evolution of the
nucleation mechanism45−48 but also have provided
additional structural characterization of transition
states.49,50

(3) Hydrophobic collapse model: This model suggests that the
nonspecific clustering of hydrophobic residues cluster

together due to their solvent exclusion property, resulting
in a rapid initial collapse of the polypeptide chain.51−53

The collapsed state offers a facilitated conformational
search for the native-like secondary and tertiary structure
formation, due to its smaller conformational space
(reduced chain entropy).54 Computer simulations,
especially those utilizing lattice models, have contributed
much to the understanding of how the initial chain
collapse facilitates subsequent folding.55−58 The frame-
work model and the hydrophobic model support the
existence of intermediates during (un)folding, as well as
the possibility of folding via multiple pathways. On the
other hand, the nucleation model presents the folding
reaction as a strictly two-state process and, hence, is at
odds with the existence of folding intermediates. It should
be noted that the mechanisms are not exclusive. It should
be noted that it is possible for the same protein to utilize
one or more of these mechanisms to fold, depending on
the solvent conditions.

1.3.1. Polymer Theory for Predicting the Size of the
Polypeptide Chain. Basic polymer physics theory can predict
different features of the folding reaction and provides insight
into the role of solvent properties in defining the size of
conformational ensembles populated during protein folding.
The properties of a conformational ensemble of a polymer
depend on three major factors:59,60 the flexibility of the
polypeptide chain, the nature and strength of various possible

Figure 2. Resolving heterogeneity using the time-resolved FRET (trFRET) methodology. (A) In the U state, the donor (blue square, D) and acceptor
(red triangle, A) are far apart, resulting in little or no FRET, evident in terms of the high fluorescence intensity of the donor fluorophore. In the N state,
both fluorophores are closely spaced, resulting in a decrease of donor fluorescence intensity and in an increase of acceptor fluorescence intensity, as
compared to the U state. (B) The extent of FRET depends upon the distance between the two fluorophores, their molecular properties, and the solvent
environments. FRET efficiency has a sigmoidal dependence on the interfluorophore distance (RDA) given by the Förster equation. The Förster radius,
R0 is the distance at which the FRET efficiency is 0.5, and it depends upon the properties of the fluorophores and the solvent. (C) Time-resolved
fluorescence measurements involve the determination of the fluorescence intensity decay curve, represented as a plot of photon counts versus
fluorescence lifetime, of the donor fluorophore. The fluorescence intensity (shown in panel A) is directly proportional to the fluorescence lifetime (τ)
of a fluorophore. The resultant multiexponential decay curve can be analyzed using appropriate mathematical models for extracting information about
the different fluorescence lifetimes that would correspond to populations with differential extents of FRET or RDA.
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intrachain interactions, and the strength of interactions between
the polypeptide chain and the solvent molecules. The overall
rigidity of the polypeptide chain is defined by its amino acid
composition. The balance between intrachain and chain−
solvent interactions, which can be either attractive or repulsive
or both, plays a key role in determining chain dimensions.
Changes in solvent polarity or other environmental changes
(pH, temperature, pressure, chemical denaturant) will also
influence the conformational distribution of conformations
adopted by the polypeptide chain.
To understand the evolution of conformational heteroge-

neity, it is important to determine how the naturally evolved
heteropolymeric polypeptide chain obeys the laws of basic
polymer physics59,60 at different stages of the folding reaction.

1.4. Heterogeneity in Protein Folding

In a protein folding reaction, the U state transforms into the N
state, transiting through metastable, and occasionally stable,
intermediate (I) states. Each of these states is an ensemble of a
large number of protein conformations and may consist of a
number of substates (subensembles) that differ in their average
structures and energies. The existence of conformational
heterogeneity in the N state was established many decades
ago,61,62 and many studies have shown the existence of
conformational substates that are in dynamic equilibrium with
each other.63−67 Protein dynamics is thought to be essential for

function68−72 and for the evolution of new function.73,74 A
protein molecule can adopt many conformations as a function of
time, and a population of molecules will consist of these multiple
conformations at any given time. Conformational substates can
be distinguished from each other based on their free energy
differences, which determine their relative probabilities of
occurrence, and their time scales of interconversion.
The free energy of any conformational substate for a given

protein is dependent upon the environment: it is defined by the
solvent quality, temperature, and pressure. In vivo, proteins may
experience different kinds of environments, which in turn affect
the population distributions of various conformational sub-
states.75−77 To function, proteins may transiently populate
“non-native” conformations.71,78,79 Non-native conformations
typically have higher free energies and are thus populated to very
small extents. Studies capable of resolving heterogeneity are able
to characterize these dynamic conformations.2,66,70,79−84

Information about these sparsely populated substates is
generally not revealed by the use of low-resolution ensemble-
averaging probes. Over the past several decades, protein folding
mechanisms have been investigated both by computation and by
experiment.2,7,9,10,19,20,22,37,44,47,48,75,85−97 What has only re-
cently begun to be explored, with the availability of high-
resolution probes, such as time-resolved (tr) FRET (Figure
2),98,99 is the heterogeneity, both temporal and structural,
associated with the folding transition.2,7,10,65,100,101 Under-

Figure 3.Characterization of the polymer-like properties of the unfolded state under different solvent conditions. Panel A shows the dependence of the
scaling exponent (ν) on the activity of the denaturant (GdnHCl, in this case) for multiple unfolded proteins and their variants. At high denaturant
concentrations, the value of ν approaches 3/5, affirming the random coil-like properties of the U state under denaturing conditions. Panel B depicts the
phase transition surface for all the proteins/variants. The expansion factor (α) represents the change in cooperativity of the collapse transition as a
function of chain length. Shaded volumes in panel B indicate the regimes of attractive (ε > 0) and repulsive (ε < 0) intrachain interaction energies.
Panel C shows smFRET efficiency (E) histograms of the C6C74 variant of ubiquitin at different concentrations of urea, pH 2.5, illustrating the
unfolding transition and the unfolded-state expansion. The peak at E ≈ 0.9 arises from folded molecules and that at lower E from unfolded molecules.
To determine mean transfer efficiencies, <E>, peaks were fitted with Gaussian peak functions (black lines). Panel D shows the FRET E histograms at 8
M urea, pH 2.5 for all ubiquitin variants investigated, with the positions of labeled Cys residues indicated for each panel. Panel E represents the
dependencies of mean transfer efficiencies of the unfolded ensemble on urea concentration for all variants (color code same as in panel D). The
continuous movement in the peak position of the FRET E distributions (panel C), and the denaturant-induced expansion at all the monitored
segments, confirm the solvent-dependent sensitivity of the U state dimensions and reflect the U state heterogeneity. Panels A and B have been
reproduced with permission from ref 112 (Copyright 2012 National Academy of Sciences). Panels C−E have been reproduced with permission from
ref 113 (Copyright 2016 National Academy of Sciences).
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standing the role of conformational heterogeneity at various
stages of (un)folding is of utmost importance for deciphering
the folding mechanism correctly and unambiguously.2

The conformational heterogeneity needs to be resolved first.
The following questions need to be addressed: How many
distinct conformational ensembles are populated at different
stages of protein folding? How heterogeneous are the conforma-
tional distributions of the U state, the intermediates, and the N
state? Does a protein fold via a single-defined pathway or via
multiple routes? What is the time scale of exchange between
different conformational substates that might be present in theU
state, the intermediates, and the N state? How fast is the
conversion between substates as compared to the transitions
between different conformational ensembles? What are the
nature and heights of the activation energy barriers slowing
down different structure-forming steps? Is a protein (un)folding
reaction two-state (fully cooperative), multistate (limited
cooperativity), or continuous (noncooperative) in nature,
wholly, or in parts? How does cooperativity vary across different
structural regions of a protein? How cooperative is the initial
polypeptide chain collapse?

2. RESOLVING STRUCTURAL HETEROGENEITY AT
DIFFERENT STAGES OF PROTEIN FOLDING

2.1. The Unfolded State

Folding begins from the unfolded state. Hence, a comprehensive
and detailed understanding of the size, structure, and dynamics
of the U state is critical for gaining mechanistic insight into the
folding reaction.2,20,100,102−104

2.1.1. Size of the Unfolded State. A completely
unstructured U state, which is devoid of specific intrachain
interactions, is expected to have size-scaling properties akin to
those of homopolymers.59,60,104−106 For a random coil-like
polymer chain (of finite length) in dilute solutions, the Rg of the
ensemble is expected to increase exponentially with an increase
in chain length (Rg ∝ Nν),59 with a value of 0.6 for the Flory
exponent, ν, obtained using mean field theory. A more precise
value of 0.588 for ν has been derived using renormalization
group theory.107

Extensive experimental measurements of the size of the U
state ensemble have been made with the use of different
spectroscopic probes, especially small-angle X-ray scattering
(SAXS) measurements.103,108−111 An estimate of the Rg
obtained for chemically denatured, cross-link-free, and
prosthetic group-free proteins ranging in length from ∼10 to
∼550 amino acid residues provided strong experimental proof
(ν = 0.598 ± 0.028) for the random coil-like nature of the
unfolded polymeric chain.103 These results were corroborated
later with the use of other spectroscopic measurements.112−114

In a single molecule (sm) FRET-based study112 of the U state of
various globular proteins, as well as of intrinsically disordered
proteins (IDPs), it was shown that the scaling exponent for all
the proteins converged to a value of 0.62 ± 0.03 at high
denaturant concentrations, indicating that chemical denaturants
are good solvents (Figure 3). Recently, another comprehensive
study probing the dimensions of the U state of ubiquitin using
NMR, SAXS, and smFRET yielded similar values for ν (NMR +
SAXS: ν = 0.61 ± 0.03, FRET: ν = 0.60 ± 0.03), reiterating that
the U state ensemble at a high denaturant concentration behaves
like a random coil-like polymer chain in good solvent.113

Interestingly, chemically denatured proteins have been shown to
display random coil-like behavior even when a nonrandom

structure is present.103,113,115 Measurements using the trFRET
methodology to probe intrasegmental distances as a function of
sequence separation, for NTL9116 and single-chain monellin
(MNEI),117 also confirmed the homopolymer and random coil-
like behavior of the U state under denaturing conditions.
The hydration of individual amino acid residues in the

polypeptide chain appears to play a critical role in modulating
the size of the U state, which is described by universal scaling
laws. Since the free energy of hydration is dependent on
temperature, it is not surprising that the size of the U state too is
dependent on temperature. Both in the absence and presence of
chemical denaturant, an unfolded protein chain becomes more
compact upon an increase in temperature118−120 but only up to a
certain temperature above which the protein either undergoes
no further significant compaction121 or may even start
expanding.122 Remarkably, for a mutant variant of CTL-9, the
temperature above which no further compaction occurs,
corresponds to the temperature of maximum stability.121 Not
surprisingly, the hydrophobic effect,123 through its dependence
on temperature, seems to play an important role in determining
the size of the unfolded protein. Computer simulations have also
shown that the size in chemical denaturant is smaller at a lower
temperature124,125 and that solvent quality is altered by a change
in temperature.126

2.1.2. Conformational Dynamics within the Unfolded
State. In an ideal random coil state, all possible conformations
would be sampled on a very fast time scale, much faster than the
rates for subsequent folding events. Folding from such a state
would occur along a single folding pathway.2,127 However, the U
state often comprises subpopulations of site-specifically differing
conformations that interconvert on a time scale similar to, or
slower than, the subsequent folding events.2,65,83,128−130 Slow
conformational changes in the U state ensemble, followed by
relatively faster folding steps, result in heterogeneity at the early
stages of protein folding.2,127,131 The rate constants for
conformational dynamics within the U state ensemble have
been measured for several proteins and were found to vary by
almost 10 orders of magnitude.65,92,132−140 A representative but
not an exhaustive list of examples can be categorized into three
categories:

2.1.2.1. Very Fast Dynamics (100 ps to 100 ns). The loop
closure kinetics in the U state of the Engrailed homeodomain
protein, measured using photoinduced electron transfer-
fluorescence correlation spectroscopy (PET-FCS), had a time
constant of 200 ns, while the corresponding folding step
occurred in 2−20 μs. Thus, the U state was effectively
homogeneous with respect to the folding process. Recent
smFRET studies on ubiquitin113 and several other proteins92

have suggested that chain fluctuations in the U state at high
denaturant occur in less than 100 ns.

2.1.2.2. Fast Dynamics (100 ns to 10 μs). FCSmeasurements
have revealed U state fluctuations on the microseconds time
scale in the intestinal fatty acid-binding protein, and the kinetics
was sensitive to solvent conditions such as pH, ionic strength,
etc.141 The acid-denatured state of apomyoglobin also under-
goes conformational fluctuations on the time scale of 3−200
μs.142 Trp-Cys contact quenching measurements on the Protein
L143 and Acyl-CoA binding protein144 also revealed micro-
second dynamics (∼10−100 μs) in the U state.

2.1.2.3. Slow Dynamics (ms to s). Equilibrium smFRET
measurements also provide a measure of the time scale of
exchange between different conformations within the U state
ensemble based on the broadening and exchange seen in various
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FRET efficiency histograms.65,145−147 smFRET studies have
suggested that conformational interconversion within the U
state ensemble of Protein L148,149 occurs on a time scale of more
than several milliseconds, and line confocal smFRET studies, for
which the photon statistics are much better, have indicated the
same for the B domain of protein A, BdpA,150 and ubiquitin.149

In the case of Protein L, however, a subsequent study, utilizing
smFRET as well as PET, did not reveal slow dynamics in the U
state ensemble.132 Interestingly, the time scale of interconver-
sion between different conformational substates in the U state
ensemble under denaturing conditions can also be on the
seconds time scale, as seen for chymotrypsin inhibitor 2,151

RNase H129 in smFRET measurements, and MNEI83,117,130 in
ensemble trFRET measurements. It should, however, be noted
that the inference of slow dynamics from the widths of FRET
efficiency histograms in smFRET experiments may not be
correct.128 It was suggested that the widths in excess of shot
noise might be caused by other sources, such as nonrandom
photon emission intervals resulting from triplet state formation
or intensity variation across the focal volume, and not necessarily
due to slow interconversion between various conformational
substates.
2.1.3. Origin of Heterogeneity in the U State.

2.1.3.1. Local Heterogeneity. A major cause for U state
heterogeneity is cis−trans isomerization of the peptidyl−prolyl
bond.152−157 As the free energy difference between the cis and
trans isomers is very small for an X-Pro bond, significant
populations of both isomers can exist at equilibrium in the U
state ensemble.152 The isomerization rate is very slow (0.01−
0.001 s−1) due to the presence of a large activation energy (∼20
kcal mol−1),158 significantly slower than the subsequent
structure forming events. Thus, peptidyl-prolyl isomerization
contributes to heterogeneity at both early154,159 and later
stages152,153,155,160 of folding. Recent studies suggest that the
isomerization status of the peptidyl−prolyl bond can also play a
significant role in facilitating long-range interactions in the U
state by accelerating the folding reaction along a distinct folding
pathway.161,162

Different rotational isoforms of Trp or any other amino acid
residue (usually aromatic) can also contribute to local
heterogeneity in the U state.163 The scrambling of disulfide
bonds in cysteine-rich proteins containing three or more Cys
residues can also be a source of heterogeneity.164−166 This has
been observed during the folding of BPTI, where U state
molecules that have the wrong disulfide bonds formed take a
longer route to fold than the ones which have the right disulfide
bonds formed or which have no bonds formed.167,168 In the cell,
the disulfide isomerases169 and peptidyl-prolyl isomerases170

catalyze the isomerization reactions, reducing the apparent
heterogeneity in the U state ensemble. In cytochrome c, the His
residues in the protein interact noncovalently with the heme
moiety. This interaction can occur in many ways in the U
state,80,171 while in the N state only the right set of interactions is
formed. When His misligation is avoided, cytochrome c folds
within 15 ms.172

2.1.3.2. Global Heterogeneity. The U state is not static but is
highly dynamic and malleable. Evidence for the malleability of
the U state is seen in the significant slopes of the unfolded
protein baselines of the equilibrium unfolding curves of several
proteins, especially when structure-monitoring probes, such as
far-UV CD and FRET,7,10,101,173,174 are used. An increase in the
concentration of chemical denaturants is known to increase the
dimensions of the U state.92,101,102,113,128,175−180 This observa-

tion has been made with globular protein101,113,114,177,179,181,182

as well as IDPs.183−185 An increase in the number of favorable
chain−solvent interactions with an increasing concentration of
the chemical denaturant leads to further expansion of the
polypeptide chain.92,102,175,186−188 This observation can also be
understood by assuming that the U state ensemble is a
heterogeneous mixture of various conformations, differing in
their extents of compaction. The addition of a denaturant would
re-establish equilibrium by stabilizing and thereby increasing the
relative populations of the more expanded conformations with a
higher solvent-exposed surface area.
E q u i l i b r i u m s t u d i e s u t i l i z i n g b o t h

smFRET92,104,112,113,135,183,189 and trFRET101,177,182,190 have
shown that the intramolecular distance (RDA) has a significant
dependence on denaturant concentration. Line-confocal
smFRET measurements yield much higher photon numbers
from a single molecule than conventional smFRET measure-
ments and, in the case of both BdpA150 and ubiquitin,149 have
been suggestive of conformational heterogeneity within the U
state.65 Two-dimensional fluorescence lifetime correlation
spectroscopy (2D-FLCS) measurements have also revealed
significant heterogeneity in the U state ensemble of BdpA.191

Site-specific conformational preferences have also been
observed in the U state ensembles of several pro-
teins.2,65,115,175,192−198 Different conformational substates that
constitute the U state ensemble differ usually in terms of the
residual structure present.192,199 Both local and nonlocal
interactions are known to stabilize the residual structure present
in the U state ensemble.149,200−203 Native-like (N-like)
interactions are expected to facilitate further structure
formation, resulting in fast folding to the N state. Non-native
interactions have also been seen in the U state ensemble, which
may retard the folding reaction.65,82,192,199,204

The formation of local hydrophobic clusters is also
known to restrict conformational freedom within the U
state.65,149,195,204−206 In the case of lysozyme, small local
hydrophobic clusters formed by two Trp residues were shown
to restrict the motional freedom of the fluorophores, resulting in
conformational heterogeneity.206 Similarly, nonspecific intra-
molecular interactions between a fluorophore adduct and the
polymer chain have been shown to result in an ensemble with
heterogeneous photophysical properties.207−210 NMR and
paramagnetic relaxation enhancement-based studies have also
confirmed the presence of local hydrophobic clusters and
heterogeneous residual structure in the U state ensem-
ble.193,194,196,211 In the case of NTL9,212 ACBP,213 and
ubiquitin,197,198 NMR measurements identified U state
heterogeneity in terms of there being N-like local secondary
and tertiary interactions present, observable because of slow
conformational exchange times. Recent studies utilizing hydro-
gen exchange NMR (HX-NMR) measurements on chemically
denatured ubiquitin have revealed the presence of a N-like
hydrogen-bonded residual structure in the α-helix and β-hairpin
regions, implicating its role in facilitating the subsequent folding
reaction.214

2.2. The Native State

The folded form of a protein populated under native conditions
is very often compact and globular20,215,216 but not always so.217

The N state is defined by a specific and unique set of stabilizing
intramolecular interactions.6,218 Its average size is generally
describable by the model for a heteropolymer in a poor
solvent,59,60 where intramolecular chain−chain interactions are
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preferred over solvent−chain interactions; hence, only a modest
increase in the size of the polymer chain is expected with an
increase in the chain length. Structural characterization of the N
state is possible with the help of high-resolution probes such as
X-ray crystallography. However, this measurement only
provides a static image of the protein conformation that is
maximally populated. In fact, even before the first X-ray-crystal
structure became available, hydrogen exchange experiments had
revealed that native proteins structures are dynamic.219 Many
subsequent experiments have also revealed the dynamic and
heterogeneous nature of the N state.7,62,63,84,177,220−222

Although the interior of a folded protein is very well packed, it
is still not solid-like. Instead, it appears to be like a dense fluid
with enough space for conformational fluctuations.223,224

2.2.1. Size of the Folded State. The dimensions
(segmental distances) of the folded state measured using
FRET have unequivocally matched with the predictions made
based upon available crystal structures, validating the usage of
the FRET methodology as a probe.101,116,177,225 The population
distributions obtained for intramolecular FRET efficiencies and
distances for the N states of various proteins have always been
narrower than those of the corresponding U state distributions,
indicating the relatively homogeneous nature of the N
state.65,99,101,135,177,182,191,226 Nonetheless, in the case of
barstar,177 a SH3 domain,182,227 BdpA,191 and MNEI,101

heterogeneity in the size of the folded state has been revealed.
It was shown that the folded state undergoes expansion with an
increase in denaturant concentration under equilibrium
conditions.
2.2.2. Conformational Dynamics within the N State.

Studies utilizing the hydrogen exchange methodology were the
first to reveal fluctuations associated with local and global chain
motions of a protein even under native conditions.81,219,222 The
N state samples various high-energy partially unfolded states as
well as the global U state.228−230 Hydrogen−deuterium
exchange studies on myoglobin and insulin were the first ones
to demonstrate the dynamic nature of the folded state.219 Native
state HX measurements on RNase A revealed the presence of
two slowly interconverting conformations present in the folded
state at equilibrium.231 Native state thiol-exchange measure-
ments on MNEI229 revealed high-energy intermediate states
frequently sampled by the native state, which are otherwise
inaccessible to standard kinetic measurements. PET-FCS has
helped to reveal the time scale of conformational fluctuations
within the N state of several proteins.84,221,232 Recently, with the
use of the PET-FCSmethodology, dynamics in theN state of the
aggregation-prone mouse prion protein were revealed, whose
time scale was modulated under aggregation conditions.84 An
observation of glassy-like slow dynamics within the N state
ensemble of MNEI83,117 and of N-terminal domain of spider silk
protein221 suggested that the barriers within the N state
ensemble can be as high as the barrier corresponding to the
global unfolding transition.
2.2.3. Nature of Heterogeneity in the N State.

2.2.3.1. Local Heterogeneity. Peptidyl−prolyl bond isomer-
ization has been shown to introduce heterogeneity even in the N
state for some proteins.233,234 For β-2-microglobulin, the N state
is heterogeneous with respect to cis−trans isomerization of Pro
32.235,236 In the N state of staphylococcal nuclease, an
equilibrium between different isomers at two Pro residues
(Pro117 and Pro47) was observed.237 These Pro switches in the
N state have been shown to have functional roles in some
cases233,234 and also have been shown recently to modulate the

heterogeneity of the binding-induced folding of natively
unstructured proteins.238 Local heterogeneity due to Phe
conformations also has been observed in the N state of the
intestinal fatty acid-binding protein, where five out of eight Phe
residues were found, by NMR studies, to be in two
conformations in the N state.239

2.2.3.2. Global Heterogeneity. For several small single-
domain proteins, studies utilizing the trFRETmethodology have
also shown that the N state is not homogeneous and that it exists
in equilibrium with multiple partially unfolded and progressively
destabilized forms.99,101,177,182 An equilibrium unfolding study
of barstar177 was among the first studies that highlighted the
inherent heterogeneity present even in the N state ensemble.
Later, multisite trFRET measurements revealed N state
heterogeneity in equilibrium unfolding measurements of a
SH3 domain182 and MNEI.101 N state heterogeneity has also
been revealed in the villin headpiece subdomain with the help of
FRET-based measurements; conformational heterogeneity was
seen in the position and helical content of the C-terminal
helix.240

smFRET studies usually have limited resolution in the shorter
distance regime corresponding to N state dimensions, and
hence, have not been able to detect N state heterogeneity in
many cases. However, in the case of the equilibrium unfolding of
a SH3 domain227 and of BdpA,150 N state conformational
heterogeneity could be visualized. smFRET studies have also
revealed fast and slow dynamics in the native states of adenylate
kinase241 and the QSOX enzyme,242 respectively. The flexible
nature of the N-terminus of the native protein in a SH3
domain,243 as well as of the mouse prion protein,84 has also been
elegantly revealed. In the case of thioredoxin, a combined
assessment of the crystal structure, NMR measurements, and
studies using molecular dynamic simulations suggested that
alternative conformations coexist within the N state.244 In an
equilibrium unfolding measurement of BdpA, heterogeneity in
both the N and the U states was revealed by 2D-FLCS.191 Both
ensembles demonstrated a dependence of size on the denaturant
concentration. The structural origin of N state heterogeneity in
BdpA was identified as the fraying of the N-terminal helix away
from the rest of the protein.

2.3. The Collapsed Intermediate Ensemble

The folding reaction involves significant changes in size,
structure, and heterogeneity of the polypeptide chain. The
collapsed intermediate ensemble, UC, marks the beginning of
the folding reaction as it represents the U state under folding
conditions.2,20,55,93,245,246 It is necessary to characterize UC to
mechanistically resolve the sequence of structural events
accompanying the folding transition.
In kinetic experiments, an initial collapse in the size of

the polypeptide chain is usually observed upon changing
solvent conditions from being denaturing to renatur-
ing.8,20,53,83,104,117,188,247,248 Equilibrium smFRET experiments
too have indicated that the unfolded state becomes more
compact as denaturant concentration is reduced.92 These results
are supported by simulation studies.93,116,124,249−252 A funda-
mental question is whether the initial polypeptide chain collapse
facilitates subsequent folding.20,65,93,111,172,253 The hydrophobic
collapse model (Figure 1) suggests that a change in the solvent
environment from being denaturing (less polar) to renaturing
(more polar) induces a collapse (reduction in size) of the
polypeptide chain due to the clustering of hydrophobic residues
away from the solvent to reduce their exposure to polar
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solvent.20,53,215 Such a collapse would be facilitated when
intrachain interactions are preferred energetically over chain−
solvent interactions under folding conditions, suggesting that,
under native conditions, the solvent has the attributes of a poor
or theta solvent (see section 2.1). Initial chain collapse has been
proposed to facilitate folding by reducing the conformational
search for further specific structure formation leading to the N
state.20,215 However, it has been posited that the U state should
remain expanded even under folding conditions, as the
formation of nonspecific hydrophobic clusters may enhance
intermolecular interactions and could lead to nonreversible
aggregation of the protein.253,254 It is therefore important to
characterize the properties of the collapsed intermediate
ensemble, for establishing its role in folding.
Characterization of the extent and nature of structure in the

UC ensemble is essential for identifying the driving force for
collapse and its role in folding. In some cases, collapse and
structure formation (folding) appeared to occur simultane-
ously.108,255 Nevertheless, with the help of fast mixing devices,
the occurrence of a fast chain collapse preceding specific
secondary structure formation has been resolved for several
proteins.20,53,124,256−259

2.3.1. The Time Scale of Initial Chain Collapse.The time
scale of the collapse transition has been measured using either
pump−probe-based relaxation methods or fast mixing devices
such as the continuous flow method. The collapse of a
homopolymer has been proposed to occur in two stages:105,106

a very fast local arrangement, whose time constant (tc1) is
independent of the number of monomers (N), followed by a
slow large-scale reorganization step, whose time constant (tc2) is
dependent on N ( ∝ −t Nc2

3/2, for a random coil-like polymer
chain). Measurement of intramolecular contact formation
kinetics between Trp and Cys residues in long peptides has
provided diffusion-limited quenching rates with the time
constant of collapse approaching that expected for random
coil-like behavior.133

The time scale for chain collapse in small proteins varies by
almost three orders of magnitude, from 60 ns for BBL,118 to 10−
35 μs for RNase A,246 cytochrome c and its nonfoldable
analogues,133,260,261 and MNEI.247 An estimate of the activation
energy barrier (4kbT to 11kbT) for collapse obtained from
equilibrium smFRET measurements provided an estimate of 40
ns for the collapse of the cold shock protein.128 The time scale
for chain collapse and folding is controlled by the solvent
viscosity as well as the internal friction of the pro-
tein.133,247,262−264

2.3.2. Size of UC.The size of UC has been determined, either
with the help of small-angle scattering (SAXS) studies that
provide the radius of gyration of the protein108,111,265,266 or by
using site-specific FRET measurements that provide segmental
or end-to-end distances (RDA).

8,83,104,259,267,268 Ensemble and
smFRET-based studies on several single-domain globular
proteins as well as IDPs suggest that UC is significantly smaller
than the U state.8,20,83,124,247,252,266,269 The dependence of the
size of UC on chain length suggests that it corresponds to the
theta or globular state of the polypeptide chain.20,60,270

However, studies utilizing SAXS measurements suggest that
UC is more similar in size to the U state.108,111,253,254,266 For the
folding of protein L, a clear discrepancy between SAXS and
smFRET measurements was observed.266 It is possible that
FRET labels (fluorophores) may promote collapse in an
otherwise unfolded polypeptide chain,254,271 as was observed

for measurements of the size of (un)labeled poly ethylene glycol
solutions.272 However, with careful experimentation and
analysis, a consistent view of polypeptide expansion (as well as
contraction) with increasing (or decreasing) denaturant
concentration has been established for both globular proteins
as well as IDPs.114,124,251,273

The origin of the discrepancy between inferences drawn from
SAXS and FRET measurements can be traced back to the
heterogeneity present in the collapsed intermediate ensemble,
which precludes a straightforward comparison between Rg and
RDA.

83,273−275 The conversion of RDA to Rg requires assumptions
about the molecular shape, which do not hold under folding
conditions.124,273,275,276

It has recently been demonstrated for cytochrome c that
dramatic changes in the shape of the protein occur during
collapse.216Multiple values ofRg can be consistent with the same
average value of RDA due to the heterogeneity inherent in
UC.

83,275 Such discrepancies in the dimensions measured using
SAXS and smFRET are not observed for fully unfolded protein
at high denaturant concentrations due to fast fluctuations in the
random coil-like U state, resulting in effectively a homogeneous
ensemble.92,113,117 Thus, the observed differences seen in the
extent of collapse, between SAXS and FRET measurements, are
not because of shortcomings in either of the two methods and
also not because of dye artifacts. Instead, they can be attributed
to the chemical heterogeneity associated with heteropolymer
systems such as proteins, which leads to a decoupling between
two different polymer properties, Rg and RDA, which gets
amplified in the absence of denaturant.83 A comprehensive
understanding of the size of the UC ensemble can be obtained by
combinedmeasurement ofRg and RDA, along with an assessment
of the polymer shape.
The collapse and folding of MNEI have been studied

extensively using multiple methods. Both SAXS109,251 and
FRET83,117,162,247,259-based studies suggested an initial collapse
in the size of the protein occurring within 37 μs of the
commencement of folding. On the basis of both steady-state and
time-resolved FRET measurements, the extent of reduction in
size from U to UC within the first 37 μs of folding for MNEI was
estimated to be ∼40%.83,117,247 Interestingly, this varied across
different structural regions of the protein.117,162,247,259 The
nonuniform collapse has also been observed in the case of E. coli
adenylate kinase,257 barstar,180 a SH3 domain,267 and
ubiquitin.124 In the case of MNEI, the helix segment undergoes
only a small extent of collapse, but the parts spanning the β-sheet
collapse significantly.117 This result agrees with a recent analysis
that suggests that initial chain collapse during folding occurs for
all proteins but that the extent of the collapse is a function of the
structure and topology of the final folded state.93,270 The theory
also suggests that proteins rich in β-sheets are more collapsible
than α-helical proteins. Thus, the size of the collapsed
intermediate ensemble will depend largely on the primary
sequence and, hence, the structure of the protein. The size and
interspacing of hydrophobic clusters along the polypeptide
chain determine the strength of the force driving col-
lapse.93,111,253,254 A recent analysis of the sensitivity of IDP
dimensions on solvent conditions, also reveals that the size of the
polypeptide chain has an intricate dependence on both the
sequence and the solvent quality.277

2.3.3. Structural Heterogeneity in UC. UC is conforma-
tionally heterogeneous, with some parts of the protein collapsed
in some molecules and others expanded. Examples of proteins
with heterogeneity observed in UC include TIM barrel
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protein,156 barstar,8,180 dihydrofolate reductase,268 a thermo-
philic variant of cytochrome c,278 NTL9 protein,116,203 and
MNEI.83,117,162 Detection of a large width for the fluorescence
lifetime/distance distribution of the U state under native
conditions is another piece of evidence for heterogeneity in
the UC ensemble.83,279 The observation of slow interconversion
rates within the compact UC ensemble also provides evidence for
the heterogeneous nature of Uc.280,281

2.3.4. Specificity of the Structure of Uc. It is important to
note that the structure apparent in UC depends on the stage of
the reaction when it is probed. As described earlier, collapse for
several proteins occurs in <50 μs;20 however, chain rearrange-
ment after the initial collapse continues to result in structure
evolution.247 Thus, the structure present in the collapsed state
observed at a few ms of folding has most likely evolved after the
fast initial chain collapse.20 A specifically collapsed intermediate
with N-like interactions is expected to act as a productive folding
intermediate in facilitating further folding.260,282,283 On the
other hand, a nonspecifically collapsed intermediate might
represent merely the readjustment of the U state ensemble in
response to a change in solvent properties, which may or may
not facilitate further folding.284 In fact, in some cases, initial
chain collapse has been shown to retard folding by increasing the
height of the folding barrier.154,172 The observation of
differential extents of contraction across different parts of the
protein would suggest that the collapsed intermediate is site-
specifically collapsed, as seen for barstar,180 staphylococcal
nuclease,285 monellin,117,247,259 and NTL9.116 Other signatures
such as the presence of an N-like secondary structure and
spectral properties have also been considered to represent
specific collapse, as seen for CspTm,137 RNase A,109,246

apomyoglobin,286 E. coli DHFR,268 and cytochrome c.287

However, in the case of some proteins, the fractional change in
FRET efficiency across different segments of the protein is
similar, and the UC state was shown to be devoid of N-like
spectral properties, suggesting that initial chain collapse is
nonspecific as observed for the IDP alpha-synuclein,288 the SH3
domain of PI3 kinase,267 and staphylococcal nuclease.285 The
collapse in the case of MNEI has both specific and nonspecific
components,247,251,259 which could be identified by resolving the
heterogeneity of the UC ensemble with the help of a multisite
trFRET-based folding kinetics study.117 In the case of barstar
too, specific and nonspecific components in the initial collapse
could be observed during folding under very strongly native
conditions.8,180

2.3.5. Nature of Interactions. While the formation of N-
like interactions in UC is expected to facilitate further folding to
the N state,215,289−291 even non-native interactions have been
shown to form during the folding reaction.83,202,247,292,293 Early
evidence for the presence of non-native interactions during
initial stages of protein folding was observed for hen egg white
lysozyme293 and β-lactoglobulin.292 In the case of the all β
protein β-lactoglobulin, the non-native helix formed in UC at a
few milliseconds of folding has been proposed to facilitate
folding by enhancing nonlocal interactions.292,294 Similarly, a
non-native, on-pathway collapsed intermediate has been shown
to populate within a few μs during the folding of E. coli RNase
H.295,296 The burst phase intermediate populated within 37 μs of
the folding of MNEI also has non-native interactions which
appear to prime further formation of the N state structure.83,247

While these studies support a productive role for UC, other
studies suggested that the population of UC retards an otherwise
fast-folding process.154,172 During the folding of MNEI, the

nonspecifically collapsed unfolded-like (U-like) subensemble in
the UC ensemble has been identified as a metastable misfolded
intermediate due to the large activation energy barrier associated
with its further collapse and folding.83

It appears that initial polypeptide chain collapse is driven by a
hydrophobic effect, where a change in the solvent environment
initiates hydrophobic cluster formation within the protein chain.
During initial chain collapse, intramolecular hydrogen bonds
also form at the expense of chain-solvent hydrogen bonds.
Identifying the interactions that drive initial polypeptide chain
collapse is an active area of research.20,188,269 The hydrophobic
nature of UC has been revealed in the case of various proteins, by
virtue of their binding to the dye ANS, which binds to solvent-
accessible hydrophobic patches.53,180,246,247,267 However, sig-
nificant secondary structural content has also been observed in
the UC of various proteins, usually at a few milliseconds of
folding.137,268,286,287 The role of hydrophobic and hydrogen-
bonding interactions can be delineated by studying the
temperature dependence of the reaction297 and by site-specific
mutagenesis. A recent study has proposed that hydrophobic
forces play a major role in driving the folding reaction via the
formation of an N-like specifically collapsed intermediate.253

It is important to consider the nature of the hydrophobic
effect, given the role played by it in polypeptide chain collapse.
The hydrophobic effect is a principal force driving protein
folding.55,298 Its origin lies in the decrease in entropy and hence
the consequent increase in free energy which occurs upon the
hydration of a nonpolar solute.298 The free energy cost is found
to scale linearly with the volume of the solute in the case of linear
alkanes,299 as proposed for small solutes that can be
accommodated without any breakage of hydrogen bonding
between water molecules.123 This decrease is traditionally
attributed to the formation of a clathrate300 or shell301 of water
molecules around the nonpolar solute, which are hydrogen
bonded to each other and/or tethered by van der Waals
interactions to the solute.301,302 The hydrophobic effect is,
however, not just due to the ordering of water molecules.303

Another possible contribution is the entropic cost of forming a
cavity of appropriate size to accommodate the nonpolar solute
because of the small size of water molecules.304,305 A third
possible contribution could be the entropic cost associated with
the decrease in translational motion of water molecules because
they are excluded from the volume occupied by cavities
accommodating the solute molecules.306 In all cases, the
increase in the entropy of water molecules upon burial of
nonpolar surface area is the hydrophobic interaction or force
that drives polypeptide chain collapse and protein folding. The
relative importance of each contribution to the hydrophobic
effect is yet to be delineated, especially for the initial chain
collapse reaction during folding.

3. HETEROGENEITY IN FOLDING AND UNFOLDING
PATHWAYS

In the vast majority of experimental studies of protein folding,
the reaction has been found to be describable as occurring along
one folding pathway.22,31,307 In most studies, however, a single
experimental probe, usually fluorescence or circular dichroism,
has been used to monitor folding. Such probes are ensemble-
averaging, and hence, the measurement yields an averaged
description of all molecules present together at any instance of
time. Moreover, the reaction is monitored along one reaction
coordinate corresponding to the fractional change in the
spectroscopic signal. The probes typically used cannot

Chemical Reviews pubs.acs.org/CR Review

https://doi.org/10.1021/acs.chemrev.1c00704
Chem. Rev. XXXX, XXX, XXX−XXX

I

pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00704?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


distinguish between different populations of coexisting folding
molecules, for example, between the U, I, and N states. Only
high-resolution probes, such as time-resolved ensemble
FRET98,99,162 as well as hydrogen exchange-mass spectrometry
(HX-MS),7,222,308−310 are able to reveal the heterogeneity
inherent in protein folding reactions.
An unique pathway implies that folding occurs by a unique

sequence of structural events. The assumption that folding
occurs via a single pathway defined by a single transition state
simplifies the analysis of kinetic experimental data, whether by
φ-value analysis311 or by hydrogen exchange NMR23,33,36,312 or
HX-MS.81,230,313,314 In particular, it has led to the foldon
hypothesis, which posits that the native protein structure is
assembled by the sequential assembly of specific secondary
structural units in a defined order.37

The application of the concepts of statistical mechanics led to
a very different view of the folding reaction.315 Energy landscape
theory suggests that each protein molecule folds randomly
driven by thermal fluctuations, with its own unique trajectory,
traversing a multidimensional free energy landscape in which an
energy bias favors the native state.86,90,96,316−319 The resulting
picture is that of a folding funnel (Figure 1B) depicting the
population of folding molecules using a multitude of routes to
progress toward the N state. A folding pathway would
correspond to a large set of folding trajectories averaged or
“coarse-grained” according to some experimental metric, and
different folding pathways would correspond to different
sequences of structural events, averaged over different sets of
trajectories. Different folding paths could be preferred under
different conditions based upon the relative energies of the U
state and the other states (TSs and intermediates) populated,
according to their Boltzmann distributions, along the folding
pathways.90,320,321

The protein folding reaction involves a large reduction in the
conformational entropy of the polymer chain.2,96 Given that the
U state is highly heterogeneous, different conformational
subensembles within the U ensemble may develop structure
differently, especially if interconversion between its different
subensembles is slow compared to subsequent folding.127,131

The availability of multiple routes for the correct folding of a
protein provides robustness to the folding process under a
variety of environmental conditions.2,322 It is important to
identify and structurally resolve multiple pathways of folding to
establish their roles in the folding.
There is significant experimental evidence that many proteins

fold and unfold via parallel folding routes.2,90,95,174,297,323−334

The folding of hen-lysozyme,330,333 the folding331,334 and
unfolding297 of barstar, and the folding83,162,174,325 and
unfolding174,335 of MNEI all occur via more than one pathway.
(De)stabilization of intermediates populated on parallel path-
ways upon a change in experimental conditions has been seen for
lysozyme,333 maltose-binding protein,336 MNEI,335 and ubiq-
uitin.329 Characterization of the difference in the structural
properties of folding and unfolding transition states has helped
in distinguishing parallel pathways.297,337−340 Switching from
one pathway to another has also been observed upon a change in
folding conditions.323,335,337,338,341 A recent study of the mouse
prion protein338 demonstrated that pathways utilized during
folding and unfolding can be different, as their utilization
strongly depends upon the starting conditions.174,342,343

Another recent study, utilizing time-resolved SAXS-based
measurements of the folding of equine heart cytochrome c,

has also revealed the presence of multiple folding pathways
arising from a highly heterogeneous U state.131

Molecular dynamics simulations too have revealed the
existence of multiple folding pathways.45,344−347 They have
provided structural detail about how folding pathways may differ
from each other.143,251,348−352 Simulations have been partic-
ularly useful when used in conjunction with experimental
characterization of folding reactions.143,353−358 It is worth
noting that while some simulations have suggested single
pathway folding because of the reaction coordinate chos-
en,34,359,360 reanalysis of the same simulation data using Markov
state models revealed multiple folding pathways.361

While it is not easy to show, by experiment, the existence of
multiple pathways for folding and unfolding, it is even more
difficult to distinguish between the pathways on the basis of how
they differ in the sequence of structural events. In the case of
several proteins, the experimental data suggested that the
pathways change upon a change in (un)folding condi-
tions297,335,338,342 as well upon mutation.323,341,362,363 These
studies indicated that the sequence of structural events on
competing pathways must be different, but they could not
provide any detailed structural delineation of the differences. In
the case of both the early364 and late226 folding intermediates of
barstar, changes in the structures of the folding intermediates
upon changing environmental conditions were consistent with
parallel folding pathways being structurally distinct.
Recent experiments utilizing hydrogen exchange-mass

spectrometry (HX-MS) measurements have suggested a
hierarchical sequence of structural events describing the folding
of RNase H and cytochrome c via cooperative contiguous
structural units called foldons.36,313,365 The results were
interpreted to suggest that folding occurs via a single-defined
pathway and not by multiple pathways as proposed by energy
landscape theory.37,90,307,366 The hypothesis that folding must
occur via a single-defined pathway led to the proposition that the
heterogeneity observed during the folding of several proteins
might be due to the presence of off-pathway intermediates,
referred to as optional errors during folding.36,37,367 It is,
however, important to note that although HX-based measure-
ments suggest a specific sequence of structure-forming events,
they do not rule out folding via parallel pathways. Instead, the
observation that the population evolution kinetics seen during
the folding of RNase H and cytochrome c are multiexponential
(even after correcting for optional errors) cannot be explained
without invoking multiple pathways.36,313,365 In fact, native state
HX-MS studies on the turkey ovomucoid third domain368 were
among the first ones to reveal multiple unfolding pathways. Also,
HX-MS studies of the unfolding of MNEI369 and a SH3
domain370 suggested that the unfolding in the presence of
chemical denaturants involved independent and parallel path-
ways. RNase A was also shown, from native-state HX-NMR
studies,231 to unfold via competing parallel pathways.
A major recent development in the field of protein folding has

been the determination of transition path times and transition
path time distributions, using smFRET371−373 as well by using
single molecule force spectroscopy374−376 measurements.
Remarkably, the transition path times appear not to depend
on the actual folding times (“waiting” times). These single
molecule methods have the potential to directly measure
different properties of the (un)folding transition. The
distribution of transition path times could give insight into the
extent of roughness in the energy landscape, and with further
refinement it should become possible to determine how the
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folding trajectories of individual protein molecules differ from
each in their sequences of structural events.372,373,377 Single-
molecule force spectroscopy measurements have also provided
strong evidence for the existence of multiple pathways in the
(un)folding of single-domain globular proteins,339,378−383 as
well as in the misfolding of the prion protein.374,384 With the
help of single-molecule studies, heterogeneity in the binding-
induced folding reactions of IDPs has also been revealed.238,385

An investigation of the folding kinetics of MNEI using
multisite trFRET measurements has also revealed structurally
distinct parallel pathways of folding.162 Because of the
availability of site-specific population evolution kinetics data, it
became possible to deduce the sequence of structure-forming
events on the parallel pathways (Figure 4). Importantly, it was
revealed that structure can evolve independently in different
molecules, in multiple steps, involving different sequences of
structure-forming events. Interestingly, the pathway-averaged
sequence of structure formation suggested hierarchical accu-
mulation of the structure, where the formation of local contacts
preceded the formation of nonlocal contacts and global structure

evolution. The sequence of structure formation of MNEI
obtained from trFRETmeasurements162 was consistent with the
previously determined sequence of structure dissolution in
native conditions, measured by HX-MS.230 This highlighted the
consistent and complementary nature of the two probes (Figure
4). Importantly, this study revealed that apparently hierarchical
structure formation does not exclude parallel pathways of
folding,28,322,367,386 contrary to what had been suggested by the
single-defined pathway model.37

4. UNDERSTANDING COOPERATIVITY BY RESOLVING
CONFORMATIONAL HETEROGENEITY

It is important to understand the nature of the energy barriers
separating the U and N states. If the two states are separated by
multiple small free energy barriers, whose height is on the order
of thermal energy (∼ 1−3 kbT), then the (un)folding process
would proceed gradually through a continuum of intermediates.
Structure formation (or dissolution) would occur continuously,
and different parts of the protein would (un)fold independently
or noncooperatively.230 If, however, there is a large (>3 kbT)

Figure 4. Structural mechanism for the folding of monellin (MNEI) derived from trFRET and HX-MS measurements. Panels A and B represent the
sequence of structural events accompanying the folding of MNEI, adapted from a multisite trFRET study.162 Reprinted with permission from ref 162.
Copyright 2021 American Chemical Society. The different structural parts monitored in the study were α-helix (segment H); core (segment C); β-
sheet (segment B); end-to-end (segment E). (A) The multipathway folding mechanism of MNEI. 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 U state ensemble (U1 and U2)
gives rise to three subensembles: UX (expanded at all the monitored structural segments), IB (collapsed at segment B), and IBCE (collapsed at segments
B, C, and E). IBCE continues to evolve gradually to form theN state. The numbers in the circles represent the percentages of molecules following a given
folding route. (B) The dependence of the population-averaged apparent time constant on sequence separation for the different FRET pairs. Different
structural segments are shown in different colors corresponding to the various FRET pairs; all the residues spanned by 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. (C) Sequential loss of
secondary structure during transient unfolding of MNEI under native conditions. The percentages of exchange out from different sequence segments
of fully deuterated native protein, which represents the extent of unfolding at different times of exchange in 0 MGdnHCl, have been mapped onto the
protein structure. Both the tr-FRET and HX-MS measurements suggest that helix formation precedes the formation of core; i.e., the helix-β-sheet
interface and the β2-β3 strands form early during folding. In addition, the two measurements also provide complementary information about structure
formation in the parts that could be monitored exclusively in only one of the two studies. Panel C is reproduced with permission from ref 230.
Copyright 2016 American Chemical Society.
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activation (free) energy barrier separating the U and N states, it
would result in a two-state (un)folding process.387 This would
be an all-or-none cooperative process, where different parts of
the protein simultaneously undergo structural change in a single
step crossing the large activation energy barrier. An intermittent
scenario, in which a finite number of intermediates are
populated between the U and N states during (un)folding, is
classified as limited cooperativity. In this case, individual steps
may be cooperative, but the overall reaction is noncooperative. A
recent review7 extensively covers various aspects of protein
folding cooperativity.

4.1. Cooperativity in Equilibrium Experiments

In equilibrium measurements of protein folding, studies using
ensemble-averaging probes can typically identify and character-
ize only those conformational ensembles that are populated to a
significant (>5−10%) extent. Subpopulations of molecules that
are sparsely populated, usually remain undetected. Not
surprisingly then, many proteins appear to undergo two-state
unfolding in the presence of commonly used chemical
denaturants.387 It is only with the combined use of multiple
ensemble-averaging probes,310,388−391 or with the help of
population-sensitive probes,101,150,177,182,392 that it becomes
possible to correctly determine the cooperativity of equilibrium
unfolding transitions.7,10,393

Whether or not an equilibrium unfolding transition occurs
gradually will be revealed only if the experiments are designed
appropriately. The most appropriate and unambiguous probe
for resolving the cooperativity of a folding reaction is the
measurement of population distributions. A site-specific trFRET
study on barstar had revealed continuous structural changes
accompanying the equilibrium unfolding of barstar, both in the
N and U states.177 Multisite trFRET measurements on the SH3
domain of PI3 kinase182 and MNEI101 also revealed non-
cooperative equilibrium unfolding transitions. Several smFRET-
based measurements have shown that the U states of globular

proteins113,129,135,144,149,394,395 as well as of IDPs92,112,183−185

can undergo continuous expansion with increasing denaturant
concentration. Equilibrium unfolding studies of a SH3
domain227 and BdpA,150 probed by smFRET, suggested that
both the N state and U state ensembles undergo a continuous
expansion with increasing denaturant concentration.
Recent multisite trFRET measurements of the equilibrium

unfolding of MNEI101 have also revealed segment-specific
variations in the cooperativity of unfolding (Figure 5). It was
shown that both cooperative and continuous structural
transitions accompanied the unfolding reaction. The extent of
cooperativity varied across different structural segments of the
proteins. The segments spanning the β-sheet were involved in
both cooperative and continuous structural changes, while
segments spanning the α-helix underwent only continuous
noncooperative equilibrium unfolding. For several proteins now,
it has been observed that the structures (and sizes) of both the N
and U states are sensitive to the concentration of the chemical
denaturant.101,149,177,182,191,227 Both the N and U states appear
to undergo barrier-less continuous expansion with increasing
denaturant concentration.
In NMR-monitored unfolding transitions, the observation of

different midpoints for the unfolding transitions of different
amino acid residues in a protein has also served as good evidence
for a multistate unfolding reaction.389,391,396,397 Recent studies
have demonstrated that barrier-less conformational changes in
the Cnu protein support its functional requirements of being a
molecular rheostat.71

4.2. Cooperativity in Kinetic Experiments

Kinetic studies probing the cooperativity of folding and
unfolding reactions can be more informative, as they probe
the sequence of structural events accompanying the (un)folding
transitions. The identification and characterization of high-
energy (low-populated) intermediates are more feasible in
kinetic studies, which can identify transiently populated species.

Figure 5. Site-specific resolution of cooperativity during the equilibrium and kinetic unfolding of monellin (MNEI). (A) The cooperativity of folding/
unfolding of MNEI was resolved using multisite equilibrium time-resolved FRET measurements. It was shown that equilibrium unfolding is not only
heterogeneous and not two-state but that the degree of noncooperativity differs between the sole α-helix and different parts of the β-sheet. While the
unfolding of the β-sheet involved both cooperative and noncooperative changes, the α-helix unfolded entirely in a noncooperative manner. (B)
Sequential loss of secondary structure during the transient unfolding of MNEI in 1 MGdnHCl probed using HX-MSmeasurements. The percentages
of exchange out from different sequence segments of the native protein, at different times of exchange in 1 M GdnHCl, have been mapped onto the
protein structure. Unfolding involves both continuous and cooperative structural changes. The structures of the two populations which differ in the
extent of exchange at the cooperative unit at 2 and 8 h of exchange are shown. The cooperativity during unfolding also arises in the β-sheet region, in the
β2 and β3 strands. Panel A has been reproduced with permission from ref 101. Copyright 2018 Royal Society of Chemistry. Panel B has been
reproduced with permission from ref 230. Copyright 2016 American Chemical Society.
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Multiple proteins have been shown to fold and unfold
via discrete intermediates demonstrating limited cooperativity
in (un)folding.10,22,23,174,191,226,229,297,334,398−400 The existence
of kinetic molten globule (MG) intermediates, both dry
mo l t en g lobu l e s 4 0 1− 4 0 4 and we t mo l t en g lob -
ules,53,83,180,246,247,267,282,405 is another prime example of limited
cooperativity.
Early events in protein folding may have reduced coopera-

tivity.83,109,247,259,267,294 Observations such as burst phase
amplitudes having a probe dependence200,406 or having
nonsigmoidal dependences on denaturant concentra-
tion,180,247,267,284,407 rate constants being independent of
denaturant concentration,8,20 and activation energies for
collapse being small8,173,247 all suggest that the sub-millisecond
collapse/folding reactions are noncooperative. However, the
observation that the kinetics of the initial chain collapse reaction
is invariably exponential in nature was considered to be evidence
for barrier-limited collapse.260 However, even a noncooperative
gradual transition can occur with exponential kinetics.408,409 It
was suggested that a single dominant barrier to collapse might
originate from electrostatic repulsion in the U state, which could
prevent collapse, and that sufficient compaction is needed for
the hydrophobic effect to overcome the repulsive forces.410 It
was also proposed that the barrier to collapse might represent an
uphill search for the formation of an N-like specific transition
state, which can nucleate further folding in a downhill
manner.407

When folding kinetics was monitored using population-
sensitive smFRET measurements on CspTm128 as well as by
using trFRET measurements on cytochrome c110 and MNEI,83

definitive evidence for the barrier-limited nature of the initial
hydrophobic collapse reaction was obtained. Interestingly, the
cooperativity of initial collapse varied depending upon the
structural part of the protein that was monitored.162 It was
observed that the segment corresponding to the α-helix
underwent both collapse and folding in a barrier-less continuous
manner, while the segments spanning other regions such as β-
sheet or loops underwent larger barrier-limited changes in
size.117,162 Initial chain collapse was found to also involve
barrier-less structural changes in both the N state and U state
ensembles occurring on a time scale corresponding to glass-like
transitions (Figure 6).83,117 Similar continuous structural
changes had been seen earlier in a trFRET-monitored unfolding
kinetics study of MNEI130 (Figure 6A). Interestingly, the
barrier-less continuous changes, observed during both folding83

and unfolding,130 could be described well using simplemodels of
polymer physics (Figure 6D). Recent HX-MS-based studies
probing the kinetics of the (un)folding of MNEI230 have
revealed that folding and unfolding are completely diffusive and
barrier-less in the absence of denaturants (Figure 4C). This
study established that even the secondary structural elements of
the protein can form and dissolve gradually in a barrier-less
manner and not necessarily in a foldon-dependent manner via a
single-defined pathway model.37

4.3. Tuning Cooperativity of Protein Folding Reaction

Cooperativity can be induced in proteins either by changing
temperature,411,412 solvent conditions,369,370 or muta-
tions.413,414 A two-state transition can be converted to three-
state by stabilizing an on-pathway intermediate, either by

Figure 6. Barrier-less continuous structural changes accompany both the folding and the unfolding of monellin (MNEI). Panels A−C represent the
evolution of intramolecular distance distributions (derived using trFRET measurements) during the unfolding and folding of MNEI. Different time
points of the reaction are shown in each panel. During both folding and unfolding, continuous changes in the intramolecular distance take place, as seen
in the shift of the distance distributions as a function of reaction time. The black continuous curves in panel A represent the distance distributions,
derived using a modified version of the Rouse model of polymer physics (Jha et al. 2009),130 at the indicated times of unfolding. Panel C shows a
comparison of experimental (gray vertical bars) and simulated data (black solid line) obtained using a coarse-grainedMarkov evolutionmodel.83 Panel
D shows the slow diffusive swelling of a Rouse-like chain with some additional noncovalent, intramolecular interactions, which has been used for
modelling the continuous swelling observed during unfolding. Panel E depicts a schematic free energy landscape for describing the collapse and folding
ofMNEI. 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. “U” is the unfolded, “UX to UX*” constitute the U state sub-ensemble, and “IMG to N” constitute the N state sub-
ensemble. The major pathways for folding are shown by dashed lines. Panels A and D are reproduced with permission from Jha et al. 2009.130

Copyright 2009 National Academy of Sciences. Panels B, C, and E are reproduced, with modification, with permission from ref 83. Copyright 2019
Elsevier.
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changing solvent conditions310,364 or bymutations.415 Switching
from one (un)folding pathway to another can also be achieved
by modulating the stability of the TS on competing path-
ways.297,416 More importantly, the transition from a cooperative
two-state to fully noncooperative gradual folding can be
achieved by perturbing the relative stabilities of the N and U
states.369,370,412,414 It has recently been shown, also at the level of
different secondary structural elements, that the addition of
denaturant stabilizes the U state of MNEI in such a manner that
the noncooperative unfolding transition becomes coopera-
tive.230 In that study, it was shown that the β2−β3 region of the
N state underwent cooperative (two-state) unfolding in the
presence of chemical denaturants (Figure 5B). This observation
suggested that the β2−β3 region would first fold, forming the
folding nucleus. Similar modulation of site-specific cooperativity
by the addition of chemical denaturant has also been observed
for the SH3 domain of PI3 kinase.370

5. PHYSICOCHEMICAL BASIS FOR HETEROGENEITY
AND NONCOOPERATIVITY

The protein folding reaction is modulated by two main
independent variables: properties of the polypeptide chain
(chain length and its sequence) and solution conditions.
Multiple kinds of interactions exist within the polypeptide
chain, between the chain and the solvent, and between solvent
molecules. The trade-off between different kinds of opposing
interactions may result in the stabilization of multiple
conformations and lead to heterogeneity in the reaction.5,6,417

It is the imperfect compensation of enthalpy and entropy
changes during folding which gives rise to the free energy
barriers.2,6,7,69,393,413,418 In the case of the initial chain collapse, it
is the balance between intrachain and chain-solvent interactions
which decides the size and heterogeneity of the resultant
conformational ensemble.20,65,188 During initial chain collapse,
it is also expected that if hydrogen bonding and hydrophobic
interactions act consistently, then the collapsed intermediate is
likely to be homogeneous;6,65,215 otherwise, a trade-off between
the two might result in a heterogeneous collapsed intermediate
ensemble.5

The role of trade-offs between various kinds of interactions
during folding was highlighted in the consistency principle.6 The
interplay between local and nonlocal interactions is likely to play
a major role in determining the cooperativity of the protein
folding transition.5,91,419 While local interactions are kinetically
more favorable as their formation involves lower entropic costs,
the extent of structural stabilization provided by nonlocal
interactions420 via extensive packing benefits makes them
thermodynamically preferred. Local interactions are expected
to form faster and in a noncooperative manner, while the
formation of nonlocal interactions is likely to involve the
crossing of a high activation energy barrier and, hence, would be
slow and cooperative.229 Recent multisite trFRET based kinetic
studies of the folding of MNEI support such a view.162 They
show that the overall sequence of folding involves the fast
formation of local contacts, followed by the later formation of
nonlocal contacts. Equilibrium101 and kinetic162 measurements
of the folding of the helix in MNEI suggest that the helix, which
is stabilized predominantly by local interactions, folds in a
completely noncooperative, gradual manner. This has also been
observed for peptides undergoing helix−coil transitions.421,422
Moreover, the segments spanning the β-sheet (stabilized mainly
by nonlocal interactions) demonstrate cooperative coil-to-

globule transitions,101,162 and the extent of cooperativity differs
across the segments being monitored.
The effect of chain length on folding cooperativity depends on

the interplay between packing and energetic requirements.7,91

While an increase in the number of amino acid residues would
better satisfy packing requirements, the probability of trade-offs
between various kinds of interactions also increases with
increasing chain length.423 The multiplicity of possible non-
covalent interactions and their spatial and temporal occurrence
is the basis of the heterogeneity and noncooperativity prevalent
in folding reactions.2,7,20,35

6. SUMMARY

Concepts from polymer physics and energy landscape theory
have been important for gaining physical insight into the origin
of conformational heterogeneity at different stages of the folding
reaction. The use of experimental methods with the capability to
resolve distinct conformational ensembles coexisting in a
population has enabled a detailed understanding to be obtained
on various aspects of the free energy landscape of folding. The U
state under folding conditions, from which the folding reaction
commences, is site-specifically heterogeneous, which leads to
folding occurring via multiple pathways. Conformational
heterogeneity, manifested in the form of multiple folding
pathways, could be essential for folding in vivo, as it provides
robustness to the folding process. The extent of cooperativity of
folding and unfolding reactions varies in a site-specific manner
between different segments of the protein and is also sensitive to
solvent conditions. Initial chain collapse involves both
cooperative and noncooperative transitions, and both types of
transitions also occur at later times of folding for one or more
subensembles of molecules. The heterogeneity seen in protein
folding and unfolding reactions arises because of trade-offs
between various kinds of physicochemical interactions and also
because of functional or evolutionary constraints.

7. OUTLOOK

The use of high-resolution population-sensitive probes has led
to important insights being obtained into the mechanistic
aspects of the protein folding reaction. Resolving heterogeneity
of the collapsed intermediate ensemble has provided funda-
mental insights into the properties of the unfolded state under
folding conditions. Future studies utilizing population-sensitive
probes to study structural and polymer properties of the
unfolded state under a variety of solvent conditions, including
cell-like crowded conditions, will lead to an understanding of
how the trade-off between chain−chain and chain−solvent
interactions varies with solvent type and affects conformational
properties of the unfolded state as well as the energy barrier
connecting the U and UC states. The origin of heterogeneity
remains poorly understood. It will be important to determine
how different parts of the polypeptide chain, backbone, and side-
chain units interact with each other and with the solvent. It is
expected that studies involving variations in protein sequence,
topology, and solvent conditions will provide insight into
possible trade-offs between various physicochemical interac-
tions that lead to heterogeneity at different stages of (un)folding
reactions. Such studies will also lead to an understanding of the
structural and energetic origins of reduced cooperativity in
protein folding reactions. Evidence for structurally distinct and
independent pathways for protein folding is still limited. The
combined use of complementary high-resolution methods such
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as time-resolved SAXS (for probing Rg and shape), multisite
smFRET or trFRET (for probing tertiary structure), and HX-
MS (for probing secondary structure) will enable the
construction of real-time comprehensive structural images of
protein molecules as they fold. It would be interesting to study
the structural mechanism of folding of evolutionarily related
proteins to examine the role of evolution in determining the flux
and the sequence of structure-forming events across different
pathways of folding. An understanding of the folding
cooperativity for proteins inside the cell has remained largely
unexplored. Studies resolving conformational heterogeneity
need to be extended beyond the regime of self-assembly of
polypeptide chains in vitro, for understanding folding inside the
complex environment inside cells. It is likely that protein folding
pathways inside cells will be modulated by the specific
environment present at any given time, which would affect the
heterogeneity of unfolded and partially folded protein
ensembles.
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