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Polypeptide chain collapse is an integral component of a protein folding reaction. In this review, exper-
imental characterization of the interplay of polypeptide chain collapse, secondary structure formation,
consolidation of the hydrophobic core and the development of tertiary interactions, is scrutinized. In par-
ticular, the polypeptide chain collapse reaction is examined in the context of the three phenomenological
models of protein folding – the hydrophobic collapse model, the framework model and the nucleation
condensation model – which describe different ways by which polypeptide chains are able to fold in bio-
logically relevant time-scales.
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Introduction

In the unfolded state, a polypeptide chain appears to be describ-
able as a statistical random coil. The radius of gyration (Rg) of an
unfolded polypeptide chain that is N residues long, scales as N0.6

[1] similar to the scaling (N0.6) expected for a homopolymer in
good solvent [2]. The low density of a typical random coil polypep-
tide chain makes it improbable that distant segments of the chain
will make contact with each other. In contrast, the folded state of a
protein is solid-like in its internal packing and hence, compactness,
with its Rg scaling as N0.33 [3], similar to the scaling (N0.33)
expected for a homopolymer in poor solvent [2]. A distinctive
physical feature of any protein folding reaction is the greater than
3-fold decrease in volume that accompanies it. There are several
unresolved questions about the role of this change in a physical
property, size, in the induction of non-covalent chemical structure
in the protein. What drives the collapse reaction: side-chain
(hydrophobic) interactions or backbone (hydrogen bonding) inter-
actions? Does the polypeptide chain respond like a homopolymer
or a random heteropolymer upon a change in solvent conditions
from good to bad, or does the evolutionarily selected sequence of
the protein chain behave differently? Is polypeptide chain collapse
a gradual or a barrier-limited process? What is the interplay
between polypeptide chain collapse and secondary structure
formation, and between collapse and the formation of the rigid
hydrophobic core that is characteristic of globular proteins? Does
initial chain collapse accelerate or retard subsequent structure for-
mation? Does polypeptide chain collapse lead to a heterogeneous
globule with no specific structure, or directly to a molten globule
with some specific structure and a native-like fold? This review
ll rights reserved.
examines the results of experimental studies of the collapse reac-
tion in the context of phenomenological models of protein folding.
The unfolded state

Chain contraction and expansion in the unfolded state

Protein folding reactions are best studied experimentally start-
ing from the unfolded state in high denaturant solution. In thermo-
dynamic terms, this state seems to be similar to that of protein
unfolded at extremes of pH or high temperature [4–6]. Hence,
although protein unfolded by chemical denaturant, pH or temper-
ature may appear different in terms of compactness or residual
structure, these differences merely reflect the fact that chain con-
formations of differing compactness are present in the unfolded
state ensemble [7], and that the composition of the unfolded state
ensemble may vary gradually when the unfolding conditions are
changed. Several studies have indicated that an unfolded protein
contracts upon a decrease in denaturant concentration in the range
of denaturant concentration in which the protein remains un-
folded, in a manner that, while depending on the chemical nature
of the denaturant [8], appears to be indicative of the absence of any
specific structure. Single molecule measurements have shown that
intra-molecular distances within the unfolded states of many pro-
teins contract in a gradual manner upon a decrease in denaturant
concentration [9–14], and that polypeptide chain collapse under
folding conditions is a diffusive process [15]. Ensemble measure-
ments have also indicated that not only does the unfolded state
of barstar swell gradually upon an increase in denaturant concen-
tration, but so does the native state, both through a continuum of
forms [16,17]. These studies were equilibrium unfolding studies.
More recently, direct kinetic time-resolved, multi-site FRET
measurements of the unfolding of monellin have shown that upon
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1 Abbreviations used: SAXS, small angle X-ray scattering; DLS, dynamic ligh
scattering; FRET, fluorescence resonance energy transfer; NMR, nuclear magnetic
resonance; CD, circular dichroism.
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penetration of water into the protein, unfolding occurs through a
gradual diffusive swelling process whose dynamics can be de-
scribed by the Rouse model of polymer physics [18].

The unfolded state in refolding conditions

Upon transfer to refolding conditions, before any structure for-
mation occurs during folding, the unfolded state in refolding con-
ditions might be expected to resemble the non-specifically
collapsed globule that forms when a homopolymer is transferred
from a good to a bad solvent [19,20]. For several proteins, it has
been possible to characterize the unfolded states in refolding con-
ditions in equilibrium studies; these studies have shown that this
state is indeed collapsed yet devoid of any specific structure [21–
25]. It is likely that it is the gain in the entropy of water molecules
that are released when hydrophobic residues get at least partially
dehydrated, which compensates for the loss in conformational en-
tropy which must accompany the collapse reaction leading to the
formation of such a structure-less globule. Moreover, the favorable
enthalpy of van der Waals interactions between non-polar residues
that associate non-specifically in the structure-less globule, might
compensate for the unfavorable enthalpy of dehydration of these
residues. Such a collapsed form is expected to be fluid, because en-
tropy would disfavor any unique set of contacts. The unfolded state
in refolding conditions resembles in many ways intrinsically disor-
dered proteins whose sequences are less hydrophobic and more
charged than proteins that can fold by themselves [26], and whose
dimensions also expand upon the addition of denaturant [27,28].

Structure in the unfolded state

Transient fluctuating structures, often stabilized by non-native
interactions, whether hydrophobic [9,29,30] or electrostatic [31]
in nature, are often found in the unfolded state, and such interac-
tions may make the unfolded form unusually compact. It is gener-
ally not known whether the same interactions persist and even
develop further when the denaturant is diluted sufficiently for pro-
tein folding to commence, but clearly they can potentially act as
seeds for the chain collapse reaction that accompanies denaturant
dilution [32]. In particular, pre-existing hydrophobic collapse in
the unfolded state may be responsible for the ultra-fast folding
reactions observed for some proteins [33].

The important factor in the formation of structure in the un-
folded state and during initial folding is the dynamics of conforma-
tional conversion in the unfolded state. It is commonly assumed
that conformation change in the unfolded state occurs in the nano-
second time domain or even faster. Indeed, intra-molecular con-
tacts in short peptides [34] as well in unfolded proteins [15,35]
can form in 0.1–1 ls. These intra-molecular contact times have
been taken to be indicative of the fastest rates at which proteins
can fold, but it must be remembered that folding reactions involve
the formation of hundreds or thousands of contacts, and the con-
certed motions of many or large segments of the polypeptide
chain. Indeed, fluorescence correlation spectroscopy measure-
ments [36,37] have shown that large conformational fluctuations
in unfolded proteins occur on a 10 to 100-fold slower time scale.
Trp-Cys quenching experiments [9,38,39], as well as single mole-
cule measurements [10,40], have also indicated that diffusional
motion of the polypeptide chain in the unfolded state may occur
on the 100 ls or even slower time scale. Such slow diffusion is per-
haps not surprising given that very many attractive intra-molecu-
lar interactions would form and have to be broken during the
diffusive motion of the chain. The energy landscape for such diffu-
sive motion in the unfolded state would be expected to have very
many local minima, and even a larger number of local minima
might be expected for the process of diffusive chain collapse,
where friction between segments of the chain might slow down
the diffusive motion even more [38,41]. If slow diffusive motion
is a general property of the unfolded protein chain, it would pro-
foundly affect important aspects of the protein folding reaction,
including chain collapse, and directly lead to the operation of mul-
tiple folding pathways [42].
Millisecond measurements of collapse and folding

Occurrence of hydrophobic collapse during folding

Until about fifteen years ago, folding studies were restricted to
millisecond measurements, and much of our initial understanding,
as well as early misconceptions, about the nature of the chain col-
lapse reaction have arisen from these studies [43]. Much of what
has been inferred about what happens initially during folding has
been from studying the product of the sub-millisecond folding
reactions, as it manifests itself at the end of the burst phase (usu-
ally of 2–5 ms duration) of stopped-flow mixing. Progress in our
understanding has been hampered also by the limitations of the
experimental probes that are used to monitor chain collapse,
which include small angle X-ray scattering (SAXS)1 or dynamic
light scattering (DLS) measurements, by fluorescence resonance
energy transfer (FRET) measurement, or by nuclear magnetic reso-
nance (NMR) spectroscopy. Each probe has its own limitations and
strengths, and occasionally, two probes may yield different result.
For example, SAXS measurements will occasionally not capture
chain collapse when FRET measurements do [44], perhaps because
SAXS is strongly biased in favor of larger (uncollapsed) structures,
while FRET is biased in favor of smaller (collapsed) structures.

Early studies showed that the product of the millisecond burst
phase of the folding of several proteins was competent to bind
the hydrophobic dye ANS [45]. This observation was interpreted
as indicating that the hydrophobic core had formed in the burst
phase, which was still solvent-accessible, but a more conservative
interpretation is that only hydrophobic clusters or surfaces large
enough to be capable of binding ANS, have formed. But since even
these can form only when there is collapse of at least some seg-
ments of the polypeptide chain, the observation led to the idea that
a hydrophobic collapse occurs initially during folding.
Delineation of chain collapse from structure formation

More direct evidence for an initial hydrophobic collapse reac-
tion came from FRET measurement of intra-molecular distance
contraction in the burst phase product of the folding of barstar
[46]. In the case of barstar, the use of less stabilizing, yet native-like
conditions (1 M GdnHCl or 2.4 M urea) allowed the initial non-spe-
cific hydrophobic chain collapse to be delineated from secondary
structure formation because the latter was not observed. Only
when the folding of barstar was studied under more stabilizing
conditions (lower denaturant concentration), was the burst phase
product found not only to be collapsed but also to possess second-
ary structure [41,47]. Such delineation of the collapse reaction
from subsequent structure formation by comparing folding under
marginally stable conditions to that in more strongly stabilizing
conditions, was similarly observed in the case of adenylate cyclase
[48] and DHFR [49]. It seems that in strongly stabilizing conditions,
the initial non-specific collapse reaction is quickly followed by a
structure-forming reaction that completes within a millisecond
or so of folding, and which leads to the formation of a partially
t
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structured and collapsed intermediate. In less stabilizing condi-
tions, this structured intermediate is not populated; hence, the
burst phase product is observed to be the structure-less globule
that is the product of initial non-specific chain collapse.

The initial collapse reaction can be delineated from subsequent
structure formation even for the ‘‘two-state’’ folders Csp [50,51],
chymotrypsin inhibitor [52] and protein L [38], for which all struc-
ture is supposed to form concurrently with collapse in the slower
rate-limiting step of folding. Usually, however, when folding ap-
pears ‘‘two-state’’, because the initial collapsed forms and interme-
diates are too unstable to be detected in the folding conditions
utilized, it is impossible to demonstrate the sequence of structural
events leading up to the transition state of folding, which is the
least stable structure en route to the native state.

Nevertheless, for many proteins, the millisecond burst phase
products of folding were found not only to be collapsed but also
to possess circular dichroism (CD)-detectable secondary structure
that was, albeit, unstable in affording only marginal protection
against amide hydrogen exchange [53]. Although these studies in
the millisecond time domain could not temporally resolve second-
ary structure formation from chain collapse, they seemed to sug-
gest that collapse and secondary structure formation might occur
concurrently during folding. The properties of the millisecond
burst phase product qualified it to be a kinetic molten globule. Like
the corresponding molten globule populated at equilibrium, the ki-
netic molten globule was compact with native-like secondary
structure but with few tertiary interactions [53–55]. The observa-
tion of this similarity, and the observation that the secondary
structural contents of equilibrium molten globule forms of proteins
are correlated with their hydrodynamic volumes [56], contributed
to the general belief that the initial chain collapse reaction oc-
curred concurrently with the formation of specific structure during
the formation of kinetic molten globules. But sub-millisecond ki-
netic measurements have now shown that the kinetic molten glob-
ule is not formed in the earliest detectable collapse reaction, but in
a subsequent structure-forming reaction, also complete within 1–
2 ms of the commencement of folding (see below). Hence, the
study of equilibrium molten globules [56] cannot be used to con-
clude that secondary structure forms during the earliest chain col-
lapse reaction.

It seems clear now that that the millisecond burst phase prod-
uct is a kinetic molten globule and is not the unfolded state in
refolding conditions (see above), as had been suggested [57–61].
It is more likely that it is instead the structure-less globule which
precedes the kinetic molten globule and which can now be de-
tected at 5–100 ls of folding (see below), which represents the un-
folded state in refolding conditions. Thus, it appears that the
kinetic molten globule forms in more than one step from the fully
unfolded polypeptide chain at high denaturant concentration.

Cooperativity and specificity of the collapse reactions leading to the
formation of the kinetic molten globule

Although millisecond mixing could not resolve the kinetics of
the initial collapse reaction, detailed study of the kinetic molten
globule that is the first observable product of millisecond mixing,
yielded important information about the structural transitions in
the first millisecond of folding. The magnitude of the burst phase
change in signal, as well as its dependence on denaturant concen-
tration, appeared to be probe-dependent for thioredoxin [62] and
barstar [47], indicating that this change occurs in more than one
step. For some proteins, the properties of the burst phase product
appeared to depend in a sigmoidal manner on denaturant concen-
tration. Although such sigmoidal dependences on denaturant con-
centration have been traditionally interpreted as indicating
cooperative transitions, this need not be so: gradual transitions
may also show sigmoidal dependences [55,63]. For other proteins,
the dependence on denaturant concentration appeared to be lin-
ear, suggesting a gradual transition. The extent of chain collapse,
as well as of specific structure formation, was found to depend
on the conditions of the folding reaction. The structure of the ki-
netic molten globule was found to be malleable, with different
cosolvents able to tune it in different ways [47,64,65]. It appears
that the kinetic molten globule formed at 1 ms of folding is heter-
ogeneous in structure, with different sub-populations differentially
populated in different folding conditions [64]; hence the kinetic
molten globule might appear to be differently structured in differ-
ent folding conditions. Indeed, this may be true even for interme-
diate states that are populated late during folding [66].

Inspection, using multi-site FRET, of how different intra-molec-
ular distances in the kinetic molten globule that is the burst phase
product formed during the folding of barstar and the PI3K SH3 do-
main, contract with a change in solvent conditions, yielded two
important results regarding chain collapse: (1) For barstar, each
distance was found to contract to a different fractional extent.
Moreover, the non-sigmoidal dependences on denaturant concen-
tration of the extents of contraction were different for the eleven
intra-molecular distances measured (Fig. 1) [67,68]. This result
suggested that different segments of the chain contract indepen-
dently of other segments, as expected for a polymer chain under-
going gradual diffusive collapse. On the other hand, for the PI3K
SH3 domain, three intra-molecular distances in the burst phase
product of its folding were measured, and these were found to con-
tract synchronously with a decrease in denaturant concentration
[69]. (2) Some intra-molecular distances in the kinetic molten
globule were found to contract with the same dependence on
denaturant concentration, as was found for the contraction of these
distances in the fully unfolded state. Indeed, for these distances,
the contraction in the kinetic molten globule was co-linear and
continuous with that in the unfolded state (Fig. 2). It appeared
therefore that some segments of the sequence contract in the man-
ner expected for a fully unfolded state, upon a change in solvent
conditions from good to bad. On the other hand, some intra-molec-
ular distances were found to contract to a greater extent at low
denaturant concentration than what was predicted from the
dependence of the contraction of the unfolded state on denaturant
concentration (Fig. 2). Thus, it seemed that some segments of the
sequence contract in a specific manner: contraction was more than
that predicted for the unfolded state because of the formation of
specific structure by some segments of the protein sequence
[68]. It was also observed that the greater the extent of specific
structure detected by FRET in this manner in the kinetic molten
globule, the greater too was the extent of secondary structure de-
tected by CD [41]. The FRET studies therefore allowed the identifi-
cation of both specific and non-specific components of polypeptide
chain collapse during the folding of barstar. Non-specific and spe-
cific components of the compaction of the protein chain have also
been similarly detected in studies of the initial events that occur
during the folding of adenylate cyclase [70].

It therefore appears that the kinetic molten globule does have at
least some segments of specific structure, so long as the conditions
of folding are stabilizing enough. Equilibrium molten globules ap-
pear to have native-like topologies (folds) [71], either because of a
few specific tertiary interactions that remain undetectable, or be-
cause the native-like fold is determined by how secondary struc-
tures and side-chains can loosely pack together to form the
kernel of a hydrophobic core. The kinetic molten globule is likely
to be similar in this respect, and a native-like fold in the kinetic
molten globule is expected to make further folding faster. It would
appear therefore that the evolutionarily selected sequence adopts
only a single fold in the molten globule state, as it does in the
native state, because only the unique fold allows all stabilizing



Fig. 1. Asynchronous and synchronous chain collapse upon denaturant dilution in the kinetic molten globule populated at 1 ms of refolding. In the case of barstar, all eleven
intra-molecular distances (each shown by a different color/line) contract asynchronously upon denaturant dilution [68]. In the case of the PI3K SH3 domain, the three
measured intra-molecular distances contract synchronously [69].

Fig. 2. Specific and non-specific components of chain collapse are observable in the kinetic molten globule, IE, populated at 1 ms of folding of barstar. Intra-molecular
distances were measured by FRET: the fluorescence change is a measure of (1-E), where E is the FRET efficiency, a measure of intra-molecular distance. The figure shows that
intra-molecular distances contract in IE upon dilution of urea. The purple triangles show how the dependence of the signal for IE depends on denaturant concentration,
compared to that for the completely unfolded state at high denaturant concentration (brown circles). Different intra-molecular distances contract to different fractional
extents. Some distances (e.g. the Cys62–Trp53 distance) contract to the extent expected for non-specific solvent-induced collapse, while others (e.g. the Cys14-Trp53
distance) contract more than that predicted by solvent-change. The figure is based on data from [67,68].
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interactions and structures to be consistent with each other [72]
even at this early stage in folding. It should, however, be remem-
bered that the specific structure in the kinetic molten globule need
not be only native-like. Non-native secondary structure has been
detected in the kinetic molten globules populated at a few millisec-
onds of folding for several proteins [73–75].
Sub-millisecond measurements of collapse and folding

Multiple phases of folding in the first millisecond

The advent of microsecond mixing methods [76,77], some with
mixing dead-times as short as 4 ls, has yielded important informa-
tion about what happens in the first 1 ms of folding. (1) The folding
of many proteins appears to begin by chain collapse in the sub-mil-
lisecond time domain [38,41,49,78–80]. (2) For many proteins, at
least two steps can be kinetically resolved in the first millisecond
[35,41,79–81]. The fastest step, complete within 4 ls for protein
L [38], 20 ls for cytochrome c, lysozyme and apomyoglobin [80],
within 35 ls for DHFR [79], within 70 ls for ribonuclease A [81]
and within 120 ls for barstar [41], appears to represent non-spe-
cific collapse of at least some segments of the polypeptide chain.
The slower step in the 150–500 ls domain, appears to lead to
the formation of a kinetic molten globule. (3) Secondary structure
appears to form to a negligible or minor extent during the 150–
500 ls kinetic phase in the case of cytochrome c [82] and monellin
[83], but has been shown to form to a significant extent in the case
of apomyoglobin [84,85] and ribonuclease A [86]. (4) In the case of
barstar [41] and ribonuclease A [86], the second phase which leads
to secondary structure formation in strongly stabilizing conditions
is also accompanied by the formation of hydrophobic surfaces to
which ANS can bind (Fig. 3). In the case of barstar, ANS does not
bind to the product of the faster phase complete within 120 ls.
(5) The Rg of the kinetic molten globules that are the products of
sub-millisecond folding of several proteins scales as N0.35 [87]. This
scaling is similar to the scaling (N0.33) expected for a homopolymer
in poor solvent. In summary, the sub-millisecond mixing measure-
ments indicate that non-specific collapse occurs within the dead-
time (4–150 ls) of mixing, and that specific structure forms later
within the first millisecond.

The kinetics of each sub-millisecond folding phase was found to
be exponential in nature. In the case of cytochrome c, large
unstructured fragments of the protein were found to undergo rapid
collapse with exponential kinetics with characteristic times very
similar to those seen for the exponential kinetics of initial chain
collapse of the intact protein [88], suggesting that the exponential
kinetics was not due to the formation of specific structure during



Fig. 3. Chain collapse during first millisecond of folding of barstar. A non-specific collapse occurs within the first 100 ls leading to the formation of a structure-less globule
(pre-molten globule) UC. This collapse reaction is observed by FRET, and appears to be induced by solvent-change. Marginally more chain collapse observable by FRET, as well
as the development of hydrophobic clusters observable by ANS binding, occur over the next millisecond, leading to the formation of the kinetic molten globule intermediate,
IE. IE possesses specific structure, including secondary structure, in strongly stabilizing conditions, but not in less stable conditions. IE folds further on the 10–100 ms time
scale, with further contraction of intra-molecular distances. The figure is based on data from [41].
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the collapse reaction, as otherwise believed (see above). In the case
of ribonuclease A, a folding-incompetent variant was found to col-
lapse to a lesser extent than does the folding-competent protein, as
measured by ANS binding. Nevertheless, both forms of the protein
showed the same extent of change in far-UV CD within 300 ls of
the commencement of folding [86]. This observation suggests that
the very initial CD changes may not directly report on the forma-
tion of secondary structure. It is well known that aromatic residues
can contribute substantially to the far-UV CD spectrum of a protein
[89–92], and it seems likely that the CD changes observed during
the first 300 ls may be the consequence of non-specific burial of
aromatic residues. In this context, it should also be noted that
the observation of ANS binding during chain collapse cannot also
be taken as a signature of specific collapse, as was done [86], be-
cause ANS can bind non-specifically to hydrophobic patches
[93,94]. Clearly, the observation of exponential kinetics cannot be
used to conclude that specific structure has formed, at least for
these two proteins.
Kinetics of the initial non-specific chain collapse reaction

Microsecond mixing methods are unable to capture the kinetics
of the initial non-specific chain collapse reaction during folding,
which usually occurs within the dead time (4–120 ls) of microsec-
ond mixing (see above). Experimental estimates of intra-molecular
contact formation in unfolded polypeptides appear to converge to
a time of 1 ls for contact to be made by points separated by 100
residues in the polypeptide chain [95], but collapse must be driven
by the formation of many contacts, and it is not clear how fast all
the intra-molecular contacts form during chain collapse. On the
other hand, temperature jump studies suggest that chain collapse
may occur much faster, within 100 ns in a denatured small protein
[96], and a single molecule study has suggested that collapse can
occur this fast even during folding [15]. Such a rate of collapse is
even faster than the rate of secondary structure formation by short
peptides [97]. A recent single molecule fluorescence study of the
transition path time, the time taken for a polypeptide chain to fold
by diffusing over the transition state barrier once it becomes com-
mitted to do so in the course of its diffusive meandering, suggests
that this transition may take only about 10 ls [98]. It is, however,
not obvious as to what extent of chain collapse and specific struc-
ture formation has occurred prior to, and has led to the moment of
commitment to fully fold.
Although polypeptide chains are heteropolymers for which very
many intra-molecular interactions are possible, the collapse reac-
tion they undergo initially during folding appears to be strikingly
similar to that undergone by homopolymers upon a change in sol-
vent from good to bad. Such similarity would be expected only if
very few specific interactions form when a polypeptide chain col-
lapses at the commencement of folding. Unfortunately, it is not
possible to theoretically predict the characteristic time of polymer
collapse [99]. Theoretical and computational studies of the kinetics
of homopolymer chain collapse have suggested that homopoly-
mers collapse in a continuous manner [100–102], or with multi-
phase kinetics [20,103–105], just as polypeptide chains appear to
do (see above). The similarity of polypeptide chain collapse during
folding to homopolymer collapse suggests that although the for-
mer must be driven by the formation of many contacts (see above),
these contacts must be non-specific in nature.
Kinetics of the collapse reaction leading to the formation of the kinetic
molten globule

An important question is whether the sub-millisecond folding
reaction leading to the formation of the kinetic molten globule is
an all-or-none, barrier-limited transition or a gradual transition.
Because barrier-limited processes show exponential kinetics, the
observation of exponential kinetics for the collapse reactions was
interpreted in earlier studies to indicate that chain collapse was
a barrier-limited process, and that it was barrier-limited because
it led to the formation of specific structure [106,107]. But although
barrier-limited processes invariably show exponential kinetics, the
converse is not necessarily true (see above). Moreover, gradual
processes may also show exponential kinetics [108]. Hence, the
mere observation of exponential kinetics does not imply that the
collapse reaction is barrier-limited. An early theoretical study
[109] had suggested that even entire folding and unfolding reac-
tions may be gradual in nature, a suggestion borne out both by
experiment [16,17,19,110–112] and simulation [113]. If chain col-
lapse and the formation of the kinetic molten globule occur grad-
ually and continuously through near-degenerate states of
intermediate densities, it would be slowed down by hydrodynamic
coupling of the polypeptide chain with the solvent. Different mag-
nitudes of hydrodynamic coupling with solvent as well as internal
friction would lead to different characteristic times of collapse for
different polypeptide chains.
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In the case of barstar, the second slower sub-millisecond kinetic
phase of folding, measured using ANS binding, was interpreted to
be a gradual process even when it led to the formation of specific
structure in the kinetic molten globule (Fig. 3), on the basis of its
rate being independent of denaturant concentration and of tem-
perature [41]. For other proteins too, equilibrium models of the ki-
netic molten globules that are the final product of sub-millisecond
folding, were also found to unfold very non-cooperatively or grad-
ually [114–117]. The probable reason why kinetic molten globules,
or their equilibrium molten globule analogs, may display gradual
unfolding transitions is the absence of a consolidated core, and
the lack of defined tertiary interactions.

In this context it is important to note that the rates of the sub-
millisecond folding reactions of other proteins also appear to have
very little if any dependence on denaturant concentration
[106,107,118,119], as do the folding reactions of some ultra-fast
folding proteins whose folding is slowed down by marginal folding
barriers and is hence complete within a few microseconds [120].
Although these reactions were assumed to be barrier-limited pro-
cesses because of the observation of exponential kinetics, they may
well be gradual in nature [112]. It should also be noted that it may
be possible to tune the initial collapse reactions during folding
from being gradual to being barrier-limited by mutation or by a
change in folding conditions, just as it is possible to do for the fold-
ing reactions of ultra-fast folding proteins [111,121,122] whose en-
tire folding reactions are complete within a few microseconds.
An equilibrium model of chain collapse

Notwithstanding the immense utility and necessity of kinetic
experiments for directly characterizing the initial chain collapse
reaction, it is still difficult to utilize high resolution probes with
microsecond time resolution. Equilibrium studies of protein fold-
ing have been instrumental in identifying collapsed partially struc-
tured non-native forms of proteins, but it is not straightforward in
establishing whether these conformations populate folding path-
ways [54]. In the case of barstar, it was found that the protein could
be fully unfolded at high pH (D form), and that folding could be in-
duced in progressively structured intermediates by the addition of
salt (Fig. 4) [123]. Upon the addition of low concentrations of salt
sufficient to screen electrostatic repulsion, the protein was found
to collapse into a structure-less globule (P form), fully hydrated
in its interior, with no secondary or tertiary structure, and with a
volume somewhat larger than that of the native state. Upon further
addition of salt, secondary and tertiary structure were found to
form concurrently with the extrusion of water from the core. Rigid-
ification of the hydrophobic core, as measured by time-resolved
fluorescence anisotropy decay kinetics of a core tryptophan residue
[124], was found to occur at a stage (ICC) when specific structure
has only partially formed. Finally water is fully extruded from
the core and a dry molten globule (B form) forms. On the basis of
kinetic experiments, in which folding was started from each of
these different forms of the protein, it could be shown that P,
ICC and B are on the direct pathway of folding of the D form to
the N state. This equilibrium model of collapse clearly delineated
a non-specific collapse reaction from subsequent specific structure
formation. It should be noted that this equilibrium model is based
on the study of collapse and structure formation in the absence of
any denaturants, which could potentially modulate, in a non-spe-
cific manner, both the collapse and structure formation reactions.
It is likely that pre-molten globule forms with progressively
increasing structural content, as identified and characterized in
this equilibrium model of folding, precede the kinetic molten
globule that is populated at about a millisecond of folding on the
folding pathways of many proteins (see above).
Physical and chemical forces that drive chain collapse and
structure formation

Driving chain collapse

Any polymer chain is expected to undergo a collapse reaction
when intra-chain interactions dominate over chain-solvent inter-
actions. What are the intra-chain interactions that drive a protein
chain to undergo non-specific collapse? It is generally thought that
chain collapse is driven by hydrophobic interactions leading to the
clustering of non-polar residues [45,46,125]. Such hydrophobic
collapse is expected to be rapid because van der Waal’s interac-
tions are non-specific, and hence, expected to form very rapidly.
But chain collapse may not be driven entirely by hydrophobic
interactions, as suggested in studies of the temperature-induced
collapse of unfolded proteins [126]. This and other studies suggest
that the intra-chain interactions that drive chain collapse may in-
stead be hydrogen bonding interactions in the polypeptide back-
bone, which act in a non-specific long-range manner [127–131]
or in a specific short-range manner [126,132]. It is known that
hydrogen bonding interactions strengthen upon dilution of urea
to initiate folding, while hydrophobic interactions remain unaf-
fected [133,134]. In the case of barstar, the ANS fluorescence-mon-
itored formation of hydrophobic clusters which occurred in the
slower of the two sub-millisecond phases of folding (see above)
was preceded by a faster phase which may be driven by hydrogen
bonding interactions. It should, however, be noted that it would be
difficult to achieve as well as to sustain any specific non-local
hydrogen bonding interactions in the initial structure-less globule
or in the kinetic molten globule formed at about 1 ms of refolding,
both of which are fluid in that they possess very few if any specific
tertiary interactions.

If stabilized by hydrophobic interactions, the structure-less
globule formed as a result of non-specific collapse is expected to
be a heterogeneous ensemble with fluctuating and continuously
changing intra-molecular interactions because van der Waals
interactions are non-specific in nature. If the structure-less globule
is only loosely compact and highly dynamic, there will be relatively
little entropic cost to its formation. In accordance with theoretical
studies [135], the extent of polypeptide chain collapse is also
known to be affected by electrostatic interactions [14,31,123], just
as the dimensions of intrinsically disordered proteins are [136].
The interactions that influence the stability of the structure-less
globule are expected to be predominantly non-native interactions,
given that it is formed in a gradual diffusive process that is non-
specific in nature, and it is likely that at least some of these non-na-
tive interactions persist further into the folding process.
Driving specific structure formation

The kinetic consequence of initial chain collapse in facilitating
folding is not obvious. Chain compaction greatly reduces the con-
formational space available for the chain to sample during folding;
the entropy barrier to structure formation during folding is low-
ered. In this way, folding could be speeded up. On the other hand,
if chain compaction were to lead to too dense a collapsed form,
then it could be expected that the diffusive exploration of confor-
mational space would be hindered because of internal friction
[137]. It is likely, because the structural rearrangements of folding
have to occur in the condensed form as a result of initial chain
compaction, that folding occurs through many local minima (inter-
mediates) on the energy landscape. The polypeptide chain is likely
to become less flexible upon contraction as intra-chain interactions
dominate over chain-solvent interactions [34]. Consequently fold-
ing would be expected to slow down. The advantage of non-spe-



Fig. 4. Equilibrium model for the folding of high pH-unfolded barstar. The high pH denatured form, the D form, has the same dimensions as the urea or GdnHCl unfolded
protein. Upon addition of salt, it undergoes a global collapse to form the structure-less globule P, whose volume is about 30% more than the native state. The P form is devoid
of secondary or any other specific structure. Upon further addition of salt, specific structure develops in a highly non-cooperative manner. The hydrophobic core consolidates
and rigidifies in ICC, when secondary structure has only partially developed. Upon yet more addition of salt, water is ejected from the core, and additional secondary structure
forms leading to the dry molten globule form B. The transition from P to B appears to be essentially a continuous structural transition. The P, ICC and B forms are folding
intermediates that populate the direct folding pathway from the D form to the N state. The figure is based on data from [6,124]. The indole ring shown is the side-chain of a
tryptophan residue whose dynamics were measured and used to report when the core (black oval) becomes rigid during the overall folding process.
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cific collapse preceding structure formation is not obvious. Theo-
retical studies have shown that sequences that fold the fastest
are those for which collapse occurs simultaneously with the forma-
tion of secondary structure [138]. It is easy to envisage that this is
because fewer non-native interactions form when collapse and
structure formation occur concurrently, and so fewer non-native
interactions have to be broken for further folding to occur. Obvi-
ously, the requirement for initial chain collapse during folding is
poorly understood [139]. It seems logical to envisage that a very ra-
pid initial chain collapse of the polypeptide chain during folding, in
which hydrophobic residues get sequestered away from solvent,
would ensure that aggregation events arising from non-specific in-
ter-chain hydrophobic interactions are kept to a minimum. It is
likely that it is the pattern of polar and non-polar side-chains on
the evolutionarily selected polypeptide chain which ensures that
such sequestration of non-polar residues does indeed takes place
during the initial collapse reaction.

The role of initial chain collapse in facilitating further structure
formation needs to be understood better. When the chain becomes
sufficiently compact, steric constraints will favor chain conforma-
tions that are themselves compact as are secondary structural ele-
ments [140]. Also, when water gets extruded from the interior as a
consequence of chain compaction, chain-solvent hydrogen bond-
ing will be replaced by chain-chain hydrogen bonding because of
the high energetic cost of desolvation, and chain-chain hydrogen
bonding is efficiently accomplished by the formation of secondary
structures. Not surprisingly, water extrusion and secondary struc-
ture formation were found to occur concomitantly in studies of
salt-induced chain folding of high pH-unfolded barstar, after an
initial non-specific collapse of the polypeptide chain [6].

Native proteins seem to be required to possess rigid, tightly
packed cores. Tight core packing appears to require that at least
some secondary structure first forms, well after the initial chain
collapse reaction [141]. For core consolidation to occur, the core
residues have to be first brought into proximity, and this would
be enabled by the diffusive and exploratory nature of the initial
chain collapse reaction. An all-or-none collapse reaction would
be unlikely to accomplish this. Core consolidation itself is likely
to be a cooperative process because many residue side-chains have
to fit collectively into place [124], and secondary structural units
would then pack tightly against each other after at least some con-
certed orientational adjustment, resulting in a coarse native-like
topology. The tightly packed core would then dictate how the
remaining secondary structure is formed and arranged.

Chain collapse in the context of other models of folding

The framework model

The framework model for how proteins fold, according to which
the formation of secondary structure precedes that of tertiary
structure, has been influential in protein folding studies [142–
144]. In this hierarchical model, folding begins at several points
along the sequence, leading to the formation of transient structures
stabilized by local interactions [143]. Mutual stabilization of the lo-
cal (secondary) structures occurs upon collision. Hence, the frame-
work model posits that compaction of the polypeptide chain
during folding occurs when fluctuating elements of secondary
structure coalesce together by diffusion, a process described quan-
titatively by the diffusion collision model [145,146]. The frame-
work model gives precedence to secondary structure formation
over chain collapse as the initial event in folding, in contrast to
the hydrophobic collapse model in which chain collapse ultimately
drives secondary structure formation. Although proteins may look
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like they have been assembled from their secondary structural ele-
ments (even though the order of their assembly cannot be pre-
dicted), there now seems to be strong evidence (see above) that
polypeptide chain collapse precedes any significant secondary
structure formation.

It appears that only when the polypeptide chain hydrophobicity
is intrinsically low [139], or when folding is carried out at very low
temperature where hydrophobic interactions are weakened [147],
can secondary structure formation precede chain collapse. For the
ultra-fast folding proteins, whose folding is complete in the micro-
second time domain, it has not been possible, experimentally, to
delineate chain collapse from secondary structure formation. Com-
puter simulations of twelve ultra-fast folding proteins have sug-
gested that secondary structural elements form early during
folding, at a time when only a small number of non-local contacts
have formed [122]. But for these proteins, secondary structural ele-
ments were found to form transiently in the unfolded state itself,
and folding appeared to initiate in regions that formed native
structure in the unfolded state [122]. For many ultra-fast folding
proteins that are helical in nature, it is possible that folding is very
fast because helix formation can be nucleated at many points, and
the consequent operation of multiple folding pathways may be the
reason why these proteins fold very rapidly [121].

Nucleation models.

The first nucleation models proposed [148,149] envisaged fold-
ing to be initiated by nucleation. In these models, a folding nucleus
is formed through random search by small continuous regions of
sequence through local interactions, and such nucleation could oc-
cur independently in separate parts of the polypeptide chain. It
was proposed that such a nucleus grew by the addition of chain
segments that are adjacent to it in the amino acid sequence. For-
mation of the nucleus is slow, and subsequent structure propaga-
tion is rapid. The existence of the folding nucleus significantly
increases the rate of formation of native structure. It was suggested
that a nucleation site could be a specific pocket stabilized by
hydrophobic interactions [150]. In such nucleation models, global
non-specific chain collapse is not expected to occur initially during
folding, but during the structure propagation step.

The alternative nucleation model is based on the idea that fold-
ing nuclei are not local, but that they are formed by diffusive mo-
tion of the segments of the polypeptide chain, which brings
together specific non-adjacent segments of sequence to form a
condensed conformation [151]. Once such a nucleus forms, the
chain rapidly condenses further to form the compact native state.
The folding nucleus is formed by a defined set of native contacts
between residues scattered along the length of the polypeptide
chain. It is expected to be present in the transition state of folding,
along with optional contacts that stabilize it. An early computer
simulation study could identify a specific nucleus that formed
early as the transition state of folding [152], and many subsequent
simulations have identified folding nuclei [3,153]. The transition
state is now referred to as an extended nucleus. The nucleation
process would be similar to the nucleation-growth mechanism of
first order (all-or-none) phase transitions, with the nucleus being
thermodynamically the most unstable state on the reaction coordi-
nate. For a folding reaction, nucleation would be thermodynami-
cally unfavorable because of the entropic cost of forming the
condensed nucleus. In this nucleation-growth or nucleation con-
densation model [153,154], substantial chain collapse occurs prior
to the formation of a folding nucleus [9,39,51,52,155,156].

The nucleation-condensation model for protein folding is used
to describe the folding of proteins that appear to fold by a two-
state mechanism [157]. Indeed, it is strictly applicable to proteins
that display such an all-or-none folding mechanism. For such pro-
teins, the folding nucleus would be present in the transition state
of folding, and no intermediates would be observable after the
nucleation event because folding subsequently occurs in a down-
hill manner. Nevertheless, the nucleation growth model has been
applied more generally to proteins that fold via an intermediate
[158], with nucleation leading to the formation of the
intermediate.

One approach to determine the residues that comprise the fold-
ing nucleus is to identify non-functional residues that have re-
mained conserved in functionally related proteins whose
sequences have diverged during evolution. In the case of the cyto-
chromes and globins, potential folding nuclei have been identified
as the structures being formed by conserved non-functional resi-
dues that are in contact with each other [159]. The residues of
the folding nuclei identified in this manner were found to be at
the interface of a-helices, and the formation of such nuclei would
require substantial collapse of the polypeptide chain.

The other approach is to characterize the structure of the tran-
sition state by protein engineering, using U-value analysis
[155,160,161]. The U value is a measure of the extent to which a
mutation destabilizes a transition state relative to the native state.
Although U values measure energetic quantities, they are inter-
preted to give structural information on the transition state of fold-
ing. A U value of 1 is taken to mean that an interaction is as well
formed in the transition state as it is in the native state of the wt
protein. A U value of 0 is taken to mean that the interaction is
not at all formed in the transition state. A partial U value is nearly
always interpreted to represent partial formation of an interaction,
although it could alternatively signify that multiple pathways of
folding are operative. The folding nucleus is taken to comprise res-
idues that show high U values, and partial U values are assumed to
contribute to the extended nucleus.

Unexpectedly, residues identified by U value analysis to partic-
ipate in the folding nuclei of several proteins were found not to ex-
hibit preferential evolutionary conservation [162]. Another study
showed that only 3 out of the 125 very accurately determined U
values reported in the literature for different proteins were larger
than 0.8 [163], bringing into question whether specific nuclei do
indeed form. More recently, the interpretation of a U value repre-
senting the strength of a specific tertiary interaction has been
questioned. When multiple mutations were made at a site [164],
it was observed that the destabilization of the transition state
was linearly proportional to the destabilization of the native state,
and that even highly destabilizing mutations had a negligible effect
on transition state structure. This observation suggested that the U
value is a general property of the structural site, and may not be
indicative of any side-chain interactions such as those that would
define a folding nucleus [165]. Another analysis suggested that U
values are correlated more with local interactions than with spe-
cific tertiary interactions that would define a folding nucleus, and
that the transition state resembles a molten globule [166]. It is pos-
sible that the native-like topology of the transition state [167] is
determined by the same factors that allow molten globules to
achieve their native tertiary folds (see above). It has been sug-
gested that it may not be possible to specify the existence of a spe-
cific folding nucleus [168] and hence temporally resolve the
collapse reaction by the use of this elegant protein engineering
methodology [161].
Summary

This review has evaluated our current understanding of poly-
peptide chain collapse, an essential component of protein folding
reactions. In particular, it appears now that non-specific chain col-
lapse may indeed be the first event in protein folding. The step-
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wise and gradual nature of polypeptide chain collapse reactions
has become apparent in folding studies of more proteins. Much re-
mains, however, to be understood of the nature of the intra-molec-
ular interactions that drive chain collapse. In particular, it has
become even more important to identify the nature and extent of
transient fluctuating structure in the unfolded state, and to deter-
mine what component of this structure plays a dominant role in
chain collapse and subsequent structure formation. It is still not
clear as to what extent the initial structure-less globule and the la-
ter kinetic molten globule possess native-like folds, and how they
achieve their native-like folds. The physical basis of how chain col-
lapse itself drives further structure formation needs further exper-
imental study. While there has been much progress, important
questions remain unanswered.
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