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Abstract When a protein folds or unfolds, it passes through
many half-folded microstates. Only a few of them can
accumulate and be seen experimentally, and this happens only
when the folding (or unfolding) occurs far from the point of
thermodynamic equilibrium between the native and denatured
states. The universal features of folding, though, are observed
just close to the equilibrium point. Here the ‘two-state’ transition
proceeds without any accumulation of metastable intermediates,
and only the transition state (‘folding nucleus’) is outlined by its
key influence on the folding—unfolding kinetics. Our aim is to
review recent experimental and theoretical studies of the folding
nuclei. © 2001 Federation of European Biochemical Societies.
Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Protein physics is based on two fundamental experimental
facts: (i) protein chains (at least those that are not too long or
excessively modified after the biosynthesis) are capable of
forming their native structures spontaneously [1,2] in appro-
priate environment and (ii) the native state is divided from the
unfolded state of the chain by a co-operative transition [3] of
the ‘all-or-none’ type [4,5]. The latter ensures robustness of
protein action. It appears that biological evolution selects only
those sequences, which can fold into well-defined three-dimen-
sional (3D) native structures with the free energy significantly
lower than that of the alternative structures: only such se-
quences are capable of the ‘all-or-none’ type folding and un-
folding [6,7].

In this paper we consider only in vitro folding (for recent
reviews on in vivo folding, see [8,9]), and only folding of
water-soluble globular proteins. Although the membrane pro-
teins and the fragments of fibrous proteins are also capable of
spontaneous renaturation [10,11], the basics of folding are
better studied just for water-soluble globular proteins (and
for relatively small proteins, since large proteins tend to ag-
gregate even at a very low concentration).
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The fundamental folding problem has come to be known as
the Levinthal paradox. It reads as follows [12]. On the one
hand, the existence of renaturation suggests that the native
state is thermodynamically the most stable state under the
‘biological’ conditions. On the other hand, a chain has zillions
of possible conformations (>2!% for a 100-residue chain,
since at least two conformations are possible for each residue).
Thus, the chain needs at least ~2!% ps, or ~10!° years to
sample them all and to find the most stable fold. Then, how
can the chain find its most stable structure within a ‘biologi-
cal’ time (minutes)?

The initial hypothesis was that there exists a specific folding
pathway, and the native fold is simply the end of this pathway
rather than the most stable chain fold [12]. If this pathway
was narrow, only a small part of the conformational space
would be sampled, and the Levinthal paradox would be
avoided.

This hypothesis of a ‘kinetic control’ has initiated numerous
studies of intermediates in protein folding. The idea was that
these intermediates would help trace the folding pathway, as
the intermediates in a complicated biochemical reaction trace
the pathway of this reaction [13].

To observe an intermediate, it either has to be stable
enough to live for a time comparable with the time of its
formation (thus, it must be more stable than the unfolded
state and precede the rate-limiting folding step), or it has to
be quenched and trapped. The trapping is usually done either
using the quench-flow hydrogen-exchange pulse labeling
[14,15] (with a subsequent nuclear magnetic resonance
(NMR) investigation of the trapped product), or using the
disulfide bond formation [16]. It should be noted that the
kinetic studies are often hampered by heterogeneity of the
unfolded state [17]: the ‘fast-folding’ unfolded chains seem
to have an already ‘correct’ state of prolines (cis or trans),
while the ‘slow-folding’ forms have the ‘wrong’ proline iso-
mers (and proline is known to spend many seconds for each
cis—trans isomerization [18]).

It has been shown that many average size proteins (of
~100-200 residues) generally fold via intermediates which
accumulate during the early stages of folding (Fig. 1). The
burst (millisecond) stage is characterized by partial formation
of the secondary structure and partial condensation, typical of
the ‘pre-molten’ globule (see [19,20] for review). The next
intermediate (formed within many milliseconds) usually dem-
onstrates the molten globule state: it has rather native-like
and rather protected secondary structures, and even some
native-like tertiary contacts [15,19,21]. The further formation
of the native state can take from a fraction of a second to
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hours (the latter seems to be due to the slow rearrangement of
packing of non-native proline isomers, non-native ligandings
or non-native SS bonds [16,19]).

However, the entropy of even the most structured inter-
mediate, the molten globule, is still large [19,22]: it is not
greatly reduced as compared with that of the unfolded state.
This means that the folding intermediates per se only allow
division of the Levinthal paradox into sub-problems (e.g. for-
mation of the native-like folding pattern and native packing),
but do not allow understanding of how the main Levinthal
problem, the problem of sampling the enormous conforma-
tional space, is solved at each (or at least the last and the
main) of these stages.

2. Re-discovery of the two-state (‘all-or-none’) transitions in
kinetics

It is worth mentioning that the kinetic investigation of pro-
tein folding was conventionally held under (or extrapolated
to) ‘biological’ conditions (25-37°C, neutral pH, absence of
denaturant) [17]. In addition to the biological relevance of
these conditions, the folding intermediates are most readily
accumulated and interpreted when the (re)folding takes place
under these conditions, where the native state (together with
the folding intermediates) is much more stable than the un-
folded state.

However, it is noteworthy that folding can occur also in the
zone of thermodynamic equilibrium, where the unfolded state
is almost as stable as the native state of a protein [22,23],
while all the intermediates are unstable here and thus cannot
be accumulated in principle (by the definition of the ‘all-or-
none’ transition, observed in thermodynamics [4,5]).

Besides, there are many ~ 100-residue proteins which fold,
and very rapidly fold, without any visible folding intermedi-
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Fig. 1. Schemes of the free energy profiles for protein folding and
unfolding under different conditions. U, completely unfolded chain
under extreme unfolding conditions; D, denatured (mostly unfolded,
but partially condensed and partially structured) state; I, major
folding intermediate (molten globule); %, major free energy barrier
(TS); N, native state. (A) Folding of the initially unfolded chain
under extreme folding (‘biological’) conditions proceeds with observ-
able intermediates D and I. (B, C) Two-state folding under moder-
ate folding conditions (in or close to the transition zone): (B) the
case when the D—=N (or U—N) transition is observed, and I is
much less stable (as in barnase at normal pH and high temperature
[78]); (C) the case when the I—=N transition is observed, and D is
much less stable (as in barnase at low pH [78]). (D) Unfolding
N —U under extreme unfolding conditions. In this case, the parti-
ally unfolded native state (N*) is sometimes observed as a burst un-
folding intermediate [79].
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ates under a wide range of conditions, from the conditions of
thermodynamic equilibrium up to ‘biological’ conditions [25].
The discovery of the simple ‘two-state’ folding, proceeding
without any visible (accumulating) intermediates, was actually
a re-discovery of the thermodynamic ‘all-or-none’ transitions
in kinetics.

The recent great progress in the understanding of protein
folding [26,27] has been achieved just by investigation of the
proteins, which fold without ‘unnecessary complications’ (pre-
viously widely used to trace the folding pathway): without
accumulation of any intermediates at the folding and the un-
folding pathways, without cis—trans proline isomerization, and
without SS bond formation. The folding (and the unfolding)
kinetics looks very simple in this case: all the properties of the
native (or denatured) protein are restored synchronically, fol-
lowing the single exponential kinetics [28]. For some proteins,
this simplicity is observed under a wide range of conditions,
including in the zone of the reversible thermodynamic transi-
tion between two phases (the native and the denatured state);
for others, only in the transition zone (Figs. 1 and 2A,B).
Thus, the universal features of folding (and unfolding) can
be observed just in the transition zone, while the moving off
this zone towards the ‘biological’ conditions reveals individu-
alities of various proteins (which are the ‘unnecessary compli-
cations’, when we try to understand the basics of protein
folding).

3. Folding nuclei and folding rates: experimental studies

The above statement looks, in a sense, paradoxical. Indeed,
what can we get from investigation of folding (or unfolding)
in the transition zone, where we cannot accumulate any tran-
sition intermediates? The answer is: just here we can most
readily, though indirectly, observe the folding transition state
(TS), whose stability (or, more exactly, instability) determines
the folding (and unfolding) rate [25-27,29]. The TS corre-
sponds to the free energy maximum on the folding—unfolding
pathway (Fig. 1) or, better said, to the free energy saddle
point on the network of these pathways.

The structure formed by the protein chain in the TS is
called the ‘folding nucleus’. It plays a key role in protein
folding. So far, there is only one, very difficult experimental
method to identify the folding nuclei in proteins: to find the
residues whose mutations affect the folding rate by changing
the TS stability as strongly as that of the native protein [24,27]
(Fig. 2C,D).

The participation of a residue in the folding nucleus is ex-
pressed by the residue’s ¢ value. ¢ is defined as Alnk¢/AIn K,
where k¢ is the folding rate constant, K is the equilibrium
constant (k¢/k,) and A means the mutation-induced shift of
the corresponding value. According to the model of a native-
like folding nucleus [24,25], #=1 means that the residue has
its native conformation and environment already in the TS
(i.e. that it is inside the folding nucleus), while =0 means
that the residue remains in the unfolded state in the TS. The
values of ¢=0.5 are ambiguous: either the residue is at the
surface of the nucleus, or it is inside one of the alternative
nuclei, belonging to two different folding pathways. It is note-
worthy that the values $<<0 and ¢>1 (which would be in-
consistent with the model of a native-like folding nucleus) are
extremely rare and never refer to a residue with a reliable
measured Aln K.
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Fig. 2. Chevron plot: apparent rate of the folding—unfolding process
(kapp) versus the denaturant concentration (or the temperature).
(A) Typical plot: the protein has the two-state transition only at
and close to the zone of thermodynamic equilibrium between the
native and the denatured states, but not under the ‘biological’ con-
ditions. (B) Plot for a protein having the two-state transition
throughout the whole experimental conditions. For the two-state
transitions, k,pp, =k¢+ky, where k¢ is the folding rate and k is the
unfolding rate: thus, k.o, =kr in the folding zone (where k¢>ky),
and kupp =k, in the unfolding zone (where kr <<k,) [80]. (C) Muta-
tion of a residue, having its native environment and conformation
already in the TS, changes the mutant folding rate rather than its
unfolding rate. (D) Mutation of a residue, which remains in the de-
natured state in the TS, has the opposite effect.

To estimate ¢, all the rates k have to be measured at (or
extrapolated to) the same conditions. Usually, being interested
in the ‘biologically relevant’ nucleus, one extrapolates them to
the zero denaturant concentration. However, it should be
noted that the nucleus corresponding to the wild-type protein
mid-transition is outlined more reliably: here the extrapola-
tion is shorter and therefore more robust, especially when the
branches of the chevron are curved; the letter suggests a
change of the nucleus with the folding conditions [30].

One can estimate the position of the TS on the reaction
coordinate from the dependence of the folding and unfolding
rate constants on the denaturant concentration C [31]:
Pr=01Ink/3C)/(3In K/I3C). When Br is close to 1, the TS
solvent-accessible surface area is close to that of the native
protein; when fr is close to 0, the TS is rather unfolded. As a
rule, the observed values of fr are close to 0.6-0.8 for small
proteins; at the same time, the average value of ¢ is usually
about 0.3-0.4. The difference between the average ¢ and Br
values means that there are some non-native interactions in
the TS ensemble (cf. [32]).

The major assumptions, underlying the ¢ analysis of the
folding nucleus by point mutations [24], are that the muta-
tions do not change substantially either the folding pathway,
the nucleus, the structure of the folded state or the unfolded
state ensemble. Experimentally, this is proved correct by dou-
ble mutations in the protein [33]. However, some strong mu-
tations can significantly affect the distribution of structures in
the TS ensemble [34].
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It has been shown that proteins with different sequences but
similar 3D structures have similar folding nuclei [35-37].
However, there is at least one experimental example showing
that the location of the nucleus differs among proteins with
the same (flavodoxin-like) topology [38]. It has been shown
also that circular permutation, changing the protein topology,
sometimes changes [39] and sometimes does not change [40]
the TS.

4. Folding nuclei and folding rates: theoretical studies

Theoretical studies of protein folding have gone in parallel
and sometimes in cooperation with the experimental studies.
They have contributed a great deal to the understanding of
protein folding.

First, we should mention the folding simulations held on
simple lattice protein models by the group of Shakhnovich.
These works have a profound influence on the understanding
of the experimental results. They show that, as a rule, a fast
and reproducible folding leads only to the most stable chain
fold (especially when its stability is reinforced by a special
‘editing’ of the sequence) [41], that a preliminary burst col-
lapse is not an obligatory prerequisite of folding [42], and that
such an obligatory prerequisite is the formation of a certain
set of native contacts between remote regions of the folding
chain [43]. These specific contacts (the ‘nucleus’) obligatorily
appear in the TS (and lead to the subsequent rapid assembly
of the native fold), whereas the other contacts are optional
and occur in the TS with a low probability.

The nucleation gave a key to solve the Levinthal paradox
and to estimate the characteristic protein folding rates.
Although both the in vitro [29] and in silico [44,45] experi-
ments show that further stabilization of the native state leads
to an even faster folding, the nucleation is especially easily
treated [46] near the above mentioned point of thermodynam-
ic equilibrium between the native and the unfolded phases. At
the equilibrium point, the rates and pathways of protein fold-
ing and unfolding are equal by definition, while the unfolding
is much easier to imagine. Also one should not consider the
misfolded structures at this point (i.e. the Levinthal paradox is
avoided here): being less stable than both the native and the
unfolded states, they simply cannot arise.

Since, at the equilibrium point, the free energies of the
native and the unfolded phases are equal, the additional free
energy caused by the nucleus (the free energy barrier of nu-
cleation) is due only to the boundary between the native and

UNFOLDED

BOUNDARY ~ N ?*

NATIVE

Fig. 3. Transient semi-unfolded (or semi-folded) state of a protein
molecule. The unfolded part is shown by dashed lines, the folded
structure is shown by solid lines. The unfolded closed loops pro-
truding from the folded part (the nucleus) create an additional sur-
face tension.
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Fig. 4. Observed folding-unfolding time ¢ (at the point of equilibri-
um between the native and unfolded states), presented on a loga-
rithmic scale versus N*3 (where N is the number of residues in the
chain). The points refer to the o-helical and the B-hairpin peptides
[20] and to all 36 proteins, listed in [25], whose folding—unfolding
time in mid-transition can be calculated from the presented data
(where possible, the proteins are marked by their PDB codes given
in [25]; the proteins, having no PDB codes: I, ACBP rat; I1I, ACBP
yeast; 111, CspB (B. caldolyticus); 1V, CspB (Thermotoga maritima);
V, Tenascin (long form)). The theoretically predicted region of In(7)
is limited by the lines In(7)+0.5N*? and In(7)+1.5N%? [46,47], where
7= 10 ns is the time of a-helix elongation by one residue [81]. One
can see that all the experimental points are within this range (except
for that of the o-helix, which is a 1D rather than 3D object).

the unfolded phases (Fig. 3). The maximal size of this bound-
ary is ~ N2/3 for the N-residue chain. Depending on the pro-
tein topology, the boundary of the native part of the nucleus
may or may not be covered by the unfolded closed loops,
whose entropy adds to the conventional surface energy of
the boundary. It can be estimated that the free energy of
the boundary is 1.5N?3kgT (where kg is the Boltzmann con-
stant and 7T the temperature), when all the boundary is cov-
ered by loops, and 0.5N?3kyT, when the boundary is free of
loops [46,47]. Since a characteristic time of rearrangement of
one residue is ~1 ns (see legend to Fig. 4), it takes up to
exp(1.5N%/3) ns to overcome the free energy barrier of nucle-
ation in the first case, and only ~exp(0.5N%?) ns in the sec-
ond [46,47]. This range is exactly consistent with the observed
times of protein folding (Fig. 4).
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An overview of the suggested scaling laws for protein fold-
ing rates under various conditions can be found in [48].

It is worthwhile to point out that Fig. 4, so successful in
prediction of the range of the folding rates of small proteins,
predicts a very slow folding of larger proteins, unless they are
divided into separately folding domains (foldons) and/or un-
less they have a special architecture with a small number of
loops going from one part of the large domain to another.

A more accurate theory of protein folding rates requires a
more detailed analysis of protein structures. A high negative
correlation exists between the protein folding rate and the
‘contact order’, i.e. the average sequence separation of resi-
dues, close in the 3D protein structure [49]. Since the contact
order refers to the whole native protein, the existing correla-
tion implies that the topology of the TS resembles that of the
native protein. The other successful methods are based on the
nucleation—collision model of protein folding [50] and on so-
lution of kinetic equations for the networks of protein fold-
ing—unfolding pathways [51].

As regards the theoretical search for folding—unfolding nu-
clei in proteins, several different approaches have been sug-
gested recently.

The idea of specific nuclei, suggested by the lattice simula-
tions of protein folding [43], generated an evolutionary ap-
proach to the prediction of the nuclei. It is based on the
search for a set of highly conserved residues having no ob-
vious functional role [52-55]. It should be mentioned that this
approach, at best, can give only the common part of the
nuclei existing in homologous proteins. However, some recent
observations show that the residue conservatism across the
homologous proteins correlates with deep immersion into
the hydrophobic core of a protein [55] rather than into the
folding nucleus [56].

It should be noted that some correlation between the nuclei
(the regions of high ¢ values) and the hydrophodic cores and
secondary structures exists [57,58], but it is rather low [57].

The most direct approach generates a plausible TS using
the all-atom molecular dynamic simulations of protein unfold-
ing [59-62]. According to these simulations, the unfolding is
hierarchic [63,64] (at least when it occurs far from the equi-
librium): tertiary interactions break early, whereas secondary
structures remain. The repeated trajectories show a statistical
distribution around the experimentally found TSs and dem-

Fig. 5. Folding nuclei in the CheY protein: experiment [82] (left) and theory [73] (right). The experimentally studied residues are shown by
circles: those constituting the nucleus (with ¢>0.3) are denoted by closed circles, the others (with ¢ <0.3) by open circles.
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onstrate a broad ensemble of the TS structures. However,
these simulations need extremely denaturing conditions (600
K, etc.) to be completed. Therefore, the TSs found for such an
extreme unfolding can be, in principle, rather different from
those existing for folding [65].

Other approaches are based on a simplified modelling of the
protein folding landscapes and trajectories [66,67]. The lattice
simulations [68], as well as experiment [69], show that the TS
is an ensemble rather than a single conformation and that it
can be described by an order parameter, such as the fraction
of native contacts. The TS search is based on the projection of
the folding trajectories onto a single reaction coordinate (the
fraction of the native contacts) and investigation of barriers at
the obtained free-energy profiles (like those shown in Fig. 1)
[70-72]. Although such a projection is not a rigorous proce-
dure (e.g. the structure which is ‘nearly native’ in terms of
contacts, can contain an additional knot of the chain, and
need complete unfolding before coming to the native state),
these studies were able to outline, though crudely, the folding
nuclei of some small proteins.

Further progress is due to the analysis of multidimensional
networks of the protein folding—unfolding trajectories done by
various algorithms [57,73,74]. All these approaches (as well as
the studies of the folding rates [46,50]) consider only the at-
tractive native interactions (the ‘Go model’ [75]) to reduce the
energy frustrations and heterogeneity of interactions, and
model the trade-off between the formation of attractive inter-
actions and the loss of conformational entropy during protein
folding. These works allow the folding nuclei to be outlined in
more detail (Fig. 5). Despite the relative simplicity of these
models, they give a good correlation with experiment [76].

The success of the reviewed theoretical studies suggests that
the topological features (and the size of the protein) play a
much more important role in folding than the high resolution
details of protein structure [46,73,76,77].

5. Conclusions

We have discussed the folding rates and the folding nuclei
for the ‘unfolded chain — native state’ transitions.

However, one can also expect the existence of nuclei for the
‘unfolded chain — molten globule’ and for the ‘molten glob-
ule — native state’ transitions. In principle, these nuclei can be
studied in the same way, as the nuclei for the ‘unfolded
chain — native state’ transitions. It will be interesting to out-
line these nuclei, both experimentally and theoretically, and
especially to see if the same or different residues participate in
all of them.
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