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Proteins appear to fold by diverse pathways, but vari-
ations of a simple mechanism - nucleation-conden-
sation — describe the overall features of folding of most
domains. In general, secondary structure is inherently
unstable and its stability is enhanced by tertiary inter-
actions. Consequently, an extensive interplay of
secondary and tertiary interactions determines the
transition-state for folding, which is structurally similar
to the native state, being formed in a general collapse
(condensation) around a diffuse nucleus. As the propen-
sity for stable secondary structure increases, folding
becomes more hierarchical and eventually follows a
framework mechanism where the transition state is
assembled from pre-formed secondary structural
elements.

Protein folding through random, unbiased searching of all
possible conformations cannot occur; such a mechanism
would take an infinite amount of time [1]. Thus, there
appear to be pathways that simplify the mechanism of
folding by breaking it down into sequential steps. The
search for the holy grail of a single, simple mechanism of
protein folding led to a multitude of proposals. The first —
nucleation-growth [2] — proposed that tertiary structure
propagates rapidly from an initial nucleus of local
secondary structure. However, nucleation dropped from
favor as it predicts the absence of folding intermediates,
and the field of protein folding in the 1970s and 1980s was
dominated by the study of folding intermediates [3,4]. Two
alternative models prevailed, the first of which was the
framework model [3—-6] and the related diffusion-diffu-
sion model [7], in which secondary structure is proposed to
fold first, followed by docking of the pre-formed secondary
structural units to yield the native, folded protein. The
second was the hydrophobic collapse model [8—11], in
which hydrophobic collapse drives compaction of the
protein so that folding can take place in a confined volume,
thereby narrowing the conformational search to the native
state (Fig. 1).

Classical evidence for mechanisms

The framework model gained support from studies mostly
carried out in the 1980s on small, relatively stable, helical
peptides [12—14]. Previously, it was assumed that secondary
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structural segments were not stable enough to form in the
absence of tertiary contacts [15]. When secondary struc-
ture is stable in isolation, it tends to adopt a-helical and
turn structures or, less frequently, B-structures in the
form of B-hairpins. These structures might represent the
starting-point for folding such that folding effectively
proceeds from a denatured state with high secondary
structure content. In practice, however, very strong con-
formational preferences are rare, and most peptides that
form regular secondary structures in proteins are >90%
disordered in small peptides containing those protein
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Fig. 1. (a) Schematic view of protein folding showing the two classical, extreme
models of protein folding: the hydrophobic collapse model and framework
models. The nucleation-condensation model is a combination of the two models,
and it can shift to either of the models with changes in the relative stability of the
secondary or tertiary structures. (b) Examples of proteins following ‘pure’ forms of
the models, as well as the shift or ‘mixing’ of the models. Proteins that fold via the
framework model are entirely helical, reflecting the stability of local interactions
and the difficulty in forming stable B-strands and the tertiary nature of B-sheets. By
contrast, there are examples of «, B, and «,B-mixed proteins that fold via the
nucleation-condensation mechanism. We are not aware of any proteins that fold
purely through nonspecific hydrophobic collapse. Instead, collapse is generally
accompanied by secondary structure formation, which falls into the more con-
certed and coupled ‘middle-of-the-road’, nucleation-condensation mechanism.
Proteins listed are discussed in the text aside from: protein A [48], tenascin [49],
FKBP12 [50] and lysozyme [51]. Abbreviations: Cl2, chymotrypsin inhibitor 2; D,
denatured state; FKBP12, FK506-binding protein; N, native state.
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sequences, as observed initially by Epand and Scheraga
[15]. Consequently, hydrophobic and other interactions
with the rest of the protein stabilize the unstable elements
of secondary structure. This is clearly seen in series of
fragments of chymotrypsin inhibitor 2 (CI2) of increasing
length, in which the a-helical and other secondary struc-
tural elements are not observed until residues that
make long-range contacts (i.e. significantly separated in
sequence) are present [16].

Support for the hydrophobic-collapse model came from
early studies showing that the hydrophobic driving force
provided by the expulsion of water from the burial of non-
polar surfaces is substantial [9]. However, the idea that the
conformational search is facilitated within a nonspecific
hydrophobic globule presents a problem because an excess
of interactions will hinder reorganization of both the
polypeptide chain and side chains. The discussions that
followed incorporated the molten globule intermediate
[4,17], proposing that the secondary structure is formed in
the process of collapsing, thus, edging closer to the middle-
of-the-road in Fig. 1 (somewhere between the two existing
models).

Another problem with the simple views of protein
folding provided by the hydrophobic collapse and frame-
work models that has become evident in the past decade is
that the denatured state is rarely a random, unstructured
coil in which side-chain interactions are fleeting and all
amino acids behave independently. In general, very harsh
conditions are necessary to obtain such disordered states.
Instead, proteins generally adopt residual structure,
which can be in the form of fluctuating secondary structure
and dynamic side-chain interactions, particularly hydro-
phobic clusters [18,19]. This residual structure can be
native-like or non-native. Residual structure can be just a
product of the tendency of the chain to limit its solvent
accessible surface area, or the structure can be beneficial
in folding by helping to channel or bias the protein in its
quest for the native state.

Experimental techniques for detecting structure during
folding have improved with respect to both spatial and
temporal resolution, and it has become clear that many
proteins fold by almost running down the middle of the
two extreme situations for folding (see Fig. 1); that is,
secondary and tertiary structure formation tends to be
coupled. Uversky and Fink [20] have provided support for
this middle-of-the-road folding by analyzing data on the
conformational properties of 41 native- and partially
folded-states (i.e. proteins that populate stable equilibrium
intermediates). They found a good correlation between the
decrease in hydrodynamic volume and increase in second-
ary structure during folding. They found no evidence for
either compact intermediates lacking secondary structure
or highly ordered secondary structure in very expanded
states.

A new mechanism for folding: nucleation-condensation
The three classical mechanisms were thrown back into the
‘melting pot’ in the early 1990s by two events: (1) the
discovery that proteins could fold by simple two-state
kinetics, without the accumulation of folding inter-
mediates [the archetype being CI2 (Fig. 2a)] [21]; and (2)
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®-value analysis of the transition state (Box 1), which
showed that secondary and tertiary structure are formed
in parallel as CI2 undergoes a general collapse [22]. This
work led to the nucleation-condensation (or nucleation-
collapse) mechanism [23-25], which unites features of
both the hydrophobic collapse and framework mechan-
isms. Nucleation-condensation invokes the formation of
long range and other native hydrophobic interactions in
the transition state to stabilize the otherwise weak
secondary structure. As with most proteins, the transition
state also forms stable folds owing to a combination of
long-range tertiary interactions and secondary structure.
Isolated elements of repeating secondary structure, such
as a-helices or B-hairpins, tend to have weak confor-
mational preferences in the absence of the rest of the
protein, and are stabilized by tertiary interactions that are
made with the rest of the protein. The transition state
resembles a distorted form of the native structure, with the
least distorted part being loosely defined as the nucleus
and the distortion tending to increase with increasing
distance from the nucleus (reviewed in [26]).

Simplified lattice-model calculations, which depict
proteins as beads on a string fixed to points in a 2D or
3D lattice, also support the idea of an extended but finite
nucleus in the transition state [27,28]. ®-values and
general aspects of the folding process are well reproduced
by funnel landscapes [29,30] and polymer physics models,
such as free energy functionals, as developed by Wolynes
and colleagues [31,32]. Thus, both high- and low-resolu-
tion theoretical studies are in good agreement regarding
the general features of the nucleation-condensation model.

However, whether any or all of the classical or novel
mechanisms occur in general, and whether there is an
underlying unifying mechanism remains to be seen. The
folding pathways of several small proteins have been
analyzed at atomic resolution by both ®-value analysis
and molecular dynamics (MD) simulation (reviewed in
[33—34]; Box 2), and specific details and a general picture
are emerging.

Atomic level descriptions of folding

Molecular dynamics simulations combined with ®-value
analysis and NMR studies are beginning to describe full
folding—unfolding pathways at atomic resolution. Even if
a protein appears to be following one of the models
described above, or if an intermediate is not observed,
there is always more happening below the surface. For
example, at the atomic level, two-state folding is funda-
mentally impossible. This idea can be illustrated by the
results of an atomistic MD simulation of the unfolding of
CI2 (Fig. 2a) in water at 100°C in reverse time (i.e. viewed
in the direction of folding) (Fig. 2b).

There is little residual structure in the denatured state
of CI2, but some hydrophobic clusters near the center of
the chain are evident, as well as fluctuating native helical
structure (Fig. 2b). This MD-generated residual structure
was confirmed by NMR studies [35]. Through fluctuation,
gyrations and interactions within the protein and with
solvent, the gross topology of the native state begins to
emerge (e.g. 30 ns; Fig. 2b). Thus, although a protein might
appear to fold in a two-state manner, inspection of
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Box 1. ®-value analysis for detailed characterization of transition and intermediate states

Protein engineering techniques have had a profound effect on the field
of protein folding. For example, researchers can now introduce
spectroscopic probes into a protein, thus providing a means of moni-
toring the folding process. However, more comprehensive mapping of
the folding process can be obtained through the systematic study of the
energetic consequences of introducing mutations throughout the
protein, and is termed the protein engineering method or ®-value
analysis [a—c]. As the effects of the mutations are evaluated by both
kinetic and equilibrium experiments, this method yields more infor-
mation about transitory states relevant to the folding—unfolding
process, such as the transition and intermediate states. The mutations
act as probes, such that the structure at the site of mutation can be
inferred from the energetics. More specifically, characterization of a
structure of interest is based on a quantity ®, which is calculated from
the following equation (Egn 1),

® = (AGrs_p — AGrs_p)(AGy-p — AGy_p) = AAGrs p/AAGy p (EqnT)

where AGrs_p and AGy_p are the free energies of the transition
state (this could also be an intermediate state) and the native
state, respectively, relative to the denatured state for the wild-type
protein (Fig. I).

Corresponding terms for the mutant are indicated by a prime.
AAGpN-pand AAGrs_p are the destabilization energies of the native state
and transition states of interest, respectively, caused by the mutation.
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snapshots of the protein shows that this is not the case at
the atomic level (Fig. 2b). Nucleation sites are evident
and collapse and condensation occur about these sites.
However, the folding nucleus, which comprises residues
distant in sequence and effectively spans the full
sequence, does not come together until the transition
state (Fig. 2b). Given the spacing of these residues, the
nucleus necessarily reflects the consolidation of both
secondary and tertiary structure. In addition, there is
degeneracy built into the nucleus such that it can be
better described as patches of the structure that coalesce
in the transition state. The transition state identified
from the simulation is in quantitative agreement with
the experimental ®-values (Fig. 2c¢) [22,23,36—38]. It
is important to note that all structures along the
reaction pathways are ‘ensembles’, representing a
statistical distribution around the canonical structure:
the denatured state is a very diverse ensemble, the
native state is a very tight ensemble, and the transition
state is between the two, although generally closer to the
native structure.

Interestingly, despite the variety of interactions occur-
ring in the denatured state as the protein moves toward
the native state, the gross behavior of the protein is quite
two-state. In effect, experiment is blind to many of these
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Fig. I. In the transition state of unfolding, the structure of the protein at the site
of mutation is the same as in the native state. The protein is immune to the
effect of the mutation until after the major transition state, and the transition
state is destabilized by exactly the same amount as the native state, that is,
AAGts_p = AAGN-_p, and ® =1 (green residue). Conversely, a ® value of 0
means that the structure of the transition state at the site of mutation is the
same as in the denatured state (cyan residue). Intermediate values represent
structures that are partially unfolded in the transition state (or a mixture of
folded and unfolded). The site of mutation has native-like extent of structure in
the transition state when ® = 1. A residue-specific structure index (S-value) for
transition state-ensembles generated by molecular dynamics is calculated for
comparison with experimentation. S-values reflect the extent of packing inter-
actions of the residue and its local secondary structure, and these values typi-
cally fall between 0 and 1 [d]. Abbreviations: D, denatured state; |, intermediate
state; TS, transition state; N, native state.

other transient but crucial conformations, but that is not to
say that they do not occur. As experimental techniques for
protein folding have improved and are now able to monitor
folding on faster time scales of ns—us, we have seen that
proteins fold much faster than previously believed, closing
the gap between the MD simulations (also ns—us) and
experiment [39]. In addition, as the spatial resolution of
experimental techniques improve and single-molecule
measurements mature, so too will we see convergence of
simulation and experiment.

Although the nucleation-condensation mechanism
was introduced to help explain the behavior of appar-
ently two-state folding proteins, it is not limited to small,
single-domain proteins. This mechanism is also appli-
cable to larger proteins by considering the behavior of
the individual domains. The small, multi-domain pro-
tein, barnase, illustrates this phenomenon. Barnase
contains two, semi-autonomous domains (Fig. 3a). Its
folding—unfolding pathway has also been mapped in
detail by combining experimental studies with simu-
lation. Barnase contains significant residual structure in
its denatured state as probed by MD, NMR and other
experimental techniques [40-42]. This residual struc-
ture helps to set up loose, native topology within the
denatured state (Fig. 3b). Even in the denatured state,
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Fig. 2. The folding of chymotrypsin inhibitor 2 (CI2). (a) Crystal structure of CI2 [52]. (b) Snapshots, omitting the solvent, from the 100°C unfolding simulation shown in
reverse time [53]. Residues important to the folding nucleus are displayed in magenta. Structures are labeled D, TS, or N, for denatured, transition, and native states,
respectively. Time points for the structures are given in parentheses. (c) A comparison of experimental ®-values and calculated S-values for the transition state shown in
(b) as a function of the site of mutation are shown on the left (see Box 1). A scatter-plot of the ®- and S-values is shown on the right. Protein images were made using UCSF

MidasPlus [54].

its two domains remain semi-independent and are
‘pinched off’ from one another.

In the primary domain of barnase (see Fig. 3), which
houses the main hydrophobic core, folding is nucleated by
residual structure in the form of fluctuating native helical
structure and hydrophobic clusters centered on the B(3—4)
hairpin. Interestingly, the hairpin participates in the
folding of the helix by actively aiding in its formation of
secondary structure via side-chain interactions that
help to pull the helix through dihedral angle transitions
(Fig. 4). We have termed this ‘contact-assisted’ secondary
structure formation. This type of mechanism is crucial
in providing the link between secondary and tertiary
structure for the more complicated processes that do not
merely involve docking of pre-formed units of secondary
structure.

In barnase, the hairpin and helix form a scaffold,
providing a site for consolidation of the remaining
B-strands (Fig. 3b). The resulting structure is loose and
represents the major intermediate during the re-folding of
barnase. The MD-generated intermediate shown in Fig. 3b
is in quantitative agreement with the experimentally
derived ®-values [43,44]. Further collapse and consolida-
tion about this structure then follows in the transition
state, bringing the residues involved in the folding nucleus
into close proximity. As with the intermediate, the cal-
culated and experimental ®-values are in good agreement
(Fig. 3c) [45,46]. For the second helical domain, helix 2
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contains considerable residual structure in the denatured
state, and the short 3—10 helix docks upon it. Owing
to the pinching off of this short loop, tertiary interactions
are primed for the later collapse and refinement of
packing interactions that occur in the transition state
and the consolidation of the interface between the two
domains.

Although barnase is small, it is reasonable to assume
that other larger proteins will follow a similar pathway
and pinch-off smaller domains to fold more locally. As such,
it would appear that we have a unifying mechanism of
protein folding. In the case of the framework model, it can
be considered as an extension of nucleation-condensation,
in which secondary structure is overly stable — particu-
larly «-helices (Fig. 1) — as with the engrailed homeo-
domain [39] (Fig. 5a). In this case, significant residual
structure in the denatured state is propagated to the
intermediate state (or, in effect, the denatured and inter-
mediate states are equivalent) and the rate-determining
transition state involves docking of these secondary
structure elements and consolidation of packing inter-
actions around these docking surfaces (Fig. 5b). Thus, if
the secondary structure is sufficiently stable in the
absence of significant tertiary interactions, folding can
proceed in a more stepwise, hierarchical manner. In other
members of the homeodomain superfamily, there is a shift
from the diffusion—collision mechanism to nucleation-
condensation as the intrinsic tendency to form stable
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Box 2. Molecular dynamics simulations of protein unfolding
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Molecular dynamics simulations can be used to obtain atomic positions
as a function of time, thereby providing a realistic and complete picture
of protein motion. This technique requires a well-defined starting
structure and a potential energy function whose parameters have been
derived to reproduce structures and energy trends in various model
systems. During the simulation, the atoms move due to their own kinetic
energy and the forces exerted upon them by all other atoms. Specific
interactions can then be monitored both geometrically and energeti-
cally to investigate structural transitions and the mechanism by which
they occur. Given the importance of solvent in determining the con-
formational properties of proteins, it is imperative to include solvent
inthe simulation to model denaturation realistically (see Fig. |). Because
of severe sampling limitations under folding conditions with such
high-resolution simulation methods, we typically focus on unfolding
events (Fig. I).

Solvate Heat to desired
with temperature and
water allow motion to
evolve over time
B — B —
T=25°C
p=0.997 gml-1
T =225°C
p=0.829 gmI-1

Crystal or
NMR Structure

TiBS

Fig. I. Setting up a molecular dynamics simulation. The solvent box is at 225°C
with the density set to the experiment value for this temperature.

There are numerous advantages to studying unfolding rather than
folding. Simulations begin from a well-defined starting structure — a
crystal or NMR structure — which improves the probability of sampling
experimentally relevant regions of conformational space. It is not
necessary to have molecular dynamics samples all of conformational
space, as real proteins do not sample all possible conformations during

secondary structure decreases (N.R. Guydosh et al., unpub-
lished results). Similarly, increasing hydrophobic content
can favor formation of ‘molten globule’-like intermediates
[47], possibly leading to a shift in the mechanism.

Concluding remarks

The framework and hydrophobic collapse mechanisms can
be viewed as extremes of the nucleation-condensation
mechanism: in a typical domain in which the intrinsic
conformational preferences for secondary are weak, the
formation of the transition state requires a considerable
network of tertiary interactions to stabilize it. In domains
that have unusually strong conformational preferences,
such as the engrailed homeodomain, the folding appears
to be hierarchical, and some proteins might fall into a
trap of a molten globule if hydrophobic interactions
are formed too rapidly and strongly. Accordingly, the
nucleation-condensation mechanism appears to describe
nicely the folding of proteins regardless of their size and
the complexity of the folding pathway; that is, it is not
limited to small single-domain, two-state folding proteins.
In its original formulation, this model described the

http://tibs.trends.com

folding and unfolding. Another advantage to studying unfolding is that
the full reaction coordinate, from the native to denatured states, can be
explored. The temperatures used to unfold the protein are typically very
high (225°C). However, it is worth noting that care must be taken to set
the solvent density to the experimental value of the temperature of
interest so that the excess pressure can be reduced and the water will
remain a liquid up to 225°C (the water shown here is at 225°C, with the
density set to the experimental value for this temperature). Also, we
have shown that increasing the temperature merely accelerates the
unfolding process, it does not change the overall pathway [b—d].

As with experiment, studying transition states presents problems for
simulation studies. The transition state for folding—unfolding is an
ensemble of high free-energy structures. Unfortunately, even if a
reasonable unfolding pathway can be simulated with molecular
dynamics, the calculation of free energies for such a complicated
process is not possible. Instead, the structural properties, which are the
strength offorce field methods, are used to identify the transition state in
a simulation. Using this approach, structural attributes of the transition
state ensemble can be precisely delineated; however, there is no
guarantee that the ensemble identified is the state of highest free
energy. As the transition state is kinetically and thermodynamically
unstable, the structure of the protein is expected to change rapidly once
it passes the major transition state. Therefore, the major transition state
in the simulations can be defined as the ensemble of structures
populated immediately before the onset of a large structural change.
The simplest method of identifying transition state regions is through a
conformational cluster analysis [a].
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folding of two-state proteins via concerted and cooperative
secondary and tertiary structure formation about the
transition state for folding. In the more general inter-
pretation of the model described here, heightened stability
of secondary structure can shift the mechanism to account
not only for the formation of folding intermediates but
also for hierarchical models of folding in general. In
addition, through combined theoretical and experimental
efforts, a novel mode of secondary structure formation via
a tertiary-contact-assisted mechanism was discovered.
This mechanism allows for generalization of the nuclea-
tion-condensation model and provides a detailed view of
the coupling between secondary and tertiary structure.
Whether this coupling is weak — favoring the framework
model — or strong and occurring primarily within the
transition state (as for single domain, two-state folding
proteins) depends on the particular sequence and balance
of forces.
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Fig. 3. The folding pathway of barnase. (a) The NMR structure of barnase [55]. (b) Snapshots were taken from a high-temperature (225°C) simulation in water and are pre-
sented in reverse time [43]. (c) Comparison of the experimental ®-values and calculated S-values for the transition state shown in (b). There is a good correlation between
theory and experiment, aside from «2 (green), one residue in particular in a2 - the large green square — is in very poor agreement. The simulations consistently over-pre-
dict helical structure in a2 relative to the ®-values, but other experimental results are consistent with the view that a2 is largely intact in the transition state. The auton-
omous nature of a2, combined with its residual structure in the denatured state, might make the effects of mutation unobservable by ®-value analysis [46]. Abbreviations:
D, denatured state; |, intermediate state; TS, transition state; N, native state. Protein images were made using UCSF MidasPlus [54].

(€Y
N
¢ B4
: 0 /2
al -
[33 fy )4 Fd
~ &l o
&) \ P
: {
NMR structure 2.75ns

Fig. 4. Contact-assisted helix formation in barnase. Direct refolding of helix 1 is observed in the molecular dynamics simulation. This refolding is catalyzed by tertiary inter-
actions with other residues distant in sequence, particularly those in the region of the 3(3-4) hairpin [41,42] (e.g. a1 is unfolded at 2 ns). Tyr90 flips down to interact with
Val10 and pulls the a1 chain around. Leu89 interacts with Leu14, further consolidating the turn of the helix. Phe7 is pulled around and then interacts with Trp94, leading to
addition of the last turn. The interactions both nucleating the conformational transition and stabilizing the helix afterwards are almost entirely non-native. (a) The entire bar-
nase chain, with a1 (magenta) and the B(3-4) hairpin (cyan). The N- and C-termini are colored red and blue, respectively. (b) Magnification of the «1 and B(3-4) region
show in detail the side chains of residues important in the conformational change. Note that each partial structure in (b) corresponds to the colored region above in (a) in
exactly the same orientation, but on a larger scale. Protein images were made using UCSF MidasPlus [54].
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Fig. 5. The folding pathway of the engrailed homeodomain. (a) The crystal structure [56] and representative transition state structures from 100°C and 225°C simulations,
showing how high temperature accelerates folding without changing the overall pathway of unfolding [39]. (b) Snapshots from the 225°C simulation are shown in reverse,
and labeled by time and conformational state. The helices have strong helical propensities in isolation such that the rate-determining step involves docking of the helices.
Abbreviations: D, denatured state; TS, transition state; N, native state. Protein images were made using MidasPlus (University of California, San Francisco, CA, USA) [54].
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