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Abstract Understanding the mechanism by which a poly-
peptide chain folds into its native structure is a central prob-
lem of modern biophysics. The collaborative efforts of
experimental and theoretical studies recently raised the tan-
talizing possibility to define a unifying mechanism for pro-
tein folding. In this review we summarize some of these
intriguing advances and analyze them together with a dis-
cussion on the new findings concerning the so-called down-
hill folding.
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Abbreviations

TS Transition state

DC Diffusion—collision

NC Nucleation—condensation

En-HD Engrailed homeodomain
CI2 Chymotrypsin inhibitor 2
VHP  Chicken villin headpiece

Introduction
Discovering the details of the protein folding reaction is

one of the central problems of structural biology and pro-
tein biophysics. Christian B. Anfinsen and Cyrus Levinthal
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may be considered as the historical forefathers of in vitro
protein folding studies. In fact, while Anfinsen first
observed that all the information needed for a protein to
fold may be found in its amino acidic sequence (Anfinsen
et al. 1961), Levinthal pointed out that folding cannot take
place via a random sampling of all possible conformations
(Levinthal 1968). Thus, the traditional view of the protein
folding reaction was based on the existence of a preferred
route driving the denatured chain to its native conformation
via a sequence of consecutive intermediates, whose struc-
tural features are encoded by the primary structure. Novel
theoretical and experimental approaches have recently con-
tributed to challenge this mechanism and introduced more
complex and detailed models, which capture the finest
details of the folding reaction (Daggett and Fersht 2003).
Despite the inherent complexity of the protein folding
reactions, proteins seem to fold via a limited number of
accumulated intermediates with several proteins displaying
a simple two-state behavior. Thus, a key role in protein
folding studies has been played by the description of fold-
ing transition states (Fersht 2000). The transition state (TS)
theory was introduced by Eyring in 1935 to model the
observed kinetics of simple chemical inter-conversions
(Eyring 1935). Following this view, observed kinetics of
chemical reactions are dependent upon the formation of an
activated complex, which arises from the productive colli-
sion of reactants. The TS of any chemical reaction may be
defined as that particular configuration, along the reaction
coordinate, that corresponds to the highest free energy. In
theory when and if a reactant explores the transition state
configuration, it will have an identical probability to revert
to the reactant or progress to the product of a given chemical
reaction. Fersht and coworkers extended the TS theory to
protein folding studies and, as described below, contributed
to the characterization of classical folding mechanisms. In
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analogy with the TS of chemical reactions, the transition
state ensemble of folding is the ensemble of protein confor-
mations with an equal probability to fold or unfold. By
employing a procedure developed by Fersht and co-work-
ers, the ¢ value analysis (Fersht et al. 1992), interactions
formed in the TS of folding have been mapped out for sev-
eral small proteins; this approach has provided information
on both native and non-native contacts formed in the TS.
By systematically perturbing native interactions via muta-
genesis while measuring the folding kinetics of the mutant
protein, it is possible to identify interaction patterns present
in the folding transition state (Matouschek et al. 1990). The
role of a given residue is measured by its ® value upon
mutagenesis, which normalizes the change in stability of
the activation barrier to that of the native state. The @ value
is a structural index for a given residue in the transition
states or folding intermediates; @ value of 1 suggests that
the probed position is fully structured in the transition state
whereas @ value of O indicates that it is fully unstructured.
While the interpretation of experimentally determined @
values is widely debated (Fersht and Sato 2004; Weikl and
Dill 2007), the ® value analysis is to date the most widely
employed technique to characterize protein-folding path-
ways.

In this review we will address some of the recent work
focused on the describing the general mechanisms of the
protein folding reaction. First, we will present the classical
one-trajectory mechanisms used to describe the folding
process, and highlight cases where apparently contradicting
models of protein folding may manifest themselves in the
folding of one-and-the-same protein. Then we focus on the
statistical landscape view of protein folding and its implica-
tions with parallel folding channels and the possibilities of
tuning the folding process into different trajectories.
Finally, we summarize the recent findings and controver-
sies on so-called downhill folding.

Classical mechanisms for the protein folding reaction

Two distinct mechanisms have classically been used to
describe the folding of small single-domain proteins
(Fig. 1). Some proteins, such as apomyoglobin (Bashford
etal. 1988; Nishimura et al. 2000), barnase (Wong et al.
2000), the engrailed homeodomain (En-HD) (Mayor et al.
2003a) and the lambda repressor fragment (Myers and Oas
1999) have been described to fold in a stepwise manner,
with rapid formation of distinct nuclei, comprising nascent
secondary structure elements, followed by their collision
and consolidation (diffusion—collision model, DC) (Karplus
and Weaver 1994). Some other proteins, with chymotrypsin
inhibitor 2 (CI2) as a first example (Itzhaki et al. 1995),
seem to follow the nucleation—condensation model (NC)
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Fig. 1 Schematical representation of the classical mechanisms for
protein folding described in the text. The diffusion—collision (DC)
model (fop panel) is based on the existence of micro-domains, involv-
ing segments of secondary structure, whose productive collision repre-
sents the rate-limiting step of folding. On the other hand, according to
the nucleation—condensation (NC) model (bottom panel), the main
folding TS is a distorted version of the native state and folding occurs
via simultaneous formation of secondary and tertiary structure, around
a weakly-structured folding nucleus

(Abkevich et al. 1994), with concurrent formation of sec-
ondary and tertiary structure. As discussed below, the mag-
nitude and distribution of @ values for a given protein is a
critical test to distinguish between DC and NC mecha-
nisms. In this section, we will summarize some of the char-
acteristic features that, over the past decade, have been
assigned to the DC and NC models.

In 1976 Karplus and Weaver discussed the dynamics of
protein folding and introduced a plausible mechanism, the
DC model (Karplus and Weaver 1976, 1994). This formal-
ism assumes that a protein molecule is divided into parts
such that the information contained in the amino acid
sequence of each part is sufficient to fold autonomously.
In particular, the DC model is based on the existence of
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fluctuating quasi-particles, the “microdomains”, which
may be portions of incipient secondary structure. The
microdomains may move diffusively and microdomain—
microdomain collisions take place. Productive collisions
lead to coalescence into intermediates, which may involve
microdomains that are not necessarily contiguous along the
protein sequence. Folding proceeds as a series of coales-
cence events that might either follow a unique order
(sequential folding pathways) or explore different routes
(parallel folding pathways), whose dominant components
might be affected by solvent conditions or primary structure
compositions for different homologous proteins. Thus, the
DC model reduces the dynamics of the folding process to
the diffusion events of discrete pre-formed microdomains
of nascent secondary structure elements.

Two main corollaries are implied by the DC scenario
(Karplus and Weaver 1994): (1) folding proceeds via a
series of intermediates; and (2) formation of secondary
structure elements precedes formation of tertiary structure.
A paradigm example of a protein following the DC model
is represented by the small helical protein En-HD. The
folding pathway of En-HD involves the formation of a
compact folding intermediate, whose structural properties
have been addressed by protein engineering (Gianni et al.
2003b), small angle X-ray scattering (Mayor et al. 2003a,
b) and NMR (Religa et al. 2005, 2007). Furthermore, in
agreement with the DC model, the main folding transition
state of En-HD displays heterogeneous structure localiza-
tion, with regions having ® values close to 1 and others
displaying @ values close to O distributed in contiguous
blocks, indicative of preformed secondary structure ele-
ments (or independent microdomains) (Gianni et al.
2003a). In fact, recent investigation of the isolated helices 2
and 3 of the En-HD, forming a helix-turn-helix motif in the
full domain, have demonstrated the helix-turn-helix motif
to fold as an independent domain, and thus acting as an on-
pathway intermediate (Religa et al. 2007).

The folding mechanism of CI2 has historically played a
key role in our understanding of protein folding pathways.
Indeed, the investigation of the folding pathway of CI2 by
extensive @ value analysis provided the opportunity to
challenge the DC model and suggested the definition of the
NC model. In 1991, CI2 was found as the first example of a
two-state folding protein, where only the fully denatured
and native states may be populated (Jackson and Fersht
1991), which clearly contradicted the DC model. Several
other proteins were later found to follow the two-state
mechanism (Jackson 1998). Furthermore, the structure of
the folding transition state of CI2 was mapped by @ value
analysis on more than 100 mutants under various experi-
mental conditions (Itzhaki et al. 1995); nearly all positions
probed in the sequence of CI2 displayed fractional ® val-
ues, with an average of ca. 0.3, indicating fractional bond

formation of many of the probed interactions. Only a small
set of positions, including a o-helix and a f-strand, dis-
played higher clustered ® values, representing the “folding
nucleus”. From the overall fractional @ values it appears as
if the TS in the folding of CI2 is a distorted version of the
native state and the protein seem to fold as a single cooper-
ative unit, thus challenging the concept of pre-existing
microdomains postulated by the DC model.

Consequently, the NC model postulates the existence of
a folding nucleus, about which the transition state is con-
structed (Abkevich et al. 1994). Importantly, formation of
the nucleus is not the solely rate-limiting event, and a sig-
nificant portion of the structure must collapse (or condense)
to an approximately correct conformation for the discontin-
uous network of interactions in the nucleus to come
together. Formation of the nucleus (nucleation) is coupled
with a more extended formation of structure (condensation)
(Fersht 1995). Thus, the protein appears to collapse around
an extended nucleus as this is being consolidated, and the
TS appears as a distorted version of the native state with
secondary and tertiary structure forming in parallel. By
applying the NC model, the nucleus may be identified by
the few residues displaying higher ® values; the native-like
structure in the TS should gradually decrease with a smooth
gradient of decreasing @ values from the nucleus, as exem-
plified by CI2 folding (Itzhaki et al. 1995). Interestingly,
despite the weakness of the folding nucleus implied by the
NC model, ingenious experiments based on topological
mutations of CI2, including circular permutation (Otzen
and Fersht 1997) and splitting of the protein (Neira et al.
1996), suggest that the position of the nucleus is quite con-
served in proteins following the pure NC model.

Unifying features in protein folding mechanism

As exemplified above, kinetic experiments carried out in
solution over the past two decades provided the basis for a
major distinction between proteins folding with two- or three-
state mechanisms, following the NC and DC models, respec-
tively. Hence, in this distinction, the presence or absence of
intermediates in the kinetic folding mechanism played a cru-
cial role, and the methods of identifying their mechanistic
roles were the topic of recent reviews (Brockwell and Rad-
ford 2007; Gianni et al. 2007c). Small proteins often fold fast
and without detectable folding intermediates, which was
taken as evidence against the importance of partially folded
states in the folding of these proteins (Krantz et al. 2002).
However, several studies indicate folding intermediates as
consensus species even in the smallest and fastest folding pro-
teins studied (Mayor et al. 2003b; Jemth et al. 2004).

Is there an inherent difference between two-state and
multistate folders? To address this question, Sdnchez and
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Kiefhaber (2003) analyzed experimental data of 23 pro-
teins, supposedly two-state folders, displaying deviations
from linearity in their chevron plots which had previously
been explained in terms of a broad TS barrier. According
their analysis, the data were systematically fitted with great
accuracy to a sequential model involving unstable, high
energy intermediates, suggesting that the major difference
between apparent two-state and multi-state folding proteins
is the relative stability of the partially folded intermediates.

Studies of folding mechanism of homologous protein
suggested that the structural mechanisms of folding may be
conserved, even if the kinetic folding mechanism is differ-
ent. The bacterial immunity proteins Im9 and Im7 appar-
ently fold by two-state or three-state mechanisms,
respectively (Ferguson et al. 1999). However, the late tran-
sition state ensembles of the two proteins have similar
properties (Friel et al. 2003). In fact, under acidic condi-
tions it was possible to stabilize a high-energy folding inter-
mediate of Im9 so that it became kinetically detectable
(Gorski et al. 2001). Furthermore, the folding intermediate
of Im7 involves formation of non-native contacts (Capaldi
et al. 2002). By rational engineering of Im9 it was possible
to stabilize non-native interactions in the folding intermedi-
ate and thereby speed up the folding process (Friel et al.
2004). Similar switch in the folding mechanism has been
observed in the case of RNase H (Spudich et al. 2004).

In the case of c-type cytochromes, analyses of the fold-
ing mechanism of cytochromes from prokaryotes to
eukaryotes indicated that the folding pathway of these pro-
teins involves the formation of one and the same partially
structured intermediate (Travaglini-Allocatelli et al. 2004).
In agreement with the proposed consensus mechanism, it
was shown that the high-energy folding intermediate of
Pseudomonas aeruginosa cyt ¢551 (Gianni et al. 2001) can
be stabilized by rational mutagenesis so that it becomes
kinetically detectable (Borgia et al. 2006).

As shown by these studies, there is no clear distinction
between two-state folding through a NC model and three-
state folders displaying DC behavior. Accordingly, recent
work on the homeodomain superfamily (Gianni et al.
2003a) and on PDZ domains (Gianni et al. 2007¢c) sug-
gested that NC and DC models may represent extreme
manifestations of an underlying common mechanism and
that proteins may appear to fold by either NC or DC
depending on the inherent stability of their secondary struc-
ture elements. The homeodomain superfamily is composed
of small three-helical bundle proteins. The kinetics and
mechanisms of folding vary across the family, such that the
human telomeric repeat binding factor 1, human repressor—
activator protein 1 and the third repeat of mouse cellular
myeoblastis DNA binding domain display two-state kinet-
ics while the folding of En-HD displays three-state kinetics,
as discussed previously (Gianni et al. 2003a). By different
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experimental and computational approaches, such as ©
value analysis and molecular dynamic simulations (White
et al. 2005) it was shown that the mechanism of folding in
the homedomain family changes from NC behavior to DC
behavior, with helical elements fully preformed, concur-
rently with an increase in the inherent helical propensity.
From these observations it was proposed a unifying mecha-
nism that, depending on the inherent stability of the second-
ary structure elements, may manifest itself as either NC or
DC behavior (Gianni et al. 2003a).

In agreement with the suggested unifying mechanism,
the folding process of a PDZ domain was shown to com-
prise elements of both the DC and NC mechanisms (Gianni
et al. 2007b). Folding of PDZ2 involves the crossing of two
consecutive TS barriers, as shown by non-linear folding
kinetics (Gianni etal. 2005) and ligand-induced folding
experiments (Ivarsson et al. 2007). The interactions formed
in the two distinct TS were mapped by ¢ value analysis.
Surprisingly, while the first TS clearly displayed character-
istics of folding according the NC mechanism (i.e. many
mutants displaying ¢ =0 and only some mutants, corre-
sponding to the folding nucleus, having fractional ¢ val-
ues), the second TS displayed characteristics of the DC
mechanism (several ¢ close to 1, and the rest displaying
fractional ¢) (Gianni et al. 2007b). The folding of PDZ2
was suggested as a paradigmatic example in which the two
extremes of the unifying mechanism are manifested in one
single protein. According to this unifying folding mecha-
nism, the folding of small globular proteins is suggested to
involve three major events: (1) formation of a weak nucleus
that determines the native-like topology of the structure, (2)
a global collapse of the entire polypeptide chain, and
finally, (3) consolidation of the remaining partially struc-
tured regions to achieve the native state conformations.

Landscape theory and multiple folding pathways

The folding of a protein involves formation and breakage of a
myriad of contacts. Hence, the classical one-trajectory view
of protein folding is an over-simplification of the mechanism
of the folding process at a molecular level. A different view,
the statistical energy landscape perspective (Onuchic et al.
1996, 1997), describes folding as taking place on a rugged
free-energy landscape in which free-energy barriers separate
ensembles of states displaying different levels of structural
heterogeneity, such as the native and the denatured states.
The high speed of protein folding, as compared to most bar-
rier-limited chemical reactions, is due to the near-cancella-
tion of the contributions of enthalpy and entropy to the free
energy landscape during the folding process. The plasticity
of folding pathways implicit in the landscape theory assumes
that proteins can be rerouted through the energy landscape by
mutational (Wright et al. 2003), topological (Lindberg and
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Oliveberg 2007) or solvent perturbations (Otzen and Fersht
1997; Gianni et al. 2007c). The given trajectory taken by a
protein molecule is determined by thermodynamic probabili-
ties. In accordance with the landscape view of protein fold-
ing, the shift between NC and DC behavior highlights the
tunability of the folding landscape.

In agreement with the statistical landscape theory, sev-
eral proteins have been suggested to fold via parallel routes,
such as lysozyme (Kiefhaber 1995) and c-type cytochromes
(Gianni et al. 2003b). The first example of parallel folding
pathways studied by ® value analysis is the 27th immuno-
globulin domain of titin (Wright et al. 2003). The compact
TS of the predominant pathway was destabilized at increas-
ing denaturant concentration and the flux of protein mole-
cules were directed towards an alternative folding channel
with less structured TS. Other experimental (Gianni et al.
2007a) and computational studies (Wallin et al. 2007) have
reported proteins to switch their preferred folding pathways
depending on the environmental conditions. The different
TS observed in homologous proteins (McCallister et al.
2000) and in engineered circular permutants (Lindberg
et al. 2002; Hubner et al. 2006) also support the notion of
parallel folding pathways.

Molecular dynamic simulations have proposed the exis-
tence of parallel folding pathways for a variety of small
protein domains (Lazaridis and Karplus 1997; Borreguero
et al. 2004; Caflisch 2004; Rao et al. 2005; Juraszek and
Bolhuis 2006; Lam etal. 2007) and interplay between
experiments and simulations have surely contributed to the
knowledge of the folding landscapes. However, as exempli-
fied below, while the synergy of simulations and experi-
ments contributed to broaden our knowledge on the finest
details of the folding process (Daggett and Fersht 2003),
care must be taken in over-interpreting results from molec-
ular dynamic simulations without experimental validation.
The symmetrical B domain of protein A (BdpA), a three-
helix bundle protein of 60 residues, has been subjected to a
number of molecular dynamic simulations (Wolynes 2004
and references therein). In a recent study (Itoh and Sasai
2006) this highly symmetrical protein was suggested to
have access to multiple folding pathways. In the search of
experimental evidence of parallel folding trajectories, Sato
and Fersht (2007) performed an extensive ¢ value analysis
of BdpA under various experimental conditions. To perturb
the relative flow through different folding channels the fold-
ing experiments were performed at various temperatures
and ¢ values were determined as a function of temperature
in the range of 25-60°C. Despite significant change of fold-
ing conditions the ¢ values remain largely unchanged indi-
cating the TS structure of BdpA remained more or less the
same. Contrasting with the proposed parallel pathway
scheme, the results rather suggest the folding of BpdA to
take place through a single dominant pathway.

Downbhill folding: when the barrier is just absent

Downbhill folding, that is folding in the absence of barriers
between the unfolded and native states, has lately received
lot of attention. It is predicted by landscape theory that the
energy barriers between the folded and the unfolded states
are minimized when there is an extreme energetic bias
towards the native state, such as at low temperature or in
the absence of denaturant. Under such conditions, two-state
folders or sequential intermediate models are predicted to
be turned into downhill folding which proceeds through an
array of temporary conformations with broad distributions
of folding times (Bryngelson etal. 1995). The downhill
folding is expected to take place very rapidly, approaching
the speed limit of folding, which is about N/100 ps (where
N is the number of residues) depending on the protein
sequence and structure; for a full list of proteins folding in
an ultra-fast time scale see Kubelka et al. (2004). Much of
our current knowledge of the speed-limit for formation of
simple elements of secondary structure has been achieved
by systematically inspecting the folding of simple elements
involving o-helix (Williams et al. 1996; Huang et al. 2001;
Lapidus et al. 2002), S-hairpins (Munoz et al. 1997) and
loops (Bieri et al. 1999; Buscaglia et al. 2005). For a three-
helix bundles protein downhill folding would occur on
timescales as short as about 0.6 ps.

Besides the mere speed of the folding reaction, non-
cooperative temperature independent unfolding and probe-
dependent kinetics have been judged as important criteria
for downhill folding. For example, Gruebele and co-work-
ers reported non-exponential kinetics under conditions with
native bias in the folding of two proteins, a double-mutant
of human ubiquitin and yeast phosphoglycerate kinase, and
the results were interpreted as downhill folding (Sabelko
etal. 1999). Furthermore, the same group suggested that
the probe-dependent kinetics under a strong bias towards
the native state of an engineered variant of the lambda
repressor was a signature of downhill folding (Ma and
Gruebele 2005). However, the relation between odd kinet-
ics and downhill energy surfaces was recently scrutinized
by Hagen (2003, 2007), who concluded that kinetic signa-
tures proposed for downhill such as non-exponential and
probe-dependent kinetics folding are unreliable, and it is
thus not possible to discriminate in favor of downhill fold-
ing only from relaxation kinetics.

In addition to downhill folding taking place under strong
native bias, as suggested by the energy landscape theory
(Bryngelson et al. 1995), Munoz and coworkers have sug-
gested an alternative downbhill folding process. If the can-
cellation of enthalpic and entropic contributions to the free
energy during folding is almost perfect, a protein would
fold without encountering any significant energy barrier
(i.e. greater than 2kpT to 3kzT) and the folding would

@ Springer



726

Eur Biophys J (2008) 37:721-728

proceed “downhill” in free energy landscape at any condi-
tion (Oliva and Munoz 2004). This unimodal downhill
folding would only be limited by a slight ruggedness of the
free-energy surface. When a protein, folding in a unimodal
downhill process is subjected to denaturing conditions it is
expected to unfold gradually, with the unfolded and native
states merging together depending on the experimental con-
ditions (Garcia-Mira et al. 2002). The exciting prospective
of capturing partially (un)folded protein species triggered a
hunt for ultra-fast folding proteins potentially displaying
unimodal downhill folding.

The 35-residue subdomain from the chicken villin head-
piece (VHP) is the smallest known native sequence that
folds into a globular structure. Aiming to reach the folding
speed limit VHP was engineered so that unfavorable elec-
trostatic interactions in native VHP was removed and the
folding rate of VHP was increased from a few ps at 300 K
to 0.7 ps (Kubelka et al. 2006). Despite this record breaking
folding speed, a small barrier still remains, suggesting that
the onset of unimodal downhill folding is faster than antici-
pated.

In principle, it should be possible to distinguish between
cooperative and unimodal downhill folding by NMR stud-
ies, by monitoring the folding of individual residues during
thermal denaturation (Ferguson et al. 2004). This approach
was employed by Sadqi et al. (2006) on a protein proposed
to fold in a unimodal downhill fashion, a naphthylalanine-
labelled truncated version of BBL. Proton NMR data was
recorded during thermal unfolding data on 158 backbone
and side-chains protons. As the midpoints of the atomic
unfolding curves were not superimposable, but spanned a
temperature range of 60 K, it was suggested that at any
given temperature, some hydrogen atoms were in a folded
environment whereas others were in an unfolded environ-
ment. However, the results were later re-analyzed by two
independent groups, that both concluded that the quality of
the data was not sufficient to adequately discriminate
between unimodal downbhill folding and folding with coop-
erative transition (Ferguson etal. 2007; Zhou and Bai
2007).

Finally, the hallmark of unimodal downhill folding is an
underlying conformational distribution. Therefore, single-
molecule experiments, such as those exemplified by Eaton
and coworkers (Schuler et al. 2002; Lipman et al. 2003),
may provide the final proof of the existence of a protein
folding in a unimodal downhill fashion (Knott and Chan
2006; Huang et al. 2007) but until conclusive evidences of
downhill folding proteins are presented, folding, as we
know it, remains a barrier limited process.
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