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Protein Folding, Unfolding and Misfolding: Role Played by Intermediate

States
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Abstract: Most proteins fold into their native structure through well defined pathways which involve a limited number of
transient intermediates. Intermediates play a relevant role in the folding process; many diseases of genetic nature are in
fact coupled with protein misfolding due to formation of stable, inactive intermediate species of the protein. This review
deals with a number of diseases associated with protein misfolding and briefly describes the mechanism(s) responsible, at
molecular level, for such pathologies. It is also considered the (native @ molten globule) transition, recently observed for
some proteins, in which a native protein converts into a stable compact intermediate state able to carry out distinct physio-
logical functions inside the cell. A non-native compact form of cyt ¢, for example, appears to have a role in the pro-
grammed cell death (apoptosis) after that the protein is released from the mitochondrion, and non-native forms of the
same protein appear involved in some of the disorders attributed to amyloid formation.
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INTRODUCTION

Defining the mechanism(s) governing protein folding
remains a central point in biophysics and molecular biology.
To explain how a protein synthesized as a linear unfolded
polypeptide rapidly folds into its biologically active structure
even though there are a large number of potential conforma-
tional states, still remains an intriguing and still unsolved
puzzle that has stimulated, over the last years, the interest of
many researchers.

At present, a widely accepted view suggests that whereas
small proteins fold through a two-state (unfolded < native)
mechanism, larger proteins (i.e., those with more than 100
residues) fold into the unique native structure through well
defined folding pathways which involve a limited number of
intermediate species. Therefore, big effort has been lavished
to characterize the intermediate species detected during the
folding process.

In the last years, a large body of kinetic and equilibrium
data have provided extensive information on the protein
folding pathway(s) and on the structural properties of inter-
mediate states, thus providing relevant contribution to better
understanding the process [1-9]. Its high cooperativity and
complexity, however, renders hard the characterization of
kinetic intermediates forming during folding, in part due to
limitations of the experimental approach [10-12]. Therefore,
a valid alternative strategy is represented by the study of
partially folded states at equilibrium, which reveal how a
non-native state of a protein is structurally organized.

Studies on proteins have outlined the strict correlation
between equilibrium and kinetic intermediates [13], and
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elucidated the properties of the ‘molten globule’, a non-
native compact state considered a major intermediate in pro-
tein folding [11,13-15]. A deep knowledge of the properties
of intermediate species is important; as it will be described
below, stable folding intermediates generated by mutated
proteins may cause genetic diseases and facilitate the arising
of pathologies in humans.

UNFOLDING/REFOLDING KINETICS

Under physiological-like conditions, a protein folds spon-
taneously into its native biologically active state following
the information encoded in the amino acidic sequence of the
polypeptide chain. Most proteins fold through a non-two-
state process, which implies the formation of a limited num-
ber of intermediate states, as described by the following
scheme:

U=2n(I)=2N

where U is the unfolded state, I the intermediate state(s),
and N is the native state.

The kinetic investigation of protein folding is generally
complicated by the uncertainty concerning the structural
characteristics of partly folded states and the role they play
during the folding process. An important, not fully clarified
point concerns the role played by kinetic intermediates in the
route towards formation of the native state. It is not clear yet,
for example, whether an intermediate state I is to be treated
as an original on-pathway transient species or, instead, as an
accumulating off-pathway misfolded form produced by a
side-reaction. Recent reports (see below) hypothesize that
transient intermediates accumulating as off-pathway forms in
protein folding, may induce diseases in humans [11]. Thus,
identifying the kinetic mechanism(s) governing protein fold-
ing and determining the properties of intermediates forming
during the process, remains a priority.

© 2008 Bentham Science Publishers Ltd.
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Protein folding is solely investigated under native-like
conditions which favour the rapid formation of the biologi-
cally active structure. From a kinetic point of view, interme-
diates have been classified as ‘early’ or ‘late’ intermediates;
the ‘early’ intermediates form rapidly (within a few millisec-
onds), whereas the ‘late’ intermediates form just prior to the
lowest, rate-limiting step of the folding reaction (see [16] for
a detailed description). Being short lived, the ‘early’ inter-
mediates are very difficult to study, while the ‘late’ interme-
diates can be “kinetically trapped”; by decreasing the rate of
folding, trapping facilitates the kinetic characterization of
intermediate steps.

THE MOLTEN GLOBULE

The molten globule (MG), considered the major interme-
diate of protein folding, is a non-native compact state of a
protein characterized by native-like secondary structure but
fluctuating tertiary conformation. This implies that during
folding the just synthesized protein collapses into a flexible
compact species whose tertiary architecture lacks the tight
packing typical of the native state, as shown in Fig. (1).
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Fig. (1). Molten globule model in the folding pathway of a protein.

The MG of several proteins, as carbonic anhydrase, o-
lactalbumin, apomyoglobin, cytochrome ¢, has been investi-
gated in high detail during the last years (see, for example,
[17-20]); these studies have confirmed the more expanded
(less compact) structure of the MG with respect to the native
state. The hypothesis asserting that the MG is stabilized
mainly by hydrophobic interactions is confirmed from the
fact that, although less packed, the non polar groups maintain
in the MG their attraction in water. As observed for apomyo-
globin the MG is stabilized mainly by hydrophobic interac-
tions, while the native state is instead stabilized by a specific
tight packing. About twenty years ago, Ptitsyn and collabora-
tors introduced the “non-uniform model” theory to describe
the structural properties of the MG [15, 21]. The theory is
based on the hypothesis that in the MG macromolecules un-
dergo a non uniform expansion. This implies that some re-
gions of the macromolecules (those constituting the core of
the protein, including o- and B-regions) remain about pre-
served (the core becomes a little less rigid), whereas other
regions, as the loops and the ends ofa- and B-regions, result
less folded. Thus, although water molecules cannot penetrate
relevantly inside the MG core because the non polar groups
of o~ and B-regions have a very limited capability to expand,
the more unfolded regions can be easily penetrated by water.
Under this aspect, the MG can be assumed as a “liquid-like”
system since the native arrangement of ordered secondary
regions is stabilized by (“liquid-like”) hydrophobic contacts.

The reason for which loop regions undergo conforma-
tional changes as the protein partially unfolds into the MG, is
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due to the fact that in the native conformation some loops
and the protein core are attached one to the other by interac-
tions involving hydrophobic residues. Formation of the MG is
coupled with a slight increase of the macromolecule volume,
which facilitates release of these hydrophobic amino acids;
as a consequence, loops unfold because their stability is sig-
nificantly reduced without a proper hydrophobic support [15].

At present, there is emerging view that the MG may play
a primary role in distinct biological processes. In some cases,
proteins were found to undergo conformational changes to
perform their physiological (sometimes pathological) func-
tions. Such conformational changes, of tertiary nature, are
now becoming recognized as a mechanism potentially used
by a protein to achieve structural diversity and, consequen-
tly, diversity of functions; to this issue, the MG state is ide-
ally suited to provide the required conformational flexibility.
In the case of apolipoprotein E4 (apoE4), a protein that plays
an important role in lipid transport in the plasma and in the
central nervous system, the enhanced propensity of a com-
mon human apoE4 isoform to stabilize the MG state is con-
sidered a major risk factor for Alzheimer's disease and athe-
rosclerosis [22]. Also, oleic acid-bound a-lactalbumin, which
acquires the properties typical of the MG, was found to in-
duce apoptosis in cancer cells [23].

PROTEIN FOLDING. ‘CLASSICAL VIEW’
‘NEW VIEW’

AND

The mechanism(s) governing protein folding is (are) still
far from being fully understood due to the high complexity
of the process. Small proteins (those with less than one hun-
dred aminoacidic residues) fold in two-state transitions; in
this case, the unfolded polypeptide directly collapses into the
compact, biologically active native conformation. Con-
versely, large proteins (those with more than one hundred
aminoacidic residues) fold into the unique, native structure
through a limited number of intermediate species. The inter-
mediate states sometimes participate to productive folding
(on-pathway intermediates), in other cases they accumulate
as compact forms distinct from the native, trapped by non-
native intramolecular interactions (off-pathway intermedi-
ates).

The “classic view” was initially introduced to tentatively
explain the “Levinthal paradox” (proteins fold in a few sec-
onds, although finding the native state among all the possible
protein configurations requires a very long time) [24]. The
idea is that a protein collapses into the stable, native confor-
mation through well defined folding pathways involving a
limited number of intermediate species. Much interest was
thus devoted to understand how proteins find the correct
folding pathway, avoiding the others. In the last years, ki-
netic and equilibrium studies have detected an appreciable
number of folding intermediates [25, 26]. The characteriza-
tion of these partially folded forms has provided a precious
contribution to a better understanding of the sequence of
events carrying the protein from the unfolded to the compact
native conformation.

Recently, the introduction of the so-called ‘new view’
has opened new interesting perspectives. The models on
which the ‘new view’ is based replace single specific ‘fold-
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ing pathways’ with more complex multidimensional ‘energy
landscapes’ (where an ‘energy landscape’ represents the free
energy of a single protein conformation, strictly depending
on the degrees of freedom) [7, 27, 28]. On the basis of An-
finsen studies [29], the ‘new view’ establishes that folding is
path-independent and molecule populations and multiple
folding pathways, rather than specific structures and path-
ways, are considered [7, 30, 31]. According to this concept,
terms like on- and off-pathways and intermediate states are
now viewed as distributions of single chain conformations.

The ‘new view’ assumes that protein folding to the native
state proceeds through multiple routes on funnel-like energy
landscapes. Although energy landscapes may be rough, i.e.
characterized by non-native minima in which partially folded
molecules are trapped, the idea is that the whole protein
population finally reaches the native conformation, corre-
sponding to a free energy minimum under the solution condi-
tions [7, 28, 31]. In other words, although single macromole-
cules follow an own distinct trajectory, the molecule popula-
tion finally reaches the conformation corresponding to a
minimum in free energy, i.e. the native state.

Studies carried out over the last two decades have sig-
nificantly improved our understanding of the process, and
led to the formulation of the ‘new view’ hypothesis. How-
ever, further studies are necessary for defining some still
unclear aspects of the process. In a recent future the use of
sophisticated techniques, such as atomic force microscopy
(utilized to unfold proteins mechanically [32]) or single-
molecule fluorescence (able to detect the behaviour of single
macromolecules, otherwise masked when the whole mole-
cule population is considered) [33] should provide, together
with the computational approach, a remarkable contribution
for better defining the energy landscapes and probing the
‘new view’ concept in protein folding.

FOLDING, MISFOLDING AND DISEASES. ROLE OF
INTERMEDIATE CONFORMERS

Point mutations in proteins sometimes block the folding
pathway at level of stable intermediate states; when this hap-
pens, the protein cannot adopt its native conformation and its
biological activity results altered or lost. In many cases, the
altered function of the mutated protein causes genetic dis-
eases [34]. Cystic fibrosis, a disease characterized by chronic
lung diseases and pancreatic dysfunction, is caused by the
deletion of a single amino acid (Phe508) in cystic fibrosis
trans-membrane conductance regulator (CFTMR) protein (a
member of the ATP-binding cassette transporters superfa-
mily) [35]. Wild type (wt) CFTMR is synthesized and folded
inside the cell endoplasmic reticulum (ER) as an immature
precursor. Through a complex glycosylation process which
involves molecular chaperones (proteins that stabilize,
through binding, unstable conformers of other proteins [36]),
CFTMR then folds into its ‘native’, biologically active con-
formation in the Golgi apparatus. The 70 kDa heat-shock
protein (Hsp70), a major chaperone present in human cell
cytosol, participates to the folding process of CFTMR; it
binds to the just synthesized, unfolded CFTMR and holds the
protein in a state able to fold, thus permitting its transloca-
tion into different cell compartments [37, 38]. Unlike the wt
protein, the Phe508del mutant of CFTMR folds into a stable
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intermediate state which requires a longer time to convert
into the native conformation. The enhanced stability of the
intermediate alters the mechanism(s) governing the process
[37] and, as a consequence, mutated CFTMR does not reach
the cell membrane; it is degraded within the ER.

Chronic liver and lung diseases may be caused by events
of the same nature. In this case, the disease is originated by
an insufficient amount of o-l-antitrypsin (AT), the serine
protease inhibitor (see [39] for recent review). The main
function of this 394-residues protein (52 kDa), which is syn-
thesized in hepatocytes [40], consists in protecting the lungs
against the proteolytic attack of neutrophil eleastase (NE). In
its structure AT possesses 3 B-sheets and an exposed loop
containing the residues interacting with the proteinase [41,
42]. Mutations within the loop induce conformational
changes in the protein; the rigid, native structure converts
into a more flexible conformation and the protein becomes
inactive. The resulting AT deficiency causes lung disease
since the delicate equilibrium between NE and AT (which is
crucial for health) is lost; as NE becomes predominant, tis-
sues are destroyed.

Two main types of mutation have been identified in AT:
the Glu264Val mutation, which origins the S mutant [43],
and the Glu342Lys mutation, which gives rise to the Z mu-
tant [44, 45]. In both cases, AT deficiency is observed. In
particular, the Z mutant undergoes aggregation; the accumu-
lation of molecular aggregates inside the liver causes the
organ disease. The Glu342Lys mutation is considered re-
sponsible for formation of aggregates: under physiological-
like conditions, in fact, a partly folded state of the Z mutant
is stabilized. In this intermediate, the exposed loop is charac-
terized by enhanced flexibility (caused by the disruption of a
salt bridge) and a B-sheet is open; this facilitates the insertion
of the exposed loop of another molecule, and dimers are
formed. The successive formation of polymers induces the
pathology, since they generate inclusion bodies in the endo-
plasmic reticulum of the liver [46, 47].

The polymerization phenomenon is not restricted to AT;
other antiproteinases undergo similar processes. In anti-
thrombin and o-antichimotrypsin, some mutations originate
partly folded states characterized by a high tendency to po-
lymerize; this is cause of thrombosis or obstructive pulmo-
nary diseases of genetic origin [48, 49].

On the whole, the examples above described highlight
the importance of studies devoted to clarify the properties of
intermediate states of proteins, of interest in biochemistry
and experimental medicine.

PROTEIN MISFOLDING AND AGGREGATION

Conformational diseases may be induced also by differ-
ent mechanisms. As described in the previous section, cystic
fibrosis and chronic liver diseases arise from the impossibil-
ity of a misfolded protein to reach its final cellular destina-
tion. In other cases, protein misfolding favours formation of
highly ordered aggregates, called amyloid fibrils, which are
correlated with a number of pathologies as neurodegenera-
tive disorders (including Alzheimer’s disease and Parkin-
son’s disease) or amyloidoses (pathological states due to
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formation of extracellular amyloid deposits) (see [50] for
recent review). Amyloid fibrils are composed by a number
(generally 2-to-6) of filaments, called protofilaments, twisted
together; in each filament, the molecules arrangement fa-
vours formation of P-sheets running along the fibril main
axis [51, 52]. For some proteins, as amylin [53, 54] or the
yeast prion protein Sup35p [55], the structural properties of
fibrils have been determined in good detail.

In recent years, studies have significantly improved our
understanding of properties common to fibrils; these include
the cross-f structure and the frequent hydrophobic (or polar)
interactions along the fibril main axis [50]. Further, in fibrils
the B-sheets are less twisted than what expected from analy-
sis of B-structure of globular proteins [56, 57]. Protein con-
version into fibrils follows a ‘nucleated growth’ biphasic
mechanism, characterized by a lag phase during which the
nucleus is formed, and by a rapid phase during which the
oligomers, that still miss a fibrillar shape, associate with the
nucleus itself [58-60]. The oligomers, unstructured and con-
stituted by 3-6 protein molecules, are in equilibrium with
monomeric forms and precede protofibrils formation. Once
the critical mass is reached, the oligomers associate and give
rise to protofibrils formation. Protofibrils act either as on-
pathway [58, 61] or off-pathway [62, 63] intermediates in the
kinetics of formation of fibrils. The aggregation process may
be inhibited by molecular chaperones or degradation proc-
esses, while it is favoured by side chains hydrophobicity, low
net charge of the polypeptide and chain propensity to form
[B-sheet regions.

CYTOCHROME C: NON-NATIVE CONFORMA-
TIONS AND DISTINCT BIOLOGICAL FUNCTIONS

Some authors have addressed the role of cofactors that
may enable protein-folding variants to attain new functions.
This is the case of a-lactalbumin bound to oleic acid that
possesses spectroscopic properties typical of the molten
globule and is able to induce apoptosis in cancer cells [23,
64]. Recent findings have demonstrated that this same lipid
cofactor (i.e., oleic acid) is able to induce structural changes
also in cytochrome ¢ (cyt ¢), with formation of a molten
globule-like state [65]. Indeed, in recent years several non-
native conformers of cyt ¢ were characterized and different
biological functions, strictly depending on the conformation
of the hemoprotein, were proposed [66-70].

Cyt ¢, whose structure is shown in Fig. (2), is a single
chain hemoprotein of 104 amino acids containing three ma-
jor and two minor a-helices in the structure, with the pros-
thetic group lying within a crevice lined with hydrophobic
residues. The heme is covalently attached to the polypeptide
chain by two thioether bridges with residues Cys 14 and Cys
17, while His 18 and Met 80 are the axial ligands of the six-
coordinated low spin heme iron in the native state [71]. As
mitochondrial peripheral membrane protein, it functions in
between the inner and the outer membrane, mediating elec-
tron transfer (eT) between different proteins of the respira-
tory chain. Studies on the interaction between cyt ¢ and vari-
ous membrane systems indicate that cyt ¢ mediates eT be-
tween cyt ¢ reductase and cyt ¢ oxidase as unbound or mem-
brane-bound protein showing a limited number of non-native
exchangeable compact conformations [72, 73].
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Fig. (2). Ribbon structure of horse cyt ¢. The heme group, bound to
H18 (right) and M80 (left), is represented in black. On the right
side, residues H26 and P44 are shown. The H-bond between H26
and the carbonyl group of E44 keeps two Q-loops bound one to the
other. The protein structure [85] was visualized with the Swiss-Pdb
software [86].

The finding that cyt c plays a role in the programmed cell
death (i.e., in cell apoptosis) after its release from the mito-
chondrion, has recently renewed interest in this protein [74,
75]. It has been proposed that in cytoplasm cyt ¢ binds to the
apoptosis protease activation factor (APAf-1) to form a
complex that activates pro-caspase 9; this gives rise to an
enzymatic reaction cascade leading to the execution of apop-
tosis in cells. For formation of the complex, called “apopto-
some”, the presence of ATP or dATP is required [76]. Evi-
dence for structural changes of cyt ¢ in apoptosis has been
provided by Jemmerson et al. [77] who demonstrated, for the
first time, that membrane-bound cyt ¢ is involved in apop-
totic activity and represents a relevant factor for caspase ac-
tivation. The structural changes of cyt ¢ in cell apoptosis
have been related with changes occurring in the complex
formed with phospholipid vesicles; in the complex, confor-
mations of cyt ¢ distinct from the native are formed. The
dissociation of Met80 from the sixth coordination position of
the heme iron is a peculiar characteristic of this non-native
state. The changes also include alteration of the tertiary
structure and perturbation of the heme crevice [77, 78]. Pro-
tein partial unfolding, together with weakening of the Met80-
Fe(III) coordination bond, allow small molecules, as H,0,,
to get access into the heme site of cyt ¢ [79]. The peroxidase
activity acquired by phospholipid membrane-bound cyt ¢
appears critical in the early stages of apoptosis. In mitochon-
dria, the phospholipid cardiolipin (CL) is about 25% of all
lipids; recent findings have demonstrated that the cytc/CL
complex acts as powerful CL-specific peroxidase and gener-
ates CL hydroperoxides that play a role in cyt ¢ (and other
pro-apoptotic factors) release from mitochondrial membrane
[80, 81]. Thus, whereas the native fold as well as the low-
spin hexacoordination of the heme iron are important for cyt
¢ to function as electron carrier, a non-native compact con-
formation induces peroxidase activity in the protein, of rele-
vance for the execution of the apoptotic program.
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Table 1.
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Biological Effects of Altered Folding Mechanism and Related Diseases

Protein

Structural Mechanism

Biological Effect and Related Disease

Apolipoprotein E4*

Molten globule stabilization

Alzheimer’s disease

Alpha-lactalbumin®

Molten globule stabilization by interaction with

Apoptosis in cancer cells

Cystic fibrosis
Transmembrane regulator (CFTR)*

Phe508 deletion, misfolding, retention in the
endoplasmic reticulum and degradation

Cystic fibrosis

Alpha-1-antitrypsin®

Aminoacid mutations, conformational changes
and aggregation

Alpha-1-antitrypsin deficiency

Prion protein®

Misfolding and aggregation in brain

Creutzfeldt-Jacob disease

Beta-amyloid"

Misfolding and aggregation in brain

Alzheimer ‘s disease

Cytochrome ¢®

Interaction with phospholipids and non-native
intermediates with peroxidase activity

Apoptosis, Parkinson’s disease and amyloidosis

Ref. 22; "Refs. 23,54; “Refs. 34-38; ‘Refs.41-47; “Refs. 50,55; "Refs. 50-54; ®Refs. 65-67, 79-84

An additional role for the peroxidase activity of cyt ¢ has
been recently proposed in the study of the oxidative stress-
induced aggregation of o-synuclein, a “natively unfolded”
protein constituting the major component of intracellular
inclusions in several neurodegenerative disorders, such as
Parkinson’s disease [82, 83]. Recently, some authors have
observed the formation of millimeter-length fibers of phos-
pholipid vesicles-bound cyt ¢ displaying amyloid (B-sheet)
characteristics [84]; this implies that the cyt c-phospholipids
interaction may play a role in some of the disorders attributed
to amyloid formation, such as AA-amyloidosis and Alz-
heimer’s disease.

PERSPECTIVES

The present review has pointed out the important role
played by intermediate states in protein folding, and indi-
cated how dramatic consequences may be generated by pro-
tein misfolding (see Table 1, for a schematic view). This
justifies the wide body of studies devoted to determine the
structural and functional properties of forms having structure
intermediate between the native and fully unfolded state, and
aiming to clarify how non-native compact states may influ-
ence protein folding and misfolding.

Most of the human diseases described in this review are
of genetic nature, being generated by point mutations which
favour accumulation of non-native compact forms of the
protein. This outlines how dramatic consequences may de-
rive from a point mutation occurring in a protein.

Studies on mutants have significantly improved our
knowledge on the role of side chains (in particular, the in-
variant ones) in terms of structural stabilization, folding and
functionality. However, such studies are not limited to eluci-
date specific aspects of protein misfolding and relative dis-
eases; they also provide a precious contribution to better
understanding the route of processes in which a native pro-
tein converts into the more flexible MG state. As said, a pro-
tein acquiring a non-native compact conformation may ac-
complish different functions when involved in distinct proc-

esses. In the case of cyt ¢, the protein was proposed to be
released from the mitochondrium as a MG state, during cell
apoptosis. Work from this laboratory provided significant
contribution to better elucidate this point, showing that oleic
acid-bound cyt ¢ acquires a MG character and is able to bind
ATP, a molecule which actively participates to the apoptotic
process [65]. Studies have also revealed that the residue H26
is critical for stabilization of cyt ¢. The H26Y mutant of
yeast cyt ¢ shows a MG character: flexibility higher than the
native form, decreased stability and altered heme crevice,
where M80 is displaced by a lysine from the sixth coordina-
tion position of the heme-iron [14, 78]. The H26Y variant of
cyt ¢ possess high potentialities for investigation on protein
folding and for defining the role played by the MG in the
apoptotic process. To shed deeper light on these points, work
is in progress in this laboratory.
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