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Abstract

Substantial progress has been made towards understanding the folding mechanisms of

proteins in vitro and in vivo even though the general rules governing such folding events remain
unknown. This paper reviews current folding models along with experimental approaches used to
elucidate the folding pathways. Protein misfolding is discussed in relation to disease states, such as
amyloidosis, and the recent findings on the mechanism of converting normally soluble proteins
into amyloid fibrils through the formation of intermediates provide an insight into understanding
the pathogenesis of amyloid formation and possible clues for the development of therapeutic
treatments. Finally, some commonly adopted refolding strategies developed over the past decade

are summarized.
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INTRODUCTION

Understanding how a protein molecule finds its
unique functional three-dimensional structure (protein
folding) following its synthesis on the ribosome re-
mains an unsolved problem in molecular biology. Pro-
tein folding is usually referred to as the second half of
the genetic code. As such, a solution to the folding
problem will not only complete our knowledge on the
cellular events that link a gene sequence and the three-
dimensional structure of a protein, but also play a key
role in the rational design of novel protein molecules
with a predetermined function. In addition, the under-
standing of protein folding has a variety of implications
in biology in fields such as molecular recognition, dis-
eases such as amyloidosis (disease state caused by amy-
loid formation), cell invasion, membrane fusion, and
protein translocation [1].

Protein folding is the process by which an unstruc-
tured protein alters its conformation to reach its native
structure. The protein folding problem consists of de-
termining how and why this happens, that is, charac-
terizing the typical structural changes that occur during
folding and the interactions governing these changes.
An important goal in the study of folding is to develop
a model that can make quantitative predictions about
the effects of certain factors, such as the amino acid
sequence, chain topology, pH, salt concentration, and
temperature, on the kinetics and thermodynamics of
the folding process. The development of such a model
requires detailed knowledge of the structural and ther-
modynamic properties of the different species involved
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in folding, as well as the kinetics that relate them.

Historically, protein folding studies began as denatu-
ration/renaturation (unfolding/refolding) experiments
shortly after Sanger [2] determined the sequence of in-
sulin, thereby proving that the basic covalent structure
of a protein is a linear peptide chain and that the amino
acid sequence of the chain is unique for a given protein.
By showing that an unfolded (denatured) polypeptide
chain could spontaneously refold to form a native pro-
tein with full biological activity, Anfinsen [3] concluded
that this sequence, by itself, contains all the informa-
tion necessary to define the three-dimensional structure
of the protein and, thus, its biological function. Yet
how and why the linear sequence of a protein adopts a
specific native conformation remains unsolved and
poses a challenging intellectual puzzle for modern sci-
ence.

The field of folding has expanded in recent years to
embrace both biophysical studies of folding mecha-
nisms, and the more complex, yet biologically impor-
tant, issues of protein folding i vivo and the relation-
ship between protein misfolding, aggregation, and dis-
ease. This review summarizes the above topics along
with the refolding strategies currently used in the pro-
duction of biologically active proteins in E. coli,

Levinthal Paradox and Folding Models

Consider a chain of 100 amino acids, and assume that
each amino acid exists either in an extended, helical, or
loop conformation. There are 3'° (or about 10%) possi-
ble ways to arrange this chain. If changes of state take
place at a rate of 10" s7 (estimated rate of bond rota-
tion in small molecules), a random search for the right
conformation would take of the order of 10% s or 10%
years, which is orders of magnitude greater than the age
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of the universe [4]. Real proteins fold over a time scale
of 10" to 10° seconds, and for a small protein of 100
residues, folding in less than 1 second is not unusual.
This is called Levinthal’s paradox and suggests the ne-
cessity of folding pathways and probable folding inter-
mediates.

Three mechanisms have emerged to provide these
routes. These mechanisms simplify the search for the
folded state by uncoupling the formation of the secon-
dary structure from the tertiary structure, thereby re-
moving the stringent requirement of the simultaneous
formation of the secondary and tertiary structure. The
framework model (or diffusion-collision-adhesion model)
proposes that local elements of the native Jocal secon-
dary structure form independently of the tertiary struc-
ture [5,6]. These elements diffuse until they collide,
successfully adhere, and coalesce to give the tertiary
structure. The nucleation/growth model postulates
that certain neighboring residues in the sequence form
the native secondary structure that then acts as a nu-
cleus from which the native structure propagates, in a
stepwise manner [7]. Thus, the tertiary structure forms
as a necessary consequence of the secondary structure.
The hydrophobic collapse model hypothesizes that a
protein collapses rapidly around its hydrophobic side
chains and then rearranges from the restricted confor-
mational space occupied by the intermediate (8,9]. Here,
the secondary structure is directed by native-like terti-
ary interactions. In contrast, the jigsaw puzzle model
proposes that each molecule of a protein folds by a dif-
ferent distinct path [10]. These models are illustrated in
Fig. 1. The hydrophobic collapse mechanism and frame-
work model imply the existence of folding intermedi-
ates, whereas nucleation does not. Due to the subse-
quent finding of many apparent folding intermediates,
it is now assurmed that the presence of intermediates on
pathways is an essential requirement for folding.

Protein Folding in vitro and in vivo

Protein folding in vitro is generally a spontaneous
process leading to a native three-dimensional structure
depending on the amino acid sequence of the protein
[3]. However, in many cases, folding does not proceed
efficiently because of intermolecular aggregation and
slow folding reactions, such as disulfide formation or
proline isomerization. The folding process can be par-
ticularly slow in the case of cysteine-containing pro-
teins that require the formation of disulfide bonds [11].
Disulfide formation in vivo is catalyzed by specialized
enzymes belonging to a thioredoxin superfamily, such
as PDI (protein disulfide isomerase) in eukaryotes and
Dsb (disulfide bond) proteins in prokaryotes.

PDI is a 55 kDa protein found in the endoplasmic
reticulum (ER) where it catalyzes disulfide-bond forma-
tion and rearrangement during the maturation of most
secretory and membrane-bound proteins [12,13]. PDI is
not a particularly effective enzyme, consistent with its
abundance in the ER, and high concentrations are often
required to observe the catalysis of protein folding both
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Fig. 1. Classical models for mechanisms of protein folding.
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in vive and in vitro [14].

Generally, in the absence of catalysts such as PDI, the
oxidative folding of cysteine-containing proteins that
requires the formation of native disulfide bonds is con-
siderably slower than the folding of proteins without
disulfide bonds or the folding of the same protein with
disulfide bonds intact [15,16]. This is mainly due to the
formation of non-native disulfide bonds or kinetically
trapped species with native disulfide bonds [17-19]. In
both cases, the disulfides have to be rearranged by a
thiol/disulfide exchange to reach the native state, and
this rearrangement frequently constitutes the rate-
determining step. In the folding pathways of ribonucle-
ase A (RNase A), a well-known model protein for fold-
ing studies, one or more species in the ensemble of non-
native three-disulfide intermediates undergo a disulfide
rearrangement to form two native-like intermediates in
the rate-determining steps. The regeneration process of
RNase A is significantly more complex than the regen-
eration of the bovine pancreatic trypsin inhibitor (BPTI),
another well-known protein that has been used in fold-
ing studies. During the regeneration of BFTI, only five
well-populated disulfide-bonded intermediates accumu-
late [19]. However, in the case of RNase A, most of the
theoretically possible intermediates have been found
during regeneration [20,21]. To understand the protein
folding mechanism in vivo, the effect of PDI on the ki-
netics and distribution of intermediates during the re-
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generation of RNase A was studied in detail at 25°C
[22]. According to this study, there is no PDI-altered
folding mechanism; PDI simply appears to accelerate all
steps of the oxidation, reduction, and rearrangement.

The rate of formation of a native protein at 37°C in-
creases 62-fold in the presence of PDI [23], yet there is
no noticeable change in the distribution, indicating that
the folding mechanism is similar at 37°C in both the
absence and presence of PDI. The cellular conditions of
a high protein concentration, temperature, and ionic
strength Jead to aggregation, thereby disfavoring proper
folding reactions, in contrast to well-optimized in vitro
conditions. These results indicate that the significantly
increased folding rate at a higher temperature in the
presence of PDI can be an efficient means of solving
unfavorable cellular conditions for protein folding and
provide a clue to understand the folding mechanism in
vivo, where folding takes place at 37°C in the presence
of auxiliary factors, such as PDI.

Protein Misfolding and Disease

The failure of a protein to fold correctly leads to a

functional deficit, which can have serious consequences.

Cystic fibrosis is an example of a genetic disease where
a variant protein is unable to fold correctly to a stable
state in the endoplasmic reticulum, thereby failing to
reach the cell membrane and be secreted in the quantity

Table 1. Some diseases caused by protein misfolding*
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required for proper function. Other diseases, including
some types of emphysema, result from mutations lead-
ing to the improper trafficking of proteins to the sites
where they are needed. Recently, discase states, such as
amyloidosis, which is caused by amyloid formation,
have attracted a lot of attention. A list of some human
diseases for which altered protein folding may be the
molecular defect is presented in Table 1.

Amyloid formation is associated with some 20 spo-
radic, genetic, or infectious diseases, such as Alz-
heimer’s, spongiform encephalopathy, and Hunting-
ton's disease [24]. Each of these diseases is associated
with a particular protein and the aggregates of these
proteins are thought to be the direct or indirect origin
of the pathological conditions associated with the dis-
ease in question. Interestingly, these amyloid fibrils
have similar morphologies, despite their origin from
unrelated polypeptides, indicating that similar cellular
processes are involved in the fibril deposition [25]. One
of these diseases, Alzheimer’s, has been estimated to be
the most expensive medical problem in the Western
world. Also, bovine spongiform encephalopathy (BSE),
commonly known as mad cow disease, has recently
caused a lot of concern around the world and come to
the attention of the scientific community. BSE is asso-
ciated with a transmissible agent and the nature of the
BSE agent is still a matter of debate. According to the
prion theory, the agent is largely composed, if not en-

Disease Mutant protein/protein involved Molecular phenotype

Toxic fold _

Scrapie/Creutzfeldt-Jacob/Familial insomnia  Prion protein Aggregation
Alzheimer’s disease B-Amylowd/a-synuclein fragment Aggregation
Parkinson’s disease a-Synuclein Aggregation
Huntington’s diseae Polyglutamine in huntingtin Aggregation
Type-1I diabetes Amylin Agpregation
Familial amyloidosis Transthyretin/lysozyme Aggregation
Cataracts Crystallins Aggregation

Inability to fold
Cystic fibrosis

Marfan syndrome
Amyotrophic lateral sclerosis
Scurvy

Maple syrup urine disease
Cancer

Osteogenesis imperfecta

Mislocalization owing to misfolding
Familial hypercholesterolemnia

Familial emphysema

Tay-Sachs disease

Retinitis pigmentosa

Leprechaunism

cystic fibrosis transmembrane conductance
regulator (CFTR)

Fibrillin

Superoxide dismutase

Collagen

a-Ketoacid dehydrogenase complex

pa3

Type [ procollagen pro o

LDL receptor
a,-Antitrypsin
B-Hexosaminidase
Rhodopsin
Insulin receptor

Misfolding/altered Hsp70

and clnexin interactions

Misfolding

Misfolding

Misfolding

Misassembly/misfolding

Misfolding/altered
Hsp70 interaction

Misassembly/altered Bil
Expression

Improper trafficking
Improper trafficking
Improper trafficking
Improper trafficking
Improper trafficking

* Data mostly adaptedrom [55].
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tirely, of a self-replicating protein, referred to as a priomn.
Despite the association of prions with spongiform en-
cephalopathies, no recombinant prion protein has yet
been shown to be able to induce infectivity in animals
and hence provide the ultimate proof of the ‘protein
only’ hypothesis for prion diseases [26,27]. However,
recently, the formation of fibrils with the characteristic
morphology of the amyloid from a large recombinant
fragment of the human prion protein has been reported
[28]. This was achieved by exposing the soluble form of
the protein to rather extreme conditions, including the
reduction of the single disulfide bond that stabilizes the
native structure. Interestingly, this conversion was as-
sociated with the presence of a soluble intermediate
with a predominantly B-sheet structure, instead of the
largely helical nature of the native protein.

Studies of the mechanism of the conversion of nor-
mally soluble proteins into amyloid fibrils have bene-
fited from the fact that, in many cases, the structural
transitions of disease-associated molecules can be re-
produced under laboratory conditions [29]. In order to
achieve this, a common procedure has been developed
to expose the folded proteins to mildly denaturing con-
ditions, such as low pH or elevated temperatures. Those
transitions that have been studied have generally re-
vealed the existence of intermediates prior to the for-
mation of well-defined aggregates, and some studies
have shown a clear kinetic lag phase before the rapid
development of fibrils occurs. As studies on the mecha-
nism of the conversion of soluble proteins into insoluble
aggregates progress, a more generalized view on the
pathogenesis of amyloid formation will become avail-
able.

To devise therapeutic treatments, several different
approaches are feasible, including the suppression of the
production of an amyloid precursor, prevention of amy-
loid formation, and stimulation of amyloid degradation.
This important area of medical application will signifi-
cantly benefit from a better understanding of protein
folding/misfolding mechanisms.

Refolding of Therapeutic Proteins Produced as
Inclusion Bodies

Major advances in recombinant DNA technology
have resulted in the development of bacterial expression
systems, particularly in Escherichia coli, capable of
producing large amounts of proteins from cloned genes
[30,31]. However, with some exceptions, these recom-
binant proteins give low yields of active material fol-
lowing high-level expression in £. coli, with the majority
of the protein being deposited as inclusion bodies
[32,33]. Therefore, to obtain biologically active recom-
binant proteins from inclusion bodies, it is necessary to
develop a simple and efficient procedure for the
renaturation of these proteins [34].

The formation of inclusion bodies offers several ad-
vantages in the production of recombinant proteins. If
the target proteins are unstable in the cytoplasm of E.
coli due to proteolysis or toxic to the host cell in the
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native conformation, it is preferable to produce the tar-
get proteins as inclusion bodies. Under appropriate con-
ditions, the level of recombinant protein deposited in
inclusion bodies can amount up to 50% of the total cel-
lular protein. Because inclusion bodies have a relatively
high density, they can be isolated from the cellular pro-
teins by simple centrifugation, and the purity of the
resulting preparation can reach 80-90% under optimal
conditions. Therefore, the production of target proteins
as inclusion bodies provides a cost-effective down-
stream process. However, the problem lies in the refold-
ing process of the inclusion bodies since there is no
known generalized procedure for efficient refolding,
which can be applied to all inclusion body proteins. So
far, refolding requires a trial-and-error type of approach
even though several common features affecting refold-
ing efficiency have been identified. Some of the com-
monly adopted refolding protocols are summarized in
this section.

Inclusion bodies isolated by centrifugation are nor-
mally solubilized by strong denaturants, such as 6 M
Gdn-HCI or B M urea, in combination with reducing
reagents in the case of cysteine-containing proteins.
Various experimental protocols used for the solubiliza-
tion of inclusion bodies have been compared by Fischer
et al. [33].

To obtain correctly folded proteins after solubiliza-
tion of inclusion bodies, the excess denaturant and re-
ducing agent have to be removed, and the reduced pro-
teins transferred to oxidizing conditions. The renatura-
tion of solubilized inclusion bodies is initiated by either
dilution or dialysis to remove the denaturant. The effi-
ciency of the renaturation depends on the competition
between intra-molecular folding and inter-molecular
aggregation. To slow down the aggregation process,
refolding is usually performed at low protein concentra-
tion, within a range of 10-100 pg/mlL. Furthermore, the
renaturation conditions must be carefully optimized
with regard to external parameters, such as temperature,
pH, and ionic strength, for each individual protein [36].

Most secretory proteins contain disulfide bonds in
their native state. If a target protemn contains disulfide
bonds, the renaturation buffer has to be supplemented
with a redox system. The addition of a mixture of the
reduced and oxidized forms of low molecular weight
thiol reagents, such as glutathione, cysteine, and dithio-
threitol, provides the appropriate redox potential to
facilitate the formation and reshuffling of disulfides
[36,37]. These systems increase both the rate and yield
of renaturation/reoxidation by facilitating a rapid re-
shuffling of incorrect disulfide bonds [38]. In order to
prevent the fortuitous oxidation of thiols by dissolved
oxygen, catalyzed by trace amounts of metal ions such
as Cu?*, EDTA should be added to the buffer solutions.
Some of the optimal redox conditions for refolding of
disulfide-containing proteins from inclusion bodies are
listed in Table 2.

In addition to controlling the temperature, pH, or
redox conditions, the presence of low molecular weight
compounds in the renaturation buffer can also have a
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Table 2. Optimal conditions for refolding of disulfide-contaming proteins from inclusion bodies by the glutathione system

Recombinant Protein Number of disulfide bonds

Reduced/Oxidized
glutathione (mM)

pH Temp. (°C)  Time (h)  Ref.

Fab-fragment 5 5/0.5 8 10 150 41
ht-PA 17 05/03 8.75 15 24 . 56
truncated ht-PA 9 2/02 8.6 20 24 57
truncated hM-CSF 9 0.5/701 8.5 4 48 38
hIL-2 1 10/1 8 RT 16 59
hIL-4 3 2702 8 RT 16 60
hIL-6 2 0.01/0.02 8.9 22 4 61
hTIMP-1 6 2/02 8 4 16 62
truncated hTIMP-2 3 0.78/0.44 9.75 25 2 63
marked effect on the renaturation yield [34,39]. The CONCLUSION

most popular additive is L-arginine [34]. In the case of
human t-PA, the renaturation yield is markedly in-
creased in the presence of 0.5 M L-arginine, whereas in
its absence almost no reactivity is observed [38]. The
positive effect of L-arginine on renaturation efficiency
has also been confirmed for various other proteins, such
as single-chain immunotoxins [40] and antibody Fab
fragments [41). The presence of polyethylene glycol
(PEC) has been reported to significantly increase the
recovery of active proteins by reducing aggregation, as
shown in the cases of carbonic anhydrase B, deoxyribo-
nuclease, t-PA (tissue-type plasminogen activator), and
[EN-y (interferon-gamma) [42,43]. Likewise, an in-
creased solubilization of the folding intermediates can
explain the positive effect of detergents on the refolding
yield. The Use of lauryl-maltoside, CHAPS (3-[8-chlo-
ramidopropyl]dimethylammonia-1-propane sulfonate)
or some other detergents during renaturation, improves
the yield of a renatured protein [44].

Other approaches, such as production of target pro-
teins as a fusion protein with an appropriate fusion
partner that improves solubility and facilitates simple
purification [45-50 and references cited therein], or secre-
tion into periplasmic space that provides favorable con-
dition for disulfide formation [51-53 and references cited
therein], also show promise in devising an efficient way
of producing therapeutically important proteins in E.
coli, even though these areas of research are not the fo-
cus in this review. Many additional details and refer-
ences can be found in Baneyx’s excellent review [34].

As the human genome project (HGP) approaches
completion, vast amounts of DNA sequence informa-
tion are becoming available. In most cases, a gene se-
quence alone reveals little about the protein function or
disease relevance. Accordingly, the true value of genome
sequence information will only be realized after a func-
tion has been assigned to all the encoded proteins.
Structural and functional analyses of proteins, espe-
cially those for therapeutic or industrial application,
require large amounts of recombinant proteins. The E.
coli system for the production of recombinant proteins
as inclusion bodies, together with a suitable renatura-
tion procedure, may provide an efficient avenue for
meeting these requirements.

Proteins are engaged in promoting or controlling vir-
tually every event on which our lives depend, as such,
attaining a biclogically active structure through the
folding process is an essential step prior to the involve-
ment of proteins in such events. This paper reviewed
the various research areas related to protein folding and
misfolding, and discussed the different experimental
approaches.

A better understanding of amyloid fibrils and the
way they form should result in improved knowledge of
the pathological conditions that lead to many of the
diseases that are currently emerging in the aging popu-
lation of the modern world, thereby providing
opportunities for their prevention and treatment. In
addition, new ideas on the nature of protein sequences
are anticipated from the various genome projects.

In the production of recombinant proteins using E.
coli as the host cell, understanding the folding mecha-
nism will provide important information in devising a
downstream process, and the development of a general-
ized folding scheme will greatly facilitate the produc-
tion of thousands of potential protein drug targets that
will become available from the human genome se-
quence.
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