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Abstract. In this review, the main concepts of protein folding, as deduced from both theoretical and experimental
in vitro studies, are presented. The thermodynamic aspects from Anfinsen’s postulate, Levinthal’s paradox to the
concept of folding funnel as proposed by Wolynes and coworkers are described. Concerning the folding
pathway(s), particular attention is brought to bear on the early steps that initiate the process in the light of the
results of the fast and even ultrafast techniques presently being used. The role of structural domains as folding
units is discussed. Last, from the recent studies, it can be concluded that the main rules deduced from the in vitro

folding studies are valid for the folding of a nascent polypeptide chain in vivo.
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Introduction

An important challenge in molecular biology is finding
the rules that determine how a nascent polypeptide chain
acquires its three-dimensional and functional structure,
in other words to decipher the folding code. This second
translation of the genetic message would complete the
information transfer inherent in the central dogma:

DNA — RNA — Polypeptide chain ~ functional confor-
mation

Within cells, nascent polypeptide chains are synthesized
sequentially on the ribosome by a vectorial process.
Although the events which lead to the formation of a
polypeptide chain from the corresponding gene are well
known, it remains to be understood how the mono-
dimensional information contained in the sequence is
translated into a unique or quasi-unique three-dimen-
sional structure, within a biologically relevant time. The
reversibility of the in vitro unfolding-refolding process
was established from the success of Anfinsen and his
group [1] in regaining up to 100% of the enzyme activity
of a refolded ribonuclease which had previously been
unfolded and reduced. It has been concluded that the
same mechanisms are involved in refolding in vitro and
in vivo. A significant corpus of information has been
deduced from the increasing number of in vitro folding
studies, and recent progress in instrumentation and
experimental approaches has provided tremendous in-
sights into the characteristics of the folding intermedi-
ates. The discovery of molecular chaperones has led to
a reconsideration of the mechanisms of the folding
process in vivo. Several questions must be addressed to
understand how the information contained in the se-
quence is utilized in the folding process:
— Is protein folding under thermodynamic or Kinetic
control? How does a polypeptide chain restrict its

conformational search to achieve its native structure
in a short time?
— How is the folding process initiated and what is the
shortest time required for folding?
— What is (arc) the pathway(s) of folding: What is the
structure of the intermediates in the folding process?
— Are the main rules of protein folding deduced from
the in vitro studies valid for folding in vivo?
The resolution of an increasing number of protei
structures, the recent progress in instrumentation and
the use of genetic engineering have stimulated both
theoretical and experimental approaches, and improved
our knowledge of protein folding. The spectacular
developments in molecular biology, providing access to
many thousands of genetic sequences, and the sequenc-
ing of the human genome, make the solution of protein
folding all the more urgent. Furthermore, the refolding
process is crucial for the industrial production of engi-
neered proteins. The design of novel proteins also re-
quires knowledge of the mechanism of protein folding.
And last but not least, several pathologies are related to
a wrong folding of proteins. Thus, unravelling the
mechanism of protein folding represents one of the most
challenging problems in biology today.

Is protein folding under thermodynamic or kinetic
control?

According to Anfinsen [2], ‘all the information neces-
sary to achieve the native conformation of a protein in
a given environment is contained in its amino acid
sequence’. The corollary of Anfinsen’s postulate is the
thermodynamic control of protein folding [3]. Since the
number of conformations that a polypeptide chain can
adopt is astronomically large, a random search through
all possible structures of the native conformation corre-
sponding to the minimum of free energy would require
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a considerable time, incompatible with the time required
for folding in vitro as well as in vivo. Levinthal [4] and
Wetlaufer [5] have therefore suggested that protein fold-
ing is under Kkinetic control. ‘Levinthal’s paradox’ could
thus be overcome, assuming the simultaneous formation
of structured nuclei in several regions of a polypeptide
chain through short and medium range interactions that
would initiate and direct the folding process, thus re-
stricting the number of possible conformations.

This is illustrated in terms of energy landscape by the
concept of a ‘folding funnel’ proposed by Wolynes and
coworkers [6], who describe the thermodynamic and
kinetic behaviour of the transformation of an ensemble
of unfolded molecules to the native state. The number
of conformations remaining to be explored decreases
while the exergonic process goes on (Fig. 1). As under-
lined by Wolynes et al. [7], ‘to fold a protein navigates
with remarkable ease through a complicated energy
landscape’. A wide variety of folding behaviours emerge
from the energy landscape depending on the energetic
parameters and conditions. The authors have suggested
that the folding rate is slowed by crenulations in the
energy surface corresponding to local minima popu-
lated by transiently stable intermediates. Towards the
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Figure 1. Scheme of the folding funnel according to Wolynes et
al. [7] for a fast folding 60 residue helical protein. The width of
the funnel represents entropy and depth, the energy. The fraction
of native contacts Q is indicated for each collection of states.
(Reprinted with permission from: Wolynes P.G. et al. (1995)
Navigating the folding routes. Science 267: 1619-1620, © 1997
American Association for the Advancement of Science).
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bottom of the folding funnel, the number of protein
conformations and chain entropy decrease. The steeper
the slope, the faster the folding.

It is now currently accepted that the three-dimensional
structure of most proteins is under thermodynamic con-
trol and is reached through partially structured interme-
diates under kinetic control.

Pathway(s) of protein folding

Folding models. Different models arising either from
theoretical considerations [8—12] or simulations [13—-19]
or experimental observations [20-22] have been pro-
posed to overcome the Levinthal paradox. The classical
model of nucleation-propagation, which applies to
helix-coil transitions [23, 24], involves a nucleation step
followed by a rapid propagation, the limiting step being
the nucleation process. This model, suggested to explain
the first kinetic results, accounts for the cooperativity of
the folding. But the new experimental results have led
this model for proteins to be discarded. The diffusion-
collision model has been proposed in 1976 by Karplus
and Weaver [8]. In such a model, nucleation occurs
simultaneously in different parts of the polypeptide
chain generating microstructures which diffuse, associ-
ate and coalesce to form substructures with a native
conformation. These microstructures have a lifetime
controlled by segment diffusion, so the folding of a
polypeptide chain with 100 to 200 amino acids can
occur in a very short time, less than a second. Accord-
ing to this model, the folding occurs through several
diffusion-collision steps. The status of the diffusion-col-
lision model has been re-evaluated in the light of recent
experimental data [9]. A sequential and hierarchical
folding by steps, in which several stretches of structure
are formed and assemble at different levels following a
unique route, has been proposed [20-22]. Schulz [25]
has suggested a hierarchy in protein folding correspond-
ing to the hierarchy in protein structure. In this model
the first event, nucleation, is followed by the formation
of secondary structures which associate to generate
supersecondary structures, then domains, and eventu-
ally the active monomer; the association of domains
induces the last conformational refinements which gen-
erate the functional properties. For oligomeric proteins,
the association between subunits occurs in the final step
of the process yielding the active protein. For most
oligomeric proteins, the isolated monomer does not
display any activity. A modular model of folding has
been proposed by considering the three-dimensional
structure of proteins. Domains have been considered as
folding units by Wetlaufer [5, 26]. But it was suggested
that subdomains might also refold independently, form-
ing structural modules as folding intermediates that
assemble to yield the native protein [27, 28]. The frame-
work model [29] assumes that secondary structure is
formed in an early step of folding, before tertiary struc-
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ture. The hydrophobic collapse model implies that the
first event of protein folding consists of a collapse which
takes place before the formation of the secondary struc-
ture [13, 30]. This model originates from the work of
Kauzmann [31] considering the hydrophobic effect as
the driving force in protein folding and stabilization.
Burial of hydrophobic residues might occur in the early
steps of protein folding. Later, in the hydrophobic
zipper model, Dill et al. [32] proposed that the forma-
tion of stretches of secondary structure is simultaneous
with the hydrophobic collapse.

Another question is controversial. Is there a unique or
several folding pathways? The existence of a unique
pathway of correct folding with a sequential formation
of intermediates until the emergence of the native struc-
ture has long been accepted by several authors [20-22,
33]. In 1985, the jigsaw puzzle model was introduced by
Harrison and Durbin [34]. These authors have proposed
the existence of multiple pathways, protein folding be-
ing considered as the assembly of a jigsaw puzzle with
the existence of multiple routes to reach a unique solu-
tion. This model presents some similarities with that
proposed by Karplus and Weaver. According to this
hypothesis, the identification of intermediates represents
a kinetic description rather than a structural descrip-
tion, each intermediate consisting of heterogeneous spe-
cies.

Existence of intermediates in protein folding. The un-
folding-refolding transition under equilibrium condi-
tions has often been described as a two-state process.
Indeed, the two-state approximation, which applies to
very cooperative transitions, is valuable for several
small proteins. The intermediates, generally unstable,
are few populated under equilibrium conditions. The
two-state approximation allows the determination of
AG,, the variation of free energy of unfolding. This
value varies between 5 and 15 kcal/mol, indicating that
the stability of proteins is rather weak.

The existence of intermediates has been shown from
kinetic studies, even when the two-state approximation
applies. For many proteins, monophasic unfolding Kki-
netics and multiphasic refolding kinetics are generally
observed. Much experimental evidence now exists to
prove the occurrence of intermediates in the folding
pathway of proteins. Kinetic studies allow the existence
of intermediates and their localization in a phenomeno-
logical folding scheme to be determined. However, these
transient forms are often very few populated and in
rapid equilibrium with other species, making it difficult
to obtain detailed structural information about these
intermediates. In spite of these inherent difficulties, the
recent development of techniques has allowed some of
these intermediates to be characterized. Furthermore,
for some proteins, transient folding states have accumu-
lated either at low pH, or by genetic engineering, or in
fragments unable to complete the folding process, mak-
ing possible their characterization.
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The early steps of protein folding

Detection and characterization of the intermediates are
prerequisites to solving protein folding. Two major im-
pediments to characterizing these species are the high
cooperativity and the rapidity of the process. The inter-
mediate species have generally a very short lifetime,
making the analysis of their structural properties
difficult. Nevertheless, several attempts have been made.
Kinetic trapping of intermediates during the refolding
of disulphide-bridged proteins has been used to detect
intermediate species during the refolding of lysozyme
[35] and BPTI [36—38]. An elegant method using differ-
ential chemical labelling has been developed by Ghélis
to detect and characterize transient folding states in any
protein [39], and applied successfully to elastase. One
approach that is frequently used is the study of protein
fragments [40—43]. Over the past decade, technological
advances have improved our understanding of protein
folding. Several methods are now available to study the
early events in the folding process, particularly stopped-
flow circular dichroism, and NMR using rapid hydro-
gen-deuterium exchange associated with a rapid mixing
system in order to obtain a rapid pulse labelling of
transient species [44—-47]. Great progress has also been
made through the use of protein engineering to stabilize
intermediates or to probe particular regions of a protein
during the folding process [48-52].

The formation of secondary structure in the early steps
of folding has been shown for several proteins (for
reviews, see refs. 21, 22). The formation of folded and
flexible intermediates has been proposed by Ptitsyn and
Rashin [53] from theoretical considerations. Ohgushi
and Wada [54] have termed such a species observed
during the folding of several proteins the molten glob-
ule. Ptitsyn et al. [55] have suggested that the molten
globule is a general intermediate in the folding pathway
of proteins. Since the literature on the molten globule is
rather confusing, Goldberg and coworkers [56] intro-
duced the term of specific molten globule. The molten
globule is a rather compact intermediate with a high
content of native secondary structure but a fluctuating
tertiary structure. It contains accessible hydrophobic
surfaces which bind a hydrophobic dye, anilino naph-
talene sulphonate (ANS). In this intermediate, the aro-
matic residues can rotate in a symmetrical environment,
as shown by the absence of near UV circular dichroism
spectrum. The occurrence of a molten globule has been
observed in the folding of several proteins, particularly
o-lactalbumin [57], carbonic anhydrase [58, 59], -lacta-
mase [60], «-subunit [61] and f2-subunit of tryptophan
synthase [56], bovine growth hormone [62, 63], and
yeast phosphoglycerate kinase [51].

But one question must be addressed: are these sec-
ondary structures identical to those observed in the
native protein? The molten globule of «-lactalbumin



560 CMLS 53 (1997), Birkhauser Verlag, CH-4010 Basel/Switzerland

has been well characterized. It is completely formed in
the dead-time of a stopped-flow device. It is stable at
low concentrations of guanidinium chloride, in acidic
conditions and at neutral pH at low salt concentration
in the absence of Ca* . By NMR spectroscopy, it has
been shown that this molten globule is a heterogeneous
species in which the helical domain is structured having
weak hydrophobic interactions, whereas the f-sheet is
rather disordered. The side-chains of Tyr 103, Trp 104
and His 107 are packed into a hydrophobic cluster but
the structure of this region is slightly different from that
observed in the native protein [64—66]. Native sec-
ondary structures generated in less than 4 ms have been
reported in the folding of cytochrome c [48] and bar-
nase [67]. The folding of the hen egg white lysozyme
involves transient steps corresponding to a reorganiza-
tion of secondary structures [68]. Non-native second-
ary structures are formed during the refolding of f-
lactoglobulin [69].

Ptitsyn [29] and Uversky and Ptitsyn [70, 71] have
identified an intermediate which precedes the formation
of the molten globule. This species has a significant
content in fluctuating secondary structures; it is less
compact than the molten globule and displays hydro-
phobic regions accessible to the solvent. Such a species
has been termed the ‘pre-molten globule’ by Jeng and
Englander [72]. It has been reported to occur during the
cold denaturation of p-lactamase [70] and carbonic
anhydrase [71]. Fink et al. [73, 74] have shown the
occurrence of such an intermediate during the refolding
of several proteins. An early species called the pre-
molten globule, resulting from the rapid formation of
nonspecific secondary structures, has been detected dur-
ing the refolding of tryptophan synthase f-subunit [56].
There is a sufficient number of observations to assume
that proteins fold through the rapid formation of tran-
sient intermediates, either molten or pre-molten globule,
with a significant content of secondary structure and a
small amount of fluctuating tertiary structure [74-76].
Since they appear in the dead-time of a stopped-flow
device, it remains possible that their formation might be
preceded by an earlier event.

It has been proposed that the first event in protein
folding is a hydrophobic collapse occurring before the
formation of secondary structures. Dill [30] has pro-
posed that folding is initiated by a condensation of the
polypeptide chain through hydrophobic interactions,
followed by a rearrangement of a small number of
condensed states. More recently, this author [32] has
reported the hydrophobic zipper model in which the
hydrophobic collapse and the formation of secondary
structures are simultaneous. Several experimental data
are consistent with a hydrophobic collapse in the early
step of folding [51, 68, 77—-84]. Residual microstructures
persisting during the denaturation process have been
characterized for several proteins. Neri et al. [85] have
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detected a hydrophobic cluster in a repressor. Logan et
al. [86], using heteronuclear NMR, have reported the
presence of residual local structures in FK 506 binding
protein. A collapsed state has been observed in staphy-
lococcal nuclease [79-81]. Matthews and coworkers
have detected the formation of hydrophobic clusters
during the refolding of dihydrofolate reductase [82].
Lumb and Kim [87] have observed intra-residue nuclear
Overhauser effect in a 17-24 peptide from BPTI. Fluo-
rescene emission spectroscopy has shown the occurrence
of residual microstructures around W308 and W333
during the unfolding of phosphoglycerate kinase and its
mutants with a unique tryptophan; these microstruc-
tures consist of hydrophobic clusters [51]. Thus, there
are indications suggesting that protein folding origi-
nates from a hydrophobic collapse accompanied by the
formation of native or non-native secondary structures.
These microstructures may be involved as nucleation
centres in the folding process.

There is an increasing amount of evidence showing that
the initially extended polypeptide chain folds through a
heterogeneous population of partially folded intermedi-
ates, the partially folded conformations being in a fluc-
tuating equilibrium [88]. For example, hen egg lysozyme
[68] and cytochrome c [83] refold according to parallel
alternative pathways. Heterogeneous species have also
been detected during the refolding of phosphoglycerate
kinase [89, 90]; rapidly transient multimeric species are
formed yielding the native monomeric protein in the
slow step of folding. Multimeric species (dimers, trimers
and tetramers) have been observed during the refolding
of the N-terminal fragments of phosphoglycerate kinase
under equilibrium conditions where neither the whole
protein nor the isolated N-domain associate. Such spe-
cies have not been observed for the C-terminal frag-
ments. Transient multimeric species occur during the
refolding of the whole protein; they are not in equi-
librium, but they are rapidly formed and disappear
during the slow folding step. Contrary to classical ag-
gregates, their distribution does not depend on protein
concentration and they are produced for protein con-
centrations as low as 0.05 pM. These associations are
completely distributed at the end of the fast refolding
step. To take into account all these observations, a
model has been proposed (Fig. 2) which is formally
similar to a reaction of copolymerization between two
types of monomers. The multimeric species observed
during the folding of the whole protein also occur
during the folding of the N-terminal fragments, but
they cannot transform in the absence of the interactions
with the complementary fragment.

Pulse-labelling amide-exchange associated with NMR
spectroscopy and mass spectometry have provided data
to characterize heterogeneous species, particularly in
lysozyme [91]. Such situations are consistent with the
jigsaw puzzle model, at least in the early steps of the
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Figure 2. A model proposed to account for the formation of transient multimeric species during the refolding of phosphoglycerate
kinase. The refolding of the protein produces two types of conformers; one of these can be extended either by association of the same
type of monomer or by association with the other type of monomer. In this latter case, the association cannot be extended further.
(Reprinted with permission from: Pecorari F. et al. (1996) Occurrence of transient multimeric species during the refolding of a

monomeric protein. J. Biol. Chem. 271: 5270-5276).

folding process. These species rapidly rearrange to gen-
erate a molten globule from which the native protein is
formed in one or several sequential steps.

The kinetic methods currently used to detect the inter-
mediates are limited to the millisecond time range. Most
studies have shown the existence of extremely fast
events which are complete within the dead-time of a
conventional stopped-flow mixing device. The crucial
problem to resolve the mechanisms of protein folding is
the characterization of the very early events that initiate
the folding process. Experimentally, the refolding of
denatured proteins is generally initiated by rapid mixing
in a regeneration buffer to dilute the denaturant. Fortu-
nately, recent technical advances promise to improve
the resolution time of the Kinetic studies [88]. Sub-
millisecond mixing techniques have been developed [92]
and applied to the folding of cytochrome c [93]. Non-
mixing techniques such as classical T-jump [94],
nanosecond infrared laser induced T-jump [95], pico-
second T-jump [96], nanosecond laser photolysis [97],
optical electron transfer [98] and dynamic NMR meth-
ods [99] have been reported. From these different stud-
ies, the time of collision of sequentially distant segments
of unfolded cytochrome c separated by 50 residues has
been shown to be of the order of 35-40 ps, and the
upper limit for the rate of protein folding has been
evaluated to be around 1 ps—* [100], in agreement with
theoretical estimates [101]. The initial collapse of
apomyoglobin into a compact state is complete in under
20 ps [95]. Using a laser T-jump method, Ballew et al.
[102] have detected two very fast phases in the folding
of apomyoglobin. The first phase, occurring in 250 ns,
is a local collapse around Trp 14, and involves non-
native hydrophobic contacts and helix formation. In the
second phase, within 5 ps tertiary contacts occur, helix

A making contacts with helices H and G. Then, native
apomyoglobin is generated in a final phase of 0.9 s.
These methods are very promising for the investigation
of the very early events which generate the folding of a
polypeptide chain.

The late events in protein folding

Intermediate events in the folding time scale occur after
the formation of the molten globule and before the rate
limiting step of the folding process which generate the
native and functional protein. In these intermediate
phases, the appearance of substrate or ligand binding
sites has been observed. Thus, Ca™* binding sites in
o-lactalbumin are formed before the folded native
protein [103]. Similarly, native epitopes have been
found to appear in the S subunit of tryptophan syn-
thase before completion of the native structure [104].

In the last limiting step of the folding process, the
protein achieves its native conformation with the emer-
gence of the enzyme activity. These last events corre-
spond to the precise ordering of secondary structures
[105], the correct packing of the hydrophobic core [106],
subunit assembly in oligomeric proteins [29], the correct
pairing of the domains in multidomain proteins [33], the
reshuffling of disulphide bridges [27]. There is some
evidence for the formation of incorrect disulphide
bonds in the early steps of the refolding of denatured
and reduced proteins. The wrong pairing must re-
arrange in a slow step to generate the native protein.
The reshuffling of disulphide bonds can be accelerated
by facilitating the thiol-disulphide interchange in suit-
able conditions of reagents (either traces of reducing
reagents or redox mixtures) [35, 36]. Nevertheless, fold-
ing is directed by noncovalent interactions and disul-
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phide bridges have only a role in stabilizing the struc-
ture. On the other hand, proline isomerization is a rate
limiting step in the folding of several proteins [107].
About 60% of proteins contain at least one cisX-Pro
bond in the native state. The occurrence of proline
isomerization has been proposed by Brandts [107] to
account for both the slow folding step and the existence
of two unfolded forms in robonuclease A that have
been obtained by Baldwin and coworkers [21]. Progres-
sively, ideas about the role of proline isomerization in
protein folding have evolved. Nonessential and essential
proline have been reported [108]. Levitt [109] has pro-
posed the existence of three kinds of proline, those
which do not affect the folding, those which decrease
the rate without preventing the folding and those which
block the folding process. Thus, proline isomerization
cannot be considered as specific of the late folding
events.

Domains and sub-domains as folding units

Domains have been considered as folding units by Wet-
laufer [5, 26]. It has also been suggested that sub-
domains within a protein might also refold au-
tonomously, forming structural folded modules that
assemble to generate the native protein [27]. The folding
of several proteins, but not all, is consistent with the
modular model. Many experimental data have shown
that domains behave as independent folding units (re-
viewed in Ghélis and Yon [110], Wetlaufer [26],
Jaenicke [33, 111]), including the N-terminal domain of
y 11 cristallin [112], the NAD * binding domain of glyc-
eraldehyde dehydrogenase [113], the phosphate binding
domain of aspartate amino transferase [114], SH2 do-
mains of p60 and p85 proteins involved in the signal
transduction system [115, 116], and pancreatic elastase
[117]. The engineered N- and C-terminal domains of
yeast phosphoglycerate kinase have a quasi-native
structure [118, 119]. The C-terminal domain still binds
Mg-ATP with a stoichiometry of 1. Furthermore, these
isolated domains can fold cooperatively in vitro as well
as in vivo [120]. Although some local perturbations in
the structure of the N-terminal domain have been de-
tected, each domain behaves as an autonomous folding
unit. Generally, isolated domains are folded faster than
when integrated into the whole molecule [121].

Even though isolated structural domains are capable of
folding independently, the ability of folded domains to
generate an active protein has been observed only with
a few proteins, such as thioredoxin [122], elastase [117],
and methionyl-t-ARN synthetase [123]. Regardless of
the procedure, no complementation has been observed
with the domains of phosphoglycerate kinase [118].
Furthermore, circular permutations introducing a dis-
continuity in either one or the other domain of phos-
phoglycerate kinase might change the sequence of
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events in the folding process, but do not prevent the
protein from achieving a native and functional confor-
mation. However, it significantly decreases the stability
of the enzyme (by about 4 kcal/mol), suggesting that the
continuity of the domains is required for the stability
but not for the correct folding of phosphoglycerate
kinase [124]. The correct folding of isolated domains is
not enough to yield a functional complementation of a
protein. It is likely that structural patterns of proteins
consisting of continuous domains have been selected
during evolution on the basis of thermodynamic stabil-
ity. But proteins have enough plasticity to find their
functional fold, even when the continuity of the do-
mains has been artificially disrupted. Nevertheless,
continuous domains are generally considered as au-
tonomous folding units in a protein as well as subunits
in an oligomeric protein. For oligomeric proteins, sub-
unit association occurs as a last step and induces con-
formational readjustments which generate the
functional properties.

Do fragments exist, at a lower level, that correspond to
structural units smaller than a domain and that are
capable of folding autonomously? C-terminal fragments
from thermolysin have been reported to fold au-
tonomously and cooperatively when their size is equal
to three helices or larger [125-127]. Oas and Kim [40]
have deduced from their experiments on BPTI frag-
ments that subdomains fold simultaneously and associ-
ate. These subdomains are proposed to be condensed
states in which the close packing of the atoms in the
hydrophobic core of the molecule has not yet taken
place. The results obtained on the folding and comple-
mentation of fragments from barnase are also consis-
tent with a modular model of folding [43, 128]. In
contrast, this model cannot account for the folding of
barley chymotrypsin inhibitor 2 [129]. Likewise, frag-
ments from the SH2 domain of proteins p60 and p85
[115, 116], F2 fragments from staphylococcal nuclease
[130-132], from tryptophan synthase, or from cy-
tochrome ¢ [133] smaller than a domain cannot be
considered as folding units.

Seven pairs of fragments have been produced by site-
directed mutagenesis followed by a chemical cleavage of
phosphoglycerate kinase [89]. The cleavage positions
have been chosen to correspond to limits between struc-
tural subdomains after consideration of the three-di-
mensional structure. Several fragments smaller than a
domain have a quasi-native structure, but their unfold-
ing transition exhibits a very low cooperativity. A dis-
continuity in the f-sheet perturbs the folding process.
Furthermore, several pairs of fragments have been
found to give functional complementation; among
them, at least one of the two fragments was not signifi-
cantly folded when isolated. It seems that the associa-
tion of individual complementary fragments occurs in a
non-native structure and subsequent conformational re-
arrangements through long range interactions.
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The main rules of protein folding

The rules of protein folding as deduced from in vitro
studies. Although understanding the transfer of infor-
mation from the monodimensional to the three-dimen-
sional structure of proteins, i.e. the folding mechanism,
requires a more complete characterization of the dy-
namics of partially folded proteins, several rules can be
deduced from the corpus of information obtained from
the tremendous number of in vitro studies:

(1) The folding of a polypeptide chain is entirely deter-
mined by its sequence in a given environment
(Anfinsen’s postulate).

(2) For most proteins, the native structure is under
thermodynamic control. It corresponds to a minimum
Gibbs free energy. It is not very stable since it ranges
from —5 to —15 kcal/mol.

(3) The folding pathway involves partially folded inter-
mediates under kinetic control. According to the ‘new
view’ of protein folding, the polypeptide chain explores
the folding routes toward the native structure through
intermediates consisting of heterogeneous population of
partially folded species whose number decreases as the
protein navigates down to the minimum of the energy
landscape (Fig. 1). Some species might be trapped tran-
siently in local minima, slowing the folding process.
The consideration of the data suggests that, initially, a
hydrophobic collapse might generate a heterogeneous
population with nuclei of native and non-native struc-
tures in fluctuating equilibrium, with internal rearrange-
ments, as in a jigsaw puzzle or the diffusion-collision
model. Then, correctly folded nuclei could associate to
generate microdomains which diffuse and associate.
Subsequently, a molten globule might be formed; even
this molten globule might correspond to a population
of heterogeneous species in rapid equilibrium. All these
early events might occur very rapidly. From the molten
globule species, the folding process might follow more
restricted pathways including the formation of tertiary
structure, domain pairing and the last conformational
readjustments to produce the native protein in a slow
folding step. For oligomeric proteins, the formation of a
quasi-native but generally inactive subunit is followed
by subunit association and the last conformational
readjustments which generate the functional native
structure. After having accepted for a long time that
proteins fold according to a sequential and unique
folding pathway, but considering both theoretical stud-
ies and experimental data presently available, Baldwin
in 1994 [134] recognizes: ‘in retrospect it seems that
Harrison and Durbin may have had the right idea’. The
structural characteristics of these intermediates remain
a matter of discussion. The ultrafast techniques under
development are very promising for the characterization
of the very early events that initiate the folding pro-
cess.
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According to the conditions, or following definite muta-
tions in the polypeptide chain, some of the intermedi-
ates might be trapped in minima corresponding to
misfolded species which generate further aggregates.
There is a kinetic competition between the correct fold-
ing and aggregation [135]. Such situations might occur
in vivo as well as in vitro [136-138]. Foreign proteins
overexpressed in bacterial cells frequently clumped to-
gether into insoluble inclusion bodies. Abnormal
protein folding yielding typical aggregates with amyloid
deposits may account for several severe pathologies,
such as prion diseases including scrapie in sheep, mad
cow disease, and Creutzfeld-Jakob’s disease in humans;
Alzheimer’s disease is also characterized by the presence
of amyloid fibrils in the brain tissue [139-141].

The rules of protein folding in the cellular environment
and the molecular chaperones. As many previously de-
natured proteins, even those whose disulphide bridges
have been disrupted, are able to refold spontaneously, it
has long been accepted that the newly synthesized
polypeptide chains fold spontaneously in vivo by the
same mechanism. This view has been challenged by the
discovery of molecular chaperones [142]. Therefore, this
addresses the following question: are the main rules of
protein folding deduced from the in vitro experiments
invalidated by the discovery of molecular chaperones?
According to the postulate of Anfinsen, the information
contained in the polypeptide sequence is necessary and
sufficient to insure the functional conformation of a
protein, which represents the structure of the lowest free
energy. Neither further information nor external energy
is required to achieve the correct folding. The molecular
chaperones, by their transient association with nascent,
stress-destabilized or translocated proteins, have a role
in preventing improper folding and subsequent aggrega-
tion. But they are unable to interact with native
proteins. Most data are consistent with the conclusion
that they cannot refold aggregates once formed. They
do not carry information capable of directing a protein
to assume a structure different from the one dictated by
the polypeptide amino acid sequence [143, 144]. Fur-
thermore, they increase the yield but not the rate of
folding reactions; in this respect they do not act as
catalysts. Therefore, they assist the in vivo refolding
without violation of Anfinsen’s postulate.

The in vitro experiments indicate that chaperonins are
unable to bind a totally unfolded polypeptide chain. It
seems rather well established that they transiently asso-
ciate with an early intermediate on the folding path. It
has been suggested that this intermediate might be a
molten globule or rather a pre-molten globule. How-
ever, so far this has not been clearly demonstrated.
Whatever it may be, the folding intermediate has large
hydrophobic regions exposed and it is likely that it
associates with the chaperone through hydrophobic in-
teractions. The hydrolysis of ATP is required in some
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cases, but not all, for the release of the protein. The
energy of ATP hydrolysis is used to provoke a confor-
mational change of the chaperone allowing the release
of the protein. This is well illustrated by the work of
Hartl and coworkers [145] who have shown that GroES
binding and release can drive GroEL-mediated protein
folding in the absence of ATP hydrolysis. The authors
have concluded that: ‘“The role of ATP hydrolysis is
mainly to induce conformational changes in GroEL
that results in GroES cycling at a physiologically rele-
vant rate.” The structural data now available, joined
with the functional studies have given rise to significant
progress in the understanding of the mechanisms used
by the chaperone machinery to assist protein folding
[143, 144].

The in vitro experiments on protein folding indicate
that misfolding and subsequent aggregation result from
a kinetic competition between the correct folding and
an off-pathway. When the formation of the correct
structure is kinetically favoured in cells, molecular
chaperones are not required. This is true even for
oligomeric proteins. In this regard, the folding of p22
Arc repressor dimer studied by Milla and Sauer [146]
offers an interesting example. Each protomer consists of
a small polypeptide chain of 53 amino acids, and in the
three-dimensional structure it is interwound with the
other. The refolding process is described as a two-
state reaction with a bimolecular rate-limiting step
(k+10" M~! s=%), a rate comparable to the fastest
protein-protein association step. Any chaperone-medi-
ated Arc folding reaction would be slower than the
unassisted folding reaction. Furthermore, in cells the
overexpression of Arc does not induce the expression of
heat-shock proteins such as GroEL and DnaK. In con-
trast, when the rate of misfolding is greater than the
rate of correct folding, it is likely that the role of the
molecular chaperone is to prevent the off-pathway. The
basic role of the molecular chaperone is assumed to
prevent the wrong interactions, maintaining the folding
intermediate in the correct folding pathway, or allowing
the protein to be in a conformation easily transported
across membranes. The probability of incorrect interac-
tions will be greater if the rate of biosynthesis is much
slower than the rate of folding. In fact, only a small
fraction of proteins requires the presence of a chaperone
to fold correctly. It is likely that, in vivo, only a few
proteins need the assistance of molecular chaperones to
find their native structure.

Other accessory molecules are able to play the role of
helpers in the folding of proteins in vivo. Protein disul-
phide isomerase, an abundant component of the lumen
of the endoplasmic reticulum, catalyzes the formation
of disulphide bonds in secretory proteins. Another en-
zyme, peptidyl-prolyl cis-trans isomerase, catalyzes the
cis-trans isomerization of X-Pro peptide bonds. These
enzymes only accelerate the process, which can also be
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achieved in their absence in vitro under adequate condi-
tions (for reviews see Schmid [147] and Lorimer [148]).
In other respects some proteins undergo chemical mod-
ifications such as glycosylations. It has been shown that
glycosylation does not modify the folding pathway of a
protein in vivo or in vitro; it only increases its stability.
It has been demonstrated for several proteins [149, 150].
The proposed mechanism for this stabilization includes
the role of carbohydrate moiety to solubilize the dena-
tured state and reinforce hydrophobic patches. This
stabilization appears to result mainly from entropic
effects [150].

From all recent studies, it is clear that ‘the principles of
protein refolding established in vitro also govern the de
novo folding of proteins in vivo’ [143].
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