cta

Biochimica

Polonica

Review

Vol. 46 No. 3/1999
487-508

QUARTERLY

Folding initiation sites and protein folding™*

Michat Dadlez

Institute of Biochemistry and Biophysics, Polish Academy of Sciences,

A. Pawinskiego 54, 02-106 Warszawa, Poland

Received: 23 June, 1999

Key words: protein folding initiation, residual structure, S-hairpin, a-helix

The paper discusses the role of local structural preferences of protein segments in
the folding of proteins. First a short overview of the local, secondary structures de-
tected in peptides, protein fragments, denatured proteins and early folding intermedi-
ates is given. Next the discussion of their role in protein folding is presented based on
recent literature and data obtained in our laboratory. In conclusion it is pointed out
that, during folding, local structures populated at low levels in denatured state may fa-
cilitate the crossing of the folding transition state barrier, and consequently acceler-
ate the rate limiting step in folding. However, the data show that this effect does not

follow simple rules.

Protein folding completes the fundamental
process of the flow of information from gene
sequence to protein structure and function.
Thanks to enormous effort of many research
groups during the last 30 years the main out-
line of the process begins to become clear.
This review summarises recent developments
in the in vitro experimental studies on the ini-
tiation of protein folding and the impact of
early-forming structures on the efficiency of
the entire process. Folding of proteins in vivo
may require the support of a translation sys-
tem [1] or chaperone proteins [2]. However,

for the majority of proteins this necessity has
not been documented [3] and many proteins
also in vivo fold without intervention of any
cellular supporting systems [4]. The basic par-
adigm that the entire information necessary
for proper folding of a protein is contained in
its sequence remains true. Thus the studies on
protein folding in vitro provide an important
step towards the understanding of protein
folding in vivo.

The studies on protein folding have also a
more practical aspect. Protein structures pre-
ceding the native form during folding, the so
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called folding intermediates, are the most im-
portant structures responsible for confor-
mational diseases of proteins caused by aggre-
gation of proteins [5, 6]. Some serious dis-
eases of humans and animals, like Alzheimer
disease, Parkinson disease, Huntington dis-
ease, cystic fibrosis or spongiform encephalo-
pathies are among them. The list of protein
conformational diseases is expanding fast [7,
8]. The design of potential therapeutics re-
quires the knowledge of their targets, in this
case the protein folding intermediates. Also,
the potential for biological activity of partly
folded proteins like prions [9] or some pro-
teins of the signal transduction cascade [10,
11] has been revealed recently. Genomics de-
livers protein sequences, but only a pro-
found knowledge of the rules of structure
formation in proteins can lead to structural
proteomics, i.e. cataloguing of protein strue-
tures and functions in living organisms. Bio-
technology also can benefit from protein
folding studies since the designing of new
proteins requires that they are properly
folded.

The organisation of protein structures is in
general based on the intertwining elements of
secondary structure like a-helices, f-strands
and turns [12]. These secondary structural el-
ements are stabilised by local interactions,
acting within a given element, but also by long
range interactions, between residues partici-
pating in different structural elements. The
long range interactions establish the tertiary
structure of a protein. The aim of protein fold-
ing studies is to elucidate the location, mech-
anism, and time course of stabilisation of
these basic structure-building blocks. In spite
of a significant effort, the way by which the
structure in proteins is formed has not been
elucidated yet, and controversies are abun-
dant in the literature. Available data, how-
ever, make it clear that the basic shape of the
protein, in other words the general topology
of protein chain, is established early in the
folding process. This review focuses on ques-

tions and answers dealing with the early
steps of folding.

Most important questions can be put as fol-
lows. What structural elements can be de-
tected in the unfolded state? In other words
one needs to know what elements of second-
ary structures (native or not) occur in un-
folded proteins and what are their stabilities?
What interactions stabilise these, so called,
residual structures? From this the next ques-
tion follows: do these residual structures help
at all in folding of proteins, i.e. do they accel-
erate the folding process by decreasing the
height of the barrier of the folding transition
state? Are the local interactions sufficient to
drive proper folding, or these local events are
irrelevant, and long-range, strong, hydropho-
bic interactions are those which fold proteins?
Different research groups gave different an-
swers to these questions, and though the de-
finitive answers are still to come, recent re-
search provided important information. Theo-
retical studies also address the above ques-
tions and thorough reviews describe the devel-
opment of the theoretical approach [13-18].
Only experimental results are discussed here.

Due to cooperativity of folding the struc-
tures attained during different stages of fold-
ing cannot be studied at equilibrium. The
studies of the early steps of folding also suffer
from this difficulty and the conformational
state of the protein at the beginning of folding
is usually modelled by short peptides, protein
fragments, truncated proteins, or proteins de-
natured by some agent, e.g. a chaotropic
agent. All these approaches have been under-
taken to address the first question on the
structural nature ‘of the unfolded protein,
when the folding process is triggered by apply-
ing conditions favouring folding. The follow-
ing sections present first the studies of the
structure of isolated short peptides, natural,
modified or designed, protein fragments,
truncated proteins, and finally of the entire
denatured proteins both in unfolding and fold-
ing conditions.
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SHORT PEPTIDES

Short peptides provide a perfect model sys-
tem for studying local interactions, as all ele-
ments of secondary structure like a-helices,
fragments of f-strands named S-hairpins, and
Pturns can be quite stable in peptides. Initial
doubts as to the potential stability of the a-he-
lix in short peptides have been dispelled by the
discovery [19, 20] that the N-terminal frag-
ment of RNase A, consisting of twelve amino-
acid residues, is partly helical in physiological
conditions. Intensive studies followed, and
soon peptides of remarkable helical content
have been found: the modified C-peptide of
RNase A [21] is in 50% helical; H-helix of
myoglobin is in 30% helical [22], A-repressor
fragment — 40% helical [23], C-terminal pep-
tide of Rnase H is 40% helical [24], the frag-
ment of ribosomal protein L9 is in 53% helical
[25]. The factors stabilising the a-helical struc-
ture in peptides have already been thoroughly
studied and several reviews summarise the
obtained data [26-28). The collected data al-
lowed to design algorithms that can in many
cases properly estimate the stability of helical
structure in a given peptide [29].

The most general conclusion drawn from
these studies is that the backbone itself has an
inherent tendency to form a helix [30]. In this
work, it is suggested that a §-carbon, which is
present in almost all amino-acids, should be
treated as part of the backbone, thus poly-
alanine is used as the model of the polypeptide
backbone, and the studies of a series of
alanine based peptides provided most precise
information on the factors influencing the sta-
bility of a-helical structure [31]. In general, re-
placement of Ala with amino acids which in-
troduce more flexibility (Ala to Gly) destabi-
lises the helix by stabilising the unfolded state
entropically. Bulky side chains also destabi-
lise the helix entropically because the helical
backbone sterically decreases the confor-
mational space accessible for the side chain
[32]. The amino acids with side chains destabi-
lising helical conformation to the smallest ex-

tent are called helix formers. Numerous stud-
ies allowed to establish the helical propensi-
ties of all amino acids [32-35].

On the other hand, specific interactions be-
tween side chains may stabilise the helix even
by more than 1 kcal/mole per interaction. A
wide spectrum of different pairwise interac-
tions has been catalogued, like salt bridges
[36], interactions between non-polar groups
[37-38]; charged and aromatic groups [39,
40] or hydrogen bonds [41]. The sign and mag-
nitude of these interactions are strongly de-
pendent on mutual arrangement of the inter-
acting groups on the helix cylinder. Also, in-
teractions of N- and C-terminal residues with
backbone atoms, so called N-cap or C<ap in-
teractions, respectively, may stabilise the he-
lix. Simultaneously, these interactions can
stop further helix propagation providing helix
termination signals for helices in proteins.
Therefore they may play an important role in
the formation of general protein chain topol-
ogy [42], although they not always prevent he-
lix propagation [43]. The data on interactions
providing helix termination signals have been
summarised recently [44].

Formation of an a-helix is a fast process. Ki-
netic studies estimate the rate of helix elonga-
tiontobe 10® x g1, However, it is the forma-
tion of the first helical turn, the so called nu-
cleation step, which is rate limiting in helix
formation, thus helix formation times are in
the range of a microsecond [45-47].

Calorimetric studies of the helical stability of
an alanine based peptide have shown that an
a-helix is stabilised enthalpically [48]. Hydro-
gen bonds, each stabilising an a-helix by
1 kecal/mole have been suggested as a factor
responsible for this enthalpic stabilisation.
The enthalpic stabilisation of helices seems to
be stronger in isolated peptides than in heli-
ces buried in proteins [49]. It has been sug-
gested that, in alanine based peptides, the
backbone peptide groups are not dehydrated
and the dehydration following the burial of an
a-helix in proteins leads to the decrease of the
strength of helix stabilising hydrogen bonds



490 M. Dadlez

1999

[42, 50, 51]. Dehydration of backbone atoms,
which destabilises folded forms, has been sug-
gested to explain the discrepancies in thermo-
dynamic data obtained for folding of proteins
[62]. Chaotropic agents destabilise helices
[53] and some alcohols like trifluoroethanol
(TFE) stabilise their structure [54]. The mech-
anism of stabilisation by TFE is a matter of
discussion. Usually it is assumed that TFE sta-
bilises the hydrogen bonds. However, recent
experiments do not support this view [55]. As
they suggest that the presence of alcohol
shifts the equilibrium towards the helical
structure not by influencing the free energy of
the helix itself but by increasing the free en-
ergy of the unfolded state by disfavouring
hydration of the backbone atoms. Although
the correlation between the amino-acid type
and helix formation tendency has been well
established the knowledge on the nature of
forces responsible for helix stability is not suf-
ficient yet.

The studies of fragments of S-structures in
isolated peptides, named S-hairpins, which in-
volve only two antiparallel strands, are more
difficult than those of a-helices because of an
inherent tendency of such structures to aggre-
gate. Most of the studied peptides encompass-
ing B-hairpins in proteins are either unstruc-
tured or aggregate [56]. Nevertheless, in re-
cent years several peptides have been found in
which a significant population of the S-struc-
ture has been detected in monomeric species
[66-64]). The shortest of these peptides con-
sists of 8 amino acids [62]. Interestingly, in
natural peptides f-hairpins of significant sta-
bility are a rare event, more often they are de-
tected in modified or de novo designed pep-
tides.

It has been suggested that f-hairpins are sta-
bilised by a network of different interactions
of the side chains and backbone atoms [63,
64], including also electrostatic interactions
[65). A hydrophobic interaction involving
tryptophan residue is postulated as the stabi-
lising factor for a f-hairpin in a model peptide

[63]. 3C.NMR relaxation studies show that,
upon formation of a f-hairpin in a model pep-
tide, the mobility both of the backbone and
side-chain atoms becomes restricted [66, 67].
The kinetics of folding of a f-hairpin peptide
has been measured by the temperaturejump
method [63]. It has been shown that folding of
a f-hairpin is about 30-fold slower than fold-
ing of an a-helix. Two factors can contribute
to the observed differences; first, in a propa-
gating structure a single H-bond in f-hairpin
fixes two residues as compared to one in an
a-helix, and second, an a-helix formation can
be started at any residue and in the case of a
B-hairpin only at turn residues [63].

Similarly to a-helix, f-hairpin formation is
enthalpy driven, H-bonds being the most prob-
able candidate for the enthalpic component
[63, 64]. Also, like in the case of a-helix
chaotropic agents unfold f-hairpins [68] and
TFE stabilises its structure [62]. Different ap-
proaches have been used to study the S-sheet
preferences of different amino acids. Based
on database structure analysis [69], compari-
son of the stability of protein mutants [70-72]
and model peptide studies [73, 74] a series of
preferences has been obtained. However, the
generality of the observed preference scale
has been questioned [75, 76]. In a de novo de-
signed f-hairpin the replacement of strand
residues by alanines leads to the destabilisa-
tion of the hairpin structure [77]. This has
been interpreted as indicating the sidechain-
side-chain interactions. However, the side
chains may exert their effect in an indirect
way [64], for instance by modulating the in-
trinsic propensities or strength of hydrogen
bonds [78], and not necessarily by a direct in-
teraction.

Turn-like structures have also been detected
in short peptides [79-82]. The turn residues
may enforce the type of the f-hairpin formed
[77, 83, 84]. Proper turn formation has been
shown to be required for proper folding of P22
tailspike protein [85]. Amino-acid preferences
to form a turn have been measured [86].



Vol. 46

Folding initiation sites and protein folding 491

FACTORS DIFFERENTIATING THE
«-HELICES AND B-STRUCTURES

As protein structure architecture is built
upon this differentiation the question of fac-
tors responsible for formation of helices in
some parts of protein sequence and sheets in
the others is a fundamental one. Remarkably,
thermodynamic studies point to H-bonds as
the main stabilising factor of both helices and
hairpins in isolated peptides. However,
H-bonds are believed to be unspecific [87] and
thus unable to provide necessary differentia-
tion. Similarly, hydrophobic interactions
shown in some cases to stabilise local struc-
tures, are non-specific. Thus the main driving
factor for formation of the a-helices or f-hair-
pins seems to be the stereochemical code of in-
trinsic propensities which disfavours helical
conformation for some amino acids and sheet
conformation for the others [38, 88]. This
code may be modulated by neighbouring resi-
dues [89). Also, external conditions, like
trifluoroethanol, may change the rank order
of the hierarchy of preferences of particular
amino acids [51].

In the case of a-helix the stereochemical
code of conformational preferences results
from the fact that the helix backbone imposes
conformational restrictions on side chains
leading to large entropy loss upon helix forma-
tion. It has been pointed out [42] that the de-
stabilisation of a helical conformation in itself
might be sufficient to shift the equilibrium to-
wards a f-hairpin without any special f-sheet
stabilising factors. In this model, the mole
cules for which population of the helical ®, W,
minimum of a Ramachandran plot is disfa-
voured, would tend to populate the second
minimum which corresponds to a S-hairpin.
Random coil might be dominating in peptides
of mixed tendencies. An interesting alterna-
tive has been suggested based on the correla-
tion between the B-sheet forming tendencies
and the hydrogen exchange rates of amide
protons of different amino acids [78]. Namely,
it has been suggested that the stability of a hy-

drogen bond may depend on the sidechain
and its conformation. In any case, the
sidechains stabilise a given structure in an in-
direct way, by affecting the properties of the
main chain, and not necessarily by a direct
sidechain-sidechain interaction [64]. The role
of the backbone in protein folding has only re-
cently been recognised [52]. In 1996 Honig
and Cohen entitled their paper: “Adding back-
bone to protein folding: proteins are
polypeptides” [90]. In a series of studies it has
been found that the scales for secondary struc-
ture propensities obtained in peptide studies
correlate well with the statistical propensities
for populating specific regions of the ®, ¥
space in protein crystal structures [69, 91].

FRAGMENTS OF PROTEINS

The search for folding initiation sites has
also been carried out in the fragments of pro-
teins [92, 93]. The list of proteins for which
the conformational analysis of their frag-
ments has been carried out is long. Among
them are the studies of plastocyanin [94],
lysozyme [95, 96], barnase [97], BPTI [98],
cytochrome ¢ [99], chymotrypsin inhibitor 2
[100], protein GB1 [101], myoglobin [102], ri-
bosomal protein L9 domain [25] or a series of
three different proteins [103). In the case of
a-spectrin SH3 domain fragments some
non-native structures have been found [104].
In all these studies it has been shown that, in
general, the stability of the detected residual
structures is weak, although a deviation from
random coil seems to be a common feature.
Stable local structures in protein fragments
are rather an exception than a rule.

Similar results have been obtained in the
studies of truncated proteins in which several
terminal residues have been removed leading
to the unfolding of such proteins as staphylo-
coccal nuclease [1056-107], cytochrome ¢
[108], or chymotrypsin inhibitor 2 — CI2
[109]. In CI2 the removal of C-terminal amino
acids results in the disordered protein, in
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which, however, hydrophobic patches could
‘be detected.

In conclusion, in the isolated fragments of
proteins the elements of structure can be de-
tected, usually of low stability, although it is
relatively easy to obtain their significant sta-
bilisation by rational modifications. This ob-
servation has led to the suggestion that the se-
quences of protein were evolutionarily se-
lected for the lack of stable structures in iso-
lated fragments [87] and that this instability
may be necessary for optimisation of folding
[110]). The relative instability of local struc-
tures may be helpful at later steps of folding
and facilitate the subtle changes in local struc-
tures necessary to obtain the final, close, ter-
tiary contacts.

RESIDUAL STRUCTURES IN
DENATURED PROTEINS

In parallel to the conformational studies of
protein fragments, studies were carried out
on entire denatured proteins. The residual
structures are even more difficult to detect in
the entire sequences than in isolated frag-
ments, since they span only a fragment of the
sequence, and are populated only in a fraction
of time. The signals coming from unfolded
parts of a molecule in classical methods of
structure analysis, like circular dichroism or
nuclear magnetic resonance, may interfere
with detection of weakly stable structures. Nu-
merous studies on the structure of unfolded
proteins in unfolding external conditions
have been reported [111-118]. In general,
these experiments did not detect stable struc-
tures in fragments of protein sequences but
detected signals of existing non-random, fluc-
tuating structures. The development of NMR
spectroscopy allowed to obtain peak assign-
ments for at least ten unfolded proteins [119].
In myoglobin [120] the fluctuating, weak
structural elements are detectable independ-
ently of the degree of protein unfolding. NMR
studies detected local hydrophobic interac-

tions [112], local restrictions of main chain
mobility [113) and nascent turns [121].

UNFOLDED PROTEIN IN FOLDING
CONDITIONS

Upon transition to folding conditions the de-
natured protein chains undergo contraction
in the so called burst phase. This phase is usu-
ally completed within the dead time of the ex-
perimental instrumentation used in the ki-
netic studies of folding. The contracted burst-
phase state is thought to be formed in the mi-
crosecond time scale. According to some au-
thors it is the result of a non-specific hydro-
phobie collapse and thus without relevance to
specific structure formation [122-124]. Data
collected by others point to the contrary, indi-
cating the presence of the elements of na-
tive-like structures even during the earliest
folding events (for a review see [125]).

In some cases the unfolded protein chain can
be maintained and studied at equilibrium in
folding conditions. For instance, some
disulphide bonded proteins unfold when the
disulphide bonds are reduced. By applying re-
ducing conditions the unfolded proteins can
be studied in folding conditions. In the most
thoroughly studied case of bovine pancreatic
trypsin inhibitor (BPTI) native-like tendencies
have been detected and shown to accelerate
native pairing of one of the disulphide bonds
[126, 127]. The residual structure, which is re-
sponsible for the above effect, is stabilised by
an interaction of the two stretches of hydro-
phobic residues [128]. More detailed studies
[64] showed that the residual structure, most
probably a native-like -hairpin, is weakly pop-
ulated (below 10%) in reduced BPTI. However,
its presence accelerates the overall formation
of the natively paired disulphide. These data
provide an experimental evidence that, in un-
folded proteins in folding conditions, na-
tivelike tendencies, though thermodynami-
cally not very strong, can be detected and can
affect the folding process. The presence of the
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native-like structure in reduced BPTI has
been confirmed by detection of a specific bind-
ing of this molecule to target enzyme [129]. It
has been shown previously [130] that, if some
structure accelerates the formation of a
disulphide, the same structure becomes stabi-
lised after the disulphide is formed. And in-
deed, NMR studies of a BPTI variant have
shown that the formation of the disulphide
stabilises the native f-hairpin [131, 132]. Fluo-
rescence transfer studies also suggested the
presence of a residual structure in reduced
BPTI [133-135]. This structure escaped ear-
lier detection due to inability of classical
methods of structural analysis to detect struc-
tures populated at the level of a few percent.
Disulphide bonds were also used as reporter
groups to show that a molten globule of
a-lactalbumin has a nativelike fold [136].

In some dimeric proteins, like Arc repressor,
folding is coupled to the formation of dimers.
This allowed to study the unfolded Arc
repressor structure in folding conditions.
Monomers were shown to be partly structured
[137].

BURST PHASE STRUCTURES

Kinetic studies of early folding events pro-
vide some insight into the structures appear-
ing in the burst phase. Some of these tests
point to lack of secondary structure [108,
122-124, 138]. It has been suggested that, in
cytochrome ¢, folding in the early phase is a
time consuming process of energetically up-
hill barrier crossing and not the downhill col-
lapse [122]. These data suggest that specific
folding starts from a slow process of forma-
tion of a nucleus stabilised by long range in-
teractions of hydrophobic residues [124].

Other data point to the contrary [125]. The
burst phase structures usually give rise to a
significant fraction of a nativelike circular
dichroism signal [139]. Some protection of

amide hydrogens against exchange has also
been observed in the earliest detectable fold-
ing events in numerous kinetic studies of fold-
ing [125]. Stabilisation of early folding f-hair-
pins by clusters of hydrophobic residues in
interleukin-18 has been demonstrated by an
NMR spectroscopic study [140]. In the immu-
noglobulin fold a f-strand conformation is es-
tablished early in folding [141]. Specific
changes of tryptophan fluorescence develop
in the burst phase in ubiquitin [142, 143] indi-
cating rather specific than non-specific
tryptophan interactions. Single mutations
were observed to significantly destabilise an
early folding intermediate in ubiquitin [143]
and cytochrome ¢ [144] providing evidence for
non-random interactions. It has also been sug-
gested that in some conditions (like low tem-
perature) local interactions prevail whereas in
the other long-range interactions become
stronger [145].

In some cases a non-native secondary struc-
ture develops in the burst phase. The best
known example is f-lactoglobulin [146], where
the CD signal indicating the presence of an
a-helix, which develops in the burst phase, dis-
appears later during folding. The SH3 domain
engineered to exhibit non-native a-helix pro-
pensities, and containing non-native helix in
the denatured state [147, 148] finally folds to
its native structure. Improper local structures
do not prevent a protein from folding. In some
cases, the context masks these local structural
propensities [76, 86, 149]. That has been
clearly shown in a “chameleon” sequence
[149] where an eleven residue peptide be-
comes either helical or forms a f-sheet in the
folded protein depending on its position in the
protein sequence. By no means these data pro-
vide evidence for a general mechanism of
breaking down the local preferences in the
later steps of folding. They point out that in
some cases non-local forces can overcome
non-native propensities at the possible cost of
the efficiency of the folding process.
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FOLDING INITIATION SITES

Residual structural elements in unfolded
proteins have been postulated to provide fold-
ing initiation sites [94, 100, 150-152] and,
more specifically, f-hairpins were suggested
to serve as folding initiation structures [153].
Residual structures are expected to accelerate
folding by mnarrowing the accessible
conformational search space. On the other
hand, it has been argued that the marginal sta-
bility of local structures lowers their popula-
tion to the levels of at best a few percent of the
total, and thus role of these structures may be
marginal in comparison to much stronger,
long range hydrophobic interactions [154].

The influence of local structures appearing
in unfolded state on the rate of folding is a
matter of vigorous discussion. In various
phenomenological models of the folding pro-
cess elements of secondary structure play dif-
ferent roles. In the framework model [155,
156] local secondary structure elements are
crucial. This model assumed the formation of
stable elements of secondary structure at the
early phase of folding and their subsequent
simple recombination. In the “puzzle” model
[157] folding was thought to start at any re-
gion of sequence in the protein, so that no spe-
cific folding initiation sites seemed necessary.
The diffusion-collision model [158] assumed
the stabilisation of the pre-formed local struec-
tures by collisions at a rate limited by the dif-
fusion rate. The nucleation model [159] as-
sumed a single, stable nucleation structure
and further growth of the rest of structure on
the template of the nucleus. The nucleation-
condensation model [110] underscored the ne-
cessity for a low stability and flexibility of fold-
ing initiation sites (named nucleation sites).
Hydrophobic collapse models emphasise the
role of the long range hydrophobic interac-
tions and postulate that local structures are ir-
relevant for folding [160].

UNSTABLE FOLDING INITIATION
SITES CAN ACCELERATE FOLDING

It is mostly agreed that, in the burst phase, a
state of pre-equilibrium of different conforma-
tions is established in the very fast process de-
prived of energetic barriers — energetically
“downhill”. This pre-equilibrium precedes the
transition of a free energy barrier what leads
to the native state [125]. The presence of this
barrier has been postulated to be a general
phenomenon in protein folding, because pro-
tein folding kinetics are in general
monoexponential. The transition state theory
is widely applied for studying this barrier, al-
though the validity of this approach is still un-
der discussion. By analogy with the transition
state of an ordinary chemical reaction this
barrier is called the transition state barrier
for folding. Recent studies, however, indicate
that the character of this energetic barrier for
folding is in many respects different from the
transition state barrier of an ordinary chemi-
cal reaction.

An exception in the character of an early
folding step has been suggested in the case of
cytochrome ¢ in which the entire folding pro-
cess is thought to proceed uphill of the folding
barrier [122] without a specific pre-equili-
brium state. This conclusion came from the
conviction that the burst phase in the case of
cytochrome ¢ is a non-specific hydrophobic
contraction in response to changed external
conditions, and thus is not treated as part of
the folding process [124]. However, the entire
folding process is the response to the changed
external conditions, the burst phase included.

The rate limiting step of folding is the cross-
ing of the transition state barrier, as the frac-
tion of molecules populating the high energy
transition state is limited by the height of the
corresponding energy barrier. Whether the
rate limiting step is due to water exclusion or
internal friction of side chain rearrangements
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still remains a matter of debate [161)]. Since
the rate limiting step seems to be kinetically
separated from the burst phase by the state of
pre-equilibrium, the role of local structures on
overall folding is sometimes questioned [160,
162]. '

The following simple reasoning shows that
even weakly stable local structures can accel-
erate the formation of long range contacts
necessary for crossing the transition state
barrier, and can thus accelerate the entire
folding process. A simple scheme describing
formation of a long range contact in an ensem-
ble of pre-equilibrated weak structures is
considered (Fig. 1). The model assumes that a
spectrum of short range local interactions
(AxB) exists in a state of preequilibrium with
a fast interconversion between a set of un-
folded forms (u ensemble) and a local na-
tive-like structure (¢ ensemble). The na-
tive-like local structure may entropically accel-
erate the formation of the long range contact
(CxD) in the c subset of molecules, as it de-
creases the conformational search space in
the ¢ molecules. The observed rate of forma-
tion of the longrange contact for the entire
population of the molecules (k,},.) depends on
the rates of long range contact formation in u
and ¢ ensembles and the pre-equilibrium con-
stant (K). For simplicity the unfolding rates
have not been taken into account.

kubs"ku*fu"‘kc'fu;

where f. and f,, are the fractions of ¢ and u, re-
spectively. As ¢ and u are assumed to
equilibrate fastf./f,, = K, f,= K/(1+K) and f,, =
1/(1+K) are constant, time independent, val-
ues, and

Egbs = (ky * ke * K)/(1+K) or
Eobs = ky * (1 + K*ke/ky)/(1+K)

The observed rate enhancement, caused by
the structure in subset ¢ of the molecules, is

Tobs = Robe/ky and:

Tobs ™ (1 + K * rpax)/(1+K) (1)

where rp., is the maximum rate enhance-
ment possible rya, = k/ky.

The dependence of the observed rate en-
hancement for the entire population of the
molecules (ryng) on the pre-equilibrium con-
stant K for a series of different values of ry .y
is given in Fig. 1b.

It is clear that a significant acceleration of
kobs is possible even for quite low values of K,
below 0.1, when the population of a folding
initiation site is at the level of a few percent or
lower. It is impossible to detect these struc-
tures by classic methods of structural analy-
sis. However, these weak structures can sig-
nificantly accelerate acquisition of proper
long-range contacts, provided they equilibrate
fast with the remaining molecules and that
their existence in a single molecule strongly
influences the rate of formation of a long-
range contact (rpmax  high). Fast
pre-equilibrium ensures a constant flux to-
wards ¢ subpopulation, so that at any moment
the same fraction of molecules occupies in the
fast-folding c state. That is why the existence
of a small ¢ subpopulation can influence the
folding kinetics of the entire population.

In folded proteins the effective concentra-
tion, reflecting the rate of formation of the
contact between the two residues [127], even
for long range contacts, can be very high, at
the level of 107 moles [163]. In unfolded pro-
teins the effective concentration is at the level
of a few millimoles [127]. The values of effec-

- tive concentration and thus the values of ry

of 10% in partly folded proteins are not unex-
pected. In the case of K<<1 the observed rate
depends on the residual structure population
in a linear fashion, provided in ¢ molecules a
long range contact formation is significantly
accelerated. In other words, it is necessary
that local structures increase considerably the
effective concentrations of a potential long-
range contact. Stable, fixed elements of sec-
ondary structures may not be the optimal in-
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Figure 1. The ability of a local structure (AxB) of a low population to affect the rate of formation of along
range contact (CxD) in the entire population of folding molecules.

a. Scheme of four species populated in the early steps of folding.
The local interaction AxB present in the subset c of the molecules is in fast equilibrium with form u in which AxB do
not interact. The equilibrium constant K describes the relative populations of ¢ and u forms. In subset ¢ the rate of

formation of the long range contact (k_) is different than inu (%) for entropic reasons. The overall rate of formation
of a long range contact (k,,,) depends on K and the ratio of k, and k, (7= k./k,), as described in the text.

b. The dependence of the observed rate enhancement (r ;= Egpe / By) caused by the presence of the local
structure of different stability (K) for several values of r,,, calculated according to equation 1.

For higher r,,,, values even a small fraction of molecules containing AxB can affect the overall rate of formation of
the long range contact. On the other hand, a further increase of K value above the level of 10 has no effect on folding

termediate structures to fulfil this condition.  described in the literature. In the first, the fi-
The fact that local structures, even populated  nal structure is being built in a hierarchic
as only a small fraction of molecules, can in-  fashion, starting from local structures, which
fluence the folding flux of the entire popula-  are then stabilised by long-range interactions.
tion of molecules, is often not sufficiently ap-  In the second, the entire folding is directed by
preciated. Similar kinetic schemes seem toap-  hydrophobic collapse, and local structures,
ply to the entire process of folding, where the  even if they exist, are of no relevance, as they
overall folding rate may depend on the frac-  do not accelerate folding. Both these models
tion of population of an early, burst-phase in-  find support in theoretical work [165-168]
termediate [125, 164]. and in experimental data [87]. Also some indi-
rect arguments were proposed to support ei-

ther possibility. For instance, it has been

RELEVANCE OF LOCAL STRUCTURES  noted that hydrogen bonds in folded proteins
FOR FOLDING are formed mainly between residues close in
sequence, so that they are stabilised locally

The question at which stage of foldingandby  [169], and that helix termination signals are
what interactions or mechanisms the topology =~ provided mainly by local interactions [44]. A
of the main chain, i.e. the global structure of  correlation has been noted between the rate of
the protein, is established [42, 50], is still a  folding and the fraction of local vs. long range
matter of debate. Two different concepts were  contacts [170]. Proteins stabilised by a higher
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fraction of local interactions fold faster. Re-
cent experiments have shown that maintain-
ing the hydrophobic core is not sufficient to
retain the fold [171] and sometimes small
changes are sufficient to change the protein
fold [172] however, experiments with alanine
replacements of a large portion of the se
quence of Arc repressor point to the contrary
[173]. Also, periodicity of hydropho-
bic-hydrophilic residues in protein sequence
has been shown in several cases to be a suffi-
cient factor to stabilise a specific structure
(174, 175].

Many attempts to accelerate folding by stabi-
lising local structures (or to decelerate it by
destabilising them) have been undertaken,
and some of them failed. In general, these ex-
periments show that there is no simple de
pendence of the rate of folding on the stability
of local structural elements.

The most straightforward case of the lack of
dependence of the folding rate on the stability
of constituent helices has been demonstrated
in a simple system of the dimerisation of two
a-helices into a coiled-coil structure [123]. Ina
coiled coil the two helices wind around each
other, which leads to helix bending [176]). In
the above experiment some residues outside
of the contact interface were replaced by
glycines, highly destabilising the helical struc-
ture of the monomers. However, the rate of
formation of the dimer decreased only
slightly. Interestingly, the decrease in the
rates of unfolding was much more pro-
nounced. This demonstrates that, in the case
of a coiled coil, the best folding nucleation
sites are not preformed helices but, most
probably, nascent turns of helical conforma-
tion, which recombine with each other and zip
up the leucine zipper structure. In agreement
with this, in the transition state for coiled-coil
formation a high population of intramolecular
hydrogen bonds has not been detected [55).
However, it has to be taken into account that
folding of a coiled coil has some features that
may not be fully representative for general
protein folding. First, in the coiled-coil the he-

lices are distorted, thus regular helices are not
necessarily the most energetically favourable
templates for dimers (for a helical ensemble
k. may be lower than k, instead of being
higher, using the terminology from Fig. 1).
Second, the rate of the formation of a dimer is
much higher than the folding of even small
proteins, which indicates that the transition
state barrier must be very low in this case.
Anyway, the coiledcoil folding experiment
provides support for the nucleation mecha-
nism, with flexible structure formation as the
starting point for folding. Similarly, several
other studies did not detect any increase in
folding rates upon stabilisation of local struc-
tures [177, 178].

In myoglobin the kinetics of folding has been
compared in a series of variants with strongly
destabilised helix H [178]. The only observ-
able local structure in the fragments of
myoglobin can be detected in helix H, which
participates in the burst phase of folding and
was suggested to be a folding initiation site for
myoglobin [179]. It was shown that destabilis-
ing mutations decelerate folding, but only in
the presence of more than 1 M urea, when the
molten globule intermediate becomes destabi-
lised. As shown in Fig. 1b, high stability of a
folding nucleus (molten globule) decouples
the overall folding rate from the local struc-
ture formation in helix H. In the absence of
urea the nucleus is stable enough even with
destabilised helix H. This is in agreement with
the robustness of the folding code postulated
recently [42, 50]. Robustness assumes that
only a small fraction of early phase interac-
tions is sufficient to induce proper folding.
Similarly, the analysis of folding of a series of
permutants of SH3 domain [180], which differ
only by the region of protein sequence in
which the N- and C-termini are placed, with
different elements of local structures broken
or stabilised, shows that the folding always
leads to the same final native structure. None
of the elements of secondary structure is in-
dispensable for folding, as other elements
seem always to be able to substitute it during
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folding, which again points to the robustness
of the folding code.

Other studies, however, reported a straight-
forward correlation between local structure
stability and folding rates. Mutations of ex-
posed polar residues enhancing nativelike
tendencies in helical segments of proteins
were found to accelerate folding [181-183].
Fluoroalcohols which stabilise local interac-
tions while destabilising hydrophobic forces
have been found to dramatically accelerate
folding of a small a/f protein [184]. The resid-
ual structure in unfolded BPTI, populated by
less than 10%, can nevertheless accelerate sev-
eral-fold native pairing of the native disul-
phide in the entire population of molecules
[64]. Stabilisation of the nativelike f-hairpin
was suggested to be responsible for this effect.
Also, it has been shown directly that the diffu-
sion of the elements of secondary structure
has a direct influence on the height of the
main transition state barrier and thus on the
rate of folding [185]. It has been found that, in
barnase, local structures are strengthened in
early folding steps by non-native tertiary in-
teractions which are subsequently changed to
native ones [186]. The effects of local interac-
tions on protein stability have been reviewed
by Munoz et al. [177].

Mutations in turn residues do not provide
simple answers either. In some cases these
substitutions lead to changes in the rate of
folding [86] and in other they are irrelevant
[187]. Selection of folded proteins from pro-
tein libraries randomised at turn positions
have shown that sequences with proper turn
residues are preferred thermodynamically
[188]. In terms of protein structure some pro-
teins tolerate mutations in turn regions [187,
189] and some don't [190], but usually these
mutations affect stability [86,188] and folding
kinetics.

In summary, the recently obtained data indi-
cate that local, weak structures provide effi-
cient folding initiation sites. Several interest-
ing experiments, two of which have been dis-
cussed above, show that the role of these

structures does not follow simple rules, and
the results were interpreted sometimes as
contradicting the mentioned above statement.
However, as pointed out previously, different
interpretations are possible, and this can ex-
plain the contradiction. More work is neces-
sary to provide the final answer.

It is clear, however, that local interactions
must stabilise the folding transition state to
accelerate folding [191]. For instance, in the
transition state for bimolecular folding of the
S-protein-S-peptide complex, both the a-heli-
cal structure of the peptide and the hydropho-
bic contact are present [192]. The balance be-
tween local and long-range interactions seems
to be maintained for optimisation of folding
[87]. The long range, hydrophobic forces are
very strong and can easily overcome weak
forces acting locally. This does not seem to
necessarily happen in protein folding. Rather,
both factors act in parallel. The role of local
structures is to facilitate and accelerate the
formation of stabilising long range contacts in -
the subset of folding molecules. These long
range contacts do not have to be native to ful-
fil their role [186]. Their formation may lead
to a decrease of the transition state barrier in
a given subset of the molecules and channel
the entire population across the barrier [64],
because of the pre-equilibrium existing in the
unfolded state in folding conditions [193]. On
the other hand overly stable, fixed elements of
secondary structure do not seem to facilitate
proper long range contacts. The data available
underscore the gradual acquisition of fixed
structure in the process of folding. It is also
possible that the stability of local structures is
maintained on the proper (low) level to facili-
tate the fit of local elements into the final
structures without energy loss and excess bar-
riers in the final step of sidechain fixation
and water expulsion. The final protein struc-
ture, the physical basis for the entire biologi-
cal activity of proteins, seems to be born in a
process of mutual stabilisation of local and
longrange contacts. During evolution, such
protein sequences might have been selected in
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which both types of interaction are precisely
correlated to obtain foldable proteins.
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