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Abstract

Considerable progress was made over the last few years in understanding the mechanism of folding of cytochrome

css1, @ small acidic hemeprotein froseudomonas aeruginosa. Comparison of our results with those obtained by
others on horse heart cytochromeallows to draw some general conclusions on the structural features that are
common determinants in the folding of members of the cytochrorfanmily.
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1. Introduction

Protein folding is the process by which a poly-
peptide chain achieves its specific biologically

to unravel the mechanism of protein folding envis-
ages that in order to be complete in a finite time,
refolding of a denatured protein should occur
through a specific reaction pathway, and several

active three-dimensional structure, starting from a models have been proposed and discuskdd
disordered random coil state. Since the pioneering Experimentally, this hypothesis focused primarily

work of Anfinsen [1], the mechanism of protein

folding has attracted a lot of attention but still is
a major unresolved problem of modern biochem-
istry and structural biology. The classical approach
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on the identification and characterisation of folding
intermediates, i.e. partially folded states crucial to
achieve the native conformation by reducing the
search of its conformational spaf®. Elucidation

of the folding mechanism would require that all
the conformational states on the pathw@yclud-

ing the native and denatured states, possible fold-
ing intermediates and the relevant transition spates
are known in detail at the level of individual
residues. It is accepted that this goal can only be
achieved by a kinetic investigation of the folding
and unfolding reactions of the wild-type and many
different site-directed mutants, applying extensive-
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ly a protein engineering strategy, as pioneered by neutral pH and slowing down the refolding rate

Fersht[4].

The characterisation of proteins which fold
according to a two-state proceld, the discovery
of different types of kinetic trap$6,7] and the
development of new theoretical models of protein
folding [8] have, however, opened an intense
debate about the significance of folding interme-
diates. Only very recently, with the development
of techniques that allow to investigate the folding
reaction on a sub-millisecond time range, the
kinetic role of partially folded states has been
directly addressef®—11]. The distinction between

[16—19. Interestingly, a partially structured inter-
mediate with tertiary contacts between the N- and
C-terminal a-helices(a common motif in class-I
cytochromec fold) was claimed to be an early,
on-pathway, intermediate in the cyt folding
mechanism[3,19; a related question is whether
this intermediate can be populated even under
acidic conditions, i.e. in the absence of miscoor-
dination events[3,16,17. In spite of extensive
studies, however, the folding mechanism of eyt

is still controversial because it is debated whether
it follows a two-state[20—23 or a multi-state

two- and three-state folders may appear to be amodel with specific, on-pathway, intermediates

major generalisation brought about by protein fold-
ing studies over the last few years. From an
experimental viewpoint, this distinction is gener-
ally based on the shape of the chevron gliot.

[3,13,19.

We decided to address the protein folding prob-
lem employing a comparative approach, i.e. mak-
ing use of the simple strategy of comparing

the log of the observed rate constant vs. denaturantintermediates and transition states of proteins hav-

concentration[D]). While the chevron plot of 2-
state proteins is V-shapetbecause of the linear
dependence of ldg,, on [D]), 3-state proteins
typically exhibit deviations from linearity(roli-
over) at low denaturant concentrations. This

ing the typical cytochromec fold, but widely
different sequences. Thus, we have extensively
investigated the cytochromes, from the bacteri-
um Pseudomonas aeruginosa (Cyt cssy). This is a
periplasmic protein belongingike horse cytc) to

behaviour was initially taken as the best evidence class | cytochrome: family, and characterised by

for the accumulation of an intermediate under

the typical fold of this family with only ~30%

refolding conditions. However, more recently, oth- homology in amino acid sequence compared to
er equally valid explanations to account for cur- that of its mammalian counterpart. Peculiar prop-
vatures in chevron plots have been proposed basede'ties of cytcss, (Fig. 1), making it an attractive
(for exampl8 on a variable transition state ensem- Molecule and a suitable model for folding studies
ble (TSE) [12]: according to this view, even a 2- are:(l_) its _mlnlmaI_S|ze(_82 residues vs. 104 (ii)
state protein may present aoll-over effect an_aC|d|c_ |soelectr|c_ pointp/=4.7), WhICh“(?l”OWS
reflecting a broad and changeable free-energy bar-0 investigate refolding at zero net chargi) the
rier, rather than accumulation of an intermediate. Presence of two tryptophanyl residues, (66)
Mitochondrial cytochrome: (cyt ¢) has been a  [homologous to Trfb9) of horse cytc] and
widely employed model system for equilibrium 1TP(77) located in the C-terminat-helix; (iv) the
and kinetic folding studies which provided a Presence of only one His6) (providing proximal

wealth of information on its putative folding path- co-ordination to the heme Fewhich reduces the
way and led to the identification of possible chances of kinetic traps dge to miscoordination
intermediate statell3,14. Studies on the kinetics events. In the followmg we illustrate hOW. each of
of refolding and unfolding of oxidised horse heart f[he_se features permlt_ted to obtam_ important
cyt ¢, followed using optical probes and hydrogen insights on the mechanism of cys, folding.
exchange labelling methods, have revealed a com-2. Results and discussion

plex folding landscape. Some kinetic traps were
attributed (i) to cis/trans isomerization of prolyl
peptide bonds[15], or (ii) to non-native co-
ordination to the heme iron of Hi26) or His(33)

in place of Met80), occurring at approximately

2.1. Folding mechanism of wild-type cyt css; in
urea

Estimates of protein stability from GdnHCI and
urea denaturation equilibrium data may differ
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Fig. 1. Backbone structures @feft) Pseudomonas aeruginosa cytochromecss, (PDB 3510 and (right) horse heart cytochrome

(PDB 1hrg. The N-terminakx-helix and the heme group are shown in black for both proteins. Relevant residues are shown as ball-
and-stick representation; the axial ligands in the native proteins afdliand Met61) for cyt css,, and Hi<18) and Met80) for

cyt c. For cytess,, residues Ly610) and GIU70) forming a salt bridge, and residues T88) and Tr(77) are also highlighted. For

cyt ¢, the side chains of other His residues that can coordinate to the heme iron during refolding experinsausrdination are
highlighted.

depending on the hydrophobic and electrostatic more pronounced using the former denaturant. In
make-up of any given proteif23,24. In the view of what is seen for other proteif29], we
course of our study on cytss,, We realised that  suspected that part of thisll-over effect may be
the ionic nature of GdnHCI affects the stability of related to the formation of transient aggregates,
this cytochrome, and therefore introduces an extra rather than accumulation of intermediate sfste
variable in the experiments, as observed for other The presence of two Trp residues, each contribut-
proteins with an acidic isoelectric poirfsee for ing approximately 50% of the fluorescence emis-
example, Staniforth et a[25]). In fact, we deter-  sion of the unfolded state, permitted us to carry
mined that assuming a linear relationship between out refolding experiments at very low protein
Gibbs free-energy and denaturant concentration concentrations. Indeed at the isoelectric pdivit
[26,27, at pH 4.7 the stability of wt cytss, is 4.7) the refolding rates observed with very dilute
~1.4 kcal mol? lower using GdnHQIAG® = protein are consistent with those expected for a
—6.6) as compared to ure@G° = —8.0). simple two-state model; however, at other pH
Upon rapid dilution of a denaturant initially at values, the deviation from linearity observed in
high concentration, the time course of cyis, refolding experiments could not be explained sole-
refolding observed by tryptophan fluorescence in ly on the basis of aggregation effects. The results
the millisecond time range can be fitted with a at pH 7.0(see Fig. 2 are representative of these
single exponential proceséwvhen corrected for  conditions and are herein discussed.
slow events due to prolings/trans isomerisation, While the presence of all-over effect in the
accounting for<10% of the observed amplitugle  refolding branch of the chevron plot has been often
Comparison of the chevron plots obtained at pH interpreted in terms obn-pathway transient inter-
4.7 in urea and GdnHC|2g] indicates that the  mediates[3,30, Oliveberg et al.[12] recently
roll-over effect seen in the refolding branch is suggested that it may reflect a variability in the
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Fig. 2. Kinetics of refolding and unfolding of wt cyts, as a function of urea at pH 7.0 and 10. An interpretation of the results

in terms of transition stats) is depicted below the graph. We have suggested that the change in slope of the refolding branch is
due to an additional transition stafealled ), which is less compact than transition statethe dominant barrier gureg >4 M.

A representative refolding time course measured at 2.5 M (skawn in the insetis described by a single exponential without
‘burst phase'(reprinted with permission from Gianni et 428)).

transition state on top of a broad activation barrier. ing kinetics is single-exponential with no loss in
The amplitude behaviour predicted by this model signal recovery(inset of Fig. 2. Therefore, we
postulates that the refolding kinetics should be assumed that the cwss, folding pathway may
single-exponentialno ‘missing’ amplitudg. In the proceed through two different transition states,
case of cytcss;, where a burst phase is evident calleds, andz,.

below 2 M urea, the ‘broad barrier model may In Fig. 2 we have depicted the situation where
appear unsuitable; however, we observed that thethe rate limiting barrier at the lower denaturant
roll-over was noticeable in a denaturant concentra- concentrations is associated to a less compact
tion range(2 M < [ured <4 M) where the refold-  transition state(z;), consistently with the Ham-
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Table 1
Kinetic parameters calculated from urea denaturation experi-
ments at pH 7.0

Protein kt)r k() b2 k/ k)
(57 1) (57 l) kl’\:ﬂUT k,MUTb
wild type ~200 3900 - - -
Glu(70)GIn ~200 640 1 6.1 1.8
Glu(70)val ~200 280 0.7 14 2.2

2 =[—RTIN(kFT /K] /(AG*™ = AGMT).
bIn the presence of GdnHEI0.5 M.

mond postulatg31]. The observation that at pH
4.7 (zero net charge and maximal stabiitthe
roll-over effect disappears at very low protein
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protein and the two mutants is approx. the same.
These observations support the hypothesis of a
role of GIU70)-Lys(10) salt bridge, and suggest
that this specific interaction is formed in the
transition state..

The kinetic parameters reported in Table 1 allow
to calculate ad-value [4] which provides an
estimate of the fractional contribution of a specific
interaction to the stability of the transition state.
The &-value~1 calculated for the mutant
Glu(70)GIn indicates that the GI(70)—Lys(10)
salt bridge has a primary role in the stabilisation
of transition state, (~ 1.1 kca)/mol); on the other
hand, mutation to a hydrophobic residue in

concentrations, suggests that the less compact tran.G|U(70)Va| introduces an additional destabilisation

sition stater, takes origin from electrostatic repul-
sion, which may limit the observed refolding rate.

of the native state, as deduced from the lower
value (¢ =0.7).

Thus, the proposal that the net charge above and As shown in Table 1, both G{@0) mutations

below the @ controls the degree of compactness
of the transition state, and of the collapsed state
[28,33, was possible because the acidicagb cyt
css51 allowed us to perform kinetic experiments at
zero net charge and to probe the role of electro-
statics in the folding process.

2.2. Characterisation of the Glu(70) mutants

have no effect on the properties of the less compact
transition statet; suggesting that this charged
residue plays no detectable role in the stability of
this transition state ensemble. Notice that the
isoelectric point of these two mutants #€5.7 as
compared to p=4.7 for wt (data not showh On

the whole, although we have evidence that this
barrier is controlled by the charge of the unfolded
protein, it is likely that electrostatic effects involv-

We have carried extensive experiments to char- ing some specific residues in the collapsed state

acterise the transition statg in order to identify
tertiary interactions that may be involved in its
stabilisation. Initially, we proposedi32] that the
salt bridge between G(@0) and Ly<10) (located,
respectively, in the first turn of the C-terminat
helix and immediately after the end of the N-
terminal a-helix, see Fig. 1 may be one of the
key interactions formed in this transition state,
guiding refolding to the native state. In order to

test this hypothesis we have studied the two site-

directed mutants GIr0)GIn and Gl{70)Val [28].
The chevron plot of the wt protein and these
two mutants in urea shows that at pH 7k0z,) -
extrapolated to[ured=0 is much smaller for
Glu(70)GIn and GIl{70)Val than that calculated
for the wt protein(see Table 1L On the other
hand, at pH 3.0, where the carboxylate of GID)
should be fully protonated in the unfolded state
and therefore ineffective in forming a salt bridge
with Lys(10), the k(#,), calculated for the wt

play a dominant role. This hypothesis is consistent
with the pH dependence of the amplitude of the
kinetic phase related to the early collapse, previ-
ously reported by Travaglini-Allocatelli et d132].

2.3. Refolding kinetics reveals a mechanistic dif-
ference between urea and guanidine

Analysis of the chevron plot of wt cytss;
revealed that th&¥" extrapolated to zero GdnHCI
[k2(GdnHC) ~ 300 s7] is much smaller than that
calculated from urea experiment§"(urea ~ 4000
s~ 1] [28,33. Moreover, we observed that in urea,
the ratio (k¥/kPY) is ~6 for GlW(70)GIn and
~14 for GluW(70)Val, while in GdnHCI it is ~2
for both mutants.

In order to analyse this effect of GdnHCI and
to understand its mechanistic and kinetic signifi-
cance, we carried out urea refolding experiments
in the presence of a constant concentration of
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Fig. 3. Refolding kinetics of wt cytss, (closed circley and

of mutants Gl§70)GIn (open trianglesand GI(70)Val (open
squarey measured by fluorescence stopped-flow in GdnHCI
dilution experiments at pH 7.0 and 2Q, but in the presence

of [ureg=4 M. Inset: complete chevron plot for wt cyts;.

It may be noticed that for the wt protein the refolding branch
has an atypical ‘upper curvature’ that becomes evident at very
low [GdnHCI|; this curvature is possibly still present for the
Glu(70)GIn mutant, but is not seen in the GiD)Val mutant
(reprinted with permission from Gianni et 4B3]).

GdnHCI [24,33,34. At [GdnHCI=0.5 M, the
ratio k% /k™t js ~2 for both mutantdsee Table
1), i.e. similar to that calculated from GdnHCI
refolding experiments of the wt proteif82] and
different from those obtained in ure@§]. It is
important to notice that the calculated, andm
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function of [GANHCI, but this time in the presence
of 4 M urea: at the latter concentration, the three
proteins are still native as judged from far UV-CD
and fluorescence spectroscopy, but destabilised. It
is evident from the results reported in Fig. 3 that
the refolding branch of the wt protein has an
atypical and surprising ‘upper curvature’ which is
seen only at very lofGdnHCI (at or below 0.1
M); this behaviour is barely detectable in the
Glu(70)GIn mutant, but absent in the GZO)Val
mutant.

Since we have shown from urea dilution exper-
iments that the GK¥0)-Lys(10) salt bridge is
fully formed in the refolding transition state (see
above, we suggested that this unusual ‘upper-
curved’ chevron behaviour is linked to the break-
age of this salt bridge which occurs already at
[GdnHCI =0.1 M. This hypothesis is consistent
with the observation that in these experimetits.
at 4 M urea, kFt/kPUt values extrapolated to zero
[GdnHCI are the same as those calculated from
‘classical’ urea dilution experiments.

2.4. Characterisation of the Trp(56) and Trp(77)
mutants

The presence of two Trp residues located in
different regions of the three-dimensional structure
of cyt css; (Fig. 1) offers the opportunity to probe
the different environments experienced by these
two aromatics. Trf77) is part of the conserved
hydrophobic cluster proposed by Ptytdig5] to

values are the same as those calculated fromrepresent a folding nucleus for all cytochromes

‘classical’ urea experimentsi.e. without added
GdnHCI; data not shown confirming that mixing
a constant low concentration of a chaotropic dena-
turant with another does not alter the refolding
unfolding mechanism. The fact that for both
mutants the values df¥'/k " obtained from urea
experiments in the presence [@dnHC[=0.5 M
are very similar to those obtained from dilution of
GdnHCI alone, strongly suggests that the
Glu(70)-Lys(10) salt-bridge is fully broken at 0.5
M GdnHCI.

To further test this hypothesis and to investigate

and is likely to be involved in the early collapse.
Trp(56), located at the bottom of the heme pocket,
is H-bonded to the heme propionate (HP-17),

as shown by NMR[36] and mutagenesi$37].
Therefore, two site-directed mutants, namely
Trp(56)Phe and Trp77)Phe, were expressed and
characterised.

Since the chevron plot in urea suggested for
both mutants a significant destabilisation of the
native state but only a minor, if any, effect on
k(t,)r, we carried out kinetic experiments on the
wt and the two mutants under mildly destabilising

the folding kinetics of these proteins below 0.5 M conditions, following the urea dependence of the
GdnHCI, we decided to measure the refolding rate observed unfoldingrefolding rates in the presence
constants of the wt and mutants of @, as a of [GdnHC]=0.5 M. Analysis of the data indi-
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cates that both mutations have no effect on the in which the initial collapsed statél), is formed

stability of the refolding transition statg, since
the calculatedpb values are very low. Thugy~0.3
obtained for Tri§77)Phe suggests that this aromatic
does not significantly stabilise the transition state
t, of the refolding reaction observed in the milli-

very rapidly (sub-millisecondl as deduced from
fluorescence stopped-flow experiments by ampli-
tude analysis and burst phase quantification, and
thereafter it folds to a native-like specida/,
lacking the Met61)—Fe bond through a broad

second range, although we cannot exclude a roleactivation barrier characterised by two transition

in the formation of the folding nucleus during
early collapse, as predicted by PtytgBb]. Like-
wise, substitution of Trb6) with Phe further
destabilises the native state, the calculabedalue
for Trp(56)Phe being~0.1.

For cytc, [38] and horse cyt [19], unfolding
at high denaturant concentrations is rate limited
by an additional energy barrier, which has been
assigned to the breakage of the®*Fe
bond; a similar behaviour was observed for cyt
css1 in GAnHCI [32]. Data at pH 7.0 in the
presence of GdnHG 0.5 M indicated that the
rate limiting step at higHured (i.e.=8 M) can
be assigned a rate constant o8 s™* for the wt
protein. On the other hand, for the mutant
Trp(56)Phe, the measured;, at this denaturant
concentration is highef~50 s 1). The X of the
alkaline transition measured following the 695 nm
band is diagnostic of the stability of the¥e —Met
bond in the oxidised proteif89]. Since the i of
the alkaline transition is~1.5 pH units lower in
the Trp56)Phe mutant compared to wt cyts,
(pK,=9.5), it was proposed that the strength of
the Fé* —Mef61) bond in the mutant is reduced
because the H-bond between p) and the HP-
17 propionate is los{37]. In the same work,
Molecular Dynamics computations carried out on
wt cyt css, and this mutant indicated a displace-
ment of the loop containing Mé1) in the latter
protein, a prediction consistent with the observed
increase to 50 ' of the limiting unfolding rate
at high denaturant concentrations.

2.5. Initial collapse and the hypothesis of parallel
pathways

Starting from the folding mechanism proposed
for horse cytc [13], our results on cykss, are
consistent with a sequential process:

U—->I—>M->N

states (#; and r,). Whereas the stabilisation of
transition state; is controlled by the electrostatic
properties of the molecule, transition stateis
stabilised by some native-like tertiary contacts at
the interface between the two terminathelices

of the protein[e.g. notably the salt bridge between
Lys(10) and GIW70), see abovke The formation

of the Me{(61)—Fe bond, indicated ag — N, may

-Met distal form without a lag following the population d#.

Because of its redox and ligand binding prop-
erties, the covalently bound heme group provides
unigue experimental opportunities for rapid initia-
tion of folding [40,41. In the presence of CO,
reduced cyt unfolds at lower denaturant concen-
trations than in the absence of this ligand; there-
fore, rapid photochemical removal of CO from
unfolded cytc, was expected to trigger @evers-
ible) folding process with transient rebinding of
the distal Met to the heme iron. In view of the
excellent time resolution of the photochemical
experiment, this approach appeared well suited to
provide direct information on the kinetics of the
collapse sub-millisecond phase. However, in the
case of horse cyt, the time course following
photolysis of CO was very complex and analysis
of the multiphasic kinetics detected by optical
absorption was heavily complicated by distal mis-
coordination events with additional His residues
[40].

When we applied this photochemical approach
to CO-bound cylcss, in the presence of GdnHCI
[42], we observed a similarly complex time course
which was surprising because simpler kinetics was
expected(in view of the absence of His residues
that may miscoordinate to the heme iyoRareful
kinetic analysis of the time course of CO recom-
bination as a functiofamong othersof denatur-
ant concentration, together with  control
experiments carried out with microperoxidase,
heme andor different ligands, indicated that some
of these kinetic phases are not related to folding.
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Arcovito et al. [42] demonstrated that this
approach is complicated by the transient breakage
of the proximal Hi§16)—Fe bond that may occur
as a consequence of CO photodissociation in
unfolded cyt ¢, because of the so-calletlase
elimination mechanism [43]. Rebinding of CO to

a transient four-coordinate heme yields optically
detectable kinetic intermediates, unrelated to fold-
ing. Once again, a peculiar property of s,
namely the lack of additional His residues that
may be involved in miscoordination events,
allowed us to clarify some published observations
and, ultimately, to explain why in the case of horse
cyt ¢, so little fluorescence or CD evidence for the
collapse of the polypeptide chain was recorded
after photolysis of COl[44], despite the large
changes in heme absorbance.

As a necessary next step towards a more com-
plete description of the folding mechanism of cyt
cs51, WE have started an investigation of the initial
sub-millisecond collapse of the protein by means
of a continuous-flow capillary mixing method in
collaboration with the group of Roddi3,45. In
the case of horse cyt, the sub-millisecond time

M. Brunori et al. / Biophysical Chemistry 100 (2003) 409-419
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Fig. 4. Double mixing interrupted-refolding experiments on wt
cyt cs5; measured at pH 3.0 and FC. Representative time
courses recorded at 17 rftsace(a)] and 4 s[trace(b)] delay
time after thefirst mix, were obtained by second mixing with

high concentration GdnHQb6 M). The observed kinetic traces
obtained at different delay times are single-exponentials, as
expected if only the unfolding of the native state is detectable
in the millisecond time range.

course was found to be biphasic, even the presencesiowly only for the native protein, with the

of imidazole[13] suggesting a minimal three-state
sequential mechanisnU — I - N'™). In the
case of cytcss, a clear interpretation of the

Met(61)—Fe bond formed.
Stopped-flow traces obtained at different delay
times(Fig. 4) conform to single-exponential kinet-

complex kinetics observed in the sub-millisecond ics, as expected if only the unfolding of the native
time range(to be publishediwill demand a careful  state was detectable in the millisecond time range.
analysis of the urea dependencies of the fast Surprisingly, amplitude analysis of the GdnHCI
processes observed at pH 4.0; nevertheless, thisunfolding process indicates the formation of
experiment suggested that the cyis; folding ~50% of the native protein even at very short
landscape may involve parallel pathways. To test delay timed <10 m9; moreover, the rate obtained
this hypothesis, we carried out a double-jump from the time-dependence of the amplitude is

interrupted refolding experiment following Kiefha-
ber [46]; unfolded cytcs, was first mixed against
a refolding buffer (first mix) and then, after a
controlled delay time, refolding was interrupted by
mixing rapidly against high concentrations of the
same denaturaritsecond mix). Thus, the fraction
of native molecules formed during the delay time
is monitored by the relative amplitude of the
slowest unfolding decay. This approach may allow
to estimate the formation, during refolding, of
intermediates and native molecules since unfolding
induced by thesecond mix is expected to occur

consistent with the refolding kinetics measured
from classical ‘single mix’ dilution experiment
under identical condition§28]. This suggests that
a fast refolding pathway that allows a fraction of
the unfolded protein to reach the fully native state
via a rapid parallel process is active. Thus, we
envisage that &ésignificand fraction of the unfold-
ed protein folds very rapidly(sub-milliseconds
and directly to N through a pathway involving no
intermediate states. The demonstration of parallel
folding pathways for cytss, agrees with Kiefha-
ber's experiments on lysozynid6], and it is by-
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and-large consistent with the new theories of
protein folding [47]. The experimental conditions
controlling the fraction of U folding directly to N
are largely unknown. Although we have some
evidence that identical experiments carried out in
urea yield a much smaller fraction of molecules
folding directly to N, structural features of the
unfolded state controlling the partition between
‘fast’ and ‘slow’ folding pathways are unknown
and a subject for future experiments.

3. Concluding remarks
After more than a decade of folding studies on

a limited number of model proteing§including
horse cytc) and on ® analysis of their site-
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same network of tertiary interactions, i.e. those
involving multiple contacts between the N- and C-
terminal helices, which are homologous in the two
proteins. This observation is at the outset consistent
with the analysis published by Ptyts[85], with

the additional interesting finding that in cyts; a
conserved topology¥N- to C-terminal helicekis
stabilised by a salt bridge rather than hydrophobic
interactions. One should ask why in the case of
horse cytc this network of tertiary interactions
seems to populate a millisecond intermediatg
which is not so evident in the case of e A
possibility is related to the much higher helical
propensity of horse cy¢, which may control the
extent to which a given, helical intermediate is
populated, as pointed out also in the case of the

directed mutants, experimental and computational globin family [52]. Alternatively the lack of such
efforts are nowadays directed towards the eluci- a species in cytss; (which is devoid of kinetic

dation of the folding mechanism of structurally
related homologous proteing8]; it is generally

traps due to His miscoordinatipmay be taken as
an evidence that the ‘misfold—reorganization bar-

believed that such a strategy may be helpful to the rier’ proposed by Englanddi4] is in fact respon-
identification of the sequence determinants of a sible for the accumulation ofy in the case of

given fold.

Comparison of the folding kinetics of cytss,
(see abovk with extensive data on horse cyt
[13,14 and other cytochromeRt9] suggests that

more than one folding mechanism may be opera-

tive, in this as well in other protein families
[50,51. Incidentally, it may be remarked that the
apparent diversity of models describing the folding
of different class | cytochromes contradicts the
idea that the covalently bound heme group domi-
nates the folding process in this protein family.
Pseudomonas cyt css, folds to the native state

horse cytc.

Finally, it may be concluded that the strategy
based on a comparative approach to the folding of
cytochromes:, which was our original motivation
to undertake the work owPseudomonas cyt css,
[53], seems to have provided new insights. In
particular, kinetic analysis of the refolding of cyt
css1 at the isoelectric poinfpH 4.7), as well as
above and below, allowed us to identify an effect
of the net charge of the protein on the overall
properties of the collapsed and the transition state
t,, an original observation that was not accessible

through a broad energy barrier characterised by ato those studying horse cyt

variable transition state ensemble, and thus accord-

ing to our interpretation no millisecond interme-
diate is populated. The transition state frdgmto

M involves a specific tertiary interaction between
Lys(10) and GI(70) at the interface between N-
and C- terminal helice§28]. In the case of horse
cyt ¢, stopped flow experiments on wt and mutants
have been interpreteld 9] in terms of millisecond
intermediatel, preceding the formation of the
native protein. Notwithstanding some apparent dif-
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