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The folding of cytochrome c551 from Pseudomonas aeruginosa was pre-
viously thought to follow a simple sequential mechanism, consistent
with the lack of histidine residues, other than the native His16 heme
ligand, that can give rise to mis-coordinated species. However, further
kinetic analysis reveals complexities indicative of a folding mechanism
involving parallel pathways. Double-jump interrupted refolding experi-
ments at low pH indicate that ,50% of the unfolded cytochrome c551

population can reach the native state via a fast (10 ms) folding track,
while the rest follows a slower folding path with populated intermediates.
Stopped-flow experiments using absorbance at 695 nm to monitor refold-
ing confirm the presence of a rapidly folding species containing the native
methionine-iron bond while measurements on carboxymethylated cyto-
chrome c551 (which lacks the Met–Fe coordination bond) indicate that
methionine ligation occurs late during folding along the fast folding
track, which appears to be dominant at physiological pH. Continuous-
flow measurements of tryptophan-heme energy transfer, using a capillary
mixer with a dead time of about 60 ms, show evidence for a rapid chain
collapse within 100 ms preceding the rate-limiting folding phase on the
milliseconds time scale. A third process with a time constant in the
10–50 ms time range is consistent with a minor population of molecules
folding along a parallel channel, as confirmed by quantitative kinetic
modeling. These findings indicate the presence of two or more slowly
inter-converting ensembles of denatured states that give rise to pH-depen-
dent partitioning among fast and slow-folding pathways.
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Introduction

Protein folding studies have focused over the
last decades on the elucidation of the kinetic
pathways for unfolding and refolding reactions. In
particular, characterization of the structure and
stability of partially folded states was believed to
provide a key for defining the mechanism of
protein folding; thus, the problem of understand-
ing how proteins fold was addressed by identify-
ing and characterizing transition states and

metastable structures, thought to be obligatory
intermediates along the folding pathway.1 – 3 The
identification of kinetic traps in the folding of
several proteins and theoretical models have led
to alternative views of protein folding. In par-
ticular, a more general picture in which a global
bias in the energy landscape (the folding “funnel”)
guides diffusion between non-native confor-
mations and the native state has emerged.4 – 6

According to this view, there is a great number of
possible folding pathways for a given protein,
which are statistically selected according to their
relative activation energies.

Mammalian cytochrome c has played a central
role in protein folding studies. In the last ten
years, its folding mechanism has been studied in
detail by means of different techniques, including
millisecond7 – 9 and, more recently, sub-millisecond
transient emission and absorption
spectroscopies.10 – 15 In addition to kinetic traps due
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to proline cis/trans isomerisation or miscoordi-
nated states, the kinetic folding mechanism
emerging from these investigations involves the
rapid (60–90 ms) formation of an ensemble of
relatively compact states with partially quenched
Trp fluorescence,12,15 followed by the formation of
the native state (.ms), which involves as a critical
step the interactions between the N and C-terminal
helices.7,16,17

Kinetic approaches to elucidating the folding
mechanism of cytochrome c (cyt c) took advantage
of the presence of the covalently bound heme
group, which serves as a useful optical marker,
both because of its axial coordination changes and
its efficient Trp fluorescence quenching. Altogether
these studies have shown that the productive fold-
ing pathway of horse cyt c, starting from the
unfolded polypeptide, proceeds through a compact
intermediate, Ic

(HW), in which the native His(18)
ligand and a water molecule are coordinated to
the heme iron, followed by formation of the native
His(18)–Fe–Met(80) heme coordinated form,
N(HM), during the final stages of folding.12,18 – 20

Moreover, unfolding experiments on different
cytochromes c indicated that the Fe–Met(80)
(numbering is for horse cyt c) deligation step is
limited by a “native-like” transition state21,22

involving a high energy intermediate (M). There-
fore a general scheme that describes the folding of
cytochromes c is:

Where: U is the unfolded state, Ic is an early
collapsed intermediate, M is a native-like inter-
mediate lacking the Met–Fe coordination bond, N
is the native state (with the distal coordination
bond formed). The different iron coordination
states are indicated in parentheses as HW: Fe3þ

coordinated by His(18) and water; and HM: Fe3þ

coordinated by His(18) and Met(80).
Other cytochromes c, such as cyt c551 from

P. aeruginosa,23 cyt c2 from Rhodobacter capsulatus21

and iso-2 cyt c,24 present the same general folding
features (i.e. a burst phase collapse in the refolding
process and breaking of the Fe–Met bond limiting
the rate of unfolding at high denaturant concen-
trations). For horse cyt c and Rhodobacter cyt c2, the
non-linear dependence of the refolding rate on
denaturant concentration (“roll-over”) has been
interpreted to indicate mainly the population of a
refolding intermediate; however, a study on the
folding pathway of cyt c551 and its mutants22 led to
the hypothesis that, in addition to the formation of
transient aggregates,23,25 refolding occurs from the
collapsed state via a broad energy barrier26 in
which the net charge of the protein limits the
folding rate.

The experiments presented here aim at a more
detailed analysis of the folding pathway of cyt c551,
extending the experiments to the previously

unresolved sub-milliseconds time range thanks to
the continuous-flow capillary mixing apparatus
recently developed.27 Moreover, using interrupted
refolding experiments carried out with a stopped-
flow instrument, we addressed the issue of parallel
folding pathways; more specifically we explored if
all molecules achieve the native state via the same
path or whether some of the molecules may refold
via a faster route, as initially shown by Kiefhaber
for lysozyme.28 The results show that the micro-
seconds folding kinetics of cyt c551 is biphasic, and
that (under particular experimental conditions)
approximately half of native cyt c551 is populated
in a kinetic process consistent with previously
described milliseconds processes,22,23 while the
remainder, which folds much more rapidly, indi-
cates the presence of an alternative folding track.

Results

According to Scheme 1, the folding mechanism
of cytochromes c (under conditions that avoid mis-
coordinated off-pathway traps) involves the
population of at least two transient intermediates.
Additional insight into the mechanism would
demand experiments to find out whether all
molecules reach the native state via the same
unique pathway or whether parallel pathways are
active. Following Kiefhaber,28 we carried out a
double-jump interrupted refolding experiment in
which: (i) unfolded cyt c551 is first mixed against a
refolding buffer (first mix) and (ii) after a con-
trolled delay time, refolding is interrupted by
rapid addition of high concentrations of the same
denaturant (second mix). This approach makes it
possible to distinguish partially folded inter-
mediates from native molecules since these states
are characterized by different unfolding rates. In
particular, the native protein being separated from
the unfolded one by the highest energy barrier
should unfold more slowly than any partially
folded intermediate. According to Shastry &
Roder,12 in the case of horse cyt c the calculated
unfolding rate for both Ic and M at high denaturant
concentration (i.e. [GdnHCl] ¼ 3 M) would be too
fast (.10,000 s21) for stopped flow detection.
Thus, the fractional population of native molecules
formed during the delay time between first and
second mix is represented by the relative ampli-
tude of the slowest unfolding event.

Since the minimum delay time of our stopped-
flow instrument is about 10 ms, we restricted our-
selves to carry out this experiment at pH 3.0 in
0.4 M GdnHCl, where there is a pronounced micro-
second burst phase but the observed kref is about
4 s21.23 As shown in Figure 1(a), the time courses
observed after different delay times can be
described by single-exponential kinetics, as
expected if only the unfolding of the native state
is detectable in the milliseconds time range. The
amplitude behavior of the single exponential
unfolding reaction as a function of delay time

Scheme 1.
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between the first and the second mix is depicted in
Figure 1(b). Surprisingly, we found the formation
of ,50% of the native protein even at the shortest
delay time (10 ms), suggesting the presence of a
fast refolding pathway that allows a fraction of the
unfolded protein to reach the native state in less
than 10 ms. Moreover, the rate obtained from the
time dependence of the amplitude is consistent
with the refolding kinetics measured from classical
single mix dilution experiments under these pH
and solvent conditions.23 In the absence of kinetic
partitioning events, the observed amplitude
behavior as a function of delay time from the inter-
rupted refolding experiment should extrapolate to
zero at zero delay time, contrary to what is
observed.

The interrupted refolding experiment clearly
suggests the presence of a parallel pathway for cyt
c551 folding. In an effort to observe the rapid fold-
ing phase directly, we carried out continuous-flow

fluorescence experiments using a capillary mixer
with a dead time of about 60 ms. Cyt c551 was fully
unfolded in 1 M urea at pH 2.0, and refolding was
triggered by a sixfold dilution of the denaturant
with buffer at a final pH of 4.7. Representative con-
tinuous-flow refolding traces at urea concen-
trations from 0.17 M to 1.5 M and pH 4.7 are
combined with stopped-flow traces recorded
under matching conditions (Figure 2). The traces
are scaled with respect to the fluorescence of the
unfolded protein. The combined kinetics is well
described by a sum of three exponential phases;
the rate constants and amplitudes thus obtained
are listed in Table 1. The amplitude of the inter-
mediate phase increases at the expense of that of
the fast phase with increasing urea concentration.
At denaturant concentrations approaching the
midpoint of the unfolding transition the inter-
mediate phase becomes the dominant process, and
its rate joins that of the single unfolding phase in
the unfolding transition region (data not shown).

Figure 1. Double mixing interrupted-refolding on wt
cyt c551 measured in GdnHCl at pH 3.0. (a) Representa-
tive kinetic traces for unfolding recorded after 17 ms
(black trace) and four seconds (gray trace) delay time
(see Results and Discussion). (b) Time course of appear-
ance of native cyt c551 during refolding in 0.4 M GdnHCl
at pH 3.0 and 10 8C. Continuous line corresponds to
k ¼ 2.5 s21.

Figure 2. Tryptophan fluorescence changes during
refolding of cyt c551 (20 mM) at different urea concen-
trations (0.17 M circles, 0.5 M squares, 1.0 M upper tri-
angles, 1.5 M lower triangles in 0.1 M phosphate, pH
4.7) measured in a matching continuous-flow and
stopped-flow experiments at 15 8C. The data were nor-
malized relative to the signal of the unfolded state at
1 M urea, pH 2. The continuous lines show the time
course of folding at each urea concentration predicted
by Scheme 2 (see the text).

Table 1. Observable rate constants and amplitudes
obtained by triple-exponential fitting of fluorescence-
detected folding kinetics of cyt c551 at pH 4.7 and 20 8C

[Urea] (M) l1 (s21) (a1) l2 (s21) (a2) l3 (s21) (a3)

0.17 9150 (0.34) 1050 (0.22) 130 (0.17)
0.5 6900 (0.21) 790 (0.27) 160 (0.28)
1.0 2000 (0.18) 230 (0.53) 50 (0.07)
1.5 2900 (0.08) 170 (0.70) 20 (0.06)
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This behavior is consistent with the transient
accumulation of an on-pathway folding inter-
mediate on the 100 ms time scale (fast phase),
followed by the rate-limiting conversions of the
intermediate into the native state (intermediate
phase). The presence of an additional phase with
minor amplitude (,5–25%) and a rate constant
slower than the main folding phase can be
explained by a minor population of molecules fold-
ing along a parallel pathway with a five to tenfold
slower rate. To support this conclusion, we per-
formed kinetic simulations using the following
six-state mechanism:

Inclusion of a native-like intermediate, M, is
necessary to account for the sharp bend in the
log(k) versus [denaturant] plot at high denaturant
concentrations,22,23 but has no effect on the kinetics
of refolding. A possible interconversion between
the Ic and Ic

0 states has been omitted because the
direct observation of kinetic partitioning implies
that the rate constants connecting Ic and Ic

0 are con-
siderably slower than the fast folding reaction
leading to M. The logarithm of the elementary rate
constants, ki, is assumed to vary linearly with urea
concentrations.29 The linear differential equations
corresponding to Scheme 2 were solved numeri-
cally, resulting in predicted observable rate
constants and kinetic amplitudes.21 Manual
optimization of the elementary rate constants and
kinetic m-values resulted in a set of predicted
rates and amplitudes consistent with those
obtained by exponential fitting of experimental
kinetic traces. The family of traces as a function of
urea concentration predicted by the model (con-
tinuous lines in Figure 2) provide an adequate
global fit of the observed kinetics. Thus, while not
all of the elementary kinetic parameters are
uniquely determined by the fit, the analysis shows
that Scheme 2 is consistent with the observed fold-
ing kinetics of cyt c551 at pH 4.7. We were unable
to reproduce the observed data using models with
fewer states. Moreover, it is necessary to introduce
a heterogeneous population of slowly inter-
converting denatured states, including a minor
(,20% under the present conditions) species, U0,
which encounters a somewhat slower rate-limiting
step. The minor phase on the 10–100 ms time
scale is too fast to involve peptide bond isomeriza-
tion as the rate-determining event and cannot be
explained by heme misligation due to the absence
of alternative heme ligands in cyt c551. Our obser-
vation that about half of the population folds at a
rate of 4 s21 at pH 3 (Figure 1) suggests that the
relative populations of U and U0 vary with pH so
that U0 becomes the dominant species at low pH.

Qualitatively, the model also accounts for the
rather complex denaturant-dependence of the
observable rates and amplitudes, including the
maximum in a3 near 0.5 M urea (Table 1). Given
that the relative amplitude of the slower folding
track (a3 in Table 1) drops to ,10% at [urea]
.0.5 M and that the corresponding folding rate at
lower urea concentration is too fast for our
stopped-flow apparatus (minimum delay time
,10 ms), we were unable to confirm the presence
of parallel pathways by interrupted refolding
experiments at pH values above 3.0. However, in
a previous study on site-directed mutants of cyt
c551

22 we have shown that, while pH modulates the
free energies of the native state as well as inter-
mediates and transition states, the overall folding
mechanism of this small protein appears to be
independent of pH. This observation allowed us
to qualitatively compare double-jump interrupted
refolding experiments at acidic conditions (yield-
ing direct evidence for parallel folding pathways)
with experiments at physiological pH where we
can take advantage of the chemically modified
carboxy-methyl cyt c551 (as described below)
whose stability at pH 3.0 would be too low for a
quantitative characterization.

By reference to the canonical sequential pathway
of cytochromes c folding (Scheme 1), the distal
Fe–Met coordination bond is present only in the
native state (N); its appearance in the cyt c folding
process can thus be used to monitor the formation
of N. Therefore, we carried out an unfolding/
refolding experiment following absorbance at
695 nm, which is diagnostic of the Fe–Met coordi-
nation bond in oxidized cytochromes c.30 Since the
transient intermediates Ic and M (depicted in
Scheme 1) lack the native Fe–Met coordination
bond, no refolding burst phase should be detected
at this wavelength. However, inspection of the
experiment in Figure 3, carried out at pH 3.0,

Scheme 2.

Figure 3. Unfolding (open circles) and refolding (filled
circles) time course of oxidized cyt c551 followed by
absorbance at 695 nm. Results at pH 3.0 in the presence
of 3.5 M GdnHCl for unfolding, and at 0.5 M GdnHCl
for refolding; [cyt c551] 50 mM after mixing. Continuous
lines represent the best fit to a single exponential process.
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shows that the refolding amplitude at 695 nm is
much smaller than that observed in unfolding,
being ,50% of the total change in signal. A direct
comparison between unfolding and refolding
amplitudes under these conditions is justified
because the total amplitude of the 695 nm band
seen in unfolding experiments is independent of
urea concentration (data not shown).

The observation of a burst phase when refolding
is monitored at 695 nm prompted us to probe more
directly the role of this coordination bond in the
folding mechanism. Therefore we prepared a
chemically modified cyt c551 (carboxy-methyl cyt
c551, Cm-cyt c551), which lacks the sixth coordination
position because of the covalent modification of the
distal Met residue.31 Spectroscopic and electron
transfer studies on horse Cm-cyt c complexed
with its redox partner, cytochrome c oxidase, have
demonstrated that the protein maintains, by-and-
large, its native three-dimensional structure.32 Cm-
cyt c551 is therefore an appropriate model system
for folding experiments, aimed at clarifying the
kinetic and thermodynamic role of the Fe–Met
coordination bond. Fluorescence quenching was
employed to follow the refolding/unfolding
kinetics of Cm-cyt c551: at all urea concentrations, a

single exponential decay was observed, as with wt
cyt c551. A semilogarithmic plot of the observed
unfolding/refolding rate constant as a function of
[urea] (Chevron plot) for wt cyt c551 and Cm-cyt
c551 at pH 7.0 is shown in Figure 4. Also included
are the rates of two additional fast phases observed
in continuous-flow fluorescence measurements on
the unmodified protein at pH 7. Consistently with
Scheme 1, in spite of the considerable destabiliza-
tion of the folded state of Cm-cyt c551 compared to
the wt protein (DDG 0 , 5 kcal mol21), the observed
refolding rates below 3 M urea are very similar for
these two proteins, indicating that the Fe–Met
coordination bond is formed after the transition
state. This was confirmed by modeling the urea-
dependent kinetics, based on Scheme 1. The con-
tinuous lines in Figure 4 represent the observable
rate constants predicted by Scheme 1, using
numeric simulations as described above. We first
modeled the kinetics of the unmodified protein,
using the data at pH 4.7 as a guideline. To simulate
the folding kinetics of Cm-cyt c551, it is sufficient to
increase the rate of unfolding of N (kNM) by several
orders of magnitude, which renders N highly
unstable. The folding reaction thus ends at the
native-like intermediate M, which lacks the native
methionine ligand and corresponds to the carboxy-
methylated form. The agreement between the pre-
dicted and observed rates in both forms of the
protein provides strong support for Scheme 1 as
the basic folding model at physiological pH.
Detailed insights on the role of the high energy
intermediate M in the folding of cyt c2 from
R. capsulatus and cyt c551 from P. aeruginosa can be
found in Sauder et al.21 and Gianni et al.,22

respectively.

Discussion

The kinetic folding mechanism depicted in
Scheme 1 and originally proposed for horse cyt c
suggests that the Fe–Met coordination bond is
present only in the native state (N). Kinetic charac-
terization of the chemically modified carboxy-
methylated cyt c551 (Cm-cyt c551) is in agreement
with this mechanism, indicating that the Met61–
Fe coordination bond is formed only in the last
stages of folding. It should be noted that the chemi-
cal modification of Met(61) introduces a consider-
able destabilization of the native state, as revealed
by the large increase in the unfolding rate of Cm-
cyt c551 (kunf ,40 s21 compared to kunf ,0.01 s21 for
the unmodified protein).

In spite of these observations on the refolding
behavior of Cm-cyt c551 and in contrast with
Scheme 1, we find that a pronounced refolding
burst phase (,50%) is detectable at pH 3 when
the folding process of cyt c551 is followed by
absorbance at 695 nm, monitoring the formation of
the Met–Fe coordination bond (Figure 3). This
finding indicates that ,50% of the native Fe–Met

Figure 4. Urea-dependence of the rate constants for the
rate-limiting folding/unfolding phase of wt cyt c551

(circles) and Cm-cyt c551 (squares) measured by stopped-
flow fluorescence at pH 7.0 and 10 8C. Also shown are
the rates of two additional phases on the sub-millisecond
time scale observed by continuous-flow measurements
on wt cyt c551 (triangles). The continuous lines show the
observable rate constants predicted for unmodified cyt
c551, using Scheme 1. To simulate the main folding phase
for Cm-cyt c551 (broken line), the same set of elementary
rate constants was used, except that the rate constant
for conversion of states N to M in Scheme 1 was
increased by a factor 106. This destabilizes state N and
reduces Scheme 1 to a three-state mechanism,
U , I , M, where M corresponds to the folded state of
Cm-cyt c551.
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coordination bond is formed during the stopped-
flow dead-time (,2 ms).

Key findings to shed light on these two
apparently contradictory observations are (i) the
ultra-rapid continuous-flow mixing results at pH
4.7 (Figure 2), which show bi-exponential kinetics
on the sub-millisecond time scale, and (ii) the
double mixing interrupted refolding experiments
at pH 3 (Figure 1) showing that the amplitude
behavior of the observed single exponential
unfolding decay implies that a fraction of wt cyt
c551 refolds to the native state very rapidly (10 ms).

Some general models have been discussed to
explain the kinetic partitioning between fast and
slow refolding channels.28,33 A first model postu-
lates the presence of a mixture of different
unfolded states;34 in this case, as long as refolding
is rapid compared to the interconversion between
these states, folding will occur via parallel path-
ways. Possible origins for multiplicity of unfolded
states may be cis– trans equilibria of prolyl35 and
non-prolyl36 peptide bonds. Another potential
source of heterogeneity, in the case of heme pro-
teins, is the presence of alternative axial heme
ligands. In fact, interconversion between different
unfolded states that leads to parallel folding path-
ways has also been identified for reduced horse
cyt c in which, after CO photodissociation, the
unfolded ensemble is represented by a distribution
of different coordination states.37 Alternatively, a
possible scenario may predict parallel pathways
even if folding starts from a homogenous unfolded
state. This second model suggests that dilution of
the denaturant may give rise to formation of kineti-
cally trapped intermediates that fold more slowly,
while the remainder of the unfolded molecules
can fold rapidly resulting in the observed kinetic
partitioning. Following this view, we recall that
kinetic traps during refolding may originate from
the formation of non-native inter-molecular inter-
actions that give rise to transient aggregation,25 as
discussed also in the case of cyt c551.

22

In the case of cyt c551, (i) in addition to Met61,
which ligates the iron in the native state, the other
Met residue at position 22 cannot bind to the
metal in the distal position, being too close in
sequence to the heme attachment region (Cys12-
Cys15/His16); and (ii) there are no histidine resi-
dues other than the native His16 ligand. Therefore
non-native Met- or His–Fe interactions cannot
occur. Nevertheless, although our analysis of Cm-
Cyt c551 indicates that Met61 ligation is not
involved in the rate-determining step in folding at
low denaturant concentrations (Figure 4), we can-
not rule out the possibility that heme ligation
plays a role during the early stages of folding. The
presence of a pronounced burst phase seen in
refolding experiments has been previously
attributed to the rapid accumulation of a collapsed
state,23 consistent with the direct observation of
sub-millisecond processes in horse cyt c.12 The
kinetic heterogeneity observed in fast mixing
experiments (Figure 2) indicates that the early

stages of folding of cyt c551 are complex and
possibly imply more than the simple accumulation
of an obligatory intermediate species. Even more
compelling is the outcome of the refolding kinetics
at 695 nm (Figure 3) and of the double mixing
experiments shown in Figure 1. Thus a tentative
description of the refolding pathway of cyt c551

may demand a mechanism with two (or more)
parallel folding channels, such as Scheme 2 above.

Scheme 2 implies that the denatured state of cyt
c551 consists of two (or more) distinct populations
of states, U and U0, undergoing slow inter-conver-
sion (.1 second). The relative populations of U
and U0 vary strongly with pH. At pH 4.7, U0

accounts for about 20% of the population and
grows to about 50% at pH 3. If the net folding rate
along the main folding pathway (U ! Ic ! M)
remains similar at low pH, it might account for
the rapidly accumulated (10 ms) folding species in
the double-jump experiment (Figure 1). The pH-
dependent partitioning between different
denatured-state populations is consistent with pre-
vious observations22 that the equilibrium m-values
for urea-induced unfolding are significantly higher
at pH 3.0 (2.2 kcal mol21 M21) compared to pH 7.0
(1.1 kcal mol21 M21), suggesting that neutral pH
conditions favor a more structured denatured
state. Although a direct involvement of kinetic
traps due to mis-ligation of the heme iron is
unlikely, the increasing population of U0 and con-
comitant decrease in the rate of folding at low pH
may be related to protonation of the proximal
histidine, His16, which is expected to occur under
sufficiently acidic conditions. The resulting four-
coordinate species would be highly reactive and
may favor denatured-state populations containing
non-native intra- or inter-molecular heme ligands.

Finally, in the more general context of compara-
tive folding studies on the family of class I cyto-
chromes c, we have presented evidence that the
burst phase observed by stopped-flow fluorescence
underlies a more complex picture (Scheme 2) than
previously assumed, which may not be explained
solely by the sequential accumulation of partially
structured intermediates. From this perspective,
the description of the early events of in vitro cyt c
folding may have to be re-assessed, taking into
account the relative fluorescence of the native
state, the collapsed intermediate and eventually
aggregated forms. It is possible that this protein
family presents a variety of folding mechanisms
that may, or may not, involve accumulation of
intermediate states, depending on the specific
sequence propensities to form elements of second-
ary structure.7,22,38

Materials and Methods

Materials

Recombinant cyt c551 from P. aeruginosa was expressed
and purified as described.39 All experiments were carried
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out on the oxidized protein, as checked
spectrophotometrically.

Cm-cyt c551 was prepared and purified as described.31

The fraction of Cm-cyt c551 after purification was more
then 95%, as judged by CO titration of reduced Cm-cyt
c551 at pH 7.0 (data not shown). All reagents were of
analytical grade.

Stopped-flow measurements

All fluorescence-detected kinetic folding experiments
were carried out on an Applied Photophysics DX-17MV
stopped-flow instrument (Leatherhead, UK); the
excitation wavelength was 290 nm and the fluorescence
emission was measured using a 320 nm cut-off glass
filter. In all experiments, performed at 10 8C, refolding
and unfolding were initiated by an 11-fold dilution of
the denatured or the native protein in the appropriate
buffer.

Double-jump mixing measurements

Interrupted refolding experiments were carried out on
an Applied Photophysics DX-17MV stopped-flow instru-
ment with double jump facility (Leatherhead, UK) in
order to assess the time dependence of accumulation of
the native state, which unfolds slowly after the second
mixing. The excitation wavelength was 290 nm and the
fluorescence emission was measured using a 320 nm
cut-off glass filter. Refolding and unfolding were
initiated by a symmetric mixing of the denatured and
native protein with the appropriate buffer. Unfolded cyt
c551 was obtained by incubation in 0.8 M GdnHCl at pH
2.0, the protein being totally unfolded as judged by far
UV CD spectroscopy (data not shown). When an
additional control was carried out by mixing equal
volumes of unfolded cyt c551 in 0.4 M GdnHCl at pH 2
with 4 M GdnHCl at pH 3.0, no relevant change in signal
was observed (data not shown).

Continuous flow measurements

Continuous flow measurements were performed
using the instrument described by Shastry et al.27 Total
flow rate was 0.8 ml s21. The instrumental dead time,
calibrated by measuring the quenching of N-acetyl-
tryptophanamide fluorescence by N-bromo succinimide
at several quencher concentrations, was 60 ms in the
absence of denaturant. Temperature (15 8C) was
regulated by cooling the chamber surrounding both the
cuvette and the flow lines.
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