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Abstract

Binding of native cytc to L-PG micelles leads to a partially unfolded conformation of cytc. This micelle-bound state
has no stable tertiary structure, but remains asa-helical as native cytc in solution. In contrast, binding of the
acid-unfolded cytc to L-PG micelles induces folding of the polypeptide, resulting in a similar helical state to that
originated from the binding of native cytc to L-PG micelles. Far-ultraviolet~UV ! circular dichroism~CD! spectra
showed that this common micelle-associated helical state~HL! has a native-likea-helix content, but is highly expanded
without a tightly packed hydrophobic core, as revealed by tryptophan fluorescence, near-UV, and Soret CD spectros-
copy. The kinetics of the interaction of native and acid-unfolded cytc was investigated by stopped-flow tryptophan
fluorescence. Formation ofHL from the native state requires the disruption of the tightly packed hydrophobic core in
the native protein. This micelle-induced unfolding of cytc occurs at a rate;0.1 s21, which is remarkably faster in the
lipid environment compared with the expected rate of unfolding in solution. Refolding of acid-unfolded cytc with L-PG
micelles involves an early highly helical collapsed state formed during the burst phase~,3 ms!, and the observed main
kinetic event reports on the opening of this early compact intermediate prior to insertion into the lipid micelle.

Keywords: collapsed state; cytochromec; folding intermediates; folding in lipid membranes; folding kinetics;
membrane insertion; unfolding in lipid membranes

Cyt c functions in electron transfer on the surface of the inner
mitochondrial membrane. The potential involvement of a membrane-
bound form of cytc in electron transfer has been unclear~Vik
et al., 1981; Speck et al., 1983; Gupte & Hackenbrock, 1988;
Hildebrandt et al., 1990! until the recent work by Cortese et al.
~1998!. This work showed that under physiological conditions,
cyt c is found to be in equilibrium between the soluble state and
conformations bound to the inner mitochondrial membrane. These
membrane-bound species have a destabilized structure compared
with the native protein, but retain variable degrees of electron
transfer activities, depending on their binding state to the inner
mitochondrial membrane. This suggests that membrane-bound forms
of cyt c could regulate the activity of electron transfer in vivo.

Cyt c has also been found to play a role in programmed cell
death~apoptosis!, in which the release of cytc from the mitochon-
drion is required for caspase activation~Liu et al., 1996; Hu et al.,
1999!. A recent study by Jemmerson et al.~1999! has shown that
a membrane-bound form of cytc has apoptotic activity, suggesting

that membrane-associated cytc might be the relevant factor in
caspase activation. Thus, with the increasing evidence for physi-
ological roles of membrane-bound forms of cytc, both in electron
transfer~Cortese et al., 1998! and in apoptosis~Jemmerson et al.,
1999!, it is pertinent to investigate the structural and dynamic
properties of membrane-bound forms of cytc.

It has been known that binding of cytc to negatively charged
lipid membranes induces an extensive disruption of the native
compact structure of the protein~Muga et al., 1991; Spooner &
Watts, 1991; de Jongh et al., 1992; Pinheiro & Watts, 1994; Pin-
heiro et al., 1997!. This membrane-bound state lacks many fea-
tures of its native tertiary structure but remains highly helical.
Far-UV CD spectra showed that this partially unfolded state bound
to lipid membranes has ana-helix content similar to that of the
native protein in solution. Tryptophan fluorescence and heme ab-
sorbance kinetics revealed that the disruption of the tightly packed
native structure of cytc is remarkably accelerated on the mem-
brane interface compared with the expected rate of unfolding in
solution ~Pinheiro et al., 1997!.

In contrast, binding of the unstructured precursor protein, apo-
cyt c, to lipid membranes induces folding of the polypeptide that
can generate a partially folded conformation with ana-helix con-
tent that resembles that of native cytc ~Jordi et al., 1989; de Jongh
& de Kruijff, 1990; Rankin et al., 1998!. The level of lipid-induced
secondary structure depends on the lipid system, and this folding
process is driven by both electrostatic and hydrophobic lipid-
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protein interactions~Rankin et al., 1998!. Kinetic measurements
revealed that folding of apocytc induced by negatively charged
lipid micelles occurs via a collapsed intermediate state prior to
insertion into the lipid micelle~Rankin et al., 1999!, while folding
induced by zwitterionic lipid micelles involves a more distended
intermediate on the micelle surface~Bryson et al., 1999!.

Protein folding and unfolding on the surface of membranes are
essential biological processes in protein translocation across mem-
branes, protein assembly, and function. For example, large struc-
tural rearrangements are involved in the insertion of bacterial toxins
in target cell membranes~van der Goot et al., 1991; Vécsey-Semjén
et al., 1997; Zakharov et al., 1998! and required for the transfer of
various nonpolar ligands, such as retinol and fatty acids, from their
carrier proteins to a target cell surface~Bychkova & Ptitsyn, 1993!.
In contrast with native stably-folded proteins, which may become
destabilized by the interaction with membranes, many peptides and
proteins with little or no structure in solution can acquire secondary
structure upon binding to lipid membranes. Among those are small
toxins~Thieudière et al., 1991; Shai, 1994!, antimicrobial peptides
~Maloy & Kari, 1995!, signal sequences~Gierasch, 1989!, and apo-
cytochromec ~Jordi et al., 1989; de Jongh & de Kruijff, 1990; Rankin
et al., 1998!.

Cyt c and its heme-free precursor~apocytc! are a unique pair
with respect to their interaction with lipid membranes. While cytc
partially unfolds upon binding to lipid membranes, apocytc, which
is a random coil in aqueous solution, acquires ana-helical struc-
ture upon interaction with lipid membranes. The mechanism by
which a tightly folded water-soluble protein becomes associated
with a membrane is not completely understood, nor is the folding
of an unfolded polypeptide in lipid membranes. It is apparent that
the association with the membrane triggers the protein structural
changes, but there is very little information available on the nature
of the intermediate states involved in folding or unfolding events
in lipid membranes. It has been postulated that the membrane-
bound helical conformations of both cytc and apocytc might
represent a common folded state~de Jongh et al., 1992; Pinheiro,
1994!. However, a direct comparison of the membrane-induced
unfolding and refolding of cytc is missing, as there are no studies
available on refolding of cytc in lipid membranes.

In the current study, we have characterized the structural prop-
erties of both native and acid-unfolded cytc upon interaction with
negatively charged lipid micelles of L-PG. Binding of native cytc
to L-PG micelles leads to a partially unfolded conformation of
cyt c. This micelle-bound state has no stable tertiary structure, but
remains asa-helical as native cytc in solution. In contrast, binding
of the acid-unfolded cytc to L-PG micelles induces the folding of
the polypeptide and results in a similar helical state to that origi-
nated from the binding of native cytc to L-PG micelles. The
kinetics of the interaction of native and acid-unfolded cytc was
investigated by stopped-flow tryptophan fluorescence and their
respective unfolding and refolding mechanisms are proposed. The
possible biological roles of membrane-associated partially folded
states of cytc in electron transfer and apoptosis are discussed.

Results

Soret absorbance

Absorbance measurements in the Soret region~350–490 nm! re-
port on the spin state of the heme iron. Under native conditions, the
heme iron is in a low-spin state with two axial ligands provided

from His18 and Met80. A Soret band with a maximum intensity at
410 nm~lmax! is typical of the native state of cytc, indicative of
the presence of both axial ligands. In contrast, during acid unfold-
ing the heme iron is converted to a high-spin state, probably lack-
ing both Met80 and His18 ligation~Babul & Stellwagen, 1972!,
which results in a blue shift of the Soret band of about 15 nm.
Binding of acid-unfolded cytc to L-PG micelles results in a shift
of the Soretlmax from 394 to 403 nm, and binding of native cytc
is accompanied by a shift from 410 to 407 nm~Fig. 1!. The blue
shift for the Soret band observed upon binding of native cytc to
L-PG micelles is consistent with disruption of Met80 ligation to
the heme iron, as observed for the binding of cytc to lipid mem-
branes~Pinheiro et al., 1997!. Binding of acid-unfolded cytc to
L-PG micelles results in a spectrum that approaches that of cytc
bound to L-PG micelles originated from the native state. However,
the observed differences inlmax may arise from nonnative histi-
dine ligation to the heme iron in unfolded cytc ~Colón et al.,
1997!.

Equilibrium fluorescence

The fluorescence emission of the single tryptophan at position 59
~Trp59! in the polypeptide chain of cytc was used to monitor
conformational changes in the protein upon interaction with L-PG
micelles. In the native fold of cytc, Trp59 is located near the heme
group ~center-to-center distance Trp59-heme is 9.5 Å; Bushnell
et al., 1990!, which results in an efficient quenching of Trp59
fluorescence~Fig. 2!. Under strong denaturing conditions~4.2 M
GuHCl, or pH 2 and low ionic strength!, the fluorescence spectrum
has an emission maximum near 350 nm with an intensity;60% of
that of a corresponding aqueous solution of free tryptophan. These
changes are consistent with a highly expanded conformation of the
polypeptide chain~Tsong, 1974!. Binding of acid-unfolded cytc to

Fig. 1. Absorbance spectra of the Soret region of acid-unfolded cytc
~dashed line! in aqueous solution and after binding to L-PG micelles~stars!,
and native cytc in aqueous solution~solid line! and after binding to L-PG
micelles~circles!. Protein concentration was 10mM, and lipid concentra-
tion was 2 mM. Spectra were recorded at room temperature~;228C!.
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L-PG micelles is accompanied by a blue shift of about 15 nm
relative to the emission maximum of acid-unfolded cytc, and a
similar spectrum is also obtained upon binding of native cytc to
L-PG micelles~Fig. 2!.

Circular dichroism

Circular dichroism was used to probe structural changes in cytc
upon the interaction with L-PG micelles. The far-UV CD spectrum
of cyt c in aqueous solution~Fig. 3A! is typical of proteins con-
taining mainlya-helical structure. In contrast, acid-unfolded cytc
exhibits a spectrum with a strong negative band near 200 nm,
which is characteristic of a disordered polypeptide chain. Binding
of native and acid-unfolded cytc to L-PG micelles results in sim-
ilar spectra, which show no significant changes in the far-UV CD
band at 222 nm when compared with the spectrum of native cytc
in solution ~Fig. 3A!. This suggests that the micelle-bound state
obtained from acid-unfolded or native protein both have ana-helix
content that resembles that of the native cytc in solution. The
changes around 190 and 208 may arise from spectral contributions
of other secondary structural components, or may be due to the
presence of optically active heme transitions, other than those
associated with the amide transitions of the polypeptide chain~Myer,
1968!.

The near-UV CD region~250–330 nm! provides information on
the packing of aromatic side chains in the protein. The near-UV
CD spectrum of native cytc in aqueous solution displays two
distinct minima at 282 and 288 nm, which have been assigned to
the tertiary structural packing of Trp59~Davies et al., 1993!. Bind-
ing of native cytc to L-PG micelles results in the disappearance of
these two bands~Fig. 3B!, which is consistent with a disruption of
the tight packing of core residues in cytc upon interaction with the
lipid micelles. The spectrum obtained with acid-unfolded cytc
after binding to lipid micelles also did not show the Trp bands.

Fig. 2. Fluorescence emission spectra of native cytc in aqueous solution
~solid line! and after binding to L-PG micelles~circles!, and acid-unfolded
cyt c ~dashed line! and after binding to L-PG micelles~stars!. Protein
concentration was 10mM, and L-PG concentration was 2 mM. The spectra
were recorded at room temperature~;228C! with excitation at 295 nm.

A

B

C

Fig. 3. ~A! Far-UV, ~B! near-UV, and~C! Soret regions of CD spectra of
native cyt c in aqueous solution~solid line! and after binding to L-PG
micelles~circles!, and acid-unfolded cytc ~dashed line! and after binding
to L-PG micelles~stars!. Protein concentrations were 10mM ~far-UV! and
20 mM ~near-UV and soret!, and L-PG concentration was 2 mM. All
spectra were acquired at 208C, with a resolution of 0.5 nm0min, but for
clarity symbols are only shown every 1.5 or 2 nm.
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The CD spectrum in the Soret region~350–490 nm! can provide
further insight into the integrity of the heme crevice~Myer, 1968!.
The optical activity in this region is generated through the coupling
of hemep-p* electric dipole transition moments with those of
nearby aromatic residues in the protein. The spectrum for cytc in
its native conformation exhibits a strong negative band at about
418 nm due to the Soret–Cotton effect~Fig. 3C!, primarily a result
of heme-polypeptide interactions. After binding of native cytc to
L-PG micelles, the Soret CD spectrum is converted to a single
positive band with a maximum near 408 nm, identical to that
obtained upon binding acid-unfolded cytc to L-PG micelles. This
type of spectrum is also obtained for urea- or acid-denatured cytc
~Myer, 1968! and has also been observed for cytc bound to DOPS
vesicles~Pinheiro et al., 1997!. The Soret spectral changes indicate
that the coupling between the hemep-p* transitions and those of
the aromatic residues nearby have been disrupted upon binding of
native cyt c to lipid micelles and that no such interactions are
present in the helical state formed from acid-unfolded cytc.

Kinetics of unfolding and refolding of cyt c upon
binding to L-PG micelles

The interaction of native cytc with L-PG micelles induces a partial
unfolding of the tight native structure of cytc, whereas binding of
acid-unfolded cytc to L-PG micelles results in folding into an
a-helical state. Tryptophan fluorescence changes were used to mon-
itor the kinetics of the interaction of both acid-unfolded and native
cyt c with L-PG micelles in stopped-flow measurements. Typical
kinetic traces for the refolding of acid-unfolded cytc and unfold-
ing of native cytc upon interaction with L-PG micelles are shown
in Figure 4.

The interaction of acid-unfolded cytc ~U! with L-PG micelles
~micelle-induced refolding! comprises four kinetic events. There is
an initial decrease in fluorescence during the dead time of the
instrument;2.7 ms ~burst phase!. The amplitude of this burst
phase~the drop in signal relative to the initial fluorescence level of
U! varied from 50–65% of the fluorescence of U, depending on
protein and lipid concentration. This is followed by an increase in
fluorescence, which is described by three main kinetic phases
~Table 1!. ~1! A fast phase~k1! accounting for 10–21% of the total
observed fluorescence change occurs over 100–400 ms;~2! an
intermediate phase~k2! associated with the largest increase in flu-
orescence~62–80%! occurring over 1–3 s; and~3! a slow phase
~k3! in which 8–17% of the total fluorescence increase is observed
over a time range larger than 30 s.

The interaction of native cytc ~N! with lipid micelles~micelle-
induced unfolding! shows no burst phase~Fig. 4! and the increase
in fluorescence associated with the partial unfolding and insertion
into the lipid micelle is also described by three main kinetic phases
~Table 2!. ~1! Fast phase~k1! carrying a small fraction of the total
observed fluorescence change~,10%! occurs over a time scale
from 200 ms to 1.2 s.~2! An intermediate phase~k2! occurring in
,10 s is associated with the largest change in fluorescence~76–
97%!. ~3! A slow phase~k3! in which up to 19% of the fluores-
cence increase occurs over a time range larger than 10 s. This
phase becomes negligible for high lipid-to-protein ratios.

The observed kinetics of micelle-induced refolding and unfold-
ing of cyt c are overall similar~Tables 1, 2!, but a close inspection
of their kinetic parameters reveals some significant differences.
The fast phase~k1! for the micelle-induced refolding reaction oc-
curs in,0.5 s, whereas unfolding extends from 200 ms to 1.2 s for

equivalent lipid and protein concentrations. The relative amplitude
associated with this phase~a1! increases from 12 to 21% with
increasing protein concentration for refolding~Table 1!, but a1

represents only;5% of the total fluorescence increase and is
independent of protein concentration for unfolding. The intermedi-
ate phase~k2!, which for both refolding and unfolding accounts for
the largest change in fluorescence, is faster for refolding than for
unfolding ~Tables 1, 2!.

Discussion

Binding of native and acid-unfolded cyt c to L-PG micelles
leads to a common micelle-bound helical state
as determined by CD and fluorescence

The fluorescence of the single tryptophan~Trp59! in the compact
native structure of cytc is efficiently quenched due to its close
proximity to the heme group~Fig. 2!. Upon unfolding of cytc, the
expanding Trp59-heme distance leads to a large increase in fluo-
rescence~up to;60% of that of free tryptophan! indicative of an
expanded conformation with an average Trp59-heme distance.35 Å
~Tsong, 1974; Chan et al., 1997!. Binding of native or acid-
unfolded cytc to L-PG micelles resulted in equivalent spectra,
with a lmax blue-shifted by;15 nm relative to the emission max-
imum of the acid-unfolded state in solution. The fluorescence emis-
sion spectra of micelle-bound cytc, originated from either native

Fig. 4. Representative unfolding and refolding kinetic traces of cytc upon
interaction with L-PG micelles at 208C. Trp59 fluorescence emission~ex-
cited at 295 nm and detected above 310 nm! was measured in stopped-flow
measurements, following rapid mixing of protein with L-PG micelles~dead
time ;2.7 ms!. Lipid backgrounds were subtracted, and all traces were
normalized relative to the fluorescence level of acid-unfolded protein. The
fluorescence changes are plotted on a logarithmic timescale for the inter-
action of native~1! and acid-unfolded~2! cyt c with L-PG micelles. Lipid
concentration was 2 mM, and protein concentration was 10mM. For com-
parison the refolding of cytc in the absence of lipid from the acid-unfolded
state in 10 mM HCl, pH 2.0 into 10 mM phosphate buffer, pH 7.0 is also
shown~3!. Lines represent double or triple exponential fits to the experi-
mental data.
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or acid-unfolded protein, represent;77% of the fluorescence in-
tensity of the acid-unfolded state~Fig. 2!. Binding of the peptide
Lys-Trp-Lys to L-PG micelles showed a blue shift of;14 nm
relative to the emission maximum in aqueous solution with no
significant changes in the overall fluorescence intensity~data not
shown!. Thus, the intensity changes of Trp59 fluorescence for cytc
in the lipid environment result predominantly from changes in the
heme-Trp59 distance associated with unfolding or refolding of
cyt c. The blue shift for the fluorescence spectra of micelle-bound
cyt c relative to thelmaxof acid-unfolded protein is consistent with
the change in the Trp environment from an aqueous solution to the
lipid hydrophobic phase. Similar fluorescence changes have been
reported for the interaction of cytc with negatively charged lipid
vesicles and have been associated with a partial unfolding of cytc
~Pinheiro et al., 1997!.

Binding of native cytc to L-PG micelles results in a far-UV CD
spectrum with no significant changes around the 222 nm band
~Fig. 3A!, which suggests that the micelle-associated state has an

identical a-helix content to that of the native protein. The acid-
unfolded state is also converted to an identical helical conforma-
tion, which resembles the structure of native cytc. The near-UV
and Soret CD spectra of micelle-bound cytc, originated either
from native or acid-unfolded protein~Fig. 3B,C!, indicate that the
resulting helical state associated with L-PG micelles has no com-
pact tertiary structure. Thus, binding of native cytc to L-PG mi-
celles induces no significant change in thea-helix content of cytc,
but induces the disruption of the tightly packed hydrophobic core
characteristic of native cytc. In contrast, the acid-unfolded protein
is folded to a helical state also resembling thea-helical structure of
native cytc. This micelle-bound helical state originated from the
acid-unfolded protein has also no indication of any stable packing
of aromatic side chains. Thus, binding of either native or acid-
unfolded cytc to L-PG micelles results in an identical conforma-
tion with native-likea-helical content but without any stable tertiary
structure. The structural properties of this micelle-associated heli-
cal state of cytc are identical to the properties previously described

Table 1. Kinetic parameters for the interaction of acid-unfolded cyt c with L-PG micelles at various protein
and lipid concentrationsa

@L-PG#
~mM!

@cyt c#
~mM !

k1

~s21!
a1

~%!b
k2

~s21!
a2

~%!b
k3

~s21!
a3

~%!b atot
c

8 4 2.6~3!c 12 0.48~1! 74 0.033~3! 14 20.23
8 8 3.3~1! 10 0.613~4! 80 0.016~1! 10 20.46
8 12 9.8~2! 17 0.714~4! 72 0.014~2! 11 20.79
8 16 8.6~2! 19 0.733~4! 65 0.005~2! 16 21.10
8 20 7.6~1! 21 0.729~4! 62 0.004~2! 17 21.35
2 10 4.6~1! 16 0.313~2! 73 0.028~2! 11 20.71
5 10 9.7~2! 16 0.489~2! 76 0.021~2! 8 20.68

10 10 8.92~2! 16 0.815~4! 72 0.005~2! 12 20.72

aRates and relative amplitudes were measured by stopped-flow fluorescence emission kinetic measurements at 208C, as described
under Materials and methods.

bPercentage of the total amplitude.
cTotal amplitude~atot 5 a1 1 a2 1 a3! in arbitrary ~but constant! fluorescence units.
dErrors in the least significant digit~one standard deviation! are shown in parentheses.

Table 2. Kinetic parameters for the interaction of native cyt c with L-PG micelles at various protein
and lipid concentrationsa

@L-PG#
~mM!

@cyt c#
~mM !

k1

~s21!
a1

~%!b
k2

~s21!
a2

~%!b
k3

~s21!
a3

~%!b atot
c

8 4 0.86~4!d 8 0.110~2! 92 —e —e 20.82
8 8 1.99~8! 6 0.116~1! 94 —e —e 21.45
8 12 3.4~1! 4 0.136~1! 80 0.055~1! 16 22.20
8 16 3.2~1! 4 0.133~1! 79 0.063~1! 17 22.85
8 20 4.7~1! 5 0.138~1! 76 0.066~1! 19 23.52
2 10 5.6~1! 2 0.124~1! 93 0.049~3! 5 22.13
5 10 4.4~2! 3 0.121~1! 97 —e —e 22.19

10 10 1.12~6! 4 0.112~1! 97 —e —e 22.23

aRates and relative amplitudes were measured by stopped-flow fluorescence emission kinetic measurements at 208C, as described
under Materials and methods.

bPercentage of the total amplitude.
cTotal amplitude~atot 5 a1 1 a2 1 a3! in arbitrary ~but constant! fluorescence units.
dErrors in the least significant digit~one standard deviation! are shown in parentheses.
ePhase not observed.
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for a bilayer-bound state resulting from the binding of native cytc
to DOPS vesicles~Pinheiro et al., 1997!, as revealed from the
absorbance, fluorescence, and CD results. These findings indicate
that lysophospholipid micelles serve as good model membranes,
resulting in identical structural and folding effects as those ob-
served for cytc with lipid vesicles.

Kinetic mechanism of unfolding and refolding
of cyt c induced by L-PG micelles

Fluorescence intensity changes of Trp59 have been used to study
the refolding of cytc in aqueous solution~Elöve et al., 1992;
Colón et al., 1996; Shastry & Roder, 1998! and the partial unfold-
ing of native cytc induced by the interaction with lipid vesicles
~Pinheiro et al., 1997!. During refolding of cytc, the fluorescence
decays due to Förster energy transfer between Trp59 and the heme
group. Conversely, unfolding of cytc is accompanied by a fluo-
rescence increase.

Binding of native cytc to negatively charged micelles of L-PG
induced a fluorescence increase during stopped-flow measure-
ments, which is consistent with a partial unfolding of cytc. The
Trp59 stopped-flow results~Table 2! showed three main kinetic
events for this micelle-induced unfolding process:~1! a fast phase
~k1! with a rate;4 s21, and associated with a small fluorescence
change~up to 8% of the total observed fluorescence change!; ~2!
an intermediate phase with the largest fluorescence change~up to
97% of the total change! occurring at a rate;0.1 s21; and ~3! a
slow phase with a rate;0.06 s21, probably associated with protein–
protein interactions or lipid rearrangements around cytc.

The intermediate phase~k2!, associated with the largest am-
plitude ~Table 2!, is likely to correspond to the main unfolding
structural event. The large increase in fluorescence is consistent
with the disruption of the tightly packed hydrophobic core of
native cyt c, leading to a partially unfolded state with an ex-
panded Trp59-heme distance. This micelle-induced unfolding oc-
curs at a rate;0.1 s21, which is much faster than the expected
rate of unfolding in solution extrapolated to zero denaturant con-
centration~5 3 1026 s21 at pH 7 and 23 1023 s21 at pH 5.0;
Colón et al., 1996; Sosnick et al., 1996!, indicating that the lipid
environment accelerates the structural unfolding of cytc. This
effect has also been observed for the lipid-induced unfolding of
cyt c with negatively charged vesicles of DOPS~Pinheiro et al.,
1997!.

A possible mechanism of how a negatively charged lipid mem-
brane can promote protein unfolding has been suggested to involve
the local acidic environment in the immediate vicinity of the lipid
surface relative to the bulk solution~Prats et al., 1986; Pinheiro
et al., 1997!. It is well known that moderately low pH can lead to
partially unfolded states of many proteins~for a review see Ptitsyn,
1995!. Interestingly, the rate of the main structural unfolding event
of cyt c in DOPS vesicles was found to be;1.5 s21 ~Pinheiro
et al., 1997!, which is faster than the corresponding rate for the
unfolding of cyt c with L-PG micelles observed in the current
study ~k2 ; 0.1 s21, Table 2!. It is expected that in vesicles the
tighter packing of the lipid molecules in bilayers should concen-
trate more H3O1 ions near the negative lipid headgroups than
around the less tightly packed molecules in a micelle. Thus, the
observation of a faster unfolding rate with vesicles than with mi-
celles supports the interpretation that the acceleration of protein
unfolding by lipid membranes is in part due to the local low
effective pH in the vicinity of the lipid headgroups.

Combining our stopped-flow kinetic results with the well-
characterized unfolding mechanism of cytc in solution, we pro-
pose a kinetic mechanism for the micelle-induced unfolding of
native cytc illustrated by Equation 1:

Nw b Ns b Di b HL . ~1!

In this scheme,Nw represents the native state in water;Ns depicts
a native-like intermediate associated with the surface of the lipid
micelle; Di denotes a denatured state associated with the mem-
brane interface ready for insertion; andHL is the final helical
micelle-inserted state. Binding of cytc to the micelles~Nw r Ns!
is expected to occur within the dead time of the stopped-flow
instrument~,3 ms!. This second-order process is probably diffusion-
controlled and likely to be accelerated by favorable lipid-protein
electrostatic interactions between positive residues on the protein
surface and the negatively charged lipid headgroups. Because of
the efficient quenching of Trp59 in native-like states and compact
intermediates~Elöve et al., 1992, 1994!, it is unlikely that the
binding event is accompanied by any significant fluorescence
changes. This appears to be supported by the absence of a burst
phase in the stopped-flow kinetic measurements~Fig. 4!.

In our kinetic scheme~Equation 1!, the main structural unfold-
ing event~k2 ; 0.1 s21! is represented by the kinetic stepNsr Di ,
which is expected to be the rate-limiting step. Once the tightly
packed core of cytc is disrupted, hydrophobic residues become
exposed and readily available for insertion into the lipid phase.

Rapid mixing of acid-unfolded cytc with L-PG micelles also
resulted in fluorescence increase, but only after a large decrease
~burst phase! during the dead time of the stopped-flow instrument
~;2.7 ms!. A burst phase is always observed in refolding kinetics
of cyt c in solution in stopped-flow measurements~Roder et al.,
1988; Elöve et al., 1992, 1994; Colón et al., 1996!, which can only
be resolved using continuous-flow methods~Chan et al., 1997;
Shastry & Roder, 1998!. This rapid decrease in fluorescence rel-
ative to the initial unfolded state corresponds to a significant re-
duction in the average Trp59-heme distance and coincides with a
large gain in helical secondary structure~Elöve et al., 1992!. These
findings are consistent with a collapse of the polypeptide chain at
the very early stages of folding leading to a compact intermediate
with native-like helical structure. The amplitude of the burst phase
for the refolding of cytc in the presence of L-PG micelles corre-
sponds to a drop of 50–65% relative toUw. The burst phase in the
refolding of cyt c in solution under similar conditions~Fig. 4!
accounts for a drop in fluorescence relative to the acid-unfolded
state~Uw! of ;85%. This suggests that binding of acid-unfolded
cyt c to the lipid micelles occurs in the dead time of the stopped-
flow instrument~as seen for the interaction of native cytc with
lipid membranes! and appears to be accompanied by a large com-
paction of the polypeptide chain. This is followed by later phases
of increasing fluorescence, which report on further protein struc-
tural changes in the lipid micelle, that are associated with an in-
crease of Trp59-heme distance. Thus, our results support a kinetic
mechanism for the micelle-induced refolding of cytc represented
by Equation 2:

Uw b Cw0s b Ii b HL ~2!

whereUw indicates the unfolded state in water,Cw0s represents a
collapsed state formed in the aqueous phase or in association with
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the micelle surface;Ii denotes an intermediate ready for insertion,
equivalent toDi ~Equation 1! formed during unfolding; andHL

is the final helical micelle-inserted state. The large drop in fluo-
rescence during the dead time of the stopped-flow measure-
ments is consistent with the formation of an early collapsed state
~Uw r Cw0s!. The fact that the amplitude associated with the burst
phase during refolding of cytc in the presence of L-PG micelles is
smaller than that observed for the refolding of cytc in solution
under similar conditions~Fig. 4! suggests thatCw0s is likely to
represent a mixture of partially collapsed states of protein alone
and in association with lipid. The later kinetic phases of increasing
fluorescence would then represent the opening ofCw0s upon inter-
action with the lipid micelle leading to less compact states~Ii and
HL!. Thus, the second kinetic phase~k2! with a rate;0.6 s21,
which is associated with the largest change in fluorescence~62–
80%, Table 1!, is likely to represent the major structural folding
event in association with the lipid micelle. In our scheme~Equa-
tion 2!, this event is probably associated with the kinetic step
Cw0s r Ii . This phase~k2! resembles the kinetic event reported for
the folding of apocytc in the presence of L-PG micelles with a rate
;1 s21, which has been associated with the unfolding of an early
compact intermediate~IC! into a more extended state prior to
insertion into the micelle~Rankin et al., 1999!.

Stopped-flow CD measurements for the refolding of apocytc
~Bryson et al., 1999! and acid-unfolded cytc ~data not shown! with
L-PG micelles showed that the recovery of the expected ellipticity
signal at 225 nm occurred in,2 ms. These results combined with
the highly quenched Trp59 fluorescence suggest that bothIC and
Cw0s are compact intermediates with native-likea-helical structure.
The observed kinetic phases of increasing fluorescence are then
associated with unfolding of early compact intermediates~both
during refolding and unfolding of cytc with L-PG micelles! lead-
ing to more extended helical states inserted into the lipid micelle.

Unfolding of cyt c in solution requires the Met80 ligand to be
displaced before the main structural unfolding process can proceed
~Colón et al., 1996, 1997; Sauder et al., 1996!. Soret absorbance
kinetics shows a single kinetic process with a rate;5 s21 both for
the interaction of native cytc and acid-unfolded state~data not
shown!, which correlates with the first fluorescence phase ob-
served during unfolding and refolding of cytc with L-PG micelles
~k1; Tables 1, 2!. Thus, it appears thatk1 is probably associated
with a heme deligation step preceding the main structural unfold-
ing ~k2! in both the interaction of native and acid-unfolded cytc
with L-PG micelles. In the micelle-induced refolding,k1 is prob-
ably associated with the displacement of nonnative His33 ligation
to the heme iron known to be present in the unfolded state and to
persist throughout the early phases of folding of cytc in solution
at neutral pH~Colón et al., 1996, 1997!.

The main kinetic event~k2! observed in unfolding~Table 2! and
refolding ~Table 1! is likely to correspond to the disruption of the
hydrophobic core of the compact statesNs andCw0s, respectively.
These are represented by the kinetic stepsNs r Di ~Equation 1!
andCw0s r Ii ~Equation 2! for the micelle-induced unfolding and
refolding of cytc, respectively. Both events carry the largest change
in fluorescence~a2; Tables 1, 2!. However,a2 tends to be larger for
unfolding ~up to 97%; Table 2! than for refolding~up to 80%;
Table 1!, with k2 being slower for unfolding~;0.1 s21; Table 2!
than for the refolding reaction~;0.6 s21; Table 1!. These obser-
vations may indicate structural differences betweenNs andCw0s. Ns

is expected to have a more tightly packed hydrophobic core than
Cw0s and thus likely to unfold slower. IfNs is more compact than

Cw0s, it is also expected that the transitionNsr Di would give rise
to a larger Trp fluorescence change thanCw0s r Ii .

In conclusion, the interaction of both native and acid-unfolded
state of cytc with L-PG micelles results in a common micelle-
associated helical stateHL. Based on the equilibrium spectroscopic
data,HL has a native-likea-helix content~Fig. 3A!, but it is a
highly expanded state without a tightly packed hydrophobic core
as revealed by~1! Trp59 fluorescence~Fig. 2!, which shows a
much larger Trp59-heme distance than in the native state;~2! per-
turbed heme ligation~Fig. 1! and heme environment~Fig. 3C!;
and~3! lack of specific native interactions involving Trp59~Fig. 3B!.
Formation ofHL from the native state of cytc requires the dis-
ruption of the tightly packed native hydrophobic core of cytc
~Ns r Di , Equation 1! prior to insertion into the lipid phase. This
micelle-induced unfolding of cytc occurs at a rate;0.1 s21,
which is remarkably faster than the expected rate of unfolding in
solution. Refolding of acid-unfolded cytc with L-PG micelles
involves an early highly helical collapsed state formed during the
burst phase~,3 ms!, and the observed main kinetic event reports
on the opening of this early compact intermediate~Cw0s r Ii ,
Equation 2! prior to insertion into the lipid micelle.

Biological implications

The study by Cortese et al.~1998! showed that, under physiolog-
ical conditions, cytc is found to be in equilibrium between the
soluble state and conformations bound to the inner mitochondrial
membrane. The authors suggested that the initial interaction with
the membrane results in a surface associated state where cytc
retains a native-like secondary structure with an intrinsic electron
transfer activity similar to that of the native soluble protein. A more
deeply inserted state into the membrane was also identified and
was associated with a reduceda-helix content and increasedb-sheet
structure under physiological ionic strength. This membrane-
inserted form has a reduced electron transfer activity than native
cyt c in solution or membrane-associated states at low ionic strength.
Our current and previous studies~Pinheiro et al., 1997!, and those
by de Kruijff and coworkers~Jordi et al., 1989; de Jongh & de
Kruijff, 1990!, and Muga et al.~1991! have not detected significant
changes in the secondary structure of cytc upon binding to lipid
membranes under low ionic strength. However, our studies bring
further structural insight into the more native-like membrane-
bound states of cytc associated with high electron transfer activity
reported by Cortese et al.~1998!. Our findings suggest that the
active state of cytc associated with membranes is likely to have a
disrupted Met80-heme ligation, expanded Trp59-heme distance,
disrupted packing of core side chains and heme crevice, but retains
a native-likea-helical structure.

A membrane-bound form of cytc appears to be relevant to its
role in apoptotic cell death~Jemmerson et al., 1999!. This study
showed that, in apoptotic and necrotic T hybridoma cells, a mono-
clonal antibody binds to a region of cytc around amino acid
residue 44, which is located close to the exposed heme crevice.
The antibody did not recognise purified native cytc or cyt c in
permeabilized live cells, but recognized cytc bound to phospho-
lipid vesicles known to induce structural destabilization of native
cyt c. Thus, the authors suggested that a membrane-bound confor-
mationally altered form of cytc might be the relevant form in
caspase activation. Our studies support the interpretation that a
membrane-triggered opening of the structure of cytc could expose
the domain required for antibody recognition. However, it remains
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intriguing how a membrane-induced conformational state of the
same protein could be involved in electron transfer activity in live
cells and have a more sinister role, if released from mitochondria,
during apoptotic cell death.

Materials and methods

Materials

Horse heart cytc ~type VI! was purchased from Sigma Chemical
Co. ~St. Louis, Missouri! and used without further purification.
L-PG was acquired from Avanti Polar Lipids, Inc.~Birmingham,
Alabama!.

Sample preparation

Aqueous solutions of native cytc were prepared in 10 mM potas-
sium phosphate buffer at pH 7.0~phosphate buffer!. Protein con-
centrations were determined spectrophotometrically using a molar
extinction coefficient of 2.953 104 M21 cm21 at 550 nm and
pH 7.0 for the protein reduced with sodium dithionite~Margoliash
& Walasek, 1967!.

Acid-unfolded cytc was prepared by diluting a concentrated
H2O solution of cytc into 10 mM HCl, pH 2.0~HCl solution!. To
remove any salt contaminants, which prevent the formation of the
unfolded state of cytc, the solution was passed through a fine
grade Sephadex G-25 spin column pre-equilibrated with HCl
solution.

L-PG micelles were prepared by hydration of the required
amounts of lipid with phosphate buffer to produce a stock solution
of micelles with an L-PG concentration of 20 mM. The buffer was
deoxygenated with nitrogen gas prior to lipid hydration and the
lipid suspension was sonicated for 30 min in a water bath sonicator
~Ultrawave U-400! to ensure a homogeneous micelle size.

Absorbance measurements

Absorbance spectra in the Soret region~350–490 nm! were ob-
tained for samples containing 10mM cyt c in phosphate buffer and
HCl solution, in the absence and presence of L-PG micelles, for
lipid concentrations ranging from 1 to 10 mM. All spectra were
measured against the appropriate reference~buffer for protein so-
lutions or micelles for lipid0protein samples!. Spectra were re-
corded at room temperature~;208C! on a JASCO V-550 UV0Vis
spectrophotometer using cells of 5 mm pathlength.

Equilibrium fluorescence

Fluorescence spectra were obtained for samples containing 10mM
cyt c in phosphate buffer and HCl solution with and without lipid.
Lipid concentrations were varied from 1 to 10 mM. The excitation
wavelength was 295 nm~4 nm bandpass!, and emission spectra
were recorded from 300 to 450 nm~4 nm bandpass!. All spectra
were measured at room temperature~;208C! on a Perkin-Elmer
LS50 spectrometer. Each spectrum was an average of eight scans.
Spectra were corrected for backgrounds recorded for correspond-
ing samples without protein~buffer for spectra of protein solutions
or lipid micelles for spectra of lipid-protein samples!.

Circular dichroism

CD spectra of far-UV~185–260 nm!, near-UV~255–330 nm!, as
well as the Soret region~350–490 nm! were recorded on a JASCO

J-715 spectropolarimeter. Spectra were obtained for samples con-
taining 10 to 20mM cyt c in phosphate buffer and HCl solution, in
the absence and presence of varying concentrations of L-PG from
1 to 10 mM. CD spectra of the far-UV region were measured using
quartz cells of 1 mm pathlength; for near-UV and Soret regions
5 mm pathlength cells were used. All spectra were corrected for
their corresponding backgrounds. The measurements were re-
corded with a bandwidth of 1.0 nm and a scanning rate of 100
nm0min. Spectral resolution was 0.5 nm0min, and 4~Soret! or 8
~far-UV and near-UV! scans were averaged per spectrum. The cell
holder was thermostated with a circulating water bath, and all
spectra were recorded at 206 0.28C.

Stopped-flow fluorescence kinetics

Kinetic fluorescence measurements were performed on a Micro
Volume Stopped-Flow ReactionAnalyser SX.18MV~Applied Photo-
physics Ltd., Leatherhead, UK!, equipped with a modified T mixer
designed by Applied Photophysics, and a 23 13 10 mm flow cell.
A 150 W xenon arc lamp~OSRAM, Germany! and monochroma-
tor were used for excitation at 295 nm~4.2 nm bandwidth! along
the 10 mm axis of the cell. The fluorescence emission was mea-
sured in the 2 mm direction, using a high pass filter with a 320 nm
cut-off and an electronic filter with a time constant of 100ms. All
kinetic experiments were performed at 206 0.28C. Micelle-
induced unfolding of cytc was initiated by mixing five parts of
L-PG micelles in phosphate buffer with one part of cytc in phos-
phate buffer~5:1, v0v!. Refolding of cytc driven by lipid micelles
was initiated by 5:1~v0v! mixing of L-PG micelles in phosphate
buffer with acid-unfolded cytc in HCl solution~5 parts of lipid to
1 part of protein!. The final pH of mixtures of acid-unfolding cytc
with lipid micelles was 6.8. Final protein concentration varied
from 4 to 20 mM and lipid from 1 to 10 mM. The changes in
fluorescence emission were monitored over a timescale up to 100 s.
The dead time of the stopped-flow instrument operating in 5:1
mixing was 2.5–3.0 ms. One thousand data points were acquired in
a logarithmic time base. An average of four kinetic traces was
taken per sample. Data acquisition and analysis were carried out
using the Applied Photophysics software. The kinetic parameters
were obtained by nonlinear least-squares analysis using a mini-
mum number of exponential phases. Kinetic traces were corrected
for lipid scattering background~typically a deviation from buffer
of no more than 1% of the fluorescence intensity of the unfolded
state! and normalized to the fluorescence level of the acid-unfolded
state.
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