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Abstract

Binding of native cytc to L-PG micelles leads to a partially unfolded conformation of @yThis micelle-bound state
has no stable tertiary structure, but remainsaalselical as native cyt 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 cytto L-PG micelles. Far-ultravioletUV) circular dichroism(CD) spectra
showed that this common micelle-associated helical $tdf¢ has a native-like-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-unfoldedceydas investigated by stopped-flow tryptophan
fluorescence. Formation ¢, from the native state requires the disruption of the tightly packed hydrophobic core in
the native protein. This micelle-induced unfolding of cydccurs at a rate-0.1 s™2, which is remarkably faster in the
lipid environment compared with the expected rate of unfolding in solution. Refolding of acid-unfoldeditiitL-PG
micelles involves an early highly helical collapsed state formed during the burst hases, 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; cytochrome folding intermediates; folding in lipid membranes; folding kinetics;
membrane insertion; unfolding in lipid membranes

Cyt ¢ functions in electron transfer on the surface of the innerthat membrane-associated aytmight be the relevant factor in
mitochondrial membrane. The potential involvement of a membraneeaspase activation. Thus, with the increasing evidence for physi-
bound form of cytc in electron transfer has been uncleafik ological roles of membrane-bound forms of cyboth in electron
et al.,, 1981; Speck et al., 1983; Gupte & Hackenbrock, 1988transfer(Cortese et al., 1998nd in apoptosi$Jemmerson et al.,
Hildebrandt et al., 1990until the recent work by Cortese et al. 1999, it is pertinent to investigate the structural and dynamic
(1998. This work showed that under physiological conditions, properties of membrane-bound forms of cyt
cyt ¢ is found to be in equilibrium between the soluble state and It has been known that binding of cgtto negatively charged
conformations bound to the inner mitochondrial membrane. Thesépid membranes induces an extensive disruption of the native
membrane-bound species have a destabilized structure comparedmpact structure of the proteiiMuga et al., 1991; Spooner &
with the native protein, but retain variable degrees of electronWatts, 1991; de Jongh et al., 1992; Pinheiro & Watts, 1994; Pin-
transfer activities, depending on their binding state to the inneheiro et al., 199¥. This membrane-bound state lacks many fea-
mitochondrial membrane. This suggests that membrane-bound fornteres of its native tertiary structure but remains highly helical.
of cyt ¢ could regulate the activity of electron transfer in vivo.  Far-UV CD spectra showed that this partially unfolded state bound

Cyt ¢ has also been found to play a role in programmed cellto lipid membranes has awhelix content similar to that of the
death(apoptosig in which the release of cytfrom the mitochon-  native protein in solution. Tryptophan fluorescence and heme ab-
drion is required for caspase activatidniu et al., 1996; Hu et al., sorbance kinetics revealed that the disruption of the tightly packed
1999. A recent study by Jemmerson et @999 has shown that native structure of cyt is remarkably accelerated on the mem-
a membrane-bound form of cgthas apoptotic activity, suggesting brane interface compared with the expected rate of unfolding in
solution (Pinheiro et al., 1997

In contrast, binding of the unstructured precursor protein, apo-

Reprint requests to: Dr. Teresa J.T. Pinheiro, Department of BiologicalCyt ¢, to lipid membranes induces folding of the polypeptide that
Sciences, University of Warwick, Gibbet Hill Road, Coventry CV4 7AL, can generate a partially folded conformation withaahelix con-
United Kingdom; e-mail: tpinheiro@bio.warwick.ac.uk. tent that resembles that of native eytJordi et al., 1989; de Jongh

Abbreviations: CD, circular dichroism; cytc, cytochromec; DOPS, . . . L
dioleoylphosphatidylserine; GuHCI, guanidine hydrochloride; L-PG, Iyso—& de Kruijff, 1990; Rankin et al., 1998 The level of lipid-induced

phosphatidylglycerol(1-myristoyl-2-hydroxysrrglycero-3fphosphorac- - Secondary structure depends on the lipid system, and this folding
(1-glycero)]); UV, ultraviolet. process is driven by both electrostatic and hydrophobic lipid-
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protein interactiongRankin et al., 1998 Kinetic measurements from His18 and Met80. A Soret band with a maximum intensity at
revealed that folding of apocyt induced by negatively charged 410 nm(An,y) is typical of the native state of cy, indicative of
lipid micelles occurs via a collapsed intermediate state prior tathe presence of both axial ligands. In contrast, during acid unfold-
insertion into the lipid micellé¢Rankin et al., 19989 while folding ing the heme iron is converted to a high-spin state, probably lack-
induced by zwitterionic lipid micelles involves a more distendeding both Met80 and His18 ligatiofBabul & Stellwagen, 1972
intermediate on the micelle surfa¢Bryson et al., 1999 which results in a blue shift of the Soret band of about 15 nm.
Protein folding and unfolding on the surface of membranes areBinding of acid-unfolded cyt to L-PG micelles results in a shift
essential biological processes in protein translocation across menof the SoretA 5, from 394 to 403 nm, and binding of native ayt
branes, protein assembly, and function. For example, large strués accompanied by a shift from 410 to 407 rifig. 1). The blue
tural rearrangements are involved in the insertion of bacterial toxinshift for the Soret band observed upon binding of nativeccid
in target cell membrandsan der Goot et al., 1991; Vécsey-Semjén L-PG micelles is consistent with disruption of Met80 ligation to
et al., 1997; Zakharov et al., 1998nd required for the transfer of the heme iron, as observed for the binding of cyo lipid mem-
various nonpolar ligands, such as retinol and fatty acids, from theibranes(Pinheiro et al., 1997 Binding of acid-unfolded cyt to
carrier proteins to a target cell surfad@ychkova & Ptitsyn, 1998 L-PG micelles results in a spectrum that approaches that of cyt
In contrast with native stably-folded proteins, which may becomebound to L-PG micelles originated from the native state. However,
destabilized by the interaction with membranes, many peptides antthe observed differences inax Mmay arise from nonnative histi-
proteins with little or no structure in solution can acquire secondarydine ligation to the heme iron in unfolded cgt(Col6n et al.,
structure upon binding to lipid membranes. Among those are small997).
toxins(Thieudiére et al., 1991; Shai, 1994ntimicrobial peptides
(Maloy & Kari, 1995, signal sequencé&ierasch, 1989 and apo-
cytochromee (Jordi et al., 1989; de Jongh & de Kruijff, 1990; Rankin Equilibrium fluorescence
et al., 1998.
Cyt c and its heme-free precurs@pocytc) are a unique pair
with respect to their interaction with lipid membranes. While cyt
partially unfolds upon binding to lipid membranes, apagywhich

The fluorescence emission of the single tryptophan at position 59
(Trp59 in the polypeptide chain of cyt was used to monitor
conformational changes in the protein upon interaction with L-PG
; L . ; . micelles. In the native fold of cyd, Trp59 is located near the heme
is a random coil in agueous solution, acquireseahnelical struc-

. . o . roup (center-to-center distance Trp59-heme is 9.5 A; Bushnell
ture upon interaction with lipid membranes. The mechanism byg p( b

t al., 199 hich Its i fficient hi f Trp59
which a tightly folded water-soluble protein becomes associate(ﬁ a 0, which results in an efficient quenching of Trp

. . A . TluorescencéFig. 2). Under strong denaturing conditio($.2 M
with a membrane is not completely understood, nor is the fOId'ngGuHCI, or pH 2 and low ionic strengkhthe fluorescence spectrum

of an unfolded polypeptide in lipid membranes. It is apparent tha as an emission maximum near 350 nm with an intenség% of

the association with the membrane triggers the protein structura{ at of a corresponding aqueous solution of free tryptophan. These

chang(_as, but th_ere IS very |_|tt|e mformauon_ available on the naturechanges are consistent with a highly expanded conformation of the
of the intermediate states involved in folding or unfolding events

I i haif T: 1974 Bindi f acid-unfol
in lipid membranes. It has been postulated that the membrané)-0 ypeptide chaiiTsong, 1974 Binding of acid-unfolded cyt to

bound helical conformations of both cgtand apocytc might
represent a common folded stdtie Jongh et al., 1992; Pinheiro,
1994. However, a direct comparison of the membrane-induced
unfolding and refolding of cyt is missing, as there are no studies
available on refolding of cyt in lipid membranes.

In the current study, we have characterized the structural prop-
erties of both native and acid-unfolded cytipon interaction with
negatively charged lipid micelles of L-PG. Binding of native cyt
to L-PG micelles leads to a partially unfolded conformation of
cyt c. This micelle-bound state has no stable tertiary structure, but
remains ase-helical as native cyt in solution. In contrast, binding
of the acid-unfolded cyt 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 cyt to L-PG micelles. The
kinetics of the interaction of native and acid-unfolded cywas
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 cyt in electron transfer and apoptosis are discussed.
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Results

Soret absorbance Fig. 1. Absorbance spectra of the Soret region of acid-unfoldedccyt

. (dashed lingin agueous solution and after binding to L-PG mice{ktars,
Absorbance measurements in the Soret re¢@%i0—-490 nmre- and native cyt in aqueous solutiofsolid line) and after binding to L-PG

porton the §p!n state of the heme irpn. Under.nati.ve conditionls, thenicelles(circles. Protein concentration was 36M, and lipid concentra-
heme iron is in a low-spin state with two axial ligands provided tion was 2 mM. Spectra were recorded at room temperadtu2°C).
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Fig. 2. Fluorescence emission spectra of native @yt aqueous solution
(solid line) and after binding to L-PG micellgsircles, and acid-unfolded
cyt ¢ (dashed ling and after binding to L-PG micellegstarg. Protein 200 1
concentration was 1AM, and L-PG concentration was 2 mM. The spectra

were recorded at room temperatre22°C) with excitation at 295 nm. 100

L-PG micelles is accompanied by a blue shift of about 15 nm

[6] (deg cm® dmol™")
o

relative to the emission maximum of acid-unfolded cytand a -100 -

similar spectrum is also obtained upon binding of nativeactd

L-PG micelles(Fig. 2. -200 4

Circular dichroism -3001

Circular dichroism was used to probe structural changes irt cyt 260 280 300 320 340
upon the interaction with L-PG micelles. The far-UV CD spectrum 1000 —— - : ' L : .

of cyt ¢ in aqueous solutioFig. 3A) is typical of proteins con-

taining mainlya-helical structure. In contrast, acid-unfolded cyt 800 - C |
exhibits a spectrum with a strong negative band near 200 nm, %

which is characteristic of a disordered polypeptide chain. Binding 600 - ® .

of native and acid-unfolded cytto L-PG micelles results in sim-
ilar spectra, which show no significant changes in the far-uUv CD
band at 222 nm when compared with the spectrum of native cyt
in solution (Fig. 3A). This suggests that the micelle-bound state
obtained from acid-unfolded or native protein both haverdrelix
content that resembles that of the native cyin 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 dihdyrer,
1968.

The near-UV CD regioi250-330 nmprovides information on : : : : : i .
the packing of aromatic side chains in the protein. The near-UVv 360 380 400 420 440 460 480
CD spectrum of native cyt in aqueous solution displays two Wavelength / nm
distinct minima at 282 and 288 nm, which have been assigned to
the tertiary structural packing of Trpg®avies et al., 1993 Bind- Fig. 3. (A) Far-UV, (B) near-UV, andC) Soret regions of CD spectra of
ing of native cytc to L-PG micelles results in the disappearance of native cytc in aqueous solutiorgsolid line) and after binding to L-PG
these two band&Fig. 3B), which is consistent with a disruption of micelles(circles, and acid-unfolded cyt (dashed lingand after binding

. . . . . . . to L-PG micellegstarg. Protein concentrations were 1M (far-UV) and
the tight packing of core residues in gytipon interaction with the uM (near-UV and soret and L-PG concentration was 2 mM. Al

lipid micelles. The spectrum obtained with acid-unfolded ¢yt spectra were acquired at 20, with a resolution of 0.5 ngfmin, but for
after binding to lipid micelles also did not show the Trp bands. clarity symbols are only shown every 1.5 or 2 nm.

[6] (deg cm® dmol )
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The CD spectrum in the Soret regi50—490 nmcan provide 0.7 T — T T
further insight into the integrity of the heme creviddyer, 1968.
The optical activity in this region is generated through the coupling
of hemew-#* electric dipole transition moments with those of
nearby aromatic residues in the protein. The spectrum foc ayt
its native conformation exhibits a strong negative band at about
418 nm due to the Soret—Cotton eff¢Eig. 3C), primarily a result
of heme-polypeptide interactions. After binding of native cyo
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 ayto L-PG micelles. This
type of spectrum is also obtained for urea- or acid-denatured cyt
(Myer, 1968 and has also been observed for cygound to DOPS
vesiclegPinheiro et al., 1997 The Soret spectral changes indicate
that the coupling between the hemer* transitions and those of
the aromatic residues nearby have been disrupted upon binding of 1 1
native cytc to lipid micelles and that no such interactions are 0.0 .

L T T T

present in the helical state formed from acid-unfoldedayt 0.01 0.1 1 10 100
Time/s

Relative Fluorescence

Kinetics of unfolding and refolding of cyt ¢ upon Fig. 4. Representative unfolding and refolding kinetic traces ofoaypon
binding to L-PG micelles interaction with L-PG micelles at ZC. Trp59 fluorescence emissigex-

. . . . . . . cited at 295 nm and detected above 310 mas measured in stopped-flow
The interaction of native cytwith L-PG micelles induces a partial - measurements, following rapid mixing of protein with L-PG miceldsad
unfolding of the tight native structure of cgf whereas binding of  time ~2.7 ms. Lipid backgrounds were subtracted, and all traces were
acid-unfolded cytc to L-PG micelles results in folding into an normalized relative to the fluorescence level of acid-unfolded protein. The
a-helical state. Tryptophan fluorescence changes were used to moflluorescence changes are plotted on a logarithmic timescale for the inter-

. S . . . . —action of native(1) and acid-unfolded?2) cyt ¢ with L-PG micelles. Lipid
itor the kinetics of the interaction of both acid-unfolded and native ., -antration was 2 mM, and protein concentration wag0 For com-

cyt ¢ with L-PG micelles in stopped-flow measurements. Typical parison the refolding of cyt in the absence of lipid from the acid-unfolded
kinetic traces for the refolding of acid-unfolded ayaind unfold-  state in 10 mM HCI, pH 2.0 into 10 mM phosphate buffer, pH 7.0 is also
ing of native cytc upon interaction with L-PG micelles are shown shown(3). Lines represent double or triple exponential fits to the experi-
in Figure 4. mental data.

The interaction of acid-unfolded cgt(U) with L-PG micelles
(micelle-induced refoldingcomprises four kinetic events. There is
an initial decrease in fluorescence during the dead time of the
instrument~2.7 ms (burst phasg The amplitude of this burst
phasegthe drop in signal relative to the initial fluorescence level of
U) varied from 50-65% of the fluorescence of U, depending on! X . ) ’
protein and lipid concentration. This is followed by an increase iniNcré@sing protein concentration for refoldiigable 3, buta,
fluorescence, which is described by three main kinetic phasefPresents only~5% of the total fluorescence increase and is
(Table 1. (1) A fast phasek,) accounting for 10-21% of the total independent of p_roteln concentratl_on for unfoldln_g. The intermedi-
observed fluorescence change occurs over 100—400(Zngn ate phasek,), WhICh.fOI’ both refoldlng and unfolding accpunts for
intermediate phasék,) associated with the largest increase in flu- the Iar_gest change in fluorescence, is faster for refolding than for
orescencd62—-80% occurring over 1-3 s; an@) a slow phase unfolding (Tables 1, 2
(k3) in which 8-17% of the total fluorescence increase is observed
over a time range larger than 30 s.

The interaction of native cyt (N) with lipid micelles(micelle-
!nduced unfolding ShO\.NS no byrst phaiflg. 4 anq the increase Binding of native and acid-unfolded cyt c to L-PG micelles
in fluorescence associated with the partial unfolding and |nsert|0|?eew|s t0 a common micelle-bound helical state
into the lipid micelle is also described by three main kinetic phasesas determined by CD and fluorescence
(Table 2. (1) Fast phasék;) carrying a small fraction of the total
observed fluorescence changel0%) occurs over a time scale The fluorescence of the single tryptoph@p59) in the compact
from 200 ms to 1.2 9(2) An intermediate phasgk,) occurring in - native structure of cyt is efficiently quenched due to its close
<10 s is associated with the largest change in fluorescéffse  proximity to the heme grou(Fig. 2). Upon unfolding of cyt, the
97%). (3) A slow phase(ks) in which up to 19% of the fluores- expanding Trp59-heme distance leads to a large increase in fluo-
cence increase occurs over a time range larger than 10 s. Thiescencdup to ~60% of that of free tryptopharnndicative of an
phase becomes negligible for high lipid-to-protein ratios. expanded conformation with an average Trp59-heme distaB8e

The observed kinetics of micelle-induced refolding and unfold-(Tsong, 1974; Chan et al., 1997Binding of native or acid-
ing of cytc are overall similaf Tables 1, 2, but a close inspection unfolded cytc to L-PG micelles resulted in equivalent spectra,
of their kinetic parameters reveals some significant differenceswith a Aoy blue-shifted by~15 nm relative to the emission max-
The fast phasék,) for the micelle-induced refolding reaction oc- imum of the acid-unfolded state in solution. The fluorescence emis-
curs in<0.5 s, whereas unfolding extends from 200 ms to 1.2 s forsion spectra of micelle-bound cygt originated from either native

equivalent lipid and protein concentrations. The relative amplitude
associated with this phage;) increases from 12 to 21% with

Discussion
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Table 1. Kinetic parameters for the interaction of acid-unfolded cyt ¢ with L-PG micelles at various protein
and lipid concentration’

[L-PG] [Cyt C] k1 ay k2 ay k3 ag

(mM) (M) (s (%)° s (%)° (s (%)° Aot
8 4 2.6(3)° 12 0.48(1) 74 0.033(3) 14 —0.23
8 8 3.3(1) 10 0.613(4) 80 0.016(1) 10 —0.46
8 12 9.82) 17 0.714(4) 72 0.014(2) 11 ~0.79
8 16 8.6(2) 19 0.733(4) 65 0.005(2) 16 —-1.10
8 20 7.6(1) 21 0.729(4) 62 0.004(2) 17 —-1.35
2 10 4.6(1) 16 0.313(2) 73 0.028(2) 11 —0.71
5 10 9.7(2) 16 0.489(2) 76 0.021(2) 8 —0.68

10 10 8.922) 16 0.815(4) 72 0.005(2) 12 ~0.72

@Rates and relative amplitudes were measured by stopped-flow fluorescence emission kinetic measurenféhtagt@8cribed
under Materials and methods.

bPercentage of the total amplitude.

CTotal amplitude(a, = a; + a, + ag) in arbitrary (but constantfluorescence units.

dErrors in the least significant digibne standard deviatiorare shown in parentheses.

or acid-unfolded protein, represent/7% of the fluorescence in- identical a-helix content to that of the native protein. The acid-
tensity of the acid-unfolded stat€&ig. 2). Binding of the peptide  unfolded state is also converted to an identical helical conforma-
Lys-Trp-Lys to L-PG micelles showed a blue shift 14 nm  tion, which resembles the structure of native cylThe near-Uv
relative to the emission maximum in agueous solution with noand Soret CD spectra of micelle-bound aytoriginated either
significant changes in the overall fluorescence inten@gta not  from native or acid-unfolded proteiifrig. 3B,C), indicate that the
shown). Thus, the intensity changes of Trp59 fluorescence foccyt resulting helical state associated with L-PG micelles has no com-
in the lipid environment result predominantly from changes in thepact tertiary structure. Thus, binding of native cyto L-PG mi-
heme-Trp59 distance associated with unfolding or refolding ofcelles induces no significant change in thdaelix content of cyt,
cyt c. The blue shift for the fluorescence spectra of micelle-boundbut induces the disruption of the tightly packed hydrophobic core
cyt crelative to the\,a, Of acid-unfolded protein is consistent with  characteristic of native cyt In contrast, the acid-unfolded protein
the change in the Trp environment from an aqueous solution to thes folded to a helical state also resembling éhkelical structure of
lipid hydrophobic phase. Similar fluorescence changes have beemative cytc. This micelle-bound helical state originated from the
reported for the interaction of cgtwith negatively charged lipid acid-unfolded protein has also no indication of any stable packing
vesicles and have been associated with a partial unfolding af cyt of aromatic side chains. Thus, binding of either native or acid-
(Pinheiro et al., 1997 unfolded cytc to L-PG micelles results in an identical conforma-
Binding of native cyftc to L-PG micelles results in a far-UV CD tion with native-likea-helical content but without any stable tertiary
spectrum with no significant changes around the 222 nm bandtructure. The structural properties of this micelle-associated heli-
(Fig. 3A), which suggests that the micelle-associated state has acal state of cyt are identical to the properties previously described

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

[L-PG] [Cyt C] kl ay k2 ap k3 ag

(mM) (M) s (%)° s (%)° s (%)° Bot”
8 4 0.86(4)¢ 8 0.110(2) 92 e e ~0.82
8 8 1.99(8) 6 0.116(1) 94 —€ —¢ —1.45
8 12 3.4(1) 4 0.136(1) 80 0.055(1) 16 —2.20
8 16 3.2(1) 4 0.133(1) 79 0.063(1) 17 —2.85
8 20 4.7(1) 5 0.138(1) 76 0.066(1) 19 —3.52
2 10 5.6(1) 2 0.124(1) 93 0.049(3) 5 —2.13
5 10 4.4(2) 3 0.121(1) 97 —* —¢ —2.19

10 10 1.126) 4 0.112(1) 97 —° —¢ —2.23

@Rates and relative amplitudes were measured by stopped-flow fluorescence emission kinetic measurenféhtagt8cribed
under Materials and methods.

bPercentage of the total amplitude.

“Total amplitude(aw; = &y + a, + ag) in arbitrary (but constantfluorescence units.

dErrors in the least significant digibne standard deviatiorare shown in parentheses.

¢Phase not observed.
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for a bilayer-bound state resulting from the binding of nativeccyt Combining our stopped-flow kinetic results with the well-
to DOPS vesiclegPinheiro et al., 1997 as revealed from the characterized unfolding mechanism of yin solution, we pro-
absorbance, fluorescence, and CD results. These findings indicapwse a kinetic mechanism for the micelle-induced unfolding of
that lysophospholipid micelles serve as good model membranesative cytc illustrated by Equation 1:

resulting in identical structural and folding effects as those ob-

served for cytc with lipid vesicles. N,=N.=D; = H,. (1)
Kinetic mechanism of unfolding and refolding In this schemelN,, represents the native state in watsg;depicts
of cyt ¢ induced by L-PG micelles a native-like intermediate associated with the surface of the lipid

. . micelle; D; denotes a denatured state associated with the mem-
Fluorescence intensity changes of Trp59 have been used to Stu%¥ane interface ready for insertion; amti is the final helical

the refolding of cytc in aqueous solutior{Elove et al., 1992; . . - .

Colon et al., 1996; Shastry & Roder, 19%hd the partial unfold- m|celle-|nserted state. B_ln(_ilng of cytto the micellesNy — No)

ing of native cytc induced by the interaction with lipid vesicles is expected fo occur within the dead time of the stopped-flow
instrumen{<3 m9. This second-order process is probably diffusion-

(Pinheiro et al., 1997 During refolding of cytc, the fluorescence . e .
N controlled and likely to be accelerated by favorable lipid-protein
decays due to Forster energy transfer between Trp59 and the hem o . . . .
. - . electrostatic interactions between positive residues on the protein
group. Conversely, unfolding of cytis accompanied by a fluo-

. surface and the negatively charged lipid headgroups. Because of
rescence increase.

. . . . the efficient quenching of Trp59 in native-like states and compact
. Binding of native cytc to_ negatively c_harged micelles of L-PG intermediateg(Eldve eq[ al. :FL)992 1994 it is unlikely that thep
In:glrifsedwﬁiglhu(i)srecscfnesr;gfer:?(\:/\;ﬁssae pil;gg?uiﬁzfdﬁﬁg-g?vgy?ﬁjsur%_‘“ding event is accompanied by any significant fluorescence
Trp59 stopped-flow resultéTable 2 showed three main kinetic changes. This appears to be supported by the absence of a burst

events for this micelle-induced unfolding proceg: a fast phase phase in the _stopped-flow kln_etlc measure_megﬁig. 4.
(k) with a rate~4 s™1, and associated with a small fluorescence. In our kinetic scklfelnw_eEquat|on 1, the maln_strL_JcturaI unfold-
change(up to 8% of the total observed fluorescence chan@ ing event(k, ~ 0.1 5% is represented by the kinetic sthp— D,
an intermediate phase with the largest fluorescence chamgte which is expected to be the rate-limiting step. Once the tightly
97% of the total changeoccurring at a rate-0.1 s7%; and(3) a packed core of cy_t: Is di§rupted, hydrophot_)ic residu_e_s become
slow phase with a rate 0.06 s™1, probably associated ,Wi'[h protein— exposgd and. readily gvallable for |nser_t|on into th? lipid phase.
protein interactions or lipid rearrangements aroundacyt Rapid mixing of aC|d-u.nfo|ded cyt with L-PG micelles also

The intermediate phasék,), associated with the largest am- resulted in fluor_escence increase, but only after a Iar_ge decrease
plitude (Table 2, is likely to correspond to the main unfolding (burst phaseduring the dead time of the stopped-flow instrument

. . . . ~2.7 m3. A burst phase is always observed in refolding kinetics
structural event. The large increase in fluorescence is conS|ste|g1‘f 9 P Y 9

. : . . . of cyt c in solution in stopped-flow measuremeriiRoder et al.,
W'th the dlsrupthn of the tlgh_tly packed hydrophob_lc core of 1988; Eldve et al., 1992, 1994; Coldn et al., 1996hich can only
native cytc, leading to a partially unfolded state with an ex-

panded Trp59-heme distance. This micelle-induced unfolding ocpe resolved using continuous-flow methofshan et al., 1997;

curs at a rate-0.1 5%, which is much faster than the expected Shastry & Roder, 1998 This rapid decrease in fluorescence rel-

L ) ative to the initial unfolded state corresponds to a significant re-
rate of unfolding in solution extrapolated to zero denaturant Con'duction in the average Tro59-heme distance and coincides with a
centration(5 X 107 s™* at pH 7 and 2 1072 s™! at pH 5.0; ge b

. . : S L large gain in helical secondary structigdve et al., 1992 These
(e:r?\ll(i)rr(]):r:]zlr;,t g?:?:g’lesr;tse r!c;:tgl'dcigﬁgiﬁg;gathz:( ?eﬂ_l;ﬁ;d findings are consistent with a collapse of the polypeptide chain at
effect has also been observed for the li id-induged un%oldin ofthe very early stages of folding leading to a compact intermediate

. . ) P T 9 Oith native-like helical structure. The amplitude of the burst phase
cyt ¢ with negatively charged vesicles of DORBinheiro et al, for the refolding of cytc in the presence of L-PG micelles corre-
1997.

. . . - _sponds to a drop of 50—-65% relativelig,. The burst phase in the
A possible mechanism of how a negatively charged lipid mem refolding of cytc in solution under similar condition§Fig. 4)

brane can promote protein unfolding has been suggested to involve ; . .
L ; . : : oS ..~ accounts for a drop in fluorescence relative to the acid-unfolded
the local acidic environment in the immediate vicinity of the lipid

~ 0, 1 i i id-
surface relative to the bulk solutiofiPrats et al., 1986; Pinheiro state(U,,) of ~85%. This suggests that binding of acid-unfolded

et al., 1997. It is well known that moderately low pH can lead to cyt c to the lipid micelles occurs in the dead time of the stopped-

. . . ) flow instrument(as seen for the interaction of native aywith
partially unfolded states of many proteifisr a review see Ptitsyn, lipid membranesand appears to be accompanied by a large com-
1995. Interestingly, the rate of the main structural unfolding event P bp P y g

of cyt ¢ in DOPS vesicles was found to bel.5 s+ (Pinheiro pagtion of.the polypeptide chaip. This is followed by Iater. phases

et al., 1997, which is faster than the corresponding rate for theOf increasing fluorescence, which report on further protein struc-

unfofc'iin o% cvic with L-PG micelles observed in the current tural changes in the lipid micelle, that are associated with an in-

study(kg 0 1ys*1 Table 2. It is expected that in vesicles the crease of Trp59-heme distance. Thus, our results support a kinetic
2 — U. y . . . i .

tighter packing of the lipid molecules in bilayers should concen-mechanlsm for the micelle-induced refolding of eytepresented

trate more HO™ ions near the negative lipid headgroups than by Equation 2:

around the less tightly packed molecules in a micelle. Thus, the

observation of a faster unfolding rate with vesicles than with mi- Uy = Cus = I = HL 2
celles supports the interpretation that the acceleration of protein

unfolding by lipid membranes is in part due to the local low whereU,, indicates the unfolded state in wat€y,,s represents a
effective pH in the vicinity of the lipid headgroups. collapsed state formed in the aqueous phase or in association with
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the micelle surfacel; denotes an intermediate ready for insertion, Cs, it is also expected that the transitiblg— D; would give rise
equivalent toD; (Equation ) formed during unfolding; andd, to a larger Trp fluorescence change ti@ys — ;.

is the final helical micelle-inserted state. The large drop in fluo- In conclusion, the interaction of both native and acid-unfolded
rescence during the dead time of the stopped-flow measurestate of cytc with L-PG micelles results in a common micelle-
ments is consistent with the formation of an early collapsed statassociated helical statf . Based on the equilibrium spectroscopic
(Uy — Cyys). The fact that the amplitude associated with the burstdata, H, has a native-likex-helix content(Fig. 3A), but it is a
phase during refolding of cytin the presence of L-PG micelles is highly expanded state without a tightly packed hydrophobic core
smaller than that observed for the refolding of cyin solution  as revealed by1) Trp59 fluorescencéFig. 2), which shows a
under similar conditiongFig. 4) suggests tha€,s is likely to much larger Trp59-heme distance than in the native statqger-
represent a mixture of partially collapsed states of protein alonéurbed heme ligatioriFig. 1) and heme environmerifig. 30);

and in association with lipid. The later kinetic phases of increasingand(3) lack of specific native interactions involving Trp8Big. 3B).
fluorescence would then represent the openinGpf upon inter- ~ Formation ofH, from the native state of cyt requires the dis-
action with the lipid micelle leading to less compact stdteand ruption of the tightly packed native hydrophobic core of cyt
Hy). Thus, the second kinetic phagk) with a rate~0.6 s, (Ns — Dy, Equation 1 prior to insertion into the lipid phase. This
which is associated with the largest change in fluorescéé2e  micelle-induced unfolding of cyt occurs at a rate~0.1 s,
80%, Table 1}, is likely to represent the major structural folding which is remarkably faster than the expected rate of unfolding in
event in association with the lipid micelle. In our schefBgua-  solution. Refolding of acid-unfolded cyt with L-PG micelles
tion 2), this event is probably associated with the kinetic stepinvolves an early highly helical collapsed state formed during the
Cws — li. This phasék;) resembles the kinetic event reported for burst phas¢<3 mg, and the observed main kinetic event reports
the folding of apocyt in the presence of L-PG micelles with arate on the opening of this early compact intermedié®,,s — |;,

~1 571, which has been associated with the unfolding of an earlyEquation 2 prior to insertion into the lipid micelle.

compact intermediatélc) into a more extended state prior to
insertion into the micellé Rankin et al., 1999

Stopped-flow CD measurements for the refolding of apacyt
(Bryson et al., 199Pand acid-unfolded cyt (data not showywith The study by Cortese et d1998 showed that, under physiolog-
L-PG micelles showed that the recovery of the expected ellipticityical conditions, cytc is found to be in equilibrium between the
signal at 225 nm occurred k12 ms. These results combined with soluble state and conformations bound to the inner mitochondrial
the highly quenched Trp59 fluorescence suggest that koémd membrane. The authors suggested that the initial interaction with
C.s are compact intermediates with native-likénelical structure.  the membrane results in a surface associated state where cyt
The observed kinetic phases of increasing fluorescence are thertains a native-like secondary structure with an intrinsic electron
associated with unfolding of early compact intermediatesth transfer activity similar to that of the native soluble protein. Amore
during refolding and unfolding of cyt with L-PG micelles lead-  deeply inserted state into the membrane was also identified and
ing to more extended helical states inserted into the lipid micellewas associated with a reducedhelix content and increasgdsheet

Unfolding of cytc in solution requires the Met80 ligand to be structure under physiological ionic strength. This membrane-
displaced before the main structural unfolding process can proceddserted form has a reduced electron transfer activity than native
(Coldn et al., 1996, 1997; Sauder et al., 1p%oret absorbance cytcin solution or membrane-associated states at low ionic strength.
kinetics shows a single kinetic process with a rats * both for Our current and previous studiéBinheiro et al., 1997 and those
the interaction of native cyt and acid-unfolded statédata not by de Kruijff and coworkergJordi et al., 1989; de Jongh & de
shown), which correlates with the first fluorescence phase ob-Kruijff, 1990), and Muga et al(1991) have not detected significant
served during unfolding and refolding of aywvith L-PG micelles  changes in the secondary structure of cytpon binding to lipid
(ky; Tables 1, 2 Thus, it appears thd¢;, is probably associated membranes under low ionic strength. However, our studies bring
with a heme deligation step preceding the main structural unfoldfurther structural insight into the more native-like membrane-
ing (ko) in both the interaction of native and acid-unfolded cyt bound states of cyt associated with high electron transfer activity
with L-PG micelles. In the micelle-induced refoldinlg, is prob-  reported by Cortese et a1998. Our findings suggest that the
ably associated with the displacement of nonnative His33 ligatioractive state of cyt associated with membranes is likely to have a
to the heme iron known to be present in the unfolded state and tdisrupted Met80-heme ligation, expanded Trp59-heme distance,
persist throughout the early phases of folding of eyt solution  disrupted packing of core side chains and heme crevice, but retains
at neutral pH(Colon et al., 1996, 1997 a native-likea-helical structure.

The main kinetic eventk,) observed in unfoldingTable 2 and A membrane-bound form of cyt appears to be relevant to its
refolding (Table 1 is likely to correspond to the disruption of the role in apoptotic cell deatidemmerson et al., 1989This study
hydrophobic core of the compact statésandC,,s, respectively.  showed that, in apoptotic and necrotic T hybridoma cells, a mono-
These are represented by the kinetic stdps> D; (Equation } clonal antibody binds to a region of cyt around amino acid
andC,,s — |; (Equation 2 for the micelle-induced unfolding and residue 44, which is located close to the exposed heme crevice.
refolding of cytc, respectively. Both events carry the largest changeThe antibody did not recognise purified native eybr cyt c in
in fluorescencéa,; Tables 1, 2 However,a, tends to be larger for  permeabilized live cells, but recognized aybound to phospho-
unfolding (up to 97%; Table Rthan for refolding(up to 80%; lipid vesicles known to induce structural destabilization of native
Table 1), with k, being slower for unfolding~0.1 s™%; Table 2 cyt c. Thus, the authors suggested that a membrane-bound confor-
than for the refolding reactiof~0.6 s™*; Table 1. These obser- mationally altered form of cyt might be the relevant form in
vations may indicate structural differences betwisgandC,,s. Ns caspase activation. Our studies support the interpretation that a
is expected to have a more tightly packed hydrophobic core thamembrane-triggered opening of the structure ofaoybuld expose
Cuws and thus likely to unfold slower. INs is more compact than the domain required for antibody recognition. However, it remains

Biological implications
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intriguing how a membrane-induced conformational state of thel-715 spectropolarimeter. Spectra were obtained for samples con-
same protein could be involved in electron transfer activity in live taining 10 to 20uM cyt c in phosphate buffer and HCI solution, in
cells and have a more sinister role, if released from mitochondriathe absence and presence of varying concentrations of L-PG from

during apoptotic cell death. 1to 10 mM. CD spectra of the far-UV region were measured using
quartz cells of 1 mm pathlength; for near-UV and Soret regions

Materials and methods 5 mm pathlength cells were used. All spectra were corrected for
their corresponding backgrounds. The measurements were re-

Materials corded with a bandwidth of 1.0 nm and a scanning rate of 100

nm/min. Spectral resolution was 0.5 rfimin, and 4(Sorej} 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 200.2°C.

Horse heart cyt (type VI) was purchased from Sigma Chemical
Co. (St. Louis, Missoun and used without further purification.
L-PG was acquired from Avanti Polar Lipids, In@irmingham,
Alabama.

Sample preparation Stopped-flow fluorescence kinetics

Aqueous solutions of native cgtwere prepared in 10 mM potas-
sium phosphate buffer at pH 7(Phosphate buffer Protein con-
centrations were determined spectrophotometrically using a mol
extinction coefficient of 2.95< 10* M~* cm™! at 550 nm and
pH 7.0 for the protein reduced with sodium dithioniddargoliash

& Walasek, 1967.

Kinetic fluorescence measurements were performed on a Micro
\olume Stopped-Flow Reaction Analyser SX.18N¥Applied Photo-
Bhysics Ltd., Leatherhead, UKequipped with a modified T mixer
designed by Applied Photophysics, and & 2 X 10 mm flow cell.

A 150 W xenon arc lamgOSRAM, Germanyand monochroma-

Acid-unfolded 4 by diluti q tor were used for excitation at 295 n@.2 nm bandwidthalong
cid-uniolded cytc was prepared by diluting a concenirate the 10 mm axis of the cell. The fluorescence emission was mea-

H20 solution of cytc intollo mM HC,:" pH 2.0(HCI squtioQ. To sured in the 2 mm direction, using a high pass filter with a 320 nm
remove any salt contaminants, which prevent the formation of th%ut-off and an electronic filter with a time constant of 108. All
unfolded state of cyt, the solution was passed through a fine kinetic experiments were performed at 20 0.2°C. Micelle-
grade Sephadex G-25 spin column pre-equilibrated with HClinduced unfolding of cyt was initiated by mixing five parts of

solution. icell d by hvdrati f th . dL-PG micelles in phosphate buffer with one part of cyh phos-
L-PG micelles were prepared by hydration of the require phate buffer(5:1, v/v). Refolding of cytc driven by lipid micelles

amo_unts of Iipid with phosphate buffer to produce a stock solutior\Nas initiated by 5:1v/v) mixing of L-PG micelles in phosphate
of micelles with an L-PG concentration of 20 mM. The buffer was p \¢ar with acid-unfolded cye in HCI solution(5 parts of lipid to

c_ie_oxygenate_d with nitrogen gas prior t_o _Iipid hydration ano! the1 part of protein. The final pH of mixtures of acid-unfolding cyt
lipid suspension was sonicated for 30 min in a water bath sonicatqyi, lipid micelles was 6.8. Final protein concentration varied

(Ultrawave U-400 to ensure a homogeneous micelle size. from 4 to 20 uM and lipid from 1 to 10 mM. The changes in
fluorescence emission were monitored over a timescale up to 100 s.
Absorbance measurements The dead time of the stopped-flow instrument operating in 5:1

Absorbance spectra in the Soret regi@0—490 niwere ob- ~ Mixing was 2.5-3.0 ms. One thousand data points were acquired in
tained for samples containing M cyt ¢ in phosphate buffer and @ logarithmic time base. An average of four kinetic traces was

HCI solution, in the absence and presence of L-PG micelles, fokaken per sample. Data acquisition and analysis were carried out
lipid concentrations ranging from 1 to 10 mM. All spectra were Using the Applied Photophysics software. The kinetic parameters
measured against the appropriate referebegfer for protein so- ~ Were obtained by nonlinear least-squares analysis using a mini-
lutions or micelles for lipidprotein samplés Spectra were re- Mum number of exponential phases. Kinetic traces were corrected

corded at room temperatufe 20°C) on a JASCO V-550 Uxvis  for lipid scattering backgroundypically a deviation from buffer
spectrophotometer using cells of 5 mm pathlength. of no more than 1% of the fluorescence intensity of the unfolded

state and normalized to the fluorescence level of the acid-unfolded

Equilibrium fluorescence state.

Fluorescence spectra were obtained for samples containipg/110

cyt ¢ in phosphate buffer and HCI solution with and without lipid. Acknowledgments
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