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ABSTRACT: The interaction of cytochrome with anionic lipid vesicles of DOPS induces an extensive
disruption of the native structure of the protein. The kinetics of this lipid-induced unfolding process
were investigated in a series of fluorescence- and absorbance-detected stopped-flow measurements. The
results show that the tightly packed native structure of cytochroisedisrupted at a rate of1.5 st
(independent of protein and lipid concentration), leading to the formation of a lipid-inserted denatured
state (). Comparison with the expected rate of unfolding in solutie®2 (x 10~ s~ at pH 5.0 in the
absence of denaturant) suggests that the lipid environment dramatically accelerates the structural unfolding
process of cytochrome We propose that this acceleration is in part due to the low effective pH in the
vicinity of the lipid headgroups. This hypothesis was tested by comparative kinetic measurements of
acid unfolding of cytochrome in solution. Our absorbance and fluorescence kinetic data, combined
with a well-characterized mechanism for folding/unfolding of cytochrarimesolution, allow us to propose

a kinetic mechanism for cytochroneaunfolding at the membrane surface. Binding of native cytochrome

c in water (\NV) to DOPS vesicles is driven by the electrostatic interaction between positively charged
residues in the protein and the negatively charged lipid headgroups on the membrane surface. This binding
step occurs within the dead time of the stopped-flow experimeriafs), where a membrane-associated
native state (8 is formed. Unfolding of N driven by the acidic environment at the membrane surface

is proposed to occur via a native-like intermediate lacking Met 80 ligatio®),(& previously observed

during unfolding in solution. The overall unfolding process (N DY) is limited by the rate of disruption

of the hydrophobic core in B Equilibrium spectroscopic measurements by near-IR and Soret absorbance,
fluorescence, and circular dichroism showed thahBs native-like helical secondary structure, but shows

no evidence for specific tertiary interactions. This lipid-denatured equilibrium st&)egBlearly more
extensively unfolded than the A-state in solution, but is distinct from the unfolded protein in wafgr (U
which has no stable secondary structure.

Structural and dynamic information on partially folded comprehensive picture of the folding of cytochromeThe
states of proteins has provided essential contributions towardfluorescence of a single tryptophan, Trp 59, which becomes
understanding the mechanism of protein folding (Roeter  quenched during folding through energy transfer with the
al., 1988; Radforckt al, 1992; Evans & Radford, 1994). In heme (Tsong, 1976; Brems & Stellwagen, 1983), is a
particular, the folding mechanism of cytochroméElove convenient parameter to monitor overall chain dimensions,
et al, 1994) involves a complex interplay of various folding and heme absorbance, which is a function of the oxidation,
intermediates in multiple parallel folding pathways. An ligation, and spin states of the heme iron (lkdial, 1973;
important feature of the folding process of this peripheral Brems & Stellwagen, 1983), provides a sensitive measure
membrane protein is the ligation of a methionine at the sixth Of heme coordination during folding. The far-UV and near-
heme iron coordination site (FVlet 80). Detailed kinetic UV regions of the circular dichroism (CB$pectrum, which

studies using a variety of conformational probes led to a rgport on the secondfary structure and burial of the argmatic
side chains, respectively (Ble et al, 1992), and amide

hydrogen exchange labeling combined with two-dimensional
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N- and C-terminabi-helices is formed; an intermediate phase kinetic data are required to fully characterize this membrane-
(100 ms to 1 s), where the native Met 80 ligation is formed bound conformation. The availability of a well-characterized
after competition with other nonnative ligands; and a slow folding mechanism for cytochromein solution (Elose et
phase ¢ 1 s), probably associated with proline isomerization al., 1994), and structural and kinetic folding intermediates
(Ramdas & Nall, 1986). involved therein (Rodeet al, 1988; Elove & Roder, 1991),

Partially folded equilibrium states of cytochroménave combined with well-described lipidprotein interactions,
been described at acidic pH in the presence of salt (Ohgushimakes cytochrome a good candidate to investigate protein
& Wada, 1983; Goteet al, 1990; Jenget al, 1990; Jeng & folding events in the membrane environment.

Englander, 1991), and kinetic intermediates have been Here we describe the structural changes in cytochrome
detected in refolding from urea- (Pryss al, 1992) or  ypon binding to vesicles formed by the anionic phospholipid
GuHCI-denatured proteire(g.,EIbve et al, 1994) Desta- DOPS. By monitoring the heme absorbance, Trp 59
bilization of the native structure of cytochronsehas also  fluorescence, and the CD spectral properties of cytochrome
been reported in nondenaturing conditions during binding ¢ in the lipid-bound form, we show that the native structure
to anionic |Ip|d membranes. Lipid-dependent conformational of Cytochromec is converted into a membrane-inserted
changes in membrane-bound cytochromeere shown by denatured state, ‘Dwhich has native-like secondary struc-
resonance Raman spectroscopy (Heimietig, 1991). This  ture, but is expanded and lacks many features of the native
study demonstrated that conformational and coordination tertiary structure, including tight packing of core residues
shifts are induced in lipid-bound cytochrorogresulting in -~ and ligation of Met 80. The kinetics of lipid-induced
the Opening of the heme crevice and formation of a five- unfoiding of Cytochrom& were studied by Stopped_ﬂow
coordinate hlgh-spln iron state in equilibrium with the native Spectroscopic methodS, monitoring Trp 59 fluorescence and
six-coordinate low-spin form. Static and magic angle Soretabsorbance. It was found that the tightly packed native
spinning phosphorus-31 NMR in various lipidytochrome  strycture is disrupted at a rate of about 1:3, svhich is
c complexes (Spooner & Watts, 1991b, 1992; Pinheiro & orders of magnitude faster than the expected rate of unfolding
Watts, 1994a,b) has provided additional evidence for the in solution. Thus, the lipid environment dramatically ac-
formation of a high-spin form of cytochromec in lipid celerates the structural unfolding process of cytochrome
membranes. The IlpléuP Spin—lattice relaxation behavior We propose a mechanism for |ipid-induced unfoiding that
is consistent with the disruption of Met 80 coordination and explains this acceleration in terms of the localized acidic
concomitant heme crevice opening, which allows close environment at the membrane surface. By analogy to the
interaction of the heme with the lipid phosphate headgroup. mechanism of folding and unfolding in solution, we propose
In addition to local perturbations within and around the that the unfo|ding of Cytochromat the membrane surface
heme Crevice, an overall destabilization of the tertiary follows a predominant pathway through a native-like inter-
structure of cytochromebound to lipid membranes has been mediate lacking Met 80 ligation. The findings are discussed
proposed. Solid-statéH NMR studies of cytochrome in the context of the well-characterized folding and unfolding
bound to cardiolipin bilayers (Spooner & Watts, 1991a) and mechanism of cytochrome in solution, and have some
high-resolutiontH NMR studies of cytochrome bound to  general implications with respect to a possible mechanism

lipid-based detergent micelles (De Jorgfhal, 1992) have  for protein insertion and translocation across lipid mem-
revealed extensive perturbation of the overall structure, aspranes.

measured by enhanced exchange rates of amide deuterons
in the lipid—protein complexes. Using FTIR spectroscopy, EXPERIMENTAL PROCEDURES
Heimburg and Marsh (1993) observed large changes in the
amide proton exchange rates, as monitored by the spectral Materials. Cytochromec from horse heart (type VI,
shifts in the amide | band of the protein in®. In contrast, Sigma Chemical Co.) was used without further purification.
the amide | region of the FTIR difference spectrum between DOPS was purchased from Avanti Polar Lipids, Inc.
free and bound protein showed no appreciable temperature(Birmingham, AL); and the tripeptide, Lys-Trp-Lys, was
dependence at temperatures below that of denaturationobtained from Sigma Chemical Co.
These results clearly show that upon binding to negatively Sample Preparation.Aqueous solutions of cytochrome
charged lipid membranes, cytochroroeindergoes a sub- ¢ were prepared in 10 mM phosphate buffer at pH 7.0.
stantial disruption of the tertiary structure with only small Protein concentrations were measured spectrophotometrically
perturbations in secondary structure. Mugfaal. (1991) using a molar absorptivity of 2.95 10* M~ cm! at 550
previously arrived at a similar conclusion based on more nm and pH 7.0 for the protein reduced with sodium dithionite
qualitative results obtained by FTIR and differential scanning (Margoliash & Walasek, 1967). For the preparation of
calorimetry. DOPS vesicles, a dry film of 25 or 50 mg of lipid was

It has been suggested that there is a close analogy betweeproduced under rotary evaporation from a stock solution in
folding intermediates, in particular molten globule states, and chloroform, which was then left under high vacuum for a
the membrane-bound forms of soluble proteins (Bychkova minimum d 8 h toremove all traces of organic solvent. The
& Ptitsyn, 1993). Such lipid-induced intermediates have lipid film was hydrated to the desired concentration with 10
been reported in the case of some bacterial toxins, such asnM phosphate buffer, pH 7.0. The buffer was deoxygenated
colicin A (Van der Gooet al,, 1991) and colicin E1 (Lakey  with argon gas, and all steps of lipid hydration were carried
et al, 1992). Studies on the interaction of cytochrome out in an argon atmosphere. The resulting multilamellar
with lipid membranes have suggested that a molten globule-liposome suspension was sonicated for several hours (in
like intermediate is formed during the interaction with model average about 3 h) in a bath sonicator (Solidstate Ultrasonic
lipid membranes (De Jongdt al, 1992; Spooner & Watts, FS-14, Fisher Scientific), until a clear suspension of small
1992; Pinheiro & Watts, 1994a), but further structural and unilamellar vesicles was obtained. The vesicle sizes of a
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few representative samples were determined by dynamic lightpH 7.0, with DOPS vesicles in the same buffer (instrumental

scattering measurements on a Dyna-Pro 801 dynamic lightdead time 2.2 ms). Data acquisition and analysis have been

scattering instrument. Protein-free lipid vesicles had diam- described previously (Ele et al, 1992).

eters ranging from 300 to 600 A, and lipighrotein com- Absorbance-Detected Stopped-Flow Measuremeldts.

plexes showed a diameter range between 380 and 700 A folding kinetics of cytochrome induced by interaction with
Absorbance Measurementsibsorbance spectra in the |ipid vesicles, and by pH-jump, were monitored by heme

Soret (356-490 nm) and the 608750 nm regions were  absorbance with a Biologic SFM4 stopped-flow instrument

obtained on samples containing-140 xM cytochromec (Biologic, 38640 Claix, France) wita 2 mmflow cell. A

in 10 mM phosphate buffer, pH 7.0, in the presence or tungsten lamp (LS-10, Hi-Tech) and monochromator were

absence of DOPS vesicles. Typical concentrations of lipid used to monitor the changes in Soret absorbance. For lipid-

varied from 2.5 to 10 mM in 10 mM phosphate buffer, pH induced unfolding of cytochromg equal volumes of protein

7.0. Spectra of the lipieprotein complexes were measured solution in 10 mM phosphate buffer, pH 7.0, and DOPS

against a reference containing lipid vesicles in the same vesicles in the same buffer were rapidly mixed (dead time

concentration as that in the measuring cell. All spectra were 2.4 ms). Acid-induced unfolding experiments were initiated

recorded at room temperature on a Perkin-Elmer Lambdaby pH-jump experiments in which the initial solution of

4B UV/VIS spectrophotometer. cytochromec in H,O, pH 5.0, was diluted 6-fold into 10
Equilibrium Fluorescence and Manual-Mixing Kinetic mM HCI solution, pH 2.0, in the absence or in the presence

MeasurementsEquilibrium fluorescence spectra and manual- of 1.5 M NaCl. Kinetic data were collected and analyzed

mixing kinetics were obtained on an AMINCO-Bowman using software written in the ASYST programming language

Series 2 luminescence spectrometer (SLM-AMINCO, Ur- (Keithley Metrobyte). Data were acquired continuously at

bana, IL), equipped with a water-jacketed cuvette holder and or near the maximum sampling time of 48 for 10-180 s

a circulating water bath. Sample temperature was controlledkinetic traces and logarithmically averaged during acquisition

within an accuracy of=0.2°C. The excitation wavelength  to yield 85-110 data points. All measurements were carried

was 295 nm (2 nm band-pass), and emission spectra wereat 20°C, and for each experiment, four kinetic traces were

recorded wilh a 4 nmband-pass. Cytochronteconcentra- averaged.

tions, in 10 mM phosphate buffer, pH 7.0, varied from 5 to

20 uM, and DOPS from 2.5 to 10 mM. Time-dependent RESULTS

fluorescence changes over a time range from 20 to 900 s o ] o

were monitored after rapid manual-mixing of equal volumes ~ Met 80 Ligation. The axial coordinationia the sulfur

of preequilibrated solutions of protein and lipid vesicles at atom of Met 80 to the heme iron in cytochromeesults in

20 °C. Tryptophan fluorescence was excited at 295 nm a characteristic absorbance band at 695 nm; thiesbond

(band-pass of 2 nm), and kinetic traces were recorded at arlS intrinsically not very stable. Indeed, dissociation of the
emission wavelength of 330 nm (band-pass 4 nm). Met 80 coordination can readily occur under mild denaturing

Circular Dichroism. Circular dichroism spectra were ~c¢onditions, including pH values below 3 or above 9
measured in samples of 10 or 2M cytochromec in 10~ (Greenwood & Palmer, 1965; Daves al, 1974; Dyson &
mM phosphate buffer, pH 7.0, in the presence or absence ofBeattie, 1982), or by_ competitive binding of extrinsic I|g_ands,
lipid vesicles. Spectra were recorded at room temperatureSUch as cyanide or imidazole (Gebal, 1989). Disruption

on a JASCO Model J720 spectropolarimeter. CD spectra of the Met 8G-iron bond as indicated by the loss of the 695
of the far-UV (185-260 nm) and Soret regions were "M absorbance band has been interpreted as an opening of

measured using quartz cells of 1 mm path length; for near- the heme crevice (Gaet al, 1989). Soret absorbance (410
UV (250—350 nm) measurements, 10 mm path length cells M) mainly reports on changes in the spin state of the heme
were used. Typically, a scanning rate of 50 nm/min, a time fon due to changes in its axial ligands (Brems & Stellwagen,
constant of 1's, and a band width of 1.0 nm were used. 1983)-
Spectral resolution was 0.5 or 1 nm, angl8tscans were On binding of cytochrome to DOPS vesicles, the 695
averaged per spectrum. Spectra of lipfitotein complexes ~ nm band disappears (Figure 1B), and the 410 nm band,
were subtracted from the background arising from the lipid characteristic of the native conformation of cytochroeme
vesicles alone. agueous solution, is shifted to 407 nm (Figure 1A). These
Stopped-Flow Fluorescence Measuremerifse kinetic ~ changes are consistent with the disruption of Met 80
fluorescence experiments were performed on a PQ/SF-53coordination to the heme iron upon binding the anionic lipid
stopped-flow instrument (Hi-Tech, Salisbury, U.K.) equipped bilayers, as shown in previous studies (Heimbefrgl, 1991;
with a Berger-type mixing chamber and ax22 x 10 mm Spooner & Watts, 1991a,b, 1992; Pinheiro & Watts, 1994a,b).
flow cell. A 75 W xenon lamp (On-Line Instrument Equilibrium Fluorescence Changed.he fluorescence of
Systems, Inc., Jefferson, GA) and monochromator (Hi-Tech) a single tryptophan (Trp 59) in the polypeptide chain of
were used for excitation at 295 nm (5 nm bandwidth) along cytochromec was used to monitor the conformational
the 10 mm axis of the cell. The fluorescence emission was changes in cytochromeinduced by its interaction with lipid.
detected in the 2 mm direction, using a high-pass glass filter The fluorescence emission of Trp 59 in native cytochrome
with a 320 nm cutoff. The stopped-flow module and cin aqueous solution is completely quenched througisteo
observation cell were thermostated with circulating water energy transfer with the heme (Figure 2). On binding to
from a temperature-controlled water bath. All stopped-flow DOPS vesicles, there is a substantial increase in the
experiments were performed at 2@, and the sample fluorescence emission of cytochromgwith an emission
temperature was measured to an accuraey®® °C. Lipid- maximum around 330 nm (Figure 2). Urea-denatured
induced unfolding of cytochromewas initiated by mixing cytochromec shows an emission maximum near 345 nm
equal volumes of cytochronein 10 mM phosphate buffer,  (Figure 2). The binding of the tripeptide, Lys-Trp-Lys, to
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Ficure 1: Absorbance spectra of cytochromim aqueous solution . : : : . : !
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(solid line) and when bound to DOPS vesicles (dashed line). (A)
Soret region {max ~410 nm) and (B) near-IR region with the 695 Wavelength (nm)
nm absorbance band. Cytochromeoncentrations: 2&M (A)

i ; FiGure 3: Far-UV CD spectra of cytochrontdn aqueous solution
and 40uM (B); [DOPS], 5 mM. Spectra were obtained at room : :
temper/;tun(a(v)zi °C) u]sing cells V\F/)ith path lengths of 5 mm (A) (open symbols) and when bound to DOPS vesicles (filled symbols).
and 1 cm (B). ' Protein concentration 1M; [DOPS], 5 mM. Spectra were

recorded at room temperatureZ?2 °C), usirg a 1 mmpath length
20 . . . . . cell at a resolution of 1 nm; 4 scans were averaged per spectrum.

1 ] cytochromec. The far-UV CD spectrum of cytochrome

in solution (Figure 3) shows the typical features characteristic
of proteins containing mainlg-helical structure (Changt

al., 1978), in which the 222 nm dichroic band is predomi-
nantly associated with-helicaln—z* amide transitions, and

the negative minimum at around 209 nm and the positive
maximum about 190 nm are the dichroic bands correspond-
ing to thexr—a* amide transitions (Myer, 1968b). Upon
binding to DOPS vesicles, no substantial change is observed
in the far-UV CD band at 222 nm (Figure 3), suggesting
that there are no significant changes in théelix content.

The spectral changes around the minimum at 209 nm may
arise from changes in other secondary structure elements in
300 320 340 360 380 400 the protein, or may be due to the presence of optically active
heme transitions other than those associated with the amide
transitions of the polypeptide chain. Therefore, an unam-

FiGure 2: Equilibrium fluorescence emission spectra of native g ous interpretation of the spectral changes on this region
cytochromec in aqueous solution (dotted line), cytochromigound of the spectrum is not possible.

to DOPS vesicles (dashed line), and urea-denatured cytochzome

1.0

Fluorescence (a.u.)

0.5+

0.0+

Wavelength (nm)

in aqueous solution (solid line). Protein concentration, ;A®; Near—U\( (250-330 nm) circular dichroism is a prqbe for
[DOPS], 5 mM; [urea], 10 M; temperature, 2C. The excitation protein tertiary structure changes that affect the environment
wavelength was 295 nm. of aromatic side chains. Horse cytochromeontains four

phenylalanine residues, four tyrosine residues, one tryp-
DOPS vesicles shows a blue shift of about 14 nm (data nottophan, and two thioether bonds, all of which can potentially
shown) when compared with the emission maximum in contribute to the near-UV CD spectrum. Unfortunately, the
aqueous solution, and no significant changes in the overallinterpretation of this region of the CD spectrum is further
fluorescence intensity are observed. Fluorescence emissiortomplicated by the optically active heme transitions that
spectra of lipid-bound cytochroneafter excitation at 295  occur between 240 and 300 nm (Urry, 1967). Tyrosine
nm, compared to the emission spectrum following excitation residues produce CD vibronic transition bands with maxima
at 280 nm, demonstrate that an appreciable spectral contribubetween 275 and 282 nm, while phenylalanine side chains
tion at lower wavelengths (36830 nm) arises from some ~ €an produce weak CD bands between 255 and 270 nm
of the four tyrosines in the protein polypeptide chain. (Strickland, 1974). A broad positive CD band around 263
However, the blue shift and reduced spectral intensity of the "M has been attributed to porphyrin transitions with rotary
fluorescence emission for membrane-bound cytochrome Stréngths dependent on the immediate environment of the
relative to the urea-denatured form are indicative of a "eéme group (Urry, 1967). The sharp minima in the CD
relatively more hydrophobic environment for Trp 59 when speptrum of cytochromeat'282 anq 288 nm (E|gure 4) are
in lipid membranes, and show that some partial quenching assigned to the Trp 59 side chain, as confirmed by site-

; L directed mutagenesis (Davies al., 1993). On binding to
through energy transfer with the heme is stil present. DOPS vesicles, these near-UV CD spectral markers of the

Secondary and Tertiary Structural Changes in Cytochrome tertiary structure disappeared (Figure 4), which is consistent
¢ upon Interaction with Lipid VesiclesCircular dichroism with a disruption of the tight packing of core residues in
was used to monitor the effects of the interaction with lipid cytochromec upon interaction with the lipid vesicles.
vesicles on the structural and conformational properties of Indeed, the near-UV CD spectrum of lipid-bound cytochrome
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6.0x104 4——— —————— the aromatic amino acid residues in its proximity. This effect
is consistent with a loosening of the tertiary structure, which
[N ] removes the anisotropic character of the Soret circular
dichroism band.

Fluorescence-Detected Unfolding Kinetics of Cytochrome
c at the Membrane SurfaceThe fluorescence intensity
7 changes of Trp 59 have been used to monitor the folding
kinetics of cytochrome in solution (Elove et al, 1992, 1994;
Colon et al,, 1996). These studies normally start with an

4.0x104

T
|

2.0x104

Molar Ellipticity (deg cm2 mol-1)

0.0 7 unfolded protein solution in a denaturing buffer, such as 4.5
M GuHCI, and folding is initiated by dilution of the
denaturing agent. Upon folding, the fluorescence decays due
2.0x10% - T to Farster energy transfer between the Trp 59 and the heme
S group. Inthe present study, kinetic measurements start with
250 270 290 310 330

cytochromec in its native conformation in agueous buffer
Wavelength (nm) solution, in which the intrinsic fluorescence is largely
FicURe 4: Near-UV CD spectra of cytochrome in aqueous  quenched (see for example, Figure 2), and unfolding of
solution (solid line), bound to DOPS vesicles (dashed line), and cytochromec induced by the interaction with lipid vesicles
d:ﬂnat%lgégslal ‘;2 '\K'/IGéJHClt(dOtted line). Zf%te'F Concet“tfat'onxtzo is monitored by the increase of tryptophan fluorescence in
uM; , 5 mM. Spectra were recorded at room temperature ) ; ;
(~22 °C), using a 10 mm path length cell at a resolution of 0.5 5t09p¢d flow experiments. The changesf In fluorescence
nm; 8 scans were averaged per spectrum. emission (de_tected above_ 310 nm) relative to the native
cytochromec in buffer solution, and in the absence of lipid,

L R are recorded over a time range up to 90 s after rapid mixing

8.0x105 . with the lipid vesicles. The fluorescence-detected stopped-
= : flow unfolding kinetics of cytochrome were monitored for
'g 4.0x105 N various lipid and protein concentrations. Representative
2 kinetic traces are shown in Figure 6A,B, where the increase
S ool in fluorescence is plotted on a logarithmic time scale.
o Stopped-flow control experiments in which DOPS vesicles
> . . were mixed with buffer in the absence of protein revealed a
% -4.0x105- . significant and somewhat variable scattering background,
= L ] which was subracted from each kinetic trace. However, the
§ -8.0x105- Vo 4 scattering background remained constant over the measured
'25 | time period, and the observed kinetic signal appears to be a

PP reliable measure of the tryptophan fluorescence changes.

360 390 420 450 480 Kinetic parameters were obtained by nonlinear least-squares
fitting of a minimum number of exponential phases. A

_ _ summary of rates and amplitudes is presented in Tables 1
Ficure 5: CD spectra of the Soret region of cytochromen and 2. For concentrations of cytochromebove 15«M,

aqueous solution (dashed line) and bound to DOPS vesicles (solid L .
line). Protein concentration, 26M; [DOPS], 5 mM. Spectra were the kinetics are poorly represented by only two exponentials,

obtained at room temperature22 °C), using a 10 mm path length ~ and three exponential phases were used instead (see, for
cell; 0.5 nm resolution; 4 scans were averaged per spectrum.  example, the double- and triple-exponential fitting for.M8

cytochromec, 10 mM DOPS, in Figures 6A,B, respectively).

c resembles that of GuHCI-denatured cytochrayes shown The kinetic parameters obtained by the two fitting procedures
in Figure 4. are included in Tables 1 and 2. We have also monitored

The CD spectrum in the Soret region can provide further the fluorescence changes at 330 nm (bandwidth 4 nm) in
insight into the integrity of the heme crevice (Myer, 1968b). manual-mixing experiments over a time range of 900 s after
The optical activity in the Soret region of heme proteins is a dead time of 20 s (data not shown), which revealed a
generated through the coupling of hemesn* electric dipole biphasic increase in fluorescence with an additional slow
transition moments with those of nearby aromatic amino acid phase not covered by the stopped-flow measurements. The
residues in the protein (Hsu & Woody, 1971). The CD corresponding rates and amplitudes are listed in Table 3.
spectrum for cytochromein its native conformation shows The dependence of the total kinetic fluorescence amplitude
a strong negative limb due to the Sor€otton effect (Figure  as a function of cytochrome concentration is shown in
5), primarily as a result of hemeolypeptide interactions.  Figure 6C. Qualitatively, the intial increase in amplitude
After binding to the lipid membrane, the Soret CD spectrum up to 154M cytochromec can be interpreted as a 1:1 binding
changes to a single positive band with a maximum near 408 equilibrium with an apparent dissociation constant in the
nm. This type of spectrum is also observed with urea- micromolar range. However, the analysis is complicated by
denatured cytochromg is induced by elevated temperature, the fact that the true vesicle concentration is not known (the
extrinsic ligands, or pH-induced denaturation (Myer, 1968a), “fit" in Figure 6C suggests a value of about 12V).
and was also reported for carboxymethylated cytochrome Moreover, the marked decrease in amplitude aboveM5
(Santucciet al, 1987, 1989). The observed changes in the cytochromec suggests that the assumption of 1:1 stoichi-
Soret region clearly indicate a disruption of the coupling ometry is no longer valid at higher protein concentrations;
betweenz—s* transitions of the heme group and those of binding of multiple cytochromes molecules to the same

Wavelength (nm)
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Table 1: Fluorescence Kinetic Rates and Relative Amplitudes for
Cytochromec Partial Unfolding Induced by DOPS at Various
Protein and Lipid Concentratiohs

[DOPS] [cytd] ke a ko &
(mM)  @M)  (s) (%) (s (%) —(ata)f

10 2 137(® 857 015(7) 119  0.021
10 4 52(4) 826 012(2) 165  0.023
10 6 771 0 223 0.035
10 8 628 0 372 0.043
10 10 61.7 0 383  0.047
10 15 534 0 46.6  0.058
10 20 571 0 429  0.056
10 30 574 0 425  0.047

0

0

0

0

0

0

[=3
B
H

Fluorescence (a. u.)
- .
N

ANOCOIOON
PGPy
OGRS

10 40 12(4) 55.6 444 0.036
5 5 4(7) 571 429  0.035
5 10 58.8 412 0.068
5 20 39.3 60.7  0.061

2.5 3(6) 56.6 434  0.106
5  1.09(2) 64.1 359  0.170
1 10  1.08(1) 53.1 0.098(1) 46.9  0.294

@Rates and relative amplitudes were measured by stopped-flow
fluorescence emission kinetic measurements at@Qas described
under Experimental Procedurés?ercentage of the total amplitude.
¢ Total kinetic amplitude in arbitrary (but constant) fluorescence units.
d Errors in the least significant digit (one standard deviation) are shown
in parentheses. At this protein concentration, data are best fitted with
three exponentials (see Figure 6A,B), and the third phase has kinetic
parameterss = 0.026 (0.001) !, —(a; + a, + az) = 0.084, andas
= 27.4%.
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Fluorescence (a. u.)

vesicle may result in mutual fluorescence quenching. Com-
ot 1 1 10 100 plications due to proteinprotein interaction in the lipid-
Time (s) bound state are also consistent with the kinetic data at
cytochromec concentrations of 1xM and above (Figure
06 6B), which show an additional concentration-dependent
phase not observed at lower concentrations.

The combined stopped-flow and manual-mixing data show
evidence of four distinct kinetic events: (A) The initial
04 second-order proteifvesicle binding step is expected to
occur within the dead time<2 ms). If association is
diffusion-controlled, this second-order rate constant is ex-
pected to be of the order of 1 10° s7%, which corresponds
024 to a rate of about 5000 5at 5uM cytochromec. Favorable
electrostatic interactions could accelerate this process further.
It is unlikely that this event is accompanied by any significant
fluorescence changes because of the efficient quenching of

0wt Trp 59 fluorescence in native-like states and compact
0 10 20 30 40 50 intermediates (Elee et al, 1992, 1994). (B) A major
[eyt c] (uM) fluorescence increase>80% of the observable change)
occurs with a rate of~1.5 s'? (at cytochromet concentra-
FiGURE 6: Representative fluorescence-detected unfolding kinetics ions <10 #M, and independent of DOPS concentration).
of cytochromec induced by binding to DOPS vesicles at 20 (C) A minor process exists with a protein concentration-
(10 mM phosphate buffer at pH 7.0). The fluorescence of tryptophan dependent rate~0.1 s) and amplitude (12% at 2M cyt
59 (excited at 295 nm and detected above 310 nm) was measureg¢, ~50% above 15uM cyt c), probably due to protein

in stopped-flow experiments (dead tim& ms), after mixing equal Lo : : :
volunggs of proteir? in aqueoEJs solution wit)h DOPS vesgiclgs. The protein interaction. (D) A slow fluorescence increase is seen

fluorescence change is plotted on a logarithmic time scale. Final ONly in manual-mixing experiments with a minor amplitude
DOPS concentration, 10 mM. (A) Final concentrations of cyto- (~20% of total signal) and a rate0.01 s, independent of
chromec were 4uM (circles), 6uM (squares), &M (diamonds), DOPS concentration. Since only extensively unfolded states
10uM (downward triangles), and 16M (upward triangles). The  gre strongly fluorescent, the phase with the largest fluores-

curves are double-exponential least-squares fits (cf. Table 1). (B) . it .
Final concentrations of cytochronsavere 15¢M (circles), 20uM cence increase, process B, is likely to correspond to the main

(squares), 30M (diamonds), and 4&M (downward triangles). unfolding event associated with insertion into the_: Iipio_l
The curves are triple-exponential least-squares fits (cf. Table 2). membrane. It is relevant to compare the rate of this main
(C) Total kinetic amplitude (final base line values of kinetic traces kinetic phase (1.5%) with that observed for the unfolding

in Figures 6A,B) as a function of cytochrorn&oncentration. The of cytochromec in the absence of lipids. Linear extrapola-

curve is for guidance only and has no clear theoretical significance : .
(it represents a binding curve with a sloping base line, based on at'on of the GuHCl-induced unfolding rate at pH 7 (Colet

1:1 binding equilibrium with an apparent dissociation constant of al., 1996) b 0 M GuHClI gives a rate of about 10 °s™.
about 1uM and a vesicle concentration of 1M; see text). At pH 5, this rate is faster, about:2 103 s [unpublished;

Fluorescence Change
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Table 2: Fluorescence Kinetic Rates and Relative Amplitudes of Cytochedatial Unfolding Induced by DOPS at Various Protein
Concentratiorfs

[DOPS] [eytc]

(mM) (uM) ki (s79) & (%) ko (s79) a (%)° ks (s as (%)° —(at+a+ay
10 15 4.8 (0.9 14.2 0.83 (0.03) 61.7 0.14 (0.01) 23.3 0.060
10 20 3.6 (0.3) 19.3 0.64 (0.03) 52.6 0.073 (0.003) 28.1 0.057
10 30 1.93(0.08) 34.0 0.35(0.02) 38.0 0.038 (0.002) 28.0 0.050
10 40 2.13(0.08) 29.7 0.35(0.02) 40.5 0.036 (0.001) 29.7 0.037

a2 Rates and relative amplitudes were measured by stopped-flow fluorescence emission kinetic measuremei@s a$ A@scribed under
Experimental ProceduresPercentage of the total amplitudeErrors (one standard deviation) are shown in parentheses.

Table 3: Fluorescence Kinetic Rates and Relative Amplitudes for CytochedPaetial Unfolding at Various DOPS Concentratidns

[DOPS] [cytc]

(mM) (uM) ki (s™) a1 (%)° ko (s7) a (%)° —(a1 + @)
1 10 6.4x 1072 (0.005¥ 51.4 9.0x 1073 (0.0001) 48.6 0.35
0.5 10 4.1x 1072 (0.003) 47.8 5.8« 1072 (0.0001) 52.2 0.23
0.25 10 5.2x 1072(0.002) 27.6 13.0« 1073 (0.0007) 72.4 0.076

a Rates and relative amplitudes were measured by manual-mixing fluorescence emision kinetic measurem&diaats?@wn in Figure 7 and
described under Experimental ProcedufeRercentage of the total amplitudeErrors (one standard deviation) are shown in parentheses.

see also Sosnickt al. (1996)], but still about 3 orders of .00
magnitude slower than the DOPS-induced unfolding rate.
This comparison rules out a mechanism in which the protein
unfolds in solution before associating with lipid. Instead, it
suggests that the lipid environment dramatically accelerates
the structural unfolding process.

Absorbance-Detected Unfolding KineticsA possible
mechanism for the lipid-induced cytochromanfolding may
involve a localized acidic pH effect at the membrane surface
(see below). In order to test this hypothesis, we have
investigated the heme absorbance changes during cytochrome
¢ unfolding induced by the interaction with lipid vesicles,
and compare the rate of this process with that of acid-induced
unfolding in solution. On binding to DOPS vesicles, we have 03 :
observed a small shift of the Soret absorbance band from 0 1
410 nm in the native protein in solution to 407 nm in the

!'tp"?"?"“’?td f(l):r_m, in f:d't'_??] toha S|gnglcantt_redléf:f'][clon of absorbance upon binding to DOPS vesicles at°0(10 mM
its intensity (Figure 1A). € héme absorption diniereénce phosphate buffer at pH 7.0). The Soret absorbance change at 409

spectrum between native cytochromén solution and the  nm was measured in stopped-flow experiments (dead time 2.4 ms),
lipid-bound state shows a pronounced maximum at 409 nm. after mixing protein in buffer solution with DOPS vesicles. Final

We have measured the time-dependent spectral changes d&OPS concentration, 2.5 mM; final concentrations of cytochrome
409 nm, 20°C, in stopped-flow kinetic experiments (dead _Cl_p]"’ere 1.25M (squares), 2.aM (triangles), and %M (circles).

. - . . . e curves are single-exponential least-squares fits.

time 2.4 ms) following rapid mixing of cytochrome in

buffer solution (pH 7.0) with DOPS vesicles (pH 7.0). A
main kinetic phase with a rate constant of about 0%Agms
observed, independent of lipid or protein concentrations
(Figure 7 and Table 4). This unfolding rate was compared
with the acid-induced unfolding of cytochroneein a pH
jump experiment from 5 to 2, at 2C. At pH 5, cytochrome

¢ shows the typical native Soret absorbance band at 410 nm
At pH 2, and in the absence of salt, cytochrotie unfolded

and its Soret band is shifted to 394 nm (data not shown).
The difference absorption spectrum between pH 5.0 and pHpscussION

2.0 solutions of cytochromeshows a pronounced maximum

at 412 nm, and a minimum at 393 nm. A pH jump from 5 Protein Unfolding on Membrane Surface$he interaction

to 2, in the absence of salt, induces the transition from the of water-soluble proteins with a membrane surface is a
native state (N) to the unfolded state (U) of cytochrotne  common process during the course of various cellular
whereas in the presence of salt the transition from the N- to functions. Some examples include bacterial toxins (Parker
the A-state is observed instead (Dyson & Beattie, 1982; Goto & Pattus, 1993), precursor proteins that have to translocate
et al, 1990; Jenget al, 1990; Colm & Roder, 1996). across intracellular membranes in order to reach their final
Stopped-flow kinetic measurements of the spectral changedocation in a particular cellular organelle (Hannastal,

at 412 nm, following a rapid jump from pH 5.0 to pH 2.0, 1993), and the class of proteins involved in the transfer of
in the absence of salt, revealed a single kinetic phase (datavarious nonpolar ligands, such as retinol and fatty acids, to

-.01+

-.024

Absorbance Change

o+
[N
N

5
Time (s)

Ficure 7: Unfolding kinetics of cytochrome detected by heme

not show) with a rate constant of 3.5'gTable 4). This
rate is within a factor of 5 of the main lipid-induced unfolding
phase detected by absorbance (0%,sand within a factor

of 2.5 of the main unfolding event observed by fluorescence-
detected stopped-flow measurements (£%.sThus, com-
pared to the over 1000-fold lower rate of unfolding at pH 5
and above, the rate of unfolding induced by the lipid matches
that of the acid-induced process remarkably well.
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Table 4: Soret Absorbance Kinetic Rates and Relative Amplitudes  32-270 Of the fully unfolded protein in urea, and the emission
of Cytochromec Unfolding Induced by the Interaction with DOPS ~ maximum has a significant blue shift of about 15 nm relative
Vesicles and Comparison with Unfolding by pH Jump in Soluiion to the emission maximum of urea-denatured protein (Figure

[DOPS] [cyt ] 2). The binding of a short model peptide, Lys-Trp-Lys, to
(mM) (M) ki (579 a (ODU) the same lipid vesicles showed a comparable blue shift, but
10 4 0.631 (9 0.031 no significant change in the fluorescence quantum yield. This
10 8 0.713 (6) 0.056 clearly indicates that the observed increase in Trp 59
10 12 0.707 (6) 0.078 fluorescence in the lipid environment is the result of protein
2.5 1.25 0.661 (10) 0.009 conformational changes, described here as lipid-induced
25 25 0.704 (9) 0.016 unfolding. The blue shift for the emission maximum of lipid-
2.5 5 0.908 (2) 0.027 bound cytochrome relative to the urea-denatured state is
pH jumpr 12 3.53(4) 0.102 consistent with the effect observed by changing the Trp

2 Rates and relative amplitudes obtained from kinetic measurementsenvironment from an aqueous solution to the lipid hydro-
e ek oo oo o by o PbIC phase, as observed for Lys-Tip Ly
65— 2),953 described under Experir%ental PI’OCEdLh’ESl’OFSyiﬁ tk:e P . Cytochrome ¢ Unfolding and_Met 80 DellgatIOItlJnfol_d-
least significant digit (one standard deviation) are shown in parentheses.iNg Studies of cytochrome at high GUHCI concentrations
¢ Unfolding kinetics were induced by 6-fold dilution of cytochrome ~ have revealed a nearly denaturant-independent kinetic process
in water, pH 5, into 10 mM HCI, pH 2.0, in the absence of salt. associated with formation of a native-like intermediate

lacking Met 80 ligation (Cdln et al, 1996). This interpreta-

a target cell surface (Cowaat al., 1990). The mechanism tion is consistent with the fact that the Met 80 ligand can be
by which a water-soluble protein becomes associated with adisplaced by addition of extrinsic ligands, such as imidazole,
membrane surface is at present poorly understood. Howevercyanide, or azide, resulting in a folded state with native-like
it is becoming apparent that the transition from the water- structural properties (Babul & Stellwagen, 1971; Roder
soluble to the membrane-associated state involves majoral., 1986), and has been recently confirmed by kinetic
changes in the protein structure (Parker & Pattus, 1993; measurements in which Met 80 ligation is displaced by
Banuelos & Muga, 1995, 1996). The nature of the structural imidazole (Colm and Roder, in preparation). It was found
intermediates involved in this transition is of general interest that at lower denaturant concentrations the rate of the main
to the problem of protein folding. There are some indications structural unfolding event is the rate-limiting step. This rate
that the interaction of a soluble protein with lipid membranes increases with GUHCI concentration and eventually becomes
may occur through the molten globule state (Van der Goot, faster than the rate of Met 80 dissociation (GuHCI concen-
1992; Banuelos & Muga, 1995), which is implicated in the trations above 4 M), so that deligation of Met 80 becomes
folding mechanism of many proteins in solution (Ptitsyn, the rate-limiting step. This strongly suggests that unfolding
1995). of cytochromec requires the Met 80 ligand to be dissociated

The existence of well-characterized intermediates in the before the main structural unfolding process can proceed.
folding mechanism of cytochrome in solution under a  This has indeed been demonstrated in a study on a
variety of refolding conditions makes this protein an excellent homologous bacterial protein, cytochromgSauderet al,,
model to investigate the mechanism of protein interaction 1996), in which the deligation kinetics of Met 96 (equivalent
with a membrane surface and the intricate relationship with to Met 80 in horse cytochrome) were investigated by
protein folding events. In contrast to refolding experiments imidazole binding experiments.
of cytochromec in solution in which folding to the native In our present work, the absence of the absorbance band
state is achieved by dilution of a denaturant [see, for example,at 695 nm (Figure 1B) shows that Met 80 is not ligated to
Elove et al. (1992, 1994) and Cotoet al. (1996)], we the heme iron in the lipid-bound conformation. The sus-
consider here the reverse process of unfolding of cytochromeceptibility of this coordination to high ionic strength (Gao
c from its fully folded state in solution to a partially unfolded et al, 1989) suggests that the electrostatic interaction with
membrane-bound state. Our circular dichroism results showthe charged membrane surface may induce the disruption of
that upon binding to negatively charged lipid vesicles several Met 80—iron ligation, facilitating the subsequent structural
features of the tertiary structure of cytochromghange with unfolding of cytochrome. A possible mechanism of how
no significant perturbation of the overall secondary structure a negatively charged membrane surface can promote protein
(Figures 3 and 4). The Soret CD spectrum (Figure 5) shows unfolding requires the consideration of local pH. The high
a highly perturbed heme crevice, resembling that obtaineddensity of negatively charged groups on the membrane
under denaturing conditions, for example, in the presencesurface creates a strong electrostatic potential which attracts
of urea or extrinsic ligands, at elevated temperatures, or atprotons, thus leading to a substantial decrease of the local
extreme pH (Myer, 1968a). pH at the membrane surface. It has been shown that this

The intrinsic protein fluorescence, mainly from a single decrease in pH can be as large as 1.8 pH units-dt55A
tryptophan at position 59 with a minor contribution from from the membrane interface plane, and as much as 4.2 pH
some of the four tyrosines in cytochromés a very sensitive  units in the immediate vicinity of the membrane surface
probe for monitoring the overall conformation of cytochrome (Pratset al, 1986). It is also well-known that moderately
¢. Whereas the fluorescence of Trp 59 in the compact native low pH can lead to formation of partially unfolded molten
state is completely quenched due to its close proximity to globule states for many proteins (for a review, see Ptitsyn
the heme group (Figure 2), unfolding of cytochrome  (1995)].
induced by binding to DOPS vesicles is accompanied by a We observed by fluorescence a main kinetic phase for
substantial increase in fluorescence (Figure 2). The fluo- lipid-induced unfolding of cytochromewith a rate of about
rescence quantum yield of lipid-bound cytochroerie about 1.5 s and 80% of the total observed amplitude at low
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N” M 17 u” in pH at the membrane surface plays a role in the mechanism
of lipid-induced protein unfolding. However, it is unclear
H H whether the interaction with lipid also accelerates the Met

s s . 80 deligation step. Second, the observed rate of 1'5 s
N =—M =D despite being measured at a higher temperature @Qis

F'fGUFt%E?; SCh'?”:je Ofotlhbe I?Y:OF?OIS»ed I:jnetic_tﬂnfoldi?g rlnechhanis(rjn slower than the deligation-limited unfolding rate in solution
Or cytocnromec iInduced Dy the Interacton with negatvely charge 1. o H :

lipid membranes. N represents the folded native conformation in at pH 7.0 (50 s 10. C)'. T.hls further Conflrms_ our
water (N) or associated with the membrane surfac&{M is a assignment of the main kinetic phase observed in lipid-

native-like intermediate lacking Met 80 ligation in water ‘fMor induced unfolding (monitored either by fluorescence or by
associated with the membrane surfac€)(\"¥ denotes a compact ~ Soret absorbance) to the main structural unfolding event.
intermediate state in water."Udesignates the unfolded state in Finally, the comparison of the rate of lipid-induced unfolding

solution, and B represents a denatured state inserted into the lipid , . :
membrane. Unlike &, which has no stable secondary structure, with that extrapolated to zero denaturant concentratioxn (5

D\ has native-like helical secondary structure, but is at least partially 107° s™* at pH 7) clearly indicates that the overall unfolding
unfolded in terms of several features of its tertiary structsee(  of cytochromet is substantially accelerated by the interaction
Results and Discussion sections). Unfolding of cytochrocne  with the lipid membrane.
induced upon binding to DOPS vesicles follows a predominant  ginetic Mechanism of Cytochrome ¢ Interaction with Lipid
pathway through Riand M. Binding of cytochromec to the Membranes. Combining our fluorescence-detected kinetic
membrane surface "N— N9 occurs rapidly €ms), and the o g ! o )
compact native-like intermediateSNs disrupted at rate of-1.5 results with those for lipid- and acid-induced unfolding of
s cytochromec monitored by Soret absorbance, together with
the well-characterized folding mechanism of cytochratne
protein concentrations (Table 1). A comparison of this rate in solution, we propose the kinetic mechanism shown in
with that observed for GuHCI-induced unfolding extrapolated Figure 8. In this scheme, speciesviater are labeled with
to zero denaturant concentration¥510 6 s at pH 7, and the superscriptV, intermediate states on tisarfaceof the
2 x 103 st at pH 5; Colm et al, 1996; Sosniclet al, lipid vesicle have the superscri® and a superscript
1996) suggests that the lipid environment strongly acceleratesindicates dipid phase inserted speci®ative, fully folded,
the main structural unfolding process. The recent studiesstates are represented by N; M symbolizes destabilized
by Coln et al. (1996) and Saudegt al. (1996) have shown  native-like states lacking Met 80 iron ligation [represented
that unfolding of cytochrome in solution from its native by N* in Colon et al. (1996), and by M in Saudest al.
sate (N, see Figure 8) occurs preferably via an obligatory (1996)]; and | states are associated with compact kinetic
intermediate lacking Met 80 ligation (W). Deligation of intermediates. In our kinetic mechanism, states N and M
Met 80 precedes the main structural unfolding and is the appear both in water and in association with the membrane
rate-limiting step under strongly denaturing conditions (Golo surface (N and M are the surface-associated analogues of
et al, 1996; Saudeet al, 1996). In this regime, the rate of NW and MY, respectively). The methionine-deligated state
the main structural unfolding transition is faster than Met (M) is likely to occur also in lipid-induced unfolding (R
80 deligation. The Soret absorbance-detected kinetics of thebecause M is a well-established obligatory unfolding
lipid-induced unfolding of cytochrome revealed a single  intermediate in water (Cotoet al, 1996; Saudeet al,
kinetic process with a rate of 0.7% which is consistent  1996). Wis a well-characterized compact intermediate that
with the main unfolding event in the fluorescence-detected accumulates within milliseconds of refolding in solution, both
kinetics (~1.5 s%). This is further supported by comparison under native conditions (Ele et al., 1992, 1994; Sosnick
with the rate of acid-induced unfolding of cytochromén et al, 1996) and in the formation of the A-state at pH 2
the absence of salt monitored by Soret absorbance (N to U(Colon & Roder, 1996). Theunfolded state in water is
transition), which showed a main kinetic process with a rate represented by ¥ and thedenaturedstate inserted in the
of 3.5 s (Table 4). In similar experiments carried out in lipid membrane is designated by-DBased on our equi-
the presence of salt (N- to A-state transition), 97% of the librium spectroscopic data,'lhas native-like helical second-
total observed absorbance change is lost in the dead time ofary structure (Figure 3), but is at least partially unfolded in
this experiment (2.4 ms), indicating that formation of the terms of (a) Trp 59 fluorescence (Figure 2), which shows
A-state (which probably includes deligation of Met 80) thatthe average Trp 5heme distance is much larger than
escapes our detection. Thus, methionine deligation appearsn the native state, (b) lack of specific native interactions
to be a very rapid (less than milliseconds) process at low involving Trp 59 (absence of sharp bands at 282 and 288
pH, and the observed kinetics of the N to U transition appear nm in Figure 4), (c) perturbed heme ligation and heme
to reflect the main structural unfolding step of cytochrome environment, revealed by the absence of the 695 nm band
¢. Previous unfolding studies on cytochromeevealed that ~ (Figure 1), and the changes in near-UV and Soret regions
the limiting rate of unfolding, associated with deligation of of CD spectra (Figures 4 and 5). “Ds clearly a more
Met 80, is dependent on pH and the presence of salt in highunfolded state than the equilibrium acid-denatured A-state,
denaturant concentrations. This rate increases toward lowetbut it is not equivalent to the fully unfolded state in water,
pH and higher salt concentration: 50'at pH 7.0 (Colm UW. While in solution this state is extensively unfolded
et al, 1996),~80 s! at pH 5.0 (Colm et al, unpublished  without stable secondary structure, the lipid-inserted dena-
results), and~120 s at pH 4.9 and higher salt concentration tured state, B is extensively folded at the secondary
(Sosnick et al, 1996), all at 10°C. Two interesting structure level (Figure 3). In this sense! Dnay be
observations can be made by comparing these rates with thestructurally more closely related t& than to U.
observed rate of lipid-induced unfolding (1.5 First, the The comparison between the observed unfolding rate for
trend of variation with pH for the limiting rate of unfolding  cytochromec upon binding to DOPS vesicles-{.5 s1) with
in solution is consistent with our interpretation that the drop that in solution [about Z 1072 s™* at pH 5.0; unpublished;
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see also Sosnickt al. (1996)] indicates that lipid-induced ~ Banuelos, S., & Muga, A. (199@iochemistry 353892-3898.
unfolding follows a predominant pathway througl§ ahd Brems, D. N., & Stellwagen, E. (1983) Biol. Chem. 2583655~
MS (Figure 8). Our observations are consistent with the 3660.
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negatively charged lipid headgroups in the membrane Chang, C T Wu. C-S. C & Yang, J. T. (1978hal. Biochem
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diffusion-controlled and occurs during the dead time of the Colon, W., & Roder, H. (1996Nat. Struct. Biol. 31019-1025.
stopped-flow experiments<@ ms). After binding to the lipid Colon, W., Elove, G. A, Wakem, L. P, Sherman, F., & Roder, H.
surface, cytochromeis exposed to a locally acidic environ- __ (1996)Biochemistry 355538-5549.
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