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ABSTRACT: In aqueous solution, while cytochromés a stably folded protein with a tightly packed structure

at the secondary and tertiary levels, its heme-free precursor, apocytochyamews all features of a
structureless random coil. However, upon interaction with phospholipid vesicles or lysophospholipid
micelles, apocytochrome undergoes a conformational transition from its random coil in solution to an
o-helical structure on association with lipid. The driving forces of this lipid-induced folding process of
apocytochrome were investigated for the interaction with various phospholipids and lysophospholipids.
Binding of apocytochrome to negatively charged phospholipid vesicles induced a partially folded state
with ~85% of theo-helical structure of cytochrontein solution. In contrast, in the presence of zwitterionic
phospholipid vesicles, apocytochronceremains a random coil, suggesting that negatively charged
phospholipid headgroups play an important role in the mechanism of lipid-induced folding of apocytochrome
c. However, negatively charged lysophospholipid micelles induce a higher contertialical structure

than equivalent negatively charged diacylphospholipids in bilayers, reaching 100%ochgix content

of cytochromec in solution. Furthermore, micelles of lysolipids with the same zwitterionic headgroup of
phospholipid bilayer vesicles induee60% of thea-helix content of cytochrome in solution. On the

basis of these results, we propose a mechanism for the folding of apocytoahirwneed by the interaction

with lipid, which accounts for both electrostatic and hydrophobic contributions. Electrostatie- lipid
protein interactions appear to direct the polypeptide to the micelle or vesicle surface and to induce an
early partially folded state on the membrane surface. Hydrophobic interactions between nonpolar residues
in the protein and the hydrophobic core of the lipid bilayer stabilize and extend the secondary structure
upon membrane insertion.

Apocytochromec is the precursor of the mitochondrial —of cytochromec into mitochondria is therefore simpler than
protein cytochrome, which functions in the intermembrane  those of most other proteins that have to be transported across
space of mitochondria to donate electrons to the inner a lipid barrier, and can be resolved into three main steps:
mitochondrial membrane protein cytochromexidase. The  (a) binding of apocytochrome to the outer mitochondria
precursor protein is encoded by nuclear DNA and synthesizedmembrane, (b) insertion and translocation across the mem-
on free cytoplasmic ribosomes without the heme group, and brane, and (c) heme attachment by the enzyme cytochrome
unlike most other mitochondrial precursor proteins, it is ¢ heme lyase. Steps a and b appear to be reversible, and
synthesized without a cleavable amino-terminal presequencethe unidirectionality of the import process is imposed by step
It does not require ATP or a membrane potential for c through the specific interaction with CCHL7)( After
translocation, and no other protein receptor in the outer heme attachment, dissociation of holocytochroefrom
mitochondria membrane appears to be invoihBd (nstead, CCHL is presumed to be triggered by folding of the
apocytochrome can insert spontaneously, and partially cross polypeptide around the heme group into the native cyto-
the outer mitochondrial membrang, 3). After, or at the chromec structure. Once the folded compact structure is
same time as translocation across the outer membraneformed, cytochrome is confined to the intermembrane space
apocytochrome is recognized by the enzyme cytochrome
¢ heme lyase (CCHL)and the heme group is covalently
attached to cysteines 14 and ¥7-@). The import pathway
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dichroism; CMC, critical micelle concentration; DMPC, dimyris-
toylphosphatidylcholine (1,2-dimyristogk-glycero-3-phosphocholine);
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and cannot cross back to the cytoplasm, unless the cellis formed during membrane interactiof2(-24). On the
becomes apoptotidy). other hand, in contrast with native stably folded proteins,
The heme group in cytochroneewhich is important both ~ which may become destabilized by the interaction with
in its function as an electron carrier and in its import pathway membranes, many peptides and proteins with little or no
into mitochondria, appears to have a crucial role in stabilizing structure in solution acquire secondary structure upon binding
the native fold of cytochrome. Upon removal of the heme,  to lipid membranes. Among those are small toxi?5s @6),
cytochromec loses all the secondary structure characteristic antimicrobial peptides 27), signal sequences2§), and
of the native holoprotein and shows the properties typical apocytochrome (10—12). In particular, cytochrome and
of a disordered polypeptide in solution, as judged by circular its heme-free precursor form a unique pair with respect to
dichroism and intrinsic viscosity9f. However, the interac-  their interaction with lipid membranes. While the native
tion of the structureless apocytochromavith lipid (in the holoprotein is partially denatured by the interaction with
absence of heme) can originate in a partially folded negatively charged membranes, the precursor protein, which
conformation with a native-likea-helix content of the is a random coil in aqueous solution, acquiresoahnelical
holoprotein (0—12). These studies have shown that the structure upon binding to lipid membranes. The partially
interaction of apocytochrome with negatively charged folded state of apocytochronmeand the denatured state of
DOPS vesicles or phosphoglycol detergent micelles inducescytochromec, formed upon interaction with negatively
a partially foldedo-helical structure. Furthermore, studies charged lipid membranes or micelles, show a high degree
with apocytochrome fragments binding to the same lipid  of similarity in terms of their native-like secondary structure
systems suggest that the helices are formed within the regionscontent and high mobility of the secondary structure elements
of the sequence where the natisehelices occur in cyto-  (22), which suggest a common lipid-bound conformation for
chromec (10). In contrast, addition of zwitterionic lipid  both precursor and mature proteig®,(29). Thus, it appears
vesicles or neutral detergents did not induce folding of that partially folded states formed in association with lipid
apocytochrome, suggesting an important role of negatively membranes might play a role in membrane insertion and/or
charged lipid headgroups in the folding transition of apo- translocation.

CytochromEI:from its random coil conformation in solution In this work, we have carried out a Systematic Comparative
into ana-helical structure when it is associated with ||p|d Study of the fo|d|ng of apocytochron’[ﬂ'nduced by various
However, small unile_lmellar yesicles of zwitterionic lipid types of phospholipids, including diacylphospholipids in
DOPC were able to induce significant spectral changes in pjlayer vesicles and lysophospholipids in micelles. We have
apocytochromec (11), while no changes in the protein  examined the role of negatively charged and zwitterionic lipid
structure were induced by Iarge unilamellar DOPC vesicles headgroups, both in a t|ght packing bi|ayer arrangement of
(10). These results suggest that the reduced packing of theyesicles and in the more open structure of micelles. It was
lipid acyl chains in smaller vesicles, with concomitant greater found that binding of apocytochronego negatively charged
accessibility of the hydrophobic core of the bilayer, may phospholipid vesicles induced a partially folded conformation
reveal a *hidden” important hydrophobic component in the with ~85% of thea-helical structure of cytochrome in
folding mechanism of apocytochrome driven by lipid solution. In contrast, in the presence of zwitterionic phos-
interaction, and this requires further investigation. pholipid vesicles, apocytochronteremains a random coil,

It is generally recognized that proteins destined to cross suggesting that electrostatic interactions play an important
membranes need to be kept in an unfolded or loose role in the lipid-induced folding mechanism of apocyto-
conformation. Stabilization of the native structure of proteins chromec. However, negatively charged lysophospholipid
and their precursors by specific ligand$3( 14) or by micelles induce a higher content afhelical structure than
disulfide bonds 15, 16) prevents them from crossing the negatively charged bilayers, and micelles of lysophospho-
membrane. In the case of apocytochroené appears that  Jipids with the same zwitterionic headgroup as the phospho-
nature has devised a mechanism to keep the protein unfoldedipid bilayer vesicles induced-60% of thea-helix content
by placing heme binding only after membrane translocation. of cytochromec in solution. Thus, this study shows that
However, when the unfolded polypeptide interacts with lipid hydrophobic lipid-protein interactions have a dominant
membranes, the protein folds into arhelical conformation. role in the lipid-induced folding mechanism of apocyto-
Thus, it appears that this membrane-associated partiallychromec.
folded state may play a role in the import mechanism of
apocytochromec. It has been suggested that the molten EXPERIMENTAL PROCEDURES
globule state, a compact folded intermediate described in the
folding mechanism of many proteins in solution (for a ~ Materials. All lysophospholipids (lysoMPC, lysoMPG,
review, see rel7), may be involved in membrane insertion lysoOPC, and lysoOPG) and phospholipids (DMPC, DMPG,
and translocation1@), and has been described for membrane- DOPC, and DOPS) were purchased from Avanti Polar
bound forms of a few soluble proteins. Such lipid-associated Lipids, Inc. (Birmingham, AL). DOPG was obtained from
folding intermediates have been reported for some bacterialSigma Chemical Co. (St. Louis, MO).
toxins, including colicin A 19) and colicin E1 20), in which Protein Purification Horse heart cytochrome(type VI)
formation of a molten globule state appears to be required from Sigma, which comes contaminated with a variety of
for insertion into lipid membranes. Studies on the interaction deamidated forms of the protein, was purified by ion
of cytochromec with lipid membranes have shown that a exchange chromatography on Whatman CM-32 and eluted
partially denatured state is induced upon binding to nega- with 65—80 mM phosphate buffer at pH 7.80). The eluent
tively charged lipid membrane2l), which agrees with  containing the purified protein was lyophilized, dissolved
earlier suggestions that a molten globule-like intermediate in cold deionized water and dialyzed against cold deionized
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water (4°C) to remove phosphate, lyophilized, and stored  Circular Dichroism MeasurementsFar-UV (196-260
at—20°C. The cytochrome concentration was measured nm) circular dichroism spectra were acquired for apocyto-
spectrophotometrically using a molar absorptivity of 29 500 chrome ¢ in solution and in mixtures with sonicated
M-t cm™ at 550 nm and pH 7.0 for the protein reduced lysophospholipid micelles or phospholipid vesicles. The
with sodium dithionite 81). Apocytochromes was prepared  protein concentration was 1@M, unless stated otherwise.
by chemically removing the heme group of horse heart Lipid concentrations varied from 1M to 10 mM or above.
cytochromec as described by Fisher et a®)( The protein For lysolipids, these values cover the concentration range
concentration was determined using a molar extinction below, through, and above the CMC. Lipid/protein samples
coefficient of 10 580 M* cm™! at 277 nm 82). Apocyto- were prepared by adding 1 part of a stock solution of 60
chromec was renatured by a procedure modified from that M apocytochrome in 10 mM HCI (pH 2.0) to 5 parts of
described by Hennig and Neupe8&3j. Briefly, apocyto- lipid micelles or vesicles in 10 mM phosphate buffer (pH
chromec was dissolvedri 8 M urea, 10 mM potassium  7.0) (1:5, v/v). The resulting lipid/protein sample had a final
phosphate (pH 7.0), and 2 mM DTT and the mixture dialyzed pH of 6.8. Circular dichroism spectra were recorded on a
against 10 mM phosphate buffer (pH 7.0) containing 2 mM Jasco 715 spectropolarimeter, using quartz cells it mm
DTT. The renatured protein was stored in aliquots-20 path length. Typically, a scanning rate of 100 nm Mjra
°C, thawed just before it was used, and kept on ice on the time constant of 1 s, and a bandwidth of 1.0 nm were used.
day of measurements at low pH to prevent protein aggrega-The spectral resolution was 0.5 nm, and eight scans were
tion. averaged per spectrum. All spectra were corrected for the
Micelles and Vesicles Aqueous solutions of lysophos-  appropriate background. Spectra of the protein in solution
pholipid micelles were prepared by dissolving the desired had the background obtained with the corresponding buffer
amount of dried lipid into 10 mM phosphate buffer (pH 7.0), alone subtracted from them. Spectra of apocytochrome
followed by sonication for 30 min in a water bath sonicator in the presence of lipids were similarly corrected for the
(Ultrawave U-400). Phospholipids in chloroform solutions  packground arising from the corresponding lipid vesicles or
were dried under a rotary evaporator and left under vacuum mjcelles in the absence of protein. All spectra were recorded
for a minimum @ 8 h toremove all traces of organic solvent. gt controlled temperatures using a cell holder thermostated
Vesicles were prepared by hydration of dry lipid with 10 \yith a circulating water bath, and the sample temperature
mM phosphate buffer (pH 7.0). The buffer was deoxygen- \yas measured to an accuracy4ed.2°C. Most spectra were
ated with nitrogen gas, and hydration of unsaturated lipids yecorded above the lipid phase transition, i.e., in the liquid
was carried out under a nitrogen atmosphere. The resumngcrystalline L. phase. For all micelles and vesicles of
multilamellar liposome suspension was sonicated for several ,Jsaturated lipids (oleoyl chains), measurements were per-

hours (on average for about 3 h) in a water bath sonicator ¢y, meq 4t 1°C, while for vesicles of saturated lipids (DMPC
(Ultrawave U-400) until a clear suspension of small unila- and DMPG), spectra were recorded both below{@pand

mellar vesicles. was obtqined. A feW representative lipid above (3C0°C) the lipid phase transition [the phase transition
samples of sonicated vesicles and micelles were checked b emperature for DMPG is-23 °C and for DMPC 22-24

thin layer chromatography, after extraction into organic °C (36)]
solvent. No degradation products were detected when the )
samples were compared to the original source lipid. The
vesicle and micelle sizes of a few representative samples
were determined by dynamic light scattering on a Dyna-Pro
801 dynamic light scattering instrument. Lipid vesicles had

diameters ranging from 300 to 600 A, and micelles show a
diameter range of 66120 A.

Critical Micelle Concentration. The critical micelle
concentration (CMC) of a detergent/lipid mixture depends
on the buffer conditions and temperature. For lysoMPG,
CMC values of 3 mM and 16@M have been reported in
pure water and in 0.1 M Tris-HCI, respectively, at 30

Fluorescence SpectroscaopyEquilibrium fluorescence
emission spectra were obtained for apocytochramaéne
and in mixtures with sonicated lysolipid micelles or phos-
pholipid vesicles. The protein concentration was 1,
and lipid/protein samples were prepared as described above
for the CD measurements. Experiments were performed on
a Perkin-Elmer LS50 luminescence spectrometer. All spectra
were recorded using a thermostatically controlled cell holder
at the corresponding temperatures used for the CD measure-
ments (see above). The sample temperature was controlled
within an accuracy oft0.2 °C. Tryptophan fluorescence

(34). Zwitterionic lysoPCs with acyl chains of the same Was measured using an excitation wavelength of 295 nm (2
length, and under identical buffer conditions, have lower "M bandwidth), and emission spectra were recorded using a
CMC values then their negatively charged counterparts 4 "M bandwidth. Typically, eight scans were averaged for
(lysoPGs). This reflects the higher polarity and hydration €ach spectrum. All spectra were corrected with the corre-
of lysoPGs relative to those of lysoPCs. As expected, the SPonding background spectrum without protein.

CMC decreases with increasing length of the acyl chain for gy 15

a given lipid headgroup. Typically, the CMC decreases by

approximately a factor of 10 for each addition of two  Secondary Structural Changes of Apocytochrome ¢ upon
methylene groups to the acyl chai84]. We have deter- Interaction with Lipid. Circular dichroism (CD) was used
mined the CMC for lysoMPG and lysoMPC under the same to monitor structural changes in apocytochrom@duced
experimental conditions used for the studies with apocyto- by the interaction with lysophospholipid micelles and phos-
chromec, i.e., in 10 mM phosphate buffer (pH 7) at 1G, pholipid vesicles. While cytochrome in solution shows
using the fluorescence probi-phenyl-1-naphthylamine the typical CD spectral characteristics of a stably folded
(NPN) (35). Under these conditions, the CMC values for protein containing mainly-helical structure, its heme-free
lysoMPG and lysoMPC were found to be 288 andA0, precursor, apocytochronee exhibits a far-UvV CD spectrum
respectively. typical of proteins with a random coil conformation (Figure
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was taken as an indication that no significant spectral
distortions arose from lipid scattering contributions. The
amount ofa-helix induced in apoctochrome by various
lipid vesicles, relative to the-helix content of cytochrome
c in solution, was analyzed by monitoring the relative
intensity of the dichroic band at 222 nm as a function of
lipid concentration. The 222 nm band is a suitable probe
for a-helical structure in proteins, as interference from other
secondary structure elements is relatively weak at this
wavelength 89). The differences in the spectral region
around the minimum at 209 nm and maximum around 195
nm between apocytochroneein the presence of lipids and
cytochromec in solution (Figure 1) may arise from changes
in other secondary structure elements in the protein, or may
be due to the presence of optically active heme transitions
in the holoprotein which are not present in apocytochrome
c (21, 22). Therefore, an unambiguous interpretation of the
spectral changes for this region of the CD spectrum is not
possible.

Binding of apocytochrome to negatively charged phos-

line) and in the presence of increasing concentrations of lysoMPG pholipid vesicles induces about 85% of tiiehelix content

(symbols), in comparison with the far-UV CD spectrum of
cytochromec in solution (dashed line). The concentration of apo
and holo proteins was 10M; lysoMPG concentrations were 10
uM (1), 50uM (2), 180uM (3), 0.5 mM (4), 1 mM (5), 5 mM (6),
and 10 mM (7). Measurements were carried out att10.2 °C,
using cells wih a 1 mmpath length, and each spectrum is an

average of eight scans. All spectra were acquired with a resolution

of 0.5 nm, but for simplicity, symbols are only shown every
nanometer.

1). However, the addition of increasing amounts of lipid to
apocytochrome induces the typical ellipticity bands of an

of cytochromec (Figure 2A). Similar behavior was observed
for all the negatively charged vesicles studied here above
the phase transition, i.e., in the liquid crystalling jthase,
independent of the chemical structure of the lipid headgroup
or acyl chains. However, binding of apocytochroméo
DMPG vesicles below the phase transition, i.e., in the gel
crystalline Ly phase, induced a higher level of secondary
structure which approached 100% of tidhelix content of
cytochromec (Figure 2A). With all lipids, the maximum
inducedo-helical structure reaches a constant value for lipid

o-helical structure. A representative series of these spectralconcentrations equal to or above 2 mM, corresponding to

changes induced in apocytochrongeby increasing the
concentration of the micelle-forming lipid lysoMPG are
shown in Figure 1. Similar behavior was found for all other

lipid-to-protein ratios of>200. Zwitterionic phospholipid
vesicles of DOPC and DMPC, both in the liquid crystalline
L, phase, did not induce-helical structure (Figure 2A),

lysolipids and phospholipids studied here. The spectra crossand the far-UV CD spectra of apocytochromebtained in
over each other at an isodichroic point of 204 nm, which is the presence of these lipids were identical to that of the

consistent with the transition from a random coil conforma-
tion to a-helical structure 7). These spectral changes
indicate that upon interaction with lipid micelles or vesicles
apocytochrome undergoes a conformational transition from
a random coil toa-helical structure, as observed for other
lipid systems {1, 12). In this study, we have investigated
the role of electrostatic and hydrophobic lipigrotein
interactions in the folding of apocytochrongenduced by
lipid. In particular, we have examined the role of negatively

random coil conformation of apocytochrorsen solution
(Figure 1).

The interactions of apocytochrome with negatively
charged micelles of lysoMPG and lysoOPG show an increase
in the 222 nm dichroic band of the protein with increasing
lipid concentrations. For lipid concentrations below 100,
no significanto-helical structure was formed, whereas above
100 uM, the o-helical structure increases and reaches a
maximum value for concentrations of 1 mM lipid and above.

charged and zwitterionic lipid headgroups, and the nature Negatively charged lysolipid micelles induced the most
of the hydrophobic domain, i.e., saturated or unsaturated acyla-helical structure with close to 100% of thehelix content

chains, in the formation ofi-helical structure in apocyto-
chromec. In addition, these studies were carried out in two

of cytochromec (Figure 2B). In contrast with zwitterionic
phospholipid vesicles, a significant amount afhelix

types of lipid systems, (a) phospholipid vesicles and (b) (~60%) was formed when apocytochromeas mixed with
lysophospholipid micelles, and their effects on the secondary zwitterionic micelles of lysoMPC or lysoOPC. The various

structure of apocytochromewere analyzed.

folded conformations of apocytochronteinduced by the

It is recognized that large membrane vesicles give rise to different classes of lipids studied here are summarized in

differential light scattering and absorption flattening effects,
which may result in significant distortions of the CD spectra
of membrane-associated proteins.

shown that these effects can be minimized by using sonicatedinteractions were found:

vesicles 88). CD measurements were performed using
sonicated vesicles (diameter range of 3600 A), and the

Figure 3, in comparison with the unfolded state of apocy-
tochromec and native cytochromein solution. Three main

However, it has beenfolded conformations of apocytochroménduced by lipid

(@) a highly helical state of
apocytochrome with close to 100% of the-helix content
of the holoprotein formed upon binding to negatively charged

appearance of an isodichroic point in a series of CD spectramicelles or negatively charged lipid vesicles in thgphase,
in the presence of increasing lipid concentrations (Figure 1) (b) a folded conformation with-85% of the cytochrome
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Ficure 2: Relativeo-helix level induced in apocytochroneeas a function of increasing concentrations of (A) various diacylphospholipids
such as DOPCK), DMPC at 30°C (#), DOPG @), DMPG below ) and above the phase transition at°8D(d), and DOPSY) and

(B) various lysolipids such as lysoOP@®); lysoMPG (d), lysoOPC &), and lysoMPC {). The a-helix level was monitored at 222 nm
relative to thea-helix level of cytochrome in solution. Spectra were recorded at°I) unless stated otherwise, ugia 1 mmpath length
cell. The protein concentration was A®1. Lines are for guidance only and have no theoretical significance.

3.0 e e B L (Trp59), which dominates the fluorescence spectrum. In this
study, we have used the fluorescence emission of Trp59 to

| © | describe the interaction of apocytochromevith various
204°° - lysophospholipid micelles and phospholipid vesicles. Large

o spectral changes were observed upon interaction with lyso-
7 lipid micelles (Figure 4A). The binding of apocytochrome
c to zwitterionic micelles of lysoMPC and lysoOPC induces
a blue shift of about 10 nm and an increase in the Trp59
fluorescence yield of about 85 and 95%, respectively, relative
to the fluorescence emission of unfolded apocytochreame
in buffer solution. A large blue shift of about 15 nm was
observed for all lipids with the phosphoglycerol (PG)
headgroup, for both lysolipid micelles and lipid vesicles.
However, the increase in the Trp59 fluorescence yield was
only up to 43% of the fluorescence emission of apocyto-
2.0 —— T ————T— chromec in solution (Figure 4A,B). The blue shifts in the
195 210 295 240 255 wavelength of maximum fluorescencéng,) are consistent
Wavelength (nm) with the transfer of Trp59 from the hydrophilic environment

) : : in unfolded apocytochrome& in aqueous solution to a
Ficure 3: Typical far-UV CD spectra of apocytochroroénduced . . : . S
by the three classes of lipids studied here for lipid concentrations Nydrophobic environment upon folding and insertion into the

above 2 mM for negatively charged micell€(negatively charged  lipid phase. When apocytochrome was mixed with

N

o
1

s

o
|

o
o

-1.0

Molar Ellipticity (10 deg cm? mol™)

vesicles in the | phase 4), and zwitterionic micellesLy), in zwitterionic phospholipid vesicles of DOPC and DMPC, both
gglnuttri%it g)thlztgrecfnqggﬁ]sgr?”tﬁgef(;:uljr\]/ fgrl:)asggé’ttﬁfnﬂrglf"gyto in the liquid crystalline L, phase, no significant shifts in the
chromec in solution is also shéwn (dashed line). Protein concentra- Amax Of TrpS9 fluqrescence emission vyere Opserved’ and only
tions were 1QuM. Measurements were carried out at£®.2°C, small changes in the fluorescence intensity were detected

using a 1 mmpath length cell, and each spectrum is an average of (Figure 4C). These changes are consistent with the lack of
eight scans. All spectra were acquired with a resolution of 0.5 nm, binding of apocytochrome to large DOPC vesiclesA().
but for simplicity, symbols are only shown every nanometer. However, in the presence of DMPC vesicles in the gel
a-helix formed by the interaction with negatively charged crystalline L phase, a significantmax blue shift (~8 nm)
lipid vesicles in the L phase, and (c) a third helical state and a 50% increase in the fluorescence yield were observed
showing about 60% of the intensity of the 222 nm dichroic for apocytochromes, compared to the unfolded protein in
band of native cytochrome obtained with zwitterionic  solution (Figure 4C). The blue shift @f,.xand the increase
micelles. All these lipid-associated helical states show no in fluorescence observed with apocytochromen the
signature on the near-UV region of the CD spectrum (data presence DMPG vesicles below the phase transition tem-
not shown), indicating that the aromatic side chains are in a perature were also larger than the changes observed above
highly dynamic state with no restricted orientation. the phase transition (Figure 4B). These results suggest that
Trp59 Fluorescence Changes upon Folding and Lipid apocytochromec interacts more favorably with the gel
Interaction Intrinsic protein fluorescence is a very sensitive crystalline Ly phase than with the liquid crystalling, Iphase,
probe for monitoring conformational changes in proteins. and appears to induce further stabilization of the secondary
Apocytochromec has one single tryptophan at position 59 structure, as revealed by the higlehelix content induced
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Ficure 4: Equilibrium fluorescence emission spectra of apocyto- g-helical structure (open symbols) induced with increasing con-
chromec in solution (dashed line in panels—AC), and in the centrations of lipid are compared to their CMC profiles (center-
presence of (A) micelles of lysoMPC (1) and lysoMPG (2), (B) crossed symbols) for (A) lysoMPG and (B) lysoMPC. Blue shifts
negatively charged vesicles of DMPG at 30 (1) and€Q2), and were measured relative to the unfolded apocytochroinesolution
(C) zwitterionic vesicles of DOPC (1) and DMPC at 30 (2) and 10 and normalized to the average value of the maximum blue shifts
C (3). Spectra of apocytochronsen solution and with lipid were  obtained above 50@&M lipid. The relative a-helix level was
recorded at 10C, !f not stated otherwise. The protein concentration measured as described in Figure 2 and the overall change normal-
was 10uM, and lipids were all at a concentration of 2 mM. ized to 1. Both fluorescence and CD measurements were performed
at 10+ 0.2 °C, and the protein concentration was 4®. The
by DMPG (Figure 2A) and DMPC (data not shown) below CMC profiles were monitored by the relative fluorescence emission
the phase transition. ilgtens_ity char%es odePN ang functior; of Iip_ig concen}ratiog (hsee
We have monitored the Trp59 fluorescence of apocyto- EXPerimental Procedures). Lines are for guidance only and have

: . . . no theoretical significance.
chrome c as a function of increasing concentrations of

lysoMPG and lysoMPC. The changes observed for the blue pqcytochrome are obtained not only upon interaction with
shift of Amax With increasing lipid concentrations have a lipid egatively charged lipid micelles and vesicles but also with
dependence similar to that found for the changes-frelical ~ ;yyitterionic lysolipid micelles (Figures 2B). Our results can
structure. Howeve_r', while fo.r the negapvely charged lipid pe summarized in four main points. (a) Negatively charged
lysoMPG the transition (monitored by either fa}r-UV CDor phospholipid vesicles in the [Lphase induce a partially
tryptophan fluorescence) occurs at concentrations below thegy|jed state with~85% of thea-helix content of cytochrome
CMC (Figure 5A), for the zwitterionic lipid lysoMPC the (b) Apocytochromec remains a random coil in the
changes are associated with micelle formgtion (Figur.e 5B). presence of zwitterionic phospholipid vesicles. (c) Nega-
These results suggest that apocytochrameteracts with  iyely charged lysophospholipid micelles lead to a folded
monomeric molecules of lysoMPG, but not with lysoMPC  ¢t4te containing about 100% of the-helix content of
monomers. cytochromec. (d) In contrast with zwitterionic vesicles,
micelles of zwitterionic lysophospholipid were able to induce

DISCUSSION a folded conformation of apocytochroneewith ~60% of

Electrostatic and Hydrophobic Components in the Lipid- thea-helix content of cytochrome  All negatively charged
Induced Folding of Apocytochrome @revious studies on  phospholipid vesicles studied here induced similar levels of
the interaction of apocytochronwwith lipid vesicles and secondary structure (Figure 2A), regardless of the chemical
detergent micelles suggested that negative charges in lipidstructure of the lipid headgroup or variations in the acyl chain
headgroups play an important role in the process of lipid- between saturated or unsaturated hydrocarbon chains. These
induced folding of apocytochronme(10, 11). However, in vesicles have in common a charged membrane surface with
this study, we found that large conformational changes in a net negative charge per lipid molecule-ef and were all
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in the liquid crystalline | phase. In contrast, the fact that of the lipid bilayer. The results suggest that upon membrane
apocytochrome remains a random coil in the presence of insertion hydrophobic interactions stabilize and extend the
zwitterionic phospholipid vesicles supports the idea of an secondary structure. Whether the kinetic folding intermedi-
essential role of lipie-protein electrostatic interactions in  ates and final folded conformations formed in negatively
the folding mechanism of apocytochroméduced by lipid charged micelles or vesicles are distinct or equivalent to those
bilayers @0, 11). However, this work reveals two new formed in zwitterionic micelles remains to be established,
findings: (a) negatively charged lysophospholipid micelles and that is the subject of further investigations. It should
induced moren-helical structure in apocytochrontethan be emphasized that in the absence of a net negatively charged
equivalent vesicles, and (b) apocytochromacquired an lipid surface, folding is observed to a lesser extent, and only
a-helical conformation with zwitterionic micelles. The with zwitterionic micelles where hydrophobic interactions
folding effects of lysolipids in micelles are compared with are more readily available. When electrostatic interactions
those of equivalent diacylphospholipids in vesicles; i.e., these are present, in both micelles and vesicles, a higher level of
lipids have identical headgroup moieties. However, micelles folding of apocytochrome is achieved. Therefore, elec-
have a more accessible hydrophobic core than vesicles, dudrostatic lipid—protein interactions play an important role in
to the reduced packing of the lysolipid acyl chain in the the mechanism of protein folding in lipid membranes. The
micelle compared to the tighter packing of the phospholipid electrostatic contribution to the lipid-induced folding mech-
acyl chains in the bilayers of vesicles. Thus, the additional anism of apocytochrome is independent of the chemical
folding effects induced in apocytochroneby micelles structure of the lipid headgroup and has also been observed
appear to reveal important hydrophobic contributions to the with nonbiological detergent micelles of SD80J. These
mechanism of lipid-induced folding of apocytochroméur results, taken together with the observation that many
results are consistent with previous reports that small unfolded peptides can acquire helical structure in polar lipid
zwitterionic unilamellar vesicles induced secondary structure membranes25—28), suggest that the role of electrostatic
in apocytochrome (11), whereas large zwitterionic unila-  lipid—protein interactions in the mechanism of protein
mellar vesicles had no effect@). folding in lipid membranes may represent a general phe-
The blue shifts observed for the fluorescence emiskign nomenon. It is possible that the folding events driven by
for apocytochromec upon binding to either negatively lipid—protein electrostatic interactions may resemble those
charged lysolipid micelles or negatively charged phospholipid of salt-induced protein folding in aqueous solutions.
vesicles were all very similar~<15 nm), which suggest a Lipid-Induced Folding of Apocytochrome c and Implica-
common environment for Trp59. The binding of the tions for Mitochondrial Import. Apocytochromec is syn-
tripeptide, Lys-Trp-Lys, to negatively charged lipid vesicles thesized on free cytoplasmic ribosomes, and heme attachment
shows a blue shift of about 14 nm (data not shown) when occurs after import into mitochondria, where the polypeptide
compared with the emission maximum in aqueous solution, folds around the heme group into the native cytochrame
and no significant changes in the overall fluorescence structure. Unlike the processes for most other mitochondrial
intensity. Thedmax blue shifts are consistent with a more precursor proteins, this import process does not require ATP
hydrophobic environment for Trp59 upon protein folding and or a membrane potential, or other protein receptors in the
insertion into the lipid phase. The lipid concentration outer mitochondrial membrang)( Instead, apocytochrome
dependence for thinax of tryptophan fluorescence emission ¢ appears to insert spontaneously and partially cross the outer
correlates well with the secondary structural changes in mitochondrial membrane2(3). It has been postulated that
apocytochrome monitored by far-UV circular dichroism,  the molten globule state might be involved in membrane
for both zwitterionic and negatively charged micelles (Figure insertion and translocatiod®). Molten globule-like states
5). Thus, the tryptophan fluorescence changes can behave been described for membrane-bound forms of a few
associated with the protein structural changes induced bysoluble proteins{9—21, 41). On the other hand, in contrast
the interaction with lipid. The comparison of the blue shift with native stably folded proteins, which may become
results with the CMC profiles of lysoMPG and lysoMPC, destabilized by the interaction with membranes, many
determined under identical experimental conditions (Figure peptides and proteins with little or no structure in solution
5), suggests that apocytochroneebinds to monomeric  acquire secondary structure upon binding to lipid membranes
molecules of lysoMPG. Binding of just a few lipid (42). Among these is apocytochrome which acquires
molecules appears to be enough to drive the folding of a-helical structure upon interaction with lipid membranes
apocytochromec, with the polar lipid headgroup making (Figure 3). Whether these membrane-associatéetlical
favorable charge interactions and the hydrocarbon tail partially folded states are involved in the mechanism of
providing hydrophobic interactions. In contrast, binding of membrane insertion of apocytochronteremains to be
apocytochromec to lysoMPC requires the lipid to be in  established. However, on the basis of energetic consider-
micelles (Figure 5B). ations, it appears that formation of secondary structure is a
Our combined results on various lipids in both micelles prerequisite for spontaneous membrane insertéd@ for a
and bilayers (vesicles) unravel a strong hydrophobic com- review, see re#t3). The high energy cost associated with
ponent in the lipid-induced folding mechanism of apocyto- the transfer of a free peptide bond into a bilayer interface of
chromec. While electrostatic lipie-protein interactions  ~1.2 kcal/mol @4) suggests that a reduction of this cost,
appear to direct the polypeptide to the lipid surface and to through the formation of hydrogen bonds, strongly favors
induce an early partially folded state on the membrane the formation of secondary structure in peptides bound to
surface (S. E. Rankin et al., submitted), completion of the lipid interfaces 45). Furthermore, studies on the interaction
folding process involves hydrophobic interactions between of signal sequence peptides with phospholipid membranes
nonpolar residues in the protein and the hydrophobic core have shown that if the peptide does not have the ability to
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form a stablea-helix, it does not insert into the membrane
(46). Thus, itis plausible that the partially foldedhelical
conformation of apocytochromeinduced upon interaction
with lipid membranes may represent the translocation
competent sate of the protei2Z 29). The presence of
~40% negatively charged lipid headgroups in the outer
mitochondrial membranel{) may ensure the proper target-
ing of apocytochrome to the membrane surface driven by
electrostatic lipie-protein interactions, and membrane inser-
tion would be driven by folding of the polypeptide through
hydrophobic lipid-protein interactions. Finally, this mem-
brane-associated partially folded intermediate state of apo-
cytochromec may serve as a basic recognition mechanism
for the enzyme CCHL, in which a folded intermediate state
of apocytochrome would be required for heme binding.
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