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ABSTRACT. Activation of peroxidase catalytic function of cytochromeyt c) by anionic lipids is associated

with destabilization of its tertiary structure. We studied effects of several anionic phospholipids on the
protein structure by monitoring (1) Tgpfluorescence, (2) FeS(Meko) absorbance at 695 nm, and (3)
EPR of heme nitrosylation. Peroxidase activity was probed using several substrates and protein-derived
radicals. Peroxidase activation of oytdid not require complete protein unfolding or breakage of the
Fe—S(Metg) bond. The activation energy of cgtperoxidase changed in parallel with stability energies

of structural regions of the protein probed spectroscopically. Cardiolipin (CL) and phosphatidic acid (PA)
were most effective in inducing cgtperoxidase activity. Phosphatidylserine (PS) and phosphatidylinositol
bisphosphate (PHp displayed a significant but much weaker capacity to destabilize the protein and
induce peroxidase activity. Phosphatidylinositol trisphosphate;Ripeared to be a stronger inducer of
cyt ¢ structural changes than BJRndicating a role for the negatively charged extra phosphate group.
Comparison of cytc-deficient HelLa cells and mouse embryonic cells with those expressing a full
complement of cyt demonstrated the involvement of ayperoxidase activity in selective catalysis of
peroxidation of CL, PS, and PI, which corresponded to the potency of these lipids in induciog cyt
structural destabilization.

Post-translational covalent modifications of proteins are effectively regulated by a broad range of noncovalent
critical to coordination of the compartmentalized metabolism interactions with membraneg,(2).

and destiny of proteins in cells. Regulation of catalytic  More than half of all proteins in living cells are associated
functions by phosphorylation and S-nitrosation, targeted with lipid membranes. Membrane proteins are subdivided
change in the location and intramembrane topography ofinto integral (permanently and tightly attached to the
proteins through ribosylation, palmitoylation/myristoylation, membrane) and peripheral proteins interacting with the
or phospholipidation, and even marking proteins for degrada- membranes only under certain conditions. Studies of periph-
tion and elimination via ubiquitinylation are only few of  eral membrane proteins are particularly challenging because
many examples of the importance of the hydrophebic  of the transient nature of proteiipid complexes. Lipid-
hydrophilic balance in the control of association of proteins protein interactions can also be modulated by alterations of
with different membranes. In addition to these chemical external conditions such as pH, concentrations of divalent
covalent modifications of prOteinS, their functions can be ions, or Changes in ||p|d Composition_ The nature of ||-p|d
protein interactions is still poorly understood, and quantitative
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analyses of physical factors causing association of proteinsmuch stronger inducer of cgtconformational changes than
with lipid membranes and changes in their properties are saturated tetramyristoyl cardiolipin (TMCL), and polyun-
rare @, 4). saturated tetralinoleoyl cardiolipin (TLCL) appeared to be
An interesting case of a lipid-dependent modulation of an even stronger cyt denaturating agent than TOCB)(
protein function, loss of an electron-transport function and Hydrogen bonding and other interactions betweerceytd
gain of a peroxidase catalytic function, is presented by a polar lipid headgroups can significantly influence interactions
ubiquitous mitochondrial electron transport protein, cyto- of cyt ¢ with membranes and lead to additional sensitivity
chromec (cyt c).r Normally, cytc molecules are located in  of the protein structure destabilization to the chemical
the intermembrane space of mitochondria and are looselycomposition of the membranes. However, very little infor-
bound to the mitochondrial membranes by electrostatic mation is currently available on these interactions.
forces. Thus, cyt can be classified as a peripheral membrane  Because several anionic phospholipids can potentially
protein. An increased content of a negatively charged interact with cytc both within the mitochondria and in
cardiolipin (CL) in the outer leaflet of the inner membrane extramitochondrial compartments after its release during
and the inner leaflet of the outer membrane, believed to occurapoptosis, we compared the ability of several lipids with
early in apoptosis §, 6), increases the strength of cyt different headgroups in their ability to induce ayperoxi-
c—membrane interactions, destabilizes the protein tertiary dase activity and conformational changes. We used TOCL
structure, and results in a dramatically increased peroxidaseand dioleoylphosphatidylserine (DOPS) as two nonoxidizable
activity (7—9). The peroxidase activity of cytis reportedly variants of CL and phosphatidylserine (PS) which were
associated with selective oxidation of mitochondrial CL that previously found to activate cyt's peroxidase function in
further contributes to the execution of apoptosi§)( The mitochondrial and extramitochondrial locations, respectively
spike in the peroxidase activity can be associated with an (9, 26). The choice of phosphatidic acid (PA), in addition to
increased accessibility of a catalytic iron atom of the heme CL and PS, was due to the fact that the structure of its
prosthetic group for hydrogen peroxide molecules. In solu- headgroup is close to that of CL, but PA differs in the number

tion, stability and unfolding of cyt were extensively studied
using deuterium exchangell) and other experimental
techniques12—15). It was found that stabilities of different
regions of the protein vary considerably: five distinct
domains of cytc were identified with stability energies
ranging from 5 to 12 kcal/mol 16—18). Because the
peroxidase catalytic function of cgtin solution has been
associated with an activation energy-68.8 kcal/mol @9),
one can predict that a small substrate molecuk®.Hcan

of acyl chains, thus allowing the evaluation of the signifi-
cance of the lipid structure in its protein unfolding properties.
Moreover, PA has been demonstrated to partially substitute
for CL deficiency in genetically manipulated (CL-deficient)
cells 27). The comparison of dioleoyl-glycero-3-phosphoi-
nositol 4,5-bisphosphate (R)Pand dioleoyl-glycero-3-
phosphoinositol 3,4,5-trisphosphate (§)J®iffering by only

one phosphate group, was instrumental in identifying the
effect of the single negative charge in the headgroup on its

access heme iron without substantial changes in the overallprotein destabilization properties. Saturation of acyl chains

cytc's structure. Lipid-induced structural rearrangements of
the cytc molecule leading to its unfolding and conversion
into a peroxidase remain poorly understo8d10, 20—22).
The protein regions may be destabilized differently by
lipids with different chemical compositions due to specific
protein—lipid interactions. Accordingly, lipid membranes
may differ in their ability to induce peroxidase activity of
cyt c. Protein-lipid interactions are complex, and multiple
factors can contribute to the difference in the unfolding

capacity of the lipids. Electrostatic forces are one of the major

factors that govern proteirlipid interactions. Positively
charged cyt molecules (the net charge éf8e at pH 7.0)
strongly interact with anionic membranes electrostatically,
and this is apparently the main reason why anionic lipids
are much stronger inducers of aystructural changes and
peroxidase activity than noncharged (zwitterionic) lipids such
as phosphatidylcholine (PC23—25). Electrostatic interac-
tions attract cyt molecules to anionic membranes and thus
reduce their mobility (translational entropy), shifting the

equilibrium toward the membrane-incorporated, denatured
state of the protein. Direct electrostatic interactions between

cyt c and lipid membranes, however, are not the only factor

can indeed change the unfolding properties of lipids. Since
this work is focused on the effect of the structure of the
headgroups in protein unfolding, we employed phospholipids
with identical nonoxidizable monounsaturated acyl residues.
The lipid choice was also affected by the fact that polyun-
saturated phospholipids are good substrates for the peroxidase
activity of cyt c, capable of competing with etoposide and
Amplex Red and masking the true peroxidase activity of cyt
c—lipid complexes toward these substrates.

In this work, we attempted to address three major
guestions.

(1) How effective are different physiologically relevant
anionic phospholipids in inducing structural transitions as
they relate to peroxidase activation of @

(2) What are the structural requirements for the anionic
phospholipid-induced conversion of aytfrom an electron
transporter into a peroxidase?

(3) To what extent is the peroxidase activity of ayt
realized in oxidation of anionic phospholipids in cells
exposed to oxidative challenge {Bk) or proapoptotic
stimulation (actinomycin D)?

that affects unfolding of the protein. Hydrophobic interactions gypERIMENTAL PROCEDURES

between nonpolar acyl residues of the lipid molecules and

nonpolar regions of cyt (normally buried inside the protein)

are responsible for changes in the protein conformation.

Alterations in saturation of the lipid acyl chains were shown
to have a dramatic effect on cytunfolding. Thus, monoun-
saturated tetraoleoy! cardiolipin (TOCL) was found to be a

Materials.Horse heart cytochrome(cyt c, type C-7752,
>95%), diethylenetriaminepentaacetic acid (DTPA), 5,5-
dimethyl-1-pyrrolineN-oxide (DMPO), etoposide (demeth-
ylepipodophyllotoxin ethyldieneglucopyranoside), guanidine
hydrochloride (GuHCI), and hydrogen peroxideQd) were



14234 Biochemistry, Vol. 46, No. 49, 2007

purchased from Sigma-Aldrich (St. Louis, MO). 1,2-Dio-
leoyl-sn-glycero-3-phosphocholine (DOPC), 12,2 -tetra-
oleoyl cardiolipin (TOCL), 1,2-dioleoy$n-glycero-3-phospho-
L-serine (DOPS), 1,2-dioleogr-glycero-3-phosphoinositol
4,5-bisphosphate (PR 1,2-dioleoylsnglycero-3-phosphoi-
nositol 3,4,5-trisphosphate (R)Pand phosphatidic acid (1,2-
dioleoylsn-glycero-3-phosphate) (DOPA) were purchased
from Avanti Polar Lipids (Albaster, AL). The NO donors
1,1-diethyl-2-hydroxy-2-nitrosohydrazine (diethylamine NON-
Oate; DEANOate) and rabbit DMPO nitrone adduct poly-
clonal antiserum were obtained from Cayman Chemical Co.
(Ann Arbor, MI). Mouse anti-cyt antibody (clone 7H8.2C12)
was obtained from BD Biosciences (Franklin Lakes, NJ);

goat anti-mouse HRP-conjugated antiserum and goat anti-
rabbit alkaline phosphatase (AP)-conjugated antiserum were

purchased from Pierce (Rockford, IL).

Small unilamellar liposomewere prepared from DOPC
and anionic phospholipids (1:1 ratio) by sonication in HEPES
buffer [20 mM with 100uM DTPA (pH 7.4)].

Low-Temperature EPR Measuremei®R spectra were
recorded on a JEOL-REIX spectrometer with 100 kHz
modulation (JEOL, Kyoto, Japan). For oytitrosylation,
cyt ¢ (50 uM) was preincubated with liposomes in the
presence of 50@M ascorbate at room temperature (RT) to
obtain ferro-cytc; then 500uM DEANOate was added, and
the incubation was continued for 15 min. The reaction was
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EPR spectrum of 2M 2,2,6,6-tetramethylpiperidins-oxide
free radical (TEMPO)].

Assessment of peroxidase activity with Amplex Red was
performed using the fluorescence of resorufin (oxidation
product of Amplex Red)iex = 570 nmM;lem = 585 nm);
0.5uM cyt c was incubated with a different amount of lipids
for 10 min. Then 5«tM Amplex Red and 2xM H,0, were
added, and the incubation proceeded for an additional 30
min.

Assessments of peroxidase activity based gdHhduced
oxidation of luminol to yield a chemiluminescence response
were performed for 12M cyt c in the presence of 50-, 100-,
and 200-fold molar excesses of anionic lipids, 500
luminol, and 10QuM H,0..

Tryptophan 59 Fluorescenc&he Trpsg fluorescence of
cytcin the presence and absence of liposomes was measured
on an RF-5301 PC spectrofluorometer (Shimadzu) using
standard quartz cuvettes with an optical path length of 1 cm.
The excitation wavelength was 293 nm; the emission spectra
were recorded in 306500 nm regions. The concentration
of cyt ¢ was 5uM. Incubation of the cytc—liposome
complex lasted for 15 min.

Absorbance Spectroscopyptical spectra were recorded
on a UV160U spectrophotometer (Shimadzu) in &0
cuvettes as described in r@f The concentration of cyt

stopped by freezing the samples in liquid nitrogen. The EPR was 50uM.

spectra of nitrosylated cyt were measured at 77 K under
the following instrumental settings: center field, 3200 G;
scan range, 500 G; field modulation, 5 G; microwave power,
10 mW; time constant, 0.1 s; scan time, 4 min; receiver gain,
5 x 1. The contribution of the hexacoordinate N@eme
complex in the EPR spectrum of nitrosylated aytvas

Lipid Extraction and Two-Dimensional (2D) HPTLC
Analysis. Total lipids were extracted from intact cells or
mitochondria using the Folch procedure as previously
described 28). Lipid extracts were separated and analyzed
by 2D HPTLC as described in r@b. Lipid phosphorus was
assessed by a micro methdgD).

estimated by subtracting the spectrum of the pentacoordinate Phospholipid hydroperoxidewere assessed by fluores-

form of the NO-cyt ¢c complex from the total spectrum of
nitrosylated cytc followed by the integration of each
spectrum. The spectrum of the pentacoordinatetiéme

cence HPLC of products formed in microperoxidase 11-
catalyzed reaction with a fluorogenic substrate, Amplex Red,
N-acetyl-3,7-dihydroxyphenoxazine (Molecular Probes, Eu-

complex was measured in the presence of a NO donorgene, OR)10). Phospholipids were hydrolyzed by pancreatic

DEANOate and a 100-fold excess of DOPA.
EPR spectra of protein-deréd radicalswere assessed
after the addition of KD, (500 uM) to cyt ¢ (100 uM)

phospholipase A(2 units/mL) in 25 mM phosphate buffer
containing 1.0 mM CaGJ) 0.5 mM EDTA, and 0.5 mM SDS
(pH 8.0 at RT for 30 min). After that, Amplex Red and

incubated with liposomes at RT. The reaction was stopped microperoxidase 11 were added and samples were incubated
after 20 s by freezing the samples in liquid nitrogen. EPR at 4°C for 40 min. A Shimadzu LC-100AT vp HPLC system
spectra from frozen samples were recorded at 77 K underequipped with a fluorescence detector (RF-10AxI) and an
the following conditions: center field, 3230 G; sweep width, autosampler (SIL-10AD vp) was used for the analysis of
100 G; field modulation, 5 G; microwave power, 1 mW; products separated by an Eclipse XDB-C18 columpith
receiver gain, 19 time constant, 0.1 s; time scan, 4 min. 150 mmx 4.6 mm). The mobile phase was composed of
Peroxidase Actity MeasurementsEPR spectra of eto- 25 mM phosphate buffer (pH 7.0) and methanol (60:40, v/v).
poside phenoxyl radical were recorded at 25 in gas- Mass spectra of phospholipidgere analyzed by direct
permeable Teflon tubing (inner diameter, 0.8 mm; thickness, infusion into an LXQ quadrupole linear ion trap mass
0.013; Alpha Wire Corp., Elizabeth, NJ). The tubing (length, spectrometer (Thermo Electron, San Jose, CA). Samples after
~6 cm) was filled with 6QuL of sample, double-folded, and 2D HPTLC separation were collected, evaporated under N
placed in an open 3.0 mm (internal diameter) EPR quartz resuspended in a 1:2 (v/v) chloroform/methanol mixture (20
tube. The spectra were recorded under the following EPR pmoljuL), and directly utilized for acquisition of electrospray
conditions: center field, 3350 G; sweep width, 50 G; ionization (ESI) mass spectra at a flow rate oft&/min.
microwave power, 10 mW; field modulation, 0.5 G; receiver The electrospray probe was operated at a voltage differential
gain, 5x 10; time constant, 0.03 s; scan time, 8 min. The of —3.5to 5.0 kV in the negative or positive ion mode. The
magnitude of the EPR signal of etoposide radical was source temperature was maintained at 460To determine

measured 1 min after the addition of 100 H,O, to the 5
uM cyt c/phospholipid and 10@M etoposide solution; 100
AU (arbitrary units) of EPR signal corresponds to @9

the fatty acid composition of phospholipid, the pulsed-Q
dissociation (PQD) technique was applied with a relative
collision energy ranging from 20 to 40% andjavalue of

etoposide radical [as calculated by the comparison with the 0.7.
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PAGE and Western Blotting Analysiyt ¢ (1.54M) was
incubated with liposomes in 20 mM HEPES (pH 7.4) for
15 min at RT. Then samples were transferred to a water bath
and incubated at 37C for an additional 1 h. kD, (25 uM)

was added every 15 min. Proteins were separated by 12.5%

SDS-PAGE in Tris-glycine buffer. The separated proteins
were electrotransferred to a nitrocellulose membrane. After
the samples had been blocked with 5% nonfat milk dissolved
in phosphate-buffered saline, Tween 20 (0.05%) (PBS-T) (for
cyt ¢ detection) or Tris-buffered saline with Tween 20
containing 0.25% casein (TBS-T) (for DMPO detection) for
1 h was incubated overnight af€ with primary antibodies
(anti-cytc or anti-DMPO antibodies). The membranes were
washed several times followed by incubation with HRP-
conjugated goat anti-mouse antiserum (for cytetection)

or AP-conjugated goat anti-rabbit antiserum (for DMPO
detection) for 60 min at RT. The protein bands were
visualized by using SuperSignal West Pico Chemilumines-
cent Substrate (Pierce, Rockford, IL) for the HRP-conjugated
secondary antibody or Lumi-Phos WB (Pierce) for the AP-

conjugated secondary antibody as described by manufacturer.

The density of bands was determined by scanning with Epi
Chemi Il Darkroom (UVP Biolmaging Systems, Upland,
CA).

Cell Culture.Mouse embryonic cyt~'~ cells (ATCC) and
cyt ¢t cells (courtesy of Xiaodong Wang, University of
Texas, Dallas, TX) were cultured in DMEM supplemented
with 15% FBS, 25 mM HEPES, 50 mg/L uridine, 110 mg/L
pyruvate, 2 mM glutamine, X2 nonessential amino acids,
2'-mercaptoethanol, 0.5< 10° units/L mouse leukemia
inhibitory factor, 100 units/mL penicillin, and 100 mg/mL
streptomycin. HelLa cells were purchased from ATCC and
cultured in the same conditioned medium as mouse embry-
onic cells but without leukemia inhibitory factor. cgt/~
and cytc™* mouse embryonic cells were exposed to ActD
(100 ng/mL) for 16 h at 37C.

Statistical AnalysisData are expressed as means (standard
deviation of at least triplicate determinations). Changes in
variables were analyzed by a one-way ANOVA for multiple
comparisons. Differences were considered significarnd at
< 0.05.

RESULTS

We used three different approaches to monitor structural
changes of cyt during its interactions with anionic lipids:
(1) assessments of Tggfluorescence, (2) measurements of
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Ficure 1: Structural formulas of anionic lipids TOCL, DOPA,
DOPS, DOPC, PIR and PIR. Phospholipids are presented in forms
in which they existed at pH 7.4. In accord with thi€ pvalues for
the phospholipid headgroups, they change their ionization state at
near-physiological pH: i§1r-1po, = 3.0 and Kzr-Hpo, = 8.0 for
TOCL, pKr-npo, = 3 and Kr-pg, = 8 (0.1 M NaCl) for DOPA,
and Kr-npo, = 2.6 and Kcoo— = 5.5 (0.1 M NaCl) for DOPS.

0

diminished quenching due to unfolding of the protein (Figure
2A). The anionic lipids studied clearly differed in their ability

to unfold cytc. At high concentrations of TOCL-, DOPA-,
and DOPS-containing liposomes, cyfftuorescence intensity
reached a saturation level that was close to the fluorescence
of cyt ¢ fully unfolded by guanidine hydrochloride (6 M).
The Trpo fluorescence intensity saturation level for P#nd

PIP; was ~2 times lower than that for fully unfolded (by
guanidine hydrochloride) cy, indicating that cyt is present

in a more compact state in RHPand PIRB-containing

optical absorbance at 695 nm, and (3) EPR measurement$embranes.

of heme nitrosylation whereby each of the methods probes
different regions of the protein. Five different anionic
phospholipids used in the study (see Figure 1) were mixed
with zwitterionic DOPC at a ratio of 1:1. All experiments
were performed in 20 mM HEPES-Na buffer (pH 7.4)
containing 10uM DTPA.

Trpse FluorescenceThe intrinsic protein fluorescence,
arising primarily from a single tryptophan at position 59, is
a very sensitive probe for monitoring the overall conforma-
tion of cyt c. In the native state, fluorescence of J4|is
almost completely quenched due to its proximity to the heme
group @1).

For all lipids tested, the fluorescence of @yincreased
with an increasing lipid:protein ratio, thus showing the

We established that two independent parameters are
essential to adequately describe activation ofsdfipores-
cence of cytc by phospholipids. The saturation level
parameter describes maximal unfolding of aytlipid
complexes achieved at high lipid:protein ratios. This param-
eter changed significantly in response to different lipids,
indicating that cytc adopts different conformations upon
interaction with these phospholipids. Half-maximal values
characterize lipid:protein ratios corresponding to the point
when the unfolding reached half-maximal activity; this
parameter varied significantly for phospholipids that were
studied. On the basis of the ability to induce half-maximum
conformational changes of cyt assessed by the Tgp
fluorescence, PPappeared to be the strongest agent (the
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bance at a 50:1 lipid:protein ratio. The absorbance was
decreased by 50% at lipid:protein ratios of B (i.e., at
concentrations of these phospholipids much lower than those
required for 50% reduction of Tepfluorescence). Similarly,

(=] It
O 40

" 120 Incubation of cytc with increasing amounts of phospholipids

g 10088 resulted in weakening of the 695 nm absorbance. TOCL and
g <808 DOPA exhibited the strongest ability to disrupt the—Fe

= g | S(Mekg) bond completely, eliminating the 695 nm absor-
2

20

4 : : : !
R P T 2. ,13" = relatively low concentrations of PRlipid:protein ratio of
ipidicyt c ratio Lipid/cyt ¢ ratio . .
5-10) were required to disrupt 50% of F&(Mek)
C 5 " . bonding. However, like its effects on Tsgfluorescence, a
! further increase in the Piprotein ratio resulted in almost
e Y Vaas —TN— —/\| T no further decay of the 695 nm absorbance. This behavior
B Tplr ] [ | I’jL is probably indicative of a compact state of cyfiormed in
the complex with highly charged PJRvhereby the native
2 TocL ,DOPA  PIP3 PP2  DOPS  DOPC Met ligation of heme is highly probable. DOPS and PIP
SN LN Y P e e e displayed a much poorer ability to diminish 695 nm

absorbance (Figure 2B). Noncharged PC did not significantly
affect the 695 nm absorbance. The relative abilities of

I_(. P r'j 'fr\."l
_ ~| m |
1 ' T phospholipids to reduce the absorbance at 695 nm and
A disruption of Fe-S(Meto) bonds, in terms of the half-
a0 H H maximal efficiency of the absorbance decrease and maximal
25 25 25 50 ;

)

120

elimination of the absorbance and disruption ofHfS¢Met,)
bonds, are reported in Table 1.

Heme Nitrosylationln the native conformation, the iron
FiGure 2: Structural changes of cgtupon its binding to anionic atom of cytc is protected against |nteract|(_)n V.Vlth S_mall
lipids. (A) Anionic lipids enhance the fluorescence of drp  Molecules such as NO, CO, and®4 by coordination with
Dependence of the ratio of cgfTrpse fluorescence to fluorescence ~ porphyrin and two axial ligands, Mgtand Hiss. Destabi-
of GUHCI (6 M)-unfolded cyE (dex = 293 NM;dem = 340 Nm) on lization of the tertiary structure of cgtimproves the access

lipid:cyt ¢ ratio [20 mM HEPES (pH 7.4)]. (B) Anionic lipids i i i i i
disrupt the Fe-S(Metg) coordination bond. Dependence of the of heme iron to chemical interaction$Q 33). We studied

absorbance of the FeS(Metg) bond ¢ = 695 nm) on the lipid: heme nit_ro_sy_lation by nitric oxide to sp_ecifically probe
cyt ¢ ratio [20 mM HEPES (pH 7.4)]. (C) Anionic lipids facilitate ~ Phospholipid-induced changes in the cyertiary structure,
cyt ¢ nitrosylation as evidenced by EPR spectroscopy. EPR spectrafacilitating interactions of the heme moiety with small

of nitrosylated cyc—lipid complexes formed in the presence of a  mpolecules. To this end, we used low-temperature (77 K) EPR

NO donor, DEANOate. (1) Typical EPR spectra of nitrosylated ;
cytc: (a) superposition of signals from penta- and hexacoordinate spectroscopy to detect the formation oFf¢O complexes.

NO—cyt c complexes, (b) hexacoordinate N®yt ¢ complex, and Only a We_ak predominantly h_ex_acoordinate EPR signal was
(c) pentacoordinate NOcyt ¢ complex. (2) Typical EPR spectra  0Observed in the system containing the cyte(ll) complex
obtained from cyt nitrosylated in the presence of different anionic and a NO donor, DEANOate. In the presence of anionic
lipids. (3) Integral intensity of hexacoordinate and pentacoordinate |ipids, the magnitude of the EPR signal of nitrosylated heme
g?rgi?fg?:;]:iggﬂﬁﬁg% ;pecna of cytitrosylated in the presence  j,creased in a concentration-dependent manner. Two types
of heme-NO complexes were identified by EPR: a penta-
coordinate complex [the second axial coordination position
half-maximal effect was achieved at a lipid:protein ratio of is vacant (Figure 2C, 1c)] characterized by a triple-line EPR
~20). The half-maximal unfolding of cyx¢t by TOCL- and signal atg = 2.009 with a splitting of 17 G and a
DOPA-containing membranes was achieved for these phos-hexacoordinate complex [the second axial position of heme
pholipids only at lipid:protein ratios of-45—50. DOPS is occupied by a new “non-native” ligand (Figure 2C, 1b)]
caused a half-maximal fluorescence response at lipid:protein(33, 34). As established for TOCL and DOPA, an increase
ratios of ~70—80, and PIR did it at ~60. Importantly, in the lipid:cytc ratio resulted not only in increased amounts
liposomes prepared from noncharged DOPC did not detect-of nitrosylated cytc but also in a larger contribution of the
ably affect cytc Trpse fluorescence. Table 1 summarizes our pentacoordinate form to the total signal of nitrosylated cyt
results of evaluating how phospholipids ranked in their c. As a measure of heme accessibility (and protein structure
effectiveness to induce cytTrpsg fluorescence in terms of  perturbation), we employed the magnitude of the total EPR
a maximal level of fluorescence (maximal unfolding) and signal with partially superimposed pentacoordinate and
in terms of the ability to achieve a half-maximal level of hexacoordinate species. The protein structure was most
fluorescence (effectiveness of unfolding). strongly perturbed by DOPA followed by TOCL and BIP
Absorbance at 695 nnmAnother assay that we used to PIP,, and DOPS. DOPC was ineffective in inducing en-
monitor unfolding of cytc was the change in the character- hanced hemeNO interactions (Figure 2C, 2 and 3). The
istic absorbance band at 695 nm associated with an axialorder of potency of phospholipids in causing heme nitrosy-
coordination of the heme iron in cgtby the sulfur atom of  lation is presented in Table 1.
Metso. The Fe-S(Metg) bond is not very strong3@), and Peroxidase Actiity. EPR spectroscopy of nitrosylated cyt
Metgo is located in the region of the protein that is much c, optical spectroscopy, and measurements ofgfftpores-
less stable than the protein domain containingd {6, 17). cence demonstrated that interactions of cytith anionic

Integral Intensity, A.U.

0
25 50 25 50

Lipid/eyt ¢
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Table 1: Rank Order of Anionic Phospholipids of the Ability To Induce cyonformational Changes and Peroxidase Activity Assessed by
Different Methods

TOCL DOPA PIR PIP, DOPS DOPC
Trpse fluorescence(lipid:protein ratio 2—3 (45-50) 2—-3 (45-50) 1(20) 4-5 (60) 4-5 (70-80) 6
for half-maximal effect)
Trpse fluorescence(maximal fluorescence,  1-3 (80-100) 1-3(80-100) 4-5(50) 4-5(50) 1-3(80-100) 6
normalized to fluorescence after unfolding
by GuHCI)
absorbance at 695 rir(lipid:protein ratio 1-2(5-10) 1-2 (5-10) 3(5-10) 4-5(25-30) 4-5(25-30) 6
for half-maximal effect)
absorbance at 695 rirtmaximal 1-2(100) -2 (100) 3(50) 45 (30-40) 4-5(30-40) 6
absorbance decrease, %)
NO—heme binding 2-3 1 2-3 4 5 6
peroxidase activify(lipid:protein ratio 1-2 1-2 3-5 3-5 3-5 6
for half-maximal effect)
peroxidase activiy(maximal activity) 2 1-2 3-5 3-5 3-5 6
formation of protein radicals 1-2 1-2 3 4

aThe effectiveness decreases in order from 1 to 6. The numbers in parentheses provide a quantitative estimate of the lipid strength (lipid:protein
ratios of half-maximal fluorescence, maximal fluorescence, étdhe effectiveness decreases in order from 1 to 4 (formation of protein radicals
was not studied for PiPand PIR).

phospholipids induced protein unfolding accompanied by a ] 3
loss of an axial ligand of heme iron and made it more 280 4 800;-
accessible to small molecules like NO or possibDE An A\“wr,._ EPR signa of T 60 600 §
increased accessibility of the catalytic iron atom should cause 56 phenocyi radical 7 40 a0 §
an increase in the cgtperoxidase activity. Indeed, addition £ 2 TOCL 12002
of anionic phospholipids increased the peroxidase activity 0 0
. K . i 1 10 100

assessed by oxidation of three prototypical substrates: . 3 5 3
Amplex Red (accumulation of the oxidation product, re- 2 ® st ig g
sorufin, measured by its characteristic fluorescence), etopo- € %|  pos Gey B9 . 600 §
side (time-dependent concentration of etoposide radical & 40 0% 5 a0 400§
monitored by EPR) (Figure 3A), and luminol (assessed by & 20 =" 2003 i 20 DOPA 2002
the chemiluminescence of its oxidation products) (Figure 3B). o N 0 . T e 0
All three methods yielded similar results and showed that 5 & . 3 & mii
TOCL and DOPA were much more effective than the other ; |  PIP2 m“ tal s sl
anionic phospholipids in inducing the peroxidase activity. s ) g
Apparent strengths of phospholipids in inducing peroxidase & “ 0e et )/\. S
activity of cytc are presented in Table 1. At high lipid:protein & 2°| _ i B A e 0
ratios, the peroxidase activity reached a maximal value. % 10 100 o i o w
Notably, the maximal values of the oyperoxidase activity Ig (lipidfcyt c) Ig (lipidfcyt c)
varied for different phospholipids. The maximal peroxidase Lipidicyt ¢
activity induced by TOCL and DOPA was3 times higher g [Jomso oo 200
than that caused by DOPS, BIRnd PIB as indicated in 2 5000
Table 1. g 4000 -

Formation of Protein-Deried Radicals of cyt ¢ as a g
Function of Lipid:cyt ¢ RatioCharacteristic reactive inter- ke
mediates of peroxidase-catalyzed reactions are protein- 5 2000 |
immobilized radicals, most commonly tyrosyl radica83§{ E s
37). These radical intermediates can be detected by low- © D . |
temperature EPR spectroscofg), as well as by the recently 0
developed immuno-spin trapping techniqud?,(38). Both cyte TocL  DoPA DOPS R
EPR spectra and immuno-spin trapping have been successFiGure 3: Interactions with anionic phospholipids induce peroxi-
fully used in studies of peroxidase activity of ay{33, 36, dase activity of cyt assessed by 4@.-induced oxidation of three

substrates. (A) Etoposide (monitored by EPR spectroscopy of
39, 40). Therefore, we employed EPR spectroscopy to etoposide one-electron oxidation product, phenoxyl radi@labd

characterize the ability of different anionic phospholipids to Ampjex Red (measured by the fluorescence of its oxidation product,
facilitate the HO.-dependent production of cyt protein- resorufin) (). Insets show a typical EPR spectrum of etoposide
immobilized radicals. A typical low-temperature EPR spec- phenoxyl radical. (B) Luminol (determined by the chemilumines-
trum (Figure 4A) obtained from an incubation system cence response of oxidation products).

containing a cytc/anionic phospholipid mixture and B,

represents the characteristic signal of protein-derived (tyrosyl) 1 shows the effectiveness of phospholipids in inducing the
radicals of the activated peroxidase with a peak-to-trough protein-derived radicals on the basis of the magnitudes of
width of ~16 G and &g factor of ~2.005 @1). Increasing the observed EPR signals.

the phospholipid:cyt ratio resulted in an increased mag- Recombination of protein-derived tyrosyl radicals, result-
nitude of the EPR signal of the protein-derived radicals. Table ing from the peroxidase activity of cyt is known to cause
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Ficure 4: Production of protein-derived radicals and aggregation
of cyt ¢ as a result of incubation of cyt—lipid complexes with
H,0.. (A) Dependence of the magnitude of EPR signals of protein-
derived radicals on the lipid:cytratio. The inset shows a typical
low-temperature EPR spectrum of protein-derived radicals formed
20 s after the addition of }D, to incubated liposomes cgt EPR
spectra from frozen samples were detected at 77 K. (B) Oligomer-
ization of cytc due to recombination of protein-derived radicals.
Western blotting of aggregates of ayformed after its incubation
with phospholipid/HO, membranes. Note that addition of a
peroxidase substrate etoposide results in inhibition of cyt
oligomerization. The molecular masses (kilodaltons) are indicated
at the left. (C) Immuno-spin trapping detection of aytlerived
radicals. Western blotting of J@.-induced aggregates of cyt
formed in the presence of different anionic phospholipids using
anti-DMPO antibody. The molecular masses (kilodaltons) are
indicated at the left.

oligomerization of the protein via dityrosine cross-links
(nondissociable by SS reducing reagents}$, 42). Indeed,
incubation of cytc with anionic phospholipids in the presence
of H,O, resulted in the disappearance of its monomeric form
and accumulation of oligomers (Figure 4B). On the basis of

Kapralov et al.

a competitive substrate, a phenolic compound etoposide,
H,0,-dependent aggregation/oligomerization of cytvas
progressively inhibited, resulting in partial preservation of
its monomeric form.

When cytc/anionic phospholipids were incubated with
H,0, in the presence of a spin trap, DMPO, immunoreactive
protein-immobilized spin adducts were detected by anti-
DMPO antibodies (Figure 4C). The protein-derived radicals
were found in all oligomeric forms of the protein and were
not observed in the cyt monomers. Again, TOCL and
DOPA were markedly more effective in inducing the protein-
immobilized radicals than DOPS. No protein DMPO
adducts were observed when ciDOPC phospholipids were
co-incubated with KD, and DMPO.

H,O,-Induced Peroxidation of Phospholipids in Cells with
Different Lesels of cyt cOur previous studies demonstrated
that, in addition to model chemical substrates, natural
polyunsaturated anionic phospholipids can be utilized as
substrates by the peroxidase activity of their complexes with
cyt ¢, resulting in the accumulation of respective phospho-
lipid hydroperoxides §, 10). To evaluate the role of the
peroxidase activity of cyt in peroxidation of endogenous
phospholipid substrates, we employed wild-type HelLa cells
and a clone, HelLa 1.2 cells, in which the content of cyt
was knocked down by RNAiI manipulations. The content of
cyt c in HelLa 1.2 cells was-14% of its level in parental
HelLa cells. We performed MS characterization of major
molecular species of anionic phospholipids in HeLa cells
and HelLa 1.2 cells (Figure 5A) and found them to be very
similar. MS analysis of CL isolated from wild-type HelLa
cells revealed three major molecular speciesat699.7,
712.7, and 725.7. As an example of structural analysis, the
MS? spectrum of the dominating molecular ion [M H]?>~
at m/z 725.6 is shown in Figure 5B. MSragmentation of
CL species atn/z 725.6 resulted in the formation of typical
product ions atvz279.2, 281.2, and 283.2 that corresponded
to linoleic (Cigp), oleic (Gs.1), and stearic (&0 acids,
respectively. Product ion at/z 279.2 (Gs.p) was dominating
after fragmentation. The lack of significant differences in
molecular speciation of phospholipids between HelLa and
Hela 1.2 cells suggests that any specific features of phos-
pholipid oxidation may not be interpreted in terms of their
random oxidizability.

To activate the peroxidase activity, the cells were incubated
in the presence of ¥, (500uM, 16 h). We found that two
anionic phospholipids, CL and PS, underwent significant
peroxidation in wild-type HelLa cells but not in HeLa 1.2
cells (Figure 5C). CL oxidation was markedly stronger than
that of PS. A slight, although statistically insignificant, PI
oxidation was also observed in wild-type HelLa cells but not
in HeLa 1.2 cells. PA oxidation in cells could not be assessed
due to undetectably low levels of PA in both HelLa cells

PAGE assessments of the remaining monomeric form of cytand HelLa 1.2 cells. No oxidation of more abundant but

¢, the strengths of phospholipids in inducing peroxidase-
dependent oligomerization of the protein ranked as follows:
TOCL ~ DOPA > PIP; > PIP, > DOPS> DOPC. Notably,
more effective phospholipids (TOCL and DOPA) caused
accumulation of very high-molecular weight aggregates,
while less potent phospholipids (RIPDOPS, and PIp
induced the formation of di-, tri-, tetra-, and pentameric forms
of cyt c. In line with the peroxidase mechanism of oligo-

noncharged phospholipids, PC and PE, was detected in either
HelLa cells or HeLa 1.2 cells. To characterize oxidized CL
formed in mitochondria of HeLa cells in the course of the
H,O.-driven reaction, we used ESI-MS analysis. The?MS
spectrum of molecular ions of oxygenated ClLnalz 741.3

that originated from molecular speciesalz 725.6 is shown

in Figure 5B. Pulsed-Q dissociation of the ianw¢ 741.3)
yielded molecular ions of {g., (M/z2279.3), Gs.1 (M2 281.3),

merization, in the presence of increasing concentrations of Cy5.0 (M2 283.3), and . OOH (hydroperoxylinoleic acid,



Effect of Anionic Lipids on cytc

Biochemistry, Vol. 46, No. 49, 200214239

% Figure 5 spectrum of oxidized CL at/z 741.3 (Figure 5B). Thus,
£ 100, 727 PC 8100 ™ PE: 18- nsr CL MS" analysis revealed that£:-OOH-CL was generated after
2 80| e 2 a0 3 3.:] 7127 exposure of cells to .
z: B it s % 60| 2 60| ser | || To further determine the extent to which selective oxida-
5 s g 40 07 ssar g 40 tion of anionic phospholipids by the peroxidase activity of
2 21 MUl EXLO e, & 2:_ ______________________ cyt ¢ occurs during apoptosis, we utilized a different cell
%740 780 820 Wz 0760 800 40 Mz . 700 “T20; 740 Mz model, mouse embryonic cells with a full complement of
B i Eii cyt ¢ (cyt ¢ MECs) and cytc-deficient k/o mouse
8 embryonic cells (cyt™~ MECSs) (Figure 5D). We found that
Miz 725.6 =C13,¢/C15.1/C15.2/Craz £ Gy |Ga b stimulation of cytc™* cells with a nonoxidant pro-apoptotic
___________________ > gapms o agent, ActD, resulted in selective peroxidation of three
g 10 e 2 | = anionic phospholipids which decreased in the following
E 80 T e I order. CL> PS> PI. More abundant phospholipids, PC
: 50 PLER o sk L v and PE, did not undergo peroxidation. Typical accumulation
g% e o wms  Control of biomarkers of apoptosis was detectable in@yt MECs
£ 2:_ ™ triggered with ActD. Most importantly, neither oxidation of
20 400 600 800 1000 1200 1400 1600 Wiz anionic phospholipids nor the appearance of biomarkers of
1 s apoptosis was found in cgt’~ MECs (10). However, ActD-
Wiz 741.3 =Miz 725.6 + [OOH] | & , R induced production of superoxide, determined by the oxida-
R g .: L tion of dihydroethidium, was eq_ually detectable in cyt" _
. e £ s Soalmss Y g5 hea a_nd cyt c*’*_MECs. MS analysis _revealed no substgntlal
an }.sl.‘.a E: v 1 differences in the patterns of major molecular species of
E T L ,||,[|,, [‘_“,I | oxidizable anionic phospholipids, CL, PS, and PI, between
= i | e il control (or untreated) cy¢™* cells and cytc™~ cells (data
g e o, s H,0, not shown).
O 200 400 600 800 1000 1200 1400 1600miz DISCUSSION
2200 C 2200 D
P B s R B P i) Structural Transitions Required for the Aedition of cyt
Bz 8z 120 c’'s Peroxidase Function by Anionic Phospholipid3ur
23 80 §§ 80 results showed that although all anionic phospholipids were
% a0 Ew effective in destabilizing the tertiary structure of cyaind
0 e o L. @, - m [ inducing its peroxidase activity, their effectiveness greatly
CL PE PC Pl PS CL PE PC Pl PS

varied. Comparison of three structural parameters character-

phospholipids in wild-type and cgtdeficient cells. (A) MS analysis szlng ?Ifferept reE!OES dc.?; cye Sthor\:v ed Lhall.t t_f:je relatlvzo(;de:
of major phospholipids from HelLa cells and HeLa 1.2 cells. Typical of potency in which dilférent pnospholipids caused desla-

ESI mass Spectra of PC (positive mode) as well as PS and CL bilization Of protein structure Val‘ies Signiﬁcantly fOI’ diﬁerent
(negative mode) obtained from HelLa 1.2 cells. Positive-ion MS structural domains. Several assays revealed that TOCL and

spectra of PC showed that multiple molecular species, including DOPA were most effective in unfolding cgt These lipids

species atwz 754.7, 782.7, and 808.7. These molecular species ; ; ;
contain fatty acid residues with two or more double bonds, including Causedﬁt'h'e hlg.hefst Iﬁ.vel.s of 'E'glﬂuozes.cencfe IhntenS|rt1y, were
readily oxidizable, linoleic (), linolenic (Cis), and arachidonic  MOst efficient in facilitating nitrosylation of the cgtheme,

acids (Go.). Analysis of PS revealed three major molecular clusters and resulted in full disruption of the Fe&S(Metg) bond.
atm'z760.7, 788.7, and 834.7. One of thenmaz 834.7 includes ~ TOCL and DOPA with similar headgroups but different
?Cfat:)y %CSI? '\rAeSSldue|W'Fh Six SSUU? bOPdSv do‘?osahexa?”g"[chac'd numbers of acyl chains exhibit very similar abilities to unfold
20:6)- -MS analysis o molecular species revealed three : : : L :
major molecular ions atvz 699.7, 712.7, and 725.7 for doubly cyt ¢ and mdu.ce.lts pero?(ldase activity. Th'$ suggests thgt
charged ions which correspond t016Q)2/(Cis:9> and Ge:o/Cie:d/ the charge distribution in the headgroup is an essential
Ci18:/Cis:2 Ci6:0Ci8:4/(Cis:0)2 and Ge:.4/(Cig.1)2/Cig2, and Gg#/(Cus: determinant of the unfolding efficiency of the lipids that were
2)3, respectively. Thus, all molecular species of CL are polyun- tested.
saturated and contain readily oxidizable linoleic acids( (B)
Negative ESI-M$ spectra of molecular ions of CL isolated from PIP; and P”? caused cytc to adopt a more qompact
control and HO,-treated Hel a cells. The molecular iormalz 741.2 structure that is characterized by a lower maximalsJry
corresponds to oxygenated CL,16G)/(Cig:2OOH)/(Cis.1)(Cis:0), fluorescence, partial preservation of thefs{Meto) bond
and originated from CL molecular speciesnaftz 725.6 [(Gs.2)o/ (695 nm absorbance), and lower peroxidase activity com-
(Zggrg(f(:18:0)]dprf§’d‘#°t lons "’t‘“Z(Z 27?-{?{ 281i3’ 2|83"3'n?1;t%f1’ gnd pared with those of DOPA and TOCL. On the other hand,
.3 formed after fragmentation of the molecular io . A . . o
corresponded to linoleic acid (&), oleic acid (Gg.1), Stearic acid Ipwer lipid:protein ratios were needet_j for Ri€ontaining
(Cl8:0)1 hydroperoxy|in0|eic acid (QZ.OOH), and dehydrated |Ip0$0mes than for DOPA and TOCL |Ip050meS to denature
hydroperoxylinoleic acid (¢.-OOH-H,0), respectively. (C) Per- ¢yt c. This is consistent with a relative compactness of cyt
oxidation of polyunsaturated phospholipids in HeLa cells and HeLa ¢ structure in a complex with PtRind PIR. These findings
1.2 cells challenged with hydrogen peroxide. (D) Peroxidation of i jicate that the mode of interactions and conformations of
polyunsaturated phospholipids in cgt’/* and cytc’~ mouse . - VR . .
embryonic cells challenged with a pro-apoptotic agent, ActD. Yt € in complex with anionic lipids having different
headgroups vary substantially.

m/z311.3). A molecular ion atvz 293.3 that originated from Maximal peroxidase activities of cgtin the complex with
m/z 311.3 after dehydration was also observed in theZ MS anionic lipids substantially differ. Thus, TOCL and DOPA

Ficure 5: Characterization of hD,-induced peroxidation of
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Ficure 6: Dependence of activation free energies of peroxidase activity of oyt the stability (free energies of unfolding) of protein
domains probed by fluorescence (A), absorbance at 695 nm (B), and heme nitrosylation (C) (kilocalories per mole). Peroxidase activity was
probed by etoposide oxidation ass#)(@and Amplex Red oxidatiorn).

produced~3 times higher maximal peroxidase activity than having negligible peroxidase activity, and equilibrium be-
DOPS. These findings suggest that phosphate groups oftween these two states described by the free energy difference
TOCL and DOPA not only are essential for the binding with  AGperox  The mathematical expressions relatiddsngor,

Lys residues of cyt but also may additionally have an acid/ AGpggs, AGno, andAGgerox t0 the experimental observables

base catalytic function to assist in splitting of theQd can be found in the Appendix.
molecule by iron. While the latter may be also true forPIP ypon interaction with anionic liposomes, the structure of
and PIR, a lower maximal peroxidase activity of cgtin cyt ¢ destabilizes and activation energidSiuor, AGasos,

the complexes with these phospholipids could be due to aAGy, and AGpenx are diminished. Figure 6 shows the
smaller scale of their denaturing effects oncys evidenced relationship amon@\Guor, AGnsgs, AGno, and AGperox fOr
by Trpse fluorescence results. Itis likely that a more compact interactions of cyt with TOCL/DOPC liposomes at different
denatured state of the protein leads to a higher effective |ipid:protein ratios. It can be seen that tNGperoxactivation
concentration of histidines and other Fe-coordinating residuesenergy depends linearly ahGiuor, AGasss, andAGyo with
that inhibit heme peroxidase activity. a slope close to 1 (Figure 6), indicating that indeed one can
Interestingly, PIRand PIR strongly differed in their ability =~ associate peroxidase activity with a specific perturbation of
to induce peroxidase activity and ogtstructural changes,  the cytc structure. InterestinglyAGeuor, AGasos, AGno, and
although chemically they differ by only a single phosphate AGpero, although strongly correlated, are not identical but
group (Figure 1). The activity difference between the two shifted relative to each other by a constant.s§ip located
lipids is probably due to the larger negative charge of;PIP in the “yellow neck” region of cyt in the classification of
and stronger electrostatic attraction to positively charged Englander 16, 18) with a stability energy of 7.4 kcal/mol,
residues of cyt. DOPS and PIRinteract with cytc more while Metg is located in the “red” region with a stability
weakly than DOPA or TOCL. These differences apparently energy of 6.0 kcal/mol. Thus, it is expected thdBagos Will
can be attributed to bulky serine and inositol residues in the be smaller thanAGsur. The activation energy of the
DOPS and PIPheadgroup hindering close interactions of peroxidase reactiom\Gperox, Was found to be-1 kcal/mol
positively charged lysine residues of aytvith negatively less than the free energy needed to unfold thecaamain
charged phosphate groups of the phospholipids. A highercontaining Trgg (AGayor). Als0, AGperoxis smaller by 0.3-
pKa value (5.5) of titratable carboxylic group in DOPS versus 0.6 kcal/mol thanAGagos thus, it is not strictly correct to
that of the phosphate group of TOCL and DOP# 43— identify the disruption of the Meg§—Fe coordination bond
45) may also contribute to the relative weakness of DOPS with the peroxidase reaction activation. Peroxidase activity
versus TOCL and DOPA. In the membrane, anionic lipids is probably associated with the perturbation of the cyt
strongly interact electrostatically, and thud{,pvalues of structure that forms a channel that allows small hydrogen
titratable groups shift strongly in the positive direction. As peroxide molecules to reach iron without a complete
a result, the effective surface charge density of DOPS- destabilization of the protein domain containing bet
containing membranes will likely be lower that that of Notably, AGperoxappears to be very close &Gy probably
TOCL- and DOPA-containing membranes, because many because the process of formation of the hefN® complex
DOPS molecules will be neutral in the membrane. is very similar to the formation of the complex between heme
Quantitatie Analysis of cyt ¢ Structural Destabilization ~and hydrogen peroxide that is a prerequisite for the catalysis
and Actvation of Peroxidase Actity. To quantitatively of hydrogen peroxide reduction. A smaller value/AfByerox
describe changes in the stability of @ytegions affected by ~ activation energy may also reflect destabilization of the cyt
anionic phospholipids, we computed free energies of con- € structure as a result of oxidation of protein residues during
formational transitions responsible for spectroscopic changes,the peroxidase reactiod).
AGqyor (Trpse fluorescence)AGasos (absorbance at 695 nm), At the lipid:protein ratios that were studied, all cgt
andAGyo (heme-NO complex formation probed by EPR).  molecules are bound to anionic membranes due to strong
Further, we characterized relationships between the inductionelectrostatic interactions at the low ionic strength used in
of peroxidase activity and perturbations of the cgtructure  the experiments. Dynamic equilibrium exists between native
by introducing a two-state model with the open protein state cyt c molecules and those denatured by lipid structures. cyt

having maximal peroxidase activiti(., the closed state  cin the denatured state occupies a much larger surface area
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than in the native state; therefore, an increase in the accessibl@hospholipid, while PS is found in extramitochondrial
lipid surface shifts the equilibrium toward the denatured state. locations 47). This suggests that the peroxidase activity of

At high lipid:protein ratios, the quantitRT IN(Ciipia/MGoroy),
wherem is the number of lipid molecules in complex with
a denatured cyt molecule characterizing the entropy part
of the free energy of the cgtdenatured by a lipid membrane.
One can expect that stabilization energies ofcgbmains
will be reduced in parallel with an increase R In(Cjpia/

cyt ¢ was realized in two different cell compartments. On
the basis of our previous studies with pro-apoptotic stimula-
tion of cells, it is likely that oxidation of CL occurred very
early during the development of the apoptotic program when
the majority of cytc was still confined to mitochondria,
whereas PS oxidation took place after the release otcyt

MGyroy; indeed, we observed (not shown) a linear dependencefrom mitochondria into the cytosol. It is possible that PS on

of AGiior, AGases, AGno, and AGperox @s a function oRT
IN(Ciipia/MGoroy) With & slope of~1.

Role of cyt ¢ Peroxidase Agily in Peroxidation of
Anionic Phospholipids in CellsOur structural studies in

model systems established the effectiveness of anionic

phospholipids in inducing destabilization of the cyirotein

structure. Hierarchical ranking indicates that assessment o
NO binding is a more accurate criterion for characterizing
the potency of anionic phospholipids as inducers of the

peroxidase activity in in vitro models than the other two

the inner leaflet of the plasma membrane is a preferred
substrate for the interactions with cytosolic oyt It is
important to note that externalization of PS on the surface
of the plasma membrane is one of the hallmarks of apoptosis
that generates “eat-me” signals on the surface of apoptotic
cells, PS and oxidized PS. These signals are recognized by

fprofessional phagocytes and are essential for clearance of

apoptotic cells via phagocytotic pathways and regulation of
inflammatory responseg( 26).

While different Pl species are found in cells in total

assays that were studied. Previous work by us and othersamounts comparable to those of CL and PS, their distribution
has emphasized the importance of hydrophobic interactionsbetween organelles and between the inner and outer leaflets
as determinants, along with electrostatic forces, in inducing of membranes does not favor the interactions of Pls with
cyt ¢ unfolding and activation of its peroxidase activity not Cyt ¢. Pl is present in almost equal amounts in different
only with synthetic chemical substrates but also toward organelles: mitochondria, microsomes, plasma membrane,

peroxidation of natural substrates such as CL and®31(
42). This may be particularly important in cells, where the

Golgi apparatus, and lysosomdg). In contrast, CL is found
only in mitochondria especially in the inner leaflet of the

presence of anionic phospholipids in sufficient concentra- inner mitochondrial membrane, while PS is common to
tions, their topography, and the mutual proximity of phos- Plasma membranes, Golgi apparatus, and microsod#®s (

pholipids and cytc may play a very substantial role. To
estimate the peroxidase function of cgtin vivo, we

Seven phosphoinositide species of Pl can be found in cells
due to reversible phosphorylation of its inositol ring at

experimentally assessed peroxidation of polyunsaturatedPositions 3, 4, and 5. PiRand 4,5-PIR represent the bulk

anionic phospholipids in wild-type HelLa cells with a full
complement of cyt and cytc-deficient HeLa 1.2 cells. Our

of these lipids in mammalian cells, while other phosphoi-
nositides are generally less abundant by 1 order of magnitude

MS analyses confirmed that molecular species of major (26, 47).

anionic phospholipids were not significantly different be-

One may wonder why CL, so effective in converting cyt

tween the two types of cells, suggesting that differences in ¢ into a peroxidase, is abundant in mitochondria while PS,
the random oxidizability of these polyunsaturated substratesmuch less potent as an inducer of cyperoxidase activity,
could not play any role in observed specific features of their is completely lacking in mitochondriad{). CL is highly
oxidation. Only two anionic phospholipids, CL and PS, were compartmentalized in mitochondria and confined to parts of

oxidized in wild-type HeLa cells but not in cytdeficient

the inner membrane where it has only limited access to cyt

HeLa 1.2 cells. More abundant but noncharged phospholip- ¢ in the intermembrane space. Normally, four hydrophobic
ids, PC and PE, did not undergo peroxidation in either HeLa fatty acyls and two negative charges limit transmembrane

cells or HeLa 1.2 cells. Similarly, triggering of apoptosis by
a nonoxidant, ActD, in cytc™t MECs caused selective

migrations of CL in mitochondria and its possible interactions
with cyt c. PS, on the other hand, is known to readily undergo

peroxidation of anionic phospholipids, among which CL and spontaneous transbilayer moveme#) (Not surprisingly,
PS were the major oxidation substrates along with some aminophospholipid translocase activity is critical to the

oxidation of PI. In cytc-deficient MECs, oxidation of these

maintenance of PS asymmetry (with remarkable prevalence

anionic phospholipids did not happen in spite of sufficient in the inner leaflet) in the plasma membra#é,(50). Thus,
amounts of their polyunsaturated oxidizable molecular spe- it is possible that any presence of PS in mitochondria would
cies and adequate ActD-induced production of reactive be detrimental to their functions due to likely formation of

oxygen species.

There are two conclusions from these findings. The first
one is that cytc indeed acts as a peroxidase under

cyt c—PS complexes and peroxidase-induced damage of the
organelles.

The propensity of CL to cause destabilization of nonbilayer

physiological conditions, and its presence is required for the membrane arrangementsl( 52) may be associated with its

catalysis of peroxidation of anionic phospholipids. The

important pro-apoptotic functions. It is tempting to speculate

second one is that the order of effectiveness of anionic that CL peroxidation products, formed by ayperoxidase

phospholipids in inducing the peroxidase activity of cyt
whereby CL> PS holds true for phospholipid peroxidation
in cells. PA is not found in cells in any significant amounts
and, hence, cannot participate in aytatalyzed peroxi-
dation reactions. Notably, CL is a mitochondrion-specific

activity, are essential components of these structural rear-
rangements associated with the release of pro-apoptotic
factors from mitochondria.

Overall, our findings in cells confirm our conclusions
about the structural hierarchy of interactions of ayt
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peroxidase with anionic phospholipids, particularly CL and AG. - = —RTIn EPR (A3)
PS, and contribute significantly to the understanding of the NO EPF{:ax_ EPR
physiological role of these mechanisms in regulation of the ©
apoptotic program in mitochondria and apoptotic clearance
of cells through recognition of an eat-me signal, externalized
PS and its oxidation products. Structural domains capable
of binding anionic phospholipids are typical of a number of
peripheral proteins (e.g., annexins, synucleins, and protein
kinases) in different cells. A number of peripheral membrane
proteins (phospholipases, lipoxygenases, and others), simila
to cytc, change conformation and activate catalytic properties
upon binding to anionic membranes. Elucidation of their
specific lipid binding sites and consequences of the pretein
lipid interactions may be instrumental in the discovery of
new functions and control mechanisms of these proteins in
cellular processes. Further understanding of apoptotic func-
tions and mechanisms of Bcl-2 family members, particularly
Bax and tBid, may also be stimulated by clarification of their
interactions with anionic CL and its metabolisB3(-55).

where EPRZ" is the maximal amplitude of the EPR signal
of the heme-NO complex (unfolded cyt at saturating nitric
oxide concentrations).

The induction of cytc peroxidase activity strongly
correlated with the destabilization of the tertiary structure
Pf the protein, and we can hypothesize that an access of
hydrogen peroxide molecule to the catalytic Fe atom is
associated with a particular perturbation of theagtructure
that allows the access of the hydrogen peroxide molecule to
the catalytic metal atom. This perturbation may include the
disruption of the Fe S(Me#g) coordination bond and forma-
tion of the channel in the protein to allow access of the
hydrogen peroxide molecule to the metal atom. We can
introduce free energy\Gperox Needed to form an access
channel for the hydrogen peroxide molecule that is associated
with a probabilitypperox for opening the channel as

APPENDIX o AGier)
To describe quantitatively changes in the stability of the ks T
protein regions under the influence of anionic lipids, we can Pperox = (A4)
introduce free energies of conformational transitions respon- 1+ expg — ﬂ‘)
sible for spectroscopical chang@sG,or, AGages, andAGo. ke T

We may represent the unfolding process as arr J
reaction with the equilibrium constakt (=[U]/[F]), where
F and U are folded and unfolded states, respectively. From
experimental data, we can calculdeFor example, under
the assumption that the fluorescence intensity of the folded

Assuming that the peroxidase activity of ayis maximal
with K e, When the hydrogen peroxide access channel is
formed and zero if no channel is present, the peroxidase rate

constant can be expressed as

state of cyftc is negligible and is equal to flugg when the AG
region of the protein containing T4pis unfolded K can be exd — ﬁ)
found as
I'(pemx: me?')c()pperox: kg]ear)c()x AG (AS)
_ fluor 1+ exp— Tp_f_mx)
~ fluor, .. — fluor

max
) ) ) and the activation energy of peroxidase reaction can be
where fluor is the observed fluorescence intensity. Then the expressed as

free energy of unfolding associated with a protein domain
containing Trgy can be found as

AGerox= —kgT ln(—maxk"emx ) (A6)

AGquor =—-RTInK (A1) erox kpero
whereAGy,or is the free energy of unfolding of the protein REFERENCES
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