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ABSTRACT: Sterol carrier protein-2 (SCP-2) facilitates cholesterol (Ch) and phospholipid (PL) transfer/
exchange between membranes and appears to play a key role in intracellular lipid trafficking. Whether
SCP-2 can also facilitate lipid hydroperoxide (LOOH) transfer between membranes and thereby potentially
enhance dissemination of peroxidative damage was examined in this study. Transfer kinetics of
photochemically generated cholesterol hydroperoxide (ChOOH) specie®@8, 60/65-O0H, 7a/7-

OOH) and phospholipid hydroperoxide (PLOOH) families (PCOOH, PEOOH, PSOOH) were determined,
using HPLC with electrochemical detection for peroxide analysis. LOOH donor/acceptor pairs employed
in transfer experiments included (i) all liposomes (e.g., agglutinable SUVs/ nonagglutinable LUVSs); (ii)
photoperoxidized erythrocyte ghosts/SUVs or vice versa; and (iii) SUVs/mitochondria. In a SUV/ghost
system at 37C, the rate constant for total ChOOH spontaneous transferv@atimes greater than that

for unoxidized Ch. Purified bovine liver and human recombinant SCP-2 exhibited an identical ability to
stimulate overall ChOOH transfer, 0.5 unit/mL (based ¥&]Ch transfer) increasing the first-order rate
constant ) ~7-fold. SCP-2-enhanced translocation of individual ChOOHs increased with increasing
hydrophilicity in the following order: B-OOH < 6a-OO0OH < 5a-O0H < 7a/73-O0H. Likewise, SCP-2
stimulated PCOOH, PEOOH, or PSOOH transfes-fold, but the nek was 1/5 that of &6-OOH and

1/10 that of ®/735-O0H. Donor membrane properties favoring SCP-2-enhanced LOOH transfer included
(i) increasing PL unsaturation and (ii) increasing net negative charge imposed by phosphatidylserine.
Cytotoxic relevance was demonstrated by showing that SCP-2 accelesa@®H transfer from SUVs

to isolated mitochondria and that this enhances peroxide-induced loss of the mitochondrial membrane
potential. On the basis of these findings, we postulate that SCP-2, by trafficking ChOOHs and PLOOHs
in addition to parent lipids, might exacerbate cell injury under oxidative stress conditions.

Unsaturated lipids in membrane compartments of mam- radical species which trigger damaging (toxicity-enhancing)
malian cells are susceptible to enzymatic and nonenzymaticchain peroxidation reaction$) Alternatively, selenoper-
peroxidation, a process that can have normophysiologic as
well as pathophysiologic consequenc&s2). Lipid hydro- ! Abbreviations: AlPcg aluminum phthalocyanine disulfonate; Ch,

; ; ; i _ cholesterol; ChOOH(s), cholesterol hydroperoxide(s); BHT, butylated
peroxides (LOOHS), including phospholipid (PL)- and hydroxytoluene; BSA, bovine serum albumin; DFO, desferrioxamine;

cholesterol (Ch)-derived species, are important nonradical pcp, dicetyl phosphate; DMPC, 1,2-dimyristeriglycero-3-phos-
products/intermediates in these reacti@)sEnzymatic lipid phocholine; DTT, dithiothreitol; DTNB, 5;Hithiobis (2-nitrobenzoate);

idati i i Fe(HQY}, ferric 8-hydroxyquinoline, HEPE®-2-hydroxyethylpipera-
peroxidation is typically catalyzed by cyclooxygenases or zineN-2-ethanesulfonic acid; HPLC-EC(HQ), high-performance liquid

lipoxygenases and generates specific LOQH_S _in relati\_/ely chromatography with mercury cathode electrochemical detection;
small numbers4). In contrast, nonenzymatic lipid peroxi-  HPTLC-PI, high-performance thin-layer chromatography with phos-
dation induced by reactive oxygen species such as hydroxylphorimaging detection; LacPE, 1,2-diolesytglycero-3-phosphoeth-

; ; : ; anolamineN-lactosyl; LOOH(s), lipid hydroperoxide(s); LUV(s), large
radical (HO) and singlet oxygen*Q,) or by reactive nitrogen unilamellar vesicle(s); MOPS, 3Nfmorpholino)propanesulfonic acid,;

oxide species such as peroxynitrite (ONQ@nd nitrogen  \s, Chelex-treated 0.2 M mannitol/50 mM sucrose/5 mMoRE/5
dioxide ¢NOy), typically produces a broader spectrum of mM MOPS (pH 7.2); PBS, Chelex-treated phosphate buffered saline

LOOHs along with other compounds and is not subject to (125 mM NaCl, 25 mM sodium phosphate, pH 7.4); PBS/DFO/EDTA,

. Chelex-treated PBS containing 0.1 mM DFO and 0.1 mM EDTA.; PL-
cellular regulation, 3). Once formed, LOOHSs can have a (g " nhospholipid(s); PC, phosphatidylcholine; POPC, 1-palmitoyl-2-

variety of fates that may impact on the metabolic status and oleoyl-sn-glycero-3-phosphocholine; POPE, 1-palmitoyl-2-olesp-
viability of a targeted cell. For example, a nascent LOOH gIy%erO-ﬁ-phO_SphOPegggﬂamAne; EO_F(;Sl, r11-|cl>_<'itlmi;]oxéll-2-oIelu’sz_;zlycelgcl>E-OOH
- - ; -phosphoserine; , phosphatidylcholilne hydroperoxide; ,
may undergo iron-catalyzed one-electron reduction to free phosphatidylethanolamine hydroperoxide; PSOOH, phosphatidylserine
hydroperoxide; PLOOH(s), phospholipid hydroperoxide(s); Rh123,
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oxidase-catalyzed detoxification of LOOHs may occur (i.e., (AIPcS;), an amphiphilic photosensitizing dye, was obtained
GSH-dependent two-electron reduction to relatively innocu- from Dr. J. Van Lier (University of Sherbrooke) as a gift. A
ous alcohols (LOHs)3)). Enzymatic transesterification could  stock solution of AlPcg (2.0 mM in dimethyl sulfoxide)
provide an additional pathway for detoxification; for ex- was stored in the dark atC and used indefinitely. Stock
ample, lecithin-Ch acyltransferase might transfer a peroxi- ferric 8-hydroxyquinoline [Fe(HQ) 1.0 mM in 1 mM HCI/
dized fatty acyl group from a PLOOH to Ch, giving a 50% ethanol] was prepared as describ&d).(Rhodamine
cholesteryl ester hydroperoxide, which is sequestered and123 (Rh123) was obtained from Molecular Probes (Eugene,
subsequently two-electron reduced ). The degree of  OR) and the Bradford reagent from Bio-Rad (Hercules, CA).
partitioning between the one- and two-electron pathways Amersham Life Sciences (Arlington Heights, IL) supplied
could ultimately determine how a cell responds to a LOOH the [4+4C]Ch (~50 mCi/mL), 1-palmitoyl-2-[1**C]oleoyl-
challenge. We recently recognized that these reactions aresn-3-phosphocholine~455 mCi/mL), and glycerol tri-[9,10-
not necessarily limited to the membrane where LOOHs °H]oleate (60 mCi/mL), which were HPLC-purified im-
originate, as widely assumed, but can extend to other mediately before useé(9). HPLC-grade solvents were from
membranes via a translocation process ). Being more Burdick and Jackson Corp. (Muskegon, MI). Nonradioactive
hydrophilic than parent lipids, LOOHs would move more ChOOH standards, including singlet oxygen-generated 5
readily into the aqueous compartment, thus increasing theOOH, 60-OOH, and $-OOH and free radical-generated-7
probability of transfer. Using photoperoxidized erythrocyte OOH and B-OOH were prepared by photoperoxidation of
ghosts as donors and small liposomes (SUVs) as acceptor<Ch and characterized as describé8, (16). [**C]7a-OOH
at 37 °C, we showed that cholesterol hydroperoxides was prepared similarly using*C]Ch, and [*C]70-OH was
(ChOOHSs) as a group translocate spontaneously and reversebtained by triphenylphosphine reduction of the hydroper-
ibly with a rate constant-65-times greater than that of parent oxide (15). PLOOH standards, including hydroperoxides of
Ch (8). As in the case of Ch itselfl(), spontaneous ChOOH POPC, POPE, and POPS, were prepared by photooxidation
transfer occurs via an aqueous transit pool rather thanof the respective PLs in liposomal form and isolated as
membrane collision, the rate-limiting step being desorption described 9). All peroxide standards were determined
from the donor membrane7(8). For individual ChOOH iodometrically (L7) and stored in 2-propanol at20 °C.
species separated by reverse phase HPLC, striking differences Liposome PreparationUnilamellar liposomes were fab-
in transfer kinetics were observed, the rank order being ricated by an extrusion procesks( 18), using an extrusion
identical to that for hydrophilicity (i.e.,@/75-O0H > 5a- device from Lipex Biomembranes (Vancouver, BC). Small
OOH > 6a-O0H > 63-O0H). The same trend has been vesicles (50 nm SUVSs) typically served as LOOH donors,
observed with a variety of donor/acceptor transfer models, whereas large vesicles (200 nm LUVS) were used as
including ghosts/SUVsT( 8), ghosts/low-density lipoprotein  acceptors. Typical lipid compositions and bulk phase con-
(9), and SUVs/tumor cells8). Similarly, the ability of centrations of stock SUV suspensions were as follows: (a)
phospholipid hydroperoxide (PLOOH) families to translocate, 1.0 mM egg PC/0.8 mM{C]Ch (1.0 uCi/mL)/0.02 mM
and at substantially greater rates than parent PLs, has bee®CP (for studying Ch and ChOOH transfer from photooxi-
demonstrated9). dized SUVs to ghosts); (b) 10 mM DMPC/0.1 mM DCP

Sterol carrier protein-2 (SCP-2), also known as nonspecific (for studying ChOOH and PLOOH transfer from photooxi-
lipid transfer protein, is a relatively small (13.2 kDa) dized ghosts); (¢j1.0 mM DMPC, POPC, or egg B{D.63
intracellular mediator of Ch, PL, and fatty acid trafficking mM Ch/0.16 mM &-OOH/0.02 mM DCP (for studying the
(11-13). In this study, we have determined that natural effect of increasing PL unsaturation on ChOOH transfer);
bovine or recombinant human SCP-2 can also facilitate the (d) {0.83 mM DMPC, POPC, or egg P®.16 mM POPC-
intermembrane movement of ChOOHs and PLOOHSs, and OOH/0.79 mM Ch/0.02 mM DCP (for studying the effect
that this can exacerbate peroxidative injury at the acceptorof increasing PL unsaturation on PLOOH transfer); (e) egg
site. This is the first reported example of such action by a PC{70-OOH or POPC-OOKDCP, where [DCP] was 0.01
cellular transfer protein. mM, [egg PC] varied from 0.98 to 0.84 mM, anth-OOH]

or [POPC-OOH] varied reciprocally from 0.01 to 0.15 mM

MATERIALS AND METHODS (for studying LOOH transfer rate in relation to LOOH

General Materials 1,2-Dimyristoylsnglycero-3-phos- concentration); (f) 1.0 mM egg PC/0.63 mM Ch/0.16 mM
phocholine (DMPC), 1-palmitoyl-2-oleoyr-glycero-3- 7a-O0H/0.02 mM DCP or 0.83 mM egg PC/0.16 mM
phosphocholine (POPC), 1-palmitoyl-2-ole®yHphospho- POPC-OOH/0.79 mM Ch/0.02 mM DCP (for studying
ethanolamine (POPE), 1-palmitoyl-2-olemriglycero-3- LOOH transfer kinetics in relation to SCP-2 concentration);
phospho-I-serine (POPS), egg yolk phosphatidylcholine, and (g) POPC/POP$1.0 mM 7a-OOH, POPC-OOH, or*fC]-
1,2-dioleoylsnglycero-3-phosphoethanolamihelactosyl Ch}/1.0 mM LacPE, where [POPC] varied from 8.0 to 5.0
(LacPE) were obtained from Avanti Polar Lipids (Birming- mM, and [POPS] varied reciprocally from 0 to 3.0 mM (for
ham, AL). Sigma Chemical Co (St. Louis, MO) supplied studying ChOOH, POPC-OOH, and Ch transfer kinetics in
the antimycin A, butylated hydroxytoluene (BHT), nonra- relation to SUV negative charge); acceptor membranes in
dioactive Ch, Chelex-100 (50100 mesh), carbonyl cyanide this case were from a stock 9.5 mM POPC/0.5 mM POPS
m-chlorophenylhydrazone (CCCP), desferrioxamine (DFO), LUV preparation; and (h) 0.79 mM POR®.20 mM
dicetyl phosphate (DCP), B;8ithiobis (2-nitrobenzoate) [*C]70-OOH or [*C]7a-OH (20 nCi/mL}/0.01 mM DCP
(DTNB), dithiothreitol (DTT), fatty acid-free bovine serum  (for studying the damaging effects o&t¥OOH vs t-OH
albumin (BSA), 3-morpholinopropanesulfonic acid (MOPS), transfer to mitochondria). The net negative charge imposed
rotenone, succinic acid, aridicinus communiggglutinin by DCP 1 mol %) inhibited any membrane fusion and
(RCA120 or RCA-I). Aluminum phthalocyaninedisulfonate fostered SCP-2 binding. The aqueous phase for all liposome
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preparations was PBS that had been Chelex-treated to removéransfer rates were calculated from first order decay data,
metal ions that might otherwise catalyze LOOH turnover or total minus background rate giving the net SCP-2-enhanced
generation. Stock suspensions were stored under argon at 4ate. One unit of activity is defined as the amount of protein
°C and used experimentally within-3 days. translocating 1 nmol of Ch per min. Stock preparations of

Erythrocyte Ghost Preparatiotduman erythrocyte ghosts  bovine and human recombinant SCP-2 typically exhibited
were prepared as describe®) @nd stored in PBS/DFO/  specific activities of 5-10 units/mg of protein and 225
EDTA under argon at £4C. Total membrane protein was units/mg of protein, respectively.

determined by Bradford assa$9), and total lipid molar Membrane Photoperoxidatioferythrocyte ghosts or egg
concentration was calculated from the known lipid/protein PC/“C]Ch/DCP SUVs were subjected t,-mediated
mass ratio and overall lipid composition (wt %30j. For photoperoxidation using AlPge&s a sensitizerl({). Ghost

measuring transfer of unoxidized Ch and PC, ghosts weremembranes [1.0 mg of protein/mL (0.56 mM Ch and 0.67
labeled with [“C]Ch and F‘C]JPOPC simultaneously, as mM PL in bulk suspension)] were sensitized with 20
described 9). Any lipid autoxidation during labeling incuba-  AlPcS,;, transferred to a thermostated beaker af@5and
tion was negligible. irradiated from above, using a quartz-halogen light source
Preparation of MitochondriaMouse liver mitochondria  (fluence rate~150 mW/cn?) and gentle magnetic stirring.
were prepared by differential centrifugatid@ilf and further SUVs were photoperoxidized similarly at°€. ChOOHs
purified on a sucrose gradient, as describ@®).( The and PLOOHs accumulated linearly with increasing light
recovered mitochondrial fraction was washed with and fluence in both membrane systems, the respective rates for
resuspended in isolation buffez3) lacking EGTA. Protein ghosts being-2 and~8 uM/min. Thus, 20 min of irradiation
concentration was determined by Bradford asdgd), (and produced~40 uM total ChOOH (7% of starting Ch) and
molar concentration of total lipid was calculated using the ~160 uM total PLOOH (24% of starting PL) in ghost
known protein/lipid mass ratio and the overall lipid composi- suspensions. HPLC-EC(Hg) analysis indicated that the
tion (wt %) (23). Mitochondria were used experimentally ChOOH was typically apportioned as70% 5-OO0H, 10%
within 2 h after preparation. 60-O0H, 15% @-O0H, and 5% @/75-O0H, while the
Preparation and Characterization of SCPRovine liver PLOOH was apportioned as45% PCOOH, 41% PEOOH,
SCP-2 was prepared as describ24) (with slight modifica- and 10% PSOOH, SMOOH~4%) being barely resolved
tion (K. W. A. Wirtz, personal communication). Upon SBS  from PCOOH. Peroxidized ghosts were washed twice with
PAGE analysis, the isolated protein appeared as a single band®BS/DFO to remove any fragmented membranes and used
with M; ~13 kDa, in agreement with reported values for immediately in transfer experiments.
SCP-2 (2, 13). Amino acid analysis carried out at the Experimental Transfer ConditionSCP-2-enhanced trans-
Protein/Nucleic Acid Core Facility at this institution revealed location of Ch and ChOOH was examined initially, using
the following N-terminal sequence: SSSVDGFKANLVFK- photoperoxidized SUVs as donors and erythrocyte ghosts as
EIEKKL, which is identical to the known sequence for acceptors. Transfer incubation was carried out in the dark
bovine SCP-2%5). Incubation of a dialyzed protein sample to avoid any further photoperoxidation by SUV-associated
with a 10-fold molar excess of Ellman’s reagent (DTNB) AIPcS,. A typical reaction mixture (2.0 mL) contained
for 30 min in PBS at 37C, followed by A1, measurement  peroxidized egg PCHC]Ch/DCP (50:40:1 by mol) SUVs
(26), revealed a cysteine thiol content of 0.950.05 mol/ (0.06 mM total lipid; ~23 uM Ch and 4uM ChOOH),
mol of protein, in agreement with a published val@&)( unoxidized ghost membranes (0.6 mM total lipid), bovine
Concurrent with thiol oxidation by DTNB, there was®0% or human recombinant SCP-20.5 unit/ mL), and BHT
loss of E4C]Ch transfer activity, consistent with earlier evi- (10uM) in PBS/DFO/EDTA at 37C. A mixture containing
dence 26); both effects were substantially 70%) reversed  everything except SCP-2 was prepared alongside for assess-
by incubation with 1 mM DTT for 30 min. The purified ing background (spontaneous) translocation. BHT, a chain-
bovine protein, quantified by Bradford assa@), was stored breaking antioxidantl, 2), was included with DFO and
at —20 °C in 10 mM potassium phosphate buffer (pH 6.8) EDTA to further reduce the possibility of new LOOH
containing 0.1 mM DFO, 5 mM DTT, and 50% glycerol. formation during transfer incubation; neither BHT nor its
Recombinant SCP-2 was prepared as described previouslyethanol vehicle had any significant effect on transfer kinetics
(27), using anEscherichia colistrain bearing a plasmid (8). Reactions were carried out in 10 mL Pyrex tubes inserted
encoded for the 13.2 kDa human protein (kindly provided into a thermal block and capped with glass marbles. At
by F. Schroeder, Texas A&M University). The purified various time points up to 2 h, a 0.1 mL aliquot from each
protein was stored at20°C in 10 mM potassium phosphate mixture was transferred to a microfuge tube, diluted with
(pH 6.8)/0.5 mM EDTA/1 mM DTT/50% glycerol. Im-  an equal volume of ice-cold PBS to quench transtgrgnd
mediately before being used in transfer experiments, stockcentrifuged at £C. A 0.1 mL aliquot of the SUV-containing
SCP-2 solutions were dialyzed against PBS/DFO/EDTA at supernatant was adjusted to 0.25 mL with PBS/1 mM EDTA
4 °C to remove interfering DTT and glycerol. and extracted with 0.4 mL of chloroform/methanol (2:1 by
SCP-2 specific activity was assessed in terms of enhancedvol) (17). For determining ChOOH or Ch in the entire
[*C]Ch transfer from eggPCAC]Ch/DCP (5:4:0.1 by mol)  system, matching samples were extracted without centrifuga-
SUVs to ghost acceptors in 10-fold lipid molar excess. tion—separation of the membrane components (typically at
Incubation in PBS/DFO/EDTA at 37C was carried out in  the beginning, middle, and end of an incubation). A 0.2 mL
the absence and presence of SCP-2 (typical®p ug/mL). aliquot from each organic phase was dried undegr ahd
Samples were recovered periodically peel hperiod and recovered material was stored-a20 °C prior to analysis
centrifuged, and residualC]Ch in the supernatant (SUV) of [**C]Ch and }*C]ChOOH by HPTLC-PI. Since individual
fraction was determined by scintillation counting. Initial ChOOH isomers are not well-resolved by HPTLT 8),
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translocated material measured by this approach represented For studying SCP-2-mediated peroxide transfer to mito-
the overall ChOOH population. Ghost membranes were alsochondria and its damaging consequences, the reaction system
used as acceptors in experiments that examined Ch anctonsisted of POPCC]7a-OOH/ DCP (80:20:1 by mol)
ChOOH or PL and PLOOH transfer as a function of SCP-2 SUV donors (0.06 mM total lipid), freshly isolated liver
concentration, SUV hydroperoxide concentration, or degree mitochondria 0.6 mM total lipid), and recombinant SCP-2
of SUV PL unsaturation. General reaction conditions were (50 ug/mL; omitted for spontaneous transfer measurement)
similar to those described previously for a single starting in MS buffer [Chelex-treated 200 mM mannitol/50 mM
concentration of SCP-2 and ChOOH or Ch. sucrose/5 mM KHPQOY/5 mM MOPS (pH 7.2)]. A control

The ability of SCP-2 to facilitate LOOH transfer was also SYSt€m using'fC]7a-OH instead of {C]7a-OOH in donor -
studied using photoperoxidized ghosts as donors and SUVsSYVS was set up similarly. Timed samples recovered during
as acceptors. A typical reaction mixture contained peroxi- ransfer incubation 37C were centrifuged at 16 0gor 1
dized ghosts (0.25 mM lipid), DMPC/DCP (100:1 by mol) min to_ pellet m|_tochondr|a. After washl_ng with cold PBS,
SUis 2.omMiid, 1M BT, and recombinantSCP2 15 TSNS 1ere spenin B o FRC T
[~2 unit (50ug)/mL] in PBS/DFO/EDTA. For measurement . : ]
of spontaneous transfer, SCP-2 was omitted. Periodically¥2€d for acquiredfC]7a-OOH or [“C]7a-OH by HPTLC-

during incubation at 37C, aliquots were removed, quenched Pl. Since 6-O0H is WeII-_resoIved from ar_nyo?—OH or 7.ﬂ'
with cold PBS, and centrifuged at . Recovered ghost OH generated by reductive turnovér—(g_), It was p_035|b le
pellets were washed at least twice with PBS to remove to visualize not only the extent to which this might have
residual SUVs, resuspended to 0.25 mL with PBS/1 mM occurred during transfer but also to correct for it in

EDTA, and extracted with 0.4 mL of chloroform/methanol delslermmmg ﬁ-tOfO'\l;li_tUprt]akz k'ra'cs'b Potenfiiil 23
(2:1 by vol). Other details were as described previously for easurement or Mitochondarial Membrane Foten )

SUV donors. Recovered lipid fractions were analyzed for based fluorometric determination of transmembrane potential

remaining ChOOHs or PLOOHs by means of HPLC-EC- (A.lp) was ‘?"?‘”ie.d out by an established procedaa), fwith
(Hg). In this case, individual ChOOH species(®OH, 6u- slight modification. The approach is based on membrane

OOH, §8-O0H, 7o/78-O0H) or PLOOH families (PCOOH potential-driven accumulation of cationic Rh123 by mito-
PEO('JH PSObH) were separated and determined '’ chondria. Concomitantly, the dye’s fluorescence is quenched
' P ' so that an inverse relationship exists between measured

A SUV donor/LUV acceptor system was adopted for fjyorescence intensity and membrane potential. A QM-7SE
studying the effect of negative charge density on SCP-2- scanning spectrofluorometer (Photon Technology Interna-
mediated @-OOH transfer. Separation of SUVs from LUVS  tignal, Ontario, Canada) operating in the photon counting
during transfer incubation was accomplished using a SUV- mode was used for fluorescence detection. Excitation was
specific agglutination procedur@8). Incubation mixtures  set at 503 nm and emission at 527 nm, using 1 nm slits.
typically contained POPC/POPS#-OOH/LacPE (865:063:  Measurements were carried out at &7 in a thermostated
1:1 by mol) SUVs (0.06 mM lipid), POPC/POPS (19:1 by flyorescence cuvette containing 5 mM sodium succinate, 1
mol) LUVs (0.6 mM lipid), 10 uM BHT, and human ;M rotenone, and 0.2M Rh123 in 2.5 mL of AW assay
recombinant SCP-2 (2kg/ mL; omitted for assessing puffer (150 mM sucrose, 20 mM HEPES, 10 mMH®PO,,
spontaneous transfer) in PBS/DFO/EDTA atZl) Reac- 5 mM MgCly,; pH 7.4). Transfer-incubated mitochondria were
tions were carried out at 2€C instead of 37°C to slow rapidly pelleted, washed, and added to the assay medium,
facilitated ©-OOH transfer from negatively charged SUVs giving a protein concentration 6f0.2 mg/mL. The ensuing
and to allow initial rates to be measured more accurately. decay (quenching) of Rh123 fluorescence typically reached
At various time points during incubation, the reaction was ga steady baseline if10 min, at which point the uncoupler
quenched in a microfuge tube by mixing a 26 sample  CCCP (2uM) and respiratory inhibitor antimycin A (M)
with 50 ug of RCAyz0 agglutinin in 10QuL of ice-cold PBS/  were introduced, producing an increment in fluorescence
DFO/EDTA. After a 10 min incubation on ice to allow intensity that reflects the inhereAt (31). DiminishedAW
agglutination of donor vesicles (interaction of RGAand levels of experimental samples are expressed as percentages
LacPE), the mixture was centrifuged (16 @0Q0 min). A of control levels obtained with nontreated mitochondria.
62.5 uL aliquot of the LUV-containing supernatant was  HPTLC-PI Analysis of Radiolabeled Lipidsormal-phase
brought to 0.25 mL with cold PBS/1 mM EDTA and high-performance thin-layer chromatography with phosphor-
extracted; @-OOH in the lipid fraction was determined by  imaging radiodetection (HPTLC-PI) was used for monitoring
HPLC-EC(Hg). Effects of negative charge density on SCP- ghost-to-SUV transfer ofC-labeled Ch, POPC, and overall
2-mediated Ch transfer were studied similarly, using SUVs ChOOH. It was also used for tracking transfef4-labeled
that were identical to those described except for the substitu-Ch, 70-OOH, and &-OH from SUVs to mitochondria. High
tion of [**C]Ch for 70-OOH. Preliminary experiments with  performance silica gel plates (10 20 cm; 0.2 mm layer
LUV acceptors labeled with*H]triolein (~2 nCi/mL), a thickness) from EM Science (Gibbstown, NJ) were used. A
nontransferrable lipid29), revealed that acceptor recovery dried lipid extract was dissolved in 26L of hexane/2-
following RCA 0 treatment was at least 95%, as determined propanol (97:3 v/v) and was applied to the plate in a thin
by scintillation counting. Correspondingly, when SUVs and nitrogen stream, using a Linomat IV applicator (Camag
LUVs were added to RCAqimmediately after mixing=<2% Scientific, Wilmington, NC). Separation of Ch from ChOOH
of the [1“C]Ch or 7a-OOH signal was detected in the LUV or 70-OOH from 7-OH was accomplished with benzene/
compartment. Thus, there was minimal cross-contaminationethyl acetate (1:1 v/v) as the mobile phase. Ch and POPC
between compartments, confirming the validity of this were separated by a two-step irrigation proced@yeAfter
approach Z8). development, the plate was analyzed for radioactive species
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using a Storm 860 storage phosphor system with ImageQuant A
4.2 software (Molecular Dynamics, Sunnyvale, CA). Ad- B W W A Ch
ditional details were as described @, 31). '
HPLC-EC(Hg) Analysis of LOOH Specigsigh-perfor- =T 7 T = JChooH
mance liquid chromatography with mercury cathode elec- . :
trochemical detection [HPLC-EC(Hg)] was used for moni-
toring ghost-to-SUV or SUV-to-ghost transfer of individual
ChOOH species or PLOOH families. The basic system
consists of a model 2350 pump (Isco, Inc., Lincoln, NE) 100 —~—o
and a model 420 electrochemical detector (EG&G Instru- ﬁé T o—
ments, Oak Ridge, TN). The detector is equipped with a glass “Q\
capillary that dispenses a hanging mercury drop, which was t 0.50 \B
set at—150 mV versus a Ag/AgCl reference for the analyses C. ?§

0 4 8 20 20(-),. 0 20,
total

—_—

- o

oo
o

described. Data acquisition and processing was accomplished
with EZChrom Elite software (Scientific Software, Inc.,
Pleasanton, CA). Dried lipid samples were dissolved in 25 020
uL of 2-propanol, 10uL being used per chromatographic 0 20 80 120
run. Reverse-phase separation of ChOOHs was carried out

at room temperature, using an Ultrasphere XL-ODS column 1.00r U\EO o
(4.6 x 70 mm; 3um particles) from Beckman Instruments \ o

(San Ramon, CA) and deoxygenated methanol/acetonitrile/ 050 m o
2-propanol/l mM aqueous sodium perchlorate (80:12:9:10
by vol) as the mobile phase. All ChOOH species except 7 0 AT o
and B-OO0H were well-resolved from one another, detection ¢ '
limits being in the 106-200 fmol range. PLOOH separations v\

were carried out using a Supelcosil LC-Neblumn (4.6x 0.10F , , ,
150 mm; 3um particles) from Supelco (Belleforte, PA) and 0 20 40 60
deoxygenated methanol/2-propanol/40 mM aqueous,NaH Time (min)

PQ, (20:10:3 by vol) as the mobile phase. Four major ggyre1: SCP-2-enhanced Ch and ChOOH translocation. Reaction
PLOOH families were resolved with this system: PCOOH, mixtures contained photoperoxidized egg P&JCh/DCP (5:4:
PEOOH, PSOOH, and SMOOH, the latter slightly overlap- 0.1 by mol) SUV donors (0.06 mM total lipid;-33 nCi/mL),

ping with PCOOH. Detection limits were in the 6:3.0 nonoxidized ghost acceptors (0.6 mM total lipid), 0:62.02 unit/

. . mL of bovine liver SCP-2 (7xg/mL) or human recombinant SCP-2
pmol range. Additional details were as report&d15). (25 ug/mL), and BHT (10uM) in PBS/DFO/EDTA. Mixtures

lacking SCP-2 were prepared alongside for determining spontaneous

OLO
—

RESULTS transfer. Starting concentrations of SUV Ch and total ChOOH in
bulk suspension were 22.9 and 3:Bl, respectively. At various
SCP-2-Enhanced Translocation of ChOQ®@etsus Chin time points during transfer incubation at 3T, samples were
initial transfer experimentS, photoperoxidized egg FZ‘CAE removed, mixed with ice-cold PBS to qUenCh further transfer, and

- centrifuged. SUV-containing supernatant fractions were extracted,
Ch/DCP (5:4:0.1 by mol) SUVs served as donors and and organic phases were analyzed for remaining Ch and ChOOH

unoxidized erythrocyte ghosts as acceptors. The ghosts wergy means of HPTLC-PI. (A) HPTLC-PI profiles for bovine SCP-
in 10-fold lipid molar excess, giving them a large advantage 2-mediated transfer at 0, 4, 8, and 20 min. Also shown are a 20
as acceptors. Lipid extracts of SUVs isolated at various times min sample from a system lacking SCP-2 [2J{and samples from
during incubation in the absence or presence of SCP-2 at 37the total (noncentrifuged) reaction mixture at 0 and 20 min. SUV

° . ; lipid analyzed: 2.2 nmol per lane (0, 4, 8, 20, 2Q(min); total
C were analyzed for remaining radiolabeled Ch and ChOOH (SUV + ghost) lipid analyzed: 12.2 nmol per lane (0 and 20 min).

by means of HPTLC-PI. This approach affords an excellent The Jatter samples were scaled down for more accurate measure-
separation of Ch from ChOOHs and other oxidation products; ment of the relative high radioactivity in the Ch band. The upper
however, individual ChOOH species (positional isomers) are tggg int';]he ?hOOH ZOf&e fepretsentst#nf‘lﬂ50|\@dg@|‘é and p- .

i rmer pr minating; wer na repr n
typically not well resolved f_rom one ano_the’lf, ®). Conse- unreslolveed Jeﬁ-%oﬁ)i%n% n—gogﬂ (B)eFircs),t-grderakineti(zpplecz)‘?;a °
quently, the tra.nsfer ber_]awor of the entire ChOOH popula- for Ch transfer and (C) first-order kinetic plots for ChOOH transfer
tion was exam|ned n thIS phase Of the WOI‘k, the adVantagein the absenceq) or presence of bovine SCP-?X or human
being that this could be compared to parent Ch transfer recombinant SCP-24). C, and G denote amount of SUV Ch or
monitored simultaneously in a common reaction system. ChOOH at time zero and time respectively. Means: deviation
Figure 1A shows a representative HPTLC-PI chromatogram of values from duplicate experiments are shown, one of which is

L . . represented in panel A.
depicting the progressive disappearance of Ch and overall
ChOOH from SUVs over a 20 min period in the absence
[20(=)] or presence (©20) of bovine liver SPC-2 (72g/ mostly 6x/65-O0H (32). Separate examination by HPLC-
mL). The starting concentrations of SUV Ch and ChOOH EC(Hg) indicated that the initial ChOOH consistec~of0%
in this experiment were 22.9 and 381, respectively (i.e.,  5a-OOH and 20% 6/64-O0OH (*O, adducts), the remainder
~14% of the original Ch had been converted to ChOOH by being #/75-O0H. Lipid extracts from the entire reaction
photooxidation). Two partially resolved ChOOH bands are system (SUVs, ghosts, and aqueous phase) showed that
seen in Figure 1A, a major one representing@OH and neither the Ch nor the ChOOH band intensity changed over
comigrating ©/75-O0H, and a minor one representing at least a 20 min incubation period. This indicates that no
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Table 1: Kinetic Parameters for Spontaneous and Protein-Enhanced SCP_'Z'med'ated C_:h ar_]d ChOOH transfer (calculated from
Ch and ChOOH Transfer: Comparison of Bovine Liver and Human Starting concentrations in SUVs and corredtadlues) were

Recombinant SCP22 found to be similar (i.e., 30.0 and 25:/h, respectively
K (h-1)P° v (uM h-1)e (Table 1)). Consequently, nearly half of the translocated
protein ch ChooH ch ChOOH sterol in the Figure 1 experiment was ChOOH, notwithstand-

015£002 116L014 3445046 440L052 ing the fact that its starting concentration was 1/6 that of
none . . . . . . . . : :
bSCP-2 1535009 780L270 350L21 296+ 102 Ch. SCP—Z-stlmuIa'geq decay of SUV Ch (F!gure 1B) leveled
hSCP-2 1.38-005 816+114 316+12 31.0+43 off at ~10% remaining sterol after 90 min (not shown).
aCh and total ChOOH transfer from photoperoxidized SUVs to StImUIated.deCay of ChOOH reached the Same.level after
erythrocyte ghosts was monitored; data are from the experiments 00Ut 20 min, with no further change thereafter. This suggests
described in Figure 1. Protein designations: bSCP-2, bovine liver SCP-2that the same equilibrium distribution was reached by both
and hSCP-2, human recombinant SCP-Rpparent first-order rate analytes, the ghost acceptor compartment being greatly

constants determined from the decay kinetics of each analyte populationfayored because of its large pool size relative to the SUV
in the SUV compartment; values for the SCP-2 systems were not compartment

corrected for background (spontaneous) transflmitial transfer rates T ) .
calculated from rate constants and initial concentrations (see Figure SCP-2-Facilitated Transfer of Indidual ChOOH Species

1). Meanst deviation of values from duplicate experiments are shown. and PLOOH FamiliesSinglet oxygen-mediated photooxi-
dation of membrane Ch gives rise to three different hydro-
peroxide species in the following order of abundance: 5
significant further oxidation of Ch or breakdown of ChOOHs OOH > 63-OOH > 60-O0OH (3, 17). Relatively small
with formation of new oxidation products3{) occurred amounts of @- and PB-OOH are usually also observed,
under the redox-inhibited transfer conditions used. One canderiving from allylic rearrangement ofd5OOH or free
surmise from the results shown in Figure 1A that intermem- radical turnover of primary peroxides, includingi-®OH
brane translocation of Ch and ChOOH had occurred and that(3). In follow-up experiments, we reversed the transfer
this was substantially enhanced by SCP-2. No appreciablearrangement, using photoperoxidized ghost membranes as
enhancement was observed when BSA(@bnL) was used  donors and SUVs as acceptors. Also, reverse-phase HPLC-
instead of SCP-2 (not shown), ruling out the possibility of a EC(Hg) was employed, which allowed different ChOOH
nonspecific protein effect. Incubation without ghosts followed positional isomers to be separated and analyzed. As shown
by centrifugation revealed no significant loss of SUV signals in Figure 2A (0 min), peroxidized ghosts contained/ 75-
(not shown), indicating that any aggregation to sedimentable OOH, 5-OOH, 6x-OOH, and #-OO0OH, comprising 19.5,
particles was negligible. Semilogarithmic plots depicting the 42.3, 20.8, and 17.4%, respectively, of the total ChOOH in
time courses of SUV Ch and ChOOH loss in the absence orthis particular preparation. The overall [ChOOH] was 7.4
presence of SCP-2 are shown in Figure 1B,C; the data areuM in bulk suspension, which represents6.5% of the
from duplicate experiments, one of which is represented in starting [Ch]. During a 10 min incubation with DMPC/DCP
Figure 1A. Looking first at spontaneous (background) SUVs in 10-fold lipid excess, there was a progressive
transfer, one sees an apparent first-order decay of Ch (Figuredecrease in peak area for each ChOOH species, which was
1B) and ChOOH (Figure 1C), the rate constant for the latter markedly enhanced by including recombinant SCP-2.4&0
being ~8 times greater (Table 1). Faster spontaneous mL) [Figure 2A; compare 10 min with 10 mir{)]. Analysis
ChOOH transfer was observed previously §) using the of the complete system with SCP-2 present (no separation
reverse membrane arrangement (ghost donors and SUVof donor and acceptor membranes) confirmed that there was
acceptors), but in that casenoon exceededkc, by ~65- no significant peroxide loss under the conditions used [Figure
fold. Whereaskchoon Was approximately the same for both  2A; compare 10 min (tot) with O min]. First-order plots for
donors (cf. Table 1, re8), ke for ghosts was~1/8 that for spontaneous and SCP-2-stimulated ChOOH transfer from
egg PC/Ch/ DCP SUVs, thus accounting for the large ghost membranes are shown in Figure 2B. A single-
difference inkchooHkeh ratios. Looser lipid packing in the  exponential decay was observed for each species, an apparent
much smaller SUVs10) could have facilitated Ch departure equilibrium being reached with-510% of it in the donor
disproportionately over ChOOH departure, thus explaining compartment{20 min for 7/75-O0H). In agreement with
these findings. The effects of SCP-2 on ChOOH versus Ch previous findings &, 9), the rate constants for spontaneous
transfer were examined, using two different types of protein, transfer decreased in the following ordera/75-O0OH >
bovine liver and human recombinant. As shown in Figure 5a-OOH > 60-OOH > 63-O0H (Table 2), which is
1B, both proteins at a standardized activity level of 0.52 units/ identical to the order of decreasing hydrophilicity. Thus,
mL stimulated Ch transfer to approximately the same extent. desorption from donor membranes occurred more rapidly as
Likewise, ChOOH transfer was accelerated to the same peroxide hydrophilicity increased. As shown in Table 2,
degree (Figure 1C), indicating that the recombinant protein SCP-2 increased the rate constants f#GBOH, 60-OOH,
(used in most of the subsequent experiments) was function-5a-O0OH, and @/75-O0H transfer by 1.6-, 2.6-, 4.3-, and
ally equivalent to a natural counterpart. As shown in Table 5.6-fold, respectively. Correspondingly, there was a dispro-
1, ken was increased-10-fold andkcnoon ~7-fold by either portionate increase in the relative rate constants, thg-7
SCP-2. However, the net rate constant for facilitated transfer OOH value, for example, being 8-fold greater than that of
is seen to be-5.2-fold in favor of ChOOH (6.82 vs 1.31  63-OOH for spontaneous transfer but 66-fold greater for net
h™1) (Table 1). Thus, even though the fold enhancement for SCP-2-facilitated transfer. Transfer kinetics based on per-
Ch transfer in the presence of SCP-2 was greater than thabxide acquisition by SUVs was also determined for the
for ChOOH, the absolute (background-corrected) rate con- experiment described in Figure 2. Using this approach, we
stant for the latter was substantially higher. Initial rates of found that the rate constants for net protein-facilitated uptake
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A Table 2: Rate Constants for SCP-2-Mediated Transfer of Ch, PC,
and Various ChOOHs and PLOOHSs between Ghost Membranes and

\ S A 10' (=)

Detector Response

S 10 (tot)
8

"8Se—§_  °B

Liposomes

analyte

k (h™2)p

—SCP-2

+SCP-2

net

ch
63-O0H
60-O0H
50-O0H
70/78-O0H
POPC
PCOOH
PEOOH
PSOOH

0.05+ 0.00
0.55+ 0.05
0.83+ 0.05
2.67+0.19
4.46+ 0.65
0.03: 0.01
0.35+ 0.04
0.40+ 0.04
0.46+ 0.05

0.49+0.01
0.86+ 0.14
2.17+0.20
11.60+ 1.04
24.86+ 2.97
0.76+ 0.15
2.22+0.25
2.98+0.39
2.10+0.18

0.444+0.03
0.31+0.09
1.34£0.21
8.93+ 1.36
20.40+ 4.14
0.73+0.21
1.87£0.35
2.58+ 0.57
1.64+0.24

0.50 ;} &
e |1 ?;\‘}

Ch o L
5a-00H A A

010k v 7.00H v v

a Reaction mixtures for examining protein-facilitated Ch and PC
transfer contained{C]Ch- and [*C]POPC-labeled ghosts [0.25 mM
total lipid; ~30 nCi/mL], DMPC/ DCP (100:1 by mol) SUVs (2.5 mM
total lipid), BHT (10xM), and recombinant SCP-2 (5@y/mL; ~1.0
unit/mL) in PBS/DFO/EDTA at 37C. Concentrations of ghost Ch
10 20 30 20 and total PC in bulk suspension werd 10 and~42 uM, respectively.

Time (min) Mixtures lacking SCP-2 were prepared a_long5|de fqr measuring

spontaneous transfer. Samples recovered during transfer incubation were

FiGURE2: SCP-2-enhanced transfer of Ch and ChOOHSs from ghost centrifuged to separate SUVs from ghosts. The latter were washed and
membranes to liposomes. Reaction mixtures contained photoper-extracted; residuat4C]Ch and F*CJPOPC in the lipid fractions were
oxidized ghosts (0.25 mM total lipid), DMPC/DCP (100:1 by mol)  determined by HPTLC-PI. ChOOH and PLOOH data are from the
SUVs (2.5 mM total lipid), recombinant SCP-2 [x@ (1.02 unit)/ experiments described in Figures 2 and 3, respectiféipparent first-
mL], and 10 uM BHT in PBS/DFO/EDTA. For determining  order rate constantssSD) for the various analytes represent departure
spontaneous transfer, separate mixtures contained everything excefiinetics from ghosts (Figures 2B and 3B). Net rate constants (corrected
SCP-2. Initial concentrations of donor ChOOHs in bulk suspension for spontaneous transfer) are listed in the right column.
were as follows: @/74-O0H (1.45uM), 50-O0H (3.14uM), 60
OOH (1.54uM), and §3-OO0H (1.29uM). At various times during ) )
incubation at 37°C, samples were removed, quenched with ice- increase in transfer rate by SCP-2 was greater for Ch than

cold PBS, and centrifuged. Ghost pellets were washed rapidly with for any of the ChOOH species, nevertheless all of these

cold PBS and extracted. Recovered lipid fractions were analyzed i ;
for various ChOOHs by means of HPLC-EC(Hg). Nonperoxidized STp:gll:sze.xfcoe rp; p:riSIlt:ﬁtﬁ?aoa% h_z(i)do?_:’ea;er endta\gilgce)_s
[C]Ch-labeled ghosts were used for measuring Ch transfer (see( ); xample, B valueé w

Table 2). (A) Chromatographic profiles showing the progressive times greater than that for Ch. Knowing this and the starting
loss of ghost ChOOHSs in the presence-(@ min) or absence [10  concentrations of ghost membrane Ch awnd73-OO0H in
min (—)] of SCP-2. The entire membrane system with SCP-2 the Figure 2 experiment, one finds that the initial rates for
present (ghosts- SUVs) is also represented [10 min (toy)]. Total et SCP-facilitated Ch andd78-OO0H transfer were 49 and
lipid per injection: 3.8 nmol (ghosts); 10.2 nmol (ghostsSUVs). 32 4M/h ivelv. Th h h th .
Peak assignments: (1)78-O0OH; (2) 5t-OOH; (3) 6x-OOH; #M/h, respectively. Thus, even though the starting
and (4) B-OOH. (B) First-order kinetic plots for Ch and ChOOH  concentration of @/73-O0OH was~1.3% that of Ch, its
departure from ghosts in the absence of SCP-2 [Oh %a-OOH initial net rate was only~35% lower due to the much higher
gﬁg Zgg %J/;g-ggg ((3))]] %r pgg%ngﬁdoésggﬁ [%;Qé?gé?niottgd k value. Similarly, &-OOH, the majofO, adduct at~2.8%
, - . 6o~ - ; ;
for clarity. G, and G denote Ch or ChOOH IeveF: at time zero and the Ch concentration, translocated oni0% less rap_ldly.
time t, respectively. Means: deviation of values from duplicate As expected, PLOOHs were also generated during pho-
experiments are plotted. todynamic treatment of ghosts, their overall yield based on
total HPLC-EC(Hg)-measurable LOOH, being greater than
of 66-O0H, 60-O0H, 50-O0H, and &/ 75-O0H were 0.21 that of ChOOH {87 vs ~13 mol %). This difference is
+ 0.03, 1.12+ 0.19, 9.63+ 0.81, and 23.62 6.4 h'! (n consistent with the greater molar content of PLs in ghost
= 2), respectively, which compare well with the values based membranes and the much greater degree of PL unsaturation
on peroxide departure from ghosts (Table 2). This is on averageZ0). Different PLOOH families were determined
consistent with an aqueous transit mechanism of translocationusing recently developed HPLC-EC(Hg) with an amino (LC-
in which desorption from the donor membrane is rate-limiting NH) column Q). As shown in Figure 3A, photooxidized
(20). The effects of SCP-2 on Ch transfer kinetics were also ghosts at initial contact with SUVs (0 min) exhibited three
examined and compared with those of the ChOOHSs. For this, well-separated peroxide peaks representing PCOOH, PEOOH,
ghost membranes were exchange-loaded WA@|Ch using and PSOOH in order of increasing retention time and
SCP-2 but not photoperoxidized before exposing to SUVs; comprising 43.6, 39.1, and 13.4% of total PLOOH, respec-
otherwise, the reaction system was identical to that for tively. Low-yield sphingomyelin hydroperoxide (barely
assessing ChOOH transfer. As shown in Figure 2, Ch detectable immediately after PCOOH) was not tracked. There
spontaneously translocated much more slowly than ChOOHs,was a measurable decrease in each peak area over a 40 min
the rate constant being90-times lower than that ofd77- incubation period with SUVs, which was significantly
OOH, for example (Table 2), which agrees with earlier enhanced by SCP-2 [Figure 3A; compare 40 min with 40
findings with ghost donorsgj. Ch transfer from ghosts was min(=)]. No decrease was observed when SUVs were
significantly slower than from SUVs, as was net SCP-2- omitted (not shown) or when a sample from the entire
stimulated transfer normalized for the same protein concen-reaction mixture was analyzed [Figure 3A, 40(tot)]. Like the
tration (Figures 1 and 2; Tables 1 and 2). Although the fold ChOOHSs, therefore, PLOOHSs were stable under the condi-
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Ficure 4: Effect of increasing donor substrate concentration on

hydroperoxides and radiolabeled parental lipids was examined. The
ot composition of each SUV type varied as follows (by mol): 1.5:
P, \§ 100:1; 3.5:100:1; 6.5:100:1; 16.5:100:1; and 25:100:1. Reaction

V_

1.00r %:%{EZX:X ——x B rate of SCP-2-mediated transfer. Four different types of SUV donor
v \2i§§§ were prepared:{C]Ch/egg PC/DCP {C]POPC/egg PC/DCP o7

0.50 ‘S\g\ + OOH/egg PC/DCP, and POPC-OOH/egg PC/DCP. Transfer of the

010k i mixtures contained SUVs (0.06 mM total lipid), ghost acceptors
' PCOOH O . (0.6 mM total lipid), BHT (10u«M), and recombinant SCP-2 [25
} oo 5§ #g (0.51 unit)/mL] in PBS/DFO/ EDTA at 37C. At various
0.05 ) ) ! ) ) ) ‘ incubation times, transfer was quenched, and SUVs were recovered
0 20 40 60 80 100 120 by centrifugation and extracted. Lipid fractions were analyzed for
Time (min) remaining f*C]Ch (O) or [*4C]POPC @) by scintillation counting

Ficure 3: SCP-2-enhanced transfer of PC, PCOOH, and various and for -OOH (@) or POPC-OOH 4) by HPLC-EC(Hg) [total

. .~ lipid per injection: 0.9 nmol (SUVSs); 2.4 nmol (SUVs ghosts)].
other PLOOHs from ghost membranes to liposomes. Reaction .- ; T
mixtures contained photoperoxidized ghosts (0.25 mM total lipid), Initial concentrations of SUV'FCICh, [“C]POPC, 2-OOH, and

. P POPC-OOH in bulk suspension were 0.9, 2.0, 3.6, 8.4, and 11.9
DMPC/DCP (100:1 by mol) SUVs (2.5 mM total lipid), BHT (10 LR =l 1 £y 9.0 O-
uM), and rec(ombina%/t SC?D-Z [5@9( (1.02 unit)/mE e)xcept f(or M, respectively; radioactivity ranged from 0.05 to 00i/mL.

spontaneous transfer determination] in PBS/DFO/EDTA @7 Initial rates _@i) were determined from these concentrations and the
Initial concentrations of donor PLOOHs in bulk suspension were corresponding departure rate constants (corrected for spontaneous

as follows: PCOOH (22.4M), PEOOH (20.14M), and PSOOH transfer). Mean4: deviation of values from duplicate experiments
(6.9 uM). Ghost membranes were isolated at various time points are plotted.
during transfer incubation, extracted, and recovered lipid fractions

analyzed for PLOOH families by HPLC-EC(Hg). Transfer of . . . .
o ired PC was assceaed sep);trately, uéi'm(jF{g())PC-labeled part by hydrophilicity considerations, the PLOOHs being

ghosts (see Table 2). (A) Chromatographic profiles showing the Similar to one another in this regard but the ChOOHs
progressive decay of ghost PLOOHSs in the preseneet(Omin) differing substantially. Transfer kinetics of ghost PLOOHSs
or absence [40 min-{)] of SCP-2. The entire membrane system were compared with those of a nonoxidized synthetic PL,

with SCP-2 present is also represented [40 min (tot)]. Total lipid exchange-loaded4C]JPOPC. Spontaneous POPC transfer
per injection: 3.8 nmol (ghosts) and 10.2 nmol (ghostSUVSs). - : .
Peak assignments are as follows: (1) PCOOH: (2) PEOOH: and V@S exceedingly slow, the rate constant beiri% that of

(3) PSOOH. The small peak between PCOOH and PEOOH any PLOOH (Figure 3; Table 2) and1% that of &/7p-
represents peroxidized sphingomyelin, which was not monitored. OOH, in agreement with previous finding®) (SCP-2 at the
i(nB)ﬂ::éfgt;zgdnecrepgtSS E%PZO[ES F?ch)j(PPLCOOOngEF))aguErg gam@'é)lhOStS same activity level used for the other analytes increased the
and PSOOH )] or presence of SC-2 [POPG‘I: PCOOH .): POPC rate constant26-fold, but nevertheless the rk_at_alue
PEOOH @), and PSOOHY)]. P, and Rdenote POPC or PLOOH ~ Was lower than that of PCOOH by60% but, surprisingly,
level at time zero and timé respectively. Means values from higher than that of Ch by~65% (Table 2). The latter
duplicate experiments are plotted. suggests a slight preference of SCP-2 for PC over Ch, as
also reported by others38). From starting concentrations
tions used. Semilogarithmic plots of residual ghost PLOOH of ghost PLOOHSs in the Figure 2 experiment, one calculates
against incubation time are shown in Figure 3B. PCOOH, the initial rates of net SCP-2-stimulated transfer for PEOOH,
PEOOH, and PSOOH all exhibited apparent first-order PCOOH, and PSOOH as 51.9, 41.9, and 1aMa/h,
decays with similar rate constants (0-3%45 h'%). When respectively. A relatively low PSOOH level rather than rate
SCP-2 was present at the same activity level used for constant explains the latter value.
assessing ChOOH and Ch transfer, there was a substantial Transfer Rate in Relation to Substrate or SCP-2 Concen-
acceleration of peroxide decay. The kinetics remained tration. Using ghosts as acceptors, we examined SCP-2-
apparent first-order, with rate constants elevated by 4.6-, 6.3-,enhanced transfer as a function of substrate content of SUV
and 7.5-fold for PSOOH, PCOOH, and PEOOH, respectively donors. Four different substrates were tracked at a fixed
(Table 2). These amplifications on average were greater thanprotein level (0.5 unit/mL): 7-OOH, POPC-OOH,C]-
those observed for any of the ChOOH species. Although the Ch, and [*C]JPOPC; each was incorporated into egg PC-
net SCP-2-enhanced rate constant for any PLOOH wasbased SUVs in increasing proportions from 1.5 to 20 mol
greater than that ofd®OOH or §3-O0H, it was substantially ~ %. As shown in Figure 4, net SCP-2-dependent initial transfer
lower than that of 6-O0OH or 7/75-O0H (Table 2). Of rates increased in apparent linear fashion with bulk concen-
special note is the fact that the nketvalues among the tration of each peroxide or parent lipid up to at leasub?
PLOOHs differed by no more than60% (Table 2), whereas  Slopes of the @-OOH, POPC-OOH, Ch, and POPC plots
the corresponding ChOOH values differed by a wide margin (equivalent to first-order rate constants) are 8.34, 2.04, 0.46,
(up to nearly 70-fold). This might be explained at least in and 0.14 h?, respectively. Except for PC versus Ch, this
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Ficure 5: Effect of increasing SCP-2 concentration on rate of 0.75 Se\e —A
protein-mediated transfer. Reaction mixtures contained SUV donors - 5 —
(0.15 mM total lipid), ghost acceptors (1.5 mM total lipid), BHT P. 050 > T @
(10 uM), and recombinant SCP-2 in increasing concentrations up e L \ A ~
to 45ug/mL (0.9 unit/mL) in PBS/DFO/EDTA at 37C. SUVs of Po § ; é
four different compositions were used: egg PC/@GhRJOH/DCP RN
(50:32:8:0.9 by mol); egg PC/POPC-OOH/Ch/DCP (50:8:32:0.9 0.25 v
by mol); egg PCA*C]Ch/DCP (50:40:0.9 by mol); and{C]POPC/
Ch/DCP (50:40:0.9 by mol). Radioactivity dfC]Ch or L*C]POPC , , , , .
was 0.5«Ci/mL. At various time points, SUVs were recovered and 0 10 20 30 40
analyzed for remaining analyte:o7OOH (®) or POPC-OOH 4) . .
by HPLC-EC(Hg) and¥C]Ch (O) or [“C]POPC {) by HPTLC- Time (min)

Pl. Initial rate ¢;) for each analyte was calculated from its departure Figure 6: Effect of donor phospholipid unsaturation on SCP-2-
rate constant and initial concentration. Mean values from duplicate mediated ChOOH and PLOOH transfer. Increasing SUV unsatura-
experiments are plotted. tion was imposed by changing the PL component from DMPC to
POPC and then to egg PC. PL/Ciaf©@OH/DCP (50:32:8:1 by mol)
. SUVs (0.15 mM total lipid) were incubated with ghost acceptors
was the same general trend that was observed with ghos{1.5 mM total lipid) in the absence or presence of recombinant
membranes as donors (Table 2). Thus, protein-facilitated SCP-2 [30ug (0.61 unit)/mL] in PBS/DFO/EDTA at 37C. BHT

transfer of the LOOHs was considerably faster than that of (10 #M) was included to protect against any possible chain
the parent lipids, @-OOH being most favorable. For all four peroxidation. Periodically during incubation, SUVs were isolated
S o by centrifugation and extracted, and recovered lipid fractions were
substrates, includingd?OOH, there was no indication of analyzed for remainingd-OOH by HPLC-EC(Hg) [total lipid per
an approach to saturation kinetics, at least over the concennjection: 2.2 nmol (SUVs); 6.1 nmol (SUV% ghosts)]. (A) First-
tration range studied. order plot for &-OOH decay using different PLs in the absence

; P 0 _ (open symbols) or presence (closed symbols) of SCP-2: DMPC
using SUV donors (gont?énlng@ mol % ?O'Z'Cor (a, A); POPC ¥); and egg PCQ, ®). Transfer of POPC-OOH
POPC-OOH,~44 mol % [“C|Ch, or ~55 mol % [“C]-  fm PL/POPC-OOH/ Ch/IDCP (42:8:40:1 by mol) SUVs was
POPC, we found that transfer was accelerated with increasingexamined in the same way. (B) First-order plot for POPC-OOH

SCP-2 concentration. Kinetic plots were essentially linear decay using different PLs in the absence (open symbols) or presence
up to ~10 ug/ mL for 7a-OOH and up to~45 ug/mL for (closed symbols) of SCP-2: DMPQ\( a); POPC ¥); egg PC
POPC-OOH, Ch, or POPC, the initial rate per unit of SCP-2 (O, @). Means= deviation of values from duplicate experiments
. : . - are plotted.
activity being 3.19, 0.57, 0.27, and 0.09, respectively (Figure
5). These results are consistent with those obtained using
ghosts as donors (Figures 2 and 3; Table 2). The flatteningcorrected) rate constants for the DMPC, POPC, and egg PC
observed in the @-OOH plot above 28:g of protein/mL systems were-4.8, 6.0, and 10.5H, respectively (Figure
(~2 uM) suggests that peroxide available for transfer was 6A), indicating that increasing donor unsaturation also
becoming rate-limiting. Using different donor/acceptor sys- stimulated protein-mediated transfer. POPC-OOH transfer
tems to study Ch exchange, other investigators have reportedvas affected much more dramatically. In this case, the net
that saturation kinetics occurred when [SCP-2] was in the rate constants for DMPC, POPC, and egg PC SUVs were
1-2 uM range @4). ~0.8, 1.4, and 6.3 1, respectively (Figure 6B). Thus, SCP-2
LOOH Transfer as a Function of Donor PL Unsaturation. moved POPC-OOH-7.8 times faster from egg PC than
We asked how varying a physical parameter of the donor DMPC SUVs, whereas it movedxOOH only ~2.2 times
membrane, viz. degree of PL unsaturation, would affect SCP- faster. A possible explanation for this difference is that SCP-2
2-mediated LOOH transfer. Increasing donor PL unsaturation might bind an LOOH not only on the donor membrane but
is known to boost both the spontaneod$)(and protein- also in the aqueous compartment. The former mechanism
facilitated @3) transfer rate of Ch. To study this for LOOHs, might have been more important for POPC-OOH and the
we used saturated DMPC, monounsaturated POPC, andatter for 7.-OOH, which is more hydrophilic.
polyunsaturated egg PC SUVs containing@OH or POPC- Transfer Rate as a Function of Donor NegatiCharge.
OOH as the analyte. There was a small, yet progressiveSCP-2 has an N-terminal-helical segment of~30 amino
increase in the spontaneous-OOH transfer rate on going  acids that contains 1/3 of the protein’s lysyl residues, displays
from DMPC- to POPC- (not shown) to egg PC-containing amphiphilicity, and reportedly serves as a membrane binding
SUVs (Figure 6A), suggesting that desorption was favored domain (2, 35). Previous studies showed that SCP-2-
by increasing PL unsaturation. A similar small effect was catalyzed Ch transfer is dramatically enhanced by increasing
apparent for POPC-OOH (Figure 6B). As expectedQOH the net negative charge of donor or acceptor membrane with
transfer was accelerated by SCP-2. The net (background-phosphatidylserine3@). We adopted a similar approach in
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14 FA a maximum of~85% above background at 10 mol % POPS
.l (Figure 7B). These results are consistent with a model in
}— —— } which electrostatic interactions between positively charged
10 f / } residues near the SCP-2 N-terminus and anionic PL groups
&9 on the membrane surface play a key role in protein binding
< and substrate acquisitioiZ, 34, 35). However, the order
= 8r of responsiveness to increasing membrane negativity(Ch
£ B ' ' ' POPC-OOH> 7a-OOH) qualifies this by suggesting that
i 12 f %— —1 SCP-2 has an increasing tendency to bind in the aqueous
> / } compartment as analyte hydrophilicity goes up (cf. preceding
10r } section).
Effect of @-OOH Transfer Uptake on Mitochondrial
08 | Membrane PotentiaSCP-2 plays a key role in Ch trafficking
05 § . . and in adrenocortical cells has been implicated in Ch

transport from endoplasmic reticulum to mitochondria for
steroid hormone synthesis3@). Under oxidative stress
conditions, SCP-2-mediated transfer/exchange of ChOOHs
and other LOOHs might exacerbate oxidative damage in a
target organelle (e.g., mitochondrion). We tested this on a
model system consisting ofC]70-OOH-bearing SUVs and
isolated mouse liver mitochondria. Two parameters were
0 10 20 30 examined: (i) HPTLC-Pl-assessed kinetics of spontaneous
POPS (mol %) and SCP-2-stimulated uptake &f¢]7a-OOH by mitochon-

FicURe 7 Effect of increasing donor negative charge on SCP-2- dria and (ii) effect of peroxide acquisition on mitochondrial
facilitated transfer of @-OOH (A), POPC-OOH (B), and Ch (C).  membrane potentialA'¥), as detected with Rh123. SUVs
Reaction mixtures at 26C contained SUV donors (0.06 mM total ~ Containing redox-inactive!{C]7a-OH were evaluated simi-
lipid), LUV acceptors (0.6 mM total lipid), recombinant SCP-2 (20 larly. As shown in Figure 8A, a-OOH translocated spon-

/Sgﬁ (0-4t1 umt)/mt!_), ande ngiéé%tmgénpggg/gggﬁ?TA- taneously to mitochondria, and the rate of uptake was
ifferent preparations of Lac scon- P ) : .

taining 10 mol % each of LacPE and-OOH, increasing amounts Inzrlegsedlsgggngllcaztly_ b){)ISCPdZVQ._ unlt/me(,)grl)_'pare;k
of POPS (0, 5, 10, 20, and 30 mol %), and compensatory decreasing~++-° VS LY. ). A sizable reduction of &- to /-
amounts of POPC (80, 75, 70, 60, and 50 mol %) were used. POPC/OH and B-OH was revealed by HPTLC-PM10% at 2 min;
POPS (95:5 by mol) LUVs were used as acceptors. Similar ~30% at 5 min), and this was corrected for in the plots.
experiments were carried out with LaCPE/POPC-OOH/POPC/POPS7(1_00H reduction was neg||g|b|e when ghost membranes

and LacPE/J*C]Ch/POPC/POPS SUVs, where replacementoof 7 . . : :

OOH by POPC-OOH (10 mol %) 0fCICh (10 mol %, 0.5.Cif were substltute_d for mltochondrla as acceptors, suggesting
mL) was the only change. At various incubation times, samples that the loss did not occur in transit but rather via one-
were quenched in ice-cold PBS/DFO/EDTA containing R&40.5 electron and/or possibly two-electron turnover within the
mg/mL). After 10 min, aggregated donor membranes were removed mitochondria 8). Flattening of the spontaneous and protein-
by centrifugation. Recovered acceptor membranes were extractedgtimulated uptake curves after 5 min (Figure 8A) is attributed

and lipid fractions were analyzed fo¥*C]Ch (O) by scintillation - E :
counting or for 5-OOH (@) or POPC-OOH &) by HPLC-EC- to slower undefined other losses ai-DOH, which could

(Hg) [total lipid per injection: 0.2 nmol (SUVs) and 2.4 nmol ~Not be corrected for. &-OH was also taken up by mito-
(SUVs + LUVs)]. Initial transfer rates as a function of POPS chondria, and SCP-2 greatly accelerated this (Figure 8B;
content are plotted; data points are means from duplicate experi-apparentk ~13.9 vs 2.3 h%). Unlike 70-OOH, 70-OH
ments. accumulated in stable fashion over at least a 10 min period,
which accounts for the continuous linearity of the preequi-
attempting to further characterize SCP-2-mediated LOOH librium plots in Figure 8B. In the presence of SCP-21(
translocation. A SUV donor/ghost acceptor system gave unit/mL), mitochondria accumulate@+7OH about one-third
inconsistent results in initial experiments and was replaced as fast as @-OOH. Although these uptake rates were not
with a dual liposome (agglutinable SUV donor/LUV accep- identical, ©-OH still served as a reasonable control for
tor) system 28). In addition to the analyte of interest (10 assessing any redox-related effects@fGOH on membrane
mol %), donor membranes contained LacPE (10 mol %), potential. Incubation of mitochondria withbZOOH-SUVs
POPC (80— 50 mol %), and POPS (6~ 30 mol %). alone resulted in a slow decreaseAW capacity relative to
Agglutination with RCA, under the conditions described that of untreated mitochondria, which amounted-&%6 after
consistently resulted in at least 95% recovery of LUVs from 10 min (Figure 8C, Table 3) angd35% after 25 min (not
SUVs with <2% contamination of the latter. As shown in shown). When SCP-2 was included, there was a more
Figure 7A, the initial rate of SCP-2-catalyzed-DOH dramatic dose- and time-dependent decreagelinthat, at
transfer increased19% upon elevating SUV POPS from 0 50 ug of protein/mL, dropped te~24% of the untreated
to 5 mol %. Further elevation of POPS content up to 30 control level after 10 min (Figure 8C, Table 3). Identical
mol % had no additional effect. By contrast, the rate of incubation with &-OH-SUVs produced only a 15% drop
protein-catalyzed Ch transfer increased80% on going in AW, whereas no change was observed when Ch was
from 0 to 10 mol % POPS and remained constant thereaftersubstituted for @&-OOH or 7o-OH (Table 3). Supplemental
up to 30 mol % (Figure 7C). POPC-OOH transfer also iron in the form of the lipophilic chelate Fe(HQJ2 uM,
accelerated with increasing negative charge density, reachingntroduced 5 min before c#OOH-SUVs and SCP-2 at 50
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Table 3: Comparative Effects of SCP-2-TranslocatedOOH, 70-OH, and Ch on Mitochondrial Membrane Poteritial
membrane potential (%)

7a-O0OH 7a0-OH Ch
SCP-2 ftg/ mL) 2 min 5 min 10 min 2 min 5 min 10 min 10 min
0 100 99 94.5 100 105 99 hd
25 83.5+ 3.8 69.9 nd 95.9 92.5 nd nd
50 69.3 66.8+ 6.9 23.7 85.2- 2.1 90.8+ 4.9 82.1+ 3.5 104
50¢ nd nd 14.8 nd nd 80.3 nd

@ Mitochondria ¢-2.8 mg of protein/mL in MS buffer) were incubated with-DOH- or 7-OH-containing SUVs in the absence or presence of
SCP-2 (25 or 5@ig/mL) for 2, 5, and 10 min (cf. Figure 8). A 10 min incubation with SUVs containing Ch instead-@®@H or 7-OH was also
carried out. Measurements of membrane potential were then performed as described in PigleenBrane potential is represented as a percentage
of the control value (no sterol exposure). Where indicated, meatfesviation of values from duplicate determinations are shéwd, not determined.
dThese mitochondria in MS buffer were treated witlI2 Fe(HQ) for 5 min at # C before exposure too?OOH- or 7-OH-bearing SUVs.

~ 1.00F 3 A|10fego B the small effect observed witho#OH-SUVs plus SCP-2
(.38 0.50¢ \E\Q o 0.50¢ 5 (Table 3). These results are consistent with a mechanism in
e i \ which iron-catalyzed one-electron reduction of SCP-2-
o \ translocated @-OOH induced damaging chain peroxidation
o8 008 R | e in mitochondrial membranes, thus impairing’ generation
0 5 10 0 5 10 and other key functions.
Time (min)
I c DISCUSSION
40 . We have shown that relatively rapid LOOH movement
v from one membrane to another can be further enhanced by
2> %0r ‘ SCP-2, a nonspecific lipid translocatdr{-13, 24, 25). This
g ,\ / 5— is the first reported evidence for SCP-2 acting in this capacity.
£ 20f i\ 43 When normalized for units of activity, beef liver and human
- %f recombinant SCP-2 accelerated ChOOH transfer to the same
10} -~ extent, giving net first-order rate constants for individual
‘ . . ‘ species that decreased in the same order as observed for
0 4 8 12 background transfer, viz.ca778-OOH > 50-O0H > 6a-
Time (min) OOH > 68-O0H, whereas the backgrouikdvalue for the

FIGURE 8: SCP-2-enhanced transfer uptake @f@OH or 70.-OH most hydrophilic species,a775-O0H, was 8 times greater
by mitochondria: effects on transmembrane potential. Mouse liver than that for the least hydrophilic5600H, and the nek
mitochondria (2.84 mg of protein/ mL:-0.6 mM lipid) were — wjth SCP-2 present was nearly 70 times greater. As
incubated with POPCHC]7a-OOH/DCP (80:20:1 by mol) SUVs o4 1ated earlier7 8), the rate of peroxide desorption from

(0.06 mM lipid; ~25 nCi/mL) in the absence or presence of - o . .
recombinant SCP-2 (5@g/mL) in MS buffer at 37°C. At various a donor membrane should increase with increasing polarity,

times, mitochondria were recovered and extracted, and lipid thus producing a larger aqueous transit pool with faster
fractions were analyzed fof{C]7a-OOH and its reduction product  uptake by an acceptor. SCP-2 could further promote transfer

[**C]70-OH by means of HPTLC-PI; lipid load per lane: 22.2nmol  py hinding and delivering these transit species, although other
(mito); 12.2 nmol (mito+ SUVs). Transfer incubation of mito- y g g b ' d

chondria with POPCHC]7a-OH/DCP (80:20:1 by mol) SUVs and mechanisms are possible. A kinetic trend similar to the one
subsequent analysis was carried out similarly. (A) First-order kinetic that we describe for ChOOH isomers has been reported for

plot for 70-OOH acquisition in the absenc®) or presencex) of nonperoxide Ch oxidation products. Thus, initial rates of net
SCP-2. (B) First-order plot for'{C]7a-OH acquisition in the  SCP-2-enhanced transfer from lipid monolayers to bilayer
absence®) or presence/) of SCP-2. Mean values from duplicate vesicles increased in the order Gh 7-ketocholesterok

experiments are plotted in panels A and B. (C) Rh123 fluorescence L
traces reflecting the effect of transfer-acquiredt@GOH or 7a- 7o-hydroxycholesterol= 25-hydroxycholesterol, which is

OH on mitochondrial membrane potential. This was examined also the order of increasing hydrophilicity of these species
alongside translocation, using the same incubation conditions, but(37).

with nonradiolabeled sterols. In each case, mitochondria were added Jsing SUVs as donors, we examined the effects of varying
to AW assay buffer containing 5 mM sodium succinate,N analyte content and protein concentration on SCP-2-

rotenone, and 0.2M Rh123 at 37°C, giving 0.2 mg of protein/ L
mL (solid arrow). After a baseline was attainedi each of cccp  facilitated transfer. For @-OOH, POPC-OOH, and the

and antimycin A was introduced (dotted arrow) to deenergize and corresponding parent lipids, apparent first-order rate constants
uncouple the mitochondria, thus allowing¥’ to be measured.  for net protein-enhanced transfer increased in the following
Tested mitochondrial samples were as follows: (c) control (not grder: POPC< Ch < POPC-OOH< 70-OOH. A linear

Erze)altgdm\?gtcvitshuz\i-soﬂ-gg\ljé?;S(cl:)P-lzo- ggnzvmwﬁtﬁg%%\ﬁ relationship was observed between initial transfer rate and

SUVs+SCP-2; (4) 5 min with @-OOH-SUVs+ SCP-2; and (5) ~ Increasing peroxide concentration up to A® with no
10 min with -OOH-SUVs+ SCP-2. indication of incipient saturation (Figure 4). Saturation may

not have been evident because the highest applied molar
ug/mL) exacerbated the loss of¥, bringing it to 15% of excess of substrate over SCP-2 was onfi¢fold. Moreover,
the control level after 10 min (Table 3). On its own, Fe- the large excess of competing SUV lipid (i.e., egg PC) would
(HQ)s had no significant effect oAW, nor did it intensify have limited the amount of SCP-2 available to- @OH, for
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example, thus requiring higher competing levels of the that the increased hydrophilicity and faster desorption of
peroxide to approach saturation kinetics. However, we were these species would make their aqueous pool concentrations
reluctant to exceed 25 mol % (12M in bulk) for either significantly greater than those of parental lipids. We
peroxide because of possible problems with membrane postulate that protein-enhanced LOOH transfer occurs via
stability. That SCP-2-facilitatedoa#OOH transfer from SUVs ~ some combination of membrane- and aqueous phase-based
to ghosts showed saturation with respect to protein concen-binding, the relative importance of the latter increasing with
tration above~2 uM (Figure 5) could be explained by either LOOH hydrophilicity. In keeping with this idea is our recent
of two factors becoming rate-limiting: availability of hy- evidence that SCP-2 can bind®OH under membrane-
droperoxide or availability of SCP-2 binding sites on the free conditions (A. Vila and A. W. Girotti, unpublished
donor membrane. In contrast, neither POPC-OOH, PC, norobservation). Additional support derives from the experi-
Ch transfer exhibited saturation kinetics over the [SCP-2] ments in which donor membrane unsaturation or negative
range studied. Thus, a maximal desorption rate was reachedharge density was varied. In agreement with earlier findings
at a much lower SCP-2 concentration far-OOH than for based on Ch exchang&3 34), we found that SCP-2-
the other substrates. It is curious that for Ch or dehydroer- mediated @-OOH and POPC-OOH transfer could be ac-
gosterol exchange34), saturation kinetics were observed celerated by increasing the degree of donor PL unsaturation
when SCP-2 reached-2 uM, whereas we saw no evidence (Figure 6). However, the net rate increments on switching
of this in our system. Differences in vesicle preparation might from saturated to monounsaturated to polyunsaturated PL
possibly account for this discrepancy, sonication being usedin SUV donors were much greater for POPC-OOH than for
previously 84) and extrusion under redox-inhibited condi- 7a-OOH. Of added interest, net Ch transfer under similar
tions being used in this work. Sonication might have reaction conditions (cf. Figure 6) was even more responsive
unknowingly converted significant amounts of sterol to to increasing unsaturation than POPC-OOH transfer (results
peroxides and/or other oxides, and this could have biasednot shown). Thus, net transfer sensitivity to increasing
kinetic measurements to some degree, decreasing the saturamsaturation decreased in the following order: *XROPC-
tion point with SCP-2, for example (cf. Figure 5). OOH > 7a-OO0H, which is diametrically opposite to the
Several possible mechanisms by which SCP-2 facilitates order of decreasing hydrophilicity. Transfer sensitivity to
transfer of parent (nonoxidized) lipids have been proposed increasing membrane negative charge decreased in the same
(12, 37, 38). One of these suggests that SCP-2 enhancesorder for these analytes (Figure 7). Taken together, these
translocation by binding to donor/acceptor membranes andresults are consistent with the proposed model, viz. mixed
nonspecifically lowering the dissociation/association energy on- and off-membrane binding by SCP-2, the latter becoming
of lipid monomers 7). Actual lipid binding by the protein  more important with increasing peroxide hydrophilicity (i.e.,
is not necessary according to this model. However, other concentration in the aqueous compartment).
studies have indicated that SCP-2 has a binding site for Ch Using 7a-OOH-bearing SUVs as donors and isolated liver
(39, 40) as well as PL41) and that alkylation of the cysteine  mitochondria as targets, we showed that SCP-2 can exac-
residue in this site withN-ethylmaleimide or mersalyl erbate transfer-dependent peroxide toxicity, as evidenced by
abolishes both binding and transfer activiy?). It appears, the loss of AW (Figure 8). By contrast, Ch- ord?OH-
therefore, that enhanced transfer cannot be explained by SCPeontaining SUVs had little, if any, effect ohW, consistent
2-membrane interaction alone but that lipid binding by the with 70-OOH activity being redox related. Like other
protein is also necessary. Any of the following mechanisms LOOHs, %-OOH is susceptible to iron-catalyzed one-
(120 might satisfy these requirements: (i) electrostatic electron reduction, which can trigger membrane-damaging
interaction between SCP-2’s positively charged N-terminal chain peroxidation reaction$,(31). Such reactions could
domain and the negatively charged donor membrane surfaceaccount for the observed decreaseA¥. In support of this
followed by lipid binding, desorption of the protettipid mechanism was the stimulatory effect of lipophilic iron
complex, and diffusion as such to the acceptor membrane;(Table 3) and the conversion of incoming-DOH to 7o-
(i) formation of a lipid-SCP-2 complex as in (i) but OH, although two-electron reductive detoxification catalyzed
dissociation of the latter after desorption, resulting in faster by GPX4 @) might have accounted for some of the latter.
transfer due to a larger aqueous pool of free lipid; and (iii) GPX4 is the only GSH-dependent selenoenzyme known to
transient complex formation in which SCP-2 increases the detoxify ChOOHs ). In our system, this activity would have
lipid desorption rate without necessarily leaving the mem- been overwhelmed by SCP-2-accelerated peroxide uptake,
brane itself. Possibilities (ii) and (iii) are supported by leading to the observed peroxidative stress damage. The
evidence that SCP-2 is still effective when donor and model described has physiological implications in relation
acceptor compartments are separated by a protein-impermeto steroidogenesis. For adrenocortical cells, the rate-limiting
able dialysis membrand?). On the other hand, it has been step in steroid hormone synthesis is Ch translocation from
reported 84) that SCP-2-dependent Ch transfer is acceleratedthe outer to inner mitochondrial membrane, as mediated by
with increasing acceptor and donor negative charge, sug-steroidogenic acute regulatory (StAR) prote#8)( It has
gesting, as in mechanism (i), that protein interaction with been postulated that SCP-2 plays a crucial role in replenish-
both membrane compartments is necessary for optimaling StAR-depleted outer membrane Ch from various intra-
transfer. Since SCP-2 binding of Ch and PL analogues in cellular sources, including plasma membrane and lipid
the absence of membranes has been demonstiz@edq), droplets 86). Accordingly, if oxidants target the plasma
similar binding of spontaneously desorbed lipids might membrane, where Ch is concentratdd)( SCP-2 might
provide an additional pathway for facilitated uptake by move ChOOHs adventitiously to mitochondria, thereby
acceptor membraned?). This route could be important in  disseminating stress damage if detoxification capacity is
the ChOOH and PLOOH transfers that we describe, given inadequate. &OOH is of special interest in this regard
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because it is reduced more slowly by the GSH/GPX4 system
than any other known LOOH4#). Other scenarios can be
imagined, e.g., LOOH transfer from oxidant-stressed mito-
chondria to the nucleus, where DNA damage might ensue.
We have focused on the cytopathologic potential of LOOH
transfer, but there could be beneficial alternatives. For
example, movement to subcellular sites where GPX4 or other =
antioxidants are more abundant might provide a means for
more efficient LOOH detoxification®, 8). Thus, LOOH
translocation might have a prooxidant or antioxidant out-
come, depending on the circumstances. A question arises asq,
to whether SCP-2-bound LOOHSs might be insulated against
one-electron turnover that could damage the protein. Al-
though this has not been checked, a recent report indicated
that SCP-2 can protect a bound fatty acid analogue against 13
oxidative attack by HO.-derived hydroxyl radical 45).
Similar sequestration of LOOHs would enhance their life-
times in transit, thus favoring prooxidant or antioxidant
turnover upon delivery.

In summary, we have shown that SCP-2 can promote
ChOOH and PLOOH intermembrane transfer with potentially
cytotoxic consequences. Whether other lipid transfer proteins
(46) in cells or plasma can also shuttle these hydroperoxides
is presently unknown. Under appropriate conditions, protein- 16.
facilitated translocation could greatly expand a LOOH'’s
range of cytotoxic or effector action, a possibility that has
not been well-recognized up to now.
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