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Abstract. The mechanism of phosphatidylserine (PS)creased. Respiratory mitochondrial activity modulated
movement from donor membranes into rat brain mito-the association of MAM and mitochondria, triggering a
chondria was investigated. Mitochondria were incubatednechanism that allowed the transport of PS across the
with liposomes and subjected to density gradient ceneuter mitochondrial membrane.

trifugation. The energized state was monitored by flow

cytometry measuring the fluorescence of membranexey words: Phosphatidylserine translocation — Phos-

potential-sensitive rhodamine-123 dye. Mitochondriaphatidylserine decarboxylase — Mitochondria and phos-
density decreased upon increase of the respiratory ratghatidylserine import

as a consequence of their association with liposomes.

After interaction of mitochondria with*C-PS containing
liposomes,**C-PS became a substrate of PS decarboxintroduction
ylase, as monitored by the formation 8iC-phospha-

tidylethanolamine (PE), indicating translocation'6€-  Fluorescent lipid analogues and radiolabeled phospho-
PS to the inner membrane. The kinetics"0€-PE for-  |ipid precursors have been used to illustrate an intense
mation showed a high rate upon addition of ADP, malateintracellular phospholipid movement between mem-
and pyruvate (state 3) compared to control (state 1). Irbranes. This trafficking is a consequence of the biosyn-
state 3,'"C-PE formation decreased in the presence ofhetic origin of phospholipids which are mainly synthe-
NaN;. Mitochondria-associated membranes (MAM) aresized at the endoplasmic reticulum level, thus compelling
the major site of PS synthesis. However, their role in thenewly formed molecules to move towards membranes
translocation of PS to mitochondria has not been comfor assembly or phospholipid remodeling.
pletely elucidated. A crude mitochondrial fraction,\P Several models have been proposed in which lipids
containing MAM, synaptosomes and myelin was prela-are translocated intracellularly between membranes
beled with**C-PS and incubated in different respiratory (Trotter & Voelker, 1994): (i) transport through phos-
states. At a high respiratory rate, low-density labeledpholipid exchange/transfer proteins, (i) vesicle-mediated
mitochondria, whose band overlaps that of synapto+transfer whereby vesicles bud from the donor membrane
somes, were obtained by centrifugation. A parallel de-and fuse with the acceptor membrane, (iii) flow of phos-
crease of both radioactivity and protein in MAM fraction pholipid through direct contact between two juxtaposed
was observed, indicating that the association of MAMmembranes.
and mitochondria had occurred. Synthesis and translo-  Mitochondria do not have the capacity to synthesize
cation of *“C-PS in B membranes were also studied by all their phospholipids and therefore an active import of
incubating B with *“C-serine. In the resting statéC-  these molecules is necessary (Daum & Vance, 1997).
PS accumulated in MAM, indicating that the transfer to Enzymatic decarboxylation of phosphatidylserine (PS) to
mitochondria was a limiting step. In state 3 both thephosphatidylethanolamine (PE) by mitochondrial PS de-
transfer rate of“C-PS and its conversion {6C-PE in-  carboxylase has been used as a tool for studying lipid
movement between the endoplasmic reticulum and mi-
tochondria. The main features of PS translocation can be
- summarized as follows: (i) a restricted pool of PS (i.e.,
Correspondence td.. Corazzi the newly formed rather than pre-existing PS) is prefer-
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entially translocated to mitochondria (Bjerve, 1985; with KOH. Ficoll 400 and PercoIIV\_/ere obtained from Pharma_cia Bio-
Vance, 1991; Corazzi et al., 1993), (ii) cytosolic factors,te‘Ch (Uppsa!a, Sweden). Rhogiamlne-123 was a Fluka Chemie product.
such as phospholipid transfer proteins, are not require :Sgr(l‘t’gf’)mca's' all of analytical grade, were purchased from Carlo
(Voelker, 1984, 1990; Van Heusden et al., 1990), (iii) a v
supply of ATP is necessary in intact cells (Voelker,
1985) but not in cell-free systems (Voelker, 18820- PREPARATION OF SUBCELLULAR FRACTIONS
razzi et al., 1993). In a study on PS synthesis in the
endoplasmic reticulum and its transport in the Golgi/Brains from CD rats (Charles River, approximately 200 g) were ho-
vacuole, a mutant of the yeaSaccharomyces cerevisiae Mogenizedin 9 volumes of 0.32sucrose plus 2 m HEPES (pH 7.0,
that accumulates PS and diminishes PE formation deS/H buffer) in a teflon-glass homogenizer. The homogenate was cen-
ite normal PS decarboxvlase 2 activity has been is t_rlfuged twice at 1,500 >g for 10 min and the pellets were discarded.
spi . . y . ; y . . he supernatant was used as the homogenate or centrifuged at 8,000 x
lated. The lesion in PS me.tabc’l'sm is consistent with & for 30 min to prepare the Ppellet (crude mitochondrial fraction).
defect in interorganelle lipid transport (Trotter et al., The R, pellet was fractionated by centrifugation (75,009 for 90 min)
1998). on a discontinuous sucrose gradient formed in 5 ml bucket tubes
Mitochondria-associated membranes (MAM) are (SW50.1 Beckman rotor) by successively layering 0.8 ml each of 1.6,
candidates in the movement of newly synthesized PS té-_‘:r 152: (1’-_0 and 0.8 sucrosde. tA}fr:er fezr/n;rlgganon, .hltghfly purl_lf_lﬁd
mitochondria (Vance, 1990). They should be consideredg" ochondria were recovered at Ine .2/ isBucrose interlace. The
bridges where PS molecules @ routefrom the and observed at the 0.8/1M sucrose interface was designated as
as bridg . . . . . MAM. Myelin membranes were found on top of the gradient whereas
endoplasmic reticulum to m'tOChond”a (Sh[aoa_ Lupo & synaptosomes were localized at the 1.0k.Bucrose interface. The
Vance, 1995). In contrast, in the mitochondrial import of 1.4/1.6m sucrose interface was always free of mitoplasts, indicating
PE, MAM are not intermediate membranes for PE move-that the integrity of the outer mitochondrial membrane was preserved
ment but appear to play a role in PE synthesis and trang_iuring _purificatiop. Sucrose excess was removed by FIiIut_ing subfrac-
fer to mitochondria (Camici & Corazzi, 1995). Thus, t'o.”s(;"z'tggosf'“t"\zz&f_ %g"o';ngS (pH 7t'0) and C_egtg(%g'”g f.:’r 20
membrane contact of MAM with the outer mitochondrial ™' {/7%2 *g, WAV 85,599 X, synaptosomes; 8, 3ULg mito

. . hondria). The final pellets were resuspended in a proper amount of
membrane could prowde a mechanism for the transfer o /H buffer. Subfractions were also purified using Percoll (Sims, 1990)

phospholipid. In the yeas$accharomyces cerevisia®, or Ficoll-400 (Lai & Rex Sheu, 1985) as gradient medium. Micro-
protein localized on the MAM surface and on mitochon- somes were prepared by centrifuging the supernatant of theelRet
dria appears to stimulate membrane association antforazzi et al., 1986). Subcellular fractions were assayed for the fol-
translocation of PS towards the inner mitochondrial'owing enzymes: lactate dehydrogenase (LDH) (Bradford, 1969), cy-
membrane (TuIIer etal., 1998). A mitochondrial protein tochrome ¢ ox_idase and NADPH: cytochrome c reductase (Corazzi et
has also been claimed to be involved in the transfer of P ;'Z’ﬂli??l’ Sfégf) base-exchange enzyme and PS decarboxylase (Co-
to liver mitochondria (Shiao, Balcerzak & Vance, 1998). N '

Recently, a protein promoting the fusion of liposomes

with brain mitochondria at acidic pH and belonging to PREPARATION OF LIPOSOMES

the outer mitochondrial membrane has been purified in

our laboratory (Camici & Corazzi, 1997). The finding 14C-PS labeled Iipos_omes were prepared b)_/ incubating brain _micro-
that a mitochondrial factor is possibly involved in the S°mMes (15 mg protein) for 30 min at 37°C with &lserine (4u.Ci,

. t of bh holipids i H-d dent specific radioactivity, 54 mCi/mmol), 2.5 m CaCl, and 40 nm
import ot phospholiplds In a pH-aependen ma‘nnerHEPES (pH 8.0). After incubatior’C-PS containing phospholipids

prompted us to hypothesize that the driving force for theyere extracted and an aliquot was analyzed by TLC as described in
association of MAM with mitochondria may reside in the analytical procedures. Only the spot corresponding to PS was labeled;
mitochondrion itself. no label was found in PE. The phospholipid extract was dried under
Our data demonstrate that the amount of PS transritrogen and resuspended in approximately 2 ml of S/H buffer. The
ferred from MAM to mitochondria correlates with the suspension was sonicated with a MSE tip sonicator and aggregated
energized state of mitochondria and indicate that duringﬂ1ateria| was pelleted by centrifugation at 100,00@ #or 20 min.

= . . . . nlabeled liposomes were prepared as described, omitting incubation
respiration the association of MAM with mitochondria with “C-serine. Phospholipid composition was the following: 41%

occurs, thus promoting a flow of PS to mitochondria.  phosphatidyicholine; 30% phosphatidylethanolamine; 12% phosphati-
dylserine; 12% phosphatidylinositol + sphingomyelin; 5% others.

Materials and Methods

INTERACTION OF LIPOSOMES WITH

ENERGIZED MITOCHONDRIA
CHEMICALS

(i) Purified and metabolically active mitochondria (0.3 ml, 0.4 mg
L-[3-*4C] serine (specific radioactivity, 54 mCi/mmol) was supplied by protein) were mixed with liposomes (unlabeled, 0.3 ml, aboun®l
Amersham Italia Srl. HEPES, NADPH, cytochrome c, ADP @dlt), lipid P) in the presence of 1 mK-phosphate (pH 7.0). Respiratory
malic and pyruvic acid were purchased from Boehringer Biochemie.activity of mitochondria was modulated with ADP (0.84state 2) or
Prior to use, solutions of pyruvic and malic acid were brought to pH 7.0with pyruvate and malate (1.5 and 3.Qumrespectively, state 4) or
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ADP, pyruvate and malate (0.8, 1.5 and 3.0,mespectively, state 3, 4) was measured by addition of pyruvate and malate, whereas phos-
energized mitochondria). In the resting state (state 1) substrates werghorylation (state 3) was measured after the addition of ADP.
omitted. In selected experiments 3.@rMlaN; or 0.5 mm KCN were

added. The mixtures were incubated for 20 min at 37°C, centrifuged

on a sucrose density gradient as described above and the mitochondriAnaLYTICAL PROCEDURES

containing band was recovered.

. (i) _MC'P_S Iabele(_i liposomes ('Z,mOI, lipid P, 13 nCi) were Lipids were extracted as described (Folch, Lees & Sloane Stanley,
mixed with m|t0chond.r|a (1 mg protein) in the presence of m 1957). For the preparation of liposomes, neutral lipids, glycolipids and
K-Ehosphgte (pH7.0, f_|na| volume 0.5 ml) and |r_1<:ubated for 3_0 min at proteins were removed by column chromatography (Camici & Corazzi,
3r°C a_t different respiratory rate_s_e(e above Mlxtures Were incu- 1995). Phospholipid composition was determined after separation of
bated in PS decarboxylase conditions by adding 0.25 ml solution Ofeach lipid class by two-dimensional TLC (6.5 x 6.5 cm; PE SIL G 250
Q.45M_Na—phosphate, 9 mEI_DTA (pH 7.0). Aliquots OT the incuba- wm, Whatman) with (i) chloroform/methanol/Iv6ammonia (70:30:5,

t_'o_n mixtures werg ta!<en at fixed times for the extraction of phospho-by volume) and (ii) chloroform/methanol/acetone/acetic acid/water

lipids and determination of labeled PE. (75:15:30:15:7.5, by volume). The same chromatographic procedure
was used to separaféC-PE from *“C-PS. Spots corresponding to
lipids were visualized by exposure tg\tapors and identified by pure

INCUBATION OF P, IN DIFFERENT RESPIRATORY STATES reference standards. Radioactivity was determined using a liquid scin-
tillation counter (model TriCarb 1600CA; Packard, Chicago, IL) and

(i) P, was first labeled witf“C-PS by incubating homogenate (about Emulsifier Safe Packard as the scintillation mixture. Protein was quan-

25 mg protein) with 4u.Ci of [3-14C] serine (specific radioactivity, 54 tified as described (Bradford, 1976). Phospholipid phosphorus was as-

mCi/mmol) in a buffered solution containing 0.24sucrose, 40 m sayed as previously reported (Camici & Corazzi, 1995).

HEPES (pH 8.0), (final volume 6 ml). The reaction was carried out at

37°C for 30 min, stopped by adding 20 ml of cold S/H buffer and the

mixture was centrifuged at 8,000gfor 30 min. Aliquots of labeled ~ ABBREVIATIONS

P, pellet in S/H buffer (about 3.5 mg protein, 5300 dpm) were incu-

bated in medium containing 1mK-phosphate (pH 7.0) in the different  \amM, mitochondria-associated membranes; PS, phosphatidylserine;

respiratory states, as described above (final volume 0.8 ml). In som@Eg  phosphatidylethanolamine; HEPES, 4-(2-hydroxyethyl)-1-piper-

experiments-*C-PS-loaded mitochondria, purified by centrifuging P azineethansulfonic acid; S/H buffer, sucrose-HEPES buffer (6132

aliquots on sucrose density gradient, were incubated in PS decarboXycrog + 2 mu HEPES, pH 7.0).

ylase conditions in the presence of respiratory substrates.

(ii) P, (about 3 mg protein) was incubated with OuECi of
[3-“C]serine (specific radioactivity, 54 mCi/mmol) in a solution con-
taining 1 mu K-phosphate (pH 7.0) in the presence of respiratory
substratessee abovgin a final volume of 0.8 ml. To avoid mitochon-
drial membrane potential dissipation (Gunter & Pfeiffer, 1990), in both
incubations (i) and (ii) the synthesis of labeled PS was performedCHARACTERIZATION OF SUBFRACTIONS
omitting calcium. After incubation for 30 min at 37°C in the presence
of respiratory substrates, subfractions were separated on sucrose deB‘lochemicaI parameters of subfractions are reported

sity gradient as described. The bands were recovered and protein con- - S e
tent and PS radioactivity determined. In all experiments protein anclm Table 1. A feature dlStIthIShlng MAM of brain tis

14C-PS radioactivity recoveries were always higher than 95%. sue from the bulk of end()pl_a_smi_c reticulum was that
NADPH:cyt ¢ reductase activity in MAM was much
lower than in microsomes, whereas PS base-exchange

FLow CYTOMETRY ANALYSIS AND OXYGEN UPTAKE activity was significantly higher than in microsomes.
These results are in agreement with those reported for

In flow cytometry studies, Pfraction, mitochondria or synaptosomes liver MAM (Vance, 1990). The marker protein proposed
(about 0.3 mg protein) were incubated for 20 min at 37°C in the for liver MAM, PE N-methyltransferase-2 (Cui et al.,
presence of 1 m K-phosphate (pH 7.0), respiratory substrates and 1993), is not present in brain MAM. Among, Bubfrac-
rhodamine-123 (lum). Samples were analyzed using a FACScan flow tions, myelin possessed the highest phospholipid/protein
cytometer (Becton Dickinson Immunocytometry Systems) equippedratio and the marker myelin basic protein (Karthigasan et
with a focused argon laser (power 400 mW). For excitation a 450-490, I, 1994)_ Synaptosomes showed the highest value of

nm bandpass filter was used. To capture the green fluorescence 6} . -
rhodamine a 510 nm dichroic mirror and a 520 nm longpass filter Werj‘ H (Bradford, 1969) whereas mitochondria were char-

used. Autofluorescence of the samples was tested without the dye ardCterized by the highest cytochrome c oxidase activity.
its variation, observed under different metabolic conditions, was neg- ~ Respiratory properties of mitochondria were studied
ligible. The flow rate was set at 12//min. Data were analyzed and in the presence of pyruvate and malate. Mitochondrial
stored with the use of a data management system (LYSYS software)preparations were metabolically active with a respiratory
The fluorescence was plotted on a logarithmic sealeéhe frequency control ratio (ratio of state 3 to state 4) in the range 5-6.

of events. The mean value of the integral of green fluorescence (IGFL)-, . A . .
was also evaluated (Petit et al., 1990). his value is in agreement with data reported in the

Oxygen uptake by freshly prepared mitochondrial preparations!'terature (La| et al, 1985) a_nd was nOt_S'gmf'Camly
was measured using a Clark-type oxygen electrode as described (Ldlﬂﬂuenc_e‘_d by the type of medium utilized in mitochon-
Rex Sheu & Carlson, 1985). S@onsumption during respiration (state dria purlflcatlon.

Results
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Table 1. Biochemical characterization of subcellular fractions

Microsomes Myelin MAM Synaptosomes Mitochondria

Lipid phosphorus 720 =10 960 15 570 +12 500 =11 400 =12
Cytochrome oxidage n.d. n.d. 55 +12 290 +10 1350 +£25
Lactate dehydrogendse 238 + 7 151 +10 170 %15 510 =11 197 £+ 5
NADPH-cytochrome ¢ 129+ 15 n.d. 25+ 09 n.d. n.d.

reductase
PS synthase 1.7+ 04 0.3+ 0.1 26+ 0.2 02+ 0.1 0.13+ 0.05

(exchange enzyme)
Myelin basic protein n.d. + n.d. n.d. n.d.

Values represent the mearss of at least four independent experiments. In units?ofmol/mg protein nmol of oxidized cytochrome c/min/mg
protein,°nmol of reduced NAD formed /min/mg proteifnmol of reduced cytochrome ¢ formed/min/mg protéimmol of PS synthesized/hour/mg
protein;n.d., not detectable

CHANGES IN FLUORESCENCE OFPURIFIED MITOCHONDRIA 0.
AFTER ENERGIZATION

Single-parameter fluorescence histograms of purifiec o /513193
mitochondria stained with the membrane-potential-sensi
tive rhodamine-123 (Johnson, Walsh & Bo Chen, 1980)
are shown in Fig. 1. Under these experimental condi-
tions, autofluorescence of unstained mitochondria wa:3
very low. Fluorescence intensity was plotted on the
axis as a function of the relative particle number having
that intensity on the axis. Upon energization of mito-
chondria (state 3), a shift towards a higher fluorescenci
intensity was observed indicating an increase of mem
brane potential. The mean fluorescence elicited by mi-
tochondria under different metabolic conditions is re- Nay
ported in Table 2. Energization by respiratory substrate: © © 0 10
such as pyruvate and malate resulted in a significan
increase of the mean fluorescence of the dye bound to the
organelles. A further increase in fluorescence was 0brig. 1. Flow cytometry analysis of rhodamine-123 stained mitochon-
served when ADP was added to the pyruvate/malateria: frequency histograms. Mitochondria (0.3 mg protein) were loaded
mixture. On the contrary, sodium azide and potassiunwith rhodamine-123 and incubated for 20 min at 37°C in different
cyanide decreased the membrane potential, as expectéggpirator‘y conditionssgeMaterials and Methods). The fluorescence
When R was analyzed, results similar to purified mito- increase in state 3 compared to state 1 is reported.
chondria were obtained. No significant changes in fluo-
rescence were found in synaptosomes under the sanigted in a condition of high respiratory rate, but in the
experimental conditions. presence of sodium azide, were recovered at 1.041.2
interface. Control mitochondria, incubated with or with-
out liposomes, were recovered at 1.2/f24ucrose in-
INTERACTION OF LIPOSOMES WITH terface in both states 1 (resting) and 3 (energized). The
ENERGIZED MITOCHONDRIA observed shift in density for the various conditions was
gquantitative. Respiratory properties of mitochondria
In a first set of experiments, metabolically active mito- were checked by measuring, @onsumption. Upon in-
chondria, whose energized state was previously monieubation of mitochondria with liposomes the energy state
tored by flow-cytometry, were mixed with liposomes. of mitochondria was preserved. These results suggest
After incubation, mixtures were subjected to density gra-that liposomes combine with the outer mitochondrial
dient centrifugation. A decrease in mitochondria densitymembranes, depending on mitochondrial metabolic ac-
was observed that depended on the respiratory state. Mikvity.
tochondria were recovered at 1.0/M2or 0.8/1.0m su- To demonstrate that liposomes-mitochondria inter-
crose interface (states 2 and 4, respectively) or on top adiction was effective in the transfer of PS to the mito-
the gradient (state 3, energized). Mitochondria incu-chondria,**C-PS containing liposomes were used in a

Frequen

Green fluorescence {arbitrary units)
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Table 2. Flow cytometry analysis of rhodamine-123 stained mitochon-

dria. Changes in fluorescence under different metabolic conditions 3000 -
Respiratory state IGFL (AU) = 2500 F
Q
1 (Resting) 20.6+0.8 g 2000 -
1 + NaN, 15.1+0.5 oy
1+CN 15.9+0.4 E 1500k
2 (ADP) 242+1.0 E_
4 (Malate and pyruvate) 37.9+15 ) 1000 L
3 (ADP, malate and pyruvate) 445+1.8 E
3 + NaN; 20.5+0.6 S 500
3+CN 28.6+0.7 b1
Mitochondria (0.3 mg protein) were loaded with rhodamine-12ax}. 0 ' y y ’ y y
and analyzed by flow cytometry after incubation for 20 min at 37°C in 0 10 20 30 40 S0 60
different respiratory states¢eMaterials and Methods). IGFL is the time (min)
mean value of the integral of fluorescence. Data are expressed in fluo-
rescence arbitrary units (AU). Values are the measpf three in- Fig. 2. Kinetics of **C-PE formation by PS decarboxylase activity.
dependent experiments. Energized (state 3) or resting (state 1) or deenergized {Nafito-

chondria (1 mg protein) were mixed with liposomes labeled Wit

PS (2 pmol lipid P, 13 nCi) in 1 nm K-phosphate (pH 7.0) in the
second set of experiments. Mitochondria were incubatediresence of respiratory substrates and incubated for 30 min at 37°C.
for 30 min with labeled Iiposomes in energized (state 3),Mixtures Wer_e_then supplgmented with a suitablt_e buﬁ_er for P_S decar-
resting (state 1) or deenergized (state 3 plus S;Odiur_rqoxylase activity $¢eeMaterials and Methods). At fixed times, aliquots

. .. . ere taken for“C-PE radioactivity determination®(---@, state 1;

aglde) condmons. The mixtures were then supp_le_mente ----O, sta 1 + NaN; A----A, state 3A----A, stae 3 + NaNy).
W|th a SUItab|e buffer fOI‘ PS decarboxylase aCt|V|ty andVa|ues are the mean 2o of four independent experiments_
14C-PE synthesis followed at different incubation times
(Fig. 2). Since PS decarboxylase activity is segregated
in the inner mitochondrial membran&C-PE formation ~ Table 3. Protein distribution amongFsubfractions (mg)
is a chemical signal for the translocation dC-PS to-
wards the inner membrane. The kinetics'¢E-PE for-

Respiratory state

mation showed a high rate upon addition of ADP, pyru- 1 3 3 + NaN,
vate and malate (state 3) compared to resting mitochon- (Resting) (Energized) (Deenergized)
dria (Fig. 2). In state 3}*C-PE formation rate decreased
noticeably in the presence of sodium azide. PS decamMyelin 0.80£0.02 0.52£0.02 0.64+0.02
boxylase, assayed by incubatifdC-PS labeled lipo- MAM 0.56+0.01 041£0.01 0.55+0.02
somes and mitochondria in the presence of Triton X—locﬁygaptosoma'

o and 1.08 £0.03 1.91+0.06 1.53+0.05
(Butler & M_orell, 1983_), was not significantly e}ffectec_i Mitochondria  1.05 + 0.03 0.65 + 0.02 0.78 + 0.03
by the addition of respiratory substrates or sodium azide
(results not shown Aliquots of **C-PS prelabeled (3.5 mg protein, 5300 dpm) were

incubated in the presence of ImnK-phosphate (pH 7.0) in different
respiratory states for 30 min at 37°C, Subfractions were then sepa-
INTERACTION OF MAM WITH MITOCHONDRIA DEPENDS rated by centrifugation on sucrose density gradieae(aterials and

ON THE RESPIRATORYRATE Methods). Values are the mearse of three independent experiments.

The homogenate was incubated wiffS-serine and then

P, fraction labeled with**C-PS was prepared as de- and synaptosomal bands demonstrate that a gradual shift
scribed. B was incubated in several respiratory condi- of mitochondria from 1.2/1.41 sucrose interface to 1.0/
tions and subcellular fractions were thereafter separatetl.2 m sucrose interface had occurred by increasing the
by centrifugation on a sucrose gradient. A progressivaespiratory rate. At the same time the cytochrome c oxi-
increase of protein content in the synaptosomal band wadase specific activity did not change in mitochondria but
measured by enhancing the respiratory rate from 1 (restincreased in the synaptosomal band (Table 4). More-
ing) to 2 (only ADP), to 4 (only pyruvate and malate) and over, in parallel experiments, incubating unlabeledP

to 3 (energized). Atthe same time a significant decreaséigh respiratory rate, the specific activity of PS synthase
of protein was observed in mitochondria, myelin andin the synaptosomal band almost doubled compared to
MAM. Table 3 reports data for resting, energized andnonenergized 2 Therefore, low-density mitochondria,
deenergized mitochondria. The values of total cyto-whose band overlaps that of synaptosomes, must be
chrome c oxidase activity recovered in mitochondrialformed as a consequence of MAM-mitochondria asso-
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Table 4. Cytochrome ¢ oxidase activity in mitochondria and synaptosomal bands

Respiratory state Mitochondria Synaptosomal band

Specific Total Specific Total

activity activity activity activity
1 (Resting) 1350 + 40 1323+ 15 290+ 10 293+ 6
2 (ADP) 1280 + 35 1242 £12 309+12 423+ 9
4 (Malate and pyruvate) 1350 + 42 931+ 10 432 + 15 648 + 10
3 (ADP, malate and 1410+ 31 846 + 10 626 + 30 1252 +12

pyruvate, energized)

Aliquots of **C-PS prelabeled 3.5 mg protein, 5300 dpm) were incubated in the presence of Krphosphate (pH 7.0) in different respiratory
states for 30 min at 37°C.,Rubfractions were then separated by centrifugation on sucrose density gradient. Specific activity and total activity are
expressed in units of nmol/min/mg protein and nmol/min of oxidized cytochrome c, respectively. Values are the snedriatr independent
determinations.

ciation. Distribution of**C-PS radioactivity among P 3500
subfractions confirmed a substantial enhancement in ra-
dioactivity of the synaptosomal band when the respira-

myelin
MAM

tory rate increased (Fig. 3). Meanwhile, the radioactivity ~ 30001 synaptosomes
decreased in MAM and mitochondria bands. In state 3 : mitochondria

about 38% of mitochondria (protein ofC-PS radioac-
tivity, Table 3 and Fig. 3) were transferred to a lower- &
density synaptosomal band. At the same time 26% ofé‘
proteins and 60% of PS radioactivity were lost from ., 2000-
MAM. Table 5 reports data ot“C-PS labelling in B &
subfractions expressed as dpm/mg protein. In the resting;

state MAM presented the highest value; however, theS 1500+
value decreased noticeably when the respiratory rate was ;
enhanced. This indicated a better transfer'#@-PS & 10004
compared to the protein fraction of MAM. In state 3 g
14C-PS transfer decreased when the mitochondrial mem-
brane potential was disturbed by adding NaNhe in- 500
tactness of mitochondria following MAM-mitochondria
association was evaluated by measuring cytochrome c
oxidase activity. In all tested conditions the latency of 0-
cytochrome c oxidase was higher than 95%.

2500+ T

1 l 3 3 +NaN,
resting  energized deenergized
respiratory state

PS TRANSFER NOT SYNTHESIS, IS A RATE-LIMITING

SteP DURING MITOCHONDRIAL PS MPORT Fig. 3. *C-PS distribution amongPsubfractions. Aliquots of*C-PS
prelabeled P (3.5 mg protein, 5300 dpm) were incubated in the pres-

Mitochondrial PS import can be divided into two main ence of 1 m K-phosphate (pH 7.0) in different respiratory states for 30

steps: first, the synthesis of PS and second, the movednin at 37°C. I_gsubfra_ctions Were‘then separated by centrifugation on

ment of the newly synthesized phospholipid towards mi-Sucrose density g_radlerEE(eMatenals_ and Methods). Values are the

tochondria. The two steps were studied by incubating pmean b of four independent experiments.

with *“C-serine in different respiratory states. PS syn-

thesis was not influenced by respiratory substratés-

PS labelling was 1267 + 60 and 1202 + 55 dpm/mgthis condition,**C-PS transfer was a limiting step of the

protein in the nonenergized state (1) and energized statverall process. In state 3 the flow 8C-PS occurred at

(3), respectively (values of three independent experia higher rate, as shown by the decrease of PS labeling in

ments), and was linear up to 30 min. In the resting statdVAM (about 1300 dpm/mg protein) and by the increase

14C-PS accumulated in the synthesizing membrane (i.ein the synaptosomal band (about 1020 dpm/mg protein).

MAM) whose label was about 2700 dpm/mg protein andTaken together these results indicate t{&:-PS synthe-

2.0, 3.2 and 3.5 times higher than mitochondria, myelinsis and transport are not linked and the latter process is

and synaptosomes, respectively. This indicated that, islower than the former. This finding is in agreement
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with PS synthesis and translocation in CHO-K1 perme-Table 5. PS labeling in B subfractions (dpm/mg protein)
abilized cells (Voelker, 1990).

To study whethet“C-PS became a substrate of PS Respiratory state
decarboxylase, following MAM-mitochondria interac- 1 3 3 + Nah,
tion, aliquots of the synaptosomal band, obtained as re- (Resting)  (Energized)  (Deenergized)
ported above and containing MAM-mitochondria struc-
tures, were incubated in PS decarboxylase conditions foryelin 981 954 1064
different times. In both states 1 and%C-PS became a MAM 2728 1460 1825
substrate of PS decarboxylase. At all incubation timesynaptosomal band 1152 1650 1534

the labeling of-“C-PE was higher in state 3 than in state “ochondra 1658 1619 1620

1_ (_data r_]Ot Sh‘?"")‘anﬂ paralleled the dlffergncg IN SP€- The reported values were calculated from the dat¥@fPS radioac-
cific rad!oaC“V'ty of "C-PS precursor, !ndmat'ng that ity (Fig. 3) and protein content (Table 3) of each fraction.

the relative amount of*C-PE formed in either state was

similar.

Vance (1990) was the first to isolate MAM, mem-
Discussion branous structures organized in the vicinity of mitochon-
dria and possessing enzymes for the synthesis of phos-
The import of PS into mitochondria has been investi-pholipids (Rusiol et al., 1994). The localization of
gated in vitro, using a reconstituted system in which PSMAM around mitochondria, together with morphologi-
was translocated from donor membranes to mitochoneal evidence, led us to hypothesize that MAM could
dria. interact with mitochondria, depending on mitochondrial
Mitochondria were prepared by centrifuging @ P metabolic activity.
pellet on sucrose density gradient. Although Ficoll-400 The role of cellular energetic charge on the intracel-
or Percoll are recommended as medium for mitochondridular movement of phospholipids has been extensively
purification, we found sucrose a more suitable mediuminvestigated in recent years. Poisoning of nonpermeabi-
for gradients, since it permitted both mitochondria puri-lized CHO-K1 or BHK-21 cells with fluoride, cyanide or
fication and MAM separation from myelin and synapto- sodium azide causes the accumulation of PS in the mi-
somes. crosomal fraction (Voelker, 1985) or in MAM (Shiao et
Data reported in the literature indicate that the fusional., 1995). In permeabilized CHO-K1 cells, whose ener-
of liposomes to biological membranes can be triggeredyetic state was modified by addition of exogenous ATP,
either by divalent cations (Ekerdt, Dahl & Gratzl, 1981), interorganelle translocation of PS required ATP and was
acidic medium (Chernomordik et al., 1997) or fusogeniclargely independent of soluble cytosolic proteins
proteins (Arts et al., 1997). In this paper we report that(Voelker, 198@, 1990). Since the addition of ATP was
mitochondria can capture liposomes without the additiomot needed in a reconstituted system of rat liver mito-
of triggering agents, provided that mitochondrial respi-chondria and microsomes (Voelker, 1839the conclu-
ration is permitted. The importance of an electrochemi-sion was drawn that the ATP requirement in the mito-
cal gradient across the inner mitochondrial membrane fochondrial import of PS precedes the events that are re-
the capture of liposomes was demonstrated when theonstructed with isolated organelles (Voelker, 1889
gradient collapsed with Na]N However, incubation conditions were sometimes critical
Liposomal *“C-PS can become a substrate of PSfor the presence of Cadand K' that, in the presence of
decarboxylase for the production 8IC-PE. This means extracellular ATP, are involved in dissipation of the mi-
that *“C-PS flows from the outer to the inner mitochon- tochondrial membrane potential and cell death (Gunter &
drial membranes through the internal contact sites (ArPfeiffer, 1990; Zoeteweij et al., 1992).
dail et al., 1990, 1993; Jasinska, Zborowski & Somer- It has been reported that the translocation of PS to
harju, 1993) suggesting that not a simple association benitochondria is a process restricted to autologous organ-
tween liposomes and mitochondria but mixing of lipidic elles, i.e., an endoplasmic reticulum-like fraction struc-
phases must have occurred. The activity of PS decarturally linked to mitochondria (Voelker, 1993).,P
boxylase is strictly dependent on the amount of substrateontains autologous mitochondria and MAM, whose in-
flowing towards the inner mitochondrial membrane teraction is consistent with the respiratory state of mito-
(Voelker, 1989; Ardail, Lerme & Louisot, 1991; Ho- chondria, as inferred by the amount of mitochondria and
vius et al., 1992). Since in metabolically active mito- MAM shifted to the synaptosomal band (Table 3). In
chondria a higher frequency of interactions between thegreement with VVoelker (1993), no interactions were ob-
inner and outer membranes occurs (Knoll & Brdiczka,served when purified MAM and mitochondria were
1983), the increase of*C-PE synthesis appears to be mixed fesults not shown This could be due to loss of
consistent with an increase in intramitochondrial trans-specific contact points between MAM and mitochondria
port of **C-PS. during purification. Although liposomes and MAM be-
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have differently, in both cases a mitochondrial electro- subcellular_compartmentalization of phospholipid biosynthetic en-
chemical gradient is necessary. MAM-mitochondria in- ~ Zymes.J. Biol. Chem268:25985-25992 o
teraction promotes the preferential translocatiort4af- Ardail, D., Lerme, F., Louisot, P. 1991. Involvement of contact sites in
PS to mitochondria (Table 5) This result is in agreement phosphatidylserine import into liver mitochondria. Biol. Chem.

. ehonal ’ 1N agre 266:7978-7981
with data indicating that, although bulk PS is confined to argail, p., privat, 3.p., Egret-Charlier, M., Levrat, C., Lerme, F., Lou-
the inner leaflet of membranes (Dominski et al., 1983), isot, P. 1990. Mitochondrial contact sites. Lipid composition and
its synthesis should occur on the cytoplasmatic surface dynamics.J. Biol. Chem265:18797-18802
where it is easily exported (Vance, 1991; Corazzi et al. Arts, E.G.J.M., Wichman, J.G., Jager, S., Hoekstra, D. 1997. Protein
1993)_ Also in baby hamster kidney cells hydrophilic involvement in the fusion between the equatorial segment of acro-
PS species are more readily transported to mitochondria S°Me:réacted human spermatozoa and liposofchem. J.

. . o . . 325:191-198
than hydrophobic species (Heikinheimo & Sornerhaﬂl"’Bjerve, K.S. 1985. The biosynthesis of phosphatidylserine and phos-

1998)- ) ) phatidylethanolamine from L-[3%C]serine in isolated rat hepato-
PS synthesis takes place in MAM where transfer of  cytes.Biochim. Biophys. Act&33:396-405

the newly synthesized phospholipid to mitochondria oc-Bradford, H.F. 1969. Respiration in vitro of synaptosomes from mam-

curs. When synthesis and transfer of PS were studied malian cerebral cortex]. Neurochem16:675-684

simultaneously, the respiratory rate influenced the transBradford, M.M. 1976. A rapid and sensitive method for the quantitation

fer of PS from MAM to mitochondria but not PS syn- of microgram quantities of protein utilizing the principle of protein-
. . . dye binding.Anal. Biochem72:248-254

th_F:SIS. At _hlg_h resp!ratory rate the nature of MAM- Butler, M., Morell, P. 1983. The role of phosphatidylserine decarbox-

mitochondria mteractlpn was Sl.JCh that MAM Cc_)U|d not ylase in brain phospholipid metabolisd. Neurochem41:1445—

be separated from mitochondria by centrifugation on a 1454

sucrose gradient medium. The result that the mitochon€amici, 0., Corazzi, L. 1995. Import of phosphatidylethanolamine for

drial outer membrane retains its impermeability to cyto-  the assembly of rat brain mitochondrial membrarkesviembrane

chrome c indicates membrane interaction which allows Biol. 148:169-176 _ _ o

the flux of Iipids to mitochondria Camici, O., Corazzi, L. 1997. Phosphatidylserine translocation into

In this work we demonstrated that the energy status brain mitochondria: involvement of a fusogenic protein associated

. . . ay with mitochondrial membranes/ol. Cell. Biochem175:71-80

of mItOChondl’Ia_l might aﬁeCt the amount of PS that trans'Chernomordik, L.V., Leikina, E., Frolov, V., Bronk, P., Zimmerberg, J.

locates into mitochondria. However, the n_ature of Fhe 1997. An early stage of membrane fusion mediated by the low pH.

contact between MAM and the outer mitochondrial  Conformation of influenza hemagglutinin depends upon membrane

membrane and the identification of factor(s) involved in  lipids. J. Cell Biol. 136:81-93

PS translocation are unsolved. Energy requirement foforazzi, L., Pistolesi, R., Carlini, E., Arienti, G. 1993. Transport of

PS translocation may be due to the need of ATP for phosphatldylserm'e f_rom microsomes to the inner mitochondrial
. . membrane in brain tissud. Neurochem60:50-56

transbilayer movement of PS across the outer mitochonx . . o . -

. . Corazzi, L., Porcellati, G., Freysz, L., Binaglia, L., Roberti, R., Arienti,
drial membrane. ATP-dependent Pfglycopmtem MEM- . 1986. Ethanolamine base-exchange reaction in rat brain micro-
brane transporters of the ABC protein family have been somal subfractions]. Neurochem46:202—207
described (Toti et al., 1997). However, mitochondriacui, z., Vance, J.E., Chen, M.H., Voelker, D.R., Vance, D.E. 1993.
could provide energy not only through ATP but directly ~ Cloning and expression of a novel phosphatidylethanolamine N-
through the protonic gradient developed across the inner methyltransferase. A specific biochemical and cytological marker
membrane during respiration. A mitochondrial mem- ;‘gsie‘ég?“fsggmbra”e fraction in rat lived. Biol. Chem.
brane protein mediating the translocation of PS fromp,, " Vance, J.E. 1997, Import of lipids into mitochondRieog.
Il_posqmes to mitochondria by a fusion process was pu- | jpig Res.36:103-130
rified in our |a_b9ra_t0ry (Camici & C_or_azzu 1997)_- Sm_ce Dominski, J., Binaglia, L., Dreyfus, H., Massarelli, R., Mersel, M.,
fusogenic activity is triggered at acidic pH, the biological  Freysz, L. 1983. A study on the topological distribution of phos-
relevance of this protein could be emphasized only if an  pholipids in microsomal membranes of chick brain using phospho-
acidic medium is produced around it. We speculate that lipase c and trinitrobenzenesulfonic acBiochim. Biophys. Acta
the driving force for the acquisition of lipids by mito- Ekeij?:%:ﬁjzaiﬁ G., Gratzl, M. 1981. Membrane fusion of secretory
chonc_jrla could reS|_d_e in the mitochondrion itself, through_a vesicles and liposomes. Two different types of fusi@mochim.
protein whose activity could be modulated by the acidic Biophys. Actz646:10-22
environment prod_uced in .the mtermgmbrane space of thegich, 3., Lees, M., Sloane Stanley, G.H. 1957. A simplified method for
mitochondria during respiratory activity. the isolation and purification of total lipides from animal tissuks.

Biol. Chem.226:497-509
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