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SUMMARY

1. The soluble protein fraction from beef liver contains a protein which stimu-
lates phospholipid exchange. The activity of this protein has been assayed by deter-
mining the stimulation of phosphatidylcholine exchange either between 32P-labeled
mitochondria and microsomes or between mitochondria labeled with [*C]phospha-
tidylcholine and microsomes.

2. The phospholipid exchange protein from beef liver has been purified 310-fold
with an overall recovery of activity of 15 %. (NH,),SO, precipitation, ion-exchange
chromatography on DEAE-Sephadex A-50 and gel filtration on Sephadex G-75 and
Sephadex G-50 were used.

3. The isolated phospholipid exchange protein stimulated specifically the
exchange of phosphatidylcholine between mitochondria and microsomes. This
specificity was also apparent in the phospholipid exchange between microsomes and
liposomes consisting of egg yolk phosphatidylcholine and between mitochondria
and liposomes consisting of egg yolk phosphatidylcholine (70 mole %) and rat liver
phosphatidylethanolamine (30 mole %).

INTROD UCTION

The exchange of phospholipids between mitochondria and microsomes from
rat liver is greatly stimulated by the 105000 X g supernatant fraction!-5. If the pH
of either the 105000 X g supernatant or a post-mitochondrial supernatant is adjusted
to 5.1, the stimulating activity is recovered in the ensuing supernatant, 7.e. the pH
5.1 supernatant?. A stimulating effect of the pH 5.1 supernatant has been observed
on the exchange of phospholipids between mitochondria and plasma lipoproteins*®
and between mitochondria and artificially prepared phospholipid aggregates’. An
active protein fraction denoted as phospholipid exchange protein was partially
purified from the cytosol of beef heart®. To date, phospholipid exchange protein
activity has been found in rat liver, heart, kidney and brain®, in beef liver and heart?,
and in cauliflower and potato?®. The physiological significance of the phospholipid
exchange proteinis not yet understood. Conceivably it does play a role in membrane

* Part of this investigation has been reported at the International Conference of Biological
Membranes, Gargnano, Italy, June 1971.

Biochim. Biophys. Acta, 274 (1972) 606-617



PHOSPHATIDYLCHOLINE EXCHANGE PROTEIN 607

biogenesis by transferring phospholipid from the site of biosynthesis to the site of
membrane development. Phospholipid exchange protein present in the cytosol of rat
liver stimulates the exchange of both phosphatidylcholine, phosphatidylethanolamine
and phosphatidylinositol®.

This investigation describes the isolation of a protein fraction from beef liver
which specifically stimulates the exchange of phosphatidylcholine.

MATERIALS AND METHODS

Preparation of membrane fractions

Mitochondria and microsomes were isolated from male rats as described pre-
viously*. Radioactive subcellular fractions were obtained from rats injected intra-
peritoneally with either 300-500 uCi [3*P]phosphate (Philips Duphar, Amsterdam),
or 20 uCi [Me-14C]choline (Radiochemical Center, Amersham) or 8o uCi [Me-*H]-
choline (Radiochemical Center, Amersham). Livers were excised 20 h after 3P injec-
tion or 45 min after “C and ®H administration. The latter time interval assures a
specific labeling of phosphatidylcholine in the subcellular membrane fractions.

Liposomes were prepared in 0.25 M sucrose—~0.001 M EDTA-o0.01 M Tris (pH 7.8)
following the procedure of de Gier et al.l'. The ensuing suspension was irradiated
ultrasonically in a Branson Sonifier for 5 min at a 100 Watt output and stored over-
night in the refrigerator before use. Phosphatidylcholine was isolated from egg
yolks according to the method of Papahadjopoulos and Miller'?, Phosphatidylethanol-
amine was isolated from rat livers on a TEAE-cellulose column according to the
method of Turner and Rouser?s.

Protein was determined by the biuret method' or by the method of Lowry
¢t al.35, Lipid phosphorus was determined by the method of Chen et a/.26 after destruc-
tion of the sample according to the procedure of Ames and Dubin 17,

Assay system A

The assay is a slight modification of that described previously®. Mitochondria
with 32P-labeled phospholipids (12.5 mg protein), unlabeled microsomes (2.5 mg
protein) and beef liver protein fractions were present in a total volume of 3 ml sucrose—
EDTA-Tris buffer. Incubation was started by addition of the mitochondria as the
last component and was carried out for 20 min at 25 °C. At the end of the incubation
the mitochondria were sedimented at 10000 X g for 5 min in the SS 34 rotor of the
Sorvall centrifuge in Sorvall tubes (No. 250) with adapters. The phospholipids of the
mitochondrial supernatant and of non-incubated 3%2P-labeled mitochondria were
extracted according to the method of Bligh and Dyer!8. Phosphatidylcholine was
isolated and the specific radioactivity determined as described previously'®. Controls
without beef liver protein were carried through the entire procedure. The specific
radioactivity, corrected for the control incubation, reflects the transfer of [32P]phos-
phatidylcholine from mitochondria to microsomes due to the presence of the phos-
pholipid exchange protein (see Results and Discussion).

Assay system B
In this assay use was made of mitochondria containing 4C-labeled phosphati-

dylcholine. The incubation of mitochondrial and microsomal fractions was carried
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608 K. W. A. WIRTZ ¢t al.

out as described for Assay A. After the incubation 2 ml of the mitochondrial super-
natant, containing the microsomes labeled with [C]phosphatidylcholine as a result
of the exchange process, were mixed with 1 ml of a microsomal suspension labeled
with [®*H]phosphatidylcholine. The 3H-labeled microsomes serve as an internal
standard in the course of the following procedure. The phospholipids of the mixture
were extracted according to the method of Bligh and Dyer!®. The extract was con-
centrated to dryness ¢» vacuo, dissolved in 0.3 ml methanol and mixed with 15 ml
of toluene (0.5 % PPO, 0.03 % POPOP). Radioactivity was measured with a Packard
Tricarb liquid scintillation spectrometer and the *C/?H ratio of phosphatidylcholine
radioactivity calculated. Controls without beef liver protein were carried through
the entire procedure. The 1*C/3H ratio corrected for the control incubation reflects the
transfer of [#C]phosphatidylcholine from mitochondria to microsomes due to the
presence of phospholipid exchange protein (see Results and Discussion).

Determination of specificity

In order to determine which class of phospholipids was stimulated by a particu-
lar beef liver protein fraction in the phospholipid exchange, the protein fraction was
incubated with 32P-labeled microsomes and unlabeled mitochondria (Expt 1), with
32P.labeled microsomes and liposomes (Expt 2) and with 32P-labeled mitochondria
and liposomes (Expt 3). For incubation conditions, see legend to Table II. In Expt 1,
the mitochondria were sedimented at 10000 X g for 5 min at the end of the incuba-
tion, washed twice with sucrose—EDTA-Tris buffer and resuspended in water. In
Expt 2, the microsomes were sedimented at 105000 X g for 60 min {angle rotor
No. 50, Spinco) at the end of incubation while in Expt 3 the mitochondria were
sedimented at 10000 X g for 5 min. The pellets in the latter two experiments were
discarded whereas the ensuing supernatant fractions containing the liposomes were
isolated. The phospholipids were extracted from the resuspended mitochondria
(Expt 1), the liposomal suspensions (Expts 2 and 3) and aliquots of non-incubated
82P-labeled mitochondria and non-incubated *?P-labeled microsomes as described by
Folch et al.?0, Lipid phosphorus was determined and aliquots of the lipid extracts
were applied to silica gel H thin-layer plates. The individual phospholipids were
separated two-dimensionally following the procedure of Broekhuyse®. Lipids were
detected by iodine vapour, the areas containing the lipids were scraped off in counting
vials and the radioactivity determined. The distribution of 3P among the individual
phospholipids was calculated for the total subcellular phospholipid pool, originally
present in the incubation medium. Control incubations without the beef liver protein
fractions were carried through the entire procedure.

RESULTS AND DISCUSSION

The assay systems

Incubation of mitochondria labeled with [33P]phospholipid, and microsomes
in the presence of a 105000 X g supernatant fraction results in a transfer of [32P]-
phospholipid from the mitochondria to the microsomes and a concomittant transfer
of unlabeled phospholipid from the microsomes to the mitochondria, 7.e. in an ex-
change of phospholipid*. The extent of exchange is reflected in the decrease of specific
radioactivity of the mitochondrial phospholipid and in the increase of specific radio-
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activity of the microsomal phospholipid. This change in specific radioactivity provides
the basis for Assay system A (see Materials and Methods).

The exchange of phosphatidylcholine between 32P-labeled mitochondria and
unlabeled microsomes as a function of phospholipid exchange protein activity is
shown in Fig. 1. The specific radioactivity of microsomal phosphatidylcholine, 7.e.
the exchange of phosphatidylcholine, increases linearly with increasing amounts of
PH 5.1 supernatant protein (starting material in the purification of phospholipid
exchange protein) for a 20 min incubation. The specific radioactivity obtained after
incubation without protein serves as a control in the assay.
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Fig. 1. Transfer of [3P]phosphatidylcholine from 32P-labeled mitochondria to microsomes as re-
flected by the specific activity of microsomal phosphatidylcholine. Effect of various amounts of
pH 5.1 supernatant protein. The incubation was at 25 °C for 20 min. The incubation mixture
contained 9.5 mg mitochondrial protein (0.7 ymole phosphatidylcholine) and 2.6 mg microsomal
protein (0.9 umole phosphatidylcholine) in a total volume of 3 ml 0.25 M sucrose—o0.001 M EDTA ~

0.01 M Tris (pH 7.8). The specific radioactivity of mitochondrial phosphatidylcholine was
124 800 cpm/umole.

The pmoles of phosphatidylcholine transferred from the 32P-labeled mitochon-
dria to the unlabeled microsomes per mg pH 5.1 supernatant protein per min of
incubation can be calculated as follows (see also legend to Fig. 1): The specific radio-
activity of microsomal phosphatidylcholine, expressed in cpm/umole, increases from
12400 to 14200 as a result of a 2o-min incubation with 1 mg protein. The incubation
mixture contains 0.9 umoles of microsomal phosphatidylcholine. Therefore, 0.9
(14200—12400) = 1620 cpm are present in the microsomal phosphatidylcholine due
to the exchange in the presence of 1 mg protein. Since the specific radioactivity of
the mitochondrial phosphatidylcholine is 124800 cpm/umole, 1620/124800 = 13-103
umoles phosphatidylcholine have actually been transferred to the microsomes.
Because the exchange increases linearly with time for a 20-min incubation?® it can
be concluded that 1 mg pH 5.1 supernatant protein from beef liver stimulates the
transfer of 13-103/20 = 0.6- 103 ymole phosphatidylcholine from mitochondria to
microsomes per min. A unit of phospholipid exchange protein activity is defined as
the amount of protein which stimulates the transfer of 1-10-* umole phosphatidyl-
choline per min. In this instance, therefore, 1 mg pH 5.1 supernatant protein has
0.6 units of activity. This value varies from 0.4 to 0.6 units per mg protein depending
on the batch. In the isolation of phospholipid exchange protein from beef liver,
Assay B (see Materials and Methods) was routinely used. In Assay B, mitochondria
labeled with [1*Clphosphatidylcholine were incubated. In the presence of phospholipid
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exchange protein activity [1#C]phosphatidylcholine is transferred from the mitochon-
dria to the microsomes. The extent of [¥C]phosphatidylcholine transfer is a measure
for the activity. At the end of the incubation, however, microsomes labeled with
[3H]phosphatidylcholine are added as an internal standard to the mitochondrial
supernatant containing the microsomes labeled with [14C]phosphatidylcholine.
Addition of the internal standard makes the determination of the absolute amount
of [C]phosphatidylcholine radioactivity transferred to the microsomes unnecessary.
The #C/3H ratio of the phosphatidylcholine radioactivity is an index for the phos-
pholipid exchange protein activity.
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Fig. 2. Transfer of [14C]phosphatidylcholine from mitochondria labeled with [C]phosphatidyl-
choline to microsomes as reflected by the ¥C/3H ratio of radioactivity of microsomal phosphatidyl-
choline. Effect of various amounts of pH 5.1 supernatant protein. The incubation was at 25 °C
for different times of incubation. The incubation mixture contained 12 mg mitochondrial protein
and 2.5 mg microsomal protein in a total volume of 3 ml 0.25 M sucrose—0.001 M EDTA-o0.01 M
Tris (pH 7.8). #—M, O—0O, X—X; 10, 20 and 30 min of incubation, respectively.

Fig. 2 shows to what extent the 4C/3H ratio depends upon time of incubation
and amount of pH 5.1 supernatant protein. For a short incubation period (ro min)
the ratio increases linearly with increasing amounts of pH 5.1 supernatant protein.
Digression from this proportionality is observed at longer periods of incubation
(30 min). In the assay of the phospholipid exchange protein we routinely incubated
for 20 min with less phospholipid exchange protein activity than is present in 6 mg
pH 5.1 supernatant protein. The 1%C/3H ratio obtained after incubation without beef
liver protein, serves as a control in the assay. It followed from the succinate—cyto-
chrome ¢ reductase activity?® which remained in the mitochondrial supernatant at
the end of incubation that more than gg % of the mitochondria were sedimented.
The transfer of labeled phosphatidylcholine in the control incubations of both assays
might indicate that some exchange occurs without the intervention of the phospho-
lipid exchange protein. The 1C/3H ratio of the phosphatidylcholine radioactivity can
be correlated with the actual amount of [4C]phosphatidylcholine transferred in the
following manner: a 20-min incubation with 1 mg pH 5.1 supernatant protein results
in an increase of the 4C/3H ratio of (0.118 —0.100} = 0.018 (Fig. 2). It followed from
Fig. 1 that 1 mg pH 5.1 supernatant protein has 0.5 units of phospholipid exchange
protein activity. Therefore, a 4 ratio of 0.018 after a 2o-min incubation corresponds
to a transfer of 20-0.5-10% = 10-10-3 wmole phosphatidylcholine, 7.e. 0.5 units of
phospholipid exchange protein activity.
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PHOSPHATIDYLCHOLINE EXCHANGE PROTEIN 611

Assay B gives directly the purification factor of a beef liver protein fraction
in the purification of phospholipid exchange protein. Assay A, which is more time-
consuming, is necessary to calculate the actual units of activity. As for accuracy,
both assays give comparable results. -

Purification of the phospholipid exchange protein
All manipulations during the isolation were performed at 4 °C. The different
steps of the purification are summarized in Table I.

TABLE I

PURIFICATION OF PHOSPHOLIPID EXCHANGE PROTEIN FROM BEEF L1VER

Step Volume Protein Specific Recovery  Purification
(ml) (mg) activity® (%) Sactor
1. pH adjustment 1000 28 ooo 0.5 100 —
2. DEAE-Sephadex A-50 1220 2 g20 2.5 52 5
3. (NH,),SO, precipitation 75 2 070 3.5 52 7
4. Sephadex G-75 262 65 70 33 140
5. (NH,),SO, precipitation 7 36 110 28 220
6. Sephadex G-50 43 14 155 15 310

* Specific activity is expressed as units of phospholipid exchange protein activity per mg
protein.

Step 1. Fresh beef liver (1000 g) was cut in small pieces and then washed with
1 1 of 0.25 M sucrose. A 30% homogenate in 0.25 M sucrose was prepared with a
Waring Blendor (x min at high speed). Nuclei and cell debris were removed by cen-
trifugation in the International PR-6 centrifuge (15 min at 600 X g). The supernatant
was centrifuged in the GSA rotor of the Sorvall centrifuge to sediment mitochondria
and lysosomes (2o min at 15000 X g). The pH of the supernatant was adjusted to
5.1 with 3 M HCI. The precipitate was sedimented by centrifugation in the Sorvall
centrifuge (15 min at 15000 X g) and discarded. After addition of Tris (0.05 M) and
f-mercaptoethanol {0.01 M) the pH of the solution was readjusted to 8.4 with 3 M HCl.

Step 2. 28 g of the protein (1oco ml) were applied to a DEAE-Sephadex A-50
column (Pharmacia Fine Chemicals). Elution was started with 0.1 M Tris-HCl-o0.01 M
f-mercaptoethanol (pH 8.4). Some phospholipid exchange protein activity was
present in the unabsorbed protein fraction. The bulk of the phospholipid exchange
protein activity, however, appeared in the effluent after the ionic strength of the
eluting buffer was increased with NaCl (0.05 M). A typical elution pattern is given in
Fig. 3. The effluents with a specific activity of about 2.5 were combined. The yield
was 52 %.

Step 3. Solid (NH,),SO, (65 g/10o0 ml) was added to precipitate the active
protein. The precipitate was dissolved in a minimal volume of 0.0r M sodium phos-
phate~o.0r M f-mercaptoethanol (pH 7.8) and dialysed overnight against 50 vol. of
the same buffer. This treatment did not affect the yield while a 7-fold purification was
obtained.

Step 4. 700 mg protein were applied to a Sephadex G-75 column (Pharmacia
Fine Chemicals). The eluting buffer was 0.01 M sodium phosphate—o.or M S-mercap-
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612 K. W. A. WIRTZ ¢t al.

toethanol (pH 7.8). A typical elution pattern is given in Fig. 4. The fractions with
a specific activity above zo were combined (tubes Nos25-32). The combined fraction
was purified 140-fold. The yield was 33 %.

Step 5. The pooled fractions were treated with (NH,),S0, as described in Step 3.
This concentration step barely affected the yield while the protein was 220-fold
purified.

Step 6. 18 mg protein were applied to a Sephadex G-50 column (Pharmacia Fine
Chemicals). The protein fractions were eluted with the phosphate-mercaptoethanol
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Fig. 3. Elution pattern of phospholipid exchange protein (PLEP) from a DEAE-Sephadex A-s0
column (58 cm X 6.5 cm). 28 g pH 5.1 supernatant protein were applied to column. Eluting
buffer was 0.1 M Tris—HCl-o0.01 M f-mercaptoethanol (pH 8.4). After 7 1 of the buffer, elution
was continued with 7 1 0.1 M Tris—HCl-o0.0r M f-mercaptoethanol-o0.05 M NaCl (pH 8.4). Flow-
rate, 60 ml/h. Protein was determined according to the method of Lowry5.
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Fig. 4. Elution pattern of phospholipid exchange protein (PLEP) from a Sephadex G-75 column
(72 ecm X 5 cm). 700 mg protein were applied to column. Eluting buffer was o.01 M phosphate—
0.01 M f-mercaptoethanol (pH 7.8). Flowrate, 24 ml/h. 12-ml fractions were collected. Elution of
protein was determined by measuring absorbance at 280 nm. x — X, units of phospholipid ex-
change protein activity per ml effluent.
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buffer. Phospholipid exchange protein activity was present in the second peak (Fig. 5).
The fractions with a specific activity above 100 were combined (tubes Nos 12-15).
This final step resulted in a 300-fold purified protein. The recovery of activity
amounted to 15 %,
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Fig. 5. Elution pattern of phospholipid exchange protein (PLEP) from a Sephadex G-50 column
(155 cm X 2 cm). 18 mg protein were applied to column. Eluting buffer was o.01 M phosphate —
0.01 M fi-mercaptoethanol (pH 7.8). Flowrate, 7 ml/h. 3.5-ml fractions were collected. Elution of
protein was determined by measuring absorbance at 280 nm. x-—x, units of phospholipid ex-
change protein activity per ml effluent.

The purity of the phospholipid exchange protein was checked with disc gel
electrophoresis on polyacrylamide as described by Ornstein and Davis?®3. Phos-
pholipid exchange protein of comparable specific activities consisted of one component
in one purification whereas as many as four components were found in another
purification. To date it is not known what causes this difference.

Some properties of the phospholiprd exchange protein

A molecular weight of 22000 was calculated from the eluting (V) and void (V)
volume after chromatography on Sephadex G-75. The equation log M: = 5.624—0.752
(Ve/V,) derived by Determann®* for Sephadex G-75 was applied. M+ is the molecular
weight of the protein. Phospholipid exchange protein stored in 509 glycerol at
—20 °C retained its full activity for at least 1 month. Storage of phospholipid ex-
change protein in 0.01 M sodium phosphate-o.0x M f-mercaptoethanol (pH 7.8)
overnight at —20 °C resulted in a complete loss of activity. Phospholipid exchange
protein retained 80 9% of its activity after 1o min incubation at 60 °C. Incubation of
the protein at 70 °C for 10 min caused a complete inactivation.

Specificity of phospholipid exchange protein

By extending Assay A to the exchange of phosphatidylethanolamine and
phosphatidylinositol, the pH 5.1 supernatant protein from rat liver was found to
stimulate the exchange of phosphatidylcholine, phosphatidylethanolamine and phos-
phatidylinositol between mitochondria and microsomes®. In Assay B, however, only
the transfer of [1C]phosphatidylcholine was measurable between these subcellular
particles. In as much as the latter assay was used routinely, it was feasible that the
purified phospholipid exchange protein also stimulated the exchange of phospha-
tidylethanolamine and phosphatidylinositol. By measuring the transfer of [32P]-
phospholipid from 32P-labeled subcellular membranes to unlabeled membranes in
the presence of either the pH 5.1 supernatant protein or the purified protein factor
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614 K. W. A. WIRTZ ¢ al.
from beef liver, the specificity of these proteins in the phospholipid exchange was
assessed (see Materials and Methods). The extent of [32P]phospholipid transfer is
expressed as the percentage of [3P]phospholipid present in the 32P-labeled particles
before incubation.

The pH 5.1 supernatant protein stimulates the transfer of both [32P]phos-
phatidylcholine, [32P]phosphatidylinositol and [*2P]phosphatidylethanolamine from
82P_]abeled microsomes to unlabeled mitochondria (Expt 1, Table II). The transfer
of [®P]phosphatidylethanolamine is the least extensive, again confirming previous
resultst,3®, The purified phospholipid exchange protein, however, was found to
stimulate exclusively the transfer of [**P]phosphatidylcholine. This specificity is
also apparent in the exchange between 32P-labeled microsomes and egg yolk phos-
phatidylcholine liposomes (Expt 2) and in the exchange between 32P-labeled mito-
chondria and liposomes consisting of 70 mole % egg yolk phosphatidylcholine and
30 mole 9%, rat liver phosphatidylethanolamine (Expt 3}. It follows from these experi-
ments that the pH 5.1 supernatant stimulates the transfer of both [32P]phosphatidyl-
choline, [*P]phosphatidylinositol and [32P]phosphatidylethanolamine to the lipo-
somes although the latter two phospholipids were lacking in those liposomes. It is
hard to determine whether we are dealing in this instance with net transport of those

TABLE II

EFFECT OF pH 5.1 SUPERNATANT PROTEIN AND PHOSPHOLIPID EXCHANGE PROTEIN ON THE EX-
CHANGE OF THE INDIVIDUAL PHOSPHOLIPIDS

The incubations were in a total volume of 3 ml 0.25 M sucrose—0.001 M EDTA-o0.01 M Tris
(pH 7.8). Expt 1: 2.85 mg #¥P-labeled microsomes (1.8 ymoles phospholipid) and 12.0 mg mito-
chondria (2.0 umoles phospholipid) were incubated with 3.7 mg pH 5.1 supernatant protein or
0.028 mg phospholipid exchange protein (Step 6) for 40 min at 37 °C. Expt 2: 2.15 mg 3?P-labeled
microsomes (1.4 gmoles phospholipid) and egg yolk phosphatidylcholine liposomes (0.9 ymole
phospholipid) were incubated with 5 mg pH 5.1 supernatant protein or 0.027 mg phospholipid
exchange protein (Step 6) for 40 min at 25 °C. Expt 3: r2.5 mg 32P-labeled mitochondria (2.0
pmoles phospholipid) and egg yolk phosphatidylcholine (70 mole %)-rat liver phosphatidyl-
ethanolamine (30 mole %) liposomes (1.4 pumoles phospholipid) were incubated with 5.6 mg
PpH 5.1 supernatant protein or 0.029 mg phospholipid exchange protein (Step 6) for 20 min at 25 °C.

Expt  Incubation mixtuve Distribution of total 3P
in individual phospholipids™ ** (cpm)

Membrane Protein fraction Phosphatidyi- Phosphatidyl- Phosphatidyl-
fraction choline inositol ethanolamine
Microsomes 52 870 1 690 15940
Mitochondria pH 5.1 supernatant 7078 (13.4 %) 176 (10.4 %) 454 (2.9%)
Mitochondria Exchange protein 7236 (13.7%) 18 (1.19%,) 14 (0.1 9)
Microsomes 23 769 2 293 9 898
Liposomes pH 5.1 supernatant 3759 (15.8 %) 99 {(4.3%) 558 (5.7 %)
Liposomes Exchange protein 4186 (17.6 %) 9 (0.4%) 5(0%)
Mitochondria 57 050 4 791 48 450
Liposomes pPH 5.1 supernatant 5427 (9.5%) 303 (6.3%) 1239 (2.69)
Liposomes Exchange protein 5624 (9.9%) 18 (0.4 %) 278 (0.6 %)

* The figures in the table are corrected for the control incubation.

** The figures in parentheses are the percent of microsomal 32P radioactivity transferred to
either mitochondria or liposomes (Expts 1 and 2).
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phospholipids or with an actual exchange of those phospholipids with liposomal
phosphatidylcholine. The reason for uncertainty is that the transfer is very little in
terms of chemical phospholipid. In Expt 2, for example, 1.4 pmole microsomal
phospholipid, present in the incubation, consists of 0.14 ymole phosphatidylinositol
and 0.35 umole phosphatidylethanolamine. 5 mg pH 5.1 supernatant protein stim-
ulated the transfer of 4 % microsomal phosphatidylinositol (= 0.006 ymole) and 6 %
microsomal phosphatidylethanolamine (= 0.021 gmole). This amount of phospholipid
is only 3 % of the 0.9 umole liposomal phosphatidylcholine present in the incubation
to start with. However, we observed consistently that the transfer of [32P]phospha-
tidylinositol and [32P]phosphatidylethanolamine between subcellular membranes
and liposomes was of the same order of magnitude as the transfer of those phospho-
lipids between mitochondria and microsomes in the presence of pH 5.1 supernatant
protein (see Table II).

Since the purified phospholipid exchange protein stimulated only the exchange
of phosphatidylcholine, the various fractions from the DEAE-Sephadex A-50 column
were checked for their capability to stimulate the exchange of phosphatidylinositol
and phosphatidylethanolamine between 3*P-labeled microsomes and mitochondria
(see Fig. 3). It turns out that the active fraction eluted from the column at the higher
ionic strength is already specific for phosphatidylcholine. The only other fraction
which showed phospholipid exchange activity, was found in the void volume. This
fraction stimulated the exchange of both phosphatidylcholine, phosphatidylinositol
and phosphatidylethanolamine. It follows from Table III that the protein in the void
volume stimulates the exchange of phosphatidylinositol and phosphatidylethanol-
amine somewhat better than the pH 5.1 supernatant protein and the exchange of
phosphatidylcholine to a lesser extent.

TABLE III

EFFECT OF pH 5.1 SUPERNATANT PROTEIN AND VOID VOLUME PROTEIN FROM DEAE-SEPHADEX
A-50 COLUMN ON THE EXCHANGE OF THE INDIVIDUAL PHOSPHOLIPIDS

2.5 mg microsomal protein (1.6 ymoles phospholipid) and 11.5 mg mitochondrial protein (1.9
pmoles phospholipid) were incubated with either 5.9 mg pH 5.1 supernatant protein or 5.9 mg
protein, appearing in the void volume of the DEAE-Sephadex A-50 column. Incubation was in
3 ml 0.25 M sucrose—o0.001 M EDTA-o.01 M Tris (pH 7.8) for 40 min at 25 °C. Experimental
details are identical to those of Expt 1, Table II.

Incubation mixture Distribution of total 32P

in individual phospholipids™ ™™ (cpm)
Membrane Protein fraction Phosphatidyl- Phosphatidyl- Phosphatidyl-
fraction choline inositol ethanolamine
Microsomes 83932 4744 30653
Mitochondria pH 5.1 supernatant 8 588 (10.2 %) 371 (7.8 %) 803 (2.6 %)
Mitochondria void volume protein 4658 (5.6%) 621 (13.1 %) 1 238 (4.09%,)

*' ** See footnotes to Table II.

Biochim. Biophys. Acta, 274 (1972) 606—617



616 K. W. A. WIRTZ ¢t al.

CONCLUDING COMMENTS

A protein fraction is isolated from the cytosol of beef liver which specifically
stimulates i vitro the exchange of phosphatidylcholine between mitochondria and
microsomes from rat liver. If either mitochondria or microsomes were replaced by
liposomes the purified protein maintained its specificity for phosphatidylcholine.
Although the mode of action of phospholipid exchange protein is not known, an
interaction of the protein with subcellular membranes and liposomes is likely to occur.
In this respect it is worth mentioning that negatively charged phospholipids inhibit
the exchange of phosphatidylcholine between mitochondria and phosphatidylcholine
liposomes. Phosphatidic acid, phosphatidylinositol and cardiolipin, either incorporated
into the phosphatidylcholine liposome or added as a negatively charged liposome to
the complete incubation mixture, showed this inhibitory effect (K.W.A. Wirtz,
unpublished observations).

After chromatography of the pH 5.1 supernatant protein on a DEAE-Sephadex
A-50 column, only the protein in the void volume was found to stimulate the exchange
of phosphatidylinositol and phosphatidylethanolamine. The bulk of the phosphatidyl-
choline exchange activity eluted from the column after the ionic strength of the
eluting buffer was increased. Whether or not proteins are present in the cytosol which
stimulate specifically the exchange of phosphatidylinositol and phosphatidylethanol-
amine, remains to be established. It is generally observed that the exchange of phos-
phatidylethanolamine is a slow process compared to that of phosphatidylcholine.
This could mean that phosphatidylethanolamine is more firmly embedded in the
membrane than phosphatidylcholine. On the other hand it is possible that a phos-
phatidylethanolamine-specific phospholipid exchange protein has a low activity in
the cytosols which we have tested so far.

The exchange of phospholipids between the various subcellular membrane
fractions of the rat liver in vivo is a very likely event?26, This exchange could be
fundamental to a net transport of phospholipid from the site of phospholipid bio-
synthesis, 7.e. the endoplasmic reticulum to those sites in the cell which are deficient in
phospholipid. Then it has to be assumed that a one-for-one exchange of phospholipid
molecules is not necessary. The exchange of phospholipid could be the basic pheno-
menon on which the net transport of phospholipid is superimposed. The phospholipid
exchange protein might be instrumental in this process in as much as it makes the
exchange of phospholipid possible. If this is true the protein will be intimately in-
volved in membrane biogenesis and phospholipid turnover. The exchange of phos-
pholipids between the various membrane fractions is obviously controlled since many
of the subcellular membranes have a distinct phospholipid composition®.
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