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Abstract The effects sterol carrier protein-2 (SCP-2) ex-
pression on L-cell phospholipid levels and fatty acyl compo-
sition was assessed using L-cells transfected with the murine
cDNA encoding for either the 15 kDa proSCP-2 or 13.2 kDa
SCP-2. Expression of these proteins reduced total phospho-
lipid mass (nmol/mg protein) by 24% and reduced the cho-
lesterol to phospholipid ratio 60 and 28%, respectively. In 15
kDa proSCP-2 expressing cells, individual phospholipid class
masses, excluding sphingomyelin (CerPCho), were reduced
as follows: phosphatidylinositol (PtdIns) and phosphati-
dylserine (PtdSer) 

 

..

 

 ethanolamine glycerophospholipid

 

(EtnGpl) 

 

.

 

 choline glycerophospholipid (ChoGpl). Further-
more, ethanolamine plasmalogen mass was decreased 25%,
while choline plasmalogen mass was elevated 30% in 15 kDa
proSCP-2 expressing cells. In 13.2 kDa SCP-2 expressing
cells, phospholipid class mass was decreased as follows:
PtdIns and PtdSer 

 

..

 

 ChoGpl. These changes in phospho-
lipid mass resulted in altered cellular phospholipid compo-
sition. Expression of either protein differentially altered the
type of fatty acid esterified onto the phospholipids. These
effects included a greater proportion of polyunsaturated
fatty acids and a reduction in saturated fatty acids, although
15 kDa proSCP-2 expression had a more robust effect on
these parameters than did 13.2 kDa SCP-2 expression. In
summary, expression of SCP-2 reduced individual phospho-
lipid class mass, except for CerPCho, and altered the fatty
acid composition of each phospholipid class examined.
These results clearly demonstrate that SCP-2 expression al-
tered basal phospholipid levels, suggesting that SCP-2 can
alter the function of endoplasmic reticulum phospholipid
synthetic enzymes.
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Sterol carrier protein-2 (SCP-2) is thought to mediate
cholesterol trafficking and metabolism (1–3). SCP-2 is a
small ubiquitous protein encoded for by a single gene that
contains two initiation sites (4, 5), encoding for the 58
kDa SCP

 

x

 

 and the 15 kDa proSCP-2 (4, 6–8). The 15 kDa
proSCP-2 contains an N-terminal 20 amino acid putative
mitochondrial targeting sequence (9, 10) as well as a C-
terminal peroxisomal targeting sequence (7). However,

 

neither the effect of the N-terminal presequence on intra-
cellular targeting nor the intracellular location in which
the N-terminal sequence is cleaved have been clearly delin-
eated. Nevertheless, the N-terminal presequence under-
goes rapid post-translational cleavage in most tissues and
cells, including L-cell, resulting in the 13.2 kDa form of
SCP-2 (9, 10). Because of this rapid post-translational
cleavage, the 15 kDa protein is rarely detected by Western
blotting (9, 11, 12). For the 13.2 kDa SCP-2, cellular local-
ization studies using immunogold and immunofluores-
cence methods have indicated that the protein is associ-
ated with peroxisomes (13) and endoplasmic reticulum
(14) as well as being found in the mitochondria (14, 15)
and cytosol (14, 16). The 58 kDa SCP

 

x

 

, on the other hand,
is exclusively localized in the peroxisomal matrix (13, 17),
although expression of this protein in L-cell fibroblasts
also increases 13.2 kDa SCP-2 levels 2-fold, which may ac-
count for the significant extraperoxisomal immunoreac-
tive SCP-2 in these cells (18).

Even though the physiological role for SCP-2 remains
elusive, several studies suggest a function in lipid metabo-
lism. SCP-2 not only binds sterol (3, 19), cholesterol (19–
21), and phospholipids (20), it more importantly enhances
cholesterol transfer between model membranes (20, 22,
23) and L-cell membranes (16, 24). Recently, SCP-2 was
shown to increase cholesterol uptake (2) and cholesterol
esterification (1) when the 15 kDa proSCP-2 was stably ex-
pressed in L-cell fibroblasts. In contrast, expression of the
13.2 kDa SCP-2 did not enhance cholesterol uptake, sug-
gesting that expression of the 15 kDa proSCP-2 contain-
ing the N-terminal pre-sequence is essential for proper
function in cholesterol uptake.

 

Abbreviations: EtnGpl, ethanolamine glycerophospholipid; lysoPtdEtn,
lysophosphatidylethanolamine; PtdIns, phosphatidylinositol; PtdSer, phos-
phatidylserine; ChoGpl, choline glycerophospholipid; CerPCho, sphin-
gomyelin; lysoPtdCho, lysophosphatidylcholine; Etn, ethanolamine; Cho,
choline; PlsEtn, ethanolamine plasmalogen; PlsCho, choline plasmalo-
gen; SCP-2, sterol carrier protein-2; HPLC, high performance liquid
chromatography; GLC, gas–liquid chromatography; TLC, thin-layer-
chromatography; FAME, fatty acid methyl ester.
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Although many studies in vitro and in transfected
L-cells demonstrate a role for SCP-2 in cholesterol metab-
olism and trafficking, until recently a similar role in fatty
acid uptake and trafficking was unrealized. Studies in vitro
clearly show that SCP-2 binds fatty acids with an affinity
similar to that reported for fatty acid binding proteins (21,
25, 26), although this binding is very sensitive to ethanol
(27). In L-cells transfected with SCP-2, both 13.2 kDa SCP-
2 and 15 kDa proSCP-2 expression increases uptake and
intracellular trafficking of fluorescently labeled fatty acid
(28). Furthermore, SCP-2 also binds the activated form of
fatty acids, acyl-CoA (21, 29), suggesting a role in fatty acid
targeting. A similar study also demonstrated high affinity
binding of long-chain fatty acyl-CoA to SCP-2 (30). Expres-
sion of the 58 kDa SCP

 

x

 

 in L-cells stimulates not only an in-
crease in 13.2 kDa SCP-2 levels, but also increases the ester-
ification of oleic acid onto cholesterol, further implicating
a role in fatty acid trafficking (18). In a separate study, the
SCP-2 gene encoding the 58 kDa SCPx,15 kDa proSCP-2,
and thereby the 13.2 kDa SCP-2 was knocked out, resulting
in a 2-fold decrease in liver glycerides and cholesteryl esters
(31), suggesting that these animals have altered phospho-
lipid and fatty acid metabolism.

While the 13.2 and 15 kDa forms of SCP-2 increase
fatty acid uptake into L-cells and bind both acylCoA and
fatty acids in assays in vitro, the role of these proteins on
phospholipid composition and mass as well as phospholipid
fatty acyl composition is unclear. Because the 13.2 kDa SCP-2
and 15 kDa proSCP-2 are localized to mitochondria, endo-
plasmic reticulum, and peroxisomes as well as binding acyl-
CoA, SCP-2 expression in L-cell fibroblasts may mediate
alterations in phospholipid acyl chain composition and
phospholipid levels. These possibilities were assessed using
cells stably transfected with the murine cDNA encoding for
either the 13.2 kDa SCP-2 or 15 kDa proSCP-2. We report for
the first time that SCP-2 expression decreased phospholipid
levels by nearly 25%, resulting, in part, in a dramatic increase
in the cholesterol to phospholipid ratio. In addition, SCP-2
expression differentially altered phospholipid fatty acid com-
position and increased the proportions of long-chain polyun-
saturated fatty acids esterified to the phospholipids.

METHODS

 

Cells

 

The cells used in this study are the same murine L-cells (L
arpt

 

2

 

tk

 

2

 

) clones that were stably transfected with the cDNA en-
coding for either the murine 13.2 kDa SCP-2 or 15 kDa proSCP-2
(1, 2). In previous studies, we demonstrated that mock trans-
fected cells did not alter cholesterol uptake, although expression
of the 15 kDa pro-SCP-2 did increase cholesterol uptake (2).
SCP-2 expression in these clones was equivalent to that previously
demonstrated (1, 2). Control and transfected cells were grown
in Higuchi medium containing 10% fetal bovine serum (Hyclone,
Logan, UT) and were grown to confluency (32).

 

Lipid extraction

 

Cellular lipids were extracted from confluent control and
transfected cells using n-hexane–2-propanol 3:2 (v/v) (33, 34).

Prior to extraction, cell culture medium was removed and the
cells were washed twice with ice-cold phosphate-buffered saline.
After removal of the last wash, the cell plate was floated on liquid
N

 

2

 

 to minimize lipid breakdown during cell removal (35). After
removal from the liquid N

 

2

 

, 2 ml of 2-propanol was added to the
cell plate and the cells were removed by scraping. The 2-
propanol aliquot containing the cells was transferred to a tube
containing 6 ml of n-hexane. The cell plate was washed with
another 2 ml aliquot of 2-propanol which was also transferred to
the tube containing the n-hexane, resulting in n-hexane–2-
propanol 3:2 (v/v).

Cell extracts were centrifuged at 2,500 rpm to pellet the dena-
tured protein and other cellular debris. The lipid-containing or-
ganic liquid was decanted and saved until analysis. The residual
protein pellet was dried overnight at room temperature. All lipid
extracts were stored under a N

 

2

 

 atmosphere at 

 

2

 

80

 

8

 

C.

 

Phospholipid separation

 

Before high performance liquid chromatography (HPLC),
the sample volume was reduced under a stream of nitrogen and
the samples were filtered through a nylon 66 0.2 

 

m

 

m filter (Ra-
nin, Emeryville, CA). The filtered sample was then dried to com-
pleteness and redissolved in a known volume of HPLC grade n-
hexane–2-propanol 3:2 (v/v).

The HPLC system consisted of a Beckman 125 pump module,
a Beckman 166 UV/Vis detector (Fullerton, CA), a column
heater ( Jones Chromatography, Littleton, CO) containing a Phe-
nomenex Selectosil column (5 

 

m

 

m, 4.6 

 

3

 

 250 mm, Torrance,
CA) maintained at 34

 

8

 

C. The eluent absorbance was monitored
at 205 nm.

The phospholipid classes were separated using a binary gradi-
ent of (A) n-hexane–2-propanol 3:2 (v/v) and (B) n-hexane–2-
propanol–water 56.7:37.8:5.5 (v/v/v). Initial solvent conditions
were 65% A / 35% B with a step gradient to 100% B over 75 min.
This method separates all of the major phospholipid classes (36).
The ethanolamine glycerophospholipid (EtnGpl) and choline
glycerophospholipid (ChoGpl) fractions were quantitatively di-
vided in two equal parts, one of which was used to quantify phos-
pholipid mass by assaying lipid phosphorus (37) and the other
was dried under nitrogen and exposed to HCl vapor for 15 min
to cleave the vinyl ether linkage of the plasmalogen subclasses
(38). The latter fractions were re-separated by HPLC and the
glycerophospholipid and lysophospholipid fractions were col-
lected and quantified by assaying for lipid phosphorus (37). All
other phospholipid fractions were also quantified by analysis of
lipid phosphorus (37).

 

Thin-layer chromatography

 

Phospholipid fatty acid composition was analyzed in individual
phospholipids separated by thin-layer chromatography (TLC).
Silica gel G plates (Analtech, Newark, DE) were heat activated at
110

 

8

 

C for 1 h and samples were streaked onto the plates. The de-
veloping solvent was chloroform–methanol–water 65:25:4 (v/v/v).
This solvent system separates the phosphatidylinositol (PtdIns)
from the phosphatidylserine (PtdSer) as well as the ChoGpl from
the sphingomyelin (CerPCho) (39). Bands were visualized using
1 m

 

m

 

 6-p-toluidino-2-naphthalene sulfonic acid dissolved in 50
m

 

m

 

 Tris (pH 7.4) (40). Bands corresponding to authentic lipid
standards were scraped into screw-top test tubes and subjected to
base catalyzed transesterification.

 

Transesterification

 

Methanol was added to the individual phospholipid fractions
and they were subjected to base-catalyzed transesterification, con-
verting the phospholipid acyl chains to fatty acid methyl esters
(FAME) (41). FAME were extracted from the methanol using
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2 ml of n-hexane and the n-hexane upper-phase containing the
FAME was removed. The lower phase was re-extracted two more
times with 2-ml aliquots of n-hexane and these washes were com-
bined with the original aliquot.

 

Gas–liquid chromatography

 

FAME were separated by gas–liquid chromatography (GLC)
and quantified using flame ionization detection. Individual fatty
acids were identified using FAME standards (NuChek Prep, Ely-
sian, MN). Relative correction factors for fatty acids were estab-
lished using standards and based upon a set concentration of
17:0 added prior to analysis. Detector response was linear within
the sample concentration range for all of the fatty acids.

The GLC system consisted of a GLC-14A (Shimadzu, Kyoto,
Japan) equipped with an SP-2330 capillary column (0.32 mm ID 

 

3

 

30 m length, Supelco, Bellfontaine, PA). Column temperature
was maintained at 185

 

8

 

C, with the injector and detector temper-
ature set at 220

 

8

 

C. The split ratio was 40:1. Peak area data were col-
lected using a Dionex UI-120 analytical to digital interface and
converted to peak area using Dionex PeakNet software (Dionex,
Sunnyvale, CA).

 

Protein assay

 

Proteins were measured using a modified dye-binding assay
(42). The dried protein residue from the extracts was digested
overnight in 0.2 

 

m

 

 KOH at 65

 

8

 

C. After digestion, aliquots were used
to measure the protein concentration by converting absorbances
to concentrations using a bovine serum albumin standard curve.

 

Statistics

 

All groups were compared using one-way ANOVA and Tukey-
Kramer multiple comparisons post-test using Instat II (Graph-
Pad, San Diego, CA). All values are expressed as means 

 

6

 

 SD.
Statistical significance was defined as 

 

P

 

 

 

,

 

 0.05. The n is defined
as the number of cultures used to determine each data point.

 

RESULTS

 

Total phospholipid mass

 

The effect of 13.2 kDa SCP-2 and 15 kDa proSCP-2 ex-
pression on total cellular phospholipid mass (nmol/mg
protein) was determined. The total phospholipid mass
was decreased from 299 

 

6

 

 33 to 229 

 

6

 

 25, and 225 

 

6

 

 39
nmol/mg protein in 13.2 kDa SCP-2 and 15 kDa proSCP-2
expressing cells, respectively. Hence expression of either the
13.2 or 15 kDa form of SCP-2 decreased phospholipid mass
by nearly 25%. This large change in total cellular phospho-
lipid content suggests that the masses of one or more of the
individual phospholipid classes may also be decreased.

 

Endoplasmic reticulum synthesized individual
phospholipid class mass

 

Changes in total cellular phospholipid content do not
necessarily reflect similar changes in all phospholipid
classes. Therefore, the phospholipid classes were resolved
by HPLC and the individual phospholipid class masses
were determined. The largest decrease in phospholipid mass
was found in phosphatidylinositol (PtdIns) and phos-
phatidylserine (PtdSer) (

 

Table 1A

 

). In 15 kDa proSCP-2
expressing cells, PtdIns and PtdSer were both markedly
reduced 83% each, whereas in 13.2 kDa SCP-2 expressing
cells, PtdIns and PtdSer were decreased 67 and 86%, re-

spectively. Choline glycerophospholipid (ChoGpl) mass
was also reduced in both cell lines, although the reduc-
tion was much less than that observed for the other phos-
pholipids (17 and 12% for the 13.2 kDa SCP-2 and 15 kDa
proSCP-2 expressing cells, respectively). Ethanolamine
glycerophospholipid (EtnGpl) content was significantly
decreased in only the 15 kDa proSCP-2 expressing cells,
with the mass reduced by 28% compared to control. In
neither cell line was the sphingomyelin (CerPCho) mass
altered, indicating that, unlike the other phospholipids,
there was no derangement of the CerPCho biosynthesis.
As shown above, 13.2 kDa SCP-2 and 15 kDa proSCP-2 ex-
pression did not decrease the content of all the phospho-
lipid classes equally. In fact, the content of CerPCho and
the lysophospholipids were unaffected (Table 1A)

 

Peroxisomal and endoplasmic reticulum
synthesized plasmalogen mass

 

Plasmalogens, phospholipids containing a vinyl ether
linkage at the 

 

sn

 

-1 position, are synthesized initially in the
peroxisome (43, 44) with the polar head group addition
and subsequent desaturation of the ether moiety occurring
in the endoplasmic reticulum (45–47). Because these ether-
containing phospholipids have a role in lipid-mediated
signal transduction (48–51), the effects of SCP-2 expres-
sion on the mass of these phospholipids were determined
separately. In 15 kDa proSCP-2 expressing cells, ethanol-
amine plasmalogen (PlsEtn) mass was decreased 25%,
while choline plasmalogen (PlsCho) mass was increased
nearly 30% (

 

Table 2A

 

). In the 13.2 kDa SCP-2 expressing
cells, separating out the acid-labile plasmalogen subclass
from the acid-stable subclasses revealed a 18% decrease in
the acid-stable fraction, predominantly phosphatidyletha-
nolamine (PtdEtn). In the 15 kDa proSCP-2 expressing

 

TABLE 1. Effects of SCP-2 expression on L-cell phospholipid 
mass and composition

 

A: Phospholipid Mass

Phospholipid
Class Control 13.2 kDa SCP-2

15 kDa
proSCP-2

 

nmol/mg protein

 

EtnGpl 68.5 

 

6

 

 10.6 59.4 

 

6

 

 2.7 49.1 

 

6

 

 0.5

 

a

 

,

 

b

 

lysoPtdEtn 7.6 

 

6

 

 2.8 4.6 

 

6

 

 0.9 3.1 

 

6

 

 1.7
PtdIns 9.0 

 

6

 

 5.4 3.0 

 

6

 

 2.7

 

a

 

1.5 

 

6

 

 0.4

 

a

 

PtdSer 7.0 

 

6

 

 1.5 0.9 

 

6

 

 0.9

 

a

 

1.2 

 

6

 

 1.2

 

a

 

ChoGpl 153.4 

 

6

 

 13.9 127.1 

 

6

 

 6.4

 

a

 

135.8 

 

6

 

 2.9

 

a

 

CerPCho 31.7 

 

6

 

 7.1 31.5 

 

6

 

 5.1 32.8 

 

6

 

 4.2
lysoPtdCho 5.3 

 

6

 

 3.2 2.8 

 

6

 

 2.6 2.5 

 

6

 

 1.3

 

B: Phospholipid Composition

 

mole %

 

EtnGpl 24.2 

 

6

 

 2.9 25.9 

 

6

 

 1.2 21.8 

 

6

 

 0.2

 

a

 

,

 

b

 

lysoPtdEtn 2.7 

 

6

 

 0.6 2.0 

 

6

 

 0.4 1.3 

 

6

 

 0.8
PtdIns 3.1 

 

6

 

 1.7 1.5 

 

6

 

 1.0

 

a

 

0.7 

 

6

 

 0.2

 

a

 

PtdSer 2.5 

 

6

 

 0.7 0.4 

 

6

 

 0.4

 

a

 

0.5 

 

6

 

 0.5

 

a

 

ChoGpl 54.5 

 

6

 

 3.3 55.5 

 

6

 

 2.8 60.4 

 

6

 

 1.7

 

a

 

,

 

b

 

CerPCho 11.2 

 

6

 

 2.1 13.8 

 

6

 

 2.2 14.2 

 

6

 

 0.8

 

a

 

lysoPtdCho 1.9 

 

6

 

 1.2 0.9 

 

6

 

 1.2 1.1 

 

6

 

 0.6

Values are represent means 

 

6

 

 SD, n 

 

5

 

 4.

 

a

 

Indicates significant from control, 

 

P

 

 

 

,

 

 0.05.

 

b

 

Indicates significant from 13.2 kDa SCP-2 expressing cells, 

 

P

 

 

 

,

 

 0.05.
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cells, the acid-stable fraction, predominantly PtdEtn, was
decreased 30%. In the ChoGpl subclasses, the majority of
the decrease in either cell line was accounted for by a
large decrease in the acid-stable fraction, predominantly
the phosphatidylcholine subclass. Hence, in both cell
lines PtdEtn was decreased, but ethanolamine and cho-
line plasmalogen mass was only altered in the 15 kDa
proSCP-2 expressing cells. Thus, 13.2 kDa SCP-2 and 15
kDa proSCP-2 expression differentially affected plasmalo-
gen levels, suggesting a role for the 15 kDa proSCP-2 in
modulating plasmalogen biosynthesis in peroxisomes.

 

Phospholipid class composition

 

While 13.2 kDa SCP-2 and 15 kDa proSCP-2 expression
dramatically decreased total phospholipid mass and dif-
ferentially affected the masses of individual phospholipid
classes, such data do not provide any information regard-
ing the relative distribution of the individual phospho-
lipid classes. Therefore, the effect of 13.2 kDa SCP-2 or 15
kDa proSCP-2 expression on L-cell phospholipid percent
composition was calculated from the phospholipid mass
data in Table 1A. In 15 kDa proSCP-2 expressing cells,
EtnGpl proportions (mole %) were significantly de-
creased 10%, while PtdIns and PtdSer proportions were
reduced nearly 80% (Table 1B). In the 13.2 kDa SCP-2 ex-
pressing cells, a similar decrease in PtdSer and PtdIns pro-
portions was observed. In contrast to the 13.2 kDa SCP-2 ex-
pressing cells where the mole % of CerPCho and ChoGpl
remained unchanged, these mole percentages were in-
creased 1.3- and 1.1-fold, respectively, in 15 kDa proSCP-2
expressing cells (Table 1B). Similarly, in 15 kDa proSCP-2
expressing cells, the proportion of acid-stable and acid-
labile fractions of ChoGpl was altered, while there were
no changes in the proportion of these two fractions in the
EtnGpl (Table 2B). Hence, the increase in the acid-labile
fraction is indicative of changes in PlsCho, while PlsEtn was
unchanged. Both plasmalogen fractions remained un-
changed in the 13.2 kDa SCP-2 expressing cells. Changes

in composition illustrate alterations in one phospholipid
relative to the other phospholipids and suggest that large
changes in individual phospholipid class mole % indicate
specific changes in individual phospholipid class synthesis
or catabolism. In both the 13.2 and 15 kDa expressing
cells, the most notable changes were the changes in the
PtdIns and PtdSer fractions, suggesting altered metabo-
lism of these two phospholipids in the SCP-2 expressing
cells. In contrast, the mole % of the other phospholipid
classes (EtnGpl, ChoGpl, CerPCho, PlsCho) were only al-
tered in the 15 kDa proSCP-2 expressing cells.

 

Phospholipid to cholesterol ratio

 

As earlier studies from this laboratory also showed ef-
fects of 15 kDa proSCP-2 expression, but not 13.2 kDa
SCP-2 expression, on cholesterol uptake in L-cells (1), it
was important to examine the effect of these proteins on
the cholesterol to phospholipid ratio. The ratio was 0.24 

 

6

 

0.02, 0.32 

 

6

 

 0.05

 

a

 

, and 0.40 

 

6 0.04a,b for the control, 13.2
kDa SCP-2, and 15 kDa proSCP-2 expressing cells, respec-
tively. The a indicates significantly different from control,
P , 0.05, and the b indicates significantly different from
the 13.2 kDa SCP-2 expressing cells, P , 0.05. Clearly, the ex-
pression of these two proteins differentially affected the cho-
lesterol to phospholipid ratio, with the 15 kDa proSCP-2 ex-
pressing cells having a ratio that was nearly 65% larger
than that for the control cells, while in the 13.2 kDa SCP-2
expressing cells, this ratio was only increased 33%. Because
13.2 kDa SCP-2 expression had no effect on free choles-
terol mass (1), but did decrease the phospholipid mass,
the changes in the cholesterol to phospholipid ratio were
much smaller. These results suggest that the N-terminal
presequence of the 15 kDa proSCP-2 was necessary to dra-
matically increase the ratio of free cholesterol to phospho-
lipid, which is critical as this ratio is a primary determi-
nant of membrane structure.

Phospholipid fatty acid composition
In addition to the cholesterol to phospholipid ratio and

phospholipid composition, the other major determinant
of membrane structure is the phospholipid fatty acid com-
position. The fatty acid composition of the two major phos-
pholipid classes, EtnGpl and ChoGpl, as well as that of the
two classes with the largest change, PtdIns and PtdSer, was
determined in control, 13.2 kDa SCP-2 and 15 kDa
proSCP-2 expressing L-cells.

In the EtnGpl, the most marked change was a 1.8-fold
increase in 22:6 n–3 and 22:4 n–6 proportions (mole %)
in both cell lines relative to control (Table 3). Despite this
change, there was no significant increase in the overall
proportion of polyunsaturated fatty acids (PUFA), prima-
rily due to a large increase, approximately 1.3-fold, in 18:0
proportions which comprised 25–28% of the total fatty
acid in the transfected cells. This led to a significant de-
crease in the unsaturated/saturated index in the 15 kDa
expressing cells. However, the n–3/n–6 and PUFA/satu-
rated fatty acid indices were unaffected by either 13.2 or
15 kDa SCP-2 expression. Hence, in the EtnGpl, the most
dramatic change was an increase in 22:4 n–6, 22:6 n–3,

TABLE 2. Effects of SCP-2 expression on L-cell plasmalogen 
composition and mass

A: Mass of Glycerophospholipid Subclasses

Phospholipid 
Class Control 13.2 kDa SCP-2

15 kDa
proSCP-2

nmol/mg protein

Etn acid stable 43.7 6 2.1 36.2 6 0.4a 30.7 6 1.6a

Etn acid labile 24.5 6 3.7 23.2 6 0.4 18.4 6 1.6a

Cho acid stable 140.9 6 3.6 115.7 6 1.8a 119.5 6 1.7a,b

Cho acid labile 12.5 6 0.3 11.4 6 1.8 16.3 6 1.7a,b

B: Composition of Glycerophospholipid Subclass

mole%

Etn acid stable 64.0 6 2.6 60.9 6 0.6 62.6 6 3.1
Etn acid labile 36.0 6 2.3 39.1 6 0.6 37.4 6 3.1
Cho acid stable 91.9 6 1.5 91.0 6 1.4 87.9 6 1.3a,b

Cho acid labile 8.1 6 1.5 9.0 6 1.4 12.1 6 1.3a,b

Values represent means 6 SD, n 5 4–6.
a Indicates significant from control, P , 0.05.
b Indicates significant from the 13.2 kDa SCP-2 expressing cells,

P , 0.05.
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and 18:0 proportions, although the increase in 18:0 was
sufficient to minimize the effect of the elevated PUFA in
the various indices.

In the ChoGpl, the majority of the changes in fatty acid
composition were limited to the 15 kDa proSCP-2 express-
ing cells (Table 4). Similar to EtnGpl, the 15 kDa expressing
cells had a 2.1-fold increase in 22:6 n–3 proportions, al-
though in this phospholipid class 20:4 n–6 proportions
were elevated 1.9-fold, instead of increased 22:4 n–6 pro-
portions. The proportions of 16:0 and 16:1 were decreased
20 and 30%, respectively, while 18:1 n–9 proportions in-
creased 1.2-fold. Because of these changes, the amount of
saturated fatty acids in the 15 kDa expressing cells were
significantly lower relative to control, resulting in an in-
crease in the PUFA/saturated fatty acid and unsaturated/
saturated fatty acid indices. As previously stated, the
changes in the 13.2 kDa expressing cells were limited to
an overall decrease in PUFA and an increased proportion
of monounsaturated fatty acids (MUFA). Thus, in the
ChoGpl, the changes in fatty acid composition were lim-
ited for the most part to the 15 kDa expressing cells.
These changes predominantly involved an elevation in
MUFA proportions and a decrease in saturated fatty acids.

In the PtdIns, changes in fatty acid composition were
limited in both 13.2 kDa SCP-2 and 15 kDa proSCP-2 ex-
pressing cells (Table 5). In the 15 kDa proSCP-2 express-
ing cells, proportions of 16:0 and 18:2 were elevated 1.7-
and 3.4-fold, respectively. In both 13.2 kDa SCP-2 and 15

kDa proSCP-2 expressing cells, the PUFA/saturated index
was increased 1.4- and 1.6-fold, respectively. This change was
due to an increase in PUFA, as opposed to a large decline in
saturated fatty acid proportions. The n–3/n–6 ratio was sig-
nificantly increased in the 15 kDa proSCP-2 expressing
cells, mainly due to an increase in the proportion of 22:3
n–3. Hence, the overall change in PtdIns was an increase
in the PUFA/saturated fatty acid index.

There were a number of marked changes in PtdSer fatty
acid composition in both the 13.2 kDa SCP-2 and 15 kDa
proSCP-2 expressing cells (Table 6). These changes in-
cluded increased 20:4 n–6, 22:4 n–6, 22:3 n–3, and 22:6 n–3
proportions in 15 kDa proSCP-2 expressing cells, coupled
with a 20 and 33% decrease in 18:0 and 18:1 n–9, respec-
tively. In 13.2 kDa SCP-2 expressing cells there was a 4-fold
increase in 20:4 n–6 proportions as well as increased 22:4
n–6 proportions. Similar to the 15 kDa proSCP-2 express-
ing cells, 18:0 was decreased 23% relative to control in the
13.2 kDa SCP-2 expressing cells. Overall, PUFA increased
2.3- and 3.6-fold in the 13.2 kDa SCP-2 and 15 kDa
proSCP-2 expressing cells, coupled with a 15 and 13% re-
duction in saturated fatty acids, respectively. These
changes increased both the PUFA/saturated fatty acid in-
dex as well as the unsaturated/saturated fatty acid index.
Thus, there was a significant alteration in PtdSer fatty acid
composition as the 13.2 kDa SCP-2 and 15 kDa proSCP-2

TABLE 3. Effect of SCP-2 expression on ethanolamine
glycerophospholipid fatty acid composition

Fatty Acid Control 13.2 kDa SCP-2
15 kDa

proSCP-2

16:0 5.94 6 0.55 5.78 6 1.71 6.05 6 0.45
16:1 1.68 6 0.17 1.62 6 0.43 1.22 6 0.32
18:0 20.65 6 2.70 25.39 6 0.91a 27.82 6 1.38a

18:1 n–9 43.83 6 3.78 39.23 6 1.02 38.27 6 1.47a

18:2 n–6 2.45 6 0.17 3.03 6 0.18 2.66 6 0.53
18:3 n–6 0.36 6 0.20 0.19 6 0.06 0.23 6 0.15
18:3 n–3 0.39 6 0.04 0.33 6 0.06 0.16 6 0.03
20:0 0.50 6 0.09 0.48 6 0.11 0.58 6 0.12
20:1 4.04 6 0.65 2.68 6 0.07a 2.05 6 0.40a

20:2 n–6 0.62 6 0.47 0.14 6 0.08 0.28 6 0.08
20:3 n–6 0.75 6 0.11 0.81 6 0.11 0.59 6 0.17
20:4 n–6 8.73 6 1.65 10.96 6 0.53 10.52 6 1.21
22:0 BLD 0.35 6 0.15 0.43 6 0.17
22:1 BLD 0.36 6 0.17 0.25 6 0.21
22:3 n–3 1.25 6 0.18 BLD BLD
22:4 n–6 1.43 6 0.52 2.56 6 0.34a 2.62 6 0.42a

22:6 n–3 3.55 6 1.45 5.59 6 0.55a 5.89 6 0.27a

24:0 1.38 6 0.54 0.51 6 0.12 0.37 6 0.15

Saturated 29.21 6 2.26 32.51 6 0.75 35.26 6 1.90a

MUFA 47.87 6 5.70 43.88 6 1.27 41.79 6 1.80
PUFA 21.18 6 5.53 23.61 6 1.69 22.95 6 1.40
n–6 15.08 6 2.81 17.69 6 1.13 16.90 6 1.23
n–3 6.10 6 1.89 5.92 6 0.60 6.05 6 0.30

MUFA/Sat 1.63 6 0.31 1.35 6 0.04 1.19 6 0.11a

PUFA/Sat 0.72 6 0.11 0.73 6 0.06 0.65 6 0.06
Unsat/Sat 2.40 6 0.24 2.08 6 0.07 1.84 6 0.15a

n–3/n–6 0.40 6 0.10 0.33 6 0.02 0.36 6 0.03
PUFA/MUFA 0.44 6 0.12 0.54 6 0.05 0.55 6 0.05

Values are mole % and represent means 6 SD, n > 3; BLD, below
the limit of detection.

a Indicates significant difference form control, P , 0.05.

 
TABLE 4. Effect of SCP-2 expression on choline

glycerophospholipid fatty acid composition

Fatty Acid Control 13.2 kDa SCP-2
15 kDa

proSCP-2

16:0 23.27 6 0.67 24.26 6 0.65 18.25 6 1.54a,b

16:1 6.37 6 0.21 7.04 6 0.35 4.45 6 0.90a,b

18:0 15.21 6 3.03 11.47 6 0.05 13.22 6 0.88
18:1 n–9 48.18 6 1.64 50.50 6 0.25 56.06 6 1.34a,b

18:2 n–6 1.83 6 0.08 1.92 6 0.13 2.07 6 0.10
18:3 n–6 0.08 6 0.36 0.08 6 0.01 0.11 6 0.07
18:3 n–3 0.04 6 0.03 0.02 6 0.04 0.03 6 0.04
20:0 0.31 6 0.04 0.35 6 0.04 0.39 6 0.09
20:1 1.12 6 0.22 1.26 6 0.25 1.29 6 0.42
20:2 n–6 0.14 6 0.02 0.17 6 0.02 0.24 6 0.11
20:3 n–6 0.32 6 0.02 0.28 6 0.01 0.36 6 0.10
20:4 n–6 1.04 6 0.20 1.32 6 0.10 1.99 6 0.29a,b

22:0 0.09 6 0.10 0.18 6 0.03 0.22 6 0.08
22:3 n–3 0.24 6 0.29 BLD BLD
22:4 n–6 0.51 6 0.29 0.26 6 0.08 0.38 6 0.10
22:6 n–3 0.35 6 0.06 0.54 6 0.06 0.75 6 0.20a

22:5 n–6 0.43 6 0.06 0.23 6 0.20 0.06 6 0.08a

24:1 0.11 6 0.01 BLD BLD

Saturated 38.68 6 2.29 36.48 6 0.52 32.14 6 0.94a,b

MUFA 55.78 6 1.84 58.93 6 0.17a 61.94 6 0.93a,b

PUFA 5.53 6 0.51 4.58 6 0.37a 5.91 6 0.51b

n–6 4.70 6 0.75 4.02 6 0.28 5.13 6 0.44
n–3 0.83 6 0.60 0.56 6 0.09 0.78 6 0.16

MUFA/Sat 1.44 6 0.13 1.62 6 0.03a 1.93 6 0.08a,b

PUFA/Sat 0.14 6 0.02 0.13 6 0.01 0.18 6 0.02a,b

Unsat/Sat 1.59 6 0.15 1.74 6 0.04 2.11 6 0.09a,b

n–3/n–6 0.18 6 0.09 0.14 6 0.01 0.15 6 0.03
PUFA/MUFA 0.10 6 0.01 0.08 6 0.01a 0.10 6 0.01b

Values are mole % and represent means 6 SD, n > 3; BLD, below
the limit of detection.

a Indicates significant differences from control, P , 0.05.
b Indicates significant difference from 13.2 kDa expressing cells,
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expressing cells became more unsaturated as proportions
of PUFA increased.

Overall, expression of 15 kDa proSCP-2, and to a lesser
extent 13.2 kDa SCP-2, resulted in an increase in PUFA in
the four major phospholipids. This resulted in a general
increase in the PUFA/saturated fatty acid index as well as
the unsaturated/saturated fatty acid index. Proportions of
22:6 n–3, 22:3 n–3, 22:4 n–6, and 20:4 n–6 were in-
creased, to some degree or another.

DISCUSSION

Although SCP-2 is known to bind many different lipids,
ligand binding alone does not necessarily indicate a physi-
ological function. Expression of the 15 kDa, but not the
13.2 kDa, form of SCP-2 not only facilitates cholesterol up-
take (2) and esterification (1), but also appears to enhance
trafficking of cholesterol (1) and fatty acids (28) within
cells. Such studies support results of experiments in vitro
showing that SCP-2 stimulates cholesterol exchange be-
tween membranes (16, 20, 22–24, 52). Recent results
show that SCP-2 expression in L-cells stimulates fatty acid
esterification (1) and fatty acid trafficking (26), while
studies in vitro show fatty acid (21, 25–27) and acyl-CoA
(21, 29, 30) binding as well as an alteration in fatty acid
metabolism in gene targeted animals (31). Consequently,
the effect of SCP-2 expression on phospholipid mass and
phospholipid fatty acid composition was determined in

L-cells stably transfected with the murine cDNA encoding
for the 13.2 kDa SCP-2 or 15 kDa proSCP-2.

In L-cells, SCP-2 expression altered both the phospho-
lipid composition and mass (Table 1) as well as increasing
the cholesterol to phospholipid ratio. Expression of either
form of SCP-2 decreased total phospholipid mass 24%,
with the largest quantitative decrease (nmol/mg protein)
in the ChoGpl, although this decrease only represented
12–17% of the total ChoGpl mass (Table 1A). Surpris-
ingly, there was a specific reduction in both PtdIns and
PtdSer as illustrated by the large decrease in their respec-
tive mole % as well as a large reduction in mass (Table
1B). Similar to the decrease in total phospholipid mass,
both proteins had nearly the same effect on the content of
PtdIns and PtdSer. In contrast, only expression of the 15
kDa proSCP-2 influenced cholesterol uptake (1, 2), sug-
gesting that expression of the protein containing the N-
terminal pre-sequence (9, 10) is necessary for this func-
tion. A graded effect in fatty acid uptake was seen in L-cells
expressing either the 13.2 kDa SCP-2 or 15 kDa proSCP-2
(28), although only the 15 kDa proSCP-2 expressing cells
had an increase in the apparent fatty acid intracellular dif-
fusion rate. Nonetheless, in the results presented herein,
both the 13.2 kDa SCP-2 and 15 kDa proSCP-2 expressing
cells had similar effects on total phospholipid mass, even
though there were some differences between the two trans-
fected cell lines suggesting that expression of the 15 kDa
form of SCP-2 had a more robust effect.

In general, phospholipid biosynthesis proceeds through

TABLE 5. Effect of SCP-2 expression on phosphatidylinositol
fatty acid composition

Fatty Acid Control 13.2 kDa SCP-2
15 kDa

proSCP-2

16:0 5.02 6 1.61 5.47 6 0.35 8.66 6 0.90a,b

16:1 0.51 6 0.15 1.07 6 0.81 1.83 6 1.66
18:0 31.76 6 2.12 29.51 6 1.64 26.53 6 1.06a

18:1 n–9 41.48 6 6.14 43.37 6 2.90 40.26 6 0.81
18:2 n–6 1.02 6 0.56 2.39 6 1.18 3.50 6 0.83a

18:3 n–6 0.26 6 0.10 0.34 6 0.33 BLD
18:3 n–3 0.07 6 0.09 0.27 6 0.47 BLD
20:0 BLD 0.66 6 0.25 BLD
20:1 1.51 6 0.55 1.18 6 0.76 1.12 6 0.25
20:2 n–6 0.38 6 0.13 0.06 6 0.13a BLD
20:3 n–6 1.06 6 0.16 0.98 6 0.09 0.92 6 0.45
20:4 n–6 8.02 6 0.68 9.91 6 1.53 8.28 6 0.49
22:3 n–3 BLD BLD 4.65 6 0.29
22:4 n–6 1.39 6 0.53 1.36 6 0.73 0.73 6 0.12
22:6 n–3 1.12 6 0.75 1.65 6 0.20 1.03 6 0.10

Saturated 36.87 6 1.17 35.63 6 1.63 35.19 6 2.24
MUFA 43.49 6 6.57 45.61 6 1.95 43.21 6 2.02
PUFA 11.97 6 1.52 16.95 6 1.44a 19.11 6 1.14a

n–6 10.84 6 1.18 15.04 6 1.83a 13.43 6 0.95
n–3 1.12 6 0.74 1.91 6 0.49 5.68 6 0.35a,b

MUFA/Sat 1.18 6 0.14 1.28 6 0.11 1.20 6 0.12
PUFA/Sat 0.33 6 0.04 0.48 6 0.05a 0.52 6 0.05a

Unsat/Sat 1.50 6 0.12 1.76 6 0.12 1.72 6 0.16
n–3/n–6 0.10 6 0.07 0.13 6 0.05 0.42 6 0.03a,b

PUFA/MUFA 0.28 6 0.07 0.37 6 0.04 0.43 6 0.03a

Values are mole % and represent means 6 SD, n > 3; BLD, below
the limit of detection.

a Indicates significant difference from control, P , 0.05.
b Indicates significant difference from 13.2 kDa expressing cells,

P , 0.05.

TABLE 6. Effect of SCP-2 expression on phosphatidylserine 
fatty acid composition

Fatty Acid Control 13.2 kDa SCP-2
15 kDa

proSCP-2

16:0 4.20 6 0.66 6.15 6 1.18 5.79 6 1.95
16:1 1.20 6 0.17 2.02 6 1.38 1.74 6 0.25
18:0 51.63 6 1.12 39.94 6 3.03a 41.02 6 3.59a

18:1 n–9 36.52 6 0.64 35.20 6 2.21 24.53 6 5.93a,b

18:2 n–6 1.82 6 0.11 5.82 6 1.93a 2.97 6 0.87b

18:3 n–6 1.93 6 0.16 1.05 6 0.41a 0.42 6 0.18a,b

20:0 0.60 6 0.05 0.59 6 0.54 1.31 6 1.04
20:1 BLD 1.09 6 0.27a 1.45 6 0.46a

20:3 n–6 0.81 6 0.06 BLD 0.61 6 0.42b

20:4 n–6 1.26 6 0.19 5.05 6 0.87a 3.16 6 0.55b

22:0 BLD 1.44 6 0.60a 1.39 6 0.90a

22:3 n–3 BLD BLD 7.15 6 2.15a

22:4 n–6 BLD 1.64 6 0.24a 3.27 6 0.29a

22:6 n–3 BLD BLD 3.35 6 0.60a

Saturated 56.44 6 0.48 48.13 6 3.08a 49.51 6 3.72a

MUFA 37.73 6 0.63 38.30 6 1.95 27.72 6 5.29a,b

PUFA 5.82 6 0.17 13.57 6 2.48a 20.92 6 2.57a,b

n–6 5.82 6 0.17 13.57 6 2.48a 10.43 6 0.79a

n–3 BLD BLD 10.50 6 2.33a,b

MUFA/Sat 0.67 6 0.02 0.80 6 0.08 0.56 6 0.15b

PUFA/Sat 0.10 6 0.01 0.29 6 0.07a 0.42 6 0.65a,b

Unsat/Sat 0.77 6 0.02 1.08 6 0.13a 0.98 6 0.15
n–3/n–6 BLD BLD 1.01 6 0.22a,b

PUFA/MUFA 0.15 6 0.01 0.36 6 0.07 0.78 6 0.23a,b

Values are mole % and represent means 6 SD, n > 3; BLD, below
the limit of detection.

a Indicates significant difference from control, P , 0.05.
b Indicates significant difference from 13.2 kDa expressing cells,

P , 0.05.
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a number of different specific enzymes steps which are
localized in the endoplasmic reticulum and comprise
what is called the Kennedy pathway (53–57). Surprisingly,
CerPCho levels and composition were not decreased by
SCP-2 expression. In 15 kDa proSCP-2 expressing cells,
the proportion (mole %) of CerPCho was actually in-
creased relative to the other lipids. Because CerPCho syn-
thesis goes through a pathway independent of the
Kennedy pathway (53, 54), these data support an alter-
ation specifically in the Kennedy pathway affecting the
other phospholipids. The lack of an increase in lysophos-
pholipids indicate that an increase in phospholipid catab-
olism by various acylhydrolase pathways does not appear
to be operative in the transfected L-cells. The observed re-
sults are consistent with the localization of SCP-2 to the en-
doplasmic reticulum (14, 18), although previous results sug-
gested that the effect of SCP-2 was limited to the transfer and
esterification of cholesterol (1, 18). Hence, we speculate that
SCP-2 expression in L-cells alters endoplasmic reticulum-
localized phospholipid formation by specifically decreasing
the activities of key enzymes in the Kennedy pathway.

While the majority of synthetic enzymes for phospho-
lipid biosynthesis are located in the endoplasmic reticu-
lum, a site where SCP-2 is significantly detected (14, 18),
plasmalogen synthesis requires both peroxisomal (43, 44)
and microsomal steps (45–47). The formation of the 1-O-
alkyl, 2-acyl-glycerophosphatidic acid is in the peroxisome
(43, 44) and the desaturation of the 1-O-alkyl moiety to
form the plasmalogen occurs in the microsomes (45–47).
In the 15 kDa proSCP-2, but not the 13.2 kDa SCP-2 cells,
ethanolamine plasmalogen levels were decreased 20%
and choline plasmalogen levels were increased 30% (Ta-
ble 2A). With the known association of SCP-2 with the cy-
tosolic side of the peroxisomal membrane (13) and the
presence of the C-terminal peroxisomal targeting se-
quence (7), it is easy to speculate that the expression of
the 15 kDa proSCP-2 targeted at least some of the SCP-2
to the peroxisome where it affected peroxisomal function
in L-cells. However, because 22:6 n–3 formation is depen-
dent on a peroxisomal step (58), it is unlikely that peroxi-
somal function is compromised in the 15 kDa proSCP-2
expressing cells because 22:6 n–3 proportions were ele-
vated. An equally plausible explanation for a decrease in
ethanolamine plasmalogen levels would be a decrease in
the formation of ethanolamine plasmalogen because of
altered desaturase activity, consistent with our proposed
alteration in the Kennedy pathway. Alternatively, the con-
version of ethanolamine plasmalogen to choline plas-
malogen may account for this difference, although this
decrease in ethanolamine plasmalogen is not equal to the
increase in choline plasmalogen (Table 2). However, be-
cause the pathway for the conversion of ethanolamine to
choline plasmalogen is controversial, primarily a phos-
pholipase C- or D-mediated mechanism (59) or a methyla-
tion process (49, 60), the lack of a one to one molar stoi-
chiometry may be valid. As such, the decrease in
ethanolamine plasmalogen levels could be the result of in-
creased choline plasmalogen levels.

Lastly, expression of either the 13.2 kDa SCP-2 or 15 kDa

proSCP-2 caused significant changes in the phospholipid
fatty acid composition (Tables 3, 4, 5, and 6). In general,
the effect of SCP-2 expression on phospholipid fatty acids
was a decrease in saturated fatty acids and an increase in
PUFA. This included increased proportions (mole %) of
20:4 n–6, 22:4 n–6, and 22:6 n–3. These results were con-
sistent with the known ability of SCP-2 to bind both fatty
acids (21, 25, 26) and fatty acyl-CoA (21, 29, 30) in that
SCP-2 may facilitate interactions of fatty acids and fatty acyl-
CoA with CoA-dependent and CoA-independent acyltrans-
ferases (61). Within the cellular milieu, SCP-2 may exhibit
preferential binding for PUFA over saturated fatty acids. In-
deed, comparison of 18 carbon fatty acyl CoA indicates that
SCP-2 preferentially binds unsaturated over saturated fatty
acyl CoA (29). Further, SCP-2 could also facilitate the deliv-
ery of fatty acids to the elongases/desaturases that function
to form PUFA from n–3 and n–6 precursors (62). Hence,
SCP-2 expression increased the proportions of PUFA and
decreased the proportions of saturated fatty acids esterified
onto the major phospholipids.

In summary, we report for the first time that expression
of either the 13.2 or 15 kDa forms of SCP-2 markedly re-
duced phospholipid mass in L-cell fibroblasts. We specu-
late that the underlying mechanisms for this reduction
were specific changes in Kennedy pathway enzymes. The
lack of a change in CerPCho supports this possibility as
well as the lack of an increase in lysophospholipids which
suggest that an increase in acylhydrolase activity did not
occur. The alteration in plasmalogen levels could be the
result of either altered peroxisomal or microsomal func-
tion; however, the increased proportions of 22:6 n–3 in
the phospholipids suggest that abolition of peroxisomal
activity did not occur. More than likely this change in eth-
anolamine plasmalogen levels was accounted for by an in-
crease in choline plasmalogen levels. The general increase
in PUFA and decrease in saturated fatty acid esterified onto
the phospholipids may be the result of SCP-2 facilitating
the acylation of PUFA or elongation/desaturation of long-
chain PUFA precursors. Finally, SCP-2 expression dramati-
cally altered the content of PtdIns, plasmalogens, and
PUFA, suggesting that this protein may mediate multiple
aspects of lipid metabolism which ultimately affect cellular
lipid-mediated signaling pathways. Future experiments
will be needed to resolve these points.
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