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Abstract The variant CHO-K1 cell line, NRel-4, is unable
to synthesize plasmalogens because of a severe reduction in
dihydroxyacetonephosphate acyltransferase (DHAPAT) ac-
tivity (Nagan, N., A. K. Hajra, L. K. Larkins, P. Lazarow, P. E.
Purdue, W. B. Rizzo, and R. A. Zoeller. 1998. Isolation of a
Chinese hamster fibroblast variant defective in dihydroxy-
acetonephosphate acyltransferase activity and plasmalogen
biosynthesis: use of a novel two-step selection protocol. 

 

Bio-
chem. J.

 

 332: 

 

273–279). Northern analysis demonstrated that
the loss of this activity was attributable to a severe reduction
in mRNA levels for DHAPAT. Transfection of NRel-4 cells
with a plasmid bearing the human DHAPAT cDNA recovered
DHAPAT activity and plasmalogen biosynthesis. Examina-
tion of clonal isolates from the transfected population showed
that recovery of as little as 10% of wild-type DHAPAT activ-
ity restored plasmalogen levels to 55% of normal, whereas
in one isolate, NRel-4.15, which overexpressed DHAPAT ac-
tivity by 6-fold over wild-type cells, plasmalogen levels were
returned only to wild-type values. Although the rate of plas-
menylethanolamine biosynthesis was restored in NRel-4.15,
the biosynthesis of nonether glycerolipids was either decreased
or unaffected, suggesting that peroxisomal DHAPAT does not
normally contribute to nonether glycerolipid biosynthesis.
These data demonstrate that a defect in the gene that codes
for peroxisomal DHAPAT is the primary lesion in the NRel-4
cell line and that the peroxisomal DHAPAT is essential for
the biosynthesis of plasmalogens in animal cells.

 

—Liu, D.,
N. Nagan, W. W. Just, C. Rodemer, T-P. Thai, and R. A. Zoeller.
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Plasmalogens represent a subset of phospholipids that
differ from other glycerolipids in that, attached to the 

 

sn

 

-1

 

position of the glycerol backbone is an alkyl chain at-
tached through a vinyl ether linkage (1). The vinyl ether
gives plasmalogens their unique physical and chemical
properties. Every mammalian cell contains plasmalogens.
In most cells, plasmalogens are represented as a subclass
of ethanolamine phospholipids, in which they can repre-
sent a major portion of that head group class (2). Typi-
cally less abundant are choline plasmalogens, although in
certain tissues, such as heart and muscle, they are found at
relatively high levels. Plasmalogens have been proposed to
be important for the stimulated release of arachidonic
acid from phospholipid pools (3–5), the fusion of biologi-
cal membranes (6), and the protection against reactive
oxygen species (7–10).

The mechanism for the maintenance of plasmalogen
levels and the rate-limiting factor(s) for plasmalogen bio-
synthesis have not been identified. Although the pathway
for plasmenylethanolamine biosynthesis has been estab-
lished, the exact biosynthetic pathway for plasmenylcho-
line has not. Unlike plasmenylethanolamine, the saturated
ether lipid species, plasmanylcholine is not a precursor
for plasmenylcholine (11). Plasmenylcholine appears to be
synthesized from plasmenylethanolamine through the re-
placement of ethanolamine with choline (11, 12) or possi-
bly through the methylation of plasmenylethanolamine
(13). Our lack of knowledge in this area is attributable, in
part, to the lack of molecular tools for studying the sys-
tem. Only recently have any of the enzymes that partici-
pate in the biosynthetic pathway for plasmalogens been
purified or the genes that code for them cloned (14, 15).

 

Abbreviations: DHAP, dihydroxyacetonephosphate; DHAPAT, di-
hydroxyacetonephosphate acyltransferase; Gro-3-P, glycerol-3-phosphate;
Gro-3-PAT, glycerol-3-phosphate acyltransferase; Pi, inorganic phosphate;
PTS1, peroxisome targeting signal type 1; SSC, saline-sodium citrate
buffer.
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Although early steps in any biosynthetic pathway are com-
monly candidates as control points, this paradigm may not
apply to plasmalogen biosynthesis. The regulation of plas-
malogen biosynthesis is likely to be complex and linked to
the biosynthesis of nonether glycerolipids, because later
steps in the pathway are also used in the synthesis of diacyl
phospholipids and triglycerides (1). Recent evidence also
suggests that dihydroxyacetonephosphate acyltransferase
(DHAPAT), which catalyzes the first step in plasmalogen
biosynthesis, may play a significant role in nonether glyc-
erolipid biosynthesis as well; this activity is increased sev-
eral-fold during the differentiation of 3T3-L1 cells to adipo-
cytes (16). Therefore, the role of DHAPAT in the synthesis
of this latter group of glycerolipids (nonether) remains to
be determined.

We have described the isolation of variants of the fibro-
blast-like cell line CHO-K1 that are deficient in plasmalo-
gens as a result of the loss of various steps along the bio-
synthetic pathway (17–19). These cell lines can be useful
in identifying the factors that determine plasmalogen levels
as well as in defining the relationship between ether lipids
and diacyl lipid synthesis. The mutant CHO cell line NRel-4
displays greatly reduced plasmalogen levels because of a
loss of DHAPAT (19). In this report, we show that the loss
of this activity is attributable to reduced levels of the mes-
sage for DHAPAT, making NRel-4 a useful null cell model
for examining the role of DHAPAT in the regulation of
plasmalogen levels. We have expressed the human DHA-
PAT gene in NRel-4 cells to demonstrate that this can re-
cover plasmalogen biosynthesis in these cells and to exam-
ine what effect varied levels of DHAPAT activity have on
the synthesis of both ether and nonether glycerolipids.

MATERIALS AND METHODS

 

Materials

 

[1-

 

3

 

H]ethanolamine (30 Ci/mmol; 1 Ci 

 

�

 

 37 gigabecquerel)
was obtained from Amersham (Arlington Heights, IL). [

 

�

 

-

 

32

 

P]ATP,
[

 

32

 

P]inorganic phosphate (

 

32

 

Pi), [9,10-

 

3

 

H]oleic acid, and EN

 

3

 

HANCE spray were obtained from Perkin-Elmer/New England
Nuclear (Boston, MA). 

 

32

 

P-labeled dihydroxyacetonephosphate
(DHAP) and glycerol-3-phosphate (Gro-3-P) were synthesized by
enzymatic phosphorylation of dihydroxyacetone or glycerol using
[

 

�

 

-

 

32

 

P]ATP and glycerol kinase (20). Ecoscint A liquid scintillation
fluid was obtained from National Diagnostics (Atlanta, GA). Silica
gel 60 TLC plates (Merck) were purchased from American Scientific
Products (McGaw Park, IL). Tissue culture dishes (Corning) were
obtained from VWR Scientific (Boston, MA). All other reagents,
unless specified, were purchased from Sigma (St. Louis, MO).

 

Cell lines and culture conditions

 

CHO-K1 cells were obtained from the American Type Culture
Collection (Manassas, VA). Plasmenylethanolamine is the domi-
nant plasmalogen species, constituting 

 

�

 

35–40% of the ethanol-
amine phospholipids; there is almost no plasmenylcholine. NRel-4 is
a plasmalogen-deficient CHO-K1-derived cell line with a severe de-
ficiency in DHAPAT activity (19). NZel-1 is a plasmalogen-deficient
variant of CHO-K1 defective in alkyl-DHAP synthase (18). Cells
were grown in Ham’s F12 medium supplemented with 10% fetal
bovine serum (Atlas Biologicals, Denver, CO) at 37

 

�

 

C in 5% CO

 

2

 

.

 

Construction of an expression vector containing
human DHAPAT

 

The human DHAPAT cDNA (14) was removed from the pBlue-
script SK phagemid vector and inserted into the shuttle vector
pBK-CMV (Stratagene, La Jolla, CA) using the 

 

Eco

 

RI (5

 

�

 

) and 

 

Xho

 

I
(3

 

�

 

) restriction sites. The construct was used to transform XL1-
Blue MRF

 

�

 

, which was then grown on kanamycin-containing agar
to form colonies. Selected white colonies were expanded and
cDNA preparations were analyzed by restriction analysis, and
those strains whose cDNA demonstrated the appropriate agarose
electrophoresis patterns were further expanded for large-scale
DNA preparation using an endotoxin-free plasmid kit supplied
by Qiagen (Valencia, CA). The cDNA inserts were sequenced to
ensure that DHAPAT cDNA was unaltered and properly inserted.
NRel-4 cells were transfected using SuperFect transfection reagent
(Qiagen), and the transfected populations were grown for 6 weeks
in G418 (500 

 

�

 

g/ml) to develop a stably transfected population.
To generate clonal isolates, a cell suspension was diluted to a

concentration of 2 cells/ml, and 200 

 

�

 

l aliquots were transferred
to the wells of a 96-well plate. After 10 days of growth at 37

 

�

 

C, wells
were examined for the formation of a single colony. The cells in
these wells were harvested with trypsin and expanded for further
study. Conditioned medium (medium in which cells had been
previously grown) was filtered using a sterile 0.22 

 

�

 

m filter and
used for the dilutions and transfer to the 96-well plates. This was
necessary to ensure that the cells would grow at very low density.

 

Enzyme assays

 

Glycerol-3-phosphate acyltransferase (Gro-3-PAT) and DHA-
PAT activities were measured using whole-cell homogenates that
were prepared as described previously (18). DHAPAT and Gro-3-
PAT activities were measured as described by Jones and Hajra
(21) using palmitoyl-CoA and either 

 

32

 

P-labeled Gro-3-P or DHAP
as the acyl acceptor. Protein content was determined using the
method of Lowry et al. (22). Detection of DHAPAT in immobi-
lized colonies (colony autoradiography) was performed as de-
scribed previously (23). Briefly, transfected cells were plated onto
a 100 mm diameter tissue culture dish at 300 cells per dish and
allowed to attach overnight. Cells were then overlaid with a ster-
ile polyester cloth. The cells were allowed to grow and form colo-
nies within the polyester matrix for 8–10 days at 37

 

�

 

C. The poly-
ester bearing the colonies was removed from the dish, washed
once with PBS, and placed at 

 

�

 

20

 

�

 

C overnight. The polyester
cloth was thawed and placed in a 100 mm tissue culture dish con-
taining 3 ml of DHAPAT assay mix at pH 5.5 (4 

 

�

 

Ci [

 

32

 

P]DHAP/
ml) and incubated for 15 min at 37

 

�

 

C. The reaction was stopped
by the addition of 3 ml of ice-cold 20% TCA. The cloth was then
placed on a Buchner funnel and rinsed five times with 25 ml por-
tions of ice-cold 3% TCA to remove TCA-soluble substrate; the
TCA-insoluble product, acyl-[

 

32

 

P]DHAP, remained associated with
the colony. After drying for 1 h, the cloth was exposed to X-ray
film overnight at 

 

�

 

80

 

�

 

C. To visualize the colonies, the cloth was
placed in 0.5% (w/v) Coomassie blue in methanol-water-acetic
acid (45:45:10, v/v) for 30 min followed by destaining with meth-
anol-water-acetic acid (45:45:10, v/v).

 

Ethanolamine labeling of cellular phospholipid

 

Cells (2.5 

 

�

 

 10

 

5

 

) were grown for 18 h in sterile glass scintilla-
tion vials at 37

 

�

 

C in growth medium containing [1-

 

3

 

H]ethanol-
amine (1 

 

�

 

Ci/ml). The medium was removed, the cells were
washed once with 2 ml of PBS, and the lipids were extracted in
3.8 ml of CHCl

 

3

 

/methanol/PBS (1:2:0.8) containing 300 

 

�

 

g of a
carrier lipid (beef heart lipids). After transferring to a test tube,
1 ml of CHCl

 

3

 

 and 1 ml of PBS were added to form a two-phase
Bligh and Dyer system (24), and the lower (organic) phase was
collected after centrifugation. Solvent was removed using a stream
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of nitrogen, and the labeled phospholipids were separated by two-
stage, single-dimension TLC (23). The labeled species were visu-
alized by exposure to X-ray film at 

 

�

 

80

 

�

 

C after spraying the
plates with EN

 

3

 

HANCE. Labeled bands were scraped into scintil-
lation vials containing 1 ml of methanol, 8 ml of scintillation
fluid was added, and radioactivity was quantitated by liquid scin-
tillation spectrometry.

 

Northern analysis

 

A 454 bp fragment of the 5

 

�

 

 end of CHO-K1 DHAPAT was gen-
erated by polymerase chain reaction using primers 5

 

�

 

-ATGGAC-
GTTCCTAGCTCCTN-3

 

�

 

 for the 5

 

�

 

 end and 5

 

�

 

-AGCAGGACTA-
CAGGGTGCTC-3

 

�

 

 for the 3

 

�

 

 end. The primers were designed based
on the nucleotide sequence of the CHO-K1 DHAPAT gene (D.
Liu, unpublished data). Probe (100 ng) and 50 ng of pTRI-B-Actin-
Mouse (Ambion) were labeled with [

 

	

 

-

 

32

 

P]ATP using the RadPrime
kit (Invitrogen, Carlsbad, CA). Total RNA was isolated from cells
using Trizol reagent (Invitrogen). RNA was fractionated using a
denaturing 0.8% agarose-formaldehyde gel, transferred to nylon
membranes (Schleicher and Schuell, Keene, NH), air-dried, and
fixed by ultraviolet cross-linking at 1,200 joules. Nylon membranes
were prehybridized in Church-Gilbert hybridization buffer (0.5 M
sodium phosphate, pH 7.4, 7% sodium dodecylsulfate, 1% BSA,
and 1.0 mM EDTA) for 4 h at 62

 

�

 

C. The radioactive probes were
denatured by boiling for 5 min and added to the hybridization
buffer. After overnight hybridization at 62

 

�

 

C, the blots were
washed sequentially as follows: 2

 

�

 

 saline-sodium citrate buffer
[1

 

�

 

 saline-sodium citrate buffer (SSC) 

 

�

 

 0.15 M NaCl, 0.015 M
sodium citrate, pH 7.0] containing 0.5% SDS for 15 min at 42

 

�

 

C,
0.5

 

�

 

 SSC and 0.5% SDS at 42

 

�

 

C for 15 min, and 0.1

 

�

 

 SSC and
0.5% SDS for 30 min at 42

 

�

 

C. The blots were then exposed to
Kodak X-AR film at 

 

�

 

80

 

�

 

C for 2 days.

 

Western analysis

 

Immunoblotting using the anti-DHAPAT antibody was carried
out as described previously (14). Briefly, confluent monolayers
were scraped and pelleted, solubilized in Solu-CHAPS (1 mM
dithiothreitol, 1 mM EDTA, 15 mM CHAPS, 50 mM Tris-HCl,
and 150 mM NaCl, pH 7.0), and proteins were precipitated using
10% TCA. Proteins were separated using 12% SDS-PAGE and
subsequently transblotted into polyvinylidene difluoride mem-
branes. After blocking with PBS and 5% nonfat dry milk, blots
were processed with anti-DHAPAT antibody. Horseradish per-
oxidase-conjugated secondary antibody and chemiluminescence
(ECL kit; Amersham, San Francisco, CA) were used to visualize
the bands.

 

Subcellular localization of catalase and DHAPAT

 

Immunofluorescence microscopy was carried out as described
previously (25). Briefly, cells were grown on glass coverslips, washed,
and fixed with 3% paraformaldehyde. After 5 min of permeabili-
zation in 1% Triton X-100, cells were washed and incubated for 1 h
with anti-catalase (25) and anti-DHAPAT (14) antibodies that had
been raised in rabbits. After washing, secondary goat anti-rabbit
antibodies (Sigma) coupled to either FITC (for DHAPAT) or tet-
ramethyl rhodamine isothiocyanate (for catalase) were used to
detect the proteins. Cells were then mounted on slides using mo-
viol/paraphenylendiamine, and images were taken with a Zeiss
Axiovert microscope.

 

Phospholipid composition, biosynthesis, and turnover

 

Cells were plated into sterilized glass scintillation vials and
grown for 72 h at 37

 

�

 

C in medium containing 

 

32

 

Pi (2.5 

 

�

 

Ci/ml)
to label the phospholipids to constant specific activity. The me-
dium was removed, the cell monolayer was washed once with

PBS, and cellular lipids were extracted as described above. Phos-
pholipids were separated using two-dimensional TLC (26). Be-
tween dimensions, the region containing lipids was sprayed with
10 mM HgCl

 

2

 

 in glacial acetic acid to cleave the vinyl ether bond
of the plasmenyl species, allowing for the separation of the re-
sulting 

 

sn

 

-1-lysophospholipid and the unaffected diacyl species
(27). Plates were exposed to GBX-2 X-ray film at 

 

�

 

80

 

�

 

C after
preflash. 

 

32

 

Pi-labeled phospholipids were scraped from the TLC
plates directly into scintillation vials for quantitation by liquid
scintillation spectrometry. For short-term labeling, cells were in-
cubated for 3 h in medium containing 

 

32

 

Pi (20 

 

�

 

Ci/ml) and
samples were processed as above.

To measure the turnover of total phospholipid pools, cells
were labeled for 72 h with 

 

32

 

Pi (2.5 

 

�

 

Ci/ml). Cells were har-
vested with trypsin and plated into sterile glass scintillation vials
(10

 

5

 

 cells/vial) in 1 ml of medium containing 

 

32

 

Pi (2.5 

 

�

 

Ci/ml)
and allowed to attach overnight. Labeling medium was removed
and replaced with 2 ml of unlabeled medium. Cellular phospho-
lipids were extracted at 0, 24, and 48 h after removal of the la-
beled medium. Solvent was removed by evaporation under a ni-
trogen stream, samples were resuspended in CHCl

 

3

 

, and an aliquot
was transferred to a scintillation vial. After allowing the solvent to
evaporate, 1 ml of methanol was added, followed by 8 ml of scin-
tillation fluid, and the amount of chloroform-soluble radioactiv-
ity was determined using liquid scintillation spectrometry.

 

[9,10-

 

3

 

H]oleate labeling of cellular lipids

 

Cells were plated into sterilized glass scintillation vials and al-
lowed to attach overnight. Medium was removed and replaced
with 1 ml of growth medium containing 2 

 

�

 

M [9,10-

 

3

 

H]oleic acid.
After 3 h at 37

 

�

 

C, medium was removed, the cell monolayer was
washed once with 3 ml of growth medium, and the cellular lipids
were extracted as described above. An aliquot of each sample was
run on silica gel 60 using 

 

n

 

-hexane-ethyl ether-acetic acid (70:30:1,
v/v) to separate neutral lipids; another aliquot was separated on
silica gel 60 using chloroform-methanol-acetic acid-water (25:15:
3:1.5, v/v) to separate phospholipid head group classes. Plates
were exposed to GBX-2 X-ray film at 

 

�

 

80

 

�

 

C after spraying with
EN

 

3

 

HANCE. Labeled lipids were scraped from the TLC plates di-
rectly into scintillation vials containing 1 ml of methanol fol-
lowed by the addition of 8 ml of liquid scintillation cocktail. Ra-
dioactivity was quantitated by liquid scintillation spectrometry.

 

Analysis of subclass distribution of ethanolamine and 
choline phospholipids by analysis of diradyl species

 

To determine the relative levels of the different subclasses (di-
acyl, plasmanyl, and plasmenyl) within a head group class, lipids
were extracted from unlabeled cells as above and isolated by de-
velopment on silica gel G plates using chloroform-methanol-ace-
tic acid-water (25:15:3:1.5, v/v). The choline and ethanolamine
phospholipids were recovered from the plate and treated with
phospholipase C followed by benzoylation of the resulting diradyl-
glycerols (28). Diacyl, alkylacyl, and alkenylacyl benzoylated de-
rivatives were separated by TLC (silica gel G) using benzene-hex-
ane-ethyl ether (50:45:5, v/v), visualized by spraying the TLC
plate with water, and recovered from the plate using chloroform-
methanol (2:1). Solvent was removed by evaporation under a ni-
trogen stream, and samples were resuspended in 100% ethanol
and quantitated by absorbance at 230 nm.

 

Statistical analysis

 

Multiple groups were analyzed by ANOVA, followed by Tukey’s
honestly significant difference multiple comparison procedure.
The data in Table 2 were analyzed with Student’s 

 

t

 

-test.
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RESULTS

 

Transfection and expression of DHAPAT in NRel-4 cells

 

The variant strain NRel-4, derived from the CHO-K1 cell
line, is severely reduced in DHAPAT activity, resulting in a
90% decrease in plasmalogen levels (19). We inserted the
human DHAPAT gene into the pBK-CMV vector down-
stream of the constitutive CMV promoter and used this to
transfect NRel-4 cells. Analysis of the stably transfected
population showed that DHAPAT activity and plasmenyl-
ethanolamine levels were partially recovered (

 

Fig. 1

 

). When
this population was screened, using colony autoradiogra-
phy, for DHAPAT activity (

 

Fig. 2

 

), 

 

�

 

15% of the colonies
displayed a strong signal, indicating recovery of activity. A
control population, transfected with pBK-CMV vector alone,
displayed no increase in plasmalogen content, and we

were unable to identify any DHAPAT-positive colonies by
colony autoradiography (data not shown).

Three clonal isolates, designated 4.1, 4.2, and 4.15, were
generated from this transfected population. Whole-cell
homogenates from these transfectants displayed varying
amounts of DHAPAT activity when measured at pH 5.5,
the optimal pH for DHAPAT (

 

Table 1

 

). Although isolates
4.1 and 4.2 had recovered only a small fraction of wild-
type DHAPAT levels, isolate 4.15 displayed almost six times
the level of DHAPAT activity compared with CHO-K1 cells.

Fig. 1. Dihydroxyacetonephosphate acyltransferase (DHAPAT) activities and plasmenylethanolamine levels
are partially recovered in an NRel-4 population transfected with DHAPAT cDNA. Cells were transfected with
the pBK-CMV vector bearing the DHAPAT cDNA. Transfected populations were used after selection in G418
for 6 weeks. DHAPAT activity was measured in whole-cell homogenates at pH 5.5, as described in Materials
and Methods. DHAPAT activity in CHO-K1 homogenates was 540 pmol/min/mg. For ethanolamine labeling,
cells were labeled for 24 h with [1-3H]ethanolamine, cellular lipids were extracted, phosphatidylethanolamine
and plasmenylethanolamine were separated using a two-stage, single-dimension TLC system, and radioactivity
associated with each subclass was determined as described in Materials and Methods. Any plasmanylethanol-
amine that may be labeled was not separated from the phosphatidylethanolamine using this procedure. All
values represent averages 
 SD of three determinations within one representative experiment.

Fig. 2. Colony autoradiography shows that a fraction of the trans-
fectants are DHAPAT-positive. Cells were allowed to grow and form
colonies within polyester cloth. DHAPAT assays were performed at
pH 5.5, exposed to X-ray film, and then stained with Coomassie
blue to visualize the colonies, as described in Materials and Meth-
ods. A: Coomassie blue-stained colonies. B: X-ray film showing
DHAPAT activity associated with each colony. Horizontal arrows in-
dicate DHAPAT-positive colonies, and vertical arrows indicate colo-
nies displaying no DHAPAT activity.

 

TABLE 1. DHAPAT activities and ethanolamine phospholipid
content in CHO strains

 

Relative Phospholipid Level

Strain DHAPAT Activity Plasmenyl Diacyl

 

pmol/min/mg % of total

 

CHO-K1 418 

 




 

 78 9.0 

 




 

 0.4 12.1 

 




 

 0.7
NRel-4

 

a

 

 ND

 

b

 

0.8 

 




 

 0.1

 

b

 

21.5 

 




 

 0.6

 

b

 

Isolate 4.1 78 

 




 

 14

 

b

 

3.6 

 




 

 0.5

 

b

 

19.0 

 




 

 0.6

 

c

 

Isolate 4.2 41 

 




 

 13

 

b

 

4.9 

 




 

 0.2

 

b

 

18.3 

 




 

 0.3

 

c

 

Isolate 4.15 2,454 

 




 

 151

 

b

 

9.1 

 




 

 0.5 10.6 

 




 

 0.5

 

c

 

Dihydroxyacetonephosphate acyltransferase (DHAPAT) was as-
sayed at pH 5.5 using whole-cell homogenates, as described in Materi-
als and Methods. The relative levels of phosphatidylethanolamine (dia-
cyl) and plasmenylethanolamine (plasmenyl) were determined by
steady-state labeling (72 h) with inorganic phosphate (

 

32

 

Pi), as de-
scribed in Materials and Methods; values represent the percentage of
total phospholipid-associated radioactivity. The phosphatidylethanol-
amine fraction contains small amounts of plasmanylethanolamine. All
values represent averages 

 




 

 SD of three samples assayed in one experi-
ment. ND, 

 

�

 

10 pmol/min/mg.

 

a

 

 NRel-4 cells were transfected with CMV vector with no gene in-
sert as a control.

 

b

 

 Value (or group of closely clustered values) is significantly differ-
ent (

 

	

 

 

 

�

 

 0.01) from the value obtained for CHO-K1 with Tukey’s hon-
estly significant difference (HSD) multiple comparison procedure.

 

c

 

 Value (or group of closely clustered values) is significantly differ-
ent (

 

	

 

 

 

�

 

 0.05) from the value obtained for CHO-K1 with Tukey’s HSD
multiple comparison procedure.
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The phospholipid composition was determined using
steady-state 

 

32

 

Pi labeling. Although plasmenylethanolamine,
the predominant plasmalogen species in CHO cells, was
reduced in NRel-4, levels were returned to normal in
NRel-4.15 (Table 1). Isolates 4.1 and 4.2, which displayed
only minor increases in DHAPAT activity, recovered plas-
menylethanolamine to 45–55% of wild-type levels. With
the exception of the ethanolamine subclass levels, there
were no other significant changes in head group composi-
tion regardless of DHAPAT activity (data not shown).

The possibility existed that increased DHAPAT activity
would result in the accumulation of the alkylacyl (plasma-
nyl) subclass. These are not separated from the diacyl sub-
class using the two-dimensional TLC system described
above. Therefore, a more detailed analysis of the subclass
distribution of the ethanolamine and choline phospholip-
ids was performed (

 

Table 2

 

). Although plasmenyletha-
nolamine (alkenylacyl) was the predominant ether-linked
species in the ethanolamine phospholipids, there was lit-
tle or none of this form in the choline phospholipids; plas-
manylcholine (alkylacyl) was the dominant ether-linked
species in this head group class. There was no increase in
the amount of any ether-linked phospholipid species over
wild-type levels in isolate 4.15.

Northern analysis (

 

Fig. 3

 

) using a probe directed to the
5

 

�

 

 end of the message for CHO-K1 revealed a band in
CHO-K1 corresponding to 

 

�

 

2 kb, the size of the pub-
lished sequences from mouse (29) and human (14). This
band is greatly reduced or missing in NRel-4. NRel-4.15
displayed a band with a somewhat higher molecular mass

(as a result of the 

 

�

 

-galactosidase sequence associated with
the initial transcript from the vector). Western analysis, us-
ing antibody against human DHAPAT, revealed a faint band
of 

 

�

 

72 kDa in CHO-K1 and another plasmalogen-defi-
cient CHO strain, NZel-1 (

 

Fig. 4

 

). This was close to the
known molecular mass (77 kDa) of DHAPAT. The anti-
body raised against the human protein did not cross-react
well with the Chinese hamster protein, and it was impossi-
ble to determine if DHAPAT levels were reduced in NRel-4.
Isolate 4.15, expressing the human DHAPAT, displayed a
very strong signal that ran adjacent to these bands. Immu-
nofluorescence microscopy (

 

Fig. 5

 

) showed that DHAPAT
in isolate 4.15 colocalized with catalase, another peroxi-
somal protein.

Measurement of phospholipid biosynthesis revealed a
modest increase in the synthesis rates of phosphatidylcho-
line, phosphatidylethanolamine, phosphatidylserine, and
sphingomyelin, whereas phosphatidylinositol biosynthesis
remained unchanged in NRel-4 cells compared with CHO-
K1 cells (

 

Table 3

 

). The reduction of plasmenylethanol-
amine labeling was offset by an increase in labeling of the
nonether phospholipid, phosphatidylethanolamine. Bio-
synthesis rates were returned to wild-type values in isolate
4.15 with the exception of phosphatidylinositol, which was
somewhat depressed. Plasmenylethanolamine synthesis was
also returned to nearly normal rates.

Overall phospholipid turnover was examined by moni-
toring the loss of label from phospholipid pools in cells
that had been prelabeled with 

 

32

 

Pi as described previously
(17). The loss of label was identical in CHO-K1 and NRel-4

 

TABLE 2. Subclass distribution within the ethanolamine and choline phospholipids in CHO-K1 and isolate 4.15

 

Ethanolamine Phospholipids Choline Phospholipids

Strain Plasmenyl Plasmanyl Diacyl Plasmenyl Plasmanyl Diacyl

 

% of head group class

 

CHO-K1 45.8 

 




 

 2.0 5.6 

 




 

 2.9 48.6 

 




 

 4.0 0.4 

 




 

 0.5 25.4 

 




 

 0.6 74.2 

 




 

 1.2
Isolate 4.15 41.8 

 




 

 1.5 4.3 

 




 

 3.0 53.9 

 




 

 4.4 ND 17.5 

 




 

 0.7

 

a

 

82.5 

 




 

 0.7

 

a

 

Cellular lipids were extracted and choline and ethanolamine phospholipids were isolated as described in Ma-
terials and Methods. Phospholipids were treated with phospholipase C, and the resulting diradylglycerols were
benzoylated using benzoic anhydride. Benzoylated derivatives of the different radyl species, diacyl, alkylacyl (plas-
manyl), and alkenylacyl (plasmenyl), were separated and quantitated as described in Materials and Methods. All
values represent averages 

 




 

 SD of three samples within one experiment. ND, not detected.

 

a

 

 Value versus CHO-K1 (

 

P

 

 

 




 

 0.001) as determined by Student’s 

 

t

 

-test. All other comparisons yielded 

 

P

 

 values 

 

�

 

0.05.

Fig. 3. DHAPAT loss in NRel-4 is attributable to a reduction in
mRNA levels. Total RNA was separated and probed for DHAPAT mes-
sage as described in Materials and Methods. Northern analysis, us-
ing probes for �-actin, gave similar signals in all lanes (not shown).

Fig. 4. Western blot analysis shows overexpression of DHAPAT in
isolate 4.15. Proteins were loaded and separated on a 12% SDS-
PAGE gel and blotted onto polyvinylidene difluoride membranes.
Blots were processed with anti-DAPAT antibody followed by horse-
radish peroxidase-conjugated secondary antibody and chemilumi-
nescent reagents to visualize the bands, as described in Materials
and Methods. NZel-1 is another plasmalogen-deficient variant of
CHO-K1 with normal levels of DHAPAT activity (18). Plasmalogen
loss in this cell line is attributable to a deficiency in alkyl-DHAP syn-
thase.
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cells, with the loss of 

 

�

 

50% of the label after 48 h (data
not shown).

Results from labeling of the cellular lipids with [9,10-

 

3

 

H]
oleic acid were somewhat different from those observed
with 

 

32

 

Pi labeling (

 

Table 4

 

). There was increased labeling
in only the ethanolamine phospholipid fraction in NRel-4
(versus CHO-K1); however, overexpression of DHAPAT in
isolate 4.15 resulted in reduced uptake of oleate into all
phospholipids except the phosphatidylinositol/phosphati-
dylserine fraction. As expected, labeling of alkyldiacylglyc-
erols was dramatically reduced in NRel-4, and this was re-
versed in isolate 4.15. NRel-4 displayed increased labeling
in the cholesterol ester fraction, with a return to wild-type
levels in the transfectant. Triglyceride labeling was unaf-
fected in NRel-4 but slightly reduced in the transfectant.

DHAPAT activity can be measured over a very broad pH
range (30). All three cell lines displayed DHAPAT activity
when measured at pH 7.4 (

 

Table 5

 

). There was significant

residual DHAPAT activity in mutant homogenates when
measured at this pH, although this was reduced compared
with values from CHO-K1. As expected, activity in the
transfectant was increased 

 

�

 

4-fold over the wild-type activ-
ity. When Gro-3-PAT activity was measured, NRel-4 cells
displayed a 60% increase in activity compared with CHO-
K1 cells. Gro-3-PAT activity was returned to levels similar
to those in CHO-K1 in isolate 4.15.

DISCUSSION

Mammalian DHAPAT is a peroxisomal protein that is
targeted to the peroxisome through the peroxisome tar-
geting signal type 1 (PTS1) (31). A number of human ge-
netic disorders have been described in which the primary
lesion is a disruption in the targeting of peroxisomal pro-
teins such as DHAPAT (32). This results in a loss of DHAPAT
activity and decreased plasmalogen biosynthesis, as in
NRel-4 cells. However, when we initially described the iso-
lation of the NRel-4 cell line, we reported that alkyl-DHAP
synthase activity (another peroxisomal protein), very long
chain fatty acid (e.g., C26) levels, and phytanic acid oxida-
tion were normal (19). Also, immunofluorescence micros-
copy showed catalase [which also uses the PTS1 system
(33)] to be localized in discrete organelles, and digitonin-
mediated release of catalase activity from the cells was la-
tent. All of these data led us to the conclusion that NRel-4
cells have normal, functional peroxisomes and that the
targeting peroxisomal systems were functional. The pri-
mary lesion in NRel-4 appeared to be a defect in the struc-
tural gene for DHAPAT. The data presented here confirm
this. Northern analysis demonstrated a severe reduction
in message for DHAPAT and transfection of NRel-4 with
the human DHAPAT resulted in recovered DHAPAT activ-
ity, recovered plasmalogen biosynthesis, and colocaliza-
tion of DHAPAT with catalase. The latter results also con-
firmed a functional PTS1 system. The NRel-4 cell line,
therefore, can be used to examine the biosynthesis and
functions of ether lipids without the complications associ-
ated with the loss of other peroxisomal functions.

Fig. 5. Immunofluorescence microscopy shows colocalization of
DHAPAT with catalase in isolate 4.15. DHAPAT and catalase were vi-
sualized using antibody and secondary antibody labeled with FITC
(DHAPAT) or tetramethyl rhodamine isothiocyanate (catalase), as
described in Materials and Methods.

 

TABLE 3. Short-term 

 

32

 

P labeling of cellular phospholipids

 

 

 

32

 

Pi Labeling of Phospholipid Classes

Strain CerPCho  PtdCho  PtdIns  PtdSer  PtdEtn  PlsEtn

 

cpm/

 

�

 

g cellular protein

 

CHO-K1 4.1 

 




 

 0.3 200.7 

 




 

 10.0 96.9 

 




 

 6.1 5.4 

 




 

 0.4 60.4 

 




 

 3.2 54.0 

 




 

 3.4
NRel-4

 

a

 

7.8 

 




 

 1.0

 

b

 

325.2 

 




 

 13.5c 100.7 
 4.1 10.6 
 0.6c 130.2 
 5.0c 10.0 
 0.7c

Isolate 4.15 4.0 
 0.2 231.0 
 20.0 69.6 
 7.0c 3.8 
 0.5b 52.6 
 3.0 43.3 
 5.9

Cells were incubated in growth medium containing 32Pi (20 �Ci/ml) at 37�C for 3 h. Cellular lipids were ex-
tracted and separated, and the amount of radioactivity associated with each phospholipid class was quantitated as
described in Materials and Methods. All values represent averages 
 SD of three samples within one representative
experiment. CerPCho, sphingomyelin; PtdCho, phosphatidylcholine; PtdIns, phosphatidylinositol; PtdSer, phos-
phatidylserine; PtdEtn, phosphatidylethanolamine; PlsEtn, plasmenylethanolamine.

a NRel-4 cells were transfected with CMV vector with no gene insert as a control.
b Value (or group of closely clustered values) is significantly different (	 � 0.05) from the value obtained for

CHO-K1 with Tukey’s HSD multiple comparison procedure.
c Value (or group of closely clustered values) is significantly different (	 � 0.01) from the value obtained for

CHO-K1 with Tukey’s HSD multiple comparison procedure.
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The factors that regulate the production and levels of
ether-linked phospholipids, including plasmalogens, in
animal cells are not well understood. Previous studies ar-
gue that early steps in the pathway for plasmalogen bio-
synthesis are not involved in regulating plasmalogen lev-
els; attempts to increase plasmalogen levels in both cultured
cells (34) and animal tissues (35, 36) by media supple-
mentation or feeding with alkylglycerols, which enter the
biosynthetic pathway downstream of the first three steps
in the pathway, failed to significantly increase plasmalogen
levels, even though these compounds were incorporated
into the plasmalogen pools. Recently, however, we demon-
strated a 1.6- to 2-fold increase in plasmalogens in human
endothelial cells when grown in alkylglycerol-supplemented
medium (37). This was attributable, primarily, to a large
increase in plasmenylcholine (although plasmenylethano-
lamine levels were also increased significantly). The ques-
tion, therefore, remained of whether enzymes catalyzing
the earlier steps in the pathway, such as DHAPAT, could
be rate-limiting in the synthesis of plasmalogens.

The data presented here demonstrate that peroxisomal
DHAPAT is absolutely required for plasmalogen biosyn-
thesis. This is in agreement with evidence presented by

Ofman, Lajmir, and Wanders (38) and Rodemer et al.
(39). The evidence presented here also argues against this
activity as a controlling factor in plasmalogen biosynthesis.
First, the recovery of only a small amount of activity in iso-
lates 4.1 and 4.2 resulted in substantial increases in plas-
menylethanolamine content. These data agree with data
from a DHAPAT-deficient variant of the murine macro-
phage cell line, 264.7. This variant strain, RAW.7, displayed
3.5% of parental DHAPAT activity, but plasmalogen levels
were reduced by only 55% (40). Second, overexpression
of peroxisomal DHAPAT activity in the NRel-4.15 transfec-
tant did not result in increases in plasmalogen biosynthe-
sis or increase their levels above normal. These results are
in agreement with the observation that plasmalogen levels
are not increased in differentiating 3T3-L1 cells, in which
DHAPAT is induced several-fold (16).

Our findings here demonstrate that significant changes
in peroxisomal DHAPAT activity do not influence the pro-
duction of diacylated glycerophospholipids or triacyl-
glycerols. Loss or overexpression of this activity had little
or no effect on triacylglycerol production, whereas loss of
DHAPAT activity actually resulted in a modest increase in
glycerophospholipid biosynthesis. These findings appear
to be in contrast with those of Hajra et al. (16), who re-
ported induction of peroxisomal DHAPAT activity in dif-
ferentiating 3T3-L1 cells. However, acyl/alkyl-DHAP re-
ductase is also upregulated several-fold in these cells. It is
possible that this latter activity, required for the reduction
of the ketone at the sn-2 position and the formation of
lysophosphatidic acid, is rate-limiting in animal cells and
must also be induced for DHAPAT to contribute to the
synthesis of nonether glycerolipids. The reductase may
also be important for the transport of lysophosphatidic
acid produced in the peroxisome to the endoplasmic
reticulum for further metabolism.

It is not clear why Gro-3-PAT activity increased in NRel-4.
It does not appear to be related to the loss of ether lipids;
other ether lipid-deficient strains have not demonstrated
a similar increase (18). We thought that it may be related
to a loss of peroxisomal DHAPAT message, because recov-
ery of peroxisomal DHAPAT activity in isolate 4.15 re-

TABLE 4. Short-term uptake of [9,10-3H]oleate into lipid fractions

[9,10-3H]Oleate Incorporated over 3 h

Strain PtdCho PtdIns/PtdSer PtdEtn TG ADG CE 

cpm/�g protein

CHO-K1 569 
 87 85 
 3 73 
 4 458 
 70 28 
 5 133 
 4
NRel-4a 682 
 62 84 
 13 117 
 18 484 
 27 4 
 1b 208 
 36c

Isolate 4.15 448 
 34 79 
 18 59 
 6b 411 
 11 31 
 3 99 
 6

Cells were incubated in growth medium containing 2 �M [9,10-3H]oleate (5 �Ci/ml) at 37�C for 3 h. Cellular
lipids were extracted and separated, and the amount of radioactivity associated with each lipid class was quanti-
tated as described in Materials and Methods. All values represent averages 
 SD of three samples in one represen-
tative experiment. PtdCho, phosphatidylcholine, PtdIns, phosphatidylinositol; PtdSer, phosphatidylserine; PtdEtn,
ethanolamine phospholipids; TG, triglycerides; ADG, alkyldiacylglycerols; CE, cholesteryl esters.

a NRel-4 cells were transfected with CMV vector with no gene insert as a control.
b Value (or group of closely clustered values) is significantly different (	 � 0.01) from the value obtained for

CHO-K1 with Tukey’s HSD multiple comparison procedure.
c Value (or group of closely clustered values) is significantly different (	 � 0.05) from the value obtained for

CHO-K1 with Tukey’s HSD multiple comparison procedure.

TABLE 5. DHAPAT and Gro-3-PAT activities in whole-cell
homogenates at pH 7.4

Specific Activities

Strain DHAPAT Gro-3-PAT

pmol/min/mg

CHO-K1 423 
 9 2,240 
 20
NRel-4a 168 
 3b 3,560 
 40b

Isolate 4.15 1,565 
 50b 2,000 
 24b

DHAPAT and glycerol-3-phosphate acyltransferase (Gro-3-PAT)
were assayed at pH 7.4 using whole-cell homogenates as described in
Materials and Methods. All values represent averages 
 SD of three
samples within one representative experiment.

a NRel-4 cells were transfected with CMV vector with no gene in-
sert as a control.

b Value (or group of closely clustered values) is significantly differ-
ent (	 � 0.01) from the value obtained for CHO-K1 with Tukey’s HSD
multiple comparison procedure.
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stored Gro-3-PAT activity to a wild-type-like level. However,
of three additional, independently isolated CHO strains
deficient in peroxisomal DHAPAT activity, all within the
same complementation group as NRel-4 and all displaying
greatly reduced message for peroxisomal DHAPAT (none
detected), only one showed a significant increase in Gro-
3-PAT (A. G. Karthik, unpublished observations).

In summary, we have shown that acyl-DHAP, produced
by peroxisomal DHAPAT, is absolutely required for plas-
malogen biosynthesis in animal cells and that this activity
does not appear to be a limiting factor in plasmalogen
biosynthesis in CHO cells. We have also shown that this ac-
tivity does not contribute, independently of other changes,
to the synthesis of diacyl glycerolipids.

This work was supported by National Institutes of Health Grant
GM-50571 and American Heart Association Grant 0455753T to
R.A.Z.
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