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Abstract Phosphatidylserine (PS), the major anionic phos-
pholipid in eukaryotic cell membranes, is synthesized by the
integral membrane enzymes PS synthase 1 (PSS1) and 2 (PSS2).
PSS2 is highly expressed in specific tissues, such as brain
and testis, where docosahexaenoic acid (DHA, 22:6n-3) is
also highly enriched. The purpose of this work was to char-
acterize the hydrocarbon-chain preference of PSS2 to gain
insight on the specialized role of PSS2 in PS accumulation
in the DHA-abundant tissues. Flag-tagged PSS2 was ex-
pressed in HEK cells and immunopurified in a functionally
active form. Purified PSS2 utilized both PE plasmalogen
and diacyl PE as substrates. Nevertheless, the latter was six
times better utilized, indicating the importance of an ester
linkage at the sn-I1 position. Although no sn-I fatty acyl pref-
erence was noted, PSS2 exhibited significant preference
toward DHA compared with 18:1 or 20:4 at the sn-2 position.
Preferential production of DHA-containing PS (DHA-PS)
was consistently observed with PSS2 purified from a variety
of cell lines as well as with microsomes from mutant cells in
which PS synthesis relies primarily on PSS2.H0 These findings
suggest that PSS2 may play a key role in PS accumulation in
brain and testis through high activity toward DHA-contain-
ing substrates that are abundant in these tissues.—Kimura,
A. K., and H.-Y. Kim. Phosphatidylserine synthase 2: high
efficiency for synthesizing phosphatidylserine containing
docosahexaenoic acid. J. Lipid Res. 2013. 54: 214-222.
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Cell membranes consist of phospholipids that maintain
and regulate the structure and function of integral mem-
brane proteins. Phosphatidylserine (PS), the major anionic
phospholipid in mammalian cell membranes, plays critical
biological roles (1-3), including intra- and intercellular
molecular signaling (4). In the plasma membrane, PS is
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strictly localized in the inner leaflet under normal conditions,
and its exposure on the outer membrane is an indication
of apoptotic cell death (5-7). It has been also reported that
PS becomes exposed on the surface of tumor endothelial
cells (8, 9), and thus, it has become a potential marker for
targeted drug delivery (10-12). PS is synthesized in mam-
malian cells by two integral membrane proteins, PS syn-
thase 1 and 2 (PSS1 and PSS2). These enzymes catalyze
the formation of PS by an exchange reaction in which ser-
ine replaces the head group of the corresponding sub-
strate phospholipids, phosphatidylcholine (PC) for PSS1
and phosphatidylethanolamine (PE) for PSS2 (1, 2).

While PSS1 is expressed ubiquitously (13), PSS2 is ex-
pressed in a tissue-specific manner (14). A high degree of
PSS2 expression was observed in Purkinje neurons in the
brain and in Sertoli cells of the testis in mice (14). In brain
and testis, PE and PS, the substrate and product of PSS2,
are highly enriched with docosahexaenoic acid (DHA,
22:6n-3). The accumulation of PS containing DHA at the
sn-2 position (DHA-PS) is often associated with the proper
function of these tissues (15-20). DHA accounts for ~60%
of the acyl chains at the sn-2 position of PS specifically in
the brain (21). However, the mechanism responsible for
the accumulation of DHA-PS has not been elucidated.

PS is synthesized in mammalian cells in the endoplasmic
reticulum and mitochondria-associated membranes (22-24).
A fraction of the PS is decarboxylated to produce PE by
the PS decarboxylation (PSD) reaction that takes place in
the mitochondria (25). Previously, we demonstrated that
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DHA-PS species is the best substrate for PSD in isolated
brain mitochondria (26), indicating that the substrate
specificity of PSD is not a contributing factor for DHA-PS
enrichment in the brain. Although PSS1 has also been
shown to preferentially produce sn-2 DHA-PS from PC in
isolated microsomes (27), PC containing DHA in the sn-2
position is far less abundant than sn-2 DHA-PE, the sub-
strate for PSS2. Moreover, the ubiquitous expression of
PSS1 does not support a major role of PSS1 in the specific
enrichment of DHA-PS in the brain.

We have previously reported that brain microsomes
convert sn-2 DHA-PE to DHA-PS more efficiently than they
convert other PE molecular species (28). Because both
PSS1 and PSS2 are present in the microsomal prepara-
tions and PSSI can utilize not only PC but also PE in vitro
(29, 30), these microsomal studies were unable to distin-
guish the contributions of PSS2 to the preferential pro-
duction of DHA-PS. In addition, the high level of DHA
esterified at sn-2 of the brain PE is coupled with different
sn-1 saturated acyl or vinyl ether chains (28, 31, 32), sug-
gesting possible utilization of these species by PSS2 for PS
synthesis in the brain.

To determine hydrocarbon chain preference of PSS2 in
synthesizing PS from PE containing palmitic acid (16:0),
stearic acid (18:0), or a vinyl ether linkage at the sn-I posi-
tion as well as a variety of sn-2 fatty acids, we have immu-
nopurified functional PSS2. We found that purified PSS2
produces diacyl PS much more efficiently compared with
PS containing an sn-I vinyl ether linkage. While purified
PSS2 utilized PE containing 16:0 and 18:0 at the sn-I posi-
tion similarly, reaction efficiency of PSS2 was substantially
dependent on the sn-2 fatty acyl chain. The highest selec-
tivity was found for sn-2 DHA-PS. Microsomes isolated
from Chinese hamster ovary (CHO) mutant cells (33),
which lack PSS1 activity and in which PS synthesis relies on
PSS2, also produced DHA-PS as the dominant product.
These results indicate a significant role of PSS2 in enriching
DHA-PS in brain.

EXPERIMENTAL PROCEDURES

Materials

Anti-FLAG M2 affinity gel, 3 x FLAG peptide, FLAG antibody,
asolectin, calf serum, bovine brain PS, Dulbecco’s Modified Eagle
Medium (DMEM), and dithiothreitol (DTT) were purchased
from Sigma-Aldrich (St. Louis, MO); sucrose monolaurate was
from Sigma-Aldrich or Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA). Ham’s F12 medium (F-12) and fetal bovine serum
(FBS) were from Invitrogen (Carlsbad, CA). Other phospholip-
ids were purchased from Avanti Polar Lipids (Alabaster, AL). Ser-
ine, L-[3-"H] (15-30 Ci/mmol, 1 mCi/ml) and "C,,"°N-serine
were purchased from American Radiolabeled Chemicals, Inc. (St
Louis, MO) and Cambridge Isotope Laboratories, Inc. (Andover,
MA), respectively. FUuGENE 6 Transfection Reagent and Protease
Inhibitor were obtained from Roche (Indianapolis, IN), and
BCA protein assay kit was obtained from Thermo Fisher Scien-
tific Inc. (Rockford, IL). All solvents were HPLC grade and
purchased from Thermo Fisher Scientific Inc. or Burdick and
Jackson (Muskegon, MI).

Construction of Flag-PSS2 plasmid

PSS2 cloned from mouse was inserted into p3XFLAG-CMV-7.1
EXPRESSION VECTOR (Sigma) at Not I and Sal I restriction
sites.

Cell culture

CHO-K1 wild-type and mutant (PSA-3, a kind gift from Dr. O.
Kuge, Kyushu University, Japan), and Neuro 2A cells (mouse
neuroblastoma cells, from ATCC) were cultured at 37°C in F-12 and
DMEM media, respectively, containing 5% FBS under a 5% CO,
atmosphere with saturated humidity. The mutant CHO cells were
supplemented with approximately 30 pM bovine brain PS or
1-stearoyl-2-oleoyl-sn-glycero-3-phosphoserine (18:0,18:1-PS) (34).
Avvariant of the HEK-293 (FreeStyle 293-F Cells, Invitrogen) were
cultivated according to the manufacturer’s instruction (FreeStyle
MAX 293 Expression System).

Preparation of microsomes from PSS2 overexpressed
HEK and CHO mutant cells

Microsomes from the PSS2 overexpressed HEK and CHO-K1
mutant cells were prepared as described earlier (27, 28). Briefly,
the microsomal fraction from the homogenized cells was isolated
by differential centrifugation, and the microsomes were sus-
pended in Hepes buffer (25 mM Hepes/NaOH, pH 7.4) contain-
ing 0.5 mM ethylene glycol-bis (B-aminoethylether)-N, N, N’
N=tetraacetic acid (EGTA). In the case of PSS2 overexpressed
HEK microsomes, HEK cells were transfected with the Flag-PSS2
plasmid for 48 h prior to the harvest. All procedures were carried
out at 4°C or on ice.

Purification of FLAG-tagged PSS2

Purified Flag-PSS2 was prepared according to Kuge et al. (35)
with slight modifications. After washing twice with cold buffer
(PBS or Hepes buffer), cells transfected with the Flag-PSS2 plas-
mid for 48 h were harvested by scraping and brief centrifugation
(1,000 gfor 5 min). All procedures were performed at 4°C or on
ice after harvesting the cells. The harvested cells were suspended
with 0.25 M sucrose buffer containing 10 mM Hepes/NaOH
(pH 7.4) and 1 mM EDTA and homogenized with a Teflon pes-
tle. The homogenate was centrifuged at 1,000 g for 5 min, and
the supernatant fraction was centrifuged at 100,000 g for 1 h. The
resultant membrane fraction was suspended and incubated with
sucrose monolaurate-containing buffer [3.5 mM Hepes/NaOH
(pH 7.4), 0.07 mM L-serine, 14% (w/v) glycerol, 10 mg/ml
asolectin, 150 mM NaCl, and 1% sucrose monolaurate] for 15 min,
and then centrifuged at 100,000 g for 30 min.

The resulting solubilized membrane protein was subjected to
immunopurification using anti-FLAG M2 affinity gel, which had
been equilibrated with buffer A containing 10 mM Hepes/
NaOH (pH 7.4), 0.1 mM L-serine, 15% (w/v) glycerol, 2 mg/ml
asolectin (16:0,18:2 and 18:2,18:2 are the major species in PS,
PE, and PC of asolectin), 150 mM NaCl, and 0.2% sucrose
monolaurate. After either a 3 h or overnight incubation of the
solubilized membrane protein and gel with gentle tilting, the
gel was washed with buffer A five times. The washed gels were
incubated with 0.2 mg/ml of 3XFLAG peptide in buffer A for 1
h and then briefly centrifuged. The supernatant fraction con-
taining Flag-PSS2 protein was collected, dithiothreitol and pro-
tease inhibitor (Roche) were added, and the solution was stored
at —70°C.

Analysis of purified PSS2

Fractions from each purification step were incubated with
NuPAGE LDS (lithium dodecyl sulfate) sample buffer (4x) con-
taining 5% B-mercaptoethanol at 90°C for 3 min or at 37°C for
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1 h. The samples and protein marker (Bio-Rad, Hercules, CA)
were loaded to the NuPAGE Novex 4-12% Bis-Tris PreCast Gel,
and the proteins were separated by electrophoresis using the
NuPAGE Electrophoresis System (Invitrogen). Visualization of
the proteins was performed either by silver staining (Invitro-
gen) or by Western blotting. In Western blotting, the proteins
separated on the gels were transferred to transfer membrane
(Millipore, Billerica, MA), blocked with 5% skim milk in Tris
buffered saline containing 0.1% Tween 20 (TBS-T), and incu-
bated with primary (Anti-Flag antibody, 1:1,000 dilution, Sigma)
and secondary (anti-mouse IgG-Peroxidase antibody, 1:5000 di-
lution, Sigma) antibodies. The proteins were visualized with
Pierce ECL Western Blotting Substrate (Thermo Fisher Scien-
tific Inc.) using the Gel Logic 440 Imaging System and Kodak
1D software.

The concentration of the purified PSS2 was estimated by band
intensity of silver staining compared with the band intensity of
known concentrations of standard BSA.

Preparation of unilamellar vesicles

Unilamellar vesicles were prepared by a slight modification of
the extrusion method as described earlier (27, 28). Phospholip-
ids in chloroform and 2,6-di-tert-butyl-p-cresol (BHT, 1 mol % of
total lipids) were mixed and then dried under a nitrogen stream.
The dried lipids were dissolved in cyclohexane, frozen, and then
lyophilized under vacuum until only a lipid film or cake re-
mained. This film or cake was hydrated with argon-purged Hepes
buffer (25 mM Hepes/NaOH, pH 7.4) containing 0.5 mM EGTA
under agitation to form large multilamellar vesicles (MLV).
MLVs were disrupted by three to five freeze-thaw cycles and then
converted to unilamellar vesicles by extrusion through polycar-
bonate filters containing 100 nm pores on a mini-extruder
(Avanti Polar Lipids) 21 times in an argon atmosphere.

PSS2 activity assay

Purified Flag-PSS2 or microsomes were incubated at 37°C in a
shaking water bath with unilamellar vesicles consisting of sub-
strate PE or plasmalogen PE together with 16:0,18:1-PC and
16:0,18:1-PA at a molar ratio of 48/12/40 (PE/PC/PA). The re-
action mixture also contained Hepes buffer, 5 mM CaCl,, and
200 pM serine (4 pCi/ml °H serine or 13Cf,;,mN-serine were uti-
lized depending on the experiment). The total volume was 100 pl.
The reaction was stopped by adding CHCl;/CH3;OH/CH;OH-
BHT (1:1:1), and the lipids were extracted by the Bligh-Dyer
method (36). For the evaluation of PSS2 activity, incorporation
of *Hserine or “C;,"’N-serine into PS was measured by liquid
scintillation or mass spectrometry, respectively. When analyzed
by mass spectrometry, suitable internal standards were added be-
fore extraction.

Phospholipid molecular species analysis

Phospholipids were separated and detected using reversed-
phase liquid chromatography-electrospray ionization/mass spec-
trometry (HPLC-ESI/MS) as described previously (27, 32).
Phospholipids were separated on a C18 column (Prodigy or
Gemini, 150 x 2.0 mm, 5 pwm; Phenomenex, Torrance, CA) using
a mobile phase consisting of water/0.5% ammonium hydroxide
in methanol/hexane with a gradient changing from 12/88/0 to
0/88/12 (37). The flow rate was 0.4 ml/min delivered by the
Agilent 1100 or 1290 HPLC system (Santa Clara, CA). HPLC/
ESI-MS/MS analysis was performed using a Finnigan TSQ Quan-
tum mass spectrometer (San Jose, CA) or Hewlett Packard HP
1100 Series LC/MSD system. Quantification of individual phospho-
lipid molecular species was calculated by the area ratio against the
added internal standards of the same phospholipid class.
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RESULTS

Purification of PSS2

To investigate the acyl chain preference for PS synthesis
by PSS2, we have prepared functionally active PSS2 by im-
munopurification of Flag-PSS2 overexpressed in a variant
of the HEK-293 cell line as described previously with slight
modifications (30, 35). The cell homogenate was fraction-
ated to isolate the membrane fraction containing PSS2.
Most of the high molecular weight proteins over ~100
kDa in the membrane fraction (Fig. 1A, lane 2) were
effectively removed in the detergent solubilization and ul-
tracentrifugation steps (Fig. 1A, lane 3, solubilized mem-
brane proteins). By immunopurification using anti-Flag
M2 affinity gel, most of the solubilized membrane proteins
other than Flag-PSS2 were removed (Fig. 1A, lane 4, un-
bound proteins to anti-Flag affinity gel), and the Flag-PSS2
(55 kDa) retained on the affinity gel was eluted and de-
tected at ~~50 kDa with minimal background (Fig. 1A, lane
5, purified PSS2).

Western blot data using anti-Flag antibody showed suc-
cessful enrichment of the ~50 kDa protein (Fig. 1B).
Analysis of the 50 kDa band by mass spectrometry detected
41% of the PSS2 amino acid sequence (data not shown).
The purified Flag-PSS2 maintained functional integrity as
indicated by the serine base-exchange reaction measured
by H-serine incorporation (Fig. 1C) as well as by conver-
sion of PE-ds; to the corresponding PS detected by HPLC-
ESI/MS (see Fig. 3). The PS synthetic activity was enhanced
>620-fold by the purified enzyme compared with the cell
homogenate before purification. Purified PSS2 converted
PE but not PC to PS when these lipids were supplied
(Fig. 1C), in agreement with the previous results (30, 35,
38, 39). Purified PSS2 without the PE supplementation
(control) was 35-fold less active than when the incubation
was supplemented with 18:0,22:6-PE. The basal activity de-
tected in the control incubation was due to minor pres-
ence of PE in soybean phospholipids that were included to
stabilize PSS2 during purification. The purified PSS2 was
used in the subsequent experiments to study its functional
specificity.

sn-1 chain preference for PS production by PSS2

To investigate the influence of sn-1 chain on PS production
by purified PSS2, ’H serine incorporation into diacyl-PE
(ester linkage at sn-I) and plasmalogen PE (vinyl ether
linkage at sn-1) was compared. Both PE substrates con-
tained a hydrocarbon chain of 18 carbons in the sn-I
position and 22:6 in the sn-2 position [18:0,22:6-PE and
C18(plasm),22:6-PE]. Considerable incorporation of ’H ser-
ine was observed when purified PSS2 was incubated with
PE plasmalogen (Fig. 2A). Nevertheless, plasmalogen PE
was six times less effective as a substrate than the corre-
sponding ester-linked PE species. The production of PS
plasmalogen [Cl18(plasm),22:6-PS] from Cl8(plasm),
22:6-PE by purified PSS2 was confirmed by HPLC/
ESI-MS/MS (Fig. 2B). The MS/MS spectrum of precursor
ion of C18(plasm),22:6-PS at m/z 818 produced character-
istic fragments m/z 731 and 403, which resulted from
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Purification of PSS2. Representative fractions from the PSS2 purification procedure were analyzed

by SDS-PAGE, followed by silver staining (A) and Western blot analysis using anti-Flag antibody (B). Lanes
1-5in (A) and (B) represent following: Lane 1, protein marker; 2, membrane fraction; 3, solubilized mem-
brane proteins; 4, unbound proteins to anti-Flag affinity gel; and 5, purified PSS2. For evaluating PSS2 activ-
ity, purified Flag-PSS2 was incubated for 2.5 h with or without PE (18:0,22:6-PE / 16:0,18:1-PC / 16:0,18:1-PA,
at a molar ratio of 48/12/40) or PC liposomes (18:0,22: 6—PC / 16:0,18:1-PC / 16:0,18:1-PA, at a molar ratio
()f 48/12/40) in the presence of 200 pM serine (4 pCGi/ml* *H serine) and 5 mM CaCly. The incorporation of
*H serine into PS was measured by scintillation counting (C). Results in (C) are expressed as mean + SD for
four samples, representing two independent experiments.

dissociation of serine moiety and further elimination of
sn-2 fatty acid (DHA). We further confirmed the produc-
tion of PS plasmalogen in a more native environment by
using microsomes obtained from PSS2 overexpressed HEK
cells (PSS2 microsomes). When PSS2 microsomes were in-
cubated with C18(plasm),22:6-PE and "’C,,"”N=serine (+4
serine), a chromatographic peak appeared at 9.85 min
with m/z 822 that was 4 mass units higher than that of the
unlabeled C18(plasm),22:6-PS (m/z 818) (Fig. 2C). Six
times more effective production of diacyl PS compared
with plasmalogen PS (Fig. 2A) indicated that a carbonyl
group next to the glycerol backbone in the substrate-binding
pocket substantially increased the catalytic activity of PSS2.

The preference for sn-I chain length by purified PSS2
was also investigated by comparison of ’H serine incorpo-
ration into PE substrates containing either 16:0 or 18:0 at
the sn-1 position (Fig. 2D). 16:0,18:1-PE and 18:0,18:1-PE
were equally converted into PS. Similarly, equivalent *H
serine incorporation was observed with substrates contain-
ing 22:6 at the sn-2 position, 16:0,22:6-PE and 18:0,22:6-PE.
These results are in contrast to those reported for PSS1, in
which a 2-fold higher preference for sn-1 18:0 compared
with 16:0 was observed when the sn-2 position contains
18:1, and a 10-fold preference for sn-1 18:0 when 22:6 is
esterified at the sn-2 position (27).

sn-2 acyl chain preference for PS production

To investigate the sn-2 fatty acyl chain preference by
purified PSS2, PS synthesis was examined using deuteri-
um-labeled PE species containing different sn-2 chains.
The substrates used for comparison were PE species con-
taining 18:0 at sn-1 and either oleic acid (OA; 18:1n-9),
DHA (DHA; 22:6n-3), or arachidonic acid (AA; 20:4n-6)
at sn-2. Formation of the deuterium-labeled PS was
monitored by HPLC-ESI/MS. Figure 3 shows representa-
tive mass spectra (Fig. 3A) and mass ion chromatograms

(Fig. 3B) of the substrate PE and product PS. Purified
PSS2 produced these PS molecular species from all of
the PE substrates tested. The synthesis of 18:0,22:6-PS
was most efficient compared with 18:0,18:1-PS and with
18:0,20:4-PS.

The sn-2 acyl chain preference was evaluated as a
function of protein concentration (Fig. 3C), incubation
time (Fig. 3D), and concentration of the PE-ds; substrate
(Fig. 3E). Under all conditions examined, the production of
18:0,22:6-PS was two to five times higher than that of ei-
ther the 18:0,18:1-PS or 18:0,20:4-PS species. This finding
clearly demonstrates that the catalytic activity of PSS2 is
significantly influenced by the molecular structure of the
sn-2 chain of the PE substrate. The preferential produc-
tion of DHA-PS by PSS2 was also observed with PE sub-
strates containing 16:0 at the sn-I position as indicated in
Fig. 2D in which about twice more 16:0,22:6-PE was con-
verted to PS than 16:0,18:1-PE.

We investigated whether PSS2 similarly prefers DHA at
sn-2 position when PE plasmalogen is used as the substrate.
The utilization of C18(plasm),18:1-PE, C18(plasm),20:4-PE,
or C18(plasm),22:6-PE for PS synthesis was compared by
*H serine incorporation. Purified PSS2 was incubated with
unilamellar vesicles containing PC, PA, and one of these
PE plasmalogen species in the presence of - H serine.
Production of PS plasmalogen was monitored as a func-
tion of incubation period (Fig. 4A) and PE plasmalogen
concentration (Fig. 4B). Under all conditions tested,
C18(plasm),22:6-PS was produced more than either of the
other PS plasmalogen molecular species, the same prefer-
ence observed in the case of diacyl PS synthesis (see
Fig. 3). Although the preference for 22:6(plasm)-PS syn-
thesis was statistically significant under all conditions
tested, the degree of preference was appreciably smaller
(1.3~1.5fold) compared with that found for diacyl DHA-PS
synthesis (2~5-fold, see Fig. 3).
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Substrate preference of PSS2 purified from
a variety of cell systems

Cell-specific posttranslational modifications might af-
fect the acyl-chain selectivity of PSS2. To test generality of
the observed acyl-chain preference, PS synthesis was inves-
tigated using immunopurified Flag-PSS2 that was over-
expressed in different cell types. In addition to HEK, a
human cell line, Flag-PSS2 was expressed in two rodent
cell lines, Neuro 2A (murine) and CHO (hamster), which
represented neuronal and nonneuronal cell lines. PS syn-
thesis by PSS2 purified from these cell lines was tested
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using deuterium-labeled PE species with different sn-2 chains
(18:0,18:1-PE, 18:0,20:4-PE, and 18:0,22:6-PE). The corre-
sponding PS-ds; product was detected by HPLC-ESI/MS.
Figure 5 shows the relative ratio of the product PS nor-
malized to the amount of dgs;-18:0,20:4-PS formed. PSS2
purified from each of these cell lines consistently showed
that the synthesis of 18:0,22:6-PS was by far (>5 times) the
most efficient. Slightly less preference for 18:0,18:1-PS
production was noted by the PSS2 purified from CHO or
Neuro 2A cells compared with HEK cells. However, the
amounts formed were relatively small and the differences
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Fig. 3. Effect of sn-2fatty acyl chain on PS synthesis by purified PSS2 monitored by LC/MS. Representative
mass spectra (A) and mass chromatograms (B) were obtained before and after incubation of purified PSS2

with liposomes containing equimolar ds; PE species (d;

Activity of purified PSS2 was assayed as a function of

55 18:0,18:1-PE, dg; 18:0,20:4-PE, and ds; 18:0,22:6-PE).
PSS2 concentration (C), incubation period (D), and

substrate PE concentration (E) by incubation with the liposomes containing equimolar concentrations of dss
PE species in the presence of 200 pM serine and 5 mM CaCly. The absolute amount of PS produced was

calculated as the area ratio of each species relative to

standard 16:0,16:0-PS in the HPLC-ESI/MS analyses.

Filled squares, open diamonds, and open circles represent ds; 18:0,18:1-PS, ds; 18:0,20:4-PS, and ds;
18:0,22:6-PS, respectively. The data in (C-E) are expressed as mean + SD from 2-4 independent measure-

ments for each data point.

were minor. Therefore, it was concluded that regardless of
the cell lines in which PSS2 is expressed, a remarkable
preference for DHA-PS synthesis by PSS2 is preserved.

Acyl chain preference for PS production by
microsomal PSS2

The substrate preference of PSS2 was further investigated
in a more native environment by using microsomes isolated
from mutant CHO cells in which PSS1 activity is lacking and
PS synthesis primarily relies on PSS2. Unilamellar vesicles
containing equal amounts of deuterium-labeled 18:0,18:1-PE,
18:0,20:4-PE, and 18:0,22:6-PE species were provided as
the substrates, and the corresponding PS products were

monitored by HPLC-ESI/MS. Fig. 6 shows a representative
mass spectrum (Fig. 6A) and mass ion chromatograms
(Fig. 6B) of the PS products, as well as the relative ratio nor-
malized to the ds;-18:0,20:4-PS (Fig. 6C). The mutant mi-
crosomes produced deuterium-labeled PS species (m/z 823,
845, and 869) from all the PE substrates tested. In addition to
the reaction products, endogenous 18:0,22:6-PS (m/z 834)
derived from microsomes was detected in the mass spectrum
(Fig. 6A). The synthesis of dg5-18:0,22:6-PS was most efficient,
and its production was about five times higher than that of
the other species in these microsomes. Thus, the selectivity
for sn-2 DHA-PE observed with the purified PSS2 was
confirmed with PSS2 present in a natural membrane.
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DISCUSSION

We have purified functionally active integral protein
PSS2 and used it to investigate the hydrocarbon-chain
preference of PSS2. We found that PSS2 synthesizes DHA-PS
much more efficiently than PS containing either 18:1 or
20:4 at the sn-2 position. Preferential use of PE containing
DHA over other fatty acids at the sn-2 position was consis-
tently observed in PSS2-catalized PS synthesis, regardless
of the type of linkage (Figs. 3 and 4) or acyl chain length
at the sn-1 position (Fig. 2D). This remarkable selectivity
for DHA-PS synthesis was common for PSS2 purified from
human, murine, hamster, neuronal, or nonneuronal cell
lines (Fig. 5). The preferential DHA-PS synthesis together
with low PSS2 activity toward sn-2 20:4-PS production is
consistent with the phospholipid profile of animal tissues
in which 18:0,20:4-PE is a dominant PE species (28, 32),
but the amount of 18:0,20:4-PS present is much less com-
pared with 18:0,22:6-PS.

Substrate preference of PSS2 depends on availability of
substrates as well as on the reactivity on each of the sub-
strates. For example, if DHA-PE has better access to PSS2
compared with other species, it is likely converted more
efficiently. Such a situation might mislead the conclusion
that PSS2 has high preference for DHA-PE. In other experi-
ments, we have designed the system to exclude the factor
of substrate availability by reconstituting PSS2 in liposomes
containing an equimolar concentration of PE substrates
along with other phospholipid matrices. Regardless of the
membrane composition, PSS2 consistently showed highest
preference for DHA-PS production (data not shown), sup-
porting that the substrate specificity toward DHA-PE is
indeed a unique characteristics of PSS2.

The difference in the chain length between 16:0 and 18:0
at the sn-1 position of PE did not affect PSS2 activity (Fig. 2D).
This finding differs from what has been observed with PSS1,
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a 2~~10 times higher preference for sn-I 18:0 than for 16:0
(27). This finding implies that the structure of the binding
pocket of PSS1 is sufficiently different from that of PSS2 to
recognize the sn-1 acyl-chain composition of substrate in ad-
dition to the headgroup difference between PC and PE. The
fact that PS containing sn-I 18:0 is much more abundant than
PS containing sn-1 16:0 in brain (28, 32) may be explained in
part by the difference in acyl-chain preferences of PSSI and
PSS2 as well as by substrate availability. Despite a higher level
of DHA-PC or AA-PC with sn-1 16:0 compared with the
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Fig. 5. Preferential synthesis of 18:0,22:6-PS by purified Flag-

PSS2 expressed in a variety of cell lines. Flag-PSS2 overexpressed
in HEK (white bars), CHO wild-type (gray bars), or Neuro 2A
(filled bars) cells was purified by immunopurification. Each puri-
fied Flag-PSS2 preparation (~130 ng) was incubated with the li-
posomes containing equal amount of each ds; PE species (total
PE = 400 uM) in the presence of 200 pM serine and 5 mM CaCl,
for 2.5 h. The acyl-chain preference of the purified PSS2 is
shown as the relative area ratio to ds; 18:0,20:4-PS species in
the HPLC-ESI/MS analyses. The statistical si§niﬁcance between
different cell lines (#Neuro 2A versus HEK, *CHO versus HEK)
or different PS species (**ds;18:0,20:4-PS versus ds;18:0,18:1-PS,
#¥%d3518:0,22:6-PS versus ds518:0,18:1-PS) was evaluated by Stu-
dent ttest, "P< 0.05; " P< 0.01; *¥P< 0.01; P < 0.001. The data
are expressed as mean + SD of triplicates, representing two inde-
pendent experiments.
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Fig. 6. Preferential synthesis of 18:0,22:6-PS by microsomes from
CHO-K1 mutant cells. Microsomes (50 pg of total protein) were
incubated for 1 h with liposomes containing equimolar concentra-
tions of ds; PE species (total PE = 1 mM) in the presence of 200 pM
serine and 5 mM CaCl,. Conversion of dgz PE to dg; PS was moni-
tored by HPLC-ESI/MS. Representative mass spectrum (A) and
mass chromatograms (B) of the products are presented. The acyl-
chain preference of the microsomes is shown as the relative area
ratio to ds; 18:0,20:4-PS species (C). The statistical significance was
evaluated by Student #test. ¥¥P < 0.01. The data in (C) are ex-
pressed as mean = SD of three samples, representing four indepen-
dent experiments.

corresponding PC species with sn-1 18:0, low PSS1 activity
toward the sn-1 16:0-PC may prevent the accumulation of
sn-1 16:0-PS. In contrast, PS production by PSS2 may be
impinged upon the availability of PE species containing
either 16:0 or 18:0 at the sn-I position as both forms are
equally utilized by PSS2. Of course, further metabolism or
refinement beyond PS synthesis such as PS decarboxylation
and deacylation/reacylation reactions (40, 41) can also con-
tribute to the eventual phospholipid profile in tissues.

Using microsomes from the mutant cells expressing
PSS2 but lacking PSS1 activity, along with deuterium-
labeled PE substrate, effectively isolated the PSS2 activity by
avoiding confounding effects, such as PS decarboxylation

that occurs in the mitochondria. Also, microsomal PSS2
remains in the natural membrane environment in contrast
to the purified PSS2 reconstituted in artificial mem-
brane matrices. The preferential production of DHA-PS
observed with both purified PSS2 and PSSI-deficienct
microsomes (Fig. 6) suggests that preferential synthesis of
DHA-PS represents the properties of PSS2.

Our finding that purified PSS2 is capable of converting
PE plasmalogen to PS plasmalogen is intriguing in that PS
plasmalogen is rarely found in mammalian tissues, although
a recent report indicated the presence of PS plasmalogens
in the retina and the optic nerve (42). Due to the unique
double bond of vinyl ether group, plasmalogens are re-
ported to function as an antioxidant by scavenging reac-
tive oxygen species, thereby protecting polyunsaturated
fatty acids, including DHA, from oxidative stress and pre-
serving membrane function (43). While PE plasmalogen is
abundant in certain tissues, e.g., brain, especially in the
myelin sheath (31), the physiological significance of PS
plasmalogen synthesis is uncertain. The 6-fold less efficient
synthesis of PS plasmalogen by PSS2 compared with diacyl
PS (Fig. 2A) may explain difficulties in finding PS plas-
malogen even in tissues such as brain where PE plasmalo-
gen content is relatively high.

Both PSS2 and DHA appear to colocalize in brain and
testis. In brain, DHA is highly enriched, especially in the
sn-2 position of PS and PE (44, 45), and such enrichment of
DHA has been shown to be essential for normal brain func-
tion and development (15-17). Although critical need for
PSS2 in the brain has not been demonstrated, higher ex-
pression and activity of PSS2 occur in the fetal brain during
embryonic development where DHA is rapidly accumulat-
ing, compared with the adult brain (46). An important role
of PSS2 is apparent for proper function of the testis, where
the PSS2 expression is highest (14). Approximately 10% of
PSS2 knockout male mice are infertile, and the testes of
these knockout mice are on average smaller than in wild-
type controls, whereas PSS1 knockout mice do not exhibit
this phenotype. Furthermore, delta-6 desaturase-null mice
that were unable to synthesize highly unsaturated fatty acids
were infertile (18, 19), and only DHA supplementation re-
stored fertility and spermatogenesis (20). These findings
suggest an important role of PSS2 and DHA for the proper
development and function of testis, probably by synthesiz-
ing DHA-containing PS molecular species.

In conclusion, we found that PSS2 preferentially utilizes
DHA-containing substrate for PS synthesis. We propose
that PSS2 plays a specialized role in synthesizing DHA-PS
in tissues including brain where PSS2 is abundantly ex-
pressed. The efficient DHA-PS synthesis by PSS2 found in
this study is likely to play a critical role in maintaining the
essential functions of these tissues.Hl
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