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Yeast phosphatidic acid phosphatase Pah1 hops and
scoots along the membrane phospholipid bilayer
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Abstract PA phosphatase, encoded by PAHI in the yeast
Saccharomyces cerevisiae, catalyzes the Mg2+-dependent de-
phosphorylation of PA, producing DAG at the nuclear/ER
membrane. This enzyme plays a major role in triacylglycerol
synthesis and in the regulation of phospholipid synthesis. As
an interfacial enzyme, PA phosphatase interacts with the
membrane surface, binds its substrate, and catalyzes its reac-
tion. The Triton X-100/PA-mixed micellar system has been
utilized to examine the activity and regulation of yeast PA
phosphatase. This system, however, does not resemble the in
vivo environment of the membrane phospholipid bilayer. We
developed an assay system that mimics the nuclear/ER mem-
brane to assess PA phosphatase activity. PA was incorporated
into unilamellar phospholipid vesicles (liposomes) com-
posed of the major nuclear/ER membrane phospholipids,
PG, PE, PI, and PS. We optimized this system to support en-
zyme-liposome interactions and to afford activity that is
greater than that obtained with the aforementioned deter-
gent system. Activity was regulated by phospholipid compo-
sition, whereas the enzyme’s interaction with liposomes was
insensitive to composition. Greater activity was attained with
large (=100 nm) versus small (50 nm) vesicles. The fatty-acyl
moiety of PA had no effect on this activity.ll PA phosphatase
activity was dependent on the bulk (hopping mode) and sur-
face (scooting mode) concentrations of PA, suggesting a
mechanism by which the enzyme operates along the nuclear/
ER membrane in vivo.—Kwiatek, J. M., and G. M. Carman.
Yeast phosphatidic acid phosphatase Pahl hops and scoots
along the membrane phospholipid bilayer. J. Lipid Res. 2020.
61: 1232-1243.

Supplementary key words lipin ® phosphatidate ® diacylglycerol ® tria-
cylglycerol ® phospholipid vesicle  liposome ¢ interfacial enzyme kinet-
ics ® Nem1-Spo7 protein phosphatase ® lipid metabolism

PA phosphatase (3-sn-phosphatidate phosphohydrolase,
EC 3.1.3.4), which is encoded by the PAHI gene in the
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yeast Saccharomyces cerevisiae (1), catalyzes the Mg%-depen-
dent dephosphorylation of PA to produce DAG (Fig. 1) (2,
3). PA phosphatase has emerged as one of the most impor-
tant lipid metabolic enzymes because it largely controls
whether cells synthesize membrane phospholipids or the
neutral lipid triacylglycerol (TAG) (4-6). The substrate PA
is the direct precursor of the liponucleotide CDP-DAG that
is converted to all membrane phospholipids (6-12),
whereas the product DAG is the direct precursor of TAG
(Fig. 1) (6,13-19). The DAG produced in the reaction may
also be used for the synthesis of the phospholipids PC and/
or PE via the CDP-choline and/or CDP-ethanolamine
branches of the Kennedy pathway (20-24) if cells are sup-
plemented with choline and/or ethanolamine (Fig. 1) (25,
26). This DAG-dependent alternative pathway is essential
for cells with a loss-of-function mutation in the CDP-DAG-
dependent synthesis of PS, PE, or PC; these mutants are
auxotrophic for choline and/or ethanolamine, indeed
(27-31). The substrate and product of the PA phosphatase
also have important signaling functions in cells. For exam-
ple, PA has a strong influence on the Opil-mediated tran-
scriptional regulation of UASyo-containing phospholipid
synthesis gene expression (6, 12, 32-35), whereas DAG,
along with PS, is required for the phosphorylation of lipid
metabolic enzymes by protein kinase C (36).

As one might expect of cells lacking an enzyme that con-
trols important lipid metabolic intermediates, the pahlA
mutant exhibits phenotypes indicative of major defects in
lipid metabolism and cell physiology (6). Notable defects
include a reduction in the formation of TAG (1, 87) and
lipid droplets (38, 39), a susceptibility to fatty acid-induced
lipotoxicity (39) and oxidative stress (40), elevated levels of
PA and the abnormal expansion of the nuclear/ER mem-
brane (32, 41-43), defects in vacuole fusion (44-46) and
TORCI1-mediated induction of autophagy (46), loss of cell
wall integrity (47, 48), and inability to grow at elevated (1,
32,49) or reduced (50) temperatures and to utilize glycerol
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Fig. 1. Model for the regulation of Pahl PA phosphatase (PAP) localization and stability by phosphorylation and dephosphorylation, and
the role of PA phosphatase in lipid synthesis. PA phosphatase is phosphorylated (small white circles) by multiple protein kinases in the cyto-
plasm; the phosphorylated enzyme translocates to the nuclear/ER membrane through its dephosphorylation by the Nem1-Spo7 complex.
Dephosphorylated PA phosphatase that is associated with the nuclear/ER membrane catalyzes the conversion of PA to DAG, which is con-
verted to TAG for storage in lipid droplets (LDs). The PA phosphatase molecule catalyzing the dephosphorylation of PA is denoted with blue
color. The DAG produced in the PA phosphatase reaction may be converted to the phospholipids PC and/or PE via the Kennedy pathway if
cells are supplemented with choline and/or ethanolamine. DAG may be converted to PA by the CTP-dependent DAG kinase (DGK) reac-
tion. The PA phosphatase substrate PA is used for the synthesis of the major ER membrane phospholipids (PC, PE, PI, PS) via CDP-DAG. The
unphosphorylated/dephosphorylated forms of PA phosphatase or protein kinase C (PKC)-phosphorylated PA phosphatase are degraded by
the 20S proteasome (indicated by the dashed line arrows). More comprehensive descriptions of the lipid synthetic pathways and the regula-
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tion of PA phosphatase may be found elsewhere (5, 6, 11, 12).

as a carbon source (1, 42). Overall, the pahIA mutant ex-
hibits a shortened chronological life span (40) with apop-
totic cell death in the stationary phase (39). The mutant
phenotypes that are ascribed to elevated PA content (6)
can also be shown in wild-type cells by the overexpression
of Dgkl DAG kinase, which catalyzes the CTP-dependent
conversion of DAG to PA (Fig. 1) (51, 52).

The PA phosphatase (also known as lipin)3 is con-
served in higher eukaryotes including mice (53, 54) and
humans (1, 53, 55). Loss of lipin PA phosphatase activity
results in a plethora of lipid-based syndromes that in-
clude lipodystrophy, insulin resistance, rhabdomyolysis,
myoglobinuria, inflammatory disorders, peripheral neu-
ropathy, and the Majeed and metabolic syndromes (53,
56-61).

Studies aimed at understanding the regulation and
mode of action of PA phosphatase have been subject
to intense investigations (5, 62). In a current working

*The mouse and human forms of PA phosphatase, which are en-
coded by the Lpinl, -2, and -3 and LPINI, -2, and -3 genes, respectively,
are also known as lipin (53, 54).

model for the regulation of yeast Pahl PA phosphatase
(Fig. 1), the enzyme is phosphorylated in the cytoplasm
by multiple protein kinases (63-68). This posttransla-
tional modification inhibits the PA phosphatase func-
tion by causing its retention in the cytoplasm apart from
its substrate that resides in the nuclear/ER membrane
(63-66, 69). Phosphorylated PA phosphatase is then re-
cruited to the membrane through its association and
dephosphorylation by the Nem1-Spo7 protein phospha-
tase complex (32, 41, 70). The dephosphorylated PA
phosphatase associates with the membrane via its am-
phipathic helix, binds its substrate PA, and then cata-
lyzes the conversion of PA to DAG (1, 5, 6, 70, 71).
Additionally, the phosphorylation of PA phosphatase
attenuates its activity, whereas the dephosphorylation
stimulates its activity (64, 65, 69, 72). The unphosphory-
lated/dephosphorylated or protein kinase C-phosphor-
ylated PA phosphatase is liable to degradation by the
20S proteasome (73, 74).

PA phosphatase is an interfacial enzyme; it interacts with
the membrane surface, binds its substrate, and then catalyzes
the production of DAG. The detergent/phospholipid-
mixed micelle system has facilitated the kinetic analyses of
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several interfacial phospholipid synthetic (75-80) and de-
grading (81-92) enzymes. The in vitro assay to measure
yeast PA phosphatase activity has been performed with PA
solubilized in the detergent Triton X-100 (1, 93-96). Tri-
ton X-100 forms a uniform mixed micelle with PA, provid-
ing a surface for catalysis (93). The detergent micelle
system has permitted defined studies on the kinetics of the
PA phosphatase reaction (1, 93) as well as on the biochemi-
cal regulation of the enzyme by phospholipids (96), sphin-
golipids (94), nucleotides (95), and by phosphorylation
(64-66, 68). Although the Triton X-100/PA-mixed micelle
assay allows for defined activity measurements, it does not
resemble the in vivo environment of phospholipid bilayer
membrane where PA is a component. Accordingly, we
sought to establish an assay condition that mimics the in
vivo environment of the nuclear/ER membrane in measur-
ing PA phosphatase activity. PA was incorporated into unil-
amellar vesicles (liposomes) composed of the major ER
membrane phospholipids, PC, PE, PI, and PS. This lipo-
some system supported the interaction of PA phosphatase
with the membrane and afforded the enzyme activity
greater to that observed in the Triton X-100/PA-mixed mi-
celle assay. Moreover, PA phosphatase catalyzed its reaction
in the hopping and scooting modes, implicating how the
enzyme operates along the nuclear/ER membrane in vivo.

MATERIALS AND METHODS

Materials

Avanti Polar Lipids was the source of soybean PI, dioleoyl de-
rivatives of PC, PE, PS, and PA, other fatty-acyl derivatives of PA,
and the polycarbonate filters used to prepare liposomes. Coo-
massie Blue R-250, molecular mass protein standards, and re-
agents for electrophoresis, immunoblotting, and protein assay
were purchased from Bio-Rad. Malachite green was purchased
from Fisher Scientific. GE Healthcare was the supplier of polyvi-
nylidene difluoride paper and the enhanced chemifluorescence
Western blotting detection kit. Millipore Sigma was the source of
ammonium molybdate, BSA, and Triton X-100. The alkaline
phosphatase-conjugated goat anti-rabbit IgG antibody was a
product of Thermo Scientific. All other chemicals were reagent
grade or better.

Preparation of purified Pahl

Escherichia coli-expressed Hisg-tagged yeast Pahl was puri-
fied from bacterial cell extracts by affinity chromatography
with nickel-nitrilotriacetic acid-agarose as described by Han,
Wu, and Carman (1). The protein content of enzyme prepara-
tions was estimated by the method of Bradford (97) using BSA
as a standard. SDS-PAGE (98) analysis indicated that the Pahl
preparation was highly purified.

Preparation of liposomes

Liposomes (unilamellar phospholipid vesicles) were prepared by
the extrusion method of MacDonald et al. (99) using an Avanti mini-
extruder. Unless otherwise indicated, the dioleoyl derivatives of PC,
PE, PS, PA, and soybean PI were used in this work. Chloroform was
evaporated from the phospholipid mixtures under a stream of nitro-
gen to form a thin film, and residual solvent was removed in vacuo.
Phospholipids were then resuspended in 20 mM Tris-HCI (pH 7.5)
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to a final concentration of 20 mM. After five cycles of freezing and
thawing, the phospholipid suspensions were repeatedly extruded
through a polycarbonate filter to produce vesicles with diameters of
51.3 £ 2.5 nm, 101.3 + 2.5 nm, or 299.3 + 3.7 nm. A Brookhaven In-
struments particle size analyzer was used to confirm the size of lipo-
somes. Under most conditions used in this study, the liposomes were
made of PC/PE/PI/PS/PA (33.75:22.5:22.5:11.25:10 mol%). Addi-
tional liposomes were made of PC/PA (90:10 mol%), PC/PE/PA
(60:30:10 mol%), PC/PS/PA (60:30:10 mol%), PC/PI/PA (60:30:10
mol%), PC/PE/PS/PA (45:30:15:10 mol%), PC/PE/P1/PS
(45:30:15:10 mol%). The molar percent of PA in the liposome com-
prised of PC/PE/PI/PS/PA was calculated using the following for-
mula, mol%yp, = [PA (molar)]/[PA (molar) + PC (molar) + PE
(molar) + PI (molar) + PS (molar)] x 100.

Preparation of Triton X-100/PA-mixed micelles

PA in chloroform was transferred to a test tube and solvent was
removed with a stream of nitrogen; residue solvent was removed
in vacuo. Uniform Triton X-100/PA-mixed micelles (90:10 mol%)
were prepared by adding Triton X-100 to the dried PA (93). The
molar percent of PA in the Triton X-100/PA-mixed micelles was
calculated using the following formula, mol%p, = [PA (molar)]/
[PA (molar) + Triton X-100 (molar)] x 100.

Pahl-liposome interaction assay

Pahl was incubated for 15 min with the indicated liposomes in
20 mM Tris-HCl (pH 7.5) buffer containing 150 mM NaCl in a
total volume of 30 pl at 30°C. Following incubation, the reaction
mixture was subjected to centrifugation at 100,000 g for 1 h at
4°C, and the liposome pellet was resuspended in the same volume
as the supernatant. Samples (20 pl) of each fraction were sepa-
rated by SDS-PAGE (98), followed by immunoblotting (100-102)
with polyvinylidene difluoride membrane using rabbit anti-Pah1
antibody (63). Anti-Pahl antibody was used at a final concentra-
tion of 2 wg/ml. The goat anti-rabbit IgG antibody conjugated
with alkaline phosphatase was used at a dilution of 1:4,000. Im-
mune complexes were detected using the enhanced chemifluo-
rescence immunoblotting substrate. Fluorimaging, using a Storm
865 molecular imager (GE Healthcare) was used to acquire fluo-
rescence signals from immunoblots, and the intensities of the im-
ages were analyzed by ImageQuant TL software (GE Healthcare).
A standard curve was used to ensure that the immunoblot signals
were in the linear range of detection.

PA phosphatase assay

PA phosphatase activity was measured at 30°C for 15 min by fol-
lowing the release of water-soluble P; from chloroform-soluble PA;
the P; produced in the reaction was measured with malachite
green-molybdate reagent (55, 103). The reaction mixture con-
tained 50 mM Tris-HCI (pH 7.5), 1 mM MgCl,, enzyme protein,
and the PA-containing liposomes in a final volume of 10 pl. The
molar ratio of PC/PE/PI/PS to PA was 9:1 (10 mol% PA). Alterna-
tively, the PA phosphatase activity was measured with the Triton
X-100/PA-mixed micelle as the substrate; the molar ratio of Triton
X-100 to PA was 9:1 (10 mol% PA) (1). Enzyme assays were con-
ducted in triplicate, and the average SD of the assays was +5%. All
enzyme reactions were linear with time and protein concentration.
A unit of enzymatic activity was defined as the amount of enzyme
that catalyzed the formation of 1 nmol of product per minute.

Data analysis

The enzyme kinetics module of SigmaPlot software was used to
analyze kinetic data according to Michaelis-Menten and Hill equa-
tions. Microsoft Excel software was used for the statistical analysis of
the data. The Pvalues <0.05 were taken as a significant difference.
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RESULTS

Rationale

In establishing a liposome model for PA phosphatase as-
say, we took advantage of the fact that the requirement of
the Nem1-Spo7 complex for the dephosphorylation and
membrane interaction of the enzyme is circumvented by its
phosphorylation-deficient form (32, 63, 69, 70, 104). More-
over, phosphorylation decreases the interaction of PA
phosphatase with simple PC/PA liposomes (104). Accord-
ingly, we utilized the E. coli-expressed form of Pahl (1),
which is free of phosphorylation that occurs when the en-
zyme is expressed in yeast (69). Liposomes were prepared
from PC, PE, PI, PS, and PA to mimic the phospholipid
composition of the nuclear/ER membrane found in yeast
(105-107). The amount of PA (10 mol%) used in the lipo-
somes is a saturating surface concentration as determined
from this work (see below, Fig. 9). The average diameter of
the liposomes used in this study was 100 nm unless other-
wise indicated, which is a typical size for large unilamellar
vesicles (99). The fidelity of the Pahl was assessed by the
measurement of its PA phosphatase activity using the estab-
lished Triton X-100/PA-mixed micellar assay (108).

Effect of phospholipid composition on the interaction of
Pah1 with liposomes

We examined an optimal amount of Pahl for its liposo-
mal interaction using a saturating amount of liposomes (see
below, Fig. 5) containing PC/PE/PI/PS/PA (Fig. 2). The
divalent cation Mg2+, which is required for PA phosphatase
activity (1, 3) but has no effect on the interaction of
the enzyme with PC/PA liposomes (104), was omitted in
the binding assay to prevent the dephosphorylation of PA;
the presence of PA has an effect on the liposome interac-
tion (104) (see below, Fig. 3). Most Pahl bound to the lipo-
somes when 37.5 ng of protein was used for the assay. The
increasing amounts of Pah1 led to the saturation of the lipo-
somes with a concomitant increase in the amount of un-
bound protein. Owing that 90% Pah1 was associated with
the liposomes using 75 ng of protein and this amount was
within the linear range for measuring PA phosphatase activ-
ity (see below), 75-80 ng protein was used in subsequent
binding and PA phosphatase activity measurements.

In the next set of experiments, we questioned what ef-
fect the phospholipid composition would have on the in-
teraction of Pahl with liposomes (Fig. 3). Fifty-seven
percent Pahl associated with liposomes composed of PC/
PE/P1/PS. The presence of 10 mol% PA in the liposomes
showed a 1.6-fold increase in the enzyme association. This
result is consistent with a previous finding with liposomes
composed of PC and PC/PA (104). The effect of phospho-
lipid composition on the interaction of Pahl with the PA-
containing liposomes was examined further. The different
types of liposomes contained the major phospholipid PC
and the substrate PA, but differed in the level and compo-
sition of the phospholipids PE, PI, and PS. In general, the
phospholipid composition of PA-containing liposomes did
not have a major effect on the interaction of Pahl with li-
posomes (Fig. 3).

PC/PE/PI/PS/PA

kba S L SL SL SL
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Pah1, ng
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0O 50 100 150 200 250
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Fig. 2. Effect of Pahl amount on the interaction with liposomes
composed of PC/PE/PI/PS/PA. The indicated amounts of Pahl
were incubated with liposomes composed of PC/PE/PI/PS/PA.
Following a 15 min incubation at 30°C, liposomes were collected by
centrifugation at 100,000 gfor 1 h at 4°C. The liposome (L) fraction
was suspended in buffer to the same volume as that of the superna-
tant (S) fraction and equal volumes of each fraction were subjected
to SDS-PAGE followed by immunoblot analysis with anti-Pah1 anti-
body. Upper panel: The immunoblot shown is representative of
three experiments. The positions of Pahl and molecular mass stan-
dards are indicated. Lower panel: The relative amounts of Pahl as-
sociated with the liposome and supernatant fractions shown in the
upper panel were quantified by ImageQuant software. The graph
shows the individual data points for the three experiments. The
lines represent the averages + SD (error bars) of the three data
points. Error bars are hidden behind some symbols.

Effect of phospholipid composition on the Pahl PA
phosphatase activity with liposomes

We confirmed the fidelity of the Pahl enzyme prepa-
ration by the measurement of PA phosphatase activity
using the established Triton X-100/PA-mixed micelle
assay (108). To compare Triton X-100/PA-mixed mi-
celles with the PA-containing liposomes in the enzyme
assay, the level of PA was maintained at the saturating
surface concentration of 10 mol% (93). As described
previously (104), the PA phosphatase activity on PC/PA
liposomes was 20% of the activity observed with Triton
X-100/PA-mixed micelles (Fig. 4). However, when the
liposomes contained the PC/PE/PI/PS/PA mixture re-
sembling the phospholipid composition of the yeast ER
membrane (105-107), the PA phosphatase activity was
1.4-fold higher than that measured with the Triton
X-100/PA-mixed micelle (Fig. 4).
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Fig. 3. Effect of phospholipid composition on the interaction of
Pahl PA phosphatase with liposomes. Pahl (75 ng) was incubated
with the indicated liposomes. The surface concentration of PA
within each type of liposome was 10 mol%. Following a 15 min incu-
bation at 30°C, liposomes were collected by centrifugation at
100,000 gfor 1 h at 4°C. The liposome (L) fraction was suspended
in buffer to the same volume as that of the supernatant (S) fraction
and equal volumes of each fraction were subjected to SDS-PAGE
followed by immunoblot analysis with anti-Pahl antibody. Upper
panel: The immunoblot shown is representative of three experi-
ments. The positions of Pahl and molecular mass standards are in-
dicated. Lower panel: The relative amounts of Pah1l associated with
the liposome and supernatant fractions were quantified by Im-
ageQuant software. The data shown are the averages of the three
experiments + SD (error bars). The individual data points are also
shown. *P < 0.05 versus the amounts with the PC/PE/PI/PS/PA
liposomes.

To examine the dependence of PA phosphatase on lipo-
some composition in more detail, the activity was measured
with liposomes composed of the major phospholipids in
different combinations (Fig. 5). For each combination, the
PA surface concentration was maintained at 10 mol%. The
PA phosphatase activity observed for each liposome com-
position was dependent on the PA molar concentration
(e.g., liposome amount). Greatest activity was observed us-
ing liposomes composed of complex mixtures of the phos-
pholipids. On the one hand, the V_, with liposomes
composed of PC/PE/PS/PA (2,300 nmol/min/mg) or
PC/PE/PI/PA (2,500 nmol/min/mg) was 1.6- to 1.7-fold
greater than that observed with liposomes composed of
PC/PE/PI/PS/PA (1,400 nmol/min/mg). On the other
hand, the K,, value for PA with the liposomes composed of
PC/PE/P1/PS/PA (0.32 mM) was 1.8-fold less than that
for the liposomes made of PC/PE/PS/PA (0.59 mM) or
PC/PE/PI/PA (0.58 mM). Yet based on the specificity con-
stant (V,./K,,) (109) values (3,900-4,300 nmol/min"'/
mg ' /mM '), all three liposome compositions were equally
good in supporting PA phosphatase activity. The liposomes
composed of PC/PE/PI/PS/PA more closely mimic the

1236 Journal of Lipid Research Volume 61, 2020
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Fig. 4. Pahl PA phosphatase activity using Triton X-100/PA-
mixed micelles and phospholipid/PA liposomes. Pahl (80 ng) was
assayed (15 min) for PA phosphatase activity by following the re-
lease of P; from PA using saturating amounts of Triton X-100/PA-
mixed micelles (93) or phospholipid/PA liposomes. The surface
concentration of PA within the detergent micelles or liposomes was
10 mol%. The activity using the Triton X-100/PA-mixed micelles
(900 nmol/min/mg) was arbitrarily set at 100%. The data shown
are the averages of the three experiments + SD (error bars). The
individual data points are also shown. *P < 0.05 versus the PA phos-
phatase activity with Triton X-100/PA-mixed micelles.

nuclear/ER membrane composition and thus were rou-
tinely used in this work.

We considered that the fatty-acyl moiety of PA might
affect the PA phosphatase activity on the liposomes com-
posed of PC/PE/PI/PS/PA (Fig. 6). In wild-type yeast,
about 50% of PA contains 16:0 at the sn-1 position and 18:1
at the sn-2 position (39). The activity observed with this fatty-
acyl composition was not majorly different from that ob-
served with the dioleoyl derivative of PA routinely used in this
study. Additionally, the variety of fatty-acyl compositions of

= 2000 T T T O PCIPA
£ ¥ PCIPEIPA
5 1600 - @ PC/PI/PA
© g’ @ PCIPSIPA
%= 1200 4 A pciEPSIPA
fols @ PC/PE/PIPA
o =
£3 800 _| @ PCIPE/PIPS/PA
g €
£~ 400 -
<
o 0

0.0

Fig. 5. Effect of phospholipid composition on the Pahl PA phos-
phatase activity with liposomes. Pahl (80 ng) was assayed (15 min)
for PA phosphatase activity by following the release of P; from PA
using the indicated liposomes. The surface concentration of PA
within each type of liposome was 10 mol%. The molar concentra-
tion of PA was varied by the addition of increasing amounts of lipo-
somes. The data points represent the average of three experiments
+ SD (error bars). The best-fit curves are the result of a Michaelis-
Menten analysis of the data using the Enzyme Kinetics module of
SigmaPlot software.
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Fig. 6. Effect of fatty-acyl moiety composition of PA on Pahl PA
phosphatase activity using liposomes composed of PC/PE/PI/PS/
PA. Pahl (80 ng) was assayed (15 min) for PA phosphatase activity
by following the release of P; from the indicated PA molecular spe-
cies using liposomes composed of PC/PE/PI/PS/PA. The surface
concentration of PA within the liposomes was 10 mol%. The con-
centration of PA was varied by the addition of increasing amounts of
liposomes. The data points represent the average of three experi-
ments + SD (error bars). The best-fit curves are the result of a
Michaelis-Menten analysis of the data using the Enzyme Kinetics
module of SigmaPlot software.

PA phosphatase activity, %

the PA had little effect on the PA phosphatase activity using
the liposomes made of PC/PE/PI/PS/PA (Fig. 6).

The liposomes used in this work were 100 nm in diame-
ter, a size widely used for large unilamellar vesicles (99).
We considered whether smaller (50 nm) or larger (300 nm)
size liposomes would impact on the PA phosphatase activ-
ity (Fig. 7). At a saturating amount of liposomes at 1 mM
PA, the activity observed with the 100 nm liposomes was
2-fold higher when compared with the activity of the
50 nm liposomes. However, the increase of liposome size

PC/PE/PI/PS/PA

1600

nmol/min/mg
—

(o] N

o o

o o

N
o
o

PA phosphatase activity,

50 100 300
Liposome size, nm

Fig. 7. Effect of liposome size on Pahl PA phosphatase activity.
Pahl (80 ng) was assayed (15 min) for PA phosphatase activity by
following the release of P; from PA using the indicated liposome size
composed of PC/PE/PI/PS/PA. The surface concentration of PA
within the liposomes was 10 mol%. The data shown are the averages
of the three experiments = SD (error bars). The individual data
points are also shown. *P < 0.05 versus the PA phosphatase activity
with 100 nm liposomes.
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Fig. 8. Dependence of Pahl PA phosphatase activity on time and
Pahl content using liposomes composed of PC/PE/PI/PS/PA.
Pahl was assayed for PA phosphatase activity by following the re-
lease of P; from PA using liposomes composed of PC/PE/P1/PS/
PA. The surface concentration of PA within the liposomes was 10
mol%. The enzyme activity was measured for the indicated time in-
tervals (A) with 80 ng Pah1 or for 15 min with the indicated amounts
of Pahl (B). The data shown are the mean + SD (error bars) from
triplicate enzyme determinations. Error bars are hidden behind the
symbols.

to 300 nm had no effect on increasing the enzyme activity
observed with the 100 nm liposomes.

Having characterized the liposome system in terms of
phospholipid composition, we set forth to demonstrate
that the PA phosphatase reaction is linear with time and
the amount of Pahl (Fig. 8). That the activity was linear
with time and protein indicates that the reaction follows
zero order kinetics with respect to PA within the liposome.
Based on the results of these experiments, the routine as-
says for measuring PA phosphatase activity with the lipo-
somes composed of PC/PE/PI/PS/PA were conducted for
15 min with 80 ng enzyme.

Dependence of Pahl PA phosphatase activity on the
surface concentration of PA in liposomes

Peripheral membrane enzymes such as Pahl PA phos-
phatase (1, 93) actin a cellular environment in which both
three-dimensional bulk interactions (e.g., hopping mode)
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occur at an aqueous-membrane interface and two-dimen-
sional surface interactions (e.g., scooting mode) occur at
the membrane bilayer (110, 111) (see below, Fig. 10). The
data shown in Fig. 5 demonstrated that PA phosphatase
activity was dependent on the molar concentration of PA
(liposome amount), and thus functions in the hopping
mode using the liposome system. We next set forth to
demonstrate that the activity is dependent on the surface
concentration of PA, and thus, functions in the scooting
mode. For the experiment shown in Fig. 9, eight types of
liposomes were prepared; in each liposome type, the molar
ratio of PC/PE/PI/PS was maintained at 33.75:22.5:22.5:11.25
mol% to mimic the yeast nuclear/ER membrane, and the
molar ratio of the combined phospholipid mixture to PA
was varied to achieve the indicated surface concentrations
of PA. Under the conditions of this experiment, the PA
phosphatase activity was measured with a saturating amount
of liposomes (1 mM PA). The kinetic data were analyzed ac-
cording to the MichaelisMenten and Hill equations using
the Enzyme Kinetics Module of SigmaPlot. The data more
closely followed positive cooperative kinetics (n = 2.1) as de-
fined by the Hill equation (R = 0.95) when compared with
saturation kinetics as defined by the Michaelis-Menten equa-
tion (R2 =0.89). Maximum activity was observed at 4.9 mol%,
and an analysis of the data according to the Hill equation
yielded V. and K,, values of 1,100 nmol/min/mg and 0.65
mol%, respectively. Overall, these data demonstrated that
the enzyme operates in the scooting mode.

DISCUSSION

The PAHI-encoded Mg2+—dependent PA phosphatase
has emerged as a key enzyme whose activity controls the
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Fig. 9. Dependence of Pahl PA phosphatase activity on the sur-
face concentration of PA using liposomes composed of PC/PE/P1/
PS/PA. Pahl (80 ng) was assayed (15 min) for PA phosphatase activ-
ity by following the release of P; from PA using PC/PE/P1/PS/PA
liposomes with the indicated surface concentrations of PA. The mo-
lar concentration of PA was held constant at 1 mM and the total
concentration of the PC/PE/PI/PS mixture was varied to obtain
the indicated surface concentrations of PA. The best-fit curve is the
result of a Hill analysis of the data using the Enzyme Kinetics mod-
ule of SigmaPlot software.

1238 Journal of Lipid Research Volume 61, 2020

metabolism of lipids emanating from PA (Fig. 1) (5, 6, 11).
The classic approach of measuring yeast PA phosphatase
activity involves the incorporation of the substrate PA into
a uniform Triton X-100/PA-mixed micelle (3, 93, 108). Al-
though this detergent/phospholipid mixed micelle system
has permitted defined activity measurements and studies
to assess biochemical mechanisms of regulation (1, 64-66,
68, 93, 95, 96, 112), it lacks the mimicry of a biological
membrane phospholipid bilayer. Here, we developed a li-
posome system, a widely accepted mimic of a biological
membrane (99, 113, 114), to measure the activity of Pahl
PA phosphatase. To approximate the nuclear/ER mem-
brane where the PA phosphatase catalyzes its reaction, the
substrate PA was incorporated into liposomes comprised of
PC/PE/PI/PS. These vesicles afforded a level of PA phos-
phatase activity greater to that obtained with the Triton
X-100/PA-mixed micellar system (Fig. 4). As described pre-
viously (104), a simpler liposome composition (e.g., PC/
PA) supported PA phosphatase activity, but at a much
reduced level when compared with that observed with Tri-
ton X-100/PA-mixed micelles or with PA incorporated into
the complex mixture of phospholipids. The reduced activ-
ity observed with PC/PA liposomes relative to that with Tri-
ton X-100/PA-mixed micelles has been attributed to the
inability of the enzyme to access substrate at the inner leaflet
of the vesicle membrane (104). Whereas this explanation is
reasonable, the work presented here demonstrates that PA
phosphatase activity is dependent on the phospholipid com-
position of the liposomes; a complex composition ap-
proximating that found in vivo yielded a robust level of
activity (Fig. 5). The complex mixture of PC/PE/PI/PS/
CDP-DAG, approximating the nuclear/ER membrane,
also supports robust activity of the yeast phospholipid syn-
thesis enzymes PI synthase (115) and PS synthase (116).
The dependence of PA phosphatase activity on the phos-
pholipid composition of liposomes was not governed by
differences in the interaction of the enzyme with the vesi-
cles; enzyme interaction was largely unaffected by the type
and complexity of the phospholipids in PA-containing lipo-
somes (Fig. 3). Whereas PA was not required for enzyme
interaction with the liposomes composed of PC/PE/PI/
PS, its presence afforded 60% greater interaction (Fig. 3).
A similar situation has previously been shown with simple
PC/PA liposomes (104) and with Triton X-100/PA-mixed
micelles (93). While we did not examine the effect of PA
fatty-acyl composition on enzyme-liposome interaction, the
acyl composition of PA did not majorly affect the activity of
the enzyme in liposomes composed of PC/PE/PI/PS/PA
(Fig. 6). Whether the fatty-acyl content of PC, PE, PI, or
PS would have an effect on PA phosphatase activity or
enzyme-liposome interaction is unknown. The system de-
veloped here will permit additional studies to examine
these questions, as well as whether other membrane lipids,
such as CDP-DAG (96), and sphingoid bases (94), which
have been shown to modulate PA phosphatase activity in
Triton X-100/PA-mixed micelles, regulate the activity in li-
posomes. In our studies, we also observed that PA phospha-
tase activity depends on liposome size; greater activity was
observed with large liposomes (e.g., 100 and 300 nm) when
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Fig. 10. Model for the action of Pahl PA phosphatase (PAP) at the nuclear/ER membrane via the hopping and scooting modes. The
phosphorylated form of PA phosphatase (small white circles) is dephosphorylated by the Nem1-Spo7 complex at the nuclear/ER membrane.
The dephosphorylated PA phosphatase then hops onto the membrane surface. It then scoots along the membrane, binds to its substrate PA,
and catalyzes the dephosphorylation of PA to produce DAG. Following the reaction, PA phosphatase scoots along the membrane until it
binds another PA molecule. It then catalyzes the dephosphorylation of this PA to produce DAG. The PA phosphatase molecule catalyzing the

dephosphorylation of PA is denoted with blue color.

compared with small liposomes (50 nm). This raised the
suggestion that the PA phosphatase activity is sensitive to
membrane phospholipid curvature (Fig. 7) (117).

The mammalian lipin 1, 2, and 3 isoforms of PA phos-
phatase have also been measured with PA incorporated
into liposomes (54, 118-120). For these enzymes, the activ-
ity is augmented by the di-anionic form of PA, which is fa-
vored by a much elevated PE content (e.g., 60 mol%) in
PC/PA liposomes (119, 120). Recognition of di-anionic PA
is governed by the polybasic domains in the lipin proteins;
phosphorylation prevents PA recognition for lipins 1 and
2, but has no effect for lipin 3 (119, 120). The yeast PA
phosphatase does not possess a polybasic domain, and its
activity is not regulated by PE (at least in detergent micelles
(96)) or the ionic nature of PA (G-S. Han and G. M. Car-
man, unpublished observations). Nonetheless, the lipo-
somes used to measure the lipin PA phosphatase enzymes
do not approximate the membrane phospholipid composi-
tion in mammalian cells.

Whereas the impetus for this work was to develop an
assay for the measurement of PA phosphatase activity in
an environment that mimics the phospholipid composi-
tion of the nuclear/ER membrane, it also provided infor-
mation on how the enzyme operates at the membrane.
That PA phosphatase activity was dependent on the bulk
concentration of PA in the PC/PE/PI/PS/PA liposomes
(Fig. ) indicated that the enzyme operates in the hop-
ping mode (Fig. 10) (110). The kinetic analysis with
the PC/PE/PI/PS/PA liposomes demonstrated that PA
phosphatase activity was dependent on the surface con-
centration of PA (Fig. 9), and thus the enzyme also oper-
ates in the scooting mode (Fig. 10) (110). The surface K,
value for PA of 0.65 mol% is within, if not below, the
physiological concentration (105, 106). Thus, small changes
in the surface concentration of PA would have a major
effect on the PA phosphatase activity at the nuclear/ER
membrane. The enzyme activity exhibited cooperative
kinetics with respect to the surface concentration of PA.
Whether the Hill number of 2 reflects cooperative bind-
ing of two enzyme molecules or two substrate molecules

is unclear and warrants additional studies. Owing that
Pahl appears to be monomeric (3), we favor a model by
which the binding to one PA molecule facilitates interac-
tion with a second substrate molecule. Precedence for
such a mechanism (e.g., dual phospholipid model) comes
from studies on the action of phospholipase A, toward
phospholipid substrates (82, 84, 85, 111).

According to the model shown in Fig. 10, following its
dephosphorylation by the Nem1-Spo7 protein phospha-
tase complex, the Pahl PA phosphatase enzyme hops onto
the membrane surface. This process, which is dependent
on the amphipathic helix found at the N terminus (70), is
facilitated by the presence of PA in the nuclear/ER mem-
brane (70). After membrane interaction and binding to
PA, the enzyme catalyzes its reaction to produce DAG. Fol-
lowing the reaction, the enzyme remains on the membrane
surface and scoots along to bind another molecule of PA
and carry out another round of catalysis. One would expect
that it is more efficient for PA phosphatase to operate in
the scooting mode as opposed to hopping from membrane
surface to membrane surface to bind to its substrate PA
(110). Yet, PA phosphatase operating in the hopping mode
might be physiologically important in the context that the
enzyme is reported to associate with membranes other
than the nuclear/ER membrane. For example, Pahl is also
found at the nuclear vacuolar junction (121), the inner
nuclear membrane (122), and in the vicinity of lipid drop-
lets (123, 124). The phosphorylated form of Pahl must be
recruited to the nuclear/ER-associated Nem1-Spo7 complex
for its dephosphorylation before membrane association
and PA binding can occur (70). The ability of the unphos-
phorylated enzyme to operate in the hopping mode would
permit its association with multiple membrane locations,
especially if spatially close through organelle contact sites.
In fact, a change in cell physiology (e.g., accelerated lipid
droplet formation) might be a trigger for the enzyme to
switch to its hopping mode of action. Testing this notion
would benefit from the identification and mutation of spe-
cific residues required for the hopping and scooting modes
of the enzyme.
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Pahl PA phosphatase is known to associate with the
membrane for its cellular function through the control of
the nuclear/ER membrane-associated Nem1-Spo7 phos-
phatase (41); its dephosphorylation by the phosphatase
complex is essential for its membrane localization and cata-
Iytic function (32, 69, 123). In future studies, we will recon-
stitute the protein phosphatase complex into liposomes to
examine the regulation of recruitment and dephosphory-
lation of Pahl followed by the enzymatic dephosphoryla-
tion of PA in this defined model system.

Data availability
All data are contained within the article. B}
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