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ABSTRACT

Phosphatidic acid phosphohydrolase (3-sn-phospha-
tidate phosphohydrolase, EC 3.1.3.4), also known as
PAP, catalyzes the dephosphorylation of phospha-
tidic acid (PtdOH) to form diacylglycerol (DAG) and
inorganic orthophosphate. In eukaryotes, the PAP
driven reaction is the committed step in the synthesis
of triacylglycerol (TAG). Existing methods for meas-
uring PAP activity rely on the use of radioactive
PtdOH. These methods are costly and cumbersome.
In this report, we describe a simple assay procedure
to measure released inorganic orthophosphate, which
is a co-product of the PAP reaction. Each molecule of
PtdOH would release one molecule of DAG and one
molecule of inorganic orthophosphate (P;) when sub-
jected to enzymatic breakdown under optimal con-
ditions. Given the published rates of in vitro PAP
enzymatic activity from various sources, we proposed
that colorimetric determination of released P; is pos-
sible. With this view, we performed in vitro PAP ac-
tivity assays using freshly isolated enzyme from bitter
gourd, Momordica charantia, and measured the re-
leased P; using two spectrophotometric methods. Both
methods gave about 2.0 to 2.25 nkat per mg of pro-
tein. Thus, it is now possible to perform PAP activity
using a simple procedure that uses nonradioactive
substrates, provided the sample is dialyzed exten-
sively to lower the intrinsic concentration of free
phosphate. The kinetics data presented in this study is
comparable to that of other PAP enzymes reported
elsewhere, which gives credence to the notion that
non-radioactive methods can be used to perform PAP
activity.
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1. INTRODUCTION

Oil synthesis in oleaginous plants takes place in develop-

ing seed with the aid of a host of lipid biosynthetic enzy-

mes of which phosphatidic acid phosphohydrolase (PAP,

3-sn-phosphatidate phosphohydrolase, EC 3.1.3.4) is of
paramount importance. This enzyme cleaves the phos-

phomonoester bond present in phosphatidic acid (PtdOH)
yielding diacylglycerol (DAG) and P; [1,2]. The phos-

phohydrolase reaction catalyzed by this enzyme is re-

presented in Figure 1.

In the Kennedy pathway of TAG synthesis the for-
mation of DAG is the penultimate step. DAG is not only
essential for TAG formation, but is also a substrate in the
synthesis of the phospholipids phosphatidylethanolamine
and phosphatidylcholine [3,4]. PAP acts as a pivotal bio-
catalyst in the metabolic flux between the different class-
es of glycerolipid within endoplasmic reticulum. PAP
has also been shown to play an important role in the
phospholipase D signaling pathway [5,6]. PAP is present
not only in microbes and plants but also in animals; re-
cent studies have shown that human lipin 1 is PAP [7].
Moreover, the lipin 1 deficiency in mouse prevents nor-
mal adipose tissue development, which results in lipody-
strophy—a disease that results in the loss of body fat and
insulin resistance; conversely, lipin 1 promotes obesity
and insulin sensitivity [8,9]. Lipin 1, a PAP enzyme,
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Figure 1. The schematic representation of enzymatic reaction
carried out by phosphatidic acid phosphohydrolase (PAP).
Phosphatidic acid yields one molecule of DAG and one mole-
cule of inorganic orthophosphate (P;) when the phospho-ester
linkage is hydrolyzed by PAP.
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regulates lipid metabolism in mammalian cells; therefore,
the biocatalyst could become a target for drug develop-
ment in combating fat related diseases in humans.

In the biochemical scheme for TAG assembly in de-
veloping seeds of oleaginous plants, the formation of
DAG from phosphatidic acid by removal of P; is consid-
ered a crucial step [10]. If PAP does not function opti-
mally, it could create a bottleneck for TAG synthesis.
Therefore, it follows that the knowledge base of general
lipid metabolism will benefit from a more thorough un-
derstanding of the enzymatic properties of PAP.

Both pharmaceutical and basic plant science research
would benefit from a large-scale search for inhibitors and
activators of PAP. This search necessitates a sensitive and
speedy enzymatic assay. The radioactive assays [11,12]
that are currently being used to measure PAP activity are
not only expensive but also not conducive to high-
throughput screening of potential molecules that control
phosphohydrolase activity. Apart from the fact that han-
dling of radionuclide associated with the assay makes the
measurements a bit cumbersome, the procedure requires
a chloroform-methanol-water phase partition to separate
water-soluble **P; from chloroform-soluble [**P]PtdOH
or thin layer chromatography (TLC) separation of DAG
from the substrate, PtdOH [11,12].

A non-radioactive enzyme assay for a pure Mg”'-
dependent PAP was reported in which a malachite
green-molybdate reagent was used to measure the re-
leased P;. The reagent produced a colored complex with
P; that could be measured using a spectrophotometer at
660 nm [13]. However, the reported colorimetric method
is not suitable for use when cell extracts or crude PAP
preparation are being assayed due to a high P; back-
ground. The method was reported to be suitable for
measureing only purified PAP1 activity where P; back-
ground was substantially low.

The colorimetric methods that we are reporting here,
however, could be used to measure PAP activity even in
crude samples, provided a rapid dialysis step is incorpo-
rated to remove inorganic orthophosphate from the pro-
tein extracts prior to carrying out the assay. The method
was successfully used in our laboratory to measure PAP
activity in protein extracts of the developing cotyledons
of three cucurbits, namely, Momordica charantia, Luffa
cylindrica, and Lagenaria siceraria. However, we report
here the results of the experiments performed with
Momordica charantia cotyledon extracts.

2. EXPERIMENTAL PROCEDURES
2.1. Source of PAP

Bitter gourd, Momordica charantia (Indian type variety)
was purchased from an oriental grocery in the New Or-
leans, Louisiana area. The fruits were at a mid-maturity
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stage, typically about 6 inch in length.

2.2. Extraction of Soluble PAP from Momordica
charantia Developing Cotyledons

The seeds (5.0 g) were obtained from the seed cavity of
Momordica charantia fruit and washed with 0.9% ice
cold saline solution. The outer coverings of the seeds
were removed at room temperature using a scalpel and
the cotyledons were removed manually. All subsequent
operations were carried out at 4°C.

A 5.0 mL aliquot of extraction buffer (50 mM acetate,
150 mM sodium chloride and 10 mM MgCl,, pH 5.0)
was added to the seeds and homogenized using a Tekmar
Tissumizer MarklII (Cincinnati, OH) tissue disruptor se-
quentially at low, medium and high speed for 30 sec at
each speed while keeping the sample in an ice bath. The
homogenate was allowed to cool on ice for 1 min be-
tween bursts. The sample was then centrifuged at 20,000
x g for 30 min using Sorvall RC-5B centrifuge (Miami,
FL). The pellet, containing unbroken cotyledons and other
tissue debris, was discarded.

The resulting supernatant was dialyzed overnight
against imidazole buffer (50 mM imidazole, 1 mM MgCl,,
pH 6.0) with three buffer changes of 500 mL each. The
resulting supernatant became cloudy after dialysis due to
isoelectric precipitation of proteins, which was removed
by centrifugation as mentioned above. The supernatant
containing 1.69 mg protein per ml, which was estimated
by using Coomassie Plus™ protein assay reagent (Ther-
mo Scientific, Rockford, IL), was used for all subsequent
PAP activity measurement and characterization.

2.3. Measurement of PAP-Catalyzed P; Release

Two methods were used to measure mmoles of P; re-
leased by Momordica charantia PAP from the substrate,
dioleoyl-phosphatidate (1,2-dioleoyl-sn-glycero-3-phos-
phate, sodium salt), which was obtained from Avanti
Polar Lipids, Inc. (Alabaster, Alabama). These methods
were designated as molybdenum blue or MB method [14,
15] and ammonium molybdate-based acetone-molybdate-
acid or AMA method [16,17]. The enzyme unit, kat, is
defined as mole substrate converted per sec.

For the AMA method, the reaction was stopped by the
addition of 2 mL. AMA reagent [acetone, 10 mM ammo-
nium molybdate, 5 N sulfuric acid mixture, 2:1:1 (vol/
vol/vol)] followed by 100 puL of 1 M citrate solution. The
resulting turbidity was removed by centrifugation at
12,000 x g for 6 min using Eppendorf Model 5415C cen-
trifuge (Westbury, NY) at room temperature. The ab-
sorbance of the yellow color developed was read at 355
nm employing Bio-Rad x Mark Microplate Spectropho-
tometer (Hercules, CA).

For the MB method , the enzymatic reaction was typi-
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Table 1. Summary of Momordica charantia PAP activity measurements using two methods.

Experiments

AMA method

MB method

Activity measurements:

(nkats/mg of protein + SD)

(nkats/mg of protein + SD)

Using fixed enzyme concentration® (triplicates) 2.07+£0.05 2.25+0.05
Determined by P; release over time® 2.04+0.17 2.37+0.05
Measured by increase in enzyme concentrtion® 2.18+0.12 2.15+0.09
Post-reaction treatment None 20 min @ 50°C

P; detecting range

Enzyme aliquot used 50 pL

upto 500 nmoles

upto 150 nmoles

10to 15 uL

Note: Spectrophotometric readings between 0.150 and 0.800 were used in the calculations; “Enzymatic reaction for 30 min; "Maximum 25 min by AMA
method and 30 min by MB method; “Maximum 40 uL by AMA method and 10 uL by MB method.

cally incubated at 37°C for 30 min after which it was
terminated by the addition of 2 mL freshly prepared MB
reagent [1 M sulfuric acid, 2.5% ammonium heptamo-
lybdate, and 10% ascorbic acid, (3:1:1, vol/vol/vol)]. The
mixture was incubated at 50°C for 20 min for color de-
velopment. The resulting turbidity of the final mixture
was then removed by centrifugation as described for the
AMA method above. The absorbance of the blue color
was read at 820 nm using the microplate spectropho-
tometer described above. For both methods, control reac-
tions contained all the components of the PAP assay, but
the reactions were terminated at zero time. The controls
were used to zero the absorbance of the plate reader.

3. RESULTS
3.1. Measurement of PAP Activity

The phospho-hydrolytic activity of PAP from Momor-
dica charantia that results in the cleavage of PA into
DAG and P; was determined by both AMA and MB me-
thods. A triplicate activity measurements gave 2.25 nkat
or 135 nmoles Pi liberated per min per mg of protein for
the MB method and 2.07 nkat or 124 nmoles Pi liberated
per min per mg of protein for the AMA method at pH 6.0
and 37°C. Thus, the MB method measured 8.6% more
activity than the AMA method. When incubations were
carried out for 30 min, one of the products of PAP-cata-
lyzed reaction, P;, was generated in sufficient amounts
(315 nmoles under AMA method and 102 nmoles under
MB method), to allow for spectrophotometric quantita-
tion. Table 1 summarizes the results as determined by
both methods. The detection range of the AMA method
was about three times higher than the MB method; there-
fore, less enzymes were used in the MB method. The
AMA method offered the advantage of being simpler
than the MB method, because no post-reaction treatment
was needed to develop the color.

Copyright © 2012 SciRes.

3.2. P; Measurement versus PAP Concentration

To show that release of P; from PtdOH increases as a
function of PAP concentration, experiments were per-
formed with variable amounts of soluble protein from
Momordica charantia cotyledons. The results are shown
in Figure 2 for the AMA method and Figure 3 for the
MB method. About 37 nmoles of P; was released in 30
min at pH 6.0°C and 37°C when PAP assay was con-
ducted with 5 pL of crude extract. This value increased to
244 nmoles when 40 uL of crude extract was assayed for
identical lengths of time at the same pH and temperature
(Figure 2).

Likewise, in the MB method, 26 nmoles of P; was re-
leased from the substrate in 30 minutes at pH 6.0 and
37°C when the assay was conducted with 4 pL of crude
extract. This value increased to 67.9 nmoles when 10 pL
of crude extract was assayed for identical time at the
same pH and temperature (Figure 3). When the assay
was conducted for 30 min with 10 pL of crude extract at
37°C, both the method gave a similar value, which is 68
nmoles of P; released from the substrate. Data analysis
revealed that approximately three times more PAP activ-
ity can be assayed using the AMA method compared to
the MB method (Figures 2 and 3). This is due solely to
the sensitivity of the two reagents for binding P;. In the
case of the AMA method, 1 O.D. at 355 nm represents
about 360 nmoles of P;, whereas, for the MB method, 1
O.D. at 820 nm represents approximately 120 nmoles of P;.

3.3. Measurement of P; Released by PAP as a
Function of Time

To investigate the rate linearity of PAP activity as a func-
tion of time, the released P; was measured by both AMA
and MB methods. The results are shown in Figures 4
and 5. Because of the higher sensitivity of P; detection
using the AMA method, 50 pL of enzyme was used,
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Figure 2. PAP catalyzed liberation of P; as a function
of increasing amounts of supernatant derived from
developing cotyledons of Momordica charantia. Li-
berated P; was measured by AMA method. The
standard deviation was +5.4 per cent of the average of
nkat per mg of protein (n = 6).
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Figure 3. PAP catalyzed liberation of P; as a function
of increasing amounts of supernatant derived from de-
veloping cotyledons of Momordica charantia. The libe-
rated P; was measured by MB method. The standard
deviation was +3.8 per cent of the average of nkat per
mg (n=Y5).
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Figure 4. PAP catalyzed liberation of P; as a function
of incubation time. The liberated P; was measured by
AMA method. The standard deviation was £8.1 per
cent of the average of nkat per mg (n = 6).
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Figure 5. PAP catalyzed liberation of P; as a function
of incubation time. The liberated P; was measured by

MB method. The standard deviation was +1.9 percent
of the average of nkat per mg (n = 6).

whereas, 10 pL. sample was used to perform the time
course study with the MB method. The enzyme released
P; linearly throughout the 30 min course as determined
by both methods; however, the MB method gave a nearly
straight line (Figure 5). Under the AMA method, a high-
er level of P; could be detected as compared to the MB
method, which indicates that the AMA method is more
sensitive than the MB method.

4. DISCUSSION

In this communication we reported two colorimetric
methods to measure PAP activity. The enzyme liberated
DAG and inorganic orthophosphate (P;) when the phos-
phomonoester bond present in phosphatidic acid was
hydrolyzed. The liberated P; reacted with molybdate un-
der acidic conditions to absorb at 355 nm in presence of
acetone and at 820 nm in presence of ascorbic acid.
Table 1 summarizes the activity measurements per-
formed by Momordica charantia phosphatidic acid pho-
sphohydrolase as determined by both AMA and MB
methods. Additional data were included in the table to
reflect the detection range of each method, the heating
requirement for color generation in the MB method, and
the amounts of sample needed to perform the PAP assay
for each method.

While both methods could measure released P; result-
ing from phosphohydrolase activity, the AMA method
was able to measure up to 500 nmoles of P;, compared to
150 nmoles for the MB method (Table 1). In this respect
the AMA method was deemed to be superior to the MB
method. Furthermore, the MB method requires an addi-
tional 20 min, 50°C incubation step after the addition of
color-developing reagent (sulfuric acid-ammonium hepta
molybdate-ascorbic acid); this step is not necessary when
using the AMA method.

A HPLC-fluorescence detection method for the deter-
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mination of phosphatidic acid phosphohydrolase activity
was reported in which the unreacted substrate was sepa-
rated from the product by HPLC and the latter was de-
tected by fluorimetry [18]. The method is not as simple
or cost-effective as the one we are reporting in this
communication.

The colorimetric method we described here was found
to be as sensitive as other colorimetric [19,20] and ra-
dioactive methods [21] in determining low nmole quanti-
ties of either P; or DAG generated by PAP.

In summary, we described here two colorimetric
methods to measure P; released by PAP from 1,2-diole-
oyl-sn-glycero-3-phosphate, a commonly used represent-
tative form of PtdOH. The level of activity as determined
by these methods compare favorably with radioactive
PAP activity assay methods [21,22]. Therefore, non-ra-
dioactive phosphatidic acid could be used as the substrate
in place of its radioactive counterpart to measure this
important catalytic reaction. The method reported here is
also substantially faster, as the cumbersome TLC separa-
tion and scintillation counting steps common to the ra-
dioactive methods are avoided. The use of non-radioac-
tive PtdOH will allow for analysis of a wider range of
potential PtdOH substrates compared to the limited num-
ber of commercially available radiolabeled PtdOH spe-
cies. Furthermore, the colorimetric procedure we detailed
here is also a substantially more cost-effective than the
radioactive methods.

5. CONCLUSION

In this article, we described two simple spectropho-
tometric methods to measure inorganic orthophosphate,
which is a co-product of phosphatidic acid phosphohy-
drolase (PAP) reaction. Each molecule of PtdOH, the
substrate, would release one molecule of diacylglycerol
(DAG) and one molecule of inorganic orthophosphate (P;)
when subjected to enzymatic breakdown under optimal
conditions. Given the published rates of in vitro PAP
enzymatic activity from various sources, we proposed
that colorimetric determination of released P; is possible.
With this view, we performed in vitro PAP activity as-
says using freshly isolated enzyme from bitter gourd,
Momordica charantia, and measured the released P; us-
ing two spectrophotometric methods. Both methods gave
about 2.0 to 2.25 nkat per mg of protein. Thus, it is now
possible to perform PAP activity assays using a simple
procedure that uses nonradioactive substrates, provided
the sample is dialyzed extensively to lower the intrinsic
concentration of free phosphate. The kinetics data pre-
sented in this study is comparable to that of other PAP
enzymes reported elsewhere, which gives credence to the
notion that non-radioactive methods can also be used to
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perform PAP activity, facilely.
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