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substances suggest the potential for the development of
plant cell reactors for the continuous production of such
metabolites.
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Phospholipases C and D in Rice Grains

Joseph Chrastil* and Frederick W. Parrish

Evidence for the relatively high activities of phospholipases C and D was found in rice grains. Both
enzymes were present in both the outer and the inner layers of the brown rice. Kinetic analysis has
shown that both enzymes acted independently, and no consecutive reaction chains have been found.
Both enzymic reactions were of the first order, and no structural diffusion hindrance was found. The
enzymes hydrolyzed not only different lecithins or cephalins but also phosphorylcholine, phosphatidic
acids, and (p-nitrophenyl)phosphorylcholine. The specific rate constants with these substrates were
similar but were higher with phospholipase D than with phospholipase C. The enzymes were still active
at 70 °C. The activation energy of the phospholipase C was close to 41000 J/mol.

Phospholipases (enzymes hydrolyzing lecithins and/or
cephalins) are not identical with ordinary lipases. They
were first found in snake, wasp, and scorpion venoms
(Delezenne and Ledebt, 1910, 1911, 1912; Long and Penny,
1957). Phosholipases A and B hydrolyze lecithins or ce-
phalins in positions 2 and 3, with the formation of the
corresponding fatty acid and lysolecithin (lysocephalin).
Phospholipase C hydrolyzes the phosphoric acid—glycerin
bond on carbon 1 with the formation of phosphorylcholine,
and phospholipase D attacks the phosphorylcholine bond
with the release of free choline (Lowenstein, 1969). Except
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phospholipase D (by this definition), all phospholipases
produce lyso compounds that are hemolytic and toxic once
they reach the blood or brain (Delezenne and Ledebt, 1910,
1911, 1912; Contardi and Latzer, 1928; Zeller, 1952).

Phospholipids play many important roles in metabolism.
They interact with proteins and constitute an integral part
of cell membranes, mitochondrial and microsomal cyto-
chrome redox systems, or signal transfer cells. Many of
the phospholipid functions are still unknown, especially
in plants, and future work will evidently reveal much more
about their importance.

Phospholipases have been demonstrated in plants, but
except phospholipase D, they have not been studied as
extensively as human phospholipases. Contardi and Ercoli
(1933) have demonstrated phospholipases in rice bran.
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Table I. Correction Factors® for Enzyme Stability at pH 5.5
time, h 4°C 25°C 40 °C 50 °C

1 0.995 0.891 0.953 0.921
2 0.991 0.982 0.907 0.845
3 0.987 0.974 0.863 0.773
4 0.982 0.965 0.821 0.704
5 0978 0.957 0.781 0.683
6 0.975 0.949 0.743 0.576
7 0.971 0.941 0.706 0.518
8 0.967 0.933 0.671 0.462

24 0.933 0.832 0.358 0.041

30 0.922 0.750 0.252

48 0.882 0.580 0.098

72 0.816 0.516

3The values in the table are the correction factors z for the time
CUIVes oy = Zlgpu. The 2z values were calculated as the integral
middle values from the enzyme stability experiments.

Much later, phospholipase C in rice bran was studied by
Takano et al. (1984). Kinetic properties of phospholipases
in plants have not been studied in detail, and further
investigation is deemed necessary.

EXPERIMENTAL SECTION

Source of Phospholipase Activity. On the basis of
our preliminary experiments it became apparent that di-
luted NaOH was one of the best extraction mediums for
different enzymes, included phospholipases, from rice
grains. The extraction was accomplished in a reasonable
time interval, and the final enzymic extract was close to
pH 7. Brown medium-long rice (Mars) (or 30% polished
rice) was milled to a flour, which was extracted with 0.01
M NaOH (1 + 2, w/v) by shaking for 30 min at 25 °C. The
suspension was immediately centrifuged at 40000g (10 min)
at 4 °C. The supernatant was filtered and used as an
enzyme source for all experiments (final pH 7.0). Except
the data in Table IV, all data in this work relate to the
brown rice grains from medium rice variety (Mars).

Optimum pH. The optimum pH curves were deter-
mined from the initial rates of the phospholipases C and
D reactions with different substrates at different pH in
0.2 M buffers (citrate, Tris, glycine) at 25 °C. Both
phospholipases C and D had similar optima pH at 5.5.

Stability of Enzyme Extracts. In order to obtain
correct time curves, we must know the stability of the
enzyme extracts in the reaction mixture. The enzyme
extracts were incubated in 0.2 M citrate buffer (pH 5.5)
at different temperatures for selected time intervals. After
the incubation the extracts were used immediately for the
estimation of initial velocities of phospholipase reactions.
The activity losses were expressed relative to the initial
enzyme activity (initial enzyme activity 1), and the sec-

ond-order regression time curves were calculated for every

temperature to fit experimental results. The regression
equations were integrated, and the integral middle values
were calculated on the time limits 0—¢. In this manner
we obtained the enzyme stability corrections (see Table
I).

Protein. Protein was determined by the method of
Lowry et al. (1951). Standardization was performed with
gluten standards. :

Phospholipase C. Phospholipase C activity was de-
termined by p-nitrophenol (PNP) released from (p-
nitrophenyl)phosphorylcholine (PNPPCH). PNPPCH
stock solution (0.1 mL) was mixed with 2.4 mL of citrate
buffer (0.2 M, pH 5.5) and 0.5 mL of enzyme extract. The
final concentrations of PNPPCH in the incubation mix-
tures are shown in tables and figures. The reaction mix-
tures were incubated by shaking on a Nutator mixer. After
the selected time interval 0.1 mL of the reaction mixture
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was added to 3 mL of 0.33 M NaOH, and the absorbance
was read at 400 nm vs. H;O. The standard was prepared
from pure PNP (Sigma Chemical Co.). The action of
phospholipase C on lecithin, cephalin, lysolecithin, or
phosphatidic acid (PA) was indirectly determined by the
simultaneous analysis of cholin (or ethanolamine) and free
H,PO,.

Phospholipase D. The activity of phospholipase D was
determined by free choline and/or H;PO, in the incubated
mixtures. The stock solution of PNPPCH or phospho-
rylcholine (PCH) in water (0.2 mL) or the solution or
suspension of lecithin, lysolecithin, or cephalin in ether (1
mL) was mixed with 2.3 mL of acetate buffer (0.2 M, pH
5.5) and 0.5 mL of enzyme extract. The final concentra-
tions of the substrates are shown in tables or figures. The
reaction mixture was incubated by shaking on a Nutator
mixer for selected time periods.

Free phosphoric acid was determined as follows: A 50-
uL portion of the incubation mixture was mixed with 1 mL
of acetate buffer (0.2 M, pH 5.5), 1 mL of 10% trichloro-
acetic acid, 1 mL of ammonium molybdate (5%), and 0.1
mL of ANSA (0.25 g of 1,2,4-triaminonaphtholsulfonic acid
+ 15 g of NaHSO; + 4 g of Na,S0; in 100 mL of H,0).
The solution was heated for 15 min at 100 °C and then
cooled for 45 min to room temperature (25 °C). The ab-
sorbance was read at 820 nm vs. H,QO. The standard was
prepared from analytical NaH,PO,. The reaction blanks
were determined at zero incubation times.

Choline was determined in the same incubation mixture
as follows: A 2-mL sample of the incubation mixture was
mixed with 1 mL of 10% TCA and the resultant mixture
centrifuged. Of the supernatant, 2 mL was mixed with 1
mL of H,0, 1 mL of 1 M NaOH, and 1 mL of Reinecke
salt (4% in MeOH). The reaction mixture was left at 4
°C for 24 h and then centrifuged. The supernatant was
discarded, and the pellet was washed with 3 mL of cold
water and centrifuged again. Finally the pellet was dis-
solved in 3 mL of acetone and centrifuged, and the ab-
sorbance of the supernatant was read at 526 nm vs. H,0.
The standard was prepared from pure choline. All ex-
periments were done in duplicate.

RESULTS AND DISCUSSION

Kinetic Analysis. The kinetic properties of phos-
pholipases C and D were studied by means of complete
time curves as described by Chrastil and Wilson (1982),
by the statistical regression analysis of eq 1, where P is the

P = P_[1 - exp(-kEt)]" 1)

product of the reaction formed in time ¢, P,, is the equi-
librium product concentration at time ¢ = «, k& is the
specific rate constant, E is the enzyme concentration in
the reaction mixture (expressed as protein concentration
in grams per liter), and n is the diffusion resistance con-
stant, which depends on the heterogeneous structure of
the reaction system. With all enzymic systems and sub-
strates studied in this work, n was close to 1 (between 0.98
and 1) and thus the reactions were of the first order.

The activation energies were calculated from the rate
constants at different temperatures (25, 40, 50 °C) by
means of the linear regression analysis of In k vs. 1/T from
eq 2 and 3, where T is the absolute temperature and R is
the gas constant (in joules).

Ink=a/T+5b (2)
¢ = —-aR 3)

The Henry—Michaelis—Menten constants were calculated
by the statistical linear regression analysis of eq 4, where
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Table II. Kinetic Constants for the Reaction of
Phospholipase C from Rice Grains with PNPPCH*

P, x 105 kXx10%

S, M temp, °C M hlg!L r
1x 10 25 9.89 2.41 0.9996
4 x 10 25 38.1 2.22 0.9961
1x 1078 25 89.4 2.26 0.9984
1 x 107 40 90.1 5.08 0.9993
1 x 1078 50 92.3 8.04 0.9949
4 x 1073 25 291 2.20 0.9997
1 X% 1072 25 575 2.12 0.9971
4 %1072 25 1420 2.03 0.9975

¢ Protein in reaction mixture, E = 1.35 g/L; S = PNPPCH; re-
action product P = PNP; V_,, = 2.11 X 10* M h'}; K = 6.60 X
1073 M; r = 0.9995; P., equilibrium constant; k, specific rate con-
stant; & = exp(—4909.1/T + 12.6827); r = 0.9998; ¢ = 41050 J mol™};
r = statistical correlation coefficient.

Table II1. Kinetic Constants for the Reaction of
Phospholipase C from Rice Grains with PA®

P_ x 108, k %X 102,
S, M M hlglL r
1 x 1078 0.90 2,14 0.9990
5x 1073 3.49 2.23 0.9919
1 X102 5.81 2.29 0.9985

¢ Protein in the reaction mixture, E = 1.35 g/L; S = PA; tem-
perature, 25 °C; reaction product P = HgPOy Ve = 4.78 X 104 M
h'l; K, = 1.76 x 102 M; r = 1.0000; r = statistical correlation
coefficient.

==
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Figure 1. Hydrolysis of PNPPCH to PNP by phospholipase C
from rice grains: (1) S =1X10%M,25°C;(2) S =4 x 102 M,
25°C;(8)S=1%10°M,40°C; (4) S=1x%x103M, 50 °C. The
curves with other substrate concentrations were between 1 and
2. Points are experimental values, the curves are the calculated
first-order reactions, respectively.

V, is the initial velocity of the reaction, S is the initial
substrate concentration, and V., and K, are constants.

Vo= VaaS /(K + 5) 4)

In all cases, the complete time curves were obtained and
the first-order kinetic constants were calculated by the
statistical regression. The statistical correlation coefficients
of these calculations are shown in the tables. The equi-
librium concentrations P, were read from the time curves
at t—=. The initial velocities were calculated from the
first-order reaction constants (V, = P_kE). The reaction

Chrastil and Parrish

Table IV. Kinetic Constants for the Reaction of
Phopholipase C from Different Parts of the Medium Brown
Rice (Mars) with PNPPCH®

E, P.x10%, kXx10%

g/L M h'lg!L r
brown rice 1.35 1.71 2.23 0.9992
polished rice (30%) 0.65 1.74 2.30 0.9985
bran-polish (30%) 3.02 1.73 2.20 0.9993

28 = PNPPCH (2 x 10 M); E = protein in reaction mixture;
reaction product P = PNP; temperature, 25 °C; r = statistical
correlation coefficient; P, and k, first-order reaction constants.

Table V. Kinetic Constants for the Reaction of
Phospholipase D from Rice Grains with PNPPCH®

S, M 4 %10 S, M 4% 10
P., M 0.0397 r 0.9987
E,hlg!lL 0.0299

98 = PNPPCH,; reaction product P = choline; temperature, 25
°C; protein in reaction mixture, E = 1.35 g/L; r = statistical cor-
relation coefficient.

Table VI. Kinetic Constants for the Reaction of
Phospholipase D from Rice Grains with Lecithin®

S, M 4 x 10 S, M 4 %1072
P, M 0.0395 r 0.9988
B, hlg!L 0.0298

2§ = lecithin; reaction product P = choline; temperature, 25 °C;
protein in reaction mixture, E = 1.35 g/L; r = statistical correla-
tion coefficient.

Table VII. Kinetic Constants for the Reaction of
Phospholipase D from Rice Grains with PCH*

S, M
3 x 1078 1.5 x 102 3 x 1072
P, M 3.00 x 1078 1.50 x 1072 2.98 X 1072
khlglL 0.0304 0.0296 0.0281
r 0.9999 0.9990 0.9997

2§ = PCH; reaction product P = choline; temperature, 25 °C;
protein in reaction mixture, E = 1.85 g/L; V.. = 1.07 X 10°* M
h™; K, = 2.57 X 107! M; r = statistical correlation coefficient.

times were corrected by the correction factors from Table
L

Phospholipase C. The enzymatic extracts from the rice
grains hydrolyzed PNPPCH and PA to free PNP and/or
H,PO,, respectively. Both of these reactions were first
order. The specific rate constants & were close to 0.022
(h! g' L) for both PNPPCH and/or PA (Tables II and
III; Figure 1). The activation energy of the PNPPCH
reaction was ¢ = 41050 J mol! (Table II; Figure 2). The
constant K, for the reaction with PNPPCH was smaller
than with PA, 6.60 X 1072 and 1.76 X 1072 M, respectively.
This means that the enzyme had higher affinity to PNP-
PCH than to PA. It was found that some phospholipases
were activated by sorbitol or other carbohydrates (Kurioka
and Matsuda, 1976), but the reaction with the rice phos-
pholipase C and PNPPCH was not activated by sorbitol
(Figure 3).

The distribution of phospholipase C in brown rice de-
pended on the rice variety, storage, and other factors. The
enzymes in medium brown rice (Mars) were almost uni-
formly distributed (Table IV), but in most other varieties
or after longer storage the enzymes were preferably con-
centrated in inner endosperm layers (not shown here).
Phospholipase C in rice extract hydrolyzed not only
PNPPCH and PA but also different kinds of lecithins,
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Figure 2. Activation energy of the hydrolysis of PNPPCH by
phospholipase C from rice grains: S = 1 X 10 M; temperatures,
25, 40, and 50 °C.

lysolecithins, and cephalins.

Phospholipase D. The enzymatic extracts from the
rice grains hydrolyzed PNPPCH or PCH and lecithins or
cephalins almost quantitatively to free choline or etha-
nolamine. These phospholipase D reactions were all first
order (n = 1). The hydrolysis of these substrates to free
choline or H;PQO, by the rice extracts was faster than the
hydrolysis of PNPPCH, PA, or lecithins to PNP and/or
H;PO, by the action of phospholipase C (k¢ = 0.030 and
0.022 h™! g1 L, respectively) (Tables V-VII).

The constant K,, was determined only with PCH and
was 2.57 X 10"l M, and thus, although the reaction was
faster than the hydrolysis by phospholipase C, the affinity
of phospholipase D to PCH was lower than the affinity,
for example, of phospholipase C to PNPPCH, and/or PA.

Phospholipase D was found in all parts of the brown rice,
and it was distributed in manner similar to that of phos-
pholipase C (not shown here). The specific rate constants
k obtained by the reaction of the rice extracts with other
substrates (natural or synthetic lecithins and cephalins)
were all close to 0.030 h™! g™ L.

Both phospholipase C and D specifically hydrolyzed the
corresponding bonds of the phospholipids and were not
influenced by other groups of the phospholipid molecules.
Both acted independently and simultaneously, and no
consecutive reaction chain could be found.

The rice phospholipases hydrolyzed not only different
lecithins or cephalins but also phosphorylcholine, phos-
phatidic acids, and (p-nitrophenyl)phosphorylcholine.
Lecithins and cephalins were hydrolyzed with similar rates.
The specific rate constants of the phospholipase D reaction
with the same rice extract were always higher than the
specific rate constants of the phospholipase C reaction.
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Figure 3. Hydrolysis of PNPPCH to PNP by phospholipase C
from rice grains in the presence of 60% (w/v) sorbitol (S = 2 X
10% M; P, = 1.65 X 10° M, 25 °C): (1) control without sorbitol,
k =0.0232 bl g L; (2) control with 60% sorbitol (w/v), k = 0.0215
h! g1 L. Points are experimental values, and curves are the
calculated first-order reactions, respectively.

The enzymes were still active at 70 °C. The activation
energy of phospholipase C was close to 41000 J mol™.

In the same rice grains used for the experiments with
phospholipase C and D, we have also confirmed the
presence of phospholipases A and B (not shown here).
Both of these reactions were also of the first order with
the specific reaction rates comparable to those of the
phospholipases C and D. There was no significant dif-
ference between the kinetic properties of phospholipases
in the extracts from brown rice, polished (30%) rice, or
bran-polish (not shown here).
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