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ABSTRACT

Two lipases were found in extracts from castor bean (Rici-
nus communis L.) endosperm. One, with optimal activity at pH
5.0 (acid lipase), was present in dry seeds and displayed high
activity during the first 2 days of germination. The second,
with an alkaline pH optimum (alkaline lipase), was particu-
larly active during days 3 to 5. When total homogenates of en-
dosperm were fractionated into fat layer, supernatant, and
particulate fractions, the acid lipase was recovered in the fat
layer, and the alkaline lipase was located primarily in the par-
ticulate fraction. Sucrose density gradient centrifugation
showed that the alkaline lipase was located mainly in glyoxy-
somes, with some 30% of the activity in the endoplasmic re-
ticulum. When glyoxysomes were broken by osmotic shock
and exposed to KCl, which solubilizes most of the enzymes,
the alkaline lipase remained particulate and was recovered with
the glyoxysomal “ghosts” at equilibrium density 1.21 g/cm’®
on the sucrose gradient. Association of the lipase with the gly-
oxysomal membrane was supported by the responses to deter-
gents and to butanol. The alkaline lipase hydrolyzed only
monosubstituted glycerols. The roles of the two lipases in lipid
utilization during germination of castor bean are discussed.

During germination of castor bean, storage fats in the endo-
sperm are converted to sucrose with high efficiency (1, 3). The
primary stage in fat utilization is commonly supposed to be its
hydrolytic fission to glycerol and free fatty acids under the ac-
tion of lipase. However, the actual site of the lipolysis is not
known. The evidence now available shows that activation of
fatty acids, their oxidation to acetyl CoA, and the conversion
of acetyl CoA to succinate occurs in glyoxysomes, and that
conversion of succinate to oxaloacetate occurs in the mito-
chondria (4, 12). Since the long chain fatty acids do not ac-
cumulate (1, 3), lipolysis is conceivably an important control
point in the over-all sequence of fat utilization.

It is well known that dry seeds of castor bean contain an
acid lipase which has been well characterized by Ory and his
colleagues (22-25) and others (21). In addition to the acid
lipase, we found another lipase in germinating castor bean
endosperm. In this paper we describe the change of activities
of the two lipases during germination, and the intracellular
distribution and characteristics of the enzymes.
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MATERIALS AND METHODS

Measurements of Lipase Activities during Germination.
Seeds of castor bean (Ricinus communis L. var. Hale) weighing
375 mg = 5% were selected and soaked in running tap water
(16 C) for 16 hr. The end of this imbibition period was desig-
nated day zero of germination. Germination was carried out in
moist vermiculite in darkness at 30 C. Endosperm tissue was
carefully removed and the rest of the seedling was discarded.
Sixteen endosperm halves were washed with distilled water
and ground with 10 ml of grinding medium containing 0.4 M
sucrose, 10 mm KCIl, 1 mm EDTA, 10 mmM dithiothreitol, 1
mM MgCl,, and 165 mmM Tricine-NaOH buffer (pH 7.5) for 3
min using a glass homogenizer, and were filtered through a
layer of nylon cloth. The homogenate was centrifuged at 270g
for 10 min. The pellet and residues on the nylon cloth were
combined and rehomogenized with 3 ml of grinding medium
for 3 min in the same homogenizer. The homogenizer was
washed with 2 ml of grinding medium. After filtration, the
homogenate was centrifuged at 270g for 10 min to remove cell
debris. The two supernatants were combined and fractionated
into fat layer, supernatant, and particulate fractions by cen-
trifugation at 10,800g for 30 min. The fat layer and particulate
fractions, suspended in grinding medium, and the supernatant
fraction were each recentrifuged. The resulting fat layer, par-
ticulate fractions, and supernatant fractions were individually
combined and resuspended in grinding medium.

Purification of Lipases. Alkaline lipase was purified from
4-day castor bean endosperm. Seventy-five endosperms were
ground with 100 ml of grinding medium in a mortar and were
filtered through a layer of nylon cloth. The crude homogenate
was centrifuged at 270g for 10 min. The 270g supernatant ob-
tained from this crude homogenate was centrifuged at 10,800g
for 30 min. The crude particulate pellet was suspended in
grinding medium and layered on a linear sucrose gradient com-
posed of a 40-ml gradient from 33 to 60% (w/w) sucrose over
a cushion of 10 ml of 60% (w/w) sucrose. All sucrose solutions
contained 1 mm EDTA (pH 7.5). After centrifugation for 4 hr
at 20,000 rpm in a Beckman L2-65B ultracentrifuge with
Spinco rotor SW 25.2, the glyoxysomal fraction (2) was col-
lected and diluted with the same volume of 2 M KCl containing
1 mM EDTA to extract the soluble glyoxysomal enzymes.
After standing for 1 hr, the diluted glyoxysomal fraction was
centrifuged for 30 min at 101,000g. The pellet was suspended
in 1 mM Tricine-NaOH buffer (pH 7.5) containing 5 mm
dithiothreitol.

Acid lipase was purified from soaked beans by the method
of Ory et al. (24).

t Ijxctraction and purification of lipases were carried out at 0
04C.

Enzyme Assay. Two different assays for lipase were used.
The fluorometric method of Guilbault and Hieserman (8) was
used in the greater part of these studies with minor modifica-
tions. Fluorescence measurements were made with an Eppen-
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dorf Fluorophotometer with excitation filter Hg 405/436 and
emission filter 500 to 3000. The reaction mixture used rou-
tinely contained 83 mMm glycine-NaOH buffer (pH 9.0), §
mM dithiothreitol, 0.83 mM N-methylindoxylmyristate in ethyl-
ene glycol monomethyl ether (100 ul), and enzyme, in 3.0 ml.
The reaction was started by addition of the substrate and the
increase in fluorescence was recorded for 3 min.

A modified colorimetric method of Duncombe (7, 27) was
used when the various glycerol esters were substrates. The free
fatty acids produced were measured as copper soaps using
sodium diethyldithiocarbamate. The reaction mixture con-
tained in 1.0 ml: 83 mM glycine-NaOH (pH 9.5), 5 mm dithio-
threitol, 10 mMm substrate, and enzyme. The reaction was
started by addition of substrate and stopped by addition of 1.0
ml of a mixture containing 0.9 M triethanolamine, 0.1 M
acetic acid, and 5% cupric nitrate-3 H,O. Emulsions of the
substrate were prepared daily. For a typical emulsion prepara-
tion, 2.0 ml of 5% gum acacia and an aliquot of the chloro-
form solution containing 20 umoles of substrate were emulsi-
fied for 2 min at 20 w without cooling in an Ultra Tip Model
WW?201 ultrasonic generator fitted with a microprobe. The
emulsion was flushed with nitrogen gas at 40 C for 1 hr to re-
move all traces of chloroform.

N-Methylindoxylmyristate was obtained from Nutritional
Biochemical Corporation, monostearin and 1,2-dipalmitin
were obtained from Sigma and the other substrates from Nu-
Chek Laboratories.

All other enzyme activities were assayed spectrophotometri-
cally. The methods employed were those described in the litera-
ture as follows: catalase (19), isocitrate lyase (6), malate synthe-
tase (10), cytochrome ¢ oxidase (9), NADH-cytochrome ¢
reductase (17).

All assays were carried out at room temperature (24 C).

Sucrose Density Gradient Centrifugation of the Total Ho-
mogenate. This was carried out following the procedure of
Lord et al. (16) with slight modification. Twenty endosperm
halves were homogenized by chopping for 15 min with a single
razor blade in 10 ml of the grinding medium described above.
The crude extract was filtered through two layers of nylon
cloth, and cell debris was removed by centrifugation at 270g
for 10 min. Four ml of supernatant were layered onto a su-
crose density gradient consisting of 28 ml of sucrose solution
increasing linearly in concentration from 33 to 60% (w/w)
over a 2-ml cushion of 60% (w/w) sucrose, and topped with a
5-ml layer of 20% (w/w) sucrose. All sucrose solutions were
prepared in 1 mm EDTA (pH 7.5). Gradients were centrifuged
for 4 hr at 20,000 rpm in a SW 27 rotor in a Beckman L.2-65B
ultracentrifuge. After centrifugation, 0.6-ml fractions were
collected with an ISCO density gradient fractionator Model
640. All steps were carried out at 0 to 4 C. The sucrose concen-
tration of each 0.6-ml fraction from the gradient was measured
with a Bausch and Lomb refractometer.

KCl, Deoxycholate, and Butanol Treatments. To 1.5 ml of
the glyoxysome fraction separated from a crude particulate
preparation, 1.5 ml of 0.05 M Tricine-NaOH buffer (pH 7.5)
containing 5 mM dithiothreitol and the desired final concentra-
tion of KClI, deoxycholate, or butanol was added, and allowed
to stand for 1 hr at 0 C. After centrifugation at 101,000g for
30 min, pellets were suspended in 1 ml of 0.05 M Tricine-
N2OH buffer (pH 7.5) containing 5 mMm dithiothreitol. Enzyme
activities were assayed directly in the supernatants and sus-
pended pellets.

Estimation of Lipid Content. Total lipid was extracted with
chloroform-methanol according to Radin (26). Simple lipid
and free fatty acid were separated from the total lipid by the
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method of Dittmer and Wells (5) using Silica AR CC-7 col-
umns, and were weighed after removal of solvent.

Estimation of Protein. This was determined by the method
of Lowry et al. (18) with the use of a calibration curve pre-
pared for crystalline bovine serum albumin.

RESULTS

Changes in Lipid Content of the Endosperm during Early
Growth. As shown in Figure 1, the fresh weight of endosperm
tissue increases slowly during the first 2 days of germination
and then more rapidly, until at day 6, it is roughly four times
that of the dry seed. After day 7, when the root shoot axis
is some 15 cm in length, the endosperm liquefies and the con-
tents are completely absorbed by the expanding cotyledons.
The total lipid of the endosperm remains unchanged until,
beginning at day 3, a sharp decline sets in and by day 7 it has
almost completely disappeared (Fig. 1). As shown, simple
(neutral) lipid comprise essentially all of the lipid, at least until
day 5. Only after this time is any appreciable fraction not ac-
counted for by neutral lipid; analyses for free fatty acid showed
only negligible amounts until they accounted for 5 to 10% of
the total lipid at days 6 and 7.

Changes in Lipase Activities during Germination. Experi-
ments with crude homogenates showed that two separate li-
pases could be distinguished: one with an acid pH optimum
which was present in the dry seed and with high activity during
the first 2 days of germination (Ory’s enzyme), and a second
with an alkaline pH optimum which was particularly active
during days 3 to 5. The changes in these enzyme activities dur-
ing the 7-day period are shown in Figure 2a. When lipase was
assayed at pH 7.0, activity was very low throughout the germi-
nation period.

Intracellular Location of Lipase Activities. The data in Fig-
ure 2, b and c, show that when the crude extract was separated
into fat layer, supernatant, and particulate fractions, essentially
all of the lipase activity at pH 5.0 was recovered in the fat
fraction. On the other hand, activity at pH 9.0 was low
throughout the period in the fat component and, particularly
in the peak 3 to 5 day interval, it was found predominantly in
the particulate fraction. The relationship between pH and the
activities of the two enzymes is shown in Figures 3 and 4. The
enzyme in the fat layer shows optimal activity at pH 5.0 and
that in the particulate fraction displays a sharp optimum at pH
9.0. Neither enzyme shows appreciable activity at the optimum
pH for the other. The relationship between substrate concen-
tration and the activities of the two lipases is shown in Figures
5 and 6. The Km values of acid and alkaline lipases for N-
methylindoxylmyristate were 1.67 and 0.23 mM, respectively.

Association of Alkaline Lipase Activity with Glyoxysomes.
When the total homogenate from 4-day endosperm tissue was
centrifuged on the sucrose gradient (see ‘“Materials and Meth-
ods”), the data in Figure 7 were obtained. On such gradients,
previous work (16) has shown that glyoxysomes, mitochondria,
and the endoplasmic reticulum are cleanly separated. The
distribution of the marker enzymes from these components,
respectively, isocitrate lyase, cytochrome c¢ oxidase, and
NADH-cytochrome ¢ reductase, are shown in the upper part
of Figure 7. The sharp peaks at equilibrium densities 1.24
g/ecm?, 1.19 g/cm® and 1.12 g/cm’ show that good separation
had been achieved; malate synthetase. a second marker for
glyoxysomes, was recovered primarily at the same density as
isocitrate lyase. The activity of alkaline lipase and the protein
profile across the gradient is shown in the lower part of Figure
7. Virtually no activity was present in those fractions at the
top of the gradient representing soluble proteins and those
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FiG. 1. Change in lipid content of castor bean endosperm dur-
ing early growth. O: total lipid; A: simple lipid; @: fresh weight.
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Fic. 2. Changes in lipase activities in castor bean endosperm
during germination. (a) Total activity (fat layer + particulate +
supernatant) at pH 5.0 (@ @), 7.0 (e——-@) and 9.0
(V——V). Activity in fat layer (Q), particulate (O0) and super-
natant (A) at pH 5.0 (b) and pH 9.0 (c). The enzyme activity was
measured by the fluorometric method.

removed from organelles during preparation. Apart from a
small peak of enzyme activity in the endoplasmic reticulum
region, it is clear from the sharp peak at density 1.24 g/cm®
that the bulk of the alkaline lipase coincides in distribution
with that of isocitrate lyase and malate synthetase. Thus, the
alkaline lipase is specifically present in the glyoxysomes. Endo-
sperm extracts from 3- and 5-day castor bean seedlings showed
essentially the same distribution pattern of the alkaline lipase
activity on the sucrose gradient as that in Figure 7 (data not
shown).

Intracellular location of the alkaline lipase was surveyed in
castor bean tissues other than endosperm, with the aid of the
sucrose gradient centrifugation. Roots and cotyledons from
dark grown 4-day seedlings, and cotyledons and leaves from
green plants grown for 2 weeks in light were examined. The
activity of alkaline lipase was located in the endoplasmic re-
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ticulum region as a sharp peak and slight activity was present
at the top of gradient in all of these tissues (data not shown).
When intact glyoxysomes are recovered from the gradient
in 54% sucrose and diluted, most of the enzyme proteins (e.g.,
isocitrate lyase) are solubilized and on recentrifugation in the
sucrose gradient, the glyoxysomal membranes (ghosts) with
a few associated enzymes, e.g., malate synthetase, are recovered
at density 1.21 to 1.22 g/cm® (11). To find whether lipase was
present in the matrix or in the membrane, glyoxysomes were
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Fi1G. 3. Activity of the acid lipase as a function of pH. The ac-
tivity was assayed fluorometrically. Reaction mixtures contained 83
mM citrate buffer, 5 mm dithiothreitol, 0.83 mM N-methylindoxyl-
myristate and 100 ul of enzyme, in 3.0 ml.
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Fic. 4. Activity of the alkaline lipase as a function of pH. The
activity was assayed fluorometrically. Reaction mixtures as in Fig-
ure 3. Buffers used: O: tris-HCl; @: glycine-NaOH.
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FI1G. 5. Activity of the acid lipase as a function of substrate
concentration (Lineweaver-Burk plot). The activity was assayed
fluorometrically at pH 5.0 (83 mM citrate buffer).
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F1G. 6. Activity of the alkaline lipase as a function of substrate
concentration (Lineweaver-Burk plot). The activity was assayed
fluorometrically at pH 9.0 in 83 mM glycine-NaOH.

diluted and recentrifuged and the results are shown in Figure 8.
As shown, much of the protein which previously had sedi-
mented at 1.24 g/cm® was solubilized by this treatment and
appeared at the top of the gradient, and most of the isocitrate
lyase appeared in this region, as expected (11). However, none
of the alkaline lipase was solubilized and all was recovered at
the new density 1.21 to 1.22 g/cm’, completely overlapping the
distribution of malate synthetase. Thus, the lipase is clearly
associated with the glyoxysomal membrane.

The data in Figure 9 establish that the tightness of this as-
sociation is considerably greater than that of other enzymes
which have been examined (11). Thus exposure of glyoxysomal
membranes to 0.2 M KCl solubilizes most of the malate synthe-
tase but at this salt concentration the lipase activity was virtu-
ally unaffected. Even at salt concentration greater than 0.9 M,
more than 80% of the lipase remained attached to the mem-
branes.

In the hope of solubilizing the enzyme for further purifica-
tion, the glyoxysomes were treated with deoxycholate and
butanol of various concentrations. The results were disappoint-
ing. Those concentrations (0.1% deoxycholate, 10% butanol)
which solubilized part of the lipase also led to considerable in-
activation of the enzyme.

Properties of the Lipase in Purified Glyoxysomal Mem-
branes. Problems of solubilization and stability prompted the
use of the KCl-treated glyoxysomes (purified membranes) as a
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source of lipase for further investigation of enzyme properties.
The major enrichment of lipase (some 20-fold) occurred during
the preparation of the crude particulate fraction, and this was
accompanied by a 50% loss in total enzyme activity. Further
loss of lipase occurred during separation of the glyoxysomes
and KCl treatment, so that no improvement of specific activity
occurred during these stages of membrane purification.

As shown in Table I, a variety of detergents have strong
inhibitory effects on the enzyme. Response to metal ions and
possible inhibitors are given in Table II. Mg* and Ca* both
brought about 80% inhibition of enzyme activity at 1 mm and
the inhibition was reversed by EDTA. However, K* and Na*
were without effect. p-Chloromercuribenzoate inhibited almost
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Fi1G. 7. Enzyme distribution after separation of crude extract
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completely at 0.1 mMm and this inhibition was reversed by sub-
sequent addition of dithiothreitol. The pH optimum of the
enzyme in the purified membrane fraction was about 9.5 when
monopalmitin was used as the substrate.

The substrate specificity of the enzyme is shown in Table
II1. Out of the various palmityl glycerol esters, only monosub-
stituted forms were hydrolyzed. The alkaline lipase thus seems
to be a monoglyceride lipase of the kind described previously
from rat adipose tissue (14, 15, 27) and skeletal muscle (29).
As shown in Table III, the nature of the fatty acid in the mono-
substituted ester has a marked effect on lipase activities. The
rate of hydrolysis of monopalmitin (measured by production
of free fatty acid) was close to that observed for the hydrolysis
of the model substrate N-methylindoxymyristate (fluorometric
assay). Furthermore, the kinetics of the activity on monopal-
mitin are similar to those for N-methylindoxylmyristate; the
Km was 0.27 mMm.

In Table 1V, the substrate specificity of the acid lipase, puri-
fied from ungerminated beans by Ory’s method (24), is shown.
Although the monosubstituted derivatives are hydrolyzed most
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FiG. 9. Effect of dilution and increasing KCl concentration on
the solubility of enzymes and protein in the glyoxysomes. Samples
of glyoxysomes recovered in 54% sucrose were diluted 2:1 with
water and the indicated concentrations of KCl, and were centri-
fuged. Activities in the pellet and supernatant were measured to
determine the percentage of activity retained in the pellet.

Table I. Effects of Detergents on activity of the Lipase
in Glyoxysomal Membranes
Activity was assayed fluorometrically, with N-methylindoxyl-
myristate as substrate, at pH 9.0.

Detergent Conc Relative activity
%
None 100
Deoxycholate 0.2 2
0.1 7
0.02 75
0.01 96
Digitonin 0.03 0
0.01 12
Triton X-100 0.02 1
0.01 2
Tween 20 0.02 0
0.01 3
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Table 1. Effects of Metal Ions and p-Chloromercuribenzoate
(PCMB) on the Activity of Purified Alkaline Lipase

Addition Relative

%
None 100
CaCl; (1 mm) 21
CaCl; (1 mm) + EDTA (1 mm) 112
MgCl, (1 mm) 18
MgCl; (1 mMm) + EDTA (1 mMm) 110
NaCl (1 mm) 107
KCI (1 mm) 104
EDTA (1 mm) 120
PCMB (0.1 mm) 5
Dithiothreitol (5 mm) 106
PCMB (0.1 mm) + Dithiothreitol (5 mm) 105

Table III. Hydrolysis of Various Substrates by the Purified
Alkaline Lipase, Assayed by the Colorimetric Method

Experiment Substrates Fatty Acid Produced

nmoles/min-ml
1 Tripalmitin
1,2-Dipalmitin
1,3-Dipalmitin
1-Monopalmitin
2-Monopalmitin

2! Monolaurin

Monomyristin
Monopalmitin
Monostearin
Monoarachidin

32 N-Methylindoxylmyristate

N
—»—Sé’ﬁ_gooxoooo
W LB AO O Wwn WwiN

1 Monoglycerides are natural equilibrium mixtures of 1- and
2-substituted glycerides.
2 Fluorometric assay.

Table IV. Hydrolysis of Various Substrates by the
Purified Acid Lipase

Substrates Fatty Acid Produced
nmoles/min-ml
Tripalmitin 220
1,3-Dipalmitin 200
1-Monopalmitin 506
2-Monopalmitin 491
Monolaurin! 860
Monomyristin! 901
Monostearin! 186
Monoarachidin 143

1 Natural equilibrium mixture of 1- and 2-substituted glycerol.

rapidly, it is clear that the acid lipase attacks the tri- and disub-
stituted glycerols.

DISCUSSION

The data show that two different lipases are present in the
endosperm of castor bean during the period of germination and
early growth. The acid lipase, which can hydrolyze tri-, di-, and
monoglycerides is most active at an early stage when storage



28 MUTO AND BEEVERS

fats are not being utilized. On the other hand, the activity of
the alkaline lipase increases when fat is being utilized and de-
clines as the fat is depleted. However, the latter enzyme hy-
drolyzes only monoglycerides and thus by itself cannot account
for the breakdown of fats which temporally coincides with its
highest activity during germination. It seems rather that the
functioning of the glyoxysomal enzyme must depend on the
prior action of the acid lipase, although this enzyme is declin-
ing in activity at 3 days when fat utilization begins. It seems
quite clear from the fact that free fatty acids do not accumu-
late during the germination process that the acid lipase does
not attack the storage fat prior to day 3, when the alkaline
lipase activity in the glyoxysomes becomes appreciable.

As shown by Ory et al. (23) the acid lipase is retained in the
fat layer obtained after homogenization and centrifugation of
ungerminated seeds, and histochemical investigations have
shown that it is associated with the membranes of the sphero-
somes within which this fat is contained (25). Vigil (28) showed
that spherosomes decreased in size and ultimately disappeared
from endosperm cells during germination. The data presented
here which show that an acid lipase is recovered in the fat
layer (spherosomes) throughout germination support these
previous results and suggest that the decline in the activity after
day 3 coincides with the decomposition of the spherosome
membrane.

The alkaline lipase is also associated with membranes,
namely those of the glyoxysomes and, to a minor degree, those
of the endoplasmic reticulum. A recentrifugation experiment
showed that the enzyme activity in the endoplasmic reticulum
is not artificially derived from glyoxysomes during isolation,
and in other tissues which do not contain glyoxysomes, alkaline
lipase activity is found only in the endoplasmic reticulum. It is
not clear whether, in the endosperm, the alkaline lipases in the
endoplasmic reticulum and glyoxysomes are identical but they
do have the same optimal pH and Km for N-methylindoxyl-
myristate. The association of part of the activity with the
endoplasmic reticulum may be related to the observations
showing that this is the site of origin of the glyoxysomal mem-
brane (13).

We are still far from a definitive understanding of the proc-
ess whereby long chain fatty acids are released in a controlled
manner from storage fat in the spherosomes and transferred
to the glyoxysomes where activation and B-oxidation occur.
From the available evidence it must be presumed that the acid
lipase of the spherosomes is responsible for at least the initial
phases of hydrolysis, although it is not clear how hydrolysis is
held in check for the O to 3 day period when this enzyme shows
its highest activity. The movement of free fatty acids or mono-
glycerides from the site of their production in spherosome
membrane to the glyoxysome may be facilitated by the close
juxtaposition of these organelles which is revealed by electron-
micrographs (20, 28). There is no proof at present that the
monoglyceride lipase that we have described in the glyoxy-
somal membrane is actually functional during the conversion
of storage fat to carbohydrate, since the acid lipase in the
spherosomes could bring about complete hydrolysis. Neverthe-
less, the relationship between the developmental behavior of
the monoglyceride lipase and the timing of fat breakdown, and
the advantageous location of this enzyme in a membrane inter-
posed between the site of origin of monoglycerides and the
site of fatty acid utilization are intriguing and suggest that the
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enzyme has significance beyond its pragmatic role as a very
useful marker for the glyoxysomal membrane.
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