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Abstract. Evidence for de movo synthesis of isocitratase and malate synthetase in cotyledons
of germinating peanut (Arackis hypogaea L.) was obtained by the density labeling method.
When dry peanut cotyledons were cultured in H,180, a 2.4 % increase in the buoyant density
of malate synthetase in a cesium chloride gradient was observed. In 100 % D,O the buoyant
density shift was 5.5 9% for isocitratase and 3.5 % for malate synthetase in comparison to the
water controls. These data suggest that isocitratase and malate synthetase do not pre-
exist in some inactive form in the cotyledons, but are completely synthesized after onset of
germination from a pool of amino acids which do not derive directly from hydrolysis of

storage proteins.

In most fat-storing seeds germination involves
a massive breakdown of the fat reserves and their
conversion to carbohydrates by means of the gly-
oxylate cycle (2). The 2 key enzymes of this
cycle, isocitratase (E.C. 4.1.3.1) and malate syn-
thetase (E.C. 4.1.3.2) appear in the fat storing
tissue shortly after the seed has fully imbibed,
reach a climax after a few days and decline there-
after (3). It is not known whether these enzymes
are synthesized de novo or arise through the acti-
vation of some precursor already present in the dry
seed, although data obtained with inhibitors of RNA
and protein synthesis suggest that they are synthe-
sized de movo after the start of germination in
pumpkin cotyledons (7). The present work pro-
poses an answer to this question by means of a
different experimental approach: density labeling
with heavy isotopes (6,8). This technique con-
sists in supplying the system under study with a
substance containing a heavy isotope which can be
incorporated into the amino acids used for the
synthesis of new protein. The incorporation of the
isotope results in an increase in mass of the protein
which can be detected by isopycnic equilibrium
centrifugation. In this way it is possible to decide
whether a given protein is synthesized after the
addition of the labeled compound or whether it had
existed in the cells before isotope addition.

Materials and Methods
Virginia peanuts (Arachis hypogaea L.), variety

R-56, 1965 crop (kindly supplied by Dr. R. L. Ory,
New Orleans) were surface sterilized for 15 to 20

1 Work carried out under United States Atomic
Energy Commission Contract No. AT (11-1)-1338.
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minutes in 19% sodium hypochlorite and were then
soaked for 6 hours in sterile water before planting
them in 1000 ml Erlenmeyer flasks containing
moist, sterilized vermiculite. The seeds were al-
lowed to germinate in a dark room at a constant
temperature of 28°. In other experiments the seed
coat and the embryo were removed from the dry
seeds and the dry cotyledons were put, flat side
down, in stoppered vials containing 0.5 to 0.6 ml
water (H,O, D,O or H,®O as specified in the
resullts section). No bacterial or fungal contamina-
tion was observed when proper precautions were
taken to maintain aseptic conditions. As already
reported '(11), the time course of appearance and
the total amount of activity of the 2 glyoxylate
cycle enzymes were approximately the same in
cotyledons taken from intact seedlings or cultured
separately.

For obtaining crude extracts 5 to 6 cotyledons
were thoroughly washed in running distilled water,
cut with a scalpel into fine slices and ground in a
mortar with 0.05 M phosphate buffer pH 7.5 (2 ml
per cotyledon). The resulting brei was squeezed
through several layers of cheesecloth and centri-
fuged for 15 minutes at 14,800 X g. All operations
were performed at a temperature of 0 to 4°. The
clear supernatant was carefully separated from the
fatty layer at the top of the centrifuge tube by
means of a hypodermic syringe and used without
further purification. Isocitratase was assayed by
the method of Dixon and Kornberg (5) and malate
synthetase by the method of Hock and Beevers (7).
The assay procedure of Decker and Maitra (4) for
estimation of glyoxylate was used as an additional
check on the reliability of the Dixon-Kornberg test
in the peanut extract. The agreement between data
obtained by the 2 assay methods was good.

Density gradient centrifugation followed essen-
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tially the procedure used by Filner and Varner (6).
The gradient mixture used had the following com-
position: 242 ml CsCl solution having a density
(p) of 1.56 g/cm?®, 0.5 ml 0.1 M phosphate buffer
pH 7.5 and water to a final volume of 4.5 ml. On
this mixture, 0.1 ml of the crude peanut extract
containing 2 to 3 mg of protein was layered to-
gether with 600 ug of a highly purified preparation
of a-amylase from barley aleurone layers. In some
experiments a similar a-amylase preparation labeled
with 14C was employed. The final gradient mixture
was overlayed with 0.5 ml paraffin oil and spun for
65 to 72 hours at 62 to 65000 rpm and 2° in the
Spinco L2-65 ultracentrifuge using a SW-65 rotor.
After centrifugation 6-drops fractions were col-
lected by puncturing the tubes at the bottom and
each alternate fraction was assayed for isocitratase
or malate synthetase (odd numbers) and a-amylase
(even numbers). If *C-labeled a-amylase was
used, all even fractions were collected in 5 ml of
Bray’s solution (1) and counted in a Beckman
scintillation counter. The refractive index of 1 out
of every 10 fractions was measured with a Bausch
and Lomb refractometer and was converted to den-
sity by means of a standard curve.
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Fic. 1. Plot of density versus fraction number of a
typical cesium chloride gradient. Experimental conditions
as described in text. The density values were evaluated
from refractive indices (shown on the right) by means
of a standard curve. The position of the g-amylase,
isocitratase and malate synthetase activity peaks are
shown.

Results

Both the isocitratase and malate synthetase
activities form well defined bands in a cesium
chloride gradient under my experimental conditions.
Their buoyant densities were evaluated by means
of a “density gradient curve” obtained by plotting
the densities of several fractions against fraction
number. Such a curve had a constant shape from
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one experiment to the next with only minor varia-
tions and was linear in the zone of the centrifuge
tube where the enzymes banded (fig 1). The buoy-
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Fic. 2. Equilibrium distribution in a cesium chlo-
ride gradient of malate synthetase activity from cotyle-
dons of S5-day-old peanut seedlings grown in 100 9,
H,1%0. @-Amylase from barley aleurone layers was
included in the gradient as a marker of known buoyant
density. See text for other experimental conditions.

MALATE SYNTHETASE (AA4,5XI0Y/MIN)

3
30 L
2 1

- 7 .
2 1
K)E 20 L '
@) )
X Q
< X
QU

o) | g
< = o
4 ~
~ |10L u
w 7))
0 <
5 2
g s
= , <
U /, \\

(@) o ~e s
v Lt n 1 I I 1 1

1 1

25 29 33 37 41
FRACTION NUMBER
Fic. 3. Equilibrium distribution in a cesium chlo-
ride gradient of isocitratase activity from cotyledons of

S-day-old peanut seedlings grown in 100 9, H,160. See
text for other experimental conditions.
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F16. 4. Equilibrium distribution in a cesium chloride gradient of malate synthetase activity from a single, excised
peanut cotyledon grown for 5 days in 93 9, H,180 See text for other experimental conditions.
Fic. 5. Equilibrium distribution in a cesium chloride gradient of malate synthetase activity from excised peanut
cotyledons grown for 5 days in 100 ¢, D,0O. See text for other experimental conditions.
Fic. 6. Equilibrium distribution in a cesium chloride gradient of malate synthetase activity from peanut coty-

ledons grown in 100 9, D,0 and 100 ¢, H,O. The mixture of crude extracts layered on the gradient contained 3.2

mg protein of D,0-grown cotyledons and 0.8 mg protein of H,O-grown cotyledons. See text for other experi-
mental conditions.
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Fic. 7. Equilibrium distribution in a cesium chloride gradient of isocitratase activity from excised peanut coty-
ledons grown for 5 days in 100 9, H,O. See text for other experimental conditions.
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ant densities observed were 1.300 = 0.005 for -
amylase, 1.290 = 0.005 for isocitritase and 1.270 =
0.005 for malate synthetase (figs 2 and 3). No
difference in buoyant densities could be detected
between enzyme activities of cotyledons incubated
in isolated conditions and those of cotyledons
attached to the seedling. The steep gradients used
throughout all experiments were chosen in order to
obtain sufficiently high enzyme activities for esti-
mation by reducing the variance of the peaks. No
precipitation of proteins was observed in the cesium
chloride gradients despite the relatively high
amounts of cotyledon extract used. By the use of
Gaussian paper it could be shown that all 3 of the
enzymic activities tested followed a Gaussian dis-
tribution in the gradient with good approximation.

As can be seen in figure 4 the malate synthetase
band of cotyledons grown in H,%0 (93 O
atoms %) is markedly shifted towards the heavy
side of the gradient as compared to the H,%O
control (fig 2). The shift in buoyant density is
24 9,.

While H,'80O did not have any inhibitory effect
on the development of malate synthetase and iso-
citratase activity, a 609 reduction was observed
in cotyledons incubated in pure D,O. Whole seeds
grew poornly under these conditions and the reduc-
tion in the level of the glyoxylate cycle enzymes
was even more severe than in isolated cotyledons.
In extracts from 5-day-old peanut cotyledons incu-
bated in 100 9, D,O a 3.5 9%, increase in the buoyant
density of the malate synthetase band was observed
(fig 5). If crude extracts from cotyledons incu-
bated in 100 9 H.,O were mixed with comparable
deuterated extracts in equal proportions (on the
basis of specific enzyme activity) it was possible
to resolve the heavy and light malate synthetase
bands in the gradient (fig 6). In cotyledons incu-
bated in 1009 D,O, a 5.59 shift in buoyant
density was found for isocitratase activity (fig 7).
If 809, rather than 1009, D,O was used, the
density shift was 1.29 for both isocitratase and
malate synthetase and no reduction of enzyme
activity was observed in the cotyledons.

Discussion

Filner and Varner (6) calculated that H,80
labeling of a-amylase from aleurone layers should
increase its mass by 0.729, if the enzyme was
synthesized only from amino acids provided by the
hydrolysis of reserve proteins. It cannot be esti-
mated what the percent mass increase of malate
synthetase would be under similar conditions be-
cause the amino acid composition of this enzyme
in higher plants is not known. The magnitude of
the observed shift (about 3 times greater than that
calculated for a-amylase) suggests, however, that
introduction of 0 only through breakage of pep-
tide bonds of reserve proteins is insufficient to

account for the total increase found. It may be
assumed therefore that the 80 label is introduced
into the malate synthetase molecule also through
additional metabolic events, e.g. conversion of
sugars to amino acids, so that all of the carboxyl
oxygens become fully equilibrated with the oxygen
of the medium. The observed buoyant density of
unlabeled malate synthetase, which is lower than
that of most other proteins, tends to rule out the
presence in the enzyme of a carbohydrate portion
which would become heavily labeled if synthesized
in presence of H,20. The buoyant densities of
glycoproteins are indeed higher than those of other
proteins because of the high buoyant densities of
polysaccharides (about 1.6).

The increase in density of both isocitratase and
malate synthetase after incubation of the tissue in
D,O cannot be explained by the introduction of
deuterium through amino acids derived from D,O-
hydrolysis of reserve proteins. In this instance
deuterium would become attached to the peptide
nitrogen of the protein backbone and would be
easily exchangeable with the hydrogen of water (9).
Such an exchange could have an adequate oppor-
tunity to oocur during grinding and centrifugation.
On the other hand deuterium attached to carhon
atoms is known to be quite stable '(with the possible
exception of the carbon bearing the a-amino group
in amino acids). Attachment of deuterium to car-
bon atoms of the glyoxylate cycle enzymes could be
due to synthesis of amino acids from other com-
pounds (e.g. glucose) or to extensive reworking of
the carbon skeletons of the amino acids resulting
from breakdown of storage protein. Ignorance of
the amino acid composition of these enzymes again
precludes any calculation of the expected mass
increase. For an enzyme molecule with side chains
containing a comparatively large number of hy-
drogen atoms, an increase in mass of 5 to 6 % upon
substitution of every stable hydrogen by deuterium
can be estimated (8). It must be recalled, how-
ever, that in concentrated salt solutions (as in a
cesium chloride gradient) the change in buoyant
density may not be an exact index of the increase
in mass of the enzyme molecule (10). For this
reason only qualitative conclusions may be drawn
from my results. The high increase in buoyant
density of both isocitratase and malate synthetase
suggests that these enzymes are synthesized from
a pool of amino acids which do not derive directly
from hydrolysis of reserve proteins. This sugges-
tion is confirmed by the results obtained with
180-labeling of malate synthetase. The different
increases in buoyant densities of isocitratase and
malate synthetase could tentatively be explained by
assuming that the 2 enzymes have a very different
amino acid composition or that they are synthesized
from amino acids of 2 separate pools.

Even if account is taken of the possible pitfalls
in interpreting density labeling data, it may be
confidently concluded that isocitratase and malate
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synthetase are synthesized in peanut cotyledons
after imbibition.” The possibility of a mixed origin
(de nowo synthesis and activation of preexisting
enzyme molecules) cannot be completely ruled out,
but it does not seem very likely. In this case one
would expect to see the enzyme activity from the
cotyledons grown in heavy water to form 2 distinct
bands as in figure 6 or at least 1 single band having
a greater width than the water control. The ex-
perimental data show, on the contrary, that the
shape and the width of the bands are not affected
by the density label.
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