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ABSTRACT

RNA and protein syntheses in axes excised from dry soybean (Glycine
max L.) seeds at different levels of deterioration were assayed. Low
rates of protein synthesis in slghtly deteriorated seeds were not due to
losses in ribosomal or soluble fraction activities. However, the lowered
rates of RNA and protein syntheses of deteriorated seeds were associ-
ated with reduced ATP content of the tissues. Adenine and adenosine
conversions to ATP were reduced in deteriorated axes, and these reduc-
tions were reflected in reduced incorporation of these compounds into
RNA.

Seeds stored at high moisture and temperature rapidly deteri-
orate and lose germinability. Despite a number of studies which
indicate that isolated embryos or axes from such seeds have
lowered respiration rates (2) and lowered rates of protein (2,
18), polysaccharide (2), and RNA (18, 20) synthesis, the mech-
anism by which seeds lose viability is not known. Recently,
deteriorated seeds and seeds of low vigor were shown to have
low ATP levels (9, 10, 20). Since ATP is extremely important in
controlling, regulating, and directing biosynthesis, alterations in
its metabolism could contribute markedly to the deterioration
and loss of viability of stored seeds. Thus, I compared the
embryonic axes of deteriorated and sound seeds with respect to
ATP levels, to conversion of adenine and adenosine to AMP,
ADP, ATP, and RNA, and to synthesis of protein. The results
support the concept that the inability to sustain ATP synthesis is
probably the major cause of the low rates of biosynthetic activity
in deteriorated seed and might cause loss of germinability.

MATERIALS AND METHODS

Soybean (Glycine max. L. cv. Kent) seeds were harvested at
Beltsville in 1972 and stored in sealed containers at 4 C until
used. The seeds were then transferred to cloth bags and stored at
3 C and 80% relative humidity for 2 to 3 weeks so that moisture
content was increased to about 20%. Deterioration (rapid aging)
was induced by storage of these seeds in sealed glass jars at 35 C.
Samples were taken at 0- to 9-day intervals, depending on the
experiment. For determination of germinability, seeds were in-
cubated on wet germination paper in the dark at 22 C for 5 days.
The embryonic axes minus the plumules were excised from dry

seeds and were generally used within 2 days. They were used
either dry or after imbibing water containing 10 ,ug/ml chloram-
phenicol at 25 C.

Isolation of Ribosomes and Supernatant Fraction. Ribosomes
and supematant fractions were prepared in the cold from 50
embryonic axes ( 135 mg) of rapid aged soybean seeds. The
axes were ground in 5 ml bicarbonate buffer (pH 6.8) (13) with a

mortar and pestle, and the homogenate was centrifuged at
23,500g for 10 min. The supernatant fraction was made 10 mm
in tris and 2 mm in Mg acetate, then layered over 3 ml of
ribosomal buffer (13) containing 0.5 M sucrose (RNase-free).
The layer was centrifuged 1 hr at 35,000 rpm in the No. 40 angle
head rotor in a Spinco model L ultracentrifuge.1 The top two-
thirds of the supernatant was removed and stored at - 20 C until
used. The remaining supernatant and the sucrose layer were
aspirated and the pellet was taken up in 0.5 ml of ribosomal
buffer. The mixture was clarified by centrifugation at 10,00Og
and the supernatant held at -20 C until used.
For the removal of endogenous amino acids, supernatants to

be used in in vitro phenylalanine-incorporation experiments
were dialyzed 2 hr against a solution of 1 mm tris (pH 7.6), 50
mm KCI, 2 mm Mg acetate, and 4 mm 2-mercaptoethanol.

PhenylaJanine Incorporation. Phenylalanine was incorporated
in a modified wheat embryo system (12) as detailed in Table I.
Assay mixtures were incubated for 30 min at 25 C. Addition of
5% trichloroacetic acid and heating of the mixture for 15 min at
90 to 95 C terminated the reaction. The mixtures were filtered
under vacuum with Whatman GF/C filters. Dried filters were
placed in glass scintillation vials with 5 ml of Liquifluor for
counting.

In Vivo [14CILeucine and [3HjAdenosine Incorporation. Axes
were imbibed in a solution of 0.1 mM L-[14C]leucine (0.3 ,uCi/
ml) and 0.1 mm [3H]adenosine (1 ,uCi/ml) containing 50 ,ug/ml
each of streptomycin sulfate and penicillin G for 1, 2, and 3 hr.
The axes were removed, washed with tap water, and kept at
-20 C until extracted with 5% trichloroacetic acid containing 1
mm each of nonradioactive leucine and adenosine. Aliquots of
acid-insoluble and -soluble materials were analyzed for radioac-
tivity.
Adenine Nudeotide Determination. Axes were imbibed in

H20 containing 10 ,ug/ml chloramphenicol for 0 to 5 hr at 25 C,
removed, frozen in liquid N2, and then homogenized in 5 ml
0.25 N HCl04 with mortar and pestle. The homogenate was
centrifuged at 10,000g and the supernatant saved. The pellet
was washed with HC104 and centrifuged. The combined HCl04
extracts were neutralized with 2.5 M KHCO3, and the potassium
perchlorate precipitate was removed after centrifugation and
washed with water. After centrifuging, the supernatant was
added to the neutralized extract and the KC104 discarded.

Aliquots were analyzed for ATP, ADP, and AMP. AMP was
determined by conversion to ADP with myokinase (8), and
ADP by conversion to ATP with pyruvate kinase and phospho-
enolpyruvate. Both enzymes were desalted by passage of the
samples through a'6-ml Sephadex G-25 column (21).
ATP was determined with purified luciferin-luciferase (Du

1 Mention of a trade name, proprietary product or specific equipment
does not constitute a guarantee or warranty by the United States Depart-
ment of Agriculture and does not imply its approval to the exclusion of
other products that may also be available.
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Pont) in an Aminco microphotometer. The content of each vial

of luciferin-luciferase was diluted in 3 ml of supplied buffer then

with 9 ml of a solution that was 25 mm HEPES (pH 7.4) and 25
mM MgSO4. Assays were run in tubes (6 x 50 mm) with 200 ,ul

of luciferin-luciferase. The neutralized HCI04 supernatant (100

,ul) was injected with a syringe. Relative light intensity was

integrated for 10 sec with a Vidar 260 voltage to frequency

converter connected to a Monsanto counter timer, model 1500.

ATP was determined by constant addition (19) with samples

diluted so that responses were in the linear range.

Adenine and Adenosine Determination. Aliquots of the neu-

tralized HClO3-soluble fraction were analyzed for adenine and

adenosine with a high pressure liquid chromatograph from Wa-

ters Associates. Nucleosides and purine and pyrimidine bases

were separated on a uBondapak C18 column using a 0.1 % (w/v)

NH4H2PO4 and methanol gradient (0-30% methanol) with the

No. 8 curve of the model 660 solvent programer. Detection of

components was at 254 nm with a model 440 absorbance detec-

tor. Adenine was identified by co-chromatography and adeno-

sine was identified by co-chromatography and sensitivity to

adenosine deaminase. Quantitation was by peak height analysis.

Uptake of Adenine and Adenosine. Axes were incubated in

[8-14C]adenine or [8-'4C]adenosine for 1.5 and 3 hr at 25 C with

10 ,ug/ml chloramphenicol. Axes were frozen in liquid N2 and

homogenized as described above. Radioactivity in the acid-

soluble and -insoluble fractions was determined. The distribu-

tion of radioactivity in the adenylate nucleotides of the soluble

fraction was determined by PET2 chromatography (15). Aliquots

were streaked on PEI sheets (5 x 20 cm) along with marker

ATP, ADP, and AMP, and developed twice with H20 to move

adenine and adenosine to the top half of the plate. The chromat-

ogram was then developed (10 cm) with 0.75 NaH2PO4 buffer

(pH 3.4) to separate the adenylate nucleotides.

Adenosine Kinae. Excised axes [25] were ground in 2.5 ml of

cold grinding buffer (0.1 tris-HCl [pH 8], 1mM MgCl2, 50 mM

2-mercaptoethanol, and 5% glycerol) with a mortar and pestle.

The homogenate was centrifuged at 6,500g for 10 min, and the

supernatant, filtered with Miracloth, was used as enzyme. Assay

mixtures (100 /ll) for adenosine kinase were 0.7 mm ATP and

0.1mM ['4C]adenosine (0.1,Ci) and contained 0.01 ml grind-

ing buffer plus enzyme (0.1-0.2 mg protein). Reactions were

started by the addition of 10,lI 7 mm ATP. Aliquots were taken

at various time intervals, spotted on sheets (2.5 x 5 cm) coated

with PEI cellulose, and developed in H20 as soon as the drop

was absorbed. After the front had moved to the top, the plate

was dried. Nucleotides remained at the origin while nucleosides

and free bases were mobile (17). The origin was cut from the

sheets, and radioactivity determined.
Assay mixtures for adenine phosphoribosyltransferase were

the same as for adenosine kinase except that 0.1 mm PRPP was

used instead of ATP, and 0.1mM [14C]adenine (0.1 uCi) was

used instead of labeled adenosine. Conversion of adenine to

nucleotides was determined by chromatography as described

above.
Protein Determination. Protein content of 10% trichloroace-

tic acid-precipitated material was determined by fluorescence

(5).

RESULTS AND DISCUSSION

Induction of Deterioration. The induction of deterioration,

loss of vigor and germinability, occurred rapidly in seeds stored

at 35 C and 20% seed moisture. Seed samples stored for 2 or 3

days under these conditions lost some germinability (Figs. 1 and

2). Longer periods of storage resulted in a higher percentage of

2 Abbreviations: PEI: polyethyleneimine; PRPP: Na-phosphoribosyl-

pyrophosphate; EC: energy charge; poly U: polyuridylic acid.
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FIG. 1. Incorporation of [14C]leucine (A) and [3H]adenosine (B) into

trichloroacetic acid-insoluble material by imbibed soybean embryonic
axes from rapid aged seeds of different germinability (circles, triangles,
and squares represent seed lots rapid aged for 0, 3, and 9 days with 99,
90, and 0% germinability, respectively). Each point is the average of two
replicates with 15 axes/replicate.
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FIG. 2. Dependence of poly U-directed incorporation of phenylala-
nine on ribosomes. Ribosomes extracted from embryonic axes of rapid
aged seeds differing in germinability (circles, triangles, squares, and
diamonds represent seed lots rapid aged for 0, 2, 4, and 9 days with 85,
76, 36, and 0% germinability, respectively). Each point is the average of
two replicate assays.

seeds that were unable to germinate. The rate of deterioration
varied between experiments (Figs. 1 and 2).

Incorporation of Amino Acids and Adenosine in Axes of
Deteriorated and Sound Seeds. During imbibition, rates of in-
corporation of labeled leucine (Fig.1A) and adenosine (Fig.1B)
into acid-insoluble materials increased significantly in axes of
control seeds. Ribosomes isolated from axes of soybean seeds at
various stages of deterioration (0-85% germinability) did not
differ greatly in their ability to support in vitro poly U-directed
phenylalanine-incorporation (Fig. 2). All of the corresponding
supernatants effectively supported incorporation of phenylala-
nine in the presence of added soybean ribosomes (TableI).

I I ~~~~I
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However, the incorporation for supernatants from seeds of 0%
germinability was about 33% lower than that for any of the other
supernatants. Thus, the ribosomes and water-soluble compo-
nents of partially deteriorated soybean seeds appear to be as
effective as those of sound seeds in supporting protein synthesis.
These data on soybean axes differ somewhat from those on rye
embryos (18).
ATP Levels in Rapid Aged Seeds. ATP content of germinat-

ing axes increased severalfold during the first hours of imbibition

Table I. Incorporation of labeled phenylalanine into
protein. Support of poly U-directed protein synthesis by
supernatants from embryonic axes of seeds differing in
germinability. Ribosomes were from axes of the 857
germinability seeds. Assays contained 18 jig protein per
reaction

Seed 14
Rapid-Aged Germination C-phenylalanine incorporated

days Z p moles/mg protein/30 min

0 85 332
2 76 300
4 36 343
9 0 216

Assay mixture (400 ul) was 19 mM tris (pH8), 25 mM KCI,
5 mM Mg acetate, 2 mM dithiothreitol, 0.7 mM ATP, 6 mM
creatine phosphate, and 2 mM GTP with 30 Ag creatine
kinase, 100 ug poly U, 27 ug wheat germ tRNA (12), 0.1
uCi phenylalamine (418 mCi/nmole), ribosomes, and supernatant.
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FIG. 3. ATP content of germinating soybean axes from rapid aged
seeds differing in germinability (symbols same as Fig. 2). Each point is
the average of two replicates with 10 axes/replicate.

(Fig. 3). In axes from control seeds of 85% germinability, ATP
increased from a level of about 0.3 nmol/dry axis to 3.6 nmol/
axis in the 1st hr of imbibition. Concurrently, AMP decreased
from 1.2 nmol/dry axis to a level barely detectable by the
method employed. The ADP level was fairly constant (0.3-1
nmol/axis) during this time period. The increase in ATP is not
accounted for by depletion of the AMP and ADP pools as it is in
other seeds (6, 9, 14, 15). Total content of adenylate nucleotides
of soybean axes increased during germination regardless of ex-
tent of deterioration (Fig. 4). In control seeds, the net 5-hr
increase, which was due primarily to ATP, amounted to more
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FIG. 4. Total content of adenylate nucleotides in soybean axes from
rapid aged seeds differing in germinability (symbols same as Fig. 2).

Table II. Adenine and adenosine
content of dry and imbibed soybean
axes
Hours of
Imbibition Adenine Adenosine

nmoles/axis
0 0.28 2.27
1 N.D+ 0.44++
3 N.D 0.10

+Not detected
++Includes the amount of adenosine

found in the extracts and in the
imbibition media.

Each datum represents the means of
2 to 4 replicates.

14
Table III. Uptake of adenosine-8- C by germinating soybean embryonic axes at different stages of

deterioration.

Rapid- Germ- Imbibi- Specific activity
Aged ination tion Uptake RNA ATP ADP AMP of ATP

days % hours cpm x 10 /10 axes % of uptake cpm/nmoles

0 85 1.5 154 1.7 28.9 13.0 9.2 1677
3.0 253 4.7 37.1 13.1 6.9 2264

2 78 1.5 172 0.9 16.3 7.7 7.7 1090
3.0 232 1.8 19.6 9.3 11.2 2553

4 40 1.5 151 0.8 10.2 8.2 12.6 800
3.0 167 1.4 16.7 10.3 9.3 1448

9 0 1.5 204 0.5 8.0 7.5 9.7 1990
3.0 207 0.6 4.9 6.0 9.7 1170

14
Axes were incubsted in adenosine-8- C (17,940 cpm/nmole). Each datum represents the mean of
2 experiments with 10 axes per experiment.
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14
Table IV. Uptake of adenine-8- C by germinating soybean embryonic axes at different stages of

deterioration

Rapid- Germ- Imbibi- Specific activity
ARed ination tion Uptake RNA ATP ADP AMP of ATP

-3
days % hours cpm x 10 /10 axes % of uptake cpm/nmoles

0 85 1.5 249 4.1 43.1 9.1 4.4 2254
3.0 386 8.4 44.8 7.7 4.0 2148

2 78 1.5 246 2.6 26.8 4.4 4.1 1523
3.0 331 6.0 35.7 10.4 4.5 2592

4 40 1.5 167 2.0 21.5 8.8 6.0 1345
3.0 225 4.9 30.1 11.3 6.7 1855

9 0 1.5 180 1.2 9.5 7.1 8.7 821
3.0 216 1.8 15.5 7.6 6.3 1433

Axes were incubated in adenine C (17,400 cpm/nmole). Each datum
experiments with 10 axes per experiment.

than three times the total adenylate nucleoside phosphates of the
dry axes (Fig. 4) and is similar to what happens in crimson clover
seeds (10). This increase in total adenine nucleotides during
these early hours of germination can be accounted for, in part, to
their synthesis from the endogenous pools of adenine and adeno-
sine.
Data in Table II show that there is sufficient adenine and

adenosine present in the dry axis to double the adenylate nucleo-
tides. The rapid decline of these endogenous pools and their
incorporation (Tables III and IV) into adenylate nucleotides
strongly suggest that adenine and adenosine can and do serve as
substrates for adenylate nucleotides in soybean axes. Nucleo-
sides have been regarded as nucleotide reserves in seeds (7, 11).
The increase in adenylates not accounted for by adenine and
adenosine probably arises from de novo synthesis of nucleotides
and conversion of 3'-AMP from RNase activity to adenosine by
3 '-nucleotidase.
The pattern of ATP increase during germination (or imbibi-

tion) was similar for axes from seeds of different germinability,
but the average rate of increase, and hence, the total level of
ATP, varied inversely with degree of seed deterioration (Fig. 3).
Deteriorated axes accumulated less adenylate nucleotides than
control axes. After 3 hr of imbibition, the axes from the most
deteriorated seeds declined in ATP content (Fig. 3).
The low rate of incorporation of adenosine into RNA (Fig.

1B) by deteriorated seeds suggested poor absorption of adeno-
sine or poor conversion of this substrate to ATP. To test these
possibilities, I incubated [14C]adenine and [14C]adenosine with
axes and analyzed the HC104-soluble material for total radioac-
tivity and for ATP, ADP, and AMP. The radioactivity of the
RNA fraction was also determined. Generally, the uptake of
adenine and adenosine, the conversion to ATP and ADP, and
the incorporation of the substrates into RNA decreased with
increased seed deterioration (Tables III and IV). However, the
per cent conversion of these substrates to AMP tended to in-
crease, with seed deterioration, suggesting a block between
AMP and ADP or ATP. The correlations between the total ATP
pool and the amount of adenine (Fig. 5A) and adenosine (Fig.
SB) converted to ATP were significant. These data support the
concept that the incorporation of adenine and adenosine into
RNA is directly related to ATP pool size.
The low amounts of radioactive adenine nucleotides in deteri-

orated axes (Fig. 4) could have been caused by inactivation of
the enzymes that catalyze nucleotide synthesis. However, crude
extracts of axes from seeds of control and 9-day rapid aged (85
and 0% germinability) did not differ in the activities of adeno-
sine kinase and adenine phosphoribosyltransferase enzymes that
convert adenosine and adenine to AMP (Table V). Activity of
the former enzyme was found to depend on ATP concentration
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FIG. 5. Correlation between total ATP pool in soybean axes (10)
from rapid aged seeds and amount of radioactivity from [14C]adenine
(A) and [14C]adenosine (B) in the ATP pool. Axes were germinated for
1.5 or 3 hr in 0.1 mm solutions of "4C-labeled adenine or adenosine.
Each datum point represents one determination, r = correlation coeffi-
cient, m = slope, and i = intercept.

Tabla V. Adenosine kina.se and adenine phosphoribosyltrans-
ferase activities from 3oybean embryonic a-xes

Adenosine Adenine phospho-
Rapid Germin- Kinase ribosyltransferase
Aged ability Exp. I Exp. 2 Exp. I Exp. 2

days % nmoles*/mg protein/min
0 85 5.89 3.33 0.62 1.59
9 0 5.40 3.16 0.76 1.45

* substrate converted to product. Each datum presents the
mean of 2 to 4 different extracts assayed at 2 different
enzyme levels.
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(Fig. 6). Although adenine phosphoribosyltransferase does not
require ATP, the formation of PRPP from ribose-5-PO4 is ATP-
dependent (16). Possibly, the high correlation between ATP
content and the in vivo conversion of [54C]adenine to ATP
indicates PRPP formation.
These data support the concept that energy charge (6, 8)

([ATP] + 1/2 [ADP])/([ATP] + [ADP] + [AMP]) is an impor-
tant control of metabolic activity. In general, the less deterio-
rated the sample, the higher was the energy charge. This was
true whether the EC calculation was based on the total adenine
nucleotide pool or on the distribution of radioactivity in AMP,
ADP, and ATP from adenine or adenosine (Table VI). It is not
known whether the low EC of deteriorated axes is a cause or an
effect of deterioration. The difference in EC between adenine-
and adenosine-incubated tissues is being investigated.
The low conversion of AMP and ADP to ATP in deteriorated

axes could also have resulted from impaired oxidative phospho-
rylation. Respiration rates of axes decrease with seed deteriora-
tion (2).
The synthesis of ATP by oxidative phosphorylation, as well as

continuous uptake of substrates rely on intact membrane sys-
tems. Leaching experiments have shown that deteriorated soy-
bean axes have altered membrane permeability (2). Possibly, the
lower accumulation of ATP, the lower EC, and the lower uptake
of radioactive substrates of deteriorated axes are all related to
degraded membrane systems in the deteriorated tissues.
The low rates of biosynthetic activity in deteriorated seeds are

probably related to the loss in ability to synthesize and accumu-
late ATP rather than to the loss of a specific enzyme in protein or
RNA synthesis. Enzymes which require high ATP concentra-
tions for activity (e.g. those involved in protein synthesis (4),
RNA synthesis, and nucleotide systems) would be the first di-
minished or inactivated by decreases in ATP concentrations.
Many of the observations on lowered rates of metabolic activity
of deteriorated seeds can be explained on this basis, and yet
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FIG. 6. Activity of adenosine kinase as a function of ATP concentra-

tion. Triangles and circles represent activity at 2 and 4 min, respectively,
from ATP addition. After appropriate incubation times, 5-,ul aliquots
were removed, spotted on PEI sheets (1.5 x 2.5 cm), and developed in
H20. After air-drying, the origins were cut from the sheets, placed
directly into vials containing 5 ml of scintillation fluid, and counted so

that the immobile nucleotides could be quantified.
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Table VI. Energy charge (EC) of soybean axes incubated in either

adenine- C or adenosine- 4 C. The EC was determined for total
pool by the luciferin-luciferase method and from the radioactivity
by nucleotides separated on PEI cellulose.

ADENINE ADENOSINE
Germin-
ation Time Total Pool Radioactivity Total Pool Radioactivity

%. hours

85 1.5 0.70 0.84 0.67 9.70
3.0 0.89 0.87 0.75 0.77

78 1.5 0.62 0.84 0.75 0.62
3.0 0.81 0.82 0.76 0.58

40 1.5 0.68 0.72 0.69 0.47
3.0 0.80 0.75 0.60 0.60

0 1.5 0.69 0.58 0.57 0.45
3.0 0.77 0.66 0.50 0.37

Each datum represents the average of 2 experiments with 10 axes per
experiment.

allow for high activity of other reactions, e.g. acetate metabolism
(1, 3). /
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