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ABSTRACT

The influence of O, availability on the rate of protein synthesis, the
levels of RNA and of adenylates, and the value of the energy charge in
squash (Cucurbita maxima) cotyledons isolated from seeds germinated
for 15 or 28 hours at different O, concentration (3% or 20% O;) has
been investigated.

The rate of protein synthesis is five times lower in cotyledons
maintained in 3% O, than in those maintained in 20% O,. Also net
RNA synthesis is almost blocked in 3% O., while in 20% O, it proceeds
almost linearly for 48 hours.

The different RNA contents cannot explain the different rates of
protein synthesis.

The results of shift experiments (cotyledons shifted from 20% to 3%
O, or vice versa) show that the rate of protein synthesis is strictly
correlated with actual O, availability and is largely independent of the
one in the previous period. O controls the development of the adenylate
pool and particularly the increase of ATP level. Thus, both the adenylate
pool and the values of the energy charge ratio are lower in cotyledons
grown in 3% than in 20% O,.

The shifts of O, availability induce rapid changes of ATP, ADP, and
AMP levels and thus of the values of the energy charge, which are
about 0.7 at 3% O, and higher than 0.8 at 20% O, independent of
previous O, availability.

The rate of protein synthesis appears to be largely independent of
the levels of the single nucleotides and better correlated to the energy

charge values.

Resumption of metabolic activities in the early phases of
germination is controlled by both endogenous and external
factors. Among environmental conditions, water and O, availa-
bility play a main role. The mechanism through which water
and O, control seed germination is not satisfactorily understood.

A suitable material for the study of the effect of O, on seed
germination is supplied by squash seeds (Cucurbita maxima).
In this material, O, availability at the onset of germination is
physiologically limited by the presence (under the teguments)
of the inner membrane (residual of nucellus and of endosperm)
which strongly limits O, exchange (4, 23). O, availability of
intact seeds in the early phases of germination is nearly equal to
that of seeds deprived of the inner membrane and incubated in
the presence of 3% O,. Such an O, concentration appears to be
strictly limiting: in fact, increasing pO. (up to 20% O,) strongly
stimulates QO, and the development of many enzymic activities
involved in the resumption of metabolic activities at the onset
of seed germination (5, 23).
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It seems that the effect of O, on seed germination involves an
effect on the systems of transcription and translation of genetic
information. The control exerted by O, on these systems should
imply, in its turn, the regulation of other metabolic parameters
as, for example: (a) an effect on the level of ATP, as promptly
utilizable energy made available by respiration; (b) an effect on
the value of the energy charge (1) as an important factor
regulating both the production of ATP from respiration and its
utilization for metabolic work.

In this investigation, we have studied the effect of O, availa-
bility on the rate of protein synthesis, the levels of RNA and of
adenylates, and the value of the E.C.! in squash cotyledons
incubated in high (20%) or low (3%) O, concentration.

MATERIALS AND METHODS

Squash seeds (Cucurbita maxima) sterilized with 1% w/v
NaClO for 10 min were decoated and deprived of the inner
membrane after 1 hr of imbibition and then germinated at 30 C
in the dark in open Petri dishes on wet filter paper. The dishes
were put in desiccators through which humidified gas mixtures
were flown continuously. Cotyledons were isolated after the
desired times of germination.

Determination of the various parameters was performed
immediately after isolation or after different periods of incuba-
tion (from 7 to 90 min) in distilled H,O in Erlenmeyer flasks.
Gas mixtures were bubbled continuously into the medium
during incubation through a rubber plug provided with two
holes.

Gas Mixtures. Mixtures of O, and N, were used during the
experiments. The concentrations of O, in the gas mixture
expressed in units of volume per volume per cent at 1 atm
pressure, were 3% and 20% . The gas flow was held constant by
different pressure regulators (ASA, Sesto S. Giovanni, Italy).

Rate of Protein Synthesis. The rate of protein synthesis was
determined by means of L-[!*C]leucine (obtained from Amer-
sham) in the presence of 0.1 M leucine. In our material the
amount of radioactivity incorporated in the proteins is independ-
ent of the uptake rate only at leucine concentrations higher
than 50 mm (data not reported). Trichloroacetic acid-soluble
and -insoluble fractions were prepared as described (16).

Levels of RNA. The RNA content of the cotyledons was
measured according to Cocucci and Sturani (11).

Adenine nucleotide levels. Four different methods of ATP
extraction from the cells were tested: incubation in boiling
water for 10 min (9), treatment with liquid N, and 4.5 N
perchloric acid (15), or with liquid N, and 0.6 N perchloric acid
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(13) or with 0.6 N perchloric acid at 0 C. In all cases the
cotyledons were homogenized in a mortar in the presence of
seasand.

The best results with respect to the adenine nucleotide levels
were obtained in this material extracting with 0.6 N perchloric
acid. Killing in liquid N;, as compared to extraction at 0 C gave
the same results; therefore extraction of adenylates was always
performed in 0.6 N perchloric acid at 0 C. The O, concentration
was kept constant respectively at 20% or 3% during extraction
with perchloric acid. The supernatant obtained by centrifugation
for 5 min was filtered, neutralized with K,CO; in the presence
of 0.1 M triethanolamine HCI/NaOH buffer at pH 7.8, and
centrifuged again. The enzymic assay of ATP (17), ADP, and
AMP (14) was performed on the supernatant. Internal standards
of ATP, ADP, and AMP added during homogenization were
recovered at the end of the treatment to the extent of 90%,
85%, and 84%, respectively. Substrates and enzymes for en-
zymic assay of adenylates were obtained from Boehringer.

All of the data reported in this paper are the mean of two or
more experiments run in triplicate. The values of ATP, ADP,
and AMP and E.C. are expressec = SD.

RESULTS AND DISCUSSION

Effect of Oxygen on Content of RNA and on Rate of Protein
Synthesis. The increase of enzymic activities at the beginning of
germination largely depends on de novo synthesis of enzymes
(8, 18, 19). Therefore, the different development of enzymic
activities at the two pO, considered (3% and 20% O,) mainly
reflects a different activity of the protein-synthesizing machin-
ery. The results reported in Figure 1 show that indeed in
cotyledons grown and maintained in low pO, the rate of protein
synthesis — which reaches a plateau after only 15 hr—is only
20% of that measurable in cotyledons maintained in high pO,.

The different activity of the protein-synthesizing machinery
corresponds to a different level of RNA in the cotyledons
grown in the two different pO, (Fig. 2). In fact, the level of
RNA remains almost constant throughout the first 48 hr of
germination in the cotyledons grown in 3% O,, while it increases
progressively in the cotyledons grown in 20% O,.

However, there is no correlation between RNA levels and
the rates of protein synthesis observed in the cotyledons grown
in 3% or 20% O,; in fact, the values of the ratios between the
rate of protein synthesis (Fig. 1) and the level of RNA (Fig. 2)
are markedly lower for the cotyledons maintained in low pO,.
Therefore, in the cotyledons maintained in low pO, there is a
great fraction of RNA which appears not to be involved in
protein synthesis.

Figure 3 demonstrates that the rate of protein synthesis is
controlled by the value of pO, during the measurement and
does not depend on the conditions of low or high O, availability
in the previous period (0-15 or 28 hr). In fact, the rate of
protein synthesis at low pO, appears as low in cotyledons
maintained all of the time in low pO, as in cotyledons grown in
high pO; (for 15 or 28 hr) and shifted to low pO, when the rate
of protein synthesis was measured. Similarly, the rate of protein
synthesis is equally high when measured in conditions of high
pO;, independent of the previous treatment in high or low pO,.

The data in Table I show the changes of the levels of RNA in
cotyledons maintained in the same conditions of high or low
pO:; or shifted from high to low or from low to high pO, for 45
min. These data demonstrate again the absence of any correla-
tion between the rate of protein synthesis and the amount of
total RNA. In fact, even if the shift from low to high pO,
induces a significant increase of the level of RNA, the amount
of total RNA remains—at least for 45 min—Iless than half of
the amount of RNA present in the cotyledons maintained in
high pO,. This of course does not exclude that important, short

RASI-CALDOGNO AND DE MICHELIS

Plant Physiol. Vol. 61, 1978

® 20%0,
500 © 3%O0,
K
2
o
O
~
3 250}
[-4
=
-9
1 1 1
15 30 45

Germination time Chr)

Fic. 1. Effect of O, on rate of protein synthesis in isolated cotyle-
dons. Rate of protein synthesis was measured at different times of
germination over a 30-min period immediately following isolation of
cotyledons and is expressed as nmol of L-[**C]leucine incorporated/
cotyledon.
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Fig. 2. Effect of O, on RNA content of cotyledons isolated at
different times of germination.
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Fi. 3. Protein synthesis in cotyledons isolated after 15 (A) or 28 hr
(B) of germination under 3% (open symbols) or 20% (closed symbols)
O, concentration and maintained during the measurement in the same
O, concentration (continuous line) or transferred respectively under
20% (open symbols, broken line) or 3% (closed symbols, broken line)
O, concentration. Protein synthesis is expressed as nmol of L-
[**C]leucine incorporated/cotyledon.

Effects of Oxygen on Levels of Adenylates and Value of
Energy Charge. The increase of pO, from 3% to 20% O,
brings about a rapid large stimulus of QO,, which likely means
an increase of oxidative phosphorylation (23). This fact and the
very quick response of protein synthesis to the shifts of pO,
suggest that the ATP level and/or the phosphorylation degree
of adenylates (expressed by the values of the energy charge as
formulated by Atkinson [1]) play a role in the regulation of the
rate of protein synthesis by O,. The involvement of adenylate
levels in the control of protein synthesis has been pointed out
by Freudenberg and Mager (12) and by Rupniak and Quincey
(24) in reticulocytes and ascite tumor cells; in plant materials, a

ood correlation between ATP levels, E.C. values, and the rate
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(2) and by Verma and Marcus (26). The values of ATP, ADP,
AMP, and of the E.C. in cotyledons isolated from seeds
germinated for 22 hr in 3% or 20% O, are reported in Table
I1. The levels of all of the nucleotides are lower in the cotyledons
grown in 3% O, than in those grown in 20% O,. The largest
difference is in the level of ATP, which in limiting O, is less
than half of that in 20% O,. As a consequence there is a
change in the value of the E.C. from very high values (0.85),
typical of growing cells, in high pO,, to a substantially lower
value (0.75), in low pO; (6).

The behavior of the adenylate system in response to the shift
of O, availability from 3% to 20% O, or vice versa was then
studied. The levels of ATP, ADP, AMP, and E.C. of cotyledons
isolated after 22 hr of germination in 3% or 20% O,, then
incubated for 30 min in various pO, conditions, are reported in
Table I1I. The data show that the shift to high pO, of cotyledons
coming from low pO, brings about in 30 min a strong decrease
of the levels of ADP and AMP and a considerable increase of
ATP level in comparison with the controls maintained in 3%
0,. Besides, as the increase of ATP is larger than the decrease
of ADP and AMP, an increase of the adenylate pool is evident.
Due to the increase of ATP and the decrease of ADP and
AMP, the E.C. rises to a value also larger than that of
cotyledons maintained in 20% O all of the time. Conversely,
the shift to 3% O, of cotyledons grown in 20% O, brings about
a partial conversion of ATP to ADP and AMP and a consequent
lowering of the E.C. to a value lower than that of controls
maintained in 3% O,. Thus, 30 min after the shift to the two
pO. under consideration, the values of the E.C. are satlsfactonly
correlated to the rates of protein synthesis. This situation is

Table I. Effect of the shift of oxygen availability on RNA content

RNA content (expressed in pg/cotyledon) in cotyledons isolated
from seeds germinated for 28 hr under 3X or 20% 0 measured immediately
after isolation (a); changes in RNA content after 45 min of further
incubation in 3% or 20X 0p (b).

germination ug RNA/(co)tyledon treated changes in RNA content

for 28 hr for 45min (ug/cotyledon) in 45min (b)
32 0y 110 32 02 -2

202 07 +34
20% 0y 315 32 02 -8

20% 02 +1

Table II. Adenine nucleotide levels and energy charge in cotyledons
after 22 hr of germination at different pOy

ATP ADP adenylates E.C.T
nmn1/cotyledon?
20% 0 29.0%1.0 7.4%0.5 1.9%0.2 38.3 0.85%0.02
3% 02 11.5%0.6  5.1%*0.5 1.8%0.1 18.4 0.76%0.02

lA'l'l’ + 1/2 ADP
ATP+ADPFAMP

2
Fresh weight per cotyledon=90 mg at 3% 02 and 100 mg at 20Z O,

Table T11. Adenine nucleotide levels and energy charge after 30 minutes from the
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already clear 7 min after the pO, shift, at least from high to low
pO; (Table 1V); in fact, under these conditions, an increase of
ADP and, also larger, of AMP and a severe decrease of ATP
are clearly detectable after such a short period. Changes of
adenylate levels brought about by a 7-min-long shift from 3%
to 20% O, are less significant; however, a slight increase of
ATP level and decrease of ADP and AMP occur also in this
short period. The delay of the response of the adenylate system
to the increase of pO, might depend on a poor development of
the mitochondrial oxidizing enzymes in conditions of low pO,
(23) and/or on a slow rate of diffusion of O, in the tissue.
Nevertheless, in this case also the change of the E.C. value is
well correlated with the rate of protein synthesis. In fact, while
the shift from high to low pO, causes the rate of protein
synthesis to fall immediately, the highest increase of the rate of
protein synthesis brought about by the shift from 3% to 20%
O, is somewhat delayed.

It is interesting that the rate of protein synthesis is largely
independent of the levels of the three nucleotides separately
considered. Therefore it is difficult to define a threshold of
ATP, ADP, or AMP levels under or over which protein
synthesis is inhibited.

CONCLUSIONS

The results reported in this paper show that in squash cotyle-
dons O, availability affects the rate of protein synthesis, the
accumulation of RNAs and of the adenylate pool, and the
values of the E.C. Oxygen-dependent changes of the rate of
protein synthesis —which is certainly a limiting factor for the
development of metabolic activities in the early phase of germi-
nation —are largely independent of changes of total RNA con-
tent but are positively correlated to the phosphorylation degree
of the adenylates independent of the levels of the single nucleo-
tides.

The fact that the rate of protein synthesis appears correlated
to the values of the E.C. seems physiologically meaningful
because, in this manner, the rate of protein synthesis can be
promptly controlled as pO, changes, independent of the size of
the adenylate pool (3, 25).

The correlation between the values of the E.C. and the rate
of protein synthesis reported in this paper suggests a general
mechanism through which the ratios between ATP, ADP, and
AMP and hence the E.C. may have a regulatory function in
germinating seeds, as has been shown (7, 9, 10, 20-22), and
emphasizes the use of this parameter to investigate the control
of metabolic processes by energy availability in eucaryotes (2,
12).
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shift to different ;02

Levels of adenylates measured after 30 min of incubation of isolated cotyledons in condition of pO2

equal or different from those of germination (22 hr).

germination treatment ATP ADP AMP adenylates E.C.

for 22 hr for 30 min nmol/cotyledon N

32 0, 32 0y 9.3+1.1 4.5+0.6 1.520.2 15.3 0.7510.02
20% 0, 16.7%1.2 2.9:0.5 1.0:0.2 20.6 0.88:0.02

20% 0, 3z 02 13.7:1.4 10.4+0.8 4.9+0,2 29.0 0.65+0.02
202 02 24,1#0.5 6.7:0.6 2.1:0.2 32.9 0.83:0.01

Table IV. Adenine nucleotide levels and energy charge after 7 min from the shift to different pOy

Levels of adenylate measured after 7 min of incubation of isolated cotyledons in conditions
of pO, equal or different from those of germination.

germination treatment ATP ADP AMP adenylates E.C.
for 22 hr for 7 min nmol/cotyledons
3% 0, 32 02 11.6:0.6  4.8+0.4  2.1%0.1 18.5 0.7610.02
20% 0 13.0+0.8 4.0:0.3  1,8:0.2 18.8 0.81:0.02
20% 0 32 0, 19.1:0.9  8.7f1.5  4.2%0.9 32.0 0.73:0.03
2 202 0, 27.5%1.8  6.6*0.8 1.5%0.2 35.6 0.86+0.02

Dowrntoaded fromrom July 19, 2018 - Published by www.plantphysiol.org
Copyright © 1978 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org

88
LITERATURE CITED
1. AtkinsoN DE 1969 Regulation of fi . Annu Rev Mlcroblol 23: 47-68
2. me JD A Gwéinz 1975 l’lam desi and p ynthesis. II. On thc
b ine triphosphate levels and protein-sy g
upacity;?lant Physiol 55: 1110—1114
3. BomseL JL, A PraDer 1968 Study of adenosine 5’ , di- and triph in plant

Jeotid

tissues. IV. Regulation of the level of in vivo, by adenylate kinase: th
and experimental study. Biochim Biophys Acta 162: 230-242
4. BrowN R 1940 An experimental study of the permeability to gases of the seed-coat
membranes of Cucurbita pepo. Ann Bot NS 4: 379-395
5. Cerana R, R CoLomso, P LAapo 1974 Promoting effect of oxygen on the synthesis of
different enzymes in squash cotyledons in the early phase of germination. Rend Accad
Naz Lincei 57: 701-709
6. CHAPMAN AG, L FaLL, DE ATkiNsoN 1971 Adenylate energy charge in Escherichia coli
during growth and starvation. J Bacteriol 108: 1072-1086
7. CueuNG A., A Marcus 1976 ATP levels and the regulation of protein synthesis in
germinating wheat embryo. Plant Physiol. 57: $-9
8. Cuing TM 1972 Metabolism of germinating seeds. In TT Kozlowski, ed, Seed Biology,
Vol 2. Academic Press, New York, pp 103-218
9. Cuing TM, KK CHiNG 1972 Content of adenosi hosph and adenyl,
charge in germinating ponderosa pine seeds. Plant Physnol 50: 536-540
10. Cuing TM, WE KroNsTAD 1972 Varietal differences in growth potential, adenylate
* energy level and energy charge of wheat. Crop Sci 12: 785-789
11. Cocucci S, E STurant 1966 On the protection of the RNA and of the polyribosomes in
extracts of plant tissues. Ital J Biochem 15: 273-278
12. FIBUDBNIBIG H, J Mager 1970 Studies on the hanism of the i ion of p
hesis induced by i llular ATP depletion. Biochim Biophys Acta 232: 537-555
13. HASSON Porath E, A Pou;\xon-Mnln 1971 Content of adenosine phosphate com-
pounds in pea roots grown in saline media. Plant Physiol 47: 109-113

energy

RASI-CALDOGNO AND DE MICHELIS
14.
15.
16.

17.

18.
19.
20.
21.

22

23.

24,

25.

26.

Plant Physiol. Vol. 61, 1978

Jaworexk D, W Gruser, HU B ER In HU Bergmey der Enzy
tischen Analyse, Band I1. Verlag Chemie, Weinheim/Bergstr, pp 2051-2055

Koer MJ, HB 1971 Gi is in the castor bean endosperm. I Changes in
glycolytic intermediates. Plant P‘hyslol 47: 48-52

Lapo P, F Rasi-CaLbooNo, R CoLomso 1977 Effect of cycloheximide on IAA- or FC-
induced cell enlargement in pea internode segments. Plant Sci Lett 9: 93-101

LamprecHT W, 1 Tnu1'snou) 1970 Ad in-5'-triphosphatb g mit hexokinase
und gl -6-phosph drog . In HU Bergmey der Enzyma-
tlschen Analyse. Band 1L Verlng Chemie, Wemhelm/Bergstr, pp 2024-2033

Maret E 1967 Rib and h during ion and ger
castor bean seed. Curr Top Dev Blol 2: 75 105

MavEr AM, Y SHAIN 1974 Control of seed germination. Annu Rev Plant Physiol 25:
167-193

MoreLanp DE, GG Hussey, CR SHRINER, FS FArMER 1974 Adenosine phosphates in
germinating radish (Raph sativus L.) seeds. Plant Physiol 54: 560-563

Onenporr RL, A Marcus 1974 Rapid i in ad 5'-triphosph
wheat embryo germination. Plant Physiol 53: 779-781

PRADET A, A NARAYANAN, J VEmmeerscH 1968 Etude des adénosine-5'-mono, di et tri-
phosphates dans les tissus végé II1. Métaboli é étique au cours des premiers
stades de la germination des semences de laitue. Bull Soc Fr Physiol Vég 14: 107-114

RoLro F, R CoLomso, P Lapo, F Rasi-CALDOGNO 1972 The effect of oxygen on the
development of enzyme activities in germinating seeds of Cucurbita maxima. Rend
Accad Naz Lincei 53: 165-172

Rupniak HT, RV Quincey 1975 Small changes in energy charge affect protein synthesis
in reticulocyte lysate. FEBS Lett 58: 99-101

SeLLAMI A, JL BomseL 1975 Evolution de la charge énergétique du pool adénilique des
feuilles de Blé au cours de I'anoxie. Etude de la ibilité des ph &nes observés.
Physiol Vég 13: 611-617

Verma DPS, A MAICUS 1974 Oxygen availability as a control factor in the density-
d d of in synthesis in cell culture. J Cell Sci 41: 331-337

P 8! P

d, Method
’

du-.;

of the

during early

q

Downloaded from on July 19, 2018 - Published by www.plantphysiol.org
Copyright © 1978 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org

