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Abstract—The endogenous content of methionine in isolated petals of Tradescantia was found to increase
during petal senescence while the levels of S-methylmethionine and protein were found to decline. The increase
in free methionine was, at least in part, the result of protein degradation. Methionine and homocysteine were
shown to be intermediates in ethylene biosynthesis while S-methylmethionine was not involved. Application of
1-aminocyclopropane-1-carboxylic acid (ACC) to all floral tissues resulted in large stimulations of ethylene
production. ACC was shown to be an endogenous amino acid the internal levels of which correlated positively
with the rate of cthylene production. Application of r-methionine-[U-"*C] led to a rapid appearance of
radioactivity in both ethylene and ACC. The specific radioactivity of C-2 and C-3 of ACC and that of ethylene
were found to be nearly identical which indicated that ACC was the immediate precursor of ethylene in

senescing petals of Tradescantia.

INTRODUCTION

Methionine has been shown to be the in vivo precur-
sor of ethylene in all plant tissues that have been
examined thus far [1]. Investigations on the metabol-
ism of methionine in senescing flower tissue of
Ipomoea tricolor [2] have shown that methionine, in
addition to being converted to ethylene, is also con-
verted to S-methylmethionine (SMM). In this tissue
SMM serves as a reserve form of methionine which is
converted back to methionine during senescence.

Evidence based on labelling data has been pre-
sented which indicates that S-adenosylmethionine
(SAM) and l-aminocyclopropane-1-carboxylic acid
(ACC) are intermediates in the conversion of
methionine to ethylene in apple tissue [3, 4]. Subse-
quent work (using an in vitro enzyme system from
ripening tomato fruit) has confirmed the validity of the
above hypothesis [5]. Thus, the biosynthetic pathway
of ethylene formation is thought to proceed as follows:
Methionine ——>—— SAM —————— ACC
——>—>—>—> ethylene. The well-known inhibitor of
ethylene biosynthesis, aminoethoxyvinylglycine (AVG)
has been shown to inhibit the enzyme that catalyzes
the conversion of SAM to ACC [5].

In this communication we describe our studies on
the metabolism of methionine in relation to ethylene
biosynthesis in senescing petals of the ephemeral
flower of Tradescantis.
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RESULTS

Endogenous levels of amino acids and protein during
petal senescence

An analysis of the endogenous levels of several
amino acids and protein is presented in Table 1. The
level of free methionine increased over 2-fold during
petal senescence reaching a final value of 14.8 nmol/3
petals. Similarly, the level of free leucine also in-
creased as the petals senesced. The level of free SMM
declined as the petals senesced from an initial value of
7.4 nmol/3 petals to a final value of 2.6 nmol/3 petals.
As in other senescing tissues, the protein content of
these petals was also found to decline during petal
senescence. From the data presented in Table 1, it was
calculated that less than 1% of the free methionine
present in the petals on the morning of senescence
would be needed as a substrate to account for the total
amount of ethylene produced by these petals as they
senesced.

Methionine metabolism during petal senescence

In order to investigate the metabolic fate of
methionine during petal senescence, petals excised
from flower buds on the afternoon before the day of
opening were incubated overnight on a 10 uM solu-
tion of methionine which contained 4 uCi of L-
methionine-[U-"“C]. On the day of senescence, the
petals were rinsed and extracted at various times
during the course of senescence. Throughout the day,
radioactivity was found in the following fractions:
ethanol-soluble, ethanol-insoluble and carbon dioxide.
Acid hydrolysis of the ethanol-insoluble fraction fol-
lowed by TLC of the hydrolysate demonstrated that
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Table 1. Levels of endogenous amino acids and protein in
senescing petals of Tradescantia

Time of day (hr)

Compound 09:00 15:00 21:00
Methionine 6.80 10.23 14.77
Leucine 44.20 67.73 74.17
S-Methylmethionine 7.39 4.27 2.63
Protein 225.00 160.00 175.00

Amino acid levels are expressed as nmol/3 petals. Protein
is expressed as ug BSA equivalents/3 petals. A total of
0.04 nmol of ethylene was produced during the experiment.

the radioactivity in this fraction was associated with
methionine originally bound in protein. TLC of the
ethanol-soluble fraction, followed by scanning of the
TLC plate for radioactivity, showed three major zones
of radioactivity, Using a variety of criteria (see Experi-
mental and [2]), these zones were shown to be $-
methylmethionine, methionine, and methionine sul-
foxide. Methionine sulfoxide was considered to have
arisen as an artifact of extraction and its occurrence
was not investigated further.

The results of a time-course study of methionine
metabolism during petal senescence in Tradescantia
petals are shown in Table 2. During petal senescence,
we observed a large increase in radioactivity as-
sociated with free methionine, a small decline in the

Table 2. Metabolic fate of L-methionine-[U-'*C] in senesc-
ing petals of Tradescaniia

Time of day Radioactivity (nCi/petal)

extracted (hr) Methionine S-Methylmethionine Protein
09:15 5.10 0.30 12.31
12:15 6.18 0.46 11.64
16:20 7.38 0.32 8.01
21:00 7.88 0.26 5.50

Petals were floated overnight on a 10 uM solution of
i.-methionine which contained 4 uCi of r-methionine-[U-
C] (256 mCi/mmol) and were extracted at various times on
the following day.

radioactivity associated with SMM and a much farger
decrease in the radioactivity associated with protein.
These results indicated that the increase in free
methionine observed during petal senescence in
Tradescantia was, at least in part, the result of protein
degradation rather than the result of the conversion of
SMM to methionine.

Methionine metabolism in relation io ethvlene biosyn-
thesis during petal senescence

Since radioactivity was found associated with two
soluble compounds, SMM and methionine, it was of
interest to determine which of these two compounds
was the closer precursor of ethylene in petals of
Tradescantia. In order to differentiate between these
two possibilities, the ability of SMM, methionine, and
homocysteine to reduce the specific radioactivity of
ethylene in petals which had been previously incu-
bated on L-methionine-[U-"*C] was tested. The results
of one such experiment are shown in Table 3.
Methionine was the best dilutant of the specific
radioactivity of ethylene. Homocysteine was also
effective as a dilutant. SMM, on the other hand,
exhibited only marginal ability to reduce the specific
radioactivity of ethylene. These results indicated that
methionine was a closer precursor of ethylene than
was SMM.

Effect of ACC on ethylene production

ACC has been proposed as the immediate precursor
of ethylene in ripening apples [4]. Therefore, it was of
interest to determine the effect of this compound on
ethylene biosynthesis in petals of Tradescantia. The
results of one such experiment are shown in Fig. 1.
Ethylene production could be detected in untreated
petals by 14:00 hr, and by the end of the experiment,
these petals had produced 1.93 nl of cthylene. Petals
exposed to ACC produced large amounts of ethylene,
and the onset of ethylene production could be de-
tected within 15 min of ACC application. By the end
of the experiment, these petals had produced 42.7 nl
of ethylene. Aminoethoxyvinviglycine (AVG) was
found to have little effect on either the initiation of
ethylene production or on the final amount of ethylene

Table 3. Reduction of the specific radioactivity of ethylene produced by senescing petals
of Tradescantia by unlabelled amino acids

Ethylene Specific activity

Collection formed of ethylene Yo
period (min) Dilutant {nmol) nCi/nmol Dilution

0-75 Water 0.04 5.72 0

Methionine 0.05 2.61 54

SMM 0.04 4.93 14

Homocysteine 0.05 3.80 34

75-170 Water 0.02 5.35 0

Methionine 0.03 2.34 56

SMM 0.02 4.71 12

Homocysteine 0.03 3.68 31

Petals were incubated overnight on 15 uCi of L-methionine-[U-*C] (256 mCi/mmol)
and were transferred to flasks the next morning. When ethylene production commenced,
water or a solution of an unlabelled amino acid was introduced into each Hfask.
Concentration of unlabelled amino acids: L-methionine and L-homocysteine-thiolactone:

1mM; pL-S-methylmethionine: 2 mM.
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Fig. 1. The effect of ACC on ethylene production by mature
petals of Tradescantia in the presence and absence of in-
hibitors of ethylene biosynthesis. Concentration of ACC:
0.5 mM; aminoethoxyvinylglycine (AVG): 50 uM; N-propyl
gallate (nPG): 0.5 mM. Petals were excised at 09:00 hr and
treatments with inhibitor solutions were initiated im-
mediately. Petals were placed on ACC solutions in the pres-
ence and absence of inhibitors at 10:30 hr.

produced by these petals in response to ACC. On the
other hand, n-propyl gallate inhibited the rate of
ethylene production in ACC-treated petals (Fig. 1).
We have previously shown [6] that petals of Trades-
cantia develop the ability to produce ethylene as they
mature, with only the mature petals being capable of
‘autocatalytic’ ethylene production. It was of interest
to determine if the ability of ACC to stimulate
ethylene production in flower tissues paralleled the
tissue’s ability to produce ethylene in the absence of
ACC. As can be seen from Table 4, application of

Table 4. Effect of ACC on ethylene production in sepals and
petals of different ages isolated from flowers of Tradescantia

Ethylene
Tissue Age Treatment produced (nl)
Sepals -2 Water 0.31
Sepals -2 ACC 5.71
Petals -2 Water 0.31
Petals -2 ACC 29.95
Sepals -1 Water 0.23
Sepals -1 ACC 6.24
Petals -1 Water 0.20
Petals -1 ACC 36.33
Sepals 0 Water 0.23
Sepals 0 ACC 11.85
Petals 0 Water 0.95
Petals 0 ACC 14.26

Nine petals or sepals were placed in 25 ml flasks to which
was added 1 ml of water or 0.1 mM ACC. Tissue ages: —2,
tissue isolated 2 days prior to flower opening; —1, tissue
isolated 1 day prior to flower opening; 0, tissue isolated the
day of flower opening.
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ACC to petals and sepals resulted in the production of
large amounts of ethylene. Interestingly, immature
petals, which normally produce only small amounts of
ethylene, produced the greatest amount of ethylene in
response to ACC. Thus, the ability of ACC to stimu-
late ethylene production in flower tissues of Trades-
cantia in no way correlated with the level of ethylene
production in the absence of ACC.

Endogenous levels of ACC in relation to ethylene pro-
duction

Experiments were conducted to determine if the
endogenous levels of ACC correlated with the rate of
ethylene production in mature tissues. The results of a
time-course study comparing the endogenous content
of ACC with ethylene synthesis is shown in Fig. 2. The
endogenous content of ACC remained low in control
petals until the onset of ethylene production when it
began to rise. Thereafter, the content of ACC con-
tinued to increase as did the rate of ethylene produc-
tion. Pretreatment of the petals with ethylene has-
tened the initiation and increased the subsequent rates
of ethylene production and it also exerted a similar
effect on the endogenous content of ACC. Petals
pretreated with ethylene in the presence of cyclohex-
imide produced no ethylene and showed no increase in
the endogenous levels of ACC.

Comparison of the specific radioactivities of ethylene
and ACC

In order to establish a precursor—product relation-
ship between ACC and ethylene, a comparison was
made between the specific radioactivities of ethylene
and ACC at various times following application of -
methionine-[U-"*C]. The results of one such compari-
son are shown in Table 5. The specific radioactivity of
ethylene increased with the incubation time on label-
led methionine. Radioactivity was found in ACC at
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Fig. 2. Ethylene production (A) and endogenous levels of

ACC (B) in mature petals of Tradescantia. Cycloheximide

(CHI) treatment was initiated immediately after excision

(09:00 hr). Ethylene pretreatment was begun 60 min follow-
ing excision and lasted for 60 min (10:00-11:00 hr).
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Table 5. Specific radioactivities of ethylene and carbon
atoms 2+ 3 of ACC at various times following the addition of
i.-methionine-[U-'*C] to mature petals of Tradescantia

Trapping period Specific radioactivity (nCi/nmol)

(min) Ethylene ACC
0- 40 0.268 0.309
40- 80 0.667 0.556
80-120 0.960 0.895

6.3 uCi of t-methionine-[U-"*C] (256 mCi/mmol) was
added at zero time to mature petals actively producing
ethylene.

each determination which demonstrated that it was
derived from methionine. Moreover, the specific
radioactivity of both ACC and ethylene closely paral-
led each other throughout the experiment. This agree-
ment indicated that these two compounds were
metabolically related and that ACC was the in vivo
precursor of ethylene mature petals of Tradescantia.

DISCUSSION

The results presented in Table 1 indicate that the
availability of methionine does not limit ethylene pro-
duction in mature petals of Tradescantia. Consistent
with this hypothesis is the observation that application
of 1 mM ir-methionine has no effect on either the
initiation or the total amount of ethylene produced by
these petals [7]. This situation is similar to that found
in senescing flower tissue of Ipomoea tricolor 2], but
differs from that in ripening apple tissue {8].

The results presented in Tables 1 and 2 demonstrate
that SMM is a naturally occurring amino acid in petals
of Tradescantia and that it is a principal metabolite of
applied methionine. The results presented in Table 2
indicate that the increase in free methionine which
occurs during petal senescence in Tradescantia cannot
be accounted for by the conversion of SMM to
methionine. Rather, these results indicate that the
increase in frec methionine observed during petal
senescence is, at least in part, the result of protein
degradation. This situation differs from that found in
senescing flower tissue of Ipomoea tricolor where
methionine s synthesized through a transfer of a
methyl group from SMM to homocysteine [2].

The results of the dilution experiment indicate that
SMM is not directly involved in ethylene biosynthesis
(Table 3). The fact that methionine reduces the
specific radioactivity of ethylene more efficiently than
SMM is most easily explained by the hypothesis that
methionine is a closer precursor of ethylene than is
SMM. The ability of homocysteine to reduce the
specific radioactivity of ethylene is consistent with the
fact that it is an immediate precursor of methionine in
plant tissues. In other studies [7], it was found that
SMM is readily taken up by isolated petals of Trades-
cantia; therefore, the inability of SMM to reduce the
specific radioactivity of ethylene reflects its lack of
involvement in ethylene biosynthesis rather then a
lack of uptake.

In order to demonstrate that ACC is involved in
cthylene biosynthesis, three criteria must be met: (a)
ACC must be converted to ethylene, (b) ACC must be
an endogenous amino acid, and (¢) ACC must be
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formed from methionine. The results presented in Fig.
1 and Table 4 leave no doubt that ACC is readily
converted to ethylene in petals of Tradescantia. The
copious amounts of ethylene produced in response to
ACC application make it seem unlikely that ACC
stimulates ethylene production by a mechanism other
than its being a substrate. The results presented in Fig.
2 demonstrate that ACC is an endogenous amino acid
in petals of Tradescantia the levels of which correlate
with the amount of ethylene being produced. Finally,
the results presented in Table 5 show that ACC is
derived from methionine and the close agreement
between the specific radioactivities of ACC and
ethylene confirms a precursor-product relationship, as
was first suggested by Adams and Yang [4].

The ability of ACC to stimulate ethylene production
regardless of age in all flower tissues tested indicates
that the formation of ACC is the rate-limiting step in
ethylene biosynthesis in petals of Tradescantia. The
inability of AVG to inhibit the conversion of ACC to
ethylene (Fig. 1) is consistent with the hypothesis [4,
5] that this compound inhibits the formation rather
than the utilization of ACC. The ability of n-propyl
gallate to inhibit the conversion of ACC to ethylene
suggests a site of action for this inhibitor. However, in
other studies (not shown) application of n-propyl gal-
late to petals of Tradescanta did not lead to an
accumulation of ACC as would be expected if only its
utilization was impaired. In fact, the ACC-forming
enzyme from tomato [S] and a cell-free. ACC-
dependent ethylene-forming system {rom peas [10]
were both inhibited by n-propyl gallate.

EXPERIMENTAL

Plant culture and ethylene analysis. Clone 02 of Trades-
cantia was grown as previously described {6]. Ethylene was
analysed in | ml gas samples by GLC as previously described
2]

Amino acid and protein analysis. Petals were excised from
open flowers between 08:00 and 08:30 hr on the day of
senescence and groups of 6 petals (ca 0.1 g) were transferred
to 25 mi flasks. The flasks were flushed with ethylenc-free air
and were sealed. At the times noted. the petals were ex-
tracted with 2 ml 80%EtOH containing SmM gB-mercap-
toethanol (extraction medium). The extracts were centrifuged
at 13000 g for 10 min. and the supernatant was decanted.
The pellet was re-extracted with 1 ml of extraction medium
and was recentrifuged. The combined supernatants were
evaporated at 40° in N,. They were redissolved in 0.1 N HCI,
and amino acid levels were determined in aliquots of this
solution as previously described [2. 9]. Protein was deter-
mined in the washed, ethanol-insoluble pellet by the method
of Lowry et al. [11].

Methionine metabolism. Petals were excised from un-
opened buds on the evening prior to flower opening and were
floated overnight on a 2 ml solution of 10 M L-methionine
containing 4 uCi of 1-methionine-[U-'"*C} (256 mCi/mmol.
New England Nuclear). The next morning. the petals were
rinsed with distilied H,O for 20 min and groups of 12 petals
were transferred to 25 ml flasks which were then sealed. At
the times noted, a group of petals was removed from a flask
and was extracted as above. The dried EtOH-soluble fraction
was redissolved in 80% EtOH and aliquots of this were
subjected to TLC on cellulose plates developed with n-
BuOH-Mec,CO-HNEt,-H,O  (30:30:6:151.  Following
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TLC, the plates were scanned for radioactivity, and the
radioactive zones were scraped from the plate. For quantita-
tion, these zones were combusted in a sample oxidizer, and
the radioactivity was determined by liquid scintillation count-
ing. Identification of the EtOH-soluble, radioactive zones
was accomplished as described previously [2]. The EtOH-
insoluble fraction was subjected to acid hydrolysis in concen-
trated HCl at 110° under N,.

Dilution experiments. Petals were excised from unopened
buds and were floated overnight on 3 ml dist. H,O containing
7 1Ci L-methionine-[U-'C]. The next morning, the petals
were rinsed with distilled H,O, and groups of 24 petals were
transferred to 25ml flasks. The flasks were flushed with
ethylene-free air and were sealed. When petals began pro-
ducing ethylene, the flasks were opened and 1.25 ml H,O or
an unlabeiled amino-acid solution was added to each flask.
Concentrations of unlabelled amino acids were L-methionine:
1mM; r-homocysteine—thiolactone: 1mM; and bD,L-S-
methylmethionine: 2 mM. Flasks were flushed with ethylene-
free air and were sealed with a CO, trap inside. The CO,
trap consisted of a strip of fluted filter paper wetted with a
solution of N NaOH saturated with Ba(OH), which was
suspended over the petals in a vial. After 75 min, a 50 ml gas
sample was removed from the flask and the specific radioac-
tivity of ethylene was determined as previously described [2].
Flasks were then opened, flushed with ethylene-free air, and
resealed. 95 min later the trapping procedure was repeated.

Effects of ACC on ethylene production. Petals were isolated
from open flowers in the morning. Petals to be treated with
ACC in the presence of either AVG or n-Propyl gallate were
initially floated for 90 min on 5 ml of the following inhibitor
solutions: 0.1 mM AVG or 1.0 mM n-propyl gallate. After
this pretreatment, the petals were transferred to 50 ml flasks
containing 1.5 ml of a soln of 0.5 mM ACC plus the inhibitor
solution at one-half of the concn employed during the pre-
treatment. Petals to be exposed to ACC alone were initially
floated on distilled water prior to transfer to the incubation
flasks. Control petals were maintained on distilled water
throughout.

Endogenous content of ACC. Petals were isolated from
open flowers. Groups of 15 petals were transferred to 25 ml
flasks which were flushed with ethylene-free air and sealed.
Petals pretreated with ethylene were exposed to 10 pl/l. of
ethylene for 1hr prior to transfer to the incubation flasks.
Cycloheximide treatment was initiated 60 min prior to the
pretreatment with ethylene and was maintained throughout
the experiment. At the appropriate times, the ethylene con-
tent in the headspace above the petals was determined, and
the petals were extracted with 80% EtOH as before. Ali-
quots of the EtOH-soluble fraction were applied to cellulose
TLC plates and the plates were developed as before. Authen-
tic standards of ACC were run in parallel with each extract.
Following development, the zone corresponding to the posi-
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tion of the standard was scraped from the plate. ACC was
eluted from the cellulose powder with EtOH and was evapd.
Residue was redissolved in 1ml 0.1 M Na-Pi buffer (pH
11.5). One half of this was used directly in the ACC assay
[5]. To the remaining half 10 nmol of authentic ACC were
added prior to the assay in order to determine the efficiency
of the test.

Determination of the specific radioactivity of ethylene and
ACC. Petals were excised from open flowers and were
placed in 50 ml flasks. Ethylene production was monitored,
and when the petals began producing ethylene, 2.5 mi of an
aq. soln containing 6.3 wCi of L-methionine-[U-*C] were
added to each flask. Flasks were sealed with CO, trap inside.
After 40 min, an aliquot of the gas phase was removed from
one flask for the determination of the specific radioactivity of
ethylene. Petals were then removed from that flask,
homogenized in 80% EtOH, and ACC was isolated as be-
fore. At this time, a second flask was opened, flushed with
ethylene-free air and resealed. After 40 min, the ethylene
trapping and homogenization were performed with the sec-
ond sample. At this time the third flask was opened and
flushed with ethylene-free air and resealed. After 40 min, the
trapping and homogenization were repeated for a third time.
ACC was converted to ethylene by the method of Boller et
al. [5]. The specific radioactivity of the ACC-derived
ethylene was then determined as before [2].
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