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The recycling of 5-methylthioribose (MTR) to methionine in
cell free extracts from fruit tissues was examined.
[

Addition of

CHo]MTR alone to the tissue extracts was not metabolized while

[14CH3]MTR plus ATP or [^C^] 5-methylthioribose-l-phosphate (MTRl-P) were metabolized to two new products by these extracts.

The

data indicated that MTR was converted to MTR-l-P by MTR kinase (a
previously unidentified plant enzyme) before further metabolism
could occur.

The products of MTR-l-P metabolism were tentatively

identified as a-keto-Y-methylthiobutyric acid (a-KMB) and ahydroxy-y-methylthiobutyric acid (a-HMB) by chromatography in
several solvent systems.

[

S]a-KMB was found to be further

metabolized to methionine and to a-HMB by these extracts, whereas
a-HMB was not metabolized.

However, a-HMB inhibited the conversion

of a-KMB to methionine and ethylene.

Both [U-14C]a-KMB and [U-

14 CJmethionine, but not [U- 14 CJa-HMB, were converted to ethylene in
tomato pericarp tissue plugs.

Aminoethoxyvinylglycine inhibited

the conversion of a-KMB to ethylene.

Thus the recycling pathway

leading to ethylene is MTR * MTR-l-P -»■ a-KMB + methionine * Sadenosylmethionine + 1-aminocyclopropane-l-carboxylic acid +
ethylene.
5'-Methylthioadenosine (MTA) nucleosidase and 5methylthioribose (MTR) kinase activities were measured in crude
extracts of developing tomato fruits (Lycopersicon esculentum Mill
cv Rutgers).

The highest activity of MTA nucleosidase (1,250

pmol/mg protein/min) was observed in small green fruits, then the
activity decreased during ripening and was only 6.5% in the overripe stage.

MTR kinase activity, conversely, was low at the small

green stage and increased thereafter until it reached peak activity
(700 pmol/mg protein/min) at the breaker stage then sharply
declined at latter stages.

1-Aminocyclopropane-l-carboxylic acid

(ACC) levels peaked at the red stage and ethylene reached its
highest level at the light-red stage.

Several analogs of MTA and

MTR were tested as both enzyme and ethylene inhibitors.

5'-

chloroformycin showed the highest inhibition (88%) of MTA
nucleosidase and iBRT showed the highest inhibition (59%) of MTR
kinase activity.
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ETHYLENE BIOSYNTHESIS: NEW INTERMEDIATES IN THE REGENERATION
OF METHIONINE IN FRUITS
INTRODUCTION

Ethylene is a natural plant hormone recognized to regulate
many facets of plant growth, development, and senescence.
Methionine, the natural precursor of ethylene in all plant tissues
(89,91,150), has been reported to exist in small quantity even in
tissues that are known to produce significant amounts of ethylene
(15).

This observation prompted plant physiologists to examine the

fate of methionine during ethylene biosynthesis.
Burg _et_ al^. (30) and Murr et_ al. (110,111) observed that
inhibitors of the oxidative phosphorylation inhibited the
conversion of methionine to ethylene.

They suggested that a high

energy requiring step existed between methionine and ethylene and
they proposed S-adenosylmethionine (SAM) as an intermediate between
methionine and ethylene.

In order to test this proposal Adams et

al. (6) incubated climacteric apple fruit plugs with
[ 35 S]methionine.

Paper radiochromatogram scans of the ethanol

extracts (developed in butanol:acetone:water 4:1:5 v/v) of the
apple plugs showed the presence of S'-methylthioadenosine (MTA) (R^
0.72), 5-methylthioribose (MTR) (Rf 0.72) and several other
unidentified metabolites (Rf 0.10, 0.20, 0.23, and 0.85).

These

results presented an indirect evidence that SAM is an intermediate
between methionine and ethylene.

When apple plugs were incubated

with t 35 S]MTA the radioactivity was efficiently incorporated into

MTR and methionine.

However, when [-"SlMTR was administered to the

tissue, the radioactivity was found in methionine and other
unidentified products.

These results suggested that the sulfur of

MTA is incorporated into methionine via MTR.
Adams et al. (7) and lAirssen et al. (94,95) simultaneously
showed that 1-aminocyclopropane-l-carboxylic acid (ACC) is an
intermediate step in the conversion of SAM to ethylene.

They

proposed the following sequence of reactions for ethylene synthesis
in plants:
methionine—►SAM—»ACC—»ethylene.
MTA
5'-methylthioadenosine nucleosidase then catalyses the
conversion of MTA to 5-methylthioribose (MTR), which is recycled to
methionine through a partially known mechanism.
Previously it has been reported that the methylthiol group of
MTR accepts a 4-carbon unit from homoserine to form a new
methionine molecule (53,87,153,156).

However, recently it has been

established that the ribose moiety of MTA and MTR formed the 4carbon (2-aminobutyrate portion of methionine) acceptor
(146,163).
Ferro et al. (48) examined the fate of MTR in Enterobacter
aerogenes.

They purified an enzyme, 5-methylthioribose kinase,

that catalyzes an ATP dependent phosphorylation of MTR to 5methylthioribose-1-phosphate and proposed that this enzyme may be a
primary enzyme involved in the recycling of MTR to methionine.

The

metabolism of MTR-l-P examined in rat liver homogenate (10,141),
showed that MTR-l-P oxidatively converted to a-keto-Ymethylthiobutyric acid (a-KMB) (10,141) and a-hydroxy-ymethylthiobutyric acid (a-HMB) (141).

Backlund et_al. (10) showed

that a-KMB is an intermediate in the conversion of MTR-l-P to
methionine.

Trackman et al. (141) showed that a-KMB converted to

a-HMB prior to its conversion to methionine.
The objectives of this thesis are to examine possible
intermediates between MTR and methionine, specifically the
involvement of 5-methylthioribose-l-phosphate (MTR-l-P), a-keto-Ymethylthiobutyric acid (a-KMB), and a-hydroxy-Y-methylthiobutyric
acid (a-HMB) in the ethylene biosynthetic pathway, to examine the
changes of MTA nucleosidase and MTR kinase specific activities
during fruit development and ripening and the possible role of the
methionine recycling pathway in regulating ethylene biosynthesis.

LITERATURE REVIEW

Observations on the effects of illuminating gas on plant
growth are reported in the literature dated back to 1858 (45).
Neljubow (115) observed that pea seedlings germinated in laboratory
air contaminated with burning fumes grew horizontally, showed more
radial expansion, and less vertical growth compared to
uncontaminated air.

Later studies by Sievers et al. (137) showed

that green lemon fruits exposed to such fumes turned yellow.
Ethylene, however, was not recognized as the active component of
these fumes until the work of Denny (38) who observed that ethylene
duplicated the effect of burning fumes in inducing lemon fruit
degreening.
The first established report that ethylene is a natural plant
product was presented by Elmer (44) who showed that apple fruits
produced a volatile substance that inhibited the growth of potato
sprouts, similar to an inhibition induced by burning fumes.

Gane

(52) and Kidd and West (72,73,74) also observed that the gaseous
emanation from ripe apples induced the ripening of unripe apple
fruits.

Chemical proof that ethylene is produced during fruit

ripening was first reported by Gane (51).

Despite the dramatic

physiological effects of ethylene, research in this field was very
slow until the early 1960's.
Studies on ethylene production in plants have established that
nearly all plant parts produce ethylene including leaves, stems,
buds, flowers, fruits, and roots (18,31,69,86,99,103,116,151).

The

amount produced, however, varies with the types of tissue and their
stage of development (26,27,121).

In etiolated pea stems, for

example, the highest rate of ethylene production is associated with
the meristem and node regions, while the internode tissue produced
lower amounts of ethylene (43).
The discovery of ethylene as a natural plant product that can
induce significant physiological changes in plant growth,
development, and senescence (1), and that it can interact with
other plant hormones to induce these changes at very low concentration, prompted plant physiologists to conclude that ethylene
functions as a natural plant hormone (28,33).

Postharvest

physiologists have since recognized the essential role of ethylene
as a fruit ripening hormone (1,119) and a general senescence
promoter (127).

Physiological Role of Ethylene in Higher Plants
Ethylene appears to regulate many aspects of plant growth,
development and senescence (1).

The most important effect of

ethylene in the postharvest physiology of fruits is the induction
of ripening (1,27).

Other important aspects of ethylene include:

abscission and senescence of leaves, flowers, and fruits
(66,79,138), inhibition of vertical growth (134,140), promotion of
lateral expansion (54,117), promotion of seed germination (42,71),
breaking of bud dormancy (98,109), promotion of adventitious root
primordia (80,113), acceleration of chlorophyll degradation
(40,147), increased synthesis of anthocyanin pigments in fruits

(58,120), change of sex expression in some cucurbitaceous plants
(more female flowers) (123,125), epinasty of leaves (37), and
induction of flowering in the bromeliad family (28,124).

Role of Ethylene in Fruit Ripening
Ripening is a complex physiological process, involving many
biochemical and physical changes (59,122).

Kidd and West (75)

first suggested that ethylene is a ripening hormone.

This concept

was challenged by Biale (17) who found that some fruits (i.e.
mangoes) ripened without increased ethylene synthesis.

Biale,

therefore, suggested that ethylene is a by-product, not an
initiator of ripening.

However, the development of gas

chromatography as a tool for measuring very small quantities of
ethylene (32,63,108), helped provide evidence that all fruits
including mangoes produce ethylene during their ripening, and that
different fruits vary in the amount of ethylene they produce,
depending on the type of fruit and its stage of development
(26,96).
Support of the concept that ethylene is a ripening hormone was
presented by Burg et al. (27,28) who showed that fruit ripening was
delayed by treatments that removed ethylene from the fruits.
Storing fruits under vacuum, for example, reduced ethylene
synthesis and delayed ripening significantly.

Mapson et al. (102)

demonstrated that storing bananas under low oxygen (below 10%)
increased fruit shelf life.

Similarly, chemicals that inhibit

ethylene synthesis were found to be effective in delaying fruit

ripening (90,107,129).

Physiological studies of rin and nor, non-

ripening tomato mutants, showed that ethylene biosynthesis did not
increase in these fruits during climacteric (41,61).

These

results, along with the observation that exogenously applied
ethylene can induce apparently normal fruit ripening without
changes in fruit quality, provided evidence that ethylene triggers
the changes that take place during fruit ripening.
The mechanism by which ethylene initiates fruit ripening is
still not clear (59).

One of the earliest conceptions as to the

mode of action of ethylene was presented by Blackman et al. (19)
who suggested that the effect of ethylene is to lower the
"organization resistance" (protoplasmic control of metabolic rate)
of the protoplasm to allow contact of the reactants.

Sacher (126)

reported that in banana fruit slices the amount of cell free space
significantly increased 44 h before the beginning of the
climacteric period, suggesting a progressive increase in the
proportion of cells which become completely permeable to solutes.
He concluded, therefore, that the initiation of permeability marked
the onset of ripening and that ethylene triggers these changes.
Lyons et al. (97) suggested that an increase in the amount of ATP
movement across the mitochondrial membrane following the increase
in permeability would result in an increase of available energy to
drive ripening.
Burg et al. (29) suggested that caution must be taken in
interpreting results based on increased membrane leakage, since an

increase in the sjmthesis of sugars and protein during the ripening
process may account for the increased solute movements.

Mehard

(106) showed that, in vitro, ethylene does not act by causing overt
changes in membrane permeability.

Hulme et al. (64) reported that

increased membrane permeability was not a result of ethylene
action.
Ribonucleic acid and protein synthesis were reported to be
necessary for fruit ripening to occur (50,81,85,93).

Hansen (59)

noted that an important early event in fruit ripening is the
synthesis of new enzymes.

He observed that application of ethylene

stimulated the synthesis of new proteins in immature pea fruits.
Jones (67) reported that low concentrations of ethylene enhanced
the secretion of a-amylase by barley aleurone.

The relationship

between ethylene and the cell wall degrading enzymes, for example,
polygalacturonase and cellulase is not clear.

Sawamura et al.

(131) observed that ethylene triggered the synthesis of cell-wall
degrading enzymes.

Polygalacturonase and cellulase are reported to

increase during the ripening process in tomato (24,118), pear and
avocado fruits (105).

Polygalacturonase activity was low in green

tomato fruits, but increased as the fruits started to ripen
(142).

Rin tomato fruits lack of polygalacturonase activity has

been attributed to its lack of ability to synthesize ethylene
(24,118).

Recently, however, it was found that endopoly-

galacturonase protein and endopolygalacturonase activity in
ripening tomato fruits increased 2 to 3 days after the ripening

process has started (55), contradicting earlier findings that the
increase in enzyme activity is an early event in fruit ripening and
perhaps even the primary event (139).
The action of ethylene in inducing fruit ripening has also
been associated with other plant hormones (8,144,145).

The

mechanism involved in these interrelationships is still not clear,
but there is evidence to suggest a general antagonism between
ethylene and abscisic acid on one hand and auxin, gibberellins, and
cytokinins on the other.
Although the effects of ethylene on fruit ripening are still
not clear, the changes that take place during ripening have been
associated with the synthesis of ethylene in either a direct or
indirect manner.

Ethylene Biosynthesis in Higher Plants
Several compounds have been suggested to be precursors of
ethylene in higher plants.

Among these are:

ethanol, methanol,

acetate, 3-alanine, linolenic acid, IAA, propionic acid, glucose,
acrylic acid, methional, keto acids, glutamic acid, glycerol, and
methionine (33).

Methionine as Precursor of Ethylene
Methionine and the methionine recycling pathway is now
accepted as the main, if not the only source of precursors of
ethylene in higher plants (1,2,33).

This is based on the

observations that methionine is converted to ethylene in a model
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system containing copper ions and ascorbic acid (88).

Using

radioactive methionine in the same model system Lieberman et al.
(88) showed that ethylene is derived from carbons 3 and 4 of
methionine.

Methionine labelled at the 2 carbon emitted

radioactive CO2 but no ethylene.

Similarly, methyl labelled

methionine did not produce labelled ethylene.

These results

indicate that only carbon 3 and 4 of the methionine molecule are
converted into ethylene.
Abeles et al. (4) showed that in crude extracts of pea
seedlings, ethylene could be formed non-enzymatically in the
presence of flavinmononucleotide (FMN).

Methionine was determined

to be the active substance in the pea extract.

Yang et al.

(157,158) observed that in the FMN model system ethylene is also
derived from carbons 3 and 4 of methionine.
In vivo conversion of methionine to ethylene was first shown
by Lieberman et al. (89) who observed that Rome Beauty apple plugs
incubated with methionine showed an increase in ethylene
synthesis.

Similar experiments conducted with radioactive

methionine demonstrated that ethylene is also derived from carbons
3 and 4 in a manner similar to that in the previously described
(FMN and ascorbate) model systems.

Methionine has served as an

ethylene substrate in apple slices (89,128), cauliflower florets
(101), banana (30), morning glory flowers and pea seedlings (60)
and tomato (100).
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In conclusion, the extent of ethylene derivation from
methionine comes from the following observations:

(a) In fruit

tissues the L-form of methionine is converted to ethylene, not the
D-form, suggesting a stereospecific enzymatic reaction
(13,14,15,65).

(b) IAA stimulates ethylene synthesis from

methionine only in tissues that are capable of producing
significant amounts of ethylene (30,128).

(c) Treatments that

increase ethylene production, such as copper sulfate, ozone,
wounding, stress, etc. increase methionine conversion to ethylene
(3,65).

(d) When the concentration of methionine added to apple

plugs is increased, the specific radioactivity of ethylene
recovered approaches that of the added methionine (3,65), and (e)
aminoethoxyvinylglycine (AVG), a known inhibitor of ethylene
biosynthesis, inhibits the conversion of methionine to ethylene
(114,156).

S-Adenosylmethionine as an Intermediate in Methionine Conversion to
Ethylene
Murr et al. (Ill) reported that 2,4 dinitrophenol (DNP), an
uncoupler of oxidative phosphorylation, inhibited the conversion of
radioactive methionine to ethylene by about 90% at a concentration
of 100 uM.

It was suggested that the inhibition occurred at a step

subsequent to methionine.

Burg (25) stated that the DNP inhibition

of ethylene synthesis suggested the existence of a high energy step
between methionine and ethylene.
(SAM) as a possible intermediate.

He proposed S-adenosylmethionine
Murr et al. (Ill) confirmed the
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previous finding that DNP inhibits ethylene production through an
inhibition of an ATP requiring step.

Other researchers have

subsequently supported the hypothesis that SAM is an intermediate
in ethylene biosynthesis (6,65,77,110).
Adams and Yang (6) presented the first data demonstrating that
SAM is an intermediate in ethylene biosynthesis from methionine.
They showed that incubating apple plugs with [
[

C]methionine resulted in the synthesis of

Sjmethionine and
S and

thioadenosine (MTA) and S-methylthioribose (MTR).

C S'-methyl-

They also showed

that preclimacteric apple tissues which have not started to produce
ethylene did not synthesize MTA or MTR upon incubation with
radioactive methionine.

When AVG or DNP were added to the apple

plugs in the presence of radioactive methionine, no radioactive MTA
or MTR were formed.

Instead a build up in a radioactive compound

identified as SAM occurred, suggesting that SAM is an intermediate
in the conversion of methionine to ethylene.

1-Aminocyclopropane-l-carboxylic Acid (ACC)
Methionine conversion to ethylene has been shown to be an
aerobic process (15,25).

Baur et al. (15) found that in apple

tissues On is absolutely required for methionine conversion to
ethylene.

They suggested a two-step mechanism in which the first

step is an O2 independent reaction followed by an O2 requiring
step.
Burg et al. (25) suggested that during the anaerobic
conditions, an intermediate accumulated and subsequently was
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converted to ethylene upon exposure of the tissue to oxygen.

Adams

et al. (7) later examined the metabolism of methionine in apple
tissue in air and under nitrogen atmosphere.
air L-[

They observed that in

C-U]methionine was efficiently converted to ethylene,

while under nitrogen atmosphere ethylene synthesis ceased and a new
radioactive compound appeared.
When the new radioactive compound was eluted from the
chromatogram and administered to apple plugs in air it was
efficiently converted to ethylene.
and [

However, when [

CHo]methionine

Sjmethionine were used in similar experiments, no

radioactive ethylene or the new radioactive compound were formed.
Adams and Yang (7) identified this new compound as 1aminocyclopropane-1-carboxylic acid (ACC).

About the same time,

but independently, another group found that ACC is an intermediate
in ethylene biosynthesis from methionine in soybean leaf discs
(94,95).

Both groups postulated that ACC was derived from SAM.

The conclusion that ACC is an intermediate in the conversion
of methionine to ethylene is supported by the following
observations:

(i) Labelled ACC administered to apple plugs is

efficiently converted to ethylene.

(ii) The conversion of labelled

methionine to ethylene is greatly reduced in the presence of excess
unlabelled ACC, but the conversion of labelled ACC to ethylene is
unaffected by the presence of excess methionine, and (iii) AVG, a
potent inhibitor of pyridoxal phosphate mediated enzymes (153)
inhibited the conversion of ACC to ethylene.

The following pathway
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for ethylene has therefore been suggested:

methionine -*■ SAM ■»■

ACC + ethylene.
Lurssen et al. (94) reported that in order for ACC to be
converted to ethylene, intact cell structure is required.

In

contrast. Boiler et al. (20) showed that ACC could be produced from
SAM by a crude enzyme preparation.

Protoplasts obtained from

flower tissues of Ipomoea tricolor did not form ethylene from
methionine, but ethylene was produced upon incubation of the intact
tissue with ACC (76).

These results indicate that an intact cell

structure is required for the synthesis of ethylene from ACC, but
not for the synthesis of ACC from methionine or SAM.
ACC synthase, the enzyme catalyzing the conversion of SAM to
ACC, has been reported in extracts of tomato (20,21,70,159),
avocado and apple fruits (159).

The non-ripening tomato mutant

rin, which produces very low levels of ethylene, has been shown to
have lower amounts of ACC and ACC synthase activity than the normal
ripening variety Rutgers (20).

ACC synthase has been shown to be a

pyridoxal enzyme, specifically utilizing SAM as substrate, and has
a molecular weight of 55,000 (5,20,104,149,159).

The conversion of

ACC to ethylene is thought to involve a very labile stereospecific
enzyme or enzymes (20).
Physiological Role of ACC
ACC was first isolated by Burroughs (34) from pear fruit juice
in 1957, but its physiological significance was not known until the
discovery that ACC is an intermediate in ethylene biosynthesis
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(7).

Cameron et al. (35) showed that excised tissue from roots,

stems, leaves, inflorescences, and fruits showed an increase in
ethylene production from 10 to 1,000 times over the control, when
treated with different concentrations of ACC.

Similar results were

also obtained by Lurssen et al. (94).
Evaluating the changes in the internal ACC level during the
ripening of avocado, banana, and tomato fruits and comparing it to
the internal ethylene biosynthesis (62), it was found that preclimacteric fruits in general contain approximately less than 0.1
nmol. ACC/g.

As the fruits reach the climacteric stage, the ACC

level increases sharply then decreases at the end of the
climacteric period.

In avocados, for example, the ACC

concentration starts at about 0.1 nmol/g at the pre-climacteric
stage, increases to 45.0 nmol/g during the climacteric period,
after which it drops to 5.0 nmol/g.

It has been suggested that ACC

synthesis is the rate limiting step in ethylene biosynthesis
(159,161,162), that ACC increases prior to the increase in ethylene
level and that the decrease in ACC concentration is a result of the
increase in ethylene synthesis (125).

Recycling of MTA to Methionine
Plant tissue contains very limited amounts of free and bound
methionine compared to the rate of ethylene production.

Apple

fruits, for example, contain approximately 60.0 nmol/g fresh weight
methionine, whereas their rate of ethylene production is 5.0
nmol/g/h (16,155).

Theoretically one would expect ethylene
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production to last for only 12 h, but apples are known to sustain
ethylene production for months (16).
Further investigations by Baur et al. (15) compared the rate
of ethylene production to the endogenous methionine levels in
avocado fruits (cultivar Feurte) at the climacteric peak; they
observed that the methionine concentration of these fruits was 12.5
nmol/g fresh weight, while their ethylene production was 3.7
nmol/g/h.

Thus, without replacement, the endogenous methionine

could sustain ethylene production for only 3 h.

Avocados are known

to produce ethylene at a rate as high as 100 nmol/g/h for days
(15).

The highest amount of ethylene production recorded in plant

tissue was that of fading flowers of Vanda Orchids, 3,000 nmol/g/h
(9).
In order for plant tissues to sustain high rates of ethylene
production with such a limited supply of methionine and sulfur, a
pathway to salvage the methylthiol group (CH3S-) of methionine was
proposed (16).

Adams and Yang (6) observed that in apple tissue

the CHgS- group of methionine was released as MTA from SAM during
ACC formation.

The MTA released was rapidly converted to MTR and

adenine, similar to reactions previously reported by Shapiro and
Barrett in cell free extracts of Enterobacter aerogenes (135).
MTA nucleosidase activity has been shown in bacteria (47) and
plants (57).

Plant MTA nucleosidase has been purified to

homogeneity from lupin (Lupinus luteus) seeds, it has a native
molecular weight of 62,000, with two identical subunits.

It is

very specific to MTA, with a pH optimum between 8 and 8.5 (57).
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The end products of MTA degradation in plants are MTR and
adenine (6).

Schroeder et_al. (133) reported that MTR in E. coll

represents a terminal product.
MTR kinase from E. aerogenes.

However, Ferro et al. (48) purified
This enzyme catalyzes the ATP-

dependent phosphorylation of MTR yielding MTR-l-P and ADP as
The ^ values were, 7.4xl0~5 M for ATP, and 8.1x10

products.
for MTR.

M

Ferro et al. (48) have suggested the involvement of MTR

kinase in the recycling of the methylthiol group of MTR to
methionine.
Subsequently Shapiro and Barrett (135) demonstrated that MTRl-P is an intermediate in the biosynthesis of methionine in J2.
aerogenes and that 2-keto-4-methylthiobutyric acid (ct-KMB) and 2hydroxy-4-methylthiobutyric acid (a-HMB), might be involved in this
pathway.

In vitro incubation of rat liver extract with MTR-l-P

revealed that a-KMB is indeed an intermediate in the conversion of
MTR-l-P to methionine (10).

Trackman et al. (141) proposed a

mechanism for the conversion of MTR-l-P to a-KMB and formate.
Their results suggest that a-HMB was formed upon conversion of aKMB to methionine.

Baur et al. (15) showed that a-KMB stimulated

ethylene biosynthesis in apple fruit tissues, but less efficiently
than methionine.

Based on these results, Lieberman et al. (86)

suggested that a-KMB may have stimulated ethylene production by
conversion to methionine.
Previously Adams and Yang (6) suggested that MTR donates its
methylthiol group to a 4-carbon acceptor, such as homoserine, to
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form methionine.

Recent studies on yeast cells (136), cell-free

extracts of E. aerogenes (135), and rat liver homogenate (43)
indicated that the radioactivity of the uniformly labelled ribose
of MTA or MTR was recovered in methionine.

It was suggested that

the ribose portion of MTA and MTR provided the 4-carbons that were
thought to come from homoserine.
Yung et al. (163) examined the fate of the ribose portion of
MTR in apple plugs.

They carried out a double labelling experiment

with [methyl-3H]MTR and [ribose-Uresults showed that the ratio of

C]MTR as substrates.
H/

Their

C of the precursor MTR was

1.1 and for the product methionine the ratio was 1.35.

If the

pathway for methionine synthesis involves modification of the 5carbon ribose portion of MTR into the 4-carbon, 2-aminobutyrate of
methionine with the CHgS- remaining attached, the expected ratio
would be 1.37 close to the value they observed.
More recently Wang et al. (146) showed that when [U-

C-

adenosine]MTA was infused to tomato pericarp plugs, the
radioactivity was recovered in MTR, methionine, ACC, and
ethylene.

However, when [U-

C-ribose]MTR was administered to the

tomato plugs, no radioactivity was recovered in MTA, but the radioactivity was observed in methionine, ACC, and ethylene.

These

results established that the ethylene carbons are derived from the
ribose portion of MTA and MTR, which are originally incorporated
into the ethylene pathway from the ribose portion of ATP (Fig. 1).
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5-METHYLTHIORIBOSE KINASE ACTIVITY IN PLANTS

Mosbah M. Kushad
Biochemistry Biophysics Research Communication Vol. 108:167-173
Oregon State University Agricultural Experiment Station Technical
Paper 6459.

ABSTRACT

The presence of a previously unidentified plant enzyme, 5methylthioribose kinase, has been demonstrated in cell-free
extracts from several fruit tissues.

The enzyme catalyzes the ATP-

dependent phosphorylation of 5-methylthioribose to 5-methylthioribose-1-phosphate.

Enzyme activity has been found in avocado,

pear, apple, strawberry and tomato tissues.

The significance of

the presence of the enzyme in relation to ethylene biosynthesis is
discussed.
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INTRODUCTION

Ethylene is a plant hormone regulating many aspects of growth,
development and senescence in higher plants (1).

The

identification of S-adenosylmethionine (SAM) and 1-aminocyclopropane-1-carboxylic acid (ACC) as precursors of ethylene (2,3,9)
has led to the elucidation of the following metabolic sequence for
the biosynthesis of ethylene:
Methionine ■»• SAM + ACC * ethylene
+
MTA
ACC synthase catalyzes the conversion of SAM to ACC and 5'methylthioadenosine (MTA) (3).

Various moieties of MTA have been

shown to be recycled back into methionine (5,12,13).

The first

step in this recycling pathway is degradation of MTA.

In most

microorganisms and plants, MTA is degraded by a nucleosidic
cleavage via MTA nucleosidase to 5-methylthioribose (MTR) and
adenine, whereas in animal tissue a phosphorylytic cleavage results
in the formation of 5-methylthioribose-l-phosphate (MTR-l-P) and
adenine (6).

Regardless of whether the direct product of MTA

degradation is MTR or MTR-l-P, MTA has been shown to be recycled
back into methionine.

It has been proposed that in order for this

recycling to occur, MTR-l-P must first by synthesized (7).

In

Enterobacter aerogenes (7), a new enzyme, MTR kinase, was
identified and found to catalyze the ATP-dependent phosphorylation
of MTR to MTR-l-P.

In this communication, we report for the first

time the presence of MTR kinase activity in tissue from higher
plants.
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MATERIALS AND METHODS
I1 CH3]MTR was prepared from [* CI^lMTA which was obtained by
the acid hydrolysis of [14CH3]SAM, (Amersham, 58 mCi/mmol) (11).
[

CHolMTR-l-P was prepared and purified as described by Ferro et

al. (8) from the reaction mixture of an MTA phosphorylase assay
utilizing a partially purified enzyme from guinea pig liver.
Unripe mature avocado fruit was purchased from a local store,
tomato and strawberry fruits were grown in a greenhouse, and apples
and pears were harvested from the Hood River Experiment Station,
Hood River, Oregon.

Cell extracts were prepared by homogenization

of the tissues suspended in buffer consisting of 0.2 M potassium
phosphate (pH 7.2), 1% polyvinylpyrrolidone, 1% Triton X-100, and 3
mM dithiothreitol.

The homogenate was passed through four layers

of cheese cloth and centrifuged at 20,000 x g for 20 min.
supernatant fluid was utilized as a source of enzyme.

The

The avocado

extract was further purified by ammonium sulfate precipitation.
Powdered (NH/KSO. was added to 40% saturation and the precipitate
obtained after centrifugation (14,000 x g) was resuspended in
buffer.

This step resulted in a 4-fold purification of the enzyme

and this preparation was used in those experiments designed to
identify reaction products.
The radiochemical assay used to measure MTR kinase activity
(7) measures the conversion of MTR to MTR-l-P by chromatographic
separation of the reactants and products on Dowex 1-X8 columns.
For product identification, descending paper chromatography was
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performed using Whatman No. 3 paper.

The solvent system was 2-

butanol:acetone:acetic acidrl^O (70:70:20:40).

Ultraviolet-

absorbing substances were detected with a Mineralight lamp, and
sulfur-containing compounds were observed by spraying the
chromatograms with potassium lodoplatinate.

Radioscans of paper

chromatograms were performed with a Packard radiochromatogram
scanner.

Alkaline phosphatase treatment was performed by

incubation with 0.10 unit of calf intestine alkaline phosphatase
(Sigma) for 30 min at 30oC in 0.05 M Tris-HCL, pH 8.0.
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RESULTS

Cell free extracts of avocado incubated with 5[

C^lmethylthioribose for 6 hr at 30oC did not catalyze the

formation of any products as revealed by radiochromatographic
analysis (Fig. 2a).

The addition of [^C^lMTR and 1 mM ATP to the

cell extract, however, resulted in the conversion of [

CHg]MTR to

two radioactive compounds which migrated at R^ values of 0.17 and
0.26, compounds A and B, respectively (Fig. 2b).
ATP was insufficient to drive the reaction.

Thus, indogenous

The formation of

compounds A and B were both dependent on the presence of enzyme
protein and ATP, and the disappearance of [

CH3]MTR (Rj = 0.72)

was proportional to the amount of compounds A and B recovered.
Compound B co-migrated with authentic [^CI^lMTR-l-P (Rf = 0.26).
Exposure of authentic I1 CHgjMTR to 0.1% I^Oj resulted in the
conversion of [^CHglMTR to [^CHgjMTR sulfoxide (Rf - 0.45),
whereas, the oxidation of the isolated [

CHg]MTR-l-P (compound B)

resulted in its conversion to compound A (R^ = 0.17) upon
subsequent chromatography.

Peroxide oxidation of the radioactive

reaction mixture resulted in the disappearance of [
appearance of a new peak at R^ 0.45 ([
reduction in the [
(Fig. 2c).

CHo]MTR, the

CHgjMTR sulufoxide), a

CHo]MTR-l-P peak and an increase in compound A

Reduction of compound A with 6.7 mM dithiothreitol

resulted in the shifting of the R^ value back to 0.26 which again
co-migrated with [^CHgjMTR-l-P.

By analogy with MTR and MTR

sulfoxide, the compound (compound A) formed as a result of peroxide
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treatment of MTR-l-P appears to be the sulfoxide (MTR-l-P
sulfoxide).

In addition, treatment of either compound A or

compound B with alkaline phosphatase in the presence of 10 mM
dithiothreitol resulted in the formation of MTR.

On the basis of

these results, it is suggested that cell-free extracts of avocado
contain MTR kinase, which catalyzes the phosphorylation of MTR to
MTR-l-P.

The MTR-l-P formed, in turn, is partially oxidized by the

crude reaction mixture to MTR-l-P sulfoxide.
The enzyme was partially purified from a cell-free extract of
avocado by ammonium sulfate fractionation.

MTR kinase activity, as

determined by ion-exchange chromatography (7), was dependent upon
the presence of ATP over a 2 hr incubation period (Fig. 3).

The

temperature optimum of the enzyme was 30oC (Fig. 4) and the enzyme
activity was linear with protein up to about 400 yg protein per
assay.
Several cell-free extracts of fruits, in addition to avocado
fruit, were also assayed for MTR kinase activity (Table 1).

Of the

extracts assayed, avocado contained the highest enzyme activity
(810 pmole/mg protein/min); this activity is very similar to the
specific activity found in crude extracts from_E. aerogenes (7).
Following the avocado, in descending order of activity were
extracts prepared from pear, strawberry, apple, and tomato.
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Table 1.

MTR kinase activity in several cell free fruit extracts
incubated with 0.1 mM [^Cl^jMTR (3 mCi/mmol) for 2 h
at 30oC.

Fruit Tjrpe

pmol MTR-l-P formed/mg protein/min

Avocado

810

'd'Anjou' pear

680

Strawberry (red)

230

Golden delicious apple

140

Tomato (red)

110
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Fig. 2.

Paper radiochromatogram scans of cell free extracts of
avocado fruit incubated with 0.1 mM S-t^CHglMTR (3
mCi/mole),for 6 h at 30oC. (a) Crude extract incubated
with 5-[ CH3]MTR; (b) crude extract incubated with 5I1 CH3]MTR and 1 mM ATP; (c) peroxide oxidation of the
reaction mixture consisting of crude extract, 5-[ CHojMTR
and ATP.

pj

• a*

^N

rr

<

M
UJ

x
rt

(B

o

c

Pi
<
o
n
p>
&>
o

o o »
fl> H- O
!> rt
O S w
iti 0
O O

s a H

CD
a>

I-I

m

O rtu>
Hi 3*

3
t-O
O !->• 4>-n)
(B 3 O M

PJ

< a
a* H- S o
m rt
Hi.

rt 0) O
3" O •
n rt M

H- O rt o
3 ^ 3" re

<

P3
(0 0>
o D- 0)
rt
(0

rt

o

• W H- 3
w o 3 H
o o ?d

3
5

*^>»

S
m

H

O
z

00
>
H

c

z
o
►■

h

/~»

o
o

_JL

o

00

y

>
H
"0

1

^

0) u

o

o

-^

ro
o

o

o

. i

i ■

o

-i.

1

^"^

' 1

o

N>

N

1

1

o

^.

1 ,, . .,.

i

+ 1

1

o

Ol

\
\
\
\
\
\

\
\
\1
\

^x v.

^

1

o

CO

MTR-1-P PRODUCTION
nMOL/Mg PROTEIN

*

.

00

29

>■

100 .

o
<
LU
>
I<
_J
LU
C
LU
CO
<

cc
INCUBATION TEMPERATURE (C)
Fig. 4.

Effect of incubation temperature on MTR kinase activity in
cell free extracts of avocado fruit incubated with 0.1 mM
[^CHgjMTR (3 mCi/mmol) for 2 h at 30CC. Controls were
run at each temperature treatment.

30

DISCUSSION

In this study, MTR kinase activity has been demonstrated to
exist in cell-free extracts from several fruit tissues.

This is

the first report of the enzymatic synthesis of MTR-l-P in plant
tissues.

Therefore, as in JE. aerogenes, MTR-l-P is synthesized in

a two step reaction from MTA:
1)

MTA ■»- MTR + adenine

2)

MTR + ATP ■»• MTR-l-P + ADP

This is in contrast to mammalian tissue where MTR-l-P is
synthesized directly from MTA via MTA phosphorylase.
The primary fate of MTR in plant tissue appears to be its
conversion to methionine; both the methyl group and the sulfur atom
have been shown to be incorporated into methionine (2,10).
Recently, Yung et al. (14) showed that in apple tissue, like yeast
(13), rat liver (5) and JE. aerogenes (12), the ribose portion of
MTR is also incorporated into methionine.

In _E. aerogenes (7), it

has been suggested that the conversion of MTR to MTR-l-P via MTR
kinase may be the first step in this recycling pathway.

More

recently, MTR-l-P, but not MTR has been shown to be an intermediate
in the recycling of MTA to methionine in rat liver cell extract
(4).

Since rat liver apparently lacks MTR kinase activity, this

demonstrates that only the phosphorylated sugar is recycled in this
tissue.

These observations suggest that MTR-l-P, formed via MTR

kinase in plant tissue, may be an essential intermediate in the
biosynthesis of methionine from MTR.

Studies investigating this
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possibility are now in progress.

The phosphorylation step may be a

prerequisite to the "correct" stereochemical ring opening of ribose
prior to subsequent reaction steps toward methionine.
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ABSTRACT

The recycling of 5-methylthioribose (MTR) to methionine in
avocado (Persea americana Mill, cv. Hass) and tomato (Lycopersicum
esculentum Mill, cv. unknown) was examined.

[

CHo]MTR was not

metabolized in cell free extracts from avocado fruit.

Either

[14CH3]MTR plus ATP or [^C^jS-methylthioribose-l-phosphate (MTR1-P) alone, however, were metabolized to two new products by these
extracts.

MTR kinase activity has previously been detected in

these fruit extracts.

These data indicate that MTR must be

converted to MTR-l-P by MTR kinase before further metabolism can
occur.

The products of MTR-l-P metabolism were tentatively

identified as a-keto-Y-methylthiobutyric acid (a-KMB) and ahydroxy-y-methylthiobutyric acid (a-HMB) by chromatography in
several solvent systems.

[

S]a-KMB was found to be further

metabolized to methionine and a-HMB by these extracts, whereas otHMB was not.
methionine.
14

Howaver, a-HMB inhibited the conversion of a-KMB to
Both [U-C]a-KMB and [U-

C]methionine, but not [U-

C]a-HMB, were converted to ethylene in tomato pericarp tissue.

In addition, aminoethoxyvinylglycine inhibited the conversion of
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a-KMB to ethylene.

These data suggest that the recycling pathway

leading to ethylene is MTR * MTR-l-P + a-KMB ■»• methionine + SAM ■»■
ACC ♦ C2H4.
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INTRODUCTION

Methionine serves as a precursor of ethylene (15), SAM and ACC
being intermediates (6,22).
of SAM to ACC and MTA (2).

ACC synthase catalyzes the conversion
This reaction has been reported to be

the rate-limiting step of ethylene biosynthesis in both vegetative
and fruit tissues (6,7,12,13,22,24).
In plants, MTA is degraded by a nucleosidic cleavage via MTA
nucleosidase to MTR and adenine (11).

Various moieties of MTA have

been shown to be recycled into methionine in higher plant tissue.
Adams and Yang (1) found that the methylthio group of MTA was
effectively recycled as a unit into methionine.

Yung et al. (25)

subsequently showed that, in apple tissue, the ribose portion of
MTR was also incorporated into methionine.

Recently, Wang et al.

(20) demonstrated in tomato tissue that the ribose moiety of MTA
was metabolized to form the four-carbon unit (2-aminobutyrate) of
methionine and suggested that ethylene was formed from the ribose
portion of MTA via MTR, methionine and ACC.
Kushad et_al. (14 and Table 1, p. 26 this thesis) found that
cell-free extracts from several fruit tissues contain MTR kinase
activity.

This enzyme catalyzes the ATP-dependent phosphorylation

of MTR to MTR-l-P (9).

The presence of this enzyme suggests that

MTR-l-P also may be an essential intermediate in the recycling of
MTA to methionine.
fate of MTR-l-P.

The present study was undertaken to examine the
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MATERIALS AND METHODS

Plant Material.

Unripe mature avocado fruits (Persea americana

Mill, cv. Hass) and tomato (Lycopersicum esculentum Mill cv.
unknown) in the breaker stage were purchased from a local store.

Chemicals.

[35S]methionine (1,000 Ci/mmol), [U-14C]methionine (285

mci/mmol), and [
Amersham.
[

CH-JSAM (58 mci/mmol) were purchased from

[* CH3]MTA, was prepared from [* CILjlSAM (16),

CHojMTR was obtained by acid hydrolysis of the corresponding

[14CH3]MTA (16), and [14CH3]MTR-l-P was prepared by incubating
[

CHjjMTA with partially purified calf liver MTA phosphorylase as

described by Ferro et al. (10).

[35S]o-KMB, and [U-14C]a-KMB were

obtained according to a procedure described by Dixon (8) with o-KMB
extracted from the reaction with diethyl ether.
prepared from [U-14C]a-KMB using NaBH4.

[U-

Cjo-HMB was

[U-14C]a-KMB (2 vCl) was

adjusted to pH 3 with 1 N acetic acid, then added to 2 mg NaBH^ in
95% ethanol in a ratio of 1:1 (v/v).

The mixture was incubated 10

min at room temperature and an aliquot was chromatographed in
solvent system I (see chromatographic procedures below) to separate
the product from the substrate.
from Sigma Chemical Co.

o-KMB and o-HMB were purchased

AVG was a gift from Hoffman LaRoche

Pharmaceutical Company.

Cell-Free Extract and Enzyme Assay.

Fruit extracts were prepared

by homogenization of the tissue in 0.2 M potassium phosphate (pH
7.2), 3 mM DTT, 1% Triton X-100 (v/v), and 3% PVP (w/v).

The
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homogenate was passed through four layers of cheese cloth, and
centrifuged for 20 min at 20,000 x g.
the cell-free extract.

The supernatant was used as

MTR kinase activity was determined

according to the procedure of Ferro et al. (9).

Chromatographic Procedures.

Radioactive metabolites were separated

and identified by four chromatographic systems.

Descending paper

(Whatman No. 3) chromatography was carried out in butanolracetic
acid:acetone:water (70:20:70:40, v/v) (solvent System I).

Thin

layer chromatography was performed on silica gels, F60 (EM
Laboratories), with isobutanol:acetic acid:water (68:10:2, v/v)
(solvent system II), ethyl acetate:ethanol:water (9:1:2, v/v)
(solvent system III) and isobutyl alcohol:ethanol:water (68:20:10,
v/v) (solvent system IV).

All chromatograms were scanned with a

Packard radiochromatogram scanner.

For quantification of

radioactivity, paper chromatograms were cut into 1 cm strips which
were counted in a Beckman liquid scintillation counter.

Feeding Experiments.

Plugs from breaker ripening stage of tomato

pericarp tissue (1 cm in diameter) were excised with a cork borer
and immediately rinsed in 2% KC1 and blotted dry.

Radioactive

substrates were introduced into the plugs by the vacuum injection
technique previously described (1).

Two replicates of three plugs

each were used for all experiments.

The plugs were sealed in a 25-

ml Erlenmeyer flask with a plastic bucket hanging through a rubber
serum cap.

Radioactive ethylene was adsorbed in 0.2 ml of 0.25 M
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Hg(C10^)2 injected into the bucket.

After 6 h, the buckets were

placed in scintillation vials containing scintillation fluid and
the radioactivity determined.
measured by gas chromatography.

Non-radioactive ethylene was
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RESULTS

MTR Kinase Activity in Avocado Extracts.

MTR kinase activity was

determined from three morphological regions of the avocado fruit:
the peel, outer exocarp, and inner exocarp.

The corresponding

enzyme activities are presented in Table 2.

The apparent specific

activity of the peel was lowest, being one-third that of the outer
exocarp and one-half that of the inner exocarp.

In subsequent

experiments, therefore, the fruit was peeled and all of the outer
and some of the inner exocarp utilized.

Metabolism of MTR in Avocado Extract.

Inasmuch as MTR has been

shown to be metabolized when fed to tomato pericarp tissue slices
(20), the ability of avocado cell-free extracts to utilize MTR as a
substrate was explored.
[

Radiochromatogram scans revealed that

CHgjMTR incubated with or without avocado extract for 8 h

remained unaltered (Fig. 5A).

The addition of 5 mM ATP to the

reaction mixture, however, resulted in the formation of a new
radioactive peak (Rf = 0.85, solvent system I) and a smaller peak
at Rf = 0.70, which presumably was unreacted MTR (Fig. 5B).
Chromatography of this same assay mixture in solvent system II
(Fig. 6), however, demonstrated that the substrate [

CHolMTR (R- =

0.55) was completely degraded and that two new peaks at Re 0.05 and
0.30 were formed.

Chromatography in two other solvent systems

(Table 3) confirmed that two products were formed and that these
products co-chromatographed with a-KMB and a-HMB.

The inability to
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detect both products in solvent system I was due to the overlapping
migration of MTR and a-KMB in this system.

When a-HMB and a-KMB

were eluted and re-chromatographed in the other three systems, they
co-migrated with authentic samples of each of these compounds.
Apparently the extract had such low ATP that no endogenous
conversion of MTR was possible.

Metabolism of MTR-l-P in Avocado Extract.

Since MTR was

metabolized only when ATP was present and since MTR kinase activity
has been found in these extracts, the ability of avocado extract to
metabolize MTR-l-P was examined (Fig. 7).

Incubation of [

CH3]

MTR-l-P with avocado extract (in the absence of ATP) for 30 h
yielded two radioactive products, a-KMB and a-HMB, as measured by
scanning chromatograms developed in solvent systems I and II.
was not formed under these conditions.

MTR

The metabolism of MTR-l-P

to a-KMB and a-HMB by this extract, therefore, does not require the
presence of ATP, indicating that MTR must first be activated to
MTR-l-P via MTR kinase before it can be further metabolized.
To examine the kinetics of product formation from MTR-l-P, the
reaction was stopped 6, 18, and 30 h after addition of the
substrate and analyzed for MTR-l-P, a-KMB, and a-HMB as described
in Materials and Methods.

MTR-l-P was metabolized (Fig. 8) to both

a-KMB and a-HMB at approximately equal rates during the first 6
h.

Thereafter, however, the rate of a-HMB accumulation exceeded

that of a-KMB accumulation.

By 30 h, only 11% of the MTR-l-P

remained and of the two radioactive products formed, 70% was in the
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form of a-HMB.

That the increase in a-HMB plus a-KMB is greater

than the decrease in MTR-l-P between 18 to 30 h incubation may
indicate the presence of an intermediate compound(s) synthesized
from MTR-l-P during the first 18 h and converted to a-KMB and a-HMB
during the latter stages of the incubation period.

Metabolism of a-KMB and a-HMB by Avocado Extract.

Avocado extracts

were incubated for 3 h with 1 mM asparagine and either [
or [35S]a-HMB and analyzed for [3->S]methionine, t
[35S]a-HMB (Table 4).

35

S]a-KMB

S]a-KMB and

More than 95% of the [35S] a-KMB was

metabolized to methionine (63%) and a-HMB (32%), whereas [35S]a-HMB
incubated with extract and asparagine remained unaltered.

The

addition of 2.5 mM unlabelled a-HMB to the [35S]a-KMB reaction
mixture resulted in a 26% decrease in the conversion of a-KMB to
methionine and a concomitant increase in the level of [

S]a-KMB.

The data suggest that a-KMB is a precursor of both methionine and
a-HMB, but that a-HMB cannot be further metabolized under these
conditions.

In addition, a-HMB appears to inhibit slightly the

conversion of a-KMB to methionine.

Ethylene Formation From a-KMB, a-HMB, and Methionine.
of tomato pericarp tissue to metabolize [UCjmethionine, and [U
5).

The ability

C]a-KMB, [U-

C]a-HMB to ethylene was examined (Table

Of the three compounds tested, only a-KMB and methionine

served as substrates for the synthesis of ethylene; a-HMB was
inactive.

a-HMB at 10 mM did, however, inhibit the conversion of
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a-KMB to ethylene by 55%.

These data are consistent with the data

obtained with cell-free extracts which indicate that a-KMB, but not
a-HMB, is a precursor of methionine and that a-HMB inhibits the
conversion of a-KMB to methionine which is a precursor of ethylene.

Effect of AVG on the Conversion of a-KMB to Ethylene.

AVG is an

inhibitor of the enzymatic step leading from SAM to ACC and MTA.
It has recently been shown that AVG inhibits the conversion of MTR
to ethylene (20).

If a-KMB is an intermediate between MTR and ACC,

then AVG should also inhibit the conversion of a-KMB to ethylene.
Therefore, tomato pericarp discs were infiltrated with a-KMB in the
presence and absence of AVG and the ethylene formed was measured
(Table 6).

a-KMB at 1.0 and 2.0 mM increased ethylene production

in a dose-dependent manner.

The addition of 0.1 mM AVG inhibited

ethylene production in these tissues in the presence of a-KMB,
these data suggesting that a-KMB is metabolized to ethylene via SAM
and ACC.
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Table 2.

MTR kinase activity in avocado fruit extract incubated
with 0.1 mM [^ClLjjMTR (3 mCi/mmol) for 2 h at 30oC.

Tissue

Peel

Enzyme activity
(pmol product formed/mg protein/min)

508

Outer exocarp

1,805

Inner exocarp

1,080
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Paper radiochromatogram scans in solvent system I
[butanol: acetic acid: acetone: water (70:20:70:40)] of
cell free extracts of avocado fruit incubated for 8 h at
30oC. (A) [14CH3]MTR or (B) [^CI^jMTR plus ATP.
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[isobutanol: acetic acid: water (68:10:2)] of cell free
extracts of avocado fruit incubated for 8 h at 30oC. (A)
[14CH3]MTR or [^Cl^lMTR plus ATP.

47

Table 3.

Compound

Rf values of MTR, MTR-l-P, o-KMB, a-HMB and methionine
in several chromatographic solvent systems. System I;
descending paper chromatography [butanol: acetic acid:
acetone: water (70:20:70:40)], system II; silica gel TLC
[isobutanol: acetic acid: water (68:10:2)], system III;
silica gel TLC [ethyl acetate: ethanol: water (9:1:2)],
system IV; silica gel TLC [isobutanol: ethanol: water
(68:20:10)].

I

Solvent System
III
II

IV

MTR

0.70

0.55

0.67

0.57

MTR-l-P

0.27

-

-

-

a-KMB

0.70

0.05

0.43

0.37

a-HMB

0.85

0.30

0.43

0.56

Methionine

0.49

_

_

0.11
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30oC. (A) no extract plus [14CH3]MTR-1-P and (B) extract
plus [14CHo]MTR-l-P.
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Table 4.

Methionine formation in avocado extract from o-KMB and
a-HMB incubated for 5 h at 30oC.

% Recovery in

Addition

Methionine

a-KMB

a-HMB

[35S]a-KMB

63.4

4.3

32.3

[35S]ot-HMB

0

0

100

[35S]a-KMB + 2..5 mM a-HMB

46.9

14.7

38.4

[35S]a-KMB + 2.,5 mM methionine

63.0

4.6

32.4

Less than 0.1% of other metabolites were detected, but were not
significant enough to be considered in the calculations of the
percent recovery.
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Table 5.

Synthesis of ethylene from o-KMB, a-HMB and methionine
in plugs of tomato pericarp tissue incubated for 6 h at
20oC.

CoH/ produced
Substrate3

(nCi/g/h)

[U-l4C]a-KMB

0.294

[U14C] methionine

0.671

[U-l4C]a-HMB
[U-14C]a-KMB + 2.5 mM a-HMB
a

All radioactive compounds were added at 1.29 yCi.

0
0.133
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Table 6.

Effect of AVG on ethylene production in plugs of
tomato pericarp tissue incubated for 6 h at 20oC.

Addition

Ethylene Produced
% of control

Control

100

1.0 mM a-KMB

125

2.0 mM a-KMB

148

1.0 mM a-KMB + 0.1 mM AVG
1.0 mM a-KMB + 1.0 mM a-HMB

6
106

3Pj
SAMACC->^HCOOH + C02 + NH3 + C2H4

ATP
MET

MTA

NH
Ade

rtJHMB

a-KMB

s

MTR

HCOOH

ATP

MTR-I-P

ADP

Fig. 9.

Proposed recycling pathway from MTR to raethionine.
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DISCUSSION

Wang et al. (20) have recently shown that ethylene is produced
in tomato pericarp tissue from the ribose portion of MTA via MTR,
methionine and ACC.

Collectively, the data presented here show

that MTR-l-P and a-KMB are also intermediates in this recycling
pathway.

Based on these studies, this methionine salvage system

and its relationship to ethylene biosynthesis is summarized in
Figure 9.
The significance of MTR kinase activity in this recycling is
illustrated by the inability of MTR to be metabolized by cell
extracts unless ATP is added or until it is first activated to MTRl-P.

In mammalian tissue, MTA is converted directly to MTR-l-P by

MTA phosphorylase (21) and, therefore, the action of MTR kinase is
not required.

MTR kinase activity has also been found in

Enterobacter aerogenes (9), an organism shown to recycle MTA to
methionine via a pathway similar to plants (18).

Conversely, we

have not detected MTR kinase activity in extracts from Escherichia
coli.

Interestingly, E^. coli has been shown to export MTR directly

into the medium where it accumulates (17).

Thus, it would appear

that the inability to form MTR-l-P via either MTA phosphorylase or
the sequential action of MTA nucleosidase and the absence of MTR
kinase renders the yeast cell unable to metabolize MTR.
a-KMB has been found to be an intermediate in the recycling
pathway in animal (3,4,19) and bacterial (18) cells.

It also has

been shown to be converted to methionine in apple tissues (5).

a-
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HMB has also been shown to be produced during the recycling of MTA
in mammalian tissue (19).

Our data, however, suggest that a-HMB is

not a direct intermediate in this salvage pathway, but rather is
synthesized from o-KMB in a side reaction not leading to ethylene
synthesis.

Although a-HMB does not appear to be an intermediate in

the synthesis of ethylene from MTR-l-P, it does decrease ethylene
synthesis, presumably by inhibiting the conversion of a-KMB to
methionine.
According to the proposed recycling scheme, there is no net
synthesis of methionine.

Rather, ethylene appears to be

synthesized, after the first turn of the cycle, from the continual
input of ATP.

The balanced reaction of this scheme is:

2ATP ■»• ADP + adenine + 4Pi + 2HC00H + CO2 + C2H4
Since ethylene has been shown to be synthesized from the
ribose moiety of MTR (20) (presumably carbons 4' and 5'), which
originated from the ribose moiety of ATP via SAM and MTA, the
continuous generation of ATP could result in the continuous
production of ethylene without the total de novo synthesis of
methionine in those systems in which this recycling pathway is
present.
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S'-METHYLTHIOADENOSINE NUCLEOSIDASE AND 5-METHYLTHIORIBOSE KINASE
ACTIVITIES DURING TOMATO FRUIT DEVELOPMENT AND RIPENING

Mosbah M. Kushad

ABSTRACT

5'-Methylthioadenosine (MTA) nucleosidase and 5methylthioribose (MTR) kinase activities were measured in crude
extracts of tomato fruits (Lycopersicon esculentum Mill cv Rutgers)
during fruit development and ripening.

The highest activity of MTA

nucleosidase (1,250 pmol/mg protein/min) was observed in small
green fruits.

The activity decreased during ripening; at the over-

ripe stage only 6.5% of the peak activity remained.

MTR kinase

activity was low at the small green stage and increased thereafter
until it reached peak activity at the breaker stage (700 pmol/mg
protein/min) followed by a sharp decline at the later stages of
fruit development.

1-Aminocyclopropane-l-carboxylic acid (ACC)

levels peaked at the red stage, while ethylene reached its highest
level at the light-red stage.

Several analogs of MTA and MTR were

tested as both enzyme and ethylene inhibitors.

Of the MTA analogs

examined for their ability to inhibit MTA nucleosidase, 5'chloroformycin reduced enzyme activity 88% whereas 5'chloroadenosine, 5'-isobutylthioadenosine, 5'-isopropylthioadenosine, and 5'-ethylthioadenosine inhibited the reaction with
MTA by about 40%.

5'-Chioroformycin and 5'-chloroadenosine

inhibited ethylene production over a period of 24 h by about 58%
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and 36%, respectively.

Other analogs of MTA were not effective

inhibitors of ethylene production, whereas aminoethoxyvlnylglycine
(AVG) showed a 66% inhibition over the same period of time.

Of the

MTR analogs tested, 5-isobutylthioribose was the most effective
inhibitor of both MTR-kinase (59%) and ethylene production (65%).

61

INTRODUCTION

ACC synthase catalyzes the conversion of SAM to ACC and MTA in
plants (2,5).

Various moieties of MTA have been shown to be

recycled to methionine (22).

MTA is degraded in plant tissues by a

nucleosidic cleavage via MTA nuleosidase to MTR and adenine (13).
Adams and Yang (1) first observed the presence of MTA nucleosidase
activity in crude extracts prepared from apple fruit tissue.
Guranowski et al. (13) later purified this enzyme from Lupinus
luteus seeds, and established that it has a molecular weight of
62,000, a Km of 0.41 uM and exhibited broad substrate specificity.
Kushad et al. (16) established that cell-free extracts from
several fruit tissues contain MTR kinase actvity.

This enzyme

catalyzes the ATP-dependent phosphorylation of MTR to MTR-l-P.
Recently, Guranowski et al. (12) partially purified MTR kinase from
Lupinus luteus seeds and found that the native molecular weight of
this enzyme is 70,000 and exhibits a Kin value of 0.45 yM for MTR
and 0.83 yM for ATP.

Kushad et al. (17) subsequently showed that

MTR-l-P is metabolized to a-KMB which is converted to methionine
and then to ethylene.

Yung et al. (25) and Wang jet^al^ (22) showed

that the ribose moieties of MTA and MTR are incorporated into
methionine.

They therefore suggested that ethylene is formed from

the ribose portion of MTA, which originated from an ATP molecule.
The objectives of the present study were to evaluate the
specific activity changes of both MTA nucleosidase and MTR kinase
during tomato fruit development and ripening and to relate these
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changes to the rate of ACC and ethylene synthesis.

In addition we

have examined the effect of MTA and MTR analogs on MTA nucleosldase
and MTR kinase activities and on the rate of ethylene synthesis.
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MATERIALS AND METHODS

Plant Materials.

Tomato fruits (Lycopersicon esculentum Mill cv

Rutgers) grown at the Oregon State University, Department of
Horticulture greenhouse were used for these experiments.

Chemicals.

[

Cftj] SAM (58 mCi/mmol) was purchased from Amersham,

[^CHgjMTA was prepared from [lACH3]SAM (20), [l4CH3]MTR was
synthesized by acid hydrolysis of I1 C^jMTA (20), ACC was
purchased from Sigma, AVG was a gift from Hoffman LaRoche, MTA
analogs (ETA, IBTA, iPTA, MTT, 5'-chloroadenosine, 5'chloroarabinosyladenosine, S'-chloroformycin, and 5'chlorotubercidin) were prepared in our laboratory according to
previously described procedures (6,8,15,21).

MTR analogs (ETR,

iBTR, and iPTR) were prepared by the same basic procedure used to
prepare MTR from MTA (20).

Preparation of Cell-Free Extracts.

Fruit tissues were suspended in

buffer (1 g/ml) consisting of 0.2 M K-phosphate, 3 mM DTT and 3%
PVP (pH 7.2), and homogenized in an Acme Supreme Juicerator.

The

homogenate was passed through four layers of cheesecloth and
centrifuged for 20 min at 20,000 x g.
the cell free extract.

The supernatant was used as

Protein concentration was determined

according to Bradford (7).
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Enzyme Assays.

MTA nucleosidase activity was determined by

measuring the conversion of SM^C^lMTA to S-I^CHgjMTR (9).

The

standard reaction mixture contained in a total volume of 0.25 ml,
0.1 M sodium Hepes buffer (pH 7.2), 100 yM SM^CI^JMTA (8.0 x 106
cpm/ymol), and enough protein to allow for about 20% total
The reaction mixture was incubated at 30oC

substrate consumption.

for 1 h and was terminated by the addition of 3 volumes of chilled
95% ethanol.

The resulting precipitate was removed by

centrifugation at 11,000 x g for 4 min, and the supernatant was
applied to a Dowex 50 W-H+ X 4 (100-200 mesh) column (0.5 x 3.0
cm).

The columns were eluted with 3 ml distilled water directly

into scintillation vials containing toluene/triton X-100 (2:1,
v/v), and the vials were counted in a Beckman LS 8000 scintillation
counter.

When MTA analogs were tested as potential substrates for

MTA nucleosidase, both the depletion of the analogs and the
formation of adenine were measured by HPLC according to a
previously described procedure (23).

MTR kinase activity was

determined according to the previously described procedure of Ferro
et^al. (10).
Feeding Experiments.

Tomato plugs (1 cm in diameter) in the .

breaker stage were excised and immediately rinsed in 2% KC1 and
blotted dry.

Chemicals were introduced in the plugs by the vacuum

injection technique previously described (4).
replicated three times.

Each experiment was

Three plugs were sealed in a 25 ml flask

and at the end of each incubation period 1 ml air sample was
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withdrawn from each flask and injected into a flame ionization
detector GC for ethylene measurement.

Determination of ACC.
course of ripening.

ACC levels were monitored throughout the
Three fruits from each stage of ripening were

randomly selected and a total of 2.0 g of pericarp tissue was
weighed and blended in 5 ml of 9% TCA in a Polytron homogenizer
(Brinkman Instruments).

The homogenate was centrifuged at 20,000 x

g for 20 min and the supernatant was passed through a Dowex 50 W-H
column.

ACC was eluted from the column with 2N NH^OH.

After

concentration under reduced pressure at 50oC, the eluates were
assayed for ACC according to the procedure described by Lizada and
Yang (18).

The conversion of ACC to ethylene was determined by

including an internal standard of known concentration to determine
the efficiency of conversion.
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RESULTS

Enzyme Activities During Fruit Development and Ripening.

Tomato

fruits were classified according to the following system:

1, small

green; 2, medium green; 3, mature green; 4, breaker; 5, pink; 6,
red; 7, over-ripe red.

Extracts were prepared from fruits in each

of these stages and the specific activities of both MTA
nucleosidase and MTR kinase were determined (Fig. 10-A) and
compared to the levels of ACC and ethylene (Fig. 10-B).

The

highest MTA nucleosidase activity was observed in the small green
stage (stage 1), approximately 1,200 Pmol/mg protein/min.

As the

fruits progressed to the mature green stage (stage 3), the activity
of MTA nucleosidase declined to about one-half the original
level.

A slight increase in enzyme activity was observed in the

breaker stage (stage 4) followed by another sharp decline in MTA
nucleosidase activity.

Only 84 pmol/mg protein/min activity was

observed in the over-ripe stage (stage 7).

In contrast, MTR kinase

activity (Fig. 10-A) was low in the early two stages of fruit
development followed by a marked increase in enzyme activity during
the mature green stage.

The highest activity of 700 pmol/mg

protein/min was observed in the breaker stage (stage 4).

A sharp

decline in MTR kinase activity occurred when fruits were at the red
stage.

Only 200 pmol/mg protein/min of.enzyme activity was

observed in the over-ripe stage (stage 7).
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Changes in ACC and Ethylene Levels During Tomato Fruit
Development.

We also examined the ACC and ethylene levels during

the developmental stages of tomato fruits (Fig. 10-B).

ACC was not

detected until fruits reached the breaker stage (stage 4) and
peaked at the red stage (stage 6), approximately 8 nmol/g, whereas
ethylene production was first observed at the mature green stage
(stage 3) and reached a plateau of about 3 nmol/g/h at the pink
stage (stage 5).
Effect of MTA Analogs on MTA Nucleosidase Activity.

The addition

of unlabeled MTA analogs at an equimolar concentration to
[

CHjjMTA showed variable effects on MTA nucleosidase activity

(Table 7).

5'-chloro-2'-deoxyadenosine, MTT, S'-chloroadenosine

and S'-chlorotubercidin had no significant effect on the
degradation of [14CH3]MTA to [14CH3]MTR.

ETA, iPTA, iBTA and S'-

chloroadenosine, however, each caused a 35-40% inhibition of enzyme
activity (Table 7).

HPLC determination of adenine formation in

crude extracts of small green tomato fruits in the presence of ETA,
iPTA, iBTA, S'-chloroadenosine, and S'-chloroformycin have
confirmed earlier findings in other systems (8,23) that ETA, iPTA,
iBTA and S'-chloroadenosine are substrates for MTA nucleosidase,
while S'-chloroformycin is not (19).

However, S'-chloroformycin,

when added to tomato extract in the presence of [
equimolar levels, inhibited the conversion of [
t1 CH3]MTR by approximately 89%.

CHojMTA at
CHo]MTA into

An AVG treatment was included for

comparative purposes and showed no significant effect on MTA
nucleosidase activity.
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Effect of MTA Analogs on Ethylene Synthesis.

MTA analogs which

exhibited an inhibition of MTA nucleosidase activity were further
tested for their ability to inhibit ethylene synthesis in breaker
stage tomato plugs.

The compounds (25 nmoles) were injected into

tomato plugs and incubated at room temperature.

Table 7 shows that

ETA, iPTA and iBTA moderately inhibited (13-30%) ethylene
synthesis.

AVG, a pyridoxal phosphate enzyme inhibitor which

inhibits the conversion of SAM to ACC (5,24), caused a 34%
inhibition of ethylene synthesis.

Of the analogs which were found

to be substrates for MTA nucleosidase, 5'-chloroadenosine was the
most effective inhibitor of ethylene synthesis (42%).

S'-

chloroformycin, the potent inhibitor of MTA nucleosidase, was also
the most potent inhibitor of ethylene synthesis (64%).

A time

course study of AVG, 5'-chloroadenosine, and S'-chloroformycin
inhibition of the rate of ethylene synthesis (Fig. 11) showed that
S'-chloroformycin and 5'-chloro-adenosine were more effective
inhibitors at the early period of incubation than was AVG.

5'-

chloroadenosine, however, lost some of its effectiveness over-time,
while S'-chloroformycin inhibition remained unchanged.

AVG, on the

other hand, was an ineffective inhibitor of ethylene synthesis up
to 8 h of incubation, but as time of incubation progressed AVG
showed the same rate of inhibition as that of S'-chloroformycin.
The relationship between MTA nucleosidase activity and
ethylene levels can be seen more clearly in Fig. 12.

A direct

correlation appears to exist between the amount of ethylene
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produced and the ability to convert MTA to MTR.

As the specific

activity of MTA nucleosidase decreases from control values, the
levels of ethylene produced decline accordingly.

Extrapolation of

these data suggests that in the absence of MTA nucleosidase
activity, only about 25% of the control levels of ethylene would be
measured.

Effect of MTR Analogs on MTR Kinase Activity.

The effect of MTR

analogs on MTR kinase activity was determined at the breaker stage
(stage 4), the stage at which MTR kinase activity was at its peak
(Fig. 10-A).

Table 8 shows that of the MTR analogs tested, iBTR

caused a 41% reduction in the conversion of [

CHojMTR to

I1 CH3]MTR-1-P whereas ETR and iPTR caused only a slight decrease
in MTR kinase activity.

AVG had no effect on MTR kinase activity.

Effect of MTR Analogs on Ethylene Synthesis.

iBTR, ETR and iPTR,

known substrates for MTR kinase (11), also have been evaluated for
their effects on ethylene synthesis in breaker tomato plugs (Table
8).

Of the compounds tested, iBTR caused a 35% inhibition of

ethylene synthesis followed by iPTR (22%) and ETR (no effect).

MTR

did not demonstrate any significant stimulation or inhibition of
ethylene synthesis.
Time course studies of iBTR inhibition of ethylene synthesis
showed that, compared to the control and AVG treatment (Fig. 13),
iBTR markedly reduced ethylene synthesis of breaker tomato plugs
(stage 4).

This inhibition, however, was negated as the time of
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incubation increased.

In contrast, AVG showed no effect during the

first 8 h of incubation, but the inhibitory effect steadily
increased over time.
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tomato fruit development and ripening
index

Fig. 10-A.

Changes in MTA nucleosidase and MTR kinase activities
during tomato fruit development and ripening incubated
at 30oC for 1 and 2 h, respectively.
(D-D) MTR formed, (■-■) MTR-l-P formed.

Fig. 10-B.

Changes in ACC and ethylene levels during tomato fruit
development and ripening. (• - •) ACC, (o - o)
ethylene.
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Table 7.

Effect of MTA analogs on MTA nucleosidase activity and
ethylene production from breaker tomato fruits incubated
for 1 h at 30°C for the nucleosidase activity and 24 h at
20oC for ethylene.

Compound^

Substrate

MTA nucleosidase
Activity

% of Control

Ethylene
Production

% of Control

Control

+

100

100

MTA

+

50

107

S'-chloro^'deoxyadenosine

ND

100

ND

5'-chloroarabinosyladenosine

ND

100

ND

100

ND

MTT
5'-chlorotubercidin

-

100

ND

AVG

-

98

66

ETA

+

65

87

iPTA

+

62

81

iBTA

+

61

70

5'-chloroadenosine

+

53

58

5'-chloroformycin

-

11

36

2rl4
[ CHolMTA was added at 25 nmol as were each of the analogs,
Not determined.
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0

Fig. 11.

4
8
12 16
20
24
TIME OF INCUBATION (h)

Time course study of MTA analogs effect on ethylene
synthesis in breaker tomato plugs incubated at 20oC.
(• - •) control, (o - o) AVG, (■-■)
5-Cl-adenosine, and (A. - A) 5'-Cl-formycin.
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Fig. 12.

Fitted linear regression between MTA nucleosidase
activity and ethylene synthesis in the presence of MTA
analogs.
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Table 8.

Compound^

Effect of MTR analogs on MTR kinase activity and
ethylene production from breaker stage tomato fruits
incubated for 2 h at 30°C for the kinase activity and
24 h at 20oC for ethylene.

MTR Kinase
Activity

of Control

Ethylene Production

% of Control

Control

-

100

MTR

52

102

AVG

100

66

iPTR.

82

78

ETR

81

100

iBTR

59

65

[

14 CHolMTR was present at 25 nmol as were each of the analogs.
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4

8

12

16

20

24

TIME OF INCUBATION (h)

Fig. 13.

Time course study of MTR analogs effect on ethylene
synthesis in breaker tomato plugs incubated at 20oC.
(• - •) control, (o - o) AVG and (■-■) iBTR.

77
DISCUSSION

During the conversion of methionine to ethylene in ripening
fruit, MTA is synthesized stoichiometrically with the production of
ACC.

The recycling of MTA to methionine has been proposed to be an

essential salvage pathway necessary for the synthesis of large
quantities of ethylene.

We have initiated a detailed investigation

to elucidate the contribution made by the methionine salvage
pathway to total ethylene production.
MTA nucleosidase and MTR kinase are the first two enzymes
involved in this recycling pathway.

Since ethylene and ACC both

begin to accumulate in mature green to breaker stage tomatoes (14,
present study), we had anticipated that both MTA nucleosidase and
MTR kinase activities would also be elevated at these stages in
order to initiate the recycling of the MTA synthesized.

As

expected, MTR kinase activity followed this pattern by peaking in
extracts prepared from breaker stage fruit.

MTA nucleosidase

activity, however, exhibited its highest specific activity prior to
the mature green stage.

These data suggest that MTA may accumulate

during the latter stages of tomato ripening due to the declining
MTA nucleosidase activity.

Efforts, however, to detect elevated

levels of MTA at these stages were unsuccessful (data not shown).
This suggests that the activity of MTA nucleosidase present in
these tissues is sufficient to accommodate the MTA which is
synthesized.

Whether the fluctuations in MTA nucleosidase and MTR

kinase activities are due to changes in the de novo synthesis of
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these enzymes or to regulation at the level of enzyme activity has
not been determined.

Regardless, the alterations in enzyme

activities observed during tomato fruit ripening suggest that the
regulation of these enzymes may play an important role in
regulating the synthesis of methionine, and therefore, ACC and
ethylene synthesis.
To examine this possibility further, several analogs of MTA
and MTR were synthesized and tested as inhibitors of MTA
nucleosidase and MTR kinase activities, and also as potential
inhibitors of ethylene biosynthesis.

Five analogs of MTA were

found to be inhibitors of both MTA nucleosidase activity and
ethylene synthesis.

Of the MTA analogs examined, 5'-

chloroadenosine and 5'-chloroformycin were found to be the most
effective inhibitors of MTA nucleosidase activity and of ethylene
production.
(r

Utilizing these analogs, a direct correlation

= 0.897) was observed between the activity of this enzyme and

the ability of fruit plugs to synthesize ethylene (Fig. 12).

The

data suggest that the recycling of MTA to methionine is required
for maximum ethylene synthesis.

Our data predicts that even in the

complete absence of MTA nucleosidase activity, ethylene synthesis
would still occur (25% of normal).

This is probably due to the

existence of ethylene precursors (methionine, SAM, ACC) whose
conversion to ethylene would not be blocked by inhibitors of the
nucleosidase.

Obviously, before these conclusions can be

confirmed, the specificity of these analogs must be established.

79

Baker et al. (3) observed that tomato fruits at the pink and
red stage were relatively insensitive to AVG inhibition of ethylene
synthesis during 6 h of tissue incubation.

We have observed

similar results when tomato plugs in the breaker stage were
incubated with AVG (Figs. 11,13).

However, we have also observed

that as the time of incubation increased ethylene production
declined considerably.

Based on the data of Baker et al. (3) and

on the higher levels of ACC observed during these developmental
stages. Boiler et al. (5) suggested that the ineffectiveness of AVG
at these two stages may have resulted from an AVG insensitive step
in the conversion of ACC to ethylene.
Of MTR analogs tested as inhibitors of MTR kinase activity and
ethylene biosynthesis, only iBTR caused a significant effect.

The

decrease in iBTR-induced inhibition of ethylene synthesis with time
is probably due to the further metabolism of this compound, since
it is a substrate for MTR kinase.

The continual investigation of

the specific effects of MTA and MTR analogs should help understand
the role of the methionine recycling pathway in ethylene
biosynthesis during fruit development and ripening.
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CONCLUSIONS

1.

This work has demonstrated the existence of a previously
unidentified enzyme, 5-methylthioribose kinase in cell-free
extracts from several fruit tissues including avocado, pear,
apple, strawberry and tomato.

This enzyme catalyzed the ATP-

dependent phosphorylation of 5-methylthioribose to 5methylthioribose-1-phosphate and exhibited a temperature
optimum of 30oC.

An examination of the specific activity of

this enzyme from three morphological regions of an avocado
fruit revealed that the highest enzyme activity was in the
outer exocarp tissues.

2.

The kinetics of product formation from MTR-l-P showed that
incubation of avocado extract with MTR-l-P yielded two new
products, identified as a-keto-Y-methylthiobutyric acid (a-KMB)
and a-hydroxy-Y-methylthiobutyric acid (a-HMB).

3.

Further metabolism of a-KMB and a-HMB were examined and the
data suggest that a-KMB is a precursor of both methionine and
a-HMB but that a-HMB cannot be further metabolized at least in
the system that was used.

It was also observed that a-HMB

slightly inhibited the conversion of a-KMB to methionine.

4.

The ability of tomato pericarp tissue to metabolize a-KMB and
a-HMB to ethylene confirmed that only a-KMB served as substrate
for the synthesis of ethylene.
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5.

5'-Methylthioadenosine nucleosidase and 5-methylthioribose
kinase activities have been examined during tomato fruit
development and ripening.

The results showed that the highest

activity of MTA nucleosidase was observed when fruits were in
the small green stage and dropped sharply as the fruits reached
the ripening stage.

6.

MTR Kinase activity, in contrast, exhibited low activities at
the green stage and reached peak activity at the breaker
stage.

The decline in MTA nucleosidase activity during tomato

fruit development and ripening suggest that this enzyme may
play an important role in the regulation of ethylene synthesis.

86

BIBLIOGRAPHY

1.

Abeles FB 1973 Ethylene in plant biology. Acad Press NY.

2.

Abeles FB 1974 Biosynthesis and mechanism of action of
ethylene. Ann Rev Plant Physiol 23:259-292

3.

Abeles AL, FB Abeles 1972 Biochemical pathway of stress
induced ethylene. Plant Physiol 50:496-498

4.

Abeles FB, B Rubinstein 1964 Cell-free ethylene evolution
from etiolated pea seedlings. Biochim Biophys Acta 93:675-677

5.

Acaster MA, H Kende 1983 Properties and partial purification
of 1-aminocyclopropane-l-carboxylate synthase. Plant Physiol
72:139-145

6.

Adams DO, SF Yang 1977 Methionine metabolism in apple tissue:
implication of S-adenosylmethlonine as an intermediate in the
conversion of methionine to ethylene. Plant Physiol 60:892896

7.

Adams DO, SF Yang 1979 Ethylene biosynthesis: identification
of 1-aminocyclopropane-l-carboxylic acid as an intermediate
in the conversion of methionine to ethylene. Proc Nat Acad
Sci (USA) 76:170-174

8.

Adato I, S Gazit, A Blumenfeld 1976 Relationship between
changes in abscisic acid and ethylene production during
ripening of avocado fruits. Aus J Plant Physiol 3:55-558

9.

Akamine EK 1963 Ethylene production in fading Vanda orchid
blossoms. Science 140:1217-1218.

10.

Backlund PS Jr, CP Chang, RA Smith 1982 Identification of 2keto-4-methylthiobuterate as an intermediate compound in
methionine synthesis from S'-methylthioadenosine. J Biol Chem
4196-4202

11.

Backlund PS, RA Smith 1981 Methionine synthesis from S'methylthioadenosine in rat liver. J Biol Chem 255:1533-1535

12.

Baker JE, M Lieberman, JD Anderson 1978 Inhibition of
ethylene production in fruit slices by a rhizobiotoxine
analog and free radial scavengers. Plant Physiol 61:886-888

13.

Baur AH, SF Yang 1969 Ethylene production from propanol.
Plant Physiol 44:189-192

87

14.

Baur AH, SF Yang 1969 Precursors of ethylene. Plant Physiol
44:1347-1349

15.

Baur AH, SF Yang, HK Pratt 1971 Ethylene biosynthesis in
fruit tissues. Plant Physiol 47:696-699

16.

Baur AH, SF Yang 1972 Methionine metabolism in apple tissue
in relation to ethylene biosynthesis. Phytochem 11:3207-3214

17.

Biale JB, RE Young, AJ Olmstead 1954 Fruit respiration and
ethylene production. Plant Physiol 29:168-174

18.

Biale JR, RE Young 1962 The biochemistry of fruit maturation.
Endeavour 21:164-174

19.

Blackman FF, P Parija 1928 Analytic studies in plant
respiration. 1-The respiration of a population of senescent
ripening apples. Proc Roy Soc (London), B., 103:412-445

20.

Boiler T, RC Herner, H Kende 1979 Assay for and enzymatic
formation of an ethylene precursor, 1-aminocyclopropane-lcarboxylic acid. Planta 145:293-303

21.

Boiler T, H Kende 1980 Regulation of wound ethylene synthesis
in plants. Nature 286:159-160

22.

Borchardt RT, JA Huber, YS Wu 1976 A convenient preparation
of S-adenosylhomocysteine and related compounds. J Org Chem
41:565-567

23.

Bradford MM 1976 A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principal of protein-dye binding. Anal Biochem 72:248-254

24.

Buescher RW, EC Tigchelaar 1975 Pectinesterase,
polygalacturonase, cx-cellulase activities and softening of
the Rin tomato mutant. Hort Sci 10:624-625

25.

Burg SP 1973 Ethylene in plant growth. Proc Nat Acad Sci
(USA) 70:591-597 .

26.

Burg SP, EA Burg 1962 Role of ethylene in fruit ripening.
Plant Physiol 37:179-189

27.

Burg SP, EA Burg 1965 Ethylene action and the ripening of
fruits. Science 148:1190-1196

28.

Burg SP, EA Burg 1966 Fruit storage at subatmospheric
pressure. Science 153:314-315

88

29.

Burg SP, EA Burg, R Mark 1964 Relationship of solute leakage
to solution tonicity in fruits and other plant tissues. Plant
Physiol 39:185-195

30.

Burg SP, CO Clagett 1967 Conversion of roethionine to ethylene
in vegetative tissues and fruits. Biochem Biophys Res Commun
27:125-130

31.

Burg SP, MJ Dijkman 1967 Ethylene and auxin participation in
pollen induced fading of vanda orchid blossoms. Plant Physiol
42:1648-1650

32.

Burg, SP, JAJ Stowlwijk 1959 A high sensitive katharometer
and its application to the measurement of ethylene and other
gasses of biological importance. J Biochem Microbiol Technol
Eng 1:245

33.

Burg, SP, KV Thimann 1959 The physiology of ethylene
formation in apples. Proc Nat Acad Sci 45:335-344

34.

Burroughs LB 1957 1-aminocyclopropane-l-carboxylic acid: a
new amino- acid in perry pears and cider apples. Nature
179:360-361

35.

Cameron AC, CAL Fenton, YB Yu, DO Adams, SF Yang 1979
Stimulation of ethylene production in plant tissues by 1aminocyclopropane-1-carboxylic acid. Hort Science 14:178-180

36.

Coward JK, NC Motola, JD Moyer 1977 Polyamine biosynthesis in
rat prostate. Substrate and inhibitor properties of 7-deaza
analogues of decarboxylated S-adenosylmethionine and 5'methylthioadenosine. J Med Chem 20:500-505

37.

Crocker, W, FW Zimmerman, AE Hichcock 1932 Ethylene-induced
epinasty of leaves and the relation of gravity to it. Contrib
Boyce Thompson Inst 4:177-218

38.

Denny FE 1924 Hastening the color of lemons. J Ag Res 27:747771

39.

Dixon JL, NJ Benevenga 1980 The carboxylation of o-keto-Ymethiolbutyrate in rat liver mitochondria. Biochem Biophys
Res Commun 97:939-946

40.

Dostal HC, AC Leopold 1967 Gibberelin delays ripening of
tomatoes. Science 158:1579-1580

41.

Dostal HC, WB McGlasson, RA Edwards 1974 Ripening mutants-a
tool to study fruit ripening. Plant Physiol 54:S-61

89

42.

Egley GH, JE Dale 1970 Ethylene, 2-chloroethylphosphoric
acid, and whitchweed germination. Weed Sci 18:586-589

43.

Eisinger W 1983 Regulation of pea internode expansion by
ethylene. Ann Rev Plant Physiol 34:225-240

44.

Elmer OH 1932 Growth inhibition of potato sprouts by the
volatile product of apples. Science 75:193

45.

Fahnstock GW 1858 Memoranda of the effects of carburetted
hydrogen gas upon a collection of exotic plants. Amer Phil
Soc Proc 1:118-134

46.

Ferro AJ 1979 Function and metabolism of 5'methylthioadenosine. In conference on transmethylation. 117126 Elsevier North Holland, Inc New York

47.

Ferro AJ, A Barrett, SK Shapiro 1976 Kinetic properties and
the effects of substrate analogues on S'-methylthioadenosine
nucleosidase from Escherichia coli. Biochim Biophys Acta
438:487-494

48.

Ferro AJ, A Barrett, SK Shapiro 1978 5-Methylthioribose
kinase a new enzyme involved in the formation of methionine
from 5-methylthioribose. J Biol Chem 253:6021-6025

49.

Ferro AJ, NC Wrobel, JA Nicolette 1979 5-Methylthioribose-lphosphate: a product of partially purified rat liver S'methylthioadenosine phosphorylase activity. Biochem Biophys
Acta 570:65-73

50.

Frenkel, C, I Klein, DR Dilley 1968 Protein synthesis in
relation to ripening of pome fruits. Plant Physiol 43:11461153

51.

Gane R 1934 Production of ethylene by some ripening fruits.
Nature 134:1008

52.

Gane R 1935 The formation of ethylene by plant tissues and
its significance in the ripening of fruits. J Pomol Hort Sci
13:135

53.

Giovanelli J, H Mudd, AH Datko 1981 Recycling of methionine
sulfur in a higher plant by two pathways characterized by
either loss or retention of the 4-carbon moiety. Biochem
Biophys Res Commun 100:831-839

54.

Goeschel JD, HK Pratt 1968 Regulatory role of ethylene in the
growth habit of Pisum sativum. In: Wightman F, G Setterfield
eds Biochemistry and physiology of plant growth substances.
Runge Press, Ottawa 1229-1242.

90

55.

Grierson D, GA Tucker 1983 Timing of ethylene and polygalacturonase synthesis in relation to the control of tomato
fruit ripening. Planta 157:174-179

56.

Guranowski AB 1983 Plant 5-methylthioribose kinase :
properties of the partially purified enzyme from yellow lupin
(Lupinus luteus L.) seeds. Plant Physiol 71:932-935

57.

Guranowski AB, PK Chiang, GL Cantoni 1981 5'Methylthioadenosine nucleosidase, purification and
characterization of the enzyme from Lupinus luteus seeds. Eur
J Biochem 114:293-299

58.

Hale CR, BG Coombe, JS Hawker 1970 Effects of ethylene and 2chloroethylphosphonic acid on ripening of grapes. Plant
Physiol 45:620-623

59.

Hansen E 1966 Post harvest physiology of fruits. Ann Rev
Plant Physiol 17:459-480

60.

Hanson AD, H Kende 1976 Methionine metabolism and ethylene
biosynthesis in senescent flower tissue of morning-glory.
Plant Physiol 57:528-537

61.

Herner RC, KG Sink, Jr 1973 Ethylene production and
respiratory behavior of rin tomato mutant. Plant Physiol
52:38-42

62.

Hoffman NE, SF Yang 1980 Changes of 1-aminocyclopropane-lcarboxylic acid content in ripening fruits in relation to
their ethylene production rate. J Amr Soc Hort Sci 105:492495

63.

Huelin FE, BH Kennett 1959 Nature of the defines produced by
apples. Nature (London) 184:996

64.

Hulme AC, MJC Rhodes, T. Gilliard, LSC Wooltorton 1968
Metabolic changes in excised fruit tissue. IV. Changes
occurring in discs of apple peal during the development of
the respiration climacteric. Plant Physiol 43:1154-1161

65.

Hyodo H 1978 Ethylene production by wounded tissue of citrus
fruit. Plant & Cell Physiol 19:545-551

66.

Jackson MB, DJ Osborne 1970 Ethylene, the natural regulator
of leaf abscission. Nature 225:1019-1022

67.

Jones RL 1969 Ethylene enhances release of a-amylase from
barley aleurone cells. Plant Physiol 43:442-444

91

68.

Jones JR, H Kende 1979 Auxin-induced ethylene biosynthesis in
subapical stem sections of etiolated seedlings of Pisum
sativum L. Planta 146:649-656

69.

Kende H, B Baumgartner 1974 Regulation of aging in flowers of
Ipomoea tricolor by ethylene. Planta 116:279-289

70.

Kende H, T Boiler 1981 Wound ethylene and 1aminocyclopropane-l-carboxylate synthase in ripening tomato
fruit. Planta 151:476-481

71.

Ketring DL, PW Morgan 1971 Physiology of oil seeds. Plant
Physiol 47:488-492

72.

Kidd F, C West 1930 Physiology of Fruit, I. Proc R Soc Lond
8106:93-106

73.

Kidd F, C West 1933 The influence of the composition of the
atmosphere upon the incidence of the climaceteric in apples.
Res Food Invest Board 51-57

74.

Kidd F, C West 1937 The keeping quality of apples in relation
to their maturity when gathered. Sci Hort 5:78

75.

Kidd F, CA West 1945 Respiratory activity and duration of
life of apples gathered at different stages of development
and subsequently maintained at a constant temperature. Plant
Physiol 20:467-504

76.

Konze JR, JF Jones, T Boiler, H Kende 1980 Effect of 1aminocyclopropane-1-carboxylic acid on the production of
ethylene in senescing flower of Ipomoea tricolor. Plant
Physiol 66:566-571

77.

Konze JR, H Kende 1979 Interactions of methionine and
selenomethionine with methionine adenosyltransferase and
ethylene-generating systems. Plant Physiol 63:507-510

78.

Konze JR, GMK Kwiatkowski 1981 Rapidly induced ethylene
formation after wounding is controlled by the regulation of
1-aminocyclopropane-l-carboxylic acid synthesis. Planta
151:327-330

79.

Kozlowski TT 1973 Shedding of plant parts. Acad Press pp 86200

80.

Krishnamoorthy HN 1970 Promotion of rooting in mung bean
hypocotyl cuttings with ethrel, an ethylene releasing
compound. Plant Cell Physiol 11:979-982

92

81.

Ku LL, RJ Romani 1970 The ribosomes of pear fruits. Plant
Physiol 45:401-407

82.

Kukugawa K, M Ichino 1971 Direct halogenation of sugar moiety
of nucleosidase [onium complex; halogenation; cytidine;
adenosine]. Tetraheadron Lett 2:87-90

83.

Kushad, MM, DG Richardson, AJ Ferro 1982 5-Methylthioribose
kinase activity in plants. Biochem Biophys Res Commun
108:167-173

84.

Kushad MM, DG Richardson, AJ Ferro 1983 Intermediates in the
recycling of 5-methylthioribose to methionine in fruits.
Plant Physiol 73:257-261

85.

Li PH, E Hansen 1964 Effect of modified atmosphere storage on
organic acid and protein metabolism of pears. Proc Amer Soc
Hort Sci 85:100-111

86.

Lieberman M 1975 Biosynthesis and regulatory control of
ethylene in fruit ripening. A review. Physiol Veg 13:489-499

87.

Lieberman M 1979 Biosynthesis and action of ethylene. Ann Rev
Plant Physiol 30:533-591

88.

Lieberman MA, A Runishi, LW Mapson, DA Wardale 1966 Ethylene
production from methionine. Biochim J 97:449-459

89.

Lieberman M, AT Kunishi, LW Mapson, DA Wardale 1966
Stimulation of ethylene production in apple tissue slices by
methionine. Plant Physiol 41:376-382.

90.

Lieberman M, AT Kunishi, LD Owens 1974 Specific inhibitors of
ethylene production as retardants of the ripening process in
fruits. In Facteurs et regulation de la maturation des
fruits. R Ulrich ed. Paris 238:161-170

91.

Lieberman M, LW Mapson 1964 Genesis and biogenesis of
ethylene. Nature 204:343-345

92.

Lizada YN, SF Yang 1979 A simple and sensitive assay for 1aminocyclopropane-1-carboxylic acid. Anal Biochem 100:140-145

93.

Looney NE, ME Patterson 1967 Changes in total ribonucleic
acid during the climateric phase in yellow transparent
apples. Phytochem 6:1517-1520

94.

Lurssen K, K Naumann, R Schroder 1979 l-Aminocyclopropane-lcarboxylic acid- an intermediate of the ethylene
biosynthesis. Z Pflanzensphysiol 92:285-294

93

95.

Lurssen K, K Naumann 1979 l-Aminocyclopropane-carboxylic acid
a new intermediate of ethylene. Naturwiss 66:264-265

96.

Lyons JM, WB McGlasson, IR Pratt 1962 Ethylene production,
respiration and internal gas concentration in cantaloupe
fruits at various stages of maturity. Plant Physiol 37:31-36

97.

Lyons JM, HK Pratt 1964 An effect of ethylene on swelling of
isolated mitochondria. Arch Bio Chem Biophys 104:318-324

98.

Magie RO 1971 Effects of ethaphon and benzirnidazoles on com
and carmel production by gladiolus cornels. Hort Science
6:351-452

99.

Mapson LW 1970 Biosynthesis of ethylene and the ripening of
fruit. Endeavour 106:29-33

100.

Mapson LW, JR March, MJC Rhodes, LSC Wooltorton 1970 A
comparative study of the ability of methionine or linolenic
acid to act as precursor of ethylene in plant tissues.
Biochem J 117:473-479

101.

Mapson LW, JF March, DA Wardale 1969 Biosynthesis of ethylene
4-Methylmercapto-2-oxobutyric acid: an intermediate in the
formation from methionine. Biochem J 115:653-661

102.

Mapson LW, JE Robinson 1966 Relation between oxygen tension,
biosynthesis of ethylene, respiration and ripening changes in
banana fruit. J Fd Technol 1:215-225

103.

Mapson LW, DA Wardale 1971 Enzymes involved in the synthesis
of ethylene from methionine, or its derivatives, in tomatoes.
Phytochem 10:29-39

104.

Mayak S, RL Legge, JE Thompson 1981 Ethylene formation from
1-aminocyclopropane-l-carboxylic acid by microsomal membranes
from senescing carnation flowers. Planta 153:49-55

105.

McCready RM, EA McComb 1954 Pectic constituents in ripe and
unripe fruit. Food Res 19:530-535

106.

Mehard CW, JM Lyons 1970 A lack of specificity for ethyleneinduced mitochondrial changes. Plant Physiol 46:36-39

107.

Meheriuk M, M Spencer 1964 Effects of nitrogen, and of
respiratory inhibitors, on ethylene production by a subcellular fraction from tomatoes. Nature 204:43-45.

94

108.

Meigh DF 1959 Nature of olefins produced by apples. Nature
184:1072-1073

109.

Morgan PW, RE Meyer, MG Merkle 1969 Chemical stimulation of
ethylene evolution and bud growth. Weed Sci 17:353-355

110.

Murr DP 1977 Methionine metabolism in apple tissue.
Experientia 33:1559-1561

111.

Murr DP, SF Yang 1975 Inhibition of in vivo conversion of
methionine to ethylene by L-canaline and 2,4-dinitrophenol.
Plant Physiol 55:79-82

112.

Murr DP, SF Yang, F Schlenk 1982 Conversion of S'-methylthioadenosine to methionine by apple tissue. Phytochemistry
14:1291-1292

113.

Orion D, G. Minz 1969 The effect of ethrel (2-chloroethane
phosphonic acid) on the pathogenic!ty of the root knot
nematode Meloidogyne javanica. Nematologica 15:608-614

114.

Owens LD, M Lieberman, A Kunishi 1971 Inhibition of ethylene
production by rhizobitoxine. Plant Physiol 48:1-4

115.

Neljubow D 1901 Bot'Zentrabl Beiheffe 10:128

116.

Phan CT, H Hsu 1975 I/ethylene et le deverdissage des tissus
vegetaux. Physiol Veg 13:427-434

117.

Poovaiah BW 1974 Promotion of radial growth by 2-chloroethylphosphonic acid in bean. Bot Gaz 135:289-292

118.

Poovaiah BW, A Nukaya 1979 Polygalacturonase and cellulase
enzymes in the normal Rutgers and mutant Rin tomato fruits
and their relationship to the respiratory claimacteric. Plant
Physiol 64:534-537

119.

Pratt HK, JD Goeschl 1969 Physiological role of ethylene in
plants. Ann Rev Plant Physiol 20:541-584

120.

Proebsting EL Jr, HH Mills 1969 Effects of 2-chloroethane
phosphonic acid and its interaction with gibberellic acid on
quality of 'early Italian prunes'. J Am Soc Hort Sci 94:443446

121.

Reid MS, MJC Rhodes, AC Hulme 1973 Changes in ethylene and
Co2 during ripening of apples. J Sci Food Agric 24:971-979

122.

Rhodes MJC 1980 The maturation and ripening of fruits. In KV
Thimann, ed. Senescence in Plants. CRC Press, Florida, pp
157-205

95

123.

Robinson RW, S Shannon, MD dela Guardia 1969 Regulation of
sex expression in the cucumber. Science 19:141-142

124.

Rodriguez AB 1932 Smoke and ethylene in fruiting of
pineapple. J Dept Agric P.R. 26:5-18

125.

Rudich J, AH Halvey, N Kedar 1972 Ethylene evolution from
cucumber plants as related to sex expression. Plant Physiol
49:998-999

126.

Sacher JA 1962 Relations between change in membrane
permeability and the climacteric in banana and avocado.
Nature 195:577-578

127.

Sacher JA 1973 Senescence and postharvest physiology. Ann Rev
Plant Physiol 24:197-224

128.

Sakai S, H Imaseki 1972 Ethylene biosynthesis: methionine as
an in vivo precursor of ethylene in auxin-treated mungbean
hypocotyl segments. Planta 105:165-173

129.

Saltveit ME Jr, KJ Bradford, DR Dilley 1978 Silver ion
inhibits ethylene synthesis and action in ripening fruits. J
Am Soc Hort Sci 103:472-475

130.

Savarese TM, GW Crabtree, RE Parks 1981 5'Methylthioadenosine phosphorylase-I : Substrate activity of
S'-deoxyadenosine with the enzyme from sarcoma 180 cells.
Biochem Pharmacol 30:189-199

131.

Sawamura ME, E Rnegt, J Bruinsma 1978 Levels of endogenous
ethylene, carbon dioxide, and soluble pectin, and activities
of pectin methylesterase and polygalacturonase in ripening
tomato fruits. Plant Cell Physiol 19:1061-1069

132.

Schlenk F, DJ Ehninger 1964 Observations on the metabolism of
5'-methylthioadenosine. Arch Biochem Biophys 106:95-100

133.

Schroeder HR, CJ Barnes, RC Bohinski, MF Mallette 1973
Biological production of 5-methylthioribose. Can J Microbiol
19:1347-1354

134.

Shanks JB 1969 Some effects and potential uses of ethrel on
ornamental crops. Hort Science 4:56

135.

Shapiro SK, A Barrett 1981 5-Methylthioribose as a precursor
of the carbon chain of methionine. Biochem Biophys Res Commun
102:302-307

96

136.

Shapiro SK, F Schlenk 1980 Conversion of 5'-methylthioadenosine into S-adenosylmethionine by yeast cells. Biochem
Biophys Acta 633:176-180

137.

Sievers AF, RH True 1912 A preliminary study of the forced
curing of lemons as practiced in California US Dept Ag Bur
Plant Ind Bull 232:1-33

138.

Thimann KV 1980 Senescence in Plants. CRC Press

139.

Tiggchelaar EC, WB McGlasson, RW Buescher 1978 Genetic
regulation of tomato fruit ripening. Hort Sci 13:508-513

140.

Tompkins DR, JR Bower 1970 Sweet potato plant production as
influenced by gibberellin and 2-chloroethylphosphonic acid.
Hort Science 5:84-85

141.

Trackman PC, RH Abeles 1981 The metabolism of l-phospho-5methylthioribose. Biochem Biophys Res Commun 103:1238-1244

142.

Tucker GA, D Grierson 1980 Changes in polygalcturonase
isoenzymes during the 'ripening' of normal and mutant tomato
fruit. Eur J Biochem 112:119-124

143.

Ulrich R 1958 Postharvest physiology of fruits. Ann Rev Plant
Physiol 9:385-416

144.

Vendrell M 1970 Acceleration and delay of ripening in banana
fruit tissue by gibberellic acid. Aus J Biol Sci 23:553-559

145.

Vendrell M 1970 Relationship between inteimal distribution of
exogenous auxin and accelerated ripening of banana fruits.
Aus J Biol Sci 23:1133-1142

146.

Wang SY, DO Adams, M Lieberman 1982 Recycling of 5'methylthioadenosine-ribose carbon atoms into methionine in
tomato tissue in relation to ethylene production. Plant
Physiol 70:117-121

147.

Wheaton TA, I Stewart 1973 Optimum temperature and ethylene
concentration for postharvest development of carotenoid
pigments in citrus. J Am Soc Hort Sci 98:337-340

148.

White MW, AA Vanderbark, CL Barney, AJ Ferro 1982 Structural
analogs of 5'-methylthioadenosine as substrates and
inhibitors of 5'-methylthioadenosine phosphorylase and
inhibitors of human lymphocyte transformation. Biochemical
Pharmacology 31:503-507

97

149.

Woodard R 1982 1-Amino-l-cyclopropanecarboxylic acid
synthase, a unique SAM-utilizing enzyme. In Biochem of Sadenosylmethionine and related compounds. Ed. E Usdin, RT
Borchardt, CR Creveling. Macmillan Press Ltd pp 621-625

150.

Yang SF 1974 The biochemistry of ethylene: biogenesis and
metabolism. Recent Adv Phytochem 7:131-164

151.

Yang SF 1975 Facteurs et regulation de la maturation des
fruits. Ulrich R ed Colloq Int CNRS 238:171-175

152.

Yang SF 1980 Regulation of ethylene biosynthesis. Hort
Science 15:238-243

153.

Yang SF, DO Adams 1980 in The Biochemistry of Plants: a
comprehensive treatise, eds PK Stumpf, EE Conn vol 4 chap 6
Acad Press

154.

Yang SF, DO Adams, C. Lizada, Y Yu, KJ Bradford, AC Cameron
1980 Mechanism and regulation of ethylene biosynthesis. In F
Skoog, ed, Proc 10th Int Conf Plant Growth Substances.
Springer-Verlag, Berlin, In press

155.

Yang SF, AH Bauer Proc 1971 Plant Growth Regulators Congress,
Conberra, Australia

156.

Yang SF, AH Baur 1972 Biosynthesis of ethylene in fruit
tissues. In Plant Growth Substances 1970 ed DJ Carr pp 510517 Springer-Verlag NY

157.

Yang SF, HS Ku, HK Pratt 1966 Ethylene production from
methionine as mediated by flavin mononucleotide and light.
Biochem Biophys Res Commun 24:739-743

158.

Yang SF, HS Ku, HK Pratt 1967 Photochemical production of
ethylene from methionine and its analogues in the presence of
flavin mononucleotide. J Biol Chem 242:5274-5280

159.

Yu YB, DO Adams, SF Yang 1979 l-Aminocyclopropanecarboxylate
synthase, a key enzyme in ethylene biosynthesis. Arch Biochem
Biophys 198:280-286

160.

Yu YB, DO Adams, SF Yang 1980 Inhibition of ethylene
production by 2,4-dinitrophenol and high temperature. Plant
Physiol 66:286-290

161.

Yu YB, SF Yang 1979 Auxin-induced ethylene production and its
inhibition by aminoethoxyvinylglycine and cobalt ion. Plant
Physiol 64:1074-1077

98

162.

Yu YB, SF Yang 1980 Biosynthesis of wound ethylene. Plant
Physiol 66:281-285

163.

Yung KH, SF Yang, F Schlenk 1982 Methionine synthesis from 5methylthioribose in apple tissue. Biochem Biophys Res Commun
104:771-777

164.

Williams-Ashman HG, I Seidenfeld, P Galletti 1982 Trends in
the biochemical pharmacology of 5'-deoxy-5-methylthioadenosine. Biochem Pharmacol 31:277-288

APPENDIX

66

3

M
fD

3*

(U

CO

»

a

H-

H

<

1

3

ro
«

HO
3

(0 ro
CO M
>-/ »
• rr

O 35
v_, dj

1

o

O ^s

CD

3 H- PQ. rf rt

o.
> o &
o
O
O i-h rr
n H03 C <

• o 3
s^ ca rt

a.oq ro
o »
^N l-f> "O
•
•o
% »
1 < i
o ro

o0

O

ro

S

-4

.
o
a
•<

►i a 3
S ►* (B
ro 9 CO

o ro

hfl i-t

1

??
MTO

H H

3

•o
3
3"

3
O.

ro

CO

O.
0J

CO

o.
s c (u

i

■2

ro ro 3
O. 3 o
» ro H1
ro
-N M o

3 i- 3

3 a- 3
po ro 2J
hn rt )-j
o S" >
I-I ^ 1

N^s

n "w

i > 3

a

--vo
re <n .

TO

o

O

^m
ro
o

O
O

CD

ro
o
o
o
o

o
o

at

—,
o>
o

ACC T/mol/g

M

o

Ethylene rjl/g/h

A

*•
o

CD

^
o

o

ro
o
o

MTA nucleosidase activity
/?mol MTR Formed/mg protein/min

o
o
o

/>molMTR-i-P Formed/mg protein/min

MTR kinase activity

"i

2,000
■♦-»

Q) Q.
W
CO

•o

r—

1

T

1

""■ ■ i

■

-

10

V
A

^-o ACC

•—

>-l

i—

1,600

1,200

.

Xethylene

_

E

. 80

8

-60

6
J0»

— TJ
W «>

O §
o
jD u.

o>
800

_

/

-40

o

c

E

O

^

C

< o
H E

o
o
<

400

MTR

»

o

_J

i

2

.„

.i

4

_.J...

6

i

1—

8

10

.

- 20

i ,

. 2

JO

12

Ripening Time, Days at 20 C
Fig. 15.

Changes In MTA nucleosidase apparent activity in relation to ACC and
ethylene levels during ripening of pear fruits (cv Bosc). (• - •) MTR
formed, (o - o) ACC and (■-■) ethylene.
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Relationship between the amount of avocado cell free
extract protein added to the reaction mixture and the
amount of MTR-l-P formed. Reaction mixtures were
incubated for 2 h at 30oC.

