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ABSTRACT
BIOCHEMICAL GENETICS OF ABSCISIC ACID BIOSYNTHESIS
by
Christopher Dale Rock

The iron chelators a,a-dipyridyl and o-phenanthroline inhibited
abscisic acid (ABA) biosynthesis in water-stressed leaves of
Xanthium strumarium. This supports the hypothesis that a non-heme
oxygenase is involved in ABA biosynthesis. The onium-type plant
growth retardant FC-307 inhibited ABA biosynthesis, but the anti-
transpirant LAB 173711 did not.

ABA-aldehyde and ABA-trans-diol were quantified in apple
(Malus domestica) fruits and leaves. !'®*0O-Labeling experiments
established that ['*O]ABA-aldehyde was largely unlabeled in the side
chain carbonyl group due to exchange of the carbonyl oxygen with
water. This can explain the unusual labeling patterns of ['*O]ABA in
labeling experiments with apple fruits. Based on specific activity of
['*O]ABA and ['®*O]ABA-trans-diol, it is concluded that ABA-trans-dioI
is a catabolite of ABA. Results of feeding studies with [?H;]ABA-
aldehyde and [?H;]ABA support the biosynthetic relationship ABA-

aldehyde --> ABA --> ABA-trans-diol. A parallel pathway of trans-



ABA biosynthesis is proposed.

ABA and trans-ABA biosynthesis and metabolism were
investigated in the ABA-deficient mutants of tomato (Lycopersicon
esculentum), potato (Solanum tuberosum), barley (Hordeum vulgare)
and Arabidopsis thaliana. In the tomato, potato, and barley mutants,
a high percentage of ['*O]ABA and ['®O] trans-ABA was doubly-
labeled in the side chain carboxyl group. Feeding studies in tomato
with [?Hg]ABA-alcohol and '®0, established that this doubly-carboxyl-
labeled ['®*O]ABA was synthesized from ['*O]ABA-alcohol with
incorporation of molecular oxygen. ABA-alcohol oxidation was
inhibited by carbon monoxide, which indicates the involvement of a
cytochrome P-450 monooxygenase. This minor shunt pathway from
ABA-aldehyde --> ABA-alcohol --> ABA operates in all species
examined and is an important component of ABA biosynthesis in
mutants impaired in ABA-aldehyde oxidation.

Analysis of carotenoids established that the aba mutant of
Arabidopsis is impaired in epoxy-carotenoid biosynthesis. This
result supports the hypothesis that ABA is synthesized from
xanthophylls via oxidative cleavage of the epoxy-carotenoids

violaxanthin and neoxanthin. Trans-ABA biosynthesis was less



affected than ABA biosynthesis in the aba genotypes. Feeding
experiments suggest that trans-xanthoxin may be a precursor to ABA
in Arabidopsis.

The xanthophyll cycle was utilized to specifically '®O label the
epoxy group of violaxanthin in spinach (Spinacia oleracea) leaves.
Subsequent ABA biosynthesis resulted in '®0O incorporation
specifically into the 1-hydroxyl group of ['*O]JABA. This supports the

precursor role of violaxanthin in ABA biosynthesis.
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1.1. OVERVIEW

Abscisic acid (ABA; Figure 1.1) is a sesquiterpene plant growth
substance which was discovered in 1963 (for comprehensive review
of chemical aspects, see Hirai, 1986). ABA has been found in all
higher plants examined as well as in eukaryotic algae and
cyanobacteria (Hirsch et al, 1989). It has even been identified in
mammalian brain (Chen et al., 1988; Le-Page-Degivry et al., 1986).

The physiological roles of ABA in plants are diverse and
include: closure of stomata, regulation of growth and development,
promotion of seed dormancy, and adaptation to environmental
stresses (for review of ABA physiology and metabolism see Zeevaart
and Creelman, 1988). The mechanisms of ABA action are unknown,
although regulation of gene expression by trans-acting factors is one
component of ABA signal transduction (Guiltinan et al, 1990; Mundy
et al.,, 1990; Skriver and Mundy, 1990). Identification of a putative
ABA receptor has been reported (Hocking et al.,, 1978; Homberg and
Weiler, 1984) but these reports have not been reproduced. ABA
regulation of intracellular calcium concentrations has recently been

demonstrated (McAinsh et al, 1990; Schroeder and Hagiwara, 1990;
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Gehring et al,, 1990), suggesting that calcium is a second messenger

in ABA action. The three ABA-insensitive mutants of Arabidopsis
thaliana (abi-1, -2, -3) are likely to correspond to blocks in the ABA
signal transduction pathway(s) (Koomneef et al., 1984, 1989;
Finkelstein and Somerville, 1990). The maize viviparous-1 (vp-1)
mutant is ABA-insensitive and identifies a gene which is involved in
the ABA response during seed development (Robichaud et al., 1980;

McCarty et al., 1989).

Figure 1.1. The structure of S-(+)-abscisic acid (ABA).
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1.2. ABA BIOSYNTHESIS

Although the structure of ABA has been known for 25 years,
the biosynthetic pathway has still not been fully elucidated. Two
possible pathways are: the "direct" pathway involving a C,; precursor
derived from cyclization of farmesyl pyrophosphate, or the "indirect"
pathway involving epoxy-carotenoids and xanthoxin as intermediates.
Some phytopathogenic fungi synthesize ABA via a direct pathway
(Neill et al, 1984; Okamoto et al.,, 1988) which involves ionylidene
derivatives. In higher plants the evidence for the direct pathway is
low level incorporation of mevalonic acid into ABA (Milborrow, 1974;
Hartung et al, 1981; Cowan and Railton, 1987). These data are not
inconsistent with the indirect pathway hypothesis. The evidence for
the indirect pathway is more substantial: a) The viviparous mutants
of maize are blocked in the early stages of carotenoid biosynthesis
and are ABA-deficient (Figure 1.2; Moore and Smith, 1985; Neill et
al, 1986). b) The carotenoid biosynthesis inhibitors fluridone and
norflurazon also inhibit ABA biosynthesis (Moore and Smith, 1984;
Henson, 1984; Quarrie and Lister, 1984; Gamble and Mullet, 1986).

c) '%0,-Labeling experiments with
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water-stressed leaves show !2Q incorporation into the side chain
carboxyl group of ABA, but little incorporation in the ring oxygen
positions (Creelman et al., 1987; Zeevaart et al.,, 1989), indicating
that there is a large ABA precursor pool (presumably xanthophylls)
which contains oxygens on the ring. d) Xanthoxin, a Cy,-
breakdown product of epoxy-carotenoids, is found in plants (Parry et
al.,, 1990) and is readily converted to ABA in vivo (Taylor and
Burden, 1973; Parry et al., 1988) and by cell-free plant extracts
(Sindhu and Walton, 1988; Sindhu et al.,, 1990). €) Most recently, a
1:1 correlation on a molar basis between decreases in trans-
violaxanthin and 9’-cis-neoxanthin levels and concomitant increases
in ABA and its catabolites has been shown for dark-grown, water-
stressed bean leaves (Li and Walton, 1990; Parry et al.,, 1990).

There are ABA-deficient chlorophyll-containing mutants in
potato (Quarrie, 1982), tomato (Tal and Nevo, 1973; Parry et al.,
1988; Taylor et al, 1988; Sindhu and Walton, 1988), barley (Walker-
Simmons et al. 1989), Arabidopsis thaliana (Koomneef et al., 1982;
Koomneef, 1985), pea (Wang et al., 1984), maize (Neill et al., 1986)
and Nicotiana plumbaginifolia (Parry et al., 1991). The flacca and

sitiens of tomato, droopy potato, the molybenum cofactor mutant
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Az34 (nar2) of barley and the recently discovered wilty mutant of N.

plumbaginifolia, CKRI, are blocked in ABA-aldehyde oxidation
(Taylor et al.,, 1988; Duckham et al, 1989; Walker-Simmons et al,,
1989; Sindhu et al., 1990; Parry et al, 1991); the flacca and sitiens
mutants and the wilty Nicotiana mutant accumulate trans-ABA-
alcohol as a result of the biosynthetic block (Figure 1.2; Linforth et
al, 1987; Taylor et al., 1988; Parry et al,, 1991). The wilty mutant of
pea can accumulate ABA in response to water stress (Wang et al,,
1984) and it is therefore unclear whether it is an ABA biosynthetic

mutant.

1.3. STATEMENT OF PURPOSE

The goal of the research presented in this dissertation was to
elucidate the biosynthetic pathway of ABA in higher plants. Toward
this end, three approaches were used: 1) Experiments aimed at
identifying inhibitors of ABA biosynthesis; 2) Feeding of stable
isotopes (%Q,, [*H]-labeled ABA precursors) and analysis of labeled
ABA by mass spectrometry to study ABA biosynthesis in vivo; and 3)

characterization of ABA biosynthesis in the ABA-deficient mutants of
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tomato, potato, barley, and Arabidopsis thaliana.
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2.1. INTRODUCTION

With the exception of fluridone and norflurazon, which inhibit
the early desaturation steps of carotenoid biosynthesis (Boger and
Sandmann, 1989) and thereby inhibit the indirect pathway of ABA
biosynthesis by decreasing the precursor pool of xanthophylls
(Henson, 1984; Quarrie and Lister, 1984; Moore and Smith, 1985;
Gamble and Mullet, 1986; Li and Walton, 1987), no inhibitors of ABA
biosynthesis in plants have been discovered. Paclobutrazol, an
inhibitor of cytochrome P-450 enzymes involved in gibberellin and
sterol biosynthesis (Hedden, 1983; Benveniste, 1986), also inhibits
ABA biosynthesis in the fungus Cercospora rosicola (Norman et al.,
1986) but only marginally in apple leaves (Wang et al., 1987).

The present study was undertaken to determine if the iron
chelators, a,a-dipyridyl and o-phenanthroline (Figure 2.1), which
inhibit dioxygenases involved in proline hydroxylation (Holleman,
1967; Chrispeels, 1970) and gibberellin biosynthesis (Hedden and
Graebe, 1982; Hedden, 1983), could also inhibit ABA biosynthesis.
This would support the hypothesis that a dioxygenase is involved in

Cleavage of epoxy-carotenoids during ABA biosynthesis (Creelman
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Figure 2.1. Structures of a,a-dipyridyl (A), o-phenanthroline (B), LAB

173711 (C), FC-907 (D).
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et al, 1987). A second hypothesis was tested, viz, that ABA

structural analogs can inhibit ABA biosynthesis by competitive
binding to biosynthetic enzymes, or by a feedback mechanism

(Milborrow, 1978).

2.2. MATERIALS AND METHODS

Xanthium strumarium, L., Chicago strain, was grown in a
greenhouse under a photoperiod of 20 h to keep the plants in the
vegetative state. Growing conditions were as described (Raschke
and Zeevaart, 1976). Leaves (average weight 5 g) with petiole were
detached using a razor blade and immediately immersed in water for
10 min. Stock solutions of compounds were diluted to various
concentrations in 3 mL of water and taken up by leaves through the
petioles under dim fluorescent light for 1.5 h. After the solutions
were taken up by the leaves, an additional 2 mL of water were taken
up for 1 h in darkness, then the blades were detached from the
petioles and water-stressed with a hair dryer until 12% of the fresh
weight was lost. Leaves were placed in plastic bags and incubated

in the dark at room temperature for 4.5 h and frozen.
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If PA was to be analyzed, the leaf was bisected through the

midrib and one-half of the leaf frozen, while the other half was
rehydrated in distilled water for 5 min and incubated in the dark for
an additional 4 h and then frozen. ABA and PA were extracted,
purified and quantified as described (Zeevaart, 1980). The
compound LAB 173711 was the gift of Dr. J. Jung, BASF, D-6703
Limburgerhof, Germany. The compound FC-907 (IV,N,N,-trimethyl-1-
methyl-2’,6’,6'-trimethylcyclohex-2’-en-1'-yl) prop-2-enylammonium
iodide) was the dift of Dr. Y. Kamuro, Tsukuba Research
Laboratories, Ibaraki 300-26, Japan. The iron chelators, a,a-dipyridyl
and o-phenanthroline, were purchased from Aldrich Chemical,

Milwaukee, WI.

2.3. RESULTS AND DISCUSSION

3.3.1. Feeding Studies with Iron Chelators

The effects of various concentrations of a,c-dipyridyl on ABA
accumulation in water-stressed Xanthium leaves are presented in
Figure 2.2. There was a clear inhibition of ABA accumulation at high

(3.2 mM) concentrations of «,a-dipyridyl. Figure 2.3 presents the
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Figure 2.2. The effect of various a,a-dipyridyl concentrations on ABA
accumulation in Xanthium leaves. A leaf (approximately 5 g fr wt)
was fed 3 mL of water or a solution of a,a-dipyridyl, and was then

water-stressed for 4.5 h.
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Figure 2.3. The effect of various o-phenanthroline concentrations on
ABA accumulation in Xanthium leaves. Experimental conditions as

described in Figure 2.2.
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results of a similar experiment with o-phenanthroline. Because there
are no reports in the literature of heme mono-oxygenase inhibition
by a,a-dipyridyl, we interpret these results as evidence for the
involvement of a non-heme dioxygenase in ABA biosynthesis. Iron
deficiency does not affect the synthesis of violaxanthin (Morales et
al.,, 1990), and carbon monoxide, an inhibitor of heme
monooxygenases, does not inhibit zeaxanthin epoxidation (data not
shown). Therefore, the most likely ABA biosynthetic step which
would involve a dioxygenase would be the cleavage step, where 9-
cis-violaxanthin or 9'-cis-neoxanthin is cleaved to xanthoxin and a
C,s-apocarotenal with insertion of O,. This hypothesis is analogous
to the cleavage enzyme which synthesizes vitamin A (retinal) from B-
carotene in animals (Ganguly and Sastry, 1985) and B-carotene
oxidase of Microcystis (Jiittner and Hofldcher, 1985). Evidence in
support of the cleavage enzyme hypothesis, aside from the
circumstantial evidence for the indirect pathway of ABA biosynthesis
(Li and Walton, 1990; Parry et al.,, 1990, Chapter 5), is the
incorporation of 0 from %0, into the side chain carboxyl group of
ABA during stress-induced ABA biosynthesis (Creelman et al., 1987),

and the observation that carbon monoxide, a specific inhibitor of



21

heme monooxygenases, does not inhibit stress-induced ABA
biosynthesis (data not shown; see Chapter 4).

It has been shown that a,¢-dipyridyl causes increases in
seedling hypocotyl elongation rates (Barnett, 1970; Lang, 1976). It
was proposed that hydroxyproline synthesis in the cell wall might
play a causal role in cell wall extensibility and elongation. However,
Lang (1976) showed that light-induced inhibition of radish hypocotyl
elongation did not result in increased hydroxyproline deposition in
the cell wall and suggested that the effect of a,a-dipyridyl on
elongation may be unrelated to its inhibition of hydroxyproline
biosynthesis. In light of the results of Figures 2.2 and 2.3, which
show inhibition of ABA biosynthesis by a,a-dipyridyl and o-
phenanthroline, we hypothesize that inhibition of ABA biosynthesis by
iron chelators may result in stimulation of hypocotyl elongation.
Bensen et al. (1988) have shown that increased levels of ABA result
in inhibition of soybean hypocotyl elongation; it follows that reduced
levels of ABA associated with inhibition of ABA biosynthesis may
enhance elongation. This hypothesis is supported by experiments
with rice coleoptiles; treatment with fluridone caused an increase in

growth rate (Hoffmann and Kende, 1990). However, this
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interpretation is complicated by the involvement of ethylene in
hypocotyl elongation. The ethylene-forming enzyme requires iron
and ascorbate for activity (Ververdis and John, 1991) and is inhibited
in vivo by o-phenanthroline (H. Kende, personal communication).
2.3.2. Feeding Studies with LAB 173711

The effect of various LAB 173711 concentrations on stress-
induced ABA accumulation in Xanthium leaves is shown in Figure
2.4. There was little inhibition of ABA accumulation, even at high
(3.2 mM) concentrations of LAB 173711. When leaves were re-
hydrated for 4 h after the water stress treatment, ABA levels
decreased and PA levels increased about 2 fold at all LAB173711
concentrations tested (data not shown). This suggests that LAB
173711 did not inhibit ABA hydroxylation or other metabolic
processes in general. LAB 173711 has been shown to have ABA-like
activity in physiological processes such as stomatal closing and
promotion of senescence (Jung and Grossmann, 1985; Schubert et
al, 1991). If LAB 173711 has an inhibitory effect on ABA
biosynthesis, it is a subtle one, based on the inconclusive data of
Figure 2.4. A feedback mechanism which down-regulates ABA

biosynthesis at high ABA concentrations has been proposed
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Figure 2.4. The effect of various LAB 173711 concentrations of ABA
accumulation in Xanthium leaves. Experimental conditions as

described in Figure 2.2.
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(Milborrow, 1978). If LAB 173711 functions as an ABA analog which

can interact with an ABA-receptor, then its effect at high
concentrations may be due to feedback inhibition of ABA
biosynthesis.
2.3.3. Feeding Studies with FC-907

The compound FC 907 (Figure 2.1D) is an onium type plant
growth retardant (Haruta et al,, 1974) similar to other quaternary
ammonium compounds such as AMO-1618 and chlorocholine
chloride (CCC), which inhibit ent-kaurene synthetase activity A
(Hedden, 1983). FC-907 also inhibits gibberellin biosynthesis in fungi
(Hedden et al,, 1977). Figure 2.5 shows the effects of various
concentrations of FC 907 on ABA accumulation in water-stressed
Xanthium leaves. There is an inhibitory effect on ABA biosynthesis at
the highest (3.2 mM) concentration of FC 907. It is unknown whether
the inhibition of ABA accumulation is due to a specific effect on ABA
biosynthesis, or to a more general inhibition of metabolism.

In the inhibition studies described here, the extent of uptake
and the final intracellular concentrations of compounds were
unknown. This may account for the variability in ABA accumulation

at low concentrations of inhibiting compounds compared with
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Figure 2.5. The effect of various concentrations of FC-907 on ABA
accumulation in Xanthium leaves. Experimental conditions as

described in Figure 2.2.
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control leaves which took up water (Figures 2.2-2.5). Ultimately the

mechanism of ABA biosynthesis inhibition can only be resolved in

vitro with purified ABA biosynthetic enzymes.
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Abscisic (ABA)-Aldehyde Is a Precursor to, and
1/,4’-trans-ABA-Diol a Catabolite of, ABA in Apple’

Christopher D. Rock and Jan A. D. Zeevaart*

Michigan State University-Department of Energy Plant Research Laboratory, Michigan State University,
East Lansing, Michigan 48824-1312

ABSTRACT

Previous O labeling studies of abscisic acid (ABA) have
shown that apple (Malus domestica Borkh. cv Granny Smith) fruits
synthesize a majority of ['*OJABA with the label incorporated in
the 1'-hydroxyl position and uniabeled in the carboxy! group (JAD
Zeevaart, TG Heath, DA Gage [1989] Plant Physiol 91: 1594-
1601). k was proposed that hange of O in the side chain
with the medium occurred at an aldehyde intermediate stage of
ABA biosynthesis. We have isolated ABA-aldehyde and 1'-4'-
trans-ABA-diol (ABA-trans-diol) from *O-labeled apple fruit tissue
and measured the extent and position of '*O incorporation by
tandem mass spectrometry. '*O-Labeling patterns of ABA-aide-
hyde, ABA-trans-diol, and ABA indicate that ABA-aidehyde is a
precursor to, and ABA-trans-diol a catabolite of, ABA. Exchange
of 0 in the y! of ABA can be the cause of loss
of *O trom the side chain of [""O)JABA. Results of feeding exper-
iments with deuterated substrates provide further support for the
p P ship of ABA-aldehyde — ABA — ABA-
trans-diol. The ABA-aldehyde and ABA-trans-diol contents of
fruits and leaves were low, approximately 1 and 0.02 nanograms
per gram fresh weight for ABA-aldehyde and ABA-trans-diol,
respectively, while ABA levels in fruits ranged from 10 to 200
nanograms per gram fresh weight. ABA biosynthesis was about
10-foid lower in fruits than in leaves. In fruits, the majority of ABA
was conjugated to S-o-glucopyranosyl abscisate, whereas in
leaves ABA was mainly hydroxylated to phaseic acid. Paraliel
pathways for ABA and trans-ABA biosynthesis and conjugation
In fruits and leaves are proposed.

y

41t relati

Evidence now strongly favors the indirect pathway of ABA
biosynthesis from carotenoids. First, carotenoid biosynthetic
mutants of maize are ABA-deficient (18), and fluridone, a
specific inhibitor of carotenoid biosynthesis, inhibits ABA
biosynthesis (8, 13). Second. heavy oxygen is incorporated
from '*O- into the side chain of ABA during stress-induced
biosynthesis, suggesting oxidative cleavage of a large precursor
pool that contains oxygen functions on the ring (6. 7). Third.
Li and Walton (14) have provided evidence that 9-cis-violax-
anthin and 9’-cis-neoxanthin are precursors to ABA in dark-
grown bean leaves. They showed a reduction in the levels of

' Supported by the U.S. Department of Energy under contract DE-
ACO02-76ERO-1338. by the National Institutes of Health grant
DRRO00480 to the MSU-NIH Mass Spectrometry Facility. by Na-
tional Science Foundation grant DMB-8703847 to J. A. D. Z.. and
by a Monsanto Graduate Fellowship to C. D. R.
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these two xanthophylls during water stress, with a concomi-
tant increase in ABA and its catabolites PA’* and dihydro-
phaseic acid. on a mole:mole basis. In contrast to higher
plants, fungi synthesize ABA through a- and vy-ionylidene
intermediates (29).

Xanthoxin is an apocarotenoid and a probable intermediate
in ABA biosynthesis (22, 24). ABA-aldehyde has been postu-
lated as the immediate precursor of ABA because the ABA-
deficient tomato mutants flacca and sitiens are unable to
convert xanthoxin or ABA-aldehyde to ABA in vivo (21, 25)
or in vitro (23). ABA-trans-diol is an endogenous compound
of plants and has been proposed as both a precursor to (20,
21). and a catabolite of ABA (26).

Zeevaart et al. (30) reported that ripe avocado and apple
fruits. in contrast to stressed leaves, incorporated '*O predom-
inantly into the 1’-hydroxyl position of ABA. The apparent
conflict of these results with the indirect pathway was recon-
ciled by hypothesizing an exchange of '*O label in the side
chain carbonyl with water at an aldehyde intermediate stage
of ABA biosynthesis. The present work was undertaken to
determine if ABA-aldehyde is an endogenous compound in
apple and could be the cause of the unusual ABA '*O-labeling
patterns in fruits. We also investigated the role of ABA-trans-
diol in ABA biosynthesis.

MATERIALS AND METHODS
Plant Material

Young. fully expanded apple (Malus domestica Borkh. cv
Mutsu) leaves were frozen in liquid N,, or allowed to lose
12% fresh weight and subsequently incubated in 20%
'*0,:80% N: (v/v) for 12 or 24 h as previously described (7).
The cultivars Granny Smith and Mutsu were used in post-
harvest apple fruit experiments. Immature apple fruits were
approximately 110 d post-anthesis. Alternatively, Mutsu ap-
ple fruits stored approximately 150 d under hypobaric con-
ditions (0.05 atm at 0 °C to prevent ripening) were used.
Cortical tissue (skin and core excised) was frozen or sliced
into wedges and incubated with '*O- or exposed to air for 48

* Abbreviations: PA, phaseic acid: ABA-GE. g-n-glucopyranosyl
abscisate: ABA-/rans-diol. 1°'-4’-trans-ABA-diol. ECD. electron cap-
ture detection: El. electron impact: FID. flame ionization detection:
fr. fresh: M~, odd electron negative molecular ion: Me-. methyl ester:
MS-MS. GLC-NCl-collisionally activated dissociation-tandem mass
spectroscopy: NCI. negative chemical ionization; PCI. positive chem-
ical ionization: SIM, selected ion monitoring: (-, trans.
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h before freezing. O: consumption and ethylene evolution
were measured as described elsewhere (6. 12).

For feeding expeniments. a 10 uM solution of deuterated
substrate (approximately 2 ug/g fresh weight) in 2% (w/v)
KCl plus 0.05% (v/v) Tween 20 (1) was vacuum-infiltrated
and incubated at room temperature in the dark for 24 or 48
h. Control tissue was autoclaved for 20 min before incubation
with substrate for 48 h.

Extraction and Purification of Metabolites

Frozen tissue was extracted overnight at 4 °C in acetone
plus 0.01 (w/v) 2.6-di-reri-butyl-4-methviphenol and 0.25%
(v/v) glacial acetic acid. The extract was drawn off and the
tissue homogenized in an additional volume of extraction
solvent with a Polytron (Brinkmann Instruments). The ho-
mogenate was filtered and 30 mL 1.0 M phosphate buffer (pH
8.3) was added to the combined fractions. The acetone was
evaporated using a rotary evaporator at 35 °C and the aqueous
extract adjusted to pH 7.2 with 6 N KOH. The extracts were
filtered through a cellulose membrane to remove precipitates.
With leaf extracts. Chl and lipids were removed by partition-
ing one to three times with an equal volume of hexanes.
Measurement of the partition coefficient of an ABA-aldehvde
standard indicated less than 8% loss from the aqueous fraction
by partitioning with one volume of hexanes. and greater than
90% extraction of ABA-aldehyde from the aqueous fraction
with one volume of ethyl acetate or diethyl ether (data not
shown). The aqueous extract was partitioned three times with
an equal volume of ethyl acetate to give the neutral fraction
containing ABA-aldehyde. The aqueous phase was adjusted
to pH 3.0 with 6 N HCI and partitioned four times with one
volume of ethyl acetate to give the acidic fraction containing
ABA, ABA-trans-diol, PA. and a portion of the ABA-GE (4).
The organic fractions were taken to dryness under vacuum or
N.. and were further purified by HPLC.

ABA. ABA-GE, and PA in the acidic fraction were sepa-
rated by reverse phase HPLC as previously described (6. 30).
ABA-trans-diol coeluted with ABA and -ABA from 23.5 to
26.5 min. The ethanol from the cluates was evaporated and
the remaining water was removed by lyophilization. ABA-
aldehyde from leaf neutral fractions was also purified using
the same reverse phase HPLC conditions as described above:
it eluted from 21 to 25 min. The ethanol was evaporated and
an equal volume of 1.0 M phosphate buffer (pH 8.3) was
added: the ABA-aldehyde was then partitioned four times
into equal volumes of diethyl ether and dried under N: for
normal phase HPLC. Apple fruit extracts did not require
reverse phase HPLC for ABA-aldehyde purification.

The ABA plus ABA-trans-diol fraction was methylated with
ethereal diazomethane and purified by normal phase HPLC
with a uPorasil 30 x 0.4 cm column (Waters Associates).
Elution was with a gradient of ethyl acetate in hexanes from
10 to 50% in 20 min at 2.0 mL/min. UV absorbance was
monitored at 270 nm. Me-ABA was collected from 14.9 to0
17.6 min, and Me-ABA-trans-diol from 18.8 to 21 min.

The fraction containing ABA-GE and PA was hydrolyzed
with 2 N NHLOH for 2 h at 60 °C to yield free ABA. The
samples were dried, methylated and purified by the same

Plant Physiol. Vol. 93, 1990

HPLC system as for Me-ABA and Me-ABA-trans-diol. except
a gradient of 10 to 60% ethyl acetate in hexanes in 10 min
was used. Me-ABA and Me-i-ABA were collected from 12 to
13.8 min, and Me-PA from 14.5 to 16.5 min. ABA-aldehyde
was purified using the same conditions. except UV absorbance
was monitored at 282 nm. ABA-aldehvde was collected from
14.5 to 16.5 min. ABA-alcohol fractions were also collected
from 18.5 10 21 min.

Quantifications

ABA-aldehyde and ABA-trans-diol were quantified by the
method of isotope dilution (17) using deutenum-labeled in-
ternal standards. ["H.JABA-aldehyde was synthesized by ex-
change of the ring hydrogens of ABA-alcohol in | N NaOD
for 2 d. followed by oxidation in chloroform with manganese
oxide 1V (10) to [*'H.JABA-aldehyde. [*H,)ABA-trans-diol was
synthesized by reduction of [’H.)JABA with sodium borodeu-
teride (11) and purified by reverse phase semipreparative
HPLC. Deuterated standards were quantified by GLC-FID
and GLC-ECD for ABA-aldehyde and Me-ABA-trans-diol,
respectively, using standard curves of the unlabeled com-
pounds. Quantification of ABA-aldehyde and Me-ABA-trans-
diol standards was confirmed by UV absorbance in ethanol
at 285 and 262 nm, using a molar extinction coefficient of
25.000 and 20.000. respectively (11) (C.D. Rock. unpublished
observations). As determined by GLC-NCI-MS, the [*H,)
ABA-aldehvde internal standard contained trace amounts of
unlabeled ABA-aldehyde and was 56% hexadeutero-labeled.
The [*H-JABA-trans-diol was 60% heptadeutero-labeled with
a trace of unlabeled compound. A calibration curve was made
using various amounts of unlabeled and [*H,JABA-aldehyde.
A linear NCI-SIM response for m/z = 248 and 254 was
observed when molar ratios of unlabeled ABA-aldehyde to
[*H.JABA-aldehyde were greater than 0.2, indicating that
reliable measurements could be made when deuterated stand-
ard was added to extracts within a factor of five of the
endogenous concentration of compound.

ABA, ABA-GE. and PA were quantified by GLC-ECD and
addition of ‘H-labeled standards to correct for losses during
extraction and purification (5). Percent recoveries for ABA
and PA averaged approximately 50%. and typically 15% for
ABA-GE because only a small fraction partitioned into the
organic phase (4). In experiments with apple leaves where the
entire extract was lyophilized instead of partitioned, ABA-GE
recoveries were typically 50%.

GLC-NCI-MS and GLC-NCI-SIM were performed on a
JEOL AX-505H double focusing mass spectrometer equipped
with a Hewlett-Packard 5890 gas chromatograph and a direct
source inlet. The column used was a DB-1 capillary (30 m x
0.25 mm, film thickness 1.0 um; or 30 m x 0.326 mm, film
thickness 0.25 um; J&W Scientific, Inc., Rancho Cordova,
CA) injected in splitless mode with He as the carrier gas (flow
rate 2.5 mL/min). GLC conditions were: oven temperature
programmed from 50 to 180 °C at 35 °C/min, followed im-
mediately by a temperature gradient from 180 to 260 °C at
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Figure 1. Relationship between the rate of ethylene evolution and
ABA brosynthesis in Mutsu apple frut. Cortical tissue from post-
harvest apples of varying degrees of npeness was incubated 48 h
under '*0,. The content of |'*0OJABA was calculated from ABA levels
measured by GLC-ECD multiphed by the percentage of ['*OJABA
ennchment in the same samples measured by GLC-NCI-SIM of M~
Ethylene measurements + se.

°¥

10 °C/min. Methane was used as the reagent gas for NCI and
PCI.

MS-MS was performed on a Finnegan TSQ 70 tnple quad-
rupole mass spectrometer as described (30) with modifica-
tions. The collision energy in the second quadrupole was 9
eV for ABA-aldehyde. 2 eV for Me-ABA-/rans-diol. and 3 eV
for Me-ABA with an O: pressure of 0.19 Pa.

For analysis of mass spectral data. ion intensity values were
normalized by subtracting the naturally abundant ''C and ""O
isotope contributions. To express 'O label incorporation into
the side chain of ABA and metabolites as a percentage of total
'O incorporation. the relative abundance of M~. (M + 2).
(M +4)". and (M + 6)~ was measured by GLC-NCI-SIM and
the percent of total ['""OJABA for each M~ calculated. The
percent '*O enrichment of the side chain was measured by
MS-MS. The product of these two measurements for each
respective M~ yields the incorporation into the side chain as
a percent of total '"O incorporation.

The amount of *H-labeled product synthesized in feeding
experiments was calculated from the ratio of deuterated to
endogenous metabolite measured by GLC-SIM and multi-
plied by the amount of the endogenous compound measured
by GLC-ECD of control tissue frozen at the beginning of the
experiment. The extent of *H exchange by [‘HJABA-GE
during hydrolysis was small (data not shown). and resulted in
a slight underestimation of ["HJABA-GE quantities in feeding
experiments.

Chemicals

"0, (97-98% enrichment) was purchased from Cambridge
Isotopes Laboratories (Woburn, MA). Synthetic (+)}-ABA-
aldehyde and (+)-ABA-alcohol were gifts of Dr. M. Soukup.,
HofTmann-LaRoche Inc., Basel, Switzeriand.

RESULTS
ABA Biosynthesis in Fruits and Leaves

The relationship between ethylene evolution and ABA bio-
synthesis as measured by '"O incorporation in postharvest
Mutsu fruit tissue is shown in Figure 1. Although the data do
not establish a causal relationship between ethylene produc-
tion and ABA biosynthesis. the two biosynthetic processes are
clearly linked. The postharvest increase in ABA biosynthesis
was related to the ripening stage of the fruits. Each fruit began
its climactenc at a different time. between 5 and 30 d after
harvest, presumably due to the slightly different stage of
npening of each individual fruit. With apple fruits stored
under hypobaric conditions, ethylene evolution began im-
mcdiately after removal from storage and thus the fruits were
synchronized with respect 10 ABA biosynthesis (data not
shown). A correlation between the climacteric and ABA levels
has been reported in avocado fruits (2).

Results on the biosynthesis and catabolism of ABA in fruits
and water-stressed leaves are shown in Table I. Fruit tissue
had a 10-fold lower rate of ABA biosynthesis than stressed
leaves on a fresh weight basis. ABA levels averaged 200 ng/g
fresh weight in these fruits and decreased about 70% during
the labeling period with a concomitant increase in ABA-GE.
In stressed leaves the ABA content was initially 360 ng/g fresh
weight and increased approximately 50% during 24 h under
"0.. No -ABA was detected in these samples. although some
postharvest apple fruits did contain significant amounts of (-
ABA. as has been reported (3).

In fruit. ['""OJABA was metabolized to ['*OJABA-GE to a
much greater extent than it was to ['*O]PA, whereas leaves
metabolized a larger percentage of ABA to PA than to ABA-
GE (Table I). As measured by MS-MS. ['*O]ABA-GE (as Me-
ABA) did not lose 'O from the carboxyl group during puri-
fication or hydrolysis. as evident from the equal 'O ennich-
ment in the side chain of ABA and ABA-GE from the same
samples (data not shown). The 4’-keto group of ABA ex-
changes with water under basic conditions (9), thus ['*O]
ABA-GE 4’-keto label was lost during hydrolysis and the
values of ['""*OJABA-GE in Table I are therefore underesti-
mated. In fruits, relatively more ['*O}-ABA-GE than ['*O)

Table I. Biosynthesis and Catabolism of ABA in Mutsu Fruit and
Leaves under '°0.

Amounts of ['°OJABA and ['*O]metabolites synthesized were cal-
culated from the levels measured by GLC-ECD and muthpiied by the
percent '*O ennchment as determined by GLC-NCI-SIM of the M~
(Me-ABA, m/z = 280. 282. 284; Me-PA, m/z = 296, 298, 300, 302).
No t-ABA was detected in these samples.

\ Frut Stressed Leaves
*O-Labeied Compound 48h 0, 24h "0,
ng/g fresh wiftime
ABA 298+ 69 313.0+ 585
PA 02+01 69.4 + 146
ABA-GE 05+03 198+ 6.1
t-ABA-GE 3013 30+ 07

* Average of three expenments + SE.
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Table Il. Extent of ABA Functional Group '*O-Labeiing in Mutsu
Leaf. Immature and Mature Fruit Tissues
Except for column 3, each class of |'*OJABA molecules Is inter-
preted as having the majonity of label in the 1'-hydroxy! group (30).
Percent of Total ['°0O]ABA

Plant Physiol. Vol. 93, 1990

ABA-Aldehyde and ABA-trans-Diol in Appie Fruits and
Leaves

ABA-aldehvde and ABA-trans-diol were present in both
fruit and leaf tissues. Figure 2 shows mass spectra of '*O
labeled ABA-aldehyde and 1-ABA-aldehyde isomers separated
by GLC. Isomenization. if it occurs in vivo, is slow because
the two isomers have significantly different '"*O enrichment.
ABA-aldehvde was synthesized and/or metabolized more
quickly than 1-ABA-aldehyde. as evidenced by the greater '*O
enrichment of the cis isomer than that of the rrans isomer
(Fig. 2). On the other hand. in three '*O labeling experiments,
ABA-iruns-diol averaged 10% '*O enrichment. while ABA
from the same extracts averaged 38% 'O incorporation.
Therefore. synthesis and/or turnover of the ABA pool was
faster than that of the ABA-rrans-diol pool in these fruits.

The fragmentation pathways by NCI of ABA-aldehyde and

Uniabeled in N
Tissue/Treatment carboxyl One **0 atom i carboxyl
M+2) M+4) M+2) (M+4) (M+6)
1 2 3 4 5
Stressed leaf
12 h 0, 99 Trace 894 04 01
24 h '°0, 16.4 Trace 814 1.5 03
Immature fruit, 48 h '°O,
428 Trace 529 09 33
30.6 0.1 626 27 40
Mature fruit, 48 h '°0,
5 d postharvest 61.2 03 68 311 03
28 d postharvest 64.8 06 54 292 ND*
150 d storage® 151 236 17.9 178 253
* Not detected ° Stored under hypobanc conditions

ABA-GE was synthesized: the converse was true for leaves
(Table I).

In Table II the vanious classes of labeled ABA from stressed
leaves, immature and mature fruits are expressed as percent
of the 1otal ['""O]JABA. The class of ['"*OJABA containing two
'O atoms in the carboxyl group (30) represented a negligible
fraction of total ['*O)ABA and is not included in Table II. In
all cases examined ['“OJABA not labeled in the carboxyl was
completely labeled at the 1’'-hydroxyl position. Two aspects
of ABA biosynthesis are demonstrated in Table II: the size
and turnover of the precursor pool containing oxygen atoms
on the ring. and the extent of the proposed carbonyl exchange
in an aldehyde which is a precursor 1o ABA (30). In stressed
leaves, the ABA synthesized over 24 h only slightly depleted
the precursor pool containing the ring oxygens of ABA (ap-
proximately 18% of ['""O)JABA contained 'O on the ring after
24 h: see columns | + 4 + 5). It can be inferred that there
was almost complete exchange of the side chain '*O in a
doubly-labeled aldehyde intermediate. because the percent of
total ['""OJABA in column 4 is only one-tenth of that in
column 1 (Table II). These two classes would be identical at
an aldehyde precursor stage before exchange of the side chain
carbonyl oxygen with water.

In immature fruit, a larger percentage of '*O-labeled ABA
molecules contained '*O atoms on the ring as compared to
stressed leaves (approximately 35% compared with < 18% for
leaves: combine columns 1. 4, and 5). This suggests that in
these fruits the precursor pool containing oxygens on the ring
turned over quickly. As in leaves, the proposed exchange of
the side chain '*O of an aldehyde intermediate before conver-
sion to ABA was almost complete (compare columns 4 and
1). In mature fruit the majority of labeled ABA molecules

contained 'O on the ring. As in the other tissues examined,
'O exchange of an aldchyde precursor was substantial
(T able I1).

e cis
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Figure 2. GLC-NCI-MS of appie fruit ABA-aldehyde synthesized
under '*0,. Granny Smith cortical tissue was incubated for 48 h under
'80,. (A) lon chromatogram with profile of total ion current (TIC), ABA-
aldehyde isomer M"m/z = 248, and '*O-enriched (M + 2)" and (M +
4)", m/z = 250, 252. (B) Mass spectrum of ABA-aldehyde, showing
"0 enrichment. Ry = 9 min 18 s. (C) Mass spectrum of -ABA-
aidehyde. Rr = 10 min.
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Figure 3. MS-MS of ABA-aldehyde containing zero. one. or two '*0
atoms. MS-MS was performed on the sampie of Figure 2 to determine
the position and extent of '*0 incorporation into ABA-aldehyde. ABA-
aldehyde and t-ABA-aldehyde were not separated by the GLC method
empioyed, so that spectra are of a mixture of ABA-aldehyde isomers.
(A) Unlabeled ABA-aldehyde with M~ inset; (B) singly '°O-labeled
ABA-aldehydes with fragmentation products inset; (C) doubly '*O-
labeted ABA aldehydes.

Me-ABA-rrans-diol are analogous to those of Me-ABA (19):
(C.D. Rock and T.G. Heath. unpublished observations). Fig-
ure 3 shows MS-MS spectra obtained from parent M~ of
ABA-aldehyde containing zero, one or two '"O atoms. The
ion at m/z = 230 corresponds to loss of the |’-hydroxyl group
as water; m/z = 215 has lost the 1'-hydroxyl and a gem-
methyl group from position C-8’ or C-9’ as methanol. Two
other diagnostic ions are m/z = 160, which contains the 4’
keto group, and m/z = 111, which corresponds to the side
chain. Measurement of isotope intensities of these ions allows
determination of '*O enrichment at each oxygen function of
ABA-aldehyde when the parent ions (M + 2)” (m/z = 250)
and (M + 4)” (m/z = 252) are analyzed by MS-MS.

It is apparent that the side chain carbonyl was only partially
""O-labeled in the (M + 2)” and (M + 4)™ species (see m/z =
111 and 113; 160 and 162: 215, 217 and 219). The 1’-
hydroxyl was predominantly '*O labeled in both the (M + 2)"

and (M + 4) species (loss of 20 atomic mass units as H.'*O:
see m/z 230. 232, 234). and the 4’ keto group was partially
labeled in the (M + 2)” and completely labeled in the (M +
4)" species (see m/z = 162). Thus. the ['"O]JABA-aldehyde
pool consisted of molecules with 'O at each oxygen function,
the majority of the molecules containing '*O in the 1’-hy-
droxyl group. The '*O incorporation pattern of ABA-aldehvde
is correlated with that of ['*O]ABA in fruits in which there is
lack of label in the side chain and predominant '"O-labeling
of the 1’-hvdroxyl oxygen (Table 11).

In model experiments with synthetic ABA-aldehyde it was
established that the carbonyl oxvgen of ABA-aldehyde ex-
changes with H.O with a half-life of approximately 9 min (%
2 sk. n = 9). but does not exchange 'O carbonyl label when
dissolved in ethyl acetate (data not shown). Rapid workup
and phase partitioning of aqueous extracts from '*O-labeled
tissue may have allowed retention of some label in the car-
bonyl oxygen of ABA-aldehyde from '"O-labeled samples (Fig.
3. Table 111).

In Table 11 the percent '""O-enrichment in the side chain is
compared between ABA-aldehyde, ABA. and ABA-trans-diol
extracted from the same sample and analyzed by MS-MS.
The law of mass action supports a precursor role for species
which have a higher specific activity of '*O label than the
product. assuming biosynthetic precursor pools are homoge-
neous and the label does not exchange with the medium. The
second assumption is true for the carboxyl and 1’-hydroxyl
groups of ABA (6). but not for the carbonyl of ABA-aldehyde,
which exchanges oxygen with water (see above). The 4’-keto
group of ABA can slowly exchange with water with a half-life
of days (6). ABA-trans-diol can slowly exchange the 1’-hy-
droxyl with water, but not the 4°-hydroxyl (27). Because each
compound can exchange some oxygen function with water,
the 'O labeled (M + 4)™ pools are converted to the (M + 2)°
pools for each compound. Thus. the weighted average of side
chain enrichment (factoring in the relative abundance of each
M) is presented in Table I1I. Taking into account the loss of

Table . '*O Incorporation in the Side Chain of ABA-Aidehyde,
ABA-trans-Diol and ABA Extracted from the Same Fruit Sample after
48 h under I‘O:

Percent side chain enrichment was calculated from intensities of
daughter ions measured by MS-MS and GLC-NCI-SIM of '*O-en-
nched M~ (Me-ABA m/z = 280, 282, 284; Me-ABA-trans-dvol m/z =
282, 284; ABA-aidehyde m/z = 250, 252). ABA-aldehyde was meas-
ured as a mixture of cis- and trans-isomers. Experiments 1 to 4 were
performed with post-harvest Granny Smith cortex tissue, expenment
5 with Mutsu cortex from fruits stored under hypobanc conditions.

Percent of **O-Labeled Molecules Contaning

Experiment %0 in the Side Chain
ABA-sidehydes  ABA  ABA-rans-dol
1 18.2 10.6 6.1
2 136 16.0 41
3 10.5 [AR:] 55
4 NA® 420 255
5 NA 59.4 35.2
* Not analyzed.
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Figure 4. GLC-NCI-SIM chromatogram of ABA-aidehyde from Mutsu
fruit with [*Hg)JABA-aldehyde internal standard. The sum of the ABA-
aldehyde plus t-ABA-aldehyde peak areas gave a ratio of uniabeled
to [*Hs]ABA-aldehyde, from which the amount of unknown endoge-
nous ABA-aldehyde was calculated.

"0 label from the ABA-aldehyde side chain carbonyl due to
exchange with the medium. a precursor role of ABA-aldehyde
for ABA can be inferred. In one experiment the side chain
label of ABA-aldehyde was actually higher than that of ABA.
In all cases the side chain specific activity of Me-ABA (percent
"0 in side chain of total '“O) was greater than that of Me-
ABA-rrans-diol. Thus, these data suggest that ABA is a pre-
cursor to ABA-rans-diol.

Quantification of ABA-Aldehyde and ABA-trans-Diol

The method of isotope dilution of deuterated internal stand-
ards (17) was used to quantify ABA-aldehyde and ABA-rans-
diol. Retention and stability of deuterium label during extrac-
tion and purification procedures were confirmed by dissolving
deuterium-labeled compounds in 0.2 M phosphate buflers,
ranging from pH 3.5 to 10. for 6 d at room temperature.
followed by partitioning into ethyl acetate and analysis by
GLC-MS. There was less than 1% exchange of deuterium for
both standards over the range of pHs tested (data not shown).
Thus. the internal standards could be used for quantification,
provided the standards were added at concentrations less than
five times the endogenous sample concentrations to minimize
contamination of the nominal mass peak by unlabeled inter-
nal standard (see “Materials and Methods™).

Figure 4 shows a GLC-NCI-SIM chromatogram for quan-
tification of ABA-aldehyde. The deuterated matenal eluted
from the GLC column about 2 s earlier than the unlabeled
compound. The ratio of ABA-aldehyde to 1-ABA-aldehyde as
measured by NCI-SIM was essentially constant. regardless of
the actual quantities of isomers present in a stock solution.
This suggested that the two isomers were not equally detected
by this method. Consequently. both isomers were then ana-
lyzed by various GLC detection methods. In Table IV the
phenomenon of ‘differential ionization’ of ABA-aldehyde iso-
mers is illustrated. FID generates a signal based on the mass
and organic composition of the compound being measured
and is unbiased in the response toward different isomers of

Plant Physiol. Vol. 93, 1990

similar or identical compounds. Positive ion detection meth-
ods (PCI and EIl) generally reflected the abundance of ABA-
aldehyde versus 1-ABA-aldehyde isomers, but were relatively
less sensitive to ABA-aldehyde than FID. NCI and ECD
consistently gave ABA-aldchyde to -ABA-aldehyde isomer
ratios which were less than unity, indicating that the two
isomers were differentially ionized. The degree of ABA-alde-
hyde ionization was affected by the pressure of reagent gas
(Table 1V). The mechanism of this differential ionization is
unknown. Thermal isomerization of ABA-aldehyde in the
injection port of the gas chromatograph was ruled out as a
possible cause of observed isomer ratios (see Fig. 3). Xan-
thoxin and /-xanthoxin ratios were relatively constant regard-
less of the detection method employved (Table 1V), even
though the chemical structure is quite similar to that of ABA-
aldehyde. NCI was the only mass spectroscopy method tested
which was sensitive enough to measure the small amounts of
ABA-aldehyde present in plants. It was apparent that ABA-
aldehyde isomers could not be quantified by NCI-SIM using
a deuterated internal standard because the cis isomer was
refractory to ionization. The relative amount of cis isomer
was reflected in the NCI-MS signal at high reagent gas pressure
(Table 1V). Because the ratio of cis- to (rans-ABA-aldehyde
isomers in the deuterated internal standard was known, and
the endogenous isomer ratio was similar (Fig. 4). the sum of
the two isomer concentrations was used as a measure of total
ABA-aldehydes.

In Table V the levels of ABA, ABA-trans-diol and ABA-
aldehvde plus 1-ABA-aldehyde in leaves and apple fruit tissue
are presented. There was very little ABA-trans-diol in either
leaves or fruit, and no ABA-alcohol was detected. ABA-
aldehydc levels were low in all tissues examined. When ABA-
aldehvde concentrations are presented as percent of ABA
levels. there is a trend toward relatively higher ABA-aldehyde
levels from leaves to mature fruits (Table V).

Feeding Studies with Deuterated Substrates

Table VI summanzes feeding experiments addressing the
biosynthetic relationship of putative ABA precursors. [*Ha)
ABA-aldehyde and and [*H.)i-ABA-aldehyde were converted
to [‘H.JABA and [*H.)i-ABA. which were further converted

Table IV. Comparison of cis- and trans-ABA-Aldehyde and
-Xanthoxin Isomer Ratios by Various GLC Detection Methods

An aliquot of a stock solution was chromatographed by GLC using
a DB-1 capillary column and the isomers quantified by peak areas of
the detector responses. For mass spectrometric detection methods,
the total ion current was integrated.

Ratio of cis 1o trans isomer Areas

Sample
FID PCl El NClow® NChea' ECD
ABA-aldehyde 554 10923 05 09 11
cis- and trans-ABA-aldehydes 06 0.2 0.2 0.2 03 02
[Hs]ABA-aldehydes 51 1110 02 04 08
cis- and trans-xanthoxins 03 0304 03 03 04

* Methane chemical ionization gas pressure was 6.7 x 10~ and
2.0 x 107 Pa for “low" and "high” measurements. respectivety.
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Table V. Quantification of ABA, ABA-trans-Diol and cis- plus trans-ABA-Aldehydes in Mutsu Fruit and
Leaves

ABA was quantified by GC-ECD using [°H]ABA as an intemal standard. ABA-aldehydes and ABA-
trans-chol were quantified by isotope dilution using “H-labeled synthetic standards and measurement by
GLC-NCI-SIM of the M~ as shown in Figure 4.

Sample
ABA-Aldehydes
Tissue —_—
ABA ABAwrans-oi  ADA-aidehydes ABA X100
(cts + trans)

ng/g fr wt %
Unstressed leaf  362.80* 0.02 1.02 03
Immature fruit* 19.85 NA® 0.44 22
Mature fruit 512 0.01 0.68 133

* Average of two experiments.

° Not analyzed.

© Average of four expenments

to ['H.JABA-GE and [*H.}i-ABA-GE. There was no evidence
for isomerization of ABA to -ABA (Table VI. ['H-]JABA-
trans-diol feed). or ABA-GE to 1-ABA-GE ([°'H.]JABA feed)
during the incubation. These data can be interpreted as show-
ing a direct conversion of ABA-aldehvde to ABA to ABA-
GE. and of 1-ABA-aldehvde to r-ABA to -ABA-GE. The rate
of metabolism of /-ABA to -ABA-GE appears to be greater
than that of ABA 10 ABA-GE. as indicated by the lower levels
of 1-ABA relative 1o ABA and higher levels of ;-ABA-GE than
of ABA-GE. A higher rate of conjugation for -ABA than for
ABA has been reported for other plants (16). The (=) enan-
tiomer of ABA is conjugated readily (16): thus. a significant
proportion of the [*"HJABA-GE product would be (-)>-ABA-
GE. if (—)-ABA-aldehvde was converted to (—)-ABA. The
conclusions reached for conversion of [*'H,JABA-aldehyde to
ABA and ABA-GE isomers also hold for the [‘H.]JABA-

alcohol feeding experiment. Assuming the applied com-
pounds entered the cell to equal extents and were not con-
verted to products other than listed in Table VI, it can be
concluded that the rate of metabolism of [*HsJABA-alcohol
was slower than that of [*HsJABA-aldehyde.

Conversion of ['H;JABA-trans-diol to ABA took place:
however, this oxidation occurred nonenzymatically as evi-
denced by the presence of [’Hs)JABA in the autoclaved control
feed (see also ref. 27). ["H,JABA was enzymatically reduced
to [*'HsJABA-trans-diol (Table VI). The extent of this conver-
sion was dependent on the concentration of ABA. When [*H,)
ABA was fed at a concentration approximately 400-fold
higher than the endogenous ABA level, the ['Hs]JABA-trans-
diol produced was about 50 times the endogenous ABA-trans-
diol content: quantifications of ABA-trans-diol also support
a concentration dependence on ABA (Table V).

Table VI. Metaboiism of Deuterated Compounds Fed to Mutsu Fruit Tissue

Piugs of cortex tissue (1.4 cm diameter) were vacuum-infiltrated with 2 mL of a 10 um solution of substrate (except [*°H;JABA-trans-dio!, 2.0
uMm). The substrates [*Hs)ABA-aldehyde and [*Hs]JABA-alcohol contained a significant amount of the respective trans isomer. The control tissue

was autociaved before addition of substrate for the 48 h incubation penod.

Product
Substrate
PH]ABA [*H)-ABA [?H}ABA-trans-diol [*M)JABA-GE [*H)-ABA-GE
ng/g fresh wt/time

[2He)ABA-aldehyde

24n 16 0.2 ND 26

48 h 14 11 1.6 8.0

Control ND* ND ND ND
[*Hs)JABA-alcohol

24n 0.2 ND ND 03

48 h 0.8 ND ND 34

Control ND ND ND ND
[*H,)ABA-trans-diol

24h 71 ND 0.2 0.1

48 h 53 ND 3.2 0.1

Control 125 ND ND ND
[*He]ABA

24nh 04 20 ND

48 h 0.6 173 ND

Control ND ND ND

* Not detected.
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DISCUSSION

ABA-Aldehyde as a Precursor to, and ABA-trans-Diol as
a Catabolite of ABA

Evidence is presented that ABA-aldehvde is the immediate
precursor to ABA. and that ABA-trans-diol is a catabolite of
ABA in apple fruits and leaves. and possibly in all plants.
These conclusions are based on the following evidence. (a)
Assuming the labeled and unlabeled metabohte pools were in
equilibrium. there was greater flux through the ABA-aldehyde
pool than the 1-ABA-aldehvde pool (Fig. 2). These data are
consistent with an enzymatic specificity toward the cis isomer
of ABA. the biologically active isomer in plants (28). There
was also greater flux through the ABA versus ABA-trans-diol
pools (data not shown). which supports ABA as a precursor
to ABA-rrans-diol. (b) Precursor-product relationships were
established by measurement of '“O specific activity of metab-
olites extracted from '"O-labeled ussues (Table 111). and by
feeding studies using deuterated substrates (Table VI). (c)
There were low endogenous levels of ABA-aldehvde and ABA-
trans-diol (Table V) and a concentration dependence of ABA-
trans-diol on ABA.

ABA-aldehyde has been postulated as a precursor to ABA,
because the ABA-deficient flacca and sitiens mutants of to-
mato are unable to convert xanthoxin or ABA-aldehvde to
ABA in vivo (21, 25) or in vitro (23). Tavlor et al. (15. 25)
showed that these mutants reduce ABA-aldehvde to -ABA-
alcohol. which accumulates 1o high levels. [H.]JABA-alcohol
is converted to ABA in apple fruits. but at lower rates than
[FHsJABA-aldehyde (Table VI).

ABA Biosynthesis in Apple Fruits and Leaves

The qualitative and quantitative data obtained by MS-MS
of metabolites from '"O-labeled tissues provide a means to
analyze the ABA biosynthetic pathway. especially rates of
turnover of precursor pools. Two conclusions can be drawn
from Table Il regarding the precursor(s) of ABA. (a) Based on
ABA biosynthetic capacity of the tissues (Table 1), and the
turnover rate of the pools as judged by '*O incorporation on
the ring of ABA (Table Il), the precursor pool containing ring
oxygens is large in leaves and much smaller in fruits. (b) In
apple, and perhaps in all plants. a significant amount of
exchange occurs between the medium and the carbonyl side
chain oxygen of an aldehyde precursor to ABA. This carbonyl
exchange would give rise to unlabeled ABA synthesized under
"0 in tissues which have a large precursor pool. ABA labeled
exclusively in the ring oxygens is observed only in tissues (like
apple fruit) which have a small. rapidly depleted violaxanthin
precursor pool. This tissue type synthesizes ABA labeled in
the ring oxygen functions, but without label in the carboxyl
group. The exchange can be at the ABA-aldehyde level (Fig.
3). but could also occur in an aldehyde precursor prior to
ABA-aldehyde, such as xanthoxin. Parry ef al. (21) observed
a low amount of 'O incorporation from '*O: into xanthoxin
In tomato leaves and suggested that lack of steady state '*O
enrichment might be due to carbonyl exchange.
ABA biosynthesis and catabolism in climacteric fruits is
under developmental control, in contrast to leaves where

Plant Physiol. Vol. 93, 1990

turgor pressure is a regulatory signal for ABA metabolism
(29). The regulation of ABA biosynthesis and catabolism is
different in leaves and fruits: hydroxylation of ABA to PA is
a minor pathway in fruits (Table I). but the major catabolic
pathway in leaves (Table I) (29). Fruits synthesize relatively
more of the trans than the cis isomer of ABA-GE: in contrast,
leaves synthesize more ABA-GE than -ABA-GE (Table I).
There is no evidence to support enzymatic isomerization of
ABA 10 1-ABA. or of ABA-GE to -ABA-GE (Table VI) (16).
We hypothesize that ABA and -ABA biosynthesis and me-
tabolism proceed in parallel from xanthophylls to xanthoxin
1somers, through ABA-aldehyde isomers, to the corresponding
isomers of ABA and ABA-GE. Both cis- and trans-xanthoxin
1Isomers are present in plants, and f-xanthoxin is converted to
1-ABA (16. 21, 22). Sindhu and Walton (23) showed that bean
leaf extracts convert ABA-aldehyde and (-ABA-aldehyde pre-
dominantly to ABA and (-ABA. respectively. If the levels of
ABA-aldehyde plus (-ABA-aldehyde are similar in leaves and
fruits, but ABA levels are much lower in fruits (Table V),
then the latter should contain more -ABA-aldehyde than
leaves. The relatively high -ABA-GE levels in fruits are
evidence in support of this hypothesis. The large amounts of
1-ABA found in apple fruits (3) may not have been due to
isomerization as proposed. but by a loss of ABA-conjugating
activity in these apples. A precise measurement of ABA-
aldehvde and r-ABA-aldehvde levels would provide further
insight into synthesis of ABA and /-ABA in plants.
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ABSCISIC (ABA)-ALCOHOL IS AN INTERMEDIATE IN ABA

BIOSYNTHESIS IN A SHUNT PATHWAY FROM ABA-ALDEHYDE
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4.1. ABSTRACT

It has previously been shown that the abscisic acid (ABA) -
deficient flacca and sitiens mutants of tomato are impaired in ABA-
aldehyde oxidation and accumulate trans-ABA-alcohol as a result of
the biosynthetic block (IB Taylor et al. [1988] Plant Cell Environ 11:
739-745). Here we report that the flacca and sitiens mutants
accumulate trans-ABA and trans-ABA-glucose ester, and that this
accumulation is due to trans-ABA biosynthesis. '*0O Labeling of
water-stressed wild type and mutant tomato leaves and analysis of
['*O]ABA by tandem mass spectrometry shows that the tomato
mutants synthesize a significant percentage of their ABA and trans-
ABA as ['*0)ABA with two 20 atoms in the carboxyl group. The
droopy mutant of potato and the Az34 (nar2a) molybdenum cofactor
mutant of barley, which are also impaired in ABA-aldehyde oxidation,
also synthesize more doubly-carboxyl-labeled ABA than wild type in
180 labeling experiments. The droopy mutant accumulates -ABA
and +-ABA-GE like the sitiens mutant. We further show, by feeding
experiments in tomato with [?H;]ABA-alcohol and '20,, that this
doubly-carboxyl-labeled ABA is synthesized from ['*O]ABA-alcohol

with incorporation of molecular oxygen. In vivo inhibition by carbon
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monoxide of [?Hg]ABA-alcohol oxidation establishes the involvement
of a cytochrome P-450 monooxygenase. Likewise, CO inhibits the
synthesis of doubly-carboxyl-labeled ABA in !0 labeling
experiments. This minor shunt pathway from ABA-aldehyde to ABA-
alcohol to ABA operates in all plants. For the ABA-deficient mutants
impaired in ABA-aldehyde oxidation, this shunt pathway is an

important source of ABA and is physiologically significant.

4.2. INTRODUCTION

Much progress has been made recently on the elucidation of
the biosynthetic pathway of ABA. The evidence is now conclusive
for the "indirect pathway," which proceeds by oxidative cleavage of
epoxycarotenoids to xanthoxin, which is sequentially metabolized to
ABA-aldehyde and ABA. Xanthoxin and ABA-aldehyde are
endogenous compounds of plants (Parry et al., 1988; 1990b; Rock
and Zeevaart, 1990a) and the oxidase activities which convert these
compounds to ABA have been characterized in vitro (Sindhu and
Walton, 1988; Sindhu et al.,, 1990). The viviparous mutants of maize
are blocked in the early stages of carotenoid biosynthesis and are

ABA-deficient (Moore and Smith, 1985; Neill et al.,, 1986). Fluridone
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and norflurazon, specific inhibitors of carotenoid biosynthesis, also
inhibit ABA biosynthesis (Gamble and Mullet, 1986). '*0O-Labeling
experiments show incorporation predominantly into the side chain
carboxyl group of ABA, suggesting oxidative cleavage of
xanthophylls which contain oxygens on the ring of ABA (Creelman
and Zeevaart, 1984; Creelman et al,, 1987; Zeevaart et al.,, 1989). Li
and Walton (1990) showed a 1:1 relationship on a molar basis
between decreases in violaxanthin and 9’-cis-neoxanthin and
increases in ABA and the catabolites PA and dihydrophaseic acid in
dark-grown water-stressed bean leaves; similar results have been
obtained by others (Gamble and Mullet, 1986; Parry et al, 1990a).
Rock and Zeevaart (1991) have characterized aba, the ABA-deficient
mutant of Arabidopsis thaliana (Koomneef et al.,, 1982) as being
impaired in epoxy-carotenoid biosynthesis, which provides strong
evidence for the indirect pathway of ABA biosynthesis.

There are three non-allelic ABA-deficient mutants of tomato,
not, flc, and sit, which differ in their phenotypic severity of
transpiration rates and inability to close their stomata (Tal and Nevo,
1973; Neill and Horgan, 1985). Application of ABA can restore the
normal phenotype (Tal and Nevo, 1973; Neill and Horgan, 1985).

Feeding studies and enzymology have established that the flc and sit
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mutants are blocked in ABA-aldehyde oxidation (Sindu and Walton,
1988, Sindhu et al., 1990; Taylor et al, 1988). The Az34 (nar2a)
molybdenum cofactor mutant of barley (Walker-Simmons et al.,
1989), the droopy mutant of potato (Quarrie, 1982; Duckham et al,
1989), and the CKRI mutant of Nicotiana plubaginifolia (Parry et al.,
1991) have also been characterized as being blocked in ABA-
aldehyde oxidation.

Because the flc and sit mutants accumulate -ABA-alcohol as a
result of the ABA-aldehyde oxidase biosynthetic block (Linforth et al.,
1987, 1990; Taylor et al.,, 1988), our observation that the flc and sit
mutants accumulate significant amounts of +-ABA-GE (Rock and
Zeevaart, 1990b) prompted us to investigate whether ABA-alcohol
could be a biosynthetic intermediate between ABA-aldehyde and
ABA. Our results confirm this hypothesis and establish the enzyme
involved in ABA-alcohol oxidation is a P-450 monooxygenase. This
shunt pathway is the source of doubly-carboxyl-labeled ABA

observed in 0, labeling experiments with numerous species

(Zeevaart et al., 1989).
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4.3. MATERIALS AND METHODS

43.1. Plant Material
Seeds of Lycopersicon esculentum Mill. cv Rheinlands Ruhm

and the near-isogenic mutants not, flc, and sit were germinated on
filter paper under continuous light and transplanted to pots which
were subirrigated with half-strength Hoagland’s solution. Plants
were grown for six to ten weeks in a high humidity growth chamber
and maintained on a diurnal cycle of 9 hr light (300 pE - m? - s!), 23°
C and 15 hr dark, 20° C. Seeds of Hordeum vulgare L. cv Steptoe
and the molybdenum cofactor mutant Az34 (narZ2a) were obtained
from Dr. Robert Warmer, Washington State University, Pullman, WA
and grown for 8 d in vermiculite in a greenhouse, as described
(Walker-Simmons et al., 1989). Seeds of heterozygous (Dr/dr) and
homozygous (dr/dr) droopy potato (Solanum tuberosum L., group
Phureja) were from Dr. Ian Taylor, University of Nottingham, U.K
and were grown as described for the tomato mutants.

For ABA biosynthesis studies the leaves were harvested and
water-stressed by dehydrating with a hair dryer until 14% of the fresh

weight was lost. The tissue was incubated under 20% !0, : 80% N,
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(v/v) (Creelman and Zeevaart, 1984) or air at room temperature in
the dark for various lengths of time and frozen in liquid N,.
4.3.2. Feeding Experiments

[*H,¢] (£)ABA-alcohol and [?H;¢](+)ABA-aldehyde (87.2%
[w/w]) were synthesized as described (Rock and Zeevaart, 1990a).
Leaves of flc or sit were dipped in a 4 x 10°® M solution of substrate
containing 0.05% (v/v) Tween 20 and 0.2 % (v/v) ethanol, and were
immediately placed in an atmosphere containing either 20% 'O, :
80% N, (v/v) or air plus 10% or 50% (v/v) carbon monoxide, or N,,
and incubated in darkness for 8 h and frozen.
4.3.3. ABA, ABA-GE, and PA Analysis

ABA and catabolites were extracted with acetone plus 0.025%
(w/v) 2,6-di-tert-butyl-4-methylphenol and 0.25% (v/v) glacial acetic
acid, partitioned at pH 3.0 into ethyl acetate, and purified by reverse
phase HPLC as described (Rock and Zeevaart, 1991). The trans
isomers of ABA and ABA-GE had slightly shorter retention times in
the HPLC system than the respective cis isomers. Samples were
methylated with ethereal diazomethane and quantified by GC-NCI-
SIM as described (Rock and Zeevaart, 1991). For Me-ABA

synthesized from [?H,;]-labeled compounds, m/z = 278, 283, 284,
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288, 286, and 288 were monitored. Corrections were made for the
natural abundance of stable isotopes. MS/MS was performed on a
Finnegan TSQ-70 triple-quadrupole mass spectrometer as previously
described (Rock and Zeevaart, 1990a).
4.3.4. Chemicals

180, (97-98% enrichment) was purchased from Cambridge
Isotopes Laboratories (Wobum, MA). Carbon monoxide (99.3%
pure) was from Scott Specialty Gases (Houston, TX) and was the gift
of Dr. Robert Creelman, Department of Biochemistry and Biophysics,

Texas A & M University.
4.4. RESULTS

44.1. ABA and Trans-ABA Biosynthesis in the ABA-Deficient Tomato
Mutants

Quantitation of ABA, t-ABA and their catabolites ABA-GE, t-ABA-GE
and PA in unstressed leaves of wild type and mutant tomato is
presented in Table 4.1. Consistent with the work of others (Tal and
ANevo, 1973; Neill and Horgan, 198S; Linforth et al., 1987), there was a

correlation between ABA levels and resistance to wilting in
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unstressed leaves of the mutants; this correlation also holds for the
ABA catabolites ABA-GE and PA (Table 4.1). Furthermore, there is
an inverse correlation between t-ABA and t-ABA-GE accumulation
and phenotypic severity of the mutants (Table 4.1). The least severe
mutant, not, accumulated similar amounts of +-ABA and t-ABA-GE,
taken together, as wild type (Table 4.1). The most severe mutant,
sit, accumulated the most t-ABA and t-ABA-GE, while flc had
intermediate levels between not and sit (Table 4.1). These results
correlate with increased levels of t-ABA-alcohol in the flc and sit
mutants (Linforth et al, 1987).

1830-Labeling of ABA in vivo and quantitation by MS allows
measurement of biosynthetic capacity of the ABA pathway (Zeevaart
et al.,, 1989; Rock and Zeevaart, 1990a, 1991; Rock et al., 1991).
Table 4.2 shows quantitation of !%0-labeled ABA, t-ABA and
catabolites from water-stressed leaves incubated under '°O, for
various lengths of time. Consistent with the results in Table 4.1,
there was a correlation between phenotypic severity of the mutants
and lower ABA biosynthetic capacity (Table 4.2). Furthermore, there
was a correlation between phenotypic severity of the mutants and

the lack of inhibition of +-ABA biosynthesis, as measured by the ratio
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of cis-ABA and metabolites to trans-ABA and metabolites (Table
4.2). However, t-ABA and t-ABA-GE biosynthesis, taken together,
were still decreased in the mutants by more than 60 percent (Table
4.2).

The fragmentation of Me-ABA by NCI has been elucidated
(Netting et al., 1987; Heath et al, 1990). Analysis of ['*O]ABA by
MS/MS allows measurement of the position and extent of *O
incorporation into the different oxygen functions of ABA (Zeevaart et
al, 1989; Rock and Zeevaart, 1990a; Rock et al., 1991). Three
phenomena involving the ABA biosynthetic pathway have been
characterized by this method. 1) The incorporation of a single '*0
atom into the side chain carboxyl group of ABA, with gradual
incorporation, over time, of label into the ring oxygens. This was the
observation by Creelman et al. (1987) which suggested there is a
large ABA precursor pool of xanthophylls that turns over slowly and
already contains the oxygens on the ring. 2) The loss of side chain
carboxyl '®0O label in ['®*O]ABA due to carbonyl oxygen exchange
with the medium at an aldehyde (xanthoxin or ABA-aldehyde) stage
of biosynthesis. This exchange is proposed to be the mechanism

which gives rise to ring-labeled ['*O]ABA which is unlabeled in the
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side chain carboxyl, as seen in apple fruit (Rock and Zeevaart,
1990a). 3) The phenomenon of doubly-carboxyl-labeled ['*O]ABA,
which has been observed as a minor biosynthetic product in '2O-
labeling experiments with a number of species (Zeevaart et al,
1989).

Figure 4.1 shows MS/MS spectra of ['*0,]ABA (parent ion
m/z=282) from water-stressed wild type, fIc and sit leaves under ¢Q,
for 8 h. Rheinlands Ruhm wild type showed the typical pattern of
labeling; for doubly-labeled ABA the side chain ion (unlabeled m/z=
141) was shifted to m/z = 143, and dehydration of the 1’-hydroxyl
group of ['*O,]ABA yielded a loss of 20 atomic mass units to m/z =
262. This result shows that incorporation of *O was predominantly
into the side chain carboxyl and 1’-hydroxyl groups. Doubly-
carboxyl-labeled ABA, evident by the presence of ions at m/z = 145,
was a minor product in wild type leaves (Figure 4.1). However, in
['*O,]ABA from flc and sit the majority of molecules contained both
180 atoms in the side chain carboxyl group, evident by the
abundance of ions at m/z = 145 (Figure 4.1).

| Table 4.3 presents a quantitative analysis of the labeling

patterns of ['®0O]ABA and ['*0]+-ABA from wild type and ABA-deficient
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Figure 4.1. GC-NCI-MS/MS of ['*0O,]Me-ABA (mm/z = 282) from water-
stressed leaves of wild type Rheinlands Ruhm (&), flacca (B), and
sitiens (C) tomato in 80, for 8 h. Inset: the structure of Me-ABA with

asterisks (") showing the predominant position of 'O atoms.
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mutant leaves after a 4 h labeling experiment. The seven major
classes of ['®*O]ABA molecules are represented as a percentage of
total ['*O]ABA (Table 4.3, columns 1-7). This allows a comparison of
the ABA biosynthetic reactions in wild type and mutant tissues.
Several points can be made from the labeling patterns. a) Because
ABA and t-ABA from the same samples can have significantly
different labeling patterns (Table 4.3), the law of mass action
supports the hypothesis that little isomerization of ABA to -ABA has
occurred in vivo or in vitro. This interpretation is supported by
feeding studies with apple (Rock and Zeevaart, 1990a) and
measurement of ABA isomerization in vitro (Milborrow, 1970). .b)
Side chain carbonyl exchange at an aldehyde intermediate stage of
ABA biosynthesis (Rock and Zeevaart, 1990a) was higher in the
mutants than wild type (Table 4.3, compare column 4 versus column
1 between wild type and mutants). In the wild type [**O]ABA pool
there was relatively more doubly-labeled ABA with one ®*O atom on
the ring and one atom in the carboxyl group (Table 4.3, column 4)
than singly-labeled ABA with label on the ring (Table 4.3, column 1).
This is interpreted as a high ABA-aldehyde oxidase activity which

resulted in carbonyl label retention by rapid oxidation to ABA.
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Conversely, the mutant ABA labeling patterns suggest there was
more carbonyl oxygen exchange because there was relatively more
singly-labeled ABA which was labeled on the ring (Table 4.3, column
1) than doubly-labeled ABA with one 'O in the carboxyl group and
one on the ring (Table 4.3, compare columns 4 versus 1). This
observation suggests that aldehyde oxidation was slower in the
mutants and is supported by previous work showing the flc and sit
mutants are impaired in ABA-aldehyde oxidation (Sindhu and Walton,
1988; Sindhu et al.,, 1990; Taylor et al, 1988). c) From the MS/MS
analysis it can be concluded that the mutants synthesized a higher
percentage of ['®*O]ABA which was doubly labeled in the carboxyl
group than wild type leaves (Table 4.3, columns 6 and 7). When this
doubly-carboxyl-labeled ABA was quantified on a gram fresh weight
basis, both wild type and mutant tissues synthesized approximately
equal but small amounts; significantly, flc and sit synthesized more
doubly-carboxyl-labeled t-ABA than wild type (Table 4.3). This
result correlates with endogenous t-ABA-alcohol levels in wild type
and mutant leaves (Linforth et al, 1987). Similar patterns of doubly-
carboxyl-labeled ABA were seen in '®0O, experiments of longer

duration, and in ['*O,]ABA-GE and ['*O,]PA (data not shown).
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4.42. ABA and Trans-ABA Biosynthesis in the ABA-Deficient Potato

and Barley Mutants

In order to obtain supporting evidence for the hypothesis that
ABA-alcohol is an intermediate in ABA biosynthesis, we analyzed the
droopy mutant of potato (Quarrie, 1982) and the molybdenum
cofactor mutant Az34 (narZ2a) of barley (Walker-Simmons et al,,
1989). These two mutants have been characterized as impaired in
ABA-aldehyde oxidation (Duckham et al.,, 1989; Walker-Simmons et
al., 1989), and therefore might exhibit similar patterns of ABA
biosynthesis as the flc and sit mutants. Table 4.4 presents ABA, t-
ABA and catabolite levels in unstressed and 8 h water-stressed
leaves of the mutants and wild types (for potato, a pseudo-wild type
Dr/dr heterozygote was used). The droo}:y potato mutant showed
the same phenotype as the fIc and sit tomato mutants on the basis of
t-ABA and +-ABA-GE accumulation and biosynthesis (Table 4.4). The
Az34 molybdenum cofactor mutant of barley did not accumulate t-
ABA or t-ABA-GE (Table 4.4).

Analysis by MS/MS of ['®*O]ABA and ['*O]+ABA froman 8 h
labeling experiment with the potato and barley mutants showed

similarities and differences from the tomato mutant labeling patterns



60

e'ee + 5726 20z +61L 20+2%2 28+ .9EE 61 ++06 Y 8 passang

92l + S'1L 8's + S'LI 20+ 81 L's+8¥2 81+08 pessansuf
Ip/1p snoBAzowroy

2'8ev + L5081 Lo+1L? 0e + L9t ST+ 0P 9EEl + I'ee€ U8 passang

9'88 + 0°902 01 +¢€72 90 + 8¢ 20+ 60 L8+ See passansuf)
Ip/1q snobAzolsloy

orejod

m gb/bu

Yd Jo-ydy JOovdY Yay- Ydy adfjouag / saroadg

‘sjusuruadxa om) jo aberaae 3y} are sjuswramseawr Asqreq {(3as ¥) sjuswruadxs

991} JO UEaW 3 Ore SjusWAMSEaW ojElod WIS IDON-D9 Aq paynuenb azom sojdureg

ssang 1sjep Y g 19y pue
a10jog Asjreq jo (y2Zy) ueny 10j0€j0) umuspgA|oy oy pue adA[, prp Wt pue ojejod Adooip (yuemnpy)
snobAzouwiol pue (reuuop) snobAzorsyel] wt ssjjoqeIe) pue ygy-suen ‘ygy jo uoneguend) #'p s|qel,



61

jusuradxa auQq

sjuswadxa o,

qb'96
a¢’Ll

a¢'L68
qab 81

a0’l
'l

al’9
0’1

qS'S
A

168
8¢

(‘pauod) 4 aqel

¥o
o

| &>
1o

06l Y8 passang
0’1 passansuf)
(egreU) $€ ZY
€911 Y8 passang
0 passansuf)
adfy ppm ,s01dag,
Koireg



62

(Table 4.5). Both mutants showed increases in the percentage of
doubly-carboxyl-labeled ABA and t+-ABA compared to their
respective wild types (Table 4.5, columns 6 and 7). However,
carbonyl exchange at an aldehyde intermediate stage of biosynthesis
did not appear affected in either the droopy potato or Az34 MoCo
mutant of barley (Table 4.5, compare columns 4 versus 1 between
wild type and mutant ABA), in contrast with the tomato mutants
(Table 4.3). For t-ABA, carbonyl exchange was high in both wild
type and mutant tissue of potato and barley (Table 4.5, compare
columns 4 versus 1 for t-ABA).
4.4.3. ABA-Alcohol Oxidation in the Flacca and Sitiens Mutants

In order to directly test whether ABA-alcohol is a precursor to
doubly-carboxyl-labeled ABA, we fed [°H,.](+)ABA-aldehyde and
[*H, ] (£)ABA-alcohol to wild type and fIc leaves in '®Q, for 8 h and
measured by MS/MS the extent of 20 incorporation into [°H,;JABA.
From the results presented in Table 4.6, it is clear that flc is impaired
in the oxidation of ABA-aldehyde, as previously shown (Sindhu et al,
1990; Taylor et al., 1988). In the [*H,,](*+)ABA-alcohol feed, the high
oxidation rate in wild type was probably due to conversion of ABA-

alcohol to ABA-aldehyde, which occurs non-enzymatically in
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Table 4.6. Quantitation of Labeled ABA from Wild Type and Flacca Tomato Leaves

Fed Deuterated ABA-Aldehyde or ABA-Alcohol 8 h in 80,

Unstressed leaves were dipped in a 4 x 10° M solution of deuterated
substrate (97.2% [*H,;]) plus 0.05% Tween 20 and 0.2% ethanol (v/v) and
immediately placed in '*O, (20 % [v/v] with N, as remainder). Samples were

quantified by GC-NCI-SIM and '®O incorporation in the carboxyl group confirmed

by MS/MS.
Substrate / Genotype Products Percent '*0O
in side chain
H,]ABA ['*O%H, JABA
ng/gfkwt/8h
[PH;JABA-aldehyde
Rheinlands Ruhm 1451.7 9.8 0.7%
Flacca 11.8 2.5 17.6%
[*H, JABA-alcohol
Rheinlands Ruhm 726.5 20.1 2.7%

Flacca 23.4 12.7 35.3%
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vitro (C.D. Rock, unpublished observations). Leaves of flc converted

a higher percentage of [°H, ] (+)ABA-alcohol, than of [?H,;](+)ABA-
aldehyde, to ['®*O%?H,]ABA (Table 4.6), which supports the hypothesis
that ABA-alcohol is converted to ABA by oxidation with molecular
oxygen.

In order to test the involvement of a P-450 monooxygenase as
the molecular mechanism of ABA-alcohol oxidation in tomato, we
utilized carbon monoxide, a specific inhibitor of heme P-450
monooxygenases (Ortiz de Montellano and Reich, 1986). The
oxidation of ABA-alcohol was measured by GC-NCI-SIM of
[?H,]ABA extracted from sit leaves incubated with [?H,](+)ABA-
alcohol in the presence or absence of carbon monoxide or oxygen.
The results are presented in Table 4.7. In the absence of molecular
oxygen, there was no conversion to [°H,;JABA (Table 4.7). In the
presence of 10% or 50% (v/v) CO, conversion to [?H,;]JABA was
inhibited 58% and 81% of control values, respectively. Similar results
were obtained in vitro with a cell-free pumpkin endosperm extract

(F. Fantauzzo and C. Rock, unpublished results) analogous to that of
Gillard and Walton (1976). We further tested the monooxygenase

hypothesis by measuring ['*O]ABA labeling patterns in sit leaves
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Table 4.7. Inhibition by Carbon Monoxide of ABA-Alcohol Oxidation in Sitiens

Leaves

Sitiens leaves were dipped in 1 x 10° M [?H, ;JABA-alcohol plus 0.05%
(v/v) Tween 20, 0.2% ethanol and incubated in the dark for 8 h in air, N,, or air
plus 10% or 50% (v/v) carbon monoxide. Samples were quantified by GC-NCI-

SIM. Mean of three experiments (+ SE).

Treatment [*H,]JABA Percent Inhibition
ng/gfrwt/8h
Rir 119 + 2.8
N, ND.* 100%
10% CO 8.0 +0.7 58%
50% CO 22 + 05 81%

*Not detected, two experiments
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incubated under '*O, or 80, plus 50% carbon monoxide. If doubly-
carboxyl-labeled ABA is synthesized by a monooxygenase, the
presence of CO in this experiment should specifically inhibit the
labeling of this class of ['*O]ABA molecules. The results in Table 4.8
confirm this prediction. The percentage of doubly-carboxyl-labeled
ABA and t-ABA (Table 4.8, columns 6 and 7) was significantly
decreased by CO treatment. When ABA and t-ABA from this
experiment were quantified, more than 70% inhibition of doubly-
carboxyl-labeled ABA and t-ABA biosynthesis was observed (Table
4.8). The results of these experiments support the conclusion that a
cytochrome P-450 monooxygenase is responsible for ABA-alcohol

oxidation in vivo.

4.5. DISCUSSION

Based on the results presented here, we conclude that ABA-

alcohol is an intermediate in ABA biosynthesis in a shunt pathway
from ABA-aldehyde that involves reduction of ABA-aldehyde to ABA-
Alcohol and oxidation of ABA-alcohol to ABA via a cytochrome P-450

mMmonooxygenase (Figure 4.2). A number of species convert
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exogenous ABA-aldehyde to ABA-alcohol (Duckham et al., 1989).

The flc and sit tomato mutants and droopy potato, which is probably
homologous to sit (Duckham et al., 1989), also isomerize a significant
amount of ABA-aldehyde to t-ABA-alcohol (Duckham et al., 1989;
Linforth et al.,, 1990). This isomerization and accumulation in the flc
and sit mutants of tomato (Linforth et al, 1987) gives rise to +-ABA
and t-ABA-GE (Table 4.1) as a result of +-ABA-alcohol oxidation
(Figure 4.2). This conclusion is supported by results of '*0 labeling
studies which show a higher proportion of doubly-carboxyl-labeled
ABA and t-ABA in the mutants of tomato (Table 4.3), barley, and
potato (Table 4.5) blocked in ABA-aldehyde oxidation. Because
ABA-alcohol from flc and sit is labeled in the primary alcohol group
in 180 labeling experiments (Linforth et al., 1987; Rock and Zeevaart,
unpublished results), we conclude that reduction of ABA-aldehyde
results in at least partial trapping the %0 present in the side chain,
which is then oxidized by molecular oxygen to give doubly-carboxyl-
labeled ABA in !0 labeling experiments. The oxidation with !*O, of
FH, ] (£)ABA-alcohol to ['*O%H,,]ABA (Table 4.6), plus the in vivo

- inhibition by CO of [?H,,](+)ABA-alcohol oxidation (Table 4.7) and

ABA with two %0 atoms in the carboxyl (Table 4.8) indicate that a
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cytochrome P-450 monooxygenase is the catalyst for ABA-alcohol

oxidation in tomato.

The labeling data (Table 4.3) and feeding studies (Table 4.6)
indicate that the shunt pathway of ABA-alcohol oxidation is not
enhanced in the flc and sit tomato mutants to maximize ABA
biosynthesis. We conclude that this pathway is a minor source of
ABA in plants, but is physiologically significant in mutants which are
impaired in ABA-aldehyde oxidation. Taken together with the
quantitation data of Table 4.2, which show that wild type tomato
synthesizes more t-ABA and t+-ABA-GE than the flc and sit mutants, it
can be concluded that oxidation of t-ABA-alcohol only accounts for
about 10-15 percent of total +-ABA biosynthesis. We propose that the
remainder of +-ABA is synthesized by a parallel pathway from all-
trans-epoxy-carotenoids (Figure 4.2).

Duckham et al. (1989) proposed that synthesis of [?H,] cis-ABA-
alcohol from [*H,](+)ABA-aldehyde was an artifact produced by
conversion of the unnatural (-)ABA-aldehyde enantiomer in flacca
and sitiens feeding experiments. Our data indicate that (+)-cis-ABA-
alcohol is an endogenous metabolite of plants because (+) ABA is

the naturally occurring enantiomer (Milborrow, 1970). Cis-ABA-
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alcohol is likely the biosynthetic precursor to +-ABA-alcohol.

18Q.Labeling patterns in ABA and t-ABA from tomato suggest
that the loss of ABA-aldehyde oxidase activity in the flc and sit
mutants (Sindhu et al,, 1990) also results in an increase in ABA-
aldehyde carbonyl oxygen enchange (Table 4.3, compare columns 4
versus 1 between wild type and mutants). The not mutant also
shows this increased carbonyl exchange phenotype, although it has
been shown not to be impaired in xanthoxin oxidation (Parry et al.,
1988) and only slightly reduced in ABA-aldehyde oxidation (Taylor et
al., 1988). Based on our data (Table 4.3) and those of Taylor et al.
(1988), ABA-aldehyde oxidase may be affected by the not mutation.
Taylor and Tarr (1984) crossed the tomato mutants and obtained all
the possible double mutants; all these recombinants showed
phenotypic interactions between the gene products of not, flc and
sit. The function of these genes in ABA-aldehyde oxidation are
unknown. Because the not mutant is extremely leaky, and the
mechanisms involved in ['®0]ABA labeling have not been completely
elucidated, and carbonyl exchange patterms are somewhat variable
(compare Tables 4.3 and 4.8, columns 4 versus 1), we cannot

conclude from our data that the site of action of the not mutation is
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ABA-aldehyde oxidase.

The droopy mutant, which is probably homologous to sit based
on map location (Duckham et al.,, 1989), synthesizes large amounts
of +-ABA; the MoCo mutant of barley does not (Table 4.4). The
droopy potato and barley Az34 mutants do not exhibit decreased
side chain carboxyl group labeling in ['®*O]ABA (Table 4.5, compare
columns 4 versus 1 between wild type and mutant ABA), as is seen
in the tomato mutants. In contrast to tomato wild type t-ABA (Table
4.3), potato and barley wild types exchange more carbonyl label
than they retain in t+-ABA (Table 4.5, compare columns 4 versus 1 for
t-ABA). Because doubly-labeled ABA with one 20O atom on the ring
and one in the side chain carboxyl (Tables 4.3 and 4.5, column 4)
can be synthesized from either ring-labeled ABA-alcohol or doubly-
labeled ABA-aldehyde, it is difficult to interpret the ABA and t-ABA
labeling patterns in terms of individual enzyme activities, unless the
precursor pool sizes and labeling patterms are known. The recently
discovered CKRI mutant of N. plumbaginifolia is impaired in ABA-
aldehyde oxidation, and may be useful to study the mechanism of
carbonyl label retention in ['*O]ABA. It is not known if the mutations

studied here affect the concentrations of ABA-aldehyde oxidase, or
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the enzyme's catalytic activity, or ABA-aldehyde isomerization, or the
reduction of ABA-aldehyde to ABA-alcohol. Purification and
characterization of the wild type and mutant enzyme activities
involved in the late steps of ABA biosynthesis may resolve some of

these questions.
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8.1. ABSTRACT

The three mutant alleles of the ABA locus of Arabidopsis
thaliana result in plants that are deficient in the plant growth
regulator abscisic acid (ABA). We have used '*O, to label ABA in
water-stressed leaves of mutant and wild type Arabidopsis. Analysis
by selected ion monitoring and tandem mass spectrometry of
['*0O]ABA and its catabolites, phaseic acid and ABA-glucose ester,
indicates that the aba genotypes are impaired in ABA biosynthesis
and have a small ABA precursor pool of compounds which contain
oxygens on the ring, presumably oxygenated carotenoids
(xanthophylls). Quantitation of the carotenoids from aba and wild
type leaves establishes that the aba alleles cause a deficiency of the
epoxy-carotenoids violaxanthin and neoxanthin and an accumulation
of their biosynthetic precursor, zeaxanthin. These results provide
evidence that ABA is synthesized via oxidative cleavage of epoxy-
carotenoids (the "indirect pathway"). This is the first report of a
carotenoid mutant in higher plants which undergoes normal
greening. The aba alleles provide an opportunity to study the

physiological role of epoxy-carotenoids in photosynthesis.
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8.2. INTRODUCTION

Abscisic acid (ABA) is a sesquiterpenoid plant growth
regulator involved in many physiological and developmental
processes such as transpiration, germination and dormancy, and
adaptation to environmental stresses, e.g. drought and chilling, and
pathogen attack (Pefia-Cortés et al., 1989; for review see Zeevaart
and Creelman, 1988). Although the structure of ABA (Figure 5.1D)
has been known for 25 years (Ohkuma et al.,, 1965), the biosynthetic
pathway in higher plants has not been fully elucidated. The
evidence favoring the indirect pathway from xanthophylls, as
opposed to the direct pathway from farnesyl pyrophosphate
(Milborrow, 1974), can be summarized as follows. 1) The viviparous
mutants of maize, vp-2, vp-5, vp-7, and vp-9, are blocked in the early
stages of carotenoid biosynthesis and are ABA-deficient (Moore and
Smith, 1985; Neill et al., 1985). 2) The carotenoid biosynthesis
inhibitors fluridone and norflurazon also inhibit ABA biosynthesis
(Gamble and Mullet, 1986; Moore and Smith, 1984). 3) !2O,-
Labeling experiments with water-stressed leaves show 2O

incorporation into the side chain carboxyl group of ABA, but little
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Figure 5.1. The structures of: A) zeaxanthin; B) trans-violaxanthin; C)

9’-cis-neoxanthin; D) (S)-(+)-abscisic acid.



84

X XX XY XY IR




85

incorporation in the oxygen functions on the ring (Creelman et al,,
1987; Rock and Zeevaart, 1990; Zeevaart et al, 1989), indicating that
there is a large ABA precursor pool (presumably xanthophylls)
which contains oxygens on the ring (see Figure 5.1). 4) Xanthoxin,
a C,5- metabolite of epoxy-carotenoids, is found in plants (Parry et
al,, 1990b) and is readily converted to ABA in vivo (Parry et al., 1988;
Taylor and Burden, 1973) and in vitro (Sindhu et al.,, 1990). 5) A 1:1
correlation on a molar basis between decreases in trans-violaxanthin
and 9'-cis-neoxanthin (Figure S5.1) levels and concomitant increases
in ABA and its catabolites has been shown for dark-grown, water-
stressed bean leaves (Li and Walton, 1990; Parry et al.,, 1990a). In
contrast to higher plants, phytopathogenic fungi synthesize ABA via a
direct pathway from famesyl pyrophosphate (Neill et al., 1984;
Okamoto et al., 1988).

Koomneef et al. (1982) isolated three alleles, (aba-1, -3, -4), of
a single locus (ABA) from Arabidopsis thaliana and showed a
correlation between ABA deficiency in seeds of the aba genotypes
and the phenotypic severity of leaf transpiration rates, reduced |
growth, and reduced seed dormancy. Application of ABA to the

mutant plants restored the normal phenotype. Here we report 2O
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labeling studies and quantitation of ABA and carotenoids in leaves of
wild type and the three aba genotypes. The results show a
correlation between ABA deficiency associated with the aba alleles

and epoxy-carotenoid deficiency.

8.3. MATERIALS AND METHODS

8.3.1. Plant Material

Seeds of Arabidopsis thaliana ecotype Landsberg erecta
(collection number W20) and the mutant genotypes aba-3 [isolation
mutant G4 (Koomneef et al., 1982); collection number W122], aba-1
(A26; W21), and aba-¢4 (A73; W123) were obtained from Dr. Maarten
Koomneef, Agricultural University, Wageningen, The Netherlands.
The genetic nomenclature recommended at the Third Intermational
Arabidopsis Meeting (East Lansing, MI, April 1987) is used (see
Bleecker et al., 1988). The aba-l genotype also included the
recessive markers ttg (transparent testa glabra) and yi (yellow
inflorescence). Seeds were germinated on 1% agar in Petri dishes
for 2 weeks following storage at 4°C for two days to break

dormmancy. Seedlings were transplanted to trays containing a
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mixture of perlite/vermiculite/peat moss (1:1:1, v/v/v). Plants were
grown in a high humidity growth chamber maintained on a diurnal
cycle of 9 h light (300 pmol - m? - s) at 23° C and 15 h dark at 20°
C. When stem elongation started, approximately 7 weeks after
germination, rosette leaves were harvested and frozen in liquid N,.
For water stress experiments, detached rosettes were dehydrated
with a hair dryer until 14% of the fresh weight was lost. The stressed
material was immediately incubated in 20% '*O, : 80% N, (v/v) or air
at room temperature in the dark for 4 or 8 h and frozen in liquid N,.
The %0, (97-98% enrichment) was from Cambridge Isotopes
Laboratories (Woburm, MA).
8.3.2. ABA, ABA-Glucose Ester (ABA-GE), and Phaseic Acid (PA)
Analysis

Frozen tissue was extracted overnight at 4° C with acetone
containing 0.01% (w/v) 2,6-di-tert-butyl-4-methylphenol and 0.25%
(v/v) glacial acetic acid. To each extract was added 20,000 dpm
FH]ABA, [PH]ABA-GE, and [*H]PA (Cornish and Zeevaart, 1984) to
quantify losses during purification. The samples were homogenized
with a Polytron (Brinkmann, Westbury, NY) and filtered, and 10 ml

1.0 M potassium phosphate buffer (pH 8.2) was added. The acetone
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was evaporated at 35° C using a rotovapor (Brinkmann), and the
aqueous solution was passed through a cellulose filter to remove
precipitated material. The pH was adjusted to 3.0 with 6 M HCIl and
ABA, ABA-GE and PA were partitioned five times into an equal
volume of ethyl acetate. The combined organic fraction was
evaporated and the residue chromatographed by reverse phase
HPLC with a pBondapak C,, semipreparative 0.78 x 30 cm column
(Waters, Milford, MA). A convex gradient (Waters no. §) was run in
20 min from zero to 50% ethanol [plus 1% (v/v) acetic acid in water]
at a flow rate of 2.5 ml/min. The eluant was monitored by UV
absorbance at 262 nm. The fractions containing ABA-GE isomers
plus PA (17-19 min) and ABA isomers (20.5-24 min) were collected
and dried. The ABA-GE was hydrolyzed to the free acid by 2 M
NH,OH for 2 hr at 60° C and dried. Free ABA (from ABA-GE) was
then separated from PA with a Nova-Pak C,; 0.39 x 15 cm analytical
column (Waters) using a 20 min linear gradient from 10% to 60%
methanol [in water containing 1% (v/v) glacial acetic acid] at a flow
rate of 1.5 ml/min. The retention times of PA and ABA were 17 min
and 22 min, respectively. Typical recoveries for ABA and PA were >

70% and > 50% for ABA-GE.



89
The ABA, ABA-GE (free acid) and PA samples were methylated

with ethereal diazomethane, and a portion of each sample was
quantified by GC-selected ion monitoring with a JEOL AH-505 double
focussing mass spectrometer equipped with a Hewlett-Packard
5890A gas chromatograph and a 30 m, 0.259 mm intermal diameter
DB-23 capillary column (J. & W. Scientific, Rancho Cordova, CA) with
He as the carrier gas. Flow rate was 1 ml/min. The GC oven
temperature was programmed from 80° C to 200° C at 40°/min, then
from 200° C to 250° C at 10°/min. Standard curves of ABA-methyl
ester and PA-methyl ester with ABA-ethyl ester as an intemal
standard were constructed for quantitation. ABA-Methyl ester ions
were monitored at m/z= 278, 280, 282, and 284 for '*O-labeled
samples and at m/z= 294, 296, 298, 300, and 302 for PA-methyl ester.
Corrections were made for the natural abundance of stable isotopes
by subtracting the theoretical contribution from the measured ion
abundance. Tandem mass spectrometry was performed on a
Finnegan TSQ-70 triple-quadrupole mass spectrometer as previously
described (Rock and Zeevaart, 1990).

8.3.3. Carotenoid Determinations

Carotenoids were extracted according to Britton (1985) with
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modifications. Frozen tissue (approximately 1 g) was extracted
overnight at 4° C in 40 ml methanol containing 1% (w/v) sodium
bicarbonate plus 0.1% (w/v) 2,6-di-tert-butyl-4-methylphenol and
homogenized. Samples were manipulated in dim light to avoid
isomerization of carotenoids. The extract was filtered, and the
chlorophyll a and b concentrations were determined according to
Holden (1976). The samples were diluted tenfold with water, NaCl
was added to saturation, and the samples were repeatedly
partitioned with 40 ml diethyl ether until no color remained in the
aqueous fraction. The ether was evaporated, and the samples were
saponified with 10% (w/v) KOH (in methanol) for 3 h at room
temperature under a stream of N,. The samples were again diluted
tenfold and partitioned with diethyl ether. The ethereal extracts
were stored overnight at -70° C, and ice crystals were removed by
filtration. The extracts were evaporated, and the residue was
resuspended in 90% hexanes, 10% ethyl acetate (v/v) and
chromatographed by normal phase HPLC with a pPorasil semi-
preparative 0.78 x 30 cm column (Waters) using a linear gradient
from 10% to 100% ethyl acetate in 65 min at a flow rate of 2.5 ml/min.

The major carotenoids were collected and identified by their
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absorbance maxima, fine structure spectra, and acid shifts of
absorbance maxima (Braumann and Grimme, 1981; Britton, 1985).
Cis isomers were characterized by rechromatography of iodine-
catalyzed trans isomers and by spectrophotometric analysis and
predicted equilibrium stoichiometries (Khachik et al., 1986; Molnar
and Szabolcs, 1980). In addition, the identities of violaxanthin,
neoxanthin and antheraxanthin isomers were confirmed by their
retention times in reverse phase HPLC systems (Li and Walton, 1990;
Parnry et al.,, 1990a).

Carotenoids were quantified by integration of the area under
the absorbance curve at 450 nm. A standard curve of B-carotene
was constructed, and corrections were made for differences in
specific extinction coefficients (Braumann and Grimme, 1981; Britton,

1985; our unpublished data).

8.4. RESULTS

8.4.1. ABA Biosynthetic Capacity is Negatively Correlated with the

Phenotypic Severity Associated with the aba Alleles

The aba alleles differ in their phenotypic severity of increased
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leaf transpiration, reduced growth, and reduced seed dormancy,
which is correlated with reduced endogenous levels of ABA
(Koomneef et al., 1982). Plants homozygous for the aba-3 allele
have close to normal growth rates, while aba-1 and aba-4 plants are
more pronounced in their negative effects on plant size and vigor
(Koomneef et al., 1982; our unpublished data). Biosynthesis of ABA
in leaves of wild type Landsberg erecta and aba genotypes was
determined by !'®0-labeling and quantitation of de novo ['®*O]ABA and
metabolites. The results (Table 5.1) show that the phenotypic
severity of the alleles was correlated with reduced ABA biosynthesis.
Although leaves of plants homozygous for the least severe allele,
aba-3, accumulated ABA and catabolites which were about 50% of
wild type turgid levels (our unpublished data), aba-3 plants
synthesized ABA and its catabolites, PA and ABA-GE, at about 3% of
the wild type capacity in '®O-labeling experiments (Table 5.1).
Leaves of plants homozygous for the more severe alleles, aba-I and
aba-4, had correspondingly lower ABA biosynthetic capacities (Table

5.1).
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8.4.2. ABA Precursor Pool Size is Correlated with ABA Biosynthesis

in aba Genotypes
The position and extent of *O incorporation into the ABA
molecule can be determined by analysis of ®*O-labeled ABA by
tandem mass spectrometry (Rock and Zeevaart, 1990; Zeevaart et al,
1989). Comparison of '*O incorporation, by wild type and aba
plants, into the ring-attached oxygens of ABA (Table 5.2) indicates a
correlation between ABA biosynthesis (Table 5.1) and turnover of the
ABA precursor pool containing oxygens on the ring (presumably
xanthophylls). Leaves of plants homozygous for the most severe
allele, aba-¢, had the highest percentage of *0O incorporation into
the ring-attached oxygens of ['*O]ABA. After 4 hr of water stress in
an '8Q, atmosphere, almost 60% of ['*O]ABA from aba-4 plants was
labeled in the ring 1’-hydroxyl group (Table 5.2), whereas in the wild
type Landsberg tissue only 4% of the ['*O]ABA contained !%O at this
position. Plants homozygous for the less severe aba alleles had
intermediate levels of '®0 ring incorporation (Table 5.2), which
indicates that ABA precursor pool turmnover was correlated with
phenotypic severity of the alleles (Koormneef et al.,, 1982). In the

wild type Landsberg erecta plants, incorporation of 20O in the
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Table 5.2. 180 Incorporation into the Ring-Attached Oxygens of ABA from Water-

Stressed Leaves of Wild Type and the Three aba Genotypes of Arabidopsis after
Incubation in 180, for 4 or 8 h

Mutants are listed in order of increasing phenotypic severity (Koomneef et
al, 1982). Samples were analyzed as their methyl ester derivatives by GC-selected
ion monitoring and tandem mass spectrometry (Rock and Zeevaart, 1990). The
label was always present in the 1’-hydroxyl group (Zeevaart et al,, 1989); in
addition, 5-10% of the 1’-hydroxyl-labeled ABA was also labeled in the 4’-keto

group.

Genotype/ 180, Incubation Percent of total [180]ABA

Time labeled in the ring-attached oxygens

Landsberg erecta

4 hr 4.3%

8 hr 8.7%
aba-3

4 hr 6.9%

8 hr 8.0%
aba-1

4 hr 29.8%

8 hr 27.4%
aba-4

4 hr 58.6%

8 hr

60.2%
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ring-attached oxygens was six to fifteen times greater, on a fresh
weight basis, than the incorporation by the aba plants. [This
calculation is the product of ['*O]ABA levels (Table 5.1) and the
respective percentage of ['*O)ABA which is ring-labeled (Table 5.2)].
Thus, the ABA precursor pool containing oxygens on the ring is
much smaller in the aba plants than in wild type plants.

8.4.3. Epoxy-Carotenoid Deficiency and Zeaxanthin Accumulation
are Correlated with the Small ABA Precursor Pool in aba Genotypes
The results of the '®0, incorporation studies with the aba
genotypes (Tables 5.1 and 5.2) suggested that the xanthophyll levels

of aba plants are reduced. Figure 5.2 shows chromatograms of
carotenoids from leaves of wild type and aba-4 plants. It is clear
that aba-4 plants had reduced levels of the major epoxy-carotenoids
trans-violaxanthin and 9’-cis-neoxanthin (Figure 5.2, peaks 5 and 7),
and that this mutant accumulated zeaxanthin (peak 3). Quantitation
of carotenoids and chlorophylls from leaves of Landsberg erecta and
the three aba genotypes is presented in Table 3. Zeaxanthin, the
biosynthetic precursor to the epoxy-carotenoids antheraxanthin,
violaxanthin, and neoxanthin (Jones and Porter, 1986), accumulated

in leaves of all the aba genotypes. B-Carotene, the precursor to
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Figure 5.2. HPLC chromatograms of carotenoids extracted from
leaves of wild type Landsberg erecta and the aba-4 genotype of
Arabidopsis thaliana. Numbered peaks are: 1, B-carotene; 2, lutein;
3, zeaxanthin; 4, antheraxanthin; 5, trans-violaxanthin; 6, 9-cis-

violaxanthin; 7, 9’-cis-neoxanthin.
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zeaxanthin, also accumulated in aba-4 plants (Table 5.3). There was
a reduction of trans-violaxanthin and 9'-cis-neoxanthin in all aba
plants. Lutein, the most abundant xanthophyll in wild type leaves
and a product of the a-carotene branch pathway (Jones and Porter,
1986), was significantly reduced in the aba genotypes. Furthermore,
the quantitative differences in zeaxanthin and B-carotene
accumulation (Table 5.3) are correlated with the phenotypic severity
(Koomneef et al., 1982) of the different aba alleles. From these
results we conclude that the ABA precursor pool containing oxygens
on the ring is composed of the epoxy-carotenoids violaxanthin and
neoxanthin.

Total carotenoids and chlorophylls were not significantly
different in wild-type and aba plants on a gram fresh weight basis
(Table 5.3). However, the lower chlorophyll b level in aba-4 plants
is of interest because chlorophyll b and epoxy-carotenoids are
associated predominantly with the light-harvesting photosynthetic
complexes (Siefermann-Harms, 1985), and epoxy-carotenoids are
neccessary for assembly of photosystem II light-harvesting

complexes in vitro (Plumley and Schmidt, 1987).



‘210 > d ‘odki pim woxy juotoip ApueoguiBys jueingy, *(1sol 3, popis ouo) go'g > 4 ‘od/) ppim ueyp) 101018
Apueogrubis jueinjyly  "po1ooIOP Jou = ‘ANt ‘(1891 1, POpIs oMl) 20°0 > d ‘odA) piim woy juotofip Apueogrubis jueinjyl, ‘s10WOS] 579 SOpPN{OU],

101

20+ 2+ 89l + L00OF $00 * 900 + o+ 9’8 + 6+ 2ZLe =+
00t 0sel beel 120 $anN 0 1£°0 90 1228 18:i4 s0'EE p-eqe
¥20 + 85 *+ 9%y + 200 * 900 * €00 ¥ o LT+ gel+ 191+
852 oSt b'601 110 {aN €0 0 60 944 1b'8e 1'se [-eqe
vro =+ SS * 9’8 * 200 * ¥00 * €00 * ero + 9€C ¥ 29T+ BEEF
0b'e (AN 0°sot 120 $ 4 aN €0 10 Ul 10°0% 10'6€ L've g-eqe
020 * 59 * 898 * Ste 620 + S0°0 * 260 * ero * be0 F Iy * 9e+ eoere
€97 ozt RAA 002 S1 90 oLl 60 (A 0'8S 8'ee Biogspuer
brom ysag b / bd

q/e qnAyd NAyd spiousjore) unjuexos) UNUEXODN UNjUEXe[Ol\ uUNpuUeXe[Olp  uUnNpuex Junpuexesz uan eusjoren-g odfjousn

-oI0[yD  -0IoNYD -510-.6 -suelj, -$10-6 -suelj, -eldiuy

L

‘sjuswiuadxe xi18 ‘fiAydoropyo 3doaoxa (35 F) yoeo
sjusuIaIMSESW OM] ‘SJUdWILISAXS OAY Jo UeSJA "SPOIS]N pPue S[euaje]y Ul paquosop se pamsesu spiousjores pue fjAydoloys pue joueyjour \itm
pajoenxa a1om sjue(d xis o) oM} woy saaea] *(zgel /@ 19 Joauuwooy) Aiusass ordhjousyd jo 1opio Buisesiouy uy paisy| o1e sajo[je JueINA

stsdopiqery jo sodfioudn) eqe 2a1y], o) pue adA[, P Jo soaeor] woy sjiAydoroyy pue spiousjoren) jo uonejnuend) °g'g o|qey,



102
8.5. DISCUSSION

The data presented here (Tables 5.2, 5.3) provide strong
correlative evidence for the indirect pathway of ABA biosynthesis
from violaxanthin and neoxanthin. If a direct pathway from farmesyl
pyrophosphate exists in Arabidopsis, it is of negligible physiological
importance. From extrapolation of the data in Tables 5.1 and 5.3, we
predict that a complete loss of epoxy-carotenoids would result in
absence of ABA and would be lethal.

The correlations between phenotypic severity (Koomneef et al,
1982), reduced ABA biosynthesis (Tables 5.1, 5.2) and reduced
epoxy-carotenoid content (Table 5.3) suggest that the ABA locus
affects an enzyme which functions in the epoxidation of xanthophylls.
Such an enzyme has been identified in chloroplast envelopes
(Costes et al.,, 1979) and as a component of the xanthophyll cycle
(Siefermann and Yamamoto, 1975), which is involved in the
dissipation by zeaxanthin of excess energy in photosynthesis
(Demmig et al.,, 1987; Demmig-Adams et al., 1990). The data
presented here imply that one and the same epoxidase is involved in
the xanthophyll cycle and in epoxy-carotenoid biosynthesis. The

mutations in the different alleles are presumably leaky, and the
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residual epoxidase activity determines the rate-limiting step of
violaxanthin and neoxanthin biosynthesis, and consequently of ABA
biosynthesis, in aba plants.

Because aba plants have increased ABA precursor pool
turnover (Table 5.2), these genotypes may be useful to study the
regulation of epoxy-carotenoid and ABA biosynthesis. The
involvement of viclaxanthin, neoxanthin, and zeaxanthin in
photosynthetic processes makes the aba alleles of Arabidopsis a
promising experimental tool to investigate the function of epoxy-

carotenoids and the xanthophyll cycle in plants.
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6.1. ABSTRACT

Abscisic acid (ABA) and 2-trans-ABA (t-ABA) biosynthesis were
studied in wild type Landsberg erecta and the three allelic aba
mutants of Arabidopsis thaliana (L.) Heynh., which are impaired in
epoxy-carotenoid biosynthesis. Labeling experiments with '*O, and
mass spectrometric analysis of ['*O]ABA and its catabolites ABA-
glucose ester (ABA-GE) and phaseic acid (PA), and t-ABA and t-
ABA-GE, showed that t-ABA biosynthesis was less affected than ABA
biosynthesis by mutations at the ABA locus. The aba-4 allele caused
the most severe impairment of ABA biosynthesis compared with the
other two mutant alleles aba-! and aba-3, yet aba-4 plants
synthesized as much t+-ABA as wild type Landsberg erecta plants.
Feeding experiments with RS-[?H;]ABA-aldehyde isomers and
unlabeled xanthoxin suggest that t-xanthoxin and t-ABA-aldehyde are

precursors to ABA and -ABA in Arabidopsis.
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6.2. INTRODUCTION

The abscisic acid (ABA)-deficient mutants of Arabidopsis
thaliana (L.) Heynh. and tomato (Lycopersicon esculentum Mill.)
have been paramount to the understanding of ABA biosynthesis.
Recently, it has been shown that the aba alleles of Arabidopsis are
impaired in epoxy-carotenoid biosynthesis (Rock and Zeevaart,
1991), which provides strong evidence for the indirect pathway of
ABA biosynthesis from the epoxy-carotenoids violaxanthin and
neoxanthin, through 2-cis-xanthoxin and 2-cis-ABA-aldehyde to ABA
(for review see Zeevaart and Creelman, 1988). The flacca and
sitiens mutants of tomato are impaired in ABA-aldehyde oxidation
(Sindhu and Walton, 1988; Taylor et al., 1988) and accumulate -ABA-
alcohol (Linforth et al.,, 1987). ABA-deficient mutants in potato
(Solanum tuberosum, group Phureja; Duckham et al., 1989),
Nicotiana plumbaginifolia (Parry et al, 1991), and barley (Hordeum
vulgare, Walker-Simmons et al.,, 1989) have also been characterized
as impaired in ABA-aldehyde oxidation. We have demonstrated that
the flacca and sitiens mutants of tomato synthesize a significant

percentage of ABA from ABA-alcohol via a shunt pathway from ABA-
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aldehyde (Rock et al., 1991). In these mutants, most t-ABA and the

catabolite t-ABA-GE are synthesized from t-ABA-alcohol.

With the exception of the shunt pathway from t-ABA-alcohol,
little work has been done on the biosynthesis of t+-ABA, since this
isomer is biologically inactive (Walton, 1983). Since trans-ABA is
rapidly esterified to -ABA-GE (Milborrow, 1970), it may have been
overlooked in ABA biosynthesis studies. Apple fruits can accumulate
significant amounts of +-ABA during ripening (Bangerth, 1983), and
this t-ABA is not the result of isomerization of ABA (Rock and
Zeevaart, 1990). 2-Trans-xanthoxin, a metabolite of epoxy-
carotenoids and precursor to trans-ABA (Taylor and Burden, 1973), is
the predominant isomer found in plants (Parry et al., 1988, 1990).

The identification of ['®0]t-ABA-aldehyde in 'O labeling studies with
apple fruits suggested the existence of a parallel pathway of -ABA
biosynthesis from epoxy-carotenoids through #-xanthoxin and t-ABA-
aldehyde (Rock and Zeevaart, 1990).

Here we report results of feeding and !%0 labeling studies with
leaves of wild type Landsberg erecta and the three aba genotypes of
Arabidopsis thaliana. The results suggest that t-ABA is synthesized

via a pathway distinct from +-ABA-alcohol oxidation. Quantitation of
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ARBA, t-ABA and catabolites indicates that plants homozygous for the

most ABA-deficient allele, aba-4, are capable of synthesizing

significant amounts of +-ABA.

6.3. MATERIALS AND METHODS

6.3.1. Plant Material

Seeds of Arabidopsis thaliana (L.) Heynh., ecotype Landsberg
erecta (collection number W20) and the mutant genotypes aba-3
[isolation mutant G4 (Koormneef et al., 1982); collection number
W122], aba-1 (A26; W21), and aba-4 (A73; W123) were obtained from
Dr. M. Koomneef, Agricultural University, Wageningen, The
Netherlands. The aba-1 genotype also carried the recessive
markers ftg (transparent testa/glabrous) and yi (yellow
inflorescence). Seeds were germinated on 1% agar in Petri dishes
for 2 wks following storage at 4°C for two d to break dormancy.
Seedlings were transplanted to trays containing a mixture of
perlite/vermiculite/peat moss (1:1:1, v/v/v). Plants were grown in a
high humidity growth chamber and maintained on a diurnal cycle of

9 h light (300 pE - m? - s'1), 23° C and 15 h dark, 20° C. When stem
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elongation started, approximately 7 weeks after germination, rosette
leaves were harvested and frozen in liquid N, or used for feeding
and '®Q, labeling experiments. For ABA biosynthesis studies the
tissue was water-stressed with a hair dryer until 14% of the fresh
weight was lost. The tissue was incubated in 20% '*O, : 80% N,
(v/v)(Creelman and Zeevaart, 1984) or in air, at room temperature in
the dark for 24 h, and frozen in liquid N,. 'O, (97-98% enrichment)
was purchased from Cambridge Isotopes Laboratories (Woburn, MA,
USA).
6.3.2. Feeding Experiments

RS-[?H,]ABA-aldehyde [97.2% (w/w)] was synthesized as
described (Rock and Zeevaart, 1990). 2-Cis- and tfrans-xanthoxin
were obtained by potassium permanganate oxidation of violaxanthin
(Burden and Taylor, 1970), extracted from leaves of Xanthium
strumarium (Britton, 1985) and purified via an open ODS column as
described by Sindhu and Walton (1987). Reaction products were
chromatographed by normal phase HPLC on a pPorasil
semipreparative 0.78 x 30 cm column (Waters, Milford, MA, USA)
with a linear gradient from 10 to 60% (v/v) ethyl acetate in hexanes

in 23 min at a flow rate of 2.5 cm® min! and the eluant monitored by
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UV absorbance at 280 nm. Xanthoxin isomers and butenone were
collected from 28 to 31 min and dried under a stream of N,. The
xanthoxin isomers were separated from butenone by reverse phase
HPLC on a pBondapak semipreparative 0.78 x 30 cm column
(Waters) with a linear gradient of 20-60% (v/v) ethanol (in water) in
25 min at a flow rate of 2.5 cm® min’!. Butenone eluted at 12 min and
xanthoxin isomers at 18 min. Samples were taken to dryness under
a stream of N,. Xanthoxin and ABA-aldehyde isomers were
separated and purified by reverse phase HPLC using a 4 pm
Novapak C,; Radial-PAK 0.8 x 10 cm cartridge (Waters) and a linear
gradient from 20% to 60% (v/v) methanol (in water) in 45 min at a
flow rate of 2.5 cm® min'!. Trans-ABA-aldehyde eluted from 22.7 to
23.5 min, and cis-ABA-aldehyde from 25.5 to 26.8 min. Trans-
xanthoxin eluted from 29.8 to 31 min, and cis-xanthoxin from 32 min
to 33.3 min. Substrate purity was confirmed by GC-flame ionization
detection, and the isomers were quantified by UV absorbance
(Burden and Taylor, 1970; Rock and Zeevaart, 1990). A 2.5 ug cm?
aqueous solution (1 x 102 mol m?) of substrate containing 0.05% (v/v)
Tween 20 was vacuum infiltrated into leaf tissue from seven to 16

plants of wild type or aba genotypes, respectively, to give similar
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fresh weights. The tissue was placed in air, or 20% '*Q, : 80% N,
(v/v) for xanthoxin experiments, incubated in darkness for 8 h, and

then frozen.

6.3.3. Extraction, Purification, and Quantitation of Metabolites

ABA, t+-ABA, ABA-GE, -ABA-GE, and phaseic acid (PA) were
extracted and purified by reverse phase HPLC as described (Rock
and Zeevaart, 1991). The 2-trans isomers of ABA and ABA-GE had
slightly shorter retention times in this HPLC system than the
corresponding 2-cis-isomers. Samples were methylated with
ethereal diazomethane and quantified by GC-negative chemical
ionization-selected ion monitoring as described (Chapters 4, 5).
ABA-aldehyde was extracted and quantified by the isotope dilution
method as described by Rock and Zeevaart (1990). Tandem mass
spectrometry (MS/MS) was performed on a Finnegan TSQ-70 triple-
quadrupole mass spectrometer as previously described (Rock and

Zeevaart, 1990).
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6.4. RESULTS

6.4.1. ABA and Trans-ABA Biosynthesis and Metabolism

Initial characterization of the aba genotypes established a
negative correlation between transpiration rates and ABA
accumulation in seeds and immature green siliques (Koomneef et al,
1982); the three aba genotypes also showed a correlation between
ABA levels, reduced growth rates, and reduced seed dormancy.
Table 6.1 confirms this result for leaf tissue. There was a negative
correlation between phenotypic severity of the aba alleles and ABA,
t-ABA and catabolite levels in unstressed tissue, with the exception
of +-ABA and t-ABA-GE accumulation in plants homozygous for the
most severe allele aba-4. Trans-ABA levels in unstressed aba-4
plants were higher than in wild type, and +-ABA-GE was only slightly
less than in wild type (Table 6.1). After 24 h water stress, Landsberg
erecta accumulated ABA and its catabolites ABA-GE and PA, when
taken together, to levels about six times higher than unstressed
leaves (Table 6.1). The combined contents of t-ABA and -ABA-GE
in wild type increased only about two-fold (Table 6.1). In leaves of

the aba genotypes, ABA and the major catabolite PA increased
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slightly in response to 24 h water stress. ABA-GE levels were more
variable in both wild type and mutant tissue (Table 6.1). Consistent
with the relatively high levels of +-ABA and t+-ABA-GE in unstressed
aba-4 tissue, leaves of this mutant allele also accumulated a
significant amount of +-ABA and t-ABA-GE after 24 h water stress
(Table 6.1). Thus, although ABA biosynthesis is impaired by the aba
mutation, in the case of the aba-4 genotype, t-ABA biosynthesis is not
reduced as compared to Landsberg wild type.

The capacity for ABA biosynthesis can be measured by '%0O-
labeling studies and quantification of ['*O]ABA and catabolites by
GC-negative chemical ionization-mass spectrometry (Rock et al,
1991; Rock and Zeevaart, 1990, 1991; Zeevaart et al, 1989). Table
6.2 presents the quantification of ®Q-labeled ABA, t-ABA and
catabolites from water-stressed leaves of wild type and aba
genotypes in %0, for 24 h. Consistent with the results of Table 6.1,
ABA biosynthesis was reduced in the aba genotypes and negatively
correlated with phenotypic severity (Koomneef et al., 1982)
associated with the individual aba alleles (Table 6.2). Furthermore,

the accumulation of +-ABA and t-ABA-GE in aba-4 plants (Table 6.1)

was due to de novo synthesis of +-ABA and t-ABA-GE (Table 6.2).
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When t+-ABA biosynthesis (['*0O]t+-ABA plus ['®0]#+-ABA-GE) in wild

type and aba plants was expressed as a fraction of ABA biosynthesis
(['**O]ABA + ['*O)ABA-GE + ['®O]PA) , a positive correlation
between relative -ABA biosynthesis and phenotypic severity was
observed (Table 6.2, ratio cis/trans metabolites). Thus, consistent
with the elevated t-ABA levels in aba-4 plants (Table 6.1), O
labeling studies also showed that the aba alleles had less effect on t-
ABA than ABA biosynthesis (Table 6.2).

The fragmentation by NCI of Me-ABA has been elucidated
(Heath et al,, 1990; Netting et al.,, 1988). By MS/MS of ['*O]ABA from
in vivo labeling experiments it is possible to quantify the
incorporation of 20 into each oxygen atom of ABA: the side chain
carboxyl, the ring 4*-keto, and the 1 -hydroxyl group. Four possible
reactions in ABA biosynthesis have been characterized by this
method of analysis (Rock et al, 1991; Rock and Zeevaart, 1990): 1)
180 incorporation into the side chain carboxyl group as a result of
oxidative cleavage of epoxy-carotenoids, such as 9-cis-violaxanthin
and 9’-cis-neoxanthin. 2) Turnover of the large ABA precursor pool
(epoxy-carotenoids), resulting not only in '®0O incorporation into the

carboxyl group, but also into the oxygens on the ring of ['*O]ABA.
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3) Synthesis of ABA from ABA-alcohol in a minor shunt pathway from

ABA-aldehyde, which yields doubly-carboxyl-labeled ['*0O]ABA via
ihcorporation of 80 from a second molecular oxygen. 4) Side chain
carbonyl oxygen exchange with water at an aldehyde intermediate
stage of ABA biosynthesis, resulting in loss of side chain carboxyl
label in ['*O]ABA. Analysis by MS/MS of ['®*O]ABA and ['*O]t+-ABA
from stressed wild type and aba-¢ plants in 0, for 24 hr is
presented in Table 6.3. The ['*0O]ABA molecules are qualitatively
distinguished by the number of '®*O atoms and their position of
incorporation, giving rise to five major classes of ['*O]ABA (columns
1-8). The percentage of total ['*O]ABA in each class allows a
comparison of the ABA biosynthetic pathways in the wild type and
aba-4 genotypes. Landsberg erecta showed the typical pattern of
180 incorporation in ABA from stressed leaves. The bulk of ['*0O]ABA
was singly labeled, and the label was present in the carboxyl group.
This pattern of incorporation is due to the large epoxy-carotenoid
pool which turns over slowly; !®0O is incorporated into the side chain
of ABA during oxidative cleavage of the xanthophyll precursor (Rock
and Zeevaart, 1990; Zeevaart et al.,, 1989). In plants homozygous for

the aba-4 allele, 65 percent of the ['*O]ABA was labeled in the
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oxygens on the ring, while in wild type only 14 percent of the

['*O]ABA was labeled on the ring (Table 6.3, compare columns 1
plus 4 between wild type and mutant). This result indicates that the
epoxy-carotenoid precursor pool was turning over rapidly in the
mutant, consistent with the observed low levels of epoxy-carotenoids
(Rock and Zeevaart, 1991). In both wild type and aba genotypes, t-
ABA from the same material contained a higher percentage of °0O
label in the ring positions than ABA (Table 6.3, compare columns 1
plus 4 between ABA and +-ABA). Based on the law of mass action,
the large differences in labeling patterns between ['*O]ABA and
['®0]t+-ABA from the same samples indicate that isomerization of ABA
was not the source of +-ABA. This conclusion is supported by
feeding studies with apple (Rock and Zeevaart, 1990) and
measurements of ABA isomerization in vitro (Milborrow, 1970).
Isotope exchange studies have shown that ['*O]ABA which is
unlabeled in the side chain carboxyl group can arise in '®O-labeling
experiments by carbonyl oxygen exchange with the medium at an
aldehyde intermediate stage of ABA biosynthesis (Rock and
Zeevaart, 1990). Thus, xanthoxin or ABA-aldehyde with two 2O

atoms could be oxidized to doubly-labeled ABA (e.g., Table 6.3,



123

column 4), or could exchange the carbonyl label and then be
oxidized to ABA that is only labeled on the ring (Table 6.3, column
1). The data in Table 6.3 suggest that carbonyl exchange was
slightly higher in the aba-4 plants than in wild type, because ABA
from Landsberg erecta tissue retained almost six times more label in
the side chain than it lost the label, but the aba-4 plants lost a
greater percentage of side chain label (Table 6.3, compare columns
4 versus 1 between wild type and mutant). ['*0] Trans-ABA from
both wild type and aba-4 plants showed a higher degree of aldehyde
carbonyl exchange than ['*O]ABA from the same sample (Table 6.3,
compare columns 4 and 1 between ABA and t-ABA).

['*O]ABA with two '*0O-atoms in the carboxyl group (Table 6.3,
column §) is synthesized from ['*O]ABA-alcohol with incorporation of
180 by a minor shunt pathway from ABA-aldehyde (Rock et al,, 1991).
The minor shunt pathway of ABA biosynthesis from ABA-alcohol was
not affected in the aba-4 genotype (Table 6.3, compare column 5
between wild type and mutant). This is unlike the flacca and sitiens
mutants of tomato, which are blocked in ABA-aldehyde oxidation
(Sindhu and Walton, 1988; Taylor et al., 1988) and synthesize a

significant percentage of ABA and t-ABA via ABA-alcohol and t-ABA-
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alcohol, respectively (Rock et al, 1991).

6.4.2. ABA-Aldehyde and Xanthoxin Metabolism in aba Mutant
Alleles

In order to determine if the ABA locus affects aldehyde
oxidation, C-2 isomers of RS-[?°H]ABA-aldehyde were fed to leaves of
wild type and aba genotypes. In agreement with the work of
Duckham et al. (1989), mutations at the ABA locus do not affect ABA-
aldehyde oxidation (Table 6.4). There was evidence for
isomerization of ABA-aldehyde and t+-ABA-aldehyde to their
respective C-2 isomers with subsequent oxidation to +ABA and ABA,
followed by conjugation to their glucose esters (Table 6.4). This is
interpreted to mean that there was little or no interconversion
between ABA-GE and t-ABA-GE, which is supported by results of
feeding studies with apple fruits (Rock and Zeevaart, 1990) and
tomato shoots (Milborrow, 1970).

Xanthoxin is a postulated intermediate in ABA biosynthesis
between epoxy-carotenoid cleavage and ABA-aldehyde oxidation
(Sindhu et al., 1990; Zeevaart and Creelman, 1988). In order to test
whether the ABA locus affects xanthoxin metabolism, C-2 isomers of

xanthoxin were fed to wild type and aba genotypes in the presence
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of 180Q,. The presence of *0, during the xanthoxin feed allowed
subtraction of any ABA synthesized from endogenous substrates
during the experiment, because this ABA was ®0O-labeled.
Exogenous xanthoxin would not incorporate 'O during oxidation to
ABA except via ABA-alcohol (Rock et al, 1991), which is a minor
pathway in Arabidopsis and amounts to only about 2% of the total
ABA (Table 6.3, see below). The results presented in Table 6.5
show that the conversion of xanthoxin to ABA was not affected by
the ABA locus. There was considerable isomerisation of t-xanthoxin,
which was metabolized to ABA and then PA (Table 6.5). Cis-
xanthoxin was also isomerised, but to a lesser extent than t-
xanthoxin. It has been shown that t-xanthoxin is converted to +-ABA
in tomato plants (Taylor and Burden, 1973; Panry et al.,, 1988). Only
small quantities of ['*O]ABA and ['*O]t-ABA were detected in the
xanthoxin isomer feeding experiments (data not shown); if ABA and
t-ABA were synthesized from ABA-alcohol and +-ABA-alcohol, a
significant amount of ABA from exogenous xanthoxin would have
been ®0-labeled (Rock et al, 1991). The apparent higher xanthoxin
and ABA-aldehyde oxidizing activity of the mutant tissue may be a

result of the smaller size of the mutant leaves, which resulted in
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Table 6.5. Conversion of Xanthoxin Isomers to ABA, trans-ABA and Catabolites in

Leaves of Arabidopsis Wild Type and aba Genotypes in '¥0,

A 2.5 pgcm?® (1 x 102 mol m?) solution of cis- or trans-xanthoxin (both
isomers 94% pure) containing 0.05% Tween 20 (vol/vol) was vacuum infiltrated into
leaf tissue, which was then put under 20% '®O,: 80% N, for 8 h. ABA, t-ABA, and
catabolites were quantified by GC-negative chemical ionizationselected ion
monitoring and endogenous (time = 0 h) and de novo ABA and catabolites (= 8O-
labeled after 8 h) were subtracted from the total to give the amounts of ABA and
catabolites synthesized from applied xanthoxin. Results from one of three
experiments with similar results.

ng (g fresh weight)! (8 h)!

Genotype/Substrate
ABA t-ABA ABA-GE t-ABA-GE PA

Landsberg erecta

cis-xanthoxin 14.1 60.0 0.0* 1.7 708.8

trans-xanthoxin 3.3 61.0 0.0 1.4 492.7
aba-l

cis-xanthoxin 38.5 29.2 0.0 0.9 2788.1

trans-xanthoxin 8.8 94.7 0.0 0.0 431.5
aba-4

cis-xanthoxin 128.2 104.4 1.6 1.0 3716.6

trans-xanthoxin 61.1 242.0 1.5 12.9 2302.0

*After correction for endogenous material.
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complete infiltration of substrate into the tissue (C.D. Rock,

unpublished observations).

6.5. DISCUSSION

The results presented here suggest that t-ABA in Arabidopsis is
synthesized primarily through a pathway which is distinct from -ABA-
alcohol oxidation (Rock et al., 1991). In the presence of '*O,, ABA-
alcohol and -ABA-alcohol can be oxidized to ABA and t-ABA,
respectively (Figure 6.1), with incorporation of '*0O into the carboxyl
group (Rock et al,, 1991). In Arabidopsis, this pathway accounts for
only slighly more than 1 percent of the total ['*O]ABA and [®O]+-
ABA, based on abundance of doubly-carboxyl-labeled ABA and t-
ABA (Table 6.3, column 5). Feeding experiments by Duckham et al.
(1989) with deuterated ABA-aldehyde did not result in significant
synthesis of t-ABA-alcohol in Arabidopsis. The results of our ABA-
aldehyde isomer feeding experiments (Table 6.4) support the
conclusion that isomerization of ABA-aldehyde to give -ABA-alcohol
and t-ABA is only a few percent of the total ABA biosynthesis. The

most likely source of +-ABA, therefore, is via a parallel pathway from
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all-trans-epoxy-carotenoids (Rock et al., 1991; Rock and Zeevaart,

1990; Figure 6.1).

There was greater isomerization in the t-xanthoxin and RS-
[?H.]t-ABA-aldehyde feeding experiments than in the cis isomer
experiments (Tables 6.4 and 6.5). These observations suggest that t
xanthoxin and t-ABA-aldehyde may be precursors to ABA in
Arabidopsis (Figure 6.1). Similar feeding experiments with xanthoxin
isomers in tomato shoots by Taylor and Burden (1973) and Parry et
al. (1988) showed some isomerisation and conversion to ABA
isomers; however, labeled ABA catabolites were not quantified in
these experiments. High t-xanthoxin : xanthoxin ratios have been
found in all tissues and species so far examined (Parry et al., 1988,
1990). Xanthoxin and r-xanthoxin interconvert non-enzymatically in
vitro with an equilibrium that favors the trans isomer (Parry et al,,
1990). Although precautions were taken to minimize isomerization,
we cannot rule out artifactual isomerization of xanthoxin isomers
during the feeding experiments. Our results suggest that t-xanthoxin
was isomerized in vivo to xanthoxin to a greater extent than
xanthoxin to t-xanthoxin, which is against the expected direction of

the isomerization reaction (xanthoxin --> t-xanthoxin; Parry et al.,
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1990). In the present study, endogenous ABA-aldehyde and t-ABA-

aldehyde were present in leaves of wild type and aba genotypes
(data not shown). Thus, a parallel pathway from all-trans-epoxy-
carotenoids may give rise to +-ABA and ABA in Arabidopsis (Figure
6.1).

The cause(s) of the relatively high t-ABA biosynthetic
capacities in the aba genotypes (Table 6.2) are not understood.
One possible explanation is that epoxy-carotenoid deficiency in the
aba genotypes results in an altered regulation of the parallel
pathways to ABA and t-ABA. The cleavage enzyme may utilize trans-
violaxanthin as a substrate when 9-cis-vioclaxanthin is limiting;
isomerisation of the resultant t-xanthoxin would contribute to ABA
biosynthesis, but would also result in greater -ABA biosynthetic
rates. The observation that trans-epoxy-carotenoids are more
reduced in the aba genotypes than 9-cis-epoxy-carotenoids (Rock
and Zeevaart, 1991) is not inconsistent with this hypothesis. Isolation
and characterization of the enzymes involved in ABA biosynthesis
may resolve questions of substrate specificity and the multiple

pathways of ABA and t-ABA biosynthesis.
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150 INCORPORATION INTO VIOLAXANTHIN AND ABSCISIC ACID
VIA THE XANTHOPHYLL CYCLE SUPPORTS VIOLAXANTHIN AS

A PRECURSOR OF ABSCISIC ACID
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7.1. INTRODUCTION

The xanthophylls have been shown to function in a number of
physiological processes of importance to plants, such as scavenging
of oxygen radicals produced by photooxidation (Cogdell, 1989),
photosynthetic light harvesting (Siefermann-Harms, 1985), assembly
of light harvesting complexes (Plumley and Schmidt, 1984; Humbeck
et al.,, 1989), ABA biosynthesis (Rock and Zeevaart, 1991), and
dissipation of excess light energy through the "xanthophyll cycle"
(Demmig et al., 1987; Demmig-Adams et al, 1990). The xanthophyll
~ cycle is the reversible, light-induced deepoxidation/epoxidation of
the epoxy-carotenoids violaxanthin and antheraxanthin in the
thylakoid membrane (Figure 7.1) (Siefermann-Harms, 1977;
Yamamoto, 1979). The product of deepoxidation is zeaxanthin,
which has recently been shown to function in the protection of the
photosynthetic apparatus by non-photochemical quenching of high-
chlorophyll fluorescence, thus preventing photoinhibition by high
photon flux densities (Demmig et al, 1987; Demmig-Adams et al.,
1990). In order to study the biosynthetic relationship of xanthophylls

and ABA, we have utilized the xanthophyll cycle to specifically
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pulse-label the epoxide group of violaxanthin and antheraxanthin

with ®O and follow !®0O incorporation into the 1’-hydroxyl position of
['*O]ABA synthesized after water-stress in air. Results of a similar

experiment with bean leaves have been reported by Li and Walton

(1987).

7.2. MATERIALS AND METHODS

Spinach (Spinacia oleracea L., Savoy Hybrid 612, Harris Seed
Co., Rochester, NY) was grown as described (Zeevaart, 1971). Fully
expanded leaves were excised and immediately weighed and frozen
in liquid N, for determination of the initial ABA content. About 80 g
fresh weight of leaves were arranged in a monolayer in a custom-
designed 28 cm x 38 cm x 1 cm vacuum-tight plexiglas case fitted
with an O-ring and lined with wet paper towels. The case was
sealed with C-clamps and evacuated and flushed with N, four times.
The case was illuminated through an icewater bath with a 400 W
halogen lamp ("multivapor," General Electric) at a photon flux
density of 900 uE- m? - s for 50 min; this was the length of time

found to give the maximum conversion of violaxanthin to zeaxanthin
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(data not shown). The case was evacuated and '®0, (97-98%
enrichment, Cambridge Isotope Laboratories, Woburm MA)
introduced to 20% (v/v) and filled with N,. The tissue was incubated
for 4 h in the dark in '®Q,, then removed to air and a portion frozen
for ABA and xanthophyll determinations. This length of time was
sufficient for complete regeneration of the violaxanthin pool (data not
shown). The remainder of the sample was water-stressed with a hair
dryer until 14% of the fresh weight had been lost, then incubated in
air for 2 h and frozen. A control experiment was performed with
leaves which were treated as described above, except N, was
substituted for !0, after irradiation, and '®0O, was substituted for air
after water stress.

ABA and xanthophylls were extracted and purified as
described (Rock and Zeevaart, 1991). ABA was quantified as the
methyl ester derivative by GC-ECD using a standard curve of ABA-
Me with dieldrin as an internal standard. Incorporation in ['*O]ABA-
Me was measured by GC-NCI-SIM and MS/MS as described in Rock
and Zeevaart (1990) and corrected for !3C isotope contributions.
Incorporation of '®0 in trans-violaxanthin, 9'-cis-neoxanthin,

antheraxanthin, zeaxanthin, and lutein was measured by positive ion
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FAB-MS on a JEOL-HX110 double focussing mass spectrometer by

direct probe in a matrix of nitrobenzyl alcohol (Vetter and Meister,
1985). Nominal mass molecular ions of violaxanthin and neoxanthin
gave m/z = 600.4, antheraxanthin m/z = 584.4, lutein, and
zeaxanthin, m/z = 568.4. These compounds showed the typical
xanthophyll fragment ions of m/z = M*-80, m/z = 221, and m/z =
181 (Budzikiewicz et al., 1970). The percent 2O incorporation was
calculated after correcting for '*C isotope abundance and proton

adduct formation, described in Appendix D).

1.3. RESULTS AND DISCUSSION

In order to establish a biosynthetic relationship between
xanthophylls and ABA, the amounts of '®0O-labeled precursor and
product and the position of 20 label must be determined. Figure 7.2
shows the molecular ion (M*) obtained by FAB-MS of all-trans-
violaxanthin before and after running the xanthophyll cycle for 4 h in
180,. About 80% of *O-labeled violaxanthin was doubly-labeled (see
Appendix D, Table D.4).

The 'O enrichment of xanthophylls pulse-labeled via the
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xanthophyll cycle is presented in Table 7.1. This analysis reflects
the synthesis and turnover rates of the compounds under conditions
where violaxanthin and antheraxanthin are de-epoxidated in N, in the
light and re-epoxidated in 20% '®Q, in the dark. Violaxanthin and
antheraxanthin were highly enriched with %0 (Table 7.1). The lack
of complete labeling in violaxanthin was presumably due to
inaccessability of a fraction of the violaxanthin pool to the
xanthophyll cycle enzymes (Siefermann and Yamamoto, 1974). The
greater enrichment of antheraxanthin compared to violaxanthin
(Table 7.1) was due to its smaller pool size and more rapid turnover
(data not shown) as an intermediate between zeaxanthin and
violaxanthin. Zeaxanthin showed some '*O incorporation into the
ring hydroxyl functions (Table 7.1), presumably as a result of de
novo synthesis from B-carotene. Antheraxanthin and violaxanthin
showed a similarly small enrichment of two and three '*0O atoms, or
three and four '*O atoms, respectively, as zeaxanthin (see Appendix
D, Table D.4). Neoxanthin and lutein are not substrates in the
xanthophyll cycle (Yamamoto and Higashi, 1978) and were not !°O-
labeled (Table 7.1).

Analysis of ['®*O]ABA by MS/MS allows determination of the
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Table 7.1. '*O Enrichment of Xanthophylls from Spinach Leaves After Running

the Xanthophyll Cycle in '*0O, for 4 h

Xanthophylls were purified by normal phase HPLC and analyzed by FAB-

MS.
Compound 180 Enrichment (percent of molecules)
Trans-violaxanthin 51%
Trans-antheraxanthin 75%
Trans-zeaxanthin 3%
9'-cis-neoxanthin < 1%
Trans-lutein ND*

* Not detected
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position and extent of ®O label (Rock and Zeevaart, 1990). In Table

7.2 the levels of ['*O]ABA and the percentage of ['®*O]ABA in each
oxygen function are presented. When ['*O]ABA was analyzed from
tissue frozen immediately after '*0 labeling, only 20% of the ['*O]JABA
was labeled in the 1’-hydroxyl function (Table 7.2). In this treatment
the bulk of ['®*O]ABA was carboxyl-labeled (Table 7.2); it is the
typical labeling pattern of ABA (Creelman et al., 1987). When the!'®O
xanthophyll cycle material was water-stressed and allowed to
synthesize ABA in air after the 4 h *0, pulse-labeling of violaxanthin,
a large increase in the percentage of *O incorporation into the 1’-
hydroxyl was observed (Table 7.2). However, very little ['*O]ABA
was synthesized by the stressed tissue, only about 5 ng/g fr wt/4 h
(Table 7.2, "['*O)ABA" column). It can be deduced that the ['*O]ABA
synthesized after water stress was nearly entirely labeled in the 1’-
hydroxyl position and unlabeled in the carboxyl group to effect the
drastic change in labeling patterns from a small amount of additional
['*O]ABA. A second conclusion which can be drawn from the results
in Table 7.2 is that the bulk of ABA synthesized (about 80%) was
unlabeled (compare "Total ABA" versus "['*O]ABA" columns). The

control experiment with 2 h water-stress in '®0O, gave the expected
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Table 7.2. Position and Extent of ABA Labeling in Spinach Leaves After Running
the Xanthophyll Cycle in '*0, for 4 h

Detached leaves were irradiated in N, for 50 min to convert violaxanthin
to zeaxanthin, then placed in 20%:80% (v/v) '*0,: N, for 4 h, and then either
frozen or stressed in air for 2 h before freezing. An experiment showing stress-
induced '®0 incorporation into ABA is included. Samples were quantified as

their methyl ester derivatives by GC-SIM and GC-MS/MS (Rock and Zeevaart,

1990).
Percent ['*0O]ABA by position
Treatment Total ABA ['*O]ABA
4’-keto 1';hydroxyl carboxyl
ng/ g fw ng/ g fw/time
Control 18.0
4 hr in '*Q,,
no stress 33.0 18.8 2.7 19.8 71.5
4 hrin '*0Q,, 2 hr
stress in air 125.0 24.0 3.5 63.0 33.5
4hrinN, 2 hr

stress in '*O, 224.0 152.0 1.4 1.0 97.6
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high percentage incorporation into the side chain carboxyl group
and a high rate of ['®*O]ABA biosynthesis (Table 7.2). Labeling of the
4'-keto function of ABA (Table 7.2) was consistent with low
incorporation into the ring-hydroxyl functions of violaxanthin
(Appendix D, Table D.4).

We interpret the results of Tables 7.1 and 7.2 as evidence in
support of violaxanthin as a precursor to ABA. Both violaxanthin and
9’-cis-neoxanthin are present in spinach leaves at levels
approximately 100-fold greater (Khachik et al., 1986) than ABA
(Table 7.2). The high percentage of 1’-hydroxyl-labeled ['*O]ABA in
the pulse chase experiment (Table 7.2) provides evidence for a
biosynthetic link between violaxanthin and ABA. Antheraxanthin can
also be an ABA precursor based on '®0 enrichment (Table 7.1).
However, the large, transient changes in antheraxanthin levels in
leaves exposed to a high photon flux density suggest it functions
solely as an intermediate between violaxanthin and zeaxanthin (data
not shown). The lack of ®0 incorporation in 9'-cis-neoxanthin
(Table 7.1) correlates with the lack of ['*0O]ABA biosynthesis two
hours later (Table 7.2). Therefore, 9'-cis-neoxanthin could be the

source of the unlabeled ABA. This interpretation is supported by
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similar results with bean leaves (Li and Walton, 1987). Alternatively,

unlabeled violaxanthin could be the source of de novo unlabeled
ABA.

Subcellular sequestering of xanthophylls (Siefermann and
Yamamoto, 1974; Siefermann-Harms et al.,, 1978; Siefermann-Harms,
1985) suggests that the ABA precursor pool of xanthophylls may not
be the same as the xanthophyll cycle pool. However, it is clear that
these two pools are connected, based on '®0O incorporation into the
1'-hydroxyl position of ABA after labeling violaxanthin through the
xanthophyll cycle (Tables 7.1 and 7.2). 9-Cis-violaxanthin is.
probably an intermediate in ABA biosynthesis from violaxanthin; an
isomerization reaction from trans-violaxanthin has been postulated
(Li and Walton, 1990). If the xanthophyll cycle is specific for all-
trans-violaxanthin (Yamamoto and Higashi, 1978), then isomerization
of all-trans-violaxanthin to 9-cis-violaxanthin must be rapid,
considering the ['®*O]ABA data (Table 7.2). In order to provide
stronger evidence for ABA biosynthesis from 2O-labeled
xanthophylls, 9-cis-violaxanthin could be analysed by FAB-MS to
determine if the '*0O enrichment is higher than for violaxanthin.

Chloroplast envelopes have a separate pool of violaxanthin from the




149
thylakoids (Siefermann-Harms et al, 1978) and may exhibit different

180 labeling patterns in xanthophyll cycle pulse-chase experiments,
providing additional information on the subcellular location of ABA
biosynthesis. The rapid and specific ®0O labeling of trans-
violaxanthin by the xanthophyll cycle allows examination of the
biosynthetic relationship of violaxanthin to ABA and epoxy-
carotenoids such as 9-cis-violaxanthin, neoxanthin and 9’-cis-

neoxanthin.
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In vivo '®0O labeling and analysis of ['*O]ABA by tandem mass

spectrometry has proven a powerful approach to elucidating the ABA

biosynthetic pathway, which is shown in Figure 8.1. This approach

established that ABA-aldehyde is a precursor to, and ABA-trans-diol

a catabolite of ABA. Feeding studies with the synthetic deuterium-

labeled ABA analogs ABA-alcohol, ABA-aldehyde, and ABA-trans-diol

also contributed to understanding the biosynthetic relationships of |

these compounds in plants. '*O Labeling and FAB-MS analysis of

epoxy-carotenoids has provided additional support for the indirect

pathway of ABA biosynthesis. ‘
By applying these tools to the study of ABA biosynthesis in

ABA-deficient mutants, the biosynthetic blocks in the tomato, potato,

barley, and Arabidopsis mutants have been identified. The flacca

and sitiens mutants of tomato and aba of Arabidopsis provide a clear

picture of two important components of the ABA pathway: a minor

shunt pathway from ABA-aldehyde --> ABA-alcohol --> ABA, and the

indirect pathway of ABA biosynthesis from epoxy-carotenoids.

Biosynthesis of trans-ABA is less clear, but the aba mutant provides
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support for a parallel pathway from all-trans-epoxycarotenoids, and
the tomato mutants show that ABA-aldehyde functions as a precursor
to trans-ABA, albeit a minor pathway. The experimental approach
documented here is applicable to the characterization of novel ABA-
deficient mutants, which are clearly needed in order to further
characterize ABA biosynthesis.

What still remains as a large gap in our understanding of ABA
biosynthesis is the characterization of the "cleavage enzyme," which
specifically cleaves epoxy-carotenoids and is the most likely
biosynthetic step to be regulated by water stress and other
environmental and developmental signals. The xanthoxin and ABA-
aldehyde oxidase activities are not induced by water stress (Sindhu
and Walton, 1987; Sindhu et al., 1990). Another aspect of ABA
biosynthesis which warrants attention is the possible role of
xanthophyll isomerases (Li and Walton, 1990), which would convert
all-trans-epoxy-carotenoids to 9-cis-epoxy-carotenoids. The
existence of a xanthoxin isomerase, which would convert the
prevalent 2-trans-xanthoxin to cis-xanthoxin, should not be
discounted.

The long term objective of research into ABA biosynthesis is to
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understand the role of ABA in growth and development.
Characterization of the enzymes and genes involved in ABA
biosynthesis will allow analysis of the molecular mechanisms which
regulate plant responses to environmental and developmental
signals, and provide a means to critically examine the role of ABA in

physiological processes.
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APPENDIX A
Table A.l. Partition Coefficients of ABA-Aldehyde, ABA-trans-Diol and ABA in
Three Different Solvents as a Function of pH

Ky = [solute,qeoul/[s0OlUte, gun]. Compounds [10 pg of (*)-ABA-aldehyde
and (+)-ABA-trans-diol, or 50,000 dpm (+)-ABA (specific activity 110 Ci/ymmol)]
were added to 10 mL 0.2 M potassium phosphate buffer having the specified pH
and partitioned once against an equal volume of solvent, which was collected
and dried. The aqueous phase was then adjusted with 1 N HCI to pH 3.0 (for
ABA and ABA-trans-diol) and partitioned five times with 5 mL ethyl acetate,
which was pooled and dried. ABA-trans-dicl was quantified by GC-electron
capture detection, and ABA-aldehyde was quantified by GC-flame ionization
detection with eicosane as an internal standard. ABA was measured by
scintillation counting. The measured K s for ABA correlate well with similar
determinations by Ciha et al.* and Neill and Horgan®. The K, of ABA-aldehyde
was not appreciably affected by pH and is smaller (compound more
hydrophobic) than that of ABA. ABA-aldehyde was found to be labile in the
presence of strong acid or base (data not shown). The K, of ABA-trans-diol was
greater than that of ABA (compound more hydrophyllic) and is strongly affected
by pH.

Solvent/pH K,

ABA-aldehyde  ABA-trans-diol ABA

Diethyl ether
pH 3.5 < 0.l 0.1 0.2
pH §.0 0.1 0.4 0.4
pH 1.5 0.1 218.0 20.6
pH 8.2 0.1 00¢ 21.2

pH 10.0 0.1 © 28.6
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Table A.l1 (cont'd.)

Solvent/ pH ABA-aldehyde  ABA-trans-diol ABA

Ethyl acetate

pH 3.5 < 0.1 < 0.1 0.1
pH 5.0 < 0.1 0.6 0.1
pH 1.5 0.1 242.0 6.8
pH 8.2 0.1 ®© 13.0
pH 10.0 < 0.l © 21.1
n-Hexanes
pH 3.5 N.Dd ® 76.9
pH 5.0 19.1 ® 116.3
pH 7.5 15.5 ® 100.0
pH 8.2 11.9 o 100.0
pH 10.0 4.2 © 125.0

* Ciha A], Brenner ML, Brun WA (1977) Rapid separation and quantification of
abscisic acid from plant tissues using high performance liquid
chromatography. Plant Physiol. 89: 821-826.

b Neill S], Horgan R (1987) Abscisic acid and related compounds. In L Rivier, A
Crozier, eds, The Principles and Practice of Plant Hormone Analysis.
London, Academic, pp 111-167.

¢ o > 1000

4 Not determined, recovery too low.
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APPENDIX B

Table B.1. Stability of Deuterium Label in ABA-Aldehyde and ABA-trans-Diol at
Various pHs

Compounds (10 pg) were purified by reverse phase HPLC or incubated
at room temperature in the dark for six d in 0.2 M potassium phosphate buffer.
The solution was adjusted to pH 7.0 for ABA-aldehdye, or pH 3.0 for ABA-trans-
diol, and the compounds partitioned into ethyl acetate. Samples were analyzed
by GC-negative chemical ionization-selected ion monitoring. Because little
exchange occurred in the labeled compounds over extended periods of time at
pH extremes, it was concluded that the labeled compounds are suitable for use

as intemal standards for quantitation and as substrates for in vivo feeding

experiments.
Treatment [*Hg)ABA-Aldehyde [*H,]ABA- Trans-Diol
% m/z=248 % m/z=254 % m/z= 280 % m/z=287

Stock solution 0.1 49.7 0.2 56.5
HPLC-purified 0.7 43.5 0.1 571.3
pH 2.8 1.5 35.9 0.2 58.2
pH 5.0 0.5 39.3 0.1 55.0
pH 7.5 1.9 34.1 0.1 56.2

pH 8.2 1.0 45.3 0.1 55.6
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APPENDIX C

Table C.1. Correction Factors for Carotenoid Integration Data

The integration data obtained from normal phase HPLC of carotenoid
extracts monitored at 450 nm were multiplied by these scalars (Beer’'s Law is a
linear function) to correct for differences in specific extinction coefficients and
absorbance at 450 nm. Differences in absorbance at [ uumm Were calculated
from absorbance spectra taken by a Hewlett-Packard 1040M photodiode array
detector (kindly provided by Professor Derek Lamport, Michigan State

University) which was online with the HPLC effluent.

Carotenoid Scalar
B-Carotene 1
Lutein and Isomers 1.0477
Zeaxanthin and Isomers 1.0378
Antheraxanthin 1.1313
Violaxanthin 1.2169
9-Cis-Violaxanthin 1.6576

Neoxanthin and 9’-Cis-Neoxanthin 1.8391
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APPENDIX D

CALCULATIONS OF NATURAL ISOTOPE CONTRIBUTIONS
TO MASS SPECTRAL DATA

D.l. Mass Spectral and SIM Data

The standard curve of ABA-Me used to quantify unlabelled and
180-labeled ABA from plant extracts by GC-SIM does not include
data on the naturally abundant heavy isotopes, i.e. only the
molecular ion abundance (m/z = 278) is integrated over the
retention time of the ABA-Me peak. Therefore, to accurately quantify
['*O,]ABA-Me (m/z = 280, 282, 284; n = 1-3) from in vivo labeling
experiments, the theoretical contribution of naturally occurring *C
and '®0 isotopes to the heavy classes of ABA-Me must be
subtracted. Conversely, when a known amount (determined
spectrophotometrically) of an ABA biosynthetic precursor is fed to
plant material and the resultant ABA quantified, the heavy isotope
contribution must be calculated and added to the measured quantity
of ABA in order to accurately determine the biosynthetic capacity of
the tissue.

The stable isotope *C currently comprises 1.115% of the

atmospheric CO, which is fixed by photosynthesis. Because plants
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discriminate against *C fixation at a level less than 3 percent
(Farquhar et al.,, 1989), the estimate of 1.115% !3C is satisfactory. The
probability that any ABA-Me molecule (16 carbon atoms) contains
two atoms of '*C can be calculated from a binomial expansion of the
natural abundances of '2C and '*C. The percent contribution of *C
at mass (M + 2) relative to the nominal mass is approximately equal
to 0.0060 times the square of the number of carbon atoms present in
the molecule (Watson, 1985). Therefore, each heavy class of ABA-
Me (M + 2), (M + 4), M + 6); m/z = 280, 282, 284] has a 1*C
contribution to its ion abundance equal to 1.536% [= 0.006(16)?] of
the corresponding ion abundance of the class which is two atomic
mass units lighter. By subtracting from m/z = 282 the 3C
contribution by m/z = 280, one eliminates bona fide '*O-labeled ABA-
Me that was in fact ['*C,'®*O]ABA-Me. When quantifying ['*O]ABA,
this underestimation of ['*O]ABA is small and negligible (< 1.536%).
The naturally abundant '*0O comprises 0.2% of atmospheric oxygen
and therefore contributes an additional 0.8% of the ion abundance at
m/z = 278 to the abundance of ABA-Me m/z = 280 (because there
are four oxygens in ABA-Me). Contributions to [*O,]ABA and

['*0,]ABA due to naturally occurring '®O are not included because
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the 80 labeling experiments preclude this effect.

As an example, Table D.l shows the measured and
transformed data of an ['*O]ABA sample from the experiment
reported in Chapter 7 (Table 7.2). The individual classes of
['*O]ABA (one, two, or three '®0 atoms) can be expressed as a
percentage of total ['*O]ABA, which is an important parameter when
analyzing MS/MS data.

D.2. MS/MS Data

Interpretation of MS/MS data is also complicated by '*C
isotope effects. When parent ions are selected in a triple
quadrupole mass spectrometer to determine the position of 2O
labeling, ABA-Me molecules containing two !3C atoms are also
included in the analysis. Their relative abundance in the daughter
ion spectrum is a result of the abundance of ABA-Me molecules
which are two atomic mass units lighter than the parent ion. When
there is only slight 0 enrichment in ABA-Me, the *C effects are
proportionally large.

Quantification by MS/MS of ['*O]ABA labeling patterns is
confined to 'O incorporation in the side chain of ABA-Me because of

the lack of proton extraction effects and the abundance of ions
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Table D.1. Example of SIM Data Correction for *C and '*O Natural Abundance

Contributions
m/z Measured Correction Transformed
Area (A) Term Area
278 59.420 none 59.420
280 14.034 K 74(0.02336) 12.646
282 1.606 R,4,(0.01536) 1.390
284 0.034 A,,(0.01536) 0.009

% ['*O)ABA of total = 19.12%
% m/z 280 of ['*O]ABA = 90.04%
% m/z 282 of ['*OJABA = 9.90%

% m/z 284 of ['*O]JABA = 0.06%
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produced (daughter fragment m/z = 141; see Heath et al,, 1990). If

180 is incorporated in the side chain of ['*O]ABA-Me, the side chain
daughter ion is shifted to m/z = 143 or 145 for one or two '®O atoms,
respectively. The presence of ABA-Me molecules with two *C
atoms produces side chain fragment ions with m/z = 141, 142, and
143 because there is a distribution (assumed random) of the two *C
atoms in the carbon skeleton of ABA-Me. Furthermore, ions at m/z
= 143, 144, and 145 can be the result of one *0O atom and two *C
atorus in the ABA-Me molecule. This mixed labeling of ABA-Me by
experiment-derived '®0O and naturally abundant 3C is subtracted from
the data to allow calculation of 2O labeling patterms of the nominal
mass of ABA-Me plus *0O. This method assumes the labeling
patterns of *C-containing ABA-Me are identical to those of unlabeled
material (ie., no isotope discrimination by ABA biosynthesis
enzymes).

The observed MS/MS data for m/z = 142 and 144 (one ®*C in
the side chain) can be used to calculate the theoretical *C
contributions to the ion abundance at m/z = 141, 143, and 145. The
number of possible positions of two 3C atoms in ABA-Me is

determined by a "combinations formula" which gives the number of
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different combinations of n objects taken r at a time (different orders

of the same r not counted separately).

C.:= n!
(n-nlAd

For ABA-Me (16 carbons, n = 16), there are 120 different ways to
have two *C atoms (r = 2) in the same molecule:

et =120.

(16-2)!2!

For the side chain of ABA-Me (n = 7), there are 21 possible ways to
have two 3C atoms. For the ring moiety of ABA-Me (n = 9), there
are 36 possible ways to have two *C atoms. Therefore, the number
of possible ways to have one *C atom in the ring and one in the
side chain is the difference between the total possible ways to have
two *C atoms in ABA-Me (120) and the possible ways to have both
13C atoms in either the ring or the side chain (21 + 36), which equals
63. The probabilities for each possible side chain labeling pattern
(zero, one or two 3C atoms) are calculated as follows.

1) The probability that one *C atom is in the side chain = 63/120.
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2) The probability that two '*C atoms are in the side chain =

21/120.
3) The probability that zero *C atoms are in the side chain (both in
the ring) = 36/120.
Now the ratio of probabilities can be used as a scalar of the
observed ion intensity at m/z = 142 (or 144) to calculate the
theoretical contribution of ion intensity at m/z = 141 and 143 (or 143
and 145). A simple linear equation is set up, where theoretical

probability equals the observations:

nkno contribution to ion abundance at 14] =
Observed ion abundance at m/z 142

Probability of '*C contributing to m/z 141
Probability of !*C contributing to m/z 142

or, rearranged:

Unknown contribution to ion abundance at m/z 141 =

[Observed ion abundance at m/z 142][(36/120)/(63/120)]

= 0.571[Observed ion abundance at m/z 142)].
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Similarly, the unknown contribution to ion abundance at m/z 143 =

[Observed ion abundance at m/z 142][(21/120)/(63/120)]

= 0.333[Ion abundance at m/z 142].

In Table D.2 the measured data from Table 7.2 are given as an
example of the corrections made to allow calculation of the extent
and position of %0 labeling as a percentage of total ['*O]ABA. Note
that in this example m/z = 284 data are not included. The MS/MS
data of a given mass is 'weighted" by multiplying its percentage
contribution to the total ['*O]ABA (e.g., m/z 280 =90.04%, from Table
D.1). The results are shown in Table D.3.

D.3. FAB-MS of Carotenoids

Because carotenoids have 40 carbon atoms and FAB-MS
generates a significant amount of proton adducts (Watson, 1985), the
isotope effect is a large factor when quantifying '®*O enrichment of
carotenoids. The proton adduct effect, which is unique for each
carotenoid structure (data not shown), precludes an accurate
measurement of '®0 enrichment from data on the molecular ion
cluster. Therefore, the assumption is made that loss of protons is

negligible and that adduct formation is not dependent on mass (no
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Table D.2. Example of MS/MS Data Correction for *C Natural Abundance

Contributions
m/z Observed Transformed Percent
m/z= 141 m/z= 142 m/z= 143 m/z= 141 m/z= 143 side
ring chain
280 125242 8711 74301 120268 71400 62.75 37.25
282 2022 ND2* 20311 2022 20311 9.05 90.95

* Not detected.
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Table D.3. Calculation of ABA Labeling Pattemms from Corrected SIM and MS/MS

Data

Percent of Total ['*O)ABA

Unlabeled in One 0 Atom in
Carboxyl Carboxyl

one in twoin zero in one in two in
ring ring ring ring ring

(0.9004)(62.75) (0.0990)(9.05)  (0.8004)(37.25) (0.0990)(37.25) trace

= 56.50 0.90 33.54 3.69 trace
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isotope effects); %0 incorporation can then be determined by
empirical methods with a precision of a few percent. This is
accomplished by analysis of unlabeled and '®0O-labeled carotenoid
samples by FAB-MS under identical ionization conditions. The
measured data for the molecular ion cluster are normalized (e.g., as
percentage of nominal mass abundance). Then two transformations
of the raw data are performed: a) the correction for proton adduct
formation, and b) the correction for *C isotope contributions to !¢O-
labeled ions.

In order to correct the observed data for proton adduct
formation of each carotenocid, a scalar factor, a...oencia» r€PrESENting
the fractional contribution of the molecular ion (M*) to the ion
abundance at (M + 1)*, is calculated from the observed ion
abundance at (M + 1)* of a given unlabeled carotenoid, minus the

theoretical contribution ( 44.6% of M*) from 3C:

%M + 1)*opservea = 44.6

acarolenoid =

100

This scalar is then used to transform the measured data so that an

accurate estimate of actual '®*O-labeled and unlabeled compounds is

—
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obtained. For the unlabeled nominal mass the proton adduct

contribution to (M + H)* is added back to M* iervea:

+actual — + +
M = M observed + acarotenoidM observed °

For labeled masses, only ®O-labeled ion abundances are desired.
Therefore, the observed ion abundance from the unlabeled control is
subtracted from the observed ion abundance of the labeled sample

and corrected for proton adduct affects:

(M + X)iabeled corrected, x= 2 -->8
= (M + X)ubeled observed = (M + X)unianeled observed
- @M + X - Diabeled corrected -
The transformations proceed sequentially from (M + 2)* to (M +
8)*, if the carotenoid has four oxygen atoms. Note that this
correction does not apply to the (M + H)* ion; the (M + H)*1ipeiea
corrected ValUE is 44.6 in the (M + 2)*.1cied comectea Calculation.

After the data are transformed to corrected !0 ion
abundances, the '3C isotope contribution to the data can be
subtracted (step b). It is assumed that the !®0 labeling patterns of
13C-labeled carotenoids are identical to the nominal mass '*O

labeling patterns (no isotope discrimination). Thus the calculation of

)
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carotenoid labeling patterns is simplified and comparable to the ABA

calculations. Based on the theoretical *C contribution to (M + 2)*
[402(0.006) = 0.096], one can subtract 9.6% of the corrected '*O ion
abundance at (M + 2)*, (M + 4)*, and (M + 6)* from the ion
abundance at (M + 4)*, (M + 6)*, and (M + 8)*, respectively [the
(M + 2)* data were already corrected empirically by subtraction].

Now the actual percent '®O incorporation can be calculated.
Only "actual" data for M*, (M + 2)*, (M + 4)*, (M + 6)*, and (M +
8)* are neccessary, because only nominal masses plus experimental
180 masses are included.

% enrichment = 100[(M +2) + M+ 4) + (M + 6) + (M + 8)]
M+M+2)+M+4) + M+ 6) + (M + 8).

Enrichment of individual masses can also be calculated as a
percentage of total ®0O-labeled sample from these corrected data.

An example of these calculations is given in Table D.4.
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Abundance and Proton Adduct Contributions

Sample Observed Corrected* Actual®
Unlabeled Violaxanthin
M+ 100 124.1
™ + H)* 68.7 ---
WM + 2)* 22.0 ---
W™ + 3)* 5.8 ---
™M+ H+ 1.5 ---
Labeled Violaxanthin
M+ 100 124.1 124.1
™M + H)* 72.2 44.6
™M + 2)* 46.4 13.6 13.6
™ + 3+ 30.3 21.2
™M + 9+ 93.4 86.8 85.5
™M + 5)* 59.6 38.7
™M + 6)* 21.6 12.3 4.0
M+ D+ 5.6 2.6
™M + 8)* 3.6 3.0 1.8

. Ca.lculated as: (M + x)hbohd corrected, x=2 -->8 —

M + X)ubaiedobeerved = (M + X)uniabeted obeerved = M + X = 1)1insted comractess WHET€ igiaranthin

= (.687 - 0.446 = 0.241. See (a) in text.

P Calculated as M + X)ecmax =468 = M + X)comecred - 0.096(M + X - 2)comectoa:

Actual percent enrichment for this sample = 45.8% (see step b, text).
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