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Abstract-When (f )-abscisic acid-[2-WJ or (f)-abscisic acid-[4’-‘*OJ was fed to bean (Pltuseohs utdpis) shoots, 
phase& acid (PA) and dihydrophaseic acid @PA) were the major metabohtes, while ep&dihydrophaseic acid (epi- 
DPA) appeared as a minor metabolite. In the acidic fraction the amount of epi-DPA ranged from lg to 4277 
of the DPA content, in the conjugated form from 50 to 200”/, The content of endogenous epi-DPA amounted 
to only l--r;/, of that of the DPA. These data indicate that the applied abscisic acid is not metabolised in a 
mamrer identical with that of the endogenoua material. DPA and epi-DPA were shown to be formed separately 
from PA and could not be inter-converted either by the extraction unction employed or when fed to bean 
shoots during short term experiments. 

INTRODUCIXON 

Although the plant hormone ( f )abscisic acid (ABA) [l] 
ha8 been isolated from numerous species of higher plants, 
relatively little is known about its metabolic fate. Tomato 
shoots Cl] convert (+)-ABA (l), but not (-)-ABA, into 
phaseic acid (PA) (3), and form the glucose ester of both 
(+)- and (-)-ABA. In embryonic bean axes [2,3] the 
major metabolites of 1 were 3 and dihydrophaseic acid 
@PA) (5). The same two ~~~~t~ have also been iso- 
lated from ash seeds [4], but in addition a thii unidenti- 
fied metabolite, probably derived from 5, was detected 
The absolute configurations of 3 and of the 4’-epimeric 
dihydrophaseates (5, !?) have been determined recently 
[XI* 

DPA (5) has been isolated from dry bean seeds[6], 
from immature pea seeds [a, and from endosperm of 

*On leave from: PIant Research Laboratory, akin 
State University, East Lansing, MI 48824, U.S.A. 

Echinocystis n~croorrpa ES], but its occurrence in green 
piants has not been reported. The present paper de- 
scribes the metabolism of ABA (1) in bean shoots and 
our evidence shows that PA (3) and DPA (5) are the 
major products of the metabolism of ABA, while epidi- 
hydrophaseic acid (epi-DPA) (9) occurs naturally and is 
a minor metabolite of ABA A rapid and convenient 
method to separate and identify by TLC and GLC the 
methyl esters of ABA (2), PA (4), DPA (6), and epi-DPA 
(IO), as well as their 2-tr~.ns-isomers, is also reported. 

RESULTS 

~et~oli~ of (~)-obscisfc acid. When (+)-ABA was 
applied to bean shoots and the acidic fraction was puri- 
fied by TLC on silica gel F2s4, three zones of heavily 
quenched fluorescence were detected under UV (Table 
1). Of these the zone with the highest R, contained resi- 
dual ABA (11, as confirmed by GG-MS of the methyl 

Table 1. Recovery of abscisic, phaseic, dihydrophaseic, and epii-dihydrophaseic acids from bean &toots 
after application of ( f ) abscisic acid 

Compound R,* 

ABA (1) o64-075 
PA (3) 093-u53 
DPA (5) 009-021 
epi-DPA (9) 009421 

In acidic fraction 
@g) 

560 (ORD285)t 
1250 
620 
110 

Rekased by alkaline 
hydrolysis (jq) 

640 (ORD:&Io)~ 
175 
100 
50 

12 mg of (&)-ABA fed ,via transpiration stream to 30 bean shoots during 3 days. Fresh weight was 
85 g. * System I, developed 2x to 120 mm. t Total wt was determined by GLC, the wt of the excess 
optically active (-)-ABA (negative extremum at 289 mn, positive extremum at 246 nm) was determined 
by ORD. 
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Table 2. Metabolism of (&)-al&sic acid-[2-‘%Z] by sterile bean plants 

[“C]dpm in f”%Jdpm in ether-soluble 
~ompo~d present [“qdpm in “‘released by neutral fraction 
on chromatogram EtOAc fraction hydrolysis” fraction (methyl esters of acids) 

ABA (1) 839ix) 3 898 26 109 
2-trans-ABA 1492 0 398 
PA (3) 4438 0 506 
epi-DPA (9) 7538 331 828 
DPA (s) 41054 5811 2671 

ester (9). The quantities of ABA (l), as determined by 
GBD and UV, indicated that the material remaining in 
the acidic fraction contained an excess of the (-)-enan- 
tiomer ABA (1) released by alkaline hydrolysis, presum- 
ably trom the glucose ester, was pr~o~i~tly (-)-ABA 
(Table 11 This is in accord with earlier observations that 
it ls only the (-i- )-enantiomer of ABA (1) that is metabo- 
lised to PA (3). 

In the second zone, at R, @43-@53 (Table l), PA (3) 
was ident~d by GC-MS as methyl phaseate [10,11-J. 

The most polar zone, at Rf 0@--0~21 (Table I), was 
methylated and re-chromatographed in solvent system 
III, Further analysis of the purified material by GLC 
with the stationary phase XE-60 gave two major peaks 
with retention times identical to those of the two prod- 
ucts obtained by NaBH4 reduction of Me-PA (4) [S], 
viz. Me-DPA (6) and eptMe-DPA (10). In the acidic frac- 
tion the total amount of epi-DPA (9) (i.e. both the endo- 
genous material and that formed from the ABA added) 
was Igo/, of the DPA (s), while in the conjugated form 
epl-DPA (9) occurred in .500/, of the abundance of the 
DPA (5) (Table 1). That a higher proportion of the 
epimer was present in the bound form than as the free 
acid, was confirmed in several separate experimentg 
although the percentages varied from experiment to ex- 

0 R 

(0 R = Ii (rwiaed absolute 
configuration) 

(8f)R = t-l 
(4)R=Me 

(2) R = Me 

H 

R 

(81 R=H, R’=H (9) R =H, R’rH 

:$; ;=Me,R’=W f?O) R = MS, R’ = H 

=Me,w=r#&O ftlf R = Me, R’ = M&O 

( 8 1 R = Me, R’ = Stbfd3 (19 1 R = Me, R’ = Sl(Mel~ 

periment. The greatest amounts of ep&DPA (9) found, 
expressed as % of DPA (5), were 42% in the acidic frao 
tion, and 2Ot-Q in the bound form. Different solvents 
used for extraction (methanol or acetone) did not affect 
the ratio of @pi-DPA (9) to DPA (5). 

Formation of epi~jh~opha~~ acid &y s&rile bean 
hellos. of the 2*055 x 106 dpm of (f )+%BA-[2-i4Cl 
added to the flasks some 184,712 dpm were present in 
the extracts of the sterile bean seedlings (Table 2). Auto- 

radiography of the various plant extracts showed the 
~esimce of zones of labelled materials adjacent to 
markers although no labelled materials other than ABA 
and a trace of 2-rrans_ABA were present in extracts of 
the agar; ~n~qu~~y the presence of other labelled 
materials can be attributed to metabolism in the plant. 
However, subsequent work [12] has shown that no 
ether-soluble neutral metabolites of (&)-ABA-[2-“CJ 
are formed. The methyl esters of 1, 3, !I and 9 can be 
attributed to the ~*~oiys~ of the conjugated forms 
which occurs in neutral, and particularly in basic, meth- 
anol. The methanolysis of the ABA conjugate appears 
to proceed more readily than does methanolysis of con- 
jugates of its metabolites because a higher proportion 
of the total ABA (1) is present as a methyl ester than 
was found with DPA (5) or epi-DPA (9). 

Identijkation of metabolites. Me-DPA (6) and epi-Me- 
DPA (10) could be clearly separated on silica gel F2s4 
by multiple ~veIop~nt in solvent system III (see 
Experimental), compound 10 being less polar than 6. 
Following acetylation of the methyl esters, yielding 7 and 
11, the relative polarities were reversed (see Experimen- 
tal). 

The MS of the epimeric methyl ~y~oph~a~s 
(6,lO) isolated from bean shoots were compared with 
those of the products obtained by reduction of Me-PA 
(4) by NaBH4 [Sj. All four spectra were closely similar 
(Table 3). Neither the MS of the ~-Q-a~tylat~ methyl 
dihydrophaseates (7, 11) nor those of the trimethylsilyl 
ether of the methyl dihydrophaseates (8, 12) showed sig- 
nificant differences (see Experimental). Initially it was not 
known whether the base peak at m/e 159 in the spectra 
of 8 and 12 contained the TMSi group, since the spectra 
of 7 and 11 did not show the expected fragment ion 
at m/e 129. In the meantime this question has heen 
resolved by silylating Me-DPA (6) with trimethyl-& 
chlorosilane [ 131, yielding Me-DPA-TM%-&. The MS 
of this compound had its base peak at m/e 168, thus 
proving that the ion at m/e 159 in the MS of 8 does 
include the (Me),Si-group. 

The epimeric dihydrophaseates (610) could, however, 
be very clearly ~~entiat~ by GLC using the station- 
ary phase XE-60 (Table 4). They were also resolved from 
Me-ABA (2) and Me-PA (4). The 2-tramisomers of the 
four compounds always had longer retention times than 
the respective 2-cis-compounds (Table 4). Thus TLC, fol- 
lowed by GLC on XE-60, provides an effective technique 
for characterising structural and stereochemical features 
of small quantities of ABA (1) and its mtabolites. The 
data in Table 4 also show that the stationary phases 
SE-30 and W-17 are less suitable for this purpose. 

Both Me-DPA (6) and epi-Me-DPA (IO) were con- 
verted into Me-PA (4) by oxidation with Jones reagent 
(see Experimental} as evaluated by GLC with XE-60. The 
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Table 3. MS of epimeric methyl dihydrophaseates isolated from bean plants, or prepared by reduction 
of methyl phaseate 
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mle EXbean 
Me-DPA (6) epi-Me-DPA (10) 

Me-PA + NaBH, EXbGUl Me-PA + NaBHI 

296 2 3 5 3 
278 4 6 8 6 
264 2 2 5 3 
246 5 5 10 7 
220 8 8 12 11 
188 12 12 18 20 
154 39 51 63 58 
127 38 48 63 57 
125 55 63 60 53 
122 100 100 100 100 
121 54 

z 
70 65 

109 52 67 65 
95 44 56 63 57 
94 47 51 57 51 
83 31 48 41 39 
69 51 56 54 49 
55 43 44 46 43 

product of the two reactions was conclusively identified 
as Me-PA(4) by GGMS. Since the proportion of epi- 
DPA (9) was always higher in the fraction r&leased by 
alkaline hydrolysis than in the acid fraction (Table l), 
the possibility was considered that the alkaline condi- 
tions employed caused epimerisation (cf. epimerisation 
of gibberellin AI at C-3 by treatment with dilute 
base 1143, resulting in an equilibrium mixture containing 
GA, and 3-epi-GAI in the ratio 1:3). However, when 
pure DPA (!$ or mixtures with epi-DPA (9) and DPA 
(5) were dissolved in alkaline solution and re-extracted 
after 2 days from acid the ratio of the two epimers was 
unchanged so the possibility that epi-DPA was formed 
during the isolation procedure by these conditions was 
eliminated. 

Metabolism of (+)-ubscisic aeid-[2-14C]. Direct evi- 
dence for the conversion of ABA (1) into DPA (5) and 
epi-DPA (9) was obtained by using (&)-ABA-[2-14C]. 
One bean shoot was kept on a solution containing 

1.25 x lo6 dpm of (+UlA-[2-14Cj for 3 days. Follow- 
ing extraction and methylation 85 Ooo dpm (ca 14% of 
the (+ )-ABA-[2-‘4Cj applied) were recovered in the Me- 
DPA zone. Analysis of the eluted material by GC-RC 
(see Experimental) showed that ca 8% of the total 
radioactivity was associated with the epi-Me-DPA peak. 
The remainder of the sample was used for separation 
of the two epimers by TLC. The result obtained by this 
method, that Y/, of the radioactivity of the (+)-ABA 
was isolated as epi-Me-DPA (lo), was in close agreement 
with the former measurement. 

Metabolism of (+)-abscisic a~id-[2-‘T,4’-‘~0]. Al- 
though 14C labelling had shown that the carbon skeleton 
of ABA had been converted into 5 and 9, it was wnsi- 
dered that these compounds could arise in one of two 
ways. Either direct enzymatic reduction of PA (3) by two 
enzymes gives rise to two epimerq or one epimer is 
formed initially and then a part of this material could 
have the configuration of its 4’-hydroxyl group inverted 

Table 4. Retention times and Kovats retention indices of derivatized abscisic acid and its metabolites on three different 
stationary phases 

Compound 

xF%o SE-30 ov-17 

Retention Retention Retention 
Min index Min index Mill in&x 

Me-ABA (2) 5.0 
Me-t-ABA 8.3 
Me-PA (4) 67 
Me-t-PA 9.9 
Me-DPA (6) 7.3 
Me-t-DPA 10.2 
epi-Me-DPA (10) 5.4 
epi-Mat-DPA 75 
Me-DPA-Ac (‘7) 6.3 
epi-Me-DPA-Ac (11) 8.1 
Me-DPA-TMSi (8) 5.5* 
epi-Me-DPA-TMSi (12) 74* 

2880 
3044 
2975 
3104 
3004 
3114 
2905 
3011 
2955 
3038 
2625 
2715 

49 
64 
5.8 
7.2 
69 
8.6 
6.5 
8.0 
9.3 

l@l 
7.1 
79 

2049 
2122 
2094 
2154 
2143 
2202 
2126 
2183 
2225 
2247 
2152 
2177 

44 
5.6 
5.7 
6.6 
7.0 
8.0 
5.7 
66 
9.0 
9.8 
- 
- 

2418 
2478 
2483 
2523 
2538 
2571 
2485 
2521 
2601 
2626 

- 
- 

1% X&60 on GasChrom Q lOO/laO mesh; glass column 1.8 m x 3 mm; oven temp. 198”. 3% SE-30 on Ga~-chrom 
Q 1(~7120 me&; glass &.mm 1.8 m x 3 mm; oven temp, 202”. 1% (IV-17 on Gas-chrom Q loo/l20 mesh; ~@s column 
1.5 m x 3 mm; oven temp. 185”. * Oven temp. 180”. 
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Fig. 1. Mass spectra of (a) the methyl ester of ABA-[4’-“01, 
and (b) the methyl ester of PA-[4’-‘*O]. 

by, for example, glucosylation followed by a hydrolytic 
cleavage of a 4’glycosidic bond. This might replace the 
origiinal 4’-ketone oxygen atom with an oxygen atom 
from the medium. It was of interest, therefore, to deter- 
mine whether the 4’-oxygen of ABA was present as the 
4’-hydroxyl oxygen atom in both 5 and 9. 

A sample of (+)-ABA-[2-‘4C,4’-‘80] was fed to bean 
shoots. After isolation under acidic conditions, which 
would minim& the loss of [“O] atoms by exchange 
(see Experimental), the fractions containing ABA (1) and 
its metabolites were analysed by GC-MS (Figs. 1 and, 
2, Table 5). 

The data in Table 5 show that the [14C]-labehed ABA 
(1) & been converted into PA (3), DPA (5) and epi- 
DPA (9) which were all diluted by the respective unla-’ 
belled endogenous materials However, the GC-MS 
analysis shows that less [‘*Cl than expected on the basis 
of 14C content is present (Table 5). ABA is known [9] 
to exchange its 4-oxygen atom in an aqueous solution, 
but under the acidic conditions employed only 31% was 
lost. 

The 4’-ketone oxygen atom of PA (3) appears to be 
more susceptible to exchange (82% of it was lost) than 
is the analogous atom of ABA (1). The higher proportion 
of [r60] in the metabolites formed from PA (3) can be 
accounted for because [‘sO] atoms in hydroxyl groups 
do not exchange readily with the medium and if PA 

Fig. 2. Mass spectra of-(a) the methyl ester of DPA-[4’-‘80], 
and (b) the methyl ester of epi-DPA-[4’-180]. 

(3) had been reduced soon after formation from 
A@A-[4’-r*O] @+a”/, atoms [‘sO]f then the [‘*O] in 
DPA (5) and epi-DPN9) would not be susceptible to 
loss thereafter. Any PA (3) not reduced would continue 
to lose [l*O] throughout the period of the experiment 
and during the early stages of isolation. 

The results show that the [‘*O] content of DPA (5) 
and epi-DPA (9) were quite similar at 43 and 41X, re- 
spectively. Taken together with the results of the 
ABA-[14Cj experiment, these data conclusively establish 
that bean shoots metabolise ABA (1) to both DPA (5) 
and epi-DPA (9) and the 4’-oxygen atom is not lost dur- 
ing a hypothetical conversion of 5 into 9. 

Epimerisation afdihydrophaseic-[‘4CJ and epi-dihydro- 
phu~eic-[‘~CJ acids. DPA-[14Cj (5) cr I rr-DP \$‘*C] 
(9), purified by TLC of the free acids md then 01 their 
methyl esters, was fed to two bean shoots. Unlike ABA 
(1) solutions, which tend to delay their own uptake, the 
shoots absorbed the solutions (10 ml) overnight. After 
25 hr incubation the plants were analysed and negligible 
amounts of radioactivity were found in the areas of silica 
gel opposite the markers of the alternate epimrs (Table 
6). The 245 dpm in front of the DPA zone (R, 016021) 
may be attributable to the formation of a small amount 
of epi-DPA (9), but it could also be attributed to the 
formation of a trace of 2-trams-DPA which runs at an 
intermediate RP A similar proportion of the counts of 

Table 5. Incorporation of abscisic acid into phaseic acid, dihydrophaseic acid and epidiiydrophaseic acid 

Compound 

Amount 
recovered 

(fig) 

y0 of compound derived from ABA 
% added 

incorporation* % based on %biiEdOn 
of [‘4C]ABA fed [‘*cl content [‘so] contellt~ 

% loss 
dpmk of [**o]$ 

ABA (ij 13 - 410 95 66 31 
PA (3) 145 13.5 210 49 9 82 
DPA (5) 79 11.0 310 72 43 40 
@pi-DPA (9) 12 3.8 (7cwl - 41 - 

33 pg (&:)-ABA-[2-W] and 1000 pg (&)-ABA+4’-180] dissolved in OalM KH$O4 at pH 46 fed to 3 bean shoots 
for 3 days. Sp. act. 432 dpm 14Ci~ ABA, * Calcukted on basis of (+)-ABA-[2-“%J t Determined by MS from the molecular 
ion region; see Fig 1 @ 2, $Figures calculated &om the [180]% and [‘*CJk contents. I( Value higher than theoretically 
possible due to radioactive contaminant. 



were present. 

epi-DPA (104 dpm) occurred in the ZtrMs-epi-DPA 
zone (R, 021-+25) and so a similar degree of isomerisa- 
tion of the two epimers could heve occurred. 

Metabolism of phaseic ~LM-[~-‘~CJ. Prekus mports 
[2dj and the results given above are in accordance with 
the sequence of conversions ABA (l)+PA (3)-+DPA 
(5) established in embryonic bean axes [3]. However, it 
is also possible that an alternative pathway operates in 
green plants. This was investigatedby feeding 140 pg 
PA-[2-?-j, containing 1.9 x lo6 dpm, to 4 bean shoots 
for 4 days. After purification of the acidic fraction 325% 
of the total radioactivity applied was recovered which 
was distributed as follows: 6% in Me-PA (4), 25% in 
Me-DPA (6), and 15% in epi-Me-DPA (IO). There was 
no radioactivity in the ABA zone. Alkaline hydrolysis 
released 3.3% of the total radioactivity applied which 
was distributed as follows: 1.1% in MePA, o-3% in Me- 
DPA and 19% in epi-Me-DPA. All three radioactive 
compounds present in the acidic fraction were methy- 
lated and further analysed by GC-RC, and in each case 
the radioactivity was associated with the mass peak of 
the compound. Thus, PA (3) applied. to bean shoots was 
converted with high efficiency into DPA (5) and epi-DPA 
(9). 

Metabolites of enabgenous abscisic acid. It is clear from 
the foregoing results that epi-DPA (9) occurs in bean 
shoots as a metabolite of applied ABA (1) but the forma- 
tion of epi-DPA (9) from endogenous ABA (1) had not 
been established. 

It has been reported [6] that dry bean seeds have a 
high DPA (5) content, and our results in Table 7 co&m 
this. In addition, a small amount of epi-DPA (9) was 
detected and conclusively identified by CC-MS of its 
methyl ester. 

Table 7. Content of abscisic, phaseic, dihydrophaseis and epi- 
dihydrophaseic acids in dry bean seeds 

In acidic fraction Released by alkaline 
Compound 0 hydrolysis @g/kg) 

ABA (1) 45 W 

PA (3) 133* <1* 

DPA (5) 2900 102 
epi-DPA (9) 30 <l 

A total of 590 g 6f dry tie extract&i. * Determined by 
GLC with electron capture detector. 
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Table 6. Absence of DPA/epi-DPA epimerase activity in bean shoots 

53,817 dpm DPA-[‘%ZJ taken yp by 
bean shoots 

R, of TLC zone 
origin to 0.07 

dpm4;Q 

0.07-016 4998 
@16021 245 

@21-025 27 
025-0.30 30 
0.30-0.36 39 
0.36-Q42 17 

0.42-048 0 
048 to solvent front 0 

4,705 dpm epi-DPA-[ 14Cj 
taken up by bean shoots 

““;5;““1 

306 
1494 

1oQ 
37 
24 
30 

8 

Position of markers 

DPA 0 
epi-DPA (9) and 
Ztrans-DPA 
2-trams-epi-DPA 
PA (3) 

ABA (1) 

Autoradiograms showed that, apart from the compound supplied, no other discrete bands of Melkd materials 

Wilting of bean plants results in a dramatic rise in 
the ABA concentration which then declines again upon 
removal of the stress condition [lSJ. Bean plants were 
therefore wilted and following recovery, analysed for 
ABA (1) and its metabolites. As shown in Table 8 the 
ABA content had returned to normal after a 2&y recov- 
ery period, but the DPA (5) concentration greatly 
exceeded that of ABA (1) and of PA (3). A small amount 
of epi-DPA (9) was isolated and identi8ed by GC-MS. 

Thus, epi-DPA (9) was de&ted in beans at two stages 
of development. However, the epi-DPA (9) content was 
only l-2”/, of the DPA content. This is much lower than 
when exogenously applied ABA had been metabolised 
by bean plants. 

DISCUSSION 

Previous work [3,4] on the metabolism of ABA (1) has 
established the pathway: ABA (l)-+ PA (3+ DPA (5). 
Our results demonstrate that this pathway also operates 
in bean shoots, but in addition to DPA (S), epi-DPA 
(9) is produced as a minor metabolite. It is unlikely that 
9 is formed during extraction. Employing the same 
extraction and puri6cation methods, the proportion of 
epi-DPA (9) formed from endogenous ABA (1) (Tables 
7 and S), was much lower than that after metabolism 
of exogenous ABA (Tables 1 and 5), and maintaining 
acidic conditions throughout the extraction procedure 
still yielded epi-DPA (9) in the proportion typical for 
metabolism of applied ABA (1) (Table 5). The experiment 
ABA-[4’-‘*O] provides additional evidence that epi- 
DPA (9) is not an artefact. If DPA (5) formed a conjugate 
at C-4’ that was hydrolyzed during extraction with inver- 

Table 8. Concentrations of abscisic, ptiic, dihydrophaseic, 
and epi-dihydrophaseic acids in bean plants following a period 

of water stress 

In acidic fraction Released by alkaline 
Compound 0 hydro@s Wg) 

ABA (1) 11 12 

PA (3) 51 23 

DPA (5) 857 15 
epi-DPA (9) 18 6 

Plants wilted and recovered 3 x over an I-day period. A 
total of 770 g of plant material hiirvested 2 days after bt 
wilting. 



498 3. A. D. ZEWAART and B. V. M~~ow 

sion this could result in loss of the 4‘-oxygen atom. Sin@ 
the two epimem (5,9) retained [4’-180] equally (Table 
5), this me~ha~sm can be ruled out. 

lean seedrigs grown under aseptic conditions pro- 
du& ep&DPA (9h indicating that it is not a microbial 
prbdnct (Table 2). In experiments in which either 5 or 
9 was fed to bean shoots the raspeetjve compound co&d 
be recovered ~~~~~ so the existence of an q&erase 
catalysing the inte&onversion of the two compounds is 
unlikely. Wowever,‘$ome interconversion of DPA (5) and 
epi-DPA (9) would be expected to occur eventually 
because the enzymes that catalyse the formation of hy- 
droxyl from ketone groups are typicalIy slightly rever- 
sible. If 5 and 9 were exchanged slowly with PA (3) by 
oxidation and r&action there would be some apparent 
epimerisation bet&en DPA (5) and epi-DPA (9) without 
the p~ti~~tion of a direct epimerase. 

ABA (11 - _i~~~:~~~~~i~~~,~~i~~_~~, 

This slow ~t~~~~~ would also be exp%cted to 
ocxur if one enzyme were capable of reducing the 4’-ke- 
tone group of PA (3) to give both epimers. 

At p-t we have no indication whether there an: 
two enzymes that reduce the 4’-ketone of PA (3) to hy- 
droxyl groups of opposite con~~a~o~ or whether the 
PA (3) is reduced iin two ways by one enzyme. If the 
latter possibility obtains then the 3’,4‘ and 5’ carbon 
atoms of the cyclohexyl ring of PA (3), which are non- 
&h-a& could be expected to be a~~~at~ in the 
enzyme’s active site in two opposed ori~tat~ons. R&K- 

tion of the ketone would then give C-4’ hydroxyl groups 

in two configurations and the ratio of the products 
would reflect the &ciency of catalysis with the substrate 
in tile two positions. 

Thus, all the evidence indicates that epi-DRA (9) is 
enzymatically derived from ABA (1) in bean plants. A 
possible explanation for the q~titative difference 
between metabolism of eudo~no~s and exogenonsly 
applied ABA (1) is that there are two d&rent metabolic 
pools, each with a stereospecific enzyme for the reduction 
of PA {3)E”. DPA (5h and PA (3)y epi-DPA (9). 
Endogenous ABA (1) would be pmdomiuantly in one 
~p~trn~t while applied ABA (I) would be in both 
~~~~rn~~s. The ~001 with the exoge~~s ABA (I) 
would produce conjugates mare readily than would the 
one with material that has been produced naturally 
(Tables 1 and 6). Other evidence suggesting the occult- 
reuce of ABA (I) in diierent cellukz ~om~trn~ts has 
been reviewed rmntty [i]. 

One other major differena: between the metabolism 
of endogenous and that of applied ABA (1) was that 
in the Iatter case the amount of PA (3) after 3 days 
always exceeded that of DPA (5) (Tables 1 and 5), 
although the solution with ABA (1) was taken up by 
the shoots within one day. In beau seeds (Table 7) and 
in plants recovered from wilting (Table 8) the quantities 
of DPA (5) were always far greater than those of PA 
(31. 

Bean plants growing under sterile conditions were sup- 
plied with (+)-ABA-[‘4Cl through their cut ends. When 
harvested and analysed both DPA-[14C] (5) and @pi- 
DPA-f”TJ (9) were Found. This result eliminated the 
possibility that 5 wa9 formed by the enzymes of the &an 
while 9 was formed by micro-organisms, 

Th% detection of ep&DPA (9) as a met&o&e of ABA 
(1) in beau plants was due to the fortuitous use of the 
stationary phase m-60 ffable 4). In the work of Sond- 
heimer and ~~wo~k~~3,4] epi-DPA (91, if present, 
would have been included in the M-2 (= DPA) zone. 
It would seem that the faint zone just ahead of M-2 in 
their Fig. 1[4] represents epi-DPA (9). 

The MS of derivatised DPA and ep&DPA are quite 
similar but the two epimers can be readily separated by 
GLC. The same was found for epimeric sterols [16-J, and 
for the C-3 epimers of ~b~rel~ AI f17). 

The enzymic reactions of biosyn~~s and degradation 
of ABA El,1 1 J that have been detied, are constrained 
stere~h~i~~y; for example, only the (+~n~tiomer 
of racemic ABA applied to plants is converted into PA 
(3). It is surprising, therefore, to l?ud that this compound 
is reduced to form two epimeric products. The signifi- 
cance of this must await further ~v~ti~tion. 

EXPElUniIENTAL 

PIrmt ~~~. Plants of frerieh beat2 (PkWelus tz&urfs L. 
cv. The, Prince) were grown in a greenhoulse until primary 
leaves were mature and the first trifoliate leaf half expanded. 
For feeding chemicals via the tr~spiration stream, the stems 
were cut under water and placed in the appropriate solutions. 

~eta~ol~ of (&)-ABA-[Y~-‘~~ by sterile bean ~ed~~~s. 
Six bean seeds were surface sterilisrrd in 507; saturated sodium 
h~~lorite soln, rinsed, and planted on stt?r.ile 1% agar (20 
m.lk in each of five 500 ml Erlemneyer flasks, They were given 
weak illumination (500 lx) after 60 hr germination, to reduce 
etialation during the subsequent 5 days growth, and the roots 
were cut with a scatpel and a soln of (&)-ABA-f2-‘*q 
(4.11 x lo5 dpm, I.6 $&$M) was injected onto the agar in 
each flask through a Millipore filter. After II further 5 days 
the plants were removed and extracted (see below). Flasks 
were ket% for a further 4 days and no bacterial infection 
occurred. Agar was also extra&d and found to contain ABA 
and 2.tuansABA as the onlv labelled materials present. EtOAc 
soluble acid fraction was ~~rorn~to~aph~ in-solvent system 
I and then an autoradiogram (Kodak Kodirex X-ray film) 
was made during 7 days exposure. The aq. residue was treated 
to give a “released by hydrolysis” fraction and this, and the 
ether-soluble neutral fraction, were analysed similarly, The 
presence of the Iabelled methyl esters has now been accounted 
for by methanolysis of the conjugates[12] which has been 
found to occur in neutral or alkaline MeOH, 

C~e~~~~s asrd the& ~~~~~~~. The sampIe of (&)-ABA 
was the same as us& in previous work [18]. ( &)-ABA-[tz4CJ 
had a sp. act. of 1.6 &i/PM, PA-[‘4C] was isolated from 
plants fed with ( *)-ABA-E2-‘4C]. To increase the yield of PA, 
I?PA-f’4Cf was aIso isolated and converted into PA-[14C] 
with Jones reagent. For application to bean shoots a &em&l 
was dissolved in a small vol of Me&O (@l ml) with a drop 
of Tween 20, and Ha0 was added to the required vol (2@-50 
ml). Bean shoots were placed in small tubes ~nta~ing 2 or 
3 ml of the soln. When the uptake was complete, distilied 
Hz0 was added. The sample of (+}-ABA-[4’-‘*O] (1 mg) syn- 
thesis4 by Gray et al. i-91, was z&ed with (&)_ABA-r2-“%J 
(33 pg), its f&l Cz8@ content was 84*2/;. To &even? 
exchange of r1802 it was dissolved in a small vol. of Et,0 
with a-drop-of &een 20 and OQlM K&PO4 at #I 4.6 
(12 ml) was added and the Et,0 was blown off under a stream 
of NI. 

Extraction and purifiwtion. Plant samples were frozen with 
liquid Nz and pulverised. MeOH, and in some experiments 
Me&O, was used for extraction. Solvents used For extraction 
montage between I and IO ~&ml ~~~-t~t-bntyl~m~b~l- 
ohenol (BHI?. For ~renamtion of the acidic fraction the same 
&had$ de&bed-b&ore [19J were used, except that the 
buffer soln adjusted to pH 2.5 was partitioned 6 x with equai 
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volumes of EtOAc. The aq. phase was then adjusted to pH 
12 with 6 N KOH and left at room temp. for 2 days. After 
re-adjusting the pH to 2.5 with 6 N HCl, extraction with 
EtOAc was repe&d. This fraction is referred to as “released 
by alkaline hvdrolvsis”. In the exneriment with ABA-r4’-“01 
g&ial HOA; (1 &I) was added to the MeOH (100 &l) u&l 
for extraction. After evap of solvent in vacua, the pH was 
immediately adjusted to 2.5, so that the acidic fraction also 
contained neutral materials. Dry bean seeds were pulverised 
in a Waring blender, and the resulting pow&r extracted with 
80% MeOH. Further steps in the extraction and purification 
procedures were as described above. The acidic fraction was 
amlied to the toD of a silica acid-c&e (1: 1) column 
(if0 x 1.5 mm), anh eluted with 30, 60, and 8@/, &OAc in 
CHCh. and finallv with Me&O. ABA (1) was eluted in frac- 
tion 1: PA (3) in* 2, and DhA (5) maihiy in fraction 3. All 
4 fractions were further purit%ed by TLC. 

TLC. Acidic fractions containing BHT were applied to 
Merck pre-coated Si gel Fzs4 plates (200 x 200 x 0.25 mm), 
and developed 2x to 120 mm in solvent system I: Toluene- 
EtOAo-HOAc (5&30:4)[18]. R, values of ABA (1) and its 
metabolites are recorded in Table 1. The zones of Si gel con- 
taining compounds of interest were scraped off and eluted 
with a mixture of EtOH-Me&O (1:l) [q. Me-ABA (2) was 
further purified in solvent system II: EtOAc&exane (1: 1); sys- 
tem III : EtOAo-hexane (2 : 1) was used for 4, 6 and 10. After 
5 developments in this system the R,‘s of Me-DPA (6) and 
epi-Me-DPA (10) were O-38 and 0.52, respectively. Acetylated 
methyl dihydrophaseates (7 and 11) were separated with sys- 
tem IV: EtOAchexane (1:2). After 5 developments the R, 
was 0.20 for epi-Me-DPA-Ac (11) and 040 for Me-DPA-Ac 
(7). 

Preparation qfderivatiws. Acids were methylated with ether- 
eal C&N% M&DPA (6) and epi-Me-DPA-(10) were accty- 
lated with AcaO in C,HSN (1:2) at 25” overnight. Me-DPA 
(6) and epi-Me-DPA (10) were silylated with hexamethyldisila- 
zane and trimethylchlorosilane in C,HsN (2:1:5). For prep- 
aration of Me-DPA-TMSi-d, Me-DPA (6) was silvlated with 
trimethyl-dg chlorosilane in CSH5N. MePA (3) was reduced 
with NaBH, in a mixture of MeOH-Hz0 (2:l) at 0” for 1 
hr [S]. The MeOH was removed under a stream of N2 and 
the products were partitioned into EtOAc. The free acids (5 
and 9) were obtained from their methyl esters, and the O-ace- 
tylated methyl esters, by hydrolysis in a drop of ethanolic 
NaOH (10 N aq. NaOH: EtOH, 1:2) at room temp. for 30 
min. Ha0 (lml) was added and the pH adjusted to 2.5 before 
extraction with EtOAc. For oxidation of Me-DPA (6) and 
epi-Me-DPA (10) with Jones reagent [2O], the sample was dis- 
solved in O-5 ml MezCO and reagent added until the mixture 
remained permanently brown. Excess reagent was destroyed 
by the addition of a little MeOH, Ha0 was added and the 
product was extracted with EtOAc. The exposure of Me&O 
solns of the methyl esters of ABA (2), PA (4), DPA (6), and 
epi-DPA (9) to light from 2 Mazda white fluorescent tubes 
(intensity 9OOOlx) for 4 days, isomer&l each compound to 
a mixture of the respective 24s and Ztrans isomers. Under 
these conditions the two isomers of Me-ABA (2) reached a 
1: 1 equilibrium (determined by measuring the peak areas on 
the GLC chart) after 2 days; for the other 3 compounds it 
took 4 days to reach equilibrium. Isomerisation with visible 
lit&t takes nlace more slowly than with UV, but it has the 
ivantage that it is nondest&tive. 

GLC. Details on stationary phases, columns and temp are 
given in Table 4. For the determination of Kovats Retention 
Indices [21] C22H46, Cz4HS0, C2sH5s and Parafilm [22] were 
used as standards. GLC with a 3H electron capture detector 
was carried out with a 4”/. XE-60 stationary phase and Na 
carrier gas at 2u)“. The sensitivity was such that less than 
100 DP for Me-ABA (2). and 500 DIL for Me-PA (3) and Me- 
DPA 76) could be de&ted. _ - 

GC-RC. 1% XI?-60 stationary phase was used packed in 
a stainless steel column. The instrument was equipped with 
a splitter connected to a scintillation counter for the trapping 

of vapours and incremental measurement of radioactivity [23]. 
GC-MS. Mass spectra were obtained with an A.E.I. MS 

30 or MS 902. For samples containing only minor impurities 
a column of 3% SE-30 (1.5 m x 1.5 mm) at 204” and a He 
flow of 50 ml/min was used. For samples with impurities a 
1% XE-60 (1.5 m x 1.5 mm) was used at 200”. The spectra 
of the TMSi ethers of Me-DPA (8) and epi-Me-DPA (12) were 
obtained with an LKB-9000 and a column of 3Y SP-2100 
(1% m x 3 mm, the temp was programmed from 2bi)” to 250” 
at SO/min, and a He flow of 25 ml/min. All spectra were 
measured at 70 eV. 

Measurement of radioactivity by scintillation spectrometry. 
Small aliquots of the solns containing radioactive materials 
were dried in vials to which were added 10 ml of a soln which 
contained naphthalene (80 mg) and 55 b&(5-t-butylbenzoxa- 
zol-2-~1) thioohen ABBOT) (6 ma) in methoxv ethanol (4 ml) 
and t&&e i6 mlj. San&& were counted at 50% co&& 
efficiency for [14CJ. 

Quantitative determinations of compounds. Measurement of 
Me-ABA (2) by ORD was as described before [18]. UV 
absorption spectrometry was used for measuring purified 
chemicals. For calculation of the amounts of the various com- 
pounds the same values for &,&3 and E’S were used as 
before [5,18]. When, as with small or impure samples, UV 
spectrometry was unsatisfactory, GLC with a flame detector 
was employed for quantitative determinations. For very small 
quantities (ng), GLC with an electron capture detector was 
Used. 

MS data. MS of the 4’-O-acctylatcd epimeric methyl dihyd- 
rophaseates (7, ll), m/e (rel. int.): 338(3,2), 320(1,1X 278(5,6), 
260(3,3), 246(5,5), 235(5,6), 220(15,18), 205(10,10), 188(30,30), 
169(17,i5), i63(19,24j, 161(27;25), 154(48,43),’ 153(50,51), 
125l76.66). 122(97.89). 12187.93). 1091100.100k 95l43.461 
94@9,&),“69(48& 5?(37,37$ &“of the‘Th&i &hers ‘oi the 
epimeric methyl dihydrophaseates (8,12) m/e (rel. int.): 
368(7,5), 350(2,2), 336(3,2), 295(3,4), 282(4,4), 278(15,15), 
246(16,15), 237(9,8), 235(10,11), 226(12,10), 220(31,32), 
188(‘54,45), 163(j4,4@, 161(48,37), 159(iOO,lO@, 154(46&Q 
153(54.47). 135c39.361 125(78.58), 122182.571. 121(95,791 
117(80;69j; 109i8&6C$, 95(&4);’ 75(8‘8,$8),‘. 63(1?4,i55j; 
69(61,56), 55(34,35). 
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