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Abstract—The biotransformation of (4-)-9,10-dihydrojasmonic acid (DJA) was studied in six-day-old barley seedlings,
Both [2-14C] and [U-*H]DIJA were fed to excised shoots and the formed metabolites analysed after 72 hr DJA was
converted into two major and some minor metabolites, purified by chromatographic methods The major metabolites
were 1dentified mainly by spectroscopic investigations as (— )-9,10-dihydro-11&-hydroxyjasmonc acid and its O(11)-B-
D-glucopyranoside To a lesser extent (—)-9,10-dihydro-12-hydroxyjasmonic acid was also found

INTRODUCTION

(—)-Jasmonic acid [(—)-JA, 1] and 1ts methyl ester (2)
were found to be widespread in plants [1] and are
considered to be members of a new type of endogenously
occurring plant growth regulators with hormone-hike
properties [cf. 2, 3].

A few studies dealing with the biosynthesis of jasmonic
acid have been published {4, 5]. However, knowledge of
1ts metabolism 1n plants is very hmited [6-8]. Reports on
the plant growth regulating activities of 9,10-dihydrojas-
monic acid (DJA, rac-3) [9-11] and recent results demon-
strating 1ts natural occurrence 1n broad bean fruits [12]
prompted us to start tracer experiments on the meta-
bolism of radiolabelled rac-3

In this paper we report studies on the 1solation and
structural elucidation of the major metabolities formed 1n
barley shoots from exogenously apphed [2-'*C](+)-
DJA. Some preliminary results obtamed in experiments
with [2-1*CJ(+£)-JA are also presented.

RESULTS AND DISCUSSION

After a feeding period of 72 hr exogenously applied
radiolabelled (4 )-DJA or (4)-JA was taken up by ex-
cised barley shoots 1n the range of ca 90% The radioac-
tivity was almost completely extracted by 80% methanol
from the plant material After evaporation of methanol
the remaining aqueous phase was subsequently parti-
tioned with n-hexane and ethyl acetate (pH 2, 5). The
radiolabelled compounds were found to be distributed to
ca 60% in the ethyl acetate and to ca 40% in the aqueous
phase.

In studies with [2-14C7(+)-DJA (rac-3), 1n addttion to
the starting compound DJA six radioactive zones
(E1-E6) were found i the ethyl acetate extract by TLC,
system I, as detected by radioscanning. With respect to
the total radioactivity of the methanol extract {100%)
their relative amounts were: non-metabolized DIJA
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(23.9%), E1 (8 6%), E2 (5.3%), E3 (4 2%), E4 (12 3%), ES
(4.0%), E6 (29%). Thus, component E4 represents the
major metabolite in the ethyl acetate extract. The aque-
ous phase contamed two metabolites (W1, W2j 1n rela-
tively high amounts (20 5 and 18 3%, respecttvely) which
were separated by TLC n system IV.

Feeding [ 2-1*C](+)-JA (rac-1) instead of radiolabelled
rac-3 a similar pattern of metabolites both m the ethyl
acetate extract and the aqueous phase was observed
suggesting the metabolic fates of both compounds being
closely related to each other in barley shoots However,
JA was metabolized faster than DJA After 72 hr the
applied [1*C]JA had disappeared totally, whereas in the
corresponding experiment using ['*CIDJA ca 24% re-
mained still unmetabohized and disappeared only after ca
96 hr. At that time the level of E3 and E4 was decreased,
and simultaneously more polar products were formed.

Addttional feeding experiments using etther [U-
SH]DJA or [2-'*C]DJA or a mixture of both gave about
the same pattern of radiolabelled metabolities. The
[*H]/['*C] ratio of the 1solated metabolites was nearly
the same as that of the labelled DJA applied to the plants
Thus, the basic structure of the major metabolites should
be closely related to DJA The isolation of the metabolites
contained in the EtOAc-extract and the remaining aque-
ous phase was achieved by DEAE-Sephadex A-25 chro-
matography, preparative TLC, CC on LiChroprep RP
18, followed by HPLC (see Experimental).

As shown by the following data, the structures of the
major metabolites E4 and W1 of DJA (rac-3) in barley
shoots were elucidated (for E4) as a 9: 1 mixture of (—)-
(3R, 7R)-9,10-dihydro-11£-hydroxyjasmonic acid (5) and
(=)-(3R, 7R)-9,10-d1ihydro-12-hydroxyjasmonic acid (8),
and (for W1) as (—)-(3R, 7R)-9,10-dihydro-11¢-hydroxy-
jasmonic acid O(11)--D-glucopyranoside (11)

Thus, the mass spectrum of E4-Me obtained by esteri-
fication of E4 with diazomethane shows a molecular ion
at m/z 242 and key fragments of type a and b character-
1zing a hydroxylated dihydrojasmonic acid methyl ester
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Scheme 1 Mass spectral fragmentation of the DJA-derivatives
6, 7, and 13 and of the tsomers 9 and 10, respectively
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(Scheme 1) The hydroxy group 1s located in the side chamn
because ton b (m/z 156) 1s not shifted compared with
methyl jasmonate or methyl dthydrojasmonate [13, 14]
The exact position of the hydroxy group was determined
by GC/MS of the trimethylsilyl ether of E4-Me demon-
strating the existence of the two 1somers 7 and 10 which
are hydroxylated in position C-11 and C-12, respectively
The ratio of 7to 101s in the range of ca 9 1 In component
7 the z-cleavage at C-11 gives the complementary key
tons ¢, (m,z 197) and d, {m,z 117. base peak) (Scheme 1)
This 15 1n accordance to the mass spectral behaviour of
branched aliphatic trimethylsilyi ethers [15] The C-12
hydroxylated 1somer 10 1s characterized by ions at m/z
103(d,.CH,= OTMStand m = 21 [(c,). which are formed
by an x-fission at C-12

In accordance, the 'H NMR spectrum of E4-Me show-
ed the occurrence of an 1someric mixture of 6 and 9 1n the
rat1o of ca 17 3 The position of the hydroxy group in the
stde chain of each 1somer was determined by analysing
the signal pattern of the proton(s) attached to the hydroxy
substituted carbon atom and of the methyl group, re-
spectively The major component was identified as the 11-
hydroxy isomer 6 charactertzed by the doublet of the
methyl group at o117 and the multiplet (1) of the
methine proton H-11 at 379 This was proved by spin
decoupling. The minor component, which showed no C-
methyl signal, but a triplet (2H) at 03 62, was recogmized
as the 12-hydroxy 1somer 9 In additton this was proved
by comparing the chemical shift values of the 12-protons
and of the adjacent protons {(identified by a spin
decoupling difference spectrum} with those of simple
aliphatic alcohols [16]

Dernvatives of C-12 hydroxylated jasmonic acid, ltke
the jasmine ketolactone [[17] and N-(12-acetoxy) jasmon-
oyl-phenylalanine methyl ester [18], have been 1volated
as endogeneous compounds from Jasmnum grandiflorum
and Praxelis (lematidea. respectively On the contrary,
DJA exogenously applied to barley shoots, was marnly
hydroxylated m position C-11

The [«]p of E4-Me 1s slightly negative (— 107" ) and 1n
the same order of magmitude as for (—)-DJA-Me [19]
The ORD curve showed a negative Cotton effect with
extrema at 312 nm and 274 nm and zero rotation at
296 nm as described for (—)-JA-Me [20] These results
indicate that from racemrc 3 the (—)-1somers (—}-9,10-
dihydro-11&-hydroxyjasmonic acd (8) and (—)-9.10-
dthydro-12-hydroxyjasmonic acid (8) n a ratio ot ca 9 1
are formed preferentially However, the presence of the
(+ )-1somers 18 low amounts can not be excluded The
polar metabolite Wi (11) could be estenified with dia-
zomethane and acetylated, indicating a free COOH-
group and OH-group(s), tespectively By enzymatic hy-
drolysis with B-glucosidase 1t was cleaved to an aglycone
cochromatographmg with metabolite E4 (5. 8) in TLC
and HPLC Additionally, 1t gave the same reduction
product with sodium borohydride as E4 By GC,MS of
the trimethylsilyl ether, the aglycone was 1dentified as
component 5 of metabolite E4 The sugar moiety was
characterized as glucose by glucose-oxidase-peroxidase
reactton[21] Only treatment with f-glucosidase was
successful i hydrolysing W1 (11), x-glucosidase was not
effective, demonstrating a f-glucoside hnkage

The posttive and negative ton mass spectra of per-
acetylated W1-Me {13) reveal a glucoside of a hydrox-
ylated DJA. as indicated by 1ons of type a, b, e and f The
mass spectral behaviour of compound 13 15 mainly
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characterized by bond cleavages at the glucosidic linkage
leading to the key 10ns e and f (Scheme 1). The presence of
a glucosyl moiety is evidenced by the appearance of the
oxonium 1on f (m/z 331) and ions deriving from this
fragment (m/z 289, 271, 229, 169, 127, 115, 109, 98 [22]).
While the positive 10n mass spectrum of 13 does not show
a molecular 10n, the negative one displaysa[M —1] " 1on
at m/z 571 and intense 10ns originating by losses of acetyl
and ketene units (see Experimental),

Glucosylation apparently took place only with the C-
11 hydroxylated DJA (5). The 11-O-glucosyl posttion 1s
proved by GC-MS of the methylated and trimethylsilyla-
ted aglycone (7) and confirmed i 'H NMR studies of the
peracetylated W1 (12) by the doublet structure of the
methyl signals of C-12. The '"HNMR spectrum addi-
tionally shows the existence of a mixture of (11R)- and
(118)1s0mers 1n the ratio 21 or vice versa 1n the gluco-
side by the occurrence of two signals for the methyl group
of the side chain (6107 and 119) as well as for the
anomeric sugar proton (64.53 and 4.56) A similar but less
pronounced effect was also observed in the 'HNMR
spectrum of the methyl ester of the 9,10-dihydro-11-
hydroxyjasmonic acid (6)

The [a]p, of W1 (11) was negative (—35.8°). The ORD
curve exhibited, like that of the aglycone E4, a negative
Cotton effect, supporting the favoured formation of the
(—)-1somers of both metabolites. The extrema of the
ORD curve agreed with those reported for E4.

Thus, structural elucidation proved (—)-3R, 7R)-9,10-
dihydro-11¢-hydroxyjasmonic actd O(11)-f-D-glucopyr-
anoside (11) to be the major component of the metabolite
W1 The minor metabolites have only partly been charac-
terized up to now. E5 consists of three amino acid
conjugates of compound 3 The metabotite fraction E3
contans also conjugates of this type derived from metab-
olite E4. Amino acid conjugates of jasmonic acid and
related compounds have already been shown to occur
naturally [13, 18, 23, 24]. Additionally, fraction E3
contams a compound having a cyclopentanol moety,
and thus, being structurally related to cucurbic acid,
another plant growth regulator of the jasmonic acid type
onginally 1solated from Cucurbita pepo [20, 25] Further-
more, an O-glucostde of this metaboliite E3 1s formed
(W2)

Esters of E3, E4 and DJA were found as 1n metabolic
studies using ( —)-JA 1n tissue cultures of tomato, where a
glucosyl ester of JA represents the major metabolite [8].
The 1dentification of the minor metabolites formed from
DJA and of the JA metabolites 1n barley shoots and other
plant systems 1s 1n progress

EXPERIMENTAL

Radiochemicals [2-'*C](+)-Dihydrojasmonic acid (2 1 mCy/
mM) and [2-'*C](+)-jasmonic acid (20 mCi/mM) were ob-
tained by synthetic procedures already reported [26, 27]. [U-
3H]Dihydrojasmonic acid was prepared by trittum exchange
| Z8J Radioactivity was measured by liqud scintiliation coun-
ting, TLC plates were monitored with a radioscanner

Plant material and feeding experiments. Caryopses of barley
(Hordeum vulgare L cv ‘Certina’) were germinated at 25-28°
under greenhouse conditions n soil for 5 to 6 days The roots
were cut off and 10 g (fr wt) shoots of ca 8 cm length were placed
into a beaker containing 5 mg ['*C]-labelled DJA or JA (total
radioactivity about 107 dpm) in 10 ml H,O Feeding exper-
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ments with Smg [U-*H]DJA were performed with a total
radioactivity of ca 108 dpm The incubation was performed at
20° for 72 hr, in some cases for 24, 48 and 96 hr Large scale
feeding experiments were carried out with 440 mg (+)-DJA
supplied to 880 g barley shoots for 72 hr.

Isolation of radiolabelled metabolites After feeding the barley
shoots were rinsed with H,O, and the washings combined with
the remaining feeding soln Aliquots were analysed for radioac-
tivity which was used for calculation of the rate of uptake After
homogemization of the shoots in MeOH the plant material was
extracted with 80% MeOH The methanolic phase was concd in
vacuo and the remaining aq phase frozen overmght, thawed and
the ppt filtered off The filtrate was extracted x5 with n-hexane,
which was discarded

The aq phase was acidified to pH 25 and extracted with
EtOAc The drnied EtOAc layer (Na,SO,) and the remaining aq
phase were evapd All extracts were analysed for radioactivity
The EtOAc-extract (E) and the aq phase (W) were separated by
TLC on analytical and prep scale and yielded non-metabolized
DJA (R;=092) as well as its radioactive metabolites E1 (R,
=002), E2 (R,=012), E3 (R,;=033), E4 (R,=055), E5 (R,
=073)and E6 (R;=082) using system I and W1 (R;=063) and
W2 (R;=078) using system IV

The radioactive extracts also served as internal marker added
to the corresponding extract of the non-radioactive large scale
feeding experiments, in which 880 g barley shoots were extracted
as described above The EtOAc-extract (residue 165g) was
purified by CC on DEAE-Sephadex A-25 (50 %20 cm) using a
gradient of HOAc in 80% aq MeOH [29] The greatest
proportion of radioactivity was eluted from the column with
05 MHOAc in MeOH This fraction (77 mg) was subjected to
prep TLC, system II, yielding mamnly 2 radioactive zones,
corresponding to E4 (R, =0 50) and non-metabolized DJA (R,
=0 86), which gave by MeOH elution 24 mg E4 and 28 mg DJA,
respectively

Further punfication of E4 was achieved by CC (20x 1 1 cm)
on LiChroprep RP 18 using a discontinous gradient of MeOH 1n
02% HOACc, giving 10 4 mg E4 1n the 50-60% MeOH contain-
ing fraction It was methylated with CH,N, and finally separ-
ated by prep HPLC, system I At R,=14 1 mun, 4 7 mg of E4-Me
were received for identification About 1/10 equivalent of E4-Me
was trimethylsilylated for GC/MS analysis.

The fraction corresponding to DJA was methylated, too, and
further purnified by prep TLC, system V, yielding 11 2 mg DJA-
Me at R;=0 54, identified by GC/MS R, value (3.4 min) and
fragmentation pattern were identical with those of authentic rac-
4 and it data [13]

The aq residues, obtained after EtOAc-extraction of several
feeding studies were combined and subjected to prep TLC,
system IV, resulting in 2 radioactive bands W1 and W2 W1 was
eluted with MeOH and rechromatographed on cellulose plates,
system VI (R;=080) After extraction with MeOH, W1 was
separated on a DEAE-Sephadex A-25 column (50 x 1 1 cm) by
elution with 0 5 M HOAc in 80% ag MeOH and subsequently
purified by prep HPLC, system II (R,=74 min) HPLC gave
12 2 mg W1, which was characterized by [a]p, ORD and enzy-
matic fiydrolysis as well as M$ after methiylation and’ per-
acetylation and 'H NMR after peracetylation Prior to 'TH NMR
purtfication of the acetylated W1 by prep TLC had been
performed 1 system III (R, =0 53)

TLC Sihca gel GF,;, for analytical and PF,5, =1 mm for
prep TLC Solvent systems (I) CHCl,-EtOAc-HOAc (5.4 1),
x3, (I) CHCl,-EtOAc-HOAc (54 1), twice, (1)
CHCl,EtOAc-HOAc (5-4 1), once, (IV) PrOH-H,0 (3 1),
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x 3,{V)n-hexane~EtOAc-HQAc (60 40.1),once Cellulose MN
300, Macherey Nagel, | mm, prewashed with ¢
BuOH-HOA-H,0O (3 1 1), system. VL /-BuOH. HOAc-H, O
(3 1 1) Detection by radioscanning or spraying with amsalde-
hyde reagent and heating for 5-10 min at 120 {30]

HPLC For both analytical and prep HPLC a LiChrosorb
RP 18 colump. i4.6x 23 mm). was. used. Salvent. systems. L.
MeOH-H,0 (9 11} 11, McOH- H O-HOACc (200 300 1), I,
MO, O HOAC (256- 2507 i) Fow raie 6 miyomr UV
detector, 228 nm, radiodetector

Nuyy speciroscopy Tire posdive (10 16V amd megaiive
{24 eV imass spectra were obtamed witr amr clevtrom attuchs
ment mass speLtrogmph ‘M v Ardenne’

CGCMS system.

n\x,ju,tmjr eNergy %h eV GC \lLL"i cotum i1 5 nex 2 muo): con-

tammng 3% OV-225 on Gaschromr @ (1067 1267 um);
LS ml/min, column. temp. 180 . EID.

YHNMR. 200 MHz, CDCL,, TMS as.int. standard

Hydrolysis of the glucoside 11 Aliquots of W1 were enzymati-
cally hydrolysed with cellulase (24 hr, 37", Mcllvain buffer, pH
=30). the resulting aglycone was extracted with FtOAc, the
sugar component in the aq layer determmed by glucose-oxidase-
peroxidase reaction [21]

The aglycone was compared by TLC, system Il and HPLC,
system- I with- the- metabolites occunng in the: EtGAc-extiact
Finally 1t was methylated and trimethylsilylated (Sil-Prep) for
GC/MS analysis In addition, a part of W1 was treated 1n
Mcllvain buffer with a-glucosidase from yeast at pH=60,
another one with f-glucosidase from almonds at pH=350 fol-
lowed by glucose determination according to the described

method

He at

Ldentspsarion. of merabalites.

EA: Me mixture of isomers.of methyl— (AR TRYQ 10-dihyidro-
X hudroxyiusmonire (6, il mer AR TR H=dihlros
12-hydroxyasmonate. (9). [2)3— 107 IMeOH. ¢ 0.243). ORD
(MeOH,. « QL5 [dloqg+63L  [dlo) . [a ,
IR v{HCh o 7t 361()(()H) 1771() (COMe 0). ’HNMR o117
(AH.d. [=63H. H-12) 12227 (.hiH.),. RACIR N = N S A
=61 Hz H-11), 169 (H..\, QMe), charactenzing &. '"HINMR.
AT 6 A6LOH o [=h4 Hz H-12), 369 (AH_\ OMe),.
charactenzing. 9@ MS m =~ ( rPJ 242 [MLT (8, 224 [ML
—H,O0J" (1), 211 [M— OMe] 209 (5), 198 (3), 182 (3), 169
(a,20), 156 (b.81), 151 fa—H, O] 35). 137 (10), 125(22), 109 (29).
96 (27), 83 [a- CH,,0] (100), see Scheme 1

Silylation of E4-Me with Sil-Prep for GC, MS analysis gave a
mixture of 7and 10 which were separated by GC R, =4 2 mun for
7. R, =68 mn for M, MS (80 eV), 7 (TMSi-denvative of @) m. =
(rel ity 314 LML (11299 [TM.— Malt (9),.255(3),.243.(6).241.(a.
and [M.~ TMS117).(6),.225 (e, 10),.197 (¢, 241,169 (A).. 1.56.(h..7)..
151 (20), 133 (14), 117{d, 100), 83(12). 79 (16), 75 (52), 73 {f, 87),
MS (80 eV), 10 (TMSi-denivative of 9) m,z (rel int) 299 [M

|n1 I

—Me]" (3), 241 (a and [M—-TMS1]7) (5). 228 (9), 225 [M
- OTMSI]™ (T9). ZIT (¢, 3. 169 (3. 156 (b, 17}, I'ST [a
—TMSOHT: 223 133 2% 7 2 163 (d: 4y 8% [a

-~ TMSIOH J-C H ] (40), 79 (37). 75 (100} 73 (f, S0} ~ce Scheme 1

W L= ORTRES O difrydros UV = ivdroxy jusmome auid
O(11)-p-D-glucopyranoude (11)] [2]3°—358 (MeOH. ¢ 0555),
ORD (MeOH, « 0124} [¢],:5+ 3566 . [0)5060 . [P ]5,, 629,
W1, 11 (3 7 mg) was acetylated and methylated to ginve 13 See
Scheme |

MS (10—16¢eV, positive jons) myz (rel nt) 499 ([M
—CH,O0Ac]' and a).(1)..456 (2),.439 (2),.397 (2),.370 (2).. 331 (f..
25), 289 (12), 271 (5). 247 (6), 242 (5). 239 (8), 229 (8), 225 (e, 100).

A MEYFR et al

207 (17), 193 (16), 169 (39), 156 (b. 17), 151 (48), 142, (20}, 133 (15),
127(11), 115(12), 109 (20),98 (17), 83 (15), MS (24 eV, negative
onsym/z(rel int) S7LM—1]" (6), 529 [M — Ac] ™ (61),487 [M_
—Ac—CH,CO1 (29).455[M - Ac- CH,CO-MeOH]™ (82).
413 [M—~Ac-2CH,CO-MeOH]~ (100), 371 [M-—Ac
—3CH,CO- MecOH1]"™ (61),353(13). 311 (21), 227 (24), 201 (26),
IRS(17), LA (30), 185(20),.143(23). 125(56),. 119 (39),.1.13(37),.101
(40), 97 (68) Another part of Wi 11 (2 mg) was hydrolysed, the
aglycome way ety faied-amd- ornmetiylsdylated amd- airaly sed- by
GC MS lts GC'MS data were identical with those of compound
-

HENMR was done with 52 my of acetylated W, 12 0187
(3H, d, J=63Hz, H-12, munor component), 119 3H, d, J
=63 Hz H-12 myor companent),. 1.99,_201 203 and 207 (4.

x 3H 4xs, QAL 3 78 (QH: muniesolved, H=-5 and H=H 4 b
l’iH dd; F=28Hz V= ~124Hr H-6GA); 422 (iH dd. J
=445Hz J=-124Hs H-6'B). 453 (1H,.d J=T9Hz H-1/_
major component). 4 56 (1H. 4 J =79 Hz H-!/_minor compo-
nent)
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