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The metabolism of deuterated brassinosteroids has been studied in excised leaves of Secale ce-
reale, and in vitro in seedlings of Arabidopsis thaliana and cell suspension cultures of Lycopersi-
con esculentum. In addition to the known biosynthetic conversion of castasterone to brassinolide and
epimerization to 3-epicastasterone, inversion of the 3-configured hydroxyl group of brassinolideto a
3-configured one in 3-epibrassinolide has been observed using liquid chromatography (HPL C) with
electrospray ionization (ESI) and selected ion-monitoring mass-spectrometry (SIM-MS). Adminis-
tration of deuterated 3-epicastasterone and 3-epibrassinolide to Arabidopsis and Secale seedlings
resulted in the formation of castasterone and brassinolide, respectively, indicating conversion of con-

figuration at C-3 of brassinosteroidsis reversible.

Key words: Biosynthesis, Brassinosteroids, Epimerization

Introduction

The biosynthesis and metabolism of brassinos-
teroidsin plants has been studied by means of labelling
experiments and mutant studies, and on the enzymatic
level [1-5]. Clearly brassinosteroides are a part of
a complex regulatory system controlling plant home-
ostasis [6, 7]. An important precondition of its correct
functioning is maintenance of aproper level of thishor-
mone, which can be achieved by combining the corre-
sponding biosynthetic (activation) and metabolic (in-
activation) reactions. Recent studies have provided in-
creasing evidence for a cross-linked biosynthetic grid
of interchangeable steps rather than a distinct route to
brassinolide [8—10] as well as strong evidence for de-
activation of brassinosteroids in plants. The last may
be the reason why results of experimentson the practi-
cal use of brassinolide (the most potent phytohormone
among brassinosteroids) have been disappointing [11].
Evidently, the level of this endogenous hormone is
strictly regulated in plants, whereas inactivation mech-
anisms of its analogs may be less efficient. This could
be the reason why brassinolide anal ogs are more effec-
tive in field trials [12]. An excess of brassinolide and
other brassinosteroids can be removed (or stored) in

various ways including hydroxylation/degradation of
the side chain and conjugation with fatty acids, sugars
or sulfate [12—16] or inactivated by unknown mech-
anisms [17]. The present work deals with the possi-
bility that transformations in ring A are involved in
brassinolide-level control.

Inversion of configuration of the hydroxy group at
C-3 represents one of the reactions, which can oc-
cur at different steps in the pathway. Inversion from
3B to 3a configuration has been demonstrated in the
course of early and late C-6 oxidation [18—19], and 3-
epi-6-deoxocathasterone (3o-configuration) was iden-
tified as a metabolite of 6-deoxocathasterone (3f3-
configuration) [9]. Formation of teasterone (383-
epimer) from typhasterol (3a-epimer) through the 3-
dehydro intermediate showed the reversibility of this
reaction [20]. Brassinosteroids of the 243 series have
also been used to show that inversion of configu-
ration at C-3 is influenced by regio- and stereospe-
cific formation of carbohydrate conjugates of the 33-
epimer [21]. Compared to 3p-isomers, 3o-isomers
generally are more active in the rice lamina inclina-
tion bioassay. The conversion of 33 to 3o is supposed
to represent an activation step, and the opposite, 3o to
3B, eg. castasterone to 3-epicastasterone [22], is con-
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sidered an inactivation step. Using 24-epicastasterone
and 24-epibrassinolide, transformation to 3f3-isomers
was shown by cell suspension cultures of Ornithopus
sativus [23]. Thus, inversion of configurationat C-3is
one of the putative possihilities to inactivate brassino-
lide, the most active brassinosteroid, but this specific
reaction has not yet been experimentally demonstrated.
The reverse conversion of 3-epicastasterone and 2-
epicastasterone to castasterone was detected recently
in seedlings of Secale cereale [10]. The conversion of
brassinolide to 3-epibrassinolide, a naturally occurring
brassinosteroid in Arabidopsis [24], and the reverse
conversion are reported here for the first time and,
together with the corresponding conversions between
castasterone and 3-epicastasterone, are discussed in the
context of hormone homeostasisin plants.

Results and Discussion

Brassinosteroids in Arabidopsis thaliana and Secale
cereale

The occurrence of the brassinosteroids castasterone
(1), brassinolide (2), 3-epicastasterone (3) and 3-
epibrassinolide (4), which are subject to the present
metabolic study, was searched in the literature and
investigated in Arabidopsis thaliana and Secale ce-
reale. In A. thaliana, brassinosteroids [25—26] have
been reported several times [27—29]. Castasterone (1)
and brassinolide (2) are native also to Arabidopsis
shoots and seeds, and 3-epibrassinolide (4) was re-
cently found in root-callus suspension cultures of eco-
type C24 [24]. Schmidt et al. [30] reported castas-
terone (1) together with other brassinosteroids from
seedsof S cereale. Recently we demonstrated the pres-
ence of castasterone (1) and 3-epicastasterone (3) in
seeds of this plant [10].

Here we investigate the occurrence of brassinos-
teroids in Arabidopsis thaliana seedlings grown un-
der in vitro conditions. The seedlings were ex-
tracted according to the procedure described in Ma
terials and Methods. Triply deuterated brassinos-
teroids, [26-2Hs]3-epicastasterone, and [26-2H3]3-
epibrassinolide [31] (0.4 ug in 10 ul of 75% EtOH
each), were added as internal standards. Severa
solvent partitioning and chromatographic steps re-
sulted in brassinosteroid-containing fractions, which
after derivatization with an excess of dansyl-3-
aminophenylboronic acid were analyzed by liquid
chromatography (HPLC) with electrospray ionization
(ESI) and using an established selected ion-monitoring

Table 1. Detection of brassinosteroids by relative retention
times of their 22,23-dansyl-3-aminophenylboronates. SIM
channels were recorded at given m/z values. Conditions:
Macherey-Nagel Nucleodur 100-3 C18 column (100 mm x
1 mm, 3 um); gradient MeCN-0.1% HCOOH in H,O (0—
10 min; 75% MeCN; 10—15 min: 75—-100% MeCN; 15—
25 min: 100% MeCN); flow rate 0.05 ml min—1.

RR* mz m'z m'z

[M+H]* [[PHa]M+H] " [[PHe]M+H]*
Castasterone (1) 1419 799 802 805
Brassinolide (2) 1.000 815 818 821
3-Epicastasterone (3) 1.100 799 802 805
3-Epibrassinolide (4) 0.857 815 818 821

* Relative retention time with respect to brassinolide (1) (R =
11.15 min).

mass-spectrometric (SIM-MS) detection (HPLC-ESI-
SIM-MS) method [10, 32]. Identification of brassi-
nosteroids based on the relative retention time of
22,23-dansyl-3-aminophenylboronates (Table 1). Us
ing this approach, castasterone (1), brassinolide (2),
3-epicastasterone (3) and 3-epibrassinolide (4) were
detected in Arabidopsis seedlings. The relative reten-
tiontimes of authentic standards and mass spectral data
(Table 1) also revealed the presence of castasterone (1)
and 3-epicastasterone (3) in seedlings of S. cereale.

Metabolism of castasterone and brassinolide

[26,28-°Hg] Castasterone (1) and [26,28-2Hg]bras-
sinolide (2) [33] were administered in a series of sepa-
rate experimentsin different plant material's, seedlings
of A. thaliana S. cereale, and cell suspension cul-
tures of L. esculentum. After a two-day incubation,
the plant material was extracted according to the pro-
cedure used to detect endogenous brassinosteroids.
Brassinosteroi d-contai ning fractions were converted to
their dansyl-3-aminophenylboronates and analyzed by
HPLC-ESI-SIM-MS[10, 32].

Administering [26,28-°Hg]castasterone (1) to A.
thaliana and L. esculentum and analysing the extracts
by HPLC-ESI-SIM-MS, we identified sixfold deuter-
ated brassinolide (2) (m/z 821; [M+H] *; RR; = 1.000)
in both plants. The conversion of castasterone (1) to
brassinolide (2) (Fig. 1) confirmed that this well es-
tablished final step of brassinolide biosynthesis is op-
erating in our experimental system. SIM analysis for
the molecular mass of sixfold deuterated castasterone
(1) mv/z 805 ([M+H] ™) alowed us to identify the par-
ent compound 1 at RR; 1.419 and 3-epicastasterone
(3) a RR; 1.100 of the same molecular mass. The
natural abundance isotopomer of 3, the 3f3-epimer
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of 1 (m/'z 799; [M+H]"; RR; 1.101), was detected
in seedlings of A. thaliana as well. Furthermore, in
seedlingsof S. cereale[26,28-°Hg] castasterone (1) was
converted to labelled 3-epicastasterone (3) (m/z 805;
[M+H] ™) as the only product (Fig. 1). The discovery
of compound 3 as ametabolite of 1 resembles previous
results [22], where in the seedlings of Catharanthus
roseus the conversion of 1 to 2 and 3 was observed,
while the conversion of 1 to only 3 was found in the
seedlings of Nicotiana tabacum and Oryza sativa.

Administering [26,28-2Hg] brassinolide (2) fol lowed
by an analogous separation procedure resulted in
identification of sixfold labelled 3-epibrassinolide (4)
(m/z 821; [M+H]™; RR; 0.857) in A. thaliana, S. ce-
reale seedlings, and tomato cell suspension (Fig. 1).
The metabolic conversion of brassinolide, the most ac-
tive plant steroid hormone, to its 33-epimer is con-
sidered an inactivation process. This result is the first
experimental evidence for metabolic inactivation of
brassinolide (1) in plants by stereochemical alteration.
However, inversion of configuration at C-3 hasbeen al-
ready observed for 24-epibrassinolide in cell cultures
of Ornithopus sativus [34].

Metabolism of 3-epicastasterone and 3-epibrassinol-
ide

The previously reported reversibility of the epimer-
ization of the 3-hydroxyl group of brassinosteroids
[20,21,35,36] encouraged us to investigate the fate
of 3-epicastasterone (3) and 3-epibrassinolide (4) in
seedlings of A. thalianaand S. cereale.

Fig. 1. Conversion of brassinosteroids by
in vitro-grown seedlings of A. thaliana
(a), cell suspension cultures of L. escu-
lentum (b), and seedlings of S cereale
(c). Dashed arrow: Putative conversion.

In order to check for the conversion of [26-2H3]3-
epicastasterone (3) and 3-epibrassinolide (4) to 3a-
hydroxybrassinosteroids, both deuterated compounds
3 and 4 were administered in separate experiments.
Screening the analogously prepared extract from feed-
ing [26-?Hz]3-epicastasterone (3) for the mass of
triply deuterated 1 and its isomers (m/z 802, [M+H] ™)
showed a peak corresponding to labelled precursor 3
(RR; 1.100) and a peak corresponding to labelled cas-
tasterone 1 (RR; 1.419) in the seedlings of A. thaliana
and S cereale. In addition a peak corresponding
to triply deuterated 3-epibrassinolide (4) (m/z 818;
[M+H]"; RR; 0.856) in the seedlings of S. cereale
has been detected (Fig. 1). This conversion is the
first evidence that 3-epicastasterone (3) is an alter-
native biosynthetic precursor of 3-epibrassinolide (4).
However, additional studies with substrates specif-
ically deuterated at C-2 and C-3 are necessary to
check for the course 3 — 1 — 2 — 4 including so
far undetected direct lactonization of 1 to 2 and hy-
pothetical conversion of 3-dehydrocastasterone to 3-
dehydrobrassinolidein this plant.

In analogous experiments, [26-2H3]3-epibrassinol-
ide (4) was administered to the seedlings of A. thaliana
and S cereale. HPLC-ESI-SIM-MS analysis showed
triply labelled brassinolide (2) (m/z 818; [M+H] ™; RR;
0.856) in extracts of plants treated with the 33-epimer
4 (Fig. 1). These results showed that the conversion of
3B- to3a-epimersisoperatingin A. thalianaand S. ce-
reale not only for 6-oxo but 7-homol actonetype brassi-
nosteroids also. As demonstrated by the identifica-
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tion of 3f3-epimersas metabolites of 3o-stereoisomers
and vice versa, 3o-epimers as metabolites of 33-
stereoisomers, the inversion of configuration is possi-
ble in both directions. If 3 — 3 inversion of con-
figuration represents inactivation, the reverse conver-
sion must be considered as activation. However, 3-
epibrassinolide (4) may be not simply an inactive
metabolite but a potential precursor of brassinolide (2)
which, under certain conditions, could be reconstituted
if required for homeostasis of the plant cell. Knowl-
edge of these processes could be used for developing
compoundswith prolonged brassinosteroid activity for
agricultural and horticultural application.

Several 2-epibrassinosteroids such as 2-epicastast-
erone, 2-epi-25-methyldolichosterone and 2-epi-23-
dehydrobrassinolide[10, 37, 38] and conversions of 2-
epicastasterone to castasterone and 24-epibrassinolide
to 2,24-diepibrassinolideare known[10, 39]. Giventhe
results of the present investigation, reversibility of the
conversion of stereochemistry at C-2 may be analo-
gousto conversions of stereochemistry at C-3, a possi-
bility which should beinvestigated.

Experimental Section
Plant materials and administration of labelled precursors

Cultures of A. thaliana cv. C24 were freshly estab-
lished from surface-sterilized seeds for each experiment.
Seeds were germinated and grown in 100 ml conical flasks
containing liquid auxin- and cytokinin-free B5 medium
(30 ml) [40] containing sucrose (20 g I=1). During ger-
mination and growth the flasks were maintained at 23 °C
on a rotary shaker at 85 rpm under constant illumina
tion (15 umol m—2 s1). After a culture period of 3 to
4 weeks, the seedlings reached a fresh weight of approx-
imately 15 g and were used at that stage for feeding ex-
periments. A solution of the respective deuterated precur-
sor in 75% ul EtOH (20 ul) was added to the medium
under sterile conditions and incubated for two days. Each
of the deuterated precursors [26,27-2Hg]castasterone (1),
[26,27-2Hg] brassinolide (2), [26-2H3]3-epicastasterone (3),
[26-2H3]3-epibrassinolide (4) (0.4 to 4 ug per flask) was ad-
ministered individually. Threeto four flaskswere used in par-
alel experiments.

Seeds of S cereale cv. “Sorom” were purchased from
Lochow-Petkus GmbH, Bergen-Wohlde, Germany. Prior to
germination, seeds were gtratificized and then grown in
the greenhouse at 22-24 °C using a mixture of Ver-
miculite and sand (ratio 3:1) as a substrate. The natu-
ral photoperiod was supplemented with 16 h illumination
from Philips Sun-T Agro 400 Na lights. Biosynthetic ex-
periments were performed using freshly harvested leaves

of 2- to 3-week-old seedlings of S. cereale cv. “Sorom”
(30 to 60 g). [26,27-2Hg]Castasterone (1), [26,27-2Hg]
brassinolide (2), [26-2H3]3-epicastasterone (3), [26-2H3]3-
epibrassinolide (4) were administered separately to plant ma-
teria. In typical experiments, the respective deuterated pre-
cursor (0.2 to 10 ug) was dissolved in 75% EtOH (10 ul)
and added to aflask containing freshly harvested leaves im-
mersed in water (30 ml). The precursor was absorbed hy-
droponically with the transpiration stream and incubated for
70 h, during which time water was periodically added to the
feeding solution.

Cell suspension cultures of L. esculentum L. cv. “Tam-
ind” were grown in Linsmaier-Skoog medium [41] in 300 ml
conical flasks containing 100 ml cell suspension at 23 °C
on a rotary shaker at 85 rpm under constant diffuse light
(4.4 umol m=2 s~ 1, Subculturing was performed every 14 d
using an inoculum of approximately 40 ml. In typical experi-
ments, afilter-sterilized solution of the respective deuterated
precursor (1 to 20 ug) in 75% ethanol (20 ul) was added to
flasks with plant material (55 to 60 g) and incubated for three
days. Each of the deuterated precursors 1 and 2 was admin-
istered individually.

Identification of endogenous brassinosteroidsin Arabi-
dopsis

The seedlings of A. thaliana cv. C24 were separated
from the medium and extracted with MeOH (3 x 80 ml) us-
ing an Ultra-Turrax homogeni zer. [ 26-2H3] 3-Epicastasterone
(3), and [26-2H3]3-epibrassinolide (4) [31] (0.4 ugin 10 pul
of 75% EtOH each) were added as interna standards be-
fore evaporation followed by the procedure described be-
low. Identification of endogenous brassinosteroids 1 to 4 was
based on a comparison of retention times and relative inten-
sities of molecular ions.

Isolation and analysis of brassinosteroid metabolites

After incubation with labelled precursors, the plant ma-
terials were separated from the medium and extracted with
MeOH (3 x 80 ml) using an Ultra-Turrax homogenizer. The
agueous residue remaining from evaporation of the methano-
lic extract was partitioned between equal volumes of EtOAc
and 0.5 M K3HPO,4 (3 x 100 ml). The culture medium
was extracted with EtOAc (100 ml) and the EtOAc phase
was combined with the corresponding extract obtained from
the plant material. The combined EtOAc phase was evap-
orated; MeOH (10 ml) was added, sonified for 15 min,
and centrifuged for 15 min at 4000 rpm at 15 °C. The su-
pernatant was evaporated and subjected to TLC (silica gel
60 Fos4, 0.5 mm thickness, 200 x 200 mm, Merck; CHCls-
MeOH 88:12). Based on the retention times of authen-
tic standards, which were determined on a separate plate
(compound 1: R 0.41; 2 and 3: R 0.31; 4. R 0.25), the
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brassinosteroid-containing zone (R 0.21-0.45) was col-
lected and eluted sequentially with a mixture of CHCl3-
MeOH 1:1 (20 ml) and MeOH (30 ml). The combined so-
lution was evaporated to dryness and subjected to reversed-
phase HPLC (LiChrospher® 100 RP-18; 10 um; 250 x
10 mm) using a linear gradient MeCN-0.01% trifluoracetic
acid in H,O from 30 to 100% MeCN in 30 min and held
at 100% MeCN for a further 15 min (flow rate 2 ml min~1;
UV detection of matrix compounds at 205 nm). Based on
the retention times of authentic standards (compound 1: R
23.0min; 2: R; 20.9 min; 3: R 21.3 min; 4: R; 19.1 min), the
brassinosteroid-containing fraction (R, 17.5—24.5 min) was

collected and evaporated. The residue was converted to bis-
dansyl-3-aminophenylboronates by being heated to 62°C for
30 min with a solution of dansyl-3-aminophenylboronic acid
(3 mg mi~1) in amixture of pyridine and acetonitrile (1: 19)
and used for analysis by HPLC-ESI-SIM-MS as previously
described [10, 32].
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