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Abstract

The involvement of the 2,3-epoxybrassinosteroids secasterone and 2,3-diepisecasterone in the biosynthesis of castasterone has
been demonstrated in seedlings of Secale cereale by LC-ESI-MS. Deuterated secasterone, upon administration to rye seedlings,
was incorporated into castasterone and its 2f3- and 3fB-epimers. Administration of deuterated 2,3-diepisecasterone resulted in cas-
tasterone and 2-epicastasterone. A biosynthetic subpathway from typhasterol/teasterone via 2,3-epoxybrassinosteroid intermediates

to castasterone is discussed.
© 2004 Elsevier Ltd. All rights reserved.

Keywords: Secale cereale; Gramineae; Biosynthesis; Brassinosteroids; Castasterone; Deuterium labelling; Epoxides; Epoxysteroids; Secasterone;

Steroids

1. Introduction

Brassinosteroids are plant hormones of ubiquitous
distribution in the plant kingdom (Adam et al., 1999; Fu-
jioka, 1999; Khripach et al., 1999; Bajguz and Tretyn,
2003). Among steroidal natural products, castasterone
and brassinolide are the most active regulators of plant
growth and development (Brosa, 1999), and their biosyn-
thesis has been a major subject of brassinosteroid re-
search for several years (Sakurai, 1999; Yokota, 1999;
Schneider, 2002). In general, the phytosterol skeleton is
biosynthesized via the mevalonate pathway (Schwender
et al., 1997), but recent results show that biosynthesis
may originate from both the mevalonate and the deoxy-
xylulose pathways (De-Eknamkul and Potduang, 2003).
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Functionalization of the skeleton was primarily assumed
to follow the sequence of the early C-6 oxidation path-
way (C-6 oxidation — C-22a hydroxylation — C-23a
hydroxylation — 3B-OH/3a-OH inversion — C-2u
hydroxylation) (Suzuki et al., 1994). However, the dis-
covery of the late C-6 oxidation (Choi et al., 1997) and
early C-22 oxidation routes (Fujioka et al., 2002) indi-
cated that the sequence of oxidation is interchangeable.
In addition, some brassinosteroids have been found in
plants which so far do not fit this biosynthetic network.
2,3-Epoxybrassinosteroids, such as secasterone (2) from
Secale cereale (Schmidt et al., 1995) and 24-episecaster-
one from Lychnis viscaria (Friebe et al., 1999) are inter-
esting examples. Recently we reported the formation of
secasterone (2) and 2,3-diepisecasterone (3) from teaster-
one (4)/typhasterol (5) via secasterol (1) in rye (Anton-
chick et al., 2003).

In the present study, the conversion of deuterated
2,3-epoxybrassinosteroids to castasterone (6) has been
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investigated in seedlings of Secale cereale by means of
labelling experiments using putative intermediates. An
improved LC-ESI-MS method developed by us (Svatos
et al., 2004) was used in order to analyze brassinoster-
oids in plant extracts and to determine incorporation
of deuterated precursors.

2. Results and discussion
2.1. Identification of naturally occurring brassinosteroids

Seeds and leaves of rye seedlings (Secale cereale, cv.
“Sorom”) were analyzed for naturally occurring brassi-
nosteroids. Relevant fractions were obtained by the
procedures described in the experimental section and
converted to their dansyl-3-aminophenylboronates with
an excess of dansyl-3-aminophenylboronic acid. Native
brassinosteroids were identified by means of LC-ESI-
MS according to the method developed by Svatos
et al. (2004) based on retention times of 22,23-dansyl-
3-aminophenylboronates (DAPB), which are formed
from bis-derivatives under HPLC conditions (Gamoh
and Brooks, 1993; Konstantinova et al., 2001) and their
molecular ions ([DAPB + H]"). Endogenous castaster-
one (6) was found both in leaves and seeds. In addition,
2-epicastasterone (7) and 3-epicastasterone (8) were de-
tected in seeds (Table 1). No substantial amounts of
brassinolide (BL) were found in leaves and seeds of
Secale cereale. The analytical data of native compounds
were in full agreement with those of authentic
references.

Secasterol (1), secasterone (2), and 2,3-diepisecaster-
one (3) were recently detected in seedlings of Secale cere-
ale (Antonchick et al., 2003). Identification of
compounds 2 and 3 was based on comparing their
GC-MS data with those of side chain-deuterated
(26-’Hs)-standards. The molecular masses (m/z 470
[M]) of the nondeuterated compounds from rye sam-
ples and two characteristic fragments, m/z 245 (fragment
of ring system) and m/z 155 (fragment of the nondeuter-
ated side chain), were analogous to the molecular mass
miz 473 (IM]'*) and fragments of m/z 245 (ring system)
and m/z 158 (deuterated side chain) of the deuterated
standards. Due to the small number of three deuterium

atoms relative to the total number of protons in the mol-
ecule, no significant differences in the retention times be-
tween nonlabelled and deuterated compounds 2 and 3
were observed. In order to avoid false-positive detection
of native secasterone (2) and 2,3-diepisecasterone (3)
caused by contamination with synthetic compounds,
preparative synthesis and isolation from plant samples
were carried out in separate institutes at Minsk and
Jena. Only deuterated but no nondeuterated samples
of synthetic compounds 2 and 3 were available at the
Jena laboratory where analytical studies were
performed.

Secasterone (2), teasterone (4), typhasterol (5), castas-
terone (6), and some other brassinosteroids were previ-
ously found in rye seeds (Schmidt et al., 1995). The
data shown in Table 1, together with those obtained in
a recent study using the same plant material (Anton-
chick et al., 2003), and information available from
Schmidt et al. (1995) demonstrate the natural occur-
rence of the complete series of precursors, intermediates,
and products involved in this study, in Secale cereale.

2.2. Synthesis of labelled precursors and analytical
standards

In order to examine the conversion of 2,3-epoxybras-
sinosteroids in planta, putative intermediates were re-
quired in deuterated form and as standards. The
synthesis of [26->Hj]secasterone (2), [26-°H;]2,3-diepise-
casterone (3), [26-°Hs]castasterone (6), and [26-H;]3-
epicastasterone (8) has been described recently (Khrip-
ach et al., 2002). HRMS data of synthetic deuterated
compounds confirmed the occurrence of three deute-
rium atoms per molecule. The deuterium labels are lo-
cated in a metabolically inert position at a side chain
methyl group (C-26), which is not involved in metabolic
conversion and not subject to spontaneous H-D-ex-
change. Thus, contamination of deuterated precursors
with nondeuterated isotopomers was excluded, which
is an important criterion for their suitability in biosyn-
thetic investigations.

[26->H;]2-Epicastasterone (7) was synthesized from
[26-H;]-2 according to a procedure published for the
synthesis of 2,24-diepicastasterone (Voigt et al., 2002).
For analytical data, see Section 3.

Table 1
Detection of brassinosteroids in seeds and leaves of Secale cereale, retention times, and m/z data of their 22,23-dansyl-3-aminophenylboronates
(DAPB)

Seeds (pgg™h) Leaves® R, (min) mlz [DAPB + H]*
Castasterone (6) 574 15.2 799
2-Epicastasterone (7) 201 13.0 799
3-Epicastasterone (8) 115 12.1 799

# Qualitative analysis without internal standard.
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2.3. Biosynthesis

2.3.1. Opening the 2,3-epoxide

The biosynthetic formation of secasterol (1), secaster-
one (2), and 2,3-diepisecasterone (3) from teasterone (4)
and/or typhasterol (5) in seedlings of Secale cereale
(Antonchick et al., 2003) and the co-occurrence of 1-3
with a downstream brassinosteroid, castasterone (6) in
Secale cereale raised a question: are the 2,3-epoxybrassi-
nosteroids 2 and 3 final products of the biosynthesis or
do they undergo further metabolism? Opening of the
epoxide was anticipated as a possible conversion, one
that would result in the formation of two different 2,3-
dihydroxybrassinosteroids, 2-epicastasterone (7) and 3-
epicastasterone (8).

In order to check for conversion to these hypothetical
metabolites, feeding experiments using deuterated pre-
cursors were performed. In first biosynthetic experi-
ments, [26-’Hilsecasterone (2) was administered
hydroponically to excised seedlings of the rye cultivar
“Sorom” by immersing the leaves in the feeding solu-
tion. After an incubation time of 70 h, the leaves were
extracted according to the procedure used to detect
endogenous brassinosteroids in leaves. Relevant frac-
tions were converted to their dansyl-3-aminophenylbor-
onates and analyzed by LC-ESI-MS. Peaks with the
same retention times as the standards were identified
by selected ion monitoring (SIM, Fig. 1). SIM for the
molecular ion of triply deuterated castasterone (6) (m/z
802, [DAPB + H]") resulted in the detection of three iso-
meric compounds: 3-epicastasterone (8) (R, 12.1 min), 2-
epicastasterone (7) (R, 13.0 min), and castasterone (6)
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(R; 15.2). Half-widths of peaks were used as a measure
for resolution. Using this criterion, all peaks were clearly
resolved and peak widths were significantly below 1 min.
Castasterone (6) appears baseline-separated and did not
interfere with any other peak. Integration of the LC
peaks revealed a ratio of the three metabolites, 6:7:8,
resulting from conversion of the parent compound 2,
of approximately 3:15:2, indicating that 2-epicastaster-
one (7) is clearly the major product. However, the occur-
rence of significant amounts of castasterone (6) is the
most remarkable finding of this feeding experiment.

Administering [26->H5]2,3-diepisecasterone (3) to
seedlings of Secale cereale under identical experimental
conditions, including DAPB derivatization, resulted in
the identification by LC-ESI-MS-SIM of triply labelled
2-epicastasterone (7) (m/z 802, [DAPB + H]", R, 13.0
min) as the only product.

The trans-diaxial 2B,30-diol 7, which is the major
metabolic product of secasterone (2), and 2,3-diepisecas-
terone (3) in rye may correspond to acid catalysis as a
mechanism of epoxide hydrolysis because of its accor-
dance with the Fiirst-Plattner rule (Fiirst and Plattner,
1949). In contrast, the diequatorial 2a,3p-diol 8 seems
to be the result of a different process, with specificity
of the putative enzyme for secasterone (2) rather than
2,3-diepisecasterone (3). Epoxide hydrolases (EHs) with
different enantioselectivity (Summerer et al., 2002) have
been identified from plants, microorganisms, and ani-
mals (Barth et al., 2004). They belong to the o/f hydro-
lase fold protein family (Ollis et al., 1992) and in plants
are involved in, for example, xenobiotic metabolism, the
biosynthesis of cuticular components (Blée and Schuber,
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Fig. 1. Sections of mass chromatograms of brassinosteroid DAPB derivatives from ESI-LC-MS experiments in SIM mode. (a) Trace from
administration of [26->Hs]secasterone (2) to seedlings of Secale cereale plotted at m/z 802 [DAPB + H]". The small peak denoted with an asterisk
represents an unknown compound (see text). (b) Total ion chromatogram obtained from a mixture of authentic 3-epibrassinolide (3-epiBL),
brassinolide (BL), 3-epicastasterone (8), 2-epicastasterone (7), and castasterone (6).
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1993), and generation of lipid-derived defense-related
signalling compounds. To our knowledge, a specific ste-
roid EH has not yet been identified in plants. Thus, in
terms of substrate specificity, mammalian microsomal
cholesterol EHs (Fretland and Omiecinski, 2000) seems
to be the closest known relative to epoxybrassinosteroid-
hydrolyzing enzymes. In contrast to other microsomal
EHs, cholesterol 5,6-oxide hydrolases do not covalently
bind the substrate to the protein, indicating a uniquely
different hydrolytic mechanism (Muller et al., 1997).
On the other hand, evidence for the presence of mem-
bers of the microsomal EH superfamily is missing in
the plant genome; only cytosolic EHs were found (Barth
et al., 2004). Thus, epoxide hydrolysis in plants might
alternatively be catalyzed by glutathione-S-transferases
(GSTs) (Eaton and Bammler, 1999). Characterization
of the enzymes, whether EH or GST, involved in epoxy-
brassinosteroid metabolism and their regulation would
be of considerable interest. In light of the putative
involvement of EHs or GSTs, this especially is true with
regard to the role of brassinosteroids in how plants re-
spond to stress.

2.3.2. Inversion of configuration

The detection of castasterone (6) derived from
[26->Hs]secasterone (2) in the feeding experiment de-
scribed above suggested a biosynthetic route, which
after ring opening presumably proceeds through an oxi-
dation/reduction mechanism to 6. Since 2-epicastaster-
one (7) and 3-epicastasterone (8) were both identified

as metabolites of secasterone (2), two hypothetical pos-
sibilities exist for the formation of castasterone (6) from
2: (a) secasterone (2) — 2-epicastasterone (2B-OH,3a-
OH; 7) — castasterone (6) or (b) 2 — 3-epicastasterone
(20-OH,3B-OH; 8) — 6. Compound 7 but not 8 was de-
tected when plants were fed 2,3-diepisecasterone (3) and
it accumulated at higher levels in comparison to 8 after
being fed 2. Formation of detectable levels of 7 from 2
and relatively high levels of 7 formed from 3 indicates
that in rye conversion of 2-epicastasterone (7) to other
products seems less efficient than conversion of 3-epicas-
tasterone (8). Conformational changes of ring A hydro-
xyl groups are considered good candidates as metabolic
reactions of compounds 7 and 8. In the course of revers-
ible inversion of configuration at C-3, conversion of 3a-
OH to 3B-OH-brassinosteroids has been demonstrated
several times in brassinosteroid metabolism (Kolbe
et al., 1998; Noguchi et al., 2000). These reported data,
in addition to different levels of 7 and 8 in the experi-
ments above, support possibility (b) as well.
Nevertheless, in order to check for the conversion of
2-epicastasterone (7) and 3-epicastasterone (8) to castas-
terone (6), both deuterated intermediates 7 and 8 were
administered to rye seedlings in separate experiments.
Screening the extract prepared from the feeding of
[26->H5]3-epicastasterone (8) for the mass of triply deu-
terated 6 and its isomers (m/z 802, [DAPB + HJ")
showed a large peak corresponding to derivatized la-
belled precursor 8 (R, 12.1 min) and a small peak corre-
sponding to labelled DAPB derivative of castasterone 6
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Fig. 2. Sections of mass chromatograms of brassinosteroid DAPB derivatives from ESI-LC-MS experiments in SIM mode. (a) Trace from
administering [26-H;]3-epicastasterone (8) to seedlings of Secale cereale plotted at m/z 802 [DAPB + H]". The inset represents the 40 times magnified
region of 14.5-16 min. (b) Trace from administering [26->Hs]2-epicastasterone (7) to seedlings of Secale cereale plotted at m/z 802 [DAPB + H]*. The
peak denoted with an asterisk represents an unknown compound (see text). (¢) Total ion chromatogram obtained from a mixture of 3-epibrassinolide
(3-epiBL), brassinolide (BL), 3-epicastasterone (8), 2-epicastasterone (7), and castasterone (6).
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(R; 15.2 min). From this result, we can assume that 3-
epicastasterone (8) has been biosynthetically converted
to castasterone (6). The precursor:product ratio was
97:3 (Fig. 2(a)), which is due to the large excess of the
administered 8.

A similar result was obtained when plants were fed
[26-°H;]2-epicastasterone (7), Fig. 2(b). Again, the
SIM chromatogram (m/z 802, [DAPB + H]") exhibited
a large peak corresponding to derivatized labelled pre-
cursor, [26-H;]2-epicastasterone (7) (R, 13.0 min) and
a small peak corresponding to that of DAPB derivative
of labelled castasterone (R, 15.2 min). In this case the ra-
tio was 95:5, which indicated an even higher conversion
rate of 7 to castasterone (6), compared to the conversion
of 8 to 6. Resolution for [26-Hs]2-epicastasterone (7),
the peak marked with an asterix, and [26-’Hs]cast-
asterone (6) in Fig. 2(b) exemplarily were calculated to
be Ry (7,.)=1.23 and the Ry (7,6 = 2.56, respectively.
The number of theoretical plates for peak 7 in
Fig. 2(b) is N = 39333.

In light of the above discussion, this finding was
rather surprising, but seems to indicate how highly flex-
ible plants’ production of regulatory active compounds
can be. The peak with m/z 802 at R, 13.8 min, which

in smaller amounts was also noticed in native samples
and after administering [26-°Hs]secasterone (2) (Fig.
1(a)), is probably 2,3-diepicastasterone. However, since
no authentic standard was available, the identity of this
compound remains uncertain.

Inversion of configuration at C-3 of brassinoster-
oids has been demonstrated to proceed via 3-dehydro
intermediates (Kolbe et al., 1998; Noguchi et al.,
2000). Thus, although so far unknown as natural
products, 2-dehydrocastasterone and 3-dehydrocastas-
terone may be anticipated as intermediates of inver-
sion of configuration of C-2 and C-3, respectively.
Unfortunately these compounds were not available
in labelled form for testing this hypothesis by feeding
experiments. Therefore, although direct epimerization
of 7 to 6 and 8 to 6 is less likely, the present study
does not rule it out.

In summary, together with recent results on secaster-
one (1) biosynthesis from teasterone (4) and/or typhas-
terol (5) (Antonchick et al., 2003), this study provides
evidence for a new biosynthetic networking in the path-
way to castasterone in the studied plant, Secale cereale.
These findings demonstrate that the biosynthetic
sequence teasterone (4)/typhasterol (5) — secasterol

Fig. 3. Hypothetical network of brassinosteroid biosynthesis in seedlings of Secale cereale. (a) Biosynthetic steps established in the present study and
by Antonchick et al. (2003). (b) Part of the known early C-6 oxidation pathway (Suzuki et al., 1994; Noguchi et al., 2000), which was not investigated

in this study.
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(1) — secasterone (2) — 2-epicastasterone (7)/3-epicas-
tasterone (8) — castasterone (6) (Fig. 3) is operative in
Secale cereale. This route represents an alternative to
the direct C-2a-hydroxylation of typhasterol (5) to cas-
tasterone (6) in the early C-6 oxidation pathway (Suzuki
et al., 1994). The C-2a-hydroxylation step is generally
accepted also in the late C-6 oxidation pathway in dicot-
yledons between 6-deoxotyphasterol and 6-deoxocastas-
terone (Choi et al., 1997). Whether or not, and under
which physiological conditions, the new epoxide path-
way or direct C-2a-hydroxylation is operating, alterna-
tively or in parallel, remains to be investigated.

3. Experimental
3.1. Plant materials

Seeds of Secale cereale cv. “Sorom” were purchased
from Lochow-Petkus GmbH, Bergen-Wohlde, Ger-
many. Prior to germination, seeds were stratificized
and then grown in the greenhouse at 22-24 °C using a
mixture of Vermiculite and sand (ratio 3:1) as a sub-
strate. The natural photoperiod was supplemented with
16 h illumination from Philips Sun-T Agro 400 Na
lights. Biosynthetic experiments were performed using
14-day-old excised seedlings of Secale cereale cv.
“Sorom”.

3.2. Synthesis of [26-°H;]2-epicastasterone (7)

[26-H;]Secasterone (2) (5.3 mg) (Khripach et al.,
2002) was converted to [26-’Hs]2-epicastasterone (7)
(4.1 mg) by an acid-catalyzed epoxide opening, accord-
ing to a procedure published for the synthesis of 2,24-
diepicastasterone (Voigt et al., 2002). 'H NMR,
'"H-'"H COSY, HMBC and HMQC spectra were mea-
sured at 500 MHz (Bruker Avance DRX 500 spectrom-
eter) and 'C spectra at 100 MHz (Bruker Avance 400
spectrometer). Chemical shifts are given in 0 values rel-
ative to TMS as internal standard. "H NMR (CDCls): 6
0.69 (3H, s, CH5-18), 0.85 (3H, d, J = 6.9 Hz, CH;-28),
091 (3H, d, J=6.6 Hz, CH3-21), 0.95 (3H, d, J=6.9
Hz, CH;-27 or CH;3-26), 0.96 (3H, d, J = 6.5 Hz, CH;-
26 or CHs-27), 0.97 (3H, s, CH3-19), 1.10 and 1.57
(Hy-15), 1.22 (H-24), 1.26 and 1.97 (H»-16), 1.28 and
1.76 (H»-12), 1.31 (H-14), 1.33 (H-9), 1.34 and 1.64
(H»-11), 1.50 (H-20), 1.58 (H-17), 1.61 (H-25), 1.70
and 2.07 (H,-1), 1.76 and 2.02 (H,-4), 1.81 (H-8), 2.00
and 2.31 (H,-7), 2.74 (1H, dd, J=2.3, 12.9 Hz, H-5),
3.56 (1H, br d, J=8.5 Hz, H-22), 3.72 (1H, br d,
J =8.5 Hz, H-23), 3.93 (1H, m, H-2), 3.98 (1H, m, H-
3). 3C NMR (CDCl5): 6 10.1 (C-28), 11.9 (C-21), 12.0
(C-18), 15.3 (C-19), 20.7 and 20.8 (C-26 and C-27),
21.2 (C-11), 23.3 (C-1), 23.8 (C-15), 27.7 (C-16), 30.5
(C-25), 36.8 (C-20), 37.4 (C-8), 39.4 and 39.6 (C-4 and

C-12), 40.0 (C-24), 41.0 (C-10), 42.8 (C-13), 46.6 (C-7),
51.5 (C-5), 52.3 (C-17), 54.5 (C-9), 56.6 (C-14), 69.7
(C-3), 70.5 (C-2), 73.5 (C-23), 74.7 (C-22), 212.5 (C-6).
For mass spectral analysis, [26->H;]-7 was converted to
the dansyl-3-aminophenylboronate and subjected to
HPLC-ESI-MS as described below (R; 13.0 min, m/z
802).

3.3. Isolation of endogenous brassinosteroids

Leaves (80 g) of 14-day-old rye seedlings of Secale
cereale, cv. “Sorom” were homogenized using an Ul-
tra-Turrax and extracted with MeOH (3 x 300 ml).
The extract was evaporated to a residue and partitioned
between equal volumes of EtOAc and 0.5 M K,HPO,
(3 x 100 ml). The EtOAc phase was evaporated and par-
titioned between n-hexane and 80% MeOH (3 x 100 ml).
The 80% MeOH extract was evaporated to dryness and
partitioned between CHCIl; and water (3 x 100 ml).
After evaporation the CHCI; phase was partitioned be-
tween n-hexane and 80% MeCN (3 x 100 ml). The
MeCN extract was evaporated and subjected to TLC
(silica gel 60 F»s4 0.5 mm thickness, 200 x 200 mm;
CHCI;-MeOH 88:12). Based on the retention times of
authentic deuterated standards, which were determined
on a separate plate (compound 6: R; 0.41; 7: R; 0.31;
8: R;0.34; BL: R;0.31; 3-epiBL: R; 0.25), the brassinos-
teroid-containing zone (Ry 0.20-0.45) was collected and
eluted sequentially with a mixture of CHCl;—-MeOH 1:1
(20 ml) and MeOH (30 ml). The combined solution was
evaporated and the residue separated by reversed-phase
HPLC (LiChrosphere® 100 RP-18; 10 um; 250 x 10 mm)
using a linear gradient MeCN-H,O (0.01% trifluoro
acetic acid) from 30% to 100% MeCN in 30 min and
held at 100% MeCN for a further 15 min (flow rate 2
mlmin~' and UV detection of matrix compounds at
205 nm). Based on the retention times of authentic deu-
terated standards (compound 6: R, 24.6 min; 7: R, 22.5
min; 8: R, 23.7 min; BL: R; 20.9 min; 3-epiBL: R, 19.1
min), the brassinosteroid-containing fraction (R, 19.0—
27.0 min) was collected and evaporated. The residue
was converted to dansyl-3-aminophenylboronates by
being heated to 62 °C for 30 min with a solution of dan-
syl-3-aminophenylboronic acid (3 mg ml™") in a mixture
of pyridine and MeCN (1:19) and used for analysis by
HPLC-ESI-MS.

Seeds (30 g) of Secale cereale, cv. “Sorom” were
soaked in water (50 ml) at room temperature for 12
h, then homogenized and extracted with MeOH
(3% 100 ml). A solution of [26-’Hs]3-epicastasterone
(10 ng) in EtOH (10 pl) was added to the extract,
which was evaporated and partitioned between equal
volumes of AcOEt and 0.5 M K,HPO4 (3 x 100 ml).
The AcOEt phase was evaporated and partitioned be-
tween n-hexane and 80% MeOH (3 x 100 ml). The
80% MeOH extract was evaporated to dryness and
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subjected to TLC followed by reversed-phase HPLC,
conversion to dansyl-3-aminophenylboronates using
the conditions described above for isolating brassinos-
teroids from leaves. HPLC-ESI-MS (Svatos et al.,
2004) was used for analysis.

3.4. Mass spectrometry

HPLC-MS analyses were carried out using the elec-
trospray ionization technique (ESI) in the single ion
monitoring (SIM) mode. Dansyl-3-aminophenylboro-
nates were injected into an Agilent 1100 LC system cou-
pled to a Micromass Quattro II tandem quadrupole
mass spectrometer operating in the positive ion mode.
A Macherey-Nagel Nucleodur 100-3 C18 column
(100x1 mm, 3 pm) and a 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~') were used for separation. Identification
of brassinosteroid mono-dansyl-3-aminophenylboro-
nate derivatives was based on retention times of corre-
sponding dansyl-3-aminophenylboronates of authentic
deuterated standards (Table 1) and the corresponding
deuterated compounds (Figs. 1(b) and 2(c)). Each sam-
ple run was followed by injecting blank sample (HLPC
pure methanol) to limit sample carryover and to effec-
tively clean the RP columns and the injector needle.
After injecting 3 samples a mixture of standards was
analyzed to check for R, stability.

3.5. Administration of deuterated precursors

Biosynthetic experiments were performed using
freshly harvested leaves of 14-day-old seedlings of Se-
cale cereale cv. “Sorom”. [26->Hs]Secasterone (2),
[26-*H;]2,3-diepisecasterone (3), [26->H;]2-epicastaster-
one (7), and [26->H;]3-epicastasterone (8) were adminis-
tered separately to plant material. In typical
experiments, the respective deuterated precursor (10
pg) was dissolved in 75% EtOH (10 pl) and added to a
flask containing freshly harvested leaves (35 g) immersed
in water (30 ml). The precursor was absorbed hydropon-
ically with the transpiration stream and incubated for 70
h, during which time the feeding solution was periodi-
cally complemented with water. The plant material
was homogenized using an Ultra-Turrax and extracted
with MeOH (3 x 300 ml). The analytical procedure de-
scribed above was employed to identify endogenous
brassinosteroids.
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