Phytochemisiry, Yol 27, No 5, pp 1309-1313, 1988
Printed m Great Britain

0031 9422/88 $3004+000
Pergamon Press plc

24-EPIBRASSINOLIDE UPTAKE IN GROWING MAIZE ROOT
SEGMENTS EVALUATED BY MULTIPLE-SELECTED ION MONITORING

PIETRO ALLEVI, MARIO ANASTASIA, RAFFAELLA CERANA,* PIERANGELA CIUFFREDA and PIERA LADO*

Dipartimento di Chimica e Biochimica Medica, Via Saldim 5U, 20133 Milano, [taly, *Centro del CN.R per [a Biologia Cellulare e
Molecoiare deile Fiante, Dipartimento di Biologia, Via Celona 76, ZU133 Milano, Italy

(Recewed 24 July 1987)

Key Word Index—Zea mays, Gramineae; maize roots, uptake; brassino steroids; 24-epibrassinolide, deuterated

brassino steroids

Abstract— The evaluation of the uptake of 24-epibrassinolide (BR) in growing matze root segments by means of
multiple-selected 10n monitoring showed that BR is accumulated into the fresh tissue independently of energy supply,
while the experiments performed with frozen—thawed roots show a large adsorption to cell structures. The adsorption
is freely reversible in frozen—thawed roots, whereas 30% of BR taken up in fresh roots is irreversibly bound

INTRODUCTION

(2R,38,22R,23R 245)-2,3,22 23-Tetrahydroxy-B-homo-7-
oxa-Se-ergostan-6-one (brassinolide), a steroidal lactone
isolated from the polien of rape (Brassica napus 1.) {1715
the first identified member of a unque class of naturally
accurring steroids, brassino steroids, present in several
plant materials [for recent review sec 2], Brassmolide
and 1ts synthetic 24-epimer brassino sterol (BR) [3], fed
at uM concentrations, stumulate growth by cell en-
largement in different tissues trrespective of their sensttiv-
ity to auxins, gibberellins or cytokinins [4-9] The stimy-
latton of growth by BR is associated with an increase 1n
the electrogenic H™ extrusion, suggesting that its effect
on cell enlargement depends at least in part on an in-
creased cell wall plasticity consequent on the acdifi-
cation of the wall space, in agreement with the ‘acid
growth’ theory generally accepted for auxin [10].

The whole of the results so far obtained (lack of tissue
specificity, additivity or synergism 1n some cases and
opposite effects m some others with auxins, giberellins,
cylokinins) [4-9, 11-14] indicates brassinolide and re-
lated compounds as a sixth group of phytohormones.

The understanding of the mechamism of action of the
brassino steroids requires mformation about their mode
of uptake by plant tissues, possible metabolism, and the
existence of specific receptors. The more commonly used
methods for this type of study require the use of radioac-
tive compounds In order to avold the use of radioactive
compounds, m this work we investigated the uptake of
BR 1n growing maize root segments by means of muiti-
ple-selected 10n monttoring (MSIM) This method was
applied by using as internal standard deuterated BR, the
synthesis of which 1s first reported in this paper.

RESULTS

In preliminary experiments we incubated maize root
segments with 2 uM BR 1n order to check its recovery
alter a treatment of 45 or 360 min Table 1 (Expts 1-3)
shows that the sum of the BR contents of the tissue and of

the medium at the end of the incubation corresponds to
the inttial BR content of the medium, thus indicating that
BR is not substantrally destroyed and/or metabolized
during the incubation. Moreover the same recoverics arc
obtained at short (45 min) and long {360 min) times of
incubation and with frozen-thawed roots {Table 1, Expt
4).

The time-course of BR uptake by fresh tissue (Fig. 1)
shows that the uptake is high within the first 45 mwn and
becomes saturated after 90 min. The reported values
were not corrected for the amount of BR present in the
free space in equilibrium with the external medium. This
amount, however, accounts for no more than 10% of the
uptake, cven assuming that the free space 18 20% of the

Table 1 Recovery of BR after different incubation times in
fresh and 1n frozen-thawed roots*

nmol BR nmol! BR

Experiment  Incubation n thet i thet
no {nn) medium (18 ml}  tissue (300 mg)

0 360+40.79 0+002

1 45 3491075 11£003

360 3444076 1.5£004

45 3474076 1.2+003

2 360 3444076 1.6+004

3 45 3484076 1.1+£003

360 3374074 14+004

4 45 3211070 39+0.10

360 31.8+069 464012

*Root segments (ca 300 mg) were premcubated for 60 min 1n
03mM CaSO, and then imcubated mm a medium (18 ml)
contaiming 0 15 mM Na-MES (pH 6 2), 0 3 mM CaSO,, 5 mM
K,S0, and 2 M BR. Expermments 1,2,3" fresh roots and exper-
iment 4 [rozen-thawed roots,

+The values represent the mean + se (n=3forexpt 1.2.3, 5
=5 for expt 4)
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Fig 1 Time-course of 2 uM BR uptake in fresh roots For
incubation conditions see Table 1 The figures in the circles are
the values of the ussue concentratton factor, that s the rato
between BR concentration 1 the tissue {1 gfr wi being taken as
cqual 10 1 ml) and BR concentration in the medura at the end of
the incubavon At the arrow, some samples were rapdly frozen
and thawed m the same medmm and further incabated for 2 hr
(dashed hne), se did not exceed +3%

tissue volume and that 1ts content 13 unchanged by the
rapid wash with distilled water at the end of the mcu-
bation. The values of the tissue concentration factor,
reported in the circles, caleulated assuming a homogen-
eous distribution of BR nside the tissue and the cells,
show that the concentration of BR 1n the tissue 1s larger
than that in the medium, showing that BR 1s accumu-
lated nto the tissue. The uptake of BR 15 unaffected by
the presence of cyclohexinmuide (CH), an inhibitor of pro-
tewn synthesis and of carbonyl cyanide p-tnifluorometh-
oxy-phenylhydrazone (FCCP), an uncoupler of oxidative
phosphorylation With BR uptake by the control of 45
+011 nmol/gfr wt, uptake 1n 70 kM CH (present dur-
ing the 60 min preincubation n 0 3 mM CaSQ,). was 4.4
+010 and 1in 2 uM FCCP was 464012 nmol/gfr. wt.
The lack of effect of FCCP on the accumulation of BR
indrcates that this process 1s not energy dependent and
suggests that 1t may depend on an unspecific adsorption
to the cell structures

Possible adsorption of BR to cell structures was in-
vestigated by measuring 1ts uptake by frozen-thawed
tissue The time-course 15 quite sunifar to that  the fresh
tissue (Fig 2), a rapid uptake being observed 1n the first
45 mun and saturation being achieved after 90 mun The
amount of BR found m the root segments 1s one order of
magnitude larger than that accounted for by the free
diffusion, mdicating a strong adsorption of BR to cell
structures (posstbly membranes) The adsorbed BR at
each mcubation time 1s about three tmes that taken up
by the fresh tissue. Thus, more binding sites seem access-
ible to BR 1n the frozen-thawed ussue than in the fresh
one, suggesting that tn the fresh roots the penetration
and/or the binding of BR are somchow hmited This 1s
confirmed by the finding that if the living roots are
incubated for 2 hr with BR and then frozen-thawed
the same medium, the amount of BR 1n the tissue rapidly
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Fig 2 Tunc-course of 2 pM BR uptake in frozen-thawed roots
For mncubation conditions see Table 1, s ¢ did not exceed +3%
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Fig 3 Relcase of BR by fresh and frozen-thawed roots The
fresh or frozen-thawed roots, loaded with BR for 2 hr, werc
transferred (Zero time) mnto a medium of gqual composition
without BR The solution was renewed after the first hour of
elution After joading, some samples of fresh roots were rapudly
frozen and thawed in the elution medium before the release
measurement, @--— @ loading and release i fresh roots, @---
-@ lcading in fresh roots and release in frozen-thawed roots.
O — 7 loading and release 1n frozen-thawed roots s ¢ did not
exceed +3%

mcreases and reaches the values already obtamed with
the killed tissue (Fig 1, dashed hne)

In order to mnvestigate the degree of reversibility of BR
uptake in both frozen-thawed and fresh twsue, the roots
were transferred, after an mcubation time of 2 hr with
BR, into a simular BR-free incubation medium and were
mcubated for 2 hr, the medium being renewed after the
first hour The resuits {Fig, 3) show that the adsorption of
BR by frozen—thawed tissue 1s rapidly and completely
reversible In fact, 90% of the adsorbed BR is released
during the first hour and the further 10% durnng the
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second hour. On the contrary, only 70% of BR taken up
by the fresh tissue is released during the first hour and no
further release is observed during the second hour Two
possibilities can be envisaged to interpret this resutt: (1)
the adsorption of BR to cell membranes in the fresh roots
is at least in part due to irreversible binding, (ii) a fraction
of BR taken up is penetrated and kept in the cells. The
second possibility is ruled out by the observation that the
amount of BR released by the fresh tissue is practically
unaffected by a treatment of freezing-thawing in the
elution medium before the release measurement (Fig 3).

DISCUSSION

In our previous papers [4, 5] we showed that BR
promotes the elongation of marze root segments and
increases the electrogenic proton extrusion. In order to
investigate the mechanism of action of BR in maize root
segments we have considered MSIM for the measure-
ment of BR in experiments aimed to study the BR
uptake. Thus we have established a sumple synthesis of
BR deuterated at position 5,7,7(BR-d;) used as wternal
standard and have determined BR levels after converston
into the corresponding bismethancboronates. This
method was suitable for the evaluation of BR content in
plant tissues without the use of the radioactive com-
pound and was sensitive and specific enough to permn
the evaluation of the BR uptake at a concentration
optimal for biological activity.

Quantitative evaluation of BR in uptake experiments
shows that BR seems to be neither destroyed nor metab-
olized during the incubation, at least at the level of the
nucleus moiety of the molecule, thus suggesting that the
phystological responses of growth and H' extrusion are
elicited by BR as such.

In the fresh roots BR is taken up with saturation
kinetics and it is accumulated into the tissue indepen-
dently of ¢nergy supply. The results, obtained with
frozen-thawed roots, show similar kinetics and indicate
the oceurrence of a large adsorption of BR to the cell
membranes This adsorption tn the frozen-thawed roots
seems to be rapidly and completely reversible, whereas a
certain amount of BR (ca 30% of that taken up) is
irreversibly bound in the fresh roots and is not released
after freezing. This different behaviour of BR binding
could be rationalized in two different ways. The possibil-
ity exists that the freczing—thawing treatment irreversibly
alters the BR binding sites that survive the freezing when
BR is already bound. The other possibility 1s that some
cytoplasmic components and/or reactions are necessary
for the irreversible binding, found only in the intact
tissue.

EXPERIMENTAL

Synthests of the deuterated standard. Mps' uncorr 'H NMR
spectra were recorded on a Vanan EM-360L or on a Varian XL-
200 spectrometer as CDCl, solns and are reported in & units
relative to TMS, The mass spectra were determined on a Yanan
MAT 112 § spectrometer using EIMS (70 ¢V) by durect mlet
methods. The progress of all reactions and column chromato-
graphy (silica, 230-400 mesh) was monstored by TLC on silica
gel (HF ,5,) plates. Hexane-EtQAc mixtures were used as devel-
opmg slvents and spots were detected by spraying with 70%
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H,SO, followed by heating. Elemental analysis are all with
£0.2 from calculated values The unlabelled BR was obtaned
according to rel. [15].

Synthests of (2R,35,22R,23R)-2,3,22 23-terrahydroxy B-homo-
T-oxa-Sx-ergostan-6-one-5,77-d; (8) The synthesis was accom-
plished by a major improvement, according to our more recent
results [16, 17] of our previous synthesis of the unlabelled
compound [15] {Scheme 1).

(1) (22E}-3a,5-Cyclo-5e-ergost-22-en-68-0l (4) Ergosterol (1,
¥ g) dissolved 1n ethylamine {40 ml) was treated with L1 (1 6 g),
and the mixture was stirred at reflux for 30 mun longer than
required for the imtial appearance of a blue colour Work-up
afforded, after extraction with CHCl,, a crude muxture (6 4 g) of
(22E)-ergosta-3,22-chen-3f-0l (2a) and (22E)-Sx-ergosta-7,22-
dien-3f-ol (3a)tn a 3-2 ratio. The mixture of compounds (2a) and
(3a), dissolved 1n pyndine (40 ml), was treated with toulene-p-
sulphonyl chlorle (7 g} in pyndine (20 ml} The muxture was
kept in the dark for 18 hr at room temp and was poured into
cracked 1ce and H,O (25 ml) After work-up, the wet tosylates
(Zb and 3b, 3 g portions) were dissolved 1n Me,CO (1 2 1) at 20°
and were added to a boiling soln of KHCO, (7 g) m H,O
(360 ml). The muxture was refluxed for 6 hr, the Me,CO was
evapd under red pres and the residue diluted with H,0 and
extracted with Bt,0 The ethereal soln was cvapd and the
residue was chromatographed on silica to afford (22£)-3a,5-
cyclo-Sa-ergost-22-en-6f-ol (4, 2.6g), mp 115-116° (from
Me,CO), [a]E! +16° (CHCly; ¢ 1) (it [18] mp {13-115° [x]p
+15°); Ameiel gm = 3015 and 3060; 'H NMR: 4 0.30-0.60 (3 H,
m,072(3H,5),102{3H,5),3.24(1 H,m, 6-H),510-5302H, m,
22- and 23-H), m/z 398 [M]*. The tosylate {3b) was recovered
unchanged by chromatography.

(1) {22E) -3a,5-Cyclo-5z-ergosi-22-en-6-one (5) Jones reagent
[19] was added at — 157 to a soln of (4, 1 g} in Me,CO (50 ml)
until present in an excess which was discharged with 1so-PrOH
After work-up the crude product was crystallized from MeQOH
to yield (22E)-3a,5-cyclo-5a-ergost-22-en-6-one (5, 900 mg), mp
110-111° (from moist Me,CQ), [x]3* +6" (CHCl,, ¢ 1) (It. [3]
mp 108-110°, {a], 5%); ACH cm ™1 1695, 'H NMR 6 0.30-0.60
(3H,m),072(3H,s5), 1LOO(3 H, 5),5.10-530(2 H, m, 22- and 23-
H), m/z 396 [M]"*.

(m) (22E)-Sx-Ergosta-222-dien-6-one-5,7,7-d, (6b) The ke-
tone (8, 700 mg) was dissolved 1n DMF (10 ml) and pyndinum
hydrobromide (450 mg) was added. The mixture was refluxed for
3 hr and then poured into H,O and extracted with Et,O. Work-
up followed by chromatography afforded (22 E)-5x-ergosta-2,22-
dien-6-one (6a, 600 mg), mp 123-124° (from MeOH), [«]3' +2°
(CHCl;, cl) (ht. [15] for non deuterated compound mp
123-124°, [x]2% + 3°); 'H NMR (200 MHz). 4 0.677 (3 H, 5), 0 702
(3 H,s), 1.006 (3 H, d, J=6.7 Hz, H-21), m/z 396 [M]*

The ketone (6a, 150 mg) was added to a soln of Na (80 mg) in
MeOD (30 ml), and the soln was refluxed for 3 hr under a N,
atmosphere Addition of 2,0 (10 ml) and removal of most of the
MeOD under red pres gave a suspension which was extracled
with Et,0 The combined extracts were washed with a satd
Na(l soln in D,0, dried over Na,S8Q,, and evapd under red
press to give crystalline 6b, (150 mg) which showed mp 123-124°
{from MeOD), m/z 399 [M]*, 98% isotopically pure d,, with
other physicochemical properties stmilar to those of (6a).

(1v) (2R, 35, 22R, 23R)-2,3,22,23-Tetrahydroxy-Sa-ergostan-6-
one-5,7,7-d, (7Ta) and (2R, 38, 228, 238)-2,3,22,23-Tetrahydroxy-
Se-ergostan-6-one-5,7,7-d; (Th). The ketone (6b, 200 mg) dis-
solved in THF (3 ml) was added to a mixture of N-meth-
ylmorpholine N-oxide hydrate (1.350 g) dissolved in D,0 (2 ml)
and THF (3ml) and OsQ, (10 mg m 5ml of -BuOH) The
muxture was then stirred at room temp. for 76 hr, CH,Cl, was
added and the base was ehminated by washing with dilute HCL
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Scheme 1

After cvapn of the solvent under red pres, the residue was
drssotved mr & mixtare of EtOH-CHL O ¢t 1, 26 md) and H,S
was bubbled through the soln for Shr The black ppt was
filtered off on a pad of celite and washed with EtOH-CH,Cl,
(1 1) Removal of the solvent and raptd chromatography of the
residue alforded (2R, 35, 225, 238)-2,3.22.23-tetrahydroxy-5x-
ergostan-6-one-57.7-d, (7h, 75 mg), mp 184-185" (from EtOAc),
[2]8* — 3 (CHCly. ¢ 1} (1t [3]for non deuterated compound mp
182-183%, [2)3" - -2 AEHh e ™1 1695, '"HNMR 4 069 (3 H.
sL075(3H, 5. 356 (1 H,mL372(LH, m), 379(1LH, m), and 4 06
(1 H. m), mz 367 [M—100}", and then (2R, 35. 22R, 23R}
2,322 23-tetrahydroxy-Se-ergostan-6-one-5,7.7-d; {7a, 78 mg),
mp 241-242 (from EtOAc), [«J3* 1 (CHCl,, ¢ 1) {ht, [18] mp
241-242 , 237 01 "H NMR (pyndine-d) o 0693 H, 5), 075
(3H.s),356(1H,m,372(1 H,m),379(1 H.m), and 406 (1 H,
m). m/z 367 [M—100]7, 98% 1sotopieally pure d,

{v) (2R, 35, 22R, 23R)-2.3,2223-retrahydroxy- B-homo-1-oxa-
Sx-ergostan-6-one-517-d; (8) The crude tetraacetate of (7a,
140 mg) (prepared by acetylation of the tetrahydroxy-ketone
{7a) with Ac, 0 and pynidine) was added to a soln of (CF;C0), 0
(150 mg) and H, 0, (002 ml 50%) in CH,Cl; (4 ml) The mix-
ture was allowed to react at reom temp for 2 hr, worked-up and
chromatographed Recrystallization of the combined chromato-
graphically pure fractions gave 90 mg of a product which was
saponified i 3 ml of 2% K,CO; i 70% aq McOH The soin
was Lhen acidified with 6 M HCl and heated at reflux for 10 min
Work-up afforded (2R, 35, 22R, 23R)-2,3,22,23-tetrahydroxy-B-
z-homo-7-oxa-Sx-ergostan-6-one-5.7.7-d; (8, 95 mg). mp
256-258" (from EtOAc). [«]3! +32° (CHCls. ¢ 1) (hat, [3] for non
deuterated compound mp 256-2587, [x]3% +30°, EHChem !

“max

3425, 1708, and 1670 "H NMR {200 MHz, CDCl,) d 0703 H,

$), 102 (3H, s}, 354 (1 H, d. /=9 Hz), 372 {2 H, overlapping),
4G3 ¢t H, brs), myz 465 [M — 1,077, 98% motopreatty pure &,

Preparation of plant matertal Maize (Zea mays L cv Dekalb
XL 72) seeds, surface steniltzed with 1% NaClO, were germi-
nated 1n the dark at 28 for 3 days on filter paper wetted with
H,O The scedlings were then transferred to germination trays
fitted with a perforated plate and the roots were dipped into
aerated 0 5 mM CaSO, for 20 hr

Suhapical rood segnents 5 mm long, were cxoiged from the
man root 2 mm below the apex The <egments (90 per sample, ca
300 mg) were kept for 30 min i 03 mM CaSQ,, preincubated
for 60 min 10 03 mM CaSO, and then transferred to the meu-
bation medium (5 segments/mb 0 15 mM MES (2-N-morphol-
inethansulfonic acid)-NuOH buffer (pH 6 2). containing 0 3 mM
CaS0,, SmM K 50, and 2 4M BR, optimal conen for the
cffects on growth and H " extrusion n maize root segments [4]
Frozen-thawed Ussue was obtained by freezing the segments
twice with hquid N at the end of the premeubation penod Al
the experiments were run in the dark 1n a thermoregulated (26 )
H,O bath with shakimg (J00. mim), and were performed at least
twice n friplicate

Detection of BR Al the end of the incubation period an
aliquot of the medium {5 ml) was spiked with BR-d; as 1t
standard The aq medium was satd with NaCl and the mixture
of BR and BR-d; was obtamed by EtQAc extraction and evapn
The segments. rapidly rinsed with H,0, spiked with BR-4, were
homogemized in MeQH-ELOQAc (I | 5Smlx3) usmg a potter
homogemizer with a motor driven Teflon pestle, and the nusture
was filtered over a 3 mm diameter column containing 100 mg of
sthica gel and evapd to afford a residue containing BR and BR-
d, Both residues were converted to the correspondmy bismeth-
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on 374
on 377

Intensity ratio

ug BR
wg o5~ BR

Fig 4 Standard curves {SC} showing the ratio of signal -

tensities of the bismethaneboronate of BR (m/z 374) and those of

the same derivative of d,-BR (m/z 377) plotted against the ratio

of g of BR to g of BR-d; B mdicate the superimposable datum
points obtained for segments (C1) and buffer (&)

aneboronates as described in ref. [20], by heating at 60° with a
soln (10 ul) of methaneboromic acid (10 mg) 1 pyndine (7 ml),
for 30 min The derivatives were analysed by MSIM on a
column (05 mx 2 mm) packed with 1% OV-17 at 290°. The
carrier gas (He) flow-rate was 30 ml/nun, and electron energy
was 20 eV The 1ons focussed for the analysis were at m/z 374
(C;,~C;, fisston of the bismethane-boronate of the BR [20]) and
at m/z 377 for the deuterated dernvative (BR-d;-bismethane-
boronate) To check the lineanty of the method, MSIM analysis
was carried oul on bismethane-boronates of extracts of frozen
subapical root segments {ca 300mg) spiked with BR-d,
(2 964 ug) and with increasing amounts of BR (O, 0.2070, 0.4140,
1,2427, 2.0712; 2 8997, 4 1425; 6 2137 pug) Sumalarly the hneanty
was checked in 5ml of the buffer Points shown in the plot
{Fig 4) rcpresent the results of the MSIM of these samples A
lingar correlation (r = 0.999) was obtained when the ratio of the
peak mtensities, at the retention time of bismethane-boronates
of BR, n the traces of 1ons at m/z 374 and 377 were plotted
agamnst the ratio of the amount of BR and BR-d; 1n each sample
The hnearity observed refers not only to the MSIM itself but
also to the derivatization and extraction procedures, due to the
fact that the deuterated internal standard (BR-d,) was added
before any manipulation of the incubated matenals. Repetitive
MSIM analysis of the BR content in a single sample gave
+15% relative sd. In addition a good reproducibility was
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observed for the complete procedure as the se did not exceed
+3% 1n the measurement of BR.
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