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Abst rac t - -The evaluation of the uptake of 24-epibrassinolide (BR) in growing maize root segments by means of 
multiple-selected mn monitoring showed that BR is accumulated Into the fresh tissue independently of energy supply, 
whde the experiments performed with frozen-thawed roots show a large adsorption to cell structures. The adsorptmn 
is freely reversible in frozen-thawed roots, whereas 30% of BR taken up in fresh roots is irreversibly bound 

INTRODUCTION 

(2R,3S,22R,23R,24S)-2,3,22,23-Tetrahydroxy-B-homo-7- 
oxa-5~t-ergostan-6-one (brassinolide), a steroidal lactone 
isolated from the pollen of rape (Brasslca napus L.) [1] is 
the first identified member of a unique class of naturally 
occurring steroids, brassino steroids, present m several 
plant materials [for recent rewew see 2]. Brassmohde 
and its synthetic 24-epzmer brassmo sterol (BR) [3], fed 
at pM concentrations, stimulate growth by cell en- 
largement m different tissues irrespective of their sensitiv- 
ity to auxins, gibberellins or cytokinms [4-9] The stimu- 
lation of growth by BR is associated with an increase m 
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 aci&fi- 
cation of the wall space, m agreement with the 'acid 
growth'  theory generally accepted for auxin [10]. 

The whole of the results so far obtained (lack of ussue 
specificity, addltivity or synergism m some cases and 
opposite effects m some others with auxins, giberelhns, 
cytokinins) [4-9, 11-14] indicates brasslnohde and re- 
lated compounds as a sixth group of phytohormones.  

The understanding of the mechamsm of actmn of the 
brasslno steroids requires information 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 reqmre the use of ra&oac- 
rive compounds In order to avoid the use of radioactive 
compounds, in this work we investigated the uptake of 
BR m growing maize root segments by means of multi- 
ple-selected mn momtor ing (MSIM) This method was 
apphed by using as internal standard deuterated BR, the 
synthesis of which is first reported in this paper. 

RESULTS 

In preliminary experiments we incubated maize root 
segments with 2 pM BR in order to check its recovery 
after 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 inltml BR content of the medium, thus indicating that 
BR is not  substantially destroyed and/or  metabolized 
during the incubation. Moreover  the same recoveries are 
obtained at short (45 min) and long (360 mln) txmes of 
incubation and with frozen-thawed roots (Table 1, Expt 
4). 

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

Table 1 Recovery of BR after different mcubauon times m 
fresh and m frozen-thawed roots* 

nmol BR nmol BR 
Experiment Incubation m thei in thet 
no (mln) medmm (18 ml) ussue (300 mg) 

0 36 0+0.79 0+0  02 
45 34.9+075 1 1_+003 

1 360 34.4 _ 0.76 1.5 + 0 04 
45 34 7 4-_ 0 76 1.2 + 0 03 

2 360 3444-0 76 1,6_0 04 
45 34.8 4-0 76 1.1 _0  03 

3 360 33 7___0 74 1 44-004 
45 32 1 4-0 70 3 9_+0.10 

4 
360 31.8+069 464-0 12 

* Root segments (ca 300 mg) were premcubated for 60 mm m 
03mM CaSO4 and then incubated m a medmm (18ml) 
containing 0 15 mM Na-MES (pH 6 2), 0 3 mM CaSO4, 5 mM 
K2SO4 and 2 #M BR. Experiments 1,2,3' fresh roots and exper- 
Iment 4' frozen-thawed roots. 

"~The values represent the mean + s e (n = 3 for expt 1,2,3, n 
= 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 tissue concentration factor, that is the ratio 
between BR concentration in the tissue (1 g fr wt being taken as 
equal to I ml) and BR concentration in the medium at the end of 
the incubation At the arrow, some samples were rapidly frozen 
and thawed in the same medmm and further incubated for 2 hr 

(dashed line), se did not exceed ±3% 

I I 
4 6 hr 

tissue volume and  that  its conten t  ~s unchanged  by the 
rapid wash with distilled water at the end of the mcu- 
ba tmn.  The values of the tissue concent ra t ion  factor, 
reported In the circles, calculated assuming a homogen-  
eous dis t r ibut ion of BR msMe the tissue and  the cells, 
show tha t  the concen t ra t ion  of BR in the tissue is larger 
than  that  in the medium, showing that  BR is accumu- 
lated into the tissue. The uptake  of BR is unaffected by 
the presence of cyclohexlmlde (CH), an mhlb l to r  of pro- 
tern synthesis and  of carbonyl  cyanide p- tnf luorometh-  
oxy-phenylhydrazone  (FCCP),  an uncoupler  of oxidative 
phospho ry l a tmn  With  BR uptake by the control  of 4 5 
+ 0  11 nmol /g  fr wt, uptake  in 70 ILM CH (present dur- 
ing the 60 mm p r e m c u b a t m n  in 0 3 m M  CaSO4), was 4.4 
+ 0  10 and  in 2 p M  F C C P  was 4.6_+0 12 nmol/gfr ,  wt. 
The lack of effect of F C C P  on the accumula t ion  of BR 
indicates tha t  this process is not  energy dependent  and 
suggests tha t  it may depend on an unspecific adsorpt ion 
to the cell s tructures 

Possible adsorp t ion  of BR to cell s tructures was in- 
vestigated by measur ing its uptake  by f rozen- thawed 
tissue The t ime-course is qmte  similar to tha t  In the fresh 
tissue (Fig 2), a rapid uptake  being observed m the first 
45 m m  and sa tura t ion  being achieved after 90 m m  The 
a m o u n t  of BR found in the root  segments is one order  of 
magni tude  larger than  that  accounted for by the free 
diffusion, indicat ing a s t rong adsorp t ion  of BR to cell 
s t ructures  (possibly membranes)  The adsorbed BR at 
each incubat ion  t~me is abou t  three times that  taken up 
by the fresh tissue. Thus, more  binding sites seem access- 
lble to BR in the f rozen- thawed tissue than in the fresh 
one, suggesting tha t  in the fresh roots the penet ra t ion  
and /o r  the b inding of BR are somehow limited This ~s 
confirmed by the finding tha t  if the hying roots are 
incuba ted  for 2 hr  with BR and  then f rozen- thawed in 
the same medium, the a m o u n t  of BR in the tissue rapidly 

Fig 2 Time-course of 2/~M BR uptake in frozen-thawed roots 
For incubation conditions see Table 1, s e did not exceed _+ 3% 
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Fig 3 Release of BR by fresh and frozen-thawed roots The 
fresh or frozen-thawed roots, loaded with BR for 2 hr, were 
transferred (Zero time) into a medium of equal composition 
without BR The solution was renewed after the first hour of 
elutlon After loading, some samples of fresh roots were rapidly 
frozen and thawed in the elutlon medium before the release 
measurement. O -  • loading and release In fresh roots, • - - -  
- •  loading in fresh roots and release m frozen-thawed roots, 
© - -  @ loading and release In frozen-thawed roots s e did not 

exceed _+ 3% 

increases and reaches the values already obtained with 
the killed tissue (Fig 1, dashed line) 

In order  to investigate the degree of reversibihty of BR 
uptake  m both  f rozen- thawed and fresh tissue, the roots 
were transferred, after an incubat ion  time of 2 hr with 
BR, into a similar BR-free incubat ion  medium and were 
incubated for 2 hr, the medium being renewed after the 
first hou r  The  results (Fig. 3) show that  the adsorpt ion  of 
BR by f rozen- thawed tissue is rapidly and  completely 
reversible In fact, 90% of the adsorbed BR is released 
during the first hour  and the further  10% during the 
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second hour.  O n  the contrary,  only 70% of BR taken  up 
by the fresh tissue is released dur ing  the first hour  and  no 
fur ther  release is observed dur ing  the second hour  Two 
posslbihties can be envisaged to interpret  this result: (1) 
the adsorp t ion  of BR to cell membranes  in the fresh roots  
is at  least m par t  due to irreversible bindmg, (ii) a fractton 
of BR taken  up is penet ra ted  and  kept  in the cells. The 
second possibtlity is ruled out  by the observat ion  that  the 
a m o u n t  of BR released by the fresh tissue is practically 
unaffected by a t rea tment  of f reezing-thawing in the 
elut ion medium before the release measurement  (Fig 3). 

DISCUSSION 

In our  previous papers  I-4, 5] we showed tha t  BR 
promotes  the e longat ion of mmze root  segments and  
increases the electrogenic p ro ton  extrusion. In order  to 
investigate the mechan ism of act ion of BR in maize root  
segments we have considered M S I M  for the measure-  
men t  of BR in experiments aimed to study the BR 
uptake. Thus  we have established a stmple synthes~s of 
BR deutera ted at  post t ion 5,7,7'(BR-d3) used as internal  
s t andard  and  have determined BR levels after convers ton 
into the cor responding  b lsmethaneboronates .  This  
me thod  was suitable for the evaluat ion of BR conten t  in 
p lant  tissues wi thout  the use of the radioact ive com- 
pound  and  was sensittve and  spectfic enough to permtt  
the evaluat ion of the BR uptake  at  a concent ra t ton  
opt imal  for biological actwtty. 

Quant i ta t tve  evaluat ion of BR in uptake  experiments  
shows that  BR seems to be nei ther  destroyed nor  metab-  
olized dur ing  the incubat ion,  at  least at the level of the 
nucleus moiety of the molecule, thus  suggesting tha t  the 
physiological responses of growth  and  H ÷ extrusion are 
elicited by BR as such. 

In  the fresh roots  BR is t aken  up with sa tura t ion  
kinetics and  it is accumulated  into the tissue mdepen-  
dently of energy supply. The results, obta ined  with 
f rozen- thawed  roots,  show simtlar kinettcs and  md~cate 
the occurrence of a large adsorp t ion  of BR to the cell 
membranes  This adsorp t ton  m the f rozen- thawed  roots  
seems to be rapidly and  completely reverstble, whereas a 
certain a m o u n t  of BR (ca 30% of tha t  taken up) is 
irreversibly bound  in the fresh roots  and  is not  released 
after freezing. Thts dtfferent behav lour  of BR binding 
could be rat ionalized in two different ways. The posstbil- 
ity exists tha t  the f reezing- thawing t rea tment  irreversibly 
alters the BR binding sttes tha t  survive the freezing when 
BR is already bound.  The other  possibdity ~s tha t  some 
cytoplasmic componen t s  and /o r  reactions are necessary 
for the irreverstble binding,  found only in the intact  
tissue. 

EXPERIMENTAL 

Synthes~s of the deuterated standard. Mps' uncorr 1H NMR 
spectra were recorded on a Vanan EM-360L or on a Varian XL- 
200 spectrometer as CDCI a solns and are reported in t5 units 
relatwe to TMS. The mass spectra were determined on a Vanan 
MAT 112 S spectrometer using EIMS (70 eV) by direct inlet 
methods. The progress of all reacUons and column chromato- 
graphy (sdlca, 230-400 mesh) was momtored by TLC on sdlca 
gel (HF2s4) plates. Hexane-EtOAc mixtures were used as devel- 
oping slvents and spots were detected by spraying with 70% 

H2SO 4 followed by heating. Elemental analysis are all with 
+_0.2 from calculated values The unlabelled BR was obtained 
according to ref. [15]. 

Synthests of (2R,3S,22R,23R)-2,3,22,23-tetrahydroxy B-homo- 
7-oxa-5~-ergostan-6-one-5,7,7'-d 3 (g) The synthesis was accom- 
phshed by a major improvement, according to our more recent 
results [16, 17] of our previous synthesis of the unlabelled 
compound [-15] (Scheme 1). 

(i) (22E)-3ct,5-Cyclo-5¢t-eroost-22-en-6fl-ol (4) Ergosterol (1, 
8 g) dissolved m ethylamme (40 ml) was treated with L1 (1 6 g), 
and the mixture was stirred at reflux for 30 mm longer than 
required for the initial appearance of a blue colour Work-up 
afforded, after extraction wtth CHC13, a crude mixture (6 4 g) of 
(22E)-ergosta-5,22-dlen-3fl-ol (2a) and (22E)-5ct-ergosta-7,22- 
dlen-3fl-ol (3a) m a 3'2 rauo. The mixture of compounds (2a) and 
(3a), dissolved m pyrldme (40 ml), was treated with toulene-p- 
sulphonyl chlortde (7 g) in pyrtdine (20 ml) The mixture was 
kept m the dark for 18 hr at room temp and was poured into 
cracked ice and H20 (25 ml) After work-up, the wet tosylates 
(2b and 3b, 3 g portions) were dissolved m Me2CO (1 2 1) at 20 ° 
and were added to a bolhng soln of KHCO 3 (7 g) m H20 
(360 ml). The mixture was refluxed for 6 hr, the Me2CO was 
evapd under red pres and the residue dduted with H20 and 
extracted with Et20 The ethereal soln was evapd and the 
residue was chromatographed on silica to afford (22E)-3ct,5- 
cyclo-5ct-ergost-22-en-6fl-ol (4, 2.6g), mp 115-116 ° (from 
Me2CO), [~t]21+ 16 ° (CHCI3; c 1) (lit [18] mp 113-115 °, [ct]D 
+ 15o); ).~u~o~ cm-1. 3015 and 3060; 1H NMR: 6 0.30-43.60 (3 H, 
m), 0 72 (3 H, s), 1 02 (3 H, s), 3.24 (1 H, m, 6-H), 5 10-5.30 (2 H, m, 
22- and 23-H), m/z 398 [M] +. The tosylate (3b) was recovered 
unchanged by chromatography. 

(n) (22E) -3ct,5-Cyclo-5¢t-ergost-22-en-6-one (5) Jones reagent 
[19] was added at - 1 5  ° to a soln of (4, 1 g) m Me2CO (50 ml) 
until present m an excess which was discharged with ~so-PrOH 
After work-up the crude product was crystalhzed from MeOH 
to yield (22E)-3a,5-cyclo-5~t-ergost-22-en-6-one (5, 900 rag), mp 
110-111 ° (from moist Me2CO), [0t]~ 1 +6  ° (CHCI3, c 1) (ht. [3] 
mp 108-110 °, [ct]D ~°~' ~CHCI~ ~m-I 1695, 1H NMR t5 0.30-0.60 •,"max -"" 
(3 H, m), 0.72 (3 H, s), 1.00 (3 H, s), 5.10-5 30 (2 H, m, 22- and 23- 
H); m/z 396 [M] +. 

(m) (22E)-5ct-Eroosta-2,22-dten-6-one-5,7,7'-d a (6b) The ke- 
tone (5, 700 mg) was dissolved m DMF (10 ml) and pyndlnum 
hydrobromlde (450 mg) was added. The mtxture was refluxed for 
3 hr and then poured into H20 and extracted with Et20. Work- 
up followed by chromatography afforded (22E)-5ct-ergosta-2,22- 
dlen-6-one (6a, 600 mg), mp 123-124 ° (from MeOH), [ct] 21 +2 ° 
(CHC13, e l )  (ht. 115] for non deuterated compound mp 
123-124 °, [ct]~ 5 + 3°); ~H NMR (200 MHz). 6 0.677 (3 H, s), 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) m 
MeOD (30 ml), and the soln was refluxed for 3 hr under a N 2 
atmosphere Addmon of D20 (10 ml) and removal of most of the 
MeOD under red pres gave a suspension which was extracted 
with Et20 The combined extracts were washed with a satd 
NaCI soln m D20, dried over Na2SO4, and evapd under red 
press to give crystalline 6b, (150 mgl which showed mp 123-124 ° 
(from MeOD), m/z 399 [M] ÷, 98% lsotoplcally pure d3, with 
other physlcochemlcal properties similar to those of (6a). 

0v) (2R, 3S, 22R, 23R)-2,3,22,23-Tetrahydroxy-5¢t-eroostan-6- 
one-5,7,7'-d3 (7a) and (2R, 3S, 22S, 23S)-2,3,22,23-Tetrahydroxy- 
5ct-eroostan-6-one-5,7,7'-d 3 (7h). The ketone (6b, 200 mg) dis- 
solved in THF (3 ml) was added to a mixture of N-meth- 
ylmorphohne N-oxide hydrate (1.350 g) dissolved in D20 (2 ml) 
and THF (3 ml) and OsO 4 (10mg m 5ml of t-BuOH) The 
mixture was then st~rred at room temp. for 76 hr, CH2C12 was 
added and the base was ehmmated by washing with ddute HCI. 
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Scheme 1 

After evapn of the solvent under red pres, the residue was 
dissolved m a mixture ~ EtOH-CH2CI 2 (1 t, 2Oral) and HzS 
was bubbled through the sotn for 5 hr The black ppt was 
filtered off on a pad of cehte and washed with EtOH-CH2CI 2 
(1 1) Removal of the solvent and rap~d chromatography of the 
residue afforded (2R, 3S, 22S, 23S)-2,3,22,23-tetrahydroxy-5~- 
ergostan-6-one-5,7.7'-d3 (7b, 75 mg), mp 184-185' (from EtOAc), 
[~]~3 _ 3 ' (CHCI 3, c l ) (lit [3] for non deuterated compound mp 
t82 t8Y',[~2~? 2"1 )CHCl, cm-I  1695,1HNMR b069 (3H~  

- -  , ~  ~ r n d x  

~k0 75 (3 H~s). 3 56 (t H~rn)~ 3 72 (1 H~mk 3 79 (t  I-1+ m). arid 4 06 
(1 H. m), m/z 367 [ M - 1 0 0 ]  +, and then (2R, 3S. 22R, 23R)- 
2,3,22,23-tetrahydroxy-5~-ergostan-6-one-5,7.7'-d 3 (7a, 78 rag), 
mp 241-242 (from EtOAc), [2]z03 1 ' (CHCI3, c 1) (lit, [18] mp 
241 242, I~J-~ 3 0' ), ~H NMR (pyndme-ds) 6 0 69(3 H, s), 0 75 
(3 H,s), 3 56(1 H,m), 372 (1 H,m), 3 79(l H.m),and 406(1 H, 
m), m/= 367 [ M -  100] +, 98% tsotoplcally pure d a 

(v) (2R, 3S, 22R, 23R)-2.3,22,23-tetrahydroxy-B-homo-7-oxa- 
5~-erqostan-6-one-5,7,7'-d 3 (8) The crude tetraacetate of (7a, 
140rag) (prepared by acetylatmn of the tetrahydroxy-ketone 
(7a) with AczO and pyndme) was added to a soln of(CFsCO)eO 
(150 rag) and H202 (0 02 ml, 50%) in CHzCI 2 (4 ml) The mix- 
ture was allowed to react at room temp for 2 hr, worked-up and 
chromatographed Recrystalhzatlon of the combined chromato- 
graphically pure fractions gave 90 mg of a product which was 
sapomfied m 3 ml of 2% KzCO 3 in 70% aq MeOH The soln 
was then amdlfied with 6 M HCI and heated at reflux for 10 mln 
Work-up afforded (2R, 3S. 22R, 23R)-2,3,22,23-tetrahydroxy-B- 
:~-homo-7-oxa-5~-ergostan-6-one-5,7,7'-d 3 (8, 95 mg), mp 
256-258" (from EtOAc), [a]2~ + 32 ~ (CHC13" c 1) (lit. [3] for non 
deuterated compound mp 256-258 ~, [~]zo5 +3@, .~cnChcm 

- m a x  - -  

3425, 1705, and 1670 1H NMR (200 MHz, CDC13) gJ 0 70 (3 H, 

s), t 02 (3 H, s), 3 54 (1 H, d, J ~:9 Hz), 3 72 (2 H, o'verlapptng), 
4 03 (1 H, br s); tn/z 465 [ M -  H 2 0  ] ~, 98% rsotoplcally pttre d 3 

Preparation o! plant material Maize (Zea may,s L cv Dekalb 
XL 72) seeds, surface stenhzed with 1% NaC10, were germ> 
nated m the dark at 28 for 3 days on filter paper wetted with 
H20 The seedhngs were then transferred to germination trays 
fitted with a perforated plate and the roots were dipped into 
aerated 0 5 mM CaSO4 for 20 hr 

Subapmal root ,egments 5 mm long. were excised from tile 
mare root 2 mm below the apex The segments (90 per sample, ca 
300 rag) were kept for 30 rain m 0 3 mM CaSO4, premcubated 
for 60 mm m 0 3 mM CaSO4 and then transferred to the inca- 
barren medmm (5 segments/ml) 0 15 mM MES 12-N-morphol- 
metfiansuflbmc acld)-NaOH buffer (pH 6 2). containing 0 3 mM 
CaSO 4, 5 mM KeSO 4 and 2 tIM BR, opnmal concn for the 
effects on growth and H " extrusion m maize root segments [4J 
Frozen-thawed hssue was obtained by freezing the segments 
twice with hqmd N 2 at the end of the premcubanon period All 
the experiments were run m the dark m a thermoregulated (26) 
H20 bath with shaking (100, mm), and v, ere performed at least 
twine m mphcate 

Detection of BR At the end of the incubation period an 
aliquot of the medmm (5 ml) was spiked with BR-d 3 as lnt 
standard The aq medium was satd v¢ltfi NaC1 and the mixture 
of BR and BR-d 3 was obtained by EtOAc extrachon and evapn 
The segments, rapidly rinsed with H20, spiked with BR-d~ were 
homogenized m MeOH EtOAc t l 1 5 ml x 3) using a potter 
homogenizer with a motor driven Jeflon pestle, and the mixture 
was filtered over a 3 mm dmmeter column containing 100 mg of 
sdtca gel and evapd to afford a residue containing BR and BR- 
d 3 Both residues were u)nverted to the corresponding blsmeth- 
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Fig 4 Standard curves (SC) showing the ratio of signal in- 
tensities of the blsmethaneboronate of BR (m/z 374) and those of 
the same derivative of d3-BR (m/z 377) plotted against the ratio 
of g of BR to g of BR-d 3 [] m&cate the superlmposable datum 

points obtained for segments (El) and buffer (A) 

aneboronates as described m ref. 1-20], by heating at 60 ° with a 
soln (10/11) of methaneboromc acid (10 mg) m pyndme (7 ml), 
for 30 mm The derivatives were analysed by MSIM on a 
column (05 m x 2 m m )  packed with 1% OV-17 at 290 °. The 
carrier gas (He) flow-rate was 30 ml/mm, and electron energy 
was 20 eV The ions focussed for the analysis were at m/z 374 
(C21~C22 fission of the blsmethane-boronate of the BR [20]) and 
at m/z 377 for the deuterated derivative (BR-d3-blsmethane- 
boronate) To check the hneanty of the method, MSIM analysis 
was carried out on b~smethane-boronates of extracts of frozen 
subaplcal root segments (ca 300mg) spiked with BR-d 3 
(2 964/zg) and with increasing amounts of BR (O, 0.2070, 0.4140, 
1,2427, 2.0712; 2 8997, 4 1425; 6 2137 #g) Similarly the hneanty 
was checked m 5 ml of the buffer Points shown in the plot 
(Fig 4) represent the results of the MSIM of these samples A 
hnear correlation (r = 0.999) was obtained when the ratio of the 
peak mtens~hes, at the retention time of blsmethane-boronates 
of BR, m the traces of tons at m/z 374 and 377 were plotted 
against the ratio of the amount of BR and BR-d3 m each sample 
The hneanty observed refers not only to the MSIM itself but 
also to the denvatlzahon and extraction procedures, due to the 
fact that the deuterated internal standard (BR-da) was added 
before any mampulahon of the incubated materials. Repetltwe 
MSIM analysis of the BR content m a single sample gave 
+1 5% relatwe sd. In addition a good reproduclbdlty was 

observed for the complete procedure as the s e did not exceed 
+3% m the measurement of BR. 
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