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OF 

Abstmct--Change.s III the content of free sterols (FS), steryl esters (SE), steryl glucosides (SG) and acylated steryl 
glucosldes (ASG) m germmatmg seeds of white mustard (Smnup~s albu) were studied together with parallel changes m 
specific actlvltles of some enzymes involved m sterol conjugate transformations It has been found that a titmct 
increase m the net SE content and a sun&u, but less pronounced, increase m SG content at the begmmng of germmatlon 
can be correlated wth a dlstmctly earlier appearance of SE and SG synthesmg enzymes, 1 e trtacylglycerol sterol 
acyltransferase and UDPG sterol glucosyltransferase m corn-on with hydrolfic activltles, 1 e SE hydrolase and 
SG hydrolase Our results suggest that metabohsm of SG and ASG takes place mamly m the cotyledons while SE 
metabohsm takes place mamly m the roots 

INTRODUCTION 

Sterols (FS) play two essential functions m plants firstly, 
they are structural components of the hpld core of cell 
membranes, secondly, they are biogenetic precursors of 
numerous secondary metabohtes including plant steroid 
hormones [l] Much less IS known about the blologlcal 
functions of steryl conjugates such as fatty acid esters 
(SE), /I-D-monoglucosldes (SG) or 6’-0-acyl+D-mono- 
glucosldes (ASG) which commonly occur m plants [2-43 
The importance of these conjugates as sterol storage 
forms, as structural components of cell membranes, 
together with free sterols or m mtra- or intercellular 
transport of sterols has been suggested (for reviews see 
refs [2-4]) However, none of these suggestions have been 
sufficiently substantiated by expernnental data It can be 
expected that a better knowledge of sterol interconversion 
during vanous physlologlcal processes ~11 contnbute to a 
better understanding of the brologcal functions of steryl 
conjugates 

Substantial progress has been made recently in our 
understanding of the blosynthetlc pathways of steryl 
conjugates m higher plants (for reviews see refs [2-53) 
Our m vttro studies on enzymatic transformations of free 
and bound sterols m white mustard (Smapls albu L ) have 
shown that the following enzymes activities can be 
detected m this plant UDPG sterol glucosyltransferase 
[6], trlacylglycerol sterol acyltransferase [7,8], galacto- 
(phospho)glycende SGacyltransferase [9], SG hydrolase 
[lo] and SE hydrolase [ 1 l] All these enzymes were 
partially purified and characted [6-l l] 

The am of this work was to compare changes m the 
content of various sterol forms, I e FS, SE, SG and ASG 
with changes m actlvltles of the above listed enzymes 
during germmatlon of S alba seals and uutlal stages of 
seedling development We wished to answer the followmg 
question Is it possible to correlate the observed changes m 
the amount of the individual sterol derlvatlves with the 
observed changes in the activities of the correspondmg 
enzymes measured In txtro? 

RESULTS AND DISCUSSION 

Changes m free and bound sterols m gerrnmutmg S alba 

Changes m free sterols (FS) as well as m sterols bound 
m steryl esters (SE), steryl monoglucosldes (SG) and steryl 
6’-0-acylmonoglucosrdes (ASG) durmg germination of S 
ulbu were followed quantitatively using dry seeds and 3,7, 
9,11,14,18,20 and 22day-old whole seedlings (for details 
see the Expenmental) Figure 1 shows changes m total 
sterols (FS plus sterols from SE, SG and ASG) per plant 
and per g fresh or dry weight Although, from day 7 of 
germmatlon, the total sterol content remams relatively 
constant, on a dry weight basis, a distinct increase (about 
2 8-fold) is observed in total sterols present per plant 
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These results demonstrate clearly that sterol syntheses 
starts very early and, from day 7, proceeds approximately 
parallel to the increase of plant dry wezght Thzs rapId 
accumulatzon of sterols m growing seedhngs probably 
reflects the requirement for sterols for the formation of 
membrane structures m developmg tissues A similar 
increase m the content of total sterols was observed also m 
germinating seeds of Dzgrtalzs purpuren [12], Nzcotzana 
t&cum [13] and Raphanus satzuus [14] 

Changes m concentratzon of the mdzvldual sterol forms 
a.re given m Fzg 2 The content of FS gradually increases 
durzng the whole mvestzgated period The level of FS in 
22-day-old seedlings IS about 6 5-tunes hzgher than in dry 
seeds Sterols from SE, after an mztzal increase from 8 0 to 
210 pg per plant dunng the first 7 days of germmatzon, 
markedly decrease during the subsequent pmod to about 
2 4 pg per plant The mztzal increase m SE was observed in 
three Independent series of expenments Thus indicates 
that durmg the first few days of germmatzon the synthesis 
of SE takes place and that m this period the esteticatzon 
predominates over the possible degradation of SE An 
unquestionable degradation of SE takes place later, from 
day 7 of germination The amounts of SG and ASG are 
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relatively constant during the whole penod studied sug- 
gestmg either a neghgzble turnover of SG and ASG or an 
equzhbrnzm between processes of synthesis and degra- 
dation of these compounds Our earlier studies [15], m 
which an mtense labelhng of SG and ASG was observed m 
S alba seedhngs after exposure zn vzuo to 14C01 or 
[‘Hlmevalonate, suggest rather the second posslbity A 
relatively small but szgmficant rzse (N 45 “/,) m SG content 
is observed only between day 3 and day 7 of germination 
This indicates that, as m thecase of SE, the synthesis of SG 
seems to be prevazhng over their degradation durzng the 
first few days of germmatzon 

Data on sterol composition of the mdzvidual fractions 
obtamed from 7-day-old seedhngs are summarzzed m 
Table 1 Both free and bound sterol fractions contam 
mainly 24-ethylcholest-S-en-38-01 (sztosterol), 24-methyl- 
cholest-5-en-38-01 (campesterol), 24-methylcholesta-5,22- 
dzen-3/?-ol (brasszcasterol) and cholest-5-en-38-01 (choles- 
terol) All fractions contain addztlonally traces (less than 
10% of total sterols present in a given fraction) of 
C2,-C& fully saturated sterols, ie stanols (maznly 24- 
ethylcholestan-3#i-ol), CZ,-C29 ‘I-monoenes (mainly 24- 
ethylcholest-7-en-3/?-ol), 24-ethylcholesta-5,22-dzen-3/Y-ol 
(stzgmasterol), 24-methylcholesta-5,24(28)-dzen-3/3-ol(24- 
methylenecholesterol) and 24-ethylcholesta-5,24(28)- 
dzen-3j?-ol (zsofucosterol) Our results are essentzally in 
accordance wth data published by Knights and Berne 
[16] and Appelqvzst et al [17] for sterols isolated from S 
a&u seed ozl after sapondicatzon (free sterols and sterols 
from SE) However, we were able to detect only traces (less 
than 10% of total sterols) of zsofucosterol (A’-avena- 
sterol) which was reported by the above authors as one of 
the mam sterols present m S alba seeds The additional 
detection of small amounts of stanols, 7-monoenes, 
stlgmasterol and 24-methylenecholesterol m thus work 
results, most probably, from the prehmmary separabon of 
sterols differing m the number and/or posltzon of double 
bonds by the use of TLC on silver nztrate-szhca gel 
[18,19] prior to GLC analyses (see the Experzmental) 

Some differences can be observed in sterol compositron 
of the zndzvzdual sterol fractions from 7-day-old seedlings 
(see Table 1) For example, sterols from SE are dzstm- 
guzshed from FS and sterols present m glycoslde fractions 
for having a relatively high content of campesterol On the 
other hand, sterols from ASG contain much less campes- 
terol than all other fractions A markedly hzgher amount 
of brasszcasterol 1s found in FS than zn conJugated sterol 
fractions 

The percentage composztlon of the mdzvzdual sterol 

Table 1 Mam sterol components of free sterol (FS), steryl ester (SE), stezyl 
monoglucoslde (SG) and steryl6’-0-acylglucoslde (ASG) fractions from 7- 

day-old Smaprs dba 

Sterol composltlon ( %) 

Fraction Sltosterol Campesterol Brassmterol Cholesterol 

FS 66(zt4) 24(*1) 7(*2) 2(*05) 
SE 61 (i2) 2g(f3) 5(ltl) 5(fl) 
SG 73 (k2) 2O(i3) 4(*1) 2(fl) 
ASG 7g(f5) 15(f5) 5(zt3) OS(H5) 

Data m parentheses represent fluctuations observed for younger or older 
seedlings 
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Table 2 Changes m the acttnty of some enzymes mvolved m sterol mterconverslons m Smap~s albo 

Spech activity (pmol/mg protem/hr) 

wlmngs 
=Y 

Enzyme seeds 3-day-old 7day-old llday-old 22day-old 

UDPG sterol glucosyltransferase 25 60 120 110 110 
Tmcylglycerol sterol acyluansferase 0 0 100 1000 1100 1200 
Monogalactosyl ticylglycerol steryl 
glucoslde acyltransferase 00 64 530 830 850 
Sterol-ester hydrolase 00 00 1280 185 0 1900 
Sterol-glucoside 
hydrolase 00 300 2600 280 0 2900 

Mean values from at least three Independent determmations of acWlty are given 

fractions does not change much during germmatlon 
Some fluctuations observed for younger or older seedhngs 
(see Table 1, data given m parentheses) had an u-regular 
character and fell wlthm the limits of expenmental error 
The only exception was stlgmasterol which could not be 
detected m dry seeds or m seedlings younger than 7 days 
old Its concentration Increased gradually, especially m 
the free sterol fraction, up to about 2 % of total sterols in 
22-day-old seedhngs 

Acttvlty of some enzymes mvolved m sterol conjugate 
transformations durrng germrnatlon 

Parallel zn vitro measurements of the actlvltles of 
some enzymes involved m sterol transformations, I e 
UDPG sterol glucosyltransferase, tnacylglycerol sterol 
acyltransferase, galacto(phospho)glycende steryl gluco- 
side acyltransferase, sterol-glucoslde hydrolase and sterol- 
ester hydrolase were made using crude homogenates from 
dry seeds and 3,7, 11 and 22-day-old whole seedlrngs (for 
detads see the Experimental) The results are summarized 
m Table 2 

The followmg conclusions can be drawn from these 
experiments (1) only the actlvlty of UDPG sterol glu- 
cosyltransferase 1s present m dry seeds, (u) the re- 
mammg actlvltles appear only durmg germmatlon and 
can be detected m 3-day-old seedhngs (sterol-glucoslde 
hydrolase, tnacylglycerol sterol acyltransferase and 
galacto(phospho)glyceride steryl glucoslde acyltransfer- 
ase) or after the seventh day of germmatlon (sterolester 
hydrolase), (III) in 11-day-old and older seedlings the 
specific actlvltles of the mdlvldual enzymes become more 
or less constant 

It seems that the results of the above described enzyme 
determmatlons can be, at least to some measure, cor- 
related to the changes m the content of the mdlvldual 
sterol fractions occurring dunng germmatlon (Fig 2) It 1s 
possible that the observed initial Increase of SE content 
during the first seven days of germmatlon, and the 
subsequent rapld decline between day 7 and day 22 can be 
explained by a much earher appearance of steryl ester 
syntheslzmg enzyme, 1 e ttlacylglycerol sterol acyltrans- 
ferase m comparison with the actlvlty of sterolester 
hydrolase However, slmllar, but much less pronounced, 
mltlal Increase m SG (day 7 of germmatlon) can be 
explained by the earher appearance of UDPG sterol 
glucosyltransferase as compared to sterol-glucoslde 

hydrolase and galacto(phospho)glycerlde steryl gluco- 
side acyltransferase actlvltles A more quantitative mter- 
pretatlon of the results of In vgtro measurements of 
enzymatic actlvltles m connection with the changes m 
sterol content 1s not possible as it 1s not known to what 
extent enzyme actlvltles measured m vitro correspond to 
those m vwo For example, we do not know what are the 
physlologlcal levels of endogenous substrates, activators, 
inhibitors etc 

Another Important aspect is Illustrated by d&a given m 
Table 3 Companson of the actlvltles of the mdlvldual 
enzymes mvolved in sterol conjugate transformations 
separately m roots and cotyledons of 7-day-old S aiba 
seedlings leads to the followmg conclusions Although 
all measured actlvltles can. be detected both m roots 
and cotyledons, the specific activities (per mg protein) 
of the enzymes Involved m the synthesis and degradation 
of SG and ASG, le UDPG sterol giucosyltransferase, 
galacto(phospho)glycerlde steryl glucoslde acyltrans- 
ferase and sterol glucoslde hydrolase are 3 5 to 9 O-fold 
higher m cotyledons than m roots On the other hand the 
specific activltles of the enzymes partlclpatrng in SE 
synthesis and degradation are dlstmctly higher in roots 
These results suggest that synthesis and degradation of 
SG and ASG takes place mainly m cotyledons while roots 
are the mam site of SE metabolism 

Our earlier m txvo studies [lS] on the dynamics of 
labelhng of FS, SG and ASG m S alba seedlings with 
use of ‘“COZ or a mixture of [3H]mevalonate and 
[ 14C]glucose as precursors have indicated that both the 

Table 3 Dstnbution of some enzymatic activltres mvolved m 
sterol transformations between roots and cotyledons of 7day- 

old seedbngs of Smap~s alba 

speclsc actlv1ty 
(pmol/mg protem/hr) 

Enzyme Cotyledons Roots 

IJJBPG sterol glucosyltransferase 182 52 
TnaeylgJyccrol sterol acyltransferase 100 1900 
Monogalactosyldmcylglycerol steryl 
glucoslde acyltransferase 890 170 
Sterol-ester hydrolase 180 2400 
Sterol-glucoside hydrolase 4810 530 
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newly synthesized steryl glucosldes and thetr acyl denva- 
tives undergo rabid deacylatlon and deglucosylatlon 
suggesting that even though endogenous amounts of 
sterol derivatives are relatively steady a considerable 
degradation and resynthesis may take place at the same 
time The present results confirm this suggestion It seems 
that actual levels of steryl glucosldes or steryl esters 
should be consldered as the result of a dynarmc eqmhb- 
rium between the processes of their synthesis and degrad- 
ation Net changes m the content of various sterol 
conjugates are probably due to changes m eqmhbrmm 
between enzymes catalysmg their synthesis and 
degradation 

EXPERIMENTAL 

Plant materud Seeds of white mustard were germinated on 4 
layers of wet cheese-cloth, at 20”, under 16 hr/day Illummation 

Isolation offree and bound sterols Samples (10-100 g) of seeds 
or whole seedhngs of different age were homogenized with 
MeOH Insoluble residue was extracted several times with 
CHCI,-MeOH (2 1) and components of the combined MeOH 
and CHCl,-MeOH extracts (crude lipid fraction) were then 
separated by preparatwe TLC on silica gel with CHCls-MeOH 
(9 1) as the solvent yielding steryl esters, free sterols, steryl 
acyhnonoglucosides and steryl glucosides The purdied fractions 
contammg bound sterols were subsequently hydrolysed as 
desmbed previously [19] Yields of sterols isolated from m- 
chvidual sterol fractions after solvent extraction, TLC separ- 
ation and hydrolysis were determmed m parallel expemnents m 
which precisely known amounts of [4-‘%]cholesterol, [4- 
“‘C]cholesteryl palmnate, [Q’%]cholesteryl /I-D-glucoside and 
[4-‘%]cholesteryl 6’-f%acyi-&D-ghuzoslde (see below) were 
added to the homogenates, sterols isolated accordmg to the above 
procedure and assayed by liquid scmtlllation counting Necessary 
correctlons were made m all further calculations 

Sterol analyses Muctures of free sterols obtained as above were 
acetylated [19] and separated by means of TLC on AgNOs 
impregnated sihca gel [ 18,193 mto seven bands correspondmg to 
the acetates of C,,-C,, saturated sterols, C2,-& 7-monoenes, 

c27429 5-monoenes, 24-ethylcholesta-5,22-then-38-01, 24- 
methylcholesta-5,22&en-3/l-01, 24-ethylcholesta-5,24(28)-&en- 
38-01 and 24-methylcholesta-5,24(28~dien-3/3-o1 Individual 
steryl acetate fractions were quantltatwely analysed by GLC 
usmg free cholesterol as internal standard GLC analyses were 
performed at 240” on 150 cm all-glass columns filled with 1% SE- 
30 on Gas-Chrom Q (lOO-120mesh) Indwidual sterols were 
Identified on the basis of TLC and GLC compamon with 
authentic standards The identity of 24ethylcholesta-5,24(28)- 
dlen-3/?-ol (isofucosterol), 24-methylcholesta-5,24(28)-d~en-3~-ol 
(24-methylenecholesterol) and 24-methylcholesta-5,22-chen-3b- 
01 (brassicasterol) was additionally confirmed by MS [20] 
Brasslcasteryl acetate, m/z (rel mt ) 440 [M]’ (2), 380 (lOO), 365 
(19),337(10),282(12),267(4),255(66),253(13),228(12),213(16), 
24-methylenecholesteryl acetate, m/z (rel mt ) 440 [M]’ (2), 380 
(lOO), 365 (20), 296 (55), 283 (56), 281 (26), 259 (15), 255 (26), 253 
(56), 228 (15), 213 (28), lsofucosteryl acetate, m/z (rel mt) 394 
(52),379(7),296(100),282(8),255(16),253(16),228(14),213(16) 

Enzyme assays Crude homogenates prepared m an appropn- 
ate buffer (0 1 M Tns-HCl, pH 7 3 for UDPG sterol glucosyl- 
transferase and sterol-ester hydrolase, 0 05 M Tns-maleate, 
pH 5 8 for tmcylglycerol sterol acyltransferase, 0 1 M succmate, 
pH 5 2 for sterol-glucoside hydrolase or 0 1 M Tns-HCl, pH 8 0 
for monogalactosyldlacylglycerol steryl glucoside acyltransfer- 
ase) were used as enzyme preparations UDPG sterol glucosyl- 

transferase assays with [U-‘4C]UDPG (sp act 280 mC+nmol) 
and unlabelled cholesterol were performed as desmbed earher 
[6] Enzymauc hydrolysis of steryl glucosldes and steryl 
esters was measured with [4-‘*C]cholesteryl /%r&costde 
or [4-‘*C]cholesteryl pahmtate, respectwely [lo, 111 Tnacyl- 
glycerol sterol acyltransferase was assayed with [4-14C]choles- 
terol (sp act 47 mCi/mmol) and unlabelled tnpalnutoylglycerol 
as acyl donor according to ref [7] Enzymatic acylation 
of steryl glucoslde was determmed as d-bed earher [9] usmg 
[4-‘4C]cholesteryl 8-Bglucoside as acyl acceptor and mono- 
galactosyldlacylgiycerol as acyl donor It has been checked 
that under incubation conchtions applied m all enzymatic tests 
the formation of the reaction product was propomonal with 
time and protein concns m the mcubation mixtures 

Other methods [4-14C]Cholesteryl pahmtate (sp act 
47 mCl/mmol) was obtamed as desmbed earher [lo] [4- 
14C]Cholesteryl B-D-~ucoside and 6’-O-acyl+D-gtucoside (sp 
act as above) were prepared enzymatuzally [6, 93 Protem was 
determmed accordmg to Lowry et al [21] with bovine serum 
albumin as standard 
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