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Abstract-Young roots of mustard (Sinapis ah) contain a membrane-bound acyltransferase which catalyses 
esterification of cholesterol by direct transfer of acyl groups from fatty acid esters of long-chain primary alcohols (wax 
esters) or esterification of n-hexadecanol with the use of steryl esters as fatty acid sources. Acyl transfer from cholesteryl 
esters to free cholesterol or from n-hexadecanyl esters to n-hexadecanol can be also observed with this enzyme. The 
acyltransferase is located in the membranous structures sedimenting at 16 000 g but can be solubilized by acetone 
treatment and extraction with Tris-maleate, pH 7.3. With the solubilized enzyme the esterification of cholesterol, with 
n-hexadecanyl palmitate as the acyl source, showed two pH optima-at pH 6.4 and 8.4. In this reaction the best acyl 
donor among n-hexadecanyl esters varying in the fatty acid moiety was n-hexadecanyl palmitate. Our results suggest 
that the ‘low energy’ exchange of acyl groups may be of importance for steryl ester or/and wax ester synthesis in higher 
plants. 

INTRODUCTION 

Steryl esters and wax esters (esters of long-chain primary 
alcohols) are well established constituents of various 
tissues from many higher plants. However, the informa- 
tion available on their biosynthesis is still somewhat 
fragmentary. 

In animal tissues sterols are esterified by two main 
pathways: (i) a ‘high energy’ acyl transfer from acyl-CoA 
or (ii) a ‘low energy’ acyl transfer from phosphatidylcho- 
line [ 1,2]. Neither of these reactions is evident in higher 
plants. In uitro studies with cell-free preparations ob- 
tained from spinach leaves [3-61, white mustard roots 
[7-9) and corn roots [lo] have shown that various 
acylglycerols (glycerides) can be efficient acyl donors for 
sterol esterification. In all these plants the activity of 
acylglycerol: sterol acyltransferase was found to be asso- 
ciated with membranous fractions. However, some differ- 
ences in the specificity of the enzyme preparations from 
individual plants were reported. The enzyme from spin- 
ach leaves [ $63 preferentially required 1,2-diacylglycer- 
01s as acyl donors for sterol esterification while the en- 
zyme from white mustard roots [8,9] showed the highest 
activity with triacylglycerols; di- and monoacylglycerols 
were considerably less active. The acyltransferase present 
in corn roots [lo] utilized tri-, 1,2-di- and 1,3-dia- 
cylglycerols as acyl sources. 

Little is also known about biosynthetic pathways 
leading to the formation of wax esters. The results of 
experiments with acetone-delipidated enzyme prepara- 
tions from broccoli leaves [11-131 indicated that wax 
esters can be synthesized by three independent mechan- 
isms: (i) direct esterification of a fatty alcohol with fatty 
acid catalysed by the reversal of an esterase-type reaction; 
(ii) acyl transfer from acyl-CoA and (iii) acyl transfer 
from phosphatidylcholine or from some other phospholi- 
pids. More recently the first two of the above mechanisms 
were observed in a cell-free system from barley primary 

leaves [ 141. In the course of our investigations on sterol 
esterification by enzyme preparations from white mus- 
tard roots we have found that under similar experimental 
conditions triacylglycerols (and, to a lower extent, dia- 
cylglycerols) could also serve as efficient acyl donors for 
esterification of fatty alcohols such as for example n- 
hexadecanol [ 151. These results suggested that in white 
mustard roots mechanisms of biosynthesis of steryl esters 
and wax esters are similar, i.e. that both these ester types 
can be formed by acyl transfer from triacylglycerols. 

In the present paper we describe some experiments 
which show that delipidated membranous fractions from 
white mustard roots can, in addition to their ability to 
catalyze the synthesis of steryl and wax esters with 
triacylglycerols as acyl sources, also catalyse reversible 
transesterification between wax esters and sterols. 

RESULTS AND DISCUSSION 

Our earlier studies [ 7-91 have shown that lipid-deple- 
ted membranous fractions obtained from mustard roots 
effectively catalysed esterification of cholesterol or some 
typical phytosterols such as sitosterol in the presence of a 
crude fraction of neutral lipids isolated from the same 
plant. With those enzyme preparations various natural 
and synthetic acylglycerols, preferentially triacylglycerols 
containing fatty acids of medium chain-length (Cl,-C, a), 
were found to be efficient acyl donors for sterol esterific- 
ation [9]. Many polar lipids such as various phospho- or 
glycoglycerolipids could not serve as acyl sources in this 
reaction [7,8]. 

In an extension of those studies we have found that 
under similar experimental conditions acetone powder 
preparations from a 300-16 000 g membranous fraction 
obtained from roots of lo-day-old mustard seedlings 
catalyse esterification of [C”C] cholesterol in the pres- 
ence of n-hexadecanyl palmitate at a quite high rate 
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Table 1. Esterification of [4-‘4C]cholesterol by an acetone 
powder preparation from mustard roots in the presence of 

various acyl sources 

Acyl donor added Ester synthesis (cpm x 10e3) 

None 
(endogenous donors only) 
Palmitate 
Palmitate 
( + ATP, + CoA) 
Tripalmitoylglycerol 
n-Hexadecanyl palmitate 
n-Hexadecanyl palmitate 
(boiled enzyme control) 
Choiesteryl palmitate 

0.29 

0.35 

0.39 
8.33 
4.61 

0.21 
1.12 

The reaction mixture contained [4-‘%I] cholesterol (4.2 
nmol/sample, ca 4.4 x 105dpm) and an unlabelied acyl donor (32 
nmol/sample). ATP and CoA (10 pgjsample each) were added 
when indicated. The incubation time was 60 min. For other 
details see the Experimental. 

which reaches 60% of the esterification rate with tripal- 
mitoylglycerol as the acyl source. Results presented in 
Table 1 clearly indicate that a direct acyl transfer from n- 
hexadecanyl palmitate to cholesterol takes place. Free 
palmitate, at a concentration identical to that of n- 
hexadecanyl palmitate, stimulates esterification of [4- 
i4C] cholesterol at a very low rate, even in the presence of 
ATP and CoA in the incubation medium. This makes it 
unlikely that the stimulation of [4-14C] cholesteryl 
palmitate formation is preceded by hydrolysis of n- 
hexadecanyl palmitate to yield free palmitate with pos- 
sible subsequent activation of the latter compound to 
palmitoyl-CoA. Moreover, under the experimental con- 
ditions used in our experiments hydrolysis of n-hexa- 
decanyl palmitate to free palmitate was hardly detectable. 

Data presented in Table 1 indicates that an acetone 
powder preparation from mustard roots can also catalyse 
fatty acid transfer from cholesteryl esters to free choles- 
terol. This reaction, however, proceeds at a much lower 
rate amounting to only cn l/5 or l/10 of the reaction rates 

found with n-hexadecanyl palmitate or tripalmitoylgly- 
cerol, respectively. Autoradiographical analysis of the 
labelled ester formed from [4-14C] cholesterol, in the 
presence of both n-hexadecanyl palmitate or cholesteryl 
palmitate as acyl donors, reveals that the product has a 
chromatographic mobility in several solvent systems 
identical to that of cholesteryl palmitate. Alkali-labile, 
labelled product with the chromatographic properties of 
cholesteryl palmitate was also formed when another 
incubation variant was applied, i.e. incubation of the 
enzyme preparation with unlabelled cholesterol and n- 
hexadecanyl [ l-i4C] palmitate (variant B ~ see the Ex- 
perimental). The latter incubation variant, however, was 
less suitable for studying the acyltransferase preparation 
from mustard roots because of a substantial incorpor- 
ation of the [ 1 -14C] palmitoyl moiety into compound(s) 
with chromatographic properties of steryl palmitate, even 
in the absence of any exogenous acyl acceptor. This can 
be explained by a relatively high content of endogenous 
free sterols in the enzyme preparations which could not 
be completely removed during preparation of the acetone 
powder from the membranous fraction of mustard roots. 
It is possible that these endogenous sterols are preferen- 
tially esterihed. When incubations are carried out with 
[4-!4C] cholesterol in the absence of an exogenous acyl 
source (Table I) very slight synthesis of labelled ester 
takes place which indicates that in this case no appreci- 
able amount of endogenous acyl sources is present in the 
enzyme preparation. For the above reason the incubation 
variant with labelled acyl acceptor was used in most of 
the subsequent experiments. 

Enzymatic transfer of acyl groups from n-hexadecanyl 
ester to free sterol is clearly a reversible process (Fig. 1). 
Incubation of the enzyme preparation with [l-i4C]n- 
hexadecanol and unlabelled cholesteryl palmitate leads 
to the formation of labelled, alkali-labile compound with 
chromatographic properties of n-hexadecanyl palmitate. 
Again, an identical reaction product resulted from incu- 
bation of the enzyme preparation with unlabelled n- 
hexadecanol and cholesteryl [ l-‘“Cl palmitate. It should 
be noted that the synthesis of labelled n-hexadecanyl 
palmitate occurs also during incubation of the enzyme 
preparation from mustard roots with [1-‘4C]n- 
hexadecanol and unlabelled n-hexadecanyl palmitate. In 
this case the rate of esterification is cu 6-times higher than 

Table 2. Specificity of transesterification reactions catalysed by the enzyme preparation from mustard roots for the 
fatty acid moiety 

Reaction studied 

Esterification of [4-r4C]cholesterol or [1-‘4C] n-hexadecanol with choles- 
teryl or n-hexadecanyl ester containing fatty acid of the given chain-length 

(cpm x IO-‘) 

C,:, C,:, C,,:, CI@O C18:0 CI,., 

[C’“C] Cholesterol 1.14 0.76 4.04 4.52 2.81 3.52 
+ n-hexadecanyf esters (25.2)* (16.8) (89.4) (100.0) (62.2) (77.9) 
[4-“‘Cl Cholesterol 1.25 0.25 0.49 1.21 0.50 0.32 
+ cholesteryl esters (103.3) (20.7) (40.5) ( 100.0) (41.3) (26.5) 
[ 1-‘“Cl n-Hexadecanol 5.64 12.78 12.15 14.03 5.89 6.51 
+ cholesteryl esters (40.2) (91.1) (86.6) (100.0) (42.0) (46.4) 
[ 1-14C] n-Hexadecanol 1.11 8.82 21.21 83.22 39.10 21.54 
+ n-hexadecanyl esters (9.3) (10.6) (25.5) ( 100.0) (47.0) (25.9) 

*Relative activities (activity with cholesteryl or n-hexadecanyl palmitate= 100.0) are given in parentheses 
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Fig. 1. Effect of incubation time (A, C) and acyl donor concen- 
tration (B, D) on esterification of [4-r4C] cholesterol in the 
presence of n-hexadecanyl palmitate (-0-) or on esterification 
of [l-r4C] n-hexadecanol in the presence of cholesteryl palmit- 
ate (-•-). In A and C acyl donor cont. was 32 nmol/sample (ca 
25pM). In B and D incubation time was 60 min. For other 

details see the Experimental. 

that with cholesteryl palmitate as the fatty acid source 
(Table 2). As can be seen in Fig. 1 esterification of [4- 
i4C] cholesterol in the presence of n-hexadecanyl palmit- 
ate, as well as esterification of [ 1-14C] n-hexadecanol in 
the presence of cholesteryl palmitate, show dependence 
on incubation time and acyl donor concentration which 
is typical for enzymatic processes. For both reactions the 
formation of labelled ester is proportional with time up to 
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Fig. 2. Effect of pH on enzymatic transfer of palmitoyl group 
from n-hexadecanyl palmitate to [C”C] cholesterol (-0-) or 
from cholesteryl palmitate to [l-‘“Cl n-hexadecanol (-•-). 0.1 

M Tris-maleate buffers were used. 

ca 60 min and is linear with increasing concentration of 
ester used as acyl source up to 32 nmol/sample, i.e. up to 
ca 25 @I concentration. 

The effect of pH on the esterification rate of [4- 
i4C] cholesterol or [ 1 -i4C] n-hexadecanol in the pres- 
ence of n-hexadecanyl galmitate or cholesteryl palmitate, 
respectively, is shown in Fig. 2. For both of the above 
reactions high activities are observed over a fairly wide 
pH range but exact pH profiles are clearly different. 
Esterification of [4-i4C] cholesterol with n-hexadecanyl 
palmitate as acyl source shows double pH optima at pH 
6.4 and 8.4 while a single activity peak at pH 6.0 is found 
for esterification of [ 1-14C] n-hexadecanol in the pres- 
ence of cholesteryl palmitate. As we have reported earlier 
[9] the optimum pH value of 5.8 was observed for 
esterification of cholesterol in the presence of tripalmi- 
toylglycerol by the enzyme preparation from mustard 
roots. A similar pH optimum was reported by other 
authors [S] for the enzyme isolated from spinach leaves 
which catalysed esterification of sterols with use of 1,2- 
diacylglycerols as fatty acid donors. 

The rates of all transacyIation reactions described in 
this paper are markedly influenced by the type of fatty 
acid moiety present in the ester serving as acyl donor 
(Table 2). Generally, among esters of medium-chain acids 
the best acyl sources are palmitates (C,,: O). Esters con- 
taining lauric acid (C,,J or stearic acid (C,,:,) are less 
effective. Esters of oleic: acid (CisZ1) are also worse acyl 
donors than palmitates. Unexpectedly, some marked 
differences were found when esters of short-chain acids, 
such as acetates (C,: o) or butyrates (C, :0) were tested. n- 
Hexadecanyl acetate or butyrate are poor acyl sources for 
esterification of [4-14C] cholesterol or [ l-14C] n- 
hexadecanol. However, cholesteryl acetate is equally as 
active as cholesteryl palmitate in esterification of choles- 
terol. For esterification of n-hexadecanol with cholesteryl 
esters as acyl donors both butyrate and acetate are 
relatively good acyl sources (90 or 40% of the activity 
measured with cholesteryl palmitate, respectively). All 
labelled esters formed in the experiments summarized in 
Table 2 had chromatographic properties identical to 
these of the authentic standards of the expected reaction 
products. This proves that there are no chemical changes 
in the transferred acyl groups. 

As we have reported in our previous papers [7-91 
mustard roots contain an acyltransferase which catalyses 
the formation of steryl esters using triacylglycerols as the 
preferred acyl donors. We have suggested that such a ‘low 
energy’ acyl transfer may be of importance for the bio- 
synthesis of steryl esters in mustard roots in uivo. We have 
also presented some evidence indicating that a similar 
mechanism may be involved in the synthesis of esters of 
long-chain, primary alcohols, i.e. wax esters in mustard 
roots [15]. 

Our present results demonstrate that, apart from the 
above mentioned acyl transfer from acylglycerols to 
sterol or wax alcohols, lipid-depleted particulate fractions 
obtained from mustard roots are able to catalyse revers- 
ible acyl exchange between wax esters and sterols accord- 
ing to the following equation: 

wax ester + sterol S steryl ester + wax alcohol 

It cannot be ruled out that this reaction may also have 
some significance in the biosynthesis of steryl esters or 
wax esters in mustard roots. In vitro this reaction can be 
easily measured at relatively low concentrations of the 
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substrates. It seems possible that in intact cells, especially 
in some cell structures, substrate levels may be sufficiently 
high for effective transesterification. Irrespective of the 
possible role of this reaction in the biosynthesis of steryl 
esters (or wax esters) our results indicate that data on acyl 
composition of steryl and wax ester fractions isolated 
from plant material must be interpreted with caution. It 
cannot be excluded that in some cases when time-con- 
suming procedures precede isolation of ester fractions 
(e.g. fractionation and purification of intracellular struc- 
tures) some modification of their acyl composition may 
take place due to the action of the acyltransferase activ- 
ities described in this paper. 

The question of the relationship between acylgly- 
cerol:sterol acyltransferase described earlier by us in 
mustard plants [7-91 as well as by other authors 
[3-6, lo] in some other plants and acyltransferase cataly- 
sing reversible esterification of sterols with use of wax 
esters as acyl donors is still open. In mustard roots these 
acyltransferases share some common features : (i) they are 
present exclusively in heavy membrane fractions sedim- 
enting at 16000 9; (ii) they can be solubilized by treat- 
ment of the particulate fractions with acetone followed by 
buffer extraction. On the other hand there are also some 
marked differences: (i) their pH profiles are clearly dis- 
tinct; (ii) their specificities with respect to acyl groups are 
different. For sterol esterification with triacylglycerols as 
acyl sources trioleylglycerol is several-fold better acyl 
donor than tripalmitoylglycerol [9] but for sterol esteri- 
fication with wax esters oleate is a less effective fatty acid 
source than palmitate. We hope that our current studies 
aimed at purification of acyltransferase activities present 
in mustard roots will solve this problem. 

unlabelled n-hexadecanyl (or cholesteryl) palmitate (32 nmol) in 
200 ~1 Me,CO. In some experiments unlabelled palmitic acid, 
tripalmitoylglycerol and various esters of n-hexadecanol or 
cholesterol were tested as acyl donors. In the variant B the 
standard reaction mixture contained 1 ml enzyme (as above); 
unlabelled cholesterol or n-hexadecanol (64 nmol in I IO id 
Me,CO) and n-hexadecanyl [l-‘“Cl paimitate or cholesteryl [l- 
“‘Clpalmitate (32 nmol, ca 3.8 x 10’ dpm) in 100 111 Me2C0. 
Incubations were carried out at 40’. usually for 60 min. 

Isolation qf lab&d products. The enzymatic reaction was 
terminated by an addition of appropriate, unlabelled cholesteryl 
or n-hexadecanyl ester as the carrier (0.05 mg in 2 ml MeOH) 
and boiling on a water-bath for 5 min. Subsequently 4 ml CHCI, 
and 4 ml H,O were added to each sample. the CHCl,--MeOH 
layer was carefully removed and the residue extracted again with 
CHCI,-MeOH (2: 1). The combined extracts were washed with 
H,O and evapd to dryness. The labelled reaction products wcrc 
then isolated by TLC. Labelled cholesteryl or n-hexadecanyl 
esters were separated from labelled cholesterol or n-hexadecanol 
on silica gel using n-hexane-C,H, (6:4) as the solvent. Labelled 
cholesteryl palmitate was separated from labelled n-hexadecanyl 
palmitate on silica gel containing 5% AgNO, with n- 
hexane-Et,0 (49: 1) or n-hexane-CHCI, (3:2) as the solvents. 
Rhodamine 6G in Me,CO was used for localization of esters on 
the plates. In some experiments separation was also checked by 
autoradiography. Ester bands were scraped off from the plates, 
eluted with dry Et,0 and radioactivity counted as dcscribcd 
earlier 121. 

EXPERIMENTAL 

Other methods. Cholesteryl or n-hexadecanyl palmitates label- 
led in the acyl moiety were obtained by heating [I- 
14C] palmitoyl chloride (14 blmol, sp. act. 252 MBq,‘mmol) and 
1 mmol cholesterol or n-hexadecanol in 1 ml dry C,H,-~pyridine 
(19: 1) at 80” for 3 hr. The labelled esters were then puritied by 
prep. TLC and their radiochemical purity checked by analytical 
TLC in several solvent systems and autoradiography. Enzymatic 
hydrolysis of cholesteryl or n-hcxadecanyl esters was assyed as 
described earlier 13, 41. 

Enzyme preparations. Fresh roots of lo-day-old white mustard 
(Sinapis alba L.) seedlings (75 g), grown as described earlier Cl], 
were homogenized in a blender (5 x 20 set) with 150 ml cold 
0.05 M Tris-maleate, pH 7.3. The homogenate was filtered 
through 3 layers of cheese-cloth and then centrifuged at 16 000 g 
for 20 min. The 16000 g pellet was resuspended in 20 ml of the 
buffer with a Potter-Elvehjem homogenizer and the suspension 
was added slowly, under vigorous stirring, to 200 ml cold (- 15”) 
Me&O. The precipitating protein was allowed to settle for 15 
min before centrifuging at 10000 g for 10 min. The supernatant 
was discarded. the precipitate was resuspended in cold, dry 
Me,CO and recentrifuged at 3 000 y for 5 min. The washing with 
Me&O was repeated x 3. The washed ppt. was than dried in a 
vaccum dessicator at room temp. for 30 min. The dry prepara- 
tion was ground to uniformity and stored at - 20’ until needed. 
No loss in enzymatic activity was noled for storage up to 3.-4 
weeks. Immediately before use this acetone powder preparation 
was suspended in cold 0.05 M Tris-maleate, pH 7.3 (0.8 
mg/l.O ml) with a PottermElvehjem homogenizer. allowed to 
stand, with occasional shaking, at 4 ’ for 30 min and centrifuged 
at 16OCOg for 15 min. The supernatant was used for enzyme 
activity assays. 
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