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Abstract--- Wax ester formation by esterification of a long chain fatty acid (palmitic acid) with a long chain fatty 
alcohol (octadecanol) was enzymically catalyscd by acetone dried powder prcpar-ations of potato tubers. The 
enzyme responsible for wax ester formation had multiple isoenzymic forms and was identical with lipolytic acyl 
hydrolase, a lipid deacylating enzyme. Tubers from different varietiees of potato (Solanurn tubrrosum) demon- 
strated markedly different levels of activity and electrophoretic patterns for both wax ester formation and lipid 
deacylation. 

INTRODUCTION 

THE ENZYME lipolytic acyl hydrolasef (LAH) occurs widely in plants but the richest source 
so far found is in tubers of potato (Solanum tubero.sum). This enzyme catalyses the deacyla- 
tion of a range of naturally-occurring lipids including mono- and diacyl phospholipids, 
mono- and diglycerides, mono- and digalactosyldiglycerides and some artificial lipid sub- 
strates (e.g. p-nitrophenyl- and methyl-esters of long chain fatty acids). 1,2 In addition, LAH 
catalyses acyl transfer reactions between lipids and some alcohol acceptors, e.g. meth- 
anol.‘g3 Preliminary studies’ had indicated that the same LAH enzyme possibly catalysed 
a reverse hydrolysis reaction in the formation of wax esters from long-chain fatty acids 
and long-chain alcohols. 

A similar wax synthesis reaction is catalysed by acetone powder preparations of broccoli 
leaves in which the enzyme activity was ascribed to an “esterase type” enzyme.4S5 The pres- 
ent work demonstrates that the different isoenzymes of LAH present in tubers from three 

varieties of potato are responsible for the formation of wax esters from free fatty acids and 
fatty alcohols. 

RESULTS 

Wax synthesis activities of different potato varieties 

Previous work’ with 23 varieties of potato established that the LAH activity was high 
in all but one (Desiree) of the varieties tested. Table 1 compares the LAH and wax ester 
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forming activities of two varieties (Golden Wonder and Majestic) having high LAH activi- 
ties with these enzyme activities in the D&Se variety. The wax ester forming activities 
of the two high-LAH varieties were similar and approximately 50 x higher than that of 
the low-LAH variety. Thus a possible correlation between LAH and wax ester forming 
activities in tuber tissue was indicated. 

Potato variety 
Wax ester formation 

(‘<) of added octadecanol) 

LAH activity 
(pmol p-nitrophenylpalmitate 
hydrolysed,min, mg protcm) 

Golden Wofldcf 

Matcstic 
Dairi;e 
Golden Wonder 

(boiled enzyme) 

14.x 7.7 
I I.2 11.1 
0.3 0.0 I 

0 0 

Assay systems for wax ester formation contained [I-“‘CJoctadecanol (0.5 /Ki: 13 nmoll. palmitic acld 
(0.1 pmol), Triton X-100 (0.5 mg) and acetone-dried enzyme preparation (160 1~ protein) in 0.1 M potassium 
phosphate buffer. pH 6.5. The mixture (total vol. 2.4 ml) was incubated for 2 hr at 2.5 hefore analysis of reaction 
products (see Experimental). The above results represent the means of duplicate assays. The LAIH actkit) \\as 
dctcrmined as in the preceding paper.’ 

In the preceding paper’ it was established that different varieties of potato cxhihitcd 
characteristic LAH isoenzyme electrophoretic patterns. In the present work acetone-dried 
powder preparations from the above high- and low-LAH varieties were subjected to elec- 
trophoresis on polyacrylamide gels. After electrophoretic separation. portions of the gels 
were sectioned and analysed for both LAH and wax ester forming activities. Duplicate gels 
were stained to show protein electrophoretic patterns. Fig. 1 illustrates results obtained 
with the three potato varieties. A close correlation was observed between the electrophore- 
tic patterns for both enzyme activities for a given variety, whereas different patterns 
between varieties were observed. These results support a conclusion that the isoenzymic 
forms of the enzyme demonstrate proportionality between LAH and wax ester forming 
activities. 

This is quite different from the relationship between LAH and esterase activities of 
potato tuber (described in the preceding paper’) where different electrophorctic fractions 
demonstrated markedly different capacities for LAH or esterase activities. 

The electrophoretic patterns for both protein and for LAH activity of acetone powders 
from the three varieties used in this work (Fig. 1) are very similar to those observed for 
these same varieties grown in the previous year at a different location as described in the 
paper.7 

Previous studies’ showed that the relative activities of LAH and wax synthesis in an 
enzyme isolated from potato tubers remained constant throughout purification of the 
enzyme. These earlier studies also showed that the pH optimum of the LAH enzyme varied 
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with the substrate used and, more markedly, with the addition of surface active agents.298 
In the present work, a broad optimum between pH 4 and 7 was observed for the formation 
of wax esters from octadecanol and palmitic acid in the presence of Triton X-100; the acti- 
vity ferl sharply above pH 7 such that only 107; of optimal activity was obtained at pH 8. 

IO, I 1 ._ 

I- IO cm 4 

FIG. 1. DISTRIBUTION OF WAX ESTER SYNTHESIS AND LAH ACTIVITIES FOLLOWING ELECTROPHORESB ON 
POLYACRYLAMIDE GELS, 

Wax synthesis activities (-0) and LAH activities (e----o) are shown for bisected slices taken 
from polyacrylamide gels after electrophoresis of acetone powder preparations of potato tubers. The 
tracings below each figure represent results obtained by staining duplicate gels for protein. Figures on 
abscissae represent segment numbers. Potato varieties used were: (a) Golden Wonder; (b) Majestic and 

(c) D&sir&e. 

Wax ester formation was linear with respect to enzyme concentration up to approxi- 
mately 40% esterification of added octadecanol (Fig. 2). When an acetone powder was used 
as enzyme source, significant wax ester formation occurred in the absence of added fatty 
acid (Fig. 2). Presumably, endogenous fatty acid in the enzyme preparation was available 
f0r esIeri5caf~on. XcAaYmku6y4 DbserverS ,sjmjSar wax synlhesjs~~~~~ 5a1ly aSc0hoY1 a& ace- 
tone powders 05 ~SOCCD~ Seaves ‘,n the absence CA aMed fatty a&. 

8 GALLIAKD. T. (1971) European J. Biochem. 21, 90. 
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Preliminary experiments under incubation conditions similar to those described in the 
Experimental but performed at pH 7.5 had demonstrated that the wax ester formation 
from octadecanol and palmitic acid was linear with incubation times up to approximately 
1 hr. Substrate concentration curves obeyed a linear Lincweaver--Burke reciprocal rela- 
tionship giving an apparent K, (octadecanol) of 9 mM ; this is considerably higher than 
the apparent K, values for the hydrolytic activity of the enzyme, e.g. 05 mM for p-nitro- 
phenylpalmitate. No Lvax formation occurred if the cnzymc was heated at 100 for 2Z3 min. 

prior to incubation. 

0 

Enzyme concn , pg protetn/ml 

FIG. 2. DEPI;NIXA(‘I: OI- WAX I‘SII.R FORMATION oh I:NL> MI. CONC~TKAI‘ION. 

Incubation mixtures contained [ I-‘4C]octadecanol (01 1tC1: 4-6 pmol). Triton X-100 (05 mg); acctone- 
dried enzyme preparation from Golden Wonder variety and, as indicated, palmitic acid (0.1 pmol) 
in @I M potassium phosphate but%. pFi 75 The mixtures (total volume 2-J ml) were incubated 
:~t 25 for 50min. The figure presents results for incubations in the prwcncc (a 0) and absence 

IC 01 of LlddCd palmilK Xld. 

Using acetone-dried powders from broccoli leaves. Kolattukudy”,’ has demonstrated 
three mechanisms by which fatty acids may be incorporated into wax esters: (a) by direct 
esterification with fatty alcohols or by acyl transfer from either (b) phospholipid or (c) fatty 
acyl CoA to an acceptor alcohol. The direct acylation of octadecanol by free fatty acid 
as described in the present work fits mechanism (a) above. which Kolattukudy4*’ ascribed 
to an esterase-type enzyme. Our work has confirmed the direct esterification of fatty alco- 
hol and fatty acid and has identified the responsible enzyme as lipolytic acyl hydrolase 
(a carboxylic ester hydrolase acting preferentially on lipid substratcs’~*). 

The specific activity of the potato LAH enzyme actin g hydrolyticallq on natural lipid 
substrates (monoglycerides, phospholipids, galactolipids etc.‘) is a factor of 10” higher 
than its specific activity in wax ester formation as described here. However, no detectable 
activity of LAH for wax ester hydrolysis was observed in earlier studies’ and the incorpor- 
ation of up to 50”,, of added octadecanol into wax ester indicates that the equilibrium is 
more favourable towards the reverse hydrolysis for wax esters than for the above polar 
lipids. The reversibility of carboxylic ester hydrolase enzymes is well established” and a 

” Hok~t+, B. H. J. (I%01 111 7‘1~ li,lz\~.t (BOYI IK. It’. I).. f>\Ki)\. 1-i. <i1111 bf\KIM<-h. I<.. eds.). Vol. -1. p 3x5. 
Academic Pres New York. 
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similar mechanism for wax synthesis in mammalian liver has been proposed.” It is poss- 
ible tna1 reacimns jn ahy~ropho%~c area 05 Y~~~IJX~I$IC enzyme anh 1he in&niie nature 
of the -wax formed may be contributory factors in the enhancement of the reversal of the 
hydrolytic reaction. Although the LAH enzyme readily catalyses acyl transfer reactions 
of lipid-bound fatty acids to short-chain acceptor alcohols,2*3 no such transfer to fatty 
alcohols or sterols was observed with this enzyme.’ 

Wax esters comprise an important group of constituents of plant tissues’ ‘,I2 but the 
physiologically important mechanism(s) for their biosynthesis have yet to be ascertained. 
The physiological role of the lipid deacylating enzyme, LAH, is not yet known; the enzyme 
is particularly active in potato tubers and is responsible for major lipid breakdown in dis- 
rupted cells. The enzyme is present, at lower levels, in a wide range of plant tissues,13 but 
a specific physiological role in living tissues either as a hydrolytic enzyme or in wax ester 
formation remains to be established. 

EXPERIMENTAL 

iMuteriu(s. PoYatoes {Solununt tuherosun;\ ot Ibe varieties De<tree. GoLden Wonder ano M%iestic were srown 
locally under standard agricultural conditions and harvested in Sept. 1972. Tubers were stored in the dark at 
10 until used. Palmitic acid, octadecanol (stearyl alcohol) and p-nitrophenylpalmitate were purchased from 
Sigma Chemical Co. and [l-‘%]octadecanol (21.8 pCi/pmol) was obtained from the Radiochemical Centre, 
Amersham. Triton X-100 (scintillation grade) was purchased from Koch-Light Laboratories. 

iEnz,vtne~nr~oarations. Acetone-driedpowders were prepared aspreviousiv describe& tram 15ooUq tor 30 mm. 
sulpernara~r’rrad~lons 61 p~rriro’~dver’nomogendres. 

Enz,vme assa,vs. LiDobtic ac$ h,u&oIase actiuiq was determined using p-nit~ophen$palmitate as substrate as 
deswZ& pa&x&~’ in k?&J s?&k~ (SC% P&l $a * 1, W&X f.StCi f%3TiiT&~~OT~ ‘W& '&?WL‘+ kc. " L.u "j UC Tx,ewd wed px- 

viously;’ subsequently the following modifications were introduced to optimize conversion rates: incubation 
times were limited to I hr or less; max enzyme concn was 17Opg protein/ml and a pH of 6.5 was used. For 
technical and economic reasons, octadecanol substrate concns were below the saturating level of 31 mM. The 
percentage incorporation OF raiiioactive octabzanul ink3 wax e&x was measured as pre+nisI’lg by adting non- 
ra$imacirve carrier Y@I 10 reac%on pr o~~cIshe5nrc separaimnhy TLC.’ %abiDaci+ cmrii0>nb>were b~~\tcIt& 
with a modified GeiigeT counter 01 a f%w\nax radio-chroin~togram sc’imTler and areas of siiica gel con*aining 
ratimacirve spoIs anbtiank areas were scrapeb’m~o v’lals anb suijeheb Iosi19nrb sdmin>a%on coun~rn> ‘in’r3E. 
233 fluid (Nuclear Enterprises Ltd.) Only the wax ester fraction and unreacted octadecanol were radioactive and 
inc~~a&n into ‘r+ax W&,i *sas expi%%d ‘hs a ptiCmfta"& dt(-R iMa< ra&&a&+e~ ditadkm p&at%. Pdy?c- 

rylamide gel electrophoresis was performed as the preceding paper’ and a selected portion (5.3 cm in length) 
of each cylindrical gel was cut into 36 sections (1.5 mm thick) using a bank of razor blades. Each section was 
further bisected, one half being assayed for LAH activity and the other half for wax ester forming activity. The 
half sections were soaked in 0.5 ml of appropriate buffer solutions overnight at I” to permit diffusion of enzymes 
before assay. Duplicate gels were stained with Coomassie Blue’ to locate protein bands, Protein content of 
enzyme preparations was determined by the method of Lowry et a1.14 using bovine serum albumin as standard. 
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