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Wax synthases are membrane-associated enzymes cata-
lysing the esterification reaction between fatty acyl-CoA
and a long chain fatty alcohol. In living organisms, wax
esters function as storage materials or provide protec-
tion against harmful environmental influences. In in-
dustry, they are used as ingredients for the production
of lubricants, pharmaceuticals, and cosmetics. Currently
the biological sources of wax esters are limited to jo-
joba oil. In order to establish a large-scale production
of desired wax esters in transgenic high-yielding oilseed
plants, enzymes involved in wax esters synthesis from
different biological resources should be characterized in
detail taking into consideration their substrate specific-
ity. Therefore, this study aims at determining the sub-
strate specificity of one of such enzymes — the mouse
wax synthase. The gene encoding this enzyme was ex-
pressed heterologously in Saccharomyces cerevisiae. In
the in vitro assays (using microsomal fraction from trans-
genic yeast), we evaluated the preferences of mouse wax
synthase towards a set of combinations of 11 acyl-CoAs
with 17 fatty alcohols. The highest activity was observed
for 14:0-CoA, 12:0-CoA, and 16:0-CoA in combination
with medium chain alcohols (up to 5.2, 3.4, and 3.3 nmol
wax esters/min/mg microsomal protein, respectively).
Unsaturated alcohols longer than 18°C were better uti-
lized by the enzyme in comparison to the saturated
ones. Combinations of all tested alcohols with 20:0-CoA,
22:1-CoA, or Ric-CoA were poorly utilized by the en-
zyme, and conjugated acyl-CoAs were not utilized at all.
Apart from the wax synthase activity, mouse wax syn-
thase also exhibited a very low acyl-CoA:diacylglycerol
acyltransferase activity. However, it displayed neither
acyl-CoA:monoacylglycerol acyltransferase, nor acyl-
CoA:sterol acyltransferase activity.
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INTRODUCTION

Wax esters are esters of long chain fatty alcohols and
fatty acids produced by a wide variety of organisms, in-
cluding microorganisms, plants, and animals. In plants,
they are components of cuticles. In mammals, wax es-
ters constitute approximately 30% of sebum. In Simmond-
sia chinensis (jojoba), wax esters are accumulated as seed
storage lipids, instead of triacylglycerols (Lassner ef al,
1999). They are used to produce high-pressure lubricants
and for other purposes in the pharmaceutical, cosmet-
ic, printing, and leather industries (Klypina & Hanson,
2008).

Apart from chemical synthesis, the only renewable
source of wax esters is, so far, jojoba oil. However, due
to the high cost of wax ester production in jojoba farms,
as well as an unfavourable blend of very long chain wax
esters in this oil making it not suitable for technical ap-
plication (Miwa, 1971), there is an increasing demand for
alternative and renewable sources of these compounds.
It was shown that seeds of Arabidopsis transformed
with a plasmid catrying an elongase (B-ketoacyl-CoA syn-
thase, KCS) from Lunaria annua, as well as wax synthase
(WS) and fatty acyl-CoA reductase (FAR) from S. chinen-
sis, contained significant amounts of wax esters (Lardiza-
bal et al., 2000; Lassner ef al., 1999). Similar results were
obtained when these genes were expressed in Camelina
sativa (Lu et al., 2010), which suggests that modification
of oilseed crops using genes of enzymes involved in
wax esters biosynthesis might be a way of obtaining a
new, renewable source of different kinds of wax esters.
In order to generate new types of wax esters in trans-
genic high-yielding oilseed plants, the substrate specificity
of the enzymes involved in wax esters synthesis (FARs
and WSs) from different biological resources should be
characterized in detail, in order to provide plant biotech-
nologists with tools to direct lipid metabolism in oilseed
plants towards the production of desired wax esters.

The biosynthetic pathway of wax esters in plants
starts in plastids, from which fatty acids (converted to
acyl-CoAs in the outer membrane of plastids) are trans-
ported to cytosol, where they can be elongated to longer
acyl-CoAs by the fatty acid elongases system. Acyl-CoAs
are then reduced, by alcohol forming fatty acyl-CoA re-
ductase, to corresponding alcohols. The final reaction of
the wax esters synthesis is carried out by wax synthase,
which catalyzes the esterification reaction of the fatty
acyl-CoA with a long chain fatty alcohol (Lardizabal e#
al., 2000).

Wax synthases are membrane-associated enzymes with
several transmembrane domains. Genes of several wax
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Abbreviations: WS, wax synthase, fatty acyl-CoA:fatty al-
cohol acyltransferase; FAR, fatty acyl-CoA reductase; DGAT,
acyl-CoA:diacylglycerol acyltransferase; MAGAT, acyl-

CoA:monoacylglycerol acyltransferase; ASAT, acyl-CoA:sterol acyl-
transferase; DAG, diacylglycerol; TAG, triacylglycerol; 10:0, decanoic
acid (capric acid); 10:0-OH, decanol; 12:0, dodecanoic acid (lauric
acid); 12:0-0H, dodecanol; 14:0, tetradecanoic acid (myristic acid);
14:0-0H, tetradecanol; 16:0, hexadecanoic acid (palmitic acid); 16:0-
OH, hexadecanol; 18:0, octadecanoic acid (stearic acid); 18:0-OH,
octadecanol; 18:1, oleic acid; 18:1-0H, octadecenol; 18:2, linoleic
acid; 18:2-0H, linoleyl alcohol; 18:3, linolenic acid; 18:3-0H, linolenyl
alcohol; 20:0, eicosanoic acid (arachidic acid); 20:0-OH, eicosanol;
22:1, erucic acid; 20:1-0H, eicosenol; 22:1-0H, docosenol; 24:0-0H,
tetracosanol; 24:1-0H, tetracosenol; Ric, ricinoleic acid; Ric-OH, ri-
cinoleoyl alcohol; 2-Me-16:0, 2-methylhexadecanoic acid; 2-Me-
18:0, 2-methyloctadecanoic acid.
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synthases from different organism have been cloned and
the expressed enzymes were, at least partially, charac-
terized, e.g. from: human and mouse (Cheng & Russel,
2004), jojoba (Lardizabal ez al., 2000), Arabidopsis (Li ez
al., 2008), Eunglena gracilis (Teerawanichpan & Qiu, 2010),
Marinobacter hydrocarbonoclasticus (Holtzapple & Schmidt-
Dannert, 2007), and Adcnetobacter calcoaceticus (Kalscheuer
& Steinbiichel, 2003). Few wax synthases were reported
to be bifunctional enzymes (e.g. Acnetobacter, Arabidop-
sis), additionally exhibiting a DGAT activity (Stéveken ez
al., 2005).

Wax synthase from a mouse is a 333-amino-acid
protein with three putative transmembrane domains
(based on the sequence analysis available in UniProtKB;
QG6E1MS), located in the membranes of the endoplasmic
reticulum. The enzyme gene is located on the chromo-
some X, band C3 (100402221-100442717 bp). Mouse
wax synthase is involved in the synthesis of wax mo-
noesters, which are major components of sebum and
meibum. The highest level of its mRNA was observed
in the preputial gland and eyelid. I vitro assays showed
that mouse wax synthase expressed in HEK 293 cells is
able to synthesize wax esters from different fatty alco-
hols and acyl-CoAs. However, the quantitative analysis
of the obtained products was not performed (Cheng &
Russel, 2004).

In order to predict the usefulness of mouse wax syn-
thase for the production of specific types of wax esters
in transgenic high-yielding oilseed plants, the substrate
specificity of the enzyme was characterized in detail. The
gene encoding mouse wax synthase was expressed heter-
ologously in Saccharomyces cerevisiae, strain H1246, deficient
in enzymes involved in triacylglycerols and sterol esters
synthesis. Subsequently, the preferences of mouse wax
synthases towards different combinations of fatty acyl-
CoAs and fatty alcohols were tested in zz vivo and in vitro
experiments.

MATERIALS AND METHODS

Heterologous expression of mouse WS in Saccha-
romyces cerevisiae. Saccharomyces cerevisiae, strain H1246
(Sandagar ez al., 2002), was transformed with the pBP51
(pYES2) plasmid carrying the mouse WS gene under the
control of GAL1 promoter or with an empty pYES2
plasmid (control), according to the modified LiAc/SS
carrier DNA/PEG method (Gietz & Woods, 2002). The
sequence of mouse WS gene was codon optimized for
expression in Brassicaceae (Heilmann e# al, 2012). The
yeasts were cultured on a synthetic dropout medium
lacking uracil and containing 2% (w/v) galactose for the
selection of transformants.

Yeast growth and lipid analysis. Yeasts (trans-
formed with mouse WS or with an empty plasmid)
were cultured on a rotating platform (220 rpm) at 30°C,

Table 1. Fatty alcohols and acyl-CoAs used in the assays.

for 48 h, on 25 ml of synthetic dropout medium lack-
ing uracil and containing: 2% (w/v) galactose, 1% (v/v)
Tween 20, and 12.5 mg of palmitoleic alcohol. Cells
harvested from individual cultures were disrupted in a
glass-bead shaker, and lipids were extracted into chloro-
form, as described by Blight & Dyer (1959), and sepa-
rated by thin-layer chromatography (TLC) on silica gel
60 plates (Merck, New York, USA) using hexane/diethyl
ethet/acetic acid (70/30/1, v/v/v) as the solvent system.
The lipid areas were visualized by brief exposure to I,
vapours and identified by means of appropriate stand-
ards. The parts of silica gels containing wax esters and
other lipids were collected from the plates. In order to
obtain fatty acid methyl esters, the dry, collected material
was trans-methylated with 2% (v/v) sulphutic acid in dry
methanol at 90°C for 40 min. The methyl esters were
extracted with hexane and analysed by means of the Shi-
madzu GC-2010 equipped with a flame ionization detec-
tor and a 60 mx0.25 mm CP-WAX 58 CB fused-silica
column (Agilent Technologies, Santa Clara, CA, USA).
Methyl ester of heptadecanoic acid (Sigma-Aldrich, St.
Louis, MO, USA) was used as an internal standard. To-
tal fatty acids in the acyl-lipids of the analysed yeast were
determined by gas chromatography after prior incubation
of freeze-dried yeast aliquots with a methylation mixture
for 90 min at 90°C.

Microsomal membrane preparation. Microsomes
were isolated from the yeast using the method described
in Dahlqvist ¢ /. (2000). For a single preparation of mi-
crosomal fractions, 100 ml of a 48-h yeast culture was
centrifuged and washed twice with distilled water, and
the pellet was suspended in 0.5 ml of ice-cold buffer (20
mM Tris/HCI, pH 7.9; 10 mM MgCl,, 1 mM EDTA;
5% (v/v) glycerol; 0.3 M ammonium sulphate) and
transferred to a 2 ml test tube containing 0.5-ml glass
beads (0.45-0.50 mm in diameter). The tube was shaken
(10 times, 30 s) using the Mini Bead Beater-8 (Biospec
Products, Bartlesville, OK, USA). After that, the yeasts
were centrifuged at 1500 X g for 10 min at 4°C, and the
resulting supernatant was centrifuged at 100000 X g for
1.5 hour at 4°C. The pellet was suspended in 0.1 M po-
tassium buffer (pH 6.7) and stored at —80°C until use
for further analyses.

Enzyme assays. In the experiments aiming at optimi-
zation of the in vitro assays and biochemical characteriza-
tion of the tested enzyme, all reactions were performed
using [1-1*C]16:0-CoA and 16:0-OH as substrates. A
detailed study of the substrate specificity of mouse wax
synthase was performed with eleven [1-'*Clacyl-CoAs
in combination with seventeen unlabeled fatty alcohols
(Table 1). The [1-"“Clacyl-CoAs were synthesized using
[1-C]fatty acids (Biotrend, Cologne, Germany) accord-
ing to the modified method described by (Sanchez ez al,
1973). Unlabelled acyl-CoAs were purchased from Avan-
ti Polar Lipids (Alabaster, AL, USA). The tested fatty
alcohols (except phytol) were purchased from Larodan

10:0-0H 12:0-0H 14:0-0H 16:0-0H 16:1-0H 18:0-0H

Fatty alcohols 18:1-0H 18:2-0H 18:3-0H 20:0-0H 20:1-0H 22:0-0H

22:1-0H 24:0-0H 24:1-0H Ric-OH phytol

12:0-CoA 14:0-CoA 16:0-CoA 18:0-CoA 18:1-CoA 22:1-CoA

[1-4C] [1-14C] [1-14C] [1-14C] [1-14C] [1-4C]
Acyl-CoAs 10:0-CoA 12:0-CoA 14:0-CoA 16:0-CoA 18:0-CoA 18:1-CoA

[1-14C] [1-14C] [1-14C] [1-4C] [1-14C]

20:0-CoA 22:1-CoA Ric-CoA 2-Me-16:0-CoA 2-Me-18:0-CoA
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Fine Chemicals (Malmé, Sweden), and phytol was pur-
chased from Sigma-Aldrich (St. Louis, MO, USA).

In the preliminary experiments, enzyme assays were
conducted using ecither alcohols (different amounts)
added with ethanol (10 pl) to the microsomal frac-
tion (22 ug of protein) resuspended in a 100-ul buffer
(different pH) with BSA (different concentrations)
and acyl-CoA (5 nmol), or alcohols added with 20-ul
benzene to the freeze-dried microsomal fraction. In
the latter case, benzene was immediately evaporated
under a stream of N, at 35°C leaving the alcohols
in direct contact with the membrane, after which a
buffer (composition described above) was added. Mi-
crosomes were incubated (different time and tempera-
ture) in the Eppendorf Thermomixer Compact with
shaking (1250 rpm). Reactions were terminated by the
addition of 375-ul chloroform/methanol (1:2; v/v),
5-ul acetic acid, 125-ul chloroform, and 125-ul water,
and the lipids were extracted into chloroform. After
the optimization step, fatty alcohols (100 nmol/assay)
were added to the freeze-dried microsomal membrane
(22 pg of protein) in a benzene solution. As an incu-
bation buffer, we used 0.1 ml p-buffer (pH 6.7) with
0.2 mg BSA and 5 nmol of a tested [1-*CJacyl-CoA.
Microsomes were incubated for 30 min at 35°C with
shaking (1250 rpm). In some of the experiments, in-
stead of a single acyl-CoA, we added to the reaction
a mixture of six different acyl-CoAs: 12:0-CoA, 14:0-
CoA, 16:0-CoA, 18:0-CoA, 18:1-CoA, and 22:1-CoA
(1 nmol of each), among which only one was radi-
olabelled. All other conditions were maintained as de-
scribed above.

Assays measuring the DGAT activity in the control
and carrying tested mouse WS microsomal fractions
were performed with 1,2-dihexanoyl-sn glycerol (Sig-
ma-Aldrich, St. Louis, MO, USA) or 1,2-[1-1*C]-diole-
oyl-sn glycerol, as acyl acceptors, as well as different
acyl-CoAs as acyl donors. MAGAT and ASAT activity
in the tested microsomal fraction was measured using
1-[1-Cloleoyl-sn glycerol and cholesterol (Sigma-Al-
drich, St. Louis, MO, USA), respectively, as acyl accep-
tors, and 14:0-CoA, 16:0-CoA 18:1-CoA, and 22:1-CoA,
as acyl donors (in assays with cholesterol, [1-*Clacyl-
CoAs were used as acyl donors). 1,2-[1-1*C]-dioleoyl-sn
glycerol and 1-[1-"*Cloleoyl-sn glycerol were obtained
by partial treatment of [1-'4C]-triolein (Perkin Elmer,
Waltham, MA, USA) with a lipase from Rhizopus arrhi-
zus (Sigma-Aldrich, St. Louis, MO, USA). 1,2-[1-1*C]-di-
oleoyl-sn glycerol, 1-[1-*C]-oleoyl-sn glycerol, and cho-
lesterol were added (5 nmol/assay) to the freeze-dried
microsomal fraction (22 pug microsomal protein) in a
benzene solution (method described above). The incu-
bation buffer (100 pl 0.05 M Hepes, pH 7.2 per assay)
containing 20 mM MgCl,, 0.1 mg BSA and 5 nmol of
proper acyl-CoA was added to the microsomes carry-
ing the added acceptors (in DGAT assays with soluble
1,2-dihexanoyl-sn glycerol, microsomes were added to
the buffer), the mixtures were incubated, and the re-
actions were terminated in the same way as described
above for wax synthase activity assays.

After termination of the reactions, lipids extracted to
the chloroform were separated by TLC on silica gel 60
plates (Metck, New York, USA) using hexane/diethyl
ether/acetic acid (70/30/1, v/v/v), as the solvent sys-
tem. Radiolabelled lipids were visualised and quantified
on the plates by electronic autoradiography (Instant
Imager, Packard Instrument Co., Meriden, CT, USA).

All assays were repeated at least three times. Results
are presented as the mean with standard deviation.

RESULTS

Evaluation of the effects of transformation of yeast
with mouse WS

Mouse WS was cloned into S. cerevisiae H1246 strain,
which lacks genes involved in triacylglycerols and sterol
esters synthesis (Sandagar ef al., 2002). Thus, no endoge-
nous sterol esters, which usually co-migrate together with
wax esters during lipid separation by TLC, were present
in the lipid extract from such yeast cultures. Therefore,
the effect of transformation could be easily confirmed
by feeding the yeast with exogenous fatty alcohols and
analysing the production of wax esters, separated from
other lipids by TLC (wax esters migrated to the top of
the plate when: hexane/DEE/acetic acid — 70/30/1
v/v/v — was used as the solvent system). It turned out
that all of the transformed yeast colonies produced wax
esters, however, not with the same intensity (data not
shown). The amount of wax esters extracted from the
colony with the highest 7z vivo enzyme activity accounted
for about 21% of total lipids. The fatty acid component
of the produced wax esters contained mainly palmitoleic
acid, palmitic acid, oleic acid, and myristic acid (Table 2).

Influence of different factors on the in vitro activity of
mouse WS

Before starting the detailed study on the substrate
specificity of mouse WS, we established the assay condi-
tions and determined the biochemical characteristics of
the enzyme. For the assays, we used microsomal frac-
tions isolated from the yeast expressing the mouse WS
gene (the colony with the highest activity of the tested
enzyme). As mouse WS is located in membranes of the
endoplasmic reticulum, purification of such an enzyme
is associated with significant difficulties and very seldom
brings success. Therefore, we decided to use microsomal
fractions from yeast cells transformed with mouse wax
synthase gene, enriched with this enzyme. The microso-
mal fractions from control yeasts did not demonstrate
any detectable wax synthase activity (data not presented).
Thus, the method applied to determine the substrate
specificity of mouse WS seems to be the best solution
taking into consideration the unavailability of the pure
enzyme.

In the preliminary experiments, it was observed that
the enzyme showed a very strong activity towards 16:0-
CoA combined with 16:0-OH. Therefore, this combina-
tion of substrates was chosen for most of the further
assays. The way fatty alcohols were added to the assays
was crucial for successful measurement of the 2 vitro
activity of mouse WS. It turned out that the best way
to supplement the reaction mixtures with fatty alcohols
was to add these compounds in a benzene solution to
freeze-dried microsomal fractions, and to immediately
evaporate the benzene (this method was introduced to
the assays of enzymes utilizing hydrophobic substrates
by prof. Sten Stymne group from the Swedish University
of Agricultural Science: Banas e a/. 2000; Dahlqvist et
al. 2000; Stahl ez a/. 2004). Thus, the fatty alcohols pen-
etrated the microsomal membranes, and after benzene
evaporation, remained in direct contact with the mem-
branes. Addition of fatty alcohols to the reaction mixture
in ethanol solution (methods used in earlier experiments
described by Cheng & Russel, 2004) was less efficient,
especially in case of saturated (longer than 16 carbons)
and unsaturated (longer than 20 carbons) fatty alcohols
(not shown).
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Figure 1. Temperature dependency of mouse WS activity.
16:0-OH and 16:0-CoA were used as substrates in the assays.

Temperature is one of the most crucial environmental
factors affecting enzyme activity. In the presented ex-
periments, we tested mouse WS activity at temperatures
ranging from 10°C to 55°C. The enzyme activity was
low at 10°C and was gradually increasing at temperatures
reaching up to 35°C. Above 35°C, its level was stable
and remained more or less similar at temperatures up to
37°C. Further increase of the temperature up to 43°C
slightly decreased the mouse WS activity, however, above
that point the activity decreased radically and almost
ceased at 55°C (Fig. 1). Another environmental factor
affecting enzymes activity is pH. In this study the effects
of pH between 4 and 10 were investigated. pH 4-6 was
obtained with citrate buffer, pH 6-8 with p-buffer, and
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Figure 3. pH dependency of mouse WS activity.
16:0-OH and 16:0-CoA were used as substrates in the assays.

pH 9-10 with Tris/HCl buffer. The enzyme was com-
pletely inactive at pH 4 to 5, and above that level its
activity gradually increased reaching the maximum at pH
around 7. The increase of pH just to 7.5 caused a radical
decrease of the enzyme activity to about Y4 of its maxi-
mum value. Further increases of pH (up to 10) resulted
in a slight decrease of mouse WS activity. In case of pH
6, the enzyme produced a higher amount of wax esters
in p-buffer than in citrate buffer (Fig. 3). At the opti-
mal assay conditions (22 pg of microsomal protein, 100
nmol 16:0-OH, 5 nmol 16:0-CoA, pH 6.7, 35°C, 100 pl
incubation buffer), the rate of the reaction catalysed by
mouse WS rose linearly up to 30 min (Fig. 2). The reac-
tion rate reached a plateau after 60 min.

Substrate specificity of mouse WS

Assay conditions optimized as described above, were
used for detailed studies on the substrate specificity of
mouse WS. To determine the preferences of the tested
enzyme for different combinations of acyl-CoAs and
fatty alcohols, 11 radiolabelled acyl-CoAs in combina-
tion with 17 fatty alcohols were tested (together 187
combinations; Table 1). It turned out that the enzyme
did not accept the tested combinations of the substrates
in the same way, and that the acyl-CoA component was
crucial for the enzyme activity. The alcohol component
also had a certain effect, however, much weaker than
the fatty acid component (Fig. 4-6). For example, when
14:0-CoA was combined with 10:0-OH, the enzyme
produced around 3.9 nmol of 14:0-10:0 WE/min/mg
microsomal protein, whereas when 10:0-CoA was com-
bined with 14:0-OH — only around 1.2 nmol of 10:0-
14:0 WE/min/mg microsomal protein (Fig. 4). The best
efficiency of mouse WS was observed for the combina-
tions of tested alcohols with 14:0-CoA. In most of the
combinations with tested alcohols, the enzyme was able
to synthesize around 3 nmol WE/min/mg microsomal
proteins or more (up to 5.2 nmol/min/mg microsomal
protein when 14:0-CoA was combined with 14:0-OH).
Only when 14:0-CoA was combined with long chain
saturated alcohols (20C or longer), the enzyme efficiency
was low (Fig. 4). The second most efficiently utilized (by
mouse WS) acyl-CoA was 12:0-CoA, followed by 16:0-
CoA, 18:1-CoA, 18:0-CoA, and 10:0-CoA (Fig. 4-0).
The effect of fatty alcohols used in combinations with
mentioned acyl-CoAs was slightly similar to the effect
described for 14:0-CoA. In general, unsaturated fatty
alcohols longer than 18C were better utilized than the
saturated ones. In case of 18C alcohols, the degree of
unsaturation did not affect the enzyme activity (appli-
cation of 18:1-OH, 18:2-OH, or 18:3-OH in the assays
produced similar results). Comparison of the enzyme ef-
ficiency towards 18:0-CoA and 18:1-CoA suggests that
also the unsaturation of the acyl component results in
a higher mouse WS activity (Fig. 5, 6). Combinations
of all the tested alcohols with 20:0-CoA, 22:1-CoA, or
Ric-CoA were poorly utilized by the enzyme (Fig. 5, 6).
No wax ester production was observed when we used
the conjugated acyl-CoAs (2-Me-16:0-CoA and 2-Me-
18:0-CoA) in combination with any of the alcohols (not
shown).

In order to verify if mouse WS preferences for acyl-
CoAs differ when acyl-CoA is added to the reaction
mixture alone (like described above), compared to the
situation when it is added to the reaction mixture with
other acyl-CoAs, combinations of six acyl-CoAs (12:0-
CoA, 14:0-CoA, 16:0-CoA, 18:0-CoA, 18:1-CoA, 22:1-
CoA) with 16:0-OH were tested. It turned out that en-
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occuring in nature). However, it should be noted

that in case of the mixture of medium and long
chain acyl-CoAs, acyl-CoAs with medium chain

length could be a bit better utilized than those
with longer chain lengths, as compared to the

situation in which a single acyl-CoA is added to
the reaction buffer.

nmol [*C] wax esters formed/min x mg protein

AT VT AT ST ST ADT BT BT BT AT AST VT AV X

W 10:0-CoA N12:0-CoA m14:0-CoA

Figure 4. Activity of mouse WS towards 10:0-CoA, 12:0-CoA, and 14:0-

CoA in combination with 17 different fatty alcohols.

Apart from the wax esters synthase activity,
only the DGAT activity was elevated in the test-
ed microsomal fraction enriched with mouse wax
synthase, compared to the assays with control
microsomes in zz vitro experiments. However, the
DGAT activity in microsomal fraction enriched
with mouse WS was negligible — only slightly
higher than the residual DGAT activity in the
microsomal preparation from the yeast trans-
formed with an empty plasmid (Table 2 and data
not presented). In the assays with [*C]18:1-MAG
and acyl-CoA, not even trace amounts of de novo
synthesized [“C|DAG were observed. Thus, the
results strongly suggest that mouse WS does not

possess a MAGAT activity. Similar observations
concerning the ASAT activity of mouse WS were

obtained in the assays with [“Clacyl-CoA and
cholesterol. No trace of de novo synthesized [*C]-

sterol esters was observed (not shown).

DISCUSSION

nmol [*C] wax esters formed/min x mg protein

W 16:0-CoA N18:0-CoA m20:0-CoA

Figure 5. Activity of mouse WS towards 16:0-CoA, 18:0-CoA, and 20:0-

CoA in combination with 17 different fatty alcohols.
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Figure 6. Activity of mouse WS towards 18:1-CoA, 22:1-CoA, and Ric-

CoA in combination with 17 different fatty alcohols.

zyme preferences for a given acyl-CoA were independent
from the way acyl-CoA was added (as a single substrate
or in mixture with other acyl-CoAs), (Fig. 7). Thus, the
results obtained in the assays in which combinations of
a single acyl-CoA with a single fatty alcohol were used
could be considered as a proxy for the results obtained
for the mixture of acyl-CoAs (most common situation
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The design of a biotechnological process of
wax esters production in living organism will
be based on a proper selection of enzymes dis-
playing desired specificity, which will enable the
production of wax esters of certain structures
and features. The composition of wax esters
produced by the organism from which the wax
synthase was used for cloning does not fully de-
scribe the substrate specificity of this enzyme.
The final composition of produced wax esters
depends not only on the properties of the en-
zyme, which catalyses the synthesis of wax es-
ters, but also on the availability of acyl-CoAs and
fatty alcohols. Thus, to get a full picture of the
substrate specificity of a given wax synthase,
vitro assays are necessary. For such studies, bac-
teria, yeast, or cell cultures expressing genes of
the studied enzymes are usually utilized. Proper
choice of the model organism is very important
in order for the experiments to be successful. It
appeared that for the substrate specificity studies
of mouse wax synthase, the H1246 yeast (Saccha-
romyces cerevisiae) strain is a very good model sys-
tem. They do not produce their own wax esters
(Sandagar e al., 2002), so the substrate specificity
can be studied both iz vive and 7n vitro. Addition-
ally, the expression level of the tested enzyme
was sufficient to obtain a microsomal fraction
with high wax synthase activity. Yeasts were also
successfully used in other studies on wax syn-
thase substrate specificity (Li et al, 2008; Teer-
awanichpan & Qiu, 2010; Biester ez a/, 2012; Shi
et al., 2012), and therefore they could be recom-
mended for further studies of similar enzymes.

The presented 7z wvitro assays strongly suggest that
mouse wax synthase is most suitable for the synthesis of
medium chain wax esters, especially with 14:0-FA, as fatty
acid components. On the other hand, the enzyme seems
to be completely useless for the production of wax esters
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madded alone

relative activity
(% of activity towards 16:0-CoA
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Figure 7. Activity of mouse WS towards six acyl-CoA added (to-
gether with 16:0-OH) as single acyl-CoA or as a mixture of six
acyl-CoA to the assays.

with conjugated fatty acids (data not presented), fatty ac-
ids longer than 18C, or ricinoleic acid (Fig. 5 & 06). Fatty
alcohols seem to have a smaller influence on the enzyme
activity, however, unsaturated alcohols with chains longer
than 18C are better utilized than their saturated counter-
parts. The results obtained 7z vivo support the results of
the zn vitro study, especially with regard to the extremely
high preferences of mouse wax synthase towards 14:0-
CoA. Myristic acid (14:0) is a very minor component of
yeast lipids (around 2%; data not presented), but in the
produced wax esters (when yeasts carrying mouse wax
synthase were fed exogenously with palmitoleic alcohol)
it constitutes about 9% of their fatty acids component.
The obtained results concerning the substrate specificity
of mouse wax synthase are in agreement with the results
obtained by Cheng & Russel (2004). In their study with
HEK 293 cells overexpressing mouse wax synthase, it was
shown that the enzyme utilized a broad range of fatty al-
cohols and had preferences for saturated acyl-CoAs with
10-16 carbons, and unsaturated acyl-CoAs with 16-20 car-
bons. However, they did not perform quantitative analyses
of mouse wax synthase products, so their results could be
considered only as indicative ones.

The results of the study on the possibility of using differ-
ent wax synthases for biodiesel production also showed that
mouse WS can accept a broad range of fatty alcohols, using
16:0-CoA as the acyl donor (Shi ¢ 4k, 2012). However, the
activity of mouse WS (in cell-free yeast extracts) measured
by the mentioned authors was 100-fold lower than the ac-
tivity obsetved in the assays presented in this paper.

Final proprieties of wax esters depend on both their
components: fatty acids and fatty alcohols. Therefore, a
proper fatty acyl-CoA reductase (FAR) should comple-
ment wax synthase in future transgenic oilseed plants, in
order to produce desired wax esters. In our study, we
have shown that mouse wax synthase can utilize a broad
range of fatty alcohols (towards the fatty acid compo-
nent it showed narrower specificity). Thus, in future en-
gineering of oilseed plants, the utilization of mouse wax
synthase allows for a broader selection of different fatty
alcohol components for the designed wax esters, com-
pared with the fatty acid component.

The co-expression of mouse fatty acyl-CoA reductase
and mouse wax synthase in fael and fae2 Arabidopsis dou-
ble mutant, rich with oleic acids, enabled the formation
of wax esters containing more than 65 % of oleyl-oleate.
The remaining fatty acid components of synthesized wax
esters contained 18:1, 18:2 and 18:3 fatty acids, what re-
flects fatty acid composition of seed lipids (Heilmann ez
al., 2012). In the presented study we have shown that
mouse WS accepted the 18:1-CoA fairly well, in com-
bination with several fatty alcohols (Fig. 6). Thus, it is
not surprising that oleate-oleate was the dominant wax
ester in the mentioned transgenic seeds. The results of
Heilmann e# al. (2012) also showed that for the produc-
tion of desired wax esters in transgenic plants, the com-
position of endogenous substrates available for enzymes
connected with wax esters synthesis (FARs, WSs) is as
important as the substrate specificity of these enzymes.
In these seeds, wax esters with 14:0 or 16:0 fatty acid
components were in absolute minority, whereas mouse
WS expressed high preferences towards these fatty acids.
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