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Abstract Wax esters are neutral lipids exhibiting desirable
properties for lubrication. Natural sources have tradition-
ally been whales. Additionally some plants produce wax
esters in their seed oil. Currently there is no biological
source available for long chain length monounsaturated wax
esters that are most suited for industrial applications. This
study aimed to identify enzymatic requirements enabling
their production in oilseed plants. Wax esters are generated
by the action of fatty acyl-CoA reductase (FAR), generating
fatty alcohols and wax synthases (WS) that esterify fatty al-
cohols and acyl-CoAs to wax esters. Based on their substrate
preference, a FAR and a WS from Mus musculus were se-
lected for this study (MmFAR1 and MmWS). MmWS resides
in the endoplasmic reticulum (ER), whereas MmFARI asso-
ciates with peroxisomes. The elimination of a targeting sig-
nal and the fusion to an oil body protein yielded variants of
MmFAR1 and MmWS that were cotargeted and enabled wax
ester production when coexpressed in yeast or Arabidopsis.
In the fael fad2 double mutant, rich in oleate, the cotargeted
variants of MmFAR1 and MmWS enabled formation of wax
esters containing >65% oleyl-oleate Jll The data suggest that
cotargeting of unusual biosynthetic enzymes can result in
functional interplay of heterologous partners in transgenic
plants.—Heilmann, M., T. Iven, K. Ahmann, E. Hornung, S.
Stymne, and I. Feussner. Production of wax esters in plant
seed oils by oleosomal cotargeting of biosynthetic enzymes.
J- Lipid Res. 2012. 53: 2153-2161.
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Wax esters are an important industrial commodity and
serve as lubricants in numerous technical processes (1, 2).
The particular feasibility of wax esters to serve as lubricants
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arises from their constant lubrication properties and
chemical stability over a broad temperature range (2). At
the molecular level, wax esters represent esters of fatty al-
cohols and fatty acids, and a large variety of combinations
is possible, including medium, long, and very long chain
lengths as well as various degrees of unsaturation of the
fatty alcohol and fatty acid partners. Different molecular
species of wax esters can display diverse lubrication prop-
erties. A lubricant should ideally have a low melting point
and high oxidation stability. Therefore, it is desirable to
have species of medium or long chain lengths having not
more than one double bond in each part of the molecule.
Traditionally, wax esters have been obtained from the
whaling industry (“spermaceti-oil”), which relies on a
dwindling natural resource and has become insignificant
as a supply of wax esters for technical applications (2). The
whale contains about 2,000 I of the spermaceti oil within its
skull that consists mainly of oleyl-oleate. This oil was widely
used as an excellent lubricant in all sorts of machinery,
from fine mechanics such as watches to transmission fluids
in the gear boxes in cars. Wax esters can furthermore be
refined from petrochemicals. However, refining also relies
on dwindling natural resources, is cost intensive, and yields
wax ester mixtures of varying molecular species, which is
not desirable in a technical lubricant. While some plant
species, such as jojoba (Simmondsia chinensis), naturally
produce wax esters in their oil, jojoba plants are not suit-
able for large-scale cultivation and produce an unfavor-
able blend of very long chained wax esters not suitable for
technical applications (3). Thus, there is currently no
large-scale biological source for wax esters. To generate
wax esters, fatty acyl-CoAs must be reduced to fatty alco-
hols and esterified to another fatty acyl-CoA molecule.
For this, only two enzymes are required, a fatty acyl-CoA
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reductase (FAR) (2) and a fatty acyl-CoA:fatty alcohol acyl-
transferase or short wax synthase (WS). In a previous study,
a combination of FAR and WS from jojoba was expressed
in transgenic Arabidopsis seeds, and the formation of wax
esters in the seed oil was observed (4). Similar to the situa-
tion in jojoba seeds, where very long chain wax esters are
found (3), transgenic Arabidopsis seeds accumulated wax
esters containing fatty alcohols of 20 carbons or longer
(4). However, for technical applications, it may be desir-
able to use wax esters of long chain length. Therefore, it
was the goal of this study to determine whether it is possi-
ble to establish wax ester production in Arabidopsis seeds
by using enzymes from other organisms that are suitable
for the production of long chain length wax esters. Two
particular enzymes from mouse (Mus musculus) were cho-
sen for this study, MmFARI (5) and MmWS (6), based on
previously demonstrated preference of these enzymes for
long chain length monounsaturated substrates. Previous
characterization of MmFAR1 and MmWS indicated that, in
the mouse, these particular enzymes serve unrelated cel-
lular functions and in vivo localize to different organelles.
For MmFAR]1, a role in plasmalogen biosynthesis has been
proposed; the enzyme is located at the peroxisomal mem-
brane (5). MmWS might be involved in actual wax ester
production not in synchronicity with MmFARI1; the en-
zyme is located at the endoplasmic reticulum (ER) (6).
Thus, despite their suitable substrate preferences, MmFARI1
and MmWS seem not to act together in a common pathway
for wax ester production. In this study, the identification
and elimination of a putative membrane-spanning domain
as noncanonical peroxisomal targeting signal of MmFARI,
combined with subsequent fusions of the deletion variant of
MmFARI and of fulllength MmWS to oleosin, a protein lo-
calized to the surface of oil bodies, resulted in enzyme vari-
ants displaying efficient interplay in heterologous expression
systems. By coexpressing the so-modified variants of Mm-
FAR1 and MmWS, the efficiency of wax ester production was
strongly increased in yeast and Arabidopsis over that observed
upon coexpression of the nonmodified enzymes. Moreover,
the expression of the modified enzymes in an Arabidopsis
mutant background rich in oleate (18:1A7%) enabled an enzy-
matic pathway that yielded wax esters containing greater
than 65% oleyl-oleate in the transgenic plants.

EXPERIMENTAL PROCEDURES

Materials

Restriction enzymes and DNA-modifying enzymes were ob-
tained from MBI Fermentas. Standards of fatty alcohols and
wax esters were obtained from Sigma, Nu-Chek-Prep, or Laro-
dan. Methanol, chloroform, n-hexane, and iso-propanol (all
HPLC grade) were from Baker. All other chemicals were from
Sigma. Basic molecular biological and biochemical techniques
were performed as described (7).

Cloning of MmFAR, MmFAR1Ac, and MmWS

Codon optimized cDNAs of MmFAR] and MmWS (for expres-
sion in Brassicaceae) were provided by Peter Denolf (Bayer Crop
Science NV, Ghent, Belgium) and served as templates for all
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further cloning strategies. PCR was performed to modify the
cDNAs with appropriate restriction sites with following primers
(restriction sites in bold): MmFARI-for-EcoR], 5-ATGCGAATTCA-
TGGTTTCCATCCCAGAGTACTAT-3'/ MmFARI-rev-Xhol, 5"-ATG-
CCTCGAGTTAGTATCGCATTGTGGAAGAGGC-3" and for
MmWS: YFP-WS-for, 5-GGCATGGACGAGCTGTACAAGATGTTC-
TGGCCTACTAAGAAGGAC-3'/ MmWS-rev-Xhol, 5-ATGCCTCGA-
GTTAGACGATAACCAGCTCTTGTGT-3". Engineering of the
truncated MmFARIA ¢ construct was a result of hydropathy analysis,
which revealed two putative transmembrane domains at the very C
terminus of MmFARI1, and this information was used to design
primers excluding the C-terminal coding region: MmFARIA ¢-for-
EcoRI (see above for MmFARI) and MmFARIA c-rev-Xhol, 5-GGAT-
GCCTCGAGTTATCTGATGTTGCGAAGCTTGTT-3".

Fusion constructs for particle bombardment

Plasmids carrying the authentic clones for mCherry and EYFP
were provided by Martin Fulda (Georg-August-University, Gottingen,
Germany). The mCherry cDNA was modified by using the following
primers: mCherry-for-BamHI, 5-ATGCGGATCCATGGTGAGCAA-
GGGCGAGGAGGAT-3" and mCherry-rev-EcoRI, 5-ATGCGAAT-
TCCTTGTACAGCTCGTCCATGCCGCC-3". The resulting amplicon
was moved into the plasmid pUCISEntry2 (8) as BamHI/EcoRI
fragment, creating the plasmid pUCI8Eniry2-mCherry. The PCR
products representing MmFAR1 and MmFAR1Ac were moved as
EcoRI/ Xhol fragments into pUCI8Entry2-mCherry, creating the
plasmids mCherry-MmFARI and mCherry-MmFARIA ¢, respectively.
To create Oleo3-mCherry-MmFARIA ¢ and Oleo3-mCherry, the Oleosin3
cDNA was amplified from Arabidopsis Col-0 cDNA with the respec-
tive primers (restriction sites in bold; SL stands for short linker
and is marked in italics within the primer sequence): Oleo3-Sall-
Jor, 5-GGCCATGCGTCGACATGGCGGACCAAACAAGAACGS /
Oleo3-BamHI-rev-SL, 5-GGCCATGCGGATCCTCCTGCACCTGCA-
GAAACTTGTTGGTGTTGGAC-3". The Oleosin3 amplicon was
then moved as Sall/ BamHI fragment into pUCI18Entry2-mCherry-
MmFARIA cor into pUCI8Entry2-mCherry, resulting in the plasmids
Oleo3-mCherry-MmIARIA¢ and  Oleo3-mCherry. The EYFPfusion
constructs were generated by overlap extension PCRs, engineer-
ing hybrid genes without the use of restriction enzymes. First,
EYFP, MmWS and Oleosin3 were amplified individually from
the respective ¢cDNA templates using the following primers:
EYFP-for-BamHI 5-ATGCGGATCCATGGTGAGCAAGGGCGAG-
GAGCTG-3’ or Oleo3-EYFP-for, 5" TCCAACACCAACAAGTTTCTA-
TGGTGAGCAAGGGCGAGGAG-3'/ EYFP-MmWS-rev, 5-GTCCT-
TCTTAGTAGGCCAGAACATCTTGTACAGCTCGTCCATGCC-3;
for MmWS: YFP-WS-for, (see above) /MmWS-rev-Xhol (see above)
and for Oleosin3: Oleo3-for-Kpnl, 5-GGCCATGCGGTACCATGG-
CGGACCAAACAAGAACG-3'/ Oleo3-EYFP-rev, 5-CTCCTCGCCC-
TTGCTCACCATAGAAACTTGTTGGTGTTGGA-3". The ampl-
icons were fused in a subsequent PCR reaction using primers
EYFP-for-BamH1/ MmWs-rev- Xhol and Oleo3-for-Kpnl / MmWs-rev-Xhol,
respectively, generating the fusion gene constructs EYFP-MmWS and
Oleo3-EYFP-MmWS. The fusion PCR products were moved into
pUCISEntry as BamHI/ Xhol or as Kpnl/ Xhol fragments. All con-
structs were transferred by Gateway technology (Invitrogen) from
pUC18Entry2 to the pCAMBIA33.1 plasmid, an expression vector
containing the cauliflower mosaic virus (CMV) 35S promoter, an
atiR1/R2 gateway cassette, and a CMV 35S terminator. The pCAM-
BIA33.1 vector was modified as described (8).

Particle bombardment

Onion epidermal cells were transformed by bombardment
with plasmid-coated 1 pm gold particles with a helium-driven par-
ticle accelerator (PDS-1000/He; Bio-Rad) using 1,350 psi rupture
discs and a vacuum of 27 inches of mercury. Gold particles were



coated with 4-8 pg of plasmids. After bombardment, the onion
epidermal cells were incubated for 14-20 h.

Microscopy and imaging
Images were recorded using an Olympus BX51 epifluores-
cence microscope.

Preparation of yeast expression constructs

The open reading frames of mCherry-MmFARI, mCherry-
MmFARIA ¢, and Oleo3-mCherry-MmIFARIA ¢ were moved as BamHI-
Xhol or Sall-Xhol fragments, respectively, into the mcs2 of
pESC-URA (Stratagene). EYFP-MmWS and Oleo3-EYFP-MmWSwere
amplified as fusion constructs with the following primer combi-
nations: EYFP-for-Spel, 5-GGCCATGCACTAGTATGGTGAGCAA-
GGGCGAGGAGCTGTTC-3 or Oleo3-for-Spel, 5-GGCCATGCAC-
TAGTATGGCGGACCAAACAAGAACCCAT-3" and MmWS-rev-
Sac, 5-GGCCATGCGAGCTCTTAGACGATAACCAGCTCTTG-
TGT-3". The resulting PCR products were ligated into the mesl
site of pESC-URA, yielding pESC-URA-mCherry-MmIPARI_EYFP-
MmWS,  pESC-URA-mCherry MmFARIA ¢ EYIP-MmWS, — pESC-URA-
Oleo3-mCherry-MmFARIA ¢c_ EYFP-MmWS, and pESC-URA-Oleo3-
mCherry-MmFARIA ¢_Oleo3-EYFP-MmWS.

Constructs for stable expression in Arabidopsis

Two different entry vectors were generated based on the pUC19
backbone. For this purpose, cDNA-=stretches containing a napin
promoter (9), a multiple cloning site, and an octane-synthase (OCS)
terminator (10) were created by fusion-PCRs that were flanked by
Gateway attachment sites. Fragments flanked by attl.l and attl.4
or attR4 and attl.2, respectively, were moved into pUCI9 as
Hindlll/ EcoRI fragments, yielding the plasmids pENTRY-A and
PENTRY-D. The open reading frames of mCherry-MmFARI, Oleo3-
mCherry-MmFARIA ¢, EYFP-MmWS, and Oleo3-EYFP-MmWS were am-
plified as fusion constructs with the following primer combinations:
for mCherry-MmFARI, mCherry-for-Sall 5-GGATGCGTCGACATG-
GTGAGCAAGGGCGAGGA-3'/ FARI-rev-Notl  5"-GGCCATGCGC-
GGCCGCTITAGTATCGCATTGTGGAAG-3"; for Oleo3-mCherry-
MmFARIA ¢, Oleo3-for-Sall 5-GGCCATGCGTCGACATGGCGGACC-
AAACAAGAACGC-3’/ FARI ¢-rev-Notl 5-GGCCATGCGCGGCCGCT-
TATCTGATGTTGCGAAGCTT-3'; for EYFP-WS, YFP-for-Sall 5’-GGC-
CATGCGTCGACATGGTGAGCAAGGGCGAGGA-3’/ WS-rev-Notl
5-GGCCATGCGCGGCCGCTTAGACGATAACCAGCTCTT-%,
and for Oleo3-EYFP-WS, Oleo3-for-Sall 5-GGCCATGCGTCGACA-
TGGCGGACCAAACAAGAACC-3'/ WS-rev-Notl 5"-GGCCATGC-
GCGGCCGCTTAGACGATAACCAGCTCTT-3". The resulting PCR
products were moved as Sall/Notl fragments into the mcs site
of pENTRY-A, yielding pENTRY-A-mCherry-MmIFFARI or pENTRY-
A-Oleo3-mCherry-MmFARIA ¢, respectively, or into the mcs of
PENTRY-D, yielding pENTRY-D-EYFP-MmWS or pENTRY-D-Oleo3-
EYFP-MmWS, respectively. Construct combinations were transferred
by Dual-Gateway technology (Invitrogen) from pENTRY-A and
PENTRY-D into the pCAMBIA33.0 plasmid, a plant transformation
vector containing an a/fR1/R2 gateway cassette. The pCAMBIA33.0
vector was modified as described (8). This results in the constructs
pCAMBIA33.0- pNAPIN::mCherry-MmIFARI-OCS_pNAPIN::EYFP-
MmWS-0OCS,  pCAMBIA33.0-pNAPIN:: Oleo3-mCherry-MmFARI-OCS_
PNAPIN::EYFP-MmWS-OCS, and pCAMBIA33.0- pNAPIN::Oleo3-
mCherry-MmFARI-OCS_pNAPIN::Oleo3-EYFP-MmWS-OCS.

Arabidopsis transformation

Arabidopsis thaliana Col-0 plants were transformed by floral
dipping (11). The respective transformants (Tl-plants) were
grown on soil and selected by ammonium glufosinate treatment.
T2-seeds of the selected plants were collected from individual T1-
plants and analyzed.

Yeast expression

Saccharomyces cerevisiae strain H1246 defective in storage lipid
accumulation (12) was transformed with the different constructs
as described (8). Expression cultures were grown for 48-96 h at
30°C in the presence of 2% (w/v) galactose. When indicated,
primary alcohol (16:0-OH) was dissolved in chloroform and
added to the culture medium to a final concentration of 0.1%.
Cells were harvested by centrifugation at 700 g for 5 min and
then used for further analysis. The host strain transformed with
the empty vector (pESC-URA) was used as negative control in all
experiments.

Wax ester isolation

For lipid analysis in yeast, expression was carried out with 10 ml
cultures. Equal ODyg, units of the yeast cell cultures were har-
vested, and fresh weight was determined. The cell pellets were
homogenized by vigorous shaking (1, 000 rpm) with the help of
glass beads (0.7 mm diameter) in 2 ml chloroform/methanol 1:2
(v/v). As an internal standard, 12:0/12:0 wax ester was added.
The mixture was incubated for 20 min, followed by the addition
of 2 ml n-hexane/diethyl ether 65:35 (v/v) and shaking for 20 min.
The resulting organic phases were combined and dried under
Ny. The remaining lipids were dissolved in 30 pl of chloroform.
Isolation and separation of wax esters were achieved by prepara-
tive thin-layer chromatography (TLC) using appropriate stan-
dards and with n-hexane/diethyl ether/glacial acetic acid
(80:20:1, v/v/v) as developing solvent. The wax esters were
scraped from TLC plates and analyzed by GC-MS. Separation of
fatty alcohols was achieved by TLC using n-hexane/diethyl ether/
glacial acetic acid (65:35:1, v/v/v) as developing solvent modi-
fied from the method described previously (6).

For extraction of Arabidopsis seed oil, 5 mg seeds were homoge-
nized after addition of 2 ml chloroform/methanol 1:1 (v/v) and
9.8 nmol 17:0/17:0 wax ester as internal standard by using a Potter-
Elvejhem device (Heidolph) equipped with a PFTE pestle. The
homogenate was transferred to an 8 ml Teflon-lined screw-cap
glass tube. Lipids were extracted for 20 min and then for another
20 min with 2 ml n-hexane/diethyl ether 65:35 (v/v). Nonsoluble
cell debris was pelleted by 5 min centrifugation at 450 g. The result-
ing organic phases were combined and dried under streaming Nj.
The remaining lipids were dissolved in 30 pl of chloroform. Isola-
tion and separation of wax esters was achieved by preparative TLC
using silica gel 60 glass plates 0.25 mm x 20 cm x 20 cm (Merck)
with n-hexane/diethyl ether/glacial acetic acid (80:20:1, v/v/v) as
developing solvent. The wax esters were scraped from TLC plates
and recovered from the silica by extracting twice with 1 ml hexane.
The solvent was evaporated under streaming Ny. For ESI-MS/MS
measurement, the wax esters were dissolved in 200 pl chloroform/
methanol 1:2 (v/v) containing 5 mM ammonium acetate.

GC-MS analysis

For GC-MS quantification of total wax ester load of yeast ex-
tracts, wax ester preparations were dissolved in 20 pl chloroform,
and 2 pl were subjected to GC-MS analysis using a Polaris () mass
selective detector connected to a Trace gas chromatograph
(Thermo Finnigan) equipped with a capillary column (Rxi-5ms,
15 m x 0.25 mm, 0.25 pm film thickness; Restek). Helium was
used as carrier gas (1.5 ml min~"). The temperature gradient was
2 min 60°C, 60-200°C at 40°C min "', 2 min at 200°C, 200-340°C
at 3°C min_l, and 340°C for 16 min. The wax esters were de-
tected by electron impact ionization (—70 eV, ion source 200°C,
Aux-line 340°C) in a mass range of 50-730 amu. The wax esters
were quantified by comparison of the peak area of the 12:0/12:0
internal standard signal to peak areas of the analyte wax esters
using Xcalibur quality browser V1.4 (Thermo Scientific).

Oleyl-oleate production by oleosomal cotargeting 2155



ESI-MS/MS analysis

The analysis of wax esters from Arabidopsis seed oil was per-
formed using an Applied Biosystems 3200 hybrid triple quad-
rupole/linear ion trap mass spectrometer (ABSciex). Direct
injection nanoelectrospray ionization analysis (nanoESI) was
achieved using a chip ion source (TriVersa NanoMate; Advion
BioSciences). Ten microliters of wax ester extract was subjected
to ESI in positive ionization mode with ionization voltage of
1.7kV and backpressure of 0.2 psi. The mass analyzers were adjusted
to aresolution of 0.7 amu full width at half-height. The ion source
temperature was 40°C, and the curtain gas was set at 10 (given in
arbitrary units). Intensity profiles of 401 wax esters covering acyl
chain combinations at the acyl-COOH or acyl-OH moiety with
carbon numbers (C) of 16, 18, 20, 22, and 24, and saturation
levels from 0 to 3 double bonds (DB) were monitored by apply-
ing multiple reaction monitoring mode (MRM) with optimized
MS parameters for predefined wax ester prototype groups. As
MRM precursor ion, the QI mass analyzer selected for the am-
monium adduct of the wax esters [M+NH4]+, and the Q3 mass
analyzer selected for the [RCOQH2]+0r the [RCO']* fragment ion
(R represents the fatty acid moiety). For quantification, calibra-
tion curves of representative wax ester standards of each proto-
type group were prepared applying the following MS parameters
(supplementary Fig. II and supplementary Tables I and II):
[Group 1] for saturated wax esters with C32-36 declustering po-
tential (DP) 65V, entrance potential (EP) 4.5V, collision energy
(CE) 25 V, and MRM transition of [M+NH,]"/ [RCOQHQT;
[Group 2] for wax esters with C32-36 and one DB in the acyl-
COOH moiety DP 65 V, EP 4.5V, CE 25 V, and MRM transition
of [M4+NH,]*/[RCO,H,]"; [Group 3] for wax esters with C32-36
and one DB in the acyl-OH moiety DP 65V, EP 45V, CE 25V,
and MRM transition of [M+NH4]+/[RCOQH2]+; [Group 4] for
wax esters with C32-36 and 2-3 DB in the acyl-COOH moiety DP
60 V, EP 45 V, CE 25 V, and MRM transition of [M+NH,]"/
[RCO'T™; [Group 5] for wax esters with C32-36 and 2—-6 DB DP
60 V, EP 4.5 V, CE 25 V, and MRM transition of [M+NH,]"/
[RCO'T"; [Group 6] for saturated wax esters with C38-48 DP 57
V, EP 45 V, CE 27 V, and MRM transition of [M+NH,]"/
[RCOQHQT; [Group 7] for wax esters with C38-48 and one DB in
the acyl-COOH moiety DP 65 V, EP 4.5 V, CE 24 V and MRM
transition of [M+NH,]"/[RCO,H,]"; [Group 8] for wax esters
with C38-48 and one DB in the acyl-OH moiety DP 65 V, EP 4.5
V, CE 24 V, and MRM transition of [M+NH,]"/ [RCOQHQT;
[Group 9] for wax esters with C32-36 and 2-6 DB DP 60 V, EP 4.5
V, CE 25V, and MRM transition of [M+NH,]"/[RCO']". Quanti-
fication was carried out using a calibration curve of intensity
(m/z) ratios of [prototype WE]/[17:0/17:0 WE] versus molar
amounts of prototype WE (20-20,000 pmol). To correct for false
positive signals that occur due to unspecific detection of sterol
esters or unspecific signal background caused by the matrix, we
performed a background correction by subtraction of the mean
molar amounts of each MRM transition that were detected in six
individual empty vector control lines from the molar amounts
detected in the transgenic lines (supplementary Table II).

RESULTS

Elimination of a noncanonical C-terminal targeting signal
from MmFARI results in cytosolic localization of the
truncated variant, MmFAR1Ac, in onion epidermal cells
MmFARI has previously been reported to localize to
peroxisomes in mouse (5). To test whether this localiza-
tion pattern would also hold true for plant cells, MmFAR1
was transiently expressed in onion epidermal cells as a
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fusion to mCherry, and the fluorescence distribution was
monitored (Fig. 1A). The mCherry fluorescence deco-
rated punctate structures that colocalized with EYFP-
tagged peroxisomal malate dehydrogenase (pMDH:EYFP),
a peroxisomal marker protein (13) (Fig. 1A), thus confirm-
ing peroxisomal localization of mCherry:MmFARI in on-
ion cells. The amino acid sequence of MmFARI does not
contain a recognizable plant peroxisomal targeting signal
(PTS) (14, 15). To rationalize peroxisomal targeting of
MmFAR1, we hypothesized that a C-terminal region of 66
amino acids (Fig. 1B), which may represent a transmem-
brane domain according to TMHMM prediction (16),
may anchor MmFARI to the peroxisomal membrane. This
notion was based on previous reports that peroxins, com-
ponents of the peroxisomal import machinery, require a
transmembrane region for transport to and association
with peroxisomes (17). To release MmFARI1 from the per-
oxisome, a deletion construct lacking the C-terminal 66
amino acids, MmFAR1Ac, was generated. When mCherry-
tagged MmFAR1Ac was expressed in onion epidermal
cells, peroxisomal localization was lost and the enzyme lo-
calized to the cytosol (Fig. 1C).

Fusion of MmFAR1Ac and MmWS to oleosin
tags cotargets the enzymes to oleosin-accumulating
structures of onion epidermal cells

To achieve efficient interplay of MmFARI1Ac and MmWS
at a cellular location capable of accommodating storage lip-
ids, it was attempted to cotarget the enzymes to oil bodies.
Therefore, mCherry:MmFAR1Ac was fused to Arabidopsis
oleosin3 (Oleo3d), a known component of oil body enve-
lopes in Arabidopsis (18). When transiently expressed in on-
ion epidermal cells, the fluorescence-tagged fusion protein
Oleo3:mCherry: MmFAR1Ac decorated punctate structures
that were different from pMDH:EYFP-labeled peroxi-
somes (Fig. 2A) and coincided with Oleo3-labeled structures
(Fig. 2B). In addition, Oleo3:mCherry: MmFAR1Ac displayed
limited partial overlap with EYFP:MmWS (Fig. 2C). When
EYFP:MmWS was also fused to Oleo3, the resulting fusion
protein Oleo3:EYFP:MmWS decorated punctate structures
that coincided with those decorated by Oleo3:mCherry:
MmFAR1Ac (Fig. 2D), indicating successful cotargeting of
both enzymes to Oleo3-labeled structures.

Cotargeting of the biosynthetic pathway enhances
wax ester biosynthesis in yeast and Arabidopsis

To test whether cotargeting of MmFAR1 and MmWS had
beneficial effects on wax ester production upon heterolo-
gous expression, the accumulation of reaction products
was monitored in yeast upon expression of the original en-
zymes as well as their modified variants. First, it was tested
whether the modified variants of MmFARI were capable of
generating fatty alcohols, which are not naturally present
in yeast. When mCherry: MmFAR1, mCherry: MmFAR1Ac,
or Oleo3:mCherry: MmFAR1Ac were expressed in yeast,
formation of fatty alcohols was observed in all cases
(Fig. 3A, FA-1-OH). Importantly, the modified variants of
MmFARI were not impaired in producing fatty alcohols, as
equivalent amounts of such were formed upon expression
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PMDH:EYFP

Localization of mCherry-tagged MmFARI in onion epidermal cells.

merged

(A) Coexpression of

mCherry: MmFARI and the peroxisomal marker pMDH:EYFP, as indicated. Right panel, merged image. (B)
Alignment of deduced amino acid sequences of FARs from various biological sources. The C-terminal exten-
sion of MmFAR1 and MmFAR? is highlighted. The highlighted sequence was deleted in MmFAR1Ac. (C)
Coexpression of mCherry:MmFAR1Ac and pMDH:EYFP, as indicated. Right panel, merged image. Images
are representative for results from five independent transformation experiments, each yielding >50 trans-
formed cells. Mm, Mus musculus; CER4, Arabidopsis Eceriferum Mutant 4; Sc, Saccharomyces cerevisiae, At, Arabi-

dopsis thaliana.

of mCherry: MmFAR1, mCherry:MmFAR1Ac, or Oleo3:
mCherry: MmFARIAc. After the production of fatty alco-
hols in yeast was successful, variants of MmWS were addi-
tionally expressed to test for wax ester production (Fig. 3B).
Wax esters are not naturally produced by yeast. When
nonmodified MmFAR] and MmWS were coexpressed in
yeast, wax esters were successfully produced (Fig. 3B). Suc-
cessive fusion of mCherry: MmFAR1Ac and EYFP: MmWS to
Oleo3-tags resulted in increased production of wax esters,
and maximum amounts were detected in yeast coexpress-
ing Oleo3:mCherry: MmFAR1Ac and Oleo3:EYFP:MmWS
(Fig. 3B). The wax esters accumulating in yeast expressing
the original or modified variants of mCherry: MmFAR and
EYFP:MmWS were quantified, as indicated and shown in
Fig. 3C. Based on the quantitative analysis, the combined
expression of Oleo3-fusions of MmFAR1Ac and MmWS re-
sulted in a wax ester yield that was increased by approxi-
mately 100% (Fig. 3C). Upon successful establishment of

a cotargeted pathway for wax ester biosynthesis in yeast,
equivalent constructs were tested in transgenic Arabidopsis
plants (Fig. 4). Wax esters are not naturally produced by
Arabidopsis in the seed oil (4). Similar to the situation in
yeast, seed-specific expression of nonmodified mCherry:
MmFAR1 and EYFP:MmWS resulted in the formation of a
modest amount of wax esters in seeds (Fig. 4A). The seed-
specific expression of Oleo3-fused mCherry:MmFAR1Ac
and EYFP:MmWS in Arabidopsis resulted in increased
levels of wax esters, and maximum amounts of wax es-
ters were detected in Arabidopsis seeds coexpressing Oleo3:
mCherry: MmFAR1Ac and Oleo3:EYFP:MmWS (Fig. 4A).

Designer wax esters produced from tailored
substrate pools

After wax ester production had been established with
the mouse enzymes in transgenic Arabidopsis seeds, ex-
periments were conducted to determine the molecular
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Fig. 2. Colocalization of retargeted fusion proteins Oleo3-
mCherry-MmFAR1Ac and Oleo3-EYFP-MmWS on oleosomes of
onion epidermis cells. (A) Subcellular localization of Oleo3:mCherry:
FAR1Ac in vivo compared with a coexpressed pMDH:EYFP marker.
(B) Localization of Oleo3:mCherry:FARIAc compared with Oleo3:
EYFP. (C) Localization of Oleo3:mCherry:FARIAc compared with
MmWS:EYFP. (D) Localization of Oleo3:mCherry:MmFARIAc com-
pared with Oleo3:EYFP:MmWS. Right panels, merged images. Images
are representative for results from five independent transformation
experiments, each yielding >50 transformed cells.

composition of the wax esters produced. The analysis of
molecular wax ester species formed in transgenic Arabidop-
sis seeds showed that up to 399 wax ester species were
formed upon expression of variants of mCherry: MmFAR1
and EYFP:MmWS, but only about 10 species accumulated
to a relative abundance of more than 2%. The highest
10 representative species are shown in Fig. 5A-C.
mCherry: MmFAR] and EYFP:MmWS had been selected
for pathway engineering based on their preference for
monounsaturated substrates with long chain length (5, 6).
However, the predominant wax ester species detected
in wild-type Avrabidopsis background were gondoyl-
linoleate (20:1''%/18:2), oleyl-linoleate (18:1/18:2),
arachidyl-linoleate (20:0/18:2), and gondoyl-linolenate
(20:1°''7/18:3), likely reflecting the combined effects of
abundant linoleate substrate and effective conversion
by the mouse enzymes. Although the composition of
molecular wax ester species detected varied somewhat
among transgenic plants expressing mCherry:MmFAR1/
EYFP:MmWS, Oleo3:mCherry: MmFAR1Ac/EYFP: MmWS, or
Oleo3:mCherry: MmFAR1Ac/Oleo3:EYFP:MmWS (Fig. 5A-C),
it is clear that the presence of multiple routes of fatty acid
conversion in wild-type Arabidopsis seeds prevented the ac-
cumulation of a defined and desired molecular species.
To facilitate the desired production of oleyl-oleate wax
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Fig. 3. Accumulation of reaction products of MmFAR1 and MmWS
variants in transgenic yeast. (A) Unmodified mCherry:MmFARI,
mCherry: MmFAR1Ac, or Oleo3:mCherry: MmFAR1Ac were ex-
pressed in yeast, and the production of fatty alcohols was monitored
by thin-layer chromatography. Yeast transformed with an empty vec-
tor was used as a control, as indicated. (B) Different fusion variants
of MmFARI and MmWS were coexpressed in yeast to test for the
production of wax esters arising from the functional interplay of the
two enzymes, as indicated. Expressed proteins were encoded on a
single vector; yeast transformed with an empty vector was used as a
control, as indicated. (C) Quantification of wax esters produced by
different combinations of MmFAR and MmWS based on GC/MS-
analysis of wax esters reisolated from thin-layer chromatography
plates as shown in (B). Datain (A) and (B) are representative for five
independent experiments yielding similar results. Data in (C) repre-
sent mean + SD from three independent experiments. The values
above the bars represent the Pvalues of Student ttest between
mCherry: MmFAR1 + EYFP:MmWS and Oleo3:mCherry: MmFAR1Ac
+ EYFP:MmWS, as well as mCherry: MmFAR1 + EYFP:MmWS and
Oleo3:mCherry: MmFAR1Ac + Oleo3:EYFP:MmWS transgenic lines.
DAG, diacylglacerol; FA-1-OH, fatty acid primary alcohol; FFA, free
fatty acid; MAG, monoacylglycerol.

esters, wax ester formation by Oleo3:mCherry: MmFAR1Ac
and Oleo3:EYFP: MmWS was monitored in the Arabidop-
sis fael fad2 double mutant rich in oleate (19). The fael
fad2 double mutant is deficient in ER-resident elonga-
tion of fatty acids beyond 18 carbons by FAEI (20) and
lacks the ER-resident fatty acid desaturase FAD2 re-
quired for the production of polyunsaturated fatty ac-
ids, such as linoleic and linolenic acids (21), resulting in



A B

80
Col-0 0.051 0.020 faelfad2
B 60 [ ]
@
)
%)
=
£
Q 40
]
)
>
L
=
2
20
0
Oleod Oleo3 Oleo3
mCherry FAR1 mCherry. FAR14¢  mCherry. FAR1Ac  mCherry FAR14AcC
+ + + +
Oleo3 Oleo3
EYFP:WS EYFPWS EYFP:WS EYFP:WS

Fig. 4. Total wax ester accumulation determined by direct infusion
nano-ESI-MS? analysis in seeds of Arabidopsis. (A) Col-0 wt and (B)
Col-0 fael fad2 mutant background expressing the indicated trans-
gene combinations. Shown is the mean wax ester accumulation
(+ SD) of seed pools of individual heterozygous T2 lines with (A)
10 lines for mCherry: MmFAR1 + EYFP: MmWS, 14 lines for Oleo3:
mCherry: MmFAR1Ac + EYFP: MmWS, 10 lines for Oleo3:mCherry:
MmFAR1Ac + Oleo3:EYFP:MmWS, and (B) 6 lines for Oleo3:
mCherry: MmFAR1Ac + Oleo3:EYFP:MmWS analyzed. The values
above the bars represent the Pvalues of Student ttest between
mCherry:MmFAR1 + EYFP:MmWS and Oleo3:mCherry: MmFAR1Ac
+ EYFP:MmWS, as well as mCherry:MmFAR1 + EYFP:MmWS and
Oleo3:mCherry: MmFAR1Ac + Oleo3:EYFP: MmWS transgenic lines.

the accumulation of about 85% oleate in the seed (19).
When Oleo3: MmFAR1Ac and Oleo3:EYFP: MmWS were ex-
pressed in the fael fad2 mutant background, wax esters
were produced (Fig. 4B). Although the overall yield of wax
esters was lower than that observed upon expression of
Oleo3:mCherry: MmFAR1Ac and Ole3:EYFP:MmWS in
wild-type Arabidopsis (Fig. 4A), the quality of the wax esters
was substantially changed from that observed with any of
the constructs used in the wild-type background (Fig. 5).

Importantly, the desired oleyl-oleate wax esters accounted
now for greater than 65% of wax esters produced in the
fael fad2 background (Fig. 5D), whereas in wild-type, no
single wax ester species exceeded 16%, regardless of what
expression constructs were used (Fig. 5A—C). Further anal-
ysis of fatty alcohols and fatty acids found in wax esters
formed in wild-type seeds or the fael fad2 mutant indicates
that oleyl-alcohol levels were higher than oleate levels in
all transgenic lines, with the exception of fael fad2 plants
(Fig. 6B). These data suggest that the formation of oleyl-
oleate was not limited in wild-type plants by inefficient
production of oleyl-alcohol but rather by the specific in-
corporation of oleate by all variants of MmWS and that the
elimination of reactions competing for oleate substrate
contributed substantially to the efficient formation of oleyl-
alcohol in transgenic Arabidopsis plants (Fig. 6).

DISCUSSION

It was the goal of this study to explore the possibility of
generating unusual wax esters in transgenic plant seeds
and to provide proof of concept in Arabidopsis. The aim to
produce long chain length monounsaturated wax esters
was achieved by using a FAR and a WS from mouse with
preference for such substrates, combined with the use of
plants displaying enhanced accumulation of oleate as a
preferred substrate for the new pathway. Although the se-
lected MmFARI and MmWS may have desired specificities,
these enzymes do not naturally cooperate in vivo and in
fact display dissimilar subcellular localization (5, 6) (Figs.
1 and 2). In this context, the peroxisomal localization of
MmFARLI is of particular interest, as the enzyme does not
contain a recognizable PTS. Instead, peroxisomal target-
ing of MmFARI1 was found to depend on the presence of
the C-terminal 66 amino acids (Fig. 1), which represent a
putative transmembrane anchor. To our knowledge,
MmFARI may represent the first example of an enzyme that
is targeted to peroxisomes by a C-terminal transmembrane
region that is not a component of the peroxisomal protein

Fig. 5.
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(A-C) Wax ester profile of Arabidopsis Col-0 wt and (D) Col-0 fael fad2 mutant expressing the transgene combinations.
(A) mCherry:MmFAR1 + EYFP:MmWS, (B) Oleo3:mCherry: MmFARI1Ac + EYFP:MmWS, and (C, D) Oleo3:mCherry:MmFAR1Ac +
Oleo3:EYFP: MmWS. Shown is the mean (+ SD) relative accumulation of the 10 most abundant wax ester species determined by direct infu-
sion nano-ESI-MS? analysis of T2 seed stocks from (A) 10, (B) 14, (C) 10, and (D) 6 individual lines.
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translocation complex (22). It is furthermore interesting
to note that the mechanism of peroxisomal targeting of
MmFARI is conserved in organisms as diverse as mouse
and onion. Based on the dissimilar localization of MmFAR1
and MmWS in mouse and in onion epidermis cells, it is
clear that these enzymes normally do not define an
efficient pathway to generate wax esters. To achieve a
more efficient wax ester production by MmFAR and
MmWS, both enzymes were cotargeted by fusing them with
Arabidopsis oleosin3 (Oleo3). The rationale behind the co-
targeting approach was that the joint association in one
membrane and even in one membrane microdomain
would enable channeling of lipid intermediates, thus pre-
venting alternative reactions that might be detrimental to
wax ester production. Indeed, this concept has been iden-
tified originally in tung tree seeds that accumulate large
amounts of a-eleostearic acid in the seed oil (23). Al-
though we have not shown an association of Oleo3:
MmFAR1Ac and Oleo3:MmWS with oil bodies in trans-
genic Arabidopsis seeds, previous data on heterologous ex-
pression of oleosins strongly suggest that the oleosin fusion
proteins generated in this study localize to oil bodies as
well (24). Consequently, this localization to oil bodies may
provide a suitable means to sequester hydrophobic reac-
tion products directly into this storage organelle. To
achieve cotargeting of MmFARI and MmWS to oil bodies,
modification of the enzymes was required. As the deletion
in MmFAR]1 and the fusions of MmFARIAc and MmWS to
Oleosin3 might have affected folding of the enzymes, the
catalytic activity of the modified enzymes in vivo might have
been impaired. Control experiments testing the accumu-
lation of fatty alcohols upon expression of nonmodified
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and modified variants of MmFARI indicate that MmFARI1
was not adversely influenced by the modifications (Fig. 3A).
Cotargeting of Oleo3:MmFAR1Ac and Oleo3: MmWS
resulted in a greater accumulation of wax esters than was
observed upon coexpression of nonmodified enzymes
(Fig. 3B). These observations suggest that the efficient co-
operativity of Oleo3:MmFARIAc and Oleo3:MmWS was a
result of close spatial proximity rather than altered cata-
lytic capacity. Itis interesting to note that the expression of
Oleo3:MmWS in yeast was accompanied by increased
levels of triacylglycerol (TAG) in the quadruple yeast
mutant (Fig. 3B). Increased TAG levels were not observed
upon expression of Oleo3:MmFAR1Ac alone (Fig. 3B).
Due to this finding and as the amount of oleosins in seeds
regulates oil body size instead of TAG amount (18, 25),
the TAG accumulation upon expression of Oleo3: MmWS
is likely not only related to an increased abundance of
oleosins in the cells. Instead, the increased TAG content
observed might be a consequence of the inherent activity
of MmWS as a diacylglycerol:acyl-CoA transferase (DAGAT),
which results in TAG formation as a side reaction of wax
ester formation (6). When the increased levels of wax
esters formed upon coexpression of Oleo3:MmFARIAc
and Oleo3: MmWS in yeast and Arabidopsis are compared to
those of mCherry:FAR] and EYFP:-MmWS, it becomes
obvious that the accumulation of wax esters in yeast is
more substantial than that found in Arabidopsis (Figs. 3B
and 4A). A possible explanation may be that yeast natu-
rally contains mostly oleate, a preferred substrate of Mm-
FAR1 and MmWS, whereas Arabidopsis also contains many
other fatty acids, even in the fael fad2 mutant, as a conse-
quence of metabolic exchange between the eukaryotic



and prokaryotic pathways of lipid biosynthesis. Clearly, the
metabolism of Arabidopsis is more complex and will pres-
ent more side reactions that impair wax ester accumula-
tion. In addition, wax esters formed may interfere with the
regulation of storage lipid deposition. Therefore, elimi-
nating the side reactions will provide one possibility to fur-
ther optimize wax ester accumulation in transgenic plants
in the future. By eliminating some of the fatty acid modifi-
cations, such as elongation and polyunsaturation in the
Arabidopsis fael fad2 mutant, it was possible to obtain wax
esters in transgenic plants that contained greater than
65% oleyl-oleate, a molecular wax ester species ranging
around only 5% in the wild-type background (Fig. 5). The
data presented indicate that efficient formation of unusual
wax esters in transgenic plants is feasible and that metabo-
lism can be shaped toward desirable wax ester products,
such as oleyl-oleate, by tapping into the wide variety of
available fatty acid modification mutants. i
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