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We isolated a putative desaturase gene from a marine
alga, Pinguiochrysis pyriformis MBIC 10872, which
is capable of accumulating -eicosapentaenoic acid
(C20:5458111417) ' The gene possessed an open reading
frame of 1,314 bp encoding a putative 437 amino acid
residues showing high sequence identity (37—48%) with
fungal and nematode A12-fatty acid desaturases. Yeast
cells transformed with the gene converted endogenous
oleic acid (C18:1*%) to linoleic acid (C18:2**'?).
However, no double bonds were introduced into other
endogenous fatty acids or exogenously added fatty
acids. Flag-tagged enzyme was recovered in the mico-
some fraction when expressed in yeast cells. To express
the gene in thraustochytrids, a construct driven by the
thraustochytrid-derived ubiquitin promoter was used.
Interestingly, exogenously added oleic acid was converted
to linoleic acid in the gene transformants but not mock
transformants of Aurantiochytrium limacinum mh0186.
These results clearly indicate that the gene encodes a
microsomal A12-fatty acid desaturase and was expressed
functionally in not only yeasts but also thraustochytrids.
This is the first report describing the heterozygous ex-
pression of a fatty acid desaturase in thraustochytrids,
and could facilitate a genetic approach towards fatty
acid synthesis in thraustochytrids which are expected to
be an alternative source of polyunsaturated fatty acids.

Keywords: A12-fatty acid desaturase/fatty acid/gene
expression/PUFA /thraustochytrid.

Abbreviations: DHA, docosahexaenoic acid; EPA,
eicosapentaenoic acid; FAME, fatty acid methyl

ester(s); GC, gas chromatography, GC—MS, gas

chromatogragh;/ mass spectrometry; LA, linoleic

acid (C18:271%); OA, oleic acid (18: 1A9) PUFA,
polyunsaturated fatty acid(s).

A body of accumulating evidence shows the cardiovas-
cular benefits of omega-3 polyunsaturated fatty acids
(PUFAQ such as eicosapentaenoic acid (EPA,
C20:54>81L1417) " and docosahexaenoic acid (DHA
C22:644 710131619y 1y * Actually, cardiac societies in-
cluding the American Heart Association and the
European Society for Cardiology recommend the in-
take of 1 g/day of EPA and DHA for the prevention of
cardiovascular disease and sudden cardiac death (2).
Additionally, DHA, a major fatty acid of phospho-
lipids in the human brain and retina, is thought to
be integral to the growth and development of the
brain (3). The major source of EPA and DHA is fish
oils such as sardine oil but recent decreases in fish re-
sources require a substitute (4). This has stimulated plant
biotechnology aiming to accumulate beneficial PUFA in
seed oils of transgenic plants (5). An alternative approach
to the production of omega-3 fatty acids may target
thraustochytrids, unicellular eukaryotic marine pro-
tists including the genera Thraustochytrium, Ulkenia
and Aurantiochytrium (formerly Schizochytrium) (6).
Thraustochytrids are known to accumulate PUFA,
specifically DHA and omega-6 docosapentaenmc acid
(DPA, C22:544710:13:16) "mainly in their lipid droplets.
Compared with plants such as arabidopsis and to-
bacco, however, basic genetic information is still lack-
ing for thraustochytrids.

In the present study, a ¢cDNA encoding a puta-
tive fatty acid desaturase (PpDesl2) was isolated from
the marine microalga Pinguiochrysis pyriformis MBIC
10872 belonging to a new class of Pinguiophyceae,
which was found to accumulate EPA in cells (7).
The PpDesl2 was identified to be a microsomal
Al2-fatty acid desaturase which converts oleic acid
(OA, Cl18:1%%) to linoleic acid (LA, Cl18:24%!).
The Al2-fatty acid desaturase is a key enzyme in the
standard (elongase/desaturase) pathway for produc-
tion of omega-3 as well as omega-6 fatty acids
(Fig. 1A).

To express the PpDesl2 in thraustochytrids, a
construct driven by the ubiquitin promoter from
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Fig. 1 Putative metabolic role, alignment and phylogenetic tree of PpDes12. (A) PpDesl12 in a putative regular (desaturase/elongase) pathway
of PUFA synthesis in P. pyriformis. (B) alignment of the deduced amino acid sequence of PpDes12 with sequences of fungal and protozoan
Al12-fatty acid desaturases. PpDes12 and fungal and protozoan A12-fatty acid desaturases were aligned using ClustalW 1.81 (29) and the
alignment was shaded in ESPript 2.2 (http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi). Identical and similar amino acid residues are shown by
white letters on a black background and bold face with a black box, respectively. The histidine boxes commonly conserved in fatty acid
desaturases are underlined. MaD12d, M. alpina A12-fatty acid desaturase (/6); McD12d, M. circinelloides A12-fatty acid desaturase (17);
PpD12d, P. pyriformis Al12-fatty acid desaturase (this study); RoD12d, R. oryzae Al12-fatty acid desaturase (/8); SdD12d, S. diclina A12-fatty
acid desaturase (19); TbD12d, T. brucei A12-fatty acid desaturase (20). (C) phylogenetic analysis of Al12-fatty acid and bi-functional
A12/A15-fatty acid desaturases. Phylogenetic tree was constructed by maximume-likelihood method (22) using MOLPHY version 2.3 computer
program package. The scale bar represents a distance of 0.1 substitutions per site in the protein sequence. The abbreviations and origins of
desaturases used are summarized in Supplementary Table S1.
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Thraustochytrium aureum ATCC 34304 was used.
Aurantiochytrium limacinum mh0186 transformed with
the PpDesl2 gene, but not with empty construct, con-
verted exogenously added OA to LA, indicating that
the gene product functions as a Al2-fatty acid desatu-
rase in thraustochytrids. This report, the first to de-
scribe the heterozygous expression of a fatty acid
desaturase in thraustochytrids, could facilitate a gen-
etic approach to the synthesis of fatty acids in
thraustochytrids.

Materials and Methods

Strains and culture

Pinguiochrysis pyriformis MBIC 10872 and T. aureum ATCC 34304
were obtained from the Marine Biotechnology Institute, Kamaishi
(Japan) and American Type Culture Collection (USA), respectively.
Aurantiochytrium limacinum mh0186 was identified based on the sequ-
ence of the 18 S rRNA gene (DDJB, accession number AB362211) (8).

Molecular cloning of PpDes 12 from P. pyriformis MBIC 10872
Pinguiochrysis pyriformis was grown at 25°C in ESM medium (9).
Cells in a late logarithmic phase of growth were harvested by cen-
trifugation (6,000g, 4°C, 15min), and total RNA was extracted by
the phenol—SDS method (10). Poly(A)*RNA was purified and sub-
jected to the first-strand cDNA synthesis. A pair of degenerate pri-
mers targeting the conserved region for fatty acid desaturases, F1
(5-GGI TGG MGI ATH WSI CAY MGN ACI CAY CA-3'; cor-
responding to the amino acid sequence GWRISHRTHH) and R1
[5-CCR TAR TCN CKR TCN AYI GT-3'; corresponding to T(V/
I)DRDYG]. Polymerase chain reaction (PCR) was then performed
using these primers with first-strand cDNA as a template (PCR
cycle: 95°C/30s, 50°C/30s, 68°C/2min, 40 cycles). The amplified
PCR products were subcloned into the TOPO TA Cloning vector
(Invitrogen, CA, USA) and sequenced. The sequence of an insert
showed high identity to known Al2-fatty acid desaturases, and thus
was used as a probe to screen a cDNA library of P. pyriformis MBIC
10872. A cDNA library was constructed using Lambda cDNA
Library Construction Kits (Stratagene, CA, USA). Phage was pack-
aged and wused to infect Escherichia coli XL1-Blue MRF.
Subsequently, a cDNA library was screened by plaque hybridization
with a HRP-labelled probe prepared by ECL Direct Nucleic
Labeling. After several rounds of screening, positive clones were
excised as a pBluescript SK (—) phargemid by in vivo excision.
Finally, a full-length cDNA clone encoding A12-fatty acid desatur-
ase, named PpDesl2, was obtained. The plasmid containing
PpDes12 cDNA was designated pBCNS.

Expression of PpDes 12 in yeasts

A cDNA of PpDesl2 open reading frame (ORF) was amplified by
PCR using a 5’ primer containing a HindlIII site (P.pyr-F, 5-TTA
AGC TTC AAA ATG TCT CGT GGA GGA AAC CTC TC-3')
and a 3’ primer containing a Xbal site (P.pyr-R, 5-GTC TAG ATT
TAG TCG TGC GCC TTG TAG AAC A-3) and pBCNS as a
template (94°C/30s, 61°C/30s, 72°C/2min, 30 cycles). The
PCR-amplified PpDesl2 ORF was digested with HindIIl and
Xbal, and cloned into the same sites of pYES2/CT (Invitrogen,
CA, USA). The resulting PpDesl2-expression vector, designated
pYpAl12Des, was introduced into the Saccharomyces cerevisiae
INVScl (Invitrogen, CA, USA) by the lithium—acetate method
(11). The transformants were selected by plating on synthetic agar
plates lacking uracil (SC—ura). Saccharomyces cerevisiae harbouring
PpDesi2 was cultured in uracil-lacking synthetic complete (SC)
medium containing 2% glucose at 25°C for 3 days, and then cultured
for an additional 1 day in uracil-lacking SC medium containing 2%
galactose. Cells were collected by centrifugation at 3,500g for 10 min.

Western blotting of Flag-tagged PpDes 12

The Flag-tag sequence was inserted just after the initiation codon
of PpDesl2 gene by PCR. The PCR was conducted using a for-
ward primer containing the Flag-tag sequences (P.pyr-FLAG-F,
5-CTA_AGC TTC AAA ATG GAT TAC AAG GAT GAC GAT
GAC AAG TCT CGT GGA-3') and reverse primer (P.pyr-R,

Expression of a A12-fatty acid desaturase in thraustochytrids

5-GTC TAG ATT TAG TCG TGC GCC TTG TAG AAC A-3)).
The underline and italics indicate the HindIII site and Flag-tag se-
quence, respectively. The PCR fragment was directly subcloned into
the yeast expression vector pYES2/CT, and subsequencely intro-
duced into S. cerevisiae by the method described above. After incu-
bation of the transformant in SC—ura medium, the cells were
harvested and suspended in 0.1 M potassium phosphate buffer, pH
7.2, containing 0.33 M sucrose, 0.1% BSA, 1000 U/ml catalase and a
protein inhibitor cocktail (Roche Diagnostics K.K., Mannheim,
Germany). Glass beads were added and the resultant slurry was
sonicated for 20s and centrifuged (3,000g for 10 min). The super-
natant (cell lysate) was centrifuged at 100,000g for 60 min. The
supernatant was used as a cytosolic fraction and the resultant
pellet was suspended in 0.1 M potassium phosphate buffer, pH 7.2,
containing glycerol (20% by volume) and used as a microsomal frac-
tion. An amount of 10pg of protein was loaded onto a 10%
SDS—PAGE gel and transferred to a PVDF membrane (0.45 pm)
using a Bio-Rad Trans-Blot® SD Cell. The membrane was incubated
with 5% (w/v) skim milk in TBS buffer containing 0.1% Tween 20
(Tween—TBS) for 1h at room temperature, washed with
Tween—TBS three times and incubated at room temperature for
3h with an anti-Flag-tag monoclonal antibody (Wako, Osaka,
Japan, 1:5000). It was then washed with Tween—TBS three more
times and incubated for 3h at room temperature with an
HRP-conjugated anti-mouse IgG [H+ L] goat antibody (Nacalai
Tesque, Kyoto, Japan; 1:10000). The membrane was again washed
with Tween—TBS three times. Protein expression was visualized
using a peroxidase staining kit (Nacalai Tesque, 1:20).

Expression of PpDes 12 in thraustochytrids

To express the PpDes12 gene in thraustochytrids, we prepared an
expression construct (Neo'/PpDesl12 construct, Fig. 4A). For con-
trol, PpDes 12 gene with ubiquitin promoter/terminator was omitted
from the expression construct (Neo" construct, Fig. 4B). The EF1-a
promoter/terminator and ubiquitin promoter/terminator were ob-
tained from 7. aureumm ATCC 34304. The codons of Neo" were ad-
justed according to the codon usage of 7. aureum ATCC 34304 (12).
The primers for PCR amplification of these sequences are shown in
Supplementary Table S1. The expression construct was introduced
into A. limacinum mh0186 cells by electrophoration. The cells were
then immediately resuspended in 1 ml of GY medium and incubated
at 25°C for 1| day, and spread on potato-dextrose agar plates con-
taining G418 at 0.5mg/ml. After incubation at 25°C for 2—5 days,
colonies that appeared on the plates were regarded as putative trans-
formants. Aurantiochytrium limacinum mh0186 harbouring PpDesi2
gene was cultured in GY medium at 25°C for 4 days. Cells were
collected by centrifugation at 3,500g for 10 min.

Genomic PCR and Southern blot hybridization of
thraustochytrid transfectants

Genomic PCR was performed using the forward primer 2F and
reverse primer pUCI18-R (Supplementary Table S1) (96°C/2min,
98°C/205s, 60°C/305s, 72°C/5min, 30 cycles). For Southern blot hy-
bridization, 5pg of genomic DNA was digested at 37°C with Xbal
overnight. The digested DNA was separated on 1% agarose gel and
transferred onto a Hybond-N". The membrane was hybridized with
a probe prepared using the DIG DNA Labeling Kit (Roche Diagnostics
K.K.). PCR primers used were PD12d-probe-F (5-CTG CCC GGC
CCG CCG CGA CGA CTA-3) and PD12d-probe-R (5-CGG CGT
GAA GCT ACG GTC GAT GGT-3'). Genomic DNA hybridized
with probe was detected with an anti-Digoxigenin-AP Fab fragment
and an NBT/BCIP stock solution (Roche Diagnostics K.K.).

RT—PCR of Neo" and PpDes 12 in the thraustochytrid
transfectants

Total RNA was prepared from transfectants, grown in GY medium
containing appropriate amounts of G418, with a Sepasol RNAI
Super (Nacalai Tesque, Kyoto, Japan), RNeasy Mini Kit
(QIAGEN, Tokyo, Japan) and DNasel (Takara Bio Inc., Shi¥a,
Japan) and used to produce first-strand cDNA with PrimeScript ™
Reverse Transcriptase (Takara Bio Inc., Shiga, Japan). PCR was
performed using the forward primer 3F and reverse primer 4 R for
amplification of Neo" cDNA and forward primer ub pro-D12d-F
and reverse primer ub term-D12d-R for amplification of PpDesl2
cDNA (96°C/2min, 98°C/20s, 60°C/30s, 72°C/90s, 30cycles)
(Supplementary Table S1).
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Fatty acid analysis

The preparation and extraction of fatty acid methyl esters (FAME)
were carried out as described previously (/3). The resulting FAME
were analysed by gas—liquid chromatography (GC) by the method
described in (/4). The FAME were also subjected to gas chromatog-
raphy—mass spectrometry (GC—MS) using a Shimadzu GC-MS
QP-5000 (SHIMADZU Co., Kyoto, Japan) equipped with a capil-
lary column (DB-1, 0.25mm i.d.x30m, film thickness 0.25um,
Agilent). The column temperature was programmed to increase at
4°C/min from 160°C to 260°C. The injection-port temperature was
250°C. The rate of conversion of substrates to products was calcu-
lated as follows; conversion rate (%)= GC peak area of product/
(GC peak area of product+GC peak area of substrate)x 100.
Furthermore, picolinyl esters were prepared from the FAME as
described previously (/5) and subjected to GC—MS using the equip-
ment described above. The column temperature was programmed to
increase at 2.5°C/min from 240°C to 260°C and maintained for
15 min, then increased at 2.5°C/min to 280°C.

Results

Molecular cloning of PpDes 12 from P. pyriformis
MBIC 10872

Pinguiochrysis pyriformis MBIC 10872 has been re-
ported to accumulate omega-3 PUFA, especially
EPA, in cells (7). In this study, we isolated the
cDNA fragment (516bp) of a putative desaturase
(PpDes12) from this organism by degenerate PCR as
described in Materials and Methods section. The DNA
fragment was used as a probe to isolate a full-length
cDNA clone through plaque hybridization with a
P. pyriformis MBIC 10872 ¢cDNA library. After the
screening of 5.5x 10° recombinants, a ¢cDNA clone
including the putative PpDesl2 ORF was isolated
and designated pBCNS.

DNA and deduced amino acid sequences of PpDes12
We sequenced 1,494 nucleotides of pBCNS, and found
a 1,314-bp ORF of PpDesl2 encoding a putative 437
amino acid residues. As shown in Fig. 1B, the deduced
amino acid sequence of PpDes12 exhibited a high degree
of identity with fungal and protozoan Al12-fatty acid
desaturases, such as those from Mortierella alpina
(43.4%) (16), Mucor circinelloides (45.3%) (17),
Rhizopus oryzae (44.6%) (18), Saprolegnia diclina
(48.0%) (19) and Trichoderma brucei (37.2%) (20)
(the number in parentheses shows the identity relative
to PpDesl2). Three histidine boxes, conserved in
almost all fatty acid desaturases, were found in the
deduced amino acid sequence of PpDesl2 (Fig. 1B,
underlined), whereas the cytochrome bs motif, charac-
teristic of front-end desaturases, was not.

Phylogenetic analysis

A12- and A12/Al5-fatty acid desaturases have been
classified into the following groups based on sequence
similarity: a fungal and protozoan group, a plant
group, a cyanobacterial group and a chloroplast-
localized plant group. The evolutionary relationship
between PpDesl12 and other A12- and A12/A15-fatty
acid desaturases was examined in a phylogenetic ana-
lysis. PpDesl12 was found to be clustered with the
fungal and nematode group in which it was most close-
ly related to the S. diclina Al12-fatty acid desaturase
(Fig. 10).
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Expression of PpDes12 in S. cerevisiae

To clarify the function of PpDesl2, a PpDesl2-
expression construct (pYpAl2Des) and an empty-
control construct (pYES2/CT) were separately
introduced into the INVScl strain of S. cerevisiae
and the fatty acid composition of pYpAI2Des and
mock transfectants was analysed by GC using fatty
acid methyl esters. The peak corresponding to stand-
ard LA (18:22%'%) methyl ester was found in
pYpAI12Des transfectants but not in mock transfect-
ants, although OA (18:1%%), the precursor of LA, was
found in both transfectants (Fig. 2A and B). On the
other hand, amounts of endogenous palmitic acid
(C16:0), stearic acid (C18:0) and palmitoleic acid
(C16:14%) were unchanged in pYpA12Des and mock
transfectants. GC—MS of the new peak in pYpA12Des
transfectants revealed its molecular ion (m/z 294) and
fragmentation ions to be identical to those of the
standard LA methyl ester (Fig. 2C and D). The rate
of conversion of OA to LA was calculated to be
143+2.71 % under the conditions used (average
from three different transfectants, n =2). These results
indicate that endogenous OA was converted to LA in
pYpA12Des transfectants. However, no double bonds
were introduced into myristoleic acid (14:12%), palmi-
toleic acid (16:1%%), elaidic acid (18:14% %), LA,
y-linolenic acid (C18:34%%'%) dihomo-y-linolenic acid
(C20:3%%1-1% " arachidonic acid (C20:4%%%-1%) and
docosatetraenoic acid (C22:447-1%13:16) when they were
added to the culture of pYpA12Des or mock transfect-
ants at 40 uM (data not shown). Taken together, the
PpDesl12 gene of P. pyriformis MBIC 10872 encodes a
Al2-fatty acid desaturase that catalyses the conversion
of OA to LA by introducing a double bond at the A12
position of OA.

Western blotting of Flag-tagged PpDes 12 expressed
in the yeasts

We examined the expression of PpDes12 at the protein
level. Yeast cells expressing Flag-tagged PpDes12 were
lysed and fractionated into a microsomal fraction and
cytosolic fraction, which were subjected to western
blotting using anti-Flag-tag antibody. A 51.1-kDa pro-
tein band was detected in the cell lysate and micro-
somal fraction, but not cytosolic fraction (Fig. 3).
The molecular weight (51.1 kDa) was well consistent
with that estimated from the deduced amino acid se-
quence of the desaturase with a Flag tag. This result
indicates that PpDesl2 can be classified as a micro-
somal fatty acid desaturase.

Expression of PpDes12 in A. limacinum

Thraustochytrids are potentially an alternative to fish
for the production of omega-3 PUFAs (6). However,
the genetic approach to the synthesis of fatty acids in
thraustochytrids has not been fully established due to a
lack of molecular tools for gene manipulation. In this
study, we designed a thraustochytrid-specific expres-
sion construct to express the heterozygous gene in
thraustochytrids using a promoter and a terminator of
house-keeping genes derived from 7. aureum ATCC
34304. To select the transfectants, we used neomycin
(G418) and a neomycin-resistance gene (Neo") after
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Fig. 2 GC and GC—MS of FAME from S. cerevisiae transfectants. GC showing the FAME from S. cerevisiae transformed with (A) empty

vector, pYES2/CT (mock transfectants) and (B) PpDesl2-containing vector, pYpA12Des (PpDes12 transfectants). The arrow indicates the new
peak in PpDesl2 transfectants (B). (C) Mass spectrum of the standard LA methyl ester. (D) Mass spectrum of FAME generated in PpDes12
transfectants. The cells were cultured in uracil-lacking SC medium containing 2% glucose at 25°C for 3 days, and then cultured for an additional
1 day in uracil-lacking SC medium containing 2% galactose with or without exogenous fatty acids. When fatty acids were added to the culture,
0.1% tergitol was also added. Fatty acids were extracted from freeze-dried cells and subjected to GC and GC—MS as described in Materials and

Methods section.

adjusting the codons according to the codon usage of
T. aureum ATCC 34304.

To confirm whether the PpDesl2 is able to func-
tion in thraustochytrids, a Neo'/PpDesl2-expression
construct (Fig. 4A) and a Neo' control construct
(Fig. 4B) were separately injected into A. limacinum
mh0186 by electroporation. Transfectants grown on
a G418-containing GY agar medium were subjected

to genomic PCR to examine whether a full-length
Neo'/PpDes12 DNA was integrated into the genome
of the mh0186 strain. As shown in Fig. 4C, a 5,394-bp
PCR product (corresponding to Neo'/PpDesl2 con-
struct, Fig. 4A) was detected in the Neo'/PpDesl2
transfectants, whereas a 2,657-bp PCR product (cor-
responding to Neo" construct, Fig. 4B) was amplified
for control Neo" transfectants. Southern blot
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Fig. 3 Western blot analysis of Flag-tagged PpDes12 expressed in the
yeast. 1, cell lysate from mock transfectant; 2, cell lysate from
transfectant expressing the Flag-tagged PpDesl12; 3, cytosol fraction
from mock transfectant; 4, cytosol fraction from transfectant ex-
pressing the Flag-tagged PpDes12; 5, microsome fraction from mock
transfectant; 6, microsome fraction from transfectant expressing the
Flag-tagged PpDes12. The S. cerevisiae cells harbouring a vector
containing the Flag-tagged PpDes12 gene or an empty vector (mock
control) were cultured in SC—ura medium and the cell lysates were
subjected to the procedure for preparation of micosomes. Western
blotting was carried out using 10% SDS—PAGE and anti-Flag-tag
mouse monoclonal antibody and HRP-conjugated anti-mouse 1gG
goat antibody. Details are described in Materials and Methods
section.

hybridization using a PpDes12 DNA probe confirmed
that the PpDes12 gene was integrated into the mh0186
genome (Fig. 4D). Furthermore, RT—PCR revealed that
transcripts of both Neo® gene (835 bp) and PpDes12 gene
(1,354 bp) were present in Neo'/PpDesl2 transfectants
while the transcript of Neo' gene, but not PpDesl2,
was detected in control Neo' transfectants (Fig. 4E
and F). These results clearly indicate that the
PpDesl12 and Neo" genes were integrated into the
genome of A. limacinum mh0186 and then translated
to the respective mRNA.

Finally, the fatty acid composition of Neo"/PpDes12
transfectants and control Neo' transfectants was ana-
lysed by GC using methyl ester derivatives. The peak
corresponding to standard LA methyl ester appeared
in Neo'/PpDesl2 transfectants (Fig. 5B) but not in
control Neo" transfectants (Fig. 5A) after adding OA
to the culture of both transfectants. GC—MS of this
new peak revealed its molecular ion (m/z) and frag-
mentation ions to be identical to those of the LA
picolinyl ester (Fig. 5C). The rate of conversion of
OA to LA was calculated to be 7.28 £1.33% (average
from five different transfectants, n =2). No significant
change in fatty acid composition except OA and LA
was observed in Neo'/PpDesl2 transfectants, com-
pared with control Neo® transfectants (data not
shown). Additionally, "*C-LA acid was detected in
Neo'/PpDes12 transfectants but not in control Neo"
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transfectants when '*C-OA-CoA was added to the cul-
ture of transfectants (Supplementary Fig. S1).

Collectively, the Pinguiochrysis gene encoding
PpDes12 was integrated into the genome of A. limaci-
num mh0186 (Fig. 4C and D), translated into PpDes12
mRNA (Fig. 4F) and functioned as a Al2-fatty acid
desaturase in thraustochytrid cells (Fig. 5).

Discussion

In this study, we cloned a putative fatty acid desaturase
(PpDesl2) gene from P. pyriformis MBIC 10872 that
accumulates omega-3 PUFAs, especially EPA (7). The
gene was found to encode an enzyme capable of cata-
lysing the introduction of a double bond at the A12
position of OA but not other fatty acids tested.
Western blotting of Flag-tagged PpDes12 expressed in
the yeast revealed that the enzyme was recovered in
the microsomal fraction. Furthermore, analysis using
TMHMM suggested that the enzyme has two trans-
membrane domains. These results indicate that
PpDesl2 is an oleate-specific microsomal Al2-fatty
acid desaturase. The deduced amino acid sequence of
PpDesl2 contains three histidine boxes (Fig. 1B,
underlined), commonly conserved in fatty acid desa-
turases. This region may act as di-iron coordinating
centres for catalytic activity (2/). Meanwhile, PpDes12
possesses no cytochrome bs-like domain which is usu-
ally present in front-end desaturases and functions as
an electron donor. It has been reported that a 7. brucei
oleate desaturase did not carry a cytochrome bs-like
domain but might use a microsomal cytochrome or the
cytochrome bs-like domain of other desaturases as an
electron donor (20). PpDes12 could accept electrons in
a similar manner to the 7. brucei oleate desaturase.

The phylogenetic analysis of Al2-fatty acid and
bifunctional A12/A15-fatty acid desaturases by the
maximume-likelihood method (22) revealed that
PpDesl12 is part of a fungal and nematode Al2-fatty
acid desaturase group. Among the organisms belong-
ing to this group, only P. pyriformis is a ‘photosynthet-
ic’ stramenopile. Although PpDesl2 was recovered in
the microsomal fraction when expressed in the yeast
(Fig. 3), its intracellular distribution remains to be clar-
ified. However, PpDesl2 could be present in chloro-
plasts like other A12-fatty acid desaturases of higher
plants, because the strain MBIC 10872 cells used in
this study have one or two typical chloroplasts and
accumulate PUFA in the chloroplasts (7). It is worth
noting that the activity of Al2-fatty acid desaturase
could not be detected in vitro using the cell lysate or
microsomal fraction as an enzyme source possibly be-
cause of difficulty with the solubilization of the pro-
tein. Thus, reconstitution of the enzyme reaction
in vitro remains to be achieved.

Although thraustochytrids accumulate PUFA mainly
in lipid droplets, their pathway for production of
PUFA has not been well documented. Accumulating
evidence, however, suggests that two distinct pathways
of fatty acid synthesis are present in thraustochytrids,
i.e. polyketide-like fatty acid synthesis (PUFA syn-
thase) and a regular (desaturase/elongase) pathway.
The former pathway has been well documented in
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Fig. 4 Molecular characterization of A. limacinum mh0186 transfectants. (A) Thraustochytrid-specific expression construct containing Neo" and

PpDes12 genes (Neo'/PpDes12 construct) with sites for primers used.

(B) Thraustochytrid-specific expression construct containing Neo" gene

(Neo" construct, control vector) with sites for primers used. Neo" and PpDes12 genes were derived with thraustochytorid-derived EF1-a pro-
moter/terminator and ubiquitin promoter/terminator, respectively. (C) Genomic PCR showing Neo' construct and Neo'/PpDes12 construct. (D)
Southern blot hybridization using PpDes12-specific probe. RT—PCR amplifying Neo" mRNA (E) and PpDes12 mRNA (F). N, negative control
(wild-type mh0186); C1—C5, Neo" transfectants (mock transfectants); T1—T5, Neo'/PpDesl1?2 transfectants; P, positive control (pNeoDes12). The

details are shown in Materials and Methods section.

marine bacteria (23) and thraustochytrids (24) and the
latter, in animals from nematodes to mammals
(25, 26). It is worth noting that targeted mutagenesis
of a PUFA synthase gene of Schizochytrium sp. re-
sulted in auxotrophic mutants that required supple-
mentation with PUFA (27). This result suggests that
the regular pathway in Schizochytrium sp. was not cap-
able of synthesizing adequate amount of PUFA under
the conditions used, probably due to the absence of a
Al12-fatty acid desaturase (27). We also found in the
present study that 4. limacinum mh0186 does not have
OA and LA, the former being the substrate of

A12-fatty acid desaturase and the latter, the product of
Al2-fatty acid desaturase. Furthermore, exogenously
added OA was not converted to LA in mh0186 cells
until a Pinguiochrysis A12-fatty acid desaturase was
expressed in the strain. Our observations may indicate
that A. limacinum (formerly Schizochytrium sp.) has no
Al2-fatty acid desaturase activity. It is note worthy
that the expression of Al2-fatty acid desaturase did
not alter the PUFA composition of A. limacinum
mh0186 except OA and LA, suggesting the standard
pathway of fatty acid synthesis is not sufficiently work-
ing in mh0186 cells.
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Fig. 5 GC and GC—MS of fatty acid derivatives from A. limacinum transfectants. GC showing the FAME from A. limacinum mh0186 trans-

formed with (A) control Neo" construct (mock transfectants) and (B) Neo"/PpDes12 construct (PpDes12 transfectants). The arrow indicates the
new peak in PpDes12 transfectants. (C) Mass spectrum of the picolinyl ester derivatives of the fatty acids generated in mh0186 cells transformed
with a Neo'/PpDes12 construct. Cells were cultured in a GY medium containing G418 at a concentration of 0.5mg/ml at 25°C for 3 days, and
then cultured for an additional 1 day with 100 uM OA. Fatty acids were extracted from freeze-dried cells and subjected to GC and GC—MS as

described in Materials and Methods section.

On the other hand, several fatty acid desaturases
(13) and elongases (28) possibly associated with the
regular pathway of fatty acid synthesis have been iden-
tified in thraustochytrids. Thus, the relationship be-
tween the PUFA synthase pathway and desaturase/
elongase pathway, and/or the mutual relationships of
each enzyme in the desaturase/elongase pathway
should be carefully examined using several different
species of thraustochytrids. The thraustochytrid-
specific gene expression system developed in this
study could help us to understand the mechanics of
fatty acid synthesis in thraustochytrids and facilitate
the biotechnology of thraustochytrids.

In conclusion, we isolated a gene encoding an
oleate-specific microsomal A12-fatty acid desaturase
from P. pyriformis MBIC 10872 and expressed it in
yeasts as well as thraustochytrids.
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