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Abstract Two A'’-desaturases associated with the pri-
mary steps of long-chain polyunsaturated fatty acid (LC-
PUFA) biosynthesis were successfully cloned from
Physcomitrella patens and their functions identified. The
open reading frames (ORFs) of PpFAD2-1 and PpFAD2-2
consisted of 1,128 bp and code for 375 amino acids. Their
deduced polypeptides showed 62—-64 % identity to micro-
somal A'%-desaturases from other higher plants, and each
contained the three histidine clusters typical of the catalytic
domains of such enzymes. Yeast cells transformed with
plasmid constructs containing PpFAD2-1 or PpFAD2-2
produced an appreciable amount of hexadecadienoic (16:2
A®'?) and linoleic acids (18:2 A%'?), not normally present
in wild-type yeast cells, indicating that the genes encoded
functional A'?-desaturase enzymes. In addition, reduction
of the growth temperature from 30 to 15 °C resulted in
increased accumulation of unsaturated fatty acid products.
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Introduction

Linoleic acid (LA, 18:2 A*'?) is an essential fatty acid
belonging to the ®-6 polyunsaturated fatty acid group (®-6
PUFA). LA is required for normal growth of all eukaryotes,
as an integral component of cell membranes. Probably
more importantly, it is a precursor for synthesis of y-lino-
lenic acid (GLA, 18:3 A%%'?) and other long-chain PUFAs
(LC-PUFAs) in both biosynthetic routes involved in the
synthesis of ®-6 and ®-3 polyunsaturated fatty acids by
aerobic desaturases and elongase enzymes (Fig. 1) [30].
GLA itself has been claimed to help in prevention and/or
treatment of diabetes, eye disease, osteoporosis, premen-
strual syndrome, eczema, allergy, high blood pressure, and
heart disease [12]. Also, LC-PUFAs such as arachidonic
acid (ARA, 20:4 As’g’“’m), eicosapentaenoic acid (EPA,
20:5 A° ’8’“’14’17), and docosahexaenoic acid (DHA, 22:6
AHT1013:16.19) have been widely recognized as having
beneficial roles in human health and development. Defi-
ciency of these fatty acids in humans usually results in
increased risk of rheumatoid arthritis and inflammation
[42], cardiovascular disease [48], neuropsychiatric disor-
ders including dementia and depression [6], and hyper-
tension [45]. Neither DHA nor other PUFAs are produced
in sufficient amounts to meet metabolic demands in
humans, particularly infants, because mammals in general
lack the A% and A'°-desaturases required for production
of these essential fatty acids, LA (18:2 A>'?) and a-lino-
lenic acid (ALA, 18:3 A™!*15) [8, 38].

Linoleic acid is normally synthesized by two different
pathways that differ in their cellular localization, lipid
substrates, and electron donor systems [39]. The micro-
somal Alz—fatty acid desaturase (FAD2) is located in the
endoplasmic reticulum (ER) and uses phosphatidylcholine
(PC) as acyl substrate and nicotinamide adenine
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Fig. 1 Biosynthesis pathway of long-chain PUFAs in lower eukary-
otes [27]. ADA adrenic acid, ALA a-linolenic acid, ARA arachidonic
acid, DHGLA dihomo-vy-linolenic acid, DHA docosahexaenoic acid,
DPA docosapentaenoic acid, EDA eicosadienoic acid, EPA eicosa-
pentaenoic acid, ETA eicosatetraenoic acid, ETrA eicosatrienoic acid,
GLA vy-linolenic acid, LA linoleic acid, OA oleic acid, OTA
octadecatetraenoic acid, SA stearic acid

dinucleotide (NADH), NADH-cytochrome b5 reductase,
and cytochrome bs as electron donors; this reaction
involves concomitant reduction of molecular oxygen to
water. In contrast, the plastidial A'>-fatty acid desaturase
(FADO) is located in the chloroplast and uses primarily
glycolipids as acyl carriers and NAD(P)H, ferredoxin-
NAD(P) reductase, and ferredoxin as electron donors [22].
Recently, FAD2 genes have been characterized from var-
ious organisms including higher plants [10, 18, 21], fungi
[29, 49], insects [53], as well as animals [31]. FAD2 and
FADG6 appear to be important in chilling sensitivity [27]
and salt tolerance [51] of plants, respectively.

The moss Physcomitrella patens, a nonseed lower plant,
is capable of producing numerous PUFAs, especially high
amounts of LA (45.58 mg/l) and ARA (42.89 mg/l) [16].
The ability to synthesize PUFAs makes such lower plants a
better target for investigation as a versatile source of PU-
FAs and also for study of the mechanism of PUFA bio-
synthesis. To date, five genes involved in PUFA synthesis,
encoding A’- and A°-desaturases, A°-elongase, and
bifunctional A%/A%- and trifunctional AS/A6/A9-elongases,
have been cloned and characterized from this organism [4,
9, 17, 50], whereas the genes encoding A'%_desaturase
associated with essential LA synthesis have not yet been
fully characterized from P. patens. Characterization of the
biochemistry of these primary desaturation reactions of the
LC-PUFA biosynthesis pathway in P. patens has therefore
attracted a lot of interest to help to understand the
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biosynthetic pathways of these important PUFAs that are
membrane components and signal precursors.

In the study reported herein, two Alz-desaturases,
PpFAD2-1 and PpFAD2-2, were isolated from P. patens
and functionally identified by heterologous expression in
Saccharomyces cerevisiae. The two culture temperatures
were investigated to study the effect on the fatty acid
accumulation facilitated by these two enzymes.

Materials and methods
Enzymes and chemicals

Restriction endonucleases, polymerases, and other DNA-
modifying enzymes were obtained from Takara Bio (Shiga,
Japan) unless indicated otherwise. All other chemicals used
were of reagent grade from Sigma (St. Louis, MO, USA).
Fatty acids were from Nu-Check-Prep (Elysian, MN,
USA).

Strains and culture conditions

The Gransden strain of P. patens [1] supplied by Prof.
Ralph S. Quatrano (Washington University, St. Louis,
USA) was used throughout these studies. Protonemata
(14 days old) were grown in liquid BCD basal medium to
which diammonium tartrate was added to 5 mM, and cul-
tured at 25 °C under continuous light provided by fluo-
rescent tubes [19]. The S. cerevisiae strain INVScl (MATo
his3-Al leu2 trpl-289 ura3-52; Invitrogen, Carlsbad, CA,
USA) was used as a recipient strain in transformation
experiments and grown at 30 °C in complex medium
containing 1 % bacto-yeast extract, 2 % bacto-peptone,
and 2 % p-glucose (Clontech, Mountain View, CA, USA).
StrataClone SoloPack Escherichia coli (Stratagene, La
Jolla, CA, USA) was cultured at 37 °C in Luria—Bertani
(LB) medium.

Cloning of putative microsomal A'*fatty acid
desaturase genes from P. patens

Approximately 50 mg fresh weight of protonemal tissue
from P. patens was ground to fine powder under liquid
nitrogen using a precooled mortar and pestle. Total RNA
was isolated from the powder using the RNeasy Plant Mini
Kit (Qiagen, Valencia, CA, USA), then 5 ng total RNA
was reverse-transcribed with SuperScript™ RT (Invitro-
gen, Carlsbad, CA, USA) according to the manufacturer’s
protocol. The sequence information of fatty acid A'*-de-
saturases from various plants together with bioinformatic
analysis of the P. patens genome database (http://
www.cosmoss.org/ and  http://genome.jgi-psf.org/phy
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scomitrella/physcomitrella.info.html) and NCBI sequence
tool Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/
primer-blast/) were applied to the specific primer design.
The primers used for amplification of the A'’-fatty acid
desaturase genes (PpFAD2-1 and PpFAD2-2) were Hin-
dITI-PpFAD2-1F: 5-ATAAAGCTTATGGGGAAAGGAG
GC-3' and PpFAD2-1R-Xhol: 5-TATCTCGAGTTATTC
TACTTTGTTCTTGTACC-3"; HindIlI-PpFAD2-2F: 5'-
ATAAAGCTTATGGGGAAAGGAGGTAGAG-3' and Pp
FAD2-2R-Xhol: 5'-TATCTCGAGTCACTGCACCTGGT
TG-3/, respectively. The restriction sites (underlined) were
added to facilitate the construction of expression vectors.
Polymerase chain reaction (PCR) was carried out using
complementary DNA (cDNA) as a template with TaKaRa
Ex Taq"™ DNA polymerase (Takara Bio, Shiga, Japan), and
the reactions were conducted using a PCR thermal cycler
(Takara Bio, Shiga, Japan) with the following program:
1 min at 94 °C, 0.5 min at 56 °C, and 2.5 min at 72 °C for
35 cycles followed by extension for 10 min at 72 °C. The
amplification products were purified by gel electrophoresis,
directly ligated into the pSC-A-amp/kan cloning vector
(Stratagene, La Jolla, CA, USA), and transformed into
StrataClone SoloPack E. coli competent cells (Stratagene,
La Jolla, CA, USA). The nucleotide sequences of the
resulting plasmid DNA were determined, and these plasmids
were designated as PpFAD2-1 and PpFAD2-2.

Sequence analysis

Nucleotide sequences of the cDNA clones and their
deduced amino acid sequence were identified by using the
NCBI BLAST program (http://www.ncbi.nlm.nih.gov/
BLAST/). Prediction of the open reading frame (ORF)
and theoretical molecular weight of the deduced polypep-
tide was determined using the EditSeq program (ver-
sion 3.88). Multiple amino acid alignments were
performed with ClustalW using default parameters. Pre-
diction of the subcellular localization of the deduced amino
acids was conducted using PSORT (http://www.psort.nibb.
ac.jp/form.html). Transmembrane regions were predicted
by using TMHMM Server version 2.0 (http://www.cbs.dtu.
dk/servicess TMHMMY/). A phylogenetic tree was con-
structed using the neighbor-joining method and Protdist
algorithm in the PHYLIP package (version 3.63). The
significance level of the neighbor-joining analysis was
examined by bootstrap testing with 1,000 repeats. The tree
was represented by using TreeView (version 6.6) software.

Functional analysis of PpFAD2-1 and PpFAD2-2
in yeast S. cerevisiae INVScl

The ORFs of PpFAD2-1 and PpFAD2-2 cDNAs from the
plasmids PpFAD2-1 and PpFAD2-2, respectively, were

cloned next to the galactose-inducible (GAL1) promoter of
the yeast expression vector pYES2 (Invitrogen, Carlsbad,
CA, USA). The entire ORFs of PpFAD2-1 and PpFAD2-2
were released from the plasmids by digestion with HindIIl/
Xhol and subsequently ligated into HindIIl/Xhol-digested
pYES2 (Invitrogen, Carlsbad, CA, USA). The corre-
sponding recombinant plasmids were determined by
restriction mapping and sequencing, which yielded the
plasmids pYPpFAD2-1 and pYPpFAD2-2. Both expression
vectors were separately introduced into S. cerevisiae IN-
VScl (Invitrogen, Carlsbad, CA, USA) by the S.c. Easy-
CompTM transformation kit (Invitrogen, Carlsbad, CA,
USA), and yeast transformants were selected on complete
minimal dropout uracil (CM-Ura; Clontech, Mountain
View, CA, USA) solid medium, containing 2 % dextrose
(w/v). A single colony was further grown in the liquid
medium at 15 °C or 30 °C for 48 h in the presence of 2 %
(w/v) raffinose, and expression of the transgenes was
induced by addition of galactose (2 % w/v) in the presence
of 0.4 mM of various fatty acids (Nu-Check-Prep, Elysian,
MN, USA) and 0.7 % (w/v) Tergitol Nonidet P-40 (Sigma,
St. Louis, MO, USA). Cells were subsequently harvested
by centrifugation, washed twice with sterile distilled water,
and dried by lyophilization before determination of their
fatty acid composition by gas chromatography (GC).

Fatty acid analysis

Total fatty acids extracted from yeast cells were analyzed
by GC of their methyl esters. Lipids from yeast cells were
transmethylated with 2.5 % sulfuric acid in methanol at
85 °C for 30 min. Fatty acid methyl esters (FAMEs) were
then extracted into 1 ml heptane, the organic layer evap-
orated to dryness with a stream of oxygen-free nitrogen
gas, and the residue dissolved in 500 pl heptane before GC
[17]. GC analysis of FAMEs was conducted using an
Agilent 6890N equipped with an HP-INNOWax capillary
column (0.25 mm x 30 m x 0.25 uM) and a flame ioni-
zation detector with helium as carrier gas. An aliquot (2 pl)
of each sample extract was injected into the GC column
using the injector in split mode. The initial column tem-
perature was 185 °C (0.5 min), and this was increased at a
rate of 3.5°C min~' to 235 °C (14.3 min), and then
maintained at 235 °C for 1.0 min. Fatty acids were iden-
tified by comparison with the retention times of fatty acid
standards (Nu-Check-Prep, Elysian, MN, USA). Quantita-
tion of fatty acids was estimated from the peak areas
extrapolated with the calibration curves of known fatty acid
standards. The corresponding fatty acids were further ver-
ified with the same conditions by gas chromatography—
mass spectrometry (GC-MS) using the HP 6890N Series
operating at ionization voltage of 70 eV with a scan range
of 50-500 Da.
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Southern blotting analysis

Genomic DNA was extracted from P. patens tissue using
the Nucleon™ PhytoPure™ genomic DNA extraction kit
(GE Healthcare, Buckinghamshire, England) according to
the manufacturer’s instructions. One-microgram aliquot of
genomic DNA from P. patens was digested with Hindlll,
EcoRI, EcoRV, Ncol, Xbal, and BamHI, separated by
electrophoresis on a 0.6 % (w/v) agarose gel, and then
transferred onto a Biodyne B positively charged 0.45 nylon
membrane filter (Pall Life Sciences, Ann Arbor, MI, USA).
The filters were hybridized with a full-length cDNA frag-
ment probe of the PpFAD2-1 and PpFAD2-2 coding
regions labeled with a PCR Dig Probe Synthesis Kit
(Roche Applied Science, Mannheim, Germany). Detection
was accomplished with a chemiluminescent substrate
(CSPD; Roche Applied Science, Mannheim, Germany) and
exposure of CL-XPosure film (Thermo Scientific Inc.,
Rockford, IL, USA).

Results

Cloning of P. patens microsomal A'*-fatty acid
desaturases

To identify genes encoding for the microsomal A'*-fatty
acid desaturase enzymes associated with synthesis of
essential fatty acid LA and involved in the primary step of
LC-PUFA biosynthesis, NCBI database searches of the
P. patens genome were conducted to search for sequences
similar to those reported for other plant microsomal A'*-
fatty acid desaturases. This allowed for selection of the
primers used in PCR reactions for amplifying the cDNA
obtained from reverse-transcribed messenger RNA
(mRNA) from 14-day-old protonemal tissue of P. patens.
The full lengths of the potential PpFAD2-1 and PpFAD2-2
cDNAs consisted of 1,128 bp from start (ATG) to stop
codons (TAA and TGA, respectively) and encoded a
polypeptide of 375 amino acid residues with predicted
molecular mass of 43.2 kDa. This is smaller than the other
front-end P. patens A>- and A°- desaturases that have sizes
of 54.3 and 59.3 kDa, respectively [9, 17].

As shown in Fig. 2, databank searches and alignment of
the two deduced amino acid sequences showed that
PpFAD2-1 and PpFAD2-2 shared 91 % identity (95 %
similarity), with only 35 amino acids being different in the
encoded polypeptides. The P. patens FAD2 amino acid
sequences shared high homology with an Olea europaea
microsomal oleate desaturase (OeFAD2) (63-64 % iden-
tity) [10] and Helianthus annuus microsomal A'*-fatty acid
desaturase (HaFAD2) (62-63 % identity) [24]. In contrast,
comparison of the amino acid sequences of both the
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PpFAD2-1 and PpFAD2-2 polypeptides with an isolated
Arabidopsis thaliana plastidial oleate desaturase (AtFADG6)
homolog demonstrated only 15-18 % identity [5]. This
indicated that the PpFAD2-1 and PpFAD2-2 polypeptides
might encode for microsomal rather than plastidial
A"-fatty acid desaturases.

Characterization of putative P. patens microsomal
A" fatty acid desaturases

Analysis of the deduced amino acid sequence of PpFAD2-1
and PpFAD2-2 revealed the presence of the three con-
served histidine-rich motifs: the HXXXH motif from
amino acid residue 99 to 103 (HECGH), the HXXHH motif
from amino acid residue 135 to 139 (HRRHH), and the
HXXHH motif from amino acid residue 309 to 313
(HVAHH) in the carboxyl terminus (Fig. 2). These con-
served motifs are common to all membrane-bound fatty
acid desaturases [22, 34, 39]. Eight histidines that are
essential elements for desaturase activity [41] were also
found in the conserved deduced amino acids of both
P. patens FAD2 sequences. However, comparison of the
amino acid sequences of the histidine boxes of plant
microsomal A'>-fatty acid desaturase (FAD2) and plastid-
ial oleate desaturase (FADO) indicates that different amino
acids are involved. The P. patens FAD2-1 and FAD2-2
polypeptides have a HECGH sequence for the first histidine
motif that is the same as in other plant FAD2 proteins,
while the plant FAD6 desaturases contain an HDCAH
sequence. In the second motif, the HRRHH sequence for
the FAD2 desaturases is replaced with H(R/D)RHH in the
FADG desaturase. In addition, the sequence of HVAHH in
the third histidine motif found in FAD?2 is replaced with
HIPHH in the FADG6 desaturases [5].

Hydropathy plots of the PpFAD2-1 and PpFAD2-2
encoded polypeptides contained five and six putative
transmembrane domains, respectively (Fig. 3) that corre-
spond to the predicted membrane-spanning domains in
other desaturase integral membrane protein models [41].
All of these are short hydrophobic segments and may be
single-pass monolayer segments. The three conserved his-
tidine boxes of both PpFAD2-1 and PpFAD2-2 polypep-
tides were located in the hydrophilic portion.

The phylogenetic relationship of the PpFAD2 polypep-
tides with various species was constructed based on the
alignment of other homologous A'*-desaturase amino acid
sequences (Fig. 4). Generally, plant A'*-fatty acid desatu-
rases were classified into three major branches: plastidial
FAD6 and ER-housekeeping- and seed-type FAD2 [10].
Our results demonstrate that both PpFAD2-1 and PpFAD2-
2 cluster with the ER-localized desaturases and form a
separate branch within the group of plant FAD2 sequences,
implying a lineage more closely associated with higher
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Fig. 2 Sequence alignment of PpFAD2-1 -——————————————
deduced amino acids of the PpFAD2-2 -———————
P. patens microsomal A'>-fatty BaPADT 2 cossommssmcs
acid desaturases (PpFAD2-1 0eFAD? = ———— e
and PpFAD2-2) with other plant AtFAD6
Alz—fatty acid desaturases by
ClustalW software. HaFAD2, PpFAD2-1
Helianthus annuus microsomal PpFAD2-2
oleate desaturase (GenBank ID: HaFAD?2
AF251844); OeFAD2, Olea OeFAD2
europaea microsomal oleate AtFAD6
desaturase (GenBank ID:
AAW63041); AtFADG, PpFAD2-1
Arabidopsis thaliana plastidial PpFAD2-2
oleate desaturase (GenBank ID: HaFAD2
U09503). Black shades indicate OeFAD2
identical amino acid residues. AtFAD6
The three conserved histidine-
rich motifs are indicated by PpFAD2-1
underlines PpFAD2-2
HaFAD2
OeFAD2
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plants than lower eukaryotes including algae, fungi, and
invertebrates (insects and nematode).

Functional analysis of P. patens microsomal A'*-fatty
acid desaturases in S. cerevisiae

The functions of the proteins encoded by PpFAD2-1 and
PpFAD2-2 were examined by heterologous expression in
S. cerevisiae. For this aim, the expression constructs,
pYPpFAD2-1 and pYPpFAD2-2, containing the ORFs of
PpFAD2-1 and PpFAD2-2, respectively, were separately
transformed into S. cerevisiae and the fatty acid composi-
tions of the transformants were analyzed by GC. The FAME
chromatograms (Fig. 5) of yeast cells transformed with
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both plasmids produced two novel fatty acid peaks at
retention times (RTs) of 5.3 and 6.8 min. Neither of these is
present in wild-type yeast cells. They were identified by
comigration and spiking with known authentic fatty acid
standards and by the mass spectrometry (MS) fragmentation
patterns. The novel fatty acid peak at RT of 5.3 min was
identical to hexadecadienoic acid (16:2 Ag’lz), and an
additional major peak eluted at RT of 6.8 min was matched
to the dienoic fatty acid LA (18:2 A%'?) (Fig. 5b, c). These
compounds, when investigated by GC-MS, displayed
molecular ions of 266 and 294 m/z, respectively (Fig. 6a,
¢), which are the expected molecular ions for methyl esters
of hexadecadienoic acid (16:2 A*'?) and LA (18:2 A®'?),
respectively, and the fragmentation patterns were identical
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to those of the authentic hexadecadienoic acid and LA
methyl esters (Fig. 6b, d), respectively. In addition, the
amounts of palmitoleic acid (16:1 A®) and oleic acid (OA)
(18:1 Ag) in the transformed cells were reduced compared
with the negative control yeast cells (Fig. 5; Table 1). This
clearly demonstrates that PpFAD2-1 and PpFAD2-2 cata-
lyze A'>-fatty acid desaturation of both endogenous pal-
mitoleic acid (16:1 A%) and OA (18:1 A°) substrates into
hexadecadienoic acid (16:2 A>'?) and LA (18:2 A%'?),
respectively.

The accumulation of fatty acids in the transformed
yeasts cultivated at 15 and 30 °C is summarized in Table 1.
The proportion of LA (18:2 A%'?) produced at 15 and
30 °C by the PpFAD2-1 and PpFAD2-2 transformants was
6.4 and 4.5 %, and 3.5 and 3.3 %, respectively, much
higher than the level of hexadecadienoic (16:2 A*'?) pro-
duction, which accounted for 2.6 and 1.9 %, and 1.6 and
1.4 %, respectively. These results indicate that PpFAD2-1
and PpFAD2-2 perform A'*-fatty acid desaturation activity
using both C16:1 and C18:1 substrates with a preference
for C18:1 over C16:1 fatty acid substrates. PpDFAD2-1 has
greater A'*~fatty acid desaturase activity than PpFAD2-2 at
both tested culture temperatures. Moreover, the acclima-
tized condition of low temperature at 15 °C significantly
enhanced hexadecadienoic acid (16:2 A*'?) and LA (18:2
A®'?) facilitated by PpFAD2-1, but not PpFAD2-2.

To investigate whether the P. patens microsomal A'%-
fatty acid desaturases were capable of desaturating other
exogenous fatty acid substrates, yeast cultures expressing
pYPpFAD2-1 and pYPpFAD2-2 were supplemented with
various fatty acids that differ in number and position of
their double bond as well as in their chain length
(Table 2). All supplied PUFAs were detected from yeast
transformants, which confirmed the absorption into the
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cells (data not shown), whereas we were unable to detect
any product when various di-, tri-, and tetraenoic Cgg,
Cyo, and C,, fatty acids were fed to yeast cells. From
these results we conclude that both PpFAD2-1 and
PpFAD2-2 polypeptides appear to be specific only for
monoenoic Cy¢ and C;g fatty acids, with 2.9-5.4 and
10.3-18.4 % conversion of palmitoleic acid (16:1 A°) and
OA (18:1 Ag), respectively, under the culture conditions
at 15 and 30 °C (Table 2).

Southern blotting analysis

To investigate the copy numbers of PpFAD2-1 and
PpFAD?2-2 in the genome of P. patens, a Southern blotting
experiment was conducted from P. patens genomic DNA
digested with several noncutting enzymes including Hin-
dIll, EcoRI, EcoRV, Xbal, and BamHI as well as a single
cutting enzyme, Ncol, using digoxigenin (DIG)-labeled
PpFAD2-1 and PpFAD2-2 probes (Fig. 7). Blotting of the
P. patens genomic DNA digested with HindlIll, EcoRI,
EcoRV, Xbal, and BamHI and hybridized with the DIG-
labeled PpFAD2-1 probe generated a single strongly
chemiluminescent fragment (*) of 16.1, 6.3, 8.4, 5.1, and
24.4 kbp, respectively, whereas two expected hybridizing
fragments (8.7 and 5.8 kbp) were observed from the Ncol
digestion (Fig. 7a), which was consistent with the predicted
sizes of the relevant fragments from each restriction
enzyme digestion. This indicates the presence of a single
copy of PpFAD2-1 in the P. patens genome. In the same
way, hybridization of digested P. patens genomic DNA by
HindIll, EcoRI, EcoRV, Xbal, and BamHI with the DIG-
labeled PpFAD2-2 probe detected a single strong signal
(**) of 1.2, 4.0, 4.7, 7.5, and 15.4 kbp, respectively,
whereas two fragments of the Ncol-digested genomic DNA
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Fig. 4 Phylogenetic tree of A'>-fatty acid desaturases of PpFAD2-1
and PpFAD2-2 and some other functionally characterized A'>-fatty
acid desaturases. The tree was constructed by the neighbor-joining
method using TreeView software. The dendrogram was arbitrarily
rooted with the Physcomitrella patens A’-desaturase (PpDESS)
sequence (GenBank ID: CAIS8861). Positions of the P. patens
microsomal A'’-fatty acid desaturase genes are in bold type. The
enzymes used for the analysis were: Acheta domesticus (AdFAD2,
GenBank ID: ABY26957), Spinacia oleracea (SOFAD6, GenBank
ID: CAAS5121), Glycine max (GmFADG6, GenBank ID: AAA50158;
GmFAD2-1A, GenBank ID: AAB000859; GmFAD2-1B, GenBank
ID: BAD89861; GmFAD2-2, GenBank ID: AAB00860; GmFAD?2-3,
GenBank ID: ABF84063), Brassica napus (BnFAD6, GenBank ID:
AAAS0157), Arabidopsis thaliana (AtFAD6, GenBank ID:
AAA92800), Aspergillus nidulans (AnFAD2, GenBank ID:

(8.9 and 3.0 kbp) (Fig. 7b) were observed. These results
presumably confirmed the sequence difference between
PpFAD2-1 and PpFAD2-2 each with a single copy within
the P. patens genome. However, there are weak bands
detected as background signals with each probe, due to the
considerable sequence identity (91 %) between PpFAD2-1
and PpFAD2-2.

Discussion

Fatty acids in plants, as in all other organisms, are the
major structural components of membrane phospholipids
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AAG36933), Coprinus cinereus (CcA'®/AP-FAD, GenBank ID:
BAF45335), Mortierella alpina (MaFAD2, GenBank ID:
AAF8684), Mucor rouxii (MrFAD2, GenBank ID: AADS55982),
Rhizopus arrhizus (RaFAD2, GenBank ID: AATS58363), Acantha-
moeba castellanii (AcA'’/A'>-FAD, GenBank ID: ABK15557),
Phaeodactylum tricornutum (PtFAD2, GenBank ID: AA023564),
Tribolium castaneum (TcFAD2, GenBank ID: ABY26958), Caeno-
rhabditis elegans (CeFAT-1, GenBank ID: AAA67368; CeFAT-2,
GenBank ID: AAF63745), Physcomitrella patens (PpFAD2-1. Gen-
Bank ID: XP_001757907; PpFAD2-2, XP_001756226), Olea euro-
paea (OeFAD2-1, GenBank ID: ABY26957AAW63040; OeFAD2-2,
AAWG63041), and Helianthus annuus (HaFAD2-1, GenBank ID:
AAL68981; HaFAD2-2, GenBank ID: AAL68982; HaFAD2-3,
GenBank ID: AAL68983). The numbers indicate bootstrap values.
ER endoplasmic reticulum

and triacylglycerol storage oils. Although fatty acid bio-
synthesis produces saturated fatty acids, in most plant tis-
sues over 75 % of fatty acids are desaturated [28]: A'*-fatty
acid desaturase emerges to be the key enzyme to synthesize
LA, a crucial precursor for producing subsequent PUFAs.
Likewise, P. patens is known to contain high amounts of
essential LA (18:2 A”'?) [16]. Although several desatu-
rases and elongases have been elucidated from P. patens
[4,9, 17, 50], the Alz—fatty acid desaturase associated with
LA biosynthesis has not been functionally identified. In this
research, we identified two A'>-desaturases, PpFAD2-1 and
PpFAD2-2, from P. patens that share 91 % sequence
identity to one another. It was of interest that they exhibited
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«Fig. 5 Identification of hexadecadienoic acid (16:2 A*!?) and

linoleic acid (18:2 A®'®) in transgenic S. cerevisiae by GC analysis.
The FAMEs of total lipid were extracted from yeast transformed with
control (empty) pYES2 (a), pYPpFAD2-1 (b), and pYPpFAD2-2
vectors (c) under inducing culture conditions. The endogenous fatty
acids found in yeast cell are 16:0, 16:1 A°, 18:0, and 18:1 A°. The
additional fatty acids corresponding to 16:2 A*'? and 18:2 A*'* are
indicated by the arrows

approximately 62-64 % identity to other microsomal A'*-
desaturases of higher plants [10, 24], whereas they had
only 15-18 % identity to higher plant plastidyl desaturases
[5, 11] or microsomal desaturases of lower eukaryotes
(34-41 % identity) [13, 29]. They also had low homology
(29-39 % identity) to bifunctional A'%/AP-desaturases
from the protozoa Acanthamoeba castellanii [37] and the
fungus Coprinus cinereus [52].

Both PpFAD2s contain three histidine boxes that have
similar characteristics to all membrane-bound desaturases,
and also were similar to the FAD2s from other plant species.
These histidine clusters have been shown to be essential for
desaturase activity and act as potential ligands for nonheme
iron atoms [39, 41]. Shanklin et al. [40] also reported that a
group of different enzymes (desaturases, hydroxylases, and
epoxygenases found in animals, fungi, plants, and bacteria
that catalyze diverse reactions) also use a reactive center and
histidine-rich motifs to form the diiron center of activity
where oxygen activation and substrate oxidation occur.
Furthermore, the conserved histidine boxes are crucial for
desaturase activity, as demonstrated by site-directed muta-
genesis studies in the three histidine motifs of the A'? acyl-
lipid desaturase of Synechocystis. When only one histidine
residue was replaced by an arginine residue, there was
complete loss of this enzyme activity [2]. Nevertheless,
PpFAD2-1 and PpFAD2-2 did not contain a cytochrome
bs-like domain including the HPGG motif in the heme-
binding region, as normally present in front-end desaturases.
Moreover, the sequence motif HXXHH in the third histidine
box started with a histidine (H) instead of a glutamine (Q),
which is an obviously conserved feature of methyl-end
desaturases including O. europaea and Camelina sativa
A -desaturases [10, 18] as well as a bifunctional A. castellanii
Alz-, AV-desaturase [37], but is not present in other front-end
desaturases such as P. patens A>- and A%-desaturases [9, 17],
Borago officinalis and Nicotiana tabacum A®-sphingolipid
desaturases [7, 43]. Therefore, the signature sequences for the
conserved motifs of microsomal A'*fatty acid desaturases
should be amended to [HX3H]X0)[HX2)HHIX (160
[HXo,)HH].

From the PSORT algorithm, it was predicted that the
PpFAD2-1 and PpFAD2-2 proteins were localized in the
ER. The presence of dilysines (K) at the -3 and -5 positions
from the C-terminus of PpFAD2-1 also indicated a location
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Fig. 6 GC-mass spectrometry analysis of FAMEs of the novel peaks
A®'2) standards (b, d)

identified in yeast carrying pYPpFAD2-1 and pYPpFAD2-2. A
comparison is shown of the mass spectra of the novel peak (a, ¢) and

Table 1 Fatty acid composition of S. cerevisiae INVScl1 cells overexpressing PpFAD2-1 and PpFAD2-2 polypeptides at different temperatures

Plasmid Temperature (°C) Fatty acid composition (%)*
16:0 16:1 (A) 16:2 (A%1?) 18:0 18:1 (A% 18:2 (A%1?)
pYES2 15 205+ 15 456 + 1.1 0.0 £ 0.0 54 +03 285+ 1.9 0.0 £ 0.0
30 20.1 £+ 2.1 452 4+ 1.97 0.0 + 0.0 63+ 1.0 285+ 1.4 0.0 + 0.0
pYPpFAD2-1 15 202 + 2.1 412405 26402 6.1+ 1.0 23.6 £ 1.1 6.4+ 1.1
30 19.8 £ 2.0 418 +15 194+ 02° 6.2 £ 0.7 258 +1.3° 454 0.7°
pYPpFAD2-2 15 19.1 £ 0.9 445+ 1.0 1.6 +£02 52409 26.1 + 1.0 35405
30 19.0 + 1.1 442 £23 14401 56 +0.5 26.5 + 0.9 33+04

# Mean of % total fatty acid based on the three separate experiments
" Significance compared with 15 °C culture temperature at 95 % confidence level

in the ER [14]. In addition, the predicted PpFAD2-2
polypeptide has a C-terminal aromatic retrieval motif
YNNQVQ from amino acid 370 to 375, which is necessary
for the maintenance of the FAD2 desaturases in the ER
[25]. Therefore, PpFAD2-1 and PpFAD2-2 are most likely

to be microsomal A'?-desaturases. This observation is also
consistent with the FAD2 enzymes being integral mem-
brane, phosphatidylcholine desaturases in the ER.
Heterologous expression of the two PpFAD2 polypep-
tides in S. cerevisiae revealed that neither endogenous
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Table 2 Fatty acid substrate specificity of PpFAD2-1 and PpFAD2-2 polypeptides

Fatty acid substrate Substrate conversion rate at 15 °C (%) Substrate conversion rate at 30 °C (%)
PYES2 pYPpFAD2-1 pYPpFAD2-2 PYES2 PYPpFAD2-1 PYPpFAD2-2

16:1 (A%, palmitoleic acid® nd 54 4+0.2 34 +£03 nd 4.0 + 0.4° 29 4+£0.2
18:1 (A%), OA® nd 184 £ 0.5 10.8 £+ 0.6 nd 13.7 £ 0.4° 103 £ 0.3
18:2 (A>1?), LA nd nd nd nd nd nd

18:3 (A%'1%15), ALA nd nd nd nd nd nd

18:3 (A%*1?), GLA nd nd nd nd nd nd

20:2 (A%, EDA nd nd nd nd nd nd

20:3 (A1) ETrA nd nd nd nd nd nd

20:3 (A%!"%) DHGLA nd nd nd nd nd nd

20:4 (AS1114 ARA nd nd nd nd nd nd

20:4 (ASSIL141Ty "EpA nd nd nd nd nd nd

22:4 (AT1O1316) ADA nd nd nd nd nd nd

Yeast cells transformed with pYPpFAD2-1 and pYPpFAD2-2 vectors were supplemented with different fatty acids. The FAME:s of total lipids
under inducing conditions were analyzed by GC, using flame ionization detection. Conversion was calculated as (product x 100)/(sub-
strate + product) using values corresponding to the peak areas of the corresponding signals. Each value is the mean =+ standard deviation (SD)
from three independent experiments

ADA adrenic acid, ALA o-linolenic acid, ARA arachidonic acid, DHGLA dihomo-v-linolenic acid, EDA eicosadienoic acid, ETrA eicosatrienoic
acid, EPA eicosapentaenoic acid, GLA y-linolenic acid, LA linoleic acid, nd not detected, OA oleic acid

4 Endogenous fatty acid substrates

® Significance compared with 15 °C culture temperature at 95 % confidence level

Fig. 7 Southern blotting a PpFAD2-1 b PpFAD2-2
analysis of P. patens. Genomic

coRI, EcoRV, Ncol, Xbal, an = S 3 S = 5 = S 3 S = 3
BamHI and hybridized with M T Q8 2 %X & M T m R 2 X
PpFAD2-1 (a) and PpFAD2-2
(b) probes. DNA sizes in kbp 23.1 =— . = ; 231 e -
are indicated on the left. Single - -
and double asterisks indicate the -
relevant sizes of PpFAD2-1 and 0.4
PpFAD2-2 detected, %4 —im . 4 —-
respectively - . -

* —
66— - 6.6 — m—. -
*
— &% pe—
4.4 — 44 e +s
-— -
-_—
2.3 — 2.3 ol -
2.0 = 2.0 e

*®

saturated fatty acids, C16:0 and C18:0, nor a variety of  A'"'*!7) DHGLA (20:3 A*!'"'%) ARA (20:4 A>3!'11%)
exogenous PUFA substrates including LA (A*'%), ALA  EPA (20:5 A>®'417)and ADA (22:4 A7'013:16)
(A%'*19), GLA (A®”'?), EDA (20:2 A'™™'%), ETrA (20:3  (Table 2) were desaturated by either PpFAD2-1 or
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PpFAD2-2. Only two endogenous monoenoic fatty acids,
i.e., palmitoleic acid (16:1 Ag) and OA (18:1 Ag), were
converted to hexadecadienoic acid (16:2 A®'?) and LA
(18:2 A®'?), respectively. This evidence confirmed the
methyl-end desaturase activity of PpFAD2-1 and PpFAD2-
2 ¢cDNAs to be that of microsomal A'*-fatty acid desatu-
rases with specificity for monoenoic C16 and C18, and a
preference for C18:1. Similarly, FAD2s from other higher
plants such as Gossypium hirsutum, Tropaeolum majus,
Glycine max, Linum usitatissimum, and C. sativa, the
fungal Caenorhabditis elegans, and insects such as Acheta
domesticus and Tribolium castaneum have also been shown
to have specific activity for C16:1 A? and C18:1 A® fatty
acid substrates [18, 20, 21, 26, 31, 32, 53]. In contrast, the
FAD2s from the filamentous fungus Rhizopus arrhizus and
the higher plant O. europaea were able to convert only
18:1 A® into 18:2 A2 [10, 29, 49]. Although the reasons
for these variations remain to be elucidated, the diverse
hydrophobic profiles of FAD2s that indicate different
transmembrane topologies among various organisms may
be useful to help clarify this puzzle. However, the amount
of C16:2 A*'? and C18:2 A®'? produced in yeast cells by
PpFAD?2-1 is superior to that by PpFAD2-2, indicating that
the differences in functional expression are likely to be
associated with their sequence variation, transmembrane
topology characteristic, as well as protein structure exposed
in ER. Although they exhibited low variation (9 %) from
one another, membrane topology prediction indicated that
they are highly hydrophobic and contain five and six
transmembrane domains, respectively. Moreover, dissimi-
lar topological orientation in ER membrane regarding
histidine box, and N- and C-terminus localization was
observed. It has been investigated that the three conserved
histidine-enriched clusters coordinate diiron atoms at the
active site center, which affects the enzyme catalytic effi-
ciency. The N- and C-terminal regions also influence
protein stability [3, 39]. Hence, the functional differences
can be strongly suggested by the diversity of these desat-
urase genes. Furthermore, posttranscriptional events such
as mRNA stability, translational efficiency, enzyme half-
life, or enzyme catalytic efficiency are proposed to result in
PpFAD?2 function and might be helpful for investigation in
further research. It has been documented that plant FADs
are also short-lived proteins whose abundance can be
modulated to regulate the amount of PUFAs produced [3].
Cultivation of soybean FAD2-transformed yeast cells at
cooler growth temperature further increased FAD2 protein
half-life and corresponding steady-state amount of protein,
resulting in an increase in LA content [44].

To date, certain families of methyl-end desaturases from
various organisms have been investigated, covering both
mono- and bifunctional desaturase activities. In our study,

a yeast feeding experiment supplied with LA (18:2 A*'?)
in the culture medium did not illustrate any fatty acid
production in the transformed yeast cells (Table 2). This
confirms that both PpFAD2 polypeptides are monofunc-
tional A12-fatty acid desaturases, not linoleate A _desatu-
rases. In contrast, the bifunctional Alz/Als-fatty acid
desaturases from the protozoa A. castellanii and the fungus
Coprinus cinereus have been documented to convert C16:1
A° and C18:1 A? fatty acid substrates to either 16:2 A*'?
and 18:2 A*'?, or 16:3 A>'>" and 18:3 A*'>!% [37, 52].
Yeast cells are eukaryotic and contain an ER that is
necessary for the activity of plant FAD2 enzymes that are
integral membrane proteins. In addition, yeast cells lack a
FAD2-type gene, and they normally do not synthesize LA
(C18:2). Hence, yeast expression systems are commonly
employed for functional identification of eukaryotic fatty
acid desaturases in the ER, such as O. europaea, R. ar-
rhizus A'*-desaturases [10, 49], P. patens A>-, A®-desatu-
rases [9, 17], and P. patens A%/A°- and AS/AG/Ag—elongases
[4]. In this study, functional identification of PpFAD2s by
heterologous expression in S. cerevisiae was also per-
formed. Nevertheless, the obtained LA synthesis from the
endogenous OA of S. cerevisiae by additionally introduc-
ing PpFAD2s was relatively low compared with the high
LA amount produced from intact P. patens. This indicates
that the expression system is the key issue affecting
enzyme expression. Although the heterologous expression
system in yeast is normally used to study the function of
plant PUFA biosynthesis enzymes, numerous factors still
mediate the enzyme activity, such as yeast strain, promoter
type, and culture condition [4, 10, 35]. In our experiments,
the influence of a physical parameter was then examined.
Obviously, the accumulation of hexadecadienoic acid (16:2
A>'%) and LA (18:2 A*'?) in transformed yeasts was fur-
ther increased by lowering the culture temperature (to
15 °C). The elevated level of unsaturated fatty acids in
yeasts at low temperature was strongly associated with the
activity of the desaturase, which is a temperature-sensitive
enzyme [15, 33, 36]. This might also be attributable to the
desaturase genes receiving signals from a specific sensor in
the cytoplasmic membrane [47]. An increase in unsaturated
fatty acid products at low temperature might be a response
to maintain membrane fluidity and function, allowing
yeasts to acclimatize to low-temperature stress. This is also
in agreement with the role of a microsomal oleate desat-
urase in sunflower (H. annuus) seeds, which at a low
temperature (10 or 20 °C) brought about an increase in the
FAD2 activity, whereas culture at a higher temperature
(30 °C) resulted in a lower level of activity [23, 36].
Even though we found that the two FAD2s from
P. patens demonstrated only 9 % sequence deviation, we
verified that both carried out different potential
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A'-desaturation activities with regard to 16:1 A° and
C18:1 A’. PpFAD2-1 not only contributed greater desat-
uration activity but also was much more responsive to
temperature change than PpFAD2-2. The higher thermal
stability of PpFAD2-2 is probably due to the C-terminal
aromatic retrieval motif, which is not present in PpFAD2-
1. The presence of polar amino acids including aspara-
gines (N) and glutamine (Q) was observed in the C-ter-
minus of PpFAD2-2, while PpFAD2-1 contained basic
dilysine (K) residue. The amide functional group of
asparagine (N) and glutamine (Q) is highly polar and can
participate in multiple hydrogen-bond interactions. They
can therefore fulfill an important role in stabilizing local
folded structure in proteins [46]. Moreover, Southern
blotting clearly confirmed the different genetic informa-
tion present in PpFAD2-1 and PpFAD2-2, with only a
single copy within the P. patens genome. Similarly, a
single copy of FAD2 was documented in 7. majus [26],
whereas at least two copies of each OeFAD2 gene were
observed in the olive genome [10]. Since we discovered
two FAD2s in P. patens showing a degree of difference
in their A'*-desaturase activity and thermal responsive-
ness, this might suggest that P. patens requires both for
maintenance of growth and fatty acid restoration. In
addition, it has been demonstrated that the diverse
expression levels of two olive microsomal oleate desat-
urase (FAD?2) transcripts depended on developing tissues
[10]. This effect may also possibly participate in the
expression level of PpFADs. Our finding therefore pro-
vides evidence for further characterization of whether
they are tissue or developmentally regulated.

In summary, we have cloned and identified the function
of two microsomal A'’-desaturases (PpFAD2s) from
P. patens that are involved in synthesis of an essential fatty
acid, LA. Our analysis also provides clearer understanding
of the accumulation of the main fatty acid precursor, LA,
which is necessary for production of further LC-PUFAs
and improves knowledge of the PUFA biosynthesis path-
way in P. patens. Future studies on gene inactivation are
still required to determine the in vivo functions of the
genes or fatty acids. However, this finding may ultimately
permit predictable manipulation of the PUFA composition
of plant membrane to improve the vigor and viability of
crop plants.
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