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In this study we present the cloning and functional
haracterization of a gene whose product is responsi-
le for D12-desaturase activity and is involved in the
etabolic pathway of g-linolenic acid (GLA) synthesis

f Mucor rouxii. A cDNA encoding for D12-desaturase of
. rouxii was obtained using the combination of re-

erse transcription-polymerase chain reaction (RT-
CR) and rapid amplification cDNA ends (RACE) tech-
iques. The 1191 bp code for an open reading frame of
96 amino acid residues. The deduced amino acid se-
uence of the cloned cDNA comprises three conserved
istidine regions and two hydrophobic domains and
howed similarity with microsomal v-3 and v-6 de-
aturases of plants. Expression of this open reading
rame in Saccharomyces cerevisiae resulted in the ac-
umulation of linoleic acid (C18:2), suggesting that
his gene encodes for a membrane-bound desaturase,

12-desaturase, of M. rouxii that is functional in
east. © 1999 Academic Press

The growing interest in essential fatty acids for hu-
an nutrition has driven the study of mechanisms

nvolving their biosynthesis pathway, particularly the
odes of fatty acid desaturation. Essential fatty acids

uch as GLA can be obtained from various sources,
aving their origin in a plant or a microorganism.
owever, the bioavailabity of GLA may differ signifi-

antly among these oil sources (1). It is well established
hat the type of desaturases found in individual organ-
sms controls their composition in fatty acids. The rel-
tive ratio of saturated/unsaturated fatty acids has a
ajor role in the maintenance of cell membrane phys-

cal properties under a certain condition (2, 3). A num-
er of Zygomycete molds contain high amount of poly-
nsaturated fatty acids (PUFAs). It has been reported
hat Mortierella sp. produces large amount of long

1 Corresponding author. Fax: 166(2) 427-9623. E-mail: isuparak@
c.kmutt.ac.th.
47
ure of a and g isomer of linolenic acids while some
ucor sp. synthesize only up to 18-carbon PUFA with
isomer of linolenic acid (4). Thus, Mucor sp. are

romising producers of GLA. In addition, these organ-
sms are also potential models to elucidate the mecha-
isms of fatty acid biosynthesis and desaturation.
M. rouxii is a dimorphic phycomycete with the ability

o grow in a yeast-like form as well as in filaments
epending on the environmental conditions (5, 6) and it
s capable of producing high quantity content of GLA in
he lipid fraction (39.7% wt/wt) when grown in fed-
atch culture (7). Studies on the biosynthesis of C18
UFA in the fungus Mucor sp. have shown that three
embrane-bound enzymes, D9, D12 and D6-desaturases

ccomplish the desaturation processes in GLA synthe-
is (8). Oleic acid is further converted by D12 and D6-
esaturases into linoleic acid and GLA, respectively.
ecently, a gene encoding for a D9-desaturase which is
esponsible for introduction of the first double bond
nto saturated palmitic and stearic fatty acids, yielding

ono-unsaturated palmitoleic and oleic acids, has
een cloned from M. rouxii and some features of its
egulation have been characterized (9). In the present
tudy, we describe the isolation and characterization of
12-desaturase gene of M. rouxii. The gene function
as determined using S. cerevisiae as a heterologous
ost.

ATERIAL AND METHODS

Organisms and growth. M. rouxii strain ATCC 24905 was grown
s previously described (9). S. cerevisiae strain DBY746 (a, his 3-D1,
eu 2-3, leu 2-112, ura 3-52, trp 1-289) was used as recipient strain
nd was grown at 30°C in either complex medium (YPD) containing
% bacto-yeast extract, 2% bacto-peptone and 2% glucose or syn-
hetic minimal medium (SD) containing 0.67% bacto-yeast nitrogen
ase without amino acids and 2% glucose. Appropriate amino acids,
-tryptophane, L-histidine-HCl and L-leucine, were added at con-
entration of 20 mg/liter when required. Escherichia coli strain
H5a was grown at 37°C in Luria-Bertani medium (LB) supple-
ented with 100 mg/liter of ampicillin (10).
0006-291X/99 $30.00
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DNA manipulations. All recombinant DNA procedures were done
ccording to standard methods (10). DNA sequencing was performed by
he dideoxy chain termination method (11) using T7 Sequenase, version
.0 DNA sequencing kit (Amersham, Buckinghamshire, UK). Restric-
ion enzymes were from Boheringer Mannheim (Mannheim, Germany).

Cloning of D12-desaturase cDNA from M. rouxii. Reverse
ranscription-polymerase chain reaction (RT-PCR) was used for par-
ial D12-desaturase cDNA amplification. Mycelia of M. rouxii were
arvested and used for RNA preparation as previously described (9).
otal RNA was reverse transcribed into first-strand cDNA using
ligo(dT)17 primer and SuperScript II RNase H2 from GIBCO BRL
Paisley, UK). The first-strand cDNA was used as template for PCR
sing degenerated primers, 59-GCGAATTC(A/G)TIGGTCA(T/C)-
A(T/C)TG(T/C)GGICA-39 (forward) and 59-GCGAATTCATIT(G/
)IGG(A/G)AAIA(A/G)(A/G)TG(A/G)TG-39 (reverse), which contain

nosine (stand by I) and an EcoRI site (underline) at 59 end to
acilitate subsequent manipulation. These primers were designed on
he conserved histidine boxes of microsomal v-3 desaturase genes of
lycine max (12), Arabidopsis thaliana (13), Brassica napus (12),

orresponding to the amino acid sequences GHDCGH and HHLFP,

FIG. 1. Comparison of deduced amino acids of D12-desaturase cD
. napus (Brassi-v3), and D12-desaturase of Synechosistis (Synecho-

hree conserved histidine motifs are indicated by bars.
48
espectively. Nucleotide sequences of 59 and 39 ends of the D12-
esaturase cDNA were amplified by the method of rapid amplifica-
ion of cDNA ends (RACE). 59 RACE System (GIBCO BRL, Paisley,
K) was used for amplification of the 59 cDNA, following by the
anufacturers’ instruction and using the gene specific primers

GSP), 59-GAAGTAGTCGAGGAGGAAGC-39 and 59-TGATAGTC-
TTGAAGGGCTG-39, designed from the nucleotide sequences of
T-PCR DNA fragment. Amplification of 39 end was performed by
ethod of 39 RACE as described by Innis et al. (14). The primers for

9 RACE were oligo(dT)17 adapter primer (for first strand cDNA
ynthesis), a 59-CTGTTGATCGTTCTTATGGC-39 (forward primer)
nd an adapter primer 59-GAGGACTCGAGCTCAAGC-39 (reverse
rimer). All PCR fragments were subcloned into pGEM-T easy vector
Promaga, Madison, WI) and transformed into E. coli. Subsequently,
ucleotide sequences were determined. Analysis of the sequences
as done with GENETYXE-WIN Version 3.1. The sequence of D12-
esaturase cDNA has been deposited in GenBank database and
ssigned the Accession No. AF161219.

Plasmid construction and yeast transformation. The complete
12-desaturase cDNA from M. rouxii was amplified by RT-PCR using

of M. rouxii (Mucor-v6), v-3 desaturase of A. thaliana (Arabid-v6),
). Black backgrounds indicate identity of amino acid residues. The
NA
v6
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wo specific primers, 59-CGCGGATCCATGGCAACCAAGAGAA-
CG-39 and 59-GCCGAATTCTTAGTTCTTAAAGAAGAC-39 which
orrespond to the nucleotide sequences of start and stop codons (in
oldface) of the D12-desaturase coding region, respectively. The 59 end
f both primers containing a BamHI and EcoRI sites, respectively,
ere underlined to facilitate subsequent manipulation. The ampli-
ed cDNA was digested and subcloned into BamHI-EcoRI site of the
xpression vector pYES2 (Invitrogen, Netherlands) to generate a
lasmid designated pYCD12. S. cerevisiae was transformed with
YCD12 and pYES2 using alkali cation yeast transformation kit
BIO 101, Vista, CA) according to manufacturer’s instruction. Trans-
ormants were selected by plating on SD agar lacking uracil and
rown at 30°C for 3–4 days.

Induction of D12-desaturase gene expression and fatty acid analysis.
xpression of M. rouxii D12-desaturase gene was induced under tran-
criptional control of the yeast GAL1 promoter. Yeast cultures were
rown to logarithmic phase at 30°C with aeration in YPG medium.
ubsequently, cells were recovered by centrifugation followed by
ashing the cells in sterile saline prior to transferring into SD
edium containing 2% galactose to induce GAL1 promoter activity

15). Cultures were then grown aerobically to saturation for further
4 h, subsequently cells were harvested by centrifugation and
ashed by sterile distilled water. Cell pellets were lyophilized and
sed for determination of fatty acid composition by gas chromatog-
aphy (GC) as previously described (9).

ESULTS AND DISCUSSION

Linoleic acid is classified to an essential fatty acid
roup for human since mammals lack the gene coding
or D12-desaturase enzyme (4, 16). A partial D12-
esaturase cDNA of M. rouxii was cloned by RT-PCR
sing degenerated primers which were designed based
n the presence of histidine residue motifs character-
stic of membrane-bound desaturases (12, 13, 17, 18,

FIG. 2. Hydropathy plot of D12-desaturase of M. rouxii (A), A.
haliana (B), and Synechocystis sp PCC6714 (C). Hydropathy profiles
ere analyzed using a Kyte–Doolittle scale (31). Numbers on the
-axis are amino acid residues. Two hydrophobic domains are indi-
ated by bars.
49
lified by RT-PCR showed amino acid sequences simi-
ar to the v-6 and v-3 desaturase genes of other organ-
sms (12, 13, 20, 21). To clone the full length D12-
esaturase cDNA, 59 and 39 ends of the gene were
mplified by RACE method. 385 bp of 59 RACE and 365
p of 39 RACE were obtained and sequences deter-
ined. The nucleotide sequences of both products from
ACE experiments share an identical sequence over-

ap on flanking regions of 59 and 39 end of RT-PCR DNA
ragment suggesting that these fragments are portions
f the same gene. The full length cDNA contains an
pen reading frame (ORF) of 1,911 bp encoding for 396
mino acid residues with an estimated molecular mass
f 45 kDa. The ORF of this gene exhibits amino acid
equence homology with other desaturases (Fig. 1). It
hows 34% identity (62% similarity) with microsomal
-6 desaturase of Arabidopsis thaliana (22) 31% iden-
ity (58% similarity) with microsomal v-3 desaturase of
. napus (12) and 16% identity (42% similarity) with
esA of Synechocystis (23). This result reveals that the
RF has more homology with v-6 desaturase than v-3
esaturase of plants although we designed primers for
he RT-PCR based on plant v-3 desaturases. Neverthe-
ess, it also shares common characteristics to known

embrane-bound desaturases (9, 12, 13, 17, 18, 23). M.
ouxii ORF comprises three histidine-cluster motifs
hat are conserved in other membrane-bound desatu-
ases. Moreover, the hydropathy profile of amino acid
equences of this protein shows two hydrophobic do-
ains similar to plant and cyanobacteria D12-

esaturases (22, 23) which have membrane spanning

FIG. 3. Gas chromatograms of total fatty acid from the induced
east cells containing pYES2 (A) and pYCD12 (B). Peaks 1, C16:0; 2,
16:1(D-9); 3, C17:0 (internal standard); 4, C18:0; 5, C18:1(D-9); 6,
18:2 (D-9,12).
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omains (Fig. 2). Each conserved histidine-region is
ocated in the hydrophilic portion that may be located
n the cytoplasmic surface of the membrane. These
eatures coincide with a model of the topology of
embrane-bound desaturases (24). More recently, a

12-desaturase gene has been cloned from a fungus,
ortierella alpina (25). We found that the gene of M.

ouxii also has high homology with the D12-desaturase
f M. alpina. Therefore, we propose that this gene
ncodes for a putative D12-desaturase of M. rouxii.
ackson et al. have reported that the D12-desaturase of
he fungus Mucor circinelloides introduces double
onds into oleate which is esterifed to glycerolipid (8).
he homology of M. rouxii D12-desaturase with en-
ymes from plant v-6 and v-3 desaturases and cya-
obacteria D12-desaturase might support the hypothe-
is that the cloned gene belongs to a member of acyl-
ipid desaturase group.

Cytochrome b5-domains have been discovered in ei-
her the C- or N-terminus of several membrane-bound
esaturases such as D9-desaturase of S. cerevisiae (26)
nd M. rouxii (9), D6-desaturase of Borago officinalis
17), Caenorhabditis elegans (27) and rat (28) and
phingolipid desaturase of A. thaliana (29). However,
his domain is absent in the D12-desaturase gene of M.
ouxii as well as in D12-desaturase of plant and M.
lpina (25). Nevertheless, it has been reported that
ytochrome b5 is required as an electron donor for the
esaturation in microsomal membranes of fungi (8).
To study the function of the putative D12-desaturase

ene of M. rouxii, the 396 amino acids of coding region
ere amplified and subcloned into the yeast expression
ector, pYES2, downstream of the galactose inducible
AL1 promotor. Control (pYES2) and recombinant

pYCD12) plasmids were introduced into yeast and the
xpression was induced by the addition of 2% galac-
ose. Fatty acid compositions of the cultures trans-
ormed with pYES2 and pYCD12 were analyzed as
hown in Fig. 3 and Table 1. The GC analysis revealed
hat a novel dienoic fatty acid (C18:2, D-9,12) was
ound in pYCD12 transformants (22.6% in total lipid)
ut could not be detected in the control. The reduced
mount of oleic acid in pYCD12 transformants was

Fatty Acid Composition of Total Lipid from Yeast
Transformants Containing pYES2 and pYCD12

Transformants

Relation fatty acid composition (mol %)

C16:0 C16:1 C18:0 C18:1 C18:2

pYES2 21.6 46.2 5.6 26.6 —
pYCD12 23.6 37.6 6.9 8.8 22.7

Note. Values represent the averages of three independent trans-
ormants. The fatty acid composition of each sample was analyzed
wice.
50
hus, the accumulation of linoleic acid in the trans-
ormed yeast indicates that the M. rouxii cDNA en-
odes for a protein with D12-desaturase activity. This
unction was accomplished in yeast using its compo-
ent of redox system, NADH-dependent cytochrome b5

eductase and cytochrome b5.
The regulation of genes involved in desaturation path-
ay has been investigated in various organisms. The
xpression of fatty acid desaturase genes depends on
everal factors such as age of culture, species and inter-
cting environment (2, 9, 30, 31). We found that expres-
ion of M. rouxii D9-desaturase gene was affected by low
emperature and cell growth (9). It would be of interest to
etermine whether the regulation of gene expression of
12-desaturase relates to that of D9-desaturase gene in M.
ouxii. In conclusion, we have identified and functionally
haracterized the D12-desaturase gene encoding an en-
yme in GLA synthesis pathway of M. rouxii.
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