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Abstract We have identified a cDNA from the nematode worm
Cacenorhabditis elegans that encodes a fatty acid A® desaturase.
Saccharomyces cerevisiae expressing the full-length cDNA was
able to convert di-homo-y-linolenic acid to arachidonic acid, thus
confirming A% desaturation. The 1341 bp A® desaturase sequence
contained an N-terminal cytochrome b5 domain and was located
within a kilobase of the C. elegans A® desaturase on chromosome
IV. With an amino acid identity of 45% it is possible that one of
these genes arose from the other by gene duplication. This is the
first example of a A® desaturase gene isolated from an animal.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

The A® desaturase is responsible for the conversion of di-
homo-y-linolenic acid (C20:3 A8!%) to arachidonic acid
(C20:4 A>31L14) a5 well as the synthesis of eicosapentaenoic
acid (20:5 APSILITY from 20:4 ASILI4IT substrates [1,2]. In
animals, arachidonic acid is a precursor of the short-lived
regulatory molecules the eicosanoids, which comprise the
prostaglandins, the leukotrienes and the thromboxanes. The
eicosanoids have many functions, and are particularly impor-
tant in the inflammatory response, reproductive function and
the regulation of blood pressure [2]. Essential fatty acids may
alleviate certain conditions such as eczema and mastalgia [2]
and some studies suggest a possible application in the treat-
ment of cancer and tumour growth [3.4].

The A® desaturase in Caenorhabditis elegans most likely
functions as other aerobic microsomal desaturases requiring
NAD(P)H and an electron transport chain involving cyto-
chrome b; [5]. Recently a new class of fusion proteins has
been identified in which the protein encoded by certain desa-
turase cDNAs contain a sequence related to cytochrome b5 at
the N-terminus [6].

Molecular genetic approaches, particularly using Arabidop-
sis mutants, have provided much information on desaturation
reactions [7,8]. More recently data emanating from the ge-
nome sequencing projects have made it possible to identify
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more membrane-bound desaturases [9,10]. These searches
make use of the presence of characteristic histidine motifs
common to all membrane-bound desaturases [11]. No infor-
mation is available yet for an animal A desaturase.

Here we report the identification of a putative C. elegans A®
desaturase gene. When the nematode coding sequence was
expressed in yeast grown in the presence of di-homo-y-lino-
lenic acid, arachidonic acid was produced. This confirmed the
identity of the C. elegans ORF T13F2.1 as a A® desaturase
gene.

2. Materials and methods

The University of Wisconsin GCG software package [12] was used
for initial sequence identification and any further sequence analysis.

2.1. PCR-based cloning

Primers were synthesised using the EMBL sequence as a template.
The forward primer was CEFOR, 5'-ATGGTATTACGAGAGCAA-
GA-3" and the reverse primer was CEREV, 5-TCTGGGAT-
CTCTGGTTCTTG-3'. The primers were used for PCR amplification
of a mixed-stage C. elegans cDNA library constructed in AZapll. The
PCR protocol followed was as [13]. Amplification products were frac-
tionated on 1% agarose gels from which the DNA band was purified.
It was ligated directly into pGEM-T (Promega) and the recombinant
plasmids used to transform Escherichia coli DHS5o. cells. Plasmid
DNA was purified for sequencing using the Qiagen QIAprep miniprep
kit. Nucleotide sequences were determined using a Perkin Elmer ABI-
377 DNA sequencer.

2.2. Library screening

The mixed-stage C. elegans cDNA library was screened by standard
techniques [14] using the cloned PCR product as a probe. DNA frag-
ments were labelled with of*?P]JdCTP using the Ready To Go DNA-
Labelling reaction mix (Amersham Pharmacia Biotech). The full-
length cDNA clone L4 was purified by successive rounds of plating
and hybridisation before it was subjected to plasmid excision in vivo
and the insert was sequenced on both strands.

2.3. Functional analysis: yeast transformation

PCR with the primers YCEDFOR, 5'-GCGAAGCTTAAAATG-
GTATTACGAGAGCAAGAGC-3’ (annealing to the initiating me-
thionine indicated by the bold type face), and primer YCEDREV,
5'-GCGGGATCCAATCTAGGCAATCTTTTTAGTCAA-3"  (an-
nealing to the complement of the stop codon, indicated in bold type
face), was used to amplify the pL4 coding region and to flank it with
HindlIl and BamHI restriction sites. The amplified PCR product was
ligated into the vector pYES2 (Invitrogen) to generate the plasmid
pYES2/L4. The fidelity of the cloned PCR product was checked by
in vitro transcription and translation using the TNT system (Prom-
ega). The plasmid was transformed into Saccharomyces cerevisiae
DBY746 by the lithium acetate method [15] and expression of the
transgene was induced by the addition of galactose to 1% (W/v).
The yeast culture medium was supplemented with 0.5 mM di-homo-
v-linolenic acid in the presence of 1% tergitol, as described by Napier
et al. [10].
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2.4. Fatty acid analysis

Total fatty acids extracted from yeast cultures were analysed by GC
of methyl esters, as described previously [13]. Fatty acids were iden-
tified by comparison with retention times of FAMe standards (Sigma)
and arachidonic acid was further characterised by GC-MS using a
Krats MS80RFA operating at an ionisation voltage of 70 eV, with
a scan range of 500-40 Da.

3. Results

Recently we identified a fungal A5 desaturase [13] and A°
desaturases from both plant [16] and animal species [10] which
were distinct from previously identified microsomal desatur-
ases. This difference was due to the presence of an N-terminal
extension which showed homology to the electron donor pro-
tein, cytochrome b;. In the course of the characterisation of
the fungal A® desaturase [13] and the C. elegans A® desaturase
(present on cosmid W08D2; accession number Z70271) [10],
we noted the presence of a related sequence on cosmid T13F2
(accession number Z81122). Cosmids W08D2 and T13F2 were
found to be overlapping. Closer examination of this ORF
(T13F2.1) as predicted by the Genefinder program [12] re-
vealed a number of similarities, in that the ORF contained
an N-terminal cytochrome bs; domain, as defined by the diag-
nostic HPGG motif [17], as well as three ‘histidine boxes’
characteristic of all microsomal desaturases [11]. Of particular
interest was the observation that this putative desaturase con-
tained a variant third histidine box, with an H— Q substitu-
tion for the first histidine in the HXXHH motif. This gluta-
mine substitution had previously been observed by us in the
plant and animal AS desaturases [16,10] and in the fungal A®
desaturase [13]. The overlap between cosmids T13F2 and
WO08D2 allowed us to determine the proximity of the putative
desaturase ORF T13F2.1 to the A desaturase. This indicated
that the two sequences were arranged in tandem on chromo-
some IV, separated by 990 bases from the predicted stop
codon of T13F2.1 to the initiating methionine triplet of the
A5 desaturase.

We wished to determine the function of ORF T13F2.1 and
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confirm if this was indeed a fatty acid desaturase. C. elegans
produces several different unsaturated fatty acids and hence
may carry out A%, A6 A% A'? and A" desaturation reactions
[18]. Although it remained possible that T13F2.1 represent-
ed a second, possibly redundant, form of the AS desatu-
rase, we considered it more likely that it encoded the A®
fatty acid desaturase, since the predicted protein showed the
greatest homology with a fungal microsomal A®> desaturase
[13].

The T13F2.1 ORF is predicted to be interspersed with a
number of introns, making heterologous functional expression
unfeasible. A PCR fragment representing a large predicted
exon at the 5’ end (1-233 bp) was amplified from a C. elegans
cDNA library using the primers CEFOR and CEREV. A
DNA fragment of the predicted size was generated and iso-
lated from a gel for cloning and sequencing.

To isolate the coding region corresponding to the T13F2.1
ORF the PCR product of 233 bp was used to probe the C.
elegans cDNA library that had been constructed in AZapll.
The positive plaques were checked for the presence of
T13F2.1 sequence by PCR with CEFOR and CEREV. One
clone, L4, was purified by additional rounds of plating and
hybridisation screening. The plasmid pL4 was released form
lambda clone L4 by in vivo excision and the cDNA insert was
sequenced on both strands.

The deduced amino acid sequence was identical with that
predicted for T13F2.1 over most of the protein. However,
DNA sequences encoding residues 198-204 predicted for
T13F2.1 were not present in the cDNA clone; this is likely
to be due to a misprediction of intron/exon borders by the
Genefinder program. This means that the deduced amino acid
sequence for L4 is 447 amino acids long compared to the 454
amino acids predicted for T13F2.1. Other than this the se-
quences were identical at the DNA level.

The deduced sequence of L4 is shown in Fig. 1 and is
compared with the previously characterised C. elegans AS de-
saturase. The amino acid sequences of these two genes show
45% identity and 68% similarity. At the nucleic acid level L4 is
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Fig. 1. Comparison of C. elegans A° and A® sequences. The translation of the coding sequence of L4 (GenBank accession number AF078796)
is aligned with the deduced amino acid sequence from a C. elegans A® desaturase cDNA. Identical or conserved residues are shaded and the

conserved histidine boxes and cytochrome b; domain are underlined.
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Fig. 2. Identification of arachidonic acid synthesised in transgenic
yeast. Fatty acid methyl esters of total lipids of S. cerevisiae grown
under inducing conditions in the presence of di-homo-y-linolenic
acid were analysed by GC, using flame ionisation detection. A:
FAMes extracted from yeast transformed with control (empty) vec-
tor pYES2. B: FAMes extracted from yeast transformed with
pYES2/L4. The common peaks were identified as C16:0 (peak 1),
C16:1 (peak 2), C18:0 (peak 3), C18:1 (peak 4) and C20:3 (peak 5
supplied exogenously). The additional peak, which corresponds to
the retention time of arachidonic acid, is indicated by the arrow.

60% identical to the C. elegans A® desaturase gene. It is also
interesting to note that the final two intron/exon junctions in
both the C. elegans A® desaturase gene and T13F2.1 are in
identical positions when the two amino acid sequences are
aligned. The intron/exon junction for intron number 6 in
T13F2.1 occurs after position 348 and this aligns with the
intron/exon junction for intron 5 in the C. elegans AS desatur-
ase which occurs after position 347. The intron/exon junctions
for intron 7 in T13F2.1 and 6 in the C. elegans A® desaturase
are similarly aligned, occurring after positions 384 and 383
respectively.

3.1. Functional analysis of L4 in yeast

The complete coding region (447 amino acids plus a stop
codon) of L4 was amplified by PCR using the primers YCED-
For and YCEDRev and inserted into the yeast expression
vector pYES2 downstream of the GALI promoter. This con-
struct was transformed into E. coli. The fidelity of the PCR-
generated insert in plasmid pYES2/L4 was confirmed in vitro
by coupled transcription/translation under the control of the
T7 RNA polymerase promoter in the vector. The translation
products were analysed by SDS-PAGE and autoradiography.
A product of M, ~56000 was produced from the plasmid
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pYES2/L4 whereas the empty vector control (pYES2) failed
to yield any protein products (data not shown).

For functional analysis of the L4 coding region the re-
combinant plasmid was transferred to yeast. Cells were cul-
tured overnight in a medium containing raffinose as sole car-
bon source, and supplemented by the addition of either
linoleic acid (18:2 A%'?) or di-homo-y-linolenic acid (C20:3
AB1L)  These fatty acids are not present in S. cerevisiae
but serve as the specific substrates for either A® or A> desatur-
ases, respectively. Expression of the L4 coding region from the
GALI promoter of the vector was induced by the addition of
galactose to 1%. Growth of the cultures was continued for
16 h, when aliquots were removed for the analysis of fatty
acids by GC. Fig. 2 shows the result of GC analysis of the
fatty acid methyl esters of transformed yeast strains. An addi-
tional peak is apparent in the trace obtained from induced
pYES2/L4 grown in the presence of di-homo-y-linolenic acid
compared to an empty-vector control. This peak was also
absent from uninduced cultures grown on di-homo-y-linolenic
acid and it should be noted also that pYES2/L4 grown in the
presence of linoleic acid failed to accumulate any novel fatty
acids indicating that this fatty acid is not a substrate for the
enzyme encoded by the clone pYES2/L4. The retention time
of the additional peak is identical to that of authentic methyl-
arachidonic acid standard. The fatty acid produced from di-
homo-y-linolenic acid was further characterised by GCMS
and identified as arachidonic acid (Fig. 3). The results show,
therefore, that yeast cells transformed with the plasmid
pYES2/L4 had acquired functional A® desaturase activity
and were now capable of synthesising arachidonic acid from
the substrate di-homo-y-linolenic acid. The A® desaturase in
the transformed yeast converted some 15% of the substrate
under the conditions of the experiment.

4. Discussion

We provide evidence that a C. elegans cDNA, T13F2.1,
encodes a A® desaturase. The protein encoded by ORF
T13F2.1 appears to be related to the A® desaturase isolated
from C. elegans, as they both contain N-terminal domains
with similarity to cytochrome b5. It is uncertain whether the
organism uses only this domain to provide the electron donor
for desaturation or utilises free cytochrome bs similarly to
some microsomal fatty acid desaturases from plants [19,20].

It is not known why the A® desaturases from M. alpina and
C. elegans contain this N-terminal cytochrome b; domain
which is also observed in the A® desaturases from Borago
officinalis (borage) and C. elegans. The A’ desaturase from
Saccharomyces cerevisiae has a C-terminal cytochrome b5 do-
main which appears to be essential for its function [21]. A A®
desaturase which catalyses formation of a double bond in a
saturated fatty acid from Bacillus subtilis has recently been
described [22]. This is quite different from the C. elegans A®
desaturase showing only 19% identity and having a length of
352 amino acids. The difference in size is mainly due to the
lack of a cytochrome b5 domain.

It is interesting that the C. elegans A5 and A desaturase
genes are only 990 bp apart on chromosome IV, as this is
unusually close. Studies on chromosome III have revealed
that on average it contains one gene per 5.6 kb of sequence
[23]. It is possible that one of these genes arose by duplication
of the other. Given that they show only 45% identity and 68%
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Fig. 3. GCMS analysis of the novel peak identified in yeast carrying pYES2/L4. A comparison of the mass spectra of the novel peak (A) and
an authentic arachidonic acid standard (B) is shown. Visual and computer-based inspections indicate that the two spectra are identical.

similarity this must have been an ancient event. Further evi-
dence for gene duplication is provided by the fact that the
positions of the final two intron/exon junctions of the two
genes are identical.

Other genes identified in C. elegans show clustering of func-
tion and are transcribed as polycistronic RNAs. Genes within
a polycistronic cluster are transcribed sequentially from a sin-
gle promoter at the 5’ end [24]. Approximately 25% of C.
elegans genes are transcribed in this way [25]. It is possible
that the A’ and AS desaturase genes are part of a single tran-
scription unit, although a 990 bp gap between genes in a
polycistronic RNA is larger than previously reported.
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