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Fatty acid desaturases catalyze the introduction of double
bonds at specific positions of an acyl chain and are categorized
according to their substrate specificity and regioselectivity. The
current understanding of membrane-bound desaturases is
based onmutant studies, biochemical topology analysis, and the
comparison of related enzymes with divergent functionality.
Because structural information is lacking, the principles of
membrane-bounddesaturase specificity are still not understood
despite of substantial research efforts. Here we compare two
membrane-bound fatty acid desaturases fromAspergillus nidu-
lans: a strictlymonofunctional oleoyl-�12 desaturase and a pro-
cessive bifunctional oleoyl-�12/linoleoyl-�3 desaturase. The
high similarities in the primary sequences of the enzymes pro-
vide an ideal starting point for the systematic analysis of factors
determining substrate specificity and bifunctionality. Based on
the most current topology models, both desaturases were
divided into nine domains, and the domains of the monofunc-
tional �12 desaturase were systematically exchanged for their
respective corresponding matches of the bifunctional sister
enzyme. Catalytic capacities of hybrid enzymes were tested by
heterologous expression in yeast, followed by biochemical char-
acterization of the resulting fatty acid patterns. The individual
exchangeof twodomains of a lengthof 18or 49 aminoacids each
resulted inbifunctional�12/�3 activity of thepreviouslymono-
functional parental enzyme. Sufficient determinants of fatty
acid desaturase substrate specificity and bifunctionality could,
thus, be narrowed down to amembrane-peripheral region close
to the catalytic site defined by conserved histidine-richmotifs in
the topology model.

Metabolic processes are often controlled by the presence of
highly specific enzymes. An interesting model to study enzyme
specificity is a fatty acid desaturase, which introduces double
bonds at specific positions into acyl chains (1). Desaturase
enzymes differ in substrate- and regioselectivity (2). The strict
substrate- and regiospecificities are of physiological relevance,
because the major mechanism controlling the biophysical
properties of a membrane, aside from changing its overall lipid
class composition, is themodification of acyl chain length, posi-
tion, and number of the double bonds in glycerolipids (3). Fatty
acid desaturases may also control the acyl composition of seed
storage lipids, which is of considerable economic interest.
Despite the importance of desaturases, knowledge about the
determinants of their enzymatic specificity is still in its infancy.
The solution of the three-dimensional crystal structure of the

soluble castor bean and ivy stearoyl-ACP2-desaturases has
brought some insight into the structure/function relationship
involved in the determination of specificity of soluble desatu-
rase enzymes (4–6). However, the majority of desaturase
enzymes reside within membranes, and up to now the princi-
ples of membrane-bound desaturase specificity are not under-
stood. Moreover, structural information on membrane-bound
desaturases is limited, so only hydropathy and topology analy-
ses are available, predicting the formation of four transmem-
brane domains and either one or two membrane-peripheral
protein domains (7–9). Three highly conserved histidine-rich
motifs are essential for catalysis (1, 10), and it was proposed that
these histidine clusters coordinate two iron atoms in the active
site (11).
The clearly related genes for membrane-bound desaturases

have developed a broad range of catalytic diversity of the
encoded desaturase enzymes during evolution (12). Depending
on the enzyme studied, introduction of a double bond canoccur
counting carbons from the carboxyl end or from the methyl
terminus of the acyl chain. Other enzymes may use a pre-exist-
ing double bond as a reference point for subsequent desatura-
tion (2). Also the carbon chain length (2) or the specific lipid
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head group of the glycerolipid to which the substrate fatty acid
is esterified can be distinguished (13). One conceivable model
how changes in regiospecificity may have developed in evolu-
tion is by gene duplication and random accumulation of muta-
tions in the catalytic portion of the enzymes to produce first a
broader and then a different specificity (10, 12). Changes to an
enzyme regiospecificity typically require between two and six
specific alterations at key locations along the amino acid chain
(6, 14). According to the describedmodel the first step toward a
new specificity of an enzyme is the accumulation of mutations
in the corresponding gene, which result in decreased enzyme
specificity and lead to broader substrate acceptance and/or for-
mation of multiple products (12). The simplest case of multi-
functionality is represented by bifunctional enzymes. Examples
include the oleate 12-hydroxylase/desaturase from the flower-
ing plant Lesquerella fendleri (15), a �6 acetylenase/desaturase
from the moss Ceratodon purpureus (16), a �5/6 desaturase
from the fishDanio rerio (17), an acyl-ACP desaturase from the
flowering plant Hedera helix, which can synthesize 16- and
18-carbon monoene and diene products (18) and �12/�3
desaturases from the fungi Fusariummoniliforme, Fusarium
graminearum, andMagnaporthe grisea (19).

The determinants of altered desaturase specificity may be
identified by the comparison of a strictly specific monofunc-
tional to a bifunctional enzyme. Here we compare the specific
An2 oleoyl-�12 desaturase (19) to the bifunctional An1 oleoyl-
�12/linoleoyl-�3 desaturase from Aspergillus nidulans. Heter-
ologous expression of the �12/�3 desaturase gene in yeast and
inArabidopsis seeds demonstrated its broad�6 substrate spec-
ificity and especially its bifunctionality, similar to that of
reported bifunctional enzymes (19). By using a domain-swap-
ping approach between the genes for the two enzymes, domains
responsible for the broadened substrate specificity and altered
regioselectivity were identified and reside in a small mem-
brane-peripheral region in close proximity to the active site.

EXPERIMENTAL PROCEDURES

Materials—Restriction enzymes and DNA-modifying
enzymes were obtained from MBI Fermentas. Standards of
fatty acids aswell as all other chemicalswere fromSigma;meth-
anol, hexane, 2-propyl alcohol (all HPLC grade) were from
Baker. Fatty acids were either obtained from Cayman Chemi-
cals or Larodan. Basic molecular biological and biochemical
techniques were performed as described (20).
Cultivation of A. nidulans—A. nidulans (strain FGSC A4)

was cultivated in glucose minimal medium (GMM) (21) at
37 °C. For vegetative growth cultures were cultivated in liquid
GMM at 37 °C in the light and shaken vigorously at 220 rpm.
For sexual growth cultures were incubated in liquid GMM at
37 °C in the dark.Myceliumwas harvested by vacuum filtration
through sterile filter paper.
Isolation and Cloning of Desaturase Genes—Total RNAs

were extracted from mycelia obtained from vegetative growth
or sexual development using TRIzol reagent (Invitrogen). First
strand cDNA was synthesized from total RNA using M-MuLV
Reverse Transcriptase (MBI Fermentas). The desaturase genes
An2 (GenBankTM accession no. XP_658641) and An1 (Gen-
BankTM accession no. XP_664808) were isolated by PCR ampli-

fication using the Expand High Fidelity polymerase (Roche
Diagnostics) and a standard PCR protocol (2 min at 94 °C, 10
cycles of 30 s at 94 °C, 30 s at 55 °C, 60 s at 72 °C, followed by 15
cycles of 30 s at 94 °C, 30 s at 55 °C, and 60 s at 72 °C; and a
terminal extension step of 5 min at 72 °C) with primers 5�-GAA
TTCATGGCTGCAACTGCAACAACCC-3� (An2.forward)/
5�-GGCGGCCGCCTATTCCGCTTTGGCACCCTTC-3� (An2.
reverse), and (An1.forward) 5�-GAA TTC ATG GCC TCG
GATGCGGGCAAG-3�/(An1.reverse) 5�-GGCGGCCGCTT-
AGTTAGGCTTGGTCAGCTTAATG-3�, respectively, intro-
ducing EcoRI sites upstream of the start codons and NotI sites
downstream of the stop codons. The ORFs were cloned into
pGEM-T (Promega) and moved as EcoRI/NotI fragments into
the yeast expression vector pESC-HIS (Stratagene), yielding
pESC-An2 and pESC-An1.
Preparation of �12- and �12/�3 Desaturase Constructs—

TheORFs of An2 andAn1 desaturases weremodified using the
Expand High Fidelity polymerase (Roche Diagnostics) and a
standard PCR protocol (see above) with primers: 5�-GGGAA-
TTCGCTATGGCCTCGGATGCGGGCAAG-3�(An2for)/5�-
GTCACTCGAGGTTAGGCTTGGTCAGCTT-3� (An2rev)
and (An1for) 5�-GGGAATTCGCTATGGCTGCAACTGCA-
ACAACC-3�/(An1rev) 5�-GTCACTCGAGTTCCGCTTTG-
GCACCCTTCTT-3�, respectively, introducing EcoRI sites
upstream of the start codons (in boldface) and removing the
stop codons, respectively, introducing XhoI sites downstream
of the terminal triplets. The ORFs were cloned into the ampli-
fication plasmid pGEM-T (Promega) and moved as EcoRI/
XhoI fragments into the yeast expression vector pYES2/CT
(Invitrogen) in-framewith the sequence encoding a C-terminal
V5-tag, yielding pYES2/CT-An2 and pYES2/CT-An1.
Cloning and Vector Construction for Production of Trans-

genic Arabidopsis Plants—The cDNA ORF of An�12/�3 was
moved as an EcoRI/NotI-fragment into the Gateway Entry vec-
tor pUC18-Entry (22). The insert was introduced by Gateway
cloning (Invitrogen) into the binary plasmid pCAMBIA modi-
fied for resistance to ammonium glufosinate and seed-specific
expression using the USP promoter (22). The construct was
transformed into chemically competent Agrobacteria (strain
EH105), and introduced into Arabidopsis thaliana ecotype
Columbia by floral dipping (23). T3-seeds were collected from
individual T2 plants resistant to ammonium glufosinate and
analyzed individually by GC.
Engineering Hybrid Genes—According to results from

hydropathy analysis, the desaturasesAn2 andAn1were divided
into nine domains, A1–I1, and A2–I2, respectively (see Fig. 2, A
and B), that were systematically exchanged between the two
desaturase proteins to delineate determinants of enzymatic
specificity. Domain swap constructs between An2 and An1
were generated by overlap extension PCR (24). In a first step,
domains A1–I1 were amplified individually from an An1 cDNA
template with overlapping ends using primers specified in
Table 1. Similarly, domains A2–I2 were amplified from An2
cDNA (see Table 1). cDNAs encoding the respective truncated
acceptor desaturase domains were amplified from An2 and
An1 cDNA using primers also listed in Table 1. Amplifications
were carried out with Expand High Fidelity polymerase (Roche
Diagnostics) and a protocol of 2min at 94 °C, 10 cycles of 15 s at
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94 °C, 30 s at 68 °C, 70 s at 72 °C, followed by 20 cycles of 15 s at
94 °C, 30 s at 70 °C, and 70 s at 72 °C; and a terminal extension
step of 7 min at 72 °C. Amplicons were fused in a subsequent
PCR reaction, using primers An2for/An2rev and An1for/
An1rev, respectively, and the protocol specified for the first
step, generating the hybrid gene constructs of the An2- and
An1 desaturases indicated in Table 1. The hybrid genes were
cloned into the amplification plasmid pGEM-T (Promega) and
moved as EcoRI/XhoI fragments into the yeast expression vec-
tor pYES2/CT (Invitrogen) in-frame with the sequence encod-
ing a C-terminal V5 tag.
Expression in Saccharomyces cerevisiae—Transformation,

selection, and growth of transgenic yeast cells were performed
as described (25). Expression of desaturases was induced by
supplementing galactose (2%) to the media. If fatty acids were
added (at a concentration of 0.02% (w/v)), the media was addi-
tionally supplemented with Igepal CA 630 (Nonidet P-40�)
from Fluka (Sigma-Aldrich) at a concentration of 0.2% (w/v).
Culturesweremaintained at 16 °C for 10 dayswith shaking (140
rpm) to A600 densities of 10–20. Lipid analysis of transgenic
yeast cells was performed after harvesting and lyophilization of
100-ml cultures supplemented with linoleic acid or without
additional fatty acids. Absolute fatty acid accumulation varied
with expression levels between experiments and with different

expression vectors (data not shown) and, therefore, specific
enzyme activities cannot be directly compared, allowing only
for qualitative evaluation of altered enzyme specificities.
Growth conditions of chimeric enzymes: Expression cultures

were grown at 30 °C in minimal medium lacking uracil, but
containing 2% (w/v) galactose. When these cultures had
reached an OD600 of 0.5–0.8, they were transferred to room
temperature (23–25 °C).After 96 h at 23–25 °C, cells were har-
vested by centrifugation at 1200 � g for 5 min, and pellets were
washed once with sterile doubled-distilled H2O before being
used for fatty acid analysis. The host strain transformed with
the empty vector was used as a negative control in all
experiments.
Total and Esterified Fatty Acid Analysis—For the analysis of

esterified fatty acids, 25 ml of sedimented and lyophilized yeast
cultures were homogenized in derivatization solution. Fatty
acids were transesterified with sodium methoxide in methanol
or methanol/toluol solution (26). Fatty acid methyl esters
(FAMEs) were then analyzed by gas-liquid chromatography.
For the determination and verification of the position of double
bond positions in fatty acids, fatty acid methyl esters were con-
verted into their 4,4-dimethyloxazoline derivatives as described
(27) and analyzed mass spectrometrically according to Ref. 27,
using the 6890 Gas Chromatograph/5973 Mass Selective
Detector system (Agilent). For the analysis of total fatty acids,
FAMEs were prepared from sedimented cell pellets by direct
transmethylation with methanol containing 2% (v/v) dime-
thoxypropane and 2.75% (v/v) of sulfuric acid. After 1 h at 80 °C,
0.2 ml of 5 M NaCl was added, and FAMEs were extracted with
2 ml of hexane.
Lipid Analysis and Positional Analysis—Extraction and sep-

aration of phospholipids by TLC were performed as described
(25). After extraction of the phospholipids from the silica
matrix 1/10 of each sample was transesterified with sodium
methoxide and analyzed by GC. In the rest of the sample, the
positional distribution of fatty acids was determined by dissolv-
ing the phospholipids in 900�l of Tris-buffer (40mMTris-HCl,
pH 7.2; 0.2% v/v Triton 100; 50 mM boric acid) by sonication.
100 units of Rhizopus arrhizus lipase (Fluka) were added, and
the digestion conducted for 2 h at 37 °C. 100 �l of acetic acid
was added to stop the reaction, and the aqueous phase was
extracted with chloroform and methanol (28). The resulting
organic phasewas dried under nitrogen stream and dissolved in
800 �l of methanol. 400 �l of each sample was transesterified
with sodium methoxide to convert lysophospholipids to
FAMEs. 6.5 �l of trimethylsilyldiazomethane was added to the
rest of each sample to convert free fatty acids into their corre-
sponding methyl esters, shaken for 30 min at room tempera-
ture, and 0.2 �l of acetic acid was added to degrade remaining
trimethylsilyldiazomethane. Samples were dried under nitro-
gen stream. The resulting FAMEswere dissolved in acetonitrile
and analyzed by GC.
GC analysis was performed with an Agilent GC 6890 system

coupled with an FID detector equipped with a capillary HP
INNOWAX column (30 m � 0.32 mm; 0.5 �m coating thick-
ness; Agilent, Germany). Heliumwas used as a carrier gas (1 ml
min�1). Samples were injected at 220 °C. The temperature gra-
dient was 150 °C for 1 min, 150–200 °C at 15 °C min�1, 200–

TABLE 1
Oligonucleotide primers used to construct hybrid genes of
A. nidulans bifunctional �12/�3-desaturases (An1) and
monofunctional �12 (An2) fatty acid desaturases
Domains A–I were amplified individually fromAn1 and An2 cDNA templates with
overlapping ends.

Primer Sequence
Bifunctional �12/�3-Desaturase, An1
An1for 5�-GGGAATTCGCTATGGCTGCAACTGCAACAACC-3�
An21rev 5�-GCGAGATCACGGAAGACGTAGGCAGAGGAAA-3�
An1B1for 5�-TCAGGAGTCTGTCCTATGTCGTCCGCGATCTCC-3�
An1B1rev 5�-TGAGCAAGAACCCAAATGATTCCGGTGCC-3�
An1C1for 5�-GGTCTGTTCGGTACCGGTATCTGGATCCTC-3�
An1C1rev 5�-GATCCAGCCAACAGTGTCGTTCCACGTTTG-3�
An1D1for 5�-ACTTCCAAGGTGCTCAACGATGTCGTCGGA-3�
An1D1rev 5�-CTTGCCGTGAGAGATCTTCCAGCTGAAA-3�
An1E1for 5�-GTCCCCTATTTCTCGTGGAAGATCACGCA-3�
An1E1rev 5�-CAGGATGGAGTGGGTGGCGACGGGCGTGTCCTC-3�
An1F1for 5�-GAGACCCCCTTGGCCACTTACAACCTTATTAGCCTA-3�
An1F1rev 5�-TGTCGTGACCGGTAACGTTACAGAGATACATCTG-3�
An1G1for 5�-CCCTTGTACCTGCTCACCTTTTACGTTAGCGCC-3�
An1G1rev 5�-GGCGGTGATGGCGAGGCCCGAAATCGCAATCAG-3�
An1H1for 5�-TCATCATTCTGAGTGATATCGACCTGGGGTTGCTG-3�
An1H1rev 5�-GCTGGTAGTGGGGGGAGAGTGGGGTGTGTGTGG-3�
An1I1for 5�-GCCATCACCTACCTCCAGCACACACACCCCT-3�
An1rev 5�-GTCACTCGAGTTCCGCTTTGGCACCCTTCTT-3�

Monofunctional �12-Desaturase, An2
An2for 5�-GGGAATTCGCTATGGCCTCGGATGCGGGCAAG-3�
An2A2rev 5�-GGAGATCGCGGACGACATAGGACAGACTCCTGA-3�
An2B2for 5�-TTTCCTCTGCCTACGTCTTCCGTGATCTCGC-3�
An2B2rev 5�-GAGGATCCAGATACCGGTACCGAACAGCCA-3�
An2C2for 5�-GGCACCGGAATCATTTGGGTTCTTGCTCA-3�
An2C2rev 5�-TCCGACCACATCGTTGAGCACCTTGGAAGT-3�
An2D2for 5�-CAAACGTGGAACGACACTGTTGGCTGGATC-3�
An2D2rev 5�-TGCGTGATCTTCCACGAGAAATAGGGGAC-3�
An2E2for 5�-TTTCAGCTGGAAGATCTCTCACGGCAAG-3�
An2E2rev 5�-GCTAATAAGGTTGTAAGTGGCCAAGGGGGTCTC-3�
An2F2for 5�-GAGGACACGCCCGTCGCCACCCACTCCATCCTG-3�
An2F2rev 5�-GGCGCTAACGTAAAAGGTGAGCAGGTACAAGGG-3�
An2G2for 5�-CAGATGTATCTCTGTAACGTTACCGGTCACGACA-3�
An2G2rev 5�-CAGCAACCCCAGGTCGATATCACTCAGATTCATGA-3�
An2H2for 5�-CTGATTGCGATTTCGGGCCTCGCCATCACCGCC-3�
An2H2rev 5�-AGGGGTGTGTGTGCTGGAGGTAGGTGATGGC-3�
An2I2for 5�-CCACACACACCCCACTCTCCCCCCACTACCAGC-3�
An2rev 5�-GTCACTCGAGGTTAGGCTTGGTCAGCTT-3�

Active Site Determinant of Fatty Acid Desaturase

26668 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 282 • NUMBER 37 • SEPTEMBER 14, 2007

 by guest, on M
arch 27, 2013

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org/


250 °C at 2 °C min�1, and 250 °C for 10 min. Fatty acids were
identified according to authentic standards. GC/MS analysis
was carried out using an Agilent 5973 Network mass selective
detector connected to an Agilent 6890 gas chromatograph
equipped with a capillary DB-23 column (30 m � 0.25 mm;
0.25-�m coating thickness; J&W Scientific, Agilent. Helium
was used as a carrier gas (1mlmin�1). Samples were injected at
220 °C. The temperature gradient was 150 °C for 1 min, 150-
200 °C at 4 °Cmin�1, 200–250 °C at 5 °Cmin�1, and 250 °C for
10 min. The detector was set to an electron energy of 70 eV, an
ion source temperature of 230 °C, and a transfer line tempera-
ture of 260 °C.

RESULTS AND DISCUSSION

Identification of Genes Encoding A. nidulans Membrane-
bound Desaturases—To characterize and identify new desatu-
rases from fungi, we searched theA. nidulans genome sequence
(29) databases with known query desaturase sequences from
plants. Two sequences with similarity to known plant desatu-
rases were identified. The genomic sequence information was
used to design primers to amplify putative fatty acid desaturases
from cDNA prepared from A. nidulans cultures in vegetative
and sexual growth states. Two cDNA fragments were success-
fully amplified, cloned, and sequenced. The resulting deduced
full ORF of the first sequence, An2 (GenBankTM accession no.
XP_658641), encodes a polypeptide of 426 amino acids and is
largely identical with the annotated gene odeA (GenBankTM
accession no. AF262955) with the exception of six additional
encoded amino acids at the C terminus of An2. The gene odeA
has been suggested to encode a fatty acid �12 desaturase
according to knock-out studies in A. nidulans (21).
The second sequence identified, An1 (GenBankTM accession

no. XP_664808) encodes a polypeptide of 394 amino acids.
Sequencing of the cloned cDNA fragments for An1 revealed
An1 to be longer than the predicted and published sequence
from the genome data base because of insertion of eight amino
acids following amino acid position 13. The longer sequence
has been delineated before and associated with a putative fatty
acid �3-desaturase in a patent (30).
Classification of An2 and An1 Sequences in the Phylogenetic

System—Pairs of �12 desaturase-like proteins similar to that
found in A. nidulans have been reported from several fungal
species, and the relationship between these fungal enzymes has
led Damude et al. (19) to establish two subfamilies for mono-
functional and bifunctional enzymes, respectively; hence the
description of An2 and An1. The polypeptides deduced from
the An2 and An1 cDNA sequences share 45% identity. The
deduced An2 protein is most similar to representatives of the
group of monofunctional desaturases (19), with the highest
degree of similarity to the putative�12 desaturase fromNeuro-
spora crassa (GenBankTM accession no. XP_959528, 70% iden-
tity), followed by the putative �12 desaturases from M. grisea
(GenBankTM accession no. XP_365283, 69% identity) and from
F. moniliforme (GenBankTM accession no. ABB88515, 63%
identity). Similarity of the deduced An2 protein toward bifunc-
tional enzymes from the species mentioned above is around
45% identity. The situation for the deduced An1 protein
from A. nidulans is reversed in that with �60% identity in all

cases, the An1 sequence is most similar to representatives of
the bifunctional desaturase group (19). Similarity between the
deduced An1 protein and monofunctional enzymes from the
other species mentioned is less pronounced with values
between 42 and 52% identity.
Functional Characterization of An2 and An1 in S.

cerevisiae—Sequence analyses and data base searches indi-
cate a close relationship between the two enzymes. However,
only experimental data can validate such functional annota-
tions. To confirm the substrate specificities of the putative
desaturases encoded by the full-length cDNA clones of An2
and An1, the open reading frames of both cDNAs were

FIGURE 1. GC/FID analysis of fatty acid methyl esters isolated from yeast
cells expressing An1. The lipids were extracted from lyophilized yeast cells
and esterified fatty acids were transmethylated and analyzed by GC/FID as
described under “Experimental Procedures.” A shows the chromatogram of
the control: yeast cells transformed with the empty vector pESC-HIS; B shows
the GC/FID analysis of fatty acid methyl esters from yeast cells transformed
with the plasmid pESC-An2, and C shows the results from yeast cells trans-
formed with the plasmid pESC-An1.
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cloned into the yeast expression vector pESC-HIS, yielding
the plasmids pESC-An2 and pESC-An1, respectively. The
clones were individually expressed in the S. cerevisiae strain
INVSc1. As a control, yeast was also transformed with the
corresponding empty vector (Fig. 1A). With expression of
An2 in yeast, three new fatty acid products were observed.
These fatty acids were identified as 16:2�9,12, 18:2�9,12, and
18:2�11,14 (Fig. 1, A versus B) by GC/MS analysis of their
4,4-dimethyloxazoline (DMOX)-derivatives (data not shown).
When the desaturation efficiency with endogenous yeast fatty
acids was determined for the transgenic cultures, linolenic acid
was produced up to 25% of total fatty acids representing an
average desaturation efficiency of 64% whereas 16:2�9,12 was
produced only up to 13%, which corresponds to an average
conversion efficiency of endogenous 16:1�9 of 28%. 18:2�11,14

the result from elongation of 16:2�9,12 was produced up to
0.9% of the total fatty acids. Overall, 45% of monoenoic fatty
acids present in yeast were converted to dienoic fatty
acids.
Fatty acid analysis of yeast cultures expressing An1 resulted

in the identification of three additional fatty acids, namely
16:2�9,12, 18:2�9,12, and 18:3�9,12,15, beside the endogenous
fatty acids (Fig. 1, A versus C). The production of 18:2�9,12 and
18:3�9,12,15 indicates bifunctional activity of An1, which intro-
duced double bonds, first at the �12 and then processively at
the �15 position. These results expand previous observations
(30), which described An1 as a strict �3-desaturase by func-
tional characterization in yeast. Our findings are, however, in
accordance with previous results (19). In addition to the fatty
acid products listed above, the An1 enzyme produced 16:2�9,12

up to 0.8% of total fatty acids in our experiments (Table 2). For
further analysis of An1 substrate and product specificity, yeast
cultures were supplemented with various fatty acids (Table 2),
and the conversion of the exogenous substrates wasmonitored.
Various �6-fatty acids like �-linolenic acid (18:3�6,9,12),
dihomo-�-linolenic acid (20:3�8,11,14), or arachidonic acid (20:
4�5,8,11,14) were accepted as substrates and transformed into
the corresponding �3-fatty acids (Table 2). In all experiments,

expression of the bifunctional An1-enzyme resulted also in the
production of minor amounts of 16:2�9,12 derived from endog-
enous 16:1�9. The conversion efficiencies of An1 for different
fatty acids are summarized in Table 3. All fatty acid products
were characterized by co-elution with authentic standards, and
their identities were additionally verified by GC/MS analysis of
their corresponding DMOX derivatives (data not shown). The
results indicate that An1 preferentially converts 18-carbon
fatty acids to the corresponding�3-fatty acids, followed in pref-
erence by 20-carbon fatty acids. Together these results estab-
lish An1 as a processive bifunctional �12/�3 desaturase capa-
ble of introducing a further double bond into linoleic acid
produced in the first step and generating �-linolenic acid (18:
3�9,12,15) from 18:1�9.

Based on the data presented, the An1 enzyme can be catego-
rized with a group of bifunctional desaturases described
recently (19). Our experiments show clearly that with 79% ver-
sus 13% conversion the introduction of the second double bond
at the �3 position is catalyzed more efficiently than that at the
�12 position, and that 16:1�9 is a very poor substrate for An1
(1.5% conversion, Table 3). Besides the �12 desaturase activity,
�3-functionality of various fungal bifunctional enzymes was
implied before (19), but not supported by experimental evi-
dence. To test whether An1 and An2 exhibited � or � regio-

TABLE 2
Substrate specificity of An1
Yeast cells transformed with pESC-An1 were supplemented with different fatty acids. The lipids were extracted from lyophilized yeast cells, esterified fatty acids were
transmethylated, and GC/FID analysis of fatty acid methyl esters isolated from these yeast cultures was performed as described under “Experimental Procedures.” All fatty
acids were characterized by co-elution of authentic standards, and their identity was verified by GC/MS analysis of their corresponding DMOX derivatives.

Fatty acids detected
Supplemented fatty acids

18:2�9,12 18:3�6,9,12 20:3�8,11,14 20:4�5,8,11,14

%a %a %a %a %a

16:0 11.5 � 0.5 14.6 � 2.2 13.7 � 0.8 11.9 � 0.3 12.2 � 0.2
16:1�9 52.7 � 3 44.1 � 3.8 40.0 � 1.54 53.1 � 0.6 42.3 � 6.7
16:2�9,12 0.8 � 0 0.6 � 0 0.6 � 0.1 0.6 � 0 0.6 � 0.1
18:0 5.0 � 0.5 4.8 � 0.2 4.6 � 0.5 4.2 � 0.1 4.5 � 0.9
18:1�9 26.9 � 1.1 42.2 � 1.0 20.4 � 1.5 27.0 � 0.4 18.8 � 3.9
18:2�9,12 0.7 � 0.1 6.3 � 2.6 0.6 � 0.17 0.5 � 0 0.6 � 0.1
18:3�6,9,12 10.9 � 5.6
18:3�9,12,15 3.2 � 0.3 6.0 � 1.0 2.0 � 0.6 2.0 � 0 2.5 � 0.3
18:4�6,9,12,15 7.4 � 1.3
20:3�8,11,14 0.6 � 0.1
20:4�5,8,11,14 16.4 � 8.5
20:4�8,11,14,17 0.2 � 0.1
20:5�5,8,11,14,17 3.2 � 0.5

n � 3 n � 7 n � 5 n � 4 n � 3
a Amount of each fatty acid was expressed as relative ratio of all esterified fatty acids. Data represent the mean values of given number of independent experiments, and the S.D.
is given.

TABLE 3
Average conversion efficiencies of substrate to product by An1
Yeast cells transformed with pESC-An1 were supplemented with different fatty
acids. After extraction, FAMEs were analysed by GC/FID as described under
“Experimental Procedures.” Conversion rates are calculated from absolute amounts
of fatty acids (FID signal): 100 � product/(substrate and product). Data represent
the mean values of a given number of independent experiments (n).

Substrate Product Conversion rate n
16:1�9 a 16:2�9,12 1.5 3
18:1�9 a 18:2�9,12 13 3
18:2�9,12 a 18:3�9,12,15 60 3
18:2�9,12 18:3�9,12,15 79 6
18:3�6,9,12 18:4�6,9,12,15 48 4
20:3�8,11,14 20:4�8,11,14,17 23 4
20:4�5,8,11,14 20:5�5,8,11,14,17 15 2

a Fatty acids not supplemented to the media.
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specificities, conversion of yeast-endogenous and of supplied
diagnostic fatty acid substrates was analyzed.When conversion
of yeast-endogenous fatty acids by An1 was monitored, 18:1�9

was converted first to 18:2�9,12 and further to 18:3�9,12,15. At
the same time, 16:1�9 was converted to 16:2�9,12 indicatingAn1
has�12 specificity for the initial desaturation step. Supplemen-
tation of yeast cultures expressing An1 with various substrates
indicates that the alternative desaturation reaction occurs at
the �3 position, as evident from the conversion of dihomo-�-
linolenic acid (20:3�8,11,14) to 20:4�8,11,14,17 and of arachidonic

acid (20:4�5,8,11,14) to eicosapentaenoic acid (20:5�5,8,11,14,17).
Our data prove that the bifunctional An1-desaturase exhibits
mixed �12/�3 regiospecificities. These findings are consistent
with the phylogenetic analyses by Damude et al. (19), which
grouped the An1 sequence with bifunctional desaturases from
other fungi. However, our findings contrast with results from a
patent (31), inwhichAn1 aswell as a bifunctional desaturase from
N. crassa were characterized as pure �3-desaturases. The sub-
strate specificities exhibited by An1 suggest a close relationship of
An1 with the Fm1 bifunctional desaturase recently characterized

TABLE 4
Positional distribution of fatty acids on phospholipids in INVSc1 cells expressing An2
Yeast cells transformed with pESC-An2 were cultivated for 10 days at 16 °C. Lipids were extracted from yeast cells, and phospholipids were separated by thin layer
chromatography and scraped out. Each phospholipid sample was treated with lipase, lipids, and free fatty acids were extracted followed by transmethylation of esterified
fatty acids and methylation of free fatty acids. Fatty acid methyl esters were analyzed by GC/FID and characterized by authentic standards. Desat. (%) was calculated as
(products � 100)/(educts � products) using values corresponding to percent of total fatty acids.

Fatty acid Total fatty
acids

PC PE PS
Total sn-1 sn-2 Total sn-1 sn-2 Total sn-1 sn-2

16:0 13.6 � 0.4a 15.9 � 1.3 21.3 � 3.7 15.8 � 2.2 19.2 � 2.7 19.8 � 4.6 19.2 � 1.8 27.3 � 0.6 20.8 � 4.5 28.4 � 5.1
16:1�9 40.8 � 3.7 36.2 � 7.0 15.4 � 4.6 28.8 � 8.6 36.1 � 4.7 21.0 � 5.2 32.1 � 5.8 17.7 � 2.8 11.0 � 7.1 9.9 � 3.5
16:2�9,12 7.1 � 2.3 7.2 � 2.9 1.7 � 1.8 6.1 � 1.4 5.5 � 2.3 2.0 � 2.9 4.6 � 2.1 4.2 � 1.5 NDb 2.1 � 1.2
18:0 7.6 � 0.5 15.5 � 3.3 25.9 � 3.4 19.8 � 3.4 12.3 � 2.9 22.5 � 4.2 15.8 � 2.7 23.6 � 2.3 23.2 � 6.1 32.6 � 5.6
18:1�9 16.3 � 3.0 12.8 � 2.7 20.5 � 4.6 14.1 � 3.7 14.0 � 4.4 24.8 � 7.4 14.6 � 3.4 15.0 � 3.6 27.5 � 8.0 11.5 � 3.2
18:2�9,12 14.0 � 4.0 13.2 � 4.1 15.5 � 7.7 15.1 � 5.2 13.0 � 3.7 10.4 � 2.9 12.3 � 4.1 12.2 � 3.4 15.3 � 10.1 11.7 � 4.2
18:2�11,14 0.5 � 0.2 0.5 � 0.2 ND ND 0.5 � 0.1 ND ND 0.8 � 0.0 ND ND
Desat. (%) 27.4 30 32.4 33.1 27.3 21.3 26.6 34.1 28.4 39.2

a Data are the mean values of five independent experiments and the S.D. is given. Data are presented as % total fatty acid content in the sample � S.D.
b ND, not detectable.

TABLE 5
Positional distribution of fatty acids on phospholipids in yeast cells expressing An1
Yeast cells transformed with pESC-An1 were cultivated for 10 days at 16 °C. Lipids were extracted from yeast cells, phospholipids were separated by thin layer chroma-
tography and scraped out. Each phospholipid sample was treated with lipase and lipids and free fatty acids were extracted followed by transmethylation of esterified fatty
acids and methylation of free fatty acids. Fatty acid methyl esters were analyzed by GC/FID and characterized by authentic standards.

Fatty acid Total fatty
acids

PC PE PS
Total sn-1 sn-2 Total sn-1 sn-2 Total sn-1 sn-2

16:0 13.6 � 0.3a 14.2 � 0.2 16.7 � 1.2 13.4 � 0.3 18.1 � 0.6 17.1 � 1.3 17.8 � 1.0 27.2 � 1.8 27.1 � 3.4 30.5 � 0.6
16:1�9 50.5 � 0.1 53.2 � 2.8 25.8 � 4.0 50.6 � 2.2 42.0 � 2.5 17.4 � 1.9 40.9 � 2.4 18.8 � 2.4 8.8 � 2.1 10.3 � 2.9
16:2�9,12 0.6 � 0.0 NDb ND ND ND ND ND ND ND ND
18:0 6.8 � 0.1 10.9 � 1.2 20.7 � 4.3 12.8 � 1.0 10.7 � 1.9 21.8 � 4.3 13.8 � 2.5 28.5 � 3.9 33.9 � 5.4 37.5 � 3.2
18:1�9 25.5 � 0.5 18.6 � 1.4 35.5 � 1.9 16.9 � 0.9 27.1 � 1.3 42.8 � 3.4 23.6 � 1.7 23.5 � 3.2 30.0 � 6.0 17.8 � 1.7
18:2�9,12 0.6 � 0.0 ND ND 1.4 � 0.1 ND ND 1.8 � 0.1 ND ND 3.0 � 0.8
18:3�9,12,15 2.3 � 0.1 2.9 � 0.3 1.3 � 0.9 4.4 � 2.4 2.0 � 0.6 0.9 � 0.5 2.1 � 0.3 2.0 � 0.6 ND 0.8 � 0.5

a Data are presented as % of total fatty acid content in the sample � S.D. Data are the mean values of six independent experiments.
b ND, not detectable.

TABLE 6
Altered seed oil fatty acid composition of Arabidopsis plants expressing An1
Data represent themeanmol% of total fatty acids of single seed analyses (n � 10–20)� S.D. and are given for five individuals, respectively, of three independent transgenic
lines expressing An1. As a control, 40 individual seeds from plants expressing the pCAMBIA plasmid carrying no desaturase insert were analyzed.

Fatty acid 16:0 18:0 18:1�9 18:2� 9,12 18:3�9,12,15 20:1 Ratio (18:3/18:2)
Control 6.6 � 0.4 3.1 � 0.5 12.5 � 0.2 27.4 � 0.8 21.5 � 1.5 15.2 � 1.0 0.82 � 0.01
Line 1
1-1 7.5 � 0.6 3.6 � 0.3 12.5 � 0.4 22.2 � 1.1 26.0 � 0.8 16.5 � 0.8 1.16 � 0.08
1-2 7.3 � 0.7 3.5 � 0.6 10.2 � 0.8 22.8 � 0.8 27.7 � 2.2 15.9 � 1.4 1.31 � 0.05
1-3 7.1 � 0.2 3.1 � 0.2 10.9 � 0.3 23.2 � 0.7 24.5 � 1.1 15.9 � 1.0 1.10 � 0.08
1-4 7.1 � 0.8 2.8 � 0.2 10.0 � 0.7 23.0 � 1.1 27.8 � 1.3 14.2 � 1.4 1.25 � 0.01
1-5 6.8 � 0.3 3.2 � 0.6 12.2 � 2.6 22.1 � 2.6 26.3 � 2.0 14.1 � 0.9 1.17 � 0.07

Line 2
2-1 6.9 � 0.2 2.9 � 0.2 10.6 � 0.8 28.4 � 0.7 21.6 � 0.4 15.3 � 0.2 0.76 � 0.07
2-2 6.9 � 0.3 2.9 � 0.2 10.6 � 0.4 25.7 � 0.8 22.41 � 0.8 15.1 � 0.8 0.92 � 0.07
2-3 7.7 � 0.8 3.6 � 0.6 10.8 � 1.6 25.4 � 1.2 25.7 � 0.7 13.9 � 0.4 1.01 � 0.03
2-4 7.0 � 0.4 2.9 � 0.2 10.6 � 0.5 25.9 � 0.8 24.8 � 1.1 14.9 � 1.3 0.95 � 0.02
2-5 7.1 � 0.3 3.3 � 0.2 12.7 � 0.9 24.8 � 0.4 23.0 � 0.9 17.8 � 0.8 0.97 � 0.05

Line 3
3-1 8.2 � 0.2 4.7 � 0.6 12.3 � 1.0 23.2 � 1.5 27.1 � 1.6 14.5 � 0.8 1.33 � 0.9
3-2 6.6 � 0.4 2.8 � 0.2 11.7 � 0.9 24.7 � 0.5 25.9 � 1.2 15.9 � 1.1 1.05 � 0.05
3-3 6.2 � 0.2 3.0 � 0.2 13.4 � 0.7 23.8 � 0.1 21.8 � 0.9 16.2 � 1.4 0.92 � 0.04
3-4 7.6 � 0.5 4.6 � 1.0 12.2 � 0.9 22.6 � 1.4 26.7 � 1.8 14.2 � 0.6 1.2 � 0.04
3-5 7.1 � 0.3 3.2 � 0.3 12.7 � 0.9 24.8 � 0.4 23.0 � 0.9 14.2 � 2.0 0.93 � 0.05
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from fungi (19); however, desaturation of 16-carbon fatty acids
also indicates similarities to a bifunctional desaturase fromAcan-
thamoeba castellanii (32).
Characterization of An1 and An2 Lipid Substrate Spe-

cificity—The lipid substrate specificities of front end desatu-
rases from different organisms have been previously investi-
gated (33); however, data on �3- and �12 desaturases are
scarce. To investigate the preferred lipid substrates and posi-
tional specificity of the two desaturases from A. nidulans,
phospholipids were extracted from yeast cultures expressing
either An1 or An2. Individual lipid classes were isolated by
TLC, and their fatty acid composition was analyzed. Positional
specificities of An1 and An2 were tested by treating phospho-
lipids with a sn-2-specific lipase and analyzing the hydrolysates.
The results for An2 (Table 4) show neither a definite prefer-

ence for any acyl-lipid substrate nor a preferred position at the
glycerol backbone. At an average of 24% conversion for both

positions in PE compared with an
average of 34% in PC or of 33% in
PI/PS the desaturation efficiency for
monounsaturated fatty acids in PE
was slightly lower than that for PC
or PI/PS. The conversion of 16:1�9

to 16:2�9,12 may indicate a slight
preference for the sn-2 position in
PE, PC, and PI/PS with conversion
efficiencies of �10% at the sn-1
position up to about 20% at the
sn-2 position. No such preference
was found for the conversion of
18:1�9 to 18:2�9,12 although oleic
acid is the preferred substrate of
An2. These results may indicate an
effect of sn-positional substrate
presentation with less-than-opti-
mal acyl substrates.
In contrast to An2, An1 showed

a preference for acyl chains ester-
ified to PC with a conversion of
more than 20% of the total esteri-
fied fatty acids, followed by PE
(10%) and PI/PS (Table 5). The
sn-2 position was clearly preferred
in all cases, with up to 6-fold more
efficient conversion of 18:1�9

esterified to the sn-2 position of
PC compared with that of 18:1�9

in the sn-1 position of the same
lipid (Table 5). Similar patterns
of substrate preferences have
recently been described for the
bifunctional desaturase from
A. castellanii (32), again pointing to
some similarities of the desaturases.
Effects on Fatty Acid Composition

of Arabidopsis Seed Oil with Expres-
sion of An1—To evaluate whether
the bifunctional An1 enzyme can be

utilized in optimizing the engineering of plant seed oil compo-
sition, the functionality of the bifunctional enzyme was tested
in plants. To this end, the seed oil composition of T3 seeds of
plants stably expressing An1 under a seed-specific promoter
was compared with that of seeds from BASTA-resistant plants
transformed with the pCAMBIA-plasmid carrying no insert.
The amount of 18:2�9,12 and 18:3�9,12,15 products in seeds from
the transgenic and control plants were determined, and the
respective product ratios (18:3/18:2) are given in Table 6. The
18:3�9,12,15 production in plants expressing An1 was signifi-
cantly elevated in comparison to the control plants changing
the 18:3/18:2 ratio from 0.82 to up to 1.33. This indicates rele-
vant functionality of the An1 enzyme in plants.
The values for An1 are lower than those obtained for a

bifunctional �12/�3 desaturase from F. moniliforme that was
expressed in soybean embryos and changed the 18:3/18:2 ratio
from 0.4 to up to 18 (19), but the overall fatty acid profile of this

FIGURE 2. Assignment of desaturase domains. A, topology model proposed for membrane-bound fatty acid
desaturases. The results from hydropathy analysis of An2 and An1 correspond with known topology models of
membrane-bound desaturases (27). On the basis of these results, the desaturases An2 and An1 were divided
into nine domains, A–I. The An1 and An2 fusion joints are indicated by black bars. B, scheme of cDNA chimeras
of An2 and An1 used in this study. Single domains of the monofunctional �12-desaturase, An2, (A2–I2) were
substituted with the corresponding regions of the bifunctional �12/�3-desaturase, An1, (A1–I1).
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tissue is different in comparison to that of Arabidopsis seeds,
and therefore the results may be difficult to compare. More-
over, the 18:1�9 to 18:2�9,12 ratio was unaltered in Arabidopsis
seeds expressing An1. Whether this effect was due to reduced
bifunctional action of conversion ofAn1 enzymeor the product
of endogenous �12 desaturase activity remains unclear. How-
ever, because significant production of 18:3�9,12,15 can be
attributed to An1 it may be concluded that at least part of the
18:2�9,12 formed was also the product of An1 and that the
enzyme acted processively in plants.
From the characterization of the A. nidulansAn1 and An2

enzymes and from observations made by others it is clear
that a number of fungal species may have developed and
retained a pair of coexisting fatty acid desaturase genes that
are similar in sequence, but encode enzymes differing in
their biosynthetic capabilities. The close relation of the two
functional categories proposed by Damude et al. (19) represented
byAn1 andAn2 inA. nidulans suggests an early gene duplication,
likely of a gene for an originally monofunctional �12 desaturase,
which removed selective pressure on the other desaturase gene
and allowed for the accumulation ofmutations leading to broader
substrate specificity as a potential first step in the emergence of a
gene for a new enzyme activity.
Assignment of Desaturase Functional Domains Based on Sec-

ondary Structure Prediction and TopologyModeling—The pro-
cessive activity of the bifunctional An1 desaturase may provide
a shortcut in the production of 18:3�9,12,15 and potentially of
other �3-fatty acids, and in future crop plants bifunctional
�12/�3 desaturases may shift long chain fatty acid synthesis
toward higher levels of�3 fatty acids. For this reason, the deter-
minants of fatty acid desaturase bifunctionality and processiv-
ity were investigated in the present study. The existence of two
closely related fatty acid desaturase enzymes with different cat-
alytic properties provided the opportunity to identify determi-
nants of substrate specificity and regioselectivity. Our experi-
mental approach was to determine protein domains of the
�12/�3 bifunctional desaturase, An1, sufficient to install
bifunctionality in the frame of themonofunctional�12 desatu-
rase, An2. Based on secondary structure predictions using
TMHMM (34) and PredictProtein (35), we identified the
sequence stretches of An2 andAn1 corresponding to themem-
brane-spanning and cytosolic domains previously postulated
for membrane-bound fatty acid desaturases (7–9, 36). In anal-
ogy to previous studies, the sequences of An2 and An1 were
divided into the consecutive domains A through I, as follows
(Fig. 2A): domain A is equivalent to the cytosolic N-terminal
region. B contains two transmembrane helices connected by a
short ER luminal loop. Domain C is comprised of the subse-
quent short cytosolic loop containing the first histidine box
contributing to the catalytic site. Domain D enfolds the first
peripheral membrane-associated segment. E forms the second
short cytosolic loop and contains the second histidine box. F
comprises the second peripheral membrane-associated region.
G enfolds the third short cytosolic loop. H forms the second set
of transmembrane helices connected by a short ER-luminal
loop, and domain I is comprised of the cytosolic C terminus
containing the third histidine motif.

Functional Characterization of Desaturase Chimeras of An2
and An1—The domains A2–I2 of the monofunctional �12
desaturase, An2, were systematically exchanged for their
respective corresponding matches of the bifunctional An1
desaturase. The hybrid genes were termed An2, according to
their parental sequence, followed by a letter designating the
domain introduced from the bifunctional An1 desaturase (Fig.
2B). After expression of the hybrid proteins in yeast it was
tested whether the hybrid enzymes were still active, and
whether the specificities of the hybrid enzymes were altered
from that of the parental An2 enzyme. As a negative control
yeast cells were transformed with pYES2/CT plasmid contain-
ing no insert. When the recombinant yeast cells were analyzed
for new fatty acid products attributable to the expression of the
hybrid desaturase enzymes, all hybrid enzymes, An2_A1–I1,
were active and showed the regioselectivity of their parental
desaturase, however with somewhat reduced 18:2 product
accumulation (Table 7). Reduced 18:2 accumulation may be
due to the use of a different expression vector (pYES instead of
pESC). It is also possible that part of the reduction in activity is
a consequence of less-than-optimal folding of the hybrid An2
proteins harboring domains of An1. However, most of the
hybrid constructs did not show bifunctional activity and, thus,
no 18:3�9,12,15 accumulation. Importantly, two of the nine chi-
meric enzymes, An2_D1 and An2_E1 had additionally gained
bifunctional �12/�3 activity and, thus, exhibited additional
regiospecificity, as shown in Fig. 3. The domains D and E of the
An1 enzyme (spanning amino acids 108–125 and 126–172,
respectively) were thus identified as determinants sufficient to
cause bifunctionality in the monofunctional An2 desaturase
enzyme. Domain D represents a relatively hydrophobic region
near to the active site of the desaturase protein, assuming the
topologymodel shown in Fig. 2A. Domain E comprises the sec-
ond cytosolic loop and contains the second histidine box. Both
domains, D (18 amino acids) and E (49 amino acids), are either
near to the active site or are directly involved in forming the
active side of the desaturase enzyme. Our result leads to the
suggestion that both domains are involved in binding and posi-
tioning the fatty acid substrate relative to the active side. The

TABLE 7
Fatty acid products attributable to the expression of the hybrid
desaturase enzymes
Desaturation product accumulation as a percentage of total cellular fatty acids is
shown. Yeast strains expressing heterologous genes as shown: An2, A. nidulans
monofunctional�12-desaturase; An1,A. nidulans bifunctional�12/�3-desaturase;
An2_A1-I1, Hybrid genes, termed An2, according to their parental sequence, fol-
lowed by a letter designating the domain introduced from the bifunctional An1
desaturase.

Desaturase 18:2�9,12 18:3�9,12,15 Ratio (18:3/18:2)
Vector control NDa ND ND
An2 9.30 � 1.2b ND ND
An1 0.17 � 0.02 0.10 � 0.004 0.54 � 0.03
An2_A1 0.02 � 0.01 ND ND
An2_B1 0.02 � 0.01 ND ND
An2_C1 0.09 � 0.003 ND ND
An2_D1 5.80 � 1.1 0.26 � 0.03 0.05 � 0.02
An2_E1 0.13 � 0.02 0.03 � 0.003 0.24 � 0.04
An2_F1 0.06 � 0.001 ND ND
An2_G2 0.03 � 0.01 ND ND
An2_H1 0.14 � 0.05 ND ND
An2_I1 0.02 � 0.002 ND ND

a ND, not detectable.
b Values represent the mean of 2–5 independent experiments, S.D. is given.
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observation that domains putatively responsible for bifunction-
ality are positioned adjacent to each other prompted us to test
the effects of exchanging a stretch spanning both domains, D
and E, but this hybrid enzyme was inactive and showed no
detectable desaturation products. Thus further work is needed
to identify those amino acids that directly determine the
bifunctionality of this unique group of enzymes.
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FIGURE 3. The hybrid desaturase enzymes An2_D1�3 and An2_E1�3 had
gained bifunctional �12/�3 activity. Fatty acid profiles of yeast expressing
wild-type enzymes and the hybrid desaturase proteins An2_D1�3 and
An2_E1�3. An1, A. nidulans bifunctional �12/�3-desaturase; An2, A. nidulans
monofunctional �12-desaturase; chimeric enzymes, An2_D1 and An2_E1,
termed An2, according to their parental sequence, followed by a letter des-
ignating the domain introduced from the bifunctional An1 desaturase.
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