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The substrate specificity and regioselectivity of the Brassica na-
pus extraplastidial linoleate desaturase (FAD3) was investigated in
vivo in a heterologous expression system. A strain of the yeast
Saccharomyces cerevisiae producing the plant enzyme was con-
structed and cultured in media containing a variety of fatty acids.
The products of desaturation of these potential substrates were
determined by gas chromatographic and mass spectrometric anal-
ysis of the yeast cultures. The results indicate that the enzyme has:
(a) v-3, as opposed to D-15 or double-bond-related regioselectivity,
(b) the ability to desaturate substrates in the 16 to 22 carbon range,
(c) a preference for substrates with v-6 double bonds, but the
ability to desaturate substrates with v-6 hydroxyl groups or v-9 or
v-5 double bonds, and (d) a relative insensitivity to double bonds
proximal to the carboxyl end of the substrate.

Both v-3 and v-6 polyunsaturated fatty acids (PUFA) are
important as structural components of membrane glycero-
lipids and as precursors to signaling molecules such as
jasmonates in plants and eicosanoids in animals (Creelman
and Mullet, 1997; Spector, 1999). Vertebrates are not capa-
ble of introducing v-3 and v-6 double bonds into fatty
acids and consequently must obtain these PUFA from their
diet. It has been suggested that the typical “western” diet,
which is relatively high in v-6 PUFA and low in v-3 PUFA,
may not supply the appropriate balance of PUFA for
proper biological function (Shahidi and Wanasundara,
1998). As a result, there is interest in producing v-3 PUFA
for human and animal nutrition from various sources (Sha-
hidi and Wanasundara, 1998), including genetically modi-
fied plants.

Generally speaking, plants carry out “v-3” fatty acid
desaturation in two compartments on two different sub-
strate classes (Somerville and Browse, 1991; Los and Mu-
rata, 1998). In Arabidopsis plastids, the products of Fad7
and Fad8 desaturate both 16:2 and 18:2 esterified to various
glycerolipids. Outside of the plastid and probably on the
endoplasmic reticulum, the product of Fad3 desaturates
linoleic moieties esterified to the sn-2 position of phos-
phatidylcholine (PC). Both reactions require molecular ox-

ygen and an electron donor, probably ferredoxin in the
plastid reaction and cytochrome (Cyt) b5 in the extraplas-
tidial reaction (Los and Murata, 1998; Shanklin and Ca-
hoon, 1998). It is notable that the above plastidial and
extraplastidial desaturases show high amino acid sequence
similarity (e.g. 66% identity for Arabidopsis FAD3 and
FAD7; Yadav et al., 1993). This suggests a relatively recent
evolutionary divergence and similarities in structure and
function. They are thought to share a general membrane
topology and His-dependent iron-binding structure with
other membrane-bound desaturases (Los and Murata,
1998; Shanklin and Cahoon, 1998).

In general, information about the substrate specificities
and regioselectivities of membrane-bound fatty acyl de-
saturases is limited (Heinz, 1993; Shanklin and Cahoon,
1998). This is largely due to difficulties in the isolation of
active forms of such enzymes and their requirement for
hydrophobic substrates and proteinaceous co-factors (e.g.
Cyt b5 reductase and Cyt b5). Three classes of regioselec-
tivity have been observed for fatty acid desaturases. The
D-x desaturases introduce a double-bond x carbons from
the carboxyl end; v-x desaturases introduce a double-bond
x carbons from the methyl end; and the so-called n 1 x
desaturases x carbons from an existing double bond. Data
regarding the regioselectivity and substrate specificity of
enzymes that introduce a double bond at the 15 position of
linoleic acid are sketchy. By supplying heptanoic acid to
the cyanobacterium Synechocystis PCC6803 cultures and
allowing elongation and desaturation to occur in vivo,
Higashi and Murata (1993) were able to obtain data indi-
cating the presence of an v-3 desaturase that acts on 17 to
19 carbon fatty acids. In higher plants, the plastid v-3
desaturase is considered to be evolutionarily homologous
to this enzyme and to have similar regioselectivity (based
on the desaturation of both 16:2[7,10] and 18:2[9,12] at the
v-3 position; Somerville and Browse, 1991; Yadav et al.,
1993). A related enzyme from nematodes, the fat-1 gene
product of Caenorrhabditis elegans, was characterized by
Browse and coworkers (Spychalla et al., 1997) by expres-
sion in Arabidopsis. The results indicated that it is an v-3
fatty acid desaturase that acts on 18 and 20 carbon fatty
acids.

In oilseed crops, FAD3 is responsible for the production
of the majority of v-3 fatty acids in seeds, a-linolenic acid
in particular. Until recently, relatively little was known
about the substrate specificity and regioselectivity of this
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enzyme, which is called variously the extraplastidial (or
microsomal or endoplasmic reticulum) linoleate or D-15 or
v-3 desaturase. It has been suggested that the enzyme
measures from the carboxyl end or from an existing double
bond (Heinz, 1993; Griffiths et al., 1996), but analysis of
hydroxy fatty acid metabolism in developing oilseeds ar-
gues against the former and favors either u 1 x or v-3
regioselectivity (Reed et al., 1997).

In this paper, we describe efforts to elucidate a more
complete picture of the substrate specificity and regioselec-
tivity of the plant FAD3. This has been accomplished by
expression of the Brassica napus Fad3 in baker’s yeast (Sac-
charomyces cerevisiae), followed by culture in media contain-
ing various fatty acid substrates and assay of the resulting
desaturation products. Yeast acts as a very convenient host
for such studies (Covello and Reed, 1996; Watts and
Browse, 1999). It has a very simple fatty acid profile and
only one major fatty acyl desaturase; it provides a eukary-
otic endoplasmic reticulum, Cyt b5, and Cyt b5 reductase. It
takes up and incorporates a wide range of fatty acids from
the growth medium and the low levels of b-oxidation in S.
cerevisiae in the presence of an appropriate carbon source
allows for accumulation of both supplied precursors and
any fatty acyl products formed (Kunau et al., 1987).

MATERIALS AND METHODS

Chemicals

Lesquerolic acid (20:1-OH[11c,14h]) was prepared by
high-performance liquid chromatography isolation of
methyl lesquerolate from trans-methylated lipids of Lesque-
rella fendleri seed (Reed et al., 1997). Other fatty acids were
obtained from Nu-Chek-Prep (Elysian, MN). All fatty acids
used were of known purity (typically .99%). Tergitol (type
NP-40) and methanolic/HCl (3 m) were obtained from
Sigma-Aldrich (Oakville, Ontario, Canada), diethylamine
and acetyl chloride from Sigma-Aldrich, and pyridine from
Pierce Chemical (Rockford, IL).

Yeast Strain Construction

Copy DNA of one of the extraplastidial linoleate desatu-
rase gene family members of Brassica napus was amplified
from the clone pBNDES3 (Arondel et al., 1992) by PCR
using the oligonucleotide primers BNDES3-1 (GCCGA-
ATTCATGGTTGTTGCTATGGAC) and BNDES3-2 (GC-
CGAATTCAATAGAGCTAGGAAGAAAAG) by standard
methods (Ausubel et al., 1995; Covello and Reed, 1996). The
PCR product was gel-purified, digested with EcoRI, and
ligated into the centromeric yeast expression vector pSE936
containing the Gal-inducible GAL1 promoter (Elledge
et al., 1991) to give the plasmid pRS131. The sequence
of the insert of pRS131 was confirmed to be identical to
that previously reported (Arondel et al., 1992) and in the
sense orientation relative to the GAL1 promoter using
a dideoxynucleotide cycle sequencing kit (DyeDeoxy,
Perkin-Elmer Applied Biosystems, Foster City, CA) and
a DNA sequencer (model 373, Perkin-Elmer Applied
Biosystems).

The Saccharomyces cerevisiae strain MKP-o (MATa can1-
100 ade2-1 lys2-1 ura3-52 leu2-3, 112 his3-D200 trp1-D901;
kindly provided by Wei Xiao, University of Saskatchewan,
Canada) was transformed with pRS131 by the method of
Gietz et al. (1992) and selected on minimal agar plates
lacking uracil (Ausubel et al., 1995) to give the strain
pRS131/MKP-o.

Growth and Biochemical Analysis of Transformed Yeast

To test various substrates of the FAD3, the pRS131/
MKP-o strain was grown in minimal medium lacking ura-
cil and containing Gal (CM gal2ura), various fatty acids
(100 mg/L unless otherwise stated), and Tergitol (Type
NP-40, 0.1% [v/v]) at 20°C for 3 d and at 15°C for 3 d. The
plasmid vector pSE936 in the yeast strain MKP-o was used
as a control.

For fatty acid analysis, the cells from 50-mL cultures
were collected by centrifugation and washed once with 10
mL of 1% (w/v) Tergitol and once with 10 mL of distilled
water. The pellets were then saponified with 5 mL of 10%
(w/v) methanolic KOH in a sealed culture tube at 80°C for
2 h. The tubes were then cooled and the non-saponifiable
lipids were pre-extracted with 23 2 mL of hexane. The
methanol was neutralized (slightly acidic) with 6 m HCl
and the free fatty acids were extracted with 23 2 mL of
hexane. For gas chromatography (GC) analysis, most of the
fatty acids were transmethylated with methanolic/HCl (3
m) at 80°C for 1 to 2 h and then extracted with 23 2 mL of
hexane. For acid-labile (conjugated) fatty acids and for
double bond positional analysis, the fatty acids were deri-
vatized with diethylamine according to the method of Nil-
sson and Liljenberg (1991). GC analysis was carried out as
described by Taylor et al. (1992). GC/mass spectrometry
(MS) analysis of the diethylamide derivatives was per-
formed as described by Carrier et al. (1996).

Plant Material

Seeds of field-grown Linum usitatissimum cv McGregor
were kindly provided by Yousif Hormis (Crop Develop-
ment Centre, University of Saskatchewan). AL63, an
ethylmethanesulfonate-induced mutant of Arabidopsis
was obtained from L. Kunst (University of British Colum-
bia, Canada). Seeds resulting from a second backcross of
this Fad2 mutant with wild type were used for analysis.

RESULTS AND DISCUSSION

FAD3 Activity in Yeast

Figure 1 shows some examples of GC analysis of fatty
acid methyl esters from yeast cultures. As expected, the
pRS131/MKP-o cultures supplied with 18:2(9,12) show a
peak corresponding to 18:3(9,12,15) (Fig. 1A). Typically,
cultures grown at 15°C showed somewhat better desatura-
tion product accumulation by a factor of about 2 compared
with the usual 28°C growth temperature (data not shown).
A similar, stronger temperature effect was previously re-
ported for expression of the Arabidopsis extraplastidial
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oleate desaturase (Covello and Reed, 1996). For this reason,
a protocol of growth for 3 d at 20°C (for relatively rapid
growth) followed by 3 d at 15°C was adopted.

In an effort to check for strain- and construct-dependent
differences, a strain was constructed containing the B. na-
pus Fad3 ligated into the 2-mm plasmid pYES2 (Invitrogen,
Carlsbad, CA) containing the GAL1 promoter transformed
into the yeast strain INVSC1 (Invitrogen). This strain

showed levels of desaturation products similar to pRS131/
MKP-o (data not shown).

Table I gives a complete listing of fatty acid substrates
tested and the products of desaturation. In addition to
desaturase activity, there are a number of factors that could
affect the level of product accumulating in yeast cells as a
fraction of total fatty acids. These include the rate of
incorporation of exogenous fatty acids and their availabil-
ity to the desaturase, the rate of endogenous biosynthesis
of fatty acids, and the rate of breakdown of various fatty
acids. Since these may vary from substrate to substrate,
the data must be considered semi-quantitative. Neverthe-
less, they give a very useful indication of the substrate
specificity and regioselectivity of the plant extraplastidial
linoleate desaturase.

As indicated in Table I, accumulation of substrates var-
ied widely from 1% to more than 40% of total yeast fatty
acids. To aid in interpretation of the data, pRS131/MKP-o
was cultured in a range of concentrations of 18:2(9,12)
giving incorporation levels of 0.4% to 64% (w/w) (see
Table II). The corresponding 18:3(9,12,15) accumulation in-
dicates that desaturation in the cultures is not limited by
18:2 levels unless they are somewhere below 7% (w/w).
Thus, although it is not clear that these results can be
extrapolated to other substrates, it seems reasonable to
assume that any that accumulate above 10% are probably
not limiting, whereas substrate limitation is a possibility at
lower levels, such as for 20:2(11,14) and 20:1-OH(11c,14h).
In the latter cases, the accumulation of product may
underestimate the activity of FAD3 relative to other
substrates.

Figure 1. GC analysis of fatty acid methyl esters from yeast trans-
formed with control plasmid pSE936 (1) and pRS131 containing B.
napus Fad3 (2) for cultures grown in media containing 18:2(9,12) (A),
18:3(6,9,12) (B), or 20:4(5,8,11,14) (C). For each pair of chromato-
grams, the flame ionization detection signal corresponds to the same
volume of yeast culture.

Table I. Conversion of exogenous fatty acids by the yeast strain pRS131/MKP-o
See “Material and Methods” for culture conditions. Values are the means of two experiments each

with duplicate cultures. For pSE936/MKP-o cultures, with the exception of 18:3(6,9,12)-supplied
cultures, no significant peaks were detected at the retention time of the desaturation product. In the case
of 18:3(6,9,12), the area of a peak due to substrate impurity for pSE936/MKP-o cultures was subtracted
from the product peak area for pRS131/MKP-o cultures (see Fig. 1). Despite incorporation levels of 1.6%
to 26.1%, v-3 desaturation products were not detected above 0.001% for 14:0, 14:1(9), 17:0, 20:0,
20:1(5), 22:1(13), or 18:0(12h).

Substrate
Substrate

Accumulation
Product Identificationa Product

Accumulation

% (w/w) of total
fatty acids

% (w/w) of total
fatty acids

16:1(11)b 43.8 16:2(11,13) GC/MS 0.14
16:1(9)c 23.3 16:2(9,13) GC/MS 0.048
18:1(9) 57.9 18:2(9,15) GC/MS 0.21
18:2(9,12) 48.5 18:3(9,12,15) GC/MS 1.3
18:3(6,9,12) 46.8 18:4(6,9,12,15) GC/MS 0.35
20:1(11) 7.3 20:2(11,17) GC/MS 0.016
20:2(11,14) 3.4 20:3(11,14,17) GC/MS 0.18
20:3(8,11,14) 16.3 20:4(8,11,14,17) RT 0.10
20:4(5,8,11,14) 29.2 20:5(5,8,11,14,17) RT 0.21
22:2(13,16) 3.7 22:3(13,16,19) T 0.020
18:1-OH(9c,12h) 10.2 18:2-OH(9c,12h,15c) RT 0.16
20:1-OH(11c,14h) 4.9 20:2-OH(11c,14h,17c) RT 0.038

a Products were identified by GC/MS of diethylamide derivatives, comparison of retention times with
standards (RT), or tentatively based on the assumption of v-3 desaturation (T). b Derived from in
vivo elongation of supplied 14:1(9). c Endogenous substrate; no fatty acid added to medium.
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Regioselectivity and Substrate Specificity of FAD3

In some cases, as indicated in Table I, GC/MS analysis
was performed on diethylamide derivatives of fatty acids.
Figure 2 shows an example of this for the product of
desaturation of 16:1(9). In this case, the mass spectrum
displays diagnostic ions differing by 12 D at m/z 5 252 and
264, indicating the introduction of a double bond at the v-3
position to give 16:2(9,13). Indeed, all of the data in Table I
and the corresponding GC/MS data (Fig. 2 and data not
shown) are consistent with the regioselectivity of the B.
napus FAD3 being described as v-3 as opposed to the D-15
or n 1 3 possibilities, which had been suggested previously
(Heinz, 1993; Griffiths et al., 1996; Reed et al., 1997).

The effect of chain length can be seen in the series of
feedings of 18:2(9,12), 20:2(11,14), and 22:2(13,16). While all
three of these substrate were desaturated, 22:2(13,16) was
an apparently poor substrate. Activity was also observed
for the substrates 16:1(9) and 16:1(11) but giving a lower
level of accumulation than 18:1(9).

The presence of a double bond at the v-6 position also
has a strong effect, as seen in the comparison of the 18:
1, 18:2, and 18:3 feedings with the 20:1, 20:2, 20:3, and 20:4
feedings. These comparisons also indicate that the presence
of double bonds proximal to the carboxyl group does not
have a strong effect. Of particular interest is the 18:3(6,9,12)
experiment. Previously, it was found that linseed micro-
somes were capable of desaturating 18:2(9,12), but not
g-linolenic acid (18:3[6,9,12]) (Griffiths et al., 1996). In the
yeast expression system described herein, the B. napus
desaturase appears to catalyze both reactions (Fig. 1B; Ta-
ble I). The explanation for this difference is not clear; it
could be a species difference or it could be related to factors
affecting the availability of substrate and the accumulation
of products in the two systems.

Unusual Fatty Acid Substrates

Engeseth and Stymne (1996) showed that plant desatu-
rases were capable of desaturating oxygenated fatty acids.
This is particularly relevant in the case of a genus in the
family Brassicaceae called Lesquerella, whose members pro-
duce unsaturated hydroxy fatty acids in their seeds. These
include ricinoleic acid (18:1-OH[9c,12h]), lesquerolic acid
[20:1-OH(11c,14h)], densipolic [18:2-OH(9c,12h,15c)], and

auricolic acid [20:2-OH(11c,14h,17c)] (Hayes et al., 1995;
Reed et al., 1997). In vivo radiolabeling experiments indi-
cate that in various Lesquerella species, densipolic and au-
ricolic acids are synthesized by desaturation of ricinoleic
and lesquerolic acids, respectively (Engeseth and Stymne,
1996; Reed et al., 1997). In this study, analysis of yeast
cultures expressing the B. napus Fad3 and grown in the
presence of ricinoleic and lesquerolic acids (see Table I)
confirm the in planta radiolabeling studies and indicate
that both fatty acids are desaturated by the plant extraplas-
tidial linoleate desaturase.

Our results for 20 carbon substrates that are not found in
the Brassicaceae are interesting. In the yeast expression sys-
tem, the B. napus desaturase was capable of desaturation of
dihomo-g-linolenic acid (20:3) and arachidonic acid (20:4;
see Fig. 1C). However, it has been reported that when
Arabidopsis leaves were sprayed with 20:3 or 20:4, no v-3
desaturation was detected, despite the fact that transgenic
plants expressing a nematode (Caenorhabditis elegans) v-3
desaturase converted these fatty acids (Spychalla et al.,
1997). The differences between the yeast and Arabidopsis
experiments may simply be quantitative but, under some
conditions at least, the plant Fad3 product appears to be
capable of desaturating the 20-carbon v-6 fatty acids.

In Planta Desaturation

When cultures were grown without exogenous fatty acid
or with oleate in the medium, a fatty acid identified
by GC/MS as 18:2(9,15) accumulated. Similarly, a small
amount of 16:2(9,13) appeared (see Table I). Presumably,

Figure 2. MS identification of 16:2(9,13). Mass spectrum of a com-
pound separated by GC from a transmethylated pRS131/MKP-o cul-
ture grown in the presence of 16:1(9). See “Materials and Methods”
for details.

Table II. Dependence of 18:3(9,12,15) accumulation in
pRS131/MKP-o cultures on 18:2(9,12) supply

Cultures were grown as indicated in the “Materials and Methods”
with the addition of varying amounts of 18:2(9,12) to the medium.
Values are the means of two experiments each with duplicate
cultures.

Concentration of 18:2(9,12)
in Culture

18:2(9,12)
Accumulation

18:3(9,12,15)
Accumulation

mg/L % (w/w) of total
fatty acids

% (w/w) of total
fatty acids

1 0.4 0.4
10 7.3 2.4

100 63.5 1.9
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this results from desaturation of endogenous 16:1(9) and
18:1(9). In this regard, it is interesting to note the previous
detection of fatty acids in leaves of a Fad6 (plastidial v-6
desaturase) mutant of Arabidopsis that were tentatively
identified as 16:2(9,13) and 18:2(9,15) (Browse et al., 1989).
Since the majority of leaf lipids in Arabidopsis are synthe-
sized by the prokaryotic pathway (in the plastids), this
suggests that the plastid v-3 desaturase has some activity
on mono-unsaturates. To investigate the possibility of a
similar capability of the plant Fad3 product, analysis was
performed on the predominantly eukaryotic-pathway-
derived seed lipids of two plants: AL63, a Fad2 mutant line
of Arabidopsis (L. Kunst, personal communication), which
contains low levels of 18:2(9,12), and flaxseed (cv Mac-
Gregor), which contains a very active extraplastidial v-3
desaturase. When fatty acids from these seeds were ana-
lyzed, AL63 and flaxseed were found to contain approxi-
mately 1% and 0.1% (w/w) 18:2(9,15), respectively (see Fig.
3). While it is possible in these plants that the 18:2(9,15) is
a product of the plastidial v-3 desaturase, it appears that, in
planta, FAD3 has some activity on mono-unsaturates.

CONCLUSIONS

In conclusion, based on heterologous expression in S.
cerevisiae, the B. napus extraplastidial linoleate desaturase
has: (a) v-3 regioselectivity; (b) the ability to desaturate
substrates in the 16 to 22 carbon range; (c) a preference for
substrates with v-6 double bonds, but the ability to desatu-
rate substrates with v-6 hydroxyl groups or v-9 or v-5
double bonds; and (d) a relative insensitivity to double
bonds proximal to the carboxyl end of the substrate.
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