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Map-Based Cloning of a Gene Controlling Omega-3
Fatty Acid Desaturation in Arabidopsis

Vincent Arondel, Bertrand Lemieux, Inhwan Hwang, Sue Gibson,
Howard M. Goodman, Chris R. Somerville*

A gene from the flowering plant Arabidopsis thaliana that encodes an omega-3 desaturase
was cloned on the basis of the genetic map position of a mutation affecting membrane and
storage lipid fatty acid composition. Yeast artificial chromosomes covering the genetic
locus were identified and used to probe a seed complementary DNA library. A comple-
mentary DNA clone for the desaturase was identified and introduced into roots of both
wild-type and mutant plants by Ti plasmid—mediated transformation. Transgenic tissues of
both mutant and wild-type plants had significantly increased amounts of the fatty acid

produced by this desaturase.

The small crucifer Arabidopsis thaliana (L.)
is suitable for the application of map-based
cloning methods because it has a small
nuclear genome that is almost devoid of
interspersed, highly repetitive DNA (1).
The five chromosomes have a total DNA
content of about 70,000 kb (1). The aver-
age distance from any gene to the nearest
restriction fragment length polymorphism
(RFLP) marker (2, 3) is about 225 kb, and
several yeast artificial chromosome (YAC)
genomic libraries are available for Arabidop-
sis (4, 5). Here, we used these resources to
isolate a gene from Brassica napus that
complements a mutant of Arabidopsis defi-
cient in omega-3 unsaturated fatty acids.
Fatty acid desaturases catalyze the O, and
electron donor—dependent insertion of dou-
ble bonds into fatty acids. Because the
amount of membrane lipid unsaturation af-
fects the physical properties of membranes,
the desaturases are thought to affect the
ability of plants to survive extreme temper-
atures (6). Also, the nutritional quality of
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edible plant oils is largely determined by the
composition of storage triacylglycerols. Ex-
cept for the stearoyl-ACP desaturase, plant
desaturases are thought to be membrane
proteins and have been difficult to charac-
terize by conventional biochemical methods
(7). Information about the number and
properties of the various desaturases in Ara-
bidopsis has been obtained by the isolation of
an extensive collection of mutants with
altered membrane and storage lipid unsatur-
ation (8). One of the mutations, designated
fad3, resulted in reduced accumulation of
linolenic acid (18:3@3%°), and a corre-
sponding increase in the amount of linoleic
acid (18:29%%), in extrachloroplast mem-
brane and storage lipids (9). These metabol-
ic effects suggested that the fad3 locus en-
coded an w3 linoleate desaturase.

The fad3 locus was genetically mapped
by scoring the fatty acid composition of 137
progeny (F2) of a cross between plants of
the fad3 mutant line BL1 (Landsberg race)
(9) and wild type (Niederzenz race). Be-
cause the fad3 phenotype is only weakly
evident in chlorophyllous tissues, but is
strongly expressed in root or seed tissue, the
fatty acid phenotype of each F2 plant was
scored by gas chromatographic analysis of
the fatty acid composition of each of ten
seeds obtained by self-fertilization of F2
plants. The RFELP genotype of F2 progeny
was determined by analysis of DNA prepa-
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rations from F2 plants and F3 families (2,
3). The fad3 mutation mapped on chromo-
some 2 adjacent to the RFLP markers M220
(2) and ASA2 (10) (Fig. 1). When used to
screen YAC libraries, M220 hybridized with
YAC EGA4E8 (4) and ASA2 hybridized with
YACs EW7D11 and EW15G1 (5). The
YACs were ordered by analysis of hybridiza-
tion of end-specific probes on Southern
(DNA) blots of the YAC clones. The result-
ant, approximately 340 kb, contig of four
YAC:s extended a minimum of 170 kb to the
right of ASA2 (Fig. 1). As the maximum
distance between M220 and ASA2 was 180
kb (the sum of the inserts in EG4E8 and
EW15G1), we estimated that 1 centimorgan
(cM) was equivalent to less than an average
value of 105 kb in this region. As fad3 was
0.4 cM to the right of ASA2, we estimated
that the YAC contig extended far enough to
the right to include fad3.

Stearoyl-ACP desaturase, an enzyme
that catalyzes a chemically equivalent reac-
tion, is encoded by a moderately abundant
mRNA in developing seeds of oil-accumu-
lating plants such as Ricinus communis (11).
Therefore, we used the YACs to isolate
moderately abundant cDNA clones. DNA
from one YAC, EW7DI11, was isolated
from a low-melting agarose-clamped homo-
geneous electric field (CHEF) gel (12) and
used to probe a Agtll cDNA library made
from developing seeds of the closely related
crucifer Brassica napus. The B. napus library
was used because we did not have a suitable
library from developing seeds of Arabidopsis,
and genes from B. napus are highly homol-
ogous to the corresponding Arabidopsis genes
(13). Of 31 positive plaques among 2 X 10°
screened, 17 cross-hybridized at high strin-
gency and, therefore, appeared to be deriv-
atives of the same gene. None of the other
clones were highly represented among the 31
positive clones. The largest insert (1.4 kb)
representing the abundant transcript was

M220 ASA2 fad3
] ] |
EG4ES(90kb)
Tl EW15G1(90kb)
EW7D11(120kb)_
Ir EW10H12(170kb)
100 kb
1cM

Fig. 1. Genetic map of the region of chromo-
some 2 (thick line) that contains the fad3 locus.
The YACs that correspond to this region of the
genome are shown below. The sizes of the
inserts (in parentheses), were determined by
pulsed-field gel electrophoresis (72). Arrows
indicate regions of overlap demonstrated by
hybridization of end-specific probes. Scales of
genetic distance (centimorgans, cM) and kilo-
bases (kb) are indicated.
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Table 1. Fatty acid composition of transgenic roots. The transgenic roots resulting from infection of
the fad3 mutant or wild type with A. tumefaciens R1000 carrying only the vector (pBI121) or the
vector plus cDNA (pTiDES3) were grown in the presence of kanamycin (50 ng/ml) for 3 weeks to
identify roots that had been co-transformed with one of these plasmids and 200 pg of cefotaxime
to prevent growth of bacteria. The fatty acid composition of samples of roots (about 30 mg per
sample) was determined as described (23). Abbreviations: 16:0, palmitic acid; 16:1, palmitoleic
acid; 18:0, stearic acid; and 18:1, oleic acid; 18:2, linoleic acid; 18:3, linolenic acid. The values

presented are the mean = SD (n = 12).

Fatty acid
Genotype
16:0 16:1 18:0 18:1 18:2 18:3
Percentage of total fatty acids

Wild type 220+29 2507 23+x19 38+13 373x37 319+ 45
pBI121

fad3 212+16 16+x08 23%x15 59+26 622+59 6.7 £0.7
pBI121

fad3 ' 21.3+23 1.5+02 16+04 9120 244+ 149 421 =155
pTiDES3

Wild type 21.1+09 20=+01 1.9+02 7720 157 £ 117 51.3+10.9
pTiDES3

subcloned into pBluescript (Stratagene) to
produce plasmid pBNDES3.

In order to test if the cDNA in pPBNDES3
was encoded by the B. napus equivalent of the
fad3 locus, a genetic complementation test
was conducted. Because the fad3 mutation
has a large effect on the fatty acid composition
of Arabidopsis roots (9), we exploited the fact
that large numbers of rooty tumors can be
rapidly produced by infection with Agrobacte-
rium tumefaciens R1000, which carries an Ri
plasmid from Agrobacterium rhizogenes instead
of a Ti plasmid (14). The cDNA insert from
pBNDES3 was inserted into the binary Ti
vector pBI121 (Clontech Laboratories, Palo
Alto, California) under transcriptional con-
trol of the constitutive cauliflower mosaic
virus (CaMV) 35S promoter, to produce plas-
mid pTiDES3. After electroporation of
pTiDES3 into A. tumefaciens R1000, the bac-

10 20 30 40
MVVAMDQRSN VNGDSGARKE EGFDPSAQPP FKIGDIRAAI
0 70 80
PKHCWVKSPL RSMSYVTRDI FAVAALAMAA VYFDSWFLWP
110 120
LYWVAQGTLF WAIFVLGHDC GHGSFSDIPL LNSVVGHILH
130 140 150 160
SFILVPYHGW RISHRTHHQN HGHVENDESW VPLPEKLYKN
170 180 190 200
LPHSTRMLRY TVPLPMLAYP IYLWYRSPGK EGSHFNPYSS
210 220 230 240
LFAPSERKLI ATSTTCWSIM LATLVYLSFL VDPVTVLKVY

LTTIDRDYGI FNNIHHDIGT HVIHHLFPQI PHYHLVDATR
330 . 340 350 360
AAKHVLGRYY REPKTSGAIP IHLVESLVAS IKKDHYVSDT
GDIVFYE:‘I;IO’ DLYVYAS;;g KIN
Fig. 2. Deduced amino acid sequence of the
protein encoded by the fad3 cDNA. The nucleo-
tide sequence has been deposited in the Gen-
Bank database (L01418) and the clone is avail-
able from the Arabidopsis Biological Resource
Center (22). Abbreviations for the amino acid
residues are: A, Ala; C, Cys; D, Asp; E, Glu; F,
Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N,
Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val,
W, Trp; and Y, Tyr.
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teria- were used to induce rooty tumors on
stem explants from the fad3 mutant and wild-
type Arabidopsis plants (15). More than 50%
of the rooty tumors produced in this way
contain the binary Ti plasmid and are, there-
fore, kanamycin-resistant (16). After 5 weeks,
the roots were excised from the stem explants,
cultured for three more weeks, and the fatty
acid composition of total lipid extracts mea-
sured (Table 1). The fad3 mutant transformed
with only the vector had less 18:3 and more
18:2 fatty acid than did the wild type. Trans-
formation of the fad3 mutant with pTiDES3
produced roots that contained greater than
wild-type amounts of 18:3 and lower amounts
of 18:2. Transformation of the wild type with
pTiDES3 resulted in even more 18:3. Thus,
the B. napus cDNA in pTiDES3 functionally
complements the fad3 mutation in Arabidop-
sis, and the proportion of unsaturated lipids
can be altered by affecting transcription of a
putative desaturase gene.

Analysis of the nucleotide sequence of the
cDNA insert in pBNDES3 revealed a 383-
amino acid open reading frame that encodes a
44-kD polypeptide (Fig. 2). The NH,-termi-
nal region does not exhibit the characteristics
of a sighal peptide (17) but the COOH-
terminus contained the Lysyl residues three
and five amino acids from the end that have
been shown to be sufficient in animals for
retention of membrane proteins in the endo-
plasmic reticulum (ER) membrane (18). Sev-
eral strongly hydrophobic internal domains
could be transmembrane domains. These
characteristics suggest that the pBNDES3
cDNA encodes a membrane-bound protein
located in the ER, which is in agreement with
the available biochemical evidence concern-
ing the localization of the w3 desaturase en-
coded by the fad3 locus (9). Comparison of
the deduced amino acid sequence with the
protein sequences contained in GenBank re-
lease 70 using the FASTA program (19)
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indicated homology with the w6 desaturase
from the cyanobacterium Synechocystis (20),
including a 12-residue sequence of which 10
residues were identical. No homology with
other proteins could be detected. The se-
quence homology between the cyanobacterial
6 desaturase and the fad3 gene product raises
the possibility that the ®3 and w6 desaturases
in higher plants may also have significant
structural similarity.

Note added in proof: J. Browse, N. Yadav,
and collaborators have cloned the Arabidop-
sis fad3 gene by T-DNA tagging (21).
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Dynamics of Ribozyme Binding of Substrate
Revealed by Fluorescence-Detected
Stopped-Flow Methods

Philip C. Bevilacqua, Ryszard Kierzek, Kenneth A. Johnson,
Douglas H. Turner*

Fluorescence-detected stopped-flow and equilibrium methods have been used to study the
mechanism for binding of pyrene (pyr)-labeled RNA oligomer substrates to the ribozyme
(catalytic RNA) from Tetrahymena thermophila. The fluorescence of these substrates
increases up to 25-fold on binding to the ribozyme. Stopped-flow experiments provide
evidence that pyr experiences at least three different microenvironments during the binding
process. A minimal mechanism is presented in which substrate initially base pairs to
ribozyme and subsequently forms tertiary contacts in an RNA folding step. All four mi-
croscopic rate constants are measured for ribozyme binding of pyrCCUCU.
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with L-21 Sca I and pyrCCUCU resulted
in fast and slow rates for binding, 1/7,
and 1/7,, respectively (Fig. 2). Traces of fluo-
rescence versus time after mixing were fit
to a single or double exponential as appro-
priate. Plots of rates versus [pyrCCUCU]
give a straight line fit for the faster rate
and a hyperbolic fit for the slower rate
(Fig. 3A). This is consistent with two-
step binding in which base pairing of
pyrCCUCU and the IGS to form Pl
occurs in the first step and uptake of Pl
occurs in the second step (Fig. 1A,
Scheme I). The apparent enhancement of
pyr fluorescence after tertiary folding is a
unique observation for a nucleic acid (7).
For Scheme I and substrate, S, in excess

over L-21 Sca I (11)

Recognition of the 5’ exon for splicing of the
ribosomal RNA precursor of T. thermophila

involves base pairing of the exon sequence

CUCUCU with part of an intron internal
guide sequence (IGS), GGAGGG, to give a
helix designated P1 (1). This process can be
mimicked with oligonucleotides and trun-
cated forms of the intron (2, 3). Tertiary
interactions involving 2'-OH groups of sub-
strate enhance this binding (4—6). Under
conditions where all the ribozyme is active
(6), we report transient kinetic studies in-
dicating that tertiary contacts form after
base pairing, and we provide the first rate
constants for the dynamics of this RNA
folding step (Fig. 1A).

Conjugation of pyrene to a 5’ amino-
modified ribose (Fig. 1B) provides a probe
of rapid binding steps (7). Binding of pyr-
CUCU, pyrCCUCU, pyrCUCUCU, and
pyrCCCUCU to the L-21 Sca I form of the
ribozyme from T. thermophila (3) increases
pyr fluorescence by factors of 25, 21, 8, and
4, respectively (8), consistent with expec-
tations based on three-dimensional models
of the binding site (9). All four pyr-labeled
substrates reacted in single turnover nucle-
otidyl transfer reactions with 32P-labeled
(p*) p*UCGA, suggesting that their fluo-
rescence enhancement results from binding
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1
in the catalytic core (10). A typical reac- T = kSl +k_1+k+k_ (1)
tion modeling the second step of splicing is 1 Sl 4 k) k ik s
pytCCUCU + p*UCGA = S = Q)
5'exon 3'splice L-21 T2 kiS)+k_y+k, +k_;
imic Junction Scal where kq, k_1, ky, and k_, are the rate con-
pyrCCUCUA + p*UCG stants shown in Scheme I. Initial estimates
5'splice 3'end of rate constants were obtained by fitting
junction of intron data in Fig. 3A to Egs. 1 and 2. Rate

constants were optimized by computer sim-

Rapid mixing, stopped-flow experiments  ulation of traces (Table 1) (12). The value

A
k
Scheme | Ky _f2_ _kako_
Ky=;!=130 M K z=r; =0.008 ik =1.1nM
= -1g-1 .
r%cucus, ky=3.9x 108M1 s s ou? k= 2.58 1 S
Py * k,=05s" PrEGYES % ~ 0.00s1 p"?grgf §
GGGAGG - GGGAGGg k,=0.02s GG 5
L-21 Sca | Ribozyme Base-paired Final complex
intermediate
B C
pyrC L&)
NH K4 =%, =120nM
. 5 3 k=55x108 M-1s? 3
[, L mhowd ey
H + -~
—] 0 = -1 AGGAGG
C N—W AGGAGG k,=66s ¥ )
3 5
OH

=

Fig. 1. (A) Minimal mechanism (Scheme 1) consistent with all the data for all four 5’ exon mimics. The
rate constants are for pyrCCUCU. The sketch of L-21 Sca | is not meant to give structural detail but
to indicate that pyr is protected from solvent in both the intermediate and final state and less so as
oligomer length increases. The sketch also depicts GGAGGG (IGS) as not completely accessible
in the unbound L-21 Sca |. Lines indicate base pairing (7). Known tertiary hydrogen bonds involving
2" OH groups of substrate (5, 6) are indicated by bold dots. (B) Structure of the 5' end of
pyr-modified oligomers (pyrC). (C) Minimal mechanism for pyrCUCU and pyrCCUCU binding to the
IGS mimic GGAGGA. The rate constants are for pyrCCUCU.
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