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Abstract Triacylglycerols are the most important storage lipids
in most plants and animals. Acyl-CoA :diacylglycerol acyltrans-
ferase (EC 2.3.1.20) catalyzes the final step of the pathway of
triacylglycerol synthesis and is the only step which is unique to
this process. Diacylglycerol acyltransferase is required for the
synthesis of storage oil in a wide range of oil-bearing seeds and
fruits and in floral structures such as petals, anthers and pollen.
We describe the first cloning and functional expression of a
cDNA encoding diacylglycerol acyltransferase from a plant. The
cDNA, cloned from Arabidopsis thaliana, encodes a 520 amino
acid protein with a predicted molecular mass of 59.0 kDa which
shares 38% amino acid sequence identity with diacylglycerol
acyltransferase from mouse. When expressed in insect cell
cultures, the protein catalyzes the synthesis of ['“C]triacyl-
glycerol from [*C]diacylglycerol and acyl-CoA. Primer exten-
sion analysis revealed that the transcription begins 225 bases
before the translation start site, yielding an unusually long 5’
untranslated region. The gene is expressed in a wide range of
tissues but most strongly in developing embryos and petals of
flowers.
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1. Introduction

Triacylglycerols (TAGs) are stored by plants in tissues such
as seeds, fruits, petals and anthers and are an important agri-
cultural commodity. In many plants, TAGs are essential for at
least part of the life cycle, e.g. mutants in seed oil synthesis in
Arabidopsis are unable to germinate in the absence of a sup-
plementary carbon source such as sucrose [1]. TAGs may also
be important in the sexual reproduction of many plants since
they can comprise 30-40% of the total pollen mass. The role
of TAGs in pollen is not entirely clear but they may supply
fatty acids for the rapid synthesis of membrane phospholipids
to support pollen tube growth [2]. Recently, it has been shown
that TAGs may also be required for the proper growth of the
pollen tube in plant species that have wet stigmas such as
tobacco [3].

TAGs are synthesized by the enzymes of the Kennedy path-
way, which sequentially transfer acyl chains from acyl-CoAs
to the sn-1, -2 and -3 positions of a glycerol backbone [4].
Diacylglycerol (DAG) lies at the branch point between mem-
brane glycerolipid and storage TAG synthesis. Diacylglycerol
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acyltransferase (DGAT) catalyzes the final acylation of the
pathway and is the only step which is unique to TAG syn-
thesis. DGAT is a membrane bound enzyme that is thought to
be located in the endoplasmic reticulum [5,6]. There are in-
dications that DGAT might be an important step in the con-
trol of TAG synthesis [7] and cloning of the DGAT gene will
facilitate investigation of its role(s). An Arabidopsis mutant in
the TAG synthesis was shown to accumulate DAG in the
seeds [8] but attempts to clone the gene involved have not
yet been successful. Recently, a cDNA encoding a DGAT
from mouse was cloned [9] and, using the sequence informa-
tion of the mouse DGAT, we have cloned a cDNA and iden-
tified the corresponding gene encoding a plant DGAT homo-
logue.

2. Materials and methods

2.1. Isolation of a cDNA clone encoding the DGAT enzyme

A BLAST search of the sequence databases using the mouse DGAT
protein sequence [9] identified Arabidopsis EST (E6B2T7). The EST
(Arabidopsis Stock Centre, OH, USA) was fully sequenced in both
directions. The 5’ end of the cDNA was obtained by 5" RACE with
appropriate nested primers using a 5 RACE PCR kit supplied by
Gibco BRL (UK). Total RNA was isolated from tissues of Arabidop-
sis thaliana and Brassica napus [10]. First-strand cDNA was prepared
from total RNA from Arabidopsis inflorescences, using oligonucleo-
tide primer DGAT 2 (5'-d(AACCAAAGGTGGAAGAAGCAG)-3').
The resulting single-stranded cDNA was tailed at the 5’ end using
dCTP catalyzed by TdT and the 5’ end of the DGAT cDNA was
amplified by two rounds of PCR according to the manufacturer’s
instructions using nested primers DGAT 4 (5'-d(AGGATGCTTT-
GAGTTCCTGACQC)-3', reverse) and DGAT 5 (5'-d(AATCCGGT-
GAATATGACCAG)-3"). The DNA product (1200 bp) was cloned
into pGEM T easy (Promega, UK) according to the manufacturer’s
instructions. The DNA inserts were completely sequenced in both
directions using a Perkin Elmer Big Dye sequencing kit (Perkin Elmer,
UK). Sequences were analyzed locally using the Wisconsin GCG pro-
grams. Database searches were done using the BLAST algorithm [11]
and protein analysis was done using the Prosite database (http://ex-
pasy.hcuge.ch/cgi-bin/scanprosite).

2.2. Primer extension analysis

The transcription start site of the DGAT gene was localized by
primer extension analysis using two gene-specific 30-mer oligonucleo-
tides which were complementary to the sense strand sequence of the
DGAT cDNA. Oligonucleotides PEl (5'-CGCCATTTCGAAAAG-
CGTTTGACGAAACAG-3’"), from —24 to +6 relative to the trans-
lation start site (ATG), and PE2 (from —141 to —112, 5'-GCGG-
ATTGAAGGAAGAAGCTAAGAAATCGG-3') were radiolabelled
at their 5’ termini with T4 polynucleotide kinase and ([y-*>PJATP.
About 10° cpm of the radiolabelled primers was hybridized at 30°C
with ~50 pg of total RNA, which was isolated from Arabidopsis
flowers. After hybridization for 12 h, complementary DNA was syn-
thesized from the annealed primers by the addition of reverse tran-
scriptase and dNTP. The reaction was stopped by incubating at 70°C
for 10 min and then treated with the RNAse mix. The nucleic acid
was precipitated with ethanol. The reaction products were resus-
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pended in sequencing gel loading buffer, denatured at 85°C, resolved
by electrophoresis through a 6% w/v polyacrylamide sequencing gel
containing 7 M urea and visualized by autoradiography. In order to
provide size markers, part of the DGAT gene was sequenced with the
same primers used in the primer extension experiments.

2.3. Expression of DGAT in Sf21 insect cell cultures

A full-length DGAT c¢cDNA was cloned by RT-PCR from Arabi-
dopsis inflorescence RNA using the Gibco BRL 5" RACE kit as de-
scribed above. The reverse transcriptase reaction was primed using
DGAT 15 (5'-d(TTGCAGATACAACAACTC)-3’) and the PCR re-
action used the primers DGAT 15 and DGAT 13 (5'-d(CTATAAG-
GAACCAGACGCQ)-3") with Pfu DNA polymerase. The 1800 bp
product was cloned into pGEM T easy as described above to create
plasmid AtiIDGAT. The DGAT encoding sequence was obtained by
PCR using primers DGAT 28 (5'-d(GTACGGATCCAAATGGC-
GATTTTGGATTC)-3") and DGAT 29 (5'-d(GTACGATATCTTT-
CATGACATAGATCC)-3’). The product was sequenced in both di-
rections, checked to be correct and cloned into pFASTBACI (Gibco
BRL, UK). DH10Bac Escherichia coli cells were transformed with the
product to generate recombinant bacmid DNA according to the man-
ufacturer’s instructions. Sf21 insect cells were transfected with the
bacmid DNA and recombinant baculovirus particles harvested. The
virus stock was amplified and the amplified viruses used to infect Sf21
cells.

2.4. Infection of insect cells, isolation of cell membranes and in vivo
labelling of cell proteins and gel analysis

Insect cells (2.5X 10° per 25 cm? dish) were infected with virus and
at 48 h, the cells were removed, washed twice with phosphate-buffered
saline and pelleted by centrifugation at 1000 X g for 5 min. The cells
were homogenized and membranes purified as previously described
[9]. For in vivo labelling, at 48 h post-infection, 53 MBq of Promix
([*>S]methionine and [*S]cysteine: Amersham, UK) was added to the
cell cultures. The cells were incubated for a further 2 h and the me-
dium was discarded. Protein from about 3 X 10° cells was dissolved in
gel sample buffer and resolved by SDS-PAGE on 10% polyacrylamide
gels using a Bio-Rad mini-gel apparatus according to the manufac-
turer’s instructions. Radiolabelled proteins were identified by auto-
radiography

2.5. Assay for DGAT activity

DGAT was assayed by incorporation of [1-'“C]dioleoylglycerol into
TAG in the presence of oleoyl-CoA. Radiolabelled dioleoylglycerol
was synthesized by phospholipase C hydrolysis of [1-'*C]dioleoyl
phosphatidylcholine (110 mCi/mmol) and ['*C]DAG was purified by
thin layer chromatography (TLC) as described in other methods.
DGAT activity was assayed using a modification of a previously
described protocol [9]. The reaction mixture (100 pl) contained 100
mM Tris-HCI, pH 7.5, 250 mM sucrose, 3 mM MgCl,, | mM EDTA
and 10 uM [“C]DAG (3.92 kBg/nmol) in 0.02% Tween-20. Oleoyl-
CoA was included at 50 uM where indicated. Reactions were initiated
by the addition of 25 ug membrane protein and incubated at 30°C for
30 min. Incorporation of [C]DAG into TAG was determined as
previously described [6]. Protein was estimated using a Coomassie
dye-binding assay from Bio-Rad according to the manufacturer’s in-
structions using thyroglobulin to generate the standard curve.

2.6. Northern blot analysis of RNA

20 ug of total RNA from tissues of B. napus was run on 1.2%
agarose gels and transferred to charged nylon filters (Amersham Phar-
macia, UK) as previously described. Blots were hybridized with 32P-
labelled DNA probes as previously described [12]. Radioactive probes
were labelled using a kit from Stratagene according to the manufac-
turer’s instructions. Filters were washed twice in 2 X SSC, 0.1% SDS at
65°C for 15 min and twice with 0.2XSSC, 0.1% SDS at 65°C for
15 min. Hybridization was detected by autoradiography using a Ko-
dak ARX film.

2.7. Lipid methods

Lipids were extracted from insect cells as previously described
[6,13]. Total lipid extracts were applied to 250 um silica layers (Ana-
chem, UK), separated using hexane/diethyl ether/acetic acid (70:30:1,
v/vlv) and visualized by charring the TLC plate with H,SO, in etha-
nol.
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3. Results and discussion

3.1. Cloning and analysis of cDNA encoding DGAT

A BLAST search of the sequence databases using the amino
acid sequence of the mouse DGAT [9] showed that it shared a
significant amino acid sequence homology with an Arabidopsis
EST (E6B2T7). The EST was fully sequenced in both direc-
tions and analysis of the deduced amino acid sequence sug-
gested that over 1000 bp of additional 5" DNA were required
to obtain a full-length open reading frame. DNA of the 5" end
was obtained by 5 RACE from Arabidopsis inflorescence
RNA using appropriate nested primers and was fully se-
quenced in both directions. The full-length cDNA is 1988
bp long, containing an open reading frame of 1563 bp encod-
ing a protein of 520 amino acids (EMBL accession number
AJ131831). The amino acid sequence shares 38% identity and
59% similarity with the mouse DGAT but only 24% identity
with the mouse ACAT. The three sequences were aligned us-
ing the Pileup program (Fig. la) revealing regions of signifi-
cant homology between the Arabidopsis protein and both
mouse DGAT and ACAT (residues 287-309 and 370-398).
There are a number of other regions of the Arabidopsis pro-
tein that show significant homology only to the mouse
DGAT. The protein is predicted to have a molecular mass
of 59.0 kDa with an iso-electric point at pH 8.53. The Arabi-
dopsis protein is estimated to be 6.0 kDa larger than the
mouse protein with most of the extra mass accounted for by
a 38 amino acid N-terminal extension. Searches of the protein
databases suggest that this extension is not involved in protein
targeting.

A Kyte and Doolittle hydrophobicity plot suggests that the
protein contains a number of membrane spanning domains
but also a 14 kDa hydrophilic domain at the N-terminus
(Fig. 1b). The amino acid sequence was also analyzed using
a program which predicts transmembrane helices by compar-
ison with a database of naturally occurring membrane bound
proteins ([14]: http://ulrec3.unil.ch/software/TMPRED_form.
html). This strongly predicts nine transmembrane helices with
the large N-terminal domain lying on the cytoplasmic side
of the membrane. Scanning the protein sequence against the
Prosite database (http://expasy.hcuge.ch/cgi-bin/scanprosite)
identified a number of putative phosphorylation sites and
a leucine zipper between residues L-222 and L-250. It re-
mains to be determined whether these are important in the
regulation and function of the enzyme in vivo. No other mo-
tifs with a recognizable function were found. A CysgHis, in-
volved in the binding of 1,2-DAG in protein kinase C& and
RasGRP [15] is not present in either the Arabidopsis or mouse
sequences, suggesting that DAG is bound by a different struc-
ture in the acyltransferases. Comparison of the plant glycerol-
3-phosphate acyltransferase and lysophosphatidatic acid
acyltransferase sequences with the plant DGAT did not
show any significant sequence homology, suggesting they are
unrelated.

3.2. Expression of Arabidopsis DGAT in insect cells

The putative DGAT coding sequence was inserted into the
pET15b vector for expression in E. coli without a Hisg affinity
tag and into the pYES 2.0 vector for expression in Saccharo-
myces cerevisiae. Neither protein expression or enzyme activ-
ity could be detected in extracts from induced cultures of
either system. Therefore, the coding sequence was sub-cloned
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aDGAT MAILDSAGVTTVTENGGGEFVDLDELERREEIRSDSSNGLLLSESDNNEPS 50
mMDGAT MGDR[EGAGS R 12
MACAT v v v et e e e e e e e e e e e e e LENRLSEIGENPEQDEAQKNFMDTY 4N 27
aDGAT DDV PADPRDRIDSVEINDJROGTENLAGRINNG INNGGGRGGGEGREGHE 100
mDGAT RRTESRVSIMQGGSGPKUHAE RDIMAVSPRLGA PAPAPAPAHT K 62
MACAT GHITMKQLIAKKRLLAAPAEPLKPLFMKEVGCHFDBFVTNLIEKSASL 77
aDGAT ADATFEIVEPEMPA. ... .. HRE2REGHE. . . . . . L IEKQSHA. . ... 133
mDGAT D. . . .. TG DGYWDLCcH|$MoDHL . . . . .. F GlRlsNYR. ... .. 95
mACAT GECALEITFSILEEMKKNHAKDRAPEIEQGKIFIPROMLLDELFEVDHIR 127
aDGAT FNL "2 v §s i { T....DFW@EsERs@ARM. . . @ 176
MDGAT L \ LILY FL i .D....PIQVVELFxpP Ysl 140
mACAT THMYHMFZALWBGAF VL STHMVVDYMPECGRIMAL EFNLLAYARGKFPTVIWTW 177
aDGAT LEMCccC L s PLINNG. . TV LVLQKYI PVVIFMI I ITMEAEVLYRE 224
mDGAT PCVI SN vieNa. . Q1 RLAVGALTHOM N@apIICFd 188
mACAT AMBILSTLEIIPY|WLFQPRAHGYS|4SSHPLIYBLVH ELUrOoMGVLGFV 227
aDGAT VilJT@rRCcDPRFL THM@LTC. JUIL K LA v [ HTSY 260
mDGAT AA LVESIITPV[gSVEA SYS F Y RDVEILWCRQRRVKIJKAVS 238
mACAT T YTLPPARRRFIMIMEQIRLI . MdAHEREVREM. . . . . . .. ... ... 262
aDGAT DHRSLASFENNDKANPEVSYYVSLKS M2 PTLCYOREIY PRS 310
mDGAT TGKKElsGENN200QA VS YEIDN LY RD Y iFAPTLCY AN 288
mACAT . lPRIAL MEWNKEKSSKDJ. LP v N QY L f@alL 3N REAT MR D NF@:B:YT [T ¥ 310
aDGAT NN KLV I [GG FMG F ey 1 NI v H . B - IWN@NT E RV L K L JeEE
mDGAT LLIGRVEEMLFRROLQVGL IOW M VT I 8§ K. DMpIY S R I iRyl 1iMeq 337
mACAT [N SEBAOVFGCLFYVYYMERRLCAPRLF IMoE SARVEVLC. . . ENS 357
aDGAT S Ly ¥ IAC ~ BFC BEEL A2 ELLFGDREFYKDWWN A JS 408
mDGAT A H IF F F H ¢ MAELLOFGDREF YEIDWWN A 387
mACAT IL[GV ML EL s [lF A jiL iC 32 E T2 )4 G DR TR ] 407
aDGAT v BB M= BIc S K K A JSeN: L. S AV F HE ifeldx v P (R L]
MDGAT it C 1 §F .HGSS|qWVINRTG s AEFHE Y AV P L R K
MACAT VARV 5 i) \REERA K [} FEEARFI4SAIML A L RN 804~ . [N C s 457
EDO NI |4 W AFLEIMFQOQVPL TH. yLERFEsTVGNMIEWFIFCEEEEN C 504
mDGAT . M |3R RIENNT ~ T3V~ (NS N~ W IMAC RF F G N ¥ AfEQV T 479
mACAT YFYPVLFVEFWE@GMAEN DSRKRPIWRIIM sFLGYGLMLCFYS 507
aDGAT LY. - LMJRKGSMS . ... ... ... ... 520
MDGAT Vi)Y Y VIBMY DAPVGV . . . . . ... .. .. 498
MACAT QEWMARQHCPWKNPTFLDYVRPRTWTCRYVF 538
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Fig. 1. Analysis of the putative Arabidopsis DGAT amino acid sequence.

(a) Comparison of acyltransferase sequences. The predicted amino

acid sequence of the Arabidopsis DGAT (aDGAT) is shown in alignment with mouse DGAT (mDGAT) [9] and mouse ACAT (mACAT) [18].
Identical amino acid residues between the three proteins are highlighted and similar residues are shaded. (b) Hyrophobicity plot of the Arabi-

dopsis DGAT amino acid sequence determined according to Kyte and Doo

into pFASTBAC for expression of the protein in Sf21 insect
cell cultures. Lipids were extracted from cell cultures at 66 h
after infection and resolved by TLC. Insect cells normally
contain only small amounts of TAG [16] and it was clear
that the cells infected with virus containing the putative
DGAT encoding sequence had synthesized significantly
more TAG than the cells infected with control virus (Fig.
2a). Cells infected with virus containing the DGAT coding
sequence expressed a 51 kDa protein that was not present
in cells infected with control virus (Fig. 2b). Biochemical ac-
tivity of the DGAT was determined in vitro by measuring the

little [19]. The hydrophobic domains lie above the dashed line.

incorporation of [“C]DAG into TAG in the presence of oleo-
yl-CoA as acyl group donor. Insect cells expressing the
DGAT cDNA had a greater than 8-fold higher DGAT activ-
ity than membranes from control cells (Fig. 2c). The synthesis
of [*C]TAG was strongly dependent on the addition of oleo-
yl-CoA since in its absence, the DGAT activity was almost 10-
fold lower (Fig. 2c).

3.3. DGAT gene structure, transcription start site and
expression
The DGAT gene corresponding to the cDNA described here
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was recently sequenced on BAC F27F23 (http://genome-
www.stanford.edu/Arabidopsis/). The gene is positioned on
the upper arm of chromosome II close to the RI marker mi
139 at 35¢cM. The annotation of this genome sequence on the
database suggested two open reading frames. However, the
c¢cDNA we sequenced shows that an intron/exon boundary
was missed by the analysis program, that only a single gene
is present and that it contains 15 introns. Southern blot anal-
ysis of Arabidopsis genomic DNA using the EST as a probe
revealed the presence of only one DGAT gene in the Arabi-
dopsis genome (data not shown). Primer extension analysis
was conducted to determine the transcription start site of
the DGAT gene (Fig. 3a). A single major reverse transcription
product was observed co-migrated with a T residue at the
—225 position relative to the putative translation start site
(ATG). This transcription start site was confirmed using a
second gene-specific oligonucleotide (PE2) for primer exten-
sion analysis. The gene contains a putative TATA box at
nucleotide positions —353——348 from the translation start
site. The 5’ untranslated region (5'UTR) of the mRNA is
225 bases which is very much longer than the average distance
for plant genes of 25-39 bases [17]. It remains to be seen
whether the 5’UTR of the transcript from the DGAT gene
is important in post-transcriptional regulation.

Northern blots revealed that the DGAT gene was expressed
in Arabidopsis inflorescence and at a lower concentration in
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Fig. 2. Expression of the putative DGAT encoding sequence in in-
sect cell cultures. (a) Neutral lipids were extracted from insect cells
at 66 h after infection with wild-type baculovirus (1) and Arabidop-
sis DGAT recombinant baculovirus (2) and resolved by TLC. (b)
Insect cells infected with wild-type baculovirus (1) and Arabidopsis
DGAT recombinant baculovirus (2) were labelled with [**S]meth-
ionine. The molecular masses were calculated from a standard curve
using Broad Range markers (Bio-Rad). (c) ['*C]dioleoylglycerol in-
corporation into TAG was determined using membranes isolated
from insect cells infected with wild-type baculovirus (1) and Arabi-
dopsis  DGAT recombinant baculovirus (2)* oleoyl-CoA (18:1-
CoA). Data represent the means of four separate experiments
(P<0.001)
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Fig. 3. Transcription start site of the Arabidopsis DGAT gene and
mRNA concentrations of the Brassica homolog in rape tissues. (a)
The product of the primer extension reaction was electrophoresed
on a 6% sequencing gel (lane P) along with a DGAT 5’ flanking ge-
nomic DNA sequencing ladder (lanes T, C, G, A) generated by the
same primer. The sense sequence around the cDNA product is
shown on the right and the transcription start site is indicated by *.
(b) RNA gel blots were hybridized with the Arabidopsis DGAT EST
(E6B2T7). Lanes contain 20 pg RNA from open flower (F), petal
(P), stem (S), mature leaf (ML), young leaf (YL), 6 mm bud (B),
cotyledonary stage embryo (E).

leaf (data not shown). In order to determine more easily the
pattern of expression of the DGAT gene through a range of
tissue types, RNA was isolated from the larger relative of
Arabidopsis, B. napus. The mRNA was present at the highest
concentrations in developing embryos, petals of flowers and
developing flower buds (Fig. 3b) as expected since each of
these tissues accumulates TAG. The DGAT mRNA was de-
tectable but at much lower concentrations in leaf and stem,
tissues which normally contain only 1-2% of the total cell
lipid as TAG.

The cloning of a plant DGAT ¢cDNA and identification of
the gene will significantly help in experiments designed to
determine the role and importance of DGAT in controlling
the yield of storage oil in seeds. It may also aid our under-
standing of the role of TAG in other aspects of the plant life
cycle such as pollen development.
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