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Abstract

The full-length genomic DNA of MCAT (Malonyl-CoA:acyl carrier protein transacylase) in Brassica
napus was cloned. BnMCAT shares very high identity with AtMCAT in gene sequence and gene
structure. A multiple alignment of the protein sequence showed that BnMCAT shares high identity
with other MCATSs from E. coli and plants. BnMCAT was expressed in all tissues, such as roots,
stems, leaves, flowers, and seeds, and no significant differences in the expression level were found
in different embryo stages after pollination. According to an in vitro relative activity analysis, pu-
rified recombinant BnMCAT expressed in E. coli had transacylase activity. Although the relative ac-
tivities of BnMCAT in crude extracts isolated from different staged embryos were similar and
showed little variation, a higher relative activity was found in a crude extract isolated from em-
bryos in comparison to leaves. Different relative activities of BnMCAT in crude extracts isolated
from cultivars with different oil content were also found, suggesting that the activity of BnMCAT
might be a decisive factor for a high oil content. Together, these results showed that BnMCAT is an
important enzyme in the FAS system and indicate that BnMCAT might be a new target enzyme for
future crop improvement through genetic engineering.
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1. Introduction

Fatty acid biosynthesis is catalyzed by different enzymes, depending on the species. These enzymes can be di-
vided into two types. In the type | (Fatty acid synthesis I, FAS I) system found in many eukaryotes, the biosyn-
thesis of fatty acids is catalyzed by a single large and multifunctional polypeptide. In contrast, in the type Il
(Fatty acid synthesis I, FAS IlI) system found in most bacteria and plants, the biosynthesis of fatty acids is cata-
lyzed by a series of small soluble proteins that are each encoded by discrete genes [1].

The malonyl-CoA:acyl carrier protein transacylase (MCAT), a key enzyme in the FAS Il pathway, is respon-
sible for transferring the malonyl group from malonyl-CoA (malonyl-coenzyme A) to the -SH group of ACP
(acyl carrier protein) and then forming the free COASH and malonyl-ACP. Malonyl-ACP is the two-carbon do-
nor required for the elongation steps in fatty acid biosynthesis. Previous studies indicate that the MCAT enzyme
performs a two-step reaction in which MCAT first binds to malonyl-CoA to form a stable tetrahedral malo-
nyl-MCAT intermediate; the holo-ACP then docks on the surface of the intermediate via a hydrophobic interac-
tion to receive the malonyl chain. In fact, MCAT induces an upstream reaction and may be the essential building
block in the fatty acid biosynthesis cycle [2] [3]. In addition, MCAT can provide acyl-ACP thioesters for the
biosynthesis of aromatic polyketides, including the largest classes of secondary metabolites, such as tetracy-
clines and erythromycins [3] [4].

A partial cDNA of the MCAT gene was previously cloned from Brassica napus; this sequence encodes 351
amino acids and shows 47% homology to E. coli MCAT. The partial B. napus MCAT clone can restore the
growth of a temperature-sensitive E. coli MCAT mutant (Fab D89) at 39°C [5]. However, no full-length cDNA
or genomic DNA of Brassica napus MCAT has been reported to date.

Oils are glycerol triesters of fatty acids and are mainly derived from plant sources. Brassica napus, a widely
grown plant, is an important source of edible oil, providing approximately 13% of the world’s supply of vegeta-
ble oil [6]. Thus, it is important to study the fatty acid biosynthesis pathway to improve oil quality and increase
the oil content of Brassica napus. Indeed, investigations of MCAT, an important enzyme in the FAS Il system,
will help to elucidate the basis molecular mechanism of fatty acid biosynthesis in Brassica napus.

In this study, we report the full-length genomic DNA and full-length open reading frame of MCAT in Bras-
sica napus. BnMCAT shares a very high identity with AtMCAT in gene sequence and gene structure. A multi-
ple alignment of the protein sequence showed that BAMCAT also shares high identity with other MCATS from E.
coli and plants. BhAMCAT was found to be expressed in all tissues, including the root, stem, leaf, flower, and seed,
and no significant differences in expression were found in embryos of different stages after pollination. An in
vitro relative activity analysis showed that purified recombinant E. coli-expressed BnNMCAT possesses trans-
acylase activity. The relative activities of BAMCAT in crude extracts isolated from embryos at different stages
were similar, with little variation. However, a higher relative activity was found in an embryo crude extract than
leaf crude extract. Different relative activities of BAMCAT in crude extracts of cultivars with different oil con-
tent were also found, suggesting that the activity of BhMCAT might be a decisive factor in a high oil content. All
these results demonstrate that BnAMCAT is an important enzyme in the FAS system and indicate that BAMCAT
might be a new target enzyme in future crop improvement through genetic engineering.

2. Materials and Methods
2.1. RNA Isolation

Brassica napus was grown in the farm of Nanjing Agricultural University and the greenhouse of Wuhan Uni-
versity. Immature seeds at 20 - 40 days after pollination (DAP) were collected, immediately frozen in liquid N2,
and stored in a freezer at —80°C. Total RNA was extracted from the immature seeds using Plant RNA Purifica-
tion Reagent (Invitrogen). When necessary, the total RNA was treated with RNase-free DNase | (ToYoBo). The
first-strand cDNA was synthesized using 2 pg of total RNA with Superscript II (Invitrogen) and Oligo(dT)18.

2.2. RT-PCR and Gene Cloning

The following primers were designed based on the partial sequence of BAMCAT cDNA published by Simon and
Slabas [5]: BnMCAT 5” primer 1 (5° TTGTTCGCCGACTACAAACCC 3’) and BnMCAT 3’ primer 1 (5’
GATGTTTTCGACGCTAGCA 3’). PCR was conducted in a 50-pl final volume including 0.5 pul cDNA tem-
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plate, 1 x LA Taqase buffer, 200 uM deoxynucleotide triphosphates (ANTPs), 400 nM each primer, and 2 units
LA Tagase polymerase (TaKaRa). The PCR conditions included an initial denaturation at 94°C for 3 min, fol-
lowed by 30 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 1 min per kb, with a final extension at 72°C for
10 min. The PCR products were gel purified using a quick gel extraction kit, cloned into the pBS-T vector, and
sequenced from both ends by Sunny Biology Company. BhMCAT 5’ primer 2 (5* ATGCGTTCACTGCTTCAC-
CG 3’) and BnMCAT 3’ primer 2 (5 CCGCCTCACGAACACGG 3’) were designed based on the sequencing of
the PCR product and the AtMCAT cDNA sequence. The PCR conditions were the same as described above.

For the semi-quantitative PCR analysis, 0.5 ul of the reverse transcription reaction was subjected to PCR us-
ing gene-specific primers, BAMCAT 5’ primer 1 (5° TTGTTCGCCGACTACAAACCC 3’) and BnMCAT 3’
primer 1 (5° GATGTTTTCGACGCTAGCA 3’). Constitutively expressed Ubiquitin or Actin was used as an in-
ternal control. Each PCR assay was independently performed at least three times.

2.3. Cloning of Genomic BnMCAT DNA

The genomic DNA of Brassica napus was isolated using the CTAB method. The BAMCAT genomic DNA was
amplified by PCR using BhAMCAT 5’ primer 2 (5 ATGCGTTCACTGCTTCACCG 3’) and BAMCAT 3’ primer
1 (5" GATGTTTTCGACGCTAGCA 3°). The PCR product was sequenced by Sunny Biology Company.

2.4. Alignment of the MCATs from Different Cultivars

Omiga software was used to align the MCATSs from different species of B. napus. BLAST at NCBI web
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to analyze the multiple sequence alignments of MCATS iso-
lated from plants, animals, and pathogens. Sequence reassembly was performed using the DNAStar software
(http://www.DNAStar.com).

2.5. Expression and Purification of BnMCAT in E. coli

The BnMCAT gene was amplified by PCR from Brassica napus cDNA using the following primers: Bh(MCAT-
sense, 5’-CG GAA TTC ATG CGT TCA CTG CTT CAC-3’ (containing an EcoR | restriction site, underlined)
and BnMCAT-antisense, 5’-CCG CTC GAG TCA AGC ACT GAT GTT TTC-3’ (containing an Xho | restric-
tion site, underlined). The 1196-base pair PCR product was purified, digested with EcoR | and Xho I, and ligated
to pET28a (Novagen) digested with the same enzymes. The DNA insert was sequenced to verify the absence of
PCR artifacts. The resulting plasmid, designated pET28a::BnMCAT, was used to transform E. coli DE3 (BL21)
for over-expression of the recombinant protein.

An overnight culture of E. coli DE3 (BL21) carrying pET28a::BnMCAT was used to inoculate a large volume
of LB broth supplemented with 25 pg/ml kanamycin and incubated at 37°C with shaking until the optical density
at 600 nm reached 0.6 - 0.8. The culture was then induced with 1 mM isopropyl-f-D-thiogalactopyranoside
(IPTG). Growth was continued for another 4 h at 37°C, and the cells were harvested by centrifugation. The pel-
let was resuspended in breaking buffer (20 mM phosphate buffer (pH 7.4), 0.5 M NaCl, 0.1 mg/ml lysozyme
(Sigma), with DNase, RNase, and 1 mM PMSF) on ice for approximately 30 min. After brief sonication, the
mixture was centrifuged at 14,000 r/min for 30 min at 4°C. The supernatant was collected and applied to an
Ni-NTA column (1 ml, QIAGEN) that had been equilibrated with breaking buffer. The column was extensively
washed with phosphate buffer (pH 7.4)/0.5 M NaCl and eluted with a stepwise gradient of imidazole (50 mM -
200 mM). Fractions (1 ml) were collected, and the presence of BhAMCAT was detected by 12% SDS-PAGE.
Fractions containing pure BhNMCAT were pooled, dialyzed against 20 mM Tris/HCI (pH 7.4), and used for en-
zyme analyses or stored at —70°C.

2.6. Assay of Malonyl-CoA:ACP Transacylase in Vitro

Immature seeds at 20 - 40 days after pollination (DAP) were peeled and ground in extraction buffer containing
20 mM Tris-HCI (pH 8.0), 2 mM dithiothreitol, and 5% (v/v) glycerol at 100 mg of tissue per ml of buffer. The
initial homogenization and all subsequent steps were performed at 4°C. The homogenates were centrifuged at
8000 r/min for 30 min to remove the debris, and the pellets were redissolved and dialyzed against 25 mM Tris
buffer with pH 7.8 for 6 h. The dialyzed fraction as the crude extract was immediately used to analyze the en-
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zymatic activity of MCAT.

The activity of malonyl-CoA:ACP transacylase was assayed in a final volume of 150 pl with 120 pl of crude
extract using a modification of the method described by Martinez-Force et al. [7] and Kremer et al. [8]. The
crude extract was omitted from control assays. Reaction mixtures containing 20 mM Tris-HCI (pH 8.0), 17 uM
ACP (E. coli FAS holo-ACP, purchased from Sigma), 5 uM [2-**C] malonyl-CoA (4.5 mCi/mmol), and 0.5 mM
2-mercaptoethanol were incubated for 1 min at room temperature. The reactions were stopped by the addition of
the same volume of 10% trichloroacetic acid (TCA), maintaining the mixture on ice for 10 min. The samples
were diluted with 1 ml of 5% TCA and centrifuged (5 min at 15,000 x g). The supernatants were discarded, and
the pellets were washed with 1 ml of 5% TCA and then re-dissolved in 25 ul of 50 mM MES (pH 6.3). After
adding 3 ml of solvent scintillant reagent, the radio-activity was measured using a calibrated scintillation counter
(Beckman LS 6500). EXCEL software were used in statistics analysis. Data are means (+SD) of three biological
replicates.

The protein concentration was determined by the method of Bradford using BSA as a standard [9].

3. Results
3.1. Cloning and Sequence Analysis of BnMCAT

MCAT is a key enzyme in the plant fatty acid biosynthesis pathway, and MCAT cDNA sequences have been
isolated from a number of plants, such as Arabidopsis thaliana, Perilla frutescens, Capsicum annuum, Oryza
sativa, and Arachis hypogaea. The partial cDNA of BAMCAT without the start codon was isolated in 1998
by Simon and Slabas [5], and full-length BnAMCAT was cloned based on this result. The full-length BAMCAT
sequence contains an OFR of 1179 bp, with a start codon ATG and a stop codon TGA, and shows very high
similarity in both sequence and structure with AtIMCAT (76% identity in genomic DNA sequence and 89% iden-
tity in OFR sequence) (Figure 1(a) and Figure 1(b)).

The partial cONA of BhMCAT reported by Simon and Slabas [5] has 1200 bp, encoding 351 amino acids that
show 47% homology to E. coli MCAT [5]. The deduced amino acid sequence of full-length BAMCAT consists
of 392 residues, with a calculated molecular mass of 41.5 kDa and a pl of 8.88. Although the partial Bn-
MCAT sequence shows 47% homology to E. coli MCAT and can functionally complement the E. coli mu-
tant Fad D89 [5], the full-length gene does not show high homology (only 33%) with E. coli MCAT. In
contrast, the full-length BnMCAT shares high homology with other MCAT sequences isolated from plants,
such as AtMCAT (88%), OSMCAT (71%), AhMCAT (77%), CaMCAT (74%), GmMCAT (84%), and
PTMCAT (73%) (Figure 2).

The following was previously reported for the E. coli MCAT active site: Ser92 is hydrogen bonded to
His201, GIn250 can serve as an H-bond acceptor, GInll can serve as an H-bond donor during interaction
with His201, and Arg117 might play a role in binding the free carboxyl group [6] [10]. BAMCAT, GIn96,
Ser181, Arg206, His294, and GIn343, equivalent to E. coli MCAT GInll, Ser92, Argll7, His201, and
GIn250, are conserved in higher plants, including Arabidopsis thaliana, Oryza sativa, Arachis hypogaea,
Capsicum annuum, Glycine max, and Perilla frutescens (Figure 2). The GLSLGEY motif containing the
catalytic residue is completely conserved in higher plants and is comparable to the GHSLGEY motif in E.
coli MCAT (Figure 2).

3.2. The Expression of BnMCAT in Brassica napus

RT-PCR was used to analyze the expression of BnAMCAT in Brassica napus. BAMCAT was expressed in all the
tissues, including roots, stems, leaves, flowers, and seeds (Figure 3(a)). MCAT is a key enzyme in the FAS 11
pathway to synthesize the fatty acids that are the important components of lipids, which are the basic compo-
nents of the cellular membranes [11]. Accordingly, it is necessary for MCAT to be expressed in all tissues to
provide these necessary fatty acids as material for lipid synthesis.

As the site of rapeseed oil storage, a large amount of fatty acids are biosynthesized in the seed. Therefore, the
expression level of BAMCAT at different stages of the immature seed was also analyzed (Figure 3(b)). No sig-
nificant differences in the expression level were found in different embryo stages at 10, 20, 30, 35, and 40 days
after pollination, suggesting that MCAT might be sufficient to meet the normal fatty acid synthesis demand in

plants [12].
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Bnapus  ATG C6T TCA CTG CTT CAC GGT ACT ATC CTA CGC ACR TAC CTC TTA TCA  B.napus  TTT GAG GAT 666 CTA AAG CTT GTA AMA CTC AGA GGA GAA G6CC ATG CAG
Athaiana  ATG CGT TCA CTG CIT CAC CGT ACT ATC TTA CIC ACA TCT CCG TCT CAT  A.fhukiana  TTC GAG GAC GGG CTG AAG CTT GTA AMA CTT AGA GGA GAA GCT ATG CAG
Bnapus O GCA CRC TTT CGC ARR BCR — ACC ACC ATG GCC ACC TCC TCC TCH B.napus tttaggttena
A.thakana  TCT CTT ATC CGG CSC ACT TCT CTC TCC 6CC ATG 6CC ACC ACC GCC ch Atlaliana  gtaseattgaactotgctotgtatatoott cat tgactat gtoaet taget teat pttgte
B.napus  TCT TCC TTG CIC CTC CCT TCC GTA TCT CTC AAC AAC CIC TCC TCC TAT ~ B.nmapus  co————tiattttttacaatttg—sacttcamcagete—tttteattitattt
A.thaliana  TCT TCC TTG CTC CIC CCT TCC ATA TCT CTC AAC AAT CTC TCC TCC TCT  A.thakana tatataccat tgacttttagttttte
B.napus AGA AAT GCC TCC TCG CTC GGA TTC TCC GTC AAG AAT CIC ACC CGA TCGC  B.napus ttama—tgcatttttcag GCT GCT GCA GAT GCT GCA AAG AGT GCC ATG GTT
Athaliana  AM MT GCC TCC TIT — GGC TTC GCC GCC AAG AAT CTC AGC C6A TCT ~ A.fmlana  atassatgactttcttcag GOT GCT GCA GAT GCT GCT AMG AGT GCC ATG G6TT
Bnapus  AGG RTC TCG ATA AGC GTC TCA GCT GFA TCT CAC — ACT GCT GTG AAC  B.napus  AGT ATC ATA 656 TTG GAC TCT GAA AMA GTT CAG CAG TIG TGT GAT GCA
A.thaliana  AGG ATT TCT ATG AGC 6TC TCT GCT GGA TCT CAG AGT ACT ACT GTT CAC ~ A.fhaliana  AGT ATC ATA GGG TIG GAC TCA GAA AAG GTT CAG CAG TTG T6T GAT GCA
B.napus  GAC TCT TTG TIC 6CC GAC TAC AM CCC ACC TCT 6CT TIT CTA TTT CGC  B.napus  GCA AAT CAA GAA GTA GAA GM GCT GAC MA GTT CAG ATC GCT AAT TTC
A.thaliana  GAT TCT CTG TTC 6CT GAT TAC AAA CCC ACC TCT 6CT TTT CTC TTT CCC  A.fukiana  GCA AAT CAA GAA GTA GAT GAA 6CT GAC AAA GIT GAG ATC GCA AAT TAC
B.napus  GGT CAG gtaatttcca B.ngpus  TTA TGT (06 gtaaattat ttcatgat ot tttc
Athaana 66T CAG gtaacttccgattacatgttatcaatctgaacaat—gaanatgtggactotgat — A.faliana  TIA TGT CCG gtatatatg—tot ttttgeat! tanaat
B.napus  tttegcattctactattacaaat ttttattt B.napus cattttcacattecatta—cactttotgtt tacagBGT AAC TAC 6CA GTA TCT GGA
A.thaliana t@tﬁcgtatoaattta—ggn ﬁtggaaﬁ@c—w&attgnaag A.thaliana  cattttcacattectttatgteptatactgttacagGGT MT TAC GCA GTA TCT GGA
B.napus tastttgottt B.napus  GET CTT AAG GGA ATC GAG GCT GTT GAA GCA AAA GCT AAG TCG TTC MG
AthaBiana  tttgo——tantcana— totgao— amsett—— togatgaatttgcta—tg  A.fhalana GG CTT AAA GGA ATC GAA GTT GTT GAA GCC AAA GCT AAG TCA TTC AAA
B.napus ~ —totcag GGA GCT CAA GCA GTA GG ATG GGC AAA GAA GCT CAG AGT 61T  B.napus  GOC CGC ATG ACG gtatagtctctc—taattocatt-atcttatg—ttat—pag
A.thabiana -'h)teag 6GA GCT CM GCA GTA GGA ATG GGA MA GAG TCT CAG AGT GTT  A.fuliana  GCA CGA ATG ACG gtatcctctctctotaaticcatttatgttatgaaatcttcctogat
B.napus  GCA GCA GCT GGA GAG TTG TAT AAC AM GCT AAG CAT ATC TTG GG gtat  B.mapus  gotaceatasaacatgeteptteec —teg—tetag GTT CGT CTA GCT GIT 6CA
Atlaliana  GGA 6CA GCT GGA GAG TTG TAT AAG AM GCT AAT GAT ATC TTA GG gtat  A.fhaiana  gotatcagaaarcatgattgtigeceettgettotgtag 616 CGT CTA GCT GTT GCA
Bnapus  gtacattcoot ttgotttanaccttcttoatttc-gtgaaatt——sat-aataaaccca  B.napus  GGT GCT TIC CAC ACT AGT TTC ATG GAG CCA GCA GTG TCG AGA TTA GAA
Athaliana g—ttcc—tttgtttaaagttgasacctt titgtttgttttigtgaatgaatasact—a A.thakana  GGT GCT TTC CAC ACT AGT TTC ATG GAA CCA GCA GIC TCG AGA TTA GAA
B. ttt cgecttttt—ag G TAT GAT CIT GTT GAC RTA T6T GIT AAT GGA B.napus GCT GCA TTG GCA TCA ACG GAG ATC AGA AGT CCG AGG ATC CCA GTG ATC
L thatiana gt‘g‘g—ﬂmmg @ TAT GAT CTT TTG GAT ATT TGT GTT AAT 66A  A.faliana  GCT GCA TTG GCA 6CC ACA GAG ATC AGA AGT CCG ABG ATC CCA GTG ATC
B. CCT AM GAG AAG CTT GAT TCC ACT GIC ATA AGC CAG t——octt  Bnapus  TC AAR GIC GAC GCA CAG CCT CAT GOR GAT CCA GAC ACT ATC AAG AAG
A thafiana CCA AAA GAG AAG CTT GAT TCT ACG GTC ATA ASC CAG :tuag:utgmctt Aliifana T3 AT GTC GAT GCA CAG GGT CAT GCA GAT CCA GAC AGS ATC AAG AAG
B.napus tettgt B.napus ATA CTT GCA CGC CAG ¢ t -
A.thalana tggttaggzmaactmgatttatgamttctttcttgmtmmtaactctagca A.thaiana  ATA CTT 6CA CGC CAG gtgaattatttetott
B. B.napus GT6 ACA TCT
L thabiana att tttats toatott toot tttagt atgtaca s ctiat  Athabana aca——tgt tgac—tacag TG ACA TCT
B.napus ~ aatt———ttttcacag CCT 6CT ATT TAT GTC ACA AGT CTA GCA GCA GIT  B.napus  CCA GTG CAA TGG GAG ACA ACE GTG AAG ACT CTC TTA TCC AM 666 CTT
Athaliana  tegtctatcattttctcag CCT GCT ATT TAT GTC ACA AGT TTA GCA GCA GTT  A.fhafiana  CCA GTC CAA TGG GAG ACA ACA GTA AAG ACT CTC TTA TCC AAA GGA CTT
B.napus GAG TTG CTT CGT GTC CGT GAA GGC GGC GAG CAG ATA ATT AAC TCC GTC  B.napus AM AGC ASC TAT GAA CTG GGA CCT GGE MG gtagttttctictttototapct
A.%ﬁaﬂa GMA TTG CTC CGT GTT CGT GAA GGC GGA GAA CAA ATA ATT AAC TCB 61T  A.fafiana  AM ASC AGC TAC GAA TTG GEA CCT GGA AAG gtatttttctatcttogtasact
B.napus  GAT GTC ACT TGT 6GT CTC AGC TTG GGA GAG TAC ACT 6CT CTC GCA TIT  B.napus teetzattmazﬂstazcumtttmettcmmmctmgﬁttztmma
Athaliana  GAT €T6 ACT TGC 66T CTC AGT TTG GGA GAG TAT ACT 6CT CTG GCT TTT  A.fhakana tataga————tegaggtticttet tettet——totaagttgtetet titgte
B. GCT GGA GCC TTC AG coteatatet B.napus ~ t——————— GTA ATT GCA 66G ATA TTC AAG AGA GTA GAT AAA AGC
Athafiana  CT GBA GCC TTC AG gttagt s b eattoasscaccag GTA AT GOA 686 ATA TTC MG AGA GTA GAT AM AGG
B.napus tacccamatcagga——caatg B.napus GCA AGT TTC GAA AAC ATC AGT GCT TGA
A.thaBana tatmatdqgsﬁtmamtatcattgtagnagtatztcxtﬁgtmttﬂaect A.thaiana  GCA AGT TTC GAA AAC ATC AGT GCT TGA
B.napus tteacaat tcac——toaatt ttogto ttttcto tgttactget titgaatctecaag C
Atlaliana  atgtecatcatcacctaacttacttttgttcttttototgttactet ttttattctcaag C
G
ATG TGA
BnMCAT 1 288 289 374 375 441 442 584 585 633 634 771 772 852853 1029 10301116 1117 1179
(2121 bp) | — {1 11— —1
ATG TGA
AMCAT 1 291 292 377 378 444 445 587 588 636 637 774 775 855856 1032 1033 1119 1120 1182
(2321 bp) [ F— | 4 L 4 :l_[ — — — }_D

(b)

Figure 1. Sequence and structure analyses of BAMCAT. (a) Nucleotide sequence of BhAMCAT and AtMCAT. The DNA se-
quences were aligned using the OMIGA software, with some modification based on codon usage; (b) The structure of
BnMCAT and AtMCAT genomic DNA.

3.3. Expression and Purification of BnMCAT in E. coli and Enzymatic Activity Analysis

Three BnMCAT genes from three cultivars with different oil content, named 7352, 7405, and 7708, were
over-expressed in E. coli. The recombinant proteins were purified by affinity chromatography using a Ni*-NTA
affinity column. The SDS-PAGE results showed that pure recombinant proteins were eluted with 100 mM imi-
dazole (Figure 4). After dialysis against 10 mM Tris/HCI (pH 7.4) for approximately 8 h at 4°C, each recombi-
nant BnMCAT was used for an enzymatic activity analysis.

All the recombinant proteins showed high transacylase activity in an in vitro enzymatic activity assay, with no
difference in enzymatic activity found among the three recombinant proteins derived from cultivars with differ-
ent oil content (Table 1). This result indicated that, although there is some variation in amino acid sequence
among these BhMCATSs, these amino acids might not be key residues for enzymatic activity.

The kinetic parameters of the three recombinant BnMCATSs were determined using double-reciprocal analyses
of the data at various concentrations of ACP. The results are the average of three determinations performed in
duplicate. The Km for 7352, a low oil content cultivar, was 1.64 + 0.23 uM, and the Km for 7708, a high oil
content cultivar, was 1.57 £ 0.34 uM. These results indicated that the BAMCATSs from different cultivars have a
similar Km for ACP, suggesting that BhnMCATSs from different cultivars have the same affinity for ACP.
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BaMCAT MRS [HRT Il RTYLLSSARF R_SATTMATS SSSSI 11PSV SINNISSYRN  BaMCAT FSFEDGIKIV KIRGEAMOAA ADAAKSANVS 1161 DSFKVO 01 COAMNGFY
ACHCAT MRSLLHRT Il | TSPSHSLIR RTSLSAMATT ASSSLLLPS| SINNLSSSKN  AMCAT FSFEDGIKIV KIRGEAMOA ADAAKSAMVS | 161 DSFKVO 01 CDAMNGEY
OsHCAT ~----.- M. ROPOPRALGL RLASSTMA ST AFLIOSA PO AASREA  GSMCAT e e
ARNCAT T W QALLHHSPLI RTSHSSFPAM ASSSI TLPSI. SINNFPSSPS s FAUODA IS
CaMCAT “MLF SAFTINTTES TCSSTTMSCS . SSTI ILPSV VIKNGFRRFS  GaMCAT FSFDRIKIV KIRGFAMODA ADAAKSAWVS | 16IDSIKVQ I COAMFFV

T : K P GuiCAT FSEDGIKIV KIRGFAMODA ADAARSANVS VIGI DSEKVQ QI CDAMNGEV
PFHCAT (1 WASSIALPS| SISKSAFADS .DSFRSSVCL GFRNDIRRVS  PFMCAT FSFEDGIKIV KLRGEAMODA ADAAGSAWVS 1161 DSAKV
E col MCAT i Ecol MAT  _ ITFADARLY BIRGEWOEA VPEGIGAUAR 1IGLDIVSIA KAGEER ..

st Jih

BnMCAT ASSLGFSVKN | TRSRVSISV SAAS.. .. _H TAVNDSIFAD YKPTSAFI FP BaMCA EFADKVOI AN Fl CPENYAVS G KRI FAW AKAKSFKARM TWRI A\MAAF
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E col MCAT SAAMLEL

Figure 2. Multiple sequence alignment of MCAT. Protein sequences were aligned using the OMIGA software. Identity
among BnMCAT and other MCATSs are indicated by shaded squares. The conserved residues are shaded black and
marked with an asterisk (*). The GenBank accession numbers are as follows: AtIMCAT, AAM14913; OsMCAT,
ABF95452; AhMCAT, EU823322; CaMCAT, ACF17665; GmMCAT, ABB85235; PfMCAT, AAG43518; E. coli
MCAT, 1IMLA.
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Figure 3. The expression of BAMCAT in rape. (a) The expression of BAMCAT in different tissues of
rape; (b) The expression of BnAMCAT in different seed stages after fertilization. Total RNA was ex-
tracted using Plant RNA Purification Reagent. First-strand cDNA was synthesized from 2 ug of total
RNA using Superscript Il and Oligo(dT)18. A 0.5-ul aliquot of the reverse transcription reaction was
subjected to PCR using gene-specific primers BnMCAT 5’ primer 1 (5° TTGTTCGCCGACTAC-
AAACCC 3’) and BnMCAT 3’ primer 1 (5 GATGTTTTCGACGCTAGCA 3°). Actin was used as an
internal control. R, root; L, leaf; St, stem; S, seed; F, flower.

Table 1. The enzymatic activity of recombinant BhAMCAT.

Relative activity
(nmol malonyl-ACP-mg™*min")

BnMCAT7352 42.41 +0.56
BnMCAT7353 40.23+0.23
BnMCAT7699 42.21 +0.60

Data are means of three biological replicates.

3.4. Enzymatic Activity of BnMCAT in Rapeseed

As an important enzyme in fatty acid biosynthesis, the enzymatic activity of MCAT in crude extracts isolated
from rape leaves and different embryo stage were analyzed (Table 2); the results are the average of three deter-
minations performed in duplicate. The values for BAMCAT activity in crude extracts were comparable to those
found in spinach and sunflower crude extracts [7] [13] [14]. The relative activity of BhAMCAT was similar at dif-
ferent embryo stages, with little variation, and a higher relative BnMCAT activity was found in embryos than
leaves. The highest relative activity was found in 30-DAP (days after pollination) embryos, the walking stick
stage. It was previously shown that abundant oil bodies are deposited in 30-DAP embryos [15], and the deposi-
tion of oil bodies requires a large quantity of fatty acid-comprised lipids. Therefore, oil deposition might pro-
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Figure 4. Purification and alignment of three BAMCATSs from cultivars with different oil content. (a) Purifica-
tion of BAMCAT from E. coli using Ni-NTA. 1, recombinant Bh(MCAT7352; 2, recombinant BnMCAT7405; 3,
recombinant BAMCAT7708; (b) Amino acid alignment of BhMCAT7352, BnMCAT7405, and BnMCAT-7708.
*shows the conserved amino acids in MCAT. The different amino acids among three BAMCATSs from different
cultivars are marked with shadowing.

Table 2. The relative activity of BAMCAT in leaves and dif-
ferent embryo stages. DAF: days after pollination.

Relative activity
(nmol malonyl-ACP-mgmin™)

Leaves 0.36 £0.02
Embryos at 10 DAP 0.40+£0.01
Embryos at 20 DAP 0.48 £0.08
Embryos at 30 DAP 0.65 £ 0.06
Embryos at 35 DAP 0.46 £0.06
Embryos at 40 DAP 0.45£0.02

Data are means of three biological replicates.

mote fatty acid biosynthesis in embryos, and the activity of MCAT, as the most important enzyme in fatty acid
biosynthesis, may be enhanced to meet this demand.

3.5. Effect of pH and Temperature on the Relative Activity of BnMCAT in Rapeseed

Enzymatic activity is affected by many factors, such as pH, temperature, and inhibitors [16]. Accordingly, we
analyzed the effect of pH and temperature on the relative activity of BnAMCAT to identify the optimal reaction
conditions for this enzyme.

BnMCAT showed a typical bell-shaped pH-dependence profile in the range of pH 5.0 - 10.0. Maximum activ-
ity was observed at pH 8.0, and this was reduced by approximately 30% maximum at pH values of 5.0 and 10.0
(Figure 5). This pH activity curve for BhAMCAT is similar to that of GmMCAT, with a pH optima for GmMCAT
at approximately 8.5; the GmMCAT curve also displayed a rather broad pH range for maximal activity between
pH 7.5 and pH 8.5 [14].

It was previously reported that the activity of GmMCAT was reduced by 50% when MCAT was exposed to
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Figure 5. pH and temperature affect the relative activity of BAMCAT. Data are means of three biological repli-
cates.

50°C for approximately 5 min, indicating that temperature can inhibit the relative activity of MCAT by destabi-
lizing the protein [14]. BnAMCAT also exhibited a temperature-dependent profile in the range of 20°C to 50°C.
BnMCAT showed maximum activity at 25°C, and the relative activity showed a decreasing trend when the reac-
tion temperature was increased: the relative activity was reduced to approximately 30% of the maximum at 50°C
(Figure 5).

3.6. Activity of MCAT from Cultivars with Different Oil Content

Although rapeseed is one of the most important oil sources, it remains unknown whether the activities of fatty
acid biosynthesis enzymes affect the rape oil content. Twelve cultivars with different oil content were chosen for
an analysis of the relationship between the oil content and relative BnMCAT activity in immature seeds at 30
days after pollination (Figure 6(a)). The oil content from cultivar No. 1 (7352) to cultivar No. 12 (7708) in-
creased gradually from 36.92% to 48% (Figure 6(a), curve 1). However, the relative BAMCAT activity did not
increase gradually and smoothly (Figure 6(a), curve 2). Indeed, the relative activity was at a very high level in
some low oil content cultivars, such as in No. 1 (7352) and No. 3 (7351), whereas the relative activity was low
in some high oil content cultivars, such as No. 8 (7353) and No. 10 (7699). Although it appears that there is no
relationship between the oil content and relative activity, the increasing tendency of the relative activity in the
12 cultivars with the oil content suggests that the relative activity of BAMCAT might be related to the oil content
in B. napus (Figure 6(a), curve 3).

Because MCAT is an important enzyme in fatty acids biosynthesis, the expression level might be related to its
activity, thereby affecting the oil content. Therefore, the expression level of the BhMCAT gene in the different
cultivars was analyzed (Figure 6(b)). Total RNA was isolated from immature seeds at after 30 days pollination,
and the RT-PCR results showed that the expression level of BAMCAT in the low oil content cultivars was lower
than that in the moderate and high oil content cultivars. However, this pattern did not fit for the middle and high
oil content cultivars because the expression level of BAMCAT in the middle oil content cultivar was higher than
in the high oil content cultivar (Figure 6(b)). Comparing this result with the relative activity in the different cul-
tivars, no relationship was found for the relative activity of BAMCAT and the expression level of BhAMCAT. In-
deed, a high expression level did not indicate a high relative activity because the relative activity of BAMCAT
was affected by several factors, such as pH and temperature (Figure 5), and other, unknown factors. These re-
sults demonstrated that the expression level of BnAMCAT did not determine the relative activity of BhAMCAT and
the rapeseed oil content.

As the genetic background is one of the most important factors affecting the oil content, the genetic relation-
ship among the 12 cultivars was analyzed (Figure 6(c), with the oil content and relative BhMCAT activity
shown in parentheses). The oil content and relative BAMCAT activity showed a similar trend among cultivars
with a close genetic relationship, such as 7350 and 7699, though 7699 cultivar had a higher oil content and rela-
tive activity than 7350. Although the 7351 and 7352 cultivars also displayed this pattern, a very high relative
BnMCAT activity was found in these cultivars with a very low oil content, suggesting that there are internal fac-
tors determining the oil content and that MCAT activity is only one of them. All these results further demon-
strated that the relative activity of BhMCAT played an important role in determining the oil content of B. napus,
particularly in those cultivars with a close genetic relationship.
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Figure 6. The expression and activity analysis of BAMCAT in different oil content cultivars. (a) The relationship between oil
content and relative BAMCAT activity. Curve 1: the oil content of the 12 cultivars. The oil content of each cultivar is shown
beside the curve point. Curve 2: the relative activity of BhAMCAT in 12 cultivars. Curve 3: the trend line of the relative activ-
ity of BAMCAT in 12 cultivars. The figures on the abscissa axis show the 12 cultivars with different oil content. 1, 7352; 2,
7350; 3, 7351; 4, 7385; 5, 7432; 6, 7365; 7, 7405; 8, 7353; 9, 7363; 10, 7699; 11, 8953; 12, 7708; (b) The expression of
BnMCAT in immature seeds at 30 days after pollination in 12 cultivars; (c) The genetic relationship among the 12 cultivars.
Data are means of three biological replicates.

4. Discussion and Conclusion

4.1. Malonyl-CoA:ACP Transacylase (MCAT) in B. napus Is the Most Important Enzyme in
Fatty Acid Synthesis

MCAT has received much attention as a possible antibiotic target because FAS Il differs from FAS | in mam-
mals, and great progress has been made over the last decade with regard to MCAT in pathogenic bacteria.
Analyses of the crystal structures of MCAT from Escherichia coli [17], Streptomyces coelicolor [3], H. pylori
[18], M. tuberculosis [19], Staphylococcus aureus [20], Streptococcus mutans strain UA159 [21], and Xantho-
monas oryzae pv. Oryzae [22] have suggested that MCAT is one of the most promising targets for antibacterial
agent discovery. Furthermore, it was reported that MCAT is the major target of isoniazid in tuberculosis treat-
ment [23]. Regardless, the important roles of MCAT in plants have not been described to date.

However, plant MCAT activity has been verified through direct experimental evidence in vitro [24], and ACP
has also been shown to have transacylating activity both in an FAS system and polyketide synthesis system [2],
[25]-[27]. Additionally, bacteria with a temperature-sensitive variant of MCAT may also be rescued by ACP
[26]. As these results imply that MCAT might not be necessary for the FAS and polyketide synthesis systems, it
is important and necessary to analyze the activity and functions of MCAT in plants to clarify the status of
MCAT in these systems. This dispute might be resolved based on an analysis of TcmM, an ACP in S. glauces-
cens, whereby a rigorous set of experiments showed that the self-malonylation of ACP was an artifact of the ex-
pression and purification protocols [28]. Further evidence is based on a genetic analysis in which the genetic in-
activation of the MCAT gene has been shown to be lethal in all major pathogens investigated [29]. Such plants
as in Brassica napus, Arachis hypogaea, and Arabidopsis have only one MCAT gene [5] [19]. In Arabidopsis,
no T-DNA insertional mutant for AtMCAT was found because the deletion of MCAT is lethal for plant growth
and development, and plants harboring an RNAI targeting AtMCAT showed less flowers and seeds and a dwarf
phenotype (data not shown). These results demonstrate that MCAT cannot be complemented by ACP or other
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enzymes in plants.

4.2. The Relative Activity of Malonyl-CoA:ACP Transacylase (MCAT) Plays an Important
Role in Determining the Oil Content in Rapeseed

It was previously shown that the over-expression of E. coli MCAT in rape and tobacco could not enhance the
fatty acid and lipid content in seeds [12]. Based on this result, researchers maintained that MCAT does not cata-
lyze the rate-limiting step in plant fatty acid biosynthesis and disregarded the functional analysis of plant MCAT.
In contrast, Jeon et al. [30] and Zhang et al. [31] reported that the over-expression of E. coli MCAT can improve
fatty acid production in E. coli, suggesting that MCAT is the most important enzyme in fatty acid biosynthesis
and can affect the overall synthesis.

Our results showed an increasing tendency of the relative activity of BAMCAT in 12 cultivars with an in-
creasing oil content; at the same time, the expression level of BhAMCAT in these cultivars showed no relationship
with the oil content and relative activity. It was reported that, when the level of activated MCAT was increased
in a reconstituted spinach FAS system, a noticeable increase in [**C] malonyl-CoA incorporation and stearic
acid formation was observed [24]. Thus, the enzymatic activity of MCAT is the most important factor deter-
mining fatty acid production and oil content. The over-expression of E. coli MCAT in E. coli might result in a
high relative activity, thus improving fatty acid production [30] [31]. This hypothesis may also be used to ex-
plain why E. coli MCAT could not enhance the quantity of fatty acids when over-expressed in tobacco and rape,
as E. coli MCAT may have a low enzymatic activity in transgenic plants [12].

Enzyme activity is affected by environmental conditions, and altering the environmental conditions can alter
the reaction rate of the enzyme. pH and temperature are the main factors affecting enzymatic activity [16], and
our results showed that BAMCAT has maximum activity at 25°C and pH 8.0, with the relative activity decreasing
when the pH and temperature were changed. Furthermore, the BAMCAT amino acid sequence in different culti-
vars showed a very low diversity. Although the recombinant proteins from the different cultivars showed similar
activity in vitro (Figure 4), the native BAMCAT enzymes had different activity (Figure 6(a)). These results in-
dicate that there are unknown factors in rapeseed plants that influence the relative activity of BhAMCAT.

Our results may explain why the same cultivars of rape have different sees oil content when planted in differ-
ent locations or in different years, as environmental conditions affect the activities of BhMCAT and the other
enzymes involved in fatty acid synthesis and oil accumulation. Our results suggest a new method to improve the
oil content in rapeseed by increasing the relative activity of the main enzymes in fatty acid and oil syntheses.

Biotechnology-based approaches are important methods to enhance the oil content in rape seed. Our results
showed that BhMCAT is an important enzyme in the FAS system and that BAMCAT might be a new target en-
zyme in future crop improvement through genetic engineering.

5. Highlights

1) In this paper, a full-length genomic DNA of BnMCAT was cloned and analyzed. BnAMCAT showed high
identity to AtMCAT and other plant MCATS in both DNA and amino acid sequences.

2) Purified recombinant BnMCAT exhibited transacylase activity. BhAMCAT in crude extracts from different
parts of Brassica napus plants had different relative activities, and a higher BAMCAT activity was found in the
crude extract from embryos.

3) BnMCAT in crude extracts from cultivars with different oil content showed different relative activities, and
a higher relative BnAMCAT activity might be an essential condition for a high oil content in rapeseed.

Thus, as the most important enzyme in fatty acid synthesis, BAMCAT might be used to enhance oil contents
through genetic engineering.
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