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3-Hydroxy-3-methylglutaryl coenzyme A reductase (HMGR, EC: 1.1.1.34) catalyzes the first committed
step in mevalonic acid (MVA) pathway for biosynthesis of isoprenoids. The full-length cDNA encoding
HMGR was isolated from Jatropha curcas for the first time (designated as JcHMGR), which contained a
1950 bp ORF encoding 584 amino acids. The JcCHMGR genomic DNA sequence was also obtained,
revealing JcCHMGR had 4 exons and 3 introns. The deduced JcHMGR protein showed high identity to
other plant HMGRs and contained 2 transmembrane domains and a catalytic domain. The potential
significance of JcCHMGR gene was also discussed.
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complementation assay.

INTRODUCTION

Jatropha curcas, a member of the Euphorbia family, origi-
nated in central America. It has long been used around
the world as a source of lamp oil and soap and also as a
hedging plant (Lin et al., 2004). New research shows that
the seeds of the plant are not only a source of biodiesel,
but also contain several metabolites of pharmaceutical
importance, such as phorbol esters (Fairless, 2007;
Debnath and Bisen, 2008). Phorbol esters are the tetra-
cyclic diterpenoids generally known for their tumor pro-
moting activity (Liu et al., 2002). The phorbol esters con-
tained in J. curcas were found to be toxin in different ani-
mal and insect (Sauerwein et al., 1993; Adam, 1974;
Adam and Magzoub, 1975). Jatropha oil and phorbol es-
ters exhibit insecticidal and molluscicidal activities over a
wide range of organisms, suggesting their potential use in
agriculture as biorational pesticides and as mollusc
control agents (against water snails which transmit para-
sites, such as schistosomes or flukes)(Rug and Ruppel,
2000). This toxicity of phorbol esters limits the use of
many nutritive plants and agricultural by-products to be

*Corresponding author. E-mail: linjuan@fudan.edu.cn. Tel.:
+86-21-65642425. Fax: +86-21-65642425.

3-hydroxy-3-methylglutaryl

coenzyme A reductase, color

used as animal feed. Therefore, various chemical and
physical treatments have been evaluated to extract or
inactivate phorbol esters so that the seed meals rich in
proteins could be used as feed resources (Goel et al.,
2007). However, no much progress has been reported so
far. With the exclusion of the phorbol esters possessed
against the promastigote forms and antimycobacterial
activity. These beneficial affects need the increasing the
content of phorbol esters in the native J. curcas plant
materials to be used as agriculture control (as biopes-
ticide or insecticide)(Chan-Bacab and Pefa-Rodriguez,
2001; Chumkaew et al., 2003). Therefore, to map the
phorbol esters biosynthetic pathway at the level of
molecular genetics may lead to high and low toxin J. cur-
cas breeding to a bright path.

The structure of the phorbol esters is dependent on the
tetracyclic diterpene carbon skeleton known as tigliane.
In plants, it is well known that there are 2 distinct isopre-
noids biosynthesis pathways, the plastidic 2C-methyl-D-
erythritol 4-phosphate (MEP) pathway in the chloroplast
and the cytosolic mevalonic acid (MVA) pathway in the
cytosol. But the 2 pathways are not separated absolutely.
In some extents, there are some forms of crosstalk bet-
ween them. The 3-hydroxy-3-methylglutaryl-CoA reduc-
tase (HMGR; EC1.1.1.34) catalyzes the first committed
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Table 1. Primers used in the cloning and analysis of JcHMGR gene.

JcHMGR{ull-F1
JcHMGRf{ull-R1
JcHMGR-Bg
JcHMGR-No
3'-RACE CDS Primer
5'-RACE CDS Primer

Primers Sequence

FHMGR 5'-CC(G/A)ATGGCNAC(C/T/G)ACNGA(A/G)GG(A/T/G)TG-3'
RHMGR 5-AA(T/C)TGGAT(T/C)GAAGG(T/C/G)CG(T/G)GG(T/C)AA-3’
JcHMGRF1 5’-CAAGTAGATTTGCGAGGCTCCAAGGCGT-3

JcHMGRF2 5-TTCGGACAAGAAACCTGCTGCTGTAAAC-3

JcHMGRR1 5-TTGGAGCCTCGCAAATCTACTTGACCT-3

JcHMGRR2 5-GTCACTGATTCAAAACGAACAACAGGCG-3’
JcHMGRfull-F 5’-ACGCGGGCCAACTACTACTGTACGCCCTG-3’

5-ATGGACCCCAACCGCCGGCCAACTAA-3'
5-TTATGATGCAACTCTCGATACATCTTTGC-3'
5'-CGagatctATGGACCCCAACCGCCGGCC-3'
5-TAgcggecgc TTATGATGCAACTCTCG-3
5'-AAGCAGTGGTATCAACGCAGAGTAC(T)soN-1N-3'
5'—(T)25N-1N-3'

UPM Long: 5—~CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGT-3'
Short: 5-CTAATACGACTCACTATAGGGC-3'

NUP 5’-AAGCAGTGGTATCAACGCAGAGT-3'

SMART II A Oligo 5-AAGCAGTGGTATCAACGCAGAGTA-3’

AP 5'- GGCCACGCGTCGACTAGTACTTTTTTTTTTTITTTITTIT -3’

step in MVA pathway for biosynthesis of isoprenoids. It is
a key regulatory and potential rate-limiting enzyme, which
provides the backbones from isoprenoids synthesized
(Chappell, 1995). As diterpenes, phorbol esters are for-
med in the isoprenoid pathway. It has been demonstrated
that the precursor of phorbol esters is biologically synthe-
sized from both pathway. Therefore, HMGR probably
acts as one of the key regulatory enzymes for phorbol es-
ters biosynthesis in MVA pathway. However, up till now,
there has been no report on the cloning of HMGR gene
from J. curcas. In the present study, we report for the first
time the molecular cloning and characterization of the
HMGR gene from the J. curcas by RACE technique and
validate its biological function in Escherichia coli, which
will enable us to map and regulate an important step
involved in phorbol esters biosynthetic pathway at the
level of molecular genetics in the future.

MATERIALS AND METHODS
Plant materials

The seeds of Jatropha curcas were collected from Panzhihua, Sic-
huan province, China. The seeds were grown in pots in the green-
house at 27+1°C with 16 h light and 8 h dark photoperiod. Leaves
were collected and stored at -70°C until use.

Cloning of JcHMGR core cDNA fragment
RNA was isolated using CTAB-acidic phenolic method (Jiang and

Zhang, 2003). The core cDNA fragment of JcHMGR gene was
cloned according to the protocol of one step RNA PCR Kit (AMV)

(TaKaRa). The forward primer FHMGR and reverse primer RHMGR
(Table 1) used for the cloning of JcCHMGR core cDNA fragment
were designed and synthesized according to the hmgr gene con-
served regions of the Euphorbiaceae plant, such as Hevea
brasiliensis and Euphorbia pekinensis deposited in GenBank. PCR
was carried out in a total volume of 50 pl containing 5 pl 10 x buffer,
10 pl MgClz, 5 pl, 2.5 mmol dNTP Mix, 1 pl RNase inhibitor, 1 pl
total RNA, 2 pl, 20 pmol primer FHMGR, 2 ul, 20 pmol primer
RHMGR, 1 yl AMV Rtase XL, and 1 yl AMV-Optimized Taq polyme-
rase. The amplification was performed in a GeneAmp PCR System
2400 for 30 min at 50°C, 2 min at 94°C and 30 cycles with 30 s at
94°C, 30 s at 53°C, 90 s at 72°C. After the final cycle, the amplify-
cation was extended for 10 min at 72°C.

5' RACE of JcHMGR

According to the protocol of the SMART™ RACE cDNA amplifica-
tion kit (Clontech), about 100 ng of total RNA was reversely
transcribed with primer 5'-CDS primer coupled with (dC) tailing and
SMART Il A oligo, which annealed to the tail of the RNA and served
as an extended template for PowerScript RT. The reverse primer
used for the cloning of partial coding sequence of JcCHMGR was
designed and synthesized according to the core cDNA fragment of
JCHMGR gene obtained earlier. The first round PCR was performed
with JcHMGRR1 as the reverse primer and universal primer A mix
(UPM) as the forward primer (Table 1). PCR was carried out in a
total volume of 50 pl containing 2.5 yl cDNA, 1 ul 10 pmol primer
JcHMGRR1, 5 pl 10 pmol UPM, 41.5 pl master mix (34.5 pl PCR-
grade water, 5 yl 10 x advantage 2 PCR buffer, 1 yl 10 mmol dNTP
mix, 1 pl 50 x advantage 2 polymerase mix) under the following
condition: the template was firstly denatured at 94°C for 3 min and
then subjected to 30 cycles of amplification (94 °C for 30 s, 68°C for
30 s, 72°C for 3 min) followed by 10 min at 72°C. Subsequently,
nested PCR was performed under normal PCR reaction conditions
using JcCHMGRR2 as reverse primer and the nested universal pri-
mer A (NUP) as forward primer (Table 1).



3' RACE of JcHMGR

According to the protocol of the SMART™ RACE cDNA amplifica-
tion kit (Clontech), about 100 ng of total RNA was reversely trans-
cribed with primer 3'-CDS primer (Table 1), provided within the kit.
The gene-specific primer JcHMGRF1 was used as the forward
primer and universal amplification primer (UAP) (Table 1) was used
as the reverse primer to amplify the 3° end cDNA. PCR was perfor-
med in a total volume of 50 pl containing 2 yl cDNA, 2 pl 1 pmol
primers JcHMGRF1, 2 uyl 10 pmol primers UPM, 1 pl 10 mmol
dNTPs, 5 pl 10 x cDNA reaction buffers and Taq polymerase. The
amplification was performed in a GeneAmp PCR System 2400 for 3
min at 94°C followed by 35 cycles with 30 s at 94°C, 1 min at 48°C
and 1 min at 72°C. After the final cycle, the amplification was exten-
ded for 10 min at 72°C. The gene-specific primer JcCHMGRF2 was
used as the forward primer and NUP (Table 1) was used as the
reverse primer in the nested PCR, which was carried out in a total
volume of 50 pl containing 1 pl of the first round 3 RACE-PCR pro-
duct under the following condition: the template was denatured at
94°C for 3 min and then subjected to 35 cycles of amplification
(94°C for 30 s, 57°C for 1 min, 72°C for 1 min) followed by 10 min
at 72°C.

Generation of the full-length cDNA of JcCHMGR

By comparing and aligning the sequences of the core fragment, the
5" RACE and 3’ RACE products, the full-length cDNA sequence of
JCcHMGR was deduced and subsequently amplified with primers
JcHMGR(full-F and JcHMGRfull-R1 (Table 1), using 1 step PCR Kit
(TaKaRa). RT-PCR was carried out in a total volume of 50 ul con-
taining 1 pl total RNA, 1 py 10 pmol of JcHMGRfull-F and
JcHMGR(full-R1 respectively, 1 yl 10 mmol dNTPs, 5 ul 10 x 1 step
RNA PCR buffer, 1 yl RNase Inhibitor, 1 yl AMV reverse transcript-
tase XL and 1 pyl AMV optimized Taq polymerase under the follow-
ing conditions: 50°C for 30 min and 94°C for 2 min followed by 30
cycles of amplification (94°C for 30 s, 54°C for 30 s, 72°C for 1
min). After the final cycle, the amplification was extended for 10 min
at 72°C.

The genomic sequence amplification of JCHMGR

An aliquot of 1 g genomic DNA and a pair of PCR primers
JcHMGRF1 and JcHMGRR1 (Table 1) were used for amplifying the
genomic sequence of JCHMGR. The PCR was carried out in a total
volume of 50 pl reaction solution containing 5 yl 10 x buffer (plus
Mg?*), 1 ul 10 mM each of dNTPs, 1 pl 10 pM JcHMGRF1, 1 pl 10
pM JcHMGRR1, 1 pg genomic DNA and 2.5 units of Ex Taq DNA
polymerase (Takara). Firstly, the template was denatured at 94°C
for 3 min, followed by 35 cycles of amplification (1 min at 94°C, 1
min at 60°C, 3 min at 72°C) and extension at 72°C for 8 min. All the
PCR products were purified using gel extraction mini kit (Watson,
China), ligated to pMD18-T vectors (TaKaRa, China), transformed
into E. coli strain DH5a and then sequenced with DYEnamic direct
dGTP sequencing Kit (Amersham Pharmacia, England) and a 373A
DNA sequencer.

Comparative and bioinformatic analyses

Comparative and bioinformatic analyses of JcHMGR were carried
out online at the websites (http://www.ncbi.nim.nih.gov and http://
cn.expasy.org).  The nucleotide sequence, deduced amino acid
sequence and ORF (open reading frame) encoded by JcHMGR
were analyzed and the sequence comparison was conducted
through database search using BLAST program (http://www.ncbi.
nim.nih.gov). The chloroplast transit peptides (cTP) of JcCHMGR
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were predicted at the website (http://www.cbs.dtu.dk/services/
ChloroP/). The homology-based 3-D structural modeling of JcHM-
GR was accomplished by swiss-modeling. WebLab ViewerLite was
used for 3-D structure displaying (homology-based modeling by
swiss-Model). The phylogenetic analysis of JcCHMGR and HMGR
from other species was aligned with CLUSTAL W (1.82) using de-
fault parameters. Phylogenetic tree was constructed using HMGR
version 2.1 from CLUSTAL W alignments. The neighbor-joining
method was used to construct the tree.

Functional analysis of jcHMGR in Escherichia coli

E. coli strain Top 10F’, plasmids pAC-BETA and pTrc-ATIPI (provi-
ded by Dr. Francis X. Cunningham, Department of Cell Biology and
Molecular Genetics, University of Maryland, USA) were used to test
the biological function of JcCHMGR. A complementation strategy was
used in this experiment. The plasmid, pAC-BETA, retains functional
genes for geranylgeranyl pyrophosphate synthase (crtE), phytoene
synthase (criB), phytoene desaturase (criL) and lycopene cyclase
(crtY). It also retains a chloramphenicol resistance gene. Cells of E.
coli containing this plasmid produce and accumulate B-carotene,
resulting in yellow colonies (Cunningham et al., 1994; 1996). The
plasmid, pTrc-ATIPI, retains an ampicillin resistance gene and an
IPI gene whose product can accelerate the accumulation of B-caro-
tene (Cunningham and Gantt, 2000). The plasmid pAC-BETA was
introduced into E. coli Top 10F’ to create a 3-carotene accumulating
strain of E. coli. The coding region of JcHMGR was amplified by
PCR using primers JcCHMGR-Bg and JcHMGR-No (Table 1). Both
of the fragment and the plasmid pTrc-ATIPI were digested with Bglll
and Notl for 10 h. Subsequently, the coding region of JcCHMGR was
cloned into the expression vector pTrc to obtain the plasmid Trc-
HMGR. The pTrc-HMGR was transformed into the Top 10F’ con-
taining pAC-BETA. Transformants were cultured on solid LB
medium containing ampicillin (150 mg/l) and chloramphenicol (50
mg/l) at 28°C for 48 h. The color of the transformants can be used
as a visible marker to test if JcHMGR can accelerate the accumu-
lation of B-carotene.

RESULTS AND DISCUSSION
Cloning of the full-length cDNA of JcHMGR

By comparing and aligning the sequences of the core
fragment, the 5° RACE and 3 RACE products, the full-
length ¢cDNA sequence of JCHMGR was deduced and
subsequently amplified using 1 step PCR kit (TaKaRa)
with primers JcHMGRfull-F and JcHMGRfull-R1 (Table
1). The full-length cDNA of JcCHMGR was 1950 bp and
contained an ORF of 1752 bp, flanked by stretches of 80
and 118 bp at the 5’- and 3’- untranslated regions respec-
tively. The stop codon (tga) and one putative polyadeny-
lation signal site (AATGAA) were recognized in the 3
untranslated region, which were followed by a short polyA
tail. The ORF encoded a predicted polypeptide of 584
amino acid residues, with a predicted molecular mass of
62.4 kDa and pl of 7.63 (Figure 1).

Comparative and bioinformatic analyses of JcCHMGR

The HMGR genes have been cloned and characterized
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1 ACGOGE30CAACTACTACTGTACGOCCTGTGAATAAAACTACTCTCTOOCTGITTCTAT 60 1381 GEEGATGMACATGGT TTOCAAAGEEETGCAAMAOGT TCTTGMATTCCTTAAGMATGATTT 1440

61 TTTTOGOOGGAATATTTTAAATGEAOCOCAACOGIOGE0CAACTAANCCAOCGOGTTAC 120 GMNMV SKGVAQNVLEFLIKNDF
MDPNRRPTKPPRSP 1441 QOCTGACATGUGICTTGCTGECATCTCAGtfeaat tect ttat ttat ct ct asagt ttat 1500

121 OCTCOB0GCAAGGTGE0CT QCACCAAGECAAGCTGT AGOOGNAGNOOACTCTACATCIC - 180 PDMRLAGI SG

SAQGGLHQRQAVADDRSPSP 1501 atgttggttattctttcacctgccagaatt cctt ggaaaatttt gaat t ggat gct gcaa 1560
181 QCACTAOGAMAGOGT O3NOGOCT TAORCTAXCACTGTATCTTACTAATGIAATTTTCT - 240 1561 ttctggetatgtttttcatt gacgett at aacgaat t gt ct aaat aat aaaaacat at ac 1620
TPKASDALPLPLYLTNAIFF 1621 gtatgtgttttcctcacttcaattatt aacct cagtat t cagtt t t aaaaaact t acceg 1680
241 TCAOXTGITCTTCTABGTGCATAT TAQCT TCTOCACOGETGR0GTGACAAGATAOGCA - 300 1681 tctggegtcattatcaatttat cacaatcattgtcattatctteatttcttagttttatg 1740
TLFFSVAYYLLHRWRDKI RN 1741 tttatccgagtattgtttctgtttaggttgattaatttattttt gt cacaattactcttg 1800
301 ACTCTACTGOOCTOCACATAGT TAOOCTCTCTGAGAT TAJOBOCATTGICTAOCTCATTG - 360 1801 tggt t caagcat at gct aaaat t gcagat gacatat tgttttagttctcct ttgtacagg 1860
STPLHI VTLSEI AAI VSLI A 1861 agacacgaagtgtgtttctgtcataattttggetcattttttcatgettttcatattgtc 1920
361 CTTQCTTCATTTATCTOCTOGGATTCTTTGGAATCGATTTTGI TCAATCATTTATTGCAC 420 1921 tt gaaaacat cat gaaact cagt t cat t gat caaat at t gt ggaaagegt t t gasagttt 1980
SFI YLLGFFGIDFVQSFI AR 1981 tcgttcactcattttcttact t cgaaat act asat agt catttt gat gctcttttcaaat 2040
421 GOG0CTOOCATGATGIGTGAGACCTAGAOGATACGGATOOOGICTAQCT TATCAACGAAG 480 2041 ttctggatgtcgagtgcttttact gttagaaattattt gaggagt aggtgttttccttgg 2100
ASHDAWDLDDTDPAYLI NED 2101 ttgcagtattctttctgttcatggatttatgatttatattttttctcaattggctGQA2160

481 ATCAOQOGICTOGT TAGGTGOOCTOO0GCAACTATOGCTACCATTAGCAOCGGAOCTOOCA 540 N
HRLVTCPPATI ATI TTGPPK 2161 ATTATTGITOGACAAGMACCTGCTGCTGTAMCTGEATTGMGAAGIEIMAATCAG 2220

541 AATTGIOGOCTAOGGATCTCATAGIOBCAGCT TTAGOCTGGGAGGATGAGGAAAACATAG 600 YCSDKKPAAVNWI EGRGK SV
LPPPDLI VAPLASEDDENIV 2221 TTGITTGIGAGIAATTATCAAGAGAGSTGGTGAAARATGTATTAMAAOCAATGITG 2280

601 TCAAATOOGTOGTGAATGAACGATTACT TOCTATTCTCTGAATCAAAGCTOEEATT 660 VCEAI |l KEEVVKNVLKTNVA
KSVVNGTI PSYSLESKLGDC 2281 CTTOOCTAGTGGAGCTCAACATGCTAAAAAATCTTGCTGTTCTGCTATTGCTGGIGCTC 2340
661 QCAAACGNGIGECAACAAT TAAOGOGAGECTTTRCAMGEAOGACAGGANGSTORCTGS 720 SLVELNMLKNLAGSAI AGAL
KRAATI RREALQRTTGRSLD 2341 TQEETG3GTTTAATGCTCATGCAGGAACATTGTCTCTGCAATCTTTATTGCAACTGEIC 2400
721 ATGSTTTACCAGI GATGAGT TOGAT TACGAGTGGATTCTAGIECAGTGCTGIGAAATES 780 GGFNAHAGNI VSAI FI ATGAQ
GLPVDGFDYESI LGQCCEMP 2401 AGGATOCAGCACAGAATATTGAGAGT TCTCACTGOATTAOGATGATGAAGCTGITAATG 2460
781 CAGTOGGATACGT GoAGAT TACAGTAGAAT TAUGEGAO0GCTATTACTAAOGEA030G 840 DPAQNI ESSHCI TMMEAVND

veyval PVGI AGPLLLDGRE 2461 ATGIWAGOATCTOCATGICTCAGIGTCAATGICTTACATTGN gt |ttt t t gact t gaac 2520
841 AGTACTCTGI TQOGATGRIGACTACENGG TG TTGGTGR0GNGACCMTAGAGEST 900 GKDLHVSVSMPSI E

YSVPMATTEGCLVASTNRGC 2521 cttttcatttaatcatggttaccatagett gcagt gtt att cagt aat t t gaggat aat g 2580
901 GIAAGIIATCTACTTGICAGH GRILTACOAAIGTGITGI TGWAGRTTAATGAOM. - 960 2581 taatttaact tatctttgtt ct gt ag TABTACAGTTGIAGIAGIMCTOMCTTGUA 2640
KAl YLSGGATSVLLKDCMTR VGTVGGGTAQL A

CAGTGACMGAGCTGOAGATTTGAAGI TCTTTTTGS
961 GAGIACTGITGITAGITTTGAAT ey 1020 2641 TCTCAGICTGUTTGICTAATTTGCTTABE GVGEEIIMACIMAGNGICAGCAGRA 2700
APVVRFESVTRAADLKFFLE SQSACLNLLGVKGASKESTPG
1021 ACMITCCTGMAATTTTGAOACCTTGAIGTTGTCTTTAACAtlegt t ct tt tat agg 1080 2701 TCAAACTCAAGECTOCTTGICAGCATAGTAGCTGS TCAGTTTTGRIOGETGAGCTGICT 2760

NPENFDTLAVVFNR SNSRLLATI VAGSVLAGELS

=

1081 atttcttgaaasacgcttgttctattaatgttaatgtttttgtttcttctgtgatgttgat 1140 2761 CTGATGICTGIOATTGCAGCTGEoAGST TGTCAACAGICACAT GAMTACAATAGATCL 2820
1141 agat at tt agacat ct t accaaagaact t gt agatat gt tt tt ggt gt t gaggat t t gaa 1200 LMSA|I AAGQLVNSHMKYNRS
1201 ggaaaaaaggggaaaat aaaact gat t t t ggat ccgaaacat gt t agt caagt gaat t ga 1260 2821 ACONAAGATGTATOGAGAGT TGOATCAT AAGT GoAAAGAAAGT GGTOOCAGOAATGAAM. 2880
1261 aacgattttggatccttaatattgcGI'OMG'PG\TI'I'GI}GI:T(DWIIZGITAABZO SKDVSRVAS

SSRFARLQGVK 2881 GG TTACAAATAAGNAGTGIAGHAGACTGE TGTGEMGGTAMMANAOMATGETS 2040
1321 ATGIGCTAT TGOOG3CAAGMATGI TTATGTAAGATTTAGI TGCAGCACTGGTGATGCAAT 1380 2041 ATCAGAGAGAAAAAAAAAAAAAAAA 2965

CAIl AGKNVYVRFSCSTGDAWM

Figure 1. The full-length cDNA sequence, intron sequence and the deduced amino acid sequence of J. curcas 3-hydroxy-3-methylglutaryl-CoA
reductase (hmgr). The cDNA sequence is indicated in capital letter and the introns are indicated in lowercase. The start codon (ATG) and the stop
codon (TAA) are underlined.

from some plant species such as H. brasiliensis (Sando
et al., 2008), E. pekinensis (Cao et al., 2007), Arabido-
psis thaliana (Caelles et al., 1989; Learned and Fink,
1989), Lycopericon esculentum (Park et al., 1992), Sola-
num tuberosum (Choi et al., 1992), Cucumis melo (Kato-
Emori et al., 2001). Sequence alignment using vector NTI
suite 8.0 and BLAST research showed that the predicted
JCcHMGR from J. curcas had highly similarity with other
plant HMGR in a range of 58%-87%, while the similarity
with other non-plant eukaryotic and prokaryotic homolo-
gues is considerably lower. In plant, the JcHMGR show-
ed above 80% with Euphorbiaceae plant and below 80%
with other plant HMGRs. The JcCHMGR showed 87% and
83% identities to those of H. brasiliensis (P29057) and E.

pekinensis (ABK56831), respectively (Figure 2). The
results of BlastP also showed that the predicted JcCHMGR
belonged to the HMG-CoA reductase superfamily, a
single domain family. Signallp1.1 analysis (http://www.
cbs.dtu.dk/services/SignalP/) showed JcHMGR had no
signal peptide that synthesized in the cytoplasm. 2
transmembrane region of JcCHMGR were identified by
TMHMM 2.0 (http://www.cbs.dtu.dk/ services/TMHMM-
2.0/) analysis, one was located between Pro43 and Leu-
65 and the other was located between Lle86 and Val108
along the polypeptide chain. 2-dimensional structural
prediction of JcCHMGR was performed by the SOPMA
server (http:// bip.weizmann.ac.il/bio_tools/fag.html). Ba-
sed on the hierarchical neural network analysis, JCHM-
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Figure 2. Alignment of JcCHMGR with other HMGR protein from Euphorbiaceae plant.
Conserved regions are underlined with a solid line. Conserved amino acid residues in all the
sequences used in this alignment are black boxed, while similar amino acids are in gray
boxes. Alignments were performed with the Vector NTI 8.0 program.

GR protein was composed of 47.43% a-helix, 13.53%
extended strand, 5.48% B-turn and 33.56% random coil.

The crystal structure of the human HMGR has been
published (Istvan et al., 2000). The homology-based 3-D
structural modeling of JcCHMGR was analyzed by Swiss-
modeling on the basis of human HMGR crystal structure
and displayed by WebLab ViewerLite. According to the
obtained result, the catalytic region of JcHMGR consisted
of 3 domains: (i)the small helical N-terminal N-domain (i)

the large, central L-domain harboring two HMG-CoA
binding motifs EMPIGFLQIP and TTEGCLVA) and a
NADP(H)-binding motifs (GTVGGGT) whose architecture
resembled a prism with an a-helix forming the central
structural element (iii) the small helical S-domain harbor-
ing a NADP(H)-binding motif characterized by the se-
quence DAMGMN (Figure 3). All the bioinformatics ana-
lysis results strongly suggested that JcHMGR should be
a functional plant HMGR protein involved in the biosyn-
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N-domain

JcHMGR

N-domain

S-domain /

L-domain

Human HMGR

Figure 3. The 3-D structures of JcCHMGR (left) and human HMGR (right). JcHMGR had three domains: (1) the small, helical N-terminal N-
domain; (2) the large, central L-domain harboring two HMG-CoA binding motifs (EMPIGFLQIP and TTEGCLVA) and a NADP(H)-binding
motifs (GTVGGGT) whose architecture resembled a prism with an a-helix forming the central structural element; (3) the small helical S-
domain harboring a NADP(H)-binding motif characterized by the sequence DAMGMN. The a-helix is shown in helix-shaped, the sheet in
wide ribbon-shaped and the random coil also in line-shaped. The substrate-binding motifs are in grey and marked with letters.

thesis of mevalonate.

Cloning genomic DNA sequence of JCHUGR

The PCR for genomic sequence resulted in a clear band
of 2949 bp, which was 1015 bp longer than that of the
coding sequence. The comparison with the cDNA show
ed that the genomic DNA and cDNA matched base to
base except that the genomic DNA contained 3 introns.
The splicing of introns was correlated to the GU-AG spli-
cing rule. The lengths of 4 exons were 983, 182, 347 and
240 bp respectively (Figure 1). The lengths of the 3 in-
trons were 224, 688 and 103 bp respectively. Similarly, it
was found that most of the HMGR genes from plant spe-
cies were composed of 4 exons and 3 introns, such as
Gossypium hirsutum (Loguercio et al., 1999) and L.
esculentum (Park et al., 1992) and Ginkgo biloba (Shen
et al., 2006). But the lengths of the first exon and fourth
exon from cotton, tomato and G biloba were different with
those of J. curcas.

Molecular evolution analysis

JcHMGR was the first gene cloned from J. curcas plants.

Therefore it would be interesting to investigate its evolu-
tionary position among the phylogenetic tree of various
HMGRs. The phylogenetic tree of HMGR was construc-
ted from different organisms including plants, animal, fun-
gi and bacteria using MEGA version 2.1 from CLUSTAL
W alignments. According to the phylogenetic tree, JCHM-
GR had higher identity with plant HMGRs than animal,
fungi and bacteria HMGRs (Figure 4), which was closely
related to HMGR from H. brasiliensis. Apparently, all the
HMGRs are derived from a common ancestor in evolu-
tion, suggesting that they share a common evolutionary
origin. All the analysis results strongly suggest that
JcHMGR is a plant HMGR protein involved in the
mevalonate-independent biosynthesis.

Biological function analysis of JCHMGR in E. coli

In the color complementation assay, we used the E. coli
strain top 10F to test if JcCHMGR encoded the anticipated
functional enzyme. E. coil could not synthesize carote-
noids because of lacking of carotenogenic genes. Howe-
ver, E. coli introduced with foreign carotenogenic genes
clusters had the ability to produce carotenoids and trans-
formed bacteria, owing to accumulating carotenoid pig-
ments, could act as a visible marker for providing an
easily screenable phenotype (Matthews and Wurtzel,
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Figure 4. Phylogenetic analysis of HMGR from J. curcas and other plants, bacteria, fungi and animal
species by MEGA version 2.1 from CLUSTAL W alignments. The neighbor-joining method was used to
construct the tree. The HMGR used in phylogenetic tree analysis were those from Hevea brasiliensis
(GenBank accession No. P29057), Morus alba (GenBank accession No. AAD03789), Litchi chinensis
(GenBank accession No. DQ536143), Cucumis melo (GenBank accession No. BAA36291), Picrorhiza
kurrooa (GenBank accession No. ABC74565), Euphorbia pekinensis (GenBank accession No.
ABK56831), Arabidopsis thaliana (GenBank accession No. NM_106299), Gentiana lutea (GenBank
accession No. BAE92730), Camptotheca acuminate (GenBank accession No. CAU72145), Nicotiana
tabacum (GenBank accession No. AAB87727), Solanum tuberosum (GenBank accession No.
AAB52551), Solanum lycopersicum (GenBank accession No. P48022), Ginkgo biloba (GenBank
accession No. AY741133), Taxus x media (GenBank accession No. AY277740), Homo sapiens
(GenBank accession No. NP_000850), Drosophila melanogaster (GenBank accession No. P14773),
Pichia jadinii (GenBank accession No. O74164), Emericella nidulans (GenBank accession No.
AAO85434), Aeropyrum pernix (GenBank accession No. Q9YAS4), Methanopyrus kandleri (GenBank
accession No. NP_613640).
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2000). As a result, the Top 10F’ containing pAC-BETA
can manufacture and accumulate B-carotene and form
yellow colonies. When pTrc-HMGR containing the coding
region of JcCHMGR was transformed into this B-carotene
accu-mulating E. coli Top 10F’, the color of the bacteria
turned from yellow to orange-yellow, indicating that
JcHMGR could accelerate the accumulation of B-caro-
tene (Figure2). Therefore, the functioning of the JCHMGR
has been confirmed by the change in the color of E. coli

cultures. Color complementation assay demonstrated
that JcHM-GR helped to accelerate the accumulation of
B-carotene. Since both B-carotene and phorbol esters, a
kind of diterpenes, are mainly biosynthesized through
MVA pathway (Bick and Lange, 2003), it can be expected
that JcHMGR helps to accelerate the accumulation of
phorbol esters. Therefore, JCHMGR may be a target
gene in metabolic engineering to improve the contents of
phorbol esters.
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Figure 5. Functional demonstration of JcHMGR
activity, using E. coli strain Top 10F’. E. coli cells
were transformed with pAC-BETA (A) and pAC-
BETA and pTrc-HMGR (B).
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