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A Bioinformatics Analyses on Farnesyl Diphosphate Synthase
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Abstract: The nucleic acid sequences and amino acid sequences of farnesyl diphosphate synthase (FPPS) from
Lycopersicon esculentum, Hevea brasiliensis, Musa acuminata, Malus x domestica, Helianthus annuus and Vitis
vinifera, which were registered in GenBank, were analyzed and predicted by the tools of bioinformatics in the
following aspects: the composition of nucleic acid sequences and amino acid sequences, transit peptides, trans-
membrane topological structures, hydrophobicity or hydrophilicity, secondary and tertiary structure of pfotein,
molecular phylogenetic evolution. The full-length gene of FPPS contains an opening reading frame, a
5’ -untranslated region, and a 3’ -untranslated region. FPPS is a hydrophilic and non-transmembrane protein
without transit peptides at its N-terminal end. The amino acid sequences of FPPS include 5 conserved structural
regions, out of vs;hich two are Asp-rich motifs. a-helix and random coil are the major motifs of predicted
secondary structure of FPPS. B-turn and extended strands spread in the secondary structure of the protein. A large
central cavity formed from the a-helices is present within the predicted tertiary structure of functional regions of
FPPS. Five conserved amino acid sequences are on the surface of this cavity, two of which are conserved Asp-rich
motifs on the inner walls of the cavity. '
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s B4 A90F 30 000 Fit 2 29, EATAUAEEY
MR iE B R R E BN, T HiER 2 MAH T
Tk EZ EASNE. MyUEAEELEDH
& H B 2 B (mevalonate pathway, MVA) Al
7B R/ BEER H M % (pyruvate/glyceraldehydes-3-
phosphate pathway, DXP) P £ i& 4%, P & 28 LA &
M FE BB (isopentenyl diphosphate, IPP) 4 F 2
] P40, R AR RR 5 RS (farnesyl dipho-
sphate synthase, FPPS) & TR G N LB
(prenyltransferase) X &, ZEAH IS & Rl b i (L4
4 )L FEEEBERR (geranyl diphosphate, GPP) £ 7 XM
FARDER (IPP) B0 F 4% N 2R AR (dimethy-
lallyl diphosphate, DMAPP) 47 & ik ¥E e Sk A= i iR
(farnesyl diphosphate, FPP) , 1% /& A # ik 28 & Bk
WA — AN KRR, ALK =) FPP R F %
HE M RARG =R 2R S 5 aRik
F, A 38 V2 R A5 ) AR 00 1R A4 TR ISR
G5B /E T, FPP R v A LB FE M AR
NIRRT A Y®. H A7 FPPS By 3K 2 M
WA (Gossypium arboreum) « 4R & % (Parthenium
argentatum) ~ I (Capsicum annuum) 7KHE (Oryza
sativa) « WAFEIF  (Arabidopsis thaliana) « L 3
spiciformis) « 7 fuf
(Mentha X piperita) <168 (Artemisia annua)
PFIRE (Lupinus albus) KK (Zea mays) FHEY+
ﬁ%ﬁl}%{l}zl]o

YRR ER TR THEYHRE R
ARG &I FR . BT ARERATRIM58
G AE SR A ) 2 1 T R A 2 N DR 4 Y0 P 3 e o
ERAFIER T, SNEARALEH S IIRER T
W )R o EL IR Y b R 2% 240 T AR W B P
TR T AR R AN B 3 BT S BEAT U 2
BT ERSL U SARERL, TR BS54 L Th e kAT HEWT X
T, 2 44 EYE RF R RIS B .

EXFBEMERFERTE, UEFH
(Lycopersicon esculentum) A p5 , X (Hevea
brasiliensis ) « 7 & (Musa acuminata) 38 (Malus
x domestica) 7] H 3% (Helianthus annuus) - 5 %
(Vitis vinifera) S FIEVe R EBERR & MG I 2
ERT B A . B B PR 41 PR BRAL 1 B 45 M RRAIE L D R
B RGN REEREAT TR 7347, LU O 4 Ja v
NTF R E B A R BT IR A B iR R dE . DAAE XS

(Artemisia tridentata subsp.

FPPS HIBFF A LR MR 9T, I B4 A Bk A ) i
25 RiIK RIK I J 2208 AR AL 55 5 T » RANZ L
BT LR AR T SCHR R I

1 MBI R

HUH % kL >k ¥H T National Center for Biotech-
nology Information (NCBI) #% /& & & H U s e
LT3 U ) 2 o A B TR - B g ) AR PR e 1) B L%}
MR BB 75 - & i (AF048747.AACT3051) .
B (AY349419.AAQ56011) . 3 5 (AY083165.
AAMO08927) « 1] H 2% (AF019892. AAC78557)
Hi % (AY966012.AAX76910) \ % B (AF470318.
AALB2595) .

K #% Vector NTI Suite 8.0 #K 44 & http://www.
ncbi.nlm.nih.gov/. hitp://www.ebi.ac.uk/. http://www.
cbs.dtu.dk/. http://cn.expasy.org/ %5 P uh $& {It 1) %28
WG BER AT LR T2, R RERER
3 5 16T 40 15 18 4 4 B A0 TR B 43 T B0 32
HE (Open reading frame, ORF) HJ 2 & F1 #8% F) A
Vector NTI Suite 8.0 # 4 & ProtParam.pI/MV.ORF
Finder 7E4& T H b#AT: B R EFERITHH AR
PELERT % PP A X R R G AR R A A Blast
F Clustal W #£ 4k T B & MEGA 3.1 5458 Bi: &
BV IE BB TR 5 I 45 M 43 R S 7K / K A
H43 A7 R FH 7E £k T H TargetP.TMHMM., ProtScale
e EEA R EREHWBBMA A SOPMA
A1 SWISS-MODEL 7tk T H 52l

2 SRR

2.1 REHEY FPPS EE B F 3 B3 B S E R
FIRARK T REAXERTH

K ¥ Gasteiger 1} /5 7%, | ORF Finder.
Vector NTI Suite 8.0.ProtParam Hl pI/MV X7 & 7ifi -
BB AR 7] H 2% FPPS 2 [Klff] cDNA J3751 K =5
BRI AT S b, B R ISR 1. Hodr, F i FPPS &
BIf¥ 4K cDNA 751 J e S 275 mid 1
Fizc. N 1 FTLLEH, AR FPPS ZRH K 2K
Y3 5’3" R FE X (Untranslated region, UTR)
F—ANFE A, RIGH T H atg, & 1HE
T tag BX taa, FF IR S HE AUARAE B S T e S O R
FRREFEGTEAAME .
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Table 1 Composition and physical and chemical properties of the cDNA sequences and deduced amino acid sequences of FPPSs from 4 species

&l BT ¥R ) H %
Lycopersicon esculentum  Hevea brasiliensis  Malus x domestica Helianthus annuus
R A 1274 bp 1130 bp 1401 bp 1347 bp
Full-length (bp)
FHERY R AE 1029 bp 1029 bp 1029 bp 1026 bp
Open reading frame (bp)
REIADL 53 BE ST 33, ATG 17, ATG 143, ATG 17, ATG
Initiation site and codon (bp)
27 g ROE T 1061, TAG 1045, TAA 1171, TAG 1042, TAG
Termination site and codon (bp)
573 AR 32bp/213 bp 16 bp /85 bp 142 bp /230 bp 16 bp / 305 bp
The lengths of the 5’and 3’
untranslated regions (bp)
HE PR IERR R I 342 aa 342 aa 342 aa 341 aa
Number of amino acids
SFE 39.33 39.42 39.57 39.06
Molecular weight (kDa)
pl 5.44 5.75 5.36 5.96
FERHAR Leu (13.45%) Leu (12.87%) Leu (11.70%) Leu (12.32%)
Major amino acids Lys (9.94%) Lys (8.77%) Lys (8.48%) Lys (8.50%)
Asp (8.77%) Val (7.60%) Glu (7.89%) Val (7.92%)
Ile (6.73%) Glu (7.60%) Asp (1.31%) Asp (7.33%)
Val (6.43%) Asp (6.43%) Val (7.31%) Ser (6.45%)
PR /B Mk S B L 45 14.91%/12.87% 14.04%/12.28% 15.20%/12.57% 13.49%/11.73%
Acidic/basic amino acids ratio (%)
i R SRR LY 36.84% 35.67% 36.55% 34.60%
Charged amino acids (%)
WHERERRLLHI 23.39% 23.68% 23.68% 24.05%
Polar amino acids (%)
ERK R R ) 38.60% 38.01% 35.96% 36.66%
Hydrophobic amino acids
EA AR e 8 26.24% 35.58% 40.53% 31.94%
Instability index

pl: B & 25 H £5 Theoretical isoelectric point

AN FPPS 14 &t SR8 45 o BRI R
Tt SSE R 1 LU B R R R R i FL T 0 B L AR
REM I L] Bi/K % (Hydrophobicity) 2 % #2 11)
EeBI A —3G S ERFE B NAERIEARLY N Leu,
Lys.Asp.Val; R3S FPPS B T AR EREAR
b, Kt BEiae R E O R,

22 REHEY FPPS WZB R REBFE T3 o247

Fi Blast #2 FF % 3 4ifi FPPS ) cDNA K& B
FP 3 AT R VR E e e 9, 25 R B 3R o 5 e
¥) FPPS i) cDNA J& 51, lnh 4 (Y12072) (R K5
(X82543) BiHL (X84695) I I+ (X75789) .1
H (AY308476) J/KFE (D85317) JHifiT (AF384040) .

FALE (AF112881) « A B & (U20771) . E K
(L39789) &5 HA 8 i (1) [RIVEE 73 3 A 65%-71%-
81% 64% +55% 60% +65% 64% 66% 57% ; 15 #H
X F & A - 8 H R Blastp ELXF kG, F S
HeEeMWFPPS MAEBRFIAEHE ZM
WO RAE LM, IS R iR (CAAT2793) | 4R
JB 4§ (CAA57893) . B #l (CAAS9170) . L B
7+ (CAAS53433) . 1h 3 # (AAP74719) . K #5
(BAA19856) . ¥ fif (AAK63847) . % 1 &
(AAD17204) . H P E (AAA87729) . £ K
(AAB39276) )M A 79%-79%-~88%-77%-
75%-69%-80%-79%+78% 6%, FEHLLES> Tk 88%-
88% +92% +86% +85% 82% 89% 87% 86% +81% .
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Fig. 1

) tatacataaactttttttttictetgtcaaaa
kﬁg&ctgatctgaagaagaaatttttggatgtgtaotctg&tcttaaatctgatctgttagaagacacagcttttgaa
M A DLKXEKKPFLDVYY SV LKXKSDLLEDTA ATFE
tttacagatgatictegtaaatgggtcgacaagatgotggactacaatgtacetggagggaagetgaacegaggacta
FTDDSREKW¥YY DEKMLDYNYPGGEKLNTERSESGL
tetgtiattigacagect tagttigttgaaagatggaaaagaat taaccgetgatgaaatctttaaageatotgetott
$ Y 1IDSLSLLEKXKDGXETLTSAGDETFZEKASAL
ggetggtgeattgaatggetteaageatacticettgttettgatgatataatggatggateteatacacgtegaggt
G W ¢ I1IEVW¥LGQAYFLVYLDDPIMDGSHTRTR RSEG
caaccatgetggtacaactiagaasaggtigggatgatigetattaatgatggeaticttetiegeaaccacatcace
P C¥YNLEKY ¢GMI AINDGILLRNHEIT
agaattcigaagaagtacttcaggecagagictiattatgitgatottctagatitgtttaacgaggtagagtitecag
R I LKKXKYFRPESYYVYDILILDILFNEVYETFHZQ
actgectotggacaaatgatagattigatcacaacactiglaggagagaaagat {tatcaaagtacteatigtetatt
T AS G M IDLITT LY GGEIKDILSK Y S L S I
categeeggatigtecagiatasaactgoctattatteattitaccteccagtggeatgigeacttotiatggtagga
HRRIVGVYXTAYYSFYLPVACALLMVEG
gagaatettgacaageatgttgatglcangaaaattettat tgacatgggaatctactttecaagttcaggatgatiat
ENLDEKHVYD VY KEKILIDMGIYF QVE§DDY
ctggactgettigetgaccoagaggigelgggeaagatiggeactgatatteaggactttaagtgetettggtiggta
LDCFADPPEYLGKIGTDPDIAQ@DFEKCSWLY
gttaaagetetagaactalgcaacgaggageanaagaagatattattigagaactatggaaaagataacgetgetigt
¥VEKALELC CNEE®SQKIEKTILTFENYGGEKDNAAC
attgctasaatasaggeactctataatgatetcaaacttgaggaagltattictggaatacgagaagacgtcctatgaa
I AK I KALYNDLEKLEEVYFLEYEKTS SYE
agattgaccactictatigeageteatecaageasageagtacaggeagtgetgoetatcattetigggaaagatttat
KL TTSIAAHPSEKAVQAVLLSFLGEKTIY
aagaggcagaag fagratataaaataatgaatgaacticattcteccattaggaatgagatgtetgtatttcatgcat
K R @ K =*
ttttetgttttttttictictattttagtttggagtacigatgatggattgttattitittitcaagacatggaaact
ctiateotitttcacctttaataaacagtagaasagtccaatgaaatettiteagt

B 1 FHh FPPS EF M4 cDNA JF 5 XS HEERFT

Full-length cDNA sequence and deduced amino acid sequence of FPPS in Lycopersicon esculentum

BIEFEBTHAFERR, 2% FHAME TREER, S F37 ERMERMELER, RTEMIEEMH T RILER.

The initiation codon (ATG) is boxed and the termination codon (TAG) in italic is underlined. The untranslated regions of

5" and 3’ are shown in bold. Conserved function motifs are underlined.

SRR AR JESR L 1) H 2% . i % FPPS K cDNA K&
REBR T H AT RO R LT, 15 2] Bk
B, BIR A ) S B TR T 1 2 R ) L X AR T 4%
BRI 5 2 18] [ L Xt SR i3, A3 SE oA BB ) V2 A
(PR

#¥E Higgins P9 75 7%, A Clustal W 2 5 %f
PR AR L B PR I KRS T L R . B
PRE . ER BN BREFEER . O HE
KR IR T HHAT 2 FFI AT, SRR (E 2) .
BB HREVER . W) H 25 5% FPPS I ZhBe
BE5HeHEYEEILTF—BUNE LR 2, 5
HA FPPS iE T L WIS B M S KA 5, B 5 A
R F R motif P71, HFFHMEE SRELHER
Asp [¥] motif (DDXXD) , iX# 4> Asp-motif # A4
RIGREEBES R G E AR S W
PL 50, X — g5 REE R IR MIAE 7R R
BRI RIASE .

2.3 FPPS #i5 BK 9 T 0 53 47

332 ik (Transit peptides BY, Transit sequences)
P FE A N 3, 2 5 S8 70 40 B B il 2
s LRIEE AR, REEHIERNG] R
T, BEE M SRR P RIEEAD. Bk, Fisjk
E@Tﬁ?)ﬂ]%ﬂﬁ*ﬁ, Sof T Ff A VORI B i 2 11 9 T 40 D TE

KIS EBEEERE X . H TargetP 1.1
Server X1 & 0 SBR[ H 2% H % FPPS
FERFFEATIC, 451K, FraFsaH
SRARFEIE IR e i B AR K (Targeting peptide) A
A2 15 5 Bk (Signal peptide) FI7rfEINEBUK, &
BILBRIRFEE AL, AT LUE H, T B
R 7 H 3% 4] FPPS 1 B RFEAE B Ik
B )47 p, AN R A #EIZ K. TT AR, 454 FPPS &
MR A RS, AL E W4 fds, M2 B A
AR SRR YA EAEM . T FPPS 2
FE AR P 0% 5 F0 =5 A B [ — A PR Tfﬁﬁ:?
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I I Asp-motif
DYNVPGGKINRGLSYIDSYKLLE 62 WLQAYFLVLDDIMONSHTRRGHPC 107
DYNVPGGRLNRGLSVIDSYKLIK 62 WLOAYFLYLDDIMDSSHTRRGQPC 107
DYNVPGGKENRGLSVIDSYRLLK 62 WLQAYFLVLDDIMDSSHTRRGQPC 107
DYNVPGGRENRGLSVIDSYQLIK 63 WLGAYFLVLDDIMDESHTRRGQPC 107
DYNVPGGRLNRGLSVVDSYQLLK 64 WLOAYFLVLDDIMDESHTRRGAPC 108
DYNVPGGRLNRGLSVVDSYQLLR 63 WLQAYFLVLDDIMDGSHTRRGQPC 107
DYNVPGGKLNRGLSVIDSYQLLQ 62 WLOAFFLVLDDIMBGSHTRRGQPC 107
DYNVPGGKLNRGLSVIDSYQLLK 69 WLOAYFLVLDDIMDNSHTRRGOPC 114
Vitis vinifera DYNVPGGKINRGLSVVDSYKLLG 62 WLGAYFLVLDDIMONSHTRRGQPC 108
Capsicum annuum EYNVPGGRLNRGLSVIDSYSLVD 62 WLOAYFLVLDDIMDNSHTRRGQPC 107
Lycopersicon esculentum DYNVPGGRINRGLSVIDSLISLLE 62 WLOAYFLVLDDIMDGSHTRRGQPC 107
Arabidopsis thaliana DYNVRGGKLNRGL.SVVDSFKLLE 63 WLQAYFLVLDDIMDNSVTRRGQPC 108
Misa acuminata DYNVPGGKLNRGLSVIDSYKLIK 77 WLQAYRFLYLDDIMDNSHTRRGQLC 122
Oryza sativa DYNVLGGKCNRGISVIDSFEMIK 73 WLOAYFLVLDDIMBNSQTRRGQPC 118
Zea mays DYNVLGGKONRGLSVVDSYKLIK 70 WLQAFFLVLDDIMDDSHTRRGQPC 115

ol ekok ook ; koK : ok sofokok s iokdolotoloiook & ololok s %

Lupinus albus

Hevea brasiliensis
Gossypium arboretum
Parthenium argentatum
Artemisia annua
Helianthus annuus
Malus x domestica
Mentha x piperita

I jAY V: Asp-motif
Lupinus albus QTASGOMIDLITT 168 IVQYXTAYYS 195 YFQVGDDYLDCFGAP 241
Hevea brasiliensis QTASGEMIDLITT 168 IVQYKTAYYS 195 YRQVRDDYLDCFGDP 241
Gossypium arboretum QTASGOMIDLITT 168 IVQYKTAYYS 195 YFQVQDDYLUCFGNP 241
Partheniun argentatum QTASGOMIDLITT 168 IVQYKTAYYS 195 YFQVQDDYLDCFGAP 241
Artemisia annua QTASGOMIBLITT 169  IVQYKIAYYS 196  YFQVGDDYLDCFGAP 242
Hellanthus annuus QTASGQMIDLITT 168 TVQYKTAYYS 195 YFQVQDDYLDCFGAP 241
Malus x dowestica QTASGOMIBLITT 168 IVQYKTAYYS 195 YFQVEDDYIDCFGDP 241
Mentha x piperita QTASGOMIDLITT 175 IVQYRTAYYS 202 YFQVGDDYI DCFGEP 248
Vitis vinifera QTASGOMIDLITT 167 IVQYKTAYYS 194 YFQVGDDYLDCFGDP 240
Capsicum annuum QTASGOMIBLITT 168 TIVQYKTAYYS 195 YFQVGDDYLDCFADP 241
Lycopersicon escilentus QTASGOMIBLITT 168 IVQYKTAYYS 195 YFQVGDDYIDCFADP 241
Arabidopsis thaliana QTACGRMIDLITT 169 TVQHKTAYYS 196 YFQVGDDYLDCFADP 242

Musa acuminate QTASGAMIDLITT 183 IVQYRTAYYS 210 YRQVEDDELDCFGDP 258

Oryza sativa KTASGQLLDLITT 179 IVQYKIAYYS 206 YFQVQDDYLDCYGDP 252

Zea mays KTASGQLEDLITT 176 IVQYKTAYYS 203 YRFQVGDDYLDCYGDP 249
K sk 1 okololeior koKL b 2 S 4

B 2 T FHY) FPPS BERRF £ E bt
Fig. 2 Multiple sequence alignment of FPPS from 15 species
g o 9 O GRIRFAEEB SN RTFALRTI BN RFEWE motif AR,
* signifies identical, : signifies conservation, and . signifies 50% conservation. The conservative domains

motifs are shown with gray shading.

FHEAN = H MVA 74, IR TE 9 MR
FREATIN, A Y X — T S AR SR R R
P A0 ML AP O/ B AR A I

CAFEWT, #4) FPPS 7E4 L & R AR SR EH /S, B
BENILE WA A%, TR B A2 40 0 5T, e B %
Ja H BB IN h AR B RUA SR HE AL, T
AEBEIELE G .

TMHMM posterior probabilities for sequence

2.4 AEHEY FPPS B[R 45 #5335 09 W #0 43 4

IR MR IEATEE A SRS 58 1.2
BT, — B 20 ANZEAT K B K S SR 2R 40 AR u 1.0 R ——
TR o BRI, A T A A A fEFTE. £
5 R 28 Sl PR TR 23-# , S AE A A DR LR A £ 04
JREITIRE S G50« 73 28 T o K 40 o o P 7 2 0.2 ’
HHEEENIERE . H TMHMM 2.0 Server Xf % 0 50 00 e 00 350 300

B R SER L W H 25 .34 FPPS & A7 Outside-
T 1 i I 4 P 3l R AT TN, 2 SRR R, T &5 SR 1Y
5&M—2 (E 3) ,FPPS BL& NI T B4k, Af

BEANTFAES IRAE I 45A b Feig Ik T, 7]

Transmembrane—— Inside ——

&l 3 %A FPPS 5 JE 45 H sl (¥ Tl
Fig. 3 Predicted transmembrane domains of FPPS in

Lycopersicon esculentum
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2.5 RE#EH FPPS B 7K 14%/35 7K 14 59 7000 2 53 47

20 PR LB HE B SRR AL, R AR B
JEAT ) T4 B /K TR L G AE 4 1 (K N, X — i 3
I b2 ST AR S AR R e N 3R, e T — MR
I B 4T B R — s A S . A, @ I T g
Jo e T AN ) R B PR A A, T LK) B L A 1 1 I
SERYIAT T o PR, B2k M 7 SR/ TR T Fn )
AT 5 X B 1 J5 IR 45 W 1) PN e Ty i 4 A 3 1) 2
AL T EEWIILSF . H ProtScale Xf # i R
B e SERL L a) 55 A FPPS SR T 5 11 B K
PE /SRR EREAT TS, & SRR W], TRl 45 R 5%
Hi—5 (E 4, A ZRREER LA KTk, A
BB . 255 BT I I 45 A B T 5 41
A LAHEWT, 454 FPPS A7 7E B 2 R 7K X I, 554
Y FPPS A7 11 5 15 45 F 1l AH — 25

ProtScale output tor user sequence

(W8]

153

Score

¢
[ 2%

07 oo Tis0 200 250 300
Position
Bl 4 51 FPPS Bk / SRk M T
Fig. 4 Predicted hydrophobicity/hydrophilicity of FPPS in

Lycopersicon esculentum

2.6 AEEY FPPS — K = R eI FF0 53 47

H 1 JB v % 5 R ) PN R 4 AT, Sk PR AR 2 1
SmM5IReZ MR ERHEENE . K
#& Geourjon Al Deléage™ 2 Combet 25P4] V%, A
SOPMA xf % il BB & R e R L1 H 28 4
FPPSZ AR 7 H (W — Y g5 My BeAT PRI, &5 B89,
TG R 5T/ —3 (B 5, o BHERMA RN
#4382 FPPS 3R 451 P 16 = B 20 U &5 M otk B-
AT TEANEE Y. AT R
W, #E 4 FPPS B4R H 45 M, o MRBEANAS KU 25

R K= ST, B- W M A I A B A T4
AMEAmRT.

W P& Peitsch . Guex Fl Peitsch® A Schwede
S5O J7 5, Fl SWISS-MODEL %t & #ifi i i &
B B %% 4 FPPS AR T YT &R
5T == 4 &l 8 o) Y 2 882 (molecular homologous
modeling) , & S KB, T 25 S35 5 F ki — 2 (
6) , FPPS [F) Dy BES /25 [Hl A /) b2 b o W TiE [l 5%
TER R A ORI SRS, CORA
J7 TR A LA B g fR Y motif, b 5 e #AH
LEL I AN Asp-motif (DDXXD) £z “Z578” i
BE, FPPS [ B AE Al A SR 30 70 2 7 Oh iE AT, IX — &
RS I sh¥) 2 FPPS (1] = 4k 45 #F & AH L,
HUE AT LA T, A84) FPPS J& — MNTERE R EY S K
E R TR A .

2.7 FPPS S EBF IO FREHNL ST

£ MEGA 3.1 #44-F & 1R Neighbor-Joining
T3 VE T AR e RS B IR KR AR T L 3
B HALE AR e K B R R
R H 2 E A B A G A2 (Taxus & media) -
A% (Panax ginseng) « =i (Panax notoginseng) -
WA (Centella asiatica) ~ R (Ginkgo biloba) ~
ZAW (Humulus lupulus) HI= R 7 AT F &R
AL > AT, g R 7 B, 22 BhAS [RAEY 0
FPPS AR P VI B lictr T A E I 4 3, 1X— 4R
B 5 H AL 22 B R A e — B0, (HE JE SOk
T XY SRS K R MBIV A G ER
M HISEG KRBT, BEAR T HY) (Gymnosperm)
T, B3] 100%H SCHE R KRG ER CEER AT
4 (Monocotyledones) 32, HH, /KFE 5 £ K [H
JBARAF} (Grammineae) X —3; & THY 17 F
YR X IH-F54) (Dicotyledones) 3, 133 99%
PSR . AR THEYIXAN, NS5 =tRE N
&} (Araliaceae) , SR AE— L, F-HFEL X RBIA
1< AL (Umbelliferae) FRE B A —30; BM 5
%t [F] )8 At Rl (Solanaceae) , SR ACA4 « 1L WA L B 7E
) H 2E R B % A (Compositae) , ‘B AT #8471
RH—. HUEH, KEEERTFIITEHEKR
SEVE AL X R B B B SCH A0 OB AL A (1) B SR AL
KRR, (HE A BT HIMTA FHED Z R SR g R R ATy
HA—ZEREEE .



132

oy W YA 4R

H1s5 ¥

A

I

;

fil

U

i

Y

¥

'#

’,fv AT, ,' [I“ \ »
"‘N ‘.L\' ’W")} ‘ﬁ' ’;f
SIO 12)0 lSIO 2(l)0 2|50

Bl 5 Fh FPPS &5y T
Fig. 5 Predicted secondary structure of FPPS in Lycopersicon esculentum
Helix: o- BB JE (¥54%) ; Sheet: ZEfHBE (L148) ; Tumn: B- B (FER) ; Coil: NN LE (L) .
Helix: Alpha helix (blue); Sheet: Extended strand (red); Turn: Beta turn (green); Coil: Random coil (purple)

08 Panax ginseag
_‘_0_0{_—{: Panax notoginscog
37 Contella axiati

—
100 L rcopc:ncon esculentum

subsp ap

Artemisia anpus
82 Parthenium argontatum A

*'“"'——ZG—C Arsbidopsis thalisna
5 Malus x domestica

27 Gossypium arb
T{___E: Hevea brasilicnsis
99 34 Lupinus albus
—— Mcatha x pipcrita
31 Vitis viniforn

H fire Frapishe

B 6 T FURHEARE 1% S FPPS T)Re &A1 L th 44
Fig. 6 Three-dimensional structure of the functional domain of the FPPS
from Lycopersicon esculentum using homology-based models
WAESKEFRIAES S motif. The substrate-binding

motifs are in blue and marked with capital letters

3 g

H it v e 2 AR BER & Bl A AF 9T 2 2 TR
YRR ERERE, WA REYH R4
CRRVZERZ i vt R FL R 40 2D 19 cDNA 3¢
FE PP o3 B 0T 36 1% B 1 e R B R, B 0T K T AT
(Escherichia coli) Jf 1% R 1K RFE FEEBE (Saccha-
romyces cerevisiae) SRFEDIRE HAMNENT RIEH N
ThEgdEAT WAL R, B F KR TR
FPPS J& T/ WM MR I, HALL =Y LIk

i Musa
69 Oryza sativa B
100 Zca mays
g~ Ginkgo bilobs l
100 Tixus x modia c

Bl 7 ARHEY FPPS AR F RERAN
Fig. 7 Phylogenetic tree of the amino acid sequences of the
FPPSs from 22 species
X T RHAE (EE 1000 %O .
are shown in arabic (1000 replicates). A: ¥ F It f§ 4% Dicotyledones;
B: i #54) Monocotyledones; C:#2 F1E4 Gymnosperm.

The bootstrap values

WeL LR N £, B— NEARBREERE A, HEHE
WP 5| 5 R IR I S B R T 41 A A e B A
P, T SRR YR R B B R T A (R A A,
Southern blot &7~ AE U B I+ KRB EE R 41 & —
B ER, 7EFKRERATE LI,
Northern blot 275 & 7E/K FE I BoF m R IE K
N, LR TA B2 W 6 il T MG 58, v TE AR AR AR
SRR IR ALY b RS E B 4 U549, of LR
WAEYE B AT A 347 eT LUE B, 5t FPPS 11
HERFI S HEEYRENRAIERTHI 2 MK



FoH

ZEURSE  AH YA AR IR & R I AL (5 B #T 133

IR R L DRI R UL, SRR TR A R 5 EWE
BT TS5 8B, (X FPPS Y SE 50
REZRPAERFRE SR FEFMHE I
F R RIE KN R R BR R A A R b Rk
P S5 77 THT 5 7O X 2% Pk R A P e B R TR B 1 4
A ERA R BT 02 R 5 R D R L K P / o
IR R B I R =R 5y T R K
R SEIHI ST AR WARE

FEYIR G 1 Th g th H B AR A o B
6] 45 ¥ Jir g 5, WL R “ S5 M5 TR ” , K, 44
HRFEITA 234, h 5 B FPPS ZUER T 511
SR YRR R R R R A A R I SR R
R T MBS HKIE, 70 4 1% B /E )
PR BRI ALS] SR R R R i R iRt T
—REMLR . BELEYE R EHTIIRSNT, &4
KR HIIOUE, WA T 5 5 TIRE 2 M AH G,
XTIEMAIR “ ZE A - AdEE H - Thhe” Z MR
M RENEA H R R .

S 3k

[1] Sacchettini J C, Poulter C D. Creating isoprenoid diversity [J].
Science, 1997, 277:1788-1799

[2] Verpoorte R, Alfermann A W. Metabolic Engineering of Plant
Secondary Metabolism [M]. Dordrecht: Kluwer Academic Pub-
lishers, 2000:1-30.

[3] Lange BM, Rujan T, Martin W, et al. Isoprenoid biosynthesis: the
evolution of two ancient and distant pathways across genomes [J].
Proc Natl Acad Sci USA, 2000, 97:13172-13177.

[4] Page J E, Hause G, Raschke M, et al. Functional analysis of the
final steps of the 1-deoxy-D-xylulose 5-phosphate (DXP) pathway
to isoprenoids in plants using virus-induced gene silencing {J].
Plant Physiol, 2004, 134:1401-1413.

[5] Lange BM, Wilding MR, Meccaskilld D, etal. A family of
transketolases that directs isoprenoid biosynthesis via a
mevalonate independent pathway [J]. Proc Natl Acad Sci USA,
1998, 95: 2100-2104.

f6] Hartmul K L. The I-deoxydxylulose-5-phosphate pathway of
isoprenoid biosynthesis in plant [J]. Annu Rev Plant Physiol Plant
Mol Biol, 1999, 50:47-65.

[71 Rohmer M. The discovery of a mevalonate-independent pathway
for isopreonid biosynthesis in bacteria, algae and high plants [J].
Nat Prod Rep, 1999, 16:565-574.

[8] Chen D H (MR K#), Ye H C (M), Li G F (FER), et al.
Advances in molecular biology of plant isoprenoid metabolic path-
way [J]. Acta Bot Sin (184 %#%), 2000, 42:551-558. (in Chinese)

[9] Dudarevan N, Andersson S, Orlova I, et al. The nonmevalonate

pathway supports both monoterpene and sesquiterpene formation

in snapdragon flowers [J]. Proc Natl Acad Sci USA, 2005, 102:
933-938.

[10] LiuY, Wang H, Ye H C, et al. Advances in the plant isoprenoid
biosynthesis pathway and its metabolic engineering [J]. J Integ
Plant Biol, 2005, 47:769-782.

[11] Cunillera N, Arr6 M, Delourme D, et al. Arabidopsis thaliana
contains two differentially expressed farnesyl diphosphate
synthase genes [J]. J Biol Chem, 1996, 271:7774-7780.

[12] Delourme D, Lacroute F, Karst F. Cloning of an Arabidopsis
thaliana ¢cDNA coding for farnesyl diphosphate synthase by
functional complementation in yeast [J]. Plant Mol Biol, 1994,
26: 1867-1873.

[13] Attucci S, Aitken S M, Gulick P J, et al. Farnesyl pyrophosphate
synthase from white lupin: molecular cloning, expression, and
purification of the expressed protein [J]. Arch Biochem Biophy,
1995, 321:493-500.

[14] Hugueney P, Bouvier F, Badillo A, et al. Developmental and
stress regulation of gene expression for plastid and cytosolic
isoprenoid pathways in pepper fruits {J]. Plant Physiol, 1996, 111:
619-626.

[15] Li CP, Larkins B A. Identification of a maize endosperm-specific

—

c¢DNA encoding farnesyl pyrophosphate synthetase [J]. Gene,
1996, 171:193-196.

[16] Matsushita Y, Kang W, Charlwood B V. Cloning and analysis of a
cDNA encoding farnesy! diphophate synthase from Artemisia
annua [J]. Gene, 1996, 172:207-209.

[17] Pan Z, Herickhoff L, Backhaus R A. Cloning, characterization,
and heterologous expression of ¢cDNAs for farnesyl diphosphate
synthase from the guayule rubber plant reveals that this prenyl-
transferase occurs in rubber particles [J]. Arch Biochem Biophy,
1996, 332:196-204.

[18] Sanmiya K, Iwasaki T, Matsuoka M, et al. Cloning of a cDNA
that encodes farmmesyl diphosphate synthase and the blue-light-
induced expression of the corresponding gene in the leaves of rice
plants [J]. Biochem Biophy Acta, 1997, 1350:240~246.

[19] Liu C J, Heinstein P, Chen X Y. Expression pattern of genes
encoding farnesyl diphosphate synthase and sesquiterpene cyclase
in cotton suspension-cultured cells treated with fungal elicitors
[J]. Mol Plant Microb Interact, 1999, 12:1095-1104.

[20] Lange B M, Wildung M R, Stauber E J, et al. Probing essential oil
biosynthesis and secretion by functional evaluation of expressed
sequence tags from mint glandular trichomes [J]. Proc Natl Acad
Sci USA, 2000, 97:2934-2939.

[21] Hemmerlin A, Rivera S B, Erickson H K, et al. Enzymes encoded
by the farnesyl diphosphate synthase gene family in the big
sagebrush Artemisia tridentata subsp. spiciformis [J]. J Biol
Chem, 2003, 278:32132-32140.

[22] Baxevanis A D, Ouellette B F F. Bioinformatics: A Practical Guide
to the Analysis of Genes and Proteins [M]. Translated by Li Y D
(EA71L), Sun Z R (#pZ %). Beijing: Tsinghua University Press,



134

5%

[23]

[24]

[25]

(26]

[27]

[28]

[29]

[B30]

(31]

(32]

[33]

(34]

2000:231-250. (in Chinese)
Mount D W. Bioinformatics:

[M]. Translated by Zhong Y ($4%%), Wang L (E #), Zhang L (5k

%), et al. Beijing: Higher Education Press, 2003:301-345. (in

Chinese)

Gasteiger E, Hoogland C, Gattiker A, et al. Protein identification

and analysis tools on the EXPASy server [C}/Walker J M. The

Proteomics Protocols Handbook. Herts, UK: Humana Press, 2005:

571-607.

Altschul S F, Madden T L, Schiffer A A, et al. Gapped BLAST

and PSI-BLAST: a new generation of protein database search pro-

grams [J]. Nucleic Acids Res, 1997, 25:3389-3402.

Higgins D, Thompson J, Gibson T, et al. CLUSTAL W: improving

Sequence and Genome Analysis

the sensitivity of progressive multiple sequence alignment

through sequence weighting, position-specific gap penalties and

weight matrix choice [J]. Nucleic Acids Res, 1994, 22: 4673 - )

4680.

Sandmann G. Carotenoid biosynthesis in microorganisms and
plants [J]. Eur J Biochem, 1994, 223:7-24.

Ohnuma S 1, Hirooka K, Hemmi H, et al. Conversion of product
specificity of archaebacterial geranylgeranyl-diphosphate synthase
[J]. T Biol Chem, 1996,271:18831-18837.

Zhai Z H (B H M), Wang X Z (£ E/8), Ding M X (T H#).
Cell Biology [M]. Beijing: Higher Education Press, 2000:79-240.
(in Chinese)

Emanuelsson O, Nielsen H, Brunak S, et al. Predicting subcellular
localization of proteins based on their N-terminal amino acid
sequence [J]. J Mol Biol, 2000, 300:1005-1016.

Yang T (% %), Zeng Y (% ¥£). Plant terpenoid synthases:
molecular biology and genetic engineering [J]. Acta Bot Yunnén
(= FHYIFIFT), 2005, 27:1-10. (in Chinese)

Kyte J, Doolittle R F. A simple method for displaying the hydro-
pathic character of a protein [J]. ] Mol Biol, 1982, 157:105-132.
Geourjon C, Deléage G. SOPMA: Significant improvement in
protein secondary structure prediction by consensus prediction
from multiple alignments [J]. Comput Appl Biosci, 1995, 11:
681-684.

Combet C, Blanchet C, Geourjon C, et al. NPS@: Network

Protein Sequence Analysis [J]. Trends Biochem Sci, 2000, 25:
147-150.

Peitsch M C. Protein modeling by E-mail [J]. Bio/Technology,
1995, 13:658-660.

Guex N, Peitsch M C. SWISS-MODEL and the Swiss-PdbViewer:

[35]

[36]
An environment for comparative protein modeling [J]. Electro-
phoresis, 1997, 18:2714-2723.

[37] Schwede T, Kopp J, Guex N, et al. SWISS-MODEL.: an automated
protein homology-modeling server [J]. Nucleic Acids Res, 2003,
31:3381-3385.

[38] Tarshis L C, Proteau P J, Kellogg B A, et al. Regulation of product
chain length by isoprenyl diphosphate synthases [J]. Proc Natl
Acad Sci USA, 1996, 93:15018-15023.

[39] Kumar S, Tamura K, Nei M. MEGA3: Integrated software for
molecular evolutionary genetics analysis and sequence alignment
[J]. Briefings in Bioinformatics, 2004, 5:150-163.

[40] Takhtajan A. Diversity and Classification of Flowing Plants [M].
New York: Columbia University Press, 1997:43-265.

[41] Thome R F. The classification and geography of the flowering
plants: dicotyledons of the class Angiospermae [J]. Bot Rev,

2000, 66:442-664.

Soitis D E, Soltis P S, Chase M W, et al. Angiosperm phylogeny

inferred from 18S rDNA, rbcL, and atpB sequences [J]. BotJ

Linn Soc, 2000, 133:381-461.

ANGIOSPERM PHYLOGENY GROUP (APG II). An update of

the Angiosperm Phylogeny Group classification for the orders and

families of flowering plants: APG II [J]. Bot J Linn Soc, 2003,

141:399-436.

[44] WuZY (RIEH), Lu AM (B8 &2 R), Tang Y C (A E7K), et al.

The Families and Genera of Angiosperms in China, A Compre-

hensive Analysis [M]. Beijing: Science Press, 2003:57-1071. (in

Chinese)

WuZY (R1E4%E), Chen X Q (BfJ3). Flora Reipublicae

Popularis Sinicae, Tomus 1 [M]. Beijing: Science Press, 2004:

95-573. (in Chinese)

Adiwilaga K, Kush A. Cloning and characterization of cDNA

[42]

[43]

(45]

[46]
encoding farnesyl diphosphate synthase from rubber tree (Hevea
brasiliensts) [J]. Plant Mol Biol, 1996, 30:935-946.





