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Plant cytochrome P450 (CYP or P450) is a heme-containing enzyme located on the
membrane of endoplasmic recticulum (ER) as a microsomal type. It plays an important role in
catalyzing a vast variety if metabolic reactions. P450s are closely associated with the
cytochrome P450 reductases (CPRs), another group of membrane-bound enzymes required
for electron transfer to P450s. Among various groups of secondary metabolites, the
terpenoids, which represent the largest class of characterized natural plant compounds, are
often substrates for the P450s hydroxylation reactions. Since Croton stellatopilosus Ohba
(Euphorbiaceae), the Thai medicinal plant producing the acyclic diterpenoid plaunotol, has
been shown to involve the P450-dependent hydroxylation in the final step of the
biosynthetic pathway of plaunotol, the plant was used in this study as a model for searching
the involved P450 and CPR genes. Through the steps of gene cloning, characterization,
sequence analysis, and phylogenetic analysis, one candidate of the P450, namely CsCYP97
and one of the associated CPR, namely CsCPR were found from the plant. All the three genes
could be expressed in Escherichia coli (BL2KDE3)) in pET32a. The microsomal fractions of the
P450 protein CsCYP97 appeared it have their enzyme activity only in the presence of CsCPR.
The CsCYP97 could catalyze the conversion, presumably hydroxylation, of geranylgeraniol to
an unknown compound co-chromatographed closely with plaunotol on TLC plate. The
CsCYP97 was proved to be P450 as characterized by rate limiting state of the carbon
monoxide, with shifting of the absorbance peak from 413 to 426 nm. For the CsCPR, its activity

assay at the steady-state for cytochrome ¢ and NADPH was determined to have its kinetic

values for KmctyC, KmNADPH and Vmax of 10.324+2.11 pM, 44.774+6.047 pM and 0.099+0.005
pM.min-1, respectively. Real-time PCR analysis of transcripts of CsCYP97 and CsCPR from the

shoot to leaves in each position indicated that the expression pattern of CsCPR gene is
correlated to the expression of the genes involved in the biosynthesis of plaunotol. Until the
current report, the whole genome elucidation of C. stellatopilosus Ohba is not available in
database. Therefore, the cloning and functional studies of the P450 and CPR enzymes will
lead to a better understanding of the metabolic control of plaunotol biosynthetic pathway in
the future.

Field of Study: Biotechnology Ll % Serpnare 8 v ">ie c

Academic Year: 2013 Advisor's Signature ' "7 F i B

Co-Advisor's Signature /L YL



\4

ACKNOWLEDGEMENTS

Iwould like grateful thanks to Assoc. Prof. Dr. Nattaya Ngamrojanavanich my

advisor for her advices and encouragement.

lwould like to express my deepest sincere and gratitude to my supervisor,
Assoc. Prof. Dr. Wanchai De-Eknamkul who gave me a great opportunity to do
research and finished Ph.D. Also | wish to thank him for his kindness, invaluable

advice and encouragement throughout and for all things while Iwas his advisee.

Il would like to thank Assist. Prof. Dr. Worapan Sittithavorn for her helpful
advices and encouragement throughout I had thesis work at Chulalongkorn

University.

i am grateful thank also due to many people especially for Ms. Prapaipit
Pumthong who advices me for protein expression and inclusion body experiment. |
wish thank to Dr. Kittipat Sopitthummakhun for his advices in enzym atic reaction, Dr.
Worrawat Promden for cloning suggestions. | thanks to Assoc. Prof. Dr. Pornpimol
Rongnoparat for her kindly advices for P450 characterization and facilities in her

laboratory at Department of Biochemistry, Faculty of Science, Mahidol University.

Especially for friends and colleagues who supported me throughout my
study at Chulalongkorn University. am grateful thank to all the people who Ilcould

not list their names here but they were my backup in every moments.

l extend my sincrere and deepest gratitude to my family for their supports,

real love, patients, encouragement and understanding.

Finally, I would like to acknowledge the fund support provide by office of
the Higher Education Commission, the Program strategic Frontier Research Network

(year 2008)

Siriluk Sintupachee



CONTENTS

Page
THAT A B S T R A C T ittt oo oo e e et et e b e et e e e e e e e et ee et e ae b b e b s e e e e e e e e e eeeaabe bbb s e e e e e eeaaanaees iv
ENGLISH A B S T R A C T ittt ettt s e e e e e e ee e e e b e b e s e s e e e s e e e te e e s ba s s e e s e e aaeasaesnraes Vv
ACKNOWLEDGEMEN TS oottt e e e e e e bbb s e e e e s e e e s e e e s bbb s s e e s aaaanees Vi
L0218 A =V I PPN vii
LIS T O F T A B LE S e e e e e e e e e e e e b ae b e e e e e e e e s e te e e e b b ab s e e s e e e e e e aaeeaaae xiii
LIST OF FIGURES oo e e e e e e e e e e s e e e e e e et e e e e be et bbb e s e s e e e e s aeeeaaeaaes Xiv
CHAPTER TINTRODUCT IO N oottt e e e e e et e et bt s e e e e e e e e e e n e e s e bbb e e e e e eaaees 1
CHAPTER I LITEATURE REVIEW Lo ettt s a e e s e e e e e 3
2.1 Plant CYtoChTOM @ P 45 0 oottt ettt e e e e e e et e ettt et b e e s e e e aeeeeeeeebaetana e eeeeeeeeeeeeeees 3
2.2 NOmM eNClatuUre, ClasS SifiCatio N i et e e et et e e e e et e s e e s e et e e st s s s eaneesaneerans 4
2.3 CYtOCNTOM @ PAB 0 Cla N S aiiiiiiiiiiiae ettt et e e et ettt e e e e e e e e e e e eteetaseba e eeeeaeeeeeeeeesnannn i aeas 4
2.4 PAS50 SErUCTUIE FEaATUTE S ittt e e e e e e e e s e ae e e e e e e e ee e e e e e anne 5
2.4.10 Heme-binding M 0 i e e e et e et e e e e e e e e e e e eeaatnaan s 5
2.4.2 GIU-X=X=ATG M 0 i i et e e ettt e et e e e e e e e e teeabas b e e eeeaeeeeeeeesnsrnnnnnnn 5
2.4.3 A Proline-TiCh M O B ittt e e e e e e e e e e et eeeaa et e e e e e e eeeeeeeeesbanaaaan 6
2.4.4 Proton transfer m O tif...... s 6
2.5 L0 CANZATIO N coiieii e bbb 6
2.6 Mechanism of enzyme catalytiC reaCtioN . 8
2.7 Cytochrome P450 REAUCTASE (CP R ) ittt e e e e e e ettt s e s e e e e e e eeeeereasnnn e aes 11
2.7.1 Associated With CYtOChrom @ P A5 0 i a e e aeeeaaenaas 12
2.7.2 PhylogenetiC @n aly SIS ittt e e e e e ee e et st e e e e e e e e s aeeeeeeeeaeaan, 12
2.8 Biotechnological asSpects Of PAB 0 ..o e et s e e e e e e e eeeeeaeaannnes 13
2.8.1 Genetic engineering and isolation 0f P450 .o 13
2.8.2 Activity assay Of CYtOChrom @ P 450 it e e e eeeaee 13
2.8.2.1 Frequently USed SUDSEIate S ..t 13
2.8.2.2 CleaVage PrO U CES ettt e e e e e e e e e e e et ettt e e e e e eeeeeeeeebesbane e e aaeaeeeaeaaenes 14



2.8.2.3 Substrate-independent screening by measuring NADPH

COMSUIM PLIO M oottt ettt e e e e e e e e et e e e s b e e e e e e eeeeeaeeebnnennns

2.9 Terpenoid P450 interm ediated-ENZY M €S it e e e e e e eeeeeaen e e as

2.9.1 Terpenoid biosynthetic PathW ay S .

2.9.2 Example of the terpenoids used in the pharmaceutical applications

2.10 Croton StellatOPilOSUS O N D @ it
A O I = O o I T 1 o Y U P PPN
2.10.2 Natural product, the plaunoto e
2.10.3 Plaunoto] DioSY NTR @ SIS it ae e
2.10.4 Gene in pluanotol biosynthesis pathway......

2.10.5 Plaunotol accumulation and detection ........ccooeciiiiiiiiiiiiiiiiin e,
2.10.5.1 Plaunotol accum Ulation ....ccceiiiiiiiiii i
2.10.5.2 Plaunotol detection .....ccccecouniiiiinnniinins

2.10.6 Plaunotol application ..coooeieiiiiiiiiiiiiiiieieieeeeeeeeieeens
2.10.6.1 Anti-microbial......ccooiiiiiiin,
2.10.6.2 ANti-CANCETr . .ccciiiiiieie e

CHAPTER Il OBJECTIVES ..ot nenes

CHAPTER IV MATERIALS AND METHODS

4.1 Plant COle CtioN coiiiiiii e

4.2 Total-RNA pPreparation i eeeeaiinens

4.2.1 Total-RNA iSOlation coocceeeeeiiieiiiieiiiiice e

4.2.2 DNasel treatm Nt ...

4.2.3 Quality and Quantity of the total-RNA preparation ....ccccceeeeeeeieeieeecnnnnnnn.

4.3 CDNA SYNTR @ SIS ittt

4.4 Primer 08 SIg M ittt e e e e e eeeeeeeaanaaes

4.4.1 Degenerated primer for amplification of the core fragments...............

4.4.2 Gene specific primers for ,-RACE and 3;-RACE ..iiiiiiiiieieeeeeeeeeeee

4.4.3 Specific primer for am plification of the Open

reading frame (ORF)....

viii

14

14

15

17

18

18

19

20

.21

.23

.23

.23

.23

.23

.24

.25

.26

.26

.27

.27

.27

.28

.28

.28

.29

.30



4.4.4 Specific enzyme restriction site adding to the ORF fragment for Ligase

Dependent Cloning (LDC)

4.4.5 Real-time PCR primer

4.5 Polymerase chain reaction (PCR)

4.5.1 Amplification of the core fragment

4.5.2 Amplification of ,-and 3'- ends

4.5.3 Am plification of a full-length gene

4.6 Rapid am plification cDNA ends polymerase chain reaction (RACE-PCR)

4.6.1 RNA Dephosphorylation

4.6.2 RNA Precipitation

4.6.3 MRNA cap structure removing

4.6.4 Ligation of RNA oligo to the decapped mRNA

4.6.5 First strand cDNA synthesis

4.7 Florizontal agarose gel electrophoresis

4.8 PCR-product purification

4.9 Ligation reaction

4.9.2 Ligase Dependent Cloning (LDC)

4.9.2.1 Preparation of expression vector and inserts

4.9.2.2 Ligation of the inserted gene into the expression vector

4.9.2.3 Gene transformation into Escherichia coli

4.10 Gene transformation

4.11 Preparation of competent cells using chemical reaction

4.12 Screening the recombinant clones

4.12.1 Screening the recombinant clones obtained from TA cloning

4.12.2 Screening the recombinant clones obtained from Ligase Dependent

Cloning

4.13 Extraction of plasmid from E coiicells

4.13.1 The alkaline lysis method

4.13.2 Presto™ Mini Plasmid Kit (GeneAid)



Page

4.14 Sequencing and SequUENCES ANalYSiS i 44
4.15 PhylogenetiC @ aly SiS it e e ettt tee et e e e e e te e e ete e e et e e eteeaeaaeeeaaeeeaaeeenaeeens 44
4.16 IPTG induction of Protein Expression in B COli.iiiiiiiiiicie e 45
4.16.1 CYLtOCNTOM @ PAB O oottt ettt e et e et e e e e e e eta e e et e e ereeaeaaeans 45
4.16.2 Cytochrome P450 REAUCEASE ioiiiiiieieiieieieiciieeeceieie e e e sttt e e s eae e e e s satae e e e sanaaeeeeenes 45
4.17 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 46
4,18 W ESTEIN D 10 bttt ettt ettt ettt e s ekttt r e 46
4.19 Extraction of the eXpPression ProteiN et e e ae e e srae e 47
4.19.1 Extraction for enzymatic reaCtioN .iiiieeiiiiiee et 47
4.19.2 Extraction for protein characterization .......ooooeeiiiiiiiiiiiiiiiii e .48
4.19.3 PUTNIfiCation Of P IOt iNn oo e e e e e e e e e e eeaees 48
4.20 Protein assay using Bradford method (BiOR@d) . cccoiiiiieiiriiiiiiiiiiiiiiiiiie e .49
4.21 Real-time Polymerase Chain Reaction (real-time PCR).cccooiiiiiiiiiiiiiiniinieeeeeeenens .50
4.22 ENZYM ATIC TR A CTIO M coiiiiiiiiii ettt it ettt et be ittt e et e e e e e e e eeeeebe et e s e e e aeeeeeeeesbebana e eaeeeaeanens .50
4.22.1 Geranylgeraiol-18-hydroxylase (GG L8H).ccooriiiiiiiiiiiiiiiiiiiiee e .50
4.22.2 Cytochrome P450 Characterization ..ot ee e .51
4.22.3 Cytochrome P450 reductase (CPR) . .52
4.23 Thin layer chrom atography (TLC) et ee e .53
4.24 Enzymatic reaction product identification .....ccoooiiiiiiiiiiiiiii e .53
4.25 Plaunoto]l COMNMTE M TS oo bbb .54
CHAPTER V RESU LT S oo e e s ee e s e e e bbb e .55
5.1 Quality and Quantity of total-R N A e .55
5.2 Quality and Quantity OF CD N A i e et e e e e eeeeaaeeeaes .56
5.3 Gene fragment am plfiCation e .58
5.3.1 Core fragment amplification using degenerated primers.......u. .60
5.3.2 ,RACE and S57RACE fragm N tS .ottt eeeeeaeaaaenas .60

5.3.3 FUull-length fragm @ NS it e e e et e e e e aesaaeaes .60



Xi

S O (0] 01T o o PPN 61
5.5 SEQUENCE @NaAlY SIS it 63
5.5.1 BiOlOQY Of SEOUENCES . iiiiiiiiii ettt et e e e e et e e e 63
5.5.2 Sequence CharaCterizatioN . .......oocueuuiiiiiiii e e 64
5.5.2.1 CytoChrome PASO ... e 64

5.5.2.2 Cytochrome P450 redUCTASE.....ccuvuiiieiiiriieieiieiie e e e e 66

5.5.2.3 LoCation PrediCtionN ...t 68

5.6 Phylogenetic relationShip ... 71
T8 A = Ko 4 e ] o o Y PP 71
5.6.2 CYPOT7 FamM iy .ottt e e et e e et ee e e 71
5.6.3 CPRu.cooeneeeanad L it N i e s e e e e e s 73

A o (o) (=TT I = D o] =TS o o OO 75
5.8 SDS-PAGE and Western blot @analySiS.......coiivieiiiniiniiiieiiie e e 77
5.8.1 TiMe-COUISEe fOr @XPreSSION ..ttt ittt ettt e eeanes 77
5.8.2 WESTEIN DO T it e e r e e enennas 78
5.8.3 INClUSION DoAY PrOtEIN ... e 79

5.9 Functional expression of the recombinant enNzymes.......ccoovviiiiiiiiin i, 81
5.9.1 Geranylgeraiol-18-hydroxylase (GG18H) activity......ccccoeeeviriiiiniiiiiiiiinnnnen, 81
5.10 Characterization Of the ENZYM e ... 84
5.10.1 Cytochrome P450, CSGGLBH....uiiiiiiiiiiiiiiiiie e 84
5.10.2 Cytochrome P450 REAUCTASE....c.uiiiiiiiiiiiiieiiiie e eei e et e e ees 85
5.11 The transcripts of CsGG18H and CSCPR 0f c. steiatopiloSus .cooeeuureeeenrrieruneeennn. 88
CHAPTER VI DISCUSSTON ...ttt ettt e e e e e e e e et e e ee e bbb e e e e 92
6.1 Techniques used to isolate the candidate P450 and CPR gene.........ccceevvvevnnnnns 93
6.2 Sequence variation and function of genNes.....ccciiiiiiii i 94
6.3 Recombinant protein @XPrESSION it et eees 94

6.4 Cytochrome P450 and cytochrome P450 Reductase characterization............. 95



X

6.5 ENZYM ATIC FEACTIO N woiiiiiiiiiiiiiiii ettt et e e e e e e e s e e e e e e e e e e e s n s nn e e e eeeeeeeeeeens 95
6.6 TraN S CIIPES O F G B M S ittt e e e e e et e ettt et e bt e e e e e e e et ee e e s aeaa e e e e eeaees 96
CHAPTER VII' CONCLUSITO N ittt ettt e et e e e e e e e e e e e e e e e e rnn e e e e eananeeees 97

7.1 The hypothesis that hydroxylase plant cytochrome P450 might catalyzed the

geranygeraniol (GGOH) to forms plaunoto e 97
7.2 Application from this STU A Y coii e e et e e e e e eeeeaaes 97
LR = = o = N O TP TP PP T PP PPPPPPN 98

VITA. 11



Xin

LIST OF TABLES

Table 1 Plant cytochrome P450 localization ......cooouuiiiiiiiiiiiini e 7
Table 2 Cytochrome P450 clans which catalyze specific reactionS........ccccceevvvvevnnnnnn. 11
Table 3 Classification Of TerPeNOIAdS. ...t 17
Table 4 Plaunotol chemical Properties. ... 20
Table 5 TUPAC ambiguUity COO@ . .coiiiiiiiiiiiiii e 30
Table 6 Nucleotide degenerate PrimMerS. ..t eeas 30
Table 7 Specific primer for 5.-RACE and 3-RACE.......cccoiiiiiiiiiiiie e 31
Table 8 Nucleotide primer for the full-length gene......c..coiiiiii i 32

Table 9 Nucleotide primer to obtain the product hanging the ,-end restriction

enzyme for the eXPreSSION Ve CTO .. it et e e e e e e e e e e e eaan e 32
Table 10 Nucleotide primer for real-time PCR ... 33
Table 11 PCR FEACTION ccuut ittt e ettt et et e et e e et e e e e e e eaa e e eeneeeen 34
Table 12 Thermal profile used to amplify the coresequence......cccocoeeviviiiiiiiiinnnennnn. 34
Table 13 Thermal profile used to amplified RACESEQUENCE . ....ccvuvrviiviiiieiiiieeiieeeii, 35
Table 14 Thermal profile for amplification.........c.iiiiiiiiii e 36
Table 15 Vectors used iN this STUAY ....coiiiiiiiiiiiii e 40
Table 16 Characteristic of competent CellS....cciiiiiiiiiiiiiiiii e 41

Table 17 Combination of Buffer used in plasmid miniprep based on the Alkaline Lysis

1Y = 1 o X o L e ST PPRTRR 43
Table 18 SEQUENCE PrimM IS . ittt et e e e e et e e e e e e e reeea e e e ean e eeen 44

Table 19 Lysis buffer, denaturing buffer, wash buffer, elute buffer, dialysis buffer,

(Ea o] (o T To TR o U i = S ST 49
Table 20 TLC MODIlE PRaSE . e e 53

Table 21 Concentration and purity of total-RNA based on spectrophotometer

0 1= W 0 o X o PPN 57
Table 23 Sequence analysiS data........ooiiiiiiiriiiiieiiii e 64
Table 24 TargetP vI.| prediction results using plant network...........cccooeiiiiiiiiiiinnnes 68



XV

LIST OF FIGURES

Figure 1 Two molecules of cytochrome P450 reductase and cytochrome P450........ 3
Figure 2 Nomenclature of cytochrome P450 symbol......ccooviiiiiiiiiiiiini e 4
Figure 3 Primary structure of cytochrome P450 protein.......ccccooeeviiiiimiiiiniiceniiieee e, 6

Figure 4 A diagram showing the coordination of the electron flow from

cytochrome P450 reductase (CPR) to the P450 globule.....c.iiiiiiiiiiiiiiii e, 8
Figure 5 Catalytic mechanism Of PA50 €NzZYME....cccoiiiiiiiiiiiiiiiiee e 9
Figure 6 General of plant terpenoid PathWay ... 16
Figure 7 2-methylbuta-I,3-diene, isoprene unit head-to-tail join to produce
MOoNO-terpenoid DACKDON . .... .o e 16
Figure 8 Down regulated terpenoid biosynthetic pathway which cytochrome

P450 involve as an intermediate ENZYME. ..o it e e e e 18
Figure 9 Croton stellatopilosus Ohba (A) plant of the c. stellatopilosus (B)

leaves shub and (c) leaves which used for the experiment after washing................. 19
Figure 10 Plaunotol, a diterpenoid STrUCTUTE.......oviiiiiiiiiiii e 19
Figure 11 Proposed biosynthetic pathway for the formation of plaunotol................. 20
Figure 12 Genes in the pathway both up- and down-regulated of plaunotol
DIOSYNTNETLIC PATNWAY ..ceeeii it et e e et e e e e e eens 22
Figure 13 Various position of leaves used in this StUdY..........cccviiiiiiiiiiiin e 26

Figure 14 strategy for primer design. The strategy lis a degenerated primer for core
fragment sequence, strategy Il is both ,- and ,-RACE specific primer for ,- and 3f-
RACE fragment sequences, and the last strategy, the strategy lll is for a full length

primer for full-1enNgth SEQUENCE ..o e e e 29
Figure 15 lllustrate the primer annealing position for amplification of 5" and 3’

=T g Yo F T PP PPPPPPTTR PSPPI 31
Figure 16 The strategies for the PCRamplification.........ccooeiiiiiiiiiiiiiiii e, 33
Figure 17 Dephosphorylating RNA with calfintestinal phosphatase........ccccoovvviiiinnne. 36

Figure 18 Removing the mRNA cap structure with tobacco acid pyrophosphatase

Figure 20 Plasmids, pGEM-T easy (A) and pET32a (B). The multiple cloning sites

were labeled in a black alphabet group. Drawing-plasmid was done in CloneManager

{00 =1 1 0 40
Figure 21 The alignment of the Dlot..... e 47



XV

Figure 22 ENZYM @TIC FEACTIO N tiitiiiiiiiiiiiie ettt e e ettt s e e e e e e e e e et et e e bas e e e e e e e eeeeebeebnnenn e es 51
Figure 23 Carbon monoxide (CO) generated appParatlUsS .cccueeiiiiiiiiiiiiiiiiieeeee e eeeeeeiiieii s 52
Figure 24 Pluanotol extract By refluX @t 8 0 © C .uuuiuiiiiiiieiiie it e e e e eeaees 54

Figure 25 Quality evaluation of the isolated total-RNA preparation. Two distinct

bands of 28S and 18S rRNAs on 1% agarose gel. Lanes 1-5 is a total-RNA ......ccccvvvnnnnnnn. 55

Figure 26 Quality of the cDNA. The PCR-product which was am plified from the 18S
rRNA primer pairs, and run on I% agarose gel
Figure 27 Steps of gene cloning into PGEM-T €aSY VECTO M iiiiiiiiiiiiiiiiiiiiiiiie e e ee e 59

Figure 28 PCR-products of fragment amplification. (A) Fragment of CSCPR and (B)
fragment of CSGG18H. The PCR-product was run on 1% agarose gel represented the

core fragment (lane 1), ,-RACE PCR fragment (lane 2), ,-RACE PCR fragment (lane 3),

and full-length fragm et (JaNE 4) et ea ettt e e e e e e e e e e eeeeabas e e e e eeaeeaeeeenes 61

Figure 29 Flow chart of the inserted gene in pGEM-T €aSY VECTO M iiuiiiiiiiiiiiiiiiiiiiiiianeaeens 62

Figure 30 Recombinant genes in pGEM-T easy vector using EcoRI restriction
enzyme digestion checked for insertion. Lane 1: CsCPR recombinant, lane 2:

CsGIOFi recombinant, lane 3: CsGG18Fl recombinant, lane M: 1 kb DNA ladder.......... 63
Figure 31 Amino acid alignment of CYP97 family. The alignment was done based

on homologous amino acid sequences retrieved from other plant host from blastx
(nucleotide translated blast) in NCBI database using GeneDoc program (Nicholas et
al., 1997). The protein shown in the alignment are from Ricinus communis
(R.communis, GenBank ID: XP002519427); Vitis vinifera (V.vinifera, GenBank ID:
CB130186); CsCYP97, Croton stellatopilosus (GenBank ID: KF738256); Cucumis sotivus
(c.sativus, GenBank ID: XP004156328). The arrow lines indicate a cluster of, a heme
binding domain (FXXGXRXCXG) and an oxygen binding domain (A/G)GX(D/E)T(T/S).
Identical amino acid residues are boxed in black and similar residues are shaded in

gray. Gaps are inserted to maXimize hoOmM 010 QY oo e e e aeeanae 65

Figure 32 Amino acid alignment of CPR. The alignment was done based on homoloq
amino acid sequences retrieved from other plant host from blastx (nucleotide
translated blast) in NCBI database using GeneDoc program (Nicholas et al., 1997). The
protein shown in the alignment are from Gossypium hirsutum (Ghirsutum, GenBank
ID: ACN54324); Populus trichocarpo (Ptrichocar, GenBank ID: AF302497); Croton
stellatopilosus (CsCPR, GenBank ID: KF738254); Ricinus communis (Rcommunis,
GenBank ID: XP002534464). The arrow lines indicate the typical motifs of P450-,
NADPFI-, FMN-, and FAD binding domain. Identical amino acid residues are boxed in
black and similar residues are shaded in gray. Gaps are inserted to maximize

[N IR0 T [ X 15V PRSPPI 67



XVI

Figure 33 The graphical output of SignalP-NN, showing C-, - and Y-score. The

cleavage site is predicted to be at the position of maximal Y-score. (A) for CsGG18FI
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Figure 34 The graphical output of TMHMM, showing the posterior probabilities

for trans-membrane, inside (i.e., cytoplasmic), and outside (i.e., luminal or

exterior) regions. (A) CSGGL18FI and (B) CSCPR .ottt e 70
Figure 35 A midpoint-rooted Neighbor-Joining tree of CPY97 family based on the

deduced amino acid sequences. The evolutionary history was inferred using the

Neighbor-Joining method (Saitou and Nei, 1987). The optimal tree with the sum of
branch length = 2.52024252 is shown. The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test (1000 replicates) are shown
next to the branches (Felsenstein, 1985). The tree is drawn to scale, with branch
lengths in the same units as those of the evolutionary distances used to infer the
phylogenetic tree. The evolutionary distances were computed using the JTT matrix-
based method (Jones et al.,, 1992) and are in the units of the number of amino acid
substitutions per site. The analysis involved 26 amino acid sequences. All positions
containing gaps and missing data were eliminated. There were a total of 450
positions in the final dataset. Evolutionary analyses were conducted in MEGAG6

(TAMUTA BT AL, 20 L 3 ) ittt ittt e e oottt e e e e et e e e e ettt et ba et e e s e e e e e et eeeebas bbb e aeeeeeeeeeeeassennnnnnnens 72
Figure 36 A midpoint-rooted Neighbor-Joining tree of cytochrome P450

reductase (CPR) family based on the deduced amino acid sequences. The

evolutionary history was inferred using the Neighbor-Joining method (Saitou and Nei,
1987). The optimal tree with the sum of branch length = 3.92147280 is shown. The
percentage of replicate trees in which the associated taxa clustered together in the
bootstrap test (1000 replicates) are shown next to the branches (Felsenstein, 1985).
The tree is drawn to scale, with branch lengths in the same units as those of the
evolutionary distances used to infer the phylogenetic tree. The evolutionary
distances were computed using the JTT matrix-based method (Jones et al, 1992) and
are in the units of the number of amino acid substitutions per site. The analysis
involved 47 amino acid sequences. All positions containing gaps and missing data
were eliminated. There were a total of 541 positions in the final dataset. Evolutionary

analyses were conducted in MEGAG6 (Tamura et al., 2013) . iiiiieiieiiiiiiieiiiiiinen e 74
Figure 37 Restriction enzyme digestion. (A) The compatible Not\/Xho\ restriction

enzyme of CsGG18F] and pET32a (B) The compatible BamH\/Sall restriction enzyme
of CsCPR and pET32a and (C) The GeneRuler 1 kb DNA Ladder 250 to 10,000 hp
(Thermo Science). Lane 1: restriction enzyme digestion indicated the pGEM-T easy
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vector and the inserted gene, lane 2: pET32a after restriction enzyme digestion and
lane M show the marker of the GeneRuler 1 kb DNA laddar.........ccceuvuiiiiiiiiiiinecienieees 75

Figure 38 Flow chart of recombinant gene expressed vector. Inserted gene was

ligated and cloned into pET32a expression vector at multiple cloning sites. Plasmids
were drawn in CloneManaer 9.1 PrOgraM .. ... iiiu ittt e e e e e e e eeas 76

Figure 39 SDS-PAGE of the recombinant protein. (A) CsGIOH, (B) CsGG18FI and (c)

CsCPR represented the time course induction of IPTG at lane 1 at hourO, lane 2 at
hourl, lane3 at hour2, lane4 at hour4, lane5 at hour6, lane 6 at hour 24, lane 7
pi 132a without inserted gene, and lane M protein ladder......ccccoooeiiiiiiiiiiiiiiiiiiicieeee, 77

Figure 40 Western blot of three recombinant proteins. Lane 1 CsCPR, Lane 2

CsGG18li and lane M Protein MarKer . ......ooveiiiriii e e e e 78
Figure 41 SDS-PAGE of CsGG18H inclusion body using six buffer types. (A) Protein

lysate from lysis buffer land lysis Buffer II (B) protein lysate from lysis buffer lll and

lysis buffer IV (C) protein lysate from lysis buffer V and lysis buffer VI. (D) Protein

marker indicated in lane M. Lane E indicated for empty vector without the
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Figure 42 Enzyme activity assays from the recombinant protein of

CsGG18H/CsCPR. Crude protein (250 p8) was used in each enzyme assay reaction.

The reaction incubated for 18 hr at 37°c. The capital alphabet mean for A: time of
incubation; B: CsGG18FI; C: CsCPR; D: GGOH, E: NADPH, P: plaunotol standard, G:
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Figure 43 Profile of ( sGG18ii catalyzed reaction product.......cccccevveiiiiiiiiiiniiiiniecineeeieeeees 83

Figure 44 Absorption spectra of cytochrome P450s. CsGG18H in the normal (black)

reduced (blue) forms. The red arrow indicates the shift of the absorption from
wavelength 413 nm of enzyme in resting state to 426 nm in reduction state. The

blue arrow indicates the' perturbation of absorption at 560 nm from charge

transferring. The insert figures represent CO different spectrum after bubble the

reduced enzyme with CO gas and monitoring the absorption change........c...ccccoivvii. 84
Figure 45 The CsCPR enzymatic activity to NADFI and NADPH......cccooiiiiiiiiniiii e 85

Figure 46 CsCPR catalysis reaction was monitored the perturbation of absorption
spectrum at 550 nm. The black solid line indicates cytochrome c in oxidized form

and blue solid line indicates the reduced form after reaction is accomplished............ 86
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Figure 47 CsCPR steady-state kinetic parameters determination. The initial rate was
calculated by vary the concentration of cytochrome ¢ as 3.75-30 pM under fixed
NADPFI concentration of 120 pM and vary the concentration of NADPPi as 20-100 pM
under fixed Cytochrome ¢ concentration of 100 pM. CsCPR can determine Kmeytc,

NAOPH 1. , -
Km and Vmax to be 10.32 + 2.11 pM, 44.77 + 6.047 pM and 0.099 = 0.005 pM min

', respectively by using non-linear algorithm in KaleidaGraph (Synergy Software)....... 87
Figure 48 Plaunotol content. (A) Plauntotol contents according to the leaf
development containing the shoot and the first leafto the seventh leaf away from
shoot. (B) Plaunotol content found in shoot, the third leaf and stalk....ccccocoeeeevniriieniennnnns 89
Figure 49 The relative real-time PCR. (A) Seven genes involving in the terpenoid
pathway expressed throughout the leaf development. (B) Seven genes involving in
the terpenoid pathway expressed throughout the shoot, leaf and stalk in c.
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Figure 50 CsGG18FI and CsCPR involved in last step of the Plaunotol biosynthetic
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