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Abstract : Terpenoids are cdled terpenome” for their structurd diversities . Besides their important roles in plant growth,
development and environmenta responses, terpenoids have been widely used in medicine and organic chemicas . The bio-
gynthesis of terpenoids in plants can be conceptualy divided into three discrete processes: the formation of terpene precur-
sors, the condruction of terpene skel etons, folloved by the canplex post-modifications . After the skeleton construction by
terpene synthases (TPS) , diverse reactions catdyzed by the responsible paost-madification enzymes result in tens of thou-
sands of terpenoids . In this pgper, with aur preliminary studies on the biosynthess of Isodon diterpenes, a number o repr-
esentati ve pog-modifi cation enzymes of plant terpenoids formation reported in recent years are revieved, which include
P450 monoaxi dases, double-bond reductases, acyltranderases and glycosyltransferases .

Key words: Terpene synthases; Rost-modification; P450 monooxidases; Double-bond reductases; Acyltranderases; Gly-
cosyl transferases

55 000 (Chrigtianson, 2008),

(0807F01211)
: Author for correspondence; E-mail: biochem @mail . kib.ac. cn
: 2009- 06- 01, 2009-07- 13
(1983-)



462 31
, IPP  DMAPP, GPP
( , ), FPP GGPP GFPP 6 ,
(Ger- :
shenzon and Dudareva, 2007)
(mevalonae path- :
way, MVA) (Nevman and Chappell, 1999),
-5 (1-deoxy-D-xyl ulose-5- :
phosphate pathway, DXP) (Lichtenthder, 1999),
cross-tak, IPP
(Laule , 2003), Cross- 1
talk ,
(Hemmerlin -, 2003; Dudareva , 2005),
IPP , P450
3 ro(1) ( (CYPs, cytochrome P450-dependent
IPP (isopentenyl diphosphate) DMVAPP MONO-OXygenases) , : 2
(dimethylallyl diphosphae) GPP (geranyl - ( 2-oxogl utarate- dependent
diphosphate) , FPP (farnesyl diphosphae), GGPP  dioxygenase), (short-chain de-
(geranylgeranyl diphosphate) , GFPP (geraylfamesyl  hydrogenase réductase)
diphosphate) ) ; (2) ( 1.1
); (3)
( ) : P450
, ( 1): GPP (-)-limonene synthase

1 P450

|
(- )-trans-isopiperitenal A
dehydrogenase
y OH ()

{ - )-trans-isopiperitenol

I
e | _|]F|.-' ] <
. 5 3
{ = )=limonene ;
| synthase
o - B i} H”'.-__ e
GCPp { - )-limonene \ :
450

{ = }=trans-carveol

{ - J-isopiperitenone

{ = )=trans-carveol )
I:II'! l'l}'l I i IE*'.II H

{'}'i'uﬂilrlﬂ

(Ringer , 2005)

Fig.1 P450 mono-axidases and dehydrogenases in the biosynthesis of menthol



463

(-)-limonene (Colby , 1993),
( Menthax piperita)
3-alylic hydroxylase G3

; (-)- transisopi peritenonal (-)-

(-)-li-

monene

transisopiperitenonol  dehydrogenase (-)-
Isopiperitenone; ( Mentha spicata)
(-)-limonene  6-dlylic hydroxylase C-6
: (-)- trans-carvedl , (-)-trans-
carveol dehydrogenase

PA50 :

(-)-cavone
70%; 99% ,
: (-)-menthol
(Lupien , 1999;
Haudenschild , 2005)

1.2

, 2000; Ringer

(artemisinin)

( Artemisa

annua L )

artemisine

amorpha-4 , 11-diene
ulitph:hl

H i H :

dihydroartemisinic
gleohol

2 amorpha-4, 11-diene

artemisinie

aldehyde

'L l Dhr2

dihydmartemisinie
aldehyde

cDNA P450
(CYP71AV1) , FPP
anorpha-4, 11-diene  artemisinic acid
(Teoh , 2006; Covello , 2007) ( 2)
( Gossypum arboreum L )
P450 (CYP706B1)
CYP706 :

: ( +)o -cadinene
8hydroxy - (+ )d-cadinene (Luo , 2001) ( 3)
1.3

: TPS CYPs
P450
P450 (gibberel-
lin, GA)
PA450 DRAs (dterpene
resn acid) Ro ( Pinus

H

artemisinie

weridd l

Fig .2 Theoretical pathways for the biosynthesis of artemsinin from amorpha-4, 11-diene

! OH
1] 5 B
o ]
S CYPTO6E :
HEC - —v— H

S H” 2 H
o o

{ #)-B-cadinene 8-hydroxy-{ + ) -B-cadinene

3 CYP706B1
Fig. 3 The hydroxylation catalyzed by CY P706B1

— artemisinin
{¥H
dihydroartemisinie
acid
(Covello , 2007)
taeda) P450
(CYP720B1, abietadienol abietadienal oxi-
dase (PtAO) ), DRAs

(Ro , 2005; Ro
and Bohlmann, 2006) ( 4)

( 5) (paclitaxd, Taxal)



464 31

MAD

CHAOH LY CHIOH ) THO i “COOH
abietadienes abaelic aeid

-
=

4 PAO (Ro , 2005)
Fig .4 Reactions catalyzed by PtAO

, ;  CP -hydroxy-
lase Cf, C20-epoxidase
: C-9 D (Cro-
teau , 2006)
(GAs)
, GAs
TPS P450 2-
5 ( 6) C-19 C-7
Fig.5 The sructure of paclitaxd PA50 , GAs
2-
: (GA 20-oxidae GA 3-oxidese GA 2-oxidase)
8 PA450 (‘YYamaguchi, 2006)
, C-5 C-10 C-2 C-9 (Labiatae) ( Isodon)
Cc-13 C-7 C-1 7 4, C20 - ( ent-kauranoids)
C®x-hydroxylase  C1@ -hydroxy- , (Sun
lase C2x-hydroxylase C@x-hydroxylase C13x-hydr- , 2006) ,
oxylase CP-hydroxylase (C-1 C-3

"l;l WIH

KAD l

CAOH 20D0Ds

" CO0H “CO0H

Fig .6 GA biosynthes s pathway in plants (CPS: copalyl pyrophosphae synthase; KS: kaurene synthase;

KO: kaurene axidase; KAO: kaurene add oxidase; 20DDs: 2-axodutarate-dependent diaxygenase)



465

C-6 C-7 C-11 C-14 C-15 )
(C3, C20 C7, C20 Cl4, C0
)

( Isodon eriocalyx (Dunn) Kudo)

( kaurene
oxidae, KO) (1eKO), Blastx
, 1eKO ( Sevia rebaudiana Bert )
(accession: AY995178.1)
70%,
(
7) : CPS (copayl pyro-
phosphate synthase) , KS (kaurene syn-
thase)
1.4
(glycyrrhizin)

squalene synthase ( SQS)
B-AS)
2001)  Seki

B-amyrin synthase
(Hayashi , 1999,
(2008) EST

||E|I| ffl'l'

}-'

PP Copalyl diphosphate

7

leCPS /\K leKS
- H | —_—

(licorice)
P450 CYP88D6 (AB433179),
B-anyrin 1lo-hydroxyf -amyrin
11-oxof3 -amyrin ( 8)
, C-30 C-3
2
Ringer (2003)
cDNA ,
NAD-
PH, 12%, (-)-isopiperitenone re-
ductase : ( +)-pulegone re-
ductase :
Davis (2005)
(-)-menthal reductase  ( + )-neomenthol
reductase NADPH ( 9

Zhang  (2008)

= 1eKO ©OH
. —
other enzymes

erf=koaurene

=H

(H

||:u|r|r:|'.r‘|.-.-:|:n.| A.

Fig .7 The deduced biosynthes's pathway of |sodon ent-kauranoids

B-AS

2, J-oxidosqulens — -

o

8 P450

| la-hydroxy-B-amyrin

| 1-oxo-B-amyrin

(ki , 2008)

Fig .8 Reactions caalyzed by P450 in the biosynthesis of gycyrrhizin



466 31
Al H'] H 2000 '
f" ( +} o enthol S taxadien-%t-ol-O-acetyl trans-
fearaxe taxoid-21-O-benzoyl tranderase  taxoid-1B-O-

Ry

(- )-isopi- (+)-cisis- (+}- FI.IJL [ J)-menthone |: }-menthaol
peritenone  opulegone  gone

“‘T (1 4h “{IH

e

e
{ +)-isomenthone (+)-isomenthal
da™ A

(H

{ + )-neoisomenthal

(Davis , 2005)
Fig .9 Reactions catalyzed by dauble-bond reductases
in the biosynthes s of menthd
1: (-)-isopiperitenone reductase; 2: ( + )-cisisgoulegone isomerase;
3: ( +)-pulegmne reductase; 4a: (-)-menthol reductase;

4b: ( + )-neomenthol reductase

EST :
(Dbr2) , : artemisinic
aldehyde dihydroartemsinic aldehyde (  2)

TCO0-R-gle
(1H 1 9—5'}'1:nﬂ.idﬂ

74G1 7
4

001

steviol \
8502

“COOH

ateviolmonoside

10

" CO0-P-gle

rubsuaoside

1.{ f-ple-f-ple

T CODH

steviobisaide

acayl transferae 3-amino-3- phenyl propanoyl transferase

3 -N-debenzoyl-2 - deoxytaxd N-benzoyl tranderase
(Croteau , 2006)

56%
4
20% 36%
- ( ent-
kaurene) : 8
kaurene acid , kaurene ac-
id (stevial), 4
A (rebaudiosde A)
Humphrey 3
——UGT85C2, UGT74GLl, UGT76G1L UGT85C2
C-13 -OH , UGT74G1 C-19 -
COOH : UGT76G1 13-O-Glucose
C-2 C-3 ( 10), GFP
SBegle S-fgle-f-gle
UGT?
e 7601
" LO0-Bogle N 1 \‘-lLfrz.'-hl -B-
slevioaide _‘L‘ Bl
74G1 ;
7461~ ¢ TCO0-Bgle
-_.l‘ :I'I'E'IIMI:LI.rl.iI:HiTI.H A

D-B-gle-p-gle
- I
B-gle

“OO0H
rebaudioside B

(Humphrey , 2006)

Fig.10 Biogynthetic pathway o the sevid glycosides



467

(Richman , 2005; Humphrey , 2006)

( Medicago truncatula)
, UGT73K1 UGT71G1,
( hederagenin) B E
(yasxpogenols B E) :
( medicagenic acid)
2005) , Kohara
num acul eati s mum)

( Achnine ,
(2005) ( Sola-
(steroidal saponin)
SaGT4A, Meesgpyodsuk
( Saponaria vaccaria)
UGT74M1, Kita
( Citrus unshiu Marc .)
UDP - (GitLGT)

(2007)

(2000)

CYPs ()

NA ;
( kaurene
oxidase)
TPS :

(Zeng , 2008)

Achnine L, Huhman DV, Farag MA & al., 2005 . Genomics-based se-
lection and functional characterization of triterpene glycosyltrans-
ferases from the modd legume Medicago truncatula [ J] . Plant Jour-
nal, 41 (6): 875—887

Chrigianson DW, 2008 . Unearthing the roats of the terpenome [J] . Cur-
rent Opinion in Chemical Biology, 12 (2): 141—150

Colby M, Alonso WR, Katahira EJ & al., 1993 . 4S-limonene synthase
from the oil glands o spearmint ( Mentha spicata) . cdDNA isolation,
charecterization, and bacterial expression of the caalyticdly active
monoterpene cyclase [J] . Jaurnal o Biological Chemigry, 268
(31) : 23016—23024

Covello PS, Teoh KH, Pdichuk DR et al., 2007 . Functiond genomics
and the biosynthesis of artemisinin [J] . Phytochemistry, 68 (14):
1864—1871

Craeau R, Ketchum R, Long R et al., 2006 . Taxol biosynthesis and
mad ecular genetics [J] . Phytochemistry Reviews, 5 (1) : 75—97

DavisEM, Ringer KL, McConkey ME & al., 2005 . Monoterpene me-
tabolism . Cloning, expresson, and characterization of menthone re-
ductases from peppermint [ J] . Plant Physology, 137 (3): 873—
881

Dudareva N, Andersson S, Orlova | et al., 2005 . The nonmevalonate
pathway supports both monoterpene and sesquiterpene formation in
snapdragon flowers [J] . Proceadings of the National Academy of Sai-
ences o the United States of America, 102 (3) : 933—938

Gersherzon J, Dudareva N, 2007 . The fundtion of terpene natural prod-
udsin the natural world [J] . Nature Chemical Ecdogy, 3 (7):
408—414

Haudenschild C, Schalk M, Karp F et al., 2000 . Functional expression
of regiospecific cytochrome P450 limonene hydroxylases from mint
( Mentha spp .) in Escherichia coli and Saccharomyces cgevsiae
[J] . Archives of Biochemigry and Biophysics, 379 (1): 127—136

Hayashi H, Hirota A, Hiraoka N & al., 1999 . Molecular cloning and
characterization of two cDNAsfor Glycyrrhiza glabra sgqud ene synthase
[J] . Bidogical & Pharmaceutical Bulletin, 22 (9): 947—950



468

31

Hayashi H, Huang P, Kirakosyan A & al., 2001 . Cloning and charac-
terization of a dDNA encadi ng beta-anyrin synthase invdved in gly-
cyrrhizin and soyasaponin hiosyntheses in licorice [J] . Biological &
Phar maceutical Bulletin, 24 (8): 912—916

Hemmerlin A, Hoeffler JF, Meyer O et al., 2003 . Cross-talk between

the cytosdic mevalonate and the plagidial methylerythritol phos-
phate pathways in tobacco bright yellon-2 cdls [J] . Journal of Bi-
ological Chamistry, 278 (29) : 26666—26676

Humphrey TV, Richman AS, MenassaR & al., 2006 . Spatial organisa-
tion of four enzymes fran Sevia rebaudiana that are invdved in
deviol glycosde synthess [J] . Plant Molecular Biology, 61 (1-
2): 47—62

KitaM, Hirata Y, Moriguchi T & al., 2000 . Molecular cloning and
characterization of a novel gene encading limonoid UDP-glucosyl -
tranderase in Citrus [ J] . FEBS Letters, 469 (2-3): 173—178

Kahara A, Na&kagjima C, Hashimao K & al., 2005 . A novd glucosyl-
trandferase involved in steroid saponin biosynthesis in Sdanum ac-
uleatissmum [J] . Plant Molecular Biology, 57 (2): 225—239

Laule O, Furholz A, Chang HS & al., 2003 . Crosstalk between cytosolic
and plastidial pathways o isoprenoid biosynthessin Arabidopss thali-
ana [J] . Procedings of the National Academy of Sdences of the Unit-
el Sates of Ameica, 100 (11) : 6866—6871

Lichtenthaler HK, 1999 . The 1-deoxy-D-xylulose-5-phosphate pathway of
isoprenoid biosynthesis in plant [ J] . Annual Review of Plant Physid -
ogy and Plant Molecular Bidogy, 50: 47—65

Luo P, Wag YH, Wang GD et al., 2001 . Molecular cloning and func-
tional identification of ( + )-delta-cadinene-8-hydroxylase, a cyto-
chrome P450 mono-axygenase (CYP706B1) of cotton sesquiterpene
biosynthess [J] . Plant Journal, 28 (1): 95—104

LupienS, Karp F, Wildung M et al., 1999 . Reagiospecific cytochrome
P450 limonene hydroxylases from mint ( Mentha) spedes: cDNA iso-
lation, characterization, and functional expresson o (-)-4S-li-
monene-3-hydroxylase and (-)-4S-limonene-6-hydraxylase [J] . Ar-
chives of Biochamigry and Biophysics, 368 (1): 181—192

Meesapyodsuk D, Balsevich J, Reed DW et al., 2007 . Saponin biosyn-
thessin Saponaria vacaria cdDNASs encoding beta-amyrin synthase
and atriterpene carboxylic acid glucosyltransferase [ J] . Plant Phys-
idogy, 143 (2) : 959—969

Newvman JD, Chappell J, 1999 . Isgprenoid biosynthesis in plants: carbon

partitioning within the cytoplasmic pathway [J] . Critical Reviens in
Biochemigtry and Molecular Bidogy, 34 (2) : 95—106
Richman A, Swanson A, Humphrey T & al., 2005 . Functiond genomics

unoovers three glucosyltranderases involved in the synthess of the

major sweet glucosides of Stevia rebaudiana [ J] . Plant Journal, 41
(1): 56—67

Ringer KL, Davis EM, Coteau R et al., 2005 . Maonoterpene me-
tabolian . Cloning, expression, and characterization of (-)-isopiperi-
tenol (£)-carveol dehydrogenase of peppermint and spearmint [ J] .
Plant Physdogy, 137 (3): 863—872

Ringer KL, McConkey ME, Davis EM et al., 2003 . Monaerpene dou-
ble-bond reductases of the (-)-menthol biosynthetic pathway: isola-
tion and characterizaion d cDNAs encading (-) -isopiperitenone re-
ductase and ( + )-pulegore reductase o peppermint [ J] . Archives of
Biochemigtry and Biophysics, 418 (1) : 80—92

Ro DK, Arimura G, Lau SY & al., 2005 . Lablolly pine abietadienol /
abietadienal axidase PtAO (CYP720B1) is a multifunctional, multi-
substrate cytochrome P450 monoaxygenase [J] . Procesdings of the
National Academy of Sdences of the United Sates of Ameica, 102
(22): 8060— 8065

Ro DK, Bohlmann J, 2006 . Diterpene resin acid biosynthesis in loblolly
pine ( Pinus taeda): functiond characterization o ebietadiene /
levopi maradiene synthase ( PITPS-LAS) cDNA and subcellular tar-
gding of PtTPS-LAS and &bietadienol abietadienal axidase ( PtAO,
CYP720B1) [J] . Phytochemisry, 67 (15): 1572—1578

Seki H, Ohyama K, Sawai S e al., 2008 . Licorice beta-amyrin 11-0xi-
dase, a cytochrome P450 with a key rde in the biosynthess of the
triterpene swvedener dycyrrhizin [ J] . Proeedings of the National
Academy of Siences of the United States of Ameica, 105 (37):
14204— 14209

Sun HD, Huang SX, Han QB et al., 2006 . Diterpenoids from Isodon
species and their biological activities [J] . Natural Product Reports,
23 (5): 673—698

TeohKH, Polichuk DR, Reed DW et al., 2006 . Artemisa annua L .
(Aderaceae) trichome- pedfic cDNAs reveal CYP71AV1, a cyto-
chrome P450 with a key role in the biosynthesis o the antimalarial
sesquiterpene lactone artemisinin [J] . FEBS Letters, 580 (5):
1411—1416

Yamaguchi S, 2006 . Gibberellin biosynthessin Arabidopss[J] . Phyto-
chemigry Ravews, 5 (1) : 39—47

ZengQ, Qu F, Yuan L & al., 2008 . Praduction of artemisinin by ge-
netically-modified microbes [ J] . Biotechnologyl Lette's, 30 (4):
581—592

Zhang Y, Teoh KH, Reed DW et al., 2008 . The molecular cloning of
artemisinic ddehyde Deltall (13) reductase and its rde in glandular
trichome-dependent biosynthesis of artemisinin in Artemisa annua
[J] . Journal of Biological Chemigry, 283 (31): 21501—21508



