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Cloning , protein structure ,and expression analysis of geraniol
10-hydroxylase gene from Gentiana rigescens
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Abstract ; In this study, two geraniol 10-hydroxylase (GIOH) genes,namely GrGIOHI and GrGI0H2 ,were cloned from Genti-
ana rigescens through RT-PCR based on transcriptome data analysis. In silico bioinformatics analysis was performed towards
these two genes whose open reading frame were 1 548 bp and 1 482 bp in length, respectively. Phylogenetic analysis revealed
that the two genes are phylogenetically closed to the CYP76B subfamily of the cytochrome P450 enzymes. Homology modeling
was employed to construct the three-dimensional structures of GrG10H1 and GrG10H2. Combined with molecular docking, the
key residues in the substrate binding pocket of GrG10H1 and GrG10H2 protein were analyzed. Quantitative PCR demonstrated
that the expression level of the GrGIOHI gene was highest in leaves, followed by stems and lowest in roots. However, the ex-
pression level of the GrGIOH2 gene was high in roots and leaves but almost absent in stems. This study also established a cal-
lus cell culture system for G. rigescens to achieve stable production of gentiopicroside,which provides a foundation for further
investigation into gentiopicroside biosynthesis mechanism.
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Fig. 1 The hypothetical biosynthetic pathway of gentiopicroside
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Fig. 3 Heatmap of differentially expressed genes in different parts of G. rigescens
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B SHEH GrGI0HI F1 GrGIOH2 , KPR K & 43 3 A 1
548 bp .1 482 bp, L AVERHTAE B3,
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B4 %3 C1OH E[E Ho TR RE HE kAL rL ik B
Fig. 4 Agarose gel electrophoresis of candidate G10H gene
1 :M F75 DNA Marker, Note:M represents DNA Marker.
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BENH
2.4.1 GrGIOHI %= GrGIOH2 ¥ W % #% 5 i 22 4L
VTR T

FH ExPASy f97E 4k T. E. ProtParam tool /3 41
GrGIOHI F1 GrGIOH2 Fit ks & (4 HOFRAL I i, 45

GrG10H1

B GrG10H1 & {0 T &0 57. 66 kDa, fh% 7 #&
A Cosgy Hypg Nogg O35 Sy, A R SE 1 18 K0 HMI
(38.64) , Wt . BT RE(grand
average of hydropathicity, GRAVY) 24-0. 201, Sy 3= 7K
MEH, GrGI0H2 & 14y T M 55. 13 kDa, 2%
TR Couso Hiogr Nogr O3 Sz, AN RE P48 ALK
(33.05) , M EMEE, GRAVY 2 0.008 43¢
KM H . FJH hitps://web. expasy. org/protscale/
W3k 438 GrG1OHI F1 GrG10H2 & 11 55/ B K 1
S5R WK GrGI0H1 5 1 SR K P e otk 1 O 344 iz
AR R, FL e AR 70 2. 444, i K 1 dc 0 ) Ry 32
LR RNE R, Hode = o0l 2. 744, GrGIOH2 3%
IKPERR SR 145 ALRYS2 2R , HR AR/ E-2. 556,
B K VERR A 8 ALAYARZ RN 10 75 IR , H
B ME 2. 622, WAESLIZ R T —Fh K
PEER(ILES) .
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Fig. 5 Hydrophilicity/hydrophobicity (left line) and signal peptide (middle line) analysis,

and transmembrane region (right line) prediction of GrG10H1 and GrG10H2 protein
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2.4.2 GrG10HI #= GrG10H2 & & {15 5 Ik 57 F=
5 45 My R TR

FI F SignalP 5. 0 fIit 45 %8 4% BT GrG10H1 F0I
GrG10H2 % [ =S ik, 45 5% R GrG10H1 & 1
FETEAR 5 IR AT REPE A 0. 0028 , K ] GrG10H1 # 1
T e 5 K, AR W BB 1 5, T GrG1OH2 25
JAFAEAR 5 IRAT BedE A 0. 736, 7E 8 H N Iy 1 ~28
PAETEAR 5 BRI GrG10H2 2 )& T &
(UWLIE 5) . A TMHMM2. 0 T H%i GrG10H1 FiI
GrG10H2 25 [ 5T (9 #5 B AR TE X, 45 5 32 1 : GrG10H1
HETTE 21 ~ 43 (LR & A 15 i X 38, GrG10H2
FABTE 7 ~26 {2 M & A PR (WL S) .
2.4.3  GiGIOHI #= GrG10H2 & & 4% % 25 M35 Fm]

{#i J] InterPro 6. 0 f£ £k T. H %} GrG10H1 FiI
GrG10H2 #& [ J1 i 47 43 #r A IH 28, 45 1 R 0,
GrG10H1 K GrG10H2 % 38 T4 £ P450 i
K E 28 EfF 1 (IPRO02401) (51 , A & 41 i 1,
2 P450 {75745 F3% (TPRO36396 ) |, J& T CYP76 W%
Weo 47 F i fig GO il 25 S 3% B, GrGI0H1 [
GrG1OH2 R Sl 4T R Wk 454, T g
B B0 A G T S A IR TS . 3 F NCBI
iy Conserved Domain Database 1. EH i Jll 7§ Fp
GrG10H & 1 it iy PR <7 D figd, i35 T GrG10HI1
1 GrG10H2 & & T4l (4. R P450 FKik
2.4.4 GrGIOHI #= GrG10H2 & & Jif I 2m JéL 52 A5 A

iz J Predict Protein 7E £ 24T GrG10H1 Fi

ALYSSYQALISF

GrG10H1 110

GrG10H2 14

S. mussotii 10 P
S. asarifolia 10 'TRKSKN)S3 ISP
G. rigescens 10 SRKSKNA3IIAP
C. roseus 10 SRRTEKN}A:3 A4S P
P. sativa 1

Consensus > 70 .

PPGPXPLP
. . .

GrG10H1 20 I AKGA HKEASHIVIBAK T
GrG10H2 240 L SQG|TVGlsASAITISAT A
S. mussofii 240 I QKKAK VNDDVLDMLLTT
S. asarifolia 240 I QKKAK! DVLDMLL
G. rigescens 240 T QNKAK DVLDMLL
C. roseus 240 V. QRR EKNBASAUVISAT T)
P. sativa 241 LIK LNGPloNSR . PXERSEIBIK 1

Consensus > 70

GrG10H1 PFGI\GRRICPGEPL' R]
GrG10H2 Mol JELYPFGAGRRICPG IPL R
S. mussotii IS IDIJELYPFGAGRRICPGIAP LYRYR]
S. asarifolia P (PFGAGRRICPGIAPL) R
G. rigescens 3 JELPFGAGRRICPGPL) R|
C. roseus ESJELD IRIGRD F o8 # T -3 oled . Neh :9:8 dof -Jeil 3 4 R|
P. sativa [EIDINIGHGY}3ATidofehNeh:8:Sqed JeiMiBa

Consensus > 70

PFGXGRRXCXG

. . ———
,TPDILNR!BIIRHCLDHFTAGTDT S
LTN!VIDRK'IINIILDLTE

E S
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GrG10H2 £ H AL A E 7, 25 R /s GrG10HT k¢
GrG10H2 X5 {52 78 N 5t W9, W] {5 BE 43 531 Sk 78 % F0l
56% ;ffi [H] Softberry {45 Prot Comp 9.0 % {4t i
L5 7R GrGIOHT Al GrG10H2 W7 41y 5 17 45 5 5
Predict Protein il 45 55— 2, PR 1 B4 37 48 /i X
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GrG10H1 I GrG10H2 25 14T 741 Xt 4347 , 25
7~ ,GrG10H1 Fi1 GrG10H2 AHE. 2 [a] (& [ 74 AH
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JHEL( G. rigescens) 1 geraniol 10-hydroxylase % [ 4H
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HAMMEZ R (66.95% ) o Hak — & 5NV F
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asarifolia’) 55 FAW AR ) W) i R U5 A 2 190 PP 51 () 91
WA g, Oge R L, 81 F ] ESpript 3. 0 14
AT A L X4 B, 45 5L R GrGIOHT A0
GrG10H2 HA R ZHUH YK U5 PASO 25 1Y & PR ST
ik, AFE N i AN R 1 X S H) PPGPXPLP,
5IRYMekst & E 5 AFE R Y18 E X ( central helix
1) BP AGTDTT L) K Ifit £1. % 45 & 45 ( heme-binding )
HI PFGXGRRXCXG ' (LK 6) .
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Fig. 6 Multiple amino acid sequence alignment of GrGIOHI and GrGI0OH2 with other G10H proteins from other plants

2.6 GrG10H1 #1 GrG10H2 EH R FKHULHHT
4 GrG10H1 1 GrG10H2 fy 4 5L 12 )5 51 55 240

R P450 KK CYPT6 HAM K = 22 7511k
ERGELBER (WA T) . REHAD LR BN
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G10H JL[HF I8 A [F] CYP450 W 5 1) 4y e b F A
[A] 7 #4643 37, 1 GrG1OH1 I GrG10H2 3 4b F
CYPT6B W.Z 5 1) 43 52 v, 43 9l 5 2k B N v 4 2 35
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o
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Fig. 7 Phylogenetic analysis of GrGIOHI and GrGIOH2 protein

2.7 GrG10HI #0 GiG10H2 ER = HEHMAR R E
BALESHT

iE FHITEZE T H SOPMA %t GrG10H (1% 11 — %%
SERHERT T I, Ho GrG1OHT 25 4 E5 0 o-
12 47.96% ,B-H1E 5 3. 69% , SEAHA i 12.23%
TCHL il Y 36.12% (UL 8A ) ; GrG10H2 2K [ Ji
TR o-1RiE Y 50.30% BT i 5. 07% , Sk
s &5 11.97% , TR 5 32.66% (LK 8B) o
LI F+ £ ( Salvia miltiorrhiza ) W $R 18 B P450 iy
CYP76AH1(PDB ID.5YLM) Atk , Fl FH 7E £ 43 B
B SWISS-MODEL %} GrG10H1 F1 GrG10H2 i &
F =445 R e AT B0, 45 3 an &l 8C firzn , GrG10H1
F1 GrG10H2 5 CYPT6AH1 {128 S T 51 AH AL B 43
R 42% 55 43% , = AL G54 B 4 R R LA W] 45
M4 BEET , GrG10H1 5 CYP76AHL B 45
Y77 H W 22 (root mean square deviation, RMSD) {E 4
0.006 5 nm,GrG10H2 15 CYP76AHl H S A5
Y177 i w22 RMSD B4 0. 006 3 nm, iX 1,5 [F] 57
G X e &R e Ak o A 45 v GrGIOH ZE A8 T
CYP76 LR AE R —Bny (WA 8C) .

i i NCBI BLAST b X 43 A , 366 285 [] U PR 4 v
H IR & A PAECAA (heme 590 ) BRI A = 5%
(S. bicolor) (1) PA50 [iff £, 1y A FERR 4-F2 A ( cin-

namate 4-hydroxylase, ShC4H1) § & 4 K & & W)
(PDBID 6 VBY ) {E A FE XA , 43 5l % GrG10H1 F1
GrG10H2 5 5 M 21 R S A& i BERC AR 45 A 1 X 3k
PEFTI3HT . SR AutoDock vina ¥ #E4T 73 X 4
O30T, G AN WL 8E-8G TR, DA LIRSS Je %3
] /A6 5 E K F, GrGIOH1 (4 ) Fil GrG10H2
() “H 5MA RN A D ASE R AL, B
FERGE (WK 8D) . Bl Hr [l ULEE 5 24> P450 5
% 5 heme 45 & AH OC 09 R 57 & R, 45
GrG10H1 ( GrGIOH2 ) ) R97 ( R119) ., WI22
(W144) R126(R148) . T301 (T323) .T302 (T324) .
P428 (P450) . F429 ( F451 ) . R434 ( R456) . C436
(C458) P4A37(P459) Fil G438 (G460) , THi1EIK Y&
R st A 1 4% (ILE 8F) , GrG10H1 ( GrG10H2) [y
JUAL G 58 S FE R v A B W 25 55, A0 46 AL03
(L125) 1296 ( V318) . G362 ( V384 ) 1478 (1500) ,
[l W15 (W137 ) o7 &5 1) 0 20 R 76 25 (B A 4 1
AR 22 5, ok se AR fb 3 B0F M EEAE GrG10H1 A1
GrG1O0H2 &5 A TIMAAAEZ: o #F GrGI0H] rf,
B v ) B R L 5 I 48 b Y A L TR AR AL
A297 D300 F1 T301 J& il 53 F[H) 5, C10 i 51 £1
FZ Fe B FEAS ] LA, BEE A 0.2 nm (ILE]
8E) . 7E GrGI1OH2 v i (i 2 5L 5 ey 1
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Fig. 18 3D structures and molecular docking of CtG10H protein
E:A:GrGIOHI EH — 45 Bl ; B: GrGIOH2 T H — A5 T ; C: LU CYPTOAHL AT GrGL1OHL J GrGl0H2 FE H = 4E45#4;D:
GrG10H1 (GrG1OH2 S 15 3 1 %) e 45 585 E: GrGLOHL 5 7 I [ e ifil 1 6 X 45 45 25 G- CrGLOH2 5 7 I % I 210 38 X F2 45 58 F e
GrG10H1 \GrG10H2 55 7 M- M Il 2T 28 %545 &5 20 Hr . Note: A ; Predicted secondary structure of GrG10H1 using SOPMA ; B ; Predicted sec-
ondary structure of GrG10H2 using SOPMA ; C; Three-dimensional structure alignment of GrG10HI , GrG10H2 and the template CYP76AH1 ;D Key

GrG10H2

residues in the heme iron binding pocket of GrG10H1 and GrG10H2. Heme was shown as sticks while key residues were shown as liens; E; Binding
conformations of geraniol and heme in GrG10HI G :Binding conformations of geraniol and heme in GrG10H2 ; F; Binding conformations of geraniol and

heme in GrG10H1,GrG10H2 and their alignment.
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0. 41 nm(JLF8G) o SmGIOH HEPA 7 AR ZE 0 o (g Fe ik BRI o i
2.8 GrGIOHI 1 GrGIOH2 BEEERZEMRPIRZE  GrGIOH2 ERERTER A hE A RS, X LT
S ARFIK, GrGIOH2 FERAEMR Fh iy 35 B 22510 10

@it qRT-PCR Kl GrGIOHI F1 GrGIOH2 K 4%, 3% 5K AL CrGI0H SR 1T Ar AR FInt h 5
TEMZEOF g RA . SRR (WE9), kM5,



1552 KIRF=YIBE R 5T K

Vol. 36

GrGI0H1

X ik fit
Relative expression
J

1

0 T T T
i £t
Root Stem Leaf

FH 0 ek
Relative expression

—
=

GrG10H2

b
[=T 5]

(= "

1 1 1
it % i
Root Stem Leaf

B9 GrGIOHI (GrGIOH2 EETEHZBEERZEMN PHRIESH
Fig. 9 Relative expression level of GrGIOHI and GrGIOH2 in G. rigescen roots,stems and leaves

3 WitE&%R

JeRA R e I 2R T ) PR S A e IR
Y EZEE Ry, B BT R R ORI R 0
o I AR Y A v 22 25 BRAE AR T H R OC T 45 e E
W ARG BGRAR 1 T T E B B ) S BRI 1 R e 4
2. &M EE 10-%2 1k B ( geraniol 10-hydroxylase,
GIOH) J&2—Fhliffl (4 3R PASO FLn4fl , 2 45 8 0
WA A AR AR 14 G B R T i T L A
BEAE C-10 frF S Ak, 72k 100 3L A B B f
ZHTARY) 5T AT 28 4o A R Y Al OB AL S
A OGP A A T R, e R AR
25 i R B I A s AR A e IR . H AT G10H A AE
S ANy 87 i = I 23 &7 A S B 8

AT LA 2 B 1 b 24 B4 e I = Ry AR, I
T e HBEHAEAN R 20 SR 9 )iy 75 i, A B e
WHERE S R, EMRZ TR H S b &
AR ST ARG AR 05 Fe e AL AR Y AT 2R
Jo AT R S A T A B, DT PR 5 e B o 7
AFE LA T A AP R R . AR
Je R REAS[RI A b A s 2H Bt 64T T IR AT,
A 50 MIIaR)T A [RIR X, iR AT T 2 4%
G10H i % & K - Wl iy 4% N GrG10H] . GrGIOH2 |, 3F
BEFT 43 sl , A W45 I8 2% 00 B B 2% L DR T 2
TR Y oK R 1, BAT B RS R I, ad i
TRSTSER IR AT & B, GrG1OHT il GrG10H2 HAT K
ZHY) PASO BYLRSFEE AR, AR o3 pr R W] — 3%
¥IE T4 PASO Kb CYPT6B WK . AHEFE
Xt GrG10H1 Fl GrG10H2 W8 H = 4E45 14T T
(7] PSS N o3 X422 53 BT, FE X HE 25 R WA 3 &
A P40 il 5 heme 255 AHCHY PR <7 2 L2, HLR
Yy B A G2 S A 5 I T 3R Ak S 1 1 &5

)R B 1 SRp C10 AR BE Ak S 1 K A, R 4 4
P78 T GrG10H1 1 GrG10H2 HA7 Ak A - i % 1
FAALR T AEYE . PR 7 PCR 708 GrGI0HI il
GrG1OH2 {8 Jg I A [R) 35467 19 2 Gk 488 3k 3,
GrGIOH T At FRAR X F ik B fie iy , SE MR A LA, T
GrGIOH2 AEARFNM: v ) Rk B fe o [RIIN, T2 AR
A S AL B SRR R AR o R 22 5 e
AR g AR A SC B DR A e B S R A
I ERE s TV R/ g SN U P EE s e LR b
R E R IR ZR G, 92 IR 1 45 B TR A A0 T i 1 46
Ik, S 1 1 e L ) 2R ) B A B R

1 Zhang XD, Allan AC, Li CX, et al. De novo assembly and
characterization of the transcriptome of the Chinese medicinal
herb, Gentiana rigescens[ J]. Int J Mol Sci,2015,16:11550-
11573.

2 Yang JQ. Structural modification and activity study of genti-
opicroside[ D ]. Kunming: Yunnan University ( = g K2%%) ,
2016.

3 Xie XQ,Li H, Wang YL, et al. Anti-inflammatory effect of
gentiopicroside in adjuvant-induced arthritis rats[ J]. Chin J
Exp Tradit Med Form ( " [H 3256 5 7 24 = ) , 2020, 26 .
58-63.

4  Ding J. Effects of gentiopicroside on anit-induced cholestasis
in rats[ J ]. China Pharm( tf[E25)ifi) ,2020,23:2133-2137

5 Liu B,Pang I, Bi H,et al. Regulatory mechanisms of genti-
opicroside on human diseases: a brief review [ J]. Naunyn
Schmiedebergs Arch Pharmacol ,2024 ,397 .725-750.

6 Zhang XD, Li CX,Li S, et al. Cloning and expression analysis
of geraniol 10-hydroxylase gene in Gentiana rigescens|[]J].
Southwest China J Agric Sci ( 745 £ Mk %4k ), 2017,30:
1499-1506.



10

11

12

13

14

15

novel monoterpene [ J]. J Am Chem Soc, 1967, 89 1280-
1281.

Zhang XD, Allan AC,Li C,et al. De novo assembly and char-
acterization of the transcriptome of the Chinese medicinal
herb , Gentiana rigescens[ J]. Int J Mol Sci,2015,16:11550-
11573.

Kang H,Zhao ZL,Ni LH,et al. Transcriptome analysis and
exploration of genes involved in the biosynthesis of iridoids in
Gentiana crassicaulis ( Gentianaceae ) [ J |. Acta Pharm Sin
(Z44241) ,2021,56 :2005-2014.

Collu G, Unver N, Peltenburg-Looman AM et al. Geraniol 10-
hydroxylase,a cytochrome P450 enzyme involved in terpenoid
indole alkaloid biosynthesis[ J]. Febs Lett,2001,508;215-
220.

Miettinen K,Dong L, Navrot N, et al. The seco-iridoid path-
way from Catharanthus roseus [ J]. Nat Commun, 2014,5;
3606.

Fu N, Yang ZL, Pauchet Y, et al. A cytochrome P450 from
the mustard leaf beetles hydroxylates geraniol,a key step in
iridoid biosynthesis[ J ]. Insect Biochem Mol Biol ,2019,113;
103212.

Munkert J, Pollier J, Miettinen K, et al. Iridoid synthase ac-
tivity is common among the plant progesterone 58-reductase
family[ J]. Mol Plant,2015,8:136-152.

Ouyang PY, Li YP, Liang YY, et al. Cloning and expression
analysis of geraniol-10 hydroxylase gene in different cultivat-
ed varieties of Patchouli[ J].J Chin Med Mater( F125%1) ,
2017,40:315-319.

Hua WP, Wang JZ. Cloning and sequence analysis of G10H
gene from Gentiana macrophylla[ J]. Genomics Appl Biol ( 3£

16

17

18

19

20

21

22

23

Vol. 36 A A Y R IR R A I 10-52 b DR 1) S e R (45 SRR i 1553
7 Coscia CJ, Guarnaccia R. Biosynthesis of gentiopicroside, a R4 27 5 A 27) ,2013,32:510-515.

Zhao S,Dong TT, Tang H. Cloning of geraniol-10-hydroxylase
gene from Valeriana jatamansi and expression analysis[ J]. J
Chin Med Mater( 1 24#4) ,2019,42.1007-1011.

Li SM, Unsold IA. Post-genome research on the biosynthesis
of ergot alkaloids[ J]. Planta Med,2006,72:1117-1120.
Sung PH, Huang FC,Do YY,et al. Functional expression of
geraniol 10-hydroxylase reveals its dual function in the bio-
synthesis of terpenoid and phenylpropanoid[ J].J Agric Food
Chem,2011,59 :4637-4643.

Hou Q,Guo M, Zhang F,et al. Callus cultivation and deter-
mination of gentiopicroside from Gentiana macrophylla[ J].]
Chin Med Mater( P Z5#1) ,2012,35 :675-678.

Zhang XD,Li CX,Wang YZ, et al. Cloning and expression a-
nalysis of the 7-deoxygenate-7-hydroxylase gene from Genti-
ana rigescens| J . Jiangsu Agric Sci( VLR Fl2#) ,2019,
47.76-81.

Zhang XD, Li CX,Li S,et al. Cloning and expression analysis
of geraniol 10-hydroxylase gene in Gentiana rigescens|[]].
Southwest China J Agric Sci ( 45§ £k 2% 4Rk ) , 2017, 30:
1499-1506.

Wang J,Liu Y, Cai Y,et al. Cloning and functional analysis
of geraniol 10-hydroxylase, a cytochrome P450 from Swertia
mussotii Franch[ J ]. Biosci Biotechnol Biochem, 2010, 74 ;
1583-1590.

Sintupachee S,Promden W, Ngamrojanavanich N, et al. Func-
tional expression of a putative geraniol 8-hydroxylase by re-
constitution of bacterially expressed plant CYP76F45 and
NADPH-cytochrome P450 reductase CPR I from Croton stel-
latopilosus Ohba[ J]. Phytochemistry,2015,118 :204-215.





