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Abstract: Based on the genome and transcriptome data of Salvia miltiorrhiza, a cytochrome P450 gene
annotated as SmCYP724395, which was highly expressed in the periderm of S. miltiorrhiza root was cloned. The
total length of the cDNA sequence of SmCYP724395 was 1 578 base pairs, encoding 525 amino acids. The predicted
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molecular weight of the protein was 59.9 kDa. The physicochemical properties, subcellular localization, protein
structure, and conserved domains were predicted by online bioinformatic tools. The theoretical isoelectric point of
SmCYP72A395 was 8.68, with a transmembrane domain in the protein. This gene was highly expressed in the
flower, leaf, and root periderm tissues of S. miltiorrhiza. To further identify the biological function of SmCYP724395,
the transgenic hairy roots with SmCYP724395 overexpressed (SmCYP724395-OE) and RNA interference
(SmCYP724395-RNAi) were constructed, and the content of tanshinone compounds was detected by UPLC
between these transgenic lines and control line (haboring the vector plasmid in the transgenic line). Compared with
the control line of transgenic hairy roots, the content of dihydrotanshinone I, cryptotanshinone, tanshinone I and
tanshinone IIA in the SmCYP724395-OE lines was significantly less than those in the control line. On the contrary,
the content of dihydrotanshinone I, cryptotanshinone, and tanshinone I was higher in the SmCYP724395-RNAi
lines than those in the control line. These results demonstrated that SmCYP724395 played a negative role in the
regulation of tanshinone accumulation in S. miltiorrhiza. This study lays the foundation for further elucidating the
biosynthesis and regulatory pathways of tanshinone compounds in S. miltiorrhiza.
Key words: Salvia miltiorrhiza; cytochrome P450; SmCYP72A4395; tanshinone; biosynthetic regulation

F+2 (Salvia miltiorrhiza Bunge) A% &4 H AR fH
W, BRI R R R B A Y . DIR AR ZE N2,
HF S, NHIRB7, SPR O, H k. 1%
NG KA, BAE LR &R 5O
U5 D A%, AR TR 9T TR I B 2 H 2 AN T L0 6
FAREE G ARREN . TR, FH S8 &S E%
G Wy A5 IR VA PR IE 1 B 22D, i — &P 2l 1 (dihydro-
tanshinone I). F& F+ Z il (cryptotanshinone)~ £ Z i 1
(tanshinone I) & £+ Z i I1A (tanshinone 11A) %%, H.i%2&
R AE P S AR ZEH 23 2 s AR LA 2 B 2
W R, P2 B A PR &5 P
LV HEYE . BRAh, FESAEIR YT O I B U7 TH A
A WE T R,

FFSER A S P AT B RS Y AR SR
T P SER A TR B A ) LR A ) LR AR
f# 2 (geranylgeranyl pyrophosphat, GGPP) 7E fif [7 3 £
%2 & 1 (copalyl diphosphate synthase, CPS) A1 Il 5%
A2 )% 4 B (kaunene synthase, KSL) (4L T A . BE
J&i, PSR G TR A0 3% PASO B i U (CYP450)
EARMEE I E R, 2 — B Ay 2 B R 1) 7 2
K&,

CYPA50 2 1 4 3 DR 41 v — S8 6 IR 5™,
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Table 1 Reagents used in this study

Reagent

Manufactory

RNAprep PurePlant Plus Kit (Polysaccharides$Polyphenolics-rich) (DP441); TIANprep Mini

Plasmid Kit (DP103); TIANgel Purification Kit (DP219)

PrimeScript™ II 1st strand cDNA Synthesis Kit (6210A); Pyrobest TM DNA Polymerase

(RO05A); T4 DNA Ligase (2011A)
pEASY-Blunt Zero Cloning Kit (CB501)

Gateway” BP ClonaseTM II Enzyme Mix (11789), Gateway” LR ClonaseTM II Enzyme Mix

(11791)

E. coil DH5a Competent Cells (ZK206); carbenicillin (CC32111621); spectinomycin
(CS322212120); rifampicin (SL342130200); kanamycin monosulfate (CK312234200)

Tiangen Biotech (Beijing) Co., Ltd.

Takara Biomedical Technology (Beijing) Co.,
Ltd.

TransGen Biotech (Beijing) Co., Ltd.
Thermo Fisher Scientific Inc. (Waltham, MA)

Beijing Zoman Biotechnology Co., Ltd.
Coolaber Science & Technology (Beijing)

% i cDNA.

SmCYP724395 BEEM AR ZE 275 Xu ™
I AL 45 R, ik th = 5 8 S B AW & B
SmCPS1 %53 N ILFRIK 1) SmCYP724395 F K . 445+
SN AL 1 SmCYP724395 %[ 42 K Fe 51 Wit 45 57
514 SmCYP724395-F/R LAY 18 R 15 5 K 4 5 [X 7 41
(GR2), ¥ ¥4 5 7= WD 48 oh BT W g Jig w vk kar 0, M)
DNA 4 463855 & 71 Wi, 3% $ 2 pEASY-Blunt Zero %,
&, 3+ F) F Sanger 124 /7 »

EMEERZESH FH InterPro (http://www.ebi.
ac.uk/interpro/) 7£ £ T. FL T 25 (1 5 R <5 &5 i3, 1@ ik
ExPASy-protparam™ (https://web. expasy. org/protparam/)
FEZR T H PO E 5 0 1 5 55 HL s S5 BRAL PR 5T 5 i
Bl ExPASy-protScale (https://web.expasy.org/Scale/) 53 #1
A AT SR B K 1 15 F NetPhos 3.1 (https://services.
healthtech. dtu. dk/services/NetPhos-3.1/) Tl &5 A A
W MR AL AL 5. 38 3T SignalP 5.0 Server (https:/services.
healthtech.dtu.dk/services/SignalP-5.0/) Fil {5 5 ik, ¥
i 23t g Ak ) S0 ) £ B TMHMM Server 2.0%% (https:/
services.healthtech.dtu.dk/services/ TMHMM-2.0/) 5€ i o
3V 41 i %€ A7 43 it A B Cell-PLoc®” (http://www. csbio.
sjtu.edu.cn/bioinf/Cell-PLoc-2/) 7E £k & Tiill; th4b, il
it SOPMAPE 2L T H 43 #r 8 A 5 IR 7 R 80 /e — 21
ZE#) . ) Alphafold3®" (https://golgi.sandbox.google.
com/about) Tl & [ = 2% 25 44, FF 18 i Pymol K f4°
X} S5 R AT AT AA .

Table 2 The primers used in this study

SmCYP72A395 R Gt (L 7t & 4 NCBI %
I P K AU R O BOdE 2, JF T BN B ST (Arabidopsis
thaliana)™ J F A9 Fp b € % € (1) CYP450 & 2L 1R
75, B3 NS (Panax ginseng) Y. # fif (Mentha
canadensis)™ SE 1 (Artemisia annua)P” . 35 [E 4 2k
(Callicarpa americana)®™ /K ¥& (Oryza sativa)®™ ¥
#E T (Medicago truncatula)™ . B W (Camptotheca
acuminata) ", Z Bk (Sesamum indicum) 'Y, K T
(Glycine max)"™. Jll ¥ (Nicotiana tabacum)™ . H &
(Glycyrrhiza uralensis)™? %5 25 % 5 %1, | H TB-tools
AT R AR, JE@ I iTOL (https://itol.embl.
de) 7E L P ufi 0 HEAL R BEAT 31K

£ [E 3 FRIAFIRNAI B AR I Gateway
oo B IR AR R B, BE T SmCYP724395 F B 7 41 b —
B R e R 5 41 BOsT RNAG 514 (3950). i
Fik 51 ) (3950E) B it & 7L P 2 K i 4 5 7 2
fitt =, T 51V 5 0 BN anB 7 5 H L (3R 2).
PL E 4 i ki pEASY-SmCYP724395-RNAi 8¢ pEASY-
SmCYP724395-OE Mt , A L ik 395i 8% 3950E 5
Y)EAT PCR Y14, % PCR [B1US 74 5 pDONR221 A ]
AR BEAT BP SO, 7 e A0 2 K T TR RS2 2 A
DH5a H, [ ¥ PCR 56 I J& K BH 1 5 [ 425 181 5 B AL
34T 7 % 52 . pDONR221-SmCYP724395 3 A A
B 5 pK7GWIWG2D(I)/pK7WG2D # ¥ 2 ik # 4 it
7 LR [N, 772 40 %% Ak 22 K i #F T8 DHS o J8% 52 25 240
T 7% PCR 56 1IE J& #4744 BUJ5i Kz I 3 47

Category Primer name

Primer sequence (5'-3")

SmCYP724395-F
SmCYP724395-R
SmCYP724395-OE-F (3950E-F)
SmCYP724395-OE-R (3950E-R)
RNAI SmCYP724395-RNAi-F (395i-F)
SmCYP724395-RNAi-R (395i-R)
SmCYP724395-qPCR-F
SmCYP724395-qPCR-R
SmActin-F

SmActin-R

Gene cloning

Overexpression

qRT-PCR

Housekeeping gene

ATGGCGGTGGAATACCAAATT

CTAGAGCTTGTGCAAGGTAAGG
GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGCGGTGGAATACCAAATT
GGGGACCACTTTGTACAAGAAAGCTGGGTCTAGAGCTTGTGCAAGGTAAGG
GGGGACAAGTTTGTACAAAAAAGCAGGCTCCCATTAGTCTTGACGCTGAT
GGGGACCACTTTGTACAAGAAAGCTGGGTTCACCTCCTTAACTAGCTCAGG
CCCATTAGTCTTGACGCTGAT

TCACCTCCTTAACTAGCTCAGG

AGGAACCACCGATCCAGACA

GGTGCCCTGAGGTCCTGTT
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7R o X E A S I A FUREEAT SR L, 43 il L AH
AR TR AN S A TR R N R AR AR AT B ACCC10060
o, 3R 15 RNAL BRI PR & (3951) X HE#R & (PKi),
DL it ik BARMEER & (3950E) M4} E#k & (PKOE).

MEZENAS I KRES RIFF S A
B, B em? i 4 5 # LR T MS [ 44 55 9% AR
H, 25 CCHIEE 77 2 Ko K RIRAAT B ACCC10060 (%
A AR TR B A A kL) 5 R B 50 mge L ER
i H: W %% 2 (spectinomycin, Spec) 150 mg L' F) & °F
(rifampicin, Rif) [ & LB 1% 9% 3&, 28 °C . 180 r-min”
PR35 55 9% 2 0D, 15 3 0.4~0.6 FE B, fi F MS 1k Bx
FREE B, R Y 55 K B T MS [ kB 3R
Bt b, 25 CCHRIE A PR IR 2 R B ILEE IR
43 5 FH TE T K 1400 mg- L' 2 % H & (carbenicillin,
Car) B /KPS, B T 400 mg-L" Car A1 50 mg-L"
IR H & (kanamycin, Kana) ] MS [l 1R £; 373 I,
25 °C BHE A R RS 7M. IR SR & v Ant i
FH 4 Bk %8 395i-3.395i-4.3950E-1.3950E-2.3950E-5,
HMg H L4 2 6,7-V AR R B R 85 7%

SmCYP724395 EERENH WSS
Pk & RO BRAR R, DL P S A R 2L A, 4. B
RNA Ji % #%3%  cDNA. ki SmCYP724395 Fk [K K
SV B B 1T qRT-PCR 51 ), DL K3 K] SmActin
(HM231319.1) fE AN S EE A, il % qRT-PCR R 4t (5
AR 3 AW A EE): TB GreenPremix Ex Tag™ 11
7.5 uL, cDNA B4R 1 uL, 1IE R 51075 1 L, i& & RNase-
free ddH,0 % E /K & 4 15 uL. qRT-PCR 25} 95 °C
AF 30 s; 95 °CIB K 5 s, 60 °CIEAH 34 5, 40 MEIF . 1E
65~~95 °C N ZEAT 1 i ith 26 43 #, 1d 5% CufA, 7EAN A s
6 2 18] DL 25 VA5 SmCYP 724395 IR A X 3
R E, SR R 4 AT 2 S R AT

A2 e ERN WEIHLFI S BIR
RIEAI AL, THEERE. 0.2 g BARWEH A,
A1 mL 3525 FHEE, &8 ARG HX30 min, 8 000 r'min™
20 10 min, 28 0.22 pum JE BRI 38 7E WS T 2 AR
W, KH UPLCH A SR EY & . MR
2% 4 1 K : Waters ACQUITY UPLC BEH C18 i %
(100 mm x 2.1 mm, 1.7 pm); M A: 255 nm; REtIR
J: 25 °C; Wik 0.25 mL-min'; BEFER: 5 pL; 4 %R
AV N BRE (A)-7K (B), YEllit 2644 0~5 min,
20%~60% A; 5~20 min, 60%~70% A; 20~25 min,
70%~80% A; 25~26 min, 80%~100% A; 26~30 min,
100% Ao 1255 H W B[R] S e i AR, 55N i 3 AN AR
VB, R MR — SRR AT RS, SR A 506
SR ITER R EE ST

ER
1 SmCYP724395 B FE =&

PLPFZ 1 cDNA AR, 4 RT-PCR J5 1 78 B 315
FH A K 1578 bp 12 2 K SmCYP724395, 4w t5
S25 MNEFER, M H AL CYP450 FR ~5 45 K4 38 1
41 % 45 4 1 FXXGXRXCXG 3 F A2 i K [X EXXR
e 1) CYP450 48 5 i il A
2 HMEEESWRARGLZBNN
2.1 FEEBAMRTUN i ExPASy Filll SmCYP72
A395 & L W ERALYE R, AR XS 2 7 i &N 59.9 kDa,
ﬁj\¥ﬁy\j C2728H4284N7200756SZZ’ JE%‘E‘%&% 8 510’ IEVE\‘%
HL N 8.68. Z IR i i 45 R Eow, = &R
(Ile) (5t 7.2% N &R (Ala) (5 Lt 7.4% . 7 & R (Leu)
it B 9.7%, 15681 SmCYP72A395 & 4 - B i K P&
HIRHA . SmCYP72A395 & AR & R E N 46.12,
NAKRE MR 1 KA P58 8-0.138 < 0, &1
SmCYP72A395 A i /K H . 7 SmCYP72A395 &
1 A TR B 48 ANVE A 1) B B R A AL A, e 22 SR
mi FEER K, 2 60%; JR B BRIRZ., N 27%; B2 IR 7
BN 13%.
22 EER EBEXEEBRZKEMSH FIH
SignalP-5.0 7F £ T. 2 X} SmCYP72A395 & (4 i AT 15
SRR, 25 B oR 1z & AR A G S IR AT RE PR
N 0.1%, T A & A5 5 K 1) 7T 58 P &k 99.9%, HE W
SmCYP72A395 A& 5 Tk, HA G Z /- tEE A . B
45 R 1 P 25 9L 26 W SmCYP72A395 7E 55 17 £ 39 4>
GIETR X A N TR T — /NS MR IX 3. I 240 s A5 T
25 FLAEN SmCYP72A395 Al g e AL T W W 25 i
TR EE R TINS5 R F W, SmCYPT2A395 B H a- 12 iE
SERIELE T 261 NEEER, &7, N 49.71%; HR
FE TIN5 dh 50y, 210 NS IERR ALK, L 40.0%;
TS A DU Bl 54 S SR RR A 1, 7 EE 10.29%
23 EHRZ=ZREMHH @i Alphafold3 X & 1
JoR 45 R R AT v R R T, P LA HR R R R, B
fHMOK, TR BEEBE. 455575 pLDD > 90, i T
TE AR 45 A 58 ipT™M = pTM = 0.92, & B 74 35 1)
JoR B R, TN B R AT S R R AT, 5 S A R
AARE R = (B 1A). A Pymol #4 Xt # Ji5 # 25
o 45 A kAT nT A, BRI = s R L B 1B
FIi7R o
24 RGHUKOH T NCBIEEFE T ##53
1) 25 % CYP450 % £ /% /7 %, F| F§ TB-Tools # 1
R G AR (B11C). 4R ER, AT f
J& T CYPT2A WK JEM & AW KRB — 4% |k,
H F} 2 SmCYP72A395 5 2 Jik SiCYP72A219 . fH &i



- 1170 - 222224 Acta Pharmaceutica Sinica 2025, 60(4): 1166-1174

C PgCYP716A53v2 Panax ginseng
AtCYP72A9 Arabidopsis thaliana
CaCYP72A729 Camptotheca acuminata
IW:CaCYP72A728V2 Camptotheca acuminata
100 98 |_: CaCYP72A564 Camptotheca acuminata
9% 100 CaCYP72A565 Camptotheca acuminata
73l MtCYP72A68 Medicago truncatula
TEGmP%ODA@ Glycine max
82 GuCYP72A153 Glycyrrhiza uralensis
SmCYP72A395 Salvia miltiorrhiza

100 SiCYP72A219 Sesamum indicum
95 NtCYP72A219 Nicotiana tabacum
100 NtCYP72A54 Nicotiana tabacum

OsCYP701A8 Panax ginseng

CamCYP76AH67 Callicarpa americana
T:SmCYP%AKI Salvia miltiorrhiza
100 100 CamCYP76AH68 Callicarpa americana
TESmCYP%AHS Salvia miltiorrhiza
99 SmCYP76AH1 Salvia miltiorrhiza
57 OsCYP99A3 Panax ginseng
SmCYP71D375 Salvia miltiorrhiza
o8 100 CamCYP71D717 Callicarpa americana
— 100 CamCYP71D716 Callicarpa americana

Figure 1

AaCYP71AV1 Artemisia annua
TE McCYP71D15 Mentha canadensis
100 McCYP71D13 Mentha canadensis

Protein tertiary structure and phylogenetic tree analysis of SmCYP72A395. A: Atomic confidence diagrams of SmCYP72A395;

B: Tertiary structure prediction of SmCYP72A395; C: Phylogenetic tree analysis of SmCYP72A395 and other CYP450s

NtCYP72A219 FINtCYP72A54 N3, S E s
MtCYP72A68. k& GmCYP72A68 } H & GuCYP72A
153 RAE— AR

3 SmCYP724395 FRIiEER 77

31 RIBESWH PSR ZE T )
B 5 R AR R ER AN AN [\ 41 2L cDNA A B AR, X
SmCYP72A4395 KA () ik K P AT AL (B 2A). 77
e R B, %3 R E T S e A oh R I8 KPR AR
b R I AR JE R ) Rk B B T R AR
#h (E2B).

32 HREEERKRIRRE 750l E SmCYP724395-
RNAi #4K K SmCYP724395-OF #44, ) F A< A i A
S AL T, IR T P20 i B R IR AR FE
PR R . SXFIRER RMLL, SmCYP724395 5 R AR
WRAEK KB IER, LrE R (B 2C.D). H5 %
1k 2% 4k 1 % BB Bk & (PKI) A HG, 7E 395i-4 ¥k &,
SmCYP72A4395 W32 15 & 123 F#AK (1 2E); it Rk
¥k £ 3950E-1.3950E-2 1 3950E-5 1, SmCYP72A4395

FIRIE KT 25482 T IR R R (1 2F).
4 UPLCE=E#/M

UPLC £l 45 £ Z B, /£ RNAi#k R, —&fH 5
i 1B P S0 P20 105 &3 8 3% & T Bk &
(E3A~C). Hh SIS S EERREE, K
RS Z B P21 (B 3A~C), 1720 1A )
o E R R A L 23 2E R (B3D); (e RIA
PR ZR , 3X DU R P S 1) 5 B bR R AR LY 235
FEAC (B 3E~H). X —HF 545 R LW SmCYP724395
A BEAE PH S0 KA G W G iR AR B AR ke 6 i 4%
fEH .

ig

BE A U A AN I T 2 A0 5 A 0 2 1R
K&, CYP450 1E 1 W) A=W & R 42 o (¥ Zh RE I £
BOFEDRAE. H AT, MWl 4L sk 4 RNA T4
W RIE RIRRIE AR R, HFRN R CAENZE,
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Figure 2 Expression patterns of SmCYP724395 in different tissues of S. miltiorrhiza. A: Relative expression level of SmCYP724395 in

different positions; B: Relative expression level of SmCYP724395 in different tissues of the root; C, D: Phenotypic diagram of hairy roots of

S. miltiorrhiza; E: Expression analysis of SmCYP724395 in SmCYP724395-RNAi lines; F: Expression analysis of SmCYP724395 in
SmCYP724395-0OF lines. n = 3, X £ 5. P < 0.01, ™ P < 0.000 1 vs Root; “**P < 0.001, ****P < 0.000 1 vs Xylem; “P < 0.01 vs PKi;
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Figure 3 Content of tanshinones in transgenic hairy roots of S. miltiorrhiza. A: Detection of dihydrotanshinone I in SmCYP724395-RNAi
lines; B: Detection of cryptotanshinone in SmCYP724395-RNAi lines; C: Detection of tanshinone I in SmCYP724395-RNA:i lines; D:

Detection of tanshinone IIA in SmCYP724395-RNAI lines; E: Detection of dihydrotanshinone I in SmCYP724395-OE lines; F: Detection of

cryptotanshinone in SmCYP724395-OF lines; G: Detection of tanshinone I in SmCYP724395-OE lines; H: Detection of tanshinone IIA in
SmCYP724395-0E lines. DW: Dry weight. n =3, X +s. P <0.05, "P<0.01 vs PKi; “P < 0.05, ““P < 0.01 vs PKOE
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