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Cloning and functional characterization of the pinoresinol-
lariciresinol reductase gene |IPLR2 in | satisindigotica
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Resources & Quality Evaluation of Chinese Medicine Research and Development Center of Chinese Medicine
Resources and Biotechnology, Shanghai 201203, China

Abstract: The pinoresinol-lariciresinol reductase (PLR), a crucial enzyme in the biosynthesis of
lignans in plants, catalyzes a two-step reaction to produce lariciresinol and secoisolariciresinol.
Lignans such as lariciresinol are the effective components of traditional Chinese medicine Radix
Isatidis in exerting antiviral activity. In order to study the function of the key enzyme PLR in
the biosynthesis of lariciresinol in Isatis indigotica, the original plant of Radix Isatidis, [IPLR2
was cloned from |. indigotica, with a full length of 954 bp, encoding 317 amino acids. Multiple
sequence alignment showed that I[IPLR2 contained a conserved nicotinamide adenine
dinucleotide phosphate (NADPH)-binding motif. The phylogenetic tree showcased that liPLR2
shared the same clade with AtPrR1 from Arabidopsis thaliana. The prokaryotic expression vector
pET32a-liPLR2 was constructed and then transformed into Escherichia coli BL21(DE3)
competent cells for protein expression. The purified enzyme liPLR2 could catalyze the conversion
of pinoresinol to lariciresinol and the conversion of lariciresinol to secoisolariciresinol. The
cloning, sequencing, and catalytic functional analysis of lIPLR2 in this study enrich the
understanding of this kind of functional proteins in |. indigotica and supplement the biosynthesis
pathways of lignans. Moreover, this study provides a functional module for further research on
metabolic regulation and synthetic biology and lays a foundation for comprehensively revealing
the relationship between the spatial structures and catalytic functions of such proteins.
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o PLR #0A R ARNE R AE W) & R A2 i ot
ML IGZ —, BESHE LA R B A B T5 A R
2, IR — AL TR T AA IR AR T IR R T
ARBZ , ZIRJFAL IR EmG . R T e, R
BT N ERFIDF DU A2 M G R R AE
W B S i T ARG i 5 R B
FAWE AT BEAAAE 3 4 PLR ZifSEH(IiPLRL,
liPLR2 1 1iPLR3), 3% liPLRL #£47 T R4 H3h
REMFSENY, EORGAnfig i T HAE i ik g it
RIS A A B S A B A B T SR

ARSI L F R AR RIS T lIPLR2 S
KF5, XFHAT T 200t bR |
HEASEEYE B0, Ed i E AR
KA T T AL DI RE R TR, N5 ST R T
W AR WA RiE 28 28 o0 A 0 5 A o s
FERRML T T HE

1 HE5x=

1.1 #R
1.1.1  EYHR

FA T (Isatis indigotica) K4 T 42 72 5 K2
2477 B R AE ) Bl 3 Hh 2 24 200 & ok IO 04 2
FE o BT IR 1:1:3 e+ BERE
e AR IR L ZE, BRI HE e LR,
ZHTHTE 30 °C oL 16 h. 18 °C B5IREE 8 h %
FAAP AR AR, SR GERE, AR 1N H
PRSI R o
1.1.2 iR

TransZol Up Plus RNA Kit (ER501), KT
DHS5o 237 45 4 M TR/ N R S 250 F
e XA ARG BRA R RN 6
(Not I il PspX )l T New England Biolabs 3 ) ;
KIZHFFHE BL21(DE3)EZ ST i A= 5
AR ; KOD-FX RAEWE T AL (L1E)
AR A A F 5 SO iR AR & PrimeScript™ 11
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Ist Strand cDNA Synthesis Kit -5 F 1% $2 i1 i
TG B B — 4 1k e IR & ClonExpress® 11
One Step Cloning Kit ] F TaKaRa Bio 2y ) ; 4
NEER . &M AR S TT 28 595 M i 22 FnofE
(HPLC ZiE>95%) ¥ T8k vo 22wl 5 514045
A T A TARECE ) B A BR A R 58

1.2 7k
1.2.1 FAIEM 2 RNA 12BN cDNA BIE AR

BORT AR W, FHTEMC A TP R 1Y 8y )
BN ASHER A A B A W ER Y RNase-free 5.0
IR A, FEREVLE . p 8
15 RNA ik RNA $2HUAG G 42 BORS -0
FEWRBE NSRS, FRAE TR HUN 5 RNA KU SR
cDNA, MIEMRE, —80 °C e H.
1.2.2 555 1iPLR2 B E R 18 & E A Rk i9iE

B SS9 (IIPLR2-F: 5-TCCGTCGA
CAAGCTTGCGGCCGCATGGGAGAGAGCAA

A-3"; liPLR2-R: 5-GTGGTGGTGGTGGTGCTC
GAGTGATGAACGTTTTTAA-3', FXIZk Mt

PE). PIGA R . ddH,0 6.5 uL, dNTPs 2.5 L,
cDNA 4% 1 pL, FFIESIY4 1 ul (TAEWRE
10 pmol/L), 2xZ% Mk 12.5 uL, KOD-FX 0.5 puL;
PCR 4" H4F2)¥ : 94 °C HiAS 4 2 min; 98 °C
AR 10s, 55°C fIRiIR K 30s, 68 °C ZEAif
1.5 min, 35 MG ;68 °C ZEfHfi 10 min; 55 4 °C
TRAE o KRS 1 PCR WA T 1% IEWREE RS B
VK, FIWT H A S KN SRR KN IERR Y
H 1Y R B Gis A B2 05, : Not T A1 PspX T 1 K i
I )% 2 pET32a FEIK 3K, #6402 KT
P BL21(DE3)I&AZ 520, PRI s dE 74
A, A ORIEAE T AW TR (8B FRA
AT .
1.2.3 |iPLR2 EEHEMEEED

fdiFH 1IPLR2 JE K AT R 17 91 2647 1 1)
iiﬂi(open reading frame, ORF) finder 4k ORF;
FIFH ExPASy!"® | NPS [NPS@: SOPMA secondary
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structure prediction (ibep.fr)]'” . TMHMM il
SignalP 5.0 Z57EZk 1. E 0 K 5] 4 bt 25 11 9 AH
XP oyt FSERR T 5 NS L S A [R] B 0
FESZE A 3, A5 5 IRV 200 e o7 S5 o g A 7 ¥
5875 I SWISS-MODEL 754k T HUS[SWISS-
MODEL (expasy.org) |45 & PyMOL A4 1 15 5]
liPLR2-NADP" = 4 & A 45 W H % H 5
liPLR1-NADP" (PDB: 7CS3)45 #4347 HL 4% 5 [l st
iz F§ CLUSTALW [Multiple Sequence Alignment-
CLUSTALW (genome.jp)]'"”! 45 & ENDscript/
ESPript £ £& [% 34 [ESPript 3.x/ENDscript 2.x
(ibep.fr)] PR IR 41 5 AR AR IR Y PLR 4
LRy 5 N R AE R AT X 5 7E NCBI %54 2
kSR TORIE TR A PLR Z LR 751,
A I MEGA 7.0 ##4BY, ffi I Maximum
Likelihood /77, bootstrap F & KEBEE 4 1 000 1K,
M RGP
124 |iIPLRZEEREZFIEEEBQ4K
BRI LERR A B 2 B RN 50 mg/mL
547K P MK (ampicilling Amp")H LB I 14 1% 75 5t
H, 220 r/min, 37 °C &7 2 OD4pp=0.6; TIAR
W 3 -B-p- i 8 2 FL OB (isopropyl
B-D-thiogalactoside,, IPTG, Z43& & A7 0.5 mmol/L)
JETE 80 r/min., 18 °C 4 Tl . Wil iAW
1E 8 000 r/min B.0» 30 min, WCAEEA; fHiH
Tris-HC1 ZZ#hi%(pH 8.0, 20 mmol/L Tris-HCI,
100 mmol/L NaCl)yH & {4, P & R s
T AN R R W B 1 5004 °C, 20 000 1/min,
45 min); K _E3EH(0.22 pm JERR I8 A2 208
B0, ] Ni-NTA fE#Efraiie, F
Bradford #2005 2 MRS o RIS 43 BIER 10 ul
K& PTG iIEFMEA . IPTG i FH AL
afifb it R IR BOR#E T SDS-PAGE LIAG N &
FRBTEN, FREN T80 °C RAEEH.

&: 010-64807509

liPLR2 BY{R5MESE I E

RAAFR( mL)H TG M [pH 7.0,
50 mmol/L Tris-HCI, 10% (J&H4-%50H 1.
150 pmol/L NADPH ., 100 pmol/L # i B 5§
100 pmol/L 75 M#AE % LA S 5 pg A9 liPLR2 4l
. AT IPLR2 48 1 ik 224
XTRE, EOR A S RRRYITE 30°C R
FiEE 5 min, SR/EHI NADPH 46,
30 min JGHIA 300 pL Z PR ZBEA 1S vi o fdiFH
2R ZBE(ET 3x300 pL)Xt S =M gk f T A B,
WA T (200 pL)E 3, T = E DUAR AT
P (Agilent 23 F))R AL BEEE | J% iHAARE 22 1
TR FIEM R R &, i atr: ikt
4 Thermo® C18 (150 mmx=2.1 mm, 3.5 pm), *
Joh 35 °C, W A 0.3 mL/min, Hishtih 2N
(A)-5 mmol/L Z & ¥ /K 7% W (B), H BE ¥ It
(04 min, 15%A; 4.0-4.5 min, 50%A; 4.5-8.5 min,
85%A); JITTE A5 - HEREHLESS HL 25 (electrospray
ionization, EST)& i, HE & K 350 °C, MSI
I MS2 MUIREE R 105 °C; JRiEmE 54t i E H
4 000 V, THRAUASFHENAS, wifE
SMAEARSR, KRN 0.1 MPa, FALSES
WE N 40 psi, ARG BE A 10 L/ming W
A R 4 o3 51 Ry 170 AN 22 S
(multiple reaction monitoring, MRM)*%;EQ o Hith
FEiESEAUNE 1 s

2 EREQM

2.1 I|iPLR2 mEBEFEM T ESERZKER
55

DIAA#E cDNA Shbid, W4 415 200
Brrpk 45 /NS BRE H B JE R (954 bp) A
54 (K 1A). FIH ORF finder XF 3[R ) cDNA
AN HEAT 0, lIPLR2 JER 4K 954 bp,
i 317 ANE&ERE 1B), J¥4] FfEZE NCBI
IS HEL F 515 (GenBank % 5 5. PP061232).

1.2.5
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Table 1 Mass spectrometry parameters of pinoresinol, lariciresinol and secoisolariciresinol

Compounds Precursor ion (nVz) Product ion (M/2) Fragmentor (V) Collision energy (V)
Pinoresinol 357.1 151.1 135.0 30.0

Lariciresinol 359.2 329.0 100.0 3.0

Secoisolariciresinol 361.1 164.9 135.0 20.0

A B
M 1 ] AAACGCGCGTTT GAC “TACTTAGGGAAGAGAATTGTAAGGGCGTGTTTG 9()
9] cY ACGAGACATACGTTTTGCAGCEGC TCGACATCGAGRRAGTCCAACTGCTTTTCTCCTTCARGRAACTS 18(}

1 000 bp i3

954 bp

36 ] Tcwmmmmmmﬂm

AAGCTAATATATACGGAGACGGARATGTARA TGO

] S 1 GGCGC'I.‘CATCWGTMMGC’H‘CT]‘TT’I‘CCGRCC.ACCJ\MGCCTCGTATCRGCCGTC}\MCTCGTMMTCGTTGTCTCCGCCATGTCT 2 70

2'," 1 GGCG‘I‘TCACTTCCGTAGCCATMCA‘I‘CC'I‘TSTCCA&WMWWWMTM’CMGC@MWMC& 360

ATGCGTTGCCGCCK AACGTTCGACCA GCCAAGCT 450

45 1 A’I‘TGAAGCTBCCGGARTMCHACACATACMTGTTGGTGCTTGCTICGCCGCCTATWBCCGGAMCTTA?CTEAGATMC&TPA 540

ATGAAGACGATATCGCGACATACACCGCA 630

54] CTECCTECAAAGARRA

72 1 TGGGAAAAGCTARCCGGAAATGA :

63 1 ARAACGCTACACATCCACOANCATCOAMCAAAACCOTOTACATCAGACC T 00GACARC OTTCTCACOCATATIGAATTGOTTCAGATT 72(}

ARAGACTTCCTTGCCAACATTGAACAAATGGAGATTCCACAT 8 1 (}

8]1"

F 1 IIPLR2HIEFETE A

liPLR2 pi% B ek . M: DNA marker; 1:

TTT Ana\.ACA’.I'I"I‘TC'I‘ACGMGGKWTCTGICTGRTCATGMGTCGGAGMGMGICWGCGNMGTCTC 900

9()] 'ﬂ\'l‘CCGGICGTCGRGTACAAGCGCATGGITGWI‘?ACTTMCGMCATC

liPLR2 LA 9 PCR 7= 446

. B: lIPLR2 AR IR Fr 4] (BB () FH 2 B 91 (1)

Figure 1

Gene cloning of liPLR2 from Isatis indigotica. A: Nucleic acid electropherogram of liPLR2. M:

DNA marker; 1: PCR product of the liPLR2 gene. B: Nucleotide sequence (Black) and amino acid sequence

(Blue) of liPLR2.

2.2 liPLR2 EEHELMRD
i I 7E LR #5t ExPASy %f [iPLR2 #E47T3E4k,

MRS AHT, 455 8% 1IPLR2 B S5 e 1 2 5.86,
AR 4> F B 35.54 kDa; T RIRNif8%k . &
FIANFRUE F8 ORI K PR B 432 90.41
43.06 F1-0.215, H 4 3 fR 5% vh A 1F HL 1
(Arg+Lys)Fk 3 B 36, T HL fif (Asp+Glu)ik s
SEUR 44, BUKEEIRZ T oK AR R
125 HE W7 S AN Fa e 1 i K & (B 2A) . AL
TMHMM 74 N 88 25 A1), 45 R Eos,
liPLR2 A B EMEEX, A T4 AL
JLFHR 0, FLFBEAMLFERT 1.2, #2758 liPLR2
AL REN T HEANIE 2B); #i4iE SignalP 5.0 78k il
MASS K, 45528 liPLR2 & A 1{5 5 kil i
P 0.020 8%, HEMIFALELENE SR, MRS
WER, HIZEAAREANREHiE(E 20).
40 SV 20 i 7 v #E 26 T H. Plant-mPLoc Tl 2
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W, liPLR2 ATREEN. TS I, 7E40 MR
AR RE
2.3 liPLR2 EB KM =KEH D
FIAEL T H NPS 7347 liIPLR2 24514,
gEIL R lIPLR2 EA M R T o-12
TREPIT o B LU Bl e A 126 SRR, (17 39.75%;
TGS 114 NEERR, (5 35.96%; (LAl
By 56 MESER, H 17.67%; BHrEFT b
BlIA, A5 21 DMEER, 7 6.62% (8 3A).
SWISS-MODEL 7E4k 73 #7345 LA AtPrR1-NADP”
(PDB: 7CSAENRIVEELAR ) 1iPLR2-NADP 2§
=S A, AR NS 90.97%, 4
BRI R BE 4> 0.9, lIPLR2 254 5
APrRIMIE N 2 43k BAREER — Rk %, 14
PARIIAI S 2 ANGEFEE, B N 3% NADPH 454
2t #4 4 (NBD: N-terminal NADPH binding
domain) il C ¥ IS 25 5 25 #4 3f (SBD: C-terminal
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Figure 2 Hydrophilic/hydrophobic properties (A), transmembrane domains (B) and signal peptide prediction
(C) of liPLR2 amino acid sequences.
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Figure 3 Secondary (A) and tertiary and (B, C) structure of [iPLR2. A: Blue, alpha helix; Green, beta turn;

Yellow, random coil; Red, extended strand. B and C: Green, n-terminal NADPH binding domain (NBD); Pink,
C-terminal substrate binding domain (CBD); Magenta, NADPH binding motif; Cyan, NADPH.
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substrate binding domain); 2 ™53 a4 4>
K& 3B); 454 ikt & NADPH F¢ 7125
HHF GXXGXXG (A 30),

2.4 [|iPLR2 SERHFFIELRELXFZE S
AR 2

fdiFH] ESpript 3.0 ZEL 1 TP SRR LLXT, 25

7R HPLR2 24 2R 7 4 5k I T #l pg o7
(Arabidopsis thaliana)f) AtPrR1 (NP_174490.1)#ll
AtPrR2 (NP_001319922. 1) [FITENES 1M 90.85%
1 81.07% ; 52k i F #4 ¥4 (Isatis indigotica) 11
liPLR1 (AEA42007.D)J[RIJEYER 82.65%; R
F#k JL -t (Snopodophyllum hexandrum) i) ShPLR
(ABY75535.2)f [R5 60.77%, SRIET
JER(Linum album)f¥) LaPLR (AJ849358.1)[w]iis:
H 58.67%, HARPETFIRR(Linum usitatissimum)iy)
LUPLR1 (AJ849359.1)HI[RITENE R 62.82%; HHA

PR PLR —#, 1iPLR2 HAT{RSH) NADPH
A

LuPLR1

AtPrR1

LuPLR1 ¥

AtPrR1

LaPLR1 |
LuPLR] EvTI

AtPrR1 RMDD
RMDD
RMDE!
RMDE
TVSE
TVEE
RMEKD!

SN
TNF“_DAAQD VFA:SLYPFVEYI

LuPLR1
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iTEVLTQMELQ[LTGKE
’RPTDNILTQMELVQIWEKLTEKFL’

SR EEIB(E 4A). XERFEPIFI PLR/PIR #H17
RGN - I 20 4L, ok
JRFAAEERY 1IPLRT A IIPLR2 5 RIETFHIRG Y
APrR1 Fll AtPrR2 SrAGTERl—3 b, SBRET %
FERMEY, oA liPLR2 Al APR1 J& Tl —4332,
7R [IPLR2 ] AEHAFI APrR 1| AU ERE(E 4B).
2.5 |iPLR2 5 IiPLR1 =R EAZEMELE
liPLR2 # liPLR1 FE [ p4 IR LR T
I ARLI(E 4A), {H liPLR2 | B4 3 C K
XTI Asn98 HIFRFETE IPLR1 Fg 24 A Ser9s.,
W s fizR, lIPLR2Y® %] NADPH 22 [a] fif i 25 2
4.7 A; 1 liPLR1%® 2| NADPH Z JA]fREES /& 2.1 A,
fEM HPLR2 1Y 2 KL R o7 21 N98 4 A
NADPH =[] #2528 e AR F SN 9 A= 5 Ak
22 SR EE 5 5, BERS O B 7E NADPH (1% & I
P& JEIA N 7, T R ATk e % ply 2 114z BEL i AS
REANIL . 25 b, FATHEN 5 1iPLR] AH LK, liPLR2




TER F | MEPREE-EMREZTREBRDER IIPLR2 W5 ESIEES 2277

4 TREHEYIKRIEE PLR REBFIILLIF(A)FIRFHMM(B) 2k NADPH 455 HE)y; W@ 4
46 ML SERRAOL s O 5 98 [ S SER VL AR,

Figure 4 Amino acid sequence homology alignment (A) and phylogenetic tree (B) of PLR from different
plants. Green: NADPH binding domain; Blue: Amino acid site 46; Purple: Amino acid site 98.

E 5 |iPLR2-NADP (54 %)5 IiPLR1-NADP" (PDB: 7CS3) G¥ R &)NEWES &, NADP'; #&
o, [iPLR2-NADP () B4 ¥; VELI €5 IIPLR2™®; #ifa. IiPLR1S®; ¥k, S5

Figure 5 Structural differences between IiIPLR2-NADP" (green-cyan) and |iPLRI-NADP" (PDB: 7CS3)
(pale-grey). Yellow: NADPH; Orange: B4 loop in liPLR2-NADP'; Magenta: liPLR2"*®; Blue: iPLR1;

Yellow dashed line: Hydrogen bond.
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9 N98 Z IR i A AT BERZ WA HAEAL T 1

SDS-PAGE, #5 g . FiEmmMmaifbs [ h

2.6 |iPLR2 BB RIAINEEE BB B0 B E A, STHA 1iPLR2
liPLR2 EHELFBFREFWERIE, B RN, EWZEARBabR, B
WEN, BORREERMALEDWRET  haaiE A (K 6A).
A M 1 2 3 B HCO n HCO on H.CO
- | SENNN D¢ !
- TIPLR2 IiPLR2HO
EE——— OH -
35 kDa 88 sPLRT ) [iPLR1 HOCHJ
°q HO oep, HO ben,
- Pinoresinol Lariciresinol Secoisolariciresinol
. . 1 JL 1.V 0.5
Pinoresinol+CK 0.5
0 0

0
x10%-ESI EIC MRM (357.1 —> 151.1) x10?-ESI EIC MRM (359.2 —> 329.0)
2

Pinoresinol+/iPLR2 1

|

5.0
2.5

0

><104-E§I EIC MRM (357.1 —> 151.1) x10°

1.0

1.0
0

-ESI EIC MRM (359.2 —> 329.03

x10'-ESI EIC MRM (361.1—> 164.9)
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Figure 6 Expression, purification and enzymatic activity determination of liPLR2 protein. A: The expression

and purification of liPLR2 protein. M: Protein marker;

1: Uninduced protein; 2: IPTG induced protein; 3:

Purified protein. B: Two continuous reduction steps catalyzed by liPLR2 involved in the biosynthesis pathway
of lignans. C and D: LC-MS detection of reaction products catalyzed by liPLR2 using pinoresinol and
lariciresinol as substrates, respectively (green: pinoresinol; yellow: lariciresinol; blue: secoisolariciresinol;
black: negative control; red: reaction catalyzed by IiPLR2).
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