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E. XA REM A (phenylalanine ammonia-lyase, PAL)YE A M4 K Akt KRR A T k42
B, sTALAt B ANSE — RO EF N AN S REA EZFm. HILX[Sinopodophyllum hexandrum
(Royle) Ying] 2 B3 & F 0 LB R KRR, vAw)l| MR H)U-GAEARGGAR A AHF, B FHOLL
4t SRA 3 FA%HE o, @it R4E R IR S B4k X R (reverse transcription-polymerase chain reaction,
RT-PCR) L% 3K 7 RBA MG BB B ShPAL., %15 & F oM R, ShPAL %AE & w 711 &L
B2 AR, @48 PAL tRF MR, A FEARBABRM AT SO El LT, —RAEMIEd
o-3F 2 Fo AU Ay L A%, BAR Z R Z IR 69 5K, Swiss HAL R E LM BRI R
K, EZG%KF % EEF B A (Berberidaceae) ) = A& /uet 3 (Epimedium sagittatum) PAL 5 %))
MMER . RAIEBRE, D@RALERLERE T SWPAL EA T 25 TF@Rd. V&L
12 F AL MIE £, ShPAL & & @12 K AT i (Escherichia coli) & 41L& K Fnl BBAATS EAnshifl, HLBEE
3% 2091 U/mg, wRIEBAA 41 °C, & pH A 9.0; 3 FI30H X RIREEZF 41K 23.6%, {245
JE. pH ZACEY MR T, EFZ45 F 69 R AR A om PAL R4FF &R, AmAa#AiEE
M £, {2 pH A ST, XEEREH B TR —F 547 SWPAL ARG FFAEMESRIET &
WA, ABRERGEEFRER, ARERPHILEHR TR, FAEAS ShPAL TAEALY
o I w2 2 [E 3 5y g BLAT A S R ARAAL
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Gene cloning and enzymatic activity analysis of phenylalanine
ammonia-lyase from Sinopodophyllum hexandrum (Royle) Ying

HU Di*, LUO Xiaowei’, WANG Yuxian, GONG Ming, ZOU Zhurong

Engineering Research Center of Sustainable Development and Utilization of Biomass Energy, Ministry of Education,
School of Life Sciences, Yunnan Normal University, Kunming 650500, Yunnan, China

Abstract: Phenylalanine ammonia-lyase (PAL) is the key entry enzyme of plant
phenylpropanoid pathway. It plays an important role in the biosynthesis of podophyllotoxin, an
anti-tumor lignan that is currently produced from its main natural source Sinopodophyllum
hexandrum (Royle) Ying. In this study, we cloned the gene ShPAL encoding phenylalanine
ammonia-lyase by RT-PCR from the root of S. hexandrum ecotype inhabited in the Aba’
district, Sichuan, based on its public SRA transcriptome data-package. Bioinformatics analyses
showed that the ShPAL-encoded protein is composed of 711 amino acids, contains the
conserved domains of PAL, and has the signature motif within the active center of aromatic
ammonia-lyases. Moreover, ShPAL protein was predicted to have a secondary structure mainly
composed of a-helix and random coil, a typical ‘seahorse’ shape monomer tertiary structure,
and a homologous tetramer three-dimensional structure by Swiss-Modelling. The phylogenetic
lineage analysis indicated ShPAL was of the highest sequence identity and the shortest
evolutionary distance with the PAL of Epimedium sagittatum from the same Berberidaceae
family. Subcellular localization experiments showed that ShPAL protein was mainly distributed
in the cytoplasm, despite of a minority on the endoplasmic reticulum membrane. Furthermore,
ShPAL protein was recombinantly expressed in Escherichia coli and purified by histidine-tag
affinity chromatography. Its enzymatic activity was determined up to 20.91 U/mg, with the
optimum temperature of 41 °C and pH of 9.0. In contrast, the enzyme activity of its F130H
mutant decreased by about 23.6%, yet with the same trends of change with temperature and pH,
confirming that phenylalanine at this position does affect the substrate specificity of PAL. Both
the wild type and the mutant have relatively poor thermostability, but good pH-stability. These
results may help to further investigate the regulatory role of PAL in the process of
podophyllotoxin biosynthesis and advance the heterologous synthesis of podophyllotoxin to
protect the germplasm resource of S. hexandrum. They also demonstrate that ShPAL has a
potential application in biochemical industry and biomedicine.

Keywords: Sinopodophyllum hexandrum (Royle) Ying; phenylalanine ammonia-lyase; gene
cloning; bioinformatic analysis; enzymatic activity analysis

RN & IR ff 2 B#(phenylalanine ammonia-lyase, AN B K, 7RG AE LT GEH 41 4 =R
PAL, EC 4.3.1.5)ffbz M L-oR N iR kR Ak 2 L% i (histidine ammonia-lyase, HAL)FI#% 2
HERA R R EERY, FEAAETHY . Bl BREAZF I (tyrosine ammonia-lyases, TAL)H
MABAME Y . ZE T2 R AN M/ bk, eI &A — v e i ——h i
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HUOFRRIEME S 7 38 — ik Bt (Ala-Ser-Gly, ASG)
H AL ANBE KT B A 4-F 3 — ) JE K mg-5 -
fiil (4-methyldienylimidazol-5-one, MIO)?* ., H
Hi, DA . R BRIBLLFF A RS PAL
BIARMN =S5t . BETEALS  JRYE
A R S P D i A 3 D i Sz 1o ML i 38 L 3 A
] W O-ST 3 a  as 2RAR RE [) EAE T Bkl
Fr PAL B A9—Se4 b CnTs vt . FoliiE . Hol
pH. AJ¥dE | Rt R B e S, nldfEE
HAE A= Al TR A g 1 2 v e g P

TR PAL IR NBESGRIE A T S5
ity , ¥ L-Phe MZFHIRIE1E5] 3 2 X N EERR 1)
G I — LA T E R 2 B R A
WY, RN, WElAEE R, FER. Bt
PRIFERRER . RIEZR . HARM MR A YA TR 55
VFZ 2R S S el SN S 254 =2 P
A3 IRIE BT ER PR RS AMRIE S
FEA) -5 304 WA EAE R G 5 o 7 8UE R 5|
R AR 0 A= K B R D BR B (A ) A
A= e kS 2 AR R AR DK A 1 i A
() Y Ak D R T B ) b R R B AT I A R A
PP S |, ez A B REAR - O S il
PAL f55¢, [AIET PAL & M:32 8 2 )5 H 17 LAG
R S I Tk i 8 S B SN (L2 E N
AR = G R RE AT BRI S e A
Pz FE A AR B IR A AR S R AR
YISO TR] TR Y (G DR R A 22 1 7))
LK Z2 W 525 0B R4 (5 [l — a4 At w]
I it B34 20 (2 R P4SO BB ELAE, BHTEN
5 X - ) B R A3 )P, BT, PAL
CLFEVE 2 AN W] Bl 28 ) A8 4 v 45 390 35 ] o 1 LA
K BTG AT EE o, Wi iR RO
P RN = 3¢S RN 1 ) NN 1 7 NG
FERSE i PO SN

O R R AR sl P AR T
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97 DU S AR RAARNER, BA B35tk
L PUWEE . PR DUXGR . HUEB L 1y
WPk BT A s R 258 (i
RABMIEIATT . BRIBTHREMR. BHEEER
CRBAFET RN | PR . A, g
Z . ERR. BIAE . AR EAOLE SR,
ERAEYE R H AT SRS BT, ok
PO I AR 28 280 10 AL WA SR A B

BHTR GG HRZ G T MR UK
BIRFMER R MDY, b5 RA SRR
UIAHSG , TR F AR5 18T AR T 5
EA MR R B, 2068 SRR R
PR A TR VR LT (A B B2 BT A6 B B PO 4k 2
HRRE . 4 v P JRR % 5 400 i Bk AR 2 2R S
BRI, ML ERA AR P RA SRR
w5 Fe', Mn* " BFRILE KRR, &
BEHR 2 K 358 T RN B 7 S —— A
IR A B — SR M CRE 3 2 A T PAL) Y S
DAl 2B R 1 , DA TG O T BT PRAA R ) 5 B
FIAERT o 3 s B IS Bl e — 20 S840 UESE, Schultz
i SIS G TR 1 1 A AT 5 B R B R A (L
PAL 7E N B 8 )& [ A B H & R
(deoxypodophyllotoxin, DPT)& AR5 (8 i) —
() EAR FRAH 5 I e r B A 2ok 0K, SR AP el S B
T DPT fEfHE Ry 2 e B G i, PAL 7EJL
s STk B

BT PAL TERANReRmie LA RHAFRG
Y E S AT AR B R i H TR Y
BOIL-EAR S APRL, R 56 [ [ S AR M RoR {5 Bk
[[>(National Center for Biotechnology Information,
NCBDMu FHkJL-E SRA BB 1514,
it RT-PCR e BRI A 4 N 22 R fifp it A
ShPAL, FFXIHIEAT RGER MG B2, 28
JE X KIAFF & (Escherichia coli)E 4 ik F-4lifk
(1) ShPAL & 1 #EA 7 AR P FNAEE 00T , B
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P fead i B AN pH, DI —204R9¢ PALFESR S8l
FIRE A A M B R e e it m 1.2 Ak

AR B E .

1 S

1.1 ##

Bk LA i i W T L N F A X 2 —
—— DU A8 BTG T R F IR M, B AR B 5L BT+
it — N e R AR KRS IR A . K
FF# Ak DH50. BL21(DE3)PA K pET32a(+).
pBI(EcBAP). pCAMBIA-1302 Z5# 1At 525
ZLE1F. TRIGene & RNA $2EGRF &1 H b5
GenStar /A1l ; JU5E 5487 & EasyScript® ¢cDNA
Synthesis SuperMix . DNA F1%& 14 & Marker
) L 5 Transgen /3 H]; Phanta Max g HE
DNA B4 ClonExpress” 11 JG4% 78[5 17 £
TR AT Vazyme A W] ; His HR283EFZHTHE
HisTrap FF crude "5 GE Healthcare 23 ) 7= i ;
Bl 1 N YD Nde 1. Xho 1. Xba 1., Hind 111 A
Jb T NEB 24wl 7 s % A AR IR] oy [ 43 B
afi; 51¥(ER 1)E BUIF B AL s Tsingke 23w

Fz1 KWHRFAAE4

1.2.1 BtJL+t ShPAL EF B 52 fE R RTRHE

B 0.1 g SJLEAR g RHZEUR RNA, K
J i . cDNA AE A 5 4350 R FH 51 9 Xt
ShPAL-uFw/ShPAL-dRv ., ShPAL-5Nd/ShPAL-3Xh
#47 2 fe 20 PCR 974G, 1531 ShPAL JE[H v B
4iAk )5 5 Nde 1 F Xho 1 XUV (214 pET32a(+)
T AR, ik DHSa RKIGHFH, 4 H7%
PCR (#1514 Pt7UP-Fw. ShPAL-3Xh)% &
i 4 F IR HAAK pET(ShPAL) AL, B
3 S P B

ShPAL ZRAF A F130H 3[R i 5 & s i Pf
Bk . PABA pET(ShPAL) AAEAR , 437
RIS 4% Pt7UP-Fw/ShPAL-mR . ShPAL-mF/
PetHis-dRv 14 HY ShPAL 1 2 3Bt , 4k
HEBXFH(HP514 ShPAL-mR ., ShPAL-mF
FIA)E AR KA I BN, R)E 5 Y
ShPAL-5Nd. ShPAL-3Xh #"# 4 K H- B, 40
PR RER) pET32a(+), ARAGIF I UERY
AR F IR AR pET(F130H),

Table 1 Primers used in this study

Name Sequence (5'—3’) Size (bp)
ShPAL-uFw ACCTCATTTGGCTCTTCTTAAC 22
ShPAL-dRv TCTAGTGTACTAAGTTGCCTTC 22
ShPAL-5Nd AAGAAGGAGATATACATATGGGAAGTTTAGTGCAAG 36
ShPAL-3Xh TGGTGGTGGTGGTGCTCGAGACAGATAGGAAGAGGGCTAC 40
ShPAL-mF GCTCATTAGACATTTGAACGCCGGAGTCTTTG 32
ShPAL-mR GCGTTCAAATGTCTAATGAGCTCCTTCTGAAGTG 34
Pt7UP-Fw ACCGCGAAATTAATACGACTCAC 23
PetHis-dRv GCTTTGTTAGCAGCCGGATCTCAG 24
ShPAL-SF GACACGCTGGAATTCTAGTATACTAAACCATGGGATCCTTAGTGCAAGAAAACTCGAA 58
ShPALgf-R TTTGGATCCGCCACCACCACAGATAGGAAGAGGGCTAC 38
ShPALgf-F GGTGGTGGCGGATCCAAAGGAGAAGAACTTTTCACTG 37
NosT-Sq GACCGGCAACAGGATTCAATC 21
VecEn-5Xb GAGAACACGGGGGACTCTAGACACGCTGGAATTCTAGTATAC 42
mGFP5-3X AGCTCAGTAGCAATTCTCGAGTCATTTGTATAGTTCATCCATGCCA 46

&: 010-64807509 : cjb@im.ac.cn
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1.2.2 ShPAL %= R R4 R 7E {32 53 1

3Lk pET(ShPAL). pCAMBIA-1302 JFiki
R BEA, FH 514 % ShPAL-5F/ShPALgf-R .
ShPALgf-F/NosT-Sq 43 tH ShPAL il GFP Jv B¢,
RIG IS 9%} VecEn-5Xb/mGFP5-3X ¥ 2 F
Bl S M P A R G RS E A e R
AZIH Y5354 pBIECBAP) Y1 Xba 1 1 Xho 1
BLRZ I CEA EcBAP Fr ), 34% ShPAL-GFP
il & 2B Y XU 34 pBI(ShPAL-GFP).

1Tt 5 Tsingke 2 Al 5 % Pd35s:mCherry-
AtCytB5B_¢33:T35s ) DNA H B[ W37 Hind 111
fis5 s Pd35s A CAMV 35S 33+, T35s A
CAMV 35S Z k¥, #kiIET pCAMBIA-1302
JEUKE 5 mCherry Z1 (0,5 ' B 1 5% DRUAR B8 0 5 2% 1)
TAREMEAL; AtCytBSB ¢33 JA T4l o %
CytB5B JRH: AR o 33 M2 IR (102134 aa) i 4hid
Fes*, 2 Hind TN Y045 A %] pBI(ShPAL-GFP)
ki, ¥ ShPAL-GFP . mCherry-AtCytB5B_c33
W SR ROTEA pBI(RPG).

14 pBI(RPG)Zk A iE o3 4k il 1 i AR A AT
B (Agrobacterium tumefaciens) GV3101 H1, 2RJ5
25 I8 Sharma 25U A (R 1R A0 A TR AS FG AR -
R SEE AR AT IR R G, 3 d Al id Olympus 23 F] Y
WO I B A2 B 1 (confocal) FV10-ASW k4T
WLELFNFARE , 43 HT ShPAL 25 11 76 20 it v 1) 5 o7
T
123 ShPAL RERTAREHAEHHIRIEAN
0K

¥/ pET(ShPAL). pET(F130H)4351|%% k.
KIGAFHFRIBHbE BL21(DE3), Sk iR b &
ODgoo 4 0.5, I3 & 24 0.5 mmol/L 5 N %E- B-D-
i A 2 LW (isopropyl-B-D-thiogalactopyranoside,
IPTG)F 37 °Cii®3RKiE 4 h, IFREEH AR
ff ), His 32 6 MUZPrAEEA T 418 F1 i 4l
fb. EABEFRREOH LA @ 12% 1

http://journals.im.ac.cn/cjben

Tt R A TR N - IR T T e R EE H YK (sodium
dodecyl sulfate-polyacrylamide gel electrophoresis,
SDS-PAGE)f , #4575 /1T . J5 B4 7 5
HEM(UL T). T B0 5 IUTTEP) A L3 (S)dL 53
A AEAE R ZE B (FT) LA S 100 mmol/L BK
WRVE R I R (E), PRANAL TR S B Yuan 10, K
B (140 T Marker i FAER, 181t Quantity
One #fF(Bio-Rad /A ml) % 2 1 4571 1 JK i
SEHLAAN AL 5 AR IR
1.2.4 ShPAL R HRTRRIEGFEIREM ST

2 BRI {25 2 T A 19 43 6 06 B 1 I
ShPAL il i 1 . ¥4 2lifb )5 /) ShPAL s H:5 48
IREEROMA 2.5 mL PR BARR[E 0.5 mL 1)
0.01 mol/L L-Phe JE¥). 2 mL A 0.1 mol/L
Tris-HC1 (pH 8.5)Z& M1+, T 37-57 °CiulH
(B 6 MRBE S, 1AIBE 4 °C)r %I 1 h, JA
0.3 mL /1 6 mol/L $hFRZE e i . A4 et
D S WVIRAE 290 nm S840 KR IOEAE, 9F
308 o s o e A e X PR R R 1 it AT B
PAL & (1 U A4 FAEM AR 1 ng/mL), B
MR H BT FH 9 19 B 11 S E O Y BT
(U/mg), #RJ5i# 1 SigmaPlot 15 {48 X i B s ik
AT A B8 2 Tl ) B B I B o S 4b, dE 2
W7 A E B GE pH,  HRBR SO I [ 8
R 37 °C, TS S S8 ) pH 7E 6-10 S LN
AE, MRk 9 A4 pH A (RIRE 0.5) 787 7

[FIE, K5 ShPAL e HL58 AR A iy 4lifb B o
P FEA TR BE TRLEE (4070 °C, [A]BR 10 °C)FIehE
pH (6-10, [A]f% DALFE 2 h, SRJGTEARIEL I 55
(37 °C. pH 8.5) T #& b iR Jy ik o 5% BA Bl %
DIV B4 B B3R E PR RN pH B2 e M
1.2.5 ShPAL EERHERBEANEMEEF
S

X ShPAL K4 . # ] BLASTN F2 % He x4
Hr NCBI 1) SRA R EHEE . X ShPAL 4ih%
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. FH ExPASy FE£E 1. H. ProtParam il
o F R AL ., ProtScale UL ERIN B L 4T 0%
BZK AT 5 FH DTU 764 1. H TMHMM 2.0
T B L5 H . SignalP 6.0 JE77 15 5 B4,
NetNGlyce 1.0 Tl N-#EHEE AL A7 5, NetPhos 3.1
T B R AL AV 15, DeepLoc 2.0 #E47 V4010 &
PiE 54 Hr; it STRING Server 1E£8 73 Hr &
HAEAEA; A SOPMA FI Jpred4 Server i
1T RaE Wi ;. >R FH Phyre2 F1 Swiss-Model
Server AT = 4E &5y RIEEEL, HH PyMOL
2.5 M %K ; FH InterPro Al NCBI [#
Conserved Domain Search 43 #7145 45 #4) 35 A1
DIREN &5 3 ClustaW 1.83 # (T £ &P
F X ; K BLASTP )% b %t NCBI #) &
HoHE PE, JF i af MEGA 7.0 $K 1 DL 4R ik
(neighbor-joining, NI)JEH & RF IR . 5
Ab, AR EF B R B R 43 i
Vector NT Suite 11.0 #A{F5E 1 .

2 BER540

2.1 #k)Lt ShPAL AW TEFFTI D

MEILL ShPAL TE V5 R R ) o g 2
M FEL N 2 g A% X ¥ 51l (coding sequence, CDS)
NARPS E TR R AN ) A 2 0 ) 3 TR e 47
WA BEAAFEZE S, AWFIE 1 SEkBUZ CDS 1 5
1 37K ¥ui45 40 bp fE MK ZR P, i BLASTN
FE e Het HR ol KA JE R T & A 1
NCBI ™ ¥4 A Bk JL & SRA #% 5t 41 45 11

SRX4112555, /3 5ill#5 2| Fe - VE i SRR7196729.

11763625.2 . SRR7196729.28847720.1 (4% SRA
JFHIHK 125 bp), FHARSEEATZITZRAS XL ji#m)
354 ShPAL-uFw Fl T JiEfll 354 ShPAL-dRv
(B 1A, & DL S35V Bl g A X 574 Sy FlI
3R IAY RS 19 ShPAL-5Nd 1 ShPAL-3Xh

&: 010-64807509

(F 1), HTEAHE,

B R ENLEAR P A SO
Toe g, PRI A A A ) R DR A AR R A
() 23R K-, DRI T 36 BORE A% 114) 401 IR S 4 e 42
BUS RNA, KA 3 s tEr rRNA
25717 (28S . 18S ., 5.8S), A4 B B R (E 1B.a).
DMK LM RNA R skt , 15149
ShPAL-uFw. ShPAL-dRv #F755—f 9 14, 15
F) 5 W8 K/ @2 188 bp)—F A PCR 774
ShPAL-1st (Kl 1B.b), MR fG1ENEE 48 5t
PCR {J##, 5[4 ShPAL-5Nd, ShPAL-3Xh
PR RN 2 170 bp WL B ShPAL
(Kl 1B.c). #R 5 i i JC 4% T 41 ve e 7 M 7%
PCR % &, 18 3| ShPAL JE N 3 ik 8 1K
pET(ShPAL) K i #F 1 2 41 5 e (] 1B.d), FF
25 7 B I o

W vabEf ShPAL FER5E% CDS S5kl
SRA ¥l SRX4112555 -l BLASTN F£/¥ It
XF, R BRAEUZE 100%][FEICHIE, HAEH
B E 4K CDS W E S (contig) (B 1C), HJF
5 BB #38 GenBank %04 & (¥ 495 R
MW531745), ¥ ShPAL 53k E V5 7 F 2 IR
SERBUPEAT XS, BB CDS 2k 2 136 METR
(NG 88 A, RN 4.12%, MHAMES
HEEEYI 71 DEERTA 9 DAFE, ZRE
o 1.266% (I 1D).
2.2 #kJ)L+t ShPAL EEHRIEMEERZDR
2.2.1 ShPAL EHWEXE S

ML ShPAL ZwtEE Il 711 AR A
A% o ProtParam P ShPAL & [ Y ER IS 25 SR
5.97, MXITHHN 77.44 kDa, AEETRECH
44.93; ProtScale Tl ShPAL (137 /K X [8) 45 /K
X[ Z, SEAKMETFHEN 0.780, HEWEETF—
AR MBS FRE B o SignalP 55k,

: cjb@im.ac.cn
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TMHMM 5 254 Fl1 DeepLoc MV 41 ifd 5 4y T
TR, ShPAL & [ 7] fe & —FP o f5 5 kA

A

5 BREEF Y AR I BUIR S 1 351, NetNGlyce
B2 7R ShPAL 5 H % A 3 4> N-BEEAL AL AT,

ShPAL-uFw SRR7196729.28847720.1
SRR7196729.1 1763625.251‘ ShPAL (CDS) ‘IISI]PAL-dRV
\ 1 | il
iy
| )l
ShPAL {
2304 bp
B M RNA kb M ShPAL-Ist kb M SHPAL kb M  pET (ShPAL) colony PCR
3.
N 2.
-288'2"0 <5
<188]
-5 8S
a
C
) I I Query | 1
1 400 800 1200 1 600 2000 bp
o Difference
|
LTI T T T T TR
—4.12%
1 300 600 900 1200 1 500 1 800 2100 bp
9/711
Pt ~1.266%
1 80 160 240 320 400 480 560 640 aa

E 1 ShrPAL EFAHIEE

Figure 1 Gene cloning of SAPAL. A: Schematic diagram of ShPAL primer design. B: ShPAL gene cloning
process. C: Alignment of SAPAL CDS against SRA data-package SRX4112555. D: Pairwise alignment of ShPAL
CDS with its reference gene on both sequences of DNA (Nt) and deduced protein (Pt).

http://journals.im.ac.cn/cjben



thil Z/H) L tRR SRR E SRR EEE S

Hor N255 1l 43 5% = (0 0.730) NetPhos Til
I % B ShPAL & FIAE1E 64 N BERR LB i 45
(38 M2 R . 18 NI . 8 MR, K
2A), Hr, 2z i £ S AL,
JUAE(ST113, S365. S368. S675)Fil454rk#
W, YW 0.99; FAh, T544 BERRALAL (TR
M4 0.785) 7638 Bh B B gz g6 iE 52, il g
STRING il if % Fi., ShPAL 748l EG I+ H i 7]
VR 1 PALL 528 N B R — 2eHH ¢
il (45 5 & C4H | 4CL1)Z [a] A9 AH B A F (e AR
EGEE R 1, & 2B), HEN BN —
MR A, SREE—A R E T A TR
[T R
2.2.2 ShPAL EBRMIEMFED R

Fe X8 2 InterPro £4 1%, 455 Btk )LL
ShPAL & 11— &5 N-3i MIO S (MIO
domain, 13-257) ., #Z%.(>#(core domain, 258523 .

B2 ShPAL RIBEER(LASIRALSFIE A HEE(ER TN

646—705)F1 C-iiy 15 A 1) 5 i 5 (inserted shielding
domain, 524—645), MIO 5 HF A 75 N & R /4 & R
fift 2 W (PAL/HAL)E PE A0 19 58 AF 1 5 )7
(193-209), FE /¥ AT B MIO % Bl 3 H () ASG
=EEIR(197-199) (] 3A). @it SOPMA il &
M, ShPAL B _H/EW FE B o- 128
(56.54%)FHTCHL N4 1 (30.10%)H AL, F3 FhmiF
ZER IO ——SE A B EE AN B 5% A1 43 R 8.02%
F1 5.34% (18 3B)., #] ] BLASTP 7% %1% % NCBI
i) PDB #4558, &M 5 ShPAL (J¥41
5 UGB90594) A RLVCHL . HA = g5 i
MR EAIFA L, (HEE TP . 4
FAEY) . FLDE AR AN B, L rh e R DL EC O RO
(Petroselinum crispum) 1W27 A, W& H)F51H
U H 86.12% (& 3C). LA 1W27_A ASHHR
i3 Phyre2 [A]JREAE, 450 /RN ShPAL 184
TR = S 2540 AT BL AR 9l TR 250, 54

AT4G05160

Interaction Score
CACOSS PALI:C4H 0998
C4H:4CLI 0.997
PAL1:4CL1 0.995

Figure 2 Prediction of phosphorylation modification site (A) and protein interaction (B) of ShPAL. The
circled is the T544 residue of ShPAL, corresponding to the phosphorylation site identified in bean PAL. PAL:
Phenylalanine ammonia-lyase; C4H: Cinnamate 4-hydroxylase; 4CL: 4-coumarate-CoA ligase.

&: 010-64807509
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A MIO domain (13-257) Core domain (258-523)
Core domain (646—705)

=C g 1
;\ Shielding domain (524-645)

ASG triplet (197-199) PAL/HAL signature motif (193-209)

ShPAL (711 aa)

 HPHHH R R

100 600
¢ 100 ] (32225%94 Sinopodophyllum hexandrum teenitty
100 _|: 1W27_A Petroselinum crispum 86.12%
98 ———— 6AT7_A Sorghum bicolor 69.97%
[ 4C6G_A Taxus chinensis 45.59%
100t 3NZ4 A Taxus canadensis 45.59%
1Y2M_A Rhodotorula toruloides 36.07%
— 2NYF_A Nostoc punctiforme 37.08%
100L——— 2NYN_A Trichormus variabilis 35.88%

MIO ring
MIO domain

N-terminal

Core domain

C-terminal

Shielding domain

B3 ShPAL & B4 MHHE

Figure 3  Structural characteristics of ShPAL protein. A: Domain composition. B: Secondary structure
prediction. C: BLAST against PDB database. D: Monomer tertiary structure by modeling. E: Three-dimensional
structure by modeling.
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ShPAL 1 .-MGSLVQEMSNSI--..PSFCIK-E H-SH -Q 73
EsPAL 1 --MGSLVQEMS------ IALCLN-K IA-SHB-Q 70
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ZmPAL11 -+« MAGHG - - - - - - - - - AIVES iSAK AS 66
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ShPAL 74
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AtPAL2 161 i ] SK

ZmPAL1 147
SbPAL1 147

ShPAL 236
EsPAL 233

PcPALI 241
APAL2 242

ZmPAL1 228

SbPALI 228

ShPAL 317 397
EsPAL 314 g 394
PcPAL1 322 Q M - H 402
AtPAL2 323 q 403
ZmPAL1 309 389
SbPALI 309 389

] . & ] =) —

ShPAL 398 478
EsPAL 395 475
PcPALL 403 483

AtPAL2 404
ZmPAL1 390

SbPAL1 470

ShPAL 559
EsPAL 556
PcPALI 564
APAL2 : 3 s )SRECER 565
ZmPAL1 471 DE AEAID : 351

SbPALI 471 551

ShPAL 560N
EsPAL 557D

K

K

PcPALI 565 DELR
A

A 1 sVEsHIESEN 640

1 I D ] SMRTRIES BN 637

SARARLESEN 645

T¥VDDRC > v AARABMYGNET 646

1 ) . DHQVRG AAPGGGGRPR- GVAEEBT 630

SbPALI SS2EBITAI | - - AEREPEVEs BTk EEEENREVERRENEAARVEVAERT 630

AtPAL2 566 DEL K
ZmPAL1 SS2ERIS

— e EEEEEsSSS——————
ShPAL 641P A s 711
EsPAL 638PL 5 708
PcPALI 646 P A A 716
APAL2 647 AP A e 77
ZmPAL1631 AP VA Q K NIK- 703
SbPALI 631 AP VA K 704

El 4 ShPAL 5Hfth#E%) PAL B9% EFF5 LLxd

Figure 4 Multiple sequence alignments between ShPAL and other plant PALs. ShPAL: Sinopodophyllum
hexandrum PAL (UGB90594); EsPAL: Epimedium sagittatum PAL (ADO64252); PcPALL: Petroselinum
crispum PAL (CAA68938); AtPAL2: Arabidopsis thaliana PAL (AAC18871); ZmPAL1l: Zea mays PAL
(AAL40137); SbPALI1: Sorghum bicolor PAL (XP_002454198). Purple box shows the signature motif of
PAL/HAL; * indicates the ASG triplet forming MIO group; # indicates the catalytic residue Y103 located on
Tyr-loop; * indicates T544, corresponding to the phosphorylation site identified in bean PAL; Solid dots mark
the conserved residues forming the hydrophobic substrate binding pocket, of which an orange dot marks the
determinant residue for substrate specificity. Below the sequence block is the secondary structure generated by
ShPAL homologous modeling (shown by Jpred4): The red column, green arrow, and grey line indicate a-helix,
extended B-strand, and random coil, respectively.
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Table 2 The accession numbers and source species of PALs used in phylogenetic tree analysis

Accession numbers

Source species

|Accession numbers

Source species

Dicotyledonidae
AAA34176
AGT63063
ATA66448
BAA22947
AALS55242
XP_022024406
ABD73282
AFZ94859
P45729
BAA23367
OVA18049

XP_ 026403210
QSL83319
KAF9594775
PIA26823
KAF5189873
KAF6166260
ADO64252
UGB90594 (ShPAL)
AACT78457

XP 024187208
ACC63889
AKM21231
AEX32784
QDE09458

XP_ 031743814
AKNO08993
BAOO1110
NP_001343987
CAA41169
XP_050910588
EOY 07856
AER12109
AQD20651
AGY49231
ADL09136
NP 181241
XP_021856773
CAH17686

Solanum lycopersicum
Solanum tuberosum
Capsicum annuum
Nicotiana tabacum
Lactuca sativa
Helianthus annuus
Salvia miltiorrhiza
Coleus scutellarioides
Petroselinum crispum
Daucus carota
Macleaya cordata
Papaver somniferum
Nigella sativa

Coptis chinensis
Aquilegia coerulea
Thalictrum thalictroides
Kingdonia uniflora
Epimedium sagittatum
Sinopodophyllum hexandrum
Prunus avium

Rosa chinensis
Populus trichocarpa
Salix viminalis

Vitis vinifera

Vitis amurensis
Cucumis sativus

Luffa aegyptiaca
Vigna radiate

Glycine max
Medicago sativa
Pisum sativum
Theobroma cacao
Gossypium hirsutum
Hevea brasiliensis
Ricinus communis
Brassica oleracea
Arabidopsis thaliana
Spinacia oleracea

Beta vulgaris

Monocotyledonidae
IADO24189
IAWW24969
IXP_042468687
BAG70982
IACX31738
IXP_015633749
IXP_004976241
IXP_034606006
QJS40207
QAT18627
IAFY 17067
IXP_021319560
IABM63378
PWZ41108
Gymnospermae
IAFX98070
IABU49842
IACS28225
AHX74218
IABK24709
QFI56873
Bryophyta
QCF46618
IPNR62392
IWAB23842
KAGO0587727
Pteridophyta
AAW80643
IAAW80642
IAAW80641
IAAW80640
Fungi
IAHD25301
PRQ72538
KAF5593867
PLB41347
Cyanobacteria
BAU64849
GAX45609
B2J528

Q3M5Z3

Allium sativum
Lycoris radiate
Zingiber officinale
Musa balbisiana
Bambusa oldhamii
Oryza sativa
Setaria italica
Setaria viridis
Hordeum vulgare
Triticum aestivum
Panicum virgatum
Sorghum bicolor
Saccharum officinarum

Zea mays

Cunninghamia lanceolata
Ginkgo biloba

Pinus massoniana

Pinus taeda

Picea sitchensis

Picea asperata

Pohlia nutans
Physcomitrium patens
Syntrichia caninervis

Ceratodon purpureus

Struthiopteris spicant
Ophioglossum reticulatum
Botrypus virginianus

Psilotum nudum

Flammulina velutipes
Rhodotorula toruloides
Fusarium subglutinans

Aspergillus candidus

Stanieria sp. NIES-3757
Tolypothrix sp. NIES-4075
Nostoc punctiforme

Trichormus variabilis

Different modules alternately separated by light grey and medium grey mainly represent different families in Angiospermae plants.
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%
2152
DS @ %3“57“3
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Dicotyledonidae

B 5 ShPAL S5H{t4# PAL 89 RSt L4

Figure 5 The phylogenetic tree of ShPAL and PALs from other species. The source species of PALs with
different accession numbers are listed in Table 2. A: Angiospermae (Dicotyledonidae (blue) and
Monocotyledonidae (green)). B: Gymnospermae (orange), Bryophyta (light blue), and Pteridophyta (plum). C:
Fungi (coral). D: Cyanobacteria (light green). The dotted red line indicates the Ranunculale plants.
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2 ESPAL (ADO64252) 1 J& 51 A5 Bl ¥ i
(91.14%), PIEIEILIE B dRc i, PR UE T/ NEE
B, SRR B R B A H A LR (k-
W FERAE RF R BROURIEK B 4F) PAL
AR R, BRI 2 HEZE YU AR Z 84
PIos s AL KRR 7 W0k U5 Tz BN A )
YiFl.
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mCherry-AtCytB5SB_c33 £1 {45 ' (P4 5T I Sl 4
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i H 4 R A DA B A = /Dt 2 e o B P I
Ji5 (¥ 6B).
2.4 ShPAL B HZRT{K F130H £ KIFHE
Ry E L RIX

¥ ShPAL 1E KT BL21(DE3)FH# 4 %

A Hind 11
T35s

Xho 1
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ikJfid SDS-PAGE £l #5278, ShPAL
1E 37 °Cifi = F e sk, JF H Al rEaRis
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R (E 7A). H2lifbi’) ShPAL 2 14865
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—1_iI;L / / i
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Figure 6 Subcellular localization of ShPAL protein. A: Diagram of plant binary vector pBI(RPG). Pnos: nos
promoter; P35s: CAMV 35S promoter; Pd35s: Duplicated CAMV 35S promoter; Tnos: nos terminator; 735s:
CAMV 358 terminator; LB: Left border of T-DNA; RB: Right border of T-DNA. B: Upper panel: Confocal

images (bright,

GFP, mCherry, and merged) of tobacco leaves infiltrated with pBI(RPG)-harbored

Agrobacterium; Lower panel: Confocal images (bright, GFP, DAPI, and merged) of tobacco leaves infiltrated
with Agrobacterium of the GFP control vector pPCAMBIA-1302; Bar=50 pm.
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Her, ARSI PAL FABIE Tyr-FRA 00 ) ff5
Phe 7% AE(R ShPAL %6 130 i) #IA 4/ Phe
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19.18, 1526 U/mg), #HEEIH TR, AidF
pH 10 BHPRFRET T pH 8.0 B 7K - (24 My de
KAE G —2F), DLBH ShPAL Ff i (945E pH 3l
7 8.0-10.0, fi& pH K 9.0 (K] 8B).

AN, NE 8 AT LAE Y, ERZERFE
pH SAEN T, 28781k F130H R IE 4R B &K T
ShPAL. i, 7EfidtfE . fad pH &#4F T,
ZEAF PR F130H HE#RA B ShPAL f 80% (43411
K 76.4%. 79.6%), Vi ShPAL £ 130 7
VN2 R 58 A8 kg 2 2 R i S (i L RIS R R %, T R
SR T R R R B 2

37.0 40.1 423 450 477
S P

50.5 (°C)
S PSP S P S P

Figure 7 Recombinant expression of ShPAL in Escherichia coli. A: E. coli BL21(DE3) strain harboring
pET(ShPAL) was induced by IPTG, the expressed proteins of which were analyzed by SDS-PAGE. M: Protein
marker; UI, T: The total bacterial protein before and after induction, respectively; P, S: The pellet and
supernatant after centrifugation, respectively; FL: The flow-out of S through the purification column; E: The
elute of 100 mmol/L imidazole through the column. B: SDS-PAGE appraisal of the solubility change with
temperature on the purified ShPAL protein. Arrows indicate the recombinant target proteins.
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I ShPAL K RAE{A FI30H 5% MG UAEILHIEL  seppey g R Ab BB TG A9 48%; Hfth (5 2878 1k
AT AL, T HAEAEMT— DAL, BIEMHS  F1I30H)EE LI AR M B ), 7 50 °C43 3

>
w

25 25 ¢
" —o—- ShPAL —o— ShPAL

o — FI30H & 20} +x - F130H
g 20 E
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z : z
£ E
b= (5]
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o [=%
& [75)

5 'l 1 A 1 L J 1 1 i i 1 i i i

37 41 45 49 53 57 6.0 65 7.0 7.5 80 85 9.0 95 10.0
Temperature (°C) pH

8 IR[E(A)H pH (B)% ShPAL K H I {K F130H BgiE 89520
Figure 8 Effects of temperature (A) and pH (B) on the enzymatic activities of ShPAL and its mutant F130H.

Data represents the X s of three repetitive experiments. Difference significance was analyzed by one-way
ANOVA test, *: P<0.05; **: P<0.01.

* —o—- ShPAL
100 - F130H

Relative activity (%)
Relative activity (%)

40 50 60 70 6.0 7.0 8.0 9.0 10.0
Temperature (°C) pH

9 ShPAL REZRT{K F130H BIFREME S 4

Figure 9 Analysis on the stability of ShPAL and its mutant F130H. A: Thermostability was determined by the
changes of ShPAL (or F130H) activity with temperature. B: pH-stability was evaluated by the changes of
ShPAL (or F130H) activity with pH. Data represents the X ts of three repetitive experiments. Difference
significance was analyzed by one-way ANOVA test, *: P<0.05.
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