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W E: 2 &MY F A 2L (Anthoceros angustus Steph.) ¥ &4 F 5 09 X X F R EF BB ELEH. K
7 2R fi% 2 B (phenylalanine ammonia-lyase, PAL)Z A& R A Le K fHE R g\ 1 By, stk % H B9 4
WoRBEHEZVER. AT F AL PAL AT R FBRORNEZNER, NFRADS FLER 24
KR RN R B A E AanPALL F= AanPAL2, o #l%25 755 ANF= 753 NRAER, ¥4 PAL R4
M B AL S E MR IR R Ala-Ser-Gly., A%t bkt E5 5 8. REMM PALs RE—MH L,
5o e dALEE B RUL. FH R ALEE PCR 4749, AanPALL F= AanPAL2 K B 69 & ik % oh
B KA BR T BS 095 3. mx&ﬁémﬁﬁL <, R BFBRO S FERART BTG R E I I,
FIR K IAT B AT 7+ B AL, LB BAT S B R AE L I, AanPALs T & A L- K A R B
(L-phenylalanine, L-Phe) 4 & R X K 7&@9\, RiE R E A= pH 23] 4 50 °C.pH 8.0. AanPAL1 #= AanPAL2
89 K Keat 27514 0.062 mmol/L. 4.35 s 4= 0.198 mmol/L. 14.48 s™'; BsE 5 5]%4 2.61 U/mg A=
8.76 U/mg. P #Aax ik £, 12 pH A28 Mk, 2m@IefEibs R 27, AanPAL2 £ 10 h A T 1E
16 1 g/L 49 L-Phe 3L R R X R AEER ., RBFR 45 R A EANSAT AanPAL /£ 5 fe i 3 X B B A A
P oG iREAE R BT Aak, R AAN SRR T T2 EA68AR.
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Cloning and functional analysis of the phenylalanine ammonia-lyase
gene from Anthoceros angustus

YU Haina’, MO Jian”, YANG Jiayi, QIN Xiaochun®

School of Biological Science and Technology, University of Jinan, Jinan 250022, Shandong, China

Abstract: Anthoceros angustus Steph. is rich in phenolic acids such as rosmarinic acid (RA).
Phenylalanine ammonia-lyase (PAL) is an entry enzyme in the phenylpropanoid pathway of plants,
playing an important role in the biosynthesis of RA. To investigate the important role of PAL in
rosmarinic acid synthesis, two PAL genes (designated as AanPAL1 and AanPAL2) were cloned
from A. angustus, encoding 755 and 753 amino acid residues, respectively. The AanPAL deduced
amino acid sequences contain the conserved domains of PAL and the core active amino acid
residues Ala-Ser-Gly. The phylogenetic analysis indicated that AanPAL1 and AanPAL2 were
clustered with PALs from bryophytes and ferns and had the shortest evolutionary distance with the
PALs from Physcomitrella patens. Quantitative real-time PCR results showed that the expression of
AanPAL1 and AanPAL2 was induced by exogenous methyl jasmonate (MeJA). HPLC results
showed that the MeJA treatment significantly increased the accumulation of RA. AanPALI and
AanPAL2 were expressed in Escherichia coli and purified by histidine-tag affinity chromatography.
The recombinant proteins catalyzed the conversion of L-phenylalanine to generate trans-cinnamic
acid with high efficiency, with the best performance at 50 °C and pH 8.0. The Km and Kecat of
AanPAL1 were 0.062 mmol/L and 4.35 s'!, and those of AanPAL2 were 0.198 mmol/L and 14.48 s,
respectively. The specific activities of AanPAL1 and AanPAL2 were 2.61 U/mg and 8.76 U/mg,
respectively. The two enzymes had relatively poor thermostability but good pH stability. The high
activity of AanPAL2 was further confirmed via whole-cell catalysis with recombinant E. coli,
which could convert 1 g/L L-phenylalanine into trans-cinnamic acid with a yield of 100% within 10
h. These results give insights into the regulatory role of AanPAL in the biosynthesis of RA in A.
angustus and provide candidate enzymes for the biosynthesis of cinnamic acid.

Keywords: Anthoceros angustus; phenylalanine ammonia-lyase; rosmarinic acid; gene cloning;
expression analysis; kinetics analysis of enzymes; whole-cell catalysis

75 TN 4 TR f# % I (phenylalanine ammonia-
lyase, PAL, EC 4.3.1.5)2 7K N kel ik
M5 —ANB, fiEfk L-R 782 2 (L-phenylalanine,
L-Phe) 2k i [z X A #: iR (trans-cinnamic  acid,
t-CA), i — A — RN B S
Yy, GERE . KRR . BigEsE21, PAL
Wl AR T S, R BA RN
R /T TR fi 2 T AL 2 BE T (phenylalanine/
tyrosine ammonia-lyases, PTAL)?!, i 4i#a 50t
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T —RRRAN L . KM AT SRR Y
bl 0155 . A 1961 ARBIFSE B IRAE R
KB PAL JEN S, BREE N Z FE Y48
SR E PAL FENPO FRT, A5 Z R b A
PAL FYSE5H | LIRE I I IR %8 45 DN 2214 JEE it
17T WETE . PAL D7 AR Ay Hhom i LA R 5K
B Arfe, HAGRAEARY R 2ZESER,
H. PAL JE[H 30k BA HAR Sk i, 1
FISTHA 4 > PAL JEDI™, RA TP SOE 11 A4
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PAL JERPT) B EEFE Yy bR SE R 40 A 10 /> PAL
FERUON H Bl A A 2 A PAL BRI
ZHAEYH PAL JP A A B B [EJE M . PAL
F PRI 2 R RN Y R R f, B
ST HEE2°K 70-80 kDa, 4N EAAL & 14> MIO
FM, MIO FEHHARITAY 3 A FEmR sk L ()
Ala-Ser-Gly) H S ¥EIE AL, 4& PAL & H B I
st HEr, B4R T 2R PAL A
mRZER, DAIERHE P REOT /9 PAL fb iR 2544
I AR FRPE, SRS RO IR K, PAL WE3E
FEH o BHE(HH 50% 0L E)FIASBL I 2 il
(30%LA )AL A%, £ FE 3 A5 F 30 . MIO 25435 |
Bt X FIAZ 25 M 38, teAh, PAL 7EAEM) T2
A Wy e 2 Ak HLoA EEEE N AN . i,
Boros Z[Bif FH [ @4k i PAL & & L FhE
PER LR N R . PAL B EE & 0L 2
v W8 T Ry R IR 24 it 7 B Sy AL MEAE Ay il
RI7 2 F T AR R R R 2B iR
G, TR ARS BORNERR, WA RER
FHPR AR AF A A K B A, PAL AT DL
FE 9 240 AR v A T IR 1) A 2 ke 410 i b g A=
K, iR FREER T

PAL Ab T AE w1 DA 5 U A Gt ih) 5 Bk
WA, RS 5 NN S, PAL
PRI %) 8 38 52 B 25 APl e IR - g o 4, 3 e R A
PAL W& PE AT X R G0 W) A0 o™ A
WEVERB. Flan, FoK 2z ERR 3 80 E oK
PAL [9i&PERG Ul HUARE 45 2 B0 PALs
Fak I, JLR R 28R A
v A 5 i AR 40 98 2R S AT R HY I (methyl
jasmonate, MeJA) 5 HUK i PAL %5 1 FI{E PE 1Y
i, H R T By R ay AR RN,

K £ WR (rosmarinic acid, RA)&Z—Fh /K%
PER RRB IR A Y, BHAPIR . PiE k.
PUBE . PO G P AR B9 S 7 38 B 1 TR
JSTYER S . RA FE M TR S8R ¥
PR BRI RIE R EZ R T, B
s . ML ERSEEEF", W

Z&: 010-64807509

HAEBMHYOSE FE N EEFR LA E
Pyl RA A D e A 3 A R 1 i 25X
2 N3 307 A B ETAR ) T R 2k — R A R A
FWA . Hd, PAL fitfk L-Phe A= % t-CA,
t-CA P 8 2 20 il e S vy A= i 4-7 S IR AT T A
HEA RA A5 B . RA 194 -5 K e ighig
BEYIME, ZWERF . RIRE MR EER
ZRUE . Hoph, REE . RE. HYHE
(KR . BL7EIR . MeJA)45HIREIA S RA HY
SO, flhn, MeJA AbFE R EIRE TSN
ML FR I RA S RY

BEHEERE R SRAMELRX 3N
I, SEIAF R B ALY . R B E
12 I 55 0 0 19 R i 0 R D) R O B b R i
1, L7 A PR TN e 25 40 I e A 3 N i A A
Sl AR HA R AEF™, ZRHE A & (Anthoceros
angustus))& T M &Y, HRIKSEFE=EM
FILAEERTTAY), U5 RA B AY
. 2020 4, Zhang FEPRAM T AERMEN
A AL, IR AT 2 AR T R A
B A ALE RS T mt . T PAL 7E8 N
PeAChR A T HA SCBEPE I, ASWESE DL 2E 18 A
BRI AT B3] 2 A PAL JEPR, X Honm 1 AR 4
PR I IR FRAE S AR SMEAR S N FRAE EA T T R
5%, VN E— 015 PAL 16K N e A
IR A B R AR AR S 2R 8

1 Me57%

1.1 #§
1.1.1  EMR B R

FEPIAE LR 28 B A 257 B L T, HOoR btk
&, NG RHUIR, i E R B P 5
Wi 2 I 2 4% S . R FH Knop IR AR 77 3 e i
KA AR 3G IR 30T, 85 T) o B4 2 0
AT SR, WA RE IR PP AE 16 BE o KRR AR
SEREEREE 30 umol/(m?-s), WRJEF(22+1) °C, S
40%, YEHRJEI 16 h YEHE/8 h BRI,

KIGFF 7 DHSa. BL21(DE3 )82 25 40 fifd
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PEASY-Blunt 5w BRI A bt 24
FiARBAR A R ] o pET32a(+) 5 A AR SL 5
Ao 1A BRI ZE B0 5 R A MR
e A BRA R SERE, ABFR TG LR 1,
1.1.2 FEiK5

FEP) 5 RNA $2HUAR & . ReScript™II RT
All-in-One Mix S st & A v DS
B A BR /A H]; 2xPrimer STAR Max = 4 B
DNA KA A FEAY TRCKE)ARA A
FR il 1 AZ B2 N VI BamH 1, Xho T Al {5 ji% 4
B2, M. ZBRYI N Thermo Fisher 7= ;
ClonExperss® 11JC4% v & 1 5 £ 0 F g ot i vk
B R I ARl DNA, EF o
Marker, qRT-PCR DNA R4, 2xMS5 HiPer
SYBR Premix EsTaq g {4t RA&FE LR
AR HE]; MeJA & Sigma-Aldrich F= 8 ; %N
B -p-p- i A 2 FL OB iF (isopropyl-B-D-
thiogalactopyranoside, IPTG)IE B 4= T 4= T .72
( ¥ B A B2 7] 5 Ni Bestarose FF I H #i 71
A ARARA A, HIERAE N
Millipore =&t 5 fb& WIbniEdh L-Phe . S AR
MR . RIEFRMRENN AT R ER A RA
Al HAhE A A AR B E 2R

®1 AMRFAAS4

1.2 5%
1.2.1 FHEAE PAL EEMRE

BURE R TR A B R, TS iRy
A, B2 0.1 g T RNA $2H R R it
A N cDNA E AR Tl 1 A 1) A & SR A R
SEZ(SRA BRSNS : SRR9662965), LILIEIT
PAL B (PHI NS, ks 2 SRR AR
fif 2 BHPAL) TS, A4 AanPALL, AanPAL2,
W 4 K519 AanPALs-F/R (3% 1), FIF &
RECHE, LIAE cDNA MY 14K . PCR ™
YA B NE R LRGN . DA | XA G aifb)E,
42 pEASY-Blunt ifk, #ALRIHFFE DHSa
JRSZ SN, 2R BEE I K BV PCR RGNS, 3%
FAL TRV E YR B B JIIF
1.2.2 FHAEE PAL EFEYEEFEFN
vk

K DNAMAN #4iE47 [R5 8 1 5571 He
%F; KR MEGA 7.1 %44 LA 4K 4 (neighbor-
joining, NJ)L A4 EE R G HEfb A 5 R AT SWISS-
MODEL 7E£& T H 1 & 11 5T 1) — 450, LA
PyMOL A4 X i % 45 #4) 64 5 T Ak 20 B 5 R
H Expasy 7E£k T H. ProtParam Fll ProtScale Fiijl]
10T A B o g K M/ K

Table 1  Primers used in this study

Primer names Primer sequences (5'—3")
AanPALI-F ATGGTGGCCAACAAGCGCGTC
AanPALI1-R TCATTGCTCGAACGGGCCAG

AanPALI1-petF
AanPAL1-petR
AanPALI-RTF
AanPALI-RTR
AanPAL2-F

AanPAL2-R

AanPAL2-petF
AanPAL2-petR

GCCATGGCTGATATCGGATCCATGGTGGCCAACAAGCGC
GTGGTGGTGGTGGTGCTCGAGTCATTGCTCGAACGGGCC
AAGCTTGGACTACGGCTTCA

TCCTCCAGATGCCTCAAATC

ATGATGAGCAATAAGCGGGTG
TCAACCAGTAAAGGGGCCAG
GCCATGGCTGATATCGGATCCATGATGAGCAATAAGCGGGTG
GTGGTGGTGGTGGTGCTCGAGTCAACCAGTAAAGGGGCCAG

AanPAL2-RTF ACTTACCTGGTGGCCTTGTG
AanPAL2-RTR CAACTCCTTCTCGCAGAACC
AaEF1A-F AGGCAGCAAACTTTACCAGC
AaEF1A-R ACCTGCATCTCCGTTCTTCA

http://journals.im.ac.cn/cjben
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1.2.3 AanPALs LR EEERIESH

A B AR IRE B FE 8 A, R 500 umol/L
) MeJA WAL EE ,  LAWEIF 75 551 1) 25 M F 5 1
RRE AAPEISAE 0. 6. 12, 24 F1 48 h HUk:.
FEIBOGT AL A AL FLZAAG P b1 BHE B RNA, [ %
SEA A cDNA, I #F17 SR 2% 6 & PCR
(quantitative real-time PCR, qRT-PCR), BAE
fRE 3 NEE . M AanPAL1, AanPAL2 JE[A
Y%A X 751 (coding sequence, CDS), F Primer 3
) Web Jii% 31514 (AanPALs-RTF/R), LA % Jif
1 & HEf [H-F AanEF1A (GenBank % %5 .
PP033753)/E NS L . fifi i Bio-Rad CFX96
SEBF 2¢O | PCR AL T 3k i, AR 4
2 AnCL M KL N B A ik &, SR A GraphPad
Prism 5.01 #4041 B & 2 F .
1.24 FHRABHPREFBRIENE

£7% Saltas P RA A7, REUCE
MU H RA. BURER SR ZEMMAF 2 0.1 ¢,
FE b 2 b W EGR TR 2 0 ML I B0k
A, A 0.5 mL 80%H i, #AHAEHIFE 30 min,
3000xg #.L» 10 min J&5, BUH 0.4 mL iR
15 RA $-EUY; B 50% H BE/50%7K (&
0.01% HsPOL)¥% R 1:10 Fi ke )5 FH 0.22 um 4L
FRUE AT 8 o DK 5 A R (A DU AR 4 Soriano S5
B I , SR HPLC $EF7 5 P e il
Eo i YMC-Triart C18 R (A 1%H:(5 um,
4.6 mmx250 mm), WSNAHN 50% ) H B W
I 50%7K (% 0.01% HiPOL)EW, MEE N
1.0 mL/min, 430 333 nm. FJH RA
PRiE sl EAR E T 8 it RA & . &M
1.2.3 Wik, KA MeJA Wb PR MM E S, 16
AN TR B [B) S AR R i, SR BBOFINE RA 1Y
i BABTESIRE 3 MY EE
1.2.5 FHAEBPALEHERRFIEMLA L

KR EAHEEN RSB AR . &t
5|4 AanPALs-petF/R, §" 1153 AanPALs & [A
KRB, REHIAL pET32a(+)H BamH IFI
Xho XUV, ToaEEm 4%, HAL KB E

Z&: 010-64807509

DHS5a, $ki BH P 7 B -0 7 B0 o K03 1E A
P20 SOk AR FF IR BL21(DE3)ifF 1 115
TR PR R VF R E] 10 mL 547 100 pg/mL
ANEHRN LB BgRET, 76 37 °C., 220 r/min
FIFE R TP RE SRR, Uk H 2208 1:100 A9 b 1 432,
Uk L1555 5 ODeoo fH N 0.6 Z247, SNl 0.5 mmol/L
# IPTG, 18 °CiZES 16 h, B4 .5, 4 000xg
B0 15 min WAE A,

PLUN 8 1 aiAe 5 BRI AR A5 1 R AT
B 454 2% W[50 mmol/L Tris-HC1, pH 8.0,
500 mmol/L NaCl, 5 mmol/L BEMEFI 5% H (A&
B EE, RA®ESBEILEIE 1 500 bar)
W, AR L 10 000xg B0 30 min
Pefg FiE W . R Ni Bestarose FF HEH T8
FEFZEraifl, Hrpyekg ol . YEligE b
Wy N FELS A 2% v A N 50 mmol/L BRI FI
250 mmol/L KMk, iz Jim 5 FH 8 18 e 4 A 5 T oi
AR, RSN DR ) B VS VR . A I R S
()38 aiifb 5 i & i SDS-PAGE fa il &
R O R 4l
1.2.6 ZFHAE PAL EHRFAREEEM
M E

PAL 2 1 (BTG A AR B Yu 252510 7 v
DLektt, AR VAR R G | mL ISR o
(50 mmol/L #ifix, 1 mmol/L EDTA, 5 mmol/L
B-%iJk £ %, pH 8.5).0.5 mL /i) 20 mmol/L L-Phe
JIE W (W 1 T IR 2% vh i), “lifb M B4l A
5-10 pgo ¥ EREA AR EA)E, 35 °Cilt
% 30 min Ji7, fILA 150 pL 25%A9 =48 L PR 1k
BN o BV 14 000xg 5.0 10 min, B EVEH,
FHERAMIEIEEE T E 290 nm A 24P L
B0, 38 2 A v il 200 E A BN t-CA 9 3155 PAL
Mg s o LASlAb B A 28 2R B AR 3R 18 1Y 2R I AE
R A5 U I R TN A R i A S 1 B (U)E X
J7: 1 min #4k L-Phe 24 i 1 pmol t-CA Fr Ay
M. SN, MIRFT AanPAL 4 [ AE A
1k L-1% Z R (L-tyrosine, L-Tyr)4: X & S 1R , %
HEBRUE S AR R UEA TG F N, TR £ TR A HL

i<: cjb@im.ac.cn
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2 WG, B RE, T E AW R, HPLC
I 2 75 X A R A A

1€ pH 8.5 M5, MIXE 40-60 °CE FHl N
R DN 2 TR i T TG, R D A5 1 i v T AR
S 100%, B H AR EE R R X RS, A de
WV IRE . RIGERERE T, WE pH
7.0-10.5 v [l PN EE 20 85 11 B IERS , e e fh i i
1% pH. 7£ 50 mmol/L BERZE M (pH 8.0)H, JIIA
ANFHRFERY L-Phe (2 0.005-6.400 mmol/L)JiS
Y. 1 pg BHE, 50 °CY 10 min, 1 HA)
IR % . | GraphPad Prism 5.01 #/4:,
M4 Michaelis-Menten J5 F28E1 1A £e 4 [0] ) 43
Mr, KM% Ko Fl Viax B, FFITHEH Keae AT Keat/Kim
Ho DL BRIV IHHETT 3 17585
1.2.7 FHEAE PAL EHAELREME ST

WAk 2E I f 8 PAL B 414K A B
pH 8.0 WITERVA A FE S 0.1 png/ul, 45 &
JE R (40-70 °C, [A][f 10 °C, LA 4 °CHE M Hi)
55 2 h; [EIBEE PAL 5 2H 55 1R A [R) 6 B
pH ZZ thifi s Be(7.0-11.0, [E]F% 1.0), BT 4 °C
AbF 2 hy SRS A3 A Bl e N 45 (50 °C, pH
8.0) T ¥ b v J A4 22 I % il 15, LAZr BT PAL
B B SE TR pH Fa e M
1.2.8 £4RiafEL

S WM CEI LR Y, A
AanPAL JE[R Y EAIIAT I BL21(DE3)E g4
AL A t-CAL S WERKE, H
50 mmol/L Tris-HC1 Z& rhi (pH 8.5)%% ¥k 1A
2 R, B T-20 °CUKFHTR 7R 24 h; 3245, F 50 mmol/L
TR 2% i (pH 8.0) 1k 4% . F B R4, 1815 ODeoo
B4 1, JA 1 g/L(6.054 mmol/L) L-Phe; ¥ I
WIRAWET 37 °C. 220 r/min [I3EIKTIHE ,
1. 2. 4. 6.8, 10 h BUFE, DI bRV
3 FEATAEE . B 20 uL FEA, A 980 puL —
FH L7 AR (dimethyl sulfoxide, DMSO), J&431R
57, 0.22 pm A PLUEMLLUEJ5 , HPLC A3l t-CA
(=t . TR b E (%)= i A
FERR U BE /9] 16 L-Phe Y EE x100%,

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

2 ERS594

21 FHAE PAL HEEMEEMFET
T

PIZERE & cDNA AR ES T PCR 974
315 AanPAL1, AanPAL2 Y4 K CDS J¥7%
(GenBank & 5541510 PQ818233 F1 PQ818234).
AanPAL1 JLH CDS K0 2 268 bp, Zitith 755 4~
AR ; AanPAL2 JE[H CDS KN 2 262 bp,
i 753 NS KR ; AanPALL F1 AanPAL2 1944
FEMR P S AL EE & 81%., #R 4l ProtParam {4
T 25 5 ) AanPAL1 Fll AanPAL2 Y& it BEiE
TR0 82.22 kDa Hl 81.42 kDa; %%
HL S0 582, 5.89, HNMRYEE A, MaE
IKPESE S M43 591 -0.133 . —0.067, FKIB#H
VISR AERERE R 32.83.,
3422, RP 2 MEAYWRAREEN.

W SOPMA il il % ¥X, AanPAL1 #I
AanPAL2 W AW EEH o185 (55
K 54.17% . 54.18%) Al JC KL 25 H#H (39.60% .
38.91%) ALY, 73 Ah—Fh A TOA-IEA B £ 0 5)
di bt 6.23% M1 8.91% . & £ KK /7 (Petroselinum
crispum) PAL (¥ i {A %54 (PDB %555 . 1W27)
Vit , fdi ] SWISS-MODEL fE£E T B4} 2
i & PAL 25 (1 EAT IR R A4, 1551 AanPAL1
Ml AanPAL2 & 10 = BB R(E 1), LU
AanPAL1 M Z5FIERI M 3] : AanPAL1 A 45 F4 15
HISL P H 25 PcPAL Y X-SF 26 AT &4y, R[]
TR DU RIRGE M, B % 62-754 N A FEBRFA,
NHRAREEE 3 AR B MIO 451 35k
(62-298 i % F&) . #% 0 45 4 3 (299-560 FlI
688754 iR IL) FIFE ML I8(56 1-687 1 5EIE)
22 FHAE PAL EHMNSERFYIEE
S5 F LR

fii FH DNAMAN %4, # 2 ff & PAL &
P S FEESE 29 & . /NI BisE | ORI R oK
1) PAL JPAI AT 2 L, 45 R .78, AanPALs
5jix 88 PALs FUARLEETE 60%-70%2 i) ; N-3i 5
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| MIO
28| domain

Core
domain

A ; ,"‘,
N -
TR T |
QL Shielding
g . L5
domain ]
¥ iy 8

~ | Shielding
domain

1 ZFRAE PAL ER=HLEMTM

Figure 1 Deduced protein structures of AanPAL1
and AanPAL2. A, C: Monomer of AanPAL1 and
AanPAL2. The chains corresponding to the three
domains are labeled with different colors. The MIO
domain with magenta, core domain with cyan and
the shielding domain with orange. The MIO
residues are colored as blue. B, D: The
three-dimensional structures of AanPAL1 and
AanPAL2, the four monomers are shown in
different colors. The structural models were built
using the SWISS MODEL server!?”), and visualized
with PyMOL software (DeLano Scientific).

G 7S AR EE R, AanPALs HAT 40 KA N-3i .
XL P G D RE DI AR HORSF, B PR RO
EFA & E—%, ¥~ RGTITASGDLVPLSY
[LIJAG (AanPALI ¢) 234-251 i, H:H ASG 1t
Tl =R IERR, LIRS L o8k
1), &84 E B B MIO JE 1Y Ala-Ser-Gly ik —
AR s 5 Tl I R RS T A DG ) 2 R e A

F145 Y147, N296., Q384. Y387, R390, N420,
F436 1 E520, N523., Q524 E#FAEH 5 7
Gh, Pl , Yo IR SR FUALY BRI AE

Z&: 010-64807509

PAL HLIIREREG P2 IRSF Y, MAE PATL BUjRE
fifi b A%y HL (110 ZmPAL)!"28 (18] 2)., 164,
Thr549 (#% B8 PcPAL 75145 )2 5 W J5 i
FIFXT PAL WM — @ REEVER, TEmSEHE )
f) PALs H1 X N2 FE IR FL A AR ST, 51 40 RK A
KB PAL & [ #f & 75 2 2 (threonine, Thr),
EETE 5 SEAH ) B 0% 55 85 55 R/ ST B £ 1Y PAL
FEAh g Phe BUR, MM E PR ZLEAR
(serine, Ser)HUft., XWMN—ERE FH#REAR
[Pl PAL 936 M IR A7 6 AR [R] 22 Ab 021,

M GenBank £ 4 P H AR 22 45 58 5 1) PAL
REMITH, A0k A TFHY . Y.
HEAEY) . WS, JHAE 1 kR
e HL 9 (Klebsormidium nitens) PAL ¥ 4I1E K
BEAER B SMEE . W MEGA 7.1 B RS
HEALA, 25BN, PALs JFHIE 2 K4y,
81 A0 XEIEE Y, G T
A A~ AR 53 35 26 2 Ao AL FE AR
TR . B EAEY KRR R E S, o,
WP R AL 1 A0 52, T H 258
ST BRISHEYI Y PALs B2, M B HEY ) AanPALL
AanPAL2 S#EEAHYIRY PALs B &5 i (& 3),
2.3 ZFHMAE PAL EFANR MeJA B3R
5T
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PcPAL QGKLGEE QVEAIRE EIBS . EARRAC S DS MNKET[BS 153
ZmPAL JKI E€ST{BR VGOMAIVAS S E|8D. EERRP SEWI LDCI AHEGBI j{6\Y 140
% Kk
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PcPAL P GT ISKAVGPTI€VI LSP 4 253
ZmPAL E AQAVTVDERKVDA, 4 240
AaPALI 389
AaPAL2 [8 § 387
PaPAL } 372
PpPAL 395
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ZmPAL 340
AaPALI { 489
AaPAL2 { 487
PaPAL { 472
PpPAL { 495
PcPAL { 453
ZmPAL 440
AaPALI 589
AaPAL2 587
PaPAL 572
PpPAL 595
PcPAL 553
ZmPAL 540
AaPALI KALKPPKELESDERLTLEQRI PLFEEELVAALDVDVP 689
AaPAL2 DRALKNPPAI ERDENTSLELKI SAFEEELVKLLEEEV 687
PaPAL HAI ENSK. . . LDDKCSVERRI S VFEEELKTQLEVTVP QI 669
PpPAL EYSLKYI T. . EKDDGLSI ENKI PAFEEEVKTQLRLEV. 693
PcPAL g EK EHALKNGDN. ERNLSTSI FQKI ATEFEDELKALLPKEVES RI 652
ZmPAL [GE[BS S ARYYS [SIY §TNAERAA _MOKL B ARRT 637
AaPALI QEl ELJ FDAI N HI APLLK 755
AaPAL2 LE! Ql LS P DAIT HVAPLLK 753
PaPAL KE KL} v SIEEEDI QLY YEAI NE€KFASPLLS 733
PpPAL M AL S. SPQ YDAl CE€RHVAHLNK 758
PcPAL EE E EK. VIMEEEF EKMNF1 ANSKEEI | DPLLE 716
ZmPAL ADS VF| ER. LKIJEEEC FVGL S LVDPNMLE 702

2 FHABS5HMEY PAL RERFIINSELLE

Figure 2 Sequence alignment of Anthoceros angustus PALs with other characterized plant PALs. PaPAL:
Plagiochasma appendiculatum PAL (GenBank accession number: AIU99853); PpPAL: Physcomitrium patens
PAL (GenBank accession number: XP_024394373); PcPAL: Petroselinum crispum PAL (GenBank accession
number: CAA68938); ZmPAL: Zea mays PAL (GenBank accession number: AAL40137). Black background
shows amino acid identities, red and blue shading show different amino acid similarity. The conserved
catalytic domain is marked with a red square and the ASG triplet is indicated by triangles (A). The other
conserved catalytic residues are marked with asterisk (x). The phosphorylation site identified in P. crispum
PAL is indicated with a red circle (e).
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ﬁ: QCF46618.1 Pohlia nutans
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100 ABU49842.1 Ginkgo biloba
99| QFI156873.1 Picea asperata Gymnosperms
100 |- AHX74218.2 Pinus taeda

100" AAL74317.1 Pinus sylvestris
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XP_002454198.1 Sorghum bicolor
IUOI: KAB8088033.1 Oryza sativa Monocotyledonous

86 RLM80669.1 Panicum miliaceim
71 NP_001343987.1 Glycine max
371 56 -: P45730.1 Populus trichocarpa
— AACI18870.1 Arabidopsis thaliana

100 CAA68938.1 Petroselinum crispum
31 _‘: QUP61928.1 Rhododendron fortunei
41 UGB90594.1 Sinopodophyllum hexandrum
GAQS82226.1 Klebsormidium nitens

Dicotyledonous

e
0.1

3 FAESHMEY PALs B LK

Figure 3 The phylogenetic tree of A. angustus PALs and PAL from other plants. The tree was constructed
using the MEGA 7.1 program using the neighbor-joining method. The A. angustus PALs are indicated with a
triangle (A). The bootstrap values (%) are shown at the branch points.
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4 MeJA 2IEXF AanPAL1 (A)F1 AanPAL2 (B)E FE FRiA 7K R0

Figure 4 Expression pattern of AanPALL (A) and AanPAL2 (B) at different time points (0, 6, 12, 24 and 48 h)
relative to corresponding controls in response to MeJA. The expression value at 0 h was set to 1.0. The
results are shown as the mean of three replicates with standard deviations. The asterisk represents statistically
significant differences compared to the corresponding controls (**: P<0.01).
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24 FHABEMHREDREFTRSE
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PEWOCE M A & RAR ) RA, FIA HPLC
Kl A . 25N 5 e, @it S5 RA bR
Uk BB E] . SRAMIR OGS S, B E A
& RA WP 5 TR, MR 422 H i RA brifE
Mgk, IHAZEME T RA S, £KE 8
FIZEMfA &R g B2 RA 0.88 mg. KA
MeJA ZbFES , ZEAEAMAE T RA IR RSN, 78
LIS 24 h ik B s {E, 290 1.10 mg/g fif 5,
{H7E 48 h J5 RA Z il AREAL, 294 0.85 mg/g
(K 5E),
2.5 FHEMAE PAL ZEEFEAMIRIEM
diLER

Fi & AanPAL1 1 AanPAL2 7 KAT
BL21(DE3) ik, R pET32a(+)fE Kk
A, Bl ik Trx-S-6xHis bR HE 1, FKikME
HE A TR0 99.93 kDa F1 99.13 kDa.

B 5 ZFRASEXREAERARN

FIREMZENraifeBaEdEn, JFad
SDS-PAGE 7M1 8 418 F W Rk G L (Bl 6). 45
W IR, AanPAL1 1 AanPAL2 78 KT vp vl
RIS, HAGH K/NEEE 100 kDa, 5HS Sy
T8 — 5 Ak JE EE P EAE A A 90%
PLE, USO80
26 FHAE PAL EHZAHMEME
E R B MR

W 2lifh i) PAL H2H 2 R T S PR A
WRLIAE 290 nm bW A A0 X Bl G T T
SE RIS AN, AR AN S AG I 45 R 2 B
AanPAL FH & FIAGEMELL L-Tyr 4= B0 IR
(7). F¥RFT AanPAL i 2H % AL 2 i F
A, HE 40-60 °CYLIE N [EIRR 5 °CREHL 5 4
UL RSN SE BT, FRAE pH 7.0-10.5 JEFEINIKE
TANR, R IE EEAEE F TG . A5 R EOR
AanPAL1 I AanPAL2 A6 4 Bifi i B2 A8 Ak )
FFERL, RELE 40-50 cCZ[a] iy, P& G M

Figure 5 Analysis of rosmarinic acid (RA) in A. angustus. Representative HPLC-UV chromatograms of RA
standard (A) and 2-month-old A. angustus thallus crude extracts (B). The UV absorption spectrums of RA
standard (C) and RA in the crude extracts (D). E: RA content analysis after MeJA treatment. The RA content
is expressed as milligrams per gram of fresh weight (mg/g FW). Error bars represent the mean+SD of three
biological replicates. Significance is indicated by ** (P<0.01) and * (P<0.05).
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6 SDS-PAGE 4#f AanPAL EHEAHMIFRIX
Rk

Figure 6 SDS-PAGE analysis of expression and
purification of AanPAL proteins. A: AanPALI1; B:
AanPAL2. M: Protein molecular weight standards;
Lane 1: Soluble fractions; Lane 2: Purified
recombinant AanPAL protein.
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Figure 7 Enzyme activities of recombinant AanPAL proteins in vitro. Representative HPLC chromatograms

of invitro PAL assays with L-Phe (A) and L-Tyr (B).
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[E18 AanPAL #{L /% I B

Figure 8 The catalytic properties of the recombinant AanPAL proteins. Effects of temperature (A, B) and
pH (C, D) on recombinant AanPAL1 and AanPAL2. E, F: Michaelis-Menten curves for the velocity of
AanPAL1 and AanPAL2. The results are presented as the mean of three replicates with standard deviations.

*x2 A [EMEY) PALs WEEF N HFSHELR
Table 2 The catalytic parameters of PALs in different plants

Plant Enzyme Km (mmol/L)  Keat (s1)  Keat/Km (L/(mmol-s)) Specific activity (U/mg) References

Anthoceros angustus ~ AanPAL1  0.062 4.35 72.56 2.61 This study
AanPAL2 0.198 14.48 73.27 8.76

Anthoceros agrestis ~ AaPAL1  0.039 0.35 9.05 0.25 [6]
AaPAL2  0.018 0.29 16.01 0.20

Schisandra chinensis  ScPAL1 0.174 0.85 4.87 0.66 [29]
ScPAL2 0.253 0.67 2.65 0.52
ScPAL3 0.212 0.99 4.65 0.77

Bambusa oldhamii BoPAL1  0.230 16.29 70.83 - [30]
BoPAL1  0.993 21.30 21.45 -
BoPAL4  2.072 16.32 7.88 -

Camellia sinensis CsPALc 0.128 0.32 2.48 0.25 [31]
CsPALd 0.084 0.17 3.15 0.13

Pinellia ternate PtPAL 0.890 6.56 7.37 3.84 [32]

The specific activity was carried out at 50 °C, pH 8.0. Enzyme activity unit (U) was defined as the amount of enzyme required
to convert L-Phe to 1 pmol t-CA in 1 min.

M5 8.76 U/mg). # 2k, FIH AanPAL H
RIS R T 2 A AL R T, oK
T S A A SMEE AR & S T A
t-CA FEAIAT R4 A i 208 il 22 DR R Ak 45 1 o AR
Fif Jsz vy P B AR e 25 R, BEFH pH 8.0 1Y S 1 %
MOBCE R AT TR B9 MK BE JH 22 ODgoo M 1, B
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TRAEY SN IR (37 OVMEAT N . 25 R A B,
B AanPAL2 W EH KA HETER N 1 h )5,
S R RERR P2 B AT 35 5 60%, S 10 h Ji7,
R 1 g/L 1Y L-Phe S8 2H 10N A EERR ;
AanPAL1 F 4 KMo S A8 2218,
10 h J5 S A FERR 7™ AR 38% 447 (K] 10).
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Figure 9 The stability of AanPAL1 and AanPAL2. A, B: Thermostability was determined by the changes of
AanPAL1 and AanPAL2 activity with temperature. C, D: pH-stability was evaluated by the changes of
AanPAL1 and AanPAL2 activity with pH. The data are presented as the means of three replicates with

standard deviations.

& 10 =B AanPAL1 1 AanPAL2 X E S
‘MAE{E 1L

Figure 10 Whole-cell catalysis of recombinant
Escherichia coli with AanPAL1 and AanPAL2 at
different reaction time points.
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