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[ABSTRACT] Phenolic compounds, metabolites of the phenylpropanoid pathway, play an important role in the growth and
snvironmental adaptation of many plants. Phenylalanine ammonia-lyase (PAL) is the first key enzyme of the phenylpropanoid pathway.
The present study was designed to investigate whether there is a multi-gene family in . Indigotic and, if so, to characterize their
oroperties. We conducted a comprehensive survey on the transcription profiling database by using tBLASTn analysis. Several
pioinformatics methods were employed to perform the prediction of composition and physicochemical characters. The expression levels
of liPAL genes in various tissues of . indigotica with stress treatment were examined by quantitative real-time PCR. Protoplast transient
transformation was used to observe the locations of liPALs. liPALs were functionally characterized by expression with pET-32a vector in
Escherichia colis strain BL21 (DE3). Integration of transcripts and metabolite accumulations was used to reveal the relation between /iPALs
and target compounds. An new gene (/iPAL2) was identified and both /iPALs had the conserved enzymatic active site Ala-Ser-Gly and were
classified as members of dicotyledon. [iPALI and liPAL2 were expressed in roots, stems, leaves, and flowers, with the highest expression
levels of JliPAL1 and [iPAL2 being observed in stems and roots, respectively. The two genes responded to the exogenous elicitor in different
manners. Subcellular localization experiment showed that both /iP4Ls were localized in the cytosol. The recombinant proteins were shown
to catalyze the conversion of L-Phe to frans-cinnamic acid. Correlation analysis indicated that /[iPAL! was more close to the
biosynthesis of secondary metabolites than /iPAL2. In conclusion, the present study provides a basis for the elucidation of the role of
[iPALs genes in the biosynthesis of phenolic compounds, which will help further metabolic engineering to improve the accumulation
of bioactive components in /. indigotica.
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herbaceous plant, belonging to the family of Brassicaceae ',

Introduction Its dried roots (Banlangen, Isatis root) and leaves (Dagingye,
Isatis indigotica Fort. (I intinctoria) is a biennial Isatis leaf) show notable anti-inflammatory, antibacterial, and
antiviral activities . Additionally, Banlangen has been

[Received on] 25-Feb.-2016 demonstrated to have potentials to treat SARS (severe acute
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E-mail: chenwanshengsmmu@aliyun.com (CHEN Wan-Sheng). possess a number of biological activities, such as anti-
These authors have no conflict of interest to declare. influenza Al virus ], and anti-fungal
Published by Elsevier B.V. All rights reserved effects [ as well as reducing the risk of cardiovascular

respiratory syndromes) ! and HIN1-influenza (.
In previous experiments, lariciresinol and larch lignan
glycosides isolated from Isatis indigotica have been proven to

, anti-inflammation
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diseases ®). However, the contents of lariciresinol and larch
lignan glycosides in the roots are very low, only 47.14 and
84.67 pg-g ', respectively . Knowledge of the biosynthetic
enzymes and their corresponding genes would enable a much
higher production of the valuables in engineered plant or
microbial cells ),

As one of guaiacy lignins, lariciresinol is derived from
phenylpropanoid pathway with many enzymes involved !'”

(Fig. 1). As the first key enzyme in the phenylpropanoid

biosynthesis, PAL links primary and secondary metabolism
by catalyzing the conversion of L-phenylalanine to cinnamic
acid and is also a rate-limiting step of the phenylpropanoid

(1 Since the first PAL was discovered from

metabolism
barley by Koukol and Conn in 1961 [, more and more PAL
genes have been cloned in many higher plants, such as Salvia
Miltiorrhiza 1 (4] (4

Picrorhiza kurrooa

. Dendrobium , Salix viminalis . and
U8l and it also have been found in some

liverworts [ and fungi ['*].

C4H PAL
p-Coumaric acid -«—— Cinnamic acid <— L-Phenylalanine

4CL
ii\fl]c;%(gf: HCT CCoAOMT
Flavonoids <~~~ p-Coumaroyl-CoA —>C“H Caffeoyl-CoA ——— Feruloyl-CoA
anthocyanins CCR ? CCR

F5H .. COMT .
p-Coumaraldehyde Conifer aldehyde ——— 5-Hyroxy conifer —» Sinapaldehyde
aldehyde
CAD CAD CAD l

p-Coumaryl alcohol

Peroxidase/Laccase

p-hydroxyphenyl lignin

Fig. 1

Coniferyl alcohol Sinapyl alcohol

Peroxidase/Laccase

Peroxidase/Laccase l

Guaiacy lignin Syringyl lignin

Lignin biosynthetic pathway and the involved genes. PAL catalyzes the first step in the conversion of L-phenylalanine

(L-Phe) to trans-cinnamic acid. Abbreviations: C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate: CoA ligase; HCT,

p-hydroxycinnamoyl-CoA: quinate shikimate p-hydroxycinnamoyltransferase;
reductase;

caffeoyl-CoA O-methyltransferase; CCR, cinnamoyl-CoA

CCoAOMT,
caffeic acid

C3H, p-coumarate 3-hydroxylase;
F5H, ferulate S5-hydroxylase; COMT,

O-methyltransferase and CAD, cinnamyl alcohol dehydrogenase. The solid line represents one step reaction; the dotted line

represents a multi-step reaction

In a number of plants, the PAL proteins are encoded by a
multi-gene family. The number of PAL genes is three in S.
Miltiorrhiza " and Coffea canephora %, four in S. viminalis

[21], six in Oryza sativa [22],

U1 five in Populus trichocarpa
and twelve in Citrullus lanatus **. The individual PAL may
respond differentially to biotic or abiotic stress, and its
different expressions in tissues may be involved in the
production of different products under specific conditions. In
C. canephora ¥°, CcPAL2 transcripts appear predominantly
in flower, fruit pericarp, roots, and branches, whereas CcPAL]
and CcPAL3 are highly expressed in immature fruits. What’s
more, CcPALI and CcPAL3 are associated with the
accumulation of cholorogenic acids (CGA), whereas CcPAL2
may contribute more significantly to flavonoid accumulation.
In S. Miltiorrhiza ", all three SmPALs are regulated by
drought and MeJA treatments, although the time and degree
of reactions differ one from another.

In a previous study, we have cloned a new plant PAL
gene (designated as JiPALI) from 1. indigotica **. The open
reading frame (ORF) of liPALI is 2178-bp and it encodes a
LiPALI s
constitutively expressed in roots, stems, and leaves, with the

polypeptide of 725 amino acid residues.

®

highest expression being found in stems, and it responds to
gibberellin (GA3), abscisic acid (ABA), methyl jasmonate
(MelJA), and cold treatments. However, the characteristics of
LliPAL1 need to be further investigated and a systematic
analysis of different PAL genes in /. indigotica also is needed.
Moreover, the relations between [iPALs and synthesis of
secondary metabolites remain to be explored.

Under the umbrella of a transcription profiling of I

1251 one additional gene (/iPAL2) was identified in

indigotica
the present study. This was the first time to report the
existence of a small multi-gene family in /. indigotica. The
relations between /iPALs and secondary metabolites were also
evaluated in the present study. The results from the present
study would enable us to further understand the role of /iPALs
in the synthesis of phenylpropanoid compounds in I
indigotica at the molecular level, which might be helpful to
overcome the low rate of production of secondary metabolites,

such as lariciersinol, in the future.
Materials and Methods

Plant materials
The seeds of 1. indigotica were collected from the School
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of Pharmacy, Second Military Medical University, Shanghai,
China, and authenticated by Professor ZHANG Han-Ming
(Department of Pharmaceutical Botany, School of Pharmacy,
Second Military Medical University). The seeds were
pretreated with 75% alcohol for 5 min, washed thrice with
distilled water, treated with 0.1% HgCl, for 10 min, and then
washed with sterile distilled water four times. The sterilized
seeds were incubated between several layers of sterilized wet
filter paper and then cultured in MS basal medium for
germination. The seedlings were grown at 25 °C under 16-h
light/8-h dark photoperiod cycles for 2 months until
treatments, for RNA and DNA isolation.
Hairy root culture and various treatments

The I indigotica hairy root cultures were derived after
T-DNA-bearing A.
rhizogenes bacterium (C58C1). Hairy roots developed at cut
edges 2-3 weeks after co-cultivation were excised and
cultured in solid, hormone-free, half-strength MS medium.
After bacteria were eliminated, the hairy roots (0.1 g fresh

the infection of plantlets with Ri

weight) were cultivated in a 250-mL shake flask containing
200 mL of the liquid basal medium on an orbital shaker at 110
r-min" at 25 °C in the dark.

After 4 weeks of shaking culture, the hairy roots at the
exponential growth phase were prepared for induction. The
hairy roots were treated with 100 pmol'L™" of MeJA and
harvested at various times (0, 2, 4, 6, 8, 12, and 24 h) after
treatment. For UV-B treatment, the hairy roots were exposed
to 1 500 J)m 2 UV-B light and sampled at 0, 5, 10, and 30 min,
respectively. Then UV-B light was turned off and samples
were taken at 30, 60, and 120 min post-treatment.

RNA and DNA isolation

The roots, stems, leaves, and flowers of 1. indigotica as
well as hairy root samples collected at various times after
various treatments were used for RNA isolation. Total RNA
was extracted using RNA prep pure plant kit (Tiangen
Biotech Co., Beijing, China), according to the manufacturer’s
protocol. The genomic DNA was isolated using the modified
CTAB method !, The quality and concentration of RNA and
DNA samples were examined by EB-stained agarose gel
electrophoresis and spectrophotometer analysis on a Helios
Gamma ultraviolet spectrophotometer (Thermo electron
corporation, Waltham, Massachusetts, USA.

Discovery of l[iPALs from the transcription profiling database

In order to obtain PAL genes, we searched the I
indigotica transcription profiling database **! through
tBLASTn analysis using protein sequences, nucleotide
sequences, and expressed sequence tag (EST) records of
target genes of other plants from the National Center for
Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.
gov/). An e-value cut-off of 10 was applied to the homologue
recognition.

The Pfam database (http:/pfam.janelia.org/) *” was used
to screen the above putative sequences and identify the
conserved protein domains using default parameters. As a

®

final quality check, the simple modular architecture research
tool (SMART, http://smart.embl-heidelberg.de/) ¥ was used
to find the PAL domain.

Molecular cloning of the IiPALs full-length cDNA

Total RNA isolated from I indigotica was reversely
transcribed using TransScript First-Strand cDNA Synthesis
Super Mix (TransGen Biotech Co., Beijing, China, The full
length of IiPALI was cloned based on the sequence obtained
from Lu ¥ with primers for /iPALI-F and IliPALI-R through
the PCR reaction under the following conditions: denatured at
94 °C for 2 min, followed by 35 cycles of amplification (94
°C for 35 s, 56 °C for 35 s, and 72 °C for 3 min), and 72 °C
for 10 min.

Molecular cloning of liPAL2 from I. indigotica was based
on the sequencing result from transcription profiling. The full
length cDNA sequence was obtained by using the first-strand
cDNA as the template under the following PCR conditions:
1 min at 95 °C, 35 cycles of amplification (20 s at 95 °C, 20 s
at 60 °C, and 75 s at 72 °C), and a final extension of 5 min at
72 °C. The resulting amplified full length ORF was purified
and cloned into PMD18-T vector and then sequenced.
Bioinformatics analysis

Sequence alignments and molecular mass calculation of
the predicted protein were carried out on Vector NTI Advance
11. ORF translation and Genbank Blast were done on NCBI
(http://www.ncbi.nlm.nih.gov). Phylogenetic analysis of /iPAL2
and other known PALs from other plant species retrieved from
GenBank were aligned uisng ClustalX software (version 1.80)
and a phylogenetic tree was subsequently constructed using
the neighbor joining (NJ) method P (1 000 bootstrap
replicates) with the MEGA 5.0 software. Protein secondary
structures were predicated using NetSurfP (http://www.
cbs.dtu.dk/services/NetSurfP/) and SOMPA (http://npsa-pbil.
ibep.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.html) .
A homology model was generated from the native crystal
structure of Petroselinum crispum PAL using Discovery
studio 2.5 BY,

Expression profiling of IiPALs in different tissues under
different stresses

The responses of [iPALI and [iPAL2 in hairy roots
exposed to exogenous MeJA and UV-B and the expression
profiles in different tissues were characterized using
quantitative real-time PCR (Q-PCR). According to the
corresponding sequences of /iPAL1 and IiPAL2, gene specific
primers [iPALI-qRT-F, IiPALI-qRT-R, [iPAL2-qRT-F and
IliPAL2- qRT-R were designed. Partial polyubiquitin gene was
amplified with primers Actin-F and Actin-R as a control. The
Q-PCR assay was carried out in an assay mixture (final
volume of 25 pL) containing 12.5 pL of 2 x SYBR Green
Real Time PCR Master Mix (TaKaRa, Osaka, Japan), 0.5 pm
of each primer, and 2 pL of cDNA. The program for all the
Q-PCR reactions was as follows: 10 s pre-denaturation at
95 °C, 1 cycle; 5 s denaturation at 95 °C, 30 s annealing at
60 °C, 40 cycles; and separation reaction (15 s at 95 °C, 30 s
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at 60 °C, 15 s at 95 °C). Quantification of the gene expression
was done with comparative CT method. All the PCR reactions
consisted of three technical replicates.

Subcellular localization of [iPALs

The full-length coding regions of [iPALI and [iPAL2
were amplified by PCR with sticky BspHI and Spel ends
inserted into the vector pCAMBIA1301-GFP under the control
of cauliflower mosaic virus 35S promoter. The expression
plasmids were transferred into the rice protoplast cells and
were observed under a confocal microscope (Nikon, Tokyo,
Japan) with argon laser excitation at 488 nm and a 505-530- nm
emission filter set. The red autofluorescence of chlorophylls
was imaged at emission wavelength longer than 650 nm 2,
Expression and characterization of [iPALs in Escherichia
coli.

The full-length liPAL1 and IliPAL2 cDNAs were cloned
into plasmid pET32a(+) (Novagan, Copenhagen, Denmark)
using EcoRV/EcoRI restriction sites to generate [iPALI-
pET-32a and liPAL2-pET-32a constructs. The gene-specific
primers for /iPAL1-EcoRV-F, liPAL1-EcoRI-R, liPAL2-EcoRV-F,
and /iPAL2-EcoRI-R were listed in Supplementary Table S1.
After sequencing confirmation, the [iPALI-pET-32a and
liPAL2-pET-32a constructs were transfected into Escherichia
coli BL21(DE3) cells using the heat shock method. The E.
coli BL21(DE3) cells harboring /iPALI-pET-32a or liPAL2-
pET- 32a in a single colony were inoculated at 37 °C into
Luria-Bertani (LB) medium containing ampicillin (100 mg-L ™)
and grown with shaking (200 rmin") at 37 °C until the
optical density (OD600) reached about 0.6. The protein
expression was induced for 4 h by an addition of
isopropyl-f-D-thiogalactoside ~(IPTG  Bio-Rad, Berkeley,
California, USA) at a final concentration of 1 mmol-L™". Protein
purification was performed on BioLogic DuoFlow using
Bio-Scale™ Mini chromatographic column, following the
manufacturer’s instructions (Bio-Rad). The purity of the
His-tag-fused liPALs (ht-liPALI and ht-liPAL2) was assessed
by analyzing the total protein on 12% SDS-PAGE, followed
by Coomassie Brilliant Blue R250 (Beyotime Biotech Co.,
Shanghai, China) staining and the protein concentration were
determined by the Bradford method ** using bovine serum
albumin as the standard.

Enzyme activity assay for [iPALI and l[iPAL2

The enzyme activities of [iPALs were measured using
the method of Yan P* with minor modifications. The enzyme
extract (0.5 mL) was incubated with 50 pL of 0.1 mmol-L™"
L-phenylalanine and 450 pL of 0.01 mmol-L™" Tris-HCL, pH
7.5, at 37 °C for 60 min. The enzyme reaction was terminated
by an addition of 50 pL of 5 mol-L™" HCL after 1 h. After
centrifugation at 25 °C (12 000 rmin ', 15 min), the
compound determination was performed on an Agilent
1260 series liquid chromatography (Agilent, Santa Clara,
California, USA) equipped with a quaternary solvent
delivery system, an autosampler and a photodiode array
detector (DAD). A Diamonsil C,g column (4.6 mm x 250 mm,

®

5 um, Dikma Beijing, China) was used for analysis, using a
mobile phase consisting of 48% acetonitrile (HPLC grade,
Merck KGaA, Darmstadt, Germany) and 52% formic acid
(0.1%, HPLC grade, Merck). The flow rate was set at 1.0
mL-min"' and the injection volume was 10 pL. Elution of
the compounds was monitored at 290 nm. Standards of
L-phenylalanine and trans-Cinnamic acid were obtained
from Sigma-Aldrich Co. (St. Louis, MO, USA).

The effects of the reaction time and protein concentration
on the enzyme activity were examined. To determine the
optimum reaction time, the assays were performed at 37 °C.
The assay mixture consisted of 450 pL of 100 mmol-L™
Tris-HCL (pH 7.5), 500 pL of purified liPALI or liPAL2
protein and 50 pL of 100 mmol-L ™" L-phenylalanine. 50 pL of
5 mol-L ™" HCL was used to stop reaction at different times (10,
20, 30, 40, and 50 s, and 1, 2, 3, 4, and 5 min). For optimal
protein concentration determination, the reaction was carried
out with different protein concentrations (10, 20, 40, 60, 80,
90, 100, 200, and 300 mmol-L™") at the same conditions as
above. The liPALI and [iPAL2 activities were determined by
measuring absorbance of the reaction solution at 290 nm.
Transcript abundance of liPALs in I indigotica hairy roots
treated with MeJA

The Illumia RNA-Seq data obtained in previous research
were utilized to get an insight into the [iPALs’ transcript
abundance induced with MeJA in I. Indigotica. The RNA-Seq
expression profile data were generated using the Illumina
HiSeq™ 2000 platform, after the hairy roots of 1. indigotica
were treated with MeJA at different times (0, 1, 3, 6, 12, and
24 h). The expression levels at different times were
normalized to the level of the control (0 h).

Metabolite analysis

MelJA-treated hairy roots of I indigotica (100 mg) were
dried at 45 °C, ground into fine powder, and extracted twice
with 10 mL of methanol under sonication for 30 min. After
centrifuged at 4 000 rmin”! for 5 min, the supernatant was
diluted with methanol to 10 mL in total volume. The final
solution was filtered through a 0.22-pm organic membrane
filter prior to analysis.

The LC-MS/MS analysis was conducted on an Agilent
1200 series coupled with an Agilent 6410 triple Quadrupole
mass spectrometer and an electrospray ionization source
(Agilent). The data were processed with MassHunter
Workstation Software. Chromatographic separation was
achieved on an Agilent ZORBAX SB-Cig (3.5 um, 100 mm x
2.1 mm i.d.) at column temperature of 35 °C. The mobile
phase consisted of acetonitrile (eluent A) and 5 mmol-L™" of
ammonium acetate solution (eluent B, HPLC grade, Merck
KGaA, Darmstadt, Germany), eluted at a rate of 0.3
mL-min ' with a gradient program as follows: 0—4.00 min,
14% A; 4.00-4.50 min, 50% A, 4.50—8.50 min, 85% A and
the run time was 8.5 min. The injection volume was 5 pL.
Quantification was achieved in multiple reaction monitoring
mode (MRM), and the selected transitions of m/z were
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401—179 for coniferin, 359—329 for lariciresinol, 361—164
for secoisolariciresinol, and 357—151 for pinoresinol. All
standards were purchased from Sigma-Aldrich Co..
Correlation analysis of genes and metabolites

The correlations between two [iPALs and four lignans
were calculated using the Pearson correlation coefficient by
canonical correlation analysis **. Gene-to-metabolite network
was visualized to identify probable relation between [iPALs
and lignan biosyntheses.

Results

Molecular cloning of the IiPALs full-length cDNA

The decoding of the I. indigotica transcriptome enabled
us to identify a novel PAL gene (/iP4L2) that had not been
reported before. The full-length cDNA sequence of [iPAL2
was verified by PCR amplification.

The open reading frame of [iPAL2 was slightly shorter

| Ardagaataacggatcat t cgacgotatgt tat t tgtcacgatg
A MENNGSSHEKMSGGDVDAMLCGGEIKKNVTYV
Q] gctgcggeggatccect caactgaggaget aaat tt gaagagaatggt taaggacttt

AAADPLNWGAAAEQMKGSHLDEVYKRMVYKDF
181 aggaagccagtggtgaatclcgggggagagactctgacgatcggacaagtggcagcaatctcgactgttggaaatgatgtgaaggtggag
NLGGETLTI GAQVAAISTVGNDVKVE

271 ttgt at gattgggt tatggagagtat toatagttatggtgttact
LSETARAGVKASSDWVMESMGKGTDSYGVT
tgcegotett tataagattcet tatte

36] aotggnttgglgctacnclcat
G TSHRRTHKNGAALOQGKELIRFLNAGIF
45 1 t tgccacatt tgat tgtacggatcaacactctcctccagggatac
GSTKETCHTLPHSATRAAMIVRINTLLAQGY
541 tecggeateegt ttcgagat tetagagaccatgaccagt ttectcaacaacaacatcactcet teactcectctccgaggaaccatcace
SGIRFEILETMTSFLNNNITPSLPLRGTIT
631 gocteeggagatetegttectetetectacat cct: cccaat t
MO@®DO LVPLSY I AGLLTGRPNSKATGPNGEA
721 ttgaacgcagaggaagcctIcaagalggcgggaatcacotccggattcltcgaaclgcagcclaaggaaggtctcgcgctcgtcaacggc
I' TSGFFELQPKEGLALVNSGEG
811 acggcggttggatotggaalggcgtcgatggcgctntcgagacgaacgttctctctgtttIggctgagcttctatcggctgttttogcc
TAVGSGMASMALFETNVLSVYLAELLSAVFA
901 gaagtgatgagcggaaagecggagt tcaccgatcact taactcacaggc tgaageaccat ceccggecagat cgaageggcggegataatg
EVMSGKPEFTODHLTHRLKHHPGAGQ I EAAAIWM
991 gageacatcetcgacgagagctct tacatgaaactaget cagaaget ccacoagatagatcegt tacagasacctaaacaagacegt tac
= GSSYMKLAQKLHEMDPLQKPKOQDRY
1081 geacteegeacgtctectcagtagetaggtect cagatcgaagtyatcegt tacgecacgaaat cgat coagegtgagatcaact cogtc
ALRTSPQWLGPQIEVIRYATKSIEREINSYVY
1171 aacgacaaccoct toatcgacgtot t t tcggtgtctecatggacaac
NDNPLIDVSRNKAIHGGNFQGTPI GV SMDN
1261 actcatctegecgtegeagogategggaaact catgt togotcagt totetgaget tgtcaacgat t totacaacaacagtct toct teg
TRLAVAAI GKLMFAQFSELVYVNDFYNNGLPS
1351 aacc(aacagclIcgaacaaccogagliIggatIacggtt(caaaggagcggagalcgcqalggct(cglactgnmgagcncagtac
NNPSLDYGFKGAEIAMASYGCSELGO QY
1441 ttggccaatccagt tgttcaat gaactctettggactgatctegtctegeaaaact
LANPVYTSHVQ@QSAEQHNOQDVNSLGLISSRKT
1531 tccgaagetgt tgacat totcaagetcatgtegacaacgt tectegtegegat t tgtcaagetgtggatctgagacat t tggaggagaat
SEAVDILKLMSTTFLVAICQAVDODLRHLEEHN
1621 ¢t t ttetcaagt tctcactactggagtcaatggtgaget teacccatcteget te
LKQTVYKNTVSQVAKKVYLTTGVNGELHPSREF
1711 tgcgagaaagalttactcaaagttglagaccgtgaacaamctatgcatacgcggacgatccttgcagcgccacgtaccogttgatccag
C LKVVDREQVYAYADDPCSATYPLIQ
1801 aagctgagacaggttatcglcgaccacgc(ttggtcaacggtgagaglgagaagaacgcaglgac(tccatcttccaxaagatcggagot
L Q I VDHALVYVNGESEKNAVTS I FHK.I
1891 tt gott t totgotat
FEEELKAVLPKE\/DAAHAAYENGTSA\PNR
1981 atcaaggagtgtaggtcgtatcctclgtacaggnrm tt tttgacc gacgtcgecs
KECRSYPLYRFVREELGTQLLTGDRVYVTSTP
2071 ggagaagagttcgacaaggnttcacaucgattlmgaaggtaaaatcattgatccuatgalguagtgtctcaacgagtggaac@gagct
G KVFTAICEGKI | DPMMETCLNEWNGA
2161 cccattccaatatgeTAr 2178
P 1 P I C =

than that of /iPALI (2 115 bp vs. 2 530 bp), but [iPALI and
LiPAL2 only shared a 70.06% of sequence identity. The
deduced amino acid sequences of /iPALI and liPAL2 included
725 and 705 amino acids (Fig. 2). The predicted molecular
masses of liPALI and IiPAL2 proteins were 78.65 kDa and
76.89 kDa respectively, and their theoretical pl were 5.96 and
5.63, respectively.

Protein-protein BLAST showed that /iPALI and liPAL2
had a high degree of similarity (77%—93%) to PALs from
other plant species at the amino acid level. A detailed
sequence alignment of the /iPALs proteins is shown in Fig. 3.
The results showed that [iPALs contained the conserved
Ala-Ser-Gly (216—218) catalytic triad. In addition, sequence
alignment showed that [iPALs contained conserved
deamination sites (i.e., L-220, V-221, L-269, and A-270) and
catalytic active sites (i.e., N-272, G-273, H-350, NDN
[396—398 aa], and HNQDV [500—505 aal), just as Dendrobium

. 14
candidum ™.
1 ATGgagt tgtgtaaacaaaacgataaccacatcgecgecgt ctcgggegatcegt tgaactggaacatggegocggaaget t tgaaagag
B MELCKOQNDNHIAAVSGDPLNWNMAAEALEKSGEG
91 agccact tggagoaggt gaaacgtatggtggaagat t geattt tcacgat tggtcaagtc

SHLEEVKRMVEDYRKGAVRLGGETLTIGAQYV
181 gccaceatgactageggagatatacegat ggagetggeagaggagget catgeegaay taaaggcagt agegagtgogt gat ggagage
A S GGVPVELAEEARAGY KASSEWVYMES
271 atagaccgtggeatggacagt tatggagt ttcggtgcaact teccat geact tcaaaag
DRGMDSY GV TTGEFGA T SHRRTKQGGALQ QK
361 gagettattaggttctt tagt gect tgote
ELIRFLNAGIVGAGDT S HTLPKPATRAANML
45] gtcegtgtcaacactctectccaaggetat tccggaatacget ttgagat tot tgaagegat tacaaaget tot taacaacgaaat cact
VRVNTLLQGYSGIRFEILEAITKLLNNETIT
541 cegtaccteectcteegtagoaccateaccgeatctggegacct tat tocectctet tacatagecgggetactcaccggecgteccaat
PCLPLRGT I T /A /S \@ ODLYPLSY I AGLLTGRPN
631 tcaaaagccgtggglccctccggtgagatIctcactgcctctgalgcc(naggc(cgccgaagtatcgtcctntt agctgeageeg
K PSGEILTASDAFRLAEVSSFFELAQP
721 ggcgettgt cggatcgogt ttggectegacggttetgtt tgaggecaatgt tttggeggttttg
KEGLALVNGTAVGSGLASTVLFEANVLAVL
811 tccgaagttatgtctgegatat ttgcagagat tatgeaaggoaaaccagagt t tactgatcatctaacgcataaact caageatcatcca
SEVMSAMFAEVMQGKPEFTDODHLTHEKLEKHHP
901 ggtcagat tgaageegocgegat tatggaacatatat tagacggaagetct tacgt taaagaaget caacagetocacgaaat ggatocg
GQ I EAAAI MEHI LDGSSYVKEAQQLHEMDP
Q9] cttcaaaaacctaaacaagatcggtacgcgctaaggacgtcecegcaatgget tagacegcagat cgaggt gat tagageagegactaaa
KQDRYALRTSPQWLGPQIEVIRAATK
1081 atgattgagegtgagatcaactcggt taacgacaatcetctgatcgatgtgtcgaggaacaagget t tgcacggegagaact tecagggg
M I ERE NSVNDNPLIDVSRNKALHGGNTFA QG
] ]7] acaccaatcggtgtcgecatggataat tcecgtetagecat tget tcaatcggaaaactcatgt tcgegeagt tttctgaactggtgaat
TPI1 GVAMDNSRLAIASIGKLMFAQFSELVN
1261 oatttctacaacaacggct tgcot tetaatctatcoggtgggagaaaccatagtct toat tacggat t taaaggegeggagatagotatg
DFYNNGLPSNLSGGRNPSLDYGFKGAEIAM
1351 gotteatattoctecgaget teagt tet tagetaatoctgt ttaactce
A S Y SELQFLANPVYVTNHYQSAEQHNQQDUVNS
1441 ctegat tttatctogageeggaagacegoagaageagtegatat tetcaaget catgt coacgacetact togtegegetgtgecaagee
LGF I SSRKTAEAVDILKLMSTTYLVALTCGCRQA
1531 gtcgacctaagacatct tgaagagaatct tt tcttaatagttggtoce
VDODLRHLEENLKEKAIKAAVSQVAKRVLIVGA
1621 aacgatoagctacatcegtcaaggt teac tgtgctcegagtagt acgtcttctectatgcagacgatcoe
NGELHPSRFTERDVLRVVDREYVFSYADDP
1711 tocagectcact taccegetaatgcagaaact tagacacat totegtagaccacget ctageggatccagacegtoaggct aatgectcg
CsSL PLMQKLRHILVDHALADPDAREANAS
1801 acatcagtt ttccagaaaatcggageat t tgagtecgagetgaaat tget totcccaacagaagt ggaacgtgtecgget tgaatatgag
TSVFQKIGAFESELKLLLPTEVERVRLEYE
1891 gaagggtcctcggtcatagetaaccggat taaggaatgtegatcgtateogt tgtaccggt tegt ccgegacgagetggagacggaactg
EGSSVIANRIKECRSYPLYRFVRDELETEHL
1981 cttaccggagagaatgt taggtcacctgoggaagtat t tgataaagtgt totcggegatt ttgatggaaaact tat taatectt gt tg
LTGENVRSPGEVFDKYFSAISDGKLIDPLTL
2071 gaatatctcaaggagtagaacagagetcogat tocgatctgt TAG 2115
E L WNGAPI P I C*

Fig. 2 Nucleotide sequences and deduced amino acid sequences of liPALs. (A) IiPAL1, (B) IliPAL2. The start codon (ATG) is in
italics and the stop codon (TGA or TAA) is indicated by an asterisk. The conserved active sites motifs are circled

The secondary structures are shown in Fig. 4A and the
differences between liPALI and [iPAL?2 are listed in Table 1.
The three-dimensional structures of liPALs were predicted

using Discovery Studio 2.5 with P. Crispum PAL as a template.

All of the IiPALs proteins contained four domains (Fig. 4B),
including the N-terminus residues 1-24, numbered according
to liPALI, the MIO domain (residues 25-262), the core
domain (residues 263—529 and 652-716), and the inserted
shielding domain (residues 530—651).

®

Phylogenetic analysis of the IiPALs

To investigate the evolutionary relationships among
IiPALs and PALs from other plant species, the phylogenetic
tree was constructed using the neighbor-joining method. The
gymnosperm PAL protein from Pinus taedawas selected as
outgroup, and the phylogenetic tree was grouped into two
main branches, dicotyledons and monocotyledons. The liPALs
in the present study were most closely related to the dicot
PALs, and they were classified as members of this group, with
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a closest relationship with AtPAL] and AtPAL2, forming a
Cruciferae cluster (Fig. 4C). A total of 20 protein sequences
used for analysis were from following plant species: /iPALI
(DQ468345), AtPALI (L33677), AtPAL2 (L33678), NtPALB
(AB008200), PtPAL (P52777), GmPALI (X52953), CsPAL

* 20 * 40 *
IiPAL1 : MENNGSSHRMSGGDVDAMLCGGEIK-KNVTVA--AAM 2F¥Y
liPAL2 ---MELCKQNDNHIARVSG--—
GmPALL : -- -MEATNGHQNGSFCLSTAKGN]
MePAL1L - --MEFCEAHN---VTASDGFSSA
AtPALl : MEING-RHKSNGGGVDAMLCGGDIKTKNMVIN--AH

AtPAL2 : MDQ------—---- IEAMLCGGGEKTKVAVTTKTLA
BnPAL2

liPAL1
liPAL2  : }
GmPALI : g
MePAL1
AtPAL1
AtPAL2
BnPAL2
YGV”TGFGATSHERWK G ALQ ELIRFLNAGIfG

TiPAL1
TiPAL2 -
GmPALI :
MePALI
AtPALI
AtPAL2
BnPAL2

liPAL1
TiPAL2
GmPALI :
MePALI
AtPALI
AtPAL2
BnPAL2

liPAL1
TiPAL2 =
GmPALI :

MePALI
AtPALI
AtPAL2
BnPAL2

TiPAL1
TiPAL2
GmPALI :
MePALIT :
AtPALI
AtPAL2
BnPAL2

Q.
SaTYFLGQ4LRqGGVDHA6 5 b e Ekl 3S6F KIgaFEeELK

liPAL1
liPAL2  :
GmPALI :
MePAL1
AtPALI
AtPAL2
BnPAL2

eCL EWNGAPGPIC

DPLNWg ARe 6KGSHLdE6K4MV

e3 HTLp ATRABM6JR6NTLLQGSSGIRFEILE56T

G QG
DKQDRYALRTSDQWLGPQIEVIR aTK IEREINSVNDNPLIDVSRNkA6HGGNFQGTPIGVSMDN3RLA6E IGKLMFAQFSELVNDFYNNGLPSNL3

(D26596), MsPAL (X58180), CIPAL6 (U43338), DoPALI
(AY450643), PsPAL (D10003), RiPAL2 (AF237955),
ShPAL(L36822), MePALI (AY036011), BnPAL2 (AY795080),
TuPAL (X99705), PaPALI (AF036948), OsPAL (XM473196),
ZeaPAL (L77912), and TpPAL (AB236800).

:u»—:»—:mmm»a

SR4pvV LGGETLTI QVaAG

6N n63P LpLRGTITASGdLVPLSYIAGLLTGRPNSKa G
320

PEFTDHLTHKLKHHP

{PEFTDHLTHKLKHHP!

KPEFTDHLTHKLKHHP
PEFTDHLTHRLKHHP

NPSLDYGFKGAEGAMAS

Fig. 3 Multi-sequence alignment of /iPALs with other plant PAL proteins. The sequences shown here are from AtPALI (A.
thaliana, 1.33677), AtPAL4 (A. thaliana, NP187645), VvPAL (Vitis vinifera, XP 002268732), PtPAL (Populus trichocarpa,

ACC63889.1), and BnPAL (Brassica napus, AY795080)

Tissue-specific and induced expression profile of IiPALs

The expression profile of liPALI and liPAL?2 in different
tissues of I indigotica showed that [iPALI and IiPAL2
expression could be detected in all tissues with different
expression levels. The transcript level of [iPALI was the
highest in flowers, whereas that of /iPAL2 was highest in
roots. The expressions of [iPALI and [iPAL2 in leaves and
flowers were almost the same (Fig. 5A).

To understand the role of /iPALs in responses to plant
defense, the plants were treated with MeJA and UV-B
respectively. The results revealed that the transcription levels

®

of [iPALs were responsive to different treatments to various
degrees. As shown in Fig. 5B, the [iPALI expression under
the MeJA induction was rapidly and strongly induced, peaked
at 4 h (5-fold of original value), and gradually decreased at
6—8 h. Interestingly, the expression level of /iPALI increased
again at 12 h, and then decreased a little after 24 h. For
IliPAL?2, the transcript abundance in the hairy root was also
increased, peaked at 8 h, and then declined. After UV-B
treatment (Fig. 5C), liPALI and liPAL2 displayed the highest
expression levels at 10 min with about 4- and 9-fold increases,
respectively, and then decreased after 30 min. After UV-B
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Fig. 4 Bioinformatics analysis of 7liPALs. (A) predicts secondary structures of liPAL1 and IiPAL2. The short-term, green, dotted
line and random coil represent alpha helix, beta turn, random coil, respectively; (B) Three dimensional protein model of IiPALs
protein. The chains corresponding to the MIO domain (golden), core domain (blue), inserted shielding domain (green) and the
MIO group (red) are highlighted; (C) Phylogenetic tree of liPALs and other plant PAL genes using the Clustal X software and
MEGA 5.0 software based on the Neighbour-joining method. liPAL1 and IiPAL2 are marked by black box

Table 1 The differences in secondary structures between
TiPALI and IiPAL2
Gene a-helices [-turns Bdtzmler random coils
strands

LIiPALI 366 (50.48%) 60 (8.28%) 81 (11.17%) 218 (30.07%)

TiPAL2 388 (55.11%) 36 (5.11%) 51 (7.24%) 299 (32.53%)

exposure was terminated, the transcription levels remained
increased to certain degrees.
Subcellular localization of IiPALs

As shown in Figs. SD—5G, the rice protoplast expressing
liPALI-GFP showed green fluorescent signals, which was
localized in the cytoplasm (Fig. 5D). The fluorescence of the
liPALI-GFP fusion was exclusively distributed in cytoplasm
when merged with signals shown in panels D and E (Fig. S5F).
The results of //PAL2-GFP were the same as that of
IiPAL1-GFP.
Functional analysis of liPAL1 and liPAL?2

The in vitro functional activities of liPALI and liPAL2
were investigated by expressing the genes in E. Coli BL21
(DE3). The fractionation analysis using SDS-PAGE showed
molecular masses of about 97 kDa and 95 kDa (including the
tags), respectively (Fig. 6). It was in good agreement with that
predicted by the bioinformatics method. Enzyme assays were

®

carried out under standard conditions, using purified protein
and L-Phe as the substrate. The control reaction with L-Phe
using the same buffer without the PAL enzyme gave a peak of
L-Phe (Fig. 7A). After L-Phe catalyzed by recombinant
proteins ht-liPAL1 and ht-liPAL2, respectively, only one peak
at about 23 min could be seen, which should be ascribed to
the L-Phe conversion to frans-cinnamic acid (Figs. 7C—7D).

Moreover, the time course for expression of the target
proteins was also examined. From Fig. 8A, it was evident that,
in a short time (6 min), the amount of the protein production
increased over time. And the promoting reaction rate of
LiPAL?2 rose quickly at 30 s, from which /iP4L2 had a stronger
catalytic ability than /iPAL].

Meanwhile, the protein concentration was proportional to
enzyme promoting reaction rate (Fig. 8B). The initial activity
of liPALI was higher than that of /iPAL2, and the effects of
different concentrations of /iPAL2 on the enzymatic reaction
were higher than that of [iPALI. When the protein
concentration of LiPALI and IiPAL? reached 100 mmol-L™!,
the promoting reaction rate had a rapid increase and reached
the peak at 200 mmol-L™", followed by a gradual decrease.
Integration of transcript and metabolite accumulation
analyses

A canonical correlation analysis was performed to ex-
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Fig. 6 SDS-PAGE analysis of the purified proteins. (M,
protein marker; Lane 1, purified ht-liPAL1; Lane 2, purified
ht-IiPAL2)

plore possibly correlations between the accumulations of four
lignans and the expression profiles of liPALI and liPAL2 (Fig.
9) with the variable correlation coefficient cut-off values
being set at 0.6. The variable correlation coefficients between
liPALI  transcript
(coniferin, lariciresinol, secoisolariciresinol, and pinoresinol)
were —0.184, 0.954, 0.573, and 0.873, respectively, whereas,
that of [liPAL2 were —0.136, 0.200, 0.503 and 0.072,
respectively. These results suggested that /iPALI was most
likely to be involved in the biosynthesis of lariciresinol and its

and four metabolites accumulation

precursor (pinoresinol). However, [iPAL2 seemed to be
unrelated to any of the measured lignans.

Discussion

PAL is one of the branch point enzymes that link primary
metabolism to secondary metabolism P, It catalyzes the first

®

step in the formation of cinnamic acid, a precursor, to a
variety of phenylpropanoid derivatives. In the present study,
we isolated a novel I indigotica PAL gene, [iPAL2. The
existence of a small multigene family in I indigotic was
consistent with the results from other plant species such as S.
Viminalis, S. Miltiorrhiza and C. canephora 15, 19-20]

liPALI and IiPAL2? encoded 725 and 711 amino-acid
proteins, respectively, whose lengths were similar to that of
other reported PALs % Sequence analysis and homology
modeling revealed that /iP4Ls shared identical characteristics
with many other PALs. [iPALs also possessed a conserved
Ala- Ser-Gly (216—218) catalytic triad (Figs. 2 and 3). As
reported in other PALs, the Ala-Ser-Gly triad can be converted
into the MIO prosthetic group by cyclization and the
37 Meanwhile, the
deamination and catalytic sites may participate in substrate

elimination of water conserved
selectivity and binding, catalysis and/or the formation of the
MIO prosthetic group. This analysis suggested that /iPALI
and /iPAL2 are members of PAL family and the proteins may
have the same catalytic function as other PAL proteins.

The members of the PAL gene family in a plant are
usually expressed differently in tissues and appear to be
functionally distinct. The RiPALI
associated with early fruit
expression of RiPAL2 is correlated more with later stages of
flower and fruit development P¥. In C. lanatus, only six of
the 12 CIPALs may have the potential roles of developing
fruit color and flavor !, Consistently, differential expression
patterns were observed from the two [iPALs, although they

in Rubus idaeus is

ripening events, whereas

were expressed in all of the tissues analyzed. liPALI was
found to be highly expressed in the stems, while /iPAL2
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predominately showed expressions in the roots. The root of /.
indigotica is the well-known Chinese medicine “Banlangen”
(Radix Isatidis), and the distribution of /iPALs in the tissues
suggests that /iPAL2 may play possible roles in roots through

lignin formation and participate in the developmental
processes of I. indigotica. However, the role of /iPAL1 cannot
be denied, because some genes may mediate active

pharmaceutical compounds biosynthesis in aerial organs *%),

A mAU L-Phe+CK B mAU] trans-cinnamic acid b
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Fig. 7 Representative HPLC profiles of incubation of L-Phe without (A) or with (C, D) purified hz-liPALs enzyme. (B) trans-
cinnamic acid standard (Peak a: L-Phe; peak b: trans-cinnamic acid)
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Fig. 8 The effects of the reaction time (A) and protein

concentration (B) on the enzyme activity. Trans-cinnamon
acid has the maximum absorption at 290 nm

PAL is one of the most extensively studied enzymes with
respect to plant responses to biotic and abiotic stresses.
Expression analyses demonstrated that PAL could be widely

®

stimulated by environmental elicitors such as low temperature,
dehydration, and UV irradiation 401 plant signaling molecules,
including ABA, salicylic acid (SA), and JA ™Y, have also
been demonstrated to elicit PAL activity. In general, all the
elicitors chosen in the present study could escalate the /iPALs
expression, but the up-regulations may be caused by different
mechanisms.

Consistently, [iPALs transcripts in hairy roots were
enhanced after MeJA and UV-B treatments (Fig. 5). However,
differences were observed for two liPALs in the time and
degree of responses after treated with MeJA. Similar results
were previously found in three PALs from Salvia Miltiorrhiza.
These differences in response to MeJA might be explained by
the complexity and diversity of MeJA. On the other hand, the
expressions of /iPAL1 and liPAL2 were similar after irradiation
with UV-B. They showed the highest induction at the same
time under UV-B induction and the increase didn’t disappear
after the removal of UV-B, as seen with P. Kurrooa. Many
elicitors could modulate the production of many important
secondary metabolites of the phenylpropanoid pathway, such
as bisbibenzyl in Plagiochasma appendiculatum "™, lignins

and anthocyanins in A. thaliana ™

, and phenolics and
flavonoids in Hypericum perforatum ™. So it may be used as
a new strategy to improve the content of phenylpropanoid

compounds.
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Subcellular localization analyses indicated that /iPALs
were localized in cytoplasm, which was consistent with the
results obtained with S. viminalis ). At subcellular level, PAL
was mainly located in cytoplasm and chloroplast, mitochondria,
glyoxysome, peroxisoame, and other membrane organelles [*¥,
Jin Nakashima has proven that PAL activity in the cytosolic is
the best ). The results of subcellular localization suggested
that JiPALs could be localized in cytoplasm, indicating that
liPALs may have a high PAL activity.

To date, many plant PAL genes have been cloned and
successfully expressed in vitro, such as PALs in Artemisia

annua 4]

. To further confirm its function, /iPALs were
expressed in E. coli BL21 (DE3) in the present study. The
recombinant protein could catalyze the elimination of ammonia
from L-phenylalanine to form cinnamic acid, revealing that
TiPALs encoded a functional protein with a high PAL activity.
As the gateway enzyme, PAL plays a key role in mediating
carbon flux from primary metabolism in the phenylpropanoid
pathway. It may be a new target for enhancing the content of
pharmaceutical compounds in I Indigotica, just as Junli
Chang reported with Arabidopsis thaliana 7,

In previous studies, the integration of transcriptomics
and metabolomics data is used as an important mean to dig
crucial genes involved in the synthesis of target compounds
4 In the present study the correlation analysis indicated that
LliPALI transcript was coincident with the accumulation of
lariciresinol, suggesting that /iPAL! was relevant with the
biosynthesis of active pharmaceutical compounds in I
Indigotica. However this result needs to be validated by
metabolic engineering in the future.

Taken together, our results showed the existence of
another [iPAL gene in I. Indigotica. The cloning and
characterization of two distinct I Indigotica PAL genes

®

provided a basis for further undertaking a detailed molecular
and genetic analysis of the regulation of this key gene
family in I Indigotica. The different expression profiles
showed that roles of each [iPAL may be different in the
biosynthesis of secondary metabolites. As a key step, further
studies concerning the roles of liPALs using Agrobacterium
tumefaciens-mediated genetic transformation would help better
understand the metabolic network of secondary metabolites in /.
Indigotica, which may also provide a new strategy for
enhancing the content of pharmaceutical compounds.
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