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Characterization and expression profiling of tyrosine
aminotransferase gene from Salvia miltiorrhiza (Dan-shen)
in rosmarinic acid biosynthesis pathway
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Abstract A novel tyrosine aminotransferase gene (des-
ignated as SmTAT) involved in rosmarinic acid
biosynthesis pathway is cloned from Salvia miltiorrhiza
Bung. The full-length cDNA of SmTAT is 1,603 bp long
with an open reading frame (ORF) of 1,233 bp encoding a
polypeptide of 411 amino acid residues. The deduced
amino acid sequence of the SmTAT gene shared high
homology with other known TATs. Analysis of SmTAT
genomic DNA reveals that it contains 6 exons, 5 introns.
The analysis of SmTAT promoter region and terminator
region was also presented. Semi-quantitative RT-PCR
analysis reveals that the constitutive expression of SmTAT
in stem is much higher than that in root, leaf. Further
expression analysis reveals that the signaling components
of defense/stress pathways, such as methyl jasmonate
(MeJA), abscisic acid (ABA), salicylic acid (SA) and
ultraviolet-B radiation (UV-B), up-regulate the SmTAT
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transcript levels over the control. This study provides
useful information for further studying this gene and its
function in rosmarinic acid biosynthetic pathway in
S. miltiorrhiza, the roots of which so-called ‘‘Danshen’’
possess many pharmaceutical properties for human health.
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Introduction

Salvia miltiorrhiza Bunge (Lamiaceae) is a well-known
Chinese herb, and its roots, known as Danshen in Chinese,
have been widely used for the treatment of menstrual dis-
orders and cardiovascular diseases, and for the prevention
of inflammation. S. miltiorrhiza roots contain two major
classes of chemicals, a class of lipid-soluble diterpene
quinone pigments, generally known as tanshinones, and a
class of water-soluble phenolic acids including salvianolic
acids, rosmarinic acid (RA), lithospermic acid, and 3,4-
dihydroxyphenyllactic acid (DHPLA) or Danshensu [1].
Although tanshinones were originally thought to be the
main active ingredients of Danshen, the phenolic acid
constituents have been recently found to have significant
bioactivities such as antioxidant and anti-ischemia reper-
fusion which may contribute to the therapeutic effects of
Danshen [2].

Rosmarinic acid is an ester of caffeic acid and 3, 4-
dihydroxyphenyllactic acid, which is mainly found in the
plant species of Boraginaceae and Lamiaceae. RA has a
number of interesting biological activities, such as antivi-
ral, antibacterial, antiinflammatory, antioxidant and so on.
In the plant kingdom, rosmarinic acid is supposed to act as
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Fig. 1 The metabolic pathway leading to rosmarinic acid and 3,
4-dihydroxyphenyllactic acid (3, 4-DHPLA) biosynthesis found in
Coleus blumei plant cell cultures [3]. Abbreviations: PAL, phenyl-
alanine ammonia-lyase; C4H, cinnamic acid 4-hydroxylase;
4CL, hydroxycinnamate: coenzyme A ligase; TAT, tyrosine amino-
transferase; 4-HPPA, 4-hydroxyphenylpyruvic acid; HPPR,
hydroxyphenylpyruvate reductase; HPLA, 4-hydroxyphenyllactic
acid; RAS, rosmarinic acid synthase; 3’-H and 3-H, hydroxycinna-
moyl-hydroxyphenyllactate 3- and 3'-hydroxylases

a preformed constitutively accumulated defence com-
pound. RA biosynthesis in these plants has been suggested
to involve both the phenylpropanoid pathway (for the
caffeic acid moiety) and a tyrosine-derived pathway (for
the DHPLA moiety) as depicted by Fig. 1 [3].

Tyrosine aminotransferase (TAT), which catalyses the
transamination from L-tyrosine to 4-hydroxyphenylpyru-
vate, is the first enzyme in the tyrosine-derived branch of
the biosynthetic pathway of RA. Since 4-hydroxyphenyl-
pyruvate is not an intermediate of aromatic amino acid
biosynthesis in plants, it has to be formed from tyrosine as
described above. In addition to rosmarinic acid biosyn-
thesis it serves as precursor for homogentisic acid, a
precursor for the essential metabolites plastoquinones and
tocopherols, the latter of which are known to be radical
scavengers in plants. The enzyme was completely purified
some years ago [4], and cDNA clones were reported for a
few plants, such as Coleus blumei (GenBank Accession
number: AJ458993), Arabidopsis thaliana [5], Medicago
truncatula (GenBank Accession number: DQ006809), and
Glycine max (AAY21813). At present, the specific bio-
synthetic pathways for the production of RA and related
phenolic acids in S. miltiorrhiza are still not clear. Fur-
thermore, the lack of detailed knowledge of pathway
regulation has led to the speculations that every enzymatic
step in the rosmarinic acid biosynthesis pathway has
either a “key” or regulatory role. The cloning and
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characterization of the genes involved in RA biosynthetic
pathway would greatly help to reinforce the knowledge in
higher plants.

In this study, we hope to use S. miltiorrhiza to extend
our knowledge on rosmarinic acid pathway. In our study,
we report the cloning and characterization of a novel
tyrosine aminotransferase (SmTAT) from the S. miltiorrh-
iza in rosmarinic acid biosynthesis pathway. Comparison
of these reported TAT gene sequences from different
species reveals that the TAT genes are structurally con-
served, and might possess similar functions. The work also
aims to examine the expression profiles of SmTAT in dif-
ferent tissues and under the stress conditions including
light or signal molecules. The abscisic acid (ABA), methyl
jasmonate (MeJA) and salicylic acid (SA) were used as
signal molecules, and ultraviolet-B radiation (UV-B) was
used as light. Their effects on the accumulation of SmTAT
mRNA were determined.

Materials and methods
Plant materials

Seeds of S. miltiorrhiza were pretreated with 75% alcohol
for 1 min, washed 3 times with distilled water, followed by
the treatment of 0.1% HgCl, for 5 min and by four rinses
with sterile distilled water. The sterilized seeds were then
incubated between several layers of sterilized wet filter
paper under 30°C for germination. Germinated seeds were
sowed and cultured in small plastic flowerpots naturally.
The seedlings were all grown at 25°C under 14 h light/10 h
dark photoperiod cycles for 2 months until various treat-
ments, RNA and DNA isolation.

Various treatments

The leaves from 2-month-old S. miltiorrhiza seedlings
grown in small plastic flowerpots were sprayed with
solution of 50 uM abscisic acid (ABA), 500 uM methyl
jasmonate (MeJA) and 500 uM salicylic acid (SA)
respectively followed by RNA isolation. Another set of
control plants were similarly treated with distilled water.
For ultraviolet-B radiation (UV-B) treatment, the seedlings
were exposed under 1500 pJ/m? intensity of illumination
for 30 min.

RNA and DNA isolation

Total RNAs of various treatments from 2-month-old
S. miltiorrhiza plant were extracted using TRIzol Reagent
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(GIBCO BRL) according to the manufacturer’s instruction
[6]. The genomic DNA of S. miltiorrhiza was isolated
using a Cetyl trimethyl ammonium bromide (CTAB)-based
method [7]. The quality and concentration of RNA and
DNA samples were examined by EB-stained agarose gel
electrophoresis and spectrophotometer analysis.

Molecular cloning of the SmTAT full-length cDNA

Molecular cloning of SmTAT from S. miltiorrhiza was
carried out by Rapid amplification of cDNA ends (RACE)
method using a SMART = RACE ¢DNA Amplification Kit
(Clontech, USA).

For 3'RACE of SmTAT, about 100 ng of total RNA was
reverse transcribed with 3’-CDS primer by BD PowerScript
Reverse Transcriptase (Clontech, USA). Universal Primer
A Mix (UPM), Nested Universal Primer A (NUP) (Clon-
tech, USA), gene-specific primers SM-TAT-3'-1 [5'-AAC
CCTGGGAACCC(A/T)TGTGG(A/G)AA(C/T)GTG-3/, as
3’ RACE first amplification primer] and SM-TAT-3'-2 [5'-
AGATGGTTGGTTCCTGGCTGGCGCC-3/, as 3’ RACE
nest amplification primer] were used. The PCR was
conducted in accordance with the protocol provided by the
manufacture (Clontech, USA). The nested amplified PCR
product was purified and cloned into PMDI8-T vector
(TaKaRa, Japan) and then sequenced.

For 5' RACE of SmTAT, about 100 ng of total RNA
was reverse transcribed with 5-CDS primer and
SMART'" II A Oligonucleotide (Clontech, USA). Uni-
versal Primer A Mix (UPM), Nested Universal Primer A
(NUP) (Clontech, USA), gene-specific primers SM-TAT-
5-antil (5-AAGCCATTGCTCCCTTAGGTTTTGTTG-3/,
as 5" RACE first amplification primer) and SM-TAT-5'-
anti2 (5-TGTCACAGTATTTCTTGATGCGTTCC-3', as
5" RACE nest amplification primer) were used. The PCR
was conducted in accordance with the protocol provided
by the manufacture (Clontech, USA). The nested ampli-
fied PCR product was purified and cloned into PMD18-T
vector (TaKaRa, Japan) and then sequenced. By aligning
and assembling the products of 3’ and 5RACE, the full-
length SmTAT from S. miltiorrhiza was deduced and
subsequently amplified by proof-reading PCR amplifica-
tion with primers SM-TAT-C-F (5-CTCGATTCAGTTG
CGGCAATGGAGTTG-3') and SM-TAT-C-R (5-CGA
CTTAGTAGGAGTGCCGTTCACAGA-3'). The PCR
procedure was conducted under the following conditions:
5 min at 94°C, 5 cycles (30 s at 94°C, 30 s at 70°C,
2.5 min at 72°C), 30 cycles (30 s at 94°C, 30 s at 65°C,
2.5 min at 72°C) and 7 min at 72°C. The amplified PCR
product was purified and cloned into PMDI18-T vector
(TaKaRa, Japan) and then sequenced.

Isolation of genomic sequence of SmTAT

In order to detect whether there exist introns within the
SmTAT, PCR amplification was carried out using the
same reaction system as that for the cloning of the full-
length cDNA except that the template was substituted by
1.5 pg of total genomic DNA and the extension time at
72°C in the amplification cycles was prolonged up to
3 min.

Genome Walker DNA libraries were constructed using
the Universal Genome Walker Kit (Clontech, USA). The
genomic DNA was completely digested with different
blunt-end restriction enzymes (EcoRV, Pvu II, Stu 1 and
Dral) (Takara, Japan) and DNA fragments were ligated
separately to the Genome Walker adaptor using the DNA
Blunting Kit (Takara, Japan).

The amplification of upstream sequence of the known
sequence consists of two PCR amplifications. The pri-
mary PCR uses the outer adaptor primer AP1 (5'-GTA
ATACGACTCACTATAGGGC-3') provided in the kit
and an outer, gene specific primer 5GSP1 (5'-AGCA
GCATTACTAGCGTGGAAGCAC-3'). The amplification
was performed in a GeneAmp PCR System 2400 for
7 cycles with 25 s at 94°C, 3 min at 72°C and then for
32 cycles with 25 s at 94°C, 3 min at 67°C. After the
final cycle, the amplification was extended for 4 min at
67°C. The primary PCR mixture was then diluted and
used as a template for nested PCR with the nested
adaptor primer AP2 (5-ACTA TAGGGCACGCG
TGGT-3’) provided in the kit and a nested gene-specific
primer 5GSP2  (5-ACTCCGAATCTCAGCTGCTTC
AATGAG-3'). The amplification was performed in a
GeneAmp PCR System 2400 for 5 cycles with 25 s at
94°C, 3 min at 72°C and then for 20 cycles with 2 s at
94°C, 3 min at 67°C. After the final cycle, the amplifi-
cation was extended for 4 min at 67°C. The PCR
products were analyzed by electrophoresis, purified from
agarose gel, and then cloned into pMD18 vector followed
by sequencing. Sequencing result showed that a clone
contained a fragment of about 1,200 bp. The amplifica-
tion of downstream sequence of the known sequence
consists of two PCR amplifications. The primary PCR
uses the outer adaptor primer AP1 and an outer, gene-
specific ~ primer 3GSP1  (5-ATGGTAGCCGTTGA
AGGAGTTGGATAG-3'). The nested PCR uses the
nested adaptor primer AP2 and a nested gene-specific
primer 3GSP2 (5-ATGTATT GCTCTCC TCGAGT
AAATATTG-3"). The conditions of the PCR reaction
were the same as mentioned above. The PCR product
was cloned into the pMDI18-T-vector (TaKaRa) and
sequenced with DYEnamic Direct dGTP Sequencing Kit
(Amersham) and a 373A DNA sequencer.

@ Springer



604

Mol Biol Rep (2008) 35:601-612

Table 1 TAT proteins used in the text

Sequence name  Protein accession  Species

numbers in

GeneBank
AtTAT BAB10727 Arabidopsis thaliana
BtTAT NP_00102976 Bos taurus
EcTAT CAA27278 Escherichia coli
GmTAT AAY21813 Glycine max
HsTAT NP_000344 Homo sapiens
MmTAT NP_666326 Mus musculus
MI(TAT AAY85183 Medicago truncatula
MvVTAT AAD45375 Mustela vison
RnTAT AAA42203 Rattus norvegicus
SsTAT CAD30341 Solenostemon scutellarioides
TcTAT AAA02975 Trypanosoma cruzi
XtTAT NP_001006790 Xenopus tropicalis

Sequence analyses of SmTAT

Sequence alignments, ORF translation and molecular
mass calculation of the predicted protein were carried out
on Vector NTI Suite 8. Genbank BLASTs were carried
out on NCBI (http://www.ncbi.nlm.nih.gov/), while bio-
informatic analysis of the predicted SmTAT protein was
carried out on website of Expasy Molecular Biology
Server (http://www.expasy.org). Phylogeneticanalysis of
SmTAT and other known TATs from other plant species
retrieved from GenBank (Table 1) were aligned with
CLUSTAL W (1.82) and subsequently a phylogenetic tree
was constructed by the neighborjoining (NJ) method
using the software of MEGA 2.0 [8-10]. The reliability of
the tree was measured by bootstrap analysis with 1,000
replicates [11]. Homology-based structural modeling was
performed by Swiss-Model [12], and Web Lab View Lite
4.0 was used to display 3-D structures. Promoter motifs
were analyzed using the PlantCARE database (a database
of plant cis-acting regulatory elements and a portal to
tools for in silico analysis of promoter sequences,
http://www.intra.psb.ugent.be:8080/PlantCARE).

Expression profile of SmTAT in different tissues
and under various stresses

Semi-quantitative RT-PCR was used to investigate the
expression profiling of SmTAT in different tissues of the
plant and under various stresses. Total RNA was extracted
from root, stem and leaf tissues of S. miltiorrhiza, and from
leaves of the plant subjected to various treatments, fol-
lowed by incubation with Rnase-free Dnase I at 37°C for
30 min according to the manufacturer’s instruction
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(Takara, Japan). A mock treatment was carried out with
H,O as a control to exclude any other factors induced
SmTAT gene expression that might result from the spray-
ing. After establishing agreement between the OD values
of the RNAs from different tissues, aliquot of 1 pg total
RNA (1 pg/ul) was used as the template in one-step RT-
PCR analysis using One-step RT-PCR Kit (TaKaRa, Japan)
with SM-TAT-C-F (5-CTCGATTCAGTTGCGGCAA
TGGAGTTG-3') and SM-TAT-C-R (5-CGACTTAGTA
GGAGTGCCGTTCACAGA-3') as primers. The template
was reversely transcribed at 50°C for 30 min and denatured
at 94°C for 5 min, followed by 26 cycles of amplification
(94°C for 35 s, 50°C for 35 s, 72°C for 2.5 min). The
RT-PCR reaction for the house-keeping gene (18 S gene)
using specific primers 18SF (5-ATGA TAACTCGAC
GGATCGC-3') and 18SR (5'-CTTGGATGTGGTAGC
CGTTT-3") was performed as described above as the
control. The densities of the target bands were mea-
sured with a WEALTEC Dolphin-DOC ultraviolet
analyzer (WEALTEC, USA). Each sample was assayed in
triplicate.

Results
Cloning of the full-length cDNA of SmTAT

Using the RACE method and primers mentioned above,
cDNA ends of 706 bp and 1003 bp were amplified by 3’
RACE and 5'RACE respectively. 3’ and 5’ ends were
assembled with Vector NTI Suite 8.0 and the full-length
SmTAT cDNA (Genbank accession no. DQ334606) was
subsequently amplified by proof-reading PCR amplifica-
tion with primers mentioned above. The full-length cDNA
of SmTAT was 1,603 bp with 159 bp 5’ and 182 bp 3’
untranslated regions, 29 bp poly A tail and contained a
1,233 bp ORF encoding a 411-amino-acid protein (Fig. 2).
BLAST search revealed that the nucleotide sequence of
SmTAT had sequence similarities to TAT genes from other
plant species.

Generation and characterization of the full-length
DNA of SmTAT

Gene-specific primers derived from the start and stop
codon regions of the SmTAT cDNA were designed and
synthesized to isolate the genomic SmTAT gene by PCR. A
2,492 bp PCR product was amplified, which had 100%
identity in the coding region with the full-length SmTAT
cDNA sequence. It was found that 5 introns were present
in the genomic SmTAT sequence by comparing the geno-
mic and cDNA sequences, and exon 1 (255 bp) exon 2
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Fig. 2 The full-length cDNA
sequence and the deduced
amino acid sequence of SmTAT
gene. The start codon (ATG) is
in italics and the stop codon
(TAA) is in bold. The putative
poly (A) signal (AATAA) is
boxed, and aminotransferases
family-1 pyridoxal-phosphate
attachment site
(SLSKrwLVpGWRLG) is
shaded
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gcggatatactcaacatgactatcatgaaaacaaaattggaagtctcaaacaaacaaaatatcttetet
ctaacctctctctectectetecactcattgaagecagetgagattecggagttecggaattegtgattcagatetetegattcagttgeggea
ATGgagttgcagaatccagegeaggagategacgegeegactaccatcaccattaaggggattttggggttgttgatgtegagtacggat
MELAQNPAQETITDAPTTTITTIIKS GTITLGLTLMSSTTD
ccgaaggagagcgggaagagagtaatttcgetggggattggggatecgactgegtattegtgetteccacgetagtaatgeggetcaggaa
pPKESGKRVISLGTIGDZPTAYSCFHASNAARQE
ggtgttgtggaggctctgegeteccaccaaattcaacggetacgeteccaactgetggtectteccacaaaccagagaggecaategecgagtat
GVVEALRSTI KT FNGYAPTAGLPA QTR REATIAEY
ttgtcacgagatcttccctacaagetaccggecgactetgtgtatgtcacageeggetgeacacaagecattgagatageattgteegtt
LSRkRDLPYKLPADSVYVTAGCTA QATIZETLIATLSYV
ttggctcegececcggtgetaatatettgetgecgagacegtgtttececgatatacgggetttgegeetegtttagaaatatecgaagtecge
LARPGANTLLPRPCFPTITIYSOGLCASTFRNTIETVR
tacttcgatcttcaccccgagecagggatgggaggttgatetegatgeagtagecagatttggeagaccacaatacagtggecaatggtgate
Y F DLHPE®QGWEVDLDAVADLADUHNTUVAMVI
atcaatcctgggaatccatgtgggaacgtctactcatatcagcacctaaagaagattgcectgagacageccaagaggettggtatagtggtyg
I NPGNPCGNVYSYQHTLI KT KTIAETAKT RTLTGTIUVYV
atagccgatgaggtctacggecatctggetttcggggegaaccettttgttecgatgggaatattegggtecaattgecccggtggtgacg
I ADEVYGHLAFGANPFVPMGIFGSTAPVVT
cttggatctttgtctaagagatggttggttcctggetggegecttggttggttggtcatcaatgaccctgatggecagtttgatgagececa
L6¢SLSKRWLVPGWRLGWILVINDPDGSTILMSP
aagtttgtggaacgcatcaagaaatactgtgacatctgeggaggtcecctgetacattcatacaggetgecagttectgaaattgttgageaa
K F VERIT KKYCDTICGSG?PATT FTIAQAAVPETLIVENQ
acacaagaagttttcttcaggaaaacaattaacatactgaagcaaacctctgatatctgttaccaaaagattgaagacatcaatggeatce
T Q EVFFRKTINTILIKQTSDTICYQKTIETDTINGI
acttgtccaacaaaacctaagggagcaatggetttcatggtgaagetgaatctttccaggatgaaagatattagtgatgatattgactte
T ¢pPpTKPIKGAMAFMYKLNLSRMEKDTISDDTITDTF
tgtttcaagctggccaaagaggaatctgttatcattcttccagggetegetgtgggtetgaagaactggateccggatcacatttgeagta
Cc F XKLAKEESVIITLPGLAVYGLI KNWTIRTITTFEFAV
gacgtgectgetettgaagaagecatggagaggetcaagtetttetgtgaacggeactectacTAAgtecgegtaaaaatggtageegttyg
bvePALEEAMERLTI KSTFTCETRUHSY =*
aaggagttggatagccaagatgatgtattgetctectecgagtaaatattgtatcatcgategecattttggaacaatgtattgeatttaat
tcgtttatttggtcagtttgagattgttaatttattatgttcaatttgtaatttgccccgaaaaaaaaaaaaaaaaaaaaaaaaa

aaaa

(339 bp) exon 3 (219 bp), exon 4(220 bp), exon 5 (91 bp),
exon 6 (109 bp) were separated by the intron 1 (462 bp),
intron 2 (92 bp), intron 3 (400 bp), intron 4 (105 bp) and
intron 5 (91 bp) respectively (Fig. 4). It was also found that
the putative splicing site obeyed the GU/AG rule.
Sequence alignment of the overlapping DNA sequences
yielded approximately 4.8 kb of genomic DNA. The
complete sequence has been submitted to the NCBI data-
base (GenBank Accession No: EF192320). Analysis of 5’
flanking region of SmTAT gene by comparing the genomic
and cDNA sequences identified a transcription start site (A)
119 bp upstream from the start codon ATG. Usually the
structure of 5’ flanking region of eukaryotic genes includes
four parts: site of transcription start, TATA box, CAAT
box and GC box. The consensus sequence for TATA box is

[T(CG)TATA(TA)A; 5(CT)A] that has been shown to be
important for eukaryotic transcription [13]. Using the
PlantCARE database, 54 TATA sequences were found
upstream from the start of transcription in SmTAT gene and
the most probable TATA box was located at —28 bp of the
predicted transcription initiation site.

About 30 CAAT sequences were found upstream from
the start of transcription. These sequences may correspond
to the CAAT box that is sometimes important for the
efficiency of eukaryotic transcription [14].

In total six types of cis-acting elements were predicted
with relation to disease resistance in SmTAT promoter: (1)
2 sites of ABRE, cis-acting element involved in the
abscisic acid responsiveness, TACGTG or CACGTG; (2) 1
site of TCA-element which is a cis-acting element involved
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TAATGTTATT TTATTATTAG TGAAATATTT AATACAAACA ATTACTCACA TCAAACACAA GGGTAAGGGA
TTAATATATT CATGGCTGCC AAACGCGCTA CTTAAAAATG TGCTCTTAAT TTTTTTGTCG TATTAAATCT
AATTATATAA GTACCGACGG TTTGCGCGAT GAATTTTTAC ACGAGAATTA AAAAAACAGC ATAATTTAGA
cTATTGATTA AT CAAAAAAA ATGAATAGGA AGTTTCTTGT TACGAACATT CATGTTTACC
GATAAQTAAT TATAAAAGAG CTGTTTTTTT TACTTATCCT TCAAAGAACA ATGCTTGTAA GTACAAATGG
CAAAMGAAG TTATTGCATC GAAACAAATIG AAGTAGTACT ACTTTATTTT CATGTAGTTT CCTTTTCATT
GTTTTTCTTC AATAAQGTAG CTTTGTTTAC TTCATCATGA TGAAATAAAA GTACATCAAA GGAAAAGTAA
TTTATTGTCA TGTTTAGCCC TTAATTTAAA TTTCAGCATG TATTCGCTAA TAGGGCATTA GGTTTGAATT
AAATAAGAGT ACAAATCGGG AATTAAATTT AAAGTCGTAC ATAAGCGATT ATCCCGTAAT CCAAAQTTAA
GTATGTAACT ATGTAGTTGC GTGGGCATCA CTTTTGTATT GATTTACGTA TATTTCCATC GACAATICGAA
[ATACATTGA TACATCAACG CACCCGTAGT GAAAACATAA (TAAATGCAT ATAAAGGTAG CTGTTAGCTT
TAATATAAAT AATTTTGTAT TGGATCTG(] AMMAT TTATTATGCG TTCAAATIGAA AAGGCATATA
ATTATATTTA TTAAAAC TGGTTTTA AATAATACGC AAGTTTACTT TTCCGTATAT]
TTGCCACCTA CCATTCTCTT GCGTACCTAA Ti AAAAATAAT ATTCCACGTT CCAAGTAATA
AACGATGGAT GGTAAGAGAA CGCATGGATT ATCAAAGAAG TTTTTTATTA TAAGGTGCAA GGTTCATTAT
AATCTCC STTCACA TTTTTATCTT GAAAGCTGTA AATAGCAAGT GAATGTAAGT TACTTTAAAG
TTAGAGGCGG TTACAAGTGT AAAAATAGAA CTTTCGACAT TTATCGTTCA CTTACATTCA ATGAAATTTC
AGAGGTGTATIGABGACTGCA GATTAAATAT GTGGACGAGA ACG ATTGAGTAA TATATATATA
ACIGEACATA CTIGETGACGT CTAATTTATA CACCTGCTCT TGGTAAAGTT hTCATT ATATATATAT
CACCAAACAT TTTAGTTTTT ATATGACCTA AAACACGGCA CTTICAATAAG ACAACCATGC ATATTGGATT
GTGGTTTGTA AAATCAAAAA TATACTGGAT TTTGTGCCGT GAAGTTATTC TGTTGGTACG TATAACGTAA
TTCTAGGCTT TTAAATTTCA TTTTAGCGGT GCACGTATAT CTATATATTT GAAAACGAGC GTGTAACAAT
AAGATCCGAA AATTTAAAGT AAAATCGCCA CGTGCATATA GATATATAAA QTTTTGCTCG CACATTGTTA
ACTATACACA ATIACTATGTT TeTCAMTAC TA AG ATTAAAGAGA TAAAAAGTAG CAAAAGGGAA
TGATATGTGT TATGATACAA ACAGTTTATG ATCGTTACTC TAATTTCTCT ATTTTTCATC GTTTTCCCTT
TCAGAAATAT AACTAATTCC GTGTGAATGC TCTATGTTTT GACTGAAATG TAAAACGAAA TTTCGAGAAA
AGTCTTTATA TTGATTAAGG CACACTTACG AGATACAAAA CTGACTTTAC ATTTTGCTTT AAAGCTCTTT
RATAATAATA AAAATAATAC TATGAACGCG AAATATTTGG GTAAGCTTTT TATTCTAGAA AGAACACGTG

1051 TTTCGTATTA CTATTTTGCA AGAATTTTCA T

1121

AAAGCATAAT GATAAAACGT TCTTAAAAGT ACG

lAGAA cdeanatloer caaacTACTA CTCHAGTCTC AAACAAACAA AA

TTATTATTAT TTTTATTATG ATACTTGCGC TTT CATTCGAAAA ATAAGATCTT TCTTGTGCAC
TGT TCAGAAGCAG AAGAACACCG TCTCTHG
AGTCTTCGTC TTCTTGTGGC AGAGAGGAAA

AAQTCTT GGGTTTACGA GTTTGATGAT GAGTTCAGAG TTTGTTTGIT TT

Fig. 3 Nucleotide sequence of SmTAT gene promoter region, the
predicted cis-acting regulatory elements, enhancers and repressors
related to basic promoter activities. Different elements are painted
with different background. The most probable TATA box is with
purple background. The CAAT boxes in the upsteam are boxed.
Abscisic acid responsive elements are painted with yellow back-
ground, a salicylic acid responsive element is in the blue background,
an ethylene-responsive element is in the gray background, a fungal

in salicylic acid responsiveness, with conform sequence of
AGAAAA or AGAAGA; (3) 1 site of ethylene-responsive
element ERE, containing core sequence of ATTTCTAA or
ATTTGAAA; (4) 1 site of fungal elicitor responsive ele-
ment Box-W1, ATTAAT; (5) 2 sites of TC-rich repeats,
cis-acting element involved in defense and stress respon-
siveness, ATTTTCTCCA or ATTTTCTTCA; (6) CGTCA-
motif and TGACG-motif, cis-acting regulatory element
involved in the MeJA-responsiveness.

Other types of cis-acting elements were also predicted
within SmTAT promoter region, including eight types of
light responsive elements such as ACE, Box 4, Box I,
CATT-motif, G-Box, G-box, MRE and Pc-CMA2c, 1 cis-
acting regulatory element involved in circadian control
named circadian and 1 Skn-1_ motif, the cis-acting

@ Springer

elicitor responsive element is in the green background, two cis-acting
elements involved in defense and stress responsiveness are in the
brown background, the cis-acting regulatory elements involved in the
MelJA-responsiveness are painted with bright green background, three
cis-acting regulatory element required for endosperm expression are
underlined, while a cis-acting regulatory element involved in
circadian control is painted with violaceous background. The
transcription initiation site A is shown in the red background

regulatory element required for endosperm expression
(Figs. 3 and 4).

The 3'-untranslated region is 1,191 bases long and
follows the coding region of SmTAT. It is also rich in
A+T and 41 predicted stem structures (over the threshold
—4.0 Kkal mol™") reside in the transcribed mRNA
sequence corresponding to this region. The stems are
tandem organized and the whole mRNA sequence of this
region forms a complicated secondary structure which
resembles the clover-shaped tRNA structure with a free
energy of —208.3 kkal mol™'. The pairwised stems and
the unpairwised loops within this clover-shaped structure
constitute many stem-loops or “panhandles”, and many
of these stem-loops are followed by poly (A) sequences.
Hence it is clear that this terminator region contains
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Fig. 4 The start codon (ATG)
is in bold and the stop codon
(TAA) is in bold italics. Exons
are sequences in the black
background, and shadowed
sequences denote introns

1173
1353
1533
1713
1893
2073
2253
2433
2613
2793
2973
3183
3333
3513
3693
3873
4053
4233
4413
4593

4773

the basic structure information

termination.

TATCTTCTCTC TAACI: TCICTC TCTCI:TCTCCACTCATTGMGCPBC TGAGAT TCI;GAGTTCGGAATTCG TGATTCMATC TCTCGP.TTC

ATAGCCMLGATGATGTATTGCTCTCCTCGAGTAA&TKTTGTATCATCGATCGCATT TTGGAMCAATG TATTGCATTTAATTCGTTTATTT
GAATAAGTCAG TTTGAGAT TGTTAATTTAT TATGTTCAATTTGTAAT TICCOCOGAALAGATTG TTGGCAGCCAG TAAATACTG AATACT
ATCGTCTTACT TTCAT TGASAT TOCCTTAGCTT TIGCTTG TAACT AMGGAT AAT TCACACGT TAGATTGTG TAGTCCAAATTGAATACGAA
ACAOCATGATT TCAAAATGGTAATC AAC TTGGATTACTATOCAT TTACCAAAG TAG TTATGATTGAAATCATGCT AGCTTTTGGACATAA
AAGTCAAATACATGGG TCAAAATGG AAAAC AMC ATAGGACTATT TTCGAAACACTG CAACTCCT TAT TTTCG AAAATGGAGCAATAATTG
AACATARACAAGAC AATCACAAMCACATGAGCAGTG TTTCCT ACACATAAGGAMCTGG AATCCTCTG TG T TTCAGGGCCAGCAACCATG T
CG TOCCAT AGC AAATCCAAAMGOGTCAT TG TCAATTCTCOCACATTACCTGCAAALAACAABAACAAAAA DA AMC ACACAAGTCTTACAA
ATTTG TAT TTCACACATOCAGTGTG TG T AAAAC TAGOGCGTT TAOOS TCTCCAATAGGCTT TOCATCOCACATGATGATGG GCAGT ATAG
GAMGTGIGCTCOCALC ATACATCATCTC TG CAGCCTOCT TGCCC TCT TOCACACTC AC ACTGOCCACOCTCACACOCT TCAALC TCOOCT
GCTOCAOCAGC TTAGGOSCGAGCTGCAGCAGOC TCATGG O0G AG CAG OCACTC ALG ATCTTG TCAAAGGC TAGCAGCACAAGCTOCOCAT
CGOGGGTGATG AMGGCAMCGTTCACATTGGGACCCTCTGCAATG CAGOOC TOC TCATC AATCCACACGGAGGOGTCTGOOC TCTOC TOCT
CIGOCTOCATCTTTGCCAGCATGTTAGGGAGGTAGT TCACAT TCTTCATCGTGGCAAAGAG AGGOGATTTCATTGGAATACTOG AGGTTA
TCAOCTTCACACCC TCTCTGCACTG CAAGAAOCCACCATCTATAACT ACTGCATAG AAGGC AGACGACG TGAGG

for Many sites essential for TAT activities conserved in
different plant species were also found in SmTAT. As
shown in Fig. 5, the predicted SmTAT protein included a

aminotransferases family-I pyridoxal-phosphate attach-

transcriptional

Characterization of the deduced SmTAT protein

By using the software of Computer pl/Mw Tool at
http://www.expasy.org, the calculated isoelectric point (pI)
and molecular weight of the deduced SmTAT protein were
predicted to be 5.8 and 45.1 kDa, respectively.

Protein—protein BLAST showed that on the amino acid
level SmTAT protein had high homology to TATs from
other plant species. Through Clustal W/X, full-length
alignment result showed that SmTAT protein shared 92.9%
identity (the highest identity) to SSTAT from Solenostemon
scutellarioides. In addition, SmTAT was 66.1, 66.1, and
67.2% identical to AtTAT, GmTAT and MtTAT respec-
tively (Fig. 5).

ment site (SLSKrwLVpGWRLG) and the highly conserved
residue in family I for the binding of these enzymes’
substrates, Arg385.

Three-dimensional structure analysis of SmTAT
protein

In order to better characterize the SmTAT protein, a
comparative modeling of three dimensional structure of
SmTAT performed using SWISS-MODEL [15]. The
theoretical monomer and homomer structures for SmMTAT
were portrayed against the template of TAT of
Trypanosoma cruzi by Blankenfeldt et al. [16] using
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Fig. 5 Sequence alignment of
the deduced SmTAT protein
with other plant TATs. Motif 1
is the aminotransferases family-
I pyridoxal-phosphate
attachment site, and motif 2 is
highly conserved residue Arg.
Amino acid residues identical at
a given position are denoted
with dark backgrounds. Gaps
are inserted in the sequences for
better alignment

SmTAT (1
AtTAT (1)
GmTAT (D
MtTAT (1)
SSTAT N
Consensus (1)

SmTAT
AtTAT
GmTAT
MtTAT
SsTAT
Consensus

SmTAT
AtTAT
GmTAT
MtTAT
SsTAT
Consensus

SmTAT
AtTAT
GmTAT
MtTAT
SsTAT

Consensus

SmTAT
AtTAT
GmTAT
MtTAT
SSTAT
Consensus

SmTAT
AtTAT
GmTAT
MtTAT
SsTAT

Consensus

SmTAT
AtTAT
GmTAT
MtTAT
SsTAT
Consensus

crystallography (Fig. 6). Alignments of three dimensional
structure and structural analyses were performed using
three dimensional molecular Viewer and Weblab viewer-
lite. As could be seen from (Fig. 6a, b), SmTAT strongly
resembled the other TAT proteins such as SsTAT. This
result indicated that the SmTAT shared the same biological
activity with SSTAT, implying that SmTAT might have
similar functions with SSTAT, a protein whose function
had been verified previously. The TAT proteins functioned
as a homodimer, and the predicted three dimensional
structure of SmTAT revealed that two monomers formed a
symmetric dimmer (Fig. 6¢). It contains the highly con-
served residue in family I for the binding of these enzymes’
substrates, Arg385 in S. miltiorrhiza TAT, which fixes the
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a-carboxylate of the incoming amino acid or a-ketoacid,
which was shown in the homodimer.

Molecular evolution analysis

To investigate the evolutionary relationships among
SmTAT and other TAT proteins, a phylogenetic tree was
constructed based on the deduced amino acid sequences of
predicted SmTAT and other TAT proteins from other
species (Table 1). The analysis result highlighted three
important features in all inferred species. Firstly, the phy-
logenetic tree analysis of the 13 TAT proteins was
consistent with the evolutionary relationship between these
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Fig. 6 The three-dimensional models of SSTAT (6b for monomer)
and the deduced SmTAT (6a for monomer and 6¢ for homodimer).
The models are predicted with SWISS-MODEL and showed with
WebLab viewer. (a) and (b) a-helices were indicated by helices in red
and ff-sheets were indicated by patches in blue. Turns and loops were
indicated by gray lines. (¢) Ribbon representation of SmTAT
homodimer. Monomer A was yellow-colored and monomer B was
blue-colored. Two Arg sites were marked with balls

species (Fig. 7), from prokaryote to eukaryote, from bac-
teria, botany and amphibian to mammal, from lower
organisms to advanced organisms, suggesting TAT pro-
teins have been conserved during evolution. Secondly,
TAT sequence formed several distinct species-specific
clusters. For example, all plant species formed a cluster, no
matter whether they belonged to the gymnosperm or
angiosperm, monocot or dicot plants. It was obvious that
all animal species were grouped into a cluster. Meanwhile,
TAT from E. coli, the prokaryote species, was separated
from other eukaryote species in the tree (Fig. 7). Thirdly,
SmTAT had the closest relationship with SsSTAT from

Fig. 7 Neighbor-joining
phylogenetic tree of the
complete sequences of SmTAT
and other TAT proteins.
Sequences were identified by
the names of species. The

Solenostemon scutellarioides, lamiaceae species. Our result
suggested that SmTAT shared a common evolutionary
origin based on their similar roles and conserved structural
and sequence characteristics such as amino acid homolo-
gies and conserved motifs.

Semi-quantitative RT-PCR Analysis of SmTAT

Total RNAs extracted from root, stem and leaf tissues were
used to investigate spatial expression profiles of SmTAT by
semi-quantitative RT-PCR analysis. The result showed that
SmTAT constitutively expressed in all the tested tissues
(Fig. 8a), with stronger expression in stems (Fig. 8a).
Because SA, MeJA, ABA and light signal motifs were
found in the promoter region of SmTAT gene, in this study,
to examine whether SmMTAT was induced by these stimuli,
S. miltiorrhiza leaves were treated with various inducers
and harvested for RNA isolation at different time points.
Under UV-B treatment, SmTAT transcript accumulation
gradually increased in 24 h. SmTAT expression in S. mil-
tiorrhiza was induced with a maximum at 8 h after SA
treatment. Transcript levels of SmTAT increased as well
under MeJA treatment, but then remained constant for at
least 448 h, and then increased thereafter. ABA also
up-regulated SmTAT expression, reached the highest
expression level after 24 h and then declined (Fig. 8b).

Discussion

In our search for a novel TAT gene in S. miltiorrhiza,
SmTAT was isolated with the predicted protein showing
high similarity to members of TAT family. Analysis of
SmTAT genomic DNA indicates that it contains 6 exons, 5
introns. By contrast, TAT gene revealed in Arabidopsis
thaliana has 7 exons and 6 introns. The number of exons
and introns in TAT genes appears to vary among species.
Sequence analyses, in particular the three dimensional

54| Homo sapiens

Bos taurus
100 _72: Mustela vison
100 | — Rattus norvegicus
99 L—— Mus musculus

94

numbers at each node
represented the bootstrap values

Xenopus tropicalis

Trypanosoma cruzi

—100: Salvia miltiorrhiza
Solenostemon scutellarioides

100 &: Medicago truncatula
Glycine max

78 |

Arabidopsis thaliana

Escherichia coli
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Fig. 8 Expression profiles of a Root Stem Leaf
SmTAT in different tissues and _
various stresses. Expression of SmTAT
SmTAT (a) in different tissues; 185 =
(b) was induced under 50 uM ’
ABA, 500 uM MeJA, 500 uM
SA and UV-B (30 min) b Oh 2h 4n  8h 24h 36h Oh 4h 16h 36h 48h 72h
156 sene (126 oy was wed ey - - = BT
SmTAT i y
18S gene (126 bp) was used in " SINTAY
comeol o e e Ll — = = = o = PR — — — —
control
SA MeJA
Oh 4h 8h 16h 24h 48h Oh Lh 4h B8h 16h 24h
ABA UV-B

structure, implied that SmTAT might have the same cata-
lytic function as other TAT proteins.

Since the major roles of plant secondary metabolites are
to protect plants from attack by insect, herbivores and
pathogens, or to survive other biotic and abiotic stresses,
some strategies for culture production of the metabolites
based on this principle have been developed to improve the
yield of such plant secondary metabolites. These include
treatment with various elicitors, signal compounds, and
abiotic stresses [17-22]. Many such treatments indeed
effectively promote the production of a wide range of plant
secondary metabolites, both in vivo and in vitro.

TAT catalyses the reaction from tyrosine to p-hy-
droxyphenylpyruvate. It is the first enzyme in the tyrosine-
derived pathway. Meantime, it is also the first enzyme in
the biosynthetic pathway leading via homogentisic acid to
plastoquinone and tocopherols, which are known to func-
tion as radical scavengers in plants and thus protect the
plant in a variety of different stress situations. Increases in
radicals and reactive oxygen species have been described
after wounding of plants or exposure to high light and
ultraviolet (UV) light [23-24].

In this study, to examine whether SmTAT was induced
by other stimuli, S. miltiorrhiza leaves were treated with
various inducers and harvested for RNA isolation at dif-
ferent time points.

Salicylic acid is globally involved in defense response
during plant-pathogen interactions [25]. Exogenous
application of SA, which is indigenously produced and
functions in the development of SAR, results in the
induction of resistance against pathogens and the expres-
sion of a set of SAR genes [26, 27]. SA induces the
expression of SmTAT gene, indicating that SA is involved
in the SmTAT -mediated pathway.

Methyl jasmonate and its free-acid jasmonic acid (JA),
collectively referred to as jasmonates, are important
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cellular regulators involved in diverse developmental pro-
cesses, such as seed germination, root growth, fertility,
fruit ripening and senescence [28, 29]. In addition, jasm-
onates activate the defense mechanisms of plants in
response to insect-driven wounding, various pathogens,
and environmental stresses, such as drought, low temper-
ature, and salinity. Recently, jasmonates have also been
implied in the signaling pathway mediating induced
defense responses in pathogen- or insect-attacked plants.
Exogenously applied JA and its methyl ester, MeJA, are
capable of inducing defense proteins and secondary
defense metabolites in a wide range of plant species [29,
30]. Sandorf and Hollander-Czytko reported that JA played
an important role in the induction of TAT and the bio-
synthesis of tocopherols upon environmental stress [31]. As
expected, MeJA could also induce SmTAT expression in
S. miltiorrhiza in this study.

Abscisic acid is a well-known senescence-triggering
plant hormone. ABA plays important roles throughout
plant life and development, affecting seed germination,
plant growth, senescence and plant stress responses.
Especially under some stresses like hyper- or hypo-osmotic
stress, salt, cold and drought stress, ABA acts as an
important signal molecule to regulate expression of sets of
defense genes. ABA is also reported to regulate biosyn-
thesis of secondary metabolites in some plant cell cultures.
The results in the present study suggest that SmTAT gene
expression was stimulated by ABA, indicating that SmTAT
may be related to ABA signal transduction pathway.

The practical results above also are consistent with the
previous prediction, because signal elements including SA,
MeJA and ABA are found in the promoter region of
SmTAT gene (Fig. 3).

UV light, as an abiotic stimulus, can promote secondary
metabolites accumulation, and phenylpropanoids are the
major plant secondary metabolite class that absorbs UV-B
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irradiation and provides a means of protection against
UV-B damage and subsequent cell death by protecting
DNA from dimerization and breakage [32, 33]. As
expected, UV-B treatment on S. miltiorrhiza seedlings
strongly increased SmTAT expression.

Rosmarinic acid played very important roles as health-
protecting natural products in S. miltiorrhiza. TAT is a key
enzyme in rosmarinic acid biosynthetic pathway. Although
much research about TAT has been focused on the tyro-
sine, there has been an explosion of interests in rosmarinic
acid health-promoting components of the human diet. With
the increasing knowledge of RA biosynthetic pathway, it
will be possible to have a complete understanding of the
whole pathway, not only in the model plants but also in
some valuable species, for the pathway in different plant
may be different from each other. S. miltiorrhiza is one of
the most economic valuable Chinese herbs. For the unique
pharmacological properties of S. miltiorrhiza, the knowl-
edge on the secondary metabolic pathway, including the
gene cloning and characterization, will be a great motiva-
tion for bioengineering the secondary metabolics in
S. miltiorrhiza.
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