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Abstract A novel transcription factor, TcAP2, was

isolated from Taxus cuspidata by yeast one-hybrid

strategy. This factor interacts with jasmonate- and

elicitor-responsive element. Analysis of the deduced

TcAP2 amino acid sequence revealed that TcAP2

contained a conserved AP2/ethylene-responsive ele-

ment binding protein domain that consisted of 268

amino acids in a potential nuclear localization sequence.

The factor of TcAP2 had a high homology, in its AP2

domain, to other AP2 family members. Based on

phylogenetic analysis, it was different from other five

DRE-binding proteins in their evolutionary relationship.

The transcription of TcAP2 gene in yew accumulated

primarily in young organs, such as young stems.

Quantitative real-time RT-PCR analysis indicated that

TcAP2 gene was inducible to express by treatments with

methyl jasmonate plus salicylic acid, high salinity, and

cold. This gene showed no response to either abscisic

acid or drought treatment.
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Introduction

Methyl jasmonate (MeJA) and salicylic acid (SA)

function as induction signals during phytoalexin

synthesis in plant cells (Yazaki et al. 1997; Sun

et al. 2001). Jasmonate (JA) and SA are regarded as

stress hormones since they are able to induce

biosynthesis of some secondary metabolites that are

usually synthesized when plants respond to environ-

mental stresses. Octadecanoid-responsive Catharan-

thus AP2 protein (ORCA3) has been isolated from

Catharanthus roseus with a DNA activation tagging

(van der Fits and Memelink 2000). The gene for

ORCA3 is a JA-responsive AP2-domain transcription

factor and also the first transcription factor in terpene

biosynthesis pathway. Over-expression of ORCA3

enhanced expression of several genes that are

involved in terpene indole alkaloids biosynthesis,

such as genes DXS, AS, TDC and STR (van der Fits

and Memelink 2000). Regulation of biosynthetic

genes by ORCA3 affected metabolite synthesis

when plants respond to stresses (Aerts et al. 1994;

Gantet et al. 1998; Vázquez-Flota and De Luca 1998;
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van der Fits and Memelink 2000; Memelink et al.

2001). ORCA3 binds specifically, via a JA- and

elicitor-responsive element (JERE), to the promoter

of the STR gene (van der Fits and Memelink 2000;

Memelink et al. 2001). MeJA, JA precursor and

intermediates of JA biosynthetic pathway could induce

ORCA3 gene expression. The AP2/ERF-domain tran-

scription factor ORCA3 has been proven to be an

important regulator for both primary and secondary

metabolism in Catharanthus roseus (van der Fits and

Memelink 2000; Memelink et al. 2001). Functional

characterizations in yeast and plant cells have

revealed an N-terminal acidic activation domain and

a serine-rich C-terminal domain in ORCA3 protein.

Biosynthetic gene regulation by JA-responsive

AP2 transcription factors may cause changes in

secondary metabolism when plants respond to stres-

ses. Plants may regulate both primary and secondary

metabolism via a single transcription factor. Since JA

is able to induce many secondary metabolites, iden-

tification of the AP2-domain protein as a common

regulator for several genes may uncover a control

mechanism of metabolic pathways that are stress-

responsive (Vom Endt et al. 2003).

Taxol is an effective and essential integrant in anti-

cancer medicines. In previous studies, Taxol concen-

trations were increased in Taxus suspension cultures

by adding of MeJA to culture media (Sun et al. 2001;

Moon et al. 1998). During Taxol biosynthesis, tran-

scriptional expression of key enzyme genes was up-

regulated by MeJA (Walker and Croteau 2000;

Walker et al. 2002; Laskaris et al. 1999). Currently,

no transcription factor, which is involved in taxol

biosynthesis, has been isolated from Taxus. In order to

understand more about taxol biosynthesis, in this

study, we isolated a novel cDNA encoding a JERE-

binding factor, TcAP2, from T. cuspidata cDNA

library by using the yeast one-hybrid method. This

factor is a gene encoding a nuclear protein and

inducible by MeJA plus SA.

Materials and methods

Plant materials, growth conditions and stress

treatments

Three-year-old seedlings of T. cuspidata were pur-

chased from Weihe Forestry Bureau, Heilongjiang

Province, P. R. China. Suspension cell cultures were

initiated and maintained with B5 medium (Gamborg

et al. 1968) plus 2, 4-dichlorophenoxyacetic acid

(1 mg/l), naphthalenic acid (1 mg/l), and 6-benzyl-

aminopurine (0.2 mg/l). MeJA (100 lM, Sigma) was

filter-sterilized before adding into the autoclaved

medium. Flasks containing cell cultures were placed

on a shaker at 100 rpm, in the dark at 15 ± 2�C.

For chemical treatments, the roots were immerged

into sterile water, NaCl (250 mM), MeJA (100 lM)

plus SA (100 lM), or ABA (100 lM), respectively

during 24 h. Low temperature treatment was per-

formed by placing seedlings in the refrigerator at

4 ± 1�C for 12 h. For drought treatment, the seed-

lings were desiccated by stopping watering. Seed-

lings were cultured at 15 ± 2�C, in a dark period of

24 h if not specifically mentioned. After treatment,

leaves and roots, were removed from seedlings and

quickly immersed into liquid N2 and stored at -75�C

for subsequent RNA extraction.

Strains and plasmid

Saccharomyces cerevisiae strain Y187 (MATa, ura3-

52, his3-200, ade2-101, trp1-901, leu2-3, 112, gal4D,

met-, gal80D, URA3 : : GAL1UAS-GAL1TATA-

lacZ, MEL1) (BD & Clontech, Franklin Lakes, NJ,

USA) was used for transformation and screening. To

construct the bait plasmid, oligonucleotides contain-

ing three tandem copies of wild-type JERE were

synthesized by PCR using two primers (JERE cis Z:

502032-CCGAATTCCTCTTAGACCGCCTTCTTT

GAAAGCTCTTAGACCGCCTTCTTTGAAAGCTC

TTAGACCGCCTTCTTTGAAAG-30; JERE cis F:

50-CCGAGCTCCTTTCAAAGAAGGCGGTC-30). The

fragment was digested with restriction enzymes, and

inserted into pHIS2 at the EcoRI and SacI sites. As

the one-hybrid reporter vector, the pHIS2 contained

HIS3 nutritional reporter gene and had a multiple

cloning site (MCS) on the upstream of the HIS3

reporter gene. It can be inserted into a cis-acting

DNA target sequence to construct a bait plasmid and

to be linked to the minimal promoter of the HIS3

locus (PminHIS3). The cDNA library of T. cuspidata

was constructed into a pGADT7-Rec2 vector, which

was a LEU-marked homologous recombination-med-

iated expression plasmid that harbored a galactose-

inducible (GAL4) domain under the control of yeast

alcohol dehydrogenase (ADH1) promoter.
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Screening of T. cuspidata cDNA library

and 50 cDNA fragment cloning

The plasmid pHIS-JERE was transformed into yeast

Y187 by following lithium acetate protocol. After

yeast one-hybrid screening, the pGADT7-Rec2 vector

was transferred into yeast cells that were able to grow

on the Leu-deficient medium. These yeast cells were

than plated on Leu-, His- and Trp-deficient selective

media. After a 4 to 6-day culture at 30�C, about 3.5 9

106 yeast transformants were overlaid on the medium.

Two oligonucleotide primers of 50-TTCCACCCA

AGCAGTGGTATCAACGCAGAGTGG-30, derived

from the DNA sequence flanking the GAL4 activating

domain, and 50-GTATCGATGCCCACCCTCTAGA

GGCCGAGGCGGCCGACA-30, derived from the

ADH1 terminator region in pGADT7-Rec2 vector,

were used to amplify the T. cuspidata cDNA inserts in

pGADT7-Rec2. The 30cDNA fragments were obtained

from yeast one-hybrid screening as described previ-

ously. Through analysis with BLAST (Basic Local

Alignment Search Tool), only one transformant had

high homology to 30 fragment of a putative Arabid-

opsis thaliana.AP2 transcription factor gene (Gen-

Bank accession no. NM_102039). According to that,

we used 50 smart race strategy and two primers

(first:50-CCTGGAGGAACACTACTGGTAACAGC

C-30;second:50-GAAGAAGTATATTGCCCATTGG

CTGCG-30) to clone the 50 cDNA fragment of tar-

get gene under the instruction of SMART RACE

cDNA Amplification kit manual (BD & Clontech,

Franklin Lakes, NJ, USA). The PCR conditions were:

Fig. 1 Nucleotide and deduced amino acid sequence of TcAP2
gene and schematic representation of TcAP2 protein. a
Nucleotide and deduced amino acid sequence of TcAP2
(NM_102039). The AP2 domain is indicated by a thin line
below the sequence. The putative acidic domain in C-terminal

regions is underlined by wave-line. A broken line represents

a putative nuclear localization signal located adjacent to

N-terminal region. Thick underline indicates putative oligo-

merization site. b Schematic representation of the TcAP2
protein. The box represents the encoding open reading frame,

starting from the first ATG codon and the line indicates

putative untranslated region. Numbers below the boxes refer to

positions of the last nucleotides. Black box represents the

conservative AP2 domain. Numbers below it indicate the first

and the last positions of amino acid residues, respectively.

Dark-grey box with black triangle presents a putative nuclear

localization signal. Hatched-box with black represents acidic

domains and circles showed rich-acidic amino acids sites. The
hatched-box with ‘‘?’’ indicates putative oligomerization site
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25 cycles of 94�C for 30 s, 60�C for 30 s, and 72�C

for 3 min.

DNA sequence analysis

The nucleotide and deduced amino-acid sequences

were compared with those in GenBank databases by

BLAST program. The alignments were produced by

Vector NTI Suit 8.0 program. Associated information

was analyzed by BioEdit and Clustal W. Phylogenetic

tree analysis was aligned with the program CLUSTAL

X (Thompson et al. 1994). All the alignment gaps

were eliminated.

Subcellular localization

TcAP2 protein was fused to the N-terminal of a green

fluorescent protein (GFP) by constructing a expression

plasmid p35S::TcAP2-GFP. For this purpose, the

termination codon of TcAP2 gene was removed by

PCR using a pair of specific oligonucleotide primers.

The resulting fragment was fused to the coding region

of GFP in the binary vector pCAM35S-GFP. One

inner onion peel (2 9 2 cm2) was placed on Murash-

ige and Skoog medium (Murashige and Skoog 1962)

containing 30 g glucose/l as described by Lin et al.

(2007). The plasmids containing the fusion gene and

control GFP were transformed into onion epidermal

cells under vacuum by particle bombardment at a

helium pressure of 200 psi. After bombardment, the

transformed onion peel was incubated at 24�C in

darkness for 16–18 h. The GFP fluorescence of

TcAP2-GFP fusion protein and control GFP in the

transformed onion cells was checked under a micro-

scope with visible and UV lights (Lin et al. 2007).

Quantitative real-time RT-PCR

The primers of (1) qRT-PCR forward primer, 50-
CAGCAGGCAAGATAACCCAGA-30, and (2) qRT-

PCR reverse primer, 50-CCTCATTCTCACACCC

TTGTATTG-30 were used for quantitative real-time

RT-PCR. Quantitative Realtime-PCR was performed

under the conditions: denatured at 94�C for 2 min,

followed by 40 cycles of 15 s at 94�C, 1 min at 60�C.

The real-time PCR products were detected by SYBR

Green I method. DNA intensity ratio of the TcAP2 gene

was analyzed on icycler Real-time qPCR Detecting

System (BIORAD, Hercules, California, USA) to

evaluate the expression patterns of TcAP2 gene.

Results

Isolation of cDNAs encoding JERE-binding

proteins

In order to isolate the genes encoding JERE (CTC

TTAGACCGCCTTCTTTGAAAG) binding proteins

from T. cuspidata cDNA library, the yeast one-hybrid

system was employed. This system includes two

plasmids including the T. cuspidata cDNA library

cloned in a fusion of pGADT7-Rec2 yeast expression

vector with the GAL4 activation domain and pHIS-

JERE fused to HIS3 selection marker as the bait.

These two plasmids were transformed into the same

strain Y187. 3.5 9 106 transformants of pHis-JERE

were screened. Seventy-two positive transformants

showed high growth on Leu-, Trp- and His- deficient

medium with 130 mM 3-AT. On analysis with

BLAST, only one insert cDNA may be derived from

the AP2-type gene, via 50 SMART RACE strategy.

The full-length cDNA contained a 804 bp open

reading frame of the JERE-binding cDNA (Fig. 1a),

which encodes a 268-amino-acid protein with a

calculated molecular mass of 23.8 kDa and a pI of

5.81 (Fig. 1b). After analysis with BLAST, the gene

was named TcAP2 and accessed in GenBank (acces-

sion no. EU549860).

Fig. 2 Alignment and phylogenic analysis. a Alignment and

phylogenic analysis of TcAP2 and other DRE binding proteins.

The amino acid sequences shown are: TcAP2 EU549860,

Arabidopsis AtAP2 (accession no. NM_102039), PpAP2 (acces-

sion no. XP_001763400), CBF3 (accession no. AB007787),

CBF1 (accession no. AB007788), CBF2 (accession no.

AB013817), OsDREB1A (accession no. AF300970), Os-
DREB1B (accession no. AF300972), OsDREB1C (accession

no. AP001168), OsDREB1D (accession no. AF243384.1). The

conserved AP2/EREBP domains are broken lined. Identical

amino acid residues and conservative amino acid residues in the

alignment are marked in black and gray background, respec-

tively. A thin broken line and thick broken line show the location

of the YRG and RAYD elements in the AP2 domain. The three

anti parallel b-sheets and one a-helix were marked. The black
filled circles showed two amino acids (Val105 and Ala110) in

b-sheet for binding DRE element and one amino acid (Ala128) in

a-helix for binding GCC Box. b Phylogenetic analysis of the

deduced amino acid sequence of the TcAP2 gene and other CBF

proteins from Arabidopsis and rice. The bootstrapped tree was

produced by CLUSTAL X

c
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Sequence and structural analyses of TcAP2

The nucleotide sequence analysis revealed that TcAP2

contains one conserved AP2-domain, some key sites to

bind to the DRE element (Figs. 1 and 2) and a potential

nuclear localization sequence in its N-terminal

(Fig. 1). The C-terminal region of this protein might

act as a transcriptional activation domain (Fig. 1).
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The serine (Ser)- and threonine (Thr)-rich region in the

C-terminal is the phosphorylation site (Fig. 1a), which

is mainly involved in the phosphorylation modification

process to regulate transcription factor’s localization

in the nucleus. The putative amino acid sequence of the

TcAP2 protein was compared with AP2/EREBP

proteins by Vector NTI suite 8.0 and CLUSTAL X

biosoftwares (Fig. 2) showing a very high homology

to Arabidopsis thaliana At1g21910 and Physcomit-

rella patens PpAP2 in the AP2 domain (Fig. 2a). It

implies that their similar function is only present in

the DNA binding ability. The nuclear localization

region sequence and transcriptional activation domain

showed a large difference between gymnosperms and

monocots (Fig. 2a). The LWSF motif in the C-terminal

(Fig. 1a) and DRE-binding site (Fig. 2a) suggest that

TcAP2 belongs to the DREB-subfamily. Based on

phylogenetic tree analysis with ten proteins, TcAP2

was different from Arabidopsis CBF subgroup and

rice OsDREB1A-D (Fig. 2a). Therefore, TcAP2 might

have a different function than other CBF family

members.

Organ-specific expression and subcellular

localization

Total RNA was extracted from various organs for

analysis of organ-specific expression. TcAP2 gene

expression appeared to be constitutive like OsDREB1

(Dubouzet et al. 2003). The transcripts were detected

at a higher level in young stems than that in roots,

leafs and old stems (Fig. 3a).

Based on sequence analysis, a putative NLS is

located in the N-terminal region of TcAP2 protein. In

order to identify its subcellular localization, a plasmid

p35S::TcAP2-GFP was constructed, and the fusion

gene expression was promoted by a 35S promoter

of cauliflower mosaic virus (CMV). The plasmid

DNA for the fusion gene and GFP control was intro-

duced into onion epidermal cells. From fluorescence

Fig. 3 Expression and subcellular localization of TcAP2.

a Expression of TcAP2 in different organs of T. cuspidata.

Each lane was loaded with 40 lg realtime RT-PCR product of

total RNA extracted from the roots (lane 1), leaves (lane 2),

young stems (lane 3) and old stems (lane 4). b Subcellular

localization of TcAP2 protein. The plasmids expressing the

fusion gene and GFP control were transformed into onion

epidermal cells by particle bombardment. The fluorescence

images of GFP control (the upper row) and the fusion protein

(the lower row) under white light (the most left column, a and

d) and UV light (the right two columns, b, c, e, and f) are shown

(each of the bars = 1 lm)
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observations, it is clear that TcAP2 is able to direct the

fusion protein to localize at the nucleus of the trans-

formed cells, whereas the GFP protein distributed

nonspecifically in the cells transformed with vector

plasmid DNA (Fig. 3b). These results indicated that

the TcAP2 protein is located in the plant nucleus.

Expression patterns of TcAP2 responding

to abiotic stresses

By quantitative real-time PCR analysis, TcAP2

transcripts quickly accumulated after MeJA plus SA

treatment. The accumulation peaked 24 h after the

treatment. In 8 h following high salinity treatment,

the expression of TcAP2 accumulated and then

decreased gradually when compared with the control

treated with sterile water (Fig. 4). It appears that

TcAP2 is a main switch in regulating stress-inducible

target genes.

Discussion

A novel cDNA encoding JERE-binding protein,

TcAP2, is isolated by the yeast one-hybrid strategy.

Currently, the yeast one-hybrid system is regarded as

an effective approach to isolate DNA-binding tran-

scription factor genes and to investigate interactions

between cis-elements and transcription factors (Liao

and Fang 2000). This method is commonly applied to

angiosperm species. However, the isolation of a

transcription factor gene by the yeast one-hybrid

system application was only achieved for a gymno-

sperm, Catharanthus roseus (van der Fits and Meme-

link 2000). This is possibly due to more difficulties in

application of this method to gymnosperm species.

The successful isolation of a transcription factor gene

with the yeast one-hybrid system from T. cuspidata

could contribute to develop a genetic manipulation

approach of the taxol biosynthetic pathway. Since

TcAP2 is inducible with MeJA, TcAP2 could function

as a regulator in MeJA-responsive gene expression

process.

Multiple alignment of TcAP2 with other AP2/

EREBP transcription factors from various species

indicates high conservation in the DNA-binding

Fig. 4 QRT-PCR analysis of TcAP2 transcripts. Expression

profiles of the TcAP2 gene in response to various abiotic

stresses and hormones. Seedlings were treated from 0 to 24 h

with NaCl, cold (4�C), drought, MeJA plus SA, or ABA,

respectively. Each lane was loaded with 8 ll QRT-PCR

product obtained from each treatment

c
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domain. The consensus AP2 domain forms a three-

stranded anti-parallel b-sheet and an a-helix that bind

to base pairs in the DNA major groove, and the

binding site V14 in b-sheet of YRG element and A37

in a-helix of RAYD element also reflects AP2

domain’s conservative binding ability to DRE ele-

ment and GCC Box. The conservation of the AP2/

EREBP domain indicates the importance of this

domain in the AP2-type genes for the TF function.

Similar to other AP2 proteins, TcAP2 contains an

alkaline amino acid-rich region that is presumed to be

a nuclear localization signal (NLS) at the upstream of

the DNA binding domain. This fact suggests that

TcAP2 might be transported into the nucleus through

the nuclear pore complex as implied by subcellular

localization in this research.

The process leading to stress-inducible gene expres-

sion includes the complicated sequences of events,

which usually go through elicitors, signal amplifica-

tion and integration, and signal response by the

activation of specific genes. Most of the events are

regulated at the transcriptional level (Latini et al.

2007). The dehydration responsive element (DRE,

50-TACCGACAT-30) binding transcription factor

(DREB) is a major subfamily in the AP2/EREBP

family, which plays a key role in resistance of plants

to various environmental stimuli, such as cold, high

salinity and drought. As the expression profile of rice

OsDREB1A (Dubouzet et al. 2003), TcAP2 was not

inducible with drought or ABA, which suggests that

its signal transduction pathway in Taxus may be

ABA-independent. Since ABA is commonly produced

under drought conditions for generating drought tol-

erance (Seki et al. 2007), the drought stress non-

sensitive genes may also have no response to ABA

treatment. On the other hand, TcAP2 expression was

induced by low temperature and high salinity in this

study. The expression pattern of RCBF2 was different

from those of the CBF genes in Arabidopsis. It is also

similar to OsDREB1 subfamily in rice, which was

induced within 5 h after salt and cold treatment.

These facts suggest that TcAP2 could be classified

into DREB1 subfamily that is involved in cold

stress (Liu et al. 1998; Pradeep et al. 2006). Further-

more, RD29A/LTI78/COR78, KIN1, COR6.6/KIN2

and COR47/RD17 genes do not require ABA for their

expression under drought, salt and cold stress condi-

tions (Shinozaki and Yamaguchi-Shinozaki 2000).

The responsiveness of TcAP2 to high salinity and

cold indicates that TcAP2 plays an important role in

resistance to abiotic stresses. Apparently, TcAP2 is

best inducible with MeJA plus SA if compared to

other stress treatments. This protein is definitely a

MeJA -responsive transcription factor and its nuclear

localization has been validated by this study.
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