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a b s t r a c t

A variety of small sequence motifs, located upstream of minimal promoters influence gene expression.
The function of the core sequence ACGT, present in a family of commonly occurring cis acting transcrip-
tion regulatory motifs was investigated in the background of an artificially designed synthetic promoter
sequence. The ACGT was placed in one or two copies and separated by different spacer lengths between
the two copies, to study their affect on the expression of basal promoter in plant cells. The activation
of transcription by the ACGT element was examined by transient and stable transformation in tobacco,
using gusA as the reporter gene. The analysis shows that the expression of the reporter gene was influ-
enced differently by spacing between two adjacent copies of the motif. Two copies of the ACGT element
separated by 5 nucleotides gave highest activation. This configuration imparted salicylic acid inducibility
to the basal promoter. However, two copies of ACGT separated by 25 nucleotides allowed the promoter
to be induced by abscisic acid but not salicylic acid. Computational analysis of the Arabidopsis thaliana
alicylic acid regulation
genome database showed the presence of these motifs in several genes associated with a variety of stress
responses. The results on motif-related inducibility by salicylic acid and abscisic acid, as seen in a syn-
thetic sequence background were validated by experiments on the expression of the native promoter of
a protein phosphatase 2C-like gene of Arabidopsis in tobacco leaves. The study supports the importance
of spacing between the ACGT sequence motifs on the elicitor specific modulation of gene expression and

differ
demonstrates the role of

ntroduction

The transcriptional control of gene expression depends on a
ariety of complex interactions mediated by sequence specific DNA
inding proteins, their cognate promoter elements and the core
romoter region (Johnson and Mcknight, 1989).

In plants, a rapidly increasing number of DNA binding proteins
ave been identified on the basis of their interactions with cis act-

ng elements. A prominent group of cis-acting elements common to
any plant promoters contains an ACGT core sequence (Armstrong

t al., 1992). The ACGT family of elements (ACEs) is functionally
mportant in a variety of promoters that respond to different stim-
li like light (Donald and Cashmore, 1990), and hormones such as

alicylic acid (Jupin and Chua, 1996), abscisic acid (Guiltinan et
l., 1990). Deletions or mutations in the ACGT core dramatically
educe overall promoter activity and/or render the promoter unre-
ponsive to a given stimulus. The core element occurs at different
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relative positions in one or more copies upstream of the minimal
promoter region (Sawant et al., 2001). By transient transformation
studies, we have earlier reported that the ACGT motif functions
even when it is placed out of the native sequence context (Mehrotra
et al., 2005). It contributes synergistically to gene expression by
enhancing the stability of transcriptional complex formed on min-
imal promoter (Sawant et al., 2005). This report aims to analyze
the activation behavior of the ACGT element in stable transgenic
plants in an otherwise artificial promoter sequence background.
The ACGT was placed upstream of a minimal promoter in one or two
copies, separated by randomized nucleotide sequences of different
spacer lengths to examine the contribution of the core motif in gene
expression. Studies on multiple stable transgenic lines are impor-
tant to establish the behavior of synthetic promoters in spite of the
position effects associated with independent events of transgene
integration.

Methods
Constructs

A minimal promoter Pmec, described earlier (Sawant et al., 2001)
was used which is a 138 nucleotide long sequence as given below.

http://www.sciencedirect.com/science/journal/01761617
http://www.elsevier.de/jplph
mailto:rajmeh25@hotmail.com
dx.doi.org/10.1016/j.jplph.2010.04.005
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Table 1
The upstream activator sequences used in this study. The core motif is shown in
bold and the random spacer sequence is underlined.

Sequence Code

TCTAGAACGTTCTAGA ACGT

TCTAGAACGTACGTTCTAGA (ACGT)2

TCTAGAACGTGGCTAACGT TCTAGA (ACGT)N5(ACGT)
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TCTAGAACGTGGCTATGGCGACGTTCTAGA (ACGT)N10(ACGT)

TCTAGAACGTGGCTATGGCGGAGCAAGATTCACTC
ACGTTCTAGA

(ACGT)N25(ACGT)

It was cloned in the plasmid pUC19 (New England Biolabs).
50 nucleotide long random sequence (GGATCCGGCTATGGCG

AGCAAGATTCACTCTGCGAGG CCAAAGCTTACCCCGGAAGGATCC)
as cloned at the BamH1 site to the 5′ side of the Pmec. Single or two

opies of the activator motif ACGT were placed at the 5′ end of this
0 nucleotide sequence. The space between two copies of the ACGT
otif was also kept variable. In different constructs, the two copies
ere placed in tandem with no nucleotide in between or with 5,

0 or 25 nucleotide long random sequence (Table 1) to examine
he effect of such a spacer on the motif dependent activation of
he minimal promoter. An XbaI fragment carrying the activator
equences listed in Table 1 was inserted upstream of 50 nucleotide
andom sequence. The promoter-reporter cassettes were cloned
n pBI101 between SmaI and EcoRI sites (Fig. 1), mobilized in
grobacterium tumefaciens and used for plant transformation.

loning of PP2C-like promoter and introduction of mutations in
ts ACGT region

The genomic DNA was prepared from Arabidopsis thaliana
sing CTAB method (Murray and Thompson, 1980). The protein
hosphatase 2C (PP2C) like promoter was amplified by PCR and
loned into SK(+/−) vector (Stratagene,USA) using primers P1
CGGGATCCAAGTATTCACGCACCAAGGTTATATT) and P2 (GCTCTA-
ATGTGATCGTCAAAACTATTCAACAAAC). The gusA reporter gene
as cloned downstream of the PP2C promoter. Deletion of

he (ACGT)N5(ACGT) region was introduced by using primer P4
ACGCGTCGACGGACACAATCAACGGTCAAGATTTC). Mutation (M1)
n the 5′ ACGT box of (ACGT)N5(ACGT) was introduced by

sing primer P5 (ACGCGTCGACTACTGTTTACACGTGGACACAAT-
AACGGTCAAGATTTC) while the mutation (M2) in the 3′

CGT box of (ACGT)N5(ACGT) was introduced by using primer
6 (5′ ACGCGTCGACTACGTTTTACACTGGGACACAATCAACGGTCAA-
ATTTCGTCGTCC 3′).

ig. 1. A scheme of the reporter gene constructs used for plant transformation. It is
ot drawn in scale.
Physiology 167 (2010) 1214–1218 1215

Transient transformation

The PP2C-gusA cassettes were coated on gold microparticles and
bombarded on to tobacco leaves at 1100 psi, using biolistic gun
(Bio Rad PDS-1000/He). The leaves were taken from 3rd or 4th
node from the top of 9–10-week-old plants of Nicotiana tabacum
cv. Petit Havana. A highly reproducible protocol, published earlier
for microprojectile bombardment was used (Sawant et al., 2000).
An internal control comprising gfp expressed from 35S CaMV pro-
moter was included in some experiments to establish reproducible
delivery of gold particles in the leaves. To examine induction of
the promoters, leaf discs (3 cm diameter) were placed on Hoagland

medium (Draper et al., 1988) containing salicylic acid (100 �M) or
abscisic acid (100 �M) and incubated at 26 ◦C under 16 h light and
8 h dark conditions. The glucuronidase activity was estimated, after
48 h of the treatment.

Stable transformation

Tobacco (N. tabacum cv. Petit Havana) plants were transformed
with the promoter reporter constructs using Agrobacterium medi-
ated transformation. The shoots were regenerated on medium
containing 200 �g/ml kanamycin (Rogers et al., 1986). After root-
ing, the transgenic plantlets were transferred to soil. The primary
transformants were allowed to self-fertilize. The seeds were col-
lected, surface sterilized, and germinated on Murashige and Skoog
(MS) medium (Murashige and Skoog, 1962). The seedlings were
maintained at 26 ◦C under 16 h light. Eight to eleven single copy,
homozygous independently transformed T2 transgenic plants were
analyzed in each case. Lateral roots were excised from 7–8-week-
old potted plants growing in MS medium supplemented with
3% sucrose, 0.7% agar and 200 �g/ml kanamycin. Mature seeds
were soaked in water for 2 h before performing the glucuronidase
enzyme assay.

Estimation of reporter protein activity

Following bombardment, the frozen tissue was ground in liq-
uid nitrogen, extracted with buffer (50 mM Na2HPO4 pH 7.0, 1 mM
EDTA, 0.1% (v/v) Triton X-100, 1.0 mM DTT and 0.1% SLS) and
centrifuged for 20 min at 4 ◦C. The glucuronidase activity was
assayed in cell free extract using 4-methyl umbelliferyl glucuronide
(Jefferson et al., 1987) as the substrate. The product, 4-methyl
umbelliferone (MU) was quantified using fluorimeter (Perkin Elmer
LS55). The GFP activity was measured as described previously
(Reichel et al., 1996). Protein concentration was determined using
BioRad dye. The GUS activities were assayed on 9–10-week-old
transgenic plants in leaves, roots and mature seed extracts. The
data on gene expression were statistically analyzed by two-way
analysis of variance.

Computational analysis
The Arabidopsis genome database (NCBI Version, 19 February
2004) was analysed to compute the status of (ACGT)N5(ACGT) and
(ACGT)N25(ACGT) motifs in the intergenic regions. The sequences
1000 bp upstream of the ATG initiation codon were extracted and
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Fig. 2. Effect of placement of the ACGT elements on expression of the minimal
promoter, Pmec in different constructs under uninduced and induced conditions in
leaves of stable transgenic plants. Uninduced leaf disc immediately frozen in liquid
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the reporter gene gusA. Expression of the reporter gene from

T
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itrogen (�), uninduced and kept in Hoagland medium for 48 h, without (�) or with
alicylic acid ( ) or abscisic acid ( ). Each reading is an average of measurements
n 8–11 independent transgenic lines. The bars indicate S.D. for the population. Gus
ctivity was measured in nmol of MU/min/mg protein.

nalysed for the occurrence of these motifs, using software pro-
ided by Genecraft, India.

esults

The aim of this work was to investigate the activation behaviour
f ACGT, which is the core sequence in a variety of transcription
ctivating cis elements. The tetranucleotide sequence was placed
n an artificially constructed nucleotide sequence to be able to
esolve the effect of different configurations of the ACGT motif in
he absence of several other motifs that occur commonly in native
romoters. One or two copies of ACGT were separated by different
pacer lengths.

The trends noticed in the transient expression study were val-
dated by repeating the experiments on stable transgenic lines
Fig. 2). The stable transgenic lines with (ACGT)N5(ACGT) showed a
.5-fold increase in activity with immediately frozen leaves when
he freshly cut leaves were incubated for 48 h in Hoagland solu-
ion. A further 3-fold increase in the reporter gene expression was
oticed when salicylic acid was included in the incubation medium.
he increase in the activity without SA in case of (ACGT)N5(ACGT),
nd a further increase following the SA treatment suggested that
he increase in the former case may be the natural response of leaf
o wounding during the process of preparing leaf discs. The two
opies placed 25 nucleotides apart, i.e. (ACGT)N25(ACGT) gave 3-
old induction of the minimal promoter by abscisic acid. As seen
n the data presented in Fig. 2, the (ACGT)N5(ACGT) gave marginal
nduction by ABA and (ACGT)N25(ACGT) by SA. All other configura-
ions, with single or two copies of ACGT gave insignificant induction
y SA or ABA. The results suggest that the SA and ABA response of

ACGT)N5(ACGT) and (ACGT)N25(ACGT) respectively were specific
o the configuration of the motifs used in these promoters.

Comparison of the reporter gene expression in different plant
arts (Fig. 3) revealed that the ACGT led to a higher level of gene

able 2
he reporter gene (gusA) expression from PP2C promoter and its ACGT mutations under
eaves.

Cassette Uninduced (nmol/min/mg
protein ± S.D.)

Fold activity as
compared to PP2C

Salicylic aci
protein ± S.D

PP2C (At5g59220) 19.76 ± 2.0 1 117.37 ± 1
PP2C (M1) 18.92 ± 1.73 0.95 57.26 ± 4
PP2C (M2) 18.22 ± 1.87 0.92 55.92 ± 5
PP2C (D) 16.72 ± 2.08 0.84 18.27 ± 1
Fig. 3. Effect of the placement of the ACGT elements on the expression of Pmec in
leaf (�), seed (�) and root ( ) in stable transgenic plants. Each reading is an average
of measurements on 8–11 independent transgenic lines. The bars indicate S.D. for
the population. Gus activity was measured in nmol of MU/min/mg protein.

expression in roots and leaves than in seeds. The highest expres-
sion in roots (17.22 nmol/min/mg protein) was observed in case of
(ACGT)N5(ACGT) transgenic plants. The highest expression in leaves
(14.06 nmol/min/mg protein) was also observed for the cassette
(ACGT)N5(ACGT). The ACGT motif failed to activate the promoter
expression substantially in seeds. The highest expression in the
seeds was (9.63 nmol/min/mg protein) which was observed for the
cassette (ACGT)N25(ACGT).

Since (ACGT)N5(ACGT) and (ACGT)N25(ACGT) gave high elic-
itor specific induction of the basal promoter, we searched the
Arabidopsis genome sequence database for the presence of such
motifs in the intergenic regions. Seventy three promoters hav-
ing (ACGT)N5(ACGT) element were identified. The literature survey
showed that most of these genes were stress responsive. The exam-
ples included one or more members of the gene families comprising
beta-1,3-glucanases, WRKY proteins, heat shock proteins, disease
resistance protein, MAP kinases, monoxygenase-2, late embryo-
genesis proteins, 4-coumarate-co-A ligases, jasmonate inducible
proteins, Ca2+/H+ exchangers, sugar transporters, chalcone syn-
thases and many others. Similar analysis for (ACGT)N25(ACGT)
yielded 151 genes that resemble protein phosphatases, leucine rich
repeat proteins, cold stress acclimation proteins, glutathione-S-
transferases, protein kinases, mannitol dehydrogenases, abscisic
acid responsive GTPases, early dehydration stress proteins and
many others (data not shown). One of these genes, At5g59220
was identified to code for protein phosphatase 2C-like protein. It
has three ACGT motifs located in 1 kbp upstream region. Two of
these make an (ACGT)N5(ACGT) motif, located 325 bp upstream
of translation start site (ATG). The third ACGT motif makes an
(ACGT)N30(ACGT) with the 5′ ACGT of the former pair. This 1 kbp
region containing PP2C promoter was cloned and sequenced. It
contains a putative TATA-box, 121 nucleotide upstream transla-
tion start site. The putative At5g59220 promoter was fused to
the promoter was examined in tobacco leaves, following tran-
sient transformation. The promoter activity measured as the gusA
expression is given in Table 2. The results show that the At5g59220
promoter was induced nearly 6-fold by SA and 13.5-fold by abscisic

uninduced and induced conditions, following transient transformation of tobacco

d (nmol/min/mg
.)

Fold
induction

Abscisic acid (nmol/min/mg
protein ± S.D.)

Fold
induction

0.02 5.94 266.76 ± 12.0 13.50
.29 3.02 140.29 ± 11.73 7.41
.03 3.06 239.79 ± 15.21 13.16
.69 1.09 20.29 ± 1.76 1.21
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cid, thus validating the role of ACGT motif suggested by the earlier
escribed experiments, based on artificially constructed promot-
rs. Mutation in either of the ACGT box of (ACGT)N5(ACGT) of PP2C
romoter leads to 2-fold reduction in inducibility by SA. The muta-
ion in the 5′ ACGT box of (ACGT)N5(ACGT) leads to a 2-fold loss of
nducibility by ABA. The mutation in the 3′ ACGT box has no effect on
nducibility by ABA. Deletion of the (ACGT)N5(ACGT) region results
n complete loss of inducibility both by ABA or SA.

iscussion

We have earlier reported (Mehrotra et al., 2005) that the ACGT
lement placed upstream of the 50+Pmec in single copy, two tan-
em copies or two copies separated by a spacer of 5, 10 or 25
ucleotides enhanced gusA gene expression in transient transfor-
ation of tobacco leaves. This study validates the earlier results by

xamining the promoter function in chromatin integrated state by
stablishing the function of the ACGT motif in stable transgenic
lants. The results obtained with the ACGT motifs tested in an
rtificial promoter were also true for the native PP2C promoter of
rabidopsis, tested in transient transformation of tobacco leaves.

The (ACGT)N25(ACGT) cassette was abscisic acid inducible both
n transient and stable transgenic plants developed in this study.
he ACGT containing ABA-response elements (ABREs) have been
unctionally identified in the promoters of various genes. Most pro-

oters of ABA-inducible genes contains ACGTGGC motif within
00 bp upstream of the transcription start site (Shinozaki et al.,
989; Mundy et al., 1990). A second cis acting element (TGCCAC-
GG), called coupling element1 (CE1) was identified by (Shen and
o, 1995), who conducted a linker-scan analysis of a 44 bp ABA

esponsive fragment from the barley HVA22 promoter. In this frag-
ent, CE1 functions with a single copy of an ACGT containing ABRE,

ogether constituting a minimal ABA response complex. Similar
nalysis with another barley promoter (HVA1) identified a sec-
nd coupling element CE3 (ACGCGTGTC) (Shen et al., 1996). The
E3 is approximately 30 bp downstream of the ACGT containing
otif. The second ACGT, located 25 bp apart in our study may pro-

ide a function similar to the coupling elements as indicated by
he studies of Shen et al. (2004). In other instances, multiple ACGT
ontaining ABREs and other elements have been identified (Busk
nd Pages, 1998). Multiple but not single copy of ACGT contain-
ng ABREs have been reported to confer ABA-responsiveness to a
eterologous minimal promoter (Vasil et al., 1995).

Expression of the PP2C-like gene (At5g59220) of A. thaliana has
ot been studied earlier. Our results show that Protein phosphatase
C-like gene has an ABA and salicylic acid inducible promoter. This
grees with the prediction made on the basis of our results on pro-
oter activation by ACGT motif placed in an artificially constructed

romoter sequence. The PP2C promoter has both (ACGT)N5(ACGT)
nd (ACGT)N30(ACGT) elements. The sequence of (ACGT)N5(ACGT)
s ACGTTTTACACGT while that of (ACGT)N30(ACGT) is
CGTAAGTGTTTCGTATCGCGATTTAGGAGAAGTACGT. The for-
er motif is 325 bp upstream and the latter is 359 bp upstream of

he translation start site. In agreement with our studies on the arti-
cially designed promoters, the PP2C promoter was salicylic acid
s well as abscisic acid inducible. Though our study did not exceed
pacing beyond (ACGT)N25(ACGT), the results on Arabidopsis PP2C
uggest, a longer distance may also be favourable to ABA mediated
nduction. In case of Fagus sylvatica, protein phosphatase 2C gene is
BA inducible (Lorenzo et al., 2002) though the promoter sequence
s not published. Mutation in the 5′ ACGT box of (ACGT)N5(ACGT)
esulted in 7.4-fold induction by ABA and 3-fold by SA, while
utation in the 3′ ACGT box of (ACGT)N5(ACGT) resulted in 3-fold

eduction in the inducibiltiy by SA of the PP2C promoter and no
ffect on the inducibiltiy by ABA. The deletions of any of the two
Physiology 167 (2010) 1214–1218 1217

members of (ACGT)N5(ACGT) resulted in the loss of inducibility
either by SA or ABA.

Our study substantiates that two closely located ACGT elements
are often associated with stress responsive gene promoters and
that, difference in the spacing between the two ACGT elements
leads to differential elicitor response. Two ACGT elements sepa-
rated by five base pair is a feature associated with salicylic acid
induction but when the distance between these motifs is increased
to 25 nucleotides, the induction by SA is prevented while that
by ABA is not. The differential induction is expected to involve
the recruitment of different bZIP transcription factors. For exam-
ple, the TGA factors have been shown to activate transcription in
response to SA (Lam and Lam, 1995). The TRAB1 factor of bZIP fam-
ily specifically binds to cis-ABREs (abscisic acid response elements)
containing the ACGT core sequence (Hobo et al., 1999). Our study
suggests that the change in spacing between two copies of a given
motif can alter the signal pathway to which a promoter responds
and shows the participation of different members of the ACGT fam-
ily of motifs in the regulation of PP2C promoter in Arabidopsis.
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