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A cyclic nucleotide sensitive promoter reporter
system suitable for bacteria and plant cells
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Abstract

Background: Cyclic AMP (cAMP) and cyclic GMP (cGMP) have roles in relaying external signals and modifying gene
expression within cells in all phyla. Currently there are no reporter systems suitable for bacteria and plant cells that
measure alterations in downstream gene expression following changes in intracellular levels of cyclic nucleotides.
As the plant protein OLIGOPEPTIDE TRANSPORTER X (OPTX) is upregulated by cGMP, we fused the OPTX promoter
to a luciferase reporter gene (OPTX:LUC) to develop a plant cell reporter of cGMP-induced gene expression. We
prepared a second construct augmented with three mammalian cGMP response elements (OPTXcGMPRE:LUC)
and a third construct containing five gibberellic acid response elements (OPTXGARE:LUC). All three constructs
were tested in bacteria and isolated plant protoplasts.

Results: Membrane permeable cGMP enhanced luciferase activity of OPTX:LUC and OPTXGARE:LUC in protoplasts.
Treatment with the plant hormone gibberellic acid which acts via cGMP also generated downstream luciferase activity.
However, membrane permeable cAMP induced similar responses to cGMP in protoplasts. Significantly increased
luciferase activity occurred in bacteria transformed with either OPTXcGMPRE:LUC or OPTXGARE:LUC in response to
membrane permeable cAMP and cGMP. Bacteria co-transformed with OPTXcGMPRE:LUC or OPTXGARE:LUC and the
soluble cytoplasmic domain of phytosulfokine receptor1 (PSKR1; a novel guanylate cyclase) had enhanced luciferase
activity following induction of PSKR1 expression.

Conclusions: We have developed promoter reporter systems based on the plant OPTX promoter that can be
employed in bacteria and isolated plant cells. We have shown that it can be used in bacteria to screen recombinant
proteins for guanylate cyclase activity as increases in intracellular cGMP levels result in altered gene transcription and
luciferase activity.
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Background
Cyclic AMP (cAMP) and cyclic GMP (cGMP) are major
signaling molecules generated from ATP or GTP by the
action of adenylate cyclases or guanylate cyclases, respect-
ively. Cyclic AMP is found in all organisms where it regu-
lates enzyme activity and transcription factors although its
role(s) in plants is poorly documented possibly because
cAMP levels in plants are considerably lower than in
vertebrates and there is a lack of annotated adenylate
cyclases [1-3]. In mammalian cells cGMP is a transitory
molecule that directly regulates cyclic nucleotide gated
ion channels, protein kinases and activates specific
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reproduction in any medium, provided the or
phosphodiesterases that degrade cGMP [4]. In mamma-
lian systems the physiological roles of cGMP are well
characterized in intestinal fluid and electrolyte homeosta-
sis, phototransduction, and vascular smooth muscle where
it mediates relaxation [4]. Guanylate cyclases and cGMP
are well represented in various invertebrates such as in-
sects, nematodes and echindermata; and the amoeba Dic-
tyostelium also uses cGMP as a chemo-attractant [5,6].
The role of cGMP in bacteria, fungi and plants has been
controversial [1,6-9]. However cGMP is now a relatively
well characterized second messenger in higher plants
(Figure 1) mediating a wide variety of physiological effects
ranging from plant hormone dependent responses to in-
duction of plant defense responses [7,9] and novel guany-
late cyclases have been partly characterized [10-15].
Although a guanylate cyclase from the cyanobacteria has
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iginal work is properly cited.
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Figure 1 Schematic diagram showing the relationship between
cGMP, the plant hormone giberellic acid (GA), nitric oxide (NO)
and induction of gene expression in plant cells. Both GA and NO
can induce increases in cGMP levels which in turn stimulate specific
transcription factors (TFs) to induce gene transcription. The interaction
of cAMP with cGMP is less well understood in plants so the induction of
cAMP production is indicated by a question mark (?) and dashed lines.
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been crystallized [16] it is only recently that a guanylate
cyclase and cGMP system involved in bacterial encyst-
ment has been revealed in Rhodospirillum centenum and
by homology in other members of the α-proteabacteria
such as Rhizobium NGR234 [17]. Therefore cGMP ap-
pears to be a universal signaling molecule in eukaryotic
cells and to have roles in at least some prokaryotes.
Part of the controversy relating to cGMP being a second

messenger in non-animal cells is due to its transitory na-
ture and generally lower levels compared to cAMP. The
most reliable method to detect cGMP is by mass spec-
trometry [7,9] which is limited in its utility for time course
measurements essential for detecting molecules transi-
ently present in limited numbers of cells. Various antibody
based assays have been developed but these were tailored
for animal cells and the early assays detected spurious
components in non-animal cells [9]. Newer ELISA based
kits are more specific for cGMP but tend to under report
amounts of cGMP present in non-animal cells [13]. In
plant cells where there is a large vacuole, it is feasible that
local concentrations of cGMP are much higher than de-
tected with either mass spectrometry or antibody based
kits. To measure endogenous cGMP levels at a cellular
level in real time in mammalian cells a fluorescent biosen-
sor FlincG was developed. FlincG contains the regulatory
domain of protein kinase G type I fused to the circular
permuted enhanced green fluorescent protein (GFP) and
has been used in transfected mammalian cells to detect
intracellular changes in cGMP over native dynamic ranges
[18]. Constructs of FlincG placed under the control of a
plant promoter have been expressed in plant cells and de-
tect endogenous changes in cGMP levels [19,20]. Alterna-
tive protein cGMP biosensors have been constructed
using cGMP binding domains in phosphodiesterases
(e.g. PDE5) and the blue fluorescent protein (mTagBFP)
that have been used in multiple parameter imaging with
FRET-based cAMP reporters in animal cells [21]. Pro-
moter reporter constructs containing the cAMP binding
protein response element have been extensively used in
mammalian systems to detect changes in cAMP that alter
gene expression [22-25]. Several luciferase based reporter
systems augmented with cAMP binding protein response
element are commercially available. Significant cross-talk
occurs between the cAMP and cGMP transcription regu-
latory pathways in mammalian cells [4] and hence these
reporter systems have also been used to detect changes in
gene expression via cGMP in mammalian cells [26,27].
The complexities of the interaction between the cyclic nu-
cleotide pathways has led to the development of a mam-
malian cGMP reporter system pathways using the cAMP
response element and overexpressed protein kinase G but
this system is unable to discriminate between cAMP and
cGMP [28]. Despite these advances in mammalian cells, a
reporter assay for plant cells that detects gene expression
induced by changes in intracellular levels of either cGMP
or cAMP levels is lacking.
Exogenous application of membrane permeable cGMP

in plant cells has been shown to alter the transcriptome
[29]. Maathuis [29] identified several genes that were up-
regulated in root cells following exposure to membrane
permeable cGMP. We selected three of these genes as be-
ing potentially suitable candidates to develop promoter:lu-
ciferase reporter constructs that result in the downstream
induction of gene expression in plant cells following intra-
cellular changes in cGMP levels. We show changes in ex-
pression of luciferase following treatment of plant cells
with membrane permeable cyclic nucleotides with one of
these constructs. Since this candidate promoter contained
a cGMP response element identified in mammalian cells
and another that was associated with gibberellic acid
(GA), we augmented the promoter with these response el-
ements and tested them in transiently transfected plant
cells. In addition, we tested the effectiveness of the candi-
date promoters on bacterial cells where we observed that
they reported changes in gene expression following treat-
ments where cyclic nucleotides were applied exogenously
or generated endogenously.
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Figure 2 Schematic diagrams of plasmids used and the
response elements incorporated. (A) cGMP responsive promoter
LUC plasmid used for transfection. (B) Mammalian cGMP response
element (cGMPRE) DNA sequence described in Hum et al. [22] top
and gibberellic acid (GA) response element (GARE) DNA sequence
described in Bastian et al. [35] bottom. (C) Schematic diagram of
plasmids used for transfection. SOS3 promoter; CHX21 promoter
showing the GARE present (green); OPTX promoter showing the
mammalian cGMPRE (orange, horizontal stripe) and GARE (green)
present, cGMPRE inserted and GARE inserted.
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Results and discussion
Generation of cyclic nucleotide responsive promoter:
luciferase plasmid constructs
We selected three Arabidopsis thaliana genes previously
shown by Maathuis [29] to be induced by membrane per-
meable cGMP (8-bromoguanosine 3′,5′-cyclic monopho-
sphate sodium salt or 8-bromo cGMP) in root tissue.
SALT OVERLY SENSITIVE 3 (SOS3), CATION/H+ EX-
CHANGER 21 (CHX21) and OLIGOPEPTIDE TRANS-
PORTER X (OPTX) all showed at least a two fold increase
in expression that was verified by quantitative RT-PCR
[29]. The A. thaliana OPTX gene has been annotated as a
member of the plant oligopeptide transporter family
(although it was originally annotated as NTL1 (LOW
AFFINITY NITRATE TRANSPORTER)) and is predicted
to be a membrane bound transporter of small peptides.
Promoter fragments of approximately 1000 bp of SOS3,
CHX21 and OPTX were amplified and cloned into the plant
luciferase vector pLucTrap3(GW) [30] to create pSOS3:
LUC, pCHX21:LUC and pOPTX:LUC (Figure 2A and 2C).
We determined that SOS3, CHX21 and OPTX were

all expressed in freshly isolated leaf mesophyll proto-
plasts (Figure 3A) despite these genes being originally
identified in root tissue [29]. Analysis of Arabidopsis
microarray data through Genevestigator [31] also indi-
cates that these genes are all expressed in leaf tissue.
Hence the machinery (i.e. transcription factors and other
signaling molecules) that control their expression is
likely to be present in leaf tissue as well as roots. We
then tested the luciferase activity of each promoter
in freshly prepared Arabidopsis mesophyll protoplasts
treated with membrane permeable 8-bromo cGMP at
various concentrations (0, 0.1, 1, and 10 μM). Luciferase
activity was quantified and standardized by protein
content for each sample and results were expressed as
percentage of luciferase activity where the untreated
(no cGMP treatment) is equal to 100%. There was no
significant difference in luciferase activity for the SOS3
or CHX21 promoters at any cGMP concentration
(Figure 3B and 3C). However, the OPTX promoter
showed a significant increase in luciferase activity with
8-bromo cGMP treatments at 0.1 and 1 μM (Figure 3D).
The specificity of the promoter luciferase OPTX:LUC
construct was tested by treating protoplasts with a mem-
brane permeable form of cAMP, N6,2’-O-dibutyrylade-
nosine 3’:5’-cyclic monophosphate (or dibutyryl cAMP).
Dibutyryl cAMP and 8-bromo cGMP induced similar
levels of luciferase activity in protoplasts transiently
transfected with OPTX:LUC (Figure 4A) indicating that
both cyclic nucleotides can up-regulate expression of the
OPTX gene. Whether this is because response elements
in the promoter are not specific for cGMP in plants or
additional cAMP response elements are present remains
to be determined. It is possible that like mammalian
cells [4] there is considerable cross talk between the ma-
chinery controlling gene expression in plant cells in re-
sponse to cyclic nucleotides. However, of the three
promoters examined in this study, only the OPTX pro-
moter contains both a mammalian cGMP and a putative
GA response element (Figure 2C).
Nitric oxide has been shown to lead to increases in

cytosolic cGMP levels in plants [32,33] as well as animal
systems [18,34]. To test whether the promoter luciferase
construct OPTX:LUC could be used to show physio-
logical differences in cGMP levels within plant proto-
plasts we used the nitric oxide donor DEA/NONOate at
30 nM which has been shown to induce increases in
cytosolic cGMP in plants [19]. The plant hormone gib-
berellic acid (GA) has also been shown to raise cGMP
levels in plants and induce gene expression at concentra-
tions such as 30 μM [19,20,35,36]. Therefore we used a
30 μM GA treatment as well in the transiently trans-
fected protoplast experiments. Protoplasts transfected
with OPTX:LUC showed a significant increase in lucifer-
ase activity when compared to the untreated control for
both the 30 μM GA and 30 nM DEA/NONOate treat-
ments (Figure 4B).
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Figure 3 Effect of cGMP on the luciferase reporter constructs in plant protoplasts. (A) Detection of CHX21, SOS3 and OPTX transcripts in
Arabidopsis leaf mesophyll protoplasts. Control amplifications were also made of the UBQ10 gene from RNA samples with (+, plus) or without
(−, minus) reverse transcriptase (RT) for protoplasts (OPTX, SOS3 and CHX21) or leaf tissue (SOS3 and CHX21 only) and M refers to the lane containing
the DNA size ladder. (B-D) Arabidopsis leaf mesophyll protoplasts were transiently transfected with a promoter luciferase reporter construct (B: SOS3:
LUC (n = 4 – 5); C: CHX21:LUC (n = 3 – 4); D: OPTX:LUC (n = 3–6)) and treated with 0, 0.1, 1 or 10 μM 8-bromo cGMP. At least 3 biological replicates
were completed on different days for each promoter treatment combination. Luciferase was normalized against protein content and asterisks indicate
treatments significantly different from the control (P < 0.05; one way ANOVA, Dunnett’s multiple comparison post-test).
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Augmentation of the cyclic nucleotide sensitive
promoter OPTX
DNA sequence analysis of the three promoters showed
that only the OPTX promoter contained the mammalian
cGMP response element (AxAxxxxxTTCxAxAxT; -361 bp
upstream from ATG; Additional file 1) identified by
Hum et al. [22] (Figure 2B and 2C). To our knowledge
this cGMP response element is the only element respond-
ing to changes in intracellular cGMP that has been char-
acterized in animal cells or plant cells. To potentially
enhance cGMP sensitivity of the OPTX promoter we used
mutagenesis to incorporate an additional three mamma-
lian cGMP response elements to make OPTXcGMPRE:
LUC (Figure 2C). Arabidopsis protoplasts transfected with
the OPTXcGMPRE:LUC showed no significant difference
in luciferase activity for any of the cGMP concentrations
tested when compared to the untreated control (data not
shown). This could be because the mammalian response
element is ineffective in plants or alternatively it may be
due to the positioning of the augmented response ele-
ments close to the transcription start site where cGMP
activated DNA binding proteins may not correctly modu-
late the transcriptional machinery as the cGMP response
element is over 1000 bp upstream of NPR1/GCA in the
mammalian system [22,37].
A promoter analysis study identified a putative GA

response element (TAACAAA/G; Figure 2B) which is
found at a higher frequency in promoters of genes respon-
sive to GA [35]. Both the OPTX and CHX21 promoters
contained a GA response element sequence. The GA re-
sponse element is located −194 bp upstream from ATG in
the OPTX promoter (Additional file 1) and is found much
further from the start of the gene in CHX21 (−1023 bp
upstream from ATG; Additional file 1). Since GA induces
transient increases in cGMP that in turn directly alters ex-
pression of GA-induced genes in plants [36], we used mu-
tagenesis to incorporate five additional GA response
elements into the OPTX promoter to make OPTXGARE:
LUC (Figure 2C). Both the membrane permeable ana-
logues of cGMP and cAMP increased luciferase activity to
similar levels in protoplasts transfected with OPTXGARE:
LUC (Figure 4C) which limits using this construct to
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Figure 4 Cyclic nucleotide induced luciferase activity in plant
protoplasts. Arabidopsis leaf mesophyll protoplasts were transiently
transfected with a promoter luciferase reporter construct and treated
as described below. At least 3 biological replicates were completed on
different days for each promoter treatment combination. (A) OPTX:LUC
treated with 0.1 or 1 μM 8-bromo cGMP or dibutyryl cAMP (n = 8–9);
(B) OPTX:LUC treated with 0.1 μM 8-bromo cGMP, 30 μM GA or 30 nM
DEA/NONOate (n = 6); (C) OPTXGARE:LUC treated with 0.1 μM 8-bromo
cGMP, 0.1 μM dibutyryl cAMP or 30 μM GA (n = 3). Luciferase was
normalized against protein content and asterisks indicate treatments
significantly different from the control (P < 0.05; one way ANOVA,
Dunnett’s multiple comparison post-test).
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reporting gene induction by either cyclic nucleotide. Im-
portantly, GA treatment also significantly increased lucif-
erase activity (Figure 4C) supporting the premise that the
response element is likely to be activated downstream of
increases of cyclic nucleotides such as cGMP induced by
GA (Figure 1). These findings demonstrate that the OPTX
and OPTXGARE promoter reporter systems can be used
to report gene induction following increases in cyclic nu-
cleotide levels thereby reporting on a complete pathway
mediated through changes in cyclic nucleotide levels as
distinct from reporting specific changes in levels of the
cyclic nucleotides. When employed together with studies
using FlincG that reports on intracellular transient in-
creases of cGMP [19,20], the two systems will allow un-
raveling of conditions and levels of cyclic nucleotides
necessary to lead to changes in gene transcription.

OPTX promoters report cyclic nucleotide induced gene
activity in bacterial cells
To date, only members of the α-proteabacteria are known
to naturally synthesize cGMP although other bacteria pro-
duce cAMP and the di-cyclic nucleotides c-di-AMP and
c-di-GMP [1,17]. Therefore a system that detects cGMP
in bacteria would be particularly useful to screen for novel
and functional recombinant guanylate cyclases from other
organisms. One of our goals is to develop an assay that we
can use to detect novel recombinant guanylate cyclases
expressed in bacteria. With this concept in mind, we
tested the three OPTX constructs in the BL21-AI E. coli
strain which we selected as a representative bacterium
because it is suitable for high-level recombinant protein
expression. The OPTX:LUC, OPTXcGMPRE:LUC and
OPTXGARE:LUC were transformed separately into the
BL21-AI E. coli. At least four independently transformed
colonies were grown and tested for each promoter/ treat-
ment combination. We normalized each sample using
the OD600 reflecting cell number for the sample and
expressed the luciferase activity as a percentage of the
untreated control which was set at 100%. The promoter
OPTX:LUC showed no significant difference in luciferase
activity from the untreated control for 0.01 - 3 μM cGMP
treatments (data not shown). Conversely, expression of
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both the augmented constructs was significantly induced
by cyclic nucleotide treatments. The OPTXcGMPRE:LUC
transformants showed a significant increase in luciferase
activity when treated with 0.3 μM, 1 μM and 3 μM
8-bromo cGMP but not 0.01 μM and 0.1 μM 8-bromo
cGMP (Figure 5A). However, this increase in luciferase
activity appears to be independent of the purine base as
similar changes were seen with treatments containing
dibutyryl cAMP (Figure 5B). The OPTXGARE:LUC showed
a significant increase in luciferase activity when com-
pared to the untreated control when 8-bromo cGMP
was between 0.1 μM and 0.3 μM but not at 0.01 μM or
1 μM (Figure 5C). Again similar increases were observed
in response to dibutyryl cAMP in BL21-AI cells trans-
formed with OPTXGARE:LUC (Figure 5D). To date no
known guanylate cyclases or cGMP signaling system has
been identified in E. coli although highly characterized
cAMP signal networks are present [1]. One possibility is
that the native bacterial transcription factors recognize
both purine cyclic nucleotides without discriminating
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Figure 5 Cyclic nucleotide induced luciferase activity in E. coli. BL21-A
treated with different concentrations of 8-bromo cGMP and dibutyryl cAMP. A
combination. (A) Effect of different concentrations of 8-bromo cGMP on B21A
dibutyryl cAMP on B21A-AI cells transformed with OPTXcGMPRE:LUC (n = 3–4
transformed with OPTX-GARE:LUC (n = 4). (D) Effect of dibutyryl cAMP on B21
expressed relative to OD600 to normalize results per cell number and asterisks
way ANOVA, Dunnett’s multiple comparison post-test).
between them although it needs to be shown that E. coli
transcription factors can bind to response elements in
plant promoters.
The results shown in Figure 5 encouraged us to test if

we could detect cGMP in BL21-AI cells expressing a
novel guanylate cyclase. Previous work using BL21 cells
expressing the novel plant cytoplasmic guanylate cyclase
GC1 indicated that cGMP is generated within bacteria
during the period when protein expression is being
induced [12,15]. We have demonstrated that the cy-
toplasmic domain of the plant phytosulfokine receptor
(PSKR1) contains guanylate cyclase but not adenylate
cyclase activity [11] and chose this as the test protein.
We co-transformed bacteria with the cytoplasmic do-
main of PSKR1 and either OPTXcGMPRE or OPTX-
GARE to test if the expressed PSKR1 generates cGMP
that in turn induces downstream luciferase activity. At
3 hours following induction of PSKR1 expression, the lu-
ciferase activity is increased relative to the un-induced
control treatments indicating that this is indeed the case
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(Figure 6A). The significant albeit small increase in cGMP
levels in the induced compared to the un-induced control
bacteria (Figure 6B) correlates with the induction of lucif-
erase activity. This is an exciting finding as it indicates that
these bacterial reporter assays can be used as a prelimin-
ary functional screen for novel guanylate cyclase enzymes.
The advantage of such a preliminary screen is that recom-
binant proteins containing guanylate cyclase activity are
identified prior to time consuming full characterization
studies as outlined in Figure 7.
Conclusions
We have developed promoter reporter systems based on
the plant OPTX promoter that can be employed in bac-
teria and plant cells to report changes in gene expression
reflecting alterations in endogenous cyclic nucleotide
levels. The promoter is from the plant gene OPTX and
augmentation of the promoter reporter with cGMP and
GA response elements resulted in changes of efficacy in
the different cell types. In plant cells the OPTX and GARE
augmented reporter do not discriminate between cGMP
and cAMP but both respond to changes in intracellular
cGMP levels and both can be readily used in transiently
transfected protoplasts. Augmentation of the OPTX pro-
moter with either the GA or the separate cGMP response
elements allowed detection of increased levels of cyclic
nucleotides in bacteria. The augmented promoters can
also be employed to detect the activity of novel recombin-
ant guanylate cyclases in bacteria (Figure 7).
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Methods
Plasmid construction
The promoter sequences for OLIGOPEPTIDE TRANS-
PORTER X (OPTX) [TAIR:AT1G33440; GenBank:NM_1
03069.3], SALT OVERLY SENSITIVE 3 (SOS3) [TAIR:
AT5G24270; GenBank:NM_122333] and CATION/H+ EX-
CHANGER 21 (CHX21) [TAIR:AT2G31910; GenBank:
NM_128749.2] were amplified from freshly prepared
Arabidopsis thaliana (Columbia-0) wild type genomic
DNA using primer pairs OPTX-P-fwd with OPTX -P-
rev, CHX21-P-fwd with CHX21-P-rev, and SOS3-P-fwd
with SOS3-P-rev, respectively (see Additional file 2: Table
S1 for primer sequences). These PCR products were used
as templates to incorporate gateway recombination
sites resulting in ~1000 bp promoter fragments with the
respective ATG start codon of each gene. The PCR
products were recombined separately into pDONR207
and confirmed by sequencing before recombination
into the pLUCTrap3 [GenBank:AY968054.1] [30] result-
ing in pOPTXLUC, pCHX21LUC and pSOS3LUC (see
Additional file 1 for full sequence). Sequencing confirmed
the LUCIFERASE encoding sequence was in frame with
the respective promoters. Three copies of the cGMP
Response Element (RE) [22] and five copies of the
Gibberellic Acid RE (GARE) [35] were incorporated
into the A. thaliana OPTX promoter using a Phusion
site-directed mutagenesis kit (Finnzymes, Thermo Scien-
tific, Scoresby VIC, Australia) following the manufacturer’s
instructions. The OPTX promoter in pDONR207 was
used as the template with either OPTX-GARE-fwd or
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Select your cGMP inducing gene(s) of interest (such as a putative guanylate cyclase).

Clone the sequence of each of the genes you wish to assess into a protein expression vector

such as pDEST17TM (Invitrogen).

with either the OPTXcGMPR:LUC or

OPTXGARE:LUC reporter to assess if

cNMP is produced

Express the selected protein and verify in vitro
activity by assessing cGMP and or cAMP
produced using conventional kits or mass
spectrometry
(save time and money by only assessing the most
promising candidates)

Select most promising candidates to
investigate further

Mutagenesis of putative domains or residues
within the protein deemed important for cNMP
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Figure 7 Flow chart showing a sample experimental plan. The flow of experiments show that by assessing the putative proteins of interest
using the OPTXcGMPRE:LUC or alternatively the OPTXGARE:LUC reporter the researcher can determine the ability of each recombinant protein to
induce cGMP or cAMP in vivo. The most promising candidates can be selected for further analysis as recombinant proteins using conventional
kits. Once the proteins are functionally verified, mutagenesis of putative functional domains or residues can be made then the researcher can
again utilize the OPTXcGMPRE:LUC or alternatively the OPTXGARE:LUC reporter system to determine the most promising candidates to pursue.
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OPTX-cGMPRE-fwd and OPTX-RE-rev primer pairs.
Sequence was confirmed before the respective pro-
moter fragments were recombined into pLUCTrap3
to make pOPTXcGMPRELUC and pOPTXGARELUC
(see Additional file 1 for full sequences).

Plant growth, protoplast preparation and treatments
Arabidopsis thaliana (Col-0) leaves from 5 to 6 week
old plants were used to prepare protoplasts as previ-
ously described [38] and genomic DNA and total RNA
using Qiagen DNeasy and RNeasy plant kits (Qiagen,
Melbourne VIC, Australia) following the manufacturer’s
instructions except total RNA was treated with Ambion
DNase (Life Technologies, Melbourne VIC, Australia).
PureLink HiPure plasmid filter purification kit (Life Tech-
nologies) was used to purify transfection plasmid and for
each sample, 2 x 105 protoplasts were transfected with
100 μg p(promoter)LUCTRAP3(OPTX, CHX21, SOS3,
OPTXcGMPRE or OPTXGARE) and 900 ng of pUBQ10:
GUS as a comparative transfection control. Protoplasts
recovered in the dark at room temperature for 2 h before
treatment for 3 or 18 h with various concentrations of
8-bromo cGMP (Sigma, Castle Hill NSW, Australia),
N6,2’-O-dibutyryladenosine 3’:5’-cyclic monophosphate
(dibutyryl cAMP; Sigma), DEA/NONOate (Sigma) or
gibberellic acid (Sigma). Preliminary results indicated that
only low levels of luciferase were detected after 3 hour
treatments as we have previously observed [39] so 18 hour
treatments were used for the promoter analysis reported
here as this is a common time point used in luciferase re-
porter assays [40]. Following treatment each protoplast
sample was resuspended in 100 μl of 1X Reporter Lysis
Buffer (RBL, Promega, Sydney Australia) vortexed, centri-
fuged, then lysate was frozen in liquid nitrogen and stored
at −80°C. cDNA was generated using 100 ng of total RNA,
oligodT primer and SuperScript III Reverse Transcriptase
(Life Technologies). For each RNA template two identical
reactions either with (+) or without (−) SuperScript III
Reverse Transcriptase where included to ensure PCR prod-
ucts were amplified from the cDNA generated and not
contaminating genomic DNA. Volumes of 1 (UBQ10) to
4 μl (SOS3, CHX21, OPTX) from cDNA reactions were
used as template in PCR reactions and primers are
described in additional material (see Additional file 2:
Table S1).

Bacterial treatments
Competent BL21-AI cells (Life Technologies) were separ-
ately transformed with pLUCTRAP3(OPTX, OPTXcGMPRE
or OPTXGARE). At least four isolated colonies for each
plasmid were separately inoculated into 10 ml LB broth with
kanamycin (50 μg ml-1) and grown overnight. One ml of
overnight culture was used to inoculate 10 ml LB broth with
antibiotic selection and incubated at 37°C in a shaking incu-
bator to anOD600 of 0.5. Then 1 ml aliquots of each culture
were treated with specific concentrations of 8-bromo



Wheeler et al. BMC Biotechnology 2013, 13:97 Page 9 of 10
http://www.biomedcentral.com/1472-6750/13/97
cGMP or dibutyryl cAMP for 3 hours with shaking in
1.5 ml tubes. The OD600 of each culture was measured to
quantify the cell number using a UV/VIS spectrophotom-
eter (Spectum). After the 3 hour treatment, a 90 μl bacterial
sample was mixed with 10 μL of buffer (1 M K2HPO4 at
pH 7.8 and 20 mM EDTA) and the cultures were frozen on
dry ice. In some cases, BL21-AI cells were co-transformed
with either OPTXcGMPRE or OPTXGARE in pLUCTRAP3
(kanamycin resistance) and the cytoplasmic domain of
the phytosulfokine receptor 1 (PSKR1) [TAIR:AT2G02220;
GenBank:NP_1783300.1] in pDEST17 (pDEST17PSKR1cd;
ampicillin/carbenicillin resistance) [11]. Colonies were
selected with kanamycin (100 μg ml-1) and carbenicillin
(200 μg ml-1), separately inoculated into LB broth contain-
ing both antibiotics and grown to OD600 of about 0.5 when
the BL21-AI cells were induced with 0.2% L-arabinose and
1 mM IPTG to express the PSKR1 protein for 3 hours.
Triplicate technical replicates of at least three independent
co-transfected sample lysates were assessed using the
Amersham cGMP enzyme immunoassay Biotrak (EIA)
system following the standard (Protocol 3) as described
in the supplier’s manual (code RPN226, GE Healthcare,
Rydalmere NSW, Australia). The results were correlated
with cell number and expressed relative to the un-induced
sample as different colonies produced different amounts
of cGMP ranging from 30 to 200 fmol per sample.

Luciferase assay
Protoplasts and bacteria luciferase activity was assessed
using Promega’s Luciferase assay system (Promega, Sydney
NSW, Australia) following the manufacturer’s instruc-
tions. Luminescence of triplicate technical replicates on a
white 96 well plate was measured with the enhanced lumi-
nescence option using an EnVision 2101 plate reader
(PerkinElmer, Melbourne VIC, Australia). For bacteria,
luciferase activity was expressed relative to OD600 to
normalize results per cell number. For protoplasts, luciferase
was initially normalized against β-glucuronidase (GUS)
activity as described previously [39]. However comparison
of luciferase activity normalization using β-glucuronidase
versus protein revealed no significant difference as we have
previously observed [39] hence protoplast protein amount
was used for normalization in the data reported here.
Protein was assessed using a Nanodrop (Thermofisher
Scientific, Scoresby VIC, Australia).

Statistical analyses
Data was analyzed using one way analysis of variance
(ANOVA) followed by either Dunnett’s multiple compari-
son test (P < 0.05) or Tukey-Kramer multiple comparison
test (P < 0.05) using GraphPad Prism 6.0 (GraphPad
Software, La Jolla CA, USA). Where only two treatments
were compared, data was analyzed using the un-paired
student’s t-test. Data for each treatment contains at least 3
biological replicates (n ≥ 3) and each experiment was
repeated at least twice.

Additional files

Additional file 1: The file contains the text sequences of pSOS3:LUC,
pCHX21:LUC, pOPTX:LUC, pOPTXcGMPRE:LUC and pOPTXGARE:LUC
used in this study.

Additional file 2: Table S1. Primer sequences used in this study.

Abbreviations
CHX21: CATION/H+ EXCHANGER 21; GA: Giberellic acid; LUC: Luciferase;
NPR1/GCA: Natriuretic peptide receptor A / guanylate cyclase A;
OPTX: Oligopeptide transporter X; OPTXcGMPRE: OPTX promoter augmented
with mammalian cGMP response element; OPTXGARE: OPTX promoter
augmented with GA response element; SOS3: SALT OVERLY SENSITIVE 3.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
HRI and JIW conceived the idea, all authors designed the experiments, JIW
and LF carried out the experimental work, HRI wrote the manuscript with
critical input from JIW and LF. All authors read and approved the final
manuscript.

Acknowledgements
This work was supported by the Australian Research Council [Discovery
project funding scheme (DP0557561, DP0878194; DP110104164)]. We would
also like to thank Judy Callis (University of California, Davis) for supply of the
plasmid containing pUBQ10:GUS, and Chris Gehring for helpful discussions.

Received: 19 August 2013 Accepted: 30 October 2013
Published: 9 November 2013

References
1. Gomelsky M: cAMP, c-di-GMP, c-di-AMP and now cGMP: bacteria use

them all! Mol Microbiol 2011, 79:562–565.
2. Lee N, D’Souza CA, Kronstad JW: Of smuts, blasts, mildews, and blights:

cAMP signaling in phytopathogenic fungi. Annu Rev Phytopath 2003,
41:399–427.

3. Gehring C: Adenyl cyclases and cAMP in plant signaling - past and
present. Cell Commun Sig 2010, 8:15.

4. Lucas KA, Pitari GM, Kazerounian S, Ruiz-Stewart I, Park J, Schulz S, Chepenik
KP, Waldman S: Guanylyl cyclases and signaling by cyclic GMP. Pharmacol
Rev 2000, 53:375–415.

5. Biswas KH, Shenoy AR, Dutta A, Visweswariah SS: The evolution of guanylyl
cyclases as multidomain proteins: conserved feature sof kinase-cyclase
domain fusions. J Mol Evol 2009, 68:587–602.

6. Schaap P: Guanylyl cyclases across the tree of life. Front Biosci 2005,
10:1485–1489.

7. Lemtiri-Chlieh F, Thomas L, Marondedze C, Irving H, Gehring C: Cyclic
nucleotides and nucleotide cyclases in plant stress responses. In Abiotic Stress
Response in Plants - Physiological, Biochemical and Genetic Perspectives. Edited by
Shanker A, Venkateswarlu B. InTech - Open Access Publisher; 2011:137–182.
http://cdn.intechopen.com/pdfs/18470/InTech-Cyclic_nucleotides_and_nucleoti-
de_cyclases_in_plant_stress_responses.pdf.

8. Linder JU: cGMP production in bacteria. Mol Cell Biochem 2010, 334:215–219.
9. Newton RP, Smith CJ: Cyclic nucleotides. Phytochemistry 2004, 65:2423–2437.
10. Kwezi L, Meier S, Mungur L, Ruzvidzo O, Irving H, Gehring C: The

Arabidopsis thaliana brassinosteroid receptor (AtBRI1) contains a domain
that functions as a guanylyl cyclase in vitro. PLoS One 2007, 2(5):e449.

11. Kwezi L, Ruzvidzo O, Wheeler JI, Govender K, Iacuone S, Thompson PE,
Gehring C, Irving HR: The phytosulfokine (PSK) receptor is capable of
guanylate cyclase activity and enabling cyclic GMP-dependant signaling
in plants. J Biol Chem 2011, 286:22580–22588.

12. Ludidi NN, Gehring C: Identification of a novel protein with guanylyl
cyclase activity in Arabidopsis thaliana. J Biol Chem 2003, 278:6490–6494.

http://www.biomedcentral.com/content/supplementary/1472-6750-13-97-S1.docx
http://www.biomedcentral.com/content/supplementary/1472-6750-13-97-S2.docx
http://cdn.intechopen.com/pdfs/18470/InTech-Cyclic_nucleotides_and_nucleotide_cyclases_in_plant_stress_responses.pdf
http://cdn.intechopen.com/pdfs/18470/InTech-Cyclic_nucleotides_and_nucleotide_cyclases_in_plant_stress_responses.pdf


Wheeler et al. BMC Biotechnology 2013, 13:97 Page 10 of 10
http://www.biomedcentral.com/1472-6750/13/97
13. Meier S, Ruzvidzo O, Morse M, Donaldson L, Kwezi L, Gehring C:
The Arabidopsis Wall Associated Kinase-Like 10 gene encodes a
functional guanylyl cyclase and is co-expressed with pathogen defense
related genes. PLoS One 2010, 5(1):e8904.

14. Qi Z, Verma R, Gehring C, Yamaguchi Y, Zhao Y, Ryan CA, Berkowitz GA:
Ca2+ signaling by plant Arabidopsis thaliana Pep peptides depends on
AtPepR1, a receptor with guanylyl cyclase activity, and cGMP-activated
Ca2+ channels. Proc Natl Acad Sci U S A 2010, 107:21193–21198.

15. Szmidt-Jaworska A, Jaworski K, Pawelek A, Kocewicz J: Molecular cloning
and characterization of a guanylyl cyclase, PNGC-1, involved in light
signaling in Pharbitis nil. J Plant Growth Reg 2009, 28:367–380.

16. Rauch A, Leipelt M, Russwurm M, Steegborn C: Crystal structure of
guanylyl cyclase Cya2. Proc Natl Acad Sci U S A 2008, 105:15720–15725.

17. Marden JN, Dong Q, Roychowdhury S, Berleman JE, Bauer CE: Cyclic GMP
controls Rhodospirillum centenum cyst development. Mol Microbiol 2011,
79:600–615.

18. Nausch LW, Ledoux J, Bonev AD, Nelson MT, Dostmann WR: Differential
patterning of cGMP in vascular smooth muscle cells revealed by single
GFP-linked biosensors. Proc Natl Acad Sci U S A 2009, 105:365–370.

19. Isner J-C, Maathuis FJM: Measurement of cellular cGMP in plant cells and
tissues using the endogenous fluorescent reporter FlincG. Plant J 2011,
65:329–334.

20. Isner J-C, Nühse T, Maathuis FJM: The cyclic nucleotide cGMP is involved
in plant hormone signalling and alters phosphorylaton of Arabidopsis
thaliana root proteins. J Exp Bot 2012, 63:3199–3205.

21. Niino Y, Hotta K, Oka K: Blue fluorescent cGMP sensor for multiparameter
fluorescence imaging. PLoS One 2010, 5:e9164.

22. Hum D, Bernard S, Sanchez R, Devost D, Gossard F, Hamet P, Tremblay J:
Characterization of a cGMP-response element in the guanylyl cyclase/
natriuretic peptide receptor A gene promoter. Hypertension 2004,
43:1270–1278.

23. Chen W, Shields TS, Stork PJSC: R D: A colorimetric assay for measuring
activation of Gs- and Gq-coupled signalling pathways. Anal Biochem 1995,
226:349–354.

24. Aggarwal N, Dastidar S, Ray A, Saini KS, Bora RS, Malik R, Arya R, Gupta DV:
A reporter gene assay for screening of PDE4 subtype selective inhibitors.
Biochem Biophys Res Commun 2007, 356:153–158.

25. Malik R, Bora RS, Gupta D, Sharma P, Arya R, Chaudhary S, Saini KS: Cloning,
stable expression of human phosphodiesterase 7A and development of
an assay for screening of PDE7 selective inhibitors. Appl Microbiol Biotech
2008, 77:1167–1173.

26. Gudi T, Huvar I, Meinecke M, Lohmann SM, Boss GR, Pilz RB: Regulation of
gene expression by cGMP-dependent protein kinase. J Biol Chem 1996,
271:4597–4600.

27. Chen Y, Zhuang S, Cassenaer S, Casteel DE, Gudi T, Boss GR, Pilz RB:
Synergism between calcium and cyclic GMP in cyclic AMP response
element-dependnet transcriptional regulation requires cooperation be-
tween CREB and C/EBP-b. Mol Cell Biol 2003, 23:4066–4082.

28. Okano I, Miyazato M, Kangawa K: A guanosine 3’,5’-cyclic monophosphate
(cGMP) reporter system based on the G-kinase/CREB/CRE signal trans-
duction pathway. Biochem Biophys Res Commun 2011, 407:236–241.

29. Maathuis FJM: cGMP modulates gene transcription and cation transport
in Arabidopsis roots. Plant J 2006, 45:700–711.

30. Calderon-Villalobos LIA, Kuhnle C, Li H, Rosso M, Weisshaar B,
Schwechheimer C: LucTrap vectors are tools to generate luciferase
fusions for the quantification of transcript and protein abundance
in vivo. Plant Physiol 2006, 141:3–14.

31. GENEVESTIGATOR, Zimmermann P, Hirsch-Hoffmann M, Hennig L, Gruissem
W: Arabidopsis microarray database and analysis toolbox. Plant Physiol
2004, 136:2621–2632.

32. Wilson ID, Neill SJ, Hancock JT: Nitric oxide synthesis and signalling in
plants. Plant Cell Environ 2008, 31:622–631.

33. Durner J, Wendehenne D, Klessig DF: Defense gene induction in tobacco
by nitric oxide, cyclic GMP, and cyclic ADP-ribose. Proc Natl Acad Sci U S
A 1998, 95:10328–10333.

34. Arnold WP, Mittal CK, Katsuki S, Murad F: Nitric oxide activates guanylate
cclase and increases guanosine 3’:5’-cyclic monophosphate levels in
various tissue preparations. Proc Natl Acad Sci U S A 1977, 74:3203–3207.

35. Bastian R, Dawe A, Meier S, Ludidi N, Bajic VB, Gehring C: Gibberellic acid
and cGMP-dependent transcriptional regulation in Arabidopsis thaliana.
Plant Sig Behav 2010, 5:224–232.
36. Penson SP, Schuurink RC, Fath A, Gubler F, Jacobsen JV, Jones RL: cGMP is
required for gibberellic acid-induced gene expression in barley aleurone
layer. Plant Cell 1996, 8:2325–2333.

37. Martel G, Hamet P, Tremblay J: GREBP, a cGMP-response element-binding
protein repressing the transcription of natriuretic peptide receptor 1
(NPR1/GCA). J Biol Chem 2010, 285:20926–20939.

38. Wang YH, Gehring C, Cahill DM, Irving HR: Plant natriuretic peptide active
site determination and effects on cGMP and cell volume regulation.
Funct Plant Biol 2007, 34:645–653.

39. Wang YH, Gehring C, Irving HR: Plant natriuretic peptides are apoplastic and
paracrine stress response molecules. Plant Cell Physiol 2011, 53:837–850.

40. Yoo S-D, Cho Y-H, Sheen J: Arabidopsis mesophyll protoplasts: a versatile cell
system for transient gene expression analysis. Nat Prot 2007, 2:1565–1572.

doi:10.1186/1472-6750-13-97
Cite this article as: Wheeler et al.: A cyclic nucleotide sensitive promoter
reporter system suitable for bacteria and plant cells. BMC Biotechnology
2013 13:97.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Results
	Conclusions

	Background
	Results and discussion
	Generation of cyclic nucleotide responsive promoter:luciferase plasmid constructs
	Augmentation of the cyclic nucleotide sensitive promoter OPTX
	OPTX promoters report cyclic nucleotide induced gene activity in bacterial cells

	Conclusions
	Methods
	Plasmid construction
	Plant growth, protoplast preparation and treatments
	Bacterial treatments
	Luciferase assay
	Statistical analyses

	Additional files
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	References

