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ABSTRACT

ABSTRACT

IDENTIFICATION AND CHARACTERIZATION OF NOVEL PLANT
ADENYLATE CYCLASES – THE ARABIDOPSIS THALIANA POTASSIUM
UPTAKE PERMEASES

Inas M. Al-Younis

Adenylyl Cyclases (ACs) catalyze the formation of the key universal second messenger
adenosine 3’, 5’-cyclic monophosphate (cAMP) from adenosine 5’- triphosphate. Cyclic AMP
participates in several signal transduction pathways and is present in bacteria and higher and
lower eukaryotes including higher plants. Previous studies in plants have shown a role for cAMP
in signal transduction during e.g. the cell cycle, elongation of the pollen tube and stimulation of
protein kinase activity. More recently cAMP has been shown to play a role in stress responses.
Interestingly, cAMP has also been shown to regulate ion transport in plant cells.
Here we used a similar strategy that led to the discovery of the first guanylyl cyclase in plants
that was based on the alignment of conserved and functionally assigned amino acids in the
catalytic centre of annotated nucleotide cyclases from lower and higher eukaryotes, to identify a
novel candidate ACs in Arabidopsis (Arabidopsis thaliana K+ Uptake 5 and 7). ATKUP5 and 7
are homologous to K+ uptake permeases (KUPs) from bacteria and high-affinity K+ transporters
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(HAKs) from fungi. The AC activity was investigated by recombinantly expressing the ATKUP5
and 7 AC domain in vitro and by complementation of an E. coli AC mutant (cyaA). Furthermore,
ATKUP5 was tested for its ability to functionally complement a yeast mutant deficient in Trk1
and Trk2 high affinity potassium uptake transporters. Site-mutagenesis in the AC domain was
used to test the effect of both functions in each other. Furthermore, ATKUP5 was characterized
electrophysiologically in HEK-293 cells to characterize the nature of this transporter. The
localization of the ATKUP5 in Arabidopsis was examined using a Green Fluorescent Protein
(GFP) fusion with the ATKUP5 to determine whether ATKUP5 is expressed at the plasma or
tonoplast membrane. Arabiodpsis thaliana of the wild type, overexpressing ATKUP5 and atkup5
mutant lines were used to examine phenotypic differences.
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CHAPTER 1

LITERATURE REVIEW

1.1 Signal transduction pathways in living organisms
Signal transduction processes can be viewed as the higher command functions operated by cells
on metabolic pathways, both catabolic and biosynthetic, that allow living organism to maintain
homeostasis and adjust cell number, cell behavior, and the appropriate response to both internal
and external stimuli. External factors are recognized by the cells through membrane-bound or
soluble receptors that work as signal transducers. Biological classifications of such transducers
include hormones, steroids, growth factors and cytokines, vitamins, nitric oxide (NO) and others
(Halls and Cooper, 2011). Depending on the transducer, the perception of the signal can affect
targets directly as primary messengers or indirectly as second messengers. Second messengers
vary in different organisms, but there are few universal molecules that share similar roles in
many classes of organisms. Earl Wilbur Sutherland, Jr., discovered second messengers for which
he won the 1971 Nobel Prize in Physiology or Medicine. Sutherland saw that epinephrine would
stimulate the liver to convert glycogen to glucose (sugar) in liver cells, but epinephrine alone
would not convert glycogen to glucose. He found that epinephrine had to trigger a second
messenger, adenosine 3’, 5’-cyclic monophosphate cAMP, for the liver to convert glycogen to
glucose. The detailed mechanisms were worked out in detail by Martin Rodbell and Alfred G.
Gilman, who won the 1994 Nobel prize (for review see (Birnbaumer, 2007)).
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Figure 1.1 Summary diagram of some signal transduction pathways. TK, tyrosine kinase; G, Gprotein; PI 3-kinase, phosphatidylinositide 3-kinase; PI, phosphatidylinositol; PLC, phospholipase C.
Adapted from: Elliott and Elliott (2009). Biochemistry and Molecular Biology. Oxford University Press,
USA.

Cells have developed many mechanisms and pathways to sense and respond swiftly and
effectively to external signals. In animals, one of the most studied pathways is an adenylyl
cyclase (AC) pathway. Earl W. Sutherland, studying the hyperglycemic response in hepatocytes,
discovered that addition of epinephrine and/or glucagon in the presence of adenosine
triphosphate (ATP) and magnesium (Mg2+) to a fraction containing fragments of plasma
membrane obtained from liver slices, resulted in the generation of a newly synthesized factor
that was later identified to be 3',5'-cyclic adenosine monophosphate or cAMP (Sutherland et al.,
1968). Moreover, cAMP was able to mimic the effects of the hormones on the liver glycogen
phosphorylase when added on its own to the soluble fraction (Sutherland et al., 1968).
Sutherland paved the way for the fields of secondary messenger systems, G proteins and cell
signaling and this is how cyclic nucleotides (CNs) became the focus of extensive studies. Cyclic

20

nucleotides were found to be ubiquitous across kingdoms and to regulate a vast array of cellular
functions by controlling the activity of numerous proteins downstream of hormone-receptor
interaction. Activation of the enzyme AC catalyzes the conversion of ATP to cAMP and
pyrophosphate (PPi) (Cassel and Selinger, 1976, Codina et al., 1983, Gilman, 1987). In M2R
mouse melanoma cells, a study using

31

P nuclear magnetic resonance (NMR) showed that by

stimulating the levels of cAMP with melanocyte-stimulating hormone (0.67 µM) and forskolin
(1.67 µM), the ratio between cAMP and ATP (ΔcAMP/ΔATP) is 0.92 (Degani et al., 1991). The
subsequent elevation of cAMP causes binding and activation of specific protein kinases (e.g.
protein kinase A or PKA). When activated, this PKA phosphorylate an array of other cellular
targets including other kinases, phosphatases, transcription factors (TF) and ion channels
(Trautwein and Hescheler, 1990, Montminy, 1997, Gray et al., 1998, Thevelein and De Winde,
1999, Shipston, 2001). Thus cAMP is considered a second messenger and PKA a secondary
effector.
The environment affects all living organisms in many different ways. External factors whether
biotic (such as bacteria, viruses, fungi or parasites) or abiotic (such as temperature, salinity, light
or drought) can cause disturbance in the cellular homeostasis and subsequently response and
change. Such external factors are recognized by the cells through receptors, many of them
membrane-bound, that work as signal transducers. Biological classifications of such transducers
include hormones, steroids, growth factors and cytokines, vitamins and nitric oxide. Depending
on the transducer, the perception of the signal can affect targets directly as primary messengers
through entering the cell, or indirectly as second messengers. Second messengers vary in
different organisms, but there are few universal molecules that share almost-the-same role in all
the organisms.
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Calcium (Ca2+) is considered one of the universal second messengers. Its role is well studied in
animals muscle contraction and especially heart-related functions, where the Ca2+ transients are
essential to regulate cardiac contractions (Roderick et al., 2007). Another important second
messenger is inositol 1, 4, 5-trisphosphate (IP3). It mediates Ca2+ release from endoplasmic
reticulum to the cytosol. Thus, they have a key role in maintaining Ca2+ homeostasis.
One of the many second messengers are the CNs and especially cAMP and 3',5'-cyclic guanosine
monophosphate (cGMP), which have key roles in cellular responses. There are many pathways
by which signals are transduced from external factors within the cell (Figure 1.1). Tyrosine
kinase (TK)-coupled receptors and G-protein-coupled receptor (GPCR) are considered two of the
major pathways of plasma membrane receptors. They act in a bidirectional “crosstalk” manner to
regulate physiological processes; in some cases their effects are synergistic whereas in others
they are antagonistic (García-Sáinz et al., 2010). TK mediated signals regulates numerous
cellular processes from cell development and insulin regulation to cancer (Li and Hristova, 2006)
and activate the Ras and phosphatidylinositide 3-kinase (PI 3-kinase) pathways (Geer et al.,
1994). The G-protein–coupled receptors (GPCR) is considered one of the key receptors. It
influences the activation and regulation of other receptors such as the TK (Luttrell et al., 1999)
and one of the most important post-translation modifications, phosphorylation, via activating/
deactivating kinases.
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1.2 Cyclic nucleotides as universal second messengers
Many signaling pathways depend on second messenger molecules to relay external signals from
membrane or cytosolic receptors to one or more effectors inside the cell. The CNs are one of
such second messenger molecules. Adenosine 3’, 5’-cyclic monophosphate (cAMP) and
guanosine 3’, 5’-cyclic monophosphate (cGMP) are key universal second messengers in
organisms ranging from a simple life form such as Escherichia coli to a more complex
organisms such as Homo sapiens. Cyclic AMP and cGMP are the best characterized cyclic
nucleotides, although others such as cytidine 3’, 5’-cyclic monophosphate (cCMP) and uridine
3’, 5’-cyclic monophosphate (cUMP) do exist but their functions are less well understood
(Butcher, Baird et al., 1968, Gottle, Dove et al., 2010, Seifert, 2015). The cAMP molecular
weight is about 329.209 g/mol with no charges and consists of adenine nucleotide containing one
phosphate group which is esterified to both the 3'- and 5'-positions of the sugar moiety which is
the ribose (Figure 1.2) and it is highly soluble in water. Adenylyl cyclase is the enzyme that
generates cAMP after converting ATP as a substrate into cAMP.

Figure 1.2 Generation and the chemical composition of cAMP.
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Cyclic AMP was first discovered when its role in hormone signal transduction in eukaryotic cells
was identified (Sutherland, Robison et al., 1968). It was initially described as a heat-stable factor
that was produced in response to stimulation by glucagon and adrenaline in dog liver cells. The
authors elucidated the correct structure of this factor and determined its function as a second
messenger.
The biological processes known to be controlled by cAMP in eukaryotes range from metabolism
to memory formation and innate immunity (McDonough and Rodriguez, 2012). Cyclic AMP is
one of the first ubiquitous second messengers described. It is generated from Adenosine 5’Triphosphate (ATP) by Adenylyl Cyclase (AC) and then degraded by phosphodiesterase (PDE)
that catalyzes its hydrolysis to 5’AMP. In many cases the mechanism of action of cAMP in
eukaryotic signal transduction starts by the activation of a GTP-binding protein (G-protein) and
influence its activity.(McDonough and Rodriguez, 2012). There are two forms of this protein; the
G-stimulator (Gs), which stimulates the AC, and G-inhibitor (Gi), which inhibits this enzyme.
After GTP binding the Gs subunit undergoes a conformational change enabling it to interact with
and stimulate the AC.
This activation of AC followed by conformational change catalyzes the conversion of ATP to
cAMP (Newton, Roef et al., 1999). The cAMP either binds directly to cAMP dependent gated
channels such as Cyclic Nucleotide Gated Channels (CNGCs), or is release into the cytosol and
causes the activation of cAMP dependent protein kinase (Talke, Blaudez et al., 2003) (Figure
1.3). When adenylyl cyclase (AC) is activated by the Gα- subunit of G-protein coupled receptor
(GPCR), it catalyzes the formation of cAMP. Cyclic AMP then activates many substrates and
kinases such as protein kinase A (PKA) that will regulate down-stream biological processes.
CNGC, cyclic nucleotide gated channel can be activated directly by cAMP. Other molecules and
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targets can be activated indirectly, after the activation of the PKA, which then phosphorylates
specific targets such as the cAMP response element (CREB)-binding protein, transcriptional
factors inside the nucleus or other ion channels.
Then a phosphodiesterase (PDE) breaks a phosphodiester bond in the cAMP and forms the AMP
and pyrophosphate. Figure 1.3 depicts the different steps involved in cAMP signaling. Binding
of cAMP to the kinase subunits allows the phosphorylation of a wide range of cytoplasmic and
nuclear protein substrates. Cyclic AMP can regulate gene expression by binding to a set of
transcription factors. In mammals, cAMP regulates at least one enzyme in every known
metabolic pathway compared with cGMP, which has a more specific roles. The action of cAMP
in the mammalian system can be mediated through the direct interaction with an ion channel.
The cellular response starts when cAMP is released in the cytoplasm, followed by the activation
of CNGCs resulting in the depolarization of the cell membrane; opening of the channel allows
the Ca2+ to enter the cell and results in the activation of calmodulin-activated phosphodiesterase
(Finn, Grunwald et al., 1996).
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Figure 1.3 Cyclic AMP is a universal second messenger. The signal transduction cascade begins when G-protein
molecules associated with in the membrane activate AC. AC creates multiple cyclic AMP molecules, which fan out
and activate directly ion channels or indirectly protein kinases that causes phosphorylation of different targets. PDE;
phosphodiesterase is the enzymes that deactivate the AC. [From http://www.nature.com/scitable].

1.3 Evidence for Adenosine 3’, 5’- cyclic monophosphate (cAMP) mediated processes
across kingdoms
In mammals, cAMP mediates the action of hormones and neurotransmitters and it commonly
participates in the regulation of many downstream enzymes (Francis, Blount et al., 2011). In
contrast cGMP plays a more restricted role such as mediating the response to nitric oxide in
smooth muscles (Ignarro, Bush et al., 1990) or altering the cell membrane permeability to
sodium ions in retinal rods (for review see (Stryer, 1986)). Although these CNs have different
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physiological effects, they have analogous enzymes that regulate their metabolism (Tasken and
Aandahl, 2004).
In the lower eukaryotes, including Dictyostelium discoideum (slime mold), cAMP plays a role in
the formation of pseudopodia and acts as a chemo-attractant (Bretschneider, Vasiev et al., 1999).
In protozoa such as Leishmania donovani, cAMP signaling is significant in parasite survival and
infectivity. Cyclic AMP levels in this parasite were measured after exposing it to differentiation
conditions and the results indicated a striking elevation of cAMP level within one hour of stress
exposure (Biswas, Bhattacharya et al., 2011). Fungal microorganisms such as Candida albicans
showed morphogenic transitions in response to the cAMP treatment and cAMP has also been
shown to be important for adaptation to stress and for survival during host infections in this
species (Bahn, Molenda et al., 2007).
Cyclic AMP has also been discovered in bacteria, where its role in mediating the glucose
response or catabolite repression has been extensively studied in E. coli. Recent research
focusing on the role of cAMP in microbial pathogenesis found cAMP levels increases in host
cells during infection (Zhan, Han et al., 2008). The role of cAMP in microbial pathogenesis
includes the coordination of intracellular processes, such as virulence gene expression, with
extracellular signals from the environment, and the manipulation of host immunity by increasing
cAMP levels in host cells during infection (McDonough and Rodriguez, 2012) Furthermore, the
role of cAMP and its metabolism are well documented in lower plants (Handa and Johri, 1976)
such as the dinoflagellate green alga Chlamydomonas eugametos in which elevated levels of
cAMP stimulate a sequence of mating responses that leads to cell fusion (Kooijman, Dewildt et
al., 1990). Additionally, there is evidence suggesting that cAMP governs the motility of the
flagella of vegetative cells in Chlamydomonas (Kooijman, Dewildt et al., 1990).
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Using Anabaena, a type of bacteria that has symbiotic relationships with plants as model, a study
proved cAMP levels to be sensitive to changes in the membrane electrochemical potential where
changes from dark to light or anaerobic to aerobic conditions in the dark, and rising pH from 6-8
were accompanied by a rapid decrease in cAMP levels within a minute followed by slow
recovery (Ohmori, 1989).
In the slime mold Dictyostelium discoideum, cAMP and ACs have a significant influence on the
spore differentiation and spore dormancy which adequately explains why pre-spore
differentiation is partially lost in AC knock-out mutant cells (Alvarez-Curto, Saran et al., 2007).
Outside the cell, cAMP act as primary messenger in the form of chemoattractant, to mediate
cellular motility through regulating the cytoskeleton (von Bulow, Muller-Lucks et al., 2012)
while inside the cell, it acts as second messenger and triggers maturation of spores and stalk cells
(Mann, Brown et al., 1997) and mediates osmotic stress resistance (Schuster, Noegel et al.,
1996).
Taken together, activity and informational content that cyclic nucleotides can generate, plant
scientists were intrigued to find out whether cAMP and ACs can be detected in higher plants,
and if they can, what function do they have. While some early researcher presented evidence
against the existence of cAMP in plants (Amrhein, 1974), others dedicated their research to
prove otherwise. The first few attempts to demonstrate the existence of cAMP in plants were not
generally accepted as adequate proof due to presumptive results observed in indirect
physiological experiments or imprecise data of cAMP or cAMP analogues (Pollard 1970,
Salomon and Mascarenhas, 1971).
The proof of identity came in 1980 when a large-scale extract of leaf tissue analyzed using mass
spectrometry (MS), showed identical mass to charge ratio (m/z) of molecular ion of 545 with the
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commercial samples of cAMP (Newton, Gibbs et al., 1980) and confirmed beyond doubt that
cAMP exists in higher plants.
Considering the roles cAMP play in animals and low eukaryotes, this gave a meaningful
direction toward the speculation of whether they are shared with plants and thus universal second
messengers. More recently, the roles of cAMP in plants unfolded in many important processes
such as in fertilization, by regulating the pollen tube growth through modulating cAMP
concentration and distribution for stable polarized growth (Moutinho, Hussey et al., 2001). It
also contributes to plant defense responses against toxins by regulating the signal and expression
of salicylic acid (SA) (Jiang, Fan et al., 2005) among many other vital roles.
One key role of cAMP in biological systems is ion channel activation, primarily for Ca2+ influx
and all the downstream signaling cascades triggered by it. In Arabidopsis, the CNGCs consist of
a 20 member gene family of ligand-gated ion channel (Kohler, Merkle et al., 1999) and this was
discovered while looking for calmodulin (CaM)-binding proteins in barley (Schuurink, Shartzer
et al., 1998). These weakly voltage-dependent channels are activated by the direct binding of
CNs at the cyclic nucleotide binding (CNBD) domain (Leng, Mercier et al., 1999). CNGCs were
shown to be upstream of Ca2+ in many plant signaling processes. Examples include immune
responses to pathogens that depend on cytosolic Ca2+ elevation leading to downstream of NO
generation and ROS production (Ali, Ma et al., 2007, Ma, Qi et al., 2009, Ma and Berkowitz,
2011, Moeder, Urquhart et al., 2011).
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1.4 Signal transduction in higher plant
Biotic and abiotic stresses have a severe influence on plants in particular due to their sessile
nature. These factors can reduce growth and thus, are considered a major limiting factor for crop
production (Taki et al., 2005, Dawood et al., 2012). Therefore, perception of signals in plants
has a vital role in plant survival and homeostasis.
Although there is much less information regarding signaling in plants compared to mammalian
signal transduction, GPCRs are still considered an important part in the intracellular signal
transduction process (Chen, 2008). Evidence for plant GPCRs came after a plant Gα subunit was
cloned (Ma et al., 1990). In Arabidopsis thaliana, there is one gene that encodes a Gα subunit
(Ma et al., 1990), one that encodes Gβ (Weiss et al., 1994) and two genes for Gγ (Mason and
Botella, 2001). A recent study on peas provided great insight on the specificity of each subunit of
the G-protein and it was found that while Gα is involved in salinity and heat stress tolerance, Gβ
is involved only in heat stress tolerance (Misra et al., 2007). There is only one experimentally
tested GPCR gene in Arabidopsis in contrast with the human genome that harbors 1000 genes.
This gene (GCR1) is also annotated as cell cycle regulator (Colucci et al., 2002) and it is
involved in abscisic acid (ABA) signaling in guard cell function (Pandey and Assmann, 2004).
The ABA hormone is associated with tolerance of heat stress and drought in many different
plants (Gong et al., 1998, Larkindale and Huang, 2004).
GPCRs are also reported for controlling phospholipids signaling and metabolism, such as
phospholipase C (PLC) activity which hydrolyses the membrane phosphatidylinositol 4,5bisphosphate (PIP2) to diacylglycerol (DAG) and IP3 in response to stress (Oude Weernink et
al., 2007). It was shown that IP3, being a second messenger, also has the ability to increases the
intracellular level of Ca2+ by inducing the release from internal stores (Xia et al., 2003). Recent
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studies showed how the IP3 gene in the drought- and salt-hypersensitive mutant (DSM3)
contributes to drought and salt stress responses in rice through regulating intracellular Ca2+ levels
and IP–mediated stress signal transductions (Du, Liu et al., 2011).
The increased levels of cAMP due to biotic stress influences the calcium influx by targeting
membrane cyclic nucleotide-gated channels (CNGC) (Ma et al., 2009) or calcium release from
organelles through IP3 (Xia et al., 2003) thereby increasing cytosolic free Ca2+. Calcium then
acts on signal amplification and transduction as part of cellular response (DeWald et al., 2001).
Using a micropipette loaded with a cell permeable cAMP (dibutyryl cAMP) near the tip of
pollen tubes, showed a strong cellular response which suggests the involvement of a cAMP
pathway in polarized pollen tube growth (Moutinho et al., 2001).
Signaling pathways in plants is also mediated by another cyclase, the guanylate cyclase (GC) and
cGMP. It is particularly relevant in plants when it comes to salt and osmotic stress (Donaldson et
al., 2004) and has received increasing attention by plant biologists since the initial studies on
cGMP dependent responses in the late 1990's (Pharmawati et al., 1998, 1999). Pharmawati and
co-workers showed that molecules such as kinetin, rat atrial natriuretic peptide as well as
imunoreactant plant natriuretic peptides that open stomatal aperture in plant leaves are
accompanied by increases in cGMP. Since the first GC was characterized (Ludidi and Gehring,
2003), a series of other molecules have been shown to also contain the catalytic domain that
converts GTP into cGMP (Kwezi et al., 2007, Qi et al., 2010, Meier et al., 2010, Mulaudzi et al.,
2011,). Cyclic GMP dependent pathways include the perception of light (red and far red) in the
leaf of plants (Neuhaus et al., 1993, Bowler et al., 1994, Neuhaus et al., 1997, Jones et al.,
2003).
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1.5 The debate of Adenosine 3’, 5’- cyclic monophosphate (cAMP) in higher plants
It has been argued that signaling through CNs might not exist altogether in higher plants, but
since CNs have been shown to function in intracellular signaling across prokaryote and
eukaryote kingdoms, it seems unlikely that cAMP signaling should have been lost in higher
plants. Since the 1960-ies, reported occurrences of cAMP in higher plants have been criticized in
numerous reviews (Keates, 1973, Amrhein, 1974, Niles and Mount, 1974, Tezuka, Hiratsuka et
al., 1993), and the criticism was mainly based on the low sensitivity and reliability of the
methods employed to detect cAMP, which may occur only in low concentrations in the plants
(Lin, 1974). However, recently, it was reported that cAMP may conceivably link biotic and
abiotic stress responses in stress-dependent changes of energy metabolism.
The first few attempts to demonstrate the existence of cAMP in plants were not generally
accepted as adequate proof due to presumptive results observed in indirect physiological
experiments or imprecise data of cAMP or cAMP analogues (Pollard, 1970, Narayanan et al.,
1970, Salomon and Mascarenhas, 1971).
The published estimates of cAMP levels in plants range from 2-71 picomol/g wet weight (for
more details see (Newton and Brown, 1986). Some authors claimed that since the range of
cAMP detected in plants was very low compared to animal levels (0.2-2 µM) (Shabb and
Corbin, 1992), it could be a result of bacterial contamination. These claims were rejected in part
due to the fact that bacterial contaminants in plant cells represented 0.1% only (Ashton and
Polya, 1978). In plants, low levels of CNs were also speculated to be due to the higher activity of
phosphodiesterases (PDEs) (Assmann, 1995). In the red macroalga, Porphyra leucosticte, cAMP
levels also showed light-dependence, hence different response to the same treatment in different
environmental conditions (Segovia et al., 2001).
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Despite the low, seemingly un-physiological and certainly not animal-like levels of cAMP in
plants, studies using cell permeant cAMP (8-Bromo-cAMP and dibutyryl cAMP) and forskolin
(a direct activator of ACs) appear to induce an increase in intracellular Ca2+ through an influx
across the plasma membrane possibly mediated by CNGCs (Kurosaki and Nishi, 1993,
Volotovski et al., 1998, Lemtiri-Chlieh and Berkowitz, 2004, Wu et al., 2011).

1.5.1 The concentration of cAMP in higher plants
The concentration of cAMP in higher plants was found to be in the picomolar range (Assmann,
1995), which is much lower compared with that present in animals and microbial cells where it
could reach the micromolar range. Estimated cAMP concentration in plants may also be affected
by the presence of vacuoles, which forms about 90% of the cell space. It should also be
considered that the methods used for measuring cAMP concentration in plant tissues have been
largely adapted directly with little or no modification from procedures developed earlier for
mammalian tissues. Bearing this in mind, it was shown nevertheless that the ratios of cAMP to
ATP are similar in both animals and plants (between 1:100 and 1:1000) (Newton, Roef et al.,
1999).

1.5.2 Measurements of cAMP show evidence of its role in plant processes
Cyclic AMP levels in plants are typically < 20 pmol/g fresh weight (Ashton and Polya, 1978).
For instance, cAMP levels have been measured in Lilium longiflorum endosperm cells and found
to be < 12 pmol/g fresh weight (Ashton and Polya, 1978). This is in contrast to animal cells
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where it reaches >250 pmol/g wet weight (Butcher, Baird et al., 1968). One of the earliest
studies in plants reported that cAMP concentrations, measured in Phaseolus vulgaris cells by
Radio Immuno-Assay (RIA) increased from 5 to 18 pmol/g fresh weight upon elicitor treatment
(Newton, Kingston et al., 1984). This increase is similar to that observed in some animal
systems. For example, glucagon induces a 3-fold increase in cAMP concentration under
physiological conditions (Sutherland, Robison et al., 1968). It is worth mentioning that the low
concentration of cAMP in plant cells compared with that found in animals may be due in part to
the inadequate quantitative identification procedures used in the initial biochemical plant studies
and also to other challenges that will be highlighted in detail in this thesis.
Although some studies have suggested that the cAMP detected in those studies are nothing more
but the result of contamination from bacteria (Ignarro, Bush et al., 1990). These criticisms were
refuted and many subsequent studies strongly supported the presence of cAMP in higher plants.
For instance, it was argued by (Ashton and Polya, 1978) that the bacterial contribution in the
contaminating measurements of cAMP in axenic cultures of rye grass was insignificantly low
and contributes to no more than 0.1 %. Confidence has been afforded by rigorous experimental
methods employed to detect and measure cAMP concentrations in plants namely, highperformance liquid chromatography (HPLC) and electrospray mass spectrometry

(ES-MS)

(Witters, Roef et al. ,1996).
Since the 1980-ies, several methods used to measure cAMP including chromatographic
techniques such as adsorption, ion exchange, paper and thin layer chromatography were replaced
by more powerful technologies like HPLC which is able to separate the 3’, 5’-cAMP from its 2’,
3’- cAMP isomer (Brown, 1983). RIA using anti-cAMP antibodies afforded a better purification
step and resulted in a powerful clean-up of the samples (Ehsan, Reichheld et al. ,1998).
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Combining of liquid chromatography and electrospray ionization mass spectrometry allowed the
analysis of polar molecules such as cAMP. These techniques are now been used successfully to
implicate cAMP in signal transduction in several plant processes. .
By the 1990-ies more reliable indications of cAMP functions in signal transduction during cell
cycle division of tobacco BY-2 cell (Ehsan, Reichheld et al., 1998), stimulation of protein kinase
activity in rice leaves (Komatsu and Hirano, 1993), and more recently cAMP has been shown to
play a role in stress responses and plant defense (Gottig, Garavaglia et al., 2009). Cyclic AMP
can also regulate ion transport through ion channels in plant cells (Maathuis and Sanders, 2001,
Lemtiri-Chlieh and Berkowitz, 2004). Cyclic AMP may also be involved in the regulation of
Vicia faba stomatal movements (Curvetto, Darjania et al., 1994). Cyclic AMP signaling pathway
in pollen was shown and cAMP levels were found to be approximately uniform in the pollen
tube cytosol but showing transient increases in the apical region upon reorientation and apical
perturbations (Moutinho, Hussey et al., 2001) (Figure 1 4).
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Figure 1.4 Cyclic AMP has been implicated in many important plant processes. The processes include stomatal
function (a), transcription (b), pathogen attack (c), seed germination (d), pollen tube growth (e), chloroplast
development (f) and ion fluxes (g).

A number of reports have focused on the effect of treating plants with exogenous cAMP. While
some found that 10 nM was sufficient to induce an effect like promoting elongation of the pollen
tubes in lily (Tezuka, Hiratsuka et al., 1993), others reported responses to micromolar range
concentrations, for example: stimulation of stomatal opening in Vicia faba (Curvetto, Darjania et
al., 1994) and activation of Ca2+ uptake in cultured carrot cells (Kurosaki, 1997). The discrepancy
in the amount of exogenous cAMP used between these studies could arise from the concentration
that actually reaches the target cells. Furthermore, the low permeability to cAMP through plasma
membrane requires a higher dosage of exogenous cAMP (Assmann, 1995).
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1.6 Evidence of Adenylyl Cyclase activity in higher plants
1.6.1 Adenylyl Cyclase (AC) activity
AC activity has been demonstrated in higher plant material by the use of both histochemical and
biochemical procedures, where the ATP is replaced with a specific substrate analogue for AC
which is less sensitive to the ATPase and other phosphatase activities such as adenosine 5’-[α,βmethylene] triphosphate (Mayer, Ehemann et al., 1985). These methods have been used to
propose the physiological role for plant AC activity. For instance, in Vicia faba guard cells, AC
activity was detected and stimulated by Ca2+, forskolin, GTP, and abscisic acid (ABA) (Curvetto,
Darjania et al., 1994). Indirect demonstration of AC activity was shown by mass spectrometry, a
technique also used to measure activity of cAMP (Pacini, Petrigliano et al., 1993). The cAMP
formation was confirmed using MS analysis and hence AC activity was shown in Medicago
sativa cell cultures prior and post exposure to the phytopathogenic fungus Verticillium
alboatrum (Cooke, Smith et al., 1994). Indirect AC activity alone is not considered sufficient
evidence for the existence of cAMP, because of the failure to identify the DNA sequences in
plant genomes with significant homology to those established for NCs. Therefore, it is now
becoming important to clone putative NCs and prove functionality in vitro and/or in vivo.
The dispute about the existence of cAMP in plants was, more or less, put to rest once some of the
putative enzymes involved in its metabolism (e.g. ACs and PKAs) began to be discovered. A
review covered the role of cellular cAMP in plants and evidence for a role of this second
messenger in plant signal transduction (Gehring, 2010). Current evidence of plant ACs, analyses
of aspects of their domain organizations and the biological roles of candidate molecules were
proposed. In addition, the review proposed different approaches based on search motifs
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consisting of functionally assigned amino acids in the catalytic center of annotated and/or
experimentally tested nucleotide cyclases that can contribute to the identification of novel
candidate molecules with AC activity (Gehring, 2010).

1.7

Aims and outline of the research

This research aims, firstly, to identify and characterize candidate molecules that have adenylyl
cyclase activity based on computational queries that predict AC candidates in Arabidopsis
thaliana. Secondly, the project aims to characterize the activity of selected AC domains for their
AC activity both in vitro and in vivo. Further investigations were carried out through creating
site-mutagenesis on those AC domains. Experiments were also carried out to characterize the
cross talk between the AC domain and other domains of the candidate ACs. Different
heterologous systems were used to understand the mechanism of action of the AC activity
combined with the potassium uptake. In vivo studies on the wild-type mutant plants,
overexpressing and GFP-fusions were also carried out.
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CHAPTER 2
The Arabidopsis thaliana K -uptake permease 7 (ATKUP7) contains a functional cytosolic
adenylate cyclase catalytic center

2.1 Introduction
Adenylate cyclases (ACs) (EC 4.6.1.1) catalyse the formation of the universal second messenger
(cAMP) from adenosine 5’-triphosphate. Cyclic AMP participates in key signal transduction
pathways in all living organisms ranging from the simple prokaryotes such as Escherichia coli to
complex multicellular organisms including Homo sapiens. In higher plants, cAMP has a role in
many biological processes such as the activation of protein kinases in the leaf of rice (Komatsu
and Hirano, 1993) and the promotion of cell division in tobacco BY-2 cells (Ehsan, Reichheld et
al., 1998). More recently, cAMP has also been implicated in plant stress responses and defense
(Gottig, Garavaglia et al., 2009, Thomas, Marondedze et al., 2013). Furthermore, in Vicia faba,
exogenously applied cAMP causes stomatal opening (Curvetto, Darjania et al., 1994) and
modulates ion transport through cyclic nucleotide gated channels (CNGC) (Maathuis and
Sanders, 1996, Lemtiri-Chlieh and Berkowitz, 2004, Zelman, Dawe et al., 2012).
The discovery of components of cAMP signaling pathways, as well as cAMP interacting proteins
(i.e. ACs, phosphodiesterase (PDE) and protein kinase A (PKA)) have been reported (Assmann,
1995, Gehring, 2010). However, to-date, no gene encoding a PDE has been annotated in plants
while a Zea mays protein that participates in polarized pollen tube growth remains the only
experimentally confirmed AC in higher plants (Moutinho, Hussey et al., 2001).
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Here we report that the N-terminal cytosolic region of a K+ uptake transporter 7
(KT/HAK/KUP7; ATKUP7, At5g09400) in Arabidopsis thaliana contains an AC catalytic
center and show that a recombinant ATKUP71-100 generates cAMP detectable by enzyme
immunoassay and mass spectrometry, and can rescue an E. coli mutant that lacks the adenylate
cyclase (cyaA) gene thus enabling lactose fermentation.

2.2 Materials and Methods
2.2.1 Generation of recombinant ATKUP71-100 and cloning strategy
cDNA was synthesized from RNA extracted from leaf of Columbia 0 A. thaliana using the
RNeasy kit (Qiagen, Crawley, UK). The cDNA sequence of ATKUP7 was retrieved from The
Arabidopsis Information Resource (TAIR) website (https://www.arabidopsis.org).

2.2.1.1 Primer design and PCR amplification of the ATKUP7 AC domain
The PCR reaction was optimized for temperature and Mg2+ concentration. The PCR products
were resolved by electrophoresis in 1% (w/v) agarose gel made up in 1 X TAE buffer (40 mM
Tris, 20 mM acetic acid and 1 mM EDTA) containing 0.16 µg/mL ethidium bromide and ran in
the same 1 X TAE. This PCR product was viewed under long wavelength UV, to minimize any
UV induced DNA breaks and the band of the expected size were excised from the gel. The gel
slice then was purified using the Wizard ® SV Gel and PCR Clean-Up System according to the
manufacturer’s instructions (Promega, Madison, WI). In order to add poly-A tails to our purified
PCR product it was incubated with a Taq that lacks 3’-5’ exonuclease activity, in this case
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KAPA Taq DNA polymerase together with the appropriate buffer and dAT. A second clean up
using Wizard ® SV Gel and PCR Clean-Up System (Promega, Madison, WI) was done and the
concentration of the ATKUP7 AC domain PCR product was then quantified using a Nanodrop.
The PCR product was amplified using the gene specific primers: ATKUP7 Forward (5’ATGGCGGAGGAAAGCAGTAT-3’)

and

ATKUP7

Reverse

(5’-

TTATTTCCTCCCAACGGTC-3’).

2.2.1.2 Generation of the entry clone of AC domain of ATKUP7
The Gateway cloning system was used to clone the ATKUP7 AC domain. The
PCR8/GW/TOPO®TA Cloning®Kit (InvitrogenTM, Thermo Fisher Scientific, Carlsbad, CA)
was used to generate an entry clone that has attL1 and attL2 sites for subsequent Gateway
cloning into destination vectors of choice.
The PCR8 plasmid has T overhangs for TA cloning together with a specific (CCTTT) site, which
binds the Topoisomerase I enzyme. This allows for the efficient cloning of PCR products with
poly-A overhangs into pCR8. The TOPO cloning reaction was used to clone the ATKUP7 AC
domain into pCR8 according to the manufacturer’s instructions (InvitrogenTM, Thermo Fisher
Scientific, Carlsbad, CA). The TOPO® cloning product was then transformed into One-shot
chemically competent E. coli DH5α cells (Life Technologies, Carlsbad, CA) according to the
manufacturer’s instructions (Invitrogen). For the selection of positive transformants,	
   the
transformation reaction was plated on Luria Bertani (LB) agar with spectinomycin (because
PCR8/GW/TOPO® vector contains the spectinomycin resistance gene) and incubated overnight
at 37°C. A number of single colonies were inoculated into overnight cultures and incubated
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overnight at 37 °C with shaking. The following day plasmid DNA was extracted using the
PureLink ™Quick Plasmid Miniprep ((InvitrogenTM, Thermo Fisher Scientific, Carlsbad, CA)
kit according to the manufacturer’s instructions (Invitrogen) and quantified using the Nanodrop
(Thermo Fisher Scientific, Marietta, OH).
To confirm the presence of the ATKUP7 AC domain, a PCR reaction was performed using the
primers that were used for cloning. Approximately 5% of transformants did contain inserts in the
reverse orientation; therefore restriction enzyme digests was performed to determine the
direction of the ATKUP7 AC domain insertion. Specifically, an EcoRI digest was used to show
an insertion of the correct size since EcoRI sites flank the TA cloning site and secondly, an
MluI/XbaI double digest was used to determine insert orientation. Finally, the sequence of the
ATKUP7 insert was checked by sequencing.
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ATGGCGGAGGAAAGCAGTAGGAAGGTTCTGAAAAAGAAGAGATCGATA
GCTCAGGTGGTGGTTTTGGAGATATGGCATCCATGGATTCTATCGAGT
CTCGATGGGTTATTCAAGACGATGATGATTCCGAGATCGGCGTTGACG
ATGATAATGATGGATTCGACGGTACTGGACTCGAATCCGATGAGGACG
AGATACCTGAGCATCGCCTGATCCGTACTGGTCCACGTGTTGATTCCT
TCGACGTGGAAGCGCTTGAAGTTCCTGGTGCTCCGAGAAATGATTACG
AGGACTTGACCGTTGGGAGGAAA

]

	
  

Figure. 2.1 The PCR8/GW/TOPO® vector map with the inserted ATKUP7 AC domain (red, underlined
sequence) and the expression vector pDES-17.

Next,	
   The ATKUP7 AC domain insert was transferred from the pCR8 entry vector to the
pDEST17 vector for recombinant protein expression in E. coli to place. In this vector the
ATKUP7 AC domain sequence is under the control of an inducible T7 promoter for recombinant
protein expression in E. coli as well as containing a 6XHis tag that will enable protein
purification. Gateway LR clonase (InvitrogenTM, Thermo Fisher Scientific, Carlsbad, CA) was
used to recombine the ATKUP7 insert from the pCR8 entry vector into the pDEST17 destination
vector, according to the manufacturer’s instructions (Invitrogen). The pDEST17-ATKUP7 AC
domain was then transformed into E. coli DH5α for sequencing to check that the insert sequence
is in frame with the 6XHis tag. Finally the ATKUP7AC domain in pDEST17 was transformed
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into E. coli BL21-A1 cells for expression. These cells contain an additional plasmid, which
encodes T7 polymerase under the control of an arabinose inducible promoter. Thus, the
concentration of L-arabinose was adjusted to control the level of protein expression.

2.2.2 Expression and purification of the recombinant ATKUP7 AC domain
2.2.2.1 Transformation of plasmid DNA into competent cells
E. coli BL21 A1 competent cells (Invitrogen™, Thermo Fisher Scientific, Carlsbad, CA) were
thawed on ice for 5 minutes. Two µl of the pDEST17-ATKUP7 AC domain plasmid (~100
ng/ml) was gently added into 25 µl competent cells and incubated on ice for 30 minutes. The
cells were then heat-shocked by incubation at 42ºC for 30 s and immediately transferred to ice
for a further 2 minutes. Two hundred and fifty µl of pre-warmed super optimal broth (SOC)
medium was added into the tubes that were then incubated at 37ºC for 1 hr with shaking at 225
rpm. A total of 100 µl culture was then platted on LB agar plates containing 50 µg/ml
carbenicillin and incubated overnight at 37ºC. Positive transformants were picked into overnight
cultures and maintained as glycerol stocks.

2.2.2.2 Expression of recombinant ATKUP7 AC domain in E. coli
E. coli BL21 A1 transformed with the pDEST17-ATKUP7AC domain plasmid (see Section
2.2.2.1) was streaked from glycerol stock onto LB agar containing 50 µg/ml carbenicillin. A
single colony was inoculated into 5 ml LB broth containing 50 µg/ml carbenicillin and incubated
overnight at 37ºC with shaking at 6 X g. The entire overnight starter culture was transferred into
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a 250 ml LB broth which also contains the carbenicillin (50 µg/ml) antibiotic and incubated at
37ºC with shaking at 225 rpm until the optical density (OD) at 600 nm reaches 0.5 - 0.6
(approximately 2 hours). Protein expression was induced by the addition of 0.2% (w/v) of Larabinose (Sigma-Aldrich, St. Louis, MO) and the culture was incubated at 37ºC with shaking at
225 rpm for a further 4 hours. The bacterial cells were harvested by centrifugation at 3900 g for
30 minutes using the Allegra X-22R centrifuge (Beckman Coulter, Indianapolis, IN) and the
pellet was stored at -20ºC until use.

2.2.2.3 Affinity purification of His-tagged proteins
2.2.2.3.1 Cell lysis
The frozen cell pellet was thawed on ice and re-suspended in 10 ml/g pellet weight lysis buffer
containing 6 M GuHCl, 20 mM Na2H2PO4, 500 mM NaCl and SIGMAFAST protease inhibitor
cocktail (Sigma-Aldrich, St. Loius, MO) one tablet per 100 ml buffer volume was added at pH
7.8, and incubated at room temperature with occasional shaking for 30 minutes. The cell lysate
was centrifuged at 3900 X g for 30 minutes and the supernatant transferred to a fresh tube for the
subsequent affinity purification.

2.2.2.3.2 Bench-top protein purification
The recombinant ATKUP7 AC domain protein was purified using the Ni-NTA affinity system ,
(Lindwall, Chau et al., 2000) under denaturing conditions (Stempfer, (Stempfer, HöllNeugebauer et al., 1996). The cell lysate was prepared by resuspending the harvested cells into a
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lysis buffer (10 mM NaH2PO4, 10 mM Tris-Cl, 6 M guanidine hydrochloride; pH 8) at a ratio of
1 g pellet weight to 10 mL buffer volume and then mixed with on a rotary mixer for 30 min and
centrifuged at 2300 g for 15 min. The supernatant was collected as a cleared cell lysate and
transferred to 1 mL of 50% (w/v) Ni-NTA slurry (Qiagen, Crawley, UK) pre-equilibrated with
10 mL of lysis buffer. The contents were gently mixed on a rotary mixer (Breda Scientific,
Breda, Netherlands) for 30 min at 24°C. . The lysate-resin mixture was loaded into a column
(Amersham Pharmacia Biotech, Little Chalfont, UK), allowed to settle and the flow through
discarded. The resins were washed three times with 30 mL wash buffer (8 M urea, 100 mM
NaH2PO4, 10 mM Tris-HCl; pH 6.3) and followed by collection of fractions with an elution
buffer (8 M urea, 100 mM NaH2PO4, mM Tris-HCl; pH 5.9). The recombinant protein is
subjected to a second elution with an imidazole-containing elution buffer (8 M urea, 100 mM
NaH2PO4, 250 mM imidazole, 10 mM Tris-HCl; pH 8). At each step of the purification process,
samples were collected for analysis by SDS-PAGE. The eluted proteins were concentrated to
approximately 500 µl by centrifugation at 3900 X g using the 15 kDa cut-off centrifugal filter
unit (Millipore,Temecula,CA) before re-suspension into 15 ml of FPLC equilibration buffer
containing 8 M urea, 20 mM Na2H2PO4, 500 mM NaCl, 100 mM sucrose, 100 mM nondetergent sulfobetaines (NDSB), 0.05% poly (ethylene glycol) (PEG), 4 mM reduced
glutathione, 0.04 mM oxidized glutathione and SIGMAFAST protease inhibitor cocktail at pH
7.8.

2.2.2.3.3 Protein refolding
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The re-suspended ATKUP7 AC proteins were first loaded into a pre-packed 1 ml HisTrap HP
Ni-NTA column (GE Healthcare, Pittsburgh, PA) and washed with 10 column volumes (1 ml per
column) of equilibration (at a rate of 1 ml per minute) with the equilibration buffer, at a rate of
0.2 ml per minute. The denatured recombinant ATKUP7 AC bound to the Ni-NTA beads can
gradually assume its native configuration and at the same time reduce aggregation by gradual
removal of urea (Middelberg, 2002) This can be achieved by slowly and linearly diluting the
equilibration buffer from 8 M urea to 0 M urea at a rate of 1 ml per minute over a long gradient
length of 50 column volumes (1 ml per column volume) with refolding buffer containing 20 mM
Na2H2PO4, 500 mM NaCl, 500 mM sucrose, 100 mM NDSB, 0.05% PEG, 4 mM reduced
glutathione, 0.04 mM oxidized glutathione and SIGMAFAST protease inhibitor cocktail at pH
7.8. The refolded recombinant ATKUP7 AC domain was then washed with 10 column volumes
(1 ml per column volume) refolding buffer at a flow rate of 1 ml per minute. Since imidazole
competes with the poly-histidine tag for binding to the nickel-charged beads in the column,
gradual addition of imidazole can first remove any proteins that were loosely bound to the
ATKUP7 AC protein or to the Ni-NTA beads (for e.g. histidine-rich proteins) before the removal
of the tightly bound refolded ATKUP7 AC proteins from the NiNTA beads, thus resulting in
high purity of recombinant ATKUP7 AC. Elution of the bound ATKUP7 AC protein was
performed with a linear gradient of 20 column volumes (1 ml per column) elution buffer
containing 20 mM Na2H2PO4, 500 mM NaCl, 500 mM sucrose, 500 mM imidazole, 100 mM
NDSB, 0.05% PEG, 4 mM reduced glutathione, 0.04 mM oxidized glutathione and
SIGMAFAST protease inhibitor cocktail at pH 7.8 at the same flow rate. The eluted recombinant
ATKUP7 AC domain was concentrated and imidazole was removed by centrifugation at 3900 X
g in a centrifugal filter unit (Millipore,Temecula, CA) with a cutoff point of 30 kDa until the
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volume reaches approximately 500 µl, before resuspending with 4.5 ml storage buffer containing
20 mM Na2H2PO4, 500 mM NaCl, 500 mM sucrose, 100 mM NDSB, 0.05% PEG, 4 mM
reduced glutathione, 0.04 mM oxidized glutathione and SIGMAFAST protease inhibitor cocktail
at pH 7.8. The recombinant ATKUP71-100 AC protein product was analyzed and quantified by
SDS-PAGE, and trypsin-digested for analysis using the mass spectrometer to confirm the
identity and purity of the protein.

2.2.2.3.4 Analyses of purified recombinant ATKUP7 AC domain SDS-PAGE
Purified recombinant ATKUP7 AC proteins were analyzed by SDS-PAGE in a mini protean gel
system (Bio-Rad, Hercules, CA). A 12% resolving gel solution was prepared from 30% 37:5:1
acrylamide/bis-acrylamide, 1.5 M Tris-HCl pH 8.8, 20% (w/v) SDS, 10% (w/v) ammonium
persulfate (APS) and 0.05% (v/v) tetramethylethylenediamine (TEMED). A 4% stacking gel
solution was prepared from 30% 37:5:1 acrylamide/bis-acrylamide, 0.5 M Tris-HCl pH 6.8, 20%
(w/v) SDS, 10% (w/v) ammonium persulfate APS and 0.05% (v/v) TEMED. A 1 X sample
buffer was prepared from 0.5 M Tris-HCl pH 6.8, glycerol, 20% (w/v) SDS and ~20 mg of
bromophenol blue (Sigma-Aldrich, St. Louis, MO). A total of 2% (v/v) β-mercaptoethanol was
added to the sample buffer prior to use. The sample buffer was added to the protein samples at a
2:1 ratio and mixed well before incubating at 95ºC for 5 minutes and loading into the wells of an
electrophoresis tank pre-filled with running buffer (25 mM Tris, 192 mM glycine and 1% SDS).
The boiled protein samples, PageRuler pre-stained protein ladder (Thermo Fisher Scientific,
Carlsbad, CA) and controls were loaded into the wells and the run was started at 120 V for an
initial 20 minutes, before increasing to 150 V until dye front reaches the bottom of the gel. The
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gels were stained in Coomassie Brilliant Blue R-250 staining solution for 1hour with slight
shaking and de-stained in Coomassie Brilliant Blue R-250 de-staining solution (BioRad,
Hercules, CA) until the background becomes clear.

2.2.2.3.5 Protein quantification
Protein concentrations were determined by Bradford Assay using BSA as a standard (Bradford
and Williams, 1976). From a BSA stock solution of 2 mg/ml, the following standards
concentrations of 1500, 1000, 750, 500, 200 and 100 µg/ml were prepared by diluting the stock
solution with the same buffer in which the proteins were stored. A total of 20 µl standard was
mixed with 1 ml of Quick Start Bradford 1 X dye reagent (BioRad, Hercules, CA) then incubated
for 5 minutes at room temperature before measuring the absorbance at 595 nm using a
Biophotometer (Eppendorf, Hauppauge, NY). In this case the blank was the storage buffer. The
resulting absorbance readings corresponding to the BSA standards were used to plot a BSA
standard curve and a linear trend-line with equation was determined using Microsoft Office
Excel 2010. The absorbance of ATKUP7 AC domain samples was similarly measured using the
BSA standard curve.

2.2.2.3.6 Mass spectroscopy analysis
The identity of the purified protein is also confirmed by mass spectrometry analysis. The
purified protein samples were first digested by trypsin and resolubilized in 5% acetonitrile and
0.1% formic acid and ran on the Q-Trap mass spectrometry coupled with a LC system with a LC
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gradient of 45 minutes. The resulting Q-Trap data was ran on the MASCOT (Matrix Science,
Columbia, SC,) and the Scaffold softwares (Proteome Software, Portland, OR) using both the
Arabidopsis (TAIR10 version) and E. coli (SwissProt version 57.15) databases (Healy, Huynh et
al., 2009). The resulting peptide sequence was analyzed by BLAST to confirm the identity.

2.2.3 In vitro adenylate cyclase enzymatic assay and quantification of cAMP
2.2.3.1 cAMP detection
The cAMP detection and quantification was performed according to the acetyltation protocol of
the Amersham cAMP Enzymeimmunoassay BiotrakTM System from GE Healthcare (GE
Healthcare, Pittsburgh, PA). Cyclic AMP generated from the AC assays of the recombinant
ATKUP7 AC domain (see Section 2.2.2) was measured by a colorimetric competitive enzyme
immunoassay method. Each experiment was tested in triplicate (n=3). In the present of hydrogen
peroxide, peroxidase oxidizes tetramethylbenzidine (TMB) form a blue colored compound,
TMB. Unlabeled or free cAMP displaces a fixed quantity of cAMP-labeled peroxidase from the
binding sites on a cAMP specific antibody, thus yielding reduced OD readings at 630 nm (less
blue in color) upon the addition of the peroxidase substrate, TMB (Figure 2.2).
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Figure 2.2 the principle of the EIA kit

2.2.3.2 Liquid Chromatography-Mass Spectrometry (LC-MS)
Liquid chromatography tandem mass spectrometry (LC–MS/MS; Thermo LTQ Velos Orbitrap
mass spectrometer (Thermo Fisher Scientific, Carlsbad, CA)) was used to detect cAMP
generated from reaction mixtures containing 10 µg of recombinant protein in 50 mM Tris–Cl; 2
mM isobutylmethylxanthine (IBMX) (Sigma-Aldrich, St. Loius, MO) 5 mM MgCl2 or MnCl2
and 1 mM ATP in a final volume of 100 µl. All methods are more extensively detailed elsewhere
(Kwezi, Ruzvidzo et al., 2011).
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2.2.4 Complementation of cyaA mutation in an E. coli AC-deficient strain
2.2.4.1 Preparation of cyaA mutant competent cells
The E. coli cyaA mutant SP850 strain (lam-, el4-, relA1, spoT1, cyaA1400 (:kan),thi-1), deficient
in the adenylate cyclase (cyaA) gene, was obtained from the E. coli Genetic Stock Centre (Yale
University, New Haven, USA) (accession No. 7200). Then competent cells were prepared from
both the mutant and the wild type strains. Firstly, the cells from both mutant and wild type
strains were grown on LB agar at 37 °C overnight. A single cell was inoculated into 5ml LB
media and grown shaking at 37 °C overnight. The following 2ml of the overnight cultures were
sub-cultured into 250ml LB broth supplemented with MgSO4 and grown at 37°C, shaking until
OD600 reached 0.4-0.6. The cells were recovered by centrifugation at 5000 X g for 5 minutes at
4oC and the supernatant discarded. The cells were gently suspended in 100ml ice cold TFB1
buffer (30 mM potassium acetate, 100 mM RbCl, 10 mM CaCl2).

2.2.4.2 Investigation of AC activity by complementation of E. coli cyaA
The pDEST17-ATKUP71-100 construct was used to transform the E. coli cyaA mutant strain by
heat shock (2 minutes at 42 °C). Bacteria were grown at 37 °C in LB media containing
ampicillin and kanamycin (100 mg/ml) until they reached an OD600 of 0.6 and then incubated
with 0.5 mM isopropyl-beta-D-1-thiogalactopyranoside (IPTG) (Sigma-Aldrich, St. Loius, MO)
for transgene induction for 4 h prior to streaking on MacConkey agar.
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2.2.5 Computational assessment of the ATKUP7 AC center
A full-length ATKUP7 model was generated using the iterative threading assembly refinement
(I-TASSER) method (Zhang, 2008). The full length ATKUP7 amino acid sequence was
submitted to the I-TASSER server available on-line at: http://zhanglab.ccmb.med. umich.edu/ITASSER/ and the model with the highest quality based on their C-score was downloaded from
the server. The ATKUP7 model was visualised and analysed, and the images were created using
UCSF Chimera (ver. 1.10.1) (Pettersen, Goddard et al., 2004). Docking of ATP to the AC centre
of ATKUP7 model was performed using AutoDock Vina (ver. 1.1.2) (Trott and Olson, 2010).
The ATP docking pose was analysed and docking images were created using PyMOL (ver 1.7.4)
(The PyMOL Molecular Graphics System, Schrödinger, LLC).
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2.3 Results and discussion
2.3.1 Searching for Adenylyl Cyclase (AC) candidates in plants
As previously discussed, cAMP signal transduction participates in many physiological processes
in higher plants either by the phosphorylation of target proteins using cAMP dependent protein
kinases or by the direct binding to e.g. CNGCs. Therefore, the presence of enzymes that make
cAMP is an important task. It took plant scientists many years to finally prove the presence of
the first nucleotide cyclase. The first AC in higher plants was discovered in Zea mays, which was
shown to be required for polarized pollen tube growth (Moutinho, Hussey et al., 2001). In
Arabidopsis, an orthologue of this protein (AT3G14460) is annotated as a disease resistance
protein and is a member of the Nucleotide-Binding Site Leucine-Rich Repeat (NB-LRR) family
that plays a role in plant defense responses and apoptosis. The breakthrough came with the
increased use of bioinformatics in plant science. Indeed, Ludidi and Gehring (2003) developed a
rational query motif based on specific functional residues in the GC catalytic center, which has
yielded seven candidates, amongst them: the first GC in plants (Ludidi and Gehring, 2003). Plant
ACs and GCs cannot be found with BLAST searches with known and/or experimentally
confirmed nucleotide cyclases from lower and higher eukaryotes but only with search motifs of
e.g. a 14 amino acid (AA) long catalytic center motif (see Figure 2.3).
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Figure 2.3. The predicted AC domain. GC modification since prior experimental work has shown that the catalytic
domains of ACs and GCs are highly similar (Roelofs, Meima et al., 2001) (top line). The modified AC motif search
contains [DE] at position three (blue) for substrate specificity for ATP rather than GTP. The [RKS] at position one is
important for hydrogen binding. The Mg2+/Mn2+ binding site is the C-terminal [DE] (green).
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In GCs the core motif, [YFW] is situated between the assigned residue that does the hydrogen
bonding (position 1) and the amino acid that confers substrate specificity (position 3) and this is
also the case in the only confirmed maize AC which incidentally shares some similarity with an
annotated AC from Neurospora crassa (XP_965280.1).
The catalytic centers of ACs and GCs differ only in the amino acid that confers substrate
specificity (Tucker, Hurley et al., 1998, Roelofs, Meima et al., 2001, Gehring, 2010, Wong and
Gehring, 2013). Therefore, we modified the GC motif by changing the third position of the 14 aa
search term from [CTGH] to [DE] to identify candidate ACs in plants. This substitution was
proposed based on the findings of previous studies that showed the conversion of GCs into ACs
and vice versa through site directed mutagenesis of the residue implicated in substrate
recognition (Tucker, Hurley et al., 1998, Roelofs, Meima et al., 2001) . We then queried the
Arabidopsis

proteome

using

this

rationally

modified

AC

motif

([RKS][YFW][DE][VIL]X(8,9)[KR]X(1,3)[DE]) and retrieved 341 proteins. We further
narrowed the search by including the residues [VIL] typical for experimentally tested plant GCs
(Ludidi and Gehring, 2003, Kwezi, Meier et al., 2007, Meier, Ruzvidzo et al., 2010, Qi, Verma
et al., 2010, Kwezi, Ruzvidzo et al., 2011) in position 9, and [R] between 5 and 20 aa upstream
of position 1 since an N-terminal arginine is essential for pyrophosphate binding (Liu, Ruoho et
al.,

1997).

The

extended

AC

motif

([R]X(5,20)[RKS][YFW][DE][VIL]X(4)[VIL]X(4)[KR]X(1,3)[DE]) identifies 14 candidate
proteins as in table (2.1). The peptides marked in bold have been tested for AC activity.
In table (2.2) other candidate ACs have been detected using a similar search pattern.
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Table 2.1 Pattern Matching (PatMatch) search parameters of Arabidopsis thaliana candidate
ACs
Arabidopsis thaliana proteins containing the AC search motif:
[R]X(5,20)[RKS][YFW][DE][VIL]X(4)[VIL]X(4)[KR]X(1,3)[DE]
ATG No.

Sequence

Annotation

1

AT1G15290.1

RVSSVRPIRWELGSTWVQHLQKKE

TPR-like

2

AT1G22260.1

RNDQAINEIRRKYDVEKHEIINSEKDKVE

ZYP1A

3

AT1G22275.1

RNDQAINEIRRKYDVEKHEIINSEKDKVE

ZYP1B

4

AT1G26580.1

RLNVEDDSCTSFELARNAVNCAEKDE

Not annotated

5

AT2G25660.1

RLEVMITVEKTILEQSNSRYELQGEYVLPGSRDRD

EMB2410

6

AT3G11580.1

RYVKDKHLDAGDVVFFQRHRFDLHRLFIGWRRRGE

NGAL2, SOD7

7

AT3G17320.1

REEKLAVLYQRWDITWTGIWISNKIE

FOA1

8

AT3G18035.1

RKIGTSVTTGTQDSGELKKKFDIFQEKVKEIVKVLKD

HON4

9

AT3G20130.1

RQLQKLGISLFKKDIMGVSNKFDVLLEKVLVEHREKPE

CYP705A22, GPS1

10

AT3G57980.1

RVDELRREVERYDLSISSLQLKVKTLE

DNA-binding bromodomain

11

AT4G33530.1

RTSPAVDSFDVDALEIPGTQKNE

KUP5

12

AT5G09400.1

RTGPRVDSFDVEALEVPGAPRND

KUP7

13

AT5G36200.1

REEQLAVLIKRFDLWRMEIWVTTKIE

F-box & interact. domains

14

AT5G64370.1

RQYKDKWGFRMTARYEVYADLLAKYIKPD

BETA-UP, PYD3
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Table 2.2 Pattern Matching (PatMatch) search parameters Arabidopsis thaliana proteins
containing the AC search motif:
[RKS][YFW][DE][VIL]X(8,9) [KR]X(1,3)[DE]
ATG No.

Sequence

Annotation

1

AT1G01040.1

SFDVVRASGLLPVRDAFE

Dicer homolog

2

AT1G25240.1

KWEIFEDDFCFTCKDIKE

ENTH

3

AT1G26460.1

SYDLVIGMHFGVGKND

PPR

4

AT1G30100.1

SYDVVKKPYLKYFKFSPE

NCED2

5

AT1G62590.1

KFDVVISLGEKMQRLE

PPR

6

AT1G68110.1

KWEIFEDDYRCFDRKD

ENTH

7

AT3G04220.1

KYDVFPSFRGEDVRKD

TIR-NBS-LRR class

8

AT2G25200.1

SWDVFNWLFGGKDKVKPD

Unknown

9

AT2G34780.1

KFEIVRARNEELKKEME

Novel protein with unknown function

10

AT3G02930.1

KFEVVEAGIEAVQRKE

Sequence**

11

AT3G14440.1

SYDVVSKPYLKYFRFSPD

NCED3

12

AT3G18035.1

KFDIFQEKVKEIVKVLKD

Sequence**

13

AT3G28223.1

KWEIVSEISPACIKSGLD

Cyclin-like F-box

14

AT4G00900.1

SWDVVDGYKPVNIKFSFE

ECA-2

15

AT4G18350.1

SYDVVKKPYLKYFRFSPD

NCED5

KWDVVASSFMIERKCE

F-box family protein

16
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In addition to their proposed permease activity we propose that ATKUP7 and ATKUP5 also
possess AC activity. The combination of an AC with a potassium channel is not proven yet in
plants, but a similar model has been shown in Paramecium and Plasmodium falciparum (Weber,
Vishnyakov et al., 2004). TAIR search for ATKUP7 and ATKUP5 shows that they are
composed of 858, and 855 amino acid respectively. The complete amino acid sequence of this
AC center is –RTSPAVDSFDVDALEIPGTQKNE-.

2.3.2 Identification of an AC catalytic center in cytosolic region of ATKUP7
Since the catalytic centres of ACs and GCs differ only in the amino acid that confers substrate
specificity (Roelofs, Meima et al., 2001, Gehring, 2010, Wong and Gehring, 2013), we modified
the GC motif by changing the third position of the 14 aa search term from [CTGH] to [DE] (Fig.
2.4A) to identify candidate ACs in plants. This substitution was proposed based on the findings
of previous studies that showed the conversion of GCs into ACs and vice versa through site
directed mutagenesis of the residue implicated in substrate recognition (Tucker, Hurley et al.,
1998, Roelofs, Meima et al., 2001). We then queried the Arabidopsis proteome using this
rationally modified AC motif ([RKS][YFW][DE][VIL]X(8,9)[KR]X(1,3)[DE]) and retrieved
341 proteins. We further narrowed the search by including the residues [VIL] typical for
experimentally tested plant GCs (Liu, Ruoho et al., 1997, Ludidi and Gehring, 2003, Kwezi,
Meier et al., 2007, Meier, Ruzvidzo et al., 2010, Qi, Verma et al., 2010, Kwezi, Ruzvidzo et al.,
2011) in position 9 and [R] between 5 and 20 aa upstream of position 1 since an N-terminal
arginine is essential for pyrophosphate binding (Liu, Ruoho et al., 1997). The extended AC motif
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([R]X(5,2 0)[RKS][YFW][DE][VIL]X(4)[VIL]X(4)[KR]X(1,3)[DE]) identifies 14 candidate
proteins one of which is the ATKUP7 (At5g09400) that is annotated as a vacuolar K+ transporter.
This protein is predicted to harbour 12 transmembrane domains with the AC catalytic centre
located in the N-terminal cytosolic domain (Fig. 2.4 B) spanning from aa 76 to 91. This AC
catalytic centre also appears in other plant orthologues including Vitis vinifera, Solanum
lycopersicum and Sorghum bicolor (Fig. 2.4 C) and importantly, the functionally assigned
residues in this AC centre are also present in the only experimentally confirmed AC in higher
plants, the PSiP protein from Z. mays (accession No. AJ307886). The PSiP has been reported to
have a role in pollen tube growth and fertilization (Moutinho, Hussey et al., 2001).
A)

B)

C)

Figure 2.4. Structural feature of the adenylate cyclase catalytic center of ATKUP7 transporter. A) The 14
amino acid motif of and the AC. B) Amino acid sequence of the ATKUP7 transporter. The complete sequence of the
ATKUP7 transporter is shown and the AC domain is located at the cytosolic N-terminal position. AC catalytic
center is in bold and the 104 amino acid fragment tested for AC activity is underlined. The 12 transmembrane
domains are highlighted in blue color. C) Alignment of the AC centers of ATKUP7 and its orthologues including
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Vitis vinifera (V.v.), Solanum lycopersicum (S.l.) and Sorghum bicolor (S.b.). A Zea mays pollen signaling protein
with adenylate cyclase activity, PSiP (accession No. AJ307886) represents the only confirmed AC in higher plants.
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In addition to the identification of an AC catalytic center in ATKUP7 using a rationally designed
AC motif, we also assessed the feasibility of the putative AC center to bind the substrate ATP
and catalyze the subsequent conversion into cAMP using computational modeling methods. We
have modeled the ATKUP7 by iterative threading and show in a model that the AC catalytic
center is solvent exposed thus allowing for unimpeded substrate interactions and presumably also
for catalysis (Figure 2.5). Further probing of the AC center by molecular docking of ATP
suggests that ATP can dock at the AC center with a good free energy and a favorable binding
pose. Specifically, the negatively charged phosphate end of ATP points towards the lysine
residue while the adenosine end is surrounded by negatively charged residues (Figure 2.5) much
like in structurally resolved GC centers (Wong and Gehring, 2013, Wong, Kozlov et al., 2015).
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Pro89
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Asp8
2
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Figure 2.5 The ATKUP7 models. A) Docking of ATP at the AC center and the interaction of ATP with the key
residues in the catalytic center is as shown in the surface and B) ribbon ATKUP7 models. C) The full-length
ATKUP7 model showing the location of the AC center at the solvent-exposed cytosolic region. The AC center
and the metal-binding residues are highlighted in yellow and cyan respectively. The residues implicated in
interaction with ATP are colored according to their charges in the surface models and shown as individual atoms
in the ribbon model. ATKUP7 was modelled using the iterative threading assembly refinement (I-TASSER)
method on the on-line server: http:// zhanglab.ccmb.med.umich.edu/I-TASSER/ (Zhang, 2008) and ATP docking
simulation was performed using Auto Dock Vina (ver. 1.1.2) (Trott and Olson, 2010).
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2.3.3 ATKUP71-100 can rescue an AC deficient E. coli strain
In order to investigate if the ATKUP7 AC can rescue an E. coli AC deficient mutant, the
ATKUP71-100 was cloned and expressed in an E. coli SP850 strain lacking the AC (cyaA) gene
that in turn prevents lactose fermentation. As a result of the cyaA mutation, the AC deficient E.
coli and the un-induced transformed E. coli remain colorless cells when grown on MacConkey
agar. In contrast, the ATKUP7 transformed E. coli SP850 cells, when induced with 0.5 mM
IPTG, form red colored colonies much like the wild type E. coli (Figure 2.6 A) thus indicating
a functional AC center in the recombinant ATKUP71-100 that has rescued the E. coli cyaA
mutant growing on MacConkey agar.
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Figure 2.6 Functional characterization of ATKUP71-100. A) The recombinant AC domain of ATKUP71-100
complemented the cyaA mutant E. coli (SP850). The wild type E. coli shows strong red colour while both the
cyaA mutant and the cyaA mutant with uninduced recombinant ATKUP71-100 yielded colourless colonies. B)
Cyclic AMP generated by recombinant ATKUP71-100 at different time points in reaction mixtures containing 10
mg protein, 2 mM IBMX, 1 mM ATP and 5 mM Mn2+ or Mg2+. The inset shows an SDS–PAGE gel of the
affinity purified recombinant protein.
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2.3.4 In vitro AC activity of recombinant ATKUP71-100
To test if the ATKUP7 AC center generates cAMP in vitro, the ATKUP71-100 was expressed in
E. coli and affinity purified (see 2.2.2.3). Mass spectrometry results confirmed the presence of
the recombinant ATKUP71-100 with a good protein coverage of 73.46% thus indicating
presence of the ATKUP71-100 and no other Arabidopsis (TAIR10 database) or E. coli
(SwissProt version 57.15) peptides were detected. This confirms that the recombinant
ATKUP71-100 was pure. Thus, ATKUP71-100 was successfully cloned and expressed in E. coli.
The AC activity of the fragment was tested in a reaction mixture containing ATP and with
either Mg2+ or Mn2+ as the cofactor. A maximum activity was reached after 25 minutes of
enzymatic reaction, generating 42.5 fmol/ µg protein of cAMP in the presence of Mn2+ and 27
fmol/µg protein of cAMP in the presence of Mg2+ (Figure 2.6 B) while the amount of cAMP in
the un-induced bacterial protein extract was not significant. Cyclic AMP levels were also
measured by liquid chromatography tandem mass spectrometry (LC–MS/MS) specifically
identifying the presence of the unique product ion at m/z 136 [M+H]+ that is fragmented in a
second ionization step, in addition to the parent ion at m/z 330 [M+H]+. This fragmented
product ion was then used for quantitation. In the presence of Mn2+, the recombinant
ATKUP71-100 generates cAMP that increases with time achieving a maximum amount of 55
fmol/ µg protein of cAMP at 25 minutes. It was noted that this activity is 10–50 times lower
than the animal ACs and this may be due to the more localized microregulatory role of such
AC centers that may assume the roles of rapid molecular switches capable of diverting from
one signaling network to another much like those observed in plant GCs (e.g. PSKR1). A
representative ion chromatogram of cAMP showing both the parent and product ion peaks is
shown in Figure 2.7.
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Figure 2.7 Detection of cAMP generated by ATKUP71-100 by liquid chromatography tandem mass
spectrometry (LC–MS/MS). A) cAMP was generated from reaction mixture containing 10 µg of the purified
recombinant protein, 50 mM Tris–C, 2 mM IBMX, 5 mM MnCl2 and 1 mM ATP. HPLC elution profile of cAMP
and a calibration curve is shown in the inset. The calculated amount of cAMP after 25 minutes of enzymatic reaction
is 55 fmol/µg protein. B) Representative ion chromatogram of cAMP showing the parent and daughter ion peaks.
The calibration curve showed as the right inset in (A) and the arrows indicate the mass of the resultant in the
chromatogram.
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Interestingly, in Paramecium, cAMP formation is stimulated by K+ conductance, and this
conductance in turn is an intrinsic property of the AC. This multi-domain protein acts as both an
AC and a K+ channel where a canonical S4 voltage-sensor occupies the N-terminal and a K+
pore-loop sits in the C-terminus on the cytoplasmic side (Weber, Vishnyakov et al., 2004).
Incidentally, ATKUP7 also has such dual domain architecture as characterized by its K+
transporter and a cytosolic AC center although we note that KUP7 is likely a proton-coupled K+
carrier rather than a K+ channel. It will therefore be interesting to test if cAMP production is
dependent on the K+ conductance and/or if cAMP can modulate K+ conductance. If so, it is
conceivable that ATKUP7 may operate as a cAMP dependent K+ flux sensor.
In summary, we report the identification of an AC catalytic center in the cytosolic domain of
ATKUP71-100 discovered using rationally curated motif-based searches and supported by
computational simulation on ATKUP7 models, and show that ATKUP71-100 generates cAMP
detectable by immunoassay and mass spectrometry. Furthermore, we predict that many more
ACs with varied domain organizations await discovery in higher plants.
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Chapter 3
The Arabidopsis thaliana K+ uptake permease 5 (ATKUP5) contains a cytosolic adenylate
cyclase essential for K+ transport

Abstract
In plants, potassium is the most abundant cation and its uptake and transport are key to growth,
development and responses to the environment. Here we report that Arabidopsis thaliana K+
uptake permease 5 (ATKUP5) contains an adenylate cyclase (AC) catalytic center embedded in
its cytosolic part and this AC can rescue an AC-deficient mutant cyaA in E. coli. Furthermore,
the full length wild type ATKUP5 can complement the Saccharomyces cerevisiae K+ transport
impaired mutants trk1 and 2, while a point mutation in the AC center that abolishes cyclase
activity, also abolishes complementation. K+ uptake is not affected by cAMP, the catalytic
product of the AC, but interestingly, causes cAMP accumulation suggesting that ATKUP5 could
operate as K+ flux sensor and use cAMP to modulate other components essential for K+.
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3.1 Introduction
Given that in plants potassium is the most abundant cation and essential for many processes,
notably growth and stomatal aperture changes, it is not surprising that K+ uptake and
translocation requires many different tissue and stimulus specific K+ channels and transporters
(Wang and Wu, 2013). One family of K+ transporters comprise the KT/HAK/KUPs that have a
role in in mineral nutrition and the regulation of development (Grabov, 2007). Several of these
Arabidopsis thaliana K+ transporters have been functionally characterized in E. coli as well as
shown to be expressed in different tissues including the roots (Ahn, Shin et al., 2004). ATKUP5
(also referred to as ATKT/KUP5; AT4G33530) has also been reported as specifically expressed
in root hairs (Ahn, Shin et al., 2004) and ATKT/KUPs have been reported to be transcriptionally
up-regulated by K+ deprivation in roots (Kim, Kwak et al., 1998) and shoots (Rubio, SantaMaria et al., 2000). It has been suggested that some of the KT/HAK/KUPs have a role in plasma
membrane K+ uptake and others may be involved in vacuolar transport (Senn, Rubio et al., 2001,
Jaquinod, Villiers et al., 2007). Two studies of ATKT/KUP mutants in Arabidopsis show that
mutations cause reduced cell expansion (Rigas, Debrosses et al., 2001, Elumalai, Nagpal et al.,
2002) and this is commensurate with reduced net K+ uptake and a dwarf phenotype. Still, the
manner in which KT/HAK/KUP transporters operate and contribute to potassium homeostasis is
poorly understood. Here we show that ATKUP5 contains the adenylate cyclase domain and
demonstrate that is functionality is key to the K+ transport.
3.2 Materials and methods
3.2.1 Testing the AC activity of the AC domain of the ATKUP5
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3.2.1.1 Generation of recombinant ATKUP51-104
Generation of the entry and expression clone was described in detail previously in chapter 2.

3.2.1.1.1 Primer design and PCR amplification of the ATKUP5 AC domain
The PCR reaction was optimized for temperature and Mg2+ concentration. The PCR products
was resolved by electrophoresis in 1% (w/v) agarose gel made up in 1 X TAE buffer (40 mM
Tris, 20 mM acetic acid and 1 mM EDTA) containing 0.16 µg/mL ethidium bromide and ran in
the same 1 X TAE buffer. The gel slice then was purified using the Wizard ® SV Gel and PCR
Clean-Up System according to the manufacturer’s instructions (Promega, Madison, WI). The
same procedure was followed as reported chapter 2. The primers designed were Forward (5’ATGTTTCACGTGGAAGAAGAAAGC-3’)

and

TCACTTTCCTATACCAGTGTCCTCG-3’).
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ATKUP5

Reverse

(5’-

Table 3.1 The sequence of primers used for cloning
Primer

Sequence

ATKUP5 AC domain F

ATGTTTCACGTGGAAGAAGAAAGC

ATKUP5 AC domain R

TCACTTTCCATACCTGTGTCCTCG

S-P F

CCGTTGACTCTTTCTATGTAGATGCTCT

SP R

AGAGCATCTACATAGAAAGAGTCAACGG

S81P/D83T F

CGTTGACCCTTTCTATGTAGATGCTC

S81P/D83T R

GAGCATCTACATAGAAAGGGTCAACG

ATKUP5 F

ATGTTTCACGTGGAAGAAGAAG

ATKUP5 R

TCATACCATATAAGTCATTCCAACTTG

ATKUP5 R no stop codon

TACCATATAAGTCATTCCAACTTG
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3.2.1.1.2 Generation of the entry clone of ATKUP5 AC domain
The Gateway cloning system was used to clone the ATKUP5 AC domain. The length of the
amplified sequence is 315 nucleotides encoded by the first and second exons and transcribed to
give

105

aa

containing

protein

including

the

23

aa

AC

catalytic

motif

(RTSPAVDSFDVDALEIPGTQKNE). This 315 bp fragment can clearly be resolved by
electrophoresis. The TOPO cloning reaction was used to clone the ATKUP5 AC domain into
pCR8 according to the manufacturer’s instructions (Invitrogen). The TOPO® cloning reaction
was then be transformed into One-shot chemically competent E. coli DH5α cells according to
the manufacturer’s instructions (Invitrogen). The cloning strategy is described in details in
section 2.2.1.2. Figure 3.1 describes the strategy used for cloning.

73

50
ATGTTTCACGTGGAAGAAGAAAGCAGTGGAGGCGATGGGTCTGAGATTGA
TGAGGAGTTTGGCGGAGACGATTCAACGACGTCATTGTCGCGATGGGTGT
TCGATGAGAAAGATGATTATGAGGTTAATGAAGATTACGACGATGATGGA
TATGATGAGCATAATCACCCGGAAATGGATTCCGATGAGGAGGATGACAA
TGTGGAGCAGCGTTTGATTCGCACTAGCCCTGCCGTTGACTCTTTCGATG
TAGATGCTCTTGAGATTCCTGGAACTCAGAAAAACGAAATCGAGGACACT
GGTATAGGAA

	
  

]

	
  

Figure 3.1 The Cloning strategy of the inserted ATKUP5 AC domain. The PCR8/GW/TOPO® vector used as an
entry vector to clone the inserted ATKUP5 AC domain shown as red, underlined sequence. The expression vector
that is then used is the pDES-17 vector for LR reaction.
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Next,	
   The ATKUP5 AC domain insert was transferred from the pCR8 entry vector to the
pDEST17 vector for recombinant protein expression in E. coli to place the ATKUP5 AC domain
sequence under the control of an inducible T7 promoter for recombinant protein expression in E.
coli as well as fuse the protein to a 6XHis tag for protein purification.

3.2.1.2 Expression and purification of the ATKUP5 AC domain recombinant protein

3.2.1.2.1 Transformation of plasmid DNA into competent cells
The pDEST17-ATKUP5 AC domain plasmid (~100 ng/ml) was prepared as described in section
2.2.2.1.

3.2.1.2.2 Expression of recombinant ATKUP5 AC domain in E. coli
E. coli BL21 A1 transformed with the pDEST17-ATKUP5AC domain plasmid (see Section
3.2.1.2.1) was streaked from glycerol stock onto LB agar containing 50 µg/ml carbenicillin. A
single colony was inoculated into 5 ml LB broth containing 50 µg/ml carbenicillin and incubated
overnight at 37ºC with shaking at 225 rpm. The entire overnight starter culture was transferred
into a 250 ml LB broth which also contains the carbenicillin (50 µg/ml) antibiotic and incubated
at 37ºC with shaking at 225 rpm until the optical density (OD) at 600 nm reaches 0.5 - 0.6
(approximately 2 hours). Protein expression was induced by the addition of 0.2% (w/v) of Larabinose (Sigma-Aldrich, St. Louis, MO) and the culture was incubated at 37ºC with shaking at
225 rpm for a further 4 hours. The bacterial cells were harvested by centrifugation at 3900 X g
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for 30 minutes using the Allegra X-22R centrifuge (Beckman Coulter, Indianapolis, IN) and the
pellet was stored at -20ºC until use.
3.2.1.2.3 Affinity purification of His tagged proteins
3.2.1.2.3.1 Cell lysis
The method used was described in section (2.2.2.3.1).
3.2.1.2.3.2 Bench-top protein purification
The recombinant ATKUP5 AC domain protein was purified using the Ni-NTA affinity system
under denaturing conditions (Stempfer, Höll-Neugebauer et al., 1996). The procedure was
described in detail in section (2.2.2.3.2).

3.2.1.3.1 Protein refolding
The re-suspended ATKUP5AC proteins were first loaded into a pre-packed 1 ml HisTrap HP NiNTA column (GE Healthcare, Pittsburgh, PA) after 10 column volumes (1 ml per column) of
equilibration (at a rate of 1 ml per minute) with the equilibration buffer, at a rate of 0.2 ml per
minute. The denatured recombinant ATKUP5 AC that is bound to the Ni-NTA beads can
gradually assume its native configuration and at the same time reduce aggregation by gradual
removal of urea (Middelberg, 2002). This method was used previously for the ATKUP7AC
protein referring to section (2.2.2.3.3)
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3.2.2. Detection of the purified recombinant ATKUP5 AC domain
3.2.2.1 SDS-PAGE
Purified recombinant ATKUP5 AC proteins were analyzed by SDS-PAGE in a mini protein gel
system (BioRad, Hercules, CA). The gels were stained in Coomassie Brilliant Blue R-250
staining solution for 1hour with slight shaking and de-stained in Coomassie Brilliant Blue R-250
de-staining solution (BioRad, Hercules, CA) until the background becomes clear.

3.2.2.2 Mass spectroscopy analysis and trypsin digestion
The identity of the purified protein is also confirmed by mass spectrometry analysis. The
procedure is described in details in section (2.2.2.3.6).

3.2.3 In vitro adenylate cyclase enzymatic assay and detection of cAMP
3.2.3.1 cAMP detection
The method is detailed in section (2.2.3.1).

3.2.3.2 Liquid Chromatography-Mass Spectrometry (LC-MS)
Liquid chromatography tandem mass spectrometry (LC–MS/MS; Thermo LTQ Velos Orbitrap
mass spectrometer (Thermo Fisher, Scientific, Carlsbad, CA)) was used to detect cAMP
generated from reaction mixtures containing 10 µg of recombinant protein in 50 mM Tris–Cl; 2
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mM isobutylmethylxanthine (IBMX)(Sigma-Aldrich, St. Louis, MO), 5 mM MgCl2 or MnCl2
and 1 mM ATP in a final volume of 100 µl. All methods are more extensively detailed elsewhere
(Kwezi, Ruzvidzo et al., 2011).

3.2.4 Complementation of cyaA mutation in E. coli AC-deficient strain
3.2.4.1 Preparation of cyaA mutant competent cells
The E. coli cyaA mutant SP850 strain (lam-, el4-, relA1, spoT1, cyaA1400 (:kan),thi-1), deficient
in the adenylate cyclase (cyaA) gene, was obtained from the E. coli Genetic Stock Centre (Yale
University, New Haven, USA) (accession No. 7200). Then competent cells were prepared from
both the mutant and the wild type strains as described previously in section (2.2.4.1).

3.2.4.2 Investigation of AC activity by complementation of E. coli cyaA
The pDEST17-ATKUP51-104 construct was used to transform the E. coli cyaA mutant strain by
heat shock (2 minutes at 42°C). Bacteria were grown at 37 °C in LB media containing ampicillin
and kanamycin (100 µg/ml) until they reached an OD600 of 0.6 and then incubated with 0.5 mM
Isopropyl-beta-D-1-thiogalactopyranoside (IPTG) (Sigma-Aldrich, St. Louis, MO) for transgene
induction for 4 h prior to streaking on MacConkey agar.
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3.2.4.3 Cloning and purification of the AC domain site-directed ATKUP5 mutants
The key residues within the AC domain of the ATKUP5 were replaced with other amino acids.
A single ATKUP5 mutant (S81P) and a double ATKUP5 mutant (S81P/D83T) were constructed
using site directed mutagenesis by PCR (Stevis and Ho, 1989). To construct the S81P ATKUP5
mutant for the AC domain, two overlapping fragments of the ATKUP5 coding sequence both
incorporating the mutation, were amplified from the pDEST17ATKUP51-104 plasmid (see
Section 3.2.4.1) using the respectively the AC domain ATKUP5 F and ATKUP5 S-P R (for 1st
fragment amplification), and ATKUP5S-P F and The AC domain ATKUP5 R (for 2nd fragment
amplification) primer pairs (Table 3.1). Each PCR reaction (25 µl) contained 1 X KAPA HiFi
Buffer (containing 2.0 mM Mg2+), 0.3 mM dNTP mix, 3 mM of each forward and reverse
primers, ~100 ng/µl DNA template, and 0.02 U/µl KAPA HiFi DNA polymerase, and the
reactions were run using the following PCR cycle: Initial denaturation at 95ºC for 2 minutes,
followed by 30 cycles each consisting of denaturation at 98ºC for 20 s, annealing at (56ºC for 1st
fragment amplifications and 60ºC for 2nd fragment amplifications) for 30 s and elongation at
72ºC for 1 minute, and a final elongation at 72ºC for 5 minutes. A bulk PCR reaction of the two
fragments was carried out by pooling together 6 tubes of 20 µl each PCR products, and analyzed
by agarose gel electrophoresis. The two fractions were excised from the agarose gel under long
wavelength UV (365 nm) and purified using the Wizard DNA clean-up system (Promega,,
Madison, WI) according to the manufacturer’s instructions, and DNA quantified using a
NanoDrop 2000 UV visible spectrophotometer (NanoDrop Technologies, Wilmington, DE). The
amount of each template required to achieve an equimolar (1:1) ratio was calculated as described
previously.
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The two overlapping fragments both incorporating the mutations, were then used as templates (at
1:1 molar ratio) for a PCR reaction using the full-length AC domain ATKUP5F and AC domain
ATKUP5 R primer pairs (Table 3.1) which then yield a full length (S81P ATKUP5 mutant
sequence. This PCR reaction (25 µl) contained 1 X KAPA HiFi Buffer (containing 2.0 mM
Mg2+), 0.3 mM dNTP mix, 0.3 mM of each forward primer and reverse primers, ~100 ng of each
DNA fragments at 1:1 molar ratio, 0.02 U/µl KAPA HiFi DNA polymerase, and the reactions
were run using the following PCR cycle: Initial denaturation at 95ºC for 2 minutes, followed by
30 cycles each consisting of denaturation at 98ºC for 20 s, annealing at 56ºC for 30 s and
elongation at 72ºC for 1 minute, and a final elongation at 72ºC for 5 minutes. The resulting PCR
product was analyzed by agarose gel electrophoresis, and the DNA band excised from the gel
and purified using the Wizard DNA clean-up system (Promega, Madison, WI) according to the
manufacturer’s instructions. This purification step was essential to remove the KAPA HiFi. DNA
polymerase thus preventing the 3’-5’ exonuclease activity of the polymerase from degrading the
newly generated dA-overhangs which may reduce the efficiency of the subsequent TA cloning in
the PCR8/GW/TOPO cloning vector. To generate the S81P/D83T ATKUP5 double mutant the
PCR product was made using the primers in table 3.1 in which we used the AC domain ATKUP5
F and ATKUP5 S-P/D-T R (for 1st fragment amplification), and the ATKUP5S-P/ D-T F and The
AC domain ATKUP5 R (for 2nd fragment amplification) following the aforementioned methods.
The respective ATKUP5 mutated PCR products were inserted into the PCR8/GW/TOPO vector
by TA cloning before transforming into competent E. coli DH5α. The PCR products lack TA
ends, therefore TA ends were added by incubating the purified PCR products (25 µl) for 15
minutes at 72ºC in a simple reaction (100 µl) containing 0.02 U/µl KAPA Taq DNA polymerase,
1 X KAPA Taq buffer (containing 2.0 mM Mg2+) and 0.2 mM dATP. The dA-tailed PCR
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product was purified using the Wizard DNA clean-up system (Promega, Madison, WI) according
to the manufacturer’s instructions and concentrated to 25 µl and quantified before cloning into
pCR8/GW/TOPO TA cloning vector (InvitrogenTM, Thermo Fisher Scientific, Carlsbad, CA)
which has att sites for rapid recombination into Gateway destination vectors.

3.2.4.4 TOPO cloning reaction
A total of 2 µl of the TOPO cloning reaction was transformed into E. coli DH5α competent cells
according to procedures detailed in Section 3.2.4.1, and plated on spectinomycin (100 µg/ml)
containing 1.5% (w/v) LB agar and incubated overnight at 37ºC. Single colonies were then
inoculated into 5 ml LB broth containing 100 µg/ml spectinomycin and incubated overnight at
37ºC with shaking at 225 rpm. Plasmid extraction was performed and the cloned DNA sequence
confirmed by sequencing before performing an LR recombination reaction between the
pCR8/GW/TOPO entry vector containing the DNA insert and the pDEST17 vector. A total of
100 ng entry clone was used in the LR reaction mixture and the recombination reaction
performed according to methods detailed in the Gateway E. coli expression system manual
(InvitrogenTM, Thermo Fisher Scientific, Carlsbad, CA) before transforming into E. coli DH5α
competent cells (see procedures in Section 3.2.3). The DNA insert sequence was checked for
accuracy and if they are inserted in the correct orientation and are in-frame with the promoter
sequences. The plasmid containing the correct DNA insert was then transformed into E. coli
BL21 A1 competent cells and the mutant ATKUP5 proteins were subsequently expressed and
affinity purified according to methods detailed in Section 3.2.4, and the purified proteins
analyzed by SDS-PAGE and Bradford methods (Bradford, 1976).
81

3.2.4.5 Testing the AC activity of the AC domain with the site-directed mutagenesis
The created single and double site directed ATKUP5 mutants of the AC domain were used to test
the in vitro and in vivo activity as an AC as was shown previously for the wild type AC domain
of ATKUP5. The referred sections are (3.2.3.1, 3.2.3.2).

3.2.4.5.1 Generation of the recombinant full length ATKUP5 and site directed ATKUP5
mutants
In order to investigate the role of the AC domain in the full length potassium transporter the
whole transporter was cloned and expressed. The same procedure that was used to create the AC
domain of the ATKUP5 construct. Here, we used the full length ATKUP5 Forward and Reverse
primers. It is worth to mention that two clones was prepared one the reverse primer with stop
codon and the another without stop codon to be used for further experiment and cloning
constructs.( see table 3.1 for primers sequence.) The full length ATKUP5 clones containing the
site directed mutations were generated
3.2.4.5.2 Testing AC activity of the ATKUP5 full length and ATKUP5 full length mutants
The created ATKUP5 full length, single and double site directed ATKUP5 full length mutants
were used to test the in vitro and in vivo activity as an AC as was shown previously for the wild
type AC domain of ATKUP5. The referred sections are (3.2.3.1, 3.2.3.2).
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3.2.4.5.3 Computational assessment and structural analyses of ATKUP5 predicted
functions and the effect of site mutagenesis in the function
A full-length ATKUP5 model was generated using the same method used for ATKUP7 AC
domain in section 3.4.5.3. Furthermore, a model of the mutagenized protein is also included.

3.2.5 Yeast complementation assay
In order to determine whether ATKUP5 is likely to function as a K+ transporter in vivo, full
length ATKUP5 was tested for ability to functionally complement yeast mutants that are
deficient in K+ uptake.
3.2.5.1 Generation of trk1trk2 competent cells
The wild type yeast strain (CY162) and the trk1trk2 mutant strain were kindly provided by
Richard Gaber (Northewestern University, Evanston, IL). The competent cells of both yeast
strains were generated using the S.C. EasyComp transformation Kit (Thermo Fisher Scientific,
Carlsbad, CA) Firstly, cells were streaked in an YPD plate to get isolated, single colonies. Then
the plates were incubated at 28oC for 2 days. Followed by the inoculation of 10ml of YPD liquid
media with a single colony of each strain (the wild type and the trk1trk2 mutant). Left to grow
overnight in a shaking incubator (250-300 rpm). The OD600 of the overnight culture was
measured until reaching 3.0. The cells from the overnight culture were then diluted to an OD600
of 4.0 in total volume of 10 ml of YPD. The cells were shaken again in the shaking incubator for
about 5 hours until the OD600 was 0.6-1.0. Then the cells were centrifuged at 500 X g for 5
minutes at room temperature. Followed by the resuspension of the pellet with 10 ml of the wash
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solution (provided by the kit) the cells were centrifuged again for 5 minutes at the same speed.
The pellet suspended again with 10 ml of the (lithium cation solution) to create competent cells.
The competent cells were stored as 50 µl aliquots in sterile screw-cap microcentrifuge tubes and
kept at -80 C to be used for transformation.
3.2.5.2 The generation of an expression clone
The pDEST-17 ATKUP5 clone was transformed in the pDONR221 vector through a PB
recombination reaction in order to be used later in LR reaction in the pYES vector which used
for yeast transformation. 1 µl of the confirmed plasmid of pDEST-17- ATKUP5 full length (150
ng) was mixed with 1 µl of the pDNOR221 vector and 6 µl of TE buffer in a microcentrifuge
tube. PB clonase enzyme mix then vortexed and mixed well then 2 µl of the enzyme mix was
added to the previous reaction and incubated for 1 hour at 25°C. Followed by the addition of 1 µl
of the proteinase k solution and incubation for 10 minutes at 37°C. A transformation to DH5α
competent cells was carried out, in which 1µl of the PB reaction was added to a 50 µl DH5α
competent cells and incubated on ice for 30 minutes. A heat chock for 30 seconds at 40 °C was
done followed by a direct transformation to ice. Then 450 µl of the SOC media was added. Then
the recombination reaction was performed according to methods detailed in the Gateway E. coli
expression system manual (InvitrogenTM, Thermo Fisher Scientific, Carlsbad, CA).
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3.2.5.3 Transformation of yeast
The full-length ATKUP5 insert was recombined into the pYES-DEST52 destination vector by
LR reaction, which was then transformed into E. coli DH5α cells for sequence confirmation. The
pYES-DEST52 full length ATKUP5 was then transformed into yeast. The pYES-DEST52 vector
contains the galactose-inducible (GAL) promoter for yeast expression and the His tag, which can
be used to confirm the expression in yeast and to purify the full-length protein. Then 1µl of the
YES-DEST52 vector mixed with 0.5 µl of the confirmed and sequenced plasmid that contains
the pDONR221 ATKUP5 and with 6.5 µl of the TE buffer according to the specific equation. LR
clonase enzyme mix then vortexed and mixed well then 2 µl of the enzyme mix was added to the
previous reaction and incubated for 1 hour at 25°C. Followed by the addition of 1 µl of the
proteinase K solution (Invitrogen™, Thermo Fisher Scientific, Carlsbad, CA) and incubation for
10 minutes at 37°C. A transformation to DH5α competent cells was carried out, in which 1µl of
the LR reaction was added to a 50µl DH5α competent cells and incubated on ice for 30 minutes.
A heat chock for 30 seconds at 40 °C was done followed by a direct transformation to ice. Then
450 µl of the SOC media is added and shaken and plates were prepared from the culture. The
selection of positive transformants was carried out by the growth on LB plates containing
ampicillin, since the true clones were ampicillin-resistant and chloramphenicol-sensitive; they
will not grow in the presence of chloramphenicol. A positive colony was selected for colony
PCR and sequencing and used in the following transformation.
After thawing two different tubes of the competent cells at room temperature that prepared in
section 1.1. Both 5µg of the pYES-DEST52 vector as empty vector (EV) and the confirmed
pYES-DES52 were added to the competent cells respectively. Then 500 µl of the solution III (in
the S.C. EasyComp Transformation kit) was added to the DNA/cell mixture in both tubes and
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mixed by vortexing vigorously. Each transformation reaction was then incubated for 1 hour at 30
°C in an incubator. Each reaction was mixed every 15 minutes. Followed by plating 100 µl of the
transformation reaction in the selective media that is the Uracil-deficient media with 100 mM
KCl.

The full length sequence
ofATKUP5 (2568bp)

Figure 3.2 Cloning of ATKUP5 full-length sequence into yeast. The full length of ATKUP5
without stop codon was transformed from the pDONOR 221vector to pYES52 vector by LR reaction.
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3.2.5.4 Induction of pYES52-ATKUP5 transformants
Inoculation of a single colony containing the pYSS-DES52 ATKUP5 into 15 ml of SC-U
medium containing 2% raffinose and 2% glucose and 100 mM KCl was carried out. The same
was done for the empty vector transformants. After growing overnight at 30 °C with shaking the
OD600 was determined for each sample. The amount of the overnight culture necessary to obtain
an OD600 of 0.4 in 50ml of induction media was calculated. The induction media contains 2%
raffinose and 2% galactose in Uracil-deficient media (SC-uracil) and 100mM KCl. The
calculated volume was removed for each transformant from the overnight culture and the pellet
was collected through centrifugation at 1500 X g for 5 minutes at +4 °C. The cells were
resuspended in 1-2 ml of distilled water to insure the removing of glucose and KCl. Followed by
another centrifugation then the collected pellet was resuspended in 1-2 ml of induction media
(The induction media is 2% of raffinose and 2% of galactose in Uracil-deficient media (SCuracil) and with 100mM KCl). This volume was then added to the remaining of the 50ml
induction media and shake at 30 °C in incubator. Followed by a collection of 5ml of culture was
collected at different time points to detect the expression.

3.2.5.5 Detecting the recombinant ATKUP5 full length protein expressed in trk1trk2
To determine the expression of the ATKUP5 recombinant protein using SDS-PAGE, a
preparation of breaking buffer must be carried out. This breaking buffer (pH 8) is used to breal
the cell wall and enhance the permeability prior to protein extraction with SDS-PAGE. It is
composed of 50 mM sodium phosphate, 1 mM EDTA, 5% glycerol and 1 mM
phenylmethylsulfonyl fluoride (PMSF) (Thermo Fisher Scientific, Carlsbad, CA). The cell pellet
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that was collected in section 3.3.5 was resuspended in 500 µl of breaking buffer. Then
centrifuged at 1500 X g for 5 minutes at +4 C to pellet the cells. A volume of breaking buffer to
obtain an OD600 of 50-100 was added to resuspended cells. An equal volume of acid–washed
glass beads was also added to physically impair the yeast cell wall and to release yeast cellular
proteins. Thirty seconds of continuous vortexing of the mixture was carried out followed by
incubation for 30 seconds on ice. This process was repeated for 4 minutes to lyse the cells.
Finally, the samples were centrifuged for 10 minutes at maximum speed. The protein
concentration was then quantified.

3.2.5.6 Functional complementation analysis
3.2.5.6.1 Testing the ability of ATKUP5 to complement the trk1trk2
Testing the complementation was carried out by preparing 6 overnight cultures from both the
pYES-DEST52 ATKUP5 and the Vector control as shown previously in section 3.3.5. Then
followed by the induction of each by adding 2% of raffinose and 2% of galactose in Uracildeficient media (SC-uracil) and with different concentrations of KCl: 20mM, 10mM, 5mM,
1mM, 0.2mM, 0.02mM). The induction of 8 hours was carried out, then 5µl of each sample was
plated in plates containing induction media with different concentrations of K+. A serial dilution
was carried out for each sample.

3.2.5.6.2 Growth conditions and growth rate measurements in trk1, trk2
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For studying the affinity K+ uptake activity of ATKUP5 fresh dropout liquid media (SC-U) was
used to re-culture trk1trk2 yeast cells (expressing ATKUP5 and vector control) with 2% glucose
(un-induced) and 2% galactose and raffinose (induced) separately at 0, 10, 25, 50, 75, 100, 150
and 200 mM K+. The OD600 of inoculum was set to 1.00 for sub-culturing yeast cells to set
standard growth conditions for comparative transcript profiling under induced and un-induced
conditions. Growth rates were monitored by measuring OD600 after 12, 24, 36 and 48 h. Samples
were run in triplicates and statistical analysis was done to assess growth rates differences of
trk1trk2 expressing ATKUP5 and EV under induced and un-induced conditions at different K+
levels.

3.2.5.6.3 Measuring K+ uptake using the Atomic absorption spectroscopy (ICP-OES)
Overnight cultures containing 100 mM KCl and 2% glucose were prepared as shown previously
in order to be used later to prepare the induced cultures with low (0.02mM) and high (20mM)
potassium. The 50 ml induced liquid media containing 2% raffinose and 2% galactose SC-URA
carried out for 8 hours. The cell cultures then centrifuged, the pellet was washed three times in
10 ml of milli-Q water. Then the pellets were collected and left to dry for further analysis. The
diagram in Figure 3.3 summarizes the whole process.
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Figure 3.3 Diagram showing the steps for ICP-OES.
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3.2.5.6.3.1 Digestion of the samples
The acid microwave assisted digestion system was used to prepare samples. Before the digestion
runs, the Teflon vessels were cleaned and dried in an oven for two days at 80 °C. Next, the
closed vessel was inserted in the polypropylene rotor and the microwave-assisted digestion
program started.

The samples were weighed and transferred into digestion vessel then 5 ml of HNO3 was added.
The microwave run was initiated, under selected program (Table 3.2), digestion vessels were
placed in the rotor and the microwave-assisted digestion program started. The cooled vessel was
transferred to a fume hood. Then, the resulting digested mixture was transferred to 50 ml vials
and diluted with Milli-Q water to a volume of 25 ml.

Table 3.2. Operating conditions for the microwave-assisted acid digestion

Stage

Time

Power (W) Temp

(minute)

(°C)

1

10

1100

200

2

20

1100

220

3.2.5.6.3.2 Inductively coupled plasma mass spectrometry (ICP-OES)

91

An ICP-OES Varian 720-ES spectrometer was used to measure the quantity of potassium in the
yeast samples. The calibration of the ICP-OES was carried out with single-element solution of K
at the concentrations of 1, 10 and 100 mg/l. All were derived from the respective 1000 ppm
single-element standards (Inorganic Ventures, Inc., Technology Drive Christiansburg, VA). For
the present experiments, the recovery of the analytes was evaluated through the use of certified
reference materials and analyte spikes. A known volume of a solution containing the potassium
(the analyte of interest) in pre-determined concentrations was added to the standard sample
vessels. After cooling, the digested mixture was diluted to a volume of 25 ml and analyzed with
ICP-OES. The concentration readings obtained for this “fortified” sample were used to calculate
the recovery of the analytes. Further to the above, quality control sample (5 mg/l) and continuing
calibration verification (1 mg/l) solutions were prepared in order to check the instrument
performance and ensure that this was not degrading over the period of the analysis.

3.2.5.6.3.3 Measuring K content using atomic absorption spectroscopy
The induced media with KCl in two concentrations, the low (0.02 mM) and the high (20 mM) of
KCl were used and followed by measuring the uptake of potassium using the ICP-OES analysis.

3.2.5.7 Effect of potassium transport inhibitors on ATKUP5 function
In order to determine the effect of different blockers in the activity of ATKUP5, different
overnight cultures from both the pYES52-ATKUP5 trk1trk2 and the control vector in trk1trk2
were prepared as shown previously followed the preparation of the induction media with two
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different concentrations of KCl 0.02 mM and 20 mM. The addition of 100 mM of different
blockers: Tetraethylammonium (TEA), BaCl2, and CsCl2 were carried out respectively to each of
the potassium concentrations. The measurement of potassium uptake was carried out using the
ICP-OES as described previously.
3.2.5.8 Effect of site mutagenesis on the uptake of potassium by ATKUP5
3.2.5.8.1 Cloning and Expression of site-directed atkup5 mutants
Both clones that contain the site-directed ATKUP5 mutants (single and double) were
transformed into trk1trk2 strain as described in section 3.5.3. The expression detected by SDSPAGE. The same induction medium was used for the wild type ATKUP5.

3.2.5.8.2 Measuring K content in site-directed atkup5 mutant using (ICP-OES)
An overnight cultures from the mutants (single and double), the wild type ATKUP5 and the
vector control were prepared. Then induction was carried out with different concentrations of
potassium prior to measuring the potassium contents in the yeast.
3.2.5.8.3 Measuring cAMP in site-directed atkup5 mutant using (LC-MS)
An overnight cultures from the mutants (single and double), the wild type ATKUP5 and the
vector control were prepared. Then induction was carried out with different concentrations of
potassium prior to measuring the cAMP in the yeast.
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3.2.6 Electrophysiological analysis
3.2.6.1 Selection of heterologous system and cell line
The human embryonic kidney 293 (HEK-293) cell line (Cat. no. R70007, Life Technologies,
Carlsbad, CA) was used as host to express the ATKUP5 recombinant protein ((Hildinger, Baldi
et al., 2007 and Dalton and Barton, 2014).
3.2.6.2 Transformation of the plasmid construct for transient expression of ATKUP5 in
HEK-293 cells
In order to perform the electrophysiological analysis for ATKUP5 the full length Arabidopsis
thaliana potassium transporter, ATKUP5 (AT4G33530) was synthesized in Vivid Colors™
pcDNA™6.2/C-EmGFP-DEST Vector (Catalog number: V355-20). The transformation of the
Vivid Colors™ pcDNA™6.2/EmGFP-DEST Gateway® expression vector containing the
ATKUP5 inserted into One Shot® Mach1™-T1R phage-resistant chemically competent E. coli
cells (Life Technologies, Carlsbad, CA) following the manufacturer's transformation procedure.
A single, overnight colony was inoculated in 5 ml of selective LB broth containing 50 µg/ml
carbenicillin and shaken at 37° C overnight before isolating the plasmid. The plasmid was then
isolated and purified using high quality plasmid kit, the Invitrogen™ PureLink® HQ Mini
Plasmid Purification kit (Invitrogen™, Thermo Fisher Scientific, Carlsbad, CA) according to the
manufacturer's instructions. The plasmid construct was examined later by sequencing to verify
that the insertion of ATKUP5 into the expression vectors is in-frame and without any errors.
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3.2.6.3 Preparation of HEK-293 cells for transfection
Frozen cells from −140 °C freezer were thawed quickly in a 37° C water bath. The culture media
and trypsin-EDTA solutions were pre-warmed in the water bath at 37°C. Cells were transferred
to a T-75 cm2 culture flask containing 11 ml of complete medium consisting of Dulbecco's
modified Eagle's medium DMEM (1 X) (Life Technologies Europe BVM, Bleiswijk,
Netherlands) + GlutaMAX™-I supplemented with 10% (v/v) fetal bovine serum (Life
Technologies, Carlsbad, CA) and 1% (v/v) penicillin-streptomycin (10,000 U/ml) (Life
Technologies Europe BVM, Bleiswijk, Netherlands). The cell culture was incubated at 37 °C in
a 5% CO2 humidified growth incubator (Thermo Fisher Scientific, Waltham, MA). The media
was then replaced with fresh, complete medium 24 hours after seeding.
3.2.6.4 Transient transfection and heterologous expression of ATKUP5 in HEK-293 cells
Prior to transfection, we cleaned and coated with poly-D-Lysine12 mm oval cover glasses as
follows. Cover glasses are first cleaned by placing them in a 50 ml beaker containing acetone
and swirling the beaker gently. They are incubated overnight in a fume hood, then the acetone
solution is removed and the coverslips cleaned by rinsing with absolute ethanol and sterile water.
The clean coverslips are placed in an oven at 65 °C overnight to dry. Four clean coverslips are
then taken and placed in a 6-well flat bottom cell culture plate (Sigma-Aldrich, St. Louis, MO).
The coverslips are then coated with poly-D-Lysine hydrobromide (Sigma-Aldrich, St. Louis,
MO) by adding 2 ml of 50 µg/ml and placed at 37 °C overnight. The following day, poly-DLysine solution is discarded and the coated cover slips are washed with sterile water.
On the day of transfection, HEK-293 cells that were allowed to grow to about 90% confluency.
The media were removed from the flask and 2 ml of 0.25 % trypsin-EDTA (Sigma-Aldrich, St.
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Louis, MO) solution was added to the adherent monolayer and then returned for brief incubation
into the growth incubator until the cells start to detach. After about 6 minutes, we added 6 ml of
complete medium to the cell suspension to stop the digestion and the cells were further detached,
this time mechanically, from the bottom of the flask by gently pipetting media over the cells. The
cell viability was checked out using trypan blue (Sigma-Aldrich, St. Louis, MO) and the total
cell count was then determined using a cell counter (e.g., Countess® II Automated Cell Counter,
Thermo Fisher Scientific, Waltham, MA). Cells were diluted to a total of 2.5× 105 viable cells/2
ml in pre-warmed complete medium for the transfection. The remaining cells were seeded at a
total density of 1 × 106 viable cells in a T-75 cm2 flask containing 11 ml of pre-warmed complete
medium and maintained as adherent monolayer cultures at 37 °C in a 5% CO2 incubator for
future use. A cationic lipid-based transfection reagent, Lipofectamine® 3000 (Sigma-Aldrich, St.
Louis, MO), was used to transiently transfect the HEK-293 cells (Thermo Fisher Scientific,
Waltham, MA) with 2.5 µg of ATKUP5 construct according to the manufacturer’s instructions.
Briefly, the transfection reagent was used and mixed by inverting the DNA-lipid complex in a
drop-wise way and added directly to the cell suspension containing total viable cells of 2.5 ×
105/2 ml in a 15 ml. This was followed by centrifugation and mixing by gentle pipetting up and
down. Then, the whole cell mixture was transferred into the 6-well culture dish containing the
coated coverslips prepared previously. Finally, transfected cells were allowed to attach by
incubating them overnight at 37° C and 5 % CO2. Expression of the ATKUP5-EmGFP in
transfected HEK293 cells was assessed by fluorescence microscopy (Nikon Eclipse TS100,
Melville, NY) using the green fluorescence filter at the excitation wavelength from 460 to 500
nm. Positively transfected green-fluorescent 293-cells were later selected for patch clamp and
current detection in whole-cell current configuration (see section 3.6.6).
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3.2.6.5 Detection the expression of ATKUP5 by transfected HEK293 cells
The expression of ATKUP5 was detected using the total RNA extraction followed by cDNA
synthesis from the transfected cells that prepared in the previous steps. Firstly, the transfected
cells were washed with 2 ml of cold buffer saline PBS solution ((Sigma-Aldrich, St. Loius, MO).
The PBS solution was removed followed by the addition of 600 µl of TRIzol® reagent (Thermo
Fisher Scientific, Pittsburgh, PA, USA) to the cells and incubation at room temperature for 5
minutes to cause cell lysis then cells transferred to 1.5 ml microcentrifuge tubes followed by the
addition of 120 µl of chloroform to the lysed cells and inverting the tubes for 30 seconds.
Keeping the cells on ice for 15 minutes and then centrifuged for 30 minutes at 8000 rpm at 4 °C.
The aqueous phase was removed into a new sterile 1.5 ml microcentrifuge tube and 300 µl of 2propanol was added to the aqueous phase and was incubated at -20 °C overnight to cause the
RNA precipitation. Centrifugation at 8000 rpm at 4 °C for 30 minutes was carried out after 12
hours incubation and the supernatant was discarded. This was followed by another centrifugation
at 8000 rpm at 4 °C for 20 minutes and a wash of the pellet with 600 µl of 75 % (v/v) ethanol.
The supernatant was discarded and the pellet was left to dry by placing the tube with the lid
opened under the laminar hood. The pellet was dissolved in 30 µl of diethylpyrocarbonate
(DEPC)-treated water (Thermo Fisher Scientific, Pittsburgh, PA) in order to inactivate the RNase
enzymes. The total RNA concentration was quantified using a Nanodrop. The RNA was used to
synthesize the cDNA, by adding 3 µg of the prepared RNA, 250 ng of Oligo-dT primer and 500
µM of dNTPs. The reaction was then incubated at 65°C for 5 minutes followed by a brief
centrifugation and termination of the reaction by incubating the tube in ice. The cDNA reaction
was prepared using the Applied Biosystems™ High-Capacity cDNA Reverse Transcription Kit
according to the manufacturer's protocol, which consists of adding 1X first strand reaction
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Buffer, 5 mM DTT, 200 units SuperScript III RT, and 40 units of RNAse to a final reaction
volume of 20 µl. The PCR was performed using the KAPA Taq PCR kit, the ATKUP5 primers
were used and PCR cycles according to the manufacturer's instructions to detect the heterologous
expression of ATKUP5 in HEK-293 cells.

3.2.6.6 Current-voltage recording and analysis
HEK-293 cells grown on 12-mm diameter round coverslips were transferred into the recording
chamber of a patch clamp rig (Lemtiri-Chlieh and Ali, 2013). The chamber is permanently
perfused with external solution at a rate of 0.5 to 1 ml per minute. We used an inverted
microscope Carl Zeiss Axio Observer.A1 (Carl Zeiss, Oberkochen, Germany) fitted with a green
fluorescence module to visualize the positively transfected HEK-293 cells. Recording pipettes
were pulled from thick/standard wall borosilicate glass capillaries (B150-86-10, Sutter
Instruments, Novato, CA) using a P-1000 Flaming/BrownTM micropipette puller (Sutter
Instrument, Novato, CA). Pipette resistance was between 3 to 5 MΩ when filled with an
intracellular solution consisting (in mM) of 100 KCl, 1 CaCl2, 4 MgCl2, 10 EGTA and 10 4-(2hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) at pH 7.30 (Osmolality: 290 ± 5
mOsm.kg-1 adjusted with sorbitol). The external bath solution contained (in mM): 10 KCl, 1
CaCl2, 1 MgCl2, 10 HEPES and 10 glucose at pH 7.30 (Osmolality: 310 ± 5 mOsm.kg-1 adjusted
with sorbitol). Upon achieving whole-cell configuration, the cells were maintained at -60 mV, a
holding potential close to the Nernstian equilibrium potential for K+ (resting membrane in our
case was mainly governed by the concentrations of K+ used in and out of the cell). Then, we run
a simple gap-free protocol to record the running background current generated at this holding
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potential and monitor any specific currents derived from the activity of HEK-293 cells
expressing KUP5 construct when the external pH is rapidly switched from 7.3 to acidic pH of
5.3. As control, we compared these currents generated in green (i.e., transfected) HEK-293 cells
to another lot of fluorescent green HEK-293 cells expressing the empty vector only. We also
tested other voltages between +120 mV and -80 mV using protocols consisting of a series of 1s
long squared voltage depolarization. All patch clamp experiments were done at room
temperature. Pulse protocols, data acquisition and analysis were performed using a Multi
Clamp™ 700B microelectrode amplifier and pClamp software ver. 10 package (Molecular
Devices, Sunnyvale, CA). All signals were low-pass filtered at 2 kHz before analog-to-digital
conversion and were uncorrected for leakage current or capacitive transients.
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3.3 Results and Discussion
3.3.1 Identification of an AC catalytic center at the cytosolic region of ATKUP5
As was illustrated and shown in chapter 2 the catalytic centers of ACs and GCs differ only in the
amino acid that confers substrate specificity (Roelofs, Meima et al., 2001, Gehring, 2010, Wong
and Gehring, 2013). In addition to the ATKUP7 which was discussed in chapter 2, an AC
domain is also found in the ATKUP5 protein which is predicted to harbour 12 transmembrane
domains with the AC catalytic centre located in the N-terminal cytosolic domain (Figure 3.6B)
spanning from aa 74 to 96. Importantly, the functionally assigned residues in this AC centre are
also present in the only experimentally confirmed AC in higher plants, the PSiP protein from Z.
mays (accession No. AJ307886) as shown in (Figure 3.6 C). The PSiP has been reported to have
a role in pollen tube growth and fertilization (Moutinho, Hussey et al., 2001). The authors
obtained results that account for the presence of a cAMP signaling pathway in pollen tube
growth along with molecular evidence for a signaling protein from pollen that is identified as an
AC.
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A)
AC catalytic center motif:
[R]X(5,20)[RKS][YFW][DE][VIL]X(4)[VIL]X(4)[KR]X(1,3)[DE]
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ARISGFGLKVPSPELERSLIIKERLEASMALKKLLLILVL
AGTAMVIADAVVTPAMSVMSAIGGLKVGVGVIEQDQVVVI
SVSFLVILFSVQKYGTSKLGLVLGPALLLWFFCLAGIGIY
NLVKYDSSVFKAFNPAYIYFFFKRNSVNAWYALGGCVLCA
TGSEAMFADLSYFSVHSIQLTFILLVLPCLLLGYLGQAAY
LSENFSAAGDAFFSSVPSSLFWPVFLISNVAALIASRAMT
TATFTCIKQSIALGCFPRLKIIHTSKKFIGQIYIPVLNWS
LLVVCLIVVCSTSNIFAIGNAYGIAELGIMMTTTILVTLI
MLLIWQTNIIVVSMFAIVSLIVELVFFSSVCSSVADGSWI
ILVFATIMFLIMFVWNYGSKLKYETEVQKKLPMDLLRELG
SNLGTIRAPGIGLLYNELAKGVPAIFGHFLTTLPAIHSMV
IFVCIKYVPVPSVPQTERFLFRRVCPRSYHLFRCVARYGY
KDVRKESHQAFEQILIESLEKFIRKEAQERALESDGDHND
TDSEDDTTLSRVLIAPNGSVYSLGVPLLAEHMNSSNKRPM
ERRKASIDFGAGPSSALDVEQSLEKELSFIHKAKESGVVY
LLGHGDIRATKDSWFLKKLVINYLYAFLRKNSRRGITNLS
VPHTHLMQVGMTYMV

C)
ATKUP5(81-96)
ATKUP7(73-97)
PSiP (19-33)

-SFDVDALEIPGTQKNE-SFDVEALEVPGAQRNE-SVDVFAIVGVGG-KTD*.** *:
* :.:

Figure 3. 3 Structural feature of the adenylyl cyclase catalytic domain of ATKUP5. A) The 14 amino acid motif
of the AC domain. B) The amino acid sequence of the ATKUP5 transporter. The complete sequence of the
ATKUP5 transporter is shown and the AC domain is located at the cytosolic N-terminal position. AC catalytic
center is in bold and the 104 aa fragment tested for AC activity is underlined. The 12 transmembrane domains are
highlighted in brown color. C) Alignment of the AC centre of the ATKUP5 and the PSiP (the experimentally
confirmed ACs in higher plants), Asterisks mark conserved residues, colons are conservative, and periods are
semiconservative substitutions.
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3.3.2. Structural modeling of ATKUP5
In addition to the identification of an AC catalytic centre in ATKUP5 using a rationally designed
AC motif, we also assessed, using computational methods, the feasibility that the AC centre can
bind the substrate ATP and catalyze the subsequent conversion into cAMP. Since ATKUP5 has
41% amino acid identity to ATKUP7, we therefore modeled ATKUP5 against an ATKUP7
structure as described in (Figure 3.4A). We show in this model that the AC catalytic centre is
solvent exposed thus allowing for unimpeded substrate interactions and presumably also for
catalysis (Figure 3.4A). Furthermore, probing of the AC centre by molecular docking of ATP
suggests that ATP can dock at the AC centre with a good free energy and a favorable binding
pose. Specifically, the negatively charged phosphate end of ATP points towards Lys94 while the
adenosine end is surrounded by negatively charged residues provided by Ser81 (Figure 3.4B)
much like in structurally resolved GC centres (Wong, Gehring et al., 2015, Wheeler, Wong et
al., 2017). Consistently, when Ser81 was mutated to Pro81, docking simulations indicate that the
favorable ATP pose (Figure 3.13B) was abolished (Figure 3.4C). The adenosine end of ATP now
assumed a configuration that is deemed too distanced for any interactions with Pro81,
presumably due to the loss of negative charges and its ability to form hydrogen bonds with ATP.
This suggests that the AC catalytic activity for Ser81 ATKUP5 may be impaired.
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Figure 3.4 The modeling of ATKUP5. A) The full-length AtKUP5 model showing the location of the AC centre at
the solvent-exposed cytosolic region. Dockings of ATP and the interactions of ATP with the key residues at the
catalytic centres of B) wild type AtKUP5 and C) S81P AtKUP5 are shown as ribbon in the left and as surface in the
right image panels respectively. The AC centre is highlighted in yellow and the amino acid residues implicated in
interactions with ATP and the metal-binding residue (E96) are coloured according to their charges in the surface
models and shown as individual atoms in the ribbon model. The full-length AtKUP5 and S81P AtKUP5 3D
structures were modeled against the AtKUP7 template as provided in using the Modeller (ver. 9.14) software. ATP
docking simulations were performed using AutoDock Vina (ver. 1.1.2) and images were created using PyMOL (ver
1.7.4).
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3.7.2.1 ATKUP51-104 rescues an AC deficient E. coli mutant
In order to investigate if the ATKUP5 AC can rescue an AC deficient E. coli mutant, ATKUP51104

was cloned and expressed in an E. coli SP850 strain that lacks its endogenous AC gene (cyaA)

that in turn prevents lactose fermentation. As a result of the cyaA mutation, the AC deficient E.
coli and the un-induced transformed E. coli remain colorless when grown on MacConkey agar.
In contrast, the ATKUP51-104 transformed E. coli SP850 cells, when induced with 0.5 mM IPTG,
form red colored colonies much like the wild type E. coli (Figure 3.5) thus indicating a
functional AC centre in the recombinant ATKUP51-104 that has rescued the E. coli cyaA

cyaA +
1-104
ATKUP5
induced

WT

cyaA +
1-104
ATKUP5
un-induced

cyaA
mutant

Figure 3.5 Functional characterization of ATKUP51-104. The recombinant AC domain of ATKUP5 complemented
the cyaA mutant E.coli (SP850). The wild type E. coli shows strong red colour while both the cyaA mutant and the
cyaA mutant with un-induced recombinant ATKUP51-104 yielded colorless colonies.

104

When the serine in position 81 (S81) (first position of the AC motif) that does the
hydrogen bonding with ATP is mutated to a proline, the mutated ATKUP5 AC can no
longer rescue the E. coli cyaA mutant (Figure 3.6). This suggests that the S81P mutation
in ATKUP51-104 has abolished the AC activity. This is documented in both the AC
domain either with single or the double mutated AC domain. The double mutated AC
domain contains the mutated serine in position 81 and a second mutation was carried out
in position 83 in which the aspartic acid is mutated to Threonine. This position is critical
for the substrate (ATP) specificity.

WT

Induced

WT

Induced

cyaA +
ATKUP5
S81P

cyaA mutant

cyaA +

1-104

Un-induced

ATKUP5
WT

cyaA mutant

Un-induced

Figure 3.6 Effect of site-mutagenesis in AC activity. The recombinant AC domain of ATKUP5 wild type
complemented the cyaA mutant E.coli (SP850). The wild type E. coli shows strong red colour while both the cyaA
mutant and the cyaA mutant with un-induced recombinant ATKUP51-104 yielded colorless colonies (right plate). In
the left plate the single mutated AC domain recombinant protein cannot rescue the cya A mutant.
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The full length of ATKUP5 was also tested for its ability to complement the cyaA mutant. The
full length ATKUP5 with site-directed mutation in the AC domain also showed a abolishing of
the AC activity by no more rescuing of the mutant. Figure 3.8 is demonstrating the full length
ATKUP5 clone can rescue the mutant and losing the AC activity abolishes the rescue effect.
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1-104

cyaA +
ATKUP5
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cyaA
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Figure 3. 7 The effect of site-mutagenesis in the full length of ATKUP5. The recombinant full length ATKUP5
wild type complemented the cyaA mutant E.coli (SP850). The wild type E. coli shows strong red colour while both
the cyaA mutant and the cyaA mutant with un-induced recombinant full length ATKUP5 yielded colorless colonies.
The mutated ATKUP51-104. (S81P) recombinant protein loses the ability to rescue the mutant.

This is also supported by cAMP measurements that show expression of ATKUP51-104 in the E.
coli cyaA mutant dramatically increases cAMP levels (Figure 3.9). Moreover, this activity is
stimulated by forskolin, a activator of AC activity. Significantly, the ATKUP51-104 S81P mutant
has much lower cAMP levels and this is also observed in a double mutant ATKUP5 S81P/D83T
that is also modified at the residue involved in substrate specificity in which the aspartic acid (D)
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is mutated to a tyrosine residue (T). Altogether this data suggests that ATKUP51-104 forms a
function AC that is able to complement the E. coli cyaA mutant and that Ser81 is critical to the
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Figure 3.8 cAMP production in E. coli transformed with ATKUP5
. The values refer to total [cAMP] in
bacterial extracts (with corrections made for the different OD600 values) after induction for 4 hours, addition of 100
µM forskolin was carried out for some cultures as indicated in the figure. Error bars indicate standard deviation from
a minimum of three experiments. The presence of forskolin causes the increase of cAMP production compared of its
1-104
absence. The ATKUP5
wild type shows the highest production of cAMP compared with the site-directed
mutants. All experiments were performed in triplicates with error bars expressed as standard error of the mean
(SEM). The bars with a different superscript are significantly different (p-value < 0.05). One-way ANOVA followed
by Tukey-Kramer multiple comparison test). .

107

3.7.2.2 In vitro AC activity of recombinant ATKUP51-104
The generation of cAMP in vitro was tested by expressing the recombinant AC domain of
ATKUP51-104 in E. coli. The purification of the recombinant protein took place under denaturing
conditions as the protein purification under native conditions was not successful (Figure 3.9).
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Figure 3.9 Cloning and expression of AC domain of ATKUP51-104. A) Agarose gel electrophoresis analysis of the
ATKUP51-104 clone. L is the DNA ladder mix. Lanes 1 and 2 are the amplified ATKUP51-104 PCR product (315 base
pairs) and negative control respectively. B) SDS-PAGE profile of recombinant ATKUP51-104 purified protein under
denaturing conditions. FPLC-refolded recombinant ATKUP51-104 Lanes. L represents the PageRuler pre-stained
protein ladder. Lanes 1 and 2 indicate band of the expected ATKUP51-104 size (~24 kDa). A total of 15 µl protein
samples were loaded into the wells prior to SDS-PAGE analysis.
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AC activity of the fragment was tested in a reaction mixture containing ATP and with either
Mg2+ or Mn2+ as the cofactor. A maximum activity was reached after 25 minutes of enzymatic
reaction, generating 38.1 fmol/µg protein of cAMP in the presence of Mn2+ and 26.8 fmol/µg
protein of cAMP in the presence of Mg2+ (Figure 3.10) while the amount of cAMP in the uninduced bacterial protein extract subjected to the same affinity purification procedure is not
significant (not shown).
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Figure 3.10 Cyclic AMP generated by recombinant ATKUP5
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at different time points in the reaction mix containing 10 mg protein, 2 mM IBMX, 1 mM ATP and 5

2+

mM Mn or Mg2+. The number of replicates is 3 per time point.
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Cyclic AMP levels were also measured by liquid chromatography tandem mass spectrometry
(LC-MS/MS) specifically identifying the presence of the unique product ion at m/z 136 [M+H]+
that is fragmented in a second ionization step, in addition to the parent ion at m/z 330 [M+H]+.
his fragmented product ion was then used for quantitation. In the presence of Mn2+, the
recombinant ATKUP51-104 generates cAMP that increases with time achieving a maximum
amount of 49 fmol/µg protein of cAMP after 25 minutes (Figure 3.11). We noted that this
activity is 10-50x lower than that of animal ACs and this may be due to the more localized
micro-regulatory role of such AC centres in plants that may assume the roles of rapid molecular
switches capable of diverting from one signaling network to another much like those observed in
some plant GCs e.g. PSKR1 (Muleya, Wheeler et al., 2014).

.
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Figure 3.11. Detection of cAMP generated by ATKUP51-104 by liquid chromatography tandem mass
spectrometry (LC-MS/MS). A) Representative ion chromatogram of cAMP showing the parent and daughter ion
peaks (see arrows for the structures). B) cyclic AMP was generated from reaction mixture containing 10 µg of the
purified recombinant protein, 50 mM Tris–C, 2 mM IBMX, 5 mM MnCl2 and 1 mM ATP. The calibration curve is
shown in the inset. The calculated amount of cAMP after 25 minutes of enzymatic reaction is 49 fmol/µg protein.
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3.7.2.3 ATKUP51-104 rescues a K+ transport deficient S. cerevisiae mutant
The yeast system has previously been used to express plant transporters with success,	
  probably
because plant and yeast cells share common characteristics such as the presence of a vacuole,
which is relevant to this study because there is some	
  evidence that has deletions in both TRK1and
TRK2 genes (trk1trk2) which are the two high affinity K+ transporters identified in yeast and
consequently it is not able to grow in medium containing low levels of potassium (Anderson,
Huprikar et al., 1992). The deletion of both TRK1 and TRK2 increases the hypersensitivity to
low pH and makes cells severely limited in their ability to take up K+. This potassium uptakedeficient strain of S. cerevisiae (CY162, trk1 trk2) can grow normally on media containing 100
mM K+ but exhibits slow growth on media with 7 mM K+ and virtually no growth on media
containing 0.2 mM K+ (Ko and Gaber, 1991)	
   Furthermore, this strain was used in the
complementation assay because it has been successfully applied in a previous study in which
ATKUP1 was found to dramatically increase the K+ uptake capacity of this mutant at both low
and high K+ concentrations. In their study the authors used the cDNA for the functional K+
transporter ATKUP1 and expressing it in this yeast mutant strain. Kinetic analyses showed that
AtKUP1-mediated K+ uptake displays a dual pattern similar to that observed in plant roots (Fu
and Luan, 1998) The ability of ATKUP5 to functionally complement the S. cerevisiae K+
transport deficient mutant, trk1 trk2 was thus interrogated. The trk1 trk2 mutant strain was
transformed with full length ATKUP5 and the conformation of the clone and expression of
ATKUP5 was detected using the PCR gel and the SDS PAGE (Figure 3.12).
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Figure 3.12 Cloning and expression of ATKUP5 in yeast. A) Agarose gel electrophoresis analysis of the
ATKUP5 full-length clone. L is the DNA ladder mix. Lanes 1 and 2 are the negative control and the amplified
ATKUP5 full length PCR product (2568 base pairs shown with the red arrow) respectively. B) SDS-PAGE profile
of recombinant ATKUP5 full-length protein in native condition. M represents the PageRuler pre-stained protein
ladder. The lane indicates band of the expected ATKUP5 full-length size (~98kkD). A total of 15 µL protein
samples were loaded into the wells prior to SDS-PAGE analysis

The yeast transformants with the wild type ATKUP5 and the empty vector control were able to
grow on 20 mM K+ replete media. Notably, under 0.02 mM K+ deficient conditions. The wild
type ATKUP5 was able to functionally complement the trk1 trk2 mutant and this suggests that
wild typeATKUP5 is able to function as a high affinity K+ transporter in vivo (Figure 3.13).
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Figure 3.13 The complementation of the trk1trk2 mutant by ATKUP5. The trk1trk2 strain was transformed with
the empty vector PYES652 plasmids or with the plasmid containing ATKUP5. The strains were dropped on medium
containing galactose, raffinose and either 20 mM or 0.02 mM KCl.
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The optical density at different potassium concentrations was measured for both the recombinant
ATKUP5 and the empty vector. The ATKUP5 shows better growth at low and high potassium
concentrations compared with the empty vector in selective drop out media (SC-U) which
contains the inducers (2% galactose + 2% raffinose) and data were collected after 8 hours of
induction. The lowest concentration of potassium is 0.02 mM and considered as minimal KCl
concentration as the initial inoculum used for re-culturing was taken from an overnight grown
culture containing 100 mM KCl (Figure 3.14).
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Figure 3.14 The Optical Density (OD) at different potassium concentrations. The recombinant ATKUP5 shows
better growth at low and high potassium concentrations compared with the vector control which only shows a higher
growth rate at 20 mM KCl. Yeast strains were grown under induced (2% galactose + 2% raffinose) conditions in
selective drop out media (SC-U) and samples were collected after 8 hours of induction. The minimal KCl
concentration is 0.02 is mM as the initial inoculum used for re-culturing was taken from an overnight grown culture
containing 100 mM KCl. Comparative analysis of growth activity of trk1, trk2 mutant expressing the control vector
and ATKUP5 in trk1trk2. The 20 mM KCl is the highest concentration of potassium. In both concentrations of KCl
the ATKUP5 can rescue the trk1trk2 mutants. The growth rate of the yeast strains rescued by recombinant ATKUP5
is significantly higher than the yeast containing the control vector (**, p<0.005). The data here represents the
average of three trials..
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To further characterize if ATKUP5 functions as a low or a high potassium transporter in the
yeast system, we performed atomic absorption analysis by measuring the potassium content
using the ICP-OES system. Our results indicate that ATKUP5 enhances the potassium content
and accumulation at both low and high concentrations of potassium in the ATKUP5:trk1trk2
clone compared with the control empty vector which could suggest that ATKUP5 has a direct
effect in the uptake of potassium and that this transporter can be considered to be a high affinity
potassium transporter (Figure 3.15).
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Figure 3.15 The Atomic Absorption results (AAs) for potassium content in the ATKUP5:trk1trk2 (ATKUP5
WT) strain and the control empty vector. The intracellular K+ accumulation of yeast cells expressing ATKUP5
full-length gene in the trk1trk2 strain of S. cerevisiae used as host cells was measured. Yeast was grown under
induced (2% galactose + 2% raffinose) condition in Uracil drop out medium supplemented with either 0.02 mM KCl
or 20 mM KCl. The potassium content was measured with ICP-OES. In both 0.02 and 20 mM KCl, the potassium
contentis significantly increased in yeast cells expressing the full length ATKUP5 protein compared to the yeast
cells expressing the control vector (student t-test; **, p<0.005; ***, p<0.001). Each experiment was repeated
three times, each time with three biological replicates
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As a step toward understanding the mechanism of ATKUP5 mediated K+ transport, we
performed K+ content measurement in the presence of several K+ channel inhibitors. Because K+
uptake by ATKUP5 displays a high affinity, we performed inhibitor studies at both external
potassium concentrations, 0.02 mM and 20 mM, representing the low and high potassium
concentration respectively. Three commonly used K+ uptake inhibitors were chosen.
Tetraethylammonium (TEA) is considered as a specific blocker of voltage-gated K+ channels,
Ba2+ and Cs+ inhibit K+ uptake of most channels and some other transporters (Grabov, 2007).
At low K+ concentration, the control empty vector showed a slight effect by the Ba2+ and Cs

+

compared with the ATKUP5 as the K+ content was sensitive to both Ba2+ and Cs+ compared with
the effect of TEA which does not show a significant effect on the potassium content (Figure 3.16
A). At high K+ concentration the empty vector was not sensitive to any of the inhibitors
compared with the ATKUP5 expressed in the trk1trk2 mutant strain that still show a response to
both Ba2+ and Cs+ inhibitors.
It is worth to mention that in a previous study which carried out in ATKUP1 (Fu and Luan,
1998) it was found that ATKUP1 is strongly inhibited by potassium blockers especially (TEA) at
low potassium concentration which is achieved mainly by voltage-gated channels (Maathuis and
Sanders, 1996). Based on the study (Bertl, Anderson et al., 1995), wild-type yeast cells (with
TRK1 and TRK2) carry a voltage-dependent inward K+ current that is completely abolished in
trk1trk2 mutant cells, suggesting that one or both of the TRK systems are responsible for this
inward channel activity. In the a TKUP1 study, only K+ uptake in wild-type yeast cells, but not
that in mutant cells, was inhibited by TEA in the low-affinity phase, which is consistent with the
notion that TRK systems may constitute a functional channel. Both ATKUP1 and TRK systems
belong to the K+ transporter family with 12 transmembrane domains. If TRK systems function as
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voltage-dependent K+ channels, ATKUP1 may also carry the structural elements of a functional
K+ channel (Fu and Luan, 1998). In the ATKUP5 case this transporter was not showing a strong
response to the TEA inhibitor which is expected for such a potassium transporter.
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Figure 3.16 Blockers effect in the uptake of potassium. A) The potassium content for the ATKUP5 trk1trk2 yeast
cells and the empty vector (EV) in induction media contains low potassium concentration (0.02 mM). B) The
potassium content for the ATKUP5 trk1trk2 yeast cells and the empty vector (EV) in induction media contains high
potassium concentration (20 mM). Each bar represents the addition of 10 mM of different potassium inhibitor.
Tetraethylammonium (TEA), BaCl2, or CsCl2 was included in the uptake assays. Each experiment was done in
triplicate. with error bars expressed as standard error of the mean (SEM) (*, p < 0.05; **, p < 0.005).
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The trk1 trk2 mutant strain was transformed with AtKUP5 containing the S81P single mutation
or double mutation S81P/D83T, both of which abolish the AC activity of AtKUP5, and
compared to the empty vector control and the trk1 trk2 mutant strain that were transformed with
AtKUP5 wild type. All yeast transformants were able to grow on 20 mM K+ replete media, under
which conditions high affinity K+ transport is suppressed. Notably, under 0.02 mM K+ low
potassium conditions, wild type ATKUP5 was able to functionally complement the trk1 trk2
mutant, however ATKUP5 mutants that lack a functional AC domain were unable to
complement the S. cerevisiae mutant that is impaired in its high affinity K+ transport systems
(Figure 3.17). This suggests that ATKUP5 is able to function as a high affinity K+ transporter in
vivo and that this functionality as a K+ transporter needs to have a functional AC sequence and it
may rely on its ability to generate cAMP.
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Figure 3.17 Functional complementation analysis in trk1trk2 yeast. The complementation was also tested for the
ATKUP5 with single and double mutant. The complementation was carried out after the induction of each
transformant with (2 % galactose and 2 % raffinose) in Ura- media. The strains were dropped on medium containing
galactose, raffinose and either 20 mM or 0.02 mM KCl. Serial dilution of the media were carried out for each
sample.
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One possibility is that ATKUP5 generated cAMP could directly act on the channel to modulate
its K+ transport activity, for example through direct gating. Indeed, cyclic nucleotides have been
previously shown to modulate the activity of K+ channels (Hoshi, 1995). In this case one might
expect that the application of membrane permeable cAMP could rescue the deficiency in K+
transport observed in the ATKUP5 S81P and ATKUP5 S81P/D83T mutants. To test this
hypothesis, the various yeast transformants were grown in K+ deficient media with or without
supplementation with dibutyryl cAMP which is a cell-permeable cAMP analog that activates e.g.
cAMP-dependent protein kinases (Lemtiri-Chlieh and Berkowitz, 2004). In a previous study a
lipophilic analog (dibutyryl cAMP) was used to diffuse into the trk1trk2 mutant cells and bind to
the cytosolic portion of the channel protein (ATCNGC1) that is an Arabidopsis protein
recombinantly expressed in the yeast system, which contains the cyclic nucleotide binding
domain (Mercier, Rabinowitz et al., 2004). In our experiment the K+ content was measured by
ICP-OES. As expected, the wild type ATKUP5 transformed yeast accumulated significantly
more K+ compared to the yeast trk1 trk2 mutant transformed with the empty vector or either the
single or double mutant the ATKUP5 AC domain. Treatment with dibutyryl cAMP did not affect
the amount of K+ accumulated in any of the different yeast transformants. This suggests that
either the dibutyryl cAMP is not permeable across the yeast cell wall and plasma membrane or
that the effect of cAMP on the K+ transport activity of ATKUP5 is indirect. This could be
explained by a conformational change in ATKUP5 that both activates the AC activity and K+
transport activity. Alternatively, ATKUP5 induced cAMP may stimulate a downstream signal
transduction cascade that is required for maintenance of the K+ transport activity. The ATKUP5
S81P mutation might also be affecting K+ transport activity through a change in the
conformation of the channel that is unrelated to its ability to generated cAMP.
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To test whether K+ has any effect on the AC activity of ATKUP5, cAMP levels were measured
in the trk1 trk2 mutants transformed with either empty vector, wild type ATKUP5 or ATKUP5
S81P and grown in K+ deficient media then treated with K+. It was found that K+ treatment
increased cAMP levels in the trk1 trk2 mutant transformed with wild type ATKUP5 10 minutes
following treatment and this effect was sustained for at least 30 minutes (Figure 3.18). There was
no increase in cAMP levels following K+ treatment in the trk1 trk2 mutant transformed with
empty vector or ATKUP5 S81T. This suggests that it is the AC domain of ATKUP5 that is
responsible for the generation of cAMP in response to K+ treatment.
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Figure 3. 18 Effect of media KCl on cellular cAMP concentrations. cAMP was measured using MS after the
addition of 1 mL of 20 mM KCl at different time points in a potassium deficient media All samples were performed
in triplicates with error bars expressed as standard error of the mean (SEM) (* p < 0.05)..
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In order to study the effect of cyclic AMP in the potassium transport activity carried out through
the ATKUP5 potassium transporter we treated the yeast cells with or without the dibutyryl
cAMP followed by the measurement of K+ content. We concluded that cyclic AMP does not
affect the potassium content in yeast cells and in both they had the same behavior in the presence
or absence of cyclic AMP (Figure 3.19).
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Figure 3.19 The uptake of potassium in the presence or absence of 8-bromobutyl cAMP. The
potassium uptake was measure using the ICP-OES. The induced media with 0.02 mM KCl (in the presence
or absence of cAMP added) f or each of the yeast strains. Then the potassium was measured by the ICPOES.All samples were performed in triplicates with error bars expressed as standard error of the mean
(SEM) (* p < 0.05).
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Interestingly, in Paramecium, cAMP formation is also stimulated by a K+ conductance, and this
conductance in turn is an intrinsic property of the AC.
In a study reported it was found that the hyperpolarization of the cell membrane of Paramecium
stimulates adenosine 3',5'-monophosphate (cAMP) formation. Manipulations of the K+ resting
conductance of the ciliate by adaptation in different buffers affected excitability of the cAMP
generating system. They noticed that the Blocking of K+ channels inhibited hyperpolarizationstimulated cAMP formation. They used a mutant of Paramecium that is unable to control its K+
resting conductance had a defect in cAMP formation. Purified adenylyl cyclase, when
incorporated into an artificial lipid bilayer membrane, revealed properties of a voltageindependent K+ channel. This indicates that the adenylyl cyclase of Paramecium has a secondary
function as carrier of the K+ resting conductance. A hyperpolarization-activated K+ efflux
appears to directly regulate adenylyl cyclase activity in vivo (Schultz, Klumpp et al., 1992). This
multi-domain protein acts as both an AC and a K+ channel where a canonical S4 voltage-sensor
occupies the N-terminal and a K+ pore-loop sits in the C-terminus on the cytoplasmic side
(Weber, Vishnyakov et al., 2004). Incidentally, ATKUP5 also has such dual domain architecture
as characterized by its K+ transporter and a cytosolic AC centre although we note that KUP5 is
likely a proton-coupled K+ carrier rather than a K+ channel. Therefore it was really interesting to
test if cAMP production is dependent on the K+ conductance and/or if cAMP can modulate K+
conductance. Consistent with our findings it is conceivable that ATKUP5 can operate as a cAMP
dependent K+ flux sensor.
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3.7.3 Detection the expression of ATKUP5 by transfected HEK-293 cells
The attR2 site of the pcDNA™6.2/C-EmGFP-DEST vector is

the sequence between the

gene synthesized in the vector and the C-GFP sequence, it was designed and optimized for the
vector and it gave a 10 amino acid distance before the GFP expression. This separation could a
void structural (and functional) concerns imposed by the extra GFP protein. The expression
vector contains both the target gene and the fluorescent marker. Therefore, cells that appear
fluorescent shows direct indication of the expression and localization of the target protein in the
cells. This method is better than the co-transfection method in which the expression of the
marker gene (CD8-alpha or a fluorescent protein) may not have a correlation to the success of
transfection efficiency and the targeted protein expression level. However, the fluorescent tag or
protein fusion may impose structural constrains that can be detrimental to the functionality of the
protein of interest (Giepmans, Adams et al., 2006). This spatial separation between the ATKUP5
and the GFP protein can avoid structural constrains that may interfere with the biological
activity.
In order to check the presence of ATKUP5. Figure 3.22 A shows the electrophoresis gel of
ATKUP5 product in which the primers of the full length of ATKUP5 were used to detect the
presence of ATKUP5 clone (cDNA). However in figure 3.22 B, the electrophoresis gel of
ATKUP5 mRNA product was shown. The primers of the full length of ATKUP5 were used to
detect the expression of ATKUP5 expression using the RNA synthesized and another sample of
RNA extraction prepared from untransfected HEK cells was used as the negative control in
which no product was produced by the PCR.
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3.22 Conformation of the cloned ATKUP5 full length and the expression of the protein in the mammalian
vector. A) PCR electrophoresis gel shows the detection of the ATKUP5 clone. L is the ladder. 1 and 2 lanes are the
negative control and the ATKUP5 in the pcDNA™6.2/C-EmGFP-DEST vector respectively. B) mRNA transcript of
ATKUP5 heterologously expressed in HEK-293 cells.
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3.7.3.1 Studies using patch clamp in HEK-293 cells.
In the whole-cell mode of the patch clamp, when the holding membrane voltage (Vh) was set to 60mV using the external solution with pH 7.3, all HEK-293 cells transfected with KUP5 (n=4)
had a running background currents close to zero (ranging between -3 and +1 pA). Upon
switching to pH 5.3, an inwardly-directed current developed slowly over a period of 2 to 3
minutes to reach a steady-state ranging between -8 and -12 pA. A representative experiment is
shown in Figure3.23. However a similar effect was also seen in two other HEK-293 cells
transfected with the empty vector (Figure 3.23 A). This effect was fully reversible upon washout
in both sets of HEK-293 cells (empty vector and ATKUP5; Figure 3.23 A and B). The data seem
to indicate that both HEK-293 expressing or non-expressing cells have an intrinsic transport
mechanism activated by protons and KUP5 is most certainly not contributing to it since no
additional sizable current is seen in those HEK-293 cells expressing functional KUP5. Although,
another possible explanation could be that in HEK-293cells, as seen before in oocytes (Kim,
Kwak et al., 1998), the transporter may simply not be functionally expressed. Attempts were also
made to see if HEK-293 expressing KUP5::GFP shows any novel/unusual currents at other
depolarized voltages (from +120 mV to -80 mV in -20 mV decrements) but still we did not
detect any new currents at these voltages. Mostly, at these depolarized voltages and using our
internal and external media (see Methods), we only recorded the intrinsic IA-like currents, a
common native K+-channel to HEK-293 cells (see (Ooi, Wong et al., 2016)). The inability of
KUP/KT/HAK transporters to generate a current in heterologous systems such as Xenopus
oocytes has been documented (Li, Xu et al., 2017). Nevertheless, KUP/KT/HAK transporters
have been shown to functionally complement E. coli and S. cerevisiae mutants that are impaired
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in their ability to uptake K+. This inconsistency could be explained by the fact that signaling
components required for activation of KUP/KT/HAKs are missing from the heterologous animal
systems but are present in bacterial and yeast systems. It is thus interesting to note that
KUP/KT/HAKs are found throughout bacteria, fungi and plants but are missing from the animal
lineage (Grabov, 2007).
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Figure 3.23 Patch clamp recording in HEK-293 cells. A) Fluorescence images of ATKUP5-EmGFP−expressing
HEK-293 cells at 20 x magnification field view. Cells were transiently transfected with an expression vector
containing the Arabidopsis thaliana ATKUP5 gene. B) Whole-cell patch-clamp recordings of HEK-293 cells either
transfected with the empty vector (i) or ATKUP5 construct (ii). Note that in both conditions, a similar inward
current in size (≈ -8 to -12 pA) is activated in a reversible manner when external pH is switched from 7.3 to 5.3. The
dashed line corresponds
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Summary
Potassium is the most abundant cation in plant. The uptake of potassium and its transport are key
to growth, development and responses to the environment. Here we reported that Arabidopsis
thaliana K+ uptake permease 5 (AtKUP5) contains an adenylate cyclase (AC) catalytic centre
embedded in its cytosolic domain part and this AC can rescue an AC-deficient E. coli mutant,
cyaA in E. coli. Furthermore, the full-length wild type ATKUP5 can complement the
Saccharomyces cerevisiae K+ transport impaired mutants, trk1 trk2. We also found that a point
mutation in the AC center that abolishes AC activity, and it also abolishes K+ uptake. This is not
affected by cAMP, the catalytic product of the AC, but interestingly, causes cAMP accumulation
suggesting that ATKUP5 could operate as K+ flux sensor and use cAMP to modulate other
downstream components essential for K+ homeostasis such as cyclic nucleotide gated channels
(CNGCs). The next step will be to use the plant system itself in order to characterize the
biological function of this potassium transporter and its role in K+ homeostasis. Some results of
this investigation are presented and discussed in the Appendix.
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Appendix
A partial characterization of the ATKUP5 phenotype
ATKUP5 is one of the 13 members of the KT/HAK/KUP transporter family in Arabidopsis
(Quintero and Blatt, 1997). The presence of KT/HAK/KUP transporters in all higher plants
implies that they may play a role in nutrient acquisition and in the ability of plants to survive in
K+ poor environments (Maser, Gierth et al., 2002). According to our findings the domain
combination of an AC with a potassium transporter (ATKUP5) has not been reported in plants,
but a similar organization has been suggested in Paramecium and Plasmodium falciparum
(Weber, Vishnyakov et al., 2004). This unique feature of domain combination could indicate
that ATKUP5 is involved in K+ sensing and signaling pathways in plant too. KUP5 orthologs are
present in the genomes of higher plants, but have not been found in the genomes of protista or
animalia (Quintero and Blatt, 1997). Phylogenetic analysis of proteins from monocots and dicots
show that they are present in both, thus the expansion of the KUP gene family appears to have
taken place before the separation of monocots and dicots (Maser, Gierth et al., 2002). A study
demonstrated that KUP genes including KUP5 are found in Expressed Sequence Tag (EST)
collections from maize, rice, soybean, tomato, cotton fiber, poplar and onion (Maser, Gierth et
al., 2002). The 13 members of the AtKT/KUP/HAK family are distributed on all five
chromosomes of the Arabidopsis genome (Maser, Thomine et al., 2001). ATKUP5 is located on
chromosome four. A previous study (Ahn, Shin et al., 2004) compared the predicted cDNA
sequences and gene structure predictions from both The Institute for Genomic Research (TIGR)
and The Arabidopsis Information Resource (TAIR) of all ATKUP genes and found that they all
have 6 - 10 exons that are separated by introns of various lengths (Ahn, Shin et al., 2004). In
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their results, the authors classified the AtKT/KUP encoding genes into five groups according to
similar intron and exon structures.

One of these groups is comprised of AtKT/KUP5 and

AtKT/KUP7. These two genes encode proteins that are very closely related (Ahn, Shin et al.,
2004). ATKUP5 contains ten exons separated by relatively small introns i.e. from 88 to 320
nucleotides while ATKUP7 has eight exons.
Here, we used SALK T-DNA insertion mutant lines and a generated overexpression lines of
ATKUP5 in Arabidopsis thaliana to test whether AtKUP5 plays a functionally important role in
K+ uptake, cAMP synthesis and plant development. Our preliminary results suggest that the
overexpression of ATKUP5 has a significant impact on potassium uptake. The AtKUP5 knockout affects the root phenotype by shortening its structure from an average of about 40 mm to an
average of about 1 mm under normal growing media. The localization of ATKUP5 was also
tested through a stable GFP construct using its native promoter. A significant decrease in
potassium uptake was observed in parallel with the cAMP content in mutant lines by measuring
the cAMP content in atkup5 knock out mutant lines and those lines showed a decreased
potassium content.
In order to study the phenotypic effect of ATKUP5, T-DNA insertion mutants that disrupt the
ATKUP5 (At4g33530) gene sequence were identified from a search against the SALK database.
(http://signal.salk.edu/cgi-bin/tdnaexpress). Selection of suitable mutant lines was based on the
reported homozygosity of the mutants, in addition to the predicted site of T-DNA insertion in the
ATKUP5 gene. The two mutant lines selected were SALK_023105 and SALK_120707 have
predicted insertion sites at 1323 bp and 1514 bp downstream of the ATG START codon (Figure
1). These insertions sites are predicted from the alignment of the sequence flanking the T-DNA
insert with the ATKUP5 gene sequence available from TAIR and could differ by 300 bp due to
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possible errors in the sequencing data as explained in the frequently asked question section
(http://signal.salk.edu/tdna_FAQs.html). A second mutant line was required to confirm that any
phenotypic difference from the wild-type was indeed a result of the mutation of the ATKUP5
gene and not because of possible secondary T-DNA insertions at other sites (Ostergaard and
Yanofsky, 2004). Furthermore, it is necessary to examine two different mutant lines because as
many as 50% of insertion mutants contain background mutations that may disrupt other genes.
Therefore, if two mutants with different background mutations show the same phenotype it is
more likely that the phenotype is the effect of mutation in the gene of interest rather than the
result of any other background mutation. The sequence flanking the T-DNA insertion in the
genomic DNA for each SALK mutant was downloaded from the (http://signal.salk.edu/cgibin/tdnaexpress) website and compared to the ATKUP5 gene (At4g33530) sequence and the TDNA vector sequence (pBINpROK2). Using the DNAMAN program, the predicted site of TDNA insertion is the position at which the sequence flanking the T-DNA insertion begins to
align with the gene sequence. The SALK 120707 alignment is in yellow and the predicted
insertion site is marked by a purple triangle (Figure 1). While the SALK _023105 alignment is in
green and predicted insertion site is marked by red triangle. It was important to accurately
resolve the exact and actual site of T-DNA insertion in the ATKUP5 gene.
The T-DNA insertion sites of both the mutant lines were determined by sequencing the product
of the mutant and aligning it with (1) the ATKUP5 sequence available from TAIR and (2) the TDNA vector pBIN-pROK2 sequence available from SALK. The region where the two
alignments meet is the actual site of insertion. The actual T-DNA insertion is shown in Figure 1.
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ATGTTTCACGTGGAAGAAGAAAGCAGTGGAGGCGATGGGTCTGAGATTGATGAGGAGTTTGGCGGAGACGATTCAACGACGTCATTGTCGCGATGGG
TGTTCGATGAGAAAGATGATTATGAGGTTAATGAAGATTACGACGATGATGGATATGATGAGCATAATCACCCGGAAATGGATTCCGATGAGGAGGA
TGACAATGTGGAGCAGCGTTTGATTCGCACTAGCCCTGCCGTTGACTCTTTCGATGTAGATGCTCTTGAGATTCCTGGAACTCAGAAAAACGAAATC
GAGgttagcatttgtgtgtgaatgttcttcttcttcttcatgttgtttacttttcgatctgattgagttgttgaacttggtaatgtgttttttcagG
ACACTGGTATAGGAAAGAAACTCATACTTGCTTTGCAGACACTTGGGGTTGTATTTGGTGATATTGGAACTAGCCCATTGTATACCTTCACTGTCAT
GTTCAGAAGATCTCCAATTAACGACAAAGAAGATATTATTGGAGCCTTGTCATTGGTTATATACACTTTAATATTGATTCCTCTTGTAAAGTATGTA
CATTTTGTTCTTTGGGCCAATGACGATGGCGAAGgtatatctcttcctctttatatggtgtagattgaagttcatttaaggtttaaaggtttaagtt
ttggaaatgaattgcagGTGGGACGTTTGCTTTGTATTCGTTGATCTGCCGGCATGCAAATGTTAGCCTTATCCCAAATCAACTTCCATCAGATGCT
CGCATATCAGGCTTTGGTTTGAAGGTTCCGTCTCCAGAACTTGAAAGATCATTGATAATTAAAGAAAGACTTGAGGCGTCAATGGCCTTGAAAAAGC
TTCTTCTGATTTTAGTTCTTGCCGGCACTGCTATGGTGATTGCTGATGCTGTTGTTACGCCAGCAATGTCAGgtacttatatgctgtcaggctacat
tttttgttcctatgtcacatatcaagtatagagaaaaagcatgtgagcattatcgttgcatgaataatctgcagctaaattttaccctcttttttgg
acacagTAATGTCTGCTATCGGTGGTCTGAAGGTTGGAGTTGGTGTTATAGAACAAGgtaactaattctagttgacgtttattagcgcctatgtatg
gtcacgagcatgatttcgtctggctttcaaaacttgtaatcgttccttggatatatgtattccttggaccagaaaactttttatgggtctttaatgg
ttgcatcctgggtcccttgacttcaattagattatagatacaacaaagaagagggtaaactcttctgccccctgaataggggctaatgattgtacaa
agctttcaaaaaacataatcttatcttgatgagtgattagtgactattttttgtgtaaagtttctgactatggcttcatttgcagATCAGGTGGTCG
TGATATCAGTCAGCTTTCTTGTGATCTTGTTCAGTGTACAAAAATATGGAACCAGCAAATTGGGGCTTGTTTTGGGTCCTGCTTTACTTCTGTGGTT
TTTTTGTCTAGCGGGCATTGGAATTTACAACCTCGTAAAATATGACAGCAGCGTTTTTAAAGCGTTCAATCCTGCATATATCTATTTCTTTTTCAAG
AGAAACTCTGTAAATGCTTGGTATGCACTTGGGGGTTGCGTTTTATGTGCAACTGgtaagtttcatattctggaaatattttagaaagcttaaatac
attgaatgactttttgactaaatgtcattgctcatttctatacatgtggatcttgtctcagGATCGGAGGCCATGTTTGCAGATCTTAGCTATTTCT
CTGTTCACTCTATCCAGgtactttaaggagataaatactcatttattgctcttctgatagttgtctttcttagagtcatctgaacttttgattcagt
actggtgtttatctgcagCTTACTTTTATCCTTCTGGTGTTACCTTGCCTCTTGCTGGGTTATTTGGGTCAAGCCGCATACCTCTCTGAAAACTTCA
GCGCTGCCGGGGATGCTTTCTTTTCGTCAGTTCCAAgtaagatccactagcttccacagtacgtcaagatcaacaagggtattccttcatttgctgg
cttgattttacctctcatttcacgtttctaactgtttatcactcttttttattttcagGTTCTTTGTTCTGGCCAGTCTTTCTCATTTCTAATGTTG
CTGCTTTAATTGCCAGTCGTGCAATGACAACAGCCACATTTACATGCATCAAACAGTCAATAGCACTAGGCTGTTTCCCACGTCTTAAAATCATTCA
CACCTCAAAGAAATTCATTGGACAGATTTATATACCGGTTCTTAACTGGTCCCTTCTGGTGGTGTGTCTGATCGTTGTCTGCTCTACCTCAAATATC
TTCGCGATTGGAAACGCTTATGgtaatattttcttctcgtagcatttgatttggggaaagttgaaataattggaacccgttttagttactttaaaat
agttttacggcacaagttgttgaaccataagttctggtacatgatgtttaatgtgttataaagatgatgtaatttccgtcattgttctttacttttt
aacttttatgtccactttttctgtggcttgtccattaatcctagagacattcatgcatgtggttttggatttggattttcagGCATCGCAGAGCTGG
GAATTATGATGACTACAACAATTTTGGTGACCCTTATCATGCTTCTTATCTGGCAGACGAACATCATAGTTGTGAGCATGTTTGCAATTGTTTCCCT
GATAGTCGAACTGGTTTTCTTCTCATCCGTTTGTTCAAGTGTGGCTGATGGAAGTTGGATAATCTTGGTTTTTGCTACAATTATGTTTCTCATAATG
TTTGTTTGGAACTACGGGAGTAAACTGAAGTATGAAACTGAGTCCAGAAAAAGCTACCAATGGACCTACTACGAGAACTGGGCAGTAACCTTGGGAC
AATTAGAGCACCCGGTATTGGTCTACTTTATAATGAGCTAGCTAAAGGAGTTCCGGCAATATTTGGTCATTTTCTAACCACCCTTCCTGCAATCCAT
TCCATGGTTATCTTCGTGTGTATAAAGTATGTCCCTGTTCCAAGTGTGCCTCAGACCGAGAGATTTCTTTTCAGACGTGTATGCCCAAGAAGCTATC
ATTTATTCCGCTGTGTAGCCAGgtaaacaaaggaaccgtttttgatatggaagaaaatttaggtacaataaccaaattttcatatataaagtgctgt
gtatttaaaacagGTATGGATACAAAGATGTGCGGAAGGAAAGTCACCAGGCGTTTGAGCAGATACTGATTGAGAGTCTAGAAAAATTTATACGTAA
GGAAGCACAGGAGCGTGCACTTGAGAGTGACGGAGACCATAATGATACAGATTCTGAGGATGATACGACTCTGTCCAGAGTTCTGATAGCACCCAAT
GGAAGTGTGTATTCACTTGGAGTGCCTCTCTTAGCTGAGCACATGAATTCGTCAAACAAGCGACCCATGGAGAGAAGAAAGGCCAGCATAGATTTTG
GGGCAGGTCCTTCATCGGCGTTGGATGTGGAGCAGAGTCTAGAAAAAGAATTGTCGTTTATACACAAAGCGAAAGAGTCAGGGGTGGTGTATCTACT
GGGACATGGGGACATAAGGGCTACTAAGGATTCTTGGTTTCTGAAGAAGCTGGTAATAAATTACTTGTATGCTTTCTTGAGGAAGAACTCCAGGAGA
GGGATAACAAACCTAAGCGTTCCGCATACACATTTGATGCAAGTTGGAATGACTTATATGGTATGA

|

Figure 1 Predicted and actual T-DNA insertion sites of the two selected SALK_mutant lines. The ATKUP5
gene sequence was downloaded from TAIR (www.arabidopsis .org). Start and stop codons are highlighted in blue.
Exon sequences are shown in orange font and intron sequences are shown in purple font. The sequences flanking the
T-DNA insertions were downloaded from http://signal.salk.edu/cgi-bin/tdnaexpress. For SALK_023105, the
flanking sequence is highlighted in green and the predicted insertion site is in the third exon, 1323 bp downstream
from the ATG START codon as indicated by the red arrow. The actual insertion site is slightly upstream indicated
by the bolded purple text. For SALK_023105, the flanking sequence is highlighted in yellow and the predicted
insertion site is in the 5th exon, 1513 bp downstream from the ATG START codon as indicated by the purple arrow.
The actual insertion site is slightly upstream indicated by the bolded orange text.
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Specific primers for homozygosity screening of the SALK T-DNA insertion lines were designed
(see Figure 2) and expression primers were designed to check the expression levels of ATKUP5
in the mutants.

SALK_120707
LB

atg

tag
1

2

3

4

5

6

7

8

9

10

LB

SALK_023105
Figure 2. Primers design for genotyping the segregating SALK lines based on the predicted site of T-DNA
insertion Exons as annotated by TAIR, are depicted by the boxes while the predicted site of the T-DNA insertion is
shown by the triangle with LB indicating the left border of the T-DNA. Primers are represented by the green arrows.
The presence of the T-DNA insertion would be reported by a positive PCR result with the T-DNA primer and the
ATKUP5 reverse primers.
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The homozygosity of both SALK lines was screened for using PCR genotyping which was
conducted on the segregating mutant seeds. Two sets of PCR reactions, (1) wild-type PCR using
the ATKUP5 forward and ATKUP5 reverse primer pair for each mutant line and (2) mutant PCR
using the T-DNA forward and the ATKUP5 reverse primer (used for each line) pair, were
performed. Potential homozygous individuals were identified and then confirmed by screening
20 progeny to show that all gave a positive result for the mutant PCR and no product for the
wild-type PCR (Figure 3)
Seeds of the SALK_023105 and SALK_120707 lines were sterilized then grown on MS plates,
supplemented with kanamycin (Kan) as the T-DNA contains the NPTII gene that confers kan
resistance. Both SALK lines displayed 100% Kan sensitivity (data not shown).

. It should be

noted that about 20% of the SALK lines have been reported to be Kan silenced (Ostergaard and
Yanofsky, 2004). This is thought to occur over successive generations and more frequently
when there are multiple copies of the T-DNA (either at a single site or at distinct sites). The
homozygous atkup5 mutant lines are indeed Kan resistant and primers specific to the NPT II
gene amplified products in both lines demonstrating that they do contain the gene for Kan
resistance and displaying the Kan resistant phenotype.
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B) Wildtype PCR

Ladder
gDNA
Water

A) Mutant PCR

SALK_023105 progeny 1-20

SALK_120707 progeny 1-20
Figure 3 Genotype confirmations by PCR screening of the atkup5 mutant lines. Twenty progeny of each
SALK_023105 and SALK_120707 mutant lines were screened by PCR to confirm that they are homozygous and a
homozygous wild-type line from the atkup5 parent was similarly isolated. Two sets of PCR, A) mutant PCR using
the T-DNA and ATKUP5 reverse primer pair to detect the presence T-DNA insertion, the product for
SALK_023105 is 1100 bp and for SALK_120707 is 1210 bp. B) wild-type PCR using the ATKUP5 forward and
ATKUP5 reverse primer pair to detect the presence of wild-type ATKUP5 region, were carried out on each line. The
molecular weight marker is the O’GeneRuler is a 1 kb DNA ladder mix (Fermentas, USA), positive control is the
genomic DNA (gDNA) isolated from leaf of wild-type atkup5 parent and negative control is water.
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In order to generate the overexpressed construct of ATKUP5, the full length ATKUP5 that was
cloned in pDONR221 for the yeast complementation experiments (described in chapter 3) was
used in an LR reaction to recombine ATKUP5 into the pK2GW7, 0 binary vector (inserts the
gene downstream of the cauliflower mosaic virus (CaMV) 35S promoter (P35S) and also contains
Spectinomycin and Kan resistance genes for selection). The LR reaction was performed between
pDONR221-ATKUP5 and pK2GW7, 0 then transformed into E. coli strain (DH5α). The cells
were then plated on LB agar and selected using Spectinomycin. Tranformants were checked by
PCR and by Sanger sequencing to confirm the insertion of ATKUP5 into pK2GW7, 0 vector.
The plasmid was purified and used to transform A. tumefaciens strain and screened transformants
indicated that 12 overexpressed line were obtained (Figure 4).
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Ladder

Water

Progeny 1-12

Fd35S+Revkup5

Figure 4 Genotype confirmations by PCR screening of the 35S promoter: ATKUP5 lines. 12 progeny of
overexpressed lines were screened by PCR to confirm that they contain the overexpressed construct.

Prior to phenotypically characterizing of the different lines (wild-type, overexpression and
mutants) it was critical to check the expression levels of the ATKUP5 gene in those lines. RNA
from leaves of two week old of the overexpression, wild-type, and SALK-lines was extracted
using the RNeasy Mini kit (Qiagen, Germantown, MD). The cDNA was synthesized using
Superscript III Reverse Transcriptase (RT) according to the manufacturer’s instruction
(Invitrogen, UK) and cDNA was stored at -80ºC until use. The expression of ATKUP5 in the
overexpression and the homozygous mutant SALK lines was assessed by semi-quantitative RTPCR using the ATKUP5 qPCR forward and ATKUP5 qPCR reverse primer pair (expression
primers). The UBQ gene was used as a ‘housekeeping’ gene to ascertain that there were equal
amounts of template in the PCR reactions. The Image Lab software (BioRad, Hercules, CA) was
used to automatically detect the bands corresponding to the amplified region of ATKUP5 and to
quantify the bands by normalizing against the ‘housekeeping’ gene. The normalized intensities
represent relative ATKUP5 expression in the wild-type and mutant as compared in a column
graph. Based on (Figure 5A and B), the ATKUP5 transcripts (the 101 bp PCR product) was
detected in the leaf of the wild-type (Col-0) in low expression consistent with the analysis in
genevestigator. There was also greater expression of ATKUP5 in the leaf of the overexpression
lines compared with the wild-type and the homozygous ATKUP5 T-DNA insertion mutant lines
showed the lowest levels of expression although no expression was expected in those lines. The
139

qPCR primers are located upstream of the insertion site so it is possible to get a product in the
homozygous mutants. Therefore, an additional PCR was needed to test the expression of the full
ATKUP5 transporter using the full length AtKUP5 primers and this revealed that no product was
found in any of the homozygous mutant lines using the full length AtKUP5 primers which
suggested that only a portion of the transporter is transcribed which could cause a loss of
function and mis-expression in the mutants (Figure 5C).
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Figure 5 ATKUP5 expression in the wild-type, atkup5 mutant and overexpression lines. Expression of ATKUP5
in the wild-type and the homozygous mutant lines (SALK_707 and SALK_105) and overexpression lines was
examined by semi-quantitative RT-PCR using primers .and with UBQ serving as the ‘housekeeping’ gene. A) The
ATKUP5 qPCR primer pair amplifies a 101 bp product. B) Bands corresponding to the amplified region of ATKUP5
(101 bp) were detected and quantified by normalizing the band intensities against the ‘housekeeping’ gene using the
Image Lab software (BioRad, Hercules, CA). Error bars are standard error of the mean. C) The PCR product using
the full length primers for ATKUP5 gene.
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In order to investigate the effect of the overexpression of the ATKUP5 gene in addition to the
role of the T-DNA insertion in the two different mutant lines compared with the wild-type col-0
we needed determine the effect of external potassium concentration on the growth of these
different lines. Potassium is essential for seed germination and therefore, we started by growing
the seeds in replete media to assure germination. After one week then seedlings were transferred
either into replete or starvation media. Results in Figure 6 show that the overexpressed line can
cope and tolerate the deficiency of potassium contrary to both the wild-type and the mutant
which suggest that ATKUP5 may be a high affinity transporter.
=
Replete media

Starvation media

	
  

Overexpression

Overexpression

Col-0

Mutant

Col-0

Mutant

Figure 6 The effect of potassium starvation in the different lines. Seedlings were transferred after five days were
transferred either into starvation media that lacks potassium or replete media enriched with potassium.
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A significant change in the root phenotype was also noticed in the atkup5 SALK_mutant lines
compared with the wild-type (Figure 7). In the mutant the root is shortened and forming more
root hairs and in fact microscopic examination of mutant root much hairier.
atkup5 mutant

Col-0

SALK_105

SALK_707

Col-0
200 µm

atkup5
200µm

Figure 7 The root phenotype in atkup5 SALK_mutant lines. In atkup5 the root are shorter compared with the
wild type root in Col-0. The inset shows the root hair under the microscopic and in mutant lines the root appear
hairier as compared to the wild-type line.
	
  

The fresh weight of mutant seedlings was also measured (Figure 8). A significant decrease in the
fresh weight was noticed in the mutant lines. It has been previously documented that expression
of ATKT/KUP5 in young seedlings (1 week) is relatively specific to root hairs (Ahn, Shin et al.,
2004). This part of the root is particularly important for K+ uptake by providing the plants with
adequate quantities of K+ for their growth. Two studies of atkt/kup mutants in Arabidopsis show
that mutations cause reduced cell expansion (Elumalai, Nagpal et al., 2002). In fact, another
mutant, ATKT3/KUP4 knockout has tiny root hairs, and a mutation in ATKT/KUP2 (shy3-1)
results in a dwarf phenotype. These results highlight the importance of KT/HAK/KUP
transporters in plant development and K+ uptake. Both AtKT/KUP2 and AtKT/KUP4 are present
in root hairs (Elumalai, Nagpal et al., 2002).
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Furthermore, it is a possibility that ATKUP5 is actually located in the vacuolar membrane
supporting the idea that it will mobilize K+ from the vacuole under K+ deficiency (RodriguezNavarro and Rubio, 2006). A role also suggested by a recent proteomics study that found five
members of the KUP family in tonoplast-enriched Arabidopsis membrane fractions (Whiteman,
Serazetdinova et al., 2008). Therefore, ATKUP5 expressed in the root hair could contribute to
K+ acquisition required for optimal plant growth since plants that lack ATKUP5 do not grow as
big as wildtype plants.

144

A)
Col- 0

atkup5 mutant

B)
20	
  
18	
  

Fresh weight in mg

16	
  
14	
  
12	
  
10	
  
8	
  

*	
  

6	
  
4	
  
2	
  
0	
  

OVE

mutant

wild type

Figure 8 Growth measurements of ATKUP5 overexpression and mutant lines A) Seedlings were germinated on
PN media. All seedlings that grew on a particular plate were removed and weighed. Their collective FW was
divided by the number of seedlings that grew on that particular plate in order to attain a measure of the FW per
seedling. The data is the average for 10 plates per line. B) Measuring the fresh weight for seedlings of the three
lines. The samples analyzed using the t-test showed significance at p < 0.05.
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Seedlings were germinated and grown vertically on Petri dishes containing Murashige and Skoog
medium (MS). The root length of each seedling that grew was measured (Figure 9). For each line
the root elongation was measured for 90 seedlings separated into 3 plates and each plate
represents an independent line. This was done for wild type, overexpression and the two
SALK_mutant lines. Significantly shortened roots were observed in the mutant lines compared
with the wild-type. Conversely, the overexpression lines had longer roots than the mutant and the
wild-type. This suggests that ATKUP5 plays an important role in growth of the primary root.
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Figure 9: Root phenotype of the different lines. A) The root phenotype in SALK mutant lines compared with the
wild type and overexpression (OVE) lines. B) Measurement of the root elongation for each line. Each value
represents the average of 90 seedlings separated on 3 plates for each line. The samples analyzed using the t-test
showed significance at p < 0.05.
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All seedlings were germinated vertically in Petri dishes on nutrient replete media [0.25 mM KH 2
PO 4, 0.5mM KOH, 0.75 mM MgSO4 .7H2O, 0.025 mM CaCl2 2H2O, 0.1 mM FeNaEDTA, 2
mM Ca(NO3)2 4H2O and 2mM NH4NO3 with micronutrients (30 µM H3BO3, 10 µM MnSO4
4H2O, 1 µM ZnSO4 .7H2O, 3 µM 19 CuSO4 .5H2O and 0.5 µM Na2MoO4.2H2O] for five days
under 16/8 hour day night cycle with light (100 µM photons m -2 s

-1

). Nutrient starvation was

induced by transferring five day old seedlings on to media that lacked K, The K deficient media
is exactly the same as the nutrient replete media except that KH2PO4 and KOH were substituted
with 0.27 mM Ca(H2PO4)2 . The N deficient media is exactly the same as the nutrient replete
media except the Ca(NO3)2.4H2O and NH4NO3 were replaced with 4 mM CaSO4.H2O
(Hammond, Bennett et al., 2003). After transfer to the nutrient deficient media, seedlings were
grown horizontally for a further seven days after which time the root length was used as a
measure of stress tolerance. The root length of seedlings grown on the nutrient deficient media
was expressed relative to the root length of seedlings grown on nutrient replete media. The same
experiment was done but the seedlings were grown horizontally to observe the general
phenotypic features of each line.
A preliminary observation of stress tolerance was carried out by growing plants from each line in
replete media for one week then transferred into different media with different concentrations of
KCl, NaCl, sorbitol and dibutyl-cAMP (Figure 10). Our results indicate that the knocking out or
down of ATKUP5 is increasing the sensitivity of the plants to the stress conditions tested.
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Figure 10. Phenotypic characterization of the different lines grown on different concentration of KCl, NaCl,
sorbitol and cAMP. Seeds were sawn in replete media for one week then transplanted into media with different
concentrations of either KCl, NaCl, sorbitol or cAMP.	
  	
  
	
  

149

atkup5

The K+ ion flux measurements were carried out in the Arabidopsis seedlings of the wild type,
mutant lines and overexpression line using the ICP-OES (see chapter 3). This was done for 60
seedlings of each line representing two different independent lines. The whole experiment was
done in duplicate. The cAMP content was also measured in Arabidopsis seedlings of the wild
type, mutant lines and overexpression line and this was done for 60 seedlings of each line. The
whole experiment was also in duplicate. It was noted that the atkup5 mutants have slightly lower
amounts of K+ and cAMP compared with the wild-type and the overexpression lines. The results
are statistically significant.
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Figure 11 Quantification of potassium content and cAMP content. A) The total potassium and cAMP content
was measured for 60 seedlings grown for one week in K starvation media. B) The potassium content was measured
for 60 seedlings grown in K starvation media for one week. The experiments were done in duplicate and the samples
analyzed using the t-test representing showed significance at p < 0.05.
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The statistical analysis was performed using the Student’s t-test with Microsoft Excel 2010.
Significance was set to a threshold of p< 0.05 and n values represent number of biological
replicates.
In an attempt to localize the ATKUP5 protein a GFP construct was made and applied. Therefore,
a vector containing the full length ATKUP5 in a C-terminal fusion to GFP under the control of
its native promoter was generated. This was confirmed by sequencing using the GFP reverse
(GCATCGACTTCAAGGAGGAC)

and

GFP

forward

primer

(CTGCACTGAACGTCAGAAGC) and the ATKUP5 specific primers. In order to confirm the
full sequence and to confirm that the GFP was in frame. A Restriction Enzyme (RE) site used to
ligate the promoter and the coding sequence. Therefore, this site was contained on the promoter
reverse primer and the coding sequence forward primer Primers with restriction enzyme sites
were designed to amplify the full length ATKUP5 from cDNA while genomic DNA was used as
a template to amplify approximately 1000 bp upstream of the translation start site containing
ATKUP5 promoter. Ligation of the promoter to the coding sequence (lacking the stop codon)
was achieved by incorporating a restriction enzyme site between the promoter sequence and the
coding sequence. The PCR, RE digestion and ligation were carried out. A BP reaction using
pDONR221 was then performed to generate an entry clone, The ATKUP5: GFP fusion protein
was then generated by performing an LR reaction with this entry clone and the pB7FWG,0
destination vector which is a binary vector containing GFP and the Bar marker gene for selection
in plants and the spectinomycin resistance gene for selection in bacteria. The LR reaction was
transformed into E. coli DH5α and plasmid DNA purified and the sequence confirmed by
SANGER sequencing to ensure that ATKUP5 and GFP are in frame. The ATKUP5: GFP
plasmid was purified and used for transformation in the Agrobacterium tumefaciens. In order to
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the two ligated fragments the first fragment generated was composed of 1070 bp and cloned
using the upstream forward primer and the reverse primer which is the reverse of the forward
primer of ATKUP5 with the restriction site (GGATCC). While the second fragment was
composed of the ATKUP5 coding sequence without the stop codon in which the forward prier is
linked to the restriction site (GGATCC) and the reverse primer is the ATKUP5 reverse primer
without the stop codon. According to the concentration of each fragment specific amount of each
fragment was added to a separate reaction containing 4µl and fast digest buffer b (Promega
Corporation, Madison,WI) was added with 1µl restriction enzyme (BamH1) and making up the
volume to 40 µμl by adding H2O left at 37°C for 1 hour. The ligation reaction was carried out
according to the ratio of insert to vector is 3:1. The ligation reaction was performed in 10 µl
volume and included 1 X buffer (provided with the enzyme) and T4 DNA ligase (Promega
Corporation, Madison, WI) along with the appropriate amounts of DNA. The mix was incubated
at 4°C overnight. The BP reaction was carried out. Thereafter, the purified pB7FWG, 0 plasmid
containing the full length ATKUP5 gene fused to GFP under the control of the ATKUP5
promoter was transformed into competent A. tumefaciens. Briefly, 25 µl of pB7FWG ATKUP5:
GFP was mixed with 100 µl of competent A. tumefaciens cells. The cells were thawed and heat
shocked at 37°C for 5 min. Then LB media without antibiotic selection was added and the cells
placed at 28°C for 6 hrs to allow the cells to multiply before plating on selective media.
Thereafter the cells was plated onto LB agar containing spectinomycin to select for the A.
tumefaciens with the pB7FWG,0 plasmid, and incubated at 28°C for 2-3 days until colonies
appear. Transformants were screened by PCR to confirm the presence of the pB7FWG ATKUP5
plasmid. Arabidopsis was then transformed with pB7FWG ATKUP5:GFP.Wild type (Col-0)
Arabidopsis was grown on soil until bolting, at which time the primary bolts were clipped to
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encourage secondary bolts and then the plants were left to flower until the maximum number of
flowers with no siliques appeared. The transformed ATKUP5-GFP. A. tumefaciens was streaked
onto LB agar and grown at 28°C for 2-3 days. The inoculation of a single colony into 5 ml
selective liquid LB media took place followed by an incubation with shaking at 28°C for 2 days.
Then a large-scale culture of 500 ml LB media containing antibiotics was incubated shaking at
28°C overnight. Cells were harvested by centrifugation later and resuspended in 250 ml 5%
(w/v) sucrose containing 0.05% (v/v) Silwet L-77 surfactant. The Floral dip method (Clough and
Bent, 1998) was used to transform Arabidopsis. Transformed seed was screened on Murashige
and Skoog (MS) agar supplemented with glufosinate-ammonium to identify positive seedlings.
Resistant plants were transplanted into a hydroponics system and allowed to grow to maturity.
Different tissues (leaves and roots) were collected and prepared for examination under the ZEISS
LSM710 confocal microscope for assessment of the subcellular localization of ATKUP5.
Segregation of the heterozygous T1 generation seedlings was analyzed by growth on MS agar
containing glufosinate ammonium. In order to confirm that the GFP containing T-DNA was
transformed into selected seedlings, leaf DNA was extracted and PCR performed using BAR
gene primers for independent lines. Passively selected lines were left to grow and seeds were
collected to grow again in the T2 generation to examine the GFP expression. In order to examine
the expression and localization of ATKUP5 under its native promoter, the root was of two weeks
seedlings was examined since ATKUP5 was expected to be expressed here because of previous
literature and microarray data analyzed through Genevestigator.. Genevestigator data showed
that ATKUP5 is moderately expressed throughout development except in the dried seed (Figure
12 where the level of expression of ATKUP5 in roots is quite low as compared to e.g. the pollen
(https://genevestigator.com/gv/).
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Furthermore, data extracted form genevestigator suggested that 10 types of AtKT/KUP genes
were expressed. However, only AtKT/KUP5 and AtKT/KUP12 were relatively specific to root
hairs. The root expression of some AtKT/KUP genes detected using RT-PCR may also be plant
developmental stage specific. Comparison of roots from seedlings (1 week) and mature
flowering plants (6 weeks) showed that AtKT4/KUP3, AtKT/KUP5,AtKT/KUP7, and
AtKT/KUP11 had higher expression levels at the reproductive stage (Moutinho, Hussey et al.,
2001). The sub-cellular localization of ATKUP5 is not known and it might be either the plasma
membrane or the vacuolar membrane or both. Visualization of the ATKUP5: GFP protein fusion
should allow us to clarify the localization of ATKUP5 in planta.
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Figure 12 Expression level of ATKUP5 gene form genevestigator. The ATKUP5 protein is expressed in moderate
levels after germination and a significant decline noticed in seeds.

The confocal images showed the presence of signal that is considered to be a week signal as a
result of the low expression of ATKUP5 in general. A stronger signal was detected in the root of
two week-old seedlings with the GFP fusion (Figure 13 A) as compared to the wild-type
seedlings (Figure 13 B).
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Figure 13 The confocal image of root for GFP: ATKUP5. Root examination of two week-old seedlings of GFP
transformed plants the under confocal microscope. GFP signal was detected in the root plasma membrane (the
arrowhead marks the location of expression).
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Different ion channels are activated by cAMP in plants. Cyclic Nucleotide-Gated Channels
(CNGC) are a group of ion transport proteins that can be activated by the binding of cyclic
nucleotides. They are present in many plant species such as Arabidopsis, tobacco and rice
(Talke, Blaudez et al., 2003). In Arabidopsis, there are at least 20 genes encoding putative
CNGCs (Maser, Thomine et al., 2001). It is worth mentioning that all but one CNGC has been
localized to the plasma membrane (Talke, Blaudez et al., 2003). Both cyclic nucleotides and
downstream ion channel activity are involved in several physiological processes in plants
including the response to pathogen infection through the elevation of cytosolic Ca2+
concentration ((Ma, Smigel et al., 2009). Mutations in several CNGCs are associated with
altered plant responses to different pathogens such as Pseudomonas syringae (Moeder and
Yoshioka, 2008). For example, AtCNGC2 has been shown to be necessary for the initiation of
developmentally regulated cell death (Ali, Ma et al., 2007). This regulation of ion channels by
cAMP can occur either directly by cAMP binding to a cyclic nucleotide binding site domain
(CNBD) as in the CNGCs (Ali, Ma et al., 2007), or indirectly by cAMP-dependent
phosphorylation as shown for the outward K+-rectifier channel in V. faba mesophyll cells.
Whole-cell patch-clamp recordings from V. faba mesophyll protoplasts revealed that the outward
K+ current or IK,out was increased by intracellular application of cAMP in a dose-dependent
fashion. Moreover, this modulation occurred through activation of the cAMP-regulated protein
kinase (Li, Luan et al., 1994). It was also reported that K+ influx is also stimulated by cAMP in
cultured carrot cells (Kurosaki, 1997), and it was argued that it was then followed by an increase
in calcium influx. Another example of the involvement of cAMP in the regulation of ion
channels came from the work of (Maathuis and Sanders, 2001). They demonstrated, that a Na+
voltage-insensitive channel found in Arabidopsis root cells showed a reduction in Na+ influx
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after cAMP treatment. This effect was shown to be direct (or at least membrane-delimited) since
these experiments were performed in an inside-out patch configuration. These same authors
concluded that a CN signaling pathway is involved in salinity stress responses in Arabidopsis
thaliana plants (Maathuis and Sanders, 2001).

Conclusion and future work
In summary, the identification of an AC catalytic centre in the cytosolic domain of AtKUP51-104
discovered using rationally curated motif-based searches and supported by computational
simulation on AtKUP5 models, and show that AtKUP51-104 generates cAMP in vitro and
complements an AC deficient E. coli cyaA mutant. Docking simulations predict that mutation of
Ser81 in the AC domain prevents ATP binding to the catalytic centre and AtKUP51-104 S81P
mutants do not generate cAMP in vitro or complement E. coli cyaA suggesting that Ser81 is
required for AtKUP5 AC activity. The AtKUP5 is a K+ transporter as it can functionally
complement a K+ transport deficient S. cerevisiae trk1 trk2 mutant and increases K+ levels in
these transformants. Interestingly, treatment of the AtKUP5 expressing trk1 trk2 with KCl
stimulates cAMP production suggesting that K+ uptake via AtKUP5 can stimulate AC activity.
Moreover, KCl does not simulate cAMP production in AtKUP5 S81P mutants nor can they
functionally complement S. cerevisiae trk1 trk2 suggesting that the K+ transport activity of
AtKUP5 is dependent on a functional AC domain. Interestingly, in Paramecium, cAMP
formation is stimulated by K+ conductance, and this conductance in turn is an intrinsic property
of the AC. This multi-domain protein acts as both an AC and a K+ channel where a canonical S4
voltage-sensor occupies the N-terminal and a K+ pore-loop sits in the C-terminus on the
cytoplasmic side
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(Weber et al., 2004) Incidentally, AtKUP5 also has such dual domain architecture as
characterized by its K+ transporter and a cytosolic AC centre. Therefore we propose that
AtKUP5 may operate as a cAMP-dependent K+ flux sensor. Heterologous systems such as the
yeast and the HEK cells were used to further characterize the potassium transporter. The
ATKUP5 lost its function in potassium uptake when the AC activity was abolished. This
potassium transporter is considered to be a non-electrogenic transporter as no current created in
the HEK cells expressing ATKUP5 (see chapter 3). We further studied ATKUP5 function in the
plant system using the knock out lines and the overexpression lines was established. Our
preliminary results we suggest that the deletion of ATKUP5 can cause a significant shortening in
the root elongation combined with a decrease in the uptake of potassium as well as lower levels
of cAMP.
Further work should be carried out in order to highlight the role of ATKUP5 in potassium
uptake in the hydroponic system. A complementation of either the wild-type ATKUP5 gene or
the site-directed mutant ATKUP5 of the AC domain in knock-down mutants could also reveal
crosstalk between cAMP and potassium uptake and reveal a potassium sensor function of this
transporter. Protoplast prepared from mutant or overexpressor lines can be used for
electrophysiological analysis as the HEK cells failed to detect any current. The discovery of new
candidate ACs in plant is also an essential task.
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