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ABSTRACT OF THE THESIS 

 

 

The Role of PP2Cs of PYR/PYL ABA Receptors in Calcium-Dependent Abscisic Acid 

Signaling Pathway and the Development and Characterization of a FRET-based Malate 

Biosensor 

 

by 

 

Paul Geejun Yang 

 

Master of Science in Biology 

University of California, San Diego, 2013 

 

Professor Julian Schroeder, Chair 

 

 ABA is a phytohormone that plays a major role in plant processes and 

homeostasis. ABA is a drought-induced phytohormone that regulates stomata. Stomata 

are pores in the aerial epidermal tissue of plants that are responsible for the exchange of 



 

 x 

gases, nutrient transport, and leaf cooling. In the ABA signaling pathway, PYR/PYL 

ABA receptor proteins and PP2Cs regulate the downstream response of stomatal closure 

in Ca2+-independent and Ca2+-dependent pathway. Evidence shows that ABA elicits a 

downstream increase in [Ca2+]cyt and that [Ca2+]cyt is required for ~70% of the response. To 

study the potential relationship of PYR/PYL ABA receptor proteins and PP2Cs in 

calcium-dependent ABA signaling pathway, stomata were monitored after exposure to 

ABA and elevated Ca2+ in Arabidopsis thaliana. PP2C mutant leaves showed 

hypersensitivity to ABA and Ca2+. PYR/PYL ABA receptor mutant showed no 

difference, in comparison to wildtype, when exposed to high Ca2+; however there was a 

noticeable difference in [Ca2+]cyt elevations when leaf epidermis were exposed to ABA.  

 Malate is involved in stomatal regulation by changing [malate]cyt in guard cells in 

the presence of ABA. Building a FRET-based malate sensor would allow real-time 

monitoring of malate, in vivo. Malate sensor was designed by isolating the malate-

binding domain of the YufLM two-component system from Bacillus subtillis. The sensor 

protein was purified and characterized based on the emission spectra, the binding affinity 

of the sensor to malate, and unspecific binding of other structurally similar substrates. 

Evidence shows that this malate sensor could potentially be used, in vivo, for future 

experiments. 
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I. 

 

The Role of PP2Cs and PYR/PYL ABA 

Receptors in Calcium-Dependent Abscisic 

Acid Signaling Pathway
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1.1. Abstract  

Abscisic acid (ABA) is a phytohormone that allows plants to respond to abiotic 

stresses such as drought, heat, humidity, ozone, and cold. Over the past three decades, the 

ABA signaling pathway was investigated; however many of the key regulatory 

components are still unclear. In the core ABA signaling pathway, both a calcium-

dependent and –independent pathway converge to elicit downstream events including 

stomatal closure. It has been shown that Ca2+ acts as a major part of the overall ABA-

induced stomatal closure pathway, proving the importance of understanding calcium 

dynamics in guard cells. Understanding the role of proteins involved in ABA signaling in 

the presence of ABA and Ca2+ could be helpful in elucidating the regulatory mechanisms 

of [Ca2+]cyt and the plasma membrane Ca2+ permeable channel, ICa. A family of START-

domain proteins, PYR/PYL/RCAR, and PP2C, protein phosphatases, are key components 

of the ABA signaling pathway. Calcium transients and stomatal closing indicate that 

these two components of the ABA signaling pathway could be crucial to the regulation of 

the ICa and [Ca2+]cyt. 

  



 

 

3 

1.2. Introduction  

Stomata are adjustable openings in the epidermis of leaves that allow the 

exchange of gases such as O2 and CO2. Stomata offer the plant protection from water loss 

due to evaporation. The opening and closing of stomata is influenced by a variety of 

environmental factors, including, but not limited to: humidity, light, temperature, ozone, 

and phytohormones (Schroeder et al., 2001; Raschke et al., 1988). The stomate is 

composed of two specialized guard cells that close and open stomatal pores by regulating 

turgor pressure (Schroeder et al., 2001). Although plants have adapted to overcome 

environmental stress, abiotic stresses have significantly affected crop yield (Morgan, 

1984; Epstein et al., 1980; Ingram and Bartels, 1996). 

Abscisic acid, ABA, is a drought-induced phytohormone that is crucial for many 

plant functions including seed germination, root development, flowering, seed 

maturation, drought resistance, seed dormancy, and root growth inhibition (Acharya et al, 

2009; Himmelbach et al., 1998; Kim et al., 2010; Santner et al., 2009; Schroeder et al., 

2001; Deak and Malamy, 2005; Rodriguez et al., 2009). Over the past three decades, the 

role of ABA in stomatal regulation has been studied, and major components of the 

calcium-independent ABA signaling pathway have been identified. Families of proteins 

involved in the calcium-independent ABA signaling pathway include: ABA receptor 

proteins named PYR (pyrabactin resistance), PYL (pyrabactin like), RCAR (regulatory 

component of ABA receptor), PP2Cs (2C type Protein Phosphatases) including ABI1 

(ABA insensitive), ABI2, PP2Ca, and HAB1 (Homolog to ABI1), a family of 

Serine/Threonine kinases (SnRK2s) including OST1 (open stomata 1), and, finally, 

downstream targets including the anion channel SLAC1 (reviewed in Kim et al., 2010).  
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The proposed model suggests that ABA binds to the family of ABA receptor 

proteins (PYR/PYL), which forms a complex (Park et al., 2009; Nishimura et al., 2009; 

Nishimura et al., 2010). The ABA receptor complex binds and inhibits the family of 

PP2Cs (Park et al. 2009; Nishimura et al. 2009; Nishimura et al. 2010), which 

dephosphorylates and inhibits the activity of SnRK2s (Umezawa et al. 2009; Vlad et al. 

2009). The phosphorylated SnRK2 protein kinases induce downstream effects of ABA 

including phosphorylation of SLAC1, the major anion channel in guard cells (Negi et al., 

2008; Vahisalu et al., 2008; Geiger et al. 2009; Geiger et al. 2010; Vahisalu et al. 2010, 

Brandt et al., 2012). In summary, ABA closes stomatal pores by downstream events - the 

efflux of ions and also by gluconeogenic conversion of malate into starch, which leads to 

a decrease in turgor pressure (MacRobbie 1998; Schroeder et al., 1987; Schroeder and 

Hagiwara 1989; Vahisalu et al., 2008). 

The PYR/PYL/RCAR family encodes START-domain proteins in the ABA 

signaling pathway and shares a hydrophobic ligand-binding domain with a barrel and lid 

structure for the binding of ABA (Nishimura et al., 2009; Santiago et al., 2009). Upon 

binding of ABA, conformational changes allow the exposure of a hydrophobic domain, 

which binds to the active site of PP2Cs (Melcher et al., 2009; Miyazono et al., 2009; Yin 

et al., 2009). A large family of START proteins in the ABA signaling pathway have been 

identified. A 14 gene family PYL1-PYL14 and an identical RCAR1-RCAR14 family 

have been identified. It is known that the function of the START proteins in the ABA 

signaling pathway are important for inhibition of PP2Cs (Rubio et al., 2009). However, 

other functions of the START proteins are not known.  
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In the core ABA signaling pathway, PP2Cs function as negative regulators by 

inhibiting the activity of SnRK2s (Umezawa et al., 2009; Vlad et al., 2009). Although it 

has been shown that PP2Cs are able to regulate SnRK2s and SLAC1 activity (Brandt et 

al., 2012), the interactions and regulation of another family of calcium dependent protein 

kinases (CPKs) is less well understood. CPKs are protein kinases that are active in the 

calcium-dependent ABA signaling pathway due to their ability to phosphorylate 

downstream targets and detect calcium. They function by directly phosphorylating and 

activating the SLAC1 channel (Mori et al., 2006; Geiger et al., 2010; Brandt et al., 2012). 

CPK mutants exhibit ABA and calcium insensitivity showing that CPK mutants are 

downstream of or at the level of calcium sensing (Mori et al., 2006).  

Intracellular [Ca2+], a secondary messenger, is an important signaling component 

that induces stomatal closure (Schroeder and Hagiwara, 1989; Klüsener et al., 2002; 

Allen et al., 1999). Ca2+ dependent pathways have been quantified to be responsible for 

70% of the ABA response (Siegel et al., 2009). Many independent lines of research have 

shown activation of stomatal closing mechanisms by increased intracellular [Ca2+] (e.g. 

Schroeder and Hagiwara, 1989; Grabov and Blatt, 1998; MacRobbie, 2000; Mori et al., 

2006; Vahisalu et al., 2008; Siegel et al., 2009). However, the specificity of the signaling 

components are not well understood. For example, in Vicia faba guard cells, there were 

increases in intracellular [Ca2+] upon addition of ABA (Grabov and Blatt, 1998). 

However, there were also spontaneous intracellular [Ca2+] transients without exogenous 

addition of ABA observed in Arabidopsis guard cells (Young et al., 2006, Allen et al., 

1999; Klüsener et al., 2002). It has been shown that calcium transients can be further 

dampened or decreased with either the removal of calcium in the buffer or depolarization 



 

 

6 

of guard cells (Grabov and Blatt, 1998; Staxen et al., 1999; Klüsener et al., 2002; Young 

et al., 2006). However, the specificity and plasticity of intracellular [Ca2+] is not known.  

There have been a number of theories on the effect of Ca2+ on the ABA signaling 

pathway. Research suggests that stomata can continually show calcium transients in non-

stimulated guard cells (Allen et al., 1999; Grabov et al., 1998; Klüsener et al., 2002, 

Staxen et al., 1999; Yang et al., 2008; Young et al., 2006; Kim et al., 2010), leading to 

the model that stomatal closure by [Ca2+]cyt requires the simultaneous presence of a 

stimulus such as ABA or CO2. This calcium sensitivity priming hypothesis suggests that 

ABA “primes” the guard cells to detect the (spontaneous) calcium transients, which leads 

to stomatal closure (Hubbard et al., 2012).  

The ABA signaling network in Arabidopsis thaliana has both calcium-dependent 

and -independent pathways. To date, the effect of intracellular [Ca2+] on other 

components of the ABA signaling pathway is not well understood (Hubbard, 2012). 

However, understanding the effects of Ca2+ on other protein families in the ABA 

signaling pathway could be important to understanding the role and regulation of Ca2+ in 

stomatal closure and, more specifically, the calcium channel, Ica. 

In my thesis, I conducted experiments to test the effect of ABA on PP2C mutants 

in A. thaliana to investigate the core ABA signaling pathway. Next, I tested the effect of 

Ca2+ on the PP2C mutants in A. thaliana to elucidate the role of PP2Cs in the calcium 

dependent ABA pathway. Furthermore, I have tested the effect of Ca2+ on PYR/PYL 

mutants and monitored calcium levels in the presence of ABA in the PYR/PYL mutants 

using a FRET-based biosensor in A. thaliana to understand the role of the START 

proteins in [Ca2+]cyt regulation. 
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1.3. Results 

1.3.1. Stomatal movement bioassay of abi1-2/abi2-2/pp2ca-1/hab1-1 

 For figure 1, the “blending” method was used to measure the stomata after 

exposure to10 µM ABA. Plants were grown and the abaxial epidermal side of rosettes 

were incubated in opening buffer (5 mM KCl, 50 µM CaCl2, 10 mM MES, pH 5.6 Tris-

base) for 3 hours and then exposed to 10 µM ABA for 1 hour before measurements. 

These experiments were conducted as double blind for the genotype and treatment used 

and triplicates were performed on the same day.  

 According to the results (Figure 1), there was ~40% stomatal closure in Col (wild-

type) and ~50% stomatal closure in the abi1-2/abi2-2/pp2ca-1/hab1-1 mutant. These 

results are consistent with phosphatase mutant’s hypersensitivity to ABA (Kuhn et al., 

2006; Rubio et al., 2009). Although there was a high p-value of 0.13, showing no 

significant difference between wildtype and the abi1-2/abi2-2/hab1-1/pp2ca-1 mutant, 

multiple repeats of this experiment showed similar results. 

 The tracking method was used for the Ca2+-induced time-resolved stomatal 

tracking bioassay. Experiments were conducted as single blinded with blinded genotype 

because only one treatment was used (10 mM Ca2+). The rosettes were incubated in 

opening buffer for 3 hours and 20 stomata were tracked before exposure to 10 mM Ca2+ 

at time points t=0, 10, 30, 60, 120 minutes.  
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Figure 1: ABA-induced time-resolved stomatal movement bioassay. The abaxial 
epidermal side of rosette leaves was incubated in opening buffer for 3 hours, and the 
leaves were incubated in the same opening buffer with 10 µM ABA. A). The normalized 
apertures (normalized to t=0) are graphed. B). The actual aperture sizes are graphed. This 
experiment was repeated three times and the error bars represent ± standard error of three 
trials. Each trial consisted of 40 stomatal aperture measurements. 
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Figure 2: Ca2+-induced time-resolved stomatal movement tracking bioassay of abi1-
2/abi2-2/pp2ca-1/hab1-1 mutant. The abaxial epidermal side of rosette leaves was first 
isolated onto a slide using medical adhesive and a razor blade. The isolated peel was 
incubated in opening buffer for 3 hours and “tracked” overtime after exposure to 10 mM 
CaCl2 in opening buffer. Measurements were taken at t=0, 10, 30, 60, 120. A). The 
normalized aperture were graphed depending on the aperture at t=0. B). The actual 
stomatal apertures were graphed. Experiments were single blind experiments and 
triplicates were performed on the same day. Error bars represent ± standard error of three 
trials. Each trial consisted of 20 stomata. 
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1.3.2. Stomatal movement bioassay of pyr1/pyl1/pyl2/pyl4 mutant 

 The “blending” technique was used to test the effect of 10 mM Ca2+ on the 

pyr1/pyl1/pyl2/pyl4 quadruple mutant. The same protocol (Materials and Methods) that 

was used for the PP2C quadruple mutant was used for the PYR/PYL quadruple mutant. 

 The results showed ~20% closure in WT and ~20% closure in the PYR/PYL 

quadruple mutant. There was no difference in the normalized or the actual stomatal 

aperture upon expopsure of ABA. In this set of experiments, further experiments would 

be needed to substantiate this result. 
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Figure 3: Ca2+-induced time-resolved stomatal movement bioassay. The abaxial 
epidermal side of rosette leaves was incubated in opening buffer for 3 hours, and the 
leaves was incubated in the same opening buffer with 10 mM CaCl2. A). The normalized 
apertures (normalized to t=0) are graphed B). The actual aperture sizes are graphed. This 
experiment was repeated three times and the error bars represent ± standard error of three 
trials. Each trial consisted of 40 stomata.  
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1.3.3. ABA-induced Ca2+ imaging in guard cells 

 Yellow cameleon, YC3.6, is a FRET-based sensor that detects changes in Ca2+ in 

real-time (Miyawaki et al., 1997; Miyawaki et al., 1999; Mori et al., 2006). YC3.6 was 

transformed into Col and pyr1pyl1pyl2pyl4 plants using the pGC1 promoter (Yang et al., 

2008). Plants that highly expressed YC3.6 were isolated and grown for Ca2+ imaging 

(Materials and Methods). An excitation filter wheel was set for 440 nm and 475 nm for 

the CFP and YFP excitation, respectively. The emission filter wheel was set at 480 nm 

and 535 nm for the CFP and YFP emission, respectively.  

 The abaxial epidermal tissue of plants were first isolated using medical adhesive 

and a razor blade. Samples were exposure to opening buffer for 3 hours before the start of 

experiments. Plants were first equilibrated for 20 minutes using opening buffer before 

induction of 10 μM ABA in opening buffer. Treatments were changed by removing 

solution with a kimwipe and adding 200 μl of treament solution using a pipet. Solutions 

were perfused using the same solution every 20 minutes. Finally, after 40 minutes of 

ABA induction, 10 mM CaCl2 was added to the in opening buffer to elicit a robust 

control calcium transient response. Ca2+ transient peaks were counted using OriginPro 

graphing software. 
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Figure 4: Ratiometric calcium imaging of pyr1pyl1pyl2pyl4. The emission at 535 nm 
and 480 nm were recorded and ratios were taken to measure the [Ca2+]cyt in guard cells. 
Measurements were taken over a span of 40 minutes and a 10 mM CaCl2 opening buffer 
was used as a control. (A) A single recording for col is shown with ABA and Ca2+ 
treatment at specific time points. (B) A single recording for pyr1pyl1pyl2pyl4 is shown. 
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Figure 5: ABA-induced Ca2+ transients in guard cells. The occurrence of different Ca2+ 

elevation patterns in guard cells was tabulated for col and pyr1pyl1pyl2pyl4. The 
percentage of cells that displayed 1 or more calcium transient peaks were counted and the 
percentage of cells that displayed 2 or more calcium transient peaks were counted. Both 
trials used a sample size of n=20. (A) Displays an example of an ABA-induced single 
peak detection in WT. (B) An example of multiple peaks upon addition of ABA is shown 
in WT. (C) The result of the % of cells in WT and the mutant are tabulated. 
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1.4. Discussion 

 There are many different factors that affect stomatal apertures including: ABA 

(McAinsh et al., 1990), pathogens (Klüsener et al., 2002), CO2 (Schwartz, 1985; Yang et 

al., 2008), ozone (Clayton et al., 1999), reactive oxygen species (ROS) (McAinsh et al., 

1996; Pei et al., 2000), external Ca2+ (Gilroy et al., 1991; Allen et al., 2001), nitric oxide 

(Desikan et al., 2002), and other Ca2+-linked stimuli (Leckie et al., 1998; Staxen et al., 

1999). Previous data has shown the importance of Ca2+ in stomatal closure (Mori et al., 

2006; Zhu et al., 2007; Siegel et al., 2009; Hubbard et al., 2012; Kim et al., 2010). All of 

these stimuli lead to calcium influx and/or organellar Ca2+ release in the guard cell. In my 

thesis work, I have studied the role of PP2Cs and PYR/PYLs in the core ABA signaling 

pathway and studied their potential relationship to [Ca2+]cyt elevations in signaling. 

  PP2Cs in the ABA signaling pathway act as negative regulators to inhibit SnRK2 

protein kinases. In my thesis, I have shown the effect of ABA (Figure 1) and Ca2+ (Figure 

2) on the abi1-2/abi2-2/pp2ca-1/hab1-1 mutant. This specific quadruple pp2c mutant was 

used because of its large combined role in the ABA signaling pathway. Studies have 

shown the large role of ABI1 and ABI2 in the ABA pathway (Leung et al., 1994; Leung 

et al., 1997; Meyer et al., 1994) including: a reduction in ABA-induced calcium 

elevations (Allen et al., 1999), interaction with PYR/PYL/RCAR families (Nishimura et 

al., 2010), sensitivity to ABA (Armstrong et al., 1995; Hoth et al., 2002), its role in ROS 

production (Murata et al., 2001), and, most recently, its direct effect on the SLAC1 

channel (Brandt et al., 2012). Additionally, the PP2CA (Kuhn et al., 2006; Yoshida et al., 

2006) and HAB1 (Leonhardt et al., 2004; Saez et al., 2004) mutants were used because of 

their ability to cause a partial ABA response in the absence of ABA in triple mutants, 
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hab1-1/abi1-2/abi2-2 and hab1-1/abi1-2/pp2ca-1 (Rubio et al., 2009). Furthermore, 

pp2ca-1 loss-of-function alleles showed hypersensitivity to ABA (Kuhn et al., 2006; 

Yoshida et al., 2006), and it has been shown that a hypermorphic mutation in hab1-1 

plays a large role in the ABA signaling pathway (Robert et al., 2006). Together, the PP2C 

quadruple mutant (abi1-2/abi2-2/pp2ca-1/hab1-1) was used to knock out the major 

functioning phosphatase proteins in the core ABA signaling pathway.  

 The PP2C quadruple mutant was used to test the effect of ABA and Ca2+. Based 

on the core ABA signaling model, the PP2Cs function as negative regulators by 

inhibiting the SnRK2 protein kinases (Umezawa et al. 2009; Vlad et al. 2009) and 

decreasing SLAC1 anion channel activity. My results show hypersensitivity of the PP2C 

mutants in the presence of ABA, which supports the model for the ABA signaling 

pathway. In the absence of the negative regulator, active SnRK2s freely phosphorylate 

and activate downstream ABA targets such as SLAC1 (Negi et al., 2008; Vahisalu et al., 

2008). In my results, there was ~50% closure of the PP2C quadruple mutant and ~40% 

closure in Col. This difference suggests that ABA functions upstream of the PP2Cs in the 

ABA signaling pathway as shown in the standing ABA model. 

 Ca2+ has a downstream effect on stomatal aperture in guard cells. It was shown 

that Ca2+ binds with CPKs to regulate downstream events in the ABA pathway (Mori et 

al., 2006). However, the relationship between Ca2+ and PP2Cs is largely unknown. My 

results showed hypersensitivity of the PP2C quadruple mutant in the presence of Ca2+ 

elevation. After two hours incubation of Ca2+, the PP2C quadruple mutant displayed 

~25% closure, while the Col displayed ~15% closure. The larger decrease in aperture 

from the PP2C quadruple mutant shows that PP2Cs also regulate directly or indirectly to 
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proteins that are related to calcium-induced activity of proteins. This may be explained by 

the ability of ABI1 to dephosphorylate and deactivate the SLAC1 channel (Brandt et al., 

2012). Furthermore, this could be explained by potential interaction between CPKs and 

PP2Cs; however, this is still yet to be proven. Overall, PP2Cs may have multiple 

functions and regulatory mechanisms to closely monitor stomatal aperture by regulating 

components involved in [Ca2+] regulation.  

 Next, I studied the effect of Ca2+ on the pyr1/pyl1/pyl2/pyl4 quadruple mutant 

(Figure 3). PYR1 was used because of its main function as the ABA receptor in the ABA 

pathway (Nishimura et al., 2009). Using mass spectroscopy, interactors of ABI1 were 

discovered and a quadruple mutant, py1/pyl1/pyl2/pyl4, was made, which exhibited 

insensitivity to ABA-induced stomatal closure and ABA-inhibition of stomatal opening 

(Nishimura et al., 2010). Furthermore, yellow cameleon was transformed into this mutant 

to monitor calcium elevations in the plant (Miyawaki et al., 1997; Allen et al., 1999) by 

ratiometric measurements. 

 Previously, it was shown that the PYR/PYL quadruple mutant showed 

insensitivity to ABA (Nishimura et al., 2010), so the effect of extracellular Ca2+ was 

tested on the quadruple mutant. Using the downstream effect of extracellular Ca2+, it was 

shown that WT and the quadruple mutant showed similar stomatal closure, ~20%. 

Showing that Ca2+ acts further downstream of PYR/PYL in the core ABA signaling 

pathway. The results of the time-resolved stomatal bioassay of the PYR/PYL quadruple 

mutant did not show any significant results on the mutant’s relationship with downstream 

calcium events; however, these results did not suggest any regulatory mechanisms of Ca2+ 

regulation. 
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 After testing the effect of Ca2+ on the PYR/PYL mutants, I tested the effect of 

ABA on calcium elevations in guard cells using yellow cameleon (Figure 4; Figure 5). 

The use of YC3.6 allowed [Ca2+]cyt monitoring. The calcium imaging of the PYR/PYL 

quadruple mutant showed significantly lower calcium transients and lower number of 

guard cells that responded to ABA, in comparison to WT. The decreased calcium 

transients in the PYR/PYL quadruple mutant suggests that the ABA receptor proteins 

may be involved in the regulation of the Ca2+ channels. Research has shown that guard 

cells display spontaneous calcium influxes and ABA-induced calcium elevations (Allen 

et al., 1999; Schroeder et al., 1987; Klüsener et al., 2002; Yang et al., 2008; Siegel et al., 

2009; Schwartz, 1985; McAinsh et al., 1990; Grabov and Blatt, 1998; MacRobbie, 2000). 

However, there was a significant difference in the number of cells that had spontaneous 

calcium transients. Moreover, there was a consistent response to extracellular Ca2+ 

pyr1/pyl1/pyl2/pyl4 quadruple muant, but not ABA, with the exception of background 

calcium transients. 

 The study presented in my thesis could be helpful in determining the regulatory 

mechanisms Ca2+ elevations. The absence of PYR1, PYL1, PYL2, and PYL4 displayed a 

significantly lower number of calcium transients and ABA-induced calcium elevations. 

This may suggest that the ABA receptor protein may be crucial for activating and/or 

regulating the Ca2+ elevations 

 In my thesis, I have tested the effects of ABA and Ca2+ on the PP2C quadruple 

mutant, abi1-2/abi2-2/pp2ca-1/hab1-1. I have found that the quadruple mutant was both 

hypersensitive to ABA and Ca2+, showing that the PP2Cs could be involved in both 

upstream interaction with ABA/ABA receptor complexes and downstream Ca2+ 
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regulation by interacting with proteins such as CPKs. I have also tested the effects of 

ABA and Ca2+ on the PYR/PYL quadruple mutant, pyr1/pyl1/pyl2/pyl4. My results show 

that the PYR/PYL quadruple mutant has no effect on downstream effects such as Ca2+; 

however, they may play a pivotal role in regulating the Ica, which was shown by the 

calcium imaging data.  
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1.5. Methods and Materials  

1.5.1. Seed sterilization and germination 

 Seeds were sterilized with 75% ethanol and with a bleach solution (50% bleach, 

0.05% Tween-20). Then seeds were washed three times with sterilized H2O. Sterilized 

seeds were plated onto ½ MS plates (½ strength Murashige and Skoog basal medium 

Sigma-Aldrich, M0404, 1% Sucrose, 0.8% phytoagar) and vernalized in dark and 4 °C 

for 96 hours. Plates were then placed in a growth chamber with 16-hr light/8-hr dark in 

70μE/m2 at 20 °C for 7 days. 

1.5.2. Seedling transplantation and growth maintenance 

 1-week old seedlings were transplanted onto sterile soil (Sungro special Blend 

Professional Growing Mix, Seba Beach, Alberta, Canada) with ~0.2 mL/g of 0.05% 

Technigro fertilizer in deionized water. Plants were covered for four days after 

transplantation to maintain humidity and grown in 16-hr light/8-hr dark in 70 μE/m2 for 

three weeks. Plants were watered once a week and misted twice a day with deionized 

water. 

1.5.3. Stomatal movement blending bioassay 

 The plants were grown as described above. 4-5 week old plants were tented with 

Saran wrap 16 hours before the experiment. Whole intact rosette leaves were cut and 

incubated in opening buffer (5 mM KCl, 50 µM CaCl2, 10 mM MES, pH 5.6 Tris-base) 

for 3 hours in 21ºC under a light source at 100 μE/m2. Then rosette leaves were incubated 

in treatment for 1 hour before measurement in 21ºC under a light source at 100 μE/m2. 

Treatment for +/- ABA was dissolved in ethanol and a solvent control was used. For 

preparation of measurement samples, epidermal cells were isolated by blending leaves in 
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commercial blender (Waring - Torrington, Conneticut) and filtering through a 100 µm 

nylon mesh (EMD Millipore). The residue from the mesh was then dabbed on a 

microscope slide with 200 μL of the treatment solution and a microscope slide was 

placed over the sample for measurement. Pictures of stomata were taken at 40x 

magnification and measured using ImageJ (http://rsb.info.nih.gov/ij/). Each treatment and 

genotype was blinded and triplicates were performed on the same day. 

1.5.4. Time-resolved stomatal movement tracking bioassay 

 First the abaxial side of rosette leaves was isolated onto a color-coded slide cover 

using glue(Hollister Medical Adhesive #7730) and a razor blade (PAL Quality Industrial 

Blades #62-0163) (Mori et al., 2006). Color-coded slide cover was made by marking 

three distinct colored lines alternating in color, vertically and horizontally, for tracking 

stomata. After isolation of the epidermal tissue, cover slides were attached to an open 

hole microscope slide with vacuum grease (Dow Corning: high vacuum grease 

#2021846-0807) and incubated in opening buffer for 3 hours before addition of 

treatment. Measurements were taken at appropriate time points and at 40x magnification. 

Images of stomata were analyzed using ImageJ (http://rsb.info.nih.gov/ij/). Triplicates of 

the experiment were performed and the experiment was run with blinded genotypes.  

1.5.5. ABA-induced [Ca2+] oscillations 

 Epidermal peels of Arabidopsis thaliana were isolated from 4 to 5 week-old 

plants. Leaves were prepared by isolating the abaxial side of rosette leaves by gluing onto 

a cover slide (as described in time-resolved stomatal movement tracking bioassay). All 

the samples were incubated in a large tissue culture dish for 3-4 hours in 21ºC under a 

light source at 100 μE/m2. After three hours, slides were prepared on an open-holed 
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microscope slide with opening buffer using vacuum grease (Corning) and ratiometric 

measurements were taken at 60x magnification using a Nikon fluorescent microscope 

with a Xenon lamp. The measurements were recorded using Metafluor imaging proram. 

The excitation filter wheel was set at 440 nm and 470 nm for CFP and YFP fluorophores, 

respectively. The emission filter wheel was set at 480 nm and 545 nm for CFP and YFP 

fluorophores, respectively. Each sample was recorded every 5 seconds for high resolution 

calcium imaging. The sample was first equilibrated in opening buffer for 20 minutes and 

inducted with ABA for 40 minutes, only cells that were stable for the first 20 minutes 

were used for analysis. After induction of ABA, 10 mM CaCl2 in opening buffer was 

used as a control to test the viability of the cells.  
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2.1. Abstract 

 Malate is a metabolite in the TCA cycle and plays an important role in regulating 

turgor pressure in guard cells. To better understand the in vivo fluxes of malate in 

Arabidopsis thaliana, a malate sensor based on Förster resonance energy transfer (FRET) 

would allow real-time monitoring of malate in plants and other organisms. The malate 

binding PASp domain , from the two-component system YufLM, was cloned from 

Bacillus subtillis and inserted into a FRET cassette, comprising an mTurquoise and a 

circular permutated (cp)Venus fluorophore. This sensor was characterized by recording 

emission/excitation spectra and malate titrations. Furthermore, the substrate specificity 

and binding affinity of the YufL-based malate sensor was tested by titrating related 

metabolites. 
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2.2. Introduction 

 The discovery of fluorescent proteins and their uses in biology has revolutionized 

research techniques (Tsien, 1998; Zacharias et al., 2000; Zhang et al., 2002; Okumoto et 

al., 2012). Both clinical and laboratory research have benefitted from the non-invasive 

application of fluorescent protein; from protein tagging to detection of cancer, the widely 

flexible use of fluorescent proteins have allowed new advances in research (Soper et al., 

2006; Rodriguez-Mozaz et al., 2004). Furthermore, the research of Tsien, Hellinga, 

Frommer, and Schroeder have utilized the fluorescent proteins to build Förster Resonance 

Energy Transfer (FRET)-based biosensors that can be used to monitor molecules in vivo 

in real time (De Lorimier et al., 2002; Tsien et al, 2005; Giepmans et al., 2006). 

 FRET-based biosensors have become a crucial tool for quantitative analysis of 

ions, signaling molecules, metabolites, and cellular functions (Okumoto et al., 2012). A 

well-known Ca2+ indicator, yellow cameleon, was discovered to function as a 

noninvasive tool that accurately measured changes in calcium concentration, in real time, 

based on the M13, calmodulin-like, binding protein (Miyawaki et al., 1997). The FRET 

sensor was built by fusing two fluorophores to the end of the N- and C- termini of the 

M13 protein (Miyawaki et al., 1997). Upon binding to calcium, the protein undergoes a 

conformational change that elicits a change in the FRET, which is measured by the 

emission of both fluorophores by taking the ratio of the emission maximums of the 

accepter fluorophore to the donor fluorophore (Miyawaki et al., 1997). This research tool 

was utilized for measuring fluxes in Ca2+ in Arabidopsis (Miyawaki et al., 1999) and, 

later, in guard cells (Allen et al., 1999).  
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 Malate is a 4-carbon, dicarboxylic acid in the TCA cycle that is important for 

plant metabolism and homeostasis (Finkemeier and Sweetlove, 2009). The diversity of 

malate transport proteins in the Arabidopsis thaliana have shed light on the important 

roles of the metabolite (Martinoia and Rentsch, 1994) and real time cell monitoring may 

prove to be useful for understanding the physiological role of malate in plants.  

 In guard cells, it was shown that high CO2 levels lead to increased levels of 

cytosolic malate (Hedrich et al., 1994). Also, the presence of malate can induce stomatal 

closure (Lee et al., 2008). Mutation of the slow anion channel, SLAC1, (Negi et al., 2008; 

Vahisalu et al., 2008) causes malate accumulation in guard cells (Negi et al.,2008. The 

SLAC1 channel encodes a distant homologue of bacterial dicarboxylate/malate 

transporters (Negi et al., 2008; Vahisalu et al., 2008). However the guard cell membrane 

malate transporter, transporter’s specificity, and regulatory mechanisms are not 

understood and SLAC1 appears not to be highly permeable to malate (Laanemets et al., 

2013). The synthesis of a malate FRET-based biosensor would help elucidate the role of 

malate in plants.  

 The design of a FRET –based biosensor was based on a protein domain that 

would bind to malate with high specificity and affinity; and upon binding, would undergo 

a conformational change for FRET to occur (Hellinga and Marvin, 1998). For building 

the malate sensor, two bacterial substrate binding proteins (De Lorimier et al., 2002) from 

Escherichia coli and Bacillus subtillis, were chosen for potential use as biosensors, DcuS 

(Zientz et al., 1998) and YufL (Tanaka et al., 2003), respectively. These two proteins 

were chosen as candidates because of their function to regulate organic acid uptake 

(Zientz et al., 1998; Golby et al., 1999; Tanaka et al., 2003; Doan et al., 2003). YufL 
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induces expression of MaeN, a Na+-coupled malate transporter in the presence of malate 

(Wei et al., 2000). The substrate binding sites of the PASp domains from both proteins 

were isolated and fused with a mTurquoise fluorophore (Goedhardt et al., 2010) on the N 

terminus and a cpVenus fluorophore (Griesbeck et al., 2001) on the C terminus.  

 In this study, I purified and analyzed the two potential biosensors and detected 

ratio changes for one of the candidates, the YufL-based biosensor, in vitro. Next, I 

determined the malate binding affinity of the sensor and identified other potential 

metabolites that would bind to the sensor protein. Citrate was found to bind to the sensor 

to a relatively high degree compared to other metabolites; however, it was shown that the 

affinity for citrate was 5 times lower than malate proving the specificity and affinity of 

the sensor protein could be ideal for future use. 
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2.3. Results 

2.3.1. Initial purification and spectra of two sensor candidates 

 The two candidate sensors were expressed and purified in E. coli. Next, the 

emission spectra of the DcuS-, YufL-based sensors, and empty control were taken. It was 

shown that the YufL-based sensor in the presence of 9 mM malate showed a shift in the 

emission peak of both mTurquoise and cpVenus. After analyzing the spectra, the YufL-

based sensor (malate sensor) was then further characterized. 
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Figure 6: Emission spectra of purified sensor protein from YufL-based sensor, 
DcuS-based sensor, and an empty sensor control. The sensor protein without malate is 
shown as a solid line. The dotted line represents the spectra with 9 mM malate.  
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2.3.2. Expression and purification of malate sensor protein from E. coli 

 Expression vectors and E. coli strains were cloned and transformed by Hans-

Henning Kunz. The malate sensor was built by fusing a mTurquoise fluorophore to the N 

terminus of the YufL domain and an cpVenus fluorophore bound to the C terminus of the 

sensor protein. The Strep-tag was placed on the C terminus and used for protein 

purification (Okumoto et al., 2010). An empty FRET cassette was expressed and purified 

in parallel and used as a control in all malate sensor assays. 

 The E. coli strain, Rosetta, was used for expression of the sensor protein for 

purification. Cells were grown until OD600 of 0.5 and cells were induced at room 

temperature for 4 hours using IPTG. The cultures were then lysed and the supernatant 

was collected for purification using Strep tag. Streptactin Macroprep resin was incubated 

with the supernatant for 1 hour and loaded onto a Biorad chromatography column for 

elution. 

 After the purification of the protein, collected samples were run on an SDS-PAGE 

gel to determine the quality of the protein purification. As shown in the Figure 2 there 

was a high level or purity obtained in the elution sample due to the single band present in 

the brilliant blue stain. This is indicative of a successful purification.  
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Figure 7: Protein purification from E. coli using strep tag. Samples were collected 
during the protein purification and run on a gel for a brilliant blue protein stain and 
western blot using a sheep anti rabbit IgG primary antibody for detection of GFP. 
Samples were loaded on the gel in the same order for all figures. A and C) Brilliant blue 
staining and western blot of empty control, respectively. B and D) Brilliant blue staining 
and western blot of malate sensor, respectively. 
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2.3.3. Excitation and emission spectra of purified sensor 

 The emission and excitation spectra were recorded for the purified empty control 

and the malate sensor protein. The overlay of the excitation and emission scan showed 

that the mTurquoise and ECYP fluorescent proteins were purified. The mTurquoise and 

cpVenus excitation peaks were 434 and 515 nm and the emission peaks were 480 and 

538 nm, respectively (as shown in Figure 3).  

 The known molar absorptivities of mTurquoise and cpVenus were used to 

calculate the concentration of the purified protein sample (Table 1) and the ratio of the 

cpVenus and mTurquoise peak were compared to determine the purity of the sample. A 

ratio of the two fluorescent protein maxes (cpVenus/mTurquoise) of 2.67 is indicative of 

equal concentration of both fluorescent proteins, calculated from the molar absorptivity. 

For the malate sensor purification, a ratio of 3.94 was obtained and the empty control had 

a ratio of 3.65. The large cpVenus peak might indicate the presence of degraded proteins 

that were co-purfiied using the strep tag, which was localized on the C terminus next to 

the cpVenus fluorophore. The higher cpVenus signal can be also explained by the 

background FRET that occurs without the presence of a substrate. 

 The emission spectra of the empty control and malate sensor were normalized to 

514 nm (the wavelength between the two fluorophore maximas). This allowed 

comparison of the two peaks of the purified protein (Figure 4). The malate sensor 

displayed a higher mTurquoise peak and a lower cpVenus peak compared to the empty 

control. The initial spectra, before addition of any substrate, showed potential for a 

putative ratio change. 



 

 

40 

 

Figure 8: Excitation and emission spectra of purified protein. 100 µL of a 1:100 
dilution of purified protein samples were run on a fluorimeter and spectrophotometer to 
characterize the excitation and emission spectra and to determine the concentration of the 
protein. 
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Table 1: Molar absorptivities of purified proteins. The table above lists the molar 
absorptivities and λmax of mTurquoise (Goedhart et al., 2012) and cpVenus (Nagai et al., 
2002). 
 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

!"#$%$&'$%() *$"+%),-.$%&/0123)
4*5678569)

λnm)

!"#$%#&'()* +,-,,,* .+.*

/012* 3,-,,,* 454*



 

 

42 

 

Figure 9. Emission spectra of sensors. The emission spectra of the control and malate 
sensor were graphed together. The graph was normalized to 514 nm, which is the median 
of the two emission maxes for mTurquoise and cpVenus, 480 nm and 528 nm 
respectively. 
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2.3.4. Malate titrations of sensor 

 In the presence of malate, the empty control did not display any changes in the 

spectra (Figure 5a). However, the malate sensor showed significant changes in the 

emission spectra (Figure 5b). From 900 uM to 90 mM, there was a significant change in 

the mTurquoise peak and the cpVenus peak. As a positive sensor, upon binding of the 

substrate, the two fluorophores underwent a conformational change that brought the two 

fluorophores closer together. The cpVenus peak increased, while the mTurquoise peak 

decreased, which results in a higher degree of FRET upon binding of the malate. 

 The affinity of the malate sensor to malate was determined by calculating the 

dissociation constant of the sensor protein. This was obtained by calculating the ratio 

change at each malate concentration and determining the affinity of the malate to the 

sensor (Figure 6). The dissociation constant was calculated using Sigmaplot with the 

equation: ! ! =   !"#"!$! + !"#$!%!!!"#"!$!

[!! !
!"!

!!"##$#%&'
]

. It was determined that the malate 

sensor had a K’d of 1.6 mM-1 and a ratio change of 39.4%.  
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Figure 10. Malate titrations of malate sensor. Purified proteins were diluted to 100 nM 
and titrated using increasing malate concentrations from 900 µm – 90 mM. All data were 
recorded in a TECAN Infinite plate reader. Resulting spectra are presented in an 
overlayto show the change in the mTurquoise and cpVenus emission peaks. 
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Figure 11: Malate titrations on YufL-based malate sensor protein. The purified 
protein was diluted into a 100 nM final concentration with increasing malate 
concentrations in wash buffer II (seen in material and methods). The K’d was calculated 
to be 1.6 mM-1. The lowest ratio (528/480nm) was 1.58 and the highest ratio was 2.61, 
resulting in a 39.4% ratio change after full saturation. 
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2.3.5. Specificity of malate sensor 

 The substrate binding specificity of the malate sensor was tested by using 

structurally similar and related metabolites. The binding affinities of glucose, acetate, 

tartrate, citrate, fumarate, and succinate were measured by adding 10 mM of each 

substrate and observing the change in ratio (Figure 7). Structures are given (Table 2). Of 

all non-malate compunds tested citrate had the highest binding affinity to the sensor 

protein (Figure 7).  

 Next, the K’d of citrate was calculated to be 7.4 mM-1 compared to the 1.6 mM-1 

malate. This shows that the affinity of the malate is approximately 5 fold higher than 

citrate, which shows that the sensor protein is specific.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

47 

Table 2: Molecule structures of compounds tested. Structures of the different 
metabolites are pictured. 
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Figure 12: Unspecific binding of YufL-based malate sensor. Indicated metabolites 
were used to test the unspecific binding of the malate sensor. Ratios were normalized 
from three replicates of the malate sensor with 0mM malate in wash buffer II. A 
relatively high affinity to citrate was detected. Error bars represent the standard error 
calculated from three trials. 
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Figure 13: K’d of citrate and binding of fumarate and succinate to malate sensor. 
The K’d of malate and citrate are compared. Fumarate and succinate were used to show 
the binding affinities of other TCA metabolites that are structurally-related to malate. 
However, only citrate had enough affinity to calculate the K’d. 
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2.4. Discussion 

 FRET-based biosensors allow non-invasive monitoring of metabolites and signal 

molecules in vivo. These biosensors have been successfully used to quantify metabolite 

fluxes and might be key for future research to discover the roles and fluxes of important 

molecules (Niittylae et al., 2009, Okumoto et al., 2012). In my thesis, I have worked on 

characterizing a malate sensor, based on the YufL protein isolated from B. subtilis. 

(Tanaka et al., 2002).  

 The malate sensor showed a change in emission spectra compared to the DcuS-

based sensor and an empty FRET control in the presence of malate. The YufL-based 

sensor was further characterized because of its ability to undergo a reproducible and 

robust conformational change that results in a move of the  two fluorophores proteins 

closer together (Figure 1). Both the DcuS-based and empty sensor showed no shift in the 

presence of malate which rules out the possibility of an unspecific change in ratio by the 

fluorophores.. After normalizing protein concentrations of the malate sensor and empty 

protein (Table 1), the emission spectra showed that malate sensor had a higher 

mTurquoise peak and lower cpVenus peak compared to the empty control indicating the 

difference in the spatial orientation of the two fluorophores in the absence of malate 

(Figure 2). The initial shape of the curve showed the potential use of the sensor due to the 

required fluorescent shift for FRET to occur (De Lorimier et al., 2002; Miyawaki et al., 

1997; Ibraheem and Campbell, 2010; Tsien, 1998). 

 The malate sensor showed robust ratio (528/480nm) changes upon increasing 

concentration of malate (Figure 5). As the malate concentration increased, the malate 

sensor underwent conformational change that resembled the spectra of the empty sensor. 
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This is indicative of a positive sensor because of the decrease in the distance between the 

two fluorophores upon binding of the ligand and increase in FRET. The type and quality 

of sensor is determined by the characteristic and size of the linker protein (Hellinga and 

Richards, 1991; Marvin and Hillinga, 2001). Ideally, showing a large ratio change would 

allow higher sensitivity for molecule detection. This was shown by other sensors that 

displayed a large ratio change (Miyawaki et al., 1997; Ewald et al., 2011).  

 The titration curve and K’d of the sensor determines the dynamic range at which 

the sensor could be useful, as well as the affinity between the ligand and protein. In the in 

vitro experiments, the malate sensor showed a 1 (~39.4%) change in ratio after full 

saturation of the sensor (Figure 6). The malate sensor showed a dynamic detection range 

of 100 nM and 100 mM malate. This concentration was based on the affinity of malate 

towards the native YufL,. One way to change its malate affinity could be achieved by 

introducing point mutations and modifications into the binding pocket of the YufL 

protein (Ewald et al., 2011; Miyawaki et al., 1997; Takanaga et al., 2008). Additionally, 

other metabolites were tested to determine the specificity of the sensor. 

 The YufL protein was used to build the malate sensor because of its specificity 

and the structural changes that the protein undergoes upon binding of the ligand (Tanaka 

et al., 2002). The specificity of a FRET-based sensor is crucial for the integrity of the 

sensor. So other similar substrates were titrated to show the specificity of the malate 

sensor (Figure 6). The malate sensor showed very low affinity to many similar 

metabolites except citrate. The K’d for citrate was 7.4 mM-1 and the 1.6 mM-1 for malate 

showing about a 5-fold increase in the K’d for citrate. Although citrate had a higher 
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affinity than other substrates, this sensor still highly  favors malate binding because of the 

high binding affinity of malate (Figure 7; Doan et al., 2003).  

 Observing ratio changes in the presence of other substrates allowed further 

characterization of YufL and the specificity of the binding pocket of the YufL protein. By 

analyzing the structures of the metabolites, the binding pocket of the YufL binding 

pocket was hypothesized. Malate is a 4 carbon organic acid with a carboxyl group at C1 

and C4 position and with a hydroxyl group at the C2 position (Table 2). On the other 

hand, citrate is a 6 carbon organic acid with a carboxyl group at C1 and C5 position as 

well as a carboxylmethyl and hydroxyl group at the C3 position (Table 2).  These two 

organic acids show similarities with a carboxyl group adjacent to a hydroxyl group. This 

shows that the YufL protein specifically binds to the malate organic acid by binding to 

the C1 and C2 position of malate and the carboxylmethyl functional group of citrate. 

Moreover, the achiral structure of citrate shows the flexibility of the molecule and 

possibly explains the stability in the binding pocket of the malate sensor. However, 

malate most closely resembles tartrate, which only has an additional hydroxyl group at 

the C3 position. Although tartrate is similar to malate, there is very little binding of 

tartrate to the sensor. This is most likely due to the steric hindrance that the C3 hydroxyl 

group causes in the binding pocket of the YufL. This is further supported by citrate’s lack 

of large functional groups adjacent to the hydroxyl group. The YufL specificity is most 

depended on a carboxyl group with an adjacent hydroxyl group without large molecules 

on the third carbon position.  

 In conclusion, this malate FRET biosensor is robust and shows high affinity and 

specificity for malate as shown by the high ratio change. Future experiments would be to 
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optimize the sensor to increase the affinity of malate and decrease the affinity of other 

substrates such as citrate. Also, it would be important to test other metabolites and basic 

molecules, such as glycolic acid, to further test the specificity of the malate sensor. 

Finally, an in vivo system and assay has to be established for future research and 

application of the YufL-based malate sensor.  
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2.5. Methods and Materials 

2.5.1 Expression of Escherichia coli for Purification 

 E. coli expression strain was cloned by Henning Kunz. A 1:100 dilution of 

selective LB media pre-culture was used to inoculate LB media culture at 37 °C for 2.5-3 

hours until OD600 of 0.5. Then, the culture was inducted with 0.5mM IPTG. After shaking 

and incubating at room temperature for 4 hours, the cultures were pelleted and frozen for 

purification. 

2.5.2. Purification of Escherichia coli using strep tag   

 E. coli cells were resuspended in lysis buffer and left on ice for 1 hour. The cells 

were disrupted by sonication at 20-25% amplitude. The cell lysate was centrifuged and 

the supernatant was collected and filtered using a 0.45μm syringe. For the purification 

using the strep tag, the supernatant was incubated with 1:30 dilution of 50% Streptactin© 

Macroprep and loaded onto the column. The column was washed twice with 10 column 

volumes of wash buffer I. After the first flow through, the column was washed twice with 

10 column volumes of wash buffer I and once with 10 column volumes of wash buffer II. 

The bound protein was eluted with 3 column volumes of the elution buffer and 

concentrated to 1 mL using an Amicon Ultra-filter, 30 kDa. Samples were taken for SDS 

PAGE gel.  

2.5.3. Buffers Used for Purification 

Lysis buffer: 30 mM Tris/HCl pH 7.4, 250 mM NaCl, 1 mM EDTA, Roche Protease, 

Inhibitor, 1 mM phenylmethanesulfonylfluoride, 1 mg/mL egg white lysozyme 

Wash buffer I: 30 mM Tris/HCl pH 7.4, 250 mM NaCl, 1 mM EDTA 

Wash buffer II: 30 mM Tris/HCl pH 7.4, 250 mM NaCl 
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Elution buffer: 30 mM Tris/HCl pH 7.4, 250 mM NaCl, 2.5 mM Desthiobiotin 

2.5.4. Brilliant blue strain and western blot of purification 

 Samples were collected during the purification. Samples were loaded onto a SDS-

PAGE gel with SDS-PAGE sample buffer. After transferring the proteins to the PVDF 

membrane, the SDS-PAGE gel was placed in a brilliant blue staining solution and the 

membrane was blocked and incubated in a 1:4000 dilution of GFP sheep anti rabbit IgG 

overnight. Then the membrane was washed and incubated in a secondary antibody for 

detection using ECL solution and coumaric acid. Pictures of gels were taken using Kodak 

X-Omat LS film and the SDS-PAGE gel was stored and pictured using cellophane. 

2.5.5. Excitation and emission spectra analysis 

 Emission spectrum for purified proteins was taken using 1:100 dilution of purified 

protein with a Fluorolog – Jobin Yvon Horiba fluorimeter. Excitation spectrum for 

purified proteins was taken using 1:100 dilution of purified protein with a UV-2700 UV-

VIS Spectrophotometer - Shimadzu. The concentration of protein was measured using the 

molar absorptivities and excitation maximums of mTurquoise, 30,000 M-1cm-1 at 434 nm, 

and cpVenus, 80,400 M-1cm-1 at 528 nm.  

2.5.6. Emission spectra for malate titrations 

 The emission spectra for malate titrations were measured between 450-700 nm 

using a TECAN Infinite plate reader. Each well contained 100 uL of 100 nM of purified 

protein in wash buffer II, pH 7.4, with final concentration of substrate. The K’d of the 

substrates were calculated using the equation: ! ! =   !"#"!$! + !"#$!%!!!"#"!$!

[!! !
!"!

!!"##$#%&'
]

 

in Sigmaplot. 
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Other ABA-induced time-resolved stomatal bioassays 

a. gles1 mutant shows no phenotype with 10 um ABA 

b. vdac 3-1 showed slight insensitivity to 10 um ABA 

c. vdac 1-2 showed slight insensitivity to 10 um ABA 

d. cipk1/cbl1 in WS ecotype showed no phenotype in the presence of 10 um and 1 

um ABA 

e. cipk1/cbl1 in Col ecotype showed no phenotype in the presence of 10 um and 1 

um ABA 

 i. ost1 in the Ler background shows similar insensitivity to ABA as Col 

 f. camta 5-2/6-4 showed similar sensitivity to ABA compared to WT 

Other Ca2+-induced time-resolved stomatal bioassays 

 a. camta5-2/6-4 showed insensitivities in the presence of Ca2+ 

i. camta 5-2 and camta 6-4 did not show synergistic phenotype to the 

presence of Ca2+ compared to single knocks outs.  

Other substrate-induced time-resolved stomatal bioassays 

 a. almt12-1 and WT seem to respond similarly to 10 uM molic acid 

 b. 100 um H2O2 in pp2ca-1 and pyr1/pyl1/pyl2/pyl4 does not elicit a robust 

response. 

 




