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Abstract 

Comprehension of the signaling and metabolic networks that underlie the inner 

workings of a cell relies upon elucidating the complex interactions between the components in 

an intact biological context. However, conventional methods for studying the inner workings of 

a cell tend to be destructive and lack the necessary resolution to fully interrogate signaling 

network dynamics. The imaging of fluorescent proteins in live cells has arisen as a popular 

alternative approach, allowing minimally intrusive illumination of biological processes through 

live-cell microscopy. In Chapter 1, I introduce fluorescent biosensors, genetically encoded 

chimeric proteins that exhibit modulations in fluorescent signal upon recognizing a parameter 

of interest. Different variants of these biosensors have been used to shed light on the dynamic 

concentrations of small molecules and metabolites, protein localization and conformation, and 

even the activity of enzymes such as Mitogen-activated Protein Kinases (MAPKs). Kinase 

biosensors had been widely employed in numerous model organisms and have provided novel 

insight into the mechanisms underlying kinase kinetics. However, these tools had not yet been 

employed within plants. Because of this situation, the Krysan lab initiated a project aimed at 

developing the first fluorescence-based biosensor for studying kinase activity within 

Arabidopsis thaliana. In order to effectively use this reporter to study MAPK activation in live 
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plants, however, it was first necessary to the establish an experimental system that allowed live 

plant samples to be imaged in a minimally stressful environment. 

In Chapter 2, I describe a solution to the challenge of establishing an imaging system 

suitable for studying MAPK activation in Arabidopsis.  This work involved repurposing a 

microfluidic device in order to allow living plant tissue expressing fluorescent biosensors to be 

gently suspended in an aqueous environment while also allowing for the addition of chemical 

elicitors during the imaging process. While numerous devices exist to maintain plant tissue in a 

minimally stressful environment while also allowing application of a solution designed to induce 

a response, few are designed for rapid addition of consecutive treatments, which can be used 

to further explore the dynamics of a plant MAPK biosensor. Through repurposing of the 

HybriWellTM, a commercially available device, Arabidopsis whole seedlings, cotyledons, and 

leaves can be subjected to multiple successive chemical treatments during the process of live-

cell confocal imaging. The process of passive pumping allows a complete and swift exchange of 

the solution surrounding the sample without disturbing the sample or requiring removal from 

the microscope. In tandem with fluorescent biosensors, our HybriWellsTM-based imaging 

protocol allows further exploration of plant MAPK spatiotemporal dynamics by facilitating 

imaging of signaling networks in both resting and activated states. 

Chapter 3 details the work done to create Sensor Of MAPK in Arabidopsis, or SOMA, a 

Förster resonance energy transfer (FRET) based biosensor. We utilize both in vitro and in vivo 

experiments to illustrate how MAPKs can interact with and phosphorylate SOMA. 

Phosphorylation induces conformation changes that modify the fluorescent properties of 

SOMA, which can then serve as an indirect measurement of kinase activity. Experiments 
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utilizing a chemical switch for an inhibitor-sensitive allele of Mitogen-activated Protein Kinase 6 

(MPK6) demonstrated NaCl-induced changes in the FRET efficiency of SOMA appear solely 

derived from MPK3/6 activity, which demonstrates the potential of SOMA to specifically report 

changes in MAPK activity in living plants. When the FRET behavior of SOMA was observed in 

response to treatment with biotic and abiotic chemical stressors implicated in MAPK activation, 

heterogenous changes to the fluorescence signal ratio were observed at the cellular and 

subcellular levels, illustrating how SOMA can provide novel insights regarding kinase regulation 

in planta. While SOMA serves as a compelling proof-of-concept plant MAPK biosensor, the 

specificity and performance of this tool could be further improved. 

Chapter 4 details the research I performed to create an experimental pipeline for the 

rapid and efficient development of plant MAPK fluorescent biosensors. The first part of the 

pipeline is an in vitro FRET assay that simplified the biosensor design process such that 

candidate MAPK docking domain sequences could be inserted into a pre-optimized FRET-based 

backbone, which we describe as a plant MAPK docking domain trap. Candidate constructs that 

exhibited a favorable increase in FRET efficiency in response to a MAPK isoform could then be 

used as a FRET-based biosensor in vivo. Application of this docking domain trap offers a 

potential means to rapidly and efficiently develop new FRET-based biosensors that can be 

tailored for specific criteria, such as specificity towards specific MAPK isoforms. The second part 

of this chapter focuses on the development of a fluorescent translocation biosensor for use in 

Arabidopsis. Translocation biosensors possess a synthetic bipartite Nuclear Localization 

Signal/Nuclear Exclusion Signal (bNLS/NES) that promotes nuclear export in response to 

phosphorylation and nuclear import when dephosphorylated. This type of biosensor includes a 
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kinase docking domain specific for the kinase of interest that allows the sensor to report the 

activity of a chosen kinase. In this chapter I present In vivo experiments utilizing Kinase 

Localization Reporter (KLR), a translocation biosensor that we developed for use in plants, 

demonstrated that KLR could exhibit changes in localization within Arabidopsis cells, with 

evidence strongly suggesting said shift was due to phosphorylation of the reporter. 

Additionally, incorporating a plant MAPK docking domain verified by the plant MAPK docking 

domain trap into the KLR backbone culminated in the resulting translocation biosensor 

exhibiting shifts in localization in response to chemical elicitors known to induce MAPK activity, 

demonstrating the modularity of the plant MAPK docking domains identified by this method. 

While more work is needed to determine if KLR specifically reports MAPK activation, these in 

vivo experiments illustrate the potential of this experimental pipeline to expand the toolkit of 

fluorescent biosensors available for plant MAPK research. 

This work encapsulates both the rigorous development, testing, and practical testing necessary 

to create suitable fluorescent-based biosensors for measuring MAPK activity in Arabidopsis, as 

well as illustrating how these tools can provide novel insight into the highly dynamic 

spatiotemporal kinetics of kinase activation in an intact cellular context. The continued 

development and application of these tools has the potential to further deepen our 

understanding of the role MAPKs play in plant immunity, development, growth, and other 

processes, while also potentially offering insight into the complex interactions between these 

protein kinases and other signaling and metabolic processes. 
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Chapter 1: The history of genetically encoded fluorescent biosensors 

Abstract 

Conventional strategies for studying signaling networks have prioritized identification of 

key players within these pathways. However, in order to fully elucidate the complex mechanism 

that govern cell function and fate, methods capable of documenting the spatiotemporal 

dynamics of these molecular components has become more prominent. One such method 

involves the use of genetically encoded fluorescent biosensors. By serving as visual indicators 

for a parameter of interest, these tools can illuminate cellular networks in living cells and 

organisms in real time. Multiple types of fluorescent biosensors have been developed, including 

single fluorophore protein biosensors, Förster Resonance Energy Transfer (FRET)-based 

biosensors, and translocation biosensors. These reporters have been used to shed light on a 

variety of molecular processes, including the activity of protein kinases. Fluorescent biosensors 

have highlighted the complex regulatory mechanisms by which these ubiquitous proteins are 

governed in numerous model organisms, including the recent publication of a FRET-based 

biosensor for studying mitogen-activated protein kinase (MAPK) in Arabidopsis. However, there 

remains a number of unexplored avenues for further application of MAPK fluorescent 

biosensors in planta. 

The work described within this thesis covers the development of the first generation of 

plant fluorescent biosensors for studying MAPK activity in Arabidopsis thaliana. An overview of 

a select few types of fluorescent biosensors that have been used for studying signal 

transduction are summarized in this introduction, along with their role in characterizing kinase 

and MAPK activation and how those benefits may be beneficial for plant MAPK research.  
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Introduction 

In living cells, dynamic interactions between proteins are thought to play a key role in 

the ability of a cell to relay information regarding pertinent external signals. While many of the 

key players in these signaling pathways have been identified, questions still remain regarding 

how the mechanisms by which signal translation is regulated, as differences in the duration, 

location, or intensity of an initial signal can impact the eventual downstream response (Pozzan 

et al., 2003; Mehta & Zhang, 2011; Sample et al., 2014). As such, the temporal and spatial 

context of these pathways is likely an important component of the signaling process. While 

multiple methods have arisen to contextualize the contents of a cell, such as flow cytometry 

(Lugli et al., 2010; Aghaeepour et al., 2013; Pedreira et al., 2013; Han et al., 2016) or mass 

spectrometry (Aebersold & Mann, 2003; Picotti et al., 2012), the crude and destructive nature 

of these methods can lead to a loss of cellular context and weak or transient signals (Picotti et 

al., 2012; Han et al., 2016). An alternative method that circumvents these issues involves the 

use of genetically encoded fluorescent biosensors. 

 

The origin of genetically encoded fluorescent biosensors 

A biosensor, in a broad general description, consists of an engineered molecule or cell 

that can recognize a signal of interest and convert that signal to a visually observable quantity 

(Mehrotra et al., 2016). Biosensors are generally comprised of two components: a sensory 

domain and a reporter domain. Detection of the parameter of interest by the sensory domain 

triggers an adjustment of the reporter domain, which is represented as a quantifiable visual 
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signal. As such, one of the requirements for a biosensor to function correctly is to be 

unmodifiable by parameters other than what they are designed to measure. Historically, 

biosensors have been derived from a range of materials, including enzymes, antibodies, nucleic 

acids and microbes (Eggeling et al., 2015; Mehrotra et al., 2016; Coulet et al., 2019; Chen & 

Wang, 2020). However, it was not until the discovery and characterization of fluorescent 

proteins that the possibility of fluorescent biosensors began to be explored. 

Fluorescent proteins are proteins that can emit photons upon excitation at a specific 

wavelength (Lakowicz, 2013). In the early 1960s, Dr. Osamu Shimomura was researching 

Aequorea victoria, a jellyfish species capable of producing green fluorescence. After isolation 

and purification, he discovered the bioluminescent aequorin protein. In the presence of Ca2+, 

purified aequorin produced blue light. However, this emission peak in the blue part of the 

visible spectrum was decidedly different from the distinct green color of the bioluminescent 

jellyfish the aequorin was derived from. Shimomura postulated this color change likely derived 

from another protein, which he had discovered as a byproduct of aequorin isolation and was 

found highly concentrated together with aequorin in photogenic cells (Shimomura, 1962). As 

such, it was eventually named Green Fluorescence Protein (GFP) (Hastings & Morin, 1969).  

 Upon discovery, the utility of GFP as a research tool quickly became apparent. Due to 

the ability of the protein to spontaneously form a chromophore, GFP fluorescence only 

required oxygen and did not depend on the presence of enzymes or other auxiliary factors. 

Additionally, GFP was non-toxic and able to emit on a nanosecond scale (Chalfie et al., 1994). 

With these attributes, GFP could be used to visualize the essential features of the interior of 

living cells, real-time, in a non-destructive manner. These benefits resulted in GFP application as 
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an in-situ label for bioactive molecules (Xue et al., 2015). However, this type of labeling 

possessed several limitations. Experiments involving exogenously applied GFP required samples 

to be fixed, providing only a single temporal snapshot. It was also difficult to target GFP to a 

specific location or control penetration into a sample, hindering the fluorophore’s ability to 

reflect target molecule heterogeneity at the cellular or subcellular level. It was not until the 

cDNA of GFP was sequenced in 1992 (Prasher et al., 1992) and expressed in exogenous 

organisms in 1994 (Chalfie et al., 1994; Inouye & Tsuji, 1994) that the potential of these 

proteins could be fully taken advantage of.  

Dr. Roger Tsien, one of the leading researchers on fluorescent proteins, demonstrated 

that select mutations in key residues of GFP could enhance brightness and photostability, as 

well as modify the emission and excitation range (Heim et al., 1995; Tsien, 1998; Matz et al., 

2002). This, along with the development of red fluorescent protein DsRED (Matz et al., 1999; 

2002; Campbell et al., 2002) gave rise to a whole array of new fluorescent proteins that 

together covered a rainbow of colors. This expansion in fluorescent proteins greatly enhanced 

their ability to be applied in different cellular environments, as well as allowing multiplexing of 

different fluorescent proteins in the same system (Depry et al., 2013). Dr. Tsien also saw the 

potential in fluorescent proteins as a way to observe signal dynamics in living cells, publishing 

the first fluorescent protein biosensor, Cameleon (Miyawaki et al., 1997). 

Cameleon is a Genetically Encoded Calcium Indicator (GECI) (Miyawaki et al., 1997) 

comprised of the calcium binding protein calmodulin, the calmodulin-binding peptide M13, and 

two fluorescent proteins, CFP and YFP. Binding of Ca2+ to Cameleon induced a quantifiable 

fluorescent signal change, allowing for the monitoring of free calcium levels within living tissue. 
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By localizing Cameleon to different subcellular domains, Dr. Tsien was able to document 

variations in calcium levels among these compartments at a high resolution, illuminating the 

heterogeneity within these free calcium concentrations and offering insight into how Ca2+ may 

be involved in network function (Miyawaki et al., 1997). The initial work done with Cameleon 

demonstrated the potential of fluorescent-based biosensors to illuminate previously unseen 

aspects of complex signaling networks, and further refinement of Cameleon (including 

reversible Ca2+ binding) (Miyawaki et al., 1999; Allen et al., 1999) enhanced the biosensor’s 

capabilities.  

 

Fluorescent biosensors contain both a sensory domain and a reporter domain 

The initial success of Cameleon led to widespread development and application of 

fluorescent biosensors. Fluorescent biosensors are fluorescent proteins (the reporter domain) 

attached to an additional protein sequence (the sensory domain) that induce sensitivity to 

small biomolecules or other intracellular processes. The sensory domain generally consists of 

endogenous proteins that naturally interact with the molecule of interest, however, 

researchers have also successfully engineered new interactive proteins, or modified existing 

interaction partners to be more selective when necessary. The reporter domain is made up of 

one or more fluorophores, which can exhibit a change in fluorescent emission (such as 

intensity, localization, or emission range) in response to the sensory domain coming into 

contact with the parameter of interest.  

Fluorescent-based biosensors that contain discrete fluorophore and sensory domains 

and are called extrinsic biosensors, as the fluorescent protein needs an extrinsic factor (the 
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sensory domain) to induce a change in fluorescent signal. There also exists a class in which the 

fluorescent protein has been engineered to act as both the sensory and reporter domain, 

known as intrinsic biosensors. The fluorophore of these biosensors can intrinsically interact 

with some facet of the environment and adjust fluorescent signal in response. An example of 

these intrinsic biosensors is the pHlourin biosensor, which utilizes a GFP variant capable of 

exhibiting an alteration in fluorescence in response to pH changes (Miesenböck et al., 1998). As 

intrinsic fluorescent protein biosensors are not as widely used, the majority of this dissertation 

will focus on the extrinsic variety. There have been numerous reviews published that cover the 

field of fluorescent biosensors in extensive detail (Frommer et al., 2009; Okumoto, 2010; 

Mehrotra, 2016; Bolbat & Schultz, 2017; Ni et al., 2018; Greenwald et al., 2018) so this Chapter 

will instead focus on three three varieties that are important to my research: single fluorophore 

biosensors, Förster resonance energy transfer (FRET)-based biosensors, and translocation 

biosensors. 

 

Single fluorophore biosensors 

Single fluorophore biosensors generally consist of a fluorescence protein that that can 

switch between a fluorescent or non-fluorescent state, such as through circular permutation 

(cpFP) (Figure 1A). This change is mediated by the sensory domain, which can be further broken 

into a receiver and a “switch” domain. Interaction between the receiver domain and parameter 

of interest prompts the “switch” domain to trigger a conformation change in the biosensor. This 

conformation change results in the cpFP converting from a non-fluorescent to fluorescent state. 

This conformation change is usually reversible through removal or dissociation of the 
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parameter of interest, allowing the single fluorescent protein biosensor to reflect both 

upregulation and downregulation of the parameter of interest.  

The conformation change single fluorophore biosensors undergo is relatively rapid—

generally on the scale of nanoseconds (hence the colloquial name “nanosensors”), which 

results in temporal resolution capable of document very transient events, such as calcium 

signaling cascades (Baird et al., 1999; Nagai et al., 2001; Nakai et al., 2001; Tang et al., 2011). 

Additionally, as single fluorophore biosensors are only dependent on changes in the signal of a 

single fluorescent protein (i.e. intensiometric), they can achieve a wide dynamic range (the 

difference between the resting fluorescent signal and maximum fluorescent signal possible) and 

high single-to-noise ratio (Hanson et al., 2002). This can result in highly sensitive biosensors, 

able to provide a fluorescent readout in response to minute changes in the parameter of 

interest. However, detecting changes in only a single emission range can also be 

disadvantageous. Due to the lack of an internal control, single fluorophore biosensors tend to 

be susceptible to optical aberrations or changes in expression or the local environment (Chen et 

al., 2013; Deng et al., 2015; Ding et al., 2015; Kato et al., 2015). As such, single fluorophore 

biosensors do not provide absolute quantitative information and can only report relative 

changes.  

Along with calcium, single fluorophore biosensors have been used as reporters of 

voltage (Siegel & Isacoff 1997; Knöpfel et al., 2003; Barnett et al., 2012; St-Pierre et al., 2014), 

pH (Bizzarri et al., 2006; Martinière et al., 2013), 3’,5’-cyclic adenosine monophosphate (cAMP) 

(Kitaguchi et al., 2013; Tewson et al., 2016; Harada et al., 2017), and more recently kinases 

(Mehta et al., 2018). There have also been single fluorophore biosensors targeted to biological 
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components unique to plants, such as phytohormones (Brunoud et al., 2012; Larrieu et al., 

2015) and activity of some transceptors (De Michele et al., 2013; Ast et al., 2017). Overall, the 

modular design, ability to be multiplexed, and sensitivity of these biosensors has made them a 

popular tool for studying signaling dynamics in a number of model organisms.  

 

FRET-based fluorescent biosensors 

The second class of fluorescent protein biosensors I will call attention to utilize the 

principle of Förster (or Fluorescent) Resonance Energy Transfer, or FRET, to report on a 

parameter of interest. FRET, first described in 1948 (Förster, 1948), describes an exchange of 

energy between two fluorophores through direct dipole-dipole couplings. In simplified terms, if 

an excited fluorophore (termed the donor) has an emission range that overlaps with another 

fluorophore’s (the acceptor) excitation range, some of the energy from the donor can transfer 

to the acceptor in a non-radiative fashion, resulting in acceptor emission without the need for 

emission of visible light from the donor. The efficiency of that energy transfer (also known as 

the FRET efficiency) can therefore be defined as the proportion of donor molecules that have 

transferred excitation state energy to the acceptor molecules (Chen et al., 2006; Frommer et 

al., 2009). As expected, this ratio is dependent on several factors such as fluorophore 

orientation and increases as the distance between the acceptor and donor fluorophores 

decreases (Selvin, 2000; Heyduk et al., 2002, Marx, 2017). The dependency of FRET efficiency 

on relative distance between fluorophores allows this process to be co-opted for use in 

fluorescent protein biosensors (Newman et al., 2011; Cardullo, 2013).  
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In a FRET-based biosensor, the donor-acceptor fluorophores comprise the reporter 

region, while the sensory region generally contains a sensory domain, which senses the signal 

of interest, and a “ligand” domain, which possesses affinity for the sensory domain. Each 

biosensor is designed such that one fluorophore is attached to the sensory domain, and the 

other is attached to the ligand domain. When the sensory domain interacts with the parameter 

of interest, this causes an increase in the affinity of the ligand domain for the sensory domain. 

The ligand and sensory domains are brought into close contact and, subsequently, so are the 

acceptor and donor fluorophores. This decrease in distance leads to a quantifiable increase in 

the FRET efficiency of the two fluorophores. Thus, FRET-based imaging can be used to assess 

fluorophore proximity, and by inference, parameters of interest that can induce shifts in FRET 

efficiency. Like single fluorescent protein biosensors, this process is usually reversible through 

removal or dissociation of the targeted signal (Piljić et al., 2011), allowing FRET biosensors to 

fully document fluctuations in the parameter of interest.  

Unlike the intensiometric single fluorescent protein biosensors, FRET-based biosensors 

are ratiometric: having two fluorophores creates an internal control, normalizing for changes in 

expression or optical aberrations and allowing for robust quantification of the parameter being 

detected (Spiering et al., 2013). However, this two-fluorophore design results in FRET-based 

biosensors tending to possess lower dynamic range and detection sensitivity compared to 

single fluorophore biosensors (Piljić et al., 2011; Lindenburg & Merkx, 2014). Additionally, FRET-

based biosensors require quantification of the emission ranges for two fluorophores, which can 

require more stringent microscope filters and limits the opportunities for analyzing multiple 

signaling events within the same cell. Finally, the stringent criteria for a pair of fluorophores to 
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be capable of undergoing FRET limits the number of available donor-acceptor pairs, although 

this pool continues to increase due to the development and publication of novel fluorophore 

variants (Rodriguez et al., 2017). Despite these limitations, however, FRET-based biosensors 

have been established as valuable tools for quantifying the spatiotemporal dynamics of key 

components within cellular networks. Currently, FRET-based biosensors can be classified into 

two groups: intermolecular or intramolecular.  

 

The two types of FRET-based biosensors: intermolecular and intramolecular 

 For intermolecular FRET biosensors, the two fluorophores are linked to different 

molecules; each fluorophore is separately connected to either the ligand or sensory domain 

(Figure 1B). Association with the parameter of interest increases the attraction between the 

ligand and sensory domains and brings the two fluorophores together. Intermolecular FRET-

based biosensors have been used to study apoptosis and cancer (Zlobovskaya et al., 2016), 

phosphatidylinositol biphosphatate metabolism (Cicchetti et al., 2004), and G-protein-mediated 

cell signaling (Bu & Callway, 2011). A major benefit of the intermolecular approach is 

sensitivity—the dynamic range tends to be comparable with that of single fluorescent protein 

biosensors (Ibraheem & Campbell, 2010). However, expression of the two fusion proteins can 

differ, or localize asymmetrically to different parts of the cell, which can affect the FRET 

efficiency (Bajar et al., 2016). Additionally, if the distance and orientation of the fluorophores is 

not optimal, FRET may not occur even if the two proteins form a complex.  

For intramolecular FRET biosensors, the two fluorophores are conjoined to the same 

molecule (Figure 1C). When the parameter of interest is absent, the biosensor exists in an 
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“open” conformation—the two fluorophores are kept relatively far apart, and excitation of the 

donor fluorophore results in low FRET efficiency. However, detection of the targeted signal by 

the sensory domain results in the biosensor undergoing a conformation change, bringing the 

donor and acceptor fluorophores closer together. This increase in proximity causes an increase 

in the FRET efficiency of the biosensor to take place, resulting in a quantifiable indicator of the 

parameter of interest. Because the biosensor is transcribed as a single mRNA, the ratio of 

acceptor to donor fluorophore is always equal. However, the larger size of these biosensors can 

impede localization to some subcellular loci. Intramolecular FRET biosensors also lack in 

dynamic range and tend to have lower signal-to-noise ratios in comparison to intermolecular or 

single fluorophore biosensors (Piljić et al., 2011). Nevertheless, numerous intramolecular FRET 

biosensors have been developed and implemented (Mohsin et al., 2015), including the 

Cameleon calcium biosensors discussed previously (Miyawaki et al., 1997; Heim & Griesbeck, 

2004; Palmer et al., 2006), protease cleavage biosensors (Heim & Tsien, 1996; Mitra et al., 

1996) biosensors for plant hormones such as auxin (Herud-Sikimic et al., 2020), gibberellin 

(Rizza et al., 2019), and abscisic acid (Jones et al., 2014), and several protein kinases biosensors 

(Zhang et al., 2007; Sato et al., 2007;  Komatsu et al., 2011; Morris, 2013; Oldach & Zhang, 

2014; Lin et al., 2019). 

 

Why study protein kinases? 

Protein kinases have long been implicated in a wide range of biological processes. The 

common biochemical activity of all protein kinases is reversible post-translational modification 

of other proteins. These target proteins, known as substrates, possess specific residues, called 
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phosphoacceptors, onto which a kinase can add a phosphate group. Phosphorylation of a 

substrate can induce a variety of potential outcomes, from alterations to activity, changes in 

localization, degradation, or a number of other outcomes (Cohen, 1985; Barford et al., 1998). 

As such, phosphorylation represents a critical mechanism for regulating cell fate and function 

and kinases have been implicated in virtually every facet of eukaryotic life, from gene 

expression, metabolism, proliferation, defense and immunity, and beyond (Robinson & Cobbs, 

1997; Hunter, 2000; Johnson & Lapadat, 2002; McCance & Huether, 2014). The widespread 

involvement in and critical importance of kinases to signaling networks and signal transduction 

has given rise to multiple questions regarding how these proteins are regulated. Initial 

experiments using biochemical and genetic approaches were able to determine some of 

mechanisms that govern kinase specificity (Kobe & Kemp, 2010), such as recruitment of 

substrates using scaffolding proteins (Pawson & Scott, 1997; Burack & Shaw, 2000; Morrison & 

Davis, 2003; Meister et al., 2013; Hu et al., 2015) and modular recognition sites present on both 

kinases and substrates (Pearson & Kemp, 1990; Kemp & Pearson, 1991; Kobe et al., 2005; 

Ubersax & Ferrell, 2007). However, many of these methods failed to capture the 

spatiotemporal dynamics displayed by kinases within these pathways, hindering full 

interrogation. With the advent of genetically encoded fluorescent biosensors, observing these 

interactions in a cellular context was much more feasible.  

A fluorescent biosensor designed to detect kinase activity possesses a sensory domain 

consisting of a whole or truncated substrate of the target kinase. This substrate domain must 

also possess at least one amino acid residue capable of undergoing phosphorylation by the 

kinase of interest, called a phosphoacceptor site or phosphosite. In some cases, conserved 



 

 
 

13 

motifs that facilitate kinase-substrate interactions, called docking domains, (Kemp & Pearson, 

1990; Sato et al., 2007; Oldach & Zhang, 2014) are also included in the sensory domain to 

further increase the affinity of kinases for the biosensor. Phosphorylation of the 

phosphoacceptor elicits a quantifiable change in fluorescent signal, providing a real-time 

readout of kinase activation. Additionally, these phosphoacceptor sites are usually accessible by 

phosphatases, which can remove the phosphate group and reverse the signal change of the 

biosensor (Oldach & Zhang, 2014; Zhang et al., 2015). As such, kinase biosensors can be more 

accurately described as reporters of the equilibrium between competing target kinase and 

phosphatase activity. While kinases have been extensively documented in numerous biological 

systems and contexts with single fluorescent protein and FRET-based biosensors, another 

classification of biosensors has recently been tailored to report of kinase activity.  

 

Translocation Biosensors 

The term translocation biosensor has been historically applied to a class of biosensors 

that intrinsically relocate to the site of the target signal. These biosensors were generally used 

to study the production and distribution of lipid messengers (Burd & Emr, 1998; Watton & 

Downward, 1999; Vaŕnai & Balla, 1998; Gray et al., 1999; Ellson et al., 2001). However, this 

approach was somewhat restricted by the limited availability of endogenous binding molecules 

capable of being recruited by specific intracellular targets to drive translocation. While these 

tools have undergone a recent renaissance due to the emergence of nanobodies (Gonzalez-

Sapienza et al., 2017), I will focus on the other classification that utilizes the term: biosensors 

that, upon detecting the target signal, relocate to a predetermined subcellular destination. To 
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facilitate this shift in localization, translocation biosensors possess a subcellular localization 

signal some kind, along with the requisite fluorescent protein reporter domain and sensory 

domain (Figure 1D). While these tools have been used investigate protease activity and protein-

protein interactions (Knauer et al., 2005; Knauer & Stauber, 2005, Spencer et al., 2013), the 

majority of their utilization has been geared towards detecting phosphorylation (Gu et al., 

2004; Kosugi et al., 2008; Regot et al., 2014; Maryu et al., 2016; de la Cova et al., 2017). Due to 

the presence of modified Nuclear Localization Signals (NLS) and/or Nuclear Exclusion Signals 

(NES), phosphorylation of a kinase translocation biosensor triggers export of the sensor from 

the nucleus, while dephosphorylation results in its import to the nucleus. Thus, a 

phosphorylation-induced change in biosensor localization can serve as a proxy for kinase 

activity. 

 The first example of a kinase translocation biosensor was for the mammalian kinase Akt 

(also known as Protein kinase B) (Gu et al., 2004). This biosensor took advantage of naturally 

occurring phosphorylation-mediated translocation in the Akt substrate protein PROTEINASE 3 

(PR3). Due to this domain, phosphorylation of the Akt biosensor resulted in shuttling from the 

nucleus to the cytoplasm in response to Akt activity, allowing rapid visualization of Akt 

activation kinetics (Gu et al., 2004). While a few other translocation biosensors took advantage 

of this phenomenon (Kosugi et al., 2008; Gross & Rotwein 2015; Maryu et al., 2016), it was not 

until 2014, when the Regot lab published Kinase Translocation Reporters (KTRs), that an 

artificially engineered mechanism to facilitate phosphorylation-induced nuclear/cytoplasmic 

shuttling was described (Regot et al., 2014).  
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KTR biosensors utilize a unique bipartite nuclear localization signal/nuclear exclusion 

signal (bNLS/NES) cassette to redirect sensor localization in response to kinase activity, of which 

the bNLS region contains two phosphorylation sites. In an unphosphorylated state, the bNLS 

maintains a strong nuclear important signal and KTR fluorescence emission is observed in the 

nuclei of cells. Phosphorylation of the phosphoacceptor sites negatively regulates the bipartite 

NLS while also enhancing NES export rate, resulting in KTR fluorescence emission being 

excluded from the nucleus. Dephosphorylation increases the nuclear import rate and decrease 

the nuclear export rate, and KTR to return to the nucleus. Localization of KTR can thus be 

described as a continuous tug-of-war between nuclear localization and nuclear exclusion, with 

phosphorylation status tipping the balance (Regot et al., 2014)  

Translocation biosensors possess several of the same advantages as single fluorescent 

protein biosensors, offering a generally higher dynamic range and signal-to-noise ratio than 

FRET-based biosensors. Additionally, translocation biosensors are potentially able to respond 

more rapidly to downregulation of kinase activity than FRET-based biosensors due to easier 

access to phosphoacceptor sites for phosphatases (Regot et al., 2014; Sparta et al., 2015). 

However, these tools are limited by their inability to provide kinase activity measurements in 

specific subcellular sections, or during degradation of the nucleus. While these biosensors were 

first demonstrated in mammalian cell lines (Regot et al., 2014; Durandau et al., 2015), recent 

papers have reported success using translocation biosensors in the additional model organisms 

C. elegans (de la Cova et al., 2017) and zebrafish (Mayr et al., 2018), indicating the bNLS/NES 

localization system may be applicable to other biological systems such as plants.  
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When taken as a whole, the application of fluorescent biosensors to kinases in animal 

model organisms has resulted in the discovery of multiple novel aspects of protein kinases 

behavior and regulation, including heterogeneity at the subcellular level or within a population 

of cells (Aoki et al., 2013; Handley et al., 2015; Ma et al., 2019; Lin et al., 2019), alterations in 

duration, location, or amplitude (Lalonde et al., 2005; Zhang & Allen, 2007), and multiple types 

of activity profiles, including oscillations, attenuation, ultrasensitivity or switch-like, and graded 

(Morris, 2013; Lin et al., 2019). However, application of fluorescent biosensors to kinase activity 

in planta has yet to be explored. Physiological differences at the micro- (chlorophyll, chloroplast 

autofluorescence (Rost, 1995)) or macro- (plant cell wall, vacuole, waxy cuticle) pose significant 

challenges both for developing novel plant fluorescent biosensors or smoothly transitioning 

biosensors pioneered in animal systems to in planta (Gjetting et al., 2013; Uslu & Grossman, 

2016). Despite these challenges, however, as previously mentioned fluorescent protein 

biosensors for signaling components other than kinases have been established in plants 

(Sadanandom & Napier, 2010; Martinière et al., 2013; Jones et al., 2013; Walia et al., 2018; 

Hilleary et al., 2018), including several reporters of plant-specific cellular processes (Jones et al., 

2013; Ast et al., 2017). Therefore, in order to import these advantageous tools to the plant 

kinase research community, the work described in this thesis covers the development of two 

genetically encoded fluorescent biosensors, a FRET-based biosensor for studying Mitogen-

activated Protein Kinase (MAPK) in Arabidopsis (Zaman et al., 2019) and a translocation 

biosensor for studying protein kinase activity in Arabidopsis (Seitz & Krysan, under review). 

 

Mitogen-activated Protein Kinases (MAPK) 
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MAPKs are highly conserved kinases that phosphorylate serine or threonine residues 

(Biondi & Nebreda, 2003). MAPKs belong to a conserved three-tier cascade of kinases which 

assist in translating of external environmental signals into eventual alterations in cell function 

and fate (Khokhlatchev et al., 1998). This process begins upon detection of a relevant signal by 

the appropriate receptor, usually located on the surface of the cell. Interaction between the 

initial signal and receptor triggers signal transmission to the inner workings of the cell, usually 

mediated through intermediary signaling molecules. This transmission eventually activates the 

to the first tier of the appropriate MAPK cascade, which consists of MAPK Kinase Kinase 

(MAPKKK) proteins. MAPKKKs target and phosphorylate MAPK Kinases (MAPKK), which in turn 

phosphorylate MAPKs. Activated MAPKs then phosphorylate specific substrates such as 

transcription factors, which in turn activate the proper downstream response (Chang & Karin, 

2001; Jonak et al., 2002). The nature of this signaling cascade is such that the original signal is 

amplified at each stage, boosting relevant signals and guarding against noise (Ferrell, 1998; 

Markevich et al., 2004).  

Within plants, MAPKs have been implicated in numerous signaling pathways, including 

those that regulate cell division (Müller et al., 2010; Xu & Zhang, 2015), abiotic and biotic stress 

responses (Mizoguchi et al., 1996; Felix et al., 1999; Ichimura et al., 2000; Gómez-Gómez & 

Boller, 2000; Petersen et al., 2001; Frye et al., 2001; Asai et al., 2002; Droillard et al., 2002; 

2004; Ahlfors et al., 2004; Teige et al., 2004; Miya et al., 2007; Rasmussen et al., 2012; Meng et 

al., 2013), developmental patterning (Shinkai et al., 2002; Wang et al., 2008; López-Bucio et al., 

2014) and stomatal closure (Liu et al., 2010; Lee et al., 2016). Considering the importance of 

MAPK signaling for these cellular processes, further interrogation of these protein kinases 



 

 
 

18 

should offer insight into the mechanisms by which plant MAPKs function. While the behavior of 

MAPKs has been widely studied using fluorescent protein biosensors in animal systems (Ma et 

al., 2019), the use of MAPK-targeted fluorescent protein biosensors in plants had been 

relatively unexplored (Krysan & Colcombet 2018).  

My thesis research covers the design, testing, and application of both a FRET-based 

MAPK biosensor (Zaman et al., 2019) and a kinase translocation biosensor (Seitz & Krysan, 

under review) for studying MAPK activity in Arabidopsis thaliana. This work represents the first 

generation of biosensors for studying kinase activation in plants. In addition, I also describe two 

strategies for facilitating the utilization and further development of these biosensors: a 

commercially available microfluidic device that can be used as an imaging chamber to apply 

consecutive chemical treatments to live plant samples during microscopy (Vang et al., 2018), 

and an in vitro FRET-based assay that utilizes a plant MAPK docking domain trap to identify 

plant MAPK docking domains for use in fluorescent biosensors (Seitz & Krysan, under review). 

Taken together, the research performed for this thesis resulted in a host of new tools for 

studying signal transduction in plants, each offering the potential to shed light on MAPK kinetics 

in Arabidopsis and deepen our understanding of plant signaling networks as a whole. 
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Chapter 2: A simple microfluidic device for live cell imaging of 
Arabidopsis cotyledons and seedlings 

 
 
 
 
 
 
 
 
My contribution: I performed and analyzed the experiments and created the Figures and Videos 

for Figure 4 and Supplemental Figures 2 and 3. I also co-authored the Materials and Methods 

section.  I also served as a mentor for the undergraduate student who was first author on the 

paper. 
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simple microfluidic device for live cell imaging of Arabidopsis cotyledons, leaves, and seedlings. 
Biotechniques. 2018, 64, 255-261.  
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Abstract  

Live cell imaging is a powerful tool for studying a range of biological processes in 

plants. In order to perform experiments where living tissue is exposed to controlled pulses of a 

chemical treatment, one must have a system for holding the sample in place during imaging 

that allows for rapid addition and removal of treatments. Here we report a simple solution to 

this challenge that involves repurposing a commercially available device called a HybriWellTM. 

This inexpensive, disposable device can be used to create an imaging chamber suitable for 

Arabidopsis seedlings, detached cotyledons, and leaves. The liquid in the sample chamber can 

be rapidly exchanged in a manner of seconds to introduce chemical treatments via microfluidic 

passive pumping. The performance of this device is demonstrated by imaging samples treated 

with a fluorescent dye. We also show how the HybriWellTM can be used to monitor calcium 

transients triggered by the bacterial elicitor flg22 using the R-GECO1 calcium indicator in 

detached Arabidopsis leaves. The HybriWellTM is a simple, cost-effective solution for mounting 

Arabidopsis samples for live cell imaging. When used in conjunction with fluorescent 

biosensors, this system should facilitate live cell imaging studies of signal transduction 

pathways triggered by a range of different treatments. 
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Introduction 

Live cell imaging refers to an experimental approach whereby living samples are 

observed via microscopy in order to study a biological process at the cellular and/or subcellular 

level. This approach stands in contrast to traditional microscopy in which non-living, fixed 

samples are analyzed. Live cell imaging can be used to study cell biology, signal transduction, 

and a range of other biological phenomena. An important consideration for these experiments 

is that one needs to have a method available for mounting the sample that keeps it viable and 

in a stress-free condition throughout the imaging process. In addition, if one wishes to study 

how the sample responds to a chemical stimulus, the mounting method needs to allow for 

pulses of chemical treatments to be easily added and removed from the imaging chamber with 

minimal collateral stress. 

Most live cell imaging studies involve the use of fluorescent probes and reporters in 

conjunction with epifluorescent or confocal microscopy. In the case of plant biology, a recent 

review highlights the current landscape regarding live cell imaging and biosensors (Grossmann 

et al., 2018). A number of fluorescent sensors have been developed that allow one to measure 

the concentrations of glucose, inorganic phosphate, zinc, ATP, hydrogen peroxide, pH, and 

calcium in living plant tissue, and fluorescent reporters for the plant hormones auxin, 

gibberellic acid (GA), and abscisic acid (ABA) have also been described (Lanquar et al., 2014; 

Nagai et al., 2004; Zhao et al., 2011; Rizza et al., 2017; Jones et al., 2014; Waadt et al., 2014; 

Deuschle et al., 2006; Mukherjee et al., 2015; De Col et al., 2017; Hernandez-Barrera et al., 

2015; Gjetting et al., 2012; Brunoud et al., 2012). In addition, fusion proteins tagged with 
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fluorescent reporters allow one to track the subcellular localization of a protein of interest and 

monitor its interactions with other proteins (Voss et al., 2013). By using live cell imaging 

methods, one can observe these factors in real time and also determine how the sample 

responds to a stimulus. 

An elegant method for performing live cell imaging studies of Arabidopsis root tissue 

has been previously described. This system, called the RootChip, is based on a custom-built 

microfluidic device that channels the growing primary root of an Arabidopsis seedling into a 

microfluidic channel fabricated on the surface of a microscope cover glass (Lanquar et al., 2014; 

Grossmann et al., 2011; Stanley et al., 2017). The microfluidic channels allow one to flow pulses 

of chemical treatments across the root tissue while the sample is mounted on a microscope for 

imaging. This strategy has been used to study a range of biochemical and signaling processes in 

Arabidopsis roots (Lanquar et al., 2014; Rizza et al., 2017; Jones et al., 2014; Grossmann et al., 

2011; Stanley et al., 2017).  

In the case of studies focused on leaf tissue, a variety of custom imaging chambers have 

been described that aim to hold the sample in place during microscopy while also allowing 

chemical treatments to be perfused into the chamber (Keinath et al., 2015; Loro et al., 2016; 

Salomon et al., 2010). Although effective for imaging experiments, these custom chambers can 

be challenging to replicate. Therefore developing a simple, reproducible method for mounting 

Arabidopsis leaves for live cell imaging that could be easily adopted by other labs with minimal 

effort would be extremely beneficial. This manuscript describes how a commercially available 

device called a HybriWellTM (Grace Bio-Labs, Bend, OR), which is designed for performing 
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microarray hybridization experiments, can be repurposed to serve as a live cell imaging 

chamber for Arabidopsis leaves and seedlings. 

 

Results 

Repurposing the HybriWellTM for live cell imaging in Arabidopsis  

The HybriWellTM is a disposable plastic device that was originally designed to create low-

volume chambers on microscope slides for use in microarray hybridization experiments. 

HybriWellsTM are available in a variety of sizes and shapes, but the one selected for our 

experiments is a square patch of plastic 25 mm by 25 mm in size with a 20 mm diameter 

circular chamber in the center (Figure 1A). After peeling the protective cover off of the adhesive 

side of the HybriWellTM, one can press the HybriWellTM down onto the surface of a microscope 

cover glass to form a chamber 20 mm in diameter and 150 µm deep (Figure 1B). The resulting 

chamber has an approximate volume of 30 µl. The top of the chamber is clear plastic, and the 

bottom is formed by the glass cover glass. The sides of the HybriWellTM are held tight to the 

cover glass by the adhesive. On top of the chamber there are two 1.5 mm diameter ports that 

are used to introduce liquid into the chamber once it has been mounted on the cover glass. 

When using the HybriWellTM to image Arabidopsis samples, one first places the sample 

in a 5 µl drop of water on a glass cover glass. Next, a HybriWellTM with the adhesive exposed is 

carefully laid over the top of the sample using a forceps (Figure 1C). Finally, a pipette is used to 

force water into one of the ports on top of the HybriWellTM, thus filling the HybriWellTM with 

liquid. The sample is gently held in place between the clear plastic top of the HybriWellTM and 

the cover glass. The 150 µm depth of the chamber works well for mounting detached 
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Arabidopsis cotyledons and leaves as well as young seedlings up to a few days old. Since the 

sample is mounted on top of a microscope cover glass, imaging can be performed using an 

inverted microscope. Because the adhesive material on the HybriWellTM forms a strong bond to 

the cover glass it is not practical to remove the HybriWellTM from the cover glass once a sample 

has been mounted. The HybriWellTM is therefore a disposable device that can only be used to 

analyze one sample before discarding it. 

 

Passive pumping can exchange liquid within the HybriWellTM 

After determining that the depth of the HybriWellTM chamber was suitable for mounting 

Arabidopsis samples, we next wanted to test how effectively the liquid in the chamber could be 

exchanged with fresh solution. Since our ultimate goal is to be able to apply chemical 

treatments to samples during live cell imaging, it is critical that the liquid within the HybriWellTM 

can be efficiently exchanged. Fluid movement through the HybriWellTM device can be driven by 

the microfluidic process of passive pumping (Walker & Beebe, 2002). To achieve passive 

pumping, one first places a large drop of water over one of the 1.5 mm ports on top of the 

HybriWellTM (Figure 1D). If liquid is then applied dropwise to the other port, it will be rapidly 

drawn into the HybriWellTM by passive pumping. Each time a drop of liquid is added to the inlet 

port, it quickly enters the HybriWellTM and an equal volume of liquid exits the HybriWellTM into 

the growing drop covering the outlet port. It is important to stress that one does not use 

positive pressure to force liquid into the inlet port, rather, a drop of liquid is gently dropped 

into the inlet port, and passive pumping pulls that liquid into the HybriWellTM.  
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In order to visualize the movement of liquid through the HybriWellTM chamber, a 

detached Arabidopsis cotyledon was mounted in water using a HybriWellTM as described above. 

A 50 µl drop of water was placed over the outlet port, and then 50 µl of red food coloring 

solution was introduced dropwise into the inlet port. At time zero, the small green cotyledon 

can be seen in the center of the clear water in the HybriWellTM chamber. In as little as five 

seconds, the red food coloring solution has surrounded the cotyledon, and by 20 seconds it has 

filled the chamber (Figure 2A and Supplemental Video 1) at an approximate flow rate of 3 

mm/sec. To demonstrate the ability to perform pulse-chase experiments using the HybriWellTM, 

50 µl of sterile ultrapure water was added to the chamber that had been filled with red food 

coloring (Figure 2B and Supplemental Video 2). The clear water quickly replaced the red food 

coloring in the chamber. It should be noted that when liquid is introduced into the HybriWellTM 

by passive pumping, there is an interface between the new and old solutions that sweeps 

across the chamber. Since the chamber volume is ca. 30 µl, adding 50 µl of new solution 

effectively replaces the old solution in the chamber with the new solution.  

Next, we wanted to determine how the HybriWellTM affected seedling growth. For this 

experiment 3-day-old seedlings were mounted in HybriWellsTM, and root length was measured 

at 0 and 6 hours after mounting. For comparison, control seedlings growing on the surface of 

agar growth media plates were also measured. It was determined that the average growth rate 

of primary roots in HybriWellsTM was 0.38±0.09 mm/hr. (n=6) versus 0.44±0.03 mm/hr. (n=6) 

for the control samples. This difference was not statistically significant (two-tailed t-test, 

p=0.19). 
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Epidermal cells are exposed to chemical treatments added to the HybriWellTM 

The experiments using red food coloring described above demonstrated that the liquid 

within the HybriWellTM chamber can be efficiently exchanged. When an Arabidopsis sample is 

mounted in a HybriWellTM for imaging, it is sandwiched between the top of the HybriWellTM and 

the glass cover glass. If the HybriWellTM is to be used for live cell imaging experiments, it is 

important that a chemical treatment introduced into the HybriWellTM is able to rapidly reach 

the surface of the tissue that is being imaged. Therefore it was necessary to determine if liquid 

added to a HybriWellTM through the inlet port efficiently flows through the space between the 

cotyledon and the glass cover glass. If the sample were too tightly pressed down upon the 

cover glass, it might prevent the added treatment from contacting the epidermis.  

To address this question, a cotyledon was mounted in water as described above. The 

sample was then placed on an inverted confocal microscope such that the lens pointed up 

through the coverglass to the epidermis of the cotyledon. Next, 50 µl of 300 µM propidium 

iodide (PI) was added to the HybriWellTM through the inlet port. PI is a red fluorescent dye that 

has been previously shown to stain plant cell walls. In addition, the Arabidopsis seedlings used 

for this experiment expressed green fluorescent protein (GFP) throughout the cotyledon, which 

allowed us to visualize the cotyledon epidermis. An image collected one min after PI addition 

showed strong red fluorescence highlighting the cell walls of a substantial portion of the 

cotyledon epidermis, and the area of the epidermis stained by PI increased at the 3 min and 5 

min time points (Figure 3). The images shown in Figure 3 are maximum intensity projections of 

Z-stack series focused on the epidermal layer.  
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In these experiments the red fluorescent signal in the central portion of the cotyledon 

was routinely observed to be substantially lower than that observed in the outer regions (Figure 

3A). These observations suggest that the flow of liquid through the HybriWellTM may be 

restricted in areas where the cotyledon is pressed tightly against the cover glass. Our 

observation that a majority of the sample becomes quickly stained, however, indicating that a 

substantial portion of the cotyledon epidermis is rapidly contacted by chemical treatments 

introduced into the HybriWellTM by passive pumping. These results suggest that there is a layer 

of liquid between the epidermis and the cover glass in this imaging setup that allows 

introduced chemical treatments to easily flow across the sample. It is important to recognize, 

however, that the entire cotyledon is not likely to be uniformly exposed to the treatment, with 

the inner portion of the sample less likely to be exposed. Focusing on regions of the epidermis 

near the margin of the cotyledon provide the best opportunity for exposure to the chemical 

treatment. In addition, a fluorescent dye could be used in conjunction with the treatment of 

interest to serve as a tracer for identifying cells that were directly exposed to the treatment. 

We next wanted to determine if the HybriWellTM could be used to image Arabidopsis 

roots. For this experiment intact 3-day-old Arabidopsis seedlings were mounted in the 

HybriWellTM using the same technique described above for cotyledons. One min after adding 50 

µl of 300 µM PI to the HybriWellTM strong PI staining of the entire root was observed 

(Supplemental Figure 1). The fluorescent signal did not increase in intensity when images were 

collected at the 3 min and 5 min time-points. These results indicate that the entire root is 

rapidly exposed to the PI treatment delivered via the HybriWellTM. In this experiment 3-day-old 

seedlings were used so that they could easily fit inside the 20 mm diameter HybriWellTM 
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chamber. It should be noted that larger HybriWellsTM are available, including one that creates a 

21 mm x 60 mm rectangular chamber. Using this larger size HybriWellTM should allow one to 

analyze older seedlings. 

 

Imaging flg22-induced Ca2+ transients using the R-GECO1 calcium indicator 

Fluorescent biosensors that report the concentration or activity of signal transduction 

molecules are valuable tools for live cell imaging studies. For example, R-GECO1 is an 

intensiometric calcium indicator in which the intensity of red fluorescence is proportional to 

free calcium concentration (Zhao et al., 2011; Keinath et al., 2015; Wu et al., 2013). In order to 

evaluate the utility of the HybriWellTM for studying signal transduction using fluorescent 

biosensors, the response of true leaves expressing the R-GECO1 calcium indicator to the 

bacterial elicitor peptide flg22 was tested. flg22 is a conserved sequence from bacterial flagella 

that has been shown to cause rapid calcium oscillations in Arabidopsis (Keinath et al., 2015; 

Kwaaitaal et al., 2011; Ranf et al., 2011). True leaves expressing R-GECO1 in HybriWellsTM were 

mounted and collected images every five seconds using a confocal microscope in order to 

quantify the intensity of red fluorescent emission. Addition of 100 nM flg22 to the HybriWellTM 

via passive pumping caused a sharp gain in red fluorescence ca. 1 min after treatment, 

indicative of a rapid increase in free calcium (Figure 4; Supplemental Video 3). Analysis of four 

different regions of interest (ROIs) in the images revealed similar oscillating patterns of red 

fluorescence, consistent with previously reported experiments involving flg22 treatment of 

Arabidopsis leaves expressing R-GECO1 (Keinath et al., 2015). In order to evaluate the 

reproducibility of the HybriWellTM system for performing live-cell imaging studies, this flg22 
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experiment was repeated two additional times and observed similar results: a rapid gain in red 

fluorescence one to two mins after flg22 treatment followed by oscillations in fluorescence 

intensity (Supplemental Figure 2; Supplemental Videos 4 and 5). 

Because calcium signaling is known to be sensitive to mechanical stimulation, we also 

performed a control experiment where sterile ultrapure water was added to the HybriWellTM, 

rather than flg22 (Supplemental Figure 3; Supplemental Video 6). No strong increase in red 

fluorescence was observed upon adding sterile ultrapure water to the HybriWellTM, 

demonstrating that the process of passive pumping through the device does not produce any 

strong mechanical stimulation. This feature of the HybriWellTM suggests that it should be 

possible to use this device to test the effect of a chemical treatment without confounding 

effects caused by mechanical stress.  

Taken together, our results demonstrate that the HybriWellTM device is able to function 

as a microfluidic chamber for performing live cell imaging studies of Arabidopsis leaves and 

seedlings. Observations revealed that samples were able to be maintained in the HybriWellTM 

chambers for at least 6 hours with no apparent negative effects on growth, indicating that this 

system is suitable for relatively long-term time-course experiments. Because HybriWellTM 

devices are low cost and commercially available, it should be straightforward for labs interested 

in performing live cell imaging of Arabidopsis to adopt them for use in their experimental 

systems.  

 

Materials and Methods 

Chemicals and supplies 
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Propidium iodide (PI) solution (1 mg/ml in water) was obtained from Sigma-Aldrich (St. 

Louis, MO) (Cat. # P4864). For flg22 treatment, synthetic flg22 peptide 

(QRLSTGSRINSAKDDAAGLQIA) was obtained from PhytoTechnology Laboratories (Shawnee 

Mission, KS) (cat. # P6622). HBW20 HybriWellTM devices were obtained from Grace Bio-labs 

(Bend, OR) (Cat. # 611102). 45 mm x 50 mm microscope cover glasses 0.16 – 0.19 mm thick 

were obtained from Fisher Scientific (Waltham, MA) (Cat. # 12-544F). 

 

Plant materials and growth conditions 

Arabidopsis thaliana seedlings were grown on 1% agar (w/v) plates containing 0.5x 

Murashige and Skoog (MS) basal salt mixture under constant light at a light intensity of 115 - 

130 µmol/m2sec at 20- 23°C with the plates in a vertical orientation. A transgenic line 

expressing the intensiometric calcium indicator R-GECO1 was a kind gift from Melanie Krebs 

and is described as line #7-8 in (Keinath et al., 2015). Experiments with detached cotyledons 

used seedlings that were four to six days old. Experiments with intact seedlings used three-day-

old seedlings. For experiments using detached true leaves, seedlings were first germinated on 

agar plates and then transplanted to soil after one week. Leaf samples were then collected 

from two-week-old plants in soil. 

 

Mounting samples in the HybriWellTM  

To mount an Arabidopsis cotyledon in a HybriWellTM, a 45 mm x 50 mm microscope 

cover glass was laid on a lab bench. A 5 µl drop of sterile ultrapure water was then placed in the 

center of the cover glass using a micropipette. Next, a cotyledon was removed from a four- to 
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six-day-old seedling growing on a 0.5x MS plate by snipping the petiole with a small scissors. 

The cotyledon was grasped by the petiole using a forceps and gently placed on the water drop 

with the abaxial surface facing up. Since the cotyledon typically floats on the surface of the 

water drop, a micropipette was then used to transfer water from below the cotyledon onto the 

top surface in order to fully wet the cotyledon on both its abaxial and adaxial surfaces. Excess 

water was then removed using the micropipette, being careful not to damage the cotyledon. 

The adhesive backing on the HybriWellTM was then exposed by peeling off the protective 

covering and a forceps was used to gently lower the HybriWellTM down onto the coverglass, 

positioning it such that the cotyledon is in the center of the HybriWellTM chamber. The back of 

the forceps is then used to gently press the adhesive portion of the HybriWellTM down onto the 

cover glass to fully seal the chamber, taking care not to press down on the top of the chamber. 

To fill the chamber with water, 300 µl of sterile ultrapure water was rapidly dispensed into one 

of the ports of the HybriWellTM such that water shoots out the second port during the filling 

process. This approach is necessary in order to minimize the chance of trapping an air bubble in 

the chamber. If an air bubble is trapped in the chamber, then an additional 300 µl of sterile 

ultrapure water can be flushed through the HybriWellTM to remove the bubble. Finally, a 200 µl 

drop of sterile ultrapure water was placed on top of one of the ports of the HybriWellTM to 

prevent evaporation of the 30 µl of water within the chamber. The HybriWellTM mounted to the 

cover glass was then placed inside a 100 mm x 15 mm round plastic Petri dish and covered to 

maintain sterility and humidity. 

The same process described above was used to mount intact seedlings, but in this case 

the seedlings were transferred to the drop of water on the cover glass by gently lifting them off 
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the growth plate with a sterile plastic 200 µl pipette tip. For mounting true leaves, a single leaf 

was collected from a plant growing in soil by snipping the petiole with a scissors and grasping 

the detached leaf by the petiole using a forceps. The same process described above for 

cotyledons was then used to mount the true leaf samples in HybriWellsTM, except that the true 

leaves were placed on the water droplets with their adaxial sides facing up. 

 

Imaging 

Samples were mounted as described above and then incubated in the HybriWellTM for 6 

to 8 hours prior to imaging. During this time period the samples were maintained under 

constant light at 20- 23°C at a light intensity of 115 - 130 µmol/m2sec.  

For the experiments using PI and green fluorescent protein (GFP), images were collected 

by confocal microscopy using a Zeiss LSM 710 with 10x and 20x objectives. PI fluorescence was 

imaged by laser excitation at 594 nm with emission collected between 600 nm and 643 nm. GFP 

fluorescence was imaged by laser excitation at 488 nm with emission collected between 500 

nm and 541 nm. 3 µm optical sections were collected as a Z-stack covering a total distance of 

63 µm. Images were analyzed using Fiji software (Schindelin et al., 2012). 

For experiments using R-GECO1, images were collected by confocal microscopy using a 

Zeiss LSM 780 with a 20x objective. Samples were placed on the microscope and allowed to 

equilibrate for 30 mins prior to imaging. R-GECO1 fluorescence was imaged by laser excitation 

at 561 nm with emission collected between 579 nm and 651 nm and an optical slice thickness 

of 2 µm. Single images were collected every five seconds for the duration of the experiment. 
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Images were analyzing using Fiji software, and the Fire lookup table was used to false-color the 

image to reflect fluorescent signal intensity. 

 

Root Growth Rate Measurement 

Arabidopsis Col-0 seeds were surface sterilized and stratified on a 0.5x MS plate at 4°C 

for 2 days. The plate was then placed vertically under constant light at 20-23°C for 3 days. Six 

seedlings were then mounted in sterile ultrapure water in HybriWellsTM, one seedling per 

HybriWellTM. Another six seedlings were transferred to a new 0.5x MS plate. The HybriWellsTM 

were incubated horizontally in covered Petri dishes under constant light at 20 - 23°C. The 0.5x 

MS plates were incubated in a vertical orientation. Images of the seedlings were captured at 0 

hour and 6 hour time points using an Epison Perfection V700 Photo Scanner at 4800 dpi 

resolution. Root length was determined using Fiji software and growth rate was calculated. 
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Chapter 3: A Förster resonance energy transfer sensor for live-cell 
imaging of mitogen-activated protein kinase activity in Arabidopsis 
 
 
 
 
 
 
 
 
 
 
 
My contribution: I performed and analyzed the in vitro FRET assays for Figure 1 and all of the 

SOMA in vivo experiments except for Figure 4D. I also wrote the Materials and Methods 

sections for these experiments. I created all of the Figures and Videos save for Figure 1 and 

Supplemental Figures 11-17.  
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George-Schreder, L.S.; Shepstone, I.; Liu, Y.; Zhang, S.; Krysan, P.J. A Förster resonance energy 
transfer sensor for live-cell imaging of mitogen-activated protein kinase activity in 
Arabidopsis. The Plant Journal. 2019, 97, 970-983.  
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Abstract 

The catalytic activity of mitogen-activated protein kinases (MAPKs) is dynamically 

modified in plants. Since MAPKs have been shown to play important roles in a wide range of 

signaling pathways, the ability to monitor MAPK activity in living plant cells would be valuable. 

Here, we report the development of a genetically encoded MAPK activity sensor for use in 

Arabidopsis thaliana. The sensor is composed of yellow and blue fluorescent proteins, a 

phosphopeptide binding domain, a MAPK substrate domain, and a flexible linker. In vitro 

testing demonstrated that phosphorylation causes an increase in the Förster resonance energy 

transfer (FRET) efficiency of the sensor. The FRET efficiency can therefore serve as a readout of 

kinase activity. We also produced transgenic Arabidopsis lines expressing this sensor of MAPK 

activity (SOMA) and performed live-cell imaging experiments using detached cotyledons. 

Treatment with NaCl, the synthetic flagellin peptide flg22 and chitin all led to rapid gains in 

FRET efficiency. Control lines expressing a version of SOMA in which the phosphosite was 

mutated to an alanine did not show any substantial changes in FRET. The sensor was also 

expressed in a conditional loss-of-function double-mutant line for the Arabidopsis MAPK genes 

MPK3 and MPK6. These experiments demonstrated that MPK3/6 are necessary for the NaCl-

induced FRET gain of the sensor, while other MAPKs are probably contributing to the chitin and 

flg22-induced increases in FRET. Taken together, our results suggest that SOMA is able to 

dynamically report MAPK activity in living plant cells. 
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Introduction 

Live cell imaging is a powerful method for studying a variety of cellular processes in 

plants (Grossmann et al., 2018). Genetically encoded biosensors are critical tools for performing 

live-cell imaging because they allow the researcher to specifically monitor a particular 

biomolecule within the cell. A wide range of fluorescent biosensors have been used in plants, 

including those that report on the status of calcium, glucose, inorganic phosphate, zinc, ATP, 

hydrogen peroxide, pH, auxin, gibberellic acid and abscisic acid (Nagai et al., 2004; Deuschle et 

al., 2006; Zhao et al., 2011; Brunoud et al., 2012; Gjetting et al., 2012; Jones et al., 

2014; Lanquar et al., 2014; Waadt et al., 2014; Hernandez-Barrera et al., 2015; Mukherjee et al., 

2015; De Col et al., 2017; Rizza et al., 2017). Biosensors for measuring the activity of protein 

kinases have been described for use in animal cells, but to date none have been reported for 

plants. 

The most widely used sensors of kinase activity in animal cells are based on the process 

of Förster resonance energy transfer (FRET) (Aoki et al., 2012; Sample et al., 2014). These 

sensors carry a substrate domain specific for a kinase of interest and a phosphopeptide-binding 

domain. When the kinase of interest is active within a cell it will phosphorylate the sensor. The 

phosphopeptide-binding domain then drives a conformational change that leads to a change in 

the ratio of fluorescence from the two fluorophores, which can be monitored in living samples 

using confocal microscopy. Kinase activity sensors of this type have been used to measure 

mitogen-activated protein kinase (MAPK) activation in animal cell cultures, Caenorhabditis 

elegans, zebrafish embryos and mice (Kamioka et al., 2012; Tomida et al., 2012; Aoki et al., 

2013; Ryu et al., 2015; Sari et al., 2018). 
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We were interested in developing a biosensor for MAPK activity in Arabidopsis because 

of the central role that these kinases play in a wide range of signaling pathways. Our current 

understanding of MAPK function in Arabidopsis is based on extensive genetic and biochemical 

studies which have demonstrated roles for MAPK signaling in both stress responses and 

developmental regulation (Suarez-Rodriguez et al., 2010; Moustafa et al., 2014; Xu and Zhang, 

2015; Liu and He, 2017; Devendrakumar et al., 2018; Komis et al., 2018; Zhang et al., 2018). Of 

the 20 MAPK genes present in the Arabidopsis genome, mutant phenotypes have been 

associated with mpk1, mpk3, mpk4, mpk6, mpk8, mpk9, mpk10, mpk12, mpk17 and mpk18 

(Petersen et al., 2000; Bush and Krysan, 2007; Wang et al., 2007, 2008; Hord et al., 2008; Ren et 

al., 2008; Jammes et al., 2009; Walia et al., 2009; Galletti et al., 2011; Takahashi et al., 

2011; Zeng et al., 2011; Stanko et al., 2014; Enders et al., 2017; Zhang et al., 2017; Frick and 

Strader, 2018). The biological processes regulated by these MAPKs include biotic and abiotic 

stress responses, cell division and developmental patterning. 

Genetic studies typically allow one to identify a pathway or process in which a particular 

gene product functions but understanding the precise molecular mechanism by which it 

functions requires biochemical analysis. In the case of MAPK signaling, understanding the 

activation status of the kinase in different biological contexts has proved to be a subject of 

great interest to the field. The catalytic activity of a MAPK is switched on by dual 

phosphorylation of its conserved activation loop by an upstream MAPK kinase (MAPKK) and 

switched off by dephosphorylation of those residues by protein phosphatases (Suarez-

Rodriguez et al., 2010). In its activated state, MAPK is able to phosphorylate a wide range of 

substrate molecules in a cell. Current methods for interrogating the activation status of MAPKs 
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in Arabidopsis involve homogenizing samples and extracting protein for in vitro analysis (Su et 

al., 2017; Sun et al., 2018). Although these methods have been very successful in documenting 

patterns of MAPK activation in response to a number of different biotic and abiotic stress 

treatments, one limitation of these studies is that they provide an average of the kinase 

activation across all the cells in the sample. Furthermore, it has been well documented that 

MAPK activity does not occur uniformly in all cell types in different mammalian signaling 

networks (Lahav et al., 2004; Spencer et al., 2009; Albeck et al., 2013), suggesting that 

Arabidopsis MAPKs may also display heterogeneity in response to a stimulus. Developing tools 

that allow for the observation of MAPK activation with single-cell resolution in living samples 

therefore has the potential to improve our understanding of how signaling is integrated across 

scales from cell to tissue to organism. Here, we describe the development of a genetically 

encoded biosensor designed to report the activity of MAPKs in Arabidopsis thaliana. 

 

Results 

Construction of the sensor of MAP kinase activity (SOMA) 

In order to produce a genetically encoded biosensor that would report MAPK activity in 

Arabidopsis, we made use of a previously established MAPK activity sensor developed for use in 

mammalian cells (Komatsu et al., 2011). In that study, the authors evaluated a number of 

different fluorophore combinations and flexible linkers and identified that the combination of 

YPet, Turquoise GL and the 244-amino-acid version of the EV linker allowed for one of the 

strongest FRET gains. We took that mammalian sensor and replaced the mammalian substrate 

domain with DNA encoding an 80-amino-acid region surrounding threonine 64 of the 
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Arabidopsis MAP kinase phosphatase (MKP1) protein (Ulm et al., 2001). Threonine 64 of MKP1 

has been previously shown to be phosphorylated by MAP kinase 6 (MPK6) (Park et al., 2011). 

The functional domains of SOMA are the YPet yellow fluorescent protein, the FHA1 

phosphopeptide-binding domain of yeast RAD53, a 244-amino-acid version of the EV linker, 80 

amino acids of Arabidopsis MPK1 and the Turquoise GL blue fluorescent protein (Figure 1A) 

(Sun et al., 1998; Nguyen and Daugherty, 2005; Goedhart et al., 2010; Komatsu et al., 2011). 

We also introduced a serine to aspartic acid substitution at the +3 position with respect to the 

phosphothreonine site in the MKP1 substrate domain of SOMA since previous work had shown 

that an aspartic acid at this position enhances FHA1 affinity for the phosphorylated form of the 

substrate (Yongkiettrakul et al., 2004; Komatsu et al., 2011). 

The rationale for the design of this sensor is outlined in Figure 1B. When the sensor is in 

an unphosphorylated state, the FHA1 domain has low affinity for the substrate domain and the 

ratio of YPet to Turquoise GL fluorescent emission is consequently low in response to Turquoise 

GL excitation. When MAPK phosphorylates the sensor’s substrate domain, the affinity of FHA1 

for the substrate domain should increase substantially. Binding of FHA1 to the substrate 

domain then causes an increase in the ratio of YPet to Turquoise GL fluorescent emission in 

response to Turquoise GL excitation (Komatsu et al., 2011). Removal of the phosphate group 

from the sensor by a phosphatase will cause the sensor to return to a state where the ratio of 

YPet to Turquoise GL emission is low upon Turquoise GL excitation. The sensor therefore 

provides a readout of the balance between the competing activities of the kinases and 

phosphatases that recognize the sensor’s substrate domain. In the case of SOMA, we chose a 
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substrate domain that has previously been shown to be phosphorylated by MPK6 in 

Arabidopsis (Park et al., 2011). 

In order to determine if the 80-amino-acid portion of MKP1 included in SOMA could be 

phosphorylated by Arabidopsis MAPKs in the context of the full-length SOMA protein, we 

performed in vitro kinase assays using recombinant proteins purified from Escherichia coli. For 

these experiments, we also constructed a mutant form of the sensor, SOMAT679A, in which the 

threonine that was expected to be phosphorylated was mutated to an alanine. We incubated 

these sensor constructs with Arabidopsis MPK3, MPK4, MPK6 and MPK10 that had been 

activated by co-incubation with constitutively active versions of Arabidopsis MAP kinase kinase 

4 (MKK4) and MAP kinase kinase 5 (MKK5) (Ren et al., 2002). Phosphorylation of SOMA was 

detected for all of these kinases, although the intensity of the signal produced by MPK4 was 

weaker than that of the other kinases (Figure 1C). No phosphorylation was detected in any of 

the SOMAT679A reactions. These results indicate that the previously characterized MKP1 

phosphorylation can be recognized by MAPKs in the context of SOMA and that there are no 

additional MAPK phosphorylation sites in the sensor. 

To determine if the phosphorylation status of SOMA affected the ratio of YPet to 

Turquoise GL emission, we performed in vitro experiments using proteins expressed in E. coli. 

We incubated SOMA and SOMAT679A in the presence or absence of a constitutively active 

version of MPK6 (CA-MPK6), and then the fluorescence emission profile was determined with a 

scanning spectrofluorometer (Berriri et al., 2012). Using an excitation wavelength targeting the 

Turquoise GL fluorophore, we observed emission peaks corresponding to both Turquoise GL 

and YPet (Figure 1D, E). In the case of SOMA, co-incubation with CA-MPK6 caused a reduction 
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in Turquoise GL emission and an increase in YPet emission relative to SOMA alone. This result 

suggested that phosphorylation of the sensor caused an increase in FRET efficiency, although 

additional experimentation would be needed to verify that the mechanism responsible for the 

change in YPet to Turquoise emission is differential FRET efficiency. Supporting this conclusion, 

we observed that CA-MPK6 did not change the ratio of YPet to Turquoise GL emission of 

SOMAT679A upon Turquoise GL excitation. To further explore if phosphorylation of SOMA is 

responsible for the observed change in the ratio of YPet to Turquoise GL emission upon 

Turquoise GL excitation shown in Figure 1D, we performed an experiment using lambda protein 

phosphatase and observed that phosphatase strongly reduced the ratio of YPet to Turquoise GL 

emission upon Turquoise GL excitation displayed by the SOMA + CA-MPK6 reactions (Figure S1). 

Taken together, these results indicate that phosphorylation of threonine 679 of SOMA causes 

an increase in the ratio of YPet to Turquoise GL emission upon excitation of Turquoise GL in 

vitro. 

 

In vivo testing of SOMA 

In order to determine if SOMA was effective in vivo, we generated transgenic lines 

expressing four different versions of SOMA as outlined in Table 1. These lines expressed SOMA 

or SOMAT679A tagged with either the SV40 nuclear localization signal (NLS) or a human 

immunodeficiency virus 1 (HIV-1) nuclear export signal (NES) (Kalderon et al., 1984; Wen et al., 

1995). Expression was driven by the cauliflower mosaic virus 35S promoter in the case of the 

NES-tagged sensors and the Arabidopsis Ubiquitin 10 (UBQ10) promoter in the case of the NLS-

tagged sensors (Odell et al., 1985; Grefen et al., 2010). Two independent transgenic lines were 
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characterized for each of the four sensor constructs (Table 1). The transgenic lines expressing 

the SOMA constructs did not display any obvious phenotypic differences when compared with 

wild-type control plants (Figures S2 and S3.) 

We next wanted to determine if treatments known to activate MAPK activity in 

Arabidopsis caused a change in the ratio of YPet to Turquoise GL emission of SOMA in planta. 

To do this we mounted 5-day-old detached cotyledons in water in a microfluidic device suitable 

for live-cell imaging and used confocal microscopy to measure the ratio of YPet to Turquoise GL 

emission in response to Turquoise GL excitation (Vang et al., 2018). This imaging chamber holds 

a cotyledon in a volume of about 30 µl of liquid that can be exchanged with a fresh solution in 

less than 1 min via microfluidic passive pumping. As a result, one can observe a sample before, 

during and after the application of a desired chemical treatment. Using this imaging system, a 

rapid gain in the ratio of YPet to Turquoise GL emission was observed with both SOMA-NLS and 

SOMA-NES within 2–4 min of treatment with 150 mM NaCl (Figure 2A–E, G). NaCl stress has 

previously been shown to activate MPK3/6 in Arabidopsis (Droillard et al., 2004; Yu et al., 

2010). The ratio of YPet to Turquoise GL emission returned to pre-treatment levels 35–45 min 

after the initial peak. A follow-up treatment with water to induce hypo-osmotic shock or the 

synthetic flagellin peptide flg22 to double-stress the samples with hypo-osmotic shock plus an 

elicitor stimulus caused a second gain in the ratio of YPet to Turquoise GL emission. These 

results demonstrate that the ratio of YPet to Turquoise GL emission of SOMA rapidly changes in 

response to treatments known to activate MAPK activity in Arabidopsis. The observation that 

the ratio of YPet to Turquoise GL emission drops back to pre-treatment levels after about 35–45 
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min and can then be re-stimulated by a final hypo-osmotic shock indicates that the sensor 

remains viable for the duration of the experiment and that its changes are reversible. 

No substantial changes in the ratio of YPet to Turquoise GL emission were observed in 

experiments using lines expressing SOMAT679A-NLS and SOMAT679A-NES (Figure 2F, H), indicating 

that the known phosphorylation site of SOMA is necessary for stress-induced changes in the 

ratio of YPet to Turquoise GL emission in vivo. In addition, treatment of SOMA-NLS and SOMA-

NES lines with water as a control did not result in any substantial changes in the ratio of YPet to 

Turquoise GL emission (Figure S4), demonstrating that the imaging protocol did not affect the 

sensors. Similar results were obtained using independent transgenic lines for each of the four 

sensor constructs (Figure S5). We also observed that the guard cells of plants expressing SOMA-

NLS did not display any change in the ratio of YPet to Turquoise GL emission when treated with 

NaCl, in contrast to neighboring pavement cells (Figure S6). 

 

The NaCl-induced change in the ratio of YPet to Turquoise GL emission of SOMA is dependent 

on MPK3/6 

We next wanted to determine if the change in the ratio of YPet to Turquoise GL 

emission triggered by NaCl stress in cotyledons was dependent on MAPK activity. Because 

MPK3 and MPK6 have been shown to be highly redundant kinases, we wanted to test SOMA in 

an mpk3 mpk6 double-mutant background (Wang et al., 2007). It is also known, however, 

that mpk3 mpk6 double mutants are embryo lethal (Wang et al., 2007). We therefore made use 

of mpk3 mpk6 Pmpk6:MPK6YG, a conditional loss-of-function mpk3 mpk6 double-mutant line 

(Xu et al., 2014). This line is homozygous for T-DNA knockout mutations of MPK3 and MPK6. It 
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also expresses MPK6YG, which is a version of MPK6 that is sensitive to 1-NA-PP1, a bulky ATP 

analog that does not bind efficiently to the ATP-binding pockets of wild-type kinases but acts as 

a potent inhibitor of MPK6YG (Bishop et al., 2000; Xu et al., 2014). Working with the mpk3 mpk6 

Pmpk6:MPK6YG line therefore allowed us to use a chemical–genetic approach to switch off MPK3/ 

6 activity during live-cell imaging. 

We introduced SOMA-NES into the mpk3 mpk6 Pmpk6: MPK6YG line via genetic crossing 

and tested the effect of the 1-NA-PP1 inhibitor on NaCl-induced changes in the ratio of YPet to 

Turquoise GL emission. A detached cotyledon from the SOMA-NES mpk3 mpk6 

Pmpk6:MPK6YG line was mounted in water in a HybriWellTM and observed using confocal 

microscopy. Addition of 1-NA-PP1 to the sample did not cause a substantial change in FRET 

efficiency. After 20 min of incubation in 1-NA-PP1, the solution in the imaging chamber was 

replaced with 150 mM NaCl + 10 µm 1-NA-PP1. No change in the ratio of YPet to Turquoise GL 

emission was observed, suggesting that MPK3/6 activity is required for the previously described 

NaCl-induced change in the ratio of YPet to Turquoise GL emission seen with SOMA. At the 60 

min time-point, the solution in the imaging chamber was replaced with 10 µm 1-NA-PP1. The 

effect of this final solution change was to produce a hypo-osmotic shock to the sample while 

maintaining the presence of 10 µm 1-NA-PP1. With this hypo-osmotic shock, we observed a 

rapid gain in the ratio of YPet to Turquoise GL emission. This result suggests that a MAPK other 

than MPK3/6 may be responsible for this hypo-osmotic-induced change in the ratio of YPet to 

Turquoise GL emission. It should be noted that NaCl stress has been shown to induce the kinase 

activities of MP3/6 but not MPK4 (Droillard et al., 2004). By contrast, hypo-osmotic shock 

induces MPK3/6 and MPK4 (Droillard et al., 2004). Therefore, MPK4 is a good candidate for the 
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kinase driving the change in the ratio of YPet to Turquoise GL emission of SOMA caused by 

hypo-osmotic shock. 

As a control, we performed the same experiment as described above using SOMA-NES 

in the wild-type Col-0 genetic background. In that case, we observed a strong increase in the 

ratio of YPet to Turquoise GL emission upon NaCl treatment, even in the presence of 1-NA-PP1 

(Figure 3B), suggesting that the inhibitor does not affect wild-type MAPKs. When the final hypo-

osmotic shock was applied to this sample, the initial NaCl-induced increase in the ratio of YPet 

to Turquoise GL emission had not diminished, so no additional gain was observed. 

Next, we wanted to determine if 1-NA-PP1 could reverse the NaCl-induced gain in the 

ratio of YPet to Turquoise GL emission of the SOMA-NES mpk3 mpk6 Pmpk6:MPK6YG line. For this 

experiment, an initial 150 mM NaCl treatment caused the expected increase in the ratio of YPet 

to Turquoise GL emission. Ten mins after that NaCl treatment, the sample was exposed to 150 

mM NaCl + 10 µm 1-NA-PP1. Addition of 1-NA-PP1 caused the ratio of YPet to Turquoise GL 

emission to drop back to the pre-treatment level within 20 min (Figure 3C). By contrast, 1-NA-

PP1 did not affect the duration of the NaCl-induced gain in the ratio of YPet to Turquoise GL 

emission with SOMA-NES in the wild-type Col-0 background (Figure 3D), which took about 35 

min to return pre-treatment levels. Therefore, 1-NA-PP1 was able to reverse the NaCl-induced 

gain in the ratio of YPet to Turquoise GL emission of SOMA in the mpk3 mpk6 

Pmpk6:MPK6YG background, suggesting that MPK3/6 activity is necessary for the sustained, 

elevated ratio of YPet to Turquoise GL emission triggered by NaCl treatment. As before, a final 

hypo-osmotic/flg22 treatment produced a gain in the ratio of YPet to Turquoise GL emission at 

the end of the imaging period for both samples. Additional control experiments using DMSO in 
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place of 1-NA-PP1 confirmed that the effects we observed were due to 1-NA-PP1 rather than 

the DMSO solvent (Figure S7). 

 

The response to flg22 is heterogeneous 

flg22 is a synthetic peptide whose sequence is derived from the bacterial elicitor 

flagellin (Gómez-Gómez et al., 1999). flg22 is known to rapidly induce the activity of MPK3/4/6 

via the plasma membrane-bound receptor FLS2 (Gómez-Gómez and Boller, 2000; Asai et al., 

2002). We were therefore interested in characterizing the response to flg22 treatment of plants 

expressing SOMA. For this experiment, 5-day-old detached cotyledons were treated with 1 µm 

flg22 during the imaging process. In the case of SOMA-NES, we observed a heterogeneous 

pattern of changes in the ratio of YPet to Turquoise GL emission (Figure 4A, B). In all the 

pavement cells in the sample, we observed a rapid gain in the ratio of YPet to Turquoise GL 

emission within a few mins of flg22 treatment. In a subset of the pavement cells, the ratio of 

YPet to Turquoise GL emission rapidly dropped back to the pre-treatment levels within 30 min, 

followed by a second rapid gain in the ratio of YPet to Turquoise GL emission to produce the 

biphasic pattern seen in Figure 4A. In neighboring regions of the same cotyledon that is shown 

in Figure 4A, the initial gain in the ratio of YPet to Turquoise GL emission did not drop down to 

pre-treatment levels until 60 min after exposure to flg22 (Figure 4B). These results 

demonstrated that the ratio of YPet to Turquoise GL emission of SOMA can rapidly increase and 

decrease in vivo, and that the pattern of changes induced by flg22 treatment can vary within a 

single cotyledon. 
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In the case of SOMA-NLS, we also observed distinct patterns of the ratio of YPet to 

Turquoise GL emission in response to flg22 treatment. In pavement cells we saw a rapid 

increase in the ratio of YPet to Turquoise GL emission shortly after flg22 treatment in all 

samples tested. In some cases, the gain returned to pre-treatment levels within 30 min of 

exposure to flg22 (Figure 4C) while in other examples the gain was sustained for over 60 min 

(Figure 4D). In addition, we consistently observed that gain in the ratio of YPet to Turquoise GL 

emission displayed by SOMA-NLS in guard cells was substantially delayed when compared with 

pavement cells in the same sample (Figure 4D, E). In pavement cells, the flg22-induced gain 

begins within 4 min of flg22 exposure, while in guard cells it begins about 15 min after flg22 has 

been added to the sample. We did not observe any change in the ratio of YPet to Turquoise GL 

emission with SOMA-NES in guard cells, but this may be due to technical challenges associated 

with imaging the cytoplasm of guard cells with our imaging system. 

Repetition of the flg22 experiments using independent transgenic lines for each sensor 

construct produced similar results (Figure S8). In addition, experiments performed using the 

SOMA-NES mpk3 mpk6 Pmpk6:MPK6YG line indicated that 1-NA-PP1 did not affect flg22-and 

chitin-induced changes in the ratio of YPet to Turquoise GL emission (Figure S9). These results 

suggest that MAPKs in addition to MPK3/6 are able to drive the flg22-and chitin-induced 

changes in the ratio of YPet to Turquoise GL emission of SOMA. Since MPK4 is known to be 

activated by flg22 and chitin, it is a likely candidate (Ichimura et al., 2006). 

 

Chitin induces a rapid FRET gain in guard cells 
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Like flg22, chitin is a pathogen-associated elicitor known to trigger rapid activation of 

MPK3/4/6 (Yamada et al., 2016). Using the same experimental system as described above, 5-

day-old cotyledons were exposed to 40 mg ml−1 chitin during imaging. As with flg22, we 

observed a rapid gain in the ratio of YPet to Turquoise GL emission in pavement cells with 

SOMA-NES and SOMA-NLS (Figure 5A, B). The most pronounced difference between the 

response of cotyledons to chitin versus flg22 was seen in guard cells where chitin induced a gain 

in the ratio of YPet to Turquoise GL emission shortly after treatment, in contrast to the 

substantially delayed gain caused by flg22 exposure in guard cells. In addition, SOMA-NLS in 

guard cells often produced a strong second peak of YPet versus Turquoise GL emission intensity 

about 45 min after the initial treatment. Similar results were obtained with experiments 

performed using independent transgenic lines for each sensor construct (Figure S10). 

 

Discussion 

Reversible protein phosphorylation is a fundamental mechanism used to regulate a 

myriad of signal transduction pathways. Modulation of protein kinase activity therefore plays 

an essential role in cellular signaling. For this reason, there is considerable scientific interest in 

measuring the activation status of protein kinases in living systems. Established methods for 

monitoring the activation status of protein kinases involve first homogenizing tissues or 

organisms and then analyzing the kinase of interest in vitro. There are two major drawbacks to 

this approach: (1) potential heterogeneity of kinase activity within the tissue is lost due to the 

homogenization process and (2) the living sample must be destroyed in order to analyze it, 

which means that time-course experiments on a single sample cannot be performed. 
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Genetically encoded biosensors provide an alternative to these destructive methods for 

monitoring kinase activity in living cells (Aoki et al., 2012; Sample et al., 2014). 

Genetically encoded biosensors for measuring MAPK activity have been developed for 

use in animal cells (Kamioka et al., 2012; Tomida et al., 2012; Aoki et al., 2013; Ryu et al., 

2015; Sari et al., 2018). We were therefore interested in determining if one of these sensors 

could be adapted for use in Arabidopsis. To accomplish this, we replaced the substrate domain 

of an animal MAPK sensor with an 80-amino-acid portion of Arabidopsis MKP1 (Ulm et al., 

2001). This substrate domain had been previously shown to contain a threonine residue (T64) 

that can be phosphorylated by MPK6 (Park et al., 2011). Our in vitro testing confirmed that this 

threonine can be efficiently phosphorylated by Arabidopsis MAPKs in the context of our 

biosensor and that this phosphorylation caused a gain of about 50% in the ratio of YPet to 

Turquoise GL emission, which is similar to the gain reported for kinase activity sensors used in 

animal cells (Komatsu et al., 2011). These experiments indicated that our sensor of MAPK 

activity (SOMA) is able to report the presence of activated MAPKs through an increase in the 

ratio of YPet to Turquoise GL emission in response to Turquoise GL excitation in vitro. 

We were next interested in evaluating the performance of SOMA in vivo. The following 

evidence supports the idea that SOMA is able to act as a sensor of MAPK activity in living plants. 

To begin with, we have demonstrated that three stress treatments known to activate MAPK 

activity in Arabidopsis all cause rapid gains in the ratio of YPet to Turquoise GL emission of 

SOMA: 150 mM NaCl, 1 µm flg22 and 40 mg ml−1 chitin. Next, using lines expressing the 

phosphosite mutant SOMAT679A, we demonstrated that these stress-induced gains in the ratio 

of YPet to Turquoise GL emission depend on the known MAPK phosphorylation site present in 



 

 
 

74 

the sensor. Finally, we tested SOMA in the mpk3 mpk6 Pmpk6:MPK6YG genetic background, which 

allowed us to use a chemical–genetic approach to selectively switch off MPK3/6 activity using 

the 1-NA-PP1 inhibitor (Xu et al., 2014). These experiments demonstrated that MPK3/6 activity 

is necessary to drive the gain in the ratio of YPet to Turquoise GL emission of SOMA induced by 

NaCl stress. Taken together, these results show that the NaCl-induced increases in the ratio of 

YPet to Turquoise GL emission that we observe with SOMA require the known MPK3/6 

phosphorylation site present in SOMA and the activity of MPK3/ 6. These results are consistent 

with a model in which SOMA acts as a reporter of MAPK activity in vivo. 

The MAPK gene family in Arabidopsis is composed of 20 members, and it has been 

shown that many stress treatments activate MPK3, MPK6, MPK4 and others (Suarez-

Rodriguez et al., 2010). We were therefore interested in understanding the extent to which 

SOMA may be reporting the activities of MAPKs in addition to MPK3/6. As discussed above, the 

gain in the ratio of YPet to Turquoise GL emission of SOMA caused by NaCl stress appears to be 

due to MPK3/6 activity. The gains in the ratio of YPet to Turquoise GL emission of SOMA caused 

by hypo-osmotic stress and flg22 treatment, however, are not diminished by 1-NA-PP1 when 

tested in the mpk3 mpk6 Pmpk6:MPK6YG background. These results suggest that MAPKs other 

than MPK3/6 are able to drive changes in the ratio of YPet to Turquoise GL emission of SOMA. It 

is interesting to note that both hypo-osmotic shock and flg22 are known to activate MPK4 in 

addition to MPK3/6, and flg22 treatment also activates MPK1, MPK11 and MPK13 (Bethke et 

al., 2012; Nitta et al., 2014). By contrast, stress due to elevated NaCl appears to activate MPK3/ 

6 but not MPK4 (Droillard et al., 2004). These results are consistent with a model in which 

SOMA acts as a MAPK activity reporter for MPK4 as well as MPK3/6. Further genetic testing 



 

 
 

75 

with additional genetic backgrounds will be needed to determine the full extent to which SOMA 

is able to report the activities of different MAPK isoforms. These experiments are complicated 

by the embryo lethality of mpk3 mpk6 double mutants and the severe dwarf phenotype 

of mpk4 single mutants (Ichimura et al., 2006; Suarez-Rodriguez et al., 2007; Wang et al., 2007). 

The SOMA sensor, and similar MAPK sensors developed for use in animal cells, function 

by reporting the phosphorylation status of a substrate domain known to be phosphorylated by 

the kinase of interest. Because of this situation, it might be more accurate to think of these 

sensors as ‘phosphorylation status reporters’ since they integrate the net kinase and 

phosphatase activities acting on that specific phosphosite. In the case of SOMA, we have 

presented experimental evidence that MAPKs are able to target the sensor. It remains a 

possibility that other kinases may also be able to phosphorylate SOMA. Future genetic and bio-

chemical studies will be needed to resolve that question. 

The gain in the ratio of YPet to Turquoise GL emission displayed by kinase activity 

reporters such as SOMA is believed to occur due to binding of the forkhead (FHA1) domain to 

the phosphorylated substrate domain of the sensor (Komatsu et al., 2011; Sample et al., 2014). 

In order for the reporter to provide an up-to-date readout of kinase activity, it is important that 

phosphatases are able to efficiently dephosphorylate the sensor. Work with similar kinase 

sensors in animal cells has indicated that the FHA1 domain used in SOMA does not bind so 

tightly to phosphorylated substrate domains that it precludes efficient access by phosphatases 

(Komatsu et al., 2011). Our observation that the ratio of YPet to Turquoise GL emission of 

SOMA can rapidly drop in vivo after an initial stress-induced gain suggests that, like its animal 

cell precursor, SOMA is able to be efficiently de-phosphorylated (Figure 4A, C). 
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Previous work using in vitro methods to assay MAPK activation status has indicated that 

stress treatments such as NaCl, flg22 and chitin typically cause MPK3/4/6 to be transiently 

activated for a time period ranging from about 30 to 60 min (Droillard et al., 2004; Wan et al., 

2004; Ichimura et al., 2006; Meszaros et al., 2006; Dóczi et al., 2007; Suarez-Rodriguez et al., 

2007; Yu et al., 2010; Yamada et al., 2016). The patterns of changes in the ratio of YPet to 

Turquoise GL emission that we observed in vivo with SOMA are consistent with this type of 

transient MAPK activation. Because SOMA allows us to observe living cells in the context of 

intact tissue, however, we were also able to document heterogeneity at the cellular level. A 

common type of heterogeneity was the observation that some cells produced relatively 

transient peaks of the ratio of YPet to Turquoise GL emission lasting about 25 min, while other 

cells in the same sample maintained their elevated levels for over 60 min. In addition, we also 

observed that guard cells display distinct patterns of the ratio of YPet to Turquoise GL emission 

when compared with pavement cells in the same sample. It should be noted that one potential 

source of heterogeneity during this type of imaging experiment would be non-uniform 

exposure of the sample to the chemical treatment, such as flg22. We have previously 

characterized the imaging chambers used for this study, and based on that analysis we expect 

that the regions of the cotyledons analyzed here should have been uniformly exposed to the 

chemical treatments (Vang et al., 2018). Nevertheless, it is important to consider both technical 

and biological explanations for heterogeneous responses. If the heterogeneity is biological in 

origin, its biological significance is unknown at this time, but our ability to observe it highlights 

the potential for biosensors such as SOMA to reveal potentially new dimensions to signaling 

pathways that could not be observed using established in vitro methods. 
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In the present study, our objective has been to document the performance of a 

genetically encoded biosensor designed to report the activity of Arabidopsis MAPKs. To 

accomplish this we performed in vitro testing with E. coli expressed proteins and in vivo testing 

using the cotyledon epidermis as a model system. We chose the cotyledon epidermis because it 

provides a convenient and simple subject for confocal imaging. Because MAPK signaling has 

been implicated in a wide range of signaling pathways in Arabidopsis, it will be of interest to 

determine the extent to which SOMA can be used to study additional signaling pathways in 

different organ and tissue systems. While beyond the scope of the present study, such future 

work has the potential to reveal new aspects of MAPK signaling that can only be observed using 

live-cell imaging methods. 

 

Materials and Methods 

Plasmid construction 

The plasmid backbones used to construct our SOMA plasmids were a kind gift of 

Michiyuki Matsuda and Kazuhiro Aoki. Specifically, we used the previously described AKAR3 

construct (Komatsu et al., 2011) and swapped in the following functional domains using 

conventional restriction enzyme cloning: ECFP was replaced with Turquoise GL, the shorter 

linker was replaced with the 244-amino-acid EV linker and the substrate domain of AKAR3 was 

replaced with DNA encoding for amino acids 15–94 of the Arabidopsis MKP1 protein. We also 

introduced a serine to aspartic acid substitution within the MKP1 coding sequence, which 

corresponds to the +3 position with respect to the phosphothreonine site in the MKP1 

substrate domain, as previous work has shown that an aspartic acid at this position enhances 
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the affinity of FHA1 for the phosphorylated form of the substrate (Yongkiettrakul et al., 

2004; Komatsu et al., 2011). To make the phosphosite mutant form of SOMA, site-directed 

mutagenesis was then performed to change the coding sequence at the threonine 679 position 

of the sensor protein to alanine. The resulting SOMA and SOMAT679A protein-coding sequences 

were then cloned into a derivative of pET-32(a)+ (Millipore Sigma, 

http://www.merckmillipore.com/) for expression of recombinant proteins in E. coli. Plasmid 

maps for pET-SOMA and pET-SOMA-T679A are provided in Figures S11 and S12, and the full 

DNA sequence for each is provided in Data S1 and S2. For targeted expression, our sensors in 

the nuclei of transgenic plants, the SOMA and SOMAT679A protein-coding sequences, were 

moved into the binary vector pCAMBIA-1300 to produce pSOMA-NLS and pSOMAT679A-NLS. For 

targeted expression in the cytoplasm of transgenic plants, the SOMA and SOMAT679A protein-

coding sequences were moved into a derivative of the binary vector pRI 201-AN (Takara 

Bio, http://www.takarabio.com/) to produce pSOMA-NES and pSOMAT679A-NES. Plasmid maps 

for these constructs are provided in Figures S13–S16, and the full DNA sequence for each is 

provided in Data S3–S6. Plasmid DNA for pET-SOMA (Addgene no. 118935), pET-SOMA-T679A 

(Addgene no. 118936), pSOMA-NLS (Addgene no. 118937), pSOMAT679A-NLS (Addgene no. 

118938), pSOMA-NES (Addgene no. 118939) and pSOMAT679A-NES (Addgene no. 118940) is 

available through Addgene (http://www.addgene.org/). 

 

In vitro kinase assay 

Recombinant His-tagged MPK3, MPK4, MPK6 and MPK10 (7.5 µg each) were activated 

by incubation with a mixture of 0.125 µg recombinant MKK4DD and 0.125 µg MKK5DD as 
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previously described (Liu and Zhang, 2004). Activated MAPKs were then used to phosphorylate 

recombinant SOMA and SOMAT679A proteins (1:20 enzyme: substrate weight ratio) in the kinase 

reaction buffer (20 mM HEPES, pH 7.5, 10 mM MgCl2 and 1 mM DTT) with 25 µm ATP and [γ-

32P] ATP (0.1 µCi per reaction). The reactions were stopped by the addition of SDS-loading 

buffer after 30 min. After resolution in a 10% SDS-polyacrylamide gel, all the proteins were 

visualized by Coomassie blue staining, and the phosphorylated SOMA was visualized by 

autoradiography. 

 

In vitro FRET assay 

Recombinant SOMA, SOMAT679A and CA-MPK6 were expressed in the Rosetta2 strain 

of E. coli (Millipore Sigma). CA-MPK6 is a constitutively active form of Arabidopsis MPK6 

(Berriri et al., 2012). A plasmid expressing CA-MPK6 was a kind gift from Jean 

Colcombet. Escherichia coli cells expressing the recombinant proteins were treated with Bug 

Buster (Millipore Sigma). Then 7 µl of the SOMA cleared lysate was added to a reaction 

containing 25 mM 2-amino-2-(hydroxymethyl)-1,3-propanediol (TRIS)-HCl, 0.5 mM DTT, 5 mM 

MgCl2, 0.1 mM ATP and 100 mM NaCl and water to a total volume of 200 µl. For reactions 

including CA-MPK6, 4 µl of the CA-MPK6 cleared lysate was also added. The reactions were 

then incubated at 25°C for 30–60 min and the fluorescent emission spectrum was measured 

using a QuantaMaster 40 Spectrofluorometer. Excitation was performed at 420 nm and the 

emission range analyzed was 465–545 nm. The slit size for both excitation and emission was 5 

nm with a step size of 0.5 nm. For the lambda protein phosphatase (LPP) experiments, 2 µl of 

LPP, 20 µl of 10 mM MgCl2 and 20 µl of 10x NEBuffer Pack for Protein MetalloPhosphatases 
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(PMP) (New England Biolabs, http://www.neb.com/) were added to the reactions after 60 min 

of incubation, and the reaction was further incubated at 30°C for another 15 min. 

 

Transgenic lines 

Transgenic lines expressing SOMA-NLS, SOMAT679A-NLS, SOMA-NES and SOMAT679A-NES 

were produced via the floral dip method using the GV3101 strain of Agrobacterium 

tumefaciens (Clough and Bent, 1998). Primary transformants expressing the sensor constructs 

were identified by screening with an epifluorescence microscope 4-day-old seedlings 

germinated on 1% agar (w/v) plates containing 0.5x Murashige and Skoog basal salt mixture. 

Seedlings showing strong fluorescence were transferred to soil and seed was collected. Two 

independent transgenic lines for each of the four sensor constructs were produced as shown 

in Table 1. Seed for the transgenic lines is available via the Arabidopsis Biological Resource 

Center (ABRC) (http://abrc.osu.edu/), and the ABRC stock number for each line is shown 

in Table 1. 

 

Plant material and growth conditions 

To prepare seedlings for confocal imaging, seeds were surface sterilized using 95% 

ethanol and then plated onto growth media composed of 1% agar (w/v) containing 0.5x 

Murashige and Skoog basal salt mixture in 130 mm square Petri dishes. The samples were 

incubated in the dark at 4°C for 1–3 days to stratify the seeds and then placed under constant 

light at 20–25°C with the plates in a vertical orientation. Cotyledons were harvested for imaging 

after the plates had been under light for 4–5 days. 
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Confocal microscopy 

Detached cotyledons were prepared for imaging on the confocal microscope using the 

HybriWellTM method as previously described (Vang et al., 2018). Briefly, a 5-µl drop of ultrapure 

water was placed on a 45 mm 9× 55 mm microscope cover glass. Then, a cotyledon from a 4–5-

day-old seedling was placed abaxial side down on top of the droplet. Cotyledons were gently 

submerged by dripping water around them with a pipette. Excess water was then removed, and 

a HybriWellTM (Grace Bio-Labs, http://gracebio.com/, cat. no. 611102) was gently placed on the 

coverslide with the cotyledon in the center to form a 150-µm deep imaging chamber with a 

volume of 30 µl. The dimensions of the chamber are such that the cotyledon is gently held in 

place by pressure from the top of the chamber, but liquid can still pass between the abaxial side 

of the cotyledon and the coverglass (Vang et al., 2018). Then 400 µl of ultrapure water was 

injected through one of the HybriWellTM ports using a pipettor to fill the 30-µl chamber with 

water and expel any air bubbles. A 200-µl droplet of ultrapure water was then placed on one of 

the ports to prevent the chamber from drying out. The HybriWellsTM containing mounted 

seedlings were then placed in covered Petri dishes and equilibrated by incubating at 20–23°C 

under constant light for 6–12 h prior to imaging. 

Confocal microscopy was performed using either a Zeiss LSM 510 Meta or a Zeiss LSM 

780 (http://www.zeiss.com/) with a 20x objective. Samples were excited at 458 nm with 1% 

power for the LSM 510 and 5% power for the LSM 780. Emission was measured between 463 

and 517 nm for Turquoise GL and between 534 and 570 nm for YPet. Z-stacks were collected 
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every 2 min with an optical slice thickness of 2.92 µm for the LSM 510 and 2 µm for the LSM 

780. 

Chemical treatments were added to the samples during imaging by pipetting 300 µl of 

solution containing the treatment onto one port of the HybriWellTM. For flg22 treatment, we 

used a 1 µm solution of synthetic flg22 peptide (QRLSTGSRINSAKDDAAGLQIA) 

(PhytoTechnology Laboratories, http://phytotechlab.com/, cat. no. P6622) in water. For chitin 

treatment, 200 mg of chitin from shrimp shells (Sigma, http://www.sigmaaldrich.com/, cat. no. 

C7170–100G) was added to a 1.5 ml Eppendorf tube containing two steel pellets and ground at 

25 Hz for 10 min using a Retsch MM 200 mixer mill (Retsch, http://www.retsch.com/). The 

pulverized chitin was then added to 5 ml of water and vortexed briefly prior to use. The ATP 

analog 1-NA-PP1 (MedChemExpress, http://www.medchemexpress.com/, cat. no. HY-13941) 

was obtained from the manufacturer as a 10 mM stock solution dissolved in dimethyl sulfoxide 

(DMSO). 

 

Image analysis 

Post-processing of the raw image data was performed using Fiji (Schindelin et al., 2012). 

First, the ‘Z-projection’ function was performed on an image stack using the ‘Max Intensity’ 

setting. The resulting projection was then separated into two separate images, one for the 

Turquoise GL emission channel and one for the YPet emission channel. The ‘Subtract 

Background’ function was performed on both images, with the ‘rolling ball radius’ set as the 

default 50 pixels. A mask was then created from the YPet channel using the ‘Convert to Mask’ 

function. The background subtracted YPet and Turquoise GL images were then converted into 
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32-bit images. These 32-bit images were then multiplied by the Mask file. The resulting YPet 

image was divided by the resulting Turquoise GL image using the ‘Image Calculator’ function to 

create to a ratio image representing the ratio of YPet to Turquoise emission. Finally, the 

‘Threshold’ function was performed using the default values, with the ‘NaN background’ option 

enabled. The ‘Fire’ lookup table was then applied to the final ratio image. 

To measure the ratio of YPet to Turquoise GL emission, a region of interest (ROI) was 

selected within the ratio image using Fiji and the average ratio value within that ROI was then 

measured. For time-course experiments, the change in the YPet to Turquoise GL emission ratio 

was normalized to the initial value of the YPet to Turquoise GL emission ratio and plotted 

versus time. The initial pixel intensity values for the raw image data in the YPet and Turquoise 

GL channels are presented for each experiment in Table S1. The ROIs used for analyzing the 

data presented in Figures 1–5 are shown in Figures S17–S20. Movies S1–S13 present time-

course videos of the ratio image data for selected experiments. 
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Fig. S14.  Plasmid map for pSOMA-T679A-NLS.
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Fig. S15.  Plasmid map for pSOMA-NES.



 

 
 

112 

 

 
 

Fig. S16.  Plasmid map for pSOMA-T679A-NES.
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Fig. S17.  ROIs for Figure 2.

The ROIs used to collect YPet and Turquoise GL emission intenstify values are 
indicated by white rectangles.
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Abstract 

Mitogen-activated protein kinases (MAPKs) are key regulators of numerous biological 

processes in plants. To better understand the mechanisms by which these kinases function, 

high resolution measurement of MAPK activation kinetics in different biological contexts would 

be beneficial. One method to measure MAPK activation in plants is via fluorescence-based 

genetically encoded biosensors, which can provide real-time readouts of the temporal and 

spatial dynamics of kinase activation in living tissue. While fluorescent biosensors have been 

widely used to study MAPK dynamics in animal cells, there is currently only one MAPK 

biosensor that has been described for use in plants. To facilitate creation of additional plant-

specific MAPK fluorescent biosensors, we report the development of two new tools: an in vitro 

assay for efficiently characterizing MAPK docking domains and a translocation-based kinase 

biosensor for use in plants. The implementation of these two methods has allowed us to 

expand the available pool of plant MAPK biosensors, while also providing a means to generate 

more specific and selective MAPK biosensors in the future. Biosensors developed using these 

methods have the potential to enhance our understanding of the roles MAPKs play in diverse 

plant signaling networks affecting growth, development, and stress response. 
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Introduction 

Conserved across all eukaryotes (Kültz, 1998), Mitogen-activated Protein Kinases 

(MAPKs) have been shown to play critical roles in a wide array of biological processes. Within 

the plant model system Arabidopsis thaliana, MAPKs have been implicated in many aspects of 

plant life, including cell division (Müller et al., 2010; Xu & Zhang, 2015), abiotic stress responses 

(Mizoguchi et al., 1996; Ichimura et al., 2000; Droillard et al., 2002; Ahlfors et al., 2004; 

Droillard et al., 2004; Teige et al., 2004), biotic stress responses (Felix et al., 1999; Gómez-

Gómez & Boller, 2000; Petersen et al., 2001; Frye et al., 2001; Asai et al., 2002; Miya et al., 

2007; Rasmussen et al., 2012; Meng et al., 2013), developmental patterning (Shinkai et al., 

2002; Wang et al., 2008; López-Bucio et al., 2014), stomatal closure (Liu et al., 2010; Lee et al., 

2016), and many other pathways (Jonak et al., 2002; Rodriguez et al., 2010; Krysan & 

Colcombet, 2018). While biochemical methods to measure MAPK signaling have provided 

valuable insight into MAPK function within these pathways, these methods generally report the 

average MAPK activity within a population of cells and cannot provide cell-level resolution of 

the spatiotemporal dynamics these kinases display in different biological contexts. 

One approach that can allow one to measure MAPK activation with greater resolution 

involves the use of fluorescence-based genetically encoded biosensors (Harvey et al., 2008; 

Oldach & Zhang, 2014). Fluorescent biosensors provide an easily quantifiable, real-time readout 

of a targeted parameter in living cells, elucidating the roles of different biomolecules in the 

complex dynamics that underlie cellular networks (Greenwald et al., 2018). A variety of 

fluorescent biosensors have been developed to shed light on the mechanisms by which MAPKs 

function and are regulated in animal cells (Oldach & Zhang, 2014), the most common of which 
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are Förster Resonance Energy Transfer (FRET) biosensors (Harvey et al., 2008; Sato et al., 2002; 

Fosbrink et al., 2010; Kamioka et al., 2012; Aoki et al., 2012; 2013; Sample et al., 2014; Tomida 

et al., 2015; Sari et al., 2018).  

A FRET biosensor that measures MAPK activity is a single polypeptide that contains two 

fluorophore domains that are able to engage in FRET, a phosphoamino acid binding domain, a 

linker region, and a substrate domain. The substrate domain itself contains two important 

functional elements: a MAPK docking domain and a phosphoacceptor site. In the absence of 

active MAPK, the FRET biosensor is expected to exist in a non-phosphorylated state. In this 

condition, the phosphoamino acid binding domain has low affinity for interaction with the 

phosphoacceptor domain. If active MAPK is present, however, then the FRET biosensor is 

expected to become phosphorylated at the phosphoacceptor site. A conformational shift driven 

by binding of the phosphoamino acid binding domain to the phosphorylated substrate domain 

occurs, resulting in an increase in FRET efficiency. This change in FRET can be measured in real-

time in living tissue using confocal microscopy, with the change in FRET serving as a readout of 

MAPK activation in vivo. Because of the high resolution with which confocal microscopes can 

image living tissue, changes in MAPK activity can be observed with single-cell resolution. 

Changes in FRET produced by these biosensors in response to phosphorylation can also be 

measured in vitro using an instrument such as a spectrofluorometer. By implementing these 

MAPK FRET biosensors within animal systems, researchers have mapped aspects of MAPK 

activity such as the duration or amplitude of activation (Zhang & Allen, 2007), heterogeneity of 

response at the cell population level (Kumagai et al., 2015; Durandau et al., 2015) or the 

subcellular level (Sato et al., 2007), and fluctuations in activity such as oscillations (Tomida et 
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al., 2015; Ryu et al., 2018), greatly enriching comprehension of MAPK spatiotemporal dynamics 

within these cells (Van et al., 2013; Lin et al., 2019). 

The first plant MAPK fluorescent biosensor, the FRET-based Sensor Of MAPK in 

Arabidopsis (SOMA) was recently described (Zaman et al., 2019). SOMA has been shown to 

report the activities of the Arabidopsis MAPKs MPK3 and MPK6, and it is also likely to report the 

activities of additional MAPK isoforms in Arabidopsis such as MPK4 (Zaman et al., 2019). As the 

Arabidopsis genome encodes 20 MAPK isoforms, there remains a need for additional plant 

MAPK biosensors that report the activities of different MAPK isoforms. It would also be of great 

value to have biosensors with the specificity to report the activity of a single MAPK isoform. For 

these reasons, the plant MAPK research community would benefit from the ability to efficiently 

develop new plant MAPK biosensors. However, development of a new FRET biosensor tends to 

require a considerable amount of time as no universal design rules exist to guide the 

optimization process (Zhang et al., 2002; Aye-Han et al., 2009; Ibraheem & Campbell, 2010; 

Komatsu et al., 2011; Morris, 2012; Lindenburg et al., 2014). For this reason, we felt that it 

would be valuable to establish a set of tools that would streamline the process of developing 

new plant MAPK biosensors. 

For a MAPK FRET biosensor to be useful, all of the functional domains that comprise 

that biosensor must work together to produce a protein that undergoes an appropriate 

conformational shift in response to phosphorylation. One of the most important determinants 

of that conformational shift is the interaction between the phosphoamino acid binding domain 

and the phosphorylated phosphoacceptor site. When designing FRET biosensors for a specific 

MAPK isoform, the standard approach involves testing a number of candidate substrate 
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domains that contain both a phosphoacceptor site and a docking domain that facilitates 

association of the substrate with the target MAPK (Harvey et al., 2008; Ibraheem & Campbell, 

2010; Komatsu et al., 2011; Morris, 2012). By doing so, one hopes to find a substrate domain 

that can not only be efficiently phosphorylated by the MAPK, but that also has the ability to 

efficiently interact with the phosphoamino acid binding domain of the FRET biosensor. 

Unfortunately, this approach requires screening candidate sequences for their ability to 

simultaneously meet two functional criteria: (1) the ability to be efficiently phosphorylated and 

(2) the ability to effectively interact with the phosphoamino acid binding domain. Reducing the 

complexity of this process so that new sequences are screened using only a single functional 

criterion would make it possible to more efficiently develop new plant MAPK biosensors. The 

approach we took to accomplish this goal was to re-purpose a previously optimized mammalian 

MAPK FRET biosensor to serve as a plant MAPK docking domain trap.  

The plant MAPK docking domain trap that we developed allowed us to screen for plant 

amino acid sequences that facilitate efficient phosphorylation of a mammalian MAPK 

phosphoacceptor site. Because the two fluorophores, the linker, the phosphoacceptor site, and 

the phosphoamino acid binding domain of this plant MAPK docking domain trap have been pre-

optimized to produce a strong FRET change in response to phosphorylation, the only functional 

contribution required from the plant sequences was the ability to facilitate binding of the MAPK 

to the biosensor. In the present study we report how this plant MAPK docking domain trap can 

be deployed using an in vitro assay to efficiently screen for new plant MAPK docking domains. 

In order to diversify the variety of tools available to plant scientists for studying MAPK 

activity in vivo, we sought to determine if an alternative to FRET-based biosensors could be 
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established for use in plants. To accomplish this, we turned to a biosensor variant used to study 

kinase activation in animal cells called a translocation biosensor (Regot et al., 2014]. This type 

of biosensor possesses both a Nuclear Localization Signal (NLS) module and a Nuclear Exclusion 

Signal (NES) module, with several phosphorylation sites scattered throughout (Regot et al., 

2014). The phosphorylation status of these sites impacts the activities of these localization 

signals, directing the biosensor to either localize or be excluded from the nuclei of cells in a 

phosphorylation-dependent manner. By attaching a docking domain targeted by a kinase of 

interest to this type of biosensor, the nucleocytoplasmic shuttling of the sensor can serve as a 

visual indicator of kinase activity (Regot et al., 2014). Translocation biosensors offer several 

potential benefits in comparison to FRET-based biosensors and have proven to be powerful 

tools for documenting kinase spatiotemporal dynamics in different animal models (Regot et al., 

2014; Sparta et al., 2015; de la Cova et al., 2017; Mayr et al., 2018; Kim et al., 2019).  

In the present study we demonstrate that the translocation biosensor strategy 

described above is applicable to plants by showing that the nuclear localization activity of the 

bNLS/NES domain can be modulated by phosphomimetic mutations. We also demonstrate that 

inclusion of a plant MAPK docking domain in the translocation biosensor construct produces a 

protein that shifts from nuclear to cytoplasmic localization in response to treatments known to 

elicit MAPK activation in plants. Taken together, these results suggest that the kinase 

translocation biosensor approach developed for studying animal cell MAPK activation can also 

be effectively deployed for studying plant MAPKs.  

The design of these translocation biosensors is such that the only functional element 

that needs to be added to the biosensor backbone to produce the functional biosensor is a 
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docking domain specific for the kinase of interest. When paired with the docking domain trap 

described earlier, this combination of tools produces a compact toolkit for efficiently generating 

new plant MAPK biosensors. The docking domain trap can be used to rapidly screen in vitro for 

amino acid sequences that specifically interact with chosen plant MAPK isoforms. Once those 

docking domains have been characterized in vitro, they can be deployed in vivo either in the 

context of the FRET biosensor backbone or transferred to the translocation biosensor 

backbone. Application of these tools should allow for enhanced exploration of the role of MAPK 

activation kinetics in many aspects of plant biology. 

 

Results 

Developing a FRET-based plant MAPK docking domain trap  

In order to establish a pipeline for efficiently developing new plant MAPK fluorescent 

biosensors, we first set out to establish an in vitro assay for efficiently identifying new plant 

MAPK docking domains. To do so, the approach that we took was to develop a vector that 

would serve as a plant MAPK docking domain trap. We produced this trap by re-purposing an 

established MAPK FRET biosensor called EKAREV (Harvey et al., 2008; Komatsu et al., 2011) that 

had been proven effective for reporting MAPK activity in animal cells. The important functional 

domains of EKAREV are the YPet yellow fluorescent protein domain (Nguyen et al., 2005), the 

Turquoise GL cyan fluorescent protein domain (Goedhart et al., 2010), the EV linker (Komatsu 

et al., 2011), the forkhead (FHA1) phosphoamino acid binding domain (Hofmann & Bucher, 

1995; Sun et al., 1998), a 14 amino acid phosphoacceptor domain from the mammalian Cdc25C 

protein (Gonzalez, et al., 1991), and a docking domain recognized by the human extracellular 
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signal-regulated kinases (ERKs) (Jacobs et al., 1999) (Figure 1A), which are a type of MAPK. A 

cartoon schematic of EKAREV in action is shown in Figure 1(B).  As the EKAREV biosensor does 

not contain a plant-specific MAPK docking domain, we postulated that it may not be efficiently 

phosphorylated by plant MAPKs. If so, this FRET biosensor had the potential to serve as a plant 

MAPK docking domain trap. To test this hypothesis, we used an in vitro assay that we previously 

developed for evaluating candidate plant MAPK FRET biosensors (Zaman et al., 2019). 

For this in vitro assay, biosensor protein and constitutively active versions of the 

Arabidopsis MAPKs MPK4 and MPK6 (CA-MPK4 and CA-MPK6) are expressed as recombinant 

proteins using E. coli [44, 62]. Recombinant biosensor protein is then incubated together with 

constitutively active kinase and adenosine triphosphate (ATP), and the reactions are 

subsequently analyzed using a scanning spectrofluorometer to measure the fluorescent 

emission generated by illumination of the samples at a wavelength that excites the 

mTurquoise-GL FRET donor. When EKAREV was incubated in the presence of CA-MPK6, we 

observed a ca. 9% increase in FRET efficiency when compared to the control reaction that did 

not contain kinase (Figure 1C, Table 1). This FRET gain was substantially lower than the ca. 68% 

increase in FRET that CA-MPK6 induced in our previously described Arabidopsis MAPK 

biosensor SOMA (Figure 1D, Table 1). These results suggested that CA-MPK6 may have only a 

limited capacity to phosphorylate EKAREV. Next, we repeated the above experiment using CA-

MPK4 and found that this kinase caused no FRET gain for EKAREV (Figure 1E). In the control 

reaction, we observed that CA-MPK4 induced a ca. 27% increase in the FRET efficiency of SOMA 

(Figure 1F).  
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Testing the plant MAPK docking domain trap 

We hypothesized that the low FRET gain induced in EKAREV by CA-MPK6 and the lack of 

a FRET gain caused by CA-MPK4 could be explained by at least two different mechanisms. First, 

the mammalian phosphoacceptor domain present in EKAREV may not be able to be efficiently 

targeted by CA-MPK4/6. Alternatively, the mammalian MAPK docking domain present in 

EKAREV may not efficiently recruit CA-MPK4/6 to bind to the biosensor. To explore these two 

possibilities, we inserted DNA sequence that encoded a known Arabidopsis MAPK docking 

domain into the EKAREV vector. 

For this experiment we used a region of the coding sequence from the Arabidopsis 

BREAKING OF ASYMMETRY IN THE STOMATAL LINEAGE (BASL) gene (Dong et al., 2009). The 

BASL protein has been previously characterized as a MPK3/6 substrate, and several plant MAPK 

docking domains have been mapped on its structure (Zhang et al., 2015; 2016). We used a 

section of the BASL gene encoding 39 amino acids that contained the D1 docking domain and 

inserted it into the EKAREV plasmid, resulting in EKAREV-BASL (Figure 2A-B). Incubating 

EKAREV-BASL with CA-MPK6 resulted in a ca. 115% gain in FRET while CA-MPK4 induced a ca. 

85% gain (Figure 2C, Table 1). Our observation that EKAREV-BASL exhibited substantially higher 

MAPK-induced FRET increases than EKAREV is consistent with the hypothesis that adding a 

suitable Arabidopsis MAPK docking domain to EKAREV is sufficient to allow the biosensor to be 

efficiently phosphorylated by plant MAPKs. 

To determine if the mammalian phosphoacceptor domain present in EKAREV was being 

targeted by CA-MPK4/6, we mutagenized the threonine residue in EKAREV-BASL thought to 

behave as the phosphorylation site into an alanine (Harvey et al., 2008; Komatsu et al., 2011; 
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Gonzalez et al., 1991. The resulting mutant version of the biosensor, EKAREVT48A-BASL, showed 

no increase in FRET efficiency when incubated with either CA-MPK4 or CA-MPK6 (Figure 2D, 

Table 1), similar to the results observed when the phosphorylation site of SOMA was 

mutagenized to an alanine (Supplemental Figure 1, Table 1) (Zaman et al., 2019; Schweighofer 

et al., 2007, Park et al., 2011). These results demonstrate that the MAPK-induced FRET gain 

observed with EKAREV-BASL is dependent on the threonine present within the EKAREV 

phosphoacceptor domain and suggest that the increase in FRET efficiency is likely caused by 

phosphorylation of that threonine by CA-MPK4/6. The results described above suggested that 

EKAREV has the potential to serve as a plant MAPK docking domain trap. To further test this 

hypothesis, we cloned DNA sequence encoding another previously characterized plant MAPK 

docking domain into the EKAREV vector. We used a region of the Arabidopsis PP2C-type 

phosphatase AP2C1, which is a characterized MPK6 substrate that contains verified MAPK 

docking domains (Umbrasaite et al., 2010; Shubchynskyy et al., 2017). When a region of the 

AP2C1 gene encoding one such docking domain was added to the EKAREV backbone (Figure 2A 

and 2B), the resulting biosensor, EKAREV-AP2C1, exhibited an increase in FRET efficiency of ca. 

150% in response to CA-MPK6 and an increase of ca. 140% in response to CA-MPK4 (Figure 2E, 

Table 1). Mutagenizing the predicted phosphorylation site within the EKAREV phosphoacceptor 

domain eliminated this effect (Figure 2F, Table 1). Therefore, incorporating a different plant 

MAPK docking domain into EKAREV also produced a biosensor able to report MAPK-induced 

FRET increases when treated with plant MAPKs. Taken together with the results obtained with 

EKAREV-BASL, these results indicate that EKAREV is able to function as a plant MAPK docking 

domain trap. 
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By establishing EKAREV as a plant MAPK docking domain trap, we have developed a tool 

for functionally assessing candidate Arabidopsis MAPK docking domains. It should also be noted 

that the EKAREV-docking domain constructs that we produced are also functional FRET-based 

biosensors which can be directly moved into plants for evaluation of their potential to serve as 

in vivo biosensors for MAPK activity in living plant tissue. In addition, the plant MAPK docking 

domains identified using this in vitro assay likely possess some degree of modularity such that 

they could potentially be incorporated into other types of fluorescent biosensors, as described 

below.  

 

Developing a translocation-based biosensor for use in Arabidopsis 

One alternative to FRET-based biosensors for studying MAPK activity in vivo are 

translocation biosensors, or Kinase Translocation Reporters (KTRs) (Regot et al., 2014). KTRs are 

distinct from FRET-based kinase biosensors in that the subcellular localization of the fluorescent 

signal is the main readout of kinase activity. KTRs possess a bipartite nuclear localization signal 

(bNLS)/nuclear exclusion signal (NES) module, with several phospho-sites scattered through the 

bNLS sequence. In an unphosphorylated state, the activity of the bNLS is dominant, resulting in 

the biosensor localizing to the nucleus of the cell. However, upon phosphorylation, the activity 

of the bNLS is repressed and the activity of the NES is enhanced, causing the biosensor to be 

excluded from the nucleus and accumulate in the cytoplasm. If a docking domain is added to 

the KTR that allows the biosensor to be phosphorylated by a kinase of interest, the subcellular 

localization of the resulting biosensor reflects the activation state of the chosen kinase. 
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Although relatively recently established, KTRs offer several potential advantages in 

comparison to FRET biosensors, such as a wider dynamic range and seemingly more accurate 

reporting of the downregulation of kinase activity (Regot et al., 2014; de la Cova et al., 2017). 

Although KTRs have been successfully implemented in mammalian cells, C. elegans, and 

zebrafish (Regot et al., 2014; Sparta et al., 2015; de la Cova et al., 2017; Mayr et al., 2018; Kim 

et al., 2019), their use has not yet been reported in plants. In order to expand the set of 

fluorescent reporters available for studying MAPK activation in plants, we were therefore 

interested in determining if the KTR principle could be applied to Arabidopsis. 

To create a translocation biosensor for reporting MAPK activity in plants, we began with 

the nuclear Kinase Translocation Reporter (nKTR) developed for imaging MAPK activity in C. 

elegans (de la Cova et al., 2017). nKTR contains a 44 amino acid docking domain derived from 

the mammalian Ets-like protein 1 (Elk1) (Hipskind et al., 1991; Dalton et al., 1993), a bNLS 

containing two phospho-sites sites (S55 and S62), a NES, a FQFP motif (Jacobs et al., 1999), and 

the green fluorophore mClover (Lam et al., 2012). The subcellular localization of the nKTR 

protein when expressed in C. elegans is driven by the equilibrium between the competing 

activities of the bNLS and NES domains, with the phosphorylation status of the bNLS capable of 

shifting the balance between nuclear localization and nuclear exclusion. Unphosphorylated 

nKTR was shown to localize to the nuclei of C. elegans germline cells while phosphorylated 

nKTR was excluded from the nucleus (de la Cova et al., 2017).  

In order to create a plant-based KTR, we synthesized a vector based on nKTR, with the 

following modifications: (1) the region encoding the Elk1 docking domain was removed, (2) the 

coding sequence for the mClover fluorophore was replaced with coding sequence for 
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mNeonGreen (Shaner et al., 2013), and (3) the entire coding sequence of the construct was 

codon optimized for expression in plants. We assigned the name Kinase Localization Reporter 

(KLR) to this plant-focused reporter to distinguish it from the KTRs used in animal cells. This KLR 

construct does not contain any MAPK docking domains (Figure 3A). Based on the behavior of 

nKTR, unphosphorylated KLR was expected to localize to the nucleus. Upon phosphorylation, 

KLR would be expected to shift its localization to the cytoplasm, while dephosphorylation 

should cause it to return to the nucleus (Figure 3B). Quantifying the intensity of mNeonGreen 

fluorescence within the nucleus versus cytoplasm should thereby serve as a measure of kinase 

activity in the Arabidopsis cells in which the KLR biosensor is expressed. 

The design of the nKTR biosensor construct used in C. elegans also contained coding 

sequence for the spectrally-distinct mCherry fluorophore linked to histone 2B (H2B) sequence. 

The mCherry-H2B portion of the nKTR construct provided an internal control for quantifying 

nuclear fluorescence (de la Cova et al., 2017). The protein coding sequences for nKTR and 

mCherry-H2B were joined by a self-cleaving peptide from Thosea asigna virus 2A (T2A) (Halpin 

et al., 1999; Ahier & Jarriault, 2014), an element which induces ribosomal pausing during 

translation. Inclusion of this T2A peptide causes the single mRNA transcript generated by the 

nKTR vector to produce nKTR and mCherry-H2B as separate polypeptides. This arrangement 

allows the two proteins to be produced in equimolar quantities, while permitting each to 

localize independently within the cell. When nKTR was expressed in C. elegans, mCherry-H2B 

was found to be constitutively present in the nucleus, while the localization of nKTR was 

determined by the phosphorylation status of the reporter (de la Cova et al., 2017).  
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We chose to emulate the dual-fluorophore approach described above for our KLR 

construct. The final vector that we produced for the KLR reporter encoded a single messenger 

RNA containing the following components: the KLR reporter, the T2A self-cleaving peptide, and 

a mRuby3 red fluorophore (Bajar et al., 2016) linked to an NLS derived from simian virus 40 

(SV40 NLS) (Kalderon et al., 1984). If the resulting KLR reporter construct performs as expected, 

mRuby3 will be constitutively localized to the nuclei of plant cells due to the SV40 NLS, while 

the localization of the mNeonGreen-tagged KLR reporter should shift between the nucleus and 

the cytoplasm depending on the phosphorylation status of the reporter (Figure 3B).  

Upon creation of our KLR construct, the first step in our validation process was to 

determine if the KLR reporter could localize to or be excluded from plant cell nuclei in a 

phosphorylation-dependent manner. To investigate this, the serine phosphorylation sites in the 

bNLS domain of KLR were mutagenized to either the non-phosphorylatable alanine, creating a 

“phospho-dead” variant (KLRAA), or the negatively-charged glutamic acid, resulting in a 

“phosphomimetic” construct (KLREE). As KLRAA mimicked a fully “unphosphorylated” biosensor, 

we expected it to localize mainly to the nucleus. In contrast, the fully “phosphorylated” KLREE 

was expected to localize mainly to the cytoplasm. Stable transgenic lines expressing KLR, KLRAA, 

or KLREE were produced and imaged using confocal microscopy. The fluorescence emission 

intensities of the mNeonGreen and mRuby3 fluorophores were captured for these samples. As 

described above, mNeonGreen fluorescence is derived from the KLR reporter, while mRuby3 

red fluorescence serves as a nuclear marker in these experiments (Figure 3C). In most plant 

cells, the vacuole occupies much of the volume, compressing the cytoplasm and making 

quantification of cytoplasmic fluorescent signal difficult. As such, we choose to image the root 
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tips of seedlings expressing the KLR constructs, due to their relatively smaller vacuoles and the 

consequent ease of measuring cytoplasmic versus nuclear fluorescence.  

Strong nuclear mNeonGreen fluorescence was observed in root cells that expressed 

either KLR or KLRAA (Figure 3C). In contrast, roots cells expressing KLREE had much lower 

mNeonGreen fluorescence in the nuclei, and higher mNeonGreen fluorescence in the 

cytoplasm (Figure 3C). The localization of KLR and KLRAA appeared to be mainly nuclear, while 

that of KLREE was mainly cytoplasmic. When the ratio of cytoplasmic to nuclear mNeonGreen 

fluorescence intensity was calculated, it was significantly higher for KLREE than either KLR 

(p<.001, two-tailed t-test) or KLRAA (p<.001, two-tailed t-test) (Figure 3D), indicating that cells 

expressing KLREE have more mNeonGreen fluorescence in the cytoplasm than those expressing 

KLR or KLRAA. These results are consistent with our expectation that the non-phosphorylatable 

KLRAA would localize mainly to the nuclei, while phosphomimetic KLREE would localize mainly to 

the cytoplasm.  

 

Addition of a plant MAPK docking domain to KLR facilitates subcellular localization shifts in 

response to chitin 

The experiments described above using the KLREE construct containing phosphomimetic 

mutations suggested that the KLR reporter may have the potential to report kinase activity in 

plant cells. The KLR reporter, however, does not contain any kinase docking domain. In order to 

test KLR’s potential as plant MAPK reporter, it was therefore first necessary to add a plant 

MAPK docking domain to the KLR construct. For this experiment, we incorporated the MKP1 

substrate domain from our previously described plant MAPK FRET biosensor SOMA (Zaman et 



 

 
 

133 

al., 2019; Ulm et al., 2001) into KLR, creating KLR-MKP1 (Figure 3A). Since SOMA is able to 

report MAPK activity in living plant tissue, we reasoned that the MKP1 substrate domain must 

possess a functional plant MAPK docking domain. To minimize potentially confounding effects 

of the phosphosite present in this MKP1 substrate domain (Zaman et al., 2019; Schweighofer et 

al., 2007; Umbrasaite et al., 2010) we mutated that phosphorylation site to alanine so that the 

only phosphorylation sites present on the KLR-MKP1 construct were those present in the bNLS 

domain. 

Arabidopsis lines stably expressing KLR-MKP1 were created and seedlings of these lines 

were placed in imaging chambers that allowed us to apply chemical treatments to the samples 

during imaging (Vang et al., 2018). In order to determine if KLR-MKP1 had the potential to 

report in vivo changes in MAPK activation, we subjected the seedlings to treatment with an 

aqueous suspension of chitin, which is known to elicit the rapid activation of MPK3/6 in 

Arabidopsis (Miya et al., 2007; Wan et al., 2004; Yamada et al., 2016). Root tip cells of these 

seedlings were imaged using confocal microscopy to measure mNeonGreen and mRuby3 

fluorescence. For each experiment, the first image was taken prior to chitin treatment while the 

seedling was resting in pure water. After this image was taken, the water within the imaging 

chamber was replaced with an aqueous suspension of chitin, and two additional images were 

collected at time points 12 min and 52 min following chitin treatment. 

When the three time points of the mNeonGreen channel were examined, we observed 

weaker nuclear fluorescence and stronger cytoplasmic fluorescence at the 12 min time point in 

comparison to the 0 min and 52 min time points. In contrast, there were no substantial 

differences between the three time points for the mRuby3 channel (Figure 3E). When the 
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fluorescent emission intensity was quantified, the nuclear mNeonGreen signal at the 12 min 

mark had decreased by ca. 60% when compared to the 0 min time point, while the cytoplasmic 

mNeonGreen fluorescent intensity had increased by ca. 61% (Figure 3G). In contrast, the 

difference in nuclear and cytoplasmic mNeonGreen fluorescent intensities at the 52 min time 

point to those of the 0 min time point were ca. 0% and ca. 5%, respectively (Figure 3G). This 

data is consistent with a model in which the KLR-MKP1 reporter transiently leaves the nucleus 

for the cytoplasm in response to chitin treatment. 

As a control, we also tested the response to chitin of the KLR reporter lacking a MAPK 

docking domain. In these experiments, chitin treatment had no effect on the nuclear 

localization of KLR (Supplemental Figure 2 A-C). This result is consistent with the hypothesis 

that a MAPK docking domain is required for KLR to change its subcellular localization in 

response to treatments know to activate MAPK activity in Arabidopsis. 

Based on these results, the addition of the MKP1 substrate domain to KLR resulted in a 

reporter that appears to have changed localization in response to chitin treatment in 

Arabidopsis seedlings. To determine if this apparent change in localization was dependent on 

the bNLS phosphorylation sites present in KLR, the phosphosites were mutagenized to non-

phosphorylatable alanine residues, resulting in a “phosphodead” KLRAA-MKP1 reporter. When 

seedlings expressing KLRAA-MKP1 were treated with chitin, no substantial changes in either 

mNeonGreen or mRuby3 fluorescent signal were observed (Figure 3F, 3H). These results are 

consistent with a model in which the nucleocytoplasmic shuttling of KLR-MKP1 is regulated by 

its phosphorylation sites, likely through their phosphorylation. 
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KLR-MKP1 exhibited shifts in localization in Arabidopsis cotyledons in response to different 

chemical treatments known to trigger MAPK activation  

To further explore the potential of KLR-MKP1 as a MAPK biosensor, we tested the 

behavior of KLR-MKP1 under experimental conditions that had been previously used to 

characterize the Arabidopsis MAPK FRET biosensor SOMA (Zaman et al., 2019). Arabidopsis 

cotyledons expressing KLR-MKP1 were imaged every 2 min, with chitin added between the 8 

min and 10 min time points (Figure 4A). As cytoplasmic mNeonGreen fluorescence was difficult 

to quantify in this tissue type, fluorescent emission intensity was measured solely in the nuclei 

of cells. In response to chitin, the nuclear mNeonGreen signal of KLR-MKP1 dropped ca. 60% 

before returning to pre-treatment levels at the 52 min time point, while nuclear mRuby3 

exhibited no such change (Supplemental Figure 3A). 

As we were unable to accurately quantify cytoplasmic mNeonGreen signal, we 

normalized the data by dividing the nuclear mRuby3 fluorescence intensity by the nuclear 

mNeonGreen fluorescent intensity (Figure 4E), following the convention established by the 

developers of the nKTR reporter [53]. Normalizing the data in this way produces numerical 

results in which an increase in kinase activity is expected to result in an increase in the nuclear 

mRuby3/mNeonGreen ratio. When this approach was employed, the resulting ratio of nuclear 

mRuby3/mNeonGreen fluorescence intensity rapidly increases upon exposure to chitin, 

reaching a peak gain of ca. 180% before returning to basal levels 42 min after chitin was added. 

The increase in this ratio is driven by dramatic reductions in the nuclear mNeonGreen signal, 

while the nuclear mRuby3 signal does not undergo large changes (Supplementary Figure 3A).  
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We also repeated this experiment using the non-phosphorylatable KLRAA-MKP1 as a 

control. When cotyledons expressing KLRAA-MKP1 were treated with chitin (Figure 4B), there 

was no increase in the mRuby3/mNeonGreen ratio (Figure 4F), and the nuclear mNeonGreen 

fluorescence signal did not display any dramatic changes (Supplementary Figure 3B). The 

observation that KLRAA-MKP1 does not change localization in response to chitin treatment is 

consistent with our hypothesis that phosphorylation of the bNLS is responsible for the changes 

in nuclear fluorescence observed with KLR-MKP1. As additional controls, cotyledons expressing 

either construct were also treated with pure water rather than the aqueous chitin solution, 

(Figure 4C-D, G-H, Supplementary Figure 3C-D) or imaged with no additional manipulation 

(Supplementary Figure 4A-F). No substantial responses were observed for these experiments, 

demonstrating that the imaging protocol was not responsible for the changes in nuclear 

mNeonGreen fluorescence observed when cotyledons expressing KLR-MKP1 were exposed to 

chitin. 

We next wanted to determine if KLR-MKP1 localization could be affected by additional 

chemical treatments know to activate MAPKs. Cotyledons expressing KLR-MKP1 were treated 

with either the synthetic flagellin peptide flg22 (Figure 5A, C, Supplementary Figure 5A) or NaCl 

(Figure 5B, D, Supplementary Figure 5B). Both treatments have been previously demonstrated 

to trigger MAPK activation [8, 10, 11, 14, 82-86] and had also induced an increase in FRET 

efficiency for the plant MAPK FRET biosensor SOMA [44]. When cotyledons expressing KLR-

MKP1 were exposed to a 1 µM solution of flg22, an initial increase in the nuclear 

mRuby3/mNeonGreen ratio of ca. 190% was observed, which lasted a for 46 min (Figure 5C). 

This first peak was followed by a weaker second increase approximately 47 min after flg22 was 
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added. When 150 mM NaCl was the treatment, the increase in nuclear mRuby3/mNeonGreen 

ratio was smaller, with a gain of ca. 92% and more transient, lasting for only 26 min (Figure 5D). 

The observation that KLR-MKP1 displays different responses to chitin, flg22, and NaCl 

treatments raises the possibility that this type of biosensor can offer insights into the 

mechanisms by which these external stimuli can lead to differential activation of response 

pathway(s). 

 

Incorporating the AP2C1 docking domain into KLR produces a biosensor that changes 

localization in response to chitin 

 The work described above with KLR-MKP1 suggested that KLR has the potential to serve 

as a kinase activity reporter in Arabidopsis provided that a MAPK docking domain is added to 

the construct. To further test this hypothesis, we wanted to determine if adding a different 

MAPK docking domain to KLR would produce a biosensor able to respond to chitin treatment. 

For this experiment, we chose the AP2C1 docking domain that we characterized using the in 

vitro docking domain trap described above in section 2.2. We chose this docking domain 

because it had driven the highest MAPK-induced increase in FRET efficiency in the in vitro assay. 

The KLR construct that we produced by adding the AP2C1 docking domain was named KLR-

AP2C1. A “phosphodead” variant of this biosensor was also created by mutagenizing the bNLS 

phosphorylation sites into alanine to produce KLRAA-AP2C1.  

Cotyledons from stable transgenic lines expressing either KLR-AP2C1 or KLRAA-AP2C1 

were treated with chitin, pure water, or received no treatment (Figure 6A-H, Supplemental 

Figure 6A-D, Supplemental Figure 7A-F). The addition of chitin to cotyledons expressing KLR-
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AP2C1 triggered a ca. 193% increase in the nuclear mRuby3/mNeonGreen ratio over 32 min 

(Figure 6B), corresponding to a ca. 42% drop in nuclear mNeonGreen signal over the same 

period of time (Supplemental Figure 6E). As expected, pure water and no treatment did not 

induce a gain in the nuclear mRuby3/mNeonGreen ratio nor a drop in nuclear mNeonGreen 

signal. These results demonstrated that a MAPK docking domain identified by the in vitro 

docking domain trap could be added to the KLR construct to produce a biosensor capable of 

exhibiting a shift in subcellular localization in response to a chemical elicitor known to induce 

MAPK activity.  

 

Discussion 

MAPKs play an essential role in mediating numerous cellular processes. In many 

signaling networks, activation of MAPKs is necessary to translate external stimuli into a specific 

biological response. To better understand the mechanisms by which MAPKs operate, 

quantification of their spatiotemporal dynamics would be advantageous. Genetically encoded 

biosensors serve as potential tools for capturing these kinetics, offering several advantages 

over biochemical methods for studying kinase activation. In animal models, fluorescent 

biosensors targeted to MAPKs have been widely used, while application of these tools to the 

field of plant MAPK research has lagged behind. To facilitate further adoption of MAPK 

fluorescent biosensors for plant research, we have established an experimental pipeline that 

utilizes both in vitro and in vivo components to efficiently streamline the process of developing 

new fluorescent biosensors for studying MAPKs in plants. 
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The first part of this paper describes an in vitro FRET-based assay for evaluating plant 

MAPK docking domains. This “docking domain trap” was developed by repurposing a FRET-

based biosensor developed for studying the activation of MAPKs in animal cells called EKAREV 

(Komatsu et al., 2011). EKAREV possesses a phosphoamino acid binding domain, 

phosphoacceptor domain, two fluorophores, and a linker that have all been shown to work 

effectively together to serve as a kinase activity biosensor. For application in plants, the only 

functional element missing from this construct is a MAPK docking domain that interacts 

effectively with plant MAPKs. Indeed, inserting known plant MAPK docking domains from the 

Arabidopsis proteins BASL or AP2C1 into the EKAREV backbone resulted in biosensors that 

underwent a 10-fold increase in their FRET efficiency when treated with constitutively active 

versions of the Arabidopsis MAPKs MPK4 or MPK6 when compared to the EKAREV backbone 

alone (Berriri et al., 2012). Furthermore, mutagenizing the phosphorylation site within the 

EKAREV phosphoacceptor for either construct abolished this increase in FRET, suggesting that 

the CA-MAPK isoforms induce an increase in FRET efficiency in a phosphorylation-dependent 

manner.  

One of the potential applications of this plant MAPK docking domain trap would be the 

development of fluorescent biosensors that specifically report the activation of a single MAPK 

isoform. A systematic approach to accomplishing this goal would be to screen a large panel of 

candidate docking domains in vitro using the EKAREV plant MAPK docking domain trap to find 

candidate sequences that show promising activity profiles in response to a panel of 

constitutively active MAPK variants that can be effectively expressed as recombinant proteins. 

Site directed mutagenesis or molecular evolution could then be employed to further refine 
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these candidate sequences to ultimately produce a docking domain that possesses input 

specificity towards a MAPK isoform of interest. These docking domains could then be deployed 

in vivo as either FRET biosensors using the EKAREV backbone or as translocation biosensors 

using the approach described below. If such isoform-specific reporters can be developed, they 

should allow researchers to more precisely investigate issues related to specificity and cross-

talk in plant signaling pathways. 

In addition to the docking domain trap described above, the other main focus of our 

study was to expand the types of fluorescent kinase biosensors currently available to plant 

researchers. For this work we focused on translocation biosensors, which are a type of kinase 

reporter that changes its subcellular localization in response to phosphorylation of a bNLS/NES 

module present within the biosensor (Regot et al., 2014). Starting with the nKTR reporter 

developed for measuring kinase activity in C. elegans (de la Cova et al., 2017), we removed the 

44 amino acid Elk1 docking domain and optimized the coding sequence for expression in plants, 

naming the resulting construct KLR for Kinase Localization Reporter. To investigate whether KLR 

localization was influenced by the phosphorylation status of the bNLS/NES domain, we created 

a “phosphodead” KLRAA variant and a “phosphomimetic” KLREE variant in which the two 

phosphorylation sites were mutated to either alanine or glutamic acid residues. KLRAA was 

localized largely in the nucleus, while the phosphomimetic KLREE was localized largely in the 

cytoplasm. These results suggested that the phosphorylation-responsive bNLS/NES developed 

for animal cells was functional in plant cells. Follow-up experiments in which we added plant 

MAPK docking domains to our KLR construct provided further evidence that KLR has the 

capacity to serve as a kinase reporter in plants. Specifically, we observed that KLR variants with 
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plant MAPK docking domains showed transient reductions in nuclear fluorescence emission 

intensity when plant tissue expressing these reporters was exposed to chitin, flg22, or NaCl, 

which are treatments known to activate MAP kinases in plants.  

Our observation that the nuclear fluorescence intensities of KLR-MKP1 and KLR-AP2C1 

undergo transient reductions in response to stress treatments known to activate MAPKs is 

consistent with the hypothesis that these biosensors are reporting the activity of MAPKs in vivo. 

Further experimentation will be needed, however, to prove this hypothesis. Our observation 

that the phosphorylation sites within the bNLS/NES of KLR are necessary for the stress-induced 

changes in nuclear fluorescence intensity is consistent with the idea that phosphorylation of the 

NLS/NES by a kinase is responsible for the changes in fluorescent signal observed. In order to 

prove that a MAPK is responsible for this in vivo phosphorylation, it will be necessary to 

generate transgenic lines that express the KLR-MKP1 or KLR-AP2C1 reporter in a genetic 

background carrying null mutants of one or more Arabidopsis MAPKs. Because many MAPK 

substrates in Arabidopsis are able to be phosphorylated by multiple MAPK isoforms (Krysan & 

Colcombet, 2018), it may be necessary to work with mutant lines that have more than one 

member of the MAPK gene family knocked out. This approach is complicated by the fact that 

MPK3/6, the two MAPKs known to interact with MKP1 and AP2C1, are a synthetic lethal gene 

pair (Wang et al., 2007). In our previous work with the plant MAPK FRET biosensor SOMA, we 

demonstrated how the use of an analog-sensitive variant of MPK6 expressed in a mpk3/6 null 

background can enable one to use a chemical inhibitor to specifically switch off MPK6 activity 

(Zaman et al., 2019; Bishop et al., 2000; Xu et al., 2014). Using that approach, we were able to 

demonstrate that the SOMA biosensor was reporting MPK6 activation in response to NaCl 
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treatment. A similar approach could be taken to directly test if KLR-MKP1 or KLR-AP2C1 are 

acting as MAPK biosensors in Arabidopsis.  

In this study we have described an experimental pipeline for building new FRET and 

translocation biosensors as complimentary tools to study MAPK signaling in Arabidopsis. The 

first component of this pipeline is an in vitro FRET-based assay for identifying and assessing the 

specificity of plant MAPK docking domains. Docking domains that perform well in this in vitro 

assay can remain within the EKAREV construct to be directly used as MAPK FRET biosensors in 

plants or swapped into the KLR translocation biosensor construct for use in vivo. It is our hope 

that this pipeline will allow the diversity of plant MAPK fluorescent biosensors to continue to 

grow and broaden, providing the research community with additional tools to further 

document and explore the role MAPKs play in the regulation of signaling pathways in plants. 

 

Materials and Methods  

Plasmid construction  

EKAREV was a kind gift from Michiyuki Matsuda and Kazuhiro Aoki. Specifically, we used 

the previously described SOMA construct (Zaman et al., 2019) and replaced the substrate 

domain encoding amino acid residues 15-94 of the Arabidopsis MKP1 protein with the 18 amino 

acids that make up the optimized substrate sequence in the EKAREV construct, including the 

FQFP kinase docking domain, (Komatsu et al., 2011) using restriction enzyme cloning. To create 

EKAREV-BASL, a region encoding amino acid residues 51-89 of the Arabidopsis BASL protein was 

added to the EKAREV construct. Additionally, the serine at position 72 of the BASL protein was 

mutagenized to an alanine. To create EKAREV-AP2C1, a region encoding amino acid residues 
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92-124 of the Arabidopsis AP2C1 protein was added to the EKAREV construct. To create the 

phosphorylation site mutant forms of the above EKAREV variants, site-directed mutagenesis 

was performed to change the coding sequence at the threonine phosphorylation site of the 

sensor protein to alanine. The resulting protein-coding sequences were then cloned into a 

derivative of Pet-32(a)+ (Millipore Sigma, http://www.merckmillipore.com/) for expression of 

recombinant proteins in E. coli. Plasmid maps and DNA sequence for pET-EKAREV, pET-EKAREV-

BASL, pET-EKAREVT48A-BASL, pET-EKAREV-AP2C1 and pET-EKAREVT48A-AP2C1 are provided in 

Data Files S1-S5 and Supplemental Figures S8-S12. The full plasmid maps for the pKLR 

expression vector and its derivatives pKLRAA, pKLREE, pKLR-AP2C1, pKLRAA-AP2C1, pKLR-MKP1, 

and pKLRAA-MKP1 are provided in Data Files S6-S12 and Supplemental Figures S13-S19. 

 

In vitro FRET assay  

The in vitro FRET assay was performed as previously described (Zaman et al., 2019). 

Recombinant EKAREV, SOMA, EKAREV-BASL, EKAREVT48A-BASL, SOMAT679A, EKAREV-AP2C1, 

EKAREVT48A-AP2C1, CA-MPK6 and CA-MPK4 were expressed in the Rosetta2 strain of E. coli 

(Millipore Sigma). CA-MPK6 and CA-MPK4 are constitutively active forms of Arabidopsis MPK6 

and MPK4, respectively Berriri et al., 2012). Plasmids expressing CA-MPK6 or CA-MKP4 were 

kind gifts from Jean Colcombet. To perform the assay, Rosetta2 E. coli cells were grown 

overnight in 1 ml Lysogeny broth (LB) with the appropriate antibiotics at 25°C at 276 

revolutions per min (RPM). The next day, 200 µl of each culture was added to fresh tubes of 1 

ml LB containing the appropriate antibiotics and 0.1 mM Isopropyl ß-D-1-thiogalactopyranoside 

(IPTG) (Sigma-Aldrich), before growing overnight at 25°C at 276 RPM. The next day, the 1.2 ml 
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cultures were spun down, supernatant removed, and the tubes were incubated at -20°C for at 

least 30 min. Tubes were then returned to room temperature and the cell pellets was treated 

with 200 µl Bug Buster reagent (Millipore Sigma) for the E. coli expressing biosensor proteins or 

100 µl Bug Buster for the E. coli expressing CA-MPK6 or CA-MPK4. Samples were then 

centrifuged at 4°C at 13,000 RPM in a microcentrifuge and the cleared lysate was transferred to 

new tubes. 7 µl of the cleared lysate containing recombinant biosensor protein was added to a 

reaction containing 25 mM 2-amino-2-(hydroxymethyl)-1,3-propanediol (TRIS)-HCl, 0.5 mM 

DTT, 5 mM MgCl2, 0.1 mM ATP, 100 mM NaCl and water to a total volume of 200 µl. For 

reactions including CA-MPK6 or CA-MPK4, 4 µl of the appropriate CA-MAPK cleared lysate was 

also added. The reactions were then incubated at room temperature for 30–60 min and the 

fluorescent emission spectrum was measured using a QuantaMaster 40 Spectrofluorometer. 

Excitation was performed at 420 nm, and the emission range analyzed was 465–545 nm. The 

slit size for both excitation and emission was 5 nm with a step size of 0.5 nm and integration of 

0.1 nm. All experiments were performed with at least three technical reps. 

 

Transgenic lines 

Transgenic lines expressing KLR, KLRAA, KLREE, KLR-MKP1, KLRAA-MKP1, KLR-AP2C1, and 

KLRAA-AP2C1 were produced via the floral dip method using the GV3101 strain of 

Agrobacterium tumefaciens (Clough & Bent, 1998). Primary transformants expressing the 

biosensor constructs were identified by screening seedlings with an epifluorescence 

microscope. These seedlings were 4-day-old seedlings germinated on 1% agar (w/v) plates 

containing 0.5x Murashige and Skoog basal salt mixture. Seedlings exhibiting strong 
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fluorescence were transferred to soil and seed was collected. Seed for the transgenic lines is 

available via the Arabidopsis Biological Resource Center (ABRC) (http://abrc.osu.edu/). 

 

Plant material and growth conditions 

To prepare seedlings for confocal imaging, seeds were surface sterilized using 95% 

ethanol and then plated onto growth media composed of 1% agar (w/v) containing 0.5x 

Murashige and Skoog basal salt mixture in 130 mm square Petri dishes. The samples were 

incubated in the dark at 4°C for 2 days to stratify the seeds and then placed under constant 

light at 20–25°C with the plates in a vertical orientation. Seedlings were collected for imaging 

after the plates had been under light for 3-4 days. Cotyledons were collected for imaging after 

the plates had been under light for 4–5 days. 

 

Confocal microscopy 

Whole seedlings or detached cotyledons were prepared for imaging on the confocal 

microscope using the previously described HybriWellTM method (Vang et al., 2018). Briefly, a 5 

µl drop of ultrapure water was placed on a 45 mm x 55 mm microscope cover glass. Then, the 

sample was placed on top of the droplet (cotyledons were place abaxial side down). The sample 

was gently submerged by dripping water around it with a pipette. Excess water was then 

removed, and a HybriWellTM (Grace Bio-Labs, http://gracebio.com/, cat. no. 611102) was gently 

placed on the cover slide with the sample centered to form a 150 µm deep imaging chamber 

with a volume of 30 µl. The dimensions of the chamber are such that the sample is gently held 

in place by pressure from the top of the chamber, but liquid can still pass between the sample 
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and the cover glass (Vang et al., 2018). Then, 400 µl of ultrapure water was injected through 

one of the HybriWellTM ports using a pipettor to fill the 30 µl chamber with water and expel any 

air bubbles. A 200 µl droplet of ultrapure water was then placed on one of the ports to prevent 

the chamber from drying out. The HybriWellsTM were then placed in covered Petri dishes and 

equilibrated by incubating at 20–23°C under constant light for 12-16 hours prior to imaging. 

Confocal microscopy was performed using a Zeiss LSM 780 (http://www.zeiss.com/) 

with a 40x objective for root tips or a 20x objective for cotyledons. mNeonGreen was excited at 

458 nm at 2% power and mRuby3 was excited at 561 nm at 2.5% power. Emission was 

measured between 489 nm and 544 nm for mNeonGreen and between 579 nm and 632 nm for 

mRuby3. Z-stacks were collected every 2 min with an optical slice thickness of 2 µm. 

Chemical treatments were added to the samples during imaging by pipetting 200 µl of 

solution containing the treatment onto one port of the HybriWellTM. For chitin treatment, 200 

mg of chitin from shrimp shells (Sigma, http://www.sigmaaldrich.com/, cat. no. C7170–100G) 

was added to a 1.5 ml Eppendorf tube containing two steel pellets and ground at 25 Hz for 10 

min using a Retsch MM 200 mixer mill (Retsch, http://www.retsch.com/). The pulverized chitin 

was then added to 5 ml of pure water and vortexed briefly prior to use for a working 

concentration of 40 mg/ml. For flg22 treatment, a 1 µM solution of synthetic flg22 peptide 

(QRLSTGSRINSAKDDAAGLQIA) (PhytoTechnology Laboratories, http://phytotechlab.com/, cat. 

no. P6622) in 5 ml pure water was used. 

 

Image analysis 
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Post-processing of the raw image data was performed using Fiji (Schindelin et al., 2012). 

Image sets were concatenated before the ‘Z-projection’ function was performed on an image 

stack using the ‘Max Intensity’ setting. To quantify the emission channels individually, the 

‘Subtract Background’ function was performed, with the ‘rolling ball radius’ set at the default 

50 pixels. The resulting image stack was then converted to 32-bit, and the ‘Threshold’ function 

was performed with the default values by selecting ‘Apply’ and enabling the ‘Set to NaN’ 

option. To create a merged image, the channels were split and then merged back together. 

Movies S11, S13, S14, S15, S16, S19-S26, S29 and S30 present time-course videos of the merged 

image data for select experiments. 

To create a ratio image, the Z-projection was divided into separate mNeonGreen and 

mRuby3 emission channels. The ‘Subtract Background’ function was performed on both images, 

with the ‘rolling ball radius’ set as the default 50 pixels. A mask was then created from the 

mRuby3 channel using the ‘Convert to Mask’ function. The background subtracted mRuby3 and 

mNeonGreen images were then converted into 32-bit images. These 32-bit images were then 

multiplied by the Mask file. The resulting mRuby3 image was divided by the resulting 

mNeonGreen image using the ‘Image Calculator’ function to create a ratio image representing 

the ratio of mRuby3 to mNeonGreen emission. Finally, the ‘Threshold’ function was performed 

using the default values, with the ‘NaN background’ option enabled. The ‘Fire’ lookup table was 

then applied to the final ratio image. To measure the ratio of mRuby3 to mNeonGreen 

emission, a region of interest (ROI) containing a nucleus was manually selected using Fiji and 

then average intensity was measured. For time-course experiments, the change in the mRuby3 

to mNeonGreen emission ratio was normalized to the initial value of the mRuby3/mNeonGreen 
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emission ratio and plotted versus time. Movies S1-S10, S12, S17, S18, S27, and S28 present 

time-course videos of the ratio image data for selected experiments. 
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Chapter 5: Summary, Future Directions and Conclusions 
 
Abstract 

The development of two genetically encoded fluorescent biosensors for studying kinase 

activity in Arabidopsis provides a base for further elucidation of kinase spatiotemporal kinetics. 

Future topics of study will address whether the translocation biosensor KLR can report MAPK 

activity, and if so, which MAPK isoforms can interact with this biosensor. Additionally, the 

ability of KLR and SOMA to act as indicators of kinase activity can be further explored. One of 

the methods I utilized to apply these biosensors to interrogating the signaling processes 

underlying plant growth and development was through application of the HybriWellTM. This 

device provides the means to create dosage-curve responses for a number of abiotic and biotic 

stress elicitors, which would generate MAPK activity profiles in response to these treatments 

and provide additional information on how external stimuli are translated into downstream 

responses with plant cells. While these experiments would provide information on how MAPKs 

respond to abiotic and biotic stressors, these fluorescent biosensors can also be utilized to 

address the role of MAPKs in other biological processes, such as growth and development. Both 

KLR and SOMA can be utilized in long-term confocal experiments to document MAPK kinetics 

during the plant life cycle. Finally, the creation of the plant MAPK docking domain trap provides 

the means for efficiently expanding the current pool of plant MAPK biosensors. Future work 

with this assay would focus on developing fluorescent biosensors with MAPK isoform input 

specificity.  
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Chapter 5: Summary and Future Directions 
 
Summary 

Ultimately, the aim of this dissertation work was to develop a suite of tools that would 

allow documentation of the dynamic activities of plant Mitogen-activated Protein Kinases 

(MAPKs) in fine detail. Achieving this goal would provide us with the means by which to further 

elucidate the mechanisms by which MAPKs regulate various plant biological processes. For that 

purpose, I developed and assessed genetically encoded fluorescent-based biosensors targeted 

towards Arabidopsis MAPKs. The real-time high resolution and spatiotemporal clarity offered 

by these reporters can provide novel insights into the complex kinetics of the regulation of 

these kinases, which in turn can enrich our understanding of the regulatory mechanisms that 

govern their activity and allow signaling networks to run smoothly. 

Chapter 2 of my thesis described a novel method for performing live-cell imaging of 

plant tissue using confocal microscopy (Vang et al., 2018). Experimentation found that a 

commercially available device called a HybriWellTM can maintain plant tissue in a relatively 

stress-free and steady-state environment during imaging. Additionally, the design of this 

apparatus permits the application of chemical treatments to the samples by exchanging the 

fluid surrounding the sample with a new solution. These traits result in an ideal tool for adding 

multiple successive chemical treatments to Arabidopsis plants expressing MAPK fluorescent 

biosensors during imaging, which can in turn be used to interrogate the response of said 

biosensors to chemical treatments containing MAPK activators.  
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Chapter 3 of my thesis described the first published genetically encoded fluorescent 

biosensor for studying MAPK activation in Arabidopsis, a FRET-based reporter named Sensor Of 

MAPK in Arabidopsis (SOMA) (Zaman et al., 2019). Through utilization of in vitro and in vivo 

experiments, I provided compelling evidence that SOMA is sensitive to the activity of the 

Arabidopsis MAPKs. I also documented the response of SOMA to known abiotic and biotic 

elicitors of MAPK activation in Arabidopsis. While the patterns of change in the FRET efficiency 

of SOMA in response to these stress treatments were consistent with the published literature 

(Droillard et al., 2004; Wan et al., 2004; Ichimura et al., 2006; Meszaros et al., 2006; Dóczi et al., 

2007; Suarez-Rodriguez et al., 2007; Yu et al., 2010; Yamada et al., 2016), I also documented 

what seemed to be previously unobserved heterogeneity in MAPK kinetics within Arabidopsis 

cotyledon epidermal cells at the tissue, cellular, and subcellular levels. As such, this body of 

work provided proof-of-principle data establishing SOMA as the first fluorescence biosensor for 

reporting MAPK activation kinetics in living Arabidopsis plants, while also exploring how this 

tool could be used to further contribute to the body of knowledge for plant MAPK signaling. 

Chapter 4 of my thesis is focused on my work developing methods to facilitate the 

generation of new plant MAPK fluorescent biosensors (Seitz & Krysan, under review). The first 

generation of any technology is never optimal, and while SOMA was a valuable first step in 

establishing plant MAPK fluorescent biosensors, there is always an insatiable need for improved 

tools. Based on the experience that I gained developing the first plant kinase fluorescent 

biosensor, my aim was to develop an experimental pipeline that would make building the 

second generation of plant kinase biosensors more efficient. My approach to this challenge was 

to first develop an in vitro method to identify plant MAPK docking domains. Although docking 
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domains are a critical component of previously described kinase biosensors (Harvey et al., 

2008; Fosbrink et al., 2010; Oldach & Zhang, 2014; González-Vera & Morris, 2015), MAPK 

docking domains have not been well characterized functionally in plants (Nakagami et al., 2005; 

Feilner et al, 2005; Pitzschke et al., 2009; Singh et al., 2012; Pitzschke, 2015). I therefore 

established a plant MAPK docking domain trap to address the need for an efficient functional 

assay for characterizing plant MAPK docking domains. Inserting known plant MAPK docking 

domains into this pre-optimized FRET-based backbone resulted in FRET-based biosensors that 

displayed significant increases in FRET efficiency in vitro when active MAPK isoforms were 

present. While I only assessed the validity of this plant MAPK docking domain trap with known 

plant MAP docking domains, it is my expectation that this tool also has the potential to be able 

to identify novel plant MAPK docking domains by performing targeted screening of additional 

candidate sequences. 

The other technical advance described in Chapter 4 is the development of the first 

fluorescent translocation biosensor for studying MAPKs in Arabidopsis, which we named a 

Kinase Localization Reporter (KLR). Phosphomimetic mutations in the synthetic bipartite 

Nuclear Localization Signal/Nuclear Exclusion Signal (bNLS/NES) domain of KLR caused  it to 

exhibit a change in subcellular localization, suggesting that the phosphorylation status of the 

bNLS/NES module could regulate KLR subcellular localization. Additionally, inserting different 

plant MAPK docking domains into the KLR backbone (including a docking domain that had 

performed favorably in the plant MAPK docking domain trap) resulted in biosensors that 

displayed changes in subcellular localization in vivo in response to chemical treatments known 
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to activate MAPKs in Arabidopsis, further supporting the hypothesis that KLR can function as an 

Arabidopsis kinase activity reporter.  

Combining the two tools described above produces a pipeline in which plant MAPK 

docking domains can be identified using the in vitro docking domain trap assay. These docking 

domains can then be directly used in vivo as new FRET kinase biosensors, or employed in the 

KLR backbone to produce a kinase localization reporter for use in vivo. This pipeline can 

therefore be utilized to expand the pool of available plant MAPK biosensors in a rapid and 

efficient manner, which in turn should increase the opportunities for applying these tools to 

documenting MAPK activation kinetics in living plant tissues and cells. 

  

Future Directions 

The work described in this thesis has focused on the development of novel tools that 

allow plant scientists to visualize the activation of MAPKs in living plant cells and tissues. 

Although I was able to perform several pilot proof-of-principle experiments demonstrating the 

potential of these new tools as elucidators of plant signaling pathways, the main focus of my 

work was on the technical aspects of these fluorescent biosensors. Two potential next phases in 

the experimental progression of this project are: (1) further validation and optimization of 

these tools as reporters of plant MAPK kinetics, and (2) applying these biosensors to a specific 

signaling pathway of interest to determine what new insights can be gained through the 

application of this technology. The remainder of this chapter will explore a number of possible 

next steps that could be taken to address these two aims and to follow-up on the advances 

reported in this thesis. 
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Additional characterization of the kinase translocation biosensor KLR 

My initial work with KLR suggests that it may function as a bona fide MAPK biosensor in 

vivo. The evidence that KLR may be functioning as a plant kinase reporter can be summarized as 

follows: (1) phosphomimetic mutations to KLR result in the biosensor changing subcellular 

localization from nuclear to cytoplasmic. (2) In the absence of a plant MAPK docking domain, 

KLR does not exhibit a shift in localization when plant cells expressing KLR are exposed to chitin, 

a treatment known to activate plant MAPKs. (3) If a plant MAPK docking domain is added to 

KLR, the resulting biosensor rapidly changes its subcellular localization when plant cells 

expressing the reporter are treated with chitin. (4) If the known phosphoacceptor sites in KLR 

are mutagenized to alanine residues, the subcellular localization of KLR does undergo a 

redirection in response to chitin, even when a plant MAPK docking domain is present. Taken 

together, these results all strongly support the conclusion that KLR is functioning as a plant 

kinase sensor, and that those kinases are potentially MAPKs. However, additional 

experimentation is needed to fully prove this hypothesis. 

The method we previously utilized to demonstrate that the FRET sensor SOMA was 

reporting MAPK activity in vivo involved an analog-sensitive variant of MAPK6 (Bishop et al., 

2000; Berriri et al., 2012; Zaman et al., 2019). In those experiments, I demonstrated how 

application of a chemical inhibitor specific for an engineered MPK6 variant blocked the increase 

in FRET efficiency observed for SOMA when the samples were treated with NaCl. Considering 

the success of this experiment, it could serve as a potential means to determine which kinases 

are targeting KLR. By introducing KLR into the analog-sensitive MPK6 background and treating 
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this line with NaCl, we may be able to determine if MPK6 is responsible for the NaCl-induced 

subcellular localization changes displayed by KLR. Additionally, as analog sensitive variants of 

MPK3 and MPK4 are now also available (Leissing et al., 2016), similar experiments could be 

performed with those lines to further explore the input specificity of KLR. Favorable results 

from these experiments would strongly indicate that KLR is capable of being phosphorylated by 

MAPKs, and thus can serve as an indicator of MAPK activity in Arabidopsis thaliana. 

 

Generating biosensor response curves for SOMA and KLR in response to select abiotic and 

biotic stressors 

One common method for utilizing fluorescent biosensors involves generating biosensor 

response curves (Ritz et al., 2015; Greenwald et al., 2018; Hicks et al., 2020) (Figure 1). By 

exposing the biosensor to pre-specified amounts of a signal that elicit a certain, well-defined 

response, researchers can characterize many aspects of the biosensor, such as the range 

between the maximum and minimum fluorescent output (dynamic range) or the lowest 

concentration of the target which can be detected from the background response (limit of 

detection) (Hicks et al., 2020). The shape of these curves can also provide insight into the 

steady-state behavior of the signaling system the biosensor is measuring (Ferrell, 1996). 

Enzymatic activity can be typically categorized into either graded (also known as Michaelin or 

hyperbolic sensitivity) or switch-like (also known as ultrasensitivity) (Goldbeter & Koshland, 

1981; Koshland et al., 1982; Ferrel, 1996; Michaelis & Menten, 2007). A graded response is 

characterized by a gradual increase in activity that follows a generally linear relationship with 

the strength of the input signal (Figure 1A). In contrast, a switch-like response does not initially 
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respond to low levels of a stimuli until a certain concentration threshold is met, upon which the 

enzyme displays a strong respond that reaches maximal response quickly (Figure 1B). Graded 

responses are common in signaling pathways that require a proportional response to the 

strength of the signal, such as pathways that maintain homeostasis, while switch-like responses 

tend to characterize networks that are responsible for control of cell fate (Atay & Skotheim, 

2017).  

While most MAPK responses have been characterized as switch-like (Huang & Ferrell, 

1996; Ferrell & Machleder, 1998; Bagowski et al., 2003; Xiong & Ferrell, 2003; Zhang et al., 

2013), as the three-tier cascade arrangement of MAPK proteins acts as a natural translator of 

graded signal inputs into a switch-like response, graded responses have also been reported for 

several systems and model organisms (Whitehurst et al., 2004; MacKeigan et al., 2005; Santos 

et al., 2007; Perrett et al., 2013; Conlon et al., 2016). As such, generating dose-response curves 

for SOMA and KLR in response to select abiotic and biotic treatments would allow us to further 

characterize MAPK behavior within these stress and defense signaling pathways, while also 

providing insight into the potentially unique characteristics of MAPK towards each input signal, 

such as the amplitude or duration of the response or patterns of bistability or oscillations. 

Examples of abiotic stressors known to activate MAPKs in Arabidopsis that could be 

investigated this way include wounding, osmotic stress, heat stress, cold stress, UV-light stress, 

and heavy metal stress (Ichimura et al., 2000; Teige et al., 2004; Nakagami et al., 2005; Xing et 

al., 2007; Sinha et al., 2011; Smékalová et al., 2014). Examples of biotic MAPK activators that 

could be investigated in this way include microbe-associated molecular patterns (MAMPs) such 

as flagellin-22, chitin, elongation factor Tu (EF-Tu) or peptidoglycan (Nühse et al., 2000; Gómez-
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Gómez et al., 2000; Asai et al., 2002; Kunze et al., 2004; Zipfel et al., 2006; Miya et al., 2007; 

Gust et al., 2007; Willmann et al., 2011; Newman et al., 2013) or damage-associated molecular 

patterns (DAMPs) such as putative cytosolic peptides (Peps) or oligogalacturonides (Norman et 

al., 1999; Yamaguchi et al., 2006, 2010; Ferrari et al., 2007; Brutus et al., 2010; Krol et al., 2010; 

Galletti et al., 2011; Bartels et al., 2013; Hou et al., 2019). Generating these biosensor response 

curves could potentially provide further insight into the spatiotemporal dynamics of plant 

MAPK activation and how said kinetics are utilized to translate external abiotic and biotic stress 

signals into the appropriate downstream response(s). 

 

Utilizing SOMA and KLR to document the MAPK kinetics regulating growth and development 

As discussed previously, MAPKs have been implicated in numerous plant cellular 

processes, including those associated with growth and development (Xu & Zhang, 2015). One 

such pathway is that which controls the development of stomata, the microscopic pores on the 

epidermis of leaf cells that allow for gas exchange (Schroeder et al., 2001). Increased activity of 

the Arabidopsis MAPKs MPK3 and MPK6 has been documented at several key stages within the 

stomatal differentiation pathway, suggesting these kinases may act as gatekeepers during this 

process (Wang et al., 2007; Lampard et al., 2009). Additionally, MPK3 and MPK6 have been 

shown to regulate several of the proteins involved in this process, including the transcription 

factor SPEECHLESS (SPCH) (Lampard et al., 2008) and the scaffolding protein SCREAM (SCRM) 

(Putarjunan et al., 2019; Larue & Zhang, 2019), while Arabidopsis MAPK MPK4 was shown to 

phosphorylate the transcription factor MUTE in a proteomic assay (Popescu et al., 2009). 
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Exploring MAPK kinetics within this system would likely offer further insights into how the 

spatiotemporal aspects of MAPK behavior influence cellular fate and function.  

 To investigate the role of MAPKs within the stomatal differentiation pathway, I would 

suggest using SOMA and/or KLR to perform a long-term, live-cell imaging analysis of epidermal 

cells of young cotyledons. Focusing on fluorescence emission changes within primordial cells as 

they develop into mature guard cells should allow creation of a MAPK activation “map”, 

pinpointing fluctuations in MAPK activity or localization and determining if they correspond to 

initiation or completion of specific developmental stages. If this experiment is successful, it 

would be instructive to simultaneously monitor spectrally-distinctly labeled MUTE, FAMA, or 

SPCH proteins within the same tissue as the fluorescent biosensor. As these transcription 

factors function as master regulations of a specific stage of stomata development and are each 

expressed at a distinct stage in the guard cell developmental cycle (Lampard & Bergmann, 

2007), quantifying expression and degradation of these proteins while simultaneously 

documenting MAPK activity within the same cellular circumstances would offer valuable 

temporal and spatial context to the interactions between these signaling components. 

 In addition to their involvement in stomatal differentiation, genetic studies have 

recently reported that the MAPKs MPK3 and MPK6 also play a critical role in driving the initial 

cell divisions that occur during lateral root production in Arabidopsis (López-Bucio et al., 2014; 

Zhu et al., 2019; He & Meng, 2020). A similar approach to that described above for analyzing 

stomatal development could also be used to look for evidence of MAPK activation during lateral 

root development. These experiments have the potential to address prominent questions 

related to the regulation of developmental pathways in plants, such as an improved 
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understanding of the intensity and duration of MAPK activation that is necessary for 

developmental progression, as well as revealing the exact cells in which kinase activation 

occurs. Generating these kinase activation “maps” would provide critical temporal and spatial 

information within these developmental timelines, further elucidating the mechanisms by 

which MAPKs regulate these biological processes.  

 

Develop isoform-specific MAPK biosensors 

The plant MAPK docking domain trap described in Chapter 4 possesses the potential to 

be the foundation for an experimental strategy aimed at developing isoform-specific MAPK 

biosensors. Reporters which possess affinity for multiple MAPK isoforms and measure the 

integrated sum of several kinase activities may reflect the reality of the numerous shared 

substrates that comprise signaling processes within the cell. However, determining the extent 

to which specificity exists within these systems requires the development of tools capable of 

detecting measuring said specificity. MAPK isoform-specific fluorescent biosensors would 

provide the means to document specific MAPK activity within a pathway, addressing topics 

such as pathway selectivity and redundancy. Additionally, MAPK isoform-specific biosensors 

could be multiplexed within the same plant tissue, which could further enhance the 

opportunities to document interplay between signaling networks.  

Developing isoform-specific MAPK sensors would require a panel of constitutively active 

plant MAPKs that one could use for rapid in vitro testing of candidate docking domains to 

search for variants that demonstrated a strong gain in FRET efficiency in the presence of only a 

single MAPK isoform. One approach to developing isoform-specific sensors would involve 
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mutagenizing specific amino acid residues within candidate docking domains in an attempt to 

confer MAPK input specificity. Although only a few dozen plant MAPK substrate has been 

experimentally characterized (Zhang et al., 2018; Dóczi et al., 2018), the majority of these have 

possessed known plant MAPK docking domains, and in several cases publications indicated that 

the ability of the substrate to facilitate MAPK binding is dependent on key residues within the 

plant MAPK docking domain sequence (Schweighofer et al., 2007; Zhang et al., 2015; 

Putarjunan et al., 2019). Mutagenizing theses residues within the context of a fluorescent 

biosensor could therefore be used to manipulate plant MAPK docking domain affinity and could 

potentially provide a way to confer sensor specificity towards specific MAPK isoforms.  

Another method to produce isoform-specific MAPK sensors would be to use plant MAPK 

docking domains from substrate proteins that have been shown to be MAPK isoform specific 

from other publications. There exist several surveys that have compiled MPK3/MPK6 substrates 

based on yeast-two-hybrid, protein microarrays, phosphoproteomics, or in silico screening 

(Feilner et al., 2005; Sörrenson et al., 2012; Rayapuram et al., 2017; Dóczi et al., 2018), although 

many of these still need to be verified in vivo. It should also be noted that although these 

proteins have been characterized as MPK3/6 substrates, in the large majority of cases it is not 

clear where the actual plant MAPK docking domain resides within the substrate amino acid 

sequence, and roughly a third of the identified plant MAPKs substrates do not possess a known 

MAPK docking domain (Dóczi et al., 2018). Unlike the case with animal MAPK docking domains 

(Whisenant et al., 2010; Gordon et al., 2013; Zeke et al., 2015), there currently exists no 

computational tools for predicting plant MAPK docking domains, so empirical testing with a 

functional assay, such as the plant MAPK docking domain trap described in Chapter 4, is 
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necessary. The experimental approach would therefore be to take candidate substrate proteins 

that show a strong preference for either MPK3 alone or MPK6 alone and then systematically 

clone portions of that substrate protein into the docking domain trap to identify potential 

docking domains. If successful, we would find a docking domain that drives a strong MAPK-

dependent increase in FRET efficiency in an isoform-specific manner. Although not as well 

characterized, this method could also be utilized for candidate substrate proteins that exhibit a 

strong preference for other MAPKs isoforms, such as MPK4 or MPK10. Additionally, data 

accumulated from these docking domain trap assays could provide the foundation for building 

a computational tool to predict candidate plant MAPK docking domains in silico.  

 

Concluding Remarks 

In this this dissertation I have discussed the work I performed to develop two separate 

types of genetically encoded fluorescent biosensors for studying kinase activation in plants. 

While further testing is necessary to parse the extent to which these reporters can be targeted 

by specific plant kinases, they remain important first steps in establishing genetically encoded 

fluorescent biosensors as viable tools within the plant MAPK research community. The 

adoption and spread of these tools should be further facilitated by our experimental pipeline 

for efficient engineering of plant MAPK biosensors. Broadly, future work on these tools will be 

two-pronged: one approach focused on optimization and assessment, the other on utilizing 

fluorescent biosensors to investigate the spatiotemporal aspects of MAPKs behavior in both 

environmental stress response and developmental pathways.  
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