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Abstract  

Signal modulation is important for the growth and development of plants and this process is 

mediated by a number of factors including physiological growth regulators and their associated 

signal transduction pathways. Protein kinases play a central role in signaling, including those 

involving pathogen response mechanisms. We previously demonstrated an active guanylate 

cyclase (GC) catalytic center in the brassinosteroid insensitive receptor (AtBRI1) within an 

active intracellular kinase domain resulting in dual enzymatic activity. Here we propose a novel 

type of receptor architecture that is characterized by a functional GC catalytic center nested in 

the cytosolic kinase domain enabling intramolecular crosstalk. This may be through a cGMP-

AtBRI1 complex forming that may induce a negative feedback mechanism leading to 

desensitisation of the receptor, regulated through the cGMP production pathway. We further argue 
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that the comparatively low but highly localized cGMP generated by the GC in response to a 

ligand is sufficient to modulate the kinase activity. This type of receptor therefore provides a 

molecular switch that directly and/or indirectly affects ligand dependent phosphorylation of 

downstream signaling cascades and suggests that subsequent signal transduction and modulation 

works in conjunction with the kinase in downstream signaling. 

 

TEXT 

Perception of environmental stimuli and the fine tuning of responses to environmental challenges 

are vital to maintaining plant growth and development. To achieve this controlled growth and 

development, plants have repertoires of cellular receptors and signaling pathways that relay 

information between organs and cells, and within cells and between molecules. All of these 

signal pathways form complex networks that contain feedback mechanisms to maintain 

homeostasis and enable appropriate growth and developmental responses. Thus, control points 

occur at many levels within the signal cascades and involve switches that range from molecular 

generation (synthesis and processing of both RNA and protein) to molecular destruction (e.g. 

protein degradation) in response to changes in signal molecule gradients (e.g. various calcium 

ion profiles). Here we focus on intramolecular signaling and feedback as an example of 

molecular switching to maintain homeostasis at the subcellular level that enables plant growth 

and development. 

 

A series of bioinformatic searches identified specific receptor kinases as having a guanylate 

cyclase (GC) catalytic centre.
1-3

 The GC catalytic centre is embedded in the cytosolic kinase 
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domain (Fig. 1A). Recombinant studies showed the kinase domain of several of these receptor 

kinases have GC activity.
1,4-7

 Combined with observations of increased cGMP production in a 

time dependent manner in protoplasts treated with the natural ligand to the receptor,
4,8,9

 it seemed 

likely that these molecules operate as ligand activated GCs in vivo. As only very low levels of 

cGMP were generated in the recombinant protein studies we used mass spectrometry analysis of 

the recombinant kinase domains which indicates that cGMP is indeed produced.
4,7

 These low 

cGMP levels raised speculation about the biological role of the GC in these receptors.
3,10

 At this 

stage we can only speculate that key in vivo components are missing from the in vitro assays 

since specific mutations decrease cGMP production as predicted.
4,7

 One of the missing 

components may be phosphorylation of specific residues in the kinase domain as certain 

phosphorylated residues are necessary for GC activity of PSKR1 and BRI1.
7,11

 Interestingly, 

some of these residues also contribute to the kinase activity.
11-14

 Thus phosphorylation status is a 

component necessary for activation of both the kinase and GC elements of the receptor kinases 

BRI1 and PSKR1.
7,11-15

 Both BRI1 and PSKR1 are dual tyrosine and serine/threonine 

kinases.
11,16

 This kinase activity is augmented by the additional GC activity creating complex 

enzymes with dual activity that is potentially important in intracellular control of receptor 

activation and down-stream signaling. 

 

But what is cGMP doing in this cascade? All the evidence points to some cGMP being 

generated, but possibly only in comparatively small amounts that are difficult to quantify within 

a cell. However, even small localized increases of cGMP may modulate activity of other nearby 

proteins. BRI1 associated kinase 1 (BAK1) is a promiscuous membrane bound kinase that is 
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associated with several of the receptor kinases including BRI1, PSKR1 and PePR1.
12,17-20

 The 

receptor complex actually involves other proteins as well. For example, PSKR1 is directly 

associated with BAK1, H
+
-ATPase AHA1 and AHA2

18,20
 and also indirectly associated with cyclic 

nucleotide gated channel 17 (CNGC17) at the plasma membrane.
18

 Increased levels of cGMP 

generated via PSKR1 could reach high enough local concentrations to activate CNGC17. 

Support for a similar pathway in PePR1 signaling exists as PeP ligand activates cGMP dependent 

calcium influxes.
9
  

 

Another possibility is that cGMP may be acting autonomously at the site where it is produced by 

modulating the kinase activity of the receptor. To test this hypothesis, we examined the effect of 

cGMP at nM levels on recombinant kinase activity using the serine/threonine SOX peptide 1 as 

the kinase substrate. The kinase activity of recombinant BRI1, PSKR1 and PePR1 are all 

significantly inhibited by the presence of 0.1 nM cGMP
4,7

 (Fig. 1B). Thus these dual active 

molecules appear to be able to regulate their status via modulating the localised molecular 

environment. A simple model is that in the naïve or first activated state in the absence of cGMP, 

kinase activity is promoted as depicted by the green kinase domain and red GC centre (Fig. 1C). 

Once autophosphorylation (and presumably downstream phosphorylation) has occurred, the GC 

center is primed and generates cGMP. Accumulating cGMP switches off the kinase activity as 

depicted by the red kinase domain and GC activity may continue as shown by green GC centre 

(Fig. 1C). 
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There could be several advantages in turning down the kinase activity of these receptor like 

kinases. Obviously, such downregulation will suppress direct ligand activated receptor 

downstream phosphorylation pathways. The presence of cGMP may also be stimulating 

localized changes in ions via activation of CNGCs.
9,18

 If calcium ions are increased (e.g. by 

activating CNGC dependent calcium influx), they may in turn further down regulate the receptor 

kinase, ensuring that the phosphorylation switch remains suppressed. Recombinant PSKR1 

kinase activity is suppressed by physiological increases in calcium ion concentrations.
21

 Both BRI1 

and PSKR1 contain predicted calmodulin binding sites that are active in vivo and also affect 

kinase activity.
14,22,23

 Increases in calcium ions and calmodulin also activate calcium ion and 

calcium/calmodulin dependent kinases that will relay alternate phosphorylation cascades.  

 

In conclusion, we propose that a novel type of receptor architecture that is characterized by a 

functional GC nested in the cytosolic kinase domain enables intramolecular crosstalk. We argue that 

the comparatively low but highly localized cGMP generated by the GC in response to a ligand is 

sufficient to modulate the kinase activity. This type of receptor therefore provides a molecular 

switch that directly and/or indirectly affects ligand dependent phosphorylation of downstream 

signaling cascades. 
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Figure Legend 

Figure 1 

Intramolecular switching in plant receptor-like kinases.  

A. Schematic showing the domain architecture of receptor like kinases AtBRI1, AtPSKR1 and 

AtPePR1. These molecules all contain a leucine rich repeat extracellular domain that contains a 

ligand binding island, a transmembrane (TM) spanning domain and an intracellular kinase 

domain. Within the intracellular kinase domain is a guanylate cyclase (GC) catalytic center. The 

diagnostic GC catalytic center core motif shows the functionally assigned amino acids and these 

are highlighted in the alignment of this region. B. The kinase domain of AtPSKR1, AtBRI1 and 

AtPePR1 were recombinantly expressed in bacteria and purified using immobilized metal 

affinity chromatography on nickel-nitrilotriacetic acid agarose. Kinase activity was measured as 

an increase in fluorescence of Ser/Thr peptide 1 as a substrate in the presence or absence of 0.1 nM 

cGMP using the Omnia kinase assay. Data is adapted for PSKR1,
4
 BRI1

7
 and from an 

unpublished experiment for AtPePR1 and analysed by one-way ANOVA followed by Tukey’s 

multiple comparisons test (*** P < 0.001). C. Model showing the resting state of the receptor with 

active kinase that can autophosphorylate itself. Following ligand binding further phosphorylation 

occurs that activates guanylate cyclase center to generate cGMP which in turn inhibits kinase 

activity. 
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