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RESUMO 

 

OLIVEIRA, Célio Cabral, D.Sc. Universidade Federal de Viçosa, Agosto de 2022. Código de 

barras de fosforilação de RGS1: decodificando como a sinalização G é modulada em 

plantas por meio da fosforilação de seus componentes. Orientador: Pedro Augusto Braga 
dos Reis. Coorientadores: Alan M. Jones e Elizabeth Pacheco Batista Fontes. 
 
Plantas desencadeiam complexos mecanismos de sinalização celular em respostas a variações 

ambientais. Neste contexto, vias controladas por proteínas G heterotriméricas desempenham 

um papel extremamente importante. O complexo G é composto por uma subunidade alfa que 

se liga a nucleotídeos de guanina, uma subunidade beta e uma subunidade gama. Apesar destas 

serem conservadas em eucariotos durante o processo evolutivo, plantas, algas verdes e protistas, 

assim como organismos da base evolutiva, apresentam subunidades alfa capazes de 

autoativação por meio da troca acelerada de GDP por GTP em seu domínio catalítico. Assim, 

as proteínas autoativadoras diferem de seus ortólogos na regulação em que, ao invés de serem 

controladas ao nível de ativação por receptores acoplados a proteínas G (GPCRs), são reguladas 

através da aceleração da atividade GTPase por proteínas do tipo RGS (reguladores da 

sinalização G) que contém sete domínios transmembrana (7TM). Diferentemente do 

mecanismo clássico de ativação por meio da ligação de GTP/GDP em Gα, modificações pós-

traducionais em componentes do complexo adicionam uma nova camada de sensibilização, 

discriminação e propagação de estímulos distintos, estabelecendo um modelo de quatro estados. 

Embora muitos sítios de fosforilação nos componentes já sejam identificados, os mecanismos 

envolvidos e a especificidade de cada um deles em vias de sinalização ainda não são elucidados. 

De maneira a avançar no entendimento deste controle nos componentes do complexo G, como 

também seu regulador RGS, utilizamos o organismo modelo Arabidopsis thaliana e avaliamos 

o efeito de fosforilação das subunidades G na ativação e distinção de sinal sob diferentes 

condições. No primeiro capítulo, convergimos dados de fosforilação in vivo e in vitro de 

subunidades canônicas e não canônicas, destacando a sua conservação entre eucariotos. 

Evidenciou-se os receptores do tipo cinase envolvidos e o possível efeito destas modificações 

na plasticidade de sinal. No segundo capítulo, por meio de mutação sítio dirigida foram gerados 

mutantes fosfomiméticos e fosfonulos nos resíduos de AtRGS1 que apresentam maior 

conservação entre espécies e que foram previamente identificados ser fosforilados. Assim, foi 

avaliado o papel destes resíduos na interação com proteínas do complexo G e com possíveis 

adaptadores envolvidos em sua localização subcelular. Estes dados, juntamente com dados de 

microscopia confocal, imunodetecção de proteínas e as mais modernas ferramentas de 

modelagem estrutural de proteínas, revelam um mecanismo de fosforilação possivelmente 



  

conservado em plantas em que múltiplos resíduos são fosforilados de maneira cooperativa e 

específica em resposta a diferentes estímulos. Por várias linhas de evidência identificamos o 

resíduo de serina 278 como importante modulador da função e sinalização mediada por RGS1. 

Primeiramente, a mutação do resíduo de serina para ácido glutâmico diminui significativamente 

a interação com proteínas do complexo G e VPS26b (Vacuolar Protein Sorting 26). Segundo, 

o processo de internalização de RGS1 mediante ao estímulo por flg22 requer a fosforilação do 

resíduo 278, enquanto, para UDP-glicose, este resíduo é parcialmente requerido. Terceiro, o 

mutante fosfonulo S278A diminui o recrutamento das proteínas VPS26 mediante a elicitação 

por flg22. Finalmente, este resíduo é consideravelmente conservado em uma região flexível da 

proteína capaz de regular o nível de fosforilação de resíduos presentes na cauda C-terminal de 

ARGS1, assim como de um ou mais resíduos de treonina detectados pela primeira vez in vivo. 

Além disso, em simulações de dinâmica molecular, nota-se o efeito deste resíduo no 

posicionamento de domínios e flexibilidade de regiões paralelas. Neste contexto, este trabalho 

apresenta a importância elevada de modificações pós-tradicionais na distinção de sinais 

desencadeados por sinalização de proteínas G, além de evidenciar a relação dessas 

modificações com alterações estruturais da proteína RGS1 e que governam suas repostas a 

estímulos específicos. 

 

Palavras-chave: RGS. Fosforilação. Flg22. Proteína G. 7TM. 
  



  

ABSTRACT 

 

OLIVEIRA, Célio Cabral, D.Sc. Universidade Federal de Viçosa, August, 2022. RGS1 

phospho-barcode: decoding how G signaling is modulated in plants through the 

phosphorylation of its components. Advisor: Pedro Augusto Braga dos Reis. Co-advisors: 
Alan M. Jones and Elizabeth Pacheco Batista Fontes. 
 
Plants activate complex mechanisms of cellular signaling in response to environmental 

changes. Thus, signaling pathways controlled by the heterotrimeric G protein play an essential 

role. The G complex is composed of one guanine nucleotide-binding alpha subunit, one beta 

and one gamma. In spite of the fact that those proteins were conserved in eukaryotes during the 

evolution process, plants, algae, and protists, as well as organisms at the evolutionary base, 

possess self-activating alpha subunits with an accelerated GDP-to-GTP exchange activity at its 

catalytical domain. Thus, self-activating proteins differ from their orthologs at the activation 

level that is not controlled by G-protein coupled receptors (GPCRs). Instead, those are regulated 

by RGS (regulator of G-signaling) proteins with a seven-transmembrane (7TM) domain. 

Differently from the classical switching mechanism via the GTP/GDP state of Gα, the post-

translational modifications on G-core components add a new layer of sensitization, 

discrimination of recognized stimulus, and propagation of stimulus signaling, which defines a 

four-state model of G-protein activation. Although several phosphorylation sites have already 

been identified, the underlying mechanisms and the specificity of each of them on signaling 

pathways are not fully elucidated. Therefore, to shed a light on this additional control layer in 

G-protein regulation, as well as on the mechanism of its regulator RGS, we used the model 

organism Arabidopsis thaliana and evaluated the effect of phosphorylation in the G subunits in 

the signal activation and distinction upon different conditions. In the first chapter, we have 

crossed in vivo and in vitro phosphorylation data of canonical and non-canonical subunits, and 

we highlight the phosphosite conservation among eukaryotes. We pointed out the kinase 

receptors involved and the potential effect of those modifications on signal plasticity. In the 

second chapter, through site-direct mutagenesis, we generated phosphomimetics and 

phosphonull mutants of AtRGS1 residues that presented higher conservation among species 

and were previously identified by their phosphorylation. Thus, we evaluated the central role of 

those residues in interacting with G complex proteins and with possible adaptors involved in 

its subcellular localization. These data, taken together with confocal microscopy results, 

immunodetection methods, and state-of-the-art protein structural modeling tools, reveal a 

phosphorylation mechanism that is possibly conserved in plants, in which multiple residues are 

phosphorylated in a cooperative manner to respond to different stimuli. Several lines of 



  

evidence suggest that the serine 278 residue is an essential modulator of RGS1 function and its 

signaling pathways. First, mutation on the serine residue to glutamic acid significantly 

decreases the interaction of RGS with G complex proteins and VPS26b (Vacuolar Protein 

Sorting 26). Second, the RGS internalization process upon flg22 stimulus requires the 278 

residue phosphorylation, which is only partially required upon UDP-glucose stimulus. Third, 

phosphonull S278A mutation decreases the VPS26 proteins recruitment upon flg22 elicitation. 

Finally, the serine residue 278  is considerably conserved in a flexible protein region, and it 

regulates the phosphorylation levels of C-terminal tail residues, and one or more threonine 

residues that are detected for the first time in vivo. Moreover, molecular dynamics simulations 

evidenced the effect of this residue on domain positioning and flexibility of other regions. 

Accordingly, this work presents the relevance of post-translational modifications in the signal 

distinction triggered by G protein signaling, in addition to demonstrating the influence of those 

modifications on the structural alterations in the RGS proteins, which control their specific 

stimulus responses. 

 
Keywords: RGS. Phosphorylation. Flg22. G-protein. 7TM. 
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GENERAL INTRODUCTION 

 The classical paradigm for heterotrimeric G-proteins is described in mammalian 

organisms: they are mainly composed of an alpha GDP/GTP-binding subunit and a beta-gamma 

dimer that has a higher affinity for the GDP-bound form of alpha, defining an inactive state of 

the dimer (Milligan and Kostenis, 2006; Gilman 1995; Tang et al., 1992). As animal Gα has an 

intrinsic GTPase activity that may be accelerated by the cytoplasmic regulator of G-signaling 

(RGS), its activation consists of a nucleotide exchange event that needs to be activated by G-

protein-coupled receptors (GPCRs) with a guanine exchange factor (GEF) activity (Masuho et 

al., 2020; Doyen et al., 2020; Santos-Otte et al., 2019). Additionally, those receptors possess a 

seven-transmembrane (7TM) domain and an extracellular N-terminal end, which recognizes a 

series of signals promoting conformational changes and subsequent G-protein activation inside 

the cell (Rosenbaum et al., 2009). Although this GEF-receptor mechanism is extensively 

described for eukaryotes, evolutionary data indicate that animals and other unikonts have 

evolved from 7TM-RGS-possessing organisms that are near the base of the eukaryotic 

phylogenetic tree (Bradford et al., 2013). 

 The bikont organisms that maintain 7TM-RGS proteins mainly comprise of land plants, 

green algae and protists (Bradford et al., 2013; Mohanasundaram et al., 2022). For instance, the 

model plant Arabidopsis thaliana  possesses a self-activating Gα (AtGPA1) with a GDP-to-

GTP exchange rate 50 times higher than the fastest one identified in animals (Johnston et al., 

2007; Jones et al., 2011). In order to regulate this subunit that has greater affinity for GTP than 

GDP, the 7TM protein AtRGS1 accelerates the rate of hydrolysis by the coupling with the 

heterotrimeric G-protein subunits (Chen et al., 2003). The regulation in Arabidopsis also 

diverges from animals regarding signal distinction and subunit diversity: while animals possess 

a vast number of G-protein subunit-encoding genes that enable signal diversity by different 

heterotrimer formation, Arabidopsis thaliana genome only codes for one canonical alpha, three 

non-canonical extra-large alpha proteins (AtXLG1/2/3), one beta (AtAGB1) and three gamma 

subunits (AtAGG1/2/3) (Jones et al., 2011; Willard and Siderovski, 2004; Chakravorty et al., 

2015). Moreover, G-proteins are involved in many pathways (Liang et al., 2016; Petutschnig et 

al., 2022; Afrin et al., 2021; Smythers et al., 2022; Boonyaves et al., 2022; Tiwari and Bisht, 

2022; Li et al., 2019; Chen, 2008), and, although AtRGS1 displays  a GPCR-like architecture 

on its 7TM domain, no consistent data indicated it as being a receptor for a ligand (Li et al., 

2016; Chen 2008). 

 Key components of signal recognition and distinction in plants are receptor-like kinases 

(RLKs), which are single transmembrane domain-containing enzymes with an extracellular 
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ligand binding site that regulates the intracellular activation of the kinase domain (Jose et al., 

2020). A considerable number of RLKs are described to bind and phosphorylate AtRGS1 and 

other G-protein subunits (Tunc-Ozdemir et al., 2017; Jia et al., 2019; Liang et al., 2016; 

Petutschnig et al., 2022; Peng et al., 2018). The correlation between RLKs and G-protein 

signaling distinction is evidenced by the phosphorylation-dependent uncoupling and 

endocytosis of AtRGS1, which leaves AtGPA1 free for self-activation and subsequent release 

of the Gβγ subunit (Urano et al., 2012). For instance, the peptide flg22 is a microbe-associated 

molecular pattern (MAMP), which is recognized by the receptor FLS2 (FLAGELLIN 

SENSITIVE 2) and its co-receptor BAK1 (BRI1-ASSOCIATED KINASE 1), both required to 

trigger the immune response inside the cell (Sun et al., 2013; Gómez-Gómez and Boller, 2000). 

This complex also interacts with AtGPA1 and its regulator AtRGS1, and, in the presence of the 

pathogen or its MAMPs, activated BAK1 phosphorylates AtRGS1 and AtGPA1 in vitro and in 

vivo, promoting dissociation and G-protein activation (Xue et al., 2020; Liang et al., 2018). In 

addition to the RLKs’ role in signaling, AtRGS1 is also phosphorylated by cytoplasmic kinases 

as the WITH-NO-LYSINE kinases (WNKs) in response to high concentrations of sugar, which 

also induces internalization (Cao-Pham et al., 2018; Urano et al., 2012). 

While flg22-induced internalization of AtRGS1 occurs via the phosphorylation-

dependent clathrin-mediated endocytosis (CME) pathway, the internalization induced by D-

glucose also activates the sterol-dependent endocytosis (SDE) pathway, which does not require 

the phosphorylation of three C-terminal tail sites in AtRGS1 (Watkins et al., 2021). This 

mechanism is related to the biased signaling theory of GPCR-internalization, in which different 

phosphorylation patterns at the GPCR C-terminal are able to recruit and activate the adaptor 

proteins, known as β-arrestins, to act in different pathways (Watkins et al., 2021; Latorraca et 

al., 2020). As the Arabidopsis genome does not encode any β-arrestin, the candidate adaptors 

are the retromer proteins VPS26a and VPS26b, which interact with AtRGS1 and are required 

for its CME-mediated endocytosis (Watkins et al., 2021; Zelazny et al., 2013). 

The specific sites of phosphorylation for all Arabidopsis G-protein subunits in the 

literature are identified on the Chapter I, entitled “G-Protein Phosphorylation: Aspects of 

Binding Specificity and Function in the Plant Kingdom”, which describes the in vitro and in 

vivo phosphorylation sites, their potential kinases, and the conservation among eukaryotes. 

Additionally, the effect of those sites on plant signaling and the most recently described 

mechanisms for plant G-protein activation, were also covered. This chapter is a published 

review paper that is available at the International Journal of Molecular Sciences (Oliveira et al., 

2022). 
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Regarding specific phosphosites of AtRGS1, the protein has a cluster of five 

phosphoserines and three of them are required for AtGPA1 uncoupling during several responses 

(Watkins et al., 2021). Additionally, one residue at a flexible linker region of AtRGS1 (Ser278) 

and one residue at the very end of the RGSbox (Ser417) have been reported to be 

phosphorylated in vivo (Oliveira et al., 2022). These data are explored in Chapter II, entitled 

“RGS1 Global Phosphorylation as a Cooperative Mechanism for G-Protein Regulation”, in 

which we took advantage of in vivo phosphomimetic mutations, as well as state-of-the-art in 

silico structural tools to evaluate the effect of the phosphorylation on AtRGS1 dynamics and 

function. Consistent data reveal a linked mechanism involving the phosphorylation of multiple 

residues, including a novel in vivo phosphorylation of a threonine residue, and a proposed 

mechanism of interaction plasticity based on positioning of intracellular domains at the plasma 

membrane.  
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Abstract: Plant survival depends on adaptive mechanisms that constantly rely on signal recognition 

and transduction. The predominant class of signal discriminators is receptor kinases, with a vast 

member composition in plants. The transduction of signals occurs in part by a simple repertoire of 

heterotrimeric G proteins, with a core composed of α-, β-, and γ-subunits, together with a 7-

transmembrane Regulator G Signaling (RGS) protein. With a small repertoire of G proteins in plants, 

phosphorylation by receptor kinases is critical in regulating the active state of the G-protein 

complex. This review describes the in vivo detected phosphosites in plant G proteins and 

conservation scores, and their in vitro corresponding kinases. Furthermore, recently described 

outcomes, including novel arrestin-like internalization of RGS and a non-canonical phosphorylation 

switching mechanism that drives G-protein plasticity, are discussed. 

Keywords: phosphorylation; G protein; RGS; GPA1; AGB1; XLG; AGG; kinase; structure; regulation 

 

1. Introduction 

Plants lack the mobility mechanisms observed in other kingdoms; hence, their 

survival depends on adaptive mechanisms that constantly rely on signal perception and 

transduction [1]. Among the main signaling molecules, the heterotrimeric G proteins play 

an essential role. They are composed of α-, β-, and γ-subunits, modulated by nucleotide-

binding status. The activation/inactivation of the complex occurs through the GTP/GDP 

binding process. The Gα-GDP binding maintains the complex in an inactive form, and Gα 

remains associated with Gβ and Gγ proteins. During the activation process, GDP is 

replaced by GTP, which promotes the dissociation of Gα from Gβγ proteins and, in turn, 

triggers the downstream signaling [2,3]. The modulation of the Gα protein to GDP-bound 

or GTP-bound is a precise and specific process. In mammals, the modulation of the GDP-

to-GTP exchange mechanism is performed by G-protein-coupled receptors (GPCRs) that 

act as guanine nucleotide exchange factors (GEFs). Gα protein has intrinsic GTPase 

activity, but with a slow rate of hydrolysis. Therefore, it requires some factor(s) to 

accelerate the GTPase activity to modulate the signaling to a steady state (Figure 1) [4,5]. 

In metazoans, many molecules activate different pathways through G proteins [6]. 

The signal distinction is mainly explained by a vast combination of subunits and GPCRs 

present in their genome [7]. On the other hand, plant genomes encode a few subunits; for 

example, the Arabidopsis thaliana genome encodes only one canonical Gα subunit 

(AtGPA1), three atypical Gα subunits (AtXLG1-3), one beta (AtAGB1), and three gamma 

(AtAGG1-3) subunits, one RGS regulator (AtRGS1), and no characterized GPCR [8]. This 

limited number of protein components does not correlate with the complexity of the 
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signaling events mediated by G protein in plants [9]. The multiplicity of propagated 

signals from plant G proteins relies on the different activator receptors and various post-

translational modifications on the G subunits, rather than the number of components [10]. 

Moreover, in plants, algae, and protists, Gα presents GPCR-independent nucleotide 

exchange, and some species are heavily regulated by the atypical seven-transmembrane 

(7TM) Regulator of G-signaling 1 (RGS1) (Figure 1) [11–13]. As cytoplasmic kinases and 

receptor-like kinases (RLKs) are consistently linked to G-protein mediation [14–16], here, 

we discuss the mapping of phosphorylation events and outcomes regarding the G-

signaling core in plants. 

 

Figure 1. Conserved and non-conserved G-protein activation mechanisms in plants and animals. 

(A) An animal cell recognizes an extracellular signal via GPCR that promotes nucleotide exchange 

at the alpha subunit. GTP-bound Gα releases Gβγ for downstream signaling. Inactivation occurs 

under GTP hydrolysis and phosphorylation-induced GPCR internalization. (B) Nucleotide 

exchange is spontaneous in plant cells with no characterized GPCR. Negative regulation via GTPase 

acceleration activity is promoted by 7TM-RGS proteins. D-glucose activates endocytosis via two 

different mechanisms: RGS1 is phosphorylated by the WNKs and internalized in a VPS26-

independent module via clathrin-mediated endocytosis (CME), or RGS1 is internalized in a 

phosphorylation-independent mechanism via sterol-dependent endocytosis (SDE). Flg22 is 

recognized by the BAK1/FLS2 complex, and multiple phosphorylation occurs at GPA1 and at the 

C-terminus of RGS1. The phosphorylated core is uncoupled, and downstream signaling is activated. 

Flg22-induced RGS1 internalization occurs via CME in a β-arrestin-like mechanism mediated by the 

VPS26 proteins. Created with BioRender.com (Publication license OL240ET01G. Accessed on 7 June 

2022). 

2. Phosphorylation and Internalization of RGS1 in an Arrestin-Like Mechanism 

G-protein-coupled receptors are composed of an extracellular N-terminus, a 7TM 

domain with intra- and extracellular loops, and a disordered cytoplasmic C-terminal 

domain [17]. GPCRs bind agonists, leading to activation through a conformational change 

that relays the signal to the Gα subunit regulation by accelerating the release of bound 

GDP [18]. GPCRs are phosphorylated by GPCR kinases (GRKs), initiating the recruitment 

and activation of adaptor proteins, β-arrestins, that precede clathrin binding and 

endocytosis [19]. Β-arrestins affect signaling by internalizing the GPCR away from its G-

protein complex, and they also propagate signaling by interacting with effector proteins 

[20]. Different phosphorylation patterns at the V2 vasopressin receptor (V2R) C-tail 
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promote different levels of β-arrestin1 binding and activation via conformational changes. 

Those findings suggest a “phosphorylation barcode” reading in which the spatial 

arrangement of phosphate groups determines the recruitment and activation of β-

arrestins, rather than the number of phosphorylated residues at the receptor (Figure 1) 

[21]. 

The structure of the Arabidopsis regulator, AtRGS1, has a hybrid architecture of 

GPCR topology and an animal RGS protein [22]. The prototype contains a GPCR-like 

seven-transmembrane barrel domain at the N-terminus, followed by a disordered linker 

region that may contain a short helix, a conserved RGS domain, and an unstructured C-

terminal tail, which harbors several di-serines typical of GPCRs (Figure 2) [23]. AtRGS1 

undergoes endocytosis under high concentrations of D-glucose within a few minutes in a 

Gβ-dependent manner. The C-terminus of the 7TM regulator possesses a cluster of serine 

residues (Ser428, Ser430, Ser431, Ser435, and Ser436) that resemble the ones found in 

mammalian organisms. Although GRKs have not been identified in plant genomes, 

several WNKs (WITH NO LYSINE KINASE) [24] interact with AtRGS1 and 

phosphorylate the C-tail residues Ser428 and Ser435 or Ser436 in vitro. The inactivation of 

those phosphosites (Ser → Ala mutation) and the deletion of some WNK genes reduce 

glucose-induced internalization of AtRGS1 [14]. 

 

Figure 2. Experimental phosphorylation map of AtRGS1 and AtGPA1 dimer. Structural models of 

AtRGS1 (hot pink) and AtGPA1 (forest green) are shown. Xylanase-induced phosphorylation is 

detected at serine 278, which constitutes the linker region of AtRGS1 [25,26]. Phosphorylation occurs 

at the C-terminal tail of AtRGS1 in the serine residues 417, 428, 430, 431, 435, and 436 [26]. D-glucose-

induced phosphorylation of AtRGS1 occurs at Ser428/435/436 [14], and phosphorylation under flg22 

treatment is Ser428/431-dependent [27]. AtGPA1 is phosphorylated at the N-terminal threonine 

residues 12, 15, and 19 [26,28–32]. pThr19 has a reduced phosphorylation signal with flg22 treatment 

but is induced by ABA. Tyrosine residue 166 is at the all-alpha helical domain interface and 

responds to several phytohormones [29,33]. Phosphorylation occurs at the catalytic domain of the 

serine residues 49 and 314, and pSer49 is induced by sugar exposure [26,29,34]. Top-ranked models 

were obtained using AlphaFold2 [35], and the dimer complex was predicted by overlapping the 
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models with the crystal structure of the heterodimeric complex of human RGS1 and activated Gi 

alpha 1 (PDB 2GTP). Phosphosites are represented as balls and sticks. Experimental data were 

obtained from both the PhosphAt database (https://phosphat.uni-hohenheim.de, accessed on 20 

May 2022) and ATHENA (http://athena.proteomics.wzw.tum.de, accessed on 20 May 2022). 

ATHENA was used to identify tissue-specific phosphorylation, which is pointed out below residue 

identification. Color filling indicates experimental treatment. Asterisks indicate residues that were 

not mapped in all tissues. 

The peptide flg22, a bacterial elicitor of host responses, binds to its receptor FLS2 

(FLAGELLIN-SENSITIVE 2) and co-receptor BAK1 (BRI1-ASSOCIATED RECEPTOR KI-

NASE 1), leading to the induction of specific response genes, ROS production, and cal-

cium signaling [36,37]. However, the deletion of the AtRGS1 gene impairs the flg22-medi-

ated responses, indicating a genetic interaction between AtRGS1 and FLS2 signaling 

[27,38,39]. Furthermore, other biotic pathways (e.g., anti-fungal responses elicited by chi-

tin) are affected by AtRGS1, and bacterial infection in rgs1-2 plants is attenuated compared 

to that in the wild type [27]. Since flg22 and chitin act as external signals, it is reasonable 

to assume that elicitor-modulated RLKs interact with and phosphorylate AtRGS1. Ac-

cordingly, BAK1 and its interacting partners FLS2, BIK1, PEPR1, and BIR1 have been 

shown to phosphorylate RGS1 in vitro [40]. Furthermore, genetic and biochemical assays 

indicate that RLK BRI1-LIKE 3 (BRL3) also interacts with AtRGS1 to control ROS produc-

tion and plant development during flg22 and sugar responses [38]. Phosphorylation of 

7TM-RGS also occurs in soybean, where the Nod factor receptor 1 (NFR1) phosphorylates 

GmRGS2 in vitro to control nodule formation. Interestingly, three of the five NFR1-in-

duced phosphorylated residues are localized at the predicted linker region of GmRGS2, 

and one of them (Ser277) is conserved in AtRGS1 (Ser278) (Table 1) [41]. Likewise, this 

linker residue has been shown to be phosphorylated in xylanase-treated root cell cultures 

[25]. 

Table 1. MS-detected phosphorylation sites from the Arabidopsis G-protein core. 

Protein Residue Detected In Vivo? In Vitro Kinase 
Conservation Score 

(Plants Only) * 

Conservation Score 

(Eukaryotes, 

Excluding Plants) * 

AtRGS1 

Ser278 Yes [25] BRL3, BIK1, PBL1 [15,27] −0.861  

Ser339 No [15] BRL3 [15] 0.714 −1.131 

Ser365 No [15] BRL3 [15] −1.373 0.444 

Thr375 No [15] BRL3 [15] −1.016 −0.162 

Thr379 No [15] BRL3 [15] −0.582 0.483 

Ser405 No [15] BRL3 [15] −0.981 0.959 

Ser406 No [15] BRL3 [15] −1.139 −0.559 

Ser417 Yes [26] BRL3, BIK1 [15,27] 1.798  

Ser428 Yes [26] 
BRL3, PEPR1, WNK8, BIK1, PBL1 

[11,14,27] 
−0.211  

Ser430 Yes [26,27] BRL3, BIK1, PBL1 [15,27] −1.116  

Ser431 Yes [26,27] BRL3, BIK1, PBL1 [15,27] −0.853  

Ser435 Yes [26] BRL3, WNK8 [11,14,27] −1.048  

Ser436 Yes [26] BRL3, WNK8 [11,14] −0.097  

Ser450 Yes [27] BIK1, PBL1 [27] 1.297  

Ser452 Yes [27] BIK1, PBL1 [27] 1.897  

Ser453 Yes [27] BRL3, BIK1, PBL1 [15,27] 0.429  

AtGPA1 

Ser8 No [16] 

BAK1, PSY1R, PEPR1, BRL3, BRI1, 

XIP1, AT2G19230, AT2G37050, 

AT5G62710 [16] 

1.567 −0.741 

Thr12 Yes [28,31] 

BAK1, SERK1, PSY1R, PEPR1, 

BRL3, XIP1, AT2G19230, 

AT2G37050, AT5G62710 [16] 

2.432 2.226 
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Thr15 Yes [30,32] 

BAK1, SERK1, PSY1R, BRI1, XIP1, 

AT2G19230, AT2G37050, 

AT5G62710 [16] 

3.816 0.489 

Thr19 Yes [29] 

BAK1, SERK1, PSY1R, BRL3, BRI1, 

XIP1, AT2G19230, AT2G37050, 

AT5G62710 [16] 

1.349 0.949 

Ser49 Yes [42]  −0.658 −0.908 

Ser52 No [16] BRL3, AT2G19230, AT5G62710 [16] −0.167 −0.945 

Thr53 No [16] BRI1 [16] −0.974 −0.942 

Ser73 No [16] BAK1 [16] 0.293 0.322 

Thr85 No [16] 
BAK1, PSY1R, BRL3, BRI1, 

AT2G19230, AT5G62710 [16] 
−0.588 −0.792 

Thr93 No [16] 
BAK1, SERK1, PSY1R, BRL3, BRI1, 

XIP1, AT2G19230 [16] 
0.609 −0.700 

Thr101 No [16] BAK1, XIP1 [16] 5.029 0.514 

Ser103 No [16] AT2G19230 [16] −0.179 1.321 

Ser109 No [16] 
BAK1, SERK1, BRL3, AT5G62710 

[16] 
−0.428 1.116 

Ser110 No [16] BRI1 [16] 5.031 0.509 

Ser112 No [16] 
SERK1, AT2G19230, AT2G37050, 

AT5G62710 [16] 
0.333 −0.266 

Thr141 No [16] BAK1, BRL3 [16] 0.345 1.160 

Thr164 No [16] 
SERK1, XIP1, AT5G10290, 

AT2G37050, AT5G62710 [16] 
−0.007 −0.847 

Tyr166 Yes [29]  −0.673 −0.929 

Ser175 No [16] AT5G62710 [16] −0.464 0.857 

Thr193 No [16] BRI1 [16] −0.985 −0.942 

Thr194 No [16] BRI1 [16] −0.680 −0.807 

Ser314 Yes [26] BAK1, AT5G62710 [16] 0.146 0.303 

Ser315 No [16] BAK1, AT5G62710 [16] 0.349 −0.304 

Thr339 No [16] BAK1 [16] 0.079 1.063 

Thr353 No [16] BRI1 [16] −0.311 −0.898 

AtAGB1 

Ser2 Yes [26]  −0.301 1.319 

Ser4 Yes [26]  2.106 1.568 

Thr14 No [43] BRI1 [43] 1.347 −0.356 

Thr16 No [43] BRI1 [43] 0.838 −0.137 

Thr34 No [43] BRI1 [43] −0.110 −0.003 

Ser40 No [43] BRI1 [43] 0.520 0.002 

Thr46 No [43] BRI1 [43] 2.140 0.422 

Ser49 No [43] BRI1 [43] 1.972 0.304 

Thr53 No [43] BRI1 [43] 0.048 1.096 

Thr65 No [43] BRI1 [43] 0.034 −0.538 

Ser70 No [43] BRI1 [43] −0.421 −0.529 

Ser82 No [43] BRI1 [43] −1.179 −0.624 

Thr100 No [43] BRI1 [43] 0.228 −0.127 

Thr243 No [43] BRI1 [43] −0.687 −0.561 

Thr253 No [43] BRI1 [43] 0.776 −0.327 

AtAGG2 

Ser6 Yes [26]  1.889 −0.927 

Ser8 Yes [25]  0.223 −0.428 

Ser9 Yes [42]  1.827 0.045 

AtAGG3 

Ser21 No [43] BRI1 [43] −0.967 1.287 

Ser22 No [43] BRI1 [43] −0.933 0.097 

Ser37 Yes [26] BRI1 [43] −1.522 1.643 

Ser78 No [43] BRI1 [43] 1.621 −2.114 

Thr92 No [43] BRI1 [43] 0.913 −1.267 
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AtXLG1 

Ser462 Yes [26]  1.114 3.103 

Ser471 Yes [26]  0.233 1.061 

Tyr876 Yes [42]  1.458 2.004 

Tyr879 Yes [42]  0.231 1.367 

Tyr887 Yes [42]  −0.188 −0.128 

AtXLG2 

Ser13 Yes [30,41,44]  0.644  

Ser23 Yes [30,45,46]  1.892  

Ser38 Yes [26]  −0.937  

Ser69 Yes [47]  0.404  

Ser71 Yes [48]  0.556  

Ser72 Yes [47]  0.542  

Ser75 Yes [30,44]  0.689  

Ser141 Yes [26]  1.825  

Ser148 Yes [47] BIK1 [47] −0.079  

Ser150 Yes [47] BIK1 [47] 1.152  

Ser151 Yes [30,44]  1.467  

Ser154 Yes [30,44]  1.143  

Ser156 Yes [47]  1.919  

Ser169 Yes [30,44,46,48–50]  0.681  

Ser191 Yes [47]  0.865  

Ser194 Yes [26]  1.539  

Ser489 Yes [47]  −0.520 −1.243 

Ser530 Yes [51]  0.991 0.644 

Thr773 Yes [47]  0.655 0.550 

Ser774 Yes [47]  0.190 −0.397 

AtXLG3 

Ser78 Yes [26]  1.823  

Ser82 Yes [26]  −0.216  

Ser85 Yes [26]  0.112  

Ser99 Yes [26]  1.173  

Ser101 Yes [26]  1.432  

Ser103 Yes [26]  −0.082  

Ser107 Yes [26]  −0.421  

Ser243 Yes [26]  −0.533  

Ser416 Yes [26]  0.247 −1.125 

Ser506 Yes [52,53]  0.846 −1.221 

* Normalized conservation score obtained from the ConSurf server. A lower score indicates higher residue conservation. Sequences 

were obtained using the BLAST tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins), and representative sequences were 

selected using CD-HIT (http://weizhong-lab.ucsd.edu/cdhit_suite/, accessed on 20 May 2022) with a sequence identity cut-off of 0.9. 

MSA was obtained with ClustalOmega (https://www.ebi.ac.uk/Tools/msa/clustalo/, accessed on 20 May 2022). For non-plant eukar-

yotic conservation, RGS (PF00615) and Gγ (PF00631) family sequences were obtained from Pfam. AtRGS1 and XLGs’ non-conserved 

regions were excluded from the final analysis. 

While the C-terminal serine cluster phosphorylation in response to sugar and patho-

gens has been confirmed, the specific phosphorylation sites are still unclear because dis-

tinguishing the mass spectrometry (MS) signals of neighbor phosphoserines is not an easy 

task [14,27]. The inactivation of Ser431 alone (AtRGS1S431A) inhibits the C-terminal phos-

phorylation induced by flg22, Elf18, chitin, and Pep9. Flg22-induced dissociation of 

RGS1/XLG2 and RGS1/FLS2 complexes is also inhibited by a single Ser431 mutation, while 

a quadruple phosphomimetic mutation at the cluster (AtRGS1S428/431/435/436D) causes defec-

tive binding of both complexes [27].  

Consistent with the GPCR internalization mechanism and the biased signaling the-

ory, in which different signal/receptor interactions trigger different pathways [54], 

AtRGS1 is internalized by two phosphorylation-dependent endocytosis pathways. Flg22 

induces AtRGS1 internalization via clathrin-mediated endocytosis (CME), while D-glu-

cose triggers both CME and sterol-dependent endocytosis (SDE). The recruitment of the 
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CME endocytic machinery towards GPCRs requires prior β-arrestin binding and activa-

tion, but plant genomes do not encode these proteins [55,56]. Nevertheless, Arabidopsis 

has three proteins with arrestin folds that bind as heterodimers to AtRGS1 and are re-

quired for endocytosis [55]. These include the vacuolar sorting proteins 26 (VPS26)—At-

VPS26a, AtVPS26b, and AtVPS26-like components of the retromer [57], well-known in 

animals for their role in endosomal to plasma membrane anterograde trafficking [58]. 

VPS26 appears to moonlight as β-arrestins in plants, and because some GPCR endocytosis 

does not require β-arrestins [59], VPS26 proteins may serve the same role in animals.  

The candidate adaptor VPS26b forms a homodimer or a heterodimer with VPS26a, 

both required for flg22-mediated internalization of AtRGS1. However, those genes are not 

involved in AtRGS1 internalization that is induced by high concentrations of glucose [55]. 

Additionally, the inactivation of three cluster sites (AtRGS1S428/435/436A) completely abol-

ishes flg22-induced internalization but only partially affects the glucose-mediated inter-

nalization of AtRGS1 [55]. Furthermore, a phosphatase is also required for AtRGS1 stabil-

ity, and its presence reduces the in vitro identified phosphorylation by the WNKs [60]. 

These findings suggest an animal-like mechanism in which the phosphorylation patterns 

are the key for recruitment and posterior signal distinction and transduction. 

3. Phosphorylation as a Switch Mechanism of AtGPA1 

Eukaryotic organisms encode over 100 guanine nucleotide-binding proteins 

(GNBPs), represented by heterotrimeric G proteins, small Ras-related proteins, and trans-

lation elongation factors [61]. Besides the high sequence identity, those GNBPs share a 

common structural core composed of six beta-sheet strands, five alpha-helices, and five 

highly conserved loop regions that bind to GDP/GTP. Each of the five loops is responsible 

for phosphate binding, guanine ring binding, or Mg2+ binding and coordination [62]. 

Upon binding, GTP hydrolysis occurs with a subunit-specific intrinsic rate. A conforma-

tional change brings the two switch regions (Switch I and Switch II) to a non-flexible con-

formation that orientates the magnesium ion in order to facilitate the reaction [33,61]. The 

canonical alpha subunit of heterotrimeric G proteins contains the small Ras-like domain 

and an all-alpha helical domain that, in animals, is involved in guanine exchange factor 

(GEF) binding, nucleotide release inhibition, and ubiquitination processes (Figure 3) [62–

66]. 
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Figure 3. Switching mechanism of Gα. (A) The animal Gα activation mechanism. Transducin al-

pha.GDP (grey and magenta, PDB 1TAG) and transducin alpha.GTP (grey and light blue, PDB 

1TND) from Bos taurus were selected in order to show nucleotide-induced conformational change 

in animals. Structures were overlapped, and switch regions of both states were colored in pink and 

blue, as indicated. Adapted from [67]. (B) The plant Gα “phosphoswitch” region. AtGPA1 is phos-

phorylated at tyrosine 166 in order to affect AtRGS1 interaction and its accelerated GTPase cycle. 

The crystal structure of AtGPA1 (PDB 2XTZ) is represented in grey with forest green highlights. 

Tyr166 is at the interface of the two conserved domains and forms hydrogen bonds (cyan) with 

neighbor residues (balls and sticks). A GTP molecule with Mg2+ is near this residue, and they are 

represented as sticks and as a light green sphere, respectively. Adapted from [68]. 

The Arabidopsis thaliana Gα subunit (AtGPA1) has a spontaneous nucleotide ex-

change activity about 50 times higher than that of GαoA (G protein alpha subunit o), the 

fastest exchanging Gα identified in mammalians [13,22]. Even though AtRGS1 maintains 

AtGPA1 in a resting state by increasing the GTP hydrolysis rate, the endocytosis of the 

regulator requires prior G-protein activation. Thus, the balance of cycling and hydrolysis 

within AtGPA1 is crucial for downstream signaling activation [40,68]. There are examples 

in animals and yeast regarding activation by phosphorylation of Gα. Phosphorylation of 

the bovine Gsα (Gs alpha subunit) by epidermal growth factor receptor (EGFR) is exclu-

sive to tyrosine residues and promotes adenylate cyclase [69]. In Saccharomyces cerevisiae, 

the alpha subunit Gpa2 is phosphorylated by glycogen synthase kinase (GSK), increasing 

its localization on the plasma membrane and activating protein kinase A (PKA) at a higher 

level [70]. Nevertheless, the characterized phosphorylation sites from these events are not 

conserved among plant components [68].  

Although only a small amount (4.3%) of phosphopeptides are phosphotyrosines, and 

there is no evidence of bona fide tyrosine kinases in Arabidopsis [28,71], phosphoprote-

omics studies have demonstrated a phosphorylation signal at tyrosine 166 of AtGPA1 

(Figures 2 and 3B). Furthermore, this residue is one of the BAK1 substrates and has been 

found to be differentially phosphorylated under abscisic acid (ABA), indole-3-acetic acid 

(IAA), gibberellic acid (GA), jasmonate (JA), and kinetin treatments [29,68]. The Tyr166 

phosphosite is localized in the interface of the two domains, and it is predicted to regulate 

AtRGS1 binding by forming a salt bridge in this region. AtRGS1 has a higher affinity for 

the transitional state of alpha, but a phosphomimetic mutation that changes Tyr166 ena-

bles AtRGS1 to bind to its GDP-bound state [68]. This new mechanism is dubbed tyrosine 

phosphoswitching, in which the function of the AtRGS1 protein switches from a GAP 

(GTPase activating protein) function to a GDI (GDP dissociation inhibitor) function based 

on the phosphorylation state of its substrate AtGPA1 (Figure 3B). Moreover, flg22 treat-

ment promotes the phosphorylation of AtGPA1 at Thr19, which is essential for RGS1 

binding regulation during biotic signaling, and it is also differentially phosphorylated un-

der ABA treatment (Figure 2) [29,33]. 

The phosphorylation of AtGPA1 under biotic stress and hormone treatment is con-

sistent with the fact that both AtGPA1 and AGB1 interact with the JA signaling regulators 

TCP14 and JAZ3, transcription factors that are stabilized in the nucleus by both G-subu-

nits [29, 52, internal data]. The stabilization of those transcription factors is favored by the 

phosphorylation of both Tyr166 and the N-terminal residues Ser8, Thr12, Thr15, and 

Thr19, which promotes the dissociation of AtGPA1 from both AGB and RGS proteins. 

This mechanism evidences the role of phosphorylated GPA1 during biotic responses and 

hormone crosstalk, unveiling a novel mechanism of G-protein subunit sequestering for 

transcriptional regulation [internal data]. Except for Ser8, all involved phosphoresidues 

were detected in vivo by MS analysis, and Y166 is the most conserved among plants and 

other eukaryotes (Table 1). 

Finally, about 24 residues inside the Ras-like and helical domains have been demon-

strated to be phosphorylated in vitro by 11 different RLKs (Table 1). Interestingly, some 

residues are phosphorylated by different kinases depending on the state of AtGPA1, 



Int. J. Mol. Sci. 2022, 23, 6544 9 of 17 
 

 

raising the hypothesis that nucleotide-dependent AtGPA1 conformation is crucial for sub-

strate accessibility and, consequently, for RLK specificity [16]. 

4. Stress Responses through XLG Phosphorylation 

The non-canonical Gα subunits called extra-large G proteins (XLGs) are unique to 

plants [72]. The C-terminal halves of XLG proteins are homologous to those of the canon-

ical alpha subunits. The non-conserved N-terminal halves of XLG proteins contain a nu-

clear localization signal (NLS) and a cysteine-rich region [73]. This semi-conserved do-

main lacks many key residues for nucleotide binding, resulting in poor nucleotide affinity 

and slow GTP hydrolysis [74,75]. In addition, the Arabidopsis XLGs (XLG1, XLG2, and 

XLG3) can interact with the Gβγ dimer and AtRGS1 under some conditions but with no 

evidence of an associated GAP activity [72,74]. 

Multiple data indicate that genetic ablation of XLGs results in the opposite effect of 

ablation of AtGPA1 regarding pathogen susceptibility, lateral root proliferation, salt 

stress, and stomatal density [72,73,75,76]. The extra-large subunits are also genetically 

linked to tunicamycin and D-glucose sensitivity, while gpa1 mutants display a wild-type 

phenotype under such treatments [72]. Even though these proteins are thought to be neg-

ative regulators of AtGPA1 by sequestering Gβγ or RGS1 from the canonical complex, 

they may act parallelly during ABA responses and root development [76]. 

Regarding biotic responses, xlg2 null mutants have impaired flg22 responses, and 

both AtXLG2 and AtXLG3 genes are induced by this elicitor. In addition, XLG2 and XLG3 

interact with BIK1, FLS2, and RbohD (NADPH/respiratory burst oxidase protein D), and 

the complementation of knockout plants with AtXLG2S141/148/150/151A expression abolishes 

flg22-induced phosphorylation and lowers ROS response compared to that in wild-type 

plants [47]. In contrast, XLG2 signaling with CERK1 (CHITIN ELICITOR RECEPTOR KI-

NASE 1) under chitin elicitation is not affected by the same N-terminal mutations [77]. 

In proteomics studies, XLG2 has several in vivo detected phosphosites: five N-termi-

nal residues respond to ionizing radiation and six respond to “end-of-day” conditions 

[30,44]. Among these residues, Ser13 responds to osmotic stress, and Ser71/169 respond 

to nitrate starvation [45,46,48–50]. Ser13 and Ser38 display increased phosphorylation sig-

nals 15 minutes after flg22 exposure, while serine residues 75, 185, 190, 191, 194, and 198 

show decreased signals after 3 or 15 minutes of exposure [60]. In addition to the four mu-

tated N-terminal serine residues, XLG2 is differentially phosphorylated at the helical do-

main (Ser530) by flg22 [51]. Several other phosphorylated sites in the non-conserved re-

gion are constitutively detected in different tissues (Table 1). XLG3 has nine N-terminal 

tissue-specific phosphoresidues under normal conditions [26]. Like XLG2-Ser530 phos-

phorylation, Ser506 of the XLG3 helical domain is differentially phosphorylated under 

ABA, sucrose, mannitol, and short cold treatments [42,51–53], and it is detected with a 

reduced signal in the first minutes of flg22 exposure [60]. 

Although XLG1 has a nuclear localization signal, its localization is partner-depend-

ent [78,79], and it is not phosphorylated at the N-terminus. Instead, it is phosphorylated 

right after the NLS in the serines 462 and 471 [26,72]. Atypical tyrosine phosphorylation 

(Y876/879/887) may occur at the end of helix G5 in isoxaben-treated seedlings [42]. Taken 

together, these data indicate a similar phosphorylation-mediated regulation mechanism 

between XLG2 and XLG3 under stress responses, but not XLG1, which may be related to 

its different subcellular localization. 

5. Gβγ Specificity and Function 

In contrast to being only a negative regulator of Gα signaling, AGB1 is a crucial sig-

naling component in plants [80] like in yeast [81]. Among other phenotypes, agb1 null 

mutants exhibit dwarf morphology, impaired abiotic responses, reduced ROS burst under 

flg22 elicitation, and higher susceptibility to pathogen attack [80,82–85]. This susceptibil-

ity is directly related to the upregulation of JA responsive genes on agb1 plants, indicating 

that JA signaling may be negatively regulated by AGB1 [internal data]. 
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Genetic data indicate that AGB1 requires the gamma subunit for signaling. Only 

AGG1 is linked to pathogen defense, while both AGG1 and AGG2 are involved in auxin-

mediated signaling via different mechanisms. The inhibition of germination by D-glucose 

or osmotic stress is independently mediated by AGG2 or AGG1, respectively [86]. On top 

of that, AtAGG3 and its rice homologs mediate ion channel regulation, seed, and organ 

development [87,88]. Consistently with the signaling module, alpha-binding to AGB1 is 

also gamma-dependent, displaying distinct functions according to its binding partners. 

While GPA1 has a binding preference for AGB1/AGG3, the interaction of XLG1 and XLG2 

with AGB1 depends similarly on AGG1 and AGG2 [72,89]. Additionally, XLG3 binds 

equally to all three heterodimers and competes with GPA1 for Gβ interaction [72]. 

The phosphorylation events likely regulate dimer preference and signal specificity 

since AGB1, AGG2, and AGG3 have MS-confirmed phosphorylation sites [26,42]. The re-

ceptor-like kinase complex BAK1/BRI1 interacts with both AGG3 and AGB1, and the latter 

interaction is increased under 2% D-glucose treatment. Both subunits are phosphorylated 

by BRI1 in vitro, and inactivation of the corresponding MS-detected sites leads to im-

paired sugar response in planta [43]. The receptor-like kinase AtZAR1 (ZYGOTIC AR-

REST 1) has a calmodulin-binding domain, interacts with Gβ, and may integrate Ca2+ sig-

naling with the heterotrimeric G-protein pathway [90]. 

The N-terminal domain of AGB1 has predicted target motifs for glycogen synthase 

kinase 3/SHAGGY-like protein kinases (GSKs) and interacts with the GSK BIN2. The 

3/SHAGGY motifs are present within 46–358 residues, and in vivo phosphorylation of 

AGB1 has only been detected at Ser2 and Ser4 [26,91]. On top of beta phosphorylation, 

AGG2 is differentially phosphorylated at non-distinguished serine residues 6, 8, and 9 in 

response to sucrose and xylanase treatments [25,26,42]. Like in XLG2, an AGG3 phospho-

site is identified at Ser37 in response to end-of-day conditions and ionizing radiation (Ta-

ble 1) [30,44]. Finally, the same site displays an enhanced phosphorylation signal after 15 

minutes of anti-bacterial immunity elicitation [60]. 

Molecular protein modeling mapped the beta phosphorylation at or near the Gβγ 

interaction interface with close (+)-charged residues [35]. Moreover, AGG2 and AGG3 are 

phosphorylated near these sites and close to the Gα interface. AGG3 shows a long non-

structured C-terminal tail (res. 116–251) far from the interface that was excluded from the 

model for visualization purposes. This structural estimation indicates that phosphoryla-

tion may affect the interaction dynamics of the trimer and, therefore, signal specificity 

(Figure 4). 
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Figure 4. Gβγ specificity and function distinction. AtGPA1 (forest green) binds preferentially to 

AGB1 (orange) when dimerized with AGG3 (grey), which regulates ion transport, seed, and organ 

development [72,87–89]. β-dimerized AGG2 (purple) binds to the XLGs in order to regulate gravi-

tropism, sugar responses, and root development [72,86]. Phosphorylation occurs in vivo at the N-

terminal portions of AGB1, AGG2, and AGG3 [26,42,60]. Beta-gamma complex models were created 

using AlphaFold2, and top-ranked models were selected for analysis [35]. The heterotrimeric com-

plex was created by overlapping the models with the crystal structure of the heterotrimeric G-pro-

tein complex of Bos taurus (PDB 1GOT). Experimental data were obtained from the PhosphAt da-

tabase (https://phosphat.uni-hohenheim.de, accessed on 23 May 2022) and ATHENA 

(http://athena.proteomics.wzw.tum.de, accessed on 23 May 2022). AGG3 unmodeled C-terminal re-

gions were removed for better visualization. ATHENA was used to identify tissue-specific phos-

phorylation, which is pointed out below residue identification. Phosphosites are represented as balls 

and sticks. Candidate AGB1pS37-interacting residues are represented as sticks only. Color filling 

indicates experimental treatments. 

6. G-Paradox and Four-State Model 

The nucleotide state of animal Gα modulates the heterotrimer formation from a 

“switch off” (GDP-bound) to a “switch on” (GTP-bound) structure (Figure 3A) [67]. Thus, 

it is controversial that, in plants, no structural difference was detected within the trimer 

during the two nucleotide states of AtGPA1 [92]. Furthermore, genetic complementation 

of the rice dwarf mutant d1 (OsRGA1-defective) with a constitutive GTP-bound alpha 

mutant (OsRGA1Q223L) rescued the normal development phenotype, suggesting that on–

off cycling is not required [93]. Adding XLGs and their functions to the plant G-protein 

repertoire has moved the plant signaling module even further from the established animal 

module [72]. Both AtGPA1 and XLGs present nucleotide independency for most functions 

and structural plasticity [74,89,94]. 
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Another observation is that AtRGS1 strongly controls the complex state in vitro, but 

rgs1 plants present subtle phenotypes compared to other G-protein mutants [95]. Further-

more, one of the few rgs1 strong phenotypes is its poor capability of photosynthetic ad-

justment under dynamic or excessive irradiation, even though the behavior is wild-type-

like during constant light conditions [96]. The RLK phosphorylation over several subunits 

also differs from the animal paradigm [16,38]. 

Therefore, to provide a solution to this paradox, the current plant model consists of 

four described states of Gα—Gα-GTP, Gα-GDP, pGα-GDP, and pGα-GTP—in which only 

the phosphorylated forms are signaling competent. In addition, RLKs are activated by an 

external stimulus and phosphorylate RGS1, resulting in an altered GTP/GDP state of the 

switch. The switch is also phosphorylated by the RLKs, independent of its nucleotide state 

[95]. Finally, phosphorylation is highlighted as a crucial regulation component, and the 

post-translational state of the subunits may explain inconsistencies in reverse genetic 

studies.  

7. Conclusions 

The phosphorylation at threonine/serine/tyrosine residues modulates many aspects 

of protein function and, consequently, is a highly regulated process. Advances in protein 

modeling, genetic data, and phosphoproteomic analysis have provided a direct link be-

tween phosphorylation status and G-signaling activation and triggering specificity. Flg22 

elicitation induces phosphorylation at Ser428/431 residues on AtRGS1 proteins [27], while 

glucose induces phosphorylation at Ser428/435/436 [14]. These distinct phosphorylation 

patterns are implicated in specific cell responses modulated by G-protein activation 

through different RLKs. AtWNK8 phosphorylates at least two serine residues at the RGS 

protein upon glucose induction, and this phosphorylation event promotes G-signaling ac-

tivation and RGS endocytosis [14]. However, FLS2 and its coreceptor BAK1 trigger the 

phosphorylation of RGS on Ser428/431, promoting its dissociation from FLS2 and Gα [27]. 

AtGPA1 shows dynamic phosphorylation upon flg22 elicitation, which reduces the phos-

phorylation level of Thr19, implicating a specific role of this AtGPA1 residue in plant sig-

naling responses to flg22 [33], although the same phosphoresidue is induced by hormone 

treatment [29]. Therefore, the signaling discrimination relies on a specific combination of 

phosphorylation between RGS and GPA1 proteins, a regulatory mechanism that may be 

expanded to form atypical core conformations that include the XLGs and different gamma 

subunits.  

Herein, we reviewed the phosphorylation status of the G-protein signaling compo-

nents and its ability to regulate their binding affinity, localization, and stability, thus con-

trolling their function on signal transduction and propagation. However, the characteri-

zation of the underlying G-protein phosphorylation status is still in its infancy; hence, the 

identification of different protein kinase phosphosites might shed light on signal discrim-

ination and G-signaling activation. Furthermore, understanding the underlying mecha-

nism of specific residue phosphorylation can be exploited as a marker for G-protein dis-

tinct signaling. Finally, the intricated mechanism of G-protein dynamism in plants does 

not rely only on a defined composition of the complex or its nucleotide-binding status, 

but rather is regulated by the phosphorylation status of the main components, RLKs, and 

other interacting partners, creating a complex post-translational G code for signal trans-

duction. 

Author Contributions: C.C.O., conceptualization, writing—original draft preparation; A.M.J., 

E.P.B.F. and P.A.B.d.R., writing—review and editing, supervision and funding acquisition; 

P.A.B.d.R., project administration. All authors have read and agreed to the published version of the 

manuscript. 

Funding: This work at UFV was partially funded by CAPES (finance code 001), FAPEMIG, and 

CNPq (403819/2021-0 to E.P.B.F./P.A.B.R.). The work at UNC was supported by NIGMS (GM065989) 



Int. J. Mol. Sci. 2022, 23, 6544 13 of 17 
 

 

and NSF (MCB-1713880 and IOS 2034929) to A.M.J.; C.C.O. is a recipient of a CAPES graduate fel-
lowship. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The in vivo data analyzed in this study is available online at the Ara-
bidopsis Protein Phosphorylation Site Database and at  the Arabidopsis THaliana ExpressioN Atlas. 

Conflicts of Interest: The authors declare no conflict of interest. 

Glossary 

GPA1 Heterotrimeric G-protein Alpha Subunit 
AGB1 Heterotrimeric G-protein Beta Subunit 
AGG Heterotrimeric G-protein Gamma Subunit 
RGS Regulator of G Signaling 
XLG Extra-Large G Protein 
CME Clathrin-Mediated Endocytosis 
SDE Sterol-Dependent Endocytosis 
GPCR G-Protein-Coupled Receptor 
GEF Guanine Nucleotide Exchange Factor 
RLK Receptor-Like Kinase 
V2R V2 Vasopressin Receptor 
GRK GPCR Kinase 
FLS2 FLAGELLIN-SENSITIVE 2 
BAK1 BRI1-ASSOCIATED RECEPTOR KINASE 1 
NFR1 Nod Factor Receptor 1 
ABA Abscisic Acid 
VPS26 Vacuolar Sorting Proteins 26 
WNK WITH NO LYSINE KINASE 
GNBP Guanine Nucleotide-Binding Protein 
EGFR Epidermal Growth Factor Receptor 
GSK Glycogen Synthase Kinase 
PKA Protein Kinase A 
IAA Indole-3-Acetic Acid 
CERK1 Chitin Elicitor Receptor Kinase 1 
JA Jasmonic Acid 
GA Gibberellic Acid 
GAP GTPase Activating Protein 
MS Mass Spectrometry 
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ABSTRACT 

RGS1 global phosphorylation as a cooperative mechanism for G-protein regulation 

 

 Multiple pathways in the plant cell are mediated by the self-activating heterotrimeric G-

proteins. Therefore, one of the major steps of regulation at the alpha subunit requires the 

presence of GTPase-activating proteins (GAPs) that, in plants, algae, and protists, are found to 

be seven-transmembrane (7TM) proteins with a conserved RGSbox cytoplasmic domain. The 

Arabidopsis regulator of G-signaling (AtRGS1) is phosphorylated in response to several stimuli 

as for the bacterial peptide flg22 and the nucleotide sugar UDP-glucose, leading to the 

uncoupling from the alpha subunit AtGPA1. Here we take advantage of the split luciferase 

technique, immunodetection assays, confocal microscopy, and in silico simulations to evaluate 

the effect of phosphomimetic and phosphonull versions of AtRGS1 on its structure and function. 

Quantitative data indicated that multiple phosphorylation events on the C-terminal tail serine 

cluster of AtRGS1 are required for G-protein activation and recruitment of the endocytic 

machinery. Consistently, plant-conserved linker residue (Ser278) promotes Gα, G  and adaptor 

protein dissociation, while it regulates the flexibility, contacts, and phosphorylation levels of 

distal phosphosites, including the cluster serines and one or more threonine residues predicted 

at the RGSbox. Additionally, the inactivation of the phosphosite by a serine-to-alanine mutation 

abolished the internalization of AtRGS1 on flg22-treated seedlings, but no change was 

observed under UDP-glucose addition. Collectively with the presented evolutionary data, we 

propose plant-conserved mechanism of regulation based on multiple phosphorylation events 

regulating protein flexibility, plasma membrane positioning, thus interface availability. 

 

Keywords: RGS1. Phosphorylation. Flg22. G-protein. Linker. Cluster. 
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INTRODUCTION 

The plant adaptation process to adverse environmental conditions requires the activation 

and coordination of specific responses that modulate the cell signaling and its metabolism to 

guarantee energy availability and plant survival (Bohnert and Sheveleva, 1998). For instance, 

drought and salinity conditions lead to differential stomatal opening that affects CO2 uptake, 

and, as a consequence, the photorespiratory cycle (Bohnert and Sheveleva, 1998; Nelson et al., 

1998; Ingram and Bartels, 1996; Pirasteh-Anosheh et al., 2016). Thus, a combination of 

external signal perception, signal transduction, hormone regulation, and gene expression is 

crucial for maintaining plant homeostasis (Waadt et al., 2022; Li et al., 2022; Belkhadir et al., 

2014). 

Cell signaling relies on different and complex mechanisms that may specifically 

recognize a signal and trigger a precise response to its activation. In this context, the 

heterotrimeric G-protein signaling plays an essential role through the modulation of distinct 

cell responses (Jiang et al., 2022). Its general and conserved activation/inactivation mechanism 

is mainly based on the GTP/GDP binding to the alpha subunit, and, consequently, its affinity 

to the dimer G (Clapham and Neer, 1997). The regulation of multiple pathways via 

heterotrimeric G-proteins acts as a bottleneck for cellular signaling in plants, while in animals, 

a vast combination of alpha, beta and gamma subunits is modulated by different G-protein- 

coupled-receptors (GPCRs) (Oldham and Hamm, 2008; Hurowitz et al., 2000). Arabidopsis 

thaliana genome only codes one canonical alpha (AtGPA1), one beta (AtAGB1) and three 

gamma (AtAGG1/2/3) subunits and has no characterized GPCR (Urano and Jones, 2014; Chen 

and Jones, 2004). Additionally, three non-canonical extra-large Gα proteins (XLGs) are 

identified in Arabidopsis, and a regulator of G-signaling (AtRGS1) has been widely studied 

(Chen et al., 2003; Chakravorty et al., 2015). Even though the classical paradigm in animals 

involves RGS proteins, which are found to be soluble proteins in a group of GTPase- 

accelerating proteins (GAPs) (Exton 2013), plant RGS proteins present an architecture that 

comprises a seven-transmembrane (7TM) GPCR-like domain at the N-terminal portion, a 

flexible linker region, and a conserved RGSbox domain followed by a non-conserved C- 

terminal tail (Figure 1A) (Oliveira et al., 2022; Siderovski and Willard, 2005; Jumper et al., 

2021). Moreover, plants, algae, and protists possess Gα subunits that are able to exchange GDP 

to GTP in a GPCR-independent mechanism, and a limited number of those are regulated by 

7TM-RGS proteins. The presence of 7TM-GAPs on the eukaryotic base indicates that ancestral 

regulators of G-proteins were GAP-functioning receptors (Bradford et al., 2013). 
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Figure 1 - AtRGS1 structural model at the plasma membrane. (A) Top-ranked AlphaFold2 

protein structural model predicts that full-length AtRGS1 has seven transmembrane domains 

(yellow), a flexible linker region (pink) followed by a conserved RGSbox domain (blue), and a 

disordered C-terminal tail (green). (B) Ser278 is predicted in a small helix segment, and it 

displays a plausible hydrogen bond with the RGSbox residue Lys333. (C) In vivo-detected C-

terminal tail residues are composed of Ser417 and five other residues (Ser428, Ser430, Ser 431, 

Ser435 and Ser436) clustered after the RGSbox. Predicted hydrogen bonds are represented as 

cyan lines. Serine phosphosites and Lys333 are indicated as ball and sticks. Neighbor residues 

are represented as wires. Plasma membrane lipids are represented as grey balls. Domains and 

regions are separated by color as indicated. 

 

In addition to the nucleotide exchange activity, animal G-signaling is negatively 

regulated by GPCR C-tail phosphorylation and β-arrestin-mediated signaling (Gurevich and 

Gurevich, 2019). The phosphorylation is promoted by GPCR kinases (GRKs) at the 

cytoplasmic portion, which results in β-arrestin recruitment and activation (Jean-Charles et al., 

2017). Activated β-arrestin may desensitize G-signaling with or without receptor internalization, 

or it acts as a scaffold protein for specific arrestin signaling (Xiao and Sun, 2018; Jean-Charles 

et al., 2017). The concept of biased signaling on GPCRs reflects a barcoding where multiple 

serine and threonine residues are phosphorylated in a specific manner to drive arrestin binding, 

conformation, and, as a consequence, its function on cellular signaling (Liggett 2011; Latorraca 

et al., 2020). On the other side, AtRGS1 is phosphorylated in vivo and in vitro at multiple serine 
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residues that include a cluster of five residues at the C-terminal tail, one serine (Ser417) at the 

end of the RGSbox and one at the linker region (Ser278) (Figure 1); while predicted and  in 

vitro detected sites include two threonine residues at the RGSbox (Oliveira et al., 2022; Tunc-

Ozdemir et al., 2017). 

In sugar production and signaling, photosynthetic efficiency depends not only on 

night/day conditions, but also on other environmental factors, and this makes sugar 

concentration drastically vary from a few minutes to hours (Deuschle et al., 2006; Fu et al., 

2014). Thus, plants present dose-duration reciprocity for sugar sensing and signaling, where a 

coordinated response is similarly activated under transient, low-intensity or high-intensity sugar 

signals (Fu et al., 2014). In order to regulate plant metabolism and growth, D-glucose is able to 

activate several sensors, as one glycolysis-independent pathway mediated by the hexokinase 

(HXK) enzymes, one glycolysis-dependent pathway linked to the SNF1-related Protein Kinase 

1 (SNK1), and one G-protein-dependent pathway, where AtRGS1 is phosphorylated and 

internalized under high concentrations of the monosaccharide (Fu et al., 2014; Urano et al., 

2012; Smeekens et al., 2010). Finally, the sugar-induced phosphorylation of AtRGS1 is 

mediated by the atypical enzymes WITH-NO-LYSINE kinases (WNKs) (Cao-Pham et al., 

2018; Urano et al., 2012). 

Recent data suggests that UDP-glucose may be the main signal on AtRGS1-mediated 

sugar responses: (1) UDP-glucose is able to induce the phosphorylation of the AtRGS1 serine 

cluster residues in vivo; (2) the sucrose synthase enzymes SuS1 and SuS4 are AtRGS1 

interacting partners and are required for D-glucose- and sucrose-induced internalization, but 

not UDP-glucose induced internalization (unpublished) (Klopffleisch et al., 2011; Oliveira et 

al., 2022).  

Immune responses in plants can be elicited by flg22, a peptide that contains 22 amino 

acid residues from the N-terminal portion of bacterial flagellin (Zipfel et al., 2004; Gómez-

Gómez et al., 1999). Flg22 is recognized by its receptor FLS2 (FLAGELLIN-SENSITIVE 2), 

a leucine-rich repeat (LRR) receptor-like kinase (RLK) (Gómez-Gómez and Boller, 2000). 

Under elicitation, FLS2 forms a complex with other LRR-RLK BAK1  (BRASSINOSTEROID 

INSENSITIVE 1-associated receptor kinase 1) and with the cytoplasmic kinase BIK1 

(BOTRYTIS-INDUCED KINASE 1) (Zipfel et al., 2004; Lu et al., 2010). BIK1 is 

transphosphorylated by the complex and released to regulate downstream responses as RbohD-

mediated ROS (reactive oxygen species)  production, MAPK (mitogen-activated protein kinase) 

cascade activation, and calcium burst (Lu et al., 2010; Zhou et al., 2019). The defense process 

under flg22 elicitation, and for other biotic stressors, leads to a growth attenuation that is 
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mediated by several phytohormones, including the brassinosteroids (BRs). Accordingly, BAK1 

also dimerizes with the BR receptor BRI1 (BRASSINOSTEROID INSENSITIVE 1), leading 

to BR pathway activation and immune response attenuation that is downstream of BAK1 

dimerization (Peres et al., 2019). This mechanism was first described as unidirectional, as PTI 

(PAMP-triggered immunity) activation did not affect the analyzed steps of BR signaling 

pathways (Albrecht et al., 2012), but it has been shown that flg22 elicitation is able to suppress 

BR biosynthesis-related genes in a pathway that is independent of BR recognition, unveiling 

an indirect and bidirectional crosstalk (Jiménez-Góngora et al., 2015). A reverse modulation of 

antiviral and flg22 signaling is also explored in the literature, in which the LRR-RLK NIK1 

mediates the crosstalk with its plasma membrane interacting partners FLS2 and BAK1 (Li et 

al., 2019). 

Under flg22-activated signaling, AtRGS1 interacts with the FLS2/BAK1/BIK1 

complex and the phosphorylation at the serine cluster is required for further AtRGS1 

internalization and G-protein uncoupling (Liang et al., 2016; Liang et al., 2018; Tunc-Ozdemir 

et al., 2016). Since Arabidopsis genome does not encode any β-arrestin, the proposed adaptors 

are two of the vacuolar protein sorting 26 (VPS26a/b), which interact with AtRGS1 and are 

both required for flg22-induced internalization via clathrin-mediated endocytosis (CME) 

(Watkins et al., 2021; Zelazny et al., 2013). Similar to the immune responses, at high sugar 

concentrations AtVPS26a and AtVPS26b mediate a phosphorylation-dependent internalization 

of AtRGS1 via CME, but another pathway is also activated, internalizing AtRGS1 via sterol-

dependent endocytosis (SDE) (Watkins et al., 2021). Furthermore, the D-glucose-activated 

SDE pathway does not depend on cluster phosphorylation, unveiling two distinct endocytic 

pathways that modulate G-protein in Arabidopsis (Watkins et al., 2021; Urano et al., 2012). 

Finally, VPS26 proteins have an arrestin-like folding, and these findings are consistent with the 

β-arrestin biased signaling described in mammals (Watkins et al., 2021; Bologna et al., 2017). 

Those molecular findings are consistent with several phenotypes observed in rgs1-2 

plants, as it displays  lower pathogen colonization rate comparing to wild-type plants, higher 

flg22-related gene induction, abolished flg22-induced Ca2+ release, and impaired reactive 

oxygen species (ROS) burst under immune elicitation (Liang et al., 2018; Marcec and Tanaka, 

2021; Tunc-Ozdemir and Jones, 2017; Ghusinga et al., 2021; Watkins et al., 2021). Furthermore, 

rgs1-2 plants have higher germination/growth rate under high concentrations D-glucose and 

NaCl, while 35S::RGS1 transformed plants show higher tolerance to drought compared to the 

Columbia ecotype (Urano et al., 2012; Colaneri et al., 2014; Huang et al., 2015; Chen et al., 

2006). 
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The absence of GPCRs in plants may be explained by the regulation performed by 

receptor-like kinases (RLKs), which recognize the signal and triggers the modulation of the G-

complex in a phosphorylation-dependent mechanism. With the exception of AtAGG1, all other 

G-protein subunits were also found to be phosphorylated in vivo (Oliveira et al., 2022). AtGPA1 

has a novel mechanism in G-signaling where phosphorylation at the Tyrosine residue 166 is 

required for activation rather than the nucleotide state alone (Li et al., 2018). In a plausible 

coordination with other N-terminal residues, Tyr166 is required for BAK1-mediated 

phosphorylation of AtGPA1, and the phosphomimetic mutation AtGPA1Y166E leads to weaker 

AtRGS1 interaction, attenuating the GTPase activity (Li et al., 2018; Xue et al., 2020). 

Although several residues are involved in the AtRGS1-mediated pathways for flg22 and 

D-glucose (Liang et al., 2018; Urano et al., 2012; Watkins et al., 2021), the effects of the signal-

specific cluster residues, and other two phosphosites located outside of the cluster (Ser278 and 

Ser417) are still unclear. Here, we took advantage of the multiple AtRGS1 phosphomimetic 

mutations and molecular dynamics (MD) simulations to shed light in the RGS1 mechanisms 

through its phosphorylation pattern, which drives and discriminates the G-protein binding, 

activation, and stress responses. Moreover, we explore different evolutionary aspects of 7TM-

RGS proteins across plant and algae species, including a novel concept - evolutionary constraint 

based on phosphosite-driven domain orientation. 

 
MATERIAL AND METHODS 

Plasmid construction and site-directed mutagenesis 

 Entry clones were generated using the Gateway™ technology. The coding region of 

AtRGS1 (AT3G26090) was amplified from Arabidopsis thaliana cDNA and inserted on 

pDONR221 by BP Clonase (Invitrogen) reaction. HiBiT-tagged AtRGS1 entry clone was 

generated by inserting the short coding sequence at the Reverse primer (Table 1) and inserted 

on pENTR/D-TOPO vector (Invitrogen). For site-directed mutagenesis, Q5® High-Fidelity 

DNA Polymerase (New England Biolabs) was used for end-to-end amplification of the entry 

vector. Mutagenesis oligonucleotides were designed for single or multiple codon modification 

and a free phosphate group was added to the 5’ end of each primer (Table 1). The linear vector 

was then ligated using the T4 DNA Ligase enzyme (Invitrogen). New clones were generated 

by transforming into E. coli DH5α and confirmed by sequencing. Cloned genes were subjected 

to LR Clonase (Invitrogen) reaction and transferred to the plant expression vectors pEarleyGate 

101, pK7FWG2 and pCAMBIA-NLuc. Clones from AtGPA1, AtAGB1, AtVPS26a and 

AtVPS26b on pCAMBIA-CLuc vectors, as well as TAP-tagged AtRGS1 overexpressing lines, 
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were obtained from Jones Lab stocks at The University of North Carolina at Chapel Hill (US) 

(Watkins et al., 2021; Urano et al., 2012). 

Structural modeling and molecular dynamics simulation 

 Tridimensional structural models from single chains and complexes were obtained 

using the AlphaFold2 algorithm (Jumper et al., 2021; Mirdita et al., 2022). Five models were 

generated, relaxed with the AMBER embedded tool, and top ranked models were chosen based 

on pLDDT score for proteins or pTM score for complexes. Top 1 models were then subjected 

to membrane positioning using the PPM 3.0 Web Server (Lomize et al., 2021), where plant 

plasma membrane parameters were selected and the N-terminal of AtRGS1 was placed at the 

extracellular portion of the membrane. 

For single AtRGS1 structures, discrete molecular dynamics (DMD) simulations of C-

alpha atoms were performed with the MDWeb tool at 295K for 500 ns (Hospital et al., 2012). 

Conformational variability of phosphomimetic and alanine mutants were analyzed by 

calculating Cα Root Mean Square Deviation (RMSD) of the whole protein along the trajectory 

or per residue. Dynamic residue correlation was extracted from the trajectory with the MDM-

TASK tool (Sheik Amamuddy et al., 2021). For AtRGS1-AtGPA1 complexes and AtRGS1 

intrachain contacts, we analyzed the interchain residue contact network using the CABS-flex 

2.0 tool for an all-atom simulation of 10 ns (Kuriata et al., 2018). UCSF Chimera was used for 

structure handling and representation (Pettersen et al., 2004). 

Split-luciferase complementation assay 

 CLuc-tagged and HiBiT-NLuc-tagged genes were transferred into GV3101 

Agrobacterium cells and leaf co-infiltration was performed on 5-week-old Nicotiana 

benthamiana plants. About 6 leaf disks from each of the 16 biological replicates were collected 

2 days after infiltration and mixed in 96-well plate with 1 mM D-Luciferin or HiBiT reaction 

mix (Promega). Reaction was maintained in the dark for 10 minutes and light intensity was 

measured at 570 nm. Luciferase activity was normalized by the HiBiT expression level average 

in each leaf. For treated leaf disks, 1 mM D-Luciferin was mixed with 1 M flg22 and the 

reaction was maintained in the dark for 25 minutes before measurement. 

Plant transformation and growth conditions 

 Arabidopsis thaliana rgs1-2 allele was obtained from the Arabidopsis  Biological 

Resource Center (ABRC) and confirmed by RT-qPCR (Table 1) (Chen et al., 2003). The 

ecotype Columbia (Col-0) was used as the wild-type control. Phosphomimetic and phosphonull 

versions of AtRGS1 on pEarleyGate 101 vector were transferred to Agrobacterium tumefaciens 
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cells and transformed into rgs1-2 plants by the floral dip method (Zhang et al., 2006). Single-

insertion homozygous lines were selected by BASTA resistance and its related survival rate. 

 For normal growth, Arabidopsis plants were maintained in a growth chamber under 

short-day conditions (21 C, 8h/light, 16h/dark). Seedlings for RT-qPCR and western blot 

analysis were germinated on ¼ strength liquid Murashige and Skoog (MS) medium and grown 

for 7 days under low constant light conditions. For confocal microscopy, seedlings were placed 

on ¼ strength liquid MS and etiolated under dark conditions. 

 Nicotiana benthamiana plants were germinated on soil and kept in a half-day 

photoperiod (25 C, 12h/day, 22 C, 12h/night) for 5 weeks before infiltration. Dark treatment 

was applied for 24 hours post-infiltration.  

RGS1-YFP internalization 

 Since the overexpression of a membrane protein may activate endocytic pathways, 

plants with a wild-type-like expression of YFP-tagged AtRGS1WT (#112), AtRGS1S278A (#345), 

AtRGS1S431A and AtRGS1S428/431/435/436A (quadA, #290) (Figure S1) were kept under light for 4 

hours and transferred to dark conditions. After 3 days of germination, elongated hypocotyl cells 

were subjected to 15 minutes of 100 nM flg22 exposure or 30 minutes of 123 M UDP-glucose 

exposure. Single cells were then observed in a Zeiss LSM880 microscope (C-Apochromat 

40x/1.2NA water immersion objective) and YFP signal was recorded from several Z-layers. 

Image processing and quantification was performed as described in the literature (Watkins et 

al., 2021). 

Immunoblotting analysis of RGS1 

 For phosphorylation detection, 7-day-old seedlings from overexpressing lines (Figure 

S1) were subjected to 100 nM flg22 treatment for 3 minutes. Total protein was extracted with 

RGS1 extraction buffer (50 mM Tris-HCl, pH 7.5, 20% glycerol, 1% Triton X-100, 1 mM 

EDTA,150 mM NaCl, 50 mM Tris-HCl, pH 7.5, 1 mM PMSF, and 1x Sigma protease and 

phosphatase inhibitor cocktail). YFP-tagged AtRGS1, AtRGS1S278E, AtRGS1S278A and 

AtRGS1S428/431/435/436A were purified using µMACS GFP Isolation Kit (Miltenyi Biotec). 

Purified proteins were separated in 10-12% acrylamide gels and transferred to nitrocellulose or 

PVDF membranes. Total RGS was detected with HRP anti-GFP antibody (Abcam, ab6663) or 

anti-AtRGS1 antibody. Phosphorylation was detected using anti-phospho-serine and anti-

phospho-threonine antibodies, and cluster phosphorylation at the specific residues Ser428, 

Ser435 and Ser436 using the anti-phospho-AtRGS1 antibody (Urano et al., 2012). 

cDNA preparation and quantitative PCR 
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 Genotyping of complemented lines were performed in 7-day-old seedlings growth 

under low constant light conditions. Frozen material was ground, and RNA was extracted using 

the GeneJET Plant RNA Purification Mini Kit (Thermo Scientific). cDNA was synthesized by 

M-MLV (Thermo Scientific) reaction after DNAse I (Thermo Scientific) treatment. Relative 

quantification was performed in a CFX Connect Real-Time PCR Detection System (BioRad). 

The 2-ΔΔCt method was applied using the endogenous control UBQ10 (AT4G05320). 

Phylogenetic analysis 

We manually collected 7TM-RGS sequences from diverse plants covering streptophyte 

algae to flowering plants; XP_002267857.1 (Vitis vinifera), GAQ79965.1 (Klebsormidium 

nitens), XP_024539565.1 (Selaginella moellendorffii), GBG89443.1 (Chara braunii), 

NP_189238.2 (Arabidopsis thaliana). These initial sequences were aligned with CLUSTAL W 

and employed to perform HMMER search against UniProtKB database with the e-value 

threshold of 10-10. The HMMER search yielded 307 sequences from green plants (Taxonomy 

Identifier: 33090).   

The 307 sequences were pre-processed by removing redundant sequences and/or 

sequences shorter than 420 residues. The remaining sequences were aligned using the MAFFT 

version 7, followed by the removal of gapped positions containing ≥10% gaps. We also 

removed highly similar sequences that showed 75% or higher identity to other sequences and 

sequences that contain a gap region (≥7 consecutive gaps). The finalized sequence set (28 

sequences with 445 positions) was used for phylogenetic analysis by PhyML with the JTT 

substitution model and 160 bootstrap iterations. The ConSurf server (Ashkenazy et al., 2016) 

was used to visualize the evolutionary conservation at the AtRGS1 structural model. 

 
RESULTS 

Phosphorylation of AtRGS1 at Ser278 regulates G-protein binding 

 RGS1 phosphorylation by RLKs has been implicated as an important mechanism of 

signaling triggered in a specific ligand-dependent activation. Therefore, distinct RGS1 

phosphorylation patterns might drive the direction and specificity of each signal. In order to 

test if unique phosphorylation sites have any influence on G-protein binding, VPS26 

recruitment and stress responses, we have created multiple phosphomimetic mutants of 

AtRGS1 from the most conserved in vivo-detected sites (Oliveira et al., 2022). Moreover, to 

test the individual influence of a single phosphomimetic at the cluster region, we generated a 

quintuple mutant where one site was replaced by an aspartic acid or glutamic acid residue, while 

the remaining serines were replaced by alanine residues. Ser278 and Ser417 were individually 
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replaced, once those are the only two in vivo sites outside the cluster (Figure 1) (Oliveira et al., 

2022). 

 Using transient expression in Nicotiana benthamiana plants, we have determined the 

binding affinity changes of AtRGS1 phosphomimetic mutants in comparison with the wild-

type form of the protein. Single-residue mutations at the C-terminal serine cluster did not affect 

AtGPA1 binding, and only the quintuple AtRGS1S428E/S430/431/435/436A affected G  binding 

(Figure 2A). Regarding the adaptors VPS26a and VPS26b, single cluster phosphomimicking 

did not promote any increase in binding. Instead, adding a negative charge at Ser428 and Ser435 

decreased the affinity for VPS26a, while AtRGS1S431E/S428/430/435/436A drastically reduced 

VPS26b binding (Figure 2A). The present data suggests that a null or negative effect of single 

point phosphomimetic mutations at the serine cluster is not significant enough to promote Gα 

dissociation or adaptor recruiting. 

 

Figure 2 - Phosphomimetic effects on AtRGS1 interactions. (A) Split-luciferase data 

summary of AtRGS1 phosphomimetics and its interaction levels compared to the wild-type 

protein. Transiently expressed Gα, G , and candidate adaptor proteins were tested against 

AtRGS1 variants in Nicotiana benthamiana leaves. Fold-variation comparing to the non-

mutated AtRGS1 is represented as a white and red gradient. White indicates no change in 
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luciferase signal. Red indicates signal depletion comparing to the wild-type protein. (B-C) 

Multiple phosphomimetic mutations at the cluster are required for GPA1 activation and 
VPS26B recruitment. Split-luciferase data is normalized by RGS1 expression levels. Error bars 
= SEM, n ≈ 16. Significance levels: * <0.05, ** <0.01, *** <0.001, ns = not significant as 
determined by a two-way ANOVA with post-hoc Tukey multiple comparison test. 
 
 AtRGS1S417D slightly reduces AtRGS1-AtGPA1 complex, but changing the linker 

residue Ser278 to a glutamic acid residue promotes Gα, G  and VPS26b dissociation (Figure 

2A). As Ser278 is a substrate for BIK1, AVRPPHB SUSCEPTIBLE1 (PBS1)-like 1 (PBL1) 

and BRI1-LIKE 3 (BRL3) (Tunc-Ozdemir et al., 2017; Liang et al., 2018; Oliveira et al., 2022), 

this phosphorylation may be required for the crosstalk between growth and immune responses 

that is mediated by AtRGS1. 

Multiple cluster phosphorylation leads to G-protein dissociation and adaptor recruitment 

 Since single-point mutations at the C-terminal tail did not promote Gα dissociation and 

subsequent activation, we have decided to test a combination of a triple phosphomimetic mutant 

over a double alanine mutation background. The sites Ser428, Ser431and Ser435 were chosen 

based on neighbor residue distance, function, and conservation, respectively. Both 

AtRGS1S428/431/435E/S430/436A and AtRGS1S428/431/435D/S430/436A promoted AtGPA1 dissociation 

(Figure 2B), but only AtRGS1S428/431/435D/S430/436A had a significant increase on VPS26b binding 

(Figure 2C). Aside from the wild-type control, we have also tested a S428/430/431/435/436A 

mutation (hereafter clusterA) that did not affect binding, as expected for non-phosphorylatable 

form (Figure 2B-C). In the arrestin-GPCR signaling pathways, the -arrestin binding is not 

directly proportional to its activation levels (Latorraca et al., 2020). Thus, the ability of the two 

mutants to promote Gα dissociation and partial adaptor recruitment suggests a mechanism 

where phosphorylation induces G-protein activation prior to adaptor recruitment, and AtRGS1 

may be internalized to avoid possible phosphatase binding and subsequent AtGPA1 

inactivation. 

Ser278 is required for flg22-induced internalization of AtRGS1 

 RGS1 endocytosis in a ligand-dependent manner promotes the desensitization and 

increases signaling duration. The internalization of AtRGS1-YFP is observed within 15 minutes 

of flg22 exposure or 30 minutes of 6% D-glucose treatment, and C-tail phosphorylation is 

required or partially required for this process (Watkins et al., 2021). Using a UDP molecule, 

the SuS enzymes are able to convert sucrose in UDP-D-glucose and D-frutose (Kleczkowski 

1996), and, while concentrations above 6% of D-glucose are optimal to induce the 
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internalization of the 7TM protein, only 123 nM of UDP-glucose is able to promote efficient 

internalization of RGS1-YFP (unpublished). 

In order to test the effect of pSer278 in those pathways, we have used rgs1-2 plants 

complemented with AtRGS1-YFP, AtRGS1S278A-YFP or AtRGS1S428/431/435/436A-YFP 

(hereafter quadA) for single-cell internalization quantification. UDP-glucose was used as the 

sugar signal since it induces C-terminal phosphorylation. Dark-induced elongated hypocotyl 

cells were treated and observed over time, picture was taken after 15 or 30 minutes and internal 

YFP signal was quantitated over membrane-located YFP. 

Our data shows that phosphorylation of Ser278 is required for flg22-mediated 

internalization, but only partially required for UDP-glucose signaling (Figure 3A), which is 

consistent with AtRGS1 being internalized by two different pathways under D-glucose 

treatment (Watkins et al., 2021), the candidate precursor of UDP-glucose in G-protein signaling. 

Interestingly, the quadA mutant presented abolished flg22-mediated internalization as expected, 

but UDP-glucose signaling was completely ablated as well. The inconsistence of UDP-glucose 

with D-glucose published results (Watkins et al., 2021) may be explained by two experimental 

differences: (1) D-glucose and UDP-glucose balance may be regulated by the SuS-RGS binding, 

resulting in different mechanisms for the two sugar signals, or (2) quadA has an extra alanine 

mutation than the one published for D-glucose (3SA/AtRGS1S428/435/436A). Thus, the presence 

of the C-terminal with a specific residue combination may be required for complete ablation of 

sugar-induced AtRGS1-YFP internalization (Watkins et al., 2021). 

Although Ser431 is described as being required for the flg22-induced internalization of 

AtRGS1 (Liang et al., 2018), our data indicates wild-type-like internalization levels for 

AtRGS1S431A. Thus, we have demonstrated that a single cluster phosphosite inactivation, or a 

single phosphomimetic mutation alone, are not able to promote changes in RGS1 

internalization and G-protein activation.  

AtRGS1 phosphorylation at the linker is required for flg22-induced binding change 

 To evaluate if flg22 is able to recruit the candidate adaptors to the membrane, we tested 

if AtRGS1 and AtRGS1S278A interactions with both VPS26a and VPS26b would be affected by 

the addition of an immune response elicitor in the reaction buffer. Curiously, the addition of 

flg22 at high concentrations (1 M) drastically reduced the wild-type RGS1 interactions with 

both proteins after 25 minutes of treatment (Figure 3B-C). This may be explained by: (1) 

Arabidopsis-specific components that may not be conserved in the transiently expressed 

Nicotiana benthamiana leaves; (2) the time of the treatment that may be too long for a time- 
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Figure 3 - Ser278 phosphorylation is required for flg22 signaling. (A) RGS1-YFP 
internalization on dark-induced elongated hypocotyls under flg22 and UDP-glucose treatments. 
n ≈ 5. (B-C) Split-luciferase normalized data indicates that RGS1S278A is insensitive to 1  
flg22-induced binding changes with the candidate adaptors VPS26A and VPS26B. n ≈ 16. Error 
bars = SEM. Significance levels: * <0.05, ** <0.01, *** <0.001, **** <0.0001, ns = not 
significant as determined by a two-way ANOVA with post-hoc Tukey multiple comparison test. 
 
limited interaction; (3) signal depletion could be due to conformational change and not to 

affinity reduction, once both parameters are not proportionally related (Latorraca et al., 2020). 

AtRGS1S278A presented lower binding affinity to both VPS26 proteins in comparison 

with the wild-type form of AtRGS1. However, the addition of flg22 did not show a significant  

impact on the interactions (Figure 3B-C). These data indicate a coordinated mechanism in 

which phospho-Ser278 is linked with the required cluster phosphorylation that regulates flg22-

induced binding change, whether it is recruitment or release is still unclear. 

Ser278 dynamics correlates to C-terminal tail phosphosites and RGSbox residues 

 Since the top ranked AtRGS1 model indicates a plausible hydrogen bond between 

Ser278 and the RGSbox residue Lys333, we have decided to investigate how those residues 

would move in an aqueous environment using DMD simulation. After 500 ns of simulation, we 

generated a dynamic residue cross correlation map (Figure 4A) and extracted the specific 

numbers of Ser278 (Figure 4B) in order to evaluate which residues have a movement 

correlation with the linker region. Consistent with the static model, Lys333 is positively 

correlated to Ser278 dynamics. Moreover, C-tail phosphosites present a stronger correlation 

with the same linker region (Figure 4A-B). 

Even though the static models of phosphomimetic mutants did not differ from the wild-

type version of AtRGS1, molecular dynamics simulations are necessary to identify changes on 

the contacts and flexibility of the protein. Residue flexibility was evaluated on AtRGS1 Ser278 

phosphomimetic and phosphonull structural models by obtaining the RMSD per residue along 

the trajectory. While flexibility of the linker region had an RMSD peak on the S278E and 

S278A mutants, it is clear that both phosphomimetic models S278E and S278D presented 

increased flexibility at the beginning of the C-terminal tail, where the other phosphosites are 

located (Figure 4C). 

 This data, taken together with the split luciferase (Figure 2) and internalization results 

(Figure 3), may suggests that the phosphorylation of the linker is either upstream or concomitant 

with cluster phosphorylation. Furthermore, the exclusive impairment of flg22 signaling on 

AtRGS1S278A is consistent with the fact that cluster phosphorylation is required for flg22-
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induced internalization of AtRGS1-YFP, but only partially for sugar signaling (Watkins et al., 

2021). 

 

Figure 4 - Serine cluster dynamics is linked to Ser278 trajectory. (A) Dynamic residue cross 

correlation of wild-type AtRGS1 during 500 ns of C-alpha DMD simulation. Linker region and  

C-tail serine cluster correlation is highlighted in a yellow box. (B) Ser278 dynamics is 

positively correlated with the Lys333 (blue) and in vivo detected phosphosites (red). (C) Root-

mean-square deviation of AtRGS1 mutants. S278D (pink) and S278E (aqua green) 

phosphomimetic mutations  increase  cluster flexibility during the simulation. 

 

AtRGS1S278E promotes AtGPA1 dissociation in silico 

 Once AtRGS1-AtGPA1 dimer is attenuated in vivo by the S278E substitution, we have 

tested how the structural model of the dimer would behave in a water solution by an all-atom 

MD simulation. The initial static model created with AlphaFold2 was similar to the human 

crystal of non-TM RGS proteins in dimerization with the Gi alpha 1 subunit (PDB 2GTP) 
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(Figure S2)  (Soundararajan et al., 2008). Even though the static model of AtRGS1S278E-GPA1 

did not show many visual changes, it is clear that the contacts of the C-terminal tail phosphosites 

in AtRGS1 were completely lost with the N-terminal helix of AtGPA1 and with multiple 

intrachain residues (Figure 5). 
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Figure 5 - AtRGS1S278E induces AtGPA1 dissociation in silico. (A) Frequency of contacts of 
wild-type AtRGS1 maintains contacts the C-terminal phosphorylation sites near AtGPA1 N-
terminal helix. (B) Ser278 phosphomimetic mutation ablates C-terminal proximity of AtGPA1 
first helix. AtRGS1 analyzed sites are pointed on the left Y axis, while GPA1 (red arrows) and 
intrachain contacts are indicated on the right Y axis. Frequency of contacts indicates the ratio 
of representative models with close residues during the all-atom simulation. 
 

Interestingly, AtGPA1 N-terminal helix has several phosphosites that are induced by 

flg22 or other treatments (Oliveira et al., 2022; Xue et al., 2020), which suggests a multiple 

phosphorylation mechanism in both components that would promote lower affinity and higher 

activation levels during certain atypical conditions. 

Ser278 mutations impair serine cluster phosphorylation 

 The in silico correlation of Ser278 with the C-tail serine cluster sites may implicate a 

direct modulation effect in the phosphorylation pattern of those specific residues and, therefore, 

the phosphomimetics or phosphonull mutants would present a distinct pattern. To evaluate the 

in vivo phosphorylation, we took advantage of specific AtRGS1 antibodies that recognize the 

phosphorylated cluster sites pS428, pS435 and pS436. As expected, the wild-type version of 

the protein displayed an increased flg22-induced-phosphorylation at one or more of the three 

tested sites (Figure 6A-B), which may be due to Ser428, one of the two sites described as 

required for flg22 signaling (Liang et al., 2018). But, due to mass spectrometry (MS) limitations 

on distinguishing neighbor residues, we do not discard the possibility that the other two sites 

(Ser435/436) are also differentially phosphorylated with the treatment. 

The quadA mutant, that cannot be phosphorylated on those sites, did not present any 

signal. Curiously, S278A and S278E presented similar phosphorylation patterns on the 

quantification, with no change on the serine cluster phosphorylation status under elicitation 

(Figure 6A-B). Although the quantification of S278E indicated weak cluster phosphorylation, 

no visual band was observed on the western blot repetitions, while S278A had a subtle signal 

(Figure 6A). Thus, we do not discard the fact that other additional sites that are not covered by 

the antibody specificity are differentially phosphorylated on those mutants, which may include 

Ser430/431. 

AtRGS1 displays Ser278-linked threonine phosphorylation mechanism 

 Although many phosphosites have been identified in vitro, their characterization in vivo 

is still unclear, and only Serine residues are identified in phosphoproteomics studies (Tunc-

Ozdemir et al., 2017; Oliveira et al., 2022). For that matter, we have tested the purified AtRGS1 

variants for threonine and tyrosine phosphorylation. Although no phosphotyrosine signal was 

detected, phosphothreonine signal was evident on AtRGS1WT, but weaker on other mutants 
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with no apparent change on the tested exposure time and concentration of flg22 (Fig. 6A-C). 

To this date, AtRGS1 has no in vivo detected threonine phosphosites, but two residues of the 

RGSbox (Thr375/379) have been identified in vitro (Tunc-Ozdemir et al., 2017; Oliveira et al., 

2022). Those sites are BRL3 targets, a receptor-like kinase that controls ROS burst and root 

growth inhibition during flg22 and sugar responses, respectively (Tunc-Ozdemir and Jones, 

2017). 

 
Figure 6 - Ser278 regulates AtRGS1 global phosphorylation. (A) Immunoblot analysis of 
rgs1-2 lines complemented with wild-type, S278E, S278A, or S428/431/435/436A (quadA) 
versions of 35S::AtRGS1-YFP under 3 minutes of 100 nM flg22 treatment. Purified proteins 
were probed for (B) the phosphoserine cluster sites (pS436/pS435/pS436) and (C) 
phosphothreonine. Error bars = SEM, n = 3. Significance levels: * <0.05, ** <0.01, *** <0.001, 
ns = not significant as determined by a two-way ANOVA with post-hoc Šidák multiple 
comparison test. (D) AlphaFold2 model of AtRGS1 indicates that in vitro threonine 
phosphorylation sites are linked to the 7TM domain (yellow) of the regulator. Predicted 
hydrogen bonds are represented as a cyan line. Phosphosites and Lys118 are indicated as ball 
and sticks. Neighbor residues are represented as wires. 
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On the AlphaFold2 static model is possible to predict a hydrogen bond between Ser479 

and the 7TM residue Lys118, which is in the cytoplasmic turn of the domain (Figure 6D). 

Additionally, a 10 ns all-atom MD with AtRGS1WT and AtRGS1S278E had different contact 

parameters not only on the linker region (Figure 7A), but also on the contacts of the two 

RGSbox residues (Figure 7B-C). Glu278 on the S278E mutant was able to maintain a 

considerable distance from the Lys333 in most models, but most contacts of the residue with 

the helix that precedes RGSbox lysine were abolished. In contrast, Thr379 was mostly apart 

from the Lys118 on the AtRGS1S278E trajectory, while plausible contacts were detected in most 

representative models of the wild-type protein. The difference on the frequency of contacts on 

the linker, RGSbox and 7TM residues corroborate with the hypothesis that domain orientation 

and interface availability may be controlled by the phosphorylation status of Ser278. Moreover, 

different in vivo phosphorylation levels for the variants indicate that global phosphorylation of 

the protein is a coordinated process with the linker being upstream or concomitant not only to 

the cluster, but also to the RGSbox novel in vivo kinase targets. 
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Figure 7 - AtRGS1S278E induces different dynamics of threonine-containing RGSbox 

region. Cabs-FLEX all-atom simulation of AtRGS1 monomer. Frequency of contacts of wild-
type (black) and S278E (pink) AtRGS1 specific residues during the simulation are indicated on 
the Y axis. (A) Mutation of the linker residue changes its contacts and the orientation of 
RGSbox phosphosites (B) Thr375 and (C) Thr379. 
 

Key residues are conserved among plant 7TM-RGS proteins 

While most eukaryotic groups possess RGS proteins, it has been proposed that ancestor 

organisms’ Gα were GEF-independent and regulated by 7TM-GAP proteins, while superior 

organisms evolved to be GEF-dependent regarding G-protein activation (Bradford et al., 2013). 

A phylogenetic analysis using diverse plants 7TM-RGS protein sequences as query, groups 

AtRGS1 with other eudicot members, followed by magnoliids, monocots, lycophytes, and algae, 

respectively (Figure 8B). The generated MSA (Figure S3) was also used as a conservation 

reference to generate a structure colored by residue conservation, which evidenced a 

considerable conservation on the flexible regions of the land plant proteins, including 

phosphosites and possible interacting residues (Figure 8A). 

 For MD comparison, we have picked the structural models of the most related AtRGS1 

ortholog, from Medicago truncatula, and of the most distant one, from the Klebsormidium 

nitens. A 500 ns C-alpha MD simulation at 295K revealed a similar RMSD profile of the 

aligned residues, with the most divergent specie presenting higher flexibility levels on the linker 

region that englobes Ser278 on AtRGS1 (Figure 8C). The main difference on domain flexibility 

among distant species may be explained by the fact that key residues, including a linker 

phosphosite and other plant-conserved islands of the region, are not present on the earlier 

species (Figure S3). This suggests a novel regulation mechanism on higher plants, in which key 

sites are phosphorylated in order to drive domain positioning, interface availability and, as a 

consequence, G-protein activation. 

 

DISCUSSION 

 The few heterotrimeric G-protein subunits found in Arabidopsis are required to the 

majority of phosphorylation events inside the plant cell, defying a strong link with pathways 

that include flg22-activated signaling (Song et al., 2018; Watkins et al., 2021). Moreover, the 

atypical regulation mediated by 7TM-RGS proteins is strongly influenced by several 

phosphoresidues at the C-terminal tail, but little is known about the effect of individual residues 

on protein interactions and G-signaling activation (Urano et al., 2012; Liang et al., 2018). Other 

than the cluster sites, two phosphoserines are detected in vivo at the linker region and at the 

very end of the RGSbox domain (Oliveira et al., 2022). 
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Figure 8 - Key residues are conserved among 7TM-GAP containing species. (A) ConSurf 

AtRGS1 model colored by residue conservation from the most (pink) to the least conserved 

(cyan). Key residues are highlighted and colored as indicated in the model. (B) JTT substitution 

model-based phylogenetic of 7TM-RGS proteins across plants and green algae groups related 

species that are indicated on the left. (C) Residue RMSD of AtRGS1 homologs during a 500 

ns C-alpha DMD simulation. Data indicates that the most distant organism (Klebsormidium 

nitens, aqua green) differs the most from AtRGS1 (black) and its closer relative (Medicago 

truncatula, pink) on the linker region and RGSbox regarding flexibility. 

 

 An extensive interaction mapping of AtRGS1 phosphomimetic mutants using the split 

luciferase quantitative method allowed us to understand the effect of single sites on the 

interactions with AtGPA1, AtAGB1 and the two candidate adaptors AtVPS26a and AtVPS26b. 

As a single phosphomimetic mutant, AtRGS1S278E promoted stronger dissociation of Gα, G  

and VPS26b interactions compared to the wild-type protein, pointing it out as a strong candidate 
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on G-protein activation and, possibly, AtRGS1 endocytosis. Thus, none of the versions of 

AtRGS1 with one cluster residue phosphomimicked over a quadruple alanine mutation 

promoted Gα activation or adaptor recruitment. Instead, phosphomimicking the residues 

Ser428 and Ser435 affected VPS26a binding drastically, while the mutant q4 (S431E/clusterA) 

affected VPS26b binding (Figure 2A). 

Adding negative charges to three cluster residues (Ser428/431/435), at the same time as 

the inactivation of two other sites (Ser430/436), promoted Gα dissociation and VPS26b 

recruitment, indicating that multiple phosphorylation events at the cluster are required (Figure 

2B-C). Curiously, treating infiltrated N. benthamiana leaves with 1 M flg22 promoted VPS26 

dissociation from AtRGS1 comparing to the mock treatment (Figure 3B-C). This may be 

inconsistent with the VPS26 requirement for flg22-mediated internalization of AtRGS1 

(Watkins et al., 2021), and it can be explained by experimental parameters discussed in the 

results section, or by the fact that, like the -arrestin mechanism, adaptor binding is not directly 

related to activation (Latorraca et al., 2020). The rgs1-2 plants complemented with 

AtRGS1S428/430/435/436A had no flg22- or D-glucose-induced RGS1-YFP internalization (Figure 

3A). Thus, the inactivation of three of those sites (S428/S435/436A) is described to affect only 

the SDE-mediated internalization induced by D-glucose, but not the complete internalization 

(Watkins et al., 2021). Therefore, Ser431 inactivation  alone did not affect the CME pathway 

and further studies with specific endocytosis inhibitors and multiple phosphosite combinations 

are necessary. 

The Nod factor receptor 1α from soybean (GmNFR1α) is able to phosphorylate three 

linker residues of GmRGS2 in vitro, but no consistent data was presented for the specific 

phosphorylation of these sites in vivo (Choudhury and Pandey, 2015). Other than that, 

Arabidopsis is a non-leguminous plant and does not present root nodulation. Furthermore, the 

inactivation of the Arabidopsis site by a serine-to-alanine mutation (AtRGS1S278A) affected 

VPS26a (but not VPS26b) binding (Figure 3B-C), showing an opposite effect of the S278E 

mutation (Figure 2A). Additionally, the AtRGS1S278A-VPS26 complexes were not affected by 

flg22 addition (Figure 3B-C). Using quantitative confocal microscopy, we suggest that Ser278 

is required for G-protein activation under flg22 elicitation but not for UDP-glucose (Figure 3A), 

indicating the involvement of the linker region with the CME pathway activated by the presence 

of pathogens. Consistently, our work provides in silico data for the AtRGS1 AlphaFold2 

models that indicates a considerable correlation between Ser278 and the serine cluster 

movement and flexibility (Figure 4). Molecular dynamics simulations also pointed out to 

several RGSbox residues with close contact with this part of the linker region (Figure 7A), 
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indicating that the RGSbox position at the membrane may be influenced by the phosphorylation 

of the linker. 

The in silico effects of the S278E mutation on the AtRGS1-AtGPA1 heterodimer are 

also observed. Here, we have provided plausible models for the dimer that are consistent with 

one of the human crystals (PDB 2GTP). Moreover, short molecular dynamics simulations 

indicated that the C-terminal tail of AtRGS1 has reduced contacts with the N-terminal helix of 

AtGPA1, which comprises the phosphosite Thr12 (Figure 5), also induced by phytohormones 

and immune responses (Xue et al., 2020; Jia et al., 2019; Oliveira et al., 2022).  

Based on the phosphorylation of the three cluster residues detected by the pRGS1 

antibody, we hypothesized that Ser278 phosphorylation is required for posterior or concomitant 

cluster phosphorylation, once AtRGS1S278A enriched proteins presented very low signal and no 

treatment induction for the phosphorylated sites pSer428, pSer435 and pSer436. Unexpectedly, 

no phosphorylation was detected at the three cluster residues on the S278E phosphomimetic 

(Figure 6A-B), pointing out to the possible dynamics of other phosphosites on this mutant. The 

same effect is observed on the phosphorylation of one or more threonine residues detected for 

the first time in vivo, suggesting that the two RGSbox threonines that are phosphorylated by 

BRL3 in vitro are linked to the cluster and liker phosphorylation (Figure 6A-D). Also, the 

contacts of the conserved residues Thr375 and Thr379 with the cytoplasmic loop of the 7TM 

domain (Figure 6D) are altered in the AtRGS1S278E model simulation (Figure 7). And, the key 

contact residues are conserved among land plants, but not in green algae ancient organisms 

(Figure 8, Figure S3). Finally, RNAseq and proteomic analysis presented here may indicate 

that  BAK1 is the kinase for Ser278 (Figure S4), raising the hypothesis of posterior threonine 

phosphorylation by BRL3 in order to attenuate the ROS burst elicited by flg22 (Tunc-Ozdemir 

and Jones, 2017). 

In conclusion, our data displays strong evidence of Ser278 influence on G-protein 

activation during specific bacterial responses. Thus, based on in silico and in vivo 

phosphorylation, Ser278 may regulate the availability of other intrachain phosphosites by 

positioning the intracellular domains at the plasma membrane for kinase and/or adaptor 

accessibility, as well as AtGPA1 binding regulation. 
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SUPPLEMENTARY MATERIAL 

 

Supplemental Table 1 - Oligonucleotides used for cloning, site-directed mutagenesis, and 
RT-qPCR. 

Gene Oligonucleotide ID Sequence (5’→3’) Application 

AtRGS1 

AtRGS1-Fwd-GW 
AAAAAGCAGGCTTCACAATGGCGAG

TGGATGTGC 
pDONR221 

cloning 

AtRGS1-Rvs-NS-GW 
AGAAAGCTGGGTCACCGGGACTACT

GCAT 
pDONR221 

cloning 

AtRGS1-Fwd-GW 
CACCATGGCGAGTGGATGTGCTCTAC

AT 
pENTR D-

TOPO cloning 

AtRGS1-NS-HiBiT-Rvs-GW 
GCTAATCTTCTTGAACAGCCGCCAGC
CGCTCACACCGGGACTACTGCATCTG 

pENTR D-
TOPO cloning 
HiBiT tagging 

AtRGS1-S278D-Fwd CATTCCCGATgacGGATTATTATTTCG 
Site-directed 
mutagenesis 

AtRGS1-S278E-Fwd 
CATTCCCGATgagGGATTATTATTTCG

GAAG 
Site-directed 
mutagenesis 

AtRGS1-S278A-Fwd CATTCCCGATgccGGATTATTATTTCG 
Site-directed 
mutagenesis 

AtRGS1-S278-Rvs CCTAGAGCTTGACCCATTC 
Site-directed 
mutagenesis 

AtRGS1-S417D-Fwd AGAAGAAGAAgacTGCCACGAGG 
Site-directed 
mutagenesis 

AtRGS1-S417E-Fwd 
AGAAGAAGAAgagTGCCACGAGGCAA

TG 
Site-directed 
mutagenesis 

AtRGS1-S417A-Fwd AGAAGAAGAAgccTGCCACGAGG 
Site-directed 
mutagenesis 

AtRGS1-S417-Rvs TTGAACTTGATGAAGTAGATG 
Site-directed 
mutagenesis 

AtRGS1-S431A-Fwd CAGTTTTTCAgctCCAAGACTGAG 
Site-directed 
mutagenesis 

AtRGS1-S431-Rvs TATCCTTCCTTATGCATTGC 
Site-directed 
mutagenesis 

AtRGS1-q1-Fwd caagactggctgCAGTTCAAGGCTCTGATG 
Site-directed 
mutagenesis 

AtRGS1-q1-Rvs 
gagctgcaaaatcGTATCCTTCCTTATGCAT

TG 
Site-directed 
mutagenesis 

AtRGS1-q2-Fwd caagactggctgCAGTTCAAGGCTCTGATG 
Site-directed 
mutagenesis 

AtRGS1-q2-Rvs 
gagctgcaaactcGTATCCTTCCTTATGCAT

TG 
Site-directed 
mutagenesis 

AtRGS1-q3-Fwd caagactggctgCAGTTCAAGGCTCTGATG 
Site-directed 
mutagenesis 

AtRGS1-q3-Rvs 
gatctgcaaaagcGTATCCTTCCTTATGCAT

TG 
Site-directed 
mutagenesis 

AtRGS1-q4-Fwd caagactggctgCAGTTCAAGGCTCTGATG 
Site-directed 
mutagenesis 

AtRGS1-q4-Rvs 
gctctgcaaaagcGTATCCTTCCTTATGCAT

TG 
Site-directed 
mutagenesis 

AtRGS1-q5-Fwd caagactggatgCAGTTCAAGGCTCTGATG 
Site-directed 
mutagenesis 

AtRGS1-q5-Rvs 
gagctgcaaaagcGTATCCTTCCTTATGCAT

TG 
Site-directed 
mutagenesis 

AtRGS1-q6-Fwd caagactggaagCAGTTCAAGGCTCTGATG 
Site-directed 
mutagenesis 

AtRGS1-q6-Rvs 
gagctgcaaaagcGTATCCTTCCTTATGCAT

TG 
Site-directed 
mutagenesis 
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AtRGS1-q1q3q5-Fwd caagactggatgCAGTTCAAGGCTCTGATG 
Site-directed 
mutagenesis 

AtRGS1-q1q3q5-Rvs 
gatctgcaaaatcGTATCCTTCCTTATGCAT

TG 
Site-directed 
mutagenesis 

AtRGS1-q2q4q6-Fwd caagactggaagCAGTTCAAGGCTCTGATG 
Site-directed 
mutagenesis 

AtRGS1-q2q4q6-Rvs 
gttctgcaaactcGTATCCTTCCTTATGCATT

G 
Site-directed 
mutagenesis 

AtRGS1-clusterA-Fwd caagactggctgCAGTTCAAGGCTCTGATG 
Site-directed 
mutagenesis 

AtRGS1-clusterA-Rvs 
gagctgcaaaagcGTATCCTTCCTTATGCAT

TG 
Site-directed 
mutagenesis 

AtRGS1-quadA-Fwd caagactggctgCAGTTCAAGGCTCTGATG 
Site-directed 
mutagenesis 

AtRGS1-quadA-Rvs 
gagctgaaaaagcGTATCCTTCCTTATGCAT

TG 
Site-directed 
mutagenesis 

qRT-AtRGS1-Fwd TCTCTTGGCTTCAGGTTGCT RT-qPCR 
qRT-AtRGS1-Rvs ACAACGACGAGAATCCCACC RT-qPCR 

AtUBQ10 

qRT-UBQ10-Fwd 
GGCCTTGTATAATCCCTGATGAATAA

G 
RT-qPCR 

qRT-UBQ10-Rvs 
AAAGAGATAACAGGAACGGAAACAT

AGT 
RT-qPCR 
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Supplemental Figure 1 - Gene expression profiling of rgs1-2 complemented lines. Single 

insertion agrobacterium-transformed lines were selected and genotyped for AtRGS1 expression. 

Fold variation indicates relative expression of transgenic plants over the wild-type control (Col-

0). Error bars = SEM, n ≈ 3. Significance levels: ** <0.01, **** <0.0001, ns = not significant 

as determined by a two-way ANOVA with post-hoc Dunnett’s multiple comparison test. 
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Supplemental Figure 2 - AtRGS1-AtGPA1 complex model overlaps the crystal structure 

2GTP. AlphaFold2 model of AtRGS1 (olive green/red) and AtGPA1 (forest green/orange) 

heterodimer overlapping the crystal structure of the heterodimeric complex of human RGS1 

and activated Gi alpha 1 2GTP (grey). RMSD values are indicated on the left. 
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Supplemental Figure 3 - Multiple sequence alignment of AtRGS1 orthologs. AtRGS1 

representative sequences were aligned with MAFFT. MView was used for representation 
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(Brown et al., 1998). Red arrows indicate AtRGS1 residues of interest Lys118, Ser278, Lys333, 
Thr375, Thr379, Ser417, Ser428, Ser430, Ser431, Ser435 and Ser436, respectively. 
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Supplemental Figure 4 - Protein and mRNA expression profiling of AtRGS1 and related 

kinases. (A) AtRGS1, RLKs and cytoplasmic kinases expression profiles indicate a strong 
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correlation of the 7TM protein with the LRR-RLKs BRL3, involved in growth inhibition and 
ROS activation, and NIK1, which acts on viral and bacterial defense responses. The 
cytoplasmic kinases with strong correlation are the WNK8 and BIK1, involved on sugar 
signaling and pathogen responses, respectively. (B) Tissue specific RNAseq and proteomics 
profiling indicate the lower Protein/mRNA ratio of AtRGS1 on root cell culture (CC10, red 
arrow), the only tissue with pSer278 signal detected under normal conditions. (C) Root cell 
culture displays higher protein expression for BAK1, required for flg22-induced 
phosphorylation of AtRGS1. Figures and raw data were obtained from the ATHENA database 
(Mergner et al., 2020). 
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GENERAL CONCLUSION 

 The sessility of  plants is compensated with a complex system that coordinates 

development while maintaining the homeostasis of the cell (Žádníková et al., 2015). 

Accordingly, the large family plant of Leucine-Rich Repeats Receptor-Like Kinases (LRR-

RLKs) play an essential role in signal recognition and transduction (Dufayard et al., 2017). As 

the repertoire of plant heterotrimeric G-protein subunits is considerably limited compared to 

the mammalian one (Mohanasundaram et al., 2022), post-translational modifications at residues 

inside the core may be the primary regulation mechanism in most bikonts (Bradford et al., 2013; 

Li et al., 2018; Tunc‑Ozdemir et al., 2017). Therefore, the prominent role of AtRGS1 over 

AtGPA1 nucleotide-status is strongly influenced by the phosphorylation status of both proteins, 

which defines the four-state model of G-protein activation (Ghusinga et al., 2022). 

As the only transmembrane protein of the core, mapping the interactions of AtRGS1 

with Gα, Gβ, and with the β-arrestin-like candidate adaptors VPS26a and VPS26B (Watkins et 

al., 2021) was a crucial step for screening sites of interest that are detected in vivo at conserved 

and non-conserved regions of the seven-transmembrane (7TM) regulator. Thus, since rgs1-2 

knockouts only present significant phenotypes under atypical conditions, the creation of 

AtRGS1 phosphomimetic and phosphonull mutants allowed us to identify residues that are 

required for activation during specific conditions, such as bacterial elicitation and sugar 

responses. Among the tested residues, codon changes at the Ser278 position, as well as 

molecular dynamics simulations of the phosphomimetic protein, revealed the influence of the 

linker region over the serine cluster phosphorylation status, and, as a consequence, over 

AtGPA1 dissociation. 

 Additionally, we have shown that AtRGS1 undergoes threonine phosphorylation in a 

mechanism that is dependent on the linker and C-terminal sites. This interpretation is consistent 

with the changes in global structure that were observed in silico for the phosphomimetic S278E, 

including changes in contacts of two in vitro-detected RGSbox phosphothreonine with the 7TM 

cytoplasmic loop, and the variation of a plausible hydrogen bond that is predicted to link Ser278 

with RGSbox residues. Moreover, most of AtRGS1 phosphosites, and other residues of interest 

identified in the structural model, are significantly conserved in plant 7TM-RGS proteins, but 

not on the algae proteins at the base of the phylogenetic tree. 

 Our data implicate in a mechanism that was evolved in land plants in order to drive 

signal plasticity via the phosphorylation of a relatively low number of signaling proteins. In this 

model, the phosphorylation status of the linker region of AtRGS1 regulates the membrane 

positioning of the cytoplasmic domain, changing the accessibility of other regions for 
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phosphorylation and circumstantial interactions. The phosphorylation of multiple components 

at the plant G-protein core drives the core formation and their distinct downstream functions. 

Finally, this initial elucidation of the G-protein phosphorylation “bar-code” is the first step to 

create G-protein transgenic lines with great agroeconomic interest based on stress resistance 

and growth efficiency. 
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