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RESUMO

SIMONI, Eduardo Bassi, D.Sc., Universidade Federal de Vigosa, janeiro de 2024.
Revelando sinalizacées celulares em plantas: Respostas a morte celular e o
codigo de barras de fosforilacao de AtRGS1. Orientador: Pedro Augusto Braga dos
Reis. Coorientadores: Elizabeth Pacheco Batista Fontes, Alan M. Jones e Célio Cabral
Oliveira.

A adaptacao/aclimatizagdo de plantas depende do ajuste perfeito da interagao entre
0 organismo e o ambiente, necessitando de uma cooperagdo complexa e robusta
entre diferentes componentes. Alteracbes nessa interacdo podem perturbar a
homeostase celular, ativando uma variedade de respostas. Desde a percepcéo de
sinais até a regulacéo da expressao génica e, posteriormente, o controle do destino
celular, sofisticadas cascatas de sinalizacdo desempenham papéis essenciais nesses
processos, facilitando a comunicacao entre diversas organelas. No presente trabalho,
buscamos descrever e elucidar fatores envolvidos em sinalizacao celular especifica,
bem como sua funcéo na percepgéo, propagacao e resposta a um sinal ambiental. No
primeiro capitulo, intitulado "Sinalizagcdo de morte celular a partir do estresse do
reticulo endoplasmatico: caracteristicas especificas de plantas e conservacao
evolutiva", revisamos o0s principais aspectos da sinalizacao do estresse do reticulo
endoplasmatico (ER) e sua conservacado evolutiva em diferentes organismos,
concentrando-nos nas sinalizacbes de morte celular ativadas por respostas ao
estresse do ER. O ER é uma organela importante responsavel pelo controle do correto
enovelamento e modificacao pés-traducional de proteinas secretérias, homeostase de
Ca?* e controle de qualidade de proteinas. Sob condigdes normais, a dindmica
proteica do ER € estabilizada pela taxa de sintese/enovelamento e pelo sistema de
armazenamento da organela. No entanto, quando o equilibrio correto é perturbado,
comegam a se acumular proteinas mal dobradas e, assim, desencadeiam vias de
sinalizacao para restaurar a condicao normal, como via de resposta a proteinas mal
dobradas (UPR). A acumulacao de proteinas mal dobradas pode ser desencadeada
por diferentes condigbes, como estresses bidticos e abidticos. Para restaurar o
equilibrio perfeito no ER, quatro processos principais sdo estimulados: diminuicdo da
taxa de sintese de proteinas; aumento da expressao génica de chaperonas do ER;
modulacdo positiva de genes ERAD; expansao da capacidade interna do ER. Esses

mecanismos podem ser modulados por dois ramos principais associados a proteinas



ancoradas na membrana do ER: IRE1 e transfatores bZIP. A chaperona molecular BiP
também desempenha um papel importante na modulagdo da sinalizagao, atuando
como chaperona e sensor do estresse. Assim, a combinagédo de diferentes fatores e
respostas permite que a célula lide com o estresse do ER para manter a funcéo e a
sobrevivéncia celular. No entanto, condi¢des de estresse prolongado que ndo podem
ser sanadas, podem desencadear respostas de autofagia ou morte celular
programada (PCD) originadas no ER, permitindo a sobrevivéncia do organismo as
custas de células especificas. A PCD de plantas compartilha vias de sinalizacao
conservadas e unicas capazes de modular, ativar e executar o processo de morte
celular. Uma resposta unica de plantas envolve os modulos da familia de fatores de
transcricdo NAC (NAN/ATAF/CUC), que podem incluir: 0 modulo de morte celular
mediado por DCD/NRP; o médulo de morte celular mediado por bZIP28/bZIP60-
ANACO089; o mddulo ANACO013/ANACO17. Coletivamente, esses mecanismos
diversos sao importantes na homeostase celular, percebendo, propagando e ativando
respostas especificas para manter a sobrevivéncia do organismo. Da mesma forma,
outra via de sinalizacao conservada foi estudada no Capitulo 2, intitulado "Revelando
o impacto da fosforilagao de residuos em AtRGS1 na sinalizacao celular de plantas".
Neste capitulo, buscamos entender o efeito de modificagdes pds-traducionais em
RGS1 e seu papel na estrutura e funcdo de AtRGS1. Proteinas G heterotriméricas,
vitais para crescimento, desenvolvimento, respostas ao estresse e defesa contra
patdbgenos, sdo negativamente reguladas pelo regulador de sinalizacdo sete
transmembranas de proteinas G (7TM-RGS), em vez de GPCRs encontrados em
animais. AtRGS1 de Arabidopsis, com sua regido de cluster de fosforilagcdo de serina
no C-terminal, se separa da subunidade alfa da proteina G (AtGPA1) apds a
fosforilacdo, ativando a endocitose, semelhante a beta-arrestina e as cascatas de
sinalizacdo G. Além da regido de cluster, AtRGS1 possui residuos de serina no
dominio denominado RGSbox (Ser417) e na regiao de linker (Ser278), muitas vezes
negligenciados devido ao foco em formas truncadas. Nossas simulagdes de dindmica
molecular (MD) em um modelo de membrana plasmatica de planta mostram que a
fosforilacdo na regido do linker controla o posicionamento do dominio RGS via
ligagbes de hidrogénio com residuos do RGSbhox. Este mecanismo, consistente no
fosfo-mutante S278E, também é observado em lycophytes, sugerindo um padréo
regulatorio conservado. Ensaios in vivo de Split Firefly Luciferase (SFluc) revelaram
que o mutante S278E, mimetizando a fosforilacdo de S278, exibe interagdo reduzida



com AtGPA1 em comparagao com o tipo selvagem. Analises adicionais de MD e SFluc
com varios mutantes fosfomiméticos de ambas as proteinas indicaram que a
fosforilagdo simultanea de S278 em AtRGS1 e Y166 em AtGPA1 € necesséria para
uma interacdo estavel, apontando para uma complexa relacdo de eventos de
fosforilacdo na regulagcédo da proteina G em plantas. Nossas descobertas também
demonstram que a fosforilacdo de S278 € um modulador crucial nos processos de
internalizacdo, estabilidade e translocacdo nuclear. Assim, o residuo S278
desempenha um papel importante na resposta do sistema imunolégico anti-
bacteriano. Coletivamente, esses resultados sugerem que o padrao de fosforilacdo de
AtRGS1, especialmente S278 e do cluster, age como um cédigo de barras
direcionando respostas de varios elicitadores, influenciando o posicionamento do

dominio da membrana e 0s processos gerais de sinalizacao.

Palavras-chave: UPR; Estresse do ER; Morte celular programada; RGS1; Sinalizagéo

G; Fosforilagcéo; Estrutura; Internalizagéo.



ABSTRACT

SIMONI, Eduardo Bassi, D.Sc., Universidade Federal de Vigosa, January, 2024.
Unveiling plant cell signaling: Cell death responses and AtRGS1 phospho-
barcode. Advisor: Pedro Augusto Braga dos Reis. Co-advisors: Elizabeth Pacheco
Batista Fontes, Alan M. Jones and Celio Cabral Oliveira.

Plant adaptation/acclimatation relies on the perfect adjustment of the organism and the
environment interaction, requiring a complex and robust cooperation among different
players. Any alteration in this interaction can disrupt the cell homeostasis, activating
various responses. From signal perception to gene expression regulation and
subsequently cell fate control, intricate signaling cascades play essential roles in these
processes, facilitating communication among diverse organelles. In the present work,
we aimed to describe and seek elucidating factors that are involved in specific cell
signaling, as well as their function in the perception, propagation, and the response to
an environmental signal. Firstly, in the first chapter titled “Cell death signaling from
endoplasmic reticulum stress: plant-specific and conserved features", we reviewed the
main aspects of the endoplasmic reticulum (ER) stress signaling and its evolutionary
conservation in plant organisms, focusing on the different cell death signaling activated
by ER stress responses. The ER is an important organelle responsible for controlling
the correct folding and post-translational modification of secretory proteins, Ca2+
homeostasis and protein quality control. Under normal conditions the ER protein
dynamic is stabilized by the rate of synthesis/folding and organelle loading system.
However, when the correct balance is disrupted, it starts accumulating unfolded
proteins and, thus, triggers signaling pathways to restore the normal condition, such
as the unfolded protein response (UPR). The unfolded protein accumulation can be
triggered by many different conditions, such as biotic and abiotic stresses. To restore
the perfect balance in the ER four main processes are stimulated: decreasing the
protein synthesis rate; an increase in the ER chaperone expression; positive
modulation of ERAD genes; expansion of ER internal capacity. Those mechanisms
can be modulated by two main branches that are associated with ER-membrane-
bound proteins: IRE1 and bZIP transfactors. The molecular chaperone BiP, also plays
an important role in the signaling modulation, acting as chaperone and sensor of the
stress. Thus, the combination of different factors and responses allow the cell to cope

with ER stress in order to maintain the cell function and survival. However, prolonged



stress conditions that cannot be restored may trigger autophagy or programmed cell
death (PCD) responses originating from the ER, enabling organism survival at the
expense of specific cells. Plant PCD shares conserved and unique signaling pathways
capable of modulating, activating, and executing the cell death process. A unique plant
response involves NAC (NAN/ATAF/CUC) transcription factor family modules, which
can include: the DCD/NRP-mediated cell death component; bZIP28/bZIP60-
ANACO089-mediated cell death component; ANACO013/ANACO017 component.
Collectively, these diverse mechanisms are important in cell homeostasis, by
perceiving, propagating, and activating specific responses in order to maintain the
organism's survival. Likewise, another conserved signaling pathway was studied in
Chapter 2 titled “Revealing the impact of AtRGS1 residues phosphorylation in the plant
cell signaling”. In this chapter we seek to understand the effect of post-translational
modifications on RGS1, and their role on the structure and function of AtRGS1.
Heterotrimeric G-proteins, vital for growth, development, stress responses, and
pathogen defense, are negatively regulated by the seven-transmembrane Regulator
of G-protein signaling (7TM-RGS) instead of GPCRs found in animals. Arabidopsis
AtRGS1, with its C-terminus serine phosphorylation cluster, detaches from the G-
protein alpha subunit (AtGPA1) upon phosphorylation, activating beta-arrestin-like
endocytosis and G-signaling cascades. Beyond the cluster, AtRGS1 has serine
residues at the RGSbox terminus (Serd417) and linker region (Ser278), often
overlooked due to the focus on truncated forms. Our molecular dynamics simulations
(MDS) on a plant plasma membrane model show that phosphorylation in the linker
region controls RGS domain positioning via hydrogen bonds with RGSbox residues.
This mechanism, consistent in the phospho-mutant S278E, is also seen in lycophytes,
suggesting a conserved regulatory pattern. In vivo Split Firefly Luciferase (SFluc)
assays revealed that the S278E variant, mimicking phosphorylated S278, exhibits
reduced interaction with AtGPA1 compared to wild type. Additional MDS and SFluc
analysis with several phosphomimetic mutants of both proteins indicated that
concurrent phosphorylation of S278 in AtRGS1 and Y166 in AtGPA1 is necessary for
stable interaction, pointing to a complex interplay of phosphorylation events in plant G
protein regulation. Our findings also demonstrate that phosphorylation of S278 is a
pivotal modulator in the internalization, stability and nuclei translocation processes.
Finally, S278 residue has an important role in the anti-bacterial immune system
response. Collectively, these results suggest that the phosphorylation pattern of



AtRGS1, especially S278 and cluster, acts as a barcode directing responses to various

elicitors, influencing membrane domain positioning and overall signaling processes.

Keywords: UPR; ER-stress; Programmed cell-death; RGS1; G-signaling;
Phosphorylation; Structure; Internalization.
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GENERAL INTRODUCTION

Throughout different periods, agriculture has been and remains a pivotal
activity crucial for the socio-economic development of populations. Agricultural and
livestock practices stand as economic pillars in several countries, including Brazil,
covering approximately 7.6% of the national territory (IBGE, 2020). Projections for
agribusiness in the upcoming decade unveil an immense growth potential within this
sector. It is estimated that grain and meat production should escalate by 24.1% and
22.4%, respectively, compared to the country's output in 2022-2023 (MAPA, 2023).
Beyond its significant contribution to the Gross Domestic Product (GDP), agriculture
generates employment, propels economic activity in rural areas, and positions Brazil
as a leading global producer and exporter of agricultural commodities such as
soybeans, beef, and sugar (Brasil Escola, 2022). Investment in cutting-edge
technologies and sustainable practices, encompassing biotechnology, has proven
pivotal in driving productivity, mitigating environmental impacts, and ensuring food
security.

Characterized as sessile organisms, plants possess alternative
adaptation/acclimatization mechanisms to confront both biotic and abiotic threats.
Notably, the modulation of cellular signaling pathways stands out, where plants detect
stimuli and respond through a complex signaling network. This process involves the
activation of various components such as phytohormones, microbial pattern receptors,
and the expression of defense-related genes. These processes are pivotal for plant
resistance against pathogens, herbivores, and adverse environmental conditions
(Delplace et al., 2022).

Maintaining cellular homeostasis relies on the precise functioning of the
endoplasmic reticulum (ER), given its involvement in critical processes like protein
folding and maturation. Even under typical conditions, protein processing can fail,
resulting in the formation of misfolded or unfolded proteins (Liu and Howell, 2016). In
adverse environmental conditions or situations of high protein secretion, the need for
protein folding may surpass the capacity of the folding and degradation systems.
Consequently, cells can accumulate misfolded proteins within the ER lumen, inducing
conditions of ER stress (Bao, Bassham and Howell, 2019).

The unfolded protein response (UPR) is a signaling pathway that has been
preserved throughout evolution and is triggered in response to ER stress. In plants,
this signaling occurs through signal transducers comprising two main pathways: One
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pathway comprises membrane-associated transcription factors, notably BASIC
LEUCINE ZIPPER 17 (bZIP17) and bZIP28, while the other pathway involves an RNA
splicing factor known as INOSITOL REQUIRING ENZYME1 (IRE1) (Bao and Howell,
2017). Normally, the accumulation of misfolded proteins within the ER initiates cellular
signaling, prompting genetic reprogramming to restore organismal equilibrium (Ruberti
and Brandizzi, 2018). However, given the intensity or duration of the disturbance,
reparative mechanisms may prove insufficient, triggering pathways toward
programmed cell death.

Recent advances in comprehending the molecular mechanisms behind plant
ER stress responses are extensively detailed in Chapter |, titled “Cell Death Signaling
From Endoplasmic Reticulum Stress: Plant-Specific and Conserved Features”. This
chapter, a published review available at Frontiers in Plant Science by Simoni et al.
(2022), primarily focuses on (a) plant ER stress elicitation and conserved features of
plant UPR; (b) conserved features of the ER stress-induced cell death in plants; (c) ER
stress-induced plant-specific cell death signaling: mechanisms and regulation; (d) ER
stress-mediated autophagy; (e) ER stress-induced PCD in plant immunity.

Plant adaptation to adverse environmental conditions relies on a complex
interplay of diverse mechanisms that operate simultaneously, each designed to discern
specific signals and trigger precise responses. Besides ER-associated signaling, the
Heterotrimeric G complex orchestrates another pivotal signaling cascade, serving as
a crucial mechanism for transducing a broad spectrum of signals across diverse
organisms (Mohanasundaram and Pandey, 2023). In addition to their involvement in
stress signaling, numerous studies conducted over the years have highlighted the
substantial role of G-proteins in several processes, including growth, development,
germination, cell division, and hormonal responses (Cho et al., 2015; Wu and Urano,
2018; Pandey and Vijayakumar, 2018; Pandey, 2019; Liu et al., 2021; Ofoe, 2021;
Mohanasundaram and Pandey, 2023).

The canonical form of the G complex comprises a Ga, a G, and a Gy protein,
with the complex's activity regulated by the nucleotide bound to the Ga protein (Gilman,
1987). While bound to GDP, Ga remains coupled with the Gy dimer. However, upon
signal-driven activation, a conformational change allows Ga to substitute GTP for GDP.
This substitution prompts Ga to disassociate from the heterotrimeric complex, initiating

a specific response for the required signaling (Johnston et al., 2007).
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In contrast to animals, plants regulate the activation/deactivation process
through the action of the Regulator of G-protein signaling 1 (RGS1) (Jones et al.,
2011). The structure of RGS1 comprises a GPCR-like seven-transmembrane barrel
domain at the N-terminus, followed by a disordered linker region, a conserved RGS
domain, and a C-terminal tail that contains a cluster of five phosphoserines residues
(Johnston et al., 2007; Watkins et al., 2021). Besides the serine-cluster residues
located in the C-terminal tail, RGS1 also includes a serine residue at the end of
RGSbox (Ser417) and another within the linker region (Ser278) (Tunc-Ozdemir et al.,
2017; Oliveira et al., 2022).

Widely acknowledged, post-translational modifications stand as crucial
mechanisms guiding signaling pathways across various physiological processes in
response to a diverse stimulus (Kown et al, 2006; Withers and Dong, 2017).
Considering the aforementioned points, Chapter I, titled "Revealing the impact of
AtRGS1 residues phosphorylation in the plant cell signaling" primarily explores the
effect of AtRGS1 phosphorylation on its dynamics and function. Consistent data
highlight the significant influence of phosphorylation patterns on various protein
features, including stability, subcellular localization, bacterial responses and protein

interactions.
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The endoplasmic reticulum (ER) stress response is triggered by any condition that disrupts
protein folding and promotes the accumulation of unfolded proteins in the lumen of the
organelle. In eukaryotic cells, the evolutionarily conserved unfolded protein response is
activated to clear unfolded proteins and restore ER homeostasis. The recovery from ER
stress is accomplished by decreasing protein translation and loading into the organelle,
increasing the ER protein processing capacity and ER-associated protein degradation
activity. However, if the ER stress persists and cannot be reversed, the chronically
prolonged stress leads to cellular dysfunction that activates cell death signaling as an
ultimate attempt to survive. Accumulating evidence implicates ER stress-induced cell
death signaling pathways as significant contributors for stress adaptation in plants, making
modulators of ER stress pathways potentially attractive targets for stress tolerance
engineering. Here, we summarize recent advances in understanding plant-specific
molecular mechanisms that elicit cell death signaling from ER stress. We also highlight
the conserved features of ER stress-induced cell death signaling in plants shared by
eukaryotic cells.

Keywords: endoplasmic reticulum, cell death signaling, autophagy, plant immunity, ER stress, programmed cell
death, unfolded protein response

INTRODUCTION

The endoplasmic reticulum (ER) is the gateway of synthesized proteins by ER membrane-bound
polysomes to the secretory pathway. It is a multitask intracellular organelle that provides the
functional apparatus for translocation of the newly synthesized secretory proteins to the lumen
of the organelle, protein folding, and protein post-translational modifications. These protein
processing activities allow nascent proteins to their destination in the secretory pathway. Under
normal conditions, the rate of protein processing in the ER lumen is balanced with the protein
synthesis rate and loading into the organelle. Stress conditions that disturb this equilibrium
and promote the accumulation of unprocessed, misfolded protein in the organelle promote ER
disfunction, a process known as ER stress. To minimize the deleterious effect of misfolded
proteins and prevent their translocation further in the secretory pathway, a protein quality
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control machinery monitors protein folding. It addresses misfolded
proteins to degradation via either the ER-associated degradation
(ERAD) system or autophagy. The perturbations in the ER
function activate signaling cascades that allow ER communication
with the cytoplasm, nucleus, and, under chronically prolonged
ER stress, mitochondria, and vacuole to restore ER homeostasis
or ultimately cause programmed cell death (PCD).

The unfolded protein response (UPR) is an evolutionarily
conserved signaling pathway activated in response to ER stress.
Plant UPR is transduced as a well-characterized bipartite signaling
module consisting of the ER membrane-associated transducers
inositol-requiring protein 1 (IRE1) and bZIP (basic leucine
zipper) transmembrane transactivation factors. In Arabidopsis,
two copies of IRE1, Arabidopsis thaliana (At)IREla and AtIREIb,
and two copies of the transmembrane bZIP, AtbZIP28, and
AtbZIP17, with partially overlapping functions operate in UPR.
The functional conservation of these UPR transducers has been
examined in other plant species and extends to include eukaryotes
from other kingdoms. Under physiological conditions, the luminal
domain of AtbZIP28 is bound to the ER-resident molecular
chaperone binding protein (BiP) that prevents its activation.
Under ER stress conditions, the demand for the chaperone
function of BiP is increased, then BiP dissociates from bZIP28,
allowing its translocation to the Golgi where it is proteolytically
processed to release the bZIP domain from the membrane and
promote its translocation to the nucleus. ER stress also activates
the kinase and endonuclease domains of the second UPR
transducer IRE1, which promotes unconventional splicing of
AtbZIP60 RNA to delete a transmembrane motif-encoding
segment of the AtbZIP60u unspliced RNA. The IRE-mediated
unconventional splicing results in the translation of AtbZIP60s
spliced RNA into a soluble transactivation factor that is translocated
to the nucleus. AtbZIP60 is the primary downstream component
of the IREl signaling module, which acts in concert with
AtbZIP28 to induce the expression of ER protein processing-
related genes involved in the ER protein folding machinery and
PCD system. Furthermore, the nuclease activity of IRE1 degrades
mRNA encoding secretory proteins, a process known as Regulated
IRE1-Dependent RNA Decay (RIDD), to reduce protein loading
into the lumen, thereby decreasing protein folding demands
within the organelle. However, extensive and acute ER stress
directs the UPR toward activating cell death-triggering pathways.

This review describes recent advances in understanding the
molecular mechanisms underlying the ER stress responses in
plants. It focuses primarily on (a) plant UPR and their connections
with cell death mechanisms; (b) ER stress-induced plant-specific
cell death signaling; (c) ER stress-mediated autophagy; and
(d) ER stress-induced PCD in plant immunity.

PLANT ER STRESS ELICITATION AND
CONSERVED FEATURES OF PLANT
UPR

The precise operation of the ER is essential to maintaining
cellular homeostasis as the ER is involved in several crucial

processes, such as protein folding and maturation. Protein
processing can fail even under normal conditions, leading to
misfolded/unfolded proteins. To minimize the accumulation
of unfolded proteins, two systems play essential roles, the ER
quality control (ERQC) system and the ERAD system (reviewed
and Howell, 2016). Nevertheless, under adverse
environmental conditions or conditions of intense protein
secretion, the demand for protein folding can exceed the
efficiency of the folding and degradation systems, thereby, the
cells might accumulate misfolded proteins in the ER lumen,
leading the ER stress conditions (Liu and Howell, 2016).

Different biotic and abiotic stresses have been shown capable
of causing ER stress. In the plant cells, ER stress can be induced
by adverse environmental conditions, such as heat, salt, and
drought (Liu et al., 2007b; Deng et al., 2011; Parra-Rojas et al.,
2015). Similarly, pathogen diseases can also trigger an imbalance
in ER functioning, leading to ER stress. Moreno et al. (2012),
Ye et al. (2013), and Park and Park (2019). Furthermore, studies
have shown that the plant hormones salicylic acid (SA) and
ABA may be associated with ER stress (Yang et al, 2013;
Nagashima et al., 2014; Zhou et al., 2015). In addition, certain
chemical compounds, including tunicamycin (TM), dithiothreitol
(DTT), and l-azetidine-2-carboxylic acid (AZC), can trigger
ER stress. While TM prevents N-linked glycosylation of secreted
glycoproteins, DTT interferes with the formation of disulfide
bonds and, as an inhibitor of the ER calcium pump, AZC
affects the primary components of the ER protein-folding
apparatus, calnexin, and calreticulin, which are calcium-
dependent, thereby, all of them are capable of disrupting the
correct folding of proteins (Nawkar et al, 2018). How all
elicitors work is not fully understood, but presumably, they
may hinder the ER function in some way to indirectly affect
protein folding (Howell, 2017).

The accumulation of misfolded proteins in the ER lumen
establishes the condition known as ER stress that stimulates
UPR. UPR is a conserved cytoprotective signaling pathway among
eukaryotes (Wan and Jiang, 2016). This pathway is activated
primarily to restore ER homeostasis through (i) an increase in
ER chaperone synthesis for protein folding; (ii) upregulation of
lipid synthesis to expand ER capacity; (iii) repression of global
translation to control protein loading into the organelle; and
(iv) upregulation of ERAD genes to attenuate unfolded protein
accumulation in the ER lumen (Nawkar et al, 2018; Pastor-
Cantizano et al., 2020).

ER stress perception and, subsequently, UPR activation are
mediated by membrane-associated sensors first identified in
yeast and mammals (Fu and Gao, 2014). In yeast, the UPR
is regulated by the inositol-requiring transmembrane kinase/
endonuclease p, a type I transmembrane ER protein that removes
an intron of 252 nucleotides from HAC1 mRNA, forming the
mature mRNA Haclp (Figure 1, Sidrauski and Walter, 1997;
Maldonado-Bonilla, 2020). Haclp encodes a transcription factor
of 238 amino acids (Figure 2) that plays an essential role in
the UPR signaling, regulating downstream UPR genes including
KAR2, PDI1, EUGI, and LHSI (Xia, 2019). In metazoans, the
UPR signaling pathway is modulated by three ER stress-sensing
and transducing proteins (Figure 1). One branch of UPR
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signaling involves the bifunctional kinase and endoribonuclease
IRE 1 (o and P subunits), which splices the mRNA of bZIP-
like transcription factor X box-binding protein-1 (XBPI;
Figure 2). A second branch is mediated by membrane-tethered
activating transcription factor 6 (ATF6), transported to the
Golgi to be processed by site 1 and site 2 proteases (SIP and
S2P). In the third signaling branch, the global translation is
regulated by ER-associated kinase R-like endoplasmic reticulum
kinase (PERK), which phosphorylates and inactivates the
translation initiation factor eIF2a (Wan and Jiang, 2016; Ruberti
et al., 2018). These ER sensors are regulated by the ER-resident
molecular chaperone BiP. Under normal conditions, BiP associates
with the luminal portion of these receptors, keeping them
inactive. Accumulation of misfolded proteins in the ER causes
BiP to dissociate from these transducers to serve as a molecular

chaperone. The BiP release promotes the activation of these
receptors (Pincus et al, 2010; Srivastava et al, 2013; Li
et al.,, 2017).

Plant functional homologs of ATF6 (bZIP17 and bZIP28) and
IRE1 (IREla and IRE1b), but not PERK, have been described
(Ruberti and Brandizzi, 2014). bZIP17 and bZIP28 are type II
transmembrane proteins with a cytosolic N-terminal portion
containing the bZIP transcription factor (TF) domain and an
ER luminal C-terminus with amino acid signals for ER retention
(Figure 1; Liu et al, 2007a). In non-stressed cells, BiP interacts
with the luminal domain of bZIP17/28, keeping them retained
in the ER (Figure 1). Upon ER stress, however, BiP disconnects
from bZIP17/28 to act on misfolded proteins and, thus, allowing
the translocation of these TFs from ER toward the Golgi complex
(Srivastava et al, 2013). Once on the Golgi, an unidentified
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FIGURE 1 | Molecular mechanisms of ER stress-induced unfolded protein response (UPR) signaling in yeast, animal, and plant. The ER stress transducers, Ire1a/p,
PERK, and activating transcription factor 6 (ATF6) form the three branches of the UPR pathways in mammals. PERK oligomerizes and phosphorylates elF2« to
decrease overall translation while increasing specific translation of genes, including ATF4. Upon ER stress, ATF6-BiP complex dissociates and ATF6 is packaged
and translocated to Golgi apparatus, where it is processed to create an active transcription factor. Ire1a/B, releasing from BiP and sensing misfolded proteins,
oligomerizes and phosphorylates itself, leading to the activation of the XBP1 transcription factor by splicing the XBP1u mRNA to create XBP1s mRNA. All three
transcription factors lead to the upregulation of UPR genes. In plants, with similar mechanisms, only Ire1a/p and ATF6 branches are identified, Ireta/b and
bZIP17/28, respectively. Yeast have only the Ire1a/p branch, represented by Ire1p.
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protease(s) first cleaves the bZIP28 at its transmembrane domain,
thereby allowing S2P to function. Although the luminal portion
has the consensus S1P recognition motif, SIP is not involved in
bZIP28 processing (Iwata et al., 2017). In contrast, bZIP17 appears
to suffer the action of S1P (Liu et al., 2007b). Once cleaved, the
TF can reallocate to the nucleus forming a transcriptional complex
with the nuclear factor-Y TFs to activate the UPR genes (Liu
and Howell, 2010). In most cases, bZIP17 and bZIP28 exhibit
similar properties and are induced by ER stress inducers (TM,
DTT), environmental and developmental conditions. However,
the induction kinetics, specific activation, and modulated target
genes are not necessarily identical (Liu et al., 2007ab; Duwi
Fanata et al, 2013; Henriquez-Valencia et al, 2015; Li et al,
2017; Park and Park, 2019). For instance, bZIP17, but not bZIP28,
is induced, processed, and relocated into the nucleus upon salt
stress conditions. Kim et al. (2018) showed that the double mutant
bzip17/28 exhibited root growth impairment and constitutive
overexpression of the bZIP60 gene. These results indicate that
either bZIP17 and bZIP28 function redundantly or act together
to modulate cell growth and root development, besides the UPR
activity (Kim et al., 2018). Likewise, bZIP17 functions in concert
with IREla and IRE1b in normal plant development as the bzip17/
irela/irelb triple mutant displays severe vegetative and reproductive
growth defects (Bao et al, 2018). IREs role in normal plant
development was associated with IRE RIDD activity on secretory
protein mRNAs but uncoupled to the bZIP60 mRNA splicing,
whereas bZIP17 might activate UPR unrelated genes in response
to developmental stimuli. Moreover, both bZIP17 and bZIP28
genes, along with the IRE/bZIP60 signaling arm, are induced by

virus infection in Arabidopsis and Nicotiana benthamiana (Gayral
et al, 2020; Li and Howell, 2021).

The second branch of plant UPR relies on the ER receptor
IRE1 (Figure 1). In many eukaryotes, IREl-mediated
unconventional splicing of mRNA is the most conserved branch
of the UPR (Ruberti et al, 2015). Like in metazoan, plant
IRE1 is an ER membrane protein with dual functions. As an
endoribonuclease, it catalyzes mRNA splicing; as a serine/
threonine-protein kinase, IRE1 initiates autophosphorylation,
forming oligomers upon ER stress (Wan and Jiang, 2016). As
a central player in the UPR, IRE1 mediates two signaling
pathways, the unconventional splicing of its typical substrate,
bZIP60, and an alternative pathway that cleaves other RNAs
by RIDD to control translational overload (Hollien et al., 2009;
Mishiba et al., 2013). The IRE1 receptor configuration harbors
an N-terminal signal-sensing portion facing the ER lumen,
followed by an internal transmembrane segment and a cytosolic
signal-transducing C-terminal domain. The N-terminal region
senses misfolded proteins to trigger signaling. The C-terminal
region plays a role as an RNA processing enzyme, acting at
the unconventional splicing of bZIP60 transcription factor,
another essential regulator of the ER stress response (Sidrauski
and Walter, 1997; Deng et al, 2011; Wakasa et al, 2012).
Although well-characterized in yeast, the exact mechanism of
the IREL1 stress-sensing process in plants has not been elucidated
yet (Zhang et al., 2016). The most accepted hypothesis is that
similarly to bZIP17/28, BiP detaches from the luminal portion
of the IREl, and once released, this region interacts with
misfolded proteins, activating the pathway (Kimata et al., 2003;
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FIGURE 2 | Comparison of IRE1-mediated unconventional splicing and resulting open reading frame (ORF) of HAC1, XBP1, AtbZIP60, GmbZIP68, and OsbZIP74
(also known as OsbZIP50) mRNA. In yeast, a stop codon in HAC1u is removed by unconventional splicing, and the resulting HAC7 mRNA (HACTs) encodes the
HAC1s protein. In animal, the unconventional splicing of XBP7u mRNA results in fusion of two ORFs in XBP7s mRNA, which then encodes a larger protein, XBP1s.
In contrast to HAC1 and XBP1, the unconventional splicing of plant bZIPs mRNA (bZIP60u, bZIP68u, bZIP50/74u) produces a smaller protein (bZIP60s, bZIP68s,
bZIP50/74s). The spliced sequences are highlighted in red with the number of spliced nucleotides. The transmembrane domains are highlighted in green. Adapted
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Gardner and Walter, 2011; Li and Howell, 2021). Upon ligand-
induced activation, IRE1 undergoes dimerization and
autophosphorylation followed by oligomerization and cluster
formation (Wan and Jiang, 2016; Nawkar et al., 2018). The
RNase activity of IRE1 processes the mRNA encoding unspliced
bZIP60 (bZIP60u) to produce an active TE spliced bZIP60
(bZIP60s), which has 23bp less (Figure 2; Howell, 2013). The
two ends of bZIP60 mRNA in Arabidopsis are joined by a
tRNA ligase RLG1 (Nagashima et al, 2016). Likewise, this
process is conserved in soybean and rice, in which GmbZIP68
and OsbZIP50/74 mRNAs are processed upon ER stress induction
(Figure 2). The active form of bZIP60 without the transmembrane
domain translocates toward the nucleus and modulates the
expression of UPR target genes to overcome ER stress (Deng
et al., 2011). The Arabidopsis bZIP60 splicing is induced by
a variety of conditions that cause the ER stress and, unlike
other eukaryotes, the spliced and unspliced forms are present
in any stressful condition; the extent of this processing is
affected by the organ nature (Parra-Rojas et al., 2015). Moreover,
bZIP60u protein has been shown to undergo constant action
by the proteasome system, and its function remains elusive.

Among plant species, IRE1 may be represented by one or
more isoforms depending on the species; for example, the rice
genome encodes a single IRE] isoform, while Arabidopsis and
soybean genomes encode two and four isoforms, respectively
(Nagashima et al., 2011; Wakasa et al., 2012; Silva et al., 2015;
Howell, 2021). Besides the two full-length isoforms, the
Arabidopsis genome also has a third IREI gene (IREIc), which
generates a truncated protein lacking the sensor domain and
might play a role beyond the ER stress responses. This
interpretation is supported by the finding that IREIc, together
with IREIa and IREID, is essential for plant development since
the triple knockout mutant irela/b/c is lethal (Mishiba et al.,
2019). However, introducing a heterozygous IREc allele into
the triple mutant generated the irela/irelb/irelc (—/+) mutant
and caused a typical phenotype, linking IRElc to male
gametogenesis (Pu et al., 2019).

A specific and alternative plant UPR branch involves two
NAC proteins that also require the bZIP60 function (Figure 1).
The bZIP60-ANAC062/ANAC103 module is activated to amplify
the transcriptional signals that ensure cell survival under ER
stress conditions. Under accumulation of misfolded proteins
into the ER lumen, the transmembrane segment-less bZIP60
is translated from the processed bZIP60 mRNA and directed
to the nucleus, where it binds to the cis-element UPRE III
on the ANAC062 and ANAC103 promoter region and induces
the expression of these target genes (Sun et al, 2013; Yang
et al., 2014a). The plasma membrane-associated transcription
factor ANACO062 has a transmembrane domain, processed under
ER stress, leading to the ANACO062 relocation from the plasma
membrane to the nucleus (Yang et al., 2014a). Besides protein
synthesis and traffic, the endoplasmic reticulum produces lipids
and sterols, crucial for ER and plasma membrane biogenesis.
Possibly, the ER stress affects the composition and fluidity of
the plasma membrane, which in turn regulates the dissociation
of ANACO062. Accordingly, the proteolytic processing of ANAC062
under cold is triggered by cold-induced changes in membrane

fluidity (Seo et al., 2010; Degenkolbe et al., 2012). The nuclear-
localized transcription factor ANAC103 and the processed form
of ANACO062 bind the promoter region of UPR downstream
genes as BiP, calnexin, reticulin, and PDI (Sun et al, 2013;
Yang et al., 2014a). Although the activation mechanism of
bZIP60/HAC1/XBP1 is conserved among eukaryotic cells, plant
cells seem to have evolved new specific transmembrane
components, such as ANAC062/ANAC103, to strengthen and
perhaps amplify the pro-survival function of plant UPR.

CONSERVED FEATURES OF THE ER
STRESS-INDUCED CELL DEATH IN
PLANTS

Severe and persistent ER stress jeopardizes cell stability either
due to an excess of unfolded proteins or Ca?* imbalance,
thereby, PCD is activated to maintain the integrality of the
whole system (Jdger et al., 2012). Although ER-induced cell
death occurs via apoptosis or autophagy, a crosstalk between
the two pathways has been described in mammals (Maiuri
et al., 2007). Autophagy can inhibit cysteine protease activities,
including apoptosis-associated caspases, whereas apoptosis
induces the degradation of autophagy-related proteins (ATG).
Nevertheless, autophagy can also strengthen apoptosis processes
in some cases, leading to a complex interplay of these processes
upon ER stress (Song et al., 2017). In maize, autophagy responses
range from pro-survival effects, reducing the oxidative stress
response, to pro-death responses, by upregulating the Cep1-like
cysteine protease (Srivastava et al., 2018).

In mammalian cells, the transmembrane mammalian ER
sensors IRE1, ATF6, and PERK, in addition to functioning in
ER homeostasis recovery, in critical cases, activate PCD (Nirmala
and Lopus, 2020). However, the mechanisms coordinating
pro-survival or apoptotic signaling have yet to be fully elucidated.
In addition to inducing pro-survival related genes (Cross et al.,
2012), IRE1 signaling also activates the apoptotic signaling
kinase 1 and, in a tumor necrosis factor receptor-associated
factor 2-dependent manner, it activates the Jun-N-terminal
kinase (JNK), the main protein of a pathway described to
be apoptotic in late ER stress responses but antiapoptotic in
earlier responses. The IREl-mediated JNK activation acts
upstream of XBP splicing (Urano et al., 2000; Brown et al,
2016). The RIDD activity selectively degrades mRNA encoding
foldases; thereby, prolonged activation of RIDD signaling
promotes cell death (Han et al., 2009; Hollien et al., 2009).

In Arabidopsis, IREla and IRE1b isoforms are localized in
the perinuclear ER, and concomitant with bZIP60 splicing,
IRE1 exhibits degradation RIDD activity on another ribosome-
associated mRNA in the ER (Li and Howell, 2021). Tunicamycin-
induced RIDD activity of ZmIRE1 leads to the downregulation
of various peroxidase genes in the early phase of stress; however,
along with other ZmIRE1 antiapoptotic activities, the RIDD
activity is attenuated during the late phase. There are several
proposed mechanisms of plant IRE1 attenuation, including the
formation of an ERdJ4/IRE1/BiP complex (Amin-Wetzel et al.,
2017; Srivastava et al., 2018).
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Like XBP-1, the Golgi-matured ATF6 activates the expression
of UPR genes during mild stress and, in case of persistent
stress, upregulates PCD genes, including the pro-death bZIP
transcription factor CHOP (Yang et al., 2020). In Arabidopsis,
although the activation mechanism of the transcription factors
bZIP17 and bZIP28 under UPR shares conservation with the
ER-Golgi traffic-mediated activation of ATF6, the role of the
plant transcriptional factors during PCD has not been fully
uncovered (Sanchez et al., 2000; Eichmann and Schifer, 2012).
The endoplasmic reticulum (ER)-resident transmembrane protein
Bax inhibitor-1 (BI-1) is a cell death regulator in plants (Sanchez
et al., 2000), which has been recently shown to modulate ER
stress-induced PCD by attenuating the pro-survival function
of bZIP28 during ER stress recovery (Ruberti et al., 2018).
BI-1 acts in parallel to the UPR pathway to modulate ER
stress-mediated PCD in Arabidopsis (Watanabe and Lam, 2008).
The BI-1-mediated cell death regulation is activated by physical
interactions with key modulators of Ca** signaling and lipid
metabolism (Ishikawa et al., 2011; Nagano et al., 2019). Despite
the BI-1 pro-survival role, new studies have been shown that
BI-1 can interact with ATG6 to induce autophagy and PCD
(Xu et al, 2017). Interestingly, in Arabidopsis, plant BI1
antagonizes bZIP28 function, and unlike mammalian BI1, it
does not suppress the IRE1-ribonuclease activity demonstrating
unique features in the modulation of the UPR signaling-mediated
PCD modules (Ruberti et al., 2018). The third mammalian
ER sensor, the transmembrane protein kinase (PERK), which
shutdowns global translation by phosphorylating elf2a, has not
been identified in plants. Nonetheless, under cold stress, the
proteins AtGCN1 and AtGCN2 are involved in the plant elf2a
phosphorylation (Wang et al., 2017).

As the central calcium storage organelle, the ER has calcium-
dependent resident foldases, making a Ca®* balance critical
for protein synthesis homeostasis. High levels of calcium release
can also lead to the accumulation of the cation in the
mitochondria, leading to oxidative stress and hence activation
of PCD (Marchi et al., 2018). Therefore, the cell also has
calcium regulators like Bcl-2, a calcium sensor that modulates
its release from the ER and regulates mammalian apoptosis
(Pinton and Rizzuto, 2006). Interestingly, plants do not have
Bcl-2 at a DNA level, but mammalian Bcl-2 and other homologs
conserve their function when expressed in plants (Dickman
et al, 2001). The ability of heterologous Bcl-2 in protecting
the plant cell from death during severe biotic and abiotic
stresses suggests conservation with a putative plant Bcl-2 at
a structural level (Williams et al., 2014).

The Bcl-2-associated athanogene (BAG) family is another
example of conservation beyond the sequence level in plants
(Williams et al., 2014). BAG proteins are a multifunctional
group of cochaperones with diverse subcellular locations
(Thanthrige et al., 2020). An interaction screening for Bcl-2
partners identified the first BAG protein (Takayama et al.,
1995). BAG1 is a cytoprotective protein that activates Bcl-2
to protect mitochondrial integrity by Ca?* sensing, permeability,
and regulation. The protein also has a conserved-Hsp70
binding domain that activates the chaperone leading to the
inhibition of apoptosome formation (Planchamp et al., 2008).

Although BAG family homologs have not been identified in
the Arabidopsis genome via multiple sequence alignment,
more robust structural comparison methods have uncovered
seven putative plant BAGs (Doukhanina et al., 2006). Four
of the seven BAG family members have domain organization
similar to the mammalian counterparts, whereas three copies
in the Arabidopsis genome possess a divergent calmodulin-
binding domain (Li and Dickman, 2016). The endoplasmic
reticulum resident BAG7 has been shown to play a central
regulatory role in the UPR pathway under ER, cold, and
heat stress (Williams et al., 2010). Furthermore, the
hypersensitivity phenotype of BAG7 mutants to autophagy
inducers indicates that BAG7 may regulate autophagy pathways
(Williams et al., 2010). BAG7 binds to the Hsp70 paralog
BiP2, a molecular marker of UPR and one of the negative
regulators of the plant-specific NRP-mediated cell death
pathway (Williams et al., 2010; Reis et al., 2016). In normal
conditions, the cell death suppressor BAG7 binds bZIP28
and BiP2 in the ER. Under ER stress, BAG7 is sumoylated
and dissociates with bZIP28 from BiP2, and both are
proteolytically processed to relocate to the nucleus. In the
nucleus, sumoylated BAG?7 interacts with WRK29 to induce
the expression of BAG7 and other UPR genes (Li et al,
2017). Therefore, plant BAGs retain several biochemical
properties reminiscent of mammalian BAGs that suggest
similar inhibitory roles in cell death events.

ER STRESS-INDUCED PLANT-SPECIFIC
CELL DEATH SIGNALING: MECHANISMS
AND REGULATION

The plant cell can trigger pro-survival or pro-death signaling
pathways to dictate the cell fate in response to ER stress. The
NAC (NAM/ATAF/CUC) transcription factors constitute one
of the main components of this second layer of the signaling
response. As plant-specific transactivator factors, NACs are
involved in plant-specific mechanisms underlying ER stress-
induced cell death response, often associated with prolonged
ER stress conditions (Figure 3). The NAC module of transducers
and other cell death regulators are represented by: (i) the
DCD/NRP-NAC-VPE (vacuolar processing enzyme) cell death
signaling circuit, (ii) the (bZIP28/bZIP60)-ANAC089 cell death
signaling module, and (iii) the ER-mitochondria crosstalk
mediated by ANAC013/ANACO17.

The NRP-NAC-VPE cell death signaling module, also known
as development and cell death domain-containing N-rich protein
(DCD/NRP)-mediated cell death signaling, integrates osmotic
and ER stress into a signaling cascade that leads to a cell death
fate (reviewed in Fraga et al., 2021). The ER and osmotic stress
stimuli induce Glycine max (Gm)ERD15 expression that activates
the DCD/NRP promoters (Alves et al., 2011). The small-sized,
acidic, and hydrophilic transcription factor GmERD15 (Early
Dehydration Responsive) belongs to a PAM2 domain-containing
protein family, first identified due to its rapid response to
drought stress (Kiyosue et al., 1994). GmERDI5 can recognize
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FIGURE 3 | ER stress-induced cell death in plants. In a mammalian-conserved mechanism, IRE1 is responsible for the splicing of bZIP60, which loses its
transmembrane domain causing a relocation to the nucleus. IRE1A has an unspecific ribonuclease function during cell death, promoting the Regulated IRE1a-
dependent RNA Decay. Like the ATF6 factor in mammals, the transmembrane ER sensors bZIP17 and bZIP28 are processed in the Golgi apparatus. Both bZIP28
and bZIP60 matured transcription factors have pro-survival functions in the nucleus but also upregulate pro-apoptotic genes like ANACO089 in Arabidopsis.
ANACO089 is a plant-specific NAC-containing factor that is processed in the Golgi in a S1P/S2P-independent mechanism. Without its transmembrane domain,
ANACO089 upregulates programmed cell death (PCD)-associated genes. Another plant-specific arm of ER-induced PCD is the developmental cell death (DCD)
domain-containing asparagine-rich protein (NRP)-mediated cell death response, where the NRP genes are upregulated and induce the expression of ANACO036 in
Arabidopsis, culminating in the expression of the cell death executor gammaVPE. The NRP/DCD pathway is attenuated by the expression of the molecular
chaperone BiP. Prolonged ER stress also promotes the Calcium release from the organelle and accumulation in the mitochondria. The cation accumulation in the
mitochondria leads to a ROS burst and the formation of mitochondrial PTPs. The mitochondrial ROS leakage promotes the Calcium release from the ER creating a
positive feedback loop. A few BAG proteins are BiP binding partners, and this protein family acts as calcium sensors, inhibiting the ion accumulation in the
mitochondria.

the palindromic sequence —511AGCAnnnnnTGCT—-500 on the
NRP-B promotor (Kiyosue et al., 1994; Alves et al, 2011).
The GmERDI15-mediated induction of two plant-specific
DCD/N-rich proteins, GmNRP-A and GmNRP-B, leads to
enhanced cell death markers in planta, including chlorophyll
loss, DNA  fragmentation, caspase-3-like  activity,
malondialdehyde production, and leaf yellowing (Costa et al.,
2008; Reis et al., 2011, 2016). This cell death response is
initiated by induction of the GmNRPs, which activate a
signaling cascade culminating with GmNAC030 and
GmNACO081 induced expression (Faria et al., 2011; Mendes

et al., 2013). These transcription factors, GmNACO081 and
GmNACO030, form a heterodimer that binds to cis-regulatory
sequences and activates target promoters from hydrolytic
enzyme-encoding genes, including VPE, a caspase-1-like
vacuolar processing enzyme, which is an effector of cell death
(Mendes et al., 2013; Pimenta et al., 2016). The vacuole-
localized cysteine protease (VPE) can be self-activated through
a hydrolytic cleavage step and, in turn, mediates activation
of vacuolar enzymes, crucial to the vacuolar collapse-mediated
cell death, a plant-specific PCD event (Hara-Nishimura et al.,
2005; Hatsugai et al., 2015).
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First identified in soybean, the NRP-NAC-VPE module is
conserved in other plant species. The Arabidopsis orthologs
AtNRP1, AtNRP2, ANACO036, and YVPE induce cell death in
N. benthamiana leaves, and their knockout lines display enhanced
tolerance to ER stress and cell death (Figure 3; Reis et al,
2016; de Camargos et al.,, 2019). Furthermore, stress-mediated
induction of ANACO036 and YVPE requires the NRP1 function
(Reis et al., 2016). These interpretations have been challenged
by recent studies conducted with the double mutant nrpl/
nrp2 in Arabidopsis (Yang et al., 2021). In contrast to the cell
death resistant phenotype displayed by 15 days-old nrp1 knockout
seedlings (Reis et al., 2016), the nrpl/nrp2 double mutant
exhibits enhanced ER stress-induced cell death response at
7days after germination (Yang et al, 2021). The apparent
contradiction between these studies may suggest that specific
pathways regulating the NRP-mediated cell death signaling
cascade might operate in different stages of plant development.
While the pro-survival function of NRPs culminates with
inhibition of cell death-related metacaspases under ER stress
conditions, the pro-death function of NRP1 has been linked
to the induction of the ANAC036-VPE signaling module (Reis
et al, 2016; Yang et al,, 2021). More recently, a Cd**-mediated
cell death response was associated with induction of both ER
stress and the NRPs-GmNACs-VPE signaling module in soybean
at the vegetative and reproductive developmental stages (Quadros
et al., 2021). Nevertheless, the ER stress-mediated activation
of the NRPs-GmNACs-VPE signaling module has not been
investigated in soybean seedlings or during germination, and
the possibility that NRPs activate specific signaling modules
under differential developmental programs remains enigmatic.
The molecular chaperone BiP attenuates the NRP/DCD-mediated
cell death response by modulating their components expression
and activity in soybean, tobacco, and Arabidopsis (Valente
et al., 2009; Reis et al., 2011).

Contradictory results have also been reported for Arabidopsis
AGBI1-mediated signaling events that trigger UPR-associated
cell death in plants (Wang et al., 2007; Chen and Brandizzi,
2012). AGBL is the Gp subunit of the heterotrimeric G protein,
which has been demonstrated to associate partially with the
ER membrane. Inactivation of the single-copy gene AGBI has
been shown to impair ER stress-induced cell death and attenuate
the induction of UPR-specific target genes in grown plants
(Wang et al,, 2007). In contrast, a more recent report demonstrated
that three AGB1 mutants, agbl-1, agbl-2, and agbl-3, displayed
oversensitivity to ER stress during germination (Chen and
Brandizzi, 2012). Although the underlying mechanism for
AGBI1-mediated cell death remains unsolved, whether AGB1
would associate with different signaling modules at different
developmental stages has not been investigated.

Another plant-specific transcriptional factor from the
Arabidopsis NAC family, ANAC089, uses a different signaling
module to mediate ER stress-mediated cell death responses
(Figure 3). Under severe ER stress conditions, the ER membrane-
anchored transcription factor ANACO089 relocates from the ER
membrane to the Golgi, where it undergoes proteolytic cleavage
by a yet-to-be-identified protease (Ai et al., 2021). The C-terminal
ER lumen small size tail of ANACO089 has no canonical S1P

cutting site, and loss of S2P function does not impair the
correct ANACO089 processing in the Golgi (Liu et al, 2007a;
Yang et al., 2014b). The processed ANACO089 is redirected to
the nucleus to promote the induction of caspase-like activities,
the NRP-ANAC-VPE cell death module, and downstream
PCD-associated genes, including BAG6 (Bcl-2-associated
athanogene family member), MC5 (metacaspase 5), WRKY33
(autophagy-related gene), and aspartyl protease A39 (Yang et al.,
2014b). Accordingly, the overexpression of truncated ANAC089
without the transmembrane domain induces PCD, whereas the
ANACO089 RNAI plants display ER stress tolerance (Yang et al.,
2014b). Under ER stress conditions, ANACO089 is induced by
bZIP28 and bZIP60, which bind to the UPRE-I element on
the ANACO089 promoter. Besides the increase in ANAC089
protein levels, the ANACO089 proteolytically processed form is
tightly controlled and only activated under severe ER stress
(Yang et al., 2014b). Accordingly, tobacco mosaic virus and
phytophthora infections induce ANACO089 expression, and the
ER stress-induced immune signal promotes the ANACO089
relocation to the nucleus to activate genes involved in PCD
(Li et al.,, 2018; Ai et al, 2021).

The crosstalk between organelles is essential for maintaining
cellular homeostasis. The ER can cooperate with mitochondria
and chloroplast through inter-organellar communication that
triggers specific signaling pathways to promote cell survival
or death events (Liu and Li, 2019). Ca*, ROS, MEcPP, and
the ER-anchored transcription factors ANAC013/ANACO017 are
implicated as the core components of this inter-organellar
crosstalk. ANACO013 and ANACO017 have been shown to
be involved in retrograde mitochondrial regulation during
stressful conditions (De Clercq et al, 2013; Ng et al, 2013).
Under ER stress, ANACO017 also plays a protective role in ER
stress tolerance, inducing the expression of molecular chaperones,
bZIP60, and ER stress-responsive genes (Chi et al., 2017). The
disruption of ER and mitochondrial homeostasis might activate
unknown proteases to process the two ER-anchored NAC
proteins and hence relocate them from the ER membrane to
the nucleus. Together, the ER-anchored ANACO013 and ANACO017
integrate the mitochondria and chloroplast ROS signaling
through interaction with a nuclear protein Radical-induced
Cell Deathl (Shapiguzov et al., 2019).

The ER serves as intracellular storage of Ca*, and the ER
lumen concentration of Ca** is vital to facilitate the activity
of ER chaperones and foldases (Berridge, 2002). Mitochondria
and ER can communicate through Ca’* mobilization.
Furthermore, perturbation in ER functions promotes the release
of Ca®* to mitochondria, resulting in a mitochondrial permeability
transition pore (PTP), which triggers a cell death signaling
pathway that intensifies ER Ca’" release by a positive feedback
loop, decreasing ER protein-folding capacity (Williams et al.,
2014). In addition to chloroplast and mitochondria, ROS also
can be produced in the ER lumen to provide an oxidizing
environment for PDI disulfide bond formation (Ozgur et al.,
2015). The H,O, permeability of the ER membrane allows the
ER to influence mitochondrial ROS production, and the
mitochondrial ROS can induce ER Ca®* mobilization
and expression of UPR components (Ramming et al., 2014;
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Ozgur et al, 2018). Furthermore, the plastidial metabolite
MECPP has been shown to directly trigger the induction of
selected UPR genes, coupling the chloroplast and ER homeostasis
(Walley et al., 2015).

ER STRESS-MEDIATED AUTOPHAGY

Occasionally, the efforts of the UPR pathway and the ERQC
and ERAD systems under extreme circumstances cannot restore
the ER balance. In this case, the ER stress might lead to
autophagy, cell death, or even the death of the whole plant
(Wan and Jiang, 2016). Autophagy (meaning “self-eating”),
conserved in all eukaryotes, is a cell-sparing process and
represents a macromolecule degradation process, in which cells
recycle cytoplasmic contents, whole or pieces of organelles
through the lysosomes in metazoans, or the vacuole in yeast
and plants (Liu and Bassham, 2012; Wan and Jiang, 2016).
Under optimal growth conditions, this process is kept at basal
levels but is highly upregulated by a wide variety of biotic
and abiotic stresses, such as nutrient starvation, pathogen
infection, heat, or drought stress (Liu et al., 2009; Li et al,
2015; Gomez et al., 2021). Autophagy may also be triggered
by ER stress through ER stress inducers, such as TM and
DTT (Liu et al.,, 2012), leading to engulfment of ER membranes
(ER-phagy; Grumati et al., 2018). Macromolecules resulting
from autophagic degradation are reused by the cell to reestablish
basal metabolism and stimulate the plants acclimatization and
resistance to adverse environmental conditions (Minina et al.,
2018). Three main types of autophagy have been described
based on their mechanisms and membrane dynamics:
macroautophagy (Yang and Klionsky, 2010), microautophagy
(Oku and Sakai, 2018), and autophagy mediated by direct
target translocation across the lysosomal membrane, such as
chaperone-mediated autophagy (Orenstein and Cuervo, 2010).
In plants, macroautophagy and microautophagy have already
been described (Bassham, 2007).

Autophagy is a self-destructive process that engulfs
non-essential or damaged cellular components, including
organelles, in characteristic double-membrane vesicles known
as autophagosomes with subsequent cargo delivery to the vacuole
where they are degraded or recycled. Into the vacuole, the
outer membrane of the autophagosome fuses with the tonoplast,
and the inner membrane with the cargo is degraded by vacuolar
hydrolases (Pu and Bassham, 2013). A set of autophagy-related
genes (ATG) and proteins is essential for this process (Mizushima
et al., 2011). In yeast, more than 30 ATG genes have been
identified, and many of them are also present in mammals
and plants (Mizushima et al., 2011; Liu and Bassham, 2012).
These genes can be divided into several functional groups
(Yang and Klionsky, 2010; Bao and Bassham, 2020): the ATG1-
ATG13 complex, which senses the signal and initiates
autophagosome formation through ATGY recruitment; ATG9
and associated proteins that acquire lipids for the expansion
of the phagophore (a cup-shaped double-membrane that expands
to form an autophagosome); the phosphoinositide 3-kinase
complex, which, together with ATGY, is required for the

initiation of autophagosome formation; and two ubiquitin-like
conjugation  systems, ATG5-ATGI12/ATG16 and ATGS-
phosphatidylethanolamine (PE). The first system acts as an E3
ligase and mediates the covalent conjugation of ATGS8 to a
PE. The second one is required to complete autophagosome
formation and cargo selection. Two types of markers have
been frequently used to monitor autophagosomes in plants:
green fluorescent protein-ATGS8 fusion proteins, because the
ATG8 essential role in autophagosome formation and its stable
localization in both sides of autophagosome membranes (Zeng
et al,, 2019); and monodansylcadaverine staining, an acidotropic
dye that stains acidic membrane compartments (Contento
et al., 2005).

As mentioned before, upon continuous ER stress, ER-phagy
is triggered to degrade some of the misfolded/unfolded proteins
accumulated in the ER (Grumati et al, 2018). In yeast and
plants, autophagy is closely associated with the ER, which
provides autophagosome membranes and is a target for autophagy
during ER stress (Marshall and Vierstra, 2018; Zeng et al,
2019). In ER-phagy, specific cargo receptors are needed to
interact with both ATG8 and the target for degradation. The
yeast ER-phagy pathway requires the receptors ATG39 and
ATGA40, two ER membrane proteins that load the ER subdomains
into autophagosomes (Mochida et al., 2015). In mammals, the
ER-phagy receptors, including FAM134B, RTN3, ATL3, TEX264,
CCPG1, and Sec62, were identified through an inefficient
proteasomal function of ERAD under the UPR (Khaminets
et al., 2015; Fumagalli et al., 2016; Grumati et al., 2017; Smith
et al, 2018; An et al., 2019; Chen et al., 2019;). The first plant
ER-phagy receptors reported were the A. thaliana ATGS8-
interacting proteins ATI1 and ATI2 (Honig et al, 2012).
Localized in the ER membrane under normal conditions, these
single transmembrane domain receptors possess an ATG8
interacting motif and do not have homologs in yeast and
mammals. Under carbon starvation, ATI1 and ATI2 are
transported to the vacuole upon interaction with ATG8 (Honig
et al., 2012). Although plant receptors for autophagy are largely
unknown, some homologs of mammalian receptors are encoded
by the plant genomes, including Lnpl, calnexin, ATL3, and
Sec62 (Zeng et al., 2019). Whether they have a similar function
in autophagy remains obscure. For instance, Arabidopsis SEC62
is an ER transmembrane protein that co-localizes with ATGS8 in
autophagosomes, and the atsec62 mutant is hypersensitive to
ER stress, while overexpression of AtSEC62 confers ER stress
tolerance (Hu et al., 2020). Thus, AtSEC62 might be an ER-phagy
receptor in plants. Despite the lack of knowledge of these
receptors, IRE1 has been proved indispensable for plant ER
stress-induced ER-phagy.

IRE1 is generally involved in the ER stress-induced autophagy,
although it is differently regulated in yeast (Bernales et al,
2006), animals (Ogata et al, 2006), and plants (Liu et al,
2012). In yeast, the biosynthesis of ATG8p, an essential component
of autophagosome formation, relies on the splicing of HAC1
by IRE1 (Yorimitsu et al., 2006) and, hence, yeast autophagy
is dependent on the RNase function of IREI. Differently,
mammals require the kinase function of IREI as the c-JNK
pathway responsible for triggering autophagy depends on IRE1
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activity (Urano et al., 2000; Ogata et al., 2006). Unlike yeast,
autophagy in plants is also dependent on the IREI RNase
function; however, the splicing of bZIP60, homologous to HAC1,
is irrelevant to the process. More specifically, IRE1b, but not
IREla, has been shown to be required for ER stress-induced
autophagy (Liu et al.,, 2012). Both Arabidopsis irela and irelb
null mutants display similar expression profiles of autophagy-
related genes and similar levels of autophagosome formation
as wild-type plants under nutrient deficiency conditions. However,
the autophagosome formation is abolished under treatment
with the ER stress inducers TUN and DTT in irelb plants,
but not in irela knockout lines (Liu et al., 2012). Other studies
have shown that the RIDD function of AtIRElb, but not its
protein kinase activity or splicing target bZIP60, is responsible
for regulating this event (Bao et al, 2018). Furthermore, 3
out of 12 RIDD targets potentially repress autophagy during
normal conditions, while during ER stress, they are degraded
to release this repression. Although IRElb is not necessarily
the direct elicitor of autophagy, it may promote the RNA
degradation of transcription factors that interfere with the
induction of autophagy (Bao et al.,, 2018). Nevertheless, further
investigations are needed better to understand ER stress-induced
autophagy and its components in plants.

ER STRESS-INDUCED PCD IN PLANT
IMMUNITY

ER function is associated with plant innate immunity on several
levels. ER plays an essential role in processing antimicrobial
proteins delivered to the site of the microbial attack by the
secretory pathway via vesicle-mediated transport. Non-expressor
of PR genes 1 (NPR1) coordinately controls the upregulation
of PR genes and genes encoding proteins of the secretory
pathway during salicylic acid (SA)-dependent systemic acquired
resistance (SAR). Exogenous SA induces the processing of
bZIP28 and splicing of bZIP60 in Arabidopsis and rice, linking
the IRE1 activation to defense responses, which may represent
a second branch regulating SA-dependent ER marker genes
independently of NPR1 (Nagashima et al., 2014). A more recent
report has demonstrated that an SA-independent ER stress-
induced redox may promote the translocation of NPR1 to the
nucleus, where it suppresses the transcriptional role of bZIP60
and bZIP28 in the UPR (Lai et al., 2018).

Consistent with the interpretation that IRE1 may be a positive
regulator of SA-mediated defense responses in Arabidopsis,
irela and bzip60 mutants display enhanced susceptibility to
the hemibiotrophic pathogen Pseudomonas syringae and
attenuated SAR (Moreno et al., 2012). Likewise, the UPR branch
IRE1/bZIP60 plays an essential role in turnip mosaic virus
(TuMV; genus Potyvirus) and plantago asiatica mosaic virus
(PIAMV; genus Potexvirus) infection (Zhang et al, 2015;
Gaguancela et al, 2016). Viral pathogenesis is enhanced in
the bzip60-2 mutant and the irela/ire1b double mutant, consistent
with the induced bZIP60 splicing in response to TuMV and
PIAMV infection. The potyvirus membrane-binding protein
6K2 and potexvirus triple gene block 3 are the effectors that

induce the IRE1/bZIP60 pathway. More recently, the bZIP17/28
branch of UPR has also been shown to be activated upon
potyvirus and potexvirus infection in Arabidopsis (Gayral et al.,
2020) and in response to rice streak virus (RSV) infection in
N. benthamiana (Li et al., 2021). Expression of the membrane-
associated viral effectors NSvc2 and NSvc4 induces the proteolytic
cleavage of bbZIP17/28 and the expression of UPR-related
genes. Silencing NbbZIP17/28 significantly inhibited RSV
infection. Likewise, the plant susceptibility factor Resistance
to Phytophthora parasitica 1 (RTP1) has been recently shown
to be involved in ER stress sensing (Qiang et al., 2021). RTP1
negatively modulates the IRE1/bZIP60 splicing activity and
binds to bZIP28. In response to P. parasitica infection, rtp1bzip60
and rtp1bzip28 mutant plants display decreased resistance, along
with attenuated induction of ER stress-responsive immune
genes, suggesting that rtpl-mediated resistance to P. parasitica
is coordinately regulated with UPR. Collectively these results
indicated that both UPR signaling branches are linked to
immune responses and provide some insights into the
mechanisms by which UPR signaling cascades are coordinated
with immunity.

Additionally, ER monitors the synthesis and controls the
quality of several immune receptors. Specific components of
ERQC mediate the processing of the pattern recognition receptors
(PRR), Elongation-factor Tu (EF-Tu) receptor, which undergoes
pathogen-associated molecular pattern (PAMP)-induced
oligomerization with coreceptors to activate PAMP-triggered
immunity (Li et al., 2009; Nekrasov et al.,, 2009; Saijo et al.,
2009). Additional examples of plasma membrane immune
receptors, which depend on ERQC for proper function, include
glycosylated Cf proteins, linked to race-specific resistance to
the fungal pathogen Cladosporium fulvum (Liebrand et al,
2012), the rice PRR XA21 involved in resistance to Xanthomonas
oryzae pv. oryzae (Park et al., 2010), and the induced receptor
kinase, implicated in N-mediated resistance of tobacco to
tobacco mosaic virus (Caplan et al., 2009).

While ERQC loss-of-function mutants display enhanced
susceptibility to ER stress inducers and pathogens (Wang et al.,
2005; Li et al, 2009; Lu et al, 2009; Nekrasov et al., 2009;
Saijo et al., 2009), the inactivation of ER-QC components
enhances colonization of the mutualistic fungus Piriformospora
indica in Arabidopsis roots (Qiang et al., 2012). The improved
growth of P. indica displayed by ERQC mutants occurs only
during cell death-dependent but not biotrophic colonization.
P. indica activates an ER-PCD, associated with enhanced VPE/
caspase 1-like activities and vacuole collapse-mediated PCD.
Loss-of-function VPE mutants confirmed that the fungus depends
on the VPE-mediated ER-PCD to colonize Arabidopsis roots
successfully. In contrast, VPE activity has been associated with
enhanced resistance to bacterial pathogens (Carvalho et al,
2014). VPE also mediates vacuolar collapse and execution of
virus-induced cell death (hypersensitive response) in Nicotiana
tabacum, which restricts virus spread to the site of infection
(Hatsugai et al., 2004). Therefore, as an executioner of PCD,
VPE may function dually as a susceptibility or resistance factor
depending on whether the pathogen benefits from cell death
or is restricted by PCD.

Frontiers in Plant Science | www.frontiersin.org

10

February 2022 | Volume 13 | Article 835738


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Simoni et al.

Cell Death From ER Stress

A recently characterized mechanism underlying ER stress-
triggered PCD in immunity relies on activating the ER stress-
induced membrane-anchored TF NAC089 (Yang et al., 2014b;
Ai et al, 2021). In response to PAMPs from Phytophthora
capsica and P. syringae, NACO089 translocates from the ER
membrane to the nucleus via a proteolytic cleavage in the
Golgi. Inside the nucleus, truncated NACO089 activates
PCD-related genes (BAG6, MC5, WRKY33, aspartyl protease
A39, VPE) to assemble cell death programs and restrict pathogen
infection. Therefore, as an ER stress immunity regulator, NAC089
positively controls host resistance against the oomycete pathogen
P. capsica and the bacterial pathogen P. syringae.

CONCLUSION

The endoplasmic reticulum is an essential component of the
cellular organism and is vital for synthesizing, folding, and
quality control of proteins, lipid biosynthesis, and calcium
storage. In plants, diverse abiotic stressors and biotic agents
can disturb the ER operation and homeostasis, leading to ER
stress conditions. The exact mechanism by which each kind
of stress promotes ER stress is not known, but it is conceptually
accepted that they can interfere with the ER function in some
way related to protein folding. Further investigations are needed
to prove this point. In response to ER stress, the plant cell
can trigger pro-survival or pro-cell death pathways to restore
correct cell function. Many cell strategies to alleviate ER stress
have been described, including the induction of ERQC and
ERAD system, UPR pathway, and under situations of prolonged
stress, autophagy, and cell death signaling. However, the
mechanisms underlying the coordination of recovery or death
responses are still largely undescribed.

The plant UPR are transduced by a bipartite signaling
module, involving the ER membrane-anchored stress sensors
bZIP17/28 and IRE1 (through specific splicing of bZIP60),
which are responsible for upregulating ER-resident chaperones
and stress-responsive genes. Despite all knowledge about this
signaling pathway, there are still some missing details regarding
the molecular mechanisms of UPR in plants. For instance,
we still do not know the exact protease responsible for the
first cleavage of bZIP28 in its transmembrane domain, and
the mechanisms of the IRE1 stress-sensing process remain to
be elucidated. Other topics worth investigating involve the
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CHAPTERIII

REVEALING THE IMPACT OF AtRGS1 RESIDUES PHOSPHORYLATION IN THE
PLANT CELL SIGNALING
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INTRODUCTION

The heterotrimeric guanine nucleotide-binding protein (G-protein) actively
participates in diverse biological processes, several of considerable agronomic
importance. Its pivotal role encompasses the regulation of growth, development, stress
responses, and the defense mechanism against pathogens (Wang et al., 2019). This
heterotrimeric complex consists of Ga, G3, and Gy subunits. The genome of the model
plant Arabidopsis thaliana encodes one canonical Ga (AtGPA1), three non-canonical
extra-large Ga (AtXLG1, AtXLG2 and AtXLG3) one GB (AtAGB1) and three Gy
(AtAGG1, AtAGG2 and AtAGG3) subunits (Willard and Siderovski, 2004; Jones et al.,
2011a; Urano et al., 2013; Urano and Jones, 2014; Chakravorty et al., 2015). In its
inactive state, the Ga subunit, bound to GDP, interacts with G and Gy, forming the
Gay heterotetrametric. Upon activation, GDP is replaced by GTP, releasing the Gf3
and Gy subunits from the Gay complex, generating GBy heterodimers. These now-
separated subunits modulate signaling pathways (Zhong et al., 2019).

Mammals exhibit a more extensive array of G-protein subunits compared to
plants. For example, the human genome harbors four families of Ga proteins, each
with varying member counts, along with five G and twelve Gy subunits (Syrovatkina
et al, 2016). Another remarkable difference between these organisms is the
dependency of animals on G-protein-coupled receptors (GPCRSs) to initiate signaling
pathways (Masuho et al., 2020). Meanwhile, plants lack these specific proteins within
their genome and employ the Regulator of G-protein signaling 1 (RGS1) as an
alternative controller of G-proteins.

RGS1 contains a GPCR-like seven-transmembrane (7TM) barrel domain at the
N-terminus, yet despite its structural similarity, there is no data supporting RGS1 acting
as a receptor (Chen, 2008). The 7TM domain is followed by a disordered linker region,
a conserved RGS domain, and a C-terminal tail (Oliveira et al.,, 2022). AtRGS1
operates by accelerating GTPase activity of AtGPA1, converting GTP to GDP and
subsequently deactivating the complex (Chen et al., 2003; Jones et al., 2011b). This
characteristic is essential due to the AtGPA1 nucleotide exchange rate, which exceeds
its GTP hydrolysis rate by more than 100-fold (Johnston et al., 2007).

Although not acting as a receptor, receptor-like kinases (RLKs) are described to
bind and phosphorylate RGS1 (Fu et al., 2014; Tunc-Ozdemir et al., 2016; Liang et al.,
2018) This interaction stands as a crucial step in the uncoupling and internalization
process of RGS1, ultimately leading to the activation of G-protein signaling (Urano et
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al., 2012). Furthermore, AtRGS1 undergoes phosphorylation by cytoplasmic kinases
like the WITH-NO-LYSINE kinases (WNKSs) in response to elevated sugar levels, which
subsequently triggers its internalization (Urano et al., 2012). In the absence of GPCRs
in plants, the precise regulation of G-protein signaling may be intricately linked to RLKs
through a sophisticated phosphorylation-dependent mechanism. For example, the
phosphorylation of AtRGS1 stands as an essential requirement for internalization
processes like D-glucose and flg22-triggered endocytosis.

Sugars serve as essential structural components regulating diverse
physiological processes. Their forms, concentrations, and energy levels play a pivotal
signaling role in growth, development, responses to both biotic and abiotic stresses,
and impact the overall energy status of plant cells. Sugar signaling relies on an inherent
sensory mechanism and regulatory networks that adapt energy availability and sugar
levels to effectively manage plant growth and development under changing
environmental conditions (Choudhary et al., 2022). Among the many signaling
networks triggered by sugar recognition, a significant pathway is operated through G-
protein-dependent mechanisms, involving the phosphorylation of AtRGS1 by WNKs
(Urano et al., 2012), as previously highlighted.

The other endocytosis process is governed by flg22, a 22-amino acid pathogen-
associated molecular pattern (PAMP) derived from the plant pathogen Pseudomonas
syringae. This molecule is recognized by plant cells and initiates the innate immunity
pathway (Felix et al., 1999; Zipfel et al., 2004). Existing evidence demonstrates that
flg22 recognition occurs extracellularly through the formation of a larger complex
involving the co-receptors BAK1 and FLS2 alongside the G-protein complex (Sun et
al., 2013; Tunc-Ozdemir and Jones, 2017; Jelenska et al., 2017). In essence, in
response to flg22 signaling, AtRGS1 interacts with the FLS2/BAK1/BIK1 complex,
where phosphorylation at the serine cluster is required for the subsequent
internalization of AtRGS1 and the uncoupling from G-proteins. (Liang et al., 2016;
Liang et al., 2018).

The C-terminus of AtRGS1 contains multiple di-serine residues, recognized
collectively as a cluster. Phosphorylation of RGS1 cluster prompts its dissociation from
the heterotrimeric G-protein complex, leading to its subsequent internalization and
activation of G signaling (URANO et al., 2012; Watkins et al., 2021). However, while
flg22 prompts only the internalization of AtRGS1 through phosphorylation-dependent
clathrin-mediated endocytosis (CME), D-glucose-induced internalization activates the
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sterol-dependent endocytosis (SDE) pathway as well. Notably, the latter pathway
operates independently of the phosphorylation of three C-terminal tail sites in AtRGS1
(Watkins et al., 2021).

Whereas in animals the endocytosis process relies on the activity of 3-arrestins
(Lhose et al., 1990), higher plants lack the genetic coding for these specific proteins
(Alvarez, 2008). Therefore, the retromer proteins VPS26a and VPS26b emerge as
potential adaptors, primarily due to the fact these proteins possess an arrestin-like
folding (Bologna et al., 2017; Watkins et al., 2021). Both proteins actively participate in
AtRGS1 CME-mediated endocytosis when exposed to high sugar concentrations and
flg22 induction (Zelazny et al., 2013; Watkins et al., 2021). Notably, the SDE pathway,
triggered by sugar but not reliant on cluster phosphorylation, highlights distinct
endocytic pathways regulating Arabidopsis G-protein dynamics (Watkins et al., 2021).

In addition to the five serine residues located at the C-terminal tail, RGS1 also
features a serine (Ser417) at the terminus of the RGSbox and another within the linker
region (Ser278) (Tunc-Ozdemir et al., 2017; Oliveira et al., 2022). Nonetheless, the
investigation of residue S278 has been largely overlooked due to the prevalent focus
on truncated forms of RGS1 in previous research. The absence of the full-length RGS1
might present a critical oversight in comprehending the phosphorylation-dependent
activity of RGS1. Considering this perspective, our approach involved utilizing various
AtRGS1 phosphomimetic mutations alongside computational simulations to
investigate the mechanisms underlying RGS1. Specifically, we aimed to unveil how its
phosphorylation pattern influences and distinguishes G-protein binding, stability,

subcellular localization and responses to stress.
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MATERIAL AND METHODS
Plasmid construction and site-directed mutagenesis

The clones employed in this study were sourced from Dr. Alan Jones's and Dr.
Elizabeth Fontes’s laboratories, with additional constructs generated through
GatewayTM technology. For site-directed mutagenesis, Q5® High-Fidelity DNA
Polymerase (New England Biolabs) facilitated end-to-end amplification of the entry
vector. Oligonucleotides for mutagenesis, designed for single or multiple codon
modifications, featured a free phosphate group added to the 5 end of each primer
(Table S1). The resulting linear vector went through ligation using the KLD enzyme mix
(New England Biolabs). pENTR/D-TOPO vectors comprising AtRGS1 wild type
(AtRGS1WT),  AtRGS1WT-HIBIT, AtRGS15428/340/431/435/436A_HiB{T  (clusterA), and
AtRGS15428/431/435E  S430/436A_HiB|T (g2g4q6), served as templates for novel
constructions. Transformation into E. coli DH5a and subsequent confirmation through
sequencing led to the generation of new clones. These cloned genes underwent LR
Clonase (Invitrogen) reaction and were transferred to plant expression vectors—
specifically, pEarleyGate101, pCAMBIA-CLuc, and pCAMBIA-NLuc. Clones of
AtGPA1 on pCAMBIA-CLuc vectors, FAP-tagged AtRGS1WT, along with HiBiT-tagged
AtRGS1 overexpressing lines, encompassing both wild type and mutants, were
acquired from Jones Lab stocks at The University of North Carolina at Chapel Hill (US)
and LBMP stocks at Universidade Federal de Vicosa (BRA) (Oliveira, 2022; Watkins
et al., 2023).

Structural modeling and molecular dynamics simulation

To construct the phylogenetic tree, protein sequences of 7AM-RGS were
sourced from the 350 plant and green algae species described by Ngou et al. (2022).
These sequences were aligned using MAFFT 7 software (Katoh et al., 2019), and
highly gapped (70%) were excluded. The remaining sequences were clustered using
Cd-hit (Bhat et al., 2019) with a cutoff of 75%, resulting in a final realignment of 72
sequences. Phylogenetic relationships were assessed using the Maximum Likelihood
(ML) method (Nguyen et al., 2014) under the Jones-Taylor-Thornton (JTT) substitution
model (Wang et al, 2008) with a gamma distribution of rates between sites,
implemented with raxml (H6hler et al., 2022).

For molecular dynamics simulation (MDS), initial structures for dimerization
AtRGS1 and AtGPA1 were generated using MULTICOM3. MULTICOMS3 serves as an
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enhancement module designed to elevate the accuracy of protein tertiary and
quaternary structure predictions generated through AlphaFold2 and AlphaFold-
Multimer. It achieves this improvement through a comprehensive approach involving
diverse multiple sequence alignment sampling, template identification, structural
prediction evaluation, and structural prediction refinement. Specifically, it enhances
AlphaFold2-based tertiary structure predictions by 8-10% and AlphaFold-Multimer-
based quaternary structure predictions by 5-8% (Hou et al., 2020; Liu et al., 2023).

Using the previously resolved AtGPA1 structure (PDB 2XTZ) as a reference,
GTP and Mg2+ were placed in the protein pocket. Protein/membrane systems were
created using CHARMM-GUI (Feng et al., 2023), consisting of a lipid bilayer
(DUPC:SITO:CER160, 5:5:1 ratio) solvated with TIP3P water supplemented with NaCl
at 0.15 M using the Monte-Carlo method (Toropov and Toropova, 2020). The systems
were subjected to 200 or 500 ns simulations with the CHARMM36 force field (Croitoru
et al.,, 2021) on GROMACS v2022.4 (Pronk et al., 2013). Electrostatics were treated
with PME, a constant temperature of 303.15 Kelvin maintained. Hydrogen bonds were
constrained, and lipid bilayer restraints applied. Subsequent data analysis and
representation were conducted using Visual Molecular Dynamics (VMD) (Vieira et al.,
2023). Interaction weights of residues were calculated by counting the frames where
any atom of a residue came within an 8.0 A distance of any Ca. Protein 3D models
were generated using ChimeraX (Meng et al., 2023), Blender v3.6 (Bruns et al., 2020),
and Pymol v2.4.1 (Rosignoli et al., 2022).

Split-luciferase complementation assay

CLuc-tagged and HiBiT-NLuc-tagged genes were introduced into
Agrobacterium tumefaciens strain GV3101 Agrobacterium cells, and bacteria cells
were resuspended in infiltration buffer (10mM MES, 1M MgCIl2, 200mM
Acetosyringone, pH 5.6) followed by leaf co-infiltration in 4 to 5-week-old Nicotiana
benthamiana plants. Subsequently, approximately 6 leaf disks (6mm) from each of the
16 biological replicates were collected 2 days post-infiliration and combined in a 96-
well plate with 100uL of 0.4 mM D-Luciferin or HIiBiT reaction mix (Promega). The
reaction was kept in the dark for 10 minutes, and light intensity was measured at 570
nm on SpectraMax L. Luciferase activity was then normalized based on the average
HiBiT expression level in each leaf.
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Plant growth conditions

The rgs1-2 allele (SALK_074376) of Arabidopsis thaliana (Col-0) was acquired
from the Arabidopsis Biological Resource Center (ABRC) and Col-0 ecotype was used
as the wild type control. Arabidopsis plants were cultivated in a growth chamber under
short-day conditions (21°C, 8h/light, 16h/dark) for optimal growth. Seedlings for
western blot analysis were disinfected with disinfection solution (ethanol:water:bleach
- 4:3:1) per 10 minutes, washed three times with water, germinated on /2 strength
liquid Murashige and Skoog (MS) medium, and grown for 7 days under low constant
light conditions with continuous agitation at 120 rpm.

For YFP-detection confocal microscopy, seedlings were positioned on /2
strength solid MS, plated vertically, and etiolated under dark conditions for 4 days. In
the case of FAP-detection confocal microscopy, seedlings were placed on '/2 strength
solid MS, plated vertically, and allowed to grow for 6 days under low constant light
conditions. One day before treatment, all seedlings on solid medium were transferred
to water for acclimatization.

Nicotiana benthamiana plants were germinated in soil and subjected to a half-
day photoperiod (25°C, 12h/day, 22°C, 12h/night) for 4 to 5 weeks before infiltration.
Dark treatment was administered overnight post-infiltration.

RGS1-YFP and FAP-Beta-RGS1 internalization

In order to monitor the internalization process of RGS1, plants expressing YFP-
tagged AtRGS1WT, AtRGS1S5278A  AtRGS1S278E and AtRGS1S428/431/435/436A (quadA)
were exposed to light for 2 hours and then transferred to dark conditions. Following 4
days of germination, elongated hypocotyl cells underwent a 1-hour exposure to 100
nM flg22. YFP excitation was performed at 514nm, with emission collected in the range
of 525-565nm.

To precisely identify the subcellular localization of RGS1 following the
internalization process and minimize excessive fluorescence from YFP-tagged plants,
Fluorogen Activating Protein (FAP) Technology (SpectraGenetics) was applied. Root
cells of FAP-Beta-tagged RGS1WT plants were pretreated for 30 min with 100nM of
BGREEN-np membrane impermeant fluorogen, and then exposed to diverse treatment
times (30 minutes, 1 hour, 1 hour and a half, 2 hours) of 100nM flg22 and 123uM UDP-
glucose after 6 days of germination. The fluorogen was added to the treatment solution
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as well in order to guarantee the entire internalization process over time. FAP-BETA
excitation was conducted at 509nm, with emission collected close to 530nm.

To validate nuclear localization, root cells were labeled with Hoechst 33342
(ThermoFisher), a nuclear marker, by incorporating the reagent into the treatment
solution at a final concentration of 5ug/mL. Hoechst staining involved excitation at
350nm and emission collection at 461nm.

For all experiments, individual cells were examined using a Zeiss LSM880
microscope with a C-Apochromat 40x/1.2NA water immersion objective. Signals from
YFP, FAP-Beta, and Hoechst staining were captured across multiple Z-layers at 0.8um
intervals between images. Emission collection on the LSM880 utilized a GaAsP
detector. Image processing and quantification were executed following the procedures
described in the literature (Watkins et al., 2021).

Immunoblotting analysis of RGS1

To assess stability, 7-day-old seedlings from overexpressing lines underwent a
6-hour time course exposure to 100 nM flg22 and 200uM cycloheximide under
constant light and agitation. For phosphorylation detection, 7-day-old seedlings from
the same overexpressing lines were treated with 100 nM flg22 for 0, 15, 30, and 45
minutes. Total protein was extracted using RGS1 extraction buffer (50 mM Tris-HCI,
pH 7.5, 10% glycerol, 0.5% Triton X-100, 1.5 mM MgCI2, 1 mM EDTA, 150 mM NacCl,
1 mM PMSF, 1x Roche protease inhibitor cocktail, and 10mM NaF). For
phosphorylation detection, YFP-tagged AtRGS1, AtRGS1S278E AtRGS1S278A and
AtRGS15428/431/435/436A \were purified using the yMACS GFP lIsolation Kit (Miltenyi
Biotec). Meanwhile, for stability evaluation, pure extract was used.

The extracted proteins were separated into 12% acrylamide gels and directly
detected in the gel using the Amersham Typhoon 5 with Cy2 (525BP20) filter. The
excitation peak was at 488nm, emission peak at 525nm, 50uM pixel size, and a PMT
of 700V. Purified proteins were separated into 12% acrylamide gels and transferred to
nitrocellulose membranes. The transcriptional level of Rubisco was used as an internal
control. Mitogen-activated protein kinase 1 - MAPK1 (ERK2) and MAPK3 (ERK1) were
detected using an anti-p44/42 MAPK antibody (Cell Signaling Technology).
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Bacterial pathogen infection assay

Pseudomonas syringae pv. tomato (Pst) DC3000 strain was cultured overnight
at 28°C in LB medium containing 50 pg/mL rifampicin. Bacteria were harvested by
centrifugation, washed, and adjusted to the desired density (OD 10#) with 10 mM
MgClz. Leaves of Col-0, AtRGS1WT, AtRGS15278E AtRGS15278A ) AtRGS 15428/431/435/436A
and rgs1-2 plants at 4-week-old were infiltrated with the bacterial suspension using a
1-mL needleless syringe. Subsequently, the leaves were collected to measure
bacterial growth. Six leaf discs, separated as three repeats, were ground in TmL H20,
and serial dilutions were plated onto TSA medium (1% Bacto tryptone, 1% sucrose,
0.1% glutamic acid, 1.5% agar) with the appropriate antibiotics. Bacterial colony

forming-units were counted after a 2-day incubation at 28°C (Li et al., 2019).
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RESULTS
RGS1 structure: Phosphosite conservation suggests the relevance of the linker
phosphoserine 278

AtRGS1 is a protein with 459 amino acid residues containing a 7TM domain, a
RGSbox domain and a flexible linker region. This protein contains numerous di-serine
residues located in its C-terminal region, along with a serine (Ser417) at the terminus
of the RGS box and another within the linker region (Ser278) (Oliveira et al., 2022)
(Figure 1).

(p)S278
(p)S417

(p)S428
(p)S430/431

(p)S435/436

Figure 1 - AtRGS1 structural model. (A) Full-length AtRGS1 has a seven transmembrane domain
(gray), a flexible linker region (pink) followed by a conserved RGSbox domain (blue), and a disordered
C-terminal tail (green). (B) Different phosphosites are present in AtRGS1 and are shown here by red
dots. Ser278 is part of a small helix segment located at the linker. C-terminal tail residues are clustered
after the RGSbox. (C) Backbone structure with domains and regions separated by color as indicated.

Genetic conservation serves as an important feature for understanding protein
evolutionary behavior. Conducting a phylogenetic analysis and examining sequence
conservation of 7TM-RGS proteins in plants and green algae (Figure 2A-B) revealed
the preservation of RGS across diverse families. In a more focused exploration of
phosphosites, a larger sequence alignment was performed for a detailed investigation
into the conservation and significance of these residues in plants (Figure 2C) (Ngou et
al., 2022). Notably, certain residues exhibited higher conservation than others. For
instance, S436, S435, and S430, all belonging to the cluster region, displayed a higher
conservation proportion among families compared to RGSbox S417 or even the other
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cluster serine, S428. Most intriguingly, the residue S278 demonstrated a notably higher
conservation percentage among families. This observation is particularly stimulating,
not only due to the lack of studies on this residue but also because it resides in a
flexible linker region, an uncommon location for a regulatory-capable residue.

A

Figure 2 - Phylogenetic analysis and sequence conservation of 7TM-RGS proteins in
plants and green algae. (A) Phylogenetic tree of 7TM-RGS proteins from plant and green algae. (B)
Schematic phylogenetic tree of all the families used. (C) Residues conservation map constructed
highlighting the serine residues from the linker, RGSbox and cluster regions.
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Phospho-S278 modifies RGS1 structure and decreases Linker-C-tail interaction
in Molecular Dynamic Simulations

Given the notable conservation of serine-278 across diverse plant families, we
investigated the phosphorylation impact of this residue on RGS1 structure and
interactions through molecular dynamic simulations. In a comprehensive PCA analysis
spanning 500 nanoseconds (ns) (Figure S1A), we observed distinctions between the
most representative structures of non-phospho-AtRGS1 (npRGS1) (Figure 3A) and
phospho-Ser278-AtRGS1 (pS278) (Figure 3B). These findings suggest that the single
phosphorylation of linker serine-278 induces conformational changes in RGS1. Further
analysis revealed that this unique phosphorylation not only led to conformational
alterations but also impacted interactions between linker and C-tail domains (Figure
3C-D, highlighted in black letters and numbers). Representative structures of npRGS1
exhibited an absence of interactions involving S278 and other residues. In contrast,
pS278 structures displayed interactions between this linker residue and three distinct
residues of RGSbox. Consequently, interactions between the linker and C-tail were
disrupted, with some representative structures showing the nonexistence of a single
interaction between these regions, resulting in increased freedom and mobility of the
C-tail region (Figure S1B).

A Essential dynamics plot B Essential dynamics plot
- 200

=175 de7?

- 150
6 6 L gle s

PC2 (27.75%)
Time (ps)
PC2 (27.75%)

-6 -4 -2 0 2 4 6 8 -6 -1 -2 0 2 4 6 8
PC1 (36.04%) PC1 (36.04%)



47

26%8 ns (np) 318 ns (pS278)

10!

V 290
E 416

e¥fen
2

20 () 3 "‘“j_”‘"!" % 5808 op) ] 00 pS278) v 300 (278)
: 179 S5 1 19 187

Figure 3 - Molecular Dynamics Simulation Analysis of non-phospho-AtRGS1 and phospho-
Ser278-AtRGS1 models. Comparative PCA analysis of non-phospho-AtRGS1 (A) and phospho-
Ser278-AtRGS1 (B) trajectories using MDM-task-web tool. Color gradient of the points indicates frame
in nanoseconds, with representative structures and centroids indicated by red or blue circles. (C)
Representation of 228 ns non-phospho-AtRGS1 with predicted hydrogen bonds extracted from
representative PCA frames trajectories. Zoomed-in view of non-phospho-Ser278-AtRGS1. Interacting
residues are shown as balls and sticks, while interacting regions are represented as light blue ribbons.
Representations from the same analysis in different moments are shown in the bottom as comparison.
(D) Representation of 318 ns phospho-AtRGS1 with predicted hydrogen bonds extracted from
representative PCA frames trajectories. Zoomed-in view of phospho-Ser278-AtRGS1. Interacting
residues are shown as balls and sticks, while interacting regions are represented as light blue ribbons.

Representations from the same analysis in different moments are shown in the bottom as comparison.

Interestingly, in addition to the conserved nature of S278 residue among various
plant families, comparable phosphorylation characteristics emerge in other organisms.
PCA analysis spanning 200 nanoseconds (ns) (Figure S2) from the lycophyte
Selaginella moellendorffii, a distant relative, revealed analogous behavior in the
phosphorylation of S273-SELML, the S278 equivalent in Arabidopsis (Figure 4).
Distinctions between the most representative structures of npSELML (Figure 4A) and
pS273-SELML (Figure 4B) were observed, with no interactions involving S273 in
npSELML structures (Figure 4C). However, pS273 structures exhibited interactions

between the linker residue and the residues of RGSbox (Figure 4D).
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Figure 4 - Molecular Dynamics Simulation Analysis of non-phospho-SELML and phospho-
Ser273-SELML models. Comparative PCA analysis of npSELML (A) and pS273-SELML (B)
trajectories using MDM-task-web tool. Color gradient of the points indicates frame in nanoseconds, with
representative structures and centroids indicated by red or blue circles. (C) Representation of 98 ns
npSELML. Interacting residues are shown as balls and sticks, while interacting regions are represented
as light blue ribbons. (D) Representation of 168 ns pS273-SELML with predicted hydrogen bonds
extracted from representative PCA frames trajectories. Interacting residues are shown as balls and

sticks, while interacting regions are represented as light blue ribbons.

Recognizing the crucial role of S278 phosphorylation as a regulatory
mechanism, this study employed a set of phospho-mimetic and phospho-null mutants
to emulate the phosphorylation pattern of RGS1. To compare the behavior of S278E
with pS278, a PCA analysis spanning 200 nanoseconds (ns) was conducted on the
mimetic residue (Figure 5A). This analysis revealed a parallel behavior between S278E
and pS278, particularly in their ability to engage in similar interactions (Figure 5B).
Henceforth, we will refer to the phosphorylated state of S278 as S278E.
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Figure 5 - Molecular Dynamics Simulation Analysis of phospho-mimetic-S278E-AtRGS1 model.
Comparative PCA analysis of S278E-AtRGS1 (A) trajectories using MDM-task-web tool. Color gradient
of the points indicates frame in nanoseconds, with representative structures and centroids indicated by
red or blue circles. (B) Representation of 169 ns S278E-AtRGS1 with predicted hydrogen bonds
extracted from representative PCA frame trajectories. Zoomed-in view S278E-AtRGS1. Interacting

residues are shown as balls and sticks, while interacting regions are represented as light blue ribbons.

Phosphorylation of S278-RGS1, but also GPA1, regulates G-protein binding

AtRGS1 regulates G-protein signaling by accelerating GTPase activity of
AtGPA1, catalyzing the conversion of GTP to GDP and subsequently deactivating the
complex (Chen et al., 2003; Jones et al., 2011b). In turn, the regulation of AtRGS1 is
related to its phosphorylation by RLKs (Fu et al., 2014; Tunc-Ozdemir et al., 2016;
Liang et al., 2018), a crucial step driving the uncoupling and internalization processes
of RGS1(Urano et al., 2012; Watkins et al., 2021). To comprehend the impact of the
S278 phosphorylation status on these internalization pathways, we aimed three
important and consecutive features about this entire process: the interaction of
AtRGS1 with AtGPAT1; the internalization process induced by elicitors; and the stability
of RGS1 upon internalization.

To elucidate the interaction between AtRGS1 and AtGPA1 under S278
phosphorylation influence, it is crucial to note that the regulatory phosphorylation is not
exclusive to AtRGS1. AtGPA1 can also undergo phosphorylation by various RLKs (Jia
etal.,2019). Liand collaborators (2018) have proposed that phosphorylation of Tyr166
in AtGPA1 alters the binding pattern with AtRGS1, consequently modulating the
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steady-state rate of the GTPase cycle. Considering this, a molecular dynamic analysis
of contacts spanning 210 nanoseconds (ns) between these two proteins under different
patterns of phosphorylation was performed (Figure 6A).

This analysis demonstrated that simultaneous phosphorylation of Y166 (pY166-
GPA1) and S278 (pS278-RGS1) resulted in a higher interaction between these two
proteins. However, the single phosphorylation of one of these residues, with the other
represented in the wild type structure, drastically decreases the number of contacts.
Notably, the analysis of interactions between fully phosphorylated RGS1 (allP-RGS1)
and pY166-GPA1, similar to the interaction between both wild type proteins, exhibited
an intermediate number of contacts. These results are consistently reflected in the
average analysis of contacts (Figure 6B).
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Figure 6 — Molecular Dynamics Simulation Analysis of interaction between RGS1 and GPA1 in
different phosphorylation states. (A) MDS of contacts between RGS1 and GPA1 in diverse
combinations of phosphostates for S278 and Y166 residues, respectively. The total simulation time is
210 ns with 10 frames per second. (B) Average contacts from the entire trajectory. Statistical

significance is represented as * (P < 0.0001). Error bars indicate standard error of the mean (SEM).

In addition to the insights from molecular dynamics results, we conducted
transient expression experiments in Nicotiana benthamiana plants to validate the
changes in binding affinity of AtRGS1 phosphomimetic mutants compared to the wild
type AtGPA1 and the phosphomimetic pY166-AtGPA1 (Y166E). Consistent with the
molecular findings, split-luciferase assays revealed a reduced interaction between
S278E-RGS1 and GPA1wt, with no significant difference observed with the S278A-
RGS1 mutant, both compared to the wild type interaction (Figure 7A). As anticipated,
split-luciferase results for the interaction between AtRGS1 mutants and Y166E
displayed the opposite pattern (Figure 7B). The interaction between S278E-RGS1 and
Y166E no longer exhibited a difference compared to the RGS1WT interaction with
GPA1 phosphomimetic. However, the interaction between S278A and Y166E showed
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a decrease. These results suggest that not only is the phosphorylation pattern of
AtRGS1 crucial for its interaction with GPA1, but also the phosphorylation status of
GPA1 plays a pivotal role in this process.
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Figure 7 — In vivo interaction between phosphomutants of RGS1 and GPA1. Split luciferase-based
interaction levels between AtGPA1 (wild type (A) and Y166E (B) and forms) and AtRGS1 mutants,
normalized to the wildtype (AtRGS1WT) protein interaction values. Statistical significance is represented
as ns (P > 0.05) and **** (P < 0.02). Error bars indicate standard error of the mean (SEM).

Given our understanding that the cluster is involved in the dissociation of RGS1
from GPA1, and since our results indicate that residue S278 also plays a role in this
process, we generated additional mutants from cluster phosphomimetics to further
understand the regulation of phosphorylation. We created four distinct
phosphomutants by combining S278 and clusterA residues: Linker phosphorylated and
cluster non-phosphorylated (S278E-clusterA); linker non-phosphorylated and cluster
phosphorylated (S278A-g29496); both phosphorylated (S278E-g2g4g6) and both non-
phosphorylated (S278A-clusterA) (Figure S3). Subsequently, we assessed the
interaction between these mutants and GPA1wt using split-luciferase assays (Figure
8). In summary, clusterA, S278E-g294q6, and S278E-clusterA exhibited a reduced
interaction with GPA1 compared to the wild type interaction, similar to the behavior
observed with S278E.



52

% %k %k %k

| %%k Xk k

| ns

I % 3k k

| ns

| ns

| e B RGS1-WT

| = S278A

XEEX B S278E
- ns 3 clusterA
2 149 B q2g4q6
:,:., 1.2 l Il S278A clusterA
= T B S278E g2g4q6
g 109 T [ S278A q2q406
Qo T 3 S278E clusterA
< O c-Luc+n-Luc
'S 0.6
3
o 0.4
2
<]
o
0.0~
nLuc
cLuc GPA1
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protein interaction values. Statistical significance is represented as ns (P > 0.05) and **** (P < 0.0001).

Error bars indicate standard error of the mean (SEM). n = 16.

Ser278 is required for flg22-induced internalization of AtRGS1

The phosphorylation of RGS1, induced by flg22 and UDP-Glucose, has been
documented (Urano et al., 2012; Watkins et al., 2021). This phosphorylation triggers
the dissociation of RGS1 from the heterotrimeric G-protein complex, initiating
subsequent internalization and activation of G signaling. More precisely, the RGS1
cluster plays a crucial role in this process (Urano et al., 2012; Watkins et al., 2021).
However, the role of the S278 residue in the internalization pathway induced by
elicitors remains insufficiently understood.

To evaluate the involvement of S278, rgsi1-2 plants complemented with
AtRGS1WT-YFP, AtRGS15278A-YFP, AtRGS1S278E-YFP or AtRGS15428/431/435/436A.YFP
(quadA) were utilized for single-cell internalization quantification. Flg22 served as the
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infectious signal, and quadA served as a control due to its established role in RGS1
internalization (Watkins et al., 2021). Dark-induced elongated hypocotyl cells were
treated and observed over time, with pictures taken after one hour of treatment, and
the internal YFP signal was quantified relative to membrane-located YFP.

Our data indicate that the phosphorylation of Ser278 is essential for flg22-
mediated internalization (Figure 9A-B). While only RGS1WT-YFP presented an
increase in the internalization rate (=25%), S278A and clusterA mutants exhibited a
similar internalization rate in both situations (=30% and =20%, respectively).
Interestingly, even S278E mutant also demonstrated no difference in internalization
rate in both situations, this rate was similar to the RGS1WT-YFP rate under flg22

presence.
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Figure 9 - Ser278 phosphorylation is required for flg22 signaling. RGS1-YFP internalization on

dark-induced elongated hypocotyls under flg22 treatment. (A) Values represent the amount of AtRGS1
that internalized into the cell as a percent of the total YFP fluorescence. (B) Image data used to generate
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these values. Statistical significance is represented as * (P < 0.0001). Error bars indicate standard error
of the mean (SEM). n = 4. Scale bar - 50 um.

RGS1 stability is regulated by a phosphor-barcode in the linker and tail

Following internalization through various distinct endocytic pathways,
internalized proteins converge into a similar early/sorting endosome. Subsequently,
they diverge along distinct sorting pathways: recycled back to the plasma membrane,
directed to the trans-Golgi network, delivered to lysosomes for degradation, or involved
in a signal transduction pathway (Elkin et al., 2016).

Upon observing that phosphorylation of S278 stimulated the uncoupling and
endocytosis of RGS1, our primary hypothesis was that RGS1 was being targeted for
degradation. To evaluate this hypothesis, we decided to monitor the stability of RGS1
wild type and RGS1 phosphomimetics over time, investigating if the phosphorylation
state of S278 could impact this characteristic. To achieve this, wild type and mutant
seedlings were treated with cycloheximide, a protein synthesis inhibitor, and the
samples were collected at various time points for YFP-fluorescence analysis. We
conducted extended time courses to precisely determine the optimal duration (Figure
S4), and a six-hour time course with sample collection every hour proved to be an
appropriate approach for this experiment.

Initially, rgs1-2 plants complemented with AtRGS1WT-YFP, AtRGS15278A-YFP,
AtRGS1S278E.YFP or AtRGS15428/431/435/436A_YFP (quadA) were exposed uniquely to
cycloheximide for a six-hour time course. Our findings revealed that while S278E
mutant demonstrated a decrease in total YFP-fluorescence equivalent to RGS1WT,
indicating RGS1 degradation, S278A and clusterA mutants presented a significantly
lower decrease compared to RGS1WT (Figure 10A and S5A). These differences
become even more evident when examining the slopes, representing the rate of

degradation (Figure 10B).
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Figure 10 - In vivo degradation of AtRGS1. (A) Western blot quantification of AtRGS1 stability over
time (6h treatment). Cycloheximide (CHX) was used for protein synthesis inhibition, and Rubisco (RbcL)
was used as the loading control. Western blot quantification of AtRGS1 decay comparing inside each
treatment group with WT and treatments. (B) Boxed graph displays the line slope, which indicates the
degradation rate of AtRGS1 and its mutants. Values were normalized based on WT values. Statistical
significance is represented as ns (P > 0.05) and ** (P < 0.001). Error bars indicate standard error of the

mean (SEM). n = 3.

An identical experiment was replicated, but with inclusion of the elicitor flg22 in
the cycloheximide treatment to simulate the impact of bacterial presence on RGS1
stability over time. Surprisingly, in the presence of flg22, both RGS1WT and S278E
exhibited the same degradation pattern as the S278A and clusterA mutants—
indicating increased stability over time (Figure 11A and S5B). These differences

become even more evident when examining the slopes (Figure 11B).
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Figure 11 - In vivo degradation of AtRGS1 under flg22 exposure. (A) Western blot quantification of
AtRGS1 stability over time (6h treatment). Cycloheximide (CHX) was used for protein synthesis

inhibition, flg22 was used as a mimetic elicitor, and Rubisco (RbcL) was used as the loading control.
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Western blot quantification of AtRGS1 decay comparing inside each treatment group with WT and
treatments. (B) Boxed graph displays the line slope, which indicates the degradation rate of AtRGS1
and its mutants. Values were normalized based on WT values. Statistical significance is represented as

ns (P > 0.05). Error bars indicate standard error of the mean (SEM). n= 3.

AtRGS1 is localized in the nucleus upon different external signals

Despite the unexpected outcomes in the stability experiments of RGS1, the
results were intriguing. Given that RGS1 undergoes uncoupling from the G-protein
complex and internalization without degradation upon flg22 exposure, our subsequent
focus was on determining the destination of RGS1 post-internalization. To achieve this,
we employed Fluorogen Activating Protein (FAP) Technology (SpectraGenetics). In
essence, FAP-tags enable the switching of fluorescent signals by the addition or
removal of fluorogen (Figure S6). In this study, a membrane-impermeant fluorogen
was utilized, ensuring that only AtRGS1 present at the cell surface would be visible.
This stands in contrast to standard fluorescent protein fusions, where the entire protein
population emits fluorescence, potentially complicating the visualization of the process.

Initially, root cells of FAP-Beta-tagged RGS1WT plants were exposed to different
treatment times of 100nM flg22, and individual cells were examined through confocal
microscopy. At time Oh, fluorescence was predominantly concentrated in the
membranes; however, after 30 minutes of exposure, FAP-B-RGS1%WT fluorescence
was also evident in the nucleus. This nuclear localization persisted at treatment times
of 1 hour and 2 hours (Figure 12A). Subsequently, recognizing that RGS1
internalization is triggered by sugar signals, a parallel experiment was conducted under
identical conditions, but this time with a solution containing 123 uM UDP-glucose. Root
cells, in a parallel yet not identical manner, exhibited nuclear localization of FAP-B-
RGS1WT at the same treatment durations (Figure 12B). To corroborate the nuclear
localization of AtRGS1, root cells were labeled with the nuclear marker Hoechst 33342,
confirming the presence of FAP-B-RGS1WT in the nucleus (Figure S7B), as also
visualized through the PMT (transparent) channel (Figure S7A). Additional controls
were conducted to ensure the accuracy and reliability of the results (Figure S8).

To quantify the nuclear mobilization of RGS1, fluorescent nuclei were counted
along the entire root of FAP-B-RGS1 seedlings after 1-hour treatment of 100nM flg22
or 123 uM UDP-glucose (Figure 12C). This specific treatment time was selected based
on higher stability of RGS1-fluorescent nuclear localization among all treatment times.
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As evident in the confocal images, exposure to flg22/UDP-Glucose significantly
increased the number of RGS1 nuclear localization compared to the mock treatment.
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Figure 12 - FIg22/UDP-Glucose stimulates RGS1 internalization and nuclear localization.
Representatives processed confocal images of FAP-Beta-RGS1%YT cellular localization overtime under
(A) Flg22 and (B) UDP-Glucose treatment. (C) Average nuclei quantification among treatments after 1-

hour of treatments. Error bars indicate standard error of the mean (SEM). n = 3. Scale bar - 50 um.

Unfortunately, the thicker and less flexible hypocotyl walls compared to root
walls (Derbyshire et al., 2017) present challenges for the effective uptake of the nuclear
marker, making it difficult to assess the nuclear mobilization of YFP-RGS1
overexpressing lines (Figure S9). However, an average nuclear mobilization was
measured through observation of nuclear envelope structure in the PMT channel
(Figure 13). This careful approach was essential to mitigate potential misinterpretations
that could arise from using YFP lines, where the entire protein population emits
fluorescence. By doing so, we aimed to minimize miscounting of RGS1-YFP
fluorescence in alternative cellular pathways, such as vacuolar degradation or protein
synthesis.

The quantitative analysis revealed an increase in the average number of
RGS1WT localized in the nucleus in the presence of flg22. Interestingly, the average
number of RGS1 phosphomutants remained unchanged under flg22 conditions, but in
distinct patterns. Both the S278A and clusterA mutants exhibited a low average
number of nuclei, comparable to the mock average of RGS1W'. In contrast, S278E
showed a high number of nuclei even without flg22 treatment.
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Figure 13 — Phosphorylation of serine residues affects AtRGS1 internalization. Average nuclei
quantification of RGS1 phosphomutants after 1-hour flg22 treatment. Error bars indicate standard error
of the mean (SEM). n = 3. Scale bar - 50 um.

Influence of RGS1 phosphorylation upon pathogen infection

Given the intriguing insights obtained from using flg22 as a bacterial inducer,
we extended our investigation to infectious infiltration to comprehend the immune
response behavior of RGS1 phosphorylation. For this purpose, we infiltrated
Pseudomonas syringae pv. tomato (Pst) DC3000 strain into AtRGS1 overexpressing
lines and rgs1-2 leaves. Phenotypic bacterial symptoms were evaluated (Figure 14A
and S10), along with quantification of colony-forming units (CFU) (Figure 14B). Our
findings revealed that, following an appropriate infection period, both RGS1WT and
S278E mutants exhibited a similar response to the Col-0 plants, while rgs7-2 and
quadA mutants displayed a reduction in both symptoms and CFU. Nonetheless, the
S278A mutant demonstrated increased susceptibility to bacterial infection, as
evidenced by elevated symptoms and CFU compared to the Col-0 pattern.
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Figure 14 — Phosphorylation of serine residues affects AtRGS1 response to bacterial infection.

(A) Disease symptoms on leaves post Pst DC3000 infection. Images were taken at 4 dpi. (B) Bacterial
growth of Pst DC3000 post infection. Leaves of 4-week-old plants Col-0, RGS1WT, S278A, S278E,
quadA and rgs7-2 were hand infiltrated with bacterial suspensions and bacterial populations were

quantified at 0 and 4 dpi. Statistical significance is represented as ns (P > 0.05), ** (P < 0.004) and ****
(P = 0.0001). Error bars indicate standard error of the mean (SEM). n = 3.
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DISCUSSION

The in-silico analysis of RGS1 structure and phylogenetic investigation has
revealed critical insights into its protein architecture and the conservation of amino acid
residues across various plant families, ranging from algae to dicots. Several serine
residues, known for their pivotal roles in diverse pathways involving the RGS1 protein
(Choudhury and Pandey 2015; Tunc-Ozdemir et al., 2017; Liang et al., 2018; Oliveira,
2022), were identified highly conserved (Figure 2C). Various crucial aspects of the
cellular environment were considered during the molecular dynamic simulation (MDS)
analysis, including the composition of the bilipid membrane, water content, and
concentration of salts. Besides that, dynamic modulation models for protein behavior
offer a more intriguing approach compared to steady-state models due to their ability
to capture the dynamic and responsive nature of proteins. Unlike steady-state models
that assume a static equilibrium, dynamic modulation models consider the temporal
fluctuations in protein activity, acknowledging that proteins constantly adapt to various
cellular stimuli and environmental changes. This dynamic perspective allows for a
more realistic representation of the intricate regulatory mechanisms governing protein
behavior, unveiling insights into transient interactions, signal transduction pathways,
and adaptive responses.

Molecular dynamic simulation (MDS) analysis demonstrated distinct interaction
patterns among specific residues, illustrating that the phosphorylation status of Ser278
induces a conformational change. This change is attributed to the interaction between
the linker residue and other residues in the RGS1 box, enhancing the flexibility of the
RGS1 C-tail domain (Figure 3C-D). This mechanism is important because it increases
the possibility of the linker region participating in distinct processes and interactions,
especially considering the serine cluster in this region. In addition to the crucial
interaction between S278-AtRGS1 and Y166 residues of the G-protein a subunit
(GPA1), recent unpublished MDS analysis indicates a correlation between the tails of
both proteins and their overall interaction process. Moreover, this data reveals that,
similar to the S278-Y166 interaction already highlighted, the phosphorylation status of
the C-tail/cluster also influences the interaction affinity. These findings strongly suggest
that a sophisticated phosphorylation system may govern the signaling of RGS1.

Posttranslational modifications are dynamic events that alter protein properties
through the addition of modifying groups, such as acetyl, phosphoryl, glycosyl, and
methyl, to one or more amino acid residues. These modifications can impact the
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activity, localization, and stability of a protein (Ramazi et al., 2020). AtRGS1 has been
demonstrated to undergo phosphorylation by various kinases, including RLKs and
WNKs (Urano et al., 2012; Fu et al., 2014; Tunc-Ozdemir et al., 2016; Liang et al.,
2018; Watkins et al., 2021; Watkins et al., 2023), emphasizing the concept of a
signaling code characterized by a diverse array of kinases and distinct phosphorylation
patterns across different residues. While there have been studies on the
phosphorylation of RGS1 C-tail, the investigation of residue S278 has been largely
overlooked. This oversight is attributed to the prevailing focus on truncated forms of
RGS1. However, neglecting the full-length RGS1 and overlooking the role of other
phosphosites might represent a critical gap in understanding the phosphorylation-
dependent activity of RGS1.

In order to abolish the phosphorylation, mutants with alanine substitutions were
utilized (S278A and clusterA), while mutants with glutamic acid (Glu) substitutions
(S278E and gq2g496) were employed to mimic phosphorylation. Given our belief that
the regulation of RGS1 involves a complex phosphorylation pattern, we systematically
generated specific combinations of phosphorylation states for both linker and cluster
residues. It is noteworthy that despite acidic residues like Glu being negatively charged
and nearly isosteric with pSer, pSer typically carries a double charge at physiological
pH, whereas Glu is singly charged (Cooper et al., 1983; Pearlman et al., 2011).
However, our MDS revealed that these two proteins exhibit similar behavior.

These phosphomutants were employed in in vivo experiments to assess the
impact of phosphorylation patterns with GPA1 interaction, given the previous
demonstration that such patterns can release the G-protein complex for downstream
signaling (Liang et al., 2018). Reinforcing the in-silico findings, phosphorylation of S278
reduced the interaction between RGS1 and GPA1 and the interaction between Y166E-
GPA1 and S278A-RGS1 also exhibited an interaction decrease. Additionally, the
interaction between S278E-RGS1 and Y166E-GPA1 (Figure 7A-B) was consistent with
the molecular dynamic simulations, which demonstrate that phosphorylation of Y166-
GPA1 enhances the binding affinity of the GDP state of AtGPA1 to AtRGS1 (Li et al.,
2018). This is pertinent to the fact that the S278 residue of RGS1 may constantly be
found in the phosphorylated form (Watkins et al., 2023).

Interestingly, when examining the interactions of phosphomutants with GPA1, it
becomes evident that all matches showing a decrease in the interaction between
RGS1 and GPA1 occurred in the presence of S278E, except for the interaction with
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the clusterA mutant (Figure 8). However, the exact phosphorylation state of S278 in
the clusterA mutant cannot be defined. It cannot be discarded that endogenous
kinases may be phosphorylating this residue in vivo. Furthermore, as previously
mentioned, the phosphorylation state of GPA1 is also crucial for this interaction. This
aspect could also justify why the in vivo interaction between RGS1WT and GPA1 did
not exhibit the same pattern as S278E-GPA1.

To elucidate the role of the S278 residue in the RGS1 internalization process,
we assessed the internalization rate of our S278 phosphomutants under flg22-induced
endocytosis, using the clusterA mutant as a control (Figure 9) (Watkins et al., 2023).
The endocytosis process of the S278A mutant exhibited a rate comparable to the
quadA internalization. Intriguingly, the internalization process of the S278E presented
the same rate under both conditions, however, it is an internalization rate equivalent to
the internalization rate of RGS1WT under flg22 presence. These results suggest that
S278 residue is implicated in the RGS1-induced flg22 internalization process
independent of cluster phosphorylation. Given that AtRGS1 undergoes internalization
in response to flg22 and sugar stimuli, our first hypothesis was if in the presence of
these elicitors, RGS1 could be targeted for degradation. To prove that we investigated
the stability of phosphomutants in the presence of a protein synthesis inhibitor over a
6-hour time course. Our results demonstrated that the S278 phosphorylation is
necessary for RGS1 degradation (Figure 10 and 11). While S278E exhibited the same
degradation pattern as RGS1WT, S278A and quadA demonstrated a higher stability
over time. Additionally, we introduced flg22 into this experiment, and surprisingly, flg22
increased the stability of both RGS1WT and S278E mutants. Concurrently, recent
studies have indicated that in the absence of RGS1 phosphatase (Atba), the total
RGS1 levels were reduced (Watkins et al., 2023). These findings suggest a potential
linkage between the degradation pattern observed and RGS1's interaction with other
molecules, such as the phosphatase, or even the phosphorylation pattern of other
RGS1 residues, like the cluster.

Since AtRGS1 undergoes internalization upon flg22 treatment without highly
degradation in sequence, our subsequent objective was to elucidate the destination of
RGS1. To address this question, a membrane-impermeant fluorogen was employed to
selectively react with RGS1 anchored in the membrane, facilitating the tracking of its
localization. Following various treatment periods with flg22 and UDP-glucose, we

observed that a portion of RGS1 proteins is directed to the nucleus (Figure 12). This
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result, although surprising, finds support in the work of Chen et al. (2006), who
observed a similar outcome in Arabidopsis protoplasts treated with 10uM ABA after 16
hours of incubation. Other studies reported that GPCRs continue to signal after
internalization and also the translocation of these proteins into the nucleus (Bhosle et
al., 2019). For instance, an oxytocin receptor, a member of the rhodopsin-type (class
l) family of GPCRSs, is translocated into the nucleus of osteoblasts upon stimulation by
oxytocin ligands. This translocation was found to play a role in osteoblast maturation
(Di Benedetto et al., 2014).

The approach applied to quantify the nuclear localization across treatments
involved counting nuclei from the hypocotyl until the distal part of the root. It was
verified that the nuclear localization became more evident and widespread throughout
the root under flg22 or UDP-Glu treatments. Some other interesting features were
observed in our experiment, although articulating these findings is not straightforward.
For instance, a higher intensity of nucleus-fluorescence manifested after 1-hour
treatment, potentially linked to the stability of this internalization process. Another
interesting observation was that the decay of AtRGS1 nuclear fluorescence in
response to UDP-Glu compared to flg22, occurring around 2 hours and 3 hours,
respectively. This variation may be associated with specificities in each signaling
pathway, such as the half-life of elicitors. Furthermore, the examination of Z-stacks in
confocal images of individual nucleus cells revealed that FAP-B-RGS1 fluorescence
was higher when the nuclear envelope had suboptimal resolution in the PMT channel
(Figure S11A). Conversely, the highest resolution of the nuclear envelope coincided
with a weaker FAP-B-RGS1 fluorescence (Figure S11B). This observation implies that,
following endocytosis, AtRGS1 is positioned in the nuclear membrane. This hypothesis
is supported by the fact that GPCRs are also known to localize in the nuclear
membrane post-internalization (Di Benedetto et al., 2014).

The visualization of RGS1 localization in YFP plants can be challenging due to
the overall YFP-RGS1 fluorescence. However, the new findings about nuclear
localization drove us into the attempt to quantify this process upon flg22 induction.
Nuclei were counted after a 1-hour treatment (Figure 13). Similar to FAP-B-
RGS1YT seedlings, AtRGS1WT-YFP presented an increase of AtRGS1 in the nucleus
upon treatment when compared to the mock, proving the influence of flg22 on RGS1
mobilization to the nucleus. S278A and quadA seedlings displayed a consistent
response pattern, showing no difference between flg22 and the mock treatments,
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indicating the significance of phosphorylation at these residues not only for
internalization but also for nuclear localization. While S278E seedlings exhibited similar
nucleus counts in both flg22 treatment and the mock, the quantification for both
conditions was comparable to AtRGS1WT under flg22 treatment. This result supports
the hypothesis that the phosphorylation of these residues is crucial for both
internalization and nuclear localization processes. Indeed, this result correlates with
S278E internalization response, since even in normal conditions, the internalization
rate of this mutant is as high as in the presence of flg22.

To investigate the immune response dynamics influenced by RGS1
phosphorylation, leaves from each one of the phosphomutants were infiltrated with
Pseudomonas syringae pv. tomato (Pst) DC3000 strain bacteria, and the infectious
process was meticulously observed. Col-0, RGS1WT and S278E exhibit similar
infection response patterns. Conversely, S278A, clusterA, and rgs1-2 demonstrated
distinctive infectious responses when compared to Col-0 (Figure 14). The absence of
cluster phosphorylation and the absence of RGS1 displayed a resistant response to
infection, while the inability of the S278 residue being phosphorylated aggravated the
bacterial infection symptoms. Whereas the response of rgsi1-2 has been already
demonstrated (Liang et al., 2018), our findings evidenced the pivotal role of S278 and
cluster residues' phosphorylation patterns in determining resistance or susceptibility to
bacterial infection.
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— Oligonucleotides used for cloning and site-directed

Supplemental Table 1
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Gene Oligonucleotide ID Sequence (5'—3’) Application
ARGS1-Fwd-GW CACCATGGCCGAGTGCATGTGCTCTACAT | pENTR D-TOPO cloning and confirmation
- GCTAATCTTCTTGAACAGCCGCCAGC ) ) )
AIRGS1-NS-HIBIiT-Rvs-GW CGCTCACACCGGGACTACTGCATCTG pENTR D-TOPO cloning and confirmation
ARGS1-8278E-Fwd CATTCCCGATgagGGATTATTATTTCGGAAG Site-directed mutagenesis
AtRGS1-8278A-Fwd CATTCCCGATYccGGATTATTATTTCG Site-directed mutagenesis
AtRGS1 AtRGS1-8278-Rvs CCTAGAGCTTGACCCATTC Site-directed mutagenesis
AtRGS1-g294q6-Fwd caagactggaagCAGTTCAAGGCTCTGATG Site-directed mutagenesis
AtRGS1-g29496-Rvs gitetgcaaactcGTATCCTTCCTTATGCATTG Site-directed mutagenesis
AtRGS1-clusterA-Fwd caagactggctgCAGTTCAAGGCTCTGATG Site-directed mutagenesis
AtRGS1-clusterA-Rvs gagcetgcaaaagcGTATCCTTCCTTATGCATIG Site-directed mutagenesis
ARGS1-quadA-Fwd caagactggcetgCAGTTCAAGGCTCTGATG Site-directed mutagenesis
AtRGS1-quadA-Rvs gagctgaaaaagcGTATCCTTCCTTATGCATTG Site-directed mutagenesis
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Supplemental Figure 1 — MDS analysis of AtRGS1 protein in different phosphostates. (A) Room
mean square deviation (RMSD) analysis of non-phospho-AtRGS1 and phosphoS287-AtRGS1. The

flattening of the RMSD curve indicates that the proteins equilibrated around 100ns after the beginning

of the analysis. (B) Root mean square fluctuation (RMSF) analysis from the same two proteins. The

pS278-AtRGS1 peak close to the C-tail residues indicates a higher freedom of movement and flexibility

in that region.
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Supplemental Figure 2 — MDS analysis of RGS-SELML protein in different phosphostates. RMSD
analysis of npRGS1-SELML and pS273-RGS-SELML The flattening of the RMSD curve indicates that

the proteins equilibrated around 50 ns after the beginning of the analysis.

S278A - phospho-null
S278E - phosphomimetic
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Supplemental Figure 3 - Schematic 3D structure showing the phosphorylation sites positions.
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Supplemental Figure 4 - AtRGS1 stability over time. (A) Western blot analysis AtRGS1 stability along
12 hours. Cycloheximide (CHX) was used for protein synthesis inhibition, and RbcL was used as the

loading control. (B) Western blot quantification of AtRGS1 decay.
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Supplemental Figure 5 - AtRGS1 wild type and phosphomimetic mutants’ stability over time.
Western blot analysis AtRGS1 stability along 6 hours. Cycloheximide (CHX) was used for protein
synthesis inhibition, flg22 was used as a mimetic elicitor, and RbcL was used as the loading control. (A)
Western blot of AARGS1WT and phosphomimetics decay only under CHX exposure. (B) Western blot of

AtRGS1WT and phosphomimetics decay under CHX and 100nM of flg22 exposure.
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Supplemental Figure 6 — Schematic representation illustrating the mechanism of FAP-

fluorescence.
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Supplemental Figure 7 — FAP-Beta-RGS1-WT nuclear localization. (A) Representative processed

confocal images of FAP-Beta-RGS1 fluorescence within the envelope nuclear. (B) Zoom-in image in the
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bottom to provide a better observation of the nucleus. (C) Colocalization of FAP-Beta-RGS1

fluorescence and Hoechst staining. Scale bar - 50 pm.

Supplemental Figure 8 — Controls of FAP-Beta confocal imaging. (A-B) Representative processed
confocal images of Col-0 seedlings incubated with Hoechst nuclear marker, evidencing staining in the
nucleus and membranes even after water-wash steps. (C) FAP-Beta-RGS1WT seedlings without
fluorogen addition, demonstrating that there is no fluorescence overlapping by FAP-Beta and Hoechst

marker. Scale bar - 50 um.
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Supplemental Figure 9 — RGS1YT-YFP nuclear localization due flg22 induction (A-B).

@

Representative processed confocal images of different RGS1WT-YFP seedlings under 1 hour of Fig22
treatment (zoom-in at the bottom images). Scale bar - 50 um.
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Supplemental Figure 10 — Phosphorylation of serine residues affects AtRGS1 response to
bacterial infection. Disease symptoms on leaves post Pst DC3000 infection. Images were taken at 5
dpi. n = 3.

Supplemental Figure 11 — FAP-Beta-RGS1-WT is located on the nucleus surface. Representative
processed confocal images of FAP-Beta-RGS1-WT under 1 hour of FIg22 treatment in different depth
layers. (A) At the left side, a confocal image showing the external layer of the nucleus (zoom-in at the
bottom images). On the right side, a cartoon representing confocal images. (B) At the left side, a confocal
image showing the middle layer of the nucleus (zoom-in at the bottom images). On the right side, a
cartoon representing confocal images. Scale bar - 50 pm.
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GENERAL CONCLUSION

Plants, as sessile organisms, must perceive the information around them to
make the best decisions that enable them to survive, grow, and thrive. A signal or
molecule should be recognized by the plant cell to activate a response during a certain
period. Therefore, specific pathways should be activated in order to maintain the cell-
environment adjustment.

In this work, we presented two crucial signaling pathways essential for cell
development, survival, and stress responses. Firstly, we described the conserved and
unique mechanisms activated by ER sensors in plants and how they modulate the cell
response to different types of stress. Furthermore, under prolonged stress, ER
signaling can trigger autophagy or programmed cell death responses. Although these
mechanisms are not fully understood, many factors have been elucidated, and their
connections with other pathways increase their relevance in cell function. However,
some unanswered questions regarding ER-mediated signaling may guide scientists in
the near future: What is the critical point at which the cell activates the cell death
response under ER stress? Does the developmental stage implicate different
responses of the involved factors?

Secondly, we leveraged in silico molecular simulations, in vivo interaction
assays, and RGS1 transgenic lines to investigate the RGS1 structure and the
phosphorylation effect on RGS1 function. We demonstrated the conservation of
specific amino acid residues of RGS1 among different species and highlighted their
crucial roles in RGS1 function. We identified the S278 residue, often overlooked due
to its location in the flexible linker region, as an essential player for RGS1 function.
Consequently, we evaluated the role of the S278 residue and its phosphomimetic and
phospho-null mutants in RGS1 structure, stability, internalization, and cell function. Our
findings indicated that the phosphorylation of S278 influences the structure and
interactions of the RGS1 protein. The phosphomimetic exhibited a decreased
interaction pattern with AtGPA1, although the interaction with AtGPA1 Y166
phosphomimetic was stabilized, implicating a more complex phosphorylation code.
S278 residue phosphorylation is also crucial for RGS1 internalization, and nuclear
translocation under sugar and flg22 treatments. Moreover, we demonstrated that
RGS1 stability in the cell is related to S278 phosphorylation, as the phospho-null
protein displayed higher stability compared to RGS1WT and the phosphomimetic.
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Additionally, S278 phosphorylation is important for plant responses under bacterial
infection.

Therefore, our data imply that the conservation of specific amino acid residues,
such as S278, is extremely relevant to RGS1 structure dynamics, as well as the
modulation of RGS1 interaction and activity. A deep understanding of this residue and
its influence on other residues will lead us to unveil part of the heterotrimeric-G
phospho-barcode.



