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Abstract

Different cellular inputs into a central signaling core elicit different outputs in a process called biased
signaling. Often this occurs by imprinting the signaling core with a phosphorylation bar code, functionally
analogous to a microprocessor. The bacterial peptide flg22 and UDP-glucose both utilize a heterologous
G protein core that contains a 7-transmembrane RGS protein, AtRGS1, to mediate changes differentially
in plant defense and growth. Both flg22 and UDP-glucose launch rapid endocytosis of AtRGS1 at the
plasma membrane but the destination and route are signal specific. flg22 directs plasma membrane
AtRGS1 to the nucleus followed by different gene expression profiles. UDP-glucose does not direct
AtRGS1 to the nucleus and does not elicit transcriptional reprogramming. Instead, UDP-glucose causes a
massive, time-dependent restructuring of the G protein complex that likely traffics to the endosomal
compartment. Associated with these two outcomes are phosphorylation bar codes that correlate with
different patterns of AtRGS1-associated partners over time.

INTRODUCTION

The Regulator of G protein Signaling protein in Arabidopsis, AtRGS1, is a receptor-like, modulator of G-
protein complex-regulated plant cell proliferation. Loss of AtRGS1 confers increased cell elongation in
etiolated hypocotyls and increased cell production’ >, positing that a growth-promoting sugar or a sugar
metabolite plays an inhibitory role in AtRGS1 function®. For nearly two decades, the experimental
evidence suggested that glucose is the signal molecule that directly regulates AtRGS1 de-repression of
G-protein signaling by inducing removal of AtRGS1 from the G protein complex by endocytosis’~1°.
However, it is not likely that glucose is the AtRGS1 agonist because: 1) several L-stereo-sugars, both,
mono and disaccharides across a spectrum of structures cause AtRGS1-dependent activation of G
signaling®. These molecules lack a common structure to explain a single orthosteric binding site. 2) The
high concentration of sugars (mM amount), while not hypertonic, that are needed for activation is
inconsistent with specific binding to AtRGS1 above thermal noise. 3) Mathematical modeling of G
protein activation in Arabidopsis proposes that there is a “molecule X” immediately downstream of
glucose that is the AtRGS1 ligand''. These observations point to a common sugar metabolite or
catabolite that is produced from various sugars at a physiological concentration 1000-fold lower than
the starting concentration of the sugar substrate. Recent studies from our group showed that the sugar
signal molecule is UDP-glucose (UDPG), a metabolite of D-glucose, sucrose, and other sugars'2. UDPG
binds to AtRGS1 with a physiologically-relevant affinity (Kd = 17 uM) and induces AtRGS1 responses with
an EC5, of 15 uM. Consistent with this, physiological levels of UDPG induce rapid AtRGS1 endocytosis.

The story is far more complicated because flg22, a bacterial elicitor of plant immune responses, also
induces AtRGS1 endocytosis'3. fIg22 is a 22-amino acid peptide that shares no structure with UDPG.
Rather, evidence is mounting that two ligands operate in a biased signaling pathway'#, both operating on
AtRGS1, one indirectly by binding a receptor kinase'® that phosphorylates AtRGS1'® and the other
binding AtRGS1 directly'?. This is illustrated in Fig. 1A. Both flg22 and UDPG cause rapid AtRGS1
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phosphorylation (Supplemental Information Figure S1)'2718 AtRGS1 endocytosis is driven by two
separate pools of PM-localized AtRGS1: sugar-induced endocytosis requires both clathrin- and sterol-
dependent processes while flg22 induced endocytosis of AtRGST1 is solely clathrin mediated'2. Cellular
changes downstream of AtRGS1 are also dependent on these input signals; flg22 and UDPG activate the
MAPK cascade with different kinetics and requirements. Moreover, flg22, but not UDPG (Fig. TH,
Supplemental information Figure S2), elicits a strong Reactive Oxygen Burst (ROS). These observations
prompt the question of how can two or more signal inputs that propagate through the same signaling
core elicit such different outputs? Does phosphorylation of the core encode information on this signaling
bias?

AtRGS1 dynamically interacts with co-receptor kinases FLS2/BAK1 and BIR1/BAK1 in a phosphorylation-
dependent manner to regulate immune and sugar signaling in Arabidopsis'®. In its resting state, AtRGS1
is associated with BIR1, preventing its interaction with BAK1'°. Upon flg22 perception, FLS2 dimerizes
with BAKT, triggering phosphorylation events that lead to the displacement of BIR1 and the recruitment
of AtRGS1 to BAK1'®. This interaction is facilitated by the phosphorylation of AtRGS1 at Ser428 by BAKT,
which acts as a switch for its conformational shift and subsequent G-protein activation?®. Additional
phosphorylation at Ser431 by BIK1/PBL1'8 and at Ser435/436 by WNK8/10” creates a phospho-barcode
that integrates multiple signaling pathways and promotes AtRGS1 endocytosis. FRET analyses revealed
a precise timeline where AtRGS1-BIR1 dissociation peaks at 3 minutes post-stimulation, followed by
transient AtRGS1-BAK1 interaction, with AtRGS1 internalization occurring by 20 minutes '°. All these
discoveries imply an AtRGS1 phospho-barcode that enables the fine-tuned regulation of immune
responses and sugar signaling, allowing plants to rapidly adapt to external stimuli through dynamic
control of G-protein activation.

In this study, we employed root tissue for both physiological and technical reasons. Because our
approach generates “omic” data that requires large amounts of tissue that must be harvested in less
than 10 seconds, we developed a growth format to facilitate these constraints. Roots respond to flg22
and sugars. Externally applied flg22 affects plant root development?'~23. The loss of UDPG metabolic
related enzymes showed altered root development which implies that UDPG participates in plant root
growth?*~27_Sucrose synthase, an enzyme that produces UDPG, binds RGS1'2. We showed that both
UDPG and flg22 signals work through AtRGS1. This positioned us to investigate how different cellular
inputs into a central signaling core elicit different outputs in a process called biased signaling’®'4.
Toward this, flg22 and UDPG were applied to roots and multi-omic profiles were generated including
transcriptome, proteome, phosphoproteome, AtRGS1-proxitome, and AtRGS1-interactome. These
datasets were then compared to time-dependent AtRGS1 phosphorylation and plasma membrane
AtRGST1 cellular trafficking to the nucleus. The entire time course covered the seconds to minutes during
which AtRGS1 moves from the plasma membrane to the nucleus and other cellular compartments in a
signal-dependent manner. We observed that flg22 involves a massive AtRGS1-dependent reprogramming
of the phosphoproteome whereas UDPG sets in motion a massive change in the composition of the
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signaling complex. The identities of the phosphoproteins and the dynamic core components points to
the mechanism underlying these profound cellular changes.

METHODS
Root growth assay

WT (Col-0) Arabidopsis thaliana and rgs7-2 mutant seeds were sterilized and then sown on solid 1/2X
Murashige and Skoog (MS) medium with 0.7% agar and 0.5% sucrose and stratified at 5°C for 2 days,
then grown under 16h light/8h dark at 22°C for 4 days. Seedlings with the same root length (~ 3cm) were
then chosen and transferred to treatment plates for an additional 5-day growth. The treatment plates
were solid 1/2X Murashige and Skoog (MS) medium with 0.7% agar but no sucrose, treatment plates
contained either flg22 or UDPG as indicated in the result. After 5-day growth for the treatment, plates
were scanned, and root lengths were measured with Fiji software. Statistics were performed using the
Student’s t-test followed by a Benjamini-Hochberg (BH) adjustment. More than twelve independent
biological replicates were included for each combination of plant line and treatment.

Optimization of response time for elicitation.

All inductions for this study were performed at the same time of day, 8 h post “lights on” in the chamber.
This is because we found that under our growth conditions in lab chambers, the responsiveness of flg22
to induce a ROS burst in Arabidopsis is highly dependent on the time of day. This is shown in
Supplemental Information Figure S3. The response is lowest in the early morning and increases to a
maximum level by early evening (Supplemental Information Figure S3A). A second elicitation does not
exceed the first elicitation maximum obtained at the time of day when the first was given indicating
memory in the system. The response is not likely circadian. When plants are grown in a day-night cycle
and moved to constant darkness for one day prior to the test period, the previously observed increase
over the day is no longer observed (Supplemental Information Figure S3B). This suggests that the
response is related to the diel cycle and not the circadian clock. Therefore, we tested the responsiveness
to flg22 over the day using the circadian clock mutants cya7 and lhy20. Genetic ablation of the circadian
clock did not disrupt the responsiveness dynamics (Supplemental Information Figure S3C). Therefore,
based on these data, all experiments were started at 2 pm Eastern Time.

Plasma membrane (PM) localized AtRGS1 depletion assays

Transgenic plant seeds expressing 35S:FAPB-AtRGS1-APEX2 were sterilized, and then sown in liquid
1/2X MS medium with 0.5% sucrose and stratified at 5°C for 2 d, then grown under 16h light/8h dark at
22°C for 13 d. On day 13, the MS medium was replaced with sterilized ddH,0 and then all seedlings were
grown in the dark for 24 h. BGREEN-np membrane impermeant fluorogen (SKU: BGREEN-np-010,
Spectragenetics) was prepared according to the manufacturer’s instruction. Seedlings were first placed
in sterilized ddH,0 with 100nM fluorogen for 15 min then a wash out was performed with sterilized
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ddH,0 3 times. After the wash out, seedlings were treated by sterilized ddH,0 containing either 100 nM
flg22 or 123 uM UDPG for different times as indicated. Image acquisition was performed with a Zeiss
LSM880 AxioObserver (Zeiss Microscopy, Oberkochen, Germany) confocal laser scanning microscope.
The excitation wavelength was 514 nm with a 4% laser energy and the detection wavelength was 520-
540 nm. A C-Apochromat 40x/1.2 water immersion objective was used for image collection. Image data
was processed by ZEN blue 2.3 lite version, and statistics were done with the Student’s t-test followed by
a BH adjustment. Four independent biological replicates were included for each combination of
treatment, and time point.

Optimization of APEX2-based proximity labeling efficiency

Col-0 and transgenic plant seeds expressing 35S:FAPB-AtRGS1-APEX2 were sterilized and then sown in
liquid %2 X MS medium with 0.5% sucrose and stratified at 5°C for 2 d, then grown under 16h light/8h
dark at 22°C for 13 days. On day 13, the medium was replaced with %2 X MS medium without sucrose,
and then all seedlings grown in darkness of 24 h. All the test treatments were done on day 14 as
described in the results section. Total proteins were extracted with RIPA buffer (10 mM Tris/Cl pH 7.5,
150 mM NaCl, 0.5 mM EDTA, 0.1% SDS, 1% Triton™ X-100, 1% deoxycholate, 1X protease inhibitor
cocktail (Roche cOmplete™ Protease Inhibitor Cocktail), protein concentration was measured by
Bradford assay (Thermoscientific, Catalog number: 23246), and the same amounts of total proteins were
then used for biotinylated protein enrichment. Biotinylated protein enrichment was performed according
to Zhang et al.?8. Enriched proteins were resuspended with 2X Laemmli loading buffer and heated to
95°C for 5 min before being loaded on 10% in-house prepared SDS-PAGE gels for separation. Separated
proteins were then transferred to nitrocellulose membrane (Millipore, Catalog number: 1620115) using
the Mini-PROTEIN® Tetra System (Bio-Rad). Membranes were blocked for 1 h in 3% BSA in PBST and
then incubated with the streptavidin-HRP (Abcam, Catalog number ab7403; 1:5000 dilution). Bands were
visualized using SuperSignal™ West Pico PLUS Chemiluminescent Substrate (ThermoFisher, Catalog
number 34577) according to the manufacturer’s instruction. Chemiluminescent signals were acquired
using a Lumazone imaging system (Roper Bioscience) equipped with a PIXIS 1024 CCD camera
(Teledyne Princeton Instruments). Using this protocol, we optimized the time and concentrations of
reagents used for proximity labeling as described in Supplemental Information Figure S4.

Transcriptomes - RNA-seq

For the transcriptome experiment, Col-0 and rgs7-2 mutant seeds were sterilized and then sown and
grown as described in the section labeled “Optimization of APEX2-based proximity labeling efficiency”.
On day 14, flg22 or UDPG treatment was performed as indicated in the results section and treated roots
were then collected and frozen with liquid nitrogen within 10 sec. Total RNA from treated plant roots
were extracted using Monarch® Total RNA Miniprep Kit (T2010S) following manufacturer
recommendations and extracted RNA was used for preparing the cDNA library used in sequencing
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facility. Sequencing was performed on an lllumina Nextseq 2000 system using P4 flow cells to generate
2x100 bp paired end reads at the High throughput sequencing facility from UNC at Chapel Hill. Four
independent biological replicates were included for each combination of plant line, treatment, and time
point.

Interactomes - AtRGS1-YFP Immunoprecipitation coupled with Mass
Spectrometry (IP-MS, “pulldown”)

Transgenic plant seeds expressing 35S:AtRGS1-YFP were sterilized and then sown and grown as
described in the section labeled “Optimization of APEX2-based proximity labeling efficiency”. On day 14,
flg22 or UDPG treatment was performed as described in the Results section and treated roots were then
collected and frozen in liquid nitrogen in less than 10 sec. Total proteins were extracted and the same
amount of total protein was then used for pulldown. GFP-Trap magnetic agarose (ChromoTek) was used
to immunoprecipitate GFP-fusion AtRGS1 from total proteins according to the protocol. Protein samples
from pulldown were cleaned and processed into peptides with S-Trap™ micro-MS sample prep kit
(Protifi) per the manufacturer’s instructions. Peptides were desalted using SepPack C18 columns
(Waters™). Desalted peptides were then labeled with TMTpro mass tag labeling reagents and kits
(Thermoscientific, Cat. # A52045)%°. Labeled peptides were then pooled and desalted with SepPack C18
columns. After these steps, peptides were then fractionated with the Pierce high pH reversed-phase
peptide fractionation kit (Thermoscientific, Cat. #: 84868) according to the kit instructions before loading
to mass spectrometry. Three independent biological replicates were included for each combination of
plant line, treatment, and time point.

Proxitomes - APEX2-based proximity labeling

Transgenic plant seeds expressing 35S:FAPB-AtRGS1-APEX2 and Col-0 seeds were sterilized and then
sown and grown as described in Supplemental Information S3. All treatments and root sample
collections were done on day 14. All plants were incubated with 100 uM biotin-phenol for 30 min. For
mock groups, for the following 30 s, 100 uM H,0, was used to trigger background proximity labeling
before roots were harvested and frozen in liquid nitrogen within 10 sec. For treatment groups, plants
were treated with flg22 or UDPG before starting the proximity labeling reactions and sample harvest.
Total proteins extraction was the same as the AtRGS1-YFP pulldown experiment. Biotinylated proteins
enrichment plus the on-bead digestions were done according to Zhang et al?2. Peptide sample
preparation was performed according to the description for the AtRGS1-YFP pulldown experiment. Three
independent biological replicates were included for each combination of plant line, treatment, and time
point.

Phosphoproteomes
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Col-0 and rgs7-2 mutant seeds were sterilized and then sown and grown as described in the section
labeled “Optimization of APEX2-based proximity labeling efficiency”. On day 14, flg22 or UDPG treatment
was performed as described in the Results and treated roots were then collected and frozen in liquid
nitrogen within 10 sec. Total protein isolation and phosphopeptide enrichment were done according to
the published protocol 2°. Desalted peptides were divided into two groups, peptides from the first group
were labeled with TMTpro mass tag labeling reagents and kits (Thermoscientific, Catalog number:
A52045). Labeled peptides were then pooled and desalted with SepPack C18 columns, after these steps,
phosphopeptides were enriched and then fractionated with Pierce high pH reversed-phase peptide
fractionation kit (Thermoscientific, Catalog number: 84868) according to the kit instructions before
loading to mass spectrometry for a data dependent acquisition (DDA) based phosphoproteome study.
Peptides from the second group were subjected to phosphopeptide enrichment individually according to
the MagReSyn® Zr-IMAC kit (ReSyn Biosciences, Catalog number: MR-ZRM005), obtained
phosphopeptides then used for data independent acquisition (DIA) based phosphoproteome study. For
the DDA-based phosphoproteome experiments, six independent biological replicates were included for
each combination of plant line, treatment, and time point; for the DIA -based phosphoproteome
experiments, three independent biological replicates were included for each combination of plant line,
treatment, and time point except for 10 min flg22 treated WT plants which only had two independent
biological replicates.

Global Proximity Labeling and IP LC-MS/MS

Chromatography was performed on a Thermo Vanquish Neo UHPLC in “heated trap-and-elute, backward
flush” mode. Peptides were desalted and concentrated on a PepMap Neo trap column (300 pMi.d. x 5
mm, 5 pm C18, 100 A p-Precolumn, Thermo Scientific) at a flow rate of 10 uL min-1. Sample separation
was performed on a 110 cm Micro-Pillar Array Column (u-PAC Neo, Thermo Scientific) with a flow rate of
~ 300 nL min-1 over a 125 min reverse phase active gradient (80% ACN in 0.1% FA from 7.2% to 24% over
90 min, from 24% to 44% for 35 min). Followed by a column/trap wash at 80% ACN for 10 min. Eluted
peptides were analyzed using a Thermo Scientific Orbitrap Exploris 480 mass spectrometer with a
FAIMS pro Duo interface installed, which was directly coupled to the UHPLC through an Easy Spray lon
source (Thermo Scientific). Data dependent acquisition was obtained using Xcalibur 4.0 software in
positive ion mode with a spray voltage of 2.1 kV, a capillary temperature of 280°C, an RF of 45, FAIMS
compensation voltages (CVs) of -55, and - 75, and a total carrier gas flow of 4.2 I/min. MS1 spectra were
measured at a resolution of 120,000, an automatic gain control (AGC) of 3e6 with maximum ion time set
on “Auto”’, and a mass range of 400—1500 m/z. A cycle time of 0.8s was used on each CV to capture
triggered MS2 at a resolution of 15,000 with the “Turbo TMTpro” setting on. A fixed first mass of 110
m/z. An AGC of 2e5 with a maximum ion time of 22 ms, a normalized collision energy of 32, and an
isolation window of 0.7 m/z were used. Charge inclusion was set to 2—-6. MS1 that triggered MS2 scans
were dynamically excluded for 30 sec.

DDA-based phosphoproteome
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Chromatography was performed on a Thermo Vanquish Neo UHPLC in “heated trap-and-elute, backward
flush” mode. Peptides were desalted and concentrated on a PepMap Neo trap column (300 pM i.d. x 5
mm, 5 um C18, 100 A p-Precolumn, Thermo Scientific) at a flow rate of 10 pL min-1. Sample separation
was performed on a 110 cm Micro-Pillar Array Column (u-PAC Neo, Thermo Scientific) with a flow rate of
~ 300 nL min-1 over a 125 min reverse phase active gradient (80% ACN in 0.1% FA from 8% to 28% over
90 min, from 28% to 50% for 35 min). Followed by a column/trap wash at 80% ACN for 10 min. Eluted
peptides were analyzed using a Thermo Scientific Orbitrap Exploris 480 mass spectrometer with a
FAIMS pro Duo interface installed, which was directly coupled to the UHPLC through an Easy Spray lon
source (Thermo Scientific).

This data-dependent acquisition was obtained using Xcalibur 4.0 software in positive ion mode with a
spray voltage of 2.2 kV, a capillary temperature of 280°C, an RF of 45, FAIMS compensation voltages
(CVs) of -45, and - 60, and a total carrier gas flow of 4.2 I/min. MS1 spectra were measured at a
resolution of 120,000, an automatic gain control (AGC) of 3e6 with maximum ion time set on “Auto”, and
a mass range of 350-1400 m/z. The top 15 scans for each CV were used to capture triggered MS2 at a
resolution of 45,000 with the “Turbo TMT” setting off. A fixed first mass of 100 m/z. An AGC of 3e6 with
a maximum ion time of 96 ms, a normalized collision energy of 33, and an isolation window of 0.7 m/z
were used. Charge inclusion was set to 2—6. MS1 that triggered MS2 scans were dynamically excluded
for 20 s.

DIA-based phosphoproteome

Chromatography was performed on a Thermo Vanquish Neo UHPLC in “heated trap-and-elute, backward
flush” mode. Peptides were desalted and concentrated on a PepMap Neo trap column (300 pMi.d. x 5
mm, 5 um C18, 100 A p-Precolumn, Thermo Scientific) at a flow rate of 5 pL min-1. Sample separation
was performed on a 25 cm Aurora Ultimate Column (lonopticks) with a flow rate of ~ 300 nL min-1 over
a 120 min reverse phase active gradient (80% ACN in 0.1% FA, from 5% to 28% over 109 min and from
28% t0 62.5% in 11 min). Followed by a column/trap wash at 78% ACN for 10 min. Eluted peptides were
analyzed using a Thermo Scientific Orbitrap Exploris 480 mass spectrometer, which was directly coupled
to the UHPLC through an Easy Spray lon source (Thermo Scientific). Data independent acquisition was
obtained using Xcalibur 4.0 software in positive ion mode with a spray voltage of 1.7 kV, a capillary
temperature of 280°C, and an RF of 45. MS1 spectra were measured at a resolution of 60,000, an
automatic gain control (AGC) of 2.25e6 with maximum injection time set on “Auto”, and a mass range of
400-900 m/z. Forty nine DIA acquisition windows of 13.7m/z with 1Da overlap were measured at a
resolution of 15,000, an automatic gain control (AGC) of 8e6 with auto maximum ion time, over a
precursor mass range of 375-1043 m/z. A scan range 145-1450 m/z and normalized collision energy
of 29 were used.

Omics data analysis

For the transcriptome data analysis, FastQC was used for raw data quality control, and low-quality reads
and adapters were removed using Trimmomatic3C. The cleaned reads were aligned to the reference
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genome Araport11 of Arabidopsis thaliana using HISAT2, and feature counts®' was used to obtain
transcript levels. Differential expression analysis and likelihood ratio tests were carried out using

DESeq23? to identify significantly differentially expressed transcripts and AtRGS1-dependent transcripts.
Gene ontology and pathway enrichment analyses were performed using ClusterProfiler®3. The Wald test

with Benjamin-Hochberg (BH) adjustment integrated in DESeq23? was chosen as the statistical
approach.

Raw data of the AtRGS1-YFP pull down samples subjected to LC-MS/MS was first analyzed with

Maxquant3* version 2.5.2.0. Spectra were searched against the Arabidopsis TAIR10 proteome, which
was complemented with reverse decoy sequences and common contaminants by MaxQuant. The
“Match between runs” function was set to false, FAIMS-Reporter-MS2 was chosen as the run type,
Trypsin/P and LysC were chosen as the digestion enzyme. The proteinGroups.txt files generated by
Maxquant were used for further analysis. Protein quantities from each channel were first normalized

according to the AtRGS1 intensity within the same channel then imported into DEqMS?3? for differential

835

expression analysis. Moderated Student t-test with BH adjustment integrated in the DEqQMS~* was used

as the statistical approach.

For the DDA generated phosphoproteome data, raw data from LC-MS was first analyzed with Maxquant3*
version 2.5.2.0. Spectra were searched against the Arabidopsis TAIR10 proteome, which was
complemented with reverse decoy sequences and common contaminants by MaxQuant. Match between
runs function was set to false, FAIMS-Reporter-MS2 was chosen as the run type, Trypsin/P and LysC
were chosen as the digestion enzyme, Phospho (STY) was added to the variableModification. The
Phospho (STY)Sites.txt file generated by Maxquant was imported into Perseus3® where contaminant and
reverse decoy hits were removed and phosphosite quantities were normalized with the internal reference
scaling method®’. Normalized data were then imported into DEqMS®® for differential expression
analysis. Student t-test with BH adjustment integrated in the DEqQMS®® was used as the statistical
approach.

For the DIA generated phosphoproteome data, raw data from LC-MS was first analyzed with
Spectronaut® version 20.1.250624.92449 (BIOGNSYS). The directDIA was chosen as the analysis type,
BGS Phospho PTM Workflow was used. Spectra were searched against the Arabidopsis TAIR10
proteome, Trypsin/P and LysC were chosen as the digestion enzyme, Carbamidomethyl (C) was added to
Fixed Modifications, Acetyl (Protein N-term), Oxidation (M), Phospho (STY) were added to the variable
Modifications.

Network establishment and multi-omics integration

AtRGS1-dependent phosphopeptides were identified using two complementary filtering criteria. Filter A
selected phosphopeptides that exhibited a significant response (adjusted P < 0.05) in WT plants but not
in rgs7-2 plants (adjusted P > 0.05) under the same treatment condition, or that were significantly
regulated in both genotypes but displayed opposite or divergent response trends. Filter B selected
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phosphopeptides that exhibited a significant response (adjusted P < 0.05) in rgs7-2 plants but not in WT
plants (adjusted P > 0.05), or that were significantly regulated in both genotypes but showed opposite or
divergent response trends. Phosphopeptides that passed either Filter A or Filter B were subjected to
Pearson correlation analysis separately in WT and rgs7-2 datasets. Protein pairs with a Pearson
correlation coefficient (r) greater than 0.653 were classified as highly correlated. Highly correlated
protein pairs involving kinases or phosphatases identified in WT and rgs7-2 plants were combined and
used to construct the AtRGS1-dependent phosphorylation network (Supplemental Information Figure
S5A).

For the multiomics data integration of phosphoproteome and transcriptome data, we used
Spatiotemporal Clustering and Inference of Omics Networks (SC-ION)383°. AtRGS1-dependent
phosphosites derived from proteins involved in translational regulation were selected as candidate
regulators, while AtRGS1-dependent differentially expressed genes identified from the transcriptomic
dataset were selected as targets. The regulator and target datasets were integrated into SC-ION to infer
regulatory relationships and evaluate their correlation strength. Regulatory interactions exhibiting strong
correlation were retained and combined to construct an AtRGS1-dependent regulatory network
(Supplemental Information Figure S5B). All the SC-ION settings were kept as default.

RESULTS

Signaling bias in cell behavior: AtRGS1 is involved in Arabidopsis root responses to external UDPG and
flg22.

For reasons discussed above, we developed a new hydroponic format to enable rapid harvest and flash
freezing of root tissue. While it is well established that flg22 and sugars, including UDPG, cause AtRGS1-
dependent changes in starved seedlings, less is known if roots behave the same, especially under the
new growth format used in this study. Therefore, we tested whether UDPG and flg22 responses are
observed under these new conditions. The concentrations chosen for this study are based on studies of
EC50s'240. Ten times the EC50 is typically the lowest concentration that induces a full response. In a
dose-dependent manner, both UDPG (equal or higher than 123 pM) and flg22 (equal or higher that 50
nM) inhibited root growth in a genotype-dependent manner. rgs7-2 roots were longer compared to WT
roots under UDPG treatment while shorter than WT roots under the flg22 treatment (Supplemental
Information Figure S6A and S6B). Moreover, AtRGS1 acts as a positive modulator of UDPG inhibition of
root growth and oppositely as a negative modulator of flg22 inhibition of root growth. This indicates that
AtRGS1 functions in root elongation in response to external UDPG and flg22, and that the molecular
mechanisms behind AtRGS1 mediated root development responses are biased. At least part of the
mechanism lies in different patterns of transcriptional responses to the two signals and likely that other
changes in cell behavior occur to bring about this signaling bias.
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To address this question, we ask if both flg22 and UDPG affect AtRGS1 localization in the root? We used
a fluorogen-activating protein beta*'*2 (FAPB) tagged AtRGS1 (FAPB-AtRGS1) expression line to monitor
changes in the plasma membrane pool of AtRGS1. This novel method was developed for AtRGS1 to
increase the sensitivity and the quantitation of FAPB-AtRGS1 endocytosis by eliminating the cytoplasmic
background signal. Moreover, with this method, only the PM-pool of FAPB-AtRGS1 is labeled with the
cell-impermeant fluorophore, thus we can conclude that internal fluorescent FAPB-AtRGS1 originated
from the plasma membrane. Both flg22 and UDPG caused FAPB-AtRGS1 endocytosis with UDPG
generating a greater extent than flg22 as has been thoroughly quantitated for the hypocotyl and

cotyledon with fig22 and monosaccharides'"'3. Internalization of FAPB-AtRGS1 by UDPG is sustained
over the time course, whereas by flg22, nuclear FAPB-AtRGS1 is transient (Fig. 1B).

FAPB-tagged AtRGS1 translocated from the plasma membrane to nuclei (Fig. 1C and 1D). FAPB-AtRGS1
was evenly distributed in the nucleoplasm (Fig. 1D), although FAPB-AtRGS1 still appeared to be
associated with interphase chromatin (Fig. 1E). Quantitation of this nuclear localization was determined
by identifying nuclei under differential interference contrast microscopy that were either fluorescent or
not (Fig. 1D). In the absence of added signal (flg22 or UDPG), there is a baseline amount of FAPB-
AtRGS1 in the nucleus (Fig. 1F). flg22, but not UDPG, increased translocation of FAPB-AtRGS1 from the
plasma membrane to the nucleus compared to the control (Fig. 1F). At this point, the trafficking route of
plasma membrane FAPB-AtRGS1 initiated by UDPG (Fig. 1B) is not clear. This is addressed later.

Differences in AtRGST1 localization to the nucleus by flg22 vs. UDPG are not likely due to differences in
dynamics. This is shown by examining the time dependency of action (Fig. 1G). flg22 and UDPG showed
strongly biased signaling regarding ROS production, a signature response in plant immunity. flg22
induced a robust ROS transient in WT (Fig. TH). The negative control, fls2, indicated no flg22-induced
ROS production, and the rgs7-2 mutant produced more ROS than WT, as has been shown previously
(Supplemental Information Figure S2A). In contrast, UDPG did not induce ROS in WT, but a small
response was detectable in the rgs1-2 null mutant (Supplemental Information Figure S2B).

Signaling bias in transcriptional programming: AtRGS1-dependent flg22 and UDPG regulation of
steady-state levels of transcripts.

It is well documented that specific external stimuli trigger the translocation of RGS proteins, and
receptors residing on the PM, into the nucleus*374%, thereby regulating cellular transcriptional
responses*’#®. As shown above (Fig. 1F), flg22, but not UDPG, increases the pool of AtRGS1 in nuclei
above the basal state. We determined if these signal-dependent differences in nuclear translocation are
reflected in transcriptional profiles (Data Set S1 Transcriptome, sheet LFC of WT and rgs1-2). Time
sequence analysis for the transcriptomes of WT and rgs7-2 mutants under flg22 or UDPG treatment was
performed using RNA-seq. Three-dimensional principal component analysis using normalized-count
data showed that flg22 treatment led to more widespread transcriptional changes than UDPG treatment
in both WT and rgs7-2 (Fig. 11). The first three principal components accounted for 61.4% of the total
variance (PC1:30.9%, PC2: 16.9%, PC3: 13.6%), suggesting that major biological differences across
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conditions are well represented in the reduced dimensional space. flg22 treatment led to more
widespread transcriptional changes than UDPG treatment in both WT and rgs7-2 plants, and UDPG
treatment had less of an impact on the differential response of WT and rgs7-2 plants compared to flg22
treatment. There were 1,355 differentially-expressed genes (DEGs) between 100 nM flg22-treated and
untreated WT roots at 1 h with log2-fold changes greater than 1 (up-regulated) or less than - 1 (down-
regulated) and adjusted p-values less than 0.05. The number of DEGs (3019) increased at 3 hin 100 nM
flg22-treated roots compared to untreated WT roots. There were 239 DEGs in WT in the comparison of
123 uM UDPG-treated vs. untreated seedlings at Th The number of DEGs (73) was less in the
comparison of 3 h 100 uM UDPG-treated vs. untreated WT plants. All other comparisons showed that the
transcriptional response to flg22 and UDPG differed dramatically in both extent and type of DEG. The
increase in transcription induced by flg22 aligns with the flg22-increase in nuclear-localized AtRGS1.

flg22 causes transcriptional reprogramming in hydroponic roots (Fig. 2) and in seedlings'34°752,

Therefore, gene ontology (GO) processes that were over-represented among the UDPG and flg22-
induced DEGs were identified by enrichment analysis. Consistent with the finding in Fig. 2, fewer
enriched Biological Processes under UDPG treatment occurred than by flg22 treatment and there are
more enriched Biological Processes at 3 h flg22 than at 1 h flg22 treatment. “Response to endoplasmic
reticulum stress” was enriched under 3 h treatment with both flg22 or UDPG in both WT and rgs7-2
plants. However, some biological responses were treatment- and/or AtRGS1-specific. For instance, some
shared enriched biological processes under 1 h and 3 h flg22 treatment occurred in both WT and rgs7-2

n u

plants, including “immune response”, “response to hypoxia“, and “protein phosphorylation”.

Based on GO, both WT and rgs7-2 showed strong immune responses to flg22, sharing most key defense
pathways but with some genotype-specific nuances in timing and additional processes. The differences
between WT and rgs7-2 showed two strategies for plant immunity, where AtRGS1 prompts early
responses to pathogens, because WT plants quickly activate salicylic acid (SA) defenses by reinforcing
its cell wall, adjusting chromatin accessibility, and stabilizing specific transcription factors®3. Under
UDPG, both genotype’s responses were less synchronized initially but converged on common stress
pathways, indicating that UDPG elicited a context-dependent response. Specifically, immune-related
pathways (SA, Jasmonic acid signaling, programmed cell death, kinase signaling) were central in flg22-
triggered DEGs, highlighting the activation of plant innate immunity. Energy-related and metabolic
pathways such as hypoxia response, autophagy, and secondary-metabolite biosynthesis indicate that
both treatments caused significant reconfiguration of the plant’'s metabolism — namely, flg22 pushes the
plant to invest energy into defense production and stress tolerance, and UDPG triggers management of
internal stress and resource recycling. Time-course changes revealed that both treatments had an early
phase focusing on signaling and preparation, followed by a later phase of execution and adjustment. The
later phase of flg22 action encompassed a broad defensive program, whereas the later phase of UDPG
action brought a stress-mitigation response. These insights together paint a picture of how two different
stimuli overlap in activating the plant’'s immune system but also engage distinct pathways reflective of
their commission. Specifically, the enriched pathways identified here point to the critical biological

Page 12/36



processes that the plant leverages for immunity (hormone signaling, cell death, antioxidant activity) and
for coping with stress while fueling the defense response (autophagy, metabolic shifts). This illustrates
the complex coordination between immune signaling and metabolic reprogramming in plant defense.

To obtain a quantitative difference in transcriptional reprograming between these two signals, we used
the likelihood ratio test®®. The likelihood ratio test is advantageous in RNA-seq analysis because it
detects overall transcriptome changes across complex experimental designs, such as time courses or
multi-factor studies, by comparing full and reduced models. After comparing the AtRGS1-dependent
reduced models to the full model, we identified key components significantly influenced by AtRGS1.
Specifically, 91 genes are AtRGS1 dependent in response to flg22 whereas only one gene, ATP-binding
cassette B16 (ABCB16, AtG28360), was AtRGS1 dependent for UDPG treatment. The dynamics for these
transcriptional changes fell in 8 bins as represented by typical genes for each trend (Supplemental
Information Figure S6C). As seen in the heatmap with clustering in Supplemental Information Figure
S6D, genes from cluster 1 were reduced under 1-h flg22 treatment in WT, but in rgs7-2 they were
upregulated. In cluster 2, genes increased more in WT than in rgs7-2 after 3-h flg22 treatment. Genes in
cluster 4 increased after 1-h flg22 treatment in WT but decreased in rgs7-2. These results suggest that
AtRGS1 may play different roles in regulating gene expression, including activating, inactivating, and
positive and negative feedback in regulation of gene expression.

Signal bias in the phosophoproteome: flg22-induced phosphorylation is dramatically regulated by
AtRGS1.

Protein phosphorylation is known to play an important role in plant responses to external stimuli.
AtRGS1 is phosphorylated in response to flg22 and UDPG treatment 8. The phosphoproteome response

to flg22 is better understood 34°752 Thus, we performed phosphoproteome profiling to explore
differences between flg22 and UDPG treatments and the assessed AtRGS1 involvement.

The flg22-induced phosphoproteome became apparent in WT (Col-0) plants within 5 minutes and
increased at 10 minutes (Fig. 3A). In contrast, we did not detect a UDPG-triggered change in the
phosphoproteome at either time point. The results from rgs7-2 mutants (Fig. 3B) had fewer decreased
phosphosites compared to those of WT plants, indicating that AtRGS1 plays a role in the
phosphoproteomic changes triggered by flg22. It should be noted that loss of the other core
components of the AtRGS1/G protein complex also radically reduced the flg22-induced
phosphoproteome’”. An important question is whether the phosphoproteome differences between the
two genotypes arise from phosphorylation of distinct proteins or from differential phosphorylation sites
of the same proteins. Therefore, a heatmap of the changes was subjected to cluster analysis and shown
in Fig. 3C. In cluster 1, some phosphosites that are upregulated in WT by flg22 decreased in rgs7-2, or
verse vice in cluster 2 and 3. This shows that the vast majority of phosphosites clustered in the fold-
change heatmap had opposite expression between the rgs7-2 mutant and WT roots. This clear opposite
behavior indicates that AtRGS1 is acting as a positive regulator for these phosphosites. Most of the
changes require AtRGS1 which is consistent with a previous published flg22-induced phosphoproteome
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comparison between WT and a mutant lacking a functional G protein complex showing that the G protein
complex is essential for flg22-induced phosphorylation”.

Because AtRGS1 functions as a negative regulator of the heterotrimeric G protein complex®®,
phosphoproteins regulated by G protein signaling may be influenced by both AtRGS1 and the G protein
complex, potentially in opposing directions. To test this possibility, we compared our flg22-induced
phosphoproteomic dataset with a previously published flg22 phosphoproteomic dataset generated from
WT and a G protein complex knockout (gpa-4, agb1-2, agg1-1, and agg2-1 quadruple mutant designated
hereafter as quad) plants'” in order to identify phosphosites showing opposite responses between the
two mutant backgrounds.

Significantly-regulated phosphosites (BH-adjusted P < 0.05) were identified independently in each
dataset, and the intersection of these phosphosite sets was used to identify shared phosphorylation
events. As a result, a total of 98 phosphosites were shared between the two phosphoproteomic
datasets. Notably, most of these phosphosites displayed opposite response patterns in rgs7-2 and quad
mutants (Fig. 3D). Among them were phosphosites derived from six transcriptional regulators and ten
protein kinases. One notable example was MPK®, in which phosphorylation at Y223 increased after flg22
treatment in WT plants and was further elevated in rgs7-2 plants, whereas this site did not respond to

flg22 treatment in quad plants. MPK6 is a well-established regulator of plant immune responses®®, and
T221/Y223 are located within its activation loop, where phosphorylation enhances kinase activity®®>’.
Together, these results suggest that loss of AtRGS1 and loss of the heterotrimeric G protein complex

may differentially, and in some cases oppositely, regulate immune signaling outputs.

Motif enrichment analysis for phosphopeptides showed significant changes in WT plants and rgs7-2
mutants (Data Set S2- Phosphoproteome, sheet LFC of WT and rgs1-2). Before the motif enrichment
analysis, phosphopeptides were binned into “increased” and “decreased” phosphorylation groups based
on whether they were upregulated by the treatment or downregulated by the treatment. According to
previous research on a meta-analysis for phosphoproteomics data®®, we then classified result kinase
motifs into different types including SP, TP, and xSx (Supplemental Information Table S1). Motif SP is
known as the target for kinases MPK, SnRK2, RLK, AGC, CDK, CDPK, SLK>®. Only motifs SxS and SxxD
from type xSx existed in the decreased phosphorylation group under 10 min flg22 treatment in WT plants
(Data Set S2- Phosphoproteome sheet LFC of WT and rgs1-2), and SxS is the target of MPK, RLK,
RLCK,CDK while SxxD is the target of SnRK1, AGC, and CDPK®8. For the increased phosphorylation
groups, WT and rgs7-2 showed shared motifs under each treatment. Motif SP was found in WT and rgs7-
2 under 5 min of flg22 treatment, whereas under 10 min flg22 treatment Motif SP and TP were enriched
in both lines. More interestingly, WT and rgs7-2 showed unique enriched motifs as well. Under 5 min
flg22 treatment, a motif TP was enriched in WT but not in rgs7-2. Motif SxxxxSP was enriched in WT
plants, motif SPR and SPxS were only enriched in rgs7-2 under 10 min flg22 treatment.

Given that phosphorylation regulates protein activity and interactions, we built an AtRGS1-dependent

phosphorylation network using Pearson correlation with AtRGS1-dependent phosphopeptides. The
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network has a high-confidence correlation threshold of R > 0.653, based on the observed correlation
between MPK6 (AT2G43790) and BSL3 (AT2G27210), which share an R-value of 0.653. This threshold is
biologically justified, as a previous study demonstrated that BSL members (BSL2, BSL3, and BSU1)
directly deactivate MPKS6, effectively counteracting the linear MAPK signaling pathway®®. Using this
threshold, we isolated all protein kinases and phosphatases from the network along with their highly-
correlated interacting proteins. The phosphorylation network contained an AtRGS1-dependent
kinase/phosphatase network as shown in Fig. 3E. Proteins were classified into functional modules
based on their annotated functions. Each module is labeled with the total number of nodes assigned to
that module. The neighborhood connectivity value higher than 1 was only applied for the kinase and
phosphatase modules. The protein indicated in each module is the node with the highest edge count
with a value as indicated (# of grey lines). Within the kinase and phosphatase modules, we found several
key kinases and phosphatases as central regulators of signaling pathways, each showing
autophosphorylation (grey loops). Among the kinases, RAF15 (AT3G58640), PBS1 (AT5G13160),
AT3G15220, AAK1 (AT2G32850), MAPK11 (AT1G01560), and PHOT1/NPH1 (AT3G45780) exhibit high
betweenness-centrality and edge count, indicating their role as major hubs coordinating phosphorylation
events. These kinases likely participate in MAPK signaling, lipid metabolism, and receptor kinase-
mediated pathways, crucial for integrating nutrient and immune responses. Additionally, the
phosphatase such as CPL1/RCF2/FRY2 (AT4G21670) display high betweenness-centrality, suggesting
its importance in fine-tuning signal transduction. As discussed below, the resulting network showed the
regulatory landscape of phosphorylation events influenced by AtRGS1 signaling, providing insights into
how kinases and phosphatases modulate nutrient sensing, stress adaptation, and immune responses.

The resulting network connected the central kinase/phosphatase core to 15 modules each indicated
with its hub protein. This hub is indicated by a magenta box and the total number of nodes (noted as
proteins) in the module are indicated with a purple number (Fig. 3E). Aside from the module labeled
“miscellaneous” (Fig. 3E, Misc module), the largest module was “gene regulation” with 71 nodes and a
related module “zinc finger protein module” that contained 13 nodes. “Cellular trafficking” module was
the next largest with 28 nodes. The carbohydrate module contained 23 nodes and the immune module

had 9 nodes implying a fulcrum for the defense-growth tradeoff®°.

In addition to the proteins shown in Fig. 3E, the network also contains several protein kinases and
phosphatases known to function in autophagy and brassinosteroid (BR) signaling pathways. Within the

kinase module, we identified ATG1a, a key regulator of autophagy initiation®'; BAK1, a core component of
BR and defense signaling®?; and MPK6, which is well known for its role in immune responses®®®’. Within
the phosphatase module, we identified two homologues of BSU1, BSL1 and BSL3, both of which are also
involved in BR signaling (Supplemental Information Figure $7)354. Together, these observations
suggest that AtRGS1-dependent phosphorylation networks may contribute to the integration of signaling
pathways that coordinate plant growth and defense responses.
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Signal bias in the AtRGS1 interactome: UDPG induces major shifts in conformational space; flg22
shifts dramatically less.

As shown in Fig. 1A, flg22 and UDPG launched the movement of AtRGS1 from the plasma membrane to
different cellular compartments. This may mean that AtRGS1 sheds protein partners and associates with
new ones as it traffics or that AtRGS1 moves as an intact complex. These alternatives may be signal
dependent. To distinguish between these possibilities, we employed two omics approaches, APEX2-
based proxitome and Immunoprecipitation coupled with Mass Spectrometry (IP-MS) base interactome,
to profile dynamic complex membership.

Proximity labeling identifies proteins located closely to the cytoplasmic tail of AtRGS1, providing a
snapshot of the local cytoplasmic AtRGS1 neighborhood. Consequently, changes in the proxitome reflect
remodeling of proteins surrounding AtRGS1. In contrast, the interactome identified by IP-MS reflects
proteins that remain associated with AtRGS1-containing complexes following biochemical isolation.
Both approaches can detect direct and indirect interaction partners; however, proximity labeling captures
proteins based on time-dependent, spatial proximity in living cells, whereas IP-MS identifies proteins that
remain associated within AtRGS1-containing complexes under the pulldown conditions. Specifically,
because biotin labeling occurs prior to cell lysis, proximity labeling is well suited to capturing transient or
weak associations that may dissociate during protein extraction and therefore are underrepresented or
absent in IP-MS analyses. Thus, these two approaches are complimentary®®>~%8. The flg22- and UDPG-
induced proxitome for both WT and AtRGSTAPEX2 line are provided in Data Set S3 Proxitome, sheet
AtRGS1APEX2 and sheet WT and the IP-MS interactome is provided in Data set S4 Interactome, sheet
AtRGS1YFP.

Both proxitome and interactome showed that UDPG induced a massive shedding from and re-orientation
of proteins toward AtRGS1 (Fig. 4A and 4B). In contrast, flg22 caused relatively less change in the
composition of the AtRGS1-G protein complex. To evaluate whether the proximity-labeling dataset
contained a greater proportion of biologically meaningful signals than the WT control, we compared the
p-value distributions of APEX2 and WT samples using empirical cumulative distribution function (ECDF)
plots and a two-sample Kolmogorov—-Smirnov (KS) test (Supplemental Information Figure S4E). The
APEX2 dataset exhibited a significant leftward shift in its p-value distribution relative to WT (D* = 0.1711,
D- =0.0554, P< 2.2 x 10-¢), indicating an enrichment of low p-values in APEX2 (Supplemental
Information Figure S4E). To determine an adaptive significance threshold, we calculated the 5th
percentile of the P-value distribution from WT controls, defining the empirical cutoff as the value below
which only 5% of WT P-values fall. This data-driven approach reduces background signal while
accounting for the inherent biological variability of proximity-labeling data, rather than imposing a fixed
statistical threshold. The resulting cutoff (P = 0.16) is indicated on the overlaid histogram of P-value
distributions from AtRGS1-APEX2 and WT samples (Fig. 4C). Justification for this cutoff is elaborated in
the Discussion. A higher density of proteins fell below this cutoff in the APEX2 samples than in WT,
consistent with enrichment of treatment-responsive signals over background variation (Fig. 4C).
Supporting the biological relevance of proteins identified near this 0.16 threshold, REM1.3 showed
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decreased proximity to AtRGS1 following 10 min of UDPG treatment. Previous work using single-
molecule kymograph analysis combined with variable-angle total internal reflection fluorescence (TIRF)
microscopy showed stimulus-dependent colocalization between AtRGS1 and REM1.3 at the plasma
membrane®?, indicating that their spatial association is dynamically regulated in response to signaling
stimuli. Gene Ontology analysis of the APEX2 proxitome proteins revealed distinct functional
enrichments across flg22 and UDPG treatments. Following flg22 treatment, proteins identified at both 5
and 10 min were strongly enriched for translation- and RNA-related categories, including translation,
structural constituent of ribosome, cytosolic ribosome, RNA binding, mRNA binding, and nucleolus,
suggesting rapid remodeling of the translational machinery in response to flg22. Additional enrichments
at 10 min included cellular response to oxidative stress, ubiquitin binding, and vacuole, indicating a
broader stress-associated and protein turnover response at the later time point (Fig. 4F and 4G). In
contrast, UDPG treatment produced a more limited and distinct functional profile.

At 5 min, the enriched terms were restricted to kinase activity and ubiquitin protein ligase activity,
whereas at 10 min, UDPG-associated proteins were enriched for terms related to organelle function and
transport, including mitochondrion, plastid, chloroplast stroma, chloroplast envelope, transmembrane
transport, and ATPase-coupled transmembrane transporter activity. Additional UDPG-enriched terms at
10 min included proteasome complex, ubiquitin-dependent protein catabolic process, protein folding,
and structural constituent of ribosome (Fig. 4H). Together, these results suggest that flg22
predominantly triggers rapid changes in translation- and RNA-associated processes, whereas UDPG
elicits a more limited response enriched in transport, organelle-associated, and protein homeostasis
functions.

Keeping in mind that the AtRGS1 proxitome and the AtRGS1 interactome describe two different sets of
proteins identified in proximity labeling and IP-MS experiments, respectively, the proximity labeling
approach consistently detected more proteins across all treatments except for the decreased
enrichment proteins after the 5 min UDPG treatment. IP-MS failed to detect any proteins for this
treatment and no increased enrichment proteins after 10 min were found by the flg22 treatment
(Supplemental Information Table S2).

When considered together with the transcriptome, phosphoproteome, proxitome and interactome
datasets, these results indicate that flg22 and UDPG elicit distinct AtRGS1-associated molecular
responses, reflected in differences in both the composition and temporal dynamics of proteins
associated with AtRGS1. Specifically, flg22 induced more extensive changes in the transcriptome and
phosphoproteome, whereas UDPG produced more pronounced changes in the AtRGS1 proxitome and
interactome. Together, these findings support a model in which AtRGS1 participates in ligand-biased
signaling responses to flg22 and UDPG.

To identify potential AtRGS1-interacted proteins involved in AtRGS1-mediated, biased-signaling
pathways, we defined candidates as those that (1) showed a positive log, fold change and a p-value <
0.16 in AtRGS1-APEX2 plants compared to WT plants under control conditions, and (2) had a p-value <
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0.16 when comparing treatment vs. control in AtRGS1-APEX2 plants. (Data Set S5 AtRGS1 Potential
Partners). Among these candidates there are: 1) two G-proteins core components, GPA1 and AGB1; 2)
BAK1 and BRI1 involved in the BR signaling pathway; 3) ATG8E involved in the autophagy pathway; and
4) CDC5, M0OS4, PRL1 which are known to form a complex involved in immune responses’®. As shown in
Fig. 41, almost all proteins except ATG8E were significantly reduced after 10 min UDPG treatment,
indicating a disassociation between AtRGS1 and these proteins. This also suggested that ATG8E may
traffic together with AtRGS1. Only PRL1 showed a significant decrease under 10 min flg22 treatment,
suggesting flg22 triggered disassociation between PRL1 and other proteins.

AtRGS1 phospho-bar code in signaling bias

Previous studies showed that phosphorylation of AtRGS1 is important for its function. For example,
flg22 induced phosphorylation of AtRGS1 at Ser428 and Ser431 regulates immune responses by
modulating the interaction between AtRGS1 and GPA1'8. Another study using molecular dynamics
simulations and in vivo assays demonstrated that phosphorylation at Ser278 is important for AtRGS1
role in plant immunity’". In addition to phosphorylation sites implicated in immune responses, previous
studies showed that UDPG-induced AtRGS1 internalization depends on phosphorylation of Ser427,
Ser428, Ser431, and Ser435. Phosphorylation at these residues also regulates the interaction of AtRGS1
with the heterotrimeric G protein subunits GPA1, AGB1, and AGG1'2. These studies, together with our
findings here, demonstrate that AtRGS1 undergoes multisite phosphorylation, with distinct
phosphorylation events contributing to diverse biological processes, including receptor internalization,
protein—protein interactions, and immune signaling.

To fully understand how these phosphorylation sites respond to flg22 and UDPG treatment, we then used
DIA phosphoproteomics to analyze our samples. The initial TMT-DDA phosphoproteomic analysis
identified only two AtRGS1 phosphosites, Ser278 and Ser430, limiting our ability to assess the broader
phosphorylation response of AtRGS1 to flg22 and UDPG. Compared with DDA, DIA provides broader
phosphoproteome coverage, higher reproducibility, and more accurate quantification’2. We therefore
performed an independent DIA-based phosphoproteomic analysis to improve phosphosite coverage and
further characterize ligand-responsive AtRGS1 phosphorylation. We found 6 phosphorylation sites from
AtRGS1, phosphorylation of Ser278 decreased under both flg22 and UDPG treatments. Phosphorylation
at Tyr427, Ser428, Ser430, and Ser431 increased in response to both treatments. Notably, flg22 triggered
a stronger and more rapid increase in Ser430 phosphorylation compared to UDPG, whereas UDPG
induced a greater and faster phosphorylation at Tyr427 and Ser428 than flg22 (Supplemental
Information Figure S8). Phosphorylation at Ser435 was not detected under flg22 (5 min) or UDPG (5 and
10 min) treatments (Supplemental Information Figure S8), raising the possibility that Ser435 undergoes
dephosphorylation during both treatments. Collectively, these findings suggest that the phosphorylation
pattern across these residues integrates immune and nutrient cues in a treatment- and time-dependent
manner.

Signaling bias: Separate cellular trafficking trajectories
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AtRGS1 rapidly traffics to the nucleus upon flg22 treatment, where transcriptional reprogramming is
shown to occur. In contrast, the trafficking route and ultimate destination of AtRGS1 following UDPG
treatment could not be resolved from the FAPB-AtRGS1 microscopy data, although the observed
reduction in plasma membrane-localized AtRGS1 suggests that the protein may undergo degradation.
Consistent with these observations, proximity labeling data showed that while flg22 treatment
preferentially enriched GO terms associated with transcriptional regulation (Fig. 4G), UDPG treatment
was strongly associated with protein degradation-related terms (Fig. 4H). Together, these results
suggest that AtRGS1 may participate in flg22-induced transcriptional reprogramming, while UDPG
treatment may instead promote AtRGS1 turnover or degradation.

DISCUSSION

We first address here the notion published by previous studies that proximity labeling using APEX2 may
not be possible in plant cells due to the poor membrane permeability of biotin phenol, the high

abundance of endogenous reactive oxygen species, and the toxicity of H,0,7377°. In addition, the

presence of 73 peroxidase genes in the Arabidopsis genome’® further raises concerns about the
applicability of APEX2 in plant proximity labeling experiments. Indeed, success requires careful
optimization of the labeling conditions (times, H,0, and biotin-label concentrations, (Supplemental
Information Figure S4A-D) along with use of the statistically-determined minimum number of replicates
and appropriate controls. Background biotinylation is clearly present (Supplemental Information Figure
S4A-D). To determine an appropriate significance threshold for the proximity-labeling dataset, we
compared the p-value distributions of treatment-responsive proteins identified in APEX2 and WT
samples. Because WT samples represent background responses not associated with AtRGS1-directed
proximity labeling, we expected a meaningful cutoff to retain proteins preferentially enriched in the
APEX2 dataset while excluding those similarly detected in WT controls. We therefore used a two-sample
Kolmogorov—Smirnov (KS) test to assess whether the APEX2 and WT p-value distributions differed and
used this comparison, together with the relative number of proteins passing candidate thresholds in
APEX2 vs. WT, to select an empirical p-value cutoff for downstream analyses. (Supplemental
Information Figure S4E, Fig. 4C).

The combination of our flg22- and UDPG-induced AtRGS1-proxitome, the AtRGS1 interactome, the
AtRGS1 phosphoproteome, and the AtRGS1 transcriptome is the first of its kind in multi-omics
approaches to dissect signaling bias in a complex signaling network. The signaling network here
represents a central signaling core that integrates at least two vastly different signal types, one a
bacterial peptide and the other a sugar metabolite, to propagate disparate signal transduction. flg22
induces a massive change in the phosphoproteome whereas UDPG does not. UDPG induces a massive
change in the core neighborhood components whereas flg22 does not. Both are dependent on AtRGST, a
novel receptor-like constituent of the G protein complex.

Following prolonged flg22 treatment, we observed nuclear localization of AtRGS1. This suggests that
plasma membrane (PM)-localized AtRGS1 is internalized after flg22 exposure, although the process
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appears to take longer than the response to UDPG. Because UDPG binds AtRGS1, we propose that flg22
does not directly affect AtRGS1. Instead, flg22 may act through an intermediate molecule—such as
phosphatidic acid (PA), which has been shown to interact with AtRGS17’. Notably, flg22 is known to
increase endogenous PA levels’®, which may in turn directly regulate AtRGS1 dynamics.

The responses induced by flg22 and UDPG are fast, too fast for most proximity labeling tags. This
limited our approach to use APEX2 as our tag on AtRGS1. While APEX2 has the most rapid labeling
properties among proximity labeling tags, the abundance of plant peroxidases creates challenges using
this labeling agent. Therefore, to identify high-confidence AtRGS1 interactors, we first compared the
abundance of biotinylated proteins between the APEX2-expressing line and the WT under control
conditions. Proteins with p-values below 0.16 were considered potential interactors based on the
proximity labeling data. We then cross-referenced these candidates with proteins identified in the
AtRGS1 pulldown experiments. Proteins detected in both datasets were designated as high-confidence
AtRGS1 interactors (Data Set S5 AtRGS1 Potential Partners).

We observed that UDPG and flg22 rapidly trigger distinct AtRGS1-mediated responses. Brief exposure to
UDPG led to depletion of AtRGS1 from the PM. In contrast, brief flg22 treatment induced AtRGS1-
dependent phosphorylation events. Previous studies at the protein level showed a strong correlation
between AtRGS1 and brassinosteroid (BR) signaling components, including BAK1'81°. A transcriptomic
study further supported this link, revealing that loss of BAK1 leads to reduced expression of AtRGS17?,
reinforcing the functional association between BAK1 and AtRGS1. In our phosphoproteomics data, we
found that phosphorylation of threonine 455 (T455) on BAK1 increased after 10 minutes of flg22
treatment in rgs7-2 mutants, but not in WT plants. This suggests that AtRGS1 may act as a repressor of
BAK1 T455 phosphorylation under flg22 stimulation. We speculate that upon flg22 treatment, AtRGS1
recruits a phosphatase to dephosphorylate BAK1 at T455. However, we do not rule out an alternative
mechanism in which AtRGS1 prevents phosphorylation by blocking access of protein kinases to T455.

To reconstruct one of several plausible AtRGS1-mediated signaling pathway response to flg22, we used
network analyses of transcription related proteins identified from AtRGS1-dependent phosphosites from
the phosphoproteomic data and the AtRGS1-dependent genes from the transcriptomic data. CDC5 and
its potential regulated genes were found in this network (Supplemental Information Figure S9A). Among
the genes potentially regulated by CDCS5, there are 7 genes that have been reported to be downregulated
by BL treatment3®. GPA1 mediates BR signaling®® and controls BR-related proteins in response to

sugar®? and flg22'8. These 7 genes are under the regulation of a BR and G-protein complex. This
prompted building a circuit model with AtRGS1 as the core (Supplemental Information Figure S9B). We
speculate that the UDPG signal induces AtRGS1 endocytosis toward autophagosomes containing
ATG8E. We speculate the following scenario: 1) flg22 induces disassociation of PRL1 from the circuit, 2)
flg22 promotes CDC5 phosphorylation which is modulated by AtRGS1, and 3) phosphorylation of CDC5
upregulates the expression of BR- and flg22-responsive genes.

Page 20/36



Aside from addressing the mechanism of AtRGS1-dependent signaling bias by flg22 and UDPG, our
findings revealed an AtRGS1-mediated feedback mechanism in BR signaling, responsive to flg22-induced
stress. The genes in our model were upregulated under flg22 treatment but downregulated under BL
treatment, and the loss of AtRGS1 attenuated both the amplitude and timing of these changes,
suggesting a AtRGST1 role in the tradeoff between plant immunity and growth.
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Figure 1

Biased flg22 and UDP-Glucose signaling in Arabidopsis roots.

(A) Working Hypothesis. lllustration of the biased signaling output through AtRGS1 in response to flg22
and UDPG, highlighting the main individual components involved in this mechanism and the presumed
sequence of events known at this time.

(B) Both signals cause rapid internalization of FAPB-AtRGS1. PM signaling intensity over time under
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flg22 (blue) and UDPG (green) induction. Error bars indicate the StDev.

(C) Representative processed confocal images of FAPB-AtRGS1 cellular localization under flg22
treatment. Leftis a fluorescence and right is a DIC microscopy image. Scale bar = 100 pm

(D) High-magnification confocal image of FAPB-AtRGS1 cellular localization under flg22 treatment. Top
is a fluorescence and bottom is a DIC microscopy image. Scale bar = 50 ym

(E) Representative nucleus containing FAPB-AtRGS1. Scale bar = 5 pm.

Average nuclear quantification across treatments after 1 hour of exposure.

(F) Nuclear FAPB-AtRGS1 quantification under mock, flg22, and UDPG 1-h treatments. Error bars
represent the StDev. Asterix between the indicated treatments indicates statistical difference (p < 0.001).
(G) Dose response of flg22 and UDPG on AtRGS1 nuclear localization. Shown are the percent of nuclei
that contain AtRGS1-YFP at the indicated time after treatment with flg22 (blue) and with UDPG (green).
Error bar = StDev. Asterisk indicates statistical difference from time zero with confidence of p < 0.001.

(H) ROS burst elicited by flg22 (blue) and UDPG (green). Details of this experiment are described in
Methods.

() PCA of transcriptome showing WT (circles) and rgs7-2 mutant (triangles) under different conditions
indicated by the colors in the diamond shapes of the inset: specifically, gray for control, light blue for 60
min flg22 treatment, dark blue for 180 min flg22 treatment, light green 60 min UDPG, and dark green for
180 min UDPG.
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Figure 2

flg22 and UDPG launch different biological processes.
(A) GO transcriptome functions initiated by flg22 only

(B) GO transcriptome functions initiated by UDPG only
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(C) AtRGS1-dependent transcriptome GO functions initiated by flg22 only

(D) AtRGS1-dependent transcriptome GO functions initiated by UDPG only

(E) GO transcriptome functions initiated by flg22 only that are negatively regulated by AtRGS1
(F) GO transcriptome functions initiated by UDPG only that are negatively regulated by AtRGS1

(A-F) Genes from differential analysis with adjusted p-value less than 0.05 were chosen for ORA and GO
biological process analysis; Y axis shows GO biological process catalogs; x axis shows different
treatment, flg22_1h means 100 nM flg22 treated for 1 hour, flg22_3h means 100 nM flg22 treated for 3
hour, UDPG_1h means 123 uM UDPG treated for 1 hour, UDPG_3h means 123 uM UDPG treated for 3
hour; the gene counts belong to different catalogs were log2 transformed as shown in log2Count;
statistics analysis was done with fisher’s exact test, and Benjamini-Hochberg procedure was used for
multiple comparison adjustment. Blue circles represent enrichment by flg22 and green circles represent
enrichment by UDPG. The size of the circle qualitatively represents the number of hits where the largest
circle is in the range of log2 exp. 6-7 and the smallest circle is log2 exp 3-4. Exact hit numbers as well as
the associated P values are provided in Data set S1 Transcriptome, sheet ORA_GO_BP.

Terms for GO category: ribosome, ribosome assembly; vacuole, vacuole organization; detox,
detoxification; phenylalan., L-phenylalanine metabolic process; pectin, pectin metabolic process; carb.
Acid, carboxylic acid catabolism process; prot. Stab., protein stability; ER stress, response to
endoplasmic reticulum stress; glutathione, glutathione metabolic process; immune, immune response;
lignin, lignin metabolic process; autophos., protein autophosphorylation; PCD, programmed cell death; SA
metab., regulation of salicylic acid metabolic process; ATP, response to ATP; hypoxia, response to
hypoxia; JA, response to jasmonic acid; metal ion, response to metal ion; ext. struct., external
encapsulating structure organization

(G) flg22- and UDPG-induced phosphoproteome GO functions, both dependent on and independent of
AtRGS1. Venn diagram shows the number of enriched GO terms under flg22 (_flg22) and UDPG (_UDPG)
in the rgs7-2 mutant (rgs_) and Col-0 (WT_) backgrounds.

(H) GO functions of flg22-induced changes in protein phosphorylation that only found in WT plants. The
size of the circle qualitatively represents the number of hits where the largest circle is in the range of
log2 exp. 4 and the smallest circle is log2 exp 3.6. Exact hit numbers as well as the associated g values
are provided in Data set S2 Phosphoproteome, GO_of_WT_flg22_only.

(I) GO functions of UDPG-induced changes in protein phosphorylation that only found in WT plants. The

size of the circle qualitatively represents the number of hits where the largest circle is in the range of

log2 exp. 6-7 and the smallest circle is log2 exp 3-4. Exact hit numbers as well as the associated q

values are provided in Data set S2 Phosphoproteome, GO_of_WT_UDPG_only. (H-1) Terms for GO

category: transl. init., translational initiation; transl. act., translational initiation factor or activity; transl.,

translation; sugar sig., sugar mediated signaling pathway; ssDNA bind., single-stranded DNA binding;
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resp. light, responses to light stimulus; reg. defense, regulation of defense response; vacuole traff.,
protein targeting to vacuole; phosphatase, protein phosphatase regulator activity; kinase bind., protein
kinase binding and kinase binding (two categories); homodimer., protein homodimerization activity;
heterodimer., protein heterodimerization activity; ABA signal., positive regulation of abscisic acid-
activated signaling pathway; pollen, pollen development; protein bind., identical protein binding; hist.
acetyl. Trans., histone acetyltransferase activity; GTPase active, GTPase activator activity; Golgi to
vacuole, Golgi to vacuole transport; Golgi to PM, Golgi to plasma membrane transport; exosome,
extracellular exosome; DNA recomb., DNA recombination; defense to virus, defense response to virus;
cys.-type ubiquitin., cysteine-typeubiquitination; heat response, cellular response to heat; auxin polar
transp., auxin polar transport; auxin signal., auxin efflux transmembrane transporter activity; auxin
signal., auxin-activated signaling pathway.
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Figure 3

Signaling bias through AtRGS1: flg22, but not UDPG, causes a massive reprogramming of the
phosphoproteome.

(A) Volcano plot of different treatment groups versus control groups from WT plants phosphoproteome.
X axis is the value of log2 transformed fold change; y axis is the value of —log10 transformed adjusted p-
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value; horizontal gray dot line shows where adjusted p-value equals to 0.05; vertical gray dot lines show
where log?2 fold change is -1 (left) and 1 (right); Light blue is 5 minutes 100 nM flg22 treatment versus
control group; dark blue is 10 minutes 100 nM flg22 treatment versus control group; light green is 5
minutes 123 uM UDPG versus control group; dark green is 10 minutes 123uM UDPG treatment versus
control group; statistics analysis was done with Wald test, and BH procedure was used for multiple
comparison adjustment.

(B) Volcano plot of different treatment groups versus control groups from rgs7-2plants
phosphoproteome. X axis is the value of log2 transformed fold change; y axis is the value of —=log10
transformed adjusted p-value; horizontal gray dot line shows where adjusted p-value equals to 0.05;
vertical gray dot lines show where log2 fold change is -1(left one) and 1(right one); Light blue is log2 fold
change between 5 minutes 100 nM flg22 treatment and control group; dark blue is log2 fold change
between 10 minutes 100 nM flg22 treatment and control group; light green is log2 fold change between
5 minutes 123 yM UDPG and control group; dark green is log2 fold change between 10 minutes 123 pM
UDPG treatment and control group; statistics analysis was done with the Wald test, and the Benjamini-
Hochberg procedure was used for multiple comparison adjustment.

(C) Heatmap of AtRGS1 and G protein complex dependent phosphosite responses under different flg22
treatment. WT Smin means log2 fold change of phosphosites from WT plants between 5 minutes 100
nM flg22 treatment and control group; WT 10min means log2 fold change of phosphosites from WT
plants between 10 minutes 100 nM flg22 treatment and control group; rgs7-2 5min means log2 fold
change of phosphosites from rgs7-2 plants between 5 minutes 100nM flg22 treatment and control
group; rgs7-2 10 min means log2 fold change of phosphosites from rgs7-2 plants between 10 minutes
100 nM flg22 treatment and control group; different clusters were labeled with corresponding numbers
1-4; asterisks indicate BH adjusted p-value less than 0.05; fold change as indicate in scale bar.

(D) Heatmap of AtRGS1 and G protein complex dependent phosphosite responses under different flg22
treatment. rgs7-2 5min means log2 fold change of phosphosites from rgs7-2 plants between 5 minutes
100 nM flg22 treatment and control group; rgs7-2 10min means log2 fold change of phosphosites from
rgs1-2 plants between 10 minutes 100 nM flg22 treatment and control group; quad 3min means log2 fold
change of phosphosites from G protein complex null mutant roots between 3 minutes 100 nM flg22
treatment and control group; quad 10min means log2 fold change of phosphosites from G protein
complex mutants between 10 minutes 100 nM flg22 treatment and control group; asterisks indicate BH
adjusted p-value less than 0.05; fold change as indicate in scale bar (Data set S2 Phosphoproteome,
Phosphosites_shared_by_2_data).

(E) AtRGS1-dependent kinase/phosphatase network. Eclipse shows protein kinase, diamond shows
protein phosphatase, square shows correlated protein of kinase or phosphatase. All proteins within the
network were grouped into different modules as shown in the figure according to their functions.
Proteins with high edge count or neighborhood connectivity within each module were highlighted in
purple. Numbers in purple show the protein counts within each module, black numbers in parentheses
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are the average edge counts for each module. The AtRGS1-dependent kinase/phosphatase network with
all protein IDs can be found in Supplemental Information Figure S7.
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UDPG, but much less so for flg22, induces a massive change in the AtRGS1 neighborhood.
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(A) Volcano plot of different treatment groups versus control groups from AtRGS1-APEX2 expressing
plants and WT plants (inserted plot) in PL experiments. X axis is the value of log2 transformed fold
change; y axis is the value of —log10 transformed adjusted p-value; horizontal gray dot line shows where
adjusted p-value equals to 0.05; vertical gray dot lines show where log2 fold change is -1(left one) and
1(right one); Light blue is 5 min 100 nM flg22 treatment versus control group; dark blue is 10 min 100 nM
flg22 treatment versus control group; light green is 5 minutes 123 uM UDPG versus control group; dark
green is 10 min 123 uyM UDPG treatment versus control group; statistics analysis was done with Wald
test, and Benjamini-Hochberg procedure was used for multiple comparison adjustment.

(B) Volcano plot of different treatment groups versus control groups from AtRGS1YFP pulldown
experiments. X axis is the value of log2 transformed fold change; y axis is the value of —log10
transformed adjusted p-value; horizontal gray dot line shows where adjusted p-value equals to 0.05;
vertical gray dot lines show where log2 fold change is -1(left) and 1(right); Light blue is 5 min 100 nM
flg22 treatment versus control group; dark blue is 10 min 100 nM flg22 treatment versus control group;
light green is 5 min 123 uM UDPG versus control group; dark green is 10 min 123 pM UDPG treatment
versus control group; statistics analysis was done with Wald test, and Benjamini-Hochberg procedure
was used for multiple comparison adjustment.

(C) Overlay of p-values from WT and AtRGS1-APEX2 expressing lines. Orange line is p-values from
AtRGS1-APEX2 expressing lines, gray line is p-values WT lines. X-axis is p-values, y-axis is count number.
Red broken line indicates where the cutoff p-value.

(D) Differentially expressed protein numbers found in the proximity labeling experiment. Blue are protein
numbers found in flg22 treatment, green is protein numbers found in UDPG treatment, different
treatment time were shown as the x axis; the highlighted (light blue) insertion panel is the protein
numbers found in flg22 treatment plotted separately in order to better illustrate the difference in
proximity dynamics between flg22 and UDPG.

(E) Differentially expressed protein numbers found in AtRGS1-YFP pulldown experiment. Green is protein
numbers found in UDPG treatment, different treatment time were shown as the x axis.

(F-H) GO analysis of AtRGS1 proxitome proteins identified from PL experiments. Ribosome 1, structural
constituent of ribosome; mitochond., mitochondrion; ribosome 2, cytosolic ribosome; translation,
translation; p'tase, protein dephosphorylation; RNA, RNA binding; mRNA, mRNA binding; stress, cellular
response to oxidative stress; ubiquitine 1, ubiquitin binding;proteasome, proteasome complex; ubiquitin
2, ubiquitin protein ligase activity; ubiquitin 3, ubiquitin-dependent protein catabolic process; protease,
serine-type carboxypeptidase; TM transp., transmembrane transport; protein local., protein localization;
folding, protein folding; kinase, kinase activity; plastid, plastid; stroma, chloroplast stroma; chloroplast,
envelope; glucan, glucan endo-1,3-beta-D-glucosidase activity; ABC, ATPase-coupled transmembrane
transporter activity; ATP'ase, ATP hydrolysis activity. The size of the circle represents the relative log2
count where the smallest circle is in the range of 4-5, and the largest is 8-9. The exact counts are
provided Data Set S3 Proxitome, sheet GO_BP.
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() Potential AtRGS1-interacted proteins with known functions in G protein signaling, brassinosteroid (BR)
signaling, autophagy, and immune responses. The y-axis lists protein names, and the x-axis indicates the
treatment conditions used to calculate log2-transformed fold changes. Asterisks indicate P < 0.16.
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