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Abstract

The endoplasmic reticulum (ER) is essential for cellular homeostasis, yet plant-specific
mechanisms regulating its structure remain poorly understood. Here, we uncover a
functional partnership between the Arabidopsis dynamin-like GTPase RHD3 and the
plant-specific DUF641 protein COST1 in maintaining ER morphology and plant
growth. COST1 was previously isolated as a negative regulator of autophagy in the
drought response. In this study, by using IP-MS, we identified COST1 as an ER-
associated protein that interacts directly with RHD3, a key regulator of ER membrane
fusion. COST1, despite lacking transmembrane domains, tightly associates with the ER
membrane via RHD3, which recruits COST1 to ER three-way junctions. In addition,

recruiting of COST1 to the ER can improve the dimerization of RHD3 and its protein
1
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stability. Biochemical assays revealed that COST1 promotes the GTP hydrolysis
activity of RHD3 by ~20% and significantly stimulates its membrane fusion capacity.
Structural modeling predicts a hetero-tetrameric complex entangled with each protein’s
multiple helix bundles, where COST1’s C-terminal domain aligns with RHD3’s
GTPase region, suggesting a mechanism for GTP hydrolysis regulation. Genetic
analyses demonstrated that cost/ rhd3 double mutants exhibit exacerbated ER
fragmentation and stunted growth compared to single mutants, underscoring their
synergistic roles. Transcriptomic profiling linked these phenotypes to disordered stress
responding and growth pathways. Our findings reveal a plant-specific regulatory
module in which COST1 partners with RHD3 to govern ER architecture, bridging
membrane dynamics with growth and stress adaptation, providing novel insights into
ER maintenance mechanisms with plant innovations and the potential applications in

improving crop resilience.

Short title:

COST1 regulates RHD3 to shape the ER

Teaser

A plant-specific RHD3-COST1 module controls ER morphology
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Introduction

In eukaryotes, the endoplasmic reticulum (ER) spreads as a network of interconnected
membranes that form tubules and sheets with three-way junctions, collectively known
as the reticular ER network, which implements its diverse functions in protein synthesis,
folding, lipid biosynthesis and beyond (1, 2). The structure or morphology of the ER is
shaped by a combination of genetic, molecular, and mechanical factors (3). From those,
a family of dynamin-like integral membrane GTPase proteins, including Sey1p in yeast,
atlastins (ATLs) in metazoans, and Root Hair Defective 3 (RHD3) with its homologs
RHD3-like 1 (RL1) and RHD3-like 2 (RL2) in plants (4-7), are critical in forming the
unique ER network and structure via homotypic fusion between ER membranes.

ATL protein possesses an N-terminal cytosolic region (ATLcyw), including a
GTPase domain and three-helix bundle (3HB), two transmembrane domains (TMDs),
and a C-terminal tail (8). ATLs can dimerize (via 3HB) and anchor (via TMDs) in
opposing ER membranes to tether the two different membranes and then undergo a
conformational change that fuses the two membranes together (9). This fundamental
process relies on the stepwise GTP hydrolysis and associated domain rearrangements
in the ATLcyw (9). Recent studies indicated that ATLcy, can form a loose crossover
dimer upon GTP binding, which is tightened by GTP hydrolysis for homotypic ER
membrane fusion (10). Because of its fundamental function controlling ER structure,
mutations in human atlastin-1 (ATL1) are implicated in hereditary sensory neuropathy
type I (HSN1) and hereditary spastic paraplegia (HSP) (11, 12).

RHD3, a counterpart of the animal atlastin-like GTPase in plants, encodes a large
GTPase (~90 kDa) with a conserved N-terminal GTPase domain, a middle alpha-helix
domain, and C-terminal transmembrane domains (TMDs) (13). RHD3 localizes to the
ER membrane, particularly enriched at three-way junctions of ER tubules (14). Its C-
terminal TMDs anchor it to the ER, while the cytoplasmic GTPase domain facilitates
membrane remodeling. Mutations in RHD3 result in defective root hair growth (15).
Live-cell imaging in an Arabidopsis rhd3 mutant shows fragmented ER tubules and

reduced polygonal networks, implicating RHD3 in ER tubule fusion and stabilization
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(13, 14). In addition, an abnormal sheet-like ER structure was observed during
excessive ER fusion mediated by RHD3 (14), the actions of RHD3 thus need to be
tightly regulated. In a recent study, a family of LUNAPARK (LNP) E3 ligases LNP1
and LNP2 were identified as interacting partners of RHD3 in Arabidopsis (16—19).
After completing its role in ER fusion, RHD3 is subjected to ubiquitination and
degradation by LNP1 and LNP2 to stabilize the ER nascent three-way junctions and
maintain its tubular network (17). In another discovery, through genetic screening, a
ren9 mutant was isolated as an enhancer of 74d3 based on root phenotyping (20). The
relevant locus was eventually mapped as an Armadillo-repeat kinesinl (ARK1) coding
protein, which can act together with RHD3 to move the ER on microtubules to generate
a fine ER network (20).

Phylogenetic analysis reveals homology to mammalian atlastin and yeast Seylp,
however, plant RHD3 has the longest C-terminal domain and is not functionally
equivalent, suggesting plant-specific adaptations (21, 22). In this study, we identified
RHD3 as a COSTl-interacting protein through immunoprecipitation and mass
spectrometry (IP-MS) from 35S-COSTI-YFP transgenic Arabidopsis seedlings.
COST1 was previously identified as a plant-specific DUF641 family protein in
Arabidopsis(23), which can negatively regulate drought stress via attenuation of
autophagy (24-26). Indeed, the autophagy pathway, which is supposed to be initiated
from the ER membrane, is also closely synchronized with and controlled by RHD3 (27,
28). We show here that RHD3 can directly interact with COST1 on the ER, especially
enriched on the three-way junctions of the ER. More importantly, we found that COST1
can stimulate the GTP hydrolysis activity of RHD3 to facilitate membrane fusion in
vitro. In line with their collaborative role in GTP hydrolysis, our genetic data also
suggests that COST1 and RHD3 can work together to maintain proper ER structure and
plant growth. Discovery of a COST1-RHD3 module provides new insights into our

understanding of ER morphology regulation with plant-specific innovations.
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Results

COST1 is membrane-enriched and ER-tethered

Our previous studies have shown that COST1 negatively regulates autophagy to
balance plant growth and drought tolerance, mostly at the protein level (24). To gain
further insights into the underlying mechanism of COSTI regulation, we performed
immunoprecipitation followed by mass spectrometry (IP-MS) analyses in Arabidopsis
transgenic seedlings overexpressing COSTI-YFP. After removing proteins that were
immunoprecipitated in a YFP control, nearly 600 proteins were identified as
significantly enriched candidates in COSTI1-YFP, pointing strongly to pathways
associated vesicle-meditated transport (Fig. 1A; fig. S1; dataset S1). Relative
quantification and protein bioinformatic analysis revealed a significant enrichment of
ER-associated proteins from the COSTI-YFP complex, including SLY1, CHC2,
SEC31B, Calnexinl, and RHD3 (Fig. 1B). This suggests that COST1 may associate
with membranes and function together with ER-related components, regarding the
individual subcellular localization of COST1 or RHD3 alone (Fig. 1C). To test the
hypothesis regarding the tethering of COST1 to the ER membrane, we carried out
membrane fractionation for COST1-YFP and YFP in 7-day-old transgenic Arabidopsis
seedlings. Microsomal pellets were extracted and harvested from transgenic 35S-
COSTI-YFP plants, and washed with different solvents including 1 M KCI (high salt),
1% Triton X-100 (weak detergent) or 1% SDS (strong detergent). Detection of BiP
(chaperone protein in the ER lumen) with native antibody was used as the control for
ER microsome and loading amount. High salt solution was ineffective in removing
either COST1 or BiP from the microsomal pellets, suggesting strong association of
COSTI1 with the ER membrane (Fig. 1D). Weak detergent treatment only solubilized a
very small amount of COST1-YFP into the supernatant, whereas more BiP protein was
detected in the soluble fraction with the same treatment, suggesting that COST1 confers
membrane binding affinity to microsomal membranes even stronger than the ER
chaperone BiP proteins. In addition, after strong detergent treatment, both COST1-YFP

and BiP move into the supernatant (Fig. 1D). Meanwhile, detection of tubulin
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(microtubule protein in the cytosol) with its native antibody was used for demonstrating
cytosolic components and loading amount, from which, YFP proteins showed more
enrichment in the supernatant over the microsomal pellets in the YFP (as control)
transgenic seedlings (fig. S2, A and B). The above findings indicate that COST]1 is a
membrane-attached protein with a strong binding affinity to the ER membrane, despite
the fact that COST1 lacks clear transmembrane domains (fig. S2, C and D). COST1

may achieve its ER localization by interacting with transmembrane proteins of the ER.

COST1 interacts RHD3 on the ER membrane

From those ER-related proteins that are identified as potential COST1-YFP interactors,
RHD3 is recognized as an ER-localized dynamin-like GTPase (fig. S2, E and F) which,
when knocked out, confers stunted growth and abnormal autophagy, two phenotypes
that are shared by the cost/ mutant (15, 24, 27). In addition, RHD?3 is highly expressed
through various growth stages, while its two homolog genes RL/ and RL2 are more
specifically expressed in flower or seed (fig. S3). For this reason, we selected RHD3
for further investigation. As a first step to verify the interaction between COST1 and
RHD3 on the ER, we applied a split-luciferase complementation assay and BiFC assay
to verify their interactions. As shown, only when both proteins are expressed together
in the same tobacco leaf can we detect the relevant fluorescence via CCD camera or
confocal microscopy (Fig. 1E; fig. S4, A and B). Similarly, interactions between
COST1 and RL1 or RL2 were also validated with BiFC (fig. S4C). Next, we employed
co-immunoprecipitation (Co-IP) to further validate their interaction in tobacco leaves.
Combinations of YFP-RHD3 + COST1-Flag and YFP + COST1-Flag were transiently
co-expressed in tobacco leaves and harvested 48 hours post infiltration. Using GFP-
trap beads, we were able to precipitate YFP-RHD3 together with COST1-Flag, while
YFP control can only precipitate YFP itself (Fig. 1F). Next, we expressed and purified
His-COST1 (6xHis tag fusion COST1) and GST-RHD3ATM (transmembrane domain-
removed, GST fusion RHD3) in the E. coli strain Rosetta. We carried out a GST pull-
down and found that GST-RHD3ATM can clearly pull-down His-COST1, while the
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GST tag protein cannot (Fig. 1G). Similarly, we purified transmembrane domain-
removed RL1 and RL2 as GST-RLIATM and GST-RL2ATM, and tested their
interaction with His-COST1. As shown, both RL1 and RL2 directly interact with
COST1 by pull-down assay (Fig. 1G). After verifying the direct interactions between
COSTI1 and RHD3, COST1 and RL1, and COST1 and RL2 by pull-down assays, we
therefore confirmed the direct interaction between COST1 and RHD3 both in vivo and

in vitro.

RHD3 recruits COST1 to the ER membrane

Interestingly, COST1 and RHD3 (also COST1 in combination with RL1 or RL2)
showed interactions with puncta on the ER membrane in our BiFC assay when co-
expressed with ER marker CFP-HDEL (Fig. 1E; fig. S4, B and C), suggesting they may
recruit each other. To test this hypothesis, various combinations including COST1-YFP
+ mCherry-RHD3, COST1-YFP + mCherry and YFP + mCherry-RHD3 were
transiently co-expressed with the ER marker RFP-HDEL in tobacco leaves via
agroinfiltration. Confocal microscopy analysis found COST1 localization in the
combinations of COST1-YFP + mCherry or COST1-YFP + RFP-HDEL was not like
an ER transmembrane or associated protein with a clear and sharp ER network, but
rather resembled a cytosolic protein associating with the cytosolic face of the ER with
intense signal associating with the RFP-HDEL-labeled ER network (Fig. 2A, white
arrows; fig. S4, A-C). Only when COST1-YFP and mCherry-RHD3 were co-expressed
together can we observe their abundant punctate co-localization on the ER network or
at the ER three-way junctions, not for any other controls (Fig. 2, A and B; fig. S5, A-
C). In line with the result we collected in tobacco leaves, more COST1-YFP puncta
were detected to be recruited to the ER membranes in stable transgenic Arabidopsis
seedlings co-expressing COST1-YFP and mCherry-RHD3 over its control combination
of COST1-YFP + RFP-HDEL (Fig. 2, C and D). To faithfully verify that COST1 and
RHD3 can recruit each other natively, we employed immunofluorescence study in

pRHD3-YFP-RHD3/rhd3 transgenic seedlings using COST1 specific antibodies to (fig.
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S6). In addition, interaction of COST1 and RHD3 in puncta was further confirmed by
FRET (fluorescence resonance energy transfer) in tobacco leaves (fig. S7).

To dissect the essential role of RHD3 in recruiting COST1 to the ER membrane,
we introduced COSTI1-YFP into a rhd3 mutant background via crossing. Confocal
microscopy detected confined sheet-like localization of COST1-YFP in rhd3, compared
with the ubiquitously diffused COSTI1-YFP in the WT (fig. S8), probably attribute to
the disrupted ER structure in 7hd3. Next, we carried out membrane fractionation study
of COSTI1-YFP in rhd3 and WT. As shown, a significantly lower amount of COST1-
YFP protein was detected in the ER microsome pellets for rhd3 (Fig. 2, E and F),
suggesting less membrane enrichment and recruitment of COST1 to the ER in rhd3.
These above results collectively indicate that RHD3 can interact directly with COST]1,
when co-expressed at similar levels, they can recruit each other to specific ER sites to

function together.

COST1 improves RHD3 self-interaction and protein stability

Accumulated evidences indicate that dimerization of ATL is critical for its GTPase
activity and associated functions in controlling ER fusion and morphology. We
speculate that COST1 may be involved in regulating the self-interaction or dimerization
of RHD3. To test this, we carried out BiFC assay for verifying the self-interaction
between RHD3 proteins. Combinations of nYFP-RHD3 (RHD3 fused with the N-
terminus of YFP) + cYFP-RHD3 (RHD3 fused with the C-terminus of YFP), nYFP-
RHD3 + ¢YFP and nYFP + cYFP-RHD3 were co-expressed in tobacco epidermal cells
via agroinfiltration, indeed, confocal microscopy detected clear florescence signal for
nYFP-RHD3+cYFP-RHD3, but not its controls (Fig. 3A and fig. S4B). Next, COST1-
mCherry or mCherry was co-expressed with the combination of nYFP-RHD3+cYFP-
RHD3, with the finding that co-expression of COSTI1-mCherry can significantly
stimulate the puncta formation of RHD3, compared with that of the control mCherry
(Fig. 3, A and B). In parallel, we conducted FRET assay using the combination of
mNeonGreen-RHD3+mCherry-RHD3+COST1-Flag, and found that COST1 can
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significantly enhance RHD3 self-interaction, compared with the control combinations
of mNeonGreen-RHD3 + mCherry-RHD3 + Flag or mNeonGreen + mCherry-RHD3
+ Flag (Fig. 3C). To verify the above result, we applied GST pull-down assay to
investigate the impact of COST1 on the dimerization of RHD3. We found that GST-
RHD3 can indeed pull-down His-RHD?3, but GST alone cannot (fig. S9A). Different
amounts of purified MBP-COST1 (40, 100, and 200 pmol) were then added in this pull-
down assay together with calculated amount of GST-RHD3ATM (90 pmol) and His-
RHD?3 (110 pmol), achieving molar ratios of total RHD3ATM to MBP-COST1 at 5:1,
2:1, and 1:1 respectively (Fig. 3D, lane 2 to 4). Compared with the control, a
combination of 40 pmol MBP + 90 pmol GST-RHD3ATM + 110 pmol His-RHD3 (Fig.
3D, lane 1), COST1 can promote RHD3 self-interaction in a dosage dependent manner
in vitro. Moreover, we explored further the impact of COST1 on RHD3 dimerization in
tobacco via agroinfiltration, using Co-IP assay. Again, YFP-RHD3 can precipitate with
mCherry-RHD3, but YFP alone cannot (fig. S9B). Next, 35S-COST1-Flag was co-
infiltrated in the Co-IP assay in parallel with 35S-Flag as a negative control. As shown,
introducing COST1-Flag can greatly promotes more RHD3 to self-associate (Fig. 3, E
and F). Using the RHD3 native antibody, we also detected an obvious reduction of
RHD3 protein in cost! mutant (Fig. S10), and its significant accumulation in 355-
COSTI-YFP overexpression plants (Fig. 3, G and H), suggesting that binding of
COSTI to RHD3 may improve its protein stability.

COST1 promotes GTPase activity of RHD3 and facilitates its membrane fusion

Plant RHD3 is a dynamin-like GTPase that can affect ER structure and integrity (4). As
the homologous counterpart of RHD3 in mammals, ATL1 controls ER shape and
membrane rearrangement via protein dimerization and stepwise GTP hydrolysis (8—10).
It would be interesting to find out the underlying mechanism of COST1 in affecting
RHD3 dimerization and GTP hydrolysis. We speculate that COST1 may be involved in
regulating the GTPase activity of RHD3. To test this hypothesis, we first reconstituted
the GTP hydrolysis assay with purified GST-RHD3ATM in vitro, by monitoring the
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relevant luminescence with GTPase-Glo Assay Kit. As expected, a combination of GST
tag plus MBP-COST]1 does not show any GTP hydrolysis activity, compared with the
relevant assay buffer (Fig. 4A). However, the addition of purified MBP-COST1 protein
can stimulate the GTP hydrolysis activity of GST-RHD3ATM by 20-30%, compared
with the combination of MBP tag plus GST-RHD3ATM (Fig. 4A). Additionally, we
detected a similar pattern of COST1 in stimulating the GTP hydrolysis activity of RL1
and RL2 (fig. S11). Moreover, we purified full-length GST-RHD3 and reconstituted it
into liposomes with a lipid mixture. Upon COST1 addition, GTPase activity was
measured with a kinetic assay, which reveals a consistent ~20% increase in GTP
hydrolysis (Fig. 4B). Next, membrane fusion activity of RHD3 was evaluated using
NBD-labeled RHD3-liposomes. After being equally reconstituted to its donor and
adaptor vesicles, addition of COSTI significantly enhances the membrane fusion
activity of RHD3 by approximately 20%, when compared to its control samples (Fig.
4C). These findings clearly indicate that COST1 can promote both the GTP hydrolysis
activity and membrane fusion efficiency of RHD3 in vitro.

To gain further insights into the COST1-RHD3 protein complex, we employed gel
filtration and AlphaFold3 to apply molecular simulation of. Gel filtration analysis of
purified His-COST1 (~50 kDa) demonstrated that the predominant form of COST1 in
vitro is approximately 90 kDa, which is expected to be a dimer of COST1 (Fig. 4D).
Indeed, both GST pull-down and split-luciferase assays collectively provide clear
evidence that COST1 protein can interact with itself both in vitro and in vivo (fig. S12).
Next, proteins of His-COST1 and His-RHD3ATM (~80 kDa) were mixed at a 1:1 ratio
and upon gel filtration, a 300 kDa peak was detected (Fig. 4E), suggesting this may be
a hetero-tetramer. Indeed, immunoblotting study after chemical cross-linking detected
a putative protein tetramer between His-COST1 and GST-RHD3ATM (fig. S13A).
With the above information, we used AlphaFold3 to model the structure of the COST1-
RHD3 complex with two molecules of each protein. The hetero-tetrameric structure
suggested that COST1 and RHD3 antiparallelly entangle with each other with their coil-
coil and three-helix bundle (3HB) regions (Fig. 4F). Of note, the C-terminal region of

10
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COSTI1 forms a domain that lay close to the GTPase domain of RHD3 with a flexible
neck region (Fig. 4F), suggesting a dynamic regulation by intact COST1 may occur
during RHD3-mediated GTP hydrolysis. Truly, pull-down assay demonstrated that C-
terminus of COST1 largely abolished its interaction with RHD3 (fig. S13B). In advance,
introducing mutations into RHD3 (D185N or F382A) to attenuate its dimerization can
largely disturb its GTPase activity, and accordingly reduce its enzymatic stimulation by
COSTI (fig. S14). In this regard, we conclude that COST1-associated tight binding of

RHD3 may help in its protein dimerization and GTP hydrolysis.

COST1 and RHD3 maintain ER morphology in a collaborative manner

After verifying that COST1 can stimulate the GTP hydrolysis and membrane fusion
activities of RHD3 in vitro, we next investigated the role of COSTI in affecting ER
morphology in plants using genetic and cell biology approaches. To visualize the ER
structure in Arabidopsis, we introduced the classic ER marker GFP-HDEL into both
costl and rhd3 single mutants, and the cost/ rhd3 double mutant by crossing. In 7-day-
old double mutant seedlings, confocal microscopy showed a greater amount of ER
fragmentation with numerous unconnected ends, more ER bundling-sheets and free
ends, but fewer three-way junctions, when compared with that in WT, costI, or rhd3
(Fig. 5A). After collecting around 15 to 30 representative confocal images for each
genotype, we modeled and quantified the threshold of ER structure and integrity by
employing ERnet (29). WT and cost! displayed tightly connected networks, with highly
connected nodes near the modeled graph’s center (Fig. 5B). In rhd3, the relevant nodes
were more dispersed, indicating a disrupted ER network. The cost! rhd3 double mutant
had more low-degree nodes (purple) that are almost completely dispersed, reflecting
even more severe ER fragmentation (Fig. 5B). Quantitative analysis of 15 to 30
representative images for each genotype regarding node assembly ratios, the proportion
of three-way junctions (3-degree nodes) and tubule fraction indicated significant
reductions in rhd3 compared to WT and costl, and significantly more reductions in

costl rhd3 double mutant (Fig. 5, C-F). Moreover, we introduced another ER

11
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transmembrane marker, YFP-TMC (27), into each genotype, and the relevant data
collected coincide with that observed using GFP-HDEL (fig. S15). In parallel, another
program AnalyzER (30)was employed to dissect the same set of images and, again
found COST1 and RHD3 corporately control ER morphology regarding cisternal node
degree and strength, node degree and intensity (fig. S16). These above results indicate

that COST1 and RHD3 collaboratively regulate ER morphology and integrity.

Genetic analysis between COST1 and RHD3
rhd3 has long been recognized as a root defective mutant due to disrupted ER, we
therefore measured root length to characterize the impact of COST1 deficiency in rhd3
background. Seeds from WT, costl, rhd3 and costl rhd3 were grown on 1/2-MS media
for 12 days. Average primary root lengths of 6.7 cm, 5.1 cm, 2.6 cm and 2.4 cm were
recorded for WT, costl, rhd3 and costl rhd3, respectively, revealing significantly
reduced root length in cost! rhd3 compared with the other genotypes (Fig. 6, A and C).
Additive effects of cost! and rhd3 were also observed for each genotype growing under
both long-day (18h-light/6h-dark cycles) and short-day (12h-light/12h-dark cycles)
conditions (Fig. 6, B and D; fig. S17, A and B), regarding plant height and fresh weight
respectively. To confirm the above phenotype, we used CRISPR-Cas9 to edit RHD3.
Sequencing of the genomic RHD3 locus revealed two mutations, an 83-bp deletion for
cr-rhd3-1 and a 92-bp deletion for cr-rhd3-2, respectively, resulting a premature stop
mutation in the corresponding GTPase domain, suggesting they are null mutations (fig.
S18A). cr-rhd3-1 was selected for crossing with costl to generate costl cr-rhd3-1
double mutant. Analysis of both root length and plant fresh weight of various genotypes
indicate consistent results with those observed in the rhd3 T-DNA knock-out allele (figs.
S17 and S18).

To explore further the genetic relationship between COST1 and RHD3 in
controlling plant growth at a transcriptional level, we performed RNA-seq on cost/ and
rhd3 mutants. In the 3D PCA analysis, reads from each RNA-seq sample can be

grouped in a genotype-based manner, suggesting consistency in sampling and
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sequencing (fig. S19A). A heat map of differentially expressed genes (DEGs) clearly
showed many transcripts are more pronounced in the cost/ rhd3 double mutant than
that in WT and single mutants (Fig. 6E; dataset S2), in line with the additive phenotypes
we observed. GO term analysis were applied for the 167 down-regulated and 238 up-
regulated genes specified in the double mutant; the resultant biological processes
showed that these 167 down-regulated DEGs are mainly enriched in plant growth and
metabolic pathways, while those 238 up-regulated DEGs are enriched in stress and
defense response pathways, collectively attributed to the additive reduced growth
phenotype for the double mutant (Fig. 6, F and G; dataset S2). In addition, K-means
analysis also showed that there are group of genes clustered as more pronounced DEGs
in the double mutant (fig. S19B; dataset S2). The DEGs in the cost! rhd3 mutant show
distinct functional enrichments between clusters. For instance, Cluster 2 is enriched for
significantly reduced genes involved in plant growth and development, such as AtDAO?2
(IAA oxidase), AHPI (positive regulators of cytokinin signaling), CASP3 (involved in
cell wall lignification) and LRL3 (bHLH that regulates root hair development) (Fig. 6H;
dataset S2). In contrast, Cluster 4 and 5 are enriched for significantly increased genes
related to plant stress response, including A7G8e (autophagy pathway), bZIP60 (ER
stress signaling), HSFB2A (heat response) and PDF2.1 (pathogenesis-related) (Fig. 6,
I and J; dataset S2). Moreover, GO term analysis of COSTI-RHD3 co-expression
network suggests that pathways regarding structural molecule, vesicle tethering and
cellular localization are highly enriched (fig. S20). The above transcriptomic and
genetic results collectively demonstrate that COST1 is involved in controlling ER-

associated plant growth via collaborating with RHD3.

Discussion
ER structure is highly plastic and responsive to cellular needs, undergoing rapid
changes in response to various signals (31, 32). In plants, ER is particularly important

for maintaining cell wall integrity, protein quality, lipid synthesis, and organelle
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biogenesis, and inability to maintain ER structure may impede plant growth and its
environmental adaptations (3).

ER can directly interact with various other organelles via membrane contact sites
(MCS) to regulate calcium signaling and lipid transfer (33). It also serves as the primary
membrane source for many other organelles, including the Golgi apparatus, lysosomes,
endosomes and particularly autophagosomes (2). ER-shaping reticulon (RTN) proteins
are working partners of dynamin-like GTPase atlastin (ATL) in controlling ER
morphology and its rearrangement (6, 34, 35). RTN proteins possess four
transmembrane domains with a W-shaped topology to generate the curvature required
for ER tubule formation (36). These two families of proteins are well distributed in both
animals and plants, demonstrating the evolutionary conservation of these mechanisms
in eukaryotes (37). Regarding our findings that COST1 can directly interact with RHD3
and be recruited to the ER membrane (Fig. 1 and Fig. 2), how does COST1 affect the
interplay between RTN and dynamin-like GTPase RHD3 for plant growth and proper
ER maintenance? RTNs were recently reported to be involved in autophagy and seed
development in maize (38). Given that both COST1 and RHD3 are directly involved in
autophagy regulation via interacting with autophagy adaptor protein ATG8 (17, 19),
this raises the possibility that a COST1-RHD3-RTN module may act as an ER hub for
autophagy initiation. In addition, ER is central for maintaining cellular and organellar
responses to different kinds of stresses. For example, the unfolded protein response
(UPR) is a fundamental adaptive pathway for managing misfolded proteins to maintain
ER homeostasis during ER stress (39). Recent studies show that RHD3 may work as an
ER-phagy receptor during ER stress or salt stress (27, 28, 40). It would be interesting
to find out the mechanism by which the COST1-RHD3 axis may regulate the UPR, ER-
phagy and salt stress. In addition to contributing to the dimerization and GTPase
activity of RHD3, COST1 can stabilize RHD3 protein as well (Fig. 3, G and H; fig.
S10). Regarding the role of LNP (LUNAPARK) in mediating RHD3 ubiquitination and
degradation (17), it would be appealing to dissect the COST1-RHD3-LNP module in

modulating RHD3 protein stability and the resultant plant growth and stress response.
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Based on a most recent working model, dynamin-like ATL proteins require GTP
binding to form dimers and undergo a conformational change for favoring membrane
fusion (9, 10). Surprisingly, our result indicates that, with the help of COST1, RHD3
can dimerize even in the absence of GTP (Fig. 4E). If RHD3 dimerization does not
require GTP binding, but rather its interaction with proteins like COSTI, it may have
significant biological implications in various cellular processes, including membrane
fusion, vesicle trafficking, protein synthesis, cytoskeletal dynamics and beyond. We
cannot exclude the possibility that some GTP may be carried over from purified
proteins, still this suggests that COST1 can facilitate RHD3 dimerization with lower
concentrations of GTP, optimizing GTP consumption for membrane fusion and ER
structure maintenance. The mechanism of dynamin-like GTPase-mediated ER
membrane fusion is conserved in various eukaryotes and the underlying mechanism is
broadly recognized (4, 5, 7). However, COST1-related DUF641 family proteins are
plant specific, which raises the possibility that COST1 counterparts in non-plant species
may exist and are yet to be identified. Future investigation of possible COST1
homologs in animals and yeast from a structural perspective will help in defining if this
mechanism is common in different eukaryotes or is plant-unique.

In addition to the critical function of GTPase domain for dynamin-like proteins,
evidence has also shown that deletion of the C-terminal transmembrane domain of
RHD3 will impair plant growth and ER morphology in Arabidopsis, suggesting that ER
localization and correct protein topology is vital for RHD3 in shaping the ER and its
function (13). Of note, phosphorylation of the C-terminus of RHD3 improves
membrane fusion, enabling faster formation of ER structures in tobacco BY2 cell
microsomes (22); however, the relevant protein kinases involved in this process are yet
to be identified. The nearly 600 candidate proteins that Co-IP with COST1-YFP provide
a promising dataset for identifying such kinases (Fig. 1, A and B; fig. S1).

COST1 is a plant-unique DUF641 family protein that possesses diverse
subcellular localization patterns (24, 41). Our research has demonstrated that COST1

protein is strongly membrane-enriched and ER-tethered (Fig. 1D), although it lacks
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clear transmembrane domain or any typical ER retention peptide (fig. S2, A-D). Given
the observation that COST1 is even much more membrane enriched than the ER
chaperone BiP protein, COST1 may achieve its membrane localization by tethering
with other kinds of membrane proteins beyond ER and/or through direct binding to
phospholipids on different kinds of membranes. Genetic studies in cost! rhd3 mutant
reveal a more severely disrupted ER network and retarded plant growth than that in WT
and any single mutants (Fig. 5 and Fig. 6), further emphasizing the crucial role of ER
integrity in plant survival and adaptation. In conclusion, we have identified that the
plant-specific DUF641 family protein COST1 can be recruited to the ER by dynamin-
like GTPase RHD3. By forming a hetero-tetramer with RHD3, COST1 improves the
dimerization, protein stability and GTP hydrolysis activity of RHD3 to promote ER
membrane fusion and plant growth (Fig. 7). Our findings of a COST1-RHD3 complex
provide novel insights into the regulation of membrane fusion and ER structure with
plant innovations, which may accelerate in breeding high yield crops with strong

environmental plasticity.

Materials and methods

Plant growth and characterization

All Arabidopsis thaliana materials in this study are of the Columbia-0 (Col-0) ecotype,
and tobacco plants are Nicotiana benthamiana. The Arabidopsis mutants cost/
(SALK 064001) and rhd3 (SALK 088219) were ordered from ABRC (Arabidopsis
Biological Resource Center) and genotyped by gene or T-DNA specific primers
(Dataset S3). The mutant cr-rhd3 was developed using the plasmid pHEE-401 (42), and

confirmed by Sanger sequencing.

IP-MS and immunoblotting assay
For sampling, 7-day-old Arabidopsis seedlings (~1 g) overexpressing COST1-YFP or
YFP were harvested and frozen in liquid nitrogen and ground into powder. Proteins

were extracted using a buffer containing 50 mM Tris-HCI, pH 7.5, 150 mM NacCl, 10%
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glycerol, 1 X protease inhibitor mix (MeilunBio, MB2678), 1 mM DTT, 0.5 nM
Concanamycin A (Aladdin, C102380), and 1% Triton X-100. After a 2h incubation, the
extracts were centrifuged at 500xg for 10 min at 4°C, and the supernatant was filtered
through Miracloth (Merck Millipore, 475855). Approximately 50 puL of GFP beads
(Kangti Biotech of Shenzhen) were added to the supernatant for immunoprecipitation,
followed by a 2h incubation. Beads were washed five times with lysis buffer (50 mM
Tris-HCI, pH 7.5, 150 mM NaCl, 10% glycerol and 1 mM DTT) to remove non-specific
proteins. A small aliquot (~0.5 pL) of beads-bound proteins was boiled and used for
immunoblotting (Dataset S4), and the remaining beads-bound proteins were prepared
for mass spectrometry analysis.

For mass spectrometry analysis, the beads were mixed with 10 mM DTT solution
and incubated at room temperature for 1h. The supernatant was discarded and further
mixed with 25 mM iodoacetamide for 20 mins at room temperature. The beads were
then washed with 25 mM NH4HCO;3 and then digested with Sequencing Grade
Modified Trypsin (Promega, V5117) at 37°C overnight. The digested samples were
centrifuged and the supernatant was retained and concentrated in a centrifuge
concentrator. The concentrated samples were desalted using a micro desalting column,
and after desalting, the supernatant was dissolved in 0.1% formic acid in water. Peptides
were separated with C18 analytical column (75 mmx20 cm*3 um) on a nano-UPLC
system (Easy nLC1200) and detected by Q Exactive plus mass spectrometer (Thermo
Scientific, USA). The solvent system for separating included mobile phase A (99.9%
water and 0.1% formic acid) and mobile phase B (80% acetonitrile and 0.1% formic
acid). Peptides were eluted using a 60-min gradient at a flow rate of 300 nL/min, and
the peptide elution gradients were: 0-3 min, 2%-6% B; 3-42 min, 6%-20% B; 42-47
min, 20%-35% B; 47-48 min, 35%-100% B; and 48-60 min, 100% B. The mass
spectrometer was operated in data-dependent acquisition (DDA) mode at a resolution
of 70 000 (AGC 3e6) orbital trap for full-scan acquisition (m/z 350-1,800). The first 20
isolated peptide signals (charge states > +2) parent ions were fragmented by high-

energy collision (HCD) with a normalized collision energy (NCE) of 28.0. The capillary
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temperature was 275°C and the spray voltage was 1,900 V. The daughter ions were
measured in an orbital with a resolution of 17 500 (AGC 1e5). The maximum fill times
were set to 50 ms and 45 ms for full and MS-MS scans, respectively, and the dynamic
exclusion time was set to 30 s. The maximum fill time was set to 30 s for full scans and
45 ms for MS-MS scans. The MS/MS spectrometry raw data were imported into
Proteome Discovery PD (PD, version 2.3) for analysis, and Label-free quantitative
analysis was performed for each sample after peak identification, using UniProt FASTA
databases (Arabidopsis thaliana, UP000426265, total entries 27214) for library
searching. The settings were as follows: digestive enzyme was set to Trypsin, and
maximum missed cut was set to 2. The mass tolerance of precursor and fragment ions
were set to 1 x 10° and 0.02 Da, respectively. Fixed modification was
Carbamidomethyl (C), and variable modifications were Oxidation (O), Deamidated
(NQ). The FDR for peptide and protein characterization was set to 1% and protein
quantification was based on the first 3 peptide parent ion peak areas. Label-free
analyses were performed using proteins from YFP as controls, and a fold change in
protein expression of 2 or 0.5 and P < 0.05 were used as thresholds for biological effects.
Volcano plot was used to visualize the quantitative data. The volcano plot was
constructed using —logio (P value) against log> (fold change value of COST1-YFP/YFP).

The red dots represent the upregulated proteins in COST1-YFP samples.

Microsome preparation and immunoblotting assay

7-day-old COST1-YFP seedlings were ground into a fine powder with liquid nitrogen
for microsomes preparation according to previous studies (43, 44). After extraction with
different buffers and centrifuged at 93,000xg for 90 mins, the supernatant (S)
constituted the cytosolic extract and the pellet (P) obtained was the microsomal fraction.
The microsomal fractions were then resuspended in different buffers, including 1 M
KCl, 1% (v/v) Triton X-100, or 1% (v/v) SDS and incubated at 4°C for 1h before

separation into S and P fractions for immunoblot analysis (44) (Dataset S4). The
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antibody of BiP1/2/Heat shock 70 family protein (PAB211003, Orizymes) was used to

indicate the microsomes (Dataset S4).

Protein pull-down assay

The full-length COST coding sequence was cloned into the pET-28a, pGEX-4T1 and
pPMAL-c4X vector, and the N-terminal (amino acids 1-677) of RHD3 were cloned into
the pGEX-4T1 and pET-28a vector. For exogenous proteins expression, E. coli Rosetta
strain carrying corresponding constructs were induced with 0.5 mM IPTG at ODsoo 0.6
and cultured at 16°C overnight. Bacteria pellet was disrupted with sonication in lysis
buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 10% glycerol, | mM PMSF,1 mM
DTT, and 1% Triton X-100). His-COST1 and His-RHD3ATM proteins were purified
using Ni-NTA Sepharose Resin (Sangon, C600791); GST-RHD3ATM, GST-RL1ATM,
GST-RL2ATM, GST-COST1 and GST were purified using GST Sefinose™ Resin
(Sangon, C600327); and MBP-COST1 proteins were purified with amylose resin
(Sangon, C500096), according to the manufacturer’s protocol. For the pull-down assay,
around 5 pg GST fusion or GST proteins were incubated with 5 pg His-COST1 and
His-RHD3ATM respectively at 4 °C for 2h in binding buffer (50 mM Tris-HCI, pH 7.5,
150 mM NaCl, 1 mM DTT) with gentle rotation to allow interaction, followed by
adding GST Mag-Beads (Sangon, C650031) at 4°C for 2h gentle rotation. To study the
impact of COST on RHD3 self-interaction, different amounts of purified MBP-COST1
(40, 100, and 200 pmol) were added in the pull-down assay, together with calculated
amount of GST-RHD3ATM (90 pmol) and His-RHD3 (110 pmol), achieving molar
ratios of total RHD3ATM to MBP-COST]1 at 5:1, 2:1, and 1:1 respectively. Following
incubation, the beads were washed five times with binding buffer to remove non-
specifically bound proteins. Bound proteins were eluted by boiling the beads with SDS-
PAGE loading buffer and analyzed by SDS-PAGE and immunoblotting (Dataset S4).

Co-IP and immunoblotting assay
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The Co-IP assay was performed to investigate the interaction between RHD3 and
COST1 in vivo. Nicotiana benthamiana leaves were co-infiltrated with Agrobacterium
tumefaciens strain GV3101 harboring plasmids encoding YFP-RHD3 and COST1-Flag.
YFP was co-expressed with COST1-Flag and served as the negative control. The primer
sequences used for plasmid construction are listed in Dataset S3. After 2-day-long co-
expression, proteins were extracted using an extraction buffer containing 50 mM Tris-
HCI (pH 7.5), 150 mM NacCl, 1% Triton X-100, 1x protease inhibitor mix (Meilunbio,
MB2678), and 0.5 uM Concanamycin A (Aladdin, C102380). After centrifugation, the
supernatants were incubated with GFP magnetic beads (Kangti, KTSM1334) for 3h at
4°C with gentle rotation. Beads were washed five times with lysis buffer base (50 mM
Tris-HCI, pH 7.5, 150 mM NaCl) to remove non-specific proteins. Bound proteins were
eluted and subjected to immunoblotting analysis. Anti-GFP antibodies (ABclonal,
AEOQ78) were used to detect YFP-RHD3 and YFP, anti-Flag antibodies (ABclonal,
AE063) were used for detecting COST1-Flag, the RHD3 C-terminal antibodies
(PhytoAB, PHY0765A) and the BiP (Agrisera, AS09481) antibodies were used for

detecting endogenous RHD3 and BiP in different genotype plants (Dataset S4).

Antibodies and immunofluorescence

Polyclonal antibodies of COST1 were raised in rabbit using His-COST1 as the antigen
and purified. The immunofluorescence study was applied in pRHD3-YFP-RHD3
transgenic Arabidopsis seedlings according to a previously described method (45). The
root samples were subsequently incubated with rabbit anti-COST1 antibodies and
Alexa Fluor 594-conjugated goat anti-rabbit IgG (YEASEN, 33112ES60) according to
manufacturer’s instructions. Fluorescence signals were observed using an Olympus

(FV3000) confocal laser scanning microscope.

Split luciferase assay
The coding DNA sequences (CDS) of RHD3 and COSTI were incorporated into the

pIJW772/cLuc and pJW771/nLuc with containing C-terminal (cLuc) or N-terminal
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(nLuc) fragments of firefly luciferase (Luc) to generate cLuc-RHD3, cLuc-COST1, or
COSTI1-nLuc constructs, respectively. Primers used for plasmid construction are
provided in Dataset S3. Negative controls included combinations of cLuc-RHD3 and
nLuc, cLuc-COST1 and nLuc, COST1-nLuc and cLuc, cLuc and nLuc with cLuc to
validate signal specificity. The various combinations of constructs were transiently co-
expressed in Nicotiana benthamiana leaves via agroinfiltration. Two days post-
infiltration, leaves were treated with 1 mM D-luciferin (YEASEN, 40901ES) and
incubated in darkness for 10 mins. Luminescence signals were captured using a Tanon

imaging system (4106) to evaluate luciferase activity.

BiFC

The BiFC assay was performed as previously described (46). The coding DNA
sequences (CDS) of RHD3 and COSTI were cloned into BiFC vectors containing the
N-terminal and C-terminal fragments of yellow fluorescent protein (YFP), generating
nYFP-RHD3 and COST1-cYFP, respectively. The fusion proteins were transiently co-
expressed in Nicotiana benthamiana leaves via Agroinfiltration. Negative controls
included combinations of nYFP-RHD3 with ¢cYFP, nYFP with COST1-cYFP, and
nYFP with cYFP were used to ensure signal specificity. CFP-HDEL, an ER-localized
fluorescent marker, was co-expressed to visualize ER network. Two days post-
infiltration, fluorescence signals were examined using an Olympus (FV3000) confocal
laser scanning microscope with 60xobjective lens. YFP was detected at 514 nm for
excitation and ~525-560 nm for emission, while CFP was observed at 405 nm for

excitation and ~420-500 nm for emission.

FRET imaging and analysis

Fluorescence resonance energy transfer (FRET) was employed to assess RHD3 self-
interactions and their regulation by COSTI. mNeonGreen-RHD3 (donor) and
mCherry-RHD3 (acceptor) were co-expressed in tobacco (Nicotiana benthamiana)

leaves with either an empty vector or COST1-Flag. Confocal imaging was conducted

21



607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

48 hours after agroinfiltration using an Olympus FV3000 microscope (40% objective).
The following channels were acquired sequentially with fixed laser and detector
settings: donor (488 nm for excitation vs 500-550 nm for emission), FRET (488 nm for
excitation vs 570-620 nm for emission), and acceptor (561 nm for excitation vs 570-
620 nm for emission). Image processing and FRET quantification were carried out
using the PixFRET plugin in Fiji software (47). Spectral bleed-through coefficients
were derived from control samples expressing only the donor or acceptor. Corrected
FRET (cFRET) images were generated following background subtraction and spectral
unmixing. The FRET efficiency was expressed as the cFRET intensity normalized to

the acceptor intensity. Data are presented as mean = SD from 10-15 images.

GTPase activity analysis

The GTPase activity of RHD3 was measured using the GTPase-Glo Assay Kit
(Promega, V7681) following the manufacturer’s protocol. GST-RHD3ATM (amino
acids 1-677), GST, MBP-COST1, and MBP were exogenously expressed in E. coli
Rosetta strain and purified using GST Sefinose™ Resin (Sangon, C600327) and
amylose resin (Sangon, C500096), respectively. Reactions were performed in 96-well
plates in GTPase buffer containing 5 uM GTP and 0.5 mM DTT. For the test condition,
GST-RHD3ATM (1 uM) and MBP-COSTT1 (1 uM) were added to the reaction mixture.
Control reactions included: (1) GST-RHD3ATM with MBP, (2) MBP-COST1 with GST,
(3) GST with MBP, and (4) buffer without exogenous protein. After 1h of incubation at
room temperature, the Reconstituted GTPase-Glo reagent was added to each reaction
and mixed gently. After 30 minutes of incubation at room temperature, the Detection
Reagent was then added and incubated for 10 minutes to terminate GTP hydrolysis and
convert the remaining GTP into a luminescent signal, which was detected using a

microplate reader (Bio-Tek, Synergy?2).

Chemical cross-linking
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For cross-linking assay, EGS (ethylene glycol bis (succinimidyl succinate)) (Sangon,
C100221) was first prepared in DMSO to a concentration of 10 mM, and then was
added to the protein solution (20 mM HEPES, 150 mM NaCl, 5 uM His-COST1 and 5
uM GST-RHD3ATM) to a final concentration of 0.25 mM and incubated for 30 min at
37°C. After being quenched with 1 M Tris (pH 7.5) for 15 min, the samples were eluted
by boiling with SDS-PAGE loading buffer and analyzed by immunoblotting (Dataset
S4).

Liposome preparation and reconstitution

Full length of RHD3 (FL-RHD3) fused with pGEX-6P1 vector with an N-terminal 3C
protease cleavable GST-tag were expressed in E.coli strain Rosetta. The proteins were
purified by GST Sefinose™ Resin and GST tag was cleaved with 3C protease. The lipid
mixes for donor liposome contained 70 % (mol/mol) PC, 17 % PE, 10 % PS, 1.5 %
Rhodamine-PE and 1.5 % NBD-PE, while acceptor liposome contained 70 % PC, 20 %
PE and 10 % PS. These lipids in chloroform were mixed and dried by N> gas, then dried
in vacuum for 1 h. The lipid films were rehydrated with 50 mM Tris-HCI (pH 7.5), 150
mM NaCl. The solution was frozen in liquid N2 and thawed in water for 10 times, then
extruded through a 100-nm nuclepore polycarbonate filter (Cytiva, 10419504) with
Avanti Mini Extruder.

FL-RHD3 was directionally reconstituted to liposome (48). Briefly, FL-RHD3
protein and donor or acceptor liposome (protein:liposome, 1:500 molar ratio) were
mixed at the final concentration of 2 mM lipids, containing 0.05% Triton. Protein and
lipid were mixed for 1h at 4 °C. The detergent was removed by adding SM-2 beads
(Bio-Rad, 152-3920) once per hour for a total of 5 times.

Lipid mixing assay

The GTPase activity of RHD3-liposome complexes was quantified using the EnzChek
Phosphate Assay Kit (Invitrogen, E6646) according to previous reports (4).
Experimental assays include: (1) RHD3-liposome complexes with 0.5 mM GTP and 1
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uM GST-COST]1 protein; (2) RHD3-liposome complexes with GTP and 1 uM GST
protein; (3) RHD3-liposome complexes with GTP only; (4) RHD3-liposome complexes
without GTP. Assays were conducted in 96-well plates with a total volume of 100 ul
per well. Absorbance was measured at 360 nm using a microplate reader (Tecan, Infinite
200Pro) at every minute over 1h period.

The membrane fusion activity of RHD3 proteo-liposome was analyzed using an
NBD fluorescence-based assay (4). The reactions were performed in 50 uLL volumes.
The final lipids concentration in the reactions was 0.8 mM, with donor and acceptor
proteo-liposome at 1:3 ratio. The fluorescence intensity of NBD was monitored at an
excitation of 460 nm and emission of 538 nm using microplate reader (Tecan, Infinite

200Pro).

Gel-filtration

Gel-filtration chromatography was used to determine the protein forms of COST1 and
RHD3 and investigate their interaction in vitro. His-COST1 and His-RHD3ATM
(amino acids 1-667) were individually purified from E. coli Rosetta cells expressing
the corresponding recombinant plasmids. The purified proteins were applied to a
Superdex 200 10/300 GL column (GE HealthCare, Inc.) equilibrated with 50 mM Tris-
HCI (pH 7.5), 150 mM NaCl, and 1 mM DTT. Elution was performed at a flow rate of
0.5 ml/min, and protein elution was monitored by absorbance at 280 nm. The molecular
weights and oligomeric states of COST1 and RHD3ATM were determined based on
their elution profiles and comparison with molecular weight standards.

To assess the interaction between COST1 and RHD3, the purified proteins were
incubated together as 1:1 molar ratio at 4°C for 1h to allow protein complex formation.
The protein mixture was then subjected to gel-filtration under the same conditions used
for the individual proteins. Elution profiles of the combined proteins were compared to
those of the individual proteins to identify any changes in elution volumes, which would
indicate the formation of protein complexes. The results were further confirmed by

SDS-PAGE analysis of the eluted proteins.
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Confocal microscopy analysis and ER morphology analysis

To visualize the ER, GFP-HDEL and TMC-YFP marker lines were used (27). GFP-
HDEL overexpression materials were generated by crossing and isolation of
homozygous lines. Plasmids encoding HDEL-CFP and HDEL-RFP, as previously
described, were used for ER visualization in plants. Fluorescence signals were captured
using an Olympus FV3000 confocal laser scanning microscope equipped with a 60x
objective lens. Excitation/emission settings were as follows: YFP (514 nm/~525-560
nm), mCherry (561 nm/~570-620 nm), and CFP (405 nm/~420-500 nm).

For each genotype, 15~30 ER morphology sections were collected. Images were
processed using Cellpose3 (49) for segmentation, removing noisy signals and
enhancing ER tubule visualization. Processed images were analyzed using ERnet v2
software to evaluate ER integrity (29), including metrics such as node assembly ratios
and the presence of three-way junctions. Representative graphs and statistical data were

saved, and results were analyzed for ER network integrity.

RNA-seq analysis

For RNA sequencing, 7-day-old seedlings of WT, costl, rhd3, and costl rhd3 mutants
were harvested and immediately snap-frozen in liquid nitrogen. Approximately 1 g of
tissue from each genotype was used for RNA extraction. Total RNA was isolated using
QIAzol Lysis Reagent (QIAGEN, 79306) following the manufacturer’s protocol. RNA
integrity and quantity were assessed using the 5300 Bioanalyser (Agilent) and
quantified using the ND-2000 (NanoDrop Technologies). RNA samples with an RNA
integrity number (RIN) greater than 8 were selected for further analysis. Library
preparation was done using [llumina® Stranded mRNA Prep, Ligation from Illumina
(San Diego, CA) using 1pg of total RNA following the manufacturer's guidelines. The
RNA libraries were indexed, pooled, and sequenced to achieve a minimum depth of 50
million reads per sample. RNA-seq was performed on an Illumina NovaSeq X Plus

platform to obtain high-quality paired-end reads. Raw RNA-seq data can be accessed
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by the number of PRINA1249620 at NCBI (National Center for Biotechnology

Information): https://www.ncbi.nlm.nih.gov/bioproject/?term=PRINA1249620.

Data processing and visualization

Raw sequencing data were processed using FastQC to assess read quality and
Trimmomatic for trimming low-quality reads and adapter sequences. Clean reads were
aligned to the Arabidopsis thaliana genome (TAIR10) using the STAR aligner (version
2.7.9a). The aligned data were then sorted and indexed using SAMtools. Differential
gene expression analysis was conducted with DESeq2 to identify differentially
expressed genes (DEGs) between genotypes. Genes with a fold change greater than 2
and a false discovery rate (FDR) < 0.05 were considered significantly different. Gene
ontology (GO) enrichment analysis was performed using the clusterProfiler R package
to identify enriched biological pathways associated with the DEGs. To visualize gene
expression patterns, we used the pheatmap R package to generate heatmaps of the top
DEGs across all samples. Principal component analysis (PCA) was performed to assess

clustering patterns between the genotypes based on global gene expression profiles.

Statistical analysis

Statistical analyses were performed using Prism 10 software (GraphPad). One-way
analysis of variance (ANOVA) was used to determine significant differences between
groups, followed by Tukey’s multiple comparison test to identify pairwise differences.
A significance level of p <0.05 was considered statistically significant. Different letters

indicate significant differences among groups.

Accession numbers

The accession numbers of selected Arabidopsis genes in this study are as follows:
COSTI (AT2G45260), RHD3 (AT3G13870), RLI (AT1G72960) and RL2
(AT5G45160).
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Fig. 1. COST1 interacts with RHD3 on the ER. (A and B) Venn diagram
representation of the IP-MS-identified COST1-YFP specific interacting proteins from
10-day-old transgenic Arabidopsis seedlings. Transgenic plants overexpressing YFP
alone were used a negative control, and some of the ER-associated proteins were box-
labeled and highlighted. (C) Individual subcellular localization pattern of COST1-YFP
or mCherry-RHD3 in transiently expressed tobacco leaves. Bars =10 um. (D)
Subcellular fractionation study of COST1 in planta. The ER microsomes were
extracted from 10-day-old transgenic Arabidopsis seedlings overexpressing COST1-
YFP and eluted with three different buffers containing 1 M KCl, 1% Triton X-100, or
1% SDS, respectively. The supernatant fraction (S) and precipitated fraction (P) were
immunoblotted with GFP antibody. The ER chaperone protein BiP was used as a native
control. (E) BiFC assay for RHD3 and COSTI1. Combination of nYFP-RHD3 and
COST1-cYFP was transiently co-expressed with ER marker CFP-HDEL in the tobacco
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leaf epidermal cells and analyzed by confocal microscopy. Various relevant
combinations for other negative controls were collected and shown in fig. S4. Bar = 10
um. (F) Co-IP assay for RHD3 and COST1. Combination of YFP-RHD3 and COST1-
Flag was transiently co-expressed in tobacco leaves with combination of YFP and
COSTI1-Flag being used as a negative control. GFP-trap beads were used for
immunoprecipitation and assayed with anti-GFP and anti-Flag antibodies. (G) GST
pull-down assay for His-COST1 with GST-RHD3ATM, GST-RLIATM or GST-
RL2ATM. All three GST fusion proteins have transmembrane domains removed
(ATM). GST tag protein alone was used as a negative control.
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with mCherry-RHD3 or with RFP-HDEL (ER marker) in tobacco epidermal cells (A
and B) or in transgenic Arabidopsis seedlings (C and D), and the quantification of
various properties of COSTI1 puncta, including puncta per cell, puncta on the ER
network and puncta at the ER three-way junctions. Bars = 10 um. (E and F) Subcellular
fractionation study of COSTI1-YFP in WT and rhd3. The ER microsomes were
extracted from 10-day-old transgenic Arabidopsis seedlings expressing COST1-YFP.
The supernatant fraction (S) and precipitated fraction (P) were immunoblotted with
GFP antibody. The ER chaperone protein BiP was used as a native control. Data are
means = SD, n=4. Student’s ¢ test is used to determine the significance of the difference
between the means of two sets of data (**, p <0.01).
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Fig. 3. COST1 enhances RHD3 dimerization and protein stability. (A and B)
Confocal microscopy study of the impact of COST1 on RHD?3 self-interaction using
BiFC in tobacco epidermal cells, and the quantification of RHD3 puncta during this
process. (C) Confocal microscopy study of the impact of COST1 on RHD3 self-
association using FRET assay. Various combinations of constructs were transiently co-
expressed in tobacco epidermal cells and visualized for quantification. (D) GST pull-
down assay for studying the impact of COST on RHD3 self-interaction. His-
RHD3ATM and GST-RHD3ATM were mixed and used for pull-down in the
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combination with MBP or various amounts of MBP-COSTI1 respectively, and
immunoblotted with His antibody. (E and F) Co-IP study of the impact of COST1 on
RHD3 self-interaction and quantification. Various combinations of constructs were
transiently co-expressed in tobacco epidermal cells for Co-IP study and immunoblotted
with GFP or mCherry antibodies. (G and H) Immunoblotting analysis of RHD3 protein
abundance in WT, cost/ mutant and COST1-YFP overexpressing plants, using RHD3
native antibody, and their quantifications (images in fig. S10B). Data are means + SD,
n = 7. Student’s ¢ test is used to determine the significance of the difference between
the means of two sets of data (**, p <0.01; ***, p <0.001; **** p <0.0001).
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Fig. 4. COST1 stimulates the GTPase activity of RHD3 and enhances its
membrane fusion ability. (A) GTP hydrolysis assay for RHD3 with COSTI.
RHD3ATM proteins were purified from E. coli with transmembrane regions removed
(ATM). Combinations of GST+MBP-COST1, GST-RHD3ATM+MBP were used as
negative controls. Luminescence values were measured by phosphate release
(decreased luminescence is higher activity), data are means + SD with 3 biological
replicates. (B) Time course analysis of the GTPase activity for full-length RHD3 with
COST]1. Full-length RHD3 proteins were purified from E. coli and assayed with or
without GTP in the combinations with GST or GST-COST1. (C) In vitro membrane
fusion assay for RHD3 with COST1. RHD3 full-length proteins were reconstituted into
donor and acceptor vesicles at equal 1:500 (molar ratio). Fusion activities were
measured by the dequenching of the NBD-labeled lipids present in the donor vesicles
with GTP. Control experiments were performed without GST or GST-COST]1. (D and
E) Gel filtration assay for solely His-COST]1, or His-COST1 and His-RHD3ATM. The
eluted proteins at different volumes were examined with SDS-PAGE and Coomassie
Brilliant Blue staining. (F) Computational protein structuring of COST1-RHD3
complex by AlphaFold3. Two molecules for both COST1 (grey) and RHD3 (light blue)
were modeled for the protein structure.
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Fig. 5. Characterization of ER morphology in costI and rhd3 genetic materials. (A)
Confocal microscopy analysis of ER marker GFP-HDEL in WT, cost1, rhd3 and costl
rhd3. Bars =10 um. (B) Depiction of ER morphology by ERnet for each phenotype. (C-
F) Statistical insight into ER morphology by ERnet. Four parameters were used here to
indicate the fragmentations of the ER: changes of node-assembly ratio (C), the
percentage of 3-degree (D), tubule fraction (E) and sheet fraction (F). Data are means
+ SD. Values not shared by any letter are significantly different. (One-way ANOVA
with Tukey’s test, p < 0.05).
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999  Fig. 6. Genetic analysis of costI and rhd3. (A) Root length assay for WT, cost1, rhd3
1000  and costl rhd3. Seeds from each genotype were grown on 1/2-MS media under 16h-
1001 light/8h-dark cycles for 12 days, and one representative image was taken and shown.
1002  (B) Phenotypic analysis of different genotype plants in long-day condition. Plants from
1003  each genotype were grown under 16h-light/8h-dark cycles in a growth chamber for 52
1004  days, and one representative image was taken and shown. (C and D) Different genotype
1005  plants were grown on 1/2-MS media for 10 days or under 16h-light/8h-dark cycles for
1006 32 days, and root lengths or plant height were measured for statistical analysis. Data
1007  are means + SD. Values not shared by any letter are significantly different. (One-way
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ANOVA with Tukey’s test, p < 0.05). (E) Heat-map representation of DEGs for different
genotypes. (F and G) Venn diagram representation of DEGs for different genotype, and
GO term analysis; the number of genes specifically upregulated or downregulated in
costl rhd3 double mutant are highlighted in bold. (H-J) K-means analysis for DEGs
from different genotype plants.
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Fig. 7. A working model of COST1-RHD3 axis in shaping the ER. RHD3 can recruit
COST1 to ER membrane, where they associate with each other as a hetero-tetramer.
COST1 binding may stimulate the dimerization and GTPase activity of RHD3,

promoting membrane fusion and plant growth.
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