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Abstract
Key message  We identified a dosage-dependent dominant negative form of Sar1c, which confirms the essential role 
of COPII system in mediating ER export of storage proteins in rice endosperm.
Abstract  Higher plants accumlate large amounts of seed storage proteins (SSPs). However, mechanisms underlying SSP 
trafficking are largely unknown, especially the ER-Golgi anterograde process. Here, we showed that a rice glutelin precursor 
accumulation13 (gpa13) mutant exhibited floury endosperm and overaccumulated glutelin precursors, which phenocopied 
the reported RNAi-Sar1abc line. Molecular cloning revealed that the gpa13 allele encodes a mutated Sar1c (mSar1c) with 
a deletion of two conserved amino acids Pro134 and Try135. Knockdown or knockout of Sar1c alone caused no obvious 
phenotype, while overexpression of mSar1c resulted in seedling lethality similar to the gpa13 mutant. Transient expression 
experiment in tobacco combined with subcellular fractionation experiment in gpa13 demonstrated that the expression of 
mSar1c affects the subcellular distribution of all Sar1 isoforms and Sec23c. In addition, mSar1c failed to interact with COPII 
component Sec23. Conversely, mSar1c competed with Sar1a/b/d to interact with guanine nucleotide exchange factor Sec12. 
Together, we identified a dosage-dependent dominant negative form of Sar1c, which confirms the essential role of COPII 
system in mediating ER export of storage proteins in rice endosperm.
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Introduction

Higher plants accumulate large amounts of seed storage 
proteins, which supply nutrients for seed germination and 
seedling growth. Rice (Oryza sativa) seeds have been used 
as a model system to study the molecular mechanisms of 
storage protein transport to protein storage vacuoles (PSVs) 
due to its agricultural importance and abundant genetics 
research resources (Ren et al. 2014, 2020). Storage proteins 
in rice are mainly composed of glutelins, prolamins, and 
α-globulin (Takemoto et al. 2002). Prolamins are retained 

in the ER lumen after synthesis and bud off from the ER as 
spherical type I protein bodies (PBIs). Glutelins amounting 
for about 80% of the total seed storage proteins are synthe-
sized as 57-kD precursors in the ER, and then pass through 
the Golgi apparatus, followed by the dense vesicle (DV)-
mediated post-Golgi trafficking pathways delivery to PSVs 
(also named PBII in rice) during endosperm development 
(Liu et al. 2013; Ren et al. 2014).

Previous studies have identified a series of mutants with 
over-accumulated 57-kDa glutelin precursors (also called 
57H mutants). These 57H mutants were named endosperm 
storage protein (esp2), glutelin precursor (glup), and glutelin 
precursor accumulation (gpa) (Takemoto et al. 2002; Ueda 
et al. 2010; Wang et al. 2010). Several responsible genes 
required for glutelin folding, ER exit, post-Golgi trafficking, 
and processing were functionally identified. Among them, 
GPA3, GPA2/GLUP6/VPS9a, GPA1/GLUP2/Rab5a, and 
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GPA5 are required for the DV-mediated post-Golgi traffick-
ing in rice endosperm (Wang et al. 2010; Liu et al. 2013; 
Ren et al. 2014 and 2020). The GPA7/MON1-CCZ1 com-
plex is involved in post-Golgi trafficking of rice storage pro-
teins through a storage prevacuolar compartment (sPVC)-
mediated pathway (Pan et  al. 2021). Na+/H+ antiporter 
GPA6/OsNHX5 and vacuolar H+-ATPase GPA8/OsVHA-E1 
were essential for luminal pH homeostasis of endomembrane 
compartments and their mutations seriously affect proglu-
telin trafficking to PSVs (Zhu et al. 2019 and 2021). These 
studies have intensively described the post-Golgi transport 
mechanisms of glutelins. In contrast, factors involved in the 
ER export of rice glutelins are still largely unknown. GPA4/
GOT1B, which localizes on the ER exit sites (ERESs), inter-
acts with Sec23c to facilitate the assembly of COPII vesicles 
to regulate the export of glutelin precursors from ER (Wang 
et al. 2016). In addition, simultaneous knockdown of three 
Sar1 isoforms prevented glutelins from exiting the ER, but 
knockdown of a single Sar1 caused no phenotypic change 
in developing endosperm (Tian et al. 2013). Although it is 
widely assumed that the glutelin ER export may be medi-
ated by the coat protein complex II (COPII) system, the 
molecular characterizations of key factors in this process 
still requires deep investigation.

COPII vesicles in eukaryotes are responsible for deform-
ing the donor membrane, gathering cargo proteins, and 
enabling protein transport from the ER to the Golgi appa-
ratus (Vitale and Denecke 1999; Venditti et al. 2014). Five 
conserved proteins (Sar1, Sec23, Sec24, Sec13, and Sec31) 
make up the basic machinery for the formation of COPII 
vesicles (Barlowe et al. 1994). Small GTPase Sar1 plays an 
important role in initiating the assembly of COPII carriers. 
Firstly, Sar1 is recruited to the ER where it is activated by 
the guanine nucleotide exchange factor (GEF) Sec12 (Bar-
Peled and Raikhel 1997; Weissman et al. 2001). The acti-
vated Sar1-GTP (guanosine triphosphate) then recruits the 
inner-coat Sec23/Sec24 protein complex via direct interac-
tion with Sec23, forming a pre-budding complex and captur-
ing the corresponding cargos (Aridor et al. 1998; Lee and 
Miller 2007). Subsequently, the heterotrimer Sar1-Sec23-
Sec24 recruits the outer-coat complex Sec13-Sec31, and 
activates the GTPase-activating protein (GAP) activity of 
Sec23. The GAP activity of Sec23 further facilitates guano-
sine triphosphate hydrolysis of Sar1-GTP and dissociation 
of Sar1 from the inner heterotrimer complex, allowing the 
smooth release of COPII vesicles and recycling of the Sar1 
(Miller et al. 2003; Bi et al. 2007; Lord et al. 2013; Miller 
and Schekman 2013). Recently, a cell-free COPII vesicle 
reconstitution system utilizing Arabidopsis-derived materi-
als has been established, which advances the study of the 
COPII system in plants (Li et al. 2021).

As a member of the RAS superfamily, Sar1 has the basic 
biochemical activity of GTP binding and hydrolysis (White 

et al. 1995). Several characteristic G box motifs in the Sar1 
protein sequence determine its biochemical ability (Dever 
et al. 1987). For example, the G1 box is known as a P-loop 
or Walker A motif, a purine nucleotide binding domain. 
The G4 box has conserved residues [bbbb(N or T)(K or Q)
xD] and forms hydrogen bond contact with the guanine ring 
(Colicelli 2004). By amino acid substitutions, Sar1 main-
tains the constitutively active GTP-locked status and consti-
tutively inactive guanosine diphosphate (GDP)-locked form 
(Ward et al. 2001). In most eukaryotes, constitutively active 
Sar1-GTP disturbs the uncoating and subsequent membrane 
fusion of vesicles, while constitutively inactive Sar1-GDP 
disrupts ER exit sites and inhibits COPII-dependent ER 
export (Takeuchi et al. 2000). Thereby, continuous activa-
tion or inactivation of Sar1 can inhibit ER export of some 
proteins, leading to a ‘dominant negative’ effect (Ward et al. 
2001; Wang et al. 2018). In plants, Sar1(H74L) inhibits ER-
Golgi transport in Arabidopsis thaliana and tobacco cells 
(Takeuchi et al. 2000; Yang et al. 2005; Osterrieder et al. 
2010). However, AtSar1a(H74L) mutant did not affect 
ER export of membrane or soluble cargos in Arabidopsis, 
whereas cargo export from the ER was severely affected 
in other AtSar1(H74L) paralogs. This difference was deter-
mined by a substitution of a conserved Tyr84 to Cys84 in 
AtSar1a (Zeng et al. 2015). A recent study demonstrated that 
Sec23 isoforms differentially influence ER-to-Golgi traffick-
ing and secretion to the plasma membrane, as well as the 
size of presumptive ER exit sites in the moss Physcomitrium 
(Physcomitrella) patens (Chang et al. 2022). Moreover, a 
specific Sar1 homolog AtSar1d was identified to regulate 
autophagosome biogenesis in concert with a unique Rab1/
Ypt1 homolog AtRabD2a (Zeng et al. 2021).

Here, we reported the functional characterization of a rice 
gpa13 mutant, which over-accumulated glutelin precursors 
in the endosperm. GPA13 encodes an ERES-localized small 
GTPase Sar1c. Deletion of Pro134 and Try135 in gpa13 
(mSar1c) led to defects in ER export of glutelin precursors. 
Moreover, the deletion inhibited its interaction with the GAP 
protein Sec23. But mSar1c still remained the ability to inter-
act with Sec12 and competed with other Sar1 isoforms in 
binding to Sec12. Taken together, these results advanced 
our understanding of the important role of Sar1 in mediating 
COPII-dependent ER export of glutelin precursors.

Materials and methods

Plant materials and�growth conditions

The gpa13 mutant was identified from an M2 mutant pool 
of japonica rice cultivar (cv.) NingGeng3 following 60Co-
irradiation. As homozygous gpa13 mutant seeds are seed-
ling lethal, the F2 population for map-based cloning was 
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produced by crossing GPA13± heterozygous plant with 
indica cv. Dular. Developing seeds at 10–20 days after flow-
ering (DAF) were cut into two halves. The embryoless half 
was used to extract total proteins for phenotyping and the 
other half of identified homozygous mutant seeds were used 
for genotyping and electron microscopy studies. All plants 
were grown in a paddy field during the natural growing sea-
son or in a greenhouse at Nanjing Agricultural University, 
in Jiangsu province.

Antibodies

For polyclonal antibody generations, PDIL1-1 peptide 
(Os11g0199200, CKAESAPAEPLKDEL) was synthesized, 
while recombinant proteins of Sec12b (Os11g0610700, 
amino acids 1 to 227), BiP1 (Os02g0115900, amino acids 
461 to 665), and Sar1a (Os01g0338000, amino acids 1 to 
193) were produced bacterially in pET-32a and purified. 
Polyclonal antibodies against the glutelin acidic subunits and 

Fig. 1   Phenotypic Analysis of the gpa13 Mutant. A Comparison of 
seed grains and transverse sections between wild-type and gpa13 
mutant mature seeds. Bar, 5  mm. B Scanning electron microscopy 
images of transverse sections of WT and gpa13 mutant seeds. c and 
e are magnifications of the areas numbered 1 and 2 in a, respectively. 
d and f are magnifications of the areas numbered 1 and 2 in b, respec-
tively. Bars, 5 mm (a, b), and 10 μm (c to f). C 1,000-grain weight of 
WT and the gpa13 mutant. Values are means ± SD. **P < 0.01 (n = 3, 
Student’s t test). D SDS-PAGE profiles of total proteins in mature 

seeds of WT and the gpa13 mutant. pGlu, 57-kD glutelin precursors; 
αGlu, 40-kD glutelin acidic subunits; αGlb, 26-kD α-globulin; βGlu, 
20-kD glutelin basic subunits; Pro, prolamins. E Immunoblot analysis 
of seed storage proteins using antibodies raised against mature glute-
lin acidic subunits, glutelin basic subunits, and molecular chaperones 
(BiP1 and PDIL1-1). Anti-actin antibodies were used as a loading 
control. Red arrows indicate the 57-kD proglutelins. Blue and purple 
arrow denote the glutelin acidic subunits (blue) and basic subunits 
(purple)
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Fig. 2   Light and Immunofluorescence Microscopy of Protein Bodies 
in Developing Endosperm Cells in the Wild Type and gpa13 Mutant. 
A, B Coomassie blue-stained semithin sections of the wild type (WT, 
A) and the gpa13 mutant (B) observed with a light microscope. Red 
and white arrowheads indicate the lightly stained prolamin-contain-
ing PBIs and darkly stained glutelin-containing PBIIs, respectively. 
Bars, 10 μm. C, D Immunofluorescence microscopy images of PBIs 
(red) and PBIIs (green) in the WT (C) and gpa13 mutant (D) seeds. 
Secondary antibodies combined with Alexa fluor 488 (green) and 

Alexa fluor 555 (red) were used to mark antigens recognized by the 
anti-glutelin and anti-prolamin antibodies, respectively, in (C) and 
(D). Arrows indicate abnormal structures containing a glutelin core 
surrounded by prolamin aggregates. Bars, 5 μm. E, F Statistical anal-
ysis of the diameters of PBIIs (E) and PBIs (F). Box plot center lines, 
medians; center boxes, box limits, 25th and 75th percentiles; whiskers 
extend to ± 1.5 interquartile range. Values are means ± SD. **P < 0.01 
(n > 200, Student’s t test)
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glutelin basic subunits were raised in rabbits as described 
elsewhere (Wang et al. 2016). Anti-GFP antibodies and 
Anti-Flag antibodies were purchased from Sigma-Aldrich.

Protein extraction from�rice grains and�immunoblot 
analysis

Mature seeds from heterozygous plants were used for phe-
notyping. Total protein extraction and immunoblot analysis 
were performed as described previously (Takemoto et al. 
2002; Wang et al. 2016).

Microscopy

Scanning electron microscopy, immunofluorescence anal-
yses, transmission electron microscopy, and subsequent 

immunogold labeling experiments were performed as 
described previously (Wang et al. 2016, 2010; Zhu et al. 
2019; Ren et al. 2020).

Map-based cloning

To map the GPA13 locus, gpa13 homozygous seeds from 
the F2 and F2:3 populations were cut into two halves for phe-
notyping and genotyping, respectively, as described above. 
A total of 116 F2 and 1,100 F2: 3 recessive individuals were 
used for fine mapping of the GPA13 locus. The primers used 
in fine mapping are listed in Supplementary Table S1.

Fig. 3   Transmission Electron Microscopy of Developing Endosperm 
Cells of Wild Type and the gpa13 Mutant. A Two types of protein 
bodies in wild-type (WT) endosperm cells. Glutelins and prolamins 
were separately accumulated in PBIIs and PBIs. Bar, 2  μm. B, C 
Abnormal organelles observed in 12 DAF endosperm of the gpa13 
mutant. Stars indicate the abnormal structures named ER-derived 
dense protein bodies (dPBs). C is magnification of the dashed box in 
(B). Bars, 1 μm in (B), 500 nm in (C). D, E Immunoelectron micros-
copy localization of prolamins and glutelins in sub-aleurone cells of 
developing WT endosperm. PBIIs contain glutelins (15-nm gold, red 

arrows) and PBIs contain prolamins (6-nm gold, blue arrows). E is 
magnification of the dashed box in (D). Bars, 1 μm in (D), 500 nm in 
(E). F, G The ER-derived dPB contains a glutelin (15-nm gold, red 
arrows) core and a prolamin (6-nm gold, blue arrows) periphery sur-
rounded by ribosomes. Bars, 1 μm in (D), 500 nm in (E). H, I 6-nm 
gold particles in aggregated globular structure indicates accumulation 
of prolamins. This structure might be a different section of dPB. I is 
magnification of the dashed boxed in (H). Bars, 1 μm in (H), 500 nm 
in (I)
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Phylogenetic analysis

Homologs of Sar1c were identified from the National 
Center for Biotechnology Information (NCBI) database 
(https://​blast.​ncbi.​nlm.​nih.​gov/). A phylogenetic tree 
was constructed using MEGA version 7.0 based on the 

neighbor-joining method and embellished via iTOL website 
(http://​itol.​embl.​de/). Domain prediction was performed on 
the website InterPro (http://​www.​ebi.​ac.​uk/​inter​pro/). Three-
dimensional models of Sar1c were constructed based on its 
similarity with the GTP-binding protein SAR1b (Huang 
et al. 2001) from hamster with the SWISS-MODEL program 
(https://​swiss​model.​expasy.​org/).

Fig. 4   Positional Cloning of the GPA13 gene. A Fine mapping of 
the GPA13 locus. Molecular markers and numbers of recombinants 
(Rec.) are shown. The locus was narrowed down to a 188-kb region 
between H1-2 and H1-3 using 1,216 recessive individuals. The can-
didate gene Sar1c (LOC_Os01g15010) is highlighted by the red 
arrow. B Gene structure of wild-type (WT) Sar1c and the mutation 
site in mSar1c. Sar1c comprises three exons (closed boxes) and two 
introns (lines). ATG and TGA represent the start and stop codons, 
respectively. A 6-bp deletion occurred in the coding region of Sar1c 
in the gpa13 mutant, leading to the deletion of Pro134 (P134) and 
Try135 (Y135). C, D 35S promoter-driven GPA13-GFP transgene 
(P35S:GPA13-GFP) rescued grain appearance (C) and the stor-
age protein composition pattern (D) of the gpa13 mutant. Line1 and 
Line2 denote grains from two independent T1 transgenic lines. Bars, 
2 mm. E Immunoblot analysis of the GFP protein in Line 1 and Line 
2. Black arrow indicates the Sar1c-GFP fusion protein, white arrow 

indicates the GFP protein. Anti-EF-1α antibodies were used as a 
loading control. F Two independent knockout lines (cri-Sar1c-1 and 
cri-Sar1c-3) of Sar1c were generated by the CRISPR/Cas9 tech-
nology. The cri-Sar1c-1 carries a 1-bp deletion, while cri-Sar1c-3 
carries a 13-bp deletion on the first exon. The black boxes indicate 
exons, and lines indicate introns of Sar1c. G Comparison of seed 
grains and transverse sections between WT, gpa13, and two knock-
out lines. Bar, 5 mm. H SDS-PAGE profiles of total storage proteins 
of mature seeds from the WT, gpa13, and two knockout lines. pGlu, 
57-kD glutelin precursors; αGlu, 40-kD glutelin acidic subunits; 
βGlu, 20-kD glutelin basic subunits; Pro, prolamins. I Phenotypes 
of WT, gpa13, and mSar1c overexpression plants. OE-mSar1c-1 
and OE-mSar1c-2 represent two independent mSar1c overexpression 
lines. Bar, 10  cm. J qRT-PCR analysis of Sar1c expression in WT, 
gpa13, and mSar1c overexpression lines
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Transient expression analysis in�N. benthamiana

The coding sequence of Sar1a/b/c/d and their mutant forms 
were amplified and fused to binary expression vectors 
pCAMBIA1305-GFP and pCAMBIA1305-mCherry. All 
constructs were introduced into the Agrobacterium tumefa-
ciens strain EHA105 and then used to infiltrate N. benthami-
ana leaves (Waadt and Kudla 2008). Imaging was performed 
using a Leica TCS-SP8 laser scanning confocal microscope. 
GFP signals with white light laser at an emission wavelength 
of 505–530 nm were recorded with the excitation wave-
length at 488 nm, mCherry signals with white light laser at 
an emission wavelength of 600–630 nm were recorded with 
the excitation wavelength at 587 nm. Primers used for vector 
construction are listed in Supplementary Table S2.

Subcellular localization in�rice protoplasts

To determine the subcellular localization of Sar1c-GFP, 
mSar1c-GFP, Sar1c[DN]-GFP, and mSar1c[DN]-GFP, the 
protoplasts were isolated from 7-d-old wild-type (WT), 
gpa13 mutant, and cri-Sar1c-1 mutant seedlings (Chen 
et al. 2006). The transient expression constructs driven by 
the double 35S (d35S) promoter were separately transformed 
into WT, gpa13, and cri-Sar1c-1 protoplasts, and incubated 
in darkness at 28°C for 16 h prior to examination (Chen 
et al. 2006). Fluorescence was observed using Leica TCS-
SP8 laser scanning confocal microscope.

Yeast two-hybrid assays

The coding sequence (CDS) of Sar1a/b/c/d and their mutant 
forms were cloned into pGADT7, whereas the CDS of Sec23 
and Sec12 were cloned into pGBT9. Following instructions 
for the TaKaRa Yeastmaker™ kit, various combinations of 
plasmids were co-transformed into yeast strain AH109 for 
interaction analysis. Primers used for vector construction are 
listed in Supplementary Table S2.

Co-IP assays in�N. benthamiana

The coding sequences of Sar1a/b/c/d and their mutant 
forms were cloned into pCAMBIA1305-GFP vectors, and 
the coding sequence CDS of Sec23 and Sec12 were cloned 
into pCAMBIA1300-221-Flag vectors, followed by trans-
formation into Agrobacterium tumefaciens strain EHA105. 
Various combinations of EHA105 were co-infiltrated into 
N. benthamiana leaves. Total leaf lysates were homogenized 
and solubilized in triple volumes of NB1 buffer (50 mM 
Tris-MES, pH 7.5, 0.5 M sucrose, 1 mM MgCl2, 10 mM 
EDTA, 5 mM DTT, 0.2% (v/v) Nonidet P-40, 10 mM NaF, 
and complete proteinase inhibitors) after 48 to 60 h and then 
centrifuged at 20,000 g for 20 min at 4°C to remove cell 

debris. Flag-Trap magnetic beads were added to the super-
natant and incubated with shaking at 4 °C for 2 h, followed 
by 6 times washing with NB1 buffer. The resulting samples 
were eluted with reducing buffer and subjected to SDS-
PAGE electrophoresis, followed by immunoblotting with 
Anti-flag and Anti-GFP antibodies. Primers used for vector 
construction are listed in Supplementary Table S2.

Fire�y luciferase complementation imaging (FCI) 
assays

The coding sequence CDS of Sar1c and its mutant forms 
were fused to the N terminus of LUC in the pCAMBIA-
NLUC vector, whereas the coding sequence CDS of the 
Sec23 and Sec12 were cloned into the C terminus of LUC 
in the pCAMBIA-CLUC vector. These vectors were trans-
formed into Agrobacterium strain EHA105 and then used to 
infiltrate N. benthamiana leaves. Relative LUC activity after 
48 to 60 h was determined as previously described (Chen 
et al. 2008). Primers used for vector construction are listed 
in Supplementary Table S2.

Quantitative RT-PCR analysis

Total RNA was isolated using an RNA prep Pure Plant Kit 
(TIANGEN, Beijing). Oligo (dT)18 was used as a primer, 
and PrimeScript Reverse Transcriptase (TaKaRa, Dalian, 
China) was used to synthesize the reverse-transcribed first-
strand cDNA. Real-time PCR analysis was performed using 
the BIO-RAD CFX96 optics module with SYBR Green mix 
(Bio-Rad, Hercules, CA, USA) and three biological repeats 
(three plants grown separately). Rice Ubiquitin (UBQ) was 
used as an internal reference control (Wang et al. 2016). 
The primers used for qRT-PCR analysis are listed in Sup-
plementary Table S3.

Subcellular fractionation

The 10-day-old seedlings of WT and the gpa13 were 
used for fractionation as described previously with some 
modifications (Miyagishima et al. 2006). The seedlings 
were homogenized in a mortar on ice in a triple volume of 
buffer A (50 mM Tris, pH 7.6, 2 mM MgCl2, 5 mM EDTA, 
100 mM NaCl, 300 mM sucrose, and a protease inhibitor 
[complete cocktail tablets; Roche]). The homogenate was 
filtered through Miracloth (Solarbio). The extract was centri-
fuged at 5000 g for 20 min at 4 °C to remove low-speed pel-
let-impurities and obtain a low-speed supernatant fraction as 
total extract. The total extract was centrifuged at 100,000 g 
for 1 h at 4 °C to obtain a high-speed microsomal pellet and 
a supernatant fraction. The supernatant and pellet fractions 
were added with 2 × loading buffer to the same volume and 
then were subjected to immunoblot analysis.
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Accession numbers

The sequence data for this article could be found under 
the following accession numbers in the NCBI database 
(https://​www.​ncbi.​nlm.​nih.​gov/): Sar1a (Os01g0338000), 
Sar1b (Os12g0560300), Sar1c (Os01g0254000), Sar1d 
(Os06g0225000), Sec23a (Os01g0321700), Sec23b 
(Os08g0474700), Sec23c (Os11g0433500), Sec23d 
(Os03g0742800), Sec23e (Os04g0412900), Sec23f 
(Os04g0412900), Sec12 (Os11g0610700), AtSec23a 
(At4g01810), AtSec23b (At1g05520), AtSec23c 
(At2g21630), AtSec23d (At2g27460), AtSec23e 
(At3g23660), AtSec23f (At4g14160), and AtSec23g 

(At5g43670), AtSar1a (At1g09180), AtSar1b (At1g56330), 
AtSar1c (At4g02080), AtSar1d (At3g62560), AtSar1e 
(At1g02620).

Results

Phenotypic characterization of�the�gpa13 mutant

As part of a sustaining effort to dissect the molecular mecha-
nisms of storage protein transport, we isolated a 57H mutant 
named gpa13. Because gpa13 mutant homozygous plants 
showed severe growth defects and cannot produce mature 

Fig. 5   Mutation of Sar1c Affects the Distribution of COPII Coat 
Components. A–D mSar1c-GFP was co-transformed with Sar1a/b/
c/d-mCherry in tobacco leaf epidermal cells. Notably, the GFP sig-
nals from mSar1c-GFP are punctate localization, which is different 
from the diffused localization of mCherry signals in the cells. Bars, 
5 μm. PSC coefficients between Sar1c-GFP or mSar1c-GFP and each 
marker are shown in the rightside panel. Box plot center lines, medi-
ans; center boxes, means with n > 6; box limits, 25th and 75th per-
centiles; whiskers extend to ± 1.5 interquartile range. E, F Transient 
co-expression of Sar1c-GFP (D) and mSar1c-GFP (E) with Sec23c-
mCherry in tobacco leaf epidermal cells. PSC coefficients are shown 
in the rightside panel. Box plot center lines, medians; center boxes, 
means with n > 10; box limits, 25th and 75th percentiles; whiskers 
extend to ± 1.5 interquartile range. G Immunoblot analysis showing 

the distribution of Sec23c, Sec12, and Sar1a in the various fractions 
in the wild type (WT) and gpa13. Total, supernatant obtained follow-
ing centrifugation at 5000  g; P100, pellet obtained after centrifuga-
tion of Total at 100,000 g; S100, supernatant obtained after centrifu-
gation of Total at 100,000 g. H Quantitative analysis of the ratio of 
the signal intensity of total proteins (supernatant obtained following 
centrifugation at 5000  g) in the immunoblot shown in (A). Three 
independent experiments were performed. Values are means ± SD. I 
Quantitative analysis of the ratio of the signal intensity of membrane 
fractions and cytosolic fractions compared with total proteins (P100/
total and S100/total, total = P100 + S100) in the immunoblot shown 
in (A). Three independent experiments were performed. Values are 
means ± SD. **P < 0.01 (Student’s t tests). n.s. indicates no signifi-
cant difference
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seeds, we harvested homozygous gpa13 seeds from the 
heterozygous plants. As opposed to completely transpar-
ent wild-type (WT) seeds, gpa13 mutant grains had floury-
white inner endosperm and translucent peripheral region 
(Fig. 1A). Scanning electron microscopy indicated that the 
inner endosperm cells of the mutant consisted of loosely 
arranged compound starch granules that were clearly dif-
ferent from the tightly filled, irregular polyhedral starch 
granules in the peripheral endosperm and WT endosperm 
(Fig. 1B). Moreover, the 1000-grain weight of gpa13 mutant 
seeds had a significant decrease compared with that of WT 
(Fig. 1C). SDS-PAGE showed that gpa13 mutant seeds 
accumulated a larger quantity of 57-kD glutelin precursors, 
accompanied by reductions in 40-kD acidic and 20-kD basic 
subunits relative to the WT (Fig. 1D). This result was con-
firmed by immunoblot analysis with polyclonal antibodies 
against mature glutelin acidic and basic subunits (Fig. 1E). 
Levels of ER lumenal BINDING PROTEIN1 (BiP1) and 
protein disulfide isomerase-like1-1 (PDIL1-1) protein were 
higher in the gpa13 mutant seeds, implying a possible acti-
vation of the ER stress response (Fig. 1E). These results 
suggested a defective trafficking of glutelin precursors from 
the ER in the gpa13 mutant seeds.

Glutelin export from�the�ER to�Golgi is�defective 
in�the�gpa13 mutant

We first observed the morphology of protein bodies (PBs) 
in developing endosperm cells of WT and gpa13 to investi-
gate the cellular basis of abnormal glutelin precursor accu-
mulation in the gpa13 mutant. Semithin Sects. (0.5 μm) 
of WT and gpa13 developing endosperm at 12-DAF were 
subjected to coomassie blue staining. Two types of PBs, 
including light-stained spherical prolamin-containing PBIs 
and dark-stained irregularly shaped glutelin- and α-globulin-
containing PBIIs, were readily observed in WT endosperm 
cells (Fig. 2A). In contrast, the size and numbers of PBIIs 
in gpa13 mutant endosperm were much smaller than those 
in the WT (Fig. 2A, B). Immunofluorescence staining with 
specific antibodies indicated that prolamins (red) and glu-
telins (green) in the WT were deposited into separate PBs, 
with prolamins in spherical PBIs and glutelins in irregularly 
shaped PBIIs (Fig. 2C). Notably, developing endosperm 
cells in the gpa13 mutant contained abnormal structures 
with a glutelin core and prolamin periphery in addition to 
typical PBIs and PBIIs (Fig. 2D). In addition, the numbers 
of PBIs and PBIIs with diameters less than 1 μm accounted 
for about 38.3% and 29.4% of total each type in the gpa13 
mutant, respectively, in contrast to 19.4 and 12.8% in the 
WT (Fig. 2E, F). This data indicated that the gpa13 mutation 
affected the development of both types of PBs.

Ul t ra th in  sec t ions  of  12  DAF developing 
endosperm showed clearly discrete spherical PBIs and 

irregularly-shaped PBIIs in the WT (Fig. 3A), but abnor-
mal structures with an electron-dense core surrounded by 
protein aggregates with low electron density were present 
in the gpa13 mutant endosperm (Fig. 3B). Moreover, these 
latter structures were surrounded by rough ER membranes 
with ribosome attachments, indicating that they were ER-
derived (Fig. 3C). Immunogold labeling proved that the 
cores of the structures were composed of glutelins (15-
nm gold labeling), whereas the peripheral protein aggre-
gates contained prolamins (6-nm gold labeling) (Fig. 3F, 
G). These abnormal structures resembled those reported 
in endosperms of Sar1abc RNAi lines and gpa4, which 
were defective in ER export of storage proteins. Thus, 
these abnormal structures were designated as ER-derived 
electron-dense PBs (dPBs) following previous research 
(Tian et al. 2013; Wang et al. 2016). We also observed 
the morphology of dPBs at different slice levels, which 
existed numerous small PBIs with an average diameter 
of less than 500 nm and could be labeled with 6-nm gold 
(Fig. 3H, I). However, in wild-type endosperm glutelins 
only deposited in PBIIs and thus separated from prolamin 
containing PBIs (Fig. 3D, E). These results verified that 
the gpa13 mutation causes defects in the export of storage 
proteins from the ER.

GPA13 encodes a�conserved small GTPase Sar1c

The GPA13 locus was mapped to chromosome 1 and finally 
delineated to a 188-kb physical region using a map-based 
cloning strategy (Fig. 4A). Sequencing analysis detected a 
6-bp deletion in the third exon of LOC_Os01g15010 in the 
gpa13 allele (Fig. 4B). Complementation test with the entire 
coding region of LOC_Os01g15010 fused with a GFP tag 
at the C-terminus driven by the CaMV35S promoter res-
cued the mutant phenotypes, including the floury endosperm 
appearance (Fig. 4C) and accumulation pattern of 57-kDa 
glutelin precursors (Fig. 4D). Immunoblotting with anti-
GFP antibodies confirmed the expression of GFP fusion 
protein of LOC_Os01g15010 in transgenic positive lines 
(Fig. 4E). Therefore, the 6-bp deletion in LOC_Os01g15010 
was responsible for the abnormal phenotypes in the gpa13 
mutant.

LOC_Os01g15010 encodes a conserved Ras-related 
protein Sar1c. A BLAST search showed that there are 
three homologous genes of Sar1c, including Sar1a (LOC_
Os01g23620), Sar1b (LOC_Os12g37360), and Sar1d 
(LOC_Os12g37360) in the rice genome. Phylogenetic tree 
analysis showed that Sar1b and Sar1c share the highest 
homology (Supplemental Fig. S1A, B). Knock-out lines of 
Sar1c were generated by CRISPR/Cas9 to explore the role in 
ER export of glutelins (Fig. 4F). Unexpectedly, Sar1c knock-
out seeds were similar to the WT in endosperm appearance 
(Fig. 4G) and accumulation levels of glutelin precursors 
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(Fig. 4H). These results were consistent with a previous 
study that single-gene RNAi transformants of Sar1a, b, and 
c showed no difference from the WT. Only Sar1abc triple 
RNAi seeds developed floury endosperm appearance and 
over-accumulated glutelin precursors (Tian et al. 2013). In 
addition, we also tried to overexpress the mutated Sar1c 
(mSar1c) in the WT. Unfortunately, like the gpa13 mutant, 
transgenic seedlings with high mSar1c expression levels 
had growth defects and cannot harvest seeds (Fig. 4I, J), 
suggesting a dosage-dependent dominant-negative effect of 
mSar1c. Functional domain analysis showed that Sar1c pos-
sessed typical domains of RAS superfamily proteins, such as 
G1-G5 box, STAR motif, and other features (Supplemental 
Fig. S2A). The two deleted amino acids in Sar1c were highly 
conserved and located exactly at the attachment of the G4 
box, which forms a hydrogen bond contact with the guanine 
ring (Colicelli 2004). Moreover, the deletion likely changes 
the tertiary structure of Sar1 as predicted by the SWISS 
website (https://​swiss​model.​expasy.​org/) (Supplemental Fig. 
S2B, C). These results indicated that the deleted two-amino 
acid residues in mSar1c play an important role in storage 
protein export from the ER in rice endosperm.

mSar1c a�ects the�distribution of�COPII coat 
components

To determine the subcellular localization of Sar1c, the 
Sar1c-GFP chimeric gene was co-expressed with the mark-
ers for ER (mRFP-HDEL), ERES (AtSar1b-mRFP), and 

cis-Golgi (GmMan1-mRFP) (Hanton et al. 2008; Ren et al. 
2014) in the N. benthamiana leaf epidermal cells. Confo-
cal microscopy images showed that Sar1c-GFP generated 
punctate signals in the cytosol, which largely co-localized 
with the ERES and cis-Golgi (Supplemental Fig. S3A-C) 
markers, suggesting that Sar1c is localized to the cis-Golgi 
associated ERESs. To further investigate the effect of the 
two-amino acid deletion on localization of Sar1c, we co-
expressed mSar1c-GFP with the ER and cis-Golgi mark-
ers in tobacco leaf epidermal cells. The punctate signals of 
mSar1c-GFP were clearly separated from the cis-Golgi sig-
nals (Supplemental Fig. S3D), but somehow associated with 
the ER (Supplemental Fig. S3E). Furthermore, we demon-
strated that four Sar1 homologs were co-localized with each 
other in the Golgi-associated ERESs (Supplemental Fig. S4, 
5), which is different from Arabidopsis Sar1 isoforms. In 
Arabidopsis, AtSARA1a/b are localized at the ERESs, with 
AtSARA1b found to be quite more membrane-associated 
than AtSARA1a (Hanton et al. 2008). Further study demon-
strated that the Cys84 is unique to AtSar1a as all of the other 
AtSar1 paralogs (except for Sar1e) have Tyr84 residue (Zeng 
et al. 2015). However, this site of all rice Sar1 isoforms was 
the conserved Tyr residue (Supplemental Fig. S1A). There-
fore, rice Sar1 isoforms might have more functional redun-
dancy than Arabidopsis Sar1 isoforms. Similarly, mimic 
deletion in Sar1 homologs also exhibited the same subcel-
lular localization pattern with mSar1c (Supplemental Fig. 
S6A-G). Interestingly, the punctate signals of mSar1c-GFP 
failed to co-localize with all Sar1-mCherrys (Fig. 5A–D). In 
addition, it is noted that mSar1c-GFP expression affected the 
subcellular localization pattern of Sar1-mCherrys, causing 
the disappearance of punctate signals (Fig. 5A–D). Similar 
effect on localization influence resulting from mSar1c-GFP 
expression was also observed in Sec23c-mCherry (Fig. 5E, 
F). These results suggested that mSar1c overexpression may 
affect the distribution of COPII components such as Sar1s 
and Sec23c.

To further verify the effect of mSar1c on the subcellular 
distribution of COPII components, we prepared the micro-
somal and soluble fractions from seedlings of the WT and 
gpa13 mutant. Although the amounts of endogenous Sec23c, 
Sec12, and Sar1a were largely comparable between the wild 
type and gpa13 (Fig. 5G, H), the distribution pattern of the 
Sar1a and Sec23c proteins in the gpa13 mutant was affected. 
In contrast to the dramatic alternations of COPII compo-
nents in transient expression system, immunoblot analysis 
together with quantitative analysis showed that more Sar1a 
and Sec23c were accumulated in the S100 fraction of the 
gpa13 mutant compared with the WT (Fig. 5G, I). These 
results suggested that mSar1c may interfere with the assem-
bly of COPII vesicles through affecting the distribution of 
Sar1 and Sec23 isoforms.

Fig. 6   mSar1c Abolishes Its Interaction with Sec23. A Schemat-
ics of Sar1c mutation constructs, including mSar1c, Sar1c[DN], and 
mSar1c[DN]. mSar1c, Sar1c (ΔPro134 and Try135); Sar1c[DN], 
Sar1c(H74L); mSar1c[DN], Sar1c (ΔPro134 and Try135, H74L). 
B Y2H assay showing that Sar1c but not mSar1c interacted with 
Sec23a, Sec23b, and Sec23c. AD, activation domain; BD, bind-
ing domain. C–E Firefly luciferase complementation imaging (FCI) 
assays showing that Sec23a (C), Sec23b (D), and Sec23c (E) spe-
cifically interacted with Sar1c, but not with mSar1c. Colored scale 
bar indicates the luminescence intensity in counts per second (cps). 
CL, C terminus of LUC; NL, N terminus of LUC. F–H Co-IP assays 
showing that Sar1c-GFP, but not mSar1c-GFP, can be coimmuno-
precipitated by Flag-Sec23a (F), Flag-Sec23b (G), and Flag-Sec23c 
(H) in the total leaf extract of N. benthamiana with anti-flag agarose 
beads. Red arrow indicates Flag-Sec23a (F), Flag-Sec23b (G), and 
Flag-Sec23c (H), black arrow indicates Sar1c or mSar1c fusion pro-
tein; white arrow indicates GFP protein. I Y2H assay showing that 
Sec23c specifically interacted with Sar1c[DN], but not with mSar1c 
and mSar1[DN]. AD, activation domain; BD, binding domain. J FCI 
assay showing that Sec23c specifically interacted with Sar1c[DN], 
but not with mSar1c and mSar1[DN]. Colored scale bar indicated the 
luminescence intensity in counts per second (cps). CL, C terminus of 
LUC; NL, N terminus of LUC. K In vivo Co-IP assay showing that 
Sar1c[DN]-GFP, but not mSar1[DN]-GFP, can be coimmunoprecip-
itated by the Flag-Sec23c fusion protein in total leaf extracts of N. 
benthamiana. Red arrow indicates Flag-Sec23; black arrow indicates 
Sar1c[DN]-GFP or mSar1[DN]-GFP fusion protein; white arrow 
indicates GFP protein

�
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mSar1c abolishes its interaction with�Sec23

The compromised membrane binding of COPII components 
suggested that the interaction between mSar1c and Sec23c 
might be affected. To further test this hypothesis, four differ-
ent forms of Sar1c variants, Sar1c, mSar1c, Sar1c[DN] and 
mSar1c[DN] were generated to study their abilities to inter-
act with Sec23 (Fig. 6A). Yeast two-hybrid assays (Y2H) 
revealed that Sar1c specifically interacted with Sec23a/b/c, 
whereas the mutation in Sar1c abolished its interaction with 
Sec23a/b/c (Fig. 6A; Supplemental Fig. S7). Furthermore, 
firefly luciferase complementation imaging (FCI) and coim-
munoprecipitation (Co-IP) assays verified the interaction 

relationships between Sec23a/b/c with Sar1c but not with 
mSar1c (Fig. 6B–H). Sar1c[DN] is a GTP-locked dominant-
negative form of Sar1c (Sar1c[H74L]) that inhibits protein 
export from the ER to the Golgi (Takeuchi et al. 2000; 
Hanton et al. 2008; Osterrieder et al. 2010). Y2H, FCI, 
and Co-IP assays showed that Sar1c[DN] strongly inter-
acted with Sec23c. Interestingly, the deletion of Pro134 and 
Try135 in Sar1c[DN] (mSar1c[DN]) weakened their interac-
tions (Fig. 6I–K). These results suggested that deletion of 
Pro134 and Try135 disrupts the interaction of Sar1c with its 
GAP protein Sec23.

Fig. 7   mSar1c Competes with Sar1 Isoforms for Sec12 Binding. 
A FCI assay showing that Sec12 can interact with both Sar1c and 
mSar1c. Colored scale bar indicates the luminescence intensity 
in counts per second (cps). CL, C terminus of LUC; NL, N termi-
nus of LUC. B Co-IP assay showing that Sec12 interacts with both 
Sar1c and mSar1c. Black arrow indicates Sar1c/mSar1c fusion pro-
tein; arrow indicates GFP protein; red arrow indicates Flag-Sec12 
fusion protein. C FCI assay showing that Sec12 interact with Sar1 
isoforms. Co-expression of NLUC-Sar1 isoforms with empty NLUC 
did not produce signal. Colored scale bars indicate the luminescence 
intensity in counts per second (cps). CL, C terminus of LUC; NL, N 
terminus of LUC. D–F Competition assay. Binding assays of CLUC-
Sec12 with NLUC-Sar1a (D), NLUC -Sar1b (E) and NLUC -Sar1d 
(F) were performed in the presence of 0.05, 0.1, 0.15 optical den-
sity of Agrobacterium tumefaciens strain EHA105 which introduced 
with vector pCAMBIA1305GFP or p1305-mSar1c-GFP. Colored 
scale bars indicate the luminescence intensity in counts per second 

(cps). Various blue dots represent the optical density (OD) of Agro-
bacterium tumefaciens strain EHA105 of pCAMBIA1305GFP or 
p1305-mSar1c-GFP. OD, optical density. G–H In vivo Co-IP assay 
showed that Sar1c-GFP and mSar1c-GFP repress Sar1a-Sec12 inter-
action in tobacco leaf cells. Increasing amounts of free GFP, Sar1c-
GFP, and mSar1c-GFP protein were incubated with fixed amounts of 
Sar1a-mCherry and Flag-Sec12 proteins. Red, blue, white, and black 
arrows indicate the Flag-Sec12, Sar1c-GFP/mSar1c-GFP, free GFP, 
and Sar1a-mCherry proteins, respectively. “ + ” and “–” represents 
the presence and absence of the corresponding protein. “ × 1” and 
“ × 2” represent increasing optical density of Agrobacterium tumefa-
ciens strain EHA105 which introduced vectors pCAMBIA1305GFP, 
p1305-Sar1c-GFP or p1305-mSar1c-GFP. The intensity of the free 
GFP, Sar1c-GFP, mSar1c-GFP, and Sar1a-mCherry are showed in 
(H). Three independent experiments were performed. Values are 
means ± SD
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mSar1c competes with�its isoforms in�binding 
to�Sec12

Consistent with previous reports that Sar1 is activated by its 
GEF protein Sec12 (Barlowe and Schekman, 1993), our FCI 
and Co-IP assays showed that Sar1c strongly interacted with 
Sec12. Unexpectedly, the deletion of Pro134 and Try135 
in Sar1c did not abolish their interaction (Fig. 7A, B). An 
in vitro competition binding assay was performed to exam-
ine this result further. Tobacco leaves expressing NLUC-
Sar1a/b/d and CLUC-Sec12 were introduced with gradient 
optical densities (0, 0.05, 0.10, 0.15 units) of Agrobacterium 
tumefaciens strain EHA105 which was transformed with 
vector pCAMBIA1305GFP, p1305-Sar1c-GFP or p1305-
mSar1c-GFP (Fig. 7C–F; Supplemental Fig. S8A-D). The 
interaction between Sar1 members and Sec12 decreased 
with the increasing expression of Sar1c-GFP and mSar1c-
GFP, but showed no change when introduced with free 
GFP (Fig. 7C–F; Supplemental Fig. S8A-D). In vivo Co-IP 
assays and quantitative analysis further confirmed that with 
increased Sar1c-GFP or mSar1c-GFP protein, the amount of 
precipitated Sar1a by Sec12-Flag was reduced (Fig. 7G, H). 
In addition, compared with Sar1c, the ability of mSar1c to 
compete with Sar1 in binding to Sec12 seems to be slightly 
stronger (Fig. 7H; Supplemental Fig. S8A). Taken together, 
these results indicate that mSar1c competes with Sar1a/b/d 

to interact with Sec12, implying a dominant-negative role 
of mSar1c in COPII coat assembly.

Discussion

Sar1 play an�important role in�the�ER export 
of�vacuolar cargos in�rice

In this study, we isolated a rice 57H mutant, named gpa13 
that over-accumulated glutelin precursors, accompanied by 
floury endosperm. Differing from the phenotypes of previ-
ously reported gpa mutants with defects in post-Golgi traf-
ficking, the gpa13 mutant was more similar to gpa4 (Wang 
et al. 2016). They contained a spherical glutelin-rich core 
surrounded by prolamins at the periphery (Fig. 3B, C, F, 
and G). These structures, named as dPBs also appeared in 
rice endosperm with RNAi-Sar1abc line (Tian et al. 2013). 
The abnormal dPBs resemble those MAG bodies observed 
in Arabidopsis mag2, mag4, and mag5 mutants (Li et al. 
2006 and 2013; Takahashi et al. 2010; Takagi et al. 2013). 
These MAG bodies contain an electron-dense core com-
posed of 2S albumins and a peripheral matrix constituted 
by 12S globulins. Knockout mutations of MAG2, MAG4, and 
MAG5 in Arabidopsis led to obstruction of protein export 
from the ER. Significantly increased accumulation of chap-
erone proteins BiP1 and PDIL1-1 also implied abnormal ER 
export and activated ER stress response in the gpa13 mutant 
(Fig. 1E). Based on these similarities, the gpa13 mutant 
might be defective in storage protein export from the ER. 
The ER retention of storage proteins induces the formation 
of abnormal dPB structures, accompanied by the ER stress 
in the gpa13 mutant. Map-based cloning showed that the 
GPA13 allele encodes a small GTPase Sar1c. Two conserved 
amino acids were deleted in Sar1c in gpa13. Overexpres-
sion of mSar1c in the WT background led to abnormal plant 
growth and eventual death, suggesting a dominant-negative 
effect of mSar1c in rice (Fig. 4I, J). Therefore, we concluded 
that Sar1 is important for the ER export of glutelin in rice.

Sar1 isoforms are essential components of�COPII 
vesicles

In eukaryotes, ER export was mediated by COPII vesicles, 
which consist of five conserved components (Sar1, Sec23-
24, and Sec13-31) (Huang et al. 2001). Among them, small 
GTPase Sar1 has a central function in initiating the assembly 
of COPII vesicles (Barlowe et al. 1994). Although this process 
had been clearly studied in various species, it has not been 
characterized in detail in rice. We systematically explored the 
subcellular localization of four rice Sar1 isoforms. Our results 
showed that Sar1 isoforms were localized to dot-like ERESs 
associated with the cis-Golgi in tobacco leaf epidermal cells 

Fig. 8   Proposed model depicting how the Pro134-Try135 deletion 
in Sar1c affects the ER exit of glutelins. Sar1c participates in COPII 
coat formation at the ERES by interacting with Sec23. The mSar1c 
competes with its isoforms to bind Sec12 but cannot interact with 
Sec23, impairing its function and disrupting the compensational 
effects of its isoforms. This leads to defective assembly of the COPII 
system and retention of glutelin precursors in the ER
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(Supplemental Fig. S3A–C; Supplemental Fig. S4A–I), which 
is consistent with a previous study (Tian et al. 2013). Further 
co-expression experiments indicated Sar1 homologs co-local-
ized with each other (Supplemental Fig. S5A–F), implying 
their functional redundancies in regulating COPII-dependent 
cargo exit from the ER. Subsequently, we identified six Sec23 
isoforms in rice. Moreover, we also found that there were dif-
ferent interaction preferences between Sar1c and Sec23 iso-
forms in rice (Supplemental Fig. S7). However, what leads 
to the preferred interaction combination of different COPII 
subunits and whether different COPII subunits constitute dis-
tinct populations of COPII vesicles need to be further studied 
in the future.

mSar1c has�a�dosage-dependent dominant-negative 
e�ect

Previous studies showed that endosperm-specific knock-
down of single Sar1 isoform showed no obvious pheno-
type, whereas simultaneous knockdown of three Sar1 
genes blocked glutelin export from the ER in developing 
rice endosperm (Tian et al. 2013). Although the expres-
sion level of Sar1c in the endosperm was much higher than 
other isoforms (Tian et al. 2013), Sar1c knockout lines were 
almost identical to the WT (Fig. 4G, H) with respect to grain 
appearance and plant architecture, clearly indicating that 
Sar1 isoforms were functionally redundant. However, the 
homozygous gpa13 mutant is seedling lethal and accumu-
lates large amounts of glutelin precursors in endosperm cells 
(Fig. 3B, C, F and G). Therefore, mSar1c was postulated to 
have a certain dominant-negative effect on protein traffick-
ing in endosperm development as well as seedling growth. 
Recent research about mammalian Sar1 reported that GTP-
adjacent divergent residues (139–146) are necessary and 
sufficient for the increased kinetics of Sar1 GTP exchange 
(Melville et al. 2020). The two deleted Pro134-Try135 resi-
dues on mSar1c belongs to this amino acid cluster. Thus, 
we proposed that the deletion likely affected the GTP-GDP 
exchange of mSar1c.

Further subcellular localization and cellular fractionation 
analyses showed that mSar1c affects the distribution of Sar1 
isoforms and Sec23c to membrane components (Fig. 5A–I). 
Moreover, although mSar1c still interacted with the GEF pro-
tein Sec12 (Fig. 7A, B), its interaction with the GAP protein 
Sec23 was abolished (Fig. 6B–H; Supplemental Fig. S7). In 
addition, our competition experiment showed that mSar1c 
competed with Sar1a/b/d in binding to Sec12 (Fig. 7C–H). 
Therefore, mSar1c likely abolished the compensation of its 
isoforms, leading to the dominant-negative effect.

We proposed a hypothetical model to explain the effect 
of mSar1c on storage protein trafficking in rice endosperm 
cells (Fig. 8). In WT, Sar1c functions conservatively with 
its isoforms to initiate COPII vesicle assembly. Therefore, 

as cargos, glutelin precursors can be effectively transported 
from the ER to Golgi. When Sar1c is knocked out, glutelin 
precursors can also be effectively transported to PSV due 
to the compensational effects of other Sar1 isoforms. How-
ever, in the gpa13 mutant, mSar1c competed with Sar1a/b/d 
to interact with Sec12, and affected the subcellular locali-
zation of Sec23 and its three isoforms. Therefore, mSar1c 
showed a dominant-negative effect in mediating COPII coat 
assembly, leading to defective protein trafficking. Notably, 
the dominant-negative effect of mSar1c was alleviated with 
Sar1c overexpression. Thus, this dominant-negative effect 
appears to be dosage-dependent.

In eukaryotes COPII system is highly conserved and is 
responsible for anterograde protein transport between the ER 
and Golgi (Miller and Schekman 2013). Sar1 is believed to 
play an essential role in initiation of COPII vesicle assembly 
(Barlowe and Schekman 1993). In this study, we confirmed 
the important role of Sar1 in mediating ER exit of vacuolar 
cargos in rice. More importantly, we found that the con-
served Pro134-Try135 near the G4 BOX of Sar1 is important 
for Sar1 function.
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