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Plant-specific tail-anchored coiled-coil
protein MAG3 stabilizes Golgi-associated
ERESs to facilitateproteinexit fromtheER
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Junpei Takagi 1,2 , Hideyuki Takahashi2, Kenta C. Moriya 3, Minoru Nagano 2,4, Yoichiro Fukao4,
Haruko Ueda2,5, Kentaro Tamura 2,6, Tomoo Shimada 2 & Ikuko Hara-Nishimura 2,5

Endoplasmic reticulum exit sites (ERESs) are ER subdomains where coat protein complex II carriers
are assembled for ER-to-Golgi transport. We previously proposed a dynamic capture-and-release
model of ERESs by Golgi stacks in plants. However, how ERESs and Golgi stacks maintain a stable
interaction in plant cells with vigorous cytoplasmic streaming is unknown. Here, we show that a plant-
specificER transmembraneprotein,whichwedesignate asMAG3, plays a crucial role inmediating the
capture-and-release of ERESs in Arabidopsis. We isolated a mutant (mag3) defective in protein exit
from the ER in seeds. MAG3 localized specifically to the ER-Golgi interface with Golgi-associated
ERESs and remained there after ERES release. MAG3 deficiency caused a reduction in the amount of
ERESs associated with each Golgi stack. MAG3 interacted with WPP DOMAIN PROTEINs, which are
also plant-specific. These results suggest that plants have evolved a unique system to support ER-to-
Golgi transport despite intracellular motility.

Protein transport from the ER to Golgi stacks is mediated by coat protein
complex II (COPII) carriers,which are assembled at specificER subdomains
called ER exit sites (ERESs)1. The process begins when the small GTPase
SAR1 is activated to associate with the ER membrane2,3. At ERESs,
membrane-bound SAR1 recruits the inner-coat-protein complex to facil-
itate selective cargo loading4,5 and then the outer-coat-protein complex to
organize the COPII-coated carriers6,7. Another important factor in this
process is SEC16 (plant homologueMAG5), which, althoughnot part of the
COPII coat itself, facilitatesCOPII assembly atERESs8–13.Once fully formed,
these COPII carriers detach from the ERESs and fused with Golgi stacks to
deliver their cargo proteins1.

The organization of the ERES-Golgi interface exhibits distinct pattern
across different organisms. In Saccharomyces cerevisiae (budding yeast),
Golgi cisternae exist in an unstacked formand are physically separated from
ERESs14.Cargo transfer in yeast occurswhen cis-Golgi cisternae orER-Golgi
intermediate compartments (ERGICs) temporarily interact with ERESs14,15.
Mammalian cells feature a unique arrangementwheremultipleGolgi stacks
interconnect to form ribbon-like structure near nucleus, spatially distinct
from the ERESs distributed throughout the cell periphery16,17. In these cells,
ERGICs serve as transport carriers, emerging fromERESs to deliver cargo to
the Golgi ribbon15,18. In organisms with discrete Golgi stacks such as

Drosophila melanogaster11,19 and plants8,20–22, ERESs are typically positioned
adjacent to the Golgi stacks. Recent studies have revealed ERGIC-like
structures betweenERESandGolgi stacks also in theseorganismsaswell23,24.

Plant cells are distinguished by their vigorous cytoplasmic
streaming25,26 and ER streaming27, which drives the continuous movement
of organelles, including Golgi stacks, throughout the cells. Recent our work
has identified a dynamicmechanismwhereGolgi stacks capture and release
ERESs, enabling efficient ER-Golgi transport in the vigorous cytoplasmic
streaming20. This process occurs in three distinct steps: (i) free ERESs move
around the ER network for cargo loading, (ii) COPII-bound ERESs are
associated with a Golgi stack for cargo delivery, and (iii) ERESs are released
from Golgi stacks for recycling. However, the molecular mechanisms gov-
erning these capture-and-release events remain to be determined.

In this study, we identified MAIGO3 (MAG3), a plant-specific
membrane trafficking factor, through forward genetic screening in Arabi-
dopsis thaliana. Our findings demonstrate that MAG3 localizes to the ER-
Golgi interface, where it colocalizes with Golgi-associated ERESs, and is
essential for the association of ERESs with Golgi stacks. Furthermore,
MAG3 interacts with WPP DOMAIN PROTEINs (WPP1 and WPP2)28,
which are plant-specific proteins localized to Golgi stacks. We propose that
MAG3 plays a critical role in the capture-and-release of ERESs by Golgi
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stacks at the ER-Golgi interface, thereby promoting efficient protein
transport in plant cells with vigorous cytoplasmic streaming.

Results and Discussion
Identification of a plant-specific coiled-coil protein, MAG3,
involved in protein transport from the ER
In maturing Arabidopsis seeds, precursors of two major storage proteins
(12S globulin and 2S albumin) are actively synthesized on the ER and
subsequently transported to protein storage vacuoles (PSVs), where the
precursor proteins are converted to mature forms29–32. We isolated eight
Arabidopsis T-DNA insertionmutants that abnormally accumulate storage
protein precursors in seeds and named themmaigo (mag) mutants (maigo
means getting lost in Japanese), because storage proteins are somehow lost
on their way to their destination (PSVs) in thesemutants33. In this study, we
focused on one of the previously uncharacterized mutants, mag3 (Fig. 1a).
We found that mag3-1 had a T-DNA insertion in the fourth intron of the
AT1G24460 gene (Fig. 1b, upper). We further obtained four publicly
available allelic mutants with T-DNA insertions in the AT1G24460 gene
from Arabidopsis seed stock centers (Fig. 1b, upper, and Supplementary
Fig. 1). Immunoblot analysis of seedlingswith specific antibodies against the
N-terminal region of MAG3 (Fig. 1b, lower) revealed thatmag3-1,mag3-5,
and mag3-6 produced truncated MAG3 proteins corresponding to their
respective gene sizes (Fig. 1c, arrowheads). Although noMAG3protein was
detected inmag3-3 andmag3-4 (Fig. 1c), transcripts corresponding to the 5′
half of the MAG3 gene were still present (Supplementary Fig. 1a). Immu-
noblot analysis of seeds with specific antibodies against 12S globulin and 2S
albumin showed that all five mag3 mutants with different alleles accumu-
lated precursors of seed storage proteins, whereas the wild types did not
(Fig. 1a). These results, together with a complementation assay (see Sup-
plementary Fig. 3c), indicated that the AT1G24460 gene mutation was
responsible for the mag3 phenotype. This identified the AT1G24460 gene
asMAG3.

The AT1G24460 gene product was previously reported as TGN-
LOCALIZED SYP41 INTERATING PROTEIN (TNO1)34,35 (see below
for its subcellular localization). Similar to other mag3 allele mutants,
another T-DNA insertion mutant allele, tno1, accumulated storage
protein precursors in seeds (Fig. 1a, b). MAG3/TNO1 encodes a 198-kD
protein composed of multiple coiled-coil domains with a transmembrane
domain at the C-terminus (Fig. 1b, lower). BLAST searches identified one
homologous gene (AT4G31570) in Arabidopsis (Supplementary Fig. 2),
but no homologues in fungi or animals. Phylogenetic analysis showed
that MAG3 homologues are conserved among land plants (Supple-
mentary Fig. 2). This suggests that MAG3 is a plant-specific membrane
trafficking factor.

Transmission electron microscopy showed that wild-type seeds
developed PSVs (Fig. 1d, left), whereas mag3-1 seeds developed abnormal
structureswith electron-dense cores in addition to PSVs (Fig. 1d, right). The
structures were surrounded by a unit membrane associated with ribosomes
(Fig. 1e, lower), indicating that they are derived from the ER. The ER-
derived structures consisted of 2S albumin-positive cores and a 12S
globulin-positive matrix (Fig. 1e). Similar abnormal structures were also
observed inmag3-5 seeds (Supplementary Fig. 1b). The structureswere also
observed in three kinds of mutants defective in the ER-Golgi transport: (i)
mag2,mip1, andmip2, each of which is defective in a tethering complex on
the ER (RINT1–ZW10–NAG/Tip20p–Dsl1p–Sec39p complex)36,37, (ii)
mag4, which is defective in a Golgi-localized tethering factor (p115/Uso1p
homologue)38, and (iii)mag5, which is defective in a COPII vesicle forma-
tion factor (a homologue of Sec16, which is a marker of ERESs)8. These
results indicate that MAG3 is involved in protein transport between the ER
and Golgi stacks.

MAG3 is anERmembraneprotein at the ER-Golgi interface in ER
cavities
In a homogenate of wild-type seedlings, MAG3 was present in the micro-
somal (P100) fraction by differential centrifugation (Fig. 2a,WT, P100). On

the other hand, the truncated MAG3, which lacked the C-terminal trans-
membrane domain inmag3-1,mag3-5, ormag3-6 seedlings (Fig. 1b, c), was
not present in themicrosomal (P100) fraction, although itwas present in the
soluble (S100) fraction (Fig. 2a, mag3-5, mag3-6, S100; Supplementary
Fig. 3a, mag3-1, S100). Taking into consideration that mag3-6 was also
defective in the transport of seed storage proteins (Fig. 1a), this indicates that
the transmembrane domain of MAG3 is necessary for its association with
microsomal membranes and for protein transport between the ER and
Golgi stacks. Sucrose density gradient fractionation of a homogenate of the
wild-type seedlings showed that endogenousMAG3cofractionatedwith the
ER marker BiP, but not with the Golgi marker RGP139 (Fig. 2b). Mg2+ is
important for ribosomes to bind to the ER, and hence removal of Mg2+

results in a reduction in the ER membrane density40. The immunopositive
signal of MAG3 was shifted in an Mg2+-dependent manner, as was the ER
marker (Fig. 2b). These results indicate that MAG3 localizes to the ER
membrane.

For a live imaging analysis ofMAG3 and a complementation assay, we
established the transgenic line (proMAG3:GFP-MAG3 mag3-5) that
expressed GFP-MAG3 driven by the native MAG3 promoter in mag3-5.
Sucrose density gradient fractionation of this line showed that GFP-MAG3
localized to the ER (Supplementary Fig. 3b), similar to endogenous MAG3
(Fig. 2b). Furthermore, expression of GFP-MAG3 by the native promoter
successfully rescued themag3 phenotype related to transport of seed storage
proteins (Supplementary Fig. 3c). These results from the complementation
and subcellular localization assays indicate that GFP fusion to MAG3 does
not interfere with its function and localization, and hence GFP-MAG3 is
functional in vivo.

For colocalization analyses, we coexpressed GFP-MAG3 with each
marker [anERmarker, aGolgimarker, and two trans-Golgi network (TGN)
markers]. To obtain high temporal resolution of their localizations, we used
variable-angle epifluorescence microscopy (VAEM). Cotyledon epidermal
cells of the line coexpressing the ER marker (ER-mCherry41) showed that
MAG3 localized to beaded-ring structures, each of which was located in an
ER cavity (Fig. 2c, first row). Cells of the line coexpressing the cis-Golgi
marker (mCherry-SYP3242) showed that each Golgi stack was surrounded
by MAG3-labelled beaded-ring structures (Fig. 2c, second row). Quantita-
tive analysis confirmed that MAG3 is located very close to Golgi stacks
(Supplementary Fig. 3d). These features are similar to the beaded-ring like
signals of ERESs associated with Golgi stacks20. On the contrary, neither of
the TGN markers (mRFP-SYP4343 and VHAa1-mRFP44) colocalized with
GFP-MAG3 (Fig. 2c, third and fourth rows), indicating thatMAG3doesnot
localize to the TGN. This is different from a previous immunofluorescence
result35, which showed that TNO1 (the product of the same gene asMAG3)
localized to theTGN.Toavoid confusion,weuse thenameMAG3 insteadof
TNO1 (TGN-LOCALIZED SYP41 INTERATING PROTEIN) in this
study. The VAEM observations indicate thatMAG3 localizes exclusively to
the ER-Golgi interface in the ER cavities. Time-lapse VAEM imaging of
GFP-MAG3 and a cis-Golgi marker (mCherry-SYP32) showed thatMAG3
was tightly associated with moving Golgi stacks (Fig. 2d, Supplementary
Fig. 3e and Supplementary Video 1). This feature is consistent with the
association of ERESs with Golgi stacks in cells with vigorous cytoplasmic
streaming20.

MAG3 facilitates the capture-and-release of ERESs by
Golgi stacks
In the dynamic capture-and-release model of ERESs by Golgi stacks in
plants20, ERESs cycle in three steps (see Fig. 4h): (i) ERESs move along the
ER network while loading cargo into COPII carriers, (ii) Golgi stacks cap-
ture COPII-bound ERESs within ER cavities for cargo delivery, and (iii)
ERESs are released to begin the cycle anew. In this way, ERESs cycle
dynamically between the two states: the Golgi-associated and Golgi-free
states.

The first question to answer is “in which of these two states is MAG3
involved?”VAEMobservations of the line coexpressingGFP-MAG3andan
ERES marker (MAG5-mCherry) showed that the MAG3-positive dots
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forming a beaded-ring structure clearly colocalized with the Golgi-
associated ERESs (Fig. 3a, circled), but not with Golgi-free ERESs (Fig. 3a,
arrowheads). Statistical analysis confirmed the specific localization of
MAG3 to the Golgi-associated ERESs (Fig. 3b). Real-time VAEM imaging
showed the dynamic relationship between MAG3 and a punctate ERES
being released by a Golgi stack, in which the ERES in the Golgi-associated

statewasMAG3-positive and then the ERES released fromGolgi stacks was
MAG3-negative (Fig. 3c, Supplementary Fig. 4a and Supplementary
Video 2). During this process, the MAG3 signal remained colocalized with
Golgi-associated ERESs. These results indicate that the ERESs in the Golgi-
associated state dissociate from MAG3 when they are released from Golgi
stacks.
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Fig. 1 | An A. thalianamutant, mag3, is defective in protein transport from
the ER. a Immunoblots of dry seeds ofmag3mutant alleles and their respective wild
types with specific antibodies againstmajor storage proteins; anti-12S globulin (anti-
12S) and anti-2S albumin (anti-2S). Note that the mag3 seeds accumulated the
precursors, pro12S globulin (p12S) and pro2S albumin (p2S), whereas wild-type
seeds did not. tno1 is a mag3 mutant allele. b The identified MAG3 gene
(AT1G24460) and the mutation sites of mag3 alleles. The MAG3 gene consists of
eight exons (gray boxes) and seven introns (solid lines). The T-DNA insertions in six
mag3 mutant alleles including tno1 are shown. MAG3 encodes a 198-kD protein
composed of multiple coiled-coil regions (green) and a transmembrane domain at
the C-terminus (orange). Anti-MAG3 antibodies were raised against theN-terminal
region (amino acids 1–497) of the protein. c Immunoblots of 10-day-old seedlings of

mag3 mutant alleles and their respective wild types with specific antibodies against
MAG3 (anti-MAG3) and tubulin (anti-TUB). Arrowheads indicate truncated
MAG3proteins, while asterisks denote nonspecific bands.dElectronmicrographs of
the seed cells of the wild type (Ws-2) and mag3-1, showing that mag3 abnormally
develop structures with electron-dense cores (circled). PSV, protein storage vacuole;
CW, cell wall. See also Supplementary Fig. 1b for mag3-5. e Immunoelectron
micrographs of the seed cells of mag3-1 with anti-12S and anti-2S conjugated with
15-nm nanogold particles, showing that the abnormal structures consist of electron-
dense cores with 2S albumin and the matrix with 12S globulin. Enlarged images of
boxed areas are shown below.Note that the abnormal structures are surrounded by a
unit membrane associated with ribosomes. Arrowheads indicate ribosomes asso-
ciated with the ER membrane.
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A second question is “Is MAG3 involved in the capture and release
of ERESs by Golgi stacks?” To answer this question, we introduced both
the ERES marker (MAG5-GFP8) and the cis-Golgi marker (mCherry-
SYP32) in mag3-5. Multiple ERESs are associated with each Golgi stack
to form a beaded-ring structure20. VAEM observations showed a drastic

change in Golgi-associated ERESs in mag3-5 (Fig. 3d, compare between
mag3 and MAG3). For quantitative analysis, we calculated the relative
signal intensity of Golgi-associated ERESs by dividing the total signal
intensity of ERESs surrounding a single Golgi stack by the average signal
intensity of a single free ERES. The quantitative analysis demonstrated

Fig. 2 | MAG3 is a coiled-coil ER membrane pro-
tein at the ER-Golgi interface. a mag3-6 has the
MAG3 protein lacking a C-terminal transmem-
brane domain (See Fig. 1b, c). Seedlings of the wild-
type (Col-0), mag3-5 and mag3-6 were subjected to
differential centrifugation to obtain total homo-
genate (Total), 1000-g pellet (P1), 100,000-g pellet
(P100, microsomes), and 100,000-g supernatant
(S100). Each fraction was subjected to immunoblot
with anti-MAG3, anti-BRI1 (membrane), and anti-
ALEU (soluble) antibodies, showing association of
MAG3 with microsomal membrane via its
C-terminal transmembrane domain. See also Sup-
plementary Fig. 3a for mag3-1. b Sucrose density
gradient fractionation ofmicrosomes prepared from
12-day-old seedlings in the presence of MgCl2
(+Mg2+) or EDTA (−Mg2+). Each fraction was
subjected to immunoblots with anti-MAG3, anti-
BiP (ER marker), and anti-RGP1 (Golgi marker)
antibodies, showing cofractionatingMAG3 with the
ER. See also Supplementary Fig. 3b for the com-
plemented line (proMAG3:GFP-MAG3 mag3-5).
c VAEM images of cotyledon epidermal cells of the
transgenic plant expressing GFP-MAG3 driven by
native MAG3 promoter together with each of four
markers: mCherry-HDEL (ER marker), mCherry-
SYP32 (cis-Golgi marker), mRFP-SYP43 (TGN
marker), and VHAa1-mRFP (TGN marker). Note
that MAG3 is closely associated with ER cavities
(arrowheads) and Golgi stacks (arrowheads), but
not with TGN (arrows). d Time series of repre-
sentative VAEM images of GFP-MAG3 and
mCherry-SYP32 (cis-Golgi marker) for 7.0 s,
showing close association of MAG3 with Golgi
stacks during their movements (arrowheads). See
also Supplementary Fig. 3e for two replicates and
Supplementary Video 1 for the original real-
time movie.
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that the relative intensity of ERESs surrounding a Golgi stack was sig-
nificantly lower in mag3-5 than in the control (Fig. 3e), indicating that
MAG3 deficiency caused a reduction in the amount of Golgi-associated
ERES. Real-time VAEM imaging revealed that ERES capture by the Golgi
stack still occurred in mag3-5, indicating that ERESs can be captured by
Golgi stacks even in the absence of MAG3 (Fig. 3f, Supplementary Fig. 4b
and Supplementary Video 3). Taken together, these results suggest that
MAG3 regulates the capture-and-release process of ERESs by Golgi
stacks at the ER-Golgi interface (see Fig. 4h).

MAG3 interacts with the plant-specific proteins WPPs
To identify proteins that interact with MAG3, we prepared immunopreci-
pitates with anti-GFP antibodies from three different organs of the trans-
genic plant (seedlings, shoots, and roots) and subjected them to mass
spectrometry. A seedling homogenate of the line (proMAG3:GFP-MAG3
mag3-5) gave a positive band of full-length of GFP-MAG3 on an immu-
noblot with anti-GFP antibodies (Fig. 4a, left) and the respective band on an
SDS gel with silver staining (Fig. 4a, right). From these pull-down products,
two WPP DOMAIN PROTEINs (WPP1 and WPP2) and MAG3 were

Fig. 3 | MAG3 mediates the stable association of
ERESs with Golgi stacks at the ER-Golgi interface.
a Representative VAEM images of cotyledon epi-
dermal cells expressing GFP-MAG3 and MAG5-
mCherry (ERES marker), showing MAG3 localizes
close to Golgi-associated ERES (circled), but not to
Golgi-free ERES (arrowheads). b Colocalization
analysis showing Pearson correlation coefficient
between MAG3 and ERES marker (MAG5-
mCherry). Lines indicate the median and boxes
indicate 25% and 75% quartiles. Whiskers indicate
the minimum and maximum values within 1.5× the
interquartile range. ***P < 0.001 (Two-sided Wil-
coxon rank-sum test,P < 2.2 × 10−16). n = 114Golgi-
associated ERESs from 36 cells. n = 114 free ERESs
from 36 cells. c Time series of representative VAEM
images of cotyledon epidermal cells expressingGFP-
MAG3 and MAG5-mCherry (ERES marker) for
1.4 s. Note that an ERES dissociates from
MAG3 signals when it is released from a Golgi stack
(arrowheads). See also Supplementary Fig. 4a for
two replicates and Supplementary Video 2 for the
original real-time movie. d Representative VAEM
images of cotyledon epidermal cells of mag3-5 and
the control line (MAG3), both of which expressed
MAG5-GFP (ERES marker) and mCherry-SYP32
(cis-Golgimarker). Circles indicate Golgi-associated
ERESs. e Statistical analysis of relative intensity of
Golgi-associated ERES in cotyledon epidermal cells
of mag3-5 and the control line (MAG3) expressing
MAG5-GFP and mCherry-SYP32 (cis-Golgi mar-
ker). Relative intensity ofGolgi-associated ERESwas
defined as the ratio of GFP fluorescence intensity of
ERESs surrounding a single Golgi stack to the
average intensity of a single free ERES. Data are
represented as mean ± SD (n = 104 from 21 cells of
the control plants and n = 116 from 32 cells ofmag3-
5). ***P < 0.001 (Two-sided Welch’s t test,
P = 1.5 × 10−21). f Time series of representative
VAEM images of cotyledon epidermal cells ofmag3-
5 expressing MAG5-GFP (ERES marker) and
mCherry-SYP32 (cis-Golgi marker) for 1.4 s.
Arrowheads indicate punctate ERESs being cap-
tured by a Golgi stack. See also Supplementary
Fig. 4b for two replicates and Supplementary
Video 3 for the original real-time movie.
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identified (Fig. 4b), while neither of themwere identified in the three organs
of the control plant that expressed GFP only. This result was supported by
yeast two-hybrid assays (Fig. 4c), indicating that MAG3 interacts with
WPP1 and WPP2. Although the Arabidopsis genome has three WPP
proteins (WPP1-3),WPP3, which has less similarity toWPP1 andWPP228,
was not detected in the pull-down products.

Previous confocal microscopic analyses observedWPP1 andWPP2 at
the dot-like structures, plasma membrane, and nuclear envelope28,45. Our
VAEMobservations showed the colocalizationof bothWPP1-mCherry and
WPP2-mCherry with the cis-Golgi marker (mGFP-SYP3220) (Supple-
mentary Fig 5a, arrowheads). VAEM also detected smaller punctate WPP
signals that did not colocalize with the cis-Golgi marker (Supplementary
Fig. 5a, arrows). These signals were immobile (Supplementary Fig. 5b and

Supplementary Video 4) and showed no colocalization with mRFP-SYP43
(TGN), VHAa1-mRFP (TGN), or MAG5-mCherry (ERES) (Supplemen-
tary Fig. 5c), suggesting that they localize to the plasma membrane rather
than toparticulate organelles thatmove as a result of cytoplasmic streaming.

To examine the colocalization of MAG3 and WPP proteins, we indi-
vidually expressed WPP1-mCherry and WPP2-mCherry in the line (pro-
MAG3:GFP-MAG3 mag3-5). VAEM observations showed that MAG3
colocalizedwithWPP1 andWPP2 atGolgi stacks (Fig. 4d, arrowheads), but
not with punctateWPP signals that were possibly on the plasmamembrane
(Fig. 4d, arrows), which supports the close relationship betweenMAG3 and
theWPPsonGolgi stacks (Supplementary Fig 5a, arrowheads).Adeficiency
of MAG3 did not affect the distribution pattern of the WPPs (Supple-
mentary Fig. 6a).

Fig. 4 | MAG3 interacts with the plant-specific
proteins WPP1 and WPP2. a Immunoblots (left)
and silver staining (right) of pulled-down products
with anti-GFP antibody from seedlings of the
transgenic plant expressing either GFP or GFP-
MAG3. Arrowheads indicate full-length GFP-
MAG3. bMass spectrometry-based proteomics of
the pulled-down products with anti-GFP antibody
from different organs of the transgenic plants
identified two WPP domain proteins (WPP1 and
WPP2) with high scores as well as MAG3. Scores
were calculated using the Mascot program (Matrix
Science). n.d. not detected. c Yeast two-hybrid
analysis of the strain expressing MAG3 lacking the
transmembrane domain (MAG3ΔTMD) fused with
the GAL4 DNA binding domain (BD) and each of
WPPs (WPP1, WPP2, and WPP3) fused with the
GAL4 activation domain (AD). Three independent
transformants were incubated on SD/–Leu/–Trp/
–His/–Ade/+Aureobasidin A/+ X-α-Gal medium
(–LWHA +AbA +X-α-Gal) or SD/–Leu/–Trp
medium (–LW). Negative controls (empty vector)
were also examined.dRepresentativeVAEM images
of cotyledon epidermal cells of two transgenic plants
(proMAG3:GFP-MAG3 proWPP1:WPP1-
mCherry mag3-5 and proMAG3:GFP-MAG3
proWPP2:WPP2-mCherry mag3-5), showing close
localization of MAG3 with WPP1 or WPP2
(arrowheads). Arrows show WPP1 and WPP2
detected on plasma membrane (see Supplementary
Fig. 5 and Supplementary Video 4). eRepresentative
VAEM images of cotyledon epidermal cells ofwpp1-
1 wpp2-1 and the respective control line (WPP1
WPP2) expressing GFP-MAG3 and mCherry-
SYP32 (cis-Golgi marker), showing no effects of
deficiency of both WPP1 and WPP2 on MAG3
signal patterns (arrowheads). f The MAG3 protein
levels in seedlings (arrowhead) of wpp1-1, wpp2-1,
and wpp1-1 wpp2-1 were similar to that of the wild-
type (Col-0). g No accumulation of storage protein
precursors (pro12S globulin and pro2S albumin) in
seeds of wpp1-1, wpp2-1, and wpp1-1 wpp2-1, as in
the wild type (Col-0). h A hypothetical model of the
MAG3 function in the dynamic capture-and-release
of ERESs by Golgi stacks at the ER-Golgi interface.
COPII-boundERESs (green) are captured by aGolgi
stack in an ER cavity, where COPII vesicles bud from
ERESs and then fuse with cis-Golgi cisternae. After
cargo transport, ERESs are released by Golgi stacks
for recycling. The coiled-coil ER membrane protein
MAG3 (blue), in cooperation with WPPs (orange),
facilitates the cargo transport from the ER to Golgi
stacks. Adapted from Takagi et al. 20.
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We established single and double mutants lacking WPP1 and/or
WPP2 (Supplementary Fig. 6b).VAEMof the doublemutantwpp1-1wpp2-
1 expressing both GFP-MAG3 and the cis-Golgi marker (mCherry-SYP32)
showed that a deficiency of both WPP1 and WPP2 did not affect MAG3
localization to the ER-Golgi interface (Fig. 4e). In the single and double
mutants, the MAG3 protein levels were similar to the level in the wild type
(Fig. 4f). Seeds of thesemutants accumulated noprecursors ofmajor storage
proteins (Fig. 4g). These results suggest that WPPs have some supportive
effects on MAG3. WPPs have been shown to act as cytosolic chaperones/
receptors toward tail-anchored coiled-coil proteins46. This implies that
WPP1 and WPP2 have chaperone-like activities toward the tail-anchored
coiled-coil protein MAG3.

A plant-specific MAG3 system supports the dynamic capture-
and-release of ERESs by Golgi stacks in the presence of ER
streaming and cytoplasmic streaming
In this study, we provide evidence for the existence of a MAG3 system to
support the dynamic capture-and-release model of ERESs by Golgi stacks20

(Fig. 4h). Non-plant organisms also have ERESs that are closely associated
with a Golgi stack or ERGICs11,17,47,48, although they involve proteins that
differ from MAG3 in their domain structures. In animals, the coiled-coil
transmembrane proteins TANGO1 and cTAGE5 localize to ring-shaped
ERESs adjacent to Golgi stacks23,49–52, where they mediate ERES formation
by recruiting COPII machineries53. The proline-rich domains (PRDs) of
TANGO1and cTAGE5and the intrinsically disordered region of SEC16 are
involved in this ERES formation by protein phase separation54.

The coiled-coil transmembrane protein MAG3 has no PRDs, although
it has a function similar to that of TANGO1 or cTAGE5. Instead, MAG3
interacts with WPPs, which contain several prolines in their N- and
C-terminal predicted IDRs (Supplementary Fig. 6c) and have the ability to
form a large complex45. Thus, it is possible that MAG3 modulates the
organization of ERESs at the ER-Golgi interface in plants, in cooperation with
WPP1 and WPP2. Like MAG3, WPPs are plant-specific proteins28. There-
fore, plants may have evolved a unique system for the dynamic capture-and-
release of ERESs by Golgi stacks in cells exposed to vigorous cytoplasmic
streaming25,26, thereby facilitating protein transport from the ER. Our findings
also provide a valuable insight into inter-organelle communications.

Methods
Plant materials and growth conditions
A. thaliana, accessions Columbia-0 (Col-0), Landsberg erecta (Ler), and
Wassilewskija-2 (Ws-2) were used as the wild-type plant. Transfer DNA (T-
DNA) mutants were obtained from the Arabidopsis Biological Resource
Center at Ohio State University (https://abrc.osu.edu/) or The Nottingham
Arabidopsis Stock Centre (https://arabidopsis.info/): GT_3_4205 (mag3-2),
SALK_021815 (mag3-3), WiscDsLox457-460P14 (mag3-4), SALK_148610
(mag3-5), SAIL_1179_H08 (mag3-6), SALK_151417 (wpp1-1), and
SALK_206215 (wpp2-1). mag3-1 was isolated from the K. Feldmann’s
T-DNA insertion lines (CS6501). SALK_112503 [tno135], mRFP-SYP4343,
and VHAa1-mRFP44 were provided by Dr. D. Bassham, Dr. T. Uemura, and
Dr. K. Schumacher, respectively. proMAG5:MAG5-GFP proUBQ10:m-
Cherry-SYP32 mag5-120 and GFP-BE55 were described previously. The pri-
mer sets for genotyping by PCR are shown in Supplementary Table 1. Seeds
were surface sterilized with 70% ethanol and then sown onto 1×MSmedium
that contained 0.5% [w/v] Gellan Gum, 1% [w/v] sucrose, 1× Murashige-
and-Skoog medium (Wako), and 2.5mM MES-KOH, pH 5.7. The seeds
were incubated at 4 °C for 2 days to break seed dormancy, followed by growth
at 22 °C under continuous light or under a 16 h:8 h light:dark photoperiod.

Molecular cloning
sGFP56, mGFP57 and mCherry58 were amplified by PCR. The genomic
sequence of MAG5 including 2.1 kb of upstream sequence and 0.7 kb of
downstream sequence, the genomic sequence of WPP1 including 2.7 kb of
upstream sequence and 0.5 kb of downstream sequence, and the genomic
sequence of WPP2 including 2.2 kb of upstream sequence and 0.5 kb of

downstream sequence were PCR-amplified using genomic DNA of wild-type
plants. The amplified fragments were inserted into pENTER 1A dual selection
(Invitrogen) using an In-Fusion HD cloning kit (Clontech) to produce pro-
MAG5:MAG5-mCherry, proWPP1:WPP1-mGFP, proWPP1:WPP1-
mCherry, proWPP2:WPP2-mGFP and proWPP2:WPP2-mCherry. pro-
MAG5:MAG5-mCherry, proWPP1:WPP1-mGFP, proWPP1:WPP1-
mCherry, proWPP2:WPP2-mGFP and proWPP2:WPP2-mCherry were
transferred into the destination vector pHGW or pBGW59 using LR clonase II
(Invitrogen). The genomic sequence of MAG3 including 1.7 kb of upstream
sequence and 0.5 kb of downstream sequence was PCR-amplified using
genomic DNA of wild-type plants. The amplified sequence was fused with
sGFP using overlap extension PCR and then inserted into pENTR/D-TOPO
(Invitrogen). First 0.8 kb of MAG3 upstream sequence was deleted using site-
directed mutagenesis to produce proMAG3:GFP-MAG3. proMAG3:GFP-
MAG3 was transferred into the destination vector pHGW59 using LR clonase
II (Invitrogen). proUBQ10:mCherry-SYP32 was PCR-amplified using the
WAVE22R plasmid42 and inserted into pENTR/D-TOPO (Invitrogen).
proUBQ10:mCherry-SYP32 was transferred into the destination vector
pGWB60160 using LR clonase II (Invitrogen). pBGW/proSYP32:mGFP-
SYP3220 and pFGC19/pro35S:mCherry-HDEL41 were described previously.
These binary vectors were introduced into Agrobacterium tumefaciens (strain
GV3101) by electroporation. The binary vectors were transformed into the
wild-type (Col-0), mag5-3, mag3-5 or proMAG3:GFP-MAG3 mag3-5 plants
with Agrobacterium using the floral dip method61 to generate pro-
MAG5:MAG5-mCherry mag5-3, proMAG3:GFP-MAG3 mag3-5, pro-
MAG3:GFP-MAG3 pro35S:mCherry-HDELmag3-5, proMAG3:GFP-MAG3
proUBQ10:mCherry-SYP32 mag3-5, proWPP1:WPP1-mGFP,
proWPP2:WPP2-mGFP, proMAG3:GFP-MAG3 proWPP1:WPP1-mCherry
mag3-5, proMAG3:GFP-MAG3 proWPP2:WPP2-mCherry mag3-5, pro-
SYP32:mGFP-SYP32 proWPP1:WPP1-mCherry, and proSYP32:mGFP-
SYP32 proWPP2:WPP2-mCherry. The following transgenic lines used in this
study were generated by crossing: proMAG3:GFP-MAG3 proSYP43:mRFP-
SYP43, proMAG3:GFP-MAG3 proVHAa1:VHAa1-mRFP, wpp1-1 wpp2-1,
proMAG3:GFP-MAG3 proUBQ10:mCherry-SYP32 mag3-5 wpp1-1 wpp2-1,
proSYP32:mGFP-SYP32 proWPP2:WPP2-mCherry mag3-5,
proWPP1:WPP1-mGFP proSYP43:mRFP-SYP43, proWPP1:WPP1-mGFP
proVHAa1:VHAa1-mRFP, proWPP1:WPP1-mGFP proMAG5:MAG5-
mCherry, proWPP2:WPP2-mGFP proSYP43:mRFP-SYP43,
proWPP2:WPP2-mGFP proVHAa1:VHAa1-mRFP, proWPP2:WPP2-
mGFP proMAG5:MAG5-mCherry, proMAG5:MAG5-GFP proUBQ10:m-
Cherry-SYP32 mag3-5 mag5-1, and proMAG3:GFP-MAG3 pro-
MAG5:MAG5-mCherry. The primer sets for molecular cloning are shown in
Supplementary Table 1.

Isolation ofmag3mutant and TAIL-PCR
ArabidopsisT-DNA–tagged lineswere screened according to thepreviously
established method33 as follows. Dry seeds (0.1mg) from a mixture of 20
lines were subjected to SDS-PAGE and then to immunoblot analysis with
anti-12S globulin and anti-2S albumin antibodies to detect storage protein
precursors. Themag3-1 line described in this articlewas derived fromapool
of T-DNA–tagged lines (CS6501) that was prepared with the 3850:1003 Ti
plasmid62. The T-DNA insertion site in the MAG3 gene was determined
through TAIL-PCR33. The flanking sequence of the T-DNA was amplified
from genomic DNA of the mag3-1 mutant using primers specific for the
T-DNA border, pGVAK-RB1 and pGVAK-RB2, and a degenerate primer,
TAIL-1. The pGVAK-RB1 and pGVAK-RB2, were used for the first and
second amplification, respectively. The pGVAK-RB2 primer was used for
thenucleotide sequencingof the resultingPCRproducts.Theprimer sets for
TAIL-PCR are shown in Supplementary Table 1.

SDS-PAGE and immunoblotting
Protein samples were analyzed by SDS-PAGE and immunoblot63. Blots
were probed with anti-12S globulin α-subunit63 (anti-12S, diluted 10,000-
fold), anti-2S albumin8 (anti-2S3M, diluted 5000-fold), anti-MAG3 (diluted
200-fold), anti-α-tubulin (diluted 2000-fold; Sigma-Aldrich, T5168),
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anti-BRI1 (diluted 1000-fold; Agrisera), anti-ALEU64 (diluted 5000-fold),
anti-BiP65 (diluted 5000-fold), anti-RGP139 (diluted 5000-fold), or anti-GFP
(diluted 5000-fold; Clontech, 632380), followed by incubation with sec-
ondary antibodies, HRP-linked anti-rabbit IgG (Cell Signaling Technology,
7074),HRP-linked anti-rabbit IgG (Invitrogen, 31461), orHRP-linked anti-
mouse IgG (Cytiva, NA931). Unprocessed original images of immunoblots
are shown in Supplementary Fig. 7.

Antibodies
Anti-MAG3 antibodies were raised against anN-terminal region (amino acids
1–497) of MAG3 according to the previously used method32 as follows.
N-terminal region of MAG3 was amplified by PCR. The PCR product was
subcloned into pDONR221 (Invitrogen) and then transferred into the
GATEWAY vector pET32GW, in which the recombination site is located at
the EcoRV site33. The recombinant protein composed of theN-terminal region
of MAG3 and His-tag was expressed in Escherichia coli BL21(DE3) cells. The
recombinant protein was purified with a HiTrap chelating column (Cytiva)
and then used for the production of specific antibodies against MAG3. The
primer sets for molecular cloning are shown in Supplementary Table 1.

Electron microscopy
Ultrastructural analysis was performed using chemical fixationmethod8, or
conducted by the Tokai ElectronMicroscopy service. Dry seeds were fixed,
dehydrated, and embedded in LR white resin (London Resin). Ultrathin
sections were examined with a transmission electron microscope (model
JEM-1015B; JEOL) at 100 kV. Immunocytochemistry was performed with
the following antibody dilutions: anti-12S, 1:2000; anti-2S, 1:1000; and
AuroProbe EManti-rabbit IgG (H+ T), 1:30 (15-nmgold; GEHealthcare).

Subcellular fractionation
Membrane proteins were purified with the subcellular fractionation
according to the previously used method66 as follows. Seedlings of 12-day-
old or 14-day-old wild-type (Col-0), wild-type (Ws-2), mag3-1, mag3-5 or
mag3-6 were homogenized in a mortar on ice in triple volume of buffer
(100mMHEPES-KOH, pH 7.5, 0.3M sucrose, 5 mMMgCl2, 5mMEGTA
and protease inhibitor [cOmplete EDTA-free Protease Inhibitor Cocktail;
Roche]). The homogenate was filtered through double layered Miracloth
(CalBiochem). An aliquot of the filtrate was used as a total fraction. The
filtratewas centrifuged at 1000 × g and4 °C for 20min.The supernatantwas
ultracentrifuged at 100,000 × g and 4 °C for 1 h to obtain supernatant (S100)
and pellet (P100) fraction. Each of total fractions, P1, P100, and S100, was
subjected to SDS-PAGE and immunoblot analyses.

Sucrose density gradient assay
Subcellular localization was analyzed using the sucrose density gradient
assay27. Twelve-day-old wild-type (Col-0) or 13-day-old proMAG3:GFP-
MAG3 seedlingswere homogenized in amortar on ice in quadruple volume
of +Mg2+ or −Mg2+ homogenize buffer (100mM HEPES-KOH, pH 7.5,
0.4M sucrose, 1 mM DTT, 5mM EGTA, 5mM MgCl2 or 5mM EDTA,
and protease inhibitor [cOmplete EDTA-free Protease Inhibitor Cocktail;
Roche]). The homogenate was filtered through a 70 μm Cell Strainer by
centrifugation at 50 × g and 4 °C. An aliquot of the filtrate was used as the
total fraction. The microsomal fractions were prepared by sequential cen-
trifugations of the filtrate at 1000 × g and 4 °C for 20min and 100,000 × g
and 4 °C for 1 h. The microsomal fractions were resuspended in 600 μL of
the homogenize buffer without protease inhibitor and layered directly on
top of a 16-mL linear sucrose density gradient (14–50%, w/w). After cen-
trifugation at 100,000 × g and 4 °C for 18 h (L-100XP, SW32.1Ti, Beckman),
700-μL fractions were collected with a piston gradient fractionator (TOWA
LABO). Each fractionwas concentratedwith acetone and subjected to SDS-
PAGE and immunoblot analyses.

Immunoprecipitation
Immunoprecipitation was performed using µMACS GFP isolation kits
(Miltenyi Biotec).Whole seedlings, shoots or roots of 22-day-old or 21-day-

old transgenic plants expressing GFP or GFP-MAG3were homogenized in
a mortar on ice in triple volume of extraction buffer (50mM Tris-HCl, pH
8.0, 150mM NaCl, 1% (v/v) Triton X-100, 1 mM phenylmethylsulfonyl
fluoride, and protease inhibitor [cOmplete EDTA-free Protease Inhibitor
Cocktail; Roche]). After centrifugation at 10,000 × g and4 °C for 10min, the
supernatants were mixed with anti-GFP microbeads (Miltenyi Biotec) and
then incubated on ice for 30min. Immunoaffinity complexes were purified
with µColumns (Miltenyi Biotec) in a magnetic field according to the
manufacturer’s protocol.

Mass spectrometry analysis
Mass spectrometry analysis was performed according to the previously
usedmethod8 as follows. The immunoprecipitates were subjected to SDS-
PAGE for in-gel digestion. The SDS gel of each lane was separated into
five fractions based on molecular mass: <30 kDa, 30–50 kDa, 50–60 kDa,
60–100 kDa, and >100 kDa. Each gel fraction was dehydrated using 100%
(v/v) acetonitrile for 15min, and subsequently dried using a vacuum
concentrator. The gels were treated with 10mM DTT in 50mM
NH4HCO3 at 56 °C for 45min, followed by incubation with 55mM
2-iodoacetamide in 50mM NH4HCO3 for 30min in the dark. After
washing with 25mM NH4HCO3, the gels were again dehydrated with
50% (v/v) acetonitrile in 50mM NH4HCO3, and then dried. The dried
gels were incubated with 0.01mg/mL of trypsin in 50mM NH4HCO3 at
37 °C for 16 h. Digested peptides were recovered using two serial
extractions: 50 μL of 5% (v/v) formic acid in 50% (v/v) acetonitrile fol-
lowed by 50 μL of 5% (v/v) formic acid in 70% (v/v) acetonitrile. The
combined extracts were concentrated to 10 μL using a vacuum con-
centrator and then filtered through the Ultrafree-MC Centrifugal Filters
(PVDF 0.45 µm; Millipore).

Liquid chromatography–tandem mass spectrometry (LC-MS/MS)
analyses were performed using the LTQ-Orbitrap XL-HTC-PAL system.
Trypsin digests were loaded onto a 100-µm internal diameter, 15-cm L-
Column (CERI) using the Paradigm MS4 HPLC pump (Michrom BioR-
esources) and HTC-PAL Autosampler (CTC Analytics), and eluted with
5–45% (v/v) acetonitrile gradient in 0.1% (v/v) formic acid for 26min.
Eluted peptides were directly introduced into an LTQ-Orbitrap XL mass
spectrometer (Thermo) at 500 nL/min with 2.0 kV spray voltage. The mass
spectrometry scan was conducted in the mass-to-charge ratio range of
450–1500, and the top three peaks were selected for MS/MS analysis. MS/
MS spectra were analyzed by the Mascot server (version 2.3) in house67

(http://www.matrixscience.com/) and searched against the Arabidopsis
protein database TAIR10 (The Arabidopsis Information Resource). The
Mascot search parameters were set as follows: threshold of the ion score
cutoff, 0.05; peptide tolerance, 10 ppm; MS/MS tolerance, ±0.5 Da; and
peptide charge, 2+ or 3+ ; allowing one missed cleavage by trypsin; car-
bamidomethylation on Cys residues as a fixed modification; oxidation on
Met residues as a variable modification.

Yeast two-hybrid assay
The coding regions of WPP1, WPP2, and WPP3 were PCR-amplified
with cDNA prepared from wild-type seedlings. The amplified fragments
were inserted into pENTER/D-TOPO (Invitrogen) to produce the entry
clones. The coding regions of MAG3 lacking a C-terminal transmem-
brane domain was PCR-amplified with cDNA prepared from wild-type
seedlings. The amplified fragments were inserted into pENTER 1 A dual
selection (Invitrogen) to produce the entry clones. These fragments were
transferred into the destination vector either pDEST-GBKT7 (BD-) or
pDEST-GADT7 (AD-)68. These destination vectors were transformed
into S. cerevisiae Y2H Gold strain (Clontech) using Frozen-EZ Yeast
Transformation II kit (Zymo Research). Transformed yeasts were
selected on SD/-Leu/-Trp plates and the interactions were examined on
SD/-Leu/-Trp/-His/-Ade/+Aureobasidin A/+X-α-Gal plates according
to the manufacturer’s protocol. pGBKT7 and pGADT7 vectors (Clon-
tech) were used for negative control. The primer sets for molecular
cloning are shown in Supplementary Table 1.
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Live cell imaging
Live cell imaging was performed using the VAEM system20. Fluorescence
images from cotyledon epidermal cells of 3-d-old seedlings were captured
using an inverted fluorescence microscope (IX83; Olympus) equipped with
a total internal reflectionfluorescencemicroscopy system (IX2-RFAEVA-2;
Olympus), solid-state lasers at 488 nm (Sapphire 488 LP; Coherent) and
561 nm (Sapphire 561 LP; Coherent), 100× oil immersion objectives
(UApoN 100× OTIRF, numerical aperture (NA) = 1.49; UPlanApo 100×
OHR, NA = 1.50; Olympus), Dual View 2 emission splitting system (Pho-
tometrics) and a EM-CCD camera (iXon3 897; Andor). The pixel size
corresponds to 80 nm. For real-time imaging, time-sequential images were
captured at 100ms intervals for 10–20 s. Images were processed using
MetaMorph (Molecular Devices) and Fiji 2.14.0/1.54f 69.

RT-PCR
Total RNA was isolated from wild-type (Col-0), wild-type (Ws-2), mag3-1,
mag3-3,mag3-4,mag3-5,mag3-6, tno1,wpp1-1,wpp2-1, andwpp1-1 wpp2-1
plants using TRIzol Reagent (Invitrogen). RNA (500 ng) was treated with
RQ1RNase-Free DNase (Promega) to reduce genomic DNA contamination.
Reverse transcription was performed using ReverTra Ace (Toyobo) with an
oligo(dT)15 primer (Promega). Quantitative Real-Time PCR (qRT-PCR) was
performed using AriaMx Real-Time PCR System (Agilent Technologies)
with TB Green premix EX Taq II kit (TaKaRa) and gene-specific primer sets
(Supplementary Table 1). For RT-PCR, ACTIN2 was used as a control.
Unprocessed original images of gels are shown in Supplemental Fig. 7. The
primers used for RT-PCR are shown in Supplementary Table 1.

Phylogenetic analysis
Amino acid sequences of MAG3-like proteins in each plant were retrieved
from public databeses TAIR10 (https://www.arabidopsis.org/) and Phyto-
zome v13 (https://phytozome-next.jgi.doe.gov/) with MAG3 and
At4g31570 as queries. These amino acid sequences were aligned using
MAFFT v.6.86470 (https://www.genome.jp/tools-bin/mafft) with the default
parameters, followed by trimming with ClipKIT v.1.4.171. Phylogenetic tree
constructionswere performedusing themaximum-likelihood algorithmon
RAxML-NG v.1.0.072 with the JTT+G+ I+ F substitutionmodel selected
byModelTest-NGv.0.1.673. To assess statistical support for the topology, we
performed bootstrap analyses with 1000 replicates for each analysis. The
graphic representation of the tree was generated using the FigTree
v.1.4.4 software (http://tree.bio.ed.ac.uk/software/figtree).

Protein domain search
Coiled-coil domain searchwas performedwithMulticoil274 (https://cb.csail.
mit.edu/cb/multicoil2/cgi-bin/multicoil2.cgi), and transmembrane
domains were predicted with DeepTMHMM75 (https://dtu.biolib.com/
DeepTMHMM). IDRswerepredictedwithflDPnn76 (http://biomine.cs.vcu.
edu/servers/flDPnn/). Protein structureswere predicted usingAlphaFold277

within ColabFold v1.5.578 with default parameters.

Statistics and reproducibility
For colocalization analysis, circular regions of interest (ROIs) of 20- and 10-
pixels in diameter were selected for Golgi-associated ERES clusters (n = 114
from36 cells) and free ERESs (n = 114 from36 cells), respectively. Pearson’s
R-value of each ROIs was calculated with the Coloc2 plugin of Fiji 2.14.0/
1.54f 69.

To quantify the relative ERES intensity associated with a single Golgi
stack in control andmag3 plants, Fiji 2.14.0/1.54f 69 was used. Circular ROIs
of 20-pixels in diameterwere selected for single isolatedGolgi stack (n = 104
from 21 cells of control plants, n = 116 from 32 cells of mag3-5). After
subtraction of background, total Golgi-associated ERES signal of each ROIs
weredividedby average total signal of freeERES selectedusing circularROIs
of 10-pixels in diameter (3 ~ 8 free ERESs from each cell) to calculate the
amount of ERES surrounding a Golgi stack.

To quantify the distance between MAG3 signals and cis-Golgi, object-
based distance analysis was performed using the imageJ plugin DiAna79.

MAG3 punctate structures (n= 1417 MAG3 signals from 48 cells) were
extracted using the spots segmentationmethod of DiAna-segmentation, while
cis-Golgi regions were extracted using global thresholding of DiAna-
segmentation after denoising with a Gaussian blur filter. Following the seg-
mentation process, the edge-to-edge distance between each MAG3 punctate
structure and its nearest cis-Golgi compartment was calculated using DiAna-
analysis. Due to the limitations of fluorescence imaging, the size of each
structuremight be overestimated, consequently leading to an underestimation
of the actual distance between MAG3 punctate structures and Golgi stacks.
The pixel size corresponds to 80 nm, and the bin width was set to 80 nm.

Statistical analyses were performed using R version 4.2.3. Two-sided
Wilcoxon rank-sum test and two-sided Welch’s t test were used for the
colocalization analysis and the comparison of the relative intensity of Golgi-
associated ERES, respectively.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Sequence data from this article can be found in The Arabidopsis Infor-
mation Resource (TAIR) (http://www.arabidopsis.org) with the accession
numbers as follows: MAG3, AT1G24460; WPP1, AT5G43070; WPP2,
AT1G47200; WPP3, AT5G27940; MAG5, AT5G47480; SYP32,
AT3G24350; SYP43, AT3G05710; VHA-a1, AT2G28520. Source data
underlying graphs can be obtained in Supplementary Data 1–4. Proteome
data were deposited in jPOSTrepo (JPST003034) and ProteomeXchange
(PXD051419). The data that supports the findings of this study are available
from the corresponding author on request.
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