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ABSTRACT

Vacuolar storage of inorganic phosphate (Pi) is essential for Pi homeostasis in plants. The SPX-MFS family

proteins have been demonstrated to be vacuolar Pi transporters in many plant species. Transcriptional

regulation of the predominant transporter among rice SPX-MFSs, OsSPX-MFS3, was only moderately sup-

pressed by Pi starvation. Thus, post-transcriptional mechanismswere hypothesized to regulate the activity

of OsSPX-MFS3. In this study, we found that the tonoplast localization of OsSPX-MFSs is inhibited under Pi-

depleted conditions, resulting in their retention in the pre-vacuolar compartments (PVCs). A yeast two-

hybrid screen identified that two SNARE proteins, OsSYP21 and OsSYP22, interact with the MFS domain

of OsSPX-MFS3. Further genetic and cytological analyses indicate that OsSYP21 and OsSYP22 facilitate

trafficking of OsSPX-MFS3 from PVCs to the tonoplast. Although a homozygous frameshift mutation in

OsSYP22 appeared to be lethal, tonoplast localization of OsSPX-MFS3 was significantly inhibited in trans-

genic plants expressing a negative-dominant form of OsSYP22 (OsSYP22-ND), resulting in reduced vacu-

olar Pi concentrations in OsSYP22-ND plants. Under Pi-depleted conditions, the interaction between

OsSYP22 and OsSPX-MFS3was disrupted, and this process depended on the presence of the SPX domain.

Deleting the SPX domains of OsSPX-MFSs resulted in their tonoplast localization under both Pi-depleted

and Pi-replete conditions. Complementation of the osspx-mfs1/2/3 triple mutants with the MFS domain

or the SPX domain of OsSPX-MFS3 confirmed that theMFS and SPX domains are responsive to Pi transport

activity and Pi-dependent regulation, respectively. These data indicated that the SPX domains of OsSPX-

MFSs sense cellular Pi (InsP) levels and, under Pi-depleted conditions, inhibit the interaction between

OsSPX-MFSs and OsSYP21/22 and subsequent trafficking of OsSPX-MFSs from PVCs to the tonoplast.
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Published by the Molecular Plant Shanghai Editorial Office in association with
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INTRODUCTION

Phosphorus (P) is essential for all life and a key element in photo-

synthesis, respiration, and the biosynthesis of nucleic acids and

membranes in plants (Lambers, 2021). P is acquired as

inorganic phosphate (Pi) and is one of the most abundant
1304 Molecular Plant 16, 1304–1320, August 7 2023 ª 2023 The Autho
macronutrients in plant tissues. Pi forms insoluble complexes

or precipitates with organic matter or mineral cations, which are
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easily immobilized in the soil. Consequently, nearly 70% of global

cultivated land suffers from Pi deficiency that compromises plant

growth and crop yields. Plants have evolved sophisticated

strategies to cope with low Pi availability, involving

transcriptional, post-transcriptional, metabolic, and morpholog-

ical adaptations. These adaptations coordinate Pi sensing,

signaling, uptake, allocation, and recycling oriented towardmain-

taining cellular Pi homeostasis, improving Pi acquisition, and pro-

tecting plants from the stress caused by low Pi availability (Smith

and Barker, 2002; Chiou and Lin, 2011; Gutierrez-Alanis

et al., 2018).

The vacuole serves as the primary intracellular compartment for

storage and remobilization of Pi and thus plays a pivotal role in

plant Pi homeostasis (Bucher and Fabianska, 2016). Under

adequate Pi supply, up to 95% of intracellular Pi is stored in the

vacuole (Bucher and Fabianska, 2016). When plants suffer from

phosphate deficiency, the Pi stored in vacuoles is released into

the cytoplasm to meet P requirements for cellular activity and

growth. Recent studies have identified SPX-MFS vacuolar Pi

transporters (also named VPTs or PHT5), with both SYG1/

PHO81/XPR1 (SPX) and major facilitator superfamily (MFS)

domains, that sequester Pi in the vacuolar lumen of Arabidopsis

and rice. In Arabidopsis, VPT1 plays a predominant role, and

VPT3 is particularly important when VPT1 is absent (Liu et al.,

2015, 2016; Luan et al., 2019). The vpt1 mutant exhibited a

lower vacuolar/cytoplasmic Pi ratio than wild-type controls, but

VPT1 overexpression lines showed reduced growth and

accumulated more Pi in their vacuoles relative to the cytosol. A

vpt1 vpt3 double mutant showed altered systemic phosphate

allocation and was impaired in reproductive development.

Similar to their homologs in Arabidopsis, the three rice (Oryza

sativa) SPX-MFSs (OsSPX-MFS1 through 3) also localize in the

tonoplast and function as Pi influx transporters (Wang et al.,

2015). Although the role of SPX-MFSs in buffering cellular Pi

has been characterized, the regulatory mechanism by which

plants sense cyt-Pi to regulate SPX-MFS function remains

unknown.

SPX domains are found in eukaryotic phosphate transporters,

signaling proteins, and inorganic polyphosphate polymerases

and are involved in phosphate homeostasis (Secco et al.,

2012a, 2012b; Puga et al., 2014). SPX domains provide a basic

binding surface for inositol pyrophosphate (PP-InsP), whose

concentrations change in response to Pi availability (Lonetti

et al., 2011; Wild et al., 2016; Zhu et al., 2019a). Substitutions

of critical binding-surface residues in the SPX domain impair

InsP binding in vitro, inorganic polyphosphate synthesis in

yeast, and Pi transport in Arabidopsis (Wild et al., 2016). In

plants, there are four subfamilies of SPX domain-containing pro-

teins: SPX-EXS (named after Saccharomyces cerevisiae Erd1,

mammalian Xpr1, and S. cerevisiae Syg1), SPX-MFS, SPX-

RING, and SPXs (small proteins with only the SPX domain;

Secco et al., 2012b). SPX proteins can interact with a multitude

of proteins, such as PHR1 (phosphate starvation response 1)

and PHL1 (PHR1-like 1) in Arabidopsis and OsPHR2 in rice, to

transduce the Pi signal and regulate cellular Pi homeostasis (Lv

et al., 2014; Puga et al., 2014; Wang et al., 2014; Wild et al.,

2016; Dong et al., 2019; Ried et al., 2021). Increased PP-

InsP levels were recently shown to promote the interaction of

SPX domains with PHR to block the Pi starvation response
Mole
under Pi-sufficient conditions (Ried et al., 2021; Zhou et al.,

2021; Guan et al., 2022). By contrast, mutation of genes for

synthesis of InsPs resulted in constitutive expression of phos-

phate-starvation-induced genes (Zhu et al., 2019a).

Soluble N-ethylmaleimide-sensitive factor attachment protein re-

ceptors (SNAREs), which are highly conserved in eukaryotic cells,

control vesicle budding and fusion as well as the trafficking of

membrane proteins to their final destinations (Jahn and

Scheller, 2006; Colombo et al., 2014). According to the

conserved amino acids of their SNARE motifs, SNARE proteins

can be classified into Qa-, Qb-, Qc-, SNAP25-like, and

R-SNAREs. A functional SNARE complex consists of a four-

helical bundle assembled by four SNARE motifs, including three

Q-SNAREs (localized to the target membrane) and one

R-SNARE (localized to the vesicle membrane; Wickner, 2010).

SYP2 (syntaxin of plants 2) proteins, a subfamily of Qa-

SNAREs, are thought to participate in the fusion of vesicles with

pre-vacuolar compartments (PVCs) or vacuoles. The Arabidopsis

genome encodes three SYP2 genes, SYP21, SYP22, and SYP23,

and a proposed pseudogene, SYP24 (Sanderfoot et al., 2000;

Uemura et al., 2004). SYP21/22 localize to the tonoplasts and

PVCs, whereas SYP23 localizes to the cytosol (Foresti et al.,

2006; Uemura et al., 2010; Zhu et al., 2019b). Expression of

SYP23 suppressed the abnormal syp22 phenotype (Shirakawa

et al., 2010). Thus, SYP2 proteins appear to function

redundantly in vacuolar trafficking and plant development.

Furthermore, they all can form a complex with the Qb-SNARE

VTI11, the Qc-SNARE SYP5, and the R-SNARE VAMP727

(Sanderfoot et al., 2001; Yano et al., 2003; Ebine et al., 2008).

To determine the mechanism by which SPX-MFSs are regulated

in response to cellular Pi levels, we screened a cDNA library in

yeast for OsSPX-MFS3 interacting proteins. We identified two

SNARE proteins, OsSYP21 and OsSYP22. These proteins are

localized on the PVCs and tonoplasts and directly interact with

OsSPX-MFS3 to facilitate vacuolar trafficking of OsSPX-MFS3.

Under Pi-depleted conditions, the SPX domain of OsSPX-MSF3

interacts with the MFS domain and blocks the binding region

recognized by OsSYP22. This inhibits PVC-to-vacuole trafficking

of OsSPX-MFS3 and thus reduces cytosol-to-vacuole Pi parti-

tioning, facilitating adaptation to Pi-depleted conditions.
RESULTS

Tonoplast localization of OsSPX-MFSs is inhibited
under Pi-depleted conditions

SPX-MFS family genes encodeplant vacuolar Pi influx transporter

proteins that contribute to cytosol-to-vacuole Pi partitioning (Liu

et al., 2015, 2016; Wang et al., 2015). The major contributor in

rice, OsSPX-MFS3, showed a weak transcriptional response to

changes in cellular Pi levels (Wang et al., 2012; Secco et al.,

2013; Guo et al., 2022). We hypothesized that rice SPX-MFSs

might be regulated in a post-translational manner. We investi-

gated the subcellular localization of GFP-tagged OsSPX-MFSs

(whose cDNA was driven by the CaMV 35S promoter) under Pi-

replete and Pi-depleted conditions. When GFP-OsSPX-MFSs

were transiently expressed in rice protoplasts, two localization

patterns were observed: a tonoplast pattern and a non-tonoplast

pattern in which GFP-OsSPX-MFSs appeared to be localized in
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Figure 1. Tonoplast localization of OsSPX-
MFSs is inhibited under Pi-depleted condi-
tions.
(A) Subcellular localization of OsSPX-MFSs. The

tonoplast and non-tonoplast localization patterns

of GFP-OsSPX-MFSs are shown. Scale bars,

20 mm.

(B) Quantification of GFP-OsSPX-MFS localization

patterns under Pi-replete or Pi-depleted condi-

tions. More than 150 protoplasts were counted.

(C) Confocal fluorescence imaging of root cells

from GFP-OsSPX-MFS3 overexpression plants

grown under Pi-replete or Pi-depleted conditions.

Tonoplasts were stained for 3 h with the endocy-

totic tracer FM4-64 (5 mM). Scale bars, 20 mm. Co-

localization analyses were performed using Coloc2

in ImageJ software. Rr represents the Pearson

correlation coefficient.

(D and E) Effect of Pi supply on distributions of

GFP-OsSPX-MFS3 in protoplasts and vacuoles.

Two-week-old GFP-OsSPX-MFS3 overexpression

plants were transferred to Pi-depleted conditions

for the number of days indicated. Protoplasts and

tonoplasts were isolated, immunoblotted using

GFP antibodies (D), and quantified (E). Rice b-actin

and V-ATPase were detected as references for

protoplast and vacuolar proteins, respectively. *

indicates a significant difference relative to +P (p%

0.05, two-tailedStudent’s t test). Values aremean±

SD; n = 3 biological replicates.
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endomembrane compartments and small vesicles (Figure 1A).

Quantification of the localization patterns under Pi-replete and

Pi-depleted conditions showed that the tonoplast localization of

OsSPX-MFSs was inhibited under Pi-depleted conditions.

Approximately 80% of the protoplasts transformed with each of

the GFP-tagged rice SPX-MFS proteins displayed the tonoplast

pattern under Pi-replete conditions. By contrast, under Pi-

depleted conditions, only about 20% of protoplasts displayed

this pattern (Figure 1B).

We next examined the effect of low cellular Pi level on subcellular

localization of OsSPX-MFS3 in planta. We investigated the sub-

cellular localization of GFP-tagged OsSPX-MFS3 in the root

maturation zone adjacent to the meristem zone in transgenic

plants overexpressing GFP-OsSPX-MFS3 (driven by the

CaMV35S promotor). Both fast-growing cells with multiple small

vacuoles and mature cells with single large vacuoles are present

in this zone. The endocytic pathway dye FM4-64 was used to

stain tonoplasts. Long-term uptake led to a high accumulation

of FM4-64 at the tonoplast 3 h after application. GFP-OsSPX-

MFS3 mainly displayed tonoplast localization and was present
1306 Molecular Plant 16, 1304–1320, August 7 2023 ª 2023 The Author.
in a few small, dot-like structures, putatively

PVCs, in roots under Pi-replete conditions

(Figure 1C). The Pearson coefficient of

GFP-OsSPX-MFS3 and FM4-64 was as

high as 0.75. By contrast, GFP-OsSPX-

MFS3 was detected mainly on the small,

dot-like structures under Pi-depleted condi-

tions, and there was a low Pearson coeffi-
cient between GFP-OsSPX-MFS3 and FM4-64 (Figure 1C).

There was no difference in total fluorescence intensity between

Pi-replete and Pi-depleted conditions (Supplemental Table 1).

Protoplasts and vacuoles were then isolated from GFP-OsSPX-

MFS3 overexpression plants to detect the effects of Pi

concentration on OsSPX-MFS3 distribution by immunoblotting.

The amount of GFP-OsSPX-MFS3 protein in whole protoplast

cells did not change significantly after exposure to Pi-depleted

conditions (Figure 1D). However, the amount of GFP-OsSPX-

MFS3 protein in the tonoplasts was reduced to 35% and 30% af-

ter exposure to low-Pi conditions for 1 and 2 weeks, respectively

(Figures 1D and 1E).

On the basis of these observations, we hypothesized that low

cellularPi inhibits traffickingofGFP-OsSPX-MFS3 to the tonoplast.

Traffickingof tonoplast proteins in thesecretorypathwaycanoccur

via Golgi-dependent or Golgi-independent pathways (Rojas-

Pierce, 2013; Di Sansebastiano et al., 2017). The Golgi-

dependent pathway involves a series of organelles including the

endoplasmic reticulum (ER), Golgi apparatus, trans-Golgi network

(TGN), PVCs, and vacuole, whereas the Golgi-independent



Vacuole trafficking of OsSPX-MFSs Molecular Plant
pathway delivers proteins directly from the ER to the PVCs. To

determine which step of OsSPX-MFS trafficking was blocked un-

der Pi-depleted conditions,we investigated thepathway transport-

ing OsSPX-MFSs from the ER to the vacuole. After treatment with

the fungal toxin brefeldin A (BFA), an inhibitor of ER-to-Golgi traf-

ficking (Robinson et al., 2008), GFP-OsSPX-MFS3 was retained

in the ER, indicating that OsSPX-MFS3 is trafficked via the

Golgi-dependent pathway (Figures 2A and 2B). A set of

organelle markers for the ER (AtWAK2), Golgi (GmMAN1), TGN

(VHA-A1), and PVC (AtARA7) were co-expressed to determine

the localization of OsSPX-MFS3 under Pi-depleted conditions.

GFP-OsSPX-MFS3 localized mainly to the PVCs with a minor

portion in other endomembrane systems such as the ER, Golgi,

and TGN (Figure 2C). A time course of FM4-64 staining was per-

formed to confirm the possible co-localization of these punctate

GFP-SPX-MFS3s in rice rootcells. FM4-64 reached theearly endo-

some (TGN) by 5 min and the late endosome (MVB/PVC) by 15–

30 min. Under Pi-depleted conditions, GFP-SPX-MFS3 was not

co-localized with FM4-64 after 5 min of staining (Figure 2D) but

was mainly co-localized with FM4-64 after 15 min of staining

(Figure 2D). Treatment with wortmannin (which induces PVC

enlargement) enlarged the GFP signal of GFP-SPX-MFS3

(Figure 2E, arrowhead), confirming that GFP-SPX-MFS3 was in

the PVCs.

These results demonstrate that the tonoplast protein OsSPX-

MFS3 is trafficked via the Golgi-dependent pathway. Under Pi-

depleted conditions, trafficking of OsSPX-MFS3 between the

PVCs and the vacuole was disrupted, and OsSPX-MFS3 was re-

tained mainly in the PVCs, thus limiting the capacity for vacuolar

Pi sequestration in response to cellular Pi concentration.
OsSYP21 and OsSYP22 interact with the MFS domain of
OsSPX-MFSs

To elucidate the mechanism by which tonoplast localization of

OsSPX-MFSs was inhibited under Pi-depleted conditions, we

screened a rice seedling cDNA library for proteins that interacted

with OsSPX-MFS3 (the major vacuolar Pi transporter) using a

split-ubiquitin membrane-based yeast two-hybrid (Y2H) system.

We identified multiple independent cDNAs encoding a putative

SNARE protein, LOC_Os01g15110, designated OsSYP22.

Conserved domain analysis showed that OsSYP22 contained pu-

tative SynN (cl29093) and t-SNARE (cl22856) domains and a

C-terminal transmembrane (TM) helix. OsSYP22 had one paralo-

gous protein, OsSYP21 (LOC_Os02g47440), in the rice SYP2

subfamily (Supplemental Figure 1). OsSYP22 and its paralog

OsSYP21 were relatively highly expressed in leaves, an

expression pattern similar to that of OsSPX-MFS3, as revealed

by qRT–PCR analysis (Supplemental Figure 2).

We used Cub-SPX-MFS3SPX, Cub-SPX-MFS3SPX-2TM, Cub-SPX-

MFS3SPX-6TM, and Cub-SPX-MFS3 as baits to verify the initial

library screening (Figure 3A; Supplemental Table 2). Additional

Y2H assays showed that truncated versions of OsSPX-MFS3 con-

taining the SPX domain and the first two or six TM helices of the

MFS domain, OsSPX-MFS3SPX-6TM and OsSPX-MFS3SPX-2TM,

could interact with OsSYP21 and OsSYP22 in yeast (Figure 3B).

The SPX domain alone did not interact with OsSYP21 and

OsSYP22 in yeast (Figure 3B). To further investigate which

domain of OsSYP21/22 was involved in their interaction with
Mole
OsSPX-MFS3, OsSYP21/22 were truncated into OsSYP21/

22SynN+t-SNARE (missing the C-terminal TM helices), OsSYP21/

22t-SNARE (missing the SynN domain and C-terminal TM helices)

and OsSYP21/22SynN (SynN domain only) as prey constructs

(Figure 3A; Supplemental Table 2). The Y2H results showed that

the N-terminal SynN domain of OsSYP21/22, but not the

t-SNARE domain alone, could interact with OsSPX-MFS3

(Figure 3B). This result indicated that the N-terminal SynN domain

of OsSYP21/22 contributed to the interaction between OsSYP21/

22 andOsSPX-MFS3. This interaction was also observed between

OsSPX-MFS1/2 and OsSYP21/22 (Supplemental Figure 3A).

Notably, the Arabidopsis paralogs of OsSPY21/22, AtSYP21,

AtSYP22,andAtSYP23,displayhighsequence identityandsimilar-

ity to OsSPY21/22 (Supplemental Figure 1B). Y2H assays showed

that the Arabidopsis AtSYP2 subfamily (AtSYP21–23) could also

interact with AtVPTs (AtVPT1–3; Supplemental Figure 3A).

OsSYP21 and OsSYP22 localized on both the PVCs and the to-

noplasts (Supplemental Figure 4A), consistent with the

localization of their Arabidopsis orthologs (Foresti et al., 2006;

Uemura et al., 2010). Co-expression of GFP fused to OsSYP21

or OsSYP22 with mCherry fused to OsSPX-MFS3 in rice proto-

plasts resulted in overlapping fluorescence signals, indicating

that the proteins co-localized (Supplemental Figure 4B).

Bimolecular fluorescence complementation (BiFC) assays were

performed to further confirm the interaction between OsSYP21/

22 and OsSPX-MFSs. To ensure that nYFP and cYFP in the

fusion proteins were in the same cellular compartment, we

used redox-based topology analysis (ReTA), based on fusion

of TM proteins with redox-sensitive GFP (roGFP2) and ratiomet-

ric imaging, to determine the TM topology of OsSPX-MFS3 and

OsSYP21/22. Vacuolar intrinsic membrane proteins established

the final topology of each protein across the membrane as soon

as they entered the endomembrane system by co-translational

translocation into the ER. The results showed that roGFP2-

OsSYP21/22 displayed a low 405/488 nm florescence ratio

(Figures 3C and 3D), consistent with previous reports that the

N terminus of SNAREs is exposed to the cytosol. By contrast,

fusion of roGFP to the C-terminus of OsSYP21/22 resulted in a

high 405/488 nm fluorescence ratio, indicative of an oxidized

roGFP tag localized to the luminal side of the membrane

(Figures 3C and 3D). When roGFP was fused to the N- or

C-terminus of OsSPX-MFS3, roGFP displayed a low 405/

488 nm florescence ratio, confirming that the N and C termini

of OsSPX-MFS3 and the N terminus of OsSYP21/22 were pre-

sent in the same cellular compartment (Figures 3C and 3D).

BiFC assays with nYFP-OsSPX-MFS3 and cYFP-OsSYP21/22

in tobacco leaves resulted in a YFP fluorescence signal, confirm-

ing that the proteins interacted. Negative controls that co-

expressed YFP-OsSPX-MFS3/cYFP or nYFP/OsSYP21/22 did

not produce a detectable fluorescence signal (Figure 3E).

Similar interactions were observed between OsSYP21/22 and

OsSPX-MFS1 or OsSPX-MFS2 (Supplemental Figure 3B). Co-

immunoprecipitation (Co-IP) assays were performed in tobacco

leaves by co-transforming GFP-OsSPX-MFS3, GFP-OsSPX-

MFS3MFS (lacking the N-terminal 222 amino acids correspond-

ing to the SPX domain), or GFP-OsSPX-MFS3SPX (lacking the

C-terminal 476 amino acids corresponding to the MFS domain)

with FLAG-OsSYP21/22. Both OsSYP21 and OsSYP22 inter-

acted with OsSPX-MFS3 and GFP-OsSPX-MFS3MFS, but not
cular Plant 16, 1304–1320, August 7 2023 ª 2023 The Author. 1307



Figure 2. OsSPX-MFS3 is predominantly re-
tained in the PVCs under Pi-depleted condi-
tions.
(A) Brefeldin A (BFA) blocks trafficking of GFP-

OsSPX-MFS3. GFP-OsSPX-MFS3 was retained

in the ER after incubation with 50 mM BFA for 8 h.

Scale bar, 20 mm.

(B) Quantification of GFP-OsSPX-MFS localiza-

tion patterns with and without BFA treatment.

(C) Localization of GFP-OsSPX-MFS3 in pro-

toplasts prepared from rice plants grown under Pi-

depleted conditions. mCherry-tagged AtWAK2,

GmMAN1, VHA-A1, and AtARA7 were used as

ER, Golgi, TGN, and PVC markers of endomem-

brane systems. Scale bar, 20 mm.

(D) Time course of FM4-64 staining of root cells

from GFP-OsSPX-MFS3 transgenic rice grown

under Pi-depleted conditions. Scale bars, 20 mm.

(E) Subcellular distribution of GFP-OsSPX-MFS3

in root cells treated with 33 mM wortmannin for 2

h. Scale bars, 20 mm. Wortmannin-induced com-

partments in treated cells are indicated by ar-

rowheads.

Molecular Plant Vacuole trafficking of OsSPX-MFSs
with GFP-OsSPX-MFS3SPX (Figure 3F). Thus, the interaction

requires the MFS domain of OsSPX-MFS3 (Figure 3F).

Taken together, these results show that the SYP2 subfamily pro-

teins can interact with SPX-MFS family proteins in rice and very

likely also in Arabidopsis.
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OsSYP22 is required for trafficking of
OsSPX-MFS3

Newly synthesized membrane proteins are

initially targeted to the ER and then deliv-

ered to the Golgi apparatus for modification

and further sorting within the endomem-

brane system. SNARE proteins regulate

vesicle budding and membrane fusion

(Jahn et al., 2003; Sudhof and Rothman,

2009). We therefore hypothesized that the

interaction of OsSYP21/22 with OsSPX-

MFS3 facilitates targeting of OsSPX-MFS3

to the tonoplast, as shown above. To test

this hypothesis, we attempted to generate

ossyp21 and ossyp22 knockout mutants

using a CRISPR/Cas9 system. Two

independent mutants, ossyp21-1 and

ossyp21-2, identified by sequencing anal-

ysis, contained a 1-bp insertion and a

1-bp deletion, respectively, in the fourth

exon of OsSYP21 (Supplemental Figures

5A and 5B). However, we were unable to

obtain a homozygous frameshift mutant of

OsSYP22. In the T0 generation, we

identified four heterozygous mutant

lines that contained one frameshifted

allele and one non-frameshifted allele

(Supplemental Figure 5B). However, none

of the heterozygous plants produced a

homozygous frameshift mutant in the T1
generation, indicating that a homozygous frameshift mutation

of OsSYP22 might be lethal. Transient expression of mCherry-

OsSPX-MFS3 in protoplasts from ossyp21 or OsSYP22+/�

plants resulted in a localization pattern (�80% in tonoplasts)

similar to that of wild-type (NIP) protoplasts under Pi-replete

conditions (Figure 4A; Supplemental Figure 5C), indicating that



Figure 3. OsSPX-MFS3 interacts with OsSYP21 and OsSYP22.
(A) Schematic diagram of full-length and truncated versions of OsSYP-MFS3 and OsSYP21/22.

(B) Split-ubiquitin yeast two-hybrid analysis of OsSYP21/22 and OsSPX-MFS3. Full-length and truncated versions of OsSPX-MFS3 and OsSYP21/22

were used as bait and prey proteins, respectively. Yeast transformants were cultured on selection medium QDO, 3-AT (-Leu-Trp-His-Ade, 10 mM 3-AT).

Cub, C-terminal ubiquitin; NubI and NubG, wild-type and mutated N-terminal fragment of ubiquitin.

(C) Redox-based topology analysis (ReTA) of OsSYP21/22 and OsSPX-MFS3. Fluorescence images of roGFP2-OsSYP21/22, OsSYP21/22-roGFP2,

roGFP2-OsSPX-MFS3, and OsSPX-MFS3-roGFP excited by 405 and 488 nm laser. Tobacco leaf epidermal cells were used for transient expression of

the corresponding roGFP2-fused proteins. Incubation with 50 mMbrefeldin A (BFA) for 8 h was used to block the transfer of tonoplast proteins through the

secretory pathway to the Golgi before serial optical sections were obtained. Scale bars, 50 mm.

(legend continued on next page)
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the tonoplast localization of OsSPX-MFS3 was unaffected in the

ossyp21 and OsSYP22+/� mutants.

We next generated transgenic rice that expressed a negative-

dominant form of OsSYP22, OsSYP22-ND. OsSYP22-ND was

produced by overexpressing a truncated version of OsSYP22

lacking the region encoding the C-terminal TM helices

(Supplemental Figure 6). The truncated OsSYP22 competed

with endogenous OsSYP22 for interaction with other SNARE

complex components. When mCherry-OsSPX-MFS3 was tran-

siently expressed in protoplasts ofOsSYP22-ND lines, the tono-

plast localization of mCherry-OsSPX-MFS3 was inhibited, re-

sulting in a punctate pattern (Figures 4A and 4B). Thus, the

negative-dominant form of OsSYP22 led to retention of

OsSPX-MFS3 in PVCs, whereas ossyp21 mutants and Os-

SYP22+/� lines showed no changes in OsSPX-MFS3 localiza-

tion, indicating that the SYP2 subfamily proteins involved in

the SNARE complex are essential for trafficking of OsSPX-

MFS3 to the tonoplast.

OsSYP21 andOsSYP22 play a positive role in cytosol-to-
vacuole Pi partitioning

Because OsSPX-MFS3 functions as the major plant vacuolar Pi

influx transporter (Wang et al., 2015; Guo et al., 2022) and

OsSYP22 directly regulates the trafficking of OsSPX-MFS3 be-

tween PVCs and vacuoles, we hypothesized that OsSYP22 plays

a positive role in cytosol-to-vacuolar Pi partitioning. To test this

hypothesis, we analyzed the phenotypes of OsSYP22-ND and

OsSYP22 overexpression lines (Supplemental Figure 6). Forty-

day-old OsSYP22-ND and OsSYP22 overexpression plants had

significant growth defects compared with NIP under Pi-replete

conditions. The OsSYP22-ND plants were smaller than the Os-

SYP22 overexpression lines (Figure 4C). Consistent with our

hypothesis, the vacuolar Pi concentration ofOsSYP22-ND plants

was about 75% of that in NIP plants. The vacuolar Pi concentra-

tion of OsSYP22 overexpression lines was about 130% of that in

the NIP plants (Figure 4D). Pi concentrations in the shoots and

roots of the OsSYP22-ND and OsSYP22 overexpression lines

were not significantly different from those of NIP (Supplemental

Figures 7A and 7B). By contrast, 40-day-old ossyp21 mutant

plants did not differ from NIP plants in biomass, vacuolar Pi con-

centration, or leaf and root Pi content (Supplemental Figures 7C–

7G), whereas the OsSYP21 overexpression plants had a

phenotype similar to that of OsSYP22 overexpression plants.

The vacuolar Pi concentration of OsSYP21 overexpression lines

was higher than that of NIP, and their biomass was lower

(Supplemental Figures 7C–7G). Shoot and root Pi

concentrations of the OsSYP21 overexpression lines did not

differ significantly from those of NIP, suggesting that OsSYP21

and OsSYP22 have similar functions in rice Pi homeostasis.
(D) Fluorescence ratios (405 nm/488 nm) for N- and C-terminal fusions of OsSP

cytosol and a high fluorescence ratio in the ER lumen.

(E)BiFC analysis of the interaction betweenOsSPX-MFS3 andOsSYP21/22 in

N terminus of OsSPX-MFS3 (nYFP-OsSPX-MFS3) and the N terminus of OsSY

with the corresponding OsSPX-MFS3 andOsSYP21/22 fusion constructs were

expression of the tonoplast marker vac-rk (CD3-975). Scale bars, 50 mm.

(F) Co-immunoprecipitation (Co-IP) assay of OsSPX-MFS3 with OsSYP21/2

MFS3MFS or OsSPX-MFS3SPX) were co-transformed into tobacco leaves with

followed by immunoblotting with anti-FLAG and anti-GFP antibodies.
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To clarify the effect of OsSYP21/22 and OsSPX-MFSs on vacu-

olar Pi sequestration, OsSYP21 and OsSYP22 were individually

overexpressed in the osspx-mfs1/2/3 triple mutant (Guo et al.,

2022). Two independent representative overexpression lines of

OsSYP21 and OsSYP22 were chosen for further analysis

(Figure 4E). Overexpression of OsSYP21 or OsSYP22 did not

increase vacuolar Pi concentration in the osspx-mfs1/2/3 triple

mutant background (Figure 4F), indicating that the role of

OsSYP21/22 on vacuolar Pi sequestration is dependent on

functional rice SPX-MFSs.

The SPX domain inhibits interaction of the MFS domain
with OsSYP22 under Pi-depleted conditions

The SPX domain has been shown to bind PP-InsPs with high af-

finity to sense cellular Pi availability (Wild et al., 2016; Jung et al.,

2018; Ried et al., 2021). We next examined the role of the SPX

domain in OsSPX-MFS protein trafficking by examining the

localization of GFP-tagged OsSPX-MFSsMFS in rice protoplasts.

The results showed that OsSPX-MFSsMFS and full-length pro-

teins had similar localization patterns under Pi-replete conditions

and displayed tonoplast localization in most protoplasts

(Supplemental Figure 8A). However, OsSPX-MFS3MFS displayed

a tonoplast localization pattern in most protoplasts under Pi-

depleted conditions as well (Supplemental Figure 8A). We also

tested the localization of OsSPX-MFS3MFS in GFP-OsSPX-

MFS3MFS overexpression plants grown under Pi-depleted condi-

tions. Consistent with the results of transient expression in proto-

plasts, fluorescence imaging showed that GFP-OsSPX-MFS3MFS

and GFP-OsSPX-MFS3 had similar localization patterns under

Pi-replete conditions (Figure 5A). In contrast to GFP-OsSPX-

MFS3, which changed location when grown under Pi-depleted

conditions, GFP-OsSPX-MFS3MFS displayed a similar tonoplast

localization pattern under both Pi-replete and Pi-depleted condi-

tions (Figure 5A). An immunoblotting assay with GFP-OsSPX-

MFS3MFS protein contents from protoplasts and vacuoles

showed that the amount of GFP-OsSPX-MFS3MFS in the vacuole

did not change when plants were transferred to Pi-depleted me-

dium (Figures 5B and 5C). Thus, the SPX domain functions as a

negative regulator of OsSPX-MFS3 trafficking under Pi-

depleted conditions.

OsSYP22 physically interacts with OsSPX-MFS3 and regulates its

trafficking from the PVCs to the tonoplast under Pi-replete condi-

tions, but OsSPX-MFS3 is retained in the PVCs under Pi-depleted

conditions. To determine whether the retention of OsSPX-MFS3

under Pi limitation occurs at or upstream of its interaction with

OsSYP22, we examinedwhetherOsSYP22 responded to changes

in cellular Pi levels. Two-week-old pro35S-GFP-OsSYP22-1

seedlings were transferred from Pi-replete to Pi-depleted condi-

tions. Samples were taken before and during the 2 weeks after
X-MFS3 andOsSYP21/22. roGFP displayed a low fluorescence ratio in the

tobacco leaves. The N- and C-terminal fragments of YFPwere fused to the

P21/22 (cYFP-OsSYP21/22), respectively. Combinations of nYFP or cYFP

used as negative controls. The location of the tonoplast is indicated by the

2 in planta. Plasmids containing pro35S-GFP-OsSPX-MFS3 (or OsSPX-

pro35S-3FLAG-OsSYP21/22. Anti-GFP magnetic beads were used for IP,

r.



Figure 4. OsSYP22 is required for the traf-
ficking of OsSPX-MFS3.
(A and B) Localization (A) and quantification (B) of

mCherry-OsSPX-MFS3 in protoplasts isolated

from NIP, ossyp21 mutants, and OsSYP22-ND

plants.

(C and D) Phenotypic performance (C) and root

vacuolar Pi (Vac-Pi) concentrations (D) of 40-day-

old NIP (wild-type), OsSYP22-ND, and OsSYP22-

OE lines grown in Pi-replete conditions. Scale

bars, 10 cm.

(E and F) Phenotypic performance (E) and root

Vac-Pi concentrations (F) of 40-day-old NIP (wild-

type), osspx-mfs1/2/3, and overexpression lines

of OsSYP21 (OsSYP21-OE) and OsSYP22 (Os-

SYP22-OE) in the osspx-mfs1/2/3 background

grown in Pi-replete conditions. Scale bars, 10 cm.

Different letters above each bar indicate statisti-

cally significant differences (p < 0.05, Tukey’s

honestly significant difference [HSD] test). Error

bars indicate ±SD; n = 3 biological replicates. FW,

fresh weight.
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Pi-depletion treatment for qRT–PCR and immunoblotting assays.

The results showed that both OsSYP22 mRNA and protein levels

were unchanged under Pi starvation (Supplemental Figures 9A

and 9B). Subcellular localization analysis showed that there was

no difference in OsSYP22 localization between Pi-replete and Pi-

depleted conditions (Supplemental Figure 9C).

BiFC assays were performed to examine the interaction between

OsSPX-MFS3 and OsSYP22 under Pi-depleted conditions. YFP

fluorescence signals were detected in about 30% of protoplasts

when nYFP-OsSPX-MFS3 and cYFP-OsSYP22 were expressed

in protoplasts isolated from NIP cultured under Pi-replete condi-
Molecular Plant 16, 1304–1
tions (the top panel on the left in Figure 5D;

Supplemental Figure 8B). Thus, OsSPX-

MFS3 and OsSYP22 interact in rice proto-

plasts, similar to observations in tobacco

leaves. However, when these BiFC partners

were co-expressed in protoplasts isolated

from NIP cultured under Pi-depleted condi-

tions, only a few (about 2%) protoplasts

had a detectable YFP fluorescence

signal (the top panel on the right in

Figure 5D; Supplemental Figure 8B),

suggesting that low cellular Pi level

prevented OsSPX-MFS3 from interacting

with OsSYP22. Note that OsSPX-MFS3MFS

was not retained in the PVCs but was suc-

cessfully targeted to tonoplasts under Pi-

depleted conditions. We further examined

the interaction of nYFP-OsSPX-MFS3MFS

and cYFP-OsSYP22 under Pi-depleted con-

ditions. A BiFC assays showed that these

proteins interacted in protoplasts under Pi-

depleted conditions (the 2nd panel on the

right in Figure 5D; Supplemental Figure 8B).

When mCherry-OsSPX-MFS3SPX was co-

expressed with nYFP-OsSPX-MFS3MFS and

cYFP-OsSYP22 in protoplasts under Pi-
depleted conditions, there was no YFP signal in protoplasts with

a detectable mCherry signal (the 4th panel on the right in

Figure 5D; Supplemental Figure 8B). This result indicates that the

interaction of the MFS domain of OsSPX-MFS3 with SYP22 is in-

hibited by theSPXdomain underPi-depleted conditions. Co-IP as-

says were performed using GFP-tagged OsSPX-MFS3, OsSPX-

MFS3MFS, and OsSPX-MFS3SPX and 3FLAG-tagged OsSYP21 or

OsSYP22. The results showed that the interaction between the

MFS domain of OsSXP-MFS3 and OsSYP22 gradually weakened

as the duration of Pi deficiency increased. A Co-IP assay could

barely detect their interaction after exposure to Pi deficiency for

7 and 14 days (Figure 5E).
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Figure 5. Function of the SPX domain of
OsSPX-MFSs in their tonoplast localization.
(A) Confocal fluorescence imaging of a GFP-

OsSPX-MFS3MFS overexpression plant root.

Roots of 7-day-old GFP-OsSPX-MFS3MFS over-

expression plants grown in Pi-replete or Pi-

depleted conditions were sampled for fluores-

cence imaging. Tonoplasts were stained with the

endocytotic tracer FM4-64 for 3 h. Scale bars,

20 mm. Co-localization analyses were performed

with Coloc2 in ImageJ software. Rr represents the

Pearson correlation coefficient.

(B and C) Effect of Pi supply on the distribution of

GFP-OsSPX-MFS3MFS in protoplasts and vacu-

oles. Two-week-old GFP-OsSPX-MFS3MFS over-

expression plants were transferred to Pi-depleted

conditions for the number of days indicated. Pro-

toplasts and tonoplasts were isolated separately,

immunoblotted using GFP antibodies (B), and

quantified (C). Rice b-actin and V-ATPase were

detected as references for protoplast and vacu-

olar proteins, respectively. Quantification of GFP-

OsSPX-MFS3MFS relative to the reference protein

was performed with Quantity Tools in Image Lab

software. The proportions were calculated by

comparing the level of GFP-OsSPX-MFS3MFS

protein in vacuoles to that in protoplasts.

(D) BiFC analysis of the interaction between

OsSPX-MFS3 or OsSPX-MFS3MFS and OsSYP22

under Pi-replete and Pi-depleted conditions.

nYPF-OsSPX-MFS3 (or nYPF-OsSPX-MFS3MFS)

and cYFP-OsSYP22 were co-expressed in pro-

toplasts isolated fromNIP seedlings cultured in Pi-

replete and Pi-depleted conditions. A construct

with mCherry fused to the N terminus of the SPX

domain (mCherry-OsSPX-MFS3SPX) was used to

determine the function of the SPX domain in the

interaction between MFS and OsSYP22. Combi-

nations of cYFP or nYFP with the corresponding

nYFP-OsSPX-MFS3, nYFP-OsSPX-MFS3MFS,

and cYFP-OsSYP22 fusion constructs were used

as negative controls. Scale bars, 20 mm.

(E)Co-IPassayof the interactionbetweenOsSPX-

MFS3 or OsSPX-MFS3MFS and OsSYP22 in to-

bacco leaves grown in Pi-depleted conditions.

pro35S-GFP-OsSPX-MFS3 or pro35S-GFP-

OsSPX-MFS3MFSwasco-expressedwithpro35S-

3FLAG-OsSYP22 in tobacco leaves exposed to

Pi-depleted conditions for the number of days

indicated. Protein extracts were subjected to IP

using anti-GFP magnetic beads and analyzed by

immunoblotting with anti-FLAG and anti-GFP an-

tibodies.

Molecular Plant Vacuole trafficking of OsSPX-MFSs
These results demonstrate that the SPX domain of OsSPX-MFS3

inhibits the interaction between the MFS domain and OsSYP22

under Pi-depleted conditions, thus disrupting the trafficking of

OsSPX-MFS3 between the PVCs and the vacuole.
Function of the MFS domain of OsSPX-MFSs in
mediating vacuolar Pi influx

To examine the functions of the SPX andMFS domains of OsSPX-

MFS3 inplantPi homeostasis,wegeneratedplantsoverexpressing
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GFP-taggedOsSPX-MFS3SPX and OsSPX-MFS3MFS in the osspx-

mfs1/2/3 triple mutant background (Supplemental Figure 10).

Selected overexpression lines, whose expression levels of GFP-

OsSPX-MFS3MFS or GFP-OsSPX-MFS3SPX were similar to that of

OsSPX-MFS3 in NIP, were analyzed for phenotypes and Pi

concentrations using NIP and osspx-mfs1/2/3 plants as controls.

Under Pi-replete conditions, growth of OsSPX-MFS3MFS/osspx-

mfs1/2/3 plants was similar to that of NIP plants, whereas growth

of OsSPX-MFS3SPX/osspx-mfs1/2/3 was similar to that of

the osspx-mfs1/2/3 triple mutant (Figure 6A). Expression of
r.



Figure 6. Function of the MFS domain of
OsSPX-MFS3 in mediating vacuolar Pi influx.
(A–D) Phenotypic performance (A), biomass (B), and

leaf (C) and root (D)Pi concentrations of 40-day-oldNIP

(wild-type), osspx-mfs1/2/3, GFP-OsSPX-MFS3MFS/

osspx-mfs1/2/3, and GFP-OsSPX-MFS3SPX/osspx-

mfs1/2/3 plants under Pi-replete conditions. Scale bars,

10 cm.

(E) In vivo 31P-NMR spectra from roots of the above rice

plants grown under Pi-replete conditions and harvested

at 2 weeks of age. Peaks from right to left are assigned

to Vac-Pi and the reference (Ref; methyl-

enediphosphonate) used to measure chemical shifts

and for quantification.

(F) The calculated Vac-Pi concentrations of plants as in

(E).

(G and H) Phenotypic performance (G), biomass (H) of

40-day-old NIP (wild-type), osspx-mfs1/2/3, GFP-

OsSPX-MFS3MFS/osspx-mfs1/2/3, and GFP-OsSPX-

MFS3SPX/osspx-mfs1/2/3 plants under Pi-depleted

conditions. Scale bars, 10 cm.
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Molecular Plant Vacuole trafficking of OsSPX-MFSs
OsSPX-MFS3MFS, but not OsSPX-MFS3SPX, complemented the

leaf and root growth defects of osspx-mfs1/2/3 plants, reduced

leaf and root growth (Figures 6A and 6B). In addition, expression

of OsSPX-MFS3MFS complemented the Pi decrease in the triple

mutant (Figures 6C–6F). The Pi concentrations of leaves and

roots in OsSPX-MFS3MFS/osspx-mfs1/2/3 plants were similar to

those in NIP and higher than those in OsSPX-MFS3SPX/osspx-

mfs1/2/3 and osspx-mfs1/2/3 triple mutants (Figures 6C and 6D).

The vacuolar Pi concentration of the OsSPX-MFS3MFS/osspx-

mfs1/2/3 overexpression line was also higher than that of the

OsSPX-MFS3SPX/osspx-mfs1/2/3 overexpression line and the

osspx-mfs1/2/3 triple mutant (Figures 6E and 6F). By contrast,

under Pi-depleted conditions, the OsSPX-MFS3MFS/osspx-mfs1/

2/3 had lower biomass than NIP and OsSPX-MFS3SPX/osspx-

mfs1/2/3 (Figures 6G and 6H). These data indicate that the SPX

and MFS domains in OsSPX-MFS3 have different functions. The

MFS domain of OsSPX-MFS3 functions as a Pi transporter, as

OsSPX-MFS3MFS lines still had thecapacity for vacuolarPi seques-

tration. TheSPXdomain ofOsSPX-MFS3plays an important role in

plant adaptation to low Pi.

DISCUSSION

In this study, we found that tonoplast localization of OsSPX-

MFS3 and the other two OsSPX-MFSs is significantly inhibited

under Pi-depleted conditions, resulting in their retention in the

PVCs (Figures 1 and 2). Understanding the mechanism of

trafficking of rice SPX-MFSs is critical for improving plant Pi buff-

ering through biotechnology. We dissected the function of the

rice SPX-MFSs into two parts corresponding to their SPX domain

and MFS domain, respectively. The SPX domain is exposed to

the cytosol, sensing the intracellular Pi level and subsequently

regulating the tonoplast localization of OsSPX-MFSs to buffer

cellular Pi concentration (Figures 3C and 3D), whereas the MFS

domain functions as a vacuolar Pi influx transporter (Figure 6).

We demonstrated that the SNARE proteins OsSYP21 and

OsSYP22 interact with the MFS domain of OsSPX-MFS3 and

facilitate trafficking of OsSPX-MFS3 from the PVCs to the tono-

plast (Figures 3B, 3E, and 3F). The reason why the ossyp21

mutant does not show altered tonoplast targeting of GFP-

OsSPX-MFS3 (Figure 4) may be due to functional

compensation by OsSYP22 or to its relatively lower expression

compared with OsSYP22 (Supplemental Figure 2). Thus,

although both OsSYP21 and OsSYP22 are involved in regulating

plant Pi homeostasis by facilitating OsSPX-MFS trafficking and

tonoplast localization, OsSYP22 appears to play the major role.

Indeed, expression of the negative-dominant form of OsSYP22

led to retention of OsSPX-MFS3 in the PVCs. However, we could

not exclude the possibility that the negative-dominant mutant of

OsSPY22 may have had a negative effect on the function of

OsSYP21. Thus, even though the OsSPX-MFS3 localization

pattern did not change in the ossyp21 mutants, in vivo

OsSPY21 may play some role.

There are two possible mechanisms by which the SPX domain in-

hibits interaction of the MFS domain with OsSYP22 under Pi-

depleted conditions: (1) in the absence of InsPs under Pi-

depleted conditions, the SPX domain may occupy the

OsSYP22 binding site of the MFS domain, preventing its interac-

tion with OsSYP22, or (2) other protein component(s) may
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associate with the SPX domain in the presence/absence of InsPs,

which directly regulates the interaction between the MFS domain

and OsSYP22. A number of studies have shown that SPX do-

mains transmit Pi signals through protein–protein interactions

(Dong et al., 2019; Lv et al., 2014; Puga et al., 2014; Ried et al.,

2021; Wang et al., 2014; Wild et al., 2016; He et al., 2021; Hu et

al., 2019).

To test these possibilities, we performed structure predictions

of the free state of OsSPX-MFS3 and its complex with

OsSYP22 using the latest version of AlphaFold2 (AF2). The

AF2 predictions suggested that OsSPX-MFS3 could form two

distinct conformations. In one conformation, the SPX domain

departs from the MFS domain, resulting in an open pocket in

the TM region of theMFS domain that might be used for Pi trans-

port. In the other conformation, this potential Pi pocket is

blocked by the region (L211 to E231, consisting of an alpha-

helix and a loop) between SPX and MFS, which is likely in a

self-inhibited state (Figure 7A). An electrostatics surface

analysis of the SPX domain revealed a highly positively

charged surface on its N-terminal regions including helices 1,

2 (K6–K31), and 4 (K112–R134), which might serve as the

binding pocket for the negatively charged InsPs via electrostatic

interactions (Figure 7B). BiFC experimental interaction data

showed that the SPX domain interacts with the MFS domain

under Pi-depleted conditions (Figure 7E). Co-IP data showed

that in the presence of InsP6, the self-interaction between

SPX and the MFS domain was abolished, indicating that

InsP binding might induce a conformational change in SPX

and promote the interactions between SPX and MFS

(Figure 7F). Three amino acids in the SPX domain are defined

as the phosphate-binding cluster (PBC) sites and are vital for

efficient ligand binding (Wild et al., 2016). Sequence alignment

indicated that Y23, K27, and K130 were the PBC sites in

OsSPX-MFS3. OsSPX-MFS3PBS, in which the three amino acids

were mutated to Y23F, K27A, and K130A, showed a lower tono-

plast localization pattern under Pi-replete conditions

(Figure 7G). Taken together, these data suggest that the

absence of bound InsPs in the SPX domain promotes

interaction between the SPX and MFS domains, inhibiting the

interaction between OsSPX-MFS3 and OsSYP22 and thus

negatively affecting trafficking of OsSPX-MFS3 to the tonoplast.

The predicted structures of OsSPX-MFS3 in complex with

OsSYP22 suggested that the C-terminal helix of OsSYP22 inserts

into the membrane and binds with the first half of the MFS

domain, which consists of TM helices 1–6 (Figures 7C and 7D).

It also revealed that the SynN domain of OsSYP22 interacts

with the SPX domain and the hydrophilic surface of the MFS

domain at the same time, like a sandwich (Figure 7D). Our Y2H

data showed that the t-SNARE domain of OsSYP21/22 alone

could not interact with OsSPX-MFS3SPX-2TM or OsSPX-

MFS3SPX-6TM. It is possible that this interaction needs to be sta-

bilized by other domains (SynN or TM helix) in OsSYP21/22

(Figure 3B). On the basis of these data, we propose that under

Pi-depleted conditions, the Pi pocket in the MFS domain is

blocked by the helix next to the SPX domain, resulting in self-

inhibition of OsSPX-MFS3, and that the OsSYP21/22 binding

site of the MFS domain is occupied by the SPX domain, thereby

trapping the protein in the PVCs. By contrast, under Pi-replete

conditions, binding of InsPs to the SPX domain induces a
r.



Figure 7. Potential mechanism by which the SPX domain senses intracellular Pi levels and regulates the trafficking of OsSPX-MFS3.
(A) Structures of OsSPX-MFS3 predicted by AlphaFold2. OsSPX-MFS3 was predicted to form two possible conformations, one with an open pocket in

the transmembrane region that may be used for Pi transport (upper panel) and the other in an inhibited state in which the potential Pi pocket is blocked by

the helix formed between SPX and the MFS domain ranging from L211 to E231 (lower panel).

(B) An electrostatics surface analysis of the SPX domain revealed a highly positively charged surface on its N-terminal region, including helices 1, 2

(K6‒K31), and 4 (K112–R134), which may serve as the binding site for negatively charged InsPs.

(C) The predicted structure of MFS suggested that it contains 12 transmembrane helices.

(D) One of the predicted models of the complex suggested that the C-terminal region of OsSYP22 forms an a-helix that inserts into the membrane and

binds to the N-terminal half of the MFS domain, consisting of TM helices 1–6.

(E) BiFC analysis of the interaction between nYFP-OsSPX-MFS3MFS and cYFP-OsSPX-MFS3SPX in Pi-replete and Pi-depleted conditions. Scale bars,

20 mm.

(F) Co-IP assay of GFP-OsSPX-MFS3MFS with FLAG-OsSPX-MFS3SPX in tobacco leaves cultured in Pi-replete and Pi-depleted conditions in the

presence of InsP6.

(G) Quantification of GFP-OsSPX-MFS3 and GFP-OsSPX-MFS3PBC localization patterns under Pi-replete conditions. PBC, phosphate binding

cluster site.

(H) Potential mechanism by which the SPX domain senses intracellular Pi levels and regulates the trafficking of OsSPX-MFS3. Under Pi replete condition,

OsSPX-MFS3 target to the tonoplast via interaction with OsSYP22.

Under Pi depleted condition, the interaction with OsSYP22 is abolished by self-interaction, resulting in the retention in the PVCs.
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Molecular Plant Vacuole trafficking of OsSPX-MFSs
large-scale conformational adjustment of the SPX domain, result-

ing in exposure of the OsSYP22 binding site in the MFS domain.

This allows the binding of OsSYP21/22 to OsSPX-MFS3, which

further facilitates the trafficking of OsSPX-MFS3 to the tonoplast.

Binding of InsPs to SPX also induces the release of the regulatory

helix from the Pi transport pocket in the MFS domain, allowing Pi

transport. This is consistent with another model proposed in Ara-

bidopsis (Luan et al., 2022). In the latter study, tonoplast-located

SPX-MFS (AtVPT1) was proposed to have two conformations,

one that allows transport of Pi, and one in which auto-inhibition

of the SPX domain prevents transport under Pi-replete

conditions. Thus, both models propose an auto-inhibitory role

of the SPX domain. The findings presented here add further res-

olution and complexity to the post-translational control of

OsSPX-MFS3. The two studies revealed different post-

translational regulatory mechanisms because they differed in

aims and experimental design. First, we performed studies with

rice rather than Arabidopsis. Rice is a longer-lived plant and will

thus require different regulatory mechanisms to deal with nutrient

availability. Second, our kinetic analysis revealed that it took up to

7 days to observe inhibition of transport under Pi-depleted condi-

tions in rice, longer than the 5-day time course used in the Arabi-

dopsis study (Luan et al., 2022). The kinetics may differ between

species. Moreover, we provided three distinct lines of evidence:

protein trafficking localization using markers for various

compartments in the endomembrane system, protein–protein

interactions (Y2H, BiFC, and Co-IP), and strong genetic evidence

obtained by genetic manipulation of OsSYP22. The two models

are not contradictory and may in fact be synergistic. Under Pi-

depleted conditions, a relatively fast mechanism for inhibiting or

slowing down vacuolar Pi transport is to inhibit the transport pro-

tein that is already in the tonoplast membrane, providing a first

response to limited Pi availability. If phosphate limitation con-

tinues, an additional mechanism is engaged to inhibit trafficking

of the Pi transporter to themembrane. Thismeans that a transient

deficiency in Pi availability does not completely reduce the avail-

ability of vacuole-locatedOsSPX-MFS3, whichwould be undesir-

able, as Pi assimilation will need to resume when Pi becomes

available again. However, longer term deficiency reduces the

amount of tonoplast-located OsSPX-MFS3.

Although this study and its conclusions were based primarily on

rice OsSPX-MFS3, interactions between SPX-MFSs and SYP2

proteins were also found for the other two rice SPX-MFSs and

all three Arabidopsis SPX-MFSs (VPT1–3; Supplemental

Figure 3), suggesting a conserved cellular mechanism for

regulation of Pi homeostasis in response to changes in Pi

availability. Loss of InsP binding was recently reported to

decrease the ion transport activity of VPT1 (Luan et al., 2022).

Under Pi-deficiency conditions, N-terminal a-helixes number 7

and 8 blocked the ion transport channel on the MFS domain

(Luan et al., 2022). Our data differ from those reported

(Luan et al., 2022) on the self-interaction of SPX and the MFS

domain under Pi-replete conditions. However, both studies sug-

gest that under Pi-depleted conditions, OsSPX-MFS3SPX (corre-

sponding to VPT1a1–8) inhibits the function of SPX-MFS proteins

by interacting with the MFS domain. We noted that the two

studies used different durations of low P treatment. In Arabidop-

sis, VPT1 showed inhibition of Pi transport activity and no change

in localization after 4–5 days of Pi-depletion treatment (Luan et al.,
1316 Molecular Plant 16, 1304–1320, August 7 2023 ª 2023 The Autho
2022). In our study, the shift in OsSPX-MFS3 localization occurs

after 7–14 days of Pi-deficiency treatment. It seems that when the

plant begins to experience Pi deficiency (short Pi-depletion time),

the Pi transport activity of SPX-MFS already located on the tono-

plast is inhibited. As Pi deficiency persists, newly synthesized

SPX-MFS proteins are not trafficked to the tonoplast. Bothmech-

anisms could work together to ensure the maintenance of stable

cytoplasmic Pi concentrations.

In summary, this study reveals one mechanism by which plant

SPX-MFSs respond to intracellular Pi concentration (Figure 7H),

i.e., integrating Pi concentration signals and vacuolar Pi

sequestration capacity through protein–protein interactions,

and provides a new understanding of the regulatory

mechanisms that underlie plant phosphate homeostasis.
METHODS

Plant materials and growth conditions

Wild-type rice (Oryza sativa L. japonica) cv. Nipponbare and the osspx-

mfs1/2/3 mutant were used for physiological experiments and rice trans-

formation. Hydroponic experiments were performed using a modified

culture solution (Yoshida et al., 1976) containing 1430 mM NH4NO3,

320 mM NaH2PO4, 510 mM K2SO4, 1000 mM CaCl2, 1640 mM MgSO4,

9 mM MnCl2, 0.15 mM CuSO4, 0.15 mM ZnSO4, 0.08 mM (NH4)6Mo7O24,

0.02 mM H3BO3, 125 mM EDTA-Fe, and 250 mM NaSiO3 (pH 5.5). Rice

seeds were germinated in tap water with 1% nitric acid for 2 d and

then transferred to hydroponic culture. Rice seedlings were grown in a

growth room with day/night temperatures of 30�C/22�C and a 16-h

photoperiod (200 mmol photons m�2 s�1). We used 320 mM NaH2PO4

and 16 mM NaH2PO4 (1/20) for Pi-replete and Pi-depleted treatments,

respectively.
Construction of vectors for transformation

For overexpression constructs, the full-length CDSs of OsSYP21, Os-

SYP22, and OsSYP22-ND (without the C-terminal TM helix; 245–267 aa)

were inserted into modified pCAMBIA1300 (Wang et al., 2015) by

seamless cloning. GFP was fused at the N terminus with target genes

and driven by the 35S promoter.

For complementation of the osspx-mfs1/2/3 mutant, full-length OsSPX-

MFS3, OsSPX-MFS3SPX, and OsSPX-MFS3MFS were inserted into modi-

fied pTF101 (Ying et al., 2017) by seamless cloning. GFP was fused at

the N terminus with target genes and driven by the 35S promoter. The

resulting constructs, as well as pC1300-GFP-OsSYP21 and pC1300-

GFP-OsSYP22 vectors, were used for transformation of NIP and the

osspx-mfs1/2/3 mutant.

Constructs were transformed into callus derived frommature seeds of NIP

or the indicated mutant via Agrobacterium tumefaciens EHA105. The

primers used for all amplifications are listed in Supplemental Table 3.
RNA isolation and qRT–PCR

Total RNAwas extracted from plant samples using the RNA-easy Isolation

Reagent (Vazyme) according to the manufacturer’s recommendations.

First-strand cDNAs were synthesized from total RNA using a

PrimeScript RT reagent Kit with gDNA Eraser. Quantitative RT (qRT)–

PCRwas performed using TBGreen qPCRMasterMix (Takara) on a Light-

Cycler 480 thermocycler (Roche Diagnostics). Relative gene expression

was calculated by the 2�DDCt method using the housekeeping gene

OsACT1 as an internal reference. Primers used for qRT–PCR are given

in Supplemental Table 3. All experiments were performed with three

biological and two technical replications.
r.
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Measurement of Pi concentration

Leaves and roots of rice seedlings from Pi-replete or Pi-deficient con-

ditions were sampled separately. The Pi concentration was measured

using a previously described procedure (Wang et al., 2009). In brief,

fresh samples (50 mg) were homogenized with 50 ml of 5 M H2SO4

and 3 ml H2O. The homogenate was transferred to 1.5-ml tubes and

centrifuged at 10 000 3 g for 10 min at 4�C. The supernatant

was collected and diluted to an appropriate concentration. The

diluted supernatant was mixed with malachite green reagent in a 3:1

ratio and analyzed after 30 min. The absorption values for

the solution at 650 nm were determined using a Spectroquant NOVA

60 spectrophotometer (Merck, Darmstadt, Germany). The Pi

concentration was calculated from a standard curve generated with

various concentrations of KH2PO4.
Nuclear magnetic resonance spectroscopy

About 0.07 g (fresh weight) of roots from 2-week-old plants were packed

into a 5-mm-diameter nuclear magnetic resonance (NMR) tube equipped

with a perfusion system connected to a peristaltic pump. In vivo 31P-NMR

spectra of the roots were recorded on a Bruker Ascend 600 NMR spec-

trometer (Bruker, Rheinstetten, Germany) with MestReNova software

version 6.1.1-6384. The 31P-NMR spectra were recorded at a 242.9-

MHz lock with deuteroxide in the capillary and water. The 31P-NMR acqui-

sition conditions were as follows: 30� pulse angle, 1500 scans, and a

spectral window of 16 kHz. Chemical shifts were measured relative to

the signal from a glass capillary containing 10 mM methylenediphos-

phonic acid as a reference, which is at 18.9 ppm relative to the signal

from 85% H3PO4.
Isolation of protoplasts, vacuoles, and tonoplasts

Ten-day-old rice seedlings grown on culture medium supplemented with

320 mMPi or 16 mMPiwere sampled for protoplast, vacuole, and tonoplast

isolation.

Stems and leaves of 50 rice seedlingswere cut into approximately 0.5-mm

strips using a razor blade. The strips were placed into a Petri dish with 10

ml of enzyme solution (1.5% [w/v] cellulose and 0.3% [w/v] macerozyme in

K3 medium). We applied a vacuum for 1 h for infiltration of the enzyme so-

lution and incubated it for about 4 h in the dark with gentle shaking

(approximately 40 rpm) at room temperature. The enzyme solution was

removed, and 10 ml of W5 medium (154 mM NaCl, 125 mM CaCl2, 5

mM KCl, and 2 mMMES, pH 5.7) was added with gentle shaking (approx-

imately 80 rpm) for 1 h to release the protoplasts. The solution was filtered

through 35-mm nylon mesh and centrifuged at 1500 rpm for 4 min to

collect the protoplasts.

Rice vacuoles were isolated following previously published methods

(Robert et al., 2007). A 2-ml aliquot of protoplast lysis buffer (200 mM

sorbitol, 10% Ficoll-400, 20 mM EDTA, 10 mM HEPES-OH, 0.15%

BSA, 2 mM DTT, 5 mg ml�1 neutral red, pH 8.0) was added to the previ-

ously extracted rice protoplasts, and the solution was incubated at 37�C
for 2–10 min. The solution was inspected using a light microscope for

protoplast disruption and vacuolar release. The solution was transferred

into an ultra-clear centrifugation tube, then overlayed with 3 ml 4% Ficoll

in vacuole buffer (500 mM sorbitol, 10 mM HEPES-OH, 0.15% BSA,

1 mM DTT, 2 mg ml�1 leupeptin, 2 mg ml�1 antipain). One milliliter of

ice-cold vacuole buffer was gently added to the top phase. Vacuoles

were isolated by ultracentrifugation (71 000 3 g, 50 min, 4�C), after
which intact vacuoles were visible as an interface between the top and

middle phases.

For further tonoplast isolation (Zouhar, 2017), isolated vacuoles were

centrifuged at 100 000 3 g for 1 h at 4�C. The pellets were washed

three times with PBS, then loaded onto an SDS–PAGE gel with 23

Laemmli buffer.
Mole
Subcellular localization and BiFC

For transient expression of constructs in rice protoplasts, the coding re-

gions of OsSPX-MFS3, OsSPX-MFS3MFS, and OsSPX-MFS3SPX were

amplified using attB-containing primers and cloned into pDEST-cGFP

(Carrie et al., 2008). OsSPX-MFS3MFS was amplified and cloned into

pSAT4-mCherry-N1 (Lee and Gelvin, 2014) by seamless cloning.

OsSPX-MFS3, OsSPX-MFS3MFS, OsSPX-MFS3SPX, OsSYP21, and Os-

SYP22 were cloned into the BiFC vectors pSAT6-nEYFP-N1 and

pSAT6-nEYFP-C1 by seamless cloning to generate nYFP-OsSPX-

MFS3, nYFP-OsSPX-MFS3MFS, cYFP-OsSPX-MFS3SPX, cYFP-OsSYP21,

and cYFP-OsSYP22. For transient expression of constructs in tobacco

leaves, target genes were cloned into either C-terminal or N-terminal frag-

ments of YFP vectors (Yang et al., 2007) by seamless cloning to generate

nYFP-OsSPX-MFS1, nYFP-OsSPX-MFS2, nYFP-OsSPX-MFS3, cYFP-

OsSYP21, and cYFP-OsSYP22. Primers are listed in Supplemental

Table 3.

AtWAK2-mCherry, GmMAN1-mCherry, VHA-A1-mCherry, mCherry-

AtARA7, and vac-rk/CD3-975 were used as ER, Golgi, TGN, PVC, and

tonoplast markers, respectively (Nelson et al., 2007). For rice protoplast

transformation, 10 mg plasmid DNA of each construct was transformed

into 0.2 ml protoplast suspension and incubated at 30�C in the dark for

12–15 h. For transient expression in tobacco leaves, the constructs

were delivered by Agrobacterium-mediated infiltration (A. tumefaciens

EHA105) as described previously (Walter et al., 2004), and fluorescence

was imaged three days after infiltration. Fluorescence signals were

detected using an LSM 710 NLO confocal laser scanning microscope

(Zeiss, G€ottingen, Germany). Excitation/emission wavelengths were

488 nm/506–538 nm for YFP and GFP, 561 nm/575–630 nm for

mCherry, and 405 nm/465–480 nm for cell wall and CFP.

For the FM4-64 staining time course, 7-day-old GFP-OsSPX-MFS3 over-

expression seedlings cultured under low-Pi conditions were incubated in

medium containing 5 mM FM4-64 for the indicated times.

FM4-64 staining of tonoplasts was performed according to a published

protocol (Scheuring et al., 2015). In brief, one-week-old rice seedlings

were incubated in a culture medium containing 5 mM FM4-64 for 30 min

in the dark. The seedlings were then transferred to fresh medium without

FM4-64 in the dark for an additional 3 h and imaged by confocal

microscopy.

Wortmannin treatment was performed with rice hydroponic medium con-

taining 33 mMwortmannin dissolved in dimethyl sulfoxide (DMSO) for 2 h.

Ratiometric fluorescence imaging

roGFP2 offers the largest dynamic range at the fixed excitation wave-

lengths (Brach et al., 2009). roGFP2 fluorescence was excited at 405

and 488 nm in multi-tracking mode with line switching. To improve the

signal-to-noise ratio, all images were collected using a mean of 4. roGFP2

fluorescence was collected using a band-pass filter at 505–530 nm. To

minimize the influence of noise on the final ratio image, only cells whose

fluorescence excited at 405 nm was at least five times higher than the

background were used for further analysis. Ratiometric analysis of non-

saturated images was performed using ImageJ software. For the proteins

destined for distal compartments in the secretion pathway, samples were

incubated with 50 mM BFA for 8 h as an inhibitor of ER–Golgi transport.

Protein isolation and immunoblot analysis

For total protein extraction, plant tissues were ground in liquid nitrogen

and dissolved in SDS extraction buffer containing 2% (w/v) SDS, 60 mM

Tris–HCl (pH 8.5), 2.5% (v/v) glycerol, 0.13 mM EDTA, 1 mM phenylme-

thylsulfonyl fluoride, and a protease inhibitor cocktail (Sigma-Aldrich).

Plant tissues were ground in liquid nitrogen, and membrane proteins

were isolated using a Plant Fractionated Protein Extraction Kit (PE0240,

Sigma-Aldrich) to isolate hydrophobic proteins. For each sample, 50 mg
cular Plant 16, 1304–1320, August 7 2023 ª 2023 The Author. 1317
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of protein sample was subjected to electrophoresis in SDS–PAGE gels,

transferred to polyvinylidene fluoride (PVDF) membranes, and analyzed

by immunoblotting using anti-FLAG (1:5000, ABclonal), anti-HIS (1:5000,

ABclonal), anti-GST (1:5000, ABclonal), anti-b-actin (1:5000, ABclonal),

anti-GFP (1:2000, Thermo Fisher Scientific), and anti-V-ATPase (1:2000;

Agrisera) antibodies. Bound antibodies were visualized with ECL sub-

strate (Millipore) using the ChemDoc XRS system (Bio-Rad). Quantitative

analysis of immunoblots was performed using Quantity Tools in Image

Lab software (Bio-Rad).

Y2H assay

Y2H assays were performed using a split-ubiquitin system following the

instructions provided with the DUALmembrane pairwise interaction kit

(Dualsystems Biotech, Zurich, Switzerland). Full-length, SPX-2TM, SPX-

6TM, and SPX domain versions of OsSPX-MFS3, SPX-2TM versions of

OsSPX-MFS1,2, and AtVPT1,2,3 were subcloned in frame into pBT3-

STE to generate pBT3-STE-Preys. Full-length, TM-helix-free, SynN

domain, and t-SNARE domain versions of OsSYP21 and OsSYP22 and

full-length versions of OsSYP21, OsSYP22, AtSYP21, AtSYP22, and At-

SYP23 were cloned in frame into pPR3N to generate pPR3N-Baits.

Sequence data of all truncated proteins are provided in Supplemental

Table 2. The constructs were co-transformed into yeast strain NMY51

and plated onto medium without Trp and Leu to select positive clones.

Protein–protein interactions were indicated by the growth of yeast

colonies on medium lacking Leu, Trp, His, and Ade. The bait APP-Cub ex-

pressing the type I integral membrane protein APP (amyloid A4 precursor

protein) was used as a control that could interact with NubI but not with

NubG.

Co-IP assay

Co-expression of GFP-OsSPX-MFS3 (or GFP-OsSPX-MFS3SPX or GFP-

OsSPX-MFS3MFS) with 3FLAG-OsSYP21 (or 3FLAG-OsSYP22) was per-

formed in tobacco leaves cultured in hydroponicmediumwith andwithout

Pi supply. GFP and FLAG empty vectors were used as negative controls.

Co-IP assays were preformed using a GFP-Trap Agarose Kit (Chromotek,

Planegg-Martinsried, Germany) according to the manufacturer’s instruc-

tions. GFP-tagged proteins and FLAG-tagged proteins were detected us-

ing anti-GFP (Themo Fisher Scientific) and anti-FLAG (ABclonal) anti-

bodies, respectively. For InsP6 treatment, the corresponding constructs

were co-transformed into tobacco leaves with 20 mM of InsP6 (P8810;

Sigma-Aldrich), and samples were harvested after 2 days for assays.

Structure prediction

The structures of the free state of OsSPX-MFS3 and its complex with

SYP22 were predicted using AlphaFold (version 2.2.0; Jumper et al.,

2021) using the ‘‘monomer’’ deep learning models and its updated

version AF2Complex (Gao et al., 2022), respectively, as implemented on

our local computer cluster. Five structures were predicted for OsSPX-

MFS3 and also for its complex. The structures were visualized by

PyMOL (PyMOL molecular Graphics System, version 2.5.2, Schr€odinger).

The electrostatics surface analysis was performed using the APBS Elec-

trostatics plugin in PyMol.

Accession numbers

Sequence data from this article can be found in the Rice Genome Anno-

tation Project (RGAP) database under the following accession numbers:

OsSPX-MFS1 (LOC_Os04g48390); OsSPX-MFS2 (LOC_Os02g45520);

OsSPX-MFS3 (LOC_Os06g03860); OsSYP21 (LOC_Os02g47440);

OsSYP22 (LOC_Os01g15110); AtVPT1 (AT1G63010); AtVPT2

(AT4G11810); AtVPT3 (AT4G22990); AtSYP21 (AT5G16830); AtSYP22

(AT5G46860); AtSYP23 (AT4G17730); AtWAK2 (At1g21270); GmMAN1

(NM_001251128.1); VHA-A1 (AT2G28520); AtARA7 (AT4G19640).
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