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Tethering of the plasma membrane (PM) and many organelles tthe endoplasmic

reticulum (ER) for communication and lipid exchange has bee widely reported.

However, despite growing interest in multi-vesicular bods (MVBSs) as possible sources
of exosomes, tethering of MVBs to the PM has not been reported Here we

show that MVBs and the vacuolar membrane (tonoplast) could é tethered to the

PM (PM-MVB/TP tethering) by arti cial protein fusions or baolecular uorescence

complementation (BiFC) complexes that contain a periphetamembrane protein that
binds the PM and also a protein that binds MVBs or the tonoplats PM-binding

proteins capable of participating in PM-MVB/TP tetheringnicluded StRem1.3, BIK1,

PBS1, CPK21, and the PtdIns(4)-binding proteins FAPP1 and €h2. MVB/TP-binding

proteins capable of participating in tethering included AR6, ARA7, RHAL1, RABG3f,
and the PtdIns(3)P-binding proteins Vam7p and Hrs-2xFYVBIFC complexes or protein
fusions capable of producing PM-MVB/TP tethering were visalized as large well-de ned
patches of uorescence on the PM that could displace PM proténs such as AtFlotillinl
and also could displace cytoplasmic proteins such as solule GFP. Furthermore, we
identi ed paralogous ubiquitin E3 ligase proteins, SAUL1AtPUB44), and AtPUB43 that
could produce PM-MVB/TP tethering. SAUL1 and AtPUB43 coulgroduce tethering in

uninfected tissue when paired with MVB-binding proteins owhen their E3 ligase domain
was deleted. When Nicotiana benthamianaleaf tissue was infected withPhytophthora

capsici, full length SAUL1 and AtPUBA43 localized in membrane patclseconsistent with

PM-MVB/TP tethering. Our ndings de ne new tools for studyng PM-MVB/TP tethering
and its possible role in plant defense.

SIGNIFICANCE STATEMENT

Although not previously observed, the tethering of multiesicular bodies to the plasma
membrane is of interest due to the potential role of this progss in producing exosomes
in plants. Here we describe tools for observing and maniputang the tethering of
multi-vesicular bodies and the tonoplast to the plant plasma membrane, and describe
two plant proteins that may naturally regulate this processluring infection.
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INTRODUCTION of the system. The lipids not only in uence the biophysical
properties of the membrane bilayers, but they also recruit speci

In eukaryotic cells, the endosomal system is composed ofséive endosomal e ector proteins that mediate vesicle targeting,
highly dynamic vesicular organelles performing the funesio sorting, fusion, and docking. In animal endosomal systems,
of cargo storage, sorting, and delivery to specic destov@i phosphatidylinositol 3-phosphate (Ptdins(3)P) is a de ning
(Mellman, 1996; Bonifacino and Traub, 2Q0Based on their characteristic of the EEsD{ Paolo and De Camilli, 2006
di erent functions, these vesicular organelles have beeegdly ~ GTP-bound Rab5 on the endosomal membrane can interact
classied in animal cells as early endosomes (EE), regyclinyith the e ector protein phosphoinositide 3-kinase (PI3K)
endosomes (REs), and late endosomes (LEs) (also known r@Sulting in local synthesis of Ptdins(3)RI(rray et al., 2002;
multivesicular bodies; MVBs)Singh et al., 2014; Hu et al., jovic et al., 2090 The presence of Ptdins(3)P establishes the
2019. Heterotypic fusion between endocytic vesicles and thgjentity of EEs by recruiting a variety of e ector proteins
EE is regulated by a small GTPase referred to as Rab5, whigiat contain Ptdins(3)P-binding modules such as the FYVE
also promotes homotypic fusion between Efsy(c et al., 2010; domain of early endosomal antigen-1 (EEA1) of human cells
Zeigerer et al., 20)2EEs function as the major sorting hub for (Gaullier et al., 1998the Phox (PX) domain of the Qc-SNARE
membrane and soluble cargos. Most membrane cargos are sortg@|uble NSF attachment protein receptor), and Vam7p of yeast
for recycling back to the PM via recycling endosomes (RES)(  cells Gato et al., 2001
et al., 2004; van 1Jzendoorn, 2006; Hsu and Prekeris,) 2010 In plant cells, although the TGN appears to functionally
the other hand, cargos destined for degradation in lysosomeeplace the role of EEs, it is usually devoid of Ptdins(3)P
are targeted to regions of the EEs destined to mature into LE$aez Valencia et al., 2Ql6lnstead, Ptdins(3)P is highly
(Huotari and Helenius, 20)1 The hallmark of the maturation enriched on the MVBs and also occurs on the tonoplast,
of EEs to LEs is loss of Rab5 from endosomal membrane Wimhere it has been visualized by using uorescenﬂy tagged
the concomitant acquisition of RabP¢teryaev et al., 20).0.Es  ptdins(3)P-speci ¢ biosensors'érmeer et al., 2006; Simon et al.,
move unidirectionally toward, and then fuse with, the lyso®s  2014. These results are in accordance with the nding that a
which contain a variety of hydrolytic enzymes for the tureowf  pair of functionally redundant canonical Rab5-type GTPases,
the endocytic cargos{u and Ren, 2015 RABF2b/ARA7 Bottanelli et al., 20)2and RABF2a/RHA1

The endosomal system in plant cells shares major similaritiqSohn et al., 2003 together with a plant-speci ¢ Rab5-like
with mammalian systems. However, it has been suggested thgtrpase RABF1/ARAGpine et al., 20)are located on MVBs.
plant cells lack distinct EEs and instead that the TGN takeg, addition, a Rab7-type GTPase, RABG3f, is localized on MVBs
on the function of EEs in receiving endocytic cargég(tmer  and the tonoplast, mediating vesicular tra cking to the vaxas
et al., 2006; Chow et al., 2008; Viotti et al., 20 Furthermore, (Nahm et al., 2003; Cui et al., 2Q1Zhus, in plants, PtdIns(3)P
it was reported that in plants, subdomains of the TGN couldis characteristic of the system of vesicles and membrargs th
either function as REs, or could gradually mature into MVBsfunctionally replaces the LEs of animal cells.
which correspond to LEs in mammalian cellScheuring et al., A set of membrane-bound vesicles that have gained renewed
2011; Singh et al., 20LAMVBs in plants have been generally attention recently, especially in the context of plant-microbe
identi ed as an intermediate hub, where endocytic cargo cafnteractions, are vesicles referred to as exosomes thatlaased
either undergo retrograde tra cking to the TGN or be targete nto the intercellular environment. Exosomes, which are type
to the Iytic compartments for degradatiorC(i et al., 2015 of extracellular vesicles, have been described from fungitgla
Moreover, plant MVBs also appear to function in the sorting ofand animals, including cancer celgmuel et al., 2015; Schorey
biosynthetic endosomes destined for the vacuole, and tbee et 3., 2015; Maas et al., 2)1Exosomes appear to originate
are often termed prevacuolar compartments (PVCEe(et al., from a variety of sources, particularly MVBs, and appear to be
2004; Shen et al., 2011; Contento and Bassham).2012 involved in transport of a variety of chemicals and protein®in

A further major dierence in plant cells is that lysosomesthe extracellular space. They also have the potential to deliver
are replaced by vacuoles as the end-point of the endocytigieir contents into adjacent cells, including those of invagli
pathway for degradation. In many but not all plant cells, vdeso microbes. One path for the release of exosomes appears toénvolv
occupy more than 90% of the total cell volumeegta et al., membrane fusion between MVBs and the PWhéry et al., 2002;
2019. The vacuole also carries out important functions such asjanson and Cashikar, 2012; Colombo et al., 301r plants,
maintaining cellular homeostasis (e.g., pH, redox, osniylar exosomes are also appear to be produced from MVBs, and in
(Zhu, 2001; Hurth et al., 2005; Andreev, 2R1¢ontributing to  particular are found to be increased in abundance in response t
the immune response against pathogens via programmed C@jotic or abiotic stress4n et al., 2007; Samuel et al., 2015; Rutter
death or discharge of anti-microbial vacuolar conteritsisugai  and Innes, 201)7 However, little is known about the machinery
and Hara-Nishimura, 2010; Hatsugai et al., 2)&nd regulating  of this process.
cell volume in support of the structural integrity of plant8€isen In the process of mapping the locations of
etal., 200p The vacuolar membrane, also called the tonoplast, ishosphatidylinositol-3-phospate  (PtdIns(3)P) relative to a
the location for the fusion of TGN-derived MVBs with vacuoleSseries of sub-cellular marker proteins inside plant cells, we
(Scheuring etal., 20).1 observed that protein fusions, or bimolecular uorescence

In the endocytic pathway, the lipid composition of the complementation (BiFC) complexes, that contain one domain
endosomal membranes is a major determinant of the identityshat binds the PM and one domain that binds MVBs or

function and di erentiation of the various vesicular comportsn the tonoplast, could produce structures consistent with
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the tethering of those organelles to the PM. ConstructBiIFC Complexes Containing Ptdins(3)P

derived from E3 ubiquitin ligases SAUL1 and AtPUB43Bjosensors and StRem1.3 Produce Large

could produce similar tethering-like structures in healthypatches of Plasma Membrane
Nicotiana benthamianaleaf tissue, and the full length fluorescence

proteins were associated with tethering-like structure ;

that formed during infection of N. benthamianaby the To more unambiguously address whether Ptdlns(S)Pyvas located

oomyceteP. capsici only on the tonoplast and not on the PM, we used the bimolecular
uorescence complementation (BiFC) assay. Normally in this
technique, two non- uorescing fragments of a uorescent
protein are translationally fused with proteins of interesttHe

RESULTS proteins of interest bind to each other, the two non- uoresgi

fragments are brought into proximity resulting in the re-assbly
Biosensors for PtdIns(3)P, Endosomes, of a functional uorescent proteinierppola, 2006 However,
MVBs, the Tonoplast, and the PM actual physical interaction between the proteins of inteiesbt

Since the initial motivation for this study was to map thedtions ~ &IWays required, and itmay be su cient to bring the proteimso

of Ptdins(3)P, we rstly created two YFP-containing biosers ~N€ar proximity, €.g., by binding to the same membrane domain.
that could enable the visualization of Ptdins(3)P. One biwor, T urthermore, if the uorescent protein used in the BiFC assays
VAM7-PX-YFP, contained a phox homology (PX) domain from Matures quickly, and is highly expressed, the two non- ucieg

the Saccharomyces cerevig@eSNARE protein, VAM7p. The fragments may associate into a functional protein as a result
other biosensor comprised a tandem repeat of the FYVE domaifgNdom transient contacts, and direct association of theeires
from the rat hepatocyte growth factor-regulated tyrosineage ~ Of interest may not be required.

substrate, namely Hrs-2xFYVE-YFP. Both proteins have been 10 €xamine the sub-cellular proximity of Ptdins(3)P and
well-characterized as speci cally recognizing Ptdins@)Ritro ~ StRem1.3, we fused VAM7-PX to an N-terminal fragment of

and in yeast, animal and plant cell&qmada and Kitamura, Yenus FP (1-155; VenusN) and StReml.3 was fused to a
1995: Cheever et al., 2001; Lee et al., 2006; Vermeer €08, ZC-termmaI fragment (156—-239; VenusC). We expec'ted that
He et al., 201)L We usedAgrobacterium tumefaciemsediated || VAM7-PX-VenusN targeted PM Ptdins(3)P then its co-
transient transformation to ectopically express the VAM7-px-exPression with PM-localized VenusC-StRem1.3 might result
YFP or Hrs-2xFYVE-YFP fusion proteins iN. benthamiana 1 & uorescent signal from re-assembled Venus, especially if
leaf cortical cells. Then the leaf tissue was examined bipcah -tdINs(3)P was localized in the same PM microdomains as
uorescence microscopy. To obtain a comprehensive view O$_tRem1.3. In fa_lct, we (_ild observe signi cant BiFC uoresc_ent
the plasma membrane, Z-axis scanning imaging was utilized j9nals from this experiment. Surprisingly however, the BiFC
build 3D visualizations via the maximal intensity projecticas ~ Uorescent signal was distributed into patches of varyingesi
shown in Supplementary Figure Sithe uorescence produced 2Cross most of the surfaces of the cortical cefigyre 1A).

by VAM7-PX-YFP and Hrs-2xFYVE-YFP was observed oy he sizes ranged from extensive patches down to small punctae
motile vesicular organelles, and on the tonoplast. Thes&lghlighted by solid and dotted circles Figure 1A). The larger
locations were veried by co-localization analyses using thPatches typically had a variety of small, round, non- uoredce
well-characterized endosome markers ARA6 and RABG3f anficlusions. A similar distribution of BiFC uorescence walso

the tonoplast marker AtTPK1upplementary Figure Sp This ~ 0Pserved in complexes containing Hrs-2xFYVEgure 1A).

observation aligns with previous studies in tobacco BY-2scelOn the other hand, this pattern was not observed in BiFC
(Vermeer et al., 2006and Arabidopsisroot cells Gimon complexes containing the mutant biosensors VAM7-Panhd

et al., 201}t Additionally, to con rm that Ptdins(3)P-binding HrS-2xFYVE; instead those complexes were homogeneously
was required for subcellular localizations of the biosesso distributed on the plasma membraneFigure 18), closely

we designed mutations in the Ptdins(3)P-binding sites ofnatching the localization of fgsmns of StRem1.3 with full-
the biosensor proteins through site-directed mutagenesis 4€N9th YFP Supplementary Figure Sp- Thus, Ptdins(3)P-
previously described Kutateladze and Overduin, 2001: Leeblnd_ln_g appeared to be_ required for formation of the patches.
et al., 2006: Pankiv et al., 201(Both mutant biosensors, A similar pattern, ranging from large patches down to small
VAM7-PX and Hrs-2xFYVE, completely lost targeting to punctae, was observed when the constructs were co-expressed in
any membrane, including the MVBs and tonoplast; instead‘\raidopsismesophyll protoplastsSupplementary Figure SB

they accumulated in the cytoplasrBypplementary Figure S Furthermore, since uprescent Venu; BiFC complexes were
Though both Ptdins(3)P biosensors appeared to predominatefPrmed by the mutant biosensors as e ciently as the non-mita

target the tonoplast as well as the endosomes, the clo88€S: We concluded that, under the conditions of our assags,
apposition of the tonoplast to the PM due to turgor pressurevenUSN and VenusC fragments could spontaneously re-assemble
(Reisen et al, 20p5made it dicult to rule out the without the need for close association of the fused proteiins o

presence of some level of Ptdins(3)P on the inner lea efNt€rest, asnoted by otherspokin and Assmann, 20)4

of the PM Supplementary Figure SR as visualized by the We also designed chimeric fusion proteins consisting of a
widely used PM marker protein, the remorin stRem1.37tdINS(3)P biosensor at the N terminus, full length YFP or
(Perraki et al., 2012; Jarsch et al., 2014 tagRFP in the middle, and StRem1.3 at the C terminus, that are
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A VAM7-PX-VenusN & VenusC-StRem1.3 Hrs-2xFYVE-VenusN & VenusC-StRem1.3

yi Zoom In

Zoom In N oa o b

Maximal intensity projection Top layer

B VAM7-PX*-VenusN & VenusC-StRem1.3 Hrs-2xFYVE*-VenusN & VenusC-StRem1.3

Maximal intensity projection Secant view Maximal intensity projection Secant view

Top layer Maximal intensity projection

FIGURE 1 | Co-expression of PtdIns(3)P-binding proteins and StRem1.Broduces BiFC complexes distributed in large patches on théM of N. benthamianaleaf
cortical cells. (A) BiFC uorescence in cells co-expressing VAM7-PX-VenusN or i4-2xFYVE-VenusN with VenusC-StRem1.3. The dotted boxesdicate the regions
zoomed in in the top layer projections(B) BiFC uorescence in cells co-expressing VenusC-StRem1.3 wi VenusN fusions to the PtdIns(3)P-non-binding mutants,
VAM7-PX*, Hrs-2xFYVE*. Large membrane patches are highfiged by the solid circles, and small punctae are highlightegith the dotted circles.All scale bars
represent 10nm.

structurally equivalent to the BiFC complexes used abovth Boabolished when the VAM7-PX mutant was used; instead,
the YFP and tagRFP versions of the chimeric fusion proteinaniform PM binding characteristic of AtRem1.4 was observed
produced the characteristic pattern of patches observed abowéth these mutant constructsSupplementary Figures S4B)C
(Supplementary Figure S Thus, the formation of the patches The transcript levels produced by the fusion constructs
was not restricted to BiFC experiments. were validated by using quantitative real-time PCR, which
The sizes of the membrane patches were highly variabEhowed transcript levels from th€aMV35S promoter to
among di erent cells, or even within the same celsgure 1A, be 6-fold higher than that from theAtRem1.4promoter
and Supplementary Figures S34). To test the hypothesis that (Supplementary Figure S4D Thus, these results supported that
the di erences in sizes resulted from di erences in transcriptthe sizes of the patches were in uenced by transgene expressio
levels encoding these uorescent protein fusions, we contpardevels. Furthermore, VAM7-PX-YFP-AtRem1.4 driven by the
the patterns produced by constructs driven by the strongAtReml.4promoter in stable transgenidrabidopsidines also
cauli ower mosaic virus 35S promote€CaMV35$ (Sunilkumar  resulted in uniform small punctaeSupplementary Figure S4E
et al., 200p (used for all experiments described above), withindicating that this distribution on the plasma membrane
those driven by the native promoter drabidopsis AtRem1.4 was characteristic of the expression level produced by the
(At5g23750.1), the closegtrabidopsishomolog of StRem1.3 AtReml.4romoter.
(Ra aele et al., 2007 For these experiments, full length YFP . )
was used to join VAM7-PX with AtRem1.4. Membrane patches-ormation of Membrane Patches Requires
ranging in size from large to small punctae were observed PM-Binding Partner
upon expression of VAM7-PX-YFP-AtRem1.4 under the controlStRem1.3 is exclusively targeted to the PM through a short C-
of the CaMV35Spromoter. However, constructs containing terminal anchor which has been identi ed as an amphipathic
the AtReml.4promoter uniformly produced small punctae a-helix (Perraki et al., 2092 or as an unconventional lipid-
(Supplementary Figure S4B Patches produced by VAM7-PX- binding motif (Gronnier et al., 2017 Therefore, StRem1.3
YFP-AtRem1.4 under the control of either promoter wereis a typical peripheral membrane protein. To test if this
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membrane binding motif was required for formation of the from aggregation of lipid microdomains, triggered by cross-
membrane patches, mutations were introduced into this domai linking of proteins or lipids enriched in those microdomains.
of StRem1.3. The mutant, StREM1,.8howed only cytoplasmic The second hypothesis was that the patches were produced
localization Supplementary Figure Sp When StREM1.3was by the tethering to the PM of organelles such as endosomes,
paired with the VAM7-PX or Hrs2xFYVE PtdIns(3)P biosensorsmulti-vesicular bodies (MVBs) or the tonoplast that carried
the BiIFC complexes showed only localization characterddtic Ptdins(3)P in their membranes. The possibility that orgéarel
the Ptdins(3)P biosensorsS@pplementary Figure Sb Thus, tethering might be responsible for formation of the patcheswa
membrane binding by StRem1.3 was required for formation osuggested by our recent workgo et al., 2019demonstrating
the patches. that ER-PM tethering, analogous to that produceddgbidopsis

To test if other peripheral membrane proteins could alsosynaptotagminl (SYT1) Yamazaki et al., 20)0 could be
produce large membrane patches when paired with Ptdins(3)Produced by BiFC complexes carrying a PM-speci ¢ peripheral
biosensors, we replaced StRem1.3 with the well-charaaerizenembrane protein and an ER-tra cked integral membrane
receptor-like cytoplasmic kinases (RLCKs), BIKi ¢t al., 201))  protein (IMP).
PBS1 Qi et al., 201}, and CPK21 fsai et al., 2013 those To test the hypothesis that BIFC complexes triggered
proteins are targeted to the PM via N-terminal myristoylatio aggregation of membrane microdomains, we paired StRem1.3
palmitoylation, or both Supplementary Figure Sp Consistent with peripheral membrane proteins (PMPs) or Ptdins(4)P-
with the pattern observed with StRem1.3, when each of them wésnding proteins to examine whether they could trigger the
co-expressed with either VAM7-PX or Hrs-2xFYVE, uorescentformation of patches. All BiFC complexes involving two
BiFC complexes distributed in large membrane patches wergeripheral membrane proteins, namely BIK1-VenusN plus
produced Figure 2A). Additionally, when the myristoylation VenusC-StRem1.3, PBS1-VenusN plus VenusC-StRem1l.3,
and palmitoylation sites of BIK1 were eliminated by mutation CPK21-VenusN plus VenusC-StReml1.3, and FAPP1la-
the resultant BIK1 mutant was not membrane localized and PH-VenusN plus VenusC-StRem1.3, were found to be
did not produce patches when paired with VAM7-PX or Hrs- homogeneously distributed on the PMFigure 2B), closely
2XFYVE Gupplementary Figure Sp similar to distribution characteristics of each protein éaswith

PtdIns(4)P accumulates on the PM of plant cel&(meer full-length FPs Supplementary Figure Sp Thus, there was no
et al., 2009; Simon et al., 2Q1€onsistent with these reports, evidence that cross-linking di erent PM-targeted PMPs in BiFC
we observed that biosensors containing the Ptdins(4)Peomplexes could trigger the formation of patches.
binding PH domain of FAPP1 OQowler et al., 2000 and To test the hypothesis that the BIFC complexes triggered
Osh2p Roy and Levine, 2004were targeted to the PM tethering of Ptdins(3)P-containing membranes to the PM,
(Supplementary Figure Sp In our experiments, we used a we paired StReml1.3 with proteins that have been well-
mutant of FAPP1-PH, namely FAPPla-PH, that no longercharacterized as associating with MVBs and the tonoplast in
binds the Golgi protein ARF1 and therefore cleanly detectérabidopsisnamely the Rab5-type GTPases RHADI(n et al.,
Ptdins(4)P He et al., 201)L When we paired these two PM- 2003, ARA7 (Bottanelli et al., 2002 ARA6 (Ebine et al,
targeted PtdIns(4)P-binding proteins with either VAM7-PX or 201J), and the Rab7-type GTPase RABGS( et al., 201
Hrs-2xFYVE, the resultant uorescent BiFC complexes als¢Supplementary Figure Sp Co-expressing those proteins with
appeared as large membrane patches similar to those produc8tRem1.3 in Venus BiFC complexes produced the characteristic
with StRem1.3 Kigure 2A and Supplementary Figure S membrane patches in every caddg(re 20, supporting the
As a control, we used a FAPPla-PH mutant, FAPPla;PH hypothesis that this characteristic structure may corresptm
in which the Ptdins(4)P binding site was abolished via sitethe tethering of MVBs and/or the tonoplast to the PM.
directed mutagenesisHg et al., 201l This mutant showed To further examine whether the BiFC complexes may also
only cytoplasmic localization, resulting in complete loss oftonnect the tonoplast to the PM, we used two well-identi ed
PM localization Gupplementary Figure Sb When paired tonoplast-localized proteins namely DUF679 membrane protein
with VAM7-PX and Hrs-2xFYVE, the FAPPla-PHBIFC (AtDMP1) (Kasaras etal., 20)@nd tonoplast potassium channel
complexes displayed only organellar localization charétter protein AtTPK1 (Maitrejean et al., 20)1which are integral
of the two PtdIns(3)P biosensorSpplementary Figure Sb  membrane proteins. When we co-expressed the two proteins
Together the above observations indicated that formatiowith StRem1.3 however, the BiFC complexes produced ER-
of membrane patches by Ptdins(3)P-binding BiFCPM tethering, due to trapping of the two integral membrane
complexes requires a peripheral membrane protein as proteins in the ER, as described in our work on ER-PM
PM-binding partner. tethering (fao et al., 2019

When we paired a Ptdins(3)P biosensor with an

MVB-associated protein, specically VenusN-ARA7 plus
Membrane Patches Appear to Correspond VenusC-Hrs-2xFYVE or ARAG6-VenusN plus VenusC-Hrs-

to Tethering of the Tonoplast and MVBs to 2xXFYVE, the BIiFC complexes did not produce membrane

the PM patches Figure 2D). BiFC complexes containing two di erent
Based on the observations presented above, we formulated tWtdIins(3)P  biosensors, specically VAM7-PX-VenusN plus
alternative hypotheses regarding the origin of the membran¥enusC-Hrs-2xFYVE or Hrs-2xFYVE-VenusN plus VenusC-
patches. The rst hypothesis was that the patches resultedrs-2xFYVE, also did not produce patches-iqure 2D).
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BIK1-VenusN & PBS1-VenusN& CPK21-VenusN& -PH-
VenusC-VAM7-PX  VenusC-VAM7-PX_ VemusC-VAM7-PX - VarusC. VAMABX

Maximal Intensity Projection

BIK 1-VenusN & PBS1-VenusN& CPK21-VenusN& FAPP1a-PH-VenusN&
VenusC-Hrs-2XFYVE  VenusC-Hrs-2xFYVE  VenusC-Hrs-2xFYVE VenusCHrs—ZxFYVE
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FIGURE 2 | Membrane patches can be formed inN. benthamianaleaf cortical cells only by BiFC complexes containing a pretn targeted to the PM and a protein

targeted to multi-vesicular bodies (MVBs) and the tonoplds(A) Peripheral membrane proteins BIK1, PBS1, CPK21, or PtdIns(®)binding protein FAPP1a fused to

VenusN could produce membrane patches when co-expressed iBiFC complexes with VenusC-VAM7-PX or VenusC-Hrs-2xFYVIB) Fluorescence distribution of
(Continued)
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FIGURE 2 | BiFC complexes containing only PM-targeted peripheral mebrane proteins (PMPs). VenusN-fused BIK1, PBS1, CPK21, FARB-PH were paired with
VenusC-StRem1.3, as indicated (C) Fluorescence distribution of BiFC complexes containing aPMP targeted to the PM and one PMP targeted to MVBs and the
tonoplast. VenusN-fused RHA1, ARA7, ARA6, or RABG3f were ped with VenusC-StRem1.3 or FAPPla-PH-VenusC, as indicadl. (D) Fluorescence distribution of
BiFC complexes containing only PtdIns(3)P biosensors and pgheral membrane proteins targeted to MVBs and the tonoplst. VenusC-Hrs-2xFYVE was paired with
VenusN-fused ARA7, ARA6, VAM7-PX, or Hrs-2xFYVE. Scaleseaidentical in all panels, representing 16rm.

From this observation we concluded that, unlike Ptdins(4)Pby many of the patches. To further examine the inferred
Ptdins(3)P did not reside on the cytoplasmic face of the PM, antethering of the MVBs, we co-expressed soluble tagRFP and
thus was not available to tether the PM to the tonoplast or MVBsthe tonoplast marker, AtDMP1-GFP, together with VAM7-PX-
YFP -StRem1.3. VAM7-PX-YFPStRem1.3 contains a colorless
mutant of YFP Gtepanenko et al., 20)Land thus produces
Both the Tonoplast and MVBs Can be colorless patches that can be visualized by negative staivith
Tethered to the PM proteins that they exclude such as tagRFP and AtDMP1-GFP. As
Since many marker proteins are shared between MVBs and thghown in Figures 4B,Cand Supplementary Movies S253 the
tonoplast, it was initially ambiguous whether tethering bt tagRFP uorescence was substantially excluded by the patches i
tonoplast, MVBs, or both were responsible for the formation ofregions lacking MVBs (highlighted by the white rectanglehwit
membrane patches. To examine the relationship of the patchesdashed border). However, in the regions containing MVBs,
to the MVBs and the tonoplast, we fused full length YFP tatagRFP uorescence appeared excluded in sarsections, but
the MVB markers RHAL, ARA7, ARA6, and RABG3f, thennot in other z-sections of the same region (highlighted by the
co-expressed each of the fusions in turn with Hrs-2xFYVEwhite rectangle), indicating that the tonoplast was not dipse
tagRFP-StREM1.3. We also co-expressed Hrs2xFYVE-tagRREBpressed to the PM in those regions and that a layer of
StRem1.3 together with GFP fused to the tonoplast-markergytoplasm covered the MVBs associated with the patches. We
AtDMP1 (Kasaras et al., 20)L®r AtTPK1 (Maitrejean et al., also note that the exclusion of AtDMP1-GFP and tagRFP by the
2017). With both the MVB and tonoplast markers, we observedcolorless VAM7-PX-YFRStRem1.3 rules out that the exclusion
two patterns of interaction between the patches produced by Hrgghenomenon is an artifact of confocal microscopy in regions
2xFYVE-tagRFP-StRem1.3 and the membranes stained with tepressing two di erent uorescent proteins.

respective GFP fusions. The GFP/YFP fusions labeled two sets

of membranes Kigures 3A,B and Supplementary Figure Sy . .

One set membranes, which we identied as the tonoplastPM'MVB/TP Tethe“ng Also Modi es the

was moderately stained by the GFP or YFP markers anBistribution of PM-Localized Proteins

was spread over the entire width of the cell with wrinkling In our ER-PM tethering studyTao et al., 2019 we showed that
patterns in the 3D visualizations corresponding to furrowslan the membrane microdomain-associated peripheral membrane
ridges in the tonoplast§upplementary Figure Syas described protein, AtFlotillinl, was spatially excluded from the regions
previously Marty, 1999; Reisen et al., 200t the tonoplast of the PM involved in ER-PM tethering produced by BiFC
regions, the patches produced by Hrs-2xFYVE-tagRFP-StRemE@mplexes. To determine whether PM-MVB/TP junctions
appeared to exclude much of the tonoplast-targeted fusionould also modify the distribution of PM proteins, we co-
proteins (highlighted by open arrows ifrigures 3A,B and  expressed Hrs-2xFYVE-tagRFP-StRem1.3 fusion proteins with
Supplementary Figure Sy supporting that the BiFC complexes AtFlotillinl. We observed that the patches corresponding
were embedded in the tonoplast and perhaps were formingp the PM-MVB/TP tethering regions substantially excluded
aggregations that could exclude other tonoplast proteinsee Ththe co-expressed AtFlotillin Figure 5. For the PM-located
second set of membranes, which we identi ed as MVBs, appearéchnsmembrane receptor kinase FLS&0(mez-Gomez and

as brightly stained complexes of tubes or vesicles; inthggeng  Boller, 200), a similar spatial exclusion was also observed
the MVBs appeared focused on the patches, resulting in patch@sigure 5). As a control, we stained the PM using the lipophilic
that appeared ringed by brightly stained MVB membranesstyryl dye FM4-64 which intercalates into the outer lea etloé
(Figures 3A,B and Supplementary Figure Sy Some MVBs PM (Dupont et al., 2010; Song et al., 20180 exclusion of the
appeared highly dynamic (highlighted by partially lled arrows FM4-64 stain was observeBigure 5). Interestingly, in contrast

in Figure 3B, and displayed irSupplementary Movie S}, while  to the exclusion patterns observed for PM-associated proteins
others appeared more stably associated with patches (higédigh noted above, AtRem1.4, which could form hetero-oligomergwit
by lled arrows). Thus, we inferred that in these regionseth StRem1.3Nlarin et al., 2012; Perraki et al., 2012; Jarsch et al.,
MVBs were tethered to the PM through the aggregations 0£019, was enriched at the PM-MVB/TP tethering sites produced
Hrs-2xFYVE-tagRFP-StRem1.3 fusion proteins. by Hrs-2xFYVE-tagRFP-StRem1Rdure 5).

To further test these inferences, we co-expressed soluble In order to further verify that the regions of exclusion
GFP with Hrs-2xFYVE-tagRFP-StRem1.3, to determine if thebserved above were not created by a microscopy artifact,
cytoplasm was displaced, as expected if the tonoplast wa® again used the colorless fusion protein, VAM7-PX-Y+P
tethered directly to the PM. As shown ifrigure 4A, the StReml.3. As expected, the colorless patches of VAM7-PX-YFP
freely di using cytoplasmic GFP proteins were clearly exclude®tRem1.3 could also cause exclusion of AtFlotillin, and FLS2
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FIGURE 3 | Membrane patches can involve PM-tethering of either the tasplast or MVBs. (A) Distinct tonoplast- and MVB-associated patches revealed
co-expression of YFP- or GFP-fused ARA6, RABG3f, AIDMP1, oktTPK1 with Hrs-2xFYVE-tagRFP-StRem1.3. Examples of toqbast- and MVB-associated patches
are highlighted with open and lled arrows, respectively. Poctae associating with the tonoplast or MVBs, are highligletd by dotted and solid arrows, respectively(B)
Dynamic nature of interactions of patches with MVBs reveatkby time-lapse imaging of AtDMP1-GFP co-expressed with HF2XFYVE-tagRFP-StRem1.3. Examples
of patches that are tonoplast-associated, MVB-associatedor dynamically associated are highlighted with open, fyll lled and partially- lled arrows, respectively.
Animation of this cell is shown irSupplementary Movie S1 . Scale bar in all panels represents 1@m.
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FIGURE 4 | Distribution of cytoplasm-targeted free uorescent protens in the presence of membrane patches(A) Soluble GFP showing exclusion by membrane

patches produced by Hrs-2xFYVE-tagRFP-StRem1.3 (negatily stained holes in GFP panel). Examples of tonoplast-assiated patches from which GFP has been

excluded are highlighted with open arrows, and punctae areighlighted by dotted arrows. Examples of MVB-associated pa&hes from which GFP has not been
(Continued)
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FIGURE 4 | excluded are highlighted with lled arrows, and punctae are lghlighted by solid arrows.(B) Left panel: Serialz-axis sections of control cells co-expressing
tagRFP and AtDMP1-GFP Right panel: Serial z-axis sectiond eells co-expressing tagRFP and AtDMP1-GFP together witthe fusion protein
VAM7-PX-YFP*-StRem1.3 that produces colorless, negative-stained patches. The sections reveal that the cytoplasroverlaps patches associated with MVBs, but
not with patches associated with the tonoplast. Examples ofonoplast- and MVB-associated patches are highlighted wh dotted and solid squares, respectively. The
Z-axis image scanning interval was 0.61m. Animations of serialz-sections shown in the left and right panels can be viewed iiBupplementary Movies S2 , S3,
respectively.(C) An explanatory model for the distribution patterns of solule cytosol, the vacuole, tonoplast, and MVBs in the presencef colorless membrane
patches as observed in the right panel ofB). Explanations of tonoplast- and MVB-associated patches a highlighted with dotted and solid squares, respectively.
Scale bars in(A,B), represent 10nm in each case.

FIGURE 5 | Distribution of uorescently tagged PM-localized proteingn the presence of membrane patches irN. benthamianaleaf cortical cells. Left panels: the
distribution of PM-targeted proteins expressed alone, inading YFP-tagged membrane microdomain protein AtFlofifi1, integral membrane protein FLS2, and
AtRem1.4 which is the closestArabidopsis homolog of StRem1.3. Right panels: the distribution of thos uorescently tagged PM proteins co-expressed with
Hrs-2xFYVE-tagRFP-StRem1.3. Bottom panels: FM4-64 staing in the presence or absence of expressed Hrs-2xFYVE-YFBtRem1.3. All scale bars represent
10 mm.

(Supplementary Figure SB Moreover, to test if the uorescing PM-MVB/TP Tethering Is Limited by the

patches could suppress uorescence of the layer immediate@ytoske|eton and ER Network

below Poteser et al., 20)6we co-expressed Hrs-2xFYVE- We noticed that the patches produced by produced by PM-
YFP-StRem1.3 with the vacuolar lumen marker SP-tagRFR+P/MVB tethering displayed a degree of order. For example, the
AFVY (Hunter et al., 200) No depletion of SP-tagRFP-AFVY observed patches often appeared to negatively stain longstrack
uorescence was observe8ypplementary Figure SB (Supplementary Figure SP To test the hypothesis that these
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tracks corresponded to cortical microtubules, we co-expresséy YFP-SAUL1(ARM 1) and tagRFP-AtPUB43(ARM1Y),
the cortical microtubule (MT) markeArabidopsiasein Kinase and between patches produced by Hrs-2xFYVE-YFP-StRem1.3
1-Like 6 (ACK6) Ben-Nissan et al., 20p8ogether with Hrs- and tagRFP-AtPUB43(ARMY) (Supplementary Figure S10
2XFYVE-YFP-StRem1.3. As showrSopplementary Figure S9  suggesting that AtPUB43 could produce tethering by the
it was clearly evident that many tethered patches were segghratsame mechanism.
by microtubules. In some cases, growing microtubules coeld b To more directly test whether the SAUL1 and AtPUB43
observed dividing a patch into two smaller patches (highkght patches represented PM-MVB/TP tethering, we co-expressed
by the empty arrow inSupplementary Figure Sp Similar tagRFP-SAUL1(ARNI 1) with uorescently tagged Hrs-
results were also observed when the actin marker AtFimbrin2xFYVE, ARA6, AtDMP1, or AtTPK1 to label the MVBs and
(Wang et al., 200Awas co-expressed with Hrs-2xFYVE-YFP-TP. In each case, patches characteristics of tethering tb bot
StRem1.3, except that orthogonal imaging revealed that tie acthe TP (highlighted by the open arrows iRigure 7A) and
cytoskeleton also formed a thin mesh layer beneath the patcheéo the MVBs (highlighted by the lled arrows irfFigure 7A)
(Supplementary Figure Sp were observed. These results supported that SAUL1(ARN

The cortical endoplasmic reticulum (ER) is a region of the ERalone could produce PM-MVB/TP tethering, suggesting that
closely juxtaposed to the PM in animal cellh@ng et al., 2002 the protein has the ability to bind both the PM and also to
and plant cells $parkes et al., 2010; Stefano et al., pAdging the TP or MVBs. Similar results were also observed with
the ER-marker SP-tagRFP-HDEM{tsushima et al., 20)2we  tagRFP-AtPUB43(ARN 1) (Supplementary Figure S1)1 The
could observe the relationship between the PM-MVB/TP patcheSAUL1 and AtPUB43 patches also exhibited exclusion of soluble
and the cortical ER. As shown Bupplementary Figure S9%the  GFP §igure 7B and Supplementary Figure S1j1 con rming
cortical ER and the patches appeared to be mutually exclusive, @shering to the tonoplast.
expected if the patches represent sites of PM-MVB/TP tethering. Since full length SAUL1 (AtPUB44) and AtPUB43 were

uniformly distributed on the PM, but their isolated ARM

i . : , repeaté 11 could produce PM-MVBs/TP tethering, we
PM-MVB/TP Tethe“ng Is ASSO,CIated With hypothesized that there may be conditions when full-length
Two Plant U'bQX (PUB) Armadillo (ARM) SAUL1 and AtPUB43 may naturally regulate TP/MVBs-
Repeat E3 Ubiquitin Ligases PM tethering. To explore this hypothesis, we examined the

Drechsel et al. (201Geported thatArabidopsisPUB (plant U-  subcellular distribution of full-length SAUL1 and AtPUBA43 in
box) E3 ligase senescence-associated ubiquitin ligasetdirpro the context of infection, based on two rationales. FirstUEA
(SAUL1, also called AtPUB44) was exclusively targeted tand AtPUB43 have been reported as being redundantly involved
the PM with a homogenous distribution. However, whenin plant defenselfisch et al., 2015; Tong et al., 201%econd,

its C-terminal ARM domain (repeats 7-11), was expressellVBs have been identi ed as a potential source of exosomes
as a YFP fusion protein, a heterogeneous pattern of larg€olombo et al., 2004 which may be associated with plant
membrane patches was observed, similar to the patches wefense against pathogen infectioAn( et al., 2007; Samuel
have described here. A similar result was also reported fart al., 2015; Rutter and Innes, 201 Therefore, we inoculated
its closest paralog AtPUB43vVg¢gelmann et al., 20)4 To  YFP-SAUL1-expressing or YFP-AtPUB43-expressing leaves with
investigate whether PM-MVB/TP tethering was associated witthe oomycete pathogeR. capsicLT263, using a transformant
the SAUL1 and AtPUBA43 patches, we carried out subcelluldhat constitutively expressed GFP (represented by the aati c
co-localization experiments. When wild type SAUL1 was fuseded color in Figure 8A and Supplementary Figure S1IR At

with YFP at the N terminus and transiently expressed in24-36h post-inoculation, the distribution of YFP-SAUL1 was
N. benthamianacortical cells, the uorescence of YFP-SAULlobserved across the margin of the pathogen lesion using tile
was uniformly distributed on the PMHigure 6A) consistent scanning combined with 3D projection. In this way, the spatial
with the previous studiesOrechsel et al., 2010; Vogelmannand temporal development of infection could be recorded in
et al., 201 Furthermore, expressing YFP-tagged ARM repeata single composite image with high resolution (top panel in
7-11 of SAUL1 produced uorescent signals distributed intoFigure 8A). In cells that were located in regions not in Itrated
patches Figure 6A), again as previously observefréchsel with hyphae (uninfected stage iRigure 8A), YFP-SAUL1 was

et al.,, 2010; Vogelmann et al., 2014nterestingly, when we homogeneously distributed on the PM. In tissue that was in the
co-expressed full-length SAUL1 with ARA6, VAM7-PX, orprocess of being invaded by tRe capsichyphae (infected stage
Hrs-2xFYVE in BiFC complexes, we also observed patch@s Figure 8A), YFP-SAUL1 formed heterogeneous membrane
characteristic of PM-MVB/TP tethering, suggesting that SAULJpatches on many of the cells. At the later stages of infectibere
could indeed participate in tethering Figure 6B. When dying host cells displayed membrane rupture and cell shrinkage,
we expressed Hrs-2xFYVE-YFP-StRem1.3 to produce PNittle YFP-SAUL1 could be visualized. When co-expressed with
MVB/TP tethering and at the same time co-expressed tagRFRARAG-YFP, the membrane patches labeled by tagRFP-SAUL1
SAUL1(ARM 11, the patches produced by both fusion proteinsduring the infection were either ringed by ARA6-YFP-lalskle
fully coincided Figure 60 suggesting that both fusion proteins MVBs (highlighted by the lled arrows ifrigure 8B) or excluded
produced tethering by the same mechanism. Similar resulthe ARAG-YFP on the tonoplast (highlighted by the open arrows
were also observed with AtPUB4Sypplementary Figure S10  in Figure 8B). Similar results were obtained with full-length
We also observed complete overlap between patches productPUB43 Supplementary Figure S12 Taken together, these
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FIGURE 6 | Association of membrane patches with E3 ubiquitin ligase SAL1 in N. benthamianaleaf cortical cells.(A) Subcellular localization of YFP-tagged
full-length SAUL1 and YFP-tagged SAUL1 C-terminal ARM regs 7-11. (B) The full-length SAUL1 co-expressed with either ARA6, or VARAPX, or Hrs-2xFYVE in
BiFC complexes forms patches indicative of PM-MVB/TP tethémng. (C) Co-localization of membrane patches created by expressionf Hrs-2xFYVE-YFP-StRem1.3
and patches created by expression of tagRFP-SAULL(ARK 11). All scale bars are representing 1ém.

results suggested that SAUL1 and AtPUB43 might be associatiedalized to the PM via Ptdins(4)P-binding, such as FAPPla-
with PM-MVB/TP tethering in plants during infection. PH and Osh2p, could also participate in the formation of the
patches. Control experiments with mutant proteins con rmed
that both PtdIns(3)P-binding and PM-binding by the respeetiv
DISCUSSION partners were essential for the formation of these patches. By
analogy with our recent discovery that BiFC complexes could
In this study, in the process of mapping the distribution produce ER-PM tetheringTao et al., 2019 we hypothesized
of Ptdins(3)P relative to plasma membrane (PM) markersthat BiFC complexes that combine PM-binding with Ptdins(3)P-
we observed that BiFC complexes containing a Ptdins(3)Finding might produce tethering of the tonoplast and MVBs
binding protein, such as VAM7-PX or Hrs-2xFYVE, togetherto the PM. We found support for this hypothesis by showing
with a PM-localized peripheral membrane protein such as théhat MVB-associated proteins such as Rab5-type GTPases RHA1L,
remorin protein StRem1.3 or BIK1, were distributed in largeARAG, and ARA7 as well as Rab7-type GTPase RABG3f could all
but heterogeneous PM patcheEidures 1 2). Proteins that induce the observed patches when partnered with StRem1.3 in
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FIGURE 7 | Distribution of uorescent tonoplast, MVB and cytoplasmic narker proteins in the presence of membrane patches created yexpression of
tagRFP—SAULl(ARM 11) inN. benthamianaleaf cortical cells.(A) Distinct tonoplast- and MVB-associated patches revealed ¥ co-expression of YFP- or GFP-fused
Hrs-2xFYVE, ARA6, AtDMP1 or AtTPK1 with tagRFP-SAUL1(ARM11). Examples of tonoplast- and MVB-associated patches are phlighted with open and lled
arrows, respectively. Similarly, punctae associating witthe tonoplast or MVBs, are highlighted by dotted and solid aows, respectively.(B) Distribution of cytoplasmic
GFP co-expressed with tagRFP-SAULl(ARK/I 11). Examples of tonoplast-associated patches from which GFPRas been excluded are highlighted with open arrows
while MVB-associated patches from which GFP has not been exuaded are highlighted with lled arrows. All scale bars are gresenting 10mm.

BiFC complexesHigure 2). We observed that all of these MVB- triggered aggregation of lipid micro-domains, was not supparte
associated proteins also stained the tonoplast, albeit agrlowby these observations. In particular, the ability of the obed
intensity, as previously reported for ARA6 and ARAZb(ne patches to exclude cytoplasmic markers was consistent with TP
et al., 201)L. An alternative hypothesis, that the BiFC complexegethering, but not with aggregation of lipid microdomainss A
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FIGURE 8 | Distribution of the uorescently tagged full-length SAUL1n N. benthamianaleaf cortical cells during pathogen infection(A) Cortical cells expressing

YFP-tagged SAUL1 were infected by GFP-tagged oomycet®. capsici (arti cially represented by the red color). Top panel: tilscan imaging showing the changing

distribution of YFP-SAUL1 on the PM associated with the progss of P. capsici infection. Scale bar in this panel represents 56m. Lower panel: details of
(Continued)
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FIGURE 8 | the distribution of YFP-SAUL1 in the necrotic (outlined byrgy box), infected (outlined by purple box) and uninfectededls (outlined by blue box)(B)
Distribution of ARA6-YFP compared to tagRFP-SAUL1 in unietted and infected cells. The tonoplast- and MVB-associaté patches formed by YFP-SAUL1 were
revealed by ARA6-YFP as highlighted with open and lled arrosy respectively. Similarly, punctae associating with theohoplast or MVBs, are highlighted by dotted
and solid arrows, respectively. All other scale bars represt 10 mm.

in the case of ER-PM tethering4o et al., 2009 PM-MVB/TP  Vogelmann et al., 20)4 which we con rmed in this study.
tethering could restrict the distribution of PM-associatadd SAUL1 and AtPUB43 carry ARM repeats, which are thought
tonoplast-associated proteins. Importantly, we found thag th to mainly function as interfaces for protein-protein intetams
heterogeneous pattern of membrane patches, reported for tw@oates, 2003or lipid interactions @ntignani et al., 201p
ArabidopsisPM-associated U-box(PUB) E3 ubiquitin ligases,Thus, it is plausible that ARM repeats 7-11 of SAUL1 and
namely SAUL1 and its closest paralog AtPUBBBchsel et al., AtPUB43 might mediate membrane binding by these proteins,
2010; Vogelmann et al., 20]4also appeared to represent either through direct membrane interactions or through tacts
PM-MVBI/TP tethering, suggesting SAUL1 and AtPUB43 maywith other membrane proteins. It remains unknown whether
function as natural tethers under certain conditions. protein ubiquitination by the E3 ligase activities such a®¥JEA

In eukaryotic cells, membrane-bound organelles are gélgeraand AtPUB43 is required for tethering through regulation
segregated to support their individual cellular functions.of membrane or vesicle interactions. In future, it will be of
However, functional communications among organelles maynterest to map the potential interacting partners of SAUL1 and
occur via vesicular transport, most notably in the secretamg  AtPUB43, especially partners that are located in the tonoplabt a
endosomal tra cking pathways Bonifacino and Glick, 2004 MVB membranes.
Alternatively, appositions between two organelles, oftéerred Docking of vesicles to the PM is a normal part of the
to as membrane contact sites (MCSs) may enable inter-oligane secretion process, releasing cellular molecules, and tegula
communication Prinz, 2013 MCSs are stabilized by multi- the composition of plasma membran&iant and Donaldson,
domain tethering proteins which can bridge the membrane2009; Hsu and Prekeris, 2010; Donovan and Bretscher, 2015;
of two organelles without promoting their fusiortglle et al., Wu and Guo, 201p These vesicles typically originate from the
2013; Prinz, 2014; Islinger et al., 2D1Fo date, speci c tether TGN or from recycling endosomes. In plants, TGNs function
proteins have been characterized for MCSs between ER aad early endosomes as well as the sorting hub for secretory
endosomes/lysosomes/vacuoles/MVBs, ER and mitochondrigesicles $cheuring et al., 2011; Paez Valencia et al.,)2ahe
ER and peroxisomes, ER and Golgi, ER and chloroplastigrgeting and tethering of secretory vesicles to the PM lve®
ER and phagosomes, Golgi and Golgi, PM and ER, and Plthe octameric exocyst compleki§la et al., 2008; arsky et al.,
and mitochondria Prinz, 2014; Eden, 20).6However, to date 2013. As noted in the introduction, an alternative secretion
there have been no reports of tethering proteins that natyrall process that has gained renewed attention recently, especiall
establish MCSs between the PM and MVBs or the tonoplasin the context of plant-microbe interactions, is the release
Here, our observations of SAUL1 and its paralog AtPUB43®f exosomes Kegente et al., 2017; Rutter and Innes, 2018
(Figure 6 and Supplementary Figure S10suggest that under Proteins involved in the biogenesis and secretion of ex@soim
some circumstances they might function as tethers, mewiati plants are not fully characterized. However, a recent proteomi
docking of the tonoplast and MVBs to the PM. Not only could analysis indicated that plant exosomes might share similar
the full length SAUL1 and AtPUB43 proteins promote tetheringproteomes with other endomembrane organelles, includirugéh
in cells within oomycete-infected tissue, but the C-teralin containing Rab5-type GTPases or Rab7-type GTP&asese(
membrane binding domain (ARM7-11) of each protein couldand Innes, 201)7 It is noteworthy that ARA6 has been identi ed
also promote tethering when expressed alone. Also, fusion @& involved in membrane fusion of endosomes with the PM
SAUL1 or AtPUBA43 to ARAG via BiFC complexes also produce(Ebine et al., 20)1Moreover, ARA6 was found localized at the
tethering. Thus, we speculate that there may be regulat@gntev specialized extrahaustorial membrane (EHMArabidopsisand
such as phosphorylation or ligand binding that might modifieth barley when infected by powdery mildew fungii¢lsen et al.,
full-length proteins to allow their C-terminal domains tord  2012; Inada et al., 20.L6ARA6 was reported as accumulating
to MVBs and the tonoplast (or proteins within them, such asat fungal infection sites and being partially co-localizeihw
ARAB) as well as to the PM, to promote tethering. We also cannghe homolog of mammalian exosome membrane protein CD63
currently rule out that the tethering associated with SAUIntia in Arabidopsisnamely TETRASPANIN 8 (TET8)ai et al.,
AtPUBA43 during infection was triggered by the pathogen as 2019. ARA6 was also associated with PEN1 on the PM, and
virulence mechanism. could promote VAMP727—PEN1 complex formation at the PM

As a member of the PUB family of E3 ubiquitin ligases,Ebine et al., 2001 Therefore, ARA6 has been suggested as
SAUL1 has been reported to be involved in the regulation othe most likely candidate mediating exosome releasenéen
senescence, cell death, and PAMP-triggered immuniitg¢hsel  and Nielsen, 2008 In this context, here we observed that
et al., 2010; Disch et al., 2015; Tong et al., p0h7contrast to ARAG6 could be directly involved in the formation of PM-MVB
other PUB E3 ligases, SAUL1 and its closest paralog, AtPUB48thering associated with SAUL1 or AtPUB43 during pathogen
are exclusively located on the PMDrechsel et al.,, 2010; infection (Figure 8andSupplementary Figure S1R The release
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of exosomes from MVBs presumably involves contact betweesur observation that the patches of tethering can exclude or
the MVB membrane and the PM, followed by fusion of thoseinclude di erent proteins and lipids on the PM and tonoplast
membranes $kotland et al., 20)70ur observation that SAUL1 may assist in distinguishing di erent membrane subdomains.
and AtPUB43 can mediate PM-MVB tethering under certain In summary, in this study and imao et al. (2019)we have
circumstances (over-expression during infection, expogssif  developed an extensive set of tools for examining the spatial
the C-terminal ARM domain, fusion to MVB-bound proteins relationships of organelles, membranes, membrane proteins,
such as ARAB) raises the interesting question of whetheramne and lipids relative to one another, including a set of mutant
both of these two E3 ligases may play arole in regulating eseso marker proteins for use as negative controls (summarized in
release. SAUL1 has been reported to be induced during infectidrable 1 and Supplementary Table SjI We have demonstrated
and to be required for PAMP-triggered immunityr ¢ng et al., that the e cient spontaneous formation of BiFC complexes by
2017). Our results also indicate that SAUL1 and AtPUB43 maysome uorescent proteins, such as Venus, can be exploited to
be associated with tethering of the tonoplast to the PM. Thisrti cially induce tethering of organelles and to more cleadrifer
raises the additional interesting question of whether theuole the membrane localization of proteins and lipids. We showed
might be a direct source of exosomes under some circumssancéow the tools could be used to identify the existence of PM-
We observed that constructs driven by the native AIREM1.MVB/TP tethering under certain circumstances. At the same
promoter produced small punctae, similar in size to ER-PMtime, our study highlights the risks of altering cellularattures
contact sites, both duringl. benthamianaransient expression and membrane organization that researchers should be agfare
and in transgenicArabidopsisplants. SAUL1 and AtPUB43 when using the BiFC assay to study protein-protein or protein-
constructs also produced small punctae, in addition to thgéar membrane interactions in plants.
patches, including during infection. Future work will be need
to determine if these small punctae represent true PM-MVB/TAPlant Material
contact sites, and whether such contact sites might beueebin  Both N. benthamianaand A. thalianaplants were grown in soil
exosome release. (Fafard® 4M Mix). N. benthamianalants were provided with a
During plant-microbe interactions, e ector proteins are 14 h photoperiod at 25C. Fully expanded leaves at 5 weeks were
secreted from microbial pathogens and enter host cells tased forA. tumefacienm ltrations. A. thalianaseeds were sown
manipulate host immune signaling responses to promotén soil and strati ed at 4C for 3 days, then the seedlings were
successful infection. However, questions about how e ectorgrown in a growth chamber with a 12 h photoperiod at 20for
from fungi and oomycetes are translocated into host celigeha 4 weeks before mesophyll protoplast isolation.
not been fully resolved yet. Several studies have reportad th
pathogen e ectors have the capability to bind Ptdins(®Ritro  Cloning and Construction
(Ganetal., 2010; Kale etal., 2010; Guetal., 2011; Plett2@51; DNAs encoding VAM7-PX, Hrs-2xFYVE, GmPH1, FLS2,
Weigele et al., 20).7Therefore, it was proposed that Ptdins(3)P-BIK1, PBS1, ACK6, and FAPP1-PH were sub-cloned from
binding may be involved in host entry by e ectors, possibly viaconstructs as reported previousl&n-Nissan et al., 2008; Lu
lipid microdomain-mediated endocytosi&éle et al., 2010; Gu et al., 2010; Meng et al., 2015; Helliwell et al., J0DNAs
etal.,2011; Plettetal., 2Q1This study was initiated with the aim encoding AtReml1.4 (AT5G23750.1), RHA1 (AT5G45130.1),
of establishing more clearly whether Ptdins(3)P occurradi®  ARA7 (AT4G19640.1), ARA6 (AT3G54840.1), RABG3f
cytoplasmic face of the PM. The results presented here rewatal t{AT3G18820.1), SYT1(AT2G20990.1), AtDMP1(AT3G21520.1),
PtdIins(3)P is present on a wide variety of vesicles, the MVB, anfitTPK1 (AT5G55630.1), CPK21 (AT4G04720.1), AtFlotillinl
also the tonoplast. However, based on the inability of Pt(B)iR- (AT5G25250), and AtFimbrinl (At4g26700.1) were ampli ed
binding proteins to provide the PM attachment required for PM-from Col-0 cDNA. Genes encoding StReml1.3 (U72489.1)
MVB/TP tethering, in contrast to Ptdins(4)P-binding protan and Osh2p (NM_001180078) were synthesized by GenScript
we could nd no evidence for Ptdins(3)P occurring on the Corporation. The endogenous promoteproAtReml.4was
cytoplasmic face of the PM. This conclusion is in agreemerit witcloned from A. thaliana genomic DNA, encompassing
our work on ER-PM tetheringTao et al., 2019 where it was 1.6kb upstream from the start codon ofAtRem1.4 All
shown that PtdIns(3)P-binding proteins could not provide the PCR ampli cations were performed by High-Fidelity DNA
PM attachment required for ER-PM tethering, whereas prateinpolymerase (CloneAmp HiFi PCR Premix, TaKaRa Bio).
that bound Ptdins(4)P and Ptdins(4,5Rcould do so. The Primers used are listed iSupplementary Table S2All PCR
possibility that Ptdins(3)P-bearing membranes may be imedl products were recombined into either pDONR207-VenusN,
in the release of exosomes suggests that the relationstvigbe pDONR207-VenusC, or pDON207-xFPs which were derived
e ector secretion and exosome release should be examined. from Gateway vector pPDONR207, by In-Fusi®rHD Cloning
This study also further highlights the risks of using the BiF (TaKaRa Bio). The site-speci ¢ mutations of VAM7-PX, Hrs-
assay to study protein-protein or protein-membrane interan  2xFYVE, GmPH1, StRem1,3BIK1, and FAPPla-PH were
in plants, as the spontaneous formation of BiFC complexemtroduced into their pDONR207 vectors using appropriate
could lead to alterations in cellular structure and memlean oligonucleotides in a PCR reaction to amplify the entire vect
organization. At the same time, our results open the posgjbili template. By using the GatewayLR reaction (Thermo Fisher
of using tethering as a tool to explore or manipulate thescientic Inc.), all pDONR207 vectors were subsequently
arrangement of membrane proteins and organelles. For exampliansferred to a destination expression vector, either pmABY
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TABLE 1 | Fluorescent marker proteins and mutants used in this study.

Localization in
N. benthamiana leaf
cortical cells

Protein ACCESSION/TAIR  Region

Features

References

SUBCELLULAR MARKERS

VAM7-PX NP_011303 1-134 MVB, tonoplast

VAM7-PX* 1-134 Cytoplasm

Hrs-2xFYVE NP_032270 147-223 MVB, tonoplast

Hrs-2xFYVE* 147-223 Cytoplasm

StRem1.3 NP_001274989 FL PM

StRem1.3* FL Cytoplasm

AtRem1.4 At5g23750 FL PM

BIK1 At2g39660 FL PM

BIK1* FL Cytoplasm (mainly),
cortical microtubules

PBS1 AT5G13160 FL PM

CPK21 AT4G04720 FL PM

FAPPla-PH AAG15199 1-99 PM

FAPPla-PH* 1-99 Cytoplasm

Osh2p NM_001180078 256-424 PM

ARA6 AT3G54840 FL MVB (mainly), tonoplast

RHAL AT5G45130 FL MVB (mainly), tonoplast

ARA7 AT4G19640 FL MVB (mainly), tonoplast

RABG3f AT3G18820 FL MVB (mainly), tonoplast

AtDMP1 AT3G21520.1 FL MVB, tonoplast (mainly)

ATPK1 AT5G55630 FL MVB, tonoplast (mainly)

SAUL1 AT1G20780 FL PM

SAUL1(ARM 11) AT1G20780 388-801 Con ned patches on the
PM

AtPUB43 AT1G76390 FL PM

AtPUB43 (ARM  11) AT1G76390 397-811 Con ned patches on the
PM

FLS2 AT5G46330.1 FL PM

AtFlotillinl AT5G25250 FL PM

sp-tagRFP-AFVY Vacuolar lumen

PtdIns(3)P binding

Mutations in PtdIns(3)P binding site:

R40E, S42A

Tandem repeaif PtdIns(3)P binding
domain, linked by QGQGS

Mutations in PtdIns(3)P binding site:

R34S, K35S, H36S, H37S, R39S
(both repeats)

PMP

Mutations of hydrophobic residues
at the C terminus: L179H, A180H,
A181H, Y184S, A185S, G187V,
A189A, L194S, G195Q, 1196Q,
F197Q

PMP

PMP
Mutation of palmitoylation site: G1A

PMP
PMP

FAPP1-PH protein containing
mutations of the ARF1 binding site:
E50A, H54

Mutations in PtdIns(4)P binding site:

K7E, R18A

Tandem repeat of PtdIns(4)P biing
domain, linked by QGQGS

PMP
PMP
PMP

PMP
IMP (GFP insed between 108E
and 109P)
IMP
PMP
PMP
PMP
PMP

IMP

PMP
Signal peptide

(MGYMCIKISFCVMCVLGLVIVGDVAYA)

from soybean PR1a precursor
(Accession: NP_001238168)

Kale et al., 2010
Lee et al., 2006

Vermeer et al.,
2006

Kutateladze and
Overduin, 2001;
Pankiv et al., 2010

Perraki et al., 2012
Perraki et al., 2012

Raffaele et al.,
2007

Lu etal., 2010
Tao et al., 2019

Qietal., 2014
Asai et al., 2013
He et al., 2011

He et al., 2011

Roy and Levine,
2004

Ebine et al., 2011
Sohn et al., 2003

Bottanelli et al.,
2012

Cui et al., 2014

Kasaras and
Kunze, 2017

Maitrejean et al.,
2011

Drechsel et al.,
2010

Drechsel et al.,
2010

Vogelmann et al.,
2014

Vogelmann et al.,
2014

Gomez-Gémez
and Boller, 2000

Tao et al., 2019
Hunter et al., 2007

(Continued)
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TABLE 1 | Continued

Protein ACCESSION/TAIR  Region Localization in Features References
N. benthamiana leaf
cortical cells
ACK6 AT4G28540 302-479 Cortical microtubules Ben-Nissan et al.,
2008
AtFimbrinl AT4G26700 350-604 Actin Wang et al., 2004
sp-tagRFP-HDEL ER Signal peptide Matsushima et al.,

(MGYMCIKISFCVMCVLGLVIVGDVAYA) 2002
from soybean PR1a precursor
(Accession: NP_001238168)

TRIFUNCTIONAL MARKERS

VAM7-PX-YFP-StRem1.3 PM-MVB/TP Chimeric fusion protein This study
Hrs-2xFYVE-YFP-StRem1.3 PM-MVB/TP Chimeric fusion protein This study
VAM7-PX-tagRFP-StRem1.3 PM-MVB/TP Chimeric fusion protein This study
Hrs-2xFYVE-tagRFP-StRem1.3 PM-MVB/TP Chimeric fusion protein This study
VAM7-PX-YFP-AtRem1.4 PM-MVB/TP Chimeric fusion protein This study
VAM7-PX*-YFP-AtRem1.4 PM Chimeric fusion protein This study
VAM7-PX-YFP*-StRem1.3 PM-MVB/TP Chimeric fusion protein with This study

mutations in the uorophore residues
of YFP: G65A, Y66A, G67A

“Mutant; ER, endoplasmic reticulum; FL, full length; IMP, integral membma protein; MVB, multivesicular bodies; PM, plasma membrane; PM-MVB/TP, péana membrane-multivesicular
body/tonoplast tethering sites; PMP, peripheral membrane protein; SP, sigl peptide; tagRFP, Tag red uorescent protein; TP, tonoplast; YFP, yellow uoreent protein.

cytoplasmic expression), or psAEV (providing signal peptidereated as described previously using oral dip procedures
for ER marker), both of which were derived from the binary (Zhang et al., 2006

vector pPCAMBIA (Qou et al., 2008 Both of them are driven by . .

the Cauli ower Mosaic Virus (CaMV) 35S promoter conferring Phytophthora  Strains and Infection Assay
constitutive expression in plant cells. pCambia3301 wazetlli A transformant of P. capsicistrain LT263 constitutively

to construct the endogenous-promoter expression vectofXpressing a cytosolic GFP was grown on 20% V8 vegetable
pCambia330ProAtRem1.4by replacing the 35S promoter juice agar plates at 26 in the dark. Mycelia plugs with a
with proAtRem1.4ising In-Fusion-mediated insertion between diameter of 5mm from the growing edge of 3 day old cultures

the BspEland Ncol sites. All these plasmid constructs wereWere inoculated on the upper surface of freshly detached leaves

con rmed by DNA sequencing at Center for Genome ResearcMhich had been inltrated with transformedA. tumefaciens
and Biocomputing (Oregon State University)_ 48 h before. The inoculated leaves were incubated a€ 26

petri dishes (150 mm diameter) containing wet paper towels to

. . . maintain 100% relative humidity. Imaging was done 36 h
Transformation in  N. benthamiana Leaves after inoculation.
and A. thaliana ) _ _
For transient expression, the procedures to introduce exfess LiIVe-Cell Imaging by Confocal Microscopy
vectors into A. tumefaciensstrain GV3101, and inltrate and Image Analysis
transformed A. tumefaciensnto 5-week-oldN. benthamiana FM 4-64 (Thermo Fisher scientic Inc.) staining used a
leaves were carried out as described previougipr(g et al., concentration of 10nM and was performed as previously
2019. A. tumefaciengells were in Itrated at Olggo of 0.1 for described Gunl et al., 201)L All microscopy images were
expression of full-length uorescent protein tagged proteifts  obtained using a ZEISS LSM 780 NLO confocal microscope
co-expression of BiFC constructs, two tumefaciensultures system equipped with a 458-nm argon laser for CFP (emission
with ODggg of 0.2 each were mixed equally to reach thewavelength 560-509 nm), a 514-nm argon laser for YFP and
nal ODggp of 0.1 each. All inltrated A. tumefacienscells Venus (emission wavelength 518-553 nm), and a 561 nm Diode
were suspended in MES buer (10mM MgCl10mM MES Pumped Solid State (DPSS) laser for tagRFP and FM4-64
pH 5.7, and 100nM acetosyringone)N. benthamianaleaves (emission wavelength 562-640nm). For time-lapse imaging,
were imaged at 3 days post-in ItratiorA. thaliana mesophyll movies were taken at a combined capture time of 0.97 s per frame.
protoplasts were extracted from 4-week-old seedlings, and Jor 3D reconstruction, slice thickness in teeaxis direction of
mg of plasmid DNA in total was used for each transformationscanning was optimized at 0in with a total thickness ranging
assay which was performed as describ&do et al.,, 200/  from 12—-30mm (from the top membrane layer to the middle of
Protoplasts were incubated overnight in W5 buer at 5 the cells). For tile scanning, the Plan-APO 40x/1.4 Oil Di@sle
before observation. Stable transgewic thaliana lines were was used for imaging with the Zeiss tile-scan model combined
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with the Zeiss in-depth model. All microscopy images wereaiosensors VAM7-PX-VenusN or Hrs-2xFYVE-VenusN. Scaleiientical in all

processed using the ZEN2 (Blue edition) program.

Quantitative Real-Time PCR
Total RNA of was extracted from 100 mg frozen, ground
leaves using the RNedsyMini kit (Qiagen) according to

the manufacturer's directions. First strand cDNA syntisesi

panels and represents 10mm.

Supplementary Figure S4 | Subcellular localization of trifunctional fusion protein
expressed at different levels ilN. benthamianaleaf cortical cells.(A) Trifunctional
fusion proteins contained a PtdIns(3)P biosensor (VAM7-PX birs-2xFYVE), fused
to YFP or tagRFP and also to StRem1.3, in that order from N-teninus to
C-terminus. Expression of these fusion proteins ifN. benthamianacells produced
membrane patches without the use of BiFC. The membrane patobs in bigger

from 2 mg total RNA was conducted using M-MuLV Reversesizes are highlighted by the solid circles, and vice versa fahe dotted circles. (B)

Transcriptase (NEB). The cDNA was diluted to a nal
concentration of 5 ng/ul for qRT-PCR, then stored aR0 C
until needed. The endogenous. benthamianahousekeeping

gene elongation factor 1-alph@&F1 ), was used as the internal

Expression level determines the sizes of patches producedybtrifunctional fusion
protein VAM7-PX-YFP-AtRem1.4. Expression was driven bytbier the native
promoter ProAtRem1.4or the highly activeCaMV35S promoter. Dashed boxes
indicate regions enlarged in the top layer views shown in theenter panels.
Mutations in the PtdIns(3)P binding site of VAM7-PXYFP-AtRem1.4 abolishes

reference. Transcript levels of each gene were measuredei@ th the formation of patches with either promoter(C) Subcellular localization of

independent biological replicates using SYBRremix Ex TadM

AtRem1.4 fused with YFP(D) Quantitative Real-Time PCR assay of the transcript

kit (TaKaRa BiO) on an Applied Biosystems 7500 Fast RedRvels of fusion constructs in(B) above. The experiments were replicated three

Time PCR System (Thermo Fisher scienti c Inc.). The designe

times independently. All data were normalized relative tde transcript level of the

internal reference geneEF1a Error bars represent s.e.(E) Fluorescence

primers of EF1 and YFP used for qRT—PCR are “Sted_ IN gistribution of VAM7-PX-YFP-AtRem1.4 and VAM7-PXYFP-AtRem1.4 produced
Supplementary Table SIData were normalized to the transcript by expression driven by the native promoteProAtRem1.4in transgenic

level ofEFla
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Supplementary Figure S5 | Subcellular localizations of wildtype and mutant
plasma membrane proteins including Ptdins(4)P biosensora N. benthamiana
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RHA1, ARA7, and ARAG, and Rab7-type GTPase RABG3f were fusedith YFP.
Dashed boxes indicate regions enlarged in bottom panels whtthe scale bar
representing 5mm. All scale bars in other panels represent 1ém.

Supplementary Figure S7 | Confocal imaging of PM-tethering with either the
tonoplast or MVBs, and the subcellular localizations of tawplast-associated

The Supplementary Material for this article can be foundproteins inN. benthamianaleaf cortical cells.(A) Distinct tonoplast- and

online at: https://www.frontiersin.org/articles/10.388ls.2019.
00636/full#supplementary-material

Supplementary Figure S1 | Subcellular localization of Ptdins(3)P biosensors
tagged by uorescent proteins inN. benthamianaleaf cortical cells.(A) Subcellular
localization of PtdIns(3)P biosensors, VAM7-PX-YFP and H&FYVE-YFP. The
dotted boxes indicates the zoomed-in regions.(B) Cytoplasmic localization of
mutant biosensor proteins, VAM7-PX-YFP, and Hrs-2xFYVE-YFP, that carry
point mutations that eliminate their Ptdins(3)P binding. Adcale bars represent

10 mm, except for scale bars in zoomed-in panels, that represenb nm.

Supplementary Figure S2 | Co-localization of PtdIns(3)P biosensors with
different sub-cellular marker proteins ifN. benthamianaleaf cortical cells.(A)
Co-expression of VAM7-PX-tagRFP or Hrs-2xFYVE-tagRFP ity FP-labeled
ARAG. (B) Co-expression of VAM7-PX-tagRFP or Hrs-2xFYVE-tagRFP Wit
YFP-labeled RABG3f(C) Co-expression of VAM7-PX-YFP or Hrs-2xFYVE-YFP
with tagRFP-labeled tonoplast marker AtTPK1(D) Subcellular localization of
PM-associated remorin StRem1.3 fused with YFRE) Localization of
VAM7-PX-YFP or Hrs-2xFYVE-YFP relative to co-expressedgRFP-StRem1.3.
Right panel: uorescence intensity plot along a transect shan by the white line in
the merged image. Scale bars in all panels represent 18m.

Supplementary Figure S3 | BIiFC complexes containing PtdIns(3)P biosensors
and StRem1.3 produce large patches on the PM ofA. thalianamesophyll
protoplasts. VenusC—-StRem1.3 was transiently co-expressd with PtdIns(3)P

MVB-associated patches revealed by co-expression of YFPabeled RHAL or
ARA7 with Hrs-2xFYVE-tagRFP-StRem1.3. Examples of tonogét- and
MVB-associated patches are highlighted with open and lled aows, respectively.
Punctae associating with tonoplast or MVBs are highlightethy dotted and solid
arrows, respectively.(B) Localization of GFP-fused tonoplast-associated proteins
AtDMP1, and AtTPKL1. All scale bars represent 16m.

Supplementary Figure S8 | Exclusion of PM proteins by membrane patches in
N. benthamianaleaf cortical cells is not an artifact of confocal microscoje image
analysis.(A) Non- uorescent membrane patches were produced by expressiam of
colorless mutant fusion protein VAM7-PX-YFP-StRem1.3. These patches
excluded PM-localized AtFlotillin-YFP and FLS2-YFP, whess AtRem1.4, the
closest Arabidopsis homolog of StRem1.3 was enriched in the colorless patches.
(B) The presence of uorescent membrane patches produced by
Hrs-2xFYVE-YFP-StRem1.3 did not affect coincident visuahation of vacuolar
lumen marker SP-tagRFP-AFVY. All scale bars represent Him.

Supplementary Figure S9 | Relationship of membrane patches with the
cytoskeleton and endoplasmic reticulum irN. benthamianaleaf cortical cells.(A)
Relationship of membrane patches produced by Hrs-2xFYVE+P-StRem1.3 to
the cortical microtubules labeled with tagRFP fused térabidopsis Casein Kinase
1-Like 6 (ACK®6). Enlarged panels show examples of patches lieg divided by
microtubules (indicated by empty arrows). The white scaledrs represent 5mm.
(B) Maximum intensity and orthogonal projections of cells exhiting membrane
patches produced by Hrs-2xFYVE-YFP-StRem1.3 and co-expresing the actin
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lament marker AtFimbrin1-tagRFP,(C) Relationship of membrane patches
produced by Hrs-2xFYVE-YFP-StRem1.3 to the endoplasmic teculum tagged by
ER lumenal marker SP-tagRFP-HDEL. All other scale bars reggent 10mm.

Supplementary Figure S10 | Subcellular localization assay of SAUL1 paralog
AtPUB43 inN. benthamianaleaf cortical cells.(A) Subcellular localization of
YFP-tagged full length AtPUB43, and YFP-tagged AtPUB43 Cerminal ARM
repeats 7-11.(B) Full-length AtPUB43 co-expressed with either ARAB, or
VAM7-PX, or Hrs-2xFYVE in BiFC complexes form patches inditive of
PM-MVB/TP tethering.(C) Co-localization of membrane patches produced by
expression of Hrs-2xFYVE-YFP-StRem1.3 with patches prodied by
tagRFP-AtPUB43(ARM 11). (D) Co-localization of membrane patches produced
by expression of YFP-SAULL(ARNM 11) and tagRFP-AtPUB43(ARM 11). All
scale bars represent 10mm.

Supplementary Figure S11 | Distribution of uorescent tonoplast and MVB
marker proteins in the presence of membrane patches createtby expression of
tagRFP-AtPUB43(ARM 1) inN. benthamianaleaf cortical cells.(A) Distinct
tonoplast- and MVB-associated patches revealed by co-expession of YFP- or
GFP-fused Hrs-2xFYVE, ARA6, AtDMP1 or AtTPK1 together with
tagRFP-AtPUB43(ARM 11). Examples of tonoplast- and MVB-associated
patches are highlighted with open and lled arrows, respectiely. Punctae
associating with tonoplast or MVBs are highlighted by dotté or solid arrows,
respectively.(B) Distribution of cytoplasmic GFP co-expressed with
tagRFP-AtPUB43(ARM 11). Examples of tonoplast-associated patches from
which GFP has been excluded are highlighted with open arrowshile
MVB-associated patches from which GFP has not been fully exaded are
highlighted with lled arrows. All scale bars represent 1Gm.
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