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Tetraspanins (TETs) function as key molecular scaffolds for surface signal recognition and transduction via the assembly of tetraspanin-enriched microdomains. TETs’ function in mammalian has been intensively investigated for the organization of multimolecular membrane complexes, regulation of cell migration and cellular adhesion, whereas plant TET studies lag far behind. Animal and plant TETs share similar topologies, despite the hallmark of “CCG” in the large extracellular loop of animal TETs, plant TETs contain a plant specific GCCK/RP motif and more conserved cysteine residues. Here, we showed that the GCCK/RP motif is responsible for TET protein association with the plasma membrane. Moreover, the conserved cysteine residues located within or neighboring the GCCK/RP motif are both crucial for TET anchoring to membrane. During virus infection, the intact TET3 protein enhanced but GCCK/RP motif or cysteine residues-deficient TET3 variants abolished the cell-to-cell movement capability of virus. This study provides cellular evidence that the GCCK/RP motif and the conserved cysteine residues are the primary determinants for the distribution and function of TET proteins in Arabidopsis.
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INTRODUCTION

The plasma membrane (PM) is a permeable membrane system, which provides a platform of signal activation for pathogen entry or defense to pathogens (Nathalie and Bouhidel, 2014; Heinlein, 2015). Viruses take advantage of cellular membrane to infect host cells in various ways (Burckhardt and Greber, 2009). For instance, clathrin-mediated endocytosis is the major cellular entry pathway for the enveloped virus fusion with PM (Marsh and Helenius, 2006; Miyauchi et al., 2009; Mudhakir and Harashima, 2009). However, PM is not a homogeneous sheet with associated proteins and lipids (Jacobson et al., 2019). The membrane lipid rafts are consisted of liquid-ordered membrane nanoscale domains (<200 nm), which segregated the membrane into a more tightly packed, liquid-ordered phase, and a less tightly packed liquid-disordered phase (Sezgin et al., 2017). Our previous study has shown that salicylic acid (SA) promotes the compartmentalization of membrane nanodomains and increases the proportion of ordered lipid phase, whose organization requires modulation of the lipid nanodomain-specified remorin proteins (Huang et al., 2019).

Besides remorin-associated nanodomains, TET proteins that interact with each other and with diverse membrane-associated proteins establish another type of membrane nanodomains, termed tetraspanin enriched microdomains (TEMs). TETs are a class of highly evolutionarily conserved integral membrane proteins that have been intensively studied in mammals, insects, and fungi (Maecker et al., 1997; Todres et al., 2000; DeSalle et al., 2010). In animals, multiple viruses trigger host cell-cell fusion in a TET-dependent manner, leading to giant-cell or syncytia formation, thereby promoting virus spread (Martin et al., 2005; Hassuna et al., 2009; Jimenez-Jimenez et al., 2019). Animal TETs maintain an interactive network with other membrane proteins, such as integrins and membrane receptors, to organize multi-molecular signaling platforms (Zöller, 2009). In fungi, the tetraspanin-like protein (PLS1) is essential for appressorium-mediated penetration of the fungal pathogen into host plants (Veneault-Fourrey et al., 2005, 2006; Lambou et al., 2008). During plant infection with the pathogens, since peg formation and penetration require the reestablishment of cell polarity at a focal point localized at the base of the appressorium, Pls1 plays a role in the correct localization of the emergence site of the penetration peg (Veneault-Fourrey et al., 2005). Therefore, TETs serve as master organizers integrating within membranes to control the distribution of associated partners, participating in cell adhesion, migration, and cell proliferation (Berditchevski and Odintsova, 1999; Hemler, 2005).

With regard to TETs’ structure, animal and plant TETs share similar topology including four transmembrane (TM) domains (TM1-4), two unequal-size extracellular loops (EC1: small extracellular loop; EC2/LEL: large extracellular loop) with conserved amino acid residues and motifs, small intracellular loop (ICL) and carboxy terminal tails (Hemler, 2005; Kovalenko et al., 2005). Moreover, they seem to share a common ancestor as the conserved intron position of plant TETs appears to be the most ancient intron that presents in animal TETs (Garcia-España and DeSalle, 2009). However, plant TETs are completely different from their metazoan counterparts at the amino acid level, thus failing to identify direct orthologs. Besides, they lack several highly conserved residues in the TM2- ICL-TM3 of the so-called “tetraspanin signature” defined in metazoan TETs (Seigneuret et al., 2001; Kovalenko et al., 2005). In metazoans, the extracellular loop EC2 is consisted of a conserved and a variable subdomain, which are possibly responsible for homodimerization and partner binding of TETs, respectively (Seigneuret et al., 2001; Yánez-Mó et al., 2001; Stipp et al., 2003; Seigneuret, 2006). Hence, EC2 contributes essentially to a specific function of different TETs (Kitadokoro et al., 2001; Stipp et al., 2003). Besides the conserved domains, plant TETs harbor a specific “GCCK/RP” motif, differing in position and sequence from the “CCG” motif present in animal TETs (Wang et al., 2012), implying the specific function of plant TETs. Moreover, a series of conserved cysteine residues in TETs are required for the formation of disulfide bridges and the assembly of TEMs (Hassuna et al., 2009; Zöller, 2009). Compared to animal TETs, plant TETs have nine, rather than four, six, or eight, completely conserved Cys residues (Reimann et al., 2017). The above differences between animal and plant TETs make the possibility that plant specific “GCCK/RP” motif and conserved Cys residues may play a role in specifying plant TET function.

However, in contrast to the considerable advances of animal TETs in the regulation of virus infection (Martin et al., 2005; Hassuna et al., 2009), the functionality of plant TETs are still unclear. 17 Arabidopsis thaliana TETRASPANIN (AtTET1-17) genes were found in Arabidopsis thaliana, whereas most of them are functional unknown (Cnops et al., 2006). The spatial expression pattern of Arabidopsis TETs has been described in reproductive tissues, suggesting that plant TETs may play roles in intercellular communication (Boavida et al., 2013). So far, only limited TET members have been functionally characterized in plants. The best characterized TET in plants is AtTET1 [also called TORNADO2 (TRN2) and EKEKO]. Genetic data analysis indicates that AtTET1 functions synergistically with TORNADO1 (TRN1), a leucine rich-repeat protein (Cnops et al., 2000, 2006). All trn mutants had struck phenotypes: severely dwarfed, with twisted and malformed organs, and sterile (Cnops et al., 2006). Besides, the defective transport and distribution of the plant hormone auxin in tet1/trn2 mutants severely affect leaf symmetry, venation patterning, and root epidermal patterning (Cnops et al., 2006). AtTET1 also determinate the cell fate in the peripheral zone of shoot apical meristem, and the knock-out Attet1 mutant was sterile due to a defect in megasporogenesis (Chiu et al., 2007; Lieber et al., 2011). However, no obvious phenotype was observed in single Attet5 and Attet6 mutants (Wang et al., 2015). Attet5 Attet6 double mutants display enlarged leaf size due to an increased cell number, increased fresh weight, and longer primary roots, suggesting that AtTET5 and 6 function redundantly in inhibiting cell proliferation during root and leaf growth (Wang et al., 2015). AtTET8 and AtTET9 contribute to exosome formation during fungal infection (Ferrari et al., 2007; Boavida et al., 2013; Cai et al., 2018). TET13 functions related to auxin and lateral root founder cells formation in pericycle (Wang et al., 2015). Taken together, plant TETs might be involved in diverse aspects of plant development, whereas the regulatory mechanisms are still far beyond our understanding.

In this study, we investigated the key motifs and amino acids that determine the subcellular distribution of TET proteins. We found that the PM association of TETs was dependent on the transmembrane domains and extracellular loops. Moreover, we showed that the plant specific “GCCK/RP” motif and several conserved cysteine residues are sufficient for TETs targeting the PM. The membrane association property of TET determines its function in promoting cell-to-cell virus movement. Our findings unraveled the structural specificity of Arabidopsis TET proteins for their specific localization and contribution to virus spread.



MATERIALS AND METHODS


Plant Material and Growth Conditions

Surface-sterilized seeds of A. thaliana were sown on growth medium (1 × Murashige and Skoog (MS) mineral salts (Sangon Biotech, Shanghai, China), agar (Bio Basic Inc., Markham, ON, Canada) at 0.8% (w/v), and sucrose (Bio Basic Inc., Markham, ON, Canada) at 1% (w/v), adjusted to pH 5.7. Seeds were stratified at 4°C for 48 h in the dark, then they were grown at the growth chamber at 22°C under 16 h light/8 h dark period with a continuous white light illumination of approximately 100 μmol/m2/s m–2.



Vector Construction

All polymerase chain reaction (PCR) amplifications were performed with the primers which were listed in Supplementary Table 1. PrimeSTAR® GXL DNA Polymerase (TaKaRa, Maebashi, Japan) were used for cDNA or genomic DNA amplifications. The resultant fragments were cloned into the entry or destination vectors via Gateway technology (Invitrogen, Carlsbad, CA, United States) (listed in Supplementary Table 1). The resultant plasmids were transformed into Agrobacterium tumefaciens strain GV3101 for the further Arabidopsis (in Col-0 ecotype) transformation.



Plasmid Mutagenesis

For the generation of truncated TET proteins, the upstream and downstream flanking sequences of the designed TET gene were amplified by PCR from the full-length CDS. Then, the resultant DNA fragments were connected by two-step overlapping PCR and further cloned into the destination vector via Gateway® cloning technology.1

For the generation of site-directed TET mutagenesis, oligonucleotide primers (Supplementary Table 1) containing the single Cysteine (Cys) to Alanine (Ala) were used to introduce mutagenesis by Gibson method. The resultant PCR products were further cloned into destination vector by Gateway cloning. All strategies of vectors and cloning used in this study are listed in Supplementary Table 2.



Bioinformatics Analysis

The sequences of Arabidopsis TETs were derived from The Arabidopsis Information Resource2 and the 2D structure was constructed by UniProt3 and PROTTER,4 respectively. Phylogenetic tree was generated by using Molecular Evolutionary Genetic Analysis (MEGA) v6.0 (Kumar et al., 2018) software with neighbor-joining (NJ) algorithm, which was verifying by maximum likelihood (ML) method. 1,000 bootstrap replicates were performed to test the significance of nodes. Palmitoylation sites were predicted using Palmitoylation CSS-Palm 4.0 (Ren et al., 2008). Motif1--3 were predicted using MEME Suite.5



Subcellular Localization Assay

For plasmolysis assay, the transformed Arabidopsis root cells were treated with 30% sucrose. For subcellular localization assays, A. tumefaciens GV3101 strains (OD600 = 0.6) containing the established constructs were infiltrated into 4-week-old Nicotiana benthamiana (tobacco) leaves. For co-infiltration, the constructs, ER-tagged mCherry (HDEL) and P19 strains were mixed in the ratio of 1:1:2 (v/v/v). The infiltrated plants were grown in a growth chamber with 16 h light/8 h dark period at 25°C. Two days post-infiltration, the fluorescence signal of tobacco leaves was visualized.

For propidium iodide (PI) staining, detached tobacco leaves were submerged in 30 μM PI (Molecular Probes) at room temperature for 2 min. Leaves were observed using a fluorescence microscope with 535 nm excitation and 615 nm emission filters. For visualization of GFP fluorescence, the 488-nm excitation line was used; GFP fluorescence was collected with a 505- to 530-nm band-pass filter. All images in a single experiment were captured with the same setting. For root tissues, cells in the cortex or root cap layer of 4-d-old seedlings were consistently used for confocal microscopy observation. Imaging was performed using Zeiss LSM 880 (with Airyscan) or Leica SP8 confocal microscopes.



Virus Inoculation

To generate the constructs with RFP-tag, TET3 fragments were cloned using the plasmid pDONR221-TET3, pDONR221-TET3ΔGCCKP, pDONR221-TET3C174AC175A, pDONR221-TET3C221A as the templates. The resultant PCR products were further cloned into the destination vector by Gateway cloning (Supplementary Table 2).

For cucumber mosaic virus (CMV) infection assay, CMV was initially inoculated in N. benthamiana leaves. After 5–7 dpi, the infected tobacco leaves were collected and homogenized in PBS buffer (PH = 7.4). The homogenized mixtures were centrifuged and the virus enriched supernatants were transferred into fresh tubes. Equal volume of the virus (40 ng/μL) enriched supernatants was used to inoculate 3-week-old Arabidopsis leaves. Carborundum was firstly spread on these leave, 5 μL inoculum was rubbed on the leaf surface as previously described (Huang et al., 2019). CMV-infected TET leaves were collected for quantitative RT-PCR analysis of CMV Coat Protein (CP) gene abundance after 5 days of infection. The primers were listed in Supplementary Table 1 (Vinodhini et al., 2020).

For TRV infection assay, the Agrobacterium strain mixture harboring P19, TRV1 and TRV-GFP (1:1:1) was diluted 15,000-fold and, respectively, co-infiltrated with Agrobacterium harboring 35S: RFP-TET3, 35S: RFP-TET3-ΔGCCKP, 35S: RFP-TET3C174AC175A, 35S: RFP-TET3C221A or 35S: RFP (OD = 0.8) into tobacco leaves. At 5 day post-inoculation (dpi), TRV-GFP spread areas were observed and quantified, and the GFP fluorescence signal was imaged by Zeiss LSM880 confocal microscope.



Quantitative Reverse Transcription-Polymerase Chain Reaction Analysis

Total RNA was extracted following the manufacturer’s instructions. cDNA for quantitative reverse transcription-PCR (q-PCR) analysis was synthesized using one-step genomic DNA removal and a cDNA synthesis kit (Transgen, Beijing, China). Q-PCR was performed using the MonAmpTM ChemoHS qPCR Mix (Monad, Wuhan, China). The primers used for qRT-PCR are listed in Supplementary Table 1. Quantification of the target gene was assessed by relative standard curves. The 2–ΔΔCt algorithm was employed to quantify the relative gene expression (Livak and Schmittgen, 2001). The statistical significance of differences was calculated using GraphPad Prism 8 (Graphpad Software, Inc., San Diego, CA, United States) with Two-way ANOVA or 2-tailed Student’s t-test to obtain the P-value. Data were shown as mean ± SD of three biological replicates from one representative experiment. P-value of 0.05 or less was considered as significant differences.



Statistical Analysis

Statistical data were analyzed in Graphpad Prism 8. Camera and confocal images were prepared with ImageJ.6 P-value of 0.05 or less was considered as significant differences.



Cell Biological Quantification Method

Quantification of cytosol/PM signal ratio: the signal of TET and TET mutation variants was captured by Zeiss LSM880 with airyscan mode. Fluorescence of the cytosol, PM were individually measured by ImageJ. The fluorescence signal ratio of cytosol to PM was quantified as the signal ratio of (cytosol/PM) signal.




RESULTS


Arabidopsis thaliana TETRASPANINs Are Plasma Membrane-Associated Proteins

Arabidopsis contains 17 TET homologs with the typical transmembrane domains, extracellular loops, and conserved cysteine residues (Figure 1A and Supplementary Figure 1A). The tissue-specific expression assay revealed that TET genes were differentially expressed in various tissues, and TET1, 2, 3, 7, and 8 showed relatively higher expression in most tissues (Figure 1B). It suggested that TET1, 2, 3, 7, and 8 may play dominant roles in plant development. The un-rooted phylogenetic tree showed a close sequence similarity among TET1 and 2, TET3 and 4, as well as TET7, 8, 9 subclusters (Supplementary Figure 1B).
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FIGURE 1. Tetraspanin (TET) expression patterns and subcellular localization. (A) Schematic representation plant tetraspanin topology. Red balls indicate conserved cysteine residues. Predicted disulfide bridges are shown with dashed blue lines. Gray shading represents the plant GCCK/RP motif in EC2. Numbers in blue indicate the range of amino acids. EC1 and EC2, small and large extracellular loop; ICL, intracellular loop; TM, transmembrane domains. (B) Heatmap representing expression profile of Arabidopsis tetraspanins in different organs. Gene expression data from Arabidopsis eFP Browser [Arabidopsis eFP Browser (utoronto.ca)]. Tetraspanin proteins discussed in this work are indicated by red and yellow arrows. (C) Subcellular localization of GFP-tagged tetraspanins in transient expression in N. benthamiana leaf epidermal cells (upper panels) and stable expression in Arabidopsis thaliana primary root cells (lower panels) (35S: GFP as control). The second and third rows show the GFP distribution of tetraspanins from cortex and root cap cells, respectively. Bars, 10 μm.


To understand the subcellular localization of Arabidopsis TETs, green fluorescent protein (GFP) was fused to the C-terminus of TET proteins (TET2, 3, 4, 7, 8, and 9), under the control of the constitutive Cauliflower mosaic virus 35S (CaMV-35S) promoter, which was based on the protein fusion criteria of previous reported TET proteins (Boavida et al., 2013). The empty vector (EV) 35S: GFP was used as a negative control. Transient expression of these constructs in tobacco epidermal leaves showed that these TETs distinctly accumulated at the periphery of tobacco epidermal cells (Figure 1C). To further confirm this result, we introduced the above TET-GFP fusion proteins in Arabidopsis plants and generated stable transgenic plants. Subcellular visualization showed that TET2, 3, 4, 7, 8, and 9 mainly targeted to the PM in Arabidopsis root and leaf cells (Figure 1C and Supplementary Figure 2B), and they were also found within endosomes or vacuole-like structures in the cytosol (Figure 1C). On the level of root cap cell layer, these TETs showed punctate distribution on root cell surface, which could be the foci of tetraspanin-enriched microdomains (Figure 1C).

To further examine the secretion and localization of TET proteins in vivo, we performed a plasmolysis assay on Arabidopsis root cells (Supplementary Figure 2A). The control GFP protein was found in both cytoplasm and nucleus (Supplementary Figure 2A). In contrast, AtTETs-GFP signals were clearly visualized in the membrane, co-shrinking with the plasmolyzed cells (Supplementary Figure 2A). The transient expression assay and stable transformation studies both revealed that AtTET proteins are preferentially associated with PM, which is in agreement with the conclusion in the previous study (Boavida et al., 2013).



Tetraspanin-3 Association With Membrane Relies on Extracellular Loop and Transmembrane Regions

To identify regions which are possibly responsible for membrane association of TETs, we delineated the full-length TET3 coding sequence (as a representative) into 12 regions: N- and C-terminal regions and four TMs (H1-H4), ICL (Intracellular Loop), EC1 (small extracellular domain), and EC2 (small extracellular domain), motif1–3 (specific motifs in TET3), based on domain prediction (Figure 2B and Supplementary Figures 4A,B). The truncated TET3 variants with individual removal of the above 12 regions were fused with GFP. Further transient assay in tobacco leaves and stable transgenic assay in Arabidopsis root and leaf cells both showed that the removal of N- and C-terminal, ICL, motif1, and motif3 was not able to change the membrane targeting of TET3 (Figure 2A and Supplementary Figure 3). In contrast, deletion of H1-H4, EC1, EC2 or motif2 were all deprived of the membrane association ability of TET3 (Figure 2A and Supplementary Figure 3). Quantification of cytosol versus PM signal ratio in two independent transgenic Arabidopsis lines confirmed that the removal of H1–H4, EC1, EC2 or motif2 results in strong residence of TET3 within the cytosol (Figure 2C).
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FIGURE 2. Extracellular and transmembrane regions are required for the plasma membrane (PM) targeting of AtTET3. (A) The first and second rows show the subcellular localization of specific regions removal fusion proteins of TET3 in N. benthamiana, Arabidopsis thaliana, respectively (35S:GFP as control). N and C, N- and C-terminal tail; EC1 and EC2, small and large extracellular loop; ICL, intracellular loop; H1–H4, transmembrane domains; motif1–3, motifs different from TET1, TET2, and TET7 to TET9. Bars, 10 μm. The third row shows the model of removal position of specific regions (red circle). (B) Red circles indicate the transmembranes and extracellular domains, blue circles indicate the intracellular domains of TET protein. (C) The fluorescence signal ratio of cytosol to PM was calculated by two independent lines of Arabidopsis transgenic plants (n = 144, 161, 86, 153, 192, 85, 139, 91, 130, 129, 140, 84, and 100). Error bar = S.D.


Altogether, our data demonstrated that the transmembrane domains and extracellular loops are necessary to drive TET proteins to the PM, whereas the intracellular domains restrict TET distribution within the cytosol.



GCCKP Motif Is Involved in Efficient Targeting of Tetraspanin to the Plasma Membrane

The sequence alignment of 17 AtTETs revealed that the “GCCK/RP” motif in EC2 was conserved in most TETs but few variants in TET14, 15, 16, and 17 proteins (Figure 3A). Moreover, a series of conserved cysteine residues were present in EC2 of TETs, which are predicted to serve as adaptors for partner interactions (Charrin et al., 2002; Yang et al., 2004; Figure 3A).
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FIGURE 3. Contribution of GCCKP motif for TET3 subcellular location. (A) Multiple alignment of the AtTET family was performed by Clustal X. Conserved residues are highlighted in colors. Red box indicates the conserved GCCK/RP motif among Arabidopsis tetraspanins. Conserved Cys residues discussed in this work are ndicated by blue arrows. (B) The TET3 or TET3-ΔGCCKP proteins fused to GFP were transiently expressed in N. benthamiana leaves (35S: GFP as control). Left panel shows colocalization of TET3-GFP or TET3ΔGCCKP-GFP proteins with PI-stained PM. Right panels show the colocalization of TET3-GFP or TET3ΔGCCKP-GFP proteins with HDEL-RFP. The merged fluorescence of marker and of GFP is shown at the left pictures. Bars, 10 μm. (C) Colocalization fluorescence signal profile chart was generated based on the white dot and solid line from Figure 2B.


To further understand the contribution of the “GCCK/RP” motif in TET distribution, this motif was removed and the truncated TET3 variant was further fused with GFP tag. Compared with the intact full-length TET3 that co-localized with PI-stained PM, TET3ΔGCCKP displayed punctate structure and PM disassociation, revealing that TET3ΔGCCKP was abolished from the membrane (Figures 3B,C). In addition, TET3ΔGCCKP showed a co-localization with the defined endoplasmic reticulum (ER) marker, HDEL-RFP (Figures 3B,C). To rule out the possibility that the “GCCK/RP” motif is an exception for TET3, we also tested the contribution of the “GCCK/RP” motif for other TET proteins, TET4 and TET7. Removal of “GCCK/RP” in both TET4 and TET7 showed a consistent distribution of TET4ΔGCCKP and TET7ΔGCCKP to ER (Supplementary Figures 5A,B). Therefore, the conserved “GCCK/RP” motif in EC2 anchors TET proteins to the PM.



Cysteine Residues Are Sufficient to Control Membrane Association of Tetraspanin

As already mentioned, the “GCCK/RP” motif that presents in EC2 is highly conserved among plant TETs, meanwhile, EC2 contains up to nine strictly conserved cysteine residues which could serve as adaptors to influence protein-TET interactions (Boavida et al., 2013; Cunha et al., 2017). Previous studies have reported that some intracellular juxtamembrane cysteine residues undergo palmitoylation, possibly required for the association between TETs and their interactors (Berditchevski et al., 2002; Charrin et al., 2002; Yang et al., 2002; Delandre et al., 2009). Palmitoylation is a post-translational protein modification type, affecting protein stability, and sorting, etc. (Greaves and Chamberlain, 2007; Linder and Deschenes, 2007). In animals, TET palmitoylation modulates the organization of the integrin-TEM complex during cell adhesion (Berditchevski et al., 2002). To understand the possible function of cysteine residues in plant TETs, we first predict the palmitoylation sites of TET3. Palmitoylation assay showed that the palmitoylation sites were automatically clustered into three clusters by different thresholds (high, medium, low) of peptides similarity (Zhou et al., 2006). The cysteine residues (in 174, 175, and 221 sites) of TET3 potentially harbor relatively high palmitoylation ability (Supplementary Figure 6A). Apparently, it is noteworthy to understand the role of these cysteine residues in TET function.

We then carried out site-directed mutagenesis based on the above prediction (Figure 3A and Supplementary Figure 6A), switching cysteine to be alanine. The resultant TET3-GFP variants were introduced in tobacco leaves. Co-localization of TET3C174A-GFP, TET3C175A-GFP, TET3C221A-GFP with HDEL-RFP marker or PI dye showed that these TET3 variants were all distributed at mesh-like ER structures, instead of PM (Figures 4A,B). Replacement of the single cysteine residue already changes the distribution of TET3, indicating the central role of cysteine residues in control of TET distribution. Strikingly, either the cysteine residues located within (174, 175 sites) or out (221 site) of GCCK/RP motif in EC2 were all able to influence membrane association ability of TET, suggesting that these conserved cysteine residues are important for a functional TET3 protein, independent from GCCK/RP motif.
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FIGURE 4. Conserved Cysteine residues are required for Tetraspanin (TET) targeting to PM. (A) The conserved cysteine residues (individual at the positions of 174, 175, and 221) of TET3 protein were, respectively, substituted by alanine (35S: GFP as control), and the artificial point mutated TET3 proteins fused with GFP were transiently expressed in N. benthamiana leaves. Overlapping fluorescence spectra analysis of GFP and HDEL-RFP signal or PI-stained PM is shown. Bars, 10 μm. (B) Colocalization fluorescence signal profile chart was generated based on the white dot and solid line from panel (A).


Interestingly, TETs distributed in a foci pattern on the cell surface, suggesting a possible correlation with plasmodesmata (PD), which direct cell-to-cell communication between neighboring cells (Fernandez-Calvino et al., 2011; Wang et al., 2015). We thus co-expressed TET3 with a known PD maker, PDLP5-RFP in tobacco leaves. Co-localization analysis confirmed that TET3 targets to PD (Supplementary Figure 7). Compared with the high association of TET3 with PD, the TET mutation variants without GCCK/RP or cysteine residues showed no distinct PD subcellular localizations (Supplementary Figure 7).

Altogether, these results proved the importance of the conversed cysteine residues in governing the distribution of TET proteins to the PM.



Tetraspanin-Mediated Virus Movement Requires GCCK/RP Motif and Cysteine Residues

Accumulating evidence indicates that TET is essential for pathogen invasion via a possible interaction between TET and specific viral receptors within TET-enriched microdomains (van Spriel and Figdor, 2010). Hence, TET can promote virus binding, coordinate virus trafficking and fusion events (van Spriel and Figdor, 2010). To understand the genetic correlation and biological significance of TET distribution during virus infection, we examined the ability of intact TET3 or TET3 variants on the cell-to-cell movement of tobacco rattle virus (TRV) in tobacco leaves. Compared with the control (empty vector, EV), intact TET3 protein (TET3-FL) significantly promoted virus spread by approximately twofold (Figure 5). The variants without GCCK/RP motif (TET3-ΔGCCKP-RFP) or cysteine residues variants (TET3C174AC175A-RFP, TET3C221A-RFP) which abolished membrane-association of TET3 all showed significant attenuation of TRV spread within tobacco leave cells (Figure 5 and Supplementary Figure 8A). These results revealed that virus movement requires the assistance of membrane-associated TETs, and GCCK/RP motif and cysteine residues are all involved in TET functionality during virus infection.
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FIGURE 5. Tetraspanin-3 (TET3) facilitates cell-to-cell movement of TRV in N. benthamiana. (A) Cell-to-cell movement of the TRV-GFP in empty vector (EV, 35S: RFP as control), full length (FL), GCCK/RP motif knockout, and cysteine residues mutated TET transiently expressing N. benthamiana leaves. Bars, 100 μm. (B,C) Measurement of TRV-GFP cell-to-cell movement area. TRV-GFP co-infiltration with empty vector (35S: RFP), the GFP spread area was observed and quantified at 5 dpi (n = 24, 21, 23, 25, 25, and 23). Error bar = S.D. P-values were determined by two-tailed Student’s t-test assuming equal variances (B) and one-way analysis of variance (ANOVA) with the Turkey post-hoc test (C) (**p < 0.01; ***p < 0.001; ****p < 0.0001).


To verify the functionality of TET3 in virus infection, we generated Arabidopsis tet3 mutant by designing a CRISPRCas9–mediated TET3 gene deficiency, termed tet3c (Figure 6A). Meanwhile, we obtained a T-DNA insertion knockdown mutant of tet3-CS309656, with the insertion site in TET3 intron (Figures 6A,B). Further phenotypic analysis revealed that 35s:TET3 plants exhibited much slender and curled leaves than WT; however, tet3 mutants were comparable as WT, which may be caused by the functional redundancy (Figure 6C).
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FIGURE 6. Tetraspanin-3 (TET3) protein promotes CMV infection. (A) CRISPR-cas9-based TET3 mutantgenesis (tet3c) and T-DNA-directed TET3 knockdown mutant (CS309656) are shown. Black boxes represent the exons and white box represents the introns. (B) Transcript level of TET3 gene in overexpression and mutant lines, P-values were determined one-way analysis of variance (ANOVA) with the Turkey post-hoc test (****P < 0.0001; ns, not significant). The average transcript level of TET3 was quantified from three times of qRT-PCR (n = 3). (C) Leaf phenotype of 3-week-old 35S:TET3 and tet3 mutants were shown. (D) CMV infection symptoms in Arabidopsis WT plants at 5 dpi were shown. Scale bars = 2 cm. (E–G) Q-PCR analysis of transcript levels for AtTET in overexpression of intact or mutation variants of TET proteins were shown at 5 dpi. The numbers in the histogram represent the relative transcription value of the target genes (AtTET3, AtTET4, and AtTET7) after CMV infection. Error bars represent SD of three independent replicates. P-values were determined by two-way analysis of variance (ANOVA) (E,F) or two-tailed Student’s t-test assuming equal (G) (**p < 0.01; ****p < 0.0001).


To prove the hypothesis that TET3 promotes viral infection, we inoculated Arabidopsis leaves with cucumber mosaic virus (CMV). At 5 days post-inoculation (dpi), WT plants exhibited systemic virus infection symptoms including twisted stems and curly leaves (Figure 6D). We then applied qRT-PCR to test the transcriptional level of a CMV coat protein (CP) which reflected the infection efficiency of CMV in tet3 mutants, overexpression of TET3 intact protein and TET3 variants. Two independent tet3 mutants both significantly decreased the accumulation of CMV compared with WT; 35S:TET3 promoted CMV infection to twofold, in comparison of WT. Moreover, CMV infection efficiency in TET3 ΔGCCKP and cysteine residues variants was significantly disrupted, in comparison of intact TET3 form (Figures 6E–G). Moreover, TET4 and TET7 variants without GCCKP motif also disrupted CMV infection efficiency, in agreement with the property of TET3 protein (Figures 6E–G). The above CMV infection data in Arabidopsis plants supported the essential role of TET3 protein for virus infection.

Together, these data consistently showed that membrane-associated TET is required for virus infection and that both GCCK/RP motifs and cysteine residues are involved in TET function during viral infection.




DISCUSSION

As a highly conserved transmembrane protein, TET is ubiquitous in eukaryotic organisms. In animals and fungi, increasing evidence indicates that TETs act as master organizers of the PM by forming TEMs through the interactions of TETs with other membrane proteins, which were “hijacked” by viruses as a gateway for entry and egress (Florin and Lang, 2018). Our study further clarifies the importance of plant TETs for virus spread, which is dependent on the specific GCCK/RP motif and the conserved cysteine residues.

Animal and plant TETs share a common structure consisting of four transmembrane domains, a small extracellular loop, and a large extracellular loop. The major extracellular loop EC2 accounts for the length of TETs, suggesting the EC2 region is central for TETs function. Indeed, EC2 of animal TETs could be recognized by most TET-specific monoclonal antibodies (Levy and Shoham, 2005). Compelling evidence indicates that the large extracellular loop (LEL) of mast cell-expressed TET proteins [Cluster of differentiation (CDs), such as CD9, CD63, CD81, CD82, CD151] plays a key role in the route of pathogens infection (Pileri et al., 1998; Ho et al., 2006; Mazurov et al., 2007; Shanmukhappa et al., 2007; Singethan and Schneider-Schaulies, 2008). Especially, blocking the activity of large extracellular loop domain of Fenneropenaeus chinensis tetraspanin-3 by anti-LEL antibody significantly inhibit the infection of white spot syndrome virus in Chinese shrimp (Gui et al., 2012). In animals, the EC2 domain of TETs may be relevant for the protein complex formation with other proteins (Hemler, 2001, 2003; Stipp et al., 2003). In plants, single amino acid changes in the EC2 or deletion of C-terminal tail of TET1/TRN2 gene caused severe developmental defects, like a short primary root, small leaves, and a dwarf architecture (Cnops et al., 2006). Given the great importance of EC2 in TET function, EC2 attracted much attention as a promising tool to investigate the specific role of different TETs (Grove et al., 2017). Moreover, TET antibodies that preferentially target EC2 provide a therapeutic means to inhibit virus movement (Stipp et al., 2003).

Instead of a highly conserved CCG motif within the EC2 domain in animals and metazoans TETs, plant TETs contain a signature “GCCK/RP” motif (Stipp et al., 2003; Wang et al., 2012). “GCCK/RP” motif can be traced back to the ancient moss Physcomitrium patens and vascular plant Selaginella moellendorffii, suggesting that this motif emerged early in plant ancestors (DeSalle et al., 2010). In animals, two cysteine residues in the CCG motif form two intramolecular disulfide bridges with the other two cysteine residues (Kitadokoro et al., 2001). Nevertheless, plant TETs have nine, rather than four, six, or eight conserved cysteine residues (Reimann et al., 2017), making the protein structure even complicated than animal TETs. In our study, mutation of cysteine residues 174, 175, 221 or removal of GCCKP motif abolished membrane association of TET proteins, leading to its accumulation within ER. This suggests that these residues may participate in in protein folding. Indeed, the more cysteine residues in a protein, the higher possibility to form disulfide bonds (Fu et al., 2020). Any two cysteine residues within a protein are able to form a disulfide bond (Fu et al., 2020). Disulfide bonds between conserved cysteines produces a sub-loop structure (Boavida et al., 2013; van Deventer et al., 2017). In addition, disulfide bonds between the large and small loops, which are essential for TET-TET interactions, could stabilize their interaction in a redox-dependent fashion or affect the binding affinity of cholesterol or gangliosides with membrane. Misfolding of protein often leads to the loss of its biological function (Thomas et al., 1995; Kim et al., 1996; Harper and Lansbury, 1997; Cabral et al., 2001). In plants, missense mutations in these cysteine residues in trn2-2 and trn2-3 alleles may affect protein folding due to a defect in disulfide bridges and thereby inhibit TET function (Cnops et al., 2006).

Besides, post-translation modifications, such as glycosylphosphatidylinositol (GPI)-anchoring, palmitoylation may also contribute to protein PM localization (Galian et al., 2012; Gui et al., 2015; Kumar et al., 2016). Three putative palmitoylation sites, Cys174, Cys175, Cys221 in AtTET3 were predicted with higher scores of palmitoylation. All of these variants display an ER localization. One plausible explanation would be that these cysteine residues provide sites for palmitoylation that all contribute to the membrane association of TET to the PM. Palmitoylation, also called S-acylation, mediates protein association with membranes, which has been verified in remorin proteins and other membrane-associated proteins (Konrad et al., 2014; Hurst and Hemsley, 2015). In recent years, palmitoylation in plants has begun to come of age. Some novel palmitoylated proteins have been identified, including the membrane microdomain organizing proteins and Raf-like MAP kinases (Hemsley et al., 2013). Palmitoylation was supposed to play a critical role in the microdomain localization of membrane-resident proteins (Blaskovic et al., 2013). A previous report showed that a tobacco remorin protein, NbREM1 is modified by S-acylation of cysteine at the C-terminal, and the remorin variant with a single cysteine mutation loses the ability to associate with PM (Fu et al., 2018). Additionally, single cysteine residue at the C terminus is also required for the PM localization of Medicago truncatula and A. thaliana remorins (Konrad et al., 2014). Similarly, the palmitoylation of the juxtamembrane cysteine residues is present in many TETs, including CD9, CD63, CD81, and CD151 (Charrin et al., 2002). Mutagenesis of cysteine residue causes palmitoylation deficiency and altered cellular distribution of CD151 (Yang et al., 2002). Importantly, protein palmitoylation contributes not only to membrane association but also to the regulation of protein-protein interactions and TET web formation (Stipp et al., 2003; Blaskovic et al., 2013). Loss of palmitoylation resulted in decreased lateral associations of CD151 and CD9 with other TETs (Berditchevski et al., 2002; Charrin et al., 2002; Yang et al., 2002). Our study also proved that a single cysteine residue in or neighboring to the “GCCK/RP” motif is sufficient to change TET3 targeting to the PM (Figure 4). Despite all these evidences revealing the importance of palmitoylation at cysteine residues for assembly and maintenance of membrane nanodomains, sole palmitoylation modification might be not sufficient to establish the interactive network of TETs with other cell-surface proteins (Sincock et al., 1999; Claas et al., 2001; Konrad et al., 2014). Thus, further clarification of such residues would be of high relevance for elucidation of the regulatory mechanisms of TET proteins, but also be a general mechanism of other membrane-associated proteins.
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