François Berthold 
  
David Roujol 
  
Caroline Hemmer 
  
Elisabeth Jamet 
  
Christophe Ritzenthaler 
  
Laurent L Hoffmann 
email: hoffmann@lrsv.ups-tlse.fr
  
Corinne Schmitt-Keichinger 
  
  
Inside or outside? A new collection of Gateway vectors allowing plant protein subcellular localization or over-expression

Keywords: Fluorescent protein, Fusion protein, Plant cell imaging, Gateway vector, Signal peptide, High level of expression

niveau recherche, publiés ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

sequences and the cloning step has been facilitated by recombination technologies. The pEAQ-HT-DEST series of vectors fulfilling these improvements are vectors of choice. However, they lack the possibility to directly and easily fuse the protein of interest to a fluorescent tag or to address it to the secretion pathway. In the present work we describe the production of 14 pEAQ-HT-DEST1-based plasmids designed to use the Gateway® cloning technology and to generate high levels of fluorescent fusion protein by agro-infiltration, in planta. This collection of plasmids includes binary vectors allowing N-terminal or C-terminal fusion to the bright tags EGFP or TagRFP for cytoplasmic accumulation or secretion and represents therefore a valuable tool for subcellular localization or biochemical studies. The blue fluorescent protein TagBFP and an Arabidopsis protein were transiently expressed in N. benthamiana to demonstrate the potential of these vectors.

Introduction

Transient expression of proteins in plants via infiltration of transgenic agrobacteria harboring a binary plasmid has become a very easy and common mean to study their subcellular localization or to produce them in sufficient amount for biochemical studies. From the cumbersome original system involving manipulation of the very large and low copy number tumor inducing (Ti) plasmid to present systems where the transferred DNA (T-DNA) and the virulence genes (vir) are split over two separate plasmids (binary system), the Agrobacterium-mediated DNA transfer has rapidly evolved thanks to the design of a whole range of T-DNA binary vectors and disarmed Agrobacterium helper strains carrying the vir genes required for T-DNA transfer to plant cells [START_REF] Lee | T-DNA binary vectors and systems[END_REF].

The original pBINPLUS vector (12 397 bp;[START_REF] Van Engelen | pBINPLUS: An improved plant transformation vector based on pBIN19[END_REF] has undergone several rounds of modifications to remove sequences which had no function in either vector replication or plant transformation. In the pEAQ-HT (Easy And Quick-Hyper Translatable) vector, they were replaced by a couple of unique restriction sites, and a modified 5' untranslated region (UTR) and a 3' UTR of CPMV (cowpea mosaic virus) were introduced to enhance the expression level of the protein of interest. The final size of the vector was hence reduced to about 5 kbp. After the further addition of a TBSV (tobacco bushy stunt virus) P19 expression cassette and a Gateway ® recombination cassette, the resulting pEAQ-HT-DEST1 proved very efficient in producing high yields of recombinant proteins (up to mg/g of fresh mass) upon transient expression in plants [START_REF] Sainsbury | pEAQ: versatile expression vectors for easy and quick transient expression of heterologous proteins in plants[END_REF]. Since their construction, the pEAQ vectors have been used to efficiently produce very different kinds of proteins [START_REF] Peyret | The pEAQ vector series: the easy and quick way to produce recombinant proteins in plants[END_REF]. However, the pEAQ vector series lacked plasmids allowing a user-friendly production of recombinant proteins fused to fluorescent tags, such as the Enhanced Green Fluorescent Protein (noted EGFP or EG; [START_REF] Zhang | An enhanced green fluorescent protein allows sensitive detection of gene transfer in mammalian cells[END_REF] or the Tag-Red Fluorescent Protein (TagRFP or TR; [START_REF] Merzlyak | Bright monomeric red fluorescent protein with an extended fluorescence lifetime[END_REF]. Such markers are very useful to study the subcellular localization of proteins. Also, the fusion of a signal peptide (SP) to proteins in order to target them to the secretory pathway and thus produce them in different subcellular compartments is very valuable. This is the reason why a new set of 14 pEAQ-derived plasmids was designed and constructed. They all contain a Gateway cassette (gw) ensuring the straightforward sequence recombination for the production of fusion proteins. The sequences encoding different proteins were cloned in these vectors to validate their functionality.

Material and methods

Plant material

Nicotiana benthamiana plants were grown at 22-25°C, 80% of humidity and under a photoperiod of 16 h light/8 h dark.

Plasmid construction

In order to build up the new pEAQ vector collection from the pEAQ-HT-DEST1 binary plasmid [START_REF] Sainsbury | pEAQ: versatile expression vectors for easy and quick transient expression of heterologous proteins in plants[END_REF], the sequence extending from the CPMV 5'UTR to the NOS (nopaline synthase) terminator was subcloned into a small easy-to-handle plasmid. To this end, the 2538 bp fragment was amplified by PCR with primers 170 pEAQApaDra and 171 pEAQNdeAsc (Supplementary Table S1) which add Apa I and Nde I restriction sites next to the existing Dra III and Asc I sites, respectively. These two additional restriction sites were used to introduce the amplified DNA into the pGemT plasmid (Promega, Charbonnières-les-Bains, France) and hence give rise to the intermediate pGem-pEAQ plasmid, noted pGpE. All the plasmids containing the gw cassette were propagated in the ccdB Survival™ 2 bacterial strain (Invitrogen, ThermoFisher Scientific, Courtaboeuf, France).

We then mutagenized the pGpE plasmid to introduce three unique restriction sites (Fse I, Eco RI and Spe I) either upstream of the gw cassette to give rise to the pGpE 5'FES plasmid or downstream of the gw cassette to generate the pGpE 3'FES. Mutagenesis was performed by inverse PCR using the circular pGpE plasmid as a matrix and primers 228 pEAQ 5'FESf and 231 pEAQ 5'rev or primers 244 pEAQ 3'FESf and 247 pEAQ 3'rev (Supplementary table S1).

The next step consisted in the introduction of sequences coding for the tags of interest into the Fse I and Spe I sites of either plasmid pGpE 5'FES or pGpE 3'FES to obtain a N-or a Cterminal fusion of the tag(s) to the protein of interest (whose sequence replaces the gw cassette). The tags were the following ones: the slightly modified SP of the At3g12500

Arabidopsis thaliana chitinase, with the last amino acid modified to Phe as previously described [START_REF] Haseloff | Removal of a cryptic intron and subcellular localization of green fluorescent protein are required to mark transgenic Arabidopsis plants brightly[END_REF]), EGFP [START_REF] Zhang | An enhanced green fluorescent protein allows sensitive detection of gene transfer in mammalian cells[END_REF]Clontech, Saint-Quentin en Yvelines, France), TagRFP [START_REF] Merzlyak | Bright monomeric red fluorescent protein with an extended fluorescence lifetime[END_REF], 6 His tag (H), or a combination of two or three of these tags (see Table 1, Fig. 1).

All the tag sequences were PCR-amplified (either in a single step or by two subsequent nested PCRs) to add the Fse I and Spe I restriction sites. They were cloned into the proper plasmid to give a pGpE-tag-gw or a pGpE-gw-tag plasmid, where gw gives the relative positions of the tag and the gw cassette. As an example, pGpE-EGgw stands for a pGemT plasmid containing the Apa I/Dra III-Asc I/Nde I fragment of pEAQ-HT-DEST1 in which the sequence encoding EGFP was added upstream of the gw cassette. The primers used to amplify the tags are listed in Supplementary Table S1 as well as the 10 pGpE derivatives which were constructed.

Finally, the Dra III-Asc I fragment was re-introduced in the pEAQ-HT-DEST1 backbone by restriction and ligation. The sequences encoding a TagRFP tag were back-cloned after partial Dra III digestion due to the presence of this restriction site in the TagRFP coding sequence. The resulting expression plasmids were named according to the same rules as the pGpE series with a pEAQ prefix (Table 1, Fig. 1). This collection of Gateway binary vectors was further extended by the deletion of the sequence encoding P19 in the plasmids allowing a N-or C-terminal fusion of the protein of interest to EGFP or TagRFP. This deletion took advantage of the presence of the Asc I site located upstream from the CaMV 35S promoter driving the transcription of the P19 coding sequence, and of a unique Eco NI site in the CaMV 35S terminator. After the digestion of the plasmids with both enzymes, the overhanging extremities of the DNA were filled in with the Klenow fragment of DNA polymerase I. Finally, the plasmids were self-ligated. The four resulting binary expression vectors depleted of the P19 sequence were named pEAQ-EGgw-ΔP19, pEAQ-gwEG-ΔP19, pEAQ-TRgw-ΔP19 and pEAQ-gwTR-ΔP19 (Figure 1, Table 1).

The sequence of the 14 pEAQ derived binary vectors was checked using the oligonucleotide primers listed in Supplementary table S1.

Cloning of sequences encoding proteins of interest into the new pEAQ vectors

The coding sequences of two genes of interest (At5g11420 and TagBFP standing for Tag-Blue Fluorescent Protein; [START_REF] Subach | Conversion of red fluorescent protein into a bright blue probe[END_REF] were amplified by PCR using the oligonucleotide primers listed in Supplementary Table S1. They were cloned by recombination (BP reaction) in a pDONR207 vector (Addgene, Cambridge, CA, USA) and subsequently transferred to the destination vectors by recombination (LR reaction) according to the manufacturer's recommendations (Invitrogen).

Agrobacterium-mediated transient expression and confocal microscopy

Agrobacterium tumefaciens strain GV3101::pMP90 [START_REF] Koncz | The promoter of TL-DNA gene 5 controls the tissue-specific expression of chimaeric genes carried by a novel type of Agrobacterium binary vector[END_REF] was transformed with the different vectors. They were grown overnight at 28°C in YEB medium inoculated with colonies from a fresh plate. Cells were harvested and resuspended in MMA buffer (10 mM MES pH 5.7, 10 mM MgCl2, 150 μM acetosyringone) at a final OD600nm of 0.4. They were incubated in MMA for at least 1 h at room temperature prior to agroinfiltration of N. benthamiana leaves with a needleless syringe. After three to five days, the leaves were analyzed by confocal microscopy. For co-localization studies, the aquaporin::YFP (Yellow Fluorescent Protein) fusion protein was used as a specific fluorescent reporter protein for the plasma membrane [START_REF] Nelson | A multicolored set of in vivo organelle markers for colocalization studies in Arabidopsis and other plants[END_REF]. Calcofluor (0.1% for 15 min) allowed staining cellulose in cell walls.

Observations were performed with a Leica TCS SP2 AOBS confocal laser-scanning microscope (Leica, Nanterre, France) or a Zeiss LSM700 or LSM780 microscope (Carl Zeiss, Jena, Germany). Cell plasmolysis was performed with 30% glycerol. Calcofluor was excited at 405 nm and detected in the 417-488 nm range. YFP was excited at 488 nm and detected in the 515-545 nm range. TagRFP was excited at 561 nm and detected in the 590-630 nm range.

TagBFP was excited at 405 nm and detected at 415-475 nm. Chlorophyll was excited at 514 nm and detected in the 680-720 nm range. No image enhancement was performed.

Protein extraction and analysis

Infiltrated leaf fragments were ground in liquid nitrogen using mortars and pestles. About 200 µL of powder was transferred in a 2 mL Eppendorf tube and weighed. Two µL/mg leaf material of denaturing solution were added (urea 6 M, glycerol 10% (w/v), β-mercaptoethanol 10% (v/v), SDS 5% (w/v)). The mixture was vigorously vortexed for 15 min at room temperature prior to centrifugation during 10 min at 15,000 rpm (≈ 24,000 rcf). The supernatant was collected and centrifuged again in the same conditions. Finally, the sample was incubated for 10 min at 100°C and conserved at 4°C prior to SDS-PAGE [START_REF] Laemmli | Cleavage of structural proteins during the assembly of the head of bacteriophage T4[END_REF] and western blot analysis. Antibodies against TagRFP (Evrogen, Moscow, Russia) were used at a dilution of 1:5,000. Note that they also recognize the TagBFP. The polyclonal rabbit antibodies directed against two specific peptides of At5g11420

(PNGDFELGPKPSDMKGTQ and HNPGEEEDPACGP) were diluted 1:5000. Goat antirabbit secondary antibodies (Sigma-Aldrich Chemie SARL, Saint-Quentin Fallavier, France) either coupled to alkaline phosphatase or to horseradish peroxidase were used at a dilution of 1:10,000. A 10 mL solution of NBT (33 µL of a 50 mg/mL solution in DMF 70% (v/v))/BCIP (33 µL of a 50 mg/mL solution in DMF 100% (v/v)) in TBS buffer pH 9.5 was used to detect the phosphatase activity whereas the peroxidase activity was detected by chemiluminescence using the Pierce ECL kit (ThermoFischer Scientific, Waltham, Massachustts, USA) according to the manufacturer's instructions.

Results and discussion

Structure and use of the newly designed pEAQ destination vectors

The new pEAQ vectors can be grouped in three subsets (Table 1 andFig A, but including a sequence encoding an A. thaliana chitinase SP. In some vectors of subsets A and C, a 6 His tag (H) coding sequence was also included.

The TBSV P19 protein has been shown to increase the production of recombinant proteins in plant cells [START_REF] Garabagi | Utility of the P19 suppressor of gene-silencing protein for production of therapeutic antibodies in Nicotiana expression hosts[END_REF][START_REF] Wroblewski | Optimization of Agrobacterium-mediated transient assays of gene expression in lettuce, tomato and Arabidopsis[END_REF][START_REF] Zheng | Boosted expression of the SARS-CoV nucleocapsid protein in tobacco and its immunogenicity in mice[END_REF]. Indeed, this viral protein acts as a suppressor of gene silencing [START_REF] Qu | Efficient infection of Nicotiana benthamiana by tomato bushy stunt virus is facilitated by the coat protein and maintained by p19 through suppression of gene silencing[END_REF][START_REF] Silhavy | A viral protein suppresses RNA silencing and binds silencing-generated, 21-to 25-nucleotide doublestranded RNAs[END_REF]. Subsets A and C vectors are designed for high expression of recombinant proteins. The addition of a sequence encoding a 6 His tag provides an additional tool to purify recombinant proteins by affinity chromatography on Ni-or Co-columns [START_REF] Spriestersbach | Purification of His-tagged proteins[END_REF].

However, for transient expression, if the over-produced protein has some harmful biological activity, it might be preferable to use a vector of subset B. Besides, subset B vectors are recommended for stable transformation because the TBSV P19 protein can have deleterious developmental effects when expressed constitutively [START_REF] Saxena | Improved foreign gene expression in plants using a virus-encoded suppressor of RNA silencing modified to be developmentally harmless[END_REF]. This series of vector can also be used when the expression of a viral suppressor of RNA silencing is not desirable, like when studying a protein that itself harbors a suppression activity.

Subsets A and B vectors can be used to define the subcellular localization of proteins by transient expression of fluorescent fusion proteins in N. benthamiana leaves and subsequent observation by confocal microscopy. Indeed, the knowledge of the localization of a protein in a specific cell compartment may give clues about its function. The availability of different types of fluorescent proteins with specific excitation and emission wavelengths allows colocalization studies between a protein of interest and organelle markers [START_REF] Nelson | A multicolored set of in vivo organelle markers for colocalization studies in Arabidopsis and other plants[END_REF].

Subset C vectors include a sequence encoding an A. thaliana chitinase SP which has been shown to address proteins to the secretion pathway [START_REF] Haseloff | Removal of a cryptic intron and subcellular localization of green fluorescent protein are required to mark transgenic Arabidopsis plants brightly[END_REF]. Indeed, there is a need for producing secreted proteins through the secretory pathway to allow their posttranslational modifications, mainly glycosylations, occurring in the endoplasmic reticulum and the Golgi apparatus, to preserve their biological activities [START_REF] Faye | Protein modifications in the plant secretory pathway: current status and practical implications in molecular pharming[END_REF].

Validation of the new pEAQ vectors

All the vectors were sequenced to check the junctions between the different modules. They were all successfully tested for their ability to produce proteins in vivo at the expected location after agro-infiltration of N. benthamiana leaves. The following proteins were used as reporters: TagBFP, EGFP:TagBFP, TagRFP:TagBFP, TagBFP:EGFP, TagBFP:TagRFP, At5g11420:TagRFP and TagRFP:At5g11420. At5g11420 was used as a positive control for cell wall localization. At5g11420 is a protein predicted to be secreted which has been found in numerous cell wall proteomes (www.polebio.lrsv.ups-tlse.fr/WallProtDB/). It has already been shown to be located in cell walls using a pEAQ-HT-DEST1 binary vector carrying a sequence encoding an At5g11420:TagRFP fusion protein [START_REF] Albenne | Plant cell wall proteins: A large body of data, but what about runaways?[END_REF]. In this article, the results obtained with only a subset of the new pEAQ vector collection are illustrated.

The coding sequence of TagBFP was inserted in all the vectors of subset A and in the original pEAQ-HT-DEST2. A. tumefaciens transgenic strains carrying them were obtained and used for infiltration of N. benthamiana leaves. The observations under confocal microscopy were done five days after infiltration. Only the results obtained with the pEAQ-HT-DEST2, pEAQ-EGgw and pEAQ-TRgw vectors are shown (Fig. 2A). As expected, all three proteins, TagBFP, EGFP:TagBFP and TagRFP:TagBFP, are located in both the nuclei and the cytoplasm, as deduced from the fluorescence of TagBFP (Fig. 2A, upper panels).

Consistently, EGFP and TagRFP co-localize with TagBFP in the two latter cases (Fig. 2A, lower panels). To check if the observed proteins were the expected fusion proteins, total proteins were extracted from infiltrated N. benthamiana leaves and analyzed by western blotting using anti-TagRFP antibodies which also recognize TagBFP (Fig. 2B). The amount of loaded proteins was standardized after Coomassie blue staining of the gel (Fig. 2B previously reported [START_REF] Janczak | A systematic investigation of the stability of green fluorescent protein fusion proteins[END_REF]. It should be noted that a non-specific band was revealed in the mock-inoculated plants with the same molecular mass as the fusion proteins.

In a second series of experiments, we wanted to assess the functionality of the At3g12500 signal peptide from the subset C vectors. Therefore, the sequence encoding the At5g11420 devoid of its signal peptide (At5g11420∆SP) was inserted in subset C vectors. As a negative control, the same sequence was recombined into the subset A vector: pEAQ-TRgw. Also, the entire sequence of At5g11420, including its native SP region, was inserted in another subset A vector: pEAQ-gwTR, to serve as a positive control. The observations under confocal microscopy were done three to four days after agro-infiltration. The results obtained for three constructs are shown in Fig. 3. The localization of the At5g11420:TagRFP fusion protein was observed thanks to the TagRFP fluorescence (Fig. 3a) and this signal could be superimposed with that of the calcofluor staining of the cell walls (Fig. 3b-c, purple arrow). After plasmolysis with glycerol, the plasma membranes detached from the cell walls as shown by the observation of the aquaporin:YFP signal (Fig. 3d) whereas the red signal remained associated with the cell walls (Fig. 3e, red arrow). The same results were obtained with the construct made with the pEAQ-SPTRgw vector, demonstrating the functionality of its SP (Fig. 3 f-j). Finally, when the At5g11420∆SP coding sequence was inserted into a vector devoid of an SP coding sequence (pEAQ-TRgw), the subcellular localization of TagRFP:At5g11420∆SP was changed (Fig. 3 k-l). Indeed, the fusion protein was no longer associated to the cell walls in plasmolyzed cells; the red fluorescence was diffuse and followed the signal of the aquaporin:YFP when the plasma membrane was moved away from the cell wall. This red signal kept surrounded by the aquaporin:YFP fluorescence, indicating a cytoplasmic localization (Fig. 3 m-o). Altogether these results demonstrate the potential of the vector encoded SP to target fusion proteins to the secretory pathway.

Finally, proteins were extracted from leaf fragments three or four days after agroinfiltration, separated by SDS-PAGE and analyzed by western blotting with two different antibodies (Fig. 4). The anti TagRFP antibodies recognized (i) a 85 kDa band corresponding to the At5g11420:TagRFP and TagRFP:At5g11420 (secreted versions) fusion proteins and Altogether, all the new pEAQ-vectors were found to be functional and allowed to observe the production of the predicted fusion proteins in the expected cell compartment. Similar results were obtained with all the other vectors of the new collection (results not shown).

Conclusion

We have created a new collection of pEAQ-derived vectors allowing the subcellular localization of recombinant proteins and the production of recombinant proteins in plant cells either intracellularly or in the extracellular compartment, thanks to transient expression. 

  . 1): (A) five vectors allowing the production of N-(N-term) or C-terminal (C-term) fusions to EGFP or TagRFP and including the TBSV P19 coding sequence under the control of the CaMV 35S promoter; (B) four vectors having the same characteristics as those of subset A, except that the P19 gene was removed; (C) five vectors having the same characteristics of those of subset

  , upper panel). The western blot analysis revealed a major band at approximately 27 kDa (open triangle) in the pEAQ-HT-DEST2 lane corresponding to the TagBFP alone. In the other lanes, a major band was detected at approximately 54 kDa (black triangle) , and TagBFP:TagRFP:6His. Besides, several bands of lower molecular mass (gray triangles) very likely corresponding to degradation products were observed, as

(

  ii) a 68 kDa band corresponding to TagRFP:At5g11420 (cytoplasmic version) fusion protein (Fig.4upper panel, black stars). It should be noted that the signal peptides of the fusion proteins are removed during the secretion process. The same patterns were obtained with antibodies directed against At5g11420 (Fig.4lower panel). We assume that the difference in molecular mass observed between the extracellular (At5g11420:TagRFP and TagRFP:At5g11420) and the cytoplasmic (TagRFP:At5g11420) fusion proteins are due to post-translation modifications occurring in the secretion pathway since the At5g11420 encoded protein comprises three predicted N-glycosylation sites (PS00001, prosite.expasy.org/PS00001). Some degradation products could be observed with both antibodies (Fig.4, triangles and diamonds), and non-specific bands were visible in the mock infiltrated control (at 32 kDa with antiAtg11420 antibodies and at 50 kDa with antibodies raised against TagRFP).

Fig. 1 .

 1 Fig. 1. Schematic representation of the T-DNAs of the new pEAQ-derived vector collection.

Fig. 2 .Fig. 3 .

 23 Fig. 2. Test of subset A pEAQ newly designed vectors. A. Observation under confocal

Fig 4 .

 4 Fig 4. Analysis of total proteins extracted from N. benthamiana leaves infiltrated with

  Fig. 2 Berthold et al.

  

  

Table 1 . Description of the variable parts of the new pEAQ-vector collection.

 1 See legendto Figure1for the meaning of abbreviations.
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Assessing the bona fide subcellular localization of a given protein might be critical to infer its function. Cell biology methods can complement biochemical approaches especially for extracellular proteins because the purification of cell wall fractions remains challenging [START_REF] Albenne | Plant cell wall proteomics: the leadership of Arabidopsis thaliana[END_REF]. The versions of the vectors devoid of the P19 gene (subset B) could also be used for stable transformation to produce plants over-expressing a recombinant protein of interest without detrimental effects.
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