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Žárský Viktor1,2, Cvrèková Fatima2, Pavlová Libuše2, Obermeyer Gerhard3, Tupý Jaroslav1 and Vejlupková Zuzana1,2





1Institute of Experimental Botany, Academy of Sciences of the Czech Republic, Ke dvoru 15, CZ 160 00, Praha 6, Czech Republic; 2Department of Plant Physiology, Faculty of Sciences, Charles University, Vinièná 5, CZ 128 44 Praha 2, Czech Republic; 3Institute of Plant Physiology, Faculty of Sciences, Paris-Lodron University, Hellbrunnerstrasse 32, A 5020 Salzburg, Austria





Abstract





Processes underlying the internal organization of different compartments inside the eukaryotic cell and related questions of vectorial transport of cellular constituents belong among the foci of contemporary biology. Recently developed basic concepts are relevant also to plant cells. Members of the Ras GTPase superfamily, as well as interacting proteins, are prominent players in this complicated performance. We identified a bunch of small GTPases (Arf, Rab, Ran and Rac homologues) expressed in our model plant cells - the tobacco pollen - using biochemical methods, cDNA homology screening and PCR. Using complementation of the yeast sec19-1 mutation, we isolated a cDNA coding for the Arabidopsis thaliana Rab GDI protein. To study in vivo effects of different GTPases and their effectors in growing pollen tubes, we have started to develop a microinjection assay. 





Introduction





Only recently the molecular basis of the inconceivably intricate internal organisation of living cells started to be unravelled experimentally. One of the big questions in this quest is, how the extremely complicated cellular vectorial transports are regulated - how the specific cargo (either a macromolecular complex or a membrane vesicle)  finds ist proper harbour and how this system participates in the signal transduction chains. First answers to these questions are coming from the studies of model eukaryotic cells. 


An appropriate target to start with was the secretory pathway in the budding yeast and number of secretory mutants was isolated (Novick et al. 1980). Among the first characterized genes was the SEC4 locus coding for the Ras related GTPase essential for the post-Golgi transport in yeast cells. Sec4p and another small GTPase - Ypt1p - surprised at the beginning scientists as, unlike Ras participating directly in signal transduction, they turned out to be regulators of vesicle machinery. It is now clear that in every eukaryotic cell members of GTPase family called now YPT/Rab (Rabs are mammalian members of the family) are participating in the direction of all vesicle transport pathways. The Ras superfamily of GTPases comprises several other subfamilies involved in signal transduction and polarized transports that include Arf (coatomer formation, PLD regulation), Ran (nuclear mRNA transport), Rho/Rac (actin cytoskeleton organization, signal transduction) and others. 


All members of the Ras superfamily along with the trimeric G proteins are GTP binding proteins and function as molecular switches that can flip between two conformational states: active, when GTP is bound, and inactive, when GDP is bound. "Active" in this context means that the molecule acts as a signal to trigger other events in the cell. The switch is turned off when the GTP is hydrolyzed to GDP. There are many accesoric effectors affecting different steps in this functional cycle (see Fig.1).


The current model of addressing mechanism in vesicle transport from donor to the acceptor compartment was developed by Rothman (1994) with vSNARE and tSNARE proteins being the real key and lock partners. A conformational change in rab GTPase brought about by the hydrolysis of GTP to GDP occurs as soon as appropriate vSNARE and tSNARE recognize each other, assuring irreversibility of the recognition event and docking. Fig.1 should illustrate a simplified rab proteins functional cycle with the emphasis on the main interacting proteins - guanin nucleotide exchange factor (GEF), GTPase activating protein (GAP) and GDP-dissociation inhibitor (GDI).  GEF supports the exchange of GDP for GTP - i.e. activation, GAP stimulates GTPase activity - i.e. inactivation, and GDI assists in "extraction" of the GDP-bound form of Rab from the target membrane and its return for the next round of functional cycle. Functioning of other small GTPases is supported by a similar array of accesory proteins (Zerial and Huber 1995).


Protein complex important for posttranslational prenylation of rab proteins is not included to the Fig.1. Each de novo synthesized rab polypeptide is bound by the Rab escort protein (REP) and presented to the Rab geranylgeranyl transferase (Rab GGTase, dimeric enzyme alpha and beta subunits) which attaches geranylgeranyl groups to cysteine residues near to the COOH-termini of Rab proteins. It is this hydrophobic prenyl tail which is inserted to the membrane bilayer, fixing thereby activated (i.e. GTP bound) Rab protein to the vesicle. Other small GTPases are also prenylated or in some cases myristoylated (Arf) on their -COOH or NH2 - ends. 


Whole array of plant homologues of trimeric as well as small GTPases was isolated recently and almost every day new members appear in the sequence databases including EST databases (Ma 1994, Verma et al. 1994). In contrast, only very few functional data on plant GTPases are available. For instance Cheon et al. 1993 proved that Rab homologues are participating on peribacteroid membrane biogenesis in root nodules. Some plant Rab homologues were shown to complement related temperature sensitive yeast mutants (e.g. Fabry et al. 1995). 


Crucial importance of participants of the plant secretory pathway in the regulation of plant cell and tissue morphogenesis was recently demonstrated by the cloning of the Arabidopsis thaliana KNOLLE gene whose mutation causes severe perturbation of embryogenesis and which codes for a homologue of secretory machinery proteins called syntaxins-tSNAREs (Lukowitz et al. 1996). Some GTP-binding proteins (Rab and Rho homologues) are strongly and specifically expressed in the pollen of higher plants (Palme et al. 1992, Lin et al. 1996). We have decided to apply our experience in pollen developmental biology to use pollen as a system to study function of GTPases in plant cells (Žárský et al. 1992, Žárský et al. 1995, Moore et al. 1996, Žárský and Cvrèková in press).


We have initiated a project aiming the isolation and characterization of selected members of the small GTPase superfamily expressed in tobacco pollen as well as identification of new related regulatory proteins in plants. Apart from the use of transformation of manipulated sequences under pollen promoters to create transgenic plants our goal is to develop microinjections to growing pollen tubes as an in vivo functional assay for plant GTPases and related regulatory mechanisms.





Results and discussion





Pollen expresses a specific array of GTP binding proteins





Using a GTP binding assay after the separation of tobacco pollen proteins by 2-D electrophoresis and bloting we have detected several GTP-binding proteins (spots) of expected molecular weight - i.e. around 20 kDa (Fig.2A). Comparison with the protein extract prepared from tobacco suspension culture BY-2 indicates that some of the GTP binding proteins are pollen specific (Fig.2B). After the GTP binding assay, the same membrane was reprobed with the polyclonal antibody directed against the Rab11 homologue of Chlamydomonas reinhardtii (provided kindly by Dr. Stefan Fabry, Univ. Regensburg). This antibody specifically recognized two prominent GTP binding proteins, presumably pollen isoforms of the Rab11 protein, a GTPase known from the constitutive secretory vesicles of yeast and mammals.





Isolation of a new tobacco Rab11 homologue by cDNA library screening





Using the Medicago sativa Rab11 homologue isolated by Jonak et. al (1995) as a probe, we have screened tobacco pollen cDNA library (around 350 000 plaques) and isolated one positive clone. We have sequenced the whole insert of this clone (#73) and found that it encodes a new Rab11 homolog from tobacco (Fig.3). There are three subtypes of Rab11 in plants - in our case it is not possible unequivocally distinguish to which subgroup clone #73 belongs as it is 5´-end truncated (about 40 AA are missing); nevertheless it shows high homology to subgroup No.1, closest plant homologues of animal Rab11 (Saalbach and Thielman 1995). 





Isolation of pollen-expressed small GTPases using RACE-PCR.





Low abundance of Rab clones in our cDNA library as well as similar experience from other systems (Fabry, personal comm.) led us to the decision to use PCR with degenerated primers as a more promising approach to identify pollen expressed small GTPases. Using the modified RACE approach described by Martin-Parras and Zerial (1995), we have cloned and sequenced a bunch of 5´-PCR fragments of pollen expressed small GTPases. This very efficient approach could be also used to clone 3´ parts of the cDNAs and finally get full length clones.


Comparison with available sequnce data (Anonymous 1996) allowed us to assign all sequences to specific subfamilies. Fig.4 presents the dendrogram (similarity tree) of pollen-expressed GTPases identified in our RACE screen; each branch of the cladogram is marked with the name of the closest animal or yeast homolog found in the database. We have isolated homologs of Rab11 (3 fragments different from the clone #73), Rab1 (localized in mammals to ER-Golgi intermediate compartment), Rab 6 (middle-Golgi-TGN) and Rab8 (post-Golgi exocytotic vesicles). Though we did not clone Rab5 homolog in this screen, we know that this gene is expressed in pollen from our studies of GUS expression under the tobacco Rab5 promoter (Žárský and Nagy, unpublished data). Two closely related Arf fragments were isolated. Arf proteins were also detected in pollen extracts using antibodies directed against human Arf1 protein (kindly provided by prof. Kahn, Bethesda). We have also isolated pollen expressed homolog of the Ran GTPase, that participates in the transport of mRNA out of the nucleus, travelling there and back again like rab proteins. This clone is identical with the RanA1 gene expressed in tobacco somatic tissues (Acc.n.L16767). The isolated Rac (or Rho) homologue is treated in more detail in Cvrèková et al. in this volume. 


Taken together, these and the above described results present a first step towards catalogization of the small GTPases participating in pollen development, which is an important prerequisite for a future functional study.


It is worth noting that our results suggest that at least a part of the diversity of the Rab proteins apparently evolved already in the ancient progenitor common to the recent plant and animal kingdoms, as documented by the presence of representatives of multiple Rab subclasses known from animals among our cDNA clones. However, the family of plant small GTPases appears to be larger than that found in fungal or animal cells. Although the presence of closely related sequences in some cases could be related to the amphidiploid nature of tobacco (two parental genomes), it might also reflect a genuine diversification within the Rab subfamilies that occured in the plant kingdom.





Isolation of the plant Rab-GDI by the complementation of the temperature sensitive Saccharomyces cerevisiae sec19-1 mutation.





For the purpose of experimental manipulation of pollen-expressed Rab homologs we would need a "tool" that would affect the whole set of Rabs inside the cell. In this respect, Rab GDI is of great interest; it was shown in yeast and mammals that this protein is (unlike many GEFs and GAPs) unspecific - i.e. one protein regulates the whole set of Rabs in the cell. If we would be able to shut off Rab GDI in a cell all Rabs expressed in this cell should be affected. Moreover, the understandig of plant Rab GDI function is of general importance for the understanding of vectorial vesicle transport in plant cells.


We have used an Arabidopsis cDNA library in the yeast expression vector pYES (kindly provided by prof. R.Davis; for reference see Elledge et al. 1991) to transform the yeast sec19-1 mutant, which is thermosensitive due to a Rab GDI defect (kindly provided by prof. R. Shekman, Berkeley). We have screened approximately 40 000 cDNAs and found about 20 putative complemented clones showing different level of complementation in restrictive temperature. The plasmid with the best level of complementation (Fig.5) turned out to contain an Arabidopsis thaliana Rab GDI homologue (Fig.6). We are currently further characterizing this clone in collaboration with the lab of Dr. Klaus Palme (Köln). 


Our A. thaliana Rab GDI (EMBL Acc. NoY07961; V.Ž., F.C., F. Bischoff and K. Palme, manuscript in preparation) represents to our knowledge the first representative of this protein family cloned from a higher plant (simultaneously by ourselves and by a Japanese group that made their sequence public after we released ours to the EMBL database). The phenotype of the complemented yeast cells indicates that the plant protein is fully functional in the context of a yeast cell. As far as we know, there are no other reports about complementation of sec19-1 by members of the RabGDI family from higher eukaryotes (for a review see Zerial and Huber 1995). Our results therefore add an interesting piece of supporting evidence to the recent structural studies suggesting very high evolutionary conservation of the Rab GDI proteins (Schalk et al. 1996).





Microinjection into growing pollen tubes - possible role for GTPases in the maintenance of the membrane potential





We are currently developing microinjection to growing pollen tubes as an in vivo assay for studies of the GTPase function in cell morphogenesis and signal transduction. In our experimental setup, we are able to measure three parameters - pollen tube elongation, cytoplasm streaming and the membrane potential and resistance of a pollen tube, and we can introduce molecules into cells by iontophoresis without non-specific interference with the observable parameters. 


To test our set up and to study possible activity of trimeric GTPases, we have studied the effect of mastoparan (a wasp venom peptide acting as an activator of trimeric G proteins) first on Lilium longiflorum pollen tube germination and elongation. At the concentration of 5uM in the medium, mastoparan inhibited germination as well as pollen tube elongation. This effect is reversible - after prolonged cultivation or wash out the inhibitory effect is eliminated (data not shown). Addition of 10 uM mastoparan to the medium surrounding a microinjected pollen tube causes dissipation of the membrane potential in a few minutes, accompanied by a rapid rise in the electrical resistance of the membrane (Fig.7). Currently we are testing whether this effect of mastoparan involves a signalling pathway including a trimeric G protein, such as that controlling the putative potassium channel coupled with a G protein (Armstrong and Blatt 1995). It is of course possible that the mastoparan-induced depolarisation and growth inhibition is a consequence of perturbation of some other regulatory mechanism maintaing the functional integrity of the cytoplasmic membrane (for a review see Obermeyer and Bentrup, 1996). 





Materials and Methods





In vitro cultures





Nicotiana tabacum cv. Samsun pollen was cultured in vitro on a shaker (100 rpm) in a simple germination medium (10% sucrose, 0.01% boric acid) for 3 hours, tobacco BY-2 cell culture was treated as described by Nagata et al. 1992.





Protein separation and GTP binding overlay assay





Total cellular proteins were isolated, separated and GTP binding and Western bloting performed essentially as described by Huber et al. 1994.





cDNA library screening, RNA isolation, cDNA synthesis and PCR





Nicotiana tabacum cDNA libraries (kindly provided by prof. Erwin Heberle-Bors, Biozentrum Vienna) were screend and total RNA prepared according to standard procedures (Ausubel et al. 1992). cDNA was synthesized, PCR with degenerated primers was performed and products cloned according to Martin-Parras and Zerial (1995). We have sequenced the products using T7 di-deoxy kit from Pharmacia or in collaboration with Dr. Klaus Palme by custom sequencing servis in MDL Köln, Germany.





Complementation of yeast mutant by plant cDNA library





Sec19-1 Saccharomyces cerevisiae temperature sensitive mutant was kindly provided by prof. Randy Shekman (University of California, Berkeley) and Arabidopsis thaliana cDNA library in pYES vector by prof. Ronald Davis. Yeast competent cells were prepared and transformed according to Dohmen et al. (1991). After the transformation, cells on the selective ura- medium with galactose were cultured for one day in the permissive temperature and thereafter transferred to the non-permissive temperature of 35°C. After two days of cultivation first colonies growing in non-permissive temperature were picked up and further analysed. 





Microinjection to pollen tubes





Lilium longiflorum pollen (pollen tubes are more robust and easier to microinject than tobacco pollen tubes) was cultivated in the same simple medium as Nicotiana tabacum pollen. Actively growing pollen tubes were microinjected 1 - 2 hours after the germination onset 1-2 tube diameters beneath the pollen tube tip with a glass microelectrode filled with 100 mM potassium acetate solution. Membrane potential was measured using the Wye Science mP12/mPVC amplifier-recorder apparature according to manufacturer´s instructions. For estimating the electrical resistance of the membrane, alternating current pulses (amplitude: 0.2 nA) were applied to the electrode and the amplitude of resulting potential oscillations was measured. Whole tube resistance was calculated using Ohm´s law (after subtraction of the free electrode resistance) and values were normalised to unit tube length for comparison of different measurements.





Acknowledgments





This work has been supported by the Grant Agency of the Czech Republic grants n.204/95/1296 to V.Z. and grant n.204/95/1069 to F.C. Microinjection experiments are part of the project n.11p5 supported by the Aktion Österreich-Tschechische Republik to V.Ž. and G.O. Chracterization of Rab GDI was partly done in the frame of the Go west project to V.Ž. in the lab of Prof. Klaus Palme (MDL, Köln, Germany). We thank our technicians, Ing. Ivan Filipík (at the Institute of Experimental Botany) and Ludmila Neèasová (at the Dept. of Plant Physiology) for expert assistance. We appreciate stimulating interactions with the group of Dr. Antonella Ragnini, the group of prof. Erwin Heberle-Bors (both at the University of Vienna, Biocenter) and the group of Dr. Stefan Fabry (University of Regensburg).





Summary





Members of the ras superfamily of GTPases are important regulators of eukaryotic cell morphogenesis. Here we are reporting first results of our new project aiming to analyse function of selected members during pollen development. Extraordinary active secretion related to the pollen tube elongation is expected to be an ideal model to study polarised vesicular transport. With the aid of a GTP-binding overlay assay after 2-D protein PAAGE we have detected specific pattern of GTP binding proteins, and - using heterologous antibodies - observed a high level of expression of Arf and Rab GTPases in the pollen of tobacco. By screening of cDNA libraries with a heterologous probe and by PCR of tobacco pollen cDNA with degenerated primers we have isolated several pollen-expressed Arf, Rab, Ran and Rho cDNAs. We have also isolated the first plant homolog of the Rab GDP dissociation inhibitor protein (Rab GDI) by complementation of a yeast mutation by an Arabidopsis thaliana cDNA library. Results of our first experiments using a microinjection system to study the effects of the G protein activator mastoparan on growing lily pollen tubes are reported. Mastoparan inhibits pollen germination and pollen tube elongation; this effect is correlated with the dissipation of the plasmalemma potential within few minutes after the mastoparan administration, suggesting a possible participation of GTP-binding proteins in the regulation of membrane functions in pollen tubes.
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Legends to figures





Fig.1 Simplified model for the functional cycle of Rab proteins in the vesicle trafficking (Zerial and Huber 1995). GEF- guanine nucleotide exchange factor, vS- vesicle SNARE, tS- target SNARE, GAP- GTPase activating protein, GDI- GDP-dissociation inhibitor. Rab in active GTP-bound conformation enables high affinity interaction and allows docking/fusion of the vesicle to take place. 





Fig. 2 GTP binding overlay assay after the two dimensional separation of total protein extracts (IEF gradient pH 4 - pH 8; GTP-binding proteins in the range of about 20 kDa) prepared from Nicotiana tabacum pollen tubes (A) and BY-2 cell suspension (B). The same membrane as in (B) probed with the Chlamydomonas reinhardtii Rab11 (YptC6, Fabry et al. 1995) specific antibodies (C). 





Fig. 3 Alignment of Nicotiana tabacum deduced aminoacid sequence of RAB11 clone #73 and related RAB11 genes from plants and human (Anonymous, 1996). The alignment was made using the program MACAW (Schuler et al., 1991); * shows totaly conserved positions.





Fig. 4 Dendrogram of Ras superfamily members isolated as PCR fragments from Nicotiana tabacum pollen cDNA by the approach described by Martin-Parras and Zerial (1995); Each branch is marked with the name of the closest mammalian relative. The dendrogram was produced from an alignment of predicted protein sequences by the CLUSTAL program (Higgins and Sharp, 1988; settings: K-tuple 1, gap penalty 5, window size 10, open gap cost 10, unit gap cost 10, filtering load 2.5).





Fig. 5 Complementation of Saccharomyces cerevisiae sec19-1 (Rab GDI) temperature sensitive mutant with the Arabidopsis thaliana homologue. A - Cells cultivated on YEPgal medium in 36°C: original complemented clone (1), the same after the passage on fluoroorotic acid (2), mutant transformed with a pYES (3) and mutant retransformed with the complementing pYES-AtRabGDI. Phase contrast view of cells from positions 3 (B) and 4 (C) at panel A.





Fig. 6 Alignment of 5´-portion of the complementing AtRabGDI clone with relatives from yeast and animals (Anonymous, 1996), made using the program MACAW (Schuler et al., 1991). * shows totally conserved positions.





Fig. 7 Dissipation of membrane potential after addition of mastoparan to the medium surrounding a microinjected Lilium longiflorum pollen tube (top; arrowheads mark insertion and removal of the electrode and addition of 10 uM mastoparan to the pollen tube) is accompanied by a dramatic rise in the electrical resistance of the tube plasmalemma (bott
