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Chapterr 1 

CELLS::  TH E FUNDAMENTA L UNIT OF LIF E 

Thee surface of the planet earth is populated by self generating organic factories that utilize 

thee solar or bioorganic energy as a source for survival. Every single lif e form evolved, has 

aa different appearance but still shares one common thread for its existence: a cell; a self 

sustainingg unit of life. Although the basic biomolecules have been conserved during the 

billionn years of evolution, the ways in which they are assembled inside cells differ. 

Therefore,, depending on the biomolecular composition, cells display different shapes and 

forms.. Most cell types are not visible by die resolution of the human eye as their sizes 

generallyy remain between lOOnm (viruses) to 100 urn (plant or animal cells). The 

pioneeringg work of observing cells has been initiated in the seventeenth century by the 

twoo landmark microscopists Anton van Leeuwenhoek and Robert Hook who mastered 

thee process of making tiny glass lenses. Robert Hook was the first to visualize plant cells 

(fromm which the term 'cell' has evolved) while Anton van Leeuwenhoek was the first to 

seee 'animalcules' (small bacterial cells). Since then the story of visualizing, thinking, telling 

andd understanding continued. Today the microscopy techniques for spying the cell 

interiorss have put us on a platform from where we can answer complex questions to 

understandd the ultimate secrete of our existence. 

Althoughh most of the cells differ in their appearance they display commonalities in 

thee style of cellular architecture (Lodish et a l, 2000). The prerequisite that defines the cell 

formm is its outer shell, the water impermeable plasma membrane (PM) that encases the 

limitedd cell space and keeps the interior contents from leaking out. Eukaryotic cells 

comprisee plant and animal kingdom including fungi and protozoans. Unlike prokaryotic 

cellss containing no endomembrane structure within the membrane enclosed cytoplasmic 

compartment,, the eukaryotic cells possess extensive internal membranes surrounding so-

calledd cellular organelles, which remain within the cytoplasm. In general the largest 

organellee in eukaryotic cell is its nucleus, which houses most of the deoxyribonucleic acid 

(DNA)) packed in chromosomes. DNA consists of many genes that encode proteins and 

proteinss carry out various cellular functions. Hereby the genetic code defines the 

complexityy and capabilities of various organisms. Every cell replicates its DNA before 

divisionn and transmits one copy to each daughter cell. Thus parents transfer their genetic 

informationn to the progeny. Besides the nucleus many other sub-cellular organelles exist 

inn eukaryotic cells. Plant cells contain chloroplasts; the solar energy trapping batteries. 

Mitochondriaa are the cellular energy- producing stations at the expense of oxygen and fatty 

acidss or sugars. Both mitochondria and choloroplasts contain DNA and are thought to 

havee evolved from endosymbiosis with airobic and photosynthetic bacteria, respectively. 

Proteinss are synthesized on nbosomes, which are found in the cytoplasm. Consequently, 

mostt proteins are synthesized in the cytosol. After synthesis, they can be transported 
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Introduction n 

acrosss translocation channels (e.g. for import into mitochondria, chloroplasts or 

peroxisomes).. Proteins can also be inserted or translocated across a membrane during 

theirr synthesis. This occurs in endoplasmic reticula (ER), a network of endomembranes 

coveredd on their cytoplasmic side with ribosomes in which lipids are also synthesized. 

Proteinss that (partially) enter the ER are subsequendy packed in small membrane 

enclosedd structures (vesicles) that transport diese molecules towards the Golgi Apparatus 

(GA)) with which these cargo vesicles fuse. The GA is the cargo processing and sorting 

station.. Here the proteins are modified and constituents are sent to appropriate places in 

thee cell by means of vesicle transport. Through this pathway the plasma membrane (PM) 

receivess its lipids and protein constituents. The cells also require degrading compartments 

forr the destruction of unnecessary material. Peroxisomes represent the places where 

certainn fatty acids and amino acids are degraded. Lysosomes in animal cells or vacuoles in 

plantt cells degrade proteins, worn-out cell constituents or foreign matenal taken in by the 

cell.. All the endomembrane structures are highly dynamic within the cell and continuously 

exchangee their contents by means of membrane and protein trafficking. Hereby the 

intracellularr compartmentalization is maintained but also a constant dialogue with the 

cellularr surrounding environment is kept (Battey et al., 1999; Alberts et al., 2002). 

Thee process of deliver)- of newly synthesized proteins, carbohydrates and lipids 

fromm the ER through the GA to the PM is called exocytosis. This is balanced by 

endocytosis;; a process whereby extracellular macromolecules together with PM lipids and 

proteinss are internalized into the cell. Both exocytosis and endocytosis are mediated by 

vesiclee trafficking. Vesicles carrying either the endocytic or the exocytic cargo bud-off 

fromm one membrane compartment, they traffic and fuse specifically to other membranes 

inn a complex regulated process. The vesicles do not move at random, but they use tracks 

withinn the cytoplasm provided by the cytoskeleton. The cytoskeleton consists of a 

dynamicc network of three types of biopolymers namely microtubules, actin filaments and 

intermediatee filaments. These biopolymers are assembled from different protein subunits. 

Microtubuless are cylindrical polymers (24 nm in diameter) formed by lateral interactions 

off  13 protofilaments each of which is formed by head to tail interaction of a /p tubulin 

heterodimerss (Amos and Baker, 1979; Nogales et al., 1999). Actin filaments (7 nm in 

diameter)) are two stranded helical structures, which are built from small globular actin 

proteinn (G-actin) (Holmes et al., 1990). Intermediate filaments (10 nm in diameter) are 

ropelikee fibers made up of intermediate filament protein protofilaments (Fuchs and 

Weber,, 1994). Out of these three, microtubules and actin filaments are polar structures 

becausee their protein subunits are asymmetrical and line up end-to-end with a uniform 

orientation.. Movement across the structures needs wheels or legs and energy. Indeed, 

cytosolicc motor proteins bind to the cytoskeleton and by using energy they can move the 

11 1 



Chapterr 1 

cargoo from one place to the other. Motors use the polarity of cytoskeletal filaments for 

theirr movement and display unidirectional or bi-directional behavior (Alberts et al., 2002). 

Thuss the cytoskeleton components provide the physical support for cellular organization, 

morphogenesis,, locomotion and intracellular trafficking (Kreis and Vale, 1999; Alberts et 

al.,, 2002). 

DIFFERENCESS BETWEEN PLANT AND ANIMA L CELL S 

Despitee several similarities, cells from immobile plants and mobile animal bear many 

differencess in their cellular organization. Animal cells are surrounded only bv a PM 

whereass plant cells are coated with both the PM and a cell wall. Cell walls are formed by 

continuouss excretion of the complex carbohydrate polymers cellulose and pectin. Cell 

wallss define the shape of plant cells whereas wall-lacking animal cells can acquire flexible 

shapes.. Animal cells contain lysosomes for material degradation whereas plants possess 

vacuoless that occupy most of the cytoplasm and also maintain the turgor pressure 

requiredd for cell shape maintenance. In animal cells, microtubules are mainly originated 

fromm centrosomes while plant cells lack centrosomes and microtubule nuclcation is 

dispersed.. Vesicular trafficking in animal cells is mainly microtubule-based while that in 

plantt cells is mainly actin filament-based. In animal cells the GA is confined to a single 

juxtranuclearr structure while plants possess multiple GAs displaying fast motility 

throughoutt the cytoplasm. Animal cells divide by constriction while plant cells construct a 

neww cell wall inside the parental cell that divides it into two. 

Becausee this thesis mainly focuses on plant microtubules, a more extensive 

introductionn on microtubules and their specific aspects for plant cells is given below. 

MICROTUBUL EE STRUCTURE 

Microtubuless are the tubular polymers formed by a and p tubulin heterodimers. Both a 

andd p tubulin bind a guanine nucleotide with GTP non-exchangebly bound to a and 

exchangeblyy bound to p tubulin (Nogales et al., 1999). In microtubule polymerization the 

GTPP bound at the exchangeable site of P tubulin interacts with the incoming a tubulin 

andd gets hydrolyzed to become GDP. After hydrolysis, GDP becomes non-exchangeable 

andd gets buried in the microtubule lattice (Mitchison and Kirschner, 1984; Downing and 

Nogales,, 1998a, b). At the growing end of a microtubule, die newlv associated a /p tubulin 

heterodimerss (with GTP attached to p tubulin) form a so called G I P cap (Mitchison, 

1993)) This cap is considered to stabilize the microtubule polymer (Hyman et al., 1992). 
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Thee head to tail interaction of a /p tubulin heterodimers makes the microtubule a polar 

structuree with p tubulin at the growing or plus end and a tubulin at a stabilized or minus 

endd (Fan et al., 1996; Wade and Hyman, 1997). Microtubules are nucleated at their minus 

endss to microtubule organizing centers, in most cases a multi-protein complex containing 

yy tubulin (Stearns et al., 1991; Joshi, 1994; Marc, 1997; Dammermann et al., 2003). 

MICROTUBUL EE ASSOCIATED PROTEINS 

Thee emergence and sustenance of microtubules rely on different microtubule associated 

proteinss (MAPs), which belong to four different families, ' Ine first MA P familv contains 

classicall  or structural MAPs, like MAPI and tau (Mandelkow and Mandelkow, 1995; 

Drewess et al., 1998). The second MA P family comprises of microtubule motors such as 

kinesinn and dynein (Hirokawa, 1998). The third MA P family includes proteins, which bind 

microtubuless and affect microtubule dynamics, like XMAP215 and Opl8/Stathmin 

(Andersenn ct al., 1997; Kinoshita et al., 2001; Kinoshita et al., 2002). The fourth and last 

MA PP family includes microtubule plus end binding proteins, like cytoplasmic linker 

proteinss (CLIPs) and end-binding (EB) proteins (Timauer and Bierer, 2000; Schuyler and 

Pellman,, 2001; Galjart and Perez, 2003). 

MICROTUBUL EE DYNAMIC S 

Botlii  in vivo and in vitrv, microtubules self-assemble through the process of dynamic 

instabilityy that consists of four parameters; (l) the rate of growth (polymerization), (li) the 

ratee of shrinkage (depolymcrization), (iii ) the transition frequencies between growing and 

shrinkingg (catastrophe) and (IV) the transition frequencies between shrinking and growing 

(rescue).. The ability of microtubules to grow by polymerization and shrink by 

depolymcrization,, together with a tendency to shift between these phases, make them 

highlyy dynamic cellular entities (Mitchison and Kirschner, 1984; Kirschner and Mitchison, 

1986;; Hyman and Karsenti, 1996). Cells employ the microtubule dynamics to produce 

differentt microtubular conformations, tailored to fit growth, division and stimulus-

responsee requirements (Desai and Mitchison, 1997). 

PLANTT MICROTUBULA R ARRAYS 

Celll  w^all encased, vacuolated and centrosome lacking plant cells have evolved specialized 

microtubularr arrays that perform important tasks (Goddard et al., 1994; Kost et al., 1999; 
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Kostt and Chua, 2002). For example, transversely arranged interphase microtubules at the 

celll  cortex assist cellulose deposition in expanding cells (Ledbetter and Porter, 1963; Cyr, 

1994;; Cyr and Palevitz, 1995; Lloyd and Chan, 2002, 2004). At the onset of mitosis, 

corticall  microtubules form a compact preprophase band (PPB) encircling the nucleus in 

thee middle of the cell. The PPB marks the plane of the future cell wall between the new 

daughterr cells (Pickett-Heaps and Northcote, 1966; Mineyuki, 1999), while the mitotic 

non-centrosomall  spindle microtubules divide the duplicated chromosomes (Baskin and 

Cande,, 199Ü). Finally, during cytokinesis, the phragmoplast microtubules form tracks 

consideredd to be delivering the vesicles, which deposit material for building a new cell-

walll  (the cell plate) for separation of the daughter cells (Smith, 2001; Verma, 2001; 

Bednarekk and Falbel, 2002; Smith, 2002). 

REQUIREMEN TT OF PLANT MICROTUBULE S 

Ass an important component of cellular morphogenesis, plant microtubules arc shown to 

bee essential for embryo development (Steinbom et al., 2002); in endosperm development 

(Brownn et al, 1994), seed development (Tzafrir et a l, 2002), organ formation 

(Whittingtonn et al., 2001), organ twisting to develop left-right asymmetry (Furutani et al., 

2000;; Thitamadee et al., 2002), the development of tnchomes (Mathur and Chua, 2000; 

Mathurr and Hulskamp, 2002), maintenance of the growth direction of elongating root 

hairss (Bibikova et al., 1999; Mafhur and Hulskamp, 2001), pollen tube cytoplasmic 

organizationn (Taylor and Hepler, 1997), stomatal reorganization (Marcus et al., 2001; Yu 

ett al., 2001) and for responding the developmental and extracellular stimuli (Hush et al., 

1990;; Hush and Overall, 1991; Himmelspach et al., 1999). 

GOALL  OF TH E THESIS 

Too understand the role of plant microtubules in above-mentioned important phenomena, 

itt is vital to understand how microtubules change from one conformation to the other 

andd which molecules trigger their reorganization. This thesis focuses on visualizing die 

microtubulee dynamics and membrane trafficking in live and dividing plant cells with a 

goall  to understand their organization during interphase and cell division. Herewith, I try 

too answer i) how microtubules change from one array to another; especially from 

interphasee to mitosis ii) how signaling affects microtubule reorganization iii ) how 

microtubulee and membrane trafficking behave during cell division. 
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THESISS METHODOLOG Y 

Cellss are small in size and complex in organization. Our learning of this small world of 

cellss largely depends on the tools at our disposal. Microscopy and the probes to visualize 

differentt organelles have always been an important aspect for entering inside the cells. 

Thee commonest approach for studying dynamic cellular events is light microscopy. Light 

microscopess use light as a source for visualizing cells. When light passes through a living 

cell,, the phase of the light wave is changed depending on the refractive index of cell. The 

phase-contrastt microscope and the differential-interference-contrast (DIC) microscope 

exploitt the produced interference effects. In dark-field microscopy, the rays of light are 

directedd from the side and only the scattered light enters the microscope lenses causing 

thee cells to appear as bright objects against a dark background (Alberts et al., 2002). In 

bright-fieldd microscopy, the image of a cell is obtained by local differences in light 

transmissionn through a cell. The quality of the acquired image in simple light microscopy 

mainlyy depends on the thickness of the specimen and therefore it becomes difficul t to 

observee thicker cells like plant cells. The introduction of confocal microscopy paved the 

wayy to successfully visualize their complexity in three-dimensions. In confocal 

microscopyy the light from out-of-focus regions is rejected. The out-of-focus rejection is 

achievedd by focusing a laser spot in the specimen and by positioning a pinhole at the 

back-focall  plane in front of the detector (Brakenhoff et al., 1985). By quickly scanning 

thiss focused layer (XY) through the sample and simultaneously measuring the detected 

photonss at each position one optical section can be acquired. From a series of successive 

opticall  sections acquired at different depths (Z) it is possible to reconstruct three-

dimensionall  (XYZ) images with the help of computers (Alberts et al., 2002). Conversely, 

byy remaining at a constant depfh and acquiring repetitively the same optical section, one 

cann perform time-lapse confocal microscopy (XYt) . With die accelerated processing 

speedss of modern computers it is possible now to perform 4D (XYZt ) microscopy where 

repetitivelyy 3D-stacks are acquired in time. In this thesis, for visualizing plant cell 

dynamicss we used time-lapse, 3D and 4D confocal microscopy. 

Byy introducing fluorescent molecules into cells one can study the dynamic 

localizationn of their binding targets. Most of the fluorescent probes have to be 

synthesizedd outside and introduced into the cells by various laborious methods. The 

introductionn of green fluorescent protein (GFP) from the jellyfish Aequoria victoria enables 

endogenouss production of fluorescent molecules inside living cells. By introducing cDNA 

encodingg GFP, the cellular protein synthesis machinery is able to synthesize GFP without 

thee need of cofactors. The cDNA encoding GFP can be fused to cDNA encoding any 

proteinn of interest. By expression of such a gene fusion a chimeric GFP-tagged protein is 

producedd in the cell which still retains its cellular function. The versatility of this approach 
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off  genetically encoded fluorescent labeling of live cells has revolutionized the field of cell 

biologyy (Lippincott-Schwartz et al., 2001). The spectrally diverse arsenal of GFP variants 

hass provided us a colored pellet to paint and visualize many different molecules at die 

samee time. The GFP technology has also offered a way to quantify molecular mobility 

insidee live cells by employing fluorescence recover}" after photobleaching (FRAP). By 

usingg two spectrally distinct GFP-vanants fused to two different proteins one can 

determinee dynamic nano-scale intermolecular interactions by fluorescence resonance 

energyy transfer (FRET). Intermolecular interactions form die basis of all cellular 

processes.. Protein conformation changes inside live cells can also be monitored with 

FRET-micross copy. Therefore, we exploited GFP-based 3D-multicolor-time lapse- and 

4DD confocal imaging, FRAP and FRET microscopy in our live cell analysis. 

Celll  suspension cultures provide a system to monitor single cell dynamics and cell 

divisions.. In addition, due to the uniformity of the cell population in the cell cultures and 

directt contact of each cell with growth medium, the observed effects can be scored 

efficiently.. Tobacco BY-2 cells remain the system of choice for performing plant cell 

biology,, as they possess extremely low auto-fluorescence. Because they can be 

synchronizedd with many cells exhibiting the same cell cycle stage, they allow simultaneous 

probingg of the different cell cycle stages in many cells. Hence, we used mainly the 

Tobaccoo BY-2 cells in our investigation. 

PHYSICALL  PARAMETER S GOVERNIN G MICROTUBULA R 

REORGANIZATIO NN FROM INTERPHASE TO MITOSI S 

Thee change in organization and functions of microtubules requires controlled alteration in 

theirr individual dynamic behavior. The basic building blocks or microtubules are 

conservedd in evolution and the intrinsic microtubular dynamic instability is considered to 

plavv a pivotal role in other higher eukaryotes (Kirschner and Mitchison, 1986; Hyman and 

Karsenti,, 1996; I layles and Nurse, 2001). Therefore we hypothesized that alteration of the 

dynamicc instability of plant microtubules may regulate die transformation between 

distinctt microtubular conformations in plant cells. Still plant and animal tubulins differ in 

sequencee and effects of microtubule depolymerizing or stabilizing drugs van' (Morejohn 

andd Fosket, 1982, 1991) indicating that the structural differences between plant and 

mammaliann microtubules can also influence their individual dynamic instability 

parameters. . 

Chapterr  2 describes the use of various plant microtubule markers (GFP-

aa tubulin, GFP-MAP4 and YFP-CLIP170) for visualizing microtubules and their plus 
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ends.. It also describes the individual microtubule growth, shrinkage and quantification of 

thee microtubule dynamic instability parameters during interphase, PPB and spindle 

formationn stages of the cell cycle. 

TH EE ROLE OF TUBULI N FOLDIN G COFACTORS I N PLANT 

MICROTUBUL EE BIOGENESIS 

Microtubulee biogenesis requires assembly competent a/P-tubulin heterodimers. Both a 

andd P tubulin monomers are post-translationally modified by five tubulin folding 

cofactorss (TFCs) (TFCA, TFCB, TFCC, TFCD and TFCE) and one small G-protein Arl2 

whichh act in a stepwise concert to manufacture the functional heterodimer (Lopez-

Fanarragaa et al., 2001). The multi-step TFC system takes care of producing functional 

heterodimerss and at the same time maintains a correct balance of monomers and dinners. 

aa tubulin is processed by TFCB and TFCE while p tubulin is modified by TFCA and 

TFCDD sequentially. Finally TFCC plays a role in binding of a and P tubulin monomers to 

yieldd the functional heterodimer (Tian et al, 1996; Tian et al.5 1997). The interesting 

localizationn of mammalian CLIP170 to plant microtubular plus ends with its microtubule 

bindingg CAP-Gly domain prompted us to search the Arabidopsis genome for CAP-Gly 

domain-containingg proteins. Interestingly, two such proteins were found in Arabidopsis; 

TFCBB (AtTFCB) and TFCE (AtTFCE). The inability to recover AtTFCB from 

Arabidopsiss mutant screens prompted us to perform further analysis. So far information 

onn TFC-tubulin interactions came from mutant complementation, yeast two-hybrid 

interactionss and immunoprecipnations. Hence, there remained a lack of evidence showing 

directt in vivo physical interactions between tubulin(s) and cofactor(s). Fluorescence 

Resonancee Energy Transfer (FRET) is the most sensitive and quantitative method 

availablee to date for investigating nano-scale range protein-protein interactions inside Irve 

cells.. FRET occurs if an energy quantum is transferred from a donor fluorophore to an 

acceptorr fluorophore (or chromophore) that arc in close proximity of 2-8 nm (within the 

rangee of protein dimensions). Prerequisites for FRF T̂ are the spectral overlap between the 

donorr fluorescence and acceptor absorption, a non-perpendicular orientation of their 

transitionn moments and their close proximity. Therefore, we also incorporated a detailed 

FRETT analysis for investigating the AtTFCB function in vivo (Gadella et al., 1999; Immink 

ett al, 2002; Vermeer et al., 2004). Chapter  3 represents the isolation and characterization 

off  AtTFCB. 
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SIGNALIN GG FOR MICROTUBULA R REORGANIZATIO N 

AA defining feature of the interphase cortical microtubule array unique to plants is its close 

associationn with the plasma membrane (Ledbetter and Porter, 1963; McCünton and Sung, 

1997;; Lloyd and Chan, 2002, 2004). Cortical microtubules are considered to bind the PM 

andd assist cellulose microfibril deposition by regulating the movement of transmembrane 

cellulosee synthase complexes (ledbetter and Porter, 1963; McClinton and Sung, 1997; 

Lloydd and Chan, 2002, 2004). This micro tubule-guided deposition of cellulose microfibrils 

determiness the cell shape by favoring expansion along the long axis of the cell (Lloyd and 

Chan,, 2002; Baskin et al., 2004; Lloyd and Chan, 2004). I h e treatments such as physical 

pressuree (Fisher and Cyr, 1998), electric field (Hush and Overall, 1991) and pathogen 

attackk (Hush et al., 1990) re-orient the microtubules which in many cases is reflected in an 

alteredd orientation of cellulose microfibrils in the cell wall (Baskin, 2001). How 

microtubuless are linked to the membranes is one of die long-standing mysteries since the 

discover '̂' of plant microtubules. Protein biochemistry identified a p90 protein, which 

labelss both microtubules and membranes. Furthermore, immunofluorescence labeling 

showedd its colocalization with microtubules (Marc et al., 1996; Gardiner et al., 2001). The 

partiall  sequence analysis of the p90 protein revealed that it is a phospholipase D (PLD). 

PLDss are enzymes that can hydrolyze structural phospholipids like phosphatidylcholine 

(PC)) to produce phosphatide acid (PA) and free choline (Munnik et al., 1998; Meijer and 

Munmk,, 2003). They are involved in phospholipid metabolism and plav roles in cellular 

signalingg by producing the second messenger PA (Wang, 2000; Munnik, 2001; Wang, 

2002).. If PLD links microtubules to the plasma membrane, what w^ould be the response 

too stimulating PLD activity? Chapter  4 describes the relation between PLD activation 

andd microtubular reorganization, direcdy linking signaling to cvtoskeletal organization. 

MEMBRAN EE TRAFFICKIN G DURING PLANT CYTOKINESI S 

Cytokinesiss is the final ritual in generaüng two separate cells from a common ancestor. 

Cytokinesiss in immobile plants differs from other higher eukarvotes as a new- PM and cell 

platee separating the daughter cells is formed by de novo synthesis within the cytoplasm 

ratherr than by inward growth or constriction of existing PM and cell wall (Frev-Wyssling 

ett al., 1964; Staehelin and Hepler, 1996; Verma, 2001). The cell plate not only initiates the 

formationn of a specialized intracellular membrane compartment, but after maturation it 

alsoo creates an extracellular space inside the cell. It has been a major focus of research of 

plantt biologists for more than a century as the term cell plate can be traced back to 18?5 

(Strasburgcr,, 1875). Targeted membrane trafficking plays a central role during cell plate 
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formation.. Since the last four decades the exocvtic GA vesicles have been considered to 

bee the sole source of cell plate creation (Frey-WYs sling et al., 1964; Staehelin and Hepler, 

1996;; Verma, 2001). The internalization of the endocytic marker FM4-64 and its 

mtruigingg targeting to the forming cell plates triggered our interest in the mechanics of 

celll  plate formation . Chapter  5 describes the detailed in vivo analysis of membrane 

traffickingg in cytokinetic plant cells and challenges the current dogma of cell plate 

construction. . 

TH EE ROLE OF ENDOPLASMI C MICROTUBULE S I N 

REINFORCIN GG TH E LINE S OF PLANT CELL DIVISION S 

Celll  polarity markers localized at specific PM sites maintain or change their positions via 

tightlyy controlled membrane trafficking and recycling pathways (Mostov et at., 2000; 

Mostovv et al., 2003). The positions of wall confined plant cells within the tissue are fixed. 

Consequently,, the establishment of the cellular network in plants largely depends on the 

positionn where new cell walls are laid during cytokinesis (Smith, 2001). Therefore, the 

positioningg and maintenance of cell division planes plays a crucial role in organ 

morphologyy and plant development. At the onset of mitosis, the nucleus migrates 

towardss the cell center by using cytoplasmic strands (Flanders et al., 1990) and a plant-

specificc cortical microtubular array, the preprophase band (PPB) (Pickett-Heaps and 

Northcote,, 1966) emerges. Although the PPB disassembles upon entry into mitosis, it 

preciselyy predicts where the new cell plate attaches to the parental cell walls at the end of 

cytokinesiss (Wick, 1991). The cell division planes are drastically affected in the absence of 

thee PPB (Traas et al,, 1995) or its experimental obliterations (Mineyuki, 1999; Granger 

andd Cyr, 2001) and genetic defects (Clean- and Smith, 1998) suggesting its prime 

importance.. Since its discover)- four decades ago, with what mechanism the PPB marks 

thee cell division plane remains a mystery. Chapter  6 describes the way in which RMT 

pluss ends of mitotic plant cells may act as cell shape /polarity sensing machines by their 

sustainedd cortical targeting and howT they may participate in reinforcing the lines of 

divisionn in plant cells. 

Chapterr  7 summarizes the major findings of this thesis. 
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ABSTRACT T 

Att the onset of mitosis, plant cells form a microtubular preprophase band 

thatt defines the plane of cell division, but the mechanism of its formation 

remainss a mystery. Here, we describe the use of mammal ian yellow 

fluorescentfluorescent protein-tagged CLIP170 to visualize the dynamic plus ends of 

plantt microtubules in transfected cowpea protoplasts and in stably 

transformedd and dividing tobacco Bright Yellow 2 cells. Using plus-end 

labeling,, we observed dynamic instability in different microtubular 

conformationss in live plant cells. The interphase plant microtubules grow at 

55 um/min, shrink at 20 um/min, and display catastrophe and rescue 

frequenciess of 0.02 and 0.08 events/s, respectively, exhibit ing faster turnover 

thann their mammal ian counterparts. Strikingly, dur ing preprophase band 

formation,, the growth rate and catastrophe frequency of plant microtubules 

double,, whereas the shrinkage rate and rescue frequency remain unchanged, 

makingg microtubules shorter and more dynamic. Using these novel insights 

andd four-dimensional t ime-lapse imaging data, we propose a model that can 

explainn the mechanism by which changes in microtubule dynamic instability 

drivee the dramatic rearrangements of microtubules during preprophase band 

andd spindle formation in plant cells. 
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INTRODUCTIO N N 

Microtubuless play a prominent role in plant morphogenesis (Kost et al., 1999; Kost and 

Chua,, 2002). Unlike other eukaryote cells, vacuolated and cell wall-confined plant cells 

followw a specialized mode of cytokinesis, exhibiting four major microtubular arrays at 

differentt cell cycle stages with a variety of functions (Goddard et al., 1994). During 

interphase,, a cortical array consisting of parallel microtubules oriented perpendicular to 

thee cell expansion axis assists cellulose deposition (Cyr, 1994) and responds to stimuli 

(VC-ymerr et al., 1996). At the onset of mitosis, the cortical array is replaced by a densely 

packedd ring of microtubules encircling the nucleus called the preprophase band (PPB), 

whichh defines the location of the cell plate formed during cytokinesis (Mineyuki, 1999), 

Subsequendy,, the PPB is replaced by a mitotic spindle apparatus consisting of bundles of 

kinetochoree microtubules separating the duplicated chromosomes in daughter cells (Yu et 

al.,, 2000). Finally, a phragmoplast containing two oppositely directed rings of 

microtubuless running outward from the cell center provides tracks for vesicles that earn-

neww cell wall-depositing material at the division plane (Otegui and Staehelin, 2000). 

Ass an important component of cellular morphogenesis, plant microtubules have 

beenn shown to be essential for embryo development (Steinborn et al., 2002), organ 

formationn (Whittington et al, 2001), organ twisting (Thitamadee et al., 2002), trichome 

developmentt (Mathur and Chua, 2000), maintaining the growth direction of elongating 

roott hairs (Bibikova et al., 1999), pollen tube cytoplasmic organization (Taylor and Hepler, 

1997),, and stomatal movement (Marcus et al-» 2001). To understand the role of plant 

microtubuless in all of these vital processes, we need to know how microtubules change 

fromm one conformation to another in terms of space and time. The dynamic behavior of 

microtubuless growing by polymerization and shrinking by depolymerization, which is 

knownn as "dynamic instability," is considered the basic determinant of changes in 

microtubularr conformation (Desai and Mitchison, 1997). Dynamic instability is 

characterizedd by four parameters: growth rate, shrinkage rate, frequency of transition from 

growthh to shrinkage (catastrophe frequency), and frequency of transition from shrinkage 

too growth (rescue frequency) (Mitchison and Kirschner, 1984). By altering dynamic 

instabilityy parameters, cells can rearrange the microtubular network and quickly respond 

too stimuli, regulate cellular morphogenesis, and control cell division (Kirschner and 

Mitchison,, 1986; Belmont et al., 1990; Desai and Mitchison, 1997). To date, the dynamic 

instabilityy of plant microtubules in vivo has not been quantified. 

Thee PPB represents the transition of microtubular conformation from interphase to 

mitosis.. In plant cells, the formation of the PPB plays a pivotal role in cell division by 

markingg the division plane and organizing the spindle axis, and in the absence of the PPB, 

29 9 



Chapterr  2 

plantt development is affected severely (Traas et al., 1995; McClinton and Sung, 1997). In 

thee last three decades, ample information has become available regarding the timing of 

appearancee and importance of PPB (Mineyuki, 1999; Granger and Cyr, 2001), but the 

mechanismm that drives the formation of the PPB remains unknown. This motivated us to 

investigatee the dynamic instability parameters of plant microtubules in vim, giving special 

attentionn to the PPB formation process. 

Twoo studies addressed plant microtubule dynamics previously: one used 

fluorescencee recover)*  after photobleaching (FRAP) of microinjected fluorescendy labeled 

pigg brain tubulin in live Tradescantia virginiana stamen hair cells (Hush et a l, 1994); the 

otherr used plant microtubules assembled in vitro on sea urchin axonemes (Moore et al, 

1997).. Still, quantitative in vivo studies of plant microtubule dynamic instability are lacking. 

Thee use of green fluorescent protein (GFP)-tagged tubulin or GFP-tagged microtubule-

associatedd proteins provides a noninvasive way to monitor individual microtubule 

dynamicss in vim. GFP-tagged Arabidopsis a-Tubulinó (TUA6) (Ueda et al., 1999) and 

GFP-taggedd Micro tubule-Associated Protein4 (MAP4) from mouse (Olson et al., 1995) 

usedd in plants (Marc et al., 1998; Mathur and Chua, 2000; Camilleri et al., 2002) have been 

reportedd to decorate microtubules in live plant cells, but studies using these proteins to 

visualizee the dynamic instability of plant microtubules have not appeared. In addition to 

usingg GFP-TUA6 and GFP-M\P4, we applied an additional strategy to visualize 

microtubulee dynamics that used Cytoplasmic Linker Proteinl70 (CLIP170) isolated from 

HeLaa cells (Pierre et al., 1992), which when attached to GFP, has been shown to bind to 

thee plus ends of microtubules in mammalian cells (Perez et al., 1999). 

Here,, we present data showing that mammalian CLIP170 binds to plant 

microtubularr plus ends in vivo with conserved domain functionality compared with 

mammaliann cells. We used CLIP170 microtubular plus-end labeling to quantify the 

dynamicc instability of individual microtubules in live and dividing plant cells compared 

withh TUA6 and MAP4 and report the parameters of in vivo plant microtubule dynamic 

instability.. Strikingly, we observed a marked change in these parameters during the 

transitionn from interphase to PPB formation at the onset of mitosis, providing novel 

insightss into the mechanism that drives the formation of the PPB. 

RESULTS S 

TransientlyTransiently expressed CUP170 binds specifically to plant microtubules in vivo 

Too investigate whether CLIP170 is able to specifically decorate plant microtubule growing 

ends,, we constructed a chimeric gene that encodes a yellow fluorescent protein (YFP) -
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166 hr 24 hr 36 hr 

YFP-CLIP1700 GFP-MAP4 Talin-YFP 

1-12400 1241-1392 
YFP-CLIP1700 YFP-CLIP170 YFP-CLIP170 YFP 

Contro ll Latruncul in B Oryzal in Oryzahn Removal 

Figuree 1. YFP-CLIP170 and YFP-CLIP1701 1240 bur not YFP-CLIP1701241 139- bind to microtubules in 

livingg cowpea protoplasts and are responsive to microtubule drugs. 

(A)) to (C) Confocal laser scanning microscopy (CLSM) micrographs of the localization of VII ' 
CLIP1700 in cowpea protoplasts at the indicated times after transfection. In (B). the arrowhead 
showss labeling of a stretch of a microtubule end, and the arrow shows faint labeling of the 
remainingg microtubule. 
(D)) to (F) CLSM micrographs of GFP-MAP4 in cowpea protoplasts at the indicated times after 
transfection. . 
(G)) to (I) Fffect of the microrubulc-depolvmcnzing agent oryzalin (10 uM) on YFP CIJP170 (G). 
GFP-MM \1'4 (H). and Talin-YFP (I) localization in cowpea protoplasts. 
(J)) to (L) Fffect of the acttivdepolvmeri/ing agent latrunculin B (20 uM) on YFP-CLIP170 (J), 
(JFP-MAP44 (K). and Talin YI P (L) localization in cowpea protoplasts. 
(M)) to (T) Domain analysis of CLIP170 in cowpea protoplasts. Protoplasts expressing YFP-
CLIP1700 (M). YFP-CLIP170I12+0 :'[N ] and [Q] to [T ] . YFP-CLIP170124I1*> 2 (O). and 
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nontargetedd YI P (P) are shown. (Q) shows a control sample, (R) shows a sample after treatment 
withh latrunculin B (20 uAI) for 30 min, (S) shows a sample after treatment with oryzalin (10 u.M) for 
300 min, and (T) shows a sample 20 mm after orvzalin was washed awav. 
Alll  images shown arc maximum projections of 30 confocal slices covering a depth of 15 um and 
denotingg approximately a half-hemisphere of each protoplast. Bars - 3 um in the xy plane. 

CLIP1700 fusion protein and analyzed its localization in live plant cells by fluorescence 

microscopy.. In a transient expression using transfected cowpea mesophyll protoplasts, 

smalll  stretches of YFP-CLIP170 appeared at 16 h after transfection (Figure 1A), 

resemblingg specific labeling of microtubular ends. With increased expression levels (24 h 

afterr transfection; Figure IB), YFP-CLIP170 showed a more patchy appearance, with 

extendedd fine thin labeling along the remaining parts of microtubules. At later time points 

(366 h after transfection; Figure IC), YFP-CLIP170 extensively labeled plant microtubules 

almostt along their entire length. These observations in plant protoplasts closely resemble 

thee previously reported CLIP170 expression pattern in HeLa cells (Pierre et al., 1994). By 

contrast,, a well-established plant microtubule binding protein, GFP-MAP4 (Marc et al., 

1998;; Mathur and Chua, 2000; Camilleri et al., 2002), labeled plant microtubules along 

theirr entire length irrespective of time and expression level (Figures I D to IF). When 

Figuress 1A to 1C and I D to I F are compared, it is evident that after prolonged high 

expressionn of YFP-CUP170, the length of the labeled microtubule stretch increased (an 

effectt also observed in mammalian cells; Perez et al., 1999). In the transfections, no 

adversee effect of the expression of either YFP-CLIP170 or GFP-MAP4 was noted, based 

onn the normal shape and viability of the protoplasts compared with the control 

transfectionn (our unpublished results). 

Too test the specificity of YFP-CLIP170 binding to plant microtubules using actin 

filamentss as a negative control, we treated protoplasts transfected with YFP-CLIP170, 

GFP-MAP4,, and Talin-YFP (the latter labels the actin network) (Kost et al., 1998) with 

thee plant microtubule-depolymermng drug oryzalin and the actin filament-

depolymerizingg drug latrunculin B. As shown in Figures 1G to II , within 30 min, oryzalin 

inducedd a massive redistribution of YFP-CLIP170, forming large spherical cytosolic 

aggregates;; GFP-MAP4 induced a diffuse cytosolic GFP fluorescence, confirming 

microtubulee depolymerization; and there was no effect on Talin-YFP-labeled actin 

filaments.. Interestingly, YFP-CLIP170 aggregates look exactly like those formed in 

CLIP170-transfectedd and nocodazole-treated HeLa cells (Pierre et al., 1994). As shown in 

Figuress l j to 1L, latrunculin B treatment had no effect on YFP-CLIP170- and GFP-

MAP4-labeledd microtubules, whereas the actin filaments stained with Talin-YFP were 

stronglyy affected. These observations indicate that YFP-CLIP170 (like GFP-MAP4) binds 

specificallyy to the plant microtubules. 
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CUP170CUP17011--12401240 labels plant microtubules like MAP4, whereas CUP170*241-13*2 

remainsremains cytosolic 

Thee 1392—amino acid CLIP170 protein has three domains (Pierre et al, 1992). The basic 

N-terminall  domain (350 amino acids) contains a tandem repeat of the cytoskeleton-

associatedd protein Gly-conserved domain, which is essential for the microtubular binding 

off  CLIP1V0. The middle long coiled-coü domain (890 amino acids) contains heptad 

repeatss that likely are involved in dimenzing CLIP170. The C-terminal domain (152 

aminoo acids) is predicted to allow the interaction of CLIP170 with other proteins or 

membraness (Rickard and Kreis, 1996). It has been shown in mammalian cells that a 

truncatedd version of CLIP 170 lacking the C terminus (hereafter referred to as CLIP170' 
124H)) no longer binds specifically at the plus end but rather binds uniformly to 

microtubules,, like MAP4 (Pierre et a l, 1994). To investigate die domain functionality of 

CLIP1700 in plant cells, we introduced the truncated fusion proteins YFP-CLIP1701 12+) 

andd YFP-CLIP170124' ,392 into cowpea protoplasts. As shown in Figures IN and 1Q, 

YFP-CLIP170'' 124" bound to the entire length of microtubules (like GFP-MAP4), 

completelyy abolishing the patchy appearance of YFP-CLIP170 (cf. Figures 1M and IN). 

Thiss finding shows the sufficiency of CLIP1701 124u for microtubule labeling and the 

importancee of the C-terminal domain for specific targeting of CLIP170 to microtubule 

ends.. No vanation in CLIP170' 124u microtubular labeling with time or expression level 

wass noted (our unpublished results). As shown in Figure ÏO, YFP-CLIP1701241 ,3'J2 

remainedd completely cytosolic, like nontargeted YFP (Figure IP). Surprisingly, after 

oryzalin-inducedd microtubule depolymerization, no cytosolic aggregates of YFP-

CLIP17011 ,24n were observed (Figure IS), suggesting that the C-terminal domain is 

necessaryy for cytosolic aggregation. Additionally, within 20 min after oryzalin removal, 

YFP-CLIP170'' '2+l reappeared along the entire length of newly formed microtubules 

(Figuree IT) , reconfirming the requirement of the C-terminal domain for CLIP170 plant 

microtubularr end-specific targeting. As expected, latrunculin B did not have any effect on 

YFP-CLIP17011 124<l microtubular labeling (Figure 1R). 

InIn vivo colocalization ofCLIP170 and CUP17011240 with MAP4 on plant 

microtubules microtubules 

Withh the availability of different spectral variants of GFP, it has become possible to 

visualizee intracellular locations and interactions of two (or more) different GFP-labeled 

proteinss in a single living cell (Ellenberg ct al., 1999) Because CLIP170 forms dimers 

(Scheell  et al., 1999), we did not attempt to visualize colocalrzation between CIJP170 and 
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CFP-CLIP170 0 YFP-MAP4 4 Merge e 

Figur ee 2. CLIP170 and CLIP1701 l2+" colocalize with MAP4-decorated microtubules but not with Talin-

aecoratedd acun filaments in living cowpea protoplasts 

(A)) to (C) CLSM micrographs of a cowpea protoplast cotransfected with CFP-CLIP170 and YFP-
MM AIM 
(D)) to (F) CLSM micrographs of a cowpea protoplast expressing both CFP-MAP4 and YFP-
CLIP17011 I:I". 
(G)) to (I) CLSM micrographs of a cowpea protoplast expressing both CFP-CLIP170 and Talm 
' i l l ' ' 

(J)) to (L) CLSM micrographs of a cowpea protoplast expressing both CFP-MAP4 and Tahn-YIT 
(A),, (D). (G). and (J) showCFP fluorescence; (B). (E), (H). and (K) show YFP fluorescence; and 
( Q JJ (F). (I), and (L) show supenmposcd CFP and YFP fluorescence, \rrowheads in (A) and 
arrowss in (B) show that CFP CLIP170 labels the ends of the corresponding microtubules that arc-
labeledd with YFP-MAP4. Arrowheads in (G) depict stretches of microtubules labeled with CFP-
CLIP170,, and arrows in (H) indicate actin filaments labeled with Talm YIT . (I) clearlv shows the 
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lackk of colocalization of the indicated structure:?. Similarly, microtubules decorated with C.\:P-
MAI MM (arrowheads in [J]) and actio filaments decorated with Talin-YH' (arrows in [K\)  are not 
colocalizedd in (L). All images shown are maximum projections of 30 confocal slices covering a 
depthh ot 15 um and denoting approximated a half-hemisphere of each protoplast. Bars - 5 fim in 
thee xy plane 

CLIP17()i-i^'.. Instead, we used cyan fluorescent protein (CFPJ-CLIP170 and YFP-

CLIP170,- l : :+ ,, in combinations witl i YFP-MAP4 and CFP-MAP4 to visualize their spatial 

localizationss on plant microtubules. In addition, \vc also used CFP-MAP4 and CFP-

CLIP1700 in combination with Talin-YFP to investigate possible colocalization between 

thee microtubular and actin networks. As shown in Figures 2A to 2C , in cotransfectcd 

protoplastss at early time points of expression (< 12 h), CFP-CLIP170 was associated 

specificallyy with the ends of plant microtubules (decorated by YFP-MAP4). By contrast, 

YFP-CLIP17011 i :4n bound to the entire length of plant microtubules and colocalized 

perfectlyy with CFP-MAP4 (Figures 2D to 2F). Protoplasts coexpressing 'I'alin-YFP and 

CFP-CLIP1700 (Figures 2G to 21) or CFP-MAP4 (Figures 2J to 2L) did not show any 

colocalizationn of YFP and CFP labels, indicating no interaction of CLIP170- or MAP4-

labeledd microtubules with Talin-decorated actin filaments. 

YFP-CLIP170YFP-CLIP170 binds differentially to plant microtubules according to the cell 

maturitymaturity status in stably transformed tobacco bright yellow 2 cells 

Too determine whether YFP-CLIP170 and YFP-CLIP170' ,2+) label plant microtubules in 

continuouslyy dividing tobacco Bright Yellow 2 (BY-2) cells, we introduced them into BY-

22 cells by Agrobacterium //«w/i&7>»j—mediated stable cell transformations (see Methods). 

Althoughh some of the YFP-CLIP170—transformed cell lines appeared round in shape with 

aa tendency to form clumps, we selected cell lines that appeared healthy. To determine 

whetherr the selected YFP-CLIP170—transformed cell lines grow and divide normally, cell 

shapee and cell culture growth characteristics were analyzed and compared with those of 

wild-typee and GFP-MAP4—transformed cell lines (Figures 3A to 3C). At half-time of 

subculturingg (4-day-old cells), cell shape (analyzed as breadth-to-length ratio) was found to 

bee similar in wild-type, YFP-CLIP170-, and GFP-MAP4— transformed cell lines (Figure 

3D).. Both transgenic and wild-type cells exhibited similar sigmoidal growth curves, as 

inferredd from the relative cell density profile of cells subcultured weekly (Figure 3FJ). This 

findingg suggests no interference of YFP-CLIP17() expression on either microtubular or 

cellularr functioning. 
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Wildd Type YFP-CLIP170 0 

Wildd Type YFP-CLIP170 GFP-MAP4 
Celll Types 

-O-- Wild Type 

-O-- YFP-CLIP170 

ó.ó. GFP-MAP4 

Figuree 3. Cytologj of wild-type, YFP-CLIP1 'O-transformcd, and GFP-MAP4-trans formed BY 2 cells 

(A)) \\ üd type BY-2 cells observed with phase-contrast microscopy. 
(B)) YFP-CLIP170-expressing BY-2 cells observed with phase-contrast microscopy 
(C)) GFP-MAP4—expressing BY-2 cells observed with phase-contrast microscopy. 
(D)) Comparison of cell shapes expressed as brcadth-to-length ratio of wild-type, YFP-CLIP170-
transformed,, and (JFP-MAP4—transformed BY-2 cells (« = 4 replicates, ~7 to 89 cells per replicate). 
(E)) Relative cell numbers of wild type, YFP-CLIP170-transformed, and GFP-M UM-transformed 
BY-22 cells (// = 3 replicates). 
Forr (D) ami (E), means and standard deviations are indicated. Bar in (A) = 50 urn for (A) to (C) 

Thee analysis of microtubular labeling in transformed cells was performed with 

fluorescencefluorescence microscopy. Strikingly, in young BY-2 cells (Figure 4 Al) , YFP-CLIP170 

markedd ends of microtubules as distinct small dashes (< 5 um). As the cells progressed 

towardd elongation, YlP-CI.IPl~() decorated more extended stretches (~5 urn) at 
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Youngg Elongating Mature PPB Spindle Phragmoplast Cortical 

Figuree 4. YFP-CLIP170 binds differentially to plant microtubules in stably transformed BY-2 cells and 

labelss all tour microtubule arrays. 

(A)) and (D) YFP CLIP170 expression. 
(B)) and (E) YFP-CLIP1701 '2*  expression. 
(C)) and (F) GFP-MAP4 expression. 
BYY 2 cells are shown at different time points after cytokinesis (young, 1 h: elongating, 6 h; mature, 
>244 h) and at different cell cycle stages. (A) to (C) show maximum projections of 10 confocal 
slicess covering a depth of 20 um and denoting approximate!) a half-hemi-cylinder of each cell, and 
(D)) to (F) show confocal median sections of 2 um thickness. The arrowheads in (Al ) show YI P 
CUPP 170—labeled microtubule ends. The arrowheads in (Dl) , (El), and (Fl) indicate the center ot 
thee PPB. \t the corresponding positions farrows in [D3], [E3], [F3], [D4], [E4], and [F4]), the 
phragmoplastt contacts the border of the cell and a new cell wall is formed. The rime is indicated in 
minutes.. Bars = 5 um in the .v) plane 

microtubulee ends (Figure 4A2). These stretches extended up to 10 to 20 um in full-grown 

maturee cells (Figure 4A3). Bv contrast, there was no variation in YFP-CLIP170' 124" 

(Figuress 4B1 to 4B3) and GPP-MAP4 (Figures 4C1 to 4C3) microtubule-labeling patterns 

accordingg to cell maturity status. YFP-CLIP170—elongated stretches (Figure 4A3) 

appearedd much shorter than the total microtubule length visualized with either YFP-

CLIP170'' l 2 4"or GFP-MAP4 (Figures 4B2, 4B3, 4C2. and 4C3). This finding indicates 
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thatt in young cells (just after cell division), YFP-CLIP170 binds to the ends of 

microtubules,, probably as a result of the lower levels of protein in the daughter cells. 

Becausee the daughter cells increase protein synthesis during growth and elongation, YFP-

CLIP1700 decorates more extended stretches at the microtubule ends. Upon complete 

maturationn (e.g., in interphase arrested cells), YFP-CLIP170 labels much longer stretches 

off  the microtubules, which might be attributable to the accumulated protein levels. 

Interestingly,, a similar dependence of microtubule-labeling patterns on CLIP170 protein 

expressionn levels has been observed previously in mammalian cells (Perez et al., 1999). 

YFP-CHP170YFP-CHP170 and YFP-CUP17&12#> decorate all four plant microtubular arrays 

Ass shown in Figure 4, YFP-CLIP170 (Figures 4D1 to 4D4) and YFP-CLIP1701 1-4<l 

(Figuress 4E1 to 4E4) labeled all four plant microtubular arrays—PPB, spindle, 

phragmoplast,, and interphase cortical micro tub ules—comparable to GFP-MAP4-

decoratedd (Figures 4F1 to 4F4) and GFP-TUA6-decorated arrays (our unpublished 

results).. To capture more cross-sectional areas to visualize different microtubular arrays in 

singlee cell cycle follow-up studies, the pinhole of the confocal microscope was kept wider 

(>22 airy- disk units). This setup did not permit us to visualize individual microtubules or 

meirr ends, making it difficul t to visualize YFP-CLIP170 fine microtubular labeling within 

thesee arrays. Interestingly, the time points of formation of the four successive 

microtubularr arrays are similar in BY-2 cells expressing YFP-CLIP170, YFP-CLIP170' 
12+l,, and GFP-MAP4. This finding indicates that YFP-CLIP170 and YFP-CLIP1701-12* ' 

expressionn and labeling of plant microtubules had no adverse effect on the cell cycle, 

validatingg the use of YFP-CLIPl7Oas an authentic reporter to visualize plant microtubule 

dynamicss at different cell cycle stages. 

CLIP170CLIP170 highlights plus ends of microtubules in stably transformed tobacco BY-2 

cells cells 

Too visualize the dynamic behavior of CLIP170 in plant cells, we studied young cells 

exhibitingg a small dash-like appearance of YFP-CLIP170 on microtubule ends. As in 

mammaliann cells, the dynamic properties of CLIP170 in plant cells are striking. In young 

cells,, the dynamic labeling patterns of YFP-CLIP170 resemble "moving comets" that 

highlightt microtubule plus ends (Figures 5 A l to 5A3; see also supplemental data online). 

Thee YFP-CLIP170 fluorescence dash varies in length, with an average size of 1 urn, as 

inferredd from Figures 5B1 to 5B3. The labeling appeared sharp at the front end and 

diffusee at the rear end of the fluorescent dash. As mentioned above, in relatively more 

maturee cells with higher CLIP-170 expression levels, the labeling was extended to a longer 
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Figur ee 5. Plant microtubule dynamics visualized with YFP-CLIP170 microtubule plus-end labeling in 

differentt microtubular arrays. 

(Al )) to (A3) YFP-CLIP170-dccorated microtubule plus-end dynamics in BY-2 cells. The 
arrowheadss in (Al ) and (A2) denote the YFP-CLI P1~0—labeled growing microtubule plus end of 
onee microtubule, whereas the arrow in (A3) represents the YFP-CLIPI70—decorated plus end of 
anotherr microtubule. Bars = 2 urn. The movie of this sequence (see supplemental data online) has 
beenn accelerated 20 times (total duration in real time of 192 s). 

(Bl )) to (B3) YFP-CLIP170 specifically binds to the plus ends of plant microtubules, exhibiting a 
comet-likee appearance. The arrowheads represent a single microtubule plus end as highlighted by 
YFP-CLIP1700 labeling. Bar = 1 um. The movie of this sequence (see supplemental data online) has 
beenn accelerated 20 times (total duration in real time of 160 s). 
(CI)) to (C3) YFP-CLIP170—labeled interphase cortical microtubules in BY 2 cells, ["he arrowheads 
representt a microtubule showing growth, and arrows denote a microtubule exhibiting growth and 
shrinkage.. Bars = 5 um. The movie of this sequence 'see supplemental data online; has been 
acceleratedd 25 times (total duration in real time of 252 s). 
(Dl )) to (D3) YFP-CLI PI 70-dccorated PPB microtubules. The arrowheads represent single 
microtubulee plus ends Bars - 5 um. 1'he movie of this sequence (sec supplemental data online has-
beenn accelerated 20 times (total duration in real time of 175 s) 

(El)) to (E3) YFP-CLIP170-labeled \ i . originating microtubules. The arrowheads denote the 
graduall  disappearance of PPB, and the arrows represent microtubule plus ends labeled b\ YFP 
CLIP170.. Bars = 2 um. The movie of this sequence (see supplemental data online) has been 
acceleratedd 20 times 'total duration in real time of 450 s). 
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(Fl )) to (F3) YI-'P-Cl,IP170-labelcd spindle microtubules. Arrowheads represent Y H ' - C U P n O-
labcledd microtubule plus ends, hars — 5 u.m. The movie of this sequence (see supplemental data 
online)) has been accelerated 20 times (total duration in real time of 135 s). 
Thee time measurements in all panels represent seconds. 

stretchh at the plus ends (Figures 5C1 to 5C3; see also supplemental data online). The 

velocitiess of the movement of the microtubular ends exhibiting comet-like labeling or an 

extendedd labeling pattern were similar, suggesting no influence of the extent of YFP-

CLIP1700 labeling on plant microtubular dynamics. The YTP-CLIP170 labeling pattern 

withh a strong dash-like appearance at microtubule plus ends with additional fine thin 

labelingg on the remaining parts of microtubules or labeling of more extended stretches 

providess an opportunity to visualize not only the growth but also die shrinkage, 

catastrophes,, and rescues: the four parameters of microtubule dynamic instability. 

Additionally,, we visualized CLIP170-labeled microtubule plus-end dynamics in the PPB 

(Figuress 5D1 to 5D3; see also supplemental data online), on the nuclear envelope (NE) 

(Figuress 5E1 to 5E3; see also supplemental data online), and in the spindle (Figures 5F1 to 

5F3;; see also supplemental data online), creating the possibility to analyze microtubule 

dynamicss at these different stages. For the spindle structure, the specific plus-end labeling 

clearlyy showed the polarity of this microtubule array, with plus ends moving away form 

thee two microtubule organizing centers (see supplemental data online). 

CUP170CUP170 Exhibits in Vivo Dynamic Instability of Plant Microtubules 

Too visualize the dynamics of individual microtubules, single microtubule ends were 

locatedd and then tracked for several minutes. As shown in Figures 6A to 6R and 7 , YFP-

CLIP170—labeledd microtubules can be seen in growing or shrinking states displaying 

dynamicc instability'. Lif e history plots of microtubule end-tracking data displayed the 

dynamicc instability'—expressed as growth, catastrophe, shrinkage, and rescue—with 

noticeablee rare pauses (indicating sudden transitions between growth and shrinkage). To 

studyy whether the expression of YFP-CLIP170 changes dynamic instability- behavior, we 

comparedd the dynamic instability- parameters of microtubules in BY-2 cells expressing 

GFP-TUA6,, GFP-MAP4, and YFP-CLIPPO at interphase. Four parameters of 

microtubulee dynamic instability- (growth rate, shrinkage rate, catastrophe frequency, and 

rescuee frequency) were determined (Table 1, Figure 6S). From Table 1, it can be inferred 

thatt plant microtubules grow at a speed of 5 (jjri/rni n and shrink four times faster, at a 

speedd of 20 um/min. ITie parameters for GFP-TUA6, GFP-MAP4, and YKP-CLIP170 

weree remarkably similar for interphase cortical microtubules. It is important to note that 

eachh parameter was determined for three different cell lines (obtained bv independent 
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Growth h 
Rate e 
l im/min n 

Catast rophe e 
Frequency y 
events/s s 

Shr inkagee Rescue 
Ratee Frequency 
nm/minn events/s 

w w 
GFP-TUA66 20 
Interphasee l 0 

GFP-MAP4 4 
Interphase e 

Y F P - C L I P 1 7 0 M M 

In terphase e 

VFP-CLIPITO 1 0 0 

PPBB s 

YFP-CLIP1700 '
NEE 5 
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100 15 0 002 004 0 06 
k k 

100 20 30 40 T> 0 05 0 1 0 15 

Figur ee 6. Plant microtubule dynamic instability in BY-2 cells. 

(A)) to (R) CLSM micrographs of the dynamics of YFP-CLIP170-labeled cortical microtubules in 
BY22 cells, \rrowheads show growing microtubules, and arrows show shrinking microtubules, 
whichh have grown previously. Time measurements in all panels represent seconds. All images are 
confocall  sections (0.5 urn thick) taken near the cell surface. Bar in (R) = 5 urn tor (A) to (R) 
(S)) From left to nght: histograms of growth rate, estimated catastrophe frequency, shrinkage rate, 
andd estimated rescue frequency obtained from different BY-2 cells. From top to bottom: BY-2 cells 
expressingg GFP-TUA6 (interphase microtubules), GFP-MAP4 'interphase microtubules), and 
YFP-CLIP1700 (interphase, PPB, and NE microtubules \rrows indicate mean values 'see also 
II  able 1). 
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Microtubulee Life History Plots 
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F igu ree 7. Lif e history plots of individual plant microtubules from different arrays 

Fivee individual microtubules were tracked for several minutes at the interphase cortical array, I'I'H . 

andd N E as described in Methods. Each microtubule is represented by a different symbol 
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transformationn events) for each fusion protein. This large similarity demonstrates the 

robustnesss of the chosen approach of using different GFP fusion probes to visualize plant 

microtubulee dynamics, but above all, it stresses that YFP-CLIP170 accurately reports 

microtubulee dvnamic instability in plant cells. 

Tabl ee 1. Plant microtubul e dynamic instabili t 

Proteinss used 

andd cell stage 

GI'P-Tl'Aö ö 

Interphase. . 

c;i'P-M.\P4 4 

Interphase e 

YIT-CLIPPO O 

Interphase e 

YI'P-CLII'PO O 

PPB B 

YI-'IM;I.IIM7 O O 

NK K 

Growth3 3 

rate e 

(um/min) ) 

4.33  1.3 

4.15 5 

4.5++ 1.1 

4.59 9 

4.77  0.9 

4.59 9 

7.2++ 1.5 

6.88 8 

8.8++ 1.5 

8.56 6 

Catastrophe* * 

frequency y 

(events/s) ) 

0.022 1 

0.018 8 

0.0200 + 0.009 

0.018 8 

0.0177 + 0,007 

0.015 5 

0.0344 4 

0.029 9 

0.0344 + 0.015 

0.029 9 

n1* * 

127 7 

258 8 

2 P P 

59 9 

63 3 

Shrinkage3 3 

rate e 

(fim/rnin) ) 

211 6 

19.50 0 

211 5 

20.83 3 

199 4 

18.36 6 

188 + 5 

17.89 9 

200 2 

19.19 9 

Rescue3 3 

frequency y 

(events/s) ) 

0.088  0.04 

0.067 7 

0.066  0.03 

0.053 3 

0.066 + 0.02 

0.051 1 

0.088  0.03 

0.065 5 

0.088  0.05 

0.077 7 

nc c 

53 3 

206 6 

94 4 

9 9 

5 5 

Thee values with standard deviation were calculated bv averaging the speed or inverse time needed tor each ot the n 

microtubules,, and the value without standard deviation are obtained from the summed times and lengths ot all n 

microtubuless and provide a better estimate ot" the true mean value according to the following formulas: 

ssD)D) = it
l^SL 

nn 77/ time, 

VV  lengtht 

s(noSD)s(noSD) = 

11 ^  1 

nn ,_, time. 

! « • • 

f(noSD) f(noSD) 

time, time, time, time, 

wheree s denotes speed, f denotes frequency, n denotes number and t denotes individual microtubule 

'' Number ot microtubules evaluated for calculating the growth rate and catastrophe freijuencv 

Numberr of microtubules evaluated for calculating the shrinkage rate and rescue frequency 
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DynamicDynamic Instability Parameters Are Altered during the Formation ofPPB 

Three-dimensionall  (Figures 8A to 8D) and four-dimensional (Figures 8E to 8H) imaging 

off  GFP-MAP4-expressing BY-2 cells allowed us to resolve PPB formation into four 

stages:: PPB initiation, PPB narrowing, PPB maturation, and PPB breakdown. In BY-2 

cells,, PPB initiation to maturation took 90 min and PPB breakdown required 5 to 10 min, 

consistentt with previous observations (Mineyuki, 1999). During PPB formation, first, 

microtubuless formed a broad ring covering almost two-thirds of the cell lengdi, and fhis 

structuree gradually narrowed to a ring structure with a width of 2 to 5 urn (Figure 8). In 

thee region where the PPB matures and in the region of the NE, GFP-MAP4 fluorescence 

intensityy increased (Figures 81 to 8K). This finding suggests a flow of tubulin (or 

microtubules)) from the cell cortex toward the region of PPB maturation and the NE. In 

addition,, the length of NE-originated microtubules appeared to be reduced sequentially 

(cf.. Figures 8A to 8C and Figures 8E to 8G). In the case of GFP-MAP4 (Figure 8L) and 

GFP-TUA66 (our unpublished results), because of their intense labeling along the entire 

microtubulee length, it became difficul t to resolve individual microtubules during the 

formationn of compact PPB. This gready complicates the use of these two proteins to 

analyzee plant microtubule dynamic instability during PPB formation. Because YFP-

CLIP1700 tends to accumulate at the plus ends (with fine thin labeling on other 

microtubularr parts), we still were successful in resolving individual microtubules during 

thee transition from interphase to PPB and also on the NE (at die condensed state of the 

PPB)) before its breakdown to form spindle. 

Ass shown in Figure 7, in YFP-CLIP170-transformed cell lines, microtubule end 

trackingg still was possible at the microtubule-dense regions of the PPB and NE. In Table 

11 and Figure 6S, the four parameters of individual plant microtubule dynamic instability 

aree described for the interphase array, developing PPB, and prespindle NE-originated 

microtubuless (at the condensed state of the PPB). As inferred from Figures 6S and 7 and 

Tablee 1, the microtubules in the PPB and on the NE display a marked and step-wise 

increasee in growth rate, with constant shrinkage rate, and an increased catastrophe 

frequency,, with almost unchanged rescue frequency. Additionally, the lif e history plots of 

YFP-CLIP170-labeledd microtubules indicate that the average length of the microtubules 

fromm interphase to NE decreased (Figure 7). This finding highlights the importance of 

alteredd microtubule dynamic instability in driving the formation of the PPB that is plant 

celll  specific and morphogenetically important. It also suggests that the PPB microtubules 

aree more dynamic and shorter (as a result of higher growth rate and increased catastrophe 

frequency)) than the interphase microtubules. 
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Preprophas ee Ban d Formatio n 
Initiationn Narrowing Maturation Breakdown 

Timee = 100 min 
Maturee PPB 

Figuree 8. CLSM micrographs of GFP-MAP4—transformed BY-2 cells visualized with three-dimensional 

.v)) and time: and four-dimensional (.Y)'~and time) imaging displaying tour phases of PPM formation. 

Thee phases are PPM initiation [A] and [E]), PPM narrowing [B] and [F]) , PPM maturation ([C] 
andd [G]) , and PPM breakdown [D] and [H] j  The sections at right of (I) of the \ l Q) and the 
celll  cortex (K) are from the three-dimensional imaged cell from (A) to (D) and represent a pseudo 
.v-timee plot. (L) shows a completely mature and condensed PPM visualized with GFP-N1AP4. Mars 
== 5 um m the \y plane. 
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DISCUSSION N 

CLIP170CLIP170 binding to plant microtubule plus ends 

Too date, CLIP170 is the best-characterized microtubule plus-end binding protein from 

HeLaa cells (Pierre et al., 1992; Perez et al., 1999). Our data provide clear evidence that 

CLIP1700 of mammalian origin also binds to plant microtubules based on three criteria: 

thee filamentous pattern displayed is typical of the spatial arrangement of plant 

microtubuless in the cell cortex; die fluorescent pattern is sensitive to die anti-micro tubular 

herbicidee oryzalin (and not to the actin-depolymerizing drug latrunculin B); and CLIP170 

labelss all four plant microtubular arrays. That CLIP170 accumulates at plant microtubule 

pluss ends is evident by two additional criteria: first, at low expression levels, CLIPHO 

appearss in small dashes in protoplasts and die dash-like appearance displays dynamic 

behaviorr in stably transformed cells, highlighting the plus ends of microtubules; second, 

cotransfectionn experiments show diat CLIP170 binds to the ends of MAP4-labeled plant 

microtubules.. Apparendy, as in mammalian cells, plant microtubules possess a GTP cap 

(Hymann et al., 1992) or specific structural features at the plus ends recognized by 

CLIP170,, such as individual pro to filaments of -tubulin heterodimers that are not fully 

mergedd into the microtubule structure (Schuyler and Pellman, 2001). 

Ass in mammalian cells (Pierre et al., 1994), CLIP170 lacking the 152-amino acid C-

terminall  part (CLIP1701 124<l) decorates plant microtubules along their entire length (like 

MAP4).. By contrast, the C-terminal domain remains cytosoüc without any microtubule 

labeling.. This finding suggests that CLIP1701 124n is sufficient for plant microtubular 

labelingg of CLIP170, whereas the C-terminal domain is essential but not sufficient for die 

targetingg of CLIP170 to the plus ends of plant microtubules. This conserved similarity of 

CLIP1700 functional domains in plant and animal cells suggests that the three-dimensional 

interactionn site of microtubules to which CLIP170 binds is highly similar m the two 

differentt cell systems. 

BiologicalBiological significance of the altered microtubule dynamic instability during PPB 

formation formation 

Dynamicc instability of individual microtubules plays a pivotal role in cell morphogenesis 

(Kirschnerr and Mitchison, 1986) because it allows the microtubules to rapidly explore the 

three-dimensionall  cytoplasmic space and to rearrange and make specific configurations 

(Desaii  and Mitchison, 1997). Two previous reports (Hush et al, 1994; Moore et al., 1997) 

havee shown some differences in plant and mammalian microtubule dynamics. Still, to our 

knowledge,, the parameters of in vim microtubule dynamic instability have not yet been 
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reportedd for plant cells. Using GFP-tagged tubulin or GFP-tagged micro tubule-associated 

proteinss in stably transformed plant cells, we were able to study these parameters in living 

plantt cells. Because there are no reference conditions, we analysed the dynamic instability 

parameterss obtained by plant microtubule labeling of three different fluorescent fusion 

proteins.. In an interphase cortical array, the shrinkage rates (20 um/min) are four times 

fasterr than the growth rates (5 um/min). For mammalian cell microtubules, growth rates 

(11.55 um/min) are similar to the shrinkage rates (13.1 um/min) (Rusan et al., 2001), 

suggestingg tbat plant microtubules grow slower but shrink faster than mammalian 

microtubules.. By contrast, the catastrophe frequency (0.02 events/s) of plant 

microtubuless is similar to that of mammalian microtubules (0.026 events/s), and the 

rescuee frequency of plant microtubules (0.08 events/s) is half that of mammalian 

microtubuless (0.175 events/s). These findings indicate that the plant microtubules have a 

fasterr polymer turnover rate than the mammalian microtubules, which makes them more 

dynamic,, in agreement with data from a FRAP analysis (Hush et al., 1994). 

Onlyy the YFP-CLIP170 construct enabled us to monitor microtubule dynamic 

instabilityy at the microtubule-dense regions during PPB formation and on the NE (PPB-

condensedd state). Strikingly, during the transition from interphase to PPB, the growth rate 

increasedd (4.7 to 7.2 um/min) with an unchanged shrinkage rate (20 um/min), whereas 

thee catastrophe frequency doubled (0.017 to 0.034 events/s) with a similar rescue 

frequencyy (0.08 events/s). Such a change in microtubule dynamics was not observed in 

thee previous FRAP analysis (Hush et al., 1994). On the one hand, this finding could 

suggestt that there are cell type-related differences in the parameters. On the other hand, it 

iss important to note that the fit for tbe PPB microtubule data from the FRAP study was 

nott completely satisfactory according to the authors (Hush et al., 1994). Interestingly, at 

thee condensed state of the PPB, the NK-originated microtubules became more dynamic 

consideringg their growth rate (8.8 um/min), shrinkage rate (20 urn/mm), catastrophe 

frequencyy (0.034 events/s), and rescue frequency (0.08 events/s). This finding provides 

strongg evidence that the individual plant microtubule dynamic instability parameters 

(whichh should be controlled by the upstream regulators) are important determinants for 

thee transition of the cortical interphase to the compact PPB microtubules surrounding the 

nucleus. . 

TheThe mechanism responsible for PPB formation 

Together,, these results prompt us to propose a model to elucidate the mechanism 

governingg the microtubular events that occur during the formation of the PPB (Figure 9) . 
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Modell for Preprophase Band Formation 

Figur ee 9. Model depicting the formation of the PPB by the alteration of microtubule dynamic instability. 

Att the onset of the transition from interphase to mitosis during PPB initiation, a broad 

PPBB forms, overlapping almost two-thirds of the cell length (Figures 8A and 8E). At this 

stage,, the catastrophe frequency increases gradually (possibly as a result of the inactivation 

off  microtubulc-stabilizing proteins or the activation of microtubule-destabilizing 

proteins),, destroying the microtubules and creating an enhanced free tubulin pool that is 

usedd for the formanon of new microtubules. The PPB contains newly formed 

microtubules,, which is inferred from their ability to incorporate labeled tubulin (Clean- et 

al.,, 1992), the fact that PPB microtubules repolymerize after cold treatment-induced 

depolymerizationn (Murata and Wada, 1991), and the finding that the microtubule-

stabilrzingg drug taxol abolishes PPB formation (Panteris et a l, 1995). We hypothesize that 

thee observed increased growth rate in the PPB is caused by an increased free tubulin 

concentrationn (Mitchison and Kirschner, 1984). During PPB narrowing, the cycle of 

graduall  increase in catastrophe frequency and subsequently increased growth rate makes 

microtubuless increasingly dynamic. 

Thee previously described colocalrzation of y tubulin with the narrowing PPB and the 

enhancedd staining of the NE by the y tubulin antibody (Liu et al., 1993) suggests a 

simultaneouss increase in the microtubule organizing centers at the microtubule areas that 

displayy enhanced dynamics. However, it is noteworthy that the role of y tubulin in plant 

microtubulee organizing centers has not been proven. Also, electron microscopy studies 

showedd this increased number of microtubules in the PPB (Nogami et al., 1996), which is 

consistentt with the observed increase in GPP-MAP4 labeling (Figures 81 to 8K) during 

PPBB initiation to maturation. Moreover, the PPB still can form in cells whose de novo 

proteinn (or RNA) synthesis is inhibited by drugs, indicating that PPB formation occurs 
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withoutt new tubulin synthesis (Minevuki, 1999) but rather using the existing tubulin pool. 

Becausee the same tubulin is used for the formation of more microtubules in the PPB and 

onn the NE, and the growth rate and catastrophe frequency are higher for those 

microtubules,, PPB-originating microtubules must be shorter according to this model. 

Interestingly,, in an early electron microscopy study, it was shown by serial sectioning that 

PPBB microtubules are shorter in length than interphase microtubules (Hardham and 

Gunning,, 1978), supporting our model. Additionally, the lif e history plots of YFP-

CLIP170-decoratedd microtubules displayed a gradual reduction in average length, 

indicatingg shorter microtubules in the PPB and at the NE compared with interphase 

microtubules. . 

Itt has been shown that the actin-depolymeriting drug cytochalasin D affects the 

narrowingg of the PPB (Elefthenou and Palevit2, 1992; Granger and Cyr, 2001) and diat 

thee PPB region is depleted of actin (Clear)' et al., 1992), suggesting a role of actin in the 

maturationn of the PPB. We did not succeed in following the dynamic instability' 

parameterss of the PPB microtubules at its most condensed state, but wc were able to 

followw the microtubule dynamics on the NE. Our idea is that during the final breakdown 

off  the PPB, the catastrophe frequency reaches an even higher level (probably the result of 

thee complete inactivation of microtubule-stabilizing proteins or the complete use of free 

tubulinn by microtubules at the PPB and on the NE) that cannot be overcome by the 

increasedd growth rate of the PPB microtubules, resulting in its collapse. Apparendy, the 

growthh rate of NE-originating microtubules remains higher (or some NE-specific 

microo tub ule-s tab ilizing proteins still remain active) and they withstand the maximum 

catastrophee rate, survive, and use the new tubulin pool available from the destruction of 

diee PPB to form the spindle microtubules. 

CandidatesCandidates that regulate microtubule dynamic instability during PPB formation 

Thee PPB formation process must be highly timed and regulated to yield the proper 

changess in the microtubular network. Possible candidates for the regulation of dynamic 

instabilityy are mi cro tub ule-s tabilizing proteins (such as XMAP215) (Tournebize et al., 

2000)) and micro tub ule-s evering proteins (such as katanin) (Quarmby, 2000). In a 

physiologicall  reconstitution of microtubule dynamics using purified components 

(Kinoshitaa et al., 2001), XMAP215 has been shown to be the key component of the 

regulationn of microtubule dynamics (Kinoshita et al., 2002). The recently identified plant 

homologg of XMAP215 (MORI) (Hussey and Hawkins, 2001; YChittington et al, 2001) is 

requiredd in Arabidopsis to maintain long cortical microtubules during interphase. 

Consequendy,, morl mutant plants display highly stunted growth as a result of the short 
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interphasee microtubules. Interestingly, although the interphase microtubules are affected 

byy the morl mutation, the PPB and spindle microtubules remain normal, being less 

affectedd by this mutation, supporting our model with shorter microtubules in these 

structures.. The isolated plant homolog of mammalian katanin from Arabidopsis 

{AtKTNl){AtKTNl) (Burk et al., 2001) does not show any defect in the PPB in its mutant, and the 

katanin-likee p60 subunit-containing protein from Arabidopsis does not label the PPB by 

immunofluorescencee (McClinton et al., 2001), suggesting no influence of microtubule 

severingg in die formation of PPB, again strengthening the significance of altered 

microtubulee dynamic instability. 

Otherr candidates for the regulation of microtubule dynamics are cyclin-dependent 

kinasess (cdc), which have been proposed to phosphorylate microtubule-stabilizing or 

catastrophe-inhibitingg proteins, making them inactive, and proteins involved in the 

depp ho sp ho rylation of microtubule-severing proteins, making them active (Belmont et al., 

1990;; Verde et al., 1992). In addition, kinase inhibitors have been shown to inhibit the 

developmentt and disappearance of the PPB (Katsuta and Shibaoka, 1992). It has been 

shownn that microinjection of cdc2 in plant cells induces rapid degradation of the PPB 

(Hushh et a l, 1996), and GFP-labeled cdc2 forms a narrow and bright equatorial band 

resemblingg the late PPB (Weingartner et al., 2001). In Xenopus egg extracts, type 2A 

phosphatasess were shown to be essential for maintaining the short steady state length of 

microtubuless by regulating the level of microtubule catastrophe (Tournebize et al., 1997). 

Recendy,, it was reported that the Arabidopsis TONNEAU2 gene encodes a putative 

novell  protein phosphatase 2A regulator)' subunit. In a mutant of this gene, the plant cells 

becomee unable to form the PPB, finally resulting in completely hindered growth and 

developmentt (Camilleri et al., 2002). Additionally, it has been shown that the inhibition of 

Ser/lhr-specificc protein phosphatases causes premature activation of cdc2 kinase at the 

G2 /MM transition and early mitotic microtubule organization in plants (Ayaydin et al., 

2000).. Moreover, the nuclear cycle and the microtubule transition from interphase to 

prophasee are coupled in BY-2 cells, as indicated by the inhibition of PPB formation as 

welll  as the S-phase progression by aphidicolin (a DNA polymerase-inhibiting drug) and 

thee restart of PPB formation after aphidicolin removal (Katsuta et a l, 1990). This could 

linkk (as in mammalian cells) the cdc regulation of plant microtubule dynamic instability 

responsiblee for the transition from interphase to mitotic microtubular conformation. 

Futuree research should address the different plant factors (including MOK1, 

TONi\E*siU2,TONi\E*siU2, cdc2, and AtKTNl) that control the dynamic instability responsible for 

microtubularr rearrangements in various cellular processes, and the use of YFP-CLIP170 

too decorate the plus ends of microtubules in plant cells wil l be of great help in such 

studies. . 
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METHOD S S 

ConstructionConstruction of Reporter Genes 

CLIP1700 constructs 

Wildd type (wt) green fluorescent protein (GFP)-CLIP1 0̂ (Perez et al., 1999) in animal cell 

expressionn vector pCB6 was a generous gift of F. Perez (Laborator)- of Cell Dynamics, 

Cunee Institute, CNRS, Pans). Vector pCB6 contained fifteen amino acids linker 

(CATAATGATATCGAACAGAAACTGATCTCTGAAGAAGACCTGCCT)) between 

Mycc tag and wtGFP and eight amino acids linker (CCGCGGCCGGCCAA 

TTTAAATAIT )) between wtGFP and CLIP170. In a first step wtGFP-CLIP170 was 

excisedd from pCB6 vector with EcoRV and EcvRl and sucloned into vector pBluescript II 

KSS (resulted vector is pBluescnpt-wtGFP-CLIP170). In a second step we reincorporated 

proteinn purification assisting Myc tag from pCB6 vector into the vector pBluescnpt-

wtGFP-CLIP1700 by removing wtGFP from it with C/al and Fsel and by amplifying and 

subsequentt cloning of Myc tag-wtGFP from pCB6 with a forward primer containing C/al 

sitee (MycGFP forward; 5'-CCATCGATACAATGGAACAAAAACTCATCTCAG-3') 

andd a reverse primer containing Fsel site (MycGFP reverse; 5 ' -CATGGGCCGGCCGC 

GGTTTGTATAGTTC-3').. The resulting vector was pBluescript-Myc-wtGFP-CLIP170. 

Inn a third step human codon optimized enhanced yellow fluorescent protein (YFP) 

(S65G,, S72A and T203Y) and enhanced cyan fluorescent protein (CFP) (F64L, S65T, 

Y66W,, N146I, M153T, V163A, N212K) (Miyawaki et al., 1997) were amplified from their 

sourcee vectors with a forward primer containing EcoRV site (FP forward; 5'-

C\TGGATATCGAAACAATGGTGAGCAAGGGCGAGGAGCTGTTCACC-3 ')) and 

aa reverse primer containing Fsel site (FP reverse; 5 ' -CATGGGCCGGCCGCGGCIT 

GTACAGCTCGTCCATGCCGAGAGTGATCC-.V).. WtGFP was excised from vector 

pBluescnpt-Myc-wtGFP-CLIP1700 with restriction enzyme EcvKV and Fsel and the PCR 

amplifiedd EYFP and ECFP fragments were placed there by ligation. Finally plant specific 

CaMVV double 35S promoter and NOS terminator were cloned into this vector to have a 

completee plant expression cassette. The final versions of transfection vectors were 

pBluescnpt-doublee 35S-Myc-EYFP-CLIP170-tNOS and pBluescnpt-double 35 S-Myc-

ECFP-CLIP170-tNOS.. Vector pBluescnpt-double 35S Myc-EYFP-CLIP170' ^ ' - t N OS 

wass created bv excising CLIPPO from vector pBluescript-double 35S-MyoEYFP-

CLIP170-tNOSS and placing PCR amplified CLIP1701 ,24(l fragment that was amplified 

withh a forward primer containing Fsel site (ClAP\70ll2A" forward; 5'-

CATGGGCCGGCCAA1TTAAATATTATGAGTATGCTAAAGCC-3')) and a reverse 

primerr containing EcoRI site (CLIP1701 '-+l reverse; 5'- CATGGAATTCTTACT 

TGAGCTCGAGCTTCACC-3').. Similarly vector pBluescnpt-double 35S-Myc-EYFP-
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CLIP17012411 11<J--tNOS was made by replacing CLIP170 with a CLIP1701241 1W2 fragment 

whichh was PCR amplified with a forward primer containing Fsel site (CLIP1701241 1392 

forward;; S^CATGGGCCGGCCAATTTAAATATTGTAAAGAACT TGGAGCTTC-

3')) and a reverse primer containing EtvRV site (CLIP1701241 1W2 reverse; 5'-CATGGA 

A1TCTTAGAAGGTTTCGTCGTCATTGC-3'). . 

Forr stable tobacco (Nicotiana tabacum L.) bright yeIlow-2 (BY-2) cell 

transformationss we sub-cloned double 35S-Myc-EYFP-CLIP170-tNOS and Myc-EYFP-

CLIP17011 ,24<'-tNOS into plant transformation vector pBINPLUS by excising them from 

pBluescriptt II KS based versions and subsequent cloning into pBINPLUS with the help 

off  Sa/l and bamH\ resulting into pBINPLUS-double 35S-Myc-EYFP-CLIP170-tNOS and 

pBINPLUS-- double 35S-Myc-EYFP-CLIP170! 12+,-tNOS. 

MAP44 constructs 

AA full length MAP4 cDNA (GeneBank accession number M72414) was kindly provided 

byy J. Olmsted (Department of Biology, University of Rochester, NY) (Olson et al., 1995) 

Wee constructed a reporter gene by fusing human codon optimized EGFP, EYFP and 

ECFPP to full length MAP4 cDNA by PCR based cloning method. MAP4 full length 

cDNAA was PCR amplified with a forward primer containing NcoJ site (MAPfull forward; 

5 '-CATGCCATGGCCGACCTCAGTCTTGTGG-3')) and a reverse primer containing 

EcoRIEcoRI site (MAPfull reverse; 5 ' -GGAATTCCTTAGATGCTTGTCTCCTGGATCTGG -

3s).. Enhanced GFP (S65T, F64L), EYFP and ECFP were PCR amplified with a forward 

primerr containing Xbal site (FPMAP forward; 5'- GCTCTAGAGCATGGTGA 

GCAAGGGCGAGGAGC-37}}  and a reverse primer containing NcoJ site (FPMAP 

reverse;; S^CATGCCATGGCCTTGTACAGCTCGTCCATGCCG-S5). PCR amplified 

MAP44 full length in combination with EGFP, EYFP and ECFP fragments respectively 

wass triple ligated in a plant expression vector pMON containing double 35S promoter 

andd NOS terminator. The resultant versions of pMON were pMON- double 35S-EGFP-

MAP4-tNOS,, pMON-double 35S-EYFP-MAP4-tNOS and pMON- double 35S-ECFP-

MAP4-tNOSS that were used for transient expression assays. For stable transformation of 

tobaccoo BY-2 cells double 35S-EGFP-MAP4-tNOS was transferred to plant 

transformationn vector pBINPLUS by excising double 35S promoter with UindJJJ and 

XbalXbal and EGFP-MAP4-tNOS with Xbal and Smal from pMON-double 35S-EGFP-

MAP4-tNOSS and triple ligating both the excised fragments into the pBINPLUS vector. 

Tubuli nn construct 

Vectorr pBI121 containing SmRSGFP-TUA6 (Ueda et al., 1999) was used for stable 

transs forma dons of BY-2 cells. 
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Tali nn construct 

Vectorr pMON-double 35S-Talin-EYFP-tNOS containing the actin binding domain of 

DictyosteliumDictyostelium Talin was used for protoplast transfections. 

Inn preparation for all of these constructs, PCR amplification was performed with 

eitherr the Expand I ligh-Fidelity PCR system or the Expand Long-Template PCR system 

(Boehnngerr Mannheim). PCR-amplified fragments wTere purified using the High Pure 

PCRR product purification kit (Boehnnger Mannheim). The sequences of all of the PCR-

ampHfiedd fragments and the linkers were confirmed by DNA sequencing. Plasmid DNA 

isolationss were performed with either the High Pure Plasmid isolation kit (Boehnnger 

Mannheim)) or the Plasmid Midi kit (Qiagen, Valencia, California). Additional details 

regardingg cloning are available in the supplemental data online. 

ProtoplastProtoplast preparation and transfectton 

Cowpeaa ([ 'igna unguiadatd) mesophyll leaf-onginating protoplast isolation and transfection 

weree performed as desenbed by van Bokhoven et al. (1993). 

TransformationTransformation of tobacco BY-2 cells 

Stablee transformations of BY-2 cells were performed using Agrobacterium tumejaaens strain 

LBA4404,, which was transformed with plant transformation vector pBINPLUS 

containingg double 35S-Myc-EYFP-CLIP170-tNOS, double 35S-Myc-EYFP-CLIP170I 

12+LtNOS,, and double 35S-EGFP-MAP4-tNOS constructs and vector pBI121 containing 

35S-SmRSGFP-TUA6-tNOS.. A 1-mL aliquot of 4-day-old BY-2 cells was inoculated with 

500 uL of LBA4404 log-phase culture. After 3 days of incubation at 25°C on a stable 

surfacee in the dark, the cells were washed four times in 10 mL of BY-2 medium (3° o Sue, 

4.33 g /L Murashige and Skoog [1962] salts, 100 mg/L w^-inositol, 1 mg/E thiamine HC1, 

0.22 mg /L 2,4-D, and 255 mg/L KH2PO4, pH 5.8) containing cefotaxime sodium (250 

mg/L)) to eliminate agrobacteria and plated on solid BY-2 medium (with 0.8% Japanese 

agar)) containing cefotaxime sodium (250 mg/L) and kanamycin (100 mg/L). The plates 

weree incubated at 25°C in the dark for 3 weeks. Within 3 weeks, the transformed cells 

weree growrn to form calluses on plates, which were tested with a Leica DMR 

stereomicroo scope (Wetzlar, Germany) equipped with an excitation mercury lamp and 

emissionn filters for GFP and YFP to detect their fluorescence levels. Calli exhibiting 

sufficientt levels of fluorescence were transferred to ncwT BY-2 plates containing 

kanamycinn (100 mg/L) three to four times and then were cultured independently into BY-

22 liquid medium containing kanamycin (100 mg/1.). Stably transformed and 
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nontransformedd BY-2 cell lines were maintained independently by cultunng them even-

weekk (1:50) in BY-2 medium in 250-mL flasks and shaking at 25°C and 130 rpm in an 

Innovaa 4330 temperature-controlled rotan*  shaker (New Brunswick Scientific, Edison, 

NJ). . 

MeasurementMeasurement of cell shapes and cell numbers 

Phase-contraa st images were obtained with a Zeiss Axiovert inverted microscope (Jena, 

Germany)) coupled to a Photometries Coolsnap^/r charge-coupled device camera (Roper 

Scientific,, Trenton, NJ). Images were obtained with a XlO Plan Neofluar phase-contrast 

objectivee (numerical aperture of 0.3). Al l of the images were analyzed with Adobe 

Photoshopp version 5.0 (Mountain View, CA). The cell shapes were determined using the 

breadth-to-lengthh measurement function of the Object-Image 2.08 program 

(http://simon.bio.uva.nl/object-image.html)) developed especially by N. Vischer from our 

laboratory.. To measure transgenic and wild-type BY-2 cell numbers, both cell types were 

incubatedd briefly with digesting enzymes ( 1% cellulase, 0 .1% pectinase, and 0.35 M 

mannitol)) to disrupt cell clumps (Granger and Cyr, 2000). Appropriate dilutions were 

made,, and cells were counted using a hemocy tome ter. Relative cell numbers were 

calculatedd based on initial numbers at day 1. Means and standard deviations were 

calculated,, and the graphs were obtained using Excel (Microsoft, Redmond, WA). 

FluorescenceFluorescence microscopy 

Sampless were prepared in NUNC chambers (Nunc, Inc., Naperville, IL) made especially 

forr microscopy. To acquire images of transfected cowpea protoplasts and transformed 

tobaccoo BY-2 cells with different fluorescent constructs, we used confocal laser scanning 

microscopyy based on a Zeiss LSM510 microscopy system composed of an Axiovert 

invertedd microscope equipped with an argon ion laser as an excitation source. Protoplasts 

andd BY-2 cells expressing GFP were excited with a 488-nm laser line, and GFP emission 

wass detected using a 505- to 530-nm band-pass filter. Protoplasts and BY-2 cells 

expressingg EYFP were excited with a 514-nm laser line, and EYFP emission was detected 

withh a 535- to 590-nm band-pass filter. Protoplasts expressing ECFP were excited with a 

458-nmm laser line, and ECEP emission was captured with a 4^0- to 500-nm band-pass 

filter.. In cotransfection experiments, both ECFP/EYFP were scanned simultaneously 

usingg a 458/514 main dichroic splitter and a 515 secondary dichroic splitter operating in 

thee multi-tracking imaging mode. This procedure effectively eliminates bleeding of CFP 

fluorescencee into the YFP channel and vice versa. A x40 oil-immersion objective 

(numericall  aperture of 1.3) was used to scan the samples. The images were captured using 
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LSM5100 image-acquisition software (Zeiss). For each sample, at least 30 optical sections 

spacedd 0.5 urn apart were taken to cover a half-hemisphere of a cell. For analysis of 

individuall  plant microtubule dynamics, cortical and nuclear surface cell regions were 

scannedd with an image-acquisition time of 1 s and 2- to 5-s intervals between two 

successivee scans for several minutes, yielding clear movies of the movements of 

microtubulee plus ends. 

ImageImage Processing and Quantification of Microtubule Dynamic Instability 

Parameters Parameters 

Acquiredd images were processed using LSM510 image browser version 3.0 (Zeiss). 

Maximumm projections were obtained from serial optical sections spaced 0.5 urn apart and 

weree exported as TIFF files. For time series scans, all of the images were exported as time 

seriess TIFF files. All of die exported images were processed with Adobe Photoshop 

versionn 5. For individual plant microtubule dynamic instability measurements, all of the 

timee scans were analyzed in the animation mode of LSM510 image browser 3.0 (Zeiss) by 

markingg the single ends of individual microtubules in each image using a zoom function 

andd tracking the microtubule ends for several minutes. The shortest resolvable 

displacementt of the plus ends diat was measurable by this analysis was 0.1 urn. The time 

valuess were obtained from individual frame times in time-lapse experiments. Thereafter, 

thee data were transferred manually into Fxcel files and processed. Lif e his ton- plots of 

individuall  microtubules were obtained from rfiese tracking data. Growth and shrinkage 

velocitiess were calculated by dividing the distance grown or shortened by the time spent in 

thatt event. The frequency of catastrophe was calculated from the inverse of the mean time 

spentt in elongation, and the frequency of rescue was obtained from the inverse of the 

meann time spent in shrinkage, as described previously (Cassimens et a l, 1988). The 

moviess were assembled by exporting confocal laser scanning microscopy data files to the 

Videomachh 2.3.4 program (Gromada, Berkeley, CA). 

Uponn request, all novel materials described in this article wil l be made available in a 

timelyy manner for noncommercial research purposes. 
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ABSTRACT T 

Microtubulee biogenesis requires assemby competent a and (5 tubulin that 

aree posttranslationally modifed by five tubulin folding cofactors (TFCs) 

namelyy TFCA, TFCB, TFCC, T F CD and T F CE together with one small G-

proteinn Arl2. Here we report the isolation and characterization of 

Arabidopsiss TFCB (AtTFCB). AtTFCB contains a Cytoskeletal Associated 

Protein-Glycinee rich (CAP-Gly) and is found to be ubiquitously expressed in 

alll  organs of Arabidopsis. The AtTFCB-Yellow Fluoresecent Protein (YFP) 

fusionn protein remains cytosolic. AtTFCB-overexpression results in cell 

deathh that can be rescued by simultaneous overexpression of a tubulin, 

indicatingg their functional interaction. The microtubules visualized with 

Cyann Fluorescent Protein (CFP) labeled a tubulin are less in number in 

AtTFCB-YFPP coexpressing cells as compared to the controls. Mult i -mode-

Fluorescencee Resonance Energy Transfer(FRET)-microscopy for the first 

timee reveals the physical interaction of TFCB with a tubulin inside live cells. 

Thesee findings suggest that the excess AtTFCB sequesters available a 

tubulinn and causes an imbalance between ot/fl monomers. This results into 

protoplastt lethality which can be couterbalanced by elevated production of a 

tubulinn which is similar in yeast cells. 
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INTRODUCTIO N N 

Microtubuless are essential in plants and play vital roles in many processes including 

embryoo development (Steinborn et al, 2002), organ formation (Whittington et al, 2001), 

organn twisting (Thitamadee et al., 2002), maintaining growth direction (Bibikova et al., 

1999)) and establishing spatial organization of cells (Mathur, 2004). The dynamic 

microtubulee polymers are made of a and p tubulin heterodimers. Microtubule biogenesis 

andd dynamics mainly depend on the presence of assembly competent tubulin-dimers and 

variouss microtubule associated proteins (Mayer and Jurgens, 2002; Szymanski, 2002). 

Unlikee actin and y tubulin (Melki et al., 1993), a and p tubulin require posttranslational 

modificationss for their transformation into functional Ctp—heterodimers. These 

modificationss are carried out by chaperomns and tubulin folding cofactors acting in a 

stepwisee concert to manufacture the functional heterodimer (Lopez-Fanarraga et al., 

2001).. a tubulin is processed by Tubulin Folding Cofactor B (TFCB) and Tubulin 

Foldingg Cofactor E (TFCE) while p tubulin is modified by Tubulin Folding Cofactor A 

(TFCA)) and Tubulin Folding Cofactor D (TFCD) sequentially. Finally, Tubulin Folding 

Cofactorr C (TFCC) plays a role producing a functional heterodimer from the a and p 

tubulinn monomers (Tian et al., 1996; Tian et al, 1997). This model of tubulin folding 

pathwayy is based on yeast mutant and mammalian in vitro system analyses. It is difficul t to 

purifyy a and fi tubulin subunits from cell extracts and in vitro translated a and P tubulins 

faill  to incorporate into functional microtubules showing the requirement of TFCs. 

Thee Arabidopsis PILZ group mutants KJESEL, PORCINO, CHAMPIGNON, 

PFIFFERJJNC,PFIFFERJJNC, and HALLIMASCH displaying embryo lethality (Mayer et al., 1999), 

weree found to encode Arabidopsis TFCs (AtTFCs) A, C, D, E and Arl2, respectively. 

Independentlyy isolated TITAN mutants encode Arl2 {TITANS) and AtTFCD (TITAN1) 

showw cell division defects during endosperm and embryo development (Tzafrir et al., 

2002).. The PILZ group mutants lack microtubules whereas the organization of actin 

filamentss and the localization of the actin-dependent plasma membrane cell polarity 

markerr PIN1 are normal in them (Steinborn et al, 2002). The KIBSBL displays 

microtubularr defects (Kiri k et al., 2002b; Steinborn et al., 2002). These TFCs mutants 

showw that their lethal effects are mediated through the absence or malformations of 

microtubuless that are vital for all dividing cells. The loss of PORCINO and KIBSBL 

functionss could be rescued by overexpression of either the endogenous gene or a 

vertebratee homologue showing their functional similarities (Kiri k et al., 2002b; Kink et 

al.,al., 2002a). 

Thee multi-step TFC system takes care of producing functional heterodimers and at 

thee same time maintains a correct balance of monomers and drmers. In mammalian and 
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yeastt cells, overexpression of P tubulin is lethal (Burke et ai, 1989; Katz et al, 1990; 

Gonzalez-Garayy and CabraL 1995) but not that of a tubulin (Weinstein and Solomon, 

1990).. In budding yeast the lethal effects of excess p tubulin can be rescued either by P 

tubulinn interacting TFCA Kbl2p overexpression or by a tubulin overproduction (Archer 

etet ai, 1995). In mammalian cells, upon P tubulin overexpression the levels of endogenous 

aa tubulin rise (Gonzalez-Garay and Cabral, 1995). In Arabidopsis weak allele kis-Tl 

KIESELKIESEL mutant which lacks sufficient p tubulin folding AtTFCA, plants become dwarf 

becausee of severe cell division and expansion defects (Kiri k et ai, 2002b; Steinborn et al, 

2002).. The kis-Tl mutant can be rescued by 35S-driven KI S and mouse TFCA, but also 

byy overproduction of a tubulin (Kiri k et al., 2002b). In addition there was no deleterious 

effectt of overexpression of AtTFCA (Kiri k et ai, 2002b). Together these findings suggest 

thatt the correct balance between tubulin subunits is essential for normal cell functioning. 

Consistentt with the notion that TFCs function in a common pathway, double and 

triplee combinations of yeast mutants for tubulin folding cofactors do not cause more 

severee phenotypes (Archer et ai, 1995). Overexpression of P tubulin in AtTFCA mutant 

failss to make the phenotype more severe (Kiri k et ai, 2002b). The genetic analyses in 

yeastt has identified the functional hierarchy among tubulin folding cofactors and 

overexpressionn studies showed differences between various TFCs in their ability to bypass 

thee requirement for each other (Radcliffe et ai, 1999). In plants quite a lot is known 

aboutt AtTFCA and AtTFCC, even (indirect) subcellular localization studies have been 

performedd (Kiri k et ai, 2002b; Kiri k et ai, 2002a). However, information on AtTFCB is 

stilll  lacking since no mutants encoding AtTFCB have been isolated even after completely 

saturatedd mutant screens (Steinborn et ai, 2002). Importantly, AtTFCB contains a CAP-

Glyy domain with remarkable homology to the CAP-Gly domains of CLIP170 indicating 

itss plant microtubule binding capability (Dhonukshe and Gadella, 2003). Together, this 

promptedd us to analyze the subcellular distribution of AtTFCB and its overexpression 

effects.. In addition, we incorporated Fluorescence Resonance Energy Transfer (FRET) 

analysiss (Gadella et ai, 1999; Immink et ai, 2002; Vermeer et ai, 2004) for monitoring 

molecularr interactions between AtTFCB and a tubulin. FRET occurs if an energy-

quantumm is transferred from a donor fluorophore to an acceptor fluorophore (or 

chromophore)) that are in close proximity of 2-6 nm (within the range of protein 

dimensions).. The prerequisites for this phenomenon are that i) the donor fluorescence 

emissionn spectrum overlaps with the absorption spectrum of the acceptor fluorophore ii) 

thatt the transition moments of donor and acceptor are not perpendicular and iii ) that the 

distancee between the donor and acceptor is less than the t.5 Ri units with R> being the 

Forsterr Radius (Gadella et al, 1999). 

66 6 



FRETT Reveals AtTFCB-a Tubuli n Interaction 

RESULTS S 

ArabidopsisArabidopsis ubiquitously express a CAP-Gly domain containing TFCB 

Thee remarkable sub-cellular localization of YFP-CLIP170 decorating the plus ends of 

plantt microtubules (Dhonukshe and Gadella, 2003) prompted us to investigate whether 

plantss also express CLIP170-like proteins. The most significant and conserved domain for 

thee interaction of CLIPPO with microtubules ts the CAP-Gly domain. From a BLAST 

sequencee analysis we found two CAP-Gly domain containing ORFs present in 

Arabidopsiss thaliana genome which turned out to be the human TFCB and TFCE 

orthologues.. Out of the two, cloning of AtTFCE has been reported recently (Steinborn et 

al.,, 2002). AtTFCB that has not yet been reported shares high sequence conservation with 

humann (36%), budding yeast (21%) and fission yeast (31%) cofactorB proteins (Figure 1 

a-d).. In view of the high degree of sequence homology observed in these cofactors 

(suggestingg a conserved critical cellular function) and failure to isolate a mutant for 

AtTFCB,, we undertook the PCR-based cloning and expression analysis of AtTFCB. First 

wee successfully isolated the full-length cDNA of AtTFCB from Arabidopsis cDNA 

libraryy and confirmed its sequence by DNA sequencing. To find out the expression 

patternn of AtTFCB in different organs of Arabidopsis we prepared cDNAs from total 

RNAA isolated from them and performed an RT-PCR analysis. By RT-PCR we could 

amplifyy equivalent amounts of AtTFCB from the different organs of Arabidopsis (Figure 

le)) implicating ubiquitous expression. 

ExpressionExpression of AtTFCB fused to YFP remains cytosolic and causes protoplast 

lethality lethality 

Too find out the sub-cellular localization and effects of AtTFCB expression in live plant 

cellss we made YFP fusions to both die 'N' and the 'C terminus of AtTFCB and 

introducedd them into protoplasts. Both 'N' and the 'C' terminal fusion-proteins were 

expressedd as inferred from the bright YFP fluorescence and they remained cytosolic 

withoutt any microtubular labeling (Figure 2b). Surprisingly, within a short period after 

transfectionn (< 16 hrs) 40 % of die protoplasts expressing the fusion protein at relatively 

highh levels showed altered cell shapes (Figure 2a). This was never observed in protoplasts 

transfectedd with either non—targeted YFP (Figure 2a) or any other constructs tested so far 

(dataa not shown). Closer observations of these protoplasts revealed that the chloroplasts 

(inn negative stain) together with the cytoplasm had bulged out completely (Figure 2c) 

whichh was in strong contrast to the controls (Figure 2d). 
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Figuree 1. \ t lTCB sequence homology and its organ specific expression 

Sequencee comparisons (a) and Phylogenetic relationships (b) between TFCB from Arabidopsis 
thalianathaliana (AtTFCB), Homo sapiens (Human Cofactor B), Saccaromyces cerevisiae (Alflp ) and Saccaromyces 
pombepombe (Alpll) . Sequence comparisons (c) and Phylogenetic relationships (d) between CAP-Gly 
domainss from CLIP170 and from TFCB from Arabidopsis thaliana (AtTFCB), Homo sapiens (Human 
Cofactorr B), Saccaromyces cerevisiae (Alflp ) and Saccaromycespombe (Alp11). CLIP170 contains two such 
domainss located at the 'N' terminus denoted here by CLIP170one and CLIP170two while tubulin 
foldingg cofactors trom Arabidopsis (AtTFCB), human, budding yeast (Alflp ) and fission yeast 
(Alpll )) contain one CAP-Gly domain each at the 'C' terminus. Identical amino acids are 
highlightedd by black, similar ones by gray shading and less homologous by faint letters, (e) AtTFCB 
expressionn analysis by RT-PCR in different organs. 

Co-overexpressionCo-overexpression of a tubulin rescues the AtTFC expression defects 

TFCBB has been shown to functionally interact with a tubulin in yeast and mammalian in 

vitrovitro systems (Tian et al, 199"7; Feicrbach et a/., 1999). Overexpression phenotypes of 

AtTFCBB prompted us to further analyze its predicted functional interaction with a 

tubulin.. Therefore, we made a CFP-a tubulin 6 (CFP-TUA6) fusion and tested it in 

protoplasts.. CFP-TUA6 was efficiently incorporated into protoplast microtubules (Figure 

2h).. This enabled us to study a possible in vivo interaction between AtTFCB and a tubulin 

byy performing protoplasts co-transfection with CFP-TUA6 and YFP-AtTFCB (or 

AtTFCB-YFP).. Strikingly, protoplasts expressing both CFP-TUA6 and YFP-AtTFCB (or 
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Figur ee 2. Cellular localization and (over) expression effects of AtTFCB and its functional interaction with 

22 tubulin. 

Yelloww is YFP non targeted VII ' or VtTFCB-YFP) and cyan is CFP (CFP-TU U> 
Protoplastss transfected with non-targeted YFP (a, d; 36 hrs after transfection) and with \t II ' IB 
YFPP (b, c; 14 hrs after transfection). Note in case of AtTFCB-YFP transfected protoplasts, the 
morphologyy detects are related to the expression levels (YFP fluorescence intensity). This is m 
contrastt to protoplasts expressing non-targeted YFP (where protoplasts with higher YFP 
expressionn also maintain there spherical shapes). In (a) and (b) arrowheads and arrows indicate 
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protoplastss with high and low expression levels, respectively. At'l'l ;CB-YI ;P remains cvtosolic 
withoutt anv microtubular labeling. 
Protoplastss transfected with CIT-TUA6 (h) and cntransfcctcd with CFP-TUA6 and AtTFCB-YIP 
(e-gg and i; 36 hrs after transfection). (e) shows YFP fluorescence (depicting AtTFCB-YFP), (f) 
showss CFP fluorescence (depicting CFP-TUA6) and (g) depicts merged image. Note that in (e-g) 
andd (i) even after 36 after transfection the protoplasts maintain their spherical shapes. Comparison 
off  (h) and (i) shows that microtubule (labeled by CFP-TUA6) numbers in (i) are far less than in 
(h).. Bars 10 urn. 

AtTFCB-YFP)) maintained their normal spherical shape even >36 hrs after transfection 

(Figuree 2e-g) irrespective of the AtTFCB expression levels suggesting their functional in 

vivovivo interaction. In addition, the CFP and YFP fluorescent signals were co-localized (in the 

cytosol)) and a higher fraction of CFP-TUA6 remained cvtosolic exhibiting reduced 

numberr of microtubules as compared to the control (Figure 2h, i) . 

Multi-modeMulti-mode FRET microscopy reveals physical interaction of AtTFCB with a 

tubulintubulin in vivo 

Theree are various methods for deterrnining FRET (Gadella et al., 1999; Jares-Erijman and 

Jovtn,, 2003; Vermeer et al, 2004) with different levels of analytical capabilities. We 

utilizedd two independent methods called as Fluorescence Spectral Imaging Microscopy 

(FSPIM)) and Fluorescence Lifetime Imaging Microscopy (FLIM) . FSPIM provides both 

spatiall  and spectral resolution and records both donor quenching and acceptor 

sensitizationn due to FRET (Gadella et a l, 1999; Shah et al., 2001; Immink et al., 2002; 

Vermeerr et al., 2004). This provides an elegant and fast technique for screening die 

physicall  interactions, FLIM is a quantitative technique for determining FRET in which 

diee excited-state decay kinetics of the donor fluorescence is measured. In case of FRET 

thee donor florescence lifetime decreases which can be measured with FLIM . 

First,, fluorescence emission spectra were taken to determine if there exists 

sensitizedd emission in protoplasts co-expressing YFP-AtTFCB (or AtTFCB-YFP) and 

CFP-TUA66 by inclusion of all possible combinations as controls. Figure 3 shows the 

averagee spectra of the protoplasts co-expressing YFP-AtTFCB (or AtTFCB-YFP) and 

CFP-TUA66 together with those expressing odier combinations. Al l spectra are 

normalizedd to the fluorescence observed at 475 nm (which is the first emission band of 

CFP).. Figure 3 shows that upon 433 nm excitation (of CFP) there was a strong 

fluorescencee emission of YFP only in protoplasts coexpressing YFP-AtTFCB (or 

AtTFCB-YFP)) and CFP-TUA6. The strong YFP-errussion likely reflects YFP-sensitation 

duee to FRET from CFP to YFP. Such a strong YFP-emission was not present in all odier 
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combinations.. FRET between YFP-AtTFCB (or AtTFCB-YFP) and CFP-TUA6 suggests 

theirr physical interactions in vivo. 

Too confirm that the results of FSPIM analysis indeed reflect FRET and not direcdv 

excitedd overcxpressed YFP, we employed FI.IM microscopy with similar co-expression 

combinations.. Figure 4 shows the average phase ( r^) and modulation ( r u ) fluorescence 

lifetimes.. The protoplasts coexpressing YFP-AtTFCB (or AtTFCB-YFP) and CFP-TUA6 

showw decreased donor (CFP) fluorescence lifetimes in comparison with all other 

combinationss (compare Figure 4e, f with Figure 4a-d and compare Figure 4k, 1 with Fig 

4g-j).. The average phase and modulation fluorescence lifetimes are shown in Table 1. 

Theyy clearly show the decreased donor (CFP) lifetimes only in case of YFP-AtTFCB + 

CFP-TLA66 and AtTFCB-YFP + CFP-TUA6 coexpressions displaying the in vivo physical 

interactionss in live cells. This independently confirms the FSPIM results and shows for 

diee first time the direct in vivo physical interaction of TFCB with a tubulin in living cells. 
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Figur ee 3. FSPIM analysis 

Imagee spectra were taken using 435nm excitation light and are normalized to the intensify observed 
att 475 nm. bach curve represents the mean spectrum for eight individual living protoplasts. 
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CFPP & YTP CFP& Y F P A l T F C B C F P S AtTFCBYF P CFPTUA6 4 YFP CFPTUA6 & YFPAlTFCB CFPTUA6 & AtTFCBYF P 

Figuree 4. IÏ.1M analysis 

Imagess (a-f) are micrographs ofTM, whereas images (g-1) are micrographs ofT*. The mean r u 

valuesvalues for (a-f) arc 2.69 ns, 2.82 ns, 2."?2 ns, 2.85ns. 2.36ns and 2.28 ns respectively while the mean 

TT00 values for (g-1) are 2.26 ns, 2.32 ns. 2.18 ns. 2.34 ns, 1.48 ns and 1.35 ns respectively 1 he 

lifetimee values arc indicated in grey scale ranging from black (Ons) to white (4ns) as indicated next to 
figure. . 

DISCUSSION N 

Microtubulee related genes cloned from Arabidopsis mutant screens for cell division 

defectss and embryo lethality mainly belong to the microtubule 'biogenesis class' indicating 

theirr vital roles (Kiri k et al, 2002b; Mayer and Jurgens, 2002; Steinborn et al, 2002). 

Theyy represent the Arabidopsis orthologues for TFC A, C, D and E from yeast and 

mammalss (Steinborn et al, 2002). Our AtTFCB analysis completes the TFC family from 

Arabidopsis. . 

Wee show that AtTFCB is ubiquitously expressed in the different organs of 

Arabidopsiss similar to the expression pattern of AtTFCA (Kink et al, 2002b), and 

AtTFCCC (Kink et al, 2002a). Since all cells in all organs contain microtubules, a 

ubiquitouss expression pattern of genes involved in tubulin biogenesis is expected. We 

observedd that AtTFCB remains cytosolic. This is similar to the TFCB orthologues Afflp 

inn budding yeast (Feierbach et al, 1999) and Alp11B in fission yeast (Radcliffc et al, 

1999).. In addition, we saw that expression of AtTFCB affected microtubular organization 

byy reducing their number, eventually causing drastic morphological defects. Very similar 

observationss have been made for Alflp and Alp11B, the budding and fission yeast 

orthologues.. These defects could be overcome by co-expression of a tubulin in the 

protoplasts.. Our cotrasfection experiments showed that protoplasts co-expressing 

aa tubulin and AtTFCB maintain the spherical protoplast shape and viability for 

prolongedd time. Consistently, an increased level of a tubulin in /4$>//B-overexpressing 

fissionn yeast cells rescues lethality (Radcliffe et al, 1999). Together these results indicate a 

functionall  conservation of plant and yeast TFCB. 
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Tabl ee 1. FLI M values and FRET efficiency and molecular  distance calculations 

Co-expression n 

CKPP + Yl'1» 

CKPP + YKP-AtTKCB 

CKPP + AtTKCB-YKP 

CFP-TI/A66 +YK P 

CFP-TL/A66 + YKP-AtTKCB 

CFP-TKA66 + AtTKCB-YKP 

tt tt 

33 3 

10 0 

10 0 

P P 

8~ ~ 

31 1 

Phasee ( T4) 

Fluorescencee F 

(ns) ) 

2.322 9 

2.222 6 

2.122  0.12 

2.277  0.26 

1.400 + 0.24 

1.311  0.11 

ifetime e 

Modulationn ( vM) 

Fluorescencee lifetime 

(ns) ) 
2755  0.12 

2.~4  0.13 

2."0  0.12 

2.800 1 

2.266 + 0.22 

2.233 6 

DA DA (1) ) 

EE = 
r r 

R„ R„ 

(2) ) 

Inn equation (1) TDA and TD arc the average fluorescence lifetimes of the donor in the presence and 
absencee of the acceptor, respectively. The relationship between FRKT efficiency {EC) and the actual 
distancee (r) between a single donor and a single acceptor molecule is given in the borstcr equation (2), 
showingg that KRKT can also be used to estimate the approximate distances between the donor and the 
acceptorr chromophores (Strvcr, 1978). In equation (2) R(( is the Förstcr radius for KRKT, which depends 
onn the spectral properties and relative orientation ot the donor and acceptor molecules (for reviews on 
FRKTT see (Clegg, 1996; Cadclla et al, 1999; Selvin, 2000). For KRFT between CKP and YKP R,, = 5.2 ntn 
(Tsicn,, 1998; Gadclia et al., 1999). 
Accordingg to equation (1) the calculated FRKT efficiencies for (TT-TUAó + YFP-AtTFCB and CKP-
TUA66 + AtTPCB-YFP are 39 % and 42 % respectively. Assuming 100% association, the molecular 
distancee between a tubulin and AtTFCB calculated according to equation (2) is approximately 5.18 nm. In 
casee of an unassociated a tubulin part the same average FRKT efficiency can only be explained by an even 
shorterr intramolecular distance for the associated a tubulin part. Hence, the 5.18 nm distance can be 
regardedd as the maximum distance (excluding orientation effects). 

'Thee observed effects of TFCB overexpression can be attributed to an excess of P 

tubulinn in such cells. The model explaining this link assumes that excess TFCB sequesters 

aa tubulin and thereby indirecdy causes an excess of p tubulin which is toxic to cells. 

Theree are number of observations in support of this model. Overexpression of p tubulin 

andd reduction of expressed a tubulin is lethal in yeast (Burke et al., 1989; Weinstein and 

Solomon,, 1990; Archer et al., 1995; Gonzalez-Garay and Cabral, 1995). Balancing the 

excesss of P tubulin by overexpression of a tubultn or TFCA rescues the lethal effects 

(Abruzzii  et al., 2002). Inversely an excess a tubulin seems not to be toxic to yeast cells 

(Burkee et al, 1989). Fssentiallv similar observations have been made in plants where 

overexpressionn of a tubulin is not toxic (L'eda et al., 1999; WTiittington et al., 2001), 

reductionn of a tubulin expression by RNAi is toxic (Bao et al, 2001), and overexpression 
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off  p tubulin (AtTlJBI 01 A/TUBS) results in slower plant growth (Shaw et ai, 2003). We 

thinkk our results fit with this model. An alternative explanation may be that 

overexpressionn of TFCB causes a reduction in the expression of a tubulin. Essential for 

thee first model is showing that a physical interaction between a tubulin and TFCB does 

existt in co-overexpressing cells. 

Indeedd lmmunoprecipitation, yeast two hybrid and mutant complementation 

experimentss have shown interactions of various TFC with a and p tubulins in different 

celll  types. Our multi-mode FRET analysis shows for the first time the direct in vivo 

interactionn of ATFCB with a tubulin in living cells. It even provides the approximate 

molecularr distance of 5.1 nm between AtTFCB and a tubulin in the complex assuming 

100%% complex formation. Hereby our results provide strong support for the 

sequestrationn model. 

Inn conclusion, our analysis of AtTFCB shows mat like other cofactors it also 

influencess tubulin levels and microtubule existence. Moreover, AtTFCB seems to have a 

duall  function as it acts 1) in a tubulin processing to transform it into an assembly 

competentt subunit and 2) as a reservoir of processed a tubulin, which in case of excess P 

tubulinn (which is toxic) can release the required a tubulin to maintain the critical balance 

off  a/p tubulin monomers. This may explain the reason for the failure to isolate the 

AtTFCBB mutant. As in its absence either the a tubulin cannot be processed properly or 

diee cell wil l have less availability of stored a tubulin when required that can cause the 

drasticc effects. 

METHOD S S 

ArabidopsisArabidopsis tubulin-folding cofactor B (AtTFCB) constructs 

AtTFCBB was isolated from Arabidopsis cDNA library (cloned in the pGADIO vector; 

Clontechh Laboratories, PA, California) with a forward primer containing Sail site 

(AtTFCBB forward; 5 ' -ACGCGTCGACATGGCAACTTCGCGTlTAC-3') and a reverse 

primerr containing BamH! site (AtTFCB reverse; 5'-CGCGGATCCTTATATTTCATCTT 

CCTCG-3')) and cloned into vector pEYFPCl (Clontech Laboratories) downstream of 

FYFPP using the same restriction enzymes resulting into AtTFCB (N' terminal fusion to 

EYFPP (EYFP-AtTFCB) that was cloned into plant transfection vector pMON resulting 

intoo vector pMON-double 35S-EYFP-AtTFCB-tNOS. AtTFCB 'C' terminal fusion to 

FYFPP was done by PCR based cloning. 
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RT-PCRRT-PCR analysis 

Thee cDNAs were prepared from RNA isolated from different tissue sources of 

ArabidopsisArabidopsis as described before (Albrecht et ai, 1998). The amounts of cDNA prepared 

fromm different tissue sources were determined by spectrophotometer and agarose gel 

electrophoresiss and equal amounts of synthesized cDNAs were used for PCR. The 

primerss used were AtTFCB forward; 5 ' -ACGCGTCGACATGGCAACTTCGCGTTT 

AC-3'' and AtTFCB reverse; 5 'CGCGGATCCTT ATATTTCATC1TCCTCG-3'. PCR 

amplifiedd products were analyzed by agarose gel electrophoresis. 

ProtoplastsProtoplasts preparation and transfection 

Thee lower epidermises of Cowpea (\'igna ungmadata L.) leaves were stripped and the 

strippedd leaves were incubated with their stripped sides down in a petridish containing 50 

mll  freshly prepared enzyme solution (1% cellulase, 0.05% pectinase, 0.6 M mannitol and 

100 mM CaCb) with slow shaking at 25° C for 3.5 hrs. The isolated protoplasts were 

filteredd with sieve and collected in 50 ml Greiner tube and were centrifuged for 5 min at 

6000 rpm. The supernatant was removed and the remaining protoplasts were washed three 

timess with 50 ml 0.6 M Ca-Mannitol (0.6 M mannitol, 10 mM CaCb; pH 5.6) by spinning 

themm at 600 rpm for 5 mm. After washing the protoplasts were re-suspended in 25 ml Ca-

Mannitol.. The protoplasts density was determined by counting the protoplasts in a Fuchs-

Rosenthall  chamber. 10r' protoplasts were transferred to 10 ml tubes and centrifuged for 5 

minn at 600 rpm. The supernatant was removed until 150 pi was left. The protoplasts were 

keptt on ice until further processing. 10 ug of pure DNA (diluted in 30 pi MQ) was added 

too 150 pi protoplasts, mixed together and this mixture was immediately treated with 

freshlyy prepared 500 ul of Polyethylene Glycol (PEG) solution (40% PEG-6000, 10 mM 

Ca(NCh)2,, and 0.5 M mannitol) by shaking for 15 s. 4.5 ml mannitol MES (0.6 M 

mannitol,, 15 mM MgCb, 0.1% MES; pH 5.6) was added to this solution and mixed using 

parafilmm to stop the PEG reaction. The mixture was incubated at RT for 15-20 min 

beforee washing 3 times with 5 ml 0.6 M Ca-manmtol for 5 mm at 600 rpm. Supernatant 

wass discarded and the protoplasts were re-suspended in 1 ml protoplast medium (0.6 M 

mannitol,, 10 mM CaCb, 1 mM KNO,, 1 mM MgS04,1 pM KI , 0.01 pM CuS04> 1 ug/ml 

2,44 D, 25 pg/ml gentamycin; pH 5.4). The protoplast suspension was incubated at 25° C 

inn continuous illumination. 

ConCon focal Laser Scanning Microscopy 

Sampless were prepared in NUNC chambers (Nunc Inc., Naperville, Illinois) especially 

availablee for microscopy. For acquiring images of transfected cowpea protoplasts and 
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transformedd tobacco BY-2 cells with different fluorescent constructs we used confocal 

laserr scanning microscopy (CLSM) based on Zeiss LSM 510 microscopy system (Zeiss 

Corp.,, Oberkochen, Germany) composed of axiovert inverted microscope equipped with 

ann argon ion laser as excitation source. Protoplasts expressing EYFP were excited with 

5144 laser line and EYFP emission was detected with 535-590 nm band-pass filter. 

Protoplastss expressing ECFP were excited with 458 nm laser line and ECFP emission was 

capturedd with 470-500 band-pass filter. In co-trans fection experiments both 

ECFP/EYFPP were scanned simultaneously using a 458/514 main dichroic splitter and a 

5155 secondary dichroic splitter by operating in the multi-channel imaging mode. This 

proceduree effectively eliminates bleed-through of CFP fluorescence into the YFP channel 

andd vice versa. A 40x oil immersion objective (numerical aperture 1.3) was used for 

scanningg samples. The images were captured using LSM510 image acquire software (Zeiss 

Corporation,, jena, Germany). For each sample at least 30-60 optical sections of 0.5 fim 

apartt were taken to cover the entire protoplast sphere. Acquired images were processed 

usingg LSM510 image browser version 3.2 (Zeiss Corp.). Maximum projections were 

obtainedd from serial optical sections spaced by 0.5 ixm along the optical axis and were 

exportedd as TIFF files. Al l the exported images were processed with Adobe Photoshop 

versionn 5.0 (Adobe Systems Inc., Mountain View, CA). 

FluorescenceFluorescence Spectral Imaging Microscopy (FSPIM) 

Forr FSPIM measurements the same FLIM/SPIM setup was used as described before 

(Vermeerr et ai, 2004). A 100W Mercury-Arc lamp and a D436/20 nm excitation filter 

providedd excitation. For spectral analysis a 20/80% re flection /trans mission dichroic 

mirrorr and an HQ460LP emission filter (both from Chroma, USA) were used. On the 

sidee port of the microscope an imaging spectrograph (Imspector V7, Specim, Finland) 

coupledd to a CCD camera (ORCA ER, Hamamatsu, Japan) was mounted for spectral 

detection.. For all experiments the Zeiss plan Neofluar 40x 1.3 N.A. oil objective was 

used.. For this objective, the slit dimensions corresponded to 201 urn x 2 urn in the object 

plane.. The wavelength axis of the image spectra was calibrated using the mercury lines of 

thee excitation source. The response function of the spectrograph and camera was 

calibratedd using a calibration source (QTH 20W, Oriel, U.S.A.). Software for control, 

acquisition,, processing and analysis of the data was written in C++, using Matlab 6.1 (The 

Mathworks,, USA) and the image-processing library DIPlib (Pattern Recognition Group, 

TUU Delft, The Netherlands, http://www.ph.m.tudelft.nl/DIPlib/). 
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fluorescencefluorescence Lifetime Imaging Microscopy (FLIM) 

Forr frequency-domain wide field FLIM measurements, the FLIM/SPIM setup 

implementedd on an inverted fluorescence microscope (Axiovert 200M, Zeiss Corp.) was 

usedd as described before (Van Munster and Gadella, 2004). For selective imaging of CFP, 

aa Helium-Cadmium laser (442 nm, 125 mW, Melles-Griot, USA) for excitation, a 

455DCLPP dichroic mirror and a D480/40 bandpass emission filter (Chroma, USA) were 

used.. The frequency of the modulation was 74.818 MHz. Reference phase and -

modulationn were obtained using a reference filter cube reflecting 0.1 % of the excitation 

laserr light direcdy onto the detector (Van Munster and Gadella, 2004). FLIM stacks of 8 

phasee images were acquired with 0.5-1 s exposure time each using a Zeiss plan Neofluar 

40xx 1.3 N.A. oil objective. Protoplasts were mounted in 8-chambered cover slides (Nunc 

Inc.). . 
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A B S T R A CT T 

AA phospholipase D (PLD) was shown recently to decorate microtubules in 

plantt cells. Therefore, we used tobacco BY-2 cells expressing the 

microtubulee reporter GFP-MAP4 to test whether PLD activation affects the 

organizationn of plant microtubules. Within 30 min of adding /?-butanol, a 

potentt activator of PLD, cortical microtubules were released from the 

plasmaa membrane and partially depolymerized, as visualized with four-

dimensionall  confocal imaging. The isomers sec- and ferr-butanol, which did 

nott activate PLD, did not affect microtubule organization. The effect of 

treatmentt on PLD activation was monitored by the in vivo formation of 

phosphatidylbutanol,, a specific reporter of PLD activity. Tobacco cells also 

weree treated with mastoparan, xylanase, NaCl, and hypoosmotic stress as 

reportedd activators of PLD. We confirmed the reports and found that all 

treatmentss induced microtubule reorganization and PLD activation within 

thee same time frame. PLD still was activated in microtubule-stabil ized 

(taxol)) and microtubule-depolymerized (oryzalin) situations, suggest ing that 

PLDD activation triggers microtubular reorganization and not vice versa. 

Exogenouslyy applied water-soluble synthetic phosphatidic acid did not 

affectt the microtubular cytoskeleton. Cell cycle studies revealed that n-

butanoll  influenced not just interphase cortical microtubules but also those in 

thee preprophase band and phragmoplast, but not those in the spindle 

structure.. Cell growth and division were inhibited in the presence of n-

butanol,, whereas sec- and rerr-butanol had no such effects. Using these 

novell  insights, we propose a model for the mechanism by which PLD 

activationn triggers microtubule reorganization in plant cells. 
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INTRODUCTIO N N 

Microtubuless are dynamic tubular structures formed by 13 protofilaments, each of which 

iss formed by a linear polymerization of a and P tubulin heterodimers (Nogales et al., 

1999).. They are 25 nm in diameter and range up to 20 urn in length (Nogales, 2000). The 

abilityy of microtubules to grow by polymerization and shrink by depofymerization, 

togetherr with a tendency to shift between these phases, make them highly dynamic cellular 

entitiess (Mitchison and Kirschner, 1984; Dhonukshe and Gadella, 2003). Cells use diem to 

producee different microtubular conformations that are tailored to fit growth, division, and 

stimulus-responsee requirements (Desai and Mitchison, 1997). Cell wall—confined and 

vacuolatedd plant cells have evolved specialized microtubular arrays that perform 

importantt tasks (Newcomb, 1969; Goddardet al., 1994; Kost and Chua, 2002; Wasteneys, 

2002).. For example, transversely arranged interphase microtubules assist cellulose 

depositionn in expanding cells (Green, 1962; Ledbctter and Porter, 1963; Cyr, 1994; Burk 

andd Ye, 2002). At the onset of mitosis, cortical microtubules form a compact preprophase 

bandd (PPB) encircling the nucleus that marks the plane of the future cell wall (Mineyuki, 

1999),, whereas the mitotic noncentrosomal spindle microtubules divide the duplicated 

chromosomess (Baskin and Cande, 1990). Finally, during cytokinesis, the phragmoplast 

microtubuless form tracks for vesicles that deposit material for the new cell wall that 

physicallyy separates the daughter cells (Samuels etal., 1995; Smith, 2001; Verma, 2001). 

Duringg interphase, microtubules can be seen as spirals that run the cell length (Lloyd 

andd Chan, 2002) and remain very close to the plasma membrane (Ledbetter and Porter, 

1963;; Newcomb, 1969; Seagull and Heath, 1980; McClinton and Sung, 1997). They are 

believedd to bind the membrane and assist cellulose microfibril deposition (Green, 1962; 

Ledbetterr and Porter, 1963; Mueller and Brown, 1982a, 1982b) by regulating the 

movementt of transmembrane cellulose synthase complexes (Heath, 1974; Baskin, 2001) 

diatt can be seen as rosettes in freeze-fracture preparations (Brown and Montezinos, 1976; 

Muellerr and Brown, 1982a, 1982b). When diese enzymes polymerize glucose and form 

cellulosee microfibrils, the rosette is continuously pushed away from the nascent polymer, 

drivingg it through the fluid lipid membrane (Heath, 1974; Giddings et al., 1980; Mueller 

andd Brown, 1982a). The rosette is free to move but is restricted between the 

microtubule/membranee corridors (Herth, 1985; Giddings and Staehelin, 1988; Hasezawa 

andd Nozaki, 1999). The resulting deposition of cellulose microfibrils determines cell shape 

byy favoring expansion along the long axis of the cell (Giddings and Staehelin, 1988; 

Williamson,, 1991). This cell shape can be influenced by many factors, from physical 

pressuree (Fisher and Cyr, 2000), gravity (Himmelspach et al., 1999), electric field (Hush 

andd Overall, 1991), and pathogen attack (Kobayashi et al., 1994) to treatment with 

hormoness (Shibaoka, 1994). Such treatments reorient the microtubules (Nick, 1998), and 
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inn many cases, this change is reflected in the orientation of cellulose microfibrils in the cell 

wall,, which in turn dictates cell expansion and shape (Pickett-Heaps, 1967; Robinson and 

Quader,, 1982; Quader, 1986; Baskin, 2001). 

Howw are microtubules linked to the membrane? In electron micrographs, direct 

cross-bridgess are visible (Hardham and Gunning, 1978; Giddings and Staehelin, 1988; 

Sonobee and Takahashi, 1994; Vesk et al., 1996; Sonobe et al., 2001). Transmembrane 

proteinss probably are involved, because some extracted tubulin behaves as if it is bound to 

hydrophobicc proteins (Sonesson et al., 1997). Also, the intracellular microtubules are 

affectedd by factors outside of the protoplast. For example, they detach from the plasma 

membranee when trypsin is added outside of the cell, and microtubules in protoplasts 

depolymerizee in the cold but become more stable when a wall is formed on the protoplast 

surfacee (Akashi and Shibaoka, 1991). External application of wall protein extensin, or 

chargedd polymers such as poly-i-Lys, to the outside of protoplasts results in the 

stabilizationn of cortical microtubules (Akashi et al., 1990). Additionally, membrane ghosts 

bindd microtubules polymerized from extracts of the same cells when the preexisting 

microtubuless are removed by treatment (Sonobe and Takahashi, 1994). These findings 

gavee rise to the concept of microtubule-plasma membrane attachments. 

Variouss plant micro tubule-associated proteins (MAPs) have been characterized 

(Lloydd and Hussey, 2001), including motor proteins (Reddy, 2001). None of them have 

provenn to be membrane linkers, except for a recendy isolated 90-kD polypeptide from 

tobaccoo membranes (Marc et al., 1996). Moreover, this p90 was identified recendy as a 

phospholipasee D (PLD) and was shown to associate strongly with microtubules and 

membraness in both immunofluorescence and cosedimentation assays (Gardiner et al., 

2001). . 

PLDss are enzymes that can hydrolyze structural phospholipids such as 

phosphatidylcholinee to produce phosphatidic acid (PA) and free choline. Some PLDs are 

involvedd in basic phospholipid metabolism, whereas others were discovered to play a role 

inn cell signaling by producing the second messenger PA (Munnik, 2001; Wang, 2001; 

Wangg et al., 2002). In the Arabidopsis genome, 12 PLD genes can be identified, of which 

66 have been cloned and characterized by Wang and colleagues (Elias et al., 2002; Qin and 

Wang,, 2002). The PLDs fall into two groups, referred to as PX/PH- and C2-PLDs, based 

onn the presence of lipid binding domains (PX and PH or C2) in their N-terminal 

sequencess (Elias et al., 2002). Ten of them are C2-PLDs that are interesting because they 

seemm to be plant specific. They have been divided further into PLD a, P, y, and 8 

subclassess based on sequence homology and their in vitro dependence on Ca2+ and 

phosphoinositidess (Qin et al., 2002; Qin and Wang, 2002). 
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Wee do not know which genes are involved in signaling as opposed to metabolism, 

butt we do know that several stress treatments rapidly stimulate PLD activity (reviewed by 

Wang,, 2001, 2002; Meijer and Munnik, 2003). They include wounding (Wang et al., 2000; 

Zienn et al., 2001), water stress (Frank et al., 2000; Munnik et al., 2000; Katagin et al., 2001; 

Sangg et al., 2001), cold stress (Ruelland et al., 2002; Welti et a l, 2002), treatment with the 

stresss hormone abscisic acid (Ritchie and Gilroy, 1998; Jacob et al., 1999; Hallouin et al., 

2002),, and pathogen/symbiont infection (Young et al., 1996; van der Luit et al., 2000; den 

Hartogg et al., 2001; Laxalt et al., 2001; Laxalt and Munnik, 2002). In some cases, evidence 

forr PA stimulating the downstream responses also was provided (Munnik, 2001). In 

general,, PA is thought to work by binding target proteins downstream in the signaling 

cascade.. Binding may activate these components directly or indirecdy by concentrating 

themm at membrane loci where they activate each other (Laxalt and Munnik, 2002). 

Apartt from the stimuli already mentioned, two groups of compounds are used as 

generall  PLD stimulators in plant cells. They are mastoparans, which are derivatives of 

tetradecapeptidess present in wasp venom, and alcohols such as butanol (Munnik et al., 

1995;; van Himbergen et al., 1999). The mechanism by which these compounds activate 

PLDD remains unknown, but they both have the practical advantage that active and 

inactivee analogs are known. For example, Mas7 and «-butanol are active, whereas Masl? 

andd /«f-butanol are inactive (Munnik et al., 1995; van Himbergen et al, 1999). 

Importantly,, PLD activity can be measured in vivo, because it can transfer the 

phosphatidyll  group of its substrate not just to water, forming PA, but also to a primary 

alcoholl  such as K-butanol, forming phosphatidylbutanol (PBut). Thus, after «-butanol is 

addedd to living cells, the amount of PBut formed provides a quantitative measure of PLD 

activityy (Munnik et al., 1995; Munnik, 2001). 

Immunofluorescencee labeling has shown that the p90 PLD decorates microtubules 

and,, in their absence, binds to the plasma membrane (Gardiner et al., 2001), Still, no 

associationn between the activation status of PLD and microtubule reorganization events 

hass been observed directiy in live plant cells. If PLD links microtubules to the plasma 

membrane,, what would be the response to stimulating PLD activity"? A hypothesis 

involvingg PLD holding microtubules to the membranes has been proposed (Munnik and 

Musgrave,, 2001). It is based on the fact that when PLD hydrolyzes a phospholipid, it 

formss a covalent link with the phosphatidyl group in the membrane before transferring it 

too water. Tf this intermediate is stable for some time in vivo, then PLD and the 

microtubuless wil l remain attached to the membrane. However, on activation, attachment 

wil ll  become ephemeral, because the phosphatidyl group is transferred immediately to 

water.. Using the green fluorescent protein (GFP)—MAP4 plant microtubule reporter 

(Marcc et al., 1998; Granger and Cyr, 2000; Dhonukshe and Gadella, 2003) in stably 
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transformedd tobacco Bright Yellow-2 (BY-2) cells, we demonstrate here that PLD 

activationn triggers the reorganization of plant microtubules. 

RESULTS S 

n-Butanoln-Butanol releases microtubules from the plasma membrane in a time-dependent 

manner manner 

Too test the effect of PLD activation on BY-2 cells expressing GFP-MAP4, we used 0.5% 

butanol,, because we have shown previously that «-butanol, but not sec- or /Wf-butanol, is 

activee at this concentration (Munnik et al., 1995). Although cortical microtubules in 

interphasee cells normally He in spirals very close to the plasma membrane (Figure 1A), 

0.5%% «-butanol dramatically induced their release into the cytosol (Figures IB to II) . 

Dissociationn started almost immediately and progressed throughout the entire cell, as 

visualizedd by four-dimensional confocal imaging (Figures 1C to I E and 1J to 1L). After 30 

min,, most microtubules were dissociated from the membrane. When equal concentrations 

off  sec- or /^-butanol were used, no such effects were observed (Figures IF, 1G, 1M, and 

IN) .. Light microscopy analysis of control and «-, sec-, or /WY-butanol—treated cells revealed 

noo obvious differences in terms of cell shape and cytoplasmic streaming (data not shown). 

Thee effect of n-butanol was not specific to cells expressing GFP-MAP4, because cell lines 

expressingg other microtubule reporters (i.e., GFP-TUA6 and YFP-CLIP170' 124") 

(Dhonukshee and Gadella, 2003) responded very similarly (data not shown). 

Too check the ability of PLD to use these butanol isomers as transphosphatidylation 

substrates,, in vivo PLD activity assays were performed in parallel. GFP-MAP4— 

transformedd BY-2 cells were prelabeled with ^2Pi and then treated with the different 

alcoholss for the times indicated in Figure 1. Lipids were extracted subsequently, separated 

byy thin layer chromatography (TLC), and visualized by autoradiography. As shown in 

Figuress l O and IP, cells readily produced 12P-PBut from «butanol but not from sec- or 

/^-butanol,, in correlation with each alcohol's ability to induce the microtubular 

detachmentss from the plasma membranes. No significant change in the overall lipid 

compositionn was observed. 

Too determine whether the microtubular dissociation was reversible, cells were 

washedd after 60 min of «-butanol treatment and reanalyzed. As shown in Figure 2, within 

155 min, microtubules started reappearing at the plasma membrane (Figures 2A and 2C), 

whereass after 30 mm, cells resembled controls that were washed but not treated with 

alcoholl  (Figures 2B and 2D), 'llii s finding indicates that the effect of w-butanol was 

dynamic,, reversible, and nontoxic. 
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n-butanol l 
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SPL L 

originn -

secsec tert butanol 

:: . 
00 14 

11 12 

0 ' ' 

: • • : ? ? 

7-butano o 
15'' 30' sec tert butanol 
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Figur ee 1. Hffcct of //-Butanol on plant microtubules and phosphol ip id metabolism 

(A)) to (E) Confoca] laser scanning micrographs of an interphase BY-2 cell, stably expressing (JFP-

\ L \ P 4,, after treatment with 0 .5% //-butanol 

(F)) and (G) Contocal laser scanning micrographs of GFP-MAP4—transformed BY-2 cells 30 min 

af terr the add i t i on o f 0 . 5 % jvc-butanol and 0 . 5 % /(• / / -butanol . 

( H )) to ( N ) Con focal laser scanning micrographs of single x™ cross-sections of the cells shown in 

(A)) to (G). 
(O)) TL C analysis of "P-labelcd lipids extracted from G F P -M \1'4 transformed BY-2 cells after 

t reatmentt with 0 .5% //-. sec-, or ft/7-butanol. l imes are shown in minutes. SPL, structural 

phosphol ip ids. . 

(P)) Quantif ication of the in vivo I'l.l ) activity obtained from the autoradiograph shown in (O). 

' -T- l 'Butt levels were calculated as a percentage of total radioactive structural phosphol ipids. The 

PButt level at rime 0 represents background radioactivity. 

(A )) to (G) show maximum projections of 40 contocal slices covering a depth of 15 um and 

denot ingg approximately a hemicvlinder of each cell. Bars = 5 um in the xy plane in (A) to ( N) 
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n-butanoll removal 

155 min 30 min 

Figur ee 2. Effect of n-Butanol on Microtubular Structures in BY-2 (."ells Is Reversible. 

(A)) and (B) Confocal laser scanning micrographs of a GFP-MAP4—transformed interphase cell 15 
andd 30 rnin after the removal ot n-butanol (bv washing four times with BY-2 medium). These 
imagess are maximum projections of 40 confocal slices covering a depth of 15 urn and denoting 
approximatelyy a hemicylinder of each cell. Bar = 5 jam. 
(C)) and (D) Confocal laser scanning micrographs of cross-sections (xz plane) of GFP-MAP4-
transformedd BY-2 cells after n-butanol removal. 

Mastoparan,Mastoparan, a PLD activator, triggers plant microtubule reorganization 

Mastoparann is a polypeptide ot 14 amino acids that can activate G-proteins (I .aw and 

Northrop,, 1994). It is one of the most potent//? vivo activators of plant PLD, as witnessed 

byy responses in the green alga Chlamydomonas moewusii (Munnik et al., 1995; van 1 Iimbergen 

ett al., 1999), in suspension-cultured tomato cells (van der Luit et al., 2000; Laxalt et al., 

2001),, in carnation flower petals (de Vrij e and Munnik, 1997), in Craterostigmaplantagimum 

leavess (Frank et al., 2000), and in roots of I Ida saliva seedlings (den Hartog et al., 2001). 

Treatmentt of our BY-2 cells with Mas7 (5 uM), an active synthetic analog of mastoparan, 

rapidlyy reorganized the corneal microtubules by changing their orientation from 

transversee to random (Figures 3 A and 3B). The Mas7 effect was even stronger when cells 

weree treated in the presence of 0.5% «-butanol (Figure 3D) and compared with cells 

treatedd with «-butanol alone (Figure 3C). This synergy between //-butanol and Mas7 was 

nott observed with sec- or le/'/-butanol (data not shown). Treatment of cells with the control 

peptidee Masl (5 u.M), an inactive mastoparan analog, had no effect on the microtubules 

(dataa not shown). 

Too confirm whether Mas7 activated PLD in transgenic BY-2 cells, 52Pi-labeling 

experimentss were performed to monitor its activitv /'// vivo. As shown in figure 3E, Mas-

88 8 



PLDD Mediates Mïcrotubula r  Reorganization 

n-butanoll Mas7+n-butanol Mas7 

Figur ee 3. The PLD activator mastoparan induces the reorganization of microtubules in BY-2 cells. 

(A)) to (D) Confocal laser scanning micrographs of (1FP-MAP4—transformed interphase BY-2 cells 
thatt were treated with or without the synthetic mastoparan analog Mas? (5 uM) in the presence or 
absencee of 0.5% ff-butanol. These images are maximum projections of 40 confocal slices covering a 
depthh of 15 urn and denoting approximately a hemicylinder of each cell. Bars = 5 urn. 

(A)) Control. 
(B)) Mas". 
(C)) «-Butanol. 
(D)) Mas" and //-butanol. 
(E)) 'll.C analvses of '-1'prelabclcd and mastoparan-trcatcd or untreated cells in the presence- or 
absencee of//-, sec-, or /W/-butanol. 1'But and 1' \ are indicated. 

stimulatedd the formation of PA, the natural product of PLD activity. However, PA is not 

aa specific reporter of PLD activity, because it also is produced by the activation of PLC in 

conjunctionn with diacvlglvcerol kinase (Munnik et al., 1998b; Munnik, 2001). That PLD 

nonethelesss was activated was found when «-butanol was included as a PLD reporter. As 

shownn in Figure 3K, Mas" strongly stimulated the production of PBut, which did not 

occurr in the presence of sec- or /iW-butanol, because these alcohols cannot be 

transphosphatidylated. . 
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EffectsEffects of other reported PLD activators on the microtubular cytoskeleton 

Previously,, we found for suspension-cultured tomato cells that PLD activity is stimulated 

rapidlyy by hyperosmotic stress (Munnik et al., 2000), the fungal elicitor xylanase (van der 

Luitt et al., 2000; Laxalt et al., 2001), and hypoosmotic stress (T. Munnik, unpublished 

results).. To investigate what effects they have on the microtubular cytoskeleton, GFP-

MAP4-transformedd BY-2 cells were treated for 15 min with NaCl (150 mM) or xylanase 

(2000 ug/mL) or diluted 1:1 with distilled water (hypoosmotic stress). As shown in Figures 

4AA to 4D, all three treatments induced rearrangements in microtubule organization. 

Hypoosmoticc stress had the least effect but resulted in the formation of peculiar ring-like 

structuress (Figure 4D). To correlate these results with the activity of PLD in vivo, lipid 

analysess oP2P-labeled cells were performed in parallel, using PBut as readout. As shown 

inn Figure 4E, all three treatments increased the formation of PBut, although with varying 

intensities.. These findings again show that there is a correlation between PLD activation 

andd microtubular rearrangements, irrespective of the nature of the activator. 

EffectsEffects of microtubule drugs and PLC inhibitors 

Too determine whether PLD activation is the cause or a consequence of plant microtubular 

reorganization,, we pretreated BY-2 cells with the microtubule-stabilizing drug taxol 

(inhibitss depolymerization) and with the microtubule-depolymerizing herbicide orvzalin 

forr 1 h before «butanol treatment. As shown in Figure 5A, taxol (10 uM) stabilized the 

plantt microtubules by arranging them into transverse cables. The effect of «butanol on 

taxol-pretreatedd cells (Figure 5B) was not as dramatic as when taxol was absent (Figure 

ID) ,, but still the microtubules detached from the plasma membrane (Figures 5C and 5D). 

Thiss finding suggests that the more severe microtubular rearrangements normally seen 

withh ^butanol probably are attributable to depolymerization after their release from the 

membrane.. In oryzalin-pretreated cells, the microtubular structures had disappeared 

almostt completely, reflecting their depolymerization (Figures 5E and 5F). Consequendy, 

thee subsequent K-butanol treatment had no significant effect (Figures 5E to 5H). 

Ass is evident from the TLC analysis shown in Figure 51, no changes in PBut 

productionn were observed in either taxol- or oryzalin-pretreated cells. Together, these 

resultss suggest that PLD activity does not require dynamic microtubules but that 

microtubulee detachment does require PLD activity. 

Too determine if the PLC pathway had any influence on the observed microtubular 

effects,, GFP-MAP4-transformed BY-2 cells were treated with the PLC antagonists 

neomycinn (200 uM) and U73122 (10 uM). However, no microtubular effects were found, 
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Figur ee 4. I-.freer of some other 1'I.D activators on microtubules in BY-2 cells. 

(A)) r<> (D) Confocal laser scanning micrographs of GFP-MAP4—transformed interphase cells after 
treatmentt with some known PLD activators. These images are maximum projections of 40 
confocall  slices covering a depth of 15 um and denoting approximately a hemicylinder of each cell 
Barss = 5 um. 
(A)) (Control. 
(B)) ( )smotic stress (150 m.M NaCl). 
(C)) Fungal elicitor xylanase '100 ug/mL). 
(D)) I [ypoosmotic stress (1:1 dilution with distilled water), 
(E)) TLC analyses of lipid extracts from i2P-prelabeled ceils treated with or without the agonists 
notedd above in the presence ot 0.5% //butanol. 

norr could the effect of «-butanol on microtubules be inhibited (sec supplemental data 

online;.. In addition, pertussis toxin (10 ug/mL), an inhibitor of certain G-proteins, 

affectedd neither the microtubular organization nor the //-butanol effect (see supplemental 

dataa online). 
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taxo l l 
contro ll  n-butano l 

oryzali n n 
controll n-butano l 

PButt - # 

t t 

Jil l l 
n-butanoll 0' 15' 0' 15' 0' 15' 

controll taxol oryzalin 

Figuree 5. Effects of microtubule-stabilizing and -depolymerizing drugs on w-Butanol-triggered 

microtubulee release and 1'Bur formation in GFP-M \P4-trans formed BY-2 cells. 
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(A)) ro (D) Confocal laser scanning micrographs of interphase cells preincubated with 10 uM taxol 
([A ]]  and [C]) and subsequent treatment with 0.5% //-butanol for 15 min ([B] and [D]) . 
(E)) to (H) Confocal laser scanning micrographs of interphase cells preincubated with 10 uM 
oryzalinn to depolvmcrize the microtubules ([E] and [G]) and subsequent treatment with Ü.5°'o n-
butanoll  for 15 min ([F] and [H]) . 
(A),, (B), (E), and (F) show maximum projections of 40 confocal slices covering a depth of 15 \xm 
andd denoting approximately a hemicvlinder ot each cell. (C), (D), (G), and (H) show _v~ cross-
sectionss of the cells shown in (A), (B), (E), and (F), respectively. Bars = 5 u.m. 
(I)) TLC analyses of lipid extracts from '-P-prelabclcd and taxol- or oryzahn-p retreated or untreated 
RY-22 cells with 15 min of incubation in 0.5° o «-butanol. 

Water-solubleWater-soluble synthetic PA does not influence microtubule reorganization 

Becausee PLD generates PBut at the cost of its natural product, PA, «-butanol also could 

bee considered an inhibitor of PA formed via the PLD pathway. To determine if a change 

inn PA had any influence on the reorganization of microtubules, GFP-MAP4—transformed 

BY-22 cells were treated with a mixture (20 uAf) of dioctanoyl-PA and BODIPY 558/568-

Ci2-labcledd PA (BODIPY-PA), which allowed us to simultaneously monitor the 

microtubuless (in green) and PA (in red) in the same cell. As shown in Figures 6A to 6C, 

thee cells and their microtubules remained unaffected in the presence of increased PA 

levels,, even 30 min after BODIPY-PA application. Nonetheless, 0.5% «-butanol was able 

too trigger the reorganization of microtubules. To determine whether the BODIPY-PA was 

metabolizedd during the experiment, cells were extracted and their lipids analyzed by TLC. 

Ass shown in Figure 6G,the intact fluorescent PA still was present and was not affected by 

treatmentt with «-butanol. Because the PLC pathway can contribute to the production of 

PA,, these BODIPY-PA experiments also were performed in the presence of the PLC 

inhibitorss neomycin (200 uM) and U73122 (10 u.M). However, again, no effects were 

foundd (data not shown). These results suggest that PA (a natural product of PLD 

activation)) does not influence microtubule reorganization, although it has to be 

consideredd that these synthetic PAs have a different acyl chain composition compared 

withh the naturally occurring species. 

PLDPLD affects interphase, preprophase, and phragmoplast microtubules but not 

spindlespindle microtubules 

Immunofluorescencee colocalization studies with antibodies against tubulin and p90 have 

shownn that PLD binds microtubules in all four major arrays (Gardiner et al., 2001). To 

investigatee the effect of «-butanol on microtubular arrays formed at successive mitotic 

stages,, GFP-MAP4 distribution was monitored in synchronized BY-2 cells immediately 

afterr the addition of 0.5% «-butanol. As shown in Figures 7 A to ^ 1 ^ «-butanol induced 
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GFP-MAP44 BODIPY-PA Merge 

PCC PA PA PA -
+ + 

n-butanol l 

Celll Extracts 

Figuree 6. PA docs not induce microtubular rearrangements. 

(A)) to (F) Confocal laser scanning micrographs of GFP-MAlM-transformed interphase BY-2 cells 
pretreatcdd with 20 uM BODIPY-labeled PA (red) in the presence ([D] to [F] ) or absence ([A] to 
[C] )) of 0.5% w-butanol. These images are maximum projections of 40 confocal slices covering a 
depthh of 20 urn and denoting approximately a hemicylinder of each cell. Bars = 5 urn. 
(G)) TLC analyses of lipid extracts from BODIPY-labeled, lW-treated BY-2 cells in the presence or 
absencee of 0.5% //-butanol with controls. PC, phosphatidylcholine. 

microtubulee rearrangements at all stages except the spindle phase. To confirm the latter 

finding,, spindle microtubules were followed in time in the presence of «-butanol. As 

shownn in Figures 71 to 7M, their ability to separate chromosomes and advance to the 

telophasee was not affected by «-butanol. This result suggests that only the microtubules in 

closee proximity to membranes are affected, consistent with PLD's role as a membrane 

anchorr for microtubules. 

Analysiss of in vivo PLD activity in synchronized ~,:Pi-labcled BY-2 cells revealed no 

significantt differences in PBut formation during the spindle and other stages of the cell 
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interphasee preprophase spindle phragmoplast 

n-bulanoll control n-butanol control n-butanol control n-butanol 

Figuree 7. Rffect of/7-Butanol on different microtubular arrays in dividing BY-2 cells 

(A)) to (H) Confocal laser scanning micrographs of ( i l l ' -MAI' 4 transformed BY 2 cells at various 
stagess of the cell cycle recorded after 15 min of treatment with or without 0.5% //-butanol. The 
effectss on interphase cortical microtubules ([A] and [B]) . microtubules in the preprophase band 
[C]]  and [D]) , spindle microtubules ([E] and [F]) , and phragmoplast microtubules ([G] and [H ] 

aree shown. 'I hese images are maximum projections of 40 confocal slices covering a depth of almost 
200 urn and denoting approximately a hemicvlinder of each cell. Bars = 5 inn. 

(I )) to (M) Confocal laser scanning micrographs of a time-lapse srudv of spindle microtubules after 
treatmentt with 0.5% //-butanol. (I) corresponds to prophase, and (M) corresponds to telophase. 
Thee images are single median confocal sections of the cell. Bar = 5 um. 

cyclee (data not shown). Tins finding might be attributable to incomplete synchronization, 

becausee the percentage of cells simultaneously displaying a spindle structure was < 40%, 

whereass the percentage undergoing division was much higher, and although mitosis took 

2000 min, spindle formation was completed in 30 min. This failed to provide a sufficient 

timee span to effectively separate the spindle stage from the overlapping influence of the 

PPBB and phragmoplast stages in the celJ populauon, which would be rcuuired for proper 

lipidd analysis. 
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CellCell growth and division ofBY-2 cells are impaired by n-butanol 

Iff  //-butanol dissociates membrane-microtubule links during mitosis, treated cultures 

shouldd grow more slowly. To investigate the effects of different butanol isomers, BY-2 

cellss subcultured even- week were inoculated into medium containing 0.1, 0.25, or 0.5° o //-

butanoll  or 0.5° o sec- or te/Y-butanol. Relative cell density profiles were generated trom daily 

celll  counts with a hemocytometcr (see Methods), and fresh weights were measured after 1 

week.. As shown in I'igure 8, //-butanol severely inhibited cell growth, even at the low7er 

concentrations.. By contrast, nontransphosphatidylating sec- and /ert-alcohols had no eftcct, 

andd the cultures exhibited sigmoidal growth curves similar to those of the control cells. 

Thesee results show that prolonged exposure to «-butanol has a concentration-dependent 

inhibitor} '' effect on cell growth and division, although the cells remain viable. 

-•-control l 

** sec-butanol 0.5% 

- * -- terf-butanol 0.5% 

•••-- n-butanol 0.1% 

-•-n-butanoll 0.25% 

-- n-butanol 0.5% 

Figuree 8. Kffect of Butanol isomers on cell growth. 

GFP-MAP4—— transformed BY-2 cells were subcultured in the presence or absence of //-, sec-, or terl-
butanoll  at the concentrations indicated. Relative cell numbers (A) and fresh weights (B) are shown. 
Meanss and standard deviations are indicated (n — 3). 
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DISCUSSION N 

PLDPLD activation triggers plant microtubule reorganization 

Howw microtubules are bound to membranes was a long-standing mystery until Marc and 

colleaguess recendy identified a potential linker. It is a 90-kD protein isolated originally 

fromm the membrane fraction of BY-2 cells (Marc et al., 1996) that was shown 

subsequentlyy to decorate the microtubules from all cell cycle stages but that in their 

absencee binds to the plasma membrane (Gardiner et al., 2001). It does not seem to be a 

hydrophobic,, transmembrane protein, because it also decorates the spindle microtubules 

thatt have no obvious connection with the membrane. Using a monoclonal antibody and 

ann Arabidopsis cDNA expression library, p90 was identified as a PLD (Gardiner et al., 

2001).. This finding was confirmed by peptide micro sequencing of immunoprecipitated 

tobaccoo protein and by showing that it had in vitro PLD activity. Considering PLD's role 

inn signal mechanisms, the authors suggested that this candidate microtubule PLD could 

respondd to membrane receptors and transmit information to the microtubular 

cytoskeleton.. We have now shown that PLD-activating pharmaceuticals and biotic factors 

dramaticallyy reorganize the microtubule cytoskeleton in tobacco BY-2 cells. These results 

nott only support the proposal by Gardiner et al. (2001) that this 90-kD PLD is the 

microtubule'ss link to the membrane but also provide evidence that activation of this PLD 

triggerss microtubule reorganization. 

Althoughh we concentrated on microtubules in interphase cells, those in the PPB and 

thosee in the phragmoplast also were affected. Significandy, those in the spindle were not. 

Thiss finding implies that only the microtubules associated with membranes (plasma or 

Golgi)) are susceptible to PJ>D-activating treatments. The effects were twofold: 

microtubulee release from the membrane and their subsequent disruption, with the extent 

beingg dependent on treatment. A combination of the two PLD activators Mas7 and n-

butanoll  was particularly dramatic. As a result, the microtubules appeared to be highly 

fragmented,, although the GFP signal was not dispersed throughout the cytosol, as after 

oryzalinn treatment. By contrast, when the microtubules were stabilized with taxol, after 

beingg detached from the membrane they remained intact. These results suggest that 

microtubuless attached to a membrane via their linker proteins remain more stable. On 

release,, they fragment and perhaps even cycle dirough depolymerization/repolymerization 

statess at different locations in the cytoplasm, but they do not depolymerize completely. 
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MolecularMolecular nature of the PUD link between microtubule and membrane 

Wee emphasize that the treatments used to activate PLD wil l activate other signaling 

pathwayss as well. For example, most of them have been shown to activate Ca2+ signaling 

(Munnikk et al., 1998a; Knight, 2000). Although they could play a role in die effects 

illustrated,, the evidence for PLD being the pertinent factor is the strongest. First, 

Gardinerr et al. (2001) identified the 90-kD linker as a PLD. Second, all treatments that 

reorganizedd the microtubules in BY-2 cells were shown to activate PLD, whereas 

compoundss such as Masl7 and sec- and /^-butanol that do not activate PLD left the 

microtubularr cytoskeleton unaffected. Third, the release of microtubules from membranes 

wass hypothesized based on PLD's unique ability to covalently bind membrane lipids 

(Munnikk and Musgrave, 2001). 

Too emphasize the importance of the latter, consider a sensible alternative, namelv 

thatt PLD binds microtubules to membranes via its lipid binding domains. Gardiner et al. 

(2001)) proposed that the C2 domain, which is present in most plant PLDs, binds 

microtubuless to membranes. The C2 domain is activated by binding Ca2~ (Zheng et al., 

2000),, such as when the Ca2~ concentration increases during treatment with pathogen 

elicitors,, osmotic shock, Mas?, and K-butanol (Munnik et al., 1998a). Under these 

conditions,, the PLD-microtubule complex should bind to the membranes, but in practice, 

itt was released from them, making this option unlikely. There are two plant PLDs (PLD1 

andd PLD2) that do not have a C2 domain but instead have a P H / PX lipid binding 

domainn (Qin and Wang, 2002). Although not yet shown for these PLDs, such domains are 

knownn to bind polyphosphoinositides (Meijer and Munnik, 2003). As such, 

polyphosphoinositidess could mediate microtubule anchorage to the membrane via PLD, 

However,, this also is unlikely for three reasons: (1) plant cells have extremely low 

polyphosphoinositidee levels (Meijer and Munnik, 2003); (2) of the drugs that increase their 

levelss (neomycin and U73122), neither induced microtubular reorganization or inhibited 

diee «-butanol effect (see supplemental data online); and (3) recent expression data on 

Arabidopsiss PLD1 are not in agreement with a microtubule membrane localization 

(Ohashii  et al., 2003). 

PLDD has been implicated in membrane biogenesis and trafficking (reviewed by 

Wang,, 2001; Meijer and Munnik, 2003). Hence, butanol could inhibit these processes and 

somehoww induce microtubule rearrangements. However, Dixi t and Cyr (2002) showed 

thatt the disruption of membrane trafficking and the inhibition of secretion by brefeldin A 

inn BY-2 cells had no effect on PPB formation, PPB disappearance, and phragmoplast 

morphology7,, whereas cell plate formation was retarded threefold. By contrast, our 

experimentss showed that butanol markedly changed PPB and phragmoplast morphology 
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(Figuree 7). Therefore, we believe that disruption of membrane trafficking and secreuon 

cannott account for the microtubule rearrangements, necessitating another model. 

Inn Figure 9, we propose a new model by which PLD regulates microtubule 

reorganizationn that is consistent with our results. The model is based on die two-step 

transphosphatidylationn reaction catalyzed by PLD (Yang et al, 1967) and its ability to 

formm a covalent intermediate with the phosphatidyl moiety connected to a I lis residue in 

thee catalytic site of the enzyme (Iwasaki et al., 1999; Munnik and Musgrave, 2001). In the 

firstt step, the choline group is removed, leaving PLD and its associated microtubule 

covalcndyy attached to the phosphatidyl moiety. They remain anchored to die membrane 

untill  transphosphatidylation occurs in the second step. At that moment, the PLD-

microtubulee complex releases from die membrane, but the neighboring PLDs still could 

bee attached, maintaining the membrane link. The whole complex is released only when 

mostt of the associated PLDs are no longer in step 1 (Figure 9) but are activated to 

transferr the phosphatidyl group to water (step 2). Therefore, die direct consequences of 

PLDD activation are twofold: (1) microtubules are released to be reorganized; and (2) PA is 

formedd that can trigger downstream targets (Munnik, 2001; Meijer and Munnik, 2003). 

Notee that both effects are simultaneous products of PLD's second activity step. This 

meanss that microtubule release from the membrane does not occur downstream from PA 

formation,, unlike most PLD-depcndcnt effects. This finding is in agreement with the 

observationn that PA treatment had no effect on the microtubule organization in 

interphasee cells, although we must remember that the short-chain PA species we used 

mayy behave differently in membranes than naturally occurring PAs. 

Figur ee 9. Model tor PLD-activated plant microtubule reorganization. 

Forr details, see Discussion. Cho, choline. 

Additionall  results obtained from PLC and G-protein inhibitor studies also suggest 

thatt the event is related mainly to the activation of PLD. Our "transphosphatidvlauon" 

modell  is further supported by the fact that sec- and tetf-butanol, two 
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nontransphosphatidylatingg alcohols, were unable to induce a microtubular reorganization. 

Importandy,, experimental support for a long-lived PLD-PA intermediate has been 

providedd in an elegant study by Iwasaki et al. (1999) using Streptomyces PLD. 

Thee first crystal structure of that PLD was resolved recendy (Leiros et al., 2000). It 

wass seen to contain two flexible loops, both positioned close to the active site, which the 

authorss think function as flexible lids diat shield the hydrophobic active site from the 

aqueouss environment. This may prevent water entry and thus maintain PLD covalendy 

boundd to the phosphatidyl group. Presumably, more apolar molecules such as w-butanol 

cann penetrate more readily, providing an acceptor for the phosphatidyl group. This could 

explainn why PLD prefers a primary alcohol to water as a nucleophilic acceptor (Munnik et 

al.,, 1995). m'-and /^-butanol also wil l enter the active site, but they are structurally unable 

too accept the phosphatidyl moiety. This could be the basis for the significant correlation 

betweenn the ability- of each butanol isomer to activate PLD and the ability to release 

microtubuless from membranes. In support of this notion, competition studies using plant 

PLDD have indicated that secondary alcohols cannot access the binding pocket (Ella ct al., 

1997). . 

BiologicalBiological significance of PLD-induced microtubule rearrangements 

PLDD was first recognized as a catabolic enzyme mat degrades lipids for mobilization. 

Thenn it became a signaling enzyme, translating stress into the second messenger PA that 

furtherr activates downstream responses. We have now presented it in a new role, as a 

dynamicc membrane linker for microtubules. 

Nonmotilee plants cannot escape stress; therefore, they must mobilize their cell 

machineryy for adaptation. This often involves remodeling cell structure, in which 

microtubule-membrancc associations play a role. For example, cellulose microfibrils 

aroundd the protoplast must take on a new7 orientation to compensate for a change in 

physicall  stress, and Golgi vesicles must be directed to a cell wall site to repel a pathogen 

orr envelop a symbiont there. The first step in rapid microtubular reorganization is to 

dismantlee the present structure (e.g., break the microtubule-membranc bond), l i t i s could 

explainn why stress treatments such as osmotic shock and pathogen elicitors both stimulate 

PLDD and reorganize microtubules, as we have shown for BY-2 cells. However, manv 

otherr examples have been reported. For example, wounding affects PLD activity (Ryu and 

Wang,, 1998; Zien et al., 2001) and reorganizes cortical microtubules (Hush et al., 1990). 

Similarly,, bacterial infection increases PLD levels (Young et al., 1996; de Torres Zabela et 

al.,, 2002) and induces the reorganization of microtubules (Kobayashi et al., 1994). Also, 

hormoness display simultaneous effects on PLD and microtubules. For example, abscisic 
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acidd facilitates stomatal closure through PLD activation (Jacob et al., 1999; Sang et a l, 

2001)) and causes microtubule depolymerization (Jiang et al., 1996), We do not claim that 

alll  of these dual effects are functionally coupled, but they should be considered in the light 

off  our hypothesis that PLD activation can uncouple microtubules from membranes. 

Thee disruption of PPB from the cellular cortex wil l seriously interfere with cell 

division,, which also is indicated from our data, because the cells incubated with «-butanol 

didd not progress or progressed ver)- slowly to prophase. We think tiiat this response is 

biologicallyy significant, because it may enable cells to shift their efforts from cell division 

too defense. Vesicle transport provides the best example of transient membrane -

microtubulee associations in the cell (Verma, 2001). One of the most dramatic examples in 

biologyy is the coordinated mass transport of Golgi vesicles to form the new cell wall and 

plasmaa membranes between dividing plant cells (Samuels et al, 1995; Smith, 1999, 2002). 

PLDD also could be involved here, because the phragmoplast structure was disrupted in 

BY-22 cells after activating PLD, affecting the formation of a new cell wall, presumably by 

disruptingg the interaction between the vesicles and microtubules. In support of this idea, 

cellss cultivated in low concentrations of w-butanol grew slowly, whereas those cultivated in 

thee same concentrations of sec- or &/f-butanol were unaffected. Interestingly, the yeast 

PLDD called Spol4p colocalizes with Golgi vesicles and associates with microtubules at the 

startt of meiosis. Significandy, mutants lacking Spol4 activity fail to complete the second 

meioticc division, which results in the failure of wall formation between the daughter 

sporess (Rudge et al., 1998). The first meiotic division of the chromosomes, which does 

nott involve wall formation, is completed normally, just as the spindle progression in BY-2 

cellss seemed unaffected by PLD activation. We do not know whether the PLD along the 

spindlee is just silent, waiting to be transported to the sites in the phragmoplast that might 

bee active upon mitosis, or whedier it functions at targets other than microtubules. 

Underr normal circumstances, vesicles have to be coupled to microtubules for 

transportt and uncoupled at their sites of use. If PLD is the linker, then uncoupling must 

bee regulated as a normal aspect of cell metabolism. Significandy, two small G-proteins, 

Rhoo and Arf, that are associated with the cytoskeleton and vesicles in mammalian cells, are 

ablee to activate PLD (Powner and Wakelam, 2002). Equivalent plant proteins could be the 

factorss that regulate uncoupling in unstressed cells. 

WWWW the Real Microtubule-Membrane Linker PLD Stand Up? 

Althoughh Gardiner et al. (2001) identified the 90-kD tobacco protein as a PLD, it is not 

clearr which one it is, and it is even possible that more than one is activated. Plants have 

manyy PLDs; for example, the Arabidopsis genome is predicted to contain 12 isoforms 
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(Eliass ct al., 2002; Qin and Wang, 2002). The problem appeared to be solved, because 

Gardinerr et al. (2001) sequenced part of their tobacco protein and suggested that it was a 

PLDD isoform. However, PLD-silenced Arabidopsis plants did not display a clear 

phenotypee (Katagiri et al., 2001). This is unusual, because defects in MAPs usually exhibit 

aa dramatic phenotype. Therefore, the lack of an identifiable phenotype in PLD-silenced 

plantss indicates that either the microtubule PLD is a different isoform or that other PLDs 

cann assume the silenced gene's function. 

Wee have tested whether iV-acylethanolamine, a compound that inhibits the PLD 

subclasss (Austin-Brown and Chapman, 2002), affected microtubular arrays. No effect was 

found,, nor did we detect an effect on w-butanol-induced microtubule rearrangements (sec 

supplementall  data online). Although this finding suggests that PLD isoforms are not 

involved,, it leaves the true identity a fairly open and pressing question. It is hoped that 

furtherr analysis of the 90-kD tobacco protein, Arabidopsis T-DNA inserts in PLD genes, 

andd PLD overexpression lines wil l reveal the real hero. 

M E T H O D S S 

BY-2BY-2 Cells Expressing Fluorescent Protein-Based Microtubule Reporters 

Thee tobacco (Nicotiana tabacum) plant microtubule-reporter fusions GFP-MAP4 and YFP-

CLIP17011 '-40 in vector pBINPLUS, and GFP-TUA6 in vector pB121, were transformed 

intoo tobacco BY-2 cells using Agrobacterium tumejaciens as described (Dhonukshe and 

Gadella,, 2003). Stable transformants were maintained as weekly subcultured cell 

suspensionss grown in the dark at 25°C on a rotary shaker at 125 rpm in 250-mL 

Erlenmeyerr flasks containing 50 mL of BY-2 medium (Dhonukshe and Gadella, 2003). 

FluorescenceFluorescence Microscopy 

Sampless were prepared in NUNC chambers (Nunc, Inc., Napervillc, IL) containing eight 

wellss designed especially for microscopy. For all treatments (except cell cycle studies), 5-

day-oldd weekly subcultured BY-2 cells were used. Cells (200 uL) were treated by adding an 

equall  volume of agonist-dissolved BY-2 medium for the times and concentrations 

indicatedd in the figure legends and observed immediately using fluorescence microscopy. 

Imagess were acquired using confocal laser scanning microscopy based on the Zeiss LSM 

5100 system Qena, Germany) composed of an Axiovert inverted microscope equipped with 

argonn ion and HeNe lasers as excitation sources. BY-2 cells expressing GFP were excited 

withh the 488-nm laser line, and GFP emission wyas detected using a 505- to 530-nm band-
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passs filter. Additional filtering was obtained using die 488-nm primary dichroic mirror, 

reflectingg die laser light and transmitting fluorescence. 

Inn the case of dual-color GFP and BODIPY imaging, GFP was excited with the 

488-nmm argon line and BODIPY was excited with the 543-nm HeNe line. GFP was 

detectedd with the 505- to 530-nm band-pass filter, and BODIPY was detected with a 560-

nmm long-pass filter in another detection channel. Excitation was separated from emission 

usingg a 488/543-nm primary dichroic mirror, and BODIPY fluorescence was separated 

fromm GFP fluorescence using a 545-nm secondary dichroic mirror. Cros stalk-free 

fluorescencee images were acquired by operating in the multiple-track mode. A Zeiss X40 

water-immersionn objective (numerical aperture 1.3) with correction for the NUNC 

chamberr bottom thickness was used to scan samples. Images were captured, and 

maximumm projections and cross-sections were obtained using LSM 510 image-acquisition 

softwaree version 3.03 (Zeiss). For each sample, 40 optical sections spaced 0.4 urn apart 

weree taken to cover at least a hemisphere of a cell. Text was added, and images were sized 

usingg Adobe Photoshop 5.0 (Mountain View, CA). No filtering or pixel manipulations 

weree performed, so images correspond to the raw image data. 

CellCell Synchronization 

BY-22 cells were synchronized with a two-step procedure performed by applying 5 ug/mL 

aphidicolinn (Sigma-Aldrich) followed by 3 uM propyzamide (Sigma-Aldrich) as described 

previouslyy (Nagata and Kumagai, 1999). 

PharmacologicalPharmacological Microtubule Treatments 

Forr microtubule stabilization, 10 uM taxol from Nigrospora sphaercia (Sigma-Aldrich) was 

used,, and for microtubule depolymenzation, 10 uM oryzalin (Greyhound 

Chromatographyy and Allied Chemicals, Merseyside, UK) wTas used. For inhibition of the 

PLCC pathway, either 200 uM neomycin (Sigma-Aldrich) or 10 uJvl U73122 (Sigma-

Aldrich)) was used, and for G-protein inhibition, 10 ug/mL pertussis toxin (Sigma-

Aldrich)) was used. Al l pharmacological agents were applied to BY-2 cells at least 1 h 

beforee their microscopic analysis. 

MeasurementMeasurement of Cell Density and Fresh Weight 

Relativee cell density measurements were performed as described previously (Dhonukshe 

andd Gadella, 2003). Fresh weights were obtained 7 days after treatment by centrifuging 15 
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mLL of cell suspension at 796̂  for 5 nun. Mean values, standard deviations, and graphs 

weree obtained using Microsoft Excel (Redmond, WA). 

InIn Vivo Phospholipase D Measurements 

Too assay phospholipase D (PLD) activity in living cells, the production of 

phosphatidylbutanoll  was measured (Munnik et al., 1995). In brief, cells were metabolically 

labeledd by incubating them for 3 h with 100 u,Ci of carrier-free PO43 (3:Pi) (Amersham 

International)) per millilite r of cells. They were then divided into aüquots of 85 uL, treated 

byy adding an equal volume of agonist, and dissolved in cell-free medium containing 0.5% 

(v/v,, final concentration) //-butanol for the omes indicated in the figure legends. 

Incubaüonss were stopped by adding 20 uL of 50% (v/v) perchloric acid and snap-

freezingg them in liquid nitrogen. After 5 to 30 min, samples were centnfuged and the 

lipidss were extracted by adding 750 uL of CHCU:methanol:HCl (50:100:1, v/v) while 

vortexingg for 15 s. A two-phase system was induced by adding 200 uL of 0.9% (w/v) 

NaCll  and 750 uL of CHCI3. Lipids were extracted further as described previously (van der 

Luitt et al., 2000) and chromatographed on heat-activated silica 60 thin layer 

chromatographyy (TLC) plates (20 x 20 cm; Merck, Darmstadt, Germany) using the 

organicc phase of a mixture of ethyl acetate:/>o-octane:formic acid:water (13:2:3:10, v/v). 

Radiolabeledd phospholipids were visualized by autoradiography and quantified by 

phosphorimagingg (Storm; Molecular Dynamics, Sunnyvale, CA). 

SynthesisSynthesis ofBODIPY-PA and BY-2 CellLabeling 

Acylationn of 5 uM lysophosphatidylcholine (Sigma-Aldrich) was performed according to 

Guptaa et al. (1977) by reacting it with the anhydride of 10 uM BODIPY 558/568-0? 

(Molecularr Probes, Leiden, The Netherlands) prepared in dry CHCh (Selinger and 

Lapidot,, 1966). Purification of the fluorescent phosphatidylcholine was performed on 

CM-cellulosee (Comfurius and Zwaal, 1977), from which the product was eluted with 4% 

methanoll  in CHCh, as verified by TLC. To synthesize BODIPY 558/568-Ci:-PA, 

BODIPYY 558/568-Ci:-phosphatidylcholine was suspended in 50 mM Tns, pH 8.0, and 

100 mM CaCl: incubated with 1000 units of PLD from Streptomyces chromofmcus (Sigma-

AJdrich)) at 37°C for 60 min. 'Hie resulting fluorescent BODIPY 558/568-G-PA was 

purifiedd on silica gel with chloroform and increasing amounts of methanol. Aqueous PA 

suspensionss were made by evaporating chloroform stocks of dioctanovl-PA and 

BODIPY-PAA and dispersing them into calcium-free medium bv sonication with a 

Bransonn B-12 tip sonicator (Danbury, CT) at 40 \X' for 10 s three times while cooling on 

icee water. To load BY-2 cells with BODIPY-PA, thev were washed three times with 
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calcium-freee BY-2 medium and then incubated with PA in a final concentration of 20 u,M. 

Forr simultaneous visualization of microtubules and BODIPY 558/568-Ci:-PA, cells were 

observedd by fluorescence microscopy in multitracking imaging mode. 

Too check for BODIPY-PA uptake and metabolism, BY-2 cells were washed three 

timess in calcium-free medium. After die last wash, the medium was removed and 1 mL of 

coldd (-20°C) Folch extraction mix (CHCh:methanol:0.6 M HC1 [1:2:0.8]) and 250 uL of 

chloroformm were added to the cell pellet. After vigorous shaking and phase separation, the 

lowerr phase was isolated and the volume was reduced by evaporation. Lipids were 

analyzedd on silica gel 60 TLC plates using CIiCl3:methanol:5% NH4OH (45:35:10, v/v) as 

aa solvent. 

Uponn request, materials integral to the findings presented in tins publication wil l be 

madee available in a timely manner to all investigators on similar terms for noncommercial 

researchh purposes. To obtain materials, please contact Teun Munnik, 

munnik@science.uva.nl. . 

NOTEE ADDED I N PROOF 

Ann effect of 1-butanol on Arabidopsis seedling development and microtubule 

organizationn has recently been published (Gardiner , J., Collings, D,A., Harper , J.D., 

andd Mar c J. [2003]. The effects of the phosphohpase D-antagomst 1-butanol on seedling 

developmentt and microtubule organisation in Arabidopsis. Plant Cell Physiol. 44, 687-

696). . 
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ABSTRACT T 

Cytokineticc plant cells perform an amazing task of bui lding a new cell wall 

withi nn the cytoplasm in a matter of minutes that physically seperates the 

daughterr cells. During the last four decades, the Golgi Apparatus (GA)-

basedd secretory pathway has been considered to be the sole source for this 

celll  plate (primordial cell wall) formation. Strikingly, our real t ime live cell 

analysiss together with immunolocalization studies reveal fast delivery of 

internalizedd plasma membrane (PM) / cell wall (CW) material for cell plate 

formation.. The PM-inserted endocytic tracer FM4-64, CW/endocyt ic 

pectinss cross-linked with boron and calcium, as well as two different fluid-

phasee endocytosis markers, all are delivered to the forming cell plates. In 

addition,, co-localization studies using transformed cell lines also show that 

fusionn of endosomes coincides and colocalizes with cell plate initiation in a 

GA-freee zone. Furthermore, fluorescence recovery after photobleaching 

(FRAP)) analysis indicates that endocytosis continues dur ing lateral 

expansionn of growing cell plates. Pharmacological studies and site-directed 

mutagenicc analyses of the endosomal Rab GTPase Ara7 confirm the 

requirementt of the endocytic pathway for the cell plate formation. These 

multiplee independent lines of evidence suggest that besides delivery of GA-

derivedd material, constitutive delivery of endocytic material in form of 

prefabricatedd P M / CW material is required for cell plate-formation during 

plantt cytokinesis. 
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Endocytosiss Drives Cytokinesis in Plants 

INTRODUCTIO N N 

Cytokinesiss in immobile plants differs from other higher eukaryotes as a new plasma 

membranee (PM) and cell wall separating the daughter cells are formed by de novo synthesis 

withinn the cytoplasm rather than by inward growth or constriction of existing PM and cell 

walll  (CVC) enclosing all plant cells (Frey-Wys sling et al., 1964; Staehelin and Hepler, 1996; 

Verma,, 2001). This process requires creation of 1/3^ of the original cell surface area 

duringg 4% of die cell cycle duration, and hence demands extremely fast and targeted 

vesicularr trafficking. It is generally assumed that Golgi Apparatus (GA)-denved vesicles 

aree the sole source of the required material and that a plant-specific polarized 

microtubularr array sandwiching die forming cell plate also containing actin, known as the 

phragmoplast,, assists in their deliver}- (Ledbetter and Porter, 1963). This view of cell plate 

biogenesiss is supported by electron microscopy (EM) observations showing massive 

accumulationn of vesicles with a diameter of 60-80 nm (resembling transport and secretory 

vesicles)) at the spindle and phragmoplast areas during mitosis (Otegui et al., 2001). 

Brefeldinn A (BFA), an inhibitor of secretion, slows down the cell plate expansion 

(Lippincott-Schwartzz et al., 1989; Yasuhara et a l, 1995; Yasuhara and Shibaoka, 2000). 

However,, there are several observations that cannot be easily reconciled with the 

notionn that GA-derived exocytic vesicles alone drive the plant cytokinesis. First of all, 

BFAA cannot inhibit cell plate initiation (Yasuhara et al., 1995; Yasuhara and Shibaoka, 

2000).. Secondly, it is well known that the cell plate is initiated by (presumably homotypic) 

fusionss between individual vesicles via finger-like projections (Staehelin and Hepler, 1996; 

Oteguii  et al., 2001). GA-based vesicles are designed to fuse with the PM for its expansion 

(Thiell  and Battey, 1998) but to our knowledge have never been shown to accomplish 

homotypicc fusion via finger-like projections; the latter rather is a property inherent to 

endosomess (Gorvel et al., 1991). Thirdly, although the early cell plate is almost exclusively 

aa pectin-based structure (Matar and Catesson, 1988), antibodies recognizing GA-based 

pectinss do not label cell plates (Moore and Staehelin, 1988; Samuels et al, 1995). Fourthly, 

EMM tomography revealed the existence of at least two different kinds of vesicles during 

celll  plate formation which could suggest the involvement of multiple membrane sources 

andd trafficking pathways driving cell plate formation (Segui-Simarro et al., 2004). 

Inn addition to these observations, recently there have been a number of studies that 

havee shown that certain components found in cell plates can be endocytosed in 

interphasee cells and that interfering with endocytic motivs on proteins or blocking of 

endocyticc recycling routes affects the localization of key molecules on cell plates. For 

example,, recendy, we reported that cell wall pectins are internalized into endosomes in 

plantt cells (Baluska et al., 2002). Furthermore, recent studies show that BFA also 
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interferess with endocytic recycling routes (jiirgens and Geldner, 2002; Geldner et al., 

2003).. Moreover, endosomal sorting compartments have been postulated to be involved 

inn recycling superfluous compounds from growing cell plates (Jiirgens and Pacher, 2003). 

Finally,, Arabidopsis KORRIGAN containing an endocytic motif that is functionally 

conservedd in many cell types has been shown to be targeted to the forming cell plates and 

withh mutations in its endocytic motif, it was found mainly to be localized at the PM 

insteadd of the cell plates (Zuo et al., 2000). Combined, these new findings motivated us to 

furtherr analyze both the sources of membranes and cell plate pectins as well as the 

processs of endocytosis and cell plate formation in real time in live and dividing plant cells. 

RESULTS S 

InternalizationInternalization of endocytic andpinocytic markers into cytokinetic cell plates 

Inn a first approach, the endocytic marker FM4-64 that has shown to be the most suitable 

markerr for endocytosis in plants was employed for studying the dynamics of endocytosis 

duringg cytokinesis in real time (Emans et al., 2002; Shope et al., 2003; Geldner et al., 2003; 

Boltee et al., 2004; Meckel et al., 2004). FM4-64 was applied to a well-established dicot 

tobaccoo bright yellow-2 (BY-2) cell line, transformed with a GFP fusion protein labeling 

microtubuless (MTs) in vivo, facilitating visualization of the cell cycle stage (Dhonukshe and 

Gadella,, 2003). FM4-64 internalized in the mitotic BY-2 cells and accumulated within the 

spindlee region within a few minutes after application (Fig. 1A). In telophase, it 

immediatelyy occupied the newly available space between the separating chromosomes and 

labeledd emerging cell plates extensively (even higher than the parental PM), since the very 

firstt signs of their appearance (Fig. 1A and Movie SI). Also during its expansion, fusion 

eventss of FM4-64 stained endomembrane compartments at the cell plate edges were 

observedd suggesting continuous deliver)' of endocytosed material during cell plate 

expansionn (Movie SI). Interestingly, FM4-64 was shown to also decorate the cell plates of 

Fucuss zygotes (Belanger and Quatrano, 2000). The continuous deliver)' of endocytic 

FM4-644 during cell plate expansion was confirmed using fluorescence recover)' after 

photobleachingg (FRAP) analysis. After complete photobleaching of FM4-64 at already 

initiatedd cell plates, a fast reappearance of FM4-64 was observed at the cell plate in the 

bleachedd area (Fig. 4M and O and Movie SI 2). To investigate whether besides membrane 

materiall  also extracellular fluid can be delivered to the cell plate by endocytosis, we used 

thee membrane impermeant pinocytic fluid-phase markers Alexa 633 (Alexa) and Lucifer 

Yelloww (LY). Strikingly, it was observed that both Alexa (Fig. 1B-C) and LY (Fig. ID) 

internalizedd in dividing cells and markedly accumulated within the volume occupied by 
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Figur ee 1. Endocytic markers and cell wall associated pectin antibodies label forming cell plates. 
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A-C,, G and L- N BY-2 cells and D-F, H-K and O Maize root epidermal cells. 
(A)) Kndocytic plasma membrane marker FM4-64 labeled cell plate from initiation till completion 
(Moviee SI). Microtubules are in green, KM4-64 in red and time in minutes. Bar 5 jiM Note FM4-
64-labelledd dense vesicular mass in the spindle region gathers together coinciding and colocalizing 
withh cell plate initiation. 
(B)) Kndocytic fluid phase marker Alexa labeled the cell plate volume. (C) Cross-section of cell 
fromm B showing no attachment of cell plate to the parental cell wall. Microtubules arc in green and 
Alexaa in red. Bar 5 JiM. 
Internalizedd LY labeled (D) callosic (E) cell plates. LY is in green and Aniline blue in cyan. 
RGIII  labeled early (J, L) and expanding (F, G) cell plates. |IM5 labeled carlv (K, M) and 
expandingg (H) cell plates. JIM7 showing almost no labeling of early (N) and minute labeling of 
expandingg (I) cell plates. Pectin antibodies are in green and DAPI in blue. 
(O)) |1M5 (red) and PIN1 (green) showing co-localization (vellow) on the cell plate. 

thee forming cell plates. In maize root cells, the fluid marker colocalrzed with the callose 

markerr Aniline Blue, specifically highlighting cell plates (Fig. 1D-E). 

CellCell plates accumulate internalized cell wall pectins but not Golgi-detived 

secretorysecretory pectins 

Too investigate possible deliver)' of endocytosed pectic C\V material to the forming cell 

plate,, we performed a pectin-immunolocalization study using BY-2 suspension cells and 

monocott maize root apices. In contrast to mature plant cell walls, early cell plates are 

enrichedd in pectins, later also in callose, whereas they hardly contain cellulose (Matar and 

Catesson,, 1988; Moore and Staehelin, 1988; Samuels et al., 1995). Recently, it has been 

reportedd that root cells internalize pectins from parental cell wall (Baluska et al., 2002). 

Forr the pectin-irnrnunolocalization, we used different sets of antibodies specifically 

recognizingg pectins found in mature cell walls and found in GA-derived vesicles. The first 

sett of antibodies comprise rhamnogalacturonan II (RGII)-antibodies recognizing de mum 

formedd RGII dimers cross-linked by borate diol diester (O'Neill et al,, 2001) and JIM5-

anubodiess recognizing partially esterified (up to 40%) homogalacturonan pectins (Baluska et 

al,, 2002). The GA-vesicle associated pecuns were stained using JIMT-antibodies labeling 

esterifiedd (up to 80%) homogalacturonan pectins. Remarkably, the forming cell plates in 

bothh maize and BY-2 cells were strongly labeled with the RGII- and JIM5- antibodies but 

onlyy weakly with the JIM7 antibody (Fig. 1F-N). Interestingly, at the cell plate, the JIM5-

positivee signal co-localized with the PIN1 protein (Fig. lO), which previously was shown 

too co-localize with plant cell plate-specific syntaxin KNOLL E that is involved in cell plate 

formationn (Geldner et a l, 2001). The cross-linking of RGII pecuns well known to be de 

muromuro process occurring exclusively within mature parental cell wall (Kobavashi et al., 1999; 

O'Neilll  et al., 2001), suggest that their localization at the cell plate reflects deliver)- of 

maturee cell wall components by the endocytic pathway. Strong RGII and JIM5 labeling of 
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celll  plates gets weaker as they mature and transform into young cell walls, suggesting 

recyclingg of these cross-linked pectins back to the endosomes/parent cell walls. 

GAsGAs but not endosomes are excluded from spindle and early phragmoplast areas 

Too further study the involvement of endoq-tic and exocytic pathways in cell plate 

formation,, we used BY-2 cells transformed with GFP-Ara7, a Rab5 homolog labeling 

endosomess fUeda et al, 2001), and/or ST-YFP labeling GAs (Nebenführ et al., 2000), 

withh or without applying FM4-64. The authenticity of endosomal and GA-labeling of 

thesee cells was dioroughly investigated and confirmed in interphase cells using a variety of 

co-localizationn and drug studies (Fig. 2 and Movies S2-S5). Most striking evidence of tins 

authenticity""  came from the bi-directional movement (Fig. 2B and Movie S2) and 'kiss and 

run'-likee behavior (Fig. 2C and Movie S3) of GFP-AraT labeled endosomes, their 

colocalrzationn with FM4-64 (Fig. 2D) and the effect of BFA (Fig. 2 E-G, K, W) and 

phosphatidylinositol-3-kinasee (PI-3-kinase)-inhibitors (Fig. 2L-S) on endosome and GA 

morphology.. Remarkably, transient physical interactions were observed between GAs and 

endosomess {Fig. 2 T V , Movie S4 and S5). In dividing BY-2 cells during the spindle 

assembly,, GAs remained around the spindle apparatus and never penetrated into its inside 

spacee (Fig. 3A, 3E and Movie S6) as also reported in a previous study (Nebenführ et al., 

2000).. In contrast to GAs, the FM4-64 and Ara7 labeled endosomes always distributed 

throughoutt the spindle area and their fusion coincided and colocalized with the cell plate 

initiationn (Fig. 3C-Fand Movie S7 and S8). Once the cell plates were initiated, the GAs 

movedd inwards towards the assembling cell plate (Movie S6 and S8) likely supplying the 

exocyticc products needed for their expansion. During the cell plate expansion, FM4-64 or 

Ara77 labeled endosomal- and ST labeled G A-organization around the cell plate appeared 

moree complex and interconnected (Fig. 3G and Movie S9) suggesting coupling of both 

exocyticc and endocytic pathways in cell plate expansion. 

InhibitionInhibition of secretion via Brefeldin A does not prevent cell plate formation 

Unfortunately,, due to the lack of specific in vivo GA-derived cytokinetic vesicle markers, 

wee were unable to visualize the dynamical localization of such vesicles during mitosis that 

havee been assumed to mediate cell plate formation. In order to gain more insight in the 

respectivee contributions of endosomal and GA-linked routes in cell plate initiation and 

subsequentt lateral expansion, we used the potent inhibitor of anterograde secretory 

pathwayss BFA which is a reversible inhibitor of a subclass of GDP/GTP-exchange 

factorss for small G-proteins of the ARF class, so called ARF-GEF (Pcyroche et al., 1999), 
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Figuree 2. Authenticity of endosomal and GA-labeling by various endomembrane markers. 
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(A)) GFP-Ara7 labeled endosomes. 
(B)) GFP-Ara7 labeled bidirectional endosomal trafficking (Movie S2). 
(C)) GFP-Ara7 labeled endosomal interactions exhibiting 'Kiss and Run' behavior in controls 
(Moviee S3). 
(D)) Partial co-localization between FM4-64 (red) and GFP-Ara7 (green) labeled endosomes. 

BFAA compartment formation induced by 50 uM BFA treatment for 30 min and visualized by GFP-
Ara77 single labeled (E), GFP-Ara7 and FM4-64 dual labeled (F) and Ara7 and Alexa dual labeled 
endosomess (G). 
(H-I )) ST-YFP labeled GA (green) and FM4-64 labeled endosomes (red) showing minute overlap 
withoutt extensive colocalization. 
(J)(J) ST-YFP labeled GA physical interactions in controls. 

(K)) ST-YFP labeled GA (green) and FM4-Ó4 labeled endosomes (red) with 50 uM BFA for 30 mm 
showingg GA resorbed into KR and FM4-64 labeled endosomes forming BFA compartments, 

(L)) 10 uM wortmannin treatment for 30 min induces GFP-Ara7 (green) labeled endosomal fusions 

andd enlargements exhibiting prolonged kisses. (M) 10 iiM FY294002 for 30 min exhibiting similar 
effects.. (N-O) close-up of endosomal double or triple fusions. Importantly, in mammalian cells 
treatedd with wortmannin (Yieira et al,, 2003) and in Arabidopsis GNOM mutant cell lines (Geldncr 
ett al., 2003), similar blown-up and aggregated Ara7-labeled endosomal structures have been 
observed.. (P) 10 jiM wortmannin for 30 min causes similar FM4-64 labeled (Ted) endosomal 

enlargementss and fusions. (Q) Wortmannin 10 uM for 30 min followed by BFA 50 JiM tor 30 min 
resultss into aggregation of GFP-Ara7 (green) labeled endosomes to initiate BFA compartments. (R) 

Close-upp of cell in Q. (S) ST-YFP labeled GA with wortmannin 10 iiM for 30 min showing no 
changee in GA morphology', 
(T)) GFP-Ara7 labeled endosome (green) and ST-YFP labeled GA (red) localizations in interphase. 
(U)) GFP-Ara7 labeled endosomal (green) interactions with ST-YFP labeled GA (red) (Movie S4 
andd S5), 
(V)) GFP-Ara7 labeled endosomes (green) and ST-YFP labeled GA (red) follow the same tracks 
(Moviee S5). 
(W)) Upon 50 uAi BFA treatment for 30 min, ST-YFP labeled GA (red) reabsorb into ER and 

GFP-Ara77 labeled endosomal fusions (green) form BFA compartments. Scale bars, in C 1 um; in 

B,, J, N, O, R and V 2 um; and in test 5 (im. 

interferingg with the recruitment of vesicle coats necessary for vesicle budding and cargo 

selectionn (Donaldson and Jackson, 2000). In both mammals and plants one of the first 

effectss of BFA is the loss of COPI-coats from GAs, leading to a breakdown of the 

physicall  separation between ER and Golgi, effectively shutting down the secretory 

pathwayy within minutes after application (Nebenführ et al., 2002). We treated BY-2 cells 

withh BFA before, after or together with FM4-64. In the BFA-pre-treated cells, FM4-64 

stilll  internalized, although less substantially. Still in these cells, both FM4-64 and 

CW/endocvticc pectins, labeled cell plates mat were not yet attached to the parental PM 

(Fig.. 4A-B and G-H) but with reduced intensities as compared to non BFA-treated cells 

(comparee Fig. 1A and 4A and Fig. 1G-M and Fig. 4 G-H). In the BFA-pretreated BY-2 

cells,, the internalized FM4-64 (Fig. 4A), but also RGII-pectins (Fig 4G, H) rarely 

appearedd within individual BFA compartments, suggesting a direct route of endocytic 

materiall  to the cell plate. In contrast, when BFA was applied to BY-2 cells pretreated with 

121 1 



Chapterr 5 

Figuree 3. Endosomes accumulate within the spindle area and fuse to mark the cell plate initiation 

(A)) ST-YFP labeled GA (green) and FM4-64 labeled endosomes red) during spindle. Note that 
CiAss remain around the spindle and FM4-64 labeled endosomes occupy the inside space. 
(B)) 1M4-64 labeled endosomes (red) and ST-YFP labeled GA green; during cell plate initiation 
'Moviee S6). 
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GFP-Ara77 (green) and PM4-64 (red) labeled endosomes during spindle (C) and ecu plate initiation 
(D)) (Movie S7}. Note; FM4-64 and Ara? stained endosomal fusions coinciding and colocalizing 
withh cell plate initiation. 
GFP-Ara77 labeled endosomal (green), ST-Yl-'P labeled GA (blue) and FM4-64 labeled endosomai 
(red)) localizations during spindle (E) and cell piate initiation (F) (Movie S8). 
(G)) Close-up view of one side of an expanding cell plate with the above triple markers rcveaiing 
complexx interactions between GAs, endosomes and cell plate during its expansion (Movie S9). 

Scalee bar in G 3 urn, in rest 5 Jim. 

FM4-64,, the internalized FM4-64 labeled large endomembrane aggregates resembling 

BFAA compartments. Remarkably, these aggregates were observed to both participate in 

celll  plate initiation (Fig. 4C and Movie S10) and in die expansion of already initiated cell 

platess (Fig. 4D-K). When FM4-64 and BFA were applied together during metaphase, the 

GA-markerr was absorbed into the ER, as shown also by others (Ritzenthaler et al., 2002) 

andd FM4-64 decorated cell plates were still initiated (Fig. 4F and Movie S l l ). Afterwards, 

ass expected, the cell plate expansion slowed down (Yasuhara et al., 1995; Yasuhara and 

Shibaoka,, 2000). In dividing maize root cells, BFA-treatment of cytokinetic cells induced 

co-localizationn of CW/endocytic pectins with PIN1 in form of large blobs at the 

expandingg peripheries of the plates resulting in 'cell plate- edge BFA compartments' (Fig. 

41,, J). In BFA-treated interphase maize cells, pectin co-localized with PINt but not with 

thee GA-marker (fi-COP-antibody) (Fig. 4K, L). We quantified the inhibitor}- effects of 

BFAA on cell plate expansion by performing FRAP analysis of initiated cell plates labeled 

byy FM4-64 in the presence and absence of BFA. Clearly, the FRAP experiments indicate 

continuouss delivery of internalized material in both situations and a partial inhibition of 

endocytosiss by BFA. (Fig. 4 M -0 and Movies S12, S13). 

InhibitionInhibition of protein synthesis does not prevent cell plate formation 

Besidess using BFA to block the exocytic pathway, we used cycloheximidc to investigate 

whetherr internalized material is sufficient to initiate cell plates in the absence of protein 

synthesis.. In shorter cycloheximide pre-incubations (30 mm, 1 h), it was found that cell 

platess could be initiated but upon longer cycloheximide incubations chromosome 

separationn and initiation of the phragmoplast and cell plate were progressively slowed 

dowTnn (Fig 4Q and Movie S14). In similar treatments in maize root cells, RGII-based CW 

pectinss could still label die forming cell plates (Fig. 4P) suggesting their internalization 

fromm the parental CW. In prolonged period of treatments (2h or more), the mitotic cells 

becamee arrested in the spindle stage. I lence, cell plate formation cannot be studied under 

prolongedd cycloheximide treatments as it obviously interferes with spindle checkpoints. 

Evenn in the simultaneous presence of BFA and cycloheximide for 30 min (before adding 
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'ÜSBBX1'ÜSBBX1 MÖ 

Figuree 4. Effects ofBFA and cycloheximide on endocytosis and cell plate formation 

BY-22 cells (A-H and M-O and Q; and mai/e root epidermal cells ^I-L and P). 
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(A-B)) FM4-64 (red) internalization and targeting to cell plate after 30 min 50 (iM BI'A pre-
treatment.. fB) Cross-section of cell in A. 

(C)) FM4-64 application for 30 min and subsequent application of 50 u.M BFA for 30 min causes 
II  rM4- 64-stained and internalized membranes (red) to aggregate and initiate the cell plate (Movie 
S10),, (D-E) Same as in C, showing incorporation ot FM4-64-stained membrane-aggregates into the 
celll  plate periphery for its expansion. Arrows show BI'A compartments. Note GA (green) absorbed 
intoo ER that is present at the cell plate, 

(F)) FM4-64 and 50 uAI BFA combined application for 30 min causing GA absorption into HR and 
FM4-64-stainedd aggregates participating in cell plate initiation (Movie SI 1). 

(G)) RG11 (green) and (H) JIM5 (green) cell plate localization in presence of 50 u.M BFA for 30 
min. . 
(I )) RGII localization (green) and (J) |IM5 (red)-PINl (green) co-localization on cell plates and its 
expandingg peripheries. 
(K)) JIM5 (red) and PIN'1 (green) co-localization in BFA compartments. 
(L)) JIM5  (red) and P-C"<">P (green) localization in presence of 50 JIM BFA for 30 mm. 
Scalee bars 5 um. 

FRAPP (Movie S12 and S13) of FM4-64 (red) in control (M) and in 50 îM BI'A for 30 min pre-
treatedd (N) cells. 
(O)) Graph representing averages of percentage fluorescence recovery. (P) RGII (green) 
internalizess in presence of cvclohcximide for 2 hr and labels the forming cell plate. 
(Q)) FM4-64 (red) internalization and labeling to the initiating cell plates in the continuous presence 
off  cvclohcximide (lhr start to 2hr end). Note that the cell takes more time to initiate the cell plate 
(Moviee 14). 

Scalee bars in M 6 tim, in N 8 (im and in rest 5 (1m Time is indicated in M and N in seconds and in 
QQ in min. 

FM),, endocytosis occurred and cell plates were initiated (data not shown), suggesting that 

thee cell plate initiation docs not critically depend on intact secretory machinery, 

supportingg the above BFA experiments. 

DominantDominant negative Ara7 Rab GTPase inhibits cell plate formation 

Ara77 has previously been shown to be specifically upregulated in Arabidopsis suspension 

cellss during mitosis (Ueda et al., 2001). To test its effect on endocytosis and cell plate 

formation,, wc made dominant negative (GDP-stabilized state) versions of Ara? bv either 

replacingg S24N (Stenmark et al., 1994) or S25N. We introduced these mutant Ara7 -constructs 

intoo cowpea protoplasts by transfecüons and into BY-2 cells by transformations. In both 

systems,, the mutant Ara7 appeared more in the cytosol than on endosomes (Fig. 5B, H), 

FM-internalizationn through endocytosis was reduced (Fig. 5E.-F and K-L) , and formation 

off  BFA compartments was less pronounced (Fig. 5C-D and I-J). Interestingly, in cells 

withh low expression levels of dominant negative Ara7, the speed of cell plate formation 

wass reduced (Fig. 5M) without affecting GA morphology or dynamics (data not shown). 

Uponn overexpression of dominant negative Ara7, die cell plate initiation was blocked in 
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Figur ee 5. Effects of dominant negative Ara7 on endocytosis, BFA compartment and cell plate formation 

(iowpeaa protoplasts (A-F) and BY-2 cells (G-M) 
(A,, G) wild type GFP-Aia7. (B, H) dominant negative GFP-Ara7. Note that wild type GFP-Aia7 
labelss endosomes while the dominant negative GFP-Ara7 remains mostly cvtosolic. 50 uM BF \ for 
300 min treated cells, expressing wild type GFP-Ara7 form aggregates (C, I) while in dominant 
negativee GFP-Aia7 (D, J) the formation of BFA-induced aggregates is less pronounced 
FM4-644 (red) internalization in cells expressing wild type (E, K) and dominant negative (F, L) 
GFP-Ata77 'greeny Note that in cells expressing wild type GIP-Ara7, FM4-64 has internalized 
significantly,significantly, labeling most of the endosomes also labeled by GFP-Ara7. In cells expressing 
dominantt negative GFP-Aia7 its internalization is severely slowed down. 
(M)) Slow cell plate formation in cells expressing dominant negative GI'P-Ara7(grcen) and applied 
withh FM4-64 (red). 
Harss 5 urn and time in minutes 

mitoticc cells and attempts to isolate Arabidopsis plants transformed with dominant 

negativee Ara7 failed whereas control transformations were successful (data not shown). In 

additionn to this site-directed mutagenic manipulation of the endoevtic pathwav, 

wortmanninn treatment, affecting endosome morphology (Vieira et al., 2003 and this 

study)) also slowed down the cell plate expansion (see Table 1 for all pharmacological 

treatments).. Furthermore, in the presence of endoevtic inhibitor)- sodium azide (SA) and 
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coldd treatments, no cell plates labeled with FM4-64 or Alcxa dyes were observed (data not 

shown).. Together, these experiments suggest participation and a functional role of Ara7 

andd endoevtosis in cell plate formation. 

Tabl ee 1. Summary of the effect of drugs on the cell plate and BFA compartment 

formatio n n 
BFA A 

Cone.. Chromosome Chromosome Cell plate Cell plate 
Dru gg Target Duration compartment 

usedd alignment separation initiatio n expansion 
formatio n n 

Brefeldmm A 

(BI'A ) ) 

(Aclohcx--

lmidc c 

Slightt slow 
3DD min No effect No L-frVci No effect ' forms 

d'' >wn 
Secretionn 5D UM 

11 hr No effect No effect Noo effect Slow down forms 

hrr No effect slightt effect slight effect Slow down forms 

1'rott cm 

svnthesis s 
5DD uM 

BI'AA + 

(Aclohex--

imide e 

VC'oo rt man-

run n 

Protein n 

synthesiss + 

secretion n 

PI-3 3 

Kinase e 

5<>uMM + 

5DD uM 

H)) H-\l 

Slightt slow 
3DD mm No effect No effect No effeel ' forms 

dii  iwn 

Partially y 
11 hr ' prolonged prolonged prolonged forms 

disorganized d 

22 hr disrupted blocked blocked blocked forms 

3DD mm No effect No effect No effect Slow down forms 

Slightt slow 
3DD min No effect No effect No effect ' forms 

down n 

Slightt slow 
11 hr No effect No effect No effect ' forms 

down n 

DISCUSSION N 

Ourr combined results clearly document a new endocytic route participating in cell plate 

formationn since i) the endocytic membrane marker FM4-64, ii) two different fluid-phase 

markers,, iii ) cross-linked CW pectins, all are internalized from the PM/CW and rapidly 

accumulatee in cell plates during plant cytokinesis. Moreover, blocking or inhibition of 

endoevtosiss via cold treatment, sodium azide, wortmannin, or genetically by expression of 

dominantt negative Ara7, slows down or even abolishes completely both the cell plate 

initiationn and expansion. 'Hie in viw colocalization, BI ;A-expenments and FRAP analysis 

supportt the involvement of endocytic route(s) and point out complex interactions between 

exocyticc and endocytic pathways. 'Hie primary action of BFA in plants is the splitting of 
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thee GAs into two parts: cis, medial and part of trans stacks are reabsorbed into the ER (as 

alsoo visualized here using die trans-stack localized ST-GFP marker), whereas the trans 

GAA network (TGN) and components of the endocytic pathway aggregate into BFA 

compartmentss (Baluska et al, 2002; Nebenführ et al., 2002; Geldner et al., 2001, 2003). 

Thesee BFA-compartments indicate a trafficking connection between the T GN and 

endosomess in plant cells. This connection is also important for deliver}- of enzymes from 

thee GAs to post-endosomal compartments such as lysosomes or vacuoles (Surpin and 

Raikhel,, 2004). The TGN-endosomal connection can be very direct as shown by our in 

vivovivo observations of transient physical interactions between GAs and endosomes (Movie 

S44 and S5). Most likely, the trapping of the cytokinesis-specific syntaxin KNOLL E within 

BFAA compartments (Geldner et al., 2001) is a consequence of BFA interfering with this 

traffickingg connection. PM-resident proteins such as AUX1, PIN1, PIN3, PM H* -

ATPase,, as well as CW pectins (Baluska et al., 2002; Nebenführ et al., 2002; Friml et a l, 

2002;; Grebe et al., 2002; Geldner et al., 2001, 2003), all accumulate within BFA 

compartments,, which feed the cell plate expansion. This suggests that the primary mode 

off  action of BFA is to interfere with the vesicular recycling of endocytic material back to 

thee PM. To make the picture even more complex, there is evidence that during cell plate 

expansionn approximately 75% of the membrane (Otegui et al., 2001; Nebenführ et al., 

2002)) as well as cell wall pectins (this study) initially delivered to the cell plate are recycled 

backk to endomembranes/parent cell walls possibly by direct involvement of recycling 

endosomes.. Also this recycling process can be a target for BFA. The presence of multiple 

targetss for BFA in plant vesicular trafficking is supported by sequence analysis of 

ArabidopsisArabidopsis ARF-GEFs of which 5 out of 8 are predicted to be BFA-sensitive (Jürgens 

andd Geldner, 2002). One of these BFA-targets is G N OM which has been shown to be 

requiredd for PINl-recycling between endosomes and the PM (Geldner et al., 2003). 

Remarkably,, GNOM/EMB30 mutant lines also show defects in distribution of cell wall 

pectinss (Shevell et al., 2000). Interestingly, G N OM is not involved in KNOTL E 

trafficking,, further supporting the involvement of multiple BFA-targets in the formation 

off  BFA-compartments and cell plates (Jürgens and Geldner, 2002). In addition, our 

FRAP-experimentss indicate the presence of both a BFA-insensitive and a BFA-sensitive 

componentt in the endocytic route delivering PM material to growing cell plates. The 

inhibitionn of the endocytic PM-to-cell plate route by BFA can be direct by affecting those 

ARF-GEP's,, which are involved in plant endocytosis. Since exocytosis and endocytosis 

needd to be balanced at the PM in order to keep its surface area constant, endocytosis can 

alsoo be indirecüy impaired by inhibition of exocytosis. This can be accomplished either by 

inhibitingg direct secretion from GAs to die PM, or by inhibiting the exocytic pathway from 

TGNN through endosomes to the PM. This last endosome-to-PM route has been shown to 

bee BFA sensitive (Jürgens and Geldner, 2002; see our model in Fig. 6). 
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Figur ee 6. Membrane trafficking pathways during cell plate formation. 

Thee model depicts the mass flow of endocytic material from the PM to the cell plate and indicates 
thee mass coupling of the endocytic and exocytic pathways at the PM. 
MR:: Endoplasmic Reticulum; GA: Golgi Apparatus; TGN: Trans Golgi Network; PM: Plasma 
Membrane;; EE: Early Endosome; RE: Recycling Endosome; LI".: Late Endosome. 
Thee sizes or arrows show the extent of membrane transport. Gray lines indicate inhibitory effects 
ofBFA. . 

Ourr discovery of a new endocytic route in cell plate formation during plant 

cytokinesiss has several implications. Firstly, the differential and dynamic localization of 

NSPN11,, SNARE which interacts with KNOLL E (Zheng et al., 2002), KORRIGAN 

whichh is endo-l,4-bcta glucanase (Zuo et al., 2000), the dynarmn ADL1A (Kang et al., 2003); 

butt also of PIN1 and KNOLL E in PMs, endosomes, cell plates and BF A -compartments 

hass to be considered in a new perspective of multiple players taking the direct endocytic 

PMM to cell plate route involving cndosomal compartments. This would explain the until 

noww perplexing fact that many of these proteins have endocytic sorting motifs. 

Importantly,, this endocytic sorting motifs targets KORRIGAN to cell plate (Zuo et al., 

2000)) and it was reported that KORRIGAN is localized in intracellular compartments 

excludingg GA (Molho) et al., 2002). 

Secondly,, considering the extraordinarily fast speed of the cell plate formation, the 

usee of endosomes enriched with fully matured cell wall pectins and PM-components 

providingg pre-fabricated building blocks (e. g. cell wall pectins, lipids, PM receptors etc.) is 
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highlyy efficient. This recycling of'old' PM components also implies that strictly spoken the 

celll  plate is not entirely de novo synthesized. Besides speeding up the maturation of the cell 

platee by delivery of fully matured proteins, we propose that the endocytosed PM-

componentss could also be instrumental in defining the nature of the cell plate membrane 

ass a future PM. Once this future destination is established, it might speed up direct fusion 

withh GA-based vesicles (bypassing the endosomal compartment) as well resulting in GA-

mediatedd 'intracellular cell plate targeted exocytosis' for its fast lateral growth (see our 

modell  in Fig. 6). 

Thirdly,, many aspects of the cell plate-formation in plants display homology to 

endosomall  recycling pathways in mammalian cells; especially those that have been 

implicatedd in calcium-regulated PM-repair of torn cell periphery (McNeil and Steinhardt, 

2003),, and those involved in generating secretory lysosomes (Blott and Griffiths, 2002). 

Inn this view, the cell plate can be regarded as some sort of a specialized endosomal 

compartmentt which receives material from GAs directly as well as from the PM through 

sortingg and recycling endosomes both of which also receive material from the TGN (see 

ourr model in Fig. 6). In addition, the partially BFA-insensitive PM-to cell plate endocytic 

routee also shows similarity to transcytosis observed in mammalian polarized epithelial 

cells,, particularly if one considers the cytokinetic cell plate as a new 'extracellular' space 

constructedd within the parent cell. Future studies aimed at molecular and mechanistic 

understandingg of plant cytokinesis wil l require concentrate efforts of several laboratories. 

I tt wil l be critical to dissect BFA-sensitivity of the molecular components responsible for 

thee different arrows in our working model. This wil l definitely put more light on the quest 

off  our understanding of plant cytokinesis, especially of its uniqueness and similarities with 

otherr cell systems, 

METHOD S S 

PlantPlant material and growth conditions 

Maizee roots were obtained as described before (Baluska et al., 2002). Tobacco BY-2 cells 

weree cultured and transformed as reported previously (Dhonukshe and Gadella, 2003). 

Cowpeaa plants were grown, protoplasts were isolated and transfected as described before 

(Dhonukshee and Gadella, 2003). 

ConstructionConstruction o f reporter genes 

Constructionn of GFP-MAP4 was described before (Dhonukshe and Gadella, 2003). In 

short,, GFP-Ara7 in vector pBSIIKS+ was excised with Hindll l-Xbal and sub-cloned into 
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binaryy vector pBINPLUS. STtmd-YFP in vector pMON was digested with PstI -Smal 

andd cloned into binary vector pCAMBIA 1390. For construction of double reporter gene 

GFP-ARA77 were excised from vector pBSIIKS+ with Hindl l l + Notl and STtmd-YFP 

wass excised from vector pMON with Notl-Smal and triple ligated in binary vector 

pCAMBIAA 1390 by using Hindl l l and Smal restriction sites. Dominant negative versions 

off  Ara7 were made by site directed mutagenesis to replace eitiier S24N or S25N in vector 

pBSIIKS+.. The primers for S24N were TTGGTGCTGGAAAAAATAGTCT 

TGTG' ITACGGG / CCGTAACACAAGACT AT IT IT ICCAGCACCAA C and primers 

forr S25N were GGTGCTGGAAAATCAAATCTTGTG TTACGG /CCGTAA 

CACAAGATiTGATTlTCCAGCACC.. The mutagenesis was confirmed by sequencing 

thee positive clones. The mutant Ara7 versions were transferred to vector pBINPLUS 

usingg Hindll l-Xbal . 

FluorescentFluorescent dyes and inhibitor treatments 

FM4-644 (Molecular probes) dissolved in water was applied at 2 u.M final concentration 

forr 5 mm to the BY-2 cells, cells were washed with BY-2 medium to remove excess dye 

andd were observed immediately. Alexa 633 (Molecular probes; Catalog No. A30634) 

dissolvedd in water was applied at 2 fiM final concentration and cells were observed 

immediately.. BFA (Sigma), wortmannin (Sigma), LY294002 (Sigma), cycloheximide 

(Sigma)) were used from DMSO dissolved stock solutions and applied to cells at final 

concentrationss of 50 J4.M, 10 u.M, 10 uM and 50 H.M respectively, for indicated periods, 

LYY (Sigma) was used at 1% concentration. Sodium Azide (SA) (Sigma) was diluted in 

waterr (100 juM). Aniline blue dissolved in Gly /NaOH buffer (pH 9.5) was used at (0.1% 

(w/v). . 

ImmunofluorescenceImmunofluorescence microscopy 

Rootss were fixed and processed as described before (Baluska et al., 2002). BY-2 cells were 

fixedd with a mixture of 0.5% (v/v) glutaraldehyde and formaldehyde 1.6% (v/v) in 

phosphate-bufferedd saline (PBS) buffer for 15 min. After two washes with PBS the cells 

weree incubated overnight in 4 ml of 0.5% (w/v) NaBH4 to reduce the auto fluorescence of 

thee fixative. The cells were then washed twice with PBS and cell wall was partially digested 

withh 1% (w/v) cellulase in PBS for 30 min. Following two washes with PBS, the cells 

weree allowed to settle onto the multi-well slides coated with 0.1% (w/v) 

polyethyleneimine.. Membranes were permeabilised with 1% (v/v) Triton X-100 in PBS 

forr 15 min. The cells were then washed with PBS and incubated overnight at room 

temperaturee with primary antibodies raised against RGII-B-RGII (two 
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rhamnogalacturonann II molecules cross-linked with boron) epitope diluted with PBS 

(1:100),, JIM5 and JIM7 epitopes diluted with PBS (1:200), PIN1 epitope diluted with PBS 

(1:100),, p-COP epitope diluted with PBS (1:100) and supplemented with 0.1% (w/v) 

BSA.. Afterwards, the cells were washed with PBS and incubated for 3 hrs at 37°C with anti-

rabbitt (RGII, P1N1), anti-rat (JIM5, JIM7), and anti-mouse (p-COP) secondary antibodies 

dilutedd with PBS (1:100) supplemented with 0.1% BSA, the cells were washed with PBS 

andd stained with DAPI to visualize nuclei. After the final wash the cells were mounted 

withh 0.1% p-paraphenylenediamine containing mounting medium. The cells were then 

viewedd with Zeiss Axiovert 405M microscope equipped with Zeiss AxioCam HR digital 

cameraa using 40x objective. Images were captured with Axiovision 3.1 software and 

processedd with Adobe Photoshop 7.0. Al l the experiments were repeated at least 3 times. 

LiveLive cell analysis 

Forr live cell analysis the Zeiss CLSM510 system implemented on an inverted (Axiovert 

100)) microscope was used. The microscopy system, sample preparation, single 

wavelengthh scanning, image processing and movie generation was described before 

(Dhonukshee and Gadella, 2003). Dual and triple color imaging was performed using dual 

orr triple excitation/emission scanning in multitracking mode, respectively. For G F P/ 

FM4-644 dual scanning, we used excitation/emission combinations of 488 nm/ BP 505-

5500 for GFP and 543 n m/ LP585 for FM4-64 in combination with the HFT 488/543 

primaryy and NFT545 secondary dichroic splitters. For YFP/ FM4-64 dual scanning, the 

samee settings were used. For G F P/ Alexa dual scanning, we used excitation/emission 

combinationss of 488 nm/ BP 505-550 for GFP and 633 n m/ LP650 for Alexa in 

combinationn with the HFT UV/488/543/633 primary and NFF545 secondary dichroic 

splitters.. For GFP /YFP dual scanning, we used excitation/emission combinations of 458 

nm// BP 475-525 for GFP and 514 nm/ BP 530-600 for YFP in combination with the 

HFTT 458/514 primary and NFT515 secondary dichroic splitters. For GFP /YFP/FM4-

644 triple scanning, we used excitation/emission combinations of 458 nm/ BP 475-525 for 

GFP,, 514 nm/BP 530-600 for YFP and 543 nm/ LP650 for FM4-64 in combination with 

thee 80/20 primary, NFT635 secondary, and NFT 515 tertiary dichroic splitters. Al l filers 

weree from Zeiss. With the last two settings mere is marginal bleed through of YFP 

fluorescencee into the GFP channel and no bleed through vice-versa. For time-lapse analysis, 

imagess were obtained at 1-10 sec time intervals. All die experiments were repeated 3-5 

times. . 
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FluorescenceFluorescence recovery after Photobleaching (FRAP) analysis 

FRAPP experiments were performed on the initiating cell plates that are not attached from 

anyy side to the parental plasma membrane to remove the possibility of direct FM flow 

fromm the parental plasma membrane to the cell plate membrane. FRAP experiments were 

performedd using 100% laser power of both 488 and 543 nm laser lines on 16 |im x 8 (im 

rectanglee in 4.5 sec to obtain complete photo bleaching of FM-labeled cell plates. 10 

imagess were taken before photobleaching. After photobleaching, images were acquired at 

0.88 s time intervals using 1% of 488 and 30 % of 543 laser lines in a multitrack mode. The 

samee microscope settings were used for different cells. The average pixel intensity values 

fromm the photo-bleached areas were normalized to the average initial fluorescence values. 

Thee graphs were assembled using Microsoft Flxcel and represent averages of the recovery 

percentagess obtained from multiple experiments. 
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ABSTRACT T 

AA key event in plant morphogenesis is the establ ishment of a division plane. 

Inn plants microtubular preprophase band accurately predicts while 

phragmoplastt array properly executes the line of cell division. Establ ishment 

off  these plant-specific arrays apparently involves intracellular repolarization 

thatt focuses events to a division site. Here we observe GFP-AtEBl decorated 

microtubulee plus-ends to dissect events at the division plane. Early events 

includedd guided growth of endoplasmic microtubules (EMTs) towards the 

preprophasee band (PPB) site and their coincident localization with 

endocyticc vesicles. Consequently an endosomal-belt laid in close proximity 

too the microtubular PPB at its maturat ion, and was maintained during 

spindlee formation. Dur ing cytokinesis, EMTs radiated from the former 

spindlee poles in a geometrical conformation correlating with cell-plate 

navigationn and tilt-correction. Naphthylphtalamic acid (NPA), an inhibitor 

off  polar auxin efflux caused abnormal PPBs and shifted division planes. Our 

observationss reveal an essential spatio-temporal link between microtubules 

andd intracellular polarization for localized endocytosis and precise division 

planee establ ishment in plants. 
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Linkk between Microtubules, Cell Polarity, Endocytosis and Division Planes 

INTRODUCTIO N N 
Inn cell wall encased and immobile plant cells, the tight regulation of cell division planes 

playss a crucial role in tissue and organ morphogenesis (Smith, 2001; Mathur, 2004). At the 

onsett of mitosis a plant specific cortical microtubule array, the preprophase band (PPB) 

(Pickett-Heapss and Northcote, 1966) emerges. Although the PPB disassembles as the cell 

enterss mitosis, it precisely predicts where die new cell plate would attach to the parental 

celll  walls at the end of cytokinesis (Smith, 2001; Mathur, 2004). Cell division planes are 

drasticallyy affected in the absence of a PPB (Traas et al, 1995) achieved through 

experimentall  obliteration (Mineyuki, 1999) or through genetic defects (Geary and Smith, 

1998).. Since its discover)- four decades ago, the mechanism governing PPB creation and 

itss imprint on delineating the future cell division plane has remained a mystery. 

Thoughh initially considered to be a cortical affair, PPB formation involves two 

coincidentt endoplasmic events, i) migration of nucleus towards the cell center (Sinnott 

andd Bloch, 1940) and Ü) gradual existence of numerous endoplasmic microtubules 

(EMTs)) within motile cytoplasmic strands (Flanders et al., 1990; Dhonukshe and Gadella, 

2003).. The migration of nucleus in plant cells is prevented by microtubular 

depolymerizationn indicating their importance in this event (Katsuta et al., 1990). In 

buddingg yeast and mammalian cells, EMTs play role in bringing the nucleus at the 

divisionn plane by a cortical 'search and capture' mechanism (Adames and Cooper, 2000; 

Gundersen,, 2002; Mimori-Kiyosue and Tsukita, 2003) and in fission yeast cells EMTs 

positionn the nucleus by pushing the cortex (Tran et al., 2001). Microtubule seeds dropped 

inn an artificial chamber of cellular dimension also probe metallic boundaries of the 

chamberr by growing microtubules to bring the seeds at the center (Faivre-Moskalenko 

andd Dogterom, 2002). Together these studies from diverse systems credit the role of 

microtubuless in probing the cellular geometry to setde die nucleus at the center of the 

cell.. Apart from their causal involvement in nuclear positioning what role plant EMTs 

plavv in association with the PPB is unknown together with absence of information on 

theirr polarity and dynamics. 

Inn plants, in addition to the preprophase EMTs, other two subsequent mitotic 

microtubularr arrays namely the spindle and the phragmoplast microtubules are also of 

endoplasmicc nature. During spindle stage the perpendicularity' of spindle to the cell 

divisionn plane is often lost by its rotation. In mammalian and yeast cells the spindle is kept 

att the center of the cell or at the bud site by die centrosome originated astral microtubules 

(Leee et al., 2000; Ahringer, 2003) and the error in spindle orientation is corrected by the 

outgoingg astral microtubules that probe the cortex (Oliferenko and Balasubramanian, 

2002;; Wang et al., 2003). In acentrosomal plant cells possessing the misorientcd spindles, 

thee cell plates are still able to anchor properly to the division sites previously marked by 

141 1 



Chapterr 6 

thee PPB. What mechanism exists in plant cells to correct the spindle misorientation for 

keepingg the lines of cell division is largely unknown. 

Hereby,, we investigated the role of EMTs during PPB formation, and their 

subsequentt behavior following karyokinesis. Because of their uniform cell size, 

continuouss cell division activity and absence of background fluorescence, tobacco BY-2 

celll  suspension remains a system of choice for plant cell cycle studies (Geelen and Inze, 

2001).. Therefore, we used tobacco BY-2 suspension cells stably transformed with 

differentt microtubular markers and performed a live cell time lapse analysis to understand 

thee role of EMTs in reinforcing the lines of cell division planes in plants. 

RESULTS S 

GFP-AtEBlGFP-AtEBl labeledplant microtubule plus ends exhibit guidedgrowths for 

bundlebundle creation 

Microtubulee plus-end labeling has been demonstrated using a GFP-AtEBl fusion protein 

andd permits observations on microtubule growth directionality and dynamics (Mathur et 

al.,, 2003). In interphase cells, GFP-AtEBl highlighted bidirectional movement of comet 

likee structures suggesting plus end growth of cortical microtubules of opposite growth 

polaritiess (Fig. 1A, B and Movie SI). In co-trans formed cells GFP-AtEBl labeled growing 

endss of YFP-MAP4 labeled microtubules (Fig. 1C and Movie S2) and co-localized with 

YFP-CLIP1700 (Fig. ID and Movie S3) on the growing microtubular plus ends 

reconfirmingg plus end specific localization of GFP-AtEBl in BY-2 cells. 

Generall  observations on microtubule guidance and bundling formed the basis of 

ourr subsequent experiments. Tracking the GFP-AtEBl comets it was found that >80 % 

freshlyy polymerizing microtubules exhibited guided growth on tracks established by 

existingg microtubules and thereby creating bundles of microtubules (Fig. 1C and Movie 

S2).. Preexisting microtubule-guided oriented bundling often involved l) two or more 

microtubuless with apparently similar polarity moving one after the other, ii) microtubules 

withh presumably opposite polarities moving in opposite directions to each other and iii ) 

independentt microtubules moving together as a pair with similar velocities (4.15  0.41 

urn/mm,, n=29) (Fig. IB and Movie SI). While mammalian FBI often induces 

microtubulee bundling upon overexpression, the observed bundling in plant cells was not 

causedd by AtEBl since it lacks the microtubule bundling domain present in the 

mammaliann orthologue (Bu and Su, 2003). Instead, intermicro tubular bridges (Chan et al., 

1999)) might be responsible for the observed bundle formation. In addition, in case of two 
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Figur ee 1. Mechanisms tor microtubule guidance and bundling 

(( keen: GFP-AtEBl (in A-H and N) and GFP-MAP4 (in I-M) 
Red:: GFP-MAP4 (in C, E G and N) and YFP-CLIP170 (in D) 
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(A)) 3-D maximum projection of interphase BY-2 cell highlighting GFP-AtKBl labeled punctuate 
att the cortex. 
(B)) In interphase cells, GFP-AtKBl comets at the cortex move in the same or opposite direction 
onn the same track (arrowheads) and sometimes together (arrow) (Movie SI). 
(C)) In co-transformed cells, GFP-EB1 labels growing ends of microtubules labeled by YFP-MAP4 
(Moviee SZ). 
(D)) Co-localization of GFP-AtHBl and YFP-CUP170 on growing microtubule plus ends (Movie 

(E)) GFP-AtFBl labeled growing microtubule changing from one microtubule track (labeled with 
VFP-MAP4)) to another. 
(F)) Growth of two separate unbundled microtubules (arrowheads) transiendv meeting (arrow) and 
afterwardss separating without inducing catastrophe. 
(G)) Microtubules growing in opposite direction on the same track with similar speed (arrowheads) 
meett (arrow) and continue growing in opposite directions without inducing catastrophe. 
(H)) Microtubule nucleation and growth (arrowheads) on an already existing microtubule (arrow), 
(I )) Situation where attachment of a plus end of microtubule (yellow arrowhead) to an existing 
microtubulee induces a translocation of minus end (red arrowhead) from one microtubule to 
another. . 
(J)) Microtubule plus end (yellow arrowhead) growing towards an existing microtubule followed by 
itss guided growth in a new direction causes bending at the point of previous attachment (red 
arrowhead). . 
(K)) Treadmilling microtubule (red arrowhead) with its plus end (red arrow) and minus end (yellow 
arrowhead)) moving in the same direction (yellow arrowheads and red arrows) initiates bundle by 
bridgingg two other separate preexisting microtubules. 
(L )) Long microtubule growing (arrowhead) and interacting with an existing microtubule induce 
reorientationn of growth and bending resulting into bundling with a shorter growing microtubule. 
(M)) Depolymerization of one microtubule partially associated in a bundle (yellow arrowhead) 
causess bending of the remaining structure (red arrowhead). 
(N)) Microtubule minus end detachment and subsequent movement (arrowheads) induces loss of 
GFP-AtFBll  from its plus end (yellow arrows) and it recovers GFP-AtKBI labeling and plus end 
growthh once its minus acquires a new support on another polymer (arrowhead). Note that the same 
microtubulee bends (red arrow) when its minus end is fixed and the plus end (yellow arrow) hits 
anotherr microtubule. 
Timee is indicated in seconds and bars in A-D represent 5 (xm, in k-m represent 3 urn while those in 
E,, I, J represent 2 urn and bars in F-H, N represent 1 um. 

microtubuless growing together side by side on the same track, it was frequently observed 

thatt one of the microtubules shrank while the other continued growing (Movie SI). 

Furtherr information on microtubular guidance and bundling mechanisms, came from an 

analysiss of cells coexpressing GFP-EB1 and YFP-MAP4. A growing microtubule (green 

arroww Fig. IE) could detach from an existing track and move onto another track where its 

growthh became guided in another direction (Fig. IE). Interphase microtubules in 

mammaliann cells show a similar guidance mechanism (Krylyshkina et aL, 2003). We also 

observedd individual microtubule plus ends approaching each other from a similar (Fig. 

IF)) or opposite (Fig. 1G) direction and meeting without inducing catastrophe. Strikingly, 

microtubularr nucleation was sometimes initiated on an existing microtubule (Fig. 1H); an 

observationn that is in agreement with the plant-specific localization of gamma tubulin 

alongg the microtubule length (Drykova et aL, 2003) and a study reporting microtubule 
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nucleationn from stable tubulin oligomers (Caudron et al., 2002). Microtubules also 

changedd trajectones bv reorienting their minus or plus ends when one of the ends was 

supportedd on the other polymer (Fig. II , J). It was also observed that motile polymers 

exhibitingg specialized treadmilling (ShawT et al., 2003) initiated bundling by bridging the 

twoo preexisting and separate polymers (Fig. IK) . In case of guided growth-induced 

bundling,, a shorter microtubule could adopt the growth direction of a preexisting longer 

microtubulee and vice versa (Fig. 1L). When one of the microtubules in a bundle retracted, 

itt frequently caused the other to bend implying the exertion of a pulling force (Fig. 1M). 

Wee also observed that upon release of a minus end from a nucleation site, the opposite 

pluss end depolymenzed (with concomitant loss of GFP-AtEBl), whereas upon 

acquisitionn of a new support by its minus end the microtubule retained growth (and 

regainedd GFP-AtKBl) (Fig. IN) . These observations indicate a provision for new 

nucleationn on existing polymers, while suggesting that in certain cases the plus end 

somehow'' 'senses' the physical state of the opposite minus end. Together these findings 

implicatee intermicrotubular affinities and polvmer capabilities to nucleate new or detached 

microtubuless as a general mode for microtubule survival, reorientation and bundle 

creation. . 

Emergence,Emergence, polarity and dynamics ofJSMTs at the onset of ceil division 

Equippedd with information on the general polar behavior of microtubules in interphase 

cellss we approached the question of appearance, polarity and dynamics of endoplasmic 

microtubuless specifically, at the onset of cell division. During preprophasc, more dynamic 

FMTss emerged bridging the nucleus to the cortex and exhibiting considerable 

bidirectionalityy (Fig. 2A-F and Movie S4) between outgoing (from the nucleus towards 

thee cortex) and incoming (from the cortex towards the nucleus) FMTs. More outgoing 

(80°° o) than incoming microtubules were observed though their growth rates were similar 

(5,866  0.82 um/min - outgoing; n=15 and 5.56  0.47, n=15 - incoming). Like cortical 

microtubules,, FMTs also exhibited bundling and guidance characteristics indicating 

existencee of intermicrotubular affinities in the cytosol even in the absence of a cortical 

support.. In contrast to yeast preprophase cells, where unidirectional microtubules 

(growingg from the center towards the cell periphery) position the nucleus by pushing or 

pullingg forces (Adames and Cooper, 2000; Tran et al., 2001), our observations on the 

requirementt of FMTs for nuclear displacement together with others (Katsuta et al., 1990) 

andd their bidirectionality suggests that plant cells can utilize both outgoing and incoming 

FMTss for positioning the premitotic nucleus. Conversely, with bundling and track follow^ 

up,, the incoming microtubules can possibly guide the outgoing ones to achieve selective 
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Figur ee 2 Polarity and growth speed of EMTs bridging nucleus and cortex 

Green:: GFP-AtEB1 (in A-l.) 
(A-F)) EMT exhibit bidirectional growth and microtubule bundling 
Notee that microtubule initiating from the nuclear surface (outgoing) and the one coming from the 
cortexx (incoming) cross each other (arrow) and like in the cortical array grow with similar speeds 
withoutt interfering each other (arrowheads) (Movie S4) 
(G-L)) EMT plus ends radiating mainly in an outward direction from the NE during 1'PB 
maturationn (Movie S5) 
Kymographh projection of microtubule plus ends at interphase cortex (M), at 1'PB cortex (N) and 
aii  preprophase cytoplasm (O) showing sustained polymerization. The horizontal axis, d, represents 
distancee (18 urn in M, 13 urn in N and 20 urn in O), and vertical axis, /, represents time (290 s in 
M,, 140 s in N and 390 s in O). Note that for each of the 3 cases (M-O), microtubules follow the 
tracks,, exhibit bi-directionality and grow with the same speeds. By comparing the slopes between 
imagess M-O, it becomes evident that the microtubule growth speed increases from interphase to 
PPBB stage as reported before (Dhonukshe and (iadella, 2003). Note that arrowhead in M shows 
thee crossing of two I'.Mi s growing on the same path at the same time but in opposite direction. 
Nucleuss is marked by 'N', time is indicated in seconds and bars represent 8 um 

corticall  targeting. This may be an efficient mechanism for their intracellular space 

navigationn since by the use of many microtubules growing at the same time in a bundle, 

thee chance of microtubules reaching the cortical target(s) without getting depolvmerized 

inn between is expected to be substantially higher. Interestingly, EMTs maintained 

continuouss contact with the cortical areas occupied by the developing PPB. At PPB 

maturationn the EMTs between the PPB and NE remained bidirecuonal and the others 

connectingg to more distal cortical areas became unidirectional displaying a radiating 
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comet-likee spectacular firework (Fig. 2G-L and Movie S5). At this stage, kymographs 

generatedd by tracking the GFP-AtEBl comets, clearly illustrate accelerated growths for 

bothh outgoing (8.33  0.83 um/min, n=30) and incoming (8.02  1.15 um/min, n=12) 

EMTs.. Microtubule growth was maintained at ca. 6.78  0.89 um/min (n=50) at the PPB 

(Dhonukshee and Gadella, 2003) (Fig. 2M-0). Consequently, microtubule density on the 

NKK gradually increased (see Fig. 2G-K) confirming earlier observations on microtubular 

growthss and stabilization on the NE in plant (Dhonukshe and Gadella, 2003) and 

mammaliann cells (Piehl and Cassimens, 2003). Our observations suggest that at the onset 

off  mitosis, the outward radiating EMTs position the nucleus in the center of the cell by 

puss hing/pulling forces and that the bidirectional EMTs connecting die NE to the PPB 

positionn the nucleus at the centre of the PPB. Moreover, the change from bidirectional 

growthh to unidirectional growth of NE-onginating FMTs approaching the distal cortex 

duringg PPB maturation severely reduces their chance of survival and thereby causes their 

detachmentt and collapse. 

RoleRole of EMTs in premitotic cytoplasmic organization 

Thee implications of endoplasmic microtubule configuration in organizing the premitotic 

cytoplasmm were now investigated using GFP-MAP4 transformed BY-2 cells (Dhonukshe 

andd Gadella, 2003) together with various organelle markers. During G2-M transition, 

FM4-64-labeledd endosomes (Fig. 3A), Alexa 633-labeled pinocytic vesicles (Fig. 3B), ST-

YFP-labeledd Golgi bodies (GA) (Fig, 3C) and Mitotracker-labeled mitochondria (Fig. 3D), 

alll  localized along the EMTs. In contrast to interphase, when microtubules remain at the 

cortexx and large vacuoles occupy the cell space (Fig.3E), during preprophase the vacuoles 

appearedd fragmented by intersecting EMTs (Fig. 3F). Previous studies have shown that 

thee motility of cytoplasmic organelles in plants is mainly actin-based (Boevink et al, 1998) 

andd that the actin cytoskeleton co-exists with mitotic microtubular arrays (Schmit and 

Lambert,, 1987). To further investigate the respective roles of microtubules and actin 

filamentss in premitotic cytoplasmic organization, we treated the cells with latrunculin B 

(ann actin polymerization inhibitor) and oryzalin (a microtubule depolymerizing herbicide). 

Inn latrunculin B treated cells EMTs appeared stabilized and more intense with normal 

cytoplasmicc configuration (Fig. 3G) whereas oryzalin destroyed EMTs and caused 

cytoplasmicc disorganization (Tug. 3H). In oryzalin and latrunculin B combined treatment, 

thee nucleus lost its central position and the cytoplasm (stained with unbound GFP-

MAP4)) became completely disorganized (Fig. 31). After oryzalin washout, the EMTs 

graduallyy reappeared and the cytoplasm regained its normal configuration (data not 

shown).. Together these results suggest a major role of EMTs in organizing the premitotic 

cytoplasm,, while not discounting the role of actin in mediating organelle motility. 
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Figur ee 3. K M I s configure the premitot ic cytoplasm 

Green:: G F P - M A P4 (In A 4 ) 

Red:: FM4-64 (in A, E and F), Alcxa 633 (in B), ST-YFP (in C), Mitotrackcr (in D) 

FM4-644 labeled endosomes (A) , Alcxa 633 labeled pinocytic vesicles (B), ST-YFP labeled GA (C) 

andd Mitotrackcr labeled mitochondr ia (D) all remain in the vicinity of G F P - M A P4 marked KM T 
tracks. . 

(E)) At interphase, G F P - M A P4 labeled microtubules remain at the cortex and FM4-64 labeled 
vacuoless occupy most of the endoplasmic space 

A tt preprophase, ( I I P MAP4 labeled I . M i s intersect the vacuoles labeled by FM4-64 

Premitoticc cells treated with latrunculin B (G), ory/al in ( H ) or both ( I ) show cxtoplasmic 
disorganizationn in the presence of otyzalin ( H - I ) . 
Barss represent 8 um 
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GuidedGuided growth ofEMTs towards the PPB site and their coincident localization 

withwith the endocytic vesicles 

Thee implications of this observation that differentiated between intracellular motility and 

intracellularr compartmentalization became apparent as we investigated the locali2ation 

patternn for FM4-64 labeled endocytic vesicles in relation to microtubules. During 

interphase,, FM4-64 labeled endocytic vesicles were randomly localized in the cell (data 

nott shown) but early in G2-M transition they started coaligning with emerging EMTs 

(Fig.. 4A, B). In GFP-AtEBl transformed cells, these endocytic vesicles displayed 

internalizationn paths along the EMTs trajectories and their appearance coincided with the 

corticall  sites approached by the EMT plus ends (Fig. 4C-F and Movie S6). Upon oryzalin-

inducedd microtubule depolymerization, endocytic vesicular internalization was affected 

immediatelyy with complete disruption of the internalization routes (Fig. 4G-I and Movie 

S7).. After oryzalin washout, the reformed F.MTs again approached the cortex and the 

internalizationn endocytic vesicle traffic resumed (Fig. 4J). Most importantly, during PPB 

maturationn the endocytic material aggregated at the cortical areas occupied by die PPB 

andd the radiating EMT plus ends (Fig. 4K and Movie S8). Consequently endocytic 

vesicless formed a cortical belt loosely co-localizing with the microtubular PPB (Fig. 4L, 

M).. Support for this observation comes from a recent electron microscope study 

analyzingg the membrane architecture of the PPB which revealed accumulation of clathrin-

coatedd and non-coated pits specifically in the PPB regions (Mineyuki et al., 2003). 

Moreover,, the activity of an endosomal marker protein Ara7 (rab5) is known to be 

upregulatedd during mitosis (Ueda et al., 2001) and similar PPB belt was observed using 

GFP-Ara77 (Arabidopsis Rab5 homologue) labeled endosomes (Fig. 4N). Further the 

endosomall  band observed by us co-localized with a band comprising of Golgi bodies 

(Fig.. 4 0) (Nebenfuhr et al, 2000). It is noteworthy that during PPB maturation, die 

EMTs,, which connect the nucleus to the cortical PPB, prohibit a continuous vacuolar 

structuree and thereby create a cytoplasmic area in juxtaposition to the PPB (Fig. 4P). This 

cytoplasmicc area occupied by the EMTs at PPB maturation is still maintained at the 

spindlee stage (Fig. 5A). The actin depleted zone (ADZ) which appears during PPB 

breakdownn and which is also maintained throughout cytokinesis has been proposed to 

participatee in regulation of the division plane since actin disruption before ADZ-

formationn affects cell division planes (Hoshdno et al, 2003). We speculate that the lack of 

actinn prohibits further transport of continuously endocytosed material, contributing to the 

formationn of a coherent endosomal belt, for it has been shown that plant endosomal 

traffickingg is mosdy actin-based (Geldner et al., 2001). 

149 9 



Figur ee 4. Endosomal belt co-localizes with microtubular PPB during preprophase 

Green:: GFP-MAP4 (in A. B. L, M and P.. ( i l l ' -Arl-Bl (in C-K), GFP Ara7 (in N), ST-YFP (in 
O) ) 
Red:: FM4-64 fin A-M and O-P) 
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Att early G2-M transition, FM4-64 labeled endoevtic vesicles follow the emerging l-MTs labeled 
withh GFP-MAP4 as shown in single median section (A) and in 3D-projection (B) 
Markedd rectangle in (C) is zoomed in for (D-I). FM4-64 labeled endoevtic vesicles preferentially 
internalizee from the cortical areas approached bv the GFP-AtFBI labeled KMT plus ends (D-F) 
(Moviee S6) and oryzalin induced microtubule depolvmerization disrupt their internalization routes 
(G-I)) (Movie S7) whereas onzalin removal recovers the internalization paths (J). 
(K)) (Jose up of GFP-AtKBI marked KMT plus ends bridging NF and PPB. Note that during PPB 
narrowingg FM4-64 labeled endoevtic vesicles preferentially internalize from the cortical areas 
approachedd by the GFP-AtFBI (Movie S8). 
Formationn of an FM4-64 labeled cortical belt at the PPB site (labeled with GFP-MAP4) shown in a 
singlee median section (L) and in 3-D projection (M). 
(N)) 3-D projection of GPP-Ara7 labeled endosomes exhibiting endosomal belt at prcprophase 
(O)) Both FM4-64 labeled endosomes and ST-YFP labeled GAs form a cortical bek at the PPB site. 
(P)) GFP-MAP4 labeled FMTs connecting the nucleus to the PPB intersect FM4-64 labeled 
vacuoles. . 
Timee is indicated in minutes. Bars in A, N, J, L, M represent 7 ^m, those in C, N-P represent 10 
u.mm and the one in K represents 5 urn 

EMTsEMTs radiated from the former spindle poles attains a geometrical conformation 

correlatingcorrelating with cell-plate navigation and tilt-correction 

Followingg observations on microtubule and organelle behavior during early stages of 

mitosiss we analyzed events at later stages. Immediately after chromosomal separation at 

anaphase,, the EMTs emanating from the region occupied by spindle poles 'probed' die 

celll  cortex (Fig. 5B, C and Movie S9) wliil e exhibiting unidirectional growth at speeds of 

8.522 + 1.23 uxn/min (n=45). During late telophase, these EMTs mainly probed the 

corticall  areas previously occupied by the PPB (Fig. 5D). In addition, the EMTs 

originatingg from the non facing surfaces of the daughter nuclei appeared less in number 

ass compared to the phragmoplast microtubules, and occasionally exhibited growth 

trajectoriess towards the cell poles (Fig. 5E). Because of the remarkable co-incidence 

betweenn the FMTs and endocytosed material during prcprophase, we investigated 

whetherr during anaphase diese EMTs approaching towards the cortex co-localize with 

FM4-64-labeledd endoevtic material. Such co-localization was observed both for GFP-

MAP44 (Fig. 5F-I) and GFP-AtEBl (Fig. 5J-M) labeled FMTs localizing at the former 

PPBB sites. During cell plate expansion the EMTs appeared to navigate the cell plate and 

too align it for establishing a clear line of division (Fig. 5N, O and Movie S10). EMT plus 

endss present within the phragmoplast midline (where the cell plate formed subsequendy) 

weree labeled markedly with GFP-AtEBl but less with YFP-MAP4 indicating the polarity 

off  the phragmoplast microtubules orienting with their plus ends towards the developing 

celll  plate (Fig. 5P). 

Inn budding vcasr cytokinesis gets delayed til l the spindle is properlv positioned but 

inn a mutant for Biml (EB1 homologue) this delav gets abolished tesulting into abnormal 
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fögm,fögm, i-fm 

Figur ee 5. I'M targeted KMT plus ends probe the areas occupied by the preceding 1'I'B and align the cell 

platess tor their proper docking at the parental walls 

Green:: GFP MAl' 4 (in A, F-I), (i l I' \tl Bl (in B-E, J-O and P) 
Red:: IM4-64 fin A, F-O), GFP-MAP4 (in P) 
(A)) Discontinuity of the vacuolar structures at the preceding 1'1'H site 'arrowheads is maintained at 
thee spindle stage as visualized with I M4-64 labeled vacuoles and (rFP-M \l'4 labeled microtubules 
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(B-C)) At the onset of phragmoplast stage, CïKP-AtKBl labeled KMT p!us ends (red arrowheads) 
originatingg from the former spindle poles grow towards the cortex (Movie S9). Occasionally, they 
groww towards the polar areas (yellow arrowhead} 
(D)) Gl'T-AtKB l labeled KMT plus ends (arrowheads) arc attracted to the cortical areas marked by 
thee preceding PPB. At late telophase, the cortical distance of (ÏKP-AtKBl labeled KMT plus ends 
reachingg towards the cortex is reduced. 
(E)) 3-D projection showing CiFP-AtKBl labeled KMT plus end trajectories directed towards the 
cortexx which are different than main phragmoplast structure. 
GFP-MAP44 labeled KMTs (F-I) or GFP-AtKBl labeled KMT plus ends (J-M) continue to reach 
thee cortex at the former PPB site, and display close proximity to FM4-64 labeled endosomes (red 
arroww and arrowheads). These endosomes display movement towards the minus end of these 
KMTs. . 
(N-O)) CiKP-AtKBl labeled plus ends growth of KMTs (arrowheads) towards opposite sides of the 
cortexx is maintained during cell plate and phragmoplast tilting (Movie S10). 
(P)) Knrichmcnt of GFP-AtKBl labeled microtubule plus ends (arrowhead) but not of YFP-MAP4 
labeledd microtubular parts at the phragmoplast midline 
Timee in F-I represents seconds while that in J-O is indicated in minutes. Bars in A-0 represent 8 
umm while that in P represents 10 um. 

celll  division (Muhua et al., 1998). This suggests an important role of Biml in sensing and 

positioningg of the spindle. Cytokinesis in plants often begins with tilted spindles 

indicatingg the absence of a spindle alignment checkpoint in plant cells. However, this 

spindlee tilting is later on corrected during the progression of cytokinesis which mav 

indicatee the involvement of a positioning sensor and correction mechanism in plant cells. 

Wee propose that the EMTs initiating from the spindle poles and approaching the cortex 

(Fig.. 5B-0) are involved in this sensor and tilting mechanism. Though different scenarios 

cann be evoked for the correction mechanism, in each case a specialized cortical reference 

sitee would be required. We therefore investigated the effect of an auxin efflux inhibitor 

NPAA that has been shown to block both vesicular trafficking and internalization of 

plasmaa membrane localized proteins (Geldner et al., 2001) without directly affecting 

microtubuless or actin filaments (Petrasek et al., 2003). 

PolarityPolarity inhibitor induces abnormal PPBs and shifted cell division planes 

Prolongedd NPA treatment caused inclined and periclinal cell divisions (Fig. 6C) instead of 

normall  anticlinal cell divisions (Fig. 6A). Cells with the aberrant division planes also 

exhibitedd major alterations in interphase cortical microtubule alignments in the daughter 

cellss (Compare Fig. 6A, B with Fig. 6C, D). NPA treatment caused formation of 

abnormall  PPBs (Fig. 6F) that resulted into inclined spindles (Fig. 6E) and phragmoplasts 

(Fig.. 6F) resulting into shifted division planes. In certain NPA treated cells two separate 

PPBss were observed and the inclined cell plate was found attached to the parental cell 

wallss with either of its end docking at one of the places marked by these two PPBs (Fig. 
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Figuree 6. \ PA inducts abnormal PPBs and altered cell divisions 

(A-B)) Normal anticlinal cell divisions (arrowheads in A) and transverse organization cortical 
microtubuless in \ P A untreated cells. 
(C-D)) Inclined and periclinal cell divisions (grey arrowheads in Cj with altered organization of 
GFP-MAP44 labeled cortical microtubules (grey arrowheads in D) in NP A treated cells. 
A,, C displav single median sections and B. D show 3-D projections. Note that the first round of 
celll  divisions (white arrowheads) is normal and a shift in the cell division planes occurs in the 
secondd round of cell division. 
(E-F)) formation of periclinal PPBs and spindles (arrowheads in E) and periclinal phragmoplasts 
(arrowheadd in F) 
Bidirectionall  arrow in A, C, E and F shows the long axis of cells. 
(G-L)) NPA treatment sometimes causes formation of two separate PPBs (arrowheads in Gy 
equidistantt to the nucleus which results in tilted spindle formation (I) and phragmoplast initiation 
(J),, phragmoplast growth (K) and cell plate docking (L) at sites marked by either of the PPBs 
'arrowheads)) (Movie SI 1). 
GG shows 3-D projection and rest single median sections 
Barss represent 10 iim and time is indicated in minutes. 
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6G-LL and Movie S l l ). Closer observation of this two PPB situation revealed a 

preferentiall  attachment of the cell plate at the PPB sites connecting with the largest 

numberr of EMTs (Fig. 6H). These results, together with the observations of others, 

implicatee a link between intracellular establishment of polarity, endocytosis, the placement 

off  initial PPBs and final cell division planes. 

DISCUSSION N 

Inn mammalian and yeast cells, the astral microtubules originating from the duplicated 

centrosomess or spindle pole bodies probe the cell cortex. The probing is accomplished 

withh a microtubule plus end-mediated 'search and capture' mechanism making transient 

connectionss with specialized cortical sites (Korinek et al., 2000; Gundersen, 2002). The 

corticall  sites define cell polarity and after connecting to these sites, the astral microtubules 

positionn and align the spindles (Lee et al., 2000; OHfercnko and Balasubramanian, 2002) 

andd determine the plane of cell division (Canman et al., 2003). We believe that EMTs in 

plantt cells (although less in number than the mammalian astral microtubules) may 

similarlyy establish and regulate the cell division plane in plant cells. Interestingly, it has 

beenn shown previously that injuries caused by inserting the micro-needles at these specific 

corticall  sites probed by EMTs during cytokinesis affect cell plate alignment (Gunning and 

Wick,, 1985). 

Inn mammalian cells, EB1 binds to adenomatous polyposis coli (APC). In epithelial 

cells,, APC is mainly found at specialized cortical sites (Nathke et al., 1996) providing a 

planarr cue (Bienz, 2001). In mamalian cells microtubule mediated APC deliver}' to 

specializedd cortical sites has been shown (Askham et al., 2000; Mimori-Kiyosue et al., 

2000).. A mechanism for attaining polarity cues mediated by EB1 labeled microtubule plus 

endss targeting to the APC marked specialized cortical sites is proposed for mammalian 

cellss (Lu et al., 2001). A similar role for attracting EB1 labeled microtubular plus ends 

towardss the cortex has been attributed to Kar9p an analogous protein with limited 

similarityy to APC in budding yeast (Lee et al., 2000) and to Moel in fission yeast (Chen et 

al.,, 2000) although more recent papers suggest different functional roles for Kar9p 

(Liakopouloss et al., 2003; Maekawa and Schiebel, 2004). Moreover, it has been suggested 

thatt LIS1 is a regulated adapter between CLIP170 and cytoplasmic dynein at sites 

involvedd in cargo-rmcrotubule loading, and/or the control of microtubule dynamics 

(Coquellee et al., 2002). Interestingly, plants seem to possess homologues for APC, Kar9p, 

Moell  and the plant cytoskeletal related Tonneau (Camilleri et al., 2002) protein contains a 

LisHH domain present in LIS1 (our unpublished results based on NCBI search engine). In 

maize,, the tangkdl (which is distandy related to the APC) mutant displays altered PPBs, 
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spindles,, phragmoplasts and shifted cell division planes. Furthermore, Tangledl 

expressionn and its microtubule localization correlate with the cell division stage (Smith et 

al.,, 2001). In mammalian cells, EB1 is required for microtubule tip-specific locali2ation of 

APCC but not vice versa. In the absence of EB1, APC localizes all along the microtubule 

lengthss (Tirnauer and Bierer, 2000; Smith et al., 2001). In addition, APC assembly in the 

corticall  clusters is EB1 independent but is dependent on the existence of the armadillo 

domainn (Barth et al., 2002). In plants it remains to be determined how EB1 localizes in 

mee tangledl mutant and vice versa. From parallels in the mammalian cell literature one 

mightt hypothesize that Tangledl mediated EB1 targeting to specialized cortical sites 

regulatess the cell division planes in plants. However, there are several problems with this 

hypothesis.. For instance, Tangledl contains only the microtubule binding domain and 

lackss both the EB1 binding and the armadillo domains of APC (Barth et al., 2002). 

Inversely,, AtEBl possesses an APC interaction domain (Bu and Su, 2003) and a unique C 

terminall  acidic tail (Mathur et al., 2003) and armadillo domains containing proteins exist 

inn Arabidopsis (our unpublished results). This leaves open the possibility of EB1 

interactingg with other PM localized basic protein(s). In addition, plants lacking Tonneau 

faill  to assemble PPB (Traas et al., 1995) and Tonneau possesses a LisH domain. From the 

parallell  mammalian cell literature one might hypothesize that the LisH domain in 

Tonneauu may mediate EMT plus end cortical interactions although a WD-40 repeat 

domainn essential for LIS1 function is absent in Tonneau. Hence it will be interesting to 

determinee how EB1 localizes in tangkdl and tonneau mutants and vice versa. In 

mammaliann cells many proteins have been shown to associate in a microtubule plus end 

complex,, which has been referred to as a plus end raft (Galjart and Perez, 2003). As with 

lipidd rafts, protein concentration at distal ends may allow a cascade of interactions in the 

restrictedd area of a microtubule plus end. This may, in turn, control the dynamic behavior 

off  this cytoskeletal network and its anchoring to other structures (Galjart and Perez, 

2003).. An alternative to this would be that EMTs by interpreting the cell geometry and 

polarityy cues deposit protein(s) at die PPB, which later on attracts the phragmoplast 

microtubules. . 

Inn conclusion, our results suggest that in mitotic plant cells EMT plus ends may act 

ass cell shape/polarity*  sensing and orienting machines by their sustained cortical targeting 

ass shown before for yeast (Konnek et al., 2000; Tran et al., 2001). EMTs in premitotic 

plantt cells are bundled and bidirectional as reported very recently in fission yeast (Busch 

andd Brunner, 2004) highlighting an evolutionary conservation of processes involved in 

definingg cell division planes. Importantly, we show diat at preprophase the targeting of 

EMTT plus ends coincides with endocytosis events to establish a plant-specific cortical 

endocyticc belt. During cytokinesis this same belt again interacts with the EMT plus ends 
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off  the expanding phragmoplast for proper cell plate navigation and docking. Our results 

reveall  an essential link between the position of EMT plus ends, the establishment of 

intracellularr polarity and the localization of endocytosis for die regulation of cell division 

planess in plants. 

METHOD S S 

PlantPlant material and growth conditions 

Tobaccoo BY-2 cells were cultured and transformed as reported previously (Dhonukshe 

andd Gadella, 2003). 

ConstructionConstruction of reporter genes 

Constructionn of GFP-MAP4, YFP-MAP4, YFP-CLIP170 and GFP-AtEBl was described 

beforee (Dhonukshe and Gadella, 2003; Mathur et al., 2003). GFP-Ara7 in vector 

pBSIIKS++ was excised with FundUFXbal and sub-cloned into binary vector pBINPLUS. 

STtmd-YFPP in vector pMON was digested with PstI -Smal and cloned into binary vector 

pCAMBIAA 1390. 

FluorescentFluorescent dyes and drugs 

FM4-644 (Molecular probes) dissolved in water was applied at 2 [iM final concentration 

forr 5 min to the BY-2 cells, cells were washed with BY-2 medium to remove excess dye 

andd were observed immediately. Alexa 633 (Molecular probes) and Mitotracker 

(Molecularr probes) dissolved in water were applied at 2 |iM each final concentration and 

cellss were observed immediately. Taxol (Sigma-Aldnch), latrunculin B (Sigma-Aldrich), 

NPAA (Sigma-Aldrich) were used from DMSO dissolved stock solutions and applied to 

cellss at final concentrations of 10 ^iM, 10 U.M, and 50 fxM respectively while oryzalin 

(Greyhoundd Chromatography and Allied Chemicals, Merseyside, UK) was utilized from 

ethanoll  dissolved stock solution at 10 |iM final concentration. 

LiveLive cell analysis 

Forr live cell analysis, the Zeiss CLSM510 system implemented on an inverted (Axiovert 100) 

microscopee was used. The microscopy system, sample preparation, single wavelength 

scanning,, image processing and movie generation was described before (Dhonukshe and 

Gadella,, 2003). Dual color imaging was performed using dual excitation/emission 
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scanningg in multitracking mode. For GFP /YFP dual scanning, we used 

excitation/emissionn combinations of 458 nm/ BP 475-525 for GFP and 514 nm/ BP 

530-6000 for YFP in combination with the HFT 458/514 primary and NFT515 secondary 

dichroicc splitters. For G F P/ FM4-64 dual scanning, we used excitation/emission 

combinationss of 488 nm/ BP 505-550 for GFP and 543 nm/ LP585 for FM4-64 in 

combinationn with the HFT 488/543 primary and NFT545 secondary dichroic splitters. 

Forr G F P/ Alexa dual scanning, we used excitation/emission combinations of 488 n m/ 

BPP 505-550 for GFP and 633 nm/ LP650 for Alexa in combination with the HFT 

UV/488/543/6333 primary and NFT545 secondary dichroic splitters. Al l filters were from 

Zeiss.. For time-lapse analysis, images were obtained at 1-10 sec time intervals. All the 

experimentss were repeated 3-5 times. Acquired images were processed using LSM510 

imagee browser version 3.0 (Zeiss Corp.). Maximum projections were obtained from 0.5 

(amm apart serial optical sections and were exported as TIFF files. For time series scans, all 

thee images were exported as time series TIFF files. The exported images were processed 

withh Adobe Photoshop version 5.0 (Adobe Systems Inc.). For individual plant 

microtubulee growth measurements all the time scans were analyzed in animation mode of 

LSM5100 image browser 3.2 (Zeiss Corp.) by marking the single ends of individual 

microtubuless in each image by a zoom function and tracking them for several minutes. 

Thee shortest resolvable displacement of the plus ends that was measurable by this analysis 

wass 0.1 urn. The time values were obtained from respective frame times in the rime-lapse. 

Thereafterr the data was manually transferred into Excel and processed. The microtubule 

growthh histories (kymographs) were obtained by processing the raw data in LSM510 

imagee browser 3.2 (Zeiss Corp.). 
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AA challenging question in biology is how the different components of cells are organized 

inn space and time to carry- out diverse functions. In vacuolated and cell wall-confined 

plantt cells, microtubules are essential for cell divisions and thereby play an important role 

inn tissue- and organ-morphogenesis. The membrane trafficking machinery is necessary for 

thee establishment and maintenance of intracellular compartmentalization and plays a role 

inn mediating the cellular dialogue with the extracellular environment. Several decades of 

plantt cell biological research relying on static images of fixed cells provided us the 

glimpsess of microtubular structures and membrane trafficking. However, for a complete 

vieww we need information on the dynamics. The fixed position of a plant cell within a 

givenn tissue leaves only two possibilities for directed growth of the tissue: dividing in the 

lengthh axis of the desired growth direction or cellular expansion (growth) in this direction. 

Hencee the determination of Ene of cell division plays a crucial role in plant 

morphogenesis.. In plants, the preprophase band (PPB) marks the cell division planes at 

thee onset of mitosis. It is generally assumed that die PPB creates a memory, which is 

perceivedd by the cytokinetic machinery to reinforce of the line of cell division. This thesis-

projectt began with investigating what mechanism drives microtubular reorganization from 

dispersedd interphase cortical microtubules to the compact PPB. Understanding the in situ 

physicall  parameters governing microtubule dynamics is vital for further understanding 

theirr reorganization. In order to determine the four parameters describing dynamic 

instabilityy it is essential to visualize and quantify individual microtubular dynamics in live 

plantt cells. To this end we used the green fluorescent protein (GFP) reporter technology 

coupledd to time-lapse confocal microscopy and applied it in continuously dividing plant 

cells.. Three different microtubule markers were used namely GFP-a tubulin, GFP-MAP4 

andd YFP-CLIP170. With this approach, we quantified for the first time the in vivo dynamic 

instabilityy parameters of individual plant microtubules. Like for mammalian cells, YFP-

CLIP1700 recognized the growing plus ends of plant microtubules and revealed for the 

firstt time die plus-end dynamics of individual plant microtubules. This indicates 

conservationn of microtubular plus end architecture. The dynamic instability parameters 

weree determined for it was found mat interphase plant microtubules grow at 5 urn/min, 

shrinkk at 20 j im/min and display catastrophe and rescue frequencies of 0.02 and 0.08 

events/s.. This indicates a faster turnover of plant microtubules as compared to meir 

mammaliann counterparts. Strikingly, during PPB-formation, the growth rate and 

catastrophee frequency of plant microtubules doubled, whereas the shrinkage rate and 

rescuee frequency remained unchanged. Together this makes microtubules shorter and 

moree dynamic. These observations and their quantification based on two and three-

dimensionall  time-lapse microscopy (3D and 4D microscopy) provided important novel 

insightss into the mechanism of PPB formation. 
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Thee interesting localization of mammalian CLIP170 to plant microtubular plus ends 

provokedd our interest to find out whether plants also contain similar proteins. The 

sequencedd Arabidopsis genome provided two candidates; namely Arabidopsis tubulin 

foldingfolding cofactor B and E (AtTFCB and AtTFCE), containing a CAP-Gly domain which is 

essentiall  for binding of CLIP170 to microtubules. Tubulin folding cofactors are 

importantt for microtubule biogenesis. Consequently in their absence plants display 

drasticallyy altered phenotypes. During our course of investigation, all folding cofactors 

otherr than AtTFCB have been reported. Therefore we focused on the analysis of 

AtTFCB.. Remarkably, AtTFCB overexpression induced protoplast lethality, which could 

bee rescued by simultaneous overexpression of a tubulin, indicating their functional 

interactions.. By applying multi-mode-Fluorescence Resonance Energy Transfer (FRET)-

microscopyy we could determine for the first time that TFCB interacts with a tubulin 

insidee live cells. Our analysis of AtTFCB showed that it influences tubulin levels and 

microtubulee existence as described for other folding factors. Moreover, it pointed towards 

aa dual role of AtTFCB 1) in a-tubulin processing, to transform it into assembly-

competentt subunit and 2) as a reservoir of processed a tubulin. In case of excess p 

tubulinn (which is toxic), this reservoir can release enough folded a tubulin to maintain the 

criticall  balance of ct/p tubulin monomers. 

Signalingg for plant microtubular reorganization is rather a new research area with a 

significantt future potential. Isolation of plant a protein p90 (with high homology to 

Phospholipasee D (PLD)) and its dual localization, both at the membrane and on 

microtubules,, provided an interesting candidate for the long pursued microtubular-plasma 

membranee link. PLDs are enzymes involved in basic phospholipid metabolism as well as 

inn cellular signaling. By using living and dividing BY-2 cells we investigated the effect of 

PLD-activationn on microtubular structures. Our combined live cell and phospholipid 

metabolismm analyses revealed that upon activating PLD, cortical microtubules were 

releasedd from the plasma membrane within a short time (15-30 min). Also the 

microtubuless of the PPB and of phragmoplasts were affected upon PLD activation. Even 

inn case of taxol-stabilized microtubules, PLD-activation induced their release from the 

membrane.. Interestingly, the product of PLD-activity (phosphatidic acid) was unable to 

releasee microtubules. These findings are compatible with PLD being attached to the 

membranee by a transient covalently attached phosphatidylated structure. Because the 

PLDD is also attached to microtubules this mechanism enables microtubule release upon 

PLD-activation.. It wil l be interesting to elucidate which molecules can modulate the 

PLD-basedd anchoring and to find the PLD-isoform responsible for microtubule-plasma 

membranee link. 
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Duringg the PLD-microtubule analysis we checked whether certain PLD activators 

couldd induce plasmolysis by using the endocytic (membrane impermeable) marker FM4-

64.. Strikingly, in cytokinetic control cells, we noticed the endocytosis of FM4-64 and its 

immediatee targeting to forming cell plates. Based on EM studies of the fixed cells, it was 

generallyy assumed that vesicles produced by the Golgi Apparatus (GA) are the sole source 

off  material required for cell plate building. Our observation of incorporation of the 

endocyticc marker FM4-64 into the forming cell plates indicated the participation of other 

membranee trafficking routes in addition to the GA-secretory pathway. Our live cell 

analysiss together with immunolocalizations, pharmacological, genetic and Fluorescence 

Recoven-- After Photobleaching (FRAP) analyses confirmed fast and consititative delivery 

off  internalized plasma membrane (PM) / cell wall material for cell plate formation. 

Togetherr these findings indicate diat the use of mature prefabricated material via 

endocytosiss provides a fast hardening glue for cell plate maturation. Furthermore, it 

showss that all cells inherit part of their PM from their parental cells and explains why it is 

impossiblee to synthesisize a PM de novo from GA-vesicles. 

Inn interphase plant cells, microtubules remain only in the vicinity- of the PM. At the 

onsett of mitosis they also emerge in the cytoplasm. For investigating the polarity of these 

endoplasmicc microtubules (EMTs), we analyzed the dynamics of GFP-AtEBl labeled 

microtubularr plus ends in mitotic cells. Our results show nuclear surface originated EMTs 

groww towards the PPB sites and that their plus ends co-localize with die endocytic vesicles 

att the cortex. During PPB maturation, these endosomes formed an endosomal belt in 

juxtapositionn to die microtubular PPB. This area is maintained during spindle formation 

ass visualized by the discontinuity of vacuolar structures. During cytokinesis, the plus ends 

off  EMTs radiating from the prior spindle poles approached the cortex in a geometry that 

correlatess with cell plate navigation and tilt - correction. At late telophase, these outgoing 

EMTT plus ends again coincided with the endosomal structures at the areas previously 

occupiedd by the PPB. Auxin efflux inhibitor NPA, interfering with polarized localization 

off  PIN1, caused abnormal PPBs and shifted cell division planes. Hereby our results reveal 

ann unexpected link between the position of EMT plus ends, the establishment of cell 

polarityy and the localization of endocytosis for the regulation of cell division planes in 

plants. . 

Noww I would like to evaluate in short the outcome of this thesis. At the beginning 

off  this thesis project the general perception of plant microtubular cytoskeletal was 

underestimatedd due to the lack of information on individual microtubule dynamics. In 

additionn efforts to study mitotic plant cells where it is possible to visualize microtubular 

cytosketall  and membrane trafficking events were almost absent. GFP-reporter technology 

hass provided an ability to visualize, track and quantify molecules and events in living cells 
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withh high spatial and temporal resolution. Therefore we devoted this thesis project with 

diee goal to visualize microtubule dynamics and membrane trafficking in living and 

dividingg plant cells. If I look backwards, I feel that this thesis has provided ample 

informationn to understand the microtubule and membrane dynamics during plant mitosis. 

Thiss thesis has brought us close towards answering some of the long standing mysteries 

inn plant field; namely i) what mechanism drives the formation of PPB ii) what memory7 

PPBB creates that cytokinesis perceives iii ) how PM—attached microtubules perceive the 

signalss and reorganize iv) which membrane trafficking routes participate in building the 

celll  plate. This thesis has opened a room, which shows many closed doors. The 

experimentss which I foresee for opening those other doors are a) Quantification of 

microtubulee dynamics in overexpression and mutant backgrounds of PPB lacking tonneau 

andd abnormal PPB forming tangkdl plants b) PLD activator based mutant screen and 

GFP-basedd reporter analysis coupled to phospholipid metabolism c) testing the relevance 

off  endocytosis in cytokinetic mutants d) PIN polarity analysis in relation to EMTs and cell 

divisions. . 
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Eenn uitdagende vraag in de wereld van de biologie is hoe verschillende componenten van 

dee cel zijn georganiseerd in ruimte en tijd om hun diverse functies uit te kunnen voeren. 

Inn het hart van de plantencel zijn microtubulinen aanwezig, die nodig zijn voor de 

opbouww van weefsel en organen. Door de intracellulaire opbouw kan de cel met zijn 

buitenwereldd communiceren doordat het zijn membranen aanpast. In de afgelopen 

tientallenn jaren hebben we een glimp te zien gekregen van deze twee processen door 

middell  van allerlei statische beelden van gefixeerde cellen. Helaas kregen we hierdoor 

geenn volledig beeld te zien. Wel konden we zien hoc cellen delen. De preprofase band 

markeertt de vlakken van de celdeling tijdens het begin van de mitose (celdeling) door 

middell  van het creëren van geheugen, waarbij duidelijk wordt welk materiaal nodig is om 

dee lijnen van de celdeling te verstevigen. 

Inn dit proefschrift is eerst gekeken door welk mechanisme de microtubulaire 

organisatiee wordt gedreven om tot de preprofase band (PPB) te komen. Om de 

reorganisatiee beter te kunnen begrijpen is het nodig de fysieke parameters te leren kennen. 

Omm het proces te visualiseren en te kwantificeren is gebruik gemaakt van GFP-reporter 

technologiee gekoppeld aan een microscoop, dat ons in staat stelt de cel levend te bekijken. 

Mett deze zogenoemde confocale microscopie kunnen continu delende plantencellen beter 

bekekenn worden en is dynamische instabiliteit van de microtubulinen voor de eerste keer 

gekwantificeerd.. Hiervoor is gebruik gemaakt van drie verschillende markers: GFP-a 

tubulin,, GFP-MAP4 and YFP-CLIP170. Net zoals in dierlijke cellen, herkende de YFP-

CLIP1700 het plus-uiteinde van de microtubulinen. Dit suggereert dat de architectuur van 

hett plus-uiteinde van de microtubulinen behouden is. Hierbij hebben we gezien dat de 

interfasee van de plant microtubulinen met 5 um/min groeit en met 20 um/min krimpt en 

daarbijj  een 'catastrofe-' en herstelfrequentie liet zien van respectievelijk 0.02 en 0.08 keren 

perr seconde. Dit is veel sneller dan in dierlijke cellen. Opmerkelijk genoeg verdubbelden 

dee groei- en krimp snelheden zich tijdens de PPB vorming, en bleef de 'catastrofe' en 

herstell  frequentie gelijk, waardoor het nettoresultaat is dat de microtubulinen korter en 

dynamischerr worden. Aan de hand van dit onderzoek, en de kwantificatie ervan met 

behulpp van twee- en drie dimensionale microscopie met inbegrepen de meting van tijd 

(3DD en 4D microscopie) hebben we een goed inzicht gekregen in het mechanisme van de 

PPBB vorming. 

Dezee interessante bevindingen brachten ons ertoe om uit te zoeken of plantencellen 

nogg meer dezelfde eiwitten gemeen hebben met dierlijke cellen. We vonden twee 
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kandidatenn in de Arabidopsis, namelijk: AtTFCB and AtTFCE, die het CAP-Gly-gedeelte 

bevatten.. Di t zijn co-factoren die ervoor zotgen dat de tubuünen goed kunnen buigen en 

daarnaastt zijn ze belangrijk voor de biogenese van rnicrotubulinen. In afwezigheid van 

dezee factoren ondergaat de plant drastische veranderingen. Door een overexpressie van 

dee AtTFCB ging de protoplast bijna dood maar kon het gered worden door overexpressie 

vann a-tubuline. Dit werd aangetoond met een microscoop die gebruik maakt van 

fluorescentie,, resonantie en energie-overdracht (FRET). Deze bevinding houdt in dat 

rnicrotubulinenrnicrotubulinen ook a-tubuline bevatten. Bovendien gaf het aan dat AtTFCB in a-tubuline 

inn staat is om compartimenten te vormen en dat het erbij toedraagt om de oc/fï 

monomerenn in balans te houden. 

Hett signaleren van de microtubulaire reorganisatie is een nieuw onderzoeksgebied. 

Dee isolatie van het eiwit p90 in de plant, dat erg veel lijk t op PLD (fosfolipase D) met 

betrekkingg tot de localisatie van het membraan en de rnicrotubulinen, geeft ons een 

kandidaatt voor een microtubulaire hechting aan het plasma-membraan. PLDs zijn 

enzymenn die betrokken zijn bij fosfolipide metabolisme en ook bij de signaaltransductie. 

Wee hebben de relatie tussen PLD en de rnicrotubulinen onderzocht met behulp van 

GFP-MAP44 (een microtubulaire marker) die getransformeerd zijn door een BY2-

celsysteem.. Door het activeren van PLD kwamen de corticale rnicrotubulinen binnen 

kortee tijd (15-30 min) vrij . Daarnaast waren de rnicrotubulinen van de PPB en 

fragmoplastt ook beïnvloed. Deze bevindingen suggereren een mechanisme waardoor 

activatiee van PLD de rnicrotubulinen uitdaagt om zich te reorganiseren in de 

plantencellen.. Het gaf ook een inzicht hoe deze moleculen de celvorm kunnen veranderen 

doorr de controle van de rnicrotubulinen die op hun beurt de cellulose-microfibilinen 

beïnvloeden. . 

Tijdenss het onderzoek naar de PLD-microtubuline interactie hebben we de 

stabiliteitt van het plasma-membraan op aanwezigheid van PLD activatoren gecontroleerd 

waarbijj  we gebruik maakten van de endocytose marker FM4-64. FM4-64 werd gebruikt 

omm de celplaat te vormen. Het is algemeen aangenomen dat de vesicels ('blaasjes') van het 

Golgii  apparaat de enige bron is voor het materiaal dat gebruikt wordt bij het opbouwen 

vann de celplaat. Onze bevinding van de FM4-64 geeft een deelname van endocytose aan 

inn het complexe proces van celplaat\rorming. Door gebruik te maken van drie kleuren 

hebbenn we het Golgi apparaat en de endosomen tegelijkertijd gevisualiseerd tijdens de 

cytokinesee (laatste stap in de celdeling) en de interactie hiertussen gemeten. Deze analyse 

samenn met de immunologische, farmacologische en genetische analyse lieten een snellere 

toeleveringg zien van materiaal van het plas ma-membraan en de celwand voor de 

celplaatvrorming.. Naast deze toelevering van het materiaal van buitenaf, zien we ook 

indicatiess van toelevering van materiaal van binnenuit, in de vorm van voorgevormd 
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plasma-membraann en cehvand materiaal, dat nodig is voor de vorming van de celplaat 

gedurendee de celdeling. Dit was bevestigd door FRAP analyses, t iet lijk t er op dat dit 

proces,, de endocytose, een soort lijm is voor vorming van de celplaat. Daarnaast kunnen 

wee hieruit afleiden dat alle cellen een deel van het membraan van de ouderlijke cel erven. 

Ookk laat het zien waarom we niet in staat zijn geweest om de synthese van het plasma-

membraann door alléén de vesieels van het Golgi apparaat te laten zien. 

Inn de interfase van de plantencel zitten de microtubulinen alleen in de buurt van het 

plasma-membraann maar bij het begin van de mitose komen ze ook in het cytoplasma 

voor.. Om de polariteit van de endoplasmatische microtubulinen te onderzoeken, hebben 

wee de dynamische aspecten van GFP-AtEBlgelabelde microtubulaire plus-uiteinden in de 

mitotischee cellen. Om het proces van de endocytose verder te onderzoeken, hebben we 

FM4-644 in de analyses opgenomen. Onze resultaten lieten zien dat de plus-uiteinden 

ontstondenn aan het oppervlak van de kern en bij de PPB kanten samenkwamen met de 

lokalee endocytose. Tijdens de PPB vorming vormden de endosomen-band met de 

microtubulinen.. Dit gebied blijf t behouden tijdens de 'spindle' (een bepaalde fase van de 

celdeling).. Dit kon geobserveerd worden vanwege het stoppen van de vacuole structuur. 

Tijdenss de cytokinese kwamen de plus-uiteinden van de EMTs vanuit de spindle naar de 

cortex.. Dit viel samen met de celplaat-navigatie en de tiltcorrectie. Aan het einde van de 

telofasee vielen deze EMT plus-uiteinden weer samen met de endosomen die voorheen 

aann de PPB gekoppeld waren. Auxin efflux inhibitor NPA, welke interfereert met een 

gepolariseerdee lokalisatie van PIN1, veroorzaakte abnormale PPBs en verschoof het vlak 

vann de celdeling. Deze resultaten suggereren een onverwachte link tussen 

endoplasmatischee microtubulaire plus-uiteinden en de polariteitendocytose betrokken bij 

dee regulatie van celdeling. 

Ikk wil in het kort de resultaten van dit proefschrift hieronder evalueren. Aan het 

beginn van dit onderzoek werd de plant microtubuline onderschat door gebrek aan 

informatiee van de individuele dynamiek van microtubulinen. Daarnaast was het ook niet 

mogelijkk om de mitotische plantencellen en het membraantransport te visualiseren. De 

GFP-reporterr technologie heeft het mogeÜjk gemaakt om molekulen te visualiseren, te 

volgenn en de gebeurtenissen te kwantificeren. Daarom hebben we ons in dit project 

toegewijdd aan het visualiseren van de dynamische microtubulinen en het 

membraann transport in levende en delende plantencellen. Dit proefschrift geeft een schat 

aann informatie hierover. We komen nu dichterbij tot antwoorden van mysteries die lange 

tijdd onbeantwoord zijn gebleven in de plantenwereld, namelijk: 1) welk mechanisme drijft 

dee vorming van PPB, ïi) wat voor geheugen creëert PPB dat de celvorming krijgt, iii ) hoe 

dee aan het plasma-membraan gehechte microtubulinen signalen ontvangen en 

reorganiserenn en iv) welk membraantransport-route deelneemt aan de opbouw van de 

173 3 



Samenvatting g 

celplaat.. Dit proefschrift heeft een kamer geopend, waarvan nog vele deuren gesloten zijn. 

Toekomstigee experimenten om deze deuren te openen zijn a) kwantificatie van 

microtabulinen-dynamiekk in overexpressie en achtergrond van de mutant dat bepaalde 

eigenschappenn mist, b) een PLD-activator gebaseerde mutant en een GFP-gebaseerde 

reporterr die gekoppeld is aan het fosfolopide metabolisme, c) het testen van de relevantie 

vann de analyse van endocytose in cytokinetische mutanten, en d) analyse van de PIN 

polariteitt in relatie tot EMT en celdeling. 
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