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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, 
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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 
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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 
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NEE 5 

100 15 0 0 02 0 04 0 06 100 20 30 40 t ) 0 05 01 015 

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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