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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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INTRODUCTION 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). 
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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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Figuree 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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Figuree 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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Tablee 1. FLIM 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. 

METHODS 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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