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I. ABBREVIATIONS 

 

+TIPs   microtubule +-end-tracking proteins 

AAA ATPase  ATPases associated with various cellular activities 

APC/C   anaphase promoting complex/cyclosome 

APM   amiprophos-methyl 

ASA   acetylsalicylic acid 

AtRBR  Arabidopsis thaliana retinoblastoma-related protein 

BN-PAGE  Blue Native-PAGE 

CDK   cyclin-dependent kinase 

CTD   cytosine triphosphate synthetase 

CtpS   CTP synthase 

E2F    E2 promoter binding factor 

EB1   end binding protein 

EM   electron microscopy 

flg22   flagellin 

GSI   glutamine synthetase type I 

GTP   guanosine triphosphate 

MAP   microtubule associated protein 

MAPK   mitogen activated protein kinase 

MOR1   microtubule organization 1 

MOZART  mitotic-spindle organizing protein associated with a ring of γ-tubulin 

MTOC   microtubule organizing center 

Nit   Nitrilase 

NLS   nuclear localization sequence 

NodGS  Noduline/glutamine synthetase-like protein 

PCD   programmed cell death 

POK1; 2  phragmoplast orienting kinesin 1 and 2 

PPB   preprophase band 

RanGTP  guanosine triphosphate Ran 

RB   retinoblastoma 

ROS   reactive oxygen species 

SI    self-incompatibility 

SPB   spindle pole bodies 
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WT   wild type 

Y2H   yeast 2-hybrid screen 

γTuRC   γ-tubulin ring complex 

γTuSC   γ-tubulin small complex 
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II. LITERATURE OVERVIEW 

  

 Cells must be organized to function properly both in their outer and inner space. 

Correct reorganization of internal components during growth, division, and reactions to 

particular circumstances are one of the key preconditions for living. Cytoskeleton, the 

outstanding and sophisticated system of filaments in cells, directs this organization. 

Although the eukaryotic cytoskeleton appears to be highly conserved [1], there are some 

differences between animal and plant cells. In animal cells, a cytoskeleton consists of 

microtubules, microfilaments, and intermediate filaments , while in plant cells, microtubules 

and microfilaments are predominantly present. With a few exceptions concerning mainly the 

nuclear intermediate filaments [2,3], intermediate filaments in plant kingdom have not been 

confirmed. 

 

 I.1. BASIC FACTS ABOUT MICROTUBULES IN PLANT CELLS 

  

 Higher plant cells are immobile, encaptured in a rigid cell wall; however, they contain 

highly dynamic microtubule filaments. Microtubules are involved in many crucial processes 

as diverse as cell division, cell shaping and expansion, organelle movement, or programmed 

cell death [4,5,6,7,8]. To participate in this range of functions, microtubules have to be 

arranged in complex arrays with high flexibility capable of immediate reorganization. 

 

I.1.1. Microtubules – structure and dynamics 

  

 Tubulins, members of tubulin superfamily, are principal microtubular proteins. α- and 

β-tubulins are two major members of tubulin superfamily and they form highly stable αβ-

tubulin heterodimers. Both α- and β-tubulins bind GTP on their N-terminal domains. αβ-

Tubulin heterodimers self-assemble in head-to-tail fashion to protofilaments that laterally 

associate with one another to form a thirteen-protofilament wall. Furthermore, the wall is 

enclosed to a hollow cylinder with a diameter ~25 nm [9]. Neighbouring protofilaments are 

shifted lengthwise by ~9 nm [10], which means that standard 13 protofilament microtubules 

have a seam between 1st and 13th protofilaments [11]. The seam could possibly be the “weak 
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link“ facilitating microtubule disassembly [12]. Microtubule geometry is not strict. 

Microtubules composed of 11 to 16 protofilaments can occur mostly in vitro [13,14]. In vivo, 

13-fold symetry is preferred. 

 As microtubules are formed by head-to-tail binding of αβ-tubulins, they thus possess a 

defined polarity with α-tubulin at the (-) end and β-tubulin at the (+) end. In animal cells, 

microtubules are mostly anchored with their (-) ends to microtubule organizing centers 

(MTOC) from which they are nucleated (see γ-tubulin chapter), while (+) ends are directed to 

the periphery and might be stabilized by capturing to specific targets, e.g. kinetochores [15] or 

membranes [16]. 

The phenomenon called “dynamic instability” of microtubules is characterized by 

growing and shortening of microtubules by addition or loss of tubulin heterodimers [17]. 

Depolymerization and shrinkage of microtubules (“catastrophe”) might be reverted back to 

the growing stage (“rescue”). Microtubule (+) end dynamics originates from the ability of αβ-

tubulin to bind and hydrolyse GTP; however, the GTP-ase activity is only preserved in β-

tubulin. When GTP is bound to β-tubulin, the tubulin heterodimer adopts a straight 

conformation which enables and spatially simplifies the lateral contact to adjacent 

protofilament. As GTP hydrolysis takes some time to pass, microtubule filaments are 

stabilized by blocks of GTP-tubulin subunits, so-called GTP-caps, bound to the (+) end of 

microtubule. GTP-cap protects the microtubule from disassembly. GTP hydrolysis leads to 

the change from straight to curved conformation of tubulin heterodimer and this causes the 

disturbance of lateral interactions between tubulins and rapid microtubule depolymerization 

[18,19,20]. 

In plant cells, microtubular order is not favored by capturing the (-) end to MTOCs as 

common in animal cells (see bellow). In spite of this, plant microtubules are still perfectly 

organized mainly thanks to the so-called treadmilling behavior which helps to keep the proper 

organization. Plant cortical microtubules are not attached to their nucleation sites, instead they 

detach from these locations and move across the cell cortex. Photobleaching techniques 

helped to understand microtubule migration and showed how treadmilling mechanism works 

[21]. Microtubule filaments move along the cortex by constant addition and removal of αβ-

tubulin heterodimers on leading and lagging ends, respectively. On the leading end, αβ-

tubulin gain is greater over time than αβ-tubulin loss, while on the lagging end, shrinking and 

pausing are mainly visible. It is then apparent that translocation of the microtubules is 

provided by biased polymerization activity [22]. 
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I.1.2. Microtubule interacting drugs 

 

Since cytoskeletal components are highly conserved and essential throughout all 

kingdoms, there are many natural toxins affecting cytoskeletal dynamics. Natural toxins are 

produced mostly by settled plants providing them with a powerful way of defence as they 

cannot simply escape from the predators. These toxins are experimentally used to affect 

microtubule dynamics. 

Taxol, a microtubule stabilizing drug first isolated from the bark of Taxus brevifolia 

Nutt., belongs to the most succesfull anti-cancer drugs widely used during the past two 

decades [23]. Members of taxane drug class block dynamic instability of the microtubule. 

Taxol interacts with a specific site of β-tubulin and blocks dynamic instability by stabilizing 

GDP-tubulin in the filament leading to formation of bundled microtubules [24,25]. 

Colchicine, isolated from Colchicum autumnale L., has the opposite effect. It blocks 

the assembly of microtubules by binding to soluble αβ-tubulin dimers. 

Synthetic herbicide amiprophos-methyl (APM) promotes disassembly of microtubule 

arrays and also leads to the cell division arrest [26]. 

 

I.1.3. Microtubular arrays in plant cells 

 

In plant cells during the cell cycle, microtubules are temporally reorganized to specific 

arrays that differ from their animal, fungal and protistan counterparts [27] (Fig. 1). Interphase 

cortical microtubules adopt highly organized configurations relying on the cell shape (Fig. 

1F). The function of cortical microtubules is tightly connected to cell wall organization as 

ordered microtubules are believed to guide the deposition of cellulose synthase during 

building of the cell wall [28].  

The first visible sign of forthcoming mitosis in G2 phase is the so-called preprophase 

band (PPB) - highly ordered structure of parallel cortical microtubules that mostly encircle the 

midzone of the cell (Fig. 1A). It was shown that despite of its disappearance during the 

prophase, PPB predicts the site and orientation of the future division plane [29,30]. Some 

proteins like TANGLED or RanGAP1 localize to PPB and remain at that site even after the 

disappearance of microtubules. In TANGLED tan mutants, cells in all tissues divided in 

aberrant orientation [31]. Moreover, TANGLED is recruited to the PPB by associated 

kinesins POK1 and POK2 [32]. In Arabidopsis, the phenotype of pok1;pok2 double mutants 
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resembled the phenotype of tan mutans characterized by misoriented mitotic cytoskeletal 

arrays [33]. 

The disassembly of PPB and nuclear envelope coincides with the formation of mitotic spindle 

(Fig. 1B-C). During anaphase/telophase transition, phragmoplast, plant specific microtubule 

array mediating trafficking of components required for the cell-plate synthesis during 

cytokinesis, occurs (Fig. 1D). 

 
Fig. 1. Schematic illustration showing microtubule arrays through the plant cell cycle. 

(A) Preprophase band marks the future division site. (B) Metaphase spindle with dispersed nuclation 

sites. (C) Early microtubular phragmoplast formed as concentrated microtubule cylinder between two daughter 

nuclei in telophase. (D) Centrifugally expanding cytokinetic phragmoplast. (E) Reorganization of microtubules 

after completed cytokinesis. The microtubules extend from the nucleus toward the cell cortex. (F) Cortical 

microtubules. During cell elongation microtubules are predominantly arranged in parallel arrays 

peprpendicularly to the axis of cell expansion. (Wasteneys; Journal of Cell Science. 115: 1345-1354, 2002). 

 

 

I.1.4. Regulation of microtubules by MAPs 

  

 The organization of cellular microtubule network cannot be simply explained by 

innate properties of tubulin proteins. Some microtubules are very unstable, some can last for 

days even under depolymerizing conditions. Unique attributes are acquired in the microtubule 

network due to microtubule associated proteins (MAPs). Huge effort has been made to 

uncover the role of MAPs in animal cells; however, many data are nowadays available for 

plant cells, briefly reviewed in [34,35]. MAPs bind to microtubules in order to facilitate 

number of processes including microtubule nucleation, anchorage, cross-linking, or other 
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regulatory events. In this chapter I underline some of many MAPs that were identified in 

Arabidopsis thaliana. 

 The MAP215 family is highly conserved [36] and controls the length of the 

microtubules by activating the dynamic instability. A member of this family, MOR1 is an 

Arabidopsis homologue of Xenopus XMAP215. Temperature-sensitive mor1 mutants 

exhibited short and spatially disordered microtubules in restrictive temperatures [37]. A 

detailed in-vivo microscopical analysis of single microtubule dynamics showed that both 

microtubule growth and shrinkage rates were decreased in mor1 mutants and that mor1 

mutation alters the association of EB1 [(+) end binding protein], with microtubules [38]. The 

inability of EB1b to increase microtubule (+) end growth rate in mor1 mutants suggested that 

MOR1 modulates the activity of EB1. 

 Katanin serves as severing MAPs function in the form of hexameric ring attached to 

the microtubule lattice. Katanin belongs among AAA ATPases and is composed of two 

subunits. In animals, p80 subunit directs katanin to MTOC, while p60 subunit is responsible 

for severing activity [39]. The two subunits operate synergically; when microtubule 

nucleation is finished, katanin cuts and releases microtubules from the centrosome [40]. In 

plants, MTOCs are dispersed and microtubule nucleation can occur at mostly any site (see 

below), katanin severing activity seems to be indispensable. Yet, katanin homologues were 

found in Arabidopsis and their severing activity was confirmed [41]. Just after cell division, 

transverse microtubules are nucleated from the nuclear membrane. Pointing to the surface and 

extending to the cortical region, they form cortical microtubules. Delayed depolymerization of 

these transverse microtubules was observed in katanin p60 deletion mutants [42]. 

 +TIPs (microtubule plus-end-tracking proteins) are MAPs accumulating on the (+) end 

of microtubules. Their major role relies on the intracellular transport and binding 

microtubules to specific structures. In plants, some common +TIPs known from animal 

kingdom are missing, for instance CLIP170 or dynactin; on the other hand, some +TIPs like 

SPR1 or ATK5 are unique for plants [43,44]. EB1 is one of the conserved +TIP in eukaryotes 

and three homologues were found in Arabidopsis genome, EB1a, EB1b, and EB1c [45,46]. 

AtEB1a-GFP and AtEB1b-GFP exppressed under their own promoters localized only at the 

(+) ends of microtubules [47]. These results were a bit contradictory to that obtained by Chan 

et al. [45,48] who expressed AtEB1a-GFP and AtEB1b-GFP under 35S promoter and 

observed the signal also in a dot-like pattern at the initiation sites of cortical microtubules and 

at the pole region of the spindle. Moreover, the suggestion that EB1 might function in 

anchoring microtubules to nucleation sites was consistent with the results from animal cells 
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[49]. These contradictions might be explained by different expression levels of proteins under 

the controle of 35S promoter vs. endogenous promoter. Immunofluorescent studies with 

antibodies against endogenous protein might help to solve this problem. Interestingly, the 

properties of AtEB1c are different from AtEB1a and AtEB1b. The acidic C-terminal tail 

conserved throughout EB1 proteins [50] is missing in AtEB1c. Instead, the NLS is present at 

the the C-terminal portion of the molecule and drives AtEB1c to the nucleus in interphase 

cells [47,51]. Furthemore, expression of AtEB1c is strong in the meristematic cells. Reduced 

expression of AtEB1c compromised the alignment of microtubules in the spindle and 

phragmoplast and lagging chromosomes were frequently observed at anaphase indicating the 

AtEB1c regulation role of mitotic microtubules [51]. 

 

 I.2. γ-TUBULIN 

  

 γ-Tubulin is a very prominent member of the tubulin superfamily. It is one of the key 

proteins involved in the microtubule nucleation; however, it is also important to keep in mind 

that there are diferences between animal and plant systems. Nowadays, it is more than clear 

that γ-tubulin is not required absolutely for microtubule nucleation and other roles of γ-tubulin 

started to be examined. 

 

I.2.1. γ-Tubulin genes and structure 

  

 γ-Tubulin was first described in 1989 in Aspergillus nidulans as a product of mip1 

gene in a search for β-tubulin interacting proteins [52]. One year later, γ-tubulin was proposed 

as a nucleator of microtubules as mutation in mip1 gene caused reduction in the number and 

length of cytoplasmic microtubules and almost complete absence of mitotic spindle [53]. 

 γ-Tubulin is an ancient and highly conserved gene in all eukaryots. In contrast to α- 

and β-tubulins that have multiple isoforms, γ-tubulin is encoded by limited number of genes. 

In Arabidopsis thaliana, Drosophila melanogaster, or in Homo sapiens, there are only two 

genes coding for γ-tubulin [54,55,56,57]; in Aspergillus nidulans, Saccharomyces cerevisiae, 

and Schizosaccharomyces pombe, one gene for γ-tubulin was found [52,58,59]. In animals, 

two γ-tubulin proteins are functionally different, while in Arabidopsis, two γ-tubulin proteins 

are functionally redundant [60]. In mice, TubG1 was expressed ubiquitously but TubG2 was 

found primarily in the brain cells [57]. In Arabidopsis genome, products of TubG1 and 
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TubG2 genes (At3g61650, At5g05620) share 98% amino acid identity with each other and 

70% amino acid identity with γ-tubulins of animals and fungi [54]. 

 γ-Tubulin has similar secondary and tertiary structure as both α- and β-tubulins. They 

share highly conserved N-terminus. Acidic C-terminal part responsible in α- and β-tubulins 

for binding of MAPs is missing in the γ-tubulin molecule [61]. Systematic search for tubulin 

binding sites on γ-tubulin using the SPOT peptide technique showed specific interaction of 

tubulin dimers with six distinct domains of γ-tubulin [62]. Screening of the tertiary structure 

of the γ-tubulin molecule revealed that these tubulin binding domains cluster to the surface 

regions on both sides of the γ-tubulin molecule suggesting that γ-tubulin and αβ-tubulin 

dimers associate through lateral interaction. γ-Tubulin may also self-assemble to dimers or 

protofilament-like oligomers [63]. Similarly to β-tubulin, γ-tubulin has the ability to bind 

GTP. Specifically, competition experiments using GDP showed that both β- and γ-tubulin 

place GTP before GDP. Moreover, α-tubulin placed on (-) end of microtubules can stimulate 

GTPase activity of γ-tubulin upon longitudinal interaction as it does analogously to β-tubulin 

[64].  

 

I.2.2. γ-Tubulin post-translational modifications 

  

 Electrophoretic mobility shift was found for γ-tubulin in one-dimensional 

electrophoresis and multiple charged variants were described by two-dimensional 

electrophoresis [65,66,67]. These data suggest that γ-tubulin is post-translationally modified. 

In 2001, Vogel et al. [68] described in vivo phosphorylation of γ-tubulin (Tub4p) in budding 

yeast. Tub4p is phosphorylated at Tyr445 in a highly conserved motif DSYL near the 

carboxy-terminus which is required for proper microtubule organization [69]. 

Phosphorylation level reached the maximum during G1 phase. Dephosphorylation of Tyr445 

is required for correct mitosis progress as Tub4-Y445D mutants mimicking phosphorylation 

arrested prior to anaphase and assembly of astral microtubules was enhanced. 

Hyperphosphorylation in G1 and dephosphorylation in mitosis suggested the importance of 

γ-tubulin modification in cell cycle dependent manner [68]. Tub4-Δdsyl mutants revealed 

defective localization of +TIPs proteins Bim1 and Kar9 (EB1 and APC homologues) resulting 

in perturbation of spindle positioning [70]. Wee1 kinase is known for inhibiting 

phosphorylation of cyclin-dependent kinases (CDKs) that promotes entry into mitosis [71]. 

wee1 mutants have abnormal mitotic spindle which cannot be explained by incorrect cell 
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cycle timing. In Drosophila embryo extracts, Wee1 was shown to form a complex with 

components of γ-tubulin complexes in vivo and also was shown to phosphorylate γ-tubulin 

suggesting its role in positioning centrosomes and nuclei [70]. In mammals, another 

phosphorylation of γ-tubulin was shown on Ser131 by SADB Ser/Thr kinase [72]. These 

kinases are localized to centrosome and control its duplication. Phosphomimetic γ-tubulin-

S131D mutants increased centrosome number, while non-phosphorylatable Ala 131-γ-tubulin 

mutants revealed impaired centrosome duplication. Purified yeast γ-tubulin (Tub4) complex 

was analysed by mass spectrometry and new phosphorylation sites were identified [73]. The 

functional relevance of phosphorylation sites was examined by phospho-mimicking and 

non-phosphorylatable residue mutants and three phosphorylation sites S74, S100, and S360 in 

Tub4 were found to be critical for Tub4 stability and microtubule nucleation. One of these 

phosphorylated residues is highly conserved from yeast to human, including plants (Fig. 2). 

 
Fig. 2. Phosphorylation sites in yeast Tub4. 

(A) Position of the identified phosphorylation sites in Tub4. (B) Protein sequence alignment of Tub4 with 

γ-tubulins from other organisms covering the region around highly conserved residue S360 (red rectangle). (Lin; 

PLOS ONE. 6(5): e19700, 2011). 

 

 

 Among other post-translational modifications of γ-tubulin, mono-ubiquitination by 

BRCA1/BARD1 ubiquitin-ligase complex at Lys-48 and Lys-344 in human cells should be 

mentioned [74]. BRCA1 is a multifunctional protein and as a heterodimer with BARD1 it acts 

as a E3 ubiquitin ligase [75]. γ-Tubulin binding domain was identified in BRCA1 [76]. 

Ubiquitination of γ-tubulin by BRCA1/BARD1 E3 complex inhibits its microtubule 

nucleation activity and interrupts anchoring of γ-tubulin to centrosome [74,77,78,79]. 

 



20 

 

I.2.3. γ-Tubulin complexes and microtubule nucleation 

  

 In vitro microtubule nucleation happens spontaneously through small αβ-tubulin 

assemblies. Early intermediates are unstable and thus, first stage of microtubule growth is 

slow and energetically unfavorable. When αβ-tubulin hetero-oligomer with a sufficient length 

is formed, rapid elongation phase starts [20]. This kind of slow and non-flexible nucleation of 

microtubules is quite inconvenient for live cells. In order to have microtubules capable of 

rapid reorganization, cells have evolved special nucleation sites in vivo, called MTOCs. In 

animals and fungi, centrosomes and spindle pole bodies (SPB) serve as MTOCs, whereas in 

plant cells no centrosome-like equivalent is present; nevertheless, plants have highly 

organized acentrosomal microtubule arrays with dispersed MTOCs. No matter how big 

variations in MTOCs morphology exist throughout kingdoms, all MTOCs rely on γ-tubulin 

[58,59,80,81]. For instance, overexpression of γ-tubulin in mammalian cells caused formation 

of ectopic microtubule nucleation sites in the cytoplasm [82]. Purification of γ-tubulin showed 

that γ-tubulin is a part of larger multiprotein complexes involved in direct nucleation of 

microtubules. γ-Tubulin small complex (γ-TuSC; ~280 kDa) is composed of two molecules of 

γ-tubulin associated with one molecule each of GCP2 and GCP3. γ-Tubulin ring complex 

(γ-TuRC; ~2.2 MDa) which resembles a ring or rather a “lock washer” was described in 

Drosophila, Xenopus, Saccharomyces, and human cells [83,84,85,86,87], reviewed in [88]. 

γ-TuRC is composed of multiple copies of the γ-TuSC plus GCP4, GCP5, GCP6, and non-

GCP proteins MOZART1 and MOZART2 [85,89,90,91,92]. NEDD1 also co-purifies with 

γ-TuRC; however, it appears not to be integral component of γ-TuRC but rather a localization 

factor of the γ-TuRC [93,94]. Table 1. briefly summarizes reprezentation and alternative 

names of proteins included both in γ-TuSC and γ-TuRC. 

 
Tab. 1. List of proteins and their alternative names identified to date in γ-TuSC and γ-TuRC. 

 (Kollman; Nature Reviews. 12: 709-721, 2011). 
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 Two models were previously proposed for microtubule nucleation via γ-TuSC and 

γ-TuRC. 

1) Template model: GCP4, 5, and 6 form a cap-like scaffold to which γ-TuSC associate 

laterally to form ring-shaped structures. Microtubules are nucleated by formation of 

longitudinal contacts between γ-tubulin and the terminal α-tubulin [95]. 

2) Protofilament model: γ-TuRC comprises of longitudinally stacked γ-tubulins resembling 

“lock-washer-shaped” structure as each γ-tubulin monomer is in curved conformation. This 

model allows lateral γ-tubulin interactions with both α- and β-tubulin [88,96,97]. 

 

 Favorable template model has been accepted for many years; however, there were 

several important questions, e. g. question about nucleation of microtubules in S. cerevisiae 

where only γ-TuSCs are present or how come that 13 protofilament microtubule nucleate 

when γ-tubulin is in pairs in γ-TuSCs. With the help of cryo-electron microscopic 

reconstruction, new model was nowadays proposed by Kollman et al. suggesting that 

γ-TuSCs themselves are able to form a ring structure serving as a template for 13 

protofilament microtubules [98,99,100], briefly summarized in recently published review 

[101]. As this model is recently news, I am going to describe it here in more detail. 

The new model takes into consideration the “V-shaped” structure of free γ-TuSCs 

[100]. Kollman et al. (2008) based their research on in vitro studies of recominantly expressed 

S. cerevisiae homologues of γ-tubulin, GCP2 and GCP3 proteins. S. cerevisiae is unique 

among other eukaryotes as it contains only components of γ-TuSC. Nucleation of 

microtubules thus occures without GCP4, 5, and 6 support. The arms of the “V-shape” are 

composed of GCP2 and GCP3 forming dimers at the base of the “V” through their N-terminal 

parts, while the tips of the “V” are composed of two γ-tubulins held apart from each other. It 

was discovered that adaptor protein Spc110 links the γ-TuSC to the core of the SPB in S. 

cerevisiae which stabilizes γ-TuSC ring enough to nucleate microtubules [99]. There are six 

and a half γ-TuSCs per helical turn and a half–subunit overlaps between the first and the 

seventh subunit ensuring that 13 γ-tubulins are exposed to interaction with αβ-tubulins. 

γ-Tubulins within the “V” shape are held apart, while γ-tubulins in adjacent γ-TuSC are in 

close contact resulting in alternating pattern around the ring which does not fit with 

microtubule geometry [99]. Data on GCP4 crystal structure has recently helped to uncover 

γ-TuSCs ring assembly into microtubule friendly nucleation conformation [98]. On the model, 

GCP4 structure fits perfectly to γ-TuSC. It is then clear that there is a strong conservation of 

the overall fold of the GCP family proteins and thus authors in their speculations used GCP4 
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as a model of all other GCPs. The crystal structure revealed that GCPs have a flex point in a 

place where hinge occurs in the case of GCP3 which results to a flexibility of GCP3 and thus 

the possibility of conformational change allowing interaction between two γ-tubulins within 

γ-TuSC. This predicted conformational change should lead to the activation of γ-TuSC ring 

model resulting in a perfect template for microtubule nucleation (Fig. 3). A similar model of 

conformational regulation of nucleating activity is known from actins nucleation 

[102,103,104]. 

 

 
Fig. 3. A model for conformational activation of γ-TuSC. 

(A) The cryo-EM structure of S. cerevisiae γ-TuSC complex bound to the attachment factor Spc110. (B) 

Conformational activation of inactive ring model by GCP3 to active ring model. (Kollman; Nature Reviews. 12: 

709-721, 2011). 

 

 

Based on findings that: 

1) γ-TuSCs spontaneously assemble into ring structure without the necessity of scaffolding 

GCP4, 5, and 6; 

2) all GCPs seem to have the ability to bind γ-tubulin directly; 

3) equivalent conserved surfaces allow interaction between all GCPs; 

new model for γ-TuRC assembly should be proposed. The position of GCP4, 5, and 6 within 

the ring are unclear. They could potentially insert at any position in the ring but they seem to 

interact with each other. The loss of any of them destabilizes γ-TuRC [87,105] and moreover, 

hierarchical localization dependence was observed suggesting that they are in direct 

interaction [105,106]. 

 Many other proteins are involved in attachment of γ-TuRC either to centrosomal or 

non-centrosomal sites. For non-centrosomal sites, the recenty discovered augmin complex 

may serve as an attachment factor [107]. 
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 Proposed flexible assembly of γ-tubulin and GCPs might shed light on microtubule 

nucleation in plant acentrosomal system. Although functionally similar, there are several 

significant differences between the large γ-tubulin complexes in plants and between animal 

γ-TuRC. In comparison to the animal γ-TuRC (Mw 2.2 MDa), large γ-tubulin complexes in 

plants are distributed in a broad range of molecular masses (Mw >1.5 Mda) and microtubules 

are nucleated from non-centrosomal sites [108,109,110]. 

 

I.2.4. Acentrosomal cells 

 

As mentioned previously, both somatic and meiotic cells of higher plants are 

acentrosomal so they have non-centrosomal nucleation pathway of microtubules which are 

nucleated from dispersed sites. Centralized microtubule nucleator like centrosome in animals 

should be in plant cells placed to the nuclear envelope [111] where microtubule initiation 

appears to be restricted only to pre- and post-mitotic phases [27,112]. Later on, during cell 

expansion and differentiation, mostly cell cortex takes over the control of microtubule 

nucleation. The initiation of nucleation on the cell cortex may occur from dispersed sites 

[21,45] or from microtubules themselves [113,114], and provide large microtubule dynamics 

and flexibility in rearrangement. It was hypothesized that nucleation occurs on the edges of 

developing cells [115] and recently Ambrose and Wasteneys [116] supported this theory. 

They found that post-cytokinetic cell edges of Arabidopsis leave and root cells contain 

γ-TuSC proteins GCP2 and GCP3 and the microtubule nucleation from these sites is 

prominent. It is widely believed that in higher plants microtubule nucleation sites are also 

associated with kinetochores [117], and some knowledge supposes the role of other 

membrane structures beside plasma and nuclear membrane, such as the Golgi apparatus [108]. 

 γ-Tubulin is mainly localized to centrosomes in animal cells; however, acentrosomal 

cells may also be found in animals [118] suggesting that non-centrosomal microtubule 

nucleation as a ubiquitous pathway for microtubule formation in all eukaryotic cells and 

plants thus represents a model system for studying the microtubule nucleation from dispersed 

sites in the absence of centrosomes. In animal acentrosomal system, membranes were, 

similarly to plants, found to represent an important site of microtubule nucleation and 

organization [119,120].  
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Non-centrosomal microtubules in animal cells had the same features as the centrosomal 

microtubules and they can be formed by distinct mechanisms depending on the cell type 

[118]: 

1) Release from the centrosome – major mechanism for generating non-centrosomal 

microtubules in epithelial and neuronal cells. Upper mentioned severing protein katanin 

appeared to be crucial in centrosomal release in neuronal cells. 

2) Nucleation at non-centrosomal sites – in animal cells, microtubules are frequently 

formed at non-centrosomal arrays. In microtubule regrew experiments, microtubules 

regrowed from nuclear membranes in early syncytial myotubes [121] and in mammalian 

osteoclasts [122]. 

3) Breakage of pre-existing microtubules – known from migrating epithelial and 

neuronal cells. 

In cells normally equipped with centrosome, the mitotic spindle can be formed even 

when centrosomes are experimentally removed [123]. Microtubules are nucleated around 

chromosomes in the oocyte of some species or in Xenopus mitotic egg extract [124]. Though 

current model of mitotic spindle establishment in acentrosomal cells is based on chromatin 

mediated microtubule nucleation [125]. 

 Arabidopsis thaliana genome contains orthologues encoding all components of 

characterized mammalian γ-TuSC. When ectopically expressed in tobacco BY-2 cells 

AtGCP2 and AtGCP3 decorate nuclear membrane [126]. AtGCP2 and 3 are required for 

nuclear envelope microtubule nucleation as well as for spindle formation [127,128]. Kong et 

al. [129] found that GCP4 is associated with γ-tubulin in vivo in Arabidopsis cells and when 

they downregulated GCP4 by artificial micro RNAi, γ-tubulin diminished from mitotic 

spindle and phragmoplast suggesting that GCP4 is an indispensable component for the 

function of γ-tubulin in microtubule nucleation and organization in plant cells. 

 

I.2.5. γ-Tubulin nucleation-independent functions 

 

Research based on experiments depleting γ-tubulin pointed out that γ-tubulin is not 

required absolutely for microtubule nucleation [130]. Researchers then started examining 

these extra roles of γ-tubulin. 

The depletion of γ-tubulin in plants [60,131] affected also other processes in plant 

development beside microtubule nucleation such as anisotropic cell growth, polar tip growth, 
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stomata patterning and plant cytokinesis. γ-Tubulin has also been detected on the kinetochore 

microtubules in plants that are resistant to microtubule depolymerizing drugs [117]. 

Furthemore, γ-TuRC (particularly GCP2, GCP3 and NEDD1) was shown to 

coimmunoprecipitate with the components of nucleoporin complex Nup107-160. Mishra et al. 

[132] showed that this binding is crucial for kinetochore microtubule nucleation during 

mitotic spindle assembly and that microtubule nucleation from Nup107-106/γTuRC complex 

is Ran-GTP driven. 

 In Aspergillus nidulans, phenotype of mipAD159, a cold-sensitive allele of the 

γ-tubulin gene was examined. Observation of chromosomes at a restrictive temperature 

revealed that mipAD159 caused a failure of the coordination of late mitotic events, 

particularly anaphase A and anaphase B, and nuclei reentered interphase quickly even though 

mitosis was not completed successfully [133]. Later on, the same group showed that non-

cycling nuclei in strains carrying mipAD159, at a restrictive temperature, resulted from failure 

of inactivation of anaphase promoting complex/cyclosome in the G1 phase of the cell cycle. 

This failure is nuclear-autonomous and microtubule-independent [134]. 

 The presence of γ-tubulin in nuclei was reported by several groups [117,135,136]. In 

mammal cells, there is a link between DNA recombination repair and γ-tubulin function 

during cell cycle [136]. Rad51 protein that is important in recombination repair of dsDNA 

breaks co-immunoprecipitated with γ-tubulin and augmented fluorescent co-localization was 

observed after applying genotoxic treatments in S-phase and in G1 phase. The role of 

γ-tubulin and Rad51 might probably not be connected with microtubule nucleation. BRCA1 

could be the partner of γ-tubulin and Rad51 proteins. Hsu et al. [76,137] showed that 

hypophosphorylated BRCA1 protein associates with mitotic centrosome in vivo through the 

interaction with γ-tubulin. Moreover, γ-tubulin is translocated to the nucleoli during mitosis 

and immunoprecipitation experiments revealed its association with tumor suppressor C53 

(Cdk5rap3) [135]. The interaction of γ-tubulin and C53 was shown to be functionally 

relevant; γ-tubulin possibly modulates the C53 tumor suppressor activity during G2/M DNA 

damage checkpoint. Alltogether these data suggest γ-tubulin functioning in recombination 

repair and DNA damage checkpoint. 

 C-terminal part of γ-tubulin interacts with E2 promoter binding factor (E2F) in the 

nucleus and modulates its transcriptional activity during G1/S transition [138]. The release of 

E2F from RB protein and the initiation of E2F trancriptional activity is necessary for cell 

cycle progression. γ-Tubulin interacts with E2F factor during early S phase and modulates 

E2F transcriptional activity in RB-binding-independent manner. 
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All these data indicate that γ-tubulin is a multifunctional protein involved not only in 

microtubule nucleation but also in the regulation of cell cycle progression in microtubule-

independent manner. 

 

 I.3. MECHANISM OF ACENTROSOMAL SPINDLE FORMATION 

  

 Mitotic spindle is a microtubule-based structure equally separating chromosomes 

during mitosis. Acentrosomal cells have evolved novel functional mechanism to seggregate 

chromosomes properly during cell division and this unique property of bipolar spindle 

formation deserves to be mentioned here in detail. In both plants and animals, microtubules 

follow the “search and capture“ model; (-) ends of spindle microtubules are embedded to 

centrosomes and dynamic (+) ends are captured by kinetochores [139]. As mentioned above, 

many types of animal cells lack centrosome and still, spindle is perfectly organized. In 

acentrosomal model, mitotic chromatin generates microtubules to self-organize into a mitotic 

spindle. Chromatin size and geometry play a fundamental role in the determination of spindle 

size and define the characteristic symmetries of the structure [140]. During prophase, 

microtubules increase in number, rearrange tangentially around nuclear envelope, and form 

the so-called “prophase spindle“ with poles one on each side of the nucleus. After nuclear 

envelope breakdown, spindle poles fragment and microtubules permeate the nuclear region 

and capture chromosomes. With the help of live-cell imaging, it was published that some 

microtubules from the prophase spindle penetrate the nucleus before full nuclear envelope 

breakdown [141]. The plane of division is marked by PPB. No matter that it disappears in 

promethaphase, it marks the position of newly formed cell plate. The PPB is thought to be 

analogous to a centrosome pair, but instead of marking the axis of symmetry, PPB marks the 

plane perpendicular to the axis of symmetry [8,142]. 

 The guanosine triphosphate Ran (RanGTP) is a regulator of chromosome-based 

microtubule nucleation and acentrosomal spindle formation [143,144]. RanGTP is a typical 

GTPase relying on funcion of guanine nucleotide exchange factor (converting Ran from GDP 

to GTP stage) [145] and GTPase-activating protein together with its cofactor RanBP1 or 

RanBP2 (converting Ran from GTP to GDP) [146]. RanGTP is highly enriched in the 

nucleus, while RanGDP is present in the cytoplasm establishing a RanGTP-RanGDP gradient 

which is crucial for mitotic spindle assembly around chromosomes [147]. High concentration 

of RanGTP in the vicinity of chromosomes releases TPX2 from an inhibitory complex with 
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importins. The released activated TPX2 leads to the activation of AuroraA kinase and 

subsequent phosphorylation of TPX2 by the same kinase. Interaction between both molecules 

is required to set the length of spindle, mostly by nucleation of microtubules from 

chromosomes [148,149] and by AuroraA subsequent phosphorylation of numerous 

downstream targets [150]. 

 

 I.4. THE ROLE OF THE CYTOSKELETON IN PLANT PCD 

  

 The plant cytoskeleton plays a major role in cellular organization. In response to PCD, 

plant cytoskeleton is reorganized and both microfilaments and microtubules take place in this 

reaction. In general, microtubules are mostly depolymerized while microfilaments can either 

be depolymerized with subsequent formation of stable foci, or they can form distinct bundles 

and subsequently depolymerize. Brief recapitulation of the fate of the cytoskeletal 

components during PCD in a variety of different plant systems (Table 2) is reviewed in a 

recently published article [5] where the authors discuss the possibility that the alteration of 

cytoskeleton is not simply a consequence of PCD but might play an active role in signalling 

or mediating PCD. 

 Developmental PCD happens in plants as an integral part of tissue differentiation. One 

example of such developmental PCD is formation of tracheary elements that are structural 

elements of xylem essential to water and nutrients distribution and to mechanical strength. 

Tracheary elements are formed by localized deposition of oligosaccharide material in the cell 

wall and subsequent dismantling of the cell content by PCD [151]. Before tracheal 

development, cortical microtubules are oriented transversely and randomly spaced. During 

tracheal differentiation, microtubules form thick bundles and localized deposition of the 

secondary cell wall material is mediated by microtubules [152]. On the completion of the 

secondary cell wall thickening, both microtubules and microfilaments fragment, and tonoplast 

ruptures. 

 Other example of plant PCD is senescence, where plant organs are replaced due to 

aging. Studies on connection senescence-induced PCD with cytoskeleton are limited. 

Downregulation of tubulin genes and decrease of tubulin protein levels, and upregulation of 

actin gene and increase in actin protein level was shown in senescing Arabidopsis tissue 

cultured cells [153]. 
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 Self-incompatibility (SI) was developed by plants to prevent self-fertilization. SI-PCD 

in pollen tube is triggered by signalling through ROS, NO, and MAPK. Typical PCD features 

like DNA degradation, appearance of cytochrome c in the cytosol or morphological 

alterations to organelles occur [154]. Within 1-2 minutes actin cytoskeleton is depolymerized 

except of population of cortical microfilaments in the tip of the polen tube, microtubule 

cytoskeleton is also depolymerized except of microtubules around generative cell. 

Subsequently, actin forms punctate foci, while all rest microtubules appear to degrade [155]. 

 Relatively few studies have examined the role of cytoskeleton in hypersensitive-

response type of PCD but important role of actin in this kind of PCD is supposed. Actin 

cytoskeleton is aggregated or bundled around the site of pathogen entry [156], while later 

stages are accompanied by depolymerization of actin filaments. Microtubules are also 

affected during defence responses. It has been suggested that depolymerization of 

microtubules might be the early sign of hypersensitive response. On the other hand, other 

studies showed microtubule bundling around penetration site similar to that of microfilament 

bundling [157]. It remains to be elucidated how microtubules function during hypersensitive-

response.  

 
Tab. 2. The fate of cytoskeleton during plant PCD. (Smertenko; Cell Death and Differentiation. 18: 

1263-1270, 2011). 
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 I.5. METABOLIC ENZYMES-FORMING FILAMENTS IN EVOLUTION 
OF THE CYTOSKELETON 

  

 The phenomenon of polymerizing enzymes seems to be a hot topic for many 

researchers nowadays. Forming a higher-order structure of enzymes might be the 

consequence of two processes [158]: 

1) Assembly of filaments may increase the cooperation between subunits or may hold enzyme 

in a conformation friendly to other regulatory mechanisms. 

2) Enzymes assemble to form structural filaments for a role independent on their enzyme 

activity (the so-called dual-role filaments). 

 Enzyme polymerization might or might not be conserved throughout kingdoms. 

Examples are found in both prokaryotes and eukaryotes. These new perspectives of ancient 

metabolic proteins might help to understand the evolution of cytoskeleton as a whole. 

Concerning the dual-role enzymes, gene duplication events in evolution may have freed one 

population to be used for structural functions and allowed another population to be retained 

for metabolic use (Fig. 4). Here I give some examples of filamentous enzymes belonging to 

the second group of dual-role enzymes. 

 Crystallin proteins compose the lens of vertebrate eyes in higher-order manner. 

Surprisingly, the identification of crystallin proteins showed that many of them turned out to 

be metabolic enzymes or have strong homology to methabolic enzymes [159]. Yet crystallines 

play structural roles, they do not form filamentous polymers. To date, CTP synthase (CtpS) is 

the best example of polymerizing enzyme [160,161]. CtpS catalyzes the conversion of UTP to 

CTP and self associates to form tetramers that are enzymatically active [162]. In 2010, three 

independent studies pointed out the intrinsic ability of CtpS to form filamentous structurers in 

bacteria, yeast, Drosophila, and in Rattus norvegicus [160,161,163]. The polymerization 

ability and enzymatic activity seem to be coupled, although the exact way how remains to be 

elucidated. CtpS is localized to the inner cell curvature and overexpression leads to cell 

straightening. Moreover, the depletion of CtpS leads to hypercurvature. These findings 

suggest that CtpS might play a role in regulating a cell shape. 

The last but not least example was found in tobacco polen tubes [164]. Using affinity 

purification, authors attempted to identify crosslinks between microtubules and 

microfilaments in Nicotiana tabacum pollen tubes. Surprisingly, they repeatedly identified 

metabolic enzymes that formed bundles in vitro: homocysteine methyltransferase, 

phosphofructokinase, pyruvate decarboxylase, and glucan protein synthase. 
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Fig. 4. A model for cytoskeleton evolution. (Barry; Current Opinion in Microbiology. 14: 704-711, 2011). 
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III. AIMS OF THE STUDY 

 

The long term goal of the Laboratory of Functional Cytology is to characterize the 

roles of γ-tubulin in acentrosomal plant model. Besides characterizing γ-tubulin interactions 

with plant homologues of proteins of γ-tubulin complexes (GCPs) and determination of their 

canonical role in microtubule nucleation, we also collect the evidence for γ-tubulin 

association with proteins that are not directly involved in microtubule nucleation. These 

γ-tubulin interacting proteins have been of high interest since their characterization might 

provide a platform for understanding the novel, yet not fully understood functions of 

γ-tubulin. The major aim of the laboratory is to determine signalling that regulates γ-tubulin 

complexes and their role in multiple processes in plants. Specifically, the cell cycle regulatory 

signalling in regulation of microtubular cytoskeleton nucleation and organization is of high 

interest. 

  

Specific aims of the PhD thesis were: 

1) Characterization of phenotype of Arabidopsis plants with RNAi downregulation of 

γ-tubulin. 

2) Functional studies of newly identified γ-tubulin interacting protein NodGS.  

3) Functional analysis of plant Aurora kinases; particular determination of AtAurora1 kinase 

role in regulation of microtubular cytoskeleton and γ-tubulin functions in acentrosomal plant 

cells. 

4) Characterization of molecular forms of Arabidopsis Nit1 protein, its cellular localization, 

association with microtubular cytoskeleton and analysis of its putative role in cell cycle 

regulation as it was described for animal Nit1 homologue. 
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IV. COMMENTS ON PRESENTED PUBLICATIONS 

  

 IV.1. γ-Tubulin is essential for acentrosomal microtubule nucleation and coordination 
of late mitotic events in Arabidopsis. 

Binarová P., Cenklová V., Procházková J., Doskočilová A., Volc J., Vrlík M., and Bögre L. 

The Plant Cell, 18: 1199-1212, 2006. 

  

 γ-Tubulin is well known for its role in microtubule nucleation. In animals or yeasts, 

microtubules are nucleated from strictly defined MTOCs, such as centrosome or spindle pole 

bodies, respectively. Higher plant cells lack these defined centrosome-like foci, microtubules 

are nucleated from dispersed sites instead. Moreover, γ-tubulin participates in microtubule 

nucleation pathways that are independent on centrosomes even in cells where centrosome is 

present [165,166]. Previous studies published by our group showed that the majority of plant 

γ-tubulin was present with membranes in the form of protein complexes, whereas a smaller 

portion of γ-tubulin was co-localized along microtubule length and with kinetochores 

[108,117,167]. At the time of this study, data concerning other γ-tubulin functions, unrelated 

to microtubule nucleation, emerged to be a hot topic for „γ-tubulin groups“ [133,136].  

 We downregulated γ-tubulin in Arabidopsis plants conditionally by putting RNAi 

construct under dexamethasone or ethanol inducible promoters. 

 Tools and methods used in this study are as follows: 

- preparation of plants stably expressing γ-tubulin-RNAi construct and induction of 

γ-tubulin-RNAi expression 

- preparation of cell extracts, SDS-PAGE, and immunoblotting 

- immunodepletion 

- microtubule polymerization assay and cover slip assay for plant microtubule 

polymerization 

- immunofluorescence microscopy of Arabidopsis plants (whole-mount) 

- live-cell imaging using confocal microscopy 

 

 We proved that γ-tubulin is indispensable for proper microtubule nucleation. 

Microtubules were absent and microtubule nucleation was prevented as the severest impact of 

γ-tubulin-RNAi depletion. The portion of plants phenotype with depleted γ-tubulin 

corresponded with phenotype of plants grown on media supplemented with microtubule 
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depolymerizing drug APM (cell wall fragility, isodiametric growth, vacuolization). Moreover, 

the recovery of microtubules after APM treatment was impaired in γ-tubulin-RNAi plants. 

 Cortical microtubules are arranged into parallel arrays and support the anisotropic 

directionality of differenciating Arabidopsis cells. γ-Tubulin is localized along cortical 

microtubules and promotes microtubule-dependent microtubule nucleation [114]. We found 

that cortical microtubules were sensitive to gradual downregulation of γ-tubulin and started to 

be bundled and randomized suggesting that disruption of microtubule polymerization rate 

prevents self-organization and guidance of microtubules into parallel network. Similar results 

were obtained from experiments where microtubules were treated with drug reducing the rate 

of microtubule polymerization [168]. 

 As randomization and loss of cortical microtubules is known to disrupt anisotropic 

growth [169], the radial expansion of root in γ-tubulin depleted plants was expected. Ectopic 

root hair formation shown by Sugimoto et al. [26] in plants treated with anti-microtubule 

drugs was also supported by our study. However, when cell fate is once determined, polar tip 

growth relies more on actin filaments than on microtubules. Surprisingly, under step-wise 

diminution of γ-tubulin, we still observed severe deffects in polar tip growth of root hairs. In 

an article recent at that time [170] Zimmerman and Chang showed that γ-tubulin might affect 

various properties of microtubules including the ones connected with microtubule (+) end 

dynamics. Hence, γ-tubulin might play a role in polarity determination. 

 The bipolarity of cell division was affected in some animal species upon 

downregulation of γ-tubulin [171,172]. We only observed this phenomenon in plants where 

γ-tubulin was severely depleted where only remnants of microtubules persisted among 

chromatin. As mitosis was not so affected, we observed frequent deffects in cytokinesis, for 

instance the misorientation of the cell division plate or the appearance of binuclear cells. 

Cytokinetic deffects were also observed in stomata whose asymmetric and symmetric division 

is strictly controlled [173]. Besides, stomatal patterning was also affected and we observed 

clusters of stomata. This was similar to phenotype of too-many-mouth mutants where negative 

regulator of asymmetric cell division is missing [174]. In our experiments, first stomatal 

patterning and then cytokinesis of guard cells were disrupted. 

 

My task in this work was to characterize the phenotype of plants with γ-tubulin depletion 

under ethanol inducible promoter and to compare this phenotype with plants where γ-tubulin 

was depleted under dexamethasone induction. I contributed to microscopical observations 

and conducted statistical analyses on roots and stomata. 
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 IV.2. Noduline/glutamine synthetase-like fusion protein is implicated in regulation of 
root morphogenesis and in signaling triggered by flagellin. 

Doskočilová A., Plíhal O., Volc J., Chumová J., Kourová H., Halada P., Petrovská B., and 

Binarová P. Planta, 234: 459-474, 2011. First two authors contributed equally to this article. 

 

By co-immunoprecipitation followed by MALDI-MS analysis, we identified that one 

of the protein co-purified with γ-tubulin was Noduline/glutamine synthetase-like protein 

(NodGS). NodGS (At3g53180) is a fusion protein consisting of C-terminal domain that shares 

homology with prokaryotic glutamine synthetase type I (GSI) and N-terminal domain sharing 

homology with nodulins. The whole protein is homologous to the fungi FluG morphogenic 

factor in vegetative differentiation [175].  

Although homologues of NodGS proteins were identified in many plant species (our 

database search), their properties have not yet been analyzed. Interestingly, Medicago 

truncatula genome contains sequences of noduline MtN6 and GSI in separate positions, and 

homology with the whole fusion protein NodGS was not identified either in Medicago or in 

other leguminous plants. The tendency to make a fusion protein between GSI and nodulin-like 

protein can be traced back to the pokaryotes, for instance Mycobacterium tuberculosis or 

Streptomyces coelicolor [176]; but the two gene sequences are in reverse order in comparison 

to NodGS and FluG. 

Tools and methods used in this study are as follows: 

- generation of affinity-purified polyclonal rabbit antibody against a C-terminal portion 

of the NodGS peptide 

- cloning of NodGS – preparation of GFP- and RFP-fusions under 35S promoter; 

preparation of NodGS-RNAi construct 

- preparation of stably expressed plants and cell cultures carrying our constructs 

- biochemical methods: preparation of cell extracts, differential centrifugation, gel 

filtration, SDS-PAGE, BN-PAGE, and immunoblotting  

- microtubule sedimentation assay 

- fluorescence and confocal microscopy 

- elicitor treatment 

- yeast two-hybrid screen (Y2H) 
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After differencial centrifugation, most of the NodGS pool sedimented to high speed 

pellet P160. Gel filtration chromatography showed a narrow maximum of NodGS in fractions 

corresponding to ~700 kDa considering probably octameric forms of NodGS. These results 

were confirmed by non-denaturing gel electrophoresis and by blue native PAGE (BN-PAGE) 

in the first dimension followed by SDS-PAGE in the second dimension. Similar molecular 

pattern was observed in the extract from culture expressing NodGS-GFP. Octameric forms 

were the dominant protein species in all analysed subcellular fractions. This result 

corresponds to the fact that GSII enzymes tend to form octameric assembly of their subunits. 

GFP-immunopurification and subsequent analysis on SDS-PAGE proved that endogenous 

and GFP-fusion subunits of NodGS were associated in ~1:1 ratio. 

No measurable enzyme activity was detected in NodGS-GFP protein immobilized on 

GFP-beads by colorimetric reaction which is consistent with the data on fungal and 

prokaryotic FluG-like proteins. The possible explanation is that NodGS, similarly to its 

homologous partner FluG [177], lacks the two key amino acid residues essential for GS 

activity. 

NodGS was identified by MALDI-MS as a protein co-immunoprecipitated with 

γ-tubulin using affinity purified anti-γ-tubulin antibody. Further, we proved the interaction 

vice versa using antibody against NodGS. When immunopurified complexes of NodGS with 

γ-tubulin were analysed by BN-PAGE followed by SDS-PAGE in second dimension, a minor 

portion of γ-tubulin migrated together with oligomeric forms of NodGS suggesting that only a 

minor subpopulation of total cellular pool of γ-tubulin physically interacts with γ-tubulin. 

We were interested whether NogGS interacts with microtubules as γ-tubulin is a key 

nucleator of microtubules and as Y2H screen identified α-tubulin as its potential interacting 

partner. 700 kDa NodGS complex was pulled down with microtubules. The supplementation 

of the assay with purified brain microtubules showed that the presence of NodGS on 

microtubules does not correspond with that of typical MAPs. The subcellular localization of 

NodGS after double-immunofluorescence labelling with antibody against NodGS and 

antibody against either α-tubulin or γ-tubulin showed that in interphase cells NodGS was 

mainly cytoplasmic with slight accumulation in the vicinity of nuclei. During cell division, 

signal was observed in the area of mitotic spindle and phragmoplast area. Together with 

γ-tubulin, NodGS was present in the perinuclear area of the preprophase nuclei but did not 

follow γ-tubulin localization with kinetochores. Similar results were obtained from live-cell 

imaging microscopy both from plants and cultures expressing NodGS-GFP. 
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Interesting results were obtained from the analysis of plants with downregulated 

NodGS by RNAi. γ-Tubulin level in NodGS depleted plants was not significantly different 

from that of wild type (WT) plants. Nevertheless, plants exhibited a strong phenotype. The 

growth of the main root was reduced, lateral roots originated from hypocotyl/root transition 

zone and exceeded the length of the shortened main root, while the total number of lateral 

roots was approximately the same as in WT plants. Mitotic activity in the shortened cell 

division zone of main root was ~3 times reduced which was accompanied by premature 

entering to anisotropic growth typical of the elongation zone of the root. Strong root 

phenotype was consistent with the fact that NodGS was preferentially expressed in the roots 

of 10-d-old Arabidopsis plants. The strong phenotype of root might not be explained by 

catalytic role of NodGS in nitrogen/glutamate metabolism as NodGS lacked the enzymatic 

activity. However, this does not exclude the possibility that L-glutamate can still act as a 

natural ligand of the GSI-like domain in NodGS and thus play a role in signalling regulating 

root architecture in Arabidopsis [178,179]. 

To test microtubule dynamics in NodGS-RNAi plants expressing microtubule 

associated protein MAP4-GFP, we depolymerized microtubules by APM and performed the 

FRAP analysis during microtubule recovery after washing out APM. The rate of microtubule 

recovery within 30 minutes was comparable to that of WT plants. 

The search of publicly available databases pointed out that expression of NodGS is 

enhanced by several a/biotic stress factors. We proved that fungi elicitor flagellin (flg22) 

enhanced the expression of NodGS in Arabidopsis seedlings and moreover, the signal of 

NodGS-RFP was enhanced in the vicinity of nuclei after Flg22 treatment in Arabidopsis 

plants which supports the possible role of NodGS in pathogen response because the 

perinuclear area is an active zone in transition signalling after pathogen attack [180,181]. In 

this area γ-tubulin is also enhanced during initiation stages of arbuscular mycorhisis [182]. 

We have then postulated that complex of minor portion of γ-tubulin with NodGS might play 

the scaffolding role in the signal transduction processes. 

 

In this project I cloned GFP and RFPconstructs of NodGS and derived stably expressing cell 

cultures and Arabidopsis plants expressing these constructs. I largerly contributed to 

immunofluorescence microscopic observation and live-cell imaging experiments including the 

ER-tracker staining. I planned experiments, performed the FRAP analysis on microtubule 

dynamics in NodGS-RNAi plants, contributed to characterization of NodGS-RNAi phenotype, 
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and mounted the figures. I participated in writing the manuscript and rewriting the text after 

reviewers’ comments. 

 

 IV.3. Plant Aurora kinases play a role in maintenance of primary meristems and 
control of endoreduplication. 

Petrovská B., Cenklová V., Pochylová Ž., Kourová H., Doskočilová A., Plíhal O., and 

Binarová P. New Phytologist, e-published, December, DOI: 10.1111/j.1469-

8137.2011.03989.x 

 

 In metazoan, Aurora kinases family is represented by Aurora A, Aurora B, and Aurora 

C members that show different functions and subcellular distributions. Aurora A has multiple 

functions connected with centrosome maturation or regulation of mitotic entry as CDK1 

activation and chromosome condensation was delayed in Aurora A depleted cells [183]. 

Aurora A function is tightly connected with its activator TPX2; interaction of both molecules 

determines spindle length via nucleation of microtubules [148,184]. Aurora B is required for 

proper cytokinesis. Localization and function of Aurora B is distinct from its highly 

conserved partner Aurora A; however, single replacement of amino acid residue in Aurora A 

converted properties of Aurora A to Aurora B [185]. 

 In plant kingdom, Aurora kinases were studied in Arabidopsis whose genome encodes 

three Aurora kinases: Aurora1, 2, and 3 [186]. Highly homologous Aurora1 and 2 localized 

within mitotic spindle area while Aurora3 was present on chromosomes. The functional 

studies limited to drug treatment indicated possible role of plant Aurora kinases in 

chromosome segregation [187]. The precise roles of plant Aurora kinases are still unclear and 

limited. The main task of our study was to uncover the function of Aurora kinases by their 

RNAi downregulation in plants followed by detailed phenotypic analysis and by localization 

and co-localization studies of AtAurora1, its activator TPX2, and its possible target γ-tubulin. 

 Tools and methods used in this study are as follows: 

- cloning of AtAurora1 and AtTPX2 

- preparation of plants stably expressing Aurora kinase RNAi construct; preparation of 

plants and cell cultures stably expressing AtAurora1 and AtTPX2 GFP- and 

RFP-fusions 

- preparation of cell extracts, differential centrifugation, SDS-PAGE, and 

immunoblotting  
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- microtubule sedimentation assay 

- immunofluorescence microscopy 

- live-cell imaging 

- flow cytometry analysis 

 

 As we expected, defective cell division occured in plants with downregulated Aurora 

kinases. Besides, development of root primary meristem was arrested or at least delayed. Root 

division zone stopped developing and premature differentiation of root cells was observed in 

Aurora-RNAi plants. Presence of enlarged nuclei led us to raise a question if transition from 

mitotic cycle to endocycle was not affected due to depletion of Autora kinases. We found that 

RNAi seedlings entered prematurely endocycles. Interestingly, in animals, Aurora B kinase is 

suggested to regulate retinoblastoma (RB) protein by phosphorylation and thus might prevent 

premature entry to endoreduplication in cells with aberrant mitosis. Our data suggest that 

plant Aurora kinases might participate in similar cell cycle checkpoint; however, it remains to 

be elucidated whether plant Aurora directly phosphorylate Arabidopsis retinoblastoma-related 

(AtRBR) protein. 

 The in situ immunofluorescence as well as in vivo microscopical localization analysis 

of AtAurora1-GFP expressed under its own promoter showed association of the kinase with 

microtubules and with the forming cell plate. Co-localization experiments proved that 

AtTPX2 protein colocalized with AtAurora1 at all microtubular arrays but it was absent in the 

midzone and in the area of cell plate formation where AtAurora1 subpopulation is located. 

Plant AtTPX2 has already been shown to activate animal Aurora A in vitro [188]. Our data 

thus suggested that AtTPX2 may target AtAurora1 kinase to microtubules and modulates 

spatially and temporally its function. 

 Activity of animal Aurora A kinase is required for microtubule nucleation from both 

centrosomal and acentrosomal sites [189]. Our data on AtAurora1 and AtTPX2 

co-localization on microtubules together with γ-tubulin in cell cycle specific manner 

suggested a link of the kinase with γ-tubulin mediated microtubule-dependent microtubule 

nucleation [113,114]. 

 

I contributed to this work with biochemical analyses of AtAurora1 distribution in cellular 

fraction. 
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 IV.4. Nitrilase1 functions in cell cycle and programmed cell death in Arabidopsis. 

Doskočilová A., Kohoutová L., Volc J., Chumová J., Kourová H., Benada O., Plíhal O., 

Petrovská B., Halada P. and Binarová P. Submitted to Cell Cycle, December, 2011. 

 

 In plants, a majority of so far discussed data about nitrilases were connected to their 

enzymatic function. Nitrilases are members of C-N hydrolases superfamily that convert 

nitriles by hydrolysis into the corresponding carboxylic acids and ammonia. There are four 

genes of nitrilases encoded in Arabidopsis genome: Nit4 on chromosome 5 and a group 

so-called “Nit1-homologues“ composed of Nit1, Nit2, Nit3 which is tandemly arranged on 

chromosome 3 in order Nit2-Nit1-Nit3 [190]. We focused our attention on Nit1 as Nit1 

belongs to proteins that are highly conserved in bacteria, plants and animals but its function is 

still not fully understood. Galperin et al. [191] proposed “top 10” of attractive proteins with 

prioritization for experimental studies referred as “conserved hypothetical” for which general 

biochemical but not biological function is predicted. The fourth on the list of “top 10” is Nit1. 

Nitrilase was in vitro observed in homopolymeric filamentous assemblies in fungi and 

bacteria [192,193] suggesting that Nit1 might belong to nowadays expanding group of 

metabolic enzymes that form filamentous structures and evolved other functions besides their 

catalytic activities [160,161,163]. Moreover, in animal cells, homologue of plant Nit1 was 

proposed as a tumor suppressor gene functioning in regulation of cell cycle and apoptosis 

[194,195]. Data about such different roles of nitrilases are missing in plants except for one 

single work reffering that Arabidopsis Nit1 aggregation around nuclei is an early marker of 

programmed cell death in plants [196]. We aimed to contribute to general knowledge about 

one of the “top ten“ proteins conserved throughout the kingdoms. Our interest was captured 

particularly due to nitrilase polymeric filamentous structures resembling cytoskeletal 

filaments. 

 Tools and methods used for this study are as follows: 

- generation of affinity-purified polyclonal rabbit antibody against a peptide from Nit1 

C-terminal 

- cloning of Nit1 – preparation of N- and C-terminal GFP- and RFP-fusions under 35S 

promoter and under native promoter; preparation of Nit-RNAi construct 

- preparation of plants and cell cultures stably expressing our constructs 

- biochemical methods: preparation of cell extracts, differential centrifugation, gel 

filtration, SDS-PAGE, BN-PAGE, and immunoblotting  
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- microtubule sedimentation assay 

- electron microscopy (EM) 

- fluorescence and confocal microscopy 

- drug treatment 

- PCD TUNEL assay 

 

 Homologues of nitrilases in bacteria and fungi were extensively studied for their 

potential pharmaceutic and industrial applications [197,198]. Surprisingly, when heterogously 

expressed in vitro [192,193], oligomeric or polymeric filamentous structures were observed to 

be formed and 3D model of these filaments was proposed [192,199]. In Arabidopsis, larger 

molecular forms of Nit1 corresponding to approximately 450 kDa were heterologously 

expressed in E. coli [200]; however, these oligomeric forms were not characterized further. 

Using biochemical approaches followed by EM, we showed that Nit1 is present in native 

Arabidopsis extracts in the form of polymeric filaments that appeared to be similar to 

filamentous assemblies formed in vitro in bacteria and fungi; however in bacteria and fungi, 

post-translational cleavage of C-terminal portion of recombinantly expressed Nit molecule is 

essential for formation of stable helices. Our database search showed that particularly this 

C-terminal portion of the Nit1 molecule is missing in Arabidopsis. The sequence data thus 

pointed to the fact that ability to assemble into polymers observed by us in native Arabidopsis 

extracts might be an intrinsic property of plant Nit1. 

 In animals, Nit1 protein homologous to plant Nit1 acts with close relationship to Fhit 

protein as a tumor suppressor gene. Nit1 forms translation fusion with Fhit protein in 

invertebrates [201], while in vertebrates, both proteins are present on separated chromosomes. 

Cells with downregulated Nit1 or Fhit did not enter apoptosis induced by DNA damages 

[194]. While molecular mechanisms of Fhit in apoptotic processes are well understood, mode 

of action of Nit1 in animal cell cycle and apoptosis regulation and its biological significance 

is still matter of speculation. Data on possible implication of plant Nit1 in cell cycle and plant 

programmed cell death (PCD) are missing.  

 We localized by immunofluorescence and by live-cell imaging Nit1 in cytoplasm, in 

the vicinity of nuclei and on microtubules, especially in mitotic figures. On the whole plant 

level, Nit1-GFP signal was enriched in dividing tissues. Using microtubule spin-down assay, 

we pelleted Nit1 with microtubules. Our localization analyses of Nit1 and Nit1-GFP in plant 

cells suggested the possible role with microtubular cytoskeleton and in cell division. 
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 To gain insight into the Nit1 function in Arabidopsis plants, we downregulated Nit 

expression by RNAi. Quantitative RT-PCR analysis showed reduction of Nit1-3 genes. The 

seedlings development was severely affected by downregulation of Nit. Regular 

differentiation of true leaves was disturbed. True leaves failed to develop and instead, 

unorganized division and parenchymatic calli-like structures occurred. Trichomes in 

Nit-RNAi plants did not emerged and if so, bulged structures, unbranched trichomes, or 

trichomes with abnormal branching pattern were present. The cotyledons were 

macroscopically well-preserved, probably due to only partial reduction of expression of Nit1 

by RNAi at young seedlings development. However, in comparison with regular stomata in 

WT plants, cotyledons of RNAi plants showed aberrant stomata morphology. Unicellular 

round shaped stomata without a pore, stomata with uncompleted cell plate expansion or single 

kidney shaped guard cells indicated that last symetric division of GMC was strongly affected 

in Nit-RNAi seedlings. Corresponding to root morphogenesis in Nit-RNAi plants, 

longitudinal organization of roots was disrupted, cell division zones were shortened and 

uncontroled cell expansion occurred at the vicinity of the root tips. 

 Gain of function study on Arabidopsis cell culture overexpressing Nit1 under 35S 

promoter showed that growth rate and mitotic index were lower in cell culture overproducing 

35SNit1-N-GFP compared to the WT cells. Moreover, we determined and compared the level 

of PCD by TUNEL assay in 1-d-old and 5-d-old WT cell cultures and cell cultures 

overexpressing 35SNit1-N-GFP and found that in cells overexpressing 35SNit1-N-GFP, 

number of cells positive for PCD was higher comparing to the WT culture. Analysis of Nit1 

localization after treatment of acetylsalicylic acid (ASA) showed that during induction of 

PCD Nit1 patchy pattern signal accumulated at perinuclear area or even penetrated into the 

nuclei. These data were consistent with observation published by Cutler et al. who induced 

PCD in Arabidopsis seedlings by wounding or chemical herbicide treatment [196]. 

 Gain of function and loss of function studies revealed Nit1 function in cell cycle and 

PCD pathways. Nit1 was shown to be indispensable in differentiation of shoot apical 

meristem and correct cytokinesis. Our data showed that similarly to its homologue from 

animal cells plant Nit1 is involved in PCD and cell cycle regulation. 

 

In this project I did all cloning with exception of native Nit1 promoter. I performed cell 

extractions, differencial centrifugations, GFP immunoprecipitations, and electrophoreses 

followed by immunodetections. I prepared stable cell lines expressing 35SNit1-GFP. I did all 
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microscopical observations and analyses. I planed the experiments, completed data, mounted 

the figures, and wrote manuscript under supervision of Doc. Binarová. 
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V. CONCLUSIONS 

 

1) Our data suggested essential role for γ-tubulin in microtubule nucleation using 

γ-tubulin-RNAi depleted Arabidopsis plants. We showed that γ-tubulin is required for 

dynamic organization of cortical microtubules. Our findigs indicate a novel role of 

γ-tubulin in polar tip growth possibly connected with its microtubule (+) end activity 

and with its role in coordination of late mitotic events. 

2) We characterized a newly identified NodGS protein in Arabidopsis thaliana. NodGS 

is a fusion protein composed of two different parts: C-terminal GSI-like sequence and 

N-terminal part sharing homology with nodulin-like proteins, and it interacts with 

minor cellular portion of γ-tubulin. We pointed out that NodGS lacks its putative 

enzymatic activity and that it has an ability to oligomerize into higher-order structures. 

NodGS was shown in our functional studies using RNAi downregulation to be critical 

for regulation of meristematic activity of primary roots possibly by means of 

glutamate signalling. As NodGS protein level was upregulated after flg22 treatment 

and enriched together with γ-tubulin in perinuclear area, we proposed the role of both 

proteins in signalling pathways answering to pathogen attack. 

3) We found that Arabidopsis Aurora kinases play a conserved role in the regulation of 

cell division. Furthemore, Aurora kinases are involved in signalling for meristem 

maintainance and in entering to endoreduplication. The co-localization of AtAurora1 

together with AtTPX2 and γ-tubulin on microtubules suggest that a link of the kinase 

with γ-tubulin mediated microtubule dependent microtubule nucleation might exist. 

4) We provided evidence that Nit1 in Arabidopsis adopts filamentous structure similar to 

their bacterial and fungal homologues. Nit1 was shown to be indispensable in 

differentiation of shoot apical meristem and correct cytokinesis. Our data confirmed 

that similarly to its homologue from animal cells the plant Nit1 is involved in PCD 

and cell cycle regulation. Furthermore, our study on Nit1 in Arabidopsis contributed to 

growing body of evidence about filament assembling enzymes with dual catalytic and 

structural functions. 

 



44 

 

 

VI. REFERENCES 

 

1. Erickson HP (2007) Evolution of the cytoskeleton. Bioessays 29: 668-677. 
2. Fiserova J, Kiseleva E, Goldberg MW (2009) Nuclear envelope and nuclear pore complex structure 

and organization in tobacco BY-2 cells. Plant J 59: 243-255. 
3. Masuda K, Xu ZJ, Takahashi S, Ito A, Ono M, et al. (1997) Peripheral framework of carrot cell 

nucleus contains a novel protein predicted to exhibit a long alpha-helical domain. Exp Cell 
Res 232: 173-181. 

4. Lloyd C (1999) How I learned to love carrots: the role of the cytoskeleton in shaping plant cells. 
Bioessays 21: 1061-1068. 

5. Smertenko A, Franklin-Tong VE (2011) Organisation and regulation of the cytoskeleton in plant 
programmed cell death. Cell Death Differ 18: 1263-1270. 

6. Smith LG (2003) Cytoskeletal control of plant cell shape: getting the fine points. Curr Opin Plant 
Biol 6: 63-73. 

7. van Doorn WG, Beers EP, Dangl JL, Franklin-Tong VE, Gallois P, et al. (2011) Morphological 
classification of plant cell deaths. Cell Death Differ 18: 1241-1246. 

8. Zhang H, Dawe RK (2011) Mechanisms of plant spindle formation. Chromosome Res 19: 335-344. 
9. Tilney LG, Bryan J, Bush DJ, Fujiwara K, Mooseker MS, et al. (1973) Microtubules: evidence for 

13 protofilaments. J Cell Biol 59: 267-275. 
10. Amos L, Klug A (1974) Arrangement of subunits in flagellar microtubules. J Cell Sci 14: 523-549. 
11. Wade RH, Hyman AA (1997) Microtubule structure and dynamics. Curr Opin Cell Biol 9: 12-17. 
12. Wade RH (2009) On and around microtubules: an overview. Mol Biotechnol 43: 177-191. 
13. Chretien D, Wade RH (1991) New data on the microtubule surface lattice. Biol Cell 71: 161-174. 
14. Sui H, Downing KH (2010) Structural basis of interprotofilament interaction and lateral 

deformation of microtubules. Structure 18: 1022-1031. 
15. Putkey FR, Cramer T, Morphew MK, Silk AD, Johnson RS, et al. (2002) Unstable kinetochore-

microtubule capture and chromosomal instability following deletion of CENP-E. Dev Cell 3: 
351-365. 

16. Vaughan KT (2005) Microtubule plus ends, motors, and traffic of Golgi membranes. Biochim 
Biophys Acta 1744: 316-324. 

17. Mitchison T, Kirschner M (1984) Microtubule assembly nucleated by isolated centrosomes. 
Nature 312: 232-237. 

18. Mandelkow EM, Mandelkow E, Milligan RA (1991) Microtubule dynamics and microtubule caps: 
a time-resolved cryo-electron microscopy study. J Cell Biol 114: 977-991. 

19. Muller-Reichert T, Chretien D, Severin F, Hyman AA (1998) Structural changes at microtubule 
ends accompanying GTP hydrolysis: information from a slowly hydrolyzable analogue of 
GTP, guanylyl (alpha,beta)methylenediphosphonate. Proc Natl Acad Sci U S A 95: 3661-
3666. 

20. Rice LM, Montabana EA, Agard DA (2008) The lattice as allosteric effector: structural studies of 
alphabeta- and gamma-tubulin clarify the role of GTP in microtubule assembly. Proc Natl 
Acad Sci U S A 105: 5378-5383. 

21. Shaw SL, Kamyar R, Ehrhardt DW (2003) Sustained microtubule treadmilling in Arabidopsis 
cortical arrays. Science 300: 1715-1718. 

22. Ehrhardt DW, Shaw SL (2006) Microtubule dynamics and organization in the plant cortical array. 
Annu Rev Plant Biol 57: 859-875. 

23. Fu Y, Li S, Zu Y, Yang G, Yang Z, et al. (2009) Medicinal chemistry of paclitaxel and its 
analogues. Curr Med Chem 16: 3966-3985. 

24. Caplow M, Zeeberg B (1982) Dynamic properties of microtubules at steady state in the presence 
of taxol. Eur J Biochem 127: 319-324. 



45 

 

25. Snyder JP, Nettles JH, Cornett B, Downing KH, Nogales E (2001) The binding conformation of 
Taxol in beta-tubulin: a model based on electron crystallographic density. Proc Natl Acad Sci 
U S A 98: 5312-5316. 

26. Sugimoto K, Himmelspach R, Williamson RE, Wasteneys GO (2003) Mutation or drug-dependent 
microtubule disruption causes radial swelling without altering parallel cellulose microfibril 
deposition in Arabidopsis root cells. Plant Cell 15: 1414-1429. 

27. Wasteneys GO (2002) Microtubule organization in the green kingdom: chaos or self-order? J Cell 
Sci 115: 1345-1354. 

28. Paredez AR, Somerville CR, Ehrhardt DW (2006) Visualization of cellulose synthase 
demonstrates functional association with microtubules. Science 312: 1491-1495. 

29. Nebenfuhr A, Frohlick JA, Staehelin LA (2000) Redistribution of Golgi stacks and other 
organelles during mitosis and cytokinesis in plant cells. Plant Physiol 124: 135-151. 

30. Nogami A, Mineyuki Y (1999) Loosening of a preprophase band of microtubules in onion (Allium 
cepa L.) root tip cells by kinase inhibitors. Cell Struct Funct 24: 419-424. 

31. Cleary AL, Smith LG (1998) The Tangled1 gene is required for spatial control of cytoskeletal 
arrays associated with cell division during maize leaf development. Plant Cell 10: 1875-1888. 

32. Walker KL, Muller S, Moss D, Ehrhardt DW, Smith LG (2007) Arabidopsis TANGLED identifies 
the division plane throughout mitosis and cytokinesis. Curr Biol 17: 1827-1836. 

33. Muller S, Han S, Smith LG (2006) Two kinesins are involved in the spatial control of cytokinesis 
in Arabidopsis thaliana. Curr Biol 16: 888-894. 

34. Hamada T (2007) Microtubule-associated proteins in higher plants. J Plant Res 120: 79-98. 
35. Walczak CE, Shaw SL (2010) A MAP for bundling microtubules. Cell 142: 364-367. 
36. Gard DL, Becker BE, Josh Romney S (2004) MAPping the eukaryotic tree of life: structure, 

function, and evolution of the MAP215/Dis1 family of microtubule-associated proteins. Int 
Rev Cytol 239: 179-272. 

37. Kawamura E, Himmelspach R, Rashbrooke MC, Whittington AT, Gale KR, et al. (2006) 
MICROTUBULE ORGANIZATION 1 regulates structure and function of microtubule arrays 
during mitosis and cytokinesis in the Arabidopsis root. Plant Physiol 140: 102-114. 

38. Kawamura E, Wasteneys GO (2008) MOR1, the Arabidopsis thaliana homologue of Xenopus 
MAP215, promotes rapid growth and shrinkage, and suppresses the pausing of microtubules 
in vivo. J Cell Sci 121: 4114-4123. 

39. McNally KP, Bazirgan OA, McNally FJ (2000) Two domains of p80 katanin regulate microtubule 
severing and spindle pole targeting by p60 katanin. J Cell Sci 113 ( Pt 9): 1623-1633. 

40. Bouquin T, Mattsson O, Naested H, Foster R, Mundy J (2003) The Arabidopsis lue1 mutant 
defines a katanin p60 ortholog involved in hormonal control of microtubule orientation during 
cell growth. J Cell Sci 116: 791-801. 

41. Stoppin-Mellet V, Gaillard J, Vantard M (2002) Functional evidence for in vitro microtubule 
severing by the plant katanin homologue. Biochem J 365: 337-342. 

42. Burk DH, Liu B, Zhong R, Morrison WH, Ye ZH (2001) A katanin-like protein regulates normal 
cell wall biosynthesis and cell elongation. Plant Cell 13: 807-827. 

43. Ambrose JC, Li W, Marcus A, Ma H, Cyr R (2005) A minus-end-directed kinesin with plus-end 
tracking protein activity is involved in spindle morphogenesis. Mol Biol Cell 16: 1584-1592. 

44. Sedbrook JC, Ehrhardt DW, Fisher SE, Scheible WR, Somerville CR (2004) The Arabidopsis 
sku6/spiral1 gene encodes a plus end-localized microtubule-interacting protein involved in 
directional cell expansion. Plant Cell 16: 1506-1520. 

45. Chan J, Calder GM, Doonan JH, Lloyd CW (2003) EB1 reveals mobile microtubule nucleation 
sites in Arabidopsis. Nat Cell Biol 5: 967-971. 

46. Mathur J, Mathur N, Kernebeck B, Srinivas BP, Hulskamp M (2003) A novel localization pattern 
for an EB1-like protein links microtubule dynamics to endomembrane organization. Curr Biol 
13: 1991-1997. 

47. Dixit R, Chang E, Cyr R (2006) Establishment of polarity during organization of the acentrosomal 
plant cortical microtubule array. Mol Biol Cell 17: 1298-1305. 

48. Chan J, Calder G, Fox S, Lloyd C (2005) Localization of the microtubule end binding protein EB1 
reveals alternative pathways of spindle development in Arabidopsis suspension cells. Plant 
Cell 17: 1737-1748. 



46 

 

49. Louie RK, Bahmanyar S, Siemers KA, Votin V, Chang P, et al. (2004) Adenomatous polyposis 
coli and EB1 localize in close proximity of the mother centriole and EB1 is a functional 
component of centrosomes. J Cell Sci 117: 1117-1128. 

50. Akhmanova A, Steinmetz MO (2008) Tracking the ends: a dynamic protein network controls the 
fate of microtubule tips. Nat Rev Mol Cell Biol 9: 309-322. 

51. Komaki S, Abe T, Coutuer S, Inze D, Russinova E, et al. (2010) Nuclear-localized subtype of end-
binding 1 protein regulates spindle organization in Arabidopsis. J Cell Sci 123: 451-459. 

52. Oakley CE, Oakley BR (1989) Identification of gamma-tubulin, a new member of the tubulin 
superfamily encoded by mipA gene of Aspergillus nidulans. Nature 338: 662-664. 

53. Oakley BR, Oakley CE, Yoon Y, Jung MK (1990) Gamma-tubulin is a component of the spindle 
pole body that is essential for microtubule function in Aspergillus nidulans. Cell 61: 1289-
1301. 

54. Liu B, Joshi HC, Wilson TJ, Silflow CD, Palevitz BA, et al. (1994) gamma-Tubulin in 
Arabidopsis: gene sequence, immunoblot, and immunofluorescence studies. Plant Cell 6: 303-
314. 

55. Wilson PG, Borisy GG (1998) Maternally expressed gamma Tub37CD in Drosophila is 
differentially required for female meiosis and embryonic mitosis. Dev Biol 199: 273-290. 

56. Wise DO, Krahe R, Oakley BR (2000) The gamma-tubulin gene family in humans. Genomics 67: 
164-170. 

57. Yuba-Kubo A, Kubo A, Hata M, Tsukita S (2005) Gene knockout analysis of two gamma-tubulin 
isoforms in mice. Dev Biol 282: 361-373. 

58. Horio T, Uzawa S, Jung MK, Oakley BR, Tanaka K, et al. (1991) The fission yeast gamma-tubulin 
is essential for mitosis and is localized at microtubule organizing centers. J Cell Sci 99: 693-
700. 

59. Sobel SG, Snyder M (1995) A highly divergent gamma-tubulin gene is essential for cell growth 
and proper microtubule organization in Saccharomyces cerevisiae. J Cell Biol 131: 1775-
1788. 

60. Pastuglia M, Azimzadeh J, Goussot M, Camilleri C, Belcram K, et al. (2006) Gamma-tubulin is 
essential for microtubule organization and development in Arabidopsis. Plant Cell 18: 1412-
1425. 

61. Burns RG (1991) Alpha-, beta-, and gamma-tubulins: sequence comparisons and structural 
constraints. Cell Motil Cytoskeleton 20: 181-189. 

62. Llanos R, Chevrier V, Ronjat M, Meurer-Grob P, Martinez P, et al. (1999) Tubulin binding sites 
on gamma-tubulin: identification and molecular characterization. Biochemistry 38: 15712-
15720. 

63. Inclan YF, Nogales E (2001) Structural models for the self-assembly and microtubule interactions 
of gamma-, delta- and epsilon-tubulin. J Cell Sci 114: 413-422. 

64. Aldaz H, Rice LM, Stearns T, Agard DA (2005) Insights into microtubule nucleation from the 
crystal structure of human gamma-tubulin. Nature 435: 523-527. 

65. Linhartova I, Novotna B, Sulimenko V, Draberova E, Draber P (2002) Gamma-tubulin in chicken 
erythrocytes: changes in localization during cell differentiation and characterization of 
cytoplasmic complexes. Dev Dyn 223: 229-240. 

66. Raynaud-Messina B, Debec A, Tollon Y, Gares M, Wright M (2001) Differential properties of the 
two Drosophila gamma-tubulin isotypes. Eur J Cell Biol 80: 643-649. 

67. Sulimenko V, Sulimenko T, Poznanovic S, Nechiporuk-Zloy V, Bohm KJ, et al. (2002) 
Association of brain gamma-tubulins with alpha beta-tubulin dimers. Biochem J 365: 889-
895. 

68. Vogel J, Drapkin B, Oomen J, Beach D, Bloom K, et al. (2001) Phosphorylation of gamma-tubulin 
regulates microtubule organization in budding yeast. Dev Cell 1: 621-631. 

69. Vogel J, Snyder M (2000) The carboxy terminus of Tub4p is required for gamma-tubulin function 
in budding yeast. J Cell Sci 113 Pt 21: 3871-3882. 

70. Cuschieri L, Miller R, Vogel J (2006) Gamma-tubulin is required for proper recruitment and 
assembly of Kar9-Bim1 complexes in budding yeast. Mol Biol Cell 17: 4420-4434. 



47 

 

71. Harvey SL, Kellogg DR (2003) Conservation of mechanisms controlling entry into mitosis: 
budding yeast wee1 delays entry into mitosis and is required for cell size control. Curr Biol 
13: 264-275. 

72. Alvarado-Kristensson M, Rodriguez MJ, Silio V, Valpuesta JM, Carrera AC (2009) SADB 
phosphorylation of gamma-tubulin regulates centrosome duplication. Nat Cell Biol 11: 1081-
1092. 

73. Lin TC, Gombos L, Neuner A, Sebastian D, Olsen JV, et al. (2011) Phosphorylation of the yeast 
gamma-tubulin Tub4 regulates microtubule function. PLoS ONE 6: e19700. 

74. Starita LM, Machida Y, Sankaran S, Elias JE, Griffin K, et al. (2004) BRCA1-dependent 
ubiquitination of gamma-tubulin regulates centrosome number. Mol Cell Biol 24: 8457-8466. 

75. Mallery DL, Vandenberg CJ, Hiom K (2002) Activation of the E3 ligase function of the 
BRCA1/BARD1 complex by polyubiquitin chains. Embo J 21: 6755-6762. 

76. Hsu LC, Doan TP, White RL (2001) Identification of a gamma-Tubulin-binding Domain in 
BRCA1. Cancer Res 61: 7713-7718. 

77. Parvin JD (2009) The BRCA1-dependent ubiquitin ligase, gamma-tubulin, and centrosomes. 
Environ Mol Mutagen 50: 649-653. 

78. Sankaran S, Crone DE, Palazzo RE, Parvin JD (2007) BRCA1 regulates gamma-tubulin binding to 
centrosomes. Cancer Biol Ther 6: 1853-1857. 

79. Sankaran S, Starita LM, Groen AC, Ko MJ, Parvin JD (2005) Centrosomal microtubule nucleation 
activity is inhibited by BRCA1-dependent ubiquitination. Mol Cell Biol 25: 8656-8668. 

80. Stearns T, Evans L, Kirschner M (1991) Gamma-tubulin is a highly conserved component of the 
centrosome. Cell 65: 825-836. 

81. Zheng Y, Jung MK, Oakley BR (1991) Gamma-tubulin is present in Drosophila melanogaster and 
Homo sapiens and is associated with the centrosome. Cell 65: 817-823. 

82. Shu HB, Joshi HC (1995) Gamma-tubulin can both nucleate microtubule assembly and self-
assemble into novel tubular structures in mammalian cells. J Cell Biol 130: 1137-1147. 

83. Knop M, Pereira G, Geissler S, Grein K, Schiebel E (1997) The spindle pole body component 
Spc97p interacts with the gamma-tubulin of Saccharomyces cerevisiae and functions in 
microtubule organization and spindle pole body duplication. Embo J 16: 1550-1564. 

84. Martin OC, Gunawardane RN, Iwamatsu A, Zheng Y (1998) Xgrip109: a gamma tubulin-
associated protein with an essential role in gamma tubulin ring complex (gammaTuRC) 
assembly and centrosome function. J Cell Biol 141: 675-687. 

85. Murphy SM, Preble AM, Patel UK, O'Connell KL, Dias DP, et al. (2001) GCP5 and GCP6: two 
new members of the human gamma-tubulin complex. Mol Biol Cell 12: 3340-3352. 

86. Oegema K, Wiese C, Martin OC, Milligan RA, Iwamatsu A, et al. (1999) Characterization of two 
related Drosophila gamma-tubulin complexes that differ in their ability to nucleate 
microtubules. J Cell Biol 144: 721-733. 

87. Zhang L, Keating TJ, Wilde A, Borisy GG, Zheng Y (2000) The role of Xgrip210 in gamma-
tubulin ring complex assembly and centrosome recruitment. J Cell Biol 151: 1525-1536. 

88. Raynaud-Messina B, Merdes A (2007) Gamma-tubulin complexes and microtubule organization. 
Curr Opin Cell Biol 19: 24-30. 

89. Gunawardane RN, Lizarraga SB, Wiese C, Wilde A, Zheng Y (2000) gamma-Tubulin complexes 
and their role in microtubule nucleation. Curr Top Dev Biol 49: 55-73. 

90. Hutchins JR, Toyoda Y, Hegemann B, Poser I, Heriche JK, et al. (2010) Systematic analysis of 
human protein complexes identifies chromosome segregation proteins. Science 328: 593-599. 

91. Murphy SM, Urbani L, Stearns T (1998) The mammalian gamma-tubulin complex contains 
homologues of the yeast spindle pole body components spc97p and spc98p. J Cell Biol 141: 
663-674. 

92. Teixido-Travesa N, Villen J, Lacasa C, Bertran MT, Archinti M, et al. (2010) The gammaTuRC 
revisited: a comparative analysis of interphase and mitotic human gammaTuRC redefines the 
set of core components and identifies the novel subunit GCP8. Mol Biol Cell 21: 3963-3972. 

93. Gunawardane RN, Martin OC, Zheng Y (2003) Characterization of a New gammaTuRC Subunit 
with WD Repeats. Mol Biol Cell 14: 1017-1026. 



48 

 

94. Haren L, Remy MH, Bazin I, Callebaut I, Wright M, et al. (2006) NEDD1-dependent recruitment 
of the gamma-tubulin ring complex to the centrosome is necessary for centriole duplication 
and spindle assembly. J Cell Biol 172: 505-515. 

95. Zheng Y, Wong ML, Alberts B, Mitchison T (1995) Nucleation of microtubule assembly by a 
gamma-tubulin-containing ring complex. Nature 378: 578-583. 

96. Erickson HP (2000) Gamma-tubulin nucleation: template or protofilament? Nat Cell Biol 2: E93-
96. 

97. Erickson HP, Stoffler D (1996) Protofilaments and rings, two conformations of the tubulin family 
conserved from bacterial FtsZ to alpha/beta and gamma tubulin. J Cell Biol 135: 5-8. 

98. Guillet V, Knibiehler M, Gregory-Pauron L, Remy MH, Chemin C, et al. (2011) Crystal structure 
of gamma-tubulin complex protein GCP4 provides insight into microtubule nucleation. Nat 
Struct Mol Biol 18: 915-919. 

99. Kollman JM, Polka JK, Zelter A, Davis TN, Agard DA (2010) Microtubule nucleating gamma-
TuSC assembles structures with 13-fold microtubule-like symmetry. Nature 466: 879-882. 

100. Kollman JM, Zelter A, Muller EG, Fox B, Rice LM, et al. (2008) The structure of the gamma-
tubulin small complex: implications of its architecture and flexibility for microtubule 
nucleation. Mol Biol Cell 19: 207-215. 

101. Kollman JM, Merdes A, Mourey L, Agard DA (2011) Microtubule nucleation by gamma-tubulin 
complexes. Nat Rev Mol Cell Biol 12: 709-721. 

102. Robinson RC, Turbedsky K, Kaiser DA, Marchand JB, Higgs HN, et al. (2001) Crystal structure 
of Arp2/3 complex. Science 294: 1679-1684. 

103. Rodal AA, Sokolova O, Robins DB, Daugherty KM, Hippenmeyer S, et al. (2005) 
Conformational changes in the Arp2/3 complex leading to actin nucleation. Nat Struct Mol 
Biol 12: 26-31. 

104. Volkmann N, Amann KJ, Stoilova-McPhie S, Egile C, Winter DC, et al. (2001) Structure of 
Arp2/3 complex in its activated state and in actin filament branch junctions. Science 293: 
2456-2459. 

105. Xiong Y, Oakley BR (2009) In vivo analysis of the functions of gamma-tubulin-complex 
proteins. J Cell Sci 122: 4218-4227. 

106. Anders A, Lourenco PC, Sawin KE (2006) Noncore components of the fission yeast gamma-
tubulin complex. Mol Biol Cell 17: 5075-5093. 

107. Goshima G, Mayer M, Zhang N, Stuurman N, Vale RD (2008) Augmin: a protein complex 
required for centrosome-independent microtubule generation within the spindle. J Cell Biol 
181: 421-429. 

108. Drykova D, Cenklova V, Sulimenko V, Volc J, Draber P, et al. (2003) Plant gamma-tubulin 
interacts with alphabeta-tubulin dimers and forms membrane-associated complexes. Plant Cell 
15: 465-480. 

109. Chabin-Brion K, Marceiller J, Perez F, Settegrana C, Drechou A, et al. (2001) The golgi complex 
is a microtubule-organizing organelle. Mol Biol Cell 12: 2047-2060. 

110. Janson ME, Setty TG, Paoletti A, Tran PT (2005) Efficient formation of bipolar microtubule 
bundles requires microtubule-bound gamma-tubulin complexes. J Cell Biol 169: 297-308. 

111. Stoppin V, Vantard M, Schmit AC, Lambert AM (1994) Isolated Plant Nuclei Nucleate 
Microtubule Assembly: The Nuclear Surface in Higher Plants Has Centrosome-like Activity. 
Plant Cell 6: 1099-1106. 

112. Schmit AC (2002) Acentrosomal microtubule nucleation in higher plants. Int Rev Cytol 220: 
257-289. 

113. Murata T, Hasebe M (2007) Microtubule-dependent microtubule nucleation in plant cells. J Plant 
Res 120: 73-78. 

114. Murata T, Sonobe S, Baskin TI, Hyodo S, Hasezawa S, et al. (2005) Microtubule-dependent 
microtubule nucleation based on recruitment of gamma-tubulin in higher plants. Nat Cell Biol 
7: 961-968. 

115. Gunning BS (1980) Spatial and temporal regulation of nucleating sites for arrays of cortical 
microtubules in root tip cells of the water fern Azolla pinnata. Eur J Cell Biol 23: 53-65. 



49 

 

116. Ambrose C, Wasteneys GO (2011) Cell Edges Accumulate Gamma Tubulin Complex 
Components and Nucleate Microtubules following Cytokinesis in Arabidopsis thaliana. PLoS 
ONE 6: e27423. 

117. Binarova P, Cenklova V, Hause B, Kubatova E, Lysak M, et al. (2000) Nuclear gamma-tubulin 
during acentriolar plant mitosis. Plant Cell 12: 433-442. 

118. Bartolini F, Gundersen GG (2006) Generation of noncentrosomal microtubule arrays. J Cell Sci 
119: 4155-4163. 

119. Efimov A, Kharitonov A, Efimova N, Loncarek J, Miller PM, et al. (2007) Asymmetric CLASP-
dependent nucleation of noncentrosomal microtubules at the trans-Golgi network. Dev Cell 
12: 917-930. 

120. Rios RM, Bornens M (2003) The Golgi apparatus at the cell centre. Curr Opin Cell Biol 15: 60-
66. 

121. Bugnard E, Zaal KJ, Ralston E (2005) Reorganization of microtubule nucleation during muscle 
differentiation. Cell Motil Cytoskeleton 60: 1-13. 

122. Mulari MT, Patrikainen L, Kaisto T, Metsikko K, Salo JJ, et al. (2003) The architecture of 
microtubular network and Golgi orientation in osteoclasts--major differences between avian 
and mammalian species. Exp Cell Res 285: 221-235. 

123. Khodjakov A, Rieder CL, Sluder G, Cassels G, Sibon O, et al. (2002) De novo formation of 
centrosomes in vertebrate cells arrested during S phase. J Cell Biol 158: 1171-1181. 

124. Raff JW (2001) Centrosomes: Central no more? Curr Biol 11: R159-161. 
125. Karsenti E, Vernos I (2001) The mitotic spindle: a self-made machine. Science 294: 543-547. 
126. Seltzer V, Janski N, Canaday J, Herzog E, Erhardt M, et al. (2007) Arabidopsis GCP2 and GCP3 

are part of a soluble gamma-tubulin complex and have nuclear envelope targeting domains. 
Plant J 52: 322-331. 

127. Erhardt M, Stoppin-Mellet V, Campagne S, Canaday J, Mutterer J, et al. (2002) The plant Spc98p 
homologue colocalizes with gamma-tubulin at microtubule nucleation sites and is required for 
microtubule nucleation. J Cell Sci 115: 2423-2431. 

128. Nakamura M, Hashimoto T (2009) A mutation in the Arabidopsis gamma-tubulin-containing 
complex causes helical growth and abnormal microtubule branching. J Cell Sci 122: 2208-
2217. 

129. Kong Z, Hotta T, Lee YR, Horio T, Liu B (2010) The {gamma}-tubulin complex protein GCP4 is 
required for organizing functional microtubule arrays in Arabidopsis thaliana. Plant Cell 22: 
191-204. 

130. Rogers GC, Rusan NM, Peifer M, Rogers SL (2008) A multicomponent assembly pathway 
contributes to the formation of acentrosomal microtubule arrays in interphase Drosophila 
cells. Mol Biol Cell 19: 3163-3178. 

131. Binarova P, Cenklova V, Prochazkova J, Doskocilova A, Volc J, et al. (2006) Gamma-tubulin is 
essential for acentrosomal microtubule nucleation and coordination of late mitotic events in 
Arabidopsis. Plant Cell 18: 1199-1212. 

132. Mishra RK, Chakraborty P, Arnaoutov A, Fontoura BM, Dasso M (2010) The Nup107-160 
complex and gamma-TuRC regulate microtubule polymerization at kinetochores. Nat Cell 
Biol 12: 164-169. 

133. Prigozhina NL, Oakley CE, Lewis AM, Nayak T, Osmani SA, et al. (2004) gamma-tubulin plays 
an essential role in the coordination of mitotic events. Mol Biol Cell 15: 1374-1386. 

134. Nayak T, Edgerton-Morgan H, Horio T, Xiong Y, De Souza CP, et al. (2010) Gamma-tubulin 
regulates the anaphase-promoting complex/cyclosome during interphase. J Cell Biol 190: 317-
330. 

135. Horejsi B, Vinopal S, Sladkova V, Draberova E, Sulimenko V, et al. (2012) Nuclear gamma-
tubulin associates with nucleoli and interacts with tumor suppressor protein C53. J Cell 
Physiol 227: 367-382. 

136. Lesca C, Germanier M, Raynaud-Messina B, Pichereaux C, Etievant C, et al. (2005) DNA 
damage induce gamma-tubulin-RAD51 nuclear complexes in mammalian cells. Oncogene 24: 
5165-5172. 

137. Hsu LC, White RL (1998) BRCA1 is associated with the centrosome during mitosis. Proc Natl 
Acad Sci U S A 95: 12983-12988. 



50 

 

138. Hoog G, Zarrizi R, von Stedingk K, Jonsson K, Alvarado-Kristensson M (2011) Nuclear 
localization of gamma-tubulin affects E2F transcriptional activity and S-phase progression. 
Faseb J 25: 3815-3827. 

139. Howard J, Hyman AA (2003) Dynamics and mechanics of the microtubule plus end. Nature 422: 
753-758. 

140. Dinarina A, Pugieux C, Corral MM, Loose M, Spatz J, et al. (2009) Chromatin shapes the mitotic 
spindle. Cell 138: 502-513. 

141. Dhonukshe P, Vischer N, Gadella TW, Jr. (2006) Contribution of microtubule growth polarity 
and flux to spindle assembly and functioning in plant cells. J Cell Sci 119: 3193-3205. 

142. Bannigan A, Lizotte-Waniewski M, Riley M, Baskin TI (2008) Emerging molecular mechanisms 
that power and regulate the anastral mitotic spindle of flowering plants. Cell Motil 
Cytoskeleton 65: 1-11. 

143. Kalab P, Weis K, Heald R (2002) Visualization of a Ran-GTP gradient in interphase and mitotic 
Xenopus egg extracts. Science 295: 2452-2456. 

144. Ohba T, Nakamura M, Nishitani H, Nishimoto T (1999) Self-organization of microtubule asters 
induced in Xenopus egg extracts by GTP-bound Ran. Science 284: 1356-1358. 

145. Makde RD, England JR, Yennawar HP, Tan S (2010) Structure of RCC1 chromatin factor bound 
to the nucleosome core particle. Nature 467: 562-566. 

146. Bischoff FR, Klebe C, Kretschmer J, Wittinghofer A, Ponstingl H (1994) RanGAP1 induces 
GTPase activity of nuclear Ras-related Ran. Proc Natl Acad Sci U S A 91: 2587-2591. 

147. Kalab P, Pralle A, Isacoff EY, Heald R, Weis K (2006) Analysis of a RanGTP-regulated gradient 
in mitotic somatic cells. Nature 440: 697-701. 

148. Bird AW, Hyman AA (2008) Building a spindle of the correct length in human cells requires the 
interaction between TPX2 and Aurora A. J Cell Biol 182: 289-300. 

149. Gruss OJ, Wittmann M, Yokoyama H, Pepperkok R, Kufer T, et al. (2002) Chromosome-induced 
microtubule assembly mediated by TPX2 is required for spindle formation in HeLa cells. Nat 
Cell Biol 4: 871-879. 

150. Zhang X, Ems-McClung SC, Walczak CE (2008) Aurora A phosphorylates MCAK to control 
ran-dependent spindle bipolarity. Mol Biol Cell 19: 2752-2765. 

151. Oda Y, Hasezawa S (2006) Cytoskeletal organization during xylem cell differentiation. J Plant 
Res 119: 167-177. 

152. Oda Y, Mimura T, Hasezawa S (2005) Regulation of secondary cell wall development by cortical 
microtubules during tracheary element differentiation in Arabidopsis cell suspensions. Plant 
Physiol 137: 1027-1036. 

153. Keech O, Pesquet E, Gutierrez L, Ahad A, Bellini C, et al. (2010) Leaf senescence is 
accompanied by an early disruption of the microtubule network in Arabidopsis. Plant Physiol 
154: 1710-1720. 

154. Bosch M, Poulter NS, Vatovec S, Franklin-Tong VE (2008) Initiation of programmed cell death 
in self-incompatibility: role for cytoskeleton modifications and several caspase-like activities. 
Mol Plant 1: 879-887. 

155. Poulter NS, Vatovec S, Franklin-Tong VE (2008) Microtubules are a target for self-
incompatibility signaling in Papaver pollen. Plant Physiol 146: 1358-1367. 

156. Takemoto D, Jones DA, Hardham AR (2003) GFP-tagging of cell components reveals the 
dynamics of subcellular re-organization in response to infection of Arabidopsis by oomycete 
pathogens. Plant J 33: 775-792. 

157. Takemoto D, Jones DA, Hardham AR (2006) Re-organization of the cytoskeleton and 
endoplasmic reticulum in the Arabidopsis pen1-1 mutant inoculated with the non-adapted 
powdery mildew pathogen, Blumeria graminis f. sp. hordei. Mol Plant Pathol 7: 553-563. 

158. Barry RM, Gitai Z (2011) Self-assembling enzymes and the origins of the cytoskeleton. Curr 
Opin Microbiol 14: 704-711. 

159. Bloemendal H, de Jong WW (1991) Lens proteins and their genes. Prog Nucleic Acid Res Mol 
Biol 41: 259-281. 

160. Ingerson-Mahar M, Briegel A, Werner JN, Jensen GJ, Gitai Z (2010) The metabolic enzyme CTP 
synthase forms cytoskeletal filaments. Nat Cell Biol 12: 739-746. 



51 

 

161. Noree C, Sato BK, Broyer RM, Wilhelm JE (2010) Identification of novel filament-forming 
proteins in Saccharomyces cerevisiae and Drosophila melanogaster. J Cell Biol 190: 541-551. 

162. Levitzki A, Koshland DE, Jr. (1972) Ligand-induced dimer-to-tetramer transformation in 
cytosine triphosphate synthetase. Biochemistry 11: 247-253. 

163. Liu JL (2010) Intracellular compartmentation of CTP synthase in Drosophila. J Genet Genomics 
37: 281-296. 

164. Romagnoli S, Faleri C, Bini L, Baskin TI, Cresti M (2010) Cytosolic proteins from tobacco 
pollen tubes that crosslink microtubules and actin filaments in vitro are metabolic enzymes. 
Cytoskeleton (Hoboken) 67: 745-754. 

165. Venkatram S, Jennings JL, Link A, Gould KL (2005) Mto2p, a novel fission yeast protein 
required for cytoplasmic microtubule organization and anchoring of the cytokinetic actin ring. 
Mol Biol Cell 16: 3052-3063. 

166. Vorobjev I, Malikov V, Rodionov V (2001) Self-organization of a radial microtubule array by 
dynein-dependent nucleation of microtubules. Proc Natl Acad Sci U S A 98: 10160-10165. 

167. Binarova P, Cenklova V, Sulimenko V, Drykova D, Volc J, et al. (2003) Distribution of gamma-
tubulin in cellular compartments of higher plant cells. Cell Biol Int 27: 167-169. 

168. Thitamadee S, Tuchihara K, Hashimoto T (2002) Microtubule basis for left-handed helical 
growth in Arabidopsis. Nature 417: 193-196. 

169. Baskin TI, Beemster GT, Judy-March JE, Marga F (2004) Disorganization of cortical 
microtubules stimulates tangential expansion and reduces the uniformity of cellulose 
microfibril alignment among cells in the root of Arabidopsis. Plant Physiol 135: 2279-2290. 

170. Zimmerman S, Chang F (2005) Effects of {gamma}-tubulin complex proteins on microtubule 
nucleation and catastrophe in fission yeast. Mol Biol Cell 16: 2719-2733. 

171. Hannak E, Oegema K, Kirkham M, Gonczy P, Habermann B, et al. (2002) The kinetically 
dominant assembly pathway for centrosomal asters in Caenorhabditis elegans is gamma-
tubulin dependent. J Cell Biol 157: 591-602. 

172. Raynaud-Messina B, Mazzolini L, Moisand A, Cirinesi AM, Wright M (2004) Elongation of 
centriolar microtubule triplets contributes to the formation of the mitotic spindle in {gamma}-
tubulin-depleted cells. J Cell Sci 117: 5497-5507. 

173. Geisler MJ, Deppong DO, Nadeau JA, Sack FD (2003) Stomatal neighbor cell polarity and 
division in Arabidopsis. Planta 216: 571-579. 

174. Yang M, Sack FD (1995) The too many mouths and four lips mutations affect stomatal 
production in Arabidopsis. Plant Cell 7: 2227-2239. 

175. Sousa C, Johansson C, Charon C, Manyani H, Sautter C, et al. (2001) Translational and structural 
requirements of the early nodulin gene enod40, a short-open reading frame-containing RNA, 
for elicitation of a cell-specific growth response in the alfalfa root cortex. Mol Cell Biol 21: 
354-366. 

176. Rexer HU, Schaberle T, Wohlleben W, Engels A (2006) Investigation of the functional properties 
and regulation of three glutamine synthetase-like genes in Streptomyces coelicolor A3(2). 
Arch Microbiol 186: 447-458. 

177. Mathis R, Gamas P, Meyer Y, Cullimore JV (2000) The presence of GSI-like genes in higher 
plants: support for the paralogous evolution of GSI and GSII genes. J Mol Evol 50: 116-122. 

178. Gifford ML, Dean A, Gutierrez RA, Coruzzi GM, Birnbaum KD (2008) Cell-specific nitrogen 
responses mediate developmental plasticity. Proc Natl Acad Sci U S A 105: 803-808. 

179. Walch-Liu P, Ivanov, II, Filleur S, Gan Y, Remans T, et al. (2006) Nitrogen regulation of root 
branching. Ann Bot 97: 875-881. 

180. Chabaud M, Genre A, Sieberer BJ, Faccio A, Fournier J, et al. (2011) Arbuscular mycorrhizal 
hyphopodia and germinated spore exudates trigger Ca2+ spiking in the legume and nonlegume 
root epidermis. New Phytol 189: 347-355. 

181. Charpentier M, Bredemeier R, Wanner G, Takeda N, Schleiff E, et al. (2008) Lotus japonicus 
CASTOR and POLLUX are ion channels essential for perinuclear calcium spiking in legume 
root endosymbiosis. Plant Cell 20: 3467-3479. 

182. Genre A, Chabaud M, Timmers T, Bonfante P, Barker DG (2005) Arbuscular mycorrhizal fungi 
elicit a novel intracellular apparatus in Medicago truncatula root epidermal cells before 
infection. Plant Cell 17: 3489-3499. 



52 

 

183. Liu Q, Ruderman JV (2006) Aurora A, mitotic entry, and spindle bipolarity. Proc Natl Acad Sci 
U S A 103: 5811-5816. 

184. Kufer TA, Sillje HH, Korner R, Gruss OJ, Meraldi P, et al. (2002) Human TPX2 is required for 
targeting Aurora-A kinase to the spindle. J Cell Biol 158: 617-623. 

185. Fu J, Bian M, Liu J, Jiang Q, Zhang C (2009) A single amino acid change converts Aurora-A into 
Aurora-B-like kinase in terms of partner specificity and cellular function. Proc Natl Acad Sci 
U S A 106: 6939-6944. 

186. Van Damme D, Bouget FY, Van Poucke K, Inze D, Geelen D (2004) Molecular dissection of 
plant cytokinesis and phragmoplast structure: a survey of GFP-tagged proteins. Plant J 40: 
386-398. 

187. Kurihara D, Matsunaga S, Kawabe A, Fujimoto S, Noda M, et al. (2006) Aurora kinase is 
required for chromosome segregation in tobacco BY-2 cells. Plant J 48: 572-580. 

188. Vos JW, Pieuchot L, Evrard JL, Janski N, Bergdoll M, et al. (2008) The plant TPX2 protein 
regulates prospindle assembly before nuclear envelope breakdown. Plant Cell 20: 2783-2797. 

189. Tsai MY, Zheng Y (2005) Aurora A kinase-coated beads function as microtubule-organizing 
centers and enhance RanGTP-induced spindle assembly. Curr Biol 15: 2156-2163. 

190. Bartling D, Seedorf M, Mithofer A, Weiler EW (1992) Cloning and expression of an Arabidopsis 
nitrilase which can convert indole-3-acetonitrile to the plant hormone, indole-3-acetic acid. 
Eur J Biochem 205: 417-424. 

191. Galperin MY, Koonin EV (2004) 'Conserved hypothetical' proteins: prioritization of targets for 
experimental study. Nucleic Acids Res 32: 5452-5463. 

192. Thuku RN, Weber BW, Varsani A, Sewell BT (2007) Post-translational cleavage of 
recombinantly expressed nitrilase from Rhodococcus rhodochrous J1 yields a stable, active 
helical form. Febs J 274: 2099-2108. 

193. Vejvoda V, Kaplan O, Bezouska K, Pompach P, Sulc M, et al. (2008) Purification and 
characterization of a nitrilase from Fusarium solani O1. Journal of Molecular Catalysis B-
Enzymatic 50: 99-106. 

194. Semba S, Han SY, Qin HR, McCorkell KA, Iliopoulos D, et al. (2006) Biological functions of 
mammalian Nit1, the counterpart of the invertebrate NitFhit Rosetta stone protein, a possible 
tumor suppressor. J Biol Chem 281: 28244-28253. 

195. Sun J, Okumura H, Yearsley M, Frankel W, Fong LY, et al. (2009) Nit1 and Fhit tumor 
suppressor activities are additive. J Cell Biochem 107: 1097-1106. 

196. Cutler SR, Somerville CR (2005) Imaging plant cell death: GFP-Nit1 aggregation marks an early 
step of wound and herbicide induced cell death. BMC Plant Biol 5: 4. 

197. Banerjee A, Dubey S, Kaul P, Barse B, Piotrowski M, et al. (2009) Enantioselective nitrilase 
from Pseudomonas putida: cloning, heterologous expression, and bioreactor studies. Mol 
Biotechnol 41: 35-41. 

198. Kaplan O, Bezouska K, Plihal O, Ettrich R, Kulik N, et al. (2011) Heterologous expression, 
purification and characterization of nitrilase from Aspergillus niger K10. BMC Biotechnol 11: 
2. 

199. Sewell BT, Thuku RN, Zhang X, Benedik MJ (2005) Oligomeric structure of nitrilases: effect of 
mutating interfacial residues on activity. Ann N Y Acad Sci 1056: 153-159. 

200. Wajant H, Effenberger F (2002) Characterization and synthetic applications of recombinant 
AtNIT1 from Arabidopsis thaliana. Eur J Biochem 269: 680-687. 

201. Pekarsky Y, Campiglio M, Siprashvili Z, Druck T, Sedkov Y, et al. (1998) Nitrilase and Fhit 
homologs are encoded as fusion proteins in Drosophila melanogaster and Caenorhabditis 
elegans. Proc Natl Acad Sci U S A 95: 8744-8749. 



53 

 

 

 

 

 

 

 

 

VII. PRESENTED PUBLICATIONS 

 

 



g-Tubulin Is Essential for Acentrosomal Microtubule
Nucleation and Coordination of Late Mitotic Events
in Arabidopsis W
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Martin Vrlı́k,a and László Bögrec
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g-Tubulin is required for microtubule (MT) nucleation at MT organizing centers such as centrosomes or spindle pole bodies,

but little is known about its noncentrosomal functions. We conditionally downregulated g-tubulin by inducible expression of

RNA interference (RNAi) constructs in Arabidopsis thaliana. Almost complete RNAi depletion of g-tubulin led to the absence

of MTs and was lethal at the cotyledon stage. After induction of RNAi expression, g-tubulin was gradually depleted from

both cytoplasmic and microsomal fractions. In RNAi plants with partial loss of g-tubulin, MT recovery after drug-induced

depolymerization was impaired. Similarly, immunodepletion of g-tubulin from Arabidopsis extracts severely compromised

in vitro polymerization of MTs. Reduction of g-tubulin protein levels led to randomization and bundling of cortical MTs. This

finding indicates that MT-bound g-tubulin is part of a cortical template guiding the microtubular network and is essential for

MT nucleation. Furthermore, we found that cells with decreased levels of g-tubulin could progress through mitosis, but

cytokinesis was strongly affected. Stepwise diminution of g-tubulin allowed us to reveal roles for MT nucleation in plant

development, such as organization of cell files, anisotropic and polar tip growth, and stomatal patterning. Some of these

functions of g-tubulin might be independent of MT nucleation.

INTRODUCTION

Plants possess a highly dynamic microtubular cytoskeleton in

which several arrays, such as the interphase cortical microtu-

bules (MTs), perinuclear prophase MTs, mitotic spindle, and

phragmoplast, are temporally separated during the cell cycle.

Higher plant cells lack a defined centrosome, and all of these MT

arrays are nucleated from flexible dispersed sites of unknown

composition.

g-Tubulin is a highly conserved protein in eukaryotes that was

found to be localized to centrosomes and other defined micro-

tubule organizing centers (MTOCs). The MTOC-associated

g-tubulin provides a minus end nucleation template for MT

growth (Moritz et al., 1995). However, MTs are nucleated even

in the absence of MTOC-associated g-tubulin. Centrosomal

g-tubulin was depleted by RNA interference (RNAi) in Caeno-

rhabditis elegans and Drosophila cell lines, but some unknown

mechanism still supported the partial assembly of mitotic asters

and the formation of abnormal spindles (Strome et al., 2001;

Hannak et al., 2002; Raynaud-Messina et al., 2004). g-Tubulin

participates in pathways for MT nucleation that are independent

of centrosome or spindle pole bodies even in the cell where these

MTOCs are present (Vorobjev et al., 2001; Venkatram et al.,

2005). Molecular mechanisms underlying the function of non-

centrosomal g-tubulin are poorly understood.

In the Bryophyta, MTs are organized on poles and g-tubulin

localization changes from these polar organizers to mitotic micro-

tubular arrays (Brown et al., 2004). In higher plants, g-tubulin was

first immunolocalized in the vicinity of nuclei and in association

with all of the microtubular arrays. Based on immunolocalization

studies of g-tubulin, the nuclear envelope was considered a site

for plant MT nucleation from which MTs are transported to the

cell cortex (Liu et al., 1993; Vaughn and Harper, 1998; Schmit,

2002). However, green fluorescent protein–tubulin labeling

showed constant treadmilling of MTs on the cortex, whereas

transport of preformedMTs from the nuclear region to the cortex

has never been observed (Shaw et al., 2003). Complementation

of a g-tubulin mutation in Schizosaccharomyces pombe was the

first functional study strongly suggesting a conserved role for

plant g-tubulin in MT nucleation (Horio and Oakley, 2003). Our

previous studies showed that the majority of plant g-tubulin was

present with membranes in the form of protein complexes,

whereas a smaller portion of g-tubulin was associated with plant

MTs in vivo and in vitro. We proposed that the flexibility of MT

nucleation is ensured by the association of g-tubulin–dependent

nucleation sites with dynamic membranes and MTs (Drykova
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et al., 2003). There is a growing body of evidence that such

extracentrosomal MT nucleation elements travel on MTs in

polarized epithelial cells (Reilein and Nelson, 2005) and in cells

of S. pombe (Janson et al., 2005) or can nucleate MTs from

membranes (Chabin-Brion et al., 2001). MT-dependent nuclea-

tion of cortical MTs by g-tubulin was recently described in

tobacco (Nicotiana tabacum) cells (Murata et al., 2005). The

emerging resemblance of extracentrosomal MT organizing tem-

plates in mammalian cells, fungi, and plants might reflect con-

served mechanisms for noncentrosomal MT nucleation.

Besides the relatively well-characterized roles for g-tubulin in

MT nucleation, there are other functions that might be unrelated

to MT nucleation in animals and fungi. In S. pombe and Asper-

gillus nidulans, conditional mutants in g-tubulin were defective in

mitotic spindle checkpoints, leading to aberrant cytokinesis

(Hendrickson et al., 2001; Prigozhina et al., 2004). g-Tubulin

mutants in S. pombe have defects in the regulation of MT length,

suggesting a role in MT stability (Paluh et al., 2000). In Aspergil-

lus, g-tubulin was proposed to regulate cell cycle progression

independent of its function as a MT nucleator (Prigozhina et al.,

2004). g-Tubulin was also found in nuclear complexes that link

DNA recombination with centrosomal function (Lesca et al.,

2005). The characteristics of plant g-tubulin, such as its relatively

high abundance compared with animal cells or fungi and its

presence in various cell compartments, including nuclei, are also

suggestive of multiple and perhaps divergent roles (Binarova

et al., 2000).

Here, we address the in vivo role for g-tubulin using inducible

RNAi techniques to downregulate g-tubulin transcript levels in

Arabidopsis thaliana. We show that g-tubulin is essential for

noncentrosomal MT nucleation in plants. Induced diminution

of g-tubulin revealed the functional importance of dynamic

g-tubulin redistributions during cell division. Moreover, reduced

g-tubulin levels disrupted processes that are associated with the

specification of cell identity, such as stomatal patterning. Our

studies provide new insights into multiple cellular and develop-

mental functions for g-tubulin in acentrosomal cells.

RESULTS

Generation of Plant Lines with Downregulated g-Tubulin

Levels by RNAi

There are two g-tubulin genes in Arabidopsis with 94% similarity

at the DNA level. To downregulate both g-tubulin genes, we

prepared an RNAi construct with an inverted repeat correspond-

ing to the 722-bp fragment of the 39 terminal part of Arabidopsis

TubG1mRNAandplaced it under the control of a dexamethasone-

inducible promoter. The expression cassette was designed to

incorporate the reporter gene, b-glucuronidase (GUS), under the

control of the same dexamethasone-inducible promoter to de-

tect the level of induction. We stably transformed this construct

into the Arabidopsis activator line 4C-S5 (Craft et al., 2005) and

obtained 40 independent transformants. These were screened

for phenotypic changes induced by 20 mM dexamethasone that

cosegregated 3:1 with hygromycin resistance and GUS expres-

sion in the T2 generation. The T-DNA insert was further verified

by PCR in these lines. T2 generation seedlings from 10 chosen

lines having a single T-DNA insert were germinated in the

presence or absence of 20 mM dexamethasone and screened

for phenotypic responses. On average, 60% of seedlings within

these lines responded to dexamethasone induction of RNAi

expression by phenotypic changes of different strengths (see

below).

We also prepared an RNAi construct with the same inverted

repeat of g-tubulin sequence under the control of an ethanol-

inducible promoter (Deveaux et al., 2003). The BASTA-resistant

T2 generation was screened for phenotypic responses to RNAi

induction by exposing seedlings to 0.2% ethanol on agar plates

or watering in soil as described previously (Ketelaar et al., 2004).

We obtained seven lines in which 60% of seedlings showed

phenotypic changes after ethanol induction of RNAi expression.

A range of common phenotypic changes occurred equally at

the plant and cellular levels with both of the inducible expression

systems, strongly suggesting a link to g-tubulin downregulation

upon RNAi expression. Based on the severity of the induced

abnormalities in the individual dexamethasone- and ethanol-

inducible g-tubulin RNAi lines, we established categories of

strong, mild, and weak phenotypes. Approximately 5% of plants

exhibited a strong phenotype after RNAi induction; seedlings

germinated on dexamethasone-containing medium had thick

and short primary roots and died at the cotyledon stage (Figures

1A and 1B). Malformed seedlings with frequent calli-like protru-

sions could not recover when transferred to medium without

dexamethasone. Fragile seedlings indicated a defect in cell wall

formation. This strong phenotype was rarely observed (;1% of

seedlings) also with the ethanol-inducible system. The second

group of transformants, displaying a mild phenotype, was the

most abundant, 60 to 70%. Plants with dexamethasone- and

ethanol-induced RNAi expression developed fragile, thick,

curled true leaves that often turned pale green. They failed to

flower and were dying 2 to 3 weeks after induction. Plants with

the mild RNAi phenotype that developed 20 d after dexameth-

asone induction are shown in Figure 1C as representatives. In the

course of this work, we analyzed the cellular and morphological

phenotypes with both inducible RNAi lines, concentrating on

plants with mild phenotypic effects and gradual g-tubulin down-

regulation (see also Figures 3 to 8 below). The third group of

transformants, occurring with ;30% frequency with both in-

ducible systems, showed weak phenotypes and flowered under

inductive conditions for RNAi expression. However, as demon-

strated with plants grown on long-term dexamethasone induc-

tion, leaf rosettes were more compact, internode length was

reduced, andsiliqueswereshort (Figure 1D). In thedexamethasone-

inducible system, in most cases the strength of the phenotype

correlated with the level of GUS expression upon induction (see

Supplemental Figure 1 online). None of these phenotypes was

observed in transformants without dexamethasone treatment or

in plants transformedwith an empty vector grownwith or without

dexamethasone. In the ethanol-inducible system, we occasion-

ally observed weak root phenotypes without inducer, indicating

some leakage in the expression system.

To determine the reduction in g-tubulin levels upon induction

of the RNAi construct, we performed protein gel blot analysis on

seedlings taken from several independent lines showing variable

strength of the phenotypes. In extracts from pooled seedlings
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with strong phenotypes (Figure 1B), the g-tubulin levels were

severely reduced 5 d after dexamethasone treatment and were

depleted to undetectable levels 10 d after induction (Figure 1E).

We determined the g-tubulin levels in ;100 individual RNAi

plants taken from independent transformed lines of both induc-

ible systems showing mild phenotypes (Figure 1C). A convincing

correlation between the gradual reduction of g-tubulin protein

levels and the severity of phenotypes was found in plants with

both dexamethasone-inducible (Figure 1F, lanes 2 and 3) and

ethanol-inducible (Figure 1F, lane 4) g-tubulin RNAi constructs.

Previously, we showed that amajor portion of plant g-tubulin is

recovered in the microsomal fraction; thus, membrane compart-

ments were suggested to be important for plant acentrosomal

MT nucleation (Drykova et al., 2003). Therefore, crude extracts

from control plants and from plants that expressed the

dexamethasone-inducible RNAi construct were fractionated to

cytoplasmic andmicrosomal fractions, and g-tubulin levels were

found to be proportionally reduced in both (Figure 1G).

Depletion of g-Tubulin Impairs MT Nucleation

To asses how MTs are affected by RNAi depletion of g-tubulin,

we performed immunofluorescence labeling for a- and g-tubulin

on seedlings in the strong phenotype category 10 d after induc-

tion with dexamethasone. The levels of g-tubulin decreased

below detectable levels by immunofluorescence, and MTs were

absent from the cells (Figure 2A); this is consistent with the

protein gel blot analysis that indicated severe depletion of

g-tubulin (Figure 1E). These cells looked abnormal and had ex-

tremely large vacuoles, their nuclei were pushed from the central

position to the cell wall, and the cytoplasm was reduced to

narrow strands around the nucleus.

Figure 1. Developmental Abnormalities in Arabidopsis Lines with RNAi-

Induced Downregulation of g-Tubulin.

(A) Control uninduced Arabidopsis seedling transformed with

dexamethasone-inducible RNAi construct 10 d after germination.

Bar ¼ 1 cm.

(B) Strong phenotype in a representative dexamethasone-induced RNAi

g-tubulin seedling, 10 d after germination onmediumwith dexamethasone,

showing growth arrest and lethality at the cotyledon stage. Histochemical

GUS staining revealed strong inducible expression of the coregulated

marker. As shown at left and in the enlarged boxed area, the main root is

arrested and new auxiliary meristems are activated. Bars ¼ 1 mm.

(C) Mild RNAi phenotype in two representative dexamethasone-induced

g-tubulin RNAi seedlings. Shown are a control uninduced plant and two

RNAi plants 20 d after induction with arrested development. Bar ¼ 1 cm.

(D) Weak g-tubulin RNAi phenotype with reduced elongation growth.

Control and dexamethasone-induced g-tubulin RNAi plants were grown

in soil for 50 d under continuous dexamethasone treatment. Bar ¼ 1 cm.

(E) Immunoblot analysis of g-tubulin in total protein extracts from

dexamethasone-inducible g-tubulin RNAi plants with the strong pheno-

type as shown in (B) arrested at the cotyledon stage. Lane 1, uninduced

control; lanes 2 and 3, pooled seedlings 5 d after induction; lanes 4 and 5,

pooled seedlings 10 d after induction.

(F) g-Tubulin in seedlings with the mild phenotype as shown in (C).

g-Tubulin was analyzed by immunoblotting in total protein extracts from

individual g-tubulin RNAi plants. Lane 1, uninduced control; lane 2, plants

with dexamethasone-induced RNAi for 15 d; lane 3, dexamethasone

induction for 20 d; lane 4, plants with ethanol-induced RNAi for 15 d.

Samples were loaded at the same protein content (40 mg/lane). Shown

are typical examples of protein gel blot analysis selected from ;100

analyzed RNAi plants, all showing a corresponding reduction in g-tubulin

levels with the severity of the phenotypes.

(G) Distribution of g-tubulin in cytoplasmic and membrane fractions from

RNAi plants 15 d after induction. S100, high-speed supernatant; P100,

microsomal pellet. Lane 1, uninduced control; lane 2, induced RNAi

plant. To compare the relative distribution of g-tubulin, pelleted material

was resuspended in a volume equal to that of the corresponding

supernatant.
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The lack of MTs in cells with RNAi-depleted g-tubulin as well

as the accompanying cellular changes indicated that g-tubulin

is essential for the formation of plant MTs. Because of the

severe abnormalities in these cells, the loss of MTs could also

be a secondary effect. Therefore, we further investigated the

nucleation role of g-tubulin in plants with mild phenotypes in

which 10 d of dexamethasone-induced RNAi expression re-

duced g-tubulin levels by ;70%. MTs were present in these

cells, so we followed their recovery after depolymerization

using the drug amiprophos methyl (APM) in dexamethasone-

induced and uninduced plants. Figure 2B shows that in unin-

duced plants, MTs started to regrow from the perinuclear and

cortex regions 15min after the removal of APM. Contrary to this,

in cells induced for the expression of the RNAi construct, MT

regrowth was much slower, and only a few short, thick bundles

of MTs were recovered in the vicinity of nuclei 1 h after APM

removal (Figure 2B).

To further confirm the role for g-tubulin in MT nucleation, we

depleted g-tubulin from cell extracts and performed in vitro

polymerization assays from cell extracts of Arabidopsis, as

described previously (Drykova et al., 2003). g-Tubulin was almost

completely eliminated from the extracts by immunodepletion,

whereas in the mock experiment, g-tubulin protein levels

were not significantly changed (Figure 2C). The immunodepleted

extracts were used as the input extracts in MT spin-down ex-

periments. Data from spin-down experiments showed that taxol-

driven polymerization of MTs from g-tubulin–immunodepleted

extracts was severely impaired, whereasMTs from the control or

from the mock-depleted extracts were able to polymerize. The

failure of MT polymerization from the extracts immunodepleted

for g-tubulin was also observed microscopically on slides by

visualizing MTs with both immunofluorescence and differential

interference contrast (DIC) optics (see Supplemental Figure 2

online). Together, the absence ofMTs after RNAi depletion or im-

munodepletion of g-tubulin and the limited MT recovery in cells

with partial reduction of g-tubulin level suggest that g-tubulin is

essential for MT nucleation and polymerization in vivo in plants

and in vitro in cell extracts.

Organization of Cortical MTs Is Sensitive to RNAi-Induced

Reduction of g-Tubulin Levels

In Arabidopsis uninduced control cells, g-tubulin is distributed

on the cortex and along cortical MTs in a patchy pattern. The

cellular distribution of g-tubulin was altered in cells after RNAi

induction; the signal for immunolabeled g-tubulin rapidly dis-

appeared from cortical MTs in plants of the mild phenotype

category 5 d after induction with dexamethasone (Figure 3A).

Although almost complete RNAi depletion of g-tubulin prevents

MT polymerization, partial depletion allows MTs to be formed

but affects the organization of specific subsets of MTs. The

regular transverse arrangement of cortical MTs in roots of

Arabidopsis plants was randomized 5 d after RNAi induc-

tion with dexamethasone, and MTs became shortened and

bundled (Figure 3B). This finding was similar in both

dexamethasone- and ethanol-inducible systems and indi-

cates that cortical MTs rapidly responded to the reduction in

g-tubulin levels.

Figure 2. RNAi Depletion and Immunodepletion of g-Tubulin Impair

Plant MT Nucleation.

(A) a-Tubulin labeling in an RNAi plant (strong phenotype as shown in

Figure 1B) grown for 10 d on dexamethasone. Mitotic microtubular

arrays were immunolabeled in control root tip cells (arrows), whereas in

RNAi seedlings, MTs were largely absent and cells had extreme vacu-

olization and small nuclei close to the cell walls. DAPI, 49,6-diamidino-

2-phenylindole. Bar ¼ 10 mm.

(B) Recovery of MTs after depolymerization by the drug APM. In control

uninduced plants, MT regrowth was observed at 15 min after removal of

APM. In plants (mild phenotype as shown in Figure 1C) with dexameth-

asone RNAi expression induced for 10 d, the level of g-tubulin was

partially reduced, and a few short, thick bundles of MTs were recovered

in the vicinity of nuclei 1 h after APM removal. Bar ¼ 10 mm.

(C) In vitro polymerization of MTs in extracts immunodepleted for

g-tubulin. Taxol-driven polymerization from input extracts is shown in

the top panel, followed by immunoblot analysis for a- and g-tubulin of

pelleted MTs and supernatants in the bottom panel. No MTs were

pelleted from extracts immunodepleted for g-tubulin. C, control; ID,

immunodepleted; MD, mock-depleted.
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Reduction of g-Tubulin by RNAi Affects Cytokinesis

Next, we examined how the reduced g-tubulin levels affect cell

division in roots in which division planes are strictly controlled,

leading to precisely organized cell files. Although g-tubulin in

higher plant cells is not associated with discrete polar MTOCs

such as centrosomes, its punctate staining onmitotic MTs, in the

polar region, and in the region of phragmoplast and cell plate

formation shows bipolarity from prophase to telophase (Drykova

et al., 2003). Here, we show that g-tubulin is gradually depleted

from all of these polar locations in cells with RNAi expression

(Figures 4A and 4B). In animal cells, depletion of centrosome-

associated g-tubulin leads to monopolar or multipolar spindles

during mitosis (Hannak et al., 2002), but this was rarely observed

in our experiments, and despite the reduction of spindle-

associated g-tubulin, spindles remained focused to acentroso-

mal poles (Figure 4B). In some cases when g-tubulin was

severely depleted, spindles collapsed and only remnants of

MTs remained in the vicinity of chromosomes (Figure 4C).

Compared with the precisely organized cell files of the control

(Figure 4A), patches of cells with defective arrangements of

cell walls were observed in RNAi-expressing plants in both

dexamethasone- and ethanol-inducible systems. As shown in

Figure 4B for plants grown for 10 d with dexamethasone induc-

tion, dividing root cells with reduced levels of g-tubulin were able

to progress through mitosis, but misaligned cell walls and

binuclear cells revealed that cytokinesis was severely impaired.

Immunofluorescent labeling confirmed that g-tubulin levels were

significantly reduced in these cells. Misoriented phragmoplasts

andcelldivisionplaneswere themostcommoncytokineticdefects

we observed in cells with reduced g-tubulin levels (Figures 4B

and 4D) and led to distortion of regular cell files, as shown also in

Figure 5. We also found phragmoplasts with bundled and disor-

ganized MTs (Figure 4E). In some cells, the early-stage solid

phragmoplast persisted between separated nuclei that already

showed decondensed chromatin (Figure 4F). Thus, the expan-

sion into a late ring-like phragmoplast and the corresponding

cell plate expansion were delayed beyond the nuclear cycle or

were absent in cells with reduced levels of g-tubulin. Prolonged

RNAi induction for 20 d led to severe depletion of g-tubulin and

to the absence of MTs; cells frequently became binuclear

(Figure 4G).

The cytokinetic abnormalities observed in g-tubulin RNAi

plants suggest that the presence of g-tubulin on mitotic spindle

poles and its timely translocation to the site of cell plate formation

during the anaphase-to-telophase transition are important for

the spatial and temporal coordination of late mitotic events.

Organization of Cell Files and Anisotropic Cell Expansion

in Roots Are Both Affected by RNAi Reduction of

g-Tubulin Levels

To assess the role of g-tubulin in plant development, we analyzed

RNAi plants with gradually reduced g-tubulin within themild phe-

notype category (Figure 1C). In control roots, cells are strictly or-

ganized into files radially and into meristematic, elongation, and

differentiation zones longitudinally. Radial expansion of cells ini-

tially became obvious in the elongation zone of RNAi-expressing

seedlings 5 to 6 d after germination on inductive medium with

dexamethasone or ethanol. Instead of anisotropic growth, cells

became isodiametric, enlarged with small nuclei dislocated

close to the cell wall, and some binuclear cells appeared, as

shown in dexamethasone-induced RNAi plants 5 d after induc-

tion (Figure 5A).With increased RNAi induction in time, even cells

in the meristematic zone became highly vacuolated and nuclei

became shifted from the central position to the site of cell

division, which indicated an arrest in cell cycle progression and a

loss of stem cell identity within the meristem (Figure 5B). Obser-

vation of root epidermal cells revealed that the cell files were

interrupted with clusters of disoriented cells or that the files with

regularly elongated cells were interrupted with clusters of aber-

rant cells in which anisotropic growth was lost (Figure 5C). All cell

files became disorganized in roots of RNAi plants grown under

dexamethasone- or ethanol-induced conditions; the malformed

root of a plant grown for 15 d with dexamethasone is shown in

Figure 5D. The aberrant root morphogenesis is consistent

with the observation of grossly misaligned phragmoplasts and

aberrant cytokinesis (Figure 4). Membrane staining with FM1-43

and propidium iodide staining, which penetrates membranes

of damaged cells, revealed the presence of dead cells; clusters

of small nuclei stained with propidium iodide were closely

packed together without any sign of being organized into cell

files. The meristematic cell clusters were interspersed within

large, highly vacuolated isodiametric cells with extensive callose

deposition. Epidermal cells were extremely enlarged, forming

bulges.

Figure 3. Organization of Cortical MTs Is Sensitive to Decreased

g-Tubulin Levels.

(A) g-Tubulin and DNA labeling in roots of control and dexamethasone-

inducible RNAi plants (mild phenotype). g-Tubulin was distributed on the

cortex and along cortical MTs in a patchy pattern in control plants, and

the signal for g-tubulin rapidly disappeared from cortical MTs in RNAi-

expressing plants 5 d after induction with dexamethasone. Bar¼ 10 mm.

(B) Parallel arrangements of cortical MTs in control plants became

randomized in RNAi plants 5 d after induction with dexamethasone.

Bar ¼ 10 mm.
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g-Tubulin Is Important for Initiation and Tip Growth of

Root Hair Cells

In control uninduced plants, the transition between the elonga-

tion zone and the differentiation zone is marked by the exclusive

presenceof root hairs that develop according todefinedpositional

patterns and elongate by a process known as tip growth. Root hair

development was severely disrupted with dexamethasone- and

ethanol-inducible g-tubulin RNAi expression. This is shown on a

root 8 d after dexamethasone treatment in which ectopic root

hair formation was observed along the entire root length (Figure

6A). Closer inspection revealed that elimination of g-tubulin af-

fected both pattern formation and morphogenesis of root hairs.

The nucleus was misplaced in the bulge, and sometimes two

nuclei were present within the same root hair, stacked beneath

an extremely large vacuole (Figure 6B). In wild-type plants, root

hairs grow in a single axis from an initiated bulge. Root hairs that

developed with reduced levels of g-tubulin often failed to form a

single axis, and bulges with two or more growth axes were

observed (Figure 6C). In plants with severely depleted g-tubulin,

Figure 4. g-Tubulin RNAi in Dividing Cells of Arabidopsis Roots Affect Cytokinesis and the Organization of Cell Files.

(A) Whole-mount a-tubulin (green) and g-tubulin (red) immunolabeling and DAPI staining of DNA (blue) of control uninduced seedlings having regularly

arranged cell files. g-Tubulin in the root cells of the control exhibits bipolar localization from prophase (arrowheads) to telophase when it accumulates in

the phragmoplast and the forming cell plate area.

(B) Whole-mount a-tubulin (green) and g-tubulin (red) immunolabeling and DAPI staining of DNA (blue) of RNAi-expressing seedlings with mild

phenotypes and reduced g-tubulin levels 10 d after dexamethasone induction. Shown are a merged image (left panel), a-tubulin, g-tubulin, DAPI

staining, and DIC image (four small right panels). MTs are still present in mitotic cells, with spindles focused to acentrosomal poles, but cytokinesis

became defective. The phragmoplasts are misaligned (arrows), and the organization of cell files is disrupted. The yellow line indicates the shape of a

binuclear cell in the DIC image. Dividing cells are surrounded by enlarged cells with callose deposits.

(C) Collapsed spindle with MTs randomly arranged in the vicinity of chromosomes in a cell with severely depleted g-tubulin 15 d after induction with

dexamethasone.

(D) Misorientation of cell division planes in roots expressing ethanol-induced RNAi for 10 d.

(E) Phragmoplast with bundled and disorganized MTs in roots expressing dexamethasone-induced RNAi for 10 d.

(F) Early solid phragmoplast persists between separated nuclei with already decondensed chromatin, as revealed by DAPI staining. The expanded ring-

like phragmoplast is present in this late stage of cytokinesis in the control cells (A).

(G) Cells are often binuclear in seedlings 20 d after induction, with severe depletion of g-tubulin.

Bars ¼ 10 mm.
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the bulge did not develop further, suggesting the failure of

transition from the initiation stage to root hair tip growth (Figure

6D).Many independent experiments with both inducible systems

showed that the root hair phenotype is frequent in plants ex-

pressing RNAi (Figures 6B to 6D), and such abnormalities were

not found or were found only rarely in uninduced controls or in

plants transformed with empty vector grown with or without

dexamethasone or ethanol induction. We quantitated the root

hair abnormalities for both inducible systems, but results are

shown only for the dexamethasone induction (Figure 6E). Our

data demonstrate that the cell fate specification during root hair

initiation, the regular transition from root hair initiation to tip

growth, and the maintenance of a single growth axis all require a

minimal level of g-tubulin.

Decreased g-Tubulin Levels Alter Leaf Development and

Stomatal Patterning

The observed RNAi phenotype of the aerial parts of plants was

similar in both dexamethasone- and ethanol-inducible systems.

The aberrant leaf morphology of plants with the mild phenotype

(Figure 1C) grown for 15 d with ethanol induction is shown in

Figures 7A to 7D. True leaves of RNAi-expressing plants were

thick and curled, with extensive adaxial growth and a rough

blade surface (Figure 7A). The youngest true leaves that devel-

oped under severe depletion of g-tubulin were several times

thicker than control leaves, often with club-shaped blades

suggesting a complete loss of dorsoventral polarity (Figure 7B).

Trichomes were fewer in number and had extremely swollen

bases (Figure 7C), prolonged RNAi induction resulted in un-

branched trichomes (Figure 7D), and trichomes were completely

absent under severe depletion of g-tubulin (Figure 7B).

As shown in Figure 1D, transformants with a weak phenotype

showed elongation defects, but leaves presented no visible

morphological differences. However, closer inspection revealed

defects in stomatal patterning. Stomata development follows a

strict developmental pattern, a fundamental aspect of which is

the so-called one-cell-spacing rule: stomata do not contact each

other directly. To maintain the rule, stomata are formed by at

least one asymmetric and one symmetric division controlled by

position-dependent cell signaling (Geisler et al., 2003). Contrary

to the control, clusters of two to four stomata were present in

leaves of soil-grown plants in which the expression of the RNAi

construct was induced by dexamethasone, although the division

of stomata was completed (Figure 8A). Immunofluorescent

staining revealed the presence of MTs in guard cells of clustered

stomata, apparently without significant changes in arrangement

(Figure 8B). In inflorescence stems of plants with the weak

phenotype grown with dexamethasone RNAi expression, the

cells in files were shorter and the stomata were also in clusters

(Figure 8C).

Figure 5. The Organization of Root Cell Files Is Distorted with RNAi-

Induced Diminution of g-Tubulin.

(A) DIC images of a root from an uninduced control plant (left) with cells

organized as files and the root of an RNAi plant (right) 5 d after

dexamethasone induction with radial expansion and with binuclear cells

(arrow).

(B) Confocal laser scanning microscopy single optical section of a root

tip of an RNAi plant 10 d after dexamethasone induction. FM1-43

membrane staining and propidium iodide (PI) nuclear staining showed

that cells in the meristematic zone became vacuolated, with nuclei

shifted from a central position, whereas cell division sites were often

misaligned (arrow).

(C) Patches of epidermal cells with misaligned cell walls (top, arrow) or

clusters of isodiametric epidermal cells (bottom, arrowhead) in the

elongation zone of RNAi plants 10 d after induction of RNAi with ethanol

shown in DIC images.

(D) Confocal laser scanning microscopy single optical sections through

the central root (left) and close to the surface layer (right) show that all cell

files are distorted in roots grown for 15 d with dexamethasone-induced

RNAi expression. FM1-43 and propidium iodide staining are as in (B).

Bars ¼ 10 mm.
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Stomata clustering indicated that a slight reduction of

g-tubulin increases the number of guard mother cells produced,

thus having an effect on stomata production but not on differ-

entiation. However, stomata were not only found in clusters but

also showed cytokinetic defects when g-tubulin levels were

severely reduced. A strong effect of RNAi on stomatal patterning

and guard cell division is shown for plants in the mild phenotype

category grown for 15 d with dexamethasone (Figure 8D) or

ethanol (Figures 8E and 8F) induction. The stomata units were

defined as one or more guard cells in contact with each other, as

used to characterize too many mouths (tmm) mutants with

clustered stomata (Yang and Sack, 1995). We counted the

number of stomata per stomata unit. It was found that in RNAi

plants,;40% of the stomata units contain more than one stoma

and that;45% of single and/or clustered stomata displayed the

cytokinetic defect (Figure 8G). The stomata clusters were differ-

ent in size, and a range of cytokinetic defects were present,

including partial or missing ventral cell walls, unpaired stomata

positioned side by side (Figures 8D and 8E), and lack of pores or

pores plugged with callose deposits revealed by aniline blue

staining (Figure 8F). To our knowledge, the effects of RNAi on

stomata clustering and cytokinetic defects have not previously

been observed in control uninduced transformants or in plants

transformed with empty vectors and treated with dexametha-

sone or ethanol (Figure 8G). The stomata phenotypes were very

similar in both the dexamethasone- and ethanol-inducible RNAi

expression systems.

DISCUSSION

g-Tubulin Is Required for Acentrosomal MT Nucleation

g-Tubulin is primarily considered a universal minus end MT

nucleator. This dogma is based on experiments with cells that

have well-defined MTOCs. However, there is little evidence for

such a role in cells that lack discrete sites for MT nucleation,

including acentrosomal plant cells. Immunolocalization studies

on various plant species and cell types showed that besides

labeling the nuclear envelope and patchy pattern labeling in

Figure 6. Ectopic Root Hair Formation and Loss of Polar Root Hair

Growth in g-Tubulin RNAi Plants.

(A) Ectopic root hairs formed along the entire root length in a g-tubulin

RNAi plant 8 d after dexamethasone induction. Bar ¼ 10 mm.

(B) Two nuclei (right) stacked beneath an extremely large vacuole (left)

in a short and wide root hair 10 d after dexamethasone induction. Bar ¼
10 mm.

(C) Two or more growth axes emerged from one root hair bulge 10 d after

dexamethasone induction. Bar ¼ 10 mm.

(D) Root hair bulges with failure of tip growth 12 d after dexamethasone

induction. Bar ¼ 10 mm.

(E) Percentage of root hair phenotypes in the control plants transformed

with the empty cassette grown on dexamethasone and in dexamethasone-

inducible RNAi plants. Bars 1, root hairs of wild-type phenotype; bars 2,

short wide root hairs, as shown in (B); bars 3, root hairs with two or more

growth axes from one root hair bulge, as shown in (C); bars 4, root hair

bulges with failure of the transition to tip growth, as shown in (D). Values

shown represent means of the percentage counted for 10 plants; n ¼
1000. Error bars represent SD. Similar results were obtained with the

ethanol-inducible RNAi lines.

Figure 7. Leaf Phenotypes of RNAi Plants.

(A) Thick, curled leaves of plants with the mild phenotype, as shown in

Figure 1C, grown for 15 d with RNAi induction. Leaves have roughened

surfaces.

(B) The youngest leaves developed with reduced g-tubulin levels have

club-shaped blades.

(C) Trichomes with extremely swollen bases that appear with high

frequency.

(D) Unbranched trichomes with bulged tips developed on leaves later upon

RNAi induction, and the youngest malformed leaves were hairless (B).

Bars ¼ 250 mm.
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cytoplasm and with undefined membrane structures, the stron-

gest signal for g-tubulin is associated with all microtubular arrays

(Liu et al., 1993, 1994; Dibbayawan et al., 2001; Drykova et al.,

2003). This type of localization is inconsistent for a protein

putatively involved in minus end–directed MT nucleation; thus,

g-tubulin was not considered a good marker for nucleation sites

in plant cells (Lloyd and Chan, 2004). Previously, we demon-

strated that cellular fractions enriched in g-tubulin promote MT

formation, either by stabilization or through nucleation (Drykova

et al., 2003). Here, we provide several lines of evidence for

g-tubulin–dependent MT nucleation from dispersed sites in

plants. (1) MTs were absent in cells with RNAi depletion of

g-tubulin; as a result, there are some shared phenotypes be-

tween cells depleted for g-tubulin and cells treated with drugs

that induce MT depolymerization, such as the loss of anisotropic

growth, vacuolization, and fragility of the cell walls. (2) Recovery

of MTs after drug depolymerization was impaired in RNAi plants

by reduced g-tubulin levels. (3) Nearly complete immunodeple-

tion of g-tubulin from extracts prevented taxol-promoted MT

polymerization in vitro.

In fungi and in animal cells, well-characterized g-tubulin

complexes become part of the spindle pole bodies or the

centrosomes, where they provide templates for minus end MT

nucleation (Geissler et al., 1998; Oegema et al., 1999). A search

for such complexes in acentrosomal plant cells was unsuccess-

ful, although the plant homologue of Spc98p, a protein that

interacts with g-tubulin in protein complexes in a broad range of

eukaryotes, was described in plants (Erhardt et al., 2002). In plant

cells, cytoplasmic g-tubulin ring complexes have not yet been

identified; rather, we found the presence of heterogeneous

protein complexes of plant g-tubulin in cytoplasm in association

with membranes and MTs (Drykova et al., 2003). Using bio-

chemical fractionation and immunofluorescence, we show that

RNAi induction equally depleted g-tubulin from all known loca-

tions, including the microsomal and microtubular fractions, and

severe depletion prevented the formation of MTs. Furthermore,

we found that the regrowthofMTs from theperinuclearmembrane–

rich region after drug depolymerization was delayed in cells

with reduced g-tubulin levels. Extracentrosomal templates with

g-tubulin are known to exist and nucleate MTs in other organ-

isms. MT nucleation from membrane-associated g-tubulin was

observed for myotubes (Tassin et al., 1985), for nuclear mem-

brane fragments in Drosophila spermatocytes (Rebollo et al.,

2004), for the perinuclear region of Drosophila oocytes

(Januschke et al., 2006), and for Golgi membranes inmammalian

cells (Chabin-Brion et al., 2001). Self-organization of g-tubulin–

containingmaterial, which relies on the continuous association of

nucleation sites with MTs, was described recently in S. pombe
Figure 8. Stomatal Patterning and Differentiation Are Altered in RNAi

Plants.

(A) Leaf epidermis of a control plant (left) and an RNAi plant of the weak

phenotype grown in soil with dexamethasone induction for 21 d (right).

Stomata are in clusters of two to four. Bar ¼ 25 mm.

(B) Immunolocalization analysis of a-tubulin showing the presence of

MTs in the control stomata (left) and in the stomata cluster from the

g-tubulin RNAi plant shown in (A) (right). Bar ¼ 25 mm.

(C) Clustered stomata also appeared on inflorescence stems that de-

veloped with induced RNAi. Bar ¼ 25 mm.

(D) and (E) Stomata were clustered and cytokinetic defects appeared in

mild phenotype plants with more severe depletion of g-tubulin (as shown

in Figure 1C) upon dexamethasone (D) or ethanol (E) RNAi induction for

15 d. Bar ¼ 25 mm.

(F) Callose deposits in a stomata with aberrant division after RNAi

induction for 15 d. Bar ¼ 25 mm.

(G) Frequencies of stomata units (SUs) with clustered stomata and with

or without the cytokinetic defect in ethanol- and dexamethasone-

induced RNAi-expressing plants with the defects shown in (D) to (F).

n ¼ 500 for the control and 500 for RNAi plants.
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(Zheng et al., 2006). Dispersed g-tubulin–containing nucleation

sites in plants might be dynamically reorganized in a similar self-

organizing process to create membrane-bound and MT-bound

MTOCs that enable the nucleation, bundling, and intracellular

positioning of MT arrays. Understanding the molecular mecha-

nisms of MT nucleation from those dispersed sites will require

further studies.

g-Tubulin Is a Component of Cortical Templates That

Guide the MT Network

In plants, highly dynamic cortical MTs are arranged into regular

arrays and rapidly adopt the directionality of anisotropic growth

in response to hormones, environmental cues, and differentia-

tion. Here, we show that the parallel cortical MTs of differenti-

ating Arabidopsis cells were sensitive to the reduction of

g-tubulin levels by RNAi; g-tubulin rapidly disappeared from its

locations on the plasma membrane and from cortical MTs that

became bundled and randomized. Recently, a model was pro-

posed for the self-organization of cortical MTs. It was shown that

intermicrotubule interactions among newly formed shortMTs are

sufficient to facilitate the organization of plant cortical MTs into a

parallel configuration (Dixit and Cyr, 2004). Reduction of cortical

MT-bound g-tubulin, which acts as a nucleator, might disturb the

balanced rate of tubulin polymerization needed to maintain

minimum cortical MT length, which is a prerequisite for self-

organization and for guiding MTs into parallel networks. Drugs

that reduce the rate of MT polymerization also shorten cortical

MTs and disturb their transverse orientation (Thitamadee et al.,

2002). Randomized short cortical MTs are also present in

Arabidopsis mutants for the plant homologue of katanin, a

protein that severs MTs from nucleation sites (Burk and Ye,

2002). Thus, our RNAi data suggest that both g-tubulin–mediated

nucleation and the severing of MTs from existing nucleation

sites are important to generate new MTs and enable their self-

organization into transverse arrays. Recently, the nucleation of

MTs from preexisting cortical MTs was shown to require the

binding of cytoplasmic g-tubulin to cortical MTs in tobacco cells

(Murata et al., 2005). These findings are fully consistent with our

observation of the effect of g-tubulin RNAi on corticalMTs. Linear

MT arrays are not plant cell–specific but are also formed in

polarized animal cells, such as neurones, epithelial cells, and

myotubes (Dammermann et al., 2003). In S. pombe, nucleation

from g-tubulin complexes along the length of existing MTs was

shown to drive the formation of bipolarMT bundles (Janson et al.,

2005). Similar mechanisms might then optimize the generation

and spacing of multiple bipolar MT bundles in fungi, animal cells,

and plants.

g-Tubulin Is Important for Polar Cell Expansion

The radial expansion of roots was not unexpected in g-tubulin

RNAi plants, in which the function of the MT cytoskeleton was

impaired by reducing the number of nucleation sites and by

randomization of cortical MTs. Randomization or loss of cortical

MTs is known to disrupt anisotropic growth (Baskin et al., 2004).

However, the mechanisms by which MTs control cell wall for-

mation and hence plant cell shape and polarity are not fully

understood. The glycosylphosphatidylinositol proteins were re-

cently suggested to be effectors of MT function in controlling

mechanical properties of cellulose microfibrils and thus in

establishing andmaintaining axial growth (Wasteneys and Fujita,

2005).

Randomization of cortical MTs upon induction of g-tubulin

RNAi expression may be a prerequisite for ectopic root hair

formation, as it was also found in plants treated with anti-MT

drugs (Sugimoto et al., 2003) and in the katanin mutants (Webb

et al., 2002). Once cell fate is specified, the process of root hair

formation appears to be less affected by MT-disrupting drugs

(Bibikova et al., 1999) and the polar growth is thought to be more

actin-driven. The g-tubulin RNAi root hair phenotypes with de-

fective transition from root hair initiation to tip growth and with

loss of the polar growth axis are thus surprising. Our findings

either indicate a novel role for MTs in root hair polar tip growth or

reveal an unknown role for g-tubulin in polar tip growth.

g-Tubulin was always thought to be a universal minus end MT

nucleator. However, recent data on S. pombe showed that

g-tubulin might affect various properties of MTs, including plus

end dynamics (Zimmerman and Chang, 2005). There is evidence

to suggest that plants possess the core machinery similar to that

required for the determination of polarity in S. pombe and for

forward motility in animal cells, in which actin closely interacts

with protein complexes of the leading plus ends of MTs (Mathur,

2005). Hence, g-tubulin might play a role in processes that link

plus end MT dynamics and polarity determination processes in

plants.

g-Tubulin Is Essential for the Coordination of Late

Mitotic Events

RNAi-reduced levels of centrosomal g-tubulin were found to lead

tomonopolar or multipolar spindle formation inC. elegans and to

aberrant spindle formation in the vicinity of chromatin in Dro-

sophila (Hannak et al., 2002; Raynaud-Messina et al., 2004). We

found that the bipolarity of plant mitosis is less sensitive to the

RNAi reduction of spindle-localized g-tubulin. Only severe de-

pletion of g-tubulin resulted in the collapse of spindles, and only

remnants of MTs in these cells were found in the vicinity of

chromatin. Although mitosis was little affected by the reduced

levels of g-tubulin, cytokinesis frequently became defective,

showing mainly misorientation of the cell division site and tem-

poral uncoupling of the cytokinetic events. A lack of coordination

of mitotic events was also found in conditional g-tubulin mutants

in Aspergillus and in S. pombe: mitotic MTs were formed in spite

of the impaired g-tubulin function, but cytokinesis became

abnormal (Paluh et al., 2000; Hendrickson et al., 2001). The

position of the mitotic spindle provides positional clues for cell

plate formation in S. pombe (Oliferenko and Balasubramanian,

2002). Dispersed g-tubulin–containing MTOCs are critical for the

correct anchorage of the cytokinetic actin ring and the proper

coordination of mitosis with cytokinesis in S. pombe (Venkatram

et al., 2005). Our data suggest that a similar mechanism might

also operate in plant cells with dispersed MTOCs. g-Tubulin

interconnects membrane organization with positional clues such

as centrosomes during cell cycle progression inmammalian cells

(Rios et al., 2004). The regulatory mechanisms of the dynamic
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relocation of g-tubulin during mitosis and cytokinesis in acen-

trosomal plants and their impact on progression through cell

division remain to be elucidated.

Cytokinetic defects were observed in many different cell types

after RNAi depletion of g-tubulin in plants, including stomata.

Stomatal complexes as terminal products of a cell lineage are

generated by a strictly controlled series of asymmetric and

symmetric divisions (Geisler et al., 2003). We found that cluster-

ing of stomata occurred even in plants that showed only a slight

reduction in g-tubulin levels and had only subtle phenotypic

changes and no apparent MT reorganization. Stomatal clustering

was similar to the phenotype of the Arabidopsis tmm mutants, in

which the plane and the frequency of division are disrupted as a

result of the absence of a presumptive negative regulator of

asymmetric cell division (Yang and Sack, 1995). Thus, in tmm

mutants, the asymmetric divisions are randomized and divisions

occur in cells located next to two stomata or in precursor cells that

normally would never divide. A null mutation in YODA, an

Arabidopsis mitogen-activated kinase kinase kinase, affected

the asymmetric division of precursor cells and led to excess

stomata in clusters (Bergmann et al., 2004). It is not clear yet how

the perception of spatial information from the precursor cell is

transduced to control cell cycle progression and specify correctly

the plane of asymmetric division in stomatal patterning. Our

experiments show that g-tubulin plays an important role in exe-

cuting asymmetric cell division during stomatal patterning.

As the reduction of g-tubulin got progressively stronger, the

stomata were not only clustered but also exhibited defective

guard cell divisions, such as absent or incomplete pores, partial

or missing ventral cell walls, and unpaired stomata. In flp mu-

tants, pore thickening does not develop and guard cells divide

again, forming clusters of unpaired guard cells; flp acts later in

the stomatal patterning pathway than does tmm (Yang and Sack,

1995). In our experiments, first stomatal patterning and then

cytokinesis of guard cells were disrupted, with increasing re-

ductions in g-tubulin levels, suggesting that g-tubulin is required

in both processes but at different levels. We do not yet know

whether the cell specification during stomata development re-

quires g-tubulin function that relies on the regulation of MT

properties or whether the patterning, cell cycle, and cell polarity

defects reflect as yet undiscovered roles for g-tubulin that are

independent of MTs.

In summary, we have shown that g-tubulin is essential for MT

nucleation from dispersed sites in plant cells. g-Tubulin, as a

component of cortical nucleation templates, guides cortical MTs

and is required for their dynamic organization. Gradual and

stepwise diminution of g-tubulin allowed us to reveal roles for

MTs in plant development. Our data also indicate that in addition

to its nucleation role, other still unknown functions for g-tubulin

exist in the regulation of MT properties, in the coordination of late

mitotic events, and in cell specification.

METHODS

Constructs and Plant Transformation

The g-tubulin RNAi vector was constructed by generating an inverted

hairpin loop. A 722-bp fragment corresponding to nucleotides 700 to

1425 of the Arabidopsis thaliana TubG1 39 terminal sequence was

amplified using two primers: AtTubG1/2-F (59-TTGCTCGAGGATCCAC-

TGTGATGTCTGCTAGCAC-39) and AtTubG1/2-R (59-TTCGAATTCATC-

GATCAACTCCTGAAGCATTGCCTTCC-39). The PCR fragment was

cloned directly into pGEM-T vector (Promega) and confirmed by se-

quencing. After digestion with BamHI-ClaI and XhoI-EcoRI, respectively,

the resulting fragments (corresponding to sense and antisense arms)

were cloned into pART69 to generate the RNAi intermediate construct.

For glucocorticoid-inducible expression, a BamHI-BamHI fragment

containing both arms was isolated and subcloned into binary vector

pHGUSK (Craft et al., 2005), generating an inducible RNAi reporter

construct, pHGUSK:TubG1-RNAi. For ethanol-inducible expression, a

BamHI-BamHI fragment containing both arms was isolated and sub-

cloned into binary vector pGreenAlcA (Deveaux et al., 2003).

The glucocorticoid-inducible pHGUSK:TubG1-RNAi vector was intro-

duced into Agrobacterium tumefaciens strain GV3101. Arabidopsis (eco-

type Columbia) activator line 4C-S5 (Craft et al., 2005) was transformed

by the floral dip method. Seeds collected from transformed plants were

plated on Murashige and Skoog (MS) agar plates containing hygromycin

(15 mg/L) for selection. To confirm the presence of the construct, PCR

with gene-specific primers was performed on genomic DNA. Primary

transformants containing the pGreenAlcA:TubG1-RNAi were selected by

repeated spraying of seedlings with a 250-mg/mL solution of the herbi-

cide Chalenge (Agro Evo) until the growth differences were clear. Seeds

collected from transformed plants were plated onto MS growth medium

with 25 mg/L phosphoinotricine for selection of T2 plants. Seven-day-old

seedlings were transferred to MS medium with or without ethanol

induction.

Wild-type Arabidopsis and activator plants for either glucocorticoid- or

ethanol-inducible expression transformed with an empty vector were

used as controls.

Plant Material

Arabidopsis seeds of control and transformed plants were surface-

sterilized by soaking in 10% bleach plus 0.05% Triton X-100 for 15 min

followed by three washes in sterile water. Subsequently, the seeds were

platedon1% (w/v) agar plates containingMSmedium (Duchefa), 0.25mM

MES, and 1%saccharose. After 3 d of stratification at 48C, seedlingswere

grown on horizontally or vertically oriented plates. Plants were grown

in pots at 208C under short-day conditions (8 h of light/16 h of dark) for

3 weeks and then under long-day conditions (16 h of light/8 h of dark).

Induction of g-Tubulin RNAi Expression

Dexamethasone (Sigma-Aldrich; 60 mM stock solution in DMSO) was

supplemented in the culture medium at final concentrations of 10 to

30 mM. Seedlings were germinated and grown on the induction medium

for various periods or transferred for induction from MS medium at

different time points. For RNAi induction in liquid medium supplemented

with 10 to 20 mM dexamethasone, 3- to 5-d-old seedlings were trans-

ferred from solid medium into the flasks or a multiwell culture chamber

and shaken (;90 rpm) at 238C. Plants grown in soil were watered

once per week with 25 mL of 20 mM dexamethasone; 0.02% Silwet was

also applied locally to the leaves or flowers. Mock treatment with DMSO

was used as a control in every experiment. Ethanol treatments for

induction of the RNAi transgene were performed according to Ketelaar

et al. (2004).

GUS activity was determined and histochemically localized for analysis

of GUS reporter activity according to Jefferson et al. (1987). Histochem-

ically analyzed tissues were observed directly or cleared in Hoyer’s

medium at least overnight at room temperature as described previously

(Liu and Meinke, 1998).
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Preparation of Cell Extracts, Electrophoresis, and Immunoblotting

Seedlings were ground in liquid nitrogen, thawed in 1 to 2 volumes of

extraction buffer supplemented with protease and phosphatase inhibitor

cocktail (Drykova et al., 2003), and centrifuged at 10,000g for 10 min at

48C. To obtain microsomal pellets, extracts were further centrifuged at

100,000g for 1 h at 48C. Proteins separated by SDS-PAGE were trans-

ferred onto nitrocellulose membranes by wet electroblotting (Amersham

Biosciences). Immunoreactive bandswere visualized using the enhanced

chemiluminescence detection system.

Immunodepletion

Extracts of 3-d-old Arabidopsis cell culture were prepared by grinding the

cells (4 gwetweight) in liquid nitrogen and suspending the powder in 5mL

of buffer BrB80 (80 mM K-Pipes, 1 mM MgCl2, and 1 mM EGTA, pH 6.9)

supplementedwith 10%glycerol and 1mMGTP plus protease and phos-

phatase inhibitor cocktail. Centrifugation of homogenates at 10,000g for

10 min was followed by a 30-min centrifugation at 70,000g. The final

supernatant (S70; 0.5 mL, 3.5 mg protein/mL) was incubated for 2 h at

room temperature with 100 mL of the protein A–purified rabbit anti-

g-tubulin antibody AthTU (Drykova et al., 2003) and 100 mL of protein

A–Sepharose beads (Amersham Biosciences). The beads were pelleted,

and immunodepletion was repeated with the supernatant supplemented

with 50 mL of AthTU antibody and 50 mL of protein A beads with 4-h

incubations at 48C. The immunodepleted supernatants were tested for

residual g-tubulin using protein gel immunoblot–enhanced chemilumines-

cence with TU-31 mouse monoclonal anti-g-tubulin antibody (Drykova

et al., 2003). As a control mock depletion, preimmune serum was used

instead of antibody. The untreated S70 extracts served as a positive con-

trol. The immunodepleted, themock-depleted, and the control extractwere

used as input extracts for the MT polymerization assays.

MT Polymerization Assay

MT spin-down experiments were performed as described previously

(Weingartner et al., 2001; Drykova et al., 2003). MTs were polymerized

from the input extracts obtained in immunodepletion experiments that

were supplemented with GTP to 1 mM and with taxol (Sigma-Aldrich) to

20mM. PelletedMTswere resuspended in SDS sample buffer and loaded

together with supernatants for electrophoresis and protein gel blotting.

Cover Slip Assays for Plant MT Polymerization

The cover slip nucleation assay was performed as described (Drykova

et al., 2003) with the immunodepleted, the mock-depleted, and the

control Arabidopsis cell extracts. After MT polymerization, cover slips

were mounted on the slides in Tris-buffered saline and observed micro-

scopically using DIC optics or processed for immunofluorescent labeling

to visualize MTs (Drykova et al., 2003). Anti-a-tubulin antibody and

fluorescein isothiocyanate (FITC)– and Cy3-conjugated secondary anti-

bodies were used as described below for immunofluorescence.

Immunofluorescence

Arabidopsis seedlings, dissected parts of seedlings, or cultured cells of

Arabidopsiswere fixed for 1 h using 3.7% formaldehyde made fresh from

paraformaldehyde and processed for immunofluorescence (Binarova

et al., 1993). For whole-mount immunolabeling, the seedlings were

treated with enzyme mixture (0.5% cellulase, 1% driselase, and

0.025% pectolyase), and incubation with primary and secondary anti-

bodies was prolonged to 2 h at room temperature or overnight at 48C.

Primary antibodies (anti-a-tubulin monoclonal antibody DM1A [Sigma-

Aldrich] at a dilution of 1:500, monoclonal anti-g-tubulin TU-31 as an

undiluted supernatant, and affinity-purified rabbit polyclonal antibody

AthTU at a dilution of 1:1000) (Drykova et al., 2003) were used with anti-

mouse FITC-conjugated or anti-rabbit Cy3-conjugated secondary anti-

bodies (Sigma-Aldrich). After DAPI staining of DNA, the samples were

mounted onto slides.

FM1-43 Fluorescent Dye Staining of Plasma Membrane, Callose

Staining with Aniline Blue, and Propidium Iodide Staining of Nuclei

Staining of themembraneswith FM1-43 (Molecular Probes)wasperformed

as described (Volker et al., 2001). Nuclei were labeled with 0.1 mg/mL

propidium iodide (Sigma-Aldrich) for 10 min. Callose was detected by

adding 0.1 mM aniline blue (Sigma-Aldrich) to the culture medium for 2 h

at room temperature.

For APM treatment, 7-d-old seedlings were transferred to liquid or MS

solid medium supplemented with the MT-depolymerizing drug APM at

final concentrations of 0.1 and 5 mM and treated for 1 to 7 d.

Microscopy and Confocal Microscopy

Microscopy was performed on an Olympus universal microscope equip-

ped with epifluorescence optics (model Provis AX70 optical microscope

equipped with a 100/1.4 oil-immersion objective) as well as a Sensi Cam

cooled charge-coupled device camera (Kelheim) and using Micro Image

Olympus optical software. To avoid filter crosstalk, fluorescence was

detected using HQ 480/40 exciter and HQ 510/560 emitter filter cubes for

FITC and HQ 545/30 exciter and HQ 610/75 emitter filter cubes for Cy3

(both AHF Analysen Technique). Filters for DIC were used for the

observation ofMTs polymerized in cover slip nucleation assays. Confocal

images were taken using a Leica TCS/SP laser-scanning confocal mi-

croscope with or without the two-photon mode. Laser scanning was

performed using the sequential multitrack mode to avoid bleed through.

Excitation and emission wavelengths were 488 nm and 505 to 532 nm for

FITC and 543 nm and 566 to 600 nm for Cy3. Seedlings were mounted on

fresh medium. Excitation and emission wavelengths were 488 nm and

500 to 530 nm plus 580 to 630 nm for FM1-43, 530 and 615 nm for

propidium iodide, and 405 nm and 420 to 490 nm for aniline blue. Green

fluorescent protein was excited using 488 nm and imaged using emis-

sion filter 500/550 nm. Images were contrast-enhanced using image-

processing software (Photoshop; Adobe Systems).

Accession Number

Sequence data for Arabidopsis TubG1 can be found in the GenBank data

library under accession number U02069.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. Strength of the Phenotype and Strength of

GUS Staining of Transformants Expressing the Dexamethasone-

Inducible g-Tubulin RNAi Construct.

Supplemental Figure 2. Lack of MT Polymerization from Extracts

Immunodepleted for g-Tubulin Observed on Cover Slips in in Vitro

Polymerization Assays.

Supplemental Figure 3. MTs in Root Hairs of Control and RNAi

Plants.
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Abstract The nodulin/glutamine synthetase-like protein

(NodGS) that we identified proteomically in Arabidopsis

thaliana is a fusion protein composed of an N-terminal

amidohydrolase domain that shares homology with nodu-

lins and a C-terminal domain of prokaryotic glutamine

synthetase type I. The protein is homologous to the FluG

protein, a morphogenetic factor in fungi. Although genes

encoding NodGS homologues are present in many plant

genomes, their products have not yet been characterized.

The Arabidopsis NodGS was present in an oligomeric form

of *700-kDa, mainly in the cytosol, and to a lesser extent

in the microsomal membrane fraction. The oligomeric

NodGS was incorporated into large heterogeneous protein

complexes [700 kDa and partially co-immunoprecipi-

tated with c-tubulin. In situ and in vivo microscopic

analyses revealed a NodGS signal in the cytoplasm, with

endomembranes, particularly in the perinuclear area.

NodGS had no detectable glutamine synthetase activity.

Downregulation of NodGS by RNAi resulted in plants

with a short main root, reduced meristematic activity and

disrupted development of the root cap. Y2H analysis and

publicly available microarray data indicated a role for

NodGS in biotic stress signalling. We found that flagellin

enhanced the expression of the NodGS protein, which was

then preferentially localized in the nuclear periphery.

Our results point to a role for NodGS in root morpho-

genesis and microbial elicitation. These data might help

in understanding the family of NodGS/FluG-like fusion

genes that are widespread in prokaryotes, fungi and

plants.

Keywords Arabidopsis � Flagellin elicitation �
Fusion protein � Glutamine synthetase-like �
Nodulin-like � Root development
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Czech Republic

e-mail: binarova@biomed.cas.cz

B. Petrovská
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MS Murashige and Skoog

NodGS Nodulin/glutamine synthetase-like protein

PMSF Phenylmethylsulfonyl fluoride

Y2H Yeast two-hybrid analysis

Introduction

Phylogenetic studies of plant glutamine synthetases

revealed the presence of plant homologues in the fungal

FluG gene (Mathis et al. 2000). FluG of Aspergillus sp. is a

fusion gene with a glutamine synthetase-like domain

located at the C-terminal end and a nodulin-like sequence

located in the N-terminal portion of the molecule (Lee and

Adams 1994; Mathis et al. 1999). Glutamine synthetase

(glutamate–ammonia ligase; EC 6.3.1.2) is a key enzyme

in nitrogen assimilation and can be found in both pro-

karyotes and eukaryotes. The FluG glutamine synthetase

domain is primarily homologous to prokaryotic proteins of

the glutamine synthetase type I (GSI) family,which are also

are found in some eukaryotes in addition to the eukaryotic

glutamine synthetase type II (GSII). The co-existence of

two types of glutamine synthetase that are common in

plants was suggested to be supportive of the theory of their

paralogous evolution (Mathis et al. 2000). In plants, GSI

exists either separately, as in the case of Medicago trun-

catula, or in the form of FluG-like proteins where the GSI

domain is fused with the nodulin-like protein domain

(Mathis et al. 2000). Aspergillus FluG is the only member

of the FluG-like gene family that has so far been charac-

terized. The encoded protein, FluG, is central to the con-

idiogenesis regulatory pathway and its morphogenetic

function was shown to be related to its GSI-like domain

(D’Souza et al. 2001). However, the function of the nod-

ulin-like domain of FluG, which has sequence homology

with the M. truncatula MtN6 early nodulin (Mathis et al.

1999) and Glycine max GmN6L late nodulin genes

(Trevaskis et al. 2002), remains obscure. The MtN6 and the

GmN6L proteins are expressed during early or later stages

of nodule formation, respectively, but their biochemical

and molecular properties, and biological roles are not fully

understood. In general, nodulin genes encode proteins

involved in the generation and maintenance of specific

organs called nodules, which are important for the fixation

of atmospheric nitrogen by bacteroids of the Rhizobiaceae

family. Early nodulins are expressed soon after contact

with Rhizobia and are associated with infection and/or

early stages of nodule development in leguminous plants

by playing a role in signalling, cell differentiation, cell

cycle reactivation, and reorganization of cell walls; late

nodulins are expressed maximally in mature nodules and

are necessary for nodule activity (Nap and Bisseling 1990).

Nodulin-like genes are also present in the genomes of non-

leguminous plants in which their biological role is still

obscure. Early nodulin-like proteins from A. thaliana and

Oryza sativa are expressed not only in roots but also in

leaves and flower organs (Mashiguchi et al. 2009), and they

are believed to play specific roles in plant development.

According to the Rosetta Stone hypothesis, fusion of

genes might enable their more efficient cooperation, and

the product of such a fusion should provide valuable

information about its polypeptide components and their

possible interaction (Enright et al. 1999; Marcotte et al.

1999). However, as the molecular properties, biochemical

functions and putative interactions between GSI and MtN6

are not understood, functional aspects of fusion of these

two components in FluG remain a matter of hypothetical

debate (Mathis et al. 1999, 2000).

By proteomic analysis, we have now identified the

product of the Arabidopsis homolog of the FluG-like

fusion gene—the nodulin/glutamine synthetase-like protein

(NodGS). High homology of the Arabidopsis NodGS gene

to the fungal FluG, which is reported to be as the key

morphogenetic factor in vegetative differentiation

(D’Souza et al. 2001), suggested a similar biological role in

plants as well. Though the genes encoding homolog of

NodGS occur widely in the plant kingdom, their products,

including Arabidopsis NodGS, are as yet uncharacterized

proteins. In order to elucidate NodGS properties and

functions, we employed biochemical studies and micro-

scopic analyses such as immunofluorescence, in vivo GFP

localization, studies and RNAi silencing.

Materials and methods

Plant material and cell cultures

Cell suspension cultures of Arabidopsis thaliana L., eco-

type Landsberg erecta (Ler) (Drykova et al. 2003) and cell

cultures Ler expessing NodGS-GFP were grown under

continuous darkness at 25�C on a rotary shaker with sub-

culture intervals of 3–4 days in 19 Murashige and Skoog

(MS) solution (Duchefa) containing 3% (w/v) sucrose

supplemented with 2.5 lM 1-naphtalene acetic acid and

0.25 lM kinetine. For transformation, the following plants

were used: A. thaliana ecotype Columbia (Col) and Ler;

Col plants expressing a GFP-MAP4 reporter gene for

visualizing microtubules (GFP-MAP4) (Marc et al. 1998)

and a nuclear GFP marker (G) (Cutler et al. 2000). Seeds

were obtained from Arabidopsis Biological Resource

Center (ABRC, http://abrc.osu.edu/) with exception of

GFP-MAP4 seeds that were kindly provided by Dr. László

Bögres laboratory (Royal Holloway University of London,

UK). All seeds were surface-sterilized as described in
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(Binarova et al. 2006) and grown on half-strength MS agar

plates with 1% agar or 1.6% agar for vertical plates. Plants

were cultured under 16 h light/8 h dark period at 20�C.

Antibodies

Polyclonal rabbit antibody for the NodGS protein was

raised against C-terminal sequence KNPDAYKQLIHRY

(aa 833–845) of the NodGS molecule (GeneScript).

c-tubulin was detected either with mouse monoclonal

antibody TU-32 (IgG1) or with rabbit polyclonal antibody

AthTu affinity purified on antigenic peptide (Binarova et al.

2003). Antibodies against a-tubulin DMA1, MPK3 and

MPK6 were from Sigma and rabbit polyclonal anti-

KNOLLE from Rose Biotechnology—Secant Chemicals.

Rabbit polyclonal anti-GFP antibody was purchased from

Abcam. Secondary antibodies anti-mouse Ig and anti-rabbit

Ig conjugated with horseradish peroxidase (Amersham-GE

Healthcare) were used for Western blot analyses. FITC-

and Cy3-conjugated anti-mouse and anti-rabbit antibodies

(Jackson ImmunoResearch Laboratories) were employed in

immunofluorescence.

Vector construction and plant transformation

The complete coding region of Arabidopsis NodGS was

PCR amplified using the primers as described in the Sup-

plemental Materials and methods and cloned into

pDONR207 vector using Gateway technology (invitrogen).

The NodGS coding sequence was transferred with LR

clonase to the destination vector pK7WGF2.0 (Ghent

University) with kanamycin resistance for plant selection,

and to the vector pMDC43 (Curtis and Grossniklaus 2003)

with hygromycin selection, where the protein was expres-

sed with N-terminal GFP tag under the control of CaMV

35S promoter. All recombinations were confirmed by

sequencing. The vector pH7WGR2.0 (kindly provided by

Dr. Roger Tsien) was used for the construction of N-ter-

minal RFP fusions with NodGS. For RNAi studies,

pART27 (CSIRO Plant Industry) vector was used with an

511-bp fragment of NodGS sequence that is located in the

N-terminal part of the glutamine synthetase domain of the

NodGS protein (primers described in the Supplemental

Materials and methods). The resulting PCR fragments were

double digested with XhoI–EcoRI and XbaI–HindIII, and

the fragments were used for the two rounds of ligations into

the vector pKANNIBAL. Finally, NodGS RNAi cassette

was excised from the pHANNIBAL construct using Xho–

XbaI and subcloned into the doubly digested pART27

binary vector (CSIRO Plant Industry).

The constructs were transferred to Agrobacterium tum-

efaciens strain GV3101 by a freeze-thaw method. Bacterial

transformants were screened for positivity using PCR and

were then used for transformation of Arabidopsis culture

cells and Arabidopsis plants using standard methods (Clough

and Bent 1998; Davis et al. 2009). Seedlings were selected on

kanamycin (50 lg mL-1) or hygromycin (50 lg mL-1)

selection medium to identify T1 transgenic plants.

Yeast two hybrid screening

In order to identify NodGS protein interactors, we performed

a yeast two-hybrid screen of an Arabidopsis cDNA Library

from Col wild-type whole plant in pAct2 vector with Gal4

activating domain (AD) (Bhalerao et al. 1999) using

Matchmaker Gal4 Two-Hybrid System 3 (Clontech). The

gateway-modified vector pAS2-1 (Clontech) was used with

complete NodGS sequence as a bait in frame with Gal4

binding domain (BD). Large-scale transformation was per-

formed several times in yeast strain AH109 using 50 lg of

cDNA library above and 150 lg of NodGS-BD construct

following the manufacturer’s instructions for PEG/LiAc

transformation procedure. First, transformants were selected

under medium-stringency conditions (SD/–His/–Leu/–Trp

plates), replica plated on SD/–Ade/–His/–Leu/–Trp plates

for high-stringency selection and, finally, individual colo-

nies were picked and selected on SD/–Ade/–His/–Leu/–Trp/

X-a-Gal plates. About 100 colonies were positive for all

reporter genes (ADE2, HIS3 and MEL1) and kept the correct

phenotype after restreaking several times. The colonies

obtained under the most stringent conditions were screened

using PCR for cDNA inserts with primers MATCHMAKER

50 and 30 AD LD-Insert Screening Amplimer (Clontech).

Selected colonies were subsequently used for isolation of

plasmid DNA encoding the interacting cDNAs that were

sequenced. This way we identified several NodGS putative

protein interactors. To rule out the possibility that our con-

structs inadvertently activated reporter genes, we indepen-

dently transformed both NodGS-BD and library AD fusion

constructs into the strain AH109, and we assayed the trans-

formants for MEL1 activation. Moreover, the protein inter-

actions of NodGS were retested in strain AH109 by

cotransformation of the bait NodGS-BD with AD library

plasmids under the most stringent conditions.

Quantitative real-time PCR analysis

Total RNA was isolated from Arabidopsis thaliana control

and NodGS depleted plants using the Plant RNeasy

Extraction Kit (Qiagen). Digestion of DNA during RNA

purification was performed using the RNase-Free DNase

Set (Qiagen). 100 ng of purified RNAs was reverse tran-

scribed using the Transcriptor High Fidelity cDNA Syn-

thesis Kit (Roche) with anchored-oligo (dT)18 primer

according to the Roche instructions. Quantitative real-time

PCR using EvaGreen Dye (Bio-Rad) was performed on
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CFX96TM Real-Time PCR Detection System (Bio-Rad).

Three replicate PCR amplifications were performed for

each sample. The amount of the transcripts of each ana-

lysed gene, normalized to the internal reference PDF2 gene

(Czechowski et al. 2005), was analysed using CFX Man-

ager Software (Bio-Rad). The amount of the transcripts of

each target gene of control plants or reference gene in

control or RNAi plants was designated as 1.0. For primers

details see Supplemental Materials and methods.

Protein extracts

Cultured cells (3-day-old) or seedlings were harvested flesh

frozen, ground in liquid nitrogen and extracted in equal

volume (1:1, w/v) of extraction buffer (buffer A: 50 mM

Na-Hepes pH 7.5, 150 mM NaCl, 1 mM MgCl2�6 H2O,

1 mM EGTA, 1 mM DTT, 1 mM NaF, 1 mM PMSF,

2 mM Pefabloc, and 10 lg mL-1 each of aprotinin, leu-

peptin and pepstatin). For differential centrifugation, crude

extracts were centrifuged at 10,000g for 10 min at 4�C,

supernatants (S10) subsequently at 27,000g for 0.5 h and

resulting S27 at 100,000g for 1 h. The obtained S100 were

finally spun at 160,000g for 1.5 h to yield S160 and the

pellet P160.

Gel filtration

Gel filtrations of cell extract preparations (P160 spun

directly from S27, re-solubilized in 400 lL buffer A and

clarified at 10,000g for 10 min) were performed on Supe-

rose 6 10/300 GL column (GE Healthcare Bio-Sciences)

equilibrated with buffer A and loaded using 200-lL sample

loop. Fractions (0.5 mL) were collected at a flow rate of

0.2 mL min-1 and their aliquots used for Western blot

analysis of relevant proteins. Selected fractions were ana-

lysed by native electrophoresis. Ferritin (440 kDa) and

thyroglobulin (669 kDa) were used as molecular size

markers.

Co-immunoprecipitation of NodGS and c-tubulin

In a standard procedure, cell extracts S27 (1.5 mL,

*3 mg protein mL-1) or P160 (4 times diluted) were

treated at 4�C for 1 h with 1% Nonidet P40 (Roche

Diagnostics) and then incubated on a rotator with appro-

priate antibody (anti-c-tubulin at 3 lg mL-1; anti-GFP

1:1,000; anti-NodGS 1:400). After 2 h, protein A-agarose

beads (Roche Diagnostics; 60 lL settled volume/2 mL of

extract) were added and the suspensions were incubated for

two more hours. The beads were pelleted by centrifugation

(20 s at 10,000g), four times washed with 150 mM NaCl in

50 mM Tris�HCl, pH 8.0 and finally with the same buffer

without salt. The immunoprecipitated proteins were

released at room temperature by sequentially adding

3 9 140 lL 0.1% synthetic immunogenic peptide EYKAC

ESPDYIKWG in 50 mM Tris�HCl, pH 8.0 in the case of

the anti-c-tubulin antibody, or eluted into 29 Laemmli

buffer for anti-GFP and anti-NodGS antibody, respectively.

Proteins in the eluates (concentrated by ultrafiltration as for

the immunogenic peptide eluate) were resolved by 7.5%

SDS-PAGE and analysed for c-tubulin and co-immuno-

precipitated proteins by Western blotting or MALDI-

TOF-MS.

Samples used in assays for NodGS-GFP enzyme activity

were obtained by immunoprecipitation of the protein from

S27 using GFP-Trap A (ChromoTek) according to the

manufacturer’s instructions.

Biochemical experiments (e.g. cell fractionation, gel

filtration, immunoprecipitation, GFP trap purification and

BN-PAGE) were performed at least at three independent

experiments and representative pictures are shown.

Electrophoresis and immunoblotting

Protein samples were separated on 7.5 or 10% SDS-PAGE

gels, transferred onto 0.45 lm nitrocellulose membranes

(Whatman) and Western blotted with appropriate antibody.

Supersignal ECL kit (Pierce) was used according to man-

ufacturer’s instructions. Non-denaturating PAGE (3–14%

gradient) and blue native PAGE (BN-PAGE) were per-

formed as described previously (Drykova et al. 2003).

Protein in-gel digestion and MALDI-TOF

mass spectrometry

The analysed protein bands were cut out of the Ag-stained

SDS-PAGE gels, trypsin-digested and the proteins were

identified by peptide mass mapping as described elsewhere

(Halada et al. 2001).

Root growth measurements

We analysed growth parameters as follows: length of main

roots, length and number of lateral roots and inter-nodal

distance between branched lateral roots. The growth

parameters were analysed in four independent experiments

comprising each of at least 30 seedlings of WT plants and

30 seedlings of NodGS mutants. Exposure of seedlings was

obtained with digital camera Nikon D300 and Adobe

Photoshop Software CS4 was used for the measurements

and statistics.

Fluorescence microscopy and confocal microscopy

Cultured cells of Arabidopsis were fixed for 45 min in 3.7%

paraformaldehyde and processed for immunofluorescence
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as described previously (Binarova et al. 1993). Enzyme-

treated cells were postfixed in methanol in -20�C for

10 min. Primary antibodies—affinity purified anti-NodGS

(1:3,000), anti a-tubulin (1:1,000), mouse monoclonal anti

c-tubulin antibody TU-31 (1:10) and rabbit polyclonal

antibody AthTu (1:1,000) and secondary antibodies (for

details on antibodies see section Antibodies above) were

applied as described previously (Drykova et al. 2003).

Cytotracker ER-Tracker Blue-White DPX (Molecular

Probes) specific for endoplasmic reticulum was applied at

the final concentration of 500 nM and observed for maxi-

mum 30 min to avoid potential artefacts. NodGS-GFP

expressing cells and seedlings were observed on fluorescent

and confocal microscope.

All fluorescence images were collected with Olympus

oil immersion objectives 1009/1.4 and 609/1.35 using the

Olympus IX-71 inverted microscope with Olympus Disc

Scanning Confocal Unit (DSU). The microscope was

equipped with Hammamatsu Orca/ER digital camera and

the Cell R
TM

detection and analysing system. To avoid filter

crosstalk, fluorescence was detected using HQ 480/40

exciter and HQ 510/560 emitter filter cubes for FITC and

HQ 545/30 exciter and HQ 610/75 emitter filter cubes for

Cy3 (both AHF Analysen Technique). Confocal images

were taken using an Olympus FluoView 1000 confocal

imaging system based on the IX81 microscope. GFP was

excited using 473 nm solid-state laser and detection filters

ranging from 510 to 530 nm, RFP was excited using

543 nm solid-state laser and detection filters ranged from

587 to 650 nm and DPX ER-Tracker was excited using

405 nm solid-state laser and detection filters ranged from

590 to 630 nm. Laser scanning was performed using the

sequential multitrack mode to avoid bleed-through.

Fluorescence recovery after photobleaching (FRAP)

assay of cortical and mitotic microtubules was performed

at stable room temperature conditions (22�C) using an

Olympus FV1000 confocal laser scanning microscope

equipped with SIM scanner allowing simultaneous laser

bleaching and imaging. All assays were done with 409/

0.95 UPlanSApo objective and the 473-nm solid state laser

was set at 35% power. Assays were performed as follows:

zoom 59, 39 prebleach images, 2 s of bleaching (405 nm

full laser power, ROI 3.01 9 0.43 lm) and 22 recovery

images. Repeated assays (n = 6 for cortical microtubules

and n = 5 for mitotic microtubules) were analysed using

OlympuS FV10-ASW2.0 program.

Mitotic figures were counted in the cell division zone of

primary roots of GFP-MAP4 NodGS RNAi plants and

GFP-MAP4 control plants (n = 8) using OlympuS FV10-

ASW2.0 program and Imaris 7.2.1 program.

Amiprophos-methyl (APM) (Duchefa) was applied from

DMSO stock solution in working concentration of 5 lM.

Plants were treated for 3 h. Treatments were repeated three

times as independent experiments and recovery was ana-

lysed for 1 h after drug removal.

MT polymerization assay

The MT spin down experiments were performed as descri-

bed previously (Weingartner et al. 2001; Drykova et al.

2003). Microtubules were polymerized from the input

extracts S70 that were supplemented with GTP and taxol to

the final concentrations of 1 mM and 20 lM, respectively.

Taxol polymerized brain microtubules (Cytoskeleton Inc)

were added to the polymerization mixture up to 10 lg mL-1

(plus BMT variant). In the control sample, taxol and GTP

were omitted from the reaction mixture. Microtubules were

pelleted through 40% sucrose cushion, resuspended in 19

SDS sample buffer and loaded together with the input

supernatants on SDS-PAGE and further analysed by

Western blotting. Three independent experiments were

performed and representative picture from Western blot

detection is shown.

Glutamine synthetase enzymatic assay

Measurements of glutamine synthetase activity were done

with the mixed oligomeric NodGS-GFP–NodGS co-immu-

nopurified from the respective S27 cellular extracts by

GFP-Trap A (Chromotek, Martinsried, Germany) following

the manufacturer’s manual. The protein immobilized on the

GFP-Trap A beads was subjected in a heterogeneous catal-

ysis to a colorimetric ammonium molybdate-based activity

assay (Gawronski and Benson 2004). Analogous material

from the wild-type S27 extracts nonspecifically bound onto

GFP-Trap A beads was used as a negative control. Analo-

gous material from the wild-type S27 extracts nonspecifi-

cally bound onto GFP-Trap A beads was used as a negative

control. For positive control, prokaryotic (Escherichia coli)

L-glutamine synthetase (Sigma, cat. No. G3144) was

employed giving in our assay detection limit at about

0.5 mU/100 lL reaction mixture for 10 min reaction time.

The protein bound to equal volume of GFP-Trap A was

measured in neutralized acid eluate of the beads using the

Bradford method. Enzyme activity was measured in tripli-

cate independent experiments.

Flagellin (flg22) treatment and immunocomplex

kinase assay

10-day-old Arabidopsis seedlings Col and Col NodGS

RNAi, 10–15 plants for each variant, were treated in liquid

� MS medium with 1 or 100 lM flg22 (Clonstar) applied

from freshly prepared 1 mM stock solution for 5 and

60 min, as indicated. Treatments were performed in three

independent experiments. Material was subsequently
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frozen in liquid nitrogen and immediately used for

Western-blot analysis and for MAP kinase assays. Immu-

nocomplex kinase assay was performed as described pre-

viously (Gao et al. 2008). For immunoprecipitation 80 lg

of total protein was used.

Results

Identification of Arabidopsis NodGS, a protein

product of the fusion gene that is composed

of GSI and nodulin domains

The proteins interacting with c-tubulin in Arabidopsis were

screened by co-immunoprecipitation followed by MALDI-

MS analysis. One of the proteins co-purified with c-tubulin

was identified as the yet uncharacterized nodulin/glutamine

synthetase-like protein (NodGS; At3g53180), consisting of

a fused nodulin-like sequence and a GSI-like domain

(Fig. 1a, Fig. S1). A database search showed that the

NodGS cDNA sequence contained a single open reading

frame with 845 amino acids. Genes encoding proteins

closely related to the complete sequence of Arabidopsis

NodGS can be found in Vitis vinifera (sequence positives

83%, identities 69%), Populus trichocarpa (81, 69%),

Oryza sativa (74, 59%), or Physcomitrella patens (Fig. 1a;

Fig. S1). Significant homologies were also observed with

the FluG protein, which is found in many fungal species

such as Aspergillus nidulans (sequence positives 74%,

identities 59%), Gibberella zeae (47, 31%), or Ajellomyces

capsulatus (45, 28%). Both plant and fungal proteins are

composed of two distinct regions linked by a short inter-

mediary region. The NodGS C-terminal portion containing

a domain of the GSI superfamily was homologous with a

number of prokaryotic GSI class glutamine synthetases

(approximate identities 30% and similarities around 50%)

(Fig. S2). On the other hand, similarity searches between

the NodGS C-terminal portion and eukaryotic GSII class

enzymes gave no significant hits. Similarly, the C-terminal

domain of the FluG protein was homologous with GSI

class proteins.

As shown in Fig. 1a, the NodGS N-terminal portion,

containing a TIM barrel motif of metal-dependent hydro-

lases, shares homologies with plant nodulins MtN6 (posi-

tives 75%, identities 58%) of M. truncatula (Mtr.43850.

1.S1_at) and GmN6L (Glyma10g06820.1) (76, 57%) of

soyabean. Similarly, the N-terminal portion of the FluG

protein shares homology with MtN6 and GmN6L nodulins,

and there are also significant homologies between the

NodGS/FluG N-terminal nodulin-like domain and several

proteins of the prokaryotic amidohydrolase family. The

amidohydrolase domain forms a transcription unit with a

GSI-like domain in Mycobacterium tuberculosis, Bacillus

subtilis and Streptomyces coelicolor, but compared with

NodGS and FluG, the two are in the reverse order, with

the GSI-like domain in the N-terminal part and nodulin-

like domain in the C-terminal part of the molecule

(Rexer et al. 2006) (our database search). Despite the fact

that the M. truncatula genome contains sequences of

nodulin MtN6 and prokaryotic GSI, complete sequence

homology with the fusion protein NodGS was not

explicitly identified either in this organism or in other

leguminous plants.

We generated an affinity-purified polyclonal rabbit

antibody against a peptide derived from the C-terminal

NodGS sequence. In extracts from Arabidopsis cultured

cells and in Columbia (Col) seedlings, the antibody rec-

ognized a single band of approximately 90 kDa (Fig. 1b),

in agreement with the calculated molecular mass (92 kDa)

of the NodGS protein. In 10-day-old seedlings, higher

NodGS protein levels were identified in roots compared

with aerial parts. A slight increase in NodGS protein levels

was detected in the aerial part of 14-day-old seedlings

compared with younger 10-day-old plants (Fig. 1b). In

contrast to the seedlings, higher protein level was detected

in Western blots from extracts of dividing cultured cells

(Fig. 1b). These data are consistent with transcriptome

analyses from the publicly available gene expression

database, The Bio Arrays Resources for Plant Biology

(BAR), http://www.bar.utoronto.ca/ (Toufighi et al. 2005)

which showed NodGS to be preferentially expressed in

roots of young seedlings, especially in the lateral root cap,

epidermis and root hair zone. At later stages of develop-

ment, NodGS expression in aerial parts progressively

increased (Fig. S3).

Cellular distribution and molecular forms

of NodGS protein

The cellular distribution of NodGS was followed by dif-

ferential centrifugation of extracts from cultured cells

(Fig. 2a). After low speed centrifugation at 10,000g, the

majority of NodGS was present in the supernatant (S10)

with traces of the protein in the pellet (P10). The micro-

somal pellets (P100) contained only minor amounts of the

NodGS pool. Most of the protein remained in the cyto-

plasmic fraction (S100) and was sedimented in the P160

fraction, suggesting that NodGS was dominant in the

cytosol, in a higher oligomeric form.

The size distribution of NodGS was determined by gel

filtration chromatography using the re-solubilized P160

pellets, spun from S27 for 100 min (Fig. 2b). The NodGS

elution profile was characterized by a broad distribution of

its molecular forms with a narrow maximum in fractions

14–16, suggesting that the majority of the protein was

present as an approximately 700-kDa oligomer (Fig. 2b),
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probably an octamer, based on the estimated mass of the

denatured protein (*90 kDa). High-molecular-mass spe-

cies of NodGS in the fractions corresponding to molecular

masses [1 MDa indicated the ability of NodGS to be

incorporated into large protein complexes or to associ-

ate with microsomal membranes (Fig. 2b, c). Selected

Fig. 1 Sequence alignment of NodGS protein with related proteins

and its Western blot identification in plant extracts. a Sequence

alignment of NodGS (At3g53180) with nodulin proteins and gluta-

mine synthetase type I (GSI) proteins. NodGS is a two-domain fusion

protein with N-terminal domain of amidohydrolases and C-terminal

domain of GSIs. The complete sequence of Arabidopsis NodGS is

homologous to other plant orthologues; GenBank accession numbers

are showed (Osa, Oryza sativa; Ptr, Populus trichocarpa; Ppa,

Physcomitrella patens) and FluG protein of Aspergillus (Ani,

Aspergillus nidulans). N-terminal part of NodGS with amidohydro-

lase domain is homologous to several nodulins including Medicago
truncatula nodulin MtN6 (Mtr) and Glycine max GmN6L (Gma).

C-terminal part of NodGS with glutamine synthetase domain is

homologous to a variety of prokaryotic glutamine synthetase type I

(Mch, Microcoleus chthonoplastes; Lca, Lactobacillus casei; Cpa,

Clostridium papyrosolvens) and prokaryotic glutamine synthetase

type I from M. truncatula (Mtr). b Comparison of NodGS protein

level in roots (R) and aerial parts (L) of 10-day-old (R10, L10) and

14-day-old Arabidopsis Col plants (R14, L14), and in the cell culture.

Antibody recognized a band corresponding to predicted Mw of

NodGS. The NodGS was the most abundant in dividing cultured cells.

Higher NodGS protein level was detected in roots compared with

aerial parts of the seedlings. 27 lg/lane was loaded from plant

extracts, 13.5 lg (lane 1) and 27 lg (lane 2) was loaded from extracts

of cultured cells
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fractions from gel filtration were further analysed by non-

denaturing gel electrophoresis that confirmed the oligo-

meric nature of the non-denatured NodGS (Fig. 2c).

The NodGS coding sequence was cloned into plant

binary vectors for N-terminal GFP fusions and an Ara-

bidopsis culture expressing NodGS-GFP was established.

NodGS-GFP cell extracts were then analysed using gel

filtration and non-denaturing gel electrophoresis as

described above. We detected a similar molecular size

pattern of NodGS higher molecular forms as shown for the

wild-type culture (Fig. 2c). Microheterogeneity observed

within the 700 kDa-band on the native PAGE Western

blots (Fig. 2c) indicated interaction of NodGS and NodGS-

GFP subunits. Further analyses of the NodGS/NodGS-GFP

mixed oligomers that were immunopurified on GFP-Trap

and separated by SDS-PAGE showed that the native and

GFP-fusion subunits were, on average, associated in a 1:1

ratio (Fig. 2d). No other major protein bands were detected

on silver-stained gels, which indicated the homooligomeric

rather than heterooligomeric nature of the dominant Nod-

GS native molecular form.

The dominant form of NodGS, of approximately

700 kDa, was also detected in detergent-solubilized crude

extracts S10, microsomal fractions, P100 and in the

Fig. 2 Subcellular distribution and molecular forms of NodGS.

a Differential centrifugation of Arabidopsis cellular extracts from Ler

cell culture. Pelleted material was resuspended in a volume equal to

the volume of corresponding supernatant and the same volume

(10 lL) of samples was loaded per line. Antibodies against NodGS,

c-tubulin (TubG) and Knolle as a marker of membrane distribution

were used for detection on Western-blot membranes. b Gel filtration

analysis of P160 from Ler wild-type cell culture with subsequent

detection of NodGS and c-tubulin by Western blotting. Elution

maxima for NodGS and c-tubulin are marked with #. c Selected

fractions from gel filtration (marked with asterisk in b) were analysed

by native electrophoresis and detected for NodGS. Corresponding

fractions from gel filtration of Ler culture expressing NodGS-GFP

detected by NodGS antibody showed microheterogeneity of*700 kDa

complexes composed of NodGS and NodGS-GFP components (arrow-
heads). Input S20 from NodGS-GFP cell culture (IN). d Affinity

purification of NodGS-GFP from the input of P160 of NodGS-GFP

culture (IN) using GFP-Trap A beads. Proteins were eluted from

affinity beads (IP: anti-GFP) and run on SDS gel electrophoresis with

silver staining detection. As revealed by MALDI-MS analysis, two

dominant bands of similar intensity represent NodGS-GFP and

copurified NodGS
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high-speed pellet, P160, by blue native PAGE in the first

dimension in combination with SDS-PAGE in the second

dimension (BN/SDS-PAGE) (Fig. S4).

We assessed the potential glutamine synthetase activ-

ity of the GSI-like domain of NodGS. Activity was

measured using a colorimetric assay for GS (Gawronski

and Benson 2004) and the NodGS-GFP protein that was

immobilized in association with endogenous NodGS

(Fig. 2d) on GFP-Trap beads. In triplicate independent

experiments we observed no measurable enzyme activity

of the co-immunopurified protein, i.e. the specific activ-

ity, if any, was below the detection limit of 0.07 U/mg

protein. The GSI from E. coli (Sigma) was used as a

positive control.

NodGS was identified by MALDI-MS as a protein

co-immunopurifying with c-tubulin using immunoprecip-

itation with affinity purified anti-c-tubulin antibody fol-

lowed by peptide elution (Fig. 3a). The anti-NodGS

antibody was used for positive reciprocal co-immuno-

precipitation of c-tubulin with NodGS, which confirmed

the interaction of the two proteins (Fig. 3b). Putative

protein complexes of NodGS and c-tubulin were also

analysed by BN/SDS-PAGE followed by immunodetec-

tion for NodGS and c-tubulin (Fig. 3c). c-Tubulin showed

a typical broad distribution of molecular masses with

prevailing large molecular forms at [1 MDa. Only a

minor portion of c-tubulin migrated under native condi-

tions with a mobility corresponding to the basic oligo-

meric form of NodGS (Fig. 3c). Similarly, only a small

fraction of c-tubulin co-eluted with the NodGS maximum

(fractions 14–16) in gel filtration (Fig. 2b). Altogether,

these results indicated that a fraction of NodGS physically

interacted with c-tubulin in complexes that represent only

a minor subpopulation of the total cellular pool of het-

erogeneous c-tubulin complexes.

We previously showed an association of c-tubulin with

plant microtubules, both in vivo and in vitro (Drykova et al.

2003). Here, we used spin-down experiments with taxol-

driven polymerization of plant microtubules and found that

NodGS co-sedimented with microtubules. However,

compared with NodGS, the amount of microtubule

co-sedimenting c-tubulin was higher and was enriched after

supplementing the assay with taxol-polymerized brain

microtubules (Fig. 3d). BN/SDS-PAGE electrophoresis

showed that the fraction of NodGS co-sedimenting with

microtubules represented a molecular form of approxi-

mately 700 kDa (Fig. S4).

Collectively, our data showed that NodGS protein was

present in the oligomeric native form of approximately

700 kDa, not only mainly in the cytosol, but also in the

microsomal membrane fraction and with the microtubular

cytoskeleton. NodGS protein did not exhibit detectable

glutamine synthetase activity.

Fig. 3 Interaction of NodGS with c-tubulin and microtubules.

a NodGS co-immunoprecipitated with c-tubulin. From extracts S27

(IN) proteins were immunoprecipitated with anti-c-tubulin antibody

and after peptide elution (IP) run on SDS gel and silver stained.

b Reciprocal co-immunoprecipitations of NodGS and c-tubulin. Anti-

c-tubulin or anti-NodGS antibodies were used for immunoprecipita-

tions (IP-anti-TubG and IP-anti-NodGS, respectively) from the input

of S10 (IN). c 2D BN/SDS-PAGE of NodGS in extracts S10. Blue

native electrophoresis was done in the first dimension followed by

SDS-PAGE in the second dimension and immunodetected for

c-tubulin (TubG) and NodGS. c-Tubulin heterogeneous complexes

showed distribution with a broad range of molecular masses with

large molecular forms[1 MDa, whereas NodGS detection showed a

single maximum corresponding to approximately 700 kDa. d Micro-

tubules (MTs) spin-down assay. Microtubules were prepared from

Arabidopsis extracts (S70) by taxol-driven polymerization and

analysed by immunoblotting with antibodies against NodGS,

c-tubulin (TubG), and a-tubulin (TubA). IN, input; S/P ? Tax,

supernatant/pellet after taxol treatment; S/P - Tax, supernatant/pellet

without taxol treatment; S/P ? MTs, supernatant/pellet with taxol

polymerized brain MTs
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Subcellular localization of NodGS and NodGS-GFP

We analysed the subcellular localization of NodGS after

immunofluorescence labelling with the peptide-purified

antibody (Fig. 4a). In interphase cells, NodGS was mainly

cytoplasmic and accumulated in the perinuclear region. In

dividing cells, the cytoplasmic signal was slightly enriched

with the mitotic spindle. Double immunofluorescence

labelling of NodGS with c-tubulin revealed that both pro-

teins were localized in the vicinity of the nuclear envelope.

Although a signal for both proteins was observed in the

perinuclear region, their co-localization was only partial.

While the NodGS signal in the vicinity of the nuclei was of

similar intensity in interphase and in preprophase, the

perinuclear signal for c-tubulin became more intense

before mitosis. Moreover, NodGS was not observed toge-

ther with c-tubulin in the preprophase nuclei. In mitosis,

NodGS was distributed in the cytoplasm and, compared

with c-tubulin that decorated the spindle kinetochore fibres,

the NodGS signal was detected in a broader spindle area.

Similarly, double immunofluorescence labelling of NodGS

and a-tubulin (Fig. 4b) showed that only a portion of the

NodGS cytoplasmic pool was present in the spindle and in

the phragmoplast area.

In Arabidopsis seedlings expressing NodGS-GFP, the

signal was primarily detected in the roots and aerial parts,

Fig. 4 Immunofluorescence

localization of NodGS in

cultured cells of Arabidopsis.

a Double immunofluorescence

labelling of NodGS (green) and

c-tubulin (red); DNA-DAPI

staining (blue). NodGS showed

cytoplasmic localization. In the

interphase and preprophase

cells, NodGS signal was

localized in the vicinity of the

nuclei where it partially

co-localized with signal of

c-tubulin (arrow) and was

absent in nuclei where only

c-tubulin was observed

(arrowhead). In mitosis, a

portion of NodGS localized

together with c-tubulin on

spindle microtubules while the

majority of signal was

cytoplasmic. b Double

immunofluorescence of NodGS

(red), a-tubulin (green), and

DAPI staining (blue) in dividing

cells. NodGS was localized

throughout the cytoplasm with

slight enrichment in the area of

spindle and on spindle poles.

Bars 20 lm
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especially in the leaves (Fig. 5a). NodGS localization was

predominantly cytoplasmic, with a slight accumulation

around the nuclei and in the vicinity of chloroplasts in the

leaves. In cultured cells, subcellular distribution of the

NodGS-GFP signal was similar to the localization of

endogenous NodGS, as shown by immunostaining (Fig. 4a,

b). The cytoplasmic signal of NodGS-GFP was specifically

enriched around the nuclei (Fig. 5b). In mitotic cells, the

NodGS-GFP signal was cytoplasmic with a slight accu-

mulation in the spindle and the phragmoplast area

(Fig. 5c). To analyse the co-localization of NodGS-GFP

with membranes in the perinuclear region, we employed a

specific endoplasmic reticulum (ER) tracker, a dapoxyl dye

(DPX). As shown in Fig. 5d, the DPX signal partially

co-localized with NodGS-GFP in the vicinity of the nuclear

envelope in interphase cells and in the spindle area, with an

accumulation on the spindle poles in mitosis.

Protein interactions of NodGS revealed by yeast

two-hybrid screens and a co-response database search

In order to identify possible protein interactive partners of

NodGS, we performed a yeast two-hybrid screen (Y2H) of

an Arabidopsis cDNA library in the pAct2 vector, with a

Fig. 5 Localization of

NodGS-GFP in Arabidopsis
seedlings and cultured

cells. a Arabidopsis seedlings—

the panel shows in the following

order: root tip, hypocotyl, leaf

epidermis, and detail of

pavement cell of leaf epidermis.

NodGS-GFP was localized in

the cytoplasm, with membranes,

around nuclei (arrowhead) and

around chloroplasts (red
chloroplast autofluorescence).

b–d Arabidopsis cell culture

expressing NodGS-GFP.

b Interphase cells with

cytoplasmic signal accumulated

in perinuclear area

(arrowheads). c Mitotic cells

with cytoplasmic NodGS-GFP

signal slightly enriched in the

spindle and phragmoplast area

(arrowheads). d Signal for

NodGS-GFP partially

co-localized with ER-derived

membranes visualized by DPX

dye (shown in false red colour)

in the interphase cells in the

vicinity of nuclei (arrowhead)

and in dividing cell around

spindle and spindle poles

(asterisk). Bars 30 lm
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Fig. 6 Downregulation of NodGS by RNAi affected root morphol-

ogy. a Western blot showing downregulation of NodGS in 11-day-old

Col NodGS RNAi seedlings (RNAi) as compared with equal-age

wild-type (WT) Col plants. NodGS and c-tubulin (TubG) were

detected. b Plot showing results from quantitative real-time PCR

performed on 11-day-old Col WT plants and NodGS-depleted plants

(RNAi-1 and RNAi-2). The transcript level of NodGS was strongly

reduced in Col NodGS RNAi plants in comparison with WT plant.

The transcript level of glutamine synthetase GLN1;4 (GLN) did not

show any significant reduction in Col NodGS RNAi plants. c Pictures

showing representative 9-day-old seedlings of GFP-MAP4 NodGS

RNAi plants as compared with GFP-MAP4 WT plants. Primary roots

of RNAi plants were shorter (main roots highlighted in red in

enlarged detail picture of NodGS mutants) and lateral roots formed

from root areas adjacent to hypocotyl were longer compared with the

WT plants. Bars 1 cm. d Details of lateral roots formation from

hypocotyl/root transition zone of 6-day-old Col NodGS RNAi plant

(nuclei visualized with DAPI), 10-day-old GFP-MAP4 NodGS RNAi

plant and 10-day-old Col WT plants, respectively. Bars 0.1 mm.

e The plots show root growth measurement data of 10-day-old

seedlings of NodGS RNAi lines (Col-RNAi, GFP-MAP4-RNAi,

G-RNAi) in comparison with equal-age WT plants. The mean ± SD

are calculated from 30 seedlings per measurement
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Gal4 activating domain (Bhalerao et al. 1999), using the

whole NodGS molecule as bait. Several hundred colonies

were obtained when transformants were selected under

high-stringency conditions (SD/–Ade/–His/–Leu/–Trp

plates) and these were assayed for a-galactosidase activity

(SD/–Ade/–His/–Leu/–Trp/X-a-Gal plates). From this

screen we obtained about 100 positive clones that were then

PCR-screened for the type and frequency of putative inter-

active proteins. Selected clones were then used for the iso-

lation of plasmid DNA encoding potential interactive

cDNAs, and these were retested for interaction with NodGS.

We confirmed eight putative interactors that kept the correct

phenotype under the most stringent conditions after small-

scale co-transformation of the bait, NodGS-BD, with acti-

vating domain library plasmids. The Y2H screen revealed

that NodGS potentially interacts with an uncharacterized

AR781 calmodulin-binding protein homologous to the yeast

pheromone receptor (At2gG26530), tubulin a-5 (At5gG

19780) and CYC3B cyclin (At5gG11300). Other putative

interactors were identified; these included GDSL-motif

lipase (At1g54030) and diacylglycerol acyltransferase (At3g

51520) (Additional File 2: Table S1).

To gain further insight into the NodGS expression pat-

tern and to find genes with a similar pattern of gene

expression and possible protein interactors, we used the

A. thaliana Co-Response Databases BAR Expression

Angler (Toufighi et al. 2005), http://csbdb.mpimp-golm.

mpg.de/csbdb/dbcor/ath/ath_tsgq.html and SuperCluster

Editor 2.7 (Menges et al. 2008). Microarray expression

data from numerous experiments were analysed to identify

genes that closely corresponded to NodGS during devel-

opment and under different experimental conditions. Many

high-ranking hits represented protein kinases that were

often receptor kinases involved in plant defence mecha-

nisms, such as flg22-induced receptor-like kinase 1 (FRK1;

At2g19190) or the BIK1 serine/threonine protein kinase.

Proteins involved in Ca2? signalling, such as the calmod-

ulin-domain protein kinase isoform 9 or the AR781 cal-

modulin-binding protein (revealed as a potential interactor

of NodGS by Y2H screen) also correlated with NodGS

expression. In addition, genes that may link NodGS to

nitrogen-sensing processes were also found, particularly

those involving glutamate/glutamine signalling or metab-

olism, including the GLR1.1 glutamate receptor family

protein (At3g04110).

Downregulation of NodGS by RNAi affected primary

root growth and development and lateral root formation

To gain insight into the function of the NodGS protein, we

studied the effect of NodGS downregulation using RNAi

(Fig. 6a). NodGS was silenced with an RNAi construct of a

511-bp fragment from the C-terminal end of the NodGS

sequence that was introduced into A. thaliana plants, Col

and Ler, and into Col plants expressing a GFP-marker for

tubulin (GFP-MAP4) and for nuclei (G). From each variant

of these transformed plants, we obtained several T1 lines

where NodGS protein was highly reduced or depleted to an

undetectable level as shown for 11-day-old seedlings of

NodGS RNAi Col plants (Fig. 6a). In contrast to NodGS,

levels of c-tubulin in NodGS RNAi plants were not sig-

nificantly different from wild-type plants (WT). To further

confirm the RNAi effect, we performed quantitative real-

time PCR analysis in NodGS RNAi and WT plants, using

relative gene quantification (comparative CQ method) with

PDF2 as the reference gene (Pfaffl 2001). The transcript

levels of NodGS were severely reduced in 11-day-old

RNAi seedlings (Fig. 6b). To rule out the possibility that

the mRNA of eukaryotic types of glutamine synthetases

may be targeted by our RNAi construct, we also measured

expression levels of GLN1;4, encoding one of the cytosolic

forms of Arabidopsis GSIIs that shows sequence similarity

to the GSI part of the C-terminal portion of the NodGS

molecule. In contrast to the reduction of transcript levels of

NodGS, we could not detect any significant changes in

transcript levels of GLN1;4 (Fig. 6b). Both the protein and

the transcript analyses thus confirmed that the phenotype of

NodGS RNAi plants reflected downregulation of NodGS.

We found that growth of the main roots of NodGS-

RNAi 9-day-old plants was strongly reduced, and short-

ened main roots were easily distinguished (Fig. 6c, main

roots highlighted in red). A similar root phenotype was

observed for all genetic backgrounds expressing NodGS

RNAi, e.g. Col, GFP-MAP4 and G (Fig. S6). As compared

with WT plants, where lateral root formation occurred in

an acropetal manner, with new lateral roots positioned

distal from the older ones, in NodGS RNAi plants, lateral

roots originated frequently from hypocotyl/root interface

zones (Fig. 6c, d). Root growth parameters were analysed

in four independent experiments comprising each of at

least 30 WT seedlings and 30 seedlings with downregu-

lated NodGS. NodGS RNAi seedlings showed approxi-

mately 70% reduction in primary root length while the

length of the lateral root exceeded the average lengths of

WT lateral roots by approximately 80% (Fig. 6e). The total

number of lateral roots was the same or slightly lower in

NodGS RNAi plants than in the WT plants and inter-nodal

distances were significantly shorter than the distance

between lateral roots measured in WT plants (Fig. 6e).

More detailed microscopic analyses revealed defects in

main root cell patterning in NodGS-depleted seedlings

(Fig. 7a). Compared with the WT roots, the zone of cell

division in primary roots of NodGS RNAi plants was

shortened and mitotic activity in the cell division zone was

reduced approximately threefold as shown for 10-day-old

seedlings (Fig. 7a, b, and Fig. S7). We did not observe
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dramatic changes in radial growth of the main root but

longitudinal (temporal) events were perturbed. The small

isodiametric cells typical for the root division zone of WT

plants were almost missing in NodGS RNAi plants and

instead, the reduced mitotic activity of the cell division

zone was accompanied by premature entering to aniso-

tropic growth specific to the elongation zone (Fig. 7b).

Regular root cap development was disordered in short main

roots, and more cell layers were observed in lateral root

caps compared with the WT seedlings (Fig. 7c). The root

phenotype observed in RNAi NodGS plants was consistent

with preferential expression of NodGS in the roots of

10-day-old seedlings as shown in Fig. 1b and with publicly

available microarray data that show NodGS expression in

roots of young seedlings, especially in the lateral root cap

and in the epidermis (BAR http://www.bar.utoronto.ca/)

(Toufighi et al. 2005) (Fig. S3).

As NodGS protein was identified amongst proteins

interacting with c-tubulin, we analysed the possible effect

of NodGS downregulation on microtubules. Microscopic

analyses of GFP-MAP4 NodGS RNAi seedlings did not

show either aberrant arrangement of cortical microtubules

or defective mitotic microtubular arrays. The FRAP anal-

ysis of WT and NodGS RNAi seedlings did not reveal any

significant effect of NodGS depletion on microtubule

turnover (Fig. S7). To test a putative role of NodGS

in microtubule nucleation, we treated NodGS RNAi

plants with the microtubule depolymerizing drug APM.

Fig. 7 Development of

primary root cell division zone

and lateral root cap was

disturbed in NodGS RNAi

plants. a More mitotic figures

(marked with asterisks) were

observed in WT root division

zone comparing with NodGS

RNAi roots. Bar 20 lm. b Cell

division zone of primary root in

10-day-old NodGS RNAi plant

expressing GFP-MAP4 was

shortened in comparison to WT

controls expressing GFP-MAP4.

Segmentation of 700 lm scale
bars corresponds to the number

of cells of the cell file that is

highlighted in red (numbers of

cells remarked beside the scale
bars). c More cell layers were

observed in lateral root cap of

10-day-old NodGS RNAi

seedlings compared with WT

roots (arrows). Bars 20 lm
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Sensitivity to depolymerization and the rate of microtubule

recovery within 30 min of drug removal were comparable

in NodGS RNAi and WT plants (Fig. S7).

NodGS protein level was upregulated

after flagellin treatment

According to the Genevestigator database, the expression

level of NodGS was enhanced by several abiotic and biotic

stress factors. Notably, the highest upregulation of NodGS

expression was found after leaf infiltration with Pseudomo-

nas syringae and after flagellin (flg22) treatment (Fig. S5),

(PathoPlant database: http://www.pathoplant.de) (Bulow

et al. 2007). To experimentally confirm the data from tran-

scriptome analysis, we treated Arabidopsis seedlings with

flg22 (Fig. 8a). NodGS protein levels were enhanced in

the flg22-treated plants; elicitation with a lower dose (1 lM

flg22) proved to have a stronger effect compared with higher

doses (100 lM flg22). c-Tubulin protein levels were not

changed in flg22-treated seedlings and this was used as a

loading control. As shown above, the NodGS signal was

cytoplasmic with an extended fine network surrounding the

nuclei. A more intense fluorescent signal around the nuclei

was observed in epidermal cells of flg22-treated seedlings

(Fig. 8b).

MAP kinases MPK6 and MPK3 are components of a

complete MAP kinase cascade triggered by flagellin,

functioning downstream of the flagellin receptor FLS2, and

leading to innate resistance in Arabidopsis plants (Asai

et al. 2002). We compared the response of MAP kinases to

flg22 treatment in WT and NodGS RNAi seedlings. As

expected, enhanced kinase activity, as shown for MPK6,

and slightly increased protein levels of MPK6 and MPK3

kinase were detected in flg22-treated WT plants, together

with higher levels of NodGS (Fig. 8c, d). An enhancement

of MPK6 kinase activity and its protein levels in response

to flg22 treatment were also found in seedlings depleted of

NodGS by RNAi (Fig. 8c, d). Upregulation of NodGS

protein after flg22 elicitation suggests that NodGS belongs

to a group of flg22-responsive genes. However, as indi-

cated by analysis of MPKs, NodGS is most likely not

upstream of MPK3/MPK6 kinases in the flagellin-initiated

signalling pathway.

Discussion

A newly identified Arabidopsis NodGS protein, the product

of a fusion gene, is composed of a C-terminal GSI-like

sequence (Mathis et al. 2000) and an N-terminal part

sharing homology with MtN6 and GmN6L nodulins

(Mathis et al. 1999; Trevaskis et al. 2002). While GSI

sequences in bacterial species tend to share a small degree

of homology (identities approximately 30%), homologies

between the GSI-like parts of fungal FluG proteins are

significantly higher (40–70% sequence identities). Similar

high homologies are found for sequences of GSI-like

domains in plant NodGS proteins, although similarities

between GSI-like domains of the FluG and NodGS groups

of proteins are relatively low (identities B30%). These data

indicate that the fusion of a nodulin-like sequence with a

Fig. 8 NodGS protein level is upregulated after flagellin treatment.

a Plants and cultured cells were treated with either 1 lM (F1) or

100 lM (F2) flg22 for 1 h. As shown on Western blots from SDS/

PAGE separated extract with detection for NodGS, the strongest

effect to NodGS protein level upregulation was observed after

treatment of seedlings with 1 lM flg22 (F1). No detectable changes in

NodGS were observed after treatment with 1 lM flg22 in cultured

cells. Protein levels of c-tubulin were not changed after flg22

treatment. b Localization of NodGS in epidermal cells of roots of

NodGS-RFP expressing Arabidopsis plants after 1 h treatment with

1 lM of flg22. Perinuclear signal (asterisks) for NodGS-RFP was

stronger after flg22 treatment compared with untreated controls (C).

c, d Analysis of MAP kinases protein levels kinase activity levels

after flg22 treatment in the WT and NodGS RNAi plants. c NodGS

and MPK6 were detected on Western blots after SDS/PAGE

electrophoresis, MPK3 was detected by reblotting the membrane

after MPK6 immunodetection. 25 lg of total protein was loaded per

line. d MPK6 kinase activity was enhanced after 5 and 60 min after

flg22 treatment in WT and NodGS RNAi plants

Planta (2011) 234:459–476 473

123

http://www.pathoplant.de


GSI-like region was probably a late evolutionary event that

proceeded independently in plants and fungi. The tendency

of a GSI gene to form a transcription fusion with a nodulin-

like gene can be traced back to the prokaryotes Strepto-

myces coelicolor (Rexer et al. 2006), Mycobacterium

tuberculosis and Bacilus subtilis; interestingly, the two

gene sequences are in reverse order compared with the two

domains in NodGS or FluG (Mathis et al. 2000). The

components of FluG/NodGS fusion proteins, the nodulin-

like amidohydrolase domain and the GSI-like domain,

are expressed in nodule-forming leguminous plants such as

M. truncatula, as individual genes with nodule spe-

cific expression (http://mtgea.noble.org/v2/probeset.php?id=

Mtr.43850.1.S1_at) and root specific expression (http://

mtgea.noble.org/v2/probeset.php?id=Mtr.44064.1.S1_at),

respectively.

To understand the biological role of NodGS, we char-

acterized the protein expression and its subcellular locali-

zation. We found that the NodGS monomer of *90 kDa

self-assembled into oligomeric, probably octameric forms

that were the dominant protein species in all analysed

subcellular fractions. GS enzymes are known to form

octameric to dodecameric arrangements of their subunits.

NodGS, also, seems to adopt homooligomeric arrange-

ments as indicated by our analyses of the native protein.

Eukaryotic GSIIs usually tend to form an octameric

assembly of their subunits. In contrast, prokaryotic GSIs

homologous to the C-terminal region of NodGS form

dodecamers comprising two hexameric rings, as demon-

strated for Salmonella typhimurium GSI (Llorca et al.

2006). As shown in Fig. S8, two sequence motifs involved

in inter-ring contacts in the dodecameric arrangement of

GSI of Salmonella typhimurium are missing in the GSI

sequence of NodGS. Whether the absence of these motifs

in the GSI region of the NodGS molecule may be related to

its oligomerization status or, alternatively, whether the

assembly of NodGS subunits into higher oligomers may

reflect the presence of a nodulin-like domain, remains to be

elucidated. The product of the FluG gene was identified as

a cytoplasmic protein in Aspergillus (Lee and Adams 1994)

and it would be interesting to know whether the FluG

protein is capable of forming a similar type of oligomer as

its plant homologue.

The GSI portion of the FluG protein was previously

proposed to be required for the production of extracellular

signals regulating morphogenesis of Aspergillus and it was

hypothesized that FluG may be enzymatically active due to

the presence of a functional GSI-like domain (D’Souza

et al. 2001). The fact that the FluG gene does not reverse

the phenotype of glutamine synthetase auxotrophs in

Aspergillus (Margelis et al. 2001) is, however, inconsistent

with the expected GS enzyme activity of FluG. GlnA3, a

GSI homologue in Streptomyces coelicolor, that forms a

transcriptional fusion with a nodulin-like gene, is not

directly involved in nitrogen metabolism, apparently due to

the absence of enzyme activity (Rexer et al. 2006). Con-

sistent with the data on fungal and prokaryotic FluG-like

proteins, we could not detect GS enzyme activity in the

NodGS protein. This can be explained by the fact that two

key amino acid residues that are essential for the GS active

site are not conserved in NodGS (Fig. S2), similarly to that

as reported previously for the GSI-like sequence of FluG

(Mathis et al. 2000).

Downregulation of NodGS in Arabidopsis seedlings

resulted in retardation of primary root growth along with

differentiation of lateral roots from the zone adjacent to the

hypocotyl. Though NodGS was identified amongst proteins

interacting with c-tubulin, we did not confirm its direct

function in microtubule nucleation. As we described pre-

viously (Binarova et al. 2006), impaired microtubule

nucleation in plants with RNAi-depleted c-tubulin is

accompanied by aberrant cell division and consequently by

severe developmental defects; similar microtubular defects

were not observed for NodGS RNAi plants. The reduction

of meristematic activity and premature entering into elon-

gation phase in these plants thus most likely reflects the

role of NodGS in morphogenetic signalling of primary root

patterning rather than involvement in microtubule nucle-

ation. However, NodGS may function in association with

microtubules that present a part of an integrated network in

plant signal transduction.

It is known that nutritional signalling regulates root

development in a coordinated cascade of cell-specific

responses (Gifford et al. 2008). However, due to the lack

of GS enzymatic activity, a catalytic role of NodGS

in nitrogen/glutamate metabolism affecting the pool of

endogenous glutamate/glutamine, and consequently root

architecture, was not expected. The absence or non-

detectable levels of GS enzymatic activity in NodGS does

not exclude the possibility that L-glutamate could still act

as a natural ligand of the GSI-like domain of NodGS. This

may be important in the context of L-glutamate playing a

role in signalling that regulates root architecture in Ara-

bidopsis (Walch-Liu et al. 2006). The reduced mitotic

activity in the primary root division zone, and aberrant root

cap development demonstrated in plants with silenced

NodGS, resembled the phenotype of Oryza sativa knockout

mutants of the glutamate receptor-like gene GLR3.1 that

was shown to be critical for maintenance of root meriste-

matic cell division and survival (Li et al. 2006). Molecular

mechanisms of glutamate sensing in plants remain largely

elusive and the role of NodGS in this process is speculative

and needs further investigation.

The N-terminal nodulin-like region of the FluG mole-

cule is even less well understood than the GSI-like domain.

Its homologue, Medicago nodulin MtN6, is expressed in
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close proximity to bacterial symbionts in response to Nod

factor but not in dividing cells of the lateral root initiation

zone; an MtN6 function in bacterial signalling is therefore

suggested (Gamas et al. 1996). Data on NodGS expression

from publicly available microarray datasets point to its

function in signalling pathways initiated by microbe-asso-

ciated molecular patterns (AtGenExpress project, BAR,

http://www.bar.utoronto.ca/ and PathoPlant http://www.

pathoplant.de) (Toufighi et al. 2005; Bulow et al. 2007).

We confirmed, experimentally, that NodGS protein

expression was upregulated by flg22. An involvement of

NodGS in flg22 signalling was further supported by data

from publicly available co-expression databases where,

amongst the top listed genes with expression correlated

with NodGS, were those encoding signalling molecules

involved in pathogen response networks including calcium

dependent kinases (CDPK) and calmodulin-binding pro-

teins (see Results section). Calcium has long been recog-

nized as a component in pathogen-related signalling, but

only recently, CDPK were found to play a key role in

differential innate immunity signalling (Boudsocq et al.

2010). AR781, an as yet uncharacterized calmodulin-

binding protein, was revealed in our Y2H analysis as a

putative NodGS interactor. Similarly to NodGS, expression

of AR781 was also highly responsive to elicitation with

flg22 in Pseudomonas syringe and Botrytis cinerea

(AtGenExpress project, BAR, http://www.bar.utoronto.ca/

and PathoPlant http://www.pathoplant.de) (Toufighi et al.

2005; Bulow et al. 2007). Interestingly, AR781 was shown

to be 55th in the list of early flg22-responsive genes that

overlap with target genes of calcium protein kinases CPK5

and CPK11 (Boudsocq et al. 2010).

A role of NodGS in a pathogen response network is

further supported by its preferential localization at the

nuclear periphery, observed after activation of flg22 sig-

nalling pathways. The nuclear envelope is a place where ion

channels are located, and the perinuclear area represents a

zone important for transition signals between the periphery

and the genome, where calcium spiking appears in response

to Nod factors (Charpentier et al. 2008) and during early

steps of endosymbiotic fungal infection (Charpentier et al.

2008; Chabaud et al. 2011). Interestingly, c-tubulin, which

decorates the pre-penetration apparatus build-up from host

membranes, was shown to accumulate around the nuclei

during the initiation stages of arbuscular mycorrhisis (Genre

et al. 2005). We have now demonstrated that a minor por-

tion of the total cellular pool of NodGS is a component of a

subpopulation of heterogeneous c-tubulin complexes. Both

proteins partially co-localized in the perinuclear area that

was the site of NodGS accumulation after flg22 treatment,

and association of NodGS complexes with c-tubulin as a

scaffolding component might thus occur in the signal

transduction process. Alternatively, NodGS might interact

with c-tubulin during morphogenetic processes related to

cell division, e.g. in maintaining the primary meristematic

activity and differentiation.

In conclusion, we have characterized a newly identified

NodGS protein. Biochemical analyses demonstrated the

ability of NodGS to oligomerize and showed an absence of

GS enzymatic activity. NodGS was shown to be critical for

regulation of meristematic activity and root cap patterning

of primary roots. Furthermore, NodGS protein levels were

upregulated after flg22 elicitation. We propose involve-

ment of the NodGS fusion protein in primary root mor-

phogenesis, possibly by means of glutamate signalling and

in signalling pathways that recognize pathogen molecular

patterns. Both these signalling pathways are known to use

calcium sensing and signatures during transduction of

signals from the periphery to the nucleus. Further experi-

mental work is needed to address whether the proposed

functions of NodGS reflect characteristics of both of its

domains or whether the protein gains additional properties

through fusion of the GSI and nodulin-like genes. Our

findings on the plant homologue of FluG may help to

understand this important group of fusion proteins that are

present in prokaryotes, fungi and plants.
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Summary

• The conserved family of Aurora kinases has multiple functions during mitosis. The roles of

plant Aurora kinases have been characterized using inhibitor treatments.

• We down-regulated Aurora kinases in Arabidopsis thaliana using RNA interference (RNAi).

We carried out a detailed phenotypic analysis of Aurora RNAi plants, biochemical and microscopic

studies of AtAurora1 kinase together with AtTPX2 (targeting protein for Xklp2) and c-tubulin.

• Cell division defects were observed in plants with reduced expression of Aurora kinases.

Furthermore, the maintenance of primary meristems was compromised and RNAi seedlings

entered endoreduplication prematurely. AtAurora1, its activator AtTPX2, and c-tubulin were

associated with microtubules in vitro; they were attached to regrowing kinetochore micro-

tubules and colocalized on spindle microtubules and with a subset of early phragmoplast

microtubules. Only the AtAurora1 kinase was translocated to the area of the cell plate.

• RNAi silencing of Aurora kinases showed that, in addition to their function in regulating

mitosis, the kinases are required for maintaining meristematic activity and controlling the

switch from meristematic cell proliferation to differentiation and endoreduplication. The colo-

calization and co-fractionation of AtAurora1 with AtTPX2, and c-tubulin on microtubules in a

cell cycle-specific manner suggests that AtAurora1 kinase may function to phosphorylate

substrates that are critical to the spatiotemporal regulation of acentrosomal microtubule

formation and organization.

Introduction

Aurora kinases are a family of conserved serine ⁄ threonine kinases
that are major regulators of mitotic progression and cytokinesis.
Aurora kinases that phosphorylate various mitotic regulators are
overexpressed in many types of cancer cell (Carmena &
Earnshaw, 2003). In metazoan cells, three members of the Aurora
kinase family, Aurora A, B and C, are present and show different
subcellular distributions. Aurora A is localized to the centrosome
and along mitotic spindle microtubules in dividing cells, where it
plays a major role in centrosome maturation and spindle pole
organization and maintenance (Glover et al., 1995). Aurora A
was also shown to be associated with centrosomin at a micro-
tubular nucleation site in Drosophila and mammalian cells (Terada
et al., 2003). Apart from its centrosomal functions, Aurora A
regulates many events during mitotic entry. For example, it has
been implicated in regulating cell cycle progression because the
depletion of Aurora A delays chromosomal condensation and
CDK1 (cyclin dependent kinase 1) activation (Liu & Ruderman,
2006). Aurora A, together with its activator TPX2 (targeting
protein for Xklp2), plays an important role in spindle assembly,
and an interaction between the two molecules is required to

determine spindle length, primarily via the nucleation of micro-
tubules (Kufer et al., 2002; Bird & Hyman, 2008). RanGTP
(RAs-related Nuclear protein, GTP binding) releases TPX2 from a
complex with importin, stimulates TPX2 to interact with Aurora
A, and activated Aurora A consequently induces formation of
bipolar spindles by phosphorylating numerous downstream targets
(Tsai & Zheng, 2005).

Aurora B localized along the chromosomes during prophase,
accumulates at the centromeres during metaphase, and localizes
to the cleavage furrow in anaphase and to the midbody in telo-
phase. Furthermore, as a chromosomal passenger, Aurora B is
essential for normal chromosomal segregation and cytokinesis
(Carmena & Earnshaw, 2003). A single site mutation within the
Aurora A catalytic domain converts Aurora A to an Aurora B type
of kinase that interacts with chromosome passenger proteins
instead of with the TPX2 protein and shows subcellular localiza-
tions and functions characteristic of Aurora B (Fu et al., 2009).
Moreover, Aurora B is responsible for mitotic arrest in the
absence of functional Aurora A (Yang et al., 2005). Active Aurora
B associated with spindle microtubules was also shown to pro-
mote spindle formation by transmitting spatial signals from the
chromosomes (Tseng et al., 2010).
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Only one type of Aurora kinase gene is found in the genome of
Dictyostelium discoideum, and it was shown to have properties of
both Aurora A and Aurora B kinases (Li et al., 2008). Similarly, in
starfish, a single Aurora kinase performs the functions of Aurora A
and B (Abe et al., 2010). In Chlamydomonas reinhardtii, the
Aurora protein kinase CALK (Chlamydomonas aurora ⁄ Ipl1p-like
protein kinase) was shown to be a key effector in the regulatory
pathway of flagella disassembly (Pan et al., 2004). Later, an unex-
pected nonmitotic role of Aurora A was demonstrated in cilia dis-
assembly in vertebrates (Pugacheva et al., 2007). Aurora kinases,
which coordinate many events in cell division and differentiation,
have therefore evolved to interact with a broad range of substrates
in accordance with the needs of highly divergent organisms.

Three Aurora kinases, Aurora1, Aurora2 and Aurora3, are
encoded in the Arabidopsis thaliana genome (Van Damme et al.,
2004). All three plant Aurora kinases were shown to phosphory-
late histone H3 (Demidov et al., 2005, 2009; Kawabe et al.,
2005). Inhibition of Aurora kinase activities demonstrated their
role in chromosomal segregation in tobacco (Nicotiana tabacum)
BY2 cells (Kurihara et al., 2006), and highly homologous AtAu-
rora1 and AtAurora2 localized to the nuclei of tobacco cells
during interphase, and with mitotic microtubular arrays in divid-
ing cells. AtAurora3 localization with chromosomes indicated a
chromosomal passenger-like role similar to mammalian Aurora B
kinase (Van Damme et al., 2004; Demidov et al., 2005; Kawabe
et al., 2005). Homologs of chromosome passenger proteins have
not been found in plant genomes; therefore, plant Aurora kinases
may coordinate spatial and temporal events of mitosis ⁄ cytokinesis
progression by targeting as yet uncharacterized substrates. Aurora
kinases may also regulate acentrosomal nucleation of microtubules
in plant cells at dispersed sites localized within nuclei, on
membranes and on existing microtubules (Murata et al., 2005;
Binarová et al., 2006).

The molecular mechanisms involved in the regulatory func-
tions of Aurora kinases and their impact on plant growth and
development are still not well understood. Our analysis of
Arabidopsis thaliana plants with RNA interference (RNAi)
phenotypes revealed an essential role of plant Aurora kinases in
the control of cell division and differentiation. Furthermore,
AtAurora1 and its activator AtTPX2 were implicated in
c-tubulin-driven microtubular regeneration and thus in processes
of acentrosomal spindle and phragmoplast organization.

Materials and Methods

Plant material

In this study, Arabidopsis thaliana (L.) Heynh. plants, ecotypes
Columbia, Landsberg erecta, and A. thaliana Columbia plants
expressing Tua6-GFP (Abe & Hashimoto, 2005), Map4-GFP
(Marc et al., 1998) and GFP-nuclear marker (Cutler et al.,
2000), were used. Plants were grown under a regime of 8 h
light : 16 h dark at 20�C for 4 wk, and thereafter under a regime
of 16 h light : 8 h dark.

Sterile seeds were grown on half-strength Murashige and Skoog
(MS) medium (Duchefa, the Netherlands), supplemented with

0.25 mM MES, 1% saccharose and 1% phytoagar. Selection of
transformed seedlings was carried out according to Harrison et al.
(2006). Arabidopsis thaliana suspension cultures of Columbia and
Lansberg erecta were cultured as described in Dryková et al. (2003).

Molecular cloning of AtAurora1 and AtTPX2

AtAurora1 and AtTPX2 coding sequences were obtained by PCR
amplification using a template of A. thaliana cDNA and plati-
num Pfx DNA polymerase (Invitrogen). The PCR primers were
designed with attB sites (underlined) according to the manufac-
turer’s instructions. The following primers were used: AtAurora1,
forward 5¢-GGGGACAAGTTTGTACAAAAAAGCAGGCTT-
CATGGCGATCCCTACGGAGAC-3¢ and reverse 5¢-GGGG-
CACCACTTTGTACAAGAAAGCTGGGTCTTAAACTCTG-
TAGATTCCAGAAGGATC-3¢; AtTPX2 for N-terminal fusion,
forward1 5¢-GGGGACAAGTTTGTACAAAAAAGCAGGCTT-
CATGGAAGCAACGGCGGAGGAATC-3¢ and reverse1 5¢-
GGGGACCACTTTGTACAAGAAAGCTGGGTCTTATCT-
CATCTGACCAGCAGAGGC-3¢, and for C-terminal fusion,
forward1 and reverse2 5¢-GGGGACCACTTTGTACAAGAAA-
GCTGGGTCTCTCATCTGACCAGCAGAGGC-3¢. For N-
terminal GFP fusion of a truncated version of AtTPX2 that
lacked the N-terminal part of the molecule with AtAurora1
binding sites (AtTPX2DN-GFP), the primers forward2 5¢-GGG-
GACAAGTTTGTACAAAAAAGCAGGCTTCATGCTTGA-
GCAAGAGGAACTGGAGAAG-3¢ and reverse1 were used.
PCR products were isolated and subsequently cloned by Gateway
technology (Invitrogen). Gateway binary vectors pK7WGF2.0
for N-terminal GFP fusion, pH7WGR2.0 for N-terminal RFP
fusion (Karimi et al., 2002), pMDC43 for C-terminal GFP
fusion (Curtis & Grossniklaus, 2003) and pB7RWG2.0 for C-
terminal RFP fusion (Karimi et al., 2002) were used. For RNAi
silencing, pOpOff vectors (Wielopolska et al., 2005) were used.

The fusion vector expressing AtAurora1 under the control of
its native promoter in-frame with the N-terminal GFP tag was
constructed as follows. Thecomplete coding sequenceofAtAurora1
was PCR-amplified using a template of the sequenced AtAurora1
construct using the primer set AUR1MULTIgwFW01, 5¢-
GGGGACAGCTTTCTTGTACAAAGTGGAAATGGCGAT-
CCCTACGGAG-3¢, and AUR1MULTIgwRE01, 5¢-GGGGA-
CAACTTTGTATAATAAAGTTGGTTAAACTCTGTAGAT-
TCCAGAAGG-3¢. Similarly, the 5¢ untranslated region adjacent
to AtAurora1 was PCR-amplified using a template of freshly iso-
lated A. thaliana chromosomal DNA using the primer set
AUR15UTRgwFW01, 5¢-GGGGACAACTTTGTATAGAAA-
AGTTGATGGAAATATCACTAAAAACACTTTTTTGC-3¢,
and AUR15UTRgwRE01, 5¢-GGGGACTGCTTTTTTGTAC-
AAACTTGGGAAGAAGAGATCAACCCAAC-3¢. The result-
ing fragments corresponding to the AtAurora1 gene and the
putative promoter sequence were cloned into the pGEMT-Easy
P2R-P3 and pGEMT-Easy P4-P1R vectors, respectively, using
Gateway technology (Invitrogen). Subsequently, a multisite LR
reaction was performed with the above entry clones together with
an E-GFP construct in the plasmid pGEMT-Easy 221 and the
target binary vector pK7m34GW (purchased from Ghent
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University, Ghent, Belgium). All recombinations were confirmed
by sequencing.

Stable transformation of cell suspension cultures and plants

Stably expressed AtAurora1-GFP, AtAurora1-RFP, AtTPX2-
GFP and AtTPX2-RFP in A. thaliana suspension cultures of
Columbia and Lansberg erecta were obtained according to the
protocol of Mathur et al. (1998). AtAurora1-GFP, AtAurora1-
RFP and AtAurora1-RNAi plants were obtained using the floral-
dip method (Clough & Bent, 1998).

Quantitative real-time PCR (qPCR) analysis

qPCR experiments were performed following MIQE (The
Minimum Information for Publication of Quantitative Real-Time
PCR Experiments) recommendations (Bustin et al., 2009). Total
RNA was isolated from A. thaliana control and AtAurora1-
depleted plants using the Plant RNeasy Extraction Kit (Qiagen).
Digestion of DNA during RNA purification was performed using
the RNase-Free DNase Set (Qiagen). Then 100 ng of purified
RNA was reverse-transcribed using the Transcriptor High Fidelity
cDNA Synthesis Kit (Roche) with an anchored-oligo (dT)18 pri-
mer according to the manufacturer’s instructions. qPCR using
EvaGreen Dye (Bio-Rad) was performed using the CFX96� Real-
Time PCR Detection System (Bio-Rad). Three replicate PCR
amplifications were performed for each sample. The PDF2 (regu-
latory subunit of protein phospatase 2A) gene (Czechowski et al.,
2005) was used as a reference. Quantification of transcripts of each
gene, normalized to the internal reference PDF2 gene, were deter-
mined using CFX MANAGER software (Bio-Rad). The transcript
level of each target gene in control plants or the reference gene in
control or RNAi plants was designated as 1.0. The primers used
for real-time PCR were: PDF2, forward 5¢-TAACGTGGCCAA-
AATGATGC-3¢ and reverse 5¢-GTTCTCCACAACCGCTT-
GGT-3¢; AtAurora1, forward 5¢-CCTACGGAGACACAACA
CCAG-3¢ and reverse 5¢-TTAAAGTCCATCTCTTTTGTG-
CAG-3¢; AtAurora2, forward 5¢-TGTGGCACTTTGGATTA-
CCTT-3¢ and reverse 5¢-TCGACACTCGCATCATGTTC–3¢;
AtAurora3, forward 5¢-CGAAGCCGAGAGTCAAAAAG-3¢ and
reverse 5¢-GGGATCCTTAACAAGAAGCTGA-3¢. To ensure
specificity of primers, primer pairs were designed to span two
neighbouring exons and were detected as a single peak in dissocia-
tion curve analysis.

Drug treatment

Taxol (Sigma-Aldrich) at a concentration of 5 lM, and amipro-
phos methyl (APM; Duchefa) at a concentration of 5 lM were
diluted from dimethyl sulphoxide (DMSO) stock solutions.

Flow cytometry analysis

Suspensions of nuclei were prepared according to Galbraith et al.
(1983) in Otto buffer (Doležel & Göhde, 1995). After staining
with 4¢,6-diamidino-2-phenylindole (DAPI) (2 lg ml)1),

fluorescence intensity was measured using a FACSVantage SE
flow cytometer (Becton Dickinson, San José, California, USA).
Data were collected using CELLQUEST software (Becton Dickin-
son, USA). Mean endopolyploidy was analysed according to
Barow & Jovtchew (2007).

Chromocentre labelling

Chromocentre labelling and counting were performed as
described in Fransz et al. (2002). First leaves of A. thaliana con-
trol and RNAi seedlings were fixed in a 3 : 1 (v ⁄ v) ethanol ⁄ acetic
acid mixture and, after hydrolysis in 0.1 N HCl, were stained for
10 min with 0.1 mg ml)1 of DAPI.

Cell extracts, differential centrifugation and immuno-
purification

Suspension cells were homogenized in liquid nitrogen and extracted
in buffer (50 mM Na-Hepes, pH 7.5, 150 mM NaCl, 1mM
MgCl26H2O and 1 mM EGTA with a protease and phosphatase
inhibitor cocktail), as described in Dryková et al. (2003). Differen-
tial centrifugation was performed at 10 000 g for 10 min (S10), at
20 000 g for 30 min (S20) and at 100 000 g for 1 h (S100). The
pellets (P10, P20 and P100) were dissolved in extraction buffer in a
volume equal to the volume of the corresponding supernatants
(S10, S20 and S100), and analysed by SDS-PAGE and by immu-
noblotting with anti-GFP antibody (Abcam, Cambridge, UK).

Co-immunoprecipitation was performed using GFP-Trap A
and RFP-Trap A (ChromoTek, Planegg-Martinsried, Germany)
according to the manufacturer’s instructions. In a standard proce-
dure, cell extract S20 from the A. thaliana cell culture expressing
AtAurora-RFP and AtTPX2-GFP (protein concentration 3–4 mg
ml)1) was incubated with GFP-Trap or RFP-Trap beads for 1.5 h
at 4�C. The immunoprecipitated proteins were released by elution
with glycine, pH 2.5. Extracts from the A. thaliana cell culture
expressing a-SNAP-RFP (soluble N-ethylmaleimide sensitive
factor NSF attachment protein; At3g56190) that is predominantly
present in cytoplasm (our unpublished data; A. thaliana eFP
Browser; http://bar.utoronto.ca) were used as a negative control.
Proteins in the eluates were resolved by 8% SDS-PAGE and analy-
sed for AtAurora1-RFP and AtTPX2 by western blotting with
anti-GFP and anti-RFP (Abcam and ChromoTek) antibodies.

Electrophoresis and immunoblotting

Proteins separated by SDS-PAGE were transferred onto a nitro-
cellulose membrane by wet electroblotting and immunoreactive
bands were detected with primary and secondary antibodies and
visualized using a Supersignal ECL kit (Thermo Scientific Pierce
Protein Research Products, Rockford, Illinois, USA) according to
the manufacturer’s instructions.

Microtubule sedimentation assay

Microtubule sedimentation experiments were performed as
described previously by Dryková et al. (2003). Microtubules

New
Phytologist Research 3

� 2011 The Authors

New Phytologist � 2011 New Phytologist Trust

New Phytologist (2011)

www.newphytologist.com



were polymerized from the S70 and S100 extracts that were sup-
plemented with GTP and taxol to final concentrations of 1 mM
and 20 mM, respectively. Taxol polymerized brain microtubules
(Cytoskeleton Inc., Denver, Colorado, USA) were added to the
polymerization mixture at a concentration of up to 10 lg ml)1

(plus brain microtubules variant). In controls, taxol and GTP
were omitted. Microtubules were pelleted through a 40% sucrose
cushion and after washing were resuspended in SDS sample
buffer and loaded, together with the input and supernatants, on
SDS-PAGE gels. Proteins were visualized by silver staining and
analysed by western blotting.

Immunofluorescence

Arabidopsis thaliana seedlings or suspension cultures were pro-
cessed for immunofluorescence as described in Binarová et al.
(2006). Primary antibodies were: anti-a-tubulin monoclonal anti-
body DM1A (Sigma), monoclonal anti-c-tubulin TU-32 (kindly
provided by Pavel Dráber, Institute of Molecular Genetics, Prague,
Czech Republic), affinity-purified rabbit polyclonal antibody
AthTU (Dryková et al., 2003), anti-GFP antibody (Abcam),
anti-AtKNOLLE antibody (Rose Biotech, Winchendon, Massa-
chusetts, USA) and anti-kinesin KN-03 (ExBio, Prague, Czech
Republic). The secondary antibodies used were anti-mouse fluores-
cein isothiocyanate (FITC)-conjugated antibody and anti-rabbit
Cy3-conjugated antibody (Jackson Laboratories, West Grove, PA,
USA). FM4-64 (Molecular Probes; Invitrogen) was applied as
described by Völker et al. (2001).

Microscopy

Microscopy was performed on an IX81 motorized inverted
research microscope with CELLR (Olympus, Tokyo, Japan)
equipped with a disk scanning unit (DSU) and digital mono-
chrome CCD camera (CCD-ORCA ⁄ ER). To avoid filter
crosstalk, fluorescence was detected using HQ 480 ⁄ 40 exciter and
HQ 510 ⁄ 560 emitter filter cubes for FITC and HQ 545 ⁄ 30
exciter and HQ 610 ⁄ 75 emitter filter cubes for Cy3 (both AHF
Analysen Technique, Tubingen, Germany). Excitation and emis-
sion wavelengths were 488 and 505–532 nm for FITC and 543
and 566–600 nm for Cy3. Green fluorescent protein was excited
using 488 nm and imaged using an emission filter at
500 ⁄ 550 nm. Images were processed and analysed using CELLR
software (Olympus) and QUICK PHOTO CAMERA software version
2.3 (Olympus). Figures were prepared in COREL DRAW 9 and
ADOBE PHOTOSHOP 7.0. The quantitative colocalization analyses
were performed using NIH IMAGE J software with the Colocalization
Finder plugin (http://rsbweb.nih.gov/ij/plugins – Nakamura et al.,
2007) and Pearson’s correlation coefficients (Rr) were calculated.

Database search

To identify genes with a similar pattern of gene expression to At-
Aurora1, we searched the publicly available expression databases
ATTED II (Obayashi et al., 2011) and SuperCluster Editor 2.7
(Menges et al., 2008). To identify predicted domains and

putative interaction sites, the ELM (Puntervoll et al., 2003),
SUMOsp 2.0 (Ren et al., 2009), SMART (Letunic et al., 2006),
and Pfam (Finn et al., 2006) databases were used. CLUSTALW2
was used for identity ⁄ similarity evaluation (Larkin et al., 2007).
T-Coffee (Notredame et al., 2000) was used to perform multiple
sequence alignment and to obtain phylograms.

Results

Phylogenetic analyses revealed the specificities of plant Aurora
kinases AtAurora1, AtAurora2 and AtAurora3 (Kawabe et al.,
2005) and their distances from mammalian A, B, and C Aurora
kinases (Supporting Information Fig. S1). AtAurora1 and AtAu-
rora2 were present as a segmental genome duplication between
chromosomes 2 (AtAurora2) and 4 (AtAurora1); they have 95%
protein sequence similarity (Fig. S2), which is higher than the
similarity between human Aurora kinases A and B (57% similar-
ity). Replacement of the Gly-198 residue within the catalytic
domain of mammalian Aurora A with the equivalent residue
Asn-142 of Aurora B converts the substrate specificity, regulator
interactions, and function of Aurora A into those of Aurora B
(Fu et al., 2009). As shown in Fig. S1, the equivalent residue
within the catalytic domain of plant AtAurora1, AtAurora2 and
AtAurora3 is a Gly, which suggests that the plant Aurora kinases
lack the functional divergence of Auroras A and B. A database
search revealed predicted sites for interactions of plant AtAurora1,
AtAurora2 and AtAurora3 with cyclins, a conserved degradation
box, putative sumoylation sites, MAPK (Mitogen-activated
protein kinase) and protein phosphatase-1 docking motifs, and a
retinoblastoma interaction site (Fig. S1b).

RNAi-silenced plants demonstrate cell division defects,
arrested apical meristematic development, and ectopic
meristem formation

We generated RNAi lines in which AtAurora1 was silenced with
an RNAi construct spanning the entire mRNA. The T1 genera-
tion of A. thaliana transformants showed a high proportion of
seedlings with pronounced growth retardation and severe devel-
opmental defects (Fig. 1a). Quantitative RT-PCR analysis of At-
Aurora gene expression levels (comparative Cq method; Pfaffl,
2001) showed a major reduction in transcript levels for AtAurora1
as well as AtAurora2 and AtAurora3 (Fig. 1b). Development of
primary root meristems in RNAi seedlings was severely impaired,
as shown in Fig. 1(c,d). Reinitiation of cell division occurred in
some of the most severe phenotypes; an example of an ectopic
meristematic region formed from a cotyledon is shown in
Fig. 1(e). Primary root meristems were arrested in c. 85% of 14-
d-old RNAi seedlings, and later, adventitious roots were initiated
and differentiated from the hypocotyl boundary (Fig. 1f) or even
from the central part of the hypocotyl (Fig. 1h).

In c. 11% of seedlings, primary roots developed further. How-
ever, regular cell files above the arrested meristematic zone were
disturbed (Fig. 1i). Immunolabelling with the cytokinesis-
specific syntaxin KNOLLE showed defects of cell plate forma-
tion, as demonstrated for 7-d-old RNAi roots in Fig. S3(a). Cells
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(a)

(b)

(e)

(c)

(d)

(f)

(j)(i)(h)(g)

Fig. 1 Phenotype of Arabidopsis thaliana plants with RNA interference (RNAi) down-regulated AtAurora kinases. (a) Representative images of 6-d-old
RNAi seedlings that, compared with control plants, show defective development of primary root and shoot meristems. (b) Relative expression of AtAurora1,
AtAurora2 and AtAurora3 kinases in a representative sample of 14-d-old RNAi plants (plant numbers 16, 17, 18 and 19) showed a significant reduction in
transcript levels for all three kinases compared with the control wild-type plants. Error bars represent ± SE. (c, d) A 6-d-old RNAi seedling with primary root
development arrested at (c) the triangular embryo stage or (d) the bent cotyledon embryo stage. (e) A 6-d-old RNAi seedling with (*) arrested primary root
(R) and cotyledon leaf (L) development; (**) light and fluorescence microscopy showing an ectopic meristem formed from the base of a quiescent cotyledon
leaf (arrowheads). (f) The lateral root meristem (arrow) of a 6-d-old RNAi plant was initiated and differentiated in close vicinity to the arrested primary
meristem (arrowhead). (g) Representative images of 14-d-old RNAi seedlings with retarded development of primary root and shoot meristems. (h) Forty-
five-day-old RNAi plants with arrested primary root meristem (arrowhead) and adventitious roots formed from the central part of the hypocotyl (arrow). (i, j)
Swollen root hairs with loss of polarity and root hairs with two growth axes in 20-d-old RNAi seedlings. Bars: (a) 1 cm; (c–f) 1 mm; (g, h) 1 cm; (i, j) 10 lm.
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of irregular shape observed above a shortened division zone indi-
cated that anisotropic growth was affected (Fig. 1i); cortical
microtubules visualized by immunoflorescence were bundled and
randomized compared with regular parallel cortical arrays in the
wild-type roots (Fig. S3b). Ectopic root hair formation was
observed in roots with shortened elongation zones; root hairs
were often bulged and showed two axes, suggesting defective
polar tip growth (Fig. 1j).

True leaves of RNAi plants were fragile, with signs of abaxiali-
ty. Young leaves developed under reduced levels of AtAurora kin-
ases showed a needle-like linear shape and in severe cases lacked
leaf lamina, suggesting that leaf axial patterning may be affected
(Fig. 2a). Sporadically, trumpet-shaped leaves occurred with
abaxial characters on the outside of the cup and adaxial characters
inside the cup (Fig. 2b).

Trichomes that developed under reduced levels of Aurora kin-
ases exhibited supernumery branches (Fig. 2c) with the aberrant
location of primary and secondary branch points (Fig. 2d).
Severely affected leaves without signs of dorsoventral polarity
were often trichomless (Fig. 2a). AtAurora RNAi plants showed
defective stomatal development with guard cells that varied in
size, spatial arrangement and developmental stage (Fig. 2e). We
found that 48% of stomata were in clusters of two to five. Incom-
pletely divided stomata or single guard cells (22%) indicated that,
besides stomatal patterning, cell division was also affected
(Fig. 2e).

Plants with down-regulated Aurora kinases showed higher
levels of endoreduplication

Microscopic analysis of RNAi seedlings with a nuclear GFP mar-
ker showed that, compared with the wild-type plants, the first
true leaves of RNAi plants showed a mixture of large and small
nuclei (Fig. 3a). Large spindle-like strangulated nuclei were
observed in hypocotyl cells of RNAi seedlings (Fig. 3b). Simi-
larly, spindle-like or strangulated filamenous nuclei were typically
found in root hairs of RNAi plants (Fig. 3c,d).

Flow cytometric analysis (FCM) of the DNA content of 2-
wk-old RNAi plants showed an increase in the DNA content of
a high proportion of cells with 8C and 16C DNA, while 2C
and 4C cells remained similar to those of wild-type seedlings
(Figs 3e, S4). We determined whether the observed ploidy
increase is attributable to increased chromosomal number as a
result of aberrant mitosis (polyploidy) or to the process of
repeated S-phases, known as endoreduplication, which is devel-
opmentally switched on in A. thaliana plants when cells exit the
proliferative stage and start elongating. To do this, we stained
cells with DAPI and counted the number of chromocentres
(heterochromatin aggregates in interphase nuclei that corre-
spond to mitotic centromeres) in leaf epidermal cells (Fransz
et al., 2002). We found that the number of chromocentres in
RNAi plants (9.8 ± 1.1) did not differ from the control
chromocentre number (9.6 ± 0.9). Therefore, chromocentre

(a)

(e)

(f) (g)

(b) (c) (d)

Fig. 2 Aerial parts of Arabidopsis thaliana plants with RNA interference (RNAi) down-regulated AtAurora kinases. (a) Curled fragile leaves and needle-like
leaves (arrow). (b) A trumpet-shaped leaf. (c) Long extension in the apical division zone of a leaf and a trichome with an increased branch point number
(arrow) and aberrant branch points. (d) A trichome with an increased branch point number and with a swollen base. (e) Clustered stomata, single guard
cells (inset), incomplete guard cell division (arrow) and disturbed lobe formation in the leaf of an RNAi plant. (f) Frequencies of clustered stomata in stomata
units (SUs) in AtAurora RNAi-expressing plants (grey, n = 255) and control plants (black, n = 250). (g) Frequencies of stomata with cytokinetic defects
(grey) vs those with correct division (black); n = 352 for control and n = 329 for RNAi plants. Bars: (a, b) 1 mm; (c, d) 0.1 mm; (e) 10 lm.
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counting confirmed that the increased amount of DNA was not
attributable to polyploidy but was caused by extra replication
cycles.

Collectively, these data revealed that, in plants with silenced
AtAurora kinases, defects in primary meristematic proliferation
and cell division defects were accompanied by entry into an
endoreduplication programme.

AtAurora1 kinase, AtTPX2 protein and c-tubulin were asso-
ciated with plant microtubules in vitro and were colocalized
on microtubular arrays in a cell cycle-specific manner

To link cell division defects observed in RNAi plants specifically
to AtAurora1, we studied the kinase and its activator AtTPX2
protein. We expressed AtAurora1-GFP using its own promoter
in cultured cells and A. thaliana seedlings. A signal for AtAuro-
ra1-GFP kinase was observed with the mitotic microtubules
from preprophase to anaphase, with a subset of phragmoplast
microtubules in the anaphase ⁄ telophase transition and in the
cell plate area (Fig. 4a,b). When expression of the AtAurora1-
GFP kinase was driven from the 35S promoter, the localization
pattern of AtAurora1 kinase with microtubules was similar to
localization observed with the native promoter (Video S1). The
AtAurora1-GFP signal with microtubules was stronger and a
small portion of the constitutively expressed protein was present
in nuclei and in the cytoplasm. We did not observe a gain of
function phenotype in seedlings or cells expressing 35S AtAuro-
ra1-GFP from Gateway vectors. Double immunofluorescence of
AtAurora1-GFP expressed from the native promoter and a-
tubulin revealed a weak signal for the AtAurora1 kinase local-
ized with the prospindle around nuclei and with the

preprophase band of cortical microtubules (Fig. 4c). Double
immunolocalization also confirmed that the AtAurora1 kinase
was associated with a specific subset of early phragmoplast
microtubules adjacent to chromatin and distal to the cell plate
(Fig. 4c). A portion of the AtAurora1 kinase was translocated to
the area of cell plate formation (Fig. 4a,b; Video S1). When At-
Aurora1-GFP or -RFP was transiently overexpressed from the
35S promoter, a weak signal was detected with cortical microtu-
bules (Fig. S5).

We investigated whether AtAurora1 kinase was present on
microtubules together with its activator protein AtTPX2, similar
to the Aurora A-TPX2 complex reported in vertebrates (Kufer
et al., 2002). The A. thaliana homologue of the TPX2 protein
with microtubular localization was described by Vos et al.
(2008). A similar localization pattern for AtTPX2-GFP was
found in our experiments; the signal was present in nuclei, in the
vicinity of pre-mitotic nuclei, and with microtubular kinetochore
fibres in mitosis. Furthermore, we observed translocation of AtT-
PX2 from anaphase poles to a subset of early phragmoplast
microtubules (Fig. 5a). Analysis of the cell lines with stable co-
expression of AtTPX2-GFP ⁄ AtAurora1-RFP revealed that both
proteins colocalized on microtubules from preprophase to early
telophase (Fig. 5b, Video S2). AtAurora1 and AtTPX2 were
exclusively localized on the specific subset of phragmoplast
microtubules in early telophase and only the AtAurora1 kinase
was observed at the midzone and accumulated at the cell division
plane (Fig. 5b). Colocalization of AtAurora1-RFP and AtTPX2-
GFP was quantified and its significance determined with
Pearson’s correlation coefficient (Rr) using colocalization plugins
of IMAGEJ (http://rsbweb.nih.gov/ij/plugins/). As shown in
Fig. 5(b), a high degree of colocalization for both proteins in cells

(a)

(c) (d) (e)

(b)

Fig. 3 Levels of endoreduplication were higher in RNA interference (RNAi) seedlings compared with wild-type seedlings. (a) The first true leaf of 15-d-old
Arabidopsis thaliana wild-type and RNAi plants expressing the GFP nuclear marker. Enlarged nuclei of irregular shape were observed in the RNAi plants.
(b) Nuclei of hypocotyl cells of RNAi plants with spindle-like strangulated nuclei (arrows). (c, d) Aberrant short primary root and root hairs with filamentous
(arrow) and strangulated nuclei (arrowheads). (e) Nuclear DNA distribution of 14-d-old RNAi seedlings and control plants. Bars: (a–c) 10 lm; (d) 0.1 mm.
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was confirmed from prophase to early anaphase, while a lower
correlation coefficient (Rr = 0.7) in early telophase reflected
translocation of a portion of the kinase signal to the cell plate
area. Colocalization analysis of AtTPX2-RFP and the MBD-GFP
domain of the MAP4 protein and ⁄ or analysis of AtAurora1-
GFP colocalization with mitotic spindle-associated kinesin
recognized by the KN-03 antibody were performed as negative
controls (Fig. S6). Compared with the high correlation coeffi-
cient (Rr = 0.9) generated for AtTPX2-GFP and AtAurora1-RFP

colocalization in the metaphase and early anaphase spindle
(Fig. 5b), the correlation coefficient for AtTPX2-RFP and
MBD-GFP ranged between 0.5 and 0.7 in metaphase and was
even lower in early anaphase, when the AtTPX2-RFP signal was
enriched on spindle microtubules closer to the poles while the
MBD-GFP signal localized along the entire length of the micro-
tubules. Kinesin recognized by the KN-03 antibody and the
AtAurora1-GFP protein both localized on the mitotic spindle
but showed only a weak positive association (Rr ranged between

(a)

(b)

(c)

Fig. 4 AtAurora1 kinase localization with microtubules in
dividing cells of Arabidopsis thaliana. (a) AtAurora1-GFP
expressed from the native promoter in A. thaliana

cultured cells. AtAurora1-GFP localizes with the
preprophase nucleus and with the mitotic spindle from
metaphase to late anaphase. During early telophase, the
kinase accumulates in the phragmoplast area
(arrowheads) and at the newly formed cell plate (arrows).
(b) Time-lapse images of AtAurora1-GFP in a dividing
root meristematic cell of A. thaliana. The AtAurora1-GFP
signal localized with the metaphase (10 min) and
anaphase (14 min) spindle, with the early telophase
phragmoplast facing towards chromatin (16 min and
19 min; arrowheads), and with the cell plate (16–36 min;
arrows). (c) Double immunofluorescence labelling of
AtAurora1-GFP expressed from the native promoter and
microtubules. AtAurora1 localized with perinuclear
microtubules of the prospindle (arrows) and decorated
microtubules of the preprophase band (arrowheads)
during preprophase. While AtAurora1 localized along the
entire length of microtubules from metaphase to
anaphase, only part of the phragmoplast distal to the cell
plate was decorated with AtAurora1 kinase in late
anaphase and in early telophase (arrowheads). Bars,
10 lm.
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(a)

(b)

(f)

(e)

(c)

(d)

Fig. 5 AtTPX2 (targeting protein for Xklp2) colocalized with AtAurora1 on microtubules in Arabidopsis thaliana cells. (a) AtTPX2-GFP signal was present
with microtubules from preprophase to early telophase, where it localized on the specific subset of phragmoplast microtubules (arrows). (b) AtTPX2-GFP
colocalized with AtAurora1-RFP on mitotic microtubules (Rr > 0.9) and with early phragmoplast microtubules (arrowheads) when the AtAurora1-RFP
signal became localized at the cell division plane (Rr > 0.7). Individual frames presented in (b) are part of the sequence of frames in Supporting Information
Video S2. (c) Distribution of AtAurora1 in cellular fractions after differential centrifugation. The majority of the AtAurora1-GFP protein was present as a
soluble pool in the cytoplasm (S100), and a small portion was present in the pellets (P10, P20 and P100). (d) AtAurora1 and AtTPX2 proteins were pulled
down with in vitro polymerized plant microtubules. Microtubules were prepared from extracts from the cell line expressing AtAurora1-RFP and AtTPX2-
GFP by taxol-driven polymerization and analysed by immunoblotting for a-tubulin, GFP, RFP and c-tubulin. The signal for AtTPX2 is weaker because of
degradation (AtTPX2-GFP* indicates the proteolysis degradation product). Inputs: S70, 70 000 g supernatant; S, supernatant after the taxol polymeriza-
tion; MTs+TAX, microtubular pellet; MTs+BMT, microtubular pellet from the assay supplemented with brain microtubules (BMTs); MTs-TAX, the negative
control. (e) Graphical presentation of the AtTPX2 protein molecule with Aurora binding sites and targeting sites for microtubules. The 442–758 aa C-
terminal part of the molecule lacking Aurora binding sites (AtTPX2DN) is marked in red. (f) Localization of AtTPX2DN-GFP in dividing cells of A. thaliana.
The AtTPX2DN-GFP signal was present with microtubules from preprophase to late anaphase, while the whole molecule AtTPX2 and AtAurora1 persisted
with microtubules until early telophase, as shown in (a). Bars: (a, b, f) 10 lm. MTs, microtubules.
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0.4 and 0.6) compared with that found for AtTPX2-GFP and
AtAurora1-RFP (Figs 5b, S6).

Fractionation of cell extracts by differential centrifugation
showed only a minor portion of AtAurora1-GFP in low- and
high-speed pellets, and the majority of the AtAurora1-GFP pro-
tein was present in the soluble cytoplasmic S100 pool (Fig. 5c).
To confirm biochemically the association of AtAurora1 and
AtTPX2 with microtubules, we performed in vitro taxol-driven
polymerization of plant microtubules (Dryková et al., 2003).
High-speed S100 or S70 supernatants were used (Fig. S7). AtAu-
rora1 kinase-GFP pelleted together with taxol-polymerized plant
microtubules (Fig. 5d). As shown by Vos et al. (2008), the
AtTPX2 protein is highly unstable in plant cell extracts, and this
makes detection by western blotting difficult. However, despite a
reduction in signal, we could detect AtTPX2 together with
AtAurora1 in microtubular pellets (Fig. 5d). AtAurora1 kinase-
GFP expressed both from the 35S promoter and from the native
promoter was pelleted with taxol-polymerized microtubules. The
kinase pool with microtubules was not further enriched when the
assay was supplemented with taxol-stabilized brain microtubules.
The kinase was also not pelleted in minus-taxol controls. Results
from microtubule spin-down experiments are thus consistent
with microscopic observations of AtAurora1 and AtTPX2 localiz-
ing with microtubules (Fig. 5b, Video S2).

To confirm the interaction of AtAurora1 and the AtTPX2 pro-
tein revealed by colocalization analysis at the biochemical level,
we performed co-purification experiments. As shown in Fig. S8,
AtAurora1-RFP copurified with AtTPX2-GFP isolated on a GFP
Trap. Several bands for the AtTPX2-GFP protein were immuno-
detected using the anti-GFP antibody in a sample of purified
AtTPX2-GFP as a result of the above-mentioned instability of
the AtTPX2 protein in plant cell extracts. When extracts of cells
expressing a-SNAP-RFP were used as a negative control, we did
not detect a-SNAP-RFP nonspecifically bound to the GFP Trap
bead (Fig. S8).

Consistent with our previous data (Dryková et al., 2003),
c-tubulin pelleted with the taxol-polymerized fraction of micro-
tubules (Fig. 5d). Double immunofluorescence analysis con-
firmed that AtAurora1 and AtTPX2 colocalized with c-tubulin
in the prospindle during preprophase, along the entire length of
spindle microtubules during metaphase and anaphase, and with
a subset of early phragmoplast microtubules (Fig. 6a,b). While
AtAurora1 and AtTPX2 labelling disappeared from phragmo-
plast microtubules during early telophase, c-tubulin remained
associated with phragmoplast microtubules until the end of
cytokinesis (Fig. 6a,b). As reported previously, c-tubulin is pres-
ent on kinetochore microtubule stubs during recovery from
depolymerization by APM (Binarová et al., 2000). Our data
suggest that AtAurora1 and AtTPX2 were loaded to micro-
tubules regrowing from the kinetochore area, together with
c-tubulin (Fig. 6c,d).

We prepared a GFP fusion with AtTPX2 that lacked the N-
terminal part of the molecule (AtTPX2DN-GFP) where two con-
served Aurora kinase binding sites are located (Fig. 5e). As
expected, the truncated version of AtTPX2, with a preserved
microtubule binding motif, localized with microtubules.

However, translocation from the poles of the anaphase spindle to
early phragmoplast microtubules in the vicinity of chromatin, as
observed for the intact AtTPX2 protein and AtAurora1 kinase,
was not observed for AtTPX2DN-GFP in cultured cells or in
dividing cells of A. thaliana seedlings (Figs 5f, S9). Colocaliza-
tion analysis (Fig. S10) confirmed that signal from AtTPX2DN-
GFP lacking the Aurora binding sites disappeared from anaphase
kinetochore fibres earlier than was observed for the intact
AtTPX2-binding AtAurora1.

These experiments showed that, similar to vertebrate Aurora
A, plant AtAurora1 was colocalized with its activator AtTPX2 on
mitotic microtubules. The active kinase plus AtTPX2 complex
localized to microtubules from preprophase to early telophase
together with c-tubulin. Interaction with AtAurora1 kinase is
likely to be required for stability of AtTPX2 and its cell cycle-
specific localization with microtubules in late mitosis.

AtAurora1, but not AtTPX2 or c-tubulin, was translocated
to the cell plate area

While AtTPX2 ⁄ AtAurora1 formed a gradient emanating from
the poles to a specific subset of phragmoplast microtubules dur-
ing the late mitosis ⁄ telophase transition, only AtAurora1 kinase
relocalized to the cell plate area during cytokinesis (Fig. 7a,b). A
distinct midzone signal for AtAurora1 kinase became detectable
in early telophase, and the spatial and temporal localization
pattern of the kinase with the cell plate was similar to that dem-
onstrated by staining with the endocytic tracker FM4-64
(Fig. 7c). Double immunofluorescence showed colocalization of
AtAurora1 kinase with cytokinesis-specific syntaxin KNOLLE.
Both proteins were present on the expanding cell plate until it
reached the mother cell wall (Fig. S11). AtAurora1, AtTPX2,
and c-tubulin localized on microtubules from preprophase until
early telophase, but only AtAurora1 was found in the cell plate
area; this suggests a cytokinesis-specific function.

Discussion

The presence of conserved sites that mediate interactions with cell
cycle regulatory molecules, as well as data from publicly available
expression databases (Menges et al., 2008; Obayashi et al.,
2011), suggests that the plant Aurora kinases may regulate multi-
ple steps throughout the cell cycle, similarly to mammalian
Aurora A and Aurora B. However, functional data on plant
Aurora kinases are limited. A specific inhibitor of Aurora B
kinase, hesperadin, was shown to reduce AtAurora3 kinase activ-
ity in vitro and to affect chromatid separation in tobacco BY2
cells. Hesperadin inhibition of AtAurora1 kinase activity was also
reported (Kurihara et al., 2006; Demidov et al., 2009). However,
treatments with hesperadin were carried out at doses approx. 40
times higher than the doses used for specific inhibition of Aurora
B kinase in mammalian cells; nonspecific inhibitory effects on
cyclin-dependent kinases or MAP kinases, as reported for the drug
by Hauf et al. (2003), cannot be excluded. Therefore, we used an
RNAi approach to analyse post-embryonic development of
A. thaliana plants containing reduced levels of AtAurora kinases.
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In addition to their role in cell division, AtAurora kinases are
required for the maintenance of meristematic activity and
for entering endocycles

The presence of single guard cells, multinuclear cells, and irregular
cell files indicates defective cell division, as expected for plants
with impaired functions of Aurora kinases. However, we also
found that, depending on the strength of the phenotype, develop-
ment of primary meristems was arrested or delayed. As postem-
bryonic development in plants is mediated by meristems which
provide a source of newly generated undifferentiated cells, a
failure of cells within primary meristems to progress through the
mitotic cycle in Aurora RNAi plants had a pronounced impact on
growth and development. There are many types of mutants with

defective shoot or root meristematic activity, including mutants
with specific inhibition of CDK complexes (Andersen et al.,
2008), transcription factor mutants (Casson et al., 2009),
mutants in the auxin response pathway (Himanen et al., 2002)
and D-type cyclin mutants (Nieuwland et al., 2009). Our data
showed that the plant Aurora kinases are implicated in maintain-
ing meristematic cells in the cell cycle.

The reduction or absence of root meristematic activity observed
in Aurora RNAi seedlings was accompanied by premature differ-
entiation of cells in the elongation zones. Cells with large nuclei
or with several nuclei of irregular shape and size indicated defec-
tive cell divisions in roots as well as in the aerial part of the seed-
lings. We found that endoreduplication was higher in AtAurora
RNAi plants than in wild-type plants. The ability to initiate

(a) (b)

(c) (d)

Fig. 6 AtAurora1 and AtTPX2 (targeting protein for Xklp2) localized on microtubules together with c-tubulin in a cell cycle-specific manner. (a, b) Immu-
nolabelling of (a) AtAurora1 and (b) AtTPX2 with c-tubulin and 4¢,6-diamidino-2-phenylindole (DAPI)-stained chromatin in AtAurora1-GFP- and ⁄ or
AtTPX2-GFP-expressing Arabidopsis thaliana cells. AtAurora1 and AtTPX2 localized together with c-tubulin on microtubules from preprophase until early
telophase (arrowheads). Later in telophase, c-tubulin persisted on phragmoplast microtubules while (a) AtAurora1 was observed in the cell plate area
(arrows) and (b) the signal for AtTPX2 diminished. (c, d) Immunolocalization of (c) AtAurora1-RFP and (d) AtTPX2-GFP together with a-tubulin and
c-tubulin in cells after 3 h of amiprophos methyl (APM) treatment. Both AtAurora1 and AtTPX2 colocalized with c-tubulin on persistent kinetochore
microtubular stubs where kinetochore microtubules were regrowing. Bars, 10 lm.
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endoreduplication is particularly relevant during development; in
A. thaliana, endoreduplication occurs in 12–13-d-old seedlings
(Galbraith et al., 1991; Beemster et al., 2005). Our finding of
increased levels of endoreduplication in 14-d-old Aurora RNAi
plants indicates premature entry into endocycles under reduced
levels of Aurora kinases. Similarly, our observation of trichomes
with increased numbers of irregularly located branch points in
RNAi plants implicates the kinases in the control of endocycles, as
the level of endoreduplication is known to be critical for regular
trichome branching (Sugimoto-Shirasu & Roberts, 2003).

The transition from mitotic cycles to endocycles is interlinked
with the developmental progression of cell proliferation, cell
expansion, and differentiation. The timing of endocycle onset
needs to be precisely controlled by the cell cycle regulatory
machinery; for example, modified expression of Cdk1 inhibitory
Wee1 kinase, or SUMO E3 (Small Ubiquitin-like Modifier E3)
ligase, resulted in premature entry into endoreduplication (Sun
et al., 1999; Ishida et al., 2009). By contrast, overexpression of
the cyclin D gene CycD3;1 resulted in a failure of differentiating
cells to exit the mitotic cell cycle and undergo endoreduplication
(Dewitte et al., 2003).

We found that, in seedlings with down-regulated Aurora
kinases, continuing cell division or endoreduplication occurred,
depending on the cell type; the ectopic cell divisions were
observed in stomata-forming cell files, whereas enlarged cells with
large nuclei that are hallmarks of endoreduplication were
observed in the epidermal cell files of hypocotyls. Similar devel-
opmental defects were described in seedlings overproducing
E2Fa-DPa (transcription factor with domain for dimerization),
which is a component of the retinoblastoma-related (RBR)-E2F
pathway (De Veylder et al., 2002). In mammalian cells it has
been shown that Aurora B phosphorylates the retinoblastoma
(RB) protein in vitro and in vivo at serine 780 (Nair et al., 2009).

Inhibition of Aurora B led to RB hypophosphorylation accompa-
nied by endoreduplication which occurred independently upon
cyclin-dependent kinase inhibition. Aurora B kinase has been
suggested to directly regulate the RB protein and the postmitotic
checkpoint by preventing endoreduplication in cells with aber-
rant mitosis. However, further experiments are needed to estab-
lish whether phosphorylation of an RBR protein by plant Aurora
kinases might occur and thereby prevent premature entry into en-
doreduplication.

AtAurora1 and AtTPX2 function with microtubules from
preprophase to the late mitosis ⁄ telophase transition

As previously shown by Demidov et al. (2005) and Kawabe et al.
(2005), AtAurora1 kinase, expressed from a constitutive 35S
promoter in tobacco BY2, was associated with microtubules.
Using AtAurora1 expressed from its own promoter in
A. thaliana, we have demonstrated that association of the kinase
with microtubules and with the forming cell plate was not the
result of overproduction of the protein in heterologous tobacco
cells. As shown recently by Kettenbach et al. (2011), interaction
with activating subunits and spatial distribution are crucial
factors in the regulation of functional modules of Aurora kinases.
The TPX2 protein is the activating subunit for Aurora A (Bayliss
et al., 2003), and activation of mammalian Aurora A kinase
in vitro was observed also with the plant homologue AtTPX2
(Vos et al., 2008). Our data on colocalization of AtTPX2 with
AtAurora1 kinase on microtubules suggest that AtTPX2 may
guide Aurora kinase to microtubules and, in analogy with other
systems, TPX2 may spatially and temporally modulate the
function of plant AtAurora1.

Aurora A kinase activity is required for nucleation of micro-
tubules with or without centrosomes (Tsai & Zheng, 2005). A
growing body of evidence suggests that c-tubulin is directly
involved in the coordination of signals at the microtubule orga-
nizing centre with the cortex or with kinetochores (Cuschieri
et al., 2007; Lin et al., 2011). The presence of AtAurora1 and its
activating subunit AtTPX2 with c-tubulin on microtubules
suggests a link between this kinase and c-tubulin-mediated pro-
cesses such as acentrosomal plant microtubule nucleation from
existing microtubules (Murata et al., 2005). Furthermore, Aurora
kinases may be among multiple kinases that affect proteins of the
MAP65 family, as Aurora kinase phosphorylation sites were pre-
dicted in synthetic peptides generated from the AtMAP65
sequence (Smertenko et al., 2006). We found in the publicly
available Affymetrix expression databases that MAP65-4, a gene
encoding a protein that cross-links newly formed spindle micro-
tubules (Fache et al., 2010), is among genes with correlation to
the AtAurora1 gene (Menges et al., 2008; Obayashi et al., 2011).
We suggest that the active AtAurora1 and AtTPX2 regulatory
module may act with the c-tubulin nucleation complex and other
substrates such as the microtubular crosslinker MAP65-4, or per-
haps with molecular motors, in spatiotemporal regulation of
acentrosomal plant spindle formation. Recently, a kinase-inde-
pendent function of Aurora A was reported to exist along with
Aurora A kinase function in Caenorhabditis elegans, and both

Fig. 7 AtAurora1-GFP colocalization with cell plate-specific markers
during telophase in cultured Arabidopsis thaliana cells. Both AtAurora1-
GFP and FM4-64 were localized in the cell plate area (arrowheads) from
early until late telophase. Bars, 10 lm.
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forms closely cooperate in the assembly of spindle microtubules
(Toya et al., 2011). Addressing the question of whether similar
nonkinase and kinase multifunctionality also exists for AtAurora1
or other plant Aurora kinases presents a challenge for future
research.

We found that the association of AtTPX2 and AtAurora1 may
protect AtTPX2 from degradation, as has been reported for
mammalian TPX2 ⁄ AuroraA counterparts (Steward & Fang,
2005). However, while in animal cells the Aurora A ⁄ TPX2
complex is degraded at mitosis exit, a polar gradient of active
AtAurora1 ⁄ AtTPX2 persisted on microtubules until early
telophase, when it localized with a specific subset of early phrag-
moplast microtubules in the vicinity of separating chromatin.
After AtTPX2 degradation, the AtAurora1 kinase was translocated
from that site to the cell plate area at the midzone. AtAurora1 thus
behaves during the mitosis–cytokinesis transition similarly to
Aurora B, which forms a gradient centred on the midzone during
anaphase that is dependent on activation of the kinase on the
subpopulation of microtubules (Fuller et al., 2008).

The presence of AtAurora1 kinase at the active cortex zone
during prophase, and at the cell division site throughout cytoki-
nesis, as shown by Demidov et al. (2005) and Kawabe et al.
(2005) and demonstrated in our experiments, may transmit
cortical information to the cell division plane. In animal cells,
the correct location of a cell division site is dictated mainly by
the proper localization of chromosomal passenger protein
complexes that are substrates for Aurora B kinase at the cleavage
furrow. No chromosomal passengers, such as INCENP (Inner
centromere protein), survivin and borealin, are found in higher
plant genomes. Expression of the kinesin-like protein NACK1
(NPK1-activating kinesin 1), an activator of NPK1 (tobacco
MAPK kinase kinase – MAPKKK) that regulates lateral expan-
sion in cytokinesis, and expression of the cytokinesis-specific
syntaxin KNOLLE, correspond to expression of AtAurora1 in
the Affymetrix expression databases (Menges et al., 2008;
Obayashi et al., 2011). Consistent with that finding, AtAurora1
colocalized with KNOLLE to the nascent cell plate and persisted
in the plane of cell division until the cell plate fused with the
mother cell wall. Furthermore, as we have shown previously
(Weingartner et al., 2004), correct localization of the kinesin-like
protein NACK1 in the midzone and with the cell plate that
resembles cytokinetic AtAurora1 localization depends on regular
function of cell cycle machinery. However, a role of AtAurora1
kinase in the MAP kinase–KNOLLE pathway which provides
spatial information for plant cytokinesis is only hypothetical and
needs to be validated experimentaly.

Down-regulation revealed that, despite the absence of centro-
somes as well as homologues of chromosomal passengers in plant
cells, the Aurora kinases play a conserved role in the regulation of
cell division. The presence of AtAurora1 and AtTPX2 on micro-
tubules and the translocation of AtAurora1 to the area of cell
plate formation may serve as an effective mechanism for defining
critical microtubule-bound and cytokinetic substrates. Further-
more, our data suggest that plant Aurora kinases are an integral
component of regulatory signalling for meristem maintenance,
differentiation, and entry into the endoreduplication programme.
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Derevier A, Erhardt M, Bögre L, Genschik P. 2004. Expression of a

nondegradable cyclin B1 affects plant development and leads to endomitosis by

inhibiting the formation of a phragmoplast. Plant Cell 16: 643–657.

Wielopolska A, Townley H, Moore I, Waterhouse P, Helliwell C. 2005. A high-

throughput inducible RNAi vector for plants. Plant Biotechnology Journal 3:

583–590.

Yang H, Burke T, Dempsey J, Diaz B, Collins E, Toth J, Beckmann R, Ye X.

2005. Mitotic requirement for aurora A kinase is bypassed in the absence of

aurora B kinase. FEBS Letters 579: 3385–3391.

Supporting Information

Additional supporting information may be found in the online
version of this article.

Fig. S1 Multiple sequence alignment of Aurora kinases and
domain graph of Arabidopsis thaliana Aurora1 kinase.

Fig. S2 Aligments of amino acid sequences of plant and human
Aurora kinases.

Fig. S3 Cytokinesis and arrangement of cortical microtubules
were affected in roots of RNAi seedlings.

Fig. S4 Ploidy level distribution in Aurora RNAi seedlings.

Fig. S5 Localization of AtAurora1 on cortical microtubules of
cell suspension cultures of Arabidopsis thaliana.

Fig. S6 Negative controls for the colocalization analysis of
AtAurora1 and AtTPX2 (targeting protein for Xklp2).

Fig. S7 Silver-stained SDS-PAGE of samples from the taxol-
driven microtubule polymerization experiment.

Fig. S8 AtAurora1-RFP kinase was copurified with AtTPX2
(targeting protein for Xklp2)-GFP.

Fig. S9 Time-lapse images of localization of the truncated version
of AtTPX2 (targeting protein for Xklp2) (AtTPX2DN-GFP) in
Arabidopsis thaliana seedlings.

Fig. S10 AtAurora1-RFP and AtTPX2DN-GFP colocalization in
Arabidopsis thaliana cells.

Fig. S11 Immunofluorescence localization of AtAurora1-GFP
kinase and the cytokinesis-specific syntaxin KNOLLE (Syntaxin
of Plants 111) during telophase in Arabidopsis thaliana cultured
cells.

Video S1 AtAurora1-GFP localization during cell division in
cultured cells of Arabidopsis thaliana.

Video S2 Colocalization of AtAurora1-RFP and AtTPX2 (target-
ing protein for Xklp2)-GFP during cell division in cultured cells
of Arabidopsis thaliana.

Please note: Wiley-Blackwell are not responsible for the content
or functionality of any supporting information supplied by the
authors. Any queries (other than missing material) should be
directed to the New Phytologist Central Office.

New
Phytologist Research 15

� 2011 The Authors

New Phytologist � 2011 New Phytologist Trust

New Phytologist (2011)

www.newphytologist.com



 

 

Nitrilase1 functions in cell cycle and programmed cell death in Arabidopsis. 

 

 

Doskočilová A.,1 Kohoutová L.,1 Volc J.,1 Chumová J.,1 Kourová H.,1 Benada O.,1 Plíhal O.,1,3 

Petrovská B.,2 Halada P.,1 and Binarová P.1* 

 

Submitted to Cell Cycle. December, 2011 

 

1 Institute of Microbiology, AS CR, v.v.i., Vídeňská 1083, 142 20 Prague 4, Czech Republic. 

2 Centre of the Region Haná for Biotechnological and Agricultural Research, Institute of Experimental 

Botany AS CR, v.v.i., Sokolovská 6, Olomouc, 772 00, Czech Republic. 

3 Present address: Centre of the Region Haná for Biotechnological and Agricultural Research, Faculty 

of Science, Palacky University, Šlechtitelů 11, 783 71 Olomouc, Czech Republic. 

* Correspondence to: Pavla Binarová; email: binarova@biomed.cas.cz 

 

 

Key words Nitritase1; cell cycle; programme cell death; Fhit; filaments; Arabidopsis 

 



2 

 

ABSTRACT 

Arabidopsis Nitrilase1 (Nit1) gene is a member of C-N hydrolase superfamily and its protein product 

is characterized as an enzyme involved in glucosinolate catabolism in Brassicaceae. However, animal 

homolog of plant Nit1 was shown together with tumor suppressor gene Fhit to function in cell cycle 

regulation and apoptosis induction. We aimed to elucidate whether Arabidopsis Nit1 is implicated in 

such cellular processes. We found that in Arabidopsis extracts Nit1 was present in both low- and high-

molecular forms, the latter identified by electron microscopy as filamentous structures. Nit1-N-GFP 

expressed from its own promoter was particularly observed in dividing tissues of young seedlings 

where it localized in cytoplasm, at perinuclear area, and with microtubular arrays. Nit1 nuclear signal 

was more prominent in differentiated tissues. Cell cultures overexpressing 35SNit1-N-GFP showed 

lower cell division rate and higher level of programmed cell death compared to the wild type cells. 

Contrary to the suppressed division in cells overexpressing Nit1, the exit from cell division and the 

entering differentiation were compromised in Nit1-RNAi seedlings. Calli-like structures formed 

instead of the true leaves suggested the switch of differentiation to the cell proliferation. 

Correspondingly, expression of Arabidopsis Fhit homolog was downregulated in Nit-RNAi plants 

with hyperproliferation phenotype. Capacity of Nit1 to assemble linear polymers, cellular localization, 

and function of the protein in cell division and programmed cell death indicate that biological 

activities of the conserved Nit1 protein are shared in plant and animal cells. 

 

INTRODUCTION 

Nitrilases are proteins of C-N hydrolase superfamily catalyzing hydrolysis of nitriles into 

corresponding carboxylic acids and ammonia. In Arabidopsis, four nitrilase isoforms Nit1–Nit4 were 

detected of which Nit1 shows the highest homology to fungal and bacterial nitrilases. Prior work 

connected Nit1 homologs with tryptophan mediated alternative pathway of auxin biosynthesis from 

indole-3-acetonitrile (IAN) 1. Because Nit1 homologs showed only very low activity on IAN substrate 
2, currently the most discussed enzymatic function of Nit1 homologs is their participation in the 

catabolism of glucosinolates that present typical secondary metabolites of the Brassicaceae 3. 

Recombinantly expressed bacterial and fungal nitrilases showed ability to assemble into filaments 4, 5. 

However, biological role of nitrilase polymers is still not understood. 

In Arabidopsis plants, Nit1 was observed as aggregated foci in the vicinity of the nuclei after 

wounding or herbicide treatment and its function in the early steps of apoptosis was suggested 6. 

Consistently with this indication, animal homolog of plant and bacterial Nit1 was shown to be 

implicated in the apoptotic processes in several species and cell lines 7, 8. Moreover, Nit1 was reported 

as a negative regulator of T cells proliferation and suggested thereby as a possible tumor suppressor 
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gene 9. In Drosophila melanogaster and Caenorhabditis elegans, homolog of plant Nit1 forms 

translational fusion with Fhit protein 10 that is well characterized tumor suppressor gene inducing 

apoptosis and inhibiting tumorogenesis 11. According to the Rosseta-stone theory, if Nit1 exists as a 

fusion protein with Fhit in invertebrates, both proteins should share similar functional characteristics, 

even when they are expressed as separated gene products in vertebrates 10. Indeed, expressions and 

function of individually expressed Nit1 and Fhit proteins were overlapped in mice 7. Mice with 

downregulated Nit1 are more susceptible to the forestomach tumor inductor 

N-nitrosomethylbenzylamine.Moreover, in Nit1 overexpressing cells, caspase-dependent apoptosis 

was induced. Conversely, cells with downregulated Nit1 and Fhit did not enter apoptosis induced by 

DNA damages 7. While molecular mechanisms of Fhit in apoptotic processes are well understood, 

mode of action of animal Nit1 in cell cycle, apoptosis regulation, and its biological significance is still 

much less clear. Data on molecular mechanisms behind the function of plant Nit1 in cell cycle and 

plant programmed cell death (PCD) are largely missing. 

Here, we provide evidence that Nit1 in Arabidopsis adopts filamentous structure similar to their 

bacterial and fungal homologs. Our localization analyses of Nit1 and Nit1-GFP in plant cells 

suggested the possible role with microtubular cytoskeleton and in cell division. Gain of function and 

loss of function mutants revealed Nit1 function in cell cycle. Nit1 was shown to be indispensable in 

differentiation of shoot apical meristem and correct cytokinesis. Our data showed that similarly to its 

homolog from animals, plant Nit1 is involved in PCD and cell cycle regulation. 

 

RESULTS 

There are four nitrilase encoding genes in Arabidopsis thaliana genome (Fig. S1A). Nit1, Nit2 and 

Nit3 (referred to as Nit1 homologs) share high amino acid identity (84–90%) while their identity with 

Nit4 is significantly less (66–68%). There are homologs of Nit1 in bacteria, fungi, and animals (Fig. 

S1B). In order to study the protein biochemical properties and its cellular distribution, we prepared 

antibody against peptide from the Nit1 C-terminus. Affinity purified antibody detected on Western 

blot of crude extracts of Arabidopsis cultured cells and plants a band of ~38 kDa corresponding to the 

theoretical Nit1 molecular mass (Fig. 8C). 

For further microscopical and biochemical studies, we prepared Nit1 C-terminal and N-terminal GFP 

fusion constructs under the control of CaMV 35S promoter (35SNit1-C-GFP and 35SNit1-N-GFP) as 

well as Nit1 N-terminal GFP fusion driven by the Nit1 own promoter (Nit1-N-GFP). We expressed all 

variants of Nit1-GFP in Arabidopsis cells and derived stably expressing cell lines and Arabidopsis 

plants. Protein products of the expressed Nit1-GFP genes were detected on western blot as a single 

band corresponding to the theoretical mass of Nit1-GFP molecule (65 kDa) (Fig. 1A, Fig. 8C). 
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Nit1 is present in high molecular forms that were identified by EM as filamentous structures. 

Cellular distribution of Nit1 protein was followed by differential centrifugation. As shown in Figure 

1A after low speed centrifugation at 10,000 g, the majority of Nit1 was present in the supernatant 

(S10). A portion of Nit1 pool was then pelleted into the microsomal pellet (P100), while majority of 

the protein remained in the cytoplasmic fraction (S100) and was subsequently partially pelleted into 

P160. Differential centrifugation performed in extracts with or without non-ionic detergent NP40 

provided similar distribution of Nit1 in cellular fractions suggesting that major part of the pelleted 

Nit1 was not bound to the membranes (Fig. S2). Nit1-N-GFP protein exhibited similar distribution 

throughout the cellular fractions as endogenous Nit1. The presence of Nit1 tagged with GFP in P100 

and P160 (Fig. 1A, asterisks) suggested its possible assembly into high-molecular-mass complexes 

together with endogenous Nit1. This finding was further supported by the data of MALDI-MS 

analyses of the proteins immunopurified with Nit1-N-GFP from resuspended P100 (Fig. S3) where 

presence of only nitrilases and Nit1-GFP suggested interaction of the proteins to assemble polymeric 

structures. Correspondingly, Nit1 was present as the large size protein complexes with a broad range 

of size on western blot after BN-PAGE separation of proteins immunopurified with 35SNit1-N-GFP 

from P100 (Fig. 1B). 

Fractionation of re-solubilized microsomal pellets by gel filtration showed a broad distribution of Nit1 

molecular forms with no significant maxima starting the column void volume at >2 MDa through to 

the fractions of ~440-kDa oligomeric forms (Fig. 1C). The selected high-molecular fractions (Fig. 1C, 

asterisks) from gel filtration were further analysed by electron microscopy (EM). Negative-stain EM 

revealed highly-ordered linear polymeric structures, filaments of variable length (Fig. 2A). These 

polymers of up to 200 nm or occasionally longer, exhibiting a helix-like substructure, strongly 

resembled the earlier described filaments of a bacterial Nit assembled in in vitro experiments 4. Closer 

inspection and measurements of several independent preparations brought evidence that the detected 

Arabidopsis Nit filaments have uniform diameter of 12 ± 1.8 nm (mean ± SD, n = 356). The observed 

unlabeled thinner filaments with diameter of 7 ± 2 nm (Fig. 2A, arrowhead; Fig. 2B) were apparently 

actin microfilaments as indicated by actin-positive western blots in the corresponding gel filtration 

fractions (Fig. 1C). We performed immunogold labeling of the samples from gel filtration with anti-

Nit1 antibody. As shown in Figure 2B, filamentous structures were specifically recognized with anti-

Nit1 antibody and filaments decorated with gold particles contrasted in their appearance with actin 

microfilaments (Fig. 2B, inset II). Nit1 labeling was present preferentially with more loose parts of 

filaments (Fig. 2B, inset IV) probably due to higher accessibility of the epitope. 

As mentioned above, filamentous structures were described for Rhodococcus rhodochrous nitrilase 

recombinantly expressed in E. coli. Post-translational cleavage of 39 aa of the C-terminal portion of 

Nit molecule was shown to be required for filament formation 4. We found that the corresponding C-
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terminal portion of the Arabidopsis Nit1 molecule is missing (Fig. 2C). This finding is consistent with 

our observation that native Nit1 molecule in Arabidopsis extract forms filamentous structures 

resembling strongly polymers formed in vitro from recombinant bacterial and fungal nitrilases.  

Taken together our biochemical and MS data indicated ability of Nit1 to form higher molecular 

assemblies that were visualized by EM as filamentous polymers. 

Nit1 is localized in cytoplasm, at perinuclear area, and with mitotic microtubular arrays. 

To estimate the subcellular localization of endogenous Nit1 in interphase and dividing cells, we 

analysed Arabidopsis cultured cells by double-immunofluorescence labeling (Fig. 3) with affinity 

purified antibodies against Nit1 and α-tubulin. In interphase cells, the signal of Nit1 was cytoplasmic 

with a portion of signal in nuclei. Nuclear and perinuclear signal persisted until preprophase when 

weak signal was observed also with the preprophase band on cortical microtubules (Fig. 3A). 

Association of Nit1 with microtubules was observed throughout cell division. Nit1 signal was enriched 

with spindle microtubules and in spindle area in metaphase and anaphase (Fig. 3B–C). In anaphase, 

besides the localization with shortening kinetochore fibers on poles, Nit1 signal was observed in the 

midzone (Fig. 3C) where it persisted throughout cytokinesis. In telophase (Fig. 3D), signal for Nit1 

was present in phragmoplast area showing only weak enrichment with phragmoplast microtubules and 

with area of the cell plate formation (Fig. 3E). 

In vivo analyses of Arabidopsis cell cultures expressing Nit1-N-GFP under its own promoter (Fig. 4A) 

showed similar localization patterns as observed for endogenous Nit1 protein visualized by 

immunofluorescence. As shown in Figure 4A–B, signal for Nit1-N-GFP was present in the cytoplasm, 

in the vicinity of the nuclei, and a weak signal appeared in the nuclei. Nit1-N-GFP localized with 

mitotic microtubular arrays and was enriched with phragmoplast microtubules, and in the area of cell 

plate formation in cytokinesis. When expression was run from 35S promoter, 35SNit1-N-GFP signal 

was stronger, particularly in the cytoplasm. However, localization pattern of 35SNit1-N-GFP with 

mitotic and cytokinetic microtubular arrays was comparable (Fig. 4B and Suppl. Video 1 and 2). 

To confirm association of Nit1 with microtubules biochemically, we performed co-sedimentation 

assay with taxol-driven polymerization of plant microtubules using high speed supernatant S70 as an 

input 12. As shown in Figure 4C, Nit1 was detected with pelleted plant microtubules. However, unlike 

γ-tubulin associated with microtubules and enriched in the pellets supplemented with taxol-stabilized 

brain microtubules 12, portion of Nit1 pelleted with microtubules in the presence or absence of taxol-

stabilized brain microtubules remained approximately the same. 

Next we analyzed Nit1 localization in cells with the drug-manipulated microtubules. We observed that 

depolymerization with amiprophosmethyl (APM) caused release of Nit1 from microtubules, and Nit1 
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was present in the cytosol and in the vicinity of the nuclei (Fig. 4D). The remnants of kinetochore 

microtubules, the sites where microtubules recover either by capturing or nucleation mechanisms, are 

heavily decorated with γ-tubulin as we showed previously 13 and now in Figure 4D. However, none or 

only a weak signal for Nit1 was present with the kinetochore microtubular stubs suggesting that Nit1 

is probably not involved in microtubule nucleation and stabilization of kinetochore microtubules after 

drug treatment. Taken together, our data showed that portion of Nit1 protein was associated with 

microtubules but we did not prove function of Nit1 in capturing or nucleating microtubules during 

their recovery after depolymerization. 

 

Expression of Nit1-N-GFP under its own promoter revealed localization pattern in Arabidopsis 

seedlings. 

Search of publicly available expression database (BAR) (http://bar.utoronto.ca/efp/cgi-

bin/efpWeb.cgi) 14 showed that Nit1 is present throughout the seedlings with maxima of expression in 

cotyledons and in entire rosette leaves. In roots, low level of Nit1 expression was reported for 

epidermis, cortex, and endodermis. Detailed analysis of shoot apical meristem revealed higher 

expression of Nit1 in peripheral and Rib meristem zones of shoot apical meristem but not in central 

zone where stem cells are located. 

When we analysed 7-d-old Arabidopsis seedlings expressing Nit1-N-GFP under its native promoter 

(Fig. 5), Nit1-N-GFP was observed both in hypogeal and aerial parts (Fig. 5A–C). Closer inspection 

showed that Nit1-N-GFP was enriched in the meristematic zone of the root tip (Fig. 5A) in the cell 

files of cortex, endodermis, and slightly in epidermis, but Nit1-N-GFP signal was almost absent in 

stele, lateral root cap, quiescent centre (QC), and columella (Fig. 5D). In dividing cells, slight 

enrichment of Nit1-N-GFP signal was detected with microtubular arrays (Fig. 5E). Weak signal for 

Nit1-N-GFP was observed in the nuclei; more distinctly around the nuclei of cells in root division 

zone while nuclear signal became stronger in cells of differentiation and elongation zone (Fig. 5F). 

In aerial parts Nit1-N-GFP was expressed in cotyledons and rosette leaves with slight enrichment in 

stem meristem zone (Fig. 5C). Stomata and their neighbouring cells in cotyledon and leaf epidermis 

exhibited slightly stronger Nit1-N-GFP signal than surrounding epidermal cells (Fig. 5G). Enrichment 

of Nit1-N-GFP in cells of stomata complexes was observed also in the hypocotyl (Fig. 5H). 

Taken together, microscopic analyses showed tissue and cell specific localization of Nit1 protein in 

Arabidopsis seedlings. In the cells of cotyledon, leaf epidermis, and differentiation or elongation zone 

of the roots, Nit1-N-GFP signal was mostly cytoplasmic and slightly nuclear, while stronger 

expression was found in dividing cells such as root and shoot meristems or stomatal complexes in 

leaves, cotyledons, and hypocotyls. 
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Downregulation of Nit expression by RNAi showed its function in cell proliferation. 

To gain insight into the Nit1 function in Arabidopsis plants, we downregulated Nit expression by 

RNAi construct composed of hairpin with inverted repeats corresponding to 335 bp fragment of 

central part of Nit1 molecule. Selected T1 generation of Arabidopsis RNAi transformants showed 

phenotypes ranging from those with milder effect to the seedlings exhibiting highly reduced growth 

(Fig. 6A). NitRNAi plants and wild type (WT) plants were examined by quantitative RT-PCR analysis 

of Nit1 gene expression level (comparative CQ method) with PDF2 as the reference gene 15. Reduction 

for transcript level was clearly proven for Nit1-3 as shown for 9-d-old RNAi seedlings in Figure 6B, 

while expression of Nit4 was not changed. Despite of the slight differences concerning the strength of 

the phenotype, all seedlings with reduced expression of Nit showed failure in regular differentiation of 

true leaves. Plants stopped developing within 3–4 weeks after germination and died. In the strongest 

phenotype, instead of the first true leaves, only calli-like structures were observed composed of 

chlorophyll-less parenchymatic type cells (Fig. 6C) which were mostly dead (Fig. 6G). In milder 

phenotypes, malformed small and thick leaves were still observed, yet the youngest leaves developing 

under Nit depletion showed strong phenotype accompanied with complete loss of differentiation 

patterning and calli-like structures of undifferentiated cells (Fig 6C). Trichomes in NitRNAi plants 

failed to develop and if so bulged structures, unbranched trichome, or trichomes with abnormal 

branching pattern were present (Fig. 6C, asterisks). 

In contrast to severe malformation of true leaves, the cotyledons were macroscopically well-preserved, 

probably due to only partial reduction of expression of Nit1 by RNAi in early developmental stages 

(Fig. 6A). However, in comparison with stomata of WT (Fig. 6D/I), cotyledons of RNAi plants 

exhibited up to 74% of stomata with aberrant morphology (Fig. 6D/II-IV, 6E). Unicellular round-

shaped stomata without a pore, stomata with uncompleted cell plate expansion, or single guard cells 

indicated that last symmetric division of guard mother cells was strongly affected in NitRNAi 

seedlings. Similar defects of stomata were also found in hypocotyls (Fig. 6D/V). 

Microscopical analysis of RNAi plants (Fig. 6F–G) showed that aberrant leaves formed protrusions 

and bulged structures on the surface and gradually failed to differentiate regular pavement epidermal 

cells. The calli-like structures that developed instead of the regular first leaves of the strongest 

phenotype (Fig. 6C) or the very last true leaves of milder phenotype developed under depletion of Nit 

(Fig. 6F, insets III and IV) showed cells of irregular shape and size with no sign of differentiation. 

Depending on the strength of RNAi effect, the whole range of stomata phenotype was observed, 

ranging from regularly developed stomata to those of irregular shape or defectively divided guard 

cells. Absence of any signs of trichomes and stomata differentiation in calli-like structures of the 

strongest RNAi phenotype suggested that a switch from differentiation to the cell proliferation 
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occurred under reduced levels of nitrilases. Thought the defects were more prominent in aerial parts, 

root development was also affected by downregulation of Nit expression (Fig. 7A–B). While number 

of cell files of the main root appeared conserved (Fig. 7A, arrows), the longitudinal organization of 

NitRNAi roots was impaired. Meristematic zone was remarkably shortened (Fig. 7B) and in a close 

proximity of root tips, cells were of irregular shape and various size (Fig. 7B, arrows). 

Correspondingly, the root hairs differentiated in the proximity of the root tips (Fig. 7C–D, arrows). 

Fhit tumor suppressor is coexpressed and closely cooperates with Nit1 in vertebrates 7 and both Fhit 

and Nit1 genes are present as a gene fusion in invertebrates 10. Fhit is evolutionary conserved. In this 

context we found that Arabidopsis homolog of Fhit At5g58240 gene encodes a protein with 50% 

identity to human Fhit gene product (Fig. S4). We did not find plant homolog of the fusion Nit1/Fhit 

gene. Our quantitative RT-PCR analysis of Fhit expression in NitRNAi plants showed that the 

expression of Fhit was reduced along with that of Nit (Figure 7F). 

Altogether our data suggest that proliferation of dedifferentiated cells instead of the regular 

differentiation of true leaves occurred in Nit-RNAi seedlings. Expression of Fhit gene was 

downregulated in Nit-RNAi. 

 

Cell growth was suppressed and frequency of cells entering PCD was elevated in cells 

overproducing Nit1. 

As we observed in Nit-RNAi plants a switch from differentiation to proliferation, we next studied the 

growth parameters in cells overexpressing 35SNit1-N-GFP under strong constitutive promoter (Fig. 

8C). We found that the growth rate measured as an increase of fresh cell mass was lower in cell 

cultures overproducing 35SNit1-N-GFP (Fig. 8A) and, correspondingly, mitotic index was reduced 

compared to the WT cells (Fig. 8B). As shown in Figure 8C, while 35SNit1-N-GFP protein was 

overexpressed in cultured cells, its level in plants was comparable with expression of endogenous Nit1 

(Fig. 8C). This explains the absence of gain of function phenotype in Arabidopsis seedlings (data not 

shown). 

To confirm whether the suppression of growth and lower MI are connected to higher level of PCD we 

determined the level of PCD by TUNEL assay in WT and 35SNit1-N-GFP overexpressing cell 

cultures. As shown in Fig. 8D, number of TUNEL positive cells was higher in cells overexpressing 

Nit1 and difference between cells entering PCD became more prominent with time after subculturing, 

being 7,4% and 20,9% for the Nit1 overproducing cultures compared to 2,3% and 3,7% for WT 

cultures the 1st and the 5th day after subculturing, respectively. 
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Nit1 accumulated at perinuclear area during induced PCD. 

Acetylsalicylic acid (ASA) was shown to induce PCD in Arabidopsis cell cultures 16. We found higher 

level of TUNEL positive cells after treatment with 2 mM ASA for 4 hours (Fig. S5). In addition to 

dsDNA breaks, morphological changes typical for PCD such as cell shrinkage (Fig. 9B, arrowhead) 

were observed in ASA treated cells. Analysis of Nit1 localization either by immunofluorescence 

labeling of endogenous protein (Fig. 9A) or by analysis of Nit1-N-GFP in vivo (Fig. 9B and C) 

showed that in ASA-treated cells patchy pattern signal for Nit1 accumulated in the perinuclear area or 

even penetrated into the nuclei (Fig. 9C). 

 

DISCUSSION 

Although there is an access to newly sequenced genomes of numerous species throughout all 

kingdoms, there are still hundreds of conserved proteins with insufficient knowledge on function even 

in model organisms. Nit1 belongs to proteins that are highly conserved in bacteria, plants, and animals 

but its function is still not fully understood. Galperin et al. 17 proposed “top 10” of attractive proteins 

with prioritization for experimental studies referred to as “conserved hypothetical” for which general 

biochemical but no biological functions are predicted. The fourth on the list is Nit1. 

 

Plant Nit1 has capacity to assemble filamentous polymers. 

Nit1 and its homologs (Nit2 and Nit3) in Arabidopsis or in Brassica rapa are described as metabolic 

enzymes that decompose aliphatic and aromatic nitriles resulting from glucosinolate catabolism 18-20. 

Bacterial and fungal homologs of nitrilases were extensively studied for their potential pharmaceutic 

and industrial applications 21, 22. Nitrilases from several bacteria and fungi were heterologously 

expressed and surprisingly, oligomeric or polymeric filamentous structures were formed in vitro from 

purified proteins 4, 5. 3D modelling revealed that nitrilase subunits interact through 4 regions A, B, C 

and D to form the filament 4, 23. Large molecular forms of ~450 kDa were reported for Arabidopsis 

Nit1 heterologously expressed in E. coli but they were not characterized further 24. Here we show that 

in native Arabidopsis extracts, Nit1 assembled filaments similar to those formed in vitro from 

heterologously expressed bacterial and fungal nitrilases 4, 5. Post-translational cleavage of the C-

terminal 39 amino acids of recombinantly expressed Rhodococcus rhodochrous J1 and Aspergillus 

niger K10 nitrilases was shown to be essential for arrangement of stable helices 4, 22. Our database 

search revealed that this cleavable C-terminal portion of the molecule is missing in Arabidopsis Nit1 

sequence. The sequence data together with biochemical and microscopical analyses suggested that 

capability to assemble polymers in native extracts might be an intrinsic property of plant Nit1. Thus, 

due to its evolutionary conserved filament forming capacity, Nit1 might be assigned to the extending 
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group of metabolic enzymes that form filamentous structures and evolved other functions besides their 

catalytic activities 25, 26. 

Plant Nit1 functions in cell cycle regulation and entering programmed cell death, similarly to its 

animal homolog. 

Cutler et al. found that Arabidopsis Nit1 is pelleted after wounding and herbicide treatment as 

detergent insoluble aggregates. Aggregation of Nit1 preceded contraction of the nucleus, hence a 

possible function of Nit1 in early steps of plant programmed cell death (PCD) was suggested 6. 

Correspondingly to these data, we also observed Nit1 aggregation and accumulation at perinuclear 

area in response to ASA treatment and wounding. The pelleted high molecular forms of Nit1 were 

identified as linear polymers. This led us to hypothesize that Nit1 polymers might play a role during 

early PCD in plant cells and possibly also in animal cells. Though execution phases of PCD are 

different in plants and animals, early steps such as response and decisions to enter the PCD 

programme are believed to be evolutionary conserved 27. 

Compared to limited data on possible role of Nit1 in plant PCD 6, function of animal homolog of Nit1 

in apoptotic processes and cell cycle regulation is much better understood 8, 9. Overexpression of a 

Nit1 homolog was found to suppress cell division and induce apoptosis in kidney cells 7. Now we 

provide evidence that frequency of cells entering PCD was also higher in plant cells overproducing 

Nit1 and correspondingly, cell growth rate was reduced. While mitotic index was lower compared to 

the WT, we did not observe effect of Nit1 overexpression to the S-phase progression after release from 

aphidicolin treatment (data not shown), which indicated that plant Nit1 might function more likely as 

G2/M than G1/S repressor. Similarly in animals, overproduction of Nit1 homolog resulted in G2/M 

rather than G1/S arrest also in T cells 9.  

While overproduced Nit1 functioned as a repressor of the cell cycle, enhanced proliferation rate 

resulted in loss of function phenotype. Nit-RNAi downregulation severely affected developmentally 

controlled cell division cascade leading to the formation of leaves. Numerous protrusions on Nit-RNAi 

leaves suggested that instead of the exit from cell cycle to differentiation programme, ectopic cell 

division occurred. The level of animal Nit1 expression is significantly reduced in tumors 8. 

Hyperproliferation response connected with spontaneous cell cycle entry and rapid induction of cyclin 

D1 expression was reported for Nit1 deficient kidney cells by Semba 7. Similarly, T cells deficient in 

Nit1 showed enhancement of proliferation, accelerated cell cycle, and aberrant expression of cell cycle 

genes. Instead of the cyclin D1 that is not expressed in T cells, slightly elevated cyclin E and CDC2 

were detected 9. It is known that in leave callus culture continuous CDK1 activity is important to 

maintain cells in undifferentiated state 28; we can thus expect elevated levels of mitotic CDK1 in 

Nit1-RNAi seedlings. Compared with Nit1-RNAi seedlings where proliferation occurred instead of the 

leaf differentiation, the Arabidopsis dominant negative CDK1 mutants showed completely different 
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phenotype where several rossets and smaller leaves developed as a consequence of reduced 

proliferation and premature entering to differentiation 29. 

Research on biological function of Nit1 in animals was promoted by first reports on the fusion gene of 

Nit1 with an important oncogene Fhit in D. melanogaster and C. elegans 10. In vertebrates both the 

genes are separated but as the “Rosetta stone” hypothesis predicts, these proteins, even separated, 

would participate in the same biological patways 30. This was confirmed experimentally when Nit1 and 

Fhit genes were shown to share functions in cell cycle regulation and apoptosis in vertebrates 7-9. We 

did not find in databases plant homolog of the fusion Nit1/Fhit gene whereas the homolog of the 

separate Fhit gene is present in Arabidopsis genome. Data on plant Fhit protein are limited to reports 

on its dinucleoside triphosphate hydrolase and phosphodiesterase enzyme activities 31. Now we found 

that Fhit expression is downregulated in seedlings with reduced expression of Nit1. Despite strong 

correlation in coexpression of the both genes, we did not identify Fhit in a complex with 

immunopurified Nit1 protein. However, this is not incomprehensible considering the data from 

mammals where physical interaction of both the proteins was not validated albeit they are coexpressed 

and genetically shown to cooperate within the same pathways. 

Fhit protein cloned from human normal and tumor cells 32 was associated in vitro with microtubules 

and its interaction with microtubules was not shown to be connected to Fhit hydrolase activity but 

rather to its tumor suppressor activity 33. Now we found that portion of plant Nit1 is associated with 

microtubules. Parallel analysis of Nit1 and γ-tubulin suggested that Nit1 was not involved in 

recovering microtubules after the drug induced depolymerisation. Analogously, microtubule bound 

portion of Fhit protein was not found to affect microtubule nucleation 33. Having no additional 

experimental evidence we can but speculate about possible functional interaction of plant Nit1 and 

Fhit with microtubules in processes of cell cycle regulation and PCD. Nevertheless, plant-specific 

functions for plant Nit1 might also exist such as regulation of signaling to cytokinesis as judged from 

defective stomata division in cotyledons of plants with reduced Nit1 expression. 

Our data on suppression of growth and enhancement of a number of cells entering PCD under 

overproduction of Nit1 and on proliferation activity in Nit1-loss-of-function plants indicated similar 

biological role for Nit1 in plants and animals. Furthermore, possible interaction of Nit1 and yet 

uncharacterized Arabidopsis Fhit gene product in a pathway coordinating cell division and PCD in 

plants seems functional; however, furher research is needed to get insight into novel Nit1 related cell 

cycle regulatory mechanisms. 
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MATERIALS AND METHODS 

Plant material and cell cultures 

Cell suspension cultures of Arabidopsis thaliana, ecotype Columbia (Col) and Landsberg erecta (Ler) 
12 and cell cultures Ler and Col expressing Nit1-N-GFP and 35SNit1-N-GFP were grown under 

continuous darkness at 25°C on a rotary shaker with subculture intervals of 3–4 days in 1x Murashige 

and Skoog (MS) solution as described 12. For transformation, the following plants were used: 

Arabidopsis thaliana ecotype Columbia (Col) and Landsberg erecta (Ler); Col plants expressing 

plasma membrane GFP marker (PM-GFP) 34. Seeds were obtained from Arabidopsis Biological 

Resource Center (ABRC, http://abrc.osu.edu/). Surface-sterilized seeds 35 were grown on half-strength 

MS agar plates with 1% agar or 1.6% agar for vertical plates. Plants were cultured under 16 h light/8h 

dark regime at 20°C. 

Vector construction and plant transformation 

The complete coding region of Arabidopsis Nit1 was PCR amplified with proof reading polymerase. 

Using Gateway technology (Invitrogen), we prepared N-terminal GFP fusion and C-terminal 

GFP-fusion (vectors pK7WGF2.0, pK7FWG2.0, respectively; Ghent University) of Nit1 under 35S 

CaMV promoter. Multisite Gateway system (Invitrogen) was used for preparation of Nit1 construct 

with N-term GFP under the control of its putative promoter region. The region upstream of Nit1 gene 

of about 1,500 bp was PCR amplified and the respective entry clone was prepared. Other entry clones 

coding for GFP sequence and Nit1 were constructed and all entry clones were recombined in a single 

LR reaction with the target vector pK7m34GW (Invitrogen). All Nit1 constructs carried kanamycin 

resistance for plant selection. All primers used for Nit1 cloning are described in the Supplemental 

Materials and Methods. 

For RNAi, pART27 (CSIRO Plant Industry) vector was used with a 335 bp fragment of Nit1 sequence 

that is located in the central part of the Nit1 molecule. The resulting PCR fragments were double 

digested with XhoI-EcoRI and XbaI-HindIII, and the fragments were used for the two rounds of 

ligations into the vector pKANNIBAL. Finally, Nit RNAi cassette was excised from the 

pHANNIBAL construct using Xho-XbaI and subcloned into the doubly digested pART27 vector 

(CSIRO Plant Industry). 

The constructs were transferred to Agrobacterium tumefaciens strain GV3101. Bacterial transformants 

were screened for positivity using PCR and were then used for transformation of Arabidopsis culture 

cells and Arabidopsis plants using standard methods 36, 37. Seedlings were selected on kanamycin (50 

µg mL-1) selection medium to identify T1 transgenic plants. 
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Protein extracts and differential centrifugation 

Cultured cells (3-d-old) or seedlings were harvested, immediately ground in liquid nitrogen and 

extracted in equal volume (1:1, w/v) of extraction buffer (buffer A: 50 mM Na-Hepes pH 7.5, 150 mM 

NaCl, 1 mM MgCl2·6 H2O, 1 mM EGTA, 1 mM DTT, 1 mM NaF, 1 mM PMSF, 2 mM Pefabloc, and 

10 μg mL-1 each of aprotinin, leupeptin and pepstatin). For differential centrifugation, crude extracts 

were centrifuged at 10,000g for 10 min at 4°C, supernatants (S10) subsequently at 20,000g for 0.5 h 

and resulting S20 at 100,000g for 1 h. The obtained S100 were finally spun at 160,000g for 1.5 h to 

yield S160 and the pellet P160. Pelleted material was resuspended in a volume equal to the volume of 

corresponding supernatant. 

Separation and immunoblotting 

Protein samples were separated on 8% SDS-PAGE gels, transferred by wet electroblotting onto 

0.45 μm PVDF membranes (Immobilon-P, Millipore) and western blotted with appropriate antibody. 

Supersignal ECL kit (Pierce) was used according to manufacturer’s instructions.  

Antibodies 

Polyclonal rabbit antibody for the Nit1 was raised (GeneScript) against C-terminal sequence 

DIARAKLYFDSVGHYSRPDV (aa 299-318) of the Nit1 molecule and used for its detection diluted 

1:100. γ-Tubulin was detected as described 38. Antibodies against α-tubulin and actin were purchased 

from Sigma and ABR, respectively and diluted 1:1,000 for Western blot. Secondary antibodies 

anti-mouse Ig and anti-rabbit Ig conjugated with horseradish peroxidase (Amersham-GE Healthcare) 

were diluted 1:10,000. DyLight 488- and DyLight 549-conjugated anti-mouse and anti-rabbit 

antibodies (Jackson ImmunoResearch Laboratories) diluted 1:500 were employed in 

immunofluorescence.  

Immunopurification  

Co-immunoprecipitation was performed using GFP-Trap A (ChromoTek) according to the 

manufacturer’s instructions. In a standard procedure, cell extract S20 from the cell culture expressing 

AtNit1-GFP (protein concentration around 5 mg mL-1) was incubated with GFP-Trap beads for 1.5 h 

at 4°C. The immunoprecipitated proteins were released by elution with 100 mM glycine, pH 2.5. 

Extract from the Arabidopsis thaliana Ler cell culture was used as a negative control. Proteins in the 

eluates were resolved by blue native PAGE (BN-PAGE) performed as described previously 12 and 

Western blotted, or resolved by 8% SDS-PAGE and analysed by mass spectrometry. The analysed 

protein bands were cut out of the Ag-stained gels, trypsin-digested and the proteins were identified by 

peptide mass mapping as described elsewhere 39.  
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Gel filtration 

Gel filtrations of cell extract preparations (P100 spun directly from S20, re-solubilized in 400 μL 

buffer A and clarified at 10,000g for 10 min) were performed on Superose 6 10/300 GL column (GE 

Healthcare Bio-Sciences) equilibrated with buffer A and loaded using 200-μL sample loop. Fractions 

(0.5 mL) were collected at a flow rate of 0.2 mL min-1 and their aliquots used for Western blot analysis 

of actin and Nit1. Ferritin (440 kDa) and thyroglobulin (669 kDa) were used as molecular size 

markers. 

Electron microscopy 

Negative staining was performed with 5 µl samples applied onto glow-discharged activated 

Formvar/carbon coated copper grids. After 30 s the grids were blotted and immediately stained with 

2% (w/v) uranyl acetate in ddH2O for 30 s. The samples were examined in Philips CM100 electron 

microscope equipped MegaViewII slow scan camera at 80 kV and magnification of 46,000x. Digital 

images were recorded at magnification of 64,000x giving the digital resolution of about 1nm per pixel.  

For immunogold labeling, 5 µl samples were applied directly onto glow-discharged activated 

Formvar/carbon coated nickel grids for 30 s and fixed in 4% PFA and 0.1% glutaraldehyde in PBS pH 

7.4 for 10 min. After blocking (1% BSA in PBS plus 0.05% Tween), anti-Nit1 antibody diluted 1:8 in 

the blocking buffer was applied for 2 h. Anti-rabbit antibody conjugated with gold particles 

(BBInternational) was used. The grids were stained using 2% ammonium molybdate in ddH2O pH 6.5. 

Sequence alignment 

Clustal X 40 was used to perform multiple sequence alignment and to obtain phylograms. 

Immunofluorescence labeling 

For immunofluorescence microscopy, cultured cells of Arabidopsis were fixed for 45 min in 3.7% 

paraformaldehyde and processed as described 41. Enzyme-treated cells were postfixed in methanol (-

20°C, 10 min). Primary antibodies anti-Nit1 (1:100), anti α-tubulin (1:2,000), anti γ-tubulin TU-32 

antibody (1:6) and secondary antibodies (see section Antibodies above) were applied as described 

previously 12. 

Prior to immunostaining, APM-treatment (amiprophos methyl, Duchefa, 5 µM for 2 h) was performed 

to reach for microtubule depolymerization or ASA-treatment (acetylsalicylic acid, 2 mM for 4 h) was 

performed to reach the induction of PCD. 
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Fluorescence microscopy and live-cell imaging 

All fluorescence images were analysed with an oil immersion 100x/1.4 objective or 60x/1.35 objective 

using the Olympus IX-71 inverted microscope with Olympus DSU – Disc Scanning Confocal Unit. 

The microscope was equipped with Hammamatsu Orca/ER digital camera and the Cell RTM detection 

and analysing system. To avoid filter crosstalk, fluorescence was detected using HQ 480/40 exciter 

and HQ 510/560 emitter filter cubes for DyLight 488 and GFP and HQ 545/30 exciter and HQ 610/75 

emitter filter cubes for DyLight 549 (both AHF Analysen Technique). 

Confocal images were taken using an Olympus FluoView 1000 confocal imaging system based on the 

IX81 microscope. GFP was excited using 473 nm solid state laser and detection filters ranged from 

510 to 530 nm. FM4-64 and PI were excited using 559 nm solid state laser and detection filters ranged 

from 650 to 790 nm. Laser scanning was performed using the sequential multitrack mode to avoid 

bleed-through. 

Endocytic tracker FM4-64 (Invitrogen, Molecular Probes) was applied as described 42 and propidium 

iodide (PI, Sigma) was used (10 μg mL-1, 10 min) for staining of nuclei to evaluate cell viability. For 

PCD induction in vivo, 2 mM acetyl salicylic acid (ASA, Sigma) treatment for 3-4 h was applied. 

Exposures of seedlings were obtained with digital camera Nikon D300. 

All images were processed and analysed using CellR softwere (Olympus). Cell counting and plot 

profile analyses were performed using ImageJ software (http://rsbweb.nih.gov/ij/). Figures were 

prepared using Adobe Photoshop CS4. 

Microtubules spindown assay 

The MT spin down experiments were performed as described previously (Weingartner et al. 2001; 

Doskocilova et al. 2011). Three independent experiments were performed and representative picture 

from Western blot detection is shown. 

Quantitative real-time PCR (qPCR) analysis 

qPCR experiments were performed following MIQE recommendations 43. Total RNA was isolated 

from A. thaliana control and Nit depleted plants using the Plant RNasy Extraction Kit (Qiagen). 

Digestion of DNA during RNA purification was performed using the RNase-Free DNase Set (Qiagen). 

100 ng of purified RNA were reverse transcribed using the Transcriptor High Fidelity cDNA 

Synthesis Kit (Roche) with an anchored-oligo (dT)18 primer according to the Roche instructions. 

Quantitative real-time PCR using EvaGreen Dye (Bio-Rad) was performed using the CFX96TM Real-
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Time PCR Detection System (Bio-Rad). Three replicate PCR amplifications were performed for each 

sample. The PDF2 gene 44 was used as a reference. Quantification of transcripts of each gene, 

normalized to the internal reference PDF2 gene, was determined using CFX Manager Software (Bio-

Rad). The transcript level of each target gene of control plants or the reference gene in controls or 

RNAi plants, was designated as 1.0. The primers used for real time PCR are described in the 

Supplemental Materials and Methods. 

Growth curve and MI counting 

For the measurement of Arabidopsis cell suspension growth curve, 5 ml of cultured cells were 

collected, the liquid media was aspirated and cells were immediately weighted. 

For the purpose of determination of the percentage of mitotic cells, 0.5 ml of cell cultures (1,2,3,4,5, 

and 7-d-old) was collected to a 2 ml Eppendorf tube, liquid media was replaced by modified Carnoy´s 

fixative (pure ethanol:glacial acetic acid, 3:1 v/v, respectively) and cells were slowly stirred for at least 

2 h. Carnoy´s fixative was then replaced by pure ethanol and DNA was stained by 0.45% lacto-

propionic-orcein. Number of cells being in prophase (P), metaphase (M), anaphase (A), telophase (T), 

and cytokinesis (C) was estimated. Mitotic index was counted according to formula: MI = 

(P+M+A+T+C)*100/n [%], where n = number of counted cells. We counted 1,000 cells of each 

examined cell culture in 3 independent experiments. 

TUNEL assay 

To detect and quantify cells in the culture undergoing PCD (programmed cell death), the in situ 

labeling of PCD-induced DNA strand breaks was done by In situ cell death detection kit (Roche) 

employing TUNEL (TdT-mediated tetramethyl-rhodamine (TMR)-dUTP nick end labeling) technique. 

Cells were fixed by 3.7% paraformaldehyde with 0.4 M manitol, washed with PBS and attached to 

poly-L-lysine slides. After cell permeabilisation (0.1% Triton X-100 in 0.1% sodium citrate for 10 

min), labeling reaction according to the manufacturer’s protocol and DAPI staining were performed. 

Images of TMR red-stained nuclei and DAPI-stained (i.e. all) nuclei were obtained microscopically 

and analysed by ImageJ with the Cell Counter plugin (http://rsbweb.nih.gov/ij/plugins/cell-

counter.html). 
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Figure 1. 

Subcellular distribution and molecular forms of Nit1. (A) Differential centrifugation was done from 
Arabidopsis cell culture expressing Nit1-N-GFP under its own promoter. The equal sample volume 
was loaded on SDS-PAGE gel. Antibody against Nit1 was used for detection of endogenous Nit1 and 
Nit1-N-GFP on Western blot. (B) BN-PAGE of Nit1-N-GFP immunopurified from microsomal pellet 
P100 with subsequent detection with Nit1 antibody. Protein complexes show a broad range of 
molecular masses. (C) Fractions from gel filtration of P100 were western blotted and immunostained 
with antibodies against Nit1 and actin. Fractions used for EM analysis are marked with asterisks. 
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Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 

Nit1 ability to form polymers. EM of (A) negatively stained and (B) immunogold labeled fractions 
from gel filtration (marked with asterisks in Fig. 1C). (A) Electron micrographs show linear polymers 
of Nit1. Actin microfilament is marked with arrowhead. (B) EM immunogold labeling was performed 
with antibody against Nit1 that does not interact with actin microfilaments (inset II). Nit1 filaments 
with loose structure are more heavily decorated with gold particles at these areas (inset IV) compared 
to compact filaments (inset I and III). (Scale bars 100 nm). (C) Protein sequence alignment of 
Rhodococcus rhodochrous J1 (RhoNit) nitrilase and Arabidopsis thaliana Nit1 (AtNit1). Rectangle 
marks the C-terminal extra portion of Rhodococcus nitrilase molecule which has to be cleaved prior 
filament formation. 
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Figure 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 

Immunofluorescence localization studies of Nit1 during the cell division cycle in Arabidopsis cultured 
cells. Antibodies against Nit1 and α-tubulin were used and visualized in red and green (A, B, E), 
respectively; and in green and red (C, D), respectively; DNA-DAPI staining in blue. In prophase (A), 
the area of microtubule preprophase band (bifacial arrow) is positive for Nit1 signal. Kinetochore 
microtubular fibres of metaphase spindle (B) are decorated with Nit1 (arrow). In anaphase, Nit1 is 
present with shortening spindle microtubules on poles (asterisks) and in midzone (arrow). In telophase 
(D), Nit1 decorates newly formed nuclei (arrows) and it is present at the whole area of phragmoplast, 
not only with microtubules. Plots illustrate signal intensities of α-tubulin and Nit1 along phragmoplast 
(red lines). (E) The plots show that Nit1 is present not only with microtubules on the leading edge of 
the phragmoplast (asterisks) but also with the newly formed cell plate (arrow). (Scale bars 10 µm) 
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Figure 4. 
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Figure 4. 

Live cell imaging of Nit1-N-GFP during cell division and its presence on microtubules. (A) 
Representative images of Nit1-N-GFP expressed under its own promoter show interphase, metaphase, 
anaphase, and cytokinesis. The arrow in interphase marks accumulation of Nit1-N-GFP in the vicinity 
of nuclear membrane. In metaphase, the arrows point to microtubules bundles decorated with Nit1-N-
GFP signal. In cytokinesis, the asterisks mark leading edges of phragmoplast and the arrow indicates 
position of newly formed cell plate (Scale bar 20 µm). (B) Live cell images of dividing Arabidopsis 
cultured cell expressing Nit1-N-GFP under 35S promoter at time points 2, 12, 13, 19, 22, 25, 33, 59, 
69, and 74 min (Scale bar 20 µm). Individual frames presented here are part of Supplemental movie 1 
and 2. (C) Microtubules spin-down assay. Microtubules were prepared from Arabidopsis extract S70 
(IN) by taxol-driven polymerization and analysed by immunoblotting with antibodies against Nit1 and 
γ-tubulin. Abbreviations are as follows: S/P + Tax: supernatant/pellet after taxol treatment; S/P – Tax: 
supernatant/pellet without taxol treatment; S/P + bMTs: supernatant/pellet with taxol polymerized 
brain microtubules. Nit1 was pulled down with in vitro polymerized plant microtubules but unlike γ-
tubulin it was not enriched after addition of brain microtubules. (D) Double immunofluorescence 
labeling of Arabidopsis cell culture after microtubule depolymerization (2h treatment with APM). 
Antibodies against Nit1 (green), α-tubulin (red), and γ-tubulin (red) were used. Microtubule stubs 
(arrows) were heavily decorated with γ-tubulin but almost no signal was observed for Nit1 (plot 
analysis of signal intensities) (Scale bars 20 µm). 
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Figure 5. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 

Expression of Nit1-N-GFP driven by its own promoter in 7-d-old Arabidopsis seedlings. Localization 
of Nit1-N-GFP in (A) main root, (B) first true leave, (C) hypocotyl (black arrow), and shoot apical 
meristem (white arrow) (Scale bars 0.1 mm). (D) Nit1-N-GFP localization in the root is cell file 
specific; signal was observed in endodermis (en), cortex (co), and slightly in epidermis (ep). (E) Nit1-
N-GFP on mitotic microtubules (white arrow) and newly formed cell plate (black arrow) in dividing 
root cells (asterisks mark the polarities of the cells). (F) In meristematic zone of main root, Nit1-N-
GFP was present in the vicinity of nuclei and a weak signal was present in the nuclei; in differentiated 
cells of elongation zone Nit1-N-GFP signal in the nuclei was stronger. In the epidermis of cotyledon 
(G) and hypocotyl (H), Nit1-N-GFP signal was slightly stronger in and around stomata. (Scale bars for 
D-H 20 µm). 
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Figure 6. 

Phenotype of Arabidopsis plants with RNAi downregulated Nit expression. (A) Representative images 
of wild type (WT) and NitRNAi 19-d-old Arabidopsis seedlings. Plants with downregulated Nit 
demonstrate severe growth defects (Scale bar 1 cm). (B) Plot showing results from quantitative real 
time PCR performed on 9-d-old WT plants and Nit depleted plants. The transcript level of Nit1, 2, and 
3 was reduced in NitRNAi plants compared to WT plants. (C) Scale of NitRNAi phenotype of aerial 
parts of seedlings from strong to mild is marked with black arrowhead. In the strongest phenotype, 
calli-like structure occured instead of first true leaves (white arrows), milder phenotypes developed 
true leaves (red arrows) but always with aberrant structure and morphology. Trichomes (asterisks) 
were either absent in the strongest phenotype or present as a bulged structure or showed irregular 
branching (Scale bars 0.5 mm). (D) Confocal laser scanning microscopy (CLMS) images of 
cotyledons (II-IV) and hypocotyl (V) of NitRNAi plants revealed strong defects in stomata last 
symetric division in comparison to WT plants. Stomata without central pore (II) or with uncomplete 
cell plate formation (III, V) or formed by only one guard cell (IV) were observed (Scale bar 10 µm). 
Percentage of aberrant stomata is plotted in (E), n = 100 for both WT and NitRNAi. (F) Arabidopsis 
PM-GFP NitRNAi milder phenotypes were characteristic with formation of only rudimentary true 
leaves (I, II, III) and instead of the youngest leaves, only dedifferentiated calli-like structures were 
observed (IV). CLMS analysis showed that aberrantly developed leaves had many protrusions on its 
surface (III) and epidermal cells lacked their typical lobbed structure compared to the WT plants 
(Scale bar for detail of aerial part of NitRNAi plant 0.5 mm; insets and WT 10 µm). (G) Propidium 
iodide staining of calli-like cells showed intensive influx through compromised membranes (Scale bar 
0.1 mm). 
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Figure 7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. 

Root phenotype of plants with RNAi downregulated Nit. CLMS (A) inner section and (B) section 
through epidermis of WT root and root of NitRNAi plants (strengths of the phenotypes are marked 
with black arrowheads). (A) Number of lateral root files is not disrupted in NitRNAi plants. Arrows 
mark individual files: en - endodermis, co - cortex, ep – epidermis, QC - quiescent centre. In epidermis 
(B) cells are swollen and isodiametric (arrows). Zone of division of main root is remarkably shortened 
and cells are of irregular shape and size. (C) Root hairs emerge in the proximity of the root tip in 
NitRNAi plants. (D) Arrow marks swollen base of the root hair. (E) The same irregular root hair 
patterning was observed in lateral roots of NitRNAi plants (arrows mark newly formed young root 
hairs). (Scale bars 50 µm). (F) Plot showing results from quantitative real time PCR performed on 9-d-
old WT plants and Nit depleted plants. The transcript level of Fhit was reduced in NitRNAi plants 
compared to WT plants. 
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Figure 8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. 

Growth and PCD parameters in cell culture overexpressing 35SNit1-N-GFP. (A) Growth curve of WT 
cell culture and culture overexpressing 35SNit1-N-GFP under 35S promoter was measured by 
calculating fresh mass weight increase. 35SNit1-N-GFP expressing culture exhibited slower growth 
rate (B) and lower mitotic index (MI). MI index was calculated from 1000 cells in day time point 
during a period of 7 days. The main differences between Nit1 overproducing and WT culture were 
found in the exponencial and the lag phase of the cell culture growth. (C) Overproduction of 35SNit1-
N-GFP was higher in cultured cells compared to 35SNit1-N-GFP overexpressing seedlings. Cell 
extracts (S10) were prepared from WT plants (S10WT), plants expressing 35SNit1-N-GFP in 
moderate and strong manner (S10weak and S10strong; plants were microscopically selected), and 
from cell culture overexpressing 35SNit1-N-GFP (S10cells). Extracts were SDS-PAGE separated and 
Western blotted with detection of Nit1. Equal amounts of protein were loaded per line. (D) The level 
of PCD was measured by TUNEL assay in WT cells and cells overproducing 35SNit1-N-GFP. Cells 
overproducing 35SNit1-N-GFP showed higher level of PCD than WT cells. The difference in entering 
of PCD was more prominent in cultures 5d after subculturing that were in stationary phase of growth. 
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Figure 9. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. 

Nit1 localization during induction of PCD by acetylsalicylic acid (ASA). (A) Double 
immunofluorescence labeling of Arabidopsis cell culture after ASA treatment (2 mM, 4 h). Antibodies 
against Nit1 (green) and α-tubulin (red) were used. Nit1 accumulated around nuclear envelope and 
entered the nuclei. (B) The same results were obtained from live cell imaging. Cells expressing Nit1-
N-GFP under its own promoter were treated with ASA. Nit1-N-GFP signal was observed around 
nuclei and also in the nuclei (C, arrows) (Scale bars 20 µm for A and B, 10 µm for C). 
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SUPPLEMENTAL MATERIALS AND METHODS 

 

Primers used for Nit1 cloning of N- and C-term fusions (FNITN+RNITN, FNITN+RNITC, 

respectively): 

FNITN:  

5´- GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGTCTAGTACTAAAGATATGTCAACTG -3´ 

RNITN:  

5´- GGGGACCACTTTGTACAAGAAAGCTGGGTCCTATTTGTTTGAGTCATCCTCAGC -3´ 

RNITC:  

5´- GGGGACCACTTTGTACAAGAAAGCTGGGTCTATTTTGTTTGAGTCATCCTCAGC -3´ 

Two sets of primers used for Nit1-RNAi cloning (restriction sites for XhoI, EcoRI, XbaI, and HindIII 

are underlined, respectively):  

NitRNAi335_FW01   5´- GACTCGAGCGAAGAAGGGCGTGATGAG -3´ 

NitRNAi335_RE01   5´- TCGAATTCGCAGTTCTGTAGAGGGGC -3´ 

NitRNAi335_FW02   5´- GATCTAGACGAAGAAGGGCGTGATGAG -3´ 

NitRNAi335_RE02   5´- TCAAGCTTGCAGTTCTGTAGAGGGGC -3´ 

Primers used for real time PCR. To ensure specificity of primers, primer pairs were designed to span 

across two neighboring exons and were detected as a single peak in dissociation curve analysis. 

PDF2_FOR   5´- TAACGTGGCCAAAATGATGC - 3´  

PDF2_REV   5´- GTTCTCCACAACCGCTTGGT - 3´  

qNitrilase1_FOR   5´- TGAGTTTCGGAAGTACCATGC - 3´ 

qNitrilase1_REV   5´- CACGTCAGCCAATCTTGCTA -3´ 

qNitrilase2_FOR   5´- CGTGATGAGTTCCGCAAGTA - 3´ 

qNitrilase2_REV   5´- GTTCTTCCCGGCCAACTC -3 ´ 

qNitrilase3_FOR   5´- CCGGCCACTTTAGACAAGGCGG -3´ 

qNitrilase3_REV   5´- GCCGATGAACGCCTCGGGAA -3´ 
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qNitrilase4_FOR   5´- CACATGACGGCGGCTCCACA - 3´ 

qNitrilase4_REV   5´- TCGCCGGCGGACATGTCAAT - 3´ 

qFhit_FOR   5´- AAGAATGATGAAATCTATGATGCTCTT - 3´ 

qFhit_REV   5´- GCTCCTATCAACCCGGTCTT -3´ 
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SUPPLEMENTAL FIGURES 

Figure S1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1. 

(A) Multiple sequence alignments of Arabidopsis Nit1-4. (B) Multiple sequence alignments of 
nitrilases from various organisms. Abbreviations are as follows: Arabidopsis thaliana (Ath), 
Rhodococcus rhodochrous J1 (Rrh), Aspergillus niger (Ani), Drosophila melanogaster (Drm), and 
Homo sapiens (Hsa).
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Figure S2. 

 

 

 

 

 

Figure S2. 

Western blot detection of Nit1 after differential centrifugation performed in extracts with (+) or 
without (-) non-ionic detergent NP40. 
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Figure S3. 

 

 

 

 

 

 

 

 

 

Figure S3. 

MALDI-MS analysis of proteins immunopurified with Nit1-N-GFP from resuspended P100 fraction. 
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Figure S4. 

 

 

 

 

 

Figure S4. 

Protein sequence alignment of Fhit proteins from Arabidopsis thaliana (Ath) and Homo sapiens (Hsa). 
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Figure S5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5. 

Induction of programmed cell death (PCD) in Arabidopsis Ler cells. (A) Cultured cells were stained 
with TUNEL assay (red) and DAPI (blue). (B) Percentage of PCD-cells (TUNEL-positive) in 
untreated (Ler) and ASA-treated (Ler+ASA) culture one and five days after subculturing. 
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