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The microtubule-associated protein, MAP65, is a member of a family of divergent microtubule-associated proteins from

different organisms generally involved in maintaining the integrity of the central spindle in mitosis. The dicotyledon

Arabidopsis thaliana and the monocotyledon rice (Oryza sativa) genomes contain 9 and 11 MAP65 genes, respectively. In

this work, we show that the majority of these proteins fall into five phylogenetic clades, with the greatest variation between

clades being in the C-terminal random coil domain. At least one Arabidopsis and one rice isotype is within each clade,

indicating a functional specification for the C terminus. In At MAP65-1, the C-terminal domain is a microtubule binding

region (MTB2) harboring the phosphorylation sites that control its activity. The At MAP65 isotypes show differential

localization to microtubule arrays and promote microtubule polymerization with variable efficiency in a MTB2-dependent

manner. In vivo studies demonstrate that the dynamics of the association and dissociation of different MAP65 isotypes with

microtubules can vary up to 10-fold and that this correlates with their ability to promote microtubule polymerization. Our

data demonstrate that the C-terminal variable region, MTB2, determines the dynamic properties of individual isotypes and

suggest that slower turnover is conditional for more efficient microtubule polymerization.

INTRODUCTION

Microtubules form networks of filaments and are organized into

structurally distinct arrays, three of which are peculiar to plant

cells: the interphase array of cortical microtubules located within

the subplasmalemma layer of cytoplasm, the preprophase band,

and the cytokinetic phragmoplast (Goddard et al., 1994). The

interphase cortical array governs the direction of cell expansion

and aligns cellulose microfibrils of the cell wall. Mutations in

interphase microtubule organization can cause twisting of the

cell files (reviewed in Ishida et al., 2007). The preprophase band is

necessary to determine the division plane, and abolishing this

structure causes disorganized cell divisions, resulting in aberrant

tissue organization (Traas et al., 1995). The phragmoplast cre-

ates the cell plate that divides the daughter cells, and disruption

of this network leads to defective cytokinesis (Yasuhara et al.,

1993).

Microtubules are composed of tubulin, which is a heterodi-

meric protein of a and b subunits. Tubulin is capable of spon-

taneous polymerization dependent upon optimal environmental

conditions. During polymerization, tubulin molecules are posi-

tioned within a microtubule so that a-tubulin faces the slow-

growingminus end andb-tubulin faces the fast-growing plus end

(Bayley et al., 1994; Wade and Hyman, 1997). With this polarity,

microtubules can treadmill and also undergo rapid elongation or

shortening excursions, known as dynamic instability. The im-

portance of microtubule dynamics in plant cell growth and

development has been demonstrated in several drug studies.

For example, increasingmicrotubule elongation and stabilization

using taxol or promoting microtubule shortening using propyza-

mide disturbs normal plant cell shape and plant growth (Yasuhara

et al., 1993; Baskin et al., 1994; Anthony and Hussey, 1999). This

indicates that microtubule dynamics must be tightly regulated in

vivo, and this is controlled by a set of heterogeneous microtu-

bule-associated proteins (MAPs).

De novo formation of newmicrotubule arrays or transformation

of an existing array requires a set of minus-end binding proteins

that promote the initiation of new microtubules (reviewed in

Pastuglia and Bouchez, 2007) and a set of proteins that bind plus

ends and determine microtubule lifetime via the control of

elongation or shortening (reviewed in Hamada, 2007; Sedbrook

and Kaloriti, 2008). In addition, existing microtubules need to be

stabilized or targeted to a particular sitewithin the cell by proteins

that bind at sites along the microtubule surface (e.g., phospho-

lipase D [Gardiner et al., 2001] can link cortical microtubules to
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plasmalemma). MAPs that bind along the length of microtubules

can cause microtubules to bundle, which is important for the

structural organization of all microtubule arrays (Hamada, 2007).

The structure of these bundles is determined by the distance

between the microtubules: 8- to 10-nm cross-bridges generated

by Microtubule Organization1/Gemini1 (Yasuhara et al., 2002),

whereas Wave Dampened2 appears to glue microtubules to-

gether (Perrin et al., 2007).

Themicrotubule-bundling proteinMAP65wasoriginally isolated

biochemically from tobacco (Nicotiana tabacum) tissue culture

cells (Jiang and Sonobe, 1993). Characterizing the correspond-

ing MAP65 cDNA, the localization of MAP65 protein, and the

biochemical properties of recombinant MAP65 (Smertenko

et al., 2000, 2004; Hussey et al., 2002) identified it as a functional

homolog of members of a family of divergent proteins that

includes Saccharomyces cerevisiae Ase1p (Pellman et al., 1995)

and Homo sapiens PRC1 (Jiang et al., 1998). These proteins are

involved in the maintenance of the spindle midzone, a structure

that is formed between daughter chromatids during anaphase B

and is essential for the completion of mitosis. MAP65-like pro-

teins have been suggested to maintain the integrity of the

midzone by cross-linking and stabilizing interdigitating antipar-

allel microtubules. Carrot (Daucus carota) MAP65 (Chan et al.,

1999) andArabidopsis thalianaMAP65-1 (Smertenko et al., 2004)

bundle microtubules via 25-nm cross-bridges. MAP65-1 has a

weak effect on microtubule polymerization (Smertenko et al.,

2004; Mao et al., 2005b), and fluorescence recovery after photo-

bleaching (FRAP) analysis of green fluorescent protein (GFP):

MAP65-1 reveals that it has a very high turnover on microtubules

(Chang et al., 2005). Polymerization rates and the frequency of

catastrophes of microtubules decorated with MAP65-1:GFP in

suspension culture cells were similar to those in the control;

however, depolymerization rates were reduced (Van Damme

et al., 2004b). Taken together, these data suggest that bundling

of microtubules by At MAP65-1 in vivo has a weak effect on their

dynamics, making MAP65-1 ideally suited for the spatial orga-

nization of highly dynamic plant microtubule arrays (Chang et al.,

2005).

Arabidopsis MAP65-1 has two microtubule binding regions

located in the C-terminal half of the protein (Smertenko et al.,

2004). The sequence of one of these regions is highly conserved

among all members of the Ase1p/PRC1/MAP65 family (Schuyler

et al., 2003), while the second region at the extremeC terminus is

not conserved and is composed of a random coil domain and

contains a series of phosphorylation sites for several different

kinases, including mitogen-activated protein kinase and cyclin-

dependent kinase (Sasabe et al., 2006; Smertenko et al., 2006).

Phosphorylation weakens the binding of MAP65-1 to microtu-

bules. Although both microtubule binding regions can bind

microtubules independently, successful microtubule bundling

requires dimerization, which occurs within the N-terminal half of

the protein (Smertenko et al., 2004).

Unlike animal and fungal genomes, which contain one or two

MAP65 homologs, the Arabidopsis genome contains a family of

nine MAP65 genes (Hussey et al., 2002) sharing between 25 and

78% amino acid sequence identity. Diversity in primary se-

quence underlies the variability in MAP-65 isotype activity. For

example, the biochemical properties of two members of the

Arabidopsis gene family have been compared, and it has been

reported that MAP65-1 and MAP65-6 have different effects on

microtubule polymerization and bundling (Mao et al., 2005b).

Moreover, studies using GFP fusions to MAP65s reveal differ-

ences in their intracellular localization (VanDamme et al., 2004a).

Analysis of mutants has only identified a phenotype for one

member of the Arabidopsis MAP65 gene family so far, mutations

in MAP65-3. The pleiade/MAP65-3 mutants have either an

absent or a modified microtubule binding domain, which results

in abnormal phragmoplast formation and incomplete cytokinesis

with the accumulation of multinucleate cells, resulting in abnor-

mal root development (Muller et al., 2004, Smertenko et al.,

2004). Another allele of pleiade/MAP65-3 has been identified,

and it has been shown that this is resistant to nematode invasion

(Caillaud et al., 2008).

Here, further analysis of the primary structure of Arabidopsis

MAP65 proteins has identified five phylogenetic clades that are

also conserved in the monocot plant rice (Oryza sativa). We have

compared the localization and biochemical activities of at least

one member from each clade and demonstrated that three of

them,MAP65-1, MAP65-3, andMAP65-5, have tight association

with the phragmoplast midzone. These isotypes have different

dynamics of association with the midzone and cortical microtu-

bules in vivo, which correlates with the ability of the protein to

promote microtubule polymerization and is determined by the

isotype-specific C-terminal microtubule binding domain MTB2.

RESULTS

Sequence Analysis of MAP65-Like Proteins

The ArabidopsisMAP65 gene family contains ninemembers that

share identities between 28% (MAP65-4 andMAP65-8) and 78%

(MAP65-1 and MAP65-2). On the phylogenetic tree of Hussey

et al. (2002), MAP65-1 andMAP65-2 constitute a separate clade,

as do MAP65-6 and MAP65-7, while the remaining five proteins

had no close partners within the same species. A similar phylo-

genetic arrangement of proteins could be generated for the rice

MAP-65 family. When both gene families were combined in one

phylodendrogram (Figure 1), they formed five distinct cladeswith

a high statistical probability (bootstrap values > 70%), and these

clades were named groups 1 to 5. Each group included at least

one Arabidopsis and one rice gene, indicating that there is higher

conservation of the protein primary structure between MAP65

homologs from different species within a group than between

proteins within the same species. Group 1 includes the previ-

ously published tobacco MAP65-1a, -b, and -c isotypes and

carrot MAP65-1 sequences (Smertenko et al., 2000, 2004; Chan

et al., 2003). Three proteins, MAP65-4, MAP65-9, and Os

02d0126300, did not fall into any group (bootstrap values <

70%) and therefore represent separate branches on the tree.

Randomly chosen MAP65 homologs from other plant genomes

did fall into one or more of groups 1 to 5, further indicating the

conservation of theses groups across the plant kingdom.MAP65

homologs from vertebrates, invertebrates, and fungi did not fall

into any of the five groups. Asmonocotyledons and dicotyledons

diverged 150 million years ago, these data indicate that in the
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evolution of flowering plants there has been a functional con-

straint on the divergence of the primary structure of MAP65

isotypes.

Anti-MAP65 Antibodies

In order to address the question of any functional specification

for each of the five Arabidopsis MAP65 groups, we first deter-

mined the intracellular localization of individual isotypes. We

raised polyclonal antisera in mice against full-length MAP65-5

and MAP65-6 and fragments of MAP65-3 (N-terminal fragment),

-4, -8, and -9 selected to be specific for each isotype (see

Supplemental Figure 1A online). Antibodies against MAP65-1

were already in hand (Smertenko et al., 2004). The specificity of

the antibodies for each isotype was tested by immunoblotting a

total protein extract from Arabidopsis tissue culture cells and

purified recombinant MAP65 isotypes. Each antibody recog-

nized a band similar to the predicted molecular weight of the

corresponding MAP65 and also the corresponding recombinant

protein (see Supplemental Figures 1B and 1C and Supplemental

Table 1 online). The antibody raised against MAP65-1 cross-

reacted with the MAP65-2 recombinant protein as expected, as

these are so similar in primary sequence, while anti-MAP65-4

and anti-MAP65-8 did not cross-react with any of the recombi-

nant proteins used but produced a specific signal with the total

protein extract.

The results of the immunolocalization of MAP65 isotypes in

Arabidopsis tissue culture cells are summarized in Table 1 and

shown in detail for MAP65-4, MAP65-5, and MAP65-6 in Sup-

plemental Figures 2 to 4 online (the localization of MAP65-1 and

MAP65-3 is described in Smertenko et al., 2004 andMüller et al.,

2004, respectively). Comparison of the staining patterns re-

vealed that the major difference between the isotypes was at the

cell division midzone. While MAP65-1 (Smertenko et al., 2004),

MAP65-3 (Muller et al., 2004), and MAP65-5 concentrated at the

midzones of the spindle during anaphase B and the phragmo-

plast, MAP65-4 and MAP65-6 concentrated at the anaphase

spindle midzone but showed a more dispersed localization

along the phragmoplast microtubules (Figure 2; Table 1; see

Supplemental Figures 2 to 4 online). MAP65-6 was occasionally

observed at the midzone in the expanding edge of the phrag-

moplast (see Supplemental Figure 4 online). A speckled staining

particularly in metaphase cells was also apparent with all anti-

bodies. This may reflect either a background staining or cyto-

plasmic MAP65 proteins and/or complexes not bound to

microtubules, perhaps as a consequence of their phosphoryla-

tion state (Mao et al. 2005a; Sasabe et al., 2006; Smertenko et al.,

2006). Out of all isotypes, MAP65-4 has the strongest accumu-

lation around the nucleus during preprophase band formation

(Figure 2). We also compared the localization of the MAP65s

during interphase using protoplasts isolated from Arabidopsis

tissue culture cells. Double staining with anti-MAP65-1 and anti-

MAP65-5 demonstrated that both proteins decorated the same

microtubules (see Supplemental Figure 5A online). Anti-MAP65-6

stained short microtubule fragments in a punctate manner, along

microtubules that also stained with anti-MAP65-1 (see Supple-

mental Figure 5B online). Anti-MAP65-3, which was raised

against the N-terminal fragment, occasionally stained cortical

microtubules and the metaphase spindle as well as the cell

division midzone (see Supplemental Figures 5C and 5D online);

the cortical microtubule and metaphase spindle staining was not

seen previously using an antibody raised to the C-terminal part of

MAP65-3 (Muller et al., 2004). The anti-MAP65-8 and -9 antibodies

did not stain any microtubule structures.

Interestingly, anti-MAP65-3 stained a very narrow line in the

phragmoplast midzone compared with MAP65-1. In cells triple

stained for tubulin, MAP65-1, and MAP65-3 (Figure 3), the

localization of both isotypes in anaphase was similar, but during

telophase the anti-MAP65-1–stained zone was almost two times

wider than that stained using anti-MAP65-3, suggesting that

MAP65-3 is more specifically associated with the phragmoplast

midzone.

Dynamics of MAP65 Binding to the Phragmoplast Midzone

The differences in the localization between MAP65-1 and

MAP65-3 at the phragmoplast midzone prompted a more de-

tailed analysis of their associationwithmicrotubules in this region

as well as other isotypes that located to this site, specifically

Figure 1. Phylodendrogram of MAP65 Gene Families from Arabidopsis

and Rice.

The tree was rooted using sequences of animal and fungal MAP65

homologs (not shown on the tree). At, Arabidopsis thaliana; Dc, Daucus

carota; Mt, Medicago truncatula; Nt, Nicotiana tabacum; Os, Oryza

sativa; Sd, Solanum demissum; So, Saccharum officinarum; Ta, Triticum

aestivum. Numbers represent GenBank accession numbers for the

corresponding genes. [See online article for color version of this figure.]
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MAP65-5. Previously, we noted that in At MAP65-1:GFP–

expressing BY-2 cell lines, the GFP fluorescence concentrated

at the midzone of the early phragmoplast, and as the phragmo-

plast expanded the margin of fluorescence was broadened

(Chang et al., 2005). By contrast, in BY-2 cell lines expressing

At MAP65-3:GFP and also At MAP65-5:GFP, the fluorescence

stayed at the midzone throughout phragmoplast formation (Van

Damme et al., 2004a). Using these three cell lines, we tested

whether each of these isotypes had a more dynamic association

with microtubules in the phragmoplast. To do this, we performed

a FRAP analysis of BY-2 cell lines expressing C-terminal GFP

fusions of each isotype under the control of the 35S promoter.

For MAP65-1:GFP and MAP65-5:GFP, fluorescence intensity in

the photobleached area recovered at least five times faster than in

MAP65-3 (Figure 4). The mean value of replicates for each GFP

chimera is plotted in Figure 4D. Fitting the curves into a single

exponential equation generated t1/2 values (the time taken for

50% of the signal to recover) of 6.55 6 0.86 s for MAP65-1 (n =

10), 15.946 4.58 s for MAP65-5 (n = 7), and 111.306 23.16 s for

MAP65-3 (n = 7) (Figure 4E). Therefore, the more compact

Figure 2. Immunolocalization of MAP65-4, MAP65-5, and MAP65-6 in the Preprophase Band (PPB), Mitotic Spindle (Metaphase), Late Anaphase

Spindle (Late Anaphase), and Phragmoplast (Telophase) in Arabidopsis Suspension Culture Cells.

Microtubules are in green, MAP65 isotypes in red, DNA in blue, and colocalization of microtubules and MAP65s in yellow. Note that out of three

antibodies shown, only MAP65-4 produces a strong signal around the nucleus at the site of the spindle formation during the preprophase band stage,

while only MAP65-5 shows strong concentration at the phragmoplast midzone during telophase. Bars = 5 mm.

Table 1. Localization of MAP65 Proteins in Microtubules Arrays

Protein Cortical Microtubules Preprophase Band Metaphase Anaphase Phragmoplast Phragmoplast Midzone

MAP65-1/2 + + � + + +

MAP65-3 6 + � + + +

MAP65-4 � 6 � + + �
MAP65-5 + + � + + +

MAP65-6 � + � + + �
MAP65-8 � � � � � �
MAP65-9 � � � � � �
� indicates no detectable staining, + indicates strong staining, and 6 indicates weak staining.
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immunostaining of MAP65-3 in the phragmoplast midzone in

Figure 3 correlates with a slower turnover compared with

MAP65-1. These data suggest that functional specialization of

MAP65 isotypes has generated an array of proteins with different

dynamics at the division midzone, where they bundle microtu-

bules with different efficacy.

The C-Terminal Nonconserved Region Determines the

Turnover of MAP65 on Microtubules

The microtubule binding domain of MAP65-1 is located in the

C-terminal half of the protein and composed of two regions. One

ismore distal to the C terminus (MTB1; Figure 5A), conserved not

just among At MAP65 isotypes and MAP65s from other plant

species but also in MAP65 homologs in animals and fungi

(Schuyler et al., 2003). Mutation in this region significantly re-

duces, but does not abolish, the ability of MAP65 to bind

microtubules (Smertenko et al., 2004). The second region

(MTB2; Figure 5A) is not well conserved between MAP65-like

proteins from different phyla or between the plant group 1 to 5

MAP65 isotypes. This is in spite of the fact that this region

harbors the phosphorylation sites that regulateMAP65-1’s ability

to bind microtubules. However, the phylodendrogram of MTB2

regions from MAP65 proteins (see Supplemental Figure 6 and

Supplemental Data Set 2 online) for the most part retains the

same phylogenetic clades as shown in Figure 1 constructed

using the full-length sequences, indicating that there is consid-

erable identity in this region between MAP65s within the same

group but not between groups.MTB2 is basic inMAP65-1, with a

predicted pI of 10.55. Other members of the gene family are

similar in this respect, with pI values between 9.93 for MAP65-4

and 10.93 forMAP65-8 (see Supplemental Table 1 online). As the

C-terminal variable region of tubulin, a known interaction site of

MAPs, has an acidic pI, interaction of MTB2 with microtubules

could be charge-dependent. Indeed, phosphorylation of MTB2,

which reduces the pI, also reduces the ability ofMAP65-1 to bind

microtubules (Smertenko et al., 2006). Perhaps it is the variable

MTB2 that gives the isotypes their specific properties.

To find out whether the MTB2 region determines the turnover

rate of the MAP65s on microtubules, we constructed a series of

GFP translational fusionswith wild-typeMAP65-1, -3, and -5 and

also with the same proteins in which the MTB2 region had been

swapped, as shown Figure 5B. The resulting nine constructs

were transiently expressed in Nicotiana benthamiana leaf epi-

dermal cells, and the t1/2 values of the GFP fusion proteins were

measured by FRAP. In a similar fashion to the turnover rate on the

cortical microtubule array of BY-2 cells, MAP65-3 had a much

slower turnover (1436 39.7 s; Figure 5C) than AtMAP65-1 (5.06
2.0 s) and MAP65-5 (8.6 6 4.3 s). It should be noted here that

transfection of N. benthamiana leaf epidermal cells occurs with

variable efficiency, so that the level of protein expression differs

among neighboring cells.We assessedwhether the t1/2 would be

different in cells with higher or lower expression of the protein

and found that the variation was indeed within the margin of SD;

Figure 3. Comparison of MAP65-1 and MAP65-3 Immunolocalization in the Phragmoplast Midzone in Arabidopsis Suspension Culture Cells.

Single confocal Z-sections (1 mM thick) show early telophase (A) and late telophase (B) cells stained for tubulin (green), MAP65-1 (red), MAP65-3 (blue),

and DNA (cyan), with corresponding optical density plots recorded along the lines indicated in the merged image panels. DAPI, 49,6-diamidino-

2-phenylindole. Bars = 5 mm.
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therefore, we conclude that the t1/2 does not depend on the

amount of protein but on its intrinsic properties. Expression of the

chimeras inwhichMTB2ofMAP65-3 is fused to theN terminus of

MAP65-1 (MAP65-1C3) or MAP65-5 (MAP65-5C3) resulted in

15-fold (76.2 6 45.6 s) and 4.5-fold (37.9 6 11.9 s) increases in

the t1/2 compared with wild-type MAP65-1 and MAP65-5, re-

spectively (Figures 5B and 5C). Correspondingly, similar exper-

iments inwhich theMTB2 ofMAP65-1 (MAP65-3C1) orMAP65-5

(MAP65-3C5) was fused to the N terminus of MAP65-3 de-

creased the t1/2 by 34-fold and 20-fold compared with the wild-

type MAP65-3, respectively (Figure 5C). Moreover, the MTB2 of

MAP65-5 when fused to the N terminus of MAP65-1 (MAP65-

1C5) had a similar t1/2 to wild-type MAP65-1, while the MTB2 of

MAP65-1 fused to the N terminus of MAP65-5 (MAP65-5C1)

increased the t1/2 compared with wild-type MAP65-5 by twofold.

We can conclude that the MTB2 region plays a significant role in

determining the binding energy of MAP65s to microtubules.

MTB2Modulates the Effect of MAP65 on

Microtubule Polymerization

From the FRAP analyses, we have shown that the MAP65

isotypes have distinct affinities for microtubules and that this is

influenced by the nature of the MTB2 region; however, it remains

to be determined how these different affinities affect their mo-

lecular function. To address this question, we generated recom-

binant proteins and used these in microtubule polymerization

assays in vitro.Wewere able to express and purify MAP65-1 and

MAP65-5 and compare their effects on microtubule polymeriza-

tion (Figure 6A). Several attempts were made to produce recom-

binant MAP65-3 in bacterial, insect cell, and yeast expression

systems, but in all cases the protein could not be sufficiently

concentrated for microtubule polymerization assays because of

its low solubility under conditions formicrotubule polymerization.

Equal concentrations of tubulin were mixed either with microtu-

bule stabilization buffer or microtubule stabilization buffer con-

taining the MAP65 protein supplemented with 1 mM GTP and

polymerized for 40min. Subsequently, microtubules were centri-

fuged and separated on an SDS-PAGE gel, and the amount of

tubulin in the pellet was quantified. We have shown previously

that MAP65-1 has a minute effect on microtubule polymerization

in comparison with taxol, a known inducer of microtubule po-

lymerization (Smertenko et al., 2004). In comparison with

MAP65-5, 5 mM MAP65-1 increased the amount of tubulin in

the pellet by 1.7-fold compared with the control, while the same

concentration of MAP65-5 increased this by 4.1-fold. The effect

of MAP65-5 on microtubule polymerization was much less

significant than the effect of taxol (Figure 6A). Therefore, com-

pared with MAP65-1, the slower turnover of MAP65-5 on micro-

tubules in vivo reflects its stronger effect on microtubule

polymerization in vitro.

The ability of MAP65-5 to promote microtubule polymerization

does depend on the presence of its MTB2 region, because

without this (MAP65-5DC) its microtubule polymerization activity

is very low. In fact, MAP65-5DC and the similarly truncated

MAP65-3 (MAP65-3DC) have a similar effect on microtubule

polymerization as MAP65-1 and MAP65-1DC (Figure 6B). By

substituting the MTB2 of MAP65-1 and MAP65-5 with that of

MAP65-3, these proteins became more potent than their native

counterparts in promoting microtubule polymerization (Figures

6C and 6D), and this correlates with the concomitant reduced

turnover rate for each of the proteins in vivo (Figure 5C). Corre-

spondingly, MAP65-5C1 (Figure 5B), composed of the MAP65-5

N terminus and the MTB2 of MAP65-1, had a reduced ability

Figure 4. Analysis of MAP65 Turnover in the Phragmoplast Midzone.

(A) to (C) Sequences of images taken from the FRAP experiments in

BY-2 cells expressing GFP fusions of MAP65-1 (A), MAP65-3 (B), and

MAP65-5 (C). The number on each image corresponds to the time point

in the experiment, where 0 is the image taken after completion of the

photobleaching phase. The bleached area is circled; the signal in this

area was measured and is shown in (D).

(D) Rates of fluorescence signal recovery after photobleaching for each

chimeric protein. The signal is expressed as a percentage of the original

value read before the photobleaching phase.

(E) Table summarizing the FRAP measurements of MAP65-1:GFP,

MAP65-3:GFP, and MAP65-5:GFP within the phragmoplast. The recov-

ery rate of the fluorescence signal (t1/2) and the first-order rate constant

(Koff) were calculated in n number of cells.
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to polymerize microtubules compared with native MAP65-5

(Figure 6D).

We have also taken other members of the ArabidopsisMAP65

gene family, generated recombinant proteins from bacterially

expressed cDNAs, and tested their ability to promote microtu-

bule polymerization in vitro. MAP65-2, -6, -7, and -9 all promote

microtubule polymerization to varying degrees (Figure 6A), with

MAP65-2 being similar to MAP65-1 (both are in group 1) and

MAP65-6 being similar to MAP65-7 (both are in group 3). These

data demonstrate that conservation of sequence within a group

correlates with similar effects on microtubule polymerization.

All of these data demonstrate that the MTB2 region that is

conserved in the five MAP65 groups, maintained in the plant

kingdom through evolution, defines the affinity of each MAP65

for microtubules and the ability of each MAP65 to promote

microtubule polymerization.

DISCUSSION

ConservationofGroupsofMAP65sand theAtMAP65Family

Comparison of MAP65 gene families from Arabidopsis and rice

revealed that according to the primary sequence, proteins seg-

regate into five phylogenetic clades or groups with high statis-

tical significance, giving bootstrap values of 74% and above.

Each group contains at least one Arabidopsis and one rice gene.

Asmonocotyledons and dicotyledons diverged 150million years

ago, the maintenance of these five groups would imply some

functional constraint. Despite originating from phylogenetically

distinct organisms, all members of this MAP65-like family have

similar predicted secondary structures. The region correspond-

ing to amino acid residues 1 to 482 of At MAP65-1 is mainly

a-helical, has a slightly acidic pI, and contains a conserved

region responsible for microtubule binding (MTB1). The smaller

C-terminal domain (MTB2) is predicted to be a random coil and

very alkaline and is the most divergent in primary sequence

between all MAP65-like proteins. Although MTB2 is highly

variable in both amino acid composition and length, it is more

conserved between members of each phylogenetic group than

between members from different groups, underlining a func-

tional coherence within a group. Accordingly, in vitro experi-

ments with At MAP65-1 and -2 from group 1 and At MAP65-6

and -7 from group 3 demonstrate that members of the same

group have similar effects on microtubule polymerization.

However, as two Arabidopsis genes (MAP65-4 and MAP65-9)

and one rice gene (Os 02g0126300) fall outside the five groups

and have divergent MTB2 regions, there may be some MAP65

isotypes that function in a species-specific or genus-specific

manner.

Figure 5. The MTB2 Region Modulates the Turnover of MAP65 on Microtubules.

(A) Diagram showing identities among At MAP65 amino acid sequences. The sequences were aligned, and residues conserved in more than five

proteins were colored in blue, with the protein-coding sequence represented by black lines with breaks where there are gaps in the alignment.

Microtubule binding regions are boxed and labeled as MTB1 and MTB2. The scale bar corresponds to 100 amino acids.

(B) Diagram of the constructed chimeric proteins. MAP65-1 and its fragments are colored in red, MAP65-3 and its fragments are colored in yellow, and

MAP65-5 and its fragments are colored in green.

(C) Table summarizing the FRAP measurements for MAP65-1, MAP65-3, and MAP65-5 and their chimeras as shown in (B) on microtubules of N.

benthamiana leaf epidermal cells. The recovery rate of the GFP signal (t1/2) and Koff were calculated in n number of cells.

3352 The Plant Cell



Using Genevestigator, we have analyzed available Affymetrix

microarray experiments (Zimmermann et al., 2004) and extracted

the transcript levels for each Arabidopsis MAP65. These values

were normalized by the mean, and the SD of the signal was

calculated for the different tissues and developmental stages

(see Supplemental Table 2 online). The resulting numerical

values represent the relative variability for each gene transcrip-

tion program. MAP65-1, MAP65-4, and MAP65-7 have the

lowest variability in the expression levels across tissues/devel-

opmental stages, with signal SD equal to 0.39, 0.43, and 0.31,

respectively, indicating ubiquitous expression at similar levels.

Other members of the gene family, on the other hand, show

greater variability (signal SD for all the others is above 0.7),

indicating tissue-specific enrichment for these isotypes. The

highest signal SD value, at 4.65, is for pollen-specific MAP65-9,

which does not fall into any of the groups, suggesting that it may

perform specialized functions in pollen. In another example,

MAP65-7 is ubiquitously transcribed and has a signal SD of 0.31

(see Supplemental Table 2 online), while the transcription levels

of its closest homolog from group 3, MAP65-6, peak in hypo-

cotyls, xylem, cork, and root hair zone, with signal SD of 0.76.

Therefore, although the primary structure is similar within the

same group, the expression programs can be different. This

analysis demonstrates that each tissue expresses a representa-

tive of each of the five groups, suggesting that each isotype

performs a tailored role within the cell. In this context, it is

pertinent to note that the group 5 isotype MAP65-3 is essential

for the completion of cytokinesis in roots (Muller et al., 2004;

Caillaud et al., 2008), but this gene is expressed throughout the

plant and in particular in the shoot apex. However, the pleiade/

MAP65-3 mutant plants remain viable and fertile, indicating that

the lack of MAP65-3 is compensated for by the expression of the

other MAP65 isotypes, demonstrating that there is functional

redundancy between groups.

The expression ofArabidopsisMAP65 genes changes not only

during plant development but also through the cell cycle, with

several MAP65 isotypes expressed at each stage. Menges et al.

(2003) analyzed changes of Arabidopsis transcripts in tissue

culture cells synchronized in G1/S-phases by sucrose starvation

or in G2/M-phases using the DNA synthesis inhibitor aphidicolin.

We have used these data for the analysis of MAP65 transcripts

(see Supplemental Figure 7 online) and identified two major

patterns of expression. First, some of the genes are upregulated

during the G1/S transition (see Supplemental Figure 7A online):

MAP65-2 (up 3.2-fold), MAP65-5 (up 3.9-fold), and MAP65-8 (up

3.4-fold). Second, some genes are upregulated toward the late

G2- or M-phase (see Supplemental Figure 7B online): MAP65-2

(up 3.5-fold), MAP65-3 (up 6.4-fold), and MAP65-4 (up 6.9-fold).

The increase ofMAP65-3 and -4 transcript levels starts at the end

of S-phase. These variations aremodest compared with those of

known cell cycle regulators (e.g., 14.9- and 97-fold increases for

Arabidopsis cyclin A1 and cyclin B1 transcripts, respectively).

Differential Localization of At MAP65 Isotypes

Immunolocalization of the MAP65 isotypes in Arabidopsis tissue

culture cells showed a differential localization to microtubule

arrays. The data show differences from the published localiza-

tions, where GFP chimeras were expressed under the control

of the strong cauliflower mosaic virus 35S promoter in BY-2

cells (Van Damme et al., 2004a). Principally, in other studies, At

MAP65-4:GFP was observed to bind the metaphase spindle, At

MAP65-8:GFP bound cortical microtubules, and At MAP65-6:

GFP bound vesicle-like structures. These features were not

observed in our immunolocalization studies. These differences

Figure 6. Effects of MAP65 Isotypes and Chimera Proteins on Microtu-

bule Polymerization.

The amount of microtubule polymer was measured using a microtubule

sedimentation assay in which samples contained an equal concentration

of tubulin (10 mM) and increasing concentrations of the following.

(A) MAP65-1 (open squares), MAP65-2 (closed squares), MAP65-5

(open triangles), MAP65-6 (open diamonds), MAP65-7 (closed dia-

monds), MAP65-9 (open circles), or taxol (closed circles).

(B) MAP65-1 (open squares), MAP65-1DC (closed squares), MAP65-

3DC (open circles), or MAP65-5DC (closed triangles).

(C)MAP65-1 (open squares), MAP65-1DC (closed squares), MAP65-1C3

(closed triangles), or MAP65-1C5 (open triangles).

(D) MAP65-5 (open triangles), MAP65-5DC (closed triangles), MAP65-

5C1 (open squares), or MAP65-5C3 (open circles).

Constructs are diagrammed in Figure 5. Three independent experiments

were performed for each protein, and error bars indicate SD.
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could occur because of the limitations in the experimental

procedures used. (1) The interaction of a MAP65 isotype with

microtubules in the wild-type cells can be downregulated at a

particular cell cycle or developmental stage by posttranslational

modification, which is then overcome in the overexpressing lines.

(2) In the case of MAP65-8, where we see no colocalization to

microtubules, it could be that this isotype, although expressed, is

not utilized in microtubule arrays in these cells. The same could

be true for MAP65-9, which is specific to stamens and pollen.

This phenomenon has also been seen in the case of maize

b-tubulins, where b2-tubulin is transcribed in many tissues but

utilized only in male meiocytes (Eun and Wick, 1998). (3) The

amount of protein is below the sensitivity of the immunofluores-

cence technique. (4) The epitope for the antibodies are not

exposed at these sites. (5) The overexpression of particular

MAP65s might cause the isotypes to locate to structures not

normally bound by the isotype. (6) The overexpression of a

particular MAP65 isotype causes the downregulation of its

counterpart or other isotypes, allowing the transgene to function

where it is not normally required upon selection of stable lines.

This, for example, is known to occur upon overexpression of

tubulin isotypes in plant cells (Anthony and Hussey, 1998).

Although the immunolocalization and expression of GFP chi-

meras in some cases yield different data, both approaches show

that there is differential localization of MAP65 isotypes on mi-

crotubule arrays and demonstrate that each microtubule array is

constructed using several isotypes. Moreover, it appears that

whilemost isotypes localize to the anaphasemidzone,MAP65-1,

MAP65-3, and MAP65-5 are also more prevalent in the phrag-

moplast midzone. The remaining sections of this discussion

focus on this observation.

Turnover of MAP65-1, -3, and -5 on Microtubules

We have shown previously that the interaction of MAP65-1 with

microtubules in vivo is highly dynamic, more dynamic even than

the turnover of tubulin in microtubules themselves (Chang et al.,

2005). This led us to suggest that MAP65-1 is responsible for the

cross-linking of microtubules in dynamic microtubule arrays that

need to retain their spatial organization (Chang et al., 2005). The

rate of turnover of MAP65-1 was similar in all microtubule arrays,

including the cortical array and the phragmoplast, indicating that

this isotype performs the same dynamic role in the different

microtubule organizations. A striking feature of the different

MAP65 isotype localizations shown here is that differences are

apparent between the midzone-localized MAP65-1 and MAP65-3

isotypes. In analyzing these differences, we have shown that the

turnoverofMAP65-3 is far slower than that ofMAP65-1. Thesedata

suggest that MAP65-3 performs a different role than MAP65-1.

However, there must be another MAP65 that can perform the role

of MAP65-3 in plants, as the pleiade mutants are not defective in

cytokinesis in all tissues in which it is expressed, indicating an

overlapping or redundant function with other MAP65 isotypes.

It is interesting that in S. cerevisiae and Schizosaccharomyces

pombe, Ase1p has a long turnover (6 to 7 min) (Schuyler et al.,

2003, Loiodice et al., 2005) at the anaphase spindle midzone,

and in this respect it is perhaps more functionally related to At

MAP65-3 than to At MAP65-1. Moreover, the slower turnover of

MAP65-3 at themidzonewould suggest thatMAP65-3 either has

a higher affinity for midzone microtubules or that it complexes

with other proteins at this site. Several human PRC1 or yeast

Ase1p interactors have been identified (e.g., Kurasawa et al.

[2004] have shown that PRC1 binds to the midzone kinesin Kif4,

and Bratman and Chang [2007] have shown an interaction of

Ase1p with CLASP), and although these complexes are impor-

tant for the normal function of the midzone, their effect on the

turnover rates or MAP65 function is unknown. So far, noMAP65-

interacting proteins have been identified, and pull-down assays

using MAP65-1–coated beads in plant cell extracts only de-

tected MAP65 isotypes, indicating the ability to form dimers

(Smertenko et al., 2004).

The region of greatest heterogeneity between the MAP65

isotypes is in the second microtubule binding region (MTB2).

Moreover, it is the MTB2 region that is conserved within a group

but divergent across groups, indicating that MTB2 may be

responsible for specifying MAP65 isotype properties and func-

tion. In this context, the differences we have seen in the turnover

rates of MAP65-1, -3, and -5may be due to the differences in the

MTB2 region. In addressing this hypothesis, we made six chi-

meric proteins in which MTB2 was swapped between the three

isotypes. These were fused to GFP and transiently expressed in

N. benthamiana leaves, and the turnover rates on microtubules

were measured. The MTB2 of MAP65-3 reduced the turnover

rate of MAP65-1 and MAP65-5, while MTB2 of MAP65-1 caused

a faster turnover of MAP65-3 and -5, indicating that MTB2 has a

major influence on the properties of an isotype and in particular

its affinity to the microtubule.

MTB2 is the region that harbors the phosphorylation sites that

are known to control the activity of MAP65s (Sasabe et al., 2006;

Smertenko et al., 2006). MAP65-1 has nine potential phosphor-

ylation sites in this region, all of which can be phosphorylated by

extracts from metaphase-arrested plant cells. Phosphorylation

sites include cyclin-dependent kinase sites, aurora B kinase

sites, mitogen-activated protein kinase, and casein kinase sites.

The phosphorylation sites are conserved within each phyloge-

netic group but not between them. This raises the possibility that

each group might be controlled by a unique mechanism that

depends on the combined activity of varied protein kinase

pathways. The amount of phosphorylation determines the ability

of MAP65-1 to bind microtubules. It has been suggested that

phosphorylation of S. pombe Ase1p, which is more related in its

turnover rates to MAP65-3, strengthens its microtubule binding

in the nucleus (Loiodice et al., 2005). Conceivably, the phosphor-

ylation status of MAP65-3 in the phragmoplast midzone can

modulate its affinity for microtubules or other proteins located in

this region, resulting in the slower turnover rate.

Effects of MAP65s on Microtubule Polymerization in Vitro

Most data on the biochemical characterization of MAP65s has

been generated using group 1MAP65s. The tobacco MAP65-1b

does not appear to promotemicrotubule polymerization (Wicker-

Planquart et al., 2004). At MAP65-1 has been interpreted as

having an insignificant effect on microtubule polymerization

compared with taxol (Smertenko et al., 2004), but in another

experiment a small increase in polymerization compared with
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tubulin alone was interpreted as having a significant effect on

microtubule polymerization (Mao et al., 2005b). These differ-

ences in interpretation can be unified by stating that MAP65-1

has a small effect on polymerization when compared with known

enhancers ofmicrotubule polymerization. The significance of such

a small promotion of microtubule polymerization by MAP65-1 in

vivo is unknown. MAP65-5 has a more prominent effect on

microtubule polymerization, having a threefold greater effect

than MAP65-1. Removing the MTB2 region from MAP65-3 and

MAP65-5 reduced the polymerization to the level of MAP65-1

itself. Swapping the MTB2 regions between isotypes demon-

strated that the MTB2 region of MAP65-5 could enhance the

microtubule polymerization property of MAP65-1 and that the

MTB2 region of MAP65-1 could reduce the same property of

MAP65-5. Althoughwe could notmake recombinantMAP65-3, by

swapping the MTB2 region of MAP65-3 into At MAP65-1 or -5 we

were able to significantly enhance their polymerization abilities. As

the MTB2 region appears to define the properties of MAP65 in

terms of their ability to promote microtubule polymerization, then

by correlation we can suggest that MAP65-3 can promote micro-

tubule polymerization more efficiently than MAP65-1 or -5. Sim-

ilarly, it would appear that there is a correlation between the ability

to promote microtubule polymerization and the speed of turnover

on microtubules in vivo, where a greater ability to promote

polymerization (e.g., for MAP65-3, MAP65-1C3, or MAP65-5C3)

corresponds with a slower turnover rate.

The exact mechanism of the promotion of microtubule poly-

merization by MAP65 is unknown, but two hypotheses can be

brought forward. The binding energy of a MAP to a microtubule

can enhance the lateral or longitudinal interactions of the tubulin

dimers and in this way stabilize the microtubule lattice. Alterna-

tively, bridges between microtubules created by a MAP can

counteract the tension imposed on the microtubule lattice by the

curved conformation of GDP-tubulin. In both cases, we can

surmise that longer association of MAP65 with microtubules can

result in increased microtubule polymerization. A similar corre-

lation between turnover rate and polymerization activity has been

reported for other MAPs in animals. The turnover of MAP2 and

MAP4 (Olmsted et al., 1989), which can promote the polymer-

ization of microtubules, is slower then the turnover of ensconsin,

which has no effect onmicrotubule polymerization (Bulinski et al.,

2001). This, however, would only seem to apply for structural

proteins, as regulatory proteins like EB1 bind the plus ends of

microtubules and have a fast turnover (3.6 s) but still can promote

microtubule polymerization by suppressing catastrophes and

reducing the depolymerization rate (Dragestein et al., 2008).

METHODS

Plant and Tissue Culture

Arabidopsis thaliana and tobacco (Nicotiana tabacum) BY-2 cells were

grown as described by Smertenko et al. (2004).

Phylogenetic and Sequence Analysis

Nine protein sequences encoded by the ArabidopsisMAP65 gene family

(Hussey et al., 2002) were analyzed with published MAP65 sequences

from tobacco and carrot (Daucus carota), rice (Oryza sativa), and several

MAP65 homologs from Medicago truncatula, Saccharum officinarum,

Triticum aestivum, and Solanum demissum. The sequences were aligned

using the ClustalX software package (Thompson et al., 1997), and the

phylodendrogram was constructed using the parsimony algorithm, the

bootstrap resampling method, and full heuristic search using PAUP 4.0

software (Sinauer Associates). Bootstrap values were calculated from

1000 replicates of the tree, and the groups with bootstrap scores below

60 were not retained in the tree. Animal and fungal homologs of MAP65

were used as an outgroup (see Supplemental Data Set 1 online). GenBank

accession numbers for rice, M. truncatula, S. officinarum, T. aestivum,

andS. demissumMAP-65homologs are indicatedon thephylodendrogram.

Transcription profiles were analyzed using Genevestigator (Zimmermann

et al., 2004; https://www.genevestigator.ethz.ch). Molecular weight and

pI valueswere estimated using the EXPASYpI tool (http://expasy.org/cgi-

bin/pi_tool).

Antibodies and Immunostaining

Antiserumwas raised in 4- to 8-week-oldmice against full-lengthMAP65-5

and -6 proteins or fragments corresponding to amino acid residues 94 to

176 and 556 to 631 of MAP65-3, amino acid residues 466 to 534 of

MAP65-4, amino acid residues 519 to 590 of MAP65-8, and amino acid

residues 48 to 158 of MAP65-9 (see Supplemental Figure 1A online). DNA

fragments corresponding to each antigen were amplified by RT-PCR

using specific primers containing restriction endonuclease sites added to

their 59 ends:NdeI andXhoI forMAP65-4, -6, -8, and -9 andNheI andXhoI

for MAP65-5. PCR fragments were cloned into the pGEMT vector

(Promega), sequenced, excised with the respective endonucleases,

and cloned into the corresponding sites of the pET28a vector (Novagen).

Antigens were expressed as recombinant proteins containing an

N-terminal His tag in Escherichia coli strain DH3(BL21)pLysS or Rosetta

II (Novagen). Total bacterial protein was extracted using sonication, and

the recombinant proteins were purified under denaturing conditions in

urea-containing buffers on nickel-nitrilotriacetic acid agarose columns

(Qiagen) according to the manufacturer’s recommendations. Purified

proteins were dialyzed against PBS supplemented with 20% glycerol

overnight at 48C, and the final concentration was adjusted to 1 mg/mL.

Fifty micrograms of recombinant protein was used for each boost, and a

total of four boosts over 2 months were performed. Antiserum was

collected 10 d after the final boost and tested by immunoblotting as

described elsewhere (Smertenko et al., 2004).

For immunostaining, Arabidopsis 3- to 5-d-old suspension culture cells

were separated from the tissue culture medium using 50-mesh nylon

cloth and fixed for 30 min at room temperature with 4% paraformalde-

hyde in 0.1 M PIPES, pH 6.8, 5 mM EGTA, 2 mMMgCl2, and 0.4% Triton

X-100. The fixative waswashed awaywith PBS, and cells were treated for

5min at room temperature with a solution of 0.8%Macerozyme R-10 and

0.2% Pectolyase Y-23 in 0.4 M mannitol, 5 mM EGTA, 15 mM MES, pH

5.0, 1 mM phenylmethylsulfonyl fluoride, 10 mg/mL leupeptin, and 10 mg/

mL pepstatin A. Afterward, cells were washed in PBS and attached to

poly-L-Lys–coated cover slips. The cover slips were then incubated for 30

min in 1% (w/v) BSA in PBS and incubated for 1 hwith primary antibodies.

The primary antibodies used were rabbit polyclonal anti-At MAP65-1

(Smertenko et al., 2004) diluted 1:500, mouse polyclonal anti MAP65-3,

-4, -5, -6, -8, and -9 diluted 1:500, and rat monoclonal anti-tubulin YL1/2

diluted 1:100 (Serotec). The specimens were then washed three times for

10 min each in PBS and incubated for 1 h with secondary antibodies

(Jackson ImmunoResearch) diluted 1:100 in the following combinations.

For double immunolabeling, anti-mouse TRITC (minimal cross-reaction

to rat and other IgGs; catalog number 715-025-151) and anti-rat fluores-

cein isothiocyanate (minimal cross-reaction to mouse and other IgGs;

catalog number 112-095-167) conjugates were used, and for triple

labeling, anti-rat fluorescein isothiocyanate (as above), anti-mouse Cy5
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(minimal cross-reaction to rat and other IgGs; catalog number 715-175-

150), and anti-rabbit TRITC (minimal cross-reaction to rat, mouse, and

other IgGs; catalog number 711-026-152) were used. After incubation

with secondary antibodies, the specimens were washed two times for 10

min each in PBS and 10 min in PBS supplemented with 0.5 mg/mL 49,6-

diamidino-2-phenylindole, mounted in Vectashield (Vector Laboratories)

mounting medium, and examined with a Zeiss 510 confocal microscope.

Images were quantified using NIH Image software (http://rsb.info.nih.

gov). As negative controls, each sample was incubated with one of the

primary antibodies followed by a mixture of all secondary conjugates

used in the experiment. No detectable signal was recorded on the

fluorochrome channels where the corresponding primary antibody had

not been applied.

Electrophoresis and Immunoblotting

Total protein was extracted from 5-d-old Arabidopsis tissue culture cells

by precipitation with trichloroacetic acid. Protein extract (;50 mg) was

separated on 7.5% SDS-PAGE gels and transferred onto pure nitrocel-

lulose membrane. The membrane was cut into strips, and each strip was

separately washed in 23 TBST supplemented with 5% (w/v) fat-free milk

powder for 20min and incubated for 1 h at room temperature with primary

antibody diluted 1:1000 in the same buffer. Afterward, the strips were

washed three times for 10min each in TBST and incubated for 40minwith

secondary anti-mouse or anti-rabbit horseradish peroxidase conjugates

(GE Healthcare) diluted 1:3000. Unbound secondary antibody was

washed off in TBST (three times for 5 min each), and the signal was

developed using the ECL reagent (GE Healthcare).

Live Cell Imaging

Tobacco strain BY-2 cell lines expressing MAP65:GFP fusion proteins

were kindly donated byD.Geelen and grown as described by VanDamme

et al. (2004a). For imaging, 3- to 5-d-old cultures were used. Cells were

mounted in 2% low-gelling point agarose and observed on a Zeiss 510

confocal scanning microscope. Photobleaching for the FRAP analysis

was done using a 488-nm argon laser line for 20 iterations at 80%

strength. The numerical data were exported to Excel and analyzed as

described by Chang et al. (2005).

For infiltration into Nicotiana benthamiana leaves, full-length and chi-

meric proteins were inserted into pMDC43 binary vectors (Curtis and

Grossniklaus, 2003) using Gateway technology and transformed into

chemical-competent cells of Agrobacterium tumefaciens strain GV3101.

Three mature leaves from different 7- to 10-week-old plants were

infiltrated as described by Voinnet et al. (2003) and imaged after 2 to

3 d. The FRAP analysis was performed as described above. Different

leaves as well as cells expressing different levels of protein had similar

turnover rates for the corresponding proteins.

Recombinant Protein Expression

MAP65-1 was expressed as described by Smertenko et al. (2004). The

MAP65-5 coding sequence was amplified from Arabidopsis mRNA by

RT-PCR, cloned into pGEMT (Promega) vector, and then cloned into

NheI/BamHI sites of pET28a (Novagen) vector. The MAP65-6 coding

sequence was isolated from Arabidopsis cDNA library CD4-15 using EST

159E10T7 (both were kindly provided by the ABRC) as a probe and

cloned into NdeI/XhoI sites of pET28a. Full-length cDNA clones of At

MAP65-2 (clone pda08789) and MAP65-7 (clone pda09605) were ob-

tained from the RIKEN Bioresource Center and cloned into NdeI/SalI and

NdeI/XhoI sites of pET28a, respectively. Full-length MAP65-9 cDNA

clone (DQ056733) was obtained from the ABRC and cloned into NdeI/

XhoI sites of pET28a.

For swapping the MTB2 regions between isotypes, coding sequences

corresponding to amino acids 483 to 484 ofMAP65-1, amino acids 484 to

485 of MAP65-3, and amino acids 511 to 512 of MAP65-5 were modified

to introduce a SacII restriction site. Afterward, the SacII site was used

to join the corresponding N-terminal and MTB2 fragments as shown

in Figure 6B. The introduction of a SacII site changed the Gln and Lys

residueswithin the random coil region to Pro and Arg. These substitutions

do not change the pI of the protein or affect predicted secondary

structure. The resulting MAP65-1DC, MAP65-3DC, MAP65-1C5,

MAP65-1C3, MAP65-3C1, and MAP65-3C5 cDNAs were cloned into

NdeI/XhoI sites of pET28a, and MAP65-5DC, MAP65-5C1, and MAP65-

5C3 were cloned into NheI/XhoI sites of pET28a. The sequences of the

clones were verified by sequencing.

Recombinant proteins were produced in E. coli strain BL21(DE3)pLysS

or Rosetta II and purified using nickel-affinity chromatography as de-

scribed elsewhere (Smertenko et al., 2004).

Microtubule Polymerization Assay

Microtubule polymerization assays were performed as described by

Smertenko et al. (2004).

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome

Initiative or GenBank/EMBL databases under the following accession

numbers: At5g55230 (MAP65-1), At4g26760 (MAP65-2), At5g51600

(MAP65-3), At3g60840 (MAP65-4), At2g38720 (MAP65-5), At2g01910

(MAP65-6), At1g14690 (MAP65-7), At1g27920 (MAP65-8), At5g62250

(MAP65-9), CAC17794 (tobacco MAP65-1a), CAC17795 (tobacco

MAP65-1b), CAC17796 (tobacco MAP65-1c), and CAD58680 (carrot

MAP65-1).
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