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A double homozygous recessive mutant in the Arabidopsis thaliana homologs of nucleus- and phragmoplast-localized

kinase 2 (ANP2) and 3 (ANP3) genes and a homozygous recessive mutant in the mitogen-activated protein kinase 4 (MPK4)

gene of Arabidopsis exhibit deficiencies in the overall microtubule (MT) organization, which result in abnormal cell growth

patterns, such as branching of root hairs and swelling of diffusely growing epidermal cells. Genetic, pharmacological,

molecular, cytological, and biochemical analyses show that the major underlying mechanism for these phenotypes is

excessive MT stabilization manifested in both mutants as heavy MT bundling, disorientation, and drug stability. The above

defects in MAPK signaling result in the adverse regulation of members of the microtubule-associated protein (MAP65)

protein family, including strongly diminished phosphorylation of MAP65-1. These data suggest that ANP2/ANP3, MPK4, and

the microtubule-associated protein MAP65-1, a putative target of MPK4 signaling, are all essential for the proper

organization of cortical microtubules in Arabidopsis epidermal cells.

INTRODUCTION

Regulation of plant growth and organ shape is tightly coupled to

cell growth and cytomorphogenesis (Smith, 2001). Both func-

tions are intimately associated with the tight regulation of micro-

tubule (MT) organization and dynamics during diffuse and polar

cell growth (Sieberer et al., 2005; Sedbrook and Kaloriti, 2008).

MTs are steady state polymers of the a/b-tubulin dimer with an

inherent capacity to self-organize into complex structures (Desai

and Mitchison, 1997). Both MT assembly and dynamics are

assisted by the coordinated action of MT-associated proteins

(MAPs) and regulatory proteins thatmodulate either the affinity of

MAPs for theMT surface (Cassimeris and Spittle, 2001), the rates

of exchange of tubulin subunits (Akhmanova and Steinmetz,

2008), or the dynamic organization of large MT populations

(Wasteneys, 2002; Sedbrook, 2004; Sedbrook and Kaloriti,

2008). The function of some of these MAPs is regulated by

reversible phosphorylation (Sasabe et al., 2006; Smertenko et al.,

2006; Wasteneys and Ambrose, 2009). So far, however, there

is only limited information about the involvement of mitogen-

activated protein kinase (MAPK) signaling in MT organization in

plants (Šamaj et al., 2004; Sasabe andMachida, 2006; Smertenko

et al., 2006; Walia et al., 2009). MT disruption by oryzalin activates

heat shock–activated MAPK and stress-activated MAPK in al-

falfa (Medicago sativa; Sangwan et al., 2002), suggesting a role

for these MAPKs in MT dynamics. MMK3 from M. sativa is

thought to be indispensable for spindle MT reorganization during

mitosis (Bögre et al., 1999, 2000). To date, only one MAPK

signaling pathway with implications in cytoskeletal organization

has been largely resolved. This pathway is elemental for the

progression of cytokinesis in tobacco (Nicotiana tabacum) and

comprises of the NPK1-activating kinesin-like protein 1 (NACK1)

andNACK2 (Ishikawa et al., 2002; Nishihama et al., 2002; Tanaka

et al., 2004), the nucleus- and phragmoplast-localized protein

kinase 1 (NPK1) (Nishihama andMachida, 2000, 2001; Nishihama

et al., 2001; Soyano et al., 2002; Takahashi et al., 2004; Tanaka

et al., 2004), the NQK1 MAPK kinase (MAPKK), and the NRK1

MAPK (NACK-PQRpathway; Takahashi et al., 2004). It is thought

that the activated pathway ultimately targets the tobacco

MAP65-1a and 1b isoforms to promote MT dynamics for the

expansion of the phragmoplast. Thus far, Arabidopsis thaliana

putative orthologs of every member of the above pathway have

emerged. The Arabidopsis ANP family is putatively orthologous

to NPK1 (Krysan et al., 2002), Arabidopsis MKK6 is a putative

ortholog of NQK1 (Soyano et al., 2003; Menges et al., 2008), and

Arabidopsis MPK13 is a putative ortholog of NRK1 and can be

activated by Arabidopsis MKK6 (Melikant et al., 2004). The

NACK1 and NACK2 activators of the NPK1 pathway are
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homologous to the respective Arabidopsis genes HINKEL and

STUD/TETRASPORE (Strompen et al., 2002; Yang et al., 2003;

Tanaka et al., 2004). Here, we present data on postcytokinetic

epidermal phenotypes and the regulation of cortical MT organi-

zation in anp2 anp3 and mpk4 knockout mutants. These results

indicate that ANP2/ANP3, MPK4, and theMT-associated protein

MAP65-1 are involved inMT-dependent cell growthmechanisms

in Arabidopsis.

RESULTS

anp2 anp3 andmpk4Mutants Show Similar Root Hair

Phenotypes and Radial Root Expansion

To characterize phenotypic aberrations, homozygous seedlings

of anp2 anp3 and mpk4 mutants, were screened 4 to 6 d after

germination. The dwarf phenotype of the mpk4 mutant grown in

soil as well as cytokinetic defects in leaf epidermal cells of this

mutant (see Supplemental Figure 1 online) were consistent with

similar phenotypes previously observed in the anp2 anp3mutant

(Krysan et al., 2002). Both these mutants showed retarded

growth and significantly shorter roots compared with wild-type

seedlings (see Supplemental Figures 2A and 2B online). More

detailed microscopy examinations of roots in both mutants

showed double- or multiple-branched root hairs compared

with the respective wild types (Figures 1B 1D, 1G, and 1I). It

must be noted that most of the root hairs observed in the mpk4

mutant displayed highly abnormal forms, including double or

triple branches, a thickened root hair base, or an abnormal tube

form (Figures 1D and 1I, arrows). Time-lapse images of root hair

growth in the anp2 anp3mutant showed the emergence of lateral

root hair branches and ectopic root hairs (see Supplemental

Figures 3A to 3G online). Likewise, ectopic root hairs were also

present in the mpk4 mutant (see Supplemental Figures 3H to 3J

online). Further observations revealed other aberrations, not

restricted to root hairs. In both mutants, root epidermal cells

showed radial expansion (Figures 1E and 1J, arrowheads),

indicating a defect in cortical MT regulation. Such irregularities

were initially described for hypocotyl epidermal cells of the anp2

anp3 mutant (Krysan et al., 2002). Here, we report that root

epidermal cells of both investigated mutants also showed such

aberrant cell forms. Moreover, mutant roots appeared radially

swollen (cf. Figures 1C to 1E with Figures 1A and 1B and Figures

1H to 1J with Figures 1F and 1G), which indicates an overall

disturbance in the uniaxial mode of diffuse cell growth.

To quantify these phenotypes, the numbers of normally grow-

ing root hairs versus branched or otherwise abnormal root hairs

(swollen root hair base or aberrant tube form) from at least 30

individual plants were counted. Abnormally growing root hairs

account for ;48% of all root hairs in the anp2 anp3 double

mutant and over 75% of those in the mpk4 mutant (Figure 1K).

Measurements of the root width at ;200 mm distance from the

tip revealed that root diameter in the anp2 anp3 and mpk4

mutants was between 170 and 230 mm, which is significantly

greater than the diameter of Wassilewskija (Ws) and Columbia-0

(Col-0) roots (120 to 130 mm; Figure 1L). Since the root pheno-

type of mpk4 was more pronounced than that of anp2 anp3, we

further characterized it by microscopy visualization using semi-

thin sections. Cross-sectional analysis demonstrated bulging of

root epidermal cells, but also a general disturbance of root

architecture and loss of anisotropy in cortical and endodermal

cells (see Supplemental Figure 4 online). Similar, albeit less

pronounced, features were observed on sections prepared from

embryos, hypocotyls, and inflorescence bolts of the anp2 anp3

mutant (Krysan et al., 2002).

MPK4 Expression in Root Hairs

Analysis of the level of gene transcription in flowers, leaves,

stems, and roots of Arabidopsis wild-type plants confirmed that

MPK4 transcripts are detectable in all of these organs (see

Supplemental Figure 4A online). To investigate the expression

pattern of MPK4 at the tissue and cellular levels, experiments

with b-glucuronidase (GUS) reporter gene constructs under the

control of the MPK4 promoter were performed. The expression

pattern was analyzed in ProMPK4:GUS transgenic plants. GUS

staining was found in root epidermal cells and root hairs, espe-

cially in the root hair formation zone (see Supplemental Figures

5B and 5Conline). During root hair development,MPK4promoter

activity was detectable in both root hair bulges and in young

outgrowing root hairs (seeSupplemental Figure 2Conline). These

expression data confirmMPK4 expression in the root regions and

cell types affected in the root phenotypes observed here and

emphasize the role of MPK4 in root development, including

development and growth of root hairs and epidermal cells.

MTOrganization in anp2 anp3 andmpk4Mutants

Both branched and/or ectopic root hairs (Bibikova et al., 1999;

Bao et al., 2001; Sakai et al., 2008) as well as radial expansion of

cells (Baskin et al., 1994;Whittington et al., 2001; Sugimoto et al.,

2003; Collings et al., 2006; Gardiner et al., 2008) were closely

related to defects in theMT cytoskeleton. These distinct root hair

phenotypes and the disturbed cell expansion in both mutants

suggest aberrant MT organization. The analysis of MT organiza-

tion was initially conducted by whole-mount tubulin immunoflu-

orescence labeling in roots (Müller et al., 2010) of both anp2 anp3

and mpk4 mutants and compared with labeling in their respec-

tive wild types. Cortical MTs appeared heavily bundled and

showed random configurations in all swollen epidermal cells of

both mutants within root meristem regions (cf. Figures 2A and

2B, and Figures 2C and 2D, respectively).

Subsequently, the in vivo organization of MTs was studied

more thoroughly in all major organs of the anp2 anp3 and mpk4

plants and the respective wild types stably transformed with the

35S:GFP:MBD (GFP for green fluorescent protein) MT reporter

(Marc et al., 1998; Granger and Cyr, 2001; Müller et al, 2007). The

cortical MTs in the epidermal cells of growing control (Ws and

Col-0) root (Figures 3R and 3T) and hypocotyl (Figures 3C and

3G) were arranged in a parallel configuration, forming oblique to

transverse arrays. By contrast, the cortical MTs of both mutants

showed several similar aberrant features in nearly every tissue

examined. In hypocotyl epidermal cells of both anp2 anp3

(Figures 3B and 3D) and mpk4 (Figures 3H and 3J) mutants,

cortical MTs appeared disoriented, forming random net-like
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Figure 1. Root Phenotype Comparisons among Ws, anp2 anp3, Col-0, and mpk4.

(A) to (E) Roots of Ws plants showing smooth root outline and straight-growing root hairs ([A] and [B]). By contrast, roots of the anp2 anp3mutant ([C]

and [E]) appear radially swollen with bulging epidermal cells (arrowheads) and bear branched root hairs (arrows). Inset in (D) shows detail on branched

root hair in the indicated boxed area. Bars = 100 mm; 30 mm for the inset.

(F) to (J) Normal root morphology in the control (Col-0) plant ([F] and [G]) and highly abnormal root morphology of thempk4mutant ([H] to [J]) showing

radial swelling of epidermal cells (arrowheads) and branching of root hairs (arrows). Inset in (I) shows detail on branched root hair in the indicated box

area. Bars = 100 mm; 30 mm for the inset.

(K) Graphic depiction of the percentage of branched or otherwise abnormal root hairs in anp2 anp3 andmpk4 seedlings compared with control Ws and

Col-0 seedlings, respectively. Note that 76% of root hairs in mpk4 seedlings and 48% of root hairs in anp2 anp3 seedlings are branched and/or

deformed. Only 9 and 11% of branched root hairs could be found in Col-0 and Ws control plants, respectively.

(L) Graphic depiction of root width in micrometers of anp2 anp3 andmpk4 seedlings compared with control Ws and Col-0 seedlings, respectively. Both

mutants show increased root width, more strongly affected in thempk4mutant. Values are for Ws, 122.09 mm6 9 (SD); anp2 anp3, 173.53 mm6 21.92

(SD); Col-0: 129.875 mm 6 12.38 (SD); and mpk4, 224 mm 6 42.77 (SD). Asterisks indicate statistically significant difference between mutants and

corresponding controls as revealed by Student’s t test (P < 0.05).
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arrays at the cell cortex instead of parallel arrays. However, the

most prominent feature was the large extent of bundling of

cortical MTs in both mutants (cf. Figures 3C and 3G with Figures

3D and 3H). Similarly, cotyledon pavement cells of both anp2

anp3 and mpk4 showed a simpler cell shape and at the same

time an increased bundling of cortical MTs (cf. Figures 3E and 3K

with Figures 3F and 3L, respectively). The aberrant-branched

and/or swollen root hairs of anp2 anp3 andmpk4 roots also had

more prominentMT bundling comparedwith the respective wild-

type plants (cf. Figures 3M and 3O with Figures 3N, 3P, and 3Q).

Similarly to the hypocotyl epidermal cells, the root epidermal

cells of both mutants showed a loss of parallel cortical MT

organization accompanied by increased bundling (cf. Figures 3R

and 3T with Figures 3S and 3U).

Cortical MTs of anp2 anp3 andmpk4 Show Increased

Resistance to Oryzalin

A physiological consequence of MT bundling was a profound

stability of MTs to MT-disrupting drugs in anp2 anp3 and mpk4

hypocotyl epidermal cells (Figure 4). In wild-type cells, either Ws

or Col-0, a treatment with 5 mM oryzalin for 15 to 30 min was

sufficient to eliminate the vast majority of cortical MTs (Figure 4).

By contrast, MTs in hypocotyl epidermal cells of anp2 anp3 and

mpk4 were resistant to this concentration of oryzalin. After

pretreatement of the wild types with the MAPKK inhibitor

PD98059 (see below), cortical MTs in the hypocotyls were also

resistant to oryzalin and stayed bundled, though randomly

oriented, for at least 90 min (Figure 4, bottom panel). The

resistance of cortical MTs appeared to correlate with the degree

of bundling.

Association of MPK4 with MTs

The putative association of MPK4 with MTs was studied bio-

chemically in postnuclear, organelle-depleted cell extracts sup-

plemented with bovine brain MTs in the presence of taxol and

GTP. MTs and the associated proteins were pelleted three times

through a 20% glycerol cushion to eliminate nonspecific con-

taminants in the finalMTpellet, which finally was studied bySDS-

PAGEand immunoblot analysis using an antibody againstMPK4.

TheMT pellet contained a prominent fraction of MPK4 (Figure 5),

although there was still a substantial amount of MPK4 left in the

supernatant. This suggests that not all of the MPK4 associates

with MTs but that some also associates with other cellular com-

partments, as has been recently described forMPK6 (Müller et al.,

2010). The addition of recombinant 63His-tagged MAP65-1

did not significantly improve the yield of MPK4 in the MT pellet.

Effects ofSpecificMAPKK Inhibitor PD98059on theCortical

MT Organization

To test whether the association of MPK4withMTs has functional

implications, we treated either Col-0 or Ws wild-type plants,

stably transformedwith the 35S:GFP:MBD reporter forMTs, with

the potent MAPKK inhibitor PD98059, which prevents the acti-

vation of MAPKs. The MPK4 activation induced by the osmotic

stress following sorbitol treatment was abolished in the presence

of PD98059 (see Supplemental Figure 6A online). Also, in root

epidermal cells treated with PD98059, the cortical MTs became

highly bundled in a time-dependent fashion (Figure 6).

Transmission Electron Microscopy Observations Reveal a

Putative Mechanism Underlying MT Bundling in the anp2

anp3Mutant

Transmission electron microscopy (TEM) visualization of inter-

phase cortical and endoplasmic MTs of control root and hypo-

cotyl cells of the Ws wild type showed the occurrence of loose

MT bundles with a spacing distance of ;25 nm (Figure 7A).

Cortical MTs were sparsely arranged in the cortical cytoplasm

and in most cases formed a single layer beneath the plasma

Figure 2. In Situ Localization of MTs in anp2 anp3 and mpk4 Mutants.

Immunofluorescence localization of MTs in roots of Ws (A), anp2 anp3 (B), Col-0 (C), and mpk4 (D) plants. Arrows indicate examples of thick and

deregulated MT bundles in both mutants. Asterisks denote mitotic cells. Bars = 10 mm
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Figure 3. In Vivo Localization of MTs in Hypocotyls, Cotyledons, and Roots Using the 35S:GFP:MBD Reporter Construct in anp2 anp3 and mpk4

Mutants.

(A) to (F) In vivo visualization of cortical MT organization using the 35S:GFP:MBD construct and confocal laser scanning microscopy (CLSM) imaging in

the hypocotyl and cotyledon of control (Ws) and anp2 anp3 mutant plants. Disturbed patterns of cortical MT organization in hypocotyl and cotyledon

cells of the anp2 anp3 mutant as visualized in vivo using the 35S:GFP:MBD construct. Note the extensive MT bundling as well as irregular and wavy

configuration of the MT bundles ([D] and [F], arrows). Irregularly formed and swollen cells are apparent in the hypocotyl ([B] and [D]) and cotyledon ([F],

star). Bars = 20 mm.

(G) to (L) In vivo visualization of cortical MT organization using the 35S:GFP:MBD construct and CLSM imaging in the hypocotyl and cotyledon of control

(Col-0) andmpk4mutant plants. Bundling of MTs in the cortex of hypocotyl and cotyledon cells ([H], [J], and [L]) inmpk4 plants. Projection of hypocotyl

cells, rotated by an angle of 808 to provide a lateral view ([I] and [J]). The cell volume ofmpk4 plants is significantly larger than that of Col-0. Arrows point

to thick cortical MT bundles. Projection of 52 optical sections at a 0.65-mm step size (I); z = 33.8 mm. Projection of 96 optical sections at a 0.65-mm step

size (J); z = 62 mm Bars = 20 mm.

(M) to (Q) In vivo visualization of MT organization using the 35S:GFP:MBD construct and CLSM imaging in root hairs of control (Ws and Col-0) and
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membrane (Figure 7A). This was in sharp contrast with the

situation in the anp2 anp3 cells, where MTs were extensively

bundled. This mode of MT organization was not only observed in

the cell cortex (Figure 7B), but also in transvacuolar cytoplasmic

strands (Figure 7C) of all cell types examined. In some instances,

large clusters of MTs were packed together with very little to

virtually no space between individual MTs. Cross-linked MTs

were spaced at distances ranging from 10 to 25 nm, while often

electron-dense cross-bridges demonstrated a kinked, probably

bipartite, structure (Figures 7B and 7C, arrows), consistent with

Figure 3. (continued).

mutant (anp2 anp3 and mpk4) plants. Mutant root hairs with abnormal morphology, branched ([N] and [Q], arrowhead), or swollen root hair bases (P)

showing MT bundles (arrows) or disturbed MT orientation compared with wild-type root hairs ([M] and [O]). Bars = 10 mm.

(R) to (U) In vivo visualization of cortical MT organization using the 35S:GFP:MBD construct and CLSM imaging in root epidermal cells of control (Ws and

Col-0) and mutant (anp2 anp3 andmpk4) plants. Patterns of cortical MT organization were disturbed in both mutants ([S] and [U], arrows). Bars = 20 mm.

Figure 4. The Time-Dependent Response of Hypocotyl Epidermal Cells of 35S:GFP:MBD-Transformed Ws/Col-0 and anp2 anp3/mpk4 Plants Treated

with 5 mM Oryzalin or with 20 mM PD98059 and 5 mM Oryzalin.

Note the severe depletion of cortical MTs in oryzalin-treated Ws and Col-0 hypocotyl epidermal cells after 20 min. By contrast, both individual MTs and/

or MT bundles (arrows) persist in anp2 anp3 andmpk4 hypocotyl epidermal cells at least over a period of 30 min. In cells treated for 6 h with the MAPKK

inhibitor PD98059 and subsequently with oryzalin plus PD98059, cortical MTs appear heavily bundled and randomly dispersed in the cell cortex, while

remaining resistant to oryzalin treatment for at least 90 min. Time (in minutes) is indicated in the bottom right corner. Bars = 10 mm.
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the idea that extensiveMT bundling is due to the quantitative and

functional upregulation of an MT-cross-linking MAP. Since a

major MAP of this category is MAP65-1, which forms dimeric MT

cross-bridges, we subsequently analyzed both anp2 anp3 and

mpk4mutants and the wild types for quantitative and qualitative

changes of this MT-associated protein.

MAP65-1 and BundledMTs in anp2 anp3 andmpk4Mutants

ANP2 and ANP3, in analogy to the tobacco homolog NPK1, are

expected to target MAP65-1 (Sasabe et al., 2006; Menges et al.,

2008). Additionally, computer prediction analysis of phosphory-

lation sites has identified MAP65-1 as a putative MAPK target,

and it has been confirmed experimentally that MAP65-1 is ef-

fectively phosphorylated by MPK4 and MPK6 (Smertenko et al.,

2006). Therefore, we investigated the pattern of MAP65-1 locali-

zation in both the anp2 anp3 and thempk4mutants by double im-

munofluorescence labeling using specific MAP65-1 (Smertenko

et al., 2004) and tubulin antibodies. In addition to published work

(Smertenko et al., 2004), the specificity of the MAP65-1 antibody

is shown here by immunoblotting. The antibody recognized a

single band at 65 kD on the immunoblot prepared from Arabi-

dopsis crude protein extract (see Supplemental Figure 7B on-

line). As expected, in control root cells ofWs andCol-0 wild types

(Figure 8), MAP65-1 localized discontinuously along the MT

surface, showing more prominent staining in cortical sites with

more prominent MT bundles (Figures 8A to 8C and 8J to 8L). The

pattern of MAP65-1 distribution was remarkably different in the

root cells of mutants when compared with respective controls in

that the cortical MT system was strongly and evenly labeled

along the entire length of the MTs, especially in the case of the

thick cortical MT bundles (Figures 8D to 8I and 8M to 8R). Such

decoration of entire cortical MTs with MAP65-1 was stronger in

thempk4mutant than in the anp2 anp3mutant (cf. Figures 8P to

8R with 8G to 8I). Negative controls, using the secondary

antibodies alone, showed no fluorescence staining (see Supple-

mental Figure 8 online).

Altered Expression of MAP65 Isoforms in anp2 anp3 and

mpk4Mutants

The data derived frommicroscopy analysis further suggested the

upregulation of MAP65-1 abundance in both the anp2 anp3 and

thempk4mutants. However, more than one MAP65 isoform can

be regulated by MAPK signaling. For this reason, we initially

surveyed the MAP65 isoform complement by immunoblotting

using an antibody raised against the CEEESWLEDYNR peptide

of MAP65-1, which is conserved among all nine members of the

MAP65 family (Mao et al., 2006). Probing Ws and Col-0 extracts

with this antibody showed a most prominent signal at ;80 kD,

probably corresponding to MAP65-3 and a weaker signal at 65

Figure 5. Association of MPK4 with the MT Surface.

Analysis of MT pellets from Arabidopsis extracts supplemented with

exogenous bovine brain MTs (10 mM tubulin). Lane 1 shows the occur-

rence of MPK4 in the original supernatant (see Methods). Lanes 2 and 3

show the occurrence of MPK4 in the final MT pellets following the last

glycerol cushion precipitation. In lane 3, the reaction mixture was

supplemented with 10 mM 63His-tagged MAP65-1. No significant

difference can be detected in the efficiency of MPK4 coprecipitation in

the presence or absence of MAP65-1. The bottom two rows show the

same experiment in the absence of the glycerol cushion, which greatly

enriches the amount of tubulin (bottom panel).

Figure 6. Effects of MAPKK Inhibitor PD98059 on Cortical MT Organi-

zation.

In vivo visualization of MTs in root epidermal cells of Col-0 plants stably

transformed with 35S:GFP:MBD construct. Arrows show examples of

cortical MTs, which are aggregated into bundles at the end of the

PD98059 treatment. Bars = 10 mm.

(A) and (C)Untreated control epidermal cells showing fine MTs of parallel

orientation.

(B) and (D) The same cells as in (A) and (C) showing bundled and

accumulated MTs in the cell cortex after 60 min treatment with PD98059

(20 mM).
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kD, probably corresponding to MAP65-1 (Hussey et al., 2002;

Smertenko et al., 2008). Upon testing extracts of anp2 anp3 and

mpk4, we found a different pattern of MAP65 immunodetection

compared with Ws and Col-0. In the cases of two mutants, the

80-kD band was diminished, while the 65-kD band was greatly

upregulated (Figure 9A).

To document the identity of the bands that showed such

differences, extracts were then analyzed with specific anti-

MAP65-1 (Smertenko et al., 2004) and anti-MAP65-3 antibodies

(Smertenko et al., 2008), which confirmed the upregulation of

MAP65-1 and downregulation of MAP65-3 in both mutants

compared with the corresponding wild types (Figure 9B). In

addition to published work (Smertenko et al., 2004, 2008), the

specificity of the anti-MAP65-1 and -MAP65-3 antibodies, which

both recognize single bands of the expected molecular weight

on immunoblots prepared from Arabidopsis crude protein ex-

tracts, is shown in Supplemental Figure 7B online. By analyzing

MAP65-1 and MAP65-3 transcript levels by RT-PCR, we were

not able to detect significant differences between the mutants

and their corresponding wild types (Figure 9C), suggesting that

the changes at the protein level were likely posttranscriptional.

The above data are consistent with a role of MAP65-1 in the

extensive bundling of cortical MTs.

Mode of MAP65 Isoform Regulation in anp2 anp3 and

mpk4Mutants

As MAP65-1 is a potential target for MAPK phosphorylation, we

examined the phosphorylation status of this MAP in mutant

versus wild-type plants to gain further insight into how the

respective anp2 anp3 and mpk4 knockouts (Krysan et al.,

2002; Nakagami et al., 2006) affect MT organization. For this

purpose, we used a phosphoaffinity-based SDS-PAGE ap-

proach (Phos-Tag; Kinoshita et al., 2006) to analyze the phos-

phorylation status of MAP65-1 in protein extracts isolated from

anp2 anp3, mpk4, Ws, and Col-0. Phos-Tag analysis and sub-

sequent immunoblotting using the specific MAP65-1 antibody

showed that the ratio of the phosphorylated form to the non-

phosphorylated form of MAP65-1 is significantly decreased in

the extracts of the anp2 anp3 andmpk4mutants compared with

the respective wild types (Figure 10A).

The specificity of the technique was confirmed by treating ex-

tracts with l-phosphatase, which can effectively cleave phos-

phate groups from both Ser/Thr and Tyr residues (Figure 10B).

Since, in unstressed plants, the activity of MPK4 is low (Nakagami

et al., 2006), and because MAP65-1 is possibly a target of

other kinases as well, we wanted to further substantiate the

probability that the upper band in the Phos-Tag immunoblots is

indeed related to MPK4-mediated phosphorylation. For this

purpose, we boosted MPK4 activity by treating seedlings with

500 mM sorbitol to induce hyperosmotic stress (Ichimura et al.,

2000), as shown in Supplemental Figure 7A online. In this case,

we observed that the intensity of the upper phosphorylated

MAP65-1 band was significantly enhanced (Figure 10B). When

the same experiment was performed in the presence of the

specificMAPKK inhibitor PD98059, the upperMAP65-1 bandwas

diminished to nearly control levels (Figure 10B). Together, the

results presented in Figure 10 and Supplemental Figure 7A online

suggest that the upper band corresponds to the MAP65-1 pool

that has been phosphorylated by MPK4.

It should be noted here that combined propidium iodide/

fluorescein diacetate staining of Col-0 roots treated with 500mM

sorbitol (method described in Komis et al., 2006) revealed that

root cells remain viable over a period exceeding 2 h (see

Supplemental Figure 7 online).

Probing the Association of MAP65-1 with MPK4

The putative association between MAP65-1 and MPK4 was

probed in cell extracts loaded with a 63His-tagged fusion of

recombinant native MAP65-1 and by coimmunoprecipitation

analysis. Coimmunoprecipitation analysis was conducted using

the MAP65-1 antibody and immunoblot detection of MPK4. In

this case,MPK4was detectable in the immunoprecipitate (Figure

11A). When 63His-tagged MAP65-1 was pulled down by mag-

netic Ni-NTA agarose beads, MPK4 was prominently detected in

the pellet, an observation compatible with previously published

data (Smertenko et al., 2006) (Figure 11B). It must be noted that

empty beads failed to retrieveMPK4 in the pellet, suggesting that

the precipitation of MPK4 in the presence of 63His-tagged

MAP65-1 is rather specific.

Figure 7. TEM Visualization of MT Organization in the Cortical Cytoplasm of Ws and the Cell Cortex or the Endoplasm of anp2 anp3 Hypocotyl

Epidermal Cells.

MTs are regularly spaced and loosely arranged in the vicinity of the plasma membrane in wild-type cells ([A], arrows). MTs are densely packed and/or

cross-linked in the cortical cytoplasm or the endoplasm in anp2 anp3 cells ([B] and [C]). Black arrows denote cross-bridged MTs. CW, cell wall. Bars =

100 nm in (A) and 50 nm in (B) and (C).
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DISCUSSION

Molecular and Phenotypic Similarities between anp2 anp3

andmpk4Mutants

In the literature, some molecular evidence has been presented

supporting the case in favor of either interconnected or separate,

though synergistic, functions of ANPs and MPK4. For example,

both anp2 anp3 andmpk4mutants display similar transcriptomic

profiles and show upregulation of the pathogen response and

resistance genes, such as PR1, chitinase, b-1,3-glucanase, and

glutathione S-transferase (Petersen et al., 2000; Krysan et al.,

2002). Moreover, NPK1 (an ANP homolog in tobacco) and MPK4

exert negative regulation on auxin signaling (Kovtun et al., 1998;

Nakagami et al., 2006) and both ANP1 and MPK4 are involved in

oxidative stress (Kovtun et al., 2000; Nakagami et al., 2006).

In this study, further evidence is provided to support a possible

functional interplay between ANP2/ANP3 andMPK4. Thus, anp2

anp3 and mpk4 mutants show very similar phenotypes on the

level of the whole organ as well as on the single cell level. All

major vegetative organs of these mutants, such as roots, hypo-

cotyls, cotyledons, and leaves, show disturbed growth patterns

consistent with defective growth and morphogenesis, including

bulging epidermal cells of the root and hypocotyl and leaf

pavement cells with shallower indentations. Moreover, roots

show radial expansion and root hairs of both mutants grow

ectopically and develop abnormal, multiple branches. Further

support comes from the cytological examination of the mpk4

mutant, which exhibits cytokinetic defects that are consistent

with the published cytokinetic phenotype of the anp2 anp3

mutant (Krysan et al., 2002). Thus, the thorough phenotype,

cytological, and molecular analyses reported here suggest that

Figure 8. Patterns of MAP65-1 and Tubulin Immunofluorescence Localization in Roots of Control and Mutant Plants.

(A) to (C) Localization of MTs (green), MAP65-1 (red), and merged images in root epidermal cells of Ws. Note the partial spot-like colocalization of

MAP65-1 with cortical MTs and the more extensive MAP65-1 decoration of certain MT bundles (arrows).

(D) to (F) The colocalization of MAP65-1 with bundled MTs (note increased yellow color in merged images) in root epidermal cells of anp2 anp3 is much

more extensive than in Ws (cf. Figure 9C), an observation consistent with the extensive cortical MT bundling found in this mutant. Arrows point to

bundled MTs.

(G) to (I) Detailed visualization of the decoration of MTs by MAP65-1 in root epidermal cells of anp2 anp3 showing extensive association of MAP65-1

with MT bundles (yellow color in merged image), often throughout their entire length.

(J) to (L) Overview of the localization of tubulin (green), MAP65-1 (red), and merged images in root epidermal cells of Col-0. Arrows point to bundled

MTs.

(M) to (O) Overview of MAP65-1 distribution along cortical MTs inmpk4 root epidermal cells. Note increased yellow color in merged image, suggesting

extensive colocalization of MAP65-1 and bundled MTs in this mutant (arrows).

(P) to (R) Detailed view of MAP65-1 localization in mpk4 root epidermal cells showing extensive association of MAP65-1 with MT bundles over their

entire length (arrows).

Bars = 10 mm.
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ANP2, ANP3, and MPK4 likely function in a common develop-

mental pathway that regulates the cellular morphogenesis,

shape, and bundling of cortical MTs. At present, however, we

cannot exclude the second possibility, namely, that ANP2/ANP3

and MPK4 function in independent synergistic pathways. Ge-

netic studies are underway to clarify this point.

It is known that MPK4 can be activated through an upstream

MAPKKK called MAP kinase or ERK kinase kinase 1 (MEKK1)

during abiotic and biotic stress, but at the same time genetic and

transcriptomic evidence suggests that this is not the only stress-

activated MAPK pathway in Arabidopsis (Ichimura et al., 2006;

Mészáros et al., 2006; Nakagami et al., 2006; Su et al., 2007;

Suarez-Rodriguez et al., 2007). The mekk1 and mpk4 mutants

exhibited a major physiological difference, whereas mekk1 mu-

tant growth is proportionally rescued by gradually increasing

NaCl concentrations, growth of the mpk4 mutant is completely

inhibited by NaCl (Su et al., 2007). More importantly, from the

developmental point of view, themekk1 andmpk4mutants show

markedly different root and rosette leaf phenotypes (Nakagami

et al., 2006; Su et al., 2007). While the mekk1 mutant shows

normal root outline and straight, albeit shorter, root hairs (Figure

2 in Nakagami et al., 2006), the mpk4 mutant shows radial root

Figure 9. Comparative Analysis of MAP65 Isoform Composition and

Expression Levels.

(A) and (B) General immunoblot survey of MAP65 isoform composition

detectable with an anti-CEEESWLEDYNR antibody (A) or with isoform-

specific anti-MAP65-1 and anti-MAP65-3 antibodies (B) showing quan-

titative upregulation of the MAP65-1 and downregulation of the MAP65-3

in both the anp2 anp3 and the mpk4 mutants compared with the

respective Ws and Col-0 controls. Numbers indicate molecular mass in

kilodaltons. The star denotes a band probably corresponding to a

degradation product of MAP65. Anti-actin staining was used as a

loading control (B).

(C) RT-PCR analysis of MAP65-1 and MAP65-3 transcript levels (26

amplification cycles) showing no visible differences between Ws, anp2

anp3, Col-0, and mpk4 plants. ACTIN2 transcript (26 amplification

cycles) was used as a loading control. Three biological and three

technical replicates were performed.

Figure 10. Analysis of the Phosphorylation Status of MAP65-1 Using

Phos-Tag.

(A) Phos-Tag SDS-PAGE coupled to immunoblot detection using a

MAP65-1–specific antibody. The black arrow indicates the phosphory-

lated form (top bands retarded in mobility), while the white arrow

indicates the nonphosphorylated form (bottom bands). In both the

anp2 anp3 and the mpk4 mutants, the relative amount of the phospho-

MAP65-1 form was dramatically reduced compared with the total

amount of the protein. Anti-actin staining was used as a loading control.

(B) Probing the efficiency of Phos-Tag technology to discriminate phos-

phorylated from nonphosphorylated MAP65-1 in Col-0 extracts sub-

jected or not to hyperosmotic stress (500 mM sorbitol, 30 min) in the

absence or presence of the MAPKK inhibitor PD98059 (20 mM, 2 h

pretreatment followed by 30min with 500 mM sorbitol). The bottom band

(white arrow) represents the nonphosphorylated form of MAP65-1. The

top band (black arrow) represents the phosphorylated form of MAP65-1,

which diminished during the PD98059 treatment and was completely

eliminated following l-phosphatase (lPPase) treatment of the extract

prior to electrophoresis.
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swelling and heavily branched root hairs, as shown in our study

(Figures 1H and 1I). Thus, it is likely that MEKK1 is not integrated

with MPK4 in the same pathway during plant development.

Phenotypesofanp2anp3andmpk4AreLikelyRelated toMT

Organization Defects

While defects in the actin organization and/or dynamics mostly

result in changes in the root hair growth rate (Ketelaar et al., 2007)

or in tip swelling (Ketelaar et al., 2007; Yang et al., 2007), phar-

macological or genetic disturbances of MTs (Bibikova et al.,

1999; Bao et al., 2001) consistently induce multiple branching,

which is also the case in the mutants studied here. Most

strikingly, anp2 anp3 and mpk4 mutants show an overall root

malformation, which includes branched root hairs and severe

root swelling. Radial root expansion is routinely observed in other

MT mutants (e.g., microtubule organization 1; Whittington et al.,

2001) or following pharmacological MT disruption (Baskin et al.,

1994; Sugimoto et al., 2003; Collings et al., 2006; Gardiner

et al., 2008). However, radial root expansion can also be the

secondary consequence of reduced uniaxial growth in dwarfed

mutants and might not be directly associated with MT defects.

An example of the above can be found in the radially swollen 1, 4,

and 7 Arabidopsismutants, showing lateral expansion of the root

but normal, transverse cortical MT configuration (Sugimoto et al.,

2001; Wiedemeier et al., 2002). Thus, the best diagnostic crite-

rion for an MT deficiency in both anp2 anp3 andmpk4mutants is

the combination of radial root swelling with severely compro-

mised root hair growth, which in most cases is multiaxial,

resulting in the formation of branched root hairs.

Impaired MT Organization as a Consequence of Defective

MAPK Signaling

When MT organization was studied in situ and in vivo in root and

hypocotyls epidermal cells of both mutants, it showed randomly

dispersed patterns considerably deviating from the parallel,

transverse configurations of wild-type cells. Furthermore, MTs

appear heavily bundled, most likely due to extensive cross-

linking as shown by TEM. Although in many cases MTs appear

tightly packed, TEM observations revealed kinked, bipartite,

electron-dense cross-bridges. Additionally, MTs from both mu-

tants showed profound resistance to moderate oryzalin treat-

ments. The possibility that such defects are a consequence of

impairedMAPK signalingwas further addressed inwild-type root

epidermal cells treated with the potent MAPKK inhibitor,

PD98059. In this case, the inhibitor caused bundling of cortical

MTs, similar to that observed in the mutants, but to a lesser

extent.

Recruitment of MPK4 to MTs

Since the phenotypes observed in both mutants are most likely

MT related, we postulated that at least a fraction of MAPKs in

control plants would be physically associated with MTs.

Biochemical analysis demonstrated that MPK4 (Figure 5) and

MPK6 (Müller et al., 2010) consistently coprecipitate with exog-

enous MTs in cell-free extracts of wild-type Arabidopsis seed-

lings. Previously, it was shown in many eukaryotes that MAPKs

associate with MTs. This form of association is conditional or

constitutive (Reszka et al., 1995, 1997, and references therein),

although the mechanism of binding may require another factor

because an MT binding domain in the MAPK peptide sequences

has not yet been identified. In neuronal cells, c-Jun N-terminal

MAPKs (JNKs) associate with the MT surface through their

interaction with JIPs (JNK-interacting proteins), which in turn are

coupled to conventional kinesins (Koushika, 2008). In human

neutrophils, ERKs, although massively relocated to the nucleus

upon induction, remain to a significant extent associatedwith the

radial, perinuclear MT system (Reszka et al., 1995). Finally, the

p38/SAPK1/Hog1 MAPK contributes to the regulation of MT

dynamics by targeting the catastrophe-promoting protein stath-

min/Op18 to the MTs (Parker et al., 1998).

In higher plants, the interplay between MT organization and

MAPK signaling has been demonstrated in a few cases. Re-

cently, Walia et al. (2009) showed that MPK18 and the MAPK

phosphatase PHS1 (propyzamide hypersensitive 1) act in a

complementary fashion to regulate MT organization and dynam-

ics. Because the complex of PHS1 andMPK18 does not localize

toMTs, its relationship toMT dynamicsmay require the targeting

of a substrate that transiently binds to the MT surface in relation

to its phosphorylation status. Individual components of the

above complex were also not shown to interact directly with

MTs; however, genetic evidence showed a potential interaction

between PHS1 and MOR1 (a member of the XMAP-family),

Figure 11. Putative Interactions between MPK4 and MAP65-1.

(A) Endogenous MAP65-1 was immunoprecipitated, and the final pellet

was immunoblotted with anti-MAP65-1 (lane 1) or anti-MPK4 (lane 2).

Input (bottom row) detects MPK4 in 10% of the original extract.

(B) Extracts (100 mg of total protein) were supplemented with 10 mM of

recombinant 63His-tagged MAP65-1 (lane 1) or with Ni-NTA agarose

beads in the absence of 63His-tagged MAP65-1 (lane 2). Input detects

MPK4 in 10% of the original extract.
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linking the respective pathway to MT regulation (Naoi and

Hashimoto, 2004).

The functional association between MAPKs and MTs is better

understood during the mitotic and cytokinetic progression in

higher plants. Examples of MAPKs previously shown to physi-

cally interact with and regulate mitotic/cytokinetic MT arrays

include the MMK3 of alfalfa (Bögre et al., 1999, 2000) and the F6

and the NACK-PQR members of N. tabacum (Calderini et al.,

1998; Takahashi et al., 2004); however, similar functions remain

to be identified for the respective homologs of Arabidopsis.

Computer prediction and experimental studies in plants have

already revealed potential MAPK targets as MT binding proteins.

Putative ERK binding motifs have been identified so far in MOR1

and in MAP65-1 (Smertenko et al., 2006; Walia et al., 2009).

The MAP65 Family as a Primary and Secondary MAPK

Signaling Target

The best-studied examples of MAPK-targeted MAPs are the

members of the MAP65 family, MAP65-1, MAP65-2, and

MAP65-3. Among them, MAP65-1 is robustly phosphorylated by

both MPK4 and MPK6 (Smertenko et al., 2006), while MAP65-2

and MAP65-3 have been experimentally demonstrated to be

phosphorylated by the heterologous protein in tobacco, NRK1

(Sasabe et al., 2006). It is interesting that, at least in the case

of MAP65-1, the single MAPK targeting motif is situated at the

C-terminalMTbinding domain and overlapswith aCDK targeting

site (Smertenko et al., 2006). This suggests that MAPK-mediated

phosphorylation of MAP65-1 may interfere with its MT bind-

ing affinity, while also explaining the differential localization of

MAP65-1 during mitotic progression, as a function of its phos-

phorylation status (Smertenko et al., 2004, 2006; Chang et al.,

2005; Mao et al., 2006).

By comparing the expression of the MAP65 family comple-

ment of the anp2 anp3 and thempk4mutants with that of the Ws

and Col-0 wild types, respectively, it became apparent that,

although we could detect differences in the levels of the phos-

phorylated MAP65-1, there were also quantitative differences

in the overall amount of some MAP65 isoforms, of which

MAP65-1 and MAP65-3 were further studied. Briefly, the levels

of MAP65-1 were upregulated in both mutants, whereas

MAP65-3 levels were diminished in the mutants. These changes

in protein level both seem to be posttranscriptional, as the

amounts of corresponding transcripts remained roughly un-

changed. Additionally, the depletion of MAP65-3 in bothmutants

is not sufficient to explain their MT features, since it is, similarly to

MAP55-1, also an MT cross-linker (Müller et al., 2004). However,

since localization of MAP65-3 is predominantly mitotic/cytoki-

netic (Müller et al., 2004; Caillaud et al., 2008; Smertenko et al.,

2008), its contribution to the phenotypes and the interphase MT

organization observed here should be negligible.

The excessive amounts of MAP65-1 alone can sufficiently

explain the massive cortical MT bundling (Van Damme et al.,

2004; Mao et al., 2006; Gaillard et al., 2008) and moderate drug

stability (Van Damme et al., 2004; Wasteneys and Ambrose,

2009) seen in both mutants. The upregulated MAP65-1 levels

seemed to coincide with the increased occurrence of MAP65-1

along MT bundles and the extended degree of MT cross-linking

in root whole-mount immunofluorescence samples of anp2 anp3

and mpk4, as opposed to the patchy pattern of MAP65-1 distri-

bution and the sparser cortical MT arrangement commonly

observed in root whole mounts of the wild types.

If MAP65-1 associates with and is regulated by MPK4, then

these two proteins would have to physically interact. This pos-

sibility was explored by coimmunoprecipitation assays. Specific

MAP65-1 antibodies pulled down MPK4, and recombinant 63
His-tagged MAP65-1 copelleted with MPK4. The above results

are in accordance with previously published data (Smertenko

et al., 2006). Due to the nature of these assays, it cannot be

determined if MAP65-1 and MPK4 interact when one or both

partners are bound to the MT surface or when they are disso-

ciated from it.

In addition to the above, MAP65-1 is underphosphorylated in

extracts of both anp2 anp3 and mpk4 mutants. Diminished

amounts of phosphorylated MAP65-1 can further add to the

extent ofMTcross-linkingbydiminishing its affinity toward theMT

surface, since the phosphorylation status of MAP65-1 is directly

proportional to its MT binding capacity. An engineered form of

MAP65-1 with multiple phosphomimetic substitutions encom-

passing every putative phosphorylation site on its primary struc-

ture results in a dramatic reduction of its MT binding capacity as

assessed in MT coprecipitation assays, without affecting MT

dynamics (Smertenko et al., 2006). The amounts of multiphos-

phomimetic MAP65-1 coprecipitating with MTs are much lower

than those of the native protein or of a phosphomimetic analog

excluding theMAPKsite (Smertenko et al., 2006). This prompts us

to suggest that MAP65-1 underphosphorylation in the MAPK

mutants is a significant contributor to MT bundling and disorien-

tation, in addition to the upregulation of MAP65-1 overall levels.

In conclusion, this study reveals a previously unidentified role

of a major stress-activated ArabidopsisMAPK, namely MPK4, in

plant development; MPK4 regulates the spatial and temporal

aspects of cortical MT organization. MAP65-1 is indicated as a

putative target of MPK4; however, further molecules that interact

with MPK4 may regulate MT organization and dynamics.

METHODS

Plant Materials and Phenotype Analysis

Col-0 and Ws ecotypes of Arabidopsis thaliana were used throughout.

Double homozygous negative mutants of the MAPKKK genes ANP2 and

ANP3 were isolated through screens of T-DNA insertional mutants by

Krysan et al. (2002) raised in a Ws background. Homozygous mutants of

the MPK4 gene (mpk4) in a Col-0 background were selected from seeds

of heterozygous plants on the basis of phenotype and kanamycin

resistance (Nakagami et al., 2006). For phenotyping, mutant and wild-

type seeds were germinated on Phytagel-solidified, sucrose supple-

mented half-strength Murashige and Skoog medium at pH 5.8 without

vitamins and allowed to grow for 4 to 12 d. Prior to germination, seeds

were surface sterilized with commercial bleach supplemented with

0.1% (v/v) Triton X-100 and thoroughly rinsed with sterile, distilled water.

Plants were also germinated and grown in soil for 4 to 6 weeks to observe

rosette leaf phenotypes. Plants were grown in a controlled temperature

and photoperiod chamber at 228C and a 16 h/8 h light/dark cycle.

Seedlings of anp2 anp3 and mpk4 mutants were then observed and

documented with a Leica MZ FLIII stereomicroscope coupled to a JVC
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CCD camera KY-F70B running under the Diskus software (Carl Hilgers).

Seedlings were screened for root and hypocotyl aberrations involving

gross structure of the above tissues and subsequently the morphology of

root and hypocotyl epidermal cells and root hairs. Morphometric aspects

of discrete phenotypes included root length and width as well as root hair

morphology.

For more detailed analysis of the root phenotype, mutant and wild-type

seedlings were fixed and embedded in Spur’s resin (see below), and

semithin cross sections of the roots were produced. The cross sections

were stainedwith 1% (w/v) tolouidine blue in 1% (w/v) aqueous borax and

documented under the microscope (Leica DM 5500B) as previously

described (Komis et al., 2002).

Antibodies and Reagents

All chemicals were of analytical grade and purchased from Sigma-

Aldrich, Roth, and Serva, unless stated otherwise. For immunofluores-

cent localizations and for immunoblot analysis, the following primary and

secondary antibodies were used: rabbit polyclonal anti-CEEESWLE-

DYNR (kindly provided by Clive W. Lloyd, John Innes Center, UK), rabbit

polyclonal anti-MAP65-1 and mouse polyclonal anti MAP65-3 (kindly

provided by Andrei Smertenko, University of Durham, UK), and rabbit

polyclonal anti-MPK4 (Sigma-Aldrich). For root whole-mount immu-

nofluorescence, fluorescein isothiocyanate- or tetramethyl rhodamine

isothiocyanate-coupled anti-mouse and anti-rabbit IgGs (Sigma-Aldrich)

were used as secondary antibodies. Primary antibodieswere detected on

immunoblots by alkaline phosphatase or horseradish peroxidase–conju-

gated anti-rabbit or anti-mouse IgGs (Promega and Cell Signaling,

respectively).

Generation of Promoter GUS Constructs and Transgenic

Arabidopsis Lines

The 2-kb putative promoter upstream region encoding MPK4 was am-

plified from genomic DNA of Arabidopsis Col-0 with the following primer

pair: 59-GCGGATCCGAAGAAGAACAATGCTCG-39 and 59-GCCCCGG-

GCGGAGCAAAATTCCTCAC-39. Additionally, BamHI and SmaI restric-

tion sites were inserted, and the promoter sequence was cloned into the

DGUS vector (Topping et al., 1994). The clones were verified by se-

quencing and the DNA was used for the transformation of Agrobacterium

tumefaciens strain GV3101. Transgenic plants were generated by the

floral dipping method (Clough and Bent, 1998).

GUS Staining Procedure

Transgenic T1 and T2 plants carrying the ProMPK4:GUS construct were

selected on phytagel sucrose medium supplemented with 25 mg/mL of

kanamycin. Kan-resistant seedlings were selected for staining. All sam-

ples were processed according to De Block and Debrouwer (1992) with

1 mM 5-bromo-4-chloro-3-indolyl-D-glucuronide in staining buffer (0.1 M

sodium phosphate, pH 7.0, 0.01 M EDTA, 0.5 mM FeK3[CN]6, and 0.1%

[v/v] Triton X-100) at 378C for 2 to 18 h. Specimens were cleared with 1:1

ethanol/acetic acid, examined, and documented under the stereomicro-

scope as described above.

Whole-Mount Immunofluorescence Labeling

Whole seedlings of wild types and mutants were prepared for immuno-

fluorescent localizations according to standard procedures (Sauer et al.,

2006; Müller et al., 2010) and probed with the appropriate antibodies.

Stained samples were observed and documented with an Olympus

FV1000 CLSM system. Fluorescein isothiocyanate fluorescence was

imaged using excitation with the 488-nm line of amultiline argon laser and

a 500- to 535-nm band-pass emission filter. Tetramethyl rhodamine

isothiocyanate fluorescence was excited by the 543-nm laser line and

detected with a 560- to 660-nm emission filter. TIFF images of Z-stacks

were converted to maximum intensity projections using Olympus FV10-

ASW 1.7 software.

TEM

For TEM and semithin sectioning, whole-mutant or wild-type seedlings

were fixed, embedded in Spur’s resin, sectioned, and contrasted as

previously described (Komis et al., 2002), with the exception that samples

were mordanted with 4% (w/v) tannic acid in 100 mM phosphate buffer,

pH 7.8, following glutaraldehyde fixation and with 8% (w/v) tannic acid

following OsO4 postfixation to facilitate MT visualization. TEM samples

were observed and documented using a Leo 920AB TEM (Zeiss).

RNA Extraction and RT-PCR

Total RNA was isolated from Arabidopsis seedlings with the TRI reagent

according to the manufacturer’s instructions (Molecular Research Center).

RT-PCRwasperformedusing theSuperScript III One-StepRT-PCRsystem

with Platinum Taq DNA polymerase (Invitrogen). Approximately 0.1 mg of

total RNA was used for each RT-PCR analysis. Amplified transcripts

includedMPK4, MAP65-1, and MAP65-3. For each analysis, the following

pairs of primers were used: MPK4 forward, 59-GCGGATCCATGTCGG-

CGGAGAGTTGTTTC-39, reverse, 59-GCACTAGTTCACACTGAGTCTTG-

AGG-39; MAP65-1: forward, 59-ATGGCAGTTACAGATACTGAA-39, reverse,

59-TCATGGTGAAGCTGGAACT-39; MAP65-3: forward, 59-ATGGCAAGT-

GTTCAAAAA-39, reverse, 59-TCAAACCAAACGACATTC-39; ACTIN2: for-

ward, 59-GCGGATCCATGGCTGAGGCTGATGATATTCAACC-39, reverse,

59-CGTTAGACCATGGAACATTTTCTGTGAACGATTCC-39. Conditions of

RT-PCR included the following: for MPK4 amplification, annealing at

558C for 30 s and elongation at 728C for 1min. Cycles varied from25 to 30.

ForMAP65-1 amplification, annealing was at 608C for 30 s and elongation

at 728C for 1min. Cycles varied from 25 to 30. ForMAP65-3 amplification,

annealing was at 508C for 30 s and elongation at 728C for 2 min. Cycles

varied from 25 to 30. Products were visualized by ethidium bromide.

Coprecipitation of Interacting Proteins with Recombinant MAP65-1

Bacteria expressing 63His-tagged MAP65-1 (Smertenko et al., 2006)

were inoculated in liquid Luria-Bertani medium supplemented with kana-

mycin (100 mg/mL) and cultured overnight to an OD600 of 0.2 to 0.4.

Subsequently, protein expression was induced with 1 to 10 mM of

isopropyl b-D-1-thiogalactopyranoside for 2 to 4 h. Finally, cultures were

briefly pelleted at 3000 rpm for 5 min, and pellets were rapidly resus-

pended in ice-cold extraction buffer and tip sonicated at 4 3 10 s bursts

on ice (maximum power). Following clearing (20,000g, 28C, 10 min), the

protein extract was bound on Ni-NTA spin columns (Qiagen) according to

the manufacturer’s instructions and eluted with increasing imidazole

concentrations in extraction buffer (A. Smertenko, personal communica-

tion). The final eluates were diafiltrated and concentrated to 1 mg of

protein/mL (Microcon YM10, 10 kD cutoff; Millipore) with MSB supple-

mented with 50% (v/v) of glycerol and either flash frozen in liquid nitrogen

(LN2) and stored at –808C until later use or used directly for MT binding

assays or copelleting assays with Arabidopsis protein extracts. For the

latter, purified 63His-tagged proteins were bound on BSA-treated Ni-

NTA magnetic agarose beads (Qiagen) and added to a total of 5 mM

recombinant protein per 100 mg of total protein. The beads were mag-

netically recovered (Ni NTAmagnetic agarose beads and 12-tubemagnet

both from Qiagen), washed thoroughly with MSB buffer, and finally

resuspended in Laemmli sample buffer. Following heat denaturation,

proteins were resolved by 10% SDS-PAGE and analyzed by immunoblot

analysis for suspected coprecipitating species.
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Coprecipitation of Proteins with in Vitro–Assembled MTs

MT-interacting species were retrieved from high-speed supernates

(40,000g, 208C, 30 min) of Arabidopsis seedlings homogenized on ice

with 2 volumes of BRB80 buffer (80 mM K-PIPES, pH 6.8, 5 mM EGTA,

and 5mMMgSO43 7H2O) supplemented with 1 mMGTP, 5mMoryzalin,

and one tablet of the EDTA-free Complete protease inhibitor cocktail

(Roche). The cleared cytosolic extract was exogenously fed with 10 mM

bovine brain MTs prepared in BRB80 buffer (Cytoskeleton), 10 mM taxol,

and 1 mM GTP. In some cases, 10 mM purified 63His-tagged MAP65-1

was also added to the reaction. Following a 30-min incubation at room

temperature, MTs and interacting proteins were precipitated three times

over a 20% glycerol cushion prepared in BRB80 buffer supplemented

with 1 mM GTP and 10 mM taxol. Alternatively, precipitations were

performed without a glycerol cushion. This improved the yield of precip-

itated proteins but probably partially compromised the specificity of the

assay. The final pellet was resuspended in Laemmli sample buffer, boiled,

and directly used for SDS-PAGE/immunoblot analysis.

Coimmunoprecipitations

For coimmunoprecipitation analysis, Arabidopsis extracts were prepared

by homogenizing liquid nitrogen powders in G-buffer (Komis et al., 2004).

Following protein content measurements, 1 to 2 mg of total protein was

cleared with 50 mL of 50% (w/v) protein A-agarose beads slurry. Subse-

quently, samples were incubated with 2 to 5 mg of antibody and 50 mL of

protein A-coupled agarose beads for 3 to 4 h at 408C, washed four times

with G-buffer, rinsed twice with immunoprecipitation buffer (20 mM Tris-

HCl, pH 7.5, 150 mM NaCl, and 5 mM EGTA), and finally denatured with

Laemmli sample buffer at 908C. The protein patternwas resolved by SDS-

PAGE and analyzed by immunoblot analysis (immunoprecipitation:

MAP65-1 antibody, immunoblot MPK4 antibody). Input control contained

10% of the original extract used for coimmunoprecipitations.

Analysis of Phosphorylated Proteins

Acrylamide copolymerized-Phos-Tag chelates phosphorylated moieties

in proteins in the presence of Mn2+, thus inducing amobility retardation of

phosphorylated proteins on Phos-Tag/Mn2+-copolymerized SDS-PAGE

gels compared with their nonphosphorylated counterparts, which in turn

results in the discrimination of the phospho- and the nonphosphorylated

forms (Kinoshita et al., 2006). Thus, phosphorylated proteins appear as

double or multiple bands following immunoblotting, depending on the

phosphorylation degree. Phos-Tag technology has been used success-

fully in numerous cases for animal proteins (e.g., Kinoshita et al., 2006,

2009; Gallon, 2008; Oh and Irvine, 2008; Sikkema et al., 2009; Deswal

et al., 2009) and also in plant protein phosphorylation studies (e.g.,

Bethke et al., 2009; Panteris et al., 2010). This assay was performed in

extracts from mutant or wild-type Arabidopsis plants obtained from the

homogenization of liquid nitrogen powders in G-buffer from which

b-glycerophosphate was omitted because it would interfere with Phos-

Tag mobility retardation (Kinoshita et al., 2006). This extract was used

directly after protein quantitation by the Bradford assay. Proteins were

resolved by 7.5 to 10% SDS-PAGE and analyzed by means of immuno-

blot analysis. To facilitate adequate separation between phospho- and

nonphospho forms, the gel was run until the 25-kD prestained marker

eluted from the gel. To verify that the additional bands observed after

separation on Phos-Tag gels were due to phosphorylation, a portion of

the original extract was treated with lambda phosphatase (New England

Biolabs) according to the manufacturer’s instructions and analyzed like-

wise. To test whether the additional Phos-Tag bands were eliminated due

to l-phosphatase action, an aliquot was treated with l-phosphatase in

the presence of phosphatase inhibitors, 10 mM NaF and 1 mM Na3VO4.

As positive controls, protein extracts from plants conditioned by MAPK

activating hyperosmotic stress were used, either in the absence or in the

presence of 20 mM PD98059 MAPKK inhibitor.

Accession Numbers

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

Initiative or GenBank/EMBL databases under the following accession

numbers: At4g01370 (MPK4), At1g54960 (ANP2), and At3g06030 (ANP3).
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