
Article

Dual localized kinesin-12 POK2 plays multiple roles
during cell division and interacts with MAP65-3
Arvid Herrmann1,† , Pantelis Livanos1,† , Elisabeth Lipka1, Astrid Gadeyne2 , Marie-Theres Hauser3,

Daniël Van Damme2 & Sabine Müller1,*

Abstract

Kinesins are versatile nano-machines that utilize variable non-
motor domains to tune specific motor microtubule encounters.
During plant cytokinesis, the kinesin-12 orthologs, PHRAGMO-
PLAST ORIENTING KINESIN (POK)1 and POK2, are essential for
rapid centrifugal expansion of the cytokinetic apparatus, the
phragmoplast, toward a pre-selected cell plate fusion site at the
cell cortex. Here, we report on the spatio-temporal localization
pattern of POK2, mediated by distinct protein domains. Func-
tional dissection of POK2 domains revealed the association of
POK2 with the site of the future cell division plane and with the
phragmoplast during cytokinesis. Accumulation of POK2 at the
phragmoplast midzone depends on its functional POK2 motor
domain and is fine-tuned by its carboxy-terminal region that also
directs POK2 to the division site. Furthermore, POK2 likely stabi-
lizes the phragmoplast midzone via interaction with the
conserved microtubule-associated protein MAP65-3/PLEIADE, a
well-established microtubule cross-linker. Collectively, our results
suggest that dual localized POK2 plays multiple roles during plant
cell division.
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Introduction

During cytokinesis, the physical partitioning of all cellular content,

plant cells separate by an inward-to-outward directed division

mode of centrifugal cell plate assembly, as opposed to a centripetal

furrowing predominant in metazoan cytokinesis [1–3]. The plant

cytokinetic apparatus, called phragmoplast, aids in cell plate

biosynthesis. Here, we adopt the current nomenclature of plant

cytokinesis structures and functions [4]. The phragmoplast is a

bipolar array of highly dynamic microtubules, actin filaments, and

endomembranes that coordinates the delivery of cell plate biosyn-

thetic vesicles for subsequent fusion within the plane of cell divi-

sion [4,5]. The majority of microtubules are organized anti-parallel

with their minus ends pointing toward the daughter nuclei (distal

phragmoplast) and their plus ends adjoining the plane of cell divi-

sion (phragmoplast midzone). This overall, bipolar organization

guides secretory vesicle trafficking toward the division plane from

both daughter cells [6,7].

The conserved microtubule cross-linkers MAP65 are integral

components of the phragmoplast. Their homologs in yeast, Ase1

and human, PRC1, maintain anti-parallel microtubule overlap

regions in the spindle and the midbody, the animal analog of the

phragmoplast [8–10]. In plants, the microtubule cross-linking func-

tion of MAP65-3/PLEIADE (PLE), member of a protein family of

nine in Arabidopsis, is in particular required for phragmoplast

integrity and efficient cell plate formation [11–15]. Loss of MAP65-

3/PLE results in a functionally compromised phragmoplast due to

a wider midzone than wild type, causing incomplete cell plate

formation featuring stubs and gaps [11,12]. Several other members

of the MAP65 family act redundantly with MAP65-3/PLE and

localize at the entire phragmoplast or its midzone [15–18]. Spatial

confinement to the phragmoplast midzone and MAP65 activity

during cytokinesis is regulated by phosphorylation [19,20]. Aurora

kinase and mitogen-activated protein kinases (MAPK) deactivate

MAP65 and release the anti-parallel microtubule overlap

[18,19,21].

Subsequently, microtubules depolymerize in the central zone of

the phragmoplast, where cell plate assembly initiated, while new

microtubules polymerize at the phragmoplast leading zone,

promoting its centrifugal expansion [4,6]. Phragmoplast expansion

is tightly coordinated with cell plate growth by the addition of

newly arriving vesicles at its margins [22,23]. The initial disk

phragmoplast turns into a ring that expands radially, concurrent

with the centrifugally evolving cell plate [24,25]. Finally, the

fusion of the cell plate with the parental plasma membrane termi-

nates cytokinesis, but the subcellular location of cell plate fusion

is not random.
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A poorly understood guidance mechanism directs the radial

expansion of the phragmoplast toward a pre-determined division

site that is marked in prophase by the plant-specific cytoskeletal

preprophase band [26,27]. Essentially, the preprophase band delin-

eates the periphery of the division plane at the cell cortex and facili-

tates the recruitment of proteins that remain there, serving as

fiducial markers of the division plane throughout cell division

[4,24,28–32]. Perturbations of the division site or the guidance

mechanism that ensures centrifugal phragmoplast expansion toward

this site lead to oblique cell plate insertions with dramatic conse-

quences on growth performance [30,31,33–35].

Previous work established a closely related pair of Arabidopsis

kinesin-12 motor proteins, PHRAGMOPLAST ORIENTING KINESIN

(POK) 1, and its homolog POK2 as essential contributors of cytoki-

nesis [31]. Based on the persistent presence of POK1 at the division

site and the requirement for both POK1 and its homolog POK2 to

retain division site resident proteins beyond prophase, these kine-

sins are regarded as pivotal factors to identify and maintain the

division site [28,29,31,36]. In pok1 pok2 double mutants, the

distinct subcellular localization of division site resident proteins is

lost from the division site upon metaphase, suggesting a scaffolding

function for POKs at the division site [29,31]. In these mutants, co-

alignment of preprophase band, phragmoplast and cell plate fusion

site, is disrupted, due to a notable slant of the phragmoplast

[31,34]. Furthermore, in pok1 pok2 cytokinetic cells, the rate of

phragmoplast expansion is slower compared to wild type [31],

implicating an additional function of POKs in phragmoplast dynam-

ics. Here, we report a novel spatio-temporal localization pattern of

POK2 that requires distinct protein domains. In addition to its antic-

ipated localization at the cortical division zone, the unexpected

accumulation of POK2 at the phragmoplast midzone accounts for

the phragmoplast expansion delay observed in the pok1 pok2

double mutant. POK2 localization at the phragmoplast midzone

requires motility and the microtubule cross-linker MAP65-3/PLE.

Surprisingly, two separate POK2 regions bind to MAP65 proteins

with distinct specificities. We propose that POK2 interaction further

enhances MAP65-3-mediated stability of the midzone allowing

rapid centrifugal expansion of phragmoplast.

Results

POK2 facilitates timely phragmoplast expansion

Previously, we reported on the cellular phenotype of pok1 pok2

double mutants. Phragmoplast guidance is compromised, slowing

down cytokinesis and causing oblique insertion of cell plates at high

frequency, consequently affecting meristem organization and

growth (Fig 1A–C) [31]. However, POK1 localizes exclusively at the

division site, supporting its role in division site maintenance, but

this localization pattern does not offer an immediate explanation for

the puzzling reduction in the phragmoplast expansion rate that we

observed in the pok1 pok2 double mutant [31]. We suspected that

the yet uncharacterized ortholog of POK1, POK2 performs distinct

functions in phragmoplast expansion. Therefore, we investigated

the expansion rate in pok2-1 single mutants using kymograph analy-

sis [37]. Phragmoplasts of pok2-1 mutants expand at a mean veloc-

ity (0.16 lm/min � 0.04) similar to the pok1 pok2 double mutant

(0.15 lm/min � 0.02), while wild-type phragmoplasts expand

about twice as fast (0.32 lm/min � 0.07), consistent with our

hypothesis that POK2 is involved in phragmoplast dynamics

(Fig 1D–F) [31].
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Figure 1. Comparative analysis of phragmoplast expansion.

A, B Three representative time points (in min) of phragmoplast expansion in
(A) wild-type and (B) pok1 pok2 double mutant are depicted. Microtubules
are visualized with fluorescent reporters. (A) In wild type, the principal
orientation of the phragmoplast does not alter between early (green
triangles) and late cytokinesis (white triangles). (B) pok1 pok2 double
mutant, note the mis-alignment of phragmoplast orientation in early
(green triangles) and late cytokinesis (white triangles). Overlays show
merges of early and late cytokinesis time points. Dashed line traces cell
outlines. Scale bar indicates 5 lm. Images were taken on Zeiss LSM880
with the Airyscan detector.

C Comparison of growth of 6-day-old seedlings from different genetic
background.

D Time projection of cell division in wild-type (Col-0) and pok2-1 single
mutants. Scale bar indicates 5 lm.

E Kymographs of the microtubule reporter signal, using line selections
corresponding to the dashed lines in (D).

F Box plot depicting velocities of phragmoplast expansion deduced from
kymograph analysis. Wild-type (Col-0) phragmoplasts expand faster
(0.32 lm/min � 0.07, mean � SD) than pok2-1 single (0.16 lm/
min � 0.04, mean � SD, **P = 0.001) and pok1 pok2 double mutants
(0.15 lm/min � 0.02, mean � SD, **P = 0.001). Box ranges represent
median and 25th and 75th percentiles, respectively. Whiskers extend to
minimum and maximum values. (n) indicates the number of
phragmoplasts analyzed. Significance value (**P) was determined using
one-way ANOVA with Tukey HSD post hoc test.
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Dual localization of POK2 at the division site and the
phragmoplast midzone

To investigate POK2 involvement in phragmoplast expansion

further, we generated transgenic plant lines expressing a green fluo-

rescent protein (GFP)-POK2 fusion protein (Figs 2A and EV1A). Our

attempts to propagate full-length cDNA or full genomic clones and

in Agrobacterium failed. However, we succeeded to generate a full-

length clone consisting of POK2 cDNA and genomic DNA (see Mate-

rials and Methods) driven by the p35S promoter. Polymerase chain

reaction of wild-type, transgenic, and rescue line cDNA yielded

identical fragments sizes, indicating correct splicing of the transgene

(Fig EV1B). Introgression of p35S:GFP-POK2 into the pok1 pok2

mutant restored the phenotypic defects, confirming the functionality

of GFP-POK2 transgene (Fig 2B, Appendix Fig S1A–G). Subse-

quently, we determined the cell cycle-specific, subcellular localiza-

tion of GFP-POK2 in plant lines that co-express the microtubule

reporter RFP-MBD (Figs 2C and EV1C and D). We observed that

POK2 displays a dual localization pattern. Consistent with our

expectation and reminiscent of POK1 localization [31], GFP-POK2

marks the division site throughout cell division, forming a continu-

ous equatorial ring at the plasma membrane (Fig 2C–F, Movies EV1

and EV2). This circular GFP-POK2 assembly accumulates at the

preprophase band and remains associated with the underlying

plasma membrane region, designated cortical division zone, beyond

the disassembly of the preprophase band (Figs 2C and EV1C) [4].

The initially broad GFP-POK2 rings narrow during cytokinesis,

resembling the narrowing of POK1, TAN, and RanGAP1 at the cell

plate fusion site (Fig 2E) [4,28,29,31]. However, in addition to

POK2 at the cortical division zone and cell plate fusion site, we

observe GFP-POK2 at the midzone of the early disk phragmoplast,

where it remains present throughout radial phragmoplast expansion

(ring phragmoplast) (Figs 2E and F, and EV1D, Table 1). Ultimately,

the phragmoplast resident POK2 population merge with the division

site resident POK2 as the phragmoplast leading edge approaches the

division site upon cell plate fusion. The merge does not occur
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Figure 2. GFP-POK2 localization depends on the cell cycle stage.

A Protein domain organization of POK2.
B Propidium iodide stained root meristems of pok1 pok2 double mutant, wild type (Col-0) expressing p35S:GFP-POK2 (GFP-POK2) and two examples (H419, H420) of

rescue lines expressing p35S:GFP-POK2 (GFP-POK2) in pok1 pok2 (inverted gray scale). Scale bar indicates 20 lm.
C Three time points of a time series showing GFP-POK2 and microtubules (RFP-MBD) during cell division. Three cells, at different cell cycle stages (i anaphase, ii early

cytokinesis, iii prophase), were recorded. Triangles indicate the division site. Yellow asterisks indicate the enrichment of GFP-POK2 at the phragmoplast midzone.
Dotted lines in each stage indicate line selection used for kymographs (space-time plots) depicted in (D).

D Single-channel images and overlay of kymographs along line selection (dashed line) in (C). Note the differences in GFP and RFP signal distribution. Triangles indicate
the division site. Relates to Appendix Fig S1 and Movie EV1.

E Rotational views (angle is indicated) of 3-D reconstructed GFP-POK2 localization patterns, displaying rings (arrows) and a disk-like distribution at the phragmoplast
midzone (asterisk). Note the variety of ring morphologies (filamentous, diffuse, and pearl-string). Scale bar indicates 10 lm.

F Top view (90° rotation) and a graphical representation of a cytokinetic cell displaying GFP-POK2 at the phragmoplast midzone (disk) and at the division site (ring).
Asterisk in time point 00:00 min indicates GFP-POK2 association with disk phragmoplast and at 05:00 min with ring phragmoplast. At 12:30, the merge of midzone
GFP-POK2 and POK2 at division site is almost completed. Scale bar indicates 5 lm.
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simultaneously at all sites, but is particularly lagging behind only in

cell corners (Fig 2F). The association of GFP-POK2 with the phrag-

moplast midzone strongly supports the requirement for POK2 in

phragmoplast expansion. We cannot exclude that the reported local-

ization pattern deviates from the endogenous POK2. However, the

fusion protein is regulated in a cell cycle-dependent manner and

shows the anticipated localization pattern and dynamics, based on

POK2 functional analysis.

To determine whether POK2 localization depends on micro-

tubules, we treated seedlings with the microtubule depolymerizing

drug oryzalin. GFP-POK2 persists at the cortical division zone, even

after the complete depolymerization of microtubules, similar to POK1

[31]. In contrast, GFP-POK2 at the phragmoplast vanished upon

microtubule depolymerization (Fig EV1E and Table 2). Consequently,

once POK2 tethers to the division site, it is independent of micro-

tubules, while its association with the phragmoplast midzone depends

on the intact microtubule cytoskeleton, indicating that distinct mecha-

nisms mediate division site and phragmoplast association of POK2.

To examine how individual protein domains contribute to and

establish the dual localization pattern and function of POK2, we

decided to analyze the localization of POK2-domain deletion

mutants.

POK2 carboxy-terminal domain is sufficient to mark the
division site

First, we determined the localization of the POK2 C-terminal region

that corresponds to the respective POK1 region responsible for divi-

sion site targeting (Figs 3A and EV2A) [31,34]. GFP-POK2 (2,083–

2,771) decorates filaments, reminiscent of cortical microtubules and

puncta or clusters close to the plasma membrane in interphase

(Fig 3B). In mitotic cells, GFP-POK2 (2,083–2,771) co-localizes with

the preprophase band and disperses on spindle and phragmoplast,

but it distinctly decorates the division site throughout mitosis and

cytokinesis, demonstrating that the C-terminal region is sufficient

for division site targeting (Fig 3C–E, Table 1). De-polymerization of

microtubules using 10 lM oryzalin abolishes filamentous GFP-

POK2 (2,083–2,771), indicating its dependency on the microtubule

cytoskeleton, but GFP-POK2 (2,083–2,771) that is already present at

the division site persists throughout the treatment, revealing POK2

microtubule-independent maintenance at the division site (Fig EV1F

and Table 2). To exclude a contribution of endogenous POK2 to the

observed localization pattern, we examined GFP-POK2 (2,083–

2,771) distribution in the pok1 pok2 double mutant (Fig EV2B–D).

Compared to wild-type mitotic cells that display intact GFP-POK2

Table 1. Differential subcellular distribution of POK2 fusion proteins during cell division.

Prophase Meta-/Anaphase Cytokinesis

PPB Spindle/CDZ
Phragmoplast
midzone only

Phragmoplast
midzone/CDZ

Cell plate fusion
site only

POK2 (1–2,771) (n = 12 seedlings) 98% (n = 49) 100% (n = 14) 4% 96% (n = 79) 0%

POK2 (2,083–2,771) (n = 34 seedlings) 100% (n = 120) 89% (n = 37) 8% 64% (n = 78) 21%

POK2 (1–589) (n = 28 seedlings) 16% (n = 55) 9% (n = 13) 99% 0% (n = 104) 0%

POK2 (D589–2,771) (n = 18 seedlings) 100% (n = 36) 25% (n = 4) 9% 59% (n = 22) 32%

Subcellular distribution and frequency of different green fluorescent protein (GFP) fusion proteins were scored throughout cell division. Preprophase band (PPB),
cortical division zone (CDZ). Total number or cells (n) scored in each cell cycle stage are given. Relates to Figs 1–3.

Table 2. Signal distribution of GFP-POK2 fusion proteins before and after microtubule depolymerization with oryzalin.

Prophase Meta-/Anaphase Cytokinesis

PPB
Spindle/cortical
division zone

Phragmoplast
midzone

Cell plate fusion
site

GFP MT GFP MT GFP MT GFP MT

POK2 (1–2,771) (n = 6 roots)

Before oryzalin 16 16 6 6 25 27 27 0

After oryzalin 4 0 5 0 0 0 25a 0

POK2 (2,083–2,771) (n = 6 roots)

Before oryzalin 21 21 3 3 6 10 10 0

After oryzalin 8 0 3 0 0 0 7b 0

POK2 (1–589) (n = 6 roots)

Before oryzalin 1 13 2 5 30 31 0 0

After oryzalin 0 0 0 0 0 0 0 0

Green fluorescent protein (GFP) and red fluorescent protein (microtubule reporter, MT) signal distribution was examined before treatment with oryzalin, and after
depolymerization of microtubules. Cell cycle stages are indicated, according to mitotic microtubule arrays. We scored cells for presence of GFP signal at PPB,
cortical division zone, phragmoplast midzone, and cell plate fusion site. Relates to Fig EV1.
an = 2, bn = 3; Cells without GFP signal after treatment due to completion of cytokinesis during incubation with oryzalin.

4 of 16 EMBO reports 19: e46085 | 2018 ª 2018 The Authors

EMBO reports POK2 functions at the division plane Arvid Herrmann et al



(2,083–2,771) rings, in pok1 pok2 mutants about 30% of GFP-POK2

(2,083–2,771) rings are discontinuous, unveiling a reduction in the

efficacy of cortical division zone targeting or retention (Fig 3E–H,

Table 1). However, the majority of pok1-1 pok2-1 double mutant cells

forms continuous rings at the position imposed by the preprophase

band [34]. Yet, the expanding phragmoplasts disregard the spatial

information provided by the cortical GFP-POK2 (2,083–2,771) rings

resulting in inappropriate cell plate positioning (Figs 3E and F, and

EV2C and D). Therefore, demarcation of the division site by GFP-

POK2 (2,083–2,771) alone is not sufficient to guide the phragmoplast.

In Arabidopsis interphase protoplasts, transiently expressed GFP-

POK2 (2,083–2,771) forms punctate clusters similar to the ones

recorded in plants, but lack the microtubule association (Fig EV2G),

suggesting that a cell cycle-specific binding partner facilitates micro-

tubule interaction in planta. Hence, in planta, the POK2 C-terminal

domain associates with microtubules either directly, and/or through

interaction partners. Since POK2 C-terminal domain is sufficient to

identify the division site, but fails to complement the mutant pheno-

type, these observations denote a critical contribution of POK2

motor domain for POK function at the division site.

The motor domain targets POK2 to the phragmoplast midzone

Next, we investigated the localization of the N-terminal POK2 motor

domain by expression of GFP-POK2 (1–589). This fusion protein

contains the first coiled-coil domain of POK2 to facilitate anticipated

dimerization (Fig 4A). As expected for a kinesin motor, GFP-POK2

(1–589) associates with cortical microtubules in Arabidopsis inter-

phase protoplasts (Fig EV2H). However, in Arabidopsis seedlings,

we rarely observe GFP-POK2 (1–589) association with cortical

microtubules in interphase cells and only one-fifth of preprophase

bands are decorated with GFP-POK2 (1–589) before it disappears

upon preprophase band disassembly, in contrast to the C-terminal

domain POK2 (2,083–2,771) (Table 1, Appendix Fig S2A). In meta-

and anaphase, GFP-POK2 (1–589) remains cytosolic but, as the cells

proceed to telophase, GFP-POK2 (1–589) progressively associates

with the midzone of the evolving phragmoplast and subsequently

persists at the phragmoplast midzone until completion of cytokine-

sis (Fig 4B, Movie EV3). In pok1 pok2 mutants, we observe the

same topology, confirming that the N-terminal motor domain directs

POK2 toward the phragmoplast midzone, but this is not sufficient to

rescue the mutant phenotype (Fig 4C). Moreover, GFP-POK2 (1–589)

association with the phragmoplast disappears upon microtubule de-

polymerization with oryzalin, demonstrating its microtubule depen-

dency (Fig EV1G and Table 2). Taken together, these results show

that POK2 N-terminal domain mediates the interaction with micro-

tubules. However, the distinct localization of GFP-POK2 (1–589) at

the preprophase band and the phragmoplast midzone, together with

its absence from the spindle, support the existence of a regulatory

mechanism underlying its cell cycle stage-specific accumulation.

ATP-hydrolysis is a prerequisite for POK2 phragmoplast
midzone targeting

The exclusive localization of GFP-POK2 (1–589) at the phragmoplast

midzone where the majority of microtubule plus ends convene

suggests microtubule plus end-directed motility, consistent with the

prediction for N-terminal motor domains [38]. Consequently, we
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A Protein domain organization of POK2 and GFP-POK2 (2,083–2,771).
B–D POK2 (2,083–2,771) localizes to the cortical division zone (triangles)

throughout mitosis. (B) POK2 (2,083–2,771) (triangles) co-localizes with
preprophase band (arrow heads). (C) Anaphase cell exhibiting GFP-POK2
signal (triangles) at the cortical division zone and the spindle and (D)
prophase and cytokinetic cell displaying preprophase band and
phragmoplast (arrow heads) and GFP-POK2 (2,083–2,771) (triangles) at the
preprophase band, phragmoplast and cortical division zone. Inset shows
magnification of boxed area; arrows point to GFP-POK2 (2,083–2,771) at
the phragmoplast leading zone. Examples of GFP-POK2 (2,083–2,771)
labeled interphase microtubules are indicated by arrows in (B) and (C).

E, F Cell of pok1 pok2 double mutant with intact GFP-POK2 (2,083–2,771)
cortical division zone localization (triangle). (E) Upper and (F) lower
panels show the same cell (cell shape is indicated by dashed line in ana-
and telophase). Note the mismatch between the GFP-POK2 (2,083–2,771)
cortical division zone signal at the plasma membrane (triangles) and
direction of the phragmoplast expansion (arrow heads). Microtubules are
visualized by RFP-MBD (magenta).

G, H Illustration of cell outlines (dashed line), microtubules (magenta), and GFP-
POK2 (2,083–2,771) signal distribution (green) of cell depicted in (E and F).

Data information: Scale bars indicate 10 lm, except for (D) indicating 2.5 lm.
Relates to Fig EV2.
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asked whether motility is a requirement for phragmoplast midzone

association of GFP-POK2 (1–589). Since ATP-hydrolysis is essential

for motor motility, we generated a hydrolysis-deficient mutant GFP-

POK2 (1–589)T281N by replacing the conserved threonine with aspar-

agine at position 281 of the ATP-binding site within the motor

domain (Fig 4A). Such rigor mutants bind to microtubules tightly,

but are incapable of stepping along them [39]. Contrary to GFP-

POK2 (1–589), the rigor mutant GFP-POK2 (1–589)T281N indeed

associates with the entire length of microtubules and lacks the

distinct accumulation at the phragmoplast midzone (Fig 4D–F,

Appendix Fig S2B). In support of POK2 motility, GFP-POK2 (1–589)

traces linear trajectories with a mean velocity of 4.19 � 1.03 lm/

min (Appendix Fig S2I) in interphase cells of the root meristem

(Appendix Fig S2C–E, Movie EV4). When co-expressed with RFP-

End Binding (EB) 1b, a bona fide microtubule plus end tracking

protein, their co-localization strongly supports the view that the

POK2 motor domain is motile and moves toward microtubule plus

ends (Appendix Fig S2F–H, Movie EV5). Collectively, these data

suggest that microtubule plus end-directed motility is a prerequisite

for POK2 phragmoplast midzone targeting.
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POK2 midzone association requires fine-tuning

Comparing the signal distribution with GFP-POK2, we noticed that

the signal of GFP-POK2 (1–589) at the phragmoplast midzone

appeared wider (Figs 4G and EV1E and G, Appendix Fig S2A).

Therefore, we quantified the average full width half maximum

(FWHM) [40] of both signals at the midzone and confirmed that the

distribution of GFP-POK2 (1–589) is considerably broader than GFP-

POK2, while the phragmoplast size remains equal (Fig 4H and I).

This implies that POK2 restriction to the midzone is fine-tuned by

POK2 domains that are absent from GFP-POK2 (1–589).

In contrast to the C-terminal POK2 (2,083–2,771), the N-terminal

GFP-POK2 (1–589) does not localize to the division site, but is respon-

sible for POK2 association with the phragmoplast midzone. Thus, the

dual localization pattern of POK2 at the division site and at the phrag-

moplast midzone is mediated independently, utilizing distinct protein

domains and is regulated in a cell cycle-dependent manner, likely by

specific binding partners, by post-translational protein-modifications

and/or by intramolecular inhibition. While POK2 at the plasma

membrane marks/maintains the division site together with POK1,

POK2 at the phragmoplast assists its timely expansion toward the divi-

sion site. During the final stages of cytokinesis, the seemingly separate

populations merge at the division site (Fig 2F).

Investigation of the POK2 central domain, lacking motor domain

and C-terminal domain, was hampered by our unsuccessful cloning

attempts. However, deletion of the central domain in GFP-POK2

(D590–2,082) did not interfere with microtubule association

(Fig EV2I) or its localization pattern during mitosis, although it

appears less abundant compared to POK2 (1–2,771) (Fig EV2J and

K, Table 1). This indicates that the central domain is dispensable for

POK2 localization, but it might contribute to protein stability.

MAP65-3/PLE retains POK2 at the phragmoplast midzone

The striking localization of POK2 at the phragmoplast midzone is

reminiscent of MAP65-3/PLE, an effective microtubule cross-linker of

anti-parallel microtubules that is essential for phragmoplast integrity

[11,13]. Impairment of MAP65-3/PLE function causes a widening of

the phragmoplast at the midzone that is hampering efficient cell plate

assembly, featuring multinucleate cells, cell plate stubs and gaps

(Fig 5, Appendix Fig S3) [11,12]. The similarity of POK2 and MAP65-

3/PLE localization in the phragmoplast midzone prompted us to

investigate the potential interaction between the two proteins. We

examined the phragmoplast midzone localization of GFP-POK2 in the

MAP65-3/PLE mutant pleiade (ple)-2 (Fig 5) [23,41]. While GFP-

POK2 signal at the division site is readily detectable, abundance of

GFP-POK2 is diminished at the midzone of ple-2mutants compared to

wild type (Fig 5A and B). Furthermore, in ple-2 cytokinetic cells, the

motor domain GFP-POK2 (1–589) lacks the confinement to the phrag-

moplast midzone; instead, GFP-POK2 (1–589) frequently decorates

the entire length of phragmoplast microtubules, revealing the involve-

ment of MAP65-3/PLE in restricting POK2 to the phragmoplast

midzone (Fig 5C, Appendix Fig S3B). As for the localization of the

C-terminal domain POK2 (2,083–2,771), we did not observe an

altered localization in ple-2 mutants. Like in wild type, GFP-POK2

(2,083–2,771) localizes to the division site and scarcely decorates

phragmoplast microtubules (Fig 5D, Appendix Fig S3A, C and D). In

contrast to the GFP-POK2 (1–589) motors that move toward the

microtubule plus end-enriched midzone where they are retained by

MAP65-3/PLE, the C-terminal GFP-POK2 (2,083–2,771) does not even

reach the midzone due to the lack of motility, however, it might bind

to other interaction partners along the phragmoplast.

Next, we investigated whether loss of POK1 and POK2 interferes

with the localization pattern of MAP65-3/PLE in root meristematic

cells [42]. In pok1 pok2 mutants, as in wild type, GFP-MAP65-3/PLE

is directed to the phragmoplast midzone, indicating that POK2 func-

tions downstream of MAP65-3/PLE (Fig 5E and F, Appendix Fig S3E

and F). However, the phragmoplast midzone in pok1 pok2 mutants

displays pronounced undulations hinting to a lack of stability (Fig 5E

and F, Appendix Fig S3E and F), consistent with the reduction in

phragmoplast expansion rate due to the loss of pok2. Taking these

data together, we conclude that MAP65-3/PLE acts upstream of POK2.

POK2 interacts with MAP65-3/PLE via two distinct binding sites

The genetic interaction between POK2 and MAP65 might be indirect.

Therefore, we investigated the interaction between POK2 and

MAP65-3/PLE further by transient co-expression of GFP-POK2

domains and MAP65-3/PLE-RFP in tobacco leaves (Fig 6A). Notably,

in tobacco, there is no expression of a MAP65-3 homolog [17].

◀ Figure 4. POK2 motor domain, POK2 (1–589), is sufficient for phragmoplast midzone targeting during cytokinesis.

A Domain organization and overview of fusion proteins. N-terminal domain POK2 (1–589) including predicted disordered regions (white), motor domain (yellow),
neck-linker (red), and coiled coil. The position of conserved threonine (T) 281 in the ATP-binding site and mutation of T281 to asparagine (N) in GFP-POK2 (1–
589)T281N rigor mutant is indicated.

B GFP-POK2 (1–589) accumulates at the phragmoplast midzone (triangles) during the transition from ana- to telophase and remains restricted to the midzone.
C Single plane images of a time series during cytokinesis in the pok1 pok2 double mutant. GFP-POK2 (1–589) co-localizes with the early cell plate (triangles), stained

with FM4-64 (arrow heads), and associates with the cell plate margins throughout cytokinesis. Z-projections illustrate the ring-shaped localization of GFP-POK2 (1–
589). Note that the POK2 motor domain does not localize to the division site and does not rescue the pok1 pok2 mutant phenotype.

D The rigor mutant GFP-POK2 (1–589)T281N localizes to mitotic and cortical microtubules (white arrows). Yellow arrows indicate a preprophase band in the upper
panel; triangles indicate the phragmoplast midzone region.

E, F Individual images of a time series, showing (E) GFP-POK2 (1–589) and (GFP-POK2 (1–589)T281N signal in cytokinesis. Plot profiles illustrate GFP (green) and RFP
(magenta) signal distribution along the dashed lines in the respective figure panels above. Arrows in plot profiles point to intensity maxima (peaks) or local minima
(valleys).

G–I Comparison between signal width of GFP-POK2 and GFP-POK2 (1–589) in cytokinesis. (H and I) Full width at half maximum (FWHM) of (H) GFP-POK2 (blue,
0.94 � 0.25 lm, mean � SD, n = 11) and GFP-POK2 (1–589) (yellow, 1.81 � 0.47 lm, mean � SD, n = 18) differs significantly (**P = 0.001, one-way ANOVA and
Tukey HSD) while FWHMs of (I) phragmoplast are comparable (3.45 � 0.52 lm, mean � SD, n = 11 and 3.37 � 0.80 lm, mean � SD, n = 18, respectively).
Box ranges represent median and 25th and 75th percentiles, respectively. Tukey–whiskers extend to data points that are < 1.5 × IQR away from 25th/75th quartile,
outlier is indicated by circles.

Data information: Scale bars indicate 10 lm (B–D) and 5 lm (E, F). Relates to Fig EV2, Movie EV3.
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Co-expression of the N-terminal GFP-POK2 (1–589) with MAP65-3

showed the anticipated co-localization along microtubules, as each

protein when expressed alone decorates microtubules (Fig 6B–D).

However, MAP65-3/PLE, which specifically cross-links anti-parallel

microtubules, labeled fewer microtubules than GFP-POK2 (1–589).

Since the motor domain POK2 (1–589) is mis-localized in the ple-2

mutants (Fig 5C, Appendix Fig S3B), we wondered whether the disor-

dered region upstream of the motor domain might be responsible for

interaction with MAP65-3/PLE. So, we removed the motor domain

and created GFP-POK2 (1–189). This fusion protein does not bind to

microtubules in tobacco pavement cells, but remains cytosolic

(Fig 6E). However, when co-expressed with MAP65-3/PLE, we

observe co-localization of the short fragment GFP-POK2 (1–189) with

MAP65-3/PLE (Fig 6F), but not with MAP65-5 which also localizes to

the phragmoplast midzone (Fig EV3F and G) [17], suggesting that

this disordered POK2 domain is sufficient to facilitate interaction with

the midzone resident MAP65-3/PLE.

Considering that the C-terminal domain POK2 (2,083–2,771) might

fine-tune POK2 localization at the midzone, we also investigated the

interaction between POK2 (2,083–2,771) and MAP65-3/PLE. In

tobacco pavement cells, GFP-POK2 (2,083–2,771) accumulates in

punctate clusters, similar to the pattern observed in Arabidopsis inter-

phase protoplasts (Figs 6G and EV2G). When we co-expressed with

MAP65-3/PLE-RFP, we observe substantial overlap of GFP-POK2

(2,083–2,771) and MAP65-3/PLE-RFP signal suggesting MAP65-3/PLE

recruits the POK2 C-terminal domain to microtubules (Fig 6H). A

mating-based split-ubiquitin assay in yeast further corroborates direct

interaction between both the N-terminal GFP-POK2 (1–189) (Fig 7A–

C) and the C-terminal POK2 (2,083–2,771) (Fig 7C) with MAP65-3/

PLE. Expression of interactors was confirmed by immuno-blotting
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Figure 5. POK2 MAP65-3/PLEIADE interaction at the phragmoplast midzone requires an N-terminal binding site.

A, B Comparison of GFP-POK2 localization in (A) wild-type and (B) pleiade (ple)-2 mutant at three consecutive stages of cytokinesis. Arrow heads indicate the division
site. Arrows point to the midzone margins. Lower panels show intensity profile plots of GFP-POK2 in the rectangular selection indicated in the corresponding
confocal image above. Images are single confocal sections depicting median planes recorded with identical settings. Normalized intensities are shown in arbitrary
units (a.u.).

C Localization of GFP-POK2. Localization of GFP-POK2 (1–589) motor domain along phragmoplast microtubules (brackets) in the ple-2 mutant. Note that GFP-POK2
(1–589) in wild type localizes to the phragmoplast midzone (Fig 4). Plasma membranes are stained with FM4-64. Arrow indicates a characteristic gap in the
incomplete cell plate.

D Co-expression of GFP-POK2 (2,083–2,771) and microtubule reporter (RFP-MBD) in ple-2 mutant. Note the increased phragmoplast size (brackets) and the wider than
normal midzone. GFP-POK2 (2,083–2,771) faintly decorates phragmoplast microtubules, also across the midzone (arrows) and accumulates at the cortical division
zone (triangles). Note that the localization is not altered compared to wild-type (Fig 3).

E, F GFP-MAP65-3/PLE localizes at the midzone (arrows) in (E) wild-type and (F) pok1 pok2 mutant cytokinetic cells. FM4-64 staining indicates the plasma membranes.
Arrows indicate cell plate fusion sites. Images are maximum Z-projections. Note the extreme midzone undulations in pok1 pok2 mutants (lower panel).

Data information: Scale bars indicate 10 lm.

8 of 16 EMBO reports 19: e46085 | 2018 ª 2018 The Authors

EMBO reports POK2 functions at the division plane Arvid Herrmann et al



(Fig 7D–G). Together, these observations suggest that POK2 uses two

distinct domains to interact with MAP65-3/PLE. We wondered about

the specificity of the observed interactions and tested additional

MAP65 family members, reported to associate with the phragmoplast,

for co-localization with C-terminal POK2 (2,083–2,771) in tobacco

transient expression. In addition to MAP65-3/PLE, POK2 C-terminal
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Figure 6. Tobacco abaxial leaf epidermal cells transiently expressing fusion proteins.

A Domain organization and overview of fusion proteins.
B Single expression of GFP-POK2 (1–589). Note the association with microtubules.
C MAP65-3/PLE-RFP labels microtubules (individual examples indicated by arrows).
D Co-expression of GFP-POK2 (1–589) and MAP65-3/PLE-RFP. Overlay shows partial co-localization of GFP-POK2 (1–589) and MAP65-3/PLE-RFP.
E Single expression of GFP-POK2 (1–189). Note the cytosolic distribution.
F Co-expression of GFP-POK2 (1–189) and MAP65-3/PLE-RFP. Overlay shows partial co-localization of GFP-POK2 (1–189) and MAP65-3/PLE-RFP (individual examples

indicated by arrows). Lower panels show threefold magnification of boxed area in (F overlay).
G Single expression of GFP-POK2 (2,083–2,771). Note that GFP-POK2 (2,083–2,771) alone does not associate with microtubules, but forms punctate clusters (examples

indicated by arrow heads).
H Co-expression of GFP-POK2 (2,083–2,771) and MAP65-3/PLE-RFP. Overlay shows partial co-localization of GFP-POK2 (2,083–2,771) and MAP65-3/PLE-RFP. Lower panels

show threefold magnification of boxed area in (H overlay). Arrows indicate GFP-POK2 (2,083–2,771) along MAP65-3/PLE-RFP labeled microtubules.

Data information: All images were obtained in sequential mode. Scale bars indicate 10 lm. Relates to Fig EV3.
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domain co-localized with MAP65-1 and MAP65-5 (Fig EV3B, C, H and

G), indicating that the POK2 C-terminal binding site was not specific

for MAP65-3/PLE. Interestingly, GFP-POK2 (2,083–2,771) only co-

localizes with MAP65-1-RFP along microtubules, but it is not recruited

to the cytosol by MAP65-1(9D) mutant that fails to bind microtubules

in tobacco (Fig EV3D and E) [21], suggesting that interaction of POK2

and MAP65 requires the presence of microtubules. Along these lines,

upon treatment with oryzalin, C-terminal POK2 (2,083–2,771) reforms

clusters close to the plasma membrane while MAP65-5 diffuses into

the cytosol (Fig EV3I). Together, the results support the view that

POK2 interacts with microtubule bound-MAP65 isoforms.

In summary, we show that two distinct protein domains are

responsible for the dual localization of POK2 during cell division.

The C-terminal domain is required for accurate localization at the

division site, and the motor domain directs POK2 toward the phrag-

moplast midzone, where it contributes to phragmoplast stability in a

MAP65-3/PLE-dependent manner. ATP-dependent motor motility

ensures microtubule plus end-directed translocation of POK2 toward

phragmoplast midzone, where it is retained by MAP65-3/PLE

through its interaction with the intrinsically disordered N-terminus

of POK2 and further fine-tuned by the C-terminal POK2 domain.

Discussion

In this study, we clarified the cause of the phragmoplast expansion

phenotype in the pok1 pok2 double mutant phenotype. We investi-

gated the role of the kinesin-12 POK2 in phragmoplast expansion
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Figure 7. The yeast mating-based Split-Ubiquitin Cyto-SUS interaction assay.

A Domain organization and overview of fusion proteins.
B, C Interaction of OST-MAP65-3/PLE-Cub and NubG–POK2x fusion as indicated, with controls (NubG, negative; NubWT (wild type), positive). Yeast diploids were

spotted (from left to right, dropped at 1.0, 0.1, and 0.01 A600 in each case) on CSM-Leu-, Met-, Trp-, Ura- (CSM-LMWU) medium to verify mating, and on CSM-Ade-,
His-, Leu-, Met-, Trp-, Ura- (CSM-AHLMWU) with the addition of different methionine concentrations to assay for interaction.

D–G Immunoblot-detection of fusion proteins expressed in yeast. (D) Nub-2xHA-POK2 (1–189) (31 kDa) and Nub-2xHA-POK2 (183–589) (57 kDa), corresponding to (B),
and (F) Nub-2xHA-POK2 (1–589) (75 kDa) and Nub-2xHA-POK2 (2,083–2,771) (91 kDa) corresponding to (C), using an anti-HA antibody conjugated with peroxidase
(POD). (E, G) Immunoblot-detection of MAP65-3/PLE-Cub-VP16 (137 kDa) in yeast protein extracts, using an anti-VPS16 as a primary antibody and anti-rabbit-POD
as a secondary antibody. (E) corresponds to (B), (G) corresponds to (C). Relates to Fig 6.
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and identified its dual localization pattern. POK2 resides at the divi-

sion site aiding in its maintenance, whereas the unexpected associa-

tion with the phragmoplast assists radial expansion. Furthermore,

we identified two potential MAP65-3/PLE binding sites in POK2 that

likely differ in their specificity for MAP65 binding.

POK2 acts redundantly with POK1 in division site maintenance

Our previous work determined the homologous genes POK1 and

POK2 as essential for division plane maintenance. Their joint

effort identifies and preserves the division site by retaining

division site resident proteins [29,31,36]. Reminiscent of POK1

localization [31], also POK2, tethers to the division site and

displays comparable cell cycle and microtubule dependencies,

suggesting redundancy of POK1 and POK2 activities. Of the six

kinesin-12 in Arabidopsis, so far, only POK1 and POK2 are

present to the division site [43–45]. Beyond their function in

division site maintenance, we previously proposed POKs active

involvement in phragmoplast guidance during late cytokinesis,

mediated by peripheral microtubules that emanate from the

phragmoplast leading zone [31]. In tobacco bright yellow (BY)-2

cells, peripheral microtubules of opposing phragmoplast halves

polymerize from extant microtubules at shallow angles, some

being cross-linked in the midzone by MAP65 [46]. In this study,

in addition to its anticipated localization at the division site, we

report POK2 at the phragmoplast midzone. Thus, POK2 localizes

to these entities that merge upon cell plate fusion. This novel

finding identifies POK2 as realistic candidate for interaction with

peripheral microtubules, bridging the phragmoplast and the

division site. Strikingly, in the moss Physcomitrella patens, the

actin-dependent motor protein MYOSIN (MYO) 8A moves toward

the phragmoplast midzone along peripheral microtubules and

localizes to the division site [47]. Genetic impairment of all five

moss MYO8 genes causes disorganized cell wall insertion [47],

together, pointing to possible mechanistic analogies between

MYO8 and POK2 in Physcomitrella and Arabidopsis, respectively.

Nonetheless, how the expanding phragmoplast and the division

site at the cell cortex communicate exactly is still unresolved.

Regarding the exact mode of POK2 function at the division site

and at the phragmoplast midzone, only hypotheses can be made.

Evidence concerning how kinesin-12 interacts with microtubules

from plants is still missing. However, in metazoan, kinesin-12

displays microtubule bundling and sliding activity. HsKif15

regulates spindle dynamics although the exact mechanism is

currently debated [48–51]. In vitro, dimeric HsKif15 promotes

microtubule sliding of higher order microtubules utilizing a motile

motor in concert with a non-motor microtubule binding domain

[50]. Other in vitro studies report tetrameric HsKif15 switching

between microtubule tracks and HsKif15 motor collectives that

display processive movement at steady velocity [52]. Recently,

formation of tetrameric HsKif15 was reported also in vivo [53].

Whether POK2 molecules form di- or tetramers and how these

interact with microtubules requires further scrutiny. Moreover,

the dual localization of POK2 might complicate matters. POK2, at

the division site, tethered by its C-terminal domain is likely

dimeric and independent of microtubules. On the other hand,

POK2 at the phragmoplast midzone depends on motility along

microtubules and might be capable of forming tetramers.

Therefore, the mode of interaction of POK2 with microtubules

might vary depending on its subcellular localization. Given the

enormous size of POK2 and the different subcellular activities,

intramolecular inactivation must be deemed likely and might be

regulated post-translationally.

POK2 phragmoplast midzone targeting requires motility and
accelerates phragmoplast expansion

The specific localization of POK2 at the phragmoplast midzone indi-

cates a site-specific function. In pok2 single and pok1 pok2 double

mutants alike, the mean phragmoplast expansion velocity is signifi-

cantly slower than wild type, indicating POK2 is a major contributor

to the timely expansion of the phragmoplast. Nevertheless, neither

does the slower expansion rate interfere with the phragmoplast

guidance mechanism toward the division site, since pok2 single

mutants do not show division plane defects [34], nor is the rapid

phragmoplast expansion required for cell plate biosynthesis, as cell

wall stubs, gaps, and multinucleate cells, characteristics of failing

cell plate biosynthesis, are absent from pok2 single and pok1 pok2

double mutants [31,34]. In contrast, another pair of kinesin-12 in

Arabidopsis, KINESIN-12A, and KINESIN-12B exclusively localize to

the phragmoplast in a MAP65-3/PLE-dependent manner and

together these kinesins are essential for proper cell plate biosynthe-

sis during male gametogenesis [13,43,54,55]. Unless unknown

redundancies are unresolved, rapid phragmoplast expansion is not

compulsory for successful phragmoplast guidance or for normal cell

plate biosynthesis.

Our results suggest that motility is the prerequisite for POK2

midzone accumulation. The N-terminal region of POK2, containing

the motor domain, localizes to the phragmoplast midzone in a

microtubule-dependent manner, demonstrating that this region is

sufficient for POK2 midzone targeting. However, compared to full-

length POK2 at the midzone, the accumulation of the motor domain

is slightly wider, suggesting the existence of a fine-tuning mecha-

nism that involves additional regions of POK2. In contrast, the

catalytically-inactive, motility-impaired mutant POK2 (1–589)T281N

fails to localize to the midzone. This finding implies that POK2

moves toward microtubule plus ends to reach the division plane,

where it likely contributes to microtubule plus end stabilization, as

observed for high concentrations of tetrameric hKif15 which disables

catastrophe at microtubule plus ends in vitro [51]. Consistent with the

notion that POK2 might serve auxiliary function in microtubules plus

end stabilization, phragmoplasts are often twisted and bend in pok1

pok2 mutants.

Kinesin-12 at the phragmoplast interact with MAP65

Although their roles in cytokinesis apparently differ, POK2 and

kinesin-12A/B share the specific localization at the phragmoplast

midzone, suggesting they utilize a similar targeting and/or retention

mechanism possibly via conserved interactions with a specific

binding partner, such as the phragmoplast-specific MAP65-3/PLE.

MAP65 proteins were proposed to serve as local platforms for

the recruitment of kinesins [56,57]. Indeed, kinesin-12A/B are

completely abolished in the MAP65-3/PLE mutant dyc283, while

PAKRP2 kinesin becomes evenly distributed along phragmoplast

microtubules [12], similar to the N-terminal GFP-POK2 (1–589) in
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the ple-2 allele. On the other hand, MAP65-3/PLE localization is not

impaired in pok1 pok2 mutants, placing POK2 function downstream

of MAP65-3/PLE.

Together with the genetic data, our co-localization and inter-

action assays demonstrate that MAP65-3/PLE may interact

directly with both POK2 motor domain and C-terminal domain,

recruiting them to microtubules. This provides compelling

evidence for interaction of POK2 and MAP65 at the phragmoplast

midzone. In tobacco, the N-terminal binding site in POK2 (1–189)

interacts specifically with MAP65-3, but not with phragmoplast

midzone resident MAP65-5, while the C-terminal binding site in

POK2 (2,083–2,771) interacts with all MAP65 isoforms examined.

This result suggests that the POK2 C-terminal domain may also

associate with other paralogs of MAP65-3/PLE at the phragmo-

plast, such as MAP65-1/2, MAP65-5, and MAP65-4 [15,17,18].

While MAP65-1 decorates the entire phragmoplast, MAP65-5 is

restricted to the midzone, similar to MAP65-3/PLE [16]. We

propose that the interaction of the C-terminal GFP-POK2 (2,083–

2,771) with MAP65-3/PLE might reflect a general affinity of POK2

to MAP65 proteins, which also explains why POK2 recruitment to

the midzone is not prohibited, but it is less efficient in ple-2

mutants. Hence, microtubule association of POK2 C-terminal

domain with the phragmoplast and cortical microtubules, which

has never been observed in the case of POK1 C-terminal domain

when constitutively expressed [31], is likely mediated by MAP65

proteins.

We summarized the possible mechanism regarding potential

POK2 functions in cytokinesis in a schematic model (Fig EV4). We

show that motile POK2 moves toward microtubule plus ends and

arrives at the midzone utilizing its motor domain (Fig EV4). Both

the motor domain and the C-terminal domain bind MAP65-3/PLE at

anti-parallel microtubule overlaps, thereby sequestering POK2 at the

phragmoplast midzone. We hypothesize that, in analogy to hKif15,

POK2 might interact with microtubules, in the immediate vicinity of

MAP65-3/PLE, which in turn might increase the affinity of POK2

C-terminal domain for microtubule interaction. Potentially, like

HsKif15, POK2 motor collectives impede microtubule plus end

catastrophe, thereby conferring further stability to the expanding

phragmoplast. Besides, at the division site, tethered POK2 motors

might stabilize microtubule plus ends of peripheral phragmoplast

microtubules [31,46], forming stable, transient connections at final

stages of cytokinesis.

The dual localization of POK2 essentially represents the intersec-

tion of known plant kinesin-12 localization patterns. Its closest rela-

tive POK1 resides exclusively at the division site, although we must

not categorically dismiss POK1 abundance at the phragmoplast

below the detection limit of our imaging system [31]. The more

distant relatives kinesin-12A and kinesin-12B exclusively localize

to the phragmoplast midzone [54]. Animal kinesin-12 serves in

spindle assembly, suggesting that microtubule sliding, bundling, and

stabilizing activity is its core function that might contribute to

phragmoplast midzone stability in concert with MAP65-mediated

phragmoplast organization. Therefore, POK localization at the

division site likely mediates a derived plant-specific function, while

the presence at the phragmoplast might reflect an ancestral

function. Thorough phylogenetic analysis and domain swap

experiments might clarify whether POK2 incarnates an evolutionary

intermediate between kinesin-12A/B and POK1.

Materials and Methods

Plant material

In the present study, wild-type, transgenic, and mutant plants of

the Arabidopsis thaliana accession Columbia (Col-0) were

utilized. Mutants pok1 pok2 and pleiade-2 and GFP-MAP65-3/PLE

were described previously [23,31,41,42]. The allele combination

pok1-1 pok2-3 was used throughout the study unless otherwise

indicated.

Growth conditions

Arabidopsis seeds were surface sterilized with 6% (v/v) sodium

hypochlorite (Roth, Cat. 9062.3) and sown on plates containing

½ × Murashige and Skoog medium (Duchefa-Biochemie,

MO221.0005) in 1% (w/v) agar (Serva, 11396.03). Seeds were strat-

ified for at least 24 h at 4°C in darkness. Subsequently, seedlings

were grown at standard conditions (22°C, 16 h light/8 h darkness

cycle). For crossing or reproduction, 2-week-old seedlings were

transferred to soil and grown in a plant growth chamber under the

above-listed conditions.

Imaging

Imaging of seedlings was performed using either a Leica TCS-SP8,

or a Zeiss LSM 880, both equipped with Argon/Krypton mixed gas

laser source, proper filters and detectors and water immersion

objective lens 40× or 63× with a numerical aperture of 1.10 or 1.20,

respectively. Fluorescence signal in both microscopes was detected

either with conventional photomultipliers or using Leica hybrid

detectors and Zeiss GaAsP or the Airyscan detectors. GFP was exited

with a 488 nm laser line, whereas the detection wavelength range

was 500–550 nm. For excitation of RFP, propidium iodide, and

FM4-64, a 561 solid state laser line was used and the detection

wavelength range was adjusted (570–650 nm and 570–720, respec-

tively). Imaging was performed at constant room temperature of

22°C.

Localization patterns of POK2 fusion proteins

Dividing cells from seedlings co-expressing either of the fusion

proteins along with the microtubule reporter RFP-MBD [31] were

classified into individual cell cycle stages, based on mitotic micro-

tubule array organization. For determining the presence or absence

of GFP signal at a distinct subcellular location, only cells exhibiting

RFP-MBD were taken into consideration.

Full width half maximum (FWHM) analysis

In ImageJ, single image planes of midzone/phragmoplasts were

rotated (bicubic interpolation) to align the midzone with the y-axis.

A plot profile of a rectangular selection of the phragmoplast was

generated for each channel and the FWHM of the resulting plot pro-

files was determined in Excel. Measurements were averaged and

Box plots were created using BoxPlotR (http://boxplot.tyerslab.

com/). The Tukey–whiskers extend to data points that are

< 1.5 × IQR away from 1st/3rd quartile. The significance values P
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were determined using one-way ANOVA with the post hoc Tukey

HSD.

Treatment with oryzalin

Young seedlings, co-expressing either of the GFP fusion proteins

and RFP-MBD, were treated with 10 lΜ oryzalin (Supelco, PS-410).

Confocal images of the same root meristem region were obtained

before and after treatment. An aqueous solution of 10 lΜ oryzalin

was added at one edge of the microscope slide, and simultaneously,

the mounting medium was removed from the other edge using filter

paper. During treatment, z-stacks were taken at 3–5 min intervals.

Depolymerization of microtubules was confirmed by the disappear-

ance of RFP signal.

Image processing

Raw images were processed by ImageJ/Fiji [58], http://rsb.info.

nih.gov/ij/. To correct for drift of single-channel and multichan-

nel stacks were appropriate, the “StackReg” plugin was applied.

Time laps movies were processed in ImageJ v1.51k. To reduce

noise, “Subtract Background” was performed with using Rolling

Ball Radius 100.0. Kymographs were created in ImageJ v1.51k,

using “Multiple Kymograph” plugin. Color merges were carried

out with ImageJ v.1.48s, ImageJ v1.51k, or Adobe Photoshop

CS5 v12.0.4 (Adobe Systems). Only linear adjustments were

applied. Figures were assembled in Adobe Illustrator CS5

v15.0.2.

Generating cDNA, amplification of PCR products and ligation

cDNA was essentially generated as described previously [34], using

Superscript Reverse Transcriptase II (Invitrogen, 18064-022). PCR

products for cloning purposes were amplified with Phusion DNA

Polymerase (New England Biolabs, M0530L) (Appendix Table S2).

Standard cloning was performed using Quick Ligation Kit (New

England Biolabs, M2200L).

Generating entry clones

pENTR:POK2 (2,083–2,771): The corresponding coding sequence

was amplified from flower cDNA, digested with BamHI/XbaI and

ligated with pENTR3C, digested with BamHI/XbaI.

pDONR:POK2 (2,083–2,771): Coding sequence was amplified from

pENTR:POK2 (2,083–2,771) using primers flanked with minimal

attB sites (Appendix Table S1). The PCR product was amplified

with full-length attB1F and attB2R (Appendix Table S1) and cloned

into pDONR221 via a Gateway BP reaction (Invitrogen, 11789-

020).

pENTR:POK2 (1–589): Corresponding coding sequence was ampli-

fied from flower cDNA and inserted into pOCC10 sub-cloning vector

via NotI/AscI. Subsequently, the insert digested with AscI, blunted

and digested with BamHI. Simultaneously, pENTR3C was digested

with BamHI/EcoRV. Afterwards, fragments were ligated.

pENTR:POK2 (1–589)T281N: Point mutations in the ATP-binding site

(T281N) were introduced by amplification from pENTR3C_POK2

(1–589) using mismatch primers (Appendix Table S1). The two

overlapping amplicons were fused via extension PCR. The resulting

fragment was cloned into the pENTR:POK2 (1–589) via NotI/BstEII

digest to replace the respective wild-type fragment.

pENTR:POK2 (1–189) and pENTR:POK2 (183–589): PCR products

corresponding to fragments POK2 (1–189) or POK2 (183–589) were

amplified with appropriate primers (Appendix Table S1), digested

with NotI/XbaI, and ligated into NotI/XbaI sites of pENTR:POK2 (1–

589).

pENTR:POK2 (D590–2,082): POK2 (1–589) and POK2 (2,083–2,771)

were amplified from respective pENTR clones and subsequently

combined by fusion PCR introducing a short linker sequence

(Appendix Table S1).

The PCR product and pENTR:POK2 (1–589) were digested with

NcoI/XbaI and ligated, resulting in pENTR3C:POK2 (D590–2,082).
pENTR:POK2 (1–2,771): The pENTR:POK2(D590-2082) vector and

PCR product PCRI (Appendix Table S1) were digested with BstEII/

XhoI and ligated. The resulting vector was linearized with BstEII

and a 3,654 bp BstEII fragment, resulting from a digest of PCR

product PCRII (Appendix Table S1), was inserted. The final full-

length clone represents a hybrid of cDNA and genomic DNA.

pENTR:MAP65-3/PLE: The coding sequence, without stop codon,

was amplified (Appendix Table S1) from seedling cDNA and cloned

into pENTR3C via KpnI/NotI.

pENTR:EB1b: The coding sequence of EB1b was amplified from

seedling cDNA and cloned in to the pGEM T-easy vector (Promega,

A1360). From there, it was cloned into pENTR2B via EcoRI/XhoI

digest and subsequent ligation.

Generating XFP-expression clones

GFP-POK2 (2,083–2,771): pDONR221: POK2 (2,083–2,771) was used

in a Gateway LR reaction (Invitrogen, 11791-020) with pK7WGF2 to

create the N-terminal GFP fusion protein [59].

GFP-POK2 (1–589): Subcloning vector pOCC10:POK2 (1–589) was

sequentially digested with SgsI, blunted and digested with XbaI.

Simultaneously, binary vector pFK241 pGreenIIS was sequentially

digested with BsrgI, blunted and digested with XbaI. The resulting

fragments were ligated.

GFP-POK2 (1–2,771): pENTR:POK2 (1–2,771) was recombined with

pFK241 pGreenIIS in a Gateway LR reaction.

MAP65-X-RFP: pENTR:MAP65-3/PLE, pDONR207: MAP65-1 [16],

pDONR207: MAP65-1-(9D) [21] and pDONR207: MAP65-5 [16] were

used in a Gateway LR reaction (Invitrogen, 11791-020) with

pB7RWG2 to create the C-terminal RFP-fusion proteins [59].

Plant transformation

Transgene integration into the plant genome was accomplished by

the Agrobacterium tumefaciens transformation [60], using strain

GV3101. Screening for resistant transformants was performed on

appropriate selective medium.

Rescue lines

To examine the rescue ability of GFP-POK2 (1–2,771), a selected

transgenic T2 line was crossed with the pok1-1 pok2-3 double

mutant. F2 plants were examined for the presence of the GFP-POK2

(1–2,771) transgene (resistance to kanamycin) and the pok1-1 pok2-3
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mutant phenotypes, which was reduced to 9% (n = 137) compared

to the expected 20% usually obtained for pok1-1 pok2-3 mutant

[31]. F2 plants were genotyped for the presence of the T-DNA inser-

tion in pok1-1 pok2-3 [31]. Phenotypes of selected F3 plants

(87 > n < 102) homozygous for both were further examined.

Phenotypic defects, characteristic of pok1-1 pok2-3 double mutant

(number of cotyledons and angle between them, reduced seed

germination), and root development are repressed in the F3 lines

compared to pok1-1 pok2-3 mutants and GFP-POK2 (1–2,771) trans-

genic line, implying that GFP-POK2 (1–2,771) is sufficient to rescue

the mutant phenotype. All F3 plants were genotyped and confirmed

to be pok1-1 pok2-3.

Staining with fluorescent dyes

To visualize cell plate formation and the root architecture, 4- to 6-

day-old seedlings were mounted in aqueous solution of either FM4-

64 (1:1,000; Invitrogen Cat. F34653) or propidium iodide (10 lg/ml;

Sigma-Aldrich, 1002395778). FM4-64 stains the plasma membrane

as well as the developing cell plate, and propidium iodide labels the

cell walls of living plant cells.

Mating-based Cyto-SUS assays

The Mating Based Cyto-SUS Assay was performed as described

previously [36]. In single Gateway LR reactions, pENTR:MAP65-3/

PLE was cloned into the OST-Cub destination vector, whereas

pENTR:POK2 (1–189), pENTR:POK2 (183–589), pENTR:POK2 (1–589),

and pENTR:POK2 (2,083–2,771) were cloned into the pNX35-Dest

destination vector [61,62]. Expression clones were transformed into

yeast, mated and dropped on selection plates. To confirm fusion

protein expression, yeast cells were harvested before mating and

proteins were extracted. To detect fusion proteins, we performed

Western blot analyses using anti-HA antibody, coupled with peroxi-

dase (1:10,000; Roche, Cat. 12013819001) for the detection of NubG-

2xHA-X fusion proteins; for the detection of OST-MAP65-3/PLE-

LexA fused to Cub, anti-VP16 (1:1,000; GeneTex, Cat. GTX30776)

antibody was used as a first antibody and an anti-rabbit-POD as

a second antibody (1:10,000; Merck-Millipore, Cat. AP307P, BM

Chemiluminescence Blotting Substrate POD, Roche 11500708001).

Transient expression of fusion proteins in Tobacco leaves

Wild-type tobacco (Nicotiana benthamiana) plants were grown in

soil at 26°C on standard day and night conditions (16 h light/8 h

darkness cycle). Up to three fully expanded leaves of 4- to 5-week-

old tobacco plants were infiltrated with 2 ml of Agrobacterium

tumefaciens GV3101 cultures carrying respective plasmids. Before

infiltration, cultures, grown to OD600 1.0, were pelleted and washed

twice in dH2O, then adjusted to OD600 0.8. For co-expression of

fusion proteins, Agrobacterium cultures carrying different plasmids

were mixed before infiltration.

Bioinformatic analyses

Motor domain prediction was extracted from Uniprot (http://www.

uniprot.org/uniprot/A0A178VJB1) [63]. Coiled-coil domains were

predicted by Pair Coil (http://cb.csail.mit.edu/cb/paircoil2/) [64].

Data availability

Sequence data from this article can be found in the Arabidopsis

Genome Initiative or GenBank/EMBL databases under the following

accession numbers: POK2 (AT3G19050), MAP65-3/PLEIADE

(AT5G51600), MAP65-1 (AT5G55230), MAP65-5 (AT2G38720),

EB1b (AT5G62500).

Expanded View for this article is available online.
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