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ABSTRACT Plant development and morphology relies on the accurate insertion of new cell walls during cytokinesis. However,
how a plant cell correctly orients a new wall is poorly understood. Two kinesin class-12 members, phragmoplast orienting
kinesin 1 (POK1) and POK2, are involved in the process, but how these molecular machines work is not known. Here, we
used in vivo and single-molecule in vitro measurements to determine how Arabidopsis thaliana POK2 motors function mechan-
ically. We found that POK2 is a very weak, on average plus-end-directed, moderately fast kinesin. Interestingly, POK2 switches
between processive and diffusive modes characterized by an exclusive-state mean-squared-displacement analysis. Our results
support a model that POKmotors push against peripheral microtubules of the phragmoplast for its guidance. This pushing model
may mechanically explain the conspicuous narrowing of the division site. Together, our findings provide mechanical insight into
how active motors accurately position new cell walls in plants.
INTRODUCTION
Cytokinesis in plants is characterized by the insertion of a
membranous cell plate in the center of a dividing parental
cell. The assembly of the cell plate in the cell division plane
is aided by a dynamic, plant-specific cytoskeletal scaffold
structure called the phragmoplast (1). This phragmoplast
apparatus arises from the mitotic spindle after chromosome
segregation and consists of endoplasmic reticulum, filamen-
tous (F)-actin, and bipolar microtubules oriented perpendic-
ular to the division plane (1). These microtubules serve as
tracks for Golgi-derived vesicles translocating cell-plate
material toward the division plane, where vesicle fusion re-
sults in cell-plate formation. The phragmoplast expands
centrifugally by virtue of microtubule polymerization at
the outer/leading zone and depolymerization at the inner/
lagging zone where the cell-plate assembly is achieved
(1). The coordinated interplay of the phragmoplast dy-
namics and cell-plate assembly ends by the fusion of the
cell plate with the parental plasma membrane at the cell-
plate fusion site, completing the new cell wall (2). In land
plants, the cell-plate fusion site is predicted by the cytoskel-
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etal preprophase band during the gap 2 phase/mitosis transi-
tion (3). The cortical division zone, defined as the
membrane region next to the preprophase band, remains at
the cell cortex after the preprophase band disassembles.
Memory of this region is kept throughout cell division,
and its location coincides with the later division site (2).
Furthermore, the narrowing of this region from an initially
broad zone to a definite cell-plate fusion site during late
cytokinesis occurs via a yet unknown mechanism (4–7).
The kinesin-12 phragmoplast orienting kinesin 1 (POK1),
along with its dependents TANGLED (TAN) (5,6) and
RanGAP (8), localize to the division site throughout cell
division (7). POK1 is functionally redundant with its
homolog, POK2, as simultaneous impairment of both leads
to loss of the TAN and RanGAP1 after preprophase band
disassembly. Moreover, with the simultaneous impairment,
newly formed cell plates position abnormally (7–9), pre-
sumably without proper guidance of the phragmoplast (7).
Based on these findings, it was hypothesized that POKs
might guide the phragmoplast by facilitating a mechanical
communication between the division site at the cell cortex
and microtubules of the phragmoplast leading edge (7).

Conventional kinesin-1 motors are dimers stepping in a
rotary hand-over-hand mechanism along the microtubule
lattice in an ATP-dependent, directed manner (10). Dimer-
ization facilitates processive motion—the ability to take
many directed steps without dissociation (11). During this
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continuous, processive stepping behavior, the kinesin heads
switch between strongly and weakly bound states before de-
taching from the microtubule lattice. Apart from processive,
directed motion, some kinesins interact in a diffusive
manner with microtubules, such as human kinesin-13
MCAK (12) and kinesin-3 Kif1A (13). In addition, diffusive
behavior has also been observed as an intermittent part of
processive motion for Drosophila kinesin-14 Ncd using
low-ionic-strength buffers (14,15), Xenopus kinesin-7
CENP-E (16), human kinesin-5 Eg5 (17), human kinesin-8
Kif18B (18), and human kinesin-12 Kif15 (19). During
one-dimensional diffusive motion, both heads are thought
to be in weakly bound states (20) and therefore exhibit
randombackward and forwardmotion on themicrotubule lat-
tice. Here, we asked how POKs mechanically interact with
the peripheral microtubules of the expanding phragmoplast.

Outside of plants, the closest relative of POKs, the tetra-
meric human kinesin-12 hKif15, has recently attracted atten-
tion (19,21–23). hKif15 is partially redundant to the
tetrameric kinesin-5 Eg5 and is required during cell division
for proper maintenance of spindle bipolarity by assisting
the formation of parallel microtubule bundles. Although
hKif15 is the sole member of the human kinesin-12 family,
Arabidopsis has an extended family comprising six
members (24). Thus, due to this increase and different cellular
context, it is unclear whether the Arabidopsis kinesin-12 fam-
ily members have similar molecular properties compared to
hKif15. Here, we used in vitro single-molecule imaging and
optical-tweezers-based force spectroscopy to characterize sin-
gle POK2 motor proteins from Arabidopsis thaliana. We
found that POK2 motors exhibited both processive and diffu-
sivemotion and that individualmotors frequently switchedbe-
tween the twomodes. To quantify this switching behavior, we
developed a mean-squared-displacement (MSD) analysis that
accounts for the motor being exclusively in either the directed
or diffusive state. This analysis can be robustly applied to a
diverse range of other molecular machines. Additionally, to
understand how POK2 would be able to guide the phragmo-
plast, we performed in planta imaging, visualizing the interac-
tion of truncated POK2 motors with dynamic microtubules,
the narrowing of the cortical division site, and the polarity of
peripheral microtubules during late stages of cytokinesis.
POK2 motors might pull on or push against these peripheral
microtubules emanating from the expanding phragmoplast.
Instead of intuitively pulling on the expanding phragmoplast
for its guidance, our data supports the view that POK2motors
push against it.
MATERIALS AND METHODS

Protein expression and purification

Porcine brain tubulin was purified and labeled with tetramethylrhodamine

(Invitrogen, Carlsbad, CA) according to standard protocols (25). 10%

rhodamine-labeled taxol-stabilized microtubules were polymerized as

described previously (26). POK21–589 green fluorescent protein (GFP)-
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His and POK2183–589 GFP-His were expressed in SF9 insect cells (Expres-

sion Systems, Davis, CA) using baculovirus expression (flashBAC; Oxford

Expression Technologies, Oxford, UK at Protein Facility, Max Planck Insti-

tute of Molecular Cell Biology and Genetics, Dresden). To pull on the tail

domain of the kinesin in optical trapping experiments, the GFP was located

at the C-terminus. The protein was purified via sequential chromatography.

Cation exchange chromatography (HiTrap SP HP 1 mL; GE Healthcare,

Little Chalfont, UK) followed by desalting (HiTrap desalting 5 mL; GE

Healthcare) and subsequently affinity chromatography (HisTrap HP

1 mL; GE Healthcare) was performed. Cells were lysed in 50 mM HEPES,

150 mMNaCl, 5% glycerol, 0.1% Tween 20, 1.5 mMMgCl2, 3 mM EGTA,

1 mM dithiothreitol, 0.5 mM ATP, and protease inhibitors (pH 7.5). The

cation wash buffer consisted of 20 mM HEPES, 150 mM NaCl, 5% glyc-

erol, 1.5 mM MgCl2 (pH 7.5). The cation elution buffer consisted of the

same except for the concentration of NaCl (600 mM) (pH 7.5). The desalt-

ing column was used to exchange the buffers to proceed toward metal affin-

ity. The metal affinity wash buffer consisted of 50 mM phosphate buffer

(pH 7.5), 300 mM NaCl, 10 mM imidazole, 10% glycerol, 1 mM MgCl2,

20 mM ATP, and protease inhibitors (pH 7.5). The metal affinity elution

buffer consisted of the same except for the concentration of imidazole

(300 mM) (pH 7.5). Protein stability was confirmed from the SDS-

PAGE and Western blotting using anti-GFP antibody (mouse, Cat.

11814460001; Roche, Basel, Switzerland). The purified protein concentra-

tion was determined using a Bradford assay. Finally, the protein aliquots

were snap frozen in liquid nitrogen and stored at �80�C. The protein con-

centrations were measured using a NanoDrop ND-1000 spectrophotometer

(Thermo Fisher Scientific, Waltham, MA). The concentration for the coloc-

alization experiment was validated with the Western blot.
Constructs

All the constructs used were amplified from the complementary DNA

(cDNA) using standard polymerase chain reaction (PCR) techniques. The

total RNA was extracted from Arabidopsis accession Columbia flower

buds using an RNeasy Plant Mini Kit (74903; Qiagen, Hilden, Germany),

and cDNA was generated using Superscript Reverse Transcriptase II and

oligo deoxythymidine primers (18064-022; Invitrogen) as described previ-

ously (9). All the constructs used were amplified from the cDNA using

Phusion DNA Polymerase (M0530L; New England Biolabs, Ipswich,

MA) and standard PCR techniques. The cloning was performed using a

Quick Ligation Kit (M2200L; New England Biolabs). The used primers

are mentioned in Table 1.
Microscopy assay and imaging conditions

The flow cell was constructed as described earlier (27), but the surface was

rendered hydrophobic using chlorotrimethylsilane (Merck Millipore, Bur-

lington, MA). The flow channels were washed four to five times with sterile

filtered buffer BRB80 (80 mM PIPES, 1 mMMgCl2, 1 mM EGTA, 100 mM

KOH, pH 6.9). This was followed by incubation with anti-b tubulin (T7816;

Sigma Aldrich, St. Louis, MO) for 15–20 min at room temperature. After-

wards, the channels were washed once with BRB80 and blocked using 1%

Pluronic F-127 in BRB80 (P2443; Sigma-Aldrich) for 20–25 min. This step

was followed by five times washing with BRB80 and incubation with 10%

rhodamine-labeled, taxol-stabilized microtubules for 15 min. The assay

buffer (BRB80, 0.08 mg/mL casein, 1 mM ATP, 20 mM D-glucose,

250 nM glucose oxidase, 134 nM catalase, 0.5% b-mercaptoethanol,

10 mM taxol) containing the protein was added after a quick wash of

the channel. The samples were imaged at 25�C on a custom-built total-

internal-reflection-fluorescence (TIRF) microscope combined with epi-

fluorescence (28). The TIRF microscope is equipped with a sCMOS

camera (Orca Flash 4.0; Hamamatsu Photonics, Hamamatsu, Japan) and

an oil-immersion, TIRF objective (60�, 1.49 numerical aperture; Nikon,

Tokyo, Japan). To visualize motor movement, 40-s-long time-lapse videos



TABLE 1 Used Primers for All Constructs

Not POK21–589 F AATAATAACATGCGGCCGCaATGTCAAAGGAGACCAAGCTTTC

NotI POK2183–589 549F AATAATAACATGCGGCCGCaATGGAAGATCCATCTTTCTGGATGGATCACAA

AscI POK2 R AATAATAACATGGCGCGCCttaACTTGATGGCGAATCGACT

EB1b EcoRI F gaattcAAAAATGGCGACGAACATT

EB1b XhoI R ctcgagTTAAGTTTGGGTCTCTGCAGCA
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were recorded at 10 fps using a continuous image acquisition mode at

100 ms exposure. The sample was excited using a 488-nm laser (LuxX

488-100; Omicron, Rodgau-Dudenhofen, Germany).
Polarity-marked microtubules

Guanosine-5’-[(a,b)-methyleno]triphosphate (GMP-CPP)-stabilized micro-

tubule seeds were prepared using 2–3 mM unlabeled tubulin, 1 mM MgCl2,

1 mM GMP-CPP (Jena Bioscience, Jena, Germany), and BRB80 and incu-

bating them for 1 hr at 37�C. Afterwards, microtubules were spun down

and the pellet was resuspended in the same constituents but with 1–2 mM

of 10% rhodamine-labeled tubulin. This reaction was incubated further for

an hour at 37�C. Then, 1–2mMof 10% rhodamine-labeled tubulin was added

and incubated for another hour before they were spun down and resuspended

in BRB80.
Photobleaching assay

The photobleaching assay was conducted in the same manner as the rest of

the in vitro preparations except for the assay buffer. The assay buffer con-

sisted of 0.08 mg/mL casein, 1 mM adenosine 50-[b,g-imido)triphosphate

(AMP-PNP), 10 mM dithiothreitol, and BRB80 (pH 6.9). In the presence

of AMP-PNP,motors are thought to bindwith both heads in a strongly bound

state. GMP-CPP-stabilized microtubules were used. The data was acquired

at the same conditions mentioned earlier using a higher excitation laser po-

wer. Postacquisition, kymographs were generated, and intensity values were

extracted from them, followed by an analysis via a custom-written,

MATLAB (TheMathworks, Natick,MA)-based step-finding algorithm (20).
Microsphere preparation and force
measurements

Microsphere functionalization and protein-microsphere coupling was per-

formed as reported previously (29). The sample preparation and assay

buffer for optical tweezers experiments were the same as mentioned above.

All the measurements were performed on a custom-built, single-beam op-

tical tweezers setup (30,31). The setup has a millikelvin precision temper-

ature control of the trapping objective, which was set to 29.200�C. The
experiments were conducted with a trap stiffness of 0.01 pN/nm and re-

corded with a sampling rate of 4 kHz. Calibration was performed by

analyzing the height-dependent power spectral density combined with a

drag-force method as reported earlier (27,32).
Single-molecule tracking and data analysis

Single molecules were tracked using FIESTA (33), which is based on two-

dimensional Gaussian model fitting. The resulting position coordinates

were subjected to a rotation and projection on the microtubule axis, and

subsequently MSD values were calculated. The same set of data was also

subjected to a speed correlation index (SCI) analysis (34). All the in vitro

data were analyzed in MATLAB by using custom-written scripts. The ky-

mographs were plotted using Fiji (http://fiji.sc) with a custom-written

macro that autocontrasts. In vivo images were analyzed in Fiji.
Plant materials and growth conditions

A. thaliana plants, pok 1-1 pok 2-3 (7), microtubule marker line (7) were the

base lines for this study. All other double-labeled transgenic lines were

generated via crossing of single transgenic lines in accession Columbia

(Col). All plants including seedlings were grown at 20–22�C with a

16 hr-light/8 hr-dark cycle. The seedlings used for the localization studies

were grown on plates containing Murashige and Skoog medium (Sigma-

Aldrich) and 1% agarose, incubated at the aforementioned conditions.
Tobacco leaf infiltration

Nicotiana benthamiana leaves of 4-week-old plants were infiltrated with

Agrobacterium tumefaciens suspension culture (OD600 0.5) carrying

respective plasmid DNA (GFP POK21–589). 48–72 hr postinfiltration, the

leaf epidermis of transformed plants was imaged on a confocal microscope.
Cloning of pUBN:RFP-EB1b

EB1b was PCR amplified from Arabidopsis cDNA, accession Columbia,

using primers EB1b EcoRI F and EB1b XhoI R and cloned into pgem

T-vector (Promega, Madison, WI). Subsequently, the plasmid was digested

with EcoRI and XhoI, and the Eb1b insert was ligated into the respective

restriction sites in pENTR2B (Gateway, Irvine, CA). The resulting vector

was recombined with destination vector pUBN:RFP (35) to obtain

pUBN:RFP-EB1b. Transgenic lines were generated via A. tumefaciens

mediated transformation as described earlier (36).
Accession numbers

The full-length sequences of POK2 and EB1b can be found at the Arabidop-

sis Genome Initiative or the European Molecular Biology Laboratory/

GenBank databases using accession numbers GenBank: At3g19050 and

At5g62500, respectively.
Confocal microscopy

Localization imaging used a Leica SP8 (Leica, Wetzlar, Germany) confocal

microscope equipped with a resonant scanner. Imaging was carried out at

room temperature using a 63� water immersion objective with a numerical

aperture of 1.2. GFP and yellow fluorescent protein were excited at 488 and

514 nm using an argon and krypton laser, respectively, and were detected us-

ing Hybrid Detectors in the range of 500–550 and 520–550 nm, respectively.

The excitation for red fluorescent protein was done using a 561 nm laser line,

and the signalwas detected by aHybridDetector in the range of 570–650nm.
RESULTS

POK21–589 is a plus-end-directed dimeric motor
that switches motility modes

To investigate the underlying molecular mechanism using
reconstituted assays, we expressed and purified truncated
Biophysical Journal 115, 375–385, July 17, 2018 377
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and fluorescently tagged POK2 motors. POK2 is the largest
identified kinesin to date, with an extraordinary long and
intrinsically disordered N-terminus (�190 amino acids
(aa) compared to 7 aa in conventional kinesin) preceding
its motor domain (9). To focus on the motor functionality,
we created a motor, POK21–589, truncated after the first
predicted coiled coil and fused to a C-terminal GFP tag
(Fig. 1 a; Fig. S1). To test whether the coiled coil was suf-
ficient for the dimerization of the truncated motor, we per-
formed photobleaching assays using a custom-built TIRF
microscope (28). We immobilized taxol-stabilized and
rhodamine-labeled microtubules at the cover glass surface
and added purified POK21–589 molecules into the flow chan-
nel in the presence of AMP-PNP (Figs. S2 and S3). This
nonhydrolyzable ATP analog causes kinesin motors to
interact with microtubules in a strongly bound, nonmotile
state. We recorded the fluorescence intensity of GFP-tagged
motors that colocalized with microtubules as a function of
time and found that most GFP molecules bleached in one
or two steps (Fig. 1 b). For most of the single-step bleach
events, the step amplitude was consistent with twice the
amplitude of single-step bleach events, suggesting that
two GFP fluorophores bleached simultaneously. Together,
these data confirm that POK21–589 binds microtubules and
is consistent with the notion that the first coiled-coil region
is sufficient for homodimer formation.

To characterize the motor functionality, we performed
TIRF microscopy motility assays in the presence of ATP
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(1 mM). We found that POK21–589 is an active motor
that robustly translocates on the microtubule lattice
(Fig. 1, c–e; Video S1). Using polarity-marked microtu-
bules, POK21–589 showed on average plus-end-directed
motility, as expected for kinesins with an N-terminally
located motor domain (Fig. 1 d). We did not observe any
preference for or extended dwells at microtubule ends. Inter-
estingly, although the overall motion of POK21–589 mole-
cules was toward the plus end, we observed recurrent
episodes of random, forward, and backward motion
(Fig. 1, c–e) suggesting that POK21–589 motors switch be-
tween processive and diffusive modes while interacting
with the microtubule lattice.

To test whether diffusion was due to the large N-terminal
extension (Nte) of the motor (Fig. 1 a), we truncated the
N-terminus and repeated the same motility assay for the
POK2183–589 construct (Fig. 1, f and g). Surprisingly,
POK2183–589 interacted with the microtubule lattice for a
longer time of 11 5 1 s (mean 5 standard error (SE),
N ¼ 38) compared to 1.9 5 0.1 s for POK21–589
(Fig. 2 a). Kymographs of POK2183–589 showed more diffu-
sive motion (Fig. 1 g), suggesting that the Nte affected the
processive mode. Furthermore, POK2183–589 had a much
lower affinity to microtubules (Fig. S4 a). Therefore, we
analyzed the Nte amino acid sequence and found a similar-
ity to the �80 aa long Nte of BimC (Fig. S4 b). BimC is the
founding member of the kinesin-5 family and has a second-
ary microtubule-binding site in its Nte (37). Interestingly,
2771 aa+
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loss of the Nte in BimC also reduced the affinity of BimC to
microtubules; however, the structural mechanism is not un-
derstood. Together, these findings suggest that the Nte of the
POK2 affects the motor-microtubule interaction strength
and promotes the processive over the diffusive mode.
MSD for exclusive directed and diffusive states

To confirm the POK21–589 switching behavior, we tracked
the motion of single POK21–589 motors on individual micro-
tubules using an automated data analysis based on two-
dimensional Gaussian models (33) (Fig. 1 e). Histograms
of the total microtubule interaction time and overall
displacement of single motors show peaked distributions
(Fig. 2, a and b). Peaked distributions are indicative of mul-
tiple underlying processes, such as directed and diffusive
modes. In contrast, exponential distributions are typical of
a single, rate-limiting process (38). To quantify this
behavior, we used a statistical approach to measure the
spatial extent of motion over time: an MSD analysis. In
our case, the MSD of a single POK21–589 motor as a func-
tion of lag time is best fitted by a parabola (orange line in
Fig. 2 c) with significant linear and parabolic coefficients.
The presence of both terms confirms that POK21–589 indeed
has two motility modes. Although the linear term is related
to diffusion, the quadratic term is due to directed motion
(39,40). Diffusion can occur simultaneously with directed
motion, for example, when a particle is freely diffusing in
three dimensions and subjected to a flow or drift. However,
in our case, POK21–589 is exclusively either in the processive
or the diffusive state. To the best of our knowledge, this sce-
nario has not been addressed with respect to single molecu-
lar machines interacting with filaments in a one-dimensional
diffusive system. Therefore, we derived the expected MSD
as a function of lag time t for a motor being either in the
diffusive or in the processive state (Appendix A):

MSDðtÞ ¼ f2
�
y20 þ s2

y

�
t2 þ 2Dð1� fÞt þ 2ε2; (1)

where f is the fraction of the total interaction time the motor
spends in the directed mode; y0 and sy the mean speed and
its standard deviation, respectively; D the diffusion coeffi-
cient; and ε an offset related to the tracking precision and
image acquisition (41). Equation 1 accounts for the exclu-
sive character of the states and the amount of time in the
respective states avoiding an underestimation of both the
speed and the diffusion coefficient (14,18). Because five pa-
rameters enter Eq. 1, namely f, y0, sy, D, and ε, and a fit of
Eq. 1 to the data only results in three independent coeffi-
cients of the parabola, the system is underdetermined.
Thus, an MSD analysis alone cannot provide all the param-
eters. Therefore, in addition to the MSD, we used an SCI
analysis. The SCI analysis is based on the temporal correla-
tions of the speed of individual molecules, in which high
amount of correlation signifies directed motion and no cor-
relation indicates purely Brownian motion (34). The SCI al-
gorithm optimized to our POK21–589 dataset identified
transient switches in the POK21–589 trajectories between
directed, diffusive, and stationary states (Appendix B).
However, because of limited spatiotemporal resolution of
the TIRF measurements, our SCI algorithm could only reli-
ably determine the speed in the directed mode of 430 5
170 nm/s (mean 5 SD, N ¼ 114, Fig. 2, d and e;
Fig. S5). Using this speed y0 and its standard deviation sy
as an input for Eq. 1 (i.e., we provide and fix two out of
the five parameters for the fit), the best-fit diffusion coeffi-
cient is 0.056 5 0.008 mm2/s (mean 5 SE), the relative
time spent in the directed mode is 62 5 2% (mean 5 SE;
Biophysical Journal 115, 375–385, July 17, 2018 379
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Figs. S6–S8), and the constant offset is ε ¼ 325 3 nm, giv-
ing an estimate for the tracking precision. We also tracked
single POK2183–589 molecules. In contrast to POK21–589,
their MSD was best fit by a line (green line in Fig. 2 c)
with no significant parabolic coefficient. Thus, the trunca-
tion of the Nte switched POK2 to a purely diffusive mode
with a diffusion coefficient of 0.040 5 0.001 mm2/s not
significantly different from the value for POK21–589. The
value for the diffusion coefficient of POK21–589 is interme-
diate between the reported values for other kinesins, such as
Kip3 (26) and MCAK (12), of �0.004 and 0.4 mm2/s,
respectively. Our MSD equation also quantitatively explains
previous observations of motors switching between
different states (18). Thus, with a combined SCI and MSD
analysis approach, we could objectively quantify the two
modes of the POK21–589 motor interaction with the microtu-
bule lattice. Taken together, POK21–589 spends a large frac-
tion—about two-thirds—of its time in the processive state,
walking in a directed manner along microtubules.
POK21–589 is a weak motor

To assess whether POK2 motors are capable of generating
force, we measured the maximal force that single machines
could exert on artificial cargo using high-resolution optical
tweezers (30,42). As cargo, we used microspheres coupled
to POK21–589 via its GFP tag, ensuring functional activity
of the motor (29) (Fig. S2). Using a stationary trap, single
motors displaced microspheres from the trap center with
force increasing proportional to the displacement according
to Hooke’s law (Fig. 2 f). Compared to conventional
kinesin-1 and other kinesins (29), we observed that
POK21–589 did not exhibit stalling behavior for extended pe-
riods. Instead, motor-coupled microspheres showed sudden
and fast movements back to the trap center, consistent with a
motor detachment from the microtubule or switching to a
diffusive mode and slipping back on the microtubule
(10,43). We measured the maximal force before such events
and found an average maximal force of 0.34 5 0.02 pN
(mean 5 SE, N ¼ 67, Fig. 2 f). Because POK2183–589 did
not show any directed motility, we did not use this motor
for trapping experiments. Thus, for POK21–589, even though
the motor spent most of its time in the directed mode when
no loads were applied, single motors were unable to
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generate large forces. Forces exceeding 1 pN could be
measured when multiple POK21–589 motors were pulling
on trapped microspheres (Fig. S9).
The peripheral microtubule plus ends point
toward the putative cell-plate fusion site

Having characterized the POK21–589 motor activity in vitro,
we wanted to confirm the microtubule interaction, function-
ality, and speed of POK21–589 in vivo. Therefore, we
transiently expressed GFP-POK21–589 (Fig. 1 a) in N. ben-
thamiana leaves. We found that POK21–589 colocalizes
with microtubules (Fig. S10). The microtubule decoration
changed dynamically, consistent with motors keeping up
with dynamic microtubule ends growing with a speed of
745 3 nm/s (mean5 SE, N¼ 41; Fig. S10) (44). However,
the signal/noise ratio was insufficient to track the motility of
single motors in vivo precluding direct measurements on pe-
ripheral microtubules emanating from the phragmoplast.

The polarity of peripheral microtubules at the phragmo-
plast leading zone approaching the cell cortex during late
cytokinesis (7,8) determines whether motors pull on or
push against such microtubules and thereby the phragmo-
plast itself. The majority of phragmoplast microtubules,
including the ones at the leading edge, are oriented with
their polymerizing plus ends toward the division plane
(45), suggesting that peripheral microtubules are also ori-
ented with their plus ends toward the division site (46,47).
To confirm the polarity of the peripheral microtubules in
Arabidopsis, we created an Arabidopsis transgenic line
with GFP-labeled microtubules and red-fluorescent-pro-
tein-labeled EB1b, a microtubule plus-end tracking protein.
We imaged 4–5-day-old seedlings using a confocal micro-
scope and found that the leading edge of the phragmoplast
indeed sends out peripheral microtubules with their plus
ends directed toward the putative division site (Fig. 3). How-
ever, the presence of microtubule plus ends at the division
site does not rule out that additional minus-end-directed mi-
crotubules are there as well. Yet, based on the overall struc-
ture and dynamics of the phragmoplast, we do not expect a
high abundance of such microtubules. Suggested by the
functional redundancy of POK1 and POK2, we assume
that both POKs localize to the cortical division site (unpub-
lished data by S.M. confirm the assumption for POK2) and
FIGURE 3 Directionality of the phragmoplast

peripheral microtubules. Arabidopsis root meri-

stem stably expressing 35S:GFP-MBD and pUBQ:

RFP-EB1b during late cytokinesis is shown. Plus

ends (RFP-EB1b) marked with arrow heads of

peripheral microtubules (GFP-MBD) from the

leading edge of the phragmoplast reach out toward

the putative division site. The cell boundary is

marked with a dashed line. To see this figure in

color, go online.



POK2 Is a Weak Kinesin
function alike. Thus, POK2 motors likely push against pe-
ripheral microtubules rather than pull on them.
DISCUSSION

Based on state-of-the-art single-molecule techniques and a
combined MSD-SCI analysis, we have functionally charac-
terized the plant kinesin-12 POK2 motor—without its long
C-terminal tail—as a plus-end-directed, weak, and dimeric
motor that switches between processive and diffusive
modes. Because the long Nte before the motor domain ap-
pears to be required for the processive mode, this Nte
domain seems to be involved in the switching process. As
for BimC, the disordered region of the POK2 Nte might
also have a microtubule-binding site that helps in the micro-
tubule attachment, explaining the low affinity of the
construct lacking the Nte (Fig. S4). Once bound, the Nte
interaction with the motor domain may promote processiv-
ity at the cost of total microtubule interaction time.

Although MSD analyses are commonly applied to study
mixed diffusive and directed motion, to the best of our
knowledge, studies so far do not account for the mutually
exclusive character of processive and diffusive states in
case of molecular machines. Our MSD analysis (Eq. 1)
not only accounts for this exclusive character of states but
also for the inherent speed distribution of motors. Not ac-
counting for the exclusive character and distribution leads
to systematic errors in the motility parameters.

Compared to conventional kinesin-1 with a stall force of
�5–6 pN (29), POK21–589 is one of the weakest kinesin
motors across taxa. Reported weak motors belong to the
kinesin-8 family with the members Kif18B, Kif18A, and
Kip3 reaching maximal forces of �0.6, 0.8, and 1.1 pN,
respectively (18,43). For POK21–589, we attribute such low
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forces to the motor switching to a diffusive state similar to
Kip3 that switches into a slip state (43). Because motors
are weakly bound to the microtubules in the diffusive state,
they can slide along the microtubule lattice with little resis-
tance but without detachment when a force is applied
(10,20,43). This sliding might enable the motor to dynami-
cally link to microtubule plus ends in analogy to CENP-E
(16,48). CENP-E is almost as large as POK2, suggesting
that a very long motor tail may enhance dynamic attachment
to microtubules. Thus, we hypothesize that the function of
the diffusive state and low force production is to provide a
means of attachment to microtubules, allowing for a relative
sliding motion with little resistance. Based on this hypothe-
sis and the intrinsic motor properties, how does POK2 guide
the expanding phragmoplast during cytokinesis?

Our combined in vivo and in vitro results support a phrag-
moplast guidance model in which POK2 motors push
against peripheral microtubules (Fig. 4). We validated the
POK21–589 interaction with microtubules in planta and the
polarity of the peripheral microtubules that appear to con-
nect the putative division site, where POK motors are
located, with the phragmoplast. Peripheral microtubules
are oriented with their plus ends toward the putative cell-
plate fusion site and likely probe the cell cortex in a ‘‘search
and capture’’-type mode (46). We propose that as the torus-
shaped phragmoplast branches out plus-end-directed pe-
ripheral microtubules at the leading edge, POK2 full-length
molecules at the division site (S.M., unpublished data) cap-
ture these microtubules and walk toward their plus ends.
Because the motor speed (Fig. 2 d) is faster compared to
the phragmoplast expansion speed (7), we expect that mo-
tors catch up with the microtubule plus ends. If motors are
attached to the cell boundary, and because they walk toward
the microtubule plus end, they counteract the microtubule
Cell plate

Phragmoplast

FIGURE 4 Proposed model for phragmoplast

guidance. POK motors (green) localized at the di-

vision site push against the leading edge of the ex-

panding phragmoplast by capturing the peripheral

microtubules and walk toward their plus ends,

pushing against the expanding phragmoplast. The

black arrow marks the direction of the pushing

force. This model also supports the narrowing of

the division site (orange, Fig. S11) to the cell-plate

fusion site by a mechanical process. POK motors

experience a counter force (green arrows). This

force focuses the POKs to a precise spot, i.e., the

cell-plate fusion site. To see this figure in color,

go online.
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expansion driven by the phragmoplast and, thus, push
against the phragmoplast (Fig. 4). The POK2s’ enormous
size and contour length may enhance an effective capture
of incoming microtubules in analogy to CENP-E. Pushing
may seem counterintuitive for phragmoplast guidance but,
together with the unusual mechanics of these kinesin-12
motors, provides insight into the guidance mechanism. As
POK21–589 motors exert little force, the forces of the ex-
panding phragmoplast are expected to exceed the opposing
pushing force of POK2 motors when they are in the proces-
sive state, even when multiple motors interact simulta-
neously. Once the motors switch to the diffusive state,
they can then slide along the microtubule lattice. The
switching rate to the diffusive mode of the motors may
even increase under load conditions, as reported for the
switching to the weakly bound slip state of kinesin-8 (43).
POK2 motors would, thus, guide the phragmoplast in a
manner similar to the dynamic and diffusive attachment of
microtubules to the kinetochore or chromosomes, for
example, via the Ndc80 complex (49–51) or CENP-E
(48), respectively. We believe that POK1 motors function
in a similar manner, as established by their functional
redundancy with POK2 (7). Whether POK2 motors are
regulated by importin-b during the cell cycle remains to
be seen (52).

During cytokinesis, pushing forces by POKs have an
important consequence. According to Newton’s third law,
there is a net force of equal magnitude and opposite direc-
tion acting on the anchoring points of the motors. Further-
more, due to the geometry of the connected peripheral
microtubules, these opposing forces will focus the motors
to a central spot, assuming that their membrane anchors
are mobile within the lipid bilayer (Fig. 4). The small forces
of a single motor are sufficient to drag an anchoring point
through a fluid membrane. Also, when multiple motors
interact simultaneously with a microtubule, the pushing
forces of the expanding phragmoplast and counteracting
motor forces are expected to be sufficient for moving the
anchoring points in the membrane. This mechanical
focusing could contribute to the poorly understood narrow-
ing of POK1 and POK1-dependent components from the di-
vision site to a definite cell-plate fusion site during late
cytokinesis (5,7,8,53) (Fig. S11). Whether POK motor
motility itself is required for in planta guidance, whether a
diffusive tethering is sufficient, how motors switch to the
diffusive state, and if and how much force is necessary for
division site narrowing are unknown at the moment.

Interestingly, a few other microtubule-associated candi-
dates occupy the division site, such as minus-end-directed
kinesin-14 KCBP (54,55), TAN (6), and MAP65-4 (56).
What possible role they play during the cell-plate insertion
process is also unclear at the moment. For example, forces
generated by KCBP could accelerate phragmoplast guid-
ance, or MAP65-4 could contribute to the cross-linking of
peripheral microtubules.
382 Biophysical Journal 115, 375–385, July 17, 2018
CONCLUSIONS

In conclusion, our study offers mechanistic insights into the
operating behavior of single plant kinesin-12 POK2 motors.
We quantified the motors’ motility by a novel to our knowl-
edge MSD analysis that can be utilized for other diverse
molecular machines. POK2 is the first kinesin-12 motor
among five other members in Arabidopsis to be character-
ized to our knowledge. The mechanical properties of
POK2 provide a key step toward an active and dynamic un-
derstanding of the division site beyond what can be inferred
from localization studies alone. Moreover, the phragmoplast
guidance pushing model suggested here highlights the
participation of active molecular machines needed for the
accurate insertion of cell plates during plant cytokinesis
and plausibly accounts for the narrowing of the division
site to the cell-plate fusion site. In planta experiments,
ideally with single-molecule resolution, are required to
test the proposed hypothesis involving pushing forces. In
other cells, pushing forces are thought to provide a more
precise centering mechanism compared to pulling forces,
for example, for centering of the mitotic spindle (57,58).
Here, pushing forces in combination with sliding of motors
along microtubules dynamically attaching to their ends may
lead to precise and accurate mechanical patterning and
shaping of plant tissues.
APPENDIX A: MSD ANALYSIS

The average MSD was plotted against lag time and fitted with a parabola

because the motor exhibited diffusive as well as directed motion. For simul-

taneous one-dimensional diffusion and directed motion, the MSD as a func-

tion of lag time t is given by the well-known equation

MSD tð Þ ¼ y2t2 þ 2Dt þ 2ε2: (2)

The first term refers to the directed motion, where y is the speed. The

second term is the contribution by the diffusive motion, where D is the
diffusion coefficient. The last term is a constant related to the tracking pre-

cision and image acquisition (41). Although this equation yields the param-

eters D and y, the motion occurs simultaneously. An example for such

simultaneous motion is a particle diffusing in a liquid with an applied

flow. However, such simultaneous motion is impossible for a molecular

motor taking discrete steps. Steps are exclusively either directed or

random. Furthermore, for kinesins, the average stepping rate in the diffusive

mode is typically much larger compared to the directed mode. For

example, a kinesin moving with a directed speed of 400 nm/s takes about

50 steps per second. Assuming the motor takes 8 nm steps during diffusion

(20) and has a diffusion coefficient of 0.032 mm2/s, the diffusive stepping

rate is 2D/d2 ¼ 1000 steps per second (d ¼ 8 nm), 20� higher compared

to the directed state. Thus, the motor has distinct and different properties

in the two modes. To account for the switching behavior, a modification

to Eq. 2 is required. Therefore, the MSD equation that accounts for a motor

being exclusively either in a diffusive or directed mode is derived in the

following.

The motion of a motor that switches between the different modes is

described by the Fokker-Planck equation

vp

vt
þ hðtÞy vp

vx
¼ ½1� hðtÞ�D v2p

vx2
; (3)
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where p(x,t) is the probability density of the motor being at a position x

at time t. h(t) is either 0 or 1, randomly switching between the two

values as a function of time. The number indicates whether the particle

is diffusing (h ¼ 0) or translating (h ¼ 1). Equation 3 is for one realization

of h(t) and also assumes that the average switching rate is small

compared to the stepping rate of the molecular motor, i.e., the time between

switches is long compared to the time per step. The Fourier transform of

Eq. 3 yields

v~p

vt
þ ikhy~p ¼ �k2ð1� hÞD~p; (4)

where ~p is the Fourier transform of p, k is the spatial frequency correspond-

ing to the Fourier transform of x, and i is the imaginary unit. Separating var-
iables, Eq. 4 can be written as

v~p

~p
¼ ��

k2ð1� hÞDþ ikhy
�
vt: (5)

Integration of both sides of Eq. 5 yields
ln
~p

~p0
¼ ��

k2ð1� fÞDþ ikfy
�ðt � t0Þ; (6)

where ~p0 is an integration constant, t0 is the initial time, and the time inter-

val t� t0 can be set to the time lag t. The parameter f is the time average of
h(t) over the time interval t � t0 and, thus, represents the time fraction the

motor spends in the directed state. For f ¼ 1, the motor is purely in the

directed mode, and for f ¼ 0, only diffusing. The equation holds for times

large compared to the switching time, for which case the variance of f is

small. The last equation can be rewritten as

~p ¼ ~p0exp
�� �

k2ð1� fÞDþ ikfy
�
t
�
; (7)

for which the inverse Fourier transform results in the probability density" #

pðx; tÞ ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4pð1� fÞDtp exp � ðfyt þ xÞ2
4ð1� fÞDt : (8)

The MSD is then defined by
�
x2ðtÞ� ¼ MSDðtÞ ¼

Z þN

�N

pðx; tÞx2dx; (9)

which results in
MSDðtÞ ¼ ðfytÞ2 þ 2ð1� fÞDt; (10)

where, as pointed out above, f is the fraction of the time spent in the

directed motion.
If the speed of an individual molecular motor is constant for an individ-

ual run but changes from molecule to molecule and run to run, then the

average MSD of the individual MSDs of the individual runs differs from

Eq. 10. The difference arises because of the nonlinear, i.e., quadratic,

contribution of the speed to the MSD. We assume that the speed is normally

distributed with a mean speed y0 and standard deviation sy. If we denote the

various MSDs for different runs as hx2iðtÞn, where n is the index of the

run, the expectation value of the average MSD for large n is calculated ac-

cording to��
x2
�ðtÞ�

n
¼ ð1� fÞ2hDint þ f2

�
y2
�
n
t2: (11)

The second moment of the speed, i.e., the mean-squared speed, is

hy2i ¼ y2 þ s2 (note that the variance is s2 ¼ y2 � hy2i). If we denote
n 0 y y 0
the mean diffusion coefficient by hDin ¼ D, then the final result of the

modified Eq. 10 is

MSD tð Þ ¼ 42 y20 þ s2
y

� �
t2 þ 2D 1� 4ð Þt þ 2ε2; (12)

where we have added again the offset 2ε2 related to the tracking precision

and image acquisition. Because the MSD has a linear dependence on the
diffusion coefficient, a distribution in the diffusion coefficients does not

affect the equation. For a small variance in speed relative to the mean,

Eq. 12 reduces to Eq. 10. Equation 12 corresponds to the MSD equation

stated in the main text.

If the mean speed and standard deviation are known, the parameters D

and f can be calculated from a parabolic fit, MSD ¼ A2t2 þ Bt þ C, to

the overall MSD (Fig. 2 c in the main text) by the following relations

D ¼ B=2

1� Affiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y20 þ s2

y

p (13)

and
f ¼ Affiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y20 þ s2

y

p : (14)

APPENDIX B: SCI ANALYSIS

To determine the speed of the motor, we performed an SCI analysis (34).

The SCI analysis relies on the temporal correlations of the speed of individ-

ual molecules. This correlation exists and persists for directed motion but

disappears for Brownian motion. A MATLAB script was written to analyze

the trajectories of each molecule. The SCI parameter is a normalized

average over an optimal time window, which provides a local analysis

whether speeds are correlated or not. In particular, the switch times between

diffusive and directed segments were analyzed by defining a threshold for

temporal correlations. The SCI analysis cannot distinguish between diffu-

sive and stationary events. Thus, we identified the latter by comparing

the root mean-squared positional noise sx of the segments with that of sta-

tionary motors taken from immotile POK2 bound to microtubules. For a

threshold of sx < 32 nm, segments were classified as being stationary.

For our frame time of 0.1 s, we used a window size of four data points

with an SCI threshold of 0.8. From 113 original POK2 trajectories, 95

traces were long enough for the SCI analysis. The algorithm found 65 diffu-

sive, 114 directed, and 21 stationary segments. The relative time POK2

spent in the diffusive, directed, and stationary mode were 29%, 63%, and

8%, respectively. All diffusive and directed segments are shown in

Fig. S7. The mean duration of the diffusive and directed segments were

0.8 5 0.1 s and 1.1 5 0.1 s, respectively (Fig. S6). The mean speed and

standard deviation of directed segments weighted by their number of data

points was 430 5 170 nm/s (Fig. 2 e). A Shapiro-Wilk test confirmed a

normal distribution of speeds. An MSD analysis of only the diffusive seg-

ments yielded a diffusion coefficient of 0.015 5 0.001 mm2/s (Fig. S5).

However, the mean displacements of diffusive segments still showed a sig-

nificant bias over time (Fig. S7). Such a bias is inconsistent with pure diffu-

sion and indicates that the SCI analysis did not fully separate directed and

diffusive segments. This bias remained for all tested combinations of SCI

parameters, i.e., variations of window size and thresholds. Thus, our time

resolution and tracking precision was not sufficient for the segmentation.

Therefore, we conclude that POK2 sometimes switched between modes

faster than or on time scales comparable to the data acquisition time. An

observation consistent with this conclusion is the lack of short diffusive

segments due to the SCI algorithm when comparing the distribution to

the expected exponential distribution (Fig. S6). Apart from the cutoff

at short times, segments containing very short periods of directed and
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diffusive motion are identified as diffusive segments by the algorithm. As a

consequence, the diffusion coefficient obtained from the MSD analysis of

the diffusive segments is underestimated, because during short directed pe-

riods, the motor takes far fewer steps compared to when it is in its diffusive

mode (see Appendix A). Yet we expect that long directed segments and

their parameters are reliably detected. One indication whether directed pa-

rameters are reliable is that the speed is normally distributed. The mean

speed also corresponds to the mean speed that one obtains by manually

analyzing the slopes of the kymographs. Thus, Eqs. 13 and 14 can be

used to determine diffusion constant D and relative time in the directed

mode f. The derivation of Eq. 12 did not account for the possibility of a

stationary state. However, such a state only adds a constant to the MSD

and is effectively adsorbed in our constant parameter. Thus, using Eq. 13,

the diffusion constant was calculated to be 0.0565 0.008mm2/s and, using

Eq. 14, the relative time in the directed state excluding stationary segments

was determined to be 625 2%. To assess how the diffusion coefficient and

speed depends on the relative time spent in the states, we plotted Eq. 13 as a

function of the effective speed (Fig. S7). Not accounting for our standard

deviation in speed of 170 nm/s would change the time fraction to about

67%, with an increase in the diffusion coefficient of about 10%. We expect

to slightly underestimate the speed because the SCI algorithm misses short

diffusive segments. In this case, f-values might be higher and the diffusion

coefficient lower. Because our parameters fall into the range of effective

speeds, for which Eq. 13 flattens out, we do not expect a large difference

in the true diffusion coefficient of the motor.
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