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Abstract

Kinesins and myosins are motor proteins that can move actively along mi-
crotubules and actin filaments, respectively. Plants have evolved a unique
set of motors that function as regulators and organizers of the cytoskele-
ton and as drivers of long-distance transport of various cellular components.
Recent progress has established the full complement of motors encoded in
plant genomes and has revealed valuable insights into the cellular functions
of many kinesin and myosin isoforms. Interestingly, several of the motors
were found to functionally connect the two cytoskeletal systems and thereby
to coordinate their activities. In this review, we discuss the available genetic,
cell biological, and biochemical data for each of the plant kinesin andmyosin
families from the context of their subcellular mechanism of action as well as
their physiological function in the whole plant. We particularly emphasize
work that illustrates mechanisms by which kinesins and myosins coordinate
the activities of the cytoskeletal system.
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INTRODUCTION

One of the major inventions of eukaryotic cells was the evolution of cytoskeletal motors that
convert the chemical energy stored in ATP into a mechanical force (150). Combined with the
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increasing complexity of cytoskeletal arrays of actin filaments and microtubules, this active trans-
port enabled eukaryotic cells to attain much larger cell sizes and more sophisticated cell shapes.
Cytoskeletal motors are generally grouped on the basis of the type of filament they associate with:
Kinesins and dyneins generate force along microtubules, whereas myosins do so along actin fil-
aments. This review presents an overview of our current understanding of the mechanisms and
functions of kinesin and myosin motors, which are the only cytoskeletal motors found in sper-
matophytes. Although most research so far has focused on one or the other motor type, it has
become increasingly clear that the two cytoskeletal motor systems influence each other’s behavior
and control cellular function in a concerted fashion.

INTRODUCTION TO MOTOR PROTEINS

Plants encode a large number of motor proteins that can be grouped into different families on
the basis of their protein domain composition. Although some of the motors found in plants
have direct homologs in animals or other eukaryotes, a number of motor families have evolved
specifically in plants and are not found in other clades. In this section, we discuss the composition
of the plant cell motor pool and outline what we know about the basic enzymatic functions of
plant motors.

Plants Encode a Unique Complement of Motor Proteins

Angiosperm genomes contain anywhere from 41 to 61 kinesin genes and 7 to 27 myosin genes,
meaning that, relative to animals, plants contain fewer myosins and more kinesins (81, 105, 108).
The reason for this difference is not clear, but the various contractile and sensory processes that are
unique to animals may have required gene duplication and functional diversification of myosins
that were not needed in plants. In contrast, land plants construct several unique microtubule
arrays and also lack dynein, which catalyzes the bulk of minus-end-directed transport in animals.
Together, these conditions may have driven the increase in kinesin numbers in plants, particularly
the increase in the kinesin-14 family, which is predicted to mediate minus-end-directed transport
(see the section titled Motors and Cargo Transport, below).

At a very general level, all plant motors consist of two (or more) heavy chains that generate
mechanical force and several light chains that stabilize, and/or regulate the activity of, the heavy
chains. The heavy chains typically consist of four protein domains (Figure 1a). First, a motor
domain provides the propulsive force by translating the energy released from ATP hydrolysis
into a conformational change. Second, a neck domain acts as a lever arm to translate the small
movement within the motor domain into a much larger step. Third, a dimerization domain allows
two ormoremotors to function as a single unit. Finally, a cargo-binding domain couples themotor
to other cellular components that aremoved by themotor. Variations on this general scheme allow
for different functional specialization of the different motor families.

Myosin motors form two families in plants. Myosin proteins are found in almost all eukary-
otes and are grouped into separate families on the basis of sequence similarity within their motor
domain. These myosin families are traditionally referred to as classes and are labeled with ro-
man numerals (16). Interestingly, this grouping is also reflected in the overall protein domain
composition of the different classes, suggesting that motor domains and other functional domains
coevolved (59).Of themore than 30 classes ofmyosins found in eukaryotes (88, 119), all plants from
chlorophytes to angiosperms encode only two: myosin VIII and myosin XI. Whereas genomes
of algae and early-branching terrestrial plants up to Selaginella (Lycopodiopsida, or clubmosses)
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Figure 1
Domain organization and ATPase cycle of kinesin and myosin motors. (a) The heavy chain of motor proteins consists of a globular
motor domain, which binds ATP and the respective cytoskeletal filament. All plant myosins and most plant kinesins contain the motor
domain at the N terminus of the protein. In the case of the kinesin-13 and kinesin-14 families the motor domain is in the middle and at
the C terminus of the protein, respectively. The neck domain serves as a lever arm. The coiled-coil domains function as dimerization
interfaces, and the globular tail domain binds to cargo. Abbreviation: ARM repeats, armadillo-like repeats. Myosin VIII in angiosperms
has an N-terminal extension, MyTH8, of unknown function ( gray). (b) ATP hydrolysis cycle of myosin motors. Myosin (M) has a low
affinity for actin filaments (A) when bound to ATP. The power stroke occurs upon release of inorganic phosphate (Pi) after ATP
hydrolysis. (c) ATP hydrolysis cycle of kinesin motors. Kinesin (K) has its lowest affinity for microtubules (MTs) when bound to ADP.
The power stroke occurs upon ATP binding.
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contain only a single type of both myosins VIII and XI, sometimes with several closely related
paralogs, there has been a wide range of duplications and sequence divergence in angiosperms,
suggesting increasing functional specialization in more recently evolving plants. Specifically, an-
giosperms encode two types of myosin VIII and at least five types of myosin XI, with additional
genome duplications leading to a total of eight myosin XI types in eudicots (81). The paucity
of genome information from Polypodiopsida (ferns) and gymnosperms does not allow for any
inferences about subfunctionalization of myosin genes prior to the emergence of angiosperms.

For the remainder of this discussion, we use the systematic gene nomenclature that emerged
from the recent comprehensive analysis of 67 complete plant genomes (81) but mention the
original gene names in parentheses (55, 56, 104, 106).

Myosin XI is similar tomyosin V in animals and fungi. Class XImyosins have a similar domain
organization as class V myosins in animals and fungi (55). This similarity is clearly apparent in the
length of the neck region and the C-terminal globular cargo-binding domain. For both classes
of myosins, the neck typically consists of six IQ motifs, and the globular tails in both cases are
formed by the DIL domain, which is named after the mouse myosin V Dilute (MyoVa) protein
(69). Homology modeling and experimental validation of subdomain interactions suggest that the
myosin XI DIL domain can assume a conformation similar to that of myosin V despite low levels
of sequence conservation (67). Interestingly, the weak conservation of amino acid residues in the
DIL domain is concentrated in buried residues (67), suggesting that selection pressure acted on
preservation of protein folding while the surface of this domain was free to evolve new interactions
with other proteins (see the section titled Motors and Cargo Transport, below). The presence of
a DIL domain in both myosins V and XI strongly suggests that this is an ancient type of motor
that existed before the divergence of opisthokonts (animals, fungi, amoeba) and bikonts (plants
and many protists) (107, 119).

Myosin XI motors function as dimers that can walk processively along actin filaments (145),
and these myosins are generally assumed to drive cytoplasmic streaming. This processive walking
is facilitated by the relatively long neck region because it allows for steps of 35-nm length, which
matches the half-helical repeat of actin filaments. This correspondence of myosin step size and
actin structure allows the myosin to remain on the same side of an actin filament without the need
to spiral around it. Motor dimerization is mediated by the coiled-coil domain, as demonstrated
for Arabidopsis Myo11F (MYA1). In this case, the interaction between monomers is remarkably
weak and can be detected only in the presence of the cargo-binding domain (68). This finding
suggests that motor dimerization and cargo binding are coordinated processes, which ensures that
processive motor dimers are formed only when bound to the surface of an organelle (68).

Myosin VIII is unique to plants. Class VIII myosins emerged early in plant evolution and are
unique to this lineage. This group of myosins typically has a neck region consisting of only three
or four IQmotifs and amuch shorter coiled-coil region than does myosin XI. The C-terminal tails
show some sequence conservation, most notably a double tryptophan motif near the C terminus
(81). The function of this motif is not known. At the N terminus, myosin VIII genes of terrestrial
plants (Embryophyta) contain a conserved extension (MyTH8) of unknown function.

There are relatively few studies ofmyosinVIIImotors in floweringplants.TheMyo8C (ATM1)
protein of Arabidopsis has been localized with specific antibodies to the cell periphery, cell plates,
newly formed cross-walls, and plasmodesmata (106). These localizations were confirmedwith full-
length fusions to GFP under control of the native promoter in both wild-type and myo8c mutant
plants (40, 151). In addition, truncated myosin VIII tail constructs were found to localize to
small intracellular structures that seemed to align on actin filaments (40) and that may represent
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endosomes (34, 115). While these localizations may suggest specific functions of myosin VIII
in angiosperms, genetic evidence for any of these functions is still lacking. Recent progress in
understanding myosin VIII function in Physcomitrella is described below (see the sections titled
Motors and Cytoskeletal Organization and Motor Proteins andWhole Plant Physiology, below).

Kinesin motor inventory in plants is distinct from that in animals. Kinesins belong to a large
superfamily and are classified into 14 families on the basis of the amino acid sequence of the motor
domains (63). In the plant kingdom, some of these families are absent in certain lineages, whereas
others have expanded substantially (108). For example, the kinesin-2 and kinesin-9 families, which
are involved in flagellar assembly andmotility, are prominently absent in angiosperms because an-
giosperms lack flagella, but these two families are present in the chlorophyte alga Chlamydomonas
reinhardtii and the bryophyte Physcomitrella patens, which possess motile flagella as part of their
life cycles (108, 122). In contrast, the kinesin-3 and kinesin-11 families appear to be totally absent
in plants (108, 122). Moreover, the kinesin-14 family is vastly overrepresented in plants compared
to animals. Both P. patens and angiosperms contain a large number of kinesin-14s, probably to
perform functions related to microtubule organization and cargo transport that are accomplished
by dynein in animal cells (169) (see the sections titled Motors and Cytoskeletal Organization and
Motors andCargoTransport, below). The kinesin-7 and kinesin-12 families have also expanded in
plants and appear to have taken on new functions compared with their animal versions. Whereas
animal kinesin-7s are involved in kinetochore capture and chromosome movement during mi-
tosis, the Arabidopsis NACK1 and NACK2 kinesin-7s are involved in phragmoplast expansion
during cytokinesis (84, 141). In addition, the Arabidopsis MKRP1 and MKRP2 kinesin-7s con-
tain a mitochondrial targeting sequence and are thought to function within mitochondria (50).
Similarly, unlike animal kinesin-12s that contribute to spindle assembly and organelle transport,
the Arabidopsis PAKRP1 and PAKRP2 kinesin-12s and their Physcomitrella orthologs, KINID1a
and KINID1b, are involved in the organization of phragmoplast microtubules (43, 44, 65, 94).
Other plant kinesin-12s such as the Arabidopsis POK1 and POK2 contribute to the function of the
preprophase band (67, 70, 134). Therefore, the localization and function of plant kinesins cannot
be readily inferred from their animal counterparts. For the remainder of this review, we follow the
standardized kinesin nomenclature but also provide the original gene name to avoid confusion.

Enzymatic Activity of Motor Proteins Translates Chemical Energy
into Mechanical Force

The fundamental function of both kinesin and myosin motor proteins is the generation of me-
chanical force along cytoskeletal elements. Recent progress has revealed new insights into the
basic mechanochemistry of these motors, which we discuss below.

The ATP hydrolysis cycle drives conformational changes in the motor domain. Both
myosins and kinesins are typical P-loop NTPases that share structural similarities and the ba-
sic hydrolytic mechanism between each other and with G proteins (149). Within the two motor
families, the enzymatic cores are highly conserved with respect to their homologs in animals and
fungi. As such, the basic hydrolytic cycle and the ensuing conformational change can be easily
projected onto plant motors. Crucially, the ATPase cycle controls the strength of filament binding
of the myosin and kinesin motor domains, thus providing a mechanism for the motors to cycle
between bound and unbound states. Interestingly, binding and release occur at different points of
the ATP hydrolysis cycle for the two motor families (Figure 1b,c). The conformational changes
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during nucleotide binding, hydrolysis, and release are used to drive the movement of the motor
along the cytoskeleton.

By combining twomotor domains into a functional unit via a dimerizationdomain, the domains’
activities can be coupled for a continuous binding and unbinding cycle that allows the motor to
repeatedly step along the cytoskeletal filament in a hand-over-hand mechanism. This continuous
or processive movement is possible only if at least one motor is bound to the filament at any
moment in time. Put another way, the motor must remain in a bound state for more than half of
the total enzymatic cycle (tbound/ttotal > 0.5). This parameter is termed duty ratio and can be used
to identify processive motors.

The small conformational change in the motor domain that drives movement is termed the
power stroke. An α-helical neck region that extends from the motor domain converts this small
change into a much larger displacement, thereby producing the characteristic step for any given
type of motor. Larger step sizes translate into faster movements, which explains why the fastest
myosins have long neck regions. In the case of myosins, the neck region is bound and stabilized
by light chains that are typically calmodulin or calmodulin-like proteins. These light chains also
introduce a mechanism to regulate the motor’s activity by sensing calcium. At high calcium con-
centrations, single calmodulin chains can dissociate from the neck, thereby decreasing the step
size and slowing down movements (144).

Movement ofmotors depends on turnover rates, duty cycle, and processivity. Plant kinesins
vary greatly in speed and processivity, but limited information is available about the structural
determinants of these motile properties. Experiments with animal kinesins identified the length of
the neck linker to be a major determinant of processivity in vitro (120, 121). Recently, structure-
function analysis of the neck linker and neck coiled-coil domains of theArabidopsis FRA1 kinesin-4
showed that both the charge and length of these domains affect processivity of themotor domain in
vitro (31). However, genetic and live-imaging experiments showed that themotility of these FRA1
mutants can differ dramatically in vivo, sometimes even showing results opposite to the in vitro
results (31). Therefore, in vitro structure-function experiments should be coupled with in vivo
cell biological analyses to identify physiologically relevant determinants of kinesin motility. The
number of kinesins on a cargo also greatly affects the processivity of transport, as exemplified by the
P. patens KCBP-b kinesin-14 (51, 167). Whereas individual KCBP-b motors are nonprocessive,
multiple KCBP-b motors on a cargo lead to processive motility, likely by providing multiple
microtubule binding sites that keep the cargo attached to the microtubule track between ATPase
cycles of the individual motors.

As plant myosin XI motors are the fastest known myosins, considerable work has been done
to study their underlying mechanochemistry. Myosin XI motors drive cytoplasmic streaming that
can reach speeds of 14 μm/s in angiosperms (126) and 60 μm/s in charophycean algae (53) (see the
section titled Motors and Cargo Transport, below). In addition, purified myosin XI from Chara
is able to propel actin filaments in vitro at 60 μm/s (42). These high speeds are made possible by
a very fast ATP hydrolysis rate of almost 400 s−1, which is driven primarily by the rapid release
of ADP at the end of the reaction (48). Given that tight myosin-actin binding is lost when ATP
enters the binding pocket in the motor domain, this fast ADP release also results in a very low duty
ratio of <0.3 (48). Thus, Chara myosin XI is a very fast, but not processive, motor, and the high
speeds of cytoplasmic streaming found in this species are possible only because of the simultaneous
action of many motors along an array of parallel actin filaments (161).

The situation is different for angiosperm myosins, which have a much higher duty ratio [e.g.,
0.7 for Myo11F (MYA1) (37) and 0.9 for Myo8C (ATM1) (40) of Arabidopsis] and are therefore
processive motors. Although some of themotors still reach high velocities [∼7 μm/s for aMyo11B
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ofNicotiana tabacum (145)], others have slower hydrolysis cycles [∼3.2 μm/s for Myo11F (MYA1)
of Arabidopsis thaliana (37)], suggesting that some of the speed variation found for organelle move-
ments (see the section titled Motors and Cargo Transport, below) may be attributable to the
action of different motors. Recently, it was found that Myo11G (XI-I) of Arabidopsis, which is
found predominantly on the nuclear envelope (5, 140), is a very slow motor, supporting speeds of
only 0.25 μm/s (41). This motor is thus in the same category as Myo8C (ATM1), which has been
proposed to functionmore as a tension sensor or generator than as amotor for long-distance trans-
port of cargo (40). This recently uncovered variation in enzymatic characteristics of myosin XI
isoforms suggests that these motors have evolved to perform different specialized functions, pos-
sibly analogous to the wide range of myosin classes found in animals (88). It will be interesting
to correlate the different enzymatic parameters such as actin affinity and ADP release rates with
structural features of the individual motor domains (23, 49) to enable at least a rough prediction
of the motor properties of uncharacterized myosins.

MOTORS AND CYTOSKELETAL ORGANIZATION

The microtubule and actin cytoskeleton together orchestrate critical cellular processes such as
membrane trafficking, signaling, morphogenesis, and division. The functional versatility of these
cytoskeletal systems depends on their ability to dynamically organize into structurally distinct
arrays. Here, we discuss the mechanisms by which kinesins and myosins contribute to the forma-
tion, maintenance, and function of cytoskeletal arrays (Table 1). Because actin and microtubule

Table 1 Functions of plant motor proteins in different cytoskeletal arrays

Cytoskeletal array Motor protein Known or proposed function Reference(s)

Interphase cytoskeleton in
diffusely growing cells

Kinesins
KCBP (kinesin-14) Cross-links microtubules and/or microtubules

and actin filaments
142

KRP125c (kinesin-5) Cross-links microtubules 8

Kinesin-13A Depolymerizes microtubules 86

Kin7 (kinesin-7) Promotes microtubule polymerization 80

KCH (kinesin-14) Transports actin filaments along microtubules 158

FRA1 (kinesin-4) Promotes secretion of noncellulosic cell wall
material

58, 170

Myosins

Myo11B2, Myo11E,
Myo11F (myosin XI)

Transport organelles; deform and bundle
actin filaments

14, 100, 101

Interphase cytoskeleton in
tip-growing cells

Kinesins
ARK1 (orphan kinesin) Promotes catastrophe of endoplasmic

microtubules
25

KINID1a and KINID1b
(kinesin-12)

Focus microtubule plus ends at the growing
tip

44

Myosins

Myosin XI Delivers regulators of actin polymerization to
the growing tip (Physcomitrella patens)

30

Myosin XI Transports organelles; dynamic actin
rearrangement and organization

72, 96, 100

(Continued )
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Table 1 (Continued )

Cytoskeletal array Motor protein Known or proposed function Reference(s)

Preprophase band (PPB) Kinesins

POK1 and POK2
(kinesin-12)

Retain markers of the cortical division site 70, 134

ARK3 (orphan kinesin) Contributes to PPB formation or maintenance 62, 73

KCBP (kinesin-14) Unknown function at the PPB site 12

Myosins

Myosin VIII Unknown function at the PPB site 162

Spindle apparatus Kinesins

KRP125c (kinesin-5) Cross-links and stabilizes interpolar
microtubules

8, 76

ATK1 (kinesin-14) Translocates microtubules to the spindle poles 15, 75

ATK5 (kinesin-14) Cross-links and organizes microtubules at the
spindle midzone and poles

2, 3

Phragmoplast Kinesins

PAKRP1 and PAKRP2
(kinesin-12)

Stabilize antiparallel microtubules at the
phragmoplast midzone (Arabidopsis thaliana)

65, 94

KINID1a and KINID1b
(kinesin-12)

Stabilize antiparallel microtubules at the
phragmoplast midzone (P. patens)

43, 44

NACK1 (HIK) and
NACK2 (TES) (kinesin-7)

Promote disassembly of the phragmoplast
midzone

84, 141

Kin4-Ia and Kin4-Ic
(kinesin-4)

Inhibit microtubule growth at the
phragmoplast midzone (P. patens)

21

KCBP (kinesin-14) Pulls on peripheral microtubules to orient the
phragmoplast

12

Myosins

Myosin VIII Incorporates peripheral microtubules into the
phragmoplast; pulls on actin filaments to
orient the phragmoplast

162

systems often appear to work in a coordinated manner, we highlight how motor proteins me-
diate interaction between these two cytoskeletal systems, either indirectly through intermediary
proteins or directly through binding to both microtubules and actin filaments.

Motor Proteins Regulate Cytoskeletal Dynamics and Organization
During Cell Growth

The spatial organization of the microtubule and actin cytoskeleton during interphase determines
the growth and shape of cells (Figure 2a). Typically, the microtubule cytoskeleton is thought to
drive diffuse cell growth by orienting the deposition of cellulose microfibrils (138), whereas the
actin cytoskeleton is considered to drive tip cell growth by mediating the transport of secretory
vesicles to the growth site (109). However, accumulating evidence discussed below indicates that
both cytoskeletal systems are important for diffuse cell growth and tip cell growth, perhaps by
increasing the fidelity or efficiency of the cellular activities required for these growth processes.
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Microtubule KCBP

Chromatin Kin13A

Actin filament AtKRP125c

Preprophase band Spindle apparatus Phragmoplast

Cell elongation axis

Direction of growth

Diffuse cell growth

Tip cell growth

Kin7

FRA1

KCH

ARK1

POK1

KINID1a

ARK3

PAKRP1

ATK5

ATK1

Kin4-Ia Myosin XI Myosin VIIINACK1

a   Interphase cytoskeletal arrays

b   Mitotic cytoskeletal arrays

Figure 2
Distribution of kinesin and myosin motors to different cytoskeletal arrays. Microtubule ( purple) and actin
filament (red ) organization is shown during interphase (a) and mitosis (b). The tip-growing cell in panel a
represents an angiosperm root hair or pollen tube or Physcomitrella patens protonemata. The localization of
kinesin and myosin motors that are known to contribute to the organization and/or the function of these
cytoskeletal arrays is shown. In cases for which multiple kinesin or myosin isoforms are known to show
similar localization and function redundantly, only one isoform is shown for clarity. Details on the molecular
function of the individual motors are described in the text and are summarized in Table 1.

Multiple kinesins differentially regulate cortical microtubule organization in diffusely
growing cells. Several kinesin families affect the spatial organization of cortical microtubules
through a variety of mechanisms. The plant-specific KCBP (a kinesin-14 member) is thought
to contribute to the organization of cortical microtubule rings in trichomes by cross-linking mi-
crotubules. KCBP contains two microtubule-binding domains—the C-terminal motor domain
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and the N-terminal tail encompassing a MyTH4 (Myosin Tail Homology 4) domain (142)—and
bundles microtubules in vitro (54). Deletion of the N-terminal domain rendered KCBP nonfunc-
tional, supporting a role for microtubule cross-linking by KCBP (142). Interestingly, KCBP also
binds to actin filaments in vitro via an N-terminal FERM domain (142), thus raising the possibil-
ity that KCBP directly affects actin filament organization and physically connects microtubules
and actin filaments. However, the significance of the FERM domain remains unclear because
structure-function analyses indicated that it is dispensable (142).

Destabilization of microtubules is another mechanism employed by kinesins to affect cortical
microtubule organization. The best studied example in plants is kinesin-13A, which promotes mi-
crotubule depolymerization. Elegant studies of differentiating xylem vessels showed that kinesin-
13A is specifically recruited to regions of cell wall pit formation via a ROP GTPase signaling
pathway; once at these regions, kinesin-13A begins to depolymerize cortical microtubules, thus
preventing secondary cell wall deposition at these sites (86). Whereas kinesin-13A depolymerizes
microtubules in vitro, in vivo this activity requires interaction with another microtubule-binding
protein termed MIDD1 (86), which is brought to the plasma membrane by activated ROP11 (85,
87). MIDD1 is thought to be needed to target kinesin-13A to microtubules because kinesin-13A
lacks the lysine-rich neck region that contributes to microtubule binding in animals. Taken to-
gether, the ROP11-MIDD1-kinesin-13A pathway is an excellent case study of how cells spatially
control kinesin activity.

In contrast to kinesin-13A, the kinesin-7 AtKin7 functions as a microtubule stabilizer by boost-
ing microtubule rescue and reducing microtubule catastrophe (80). Like many kinesins, AtKin7 is
normally autoinhibited, presumably to prevent indiscriminate stabilization of microtubules. Acti-
vation of AtKin7 involves a novel mechanism through binding of the AtESP separase to the tail
domain of AtKin7, again highlighting the need to spatiotemporally regulate kinesin activity in
cells (32, 66).

The KCH family of kinesin-14s is a prime example of a bifunctional protein that can directly
link microtubules and actin filaments. Early electron microscopy studies showed close association
between microtubules and actin filaments (reviewed in Reference 18), suggesting a functional
interaction between them. Recent live-imaging studies confirmed this finding, and drug-washout
experiments further revealed a reciprocal dependency with regard to the efficient and appropriate
reformation of corticalmicrotubules and actin filaments (113). KCHkinesins bind tomicrotubules
and actin filaments in vitro and colocalize with microtubules and actin filaments in vivo (13, 27,
102, 148, 165). In addition, these kinesins move actively along cortical microtubules (57), indi-
cating that they may transport actin filaments along microtubules. Importantly, recent in vitro
experiments showed that a rice KCH member, OsKCH1, transports actin filaments along mi-
crotubules in vitro (158). Curiously, the velocity of transport varied greatly depending on the
orientation of the actin filaments with respect to that of the microtubules. This bias may arise
due to low torsional flexibility in OsKCH1 (158), perhaps because of a tetrameric stalk configu-
ration that may occur in this kinesin (118). The next key step is to examine whether microtubule-
based transport of actin filaments is compromised in kchmutants and, if so, whether this decreased
ability to transport actin filaments affects the organization and function of the microtubule and
actin arrays.

Myosin XI motors increase filament dynamics and affect actin organization in diffusely
growing cells. Myosinmotors in plants are best known for their effect onorganellemovement and
cytoplasmic streaming (see the section titled Motors and Cargo Transport, below), but they also
have a marked effect on the actin filaments that serve as their tracks. This effect is evident in triple
and quadruplemyosin XI knockouts (myo11b2 myo11e myo11f andmyo11b2 myo11e myo11f myo11g)
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in which the typically thick longitudinal bundles of actin filaments of leaf midvein epidermis cells
are replaced with thinner, more skewed actin bundles (101). The loss of longitudinal actin bundles
was confirmed in quantitative studies that revealed an increase in the average angle between
actin filaments and the long axis of epidermal cells of several tissues in both double (myo11b2
myo11e) and triple (myo11b2 myo11e myo11f ) mutants (14, 147). This skewing of actin filaments
was accompanied by increased disorder as measured by a decrease in parallelness in aboveground
tissues (14, 147).

The effect of myosin XI on actin filament organization may result from the direct action of
mechanical forces by the motors on their tracks. For example, repeated movement of organelles
along an actin filament network may eventually lead to parallel orientation and bundling of these
filaments (146). This model is supported by the observation that global actin dynamics are reduced
in hypocotyl and root epidermal cells of a triplemyo11b2myo11emyo11f mutant (14). Furthermore,
direct observation of the behavior of individual cortical actin filaments (129) showed a marked
decrease in filament buckling and straightening, a drop in severing frequency, and an increase in
the lifetime and length of these filaments when Myo11B2, Myo11E, and Myo11F were absent
(14). These results demonstrate that the force generated by myosin XI motors is sufficient to
deform individual and bundled actin filaments and may explain the altered global actin filament
dynamics in Arabidopsis myosin mutants.

Kinesins and myosins affect the dynamics and organization of microtubule and actin fila-
ment ends in tip-growing cells. Studies of root hairs in Arabidopsis and of caulonemal cells in
Physcomitrella have uncovered a role for kinesins in regulatingmicrotubule behavior in tip-growing
cells. In the Arabidopsis ark1-1 mutant, root hairs have more endoplasmic (but not cortical) mi-
crotubules and grow in a wavy manner (111). ARK1 is an ungrouped plant-specific kinesin, and
follow-up studies showed that it localizes to growing microtubule plus ends and triggers their
catastrophe (25). How ARK1 induces microtubule catastrophe remains to be studied, but the
mechanism does not involve the C-terminal armadillo repeat domain (ARM), on the basis of
biochemical studies using truncated ARK1 proteins (24).

In Physcomitrella, the KINID1a and KINID1b kinesin-12 family members also localize to
growing microtubule plus ends and are proposed to coalesce them to form a focused microtubule
spot at the center of the apical dome in growing protonemata (44). Curiously, myosin XI and
actin filaments also converge into an apical spot in these cells, with myosin XI accumulation at
the growing tip preceding that of actin (30). In fact, myosin XI is required to set up the initial cell
polarization and the focusing of actin filaments to a single spot for tip growth (155). It is tempting
to speculate that myosins and kinesins mediate a functional connection between actin filaments
and microtubules in these cells, similar to the situation in mouse melanocytes and budding yeast,
where adaptor proteins connect myosin V to growing microtubule plus ends to orient melanocyte
movement and the mitotic spindle, respectively (9, 164). Both KINID1a and KINID1b contain an
SxIP motif that binds to EB1 in animals (46), raising the possibility that EB1 mediates their plus-
end tracking activity. It will be interesting to determine whether KINID1a and KINID1b also
bind to myosin XI, either directly or indirectly, and to test whether such an interaction provides
a mechanism to focus myosin XI at the growing tip. Focusing of myosin XI might in turn lead to
the delivery of regulators of actin polymerization at this spot, thus resulting in a positive feedback
loop that would reinforce the polarization of the cell toward one spot (30). Conversely, a KINID–
EB1–myosin XI complex might also work to converge growing microtubule tips into a single
spot. Live imaging of these proteins along with experiments using drugs to specifically disrupt the
microtubule or actin cytoskeleton should shed light on the functional relationship between these
proteins and the resulting cytoskeletal structures.
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It is not clear whether myosin XI motors perform equivalent functions in tip-growing cells
of angiosperms. Although Myo11E (XIK) of Arabidopsis also primarily localizes to the region of
actin accumulation in the tip of growing root hairs (96, 98), it also affects global actin filament
dynamics (96), unlike myosin XI in Physcomitrella (155). In contrast, the nearly identical Myo11C1
and Myo11C2 isoforms in Arabidopsis pollen are needed for normal filament bundling (72), and
genetic redundancy in angiosperms may mask the central role of myosin XI in actin organization
in these organisms.

The Organization and Function of Mitotic Microtubule Arrays
Depend on Kinesins

During mitosis, the microtubule cytoskeleton is restructured in a stereotypical sequence to seg-
regate the nuclear and cytoplasmic contents (Figure 2b). Each of the major mitotic microtubule
arrays—the preprophase band (PPB), spindle apparatus, and phragmoplast—in turn undergoes
dynamic reorganization to perform its functions. Many of the key structural transitions and their
functions rely on kinesins, as evidenced by the finding that approximately one-third of Arabidopsis
kinesins and approximately one-half of Physcomitrella kinesins are thought to contribute to mitosis
(76, 153).

Kinesins are essential for marking the cortical division site defined by the preprophase
band. The PPB, a transient structure that is formed during prophase, forecasts the cell division
site and enhances the fidelity of division plane orientation (79, 117). How the PPB influences
events that occur in its absence during cytokinesis is a central question in plant cell biology. The
kinesin-12 family members POK1 and POK2 have emerged as core components of the machin-
ery that marks the PPB site. These kinesins localize to the PPB in a microtubule-dependent
manner and persist at the cortical division site after PPB disassembly through an unknown mech-
anism (70). At the cortical division site, these kinesins retain the cortical division site markers
TAN and RanGAP1, which localize to the PPB independently of POK1 during prophase (70,
157, 166). Recently, POK1 was also found to recruit pleckstrin homology GAPs (PHGAPs) to
the cortical division site during metaphase (134). These GAPs interact with multiple ROPs and
therefore have the potential to regulate cytoskeletal dynamics and membrane trafficking during
cytokinesis. Interestingly, Myo8A of Physcomitrella also accumulates at the cortical division site
in tobacco BY-2 cells and, curiously, in moss, which does not form a PPB (162). The recruit-
ment of multiple proteins to the cortical division site at different stages of mitosis may reflect a
maturation process that makes the site competent for phragmoplast guidance and fusion. Alter-
natively, at least some of them may function redundantly, as evidenced by the weaker phenotypes
of the tan1 and phgap mutants relative to the pok1 pok2 double mutant (70, 134). This interpre-
tation is also compatible with the stronger phenotype of myosin VIII knockouts in Physcomitrella
(162) relative to Arabidopsis (139), because moss lacks PPBs and possibly also cortical division
site markers such as TAN that could provide redundant pathways to orient the cell plate in
angiosperms.

Many other kinesins also localize to the PPB and/or to the PPB-defined cortical division
site. One of them is the ungrouped kinesin ARK3 (AtKINUa), which accumulates at the PPB,
most notably in stomatal meristemoid cells (62, 73). Targeted downregulation of ARK3 in the
stomatal lineage leads to clustering of stomata that is associated with misoriented cell division
planes (62). The function of ARK3 at the PPB is still unclear, but the finding that ARK3
degrades rapidly during PPB disassembly following nuclear envelope breakdown (73) suggests
that it may contribute to PPB formation and/or maintenance, either directly or through other
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proteins that may interact with its ARM domain. KCBP is another kinesin that localizes to the
PPB and persists at the cortical division site through mitosis (12). Retention of KCBP at this site
depends on itsN-terminalMyTH4-FERMdomain,whichmaydirectly interactwith plasmamem-
brane lipids on the basis of the finding that the Physcomitrella KCBP ortholog binds to liposomes
(167).

Morphology of the spindle apparatus depends on plus- and minus-end-directed kinesins.
Spindle morphology and dynamics depend on forces generated by kinesins that act in the cen-
tral overlap zone. Plus-end-directed kinesins typically generate poleward forces that elongate
the spindle, whereas minus-end-directed kinesins mostly generate inward forces that shorten the
spindle. The tetrameric kinesin-5 motors are one of the major plus-end-directed kinesins in the
spindle. The Arabidopsis kinesin-5 AtKRP125c localizes to the spindle, and conditional loss-of-
function mutants show monopolar or splayed spindles (8), consistent with their predicted role in
cross-linking and stabilizing antiparallel microtubules in the spindle midzone. The Physcomitrella
kinesin-5s also localize to the spindle, most conspicuously toward the spindle poles, where parallel
microtubules dominate (76). The motility and directionality of the various plant kinesin-5s need
to be determined to begin to make sense of how they might affect microtubule organization in
different regions of the spindle.

ATK1 andATK5 are twominus-end-directed kinesin-14s that localize to the spindle apparatus.
In the atk1-1 mutant, both mitotic and male meiotic spindles appear multipolar (15, 75). This
defect correlates with reduced microtubule accumulation at spindle poles, suggesting that ATK1
is needed to translocatemicrotubules to the spindle pole. ATK1 is a nonprocessive kinesin (74), and
the finding that ATK1 function is dosage dependent is consistent with multiple ATK1 molecules
being needed for effective microtubule translocation (75). The lack of spindle bipolarity in atk1-1
leads to abnormal chromosome segregation during meiosis and to reduced male fertility, whereas
in mitosis this defect is corrected by anaphase, perhaps due to functional compensation by other
minus-end-directed kinesins such as ATK5. Mitotic spindles in the atk5-1 mutant are indeed
abnormally broad (3), supporting this notion.However, themicrotubule plus-end tracking activity
of ATK5 and the conspicuous localization to the spindle midzone indicate additional roles for
ATK5 (3). In vitro experiments in which ATK5 captured and coaligned microtubules in both
parallel and antiparallel orientations (2) suggest that ATK5 may contribute to the formation of
both the spindle midzone and poles. Multiple mechanisms for spindle pole formation may be
particularly important in plants because of the absence of centrosomes and dynein, which perform
these functions in animal cells.

Both kinesins and myosins are involved in the formation, expansion, and guidance of the
phragmoplast. The phragmoplast is the plant cytokinetic apparatus. It arises from microtubules
derived from the anaphase spindlemidzone and appears as a disk-shaped structure consisting of two
antiparallel sets of microtubules. As the phragmoplast expands outward, the central microtubules
are disassembled to generate a ringlike structure that ultimately inserts at the cortical site defined
by the PPB. The task of the phragmoplast is to spatially direct vesicles containing cell wall material
to construct the cell plate that physically divides the daughter cells (see the section titled Motors
and Cargo Transport, below). Kinesins contribute to the antiparallel microtubule organization of
the phragmoplast, which is particularly important for its structure and function. Kinesin-12 mem-
bers in both Arabidopsis (PAKRP1 and PAKRP2) and Physcomitrella (KINID1a and KINID1b)
localize to the phragmoplast midzone and are needed for stable antiparallel microtubule organi-
zation (43, 44, 65, 94). As the phragmoplast matures, this stable midzone disintegrates to enable
phragmoplast expansion through a mechanism that involves kinase pathways. The best studied
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pathway involves the kinesin-7s NACK1 and NACK2 (HIK and TES), which initiate a MAP ki-
nase cascade (84, 141) that ends up phosphorylatingmicrotubule-bundlingMAP65 proteins (114),
thus destabilizing the phragmoplast midzone and promoting microtubule turnover. In pollen, an
additional pathway involves interaction between the kinase TIO (Two-In-One) and kinesin-12A
and kinesin-12B (89). Because interaction with kinesins is reduced in active-site mutations of TIO
(89), disassembly of the phragmoplast core likely involves phosphorylation of kinesin-12s and pos-
sibly other substrates. Recent work on Physcomitrella kinesin-4s has underscored the importance
of the extent of microtubule overlap in the phragmoplast midzone for correct cell plate formation.
In cells lacking Kin4-Ia and Kin4-Ic, microtubules overlap more extensively at the phragmoplast
midzone, and this defect correlates with a reduced phragmoplast expansion rate and abnormally
thick and malformed cell plates (21). The N-terminal domain of Kin4-1c inhibits microtubule
growth in vitro (21), suggesting that these kinesins keep the region of microtubule overlap short
by regulating microtubule polymerization.

An exciting recent development was the discovery that myosin VIII and actin filaments are in-
volved in phragmoplast guidance, providing another example of a functional interaction between
microtubule and actin cytoskeletal systems. During anaphase, Physcomitrella Myo8A localizes to
the cortical division site and to the plus ends of microtubules at the leading edge of the phragmo-
plast (162). In addition, actin filaments extend between the phragmoplast and the cortical division
site and facilitate the incorporation of peripheral microtubules into the growing edge of the phrag-
moplast (162). It is thought that these actin filaments are stabilized with their minus ends at the
cortical division site by Myo8A, which would be consistent with the slow action of Myo8C from
Arabidopsis (40), which also steers the phragmoplast. In this model, these actin filaments could steer
the phragmoplast to the cortical division site and also function as tracks for the Myo8A motors at
the plus ends of the phragmoplast peripheral microtubules to guide these microtubules into the
expanding phragmoplast (162). It is not known how the different localizations of myosin at the
plasma membrane and microtubule plus ends are achieved. In Arabidopsis, the kinesin-14 KCBP at
the division site has been proposed to facilitate phragmoplast guidance by pulling onmicrotubules
at the growing phragmoplast edge (12), although this mechanism remains to be experimentally
verified. Given the importance of phragmoplast guidance to cytokinesis and the fact that both
microtubules and actin filaments have been observed to extend from the phragmoplast to the
cell division site, it will be interesting to determine whether the microtubule and actin cytoskele-
tal systems provide redundant mechanisms to ensure accurate phragmoplast guidance. Alterna-
tively, angiosperms and bryophytes may have evolved to use different systems for phragmoplast
guidance.

In summary, both kinesin and myosin motors play a major role in regulating the dynamics and
organization of the microtubule and actin cytoskeleton. In some cases, the effect of the motor
proteins seems to form a positive feedback loop that reinforces the function of the cytoskeleton
and motors (for example, myosin XI’s effect on actin bundling), whereas in other cases they
generate negative feedbacks that dampen a response (for example, kinesin-13A’s disassembly of
microtubules). Although these functions often seem to be limited to the filament that serves as
a track for the respective motor, there is also increasing evidence for a kinesin effect on actin
filaments and for a myosin effect on microtubules. Future research will have to establish the
regulatory mechanisms that coordinate these processes.

MOTORS AND CARGO TRANSPORT

Molecular motors exert their function by moving cellular components, their cargo, along cy-
toskeletal filaments. These movements encompass the broad, seemingly undirected movements
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of cytoplasmic streaming, as well as more directedmovements such as delivery of secretory vesicles
to sites of growth and transport to the forming cell plate during cell division. This section dis-
cusses our current understanding of the motors and mechanisms involved in these long-distance
movements.

Cytoplasmic Streaming Depends on the Acto-Myosin System

A classic example of long-distance transport in plant cells is cytoplasmic streaming, which was first
described for charophycean algae in the eighteenth century by Bonaventura Corti (19). These
movements are easily detectable as the rapid motions of refractive particles inside the cell and are
found in most cells of angiosperms. Despite many descriptions of cytoplasmic streaming over the
years, the precise nature of the movements is still not fully resolved. Use of fluorescent markers
has firmly established that individual organelles move during cytoplasmic streaming (11, 17, 110,
152); however, it is still not clear to what extent bulk flow of cytoplasm (26) occurs in cells other
than those of Chara. Most studies have focused on movement of organelles, for which speeds of
up to 14 μm/s have been reported (126). These organelles frequently alter their behavior between
fast, directional travel and slow, locally confinedmovements reminiscent of Brownianmotion (see,
for example, 83). Inhibitor treatments revealed that these movements are actin dependent, which
suggested that myosins, as actin-based motors, drive cytoplasmic streaming (124). This conjecture
was ultimately confirmed by reverse genetic approaches in the model species A. thaliana, in which
loss of single ormultiplemyosinXI–coding genes resulted in reducedmovement speeds of different
organelles (72, 100, 101, 103, 147).

Specificity of Myosin Motors as Determined by Mutant Analysis
Appears to Be Low

The effect of the myosin knockout mutants was unexpectedly nonspecific, with a single mutation
in myo11e (xik) resulting in slower movements of several organelles (Golgi stacks, peroxisomes,
mitochondria, and the ER) (100, 147). In addition, none of the affected organelles stopped com-
pletely upon loss of a single myosin isoform and were instead affected by mutations in different
myosin genes. For example, peroxisomes were slower in bothmyo11b2 (mya2) andmyo11emutants
(100). These results suggested broad, nonspecific activities of myosin motors, with overlapping
functions for several organelles. By contrast, loss of the nearly identical pollen-specific myosins
Myo11C1 (XIC) and Myo11C2 (XIE) resulted in dramatic reduction in peroxisome and Golgi
stack movements, whereas secretory vesicles labeled with YFP-RabA4d showed nearly normal
motility near the tips of growing pollen tubes (72). Thus, secretory vesicles are being propelled
by myosins other than Myo11C1 and Myo11C2, suggesting more specificity of myosin-organelle
interactions in certain cases. At this time, it is not clear how these sometimes conflicting results
about specificity and redundancy within themyosin XImotor family can be resolved with a simple,
coherent explanation. In fact, at least three different models have been proposed to explain the
observations (reviewed in 33) (Figure 3a).

In the first model, every organelle associates with its own motor to drive active movements,
although several organelles may share the same motor isoform, in analogy to what has been
found in yeast and mammalian cells (39). In the second model, only the ER binds myosins at
its surface, whereas other organelles attach to the ER to achieve motility in an indirect way
(131). In the third model, the active movements of a few organelles with motors on their sur-
face generate a hydrodynamic flow that then leads to the passive movement of other organelles
(97). The currently available data do not favor one of these three models, and localization and
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b   Tip growth

c   Diffuse growth: vesicle secretion

Direct-active movement

Passive movement

Indirect-active movement

a   Motility models

Actin filament

Microtubule

Plasma membrane

Organelle

Myosin
Actin

Myosin-associated 
organelle

Vesicle

Vesicle

Kinesin

Golgi

ER

Figure 3
Transport of organelles by myosin motors. (a) Three motility models attempt to explain organelle motility.
Direct-active movement assumes that every organelle (cyan) requires binding of a myosin motor to its surface
to achieve motility. Indirect-active movement assumes that only the endoplasmic reticulum (ER) ( gray)
associates with myosin motors and that all other organelles bind to the ER to achieve movement. Passive
movement assumes that most organelles do not bind to myosin motors but get dragged along in a
hydrodynamic flow generated by other, myosin-associated organelles ( gray circle). (b) Myosin motors
transport organelles and secretory vesicles to the tip of root hairs and pollen tubes. The polarity of cortical
and internal actin filaments (red ) leads to reverse fountain streaming. Small secretory vesicles can enter the
actin-free zone in the apical dome, where they passively move with bulk flow (black arrows). (c) Secretory
vesicle movement during diffuse growth. Myosin motors move Golgi stacks and trans-Golgi networks along
actin filaments (red ). Secretory vesicles associate with cortical microtubules ( purple), possibly with the help
of kinesin motors, before they fuse with the plasma membrane ( gray line).
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protein-protein interaction studies that aimed to identify the cargo of myosin motors seem to
support or contradict each of the models.

Cargo Identification by Fluorescently Tagged Myosin XI Tails Suggests
Indirect Action

In principle, the cargo of a given myosin XI isoform should be labeled by a fluorescently tagged C-
terminal globular tail region of that motor protein because this domain functions as the organelle-
binding domain (67). Transient expression of fluorescently labeled globular tail constructs with
or without the coiled-coil domain revealed various localizations of the different isoforms, ranging
from discrete puncta that colocalized with specific organelle markers to broad, seemingly diffuse
labeling of the cytoplasm (5, 67, 116, 128). These results suggest that different myosin isoforms
associate with different organelles and therefore carry different cargo. Curiously, these apparent
myosin cargos did not always match the organelles that showed reduced speeds in the correspond-
ing myosin mutant. In addition, overexpression of some of the myosin XI tail constructs exerted
a dominant-negative effect on the movement of a variety of organelles without localizing to them
(4, 5, 35, 127, 128), making the interpretation of these experiments difficult (154). The creation of
functional full-length Myo11E fusions that complemented themyo11emutant phenotype also did
not resolve this puzzle, because the fusion protein formed small, highly motile spots that accumu-
lated near the growing root hair tip but did not colocalize with established organelle markers (96,
98). Taken together, these results suggest that Myo11E and probably other myosins exert their
effect on organelle motility at least partially indirectly.

Protein-Protein Interactions Identify a Novel Class of Myosin-Binding
Proteins on Endomembranes

A second, independent approach to identifying myosin XI cargo is to screen for proteins that
can attach to the cargo-binding globular tail domain of the myosin. Yeast two-hybrid screens
resulted in the identification of a novel family of proteins that are defined by the presence of the
domain of unknown function 593 (DUF593) that can bind to myosin XI globular tails with a low
level of isoform specificity (61, 99, 133). This large family of 16 members in Arabidopsis and 14
members in rice, termed myosin-binding proteins or MyoB, shows remarkable variability in size
and domain organization, with some proteins containing coiled-coil domains or transmembrane
domains (45, 99). For a few MyoB proteins, their subcellular localization has been determined
with fluorescent protein fusions, although the function of these fusion proteins has not been
tested in complementation assays. In most cases, the MyoB-GFP fusions localized to small punc-
tate structures that moved rapidly through the cytoplasm and that appeared to colocalize with
Myo11E (61, 99). This likely involvement of MyoB proteins in myosin-driven motions was fur-
ther underscored by the genetic interaction between myosin xi and MyoB mutants that showed
a strong enhancement of otherwise weak phenotypes (61, 99). A further clue for the involve-
ment of MyoB proteins in organelle motility comes from the overexpression of isolated DUF593
that presumably cannot associate with organelles. In these cells, a variety of organelles showed
slower movements, suggesting that the DUF593 blockedmyosin XI binding to their normal cargo
(97).

So far, the identity of the small structures labeled by GFP-tagged MyoB proteins is, with two
exceptions, unknown. A family member in Zea mays encoded by the Floury1 gene is localized
to the ER of endosperm cells, where it plays an undefined role in protein body formation (45).
Another MyoB family member termed RISAP is localized to the trans-Golgi network (TGN)
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in a subapical domain of growing pollen tubes, where it interacts with the small GTPase Rac5
(133). Overexpression of RISAP leads to defects in pollen tube organization and secretion (133).
Although theMyoB proteins provide a mechanism that allowsmyosin XImotors to attach to some
target organelles, the structures labeled by GFP-MyoB constructs so far do not match any of the
organelles typically measured for cytoplasmic streaming, an observation that is consistent with an
indirect effect of myosins on organelle motility. Alternatively, attachment of myosin to moving
organelles may involve other mechanisms, such as the recently discovered adaptor proteins of the
MadA and MadB families (61).

Myosins Can Bind To and Move RNA Processing Bodies

A recent discovery suggests that myosin XI motors can also directly move structures that are not
defined by a limiting membrane. RNA processing bodies (P-bodies) are ribonucleoprotein com-
plexes that function in translational repression of mRNAs, gene silencing, andmRNAdegradation
(7). P-bodies can move through plant cells in patterns that are similar to those of conventional,
membrane-bounded organelles (38), and these directed movements are reduced in myosin xi mu-
tants (128). To test for the potential involvement of myosin in these movements, the interaction
between several myosin XI tail constructs and a central component of P-bodies, DECAPPING
PROTEIN1 (DCP1), was examined with a yeast two-hybrid assay, pulldown of bacterially ex-
pressed proteins, and bimolecular fluorescence complementation in tobacco leaves (132). Inter-
estingly, this interaction appears to extend across large phylogenetic distances, as mouse and yeast
myosin V tails can also interact with Arabidopsis DCP1 (132). This finding is highly remarkable,
as most of the conserved residues between myosin V and XI globular tails are buried deep inside
the folded domain and very few amino acid residues on the surface are conserved (67). Impor-
tantly, this discovery indicates that active cytoplasmic streaming may involve many more cellular
components than the large organelles commonly used as markers.

Taken together, the evidence presents a complex picture of myosin action during cytoplasmic
streaming. Although there is mounting evidence for direct interaction of myosins with cargo by
specific adaptor proteins, which would support a direct-active transport process, there are also a
number of instances in which the mutant phenotype and localization data point to a more indirect
action of the motors. It remains to be seen whether these complexities can be explained by an
indirect-active transport model (131) or by a passive flux (97). An additional complication is the
feedback of myosin XI activity on actin dynamics and organization (see the section titled Motors
and Cytoskeletal Organization, above) (14, 96, 101), because organelle motility depends on the
organization of actin filaments, particularly the availability and organization of F-actin bundles (1).

Interphase Nuclear Motions Are Driven by a Myosin Motor
on the Nuclear Surface

In contrast to the above examples,Myo11G (XI-I) has a direct effect on nuclear shape andmotility.
Loss-of-function mutations inMyo11G were identified by their rounded nuclei, which differed in
shape from the elongated nuclei found in wild-type cells (140). Nuclear movements are greatly
reduced in the mutant, and this scenario is consistent with data from expression of tagged-tail
or full-length Myo11G sequences that displayed localization to the nuclear envelope (5, 140). As-
sociation of Myo11G with the cytoplasmic side of the nuclear envelope depends on the WPP
domain–interacting tail-anchored proteins WIT1 and WIT2, because these proteins interact di-
rectly with Myo11G and wit1 wit2 double mutants phenocopy the myo11g (xi-i; kaku1) mutant in
root and mesophyll cells (140). Thus, the data on Myo11G and nuclear motion in vegetative cells
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support a cohesive picture that is supported by protein-protein interactions, cellular localization,
and mutant phenotype. By contrast, loss of both WIT paralogs in pollen tubes resulted in altered
nuclear motions in pollen tubes, whereas loss ofMyo11G did not affect nuclear motions (168), sug-
gesting possible redundancy among myosin paralogs in this cell type. Interestingly, Myo11Gmay
also perform additional functions, as tagged constructs associate with different smaller organelles
(5), particularly in wit1 wit2 double mutants (140). In addition, the maize homolog Opaque1
appears to localize to the ER, where it functions during protein body formation (159). Finally,
Myo11G was found to interact with MyoB proteins (61, 99) and DCP1 (132), further underlining
possible secondary functions of Myo11G. In this context, rice encodes three different Myo11G
isoforms, whichmay indicate broader functional specialization of thismyosin XI subtype in grasses
(81).

Premitotic Nuclear Migration Depends on Kinesins

Correct nuclear positioning is a prerequisite for successful mitosis. In animals, this task requires
the minus-end-directed microtubule motor cytoplasmic dynein (see, for example, References 6
and 47). In angiosperms, KCH kinesins appear to have taken on this function in the absence of
dynein. The expression ofKCHkinesins increases duringmitosis, and they localize predominantly
to poles of the nucleus (27, 28, 57). Loss of and overexpression of KCH kinesins leads to faster
and slower premitotic nuclear migration, respectively (28). Notably, whereas KCH kinesins move
actively along cortical microtubules during interphase, the perinuclear pool of KCH kinesins is
nonmotile, perhaps due to strong interaction with the actin meshwork surrounding the nucleus
(57). These findings raise the intriguing possibility that cortical KCH translocates actin filaments
along microtubules, whereas perinuclear KCH is anchored to actin and hence translocates mi-
crotubules instead. Direct observation of the motility of microtubules and actin filaments at these
locations is needed to test this hypothesis, which may shed light on how KCH kinesins mediate
nuclear migration.

Postmitotic Nuclear Motions in Moss Require the Kinesin-14 KCBP-b

In apical caulonemal cells of Physcomitrella, daughter nuclei move toward the center of the cell in
a microtubule-dependent manner (77). Targeted gene deletion studies revealed that this move-
ment requires the kinesin-14KCBP-b (167). Fluorescently tagged, endogenousKCBP-b localized
around the presumptive daughter nuclei after anaphase, which coincides with the onset of nuclear
movement in the apical cells (167). Nuclear movement is likely driven by a cluster of KCBP-
b dimers; this action is necessary and sufficient for microtubule minus-end-directed processive
motility and long-distance liposome transport in vitro (51, 167). In addition, the ATK kinesin-14s
are involved in the minus-end-directed movement of daughter microtubules along the mother
microtubule (167). Together, these findings support the idea that certain kinesin-14s perform
minus-end-directed cargo transport in the absence of dynein in plants.

Light-Driven Chloroplast Movement Depends on Kinesins

The fluence rate and direction of light determine chloroplast positioning in plants. Analysis of
loss-of-function mutants in Arabidopsis and tobacco showed that these chloroplast movements do
not depend on myosin XIs (reviewed in 136). Instead, they depend on the formation of short actin
filaments, termed chloroplast-actin filaments, around the chloroplasts (52). Counterintuitively,
this process requires the kinesin-14s KAC1 and KAC2 in both Arabidopsis and Physcomitrella (123,
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137). Unlike conventional kinesin-14s, KAC1 and KAC2 do not bind to microtubules and are also
unlikely to exert mechanical force because key residues required for ATPase activity are altered
in them (137). Curiously, the C-terminal domain of KAC1 binds to F-actin (137), but the in vivo
significance of this interaction and how it might contribute to chloroplast movement remain to be
determined. InPhyscomitrella, theKCBP-b kinesin also contributes to the postanaphase chloroplast
movement in apical caulonemal cells. In kcbp mutants, chloroplasts accumulate at the cell apex
rather thanbeinguniformlydistributed, consistentwith a reduction inminus-end-directedmotility
(167). However, because chloroplast localization of KCBP-b has not been shown, it remains to
be seen whether KCBP-b directly or indirectly contributes to this chloroplast movement.

Secretory Vesicle Delivery in Tip-Growing Cells Is Actin Dependent

Cellular growth in plants requires the addition of membrane lipids and cell wall material that are
transported to the plasma membrane by secretory vesicles that originate at the TGN. Delivery
of these secretory vesicles to sites of growth is most clearly evident in tip-growing cells, where
all growth is restricted to the apical dome of a tubular cell (Figure 3b). Growth of pollen tubes,
root hairs, and moss protonemata depends completely on actin-based processes, as cytochalasin
or latrunculin treatments disrupt growth at low concentrations (10, 78, 156). On the basis of these
observations, it was expected thatmyosinmotors are necessary for the delivery of secretory vesicles
to the growing tip. Indeed, myosin mutants have reduced tip growth rates as well as reduced
organelle motility (72, 91, 96, 100). In root hairs of the myo11e mutant, FRAP (fluorescence
recovery after photobleaching) analysis revealed that secretory vesicles labeled with SCAMP2-
YFP had a slower turnover at the root hair tip (98), suggesting that myosin activity is required for
vesicle delivery. By contrast, loss ofMyo11C1 andMyo11C2 from pollen reduced only movements
ofGolgi stacks and peroxisomes in the shank, whereas secretory vesicles labeled with YFP-RabA4d
still accumulatednormally in the slow-growingpollen tube tip (72).Themovement patternof these
vesicles in the tip followed the normal reverse fountain streaming (60), suggesting that they are
propelled by another pollenmyosin (72). Unexpected conclusions from these observations are that
the simple accumulation of vesicles is not sufficient to ensure rapid growth and that myosinmotors
can affect tip growth in other ways. One possibility may be a direct effect on actin organization or
dynamics (as discussed above in the section titled Motors and Cytoskeletal Organization), which
may then secondarily affect secretion and cell growth by as-yet-unknown mechanisms.

Long-Distance Transport of Cellulose Synthase Complexes Occurs
Along Actin Filaments

Cellulose synthase complexes (CSCs) are a crucial component of the secretory vesicles that me-
diate growth in diffusely growing cells (95). Conveniently, fluorescently tagged cellulose synthase
enzymes can be detected in the Golgi stacks and followed all the way to the plasma membrane,
where their insertion can be monitored by an initial static phase that precedes their steady move-
ment during cellulose synthesis (20, 36). This unusual feature of these plasma membrane proteins
has allowed for a detailed analysis of the transport modalities employed by CSCs. Specifically,
CSC distribution over the surface of hypocotyl cells depends on actin filaments and, by extension,
on myosin motors (20, 36). Without actin-based long-distance transport, CSCs still reached the
plasma membrane, but at a reduced rate (112), and they were limited to the vicinity of the (now
static) Golgi stacks (36). These results are consistent with reduced growth rates of higher-order
myosin XI mutants that have lost three or four motor genes and show reduced cell expansion
(92, 101). Thus, the acto-myosin system is not essential for delivery of CSC-containing secretory

www.annualreviews.org • Kinesins and Myosins 349

A
nn

u.
 R

ev
. P

la
nt

 B
io

l. 
20

18
.6

9:
32

9-
36

1.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lre

vi
ew

s.o
rg

 A
cc

es
s p

ro
vi

de
d 

by
 W

as
hi

ng
to

n 
U

ni
ve

rs
ity

 - 
St

. L
ou

is
 o

n 
05

/0
4/

18
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 



PP69CH12_Dixit ARI 4 April 2018 11:24

vesicles to the plasma membrane, but it plays a major role in ensuring the rapid delivery and even
distribution of these vesicles over the cell surface (Figure 3c). It will be necessary to test mutants
in myosin genes to get a more detailed understanding of the mechanisms mediating this distribu-
tion. Complementary experiments with MyoB genes such as RISAP that encode TGN-localized
myosin-binding proteins (133) may yield additional insights.

Microtubules Aid in Positioning of Secretory Vesicles for Fusion
with the Plasma Membrane

Interestingly, moving Golgi stacks tend to stop preferentially over cortical microtubules (20, 160),
an observation that was later confirmed for other organelles as well (38). These temporary stops
occasionally coincided with the insertion of CSCs into the plasma membrane (20, 112), which is
consistent with a model predicting that pauses in Golgi movements are conducive for exchange of
transport vesicleswithnearbyorganelles (83). It is not knownwhyGolgi stacks (or other organelles)
would stop at microtubules, but it is tempting to speculate that Golgi-localized kinesin motors
(71) function as anchors that arrest Golgi stacks at cortical microtubules. In addition to these
seemingly direct deliveries from Golgi stacks to the plasma membrane, CSCs were also delivered
independently of Golgi stack stops (112). Importantly, these CSC insertions often appeared in
association with microtubules, suggesting a guidance function for these cytoskeletal elements (20,
36). In fact, intermediary transport compartments of CSCs (termed MASC or SmaCC) can track
along microtubules, sometimes at high rates. It is not known whether these movements involve
kinesinmotors or whether they are driven by growing and shrinkingmicrotubules, but they do not
involve the kinesin-4 encoded by the FRAGILE FIBER1 (FRA1) gene (58, 170). Nevertheless, this
motor plays an important role in cellwall deposition, as fra1mutants have thinnerwalls and reduced
deposition rates of pectin and possibly other cell wall polysaccharides (170). The function of
FRA1 requires abundant processive motility (31), but whether FRA1 transports secretory vesicles
containing cell wall material remains to be determined. These results demonstrate that, although
microtubules and kinesinsmay not be essential for bulk organelle transport, they play an important
role in guiding the secretory process and ensuring the efficient delivery of secretory products
(Figure 3c).

Kinesins Are Thought to Deliver Post-Golgi Vesicles to the Cell Plate During
Cell Division

As the function of the phragmoplast is to direct the formation of the cell plate, kinesin-mediated
transport of vesicles containing cell wall material to the midzone of the phragmoplast is to be
expected. Despite the fundamental importance of this process, we know surprisingly little about
which kinesins perform this task. The kinesin-10 AtPAKRP2 remains the best candidate to date.
AtPAKRP2 shows punctate localization around the phragmoplast and increased concentration
at the phragmoplast midzone, where microtubule plus ends overlap (64). Although AtPAKRP2
has been shown to bind to microtubules in an ATP-dependent manner in vitro (64), whether it
can support processive plus-end-directed transport remains to be experimentally demonstrated.
AtPAKRP2 is enriched in microsome fractions, and brefeldin A treatment resulted in loss of
AtPAKRP2 signal at the phragmoplast (64). Together, these data provide indirect evidence for
vesicle transport by AtPAKRP2. Cell biological and genetic experiments are needed to identify
the cargo and function of this kinesin.

In summary, acto-myosin based movements are necessary for the long-distance delivery of
secretory vesicles for growth, but the detailed function of myosins in this process is still not re-
solved. Delivery of secretory vesicles during tip growth and CSC complexes during diffuse growth
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represent good experimental systems in which to investigate this function. The role of kinesins
during growth will be more difficult to assess because their local-level transport activity can be eas-
ilymasked by themuch faster (>10-fold)myosin-driven bulk transport and because the function of
kinesins seems to bemore to increase the efficiency of a process that does not completely depend on
them. Cytokinesis may prove to be a better system to study kinesin-mediated vesicle transport be-
cause cell plate formation depends on the delivery of vesicles along the phragmoplastmicrotubules.

MOTOR PROTEINS AND WHOLE PLANT PHYSIOLOGY

The subcellular activities of cytoskeletal motors can affect not only the functioning of individual
cells but also the growth and development of the entire plant. Although there are still relatively few
examples for such global effects of intracellular motor proteins, it is illustrative to examine these
cases because they can reveal new insights into how cellular behavior influences the physiology of
the whole plant.

Myosin Motors Are Required for Normal Development in Moss

Myosin VIII motors play an important role in defining plant architecture in P. patens. Loss of all
five myosin VIII genes encoded in this moss led to viable plants that exhibited slower growth, re-
duced gametophyte size, curved protonemata, and enhanced branching (163). Interestingly, these
mutants also displayed accelerated development and generated gametophores much sooner than
wild-type plants. Curiously, most morphological defects could be rescued by low concentrations
of auxin, although the mutants were at the same time hypersensitive to cytokinin (163). At face
value, these results suggest that myosin VIII is involved in maintaining proper hormonal balance.
It remains to be seen whether hormone levels, distribution, or perception is indeed altered in the
mutant or whether the loss of myosin VIII activity modifies moss development independently
of these hormones. In contrast to the case for moss, disruption of all four myosin VIII genes in
Arabidopsis did not result in significant changes in growth of the plants (139).

Myosin Activity Is Required for Rapid Cell Expansion and for Plant Growth

Several myosin mutants result in smaller plants. In the case of class VIII myosins, this was most
pronounced in higher-order mutants in Physcomitrella, but small changes in growth could be
detected in single-gene knockouts (163). This observation suggests redundant function of the
individual myosin VIII paralogs in moss. For myosin XI in angiosperms, a similar redundant
functionhas beenproposedon thebasis of theobservation that double, triple, quadruple, quintuple,
and sextuple mutants in Arabidopsis displayed progressively more stunting (92, 93, 101, 103),
whereas myosin XI single mutants affected only tip-growing cells (91, 100) or distorted trichome
development (91). The more dramatic inhibition of organelle movements in triple and quadruple
mutants correlated with reduced cell elongation in a variety of tissues, and reduced elongation in
turn resulted in decreased plant sizes (101).

The correlation between speed of cytoplasmic streaming, cell size, and plant height was further
strengthened in a recent study that directly manipulated organelle movement speeds. In this case,
the motor domain of Myo11B2 (MYA2) in Arabidopsis was replaced with the motor domain of
the high-speed Chara myosin XI (48, 49) (see the section titled Introduction to Motor Proteins,
above). The plants expressing this faster myosin had faster cytoplasmic streaming, larger cells, and
taller inflorescence stems (143). In a parallel experiment, the motor domain of the slow myosin
V from humans was introduced in a similar way. These plants had slower cytoplasmic streaming,
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and such slower streaming correlated with smaller cell sizes and shorter inflorescence height
(143). It remains to be established why both faster and slower motors appear to be dominant over
the other endogenous motors that are still present in the plant. Nevertheless, the replacement
of motor domains provides an elegant demonstration that myosin-driven cytoplasmic streaming
can quantitatively affect growth and may function as a rheostat that fine-tunes growth rates for
particular environmental conditions.

It is currently not clear how myosin activity contributes to cell and ultimately plant growth.
Cytoplasmic streaming caused by myosin motors may lead to a faster and more even distribution
of metabolites, which in turn may result in more efficient biosynthetic pathways and ultimately
faster growth (125). Another possibility is that myosin activity leads to the quicker delivery of
secretory vesicles to places of growth, allowing for faster growth (20, 36, 112). In addition, myosin
activity affects actin filament dynamics (14, 96) and organization (72, 101, 147), which may also
impact growth rates by altering secretory efficiency.

Kinesins Affect Plant Growth by Regulating Anisotropic Cell Expansion
and Cell Division

Many kinesinmutants show growth defects because they affect the organization and/or function of
the interphase ormitoticmicrotubule arrays,which in turn compromise the genetically determined
programs of cell division and expansion that underlie plant growth and development. For example,
the Arabidopsis rsw7 (radially swollen7) mutant, which contains a temperature-sensitive mutation
in the kinesin-5 AtKRP125c, shows abnormal cortical microtubule organization at the restrictive
temperature, which explains the swollen root and reduced growth anisotropy phenotype of this
mutant (8). Similarly, the shorter organs of kinesin-13 knockout mutants (22, 29) are indicative
of a defect in cortical microtubule organization. Because kinesin-13 depolymerizes microtubules,
the reduced growth phenotype of these mutants may be due to abnormally high microtubule
stability. Interestingly, moderate reduction of kinesin-13 levels unexpectedly leads to larger cells,
likely because of compensatory cell expansion due to activation of the Theseus-mediated cell wall
integrity pathway (29). In contrast, the fra1mutant does not affect cortical microtubule dynamics
and organization but still shows stunted growth and brittle inflorescence stems because the cell
wall deposition function of the cortical microtubule array is compromised in this mutant (58, 170).

Not surprisingly, kinesins that are required for mitosis and meiosis affect plant growth and
fertility. The inability to form bipolar spindles in the atk1-1 mutant results in chromosome seg-
regation defects during meiosis and, consequently, reduced male fertility (15). Likewise, defective
phragmoplast guidance and expansion also affect plant growth and development. In the pok1 pok2
double mutant, phragmoplasts and therefore cell plates are frequently misoriented, leading to
grossly irregular cell patterns and miniature plants (82). In the ark3 mutant, misoriented cell di-
vision planes in the stomatal lineage also produce abnormal cell patterns in the form of stomatal
clustering (62). Cell plate expansion defects in hik-1/tes-1 (nack1/nack2) double mutants lead to
incomplete cytokinesis in somatic cells as well as in male and female gametophytes, resulting in
abnormal seedlings, embryos, and pollen grains (90, 135, 141). Together, these examples highlight
how the action of kinesins at the cellular level can scale to affect organ andwhole plantmorphology.

Myosin XI and Kinesin-7 Triple Mutants Display Slower Gravitropic Bending

The role of myosin motors and cytoplasmic streaming in plant growth suggests that tropic re-
sponses may be affected in myosin mutants. A comprehensive screen of myosin XI single and
several double and triple mutants revealed that the myo11b2 myo11e myo11f (mya2 xik mya1)
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triple mutant had significantly reduced gravitropic bending, a reduced growth rate, and a stiffer
inflorescence stem relative to wild type (139). Interestingly, the sedimentation of amyloplasts also
appeared delayed in the triple mutant (139), suggesting that the impaired gravitropic response
is not caused solely by slower growth. The mechanisms by which amyloplast sedimentation is
affected by these myosins are not known, because actin organization appears to be normal in the
triple mutant (139).

Recently, the kin7 triple mutant was also reported to exhibit slower gravitropic bending. Po-
lar localization of the auxin efflux carrier PIN2 is altered in this mutant, providing a plausible
explanation for the reduced gravitropism (80). However, the mechanism for PIN2 mislocaliza-
tion in this mutant remains unknown, and it remains to be determined whether the microtubule
polymerization activity of kinesin-7 plays a role in such mislocalization.

Myosin XI Affects Organ Straightening After Gravitropic Bending

Once stems or roots reach nearly vertical orientation during gravitropic responses, they begin to
straighten to prevent overshooting of the target orientation (130). Interestingly, this straightening
response is defective in another Arabidopsis myosin double mutant, myo11e myo11h (xik xif ) (93).
These mutants show normal gravitropic (and phototropic) responses, but bending does not stop
in time, and as a result, the inflorescence stem shows dampened oscillations around vertical before
settlingon a stable growthdirection.This behavior becomes evenmore evident on a clinostatwhere
gravistimulated wild-type stems spontaneously straighten whereasmyo11e myo11h stems continue
to bend (93). The defect in organ straightening also occurs under normal growth conditions, as
can be seen by the kinked growth of myo11e myo11h inflorescence stems (93). It is not clear how
Myo11E andMyo11Hmyosins contribute to this response, but the limited expression ofMyo11H
in the thin layer of fiber cells within the vascular system (93) indicates that these cells play a crucial
role in mediating organ straightening. Cytoplasmic streaming in young fiber cells is significantly
slower in the double mutant, but other cellular defects, e.g., actin organization, have not been
described so far. It will be interesting to see whether these myosin motors play a role in stem
curvature sensing or in the response pathway that leads to straightening.

In summary, an increasing number of whole plant growth processes can be traced back to the
function of cytoskeletal motors. Whereas some of these effects can be attributed to specific motor
isoforms, others appear to be carried out collectively by a group of seemingly redundant motors.
In many cases, the mechanistic link between motor activity within cells and whole plant response
still has to be established.

OUTLOOK

The recent years have seen major advances in our understanding of kinesin and myosin motor
function in plants. The cellular function of a number of motor isoforms has been identified, but
progress has been unevenly distributed and often limited to the model species A. thaliana and
P. patens (Table 1). Future research should take advantage of new genetic tools such as
CRISPR/Cas9 to create multiple mutants or to endogenously tag motors. In addition, in vivo
super-resolution microscopy combined with in vitro single-molecule experiments will be neces-
sary to perform correlative structure-function studies to better understand the basic functioning
of the motors and how they affect cellular processes. Recent discoveries of cross talk between
cytoskeletal elements suggest that the effect of motors on the so-called other cytoskeletal net-
work should be examined more carefully. Meeting these challenges will require a combination of
biochemical, genetic, cell biological, and modeling approaches.
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152. vanGestel K, Köhler RH,Verbelen J-P. 2002. Plantmitochondriamove on F-actin, but their positioning

in the cortical cytoplasm depends on both F-actin and microtubules. J. Exp. Bot. 53:659–67
153. VanstraelenM, InzeD,GeelenD. 2006.Mitosis-specific kinesins inArabidopsis. Trends Plant Sci. 11:167–

75
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