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Abstract

Cytokinesis partitions the cytoplasm between two or more nuclei. In
higher plants, cytokinesis is initiated by cytoskeleton-assisted targeted
delivery of membrane vesicles to the plane of cell division, followed
by local membrane fusion to generate tubulo-vesicular networks. This
initial phase of cytokinesis is essentially the same in diverse modes of
plant cytokinesis whereas the subsequent transformation of the tubulo-
vesicular networks into the partitioning membrane may be different
between systems. This review focuses on membrane and cytoskele-
ton dynamics in cell plate formation and expansion during somatic
cytokinesis.
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INTRODUCTION

Cytokinesis partitions the cytoplasm of a divid-
ing eukaryotic cell by laying down a stretch of
plasma membrane between the forming daugh-
ter nuclei. Although common to all eukaryotes,
cytokinesis is less conserved between higher
plants and nonplant organisms than are other
aspects of the cell cycle. Animal and fungal cells
initiate cytokinesis at the periphery of the divi-
sion plane, with the plasma membrane pulled in
toward the center by a contractile actomyosin
ring (5). Additional membrane material is de-
livered by vesicle trafficking to a site behind the
tip of the ingrowing furrow. Ingrowth of the
plasma membrane stops at the midbody, leaving
a gap in the center. This gap is closed by vesi-
cle trafficking and fusion, which completes the
separation of the daughter cells (47). Although
midbody closure resembles the initial stage of
cytokinesis in higher plants, the overall process
of cytokinesis is very different between higher
plants and nonplant organisms.

Fiirgens

Higher plants display several cell type—
specific modes of cytokinesis (61). The
most common mode occurs in somatic cells
(Figure 1). A plant-specific cytoskeletal array—
the phragmoplast—delivers membrane vesicles
to the center of the division plane. Vesicle fu-
sion generates a novel transient compartment—
the cell plate, which then grows out to fuse
with the plasma membrane at the cell periphery.
Endosperm cellularization is a closely related
variant of somatic cytokinesis, involving “mini-
phragmoplasts” and “mini-cell plates” and also
sharing several genetically defined components
(62, 63, 79). Female and male meiotic cells as
well as microspores each undergo their own
modes of cytokinesis, which are also distinct
from embryo sac cellularization (61). However,
cytokinesis of male meiotic cells in Arabidop-
sis was recently shown to resemble somatic cy-
tokinesis in one important aspect—delivery of
membrane vesicles to the plane of division and
formation of membrane networks generated by
vesicle fusion across the division plane, which
contrasts with the previous notion of ingrowth
from the cell wall (64). It is thus likely that
all cell type-specific modes of cytokinesis share
conserved features, which may reflect common
underlying plant-specific mechanisms (51).

This review focuses on molecular mecha-
nisms of cytokinesis, which have been mainly
identified in somatic cells. Where appropriate,
findings from other cell types are discussed.
There is emphasis on membrane and cytoskele-
ton dynamics. For other aspects of plant cytoki-
nesis, the reader is referred to excellent recent
reviews (2,9, 11, 15,22, 51, 56, 61, 77, 88).

MEMBRANE DYNAMICS

Somatic cytokinesis starts with the accumula-
tion and fusion of membrane vesicles in the
center of the division plane from late anaphase
on. The membrane fusion processes are spa-
tially constrained such thata disk-shaped aggre-
gate of fusion intermediates is produced. The
intermediates are gradually transformed into
a transient membrane compartment—the cell
plate, which eventually gives rise to the plasma
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membranes that underlie the cross-wall be-
tween the daughter cells. The cell plate expands
centrifugally by the fusion of later-arriving vesi-
cles with its margin. Simultaneously, the cell
plate undergoes a complex process of reorga-
nization, which involves secretion of cell wall
material into its lumen and removal of ex-
cess membrane material, resulting in a pla-
nar structure. Finally, the margin of the cell
plate fuses with the parental plasma membrane
at cortical division sites marked earlier by the
transient preprophase band, physically separat-
ing the two daughter cells from one another

(Figure 1).

Vesicle Trafficking and Initiation
of the Cell Plate

There is evidence for transport vesicles being
involved in cell plate formation in studies of
both wild-type and mutant Arabidopsis, follow-
ing the in-depth electron microscopy analysis
of high-pressure frozen synchronized tobacco
BY-2 cells (72). Noncoated vesicles were de-
tected in the division planes of all three different
cell types analyzed: meristematic cells, cellular-
izing endosperm, and male meiotic cells (63, 64,
74). In addition, embryo cells of cytokinesis-
defective mutants impaired in vesicle fusion ac-
cumulate 60-80-nm vesicles in the plane of
cell division, and these vesicles persist into

Figure 1

Cytokinesis of somatic cells. Prophase: Coaligned
bundles of microtubules (red) and actin filaments
(green) of the transient cortical preprophase band
determine the future plane of division, marking the
cortical division site. Anaphase: Spindle remnants
facilitate initiation of the phragmoplast
microtubules in the midzone between the two sets of
daughter chromosomes. Telophase: Two antiparallel
bundles, each of microtubules (red) and actin
filaments (green), form the phragmoplast, their plus
ends facing the nascent cell plate. Golgi stacks
accumulate near the plane of division, forming a
“Golgi belt.” Cytokinesis: Coordinated lateral
expansion of the cell plate and lateral translocation
of microtubules (red) terminate in the fusion of the
cell plate with the plasma membrane at the cortical
division site.
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interphase (41, 92). Electron tomography has
revealed two types of vesicles near forming cell
plates: smaller dark vesicles approx. 51 nmin di-
ameter and larger light vesicles approx. 66 nm
in diameter (74). The smaller dark vesicles pre-
dominate initially, whereas the larger light vesi-
cles appear more numerous at a later stage
of cell plate formation. Both size calculations
and the occurrence of hourglass-shaped puta-
tive vesicle fusion intermediates suggest that
pairwise fusion of smaller dark vesicles results in
larger light vesicles. Consistent with this, only
smaller dark vesicles have been detected near
Golgi stacks, which are thought to generate cy-
tokinetic vesicles (74).

Golgi stacks and other organelles aggre-
gate around the phragmoplast during telophase
(Figure 1) (57). This spatial arrangement
suggests direct delivery of Golgi-derived
vesicles to the division plane via the phrag-
moplast. Alternatively, an intermediate en-
dosomal compartment may be involved (see
discussion in 9). A recent kinetic study of the
endomembrane distribution of the endocytic
tracer FM4-64 makes the latter possibility less
likely as both Golgi stacks and cell plate are
labeled only 30-60 min after uptake of the
tracer (10). The machinery involved in the for-
mation of cytokinetic vesicles has not been
identified. However, the following components
may be required, by analogy with vesicle bud-
ding in other post-Golgi trafficking pathways:
an ADP-ribosylation factor (ARF)-type small
GTPase, its guanine-nucleotide exchange fac-
tor (ARF-GEF) and GTPase-activating pro-
tein (ARF-GAP), AP complex coat proteins
with or without clathrin, and dynamin GTPase
for vesicle scission (32, 38). Cell plate forma-
tion is sensitive to the membrane-trafficking
inhibitor brefeldin A (BFA) (97, 98), which
blocks the activation of ARF-type GTPases
by BFA-sensitive ARF-GEFs (69). Synchro-
nized BY-2 cells treated with BFA from the
onset of mitosis fail to form the cell plate,
resulting in binucleate cells (98). BY-2 cells
treated with BFA display characteristic Golgi
abnormalities (70). In summary, several lines
of evidence support the notion that the cell
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plate originates from Golgi-derived transport
vesicles.

Membrane Fusion Machinery
in Cytokinesis

Membrane vesicles arriving at the plane of cell
division initially fuse with one another and
later with the tubulo-vesicular network derived
from earlier fusion events (Figure 2). By anal-
ogy with other eukaryotic fusion events, cy-
tokinetic membrane fusion should require Rab
GTPases and their effectors for vesicle teth-
ering to target membranes as well as solu-
ble N-ethylmaleimide-sensitive factor adaptor
protein receptor (SNARE) complexes mediat-
ing membrane fusion (30). SNARE complexes
consist of membrane-anchored v-SNARESs on
the vesicle membrane and t-SNAREs on the
target membrane, which form 4-helical bun-
dles by association of their coiled-coil domains.
In cell plate formation, neither Rab GTPases
nor Rab effectors have been identified, al-
though electron tomographic evidence suggests
the occurrence of vesicle linkers in the shape
of exocyst complexes (74). Exocyst complexes
tether vesicles to the plasma membrane in yeast
and mammalian cells (30). In contrast to Rab
GTPases, SNARE proteins and some of their
interactors are among the best-studied molec-
ular components of cytokinetic vesicle fusion.
The syntaxin (Qa-SNARE) KNOLLE (also
known as SYP111; for nomenclature see 73) was
originally identified by cytokinesis-defective
mutants that accumulate unfused vesicles in
the plane of cell division (41, 48). KNOLLE
protein is expressed only during M phase, lo-
calizing to Golgi stacks and the cell plate
(41, 90). A KNOLLE-interacting t-SNARE
(Qb + Qc-SNARE), the SNAP25 homolog
SNAP33, localizes to the cell plate during cy-
tokinesis and also to the plasma membrane in
interphase or postmitotic cells (23). Inactiva-
tion of SNAP33 has only a minor effect on
cytokinesis, possibly because of functional over-
lap with two other closely related KNOLLE-
interacting SNAP25 homologs, SNAP29 and
SNAP30, and causes lethality for other reasons
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Membrane dynamics during cell plate development. Golgi-derived vesicles (orange) are delivered along
phragmoplast microtubules (red), by a putative kinesin-related protein (blue), to the cell plate assembly
matrix. Vesicle fusion generates fusion tubes and tubulo-vesicular networks as a result of the constricting
activity of class I dynamin-related proteins (DRP1) (mzagenta). The tubulo-vesicular network is successively
transformed into a tubular network and a planar fenestrated sheet. Lateral expansion of the cell plate (Jarge
arrow) toward the cortical division site is guided by actin filaments. Endocytosis from the tubulo-vesicular
network and tubular network removes excess membrane, which is delivered to endosomes via clathrin-coated
buds and vesicles. Dynamin-related protein 2a (DRP2a; green) is involved in the formation of clathrin-coated
vesicles. The endosome sorts proteins for trafficking to various destinations (blue, green, orange), possibly

including recycling to the margin of the cell plate.

(23). At the plasma membrane of yeast and
animal cells, SNARE complexes form 4-helix
bundles by interaction of the t--SNAREs syn-
taxin and SNAP25 with a specific v-SNARE,
synaptobrevin/VAMP (R-SNARE) (30). By
analogy, KNOLLE and SNAP33 might form
a cytokinetic SNARE complex with an R-
SNARE, which has not been identified. R-
SNARESs encoded in the Arabidopsis genome do

not resemble R-SNAREs involved in plasma
membrane trafficking in nonplant eukaryotes
(73). However, an unusually large R-SNARE
family is related to the mammalian VAMP7
involved in post-Golgi endomembrane traffick-
ing (73). Recently, 5 of the 14 VAMP7 fam-
ily members were localized to both the plasma
membrane and endosomes in Arabidopsis sus-
pension cells and thus, are potential candidates
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for an R-SNARE involved in cytokinesis (86).
Alternatively, the missing component of the cy-
tokinetic SNARE complex might be a plant-
specific SNARE such as NPSN11, which has
been localized to the cell plate and interacts
with KNOLLE (101). However, NPSN11 has
the signature of a Qb-SNARE, which would
imply the formation of an unusual Q-SNARE
only complex in cytokinesis. It is also conceiv-
able that KNOLLE and NPSNI11 are part of
another SNARE complex that still lacks both
a Qc-SNARE and an R-SNARE. In contrast
to KNOLLE, NPSNI11 persists in the newly
formed plasma membrane after the disassembly
of the phragmoplast M'Ts (101). Inactivation of
NPSNI11 causes no obvious phenotype, which
has been attributed to its presumed functional
redundancy with two closely related homologs,
NPSN12 and NPSN13 (101). Thus, the com-
position of the cytokinetic SNARE complex(es)
remains unresolved.

Another syntaxin that accumulates at the
plane of cell division is SYP31, which is
most closely related to the cis-Golgi syntaxin
Sed5/syntaxin$ of nonplant eukaryotes (67).
SYP31 does not interact with KNOLLE and
also accumulates in endomembranes such as
Golgi during interphase (67). SYP31 interacts
with the AAA-type ATPase CDC48, which
has been localized to the division plane (17),
whereas KNOLLE interacts with the AAA-
type ATPase NSF (67). Whether these results
suggest two separate pathways for cell plate for-
mation or simply reflect dynamics of ER fusion
and/or ER-Golgi trafficking near the cell plate
remains to be determined (see 74 for ER dy-
namics in cell plate formation).

Secl/Muncl8 related (SM) proteins in-
teract with syntaxins or assembled SNARE
complexes, which is thought to increase the
specificity of SNARE action (30). The SM
protein KEULE was originally identified by
mutants defective in cytokinetic vesicle fusion
(4, 92) and interacts with KNOLLE both ge-
netically and biochemically, whereas KNOLLE
does not interact with AtSECIa, a close ho-
molog of KEULE (3, 92). However, KEULE
is also expressed in nonproliferating tissue and

Fiirgens

in contrast to knolle mutants, keule mutant
seedlings fail to form long root hairs, sug-
gesting another role of KEULE beyond cy-
tokinesis (3, 78). Nonetheless, the very similar
cytokinesis defects of knolle and keule mutants
are consistent with the notion that KEULE may
activate KNOLLE during cytokinetic vesicle
fusion.

KNOLLE (SYP111) is not only a cyto-
kinesis-specific SNARE protein but also a
plant-specific member of the Arabidopsis SYP1
family of putative plasma-membrane syntax-
ins (73, 86). To determine what distinguishes
KNOLLE from other syntaxins in regard to cy-
tokinesis, several syntaxins were expressed un-
der the cis-regulatory control of the KNOLLE
gene and analyzed for both subcellular pro-
tein localization and their ability to function-
ally complement a knolle null mutant (53). The
prevacuolar syntaxin PEP12 (SYP21) did not
localize to the cell plate, whereas two mem-
bers of the SYP1 family, SYP112 and SYP121
(SYR1/PENT1), accumulated at the plane of cell
division. However, only SYP112 rescued the
knolle mutant, although a syp112 mutant had no
obvious phenotype on its own nor did it en-
hance the knolle mutant phenotype. Thus, syn-
taxin specificity of cytokinesis is brought about
by cell cycle-regulated gene expression, protein
targeting, and protein activity at the cell plate. It
is not known what features of KNOLLE syn-
taxin determine its activity during cytokinetic
membrane fusion.

Delivery of Cargo to the Cell Plate

The cell plate may be viewed as an immature
plasma membrane whose lumen is to be
filled with cell wall material such as pectic
polysaccharides and xyloglucans, which are
synthesized in Golgi stacks and have to be
delivered as vesicle cargo to the cell plate (100).
Another major component—callose later to be
replaced by cellulose—is synthesized by callose
synthase at the cell plate (25). Thus, callose
synthase and cell wall-modifying enzymes
such as membrane-bound endo-1,4-beta-
glucanase KORRIGAN (KOR) or secreted
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endoxyloglucan transferase (EXGT) are puta-
tive cargo proteins of cytokinetic vesicles (100,
102).

In addition to cell plate-specific cargo, a
number of proteins that accumulate at the
plasma membrane of, or are secreted from,
the interphase cell have been localized to the
cell plate (reviewed in 33). For example, the
plasma membrane—localized syntaxin PEN1
(SYP121/SYR1) accumulated at the cell plate
when expressed during M phase (13, 53). Con-
versely, when ectopically expressed in post-
mitotic cells, KNOLLE was also targeted to
the plasma membrane (90). These observations
suggest that the cell plate and the plasma mem-
brane are interchangeable target membranes in
exocyticvesicle trafficking. Exocytosis is the de-
fault pathway of membrane trafficking, which is
taken in the absence of sorting signals, as sup-
ported by the following lines of evidence. GFP
with a signal peptide for uptake into the ER (sp-
GFP)issecreted from the cell during interphase
(8) and accumulates in the cell plate of dividing
tobacco BY-2 cells (100). Furthermore, the pep-
tide ligand CLV3 fused to GFP is secreted from
the cell, whereas an engineered variant carrying
a C-terminal vacuolar sorting sequence accu-
mulates in the vacuole (71). Similarly, the pre-
vacuolar syntaxin PEP12 does not accumulate
in the cell plate when expressed during M phase
(53). These observations suggest that proteins
trafficking to the plasma membrane or the cell
plate lack sorting signals that would target them
to endomembrane compartments. The proper
localization of the membrane-bound endo-1,4-
beta-glucanase KORRIGAN to the cell plate is
proposed to involve two putative sorting mo-
tifs, a tyrosine-based motif and an acidic di-
leucine motif (102). However, both motifs are
absent from PEN1 (SYP121/SYRI) syntaxin,
which also accumulates at the cell plate when
expressed during M phase (53). Thus, the sig-
nificance of these sorting motifs in cytokinetic
vesicle trafficking remains to be determined.
In conclusion, the available evidence indicates
that trafficking to the cell plate is an M phase—
specific default pathway of proteins that lack
sorting signals.

Membrane Dynamics During
Cell Plate Expansion

The developing cell plate undergoes extensive
reorganization from the initial fusion of vesi-
cles via the formation of a lattice of membrane
tubules, which is accompanied by the removal
of excess membrane material to yield a planar
membrane compartment (Figure 2). While this
process is underway in the center of the divi-
sion plane, newly arriving vesicles are targeted
to the lateral margin of the cell plate, resulting
in its expansion outward to the parental plasma
membrane.

The formation of a lattice of tubules rather
than a balloon-shaped membrane compartment
has been attributed to the activity of dynamin-
related proteins (DRPs) [formerly called phrag-
moplastins or Arabidopsis dynamin-like proteins
(ADLs)]. Dynamin GTPases are eukaryotic
mechano-enzymes that tubulate membranes
and also mediate scission of clathrin-coated
vesicles (66). Members of subgroup 1 of the
Arabidopsis DRP family are associated with the
developing cell plate, and the drpla drple dou-
ble mutant is embryo-lethal, displaying defects
in cytokinesis (27, 28, 34-36). The tubular
membranes are locally constricted by DRP1a
(ADL1A), which also interacts with callose syn-
thase and may facilitate callose deposition into
the lumen of the incipient cell plate (25, 26,
63).

Removing membrane material from the ma-
turing cell plate is estimated to reduce both
surface area and volume by approximately
70% in the case of endosperm cellulariza-
tion (63). Clathrin-coated buds on the cell
plate and nearby clathrin-coated vesicles sug-
gest that membrane material is removed by
an endocytosis-related process (Figure 2) (63,
72, 74). Consistent with this notion, DRP2a
(ADLO), which is related to animal classical dy-
namin involved in membrane scission, localizes
to the cell plate, in addition to its association
with the plasma membrane and Golgi stacks
in interphase cells (28). Because DRP2a is re-
quired for trafficking of clathrin-coated vesi-
cles from the trans-Golgi network to the lytic
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vacuole (31, 40), it may play a comparable role
in the removal of excess membrane from the
maturing cell plate.

Endocytosis during cell plate expansion may
merely shape the cell plate. Alternatively, mem-
brane removed from the center may be recy-
cled, via endosomes, to the growing margin
of the cell plate, which would speed up cy-
tokinesis. At present, there is only limited evi-
dence that recycling may occur. BFA treatment,
which blocks cell plate expansion in BY-2 cells
presumably by disrupting Golgi stacks (98, see
above), appears to have a different effect in Ara-
bidopsis root cells. BFA causes the formation of
endosomal “BFA compartments,” which accu-
mulate the plasma-membrane protein PINI,
the endosomal ARF-GEF GNOM but not
Golgi or trans-Golgi markers (18, 19). Dur-
ing cytokinesis, BFA compartments accumulate
the cytokinesis-specific syntaxin KNOLLE, in
addition to PINI. In BFA-resistant GNOM
transgenic seedlings, BFA compartments still
accumulate KNOLLE but neither PIN1 nor
GNOM, suggesting that KNOLLE traffick-
ing from endosomes involves a different
BFA-sensitive ARF-GEF (19). Nonetheless, re-
cycling KNOLLE to the growing margin of
the cell plate has not been conclusively demon-
strated, in contrast to recycling PIN1 to the
plasma membrane. In maize root cells, an
ARF1-type GTPase has been localized to the
cell plate, Golgi stacks, and the plasma mem-
brane (14). Upon BFA treatment, ARF1 also
colocalized with a Golgi marker in aggre-
gates at the growing margin of the cell plate.
Similar subcellular distributions were observed
for several COPI coat proteins in both BFA-
treated and -untreated cells (14). These re-
sults are difficult to interpret but may sug-
gest the possibility of retrograde transport from
Golgi stacks that accumulate near the lead-
ing edge of the expanding cell plate (57).
The seemingly conflicting data on BFA ef-
fects in different plant species caution against
a simplified view of membrane recycling from
the expanding cell plate. Although local recy-
cling of cell plate membrane via endosomes
would provide an efficient mechanism for rapid
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completion of cytokinesis, additional studies
are required to determine whether this is
true.

Fusion with the Plasma Membrane

To seal off the two daughter cells, the cell plate
has to fuse with the parental plasma membrane.
This fusion event triggers further maturation
of the cell plate, including breakdown of callose
and its replacement by cellulose (72). According
to the classic model, the cell plate expands sym-
metrically from the center to the periphery be-
fore fusing with the parental plasma membrane
(81). However, asymmetric expansion of the cell
plate (“polar cytokinesis”) has been described in
vacuolate shoot cells of Arabidopsis (16). The cell
plate appears to contact, and possibly fuse with,
the plasma membrane on one side early during
cytokinesis and then expand along the plasma
membrane to the opposite side of the cell. In
BY-2 cells, polar cytokinesis has been detected
with the lipophilic dye FM4-64, which stained
the developing cell plate together with the con-
tinuous plasma membrane, whereas symmet-
rically expanding cell plates were only stained
after 30—60 min of incubation (10). The asym-
metric expansion of the cell plate would easily
account for the cell wall stubs observed upon
genetic or experimental interference with cy-
tokinesis (16). However, cell wall stubs also oc-
cur in cytokinesis-defective mutants that accu-
mulate unfused vesicles across the entire plane
of cell division (41, 92). This suggests that in
the absence of cell plate formation, cell wall
stubs may originate by local membrane fusion
initiated from the cortical division site of the
parental plasma membrane. A comparable pro-
cess occurs normally in Arabidopsis male meiotic
cytokinesis during which no cell plate is formed:
Networks of tubular membranes formed by
fusion of Golgi-derived vesicles are lined up
across the division plane and are successively
fused with the plasma membrane from the pe-
riphery to the center (64). It is thus conceivable
that in somatic cells, the fusion of the cell plate
margin with the plasma membrane is affected
by different machinery than are the vesicle
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fusion events that generate and expand the cell
plate.

CYTOSKELETON DYNAMICS

Cytokinesis of somatic cells is assisted by
two plant-specific cytoskeletal arrays, the
preprophase band and the phragmoplast
(Figure 1). The preprophase band forms tran-
siently from late G2 phase to prometaphase
and somehow marks the cortical division site
at which the expanding cell plate fuses with
the parental plasma membrane during cy-
tokinesis. The phragmoplast originates in the
interzone between the two sets of daughter
chromosomes during late anaphase and under-
goes lateral translocation during the expansion
of the cell plate. These two cytoskeletal arrays
consist of both M'Ts and AFs. Membrane dy-
namics during cytokinesis depends on M'Ts and
AFs of the phragmoplast.

Roles of Microtubules and Actin
Filaments in Phragmoplast-Assisted
Cytokinesis

The phragmoplast contains MTs and AFs,
which are aligned parallel to each other. Al-
though both M'Ts and AF's are organized in two
bundles, with their plus ends facing the plane of
division, only the MTs interdigitate (81). Dur-
ing lateral expansion of the cell plate, MTs are
translocated to its margin, whereas AFs remain
present throughout the forming cell plate. A
novel 190-kDa protein from tobacco BY-2 cells
bundles both MTs and AFs in vitro and has
been localized to the phragmoplast, suggesting
a possible role in cross-linking MTs with AFs
(Figure 34) (29).

The phragmoplast plays two major roles:
targeted delivery of Golgi-derived membrane
vesicles to the plane of cell division and lat-
eral expansion of the cell plate toward the cor-
tical division site. Which of these roles can
be attributed to MTs and/or AFs? In inter-
phase cells, AFs but not M'Ts are involved in
membrane trafficking to the plasma membrane,
as evidenced by both drug studies and mu-

tant analysis (18, 82). Conversely, MTs but not
AF's appear to mediate trafficking to the di-
vision plane because oryzaline inhibits deliv-
ery of KNOLLE (18). In addition, KNOLLE
accumulation is dispersed rather than local-
ized in mitotic cells of MT-deficient mutants
(50, 82). Furthermore, noncoated vesicles ap-
pear to be linked, by structures resembling
kinesins, to mini-phragmoplast M'Ts during en-
dosperm cellularization (63). Thus, the avail-
able evidence favors a role for MTs in the
targeted delivery of Golgi-derived membrane
vesicles to the plane of cell division. How-
ever, no vesicle-carrying kinesin motor protein
has been identified unambiguously. A possi-
ble candidate is PAKRP2, which colocalizes
with KNOLLE at the cell plate and also shows
a broader punctate distribution in the phrag-
moplast (43). However, there is no conclusive
evidence that this protein is involved in trans-
porting Golgi-derived vesicles along phragmo-
plast M'Ts.

Expanding the cell plate toward the corti-
cal division site is a complex process involving
both MTs and AFs (24). The lateral transloca-
tion of phragmoplast M'Ts is required for the
targeted delivery of the vesicles to the grow-
ing margin of the cell plate (see below). The
role of AFs has been probed by drug treatment
and by injection of profilin into dividing stamen
hair cells of Tradescantia (52, 87). Depending
on the treatment, cell plate growth is impaired
or the cell plate disintegrates, suggesting that
AFs play a stabilizing role. In addition, AFs link
the phragmoplast with the cortical division site
during cell plate expansion and may thus direct
the growing margin to the division site (24).
So far, a role for AFs has not been supported
by genetic evidence. A dominant-negative mu-
tation in the ACT2 gene, which disturbs actin
polymerization, affects root hair initiation and
root cell elongation but does not alter cell di-
vision (60). Also, an act2 act7 double mutant
is severely stunted but develops to the adult
stage (20). These results are consistent with the
stunted growth phenotype of seedlings germi-
nated on the actin-depolymerizing drug latrun-
culin B (6). In summary, whatever role AFs play
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AF: actin filament

Kinesin: a motor
protein that travels
along microtubules
mostly to the plus end,
sometimes to the
minus end. Kinesins
often carry cargo such
as vesicles or
microtubules but may
perform other
functions.
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in cytokinesis, their contribution is less pro-
nounced than that of the phragmoplast M'T.

Formation and Dynamic Stability of
the Phragmoplast Microtubules

The dynamics of phragmoplast M'Ts has been
visualized with GFP-MAP4 or GFP-TUAG fu-
sion proteins in live BY-2 cells (21, 85). These
MTs originate alongside remaining kineto-
chore M'Ts in the midzone during late anaphase,
and they become more numerous and con-
solidate into two short bundles with their
plus ends overlapping (Figure 1) (81). How
the transition from anaphase MT$ to phrag-
moplast M'Ts occurs is not known. Mitotic
cyclin BI must be degraded during metaphase-
anaphase transition for cytokinesis to occur.

Figure 3

Cytoskeletal dynamics during cytokinesis.

(A) Dynamic stability of phragmoplast.
Microtubules form two overlapping antiparallel
bundles and are cross-linked by MAPs within each
bundle. Coaligned actin filaments may be
cross-linked with microtubules by MAC proteins.
Growth of microtubules at plus ends (+) by adding
tubulin heterodimers is counteracted by plus
end—directed bKRPs (ar7ows) such that the position
of the phragmoplast relative to the plane of division
is maintained. This simplified diagram shows
generic MAPs and bKRPs (for details, see text).

(B) Lateral translocation of phragmoplast
microtubules. Microtubules underneath the
developing cell plate lose their cross-linking MAPs
(blue shading) and are depolymerized (light shading)
into tubulin heterodimers. Microtubules (red)
terminating in the cell plate assembly matrix at the
margin of the expanding cell plate are stable and
cross-link via MAPs with new microtubules (dark
shading) that are polymerized on the outer face of
the microtubule ring. The direction of lateral
translocation is indicated by a large arrow. Plus (+)
end—directed kinesin-related motor proteins (ar7ows)
deliver active MAP3K (magenta) to the cell plate
margin. MAP3K signaling results in microtubule
depolymerization, which in turn inactivates the
MAP3K. For details, see text. bKRP, bipolar
kinesin-related protein; MAC, putative cross-linker
between microtubules and actin filaments; MAP,
microtubule-associated protein; MAP3K,
mitogen-activated protein kinase kinase kinase.
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Nondegradable cyclin Bl interferes with
anaphase spindle disassembly and phragmo-
plast formation, although KNOLLE still
accumulates at the midzone (93). Once phrag-
moplast M'Ts have formed their organization is
dynamically maintained by M'T-associated pro-
teins (MAPs) and kinesin-related motor pro-
teins (Figure 34) (46). For example, MAP65-1
cross-bridges M'Ts and is normally associated
with interzone anaphase M'Ts and plus ends of
phragmoplast MTs (75, 76). However, if cyclin
Bl is not degraded, MAP65-1 does not accu-
mulate at the midline, which may account for
the failure to form a stable phragmoplast (93).

MAPs have MT-bundling activity in vitro
and colocalize with MT arrays in vivo (46).
MAPG65, the most abundant group of MAPs,
is encoded by a family of nine genes in Ara-
bidopsis (75, 76). MAPG65-1 associates with all
MT arrays during the cell cycle, and its dimer-
ization is necessary to form MT cross-bridges
(76). Another member of the MAP65 fam-
ily, PLEIADE (PLE/MAPG65-3), specifically lo-
calizes to interzone spindles in anaphase and
to the overlapping plus ends of phragmoplast
MT5s but not to other MT arrays (55). In ad-
dition, p/e mutants display cytokinesis defects,
presumably due to compromised organization
of phragmoplast M'Ts (54, 55). In the absence
of PLE activity, the width of the phragmo-
plast increases, suggesting that PLE is essen-
tial for the integrity of the overlapped MTs.
Another MAP with an essential role in cytoki-
nesis is GEM1/MORI, evidenced by the aber-
rant division of the microspore in gezzI mutants
(84). However, GEM1/MORI1 also stabilizes
interphase cortical MT arrays, as indicated
by the mutant phenotype of the temperature-
sensitive allele mzorl (94). GEM1/MORI lo-
calizes to all MT arrays and accumulates
toward the plus ends of phragmoplast M'Ts (84).
Its tobacco homolog has been isolated from
telophase cells and cross-bridges MTs (99).
Thus, GEM1/MORI1 may stabilize the growing
plus ends of phragmoplast M'Ts (Figure 34). In
summary, several MAPs stabilize phragmoplast
MTT5s but it is not known at present to what ex-
tent they are functionally distinct.

The Arabidopsis genome encodes some 60
kinesin-related motor proteins (KRPs) (68).
Several KRPs localize to the phragmoplast and
are implicated in the organization of phragmo-
plast MTs (Figure 3A4) (reviewed in 44, 46).
Bipolar KRPs such as TKRP125 are plus end—
directed motors that slide overlapping MTs
against each other and may thus compensate for
MT growth at their overlapping plus ends (1).
Whereas TKRP25 localizes along the MT5, re-
lated DcKRP120-2 mainly accumulates in the
zone of overlap (7). PAKRP1 and its close ho-
molog PAKRPIL representa different group of
phragmoplast-associated KRPs (42, 65). These
proteins specifically localize to the interzonal
MT5s at anaphase and to the overlapping plus
ends throughout phragmoplast development.
Both may form dimers and thus maintain the
organization of overlapping antiparallel bun-
dles. However, their precise roles need to be
clarified. A third group of KRPs, represented
by ATKI1/KatA, has C-terminal motor do-
mains and may counteract the action of bipo-
lar KRPs. ATK1/KatA is a minus end-directed
KRP that specifically localizes to the midzone
of the mitotic apparatus and the phragmoplast
(45, 49). Disrupting the ATKI gene alters the
spindle organization of male meiotic cells but
does not affect mitotic spindle or phragmo-
plast. This finding has been attributed to func-
tional overlap between members of the ATK
family (12). Another minus—end—directed mo-
tor protein is the kinesin calmodulin binding
protein (KCBP). Its C-terminal motor domain
and an adjacent Ca calmodulin—binding domain
bundle MTs in vitro in a calcium-dependent
manner (37). Structural analysis of KCBP also
predicts that Ca-calmodulin binding blocks
motor motility and may initiate dissociation of
KCBP from MT5s (89). Injecting anti-KCBP an-
tibody into anaphase cells activates KCBP and
disrupts the phragmoplast, which suggests that
KCBP is normally downregulated (91). This
regulation may involve the calmodulin-binding
domain of KCBP because limiting the rise
of calcium concentration that normally occurs
during cytokinesis has a similar disruptive effect
(24).
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MAP: a microtubule-
associated protein.
Some of these form
cross-bridges between
microtubules and
thereby stabilize
microtubule arrays.
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In summary, both structural MAPs and
KRPs play important roles in organizing the
phragmoplast MTs at the plane of cell divi-
sion. Their activity results in dynamic stability
of the MT array perpendicular to the division
plane during both the formation and the lateral
translocation of the phragmoplast.

Lateral Translocation and Disassembly
of the Phragmoplast Microtubules

As the cell plate develops in the center of the di-
vision plane, the associated phragmoplast M'Ts
start to depolymerize, except those at the mar-
gin of the MT bundles. New MTs polymer-
ize adjacent to the remaining ones, delivering
Golgi-derived vesicles to the margin of the de-
veloping cell plate. Inner M'Ts then depolymer-
ize and new MTs are added to the outer face of
the ring-shaped array (Figure 3B). This cycle
of phragmoplast translocation and cell plate ex-
pansion is repeated until the cell plate reaches
the cortical division site marked earlier by the
preprophase band (21, 81). In polar cytokine-
sis, the lateral translocation of the phragmo-
plast M'Ts occurs asymmetrically as does the
expansion of the cell plate (85). What is the
driving force behind the lateral progression of
cytokinesis?

Lateral translocation of the phragmoplast is
inhibited by the M'T-stabilizing drug taxol, sug-
gesting that polymerization of MT5 at the mar-
gin requires depolymerization of MTs in the
center (96). Taxol also inhibits cell plate expan-
sion, presumably because no vesicles are deliv-
ered to the CPAM near its margin (Figure 3B).
More recently, two orthologous plant-specific
kinesin-related proteins, HINKEL (HIK) in
Avrabidopsis and NACK1 in BY-2 cells, were
shown to play a role in phragmoplast dynamics
during cell plate expansion (59, 83). The HIK
gene is expressed in a cell cycle-regulated man-
ner, and A7k mutant embryos display character-
istic cytokinesis defects. Phragmoplast MTs are
stabilized beneath the expanding cell plate, as
reported for taxol-treated cells, and the lateral
translocation appears to continue (83). NACK1
colocalizes with the plus ends of phragmoplast

Fiirgens

MTs during their lateral translocation (59). A
dominant-negative form of NACKI stabilizes
the MTs beneath the cell plate but blocks lat-
eral translocation of phragmoplast M'Ts and
expansion of the cell plate, thus resembling
the effect of taxol treatment (59). Regardless
of the differences between the two systems,
both studies indicate a role for HIK/NACK1
in the depolymerization of M'Ts beneath the
cell plate. Further analysis shows that NACK1
activates and targets the MAP kinase kinase ki-
nase (MAP3K) NPKI1 to the plus ends of phrag-
moplast M'Ts, which is required for cytokinesis
(59). Overexpression of a kinase-negative vari-
ant of NPK1 causes essentially the same de-
fects as the dominant-negative form of NACK1
(58). It is interesting to note that both NPK1
and its target MAP2K NQXKI1 are inactivated
by MT depolymerization (80). It is thus con-
ceivable that NPK1 signaling is controlled by
a negative feedback loop, leading to MT de-
polymerization, which in turn results in NPK1
inactivation. NPK1-mediated M'T depolymer-
ization does not occur in the CPAM but only
underneath the cell plate and may thus be linked
to membrane fusion processes in the developing
cell plate. This would ensure that membrane
vesicles are only delivered to the growing mar-
gin of the cell plate and that the phragmoplastis
disassembled when the fully expanded cell plate
fuses with the plasma membrane.

The closest homolog of HIK/NACKI is
TETRASPORE (TES)/NACK2, which is re-
quired for male meiotic cytokinesis in Arabidop-
si5 (95). In tes mutants, the radial M'T arrays that
mediate the formation of the partitioning mem-
brane are disorganized, suggesting that the two
homologous kinesin-related proteins perform
comparable roles in two different types of cy-
tokinesis. There is also indirect evidence that
NPKI1 signaling plays a role in male meiotic
cytokinesis as well (39, 80). How TES/NACK2
and NPK1 signaling mightaffect disassembly of
the radial MT arrays remains to be determined.
Note that these arrays form simultaneously
across the plane of division and the membrane
fusion process starts at the plasma membrane
and progresses to the center (64).
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In summary, the directional progression of
cytokinesis can in part be explained by the in-
teraction of the NACK1-NPK1 signaling path-
way with the fusion processes occurring in the
adjacent cell plate, which accounts for the de-
polymerization of phragmoplast M'Ts as well as
for the disassembly of the phragmoplast at the
end of cytokinesis. However, it is not known at
present how new M'Ts polymerize on the outer
face of the ring-shaped M'T array and thus de-
liver membrane vesicles required for the further
expansion of the cell plate.

CONCLUDING REMARKS

Higher-plant cytokinesis is a highly orches-
trated, cytoskeleton-assisted process of mem-
brane targeting and fusion. The recent studies
of diverse modes of cytokinesis, once consid-
ered mechanistically different, have revealed a
remarkable similarity of the initial phase: in
all three systems studied, transport vesicles ac-
cumulate in the division plane and fuse with

SUMMARY POINTS

one another to give vesiculo-tubular networks.
These results suggest common mechanisms in
diverse modes of cytokinesis. However, our
knowledge of the cytokinetic trafficking path-
way and the fusion machinery is still fragmen-
tary. Similarly, endocytosis from the expanding
cell plate needs further study. We particu-
larly need to determine whether there is a
recycling pathway from endosomes to the
growing margin of the cell plate, which would
speed up the expansion of the cell plate. Re-
garding cytoskeleton dynamics in cytokinesis,
the most important finding is the discovery
of a kinesin-MAPkinase pathway that, in con-
junction with fusion processes in the cell plate,
mediates microtubule depolymerization. By
contrast, it is not known how new microtubules
polymerize at the outer face of the array, which
delivers vesicles for cell plate expansion. Finally,
the relative roles of microtubules and AFs have
not been defined precisely. Addressing these
and other cytokinesis-related problems will re-
main a challenge for the future.

1. Higher plant cytokinesis involves a coordinated interplay of membrane and cytoskeleton

dynamics.

2. Diverse modes of cytokinesis share common features during the early phase: targeted

delivery of membrane vesicles, which fuse with one another to form vesiculo-tubular

networks.

3. Membrane fusion during cell plate formation is mediated by a SNARE complex that

contains a cytokinesis-specific syntaxin.

4. Vesiculo-tubular networks are locally constricted by dynamin-related proteins, which

results in a lattice of membrane tubules.

5. Further flattening of the maturing cell plate is achieved by endocytosis of excess mem-

brane material.

6. Cell plate expansion requires depolymerization of phragmoplast microtubules, which is
mediated by a kinesin-MAPkinase pathway in conjunction with membrane fusion pro-

cesses in the cell plate.
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