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SUMMARY

MAPG65-3/PLEAIDE, TRAPPII,

Cytokinesis, the. partitioning of the cytoplasm following nuclear division, requires

extensive coordination between cell cycle cues, membrane trafficking and microtubule

dynamics. Planticytokinesis occurs within a transient membrane compartment known

as the cell plate, to which vesicles are delivered by a plant-specific microtubule array,

the phragmoplast. While membrane proteins required for cytokinesis are known, how

these are coordinated with microtubule dynamics and regulated by cell cycle cues

remains unclear. Here, we document physical and genetic interactions between
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Transport Protein Particle 1l (TRAPPII) tethering factors and microtubule-associated
proteins of the PLEIADE/AtMAPG65 family. These interactions do not specifically affect
the recruitment of either TRAPPII or MAPG65 proteins to the cell plate or midzone.
Rather, and based on single versus double mutant phenotypes, it appears that they
are required to jcoordinate cytokinesis with the nuclear division cycle. As MAP65
family members are known to be targets of cell cycle regulated kinases, our results
provide a conceptual framework for how membrane and microtubule dynamics may be

coordinated.with. each other and with the nuclear cycle during plant cytokinesis.

INTRODUCTION

In plants, the/onset of cytokinesis is characterized by the assembly of a plant-specific
microtubule ‘array, the phragmoplast. Phragmoplast microtubules are initially organized in a
solid array. As cells enter telophase, microtubules are translocated to the leading edges of
the phragmoplast, giving rise to a ring-shaped phragmoplast (Miller and Jirgens, 2015).
Recent studies have addressed the transition from the solid to the ring-shaped phragmoplast
(for review see Lee and Liu, 2013). The centrifugal expansion that underlies this transition is
a result of continuous microtubule assembly at the periphery of the phragmoplast
concomitant with the disassembly of microtubules towards the center of the phragmoplast
(Smertenkomet_al., 2011). New microtubules are nucleated on existing phragmoplast
microtubules#(Murata et al., 2013). Nucleation requires y-tubulin, which is an essential and
conserved component of plant and animal MTOCs. y-tubulin is found at the phragmoplast,
with a preference for microtubule minus ends at the distal edges facing the daughter nuclei; it
is not found at the phragmoplast midzone (Kong et al., 2010). At the plus end, bundling of
antiparallel/microtubules coming from opposite sides of the division plane occurs selectively
at the periphery of the phragmoplast. Bundling is mediated by the dimerization of microtubule
cross-linking proteins of the MAP65 family, notably the cytokinesis-specific MAP65-
3/PLEIADE_member (Mdller et al., 2002, 2004; Ho et al., 2012; Murata et al., 2013). The
Arabidopsis' MAP65 family encodes plant-specifc microtubule-associated proteins (MAPSs)
that have been shown to bind and bundle microtubules in vitro (Chan et al., 2003; Van
Damme et al., 2004; Gaillard et al., 2008). The debundling of microtubules towards the
center of the phragmoplast is mediated via phosphorylation of MAP65-3/PLEIADE by
mitogen-activated: protein MAP kinases (Takahashi et al., 2004). The MAP kinase cascade
is, in turn, activated in a cell cycle dependent fashion by the Kinesin 7 member
NACK1/HINKEL (Sasabe et al., 2006, 2011a; Vanstraelen et al., 2006). The NACK1/NACK2
kinesin-like proteins, together with the MAPK cascade, comprise the NACK-PQR pathway
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(Lee and Liu, 2013). Debundled microtubules are thought to be severed and disassembled
via the action of katanin (Panteris et al., 2011).

The organization of the phragmoplast microtubule array requires KINESIN 12A/12B
motors, which specifically decorate the plus end of phragmoplast microtubules in a MAP65-3
dependent ymanner (Lee et al.,, 2007; Ho et al.,, 2011). Phragmoplast microtubules are
organized in.an,antiparallel array with their plus ends facing the division plane, such that
transport from both sides of a dividing cell delivers vesicles to the cell equator. At the
equator, .the _nascent cross wall is assembled within the lumen of a transient membrane
compartment_referred to as the cell plate. The execution of plant cytokinesis requires a
number of trafficking components involved in vesicle formation, tethering, docking and fusion
(Ebine and'Ueda; 2015; Miller and Jirgens, 2015). The BIG ARF-GEFs have recently been
shown to regulate cytokinetic vesicle formation (Richter et al., 2014). The Transport Protein
Particle Il (TRAPPII) tethering complex and interacting Rab-GTPases are required for cell
plate formation (Chow et al., 2008; Jaber et al., 2010; Qi and Zheng, 2011; Qi et al., 2011;
Rybak et al., 2014; for review see Kim et al., 2016). Later in cytokinesis, the exocyst
tethering camplex is involved cell plate maturation (Fendrych et al., 2010; Rybak et al., 2014;
reviewed by Boruc and Van Damme, 2015). Membrane fusion events at the cell plate are
predominantly;mediated by the t-SNARE KNOLLE and its interacting partner, the SM/Sect
protein KEULE (Waizenegger et al., 2000; Assaad et al., 2001; Park et al., 2012; for review
see Millervand Jirgens, 2015) . While membrane proteins required for cytokinesis are
known, howsthese are coordinated with microtubule dynamics and regulated by cell cycle
cues remains to be elucidated.

In this study, we document physical and genetic interactions between membrane and
microtubule components of cytokinesis. We first identified membrane related cytokinesis
components whase localization dynamics best follow phragmoplast microtubule array
organization. We then used these membrane-related proteins as baits for
immunoprecipitation experiments. Copurified proteins, identified by mass spectrometry, were
mined for proteins interacting with microtubule plus ends. We subsequently focused on the
most interesting pair of membrane related proteins and MAPs: the TRAPPIlI - MAP65
interaction. The mass spectrometry data were validated with binary interaction assays,
double mutant analyses and an analysis of co-localization. An appraisal of single versus
double mutant phenotypes lead us to outline a conceptual framework for the coordination
between membrane and cytoskeletal dynamics and their regulation by cell cycle cues during
plant cytokinesis.

RESULTS and DISCUSSION
The TRAPPII tethering complex interacts with MAP65 family members
This article is protected by copyright. All rights reserved



To identify interactions that govern the coordination between membrane and microtubule
dynamics during cytokinesis, we performed immunoprecipitation experiments with mass
spectrometry readout. We first monitored seven membrane-related markers (Table S1) for
their localization dynamics at the cell plate, in conjunction with a microtubule marker (Gutierrez
et al., 2009). Of these, the Sec1/Munc18 protein KEULE-GFP (Steiner et al., 2016) as well as
the TRAPPIL tethering factors TRS120-GFP and CLUB/AtTRS130-GFP (Rybak et al., 2014)
best followed microtubule array reorganization from the solid to the ring-shaped phragmoplast
stages. These.three markers were subsequently used as baits and the mass spectrometry
data were mined for potential microtubule-related hits.

An abundance of tubulin subunits and several proteins associated with microtubule plus-
end trackingu(+TIP; Bisgrove et al., 2004; Hamada, 2014) were enriched in TRAPPII but not in
KEULE pulldowns (Table I; Table S2). Interestingly, six unique peptides corresponding to
Arabidopsis Microtubule Associated Protein 65 (MAP65) proteins (Smertenko et al., 2004; Van
Damme et al., 2004; Sasabe et al., 2011b; Ho et al., 2012)) co-purified with CLUB-GFP and
five with AtTRS120-GFP; of these, four peptides were identified in both TRAPPII pull downs
(Table I; Table S2; Figure S1). The signals showed strong intensity, a significant enrichment
over the control (empty GFP-cassette) and a significant P value of 0.008 across three
biological replicates. Considering that genes that are co-expressed tend to be involved in
related biological processes (Usadel et al., 2009), we evaluated co-expression coefficients
using Genevestigator (Hruz et al., 2008; Table 1). This identified positive correlations in a
number of eases, with numbers in the 0.5 range that are similar to those found for known
TRAPP components (see Table S2), which supports our proteomic data.

We focused on microtubule-associated proteins of the MAP65 family, which are known
to bundle and stabilize the plus end of microtubules in vitro (Smertenko et al., 2004; Gaillard et
al., 2008). The Arabidopsis MAP65 family consists of nine members of which three, AIMAP65-
1, AtMAP65-2 and PLEIADE (also known as AtMAP65-3), have been shown to act
redundantly. during cytokinesis (Sasabe et al., 2011b). To test for binary interactions, we
performed yeast two hybrid (Y2H) and bifluorescence complementation (BiFC) assays. The
full-length CLUB/AtTRS130 and AtTRS120 TRAPPII proteins were poorly expressed in yeast
and, in our hands, did not work for Y2H. We, therefore, constructed truncations.
CLUB/AtTRS130.and AtTRS120 have conserved TRAPPII domain structures that span the
entire length of the protein (Koumandou et al., 2007). Truncations were designed via
phylogenetic analysis and the proteins accordingly split into highly conserved (C1, T1),
intermediate or mixed (C2, T2) and plant-specific (C3, T3) moieties (Figure 1a). In yeast, the
CLUB C3 plant-specific fragment yielded strong interactions with PLEIADE/AtMAP65-3 but the
C1 and C2 fragments did not (Figure 1b). Bifluorescence complementation (BiFC) confirmed
interactions between TRAPPIl subunits and both AtMAP65-1 and PLEIADE/AtMAP65-3
This article is protected by copyright. All rights reserved



(Figure 1c). While TRAPPII interactions were localized to membranes or to the cytosol, the
TRAPPII — MAPG65 interactions localized to an ordered, linear array that resembled cortical
microtubules (Figure 1c).

For an assessment of genetic interaction, we focused on PLEIADE/AtMAP65-3 because it has
a specific eytokinesis-defective phenotype reminiscent of keule and of TRAPPII mutants
(Smertenko etsal., 2004). Indeed, pleiade null mutants were identified in the same screens as
club (Séliner et al., 2002) and keule (Gillmor et al., 2016). Double mutant analysis showed
synergistic genetic interactions for ple-2 trs120-4 double mutants, in which we combined a
hypomorphie, viable ple-2 allele with a null seedling lethal allele of the TRAPPII-specific
subunit TRS#20x(Figure 2). An additional line of evidence for an interaction is the observation
that the TRAPPII' subunit TRS120-mCherry (Rybak et al., 2014), which co-localizes with
CLUB-GFPzat the cell plate (Figure S2), co-localizes with GFP-PLEIADE (Steiner et al., 2016)
throughout cytokinesis (Figure 3; Figure S2).

The TRAPPII'complex does not appear to act as a membrane anchor for GFP-PLEIADE
at the cell plate

To assess the biological relevance of the interactions between PLEIADE/AtMAP65-3 and
TRAPPII in the specific context of plant cytokinesis, we first tested whether the TRAPPII
membrane tether acts as an anchor for PLEIADE/AtMAP65-3 at the phragmoplast midzone
by monitoring, GFP-PLEIADE in TRAPPII mutants. GFP-PLEIADE was localized at the
phragmoplast®midzone in both wild-type and TRAPPII mutants, but the signal was
sometimes discontinuous in club-2 (Figure 4a). In club-2 the phragmoplast microtubules
were at times also discontinuous in their appearance (Figure 4b), reminiscent of patchy cell
plates seen in this mutant line (Rybak et al., 2014). With antibody stains we observed 14%
patchy phragmoplasts in club-2 mutants, as compared to 0.4 % in the wild type (n = 83 club-
2 or 228 wild-type telophase cells), and there was a 100 % correlation between patchy cell
plates and patchy phragmoplasts (n = 12) in club-2. We conclude that the TRAPPIlI complex
does not appear to act as a membrane anchor for GFP-PLEIADE at the cell plate.

PLEIADE/AtMAPB65-3 is not essential for recruiting the TRAPPIl complex to the cell
plate

We next tested whether, conversely, PLEIADE/AtMAP65-3 may be required for the
delivery of the TRAPPII complex to the cell plate. To this effect, we imaged TRS120-GFP in
the ple-4 mutant background. In 78% of cases, (n = 18), we found that the cell plate
localization of TRS120-GFP was considerably more diffuse in the ple-4 mutant background
than in the wild-type (Figure 4c and 4d). PLEIADE/AtMAP65-3 is known to bundle antiparallel
microtubules coming from opposite sides of the division plane, and as a consequence
This article is protected by copyright. All rights reserved



pleiade mutants are characterized by a larger midzone gap (Mdller et al., 2004; Ho et al.,
2012). The observed defect in TRS120-GFP localization in the ple-4 background was also
seen with the FM4-64 stain (Figure 4c and 4d) and may reflect the larger midzone
characteristic of pleiade mutants rather than a specific defect resulting from a direct
interaction between PLEIADE/AtMAP65-3 and the TRAPPII complex. Indeed, the increased
cell plate thickness we observe (1.2 um; Figure 4d) corresponds to the enlarged width of the
midzone gap reported in pleiade null alleles (1.2 ym; Ho et al., 2012). Overall, in both the
wild-type. and._ple-4 mutant backgrounds, TRS120-GFP was recruited to the cell plate,
reorganized o the leading edges as the cell plate expanded, and was removed from the cell
plate at thesendwef cytokinesis (compare Figure 4c to Figure S2). These results imply that
PLEIADE/AtMAP65-3 is not essential for recruiting the TRAPPII complex to the developing

cell plate.

The:nuelear cycle and cytokinesis appeared to be uncoupled in pleiade/map65-
3trs120 double mutants

As TRAPPIlI or PLEIADE/AtMAP65-3 did not appear to specifically affect one
another’s localization dynamics during cytokinesis, we probed the significance of the
interaction [ by, carrying out a more thorough analysis of double mutant phenotypes.
Immunofluorescence assays showed that ple-2 trs120-4 double mutants had a synthetically
enhanced number of cells in which four or more nuclei were clumped together in the
apparent abseénce of even vestigial cross walls (Figure 5a-c). Cells with four or more nuclei
were never observed in the wild-type or in trs120-4 single mutants, occurred at a frequency
of 0.6% in ple-2 hypomorphs (n = 4136 cells), and of 12.1% in double mutant cells (n = 1185
cells; Figure 5c). This twenty-fold enhancement between ple-2 and ple-2 trs120-4 was highly
significant (p = 3.8 €®) and provided further evidence for a genetic interaction. In summary,
in the double mutants the nuclear cycle and cytokinesis appeared to be uncoupled.

Thelinteresting difference between ple-2 hypomorphs and trs120-4 null mutants with
respect to the incidence of multinucleate cells prompted us to reevaluate the ple-4 null
phenotype. To this effect, we carried out histological sections (Figure 5d) and Focused lon
Beam/Scanning Electron Microscopy (FIB/SEM), which allows for 3D reconstructions at high
resolution (Figure;5e). FIB/SEM tomographic datasets occasionally showed binucleate cells
in whichrthe cross wall was entirely absent in ple-4 null mutants (Figure 5e). By contrast,
FIB/SEM of trs120-4 single mutants invariably revealed at least rudimentary cross walls
between daughter nuclei (Rybak et al., 2014). Thus, in the double mutant, the trs120-4 allele
synthetically enhances a nuclear phenotype that it itself does not manifest on its own. The
contrast between the single mutants further highlights the significance of the synergistic
enhancement of the multinucleate phenotype in ple-2 trs120-4 double mutants (Figure 5a-c).
This article is protected by copyright. All rights reserved



Progression through the cell cycle involves four key transitions: entry into S-phase, entry
into mitosis, exit from mitosis and fourth, the onset and execution of cytokinesis. The key
regulators of the first three transitions, which include cyclin-dependent kinases and the
anaphase promoting complex, appear to be conserved across kingdoms (Assaad, 2001).
The last stage of,the cell cycle, however, appears to be different in plants as compared to
both fungi and.animals. Indeed, in plants a mitogen-activated protein (MAP) kinase cascade,
rather than'polo kinases, have been shown to regulate plant cytokinesis (Sasabe et al., 2006;
Kosetsu et al.,.2010). The MAP kinase cascade is activated in a cell cycle dependent fashion
and, in turn, _targets MAPG65 proteins (Sasabe et al., 2006, 2011a; Kosetsu et al., 2010;
Muller and Jirgens, 2015). It is interesting that the plant-specific moiety of CLUB/AtTRS130
interacts with, PLEIADE/AtMAP65-3. This highlights the unique features of plant cytokinesis,
which include the phragmoplast microtubule array and the nature of its cell cycle regulation.

The "TRAPPII complex is required for cell plate biogenesis throughout cytokinesis,
from cell plate initiation to insertion (Rybak et al., 2014), and it is possibly at this level that
cell cycle regulation would be most effective. If the biological role of the TRAPPII-MAP65
interaction were to transmit cell cycle cues to cell plate membranes, we would predict that
TRAPPII mutants_should have additional phenotypes related to those of targeted MAP65
mutants insensitive to cell-cycle cues. In tobacco, such mutants are severely impaired in
centrifugal phragmoplast expansion from the solid to the ring shaped phragmoplast stages
(Sasabe et"al;,2006). Phragmoplast expansion is also blocked in Arabidopsis Fused kinase
TWO-IN-ONE(TIO) mutants; the TIO kinase interacts both with KINESIN 12 and with the
NACK-PQR pathway that targets PLEAIDE/AtMAP65-3 (Oh et al., 2005, 2012, 2014). Thus,
the NACK-PQR-MAP65 signal transduction pathway appears to act as a major node to
regulate phragmoplast expansion. This consideration led us to monitor phragmoplast
microtubule reorganization in TRAPPII club-2 and trs120-4 mutants. Both live cell imaging
(Movies S1-S3; Figure S3) and antibody stains showed a pronounced defect in phragmoplast
microtubule reorganization from the solid to the ring-shaped stages in both club-2 and
trs120-4 (Figure S3). The live imaging shows that there is a delay but not an absolute block
in the transition (Movies S1-S3). This is entirely consistent with our hypothesis.

CONCLUSION and PERSPECTIVE

On the basis of the molecular functions of the interacting partners and of single
versus double mutant phenotypes, we outline a conceptual framework (Figure 5f) for the
integration of membrane dynamics, phragmoplast microtubule dynamics and the nuclear
division cycle throughout cytokinesis. PLEIADE/AtMAP65-3 has recently been shown to
interact with spindle assembly checkpoint (SAC) proteins in Arabidopsis (Paganelli et al.,
This article is protected by copyright. All rights reserved



2015). The SAC ensures error-free chromosome segregation by preventing the onset of
anaphase as long as any unattached or incorrectly attached chromosomes are present.
Thus, PLEIADE/AtMAP65-3 ultimately transmits cues pertaining not only to cell cycle
progression but also to chromosome attachment to phragmoplast microtubules. The
confirmed TRAPRII-MAP65 interaction would enable these cues to be coordinated with
membrane dynamics during cytokinesis. To avoid bisecting the nucleus, it is critical that
cross wall deposition be coordinated with cell cycle cues. Our findings provide a conceptual
framework for.how this might be achieved. Knowledge of checkpoints acting after the spindle
assembly checkpoint is lacking (Musacchio, 2015), yet the striking phenotype of the pleiade
trs120 double mutants, in which the nuclear cycle and cytokinesis appear to be uncoupled,
tempts oneuto speculate as to the existence of a cytokinesis checkpoint. The unusual
distribution ©f an Arabidopsis SAC protein at the phragmoplast midzone during cytokinesis
has formerly“led to similar speculation (Caillaud et al., 2009). The TRAPPIl — MAP65
interaction might,jin fact, comprise a safeguard mechanism that coordinates the completion
of cytokinesis with cell cycle progression beyond anaphase.

EXPERIMENTAL'PROCEDURES
Lines and growth conditions

Seedling lethal mutant lines (Table S3) were propagated as hetero- or hemi-zygotes.
Plants weresgrown in the greenhouse under controlled temperature conditions and with
supplemental light, or under controlled growth chamber conditions (16/8 hr photoperiod at
250 pmol m™?s™). Seed were surface sterilized, stratified at 4°C for two days and plated on
MS medium supplemented with 1% sucrose and B5 Vitamins (Sigma). The root tips or

hypocotyls of five-day old plate grown seedlings were used for imaging.

Molecular methods

TRAPPII truncations were constructed via Gateway cloning as described in the Supporting
Information"Methods S1, using full length cDNA clones obtained from the RIKEN Bioresource
Center (Seki et al}; 2002).

Co-immunoprecipitation

Co-immunoprecipitation experiments were carried out on three grams of leaves, seedlings or
inflorescences using GFP-trap beads (Chromotek) or anti-HA beads (Roche), as described
(Park et al., 2012 with modifications described in Rybak et al., 2014). NanoflowLc-MS/MS
was performed by coupling an EksigentnanoLC-Ultra 1D+ (Eksigent, Dublin, CA) to a Velos-
This article is protected by copyright. All rights reserved



LTQ-Orbitrap (Thermo Scientific, Bremen, Germany; see Supporting Information Methods
S2).

Yeast two hybrid (Y2H)

Y2H screens were performed as described (Dreze et al., 2010). Briefly, open reading frames
(ORFs) encoding fragments of CLUB/AtTRS130 (C1-C3) and TRS120 (T1, T2, T3) were
transferred'by Gateway cloning into the GAL4 DNA-binding domain (DB) encoding Y2H
vector pDEST-pPC97, and subsequently transformed into the yeast strain Y8930. These
constructs were screened by yeast mating against a collection of 12,000 Arabidopsis ORFs
fused to thesGal4 activation domain (AD) in the yeast strain Y8800 (WeBling et al., 2014).
Screening was.done as a binary mini-pool screen, i.e. each DB-ORF was screened against
pools of 188 AD-ORFs. Interactions were assayed by growth on selective plates using the
HIS3 reporter, and using TmM 3-Amino-1,2,4-triazole (3-AT) to suppress background growth.
This primary screen was carried out once and interaction candidates were identified by
Sanger sequencing. All candidate interactions were verified by pairwise one-on-one mating
in three independent experiments. Only pairs scoring positives in all three assays were

considered as bona fide interaction partners.

Bifluorescence complementation

Agrobacterium__carrying individual vectors were co-infiltrated into young Nicotiana
benthamianarsleaves in a solution of 10mM MES, 10mM MgCl,, and 100um acetosyringone
with each Agrobacterium vector strain (Gookin and Assmann, 2014) at ODgy=0.03.
Combinations are indicated in figure panels. BiFC signal was visualized using a Leica SP2
confocal microscope with 514nm excitation and 525-600nm emission filter to detect YFP.

See Supporting Information Methods S3.

Antibody stains and confocal microscopy. Root tips were fixed in paraformaldehyde,
permeablized and stained according to (Vélker et al., 2001), with anti-KNOLLE (Lauber et al.,
1997) (rabbit, 1:2000), anti-tubulin (mouse, 1:2500, Sigma), anti-rabbit monoclonal Alexa-
m488 (goat, 1:600, Molecular Probes) as well as anti-mouse Cy3 (goat, 1:600, Dianova).
Nuclei were stained with 1pg/ml DAPI (Sigma). A Fluoview 1000 confocal laser scanning
microscape (Olympus) was used for images acquisition and processing.

Light and Electron microscopy

Histological embryo sections were prepared and imaged as described (Assaad et al., 1996).
Fresh seedlings were imaged in low vacuum with a Zeiss (LEO) VP 438 scanning electron
microscope operated at 15 kV. For electron microscopy, root tips were fixed by high-pressure
This article is protected by copyright. All rights reserved



freezing and freeze substituted (Leica HPM100; Leica ASF2) and FIB/SEM tomographic
datasets were acquired with a Zeiss-Auriga workstation (Carl Zeiss Microscopy) as described
in the Supporting Information Methods S4.

Statistical and Image analyses
False discovery,rates, determined with the standard two-tailed t-test, were set at a cutoff of
1%. Images.were processed with Adobe photoshop, analyzed with Image J, and assembled

with Adobe lllustrator. 3D reconstructions were carried out with Imaris software (Bitplane).
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SUPPORTING INFORMATION

Figure S1; AtMAP65-1 peptides identified in TRAPPIl immunoprecipitated complexes.
Related to FigureT.

Figure S2.[TRS120-mCherry co-localizes with CLUB-GFP at the cell plate. Related to Figure
3.

Figure S3.{Impairment of microtubule reorganization in club-2 and trs120-4 mutants. Related
to Figure 5.

Table S1. Marker lines used in this analysis.

Table S2. Analysis of CLUB-GFP immunoprecipitates via mass spectrometry.

Table S3. Mutant.lines used in this study.

Movie S&: Microtubule reorganization in the wild-type. Related to Figures 5 and S3.

Movie S2. Delayed microtubule reorganization in club-2. Related to Figures 5 and S3.

Movie S3. Delayed microtubule reorganization in trs120-4. Related to Figures 5 and S3.
Methods.
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Figure Legends

Figure 1. Physical interaction between the TRAPPII complex and MAPG65 proteins. See
Figure S1.

(a) TRAPPII truncations used for binary interaction assays. Segments colored in red are
conserved across kingdoms, while ones in green are plant-specific. The orange moiety of the
C2 segment is poorly conserved across kingdoms. The T2 middle segment corresponds to
sequences found to interact with the exocyst in a yeast two-hybrid screen (Rybak et al.,
2014).

(b) Yeast two-hybrid experiments; the panels are spliced together from different plates. Note
positive interactions between the plant specific C3_DB CLUB/AtTRS130 truncation and
AtMAPG65-3_AD, and between CLUB C2_DB or C3_DB and T2_AD. T2_DB is an auto
activator, as evidenced by colony growth with the empty AD vector, and this precludes our
ability to determine whether AtTRS120_T2 interacts with PLEIADE/AtMAP65-3.

(c) BiFC experiments. VYNE and VYCE vectors represent fusions of the specified proteins or

protein fragments to N- and C-terminal YFP moieties. The CLUB-C3 truncation and
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AtTRS120 full-length protein interact with AtMAP65-1 and AtMAP65-3. This interaction is
localized to an ordered, linear array reminiscent of cortical microtubules. By contrast,
TRAPPII complex interactions (here CLUB_C3 is shown to interact with TRS120) are
localized to intracellular membranes and to the cytosol. As a negative control, AtMAP65-1

does not interact with the CLUB_C2 truncation. Bars = 10 um.

Figure 2. Genetic interaction between the TRAPPII complex and MAPG65 proteins.
(a-d) Environmental Scanning Electron Micrographs of wild type and mutant seedlings.
Arrows point.to cell wall stubs.

Bars = 0.5 mm overview; 20 um close-up.

(a) wild type.

(b) ple-2, a hypomorphic, viable allele of the AtIMAP65-3 locus.

(c) trs120-4;"a TRAPPII null mutant.

(d) ple-2 trs120-4 double mutant.

(e) % hypocotyl cells with incomplete cross walls in single and double mutants. The dotted
red line depicts an additive phenotype; note the synthetically enhanced (i.e. larger than
additive) number of incomplete walls. Mean + S.E.M. ***p = 3 " for a comparison between
trs120-4 and double mutants; Student's two-tailed t test. n = 20 wild type (Col-0), n = 3 ple-2,
n =18 trs120-4 and n = 9 ple-2 trs120-4 seedlings.

Figure 3. Calocalization between TRS120-mCherry and GFP-PLEIADE in meristematic
arabidopsis root cells.

(a) Time lapse of Pp e::GFP-PLEIADE with the Pygq::TRS120-mCherry TRAPPII subunit is
shown, with minutes indicated in the right panel. The markers co-localize throughout
cytokinesis. Arrowheads point to leading edges of the cell plate. Bars = 10 um.

(b) The line graphs depict scaled relative intensity of GFP-PLEIADE and TRS120-mCherry at
the cell plate. Note that throughout cytokinesis almost every peak of GFP-PLEIADE
fluorescence coincides with a peak of TRS120-mCherry fluorescence (black arrowheads).

Figure 4. Localization of TRAPPII and PLEIADE/AtMAP65-3 gene fusions in mutant
backgrounds.

(a-c) Time lapses are shown, with minutes indicated in the right panel. Arrowheads point to
leading edges ofithe cell plate. Bars = 10 um.

(a) PpLe::GFP-PLEIADE time lapse in club-2, a TRAPPII null mutant. Note the punctate
appearance of the cell plate. Also, within a 28 minute time lapse, GFP-PLEIADE has failed to
reorganize to the leading edges of the cell plate, suggestive of an impairment in MT
dynamics.
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(b) Antibody stains in Pp e::GFP-PLEIADE root tips. DAPI/nucleus (white); microtubules (red)
anti-GFP; and merge. Note that in club-2 mutants (lower panel), GFP-PLEIADE is found at
the midzone of patchy phragmoplasts (open arrowhead). Bars = 10 um.

(c) TRS120-GFP in ple-4, a null allele of the AtMAP65-3 locus. Note the diffuse appearance
of both TRS120-GFP and FM4-64.

(d) Thickness.ef.cell plate in um, as assessed with TRS120-GFP (green) or FM4-64 (red) in
wild type and ple-4 root tips. Mean = S.E.M. Wild type n = 6 cell plates and 24

measurements; ple-4 n = 18 cell plates and 70 measurements.

Figure 5. Characterization of TRAPPII and pleiade single and double mutants. See also
Figure S3.

(a) Antibody'stains of root tips. DAPI/nucleus (white); microtubules (red); and merge. Bars =
10 um. Note'therabsence of multinucleate cells in wild type and trs120-4, but the binucleate
cell in ple-2 (asterisk) and the multinucleate cells in the ple-2 trs120-4 double mutant.

(b) A multinucleate cell characteristic of the double mutant, in which seven nuclei are
clumped together in the absence of even vestigial cross walls.

(c) % multinucleate cells lacking cross walls or stubs. Mean = S.E.M. The horizontal dotted
red line depicts an additive phenotype. *p = 0,03 for a comparison between ple-2 and ple-2
trs120-4 for 2-3 nuclei; ***p = 3 e-% for a comparison between ple-2 and ple-2 trs120-4 for 4
or more nuclei; Student’s two-tailed t test; wild type: n = 1798 cells; trs120-4: n = 1123 cells;
ple-2: n = 4186 cells; ple-2 trs120-4: n = 1185 cells.

(d) Toluidine-blue stained histological sections of mutant embryos. Bars = 10 um.

Wild-type embryo (left panel).

ple-4 embryo (middle and right panels); note that the cytokinesis defect is more pronounced
in the radicle, which may explain why we did not detect co-purified MAP65-3 from
inflorescences.

(e) Focused lon Beam/Scanning Electron Micrographs of high pressure frozen, freeze
substituted five-day old root tips. Single slices are shown in the left panel and 3D
reconstructions of entire stacks in the right panel. Nuclei (N): blue spherical structures; cross
walls: green; cell outline: beige. Bars = 10 um. Wild type (upper panel); note the regular
shape of the cell. and the complete cross wall. ple- 4 (lower panel); note that there are two
nuclei but'no apparent cross wall in the 3D reconstruction (lower right panel).

(f) A conceptualframework for the integration of cell cycle cues with membrane and
microtubule dynamics during plant cytokinesis. MAP65 proteins are targets of cell cycle
regulated kinases (Kosetsu et al., 2010; Sasabe et al. 2011a, 2011b) and
PLEIADE/AtMAP65-3 also interacts with spindle assembly checkpoint (SAC) proteins
(Paganelli et al., 2015). The TRAPPII-MAPS65 interaction would thereby transmit cues
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pertaining to cell cycle progression and chromosome attachment to the trafficking apparatus

at the cell plate, while ensuring the coordination of membrane and microtubule dynamics

throughout cytokinesis. The depicted interactions are published (black) or documented by

multiple lines of evidence in this contribution (green). The thickness of the line is proportional

to the number of lines of evidence that document the interaction.

Table I. Analysis.of CLUB-GFP immunoprecipitates (IPs) via mass spectrometry. This table lists

only microtubulesrelated proteins with a possible role in plus-end tracking or a microtubule stabilizing

role detectediin'the'IPs. The data are based on three biological replicates.

p valuein ) ] )
molecular ) LOCUS ) coexpression biological role
) AGI proteomic . d References
function NAME b coefficient (cellular phenotype)
screen
binds and bundles MTs, (Smertenko et al., 2004;
Stabilizing stabilizes MTs, promotes Van Damme et al.,
At5¢55230 AtMAP65-1 0,008 0.53 . i )
MAP nucleation. Is involved in | 2004; Mao et al., 2005;
mitotic cell cycle. Sasabe et al., 2011b)
plant-specific MAP that
regulates the orientation (Yao et al., 2008;
At4g27060 | TOR1/SPR2 0,00003 0.48 of cortical MTs and
) Wightman et al., 2013)
organ growth. Is involved
in mitotic cell cycle
MAP215 member (Ambrose et al., 2007,
involved in cell division 2011; Ambrose and
At2g20190 AtCLASP 0,002 0.57 and cell expansion. Is Wasteneys, 2008; Kirik
+TIP thought to promote MT et al., 2007; Pietra et
stability. al,, 2013)
(Eleftheriou et al.,
MAP215 member
required for cortical MT | 2002; Kawamura et al,
organization. Required 2006; Lechner et al.,
At2g35630 MOR1 0,00006 0.44

for cell division, cell
expansion and root hair

polarity.

2012; Twell et al., 2002;
Whittington et al.,
2001)

a: (AGI) Arabidopsis genome initiative accessions (www.arabidopsis.org).

b: p values (< 0.002) were calculated using the t-test (two-sided). See Table S1 for the quality and
specificity of the hits, which is comparable to that of known TRAPP interactors of CLUB/AtTRS130
(Table S1; Rybak et al., 2014).
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c: Coexpression coefficients (Genevestigator (Hruz et al., 2008), perturbations), were similar to those
found for other TRAPP components (see Table S1).
d: as seen by gene ontology annotation on www.arabidopsis.org (Swarbreck et al., 2007).
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Figure 1. Physical interaction between the TRAPPIl complex and MAPES proteins. See also Figure 51.
{a) TRAPPII truncations used for binary interaction assays. Segments colored in red are conserved across
kingdoms, while’onas in green are plant-specific. The orange moiety of the C2 segment is poorly conserved
across kingdems. The T2 middle segment corresponds to sequences found to interact with the exocyst in a
yeast twoshybrid screen (Rybak et al., 2014).

{b) Yeastdwo=hybrd experiments. the panels are spliced together from different plates. Mote positive
interactions between the plant specitic C3_DB CLUB/AITRS130 truncation and AtMAPB5-3_AD, and between
CLUB G2 DB or C3_DE and T2_AD. T2_DB is an auto activator, as evidenced by colony growth with the
empty ADwector;and this precludes our ability to determine whether AtTTRS120 T2 interacts with FLEIADE/
AtMAPBS-3,

{c) BIFC experiments. VYNE and VYCE vectors represent fusions of the specified proteins or protein fragments
to N- and C-tepminal YFP moigties. The CLUB-C3 truncation and AtTRS120 ful-length protein interact with
AtMAPB5-1 and AtMAPGE5-3. This interaction is localized to an ordered, linear array reminiscent of cortical
microtublles. By contrast, TRAPPI complex interactions (here CLUB_C3 is shown to interact with TRS120) are
localized to intracellular membranas and to the cytosol. As a negative control, AtMAPS5-1 does not interact with
the CLUB_CZ truncation. Bars = 10 um.
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Figure 3. Colocalization between TRS120-mCherry and GFP-PLEIADE in
meristematic arabidopsis root cells.

{a)] Time lapse of Pp g1 GFP-PLEIADE with the Pygn:TRS120-mChearry TRHAPPII subunit
is.shown, with minutes indicated in the right panel. The markers co-lecalize throughout
cytokinesis. Arrowheads point to leading edges of the cell plate. Bars = 10 um.

{b} The line graphs depict scaled relative intensity of GFP-PLEIADE and TRS120-
mCherry at the cell plate. Note that throughout cytokinesis almost every peak of GFP-
PLEIADE fluorescence coincides with a peak of TRS120-mCherry fluorescence {black
arrowheaarls).
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Figure 4. Localization of TRAPPII and PLEIADEfAtMAPSE5-3 gene fusions in mutant backgrounds.

{a-c) Time lapses are shown, with minutes indicated in the right panel. Arrowheads point to leading edges of
the cell'plate. Bars = 10 um.

{2) Pp e GFP-FLEIADE time lapse in club-2, a TRAPFI null mutant. Note the punctate appearance of the cell
plate. Also, within a 28 minute time lapse, GFP-PLEIADE has failed to recrganize to the leading edges of the
cell plate, suggestive of an impairment in MT dynamics.

{b] Antibody staing in PpL e GFP-PLEIADE root tips. DAFKnucleus (white); microtubules (red) anti-GFP; and
merges Motesthat in cfub-2 mutants {lower panel), GFP-PLEIADE is found at the midzone of patchy
phragmeplasts {open arrowhead). Bars = 10 pm.

{c) TRS120-GRP in ple-4, a null alleles of the AIMAPE5-3 locus. Note the diffuse appearance of both TRS120-
GFP and EM4-64.

{d) Thickness aof cell plate in um, as assessed with TRS120-GFF (green) or FM4-64 {red} in wild type and
ple-4 roetdips. Mean + S.E.M. Wild type n = 6 cell platas and 24 measurements; ple-4 n = 18 cell plates and
70 measurements.
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