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Summary
The Transport Protein Particle II (TRAPPII) is essential for exocytosis, endocytosis,
protein sorting and cytokinesis. In spite of a considerable understanding of its biological
role, little is known about Arabidopsis TRAPPII complex topology and molecular function.
In this study, independent proteomic approaches initiated with TRAPP components or
Rab-A GTPase variants converge on the TRAPPII complex. We show that the
Arabidopsis genome encodes the full complement of 13 TRAPPC subunits, including four
previously unidentified components. A dimerization model is proposed to account for
binary interactions between TRAPPII subunits. Preferential binding to dominant negative
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(GDP-bound) versus wild-type or constitutively active (GTP-bound) RAB-A2a variants
discriminates between TRAPPII and TRAPPIII subunits and shows that Arabidopsis
complexes differ from yeast but resemble metazoan TRAPP complexes. Analyses of
Rab-A mutant variants in trappii backgrounds provide genetic evidence that TRAPPII
functions upstream of RAB-A2a, allowing us to propose that TRAPPII likely behaves as a
Guanine-nucleotide Exchange Factor (GEF) for the RAB-A2a GTPase. GEFs catalyze
exchange of GDP for GTP; the GTP-bound, activated, Rab then recruits a diverse local
network of Rab effectors to specify membrane identity in subsequent vesicle fusion
events. Understanding GEF-Rab interactions will be crucial to unraveling the coordination of plant membrane traffic.

Introduction
Membrane traffic is central to the organisation of eukaryotic cells. It provides essential
biosynthetic and degradative functions via secretion, membrane biogenesis, endocytosis,
vacuolar expansion, vacuolar degradation, and autophagy. In plant cells major sorting
decisions that target macromolecules towards biosynthetic versus degradative pathways
occur at the trans-Golgi Network/Early Endosome (TGN/EE), which has emerged as a
central hub for membrane traffic during interphase and cytokinesis (Dettmer et al., 2006;
Chow et al., 2008; Ravikumar et al., 2018). The TGN/EE may be homologous to the
metazoan recycling endosome and yeast post-Golgi endosome, though it is likely that it
has unique characteristics of its own. Indeed, localisation studies indicate that it has at
least two distinct functional domains (Dettmer et al., 2006; Chow et al., 2008; Ravikumar
et al., 2018). During cell division, one of these domains forms the cell plate (Chow et al.,
2008; Ravikumar et al., 2018), a structure unique to plant cytokinesis. The plant TGN/EE
has essential functions in exocytosis, endocytosis and protein sorting as well as a
number of specialized functions such as cell plate formation in dividing cells (Luo et al.,
2015; Rosquette et al., 2018; Ravikumar et al., 2018). In Arabidopsis, all of these
functions are, at least in part, mediated by the Transport Protein Particle II (TRAPPII)
complex. Arabidopsis TRAPPII null mutants are seedling lethal and have severe
cytokinesis defects as well as profound loss of cell polarity (Jaber et al., 2010; Thellmann
et al., 2010; Qi et al., 2011; Rybak et al., 2014; Zhang et al., 2018; Ravikumar et al.,
2018), consistent with the central role of TGN/EE trafficking in plant cell organisation. In
spite of its pivotally important biological role, little is known about Arabidopsis TRAPPII
complex topology and molecular function.
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In 2016, four modular TRAPP complexes (TRAPPI to TRAPPIV) were reported in yeast
(Lipatova et al., 2016). However, the existence of TRAPPI and TRAPPIV has since been
contested. Indeed, protein purification at the lowest salt concentration that allows for the
release of TRAPP subunits from membranes has uncovered only two TRAPP
complexes, TRAPPII and TRAPPIII, in yeast cells (Thomas et al., 2018). These two
complexes share six common subunits, which are combined with complex-specific
subunits in a modular fashion to form the different complexes. TRAPPII-specific subunits
in yeast are Tca17, Trs65, Trs120 and Trs130 (Thomas et al., 2018). TRAPPIII consists
of the six common subunits combined with a single complex-specific subunit, Trs85. In
metazoans, only two complexes, TRAPPII and TRAPPIII, are known and their subunit
composition differs from those of their yeast counterparts (Riedel et al., 2018; Sacher et
al., 2018). In plants, the subunit composition and modularity of TRAPP complexes
remain to be determined. Furthermore, it is unclear whether Arabidopsis TRAPPII more
closely resembles yeast or metazoan orthologous complexes.
In yeast and mammals, the best documented function of TRAPP complexes is to act as
Guanine-nucleotide Exchange Factors (GEFs) for Rab GTPases. Rab GTPases are
critical self-organising determinants of membrane identity that ensure accurate and
efficient membrane trafficking between compartments (Barr, 2013). Individual members
of the Rab GTPase family are recruited from the cytosol onto particular membrane
domains where they are activated by specific GEFs. GEFs catalyse the removal of GDP
from Rab GTPases, which allows for the subsequent binding of GTP. The GTP-bound,
activated Rab then recruits a diverse local network of Rab effectors to the membrane.
Effectors typically include tethering factors, for membrane-membrane recognition, as well
as the GEF for the next Rab GTPase in the pathway. Such ‘Rab cascades’, in which one
Rab GTPase recruits the next, are crucial for the spatiotemporal self-organisation of
membrane identity and sorting.
The requirement for sorting cargoes into diverse trafficking pathways at the TGN/EE may
explain the diversity of TGN/EE or post-Golgi Rab GTPases in plant cells. The Rab
GTPase clade that acts principally at the TGN/EE, the Rab-A clade (related to Ypt3 in
Saccharomyces pombe, Ypt31-32 in Saccharomyces cerevisiae and Rab11 of
metazoans), has undergone a unique and extraordinary diversification in land plants
(Rutherford and Moore, 2002). A single ancestral gene in charophyte ancestors
diversified progressively into 26 genes; these fall into 6 putative Rab subclasses (Rab-A1
to –A6) that are widely conserved across angiosperm genomes. The question arises as
to how these 26 Rab-A GTPases are differentially activated. In both yeast and mammals,
TRAPPII complexes have been shown to exhibit Ypt31-32/Rab-11 GEF activity
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(Morozova et al., 2006; Riedel et al., 2018). Furthermore, the TGN/EE-localisation of
TRAPPII components makes the TRAPPII complex a promising candidate for a Rab-A
GEF in plants (Qi and Zheng, 2011; Nakano et al., 2014; Ravikumar et al., 2017;
Ravikumar et al., 2018). The TRAPPII complex has, in fact, been functionally linked to
the Rab-A1 subclade, but the nature of this link remains unclear (Qi et al., 2011; Qi and
Zheng, 2011). Whilst plant Rab GEFs are known for the Rab-G (Cui et al., 2014) and
Rab-F clades (Goh et al., 2007; Fukuda et al., 2013) and possible GEFs have been
suggested for the Rab-E and Rab-H clades (Mayers et al., 2017; Jia et al., 2018) the only
evidence that Arabidopsis TRAPPII acts as a GEF is based on the partial suppression of
a trappii null allele by a constitutively active Rab-A1 GTPase, ectopically expressed from
a strong promotor (Qi et al., 2011; Qi and Zheng, 2011).
Given the diversity of Rab-A GTPases in plant cells, together with the potential diversity
of trafficking functions at the TGN/EE, Golgi, or autophagosome, TRAPP and Rab
functions cannot be reliably inferred via orthology but need to be established
experimentally in plants. In this study, we elucidate the subunit composition of
Arabidopsis TRAPP complexes, pointing to the existence of a distinct TRAPPIII complex
containing subunits not previously recognised in plant genomes. Our data also present
multiple lines of evidence for the role of TRAPPII as a putative GEF for Rab-A2.

Results
The Arabidopsis proteome contains the full complement of known TRAPP
subunits
Thus far, only 9 of 13 potential TRAPP subunits have been identified by homology in
plant genomes (Thellmann et al., 2010; Paul et al., 2014) and of these only 6 have been
identified in immunoprecipitated TRAPPII complexes (Rybak et al., 2014, see BIOGRID;
Steiner et al., 2016). TRAPP subunits have also been detected in the interactome of a
TGN/EE-associated t-SNARE, SYP61 (Drakakaki et al., 2012). Our first aim was to
identify further TRAPP homologues. To this end, we carried out immunoprecipitation
experiments

with

mass

spectrometry

readout

(IP-MS).

The

TRAPPII-specific

CLUB/AtTRS130:GFP subunit, expressed in stable transgenic Arabidopsis plants, was
used as bait. This approach uncovered homologues of all known TRAPP subunits (Table
I; Fig. S1), with the exception of Trs23/TRAPPC4, a subunit common to both yeast and
metazoan TRAPPII and TRAPPIII. TRAPP subunits found in CLUB/AtTRS130 IPs
included four subunits (TRAPPC2(C2L), TRAPPC11, TRAPPC12, TRS65/TRAPPC13)
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not previously recognized in plant genomes due to low conservation with yeast
sequences. While the full complement of thirteen known TRAPP subunits was detected
in CLUB IP-MS, nine of these were high confidence interactors (intensity ratio > 8 and P
< 0.02; black in Table I), one was of intermediate rank (intensity ratio < 8 and P < 0.02;
green in Table I), and three subunits failed to meet our significance cutoffs (P > 0.02; red
in Table I). TRS65/TRAPPC13, which is a TRAPPII subunit in yeast but a TRAPPIII
subunit in metazoans, had an intermediate intensity ratio of 7. 3 (Table I; Fig. S1). The
high confidence interactors included shared and TRAPPII-specific subunits; the three
TRAPP proteins that failed to meet our significance cutoff are homologues of metazoan
TRAPPIII (Table I; Fig. S1).

Proteomic and binary interaction data support a dimerized structure for
Arabidopsis TRAPPII
Yeast Two-Hybrid (Y2H) analyses were performed to test for binary interactions between
TRAPPII components. CLUB/AtTRS130 and AtTRS120 TRAPPII truncations were
designed via phylogenetic analysis, with highly conserved (C1, T1), intermediate or
mixed (C2, T2) and plant-specific (C3, T3) moieties (Fig. 1a). With the exception of the
CLUB_C1 truncation, all TRAPPII truncations and catalytic core subunits used as DB
clones in pair-wise tests yielded at least one positive interaction (Fig. 1; Fig. S2) and this
was used as an internal positive control for the interpretation of negative interaction data.
An attempt at elucidating complex topology based on binary interaction data shows that
interactions between the lower molecular weight Arabidopsis TRAPP subunits (BET3,
BET5, TRS23, TRS31, TCA17 and TRS33) are entirely consistent with the crystal
structure of yeast TRAPP core- or sub-complexes (Fig. 1b; Fig. S2; Kim et al., 2006). Our
proposed structure (Fig. 1c) is also consistent with the rank of the TRAPP subunits in the
IP-MS experiments (Table I) in that interactors with the highest absolute (Fig. S1) or
relative (Table I) ranks are either binary interactors (i.e. TCA17) or one step removed in
the complex (i.e. BET3 and TRS33). The plant-specific or less conserved moieties of the
two TRAPPII-specific subunits strongly interact with each other (Fig. 1b; Fig. S2). In
addition, the two extremities of AtTRS120 have a binary interaction in yeast (Fig. 1b; Fig.
S2). A dimerization model is proposed to account for all these interactions (Fig. 1c), and
this is similar to one of four dimerization models proposed, based on cryo-TEM imaging,
by Taussig et al., 2013.
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Genetic interaction data establish a functional link between the catalytic core and
a trappii-specific allele
In the proposed dimerized model, each TRAPPII monomeric complex consists of a
central catalytic core and of a large TRAPPII-specific moiety (Fig. 1c). To establish a
functional link between these two moieties, we conducted double mutant analysis
between a shared catalytic core and a trappii-specific allele. We focused on AtTRS33, a
shared component of TRAPPII and TRAPPIII in yeast and metazoans (Lipatova et al.,
2016; Thomas et al., 2018), because its homologue is implicated in TRAPPII assembly in
yeast (Tokarev et al., 2009). We had previously characterized a null insertion allele,
trs33-1 (Thellmann et al., 2010), and this was crossed to a null allele of the TRAPPIIspecific subunit CLUB/AtTRS130 (designated club-2 in Jaber et al., 2010 and trs130-1 Qi
et al., 2011). To examine possible genetic interactions between trs33-1 and club-2, we
attempted to isolate the double mutant. We, however, failed to obtain any seedlings that
were double homozygous for null mutants of these genes, indicating that club-2 trs33-1
double mutants are either gametophytic or embryo lethal. We then monitored embryo
phenotypes. Compared to single mutants of club-2 or trs33-1, lines segregating both
club-2 and trs33-1 exhibited abnormally developing embryos until the heart stage; these
putative double mutant embryos remained globular and failed to acquire the heart
shaped form (Fig. 2). The incidence of putative double mutants dropped from 8-15% at
the globular (n = 234) and heart (n = 327; Fig. S3) stages to 0% by the torpedo stage (n
= 155; Fig. S3). Taken together, we inferred that double mutant embryos are lethal,
collapsing by the late heart stage. As trs33-1 has a weak and club-2 a moderate seedling
lethal phenotype (as compared to keule and especially knolle, described by Assaad et
al., 1996; Söllner et al., 2002; Jaber et al., 2010; Thellmann et al., 2010), we would
expect an additive phenotype to correspond to strong seedling lethality and not to
embryo lethality. Thus, our interpretation of embryo lethality is that this translates into a
synergistic genetic interaction (Perez-Perez et al., 2009; Guarente, 1993). In conclusion,
our genetic interaction data appears to establish a functional link between AtTRS33 and
CLUB/AtTRS130, which complements the physical interaction data that attributes both
proteins to the same complex.

Clade A, B, D and E Rab-GTPases are identified in the TRAPPII interactome
Following the above characterization of Arabidopsis TRAPPII subunits, we sought to use
our proteomic analysis of CLUB/AtTRS130 to identify possible functional interactors of
TRAPPII. TRAPPII complexes are thought to act as Rab GEFs in yeast and metazoans.
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Accordingly, we scanned the CLUB/AtTRS130-GFP interactome for the presence of Rab
GTPases. We found Rab-GTPases from the A clade, but also Rab GTPases in the B, D,
and E clades (Table II; Fig. S1; Fig. S4). All four clades are on biosynthetic trafficking
routes. Indeed, Rab-D GTPases are known to be required for ER to Golgi traffic, Rab-Bs
for intra-Golgi transport, Rab-As for post-Golgi trafficking and TGN/EE function
(Woodlard and Moore, 2008) and Rab-E GTPases are believed to function in traffic
between the Golgi and plasma membrane (Zheng et al., 2005; Camacho et al., 2009;
Speth et al., 2009; Ahn et al., 2013). Rab GTPases in all four clades had intermediate
intensities in our IP-MS data (intensity ratio in the 5 – 8 range; Fig. S1), possibly owing to
indirect binding to the CLUB bait via the shared catalytic core (see asterisk in Fig. 1c).
The identification of Rab GTPases from four different clades in IP-MS with a TRAPPIIspecific subunit may appear surprising. The trivial explanation, which is that these are
false positives, is challenged by the observation that the Rab-GTPases listed in Table II
passed all filters and cutoffs in our analyses (false discovery rate < 0.01, P value < 0.02,
at least four peptides; see Experimental Procedures). However, the mere presence of a
protein in IP-MS does not provide any information as to biological relevance, nor as to
whether the TRAPPII bait acts as an upstream activator or as a downstream effector of
the interacting Rab GTPase.

Quantitative co-IP with mass-spectrometry readout provides evidence for TRAPPII
acting as a GEF for the Rab-A2 subclass.
According to classical models of Rab GTPase function, GDP-bound Rab GTPases are
expected to interact preferentially with Rab GEFs, thereby allowing Rab activation
through GDP displacement (Barr, 2013). The resulting GTP-bound (activated) Rab can
then interact with Rab effectors. Multiple members of the Rab-A clade of plant Rab
GTPases have been, like TRAPPII, implicated in cytokinesis in Arabidopsis (Chow et al.,
2008; Qi & Zheng, 2013; Kirchhelle et al., 2016) and TRAPPII has been shown to be
functionally linked to at least one Rab-A GTPase (Qi et al., 2011; Qi & Zheng, 2011). The
Rab-A GTPase RAB-A2a is commonly used as a marker of the TGN/EE and the cell
plate, and is known to be required for proper cytokinesis (Chow et al., 2008). Despite
this, little is known as to the actual function of RAB-A2a during cytokinesis or in
interphase cells, and no interactors of this GTPase have been reported. Following the
identification of RAB-A2a in our TRAPPII interactome (Table II, Fig. S1, Fig. S4), we
further investigated the possibility of a functional connection between RAB-A2a and
TRAPPII, and that TRAPPII may be a RAB-A2 GEF. To identify potential GEFs of RAB-
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A2a we used Rab proteins carrying defined amino acid substitutions that stabilize either
the GDP- or GTP-bound form of the protein. GDP-bound or nucleotide-free variants of
both Ras and Rab GTPases have previously been shown to interact preferentially with
GEFs over wild-type and GTP-bound variants (Lai et al., 1993; Day et al., 1998; Goh et
al., 2007). Conversely, Rab GTPase Activating Proteins and downstream effectors have
been shown in some cases to preferentially interact with GTP-bound Rab variants (Vogel
et al., 1998; Preuss et al., 2006; Camacho et al., 2009). We, therefore, employed a
differential IP-MS protocol with GDP- versus GTP-bound RAB-A2a mutant variants in
order to further investigate whether the TRAPPII complex could be a GEF for RAB-A2a.
Rab GTPase SN mutants are predicted to favour GDP binding and expression of RABA2a[S26N] is known to produce a dominant-negative phenotype (Chow et al., 2008). We
refer to YFP-tagged RAB-A2a[S26N] as YFP:A2a-DN below. The [Q71L] substitution of
RAB-A2a[Q71L] has been shown in other Rab GTPases to reduce Rab GTP hydrolysis
(Olkkonen & Stenmark, 1997; Ueda et al., 2001; Sohn et al., 2003; Chow et al., 2008)
and such mutants are often considered to be constitutively active and GTP-bound.
Hereafter, RAB-A2a[Q71L] will be referred to as YFP:A2a-CA (Chow et al., 2008).

A quantitative IP-MS protocol was developed to identify specific interactors of
Arabidopsis Rab GTPases in detergent solubilised microsomes. The abundance of
individual proteins was compared in triplicate replicates between total microsomes and
co-IPs with YFP:RAB-A2a (TGN/EE localised; Chow et al., 2008) and the distantly
related YFP:RAB-G3f that localises to the tonoplast and pre-vacuolar membranes
(Geldner et al., 2009). Importantly, the proteins that co-purified with YFP:RAB-A2a and/or
YFP:RAB-G3f included homologues of all 13 yeast or metazoan TRAPP subunits,
including AtTRS23 (which was not detected in CLUB IP-MS) and the 4 previously
unidentified subunits that were also detected in CLUB IP-MS (Tables III and IV, Fig. 3,
Fig. S5, compare to Table I). Arabidopsis TRAPP subunits could be clearly divided into
two distinct groups based on their relative interaction with the DN or CA forms of
YFP:RAB-A2a, or by their preferential binding to YFP:RAB-A2a versus YFP:RAB-G3f
(Tables III - V; Fig. 3). A first set of TRAPP subunits (colored green in Table V)
preferentially bound to YFP:A2a-DN over both the wild-type YFP:A2a or YFP:A2a-CA
variants, as can be seen by positive values in the direct comparisons in Table V. After
the RAB-A2a bait itself, this first set of TRAPP subunits belonged to the top 10
interactors in the YFP:A2a-DN IPs. An additional characteristic of this set was
preferential binding to RAB-A2a over RAB-G3f (as seen by negative values in the
G3f/A2a column in Table IV; Fig. 3). This set of subunits closely matches the composition
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of metazoan TRAPPII (Table V; green). This provides evidence for TRAPPII acting as a
putative GEF for the Rab-A2 subclass at the plant TGN/EE.
The second set of Arabidopsis TRAPP subunits in the RAB-A2a interactor list were
distinguished from TRAPPII by their failure to interact with YFP:A2a-DN (Table V,
orange). This set of subunits may therefore interact with RAB-A2a as effectors rather
than as a GEF. It closely matched the composition of metazoan TRAPPIII, including
three subunits not present in yeast TRAPPIII and not previously recognised in plant
genomes (see Table I). These subunits were all significantly (P < 0.001) enriched in the
vacuolar YFP:RAB-G3f IP-MS and two of these preferentially bound to RAB-G3f over
RAB-A2a (positive values in Table IV), perhaps reflecting a function for this complex in
targeting to the vacuole. These observations provide prima facie evidence for the
existence of a hitherto undescribed Arabidopsis TRAPPIII complex that contributes to
vacuolar

targeting

and/or

autophagy.

Overall,

the

differential

IP-MS

strategy

discriminates between two sets of TRAPP subunits, one of which, in pairwise
comparisons, behaves like the TGN/EE-associated RAB-A2a whereas the other behaves
like the vacuolar RAB-G3f.

YFP:RAB-A2a localisation dynamics are impaired in trappii mutants
RAB-A2a and TRAPPII have both previously been implicated in cytokinesis (Chow et al.,
2008; Qi et al., 2011; Rybak et al., 2014). To assess the extent of their co-localisation
during cell plate formation and maturation, we carried out live imaging with YFP:RABA2a (Chow et al., 2008) and TRS120:mCherry during cytokinesis (Rybak et al., 2014).
The two markers co-localize at the cell plate throughout cytokinesis, with both markers
reorganizing to the leading edges of the cell plate at telophase (Fig. 4a). This relocalisation of RAB-A2a and AtTRS120 during cell plate expansion is presumably a
reflection of the fact that new membrane delivery is confined to the leading edge as the
phragmoplast expands. In seedling lethal, null trappii mutants, YFP:RAB-A2a was
recruited to the cell plate, but, in contrast to the wild type, it also labelled endosomal (or
FM4-64 positive compartments) compartments in the vicinity of the cell plate (Fig. 4b,c ;
Fig. S7a). During cell plate expansion and insertion, re-organisation of YFP:RAB-A2a to
the leading edges of the cell plate was impaired (Fig. 4b,c ; Fig. S7). It is noteworthy that
YFP:RAB-A2a retained membrane association in trappii mutants (Fig. 4b, 4c). The data
show that TRAPPII is not required for an initial recruitment of YFP:RAB-A2a to
membranes, but is required for its subsequent localisation dynamics during cell plate
expansion (Fig. S7, compare to Fig. 4a). In conclusion, YFP:RAB-A2a and
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TRS120:mCherry colocalize at the cell plate throughout cytokinesis and YFP:RAB-A2a
localisation dynamics depend on TRAPPII function.

An analysis of dominant negative versus constitutively active RAB-A2a variants
provide genetic evidence that TRAPPII is a RAB-A2a GEF
The above observations support a scenario in which RAB-A2a requires TRAPPII for its
proper localisation at the cell plate. As TRAPPII is a known Rab GEF in yeast and
metazoans (Morozova et al., 2006; Riedel et al., 2018), we hypothesised that TRAPPII
may act as a GEF for RAB-A2a in Arabidopsis and therefore be required for its proper
localisation during cytokinesis. To test this, we visualized dominant negative and
constiutively active RAB-A2a variant localisation, expressed from the native promotor, in
wild-type versus trappii mutant backgrounds. In the wild-type background, YFP:A2a-DN
was recruited to the cell plate and at least partially relocalized to its leading edges at the
end of cytokinesis (Fig. 4e; Fig. S7). This is inconsistent with the prediction that a GDPbound Rab should be cytosolic yet congruent with previous work showing that dominantnegative Rab GTPase mutants can retain membrane localisation, and that YFP:A2a-DN
retains cell plate localisation (Asaoka et al., 2013; Chow et al., 2008). In contrast, in
trs120-4 mutants, YFP:A2a-DN was not present at the cell plate but rather labeled the
cytosol or endosomal (or FM4-64 positive) compartments in the vicinity of the plate (Fig.
4f). Strikingly, in trs33-1 mutants YFP:A2a-DN-labelled compartments formed a cloud in
the vicinity of the cell plate (Fig. S6b, reminiscent of the appearance of KNOLLE-positive
cytokinetic compartments in trappii mutants (Jaber et al., 2010; Thellmann et al., 2010;
Rybak et al., 2014)). Taken together, the data correspond to a synthetic enhancement of
the putatively GDP-bound YFP: A2a-DN localisation phenotype.
YFP:A2a-CA labelled wild-type cell plates in a more uniform manner than YFP:RAB-A2a
(Fig. 4g, compare to Fig. 4a). YFP:A2a-CA also ectopically labeled the plasma
membrane in wild-type mitotic cells (Fig. 4g); the ratio of cell plate to plasma membrane
signal intensity was roughly 1.0 (Fig. 4d). In trappii mutants, cell plate labeling was
stronger and ectopic plasma membrane localisation significantly weaker (Fig. 4d, Fig.
4h). This was also seen in trs33-1 mutants (Fig. S6c,d; Fig. S7d) and corresponds to a
partial suppression of the GTP-bound YFP:A2a-CA localisation phenotype. To interpret
these observations, one should bear in mind that GDP/GTP-bound mutants are not
absolute but on a gradient and that TRAPPII is not the sole component required for RABA2a membrane association (as shown in Fig. 4b and 4c above). One would thus predict
that a GEF knockout would increase the GDP-bound and decrease the GTP-bound Rab
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pools and, accordingly, enhance or (at least partially) suppress the respective
phenotypes. YFP:A2a-CA is indeed more properly localized at the cell plate in TRAPPII
mutants, which amounts to partial suppression. In conclusion, our data show that trappii
mutations enhance the GDP-bound YFP:A2a-DN phenotype and partially suppress the
putative GTP-bound YFP:A2a-CA phenotype, which provides very compelling genetic
evidence that TRAPPII functions upstream of RAB-A2a.
In a reciprocal approach, we examined the impact of YFP:A2a-CA overexpression on the
seedling lethal phenotype of a trappii null mutant. YFP:A2a-CA was expressed from the
constitutive P35S promotor and crossed into club-2, a null, seedling-lethal allele, and
expression levels were tested by Western blot analysis. We found that YFP:A2a-CA
expression partially suppressed the seedling lethality of club-2 mutants, in a manner
similar to that previously reported for a constitutively active variant of RAB-A1c (Qi et al.,
2011; Qi & Zheng, 2011). 12 days after germination, club-2 mutants expressing
YFP:A2a-CA or YFP:A1c-CA had significantly longer primary roots than the club-2
mutants alone (P < 0.004; Fig. S8). We noted that these rescued mutants developed true
leaves and survived for 7-10 days longer than club-2. Together with the enhancement or
suppression of YFP:A2a-DN or -CA localisation phenotypes in trappii mutants, this
genetic suppression of the trappii phenotype by a constitutively active RAB-A2a variant
provides strong evidence that TRAPPII acts upstream of RAB-A2a. These lines of
evidence, along with the known roles of TRAPPII in yeast and metazoans, strongly
support a scenario in which TRAPPII is a GEF for RAB-A2a in Arabidopsis.

Discussion
TRAPP complexes are known regulators of membrane traffic in both yeast and
metazoans, with two complexes (TRAPPII and TRAPPIII) well characterized in yeast and
metazoans (Thomas et al., 2018; Riedel et al., 2018). In both yeast and metazoans,
TRAPP complexes act as GEFs for Rab GTPases. In Arabidopsis, genetic evidence has
previously shown that TRAPPII is essential for cytokinesis and cell polarity in plants,
supporting a role for this complex in trafficking at and from the TGN/EE (Jaber et al.,
2010; Thellmann et al., 2010; Qi et al., 2011; Ravikumar et al., 2018). Here, we show that
homologues of all known yeast and metazoan TRAPP subunits are present in the
Arabidopsis proteome. Based on these proteomic and additional binary interaction data,
we propose a dimerized model for Arabidopsis TRAPPII structure, with plant-specific
domains of TRAPPII subunits at the centre of the complex. We provide five lines of
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evidence that TRAPPII acts as an upstream regulator of RAB-A2a and propose that
TRAPPII is likely a GEF for RAB-A2a. First, TRAPPII components preferentially
interacted with a GDP-bound mutant of RAB-A2a compared to wild-type or GTP-bound
RAB-A2a. Second, YFP:RAB-A2a was shown to depend on an intact TRAPPII complex
for its proper localisation to the leading edges of

expanding cell plates. Third, the

aberrant localisation of a dominant negative variant of YFP:RAB-A2a was enhanced in a
trappii mutant background. Fourth, the localisation phenotype of a constitutively active
variant of YFP:RAB-A2a was partially suppressed by a trappii mutant background.
Finally, the seedling lethal trappii phenotype was partially suppressed by a constitutively
active variant of YFP:RAB-A2a. Taken together, these independent lines of investigation
provide strong evidence for a regulatory function of TRAPPII upstream of RAB-A2a,
likely as a Rab GEF.
Our observations support the hypothesis that Arabidopsis has multiple TRAPP
complexes with distinctive modes of interaction with Arabidopsis Rab GTPases (Fig. 5).
They also demonstrate the strength of the differential IP-MS strategy, which is based on
the observation that cognate GEFs preferentially bind GDP-bound Rab GTPases
whereas downstream effectors have a greater affinity for GTP-bound Rab GTPases (Lai
et al., 1993; Day et al., 1998; Goh et al., 2007; Preuss et al., 2006; Camacho et al.,
2009). All 13 Arabidopsis TRAPP subunits co-purified with CLUB/AtTRS130 and wildtype RAB-A2a in our IP-MS analyses. Binding to wild-type TRAPP subunits or Rab
GTPases, however, does not provide information regarding complex composition. In
contrast, such information was provided by our differential IP-MS strategy. Indeed, the 13
Arabidopsis TRAPP subunits could be clearly divided into two distinct groups based on
their relative interaction with the GDP or GTP-bound forms of RAB-A2a. The first group
consisted of Arabidopsis homologues of all metazoan TRAPPII subunits, including a
previously unrecognized AtTRS20/TCA17/TRAPPC2(L) homologue and AtTRS33. The
yeast homologue of AtTRS33 is a component of both TRAPPII and possibly TRAPPIV
(Lipatova et al., 2016). The synergistic genetic interaction we report between trs33 and a
trappii-specific allele leads to the conclusion that AtTRS33 is a likely component of
TRAPPII in Arabidopsis, in line with both yeast and metazoans. This is also supported by
our

yeast

two-hybrid

analyses,

which

indicate

a

binary

interaction

between

AtTCA17/TRAPPC2L and AtTRS33.
In contrast to TRAPPII subunits, which were defined as preferentially binding to the GDPbound Rab-A2a variant, a second set of Arabidopsis TRAPP subunits was distinguished
by their failure to interact with the GDP-bound form of RAB-A2a. This set of subunits may
therefore interact with RAB-A2a as effectors rather than as a GEF. Among these was
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AtTRS65/TRAPPC13, which is a component of yeast TRAPPII but of metazoan
TRAPPIII (Kim et al., 2016; Riedel et al., 2008). Two additional subunits in this class
were characteristic of metazoan TRAPPIII but are not present in yeast TRAPPIII and
have not previously been recognized in plant genomes. These subunits preferentially
bound the vacuolar RAB-G3f. In conclusion, our differential IP-MS strategy, which uses
different Rab GTPase clades and variants as baits, points to the in vivo existence of a
plant complex differing from yeast but closely resembling metazoan TRAPPIII in terms of
subunit composition. The differential IP-MS strategy may thereby be enabling us to
distinguish between different complexes involved in biosynthetic versus degradative
trafficking routes.
To characterize the Arabidopsis TRAPPII complex, we performed an extensive
investigation of binary interactions using yeast two-hybrid analyses. Previous work in
yeast and metazoans has proposed structures for TRAPPII and TRAPPIII, including a
crystal structure for a core TRAPP subcomplex (Kim et al., 2006; Yip et al., 2010; Tan et
al., 2013). In the case of TRAPPII, a dimerized structure in both yeast and metazoans is
supported by electron microscopy and binary interaction assays (Yip et al., 2010;
Taussig et al., 2013). Our results constitute an investigation of TRAPPII structure in
plants and align with the previously proposed crystal structure of core-TRAPP subunits in
yeast (Kim et al., 2006). Our observation that AtTCA17 is a binary interactor of
CLUB/AtTRS130 and AtTRS33 supports reports in yeast that TCA17 is a component of
TRAPPII (Scrivens et al., 2009; Montpetit & Conibear, 2009; Wang et al., 2014).
In 2013, Taussig and colleagues proposed four distinct possible dimerized structures for
yeast TRAPPII, favouring two models with subunits Trs130 and Trs65 at the centre of the
TRAPPII dimer (Taussig et al., 2013). Our yeast two-hybrid analyses are consistent with
reported interactions between Tca17/TRAPPC2L and Trs130/TRAPPC10 (Choi et al.,
2011; Milev et al., 2018). Moreover, binary interactions between AtTRS120 truncations
and between AtTRS120 and CLUB/AtTRS130 truncations that are indicated by our yeast
two-hybrid analyses support a model for Arabidopsis TRAPPII structure with dimerized
TRS120 at the centre of the complex (Figure 1). The arrangement of subunits proposed
in our model is also supported by IP-MS analyses, in which the highest-ranking
interactors of CLUB/AtTRS130 amongst TRAPP subunits are predicted to be adjacent to
or one subunit removed from CLUB/AtTRS130 in our model. Such a model was
considered but subsequently excluded by Taussig and colleagues (2013) for yeast
TRAPPII on the basis that Trs120 interacts with Trs20 and Trs33 but not with itself.
However, we failed to detect binary interactions between truncated versions of AtTRS120
and full-length AtTRS33 in our yeast two-hybrid analyses; this interaction is key to the
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two dimerized structure models favoured by Taussig et al., 2013. Nonetheless, in their
original model Yip et al. (2010) point out that yeast Trs120 and Trs130 are involved in
constructing the dimer interface, which is consistent with our model.
The major discrepancy between our Arabidopsis dimerized model and yeast models is
the role for Trs65/Kre11 in either forming or stabilizing the TRAPPII dimer in yeast (Yip et
al., 2010; Taussig et al., 2013). In this study, we have identified a hitherto unannotated
Arabidopsis AtTRS65/TRAPPC13 homologue and attributed this not to TRAPPII as in
yeast but to TRAPPIII as in metazoans. This is on the basis of clustering of AtTRS65 with
TRAPPIII-specific subunits in a YFP: RAB-G3f IP-MS and lack of binding to YFP: A2aDN (and hence negative values in the pairwise comparisons A2a DN/WT and A2a
DN/CA). In these respects, AtTRS65 is identical to Arabidopsis homologues of the
metazoan TRAPPIII subunits TRAPPC8, TRAPPC11, TRAPPC12. The attribution of
AtTRS65 to TRAPPIII poses the question as to how the proposed Arabidopsis TRAPPII
dimer is formed or stabilized. Tokarev et al., 2009, report that yeast TRAPP II complex
assembly requires either Trs33 or Trs65, and we show here that an Arabidopsis
TRAPPII-specific subunit interacts genetically with TRS33. Whether TRS33 can replace
TRS65 function in Arabidopsis TRAPPII is unclear. The Arabidopsis TRAPPII
interactome is vast and unexplored and could contain a plant-specific TRS65 orthologue
that helps build or stabilize the TRAPPII complex. Our analyses identified strong
interactions between regions of AtTRS120 and CLUB/AtTRS130 that are poorly
conserved with respect to their yeast and metazoan homologues. These plant-specific
TRAPPII regions appear to form the core of a dimerized Arabidopsis TRAPPII. This
feature raises interesting possibilities as to whether such plant-specific regions of
TRAPPII are sites of TRAPPII interactions with plant-specific components capable of
replacing TRS65 and whether they function to support plant-specific requirements of
endomembrane traffic.
The Arabidopsis TRAPPII complex has been shown to play a pivotal role in a variety of
sorting decisions implicating different steps in the secretory pathway (Steiner et al.,
2016a; Ravikumar et al., 2018). One of the first steps in the secretory pathway is entry
into the Golgi apparatus from the endoplasmic reticulum. In yeast, this step is thought to
be mediated by TRAPPIII acting as a GEF to activate Ypt1 at the cis-Golgi (Thomas et
al., 2018; Fig. 5a). Metazoan TRAPPII has been shown to possess GEF activity for both
Rab-1 (orthologues of Ypt1) and Rab11 (orthologues of Ypt31/32; Riedel et al., 2018;
Fig. 5b). Plant Ypt1/Rab-1 orthologues are Rab-D GTPases, which localize to the Golgi
and mediate ER-Golgi traffic (Pinherio et al., 2009). It is interesting that a Rab-D member
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was found to co-purify with a TRAPPII specific subunit in this study. A previous study has
shown that a constitutively active Rab-D variant fails to suppress the trappii phenotype
(Qi and Zheng, 2011). A possible interpretation of these two apparently contradictory
findings is that Rab-D might act upstream of TRAPPII in a -D/TRAPPII/Rab-A cascade
that mediates entry into and exit from the Golgi (Fig. 5c). Thus, Rab-D may recruit
TRAPPII as an effector and possibly co-ordinate its putative GEF activity towards
downstream Rab GTPases. Following entry into the Golgi, the next steps in biosynthetic
trafficking routes are passage through the Golgi, Golgi exit, sorting at the TGN/EE and
exocytosis. These steps may be mediated by a sequence of events implicating Rab-B
(intra-Golgi traffic), Rab-A (TGN/EE, post-Golgi traffic), and Rab-E (Golgi to PM). In this
context, it is interesting that trappii mutants have a disrupted Golgi morphology, and are
impacted in all aspects of TGN/EE function, including exocytosis (Ravikumar et al.,
2018). Conversely, Rab-F or Rab-G clades were not robustly identified in the
CLUB/AtTRS130 interactome in this study and trappii mutants are not impaired in
vacuolar trafficking (Ravikumar et al., 2018). Thus, the identification of four Rab clades
implicated in biosynthetic trafficking routes and the absence of late endosomal or
vacuolar Rab GTPases in the CLUB/AtTRS130 interactome may turn out to be of true
biological relevance.
Many questions remain regarding TRAPP complex modularity and function in plants.
Here we have provided in vivo biochemical and genetic evidence that Arabidopsis
TRAPPII acts upstream of a Rab-A2 GTPase, highlighting TRAPPII as a likely Rab GEF
in Arabidopsis. Previous reports (Qi et al., 2011; Qi and Zheng, 2011) have functionally
linked TRAPPII with a Rab-A1 GTPase. The A1 and A2 Rab clades have been shown to
act in distinct steps of subcellular trafficking (Choi et al., 2013). This and the observation
that constitutively active variants of distinct Rab-A GTPases can only partially rescue a
trappii mutant suggests that TRAPPII may activate multiple Rab-As. However, whether or
not TRAPPII may act as a universal GEF for all six Arabidopsis Rab-A clades remains to
be determined. Given the striking expansion of the Rab-A clade in Arabidopsis compared
to Rab11 in metazoans, it is also tempting to speculate as to the existence of as yet
unidentified GEFs other than TRAPPII that might activate Rab-As in Arabidopsis. Indeed,
as well as TRAPPII, Riedel and colleagues identify Parcas as a GEF for Rab11 in
Drosophila (Riedel et al., 2018). The Arabidopsis genome, however, does not appear to
encode Parcas homologues. Another open question is the extent to which Rab GEFs
influence the membrane association of Rab GTPases. It is generally accepted that GEFs
are central in determining Rab spatial distribution; accordingly, mis-targeting of Rab
GEFs has been shown to mis-localise their cognate Rab GTPases (Blümer et al., 2013).
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However, the classic view that GDP-bound Rab GTPases are cytosolic is contested by
the observations presented in this study, in Chow et al. (2008) and in Asaoka et al.
(2013). Furthermore, Rab-GTPases can remain membrane associated in the absence of
their known GEF (Cabrera & Ungermann, 2013), suggesting that additional factors may
promote Rab membrane association. In fact, Ito et al., 2018, propose a system whereby
an inactive Rab is recruited to membranes by interaction with an effector that acts as a
multivesicular body/late endosomal landmark and a platform for subsequent Rab
activation by its cognate GEF. It is, therefore, possible that the membrane association of
YFP: RAB-A2a we observe in trappii mutants may be due to the existence of multiple
Rab-A GEFs in Arabidopsis or of additional factors that promote Rab GTPase membrane
association. Whilst YFP:A2a-DN remains associated with the cell plate during cytokinesis
in a wild-type background, this association is lost when YFP:A2a-DN is expressed in
trappii mutant backgrounds. It is tempting to speculate that the loss of substantial
YFP:A2a-DN membrane-association is due to the inability of this mutant variant to resist
membrane extraction by a Rab GDP Dissociation Inhibitor (GDI) in the absence of its
possible GEF, TRAPPII. GDIs preferentially interact with GDP-bound Rab GTPases and
in yeast the Rab Ypt7 requires its cognate GEF to counteract extraction from membranes
by GDI (Ueda et al., 1990; Sasaki et al., 1990; Cabrera & Ungermann., 2013). Rab GDIs
remain poorly characterized in plants, and more work is required to fully understand the
dynamics of plant Rab GTPase cycling.
Finally, whether the trafficking and protein sorting defects characteristic of trappii mutants
(Rybak et al., 2014; Ravikumar et al., 2018) are due to lack of activation of one or more
Rab-A GTPases in these mutants, or due to possible interactions between TRAPPII and
other trafficking regulators, remains to be determined.
Enrichment of three previously unrecognised Arabidopsis TRAPPIII subunits in our IPMS analyses targeted against YFP:RAB-G3f provide prima facie evidence for the
existence of a second, TRAPPIII, complex (Fig. 5). This is particularly interesting given
that TRAPPIII is known in both yeast and mammals to be involved in autophagy (Lamb et
al., 2016; reviewed by Kim et al., 2016 & Sacher et al., 2018) and that Rab-G has been
implicated in autophagy in Arabidopsis (Kwon et al., 2013).The role of TRAPPIII in plants
and its possible connection to Rab-G GTPases are questions that merit further
investigation. Another open question pertains to the possible regulation of GEF activity
and specificity and whether distinct pools of TRAPPII activity exist within plant cells. In
metazoans, Rab GEF activity and specificity have been shown to be influenced by posttranslational modifications, association with the cytoskeleton and interaction with Rab
hypervariable sequences (Thomas et al., 2019; Wang et al., 2015; Xu et al., 2018).
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Previous work demonstrating interaction between Arabidopsis TRAPPII and microtubuleassociated MAP65 would provide an interesting framework for the study of the regulation
of TRAPPII function in Arabidopsis (Steiner et al., 2016).
Central to the function of the membrane trafficking system is the ability of individual
endomembrane organelles to maintain a unique functional identity despite constant influx
and export of material via vesicle exchange with other compartments. An example is the
maintenance of plasma membrane identity in the face of influx of trans-Golgi membrane
from the secretory pathway. Another important process is the maturation of one
membrane compartment into another over time; examples here include early- to lateendosome, cis- to trans-Golgi and cell plate to cross wall transitions (Bottanelli et al.,
2012; Cui et al., 2014; Rybak et al., 2014). In Arabidopsis, TRAPPII has been shown to
be required for the maturation of the cell plate from a juvenile compartment into a cross
wall (Rybak et al., 2014). Organised changes in membrane identity over time have been
attributed to Rab cascades, in which Rab-GEF interactions play a central role
(Ravikumar et al., 2017). The observation in this study that a TRAPPII-specific
component uncovered TRAPPIII-specific subunits may appear surprising, but it is to be
noted that interactions between distinct tethering complexes have been shown to
orchestrate a sequence of events during cell plate maturation in Arabidopsis (Rybak et
al., 2014). By analogy, it is tempting to speculate that the presence of TRAPPIII subunits
at low abundance in TRAPPII IP-MS samples might reflect a coordination between
biosynthetic and degradative trafficking routes. The differential IP-MS strategy,
elaborated in this study as being able to discriminate between putative Rab GEFs versus
Rab effectors, can be reiterated with different Rab GTPases to assess the breadth of
TRAPP GEF specifity in plants. Our characterization of the TRAPPII complex and its
identification as a putative Rab GEF in this study opens up the future possibility of
reconstituting the complex and assessing its GEF activity via direct in vitro assays.
Understanding the nature of GEF-Rab interactions will be crucial to understanding the
steady-state operation of plant membrane traffic and the mechanisms that alter trafficking
pathways in response to developmental or physiological signals.
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EXPERIMENTAL PROCEDURES

Lines and growth conditions
All the lines used in this study are listed in Table S1 Seedling-lethal mutants were
propagated as hetero- or hemi-zygotes. Insertion lines were selected via the TAIR and
NASC web sites (Swarbreck et al., 2008). Plants were grown in the greenhouse under
controlled temperature conditions and with supplemental light, or under controlled growth
chamber conditions (16/8 hr photoperiod at 250 µmol m-2s-1). Seedlings were surface
sterilized, stratified at 4◦C for two days and plated on ½ MS medium supplemented with
1% sucrose and B5 Vitamins (Sigma; https://www.sigmaaldrich.com). Plates were
incubated in the light for all lines but trs33-1, which were grown in the dark. The root tips
or hypocotyls of five-day old plate grown seedlings were used for light, confocal and
electron microscopy.

Co-immunoprecipitation
For TRAPPII baits, co-immunoprecipitation experiments were carried out on three grams
of tissue using GFP-trap beads (Chromotek), as described (Rybak et al., 2014). In pilot
experiments, we tested inflorescences, seedlings and leaves; inflorescences were then
used for replicate experiments as we identified the largest complement of TRAPP
subunits in this tissue type. NanoflowLc-MS/MS was performed by coupling an
EksigentnanoLC-Ultra 1D+ (Eksigent, Dublin, CA) to a Velos-LTQ-Orbitrap (Thermo
Scientific, Bremen, Germany; see Supplemental methods).
For RAB-A2a baits, co-IP experiments were carried out by isolating total microsomes
from Arabidopsis roots expressing YFP:RAB-A2a, YFP: RAB-A2a[Q71L] and YFP: RABA2a[S26N] (Chow et al., 2008), YFP: RAB-G3f (Geldner et al., 2009) and no transgene.
Plants were grown in 20mL 0.3x Murashige and Skoog medium (Sigma-Aldrich, Poole,
UK) with 1% sucrose and 0.05% MES, pH5.7 shaking at 60rpm (16h day: 8h night cycle,
21°C) for 14 days. 5µM NAA (naphthyl acetic acid) was then added and plants allowed to
continue growth for 3 days. Microsomes were isolated from root tissue for
immunoprecipitation with anti-GFP µMACS magnetic microbeads (Miltenyi Biotec,
Woking, UK), as described in the supplemental methods. In-gel trypsin digest and mass
spectrometry were performed by the Central Proteomic Facility, University of Oxford
(www.proteomics.ox.ac.uk)

and

the

proteome

quantified

as

described

in

the

supplemental methods. Co-immunoprecipitated proteins were quantified from 3
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independent experiments (with three biological replicates for the Rab baits and six
biological replicates for the negative controls) and any protein also present in negative
controls (no-transgene Columbia samples) was excluded from the analysis.
LC/MS analysis is described in detail in the supplemental methods.

Briefly, protein

identifications were filtered to 1% protein false-discovery rate. We used a cutoff of at
least two unique peptides for TRAPP subunits for identification. For Rab GTPases,
however, the high degree of homology between paralogues (especially in the vastly
expanded Rab-A clade) impedes the identification of unique peptides and we took razor
peptides common to subfamilies into account as well, filtering for at least four peptides
(unique + shared/razor). In downstream analysis, we used intensity-based absolute
quantification (iBAQ) (Schwanhaeusser et al. 2011), which represents an estimate of the
absolute concentration of a given protein. Before statistical analysis, iBAQ intensities
were normalized according the iBAQ intensity of the bait protein in the respective coimmunoprecipitation (IP). Normalized iBAQ intensities were used to calculate protein
ratios between groups as well as to compare the relative concentration of different
TRAPP subunits and RAB GTPases within one group. Log2 ratios, computed as the
average intensity in the experiment compared to the average intensity in the negative
control, were considered high if larger than 8, and intermediate if in the 5-8 range. In the
tables, all detected TRAPP subunits and Rab GTPases were ranked according to their
ratio between the experiment and negative control. The number of proteins detected in
IP-MS experiments is tabulated in Table S2. The two-sided Student t-test was used to
evaluate the significance of mean differences in all comparisons. A P-value cutoff of 0.02
was used to determine significance.

Confocal microscopy.
Confocal microscopes used for imaging were an Olympus (www.olympus-ims.com)
Fluoview 1000 confocal laser scanning microscope (CSLM) and a Leica (www.leicamicrosystems.com) SP8 Hyvolution CSLM. Cell cycle stage was determined via time
laspes in live imaging. Images taken with the Leica SP8 microscope were deconvolved
using

the

built-in

Huygens

Scientific

deconvolution

software

(www.leicamicro-

systems.com) operated in both 2D and 3D. Cell cycle stages (depicted as described by
Smertenko et al., 2017) were determined via TRS120-GFP and YFP:RAB-A2a
localisation dynamics, taking into account how membrane markers follow phragmoplast
microtubule dynamics (Steiner et al., 2016a). As TRAPPII affects both phragmoplast
microtubule dynamics (Steiner et al., 2016a) and YFP:RAB-A2a localisation, we also
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relied on FM4-64 to image cell plates in trappii mutants. As we only monitor the cell plate,
cytokinesis is broadly split into cell plate biogenesis (encompassing disc and ring
phragmoplast stages), cell plate expansion (encompassing more specifically the ring
phragmoplast stage; telophase) and cell plate maturation (following cell plate anchoring,
encompasses the discontinuous phragmoplast stage and post-telophase; Smertenko et
al., 2017).

Histological sections and Light Microscopy.
For an analysis of embryogenesis in double mutants, we dissected the mature siliques of
plants segregating the trapp T-DNA insertions (as verified by PCR analysis). Embryos
were harvested, fixed, infiltrated, embedded and imaged as described (Matthes and
Torres-Ruiz, 2016).

Statistical analysis and image processing
False discovery rates, determined with the standard two-tailed t-test, were set at a cutoff
of 1%. Images were processed with Adobe photoshop (www.adobe.com) and GIMP
(https://www.gimp.org), analyzed with Image J (https://imagej.nih.gov), and assembled
with Inkscape (https://inkscape.org).

Yeast Two-Hybrid (Y2H).
Y2H screens were performed as described (Dreze et al., 2010). TRAPPII-specific
(AtTRS120 and CLUB/AtTRS130) truncations are described in Steiner et al., 2016;
shared TRAPP subunits were obtained from Arabidopsis full-length cDNA clones
developed by the plant genome project of RIKEN Genomic Sciences Center (Seki et al.,
1998; Seki et al., 2002) or from a collection of 12,000 Arabidopsis ORFs (Wessling et al.,
2014). We used the GAL4 DNA-binding domain (DB) encoding Y2H vector pDESTpPC97, subsequently transformed into the yeast strain Y8930, as well as gene fusions to
the Gal4 activation domain (AD) in the yeast strain Y8800 (Altmann et al., 2018). The
constructs were screened by yeast mating in quadruplicate pair-wise tests. 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 1mM 3-Amino-1,2,4-triazole (3-AT) to suppress background growth.
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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 four independent experiments. Only pairs scoring positives in all four assays
were considered as bona fide interaction partners. The use of low-copy plasmids, weak
promotors, the counter-selectable marker cyh2S on the AD-Y plasmid as well as semiquantitative scoring of quadruplicate tests has been shown to reliably eliminate
experimental artifacts and hence false-positives.
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Figure S5. Volcano plot showing all co-purified proteins in a YFP: RABA2a
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Figure S6. Sorting of YFP: RAB-A2a GDP or GTP bound variants in trs33-1 root tips.
Related to Figure 4 and Figure S7.
Figure S7. The behavior of YFP: RAB-A2a, -DN and -CA in wild-type versus trapp
root tips. Related to Figure 4 and Figure S6.
Figure S8. Genetic suppression of trappii seedling lethal phenotype by YFP:A2a-CA.
Related to Figure 4.
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Table S2. Number of proteins identified in IP-MS experiments.
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IP-MS values and statistics CLUB/control
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-
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III
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Table I. Analysis of CLUB-GFP immunoprecipitates via label-free mass spectrometry.
Yeast and metazoan complexes are as described by Thomas et al. (2018) and Riedel et al.
(2018). Shared subunits are colored in blue, TRAPPII-specific subunits in green and TRAPPIIIspecific in orange. Flowers from transgenic plants were used (see experimental procedures). The
data are based on intensity-based absolute quantification (iBAQ) values of the proteins in three
biological replicates, with normalization to bait (see Supplemental methods). We imputed missing
values with a constant value of 1000. AGI: Arabidopsis genome initiative accessions
(www.arabidopsis.org). -: missing in the IP-MS data. *: TRAPP subunit not previously recognised
in plant genomes (see also Tables III to V). A: reannotation of TRAPPC2/C2L subunits, only one
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of which has been previously described by Thellmann et al., 2010. a: overall number of unique
peptides across the three experiments. b: The top ten proteins in the set of TRAPP subunits and
RAB GTPases analyzed in this study are in bold; note that these are all shared or TRAPPIIspecific components. c: The log2 intensity ratio for each protein was calculated from its average
signal intensity in the experiment divided by its average intensity in the control, which was an
empty soluble GFP vector. Detected TRAPP subunits were ranked according to their ratio
between the experiment and negative control. The proteins are sorted by rank. Note that
TRS65/TRAPPC13, which is a TRAPPII subunit in yeast but a TRAPPIII subunit in metazoans,
had an intermediate intensity ratio of 7. 3 (see Fig. S1). The high confidence interactors include
shared and TRAPPII-specific subunits. d: P values were calculated using the t-test (two-sided)
and are all significant (P < 0.02) with the exception of those for TRAPPIII homologues, which are
in red. This table lists only TRAPP components detected in the IPs.
Related to Fig. S1 on the CLUB interactome

a

AGI

Peptides unique
(shared/razor +
unique)

Sequence
coverage %

Rank

ratio

E1a

At3g53610

1 (8)

41.7

9

7.6

1.26E-05

D

D2b

At5g47200

2 (9)

64.4

11

6.6

0.003

B

B1b

At4g35860

4 (4)

24.2

12

6.1

0.008

A2c

At3g46830

2 (4)

21.2

14

5.5

0.013

A2a

At1g09630

1 (4)

19.8

15

5.4

0.007

G3f

At3g18820

-

-

-

-

-

Rab
Clade

Rab
GTPase

E

b

c

d

P =

A

G

Table II. Rab GTPases identified in CLUB/AtTRS130 IPs.
Flowers from transgenic plants were used. The data are based on intensity-based absolute
quantification (iBAQ) values of the proteins in three biological replicates, with normalization to bait
(see Supplemental methods). Flowers from transgenic plants were used (see experimental
procedures). The data are based on intensity-based absolute quantification (iBAQ) values of the
proteins in three biological replicates, with normalization to bait (see Supplemental methods). We
imputed missing values with a constant value of 1000. AGI: Arabidopsis genome initiative
accessions (www.arabidopsis.org). a: overall number of unique peptides across the three
experiments; peptides in parentheses are shared/razor + unique. b: The top ten ranks in the set
of proteins analyzed in this study are in bold. c: The log2 intensity ratio for each protein was
calculated from its average signal intensity in the experiment divided by its average intensity in
the control, which was an empty soluble GFP vector. Rab GTPases were ranked according to
their ratio between the experiment and negative control. The proteins are sorted by rank of ratios.
Note that all Rab-GTPases had intermediate intensities in our IP-MS data (intensity ratio in the 5
– 8 range). d: P values were calculated using the t-test (two-sided) and are all significant (P <
0.02). This table lists only Rab GTPases detected in the CLUB IPs.
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Related to Fig. S1 on the CLUB interactome and Fig. S4 on RAB-A2a coverage and
peptides in CLUB IPs.

IP-MS values and statistics A2a WT/Col-0

TRAPP subunit

Ratiob
(log2)

AGI

Unique
peptides

Sequence
coverage %

rank

YFP:RAB A2a (bait)

AT1G09630

38

95.9

1

21

-

Trs33

C6

AT3G05000

12

76.3

3

14

2.00E-07

Trs31

C5

AT5G58030

12

63.6

4

13

1.00E-06

Trs20*

C2*

At1g80500

7

64.4

5

13

3.00E-08

Bet5

C1

AT1G51160

12

87.6

6

13

5.00E-07

Trs23

C4

At5g02280

8

62.4

7

12

3.00E-06

Tca17

C2L

At2g20930

9

68.6

8

12

2.00E-07

Trs65*

C13*

At2g47960

22

64.7

10

12

4.00E-06

Bet3

C3

AT5G54750

12

54.8

11

12

8.00E-07

-

C12

At4g39820

26

72.1

12

11

2.00E-05

Trs120

C9

At5g11040

61

57.4

13

11

6.00E-05

YFP:RAB G3f

AT3G18820

26

93.2

16

10

7.00E-03

Yeast

Metazoan

A

A

a

c

P =

Trs85

C8

At5g16280

59

58.2

17

9

9.00E-03

-

C11*

At5g65950

48

52.2

18

8

3.00E-02

Trs130

C10

At5g54440

56

51.2

19

8

3.00E-02

Table III. TRAPP subunits identified in a differential IP-MS strategy using YFP: RAB-A2a
GTPase as bait. Yeast and metazoan complexes are as described by Thomas et al. (2018) and
Riedel et al. (2018). Shared subunits are colored in blue, TRAPPII-specific subunits in green and
TRAPPIII-specific in orange. Microsomes isolated from roots were used. The data are based on
intensity-based absolute quantification (iBAQ) values of the proteins in three biological replicates,
with the exception of A2a-WT, for which we had six replicates. Normalization was to bait (see
Supplemental methods). We imputed missing values with a constant value of 1000. -: missing in
the IP-MS data. *: TRAPP subunit not previously recognised in plant genomes (see also Table I).
A: reannotation of TRAPPC2/C2L subunits, only one of which has been previously described by
Thellmann et al., 2010. a: The top nine proteins in the YFP:A2a IP-MS, within the set of proteins
analyzed in this study, are in bold. b: The log2 intensity ratio for each protein was calculated from
its average signal intensity in the experiment divided by its average intensity either in the control
(wild-type Columbia microsomes). Detected TRAPP subunits and Rab GTPases were ranked
according to their ratio between the experiment and negative control. The proteins are sorted by
rank of ratios in the A2a-WT vs control experiment. c: P values were calculated using the t-test
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(two-sided) and are all significant (P < 0.02), unless indicated in red. This table lists only TRAPP
subunits detected in the IPs, as well as Rab GTPase bait proteins.
Related to Fig. S5 on YFP: RAB-A2a (WT) IP-MS.
TRAPP subunit

G3F/control

G3f-WT/ A2a-WT

AGI
Yeast

Metazoan

Ranka Ratiob (log2)

c

P =

Ratio (log2)d

YFP:RAB G3f (bait)

AT3G18820

1

21

-

12

YFP:RAB A2a

AT1G09630

2

14

3.00E-04

-7

Trs33

C6

AT3G05000

4

13

8.00E-04

-1

Trs31

C5

AT5G58030

5

12

1.00E-03

-1

Trs65*

C13*

At2g47960

7

12

2.00E-03

0

-

C12

At4g39820

8

12

9.00E-04

0

Trs20*

C2*

At1g80500A

10

11

3.00E-03

-2

-

C11*

At5g65950

11

11

1.00E-03

3

Trs85

C8

At5g16280

12

11

2.00E-03

2

Trs23

C4

At5g02280

13

11

9.00E-04

-2

Bet5

C1

AT1G51160

14

11

2.00E-03

-2

Tca17

C2L

At2g20930

A

15

9

2.00E-03

-3

Bet3

C3

AT5G54750

16

9

1.00E-02

-2

Trs130

C10

At5g54440

17

8

2.00E-02

0

Trs120

C9

At5g11040

18

7

1.00E-02

-4

Table IV. TRAPP subunits identified in a differential IP-MS strategy using YFP: RAB-G3f
GTPase as bait. Yeast and metazoan complexes are as described by Thomas et al. (2018) and
Riedel et al. (2018). Shared subunits are colored in blue, TRAPPII-specific subunits in green and
TRAPPIII-specific in orange. Microsomes isolated from roots were used. The data are based on
intensity-based absolute quantification (iBAQ) values of the proteins in three biological replicates.
Normalization was to bait (see Supplemental methods). We imputed missing values with a constant
value of 1000. -: missing in the IP-MS data. *: TRAPP subunit not previously recognised in plant
genomes (see also Table I). A: reannotation of TRAPPC2/C2L subunits, only one of which has
been previously described by Thellmann et al., 2010. a: The top ten proteins in the YFP:A2a IPMS, within the set of proteins analyzed in this study, are in bold. b: The log2 intensity ratio for each
protein was calculated from its average signal intensity in the experiment divided by its average
intensity either in the control (wild-type Columbia microsomes). Detected TRAPP subunits and Rab
GTPases were ranked according to their ratio between the experiment and negative control. The
proteins are sorted by rank of ratios in the G3f-WT experiment vs Col-0 control. c: P values were
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calculated using the t-test (two-sided) and are all significant (P < 0.02). d: Note that, in a pairwise
comparison, shared and TRAPP-II specific subunits behave like the TGN/EE-localised RAB-A2a,
whereas the TRAPPIII subunits (orange) behave like the vacuolar RAB-G3f. This table lists only
TRAPP subunits detected in the IPs, as well as Rab GTPase bait proteins.
Related to Fig. 3 on YFP: RAB-G3f (WT) IP-MS.

TRAPP subunit

A2aDN/controlb

Rank

P =

A2aDN/
A2aWT

A2aDN/
A2aCA

21

-

0

0

AGI
Yeast

YFP:RAB A2a
(bait)

a

A2aWT

A2aDN

A2aCA

ratio
(log2)

AT1G09630

1

1

1

Metazoan

a

ratio (log2)

c

Trs33

C6

AT3G05000

3

2

6

17

1E-04

3

9

Trs23

C4

At5g02280

7

3

2

17

3E-04

4

5

Tca17

C2L

A

8

4

8

16

3E-03

4

10

Bet5

C1

AT1G51160

6

5

7

16

7E-04

4

9

Trs31

C5

AT5G58030

4

6

5

16

1E-04

3

6

Trs20*

C2A

At1g80500A

5

7

4

16

2E-05

3

5

Bet3

C3

AT5G54750

11

8

19

15

5E-03

3

15

Trs120

C9

At5g11040

13

9

16

14

4E-03

3

11

Trs130

C10

At5g54440

19

10

18

8

2E-01

1

6

YFP:RAB G3f

AT3G18820

16

12

9

4

4E-01

-6

-2

A

At2g20930

Trs65*

C13*

At2g47960

10

-

10

-

-

-12

-6

Trs85

C8

At5g16280

12

-

13

-

-

-9

-3

-

C11*

At5g65950

18

-

15

-

-

-8

-3

-

C12

At4g39820

17

-

17

-

-

-11

-6
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Table V. TRAPP subunits identified in a differential IP-MS strategy using YFP: RAB-A2a
mutant variants as baits. Yeast and metazoan complexes are as described by Thomas et al.
(2018) and Riedel et al. (2018). Shared subunits are colored in blue, TRAPPII-specific subunits in
green and TRAPPIII-specific in orange. Microsomes isolated from roots were used. The data are
based on intensity-based absolute quantification (iBAQ) values of the proteins in three biological
replicates, with the exception of A2a-WT, for which we had six replicates. Normalization was to bait
(see Supplemental methods). We imputed missing values with a constant value of 1000. -: missing
in the IP-MS data. *: TRAPP subunit not previously recognised in plant genomes (see also Table I).
A: reannotation of TRAPPC2/C2L subunits, only one of which has been previously described by
Thellmann et al., 2010. a: Detected TRAPP subunits and Rab GTPases were ranked according to
their ratio between the experiment and negative control (wild-type Columbia microsomes). The
proteins are sorted by rank of ratios in the A2a-DN vs. control experiment. b: The log2 intensity
ratio for each protein was calculated from its average signal intensity in the experiment divided by
its average intensity either in the control or in a different experiment. c: P values were calculated
using the t-test (two-sided) and are all significant (P < 0.02), unless indicated in red. d: The top ten
proteins in the YFP:A2a-SN IP-MS, within the set of proteins analyzed in this study, are in bold.
Note that, in pairwise comparisons, shared and TRAPP-II specific subunits (green) have positive
values, whereas the TRAPPIII subunits (orange) behave like the vacuolar RAB-G3f. This table lists
only TRAPP subunits detected in the IPs, as well as Rab GTPase bait proteins.
Related to Fig. 3 on YFP: A2a-DN IP-MS.

Figure Legends

Figure 1. Binary interactions between TRAPP subunits.
(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.
Four independent replicate experiments are shown. Note positive interactions between
the plant specific C3_DB CLUB/AtTRS130 truncation and AtTRS120 T2_AD, and
between CLUB C2_DB and T2_AD. A weak interaction was observed between
TCA17_DB and C2_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 any TRAPP subunit.
(c). A dimerization model best explains all the binary interactions reported here. This is
based on the crystal structure of a core sub-complex (Kim et al., 2006) and on the TEM
micrographs of the TRAPPII complex (YIP et al., 2010; Taussig et al, 2013). Arrows
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represent the binary interactions in the DB to AD orientation and the thickness of the
arrow depicts the strength of the interaction. Note that the TRS120-T3 truncation is
included in TRS120-T2. TRAPPII-specific subunit segments coloured in red are
conserved across kingdoms, while ones in green are plant-specific (see a.). Subunits
common to TRAPPII and TRAPPIII are in blue. The pink asterisk depicts the approximate
location of the putative GEF catalytic site, based on yeast models (Cai et al., 2008;
Thomas et al., 2019).
Related to Fig. S2.

Figure 2. Double mutant analysis between trs33-1 and club-2.
Embryogenesis in trs33-1 and club-2 single and double mutants. Null alleles were used
for both loci. Asterisk points to the hypophysis or to its progeny. Black arrows: aberrant
division plane. Blue arrow heads: aberrant cell shape. Note the aberrant cell division and
deformed shape of trs33-1 club-2 heart stage double mutants (bottom right panel). We
detected 11% (n = 327) heart stage but 0% torpedo stage (n = 155 torpedo embryos in
total; see Fig. S2) putative double mutant embryos from mother plants segregating both
trs33-1 and club-2. n = 157 embryos from 3 wild-type mother plants, n = 219 embryos
from 3 trs33-1 mother plants, n = 511 embryos from 6 club-2 mother plants, n= 870
embryos from 7 trs33-1 club-2 mother plants.
Related to Fig. S3

Figure 3. Volcano plots showing all co-purified proteins in YFP:RAB-G3f and
YFP:RAB-A2a DN immunoprecipitates.
The ratio was calculated for each protein as the average intensity of the signal in the
experiment divided by its average intensity in the negative Col-0 wild-type tissue. The Pvalue (depicted along a negative log10 scale) is plotted against the signal ratio. Dotted
grey lines represent cutoffs: P-value < 0.02 and Ratio >8 or >5. The numbers in each
field represent the total number of proteins detected with the respective P-value and ratio
cutoff. (a). YFP:RAB-G3f vacuolar Rab GTPase bait (see Table IV). Note that TRAPPIII
subunits (orange: TRAPPIII-specific subunits; blue: shared TRAPP subunits) cluster in
the upper right quadrant, indicating high abundance and good reproducibility. TRAPPIIspecific subunits (green) have a significant P-value but an intermediate intensity ratio.
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(b). YFP:RAB-A2a DN bait (see Table V). Note that only TRAPPII subunits (green:
TRAPPII-specific subunits; blue: shared TRAPP subunits) are in the upper right
quadrant, indicating high abundance and good reproducibility. TRS130/CLUB is the only
TRAPPII subunit that is not a high confidence interactor in the RAB-A2a IP-MS data. This
is because it was also detected in the Col-0 non-transgenic control and hence did not
meet our P-value cutoffs. TRAPPIII subunits (orange) are clustered in the lower left
quadrant, which means that those proteins were not detected as A2a interaction partners
in the A2a-DN mutant.
Related to Fig. S5 on YFP: RAB-A2a (WT) IP-MS.

Figure 4. Co-localisation of YFP:RAB-A2a with TRS120:mCherry and the behavior
of YFP: RAB-A2a variants in trappii root tips. Live imaging with YFP marker in green
and TRS120:mCherry/FM4-64 in magenta. Arrows point to cell plates and white-rimmed
blue arrows to cross walls. Biogenesis, expansion and maturation refer to the cell plate at
different cytokinesis stages (see experimental procedures). At least ten seedlings were
imaged per marker line. Size bars = 5μm.
(a). Time-lapse of A2apro:YFP:RAB-A2a and UBQpro:TRS120:mCh, with minutes
indicated in the right panel. YFP:RAB-A2a colocalizes with TRS120:mCh at the cell plate
throughout cytokinesis, reorganizing to the leading edges (arrow heads) at the end of the
cell cycle. Early and late stage time-lapses were imaged in two different cells. The
numbers indicate minutes after the cell plate (arrow) becomes visible as a YFP:RAB-A2a
and TRS120:mCh-positive compartment. n = 6 wild type cytokinetic cells.
(b)-(c). A2apro:YFP:RAB-A2a does not completely reorganize to the leading edges of the
cell plate in trappii mutants. n = 35 cytokinetic cells for club-2; n = 20 cytokinetic cells for
trs120-4; at least 20 seedlings were imaged per line.
(d-h). Sorting of YFP:RAB-A2a mutant (DN (GDP) or CA (GTP) bound) variants in
trs120-4 root tips.
(d). Ratio of signal intensity at the cell plate (CP) versus the plasma membrane (PM).
This is significantly decreased for A2apro:YFP:A2a-DN (**: P < 0.01). Conversely, this is
significantly increased for A2apro:YFP:A2a-CA (***: P < 0.00015). Cell cycle stage:
anaphase to telophase transition.
(e)-(f). A2apro:YFP:A2a-DN (GDP-bound) does not fully reorganize to the leading edges
of the cell plate in WT root tips. In trs120-4 mutants, the signal is diffuse and cytosolic; it
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labels aberrant endosomal compartments around the cell plate (yellow arrowheads) but
not the cell plate itself. n = 15 wild type, n = 6 trs120-4 cytokinetic cells.
(g-h). A2apro:YFP:A2a-CA (GTP-bound) weakly labels wild-type cell plates and
ectopically localizes to the plasma membrane (red arrowheads). trs120-4 mutants have a
stronger YFP:A2a-CA signal at the cell plate, and a weaker plasma membrane
localisation. n = 10 wild type, n = 17 trs120-4 cytokinetic cells.
Related to Fig. S6 to S8.

Figure 5. TRAPP complexes and Rab GTPases in membrane trafficking.
(a). Two TRAPP complexes are found in yeast: TRAPPIII acts as a GEF for Ypt1 and
TRAPPII as a GEF for Ypt31/32 (Morozova et al., 2006; Thomas et al., 2018). TRAPPII
acts at the TGN to mediate secretion and has also been implicated in autophagy
(Thomas et al., 2018; Zou et al., 2013). TRAPPIII is involved in ER-Golgi traffic, in
autophagy, and in trafficking between the medial/late Golgi and endosomes (Thomas et
al., 2018). PAS: phagophore assembly site or pre-autophagosomal structure. The
dashed arrow does not distinguish between medial/trans Golgi and the TGN and does
not depict endosomes along post-Golgi trafficking routes.
(b). Only two TRAPP complexes are known in metazoans. TRAPPII possesses GEF
activity for both Rab-1 and Rab-11 (Riedel et al., 2018). Metazoan TRAPPIII possesses
GEF activity for Rab-1 and is thought to play a role in ER-Golgi traffic, COPII recruitment
to ER and autophagy (Scrivens et al., 2011; Bassik et al., 2013; Lamb et al., 2016; Zhao
et al., 2017; reviewed by Sacher et al., 2018). The dashed arrow does not distinguish
between medial/trans Golgi and the TGN and does not depict endosomes along postGolgi trafficking routes.

(c). In plants, TRAPPII resides at the TGN/EE and is a putative GEF for the Rab-A clade
of Ypt3/Rab-11 orthologues. Rab clades identified in TRAPPII IP-MS are D, B, A and E
and these are on a biosynthetic trafficking route. Rab-F or Rab-G clades were not
robustly identified in the CLUB/AtTRS130 interactome. We postulate the existence of a
plant TRAPPIII complex that resembles metazoan TRAPPIII. Based on preferrential
binding to the vacuolar Rab-G, which is required for autophagy (Kwon et al., 2013), and
on orthology we tentatively place TRAPPIII on an autophagy and/or vacuolar trafficking
route. Whether Arabidopsis TRAPPII or III play a role in ER-Golgi traffic remains to be
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determined. The dashed arrow does not does not depict late endosomes/multivesicular
bodies along post-Golgi trafficking routes.

RER: rough endoplasmic reticulum; TGN: trans-Golgi network; SV: secretory vesicles;
CCV: clathrin coated vesicles.
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