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How the membrane trafficking system spatially organizes intracellular activities and intercellular signaling networks in plants
is not well understood. Transport Protein Particle (TRAPP) complexes play key roles in the selective delivery of membrane
vesicles to various subcellular compartments in yeast and animals but remain to be fully characterized in plants. Here, we
investigated TRAPP complexes in Arabidopsis (Arabidopsis thaliana) using immunoprecipitation followed by quantitative
mass spectrometry analysis of AtTRS33, a conserved core component of all TRAPP complexes. We identified 14 AtTRS33-
interacting proteins, including homologs of all 13 TRAPP components in mammals and a protein that has homologs only in
multicellular photosynthetic organisms and is thus named TRAPP-Interacting Plant Protein (TRIPP). TRIPP specifically
associates with the TRAPPII complex through binary interactions with two TRAPPII-specific subunits. TRIPP colocalized with
a subset of TRS33 compartments and trans-Golgi network markers in a TRS33-dependent manner. Loss-of-function tripp
mutants exhibited dwarfism, sterility, partial photomorphogenesis in the dark, reduced polarity of the auxin transporter PIN2,
incomplete cross wall formation, and altered localization of a TRAPPII-specific component. Therefore, TRIPP is a plant-
specific component of the TRAPPII complex with important functions in trafficking, plant growth, and development.

INTRODUCTION fusion stage, where a vesicle merges with a specific acceptor
membrane (Brocker et al., 2010). Prior to the fusion stage, teth-
ering factors initiate and maintain specific contacts between
donor and acceptor membranes to hold the vesicle in close
proximity to the target membrane (Whyte and Munro, 2002). Thus,
tethering factors play a key role in organizing vesicle trafficking.
However, the functions of tethering factors in plant development
remain largely unknown.

Eukaryotes contain two broad classes of tethering factors: long
coiled-coil proteins and multisubunit tethering complexes (MTCs;
Brocker et al., 2010; Yu and Hughson, 2010; Ravikumar et al.,
2017; Takemoto et al., 2018). Coiled-coil tethers are long, dimeric

Vesicular protein trafficking is a highly organized, finely regulated
cellular process that ensures the accurate delivery of proteins to
their correct subcellular compartments (Rosquete et al., 2018).
Vesicle transport spatially organizes intracellular structures and
metabolic activity as well as intercellular signaling systems that
control development. Vesicle transport involves numerous protein
complexes and is regulated at multiple stages, beginning with
vesicle budding from a donor membrane and ending with the
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a modular form and are located on organelles throughout the
secretory and endocytic pathways. One well-studied MTC in yeast
(Saccharomyces cerevisiae) and animals is the Transport Protein
Particle (TRAPP) complex, which is involved in endoplasmic
reticulum-to-Golgi and Golgi-mediated trafficking as well as
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TRAPP Membrane Trafficking Complexes in Plants

IN A NUTSHELL

Background: Cells use membrane vesicles to deliver proteins to their target cellular locations. In yeast and animals,
Transport Protein Particle (TRAPP) complexes act as linkers that tether these membrane vesicles to the membranes
of their target compartments. Plant genomes encode proteins similar to the proteins in yeast and animal TRAPP
complexes. Mutations in some of these subunits in Arabidopsis thaliana disrupt vesicle trafficking, cell division, and
plant development. However, the TRAPP complexes in plants have not yet been fully characterized at the molecular
level.

Question: We wanted to know which proteins make up the TRAPP complexes in plants and whether new proteins
have evolved to provide unique functions required for plant development. We used antibodies and mass spectrometry
to identify all of the proteins of plant TRAPP complexes and performed genetic analyses to investigate their functions.

Findings: We identified 14 proteins in plant TRAPP complexes. These proteins include counterparts to all 13 animal
TRAPP proteins, plus one protein, which we named TRAPP-Interacting Plant Protein (TRIPP), that is only encoded in
the genomes of multicellular plants. We discovered that this protein is part of the TRAPPII complex but not TRAPPIII
and that it is found in two specific cellular locations (the trans-Golgi network and cell plates of dividing cells). An
Arabidopsis mutant lacking the TRIPP protein has several defects that suggest this protein plays important roles in
cell plate formation, polar localization of a transporter of the hormone auxin, reproduction, and seedling development
in the dark. We identified TRIPP as a plant-specific component of the otherwise highly conserved TRAPPII complex,
with functions in unique vesicle trafficking processes in plant cells.

Next steps: We still don’t know exactly how TRIPP functions at the molecular level, and we would like to test several
hypotheses. TRIPP might help TRAPPII bind with other proteins, or it might help stabilize the TRAPPII complex to
control the ratio between the TRAPPII and TRAPPIII complexes, which share the same core components. Exploring
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the structure of the plant TRAPPII complex and TRIPP will also be important for understanding their functions.
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autophagy (Barrowman et al., 2010; Scrivens et al., 2011;
Vukasinovié and Zarsky, 2016). In yeast, mutations in TRAPPs are
typically lethal or cause strongly impaired growth (Kimet al., 2016).
In humans, mutations in TRAPP components have been impli-
cated in a variety of diseases (Milev et al., 2015; Sacher et al.,
2019).

TRAPP complexes can exist in a variety of modular forms
(Robinett et al., 2009; Kim et al., 2016; Riedel et al., 2018). In yeast
and metazoans, two TRAPP complexes (Il and Ill) composed of
shared and complex-specific subunits have been identified
(Barrowman et al., 2010; Lynch-Day et al., 2010; Thomas et al.,
2018). The metazoan TRAPP complexes contain homologs of all
yeast TRAPP subunits but have also evolved additional subunits
and rearrangements in complex composition. The TRAPPIII
complex contains two additional metazoan-specific subunits,
TRAPPC11 and TRAPPC12 (Scrivens et al., 2011; Zhao et al.,
2017). Tca17 and Trs65 are TRAPPII-specific subunits in yeast,
but their metazoan homologs (TRAPPC2L and TRAPPC13, re-
spectively) are found in TRAPPIII complexes. The subunit com-
position of TRAPP complexes specifies their localization and
function. In yeast, TRAPPII functions in late Golgi, and TRAPPIII
functions in early Golgi and autophagy (Kim et al., 2016; Riedel
et al., 2018; Thomas et al., 2018). In metazoans, TRAPPII is in-
volved in early Golgi transport, and TRAPPIIl regulates endo-
plasmic reticulum-to-Golgi transport and autophagosome
formation (Yamasaki et al., 2009; Scrivens et al., 2011; Bassik
et al., 2013; Lamb et al., 2016; Ramirez-Peinado et al., 2017;
Sacher et al., 2019). Furthermore, TRAPP complexes function as
guanine nucleotide exchange factors for Rab GTPases in both
yeast and metazoans (Jenkins et al., 2018; Riedel et al., 2018;
Thomas et al., 2018, 2019). In humans, mutations in TRAPP
components are associated with numerous diseases such as
neurodevelopmental disorders, skeletal disorders, fatty liver

disease, and congenital disorders (Larson et al., 2018; Sacher
et al., 2019).

Studies of TRAPP complex formation and modularity in plants
remain in their infancy compared to those for other kingdoms. It is
only recently that the nature of TRAPP complexes (Il and Ill) has
been partially elucidated at the protein level (Kalde et al., 2019;
Rosquete et al., 2019). Two Arabidopsis (Arabidopsis thaliana)
TRAPPII subunits have been characterized to some extent in
plants: AtTRS120 and AtTRS130/CLUB (Jaber et al., 2010;
Thellmann et al., 2010; Naramoto et al., 2014; Rybak et al., 2014).
Both AtTRS120/VAN4 and AtTRS130/CLUB are required for cell
plate biogenesis; mutations in AtTRS720 or AtTRS130 cause
seedling lethality and canonical cytokinesis-defective pheno-
types, including the formation of cell wall stubs and incomplete
cross walls (Jaber et al., 2010; Thellmann et al., 2010; Qi et al.,
2011). Also, in both mutants, vesicles accumulate at the equators
of dividing cells but fail to assemble into cell plates (Jaber et al.,
2010; Thellmann et al., 2010; Rybak et al., 2014; Ravikumar et al.,
2017). In accordance with TRAPP localization in other organisms,
AtTRS120 and AtTRS130 localize at the trans-Golgi network
(TGN)/EE (Qi et al., 2011; Naramoto et al., 2014; Ravikumar et al.,
2017, 2018). Moreover, TRAPPII in Arabidopsis has been func-
tionally placed upstream of several Rab-A GTPases, suggesting
that it may also function as a Rab guanine nucleotide exchange
factor in plants as well as yeast and metazoans (Qi et al., 2011;
Kalde et al., 2019). AtTRAPPC11/ROG2, an evolutionarily con-
served TRAPPIII component, was recently shown to regulate
TGN/EE integrity and to play a role in salt stress responses
(Rosquete et al., 2019). The Arabidopsis homolog of the yeast/
metazoan TRAPP subunit, BET5, is essential for pollen exine
pattern formation, suggesting that different components of the
TRAPP complexes can have specific functions (Zhang et al.,
2018).
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Previous sequence analysis and proteomic studies in Arabi-
dopsis have predicted and identified TRAPPIl and TRAPPIII
components, respectively (Drakakaki et al.,2012; Paul et al., 2014;
Rybak et al., 2014; Kalde et al., 2019; Rosquete et al., 2019).
However, experimental evidence regarding whether plants form
the same number of TRAPP complexes as yeast and metazoans,
or have evolved different subunit composition and unique TRAPP
components, is currently lacking. To address these questions, we
performed quantitative proteomic analysis to document the
subunit composition and interactors of TRAPP complexes in
Arabidopsis. We identified 11 subunits that are conserved in yeast
and metazoans and 2 that are only conserved in metazoans and
plants. Additionally, we identified and characterized TRIPP,
a TRAPP-interacting plant protein that is present only in multi-
cellular photosynthetic organisms. Genetic evidence shows that
TRIPP plays an important role in vesicle trafficking, the polar lo-
calization of auxin transporters, plant growth, reproduction, and
light-dependent development. Our study demonstrates that
Arabidopsis TRAPP components form similar complexes to those
reported in metazoans. The study also uncovers a plant-specific
TRAPPII interactor that plays important roles in plant growth and
development.

RESULTS

AtTRS33 Is Required for the Membrane Association of
a TRAPPII-Specific Subunit

To characterize the protein components of TRAPP complexes in
plants, we performed quantitative mass spectrometry (MS)
analysis of proteins associated with TRS33, a subunit known to be
shared by different TRAPP complexes in both yeast and meta-
zoans (Kim et al., 2016; Riedel et al., 2018). We reasoned that an
analysis of such a shared subunit would give us a comprehensive
view of TRAPP complexes in Arabidopsis. In Arabidopsis,
AtTRS33 has been implicated in cytokinesis and was identified in
the TRAPPII interactome (Thellmann et al., 2010; Rybak et al.,
2014).

Prior to using TRS33 to further study TRAPP composition, we
sought to confirm TRS33’s functional relationship to TRAPPII in
Arabidopsis. To this end, we monitored the effect of the trs33-1
mutation on the localization dynamics of the TRAPPII-specific
subunit AtTRS120. In the wild type, the TRS120-GFP fusion
protein localized to both the cytosol and to TGN/EE compartments
ininterphase cells (Figure 1A; Rybak et al., 2014; Ravikumar et al.,
2018). By contrast, in the trs33-7 mutant, the signal was only
observed in the cytosol and not in any endomembrane com-
partments (Figure 1A). This is reminiscent of the mis-localization of
a TRAPPII-specific subunit (Trs130-GFP) to the cytosol in trs33
mutants in yeast (Tokarev et al., 2009). During early stages of
cytokinesis, TRS120-GFP clearly localized to the cell plate in the
wild type but was present as a diffuse cytosolic cloud around the
cell plate in trs33-1 (Figures 1B and 1D). Furthermore, at the end of
cytokinesis, TRS120-GFP re-localized to the leading edges of the
cell plate in the wild type but was (at best) visible as a weak and
relatively diffuse signal at the leading edges of the expanding cell
plates in trs33-1 (Figure 1C). Thus, AtTRS33 is required for the

membrane association of AtTTRS120 and for its proper localization
dynamics during cytokinesis. This finding establishes a clear
functional link between AtTRS33 and the Arabidopsis TRAPPII
complex.

Characterization of TRAPP Complexes Using
Quantitative MS

To identify proteins associated with AtTRS33, we used stable
isotope labeling followed by immunoprecipitation and quantitative
MS (SILIP-MS). We grew transgenic Arabidopsis seedlings ex-
pressing AtTRS33 fused with Myc and His tags driven by the native
AtTRS33 promoter (TRS33:TRS33-MycHis) in the trs33-1 mutant
background for 14 d on medium containing light nitrogen ('4N),
along with the wild type (as a control) grown on heavy nitrogen
("8N). The isotopes were switched in the replicate experiment.
Root and shoot tissues were harvested separately. We mixed each
pair of *N- and '°N-labeled sample and control tissues together
prior to immunoprecipitation with anti-Myc antibody beads
(Figure 2A). We separated immunoprecipitated proteins by SDS-
PAGE, subjected themtoin-gel digestion, and analyzed theminan
Orbitrap mass spectrometer. Enrichment by TRS33 was quanti-
fied based on the “N/'N ratios of the identified peptides. MS
analysis identified >1000 proteins per experiment, but only pro-
teins that showed more than twofold enrichment in the TRS33-
MycHis samples over the controls in both forward and reciprocal
labeling replicates were considered to be TRS33 interactors. We
identified fourteen TRS33-interacting proteins in samples from
both roots and shoots (Table 1). SILIP-MS using transgenic
Arabidopsis plants overexpressing TRS33-yellow fluorescent
protein (YFP) also identified the same 14 TRS33-interacting
proteins (Supplemental Table 1). These included all homologs
of the shared TRAPP subunits reported in yeast and metazoans
(TRS23, TRS33, TRS31, BET3, BET5, and TRS20) and the
complex-specific subunits (TCA17, TRS120, TRS130, TRS85,
TRAPPC11, TRAPC12, and TRAPPC13; Riedel et al., 2018;
Sacher et al., 2019). Intriguingly, the identified TRS33-associated
proteins included an additional protein with nohomologin yeast or
metazoans (Figure 2B; Table 1; Supplemental Figure 1;
Supplemental Table 1). This protein, encoded by AT3G17900, is
composed of 838 amino acids and is listed as unknown in The
Arabidopsis Information Resource database. We named this
protein TRAPP Interacting Plant Protein (TRIPP). Taken together,
the mass spectrometry results demonstrate that plant TRAPP
complexes contain not only homologs of all known TRAPP
components in yeast and metazoans but also the plant-specific
component TRIPP.

TRIPP Behaves Like a Component of the TRAPP Il Complex
in SILIP-MS Experiments

To confirmthe TRIPP association with TRAPP components and to
determine whether it is specific to a given TRAPP complex, we
performed an additional SILIP-MS using TRIPP as bait. We grew
transgenic plants expressing TRIPP-YFP under the control of the
35S promoter, which complemented the tripp-1 mutant, along
with nontransgenic wild type as a control, as described above for
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the TRS33 SILIP-MS experiment. Weimmunoprecipitated TRIPP-
YFP and associated proteins with an anti-GFP antibody and
analyzed them by MS (Figure 2A). The SILIP-MS data show un-
ambiguously that TRIPP pulled down nine TRAPP subunits
(Figure 2C; Supplemental Table 2). These include all six shared

Wild type
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TRAPP subunits (TRS23, TRS33, TRS31, BET3, BET5, and
TRS20) and three TRAPPII-specific subunits (TCA17, TRS120,
and TRS130; Figures 2C to 2E; Supplemental Table 2). Four
TRAPP subunits (TRS85, TRAPPC11, TRAPPC12, and
TRAPPC13) identified in the TRS33 SILIP-MS showed no

trs33-1
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Figure 1. TRS33 Is Required for Normal Subcellular Localization of TRS120-GFP.

Live imaging of TRS120-GFP (green) and FM4-64 (magenta) in roots of TRS120:TRS120-GFP plants.
(A) Cells at interphase show TRS120-GFP enriched at endomembrane compartments (green arrowheads) in the wild type, but not in trs33-1, where only

a cytosolic haze can be seen.

(B) During early stages of cytokinesis (cell plate initiation and biogenesis), TRS120-GFP is enriched at the cell plate (white arrow) in the wild type, but not in

trs33-1. Ana, anaphase; Telo, telophase.

(C) During late stages of cytokinesis (cell plate insertion and maturation), TRS120-GFP reorganizes to the leading edges of the cell plate (white arrowhead) in
the wild type. By contrast, only a weak and relatively diffuse TRS120-GFP signal can be detected at the leading edges of the cell plate in the trs33-1 mutant

(white arrowhead). Telo, telophase.

(D) Line graphs depicting scaled relative fluorescence intensities. A sharp peak is seen at the cell plate (CP) in the wild type (red arrowhead), but notin trs33-1.

PM, plasma membrane.

At least 10 seedlings were imaged per marker line. n = 8 for wild type, n = 7 trs33-1 for cytokinetic cells. Bars = 5 um.
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Figure 2. TRIPP Associates with TRAPPIl Components.

(A) Experimental workflow for SILIP-MS in Arabidopsis. m/z, mass-to-charge ratio; WT, wild type.



interactions with TRIPP in these SILIP-MS experiments. None of
these four proteins were detected in both replicate experiments or
were enriched by TRIPP-YFP in either single experiment. In-
terestingly, these proteins are homologs of the subunits specific to
TRAPPIIl in animals, suggesting that Arabidopsis also possesses
distinct TRAPPII and TRAPPIII complexes and that TRIPP only
associates with the TRAPPII complex.

TRIPP Directly Interacts with TRAPPII-Specific, but Not
Shared, Subunits

If TRIPP associates specifically with the TRAPPII complex, we
reasoned that it likely interacts directly with TRAPPII-specific
subunits instead of the shared core subunits. To investigate
this possibility, we performed yeast two-hybrid (Y2H) assays of
binary TRIPP interactions with known TRAPP subunits (Thellmann
et al., 2010; Steiner et al., 2016b; Kalde et al., 2019). In quadru-
plicate pairwise tests, TRIPP did not interact with the shared
TRAPP subunits, including AtTRS33, instead interacting specif-
ically with the two TRAPPII-specific subunits, AtTRS120 and
AtTRS130 (Figure 2F). Notably, strong interactions were detected
with the C-terminal part of AtTRS130 and both halves of AtTRS120
(Figures 2F and 2G). These results suggest that TRIPP associates
with TRAPPII through direct interactions with these two TRAPPII-
specific subunits.

TRIPP Localizes to the TGN/EE in Arabidopsis Roots

TRAPPII-specific subunits AtTTRS120 and AtTRS130 localized to
the TGN/EE and the cell plate (Ravikumar et al., 2018). To examine
the subcellular localization of TRIPP, we generated transgenic
plants expressing TRIPP-YFP under the control of the 35S pro-
moter in the tripp-1 null mutant background (the mutant is de-
scribed below). We analyzed the roots of transgenic seedlings
expressing TRIPP-YFP by confocal imaging. TRIPP-YFP local-
ized to puncta as well as to the cell plate, with YFP signals
overlapping with FM4-64 signals (Figures 3A and 3B). The
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localization of TRIPP at the cell plate during early and late cyto-
kinesis was confirmed by colocalization analysis of stable
transgenic plants expressing TRIPP-mCherry/monomeric red
fluorescent protein (MRFP) with known cell plate-localized pro-
teins TRS120-GFP or YFP-RAB-A2a (Supplemental Figures 2A to
2C). The localization of TRIPP to the leading edges of cell plates
was similar to that of other TRAPPII subunits (Rybak et al., 2014;
Kalde et al., 2019). TRS33 exhibited a punctate localization similar
to that of TRIPP (Supplemental Figure 2D). In root cells of plants
expressing 35S:TRIPP-mCherry and 35S:TRS33-YFP, all TRIPP-
mCherry compartments were positive for TRS33-YFP, whereas
~20% of the TRS33-YFP-positive compartments showed no
TRIPP-mCherry signals (Figure 3D). This pattern is consistent with
the notion that TRIPP is a component of only the TRAPPII complex
and that TRS33 is a component of both the TRAPPII and TRAPPIII
complexes. Furthermore, the localization of TRIPP-YFP was
disrupted in the trs33-1 mutant background, which is consistent
with the finding that TRIPP is a TRAPP-interacting component
(Figure 3C).

As TRAPPII has been functionally linked to Rab-A GTPases and
localizes to the TGN/EE in Arabidopsis (Qi and Zheng, 2011; Qi
et al., 2011; Naramoto et al., 2014; Kalde et al., 2019), we per-
formed colocalization experiments to define the TRIPP-positive
compartments. We crossed pUBQ10-TRIPP-mRFP transgenic
Arabidopsis plants with transgenic plants expressing TGN/EE-
localized YFP-RAB-A2a (Chow et al., 2008) and vacuolar H+-
ATPase (VHA-a1)-GFP (Dettmer et al., 2006) and Golgi-localized
«-2,6-sialyltransferase (ST)-YFP (Batoko et al., 2000; Grebe et al.,
2003) markers. TRIPP-mRFP colocalized with TGN/EE-localized
YFP-RAB-A2a and VHA-a1-GFP, but not with Golgi-localized ST-
YFP (Figures 3E to 3H). TRIPP-mRFP puncta were frequently
associated (but not overlapping) with ST-YFP, which is similar to
the localization observed for RAB-A1c, another TGN/EE marker
(Qi and Zheng, 2013). Taken together, these data provide in vivo
evidence that TRIPP localizes to the TGN/EE, as expected for
a component of the TRAPPII complex (Qi et al., 2011; Naramoto
et al., 2014; Ravikumaret al., 2018).

Figure 2. (continued).

(B) MS1 spectra show the enrichment of TRIPP in SILIP-MS of TRS33:TRS33-4MycHis/trs33-1 versus the wild-type (Col-0) control, and no enrichment of
ClIpC, a nonspecific protein. Blue and red arrows point to monoisotopic peaks of “N- and '>N-labeled peptides, respectively. m/z, mass-to-charge ratio;
WT, wild type.

(C) Metabolic SILIP-MS analysis of TRIPP identifies only TRAPPII subunits. SILIP-MS was performed using 35S:TRIPP-YFP/tripp-1 transgenic plants. Plot
shows log, ratios of signal intensities between samples labeled with light (L, 14N) and heavy (H, 15N) isotopes (L/H ratio). Two biological replicates were
performed, in which the Col-0 control (forward) or the TRIPP-YFP sample (reciprocal) was labeled with 1°N. Note that TRAPP-IIl subunits are not identified in
the data set.

(D) Representative spectra of AtTRS 120 peptide quantified in the SILIP-MS experiments of 14N-TRIPP-YFP versus '>N-Col-0 (top) and 14N-Col-0 vs. 15N-
TRIP-YFP (bottom). Blue and red arrows point to mono-isotopic peaks of '“N- and '*N-labeled peptide, respectively. m/z, mass-to-charge ratio.

(E) Representative spectra of AtTRS130 peptide quantified in the TRIPP-YFP SILIP-MS experiments as described for (A). m/z, mass-to-charge ratio.
(F) Y2H assays of interactions between TRIPP and TRAPP subunits. The panels are from different plates. Four independent replicate experiments were
performed. The results show interactions of TRIPP with both the T1 and T3 regions of AtTRS120 and with the plant-specific C2/C3_DB AtTRS130 regions.
T2_DB was not included, as it is an auto-activator, as evidenced by colony growth with the empty AD vector, and this precluded our ability to determine
whether AtTRS120_T2 interacts with TRIPP.

(G) TRAPPII coding regions used for the Y2H interaction assays. Segments colored in red (left) are conserved across kingdoms, while those in green (right)
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 Y2H screen (Rybak et al., 2014). aa, amino acids.
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Table 1. The 14 Arabidopsis TRAPP components identified by SILIP-MS

TRAPP Subunits Identified by TRS33 Immunoprecipitation from Arabidopsis Roots

Forward Reciprocal
L/H

Gene ID Peptide No. % Cov  Ratio  Peptide No. % Cov  L/H Ratio  Protein Name Yeast Homolog  Human Homolog
AT1G51160 5 414 4.47 4 284 0.41 BET5 BET5 TRAPPC1
AT1G80500 3 28.9 413 3 28.9 0.29 TRS20 TRS20 TRAPPC2
AT2G20930 6 52.9 3.79 5 52.9 0.39 TCA17 TCA17 TRAPPC2L
AT5G54750 12 55.4 11.4 12 54.3 0.18 BET32P BET3 TRAPPC3
AT5G02280 5 42.6 2.72 - - - TRS23 TRS23 TRAPPC4
AT5G58030 5 22.6 2.48 2 10.3 0.37 TRS31ab TRS31 TRAPPC5
AT3G05000 11 61.3 7.7 11 60.7 0.07 TRS33ab TRS33 TRAPPC6
AT5G16280 16 11.7 7.27 13 9.5 0.15 TRS852 TRS85 TRAPPC8
AT5G11040 32 32.7 3.62 23 25.6 0.40 TRS120/VAN42P  TRS120 TRAPPC9
AT5G54440 33 31 419 13 12.3 0.44 TRS130/CLUBP TRS130 TRAPP10
AT5G65950 20 17.6 7.76 12 1.2 0.18 TRAPPC11 —- TRAPPC11
AT4G39820 15 35.8 8.06 8 21.3 0.24 TRAPPC12 - TRAPPC12
AT2G47960 14 371 2.84 14 33.3 0.52 TRS65 TRS65 TRAPPC13
AT3G17900 22 30.4 3.54 19 248 0.39 TRIPP — —

TRAPP Subunits Identified by TRS33 Immunoprecipitation from Arabidopsis Shoots
AT1G51160 4 34.9 14.7 2 14.2 0.16 BET5 BET5 TRAPPC1
AT1G80500 1 8.9 12.9 2 20 0.10 TRS20 TRS20 TRAPPC2
AT2G20930 6 63.6 3.9 4 36.4 0.36 TCA17 TCA17 TRAPPC2L
AT5G54750 12 55.4 30.2 11 46.8 0.07 BET32P BET3 TRAPPC3
AT5G02280 6 51.8 7.1 - - - TRS23 TRS23 TRAPPC4
AT5G58030 4 29.2 11.9 6 29.7 0.14 TRS31ab TRS31 TRAPPC5
AT3G05000 12 74.0 37.9 8 52.6 0.04 TRS33ab TRS33 TRAPPC6
AT5G16280 16 12.7 10.3 13 8.6 0.12 TRS852 TRS85 TRAPPC8
AT5G11040 24 225 5.5 19 18.6 0.23 TRS120/VAN42b  TRS120 TRAPPC9
AT5G54440 23 20.2 4.7 18 171 0.27 TRS130/CLUBP TRS130 TRAPP10
AT5G65950 27 22.8 12.8 13 12.4 0.12 TRAPPC11 - TRAPPC11
AT4G39820 9 24.3 15.3 10 24.3 0.11 TRAPPC12 - TRAPPC12
AT2G47960 14 32.4 52 12 30.5 0.26 TRS65 TRS65 TRAPPC13
AT3G17900 19 28.6 3.8 17 211 0.32 TRIPP — —

SILIP-MS was performed using TRS33:TRS33-4MycHis/trs33-1 complemented plants (roots and shoots were analyzed separately). The number of
unique peptides (Peptide No.), percentage of sequence coverage (% Cov), and ratio of signal intensities between samples labeled with light (L, '*N) and
heavy (H, 15N) isotopes (L/H ratio) are shown for two biological replicates, in which the Col-0 control (forward) or the TRS33-MycHis sample (reciprocal)

was labeled with °N. Dashes indicate no data.

aSubunits previously identified in a proteomic study using isolated TGN compartments (Drakakaki et al., 2012).
PSubunits previously identified by label-free IP-MS of AtTRS130 (Rybak et al., 2014). Names of yeast and human homologs are based on published

work (Riedel et al., 2018; Thomas et al., 2018).

The Arabidopsis tripp Mutant Displays Growth Defects
Including Partial Photomorphogenesis in the Dark

To explore the role of TRIPP in plant development, we performed
phenotypic characterization of tripp-1, a T-DNA insertion allele
harboring T-DNA in the fifth exon of the TRIPP gene, which
contains 10 exons, rendering tripp-1 a null mutant (Figure 4A,;
Supplemental Figures 3A and 3B). tripp-1 homozygous plants
exhibited smaller rosettes than the wild type and were sterile
(Figures 4B to 4E). Plants heterozygous for the T-DNA insertion did
not exhibit a mutant phenotype; thus, we maintained the tripp-1
mutation in heterozygous plants. To confirm that the phenotypes
observed were due to the specific mutation in the TRIPP gene, we
introduced a transgene containing the 35S promoter driving the
full-length TRIPP coding sequence fused to YFP into TRIPP +/—
heterozygous plants via Agrobacterium-mediated transformation.

In plants expressing TRIPP-YFP in the tripp-1 homozygous
background, the phenotypes observed in the tripp-7 mutant were
fully rescued (Figures 4B to 4E), confirming that the observed
phenotypes were due to loss of function of TRIPP. Both the mutant
and the wild-type plants bolted at similar times, but the in-
florescences were much shorter in the mutant (Figure 4C). The
floral organs appeared normal in the mutant, except that the
anthers failed to develop pollen and thus no seeds were produced
(Figures 4D and 4E). tripp-1 anthers had a smooth surface,
suggesting that the defects in pollen develop occurred during
early stages of anther development.

To determine whether the tripp-7 mutant has any defects in the
female gametophyte, we used the wild-type pollen to pollinate 20
flowers from multiple tripp-1 plants. Although the mutant stigmas
appeared normal before pollination (as shown for tripp-1 in
Figure 4D), flowers pollinated with the wild-type pollen did not
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Figure 3. TRIPP Localizes to Vesicles and Cell Plates, Like Previously Reported TRAPP Components, and Its Localization Is Disrupted in trs33-1.

(A) and (B) Confocal images of 35S:TRIPP-YFP/tripp-1 transgenic roots. (A) TRIPP-YFP (green) localizes with FM4-64 (magenta) at the cell plate (CP).
Dashed lines show the position of the intensity plot. PM, plasma membrane. (B) Colocalization of TRIPP-YFP with FM4-64—positive TGN/endocytic vesicles.
n = 7 seedlings. Arrows point to vesicles. Bars = 10 pm.
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produce any seeds (the morphology of mature siliques from the
crosses was similar to that shown for tripp-7 in Figure 4E), sug-
gesting that tripp-1 has defects in both male and female re-
productive development. Overall, the tripp-7 mutant exhibited
similar sterility but weaker dwarfism phenotypes than trs33-1
(Figures 4F to 4H) and trs120-4 (Thellmann et al., 2010). Taken
together, our genetic analyses indicated that TRIPP has important
functions throughout plant growth and development, particularly
reproductive development.

The dwarf phenotype of light-grown tripp-1 plants prompted us
to compare growth and cell elongation in this mutant in the dark
versus light (skotomorphogenesis versus photomorphogenesis).
When seeds were sown on medium in the light, tripp-1 and the
wild-type seeds germinated at the same time. While hypocotyl
length was similar in tripp- 1 and the wild-type seedlings, the tripp-
1 mutant had shorter roots (Figures 5A to 5C). When grown in the
dark, the tripp-1 mutant had shorter hypocotyls but longer roots
than the wild type (Figures 5D to 5F). Furthermore, when seedlings
were grown in the dark for 2 weeks, the tripp-7 mutant developed
true leaves, while the wild type did not (Supplemental Figure 4).
Dark-grown tripp-1 seedlings exhibited much shorter hypocotyl
cells than the wild type, whereas light-grown tripp-1 seedlings
showed similar cell size to the wild type (Figures 5G to 5L). These
observations indicate that TRIPP plays an important role in
skotomorphogenesis.

The tripp-1 Mutant Has a Defect in Polar Localization of the
Auxin Transporter PIN2

The observation that tripp-1 exhibited a photomorphogenesis-like
phenotype in the dark suggested it might have a defect in hor-
monal function (Chaiwanon et al., 2016). In particular, TRAPP is
required for the polar localization of auxin transporters (Qi et al.,
2011; Rybak et al., 2014; Zhang et al., 2018), which mediate light-
dependent regulation of auxin distribution leading to photomor-
phogenesis (Sassi et al., 2012). We therefore crossed 35S-PIN2-
GFP and 35S-PIN3-GFP into the tripp-1 mutant background. In
the wild type, PIN2 was polarly localized to the basipetal plasma
membrane and was depleted at the lateral plasma membrane in
elongated root cells. Such polar localization was greatly di-
minished in tripp-1, as PIN2-GFP signals remained strong in the
lateral plasma membrane (Figures 6A to 6C; Supplemental
Figure 5A). By contrast, PIN3 localization was not altered in the
tripp-1 mutant compared to the wild type (Supplemental
Figure 5B).

The tripp-1 Mutant Shows Defects in TRS120 Localization
and Cross Wall Formation

We crossed TRS120-GFP into tripp-1 to investigate whether
TRIPP isrequired forthe normal localization of TRS120. In the wild-
type background, TRS120-GFP localized to puncta in epidermal
cells and to the cell plates of dividing cells. In the tripp-1 back-
ground, no obvious TRS120-GFP puncta were observed
(Figure 7A). While patchy localization of TRS120-GFP to the cell
plate was observed in some cells, in some other dividing cells,
TRS120-GFP only formed a diffuse cloud around the cell plate
(Figures 7C and 7D; Supplemental Figure 6). Inmunoblot analysis
indicated that TRS120-GFP remained exclusively as a full-length
fusion protein in both the wild type and tripp-1 (Figure 7B). In
contrast to TRS120-GFP, the localization of YFP-RAB-A2a to the
cell plate was not obviously altered in tripp-1 (Supplemental
Figure 7), unlike in the trappii mutants (Kalde et a., 2019). While
examining TRS120-GFP localization in tripp-1, we noticed cells
with an incomplete transverse cell wall. Upon further analysis of
tripp-1 and the wild-type plants, we observed 6.5% = 0.5% of
such defective cells per root tip in tripp-1 and no defective cell
walls in the wild-type roots (Figures 7E and 7F). Such incomplete
transverse cell walls, which have been reported for trappii mutants
(Jaber et al., 2010; Thellmann et al., 2010; Rybak et al., 2014),
indicate that TRIPP plays an important role as a TRAPPIl com-
ponent in cross wall formation.

TRIPP Is Present throughout the Green Lineage Except
in Chlorophytes

Sequence analysis indicated that TRIPP is present in the green
lineage from multicellular algae to flowering plants (Supplemental
Figure 8A). TRIPP homologs are found as far as the charophycean
algae, which are multicellular photosynthetic organisms ancestral
to land plants, but surprisingly, they are not present in unicellular
photosynthetic chlorophytes such as Chlamydomonas. This is in
contrast to other TRAPP components, such as the shared TRAPP
subunit TRS33, which is present from chlorophytes to embry-
ophytes and across kingdoms (Supplemental Figure 8B; Kimetal.,
2016). Sequence alignment of TRIPP protein sequences indicated
that TRIPP homologs are highly conserved (Supplemental
Figure 8C). These findings suggest that TRIPP might have
evolved early in the streptophytes in parallel to the emergence of
multicellularity in plants.

Figure 3. (continued).

(C) TRIPP-YFP localization is disrupted in the trs33- 1 mutant background. Root cell walls were stained with propidiumiodide. n = 10 seedlings. Bar = 10 um.
(D) Roots of plants transformed with both 35S:TRS33-YFP and 35S:TRIPP-mCherry show that TRIPP colocalized (white arrowhead) with TRS33-YFP in
some, but not all, of the vesicles that TRS33-YFP localizes to. Dashed lines in the image show the position of the quantification graph in the right panel. VB,
vesicle bodies. Bar graph shows percent colocalization of TRIPP-mCherry to TRS33-YFP-containing compartments; error bars represent se.n = 7. Bar =

5 um.

(E) Colocalization of TRIPP-mRFP1 with TGN/EE-localized YFP-RAB-A2a. Arrow points to representative signal overlap. Bar = 5 um.

(F) Colocalization of TRIPP-mRFP1 with TGN/EE-localized VHA-a1-GFP. Arrow points to representative signal overlap. Bar = 5 um.

(G) Colocalization of TRIPP-mRFP1 with Golgi-localized ST-YFP. Arrow points to representative signal overlap. Bar = 5 um.

(H) Pearson’s correlation coefficients between TRIPP-mRFP1 and TGN/EE-localized YFP-RAB-A2a (n = 40 cells), VHA-a1-GFP (n = 49 cells), and Golgi-

localized ST-YFP (n = 42 cells). Error bars represent sk.
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(A) Gene model of Arabidopsis TRIPP/AT3G 17900 showing that the T-DNA insertion (Salkseq_063596) of tripp-1 is located in the fifth exon.
(B) Two-week-old tripp-1 plants grown under a 16-h-light/8-h-dark cycle show smaller rosettes than the wild-type (WT) and 35S:TRIPP-YFP/tripp-1 plants

(TRIPP-YFP/tripp-1). Bar = 1 cm.

(C) Five-week-old tripp-1 plants grown under a 16-h-light/8-h-dark cycle exhibit significantly shorter inflorescences than the wild-type (WT) and TRIPP-YFP/

tripp-1 plants. Bar = 1 inch.

(D) tripp-1 flowers appear normal, but their anthers lack pollen. Insets in the bottom panel show magnified images of anthers. WT, wild type.

(E) Morphology of mature siliques from 7-week-old tripp-71 plants compared to the wild type (WT) and complemented plants.

(F) and (G) tripp-1 plants show shorter roots (F) and stunted growth (G) than the wild type (WT) but weaker phenotypes than trs33-7. Bar = 1 cm.
(H) Both the tripp-1 and trs33-1 mutants exhibit complete sterility at 6 weeks old. Bar = 1 inch.

DISCUSSION

The endomembrane system is crucial for cellular organization and
morphogenesis and is regulated by complex networks of proteins
and protein complexes in eukaryotes. The TRAPP complexes
have been extensively characterized in yeast and metazoans and
have been shown genetically to play important roles in the
endomembrane system in plants; yet, the protein components of
TRAPP complexes and their functions in growth and development
in plants had been unclear. Our quantitative immunoprecipitation
(IP)-MS experiments demonstrated that in Arabidopsis, TRAPP
complexes contain homologs of all 13 mammalian TRAPP sub-
units. In addition, the TRAPPII complex associates with an ad-
ditional plant-specific component, TRIPP. We further showed that
TRIPP plays important roles in trafficking-dependent processes,
including the polar localization of auxin transporters and the
formation of new cell walls, as well as a range of developmental

processes including photomorphogenesis and reproductive
development.

Arabidopsis TRAPP Complexes Include 14 Subunits

All previous proteomic studies combined identified 13 evolu-
tionarily conserved TRAPP components in Arabidopsis, which is
similar to the 13 subunits identified in animals (Drakakaki et al.,
2012; Rybak et al., 2014, Kalde et al., 2019; Rosquete et al., 2019).
In metazoans, the TRAPPIl complex is composed of seven shared
subunits and three TRAPPII-specific subunits (Figure 8; Scrivens
etal., 2011; Riedel et al., 2018; Sacher et al., 2019), while TRAPPIII
contains the same shared subunits as TRAPPII plus four TRAPPIII-
specific subunits, including two metazoan-specific subunits not
found in yeast (Figure 8; Scrivens et al., 2011; Zhao et al., 2017).
TRS33 is a shared TRAPP subunit in yeast and animals, and in
Arabidopsis our initial data indicated that AtTRS33 is required for
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Figure 5. tripp-1 Mutant Exhibits Defects in Photomorphogenic Development.

(A) Seven-day-old tripp-1 seedlings grown in 16-h-light/8-h-dark cycle show normal hypocotyl length but shorter roots than the wild type (WT). Bar = 1 cm.
(B) and (C) Quantification of hypocotyl (B) and root (C) lengths in 7-d-old light-grown (16-h-light/8-h-dark) seedlings (n = 10). Datareported as means = st. *,
P < 0.01 compared to the WT control (two-tailed t test).

(D) Five-day-old tripp-1 seedlings grown in the dark show shorter hypocotyls and longer roots than the wild type (WT). Bar = 1 cm.

(E) and (F) Quantification of hypocotyl (E) and root (F) lengths in 5-d-old dark-grown seedlings (n = 10). Data reported as means = se. *, P <0.01 compared to
the wild-type (WT) control (two-tailed t test).

(G) Hypocotyls of 5-d-old dark-grown tripp-1 seedlings stained with propidium iodide show impaired cell elongation. Imaged at the hypocotyl elongation
zone (lower section of the hypocotyl). Bar = 150 um.

(H) and (1) Quantification of hypocotyl (H) and root (1) lengths of 5-d-old dark-grown seedlings (n = 6 roots, 50 cells per root). Data reported as average cell
length and cell width = se. *, P < 0.01 compared to the wild-type (WT) control (two-tailed t test).

(J) Hypocotyls of 7-d-old light-grown seedlings stained with Pl show similar cell size between tripp-1 and the wild type (WT). Bar = 150 um. The
hypocotyl-root junction is shown at the bottom section of each image (some roots hairs visible). Bar = 150 um.

(K) and (L) Quantification of hypocotyl (K) and root (L) lengths in 7-d-old light-grown seedlings (n = 6 roots, 50 cells per root). Data reported as average cell
length and cell width = se. *, P < 0.01 compared to the wild-type (WT) control (two-tailed t test).

the membrane association of TRS120 (a component of TRAPPII) Our quantitative IP-MS analysis of AtTRS33 identified
and forits localization dynamics during cytokinesis (Figure 1). This 14 TRAPP-interacting proteins, including homologs of all known
observation, combined with our earlier finding that trs33-7 mu- TRAPP components in yeast and animals, as well as the plant-

tants are, like trappii mutants, impaired in cytokinesis (Thellmann specific protein TRIPP. We performed multiple SILIP-MS ex-
etal., 2010), indicates that AtTTRS33 functions as a key component periments, each including two replicates, using shoot and root
of TRAPP complexes in Arabidopsis. tissues of transgenic plants expressing TRS33 driven by the native
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Figure 6. PIN2 Polarity Is Altered in the tripp-1 Mutant.

Confocal images of 7-d-old seedlings. Apical and lateral membranes are marked by purple and yellow arrows, respectively.
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TRS33 promoter or the 35S promoter, as well as different affinity
tags. Although more than 1000 proteins were detected by MS,
accurate quantification enabled by stable isotope labeling iden-
tified only the TRAPP subunit homologs and TRIPP as TRS33-
associated proteins. No other proteins showed more than twofold
enrichment by IP-MS of TRS33 in both replicate experiments, and
no Rab GTPases were enriched in even a single experiment. It is
likely that our stringent washing conditions prevented us from
detecting such possible dynamic interactors. This observation
suggeststhat TRIPP is arelatively stable component of the TRAPP
complex. As such, our high-quality SILIP-MS data identified (with
high confidence) a more complete set of TRAPP complex com-
ponents, some of which were not known to be present in plants.
These proteins include homologs of all yeast and metazoan
TRAPP subunits as well as TRIPP, a TRAPP component that has
homologs only in multicellular photosynthetic organisms.

TRIPP Is a Plant-Specific TRAPPII-Associated Component

Studies of TRAPP proteins in different organisms have shown that
animals possess two additional TRAPP subunits (TRAPPC11 and
TRAPPC12) compared to yeast (Kim et al., 2016; Riedel et al.,
2018). This suggests that multicellular organisms might have
evolved a more complex regulation of, or novel functions for,
TRAPP components. The human TRAPPC12, for example, has
been implicated in kinetochore assembly and mitosis through
associations with chromosomes (Milev et al., 2015). Interestingly,
among the 14 Arabidopsis TRAPP interactors, TRIPP was found to
be specific to plants and is currently classified as an unknown
protein in plant databases. Protein sequence analysis and data-
base mining indicated that, based on protein homology, TRIPP is
specific to multicellular photosynthetic organisms (Supplemental
Figure 8A).

Our biochemical and genetic data strongly support the notion
that TRIPP is specifically associated with TRAPPII, a complex
involved in post-Golgi membrane trafficking (Ravikumar et al.,
2018). While our SILIP-MS analysis of the AtTRS33 interactome
identified 14 subunits, the TRIPP SILIP-MS identified only 10
subunits, which include the specific subunits of TRAPPII but
exclude those of TRAPPIII. The presence of the homologs of the
four animal TRAPPIIl-specific subunits (TRAPPC8, TRAPPC11,
TRAPPC12, and TRAPPC13) in the AtTRS33 interactome, but not
the TRIPP interactome, suggests the existence of both a TRIPP-
containing TRAPPII complex and a complex similar to TRAPPIII
that excludes TRIPP. Our Y2H data indicate that TRIPP directly
interacts with the TRAPPII-specific subunits TRS120 and
TRS130, further corroborating the association of TRIPP with the

TRAPPII complex. Consistent with these molecular interactions,
TRIPP colocalizes with AtTRS33 at some endosomal compart-
ments, presumably in the TRAPPII complex, but it is absent at
a subset of AtTRS33-containing endosomal compartments,
which are likely TRAPPIIl specific (Figure 3D). These results
demonstrate that TRIPP is a specific component of TRAPPII.
The TRAPPII complex is well conserved in yeast and animals,
except for the TRS65 subunit, which in yeast associates with
TRAPPIl and in animals with TRAPPIII (Choi et al., 2011). Here, we
demonstrated that TRAPPII is also conserved in plants, but as in
animal models, TRS65 does not appear to associate with TRAPPII.
Recent IP-MS proteomic studies using AtTRAPPC11 (a TRAPPIII
subunit) or Rab GTPases as baits also identified AtTRS65 as being
a TRAPPIIl component (Kalde et al., 2019; Rosquete et al., 2019),
suggesting that plant TRAPP complexes are more similar to
metazoan than to yeast complexes. Our results demonstrate that
animals and plants share previously known TRAPPII subunits but
that multicellular plants have acquired TRIPP as an additional
plant-specific component of the TRAPPII complex (Figure 8).
TRAPPII is known to associate with the TGN/EE, which is a hub
for membrane trafficking, including exocytosis, endocytosis, and
protein sorting (Dettmer et al., 2006; Chow et al., 2008; Qi et al.,
2011; Naramoto et al., 2014; Ravikumar et al., 2018). Arabidopsis
TRAPPII subunits TRS120 and TRS130 localize to the TGN/EE and
to the cell plate during cytokinesis (Ravikumar et al., 2017, 2018).
Our colocalization experiments showed that TRIPP is also lo-
calized to TGN/EE compartments and the cell plate, but not to the
Golgi. The finding that TRIPP localization was disrupted in the
trs33 mutant indicates that the localization of TRIPP to membrane
compartments is dependent on the activity of TRAPP complexes.

TRIPP Plays Critical Roles in Trafficking-Dependent Cellular
and Developmental Processes

The tripp-1 mutant exhibits a range of developmental phenotypes,
including partial dwarfism, shorter roots, and sterility when grown
in the light and photomorphogenesis when grown in the dark. The
sterility phenotype of this mutant is similar to that observed in the
trs33-1 mutant (Figure 4). The overall growth phenotypes of tripp-1
are weaker than those of the #rs33, trs120, and trs130 single
mutants, which have lethal phenotypes past the early seedling
stage (Thellmann et al., 2010; Rybak et al., 2014; Ravikumar et al.,
2017). The nonlethal phenotype of tripp is consistent with the late
emergence of TRIPP during the evolution of multicellular photo-
synthetic organisms, in contrast to the other conserved TRAPP
components, which are essential for basic cellular functions such
as cytokinesis. TRIPP might provide a specific function required

Figure 6. (continued).

(A) Cells in the root elongation zones of the wild-type (WT) and tripp-1 seedlings expressing 35S:PIN2-GFP. PIN2 exhibits apical localization on the plasma
membrane in WT. PIN2 exhibits apical and lateral plasma membrane localization in tripp-7. Dashed lines correspond to the area of quantification of PIN2-
GFP signals across the apical and lateral plasma membrane. n = 10. Bar = 10 um.

(B) Cells in the root transition zones of the wild-type (WT) and tripp-1 seedlings expressing 35S:PIN2-GFP. PIN2 exhibits apical localization on the plasma
membrane in WT. PIN2 exhibits apical and lateral plasma membrane localization in tripp-1. Dashed lines correspond to the area of quantification of PIN2-
GFP signals across the apical and lateral plasma membrane. n = 10. Bar = 10 um.

(C) Quantitative polarity index (tangowski et al., 2016) of PIN2-GFP in the wild type (WT) and tripp-1, representing the ratio of the mean signal in the polar
membrane to that in the lateral membrane. n = 5 seedlings. Data reported as means =+ st. *, P < 0.001 (two-tailed t test).
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for morphogenesis and developmental regulation in multicellular
plants. At the molecular level, TRIPP might quantitatively mod-
ulate TRAPPII activities, for example, by stabilizing the TRAPPII
complex and/or altering the cellular ratio between TRAPPII and
TRAPPIII complexes. The defects in TRS120 localization and
cross wall formation in tripp-1 suggest that TRIPP enhance the
recruitment of TRAPPII to the cell plate. However, the contribution
of TRIPP appears to be quantitative, as cells in the tripp-1 mutant
showed normal localization of RAB-A2a. Consistent with the
overall weaker phenotype of tripp-1 than trs120-4, a subtle al-
teration of RAB-A2a localization was previously observed in
trs120-4 mutants (Kalde et al., 2019).

TRIPP might also provide functions unique to the TRAPPII
complex in plants. An intriguing possibility is that TRIPP plays
a role in the polar localization of auxin transporters, which is re-
quired for photomorphogenesis. Dark-grown tripp-1 seedlings
exhibit not only shorter hypocotyls but also longer roots, a hall-
mark of photomorphogenesis. Such a phenotype suggests that
tripp-1is not simply defective in cellular functioning or the ability to
grow but is altered in developmental regulation. Furthermore, the
photomorphogenesis phenotype s likely caused by a defect in the
polar localization of PIN2 and the resulting disruption of normal
auxin distribution between the shoot and root. The regulation of
PINs by light functions as a major switch for photomorphogenesis
(Sassi et al., 2012). The polar targeting of PIN proteins involves
TGN/endosome-guided targeting to the polar domain and re-
cycling from the lateral side of the plasma membrane through the
TGN/EE (Kleine-Vehn et al., 2011). The decreased polarity of PIN2
in tripp-1 might be due to a defect in either or both of these
processes. Further studies are required to understand the roles of
TRIPP as a TRAPPII component in cell wall formation, in the polar
localization of auxin transporters, and in plant development. Our
discovery of a plant-specific TRAPPII component highlights an
evolutionary innovation that increased the complexity of the plant
membrane trafficking system.

METHODS

Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) ecotype Columbia (Col-0) was used in
this study. Plants were grown in greenhouses with a 16-h-light/8-h-dark
cycle at 22°C for general growth and seed harvesting. For seedling analysis
such as germination in the dark and root imaging, plants were grown on
Petri dishes as follows: seeds were surface sterilized with 70% (v/v) ethanol

plus 0.1% (v/v) Triton X-100 for 5 min, dried on filter paper, and grown on
half-strength Murashige and Skoog (MS) medium containing 1% (w/v) Suc
and 0.8% (w/v) Phytoagar. Plates with seeds were stratified at 4°C for 3 d
and placed in a growth chamber under 16-h-light (100 to 150 pmolm—2s~1
white light)/8-h-dark (or complete dark for germination in the dark) cycle at
22°C.

The T-DNA insertional mutant tripp-1 (SALKseq_063596.3) was ob-
tained from the Arabidopsis Biological Resource Center (http://
www.arabidopsis.org; Alonso et al., 2003). trs33-1 (SALK_109244) and
trs120-4 (SAIL_1285_D07) were previously described by Thellmann et al.,
2010).

Genotyping and RT-PCR Analysis of tripp-1

Genomic DNA was extracted from the T-DNA insertion mutant tripp-1, the
wild type, and complemented plants. Leaf tissues were homogenized in
genomic DNA extraction buffer (200 mM Tris-HCI, pH 7.5, 250 mM NaCl,
25 mM EDTA, and 0.5% SDS). The homogenate was used for PCR.
RNA extraction was performed with a Spectrum Plant Total RNA Kit
(Sigma-Aldrich). TRIPP cDNA was synthesized using RevertAid reverse
transcriptase enzyme (Thermo Fisher Scientific) according to the man-
ufacturer’s instructions. The primers used are listed in Supplemental
Table 3.

Plasmid Construction and Generation of Transgenic Plants

The full-length coding sequences of AtTRS33 and TRIPP without the stop
codons were cloned into pENTR/SD/D-TOPO (Invitrogen). To generate the
35S8-TRS33-YFP and 35S-TRIPP-YFP constructs, each entry clone was
subcloned into Gateway-compatible destination vector pEarleyGate-101
using LR clonase (Invitrogen). To generate 35S-TRIPP-mCherry, an entry
clone was subcloned into the pEarleyGate 101 vector, which carries the
mCherry tag instead of YFP. To generate native promoter-driven TRS33-
4XMyc-6XHis, an entry clone was generated using the 1-kb genomic re-
gion upstream of the TRS33 start site fused with the full coding sequence of
TRS33 and subcloned into the Gateway-compatible pCAMBIA1390
vector. To analyze colocalization with YFP-RAB-A2a, VHA-a1-GFP, and
ST-YFP, TRIPP was cloned from Arabidopsis (Col) genomic DNA into pUB-
RFP-DEST-HygR (derived from Grefen et al., 2010). The constructs were
validated by nucleotide sequencing. All binary vector constructs were
introduced into Agrobacterium tumefaciens (strain GV3101), and trans-
genic Arabidopsis plants were generated by the floral dip method (Clough
and Bent, 1998). TRS7120:TRS120-GFP and pUB:TRS120-mCherry are
described by Rybak et al. (2014), YFP-RAB-A2a in Chow et al. (2008), VHA-
a1-GFP by Dettmer et al. (2006), and ST-YFP by Batoko et al. (2000) and
Grebe et al. (2003). All primers used in this study are listed in Supplemental
Table 3.

Figure 7. (continued).

(B) Immunoblot analysis of pTRS120:TRS120-GFP transgenic plants in the wild-type (WT) and tripp-1 background using anti-GFP antibody. Ponceau S
staining was used as the loading control.

(C) Root cells of the wild-type (WT) and tripp- 1 plants expressing pTRS 120: TRS 120-GFP. TRS120-GFP localizes to the cell plate in the WT, but notin tripp-1.
n = 6seedlings. TRS120-GFP localized to the cell plate in all WT cells (n = 20 cytokinetic cells) but in only 12% of tripp-1 cells (n = 8 cytokinetic cells). Bar = 5
pm.

(D) TRS120-GFP localizes to the leading edges (white arrows) of expanding cell plates in the wild type (WT), whereas a diffuse cytosolic cloud is detected in
the tripp-1 background. n = 6 seedlings. Bar = 5 um.

(E) Incomplete cross walls are observed in tripp-1 root cells (6.5% =+ 0.5% incidence in root tips). n = 9 seedlings. Bar = 10 pm.

(F) Representative three-dimensional rendering ofincomplete cross walls in two adjacent cells of the tripp- 7 mutant. n = 9 seedlings. Inset shows two cells (1
and 2) selected for 3D rendering. Bar = 10 um.
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Overview of the shared and specific TRAPPII and TRAPPIII subunits in different kingdoms, with this report supporting the similar TRAPP complex
composition in plants. For simplicity, original yeast subunit nomenclature is used, and the names in parentheses are the names of animal homologs for each
subunit. Animal-specific names are listed if the subunits are not present in yeast. Yeast and animal TRAPPII and TRAPPIII complexes were well defined in
previous studies (Riedel et al., 2018; Thomas et al., 2018; reviewed by Kim et al., 2016; Sacher et al., 2019). TRAPPII composition in plants was determined
from the TRIPP IP-MS results presented in this study (Figure 2C; Supplemental Table 2). The asterisk (*) represents suggested TRAPPIII composition in
plants based on the observation that AtTRS33 pulled down all TRAPP subunits (Table 1), whereas TRIPP pulled down only the TRAPPII complex, but not

TRAPPIIl-specific subunits (Figure 2; Supplemental Table 2), using the animal homologous TRAPPIII complex as a reference.

Immunoblot Analysis

Total proteins were extracted from plant materials with 2X SDS sample
buffer (100 mM Tris, pH 6.8, 4% SDS, 20% glycerol, and 4% B-mer-
captoethanol). After boiling for 5 min, the proteins were loaded onto an
SDS-PAGE gel. Separated proteins were transferred to a nitrocellulose
membrane and probed with anti-GFP mouse monoclonal antibody (1:3000
dilution, HT801; TransGen Biotech).

15N Stable Isotope Labeling for Quantitative MS Analysis of the
AtTRS33 Interactome

pTRS33:TRS33-MycHis and the wild-type plants were grown for 2 weeks
at 22°C with 24 h of light on vertical plates containing '#N or >N medium
(half-strength Murashige and Skoog modified basal salt mixture without
nitrogen, 0.39 g/L, 8 g/L phytoblend, and 1 g/L KNO, or 1 g/L K'>NO,
[Cambridge Isotope Laboratories], pH 5.8, for '#N medium or N medium,
respectively). Approximately 2.5 g of tissue was harvested for each sample.
14N-Labeled TRS33-Myc-His and the '>N-labeled wild-type samples or
reciprocal replicates (the '“N-labeled wild type and '*N-labeled TRS33-
Myc-His) were combined, ground in liquid nitrogen, and stored at-80°C. IP

was performed as follows: proteins were extracted in 10 mL of NEBT buffer
(20 mM Hepes, pH 7.5, 40 MM KCI, 1 mM EDTA, 10% glycerol, 0.5% Triton
X-100, 1 mM phenylmethylsulfonyl fluoride, Pierce protease inhibitor
cocktail [Thermo Fisher Scientific], and PhosStop cocktail [Roche]) and
centrifuged at 5000 rpm for 5 min. The supernatant was transferred to new
tube and centrifuged for 15 min at 14,000 rpm. The supernatant was
transferred to new tube and incubated for 1 h with 10 wL of Myc-Trap_MA
beads (Chromotek). The beads were washed three times with 1 mL of IP
buffer without detergent. The proteins were eluted with 2x SDS buffer and
separated by SDS-PAGE. Following Coomassie Brilliant Blue staining, the
protein bands were excited and subjected to in-gel digestion with trypsin.

The peptide mixtures were desalted using C18 ZipTips (Millipore) and
analyzed on a Q-Exactive HF hybrid quadrupole-Orbitrap mass spec-
trometer (Thermo Fisher Scientific) equipped with an Easy LC 1200 UPLC
liquid chromatography system (Thermo Fisher Scientific). The peptides
were separated using an ES803 analytical column (Thermo Fisher Sci-
entific). The flow rate was 300 nL/min, and a 120-min gradient was used.
The peptides were eluted using a gradient of 3 to 28% solvent B (80%
acetonitrile/0.1 formic acid) over a 100-min period and 28 to 44 % solvent B
over a 20-min period, followed by a short wash with 90% solvent B. A
precursor scan was performed using a mass-to-charge ratio 375 to 1600,
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and the top 20 most intense multiply charged precursors were selected for
fragmentation. The peptides were fragmented with higher-energy collision
dissociation with normalized collision energy 27.

Tandem MS peak lists were extracted using an in-house PAVA script,
and the data were searched using Protein Prospector (Chalkley et al., 2008)
against The Arabidopsis Information Resource 10 database, to which
reverse sequence versions were concatenated (a total of 35,386 entries) to
allow false discovery rate values to be estimated. Carbamidomethyl
cysteine was searched as a fixed modification and the oxidation of Met,
peptide N-terminal GIn conversion to pyroglutamate, and N-terminal
acetylation as variable modifications. The data were searched with
a10-ppmtolerance for precursorion and 20 ppm for fragmentions. Peptide
and protein false discovery rates were set at 0.01 and 0.05, respectively. 15
N-Labeled amino acids were also searched as a fixed modification for the '®
N data. Quantification was done using Protein Prospector.

Note that for IP-MS of p35S-TRS33-YFP versus the wild type or p35S-
TRIPP-YFP versus the wild type, the method described above was used,
except that GFP-trap magnetic agarose beads (Allele) were used for IP.

Y2H Assay

The TRAPPII-specific (AtTRS120 and CLUB/AtTRS130) truncated proteins
used for the Y2H assays are described in Steiner et al. (2016a); shared
TRAPP subunits were obtained from Riken full-length cDNA clones (Seki
etal., 2002) or from a collection of 12,000 Arabidopsis ORFs (WeBling et al.,
2014). We used the GAL4 DNA binding domain (DB) encoded in Y2H vector
pDEST-pPC97, which was subsequently transformed into yeast (Sac-
charomyces cerevisiae) strain Y8930, as well as gene fusions to the Gal4
activation domain (AD) in yeast strain Y8800 (Altmann et al., 2018). The
constructs were screened by yeast mating in quadruplicate pairwise tests.
Interactions were assayed by examining growth on selective plates using
the HIS3 reporter and using 1 mM 3-amino-1,2,4-triazole to suppress
background growth as described by Dreze et al. (2010). Only pairs scoring
positives in all four assays were considered to be bona fide interaction
partners. With the exception of the TRS130_C1 construct, all DB clones
yielded at least one positive interaction in pairwise tests (Kalde et al., 2019),
and these positive interactions were used as controls for the interpretation
of negative interaction data.

Confocal Microscopy

Plant roots were imaged under an Olympus FluoView 1000 confocal laser-
scanning microscope (www.olympus-ims.com), a Leica TCS SP8 micro-
scope (www.leica-microsystems.com), and a Zeiss 880 confocal laser-
scanning microscope (www.zeiss.com/microscopy). Imaging data were
acquired using LAS-X software (Leica) and professed with Fiji/imaged
software (http://www.imagej.net). The following excitation and emission
parameters were used for the respective fluorescent proteins: YFP, 514-
nm excitation, 525- to 575-nm emission; GFP, 488-nm excitation, 500- to
550-nm emission; mCherry, 561-nm excitation, 580- to 643-nm emission;
mRFP, 561-nm excitation, 581- to 754-nm emission; and FM4-64, 700- to
725-nm emission. For Figure 1, cell cycle stages were determined based on
TRS120-GFP localization dynamics, taking into account how this mem-
brane marker follows phragmoplast microtubule dynamics (Steiner et al.,
2016a). As trapp mutants are affected in both cell plate biogenesis and
phragmoplast microtubule dynamics (Steiner et al., 2016a), we also relied
on FM4-64 to image cell plates in trapp mutants. Based on the appearance
of the cell plate, cytokinesis was broadly split into early stages (cell plate
initiation and biogenesis) versus late stages (cell plate insertion and
maturation; Smertenko et al., 2017). To quantify colocalization data, co-
localization between intracellular YFP-RAB-A2a and TRIPP-mRFP,
VHAa1-GFP and TRIPP-mRFP, and ST-YFP and TRIPP-mRFP was

quantified using Pearson’s correlation coefficient using the JACoP Fiji
plugin (Costes et al., 2004; Bolte and Cordeliéres, 2006).

Protein Alignment and Phylogenetic Analysis

Proteins homologous to TRIPP were aligned using the ClustalW algorithm
in the Geneious software suite. Alignments were manually adjusted for
optimization. No protein with significant homology to AtTRIPP was foundin
chlorophytes. Positions are highlighted according to their percent similarity
based on the BLOSUM®62 matrix. The accessions used were Arabidopsis:
NP_566591.1; Chlamydomonas reinhardtii: not found; Zea mays:
XP_020403649.1; Physcomitrella patens: XP_024399605.1; Populus tri-
chocarpa: XP_024466417.1; Oryza sativa: XP_015629884.1; Selaginella
moellendorffii: XP_024528913.1; Marchantia polymorpha subsp ruderalis:
OAE18401; and Klebsormidium nitens: KFL_000080290. To generate the
TRIPP phylogenic tree, we used the distance tree of selected homologous
TRIPP protein sequences, generated using Geneious Tree Builder, using
the Jukes—Cantor genetic distance model and unweighted pair group
method with arithmetic mean tree building method. Bootstrapping
100,000%. Accessions were as for the TRIPP alignment. For generation
of TRS33 phylogenetic tree, the same methods as TRIPP were used with
the following accessions: A. thaliana: NP_187151; C. reinhardltii:
XP_001701459.1; Z. mays: NP_001149190.1; P. patens: XP_024372395;
P. trichocarpa: XP_024456893; O. sativa: XP_015612457.1; S. moellen-
dorffii: XP_002966358; M. polymorpha subsp ruderalis: PTQ49625; and K.
nitens: GAQ89824. The alignments are provided in Supplemental Files 1
and 2.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under the following accession numbers: TRS33 (AT3G05000);
TRIPP (AT3G17900); BET5 (AT1G51160); TRS20 (AT1G80500); TCA17
(AT2G20930); BET3 (AT5G54750); TRS23 (AT5G02280); TRS31
(AT5G58030); TRS85 (AT5G16280); TRS120 (AT5G11040); TRS130
(AT5G54440); TRAPPC11 (AT5G65950); TRAPPC12 (AT4G39820);
TRAPPC13 (AT2G47960); RAB-A2a (At1g09630).
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Supplemental Figure 1. MS2 Mass spectrum of a TRIPP peptide
identified by SILIP-MS using TRS33-MycHis.

Supplemental Figure 2. Localization of TRIPP to the cell plate and
TRS383 localization.

Supplemental Figure 3. T-DNA genotyping and RT-PCR analysis of
tripp-1.

Supplemental Figure 4. Two-week-old dark-grown tripp-1 seedlings
exhibit light-grown developmental phenotypes.

Supplemental Figure 5. Localization of PIN2 and PIN3 in the tripp-1
mutant.

Supplemental Figure 6. TRIPP is required for the cell plate localiza-
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ment of TRIPP.

Supplemental Table 1. 35S-TRS33-YFP SILIP-MS results from roots
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