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Abstract

The trans-Golgi-network (TGN) is the hub for the flow of information to and
from various cellular compartments. Secretory, endocytic and vacuolar sorting
pathways intersect at the TGN. Two proteins residing at the TGN: TRAPPII
(Transport protein particle Il) protein complex and ECHIDNA have both been
reported to regulate key functions at the TGN involving protein sorting decisions.
The TRAPPII complex is well characterized in yeast and metazoans as a tethering
factor as well as a Rab GEF. ECHIDNA on the other hand, initially characterized
in poplar plants, plays a role in cell elongation and secretion. However, it remains
unclear whether these two players act in concert or in parallel to fulfill their
functions. In the initial portion of the study, role and relationship between these
two proteins were explored. Genetic and physical interactions between TRAPPII
and ECHIDNA were assessed via a combination of double mutant, quantitative
imaging and localization studies. Taken together, these findings imply that
TRAPPII and ECHIDNA have overlapping basal or housekeeping TGN functions
such as exocytosis and maintenance of TGN structure, but distinct specialized

functions such as cell plate biogenesis during cytokinesis and cell elongation.

In the second section of this study, a subunit of the TRAPPII complex was
characterized. AtTRS33 is a shared component of TRAPPII and TRAPPIII
complexes in yeast and metazoans. Its homologue in yeast is necessary for
TRAPPII complex assembly. Double mutant analysis of a double knockout mutant
- trs33-1club-2, where club-2 is the null allele of CLUB (TRAPPII-specific subunit),
revealed a functional link between them. Furthermore, this study demonstrated
the role of AtTRS33 in TRAPPIl membrane association using localization
analyses. Overall, the experiments attributed AtTRS33 as a part of the TRAPPII
complex and its necessity for proper localization dynamics of the TRAPPII

complex.

The third portion of the thesis attempted to determine whether the TRAPPII

complex acts as Rab GEF in plants. The role of the TRAPPII complex as a guanine



nucleotide exchange factor (GEF) for Rab GTPases, is well studied in other
eukaryotes. However, it is still unclear whether it retains its GEF activity in plants.
A previous study hinted that it may perhaps be acting upstream of Rab-A GTPases
in Arabidopsis. Using quantitative imaging and utilizing different mutant versions
of Rab-A GTPases, | demonstrated the function of the TRAPPII complex as a
putative Rab-A GEF.

In the fourth and final part of this thesis, post-translational regulatory mechanisms
of the TRAPPII complex was elucidated. in vitro kinase assays coupled with mass
spectrometry revealed that GSK3 kinases phosphorylate the AtTRS120 subunit
of the TRAPPII complex on distinct amino acid positions. The phosphorylation
status of AtTRS120 impacted its membrane and cytosolic associations. Taken
together, the results indicate that the phosphorylation of AtTRS120 by GSK3
kinases is necessary for the regulation of its membrane dynamics in the cell.
Lastly, my data confirmed a link between a membrane trafficking component and

the environmental regulatory networks in plants.

The trans-Golgi-network (TGN) is the hub for the flow of information to and from
various cellular compartments. This study determined whether two TGN resident
proteins: TRAPPII protein complex and ECHIDNA act in concert or in parallel to
fulfill their functions. Additionally, a subunit of the TRAPPIl complex was
characterized and a new role of the TRAPPII complex as a Rab GEF in plants was
established. Finally, post-translational regulatory mechanisms of the TRAPPII

complex were elucidated.



Zusammenfassung

Basierend auf verschiedenen cell biologieschen Fragestellungen, kann die
vorliegende Arbeit in vier Abschnitte unterteilt werden. Im ersten Teil wurden die
Rolle von zwei Proteinkomplexen, die sich im Trans-Golgi-Netzwerk (TGN)
befinden und deren Beziehung zueinander untersucht. Das TGN ist ein wichtiger
Knotenpunkt um den intrazellularen Informationsfluss von und zu verschiedenen
zellularen Kompartimenten zu erhalten. Am TGN treffen mehrere Signalwege
aufeinander, der sekretorische-, der endozytare- und der vakuolare Sortierweg.
Bisher wurde von zwei, am TGN befindlichen Schlusselproteinen berichtet, dem
Transportproteinpartikel II-Proteinkomplex (TRAPPII)Transportproteinpartikel II-
Proteinkomplex und ECHIDNA, dass diese wichtigen Funktionen bezlglich der
Proteinsortierung im TGN regulieren. Der TRAPPII-Komplex ist ein
Proteinkomplex mit mehreren Untereinheiten, der in Hefe und Metazoen sowohl
als Tethering-Faktor als auch als Rab GEF gut charakterisiert ist. ECHIDNA
hingegen ist an der Zellelongation und Sekretion beteiligt, jedoch ist unklar, ob
diese beiden Akteure gemeinsam oder parallel agieren, um ihre Funktionen
auszufuhren. In dieser Arbeit wurden die genetischen und physikalischen
Interaktionen zwischen TRAPPII und ECHIDNA durch eine Kombination aus
Doppelmutation, quantitativer Bildgebenden Verfahren und
Lokalisierungsanalysen untersucht. Die Ergebnisse der Studie legen nahe, dass
TRAPPIl und ECHIDNA Uberlappende basale oder haushaltende TGN-
Funktionen wie Sekretion und Aufrechterhaltung der TGN-Struktur haben, aber
unterschiedliche spezialisierte Funktionen wie Zellplatten-Biogenese und

Zelldehnung.

Im zweiten Teil dieser Studie wurde eine Untereinheit des TRAPPII-Komplexes
charakterisiert. Dabei konzentrierte ich mich auf AtTRS33, dass eine gemeinsame
Komponente von TRAPPII und TRAPPIII in Hefe und Metazoen ist; sein Homolog
ist in der TRAPPII-Komplex-Assemblierung in Hefe involviert. Eine
Doppelmutantenanalyse der Null-Mutante trs33-7 mit der Null-Mutante der

TRAPPII-spezifischen Untereinheit club-2 zeigte eine funktionelle Verbindung



untereinender. Zusatzlich zeigte die Studie die Notwendigkeit von AtTRS33 in der
TRAPPII-Membranassoziation durch Lokalisationsanalysen. Insgesamt wiesen
die Experimente nach, dass AtTRS33 als Teil des TRAPPII-Komplexes ist und
seine Notwendigkeit fur die richtige Lokalisationsdynamik des TRAPPII-
Komplexes.

Der dritte Teil der Studie versuchte zu klaren, ob der TRAPPII-Komplex als Rab
GEF in Pflanzen fungiert. Die Rolle des TRAPPII-Komplexes als Rab GEF ist in
anderen Eukaryoten gut untersucht. Es ist jedoch noch unklar, ob der TRAPPII-
Komplex seine GEF-Aktivitat in Pflanzen beibehalten hat. Mittels quantitativen
Bildgebenden Verfahren, unter Verwendung verschiedener mutierter Versionen
einer Rab-A GTPase, konnte ich die Funktion des TRAPPII als putatives Rab-A
GEF nachweisen.

Im vierten und letzten Teil dieser Arbeit wurden die posttranslationalen
Regulationsmechanismen des TRAPPII-Komplexes aufgeklart. Mit Hilfe eines in
vitro Kinase-Assays, gekoppelt mit Massenspektrometrie wurde gezeigt, dass
GSK3-Kinasen die AtTRS120-Untereinheit des TRAPPII-Komplexes an
spezifischen Aminosaurepositionen phosphorylieren. Der
Phosphorylierungsstatus von AtTRS120 wirkte sich auf seine Membran- und
zytosolischen Verbindungen aus. Zusammengenommen deuten die Ergebnisse
darauf hin, dass die Phosphorylierung von AtTRS120 durch GSK3-Kinasen fur die
Regulierung seiner Membrandynamik in der Zelle notwendig ist. SchlieRlich
bestatigten meine Daten eine Verbindung zwischen einer Komponente des

Membranverkehrs und den Umweltregulationsnetzen in Pflanzen
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1. Introduction

1.1 Membrane trafficking

Eukaryotic cells, unlike the prokaryotes, are compartmentalized. This means that
every organelle is surrounded by a membrane and each organelle has a separate
composition, chemical property and carries out specific functions. Communication
or exchange of macromolecules between these compartments and the plasma
membrane occurs through different mechanisms, membrane trafficking being one
such process. Communication between organelles is essential, for example in
transmitting cell cycle cues or in environmental responses. Membrane trafficking
ensures that a correct complement of proteins and lipids are transported to the

right cellular compartment.

The trafficking process from the donor to the target membranes or compartments
can be split into five main steps. First, the cargo or the macromolecule to be
transported is surrounded by specific coat proteins that recognize a cytosolic
sorting signal (Aridor & Traub, 2002; Aridor, Weissman, Bannykh, Nuoffer, &
Balch, 1998; Barlowe, 2003). The total set of coat proteins, cargo and other
regulatory elements are referred to as a vesicle. After the vesicle is formed, it is
then mechanically ‘pinched off’ by deforming the donor membrane to enable
vesicle budding. In the next step, the vesicles are actively transported to their
destination to reach the target membrane with the help of microtubules. Upon
reaching their destination, even though the vesicle does not directly interact, it
forms an initial connection with the membrane. The first indirect contact of the
vesicle with its target membrane is called as tethering and this comprises the third
step of trafficking. This step brings donor vesicles and the target membrane in
close proximity (300 —2000 A). Two classes of proteins confer specificity to the
tethering step: Rabs, which are regulatory GTPases and tethering factors. The
next step is docking where the cargo/ macromolecule comes into contact with the
target membrane. The final step is fusion with the target membrane. After vesicle
fusion, the cargo often undergoes further processing by either getting refolded,

post-translationally modified or glycosylated.
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Figure 1: Five major steps in membrane traffic.

Budding: a vesicle buds off a donor membrane. Transport: the vesicle, depicted as moving along
microtubules (MT) with the help of a motor protein (motor), is delivered to the target membrane.
Tethering: the vesicle is tethered to the target membrane by virtue of an interaction between a Rab
GTPase (Rab) on the vesicle and a tethering molecule or complex (MTC) on the acceptor
membrane. Docking: the tethered vesicle becomes tightly docked when the v- (v) and t (t) -
SNAREs form a SNARE pin, or a trans-SNARE complex. Fusion: The vesicle and target
membranes fuse as a cis-SNARE complex zippers and pulls them together, thereby delivering
vesicle cargo to the target compartment. lllustration and caption by Alexander Steiner (Ravikumar
etal. 2017).

Proteins, which are synthesized at the endoplasmic reticulum (ER) are
transported via secretory trafficking to their target destination. The newly
synthesized proteins are added to vesicles as cargo and are transported via
anterograde trafficking from the ER to the Golgi. They can also be transported
further to the trans-Golgi network (TGN). From there, proteins are sorted to the
plasma membrane (exocytosis), lysosomes, vacuoles, the extracellular space
(Griffiths & Simons, 1986), the cell plate (Ravikumar et al., 2018, 2017) and even
to the edges of the cells during interphase (Kirchhelle et al., 2016). Via retrograde
trafficking, proteins can be sent back to the ER (Hua & Graham, 2003).
Additionally, membrane trafficking can be divided into biosynthetic and
degradative pathways. In the former, vesicles are transported to the target
membrane to carry out their functions. On the contrary, in degradative pathways,
macromolecules and often even organelles are destroyed. Autophagy is a very
good example of a degradative pathway where the molecules are broken down

and recycled. The ability of the TGN to regulate transfer of proper cargo to the
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right complement clearly indicates that the TGN acts as a hub in the flow of

information to and from the different locations in the cell.

RER Golgi TGN/EE

sv
- l . i ) . PM
ccv
e

s

Figure 2: Trafficking routes in the cell.

Based on the direction of vesicle movement in the cell, membrane trafficking can be categorized
as endocytosis or exocytosis. Additionally, membrane trafficking is also classified into biosynthetic
and degradative pathway. In the biosynthetic pathway, trafficking occurs at the target membrane
where the cargo is utilized to carry out the necessary cellular functions. In degradative pathways,
the vesicles are transported to be dispersed away. Autophagy, where the transported molecules
are degraded is one such example of a degradative pathway. lllustration by Miriam Abele (Kalde
et al., 2019).

1.2 Membrane tethering

Tethering of vesicles is a highly specific stage of the membrane trafficking
pathway. Only the right vesicle at the proper destination is able to tether to the
membrane. Coat proteins, Rab-GTPases (Rabs), tethering factors and SNAREs

confer specificity to this process.

Rabs only function in their active GTP-bound form and cycle between active (GTP-
bound) to inactive form (GDP-bound) by interacting with including guanine
nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs).
There are 57 Rab GTPases encoded by the Arabidopsis thaliana genome,
categorized into eight clades (Rutherford & Moore, 2002), with some of the clades
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significantly larger than the Rab subclasses in other systems. The Rabs act
upstream of tethers, where they engage various tethering factors and SNAREs to
their associated membranes (Novick et al., 2006; Siniossoglou & Pelham, 2001)
and therefore are important for endomembrane compartment identity and also for

pathway specificity (Elliott, Moore, & Kirchhelle, 2020).

Tethering factors are categorized into two groups based on their quaternary
protein structure: multisubunit tethering complexes (MTCs) that consist of multiple
subunits, and coiled-coil proteins, mostly consisting of homodimers. Tethering
factors function primarily as bridges for membranes, but they are also responsible
for the SNARE complex assembly, cargo selection, coating events and signaling
(Sztul & Lupashin, 2006). They bring donor and acceptor membranes into a
proximity of ~ 300-2000 A. Ten diverse MTCs are known in eukaryotes, where
they partake in biosynthetic as well as degradative pathways. Each tethering
complex resides on specific cellular compartments. All known eukaryotic MTCs
are also encoded by plant genomes but not all of them have been characterized.
Information of a few of the MTCs show that they function similar to those in yeast
(Ravikumar et al., 2018).

After the tethering factors initiate contact with the vesicles, SNAREs take over and
are involved in the docking and fusion of the vesicles (Soliner, Bennett,
Whiteheart, Scheller, & Rothman, 1993). SNAREs bring the membranes to ~140
A proximity. There are three types of SNARESs: vesicle (v-) SNAREs, target (t-
SNARESs) and syntaxins, all helical in structure. They interact with each other
forming a quaternary protein complex called as a trans-SNARE complex or
SNAREpin. Every vesicle and target membrane has a characteristic v- and t-
SNARE respectively, therefore SNAREs along with tethering factors play an
important role in bestowing specificity to the vesicle docking and fusion stage
(Sollner et al., 1993).

1.3 Rab GTPases

Rab GTPases belong to the Ras superfamily of regulatory GTPases and are

one of the main regulators involved in targeting specificity in membrane trafficking.
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They are present in all eukaryotes, and interestingly, Rab-like proteins are also
suggested to be present in some prokaryotes (Elliott et al., 2020; Surkont &
Pereira-Leal, 2016). They are known to regulate the activity of tethering factors as
wells as SNARE complexes in yeast and metazoans. Additionally, interactions
between vesicles and the cytoskeleton during vesicle transportation step is also
mediated by some Rabs (Lazar, Gotte, & Gallwitz, 1997; Segev, 2001; Zerial &
McBride, 2001).

Rab GTPases cycle between an active state (GTP-bound membrane-associated)
and an inactive state (GDP-bound cytosolic), mediated by several regulatory
factors, such as guanine nucleotide exchange factors (GEFs), GTPase-activating
proteins (GAPs), Rab GDP dissociation inhibitor (GDI) etc. Every Rab GTPase
family member is recruited from the cytosol onto their assigned membrane domain
where they are firstly, activated by specific GEFs. GEFs catalyze in the removal
of GDP from the GTPases, which then allows for the subsequent binding of GTP.
This GTP bound and activated Rab GTPase is then able to employ particular
downstream Rab effectors to the membrane. Rab effector proteins bind only to
the GTP-bound state and so are recruited to only those membranes, on which the
Rab is active. Membrane-associated Rab GTPases can recruit a myriad of
effectors involved in compartment: motility (motor proteins), docking (tethering
factors), fusion (SNARES) as well as the upstream GEF for the next Rab GTPase
in the pathway. ‘Rab cascades’, in which one Rab GTPase recruits the GEF for
the subsequent Rab GTPase, are essential for the spatiotemporal self-
organization of membrane identity and pathway specificity (Grosshans, Ortiz, &
Novick, 2006; Markgraf, Peplowska, & Ungermann, 2007). One of the best
examples to illustrate this is the conversion of Rab-5-positive early endosomes (or
TGN) to Rab-7-positive late endosomes and lysosomes. Rab-5, which is present
at the early endosomes, accumulates at the said location until a definite threshold,
after which is rapidly substituted by Rab-7 causing a transfer of the cargo to the

late endocytic pathway (Barr, 2013; Del Conte-Zerial et al., 2008).
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Figure 3: Overview of the Rab GTPase activation.
Rab GEFs are involved in the activation of the Rab GTPases by exchanging a GDP with a GTP.
The GTPases are converted from its inactive state (GDP, grey box with D) to an active state (GTP,

green box with T) to carry out their functions in vesicle trafficking.

Saccharomyces cerevisiae encodes 11 Rab GTPases, which are divided into
eight functionally distinct subclasses. Interestingly, humans have at least 60
different Rab proteins that are assigned to about 40 different functional
subclasses. In Arabidopsis, 57 Rab GTPases are currently classified into eight
different groups (Table 1; Rab A to Rab H). The Rab A branch constitutes the
biggest group, with 26 different Rab-A GTPases and six subclasses (Table 1; Rab
A1 to Rab AB6). In yeast, this class encompasses two members, referred to as
Ypt31/32; while the human genome codes for three members, named as Rab11
(Elliott et al., 2020; Rutherford & Moore, 2002). This shows a dramatic, lineage-
specific diversification of the Rab-A family in plants, indicating that there might be
plant-specific functions involved. Different classes and subclasses of the Rab
GTPases are associated with different membrane compartments, contributing to
discrete membrane identity, which in turn controls the specificity and directionality

of membrane trafficking pathways (Table 1; Zhen and Stenmark, 2015).

Since Rab-GTPases along with the TRAPPII tethering complex, are two of the
major players impacting spatial and temporal specificity during membrane
trafficking, one of the objectives of this thesis is to understand how they work
together to achieve this function. Previous works have demonstrated a link
between the Rab-A class of Rab-GTPases and the TRAPPII complex (Qi, Kaneda,
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Chen, Geitmann, & Zheng, 2011; Qi & Zheng, 2011); however, the dynamics of

this linkage is still unclear. Additionally, it would be interesting to evaluate if other

members of the Rab-A subclade are also working in concert with the TRAPPII

complex to mediate the trafficking processes in the cell.

Table 1: Overview of the Rab GTPase family in Arabidopsis.
The 57 Rab GTPases of Arabidopsis thaliana fall into eight clades named Rab-A to Rab-H.

Rab GTPase Subclade Localization Suggested trafficking function
clade
Rab-A (related Rab-A1 (9 TGN/EE and De novo secretion from TGN/EE to PM?
to Rab11) members) PM Recycling from TGN/EE to PM (non-basal
and basal?)
Cell plate biogenesis
Rab-A2 (4 TGN/EE and De novo secretion fromTGN/EE to PM?
members) PM Non-basal recycling fromTGN/EE to PM
Cell plate biogenesis
Rab-A3 TGN/EE
Rab-A4 (5 TGN/EE De novo secretion fromTGN/EE to PM
members) FLS2 endocytosis from the PM
Rab-A5 (5 Cell edge De novo secretion fromTGN/EE to PM?
members) compartments Cell plate biogenesis
(and TGN/EE)
Rab-A6 (2 TGN/EE? FLS2 endocytosis from the PM
members)
Rab-B (related Rab-B1 (3 Golgi? ER-to-Golgi trafficking
to Rab2) members)
Rab-C (related Rab-C1 Uncertain - Unknown
to Rab18) Rab-C2 (2 Golgi/post-
members) Golgi
compartments?
Rab-D (related Rab-D1 Golgi and ER-to-Golgi trafficking
to Rab1) Rab-D2 (3 TGN/EE
members)
Rab-E (related Rab-E1 (5 Golgi, TGN/EE Golgi-to-PM trafficking
to Rab8) members) and PM
Rab-F (related Rab-F1 TGN/EE TGN/EE-to-LE trafficking
to Rab5) Rab-F2 (2 subdomain and LE-to-PM trafficking
members) LEs
Rab-G (related Rab-G1 LEs and LE-to-vacuole trafficking and possibly
to Rab7) Rab-G2 Tonoplast autophagous trafficking
Rab-G3 (6
members)
Rab-H (related Rab-H1 (5 Golgi (and Golgi-to-PM?
to Rab6) members) TGN/EE) Required for properexocytosis of CSCs

Table is adapted from Elliott, Moore and Kirchhelle, 2020.

22



In my study, | have utilized the Rab-A2a GTPases of the Rab-A clade to assess if
the TRAPPII complex behaves as a RAB GEF for the Rab GTPases and/or as a
downstream tethering factor in membrane trafficking. Members of the Rab-A clade
primarily localize to the TGN (Table 1; which also functions as an early
endosome). They are recruited to the cell plate during cytokinesis, which is a TGN
derived compartment (Chow et al. 2008). They are present at the center of the cell
plate during cell plate biogenesis and later re-organize to the leading edge of the

cell plate during cell plate expansion and maturation.

In order to investigate whether the TRAPPII complex acts as tether and/or as a
GEF, | utilized the GDP- and GTP- locked versions of Rab-A GTPase constructs
(previously described by Chow et al. 2008) in the TRAPPII complex-specific
mutant: trs33-1. The experiments make use of a GDP-locked version S26N Rab-
A GTPase variant, which stabilizes the inactive state or GTPase-deficient and
GTP-locked version Q71L Rab-A GTPase variant, which stabilizes the GTP-
bound active state (Kotzer et al., 2004; Olkkonen & Stenmark, 1997; Ueda et al.
2001; Zheng et al., 2005). For the sake of convenience, they are termed as
YFP:A2a-DN (GDP-bound S26N Rab GTPase) and YFP:A2a-CA (GTP-bound
Q71L Rab GTPase) in the current study. In my image analysis, YFP:A2a-DN was
recruited to the cell plate and at least partially relocalized to its leading edges at
the end of cytokinesis. However, YFP:A2a-CA labelled wild-type cell plates in a
more uniform manner than YFP:RAB-A2a showing no relocalization to the leading
edges. The results from my experiment shed light on the possible function of the

TRAPPII complex as an upstream GEF for the Rab-A GTPases in plants.

1.4 The TRAPP complexes

The TRAPP complexes are major regulators of the membrane trafficking
process. The TRAPP complex was originally identified in yeast as a tethering
factor acting in endoplasmic reticulum (ER) to Golgi trafficking. Protein purification
at the lowest salt concentration allowing for the release of TRAPP subunits from
membranes uncovered two TRAPP complexes: TRAPPIl and TRAPPIII (Thomas,
Joiner, & Fromme, 2018). The TRAPPII subunit AtTRS120 was found to act as a

putative tether for COPI vesicles during the transport from early endosomes to the
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late Golgi (H. Cai, Zhang, Pypaert, Walker, & Ferro-Novick, 2005). TRAPPII
complex mediates intra-Golgi traffic as well as post-Golgi trafficking (Thomas et
al., 2018; Zou et al., 2013). ER to Golgi, medial/late Golgi, endosomes as well as
autophagy or vacuolar trafficking is mediated by the TRAPPIII complex (Thomas
et al., 2018). Trafficking from the trans-Golgi to the plasma membrane is mediated
by the TRAPPII and the EXOCYST complexes.

The two complexes share six common or shared subunits, which are then
combined in a modular fashion along with complex-specific subunits to form the
different complexes (Table 2; Sacher et al., 2019). The TRAPPII complex was
proposed to exist as a dimer with the TRAPPII-specific subunits sandwiched
between two anti-parallel shared subunits (J. J. Kim, Lipatova, Majumdar, &
Segev, 2016; Yip, Berscheminski, & Walz, 2010). Metazoan TRAPP complexes
contain homologs of both yeast TRAPP complexes but have also evolved
additional subunits and rearrangements in complex composition (Table 2,Bassik
et al., 2013). The compositions of the metazoan TRAPP complexes were also
identified using Tandem Affinity Purification with two-step purifications allowing for
stable binding partners (Riedel, Galindo, Muschalik, & Munro, 2018). Just like in
yeast cells, TRAPPII and TRAPPIII complexes share a common heptameric core
and additional complex-specific subunits, which are specific for TRAPPII or for
TRAPPIII (Bassik et al., 2013; Riedel et al., 2018). Previous studies in metazoans
and in yeast also postulate the structures for TRAPPII and TRAPPIII complexes,
including a crystal structure for a core-TRAPP subcomplex (J. J. Kim, Lipatova, &
Segev, 2016; Tan et al., 2013; Yip et al., 2010).

Table 2: TRAPP complex organization in yeast and metazoans.

Yeast TRAPP Metazoan TRAPP
Subunit Complex Subunit
Bet5 Shared TRAPPC1
Trs20 Shared TRAPPC2
Bet3( Shared TRAPPC3
Trs23 Shared TRAPPC4
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Trs31 Shared TRAPPC5
Trs33# Shared TRAPPCS6 (A, B)
Tcal7 Shared TRAPPC2L
Trs120 Il TRAPPC9
Trs130 Il TRAPPC10
Trs65" 1] TRAPPC13
Trs85 1] TRAPPCS8

- 1] TRAPPC11

- 1] TRAPPC12

Shared subunits are colored in blue, TRAPPII-specific subunits in green and TRAPPIII-specific in
orange. 2x = 2 copies of Bet3 (Thomas et al. 2019). # = necessary subunits for assembly of
TRAPPII-specific subcomplex onto core TRAPP to generate TRAPPII. (A, B) two homologues of
TRAPPCEG is present in the humans (Borner et al., 2014).

Most tethering proteins act downstream of Rab GTPases as Rab effectors.
However, in yeast and metazoans, it has been established that in addition to the
role of tethering, the TRAPP complex also acts as an upstream Rab GEF. In yeast,
TRAPPII acts as a GEF for Ypt31/32 (Rab-11 in metazoans, Rab-A in
Arabidopsis) and TRAPPIII has Rab GEF activity for the Ypt1 Rab GTPase (Rab-
1, Rab-D) (Lynch-Day et al., 2010; Morozova et al., 2006; Tan et al., 2013;
Thomas et al., 2018, 2019). In metazoans, TRAPPII acts as a GEF for both Rab-
1 (Rab-D) and Rab-11 (Rab-A) while TRAPPIII only having activity on Rab-11
(Rab-D) (Jenkins et al., 2020; Riedel et al., 2018).
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Figure 4: 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 (Morozova et al., 2006; 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). Two TRAPP complexes are known in metazoans. TRAPPII possesses GEF activity for both
Rab-1 and Rab-11 (Riedel et al., 2018). The TRAPPIII possesses GEF activity for Rab-1 and is
thought to play a role in ER-Golgi traffic, COPII recruitment to ER and autophagy (Bassik et al.,
2013; Lamb et al., 2016; Scrivens et al., 2011; C. Zhang et al., 2002; Zhao et al., 2017). The
dashed arrow does not distinguish between medial/trans Golgi and the TGN and does not depict
endosomes along post-Golgi trafficking routes.

(c). In plants, TRAPPII resides at the TGN/EE and is a putative GEF for the Rab-A clade of
Ypt31/Rab-11 orthologues. Clades: Rab D, B, A and E were identified in the TRAPPII IP-MS
(Assaad lab), these are on a biosynthetic trafficking route. Rab-F or Rab-G clades were not
robustly identified in the CLUB/AtTRS130 interactome. Kalde et al., 2019 postulated the existence
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of a plant TRAPPIII complex that resembles metazoan TRAPPIII. Based on preferrential binding
to the vacuolar Rab-G, which is required for autophagy (Kwon, Cho, Kim, & Park, 2013), and on
orthology TRAPPIIlI was tentatively placed on an autophagy and/or vacuolar trafficking route.
Whether Arabidopsis TRAPPII or Il play a role in ER-Golgi traffic remains to be 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. Image panel and captions by Miriam Abele (Kalde et al., 2019).

In Arabidopsis, the TRAPPII complex is present at the TGN. Its subunits — CLUB
and AtTRS120, which were identified in forward and reverse genetic screens for
cytokinesis-defective mutants, have both been indicated to play a role in cell plate
biogenesis during cytokinesis. Null mutants of the subunits showed severe defects
in cytokinesis; this phenotype is manifested by cell wall stubs, ‘floating walls’ and
bloated cells (Jaber et al., 2010; Qi & Zheng, 2011; Ravikumar et al., 2018, 2017;
Rybak et al., 2014; Thellmann, Rybak, Thiele, Wanner, & Assaad, 2010). Both
AtTRS120 and CLUB localize to the cytosol and TGN endomembrane
compartments in interphase cells; in cytokinetic cells they localize to the cell plate
and later re-organize to the cell plate edges (Ravikumar et al., 2018; Rybak et al.,
2014). TRAPPII complex also plays a role in the housekeeping functions of the
TGN such as exocytosis, endocytosis and protein sorting (Luo et al., 2015;
Ravikumar et al., 2018; Rosquete, Davis, & Drakakaki, 2018). Due to the presence
of untethered vesicles in the cells of the frappii mutants, it is postulated that
TRAPPII might act as a tethering factor in plants (Jaber et al., 2010; Ravikumar et
al., 2018, 2017).

One of the primary objectives of my thesis was to determine the role of the
TRAPPII tethering complex during protein sorting. | carried out extensive live-cell
imaging with different membrane marker to elucidate the function of the TRAPPII

complex in sorting these markers during cytokinesis.
We know that the TRAPP complexes are well conserved across kingdoms and

homologs of all the TRAPP complex subunits are present in Arabidopsis

(Koumandou, Dacks, Coulson, & Field, 2007). Previous work from the Assaad
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group has already identified six of the thirteen potential Arabidopsis TRAPP
subunits through IP-MS that had co-purified with CLUB and AtTRS120 (Rybak et
al., 2014; Steiner, Rybak, et al., 2016). Recently, along with a collaborator’s lab,
the Assaad lab could identify all of the thirteen subunits in an IP-MS with
CLUB:GFP as well as Rab A2a GTPase as baits. Also, the subunit composition
and topology of the TRAPP complexes were elucidated (Figure 5; Kalde et al.,
2019). | aimed to identify the function of the various TRAPPII-specific subunits. To
address this goal, | set out to characterize a subunit of the TRAPP complex:
AtTRS33, demonstrated to be necessary for the TRAPPII complex assembly in
yeast (Tokarev et al., 2009) and Aspergillus (Pinar, Arias-Palomo, de los Rios,
Arst, & Pefalva, 2019). | wanted to verify if this is conserved in Arabidopsis. |
determined the localization dynamics of AtTRS120 in the absence of AtTRS33
and also carried out double mutant analysis with AtTRS33 and another TRAPPII-
specific subunit: CLUB to test if they could interact. All of these results provided

new insights about the organization and function of the TRAPPII complex in

Arabidopsis.
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Figure 5: 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).
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(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 by Kalde et al., 2019.
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 (Taussig, Lipatova, & Segev, 2014; Yip et al., 2010). Arrows
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 colored 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). Image panel and captions by Miriam abele (Kalde et al.,
2019).

It is still ambiguous whether the TRAPP complex has GEF activity. But previous
studies have shown that the TRAPPII complex colocalizes and is also functionally
linked to Rab-A GTPases. One study demonstrated that expression of a
constitutively active Rab-A1 but not a Rab-D2 subclade, partially rescues the
phenotype of a trs130 null allele (Qi et al. 2011; Qi & Zheng, 2011). In our recent
study, differential IP-MS with Rab-A2a GTPases demonstrated that TRAPPII is a
putative Rab-A GEF (Kalde et al., 2019). With the help of live-cell imaging and
further quantitative analyses, | was able to verify the differential IP-MS results and
could provide another line of evidence for the putative function of the TRAPPII

complex as a RAB-A GEF in Arabidopsis.

1.5 Two master regulators at the TGN: ECH and TRAPPII complex

ECHIDNA (ECH) was initially identified as an evolutionary conserved protein
within A. thaliana, hybrid aspen and budding yeast. It is also a TGN localized
protein crucial for TGN function similar to the TRAPPII complex. ech mutants have
been shown to have a dwarf phenotype with severely reduced stature and bushy
appearance, implying that it plays a role during cell elongation. Although ech

mutants are viable and fertile, male fertility was considerably reduced in the
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mutants due to decreased anther size, pollen viability, reduced amounts of pollen

and impaired pollen tube growth, as well as anther opening (Fan et al., 2014).

Even though, both ECH and TRAPPII tethering complex are involved in
exocytosis, they seem to mediate overlapping yet different pathways. From
previous works, it has been shown that ECH is needed for the proper secretion of
cell wall polysaccharides, which form a major part of the mucilage secretory cells
of the A. thaliana seed coat epidermis (Gendre et al., 2013; McFarlane et al.,
2013) but mucilage secretory defects have not been observed in frs120-4 and
club-2 seeds (Assaad, unpublished). Secreted green fluorescent protein
(secGFP) is a secretory variant of GFP, which is synthesized in the ER and
transported via the Golgi to the cell wall. Surprisingly, secretion of secGFP, unlike
the cell wall polysaccharides, is impaired in both ech and trappii mutants (Gendre
et al., 2011; Qi et al., 2011).

Protein sorting to the proper destination is very important post-Golgi and TGN
function. Interestingly, in ech and trappii mutants mislocalization of proteins that
are normally present at the TGN, plasma membrane, vacuole, cell plate could be
observed. ECH has been shown to be required for proper localization of TGN
proteins and ech mutants exhibited mislocalization of TGN proteins to vacuolar
and cell plate compartments (Gendre et al., 2013, 2011). ECH has also been
shown to be necessary for the proper sorting of the auxin influx carrier AUX1 but
not for the auxin efflux carrier PIN2, PIN3 and BRI1 (Boutté et al., 2013; Gendre
et al.,, 2011). Similarly, both AtTRS120 and CLUB are required for polar
localization of PIN2 but not PIN1 and AtTRS120 is needed for correct AUX1
localization (Qi et al., 2011; Qi & Zheng, 2011). In ech mutants, the vacuolar
marker y-TIP-GFP was localized to unique multilamellar structures in addition to
the localization at the tonoplast (McFarlane et al., 2013). However, in the club-2
mutants, an artificial vacuolar marker SecN-Rm-2A was correctly sorted (Qi et al.,
2011). These observations highlight the sophistication of the plant endomembrane
trafficking network. Diverse cargoes that are destined to the same target
destination are transported by different pathways, using different sets of vesicular

trafficking machinery and/or targeting motifs. The current study therefore unravels
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how these three major players — ECH, CLUB and AtTRS120 might be regulating

and coordinating the diverse functions of the plant TGN.

1.6 GSK3 kinases
The glycogen synthase kinase 3 (GSK3) or Arabidopsis thaliana Shaggy-like

kinase (AtSK) family consists of ten isoforms that are further divided into four
clades. They are important integrators of versatile signaling pathways. Even
though the name suggests that it is a kinase regulating metabolism in eukaryotes,
it is also involved in a wide array of cellular events. For example, evidence shows
that plant GSK3s are involved in a variety of processes, such as flower
development, brassinosteroid signaling, salt stress and wound responses (Jonak
& Hirt, 2002). Interestingly, the substrates phosphorylated by GSK3s have a
common motif: Ser/Thr-X-X-X-Ser/Thr. Additionally, many of the substrates that
are phosphorylated by GSK3s must first be primed, i.e., phosphorylated by
another protein kinase, at a priming phosphorylation site that is four amino acids
C-terminal to the site of GSK-3 phosphorylation (Dajani et al., 2001; Frame,
Cohen, & Biondi, 2001; Ter Haar et al., 2001) .
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Figure 6: The GSK3 kinase family in plants.
The family is divided further into four subclades. lllustration by Miriam Abele.

One of the most characterized proteins of the GSK3 kinases is the
BRASSINOSTEROID INSENSITIVE 2 (BIN2) kinase. BIN2 is a serine/threonine

protein kinase and is a negative regulator of the brassinosteroid signaling
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pathway, and plays a key role in phytohormone signaling pathways.
Brassinosteroids (BR) are a class of steroid hormones that are important
regulators and antagonist of light signaling. They suppress light-induced genes
and promote skotomorphogenesis in the dark. Additionally, they are also known
to play a role in cell elongation, cell division and differentiation, in abiotic and biotic
stress responses, and also in plant reproductive development (Clouse, 2011;
Wang, Zhu, & Sae-Seaw, 2013).

BR response pathway is an intricate pathway with dynamic phosphorylation and
dephosphorylation events of key players in response to the various environmental
signals. Phosphorylation of BIN2 seems to prevent the BZR1 and BRI-
EMSSUPPRESSOR 1 (BES1 / BZR2) transcription factors from binding to DNA
that is in turn involved in the expression of various genes involved in BR response.
As negative feedback, when BR levels increase, BIN2 is dephosphorylated by
BSU1 and further degraded. A protein phosphatase 2A (PP2A) is the BIN2
complement. It readily dephosphorylates BZR1 and BES1, thus promoting BR
signaling (Clouse, 2011; Wang et al., 2013).
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Figure 7: The Brassinosteroid signaling pathway.

Initially, brassinosteroids (BRs) are synthesized from the precursor Campesterol and bind to an
extracellular domain of a BR receptor, BRI1. BRI1 then starts a signaling cascade, inducing the
expression of BR responsive genes. BR signaling components that are found to interact with
TRAPPII subunits in IP-MS (yellow) and Y2H (orange). Experiment and illustration by the lab of
Prof. Farhah Assaad (unpublished).

An important objective of this thesis was to assess whether the TRAPPII complex
is regulated by post-translational modifications such as phosphorylation. To
elucidate this, the lab attempted to detect binary interactions with the TRAPPII-
kinase interactions via yeast two-hybrid (Y2H). Y2H was carried out with
truncations of the TRAPPII-specific subunits AtTRS120 and CLUB/AtTRS130
(Figure 5a), which have been shown to interact with conserved and plant-specific
subunits of the TRAPPII complex (Garcia et al., 2020; Kalde et al., 2019). In a
large scale Y2H screen including 2400 pair-wise tests, an interaction was detected
between a TRS1204%%1187 (or TRS120-T2) truncation and the shaggy-like kinase
BIN2 (Figure 6;Figure 8). No other TRAPPII-kinase interactions were identified in

the Y2H screen. This data prompted me to determine the BIN2 target sites on
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AtTRS120 and also to elucidate the nature of this interaction. | carried out in vitro
kinase assays and yeast-2 hybrid experiments (Y2H) to identify the BIN2 target
sites on AtTRS120 and also to understand the nature of interaction of the BIN2
kinase on its substrate: AtTRS120. Finally, | tested if the phosphorylation status
of AtTRS120 affected its localization pattern in planta. The data from my
experiments provide a novel link between the brassinosteroid signaling pathway

and the post-translational regulation of a membrane trafficking component.

pg~—AD | TRs120 empty
BIN2 o

Figure 8: BIN2 and TRS120 are binary interactors.

Large scale Y2H screening in the Assaad lab showed that BIN2-TRS120 interact. This interaction
was exclusive, since BIN2 was the only kinase that interacted with any of the subunits of the
TRAPPII complex. Experiment and figure panel curtesy of Melina Altmann (unpublished data from

the laboratories of Prof. Farhah Assaad and Prof. Falter Pascal-Braun).
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2. Objectives

The primary aim of my thesis was to identify the role of the TRAPPII complex and
ECH in the regulation of protein sorting decisions at the TGN. Based on previous
works that have characterized these proteins (Gendre et al., 2013, 2011; Rybak
et al., 2014), the hypothesis was that they might have distinct roles at the TGN.
To test this, the Assaad lab tested whether TRAPPII — ECH interacted physically.
Furthermore, | determined whether the two proteins interact genetically by
performing double mutant analysis of a null allele of ECH and a hypomorphic allele
of a TRAPPII subunit. | carried outimmunostaining with antibodies against various
cell wall polysaccharides to examine whether the secretory function was still intact
in these double mutants. And together with the Assaad lab, the cell elongation
phenotype was investigated in the double mutants. We also elucidated and
quantitatively analyzed the impact on endocytosis and the TGN structure in ech
and trappii mutants. Finally, the localization dynamics of different markers as well
as that of the two proteins themselves was ascertained in both ech and trappii

mutants.

Structure and subunit composition of the TRAPP complexes has been well studied
and characterized in yeast and metazoan systems (J. J. Kim, Lipatova, & Segev,
2016; Riedel et al., 2018). In Arabidopsis, CLUB and AtTRS120 (two TRAPPII
complex-specific subunits) have been previously identified and well characterized
as being a part of the TRAPPII complex and necessary for cell plate biogenesis
during cytokinesis (Jaber et al., 2010; Rybak et al., 2014; Thellmann et al., 2010).
However, explicit information regarding the subunit composition and modularity of
the different TRAPP complexes in plants is still unclear. Therefore, | attempted to
characterize a TRAPP complex subunit: AtTRS33 and understand its role in
TRAPPII complex function. Based on previous knowledge from other systems, |
hypothesized that AtTRS33 could be a subunit of the TRAPPII complex in plants
and might be necessary for the TRAPPII complex assembly. To this end, |
performed double mutant analysis between a double knockout of AtTRS33 (rs33-

1) and a mutant of a TRAPPII-specific subunit (club-2), to determine whether they
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were part of the same complex. Additionally, localization dynamics of another
TRAPPII-specific subunit: AtTRS120 in the absence of AtTRS33 was assessed.

Another interesting feature of the TRAPPII complex is that, in addition to its role
as a tethering factor during membrane trafficking, it also behaves as a guanine
nucleotide exchange factor (GEF) for Rab GTPases. Evidence for its function as
a Rab GEF is found in yeast, humans, Drosophila and Aspergillus (Lipatova, Hain,
Nazarko, & Segev, 2015; Pinar et al., 2015; Pinar & Penalva, 2020; Riedel et al.,
2018; Thomas et al., 2019). Based on previous works by other colleagues, it was
hypothesized that Arabidopsis TRAPPII complex might be acting as an upstream
GEF to Rab-A GTPases. Additionally, Rab-A GTPases were functionally linked to
the TRAPPII complex (Qi & Zheng, 2011). Therefore, to test this hypothesis, firstly
differential IP-MS studies were carried out in the Assaad lab using Rab-A
GTPases as well as the different Rab-A GTPase variants to assess the nature of
interaction of the TRAPPII complex with the Rab-A GTPases. Secondly, |
quantified the localization dynamics of Rab-A GTPases in the trappii mutants. And
finally, performed quantitative imaging analyses using different Rab-A GTPase
GTP-locked variants in {rs33-1 mutants to shed light on the putative function of
the TRAPPII complex as a Rab-A GEF in plants.

The final aim of the thesis was to elucidate the post-translational regulatory
mechanisms of the TRAPPII complex during cell division. Earlier works in
eukaryotes including plants, mainly focused on the structure and functions of the
TRAPP complexes. However, the upstream regulatory mechanisms / components
of the TRAPPII complex are still vastly unknown. As a preliminary cue, a distinct
binary interaction between BIN2 (a member of the GSK3 kinase family) and
AtTRS120 was observed in a large Y2H screen conducted in the Assaad lab. This
observation strongly suggested that BIN2 kinase, as well as the other GSK3
kinase family members might be putative upstream regulators of the TRAPPII
complex. To test this hypothesis, firstly, an in vitro kinase assay coupled to mass
spectrometry was developed by the lab. Protein expressions and purifications of
the different GSK3 kinases and the substrate — AtTRS120 were performed. They

were then utilized in the kinase assay in a time and concentration dependent
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manner to determine the presence of phosphorylated substrates of AtTRS120 and
also to pin down on the GSK3 target sites. Next, the Assaad lab performed IP-MS
analysis to assess the interactome of the various AtTRS120 phosphovariants.
Thirdly, a Y2H analysis with BIN2 and various AtTRS120 phosphovariants was
carried out to assess the mechanism of interaction between the two proteins.
Finally, the localization dynamics of the AtTRS120 phosphovariants was

elucidated using confocal laser scanning microscopy (CLSM).
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3. Materials and methods

3.1. Equipment and instruments

Table 3: Microscopes used in the study

Microscope

Confocal Laser Scanning
Microscope

Digital Microscope
Dissecting Microscope

DIC Microscope

Spinning disk Microscope

Table 4: Miscellaneous devices
Device

Centrifuge

Centrifuge rotor

Chemiluminescence
detection system
Electroporator

Gel system

Lab balance

NanoDrop

Model
SP8 Hyvolution,
Fluoview FV1000
KEYENCE VHX 700FM
KL 1500 LCD
BX61

Olympus OSR with Yokogawa CSU-

W1

used in the study
Model
Eppendorf 5415D
Eppendorf 5424R
Beckman Avanti J-25

Beckman L 7-55
Ultracentrifuge
JA-25.50

JA-10

Type 75Ti

LAS4000 mini

Eppendorf Eporator
Biometra Compact XS/S or
Biometra Compact M

GT2100
IMPLEN Nanophotometer

Company
Leica,
Olympus
KEYENCE
Zeiss
Olympus
Olympus,

Yokogawa

Company
Eppendorf AG, Hamburg

Beckman Coulter Inc., Brea,
USA

Beckman Coulter Inc., Brea,
USA

Beckman Coulter Inc., Brea,
USA

Beckman Coulter Inc., Brea,
USA

Beckman Coulter Inc., Brea,
USA

Fujifilm, FUJIFILM Europe
GmbH, Dusseldorf
Eppendorf AG, Hamburg
Analytic Jena AG (Jena,
Germany)

Ohaus Corporation

Serva Electrophoresis

(Heidelberg, Germany)
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PCR-Cycler
pH-meter

Pipette (0.2ul-5ml)
pipetman

Pure water system
SDS-PAGE unit
Sample Mixer
Thermoshaker
UV/Visible
Spectrophotometer
Voltage source
Vortex

Thermocycler ep gradient
pH 526

Gilson

Milli-Q Academic System
Mini-PROTEAN Tetra Cell
HulaMixerTM
Thermomixer 5355 4 VWR
Ultrospec 2000

MS-1 MiniShaker

Table 5: Software used in the study

Software
Affinity designer
GIMP 2

ImageJ

Imaris
Inkscape

slidebook

Version

2.8
1.51n

0.911

Eppendorf
WTW GmbH
Gilson Inc., Middleton, USA

Millipore Corporation
Bio-Rad Laboratories Inc.
Invitrogen
Eppendorf
Pharmacia  Biotech  Inc.
(USA)

Pharmacia Biotech

IKA-Werke GmbH

Purpose
Image panel construction
Image editing
Image processing,
colocalization analysis
Image editing
Image panel construction

Image viewer

3.2. Escherichia coli (E. coli) strains used in this study

Table 6: List of E.coli strains

Strain Abbreviation
DH5a DH5a
BL21 (DE3) BL21

Genotype
gyrA462 endA1 gInV44
A(sr1-recA) mcrB  mrr
hsdS20(rs; ms) aral4
galk2 lac2Y1 proA2

rpsL20(Sm") xyl5 Aleu mtl1
F— ompT hsdSsg (rs-ms-) gal
dcm (DE3)

Resistance Company

No resistance Invitrogen,
USA

Ampicillin Invitrogen,
USA
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Rosetta- RoGa A(ara-leu)7697 AlacX74 Chloramphenicol, Novagen,

gami™ AphoA Pvull phoR araD139  Streptomycin, USA
(DE3) ahpC galE galK rpsL (DE3) Tetracycline

F'llac+ laclg pro] gor522:: T

n10 trxB pRARE?2

3.3. Antibiotics used in the study

Table 7: List of antibiotics and working concentrations

All antibiotic stock solutions were stored at -20°C.

Antibiotic Working concentration for Solvent
bacteria plants
Carbenicillin 20 pg/ml - ddH20
Tetracycline 10 pg/ml - EtOH
Chloramphenicol 25 ug/ml - EtOH
Spectinomycin 20 ug/mi - ddH20
Kanamycin 25 ug/ml 50 ug/mi ddH20
Gentamycin 20 pl/ml - ddH20
Ampicillin 100 pl/ml - ddH20

3.4. Chemicals and kits

Unless otherwise indicated, chemicals were ordered from Carl Roth GmbH,
Wacker Chemie AG, Merck KGaA or Sigma-Aldrich Chemie GmbH.

Template sequencing were carried out by Eurofins Genomics.

Table 8: Ready to use kits used in the study
Kit Company

Gateway® BP and LR Clonase™ Il enzyme mix Thermo Fisher Scientific

Phire Plant Direct PCR Kit Thermo Fisher Scientific (F-130WH)
Mix2SeqKit EurofinsGenomics
QIAprep® Spin Miniprep Kit Qiagen®

QuikChange® Site-Directed Mutagenesis Kit Stratagene

3.5. Bacterial vectors used in this study
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Table 9: List of bacterial vectors used in the study

Vector Characteristics Antibiotic Company
resistance

pDONR207 attP1/attP2 Gentamycin Thermo Fisher
Scientific

pDEST15 GST-tag; attR1/attR2 Ampicillin Thermo Fisher
Scientific

pDEST AD  Gal4 activation domain Ampicillin Thermo Fisher
Scientific

pDEST DB  GAL4 DNA-binding Ampicillin Thermo Fisher
domain Scientific

3.6. Plant material

All the Arabidopsis thaliana insertion lines were in the Columbia ecotype
(Col-0) background and used as wild type control. Seed stocks were obtained
from the Nottingham Arabidopsis Sock Centre (NASC; http://arabidopsis.info;
Scholl et al.,, 2000), Arabidopsis Biological Recourse Center (ABRC,;
https://abrc.osu.edu), GABI (https://www.gabi-kat.de; Rosso et al., 2003) or Salk
Institute Genomic Analysis Laboratory (SIGnal, http://signal.salk.edu/).

3.7. Primers

All Primers used in the study were ordered from MWG Operon (Ebersberg)
as lyophilized salt-free or HPLC purified stocks. Primer3 and Oligo Calc:
Oligonucleotide Properties Calculator online software’s were used to design
primers for genotyping and cloning/sequencing, respectively. Cloning primers for
the phosphomutants are listed in Table 14 and primers used for T-DNA genotyping

are listed in Table 15.

3.8. Molecular markers

3.8.1. DNA markers

GeneRuler™ 100bp DNA Ladder and GeneRuler™ 1kb DNA Ladder

(Fermentas, Thermo Scientific) were used as DNA markers in agarose gels.
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3.8.2. Protein markers
PageRuler™ Prestained Protein Ladder (Fermentas, Thermo Scientific)

was used as the protein marker in western blots.

3.9. Media used in the study

For the production of Murashige & Skoog (MS) medium, measured amounts
of MES-monohydrate, macro- and micronutrient stocks (according to ) were
dissolved in milliQ water and the pH adjusted to 5.7 by titrating with 5 M KOH.
Without any further addition, this mixture was called MS (or 2MS) liquid medium.
To produce solid MS 1.2 % agarose and 1 % sucrose was added additionally.
After autoclaving the mixture and cooling it a little bit, the BS vitamins were added

under sterile conditions.

Table 10: Constituents of MS media

Name Chemical Component Volume [mg/L]

10 x Macronutrients NH4NO3 1650
KNO3 1900
MgS0O4- 7 H20 370
KH2PO4 170
CaCl2 -2 H20 440

1000 x Micronutrients Na2EDTA 37.3
FeSO4 -7 H20 27.8
MnSO4 - H20 16.9
H3BO3 6.2
ZnS04 -7 H20 8.6
Ki 0.83
NaMoO4 - 2 H20 0.25
CuS04 -5 H20 0.025
CoClI2 -6 H20 0.025

B5 vitamins Myo-inositol 100
Nicotinic acid 10
Pyridoxine hydrochloride 1
Thiamine hydrochloride 1
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For the preparation of LB medium and SOC medium, the measured ingredients
were added (according to ) to milliQ water and autoclaved. For solid LB medium,

1.5% of LB agar was added before autoclaving.

Table 11: Media preparation protocol

Name Chemical Component Volume
Y2 MS medium MES-monohydrate 0.49g¢
10 x Macronutrient stock 100 ml
1000 x Micronutrient stock 1 ml
ddH:20 2L
B5 vitamins 2 mi
pH 5.7
Y2 MS medium + kanamycin Y2 MS medium
kanamycin 50 mg/L
pH 5.7
1 MS medium MES monohydrate 049¢
10 x Macronutrient stock 100 ml
1000 x Micronutrient stock 1ml
ddH20 1L
B5 vitamins 2 mi
pH 5.7 with KOH
1 MS medium + sucrose 1 MS medium
sucrose 1%

pH 5.7 with KOH

LB medium Yeast extract 5¢g
Trypton 1049
NaCl 10¢g
ddH20 1L
LB agar LB medium
LB-agar
1.5%
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SOB medium Yeast extract 5¢g

Trypton 10¢g
NaCl 059
KCI 25 mM
MgCl2 10 mM
Glucose 50 mM
ddHz0 1L
pH7.0

3.10. Mutant lines used

Table 12: Overview of the mutant lines used in the study

AGI gene Polymorphi  Intron/ Nature of the

Allele Reference
identification sm Exon allele
club-2 SALK_ (Jaber et al,
At5g54440 Intron Null; sdlg? lethal
(attrs130°) 039353 2010)
SAIL_1285_ (Thellmann et
trs120-4° At5g11040 Intron Null; sdig? lethal
D07 al., 2010)
SALK 0152 Hypomorph; _
trs120-5 At5g11040 promoter (Qietal., 2011)
27 viable
SALK _ (Thellmann et
trs33-1 At3g05000 Exon Null; sdig? lethal
109244 al., 2010)
] SAIL_163_E ) (Gendre et al.,
echidna At1g09330 Intron Null; viable
09 2011)

a: Seedling (abbreviated “sdlg”)- lethal lines were propagated as hetero- or hemizygotes. b: Note
that club-2 is referred to as attrs130in Qi et al., 2011. c: This is distinct from the hypomorphic allele
later named trs120-4 by Qi et al., 2011.

3.11. Marker constructs used in the study

Table 13: Overview of marker lines used in the study

Construct AGI gene identification Promotor Reference
TRS120:GFP At5g11040 Native (Rybak et al., 2014)
TRS120:mCherry At5g11040 Ubiquitin  (Rybak et al., 2014)
EXO84b:GFP At5g49830 Native (Fendrych et al., 2010)
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KEULE:GFP At1g12360 Native (Steiner, Miller, et al.,

2016)
SYP121:GFP At3g11820 Native (Collins et al., 2003)
VHAa1:GFP At2g28520 Native (Dettmer, Hong-

Hermesdorf, Stierhof, &
Schumacher, 2006)

SYP61:CFP At1g28490 Native (Drakakaki et al., 2012)
RabA2a:YFP At1g09630 Native (Chow et al., 2008)
RabA2a:YFP-CA At1g09630 Native (Chow et al., 2008)
RabA2a:YFP-DN At1g09630 Native (Chow et al., 2008)

3.12. Agrobacterium-mediated transformation of Arabidopsis

thaliana

All constructs were introduced into Agrobacterium tumefaciens strain
GV3101::pMP90. A simplified floral dip method of Agrobacterium-mediated
transformation was carried out (Clough & Bent, 1998). A. tumefaciens strain
carrying gene of interest on a binary vector was cultivated in 400 ml of LB medium
containing a selective antibiotic. A. tumefaciens culture was centrifuged (6000 x
g) for fifteen minutes at 4°C. The pellet was resuspended in 5% sucrose (w/v).
Silvet L-77 was added to a concentration of 0.05% (v/v). Above-ground parts of
plant were dipped in Agrobacterium solution for 2-3 seconds, with gentle agitation.
Afterwards, plants were covered with a dome for 24hours to maintain high
humidity. The procedure was repeated after five days. T1 plants were selected for

transformants on MS-medium agar plates containing 50 ug/ml kanamycin

Phosphomutants of TRS120 were generated using a Dpnl-mediated Site-Directed
Mutagenesis protocol. Site-directed mutations were introduced into the template
construct via polymerase chain reaction using mutagenic primers with the desired
mutations (Table 14) and the KOD Hot Start DNA Polymerase (Novagen®) for
strand extension. Subsequently, the methylated nonmutated DNA template was
digested with the Dpnl endonuclease (Thermo Scientific). Mutated vectors were
transformed in Escherichia coli DH5a for nick repair and amplification of the
plasmids. After subsequent purification, the constructs were sequenced to ensure

correct mutagenesis. For mutation of two or three phosphorylation sites,
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sequential mutagenesis was carried out using already mutated vectors as

template.

All the phospho-dead and phosphomimetic TRS120 phosphovariant constructs
were generated using the GATEWAY® cloning kit with their respective site-specific
primers (Table 14). TRS120-T2 cDNA sequences (spanning amino acids 499-
1187; Rybak et al., 2014) were used as the template for protein expression in E.
coli (kinase assays) and in yeast (Y2H). For in planta experiments (confocal
microscopy, IP-MS), the full length genomic construct Ptrs120::TRS120:GFP
(Rybak et al. 2014) was used as the SDM template. TRS120 phosphovariants
were introduced into the frs120-4 segregating mutant line via Agrobacterium

mediated transformation (Clough & Bent, 1998).

Table 14: List of sites mutated in TRS120-T2 phosphovariants and corresponding primer
sequences used for mutagenesis.
Phosphovariant Amino acid Primer sequences
substitutions
SaA S923A fwd: 5’-GCC AAG GAA GAT GAT TCT GCA CCA GTA
CAA GAT TCT CCA GAG-3
rev: 5-CTC TGG AGAATC TTG TAC TGG TGC AGA
ATC ATC TTC CTT GGC-3

SPA S971A, fwd: 5-CCC TCC ACC TGG TGC CCC TGC AGC
S973A, TGC TAG AAATCC GAG CTT CTC-3
S974A, rev: 5-GAG AAG CTC GGA TTT CTA GCA GCT GCA
S975A GGG GCA CCA GGT GGA GGG-Z

SyA T1163A, fwd: 5-GTA CTC AGA GCA CGA GCA GGA GCT
S1165A GCT GCT CCA AAC GAA CCC ATC-3’

rev: 5-GAT GGG TTC GTT TGG AGC AGC AGC TCC
TGC TCG TGC TCT GAG TAC-3

SafA S923A, fwd: 5’-GCC AAG GAA GAT GAT TCT GCA CCA GTA
S971A, CAA GAT TCT CCA GAG-3’
S973A, rev: 5-CTC TGG AGA ATC TTG TAC TGG TGC AGA
S974A, ATC ATC TTC CTT GGC-3
S975A fwd: §-CCC TCC ACC TGG TGC CCC TGC AGC

TGC TAG AAATCC GAG CTT CTC-3’
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SayA

SBYA

SafyA

SaD

SBD

S923A,
T1163A,
S1165A

S971A,
S973A,
S974A,
S975A,
T1163A,
S1165A

S923A,
S971A,
S973A,
S974A,
S975A,
T1163A,
S1165A

S923D

S971D,
S973D,

rev: 5-GAG AAG CTC GGA TTT CTA GCA GCT GCA
GGG GCA CCA GGT GGA GGG-3’

fwd: 5-GCC AAG GAA GAT GAT TCT GCA CCA GTA
CAA GAT TCT CCA GAG-3’

rev: 5-CTC TGG AGAATC TTG TAC TGG TGC AGA
ATC ATC TTC CTT GGC-3

fwd: 5-GTA CTC AGA GCA CGA GCA GGA GCT
GCT GCT CCA AAC GAA CCC ATC-3’

rev: 5-GAT GGG TTC GTT TGG AGC AGC AGC TCC
TGC TCG TGC TCT GAG TAC-3

fwd: 5-CCC TCC ACC TGG TGC CCC TGC AGC
TGC TAG AAATCC GAG CTT CTC-3’

rev: 5-GAG AAG CTC GGA TTT CTA GCA GCT GCA
GGG GCA CCA GGT GGA GGG-3

fwd: 5-GTA CTC AGA GCA CGA GCA GGA GCT
GCT GCT CCA AAC GAA CCC ATC-3’

rev: 5-GAT GGG TTC GTT TGG AGC AGC AGC TCC
TGC TCG TGC TCT GAG TAC-3

fwd: 5’-GCC AAG GAA GAT GAT TCT GCA CCA GTA
CAA GAT TCT CCA GAG-3’

rev: 5-CTC TGG AGAATC TTG TAC TGG TGC AGA
ATC ATC TTC CTT GGC-3

fwd: §-CCC TCC ACC TGG TGC CCC TGC AGC
TGC TAG AAATCC GAG CTT CTC-3

rev: 5-GAG AAG CTC GGA TTT CTA GCA GCT GCA
GGG GCA CCA GGT GGA GGG-3

fwd: 5-GTA CTC AGA GCA CGA GCA GGA GCT
GCT GCT CCA AAC GAA CCC ATC-3

rev: 5-GAT GGG TTC GTT TGG AGC AGC AGC TCC
TGC TCG TGC TCT GAG TAC-3

fwd: 5-GCC AAG GAA GAT GAT TCT GAC CCA GTA
CAA GAT TCT CCA GAG-3’

rev: 5-CTC TGG AGAATC TTG TAC TGG GTC AGA
ATC ATC TTC CTT GGC-3’

fwd: 5-CCC TCCACC TGG TGACCC TGACGATGA
TAG AAATCC GAG CTT CTC-3
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SyD

SapD

SayD

SpyD

S974D,
S975D

T1163D,
S1165D

S923D,
S971D,
S973D,
S974D,
S975D

S923D,
T1163D,
S$1165D

S971D,
S973D,
S974D,
S975D,
T1163D,
S$1165D

rev: 5-GAG AAG CTC GGA TTT CTATCATCG TCA
GGG TCA CCA GGT GGA GGG-3’

fwd: 5’-GTA CTC AGA GCA CGA GCA GGA GAT GCT
GAT CCA AAC GAA CCC ATC-3

rev: 5-GAT GGG TTC GTT TGG ATC AGC ATC TCC
TGC TCG TGC TCT GAG TAC-3

fwd: 5’-GCC AAG GAA GAT GAT TCT GAC CCA GTA
CAA GAT TCT CCA GAG-3’

rev: 5-CTC TGG AGA ATC TTG TAC TGG GTC AGA
ATC ATC TTC CTT GGC-3

fwd: 5-CCC TCCACC TGG TGACCC TGACGATGA
TAG AAATCC GAG CTT CTC-3

rev: 5-GAG AAG CTC GGATTT CTATCATCG TCA
GGG TCA CCA GGT GGA GGG-3’

fwd: 5’-GCC AAG GAA GAT GAT TCT GAC CCA GTA
CAA GAT TCT CCA GAG-3’

rev: 5-CTC TGG AGA ATC TTG TAC TGG GTC AGA
ATC ATC TTC CTT GGC-3

fwd: 5’-GTA CTC AGA GCA CGA GCA GGA GAT GCT
GAT CCA AAC GAA CCC ATC-3

rev: 5-GAT GGG TTC GTT TGG ATC AGC ATC TCC
TGC TCG TGC TCT GAG TAC-3

fwd: 5-CCC TCCACCTGG TGACCCTGACGATGA
TAG AAATCC GAG CTT CTC-3

rev: 5-GAG AAG CTC GGA TTT CTATCATCG TCA
GGG TCA CCA GGT GGA GGG-3

fwd: 5-GTA CTC AGA GCA CGA GCA GGA GAT GCT
GAT CCA AAC GAA CCC ATC-3

rev: 5-GAT GGG TTC GTT TGG ATC AGC ATC TCC
TGC TCG TGC TCT GAG TAC-3
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SapyD

S923D,
S971D,
S973D,
S974D,
S975D,
T1163D,
S$1165D

fwd: 5-GCC AAG GAA GAT GAT TCT GAC CCA GTA
CAA GAT TCT CCA GAG-3’

rev: 5-CTC TGG AGAATC TTG TAC TGG GTC AGA
ATC ATC TTC CTT GGC-3

fwd: 5-CCC TCCACC TGG TGACCC TGACGATGA
TAG AAATCC GAG CTT CTC-3’

rev: 5-GAG AAG CTC GGATTT CTATCA TCG TCA
GGG TCA CCA GGT GGA GGG-3’

fwd: 5’-GTA CTC AGA GCA CGA GCA GGA GAT GCT
GAT CCA AAC GAA CCC ATC-3

rev: 5-GAT GGG TTC GTT TGG ATC AGC ATC TCC
TGC TCG TGC TCT GAG TAC-3

3.13. Methods for plant analysis

3.13.1. Seed sterilization and stratification

All the seeds were first washed in 80% ethanol for a few seconds, followed
by 15min incubation in the sterilization buffer (10% SDS 12% NACIO). After

washing 5 times with sterile ddH20, the seeds were incubated in a 0.15% agar

solution and stored at 4°C for two days for stratification. After this, they were plated

on MS or 72 MS plates depending on the experiments.

3.13.2. Growing conditions for Arabidopsis thaliana

Arabidopsis thaliana plants were grown in growth chambers (at the

department of Botany and at TUMmesa) under controlled conditions:

Light intensity: 180 pmol/m2s

Photoperiod: 6:00 to 22:00 (16 hours light, 8 hours dark)
Light gradient: Sunrise and Sunset 30 minutes
Temperature: 22°C (@ day), 18°C (@ night)

Day/night humidity: 50% / 60%

Seedlings were grown in the cell culture room with the following settings:

Light intensity: 50 ymol/m?s
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Photoperiod: full day
Temperature: 22°C

3.14. T-DNA Genotyping

Genotyping of T-DNA insertions in seedlings/plants was carried out by

PCR. PCR cycling conditions as well as the reaction components were used

according to the manufacturer’s instructions (PCR cycling conditions table). The

PCR products were then separated by 1% agarose gel electrophoresis,
supplemented with 0.025% EtBr (Carl Roth GmbH, Karlsruhe) for 20 - 40 mins at

130V. For agarose gel electrophoresis, 4ul PCR product was mixed with 1ul of

DNA Loading Solvent (23ml Glycerol, 0.1g Orange G, 80ul 0.5M EDTA, 17ml
H20). 5-15pl of this was then loaded onto the gel. Additionally, 5ul of GeneRuler

1kb Plus DNA Ladder, was also loaded to determine the length of the construct.

Table 15: Primers used for T-DNA genotyping of plants

Target Primer

club fwd

rev
trs120-5 fwd

rev
trs120-4

fwd

rev
ech

fwd

rev
Left border T-DNA LB3
primers

LBa1

LBb1.3

Sequence [5’ [B’]

CTC GTC CAA GGA GCG GCA AG
GGC ACG AAC AGG GAC CCA AA
AAA CCG ATC AACGATTTC CTC
CAC CAA GCACAAATTTGAACC
TGATTG AGCATG GTTTTC TGG
AG

TGT CCA CTT GGG AGG AAT GG
TCGTGG GACCTCGTCATCTTG
TTC

CAT TGA TCT CGT TCC ACC ACC
TGAG

TAG CAT CTG AAT TTC ATA ACC
AAT CTC GATACAC
TGGTTCACG TAG TGG GCCATC
G

ATTTTG CCGATTTCG GAAC

Tm [°C]

62

62
60.6
60.7
63

63.3
62

61

66.5

58.6

58.7
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Table 16: Primer combinations to determine homo / heterozygosity of the T-DNA insertions

in plants
Mutant Insertion line Primer combination Fragment
length (bp)
echidna SAIL_163_EO09 F+R 1132
R+ LB3 ~ 700
trs120-4 SAIL_1285_DO07 F+R 749
R+ LB3 ~ 400
trs120-5 SALK_015227 F+R 1111
R + LBb1.3 ~ 625
club-2 SALK_039353 F+R 999
R + LBa1 ~ 750

3.15. Analysis of endocytosis

Endocytosis studies were performed with FM4-64 as described by Dettmer
et al., 2006. For time lapses experiments, five-day-old wild-type and mutant
seedlings were firstly, incubated with 4uM FM4-64 (Invitrogen) for five minutes
and then placed on microscope slide and imaged via CLSM. Time lapses were
measured as a percent of cell, in which FM4-64 positive endocytotic residues were

observed at two-minute intervals.

3.16. Methods for microscopy

3.16.1. Scanning electron microscopy

Seedlings were sterilized, stratified for two days and plated on 2 MS agar.
They were imaged at day 5 post stratification. All SEM imaging took place at the
Faculty of Biology, LMU (Department of systematic botany and mycology) with the

assistance of Dr. Eva Facher.

3.16.2. Antibody Stains

Seeds were surface sterilized (493.13.1) and plated on MS plates
supplemented with vitamins and 1% sucrose. 5 days old seedlings were fixed in
4% Paraformaldehyde (PFA) in MTSB and vacuum infiltrated (300 — 400 mbar)

for an hour. The seedlings were then washed 4 times with sterile ddH20 for 10min.
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8 to 10 seedlings were then placed on SuperFrost®Plus slides (Gerhard Menzel
GmbH, Braunschweig) and dried at room temperature overnight. Next day, the
roots were encircled with a water repellant PAP pen and rehydrated with MTSB
for 10min. Antibodies can only enter the cells if they are permeabilized first. The
cell wall was digested by an enzyme mix ordered by Sigma Aldrich GmbH
(Driselase). Enzyme powder was dissolved in MTSB (20mg/ml) and spun down
for 2 minutes at 10,000 rpm. The supernatant was then spread over the slides.
After incubation for 50min at 37°C in a humid chamber, the slides were washed
with PBS, for 5min, 4 times. The cell membrane was permeabilized with a
permeabilization buffer and incubated at room temperature for 1 hour in a humid
chamber. Afterwards, slides were rinsed and washed with PBS for 5 minutes, 6
times. Samples were blocked with 4% BSA/PBS solution by incubating them for 1
hour at 37°C under humid conditions. Then, the primary antibody (Table 18) was
spread over the slides and incubated at 4°C overnight in a humid chamber. Before
the secondary antibody was added, slides were washed 3 times for 10 minutes
with 0.01% Triton diluted in PBS and 3 times for 10 minutes with PBS. Samples
were prepared for the secondary antibody staining by washing the samples quickly
with 4% BSA/PBS solution. From here, all further steps were carried out in the
dark. Secondary antibodies (Table 18) were added to the slides and incubated for
3.5 hours at 37°C in the dark. Samples were washed again with PBS 4 times for
10 minutes and 2 times with ddH20 to remove residual secondary antibodies. In
the next step, DAPI was diluted in water 1:2000 and added to the samples. They
were then incubated for 20 minutes at 37°C in a humid chamber. One last time,
samples were washed 6 times for 5 minutes with ddH20. In the end, samples were
covered with 3-4 drops of CitiFluor AF1 (Agar Scientific, UK) and the samples

stored between a cover glass and the SuperFrost®Plus slides.

Table 17: Buffers and Solutions for Antibody Stains

Buffer name Components Concentration/pH
Microtubule-stabilizing buffer (MTSB) Pipes 50 mM
EGTA 5 mM
MgSQO4.7H20 5mM
pH 7.0
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Fixation buffer

Driselase cocktail

PBS

Blocking solution

Permeabilization buffer

PFA

in MTSB at 60°C

After

cools down

Driselese
(SIGMA-AIdrich)
in MTSB

NaCl

KCI

NazHPO4
KH2PO4

BSA in PBS
DMSO
Nonidet P40
MTSB

Table 18: Antibodies used in this work

Primary Antibody

Anti-ECHIDNA (rabbit, Gendre et

al., 2011)

LM14 (rat monoclonal, Plant
Probes)

Anti-GFP (mouse, Abcam
ab1218)

Anti-tub (sheep, cytoskeleton,
ATNO2-A)

Anti-Tubulin  (mouse, Sigma,
T9026)

Anti-GFP (rabbit, life

technologies, A11122)

Corresponding secondary
Antibody
Anti-rabbit monoclonal Alexa-
m488 (goat, Molecular Probes)
Alexa-m488

Molecular Probes)

anti-rat (goat,
Anti-mouse alexa 488 (goat, Life
technologies, A11001)

Cy3

(immunoresearch)

anti-sheep

Anti-mouse Cy3 (goat, Dianova)

Anti-rabbit alexa 488 (goat, life
technologies, A11034)

3.16.3. Confocal Laser Scanning Microscopy (CLSM)

solution

4%
pH 11

Readjusted pH 7.0
(H2S04)
2%

136 mM

3.67 mM

9 mM

1.7 mM

pH7.4

4% (vIv)

4176 pl

480 pl (cut tips)
144 pl

Dilution Primary /

Secondary Antibody

1:600/ 1:600

1:10/1:100

1:1000 / 1:600

1:200/ 1:100

1:2,500 / 1:600

1:200 / 1:400

For live-cell imaging, seedlings were first sterilized and stratified for 2 days

at 4°C before they were plated on %2 MS supplemented with vitamins and sucrose
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or 1 MS supplemented with vitamins and sucrose. The seedlings on plates were
grown in the cell culture room. 5 days old seedlings were imaged for CLSM.
Confocal microscopes used for imaging were an Olympus (www.olympus-
ims.com) Fluoview 1000 confocal laser scanning microscope (CLSM) and a Leica
(www.leica-microsystems.com) SP8 Hyvolution CLSM. Cell cycle stages
(depicted as described by Smertenko et al., 2017) were determined via TRS120,
tubulin, MAP65-3 and/or DAPI stains or localization dynamics, taking into account
how membrane markers follow phragmoplast microtubule dynamics (Steiner et
al., 2016a). Imaging data were acquired using LAS-X software (Leica). A 63X
water immersion 0.9NA objective was used. Quantitative analysis of confocal
scans was carried out in ImageJ. Line graphs of mean signal were corrected for

photobleaching during the course of a time lapse.

Table 19: Excitation and Emission wavelengths for fluorophores used in this study

Fluorophor Excitation wavelength [nm] Emission wavelength [nm]
GFP 488 500-550
YFP 514 525-575
CFP 405 480
mRFP 561 581-754
mCherry 561 580-643
FM4-64 515 640
DAPI 358 461
Alexa Fluor® 488 495 519
Cy3 550 570

3.16.4. Embryo analysis

Embryos were harvested, fixed, infiltrated, embedded and imaged as
described (Matthes and Torres-Ruiz, 2016). They were prepared for analyses
using fresh siliques at different growth stages, putting them on a glass slide, then
covering them with Hoyer's medium (Table 20) and finally the cover slip on top.
After few minutes of incubation, the embryo images were captured using
differential interference contrast (DIC) optics of an Olympus BX61 microscope.
The genotype of the double mutant was confirmed by PCR analysis of both

insertion alleles.
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Table 20: Components of Hoyer’s medium.

Component

Gum Arabic
Chloral hydrate

Glycerol

mQ water

3.17. Protein expression and purification

Amount

15¢g
100 g
10¢g
25 ml

2 ml of Pre-cultures were inoculated in 11 flasks filled with 200 ml LB medium

supplemented with carbenicillin. Carbenicillin was used instead of Ampicillin to

avoid hydrolysis of the B-lactam ring. Bacteria were grown to an ODeoo= 0.6 — 0.8

at 37°C and 200 rpm. The ODsoo was determined with a spectrophotometer. 100

ul of a 1 M B-D-1-thiogalactopyranoside (IPTG), a non-hydrolysable analog of

lactose, was added to the culture to induce the expression of protein of interest.

Expression conditions varied for different proteins and are shown in Table 21.

Table 21: Protein expression constructs and their conditions

protein

AtTRS120
-T2

AtSK11

BIL2

SK32

SK41

Vector

(resistance)

pDEST15
(Car)
pDEST15
(Car)
pDEST15
(Car)
pDEST15
(Car)
pDEST15
(Car)

Expression

strain

(resistance)

RoGa (Tet,
Chl, Strp)
RoGa (Tet,
Chl, Strp)
RoGa (Tet,
Chl, Strp)
RoGa (Tet,
Chl, Strp)
RoGa (Tet,
Chl, Strp)

Expression

conditions

18 °C, 20
hours

25 °C, 20
hours
25°C, 20
hours

25 °C, 20
hours
25°C 20

hours

LB

supplementation

none

0.5% glucose+
0.2mM MgS0O4

none

0.5% glucose +
0.2mM MgS0O4
0.5% glucose+
0.2mM MgSO0O4

Purification

GST-tag
based
GST-tag
based
GST-tag
based
GST-tag
based
GST-tag

based

After induction, the ODesoo was measured again to evaluate the growth of bacteria.

To avoid deviations from the Lambert-Beersche-law, samples with an ODeoo

higher than 0.8 were diluted with LB medium. Bacteria were centrifuged at 10,000
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rom for 15 minutes at 4°C, the supernatant was removed, and the pellet was
stored at -80 °C.

For protein purification, firstly the pellets were thawed on ice for 15 minutes if it
was stored at — 80°C. Then, it was suspended with 20 ml lysis buffer (Table 22)
and then transferred to a 50 ml Falcon tube. The suspension was incubated on
ice in the cold room while gently shaking. To destroy the cell wall, bacteria were
sonicated for 7.5 minutes (Settings: 20 % amplitude, 5 x cycle, 20 seconds on, 10
seconds off) with a Sonoplus Homogenisator on ice slurry. Afterwards, cell debris
was sedimented by centrifugation at 16,000 rcf for 30 minutes at 4 °C and the
supernatant containing the protein of interest was transferred to a fresh Falcon
tube. Meanwhile, 600 ul Glutathione Sepharose 4 Fast Flow Beads (GE
Healthcare, Chicago USA) were added to an Eppendorf tube. Beads were washed
three times with Tris-HCI purification buffer (Table 22). The supernatant was
cautiously removed after each centrifugation step (13,000 rpm for 3 minutes). All
beads were added to the supernatant from the previous step and incubated for 2
hours in cold room with gentle agitation. Next, beads were spun down at 3,000
rom for 3 minutes at 4°C with a slow deacceleration mode on. The supernatant
was removed, and the beads washed three times with purification buffer. Beads
were then added to the purification columns and washed two times with 10 ml
purification buffer without letting the columns run dry. 1 ml elution buffer (Table
22) was added to the column and incubated for 10 minutes. The protein was
afterwards eluted and concentrated with Amicon Ultra-4 Centrifuge filters by
centrifugation (4,000 rpm, 4 °C) until 150 pl remained. This step was repeated one
more time and the elute stored separately. In case of AtSK11, the elute was

concentrated again with Amicon Ultra-4-Centrifuge filters to remove contaminants.

Table 22: Protein purification buffers.

Volume/
Buffer name Components
concentration/ pH
Tris-Base* 50 mM
Lysis buffer NaCl 150 mM
PMSF 1mM
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Inhibitor cocktail 1#

Triton X-100 1%
pH 7.8
Tris-Base 50 mM
Tris-HCI purification buffer NaCl 150 mM
pH 7.8
Tris-HCI purification buffer 10 ml
Elution buffer Reduced Glutathione 10 mM
pH 7.8

# Tablet for 80 ml buffer

The results of protein expression and purification was analyzed and quantified
using SDS PAGE.

3.18. Co-immunoprecipitation

Coimmunoprecipitation experiments were carried out on 3 g of light-grown
seedlings, which were harvested at day 7, as described by Park et al. (2012).
Seedling lysates were incubated with GFP-trap beads (Chromotek). We
supplemented both the lysis and washing buffers with a protease inhibitor cocktail
for plants (Sigma-Aldrich P9599) and added 1mM phenylmethanesulfonylfluoride
every 45min. An inhibitor of proteasome activity (Sigma-Aldrich C2211) was also
added to the lysis buffer. The washing buffer (50mM Tris [pH 7.5] and 0.2% [v/v]
Triton X-100) was supplemented with 200mM NaCl. After washing away all non-
binding proteins, 70ul 2x NUPAGE LDS + 25mM DTT buffer (ThermoFisher, US)
was added and boiled at 70°C for 10min to denature the bait and all interaction
partners. The results of the Co-IP were verified on Coomassie blue gels. Further
trypsin digestion and LC-MS/MS measurements of Co-IP samples were carried
out at the BayBioMS facility.

3.19. Yeast Two-Hybrid (Y2H)

Full length cDNA clones obtained from the RIKEN Bioresource Center (Seki et
al., 2002) were used as templates for all clones used in binary interaction assays.
Y2H pairwise tests were performed as described in Altmann et al., 2018. Briefly,
open reading frames (ORFs) TRS120 truncations (T1, T3) and BIN2 were
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transferred by Gateway cloning into the GAL4 DNA-binding domain (DB) encoding
Y2H vector pDEST-pPC97, and subsequently transformed into the yeast strain
Y8930. These constructs were screened by yeast mating against a TRS120-T2
truncation and its phosphomutants TRS120-T2- SaD, SBD, SyD, SaBD and
SanByD fused to the Gal4 activation domain (AD) in the yeast strain Y8800. The
constructs were generated in the lab but the screening for interactions between
AD and DB was carried out by the collaborator’s lab of Dr. Pascal Falter-Braun at
the Helmholtz Zentrum, Munich. Interaction was 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. 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.

3.20. In vitro kinase assays — sample preparation

Glutathione S-transferase (GST)-BIN2 (Li and Nam, 2002) and GST-T2-
TRS120 phosphovariants were expressed in Escherichia coli (Rosetta-gami™
strain) under constant shaking for 20 hours at 25°C or 20 hours at 18°C,
respectively. The expressed proteins were affinity purified with GST-tags. After
sonication of the samples in 1x PBS, 1 mM PMSF, 1 mg/ml lysozyme and 1%
Triton X-100, the bacterial cell rests were centrifuged for 30 min at 16,000 g.
Supernatants were incubated for 2 hours with Glutathione Sepharose® 4 Fast
Flow Beads (GE Healthcare) while rotating. After washing the samples five times,
the GST tagged proteins were eluted with 10 mM glutathione and concentrated

by ultra-filtration.

In vitro kinase assays with mass-spectrometry readout were performed to
determine phosphorylation sites. For each reaction, 10ug of substrate (TRS120-
T2) and different dilutions of the kinase (1:5, 1:10, 1:100) were incubated for 15,
30, and 120min in a kinase buffer (20 mM Tris HCI, 100 mM NaCl, 1 mM MgClz,
1 mM DTT, 1 mM ATP). For the negative controls, one sample with the highest
kinase concentration and the longest incubation time was incubated in a kinase

buffer without ATP. For the kinase dead control, the kinase was heat-inactivated
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prior to the incubation with its substrate. To stop the reaction, samples were
heated at 95°C for 5 min.

After the assay, the samples were sent to BayBioMS for further processing and

MS analyses.

3.21. Statistical analysis and image processing

False discovery rates, determined with the standard two-tailed t-test, were set
at a cutoff of 1%. Images taken with the Leica SP8 microscope were deconvolved
using the built-in Huygens Scientific deconvolution software (www.leica-
microsystems.com) operated in 2D. For consistency in quantitative analyses, we
selected cortical root tip cells, at a height of 6-22 cells above the quiescent center
in the root apical meristem. For particle count analysis, a Macro was written in
Imaged. This first allowed us to free hand draw around the cell of interest. This
cell was then thresholded to select for the particles/puncta in the cytosol before
performing the analysis of particle properties. Generally, four images per
experiment were analyzed manually before applying the established parameters
to the whole data set. 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).
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4. Results

4.1. Role of the TRAPPII complex and ECHIDNA in protein sorting
at the TGN

In plant cells, major trafficking or sorting decisions of macromolecules occur
at the trans-Golgi-network (TGN) or early endosome (EE). The TGN acts as a
major hub for membrane trafficking during interphase and cytokinesis (Chow et
al., 2008; Dettmer et al., 2006; Ravikumar et al., 2018). It has essential functions
in exocytosis (Luo et al., 2015), endocytosis and protein sorting (Rosquete et al.,
2018) as well as a number of specialized functions such as cell plate formation in
dividing cells. In Arabidopsis, most of these functions are mediated by the
Transport Protein Particle Il (TRAPPII) protein complex (Qi & Zheng, 2011;
Ravikumar et al., 2018; Rosquete et al., 2019; Rybak et al., 2014; Steiner, Rybak,
et al., 2016) and ECHIDNA (ECH; Boutté et al., 2013; Gendre et al., 2011;
McFarlane et al., 2013). Previous studies show that the trappii null mutants are
seedling lethal and exhibit severe cytokinesis defects. This result is consistent with
the role of the TGN in plant cell organization (Kalde et al., 2019; Ravikumar et al.,
2018; Rybak et al., 2014; Steiner, Rybak, et al., 2016). ECH has been shown to
be necessary for cell elongation and secretory vesicle formation in the cells (Boutté
et al., 2013; Gendre et al., 2013, 2011; McFarlane et al., 2013). In spite of ECH
and TRAPPII complex’s important roles in trafficking at the TGN, little is known
about the nature of their interaction, and how this interaction could be involved in

making sure that their functions are performed efficiently.

4.1.1. TGN structure, endocytosis, cell elongation and cytokinesis are

differentially impacted in ech and trappii mutants

Previous studies have already shown that the TGN structure in ech and trappii
mutants are affected (Boutté et al., 2013; McFarlane et al., 2013; Qi & Zheng,
2011). | revisited this experiment with a quantitative analysis of the size and

number of TGN punctae in interphase cells of ech and trappii mutants labeled with
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TGN localizing markers VHAa1 and SYP61 fused with GFP and CFP respectively
using high resolution CLSM (Figure 9). Already at first glance, | could observe
aggregates of VHAa1:GFP compartments in the trs120-4 mutants in contrast to
club-2 (Figure 9C). The quantitative analysis confirmed this observation. The
average size of the VHAa1:GFP compartments in {rs120-4 mutants was
significantly larger than those in the wild type. However, in club-2 the opposite was
observed. There was a decrease in the average size of VHAa1l:GFP

compartments in club-2 in comparison to the wild type (Figure 9B) .

Subsequently, while determining the localization dynamics of SYP61:CFP, which
is a t-SNARE that colocalizes with VHAa1, the mutations displayed an opposite
impact on the SYP61:CFP compartments; average particle size in trappii mutants
was lower in comparison to those in the wild type (Figure 9F; P=4e™'" for club-2
and 4e7% for trs120-4) while it was higher than wild type and formed aggregates
in ech mutants (Figure 9F; P<0.05 for ech). This analysis thus indicated that the

ech and trappii mutants might have a different impact on the TGN structure.
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Figure 9: TGN structure is impacted in ech and trappii mutants.

Average particle or aggregate size (A, D) and representative deconvolved CLSM micrographs (C,
F) for TGN markers in wild type, ech, club-2 and trs120-4. Data are meanzs.d. Student’s two-tailed
t-test: *P<0.05, **P<0.01, ****P<0.0001, *****P<0.00001. Scale bars: 1.5 ym. (A-C) Behavior of
PvhHaa1::VHAa1-GFP-positive compartments. In ech mutants, particle or aggregate sizes were more
variable than in the wild type. Particle size is decreased in club-2 but particles aggregated in frs120-
4; n=54 wild-type cells from 14 seedlings; n=37 ech cells from 10 seedlings; n=40 club-2 cells from
eight seedlings; n=57 trs120-4 cells from 15 seedlings. (D-F) Behavior of Psyps1::SYP61-CFP-
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positive compartments. Particle counts were decreased in ech but unchanged in trappii mutants;
conversely, particle size was increased in ech and decreased in trappii. n=33 wild-type cells from
10 seedlings; n=18 ech cells from six seedlings; n=26 club-2 cells from eight seedlings; n=23

trs120-4 cells from six seedlings. Image panel and caption adapted from Ravikumar et al., 2018.

Endocytosis is one of the basal functions of the TGN. Previous studies have
already shown that endocytosis is not impaired in frappii mutants (Qi et al., 2011).
By monitoring the rates of endocytosis in the cells of the mutants, | wanted to
confirm this claim and compare it with that of the ech mutant. The experiment was
carried out by performing a quantitative analysis of FM4-64 internalization
dynamics (i.e., presence at the early endosome or TGN) at different time points in
root tip cells. Endocytosis experiment for frs120-4 mutants was carried out by Dr.
Katarzyna Rybak, a doctoral candidate at Assaad lab. The results show that
endocytosis is impaired in all mutants to a different degree. Endocytosis occurred
at 14 to 18 min after FM4-64 application in the ech and club-2 (Figure 10A)
mutants showing that it was delayed in comparison to the wild type. But in trs120-
4 mutants it was severely impaired at all time points (Figure 10B). Results from
the FM4-64 quantitative analysis show that ech and club-2 display a slight delay
in the rate of endocytosis in comparison to that in the wild type. However, in trs120-

4 mutants it was severely impaired in comparison to that in the wild type.
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Figure 10: Rate of endocytosis in ech and trappii.

The rate is computed by the number of FM4-64-positive vesicles per cell at the given time points.
Data are meanzs.d. Student’s two-tailed t-test: *P<0.05, **P<0.01, ****P<0.0001, *****P<0.00001.
(A) Endocytosis in ech mutants. n=116 cells from 14 wild-type seedlings, n=84 cells from eight ech

seedlings. (B) Endocytosis in trappii mutants. n=225 cells from 16 wild-type seedlings, n=147 cells

62



from 10 club-2 seedlings, n=111 cells from eight {rs720-4 seedlings. Image panel and caption
adapted from Ravikumar et al., 2018.

In addition to the basal TGN functions, there are also various specialized TGN
functions. | characterized two of the specialized TGN functions: cytokinesis, by
quantifying the number of incomplete cell walls (cell wall stubs) and cell
elongation, by measuring the length of the hypocotyls of the mutants imaged using
scanning electron microscopy (SEM). The results revealed that the ech mutants
were impaired in cell elongation but not in cytokinesis (Figure 11A). Conversely,
trappii null mutants were cytokinesis defective but not impaired in cell elongation
(Figure 11B). These results propose a partition in TGN functions among the

different players.
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Figure 11: Cell elongation versus cytokinesis defects in ech and trappii hypocotyls.

The hypocotyls were imaged using environmental scanning electron microscopy. Data are
meanzs.d. Student’s two-tailed t-test *P<0.05, *****P<0.00001. n=80 cells from five wild-type
seedlings, n=175 cells from seven ech seedlings, n=207 cells from nine club-2 seedlings, n=162
cells from six trs120-4 seedlings. (A). Cell elongation as measured by the length over the width of
the hypocotyl cells. This is decreased in ech (P=0.02) but not in frappii mutants. (B). Cytokinesis
defects as measured by the incidence of cell wall stubs or incomplete walls. These are detected
in trappii mutants (P<10-04) but not in ech. Image panel and caption adapted from Ravikumar et
al., 2018.

4.1.2. Plasma membrane and cell plate markers are mislocalized in ech and

trappii mutants

To elucidate the role of ECH and TRAPPII in protein sorting at the TGN, |

imaged two plasma membrane markers and two TGN markers in wild-type versus

63



mutant root tips. SYP121 and EXO84B, both fused to GFP, were the two plasma
membrane markers chosen for this study since the Assaad lab has already
monitored their localization dynamics in the trappii mutants (Rybak et al., 2014)

but not in ech.

Psyp121::SYP121:GFP (Collins et al., 2003) localizes to the plasma membrane in
interphase cells and also to the cell plate throughout cytokinesis. The cell plate
localization pattern is impaired in the club-2 mutant (Rybak et al., 2014). In the
ech mutants, | observed that although the plasma membrane and cell plate
localization resembled the wild type, SYP121:GFP localized to additional
compartments resembling vacuoles in both interphase and cytokinetic cells
(Figure 12B, E). SYP121:GFP localization was the most impaired in club-2
mutants (Figure 12C, E), it did not localize to the cell plate at all and displayed an
aberrant localization pattern of SYP121:GFP positive endocompartments in the
cytosol. In the other trappii mutant: trs120-4, SYP121:GFP displayed wild-type
localization dynamics in cytokinetic cells, but had an increased abundance of
endomembrane compartments in interphase cells in comparison to the wild type
(Figure 12D, E).

Pexosss::EXO84B:GFP (Fendrych et al., 2010) is a subunit of the exocyst tethering
complex that is absent at the cell plate during initiation, but later localizes to the
cross wall after maturation (Fendrych et al., 2010; Rybak et al., 2014; Smertenko
et al., 2017). The localization pattern of EXO84B:GFP in ech and trs120-4
resembled that of the wild type localization. However, in club-2 mutants (imaging
data by Dr. Alexander Steiner), EXO84B:GFP only labeled elongated
endomembrane compartments, and was completely absent at the cell plate
(Figure 12F).
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Figure 12: Sorting of plasma membrane markers in ech and trappii root tips.

Live imaging with GFP marker in green and FM4-64 in magenta. (A-D) Psyp121::SYP121-GFP in
non-dividing cells. SYP121-GFP-positive vesicles colocalize with FM4-64 in all backgrounds (blue
arrowheads) with the exception of club-2 (red arrowhead in C). There is mistargeting to vacuole-
like structures in ech (white open arrowheads in B). n=38 wild-type, n=7 ech, n=10 club-2 and
n=11 trs120-4 seedlings. (E,F) Imaging of cytokinetic cells. Surface plots are 3D heat maps
depicting fluorescence intensity along the z-axis with a scale ranging from blue (low) to red (high).
(E). Psyp121:: SYP121-GFP. n=52 wild type, n=17 ech, n=12 club-2, n=28 trs120-4 cytokinetic cells
from at least ten seedlings. (F) Pexoss::EXO84B-GFP. n=13 wild type, n=15 ech, n=11 club-2, n=10

65



trs120-4 cytokinetic cells from at least ten seedlings. White arrows indicate cell plates; yellow
arrowheads indicate deviant vesicles in club-2. Asterisk indicates a diffuse cloud of GFP signal
around the cell plate prior to insertion into the lateral wall. White-rimmed blue arrow indicates a

cross wall. Scale bars: 5 ym. Image panel and caption adapted from Ravikumar et al., 2018.

In order to further understand protein sorting in the different mutant backgrounds,
| next imaged two TGN markers, Pvhaa1::VHAa1:GFP and Psyps1::SYP61:CFP in
the cytokinetic cells of the mutant root tips. VHAa1:GFP (Dettmer et al., 2006) is
a TGN marker, absent at the cell plate in the wild type (first panel in Figure 13).
Interestingly, in 55% of the observed cell plates of the ech mutants (n= 18),
VHAa1:GFP weakly labeled the cell plate showing a subtle deviation from the wild
type. This deviation in the VHAa1:GFP localization pattern was much stronger in
the trappii mutants, with an abnormally strong cell plate signal observed in 89%
(n=28) club-2 and 72.2% (n= 43) trs120-4 cell plates (Figure 13).

66



VHAa1:GFP

Biogenesis

x

Maturation

v 4 2 ’ 5
e b y 4
' . ye
L -
.
-

trs120-4

FM4-64

Merged

Heat map

\
A \
: \
. —. |
g " 1 \
\
R \
\ \
- .
\
\
\
. | \‘
e .
A \

Figure 13: Sorting of a TGN marker in ech
and trappii root tips.

Live imaging of dividing cells with
Pvhaa1::VHAa1:GFP in green and FM4-64 in
magenta. Note cell plate exclusion in the wild
type versus ectopic localization to the cell plate,
especially pronounced in frappii mutants.
Surface plots are 3D heat maps depicting
fluorescence intensity along the z-axis with a
scale ranging from blue (low) to red (high). White
arrows point to cell plate. At least ten seedlings
were imaged per marker line. n = 46 wild type, n
= 18 ech, n = 28 club-2, n = 43 trs120-4
cytokinetic cells. Size bars = 5um. Image panel
and caption adapted from Ravikumar et al.,
2018.

In contrast to VHAa1:GFP, which is excluded from the cell plate in the wild type,
Psyre1::SYP61:CFP (Drakakaki et al., 2012) is known to label the cell plate
throughout cytokinesis and did not appear to be impaired in either ech or in trappii
mutants (Figure 14B). However, just like in SYP121:GFP, the SYP61:CFP protein

in ech mutants localized to additional compartments resembling vacuoles in both

the interphase and cytokinetic cells (Figure 14A).
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Figure 14: Sorting of the TGN marker
Psype1::SYP61:CFP in ech and trappii root
tips.

Live imaging with Psype1:SYP61:CFP marker in
green and FM4-64 in magenta. (A).
SYP61:CFP in non-dividing cells. SYP61:CFP
is not localized to the plasma membrane in the
WT but it is mislocalized to the plasma
membrane in both ech and club-2 (pink-rimmed
green arrowheads). Note mistargeting to
vacuole-like  structures in ech (open
arrowheads in middle panel). (B). Live imaging
of Psype1::SYP61:CFP in dividing cells. Surface
plots are 3D heat maps depicting fluorescence
intensity along the z-axis with a scale ranging
from blue (low) to red (high). White arrows point
to cell plates. n = 10 wild-type, n =8 ech,n =4
club-2, n = 12 trs120-4 cell plates. Size bars: 5
pm. Image panel and caption adapted from
Ravikumar et al., 2018.

A cell plate marker: PkeuLe::KEULE:GFP (Steiner, Muller, et al., 2016) was imaged
next. KEULE:GFP is a cytosolic marker that is sorted to the cell plate at the

beginning of cytokinesis and labels it throughout mitosis, later localizing to the

rapidly expanding leading edges of the cell plate at the disc phragmoplast stage
(Steiner, Muller, et al., 2016). In both the trappii mutants, the KEULE:GFP
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localization pattern differed from the wild type. In contrast to the plasma

membrane markers, trs120-4 mutants were severely impaired in targeting
KEULE:GFP to the cell plate than club-2 (Figure 15). In ech, the localization of

KEULE:GFP to the cell plate was similar to the wild type, however, there was less

cytosolic signal in the cells (Figure 15).
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Figure 15: Sorting of a cell plate marker

in ech and trappii root tips.

Live imaging of dividing cells with
Pkeu::KEULE:GFP in green and FM4-64 in
magenta. Surface plots are 3D heat maps
depicting fluorescence intensity along the
z-axis with a scale ranging from blue (low)
to red (high). The localization dynamics of
KEULE:GFP at the cell plate differed from
the wild type in trappii but not in ech
mutants, but there was less cytosolic signal
in ech than in the wild type. Yellow
arrowheads point to deviant vesicles in
trs120-4. White arrows point to cell plate.
Arrowheads point to the leading edges of
the cell plate in the wild type and in ech. At
least ten seedlings were imaged per
marker line. n = 59 wild type, n = 32 ech, n
= 46 club-2, n = 39 trs120-4 cytokinetic
cells. Size bars = 5um. Image panel and
caption adapted from Ravikumar et al.,
2018.

In conclusion, firstly, the study shows that plasma membrane markers were

mistargeted to different compartments in ech and club-2. | could observe
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mislocalization of SYP61:CFP and SYP121:GFP (but not EXO84b:GFP) to
compartments resembling vacuoles in ech but not in trappii mutant root tips. club-
2 mutants were more severely impaired in the targeting of plasma membrane
markers than trs120-4. Secondly, TGN marker VHAa1:GFP severely deviated
from the wild type in trappii mutants. And thirdly, protein sorting at the cell plate

was impaired in frappii but not in ech mutants.

4.1.3. ech trappii double mutants show synergistic genetic interaction

The IP-MS data from the Assaad lab showed that there was no physical
interaction between TRAPPII and ECH proteins. Also, the network interaction data
(performed by the group of Pascal Falter-Braun) suggested that TRAPPII and
ECH might be acting in two distinct yet adjacent pathways (Ravikumar et al.,
2018). To elucidate whether these pathways were either partially redundant or
completely independent, | performed double mutant analysis. If the pathways
interacted independently, one would observe an additive double mutant
phenotype. In case of either partial redundancy or overlap, a synthetically
enhanced or synergistic (i.e., more than additive) double mutant phenotype is

expected.

| first noticed almost tenfold increase of collapsed seeds among the progeny of
plants homozygous for ech and segregating club-2 null alleles, which is indicative
of embryo lethality. | examined the embryo phenotypes in the siliques of plants
segregating both the single and double mutant progeny (Figure 16). ech single
mutants showed very weak embryo phenotypes up to heart stages, whereas club-
2 single mutants exhibited a few abnormal cell divisions throughout
embryogenesis especially in the root apical meristem, at an average frequency of
11.8% (n=511 embryos). In the progeny of plants homozygous for ech and
segregating club-2 null alleles, | could observe a high frequency of unusually
shaped embryos until the heart stage. The deviations were mostly in the basal
region of the embryo and affected the root primordia (last column in Figure 16).
Also, the embryos appeared radially swollen maybe because of reduced cell

elongation. From the heart stage to the torpedo stage the number of double
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mutants dropped drastically and | could observe no double mutant embryos at the
torpedo stage (0% frequency, n= 130 torpedo stage mutants for the ech club-2
double mutants). Taken together, from the observation of synergistically increased
number of collapsed seeds, | concluded that the double mutants are embryo
lethal, that collapsed by the late heart stage. In short, the combination of a viable

ech allele with seedling lethal club-2 allele gave rise to embryo lethality.

ech/ech
WT ech/ech club-2/club-2 club-2/club-2
&= X 7 * < i) ; e v 54

Mid globular

Transition

Early heart

Figure 16: Embryogenesis in ech and club-2 single and double mutants.

Null alleles used for both loci. Asterisk indicates the hypophysis or its progeny. Black arrows
indicate aberrant cell division planes. Isodiametric cells and radial swelling occur in ech club-2
heart stage double mutants (bottom right panel). e, elongated cell; i, isodiametric cell. n=157
embryos from three wild-type mother plants, n=123 embryos from three ech mother plants, n=511
embryos from six club-2 mother plants, n=162 embryos from seven ech club-2 mother plants.

Scale bar: 10 ym. Image panel and caption adapted from Ravikumar et al., 2018.

To test which of the traits were synthetically enriched in the double mutants, we
conducted a cellular analysis of single versus double mutant phenotypes. After a
survey of 15 antibodies, Arabinogalactan proteins (AGP) glycans were found to
be excellent markers for secretion. AGPs are assembled in the ER and Golgi and

later are sorted to the cell wall through secretory vesicles (Nguema-Ona et al.,
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2014). Immunostained root tip cells of null alleles of ech and trappii mutants
showed that LM14 antibody, an AGP glycan labeled the cell walls. However, it
failed to accumulate at the cell walls in ech trs120-5 double mutants (Figure 17A).
It is important to note here that the single mutant — trs120-4, is a null {rs720 allele.
However, a hypomorphic trs120 allele (trs120-5) was used for the double mutant.
Therefore, the results signify a synergistic enrichment in secretion in the double
mutants. In addition to this, the double mutants exhibited isodiametric cells in the
elongation zone of the root (experiment conducted by Mr. Nils Kalbfuss, a student
at Assaad lab, SEM imaging was done in collaboration with Dr. Wanner at LMU).
| confirmed this observation, by carrying out a quantitative analysis of cell length
vs width in the elongation zone of root tip cells labelled with FM4-64 in
homozygous ech mutants, hypomorphic trs120-5 mutants and the ech trs120-5
double mutants. This data confirmed the primary observation and revealed that
cell elongation was also abnormally impaired in the double mutants (Figure 17B).
In conclusion, there was a synthetic enhancement of the secretion defect and of

cell elongation in the double mutant embryos or seedlings.
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Figure 17: Double mutant analysis between ech and trappii.

(A). Antibody staining of root tips with LM14 antibody against AGP glycans. The polysaccharide is
secreted to the cell surface (orange arrows) in the wild type and null single mutants, but it
accumulates in intracellular vesicles (open arrows) in the ech trs120-5 double mutant. n=8 wild-
type seedlings; n=6 ech seedlings; n=7 trs120-4 seedlings; n=6 ech trs120-5 seedlings. Scale
bars: 5 um. (B). Cell elongation in the root tip of single versus double mutants. Cell elongation is
affected in ech-null but not in trs120-5 hypomorphic alleles; it is synthetically (i.e., more than
additively) enhanced in the ech trs120-5 double mutant. Data are meants.d. Student’s two-tailed

t-test. ******P<e™2°, Ten seedlings were analyzed per genotype. n=41 wild type, n=40 ech, n=30
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trs120-5 and n=59 ech trs120-5 cells. Image panel and caption adapted from Ravikumar et al.,
2018.

Next, | wanted to ascertain whether the proteins were dependent on each other
with respect to their localization patterns. Therefore, | monitored and quantified
the localization dynamics of TRAPPIl in ech and vice versa. Firstly,
Ptrs120:: TRS120:GFP (Rybak et al., 2014) marker demonstrated normal cell plate
localization dynamics in ech mutants (Figure 18A). Secondly, the quantification
data also revealed that the number and appearance of TRS120:GFP positive
endocompartments were identical between ech and the wild type in interphase
cells (Figure 18B). Correspondingly, the localization pattern of ECH was
unaffected by trappii mutation (Figure 18E, F. G; Ravikumar et al., 2018). All things
considered, the data suggests that ECHIDNA and TRAPPII might act in distinct
pathways that are able to compensate for each other with regard to essential TGN

functions such as secretion and cell elongation.
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Figure 18: Behavior of TRS120-GFP in ech and of ECHIDNA in trappii mutants.

(A). Live imaging of Ptrs120:: TRS120-GFP in wild-type and ech root tip cells. The mutant and wild-
type localization dynamics are similar. Two partial and two complete time lapses were performed.
Scale bars: 5 pym. (B-G) Comparison of normalized particle counts/cell area (B, E), average size
of particles or aggregates (C, F) and representative CLSM deconvolved images (D, G) for TRS120-
GFP live (B, C) (n=28 wild-type cells from seven seedlings; n=29 ech cells from eight seedlings)
or ECHIDNA antibody (E-G) signal in segregating wild type and mutants (n=35 cells from five wild-
type seedlings, n=52 cells from 19 club-2 seedlings, n=64 cells from 12 trs120-4 seedlings).
Interphase cells were chosen for analysis. Single cells were selected as region of interest for the
experiment. Data are meants.d. Student’s two-tailed t-test. Scale bars: 1.5 ym. Image panel and

caption adapted from Ravikumar et al., 2018.
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4.2. TRS33 is a subunit of the TRAPPIl complex and is required

for its membrane association

The Arabidopsis TRAPPII complex localizes to the TGN/EE and is involved
in specialized TGN functions (Ravikumar et al., 2018; Rybak et al., 2014; Steiner,
Rybak, et al., 2016; Thellmann et al., 2010). In spite of its significantly important
biological role, little information is known about its topology. Additionally, it is still
unclear whether it more closely resembles yeast or metazoan orthologous

complexes with respect to its subunit composition.

4.2.1. A synergistic interaction of the double mutant trs33-1 club-2 link them

functionally

To determine the link between the TRAPPII-specific subunits and the
shared subunits of the complex, | carried out double mutant analysis between a
shared subunit and a TRAPPII-specific allele. For this study, | chose AtTRS33,
which is known to be a shared subunit of the TRAPPII and TRAPPIII complex in
yeast and metazoans (Lipatova, Majumdar, & Segev, 2016; Thomas et al., 2018)
and has been shown to be necessary for the TRAPPII assembly in yeast (Tokarev
et al., 2009) and Aspergillus (Pinar et al., 2019). Previous work in the lab has
already characterized a null insertion allele, trs33-1 (Thellmann et al., 2010). This
was crossed to a null allele of the TRAPPII-specific subunit CLUB/AtTRS130
(termed as club-2; Jaber et al., 2010). The F2 generation of the cross did not have
any seedlings that were double homozygous for null mutants of these genes, this
implied that the club-2 trs33-1 double mutants are either gametophytic or embryo
lethal. Embryo phenotypes were then monitored to verify whether they were

indeed embryo lethal.

The putative double mutant embryos showed aberrant embryo development in
comparison to the single mutants, they remained globular even during the later
stages, unable to acquire the heart shaped form and finally collapsing by the late

heart stage (Figure 19A). The number of putative double mutants drastically
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decreased from 8 to 15% at the globular (n = 234) and heart (n = 327; Figure 19B,
C) stages to 0% by the torpedo stage (n = 155; ; Figure 19B, C). Since trs33-1
and club-2 have weak to moderate seedling lethality (Jaber et al., 2010; Thellmann
et al., 2010), an additive phenotype would mean a strong seedling lethality but not
an embryo lethal phenotype. Thus, the result of the double mutant analysis points
to a synergistic genetic interaction (Guarente, 1993; Pérez-Pérez, Candela, &
Micol, 2009). Taken together, the genetic interaction results suggests that there is
a functional link between AtTRS33 and CLUB/ AtTRS130.
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Figure 19: Double mutant analysis between trs33-1 and club-2.

(A). Embryogenesis in {rs33-1 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 arrowheads: aberrant cell shape. Note the aberrant cell division and deformed shape of trs33-
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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 Figure S2) putative double mutant
embryos from mother plants segregating both trs33-7 and club-2. n = 157 embryos from three wild-
type mother plants, n = 219 embryos from three trs33-1 mother plants, n = 511 embryos from six
club-2 mother plants, n = 870 embryos from seven trs33-1 club-2 mother plants. (B). Incidence of
club-2 trs33-1 putative double mutant phenotypes. The table lists the number of embryos for each
genotype at heart and torpedo stages. n = 3 wild-type mother plants; n = 6 club-2 mother plants;
n = 3 trs33-1 mother plants; n = 7 trs33-1 club2 mother plants. (C). Incidence (%) as a graph.
Siliques of wild type (Col-0), club-2 and trs33-1 single mutants, and plants segregating both club-
2 and trs33-1 were analyzed for embryo phenotypes. Single mutant embryos were observed at all
stages. In contrast, putative double mutants (black fill) were observed until the heart but not at the

torpedo stage. Image panel and caption adapted from Kalde et al., 2019.

4.2.2. trs33-1 mutants are necessary for the membrane localization of
TRS120:GFP

TRS33 is a shared TRAPPII and TRAPPIII complex subunit identified in
yeast and metazoans (Lipatova et al., 2016; Thomas et al., 2018; Tokarev et al.,
2009). In Arabidopsis, AtTRS33 has been implicated in cytokinesis and was
identified in the TRAPPII interactome (Kalde et al., 2019; Rybak et al., 2014;
Thellmann et al., 2010). However, in Arabidopsis the functional link of AtTRS33 to
the TRAPPII complex is still unclear. Therefore, | next assessed the effect of the
trs33-1 mutation on the localization dynamics of the TRAPPII-specific subunit
AtTRS120. As with previous studies, in the wild type background, TRS120:GFP
localized to the cytosol, TGN endocompartments in interphase cells (Figure 20A)
and to the cell plate in cytokinetic cells (Figure 20B, C), reorganizing to the leading
edges during maturation (Figure 20C). However, in the {rs33-1 mutant
background, only cytosolic TRS120:GFP signal was present but TGN
endocompartments were completely absent in interphase cells (Figure 20A). In
cytokinetic cells, the TRS120:GFP signal was present as a diffuse cytosolic cloud
around the cell plate and during maturation it re-organized to the leading edges in
the same diffused manner with very weak cell plate signal (Figure 20B, C, D).
These results suggests that AtTRS33 is necessary for the proper localization

dynamics of AtTRS120 during cytokinesis and also for its membrane association.
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Along with the double mutant analysis, this data ascertains a functional link
between AtTRS33 and AtTRS120 in the Arabidopsis TRAPPII complex.
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Figure 20: TRS33 is required for normal subcellular localization of TRS120:GFP.

Live imaging of TRS120:GFP (green) and FM4-64 (magenta) in roots of Ptrs120::TRS120:GFP
plants. (A). Cells at interphase show TRS120:GFP enriched at endomembrane compartments
(green arrowheads) in the wild type, but not in {rs33-1, where only a cytosolic haze can be seen.
(B). During early stages of cytokinesis (Ins- Bio or cell plate initiation and biogenesis),
TRS120:GFP is enriched at the cell plate (white arrow) in the wild type, but not in trs33-1. (C).
During late stages of cytokinesis (cell plate 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 {rs33-1
mutant (white arrowhead). (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 not in {rs33-1. PM,
plasma membrane. At least 10 seedlings were imaged per marker line. n 5 8 for wild type, n 57
trs33-1 for cytokinetic cells. Scale bars= 5 um. Image panel and caption adapted from Kalde et al.,
2019.

79



4.3. The TRAPPIl complex acts as a putative Rab GEF

In Arabidopsis, the Rab-A GTPases form a clade of Rab GTPases that act
primarily at the cell edges and at the TGN (Elliott et al., 2020; Rutherford & Moore,
2002). The Rab-A5 subclade of Rab-A GTPases are localized to the TGN in
Arabidopsis and are known to label the cell plates in cytokinetic cells. They were
also shown to mark the geometric edges of the cells i.e., where two faces meet,
signifying an important spatial domain in the cells (Kirchhelle et al., 2016). The
Rab-A5c GTPases were also reported to be essential for growth anisotropy of
cells and to help control the direction of growth in lateral roots independently of
cellulose microtubule orientation (Kirchhelle et al., 2016; Kirchhelle, Garcia-
Gonzalez, Irani, Jérusalem, & Moore, 2019) . | wanted to verify if the localization
of the Rab-A5c GTPases is dependent on the TRAPPII complex.

4.3.1. The edge localization pattern of YFP:RAB-A5c is defective in trappii

mutants

| observed the localization dynamics of Rab-A5c GTPase in the
immunostained root tip cells of the wild-type and trappii mutants that were crossed
with a Prab-asc::YFP:Rab-ASc (Kirchhelle et al., 2016) marker and labeled with a
GFP antibody. In the wild type cells, YFP:Rab-A5c labeled the cytosol and were
clearly marking the geometric edges of the cells. However, in both the trappii
mutants, the edge localization of YFP:Rab-A5c was abolished (Figure 21). This
interesting observation suggests that the TRAPPII complex might be necessary

for the proper membrane association of the Rab-A5¢c GTPases.
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trs120-4

Figure 21: Localization dynamics of Pasc::YFP:Rab-A5c in the wild type and trappii mutants
root tips.

Immunostained cells with YFP:Rab-AS5c in green. The edge localized is abolished in both trappii
mutants. Yellow arrowheads point to aberrant localization of YFP:Rab-A5c in the cytosol of the
trappii mutants. Note the absence of YFP:Rab-A5c at the cell edges of the trappii mutants.
Magenta arrow points to edge localized YFP:Rab-A5c in the wild type root tips. n = 10 seedlings

for wild type; n = 8 seedlings for club-2; n = 5 seedlings for {rs120-4. Size bars = 5 pym.

4.3.2. The localization of YFP:RAB-A2a in trappii mutants show cell plate re-

localization defects

Previous studies have shown that the TRAPPII complex and RAB-A2a GTPases
play a role during cytokinesis (Chow et al., 2008; Qi et al., 2011; Rybak et al.,
2014). | wanted to verify these results and determine their localization dynamics
during cell plate initiation and maturation. To this extent, live-cell imaging of root
tip cells with Pa2a::YFP:RAB-A2a marker (Chow et al., 2008; Kalde et al., 2019;
Figure 24A, B) as well as with Ptrs120::TRS120:GFP (Rybak et al., 2014; Figure
22) was carried out during cytokinesis. Both the markers localized at the cell plate
during cell plate initiation and later also re-organized to the leading edges of the

cell plate during maturation (Kalde et al., 2019).

TRS120:GFP

Figure 22: Localization pattern of Ptrs120::TRS120:GFP.
Spinning disk confocal microscopy of root tips. TRS120:GFP. Time lapses are shown, with minutes
indicated in the right panel. Maximum intensity projections of 4D imaging data. White arrows point

to cell plates. White arrow heads point to the leading edges of the CP. Endosomal compartments

81



in the cytosol are labeled by yellow arrowheads. n = 10 hypocotyls, 7 root tips and 3 petioles. Size

bars = 10um.

| then determined the YFP:RAB-A2a localization dynamics in the null trappii
specific alleles. In seedling-lethal null frappii mutants, even though YFP:RAB-A2a
retained membrane association and was present at the cell surface, it additionally
labeled endosomal (or FM4-64 positive compartments) compartments present
next to the cell plate and during maturation, YFP:RAB-A2a failed to reorganize to
the leading edges of the cell plate (Figure 23A, B, Figure 24B and Figure 27A, B).
The data shows that YFP:RAB-A2a does not require the TRAPPII complex for its
initial recruitment to the membranes, but is necessary later for its re-organization
during cell plate expansion. In conclusion, both YFP:RAB-A2a and
TRS120:mCherry are present at the cell plate and colocalize with each other
during cytokinesis and the localization dynamics of YFP:RAB- A2a depend on
TRAPPII function.
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Figure 23: The behavior of YFP:RAB-A2a variants in trappii root tips.

Live imaging with YFP marker in green and FM4-64 in magenta. (A, B). Paza::YFP:RAB-A2a does
not completely reorganize to the leading edges of the cell plate in both trappii mutants during cell
plate maturation. n = 35 cytokinetic cells for club-2; n =20 cytokinetic cells for frs120-4; at least 20
seedlings were imaged per line. White arrows point to cell plates. Endosomal compartments in the
cytosol are labeled by yellow arrowheads. Biogenesis and maturation refer to the cell plate at
different cytokinesis stages. At least 10 seedlings were imaged per marker line. Size bars =5 ym.

Image panel and caption adapted from Kalde et al., 2019.

4.3.3. The localization pattern of YFP:RAB-A2a CA and DN variants in trappii

mutants is perturbed

In yeast and metazoans, the TRAPPII complex is well studied for its role
as a Rab-GEF (Morozova et al., 2006; Riedel et al., 2018). | wanted to test whether
this holds true in Arabidopsis as well. | hypothesized that the TRAPPIlI complex
might act as an upstream GEF for RAB-A2a because of its dependance on the
TRAPPII complex for its proper localization at the cell edges and also during
cytokinesis (4.3.1; 4.3.2). To test this hypothesis, | determined the localization
dynamics of the dominant negative (DN) and constitutively active (CA) RAB-A2a

variants, in wild-type versus trappii (trs33-1) mutant backgrounds and performed
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quantitative analysis for signal intensity at the cell plate vs the leading edges, for
the signal intensity at the cell plate vs the plasma membrane and also for the
numbers of cells that showed either total, partial or no re-localization of
RABAZ2a:YFP and its variants to the leading edges. The RAB-A2a variants are
expressed under their native promoter and fused to YFP. They have been
previously described by Chow et al. 2008, for convenience purposes they were
termed as YFP:A2a-DN (GDP-bound) and YFP:A2a-CA (GTP-bound).

As an initial experiment, | quantified the localization dynamics of YFP:RAB-A2a in
the trs33-1 mutant root tips. YFP:A2a labeled the cell plate of the cytokinetic cells
in the mutants (Figure 24A). However, unlike the other trappii mutants (4.3.2),
trs33-1 showed at least partial re-localization of the YFP:A2a signal to the leading
edges of the cell plate (occurring at a frequency of 70.58%; Figure 24A, B and

Figure 27B) during cell plate expansion and maturation.

A Wild Type trs33-1
YFP:A2a FM4-64 Merged FM4-64 Merged
© %
w %)
(] ]
& &
g 8 k
m [an]
c o
e Kl
T g
-] =}
© ©

trs33-1 club-2 trs120-4

os]

29.4% o
: ok 46.2%

84.6%
70.58% 50%

100%

n= 12 n= 17 n=20 n=17
Re-localization Partial re-localization No re-localization

Figure 24: Sorting of YFP:RAB-A2a in trs33-1 root tips.

(A). Live imaging of Paza::YFP:RAB-A2a (YFP:A2a, in green) in wild type and frs33-1 backgrounds.

Membranes are stained with FM4-64 (magenta). YFP:A2a is present at the cell plate during the

anaphase-to telophase transition and reorganizes to the leading edges at the end of cytokinesis.

This is seen in both the wild type and in trs33-1. The incidence of untethered endosomal
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compartments in the vicinity of the cell plate is higher in {rs33-1 than in the wild type. White arrows
point to cell plate. White arrow heads point to the leading edges of the CP. Biogenesis and
Maturation refer to the cell plate at different cytokinesis stages. At least ten seedlings were imaged
per marker line. n = 8 wild type, n = 16 {rs33-1 cytokinetic cells. Size bars = Sum. (B). Pie charts
depicting incidence of fully (green) or partially (yellow) re-localized signal, or cell plates with no re-
localization (pink). n=12, 17, 20 and 17 expanding cell plates in WT, {rs33-1, club-2 and trs120-4,
respectively. At least 20 seedlings were imaged per line. Image panel and caption adapted from
Kalde et al., 2019.

Localization dynamics observed in live imaging and later quantification of the data
showed that the YFP:A2a-DN is recruited to the cell plate in the wild type and later
partially re-localized to the leading edges of the cell plate during maturation (at a
frequency of 69.2% total re-localization and 53.8% of partial re-localization; Figure
25A, B and Figure 27A, B). Even though one would expect GDP-bound Rabs to
remain cytosolic and not associated to membranes, my observation is compatible
with previous studies showing that dominant-negative Rab GTPase mutants can
retain membrane localization, and that YFP:A2a-DN localizes to the cell plate
(Asaoka et al., 2013; Chow et al., 2008). Interestingly, in {rs33-1 mutants, even
though the cell plate was weakly labeled, there were a large number of YFP:A2a-
DN-labelled endocompartments, forming a cloud of punctae in the vicinity of the
cell plate (Figure 25A). This localization pattern was similar to a previous
observation of KNOLLE-positive cytokinetic compartments in trappii mutants
(Jaber et al., 2010; Rybak et al., 2014; Thellmann et al., 2010). Almost no re-
localization of the cell plate to the leading edges was observed during cell plate
maturation in the trs33-1 mutants (at a frequency of 12.5% partial re-localization
and 87.5% no re-localization; Figure 25B; Figure 27B). Another interesting
observation was the decreased cell plate intensity versus plasma membrane
intensity in comparison to the wild type (p<0.00005; Figure 27C). The results
suggest a synthetic enhancement of the YFP:A2a-DN localization phenotype in

trappii.
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Figure 25: Sorting of YFP:RAB-A2a-DN, a GDP bound variants in trs33-1 root tips.

Live imaging of YFP:RAB-A2a-DN (YFP:A2a-DN, in green) expressed from the RAB-A2a native
promoter in wild type and {rs33-1 backgrounds. (A). of Paza::YFP:A2a-DN (GDP-bound) labels the
cell plate but, in contrast to YFP:A2a (WT), fails to reorganize to the leading edges of the cell plate
in WT root tips. In {rs33-1, YFP:A2a-DN weakly labels the CP and predominantly localizes to
endosomal compartments around the cell plate (yellow arrowheads). Thus, {rs33-1 synthetically
enhances the YFP:A2a-DN localization phenotype. White arrows point to cell plate and the white-
rimmed blue arrow to a cross wall. Biogenesis and Maturation refer to the cell plate at different
cytokinesis stages. At least ten seedlings were imaged per marker line. n = 10 wild type, n = 6
trs33-1 cytokinetic cells. Size bars=5um. (B). Pie charts depicting incidence of fully (green) or
partially (yellow) re-localized signal, or cell plates with no re-localization (pink). n = 19 and 8
expanding cell plates in WT and {rs33-1, respectively. At least 20 seedlings were imaged per line.

Image panel and caption adapted from Kalde et al., 2019.

The GTP-bound YFP:A2a-CA labelled wild-type cell plates in a more uniform
manner than YFP:RAB-A2a (Figure 26A). It also stably labeled the plasma
membrane of the cytokinetic cells, which was not observed in either YFP:RAB-
A2a or YFP:A2a-DN (Figure 24A; Figure 25A; Figure 26A, B). Therefore, the cell
plate to plasma membrane intensity was almost equal and the ratio was roughly
1.0 (Figure 27C). However, the opposite was true in the frs33-1 mutants and also
in trs120-4 mutants (Kalde et al., 2019). The cell plate labeled more strongly than

the plasma membrane (Figure 26A, B and Figure 27C). This result points to a
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partial suppression of the YFP:A2a-CA localization phenotype. Here, in order to
understand the results, it is important to consider the TRAPPII complex as a GEF.
In the absence of a GEF, one would expect an increase in the number of GDP-
bond Rab pools and a decrease in GTP-bound Rab pools. However, since
TRAPPII is not the only protein that is responsible for the proper localization of
Rabs (as shown before in 4.3.1), we can therefore presume enhancement and (at
least partial) suppression phenotype of GDP bound and GTP bound YFP:A2a
respectively, in the trappii mutants. YFP:A2a-CA is more correctly localized the
cell plate in the frappii mutants than in the wild type, which infers a partial
suppression phenotype. A complete suppression phenotype would show a
complete re-localization of the YFP:A2a-CA signal to the leading edges of the cell
plate in the ftrappii mutants, which is not what | observed in my imaging

experiments.
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Figure 26: Sorting of YFP: RAB-A2a-CA, a GTP bound variants in trs33-1 root tips.

Live imaging of YFP: RAB-A2a-CA (YFP:A2a-CA, in green) expressed from the RAB-A2a native
promoter in wild type and trs33-1 backgrounds. Membranes are stained with FM4-64 (magenta).
(A). Paza::YFP:A2a-CA (GTP-bound) only weakly labels the cell plates of WT root tips and
ectopically localizes to the plasma membrane (red arrowheads). In contrast, in the {rs33-1 mutants,
it has a stronger signal at the cell plate and a weaker ectopic signal. n = 8 wild type, n = 10 {rs33-

1 cytokinetic cells. (B). Line graphs depicting scaled relative fluorescence intensities of
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Paz2a::YFP:A2a-CA. Even peaks of maximal intensity (red arrows) are seen at the CP in both the
wild-type and in trs33-1, but in {rs33-1 the intensity relative to the ectopic plasma membrane signal
is higher. Thus, trs33- 1 partially suppresses the YFP:A2a-CA localization phenotype. White
arrows point to cell plate. CP: cell plate. PM: plasma membrane. Biogenesis and Maturation refer
to the cell plate at different cytokinesis stages. At least ten seedlings were imaged per marker line.

Size bars = 5um. Image panel and caption adapted from Kalde et al., 2019.

The localization data clearly show that the mutations in the trappii complex
subunits firstly, although initially show normal cell plate localization, cause defects
in the relocalization of YFP:A2a signal to the leading edges of the cell plate (Figure
27A, B). Secondly, they cause enhancement of the GDP-bound YFP:A2a-DN
localization phenotype and partial suppression of the GTP-bound YFP:A2a-CA
localization phenotype (Figure 27B, C), which provides very convincing genetic
evidence that TRAPPII functions upstream of RAB-A2a. Therefore, these results
along with the known function of the TRAPPII complex in yeast and metazoans,
strongly suggest that the TRAPPII complex might act as a putative GEF for Rab-
A GTPases in Arabidopsis.
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Figure 27: The behavior of YFP: RAB-A2a, -DN and -CA in wild-type versus trappii root tips.

Live imaging with YFP marker in green. (A). Left: Paza::YFP:A2a in wild-type versus mutant
backgrounds and Paza::YFP:A2a-DN (GDP-bound) in wild-type. Right: 3D heat maps of YFP:A2a
depicting fluorescence intensity along the z axis with a scale ranging from blue (low) to red (high).
YFP:A2a does not completely reorganize to the leading edges of the cell plate in trappii mutants
and nor does YFP:A2a-DN fully reorganize to the leading edges of the cell plate in WT root tips.
White arrow heads point to the leading edges of the CP and yellow arrow heads to aberrant
endosomal compartments. Asterisks indicate aberrant YFP:A2a or YFP:A2a-DN at the center of
the cell plate. (B). Ratio of signal intensity at the leading edges versus the center of the cell plate
(CP). This is significantly decreased for trappii-specific and trs33-1 mutants. There is also a
significant decrease for Paza::YFP:A2a-DN in {rs33-1 versus wild-type backgrounds. * P < 0.02; **
P <0.01; *** P< 0.001; **** P < 0.0001; ***** P<0.000001. (C). Ratio of signal intensity at the cell
plate (CP) versus the plasma membrane (PM). This is significantly decreased for Paza::YFP:A2a-
DN in trs33-1 (****: P < 0.0001). Conversely, this is significantly increased for Pa2a::YFP:A2a-CA
in trs33-1 (*: P < 0.02). Cell cycle stage: expansion to maturation. Size bars = 5um. Image panel
and caption adapted from Kalde et al., 2019.
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4.4. Post-translational modification and regulation of the TRAPPII

complex

4.4.1. The TRAPPII complex is a target of shaggy-like kinases

While trying to understand the regulation of the TRAPPII complex under
different environmental conditions, Assaad lab identified BIN2, a shaggy-like
kinase (AtSK) as the only interactor of the TRS1204%-1187 (or TRS120-T2)
truncated moiety in a large scale Y2H screen with 2400 different pair-wise tests of
diverse kinases with TRAPPII complex subunits. This points to a specific and
robust interaction between the two partners. When investigated in silico for GSK3
target sites on AtTRS120, we could identify three putative sites - S923, S971 and
S1165, which were termed as a, B and y respectively. These are conserved

among higher plants and reside in the plant-specific moiety of AtTRS120.

To elucidate the mechanism of interaction between AtTRS120 and BIN2, site
directed mutations were generated on all the three putative AtSK sites in TRS120-
T2 and TRS120:GFP, to non-phosphorylatable alanine residues (S to A) or
constitutively phosphorylated (also called phosphomimetic) aspartate residues (S
to D). The point mutations were cloned as cDNA sequences for expression in
yeast and bacteria (TRS120-T2 and TRS120-T2 SBD construct for Y2H was
generated by Dr. Alexander Steiner, a postdoctoral fellow in the lab). In Y2H
screens (performed by Dr. Melina Altmann in the lab of our collaborator Dr. Pascal
Braun at Helmholtz Zentrum, Munich), the BIN2-AtTRS120 interaction, but not
TRAPPII complex interactions, was abolished when all three sites were mutated
(Figure 28).
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Figure 28: Y2H assay for testing TRAPPII-Shaggy-like kinase interactions.

Yeast two-hybrid assays of interactions between BIN2 and TRAPPII truncations (CLUB-C2, CLUB-
C3, TRS120-T1, TRS120-T3; Fig. S3A), as positive controls, fused to the GAL4 DNA-binding
domain (DB) and TRS120-T2 truncation and its phosphomutants TRS120-T2- SaD, Si3D, SyD,
SaBD and SafByD fused to the Gal4 activation domain (AD). The panels are from different plates.
For the control only one representative example is shown (Co). The results show interactions
between BIN2 and AtTRS120-T2 wild-type and phosphovariants; there was, however, no
interaction if all three target sites were phosphomimetic. As negative control, the BIN2-DB
construct was tested with the empty AD vector. This interaction was verified by pairwise one-on-

one mating in four independent replicate experiments. Image panel by Dr. Melina Altmann.

Next, kinase assay with mass spectrometry readouts were performed from
purified proteins of the different kinases from the AtSK family and TRS120-T2 as
the substrate. The kinase assay was performed in the Assaad lab (kinase assays
of one SK11 and one BIL2 kinase replicate were performed by Ms. Miriam Abele),
and the mass spec run and analysis were performed at the BayBioMS facility at
the TUM. The results showed that indeed the AtSKs phosphorylated the substrate
on the three sites in a time and concentration (of the kinase) dependent manner.
We could also observe from these results that mostly all kinases phosphorylated
and preferred the TRS120-y site (Figure 29).
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Figure 29: Kinase assay for testing TRAPPII-Shaggy-like kinase interactions.

AtTRS120-T2 has highly (red) and moderately (orange) conserved sequences, as well as plant-
specific sequences (green). Three GSK3 consensus sites (referred to as a, 3, y) can be found in
the plant-specific T2 domain. For the kinase assay, one member of each shaggy-like kinase clade
was used with the TRS120-T2 truncation as substrate. AtSKs in clades I-Ill differentially
phosphorylate the substrate at three GSK3 consensus sites (with a preference for the y site) in a
time-dependent and concentration-dependent manner. A clade 1V AtSK did not phosphorylate at
all. Samples incubated for 120 minutes in a kinase buffer without ATP, or samples with kinase that
was heat inactivated, served as negative controls. The numbers in grey in each plot denote the
number of times the phosphorylation event was seen in the given number of independent

replicates. Image panel and captions by Miriam abele.

Three lines of evidence confirm that TRAPPII is a target of AtSKs. Firstly, the large
Y2H screen showed that BIN2 and AtTRS120 was the only binary interaction
amongst various kinases. Secondly, Y2H screen with the phosphomimetic
variants revealed that BIN2-AtTRS120 interaction was not conserved anymore

when all three putative AtSK target sites were mutated. And thirdly, kinase assay
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with mass spec readout confirmed a time and concentration dependent interaction
of AtTRS120 with the various members of the AtSK kinase clade. Taken together,
these results strongly indicate that a specific and robust interaction exists between
the TRAPPII and AtSK kinases.

4.4.2. The phosphorylation status of the TRAPPIl complex affects its

localization pattern and membrane association

Site directed mutations at the AtTRS120 AtSK phosphosites introduced
into genomic sequences were fused with GFP and were transformed into the
segregating trs120-4 mutant line (these constructs were generated by Dr.
Alexander Steiner). The transformed lines were termed as phosphovariants.
Previous studies have shown that in the wild-type, TRAPPII complex resides in
the cytosol, at the TGN endocompartments and at the cell plate (Ravikumar et al.,
2018; Rybak et al., 2014; Figure 30A). The phosphovariants also exhibited similar
localization patterns. However, the impact of the phosphorylation status in the
phosphovariants  affected  AtTRS120 membrane  association. The
phosphomimetic lines differed in their localization pattern in comparison to the
non-phosphorylatable lines. The former was more membrane associated, with
lower cytosolic signal in comparison to the latter (Figure 30A, B). The differences
in the localization dynamics between the phosphovariants point to the specificity
of the AtTRS120 phosphorylation status in regulating AtTRS120 localization and

its membrane association.
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Figure 30: Localization of TRS120 phosphovariants

(A). CLSM of of Ptrs120::TRS120:GFP phosphovariants in root tip cells of light grown seedlings.
Sample numbers are indicated on the bottom right, refer to number of root tips imaged. Different
phosphovariants are shown; note the absence of cytosolic signal and atypical appearance of
P1rs120::TRS120-SaD:GFP in the bottom left panel, localizing to PPB (blue arrow) and
phragmoplast (reddish orange arrow). Yellow arrowheads point to endomembrane compartments,
white arrow to the cell plate, white arrowheads to the leading edge of the expanding cell plate.
Size bars=5um (B). Quantification of the localization pattern of TRS120:GFP phosphovariants.
Comparison of particle counts/cell area for the wild type TRS120 vs its phosphovariants. Data are
meants.d. Student's two-tailed t-test: *P<0.05, **P<0.01, ****P<0.0001, ******P<0.000001,
#P<0.00000001. Sample numbers: n= at least 16 cells from at least 4 seedlings.
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5. Discussion

5.1. TRAPPII and ECHIDNA act independently in protein sorting
at the TGN

The TRAPPII complex and ECHIDNA (ECH) are both TGN localized proteins,
playing major roles in protein sorting at the TGN. A previous study revealed that
both a TRAPPII subunit (AtTRS120) and ECH were present in the proteome of
SYP61. SYP61 is a SNARE at the TGN, involved in exocytic trafficking and
transport of cell wall components to the plasma membrane (Drakakaki et al.,
2012). TRAPPII complex is required for cell plate formation and localizes to the
cell plate throughout cytokinesis. It is shown to be involved in exocytosis (Jaber et
al., 2010; Qi et al., 2011; Ravikumar et al., 2017; Rybak et al., 2014; Thellmann et
al., 2010). ECH on the other hand, is involved in the secretion of cell wall
polysaccharides and cell elongation (Gendre et al., 2013, 2011). A recent study
found that ECH also plays a role in seed coloration in terms of flavonoid
accumulation in the vacuole of seed coat cells and protein trafficking to the
vacuole (Ichino, Maeda, Hara-Nishimura, & Shimada, 2020). This is in agreement
with Gendre et al., 2011, where altered appearance of vacuoles along with
aggregation of vacuoles could be observed in ech mutants. And also with
McFarlane et al., 2013 where it was shown that pectin, a polysaccharide that is
normally secreted to the apical surface of the seed coat cells, abnormally

accumulated in post-Golgi vesicles, vacuoles and ER derived bodies.

These reports suggest distinct roles of the TRAPPII complex and ECH at the TGN.
Since both the TRAPPII complex and ECH reside at the TGN and are required for
protein sorting at the TGN, we hypothesized that they might interact with each
other and might act in concert to execute the different functions at the TGN.
Interestingly, ECH and TRS120 co-localized to the same structures in interphase
cells (Ravikumar et al., 2018). However, ECH protein could not be detected in the
immunoprecipitates with CLUB:GFP or TRS120:GFP carried out previously in the

lab (Rybak et al., 2014). The next step was therefore to determine the relationship
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between ECH and the TRAPPII complex, whether they are dependent on each
other at all or are involved in completely different pathways while carrying out their
functions at the TGN.

To explore this, | first investigated whether the fundamental functions of the TGN,
as well as the TGN structure and integrity is altered in the null ech and trappii
mutants. Earlier reports have indicated that the TGN structure is indeed affected
in both the ech and trappii mutants through the use of data from transmission
electron microscopy (TEM) (Boutté et al., 2013; Gendre et al., 2011; McFarlane
et al., 2013; Qi et al., 2011). Our TEM micrographs (experiments were performed
by Dr. Alexander Steiner a former postdoctoral fellow in Assaad lab) imaged at
the lab of Prof. Gerhard Wanner at the LMU, Munich, confirmed these findings for
the trappii alleles (Ravikumar et al., 2018). The quantitative analyses further
confirmed these claims and showed that the ech and trappii mutants affect the
TGN structure differently. The rate of endocytosis, which is one of the basal
functions of the TGN, was also more impaired in the frs120-4 mutants than in ech

or club-2 mutants.

More interestingly, specialized TGN functions such as cytokinesis and cell
elongation were also differentially impacted in the ech and trappii mutants. The
localization dynamics of various markers also showed disparity in the mutants.
Plasma membrane markers were mislocalized to compartments resembling
vacuoles in ech mutants and club-2 showed severe defects in the trafficking of the
plasma membrane markers. VHAa1, which is a TGN marker, was mislocalized to
the cell plate in the trappii mutants and protein sorting at the cell plate was also
impaired in the trappii mutants but not in ech. Taken together, these results point
to differences in the impact to the TGN structure and function in the two mutants
at least to different extents and indicate a division of different TGN functions

among the proteins.
The IP-MS and Y2H data showed no evidence of a physical interaction between

the TRAPPII complex and ECH or other ECH interacting partners such as YIP4a/b
(Gendre et al., 2013; Ravikumar et al., 2018). Additionally, a network interaction
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analysis (performed by the group of Pascal Falter-Braun) was performed, in which
the core-TRAPP subunits and ECHIDNA, together with their binary interactors
were projected onto the Arabidopsis Interactome map (Arabidopsis Interactome
Mapping Consortium, 2011). This analysis provided a network level verification
that ECH and TRAPP associated with or belonged to different communities
(Ravikumar et al., 2018).

All of these observations suggested that they might act in two separate pathways
(Ravikumar et al., 2018). To test this hypothesis, | conducted double mutant
analysis with the null alleles of ech and club-2 to ascertain if they might be at least
partially redundant or if they indeed act in two distinct and independent pathways.
Embryo lethality of the double mutants indicated that ECH and TRAPPII displayed
a synergistic genetic interaction. Synergy often suggests that the two proteins
function in parallel pathways and also proposes that ECH and TRAPPII are at
least partially functionally redundant (Pérez-Pérez et al., 2009). This result was
again reinforced in the double mutants of ech trs120-5; trs120-5 is a hypomorphic
allele of AfTRS120. Initially, cell elongation defects were observed in the SEM
imaging data of hypocotyls of these double mutants (experiment performed by Mr.
Nils Kalbfuss, Master’s student in Assaad lab, SEM imaging done in collaboration
with Dr. Gerhard Wanner at LMU, Ravikumar et al. 2018), where the cells
appeared isodiametric. To confirm this observation, | carried out quantitative
measurements of the ratio of length vs breadth of the root cells in the elongation
zone, the results revealed synthetically enhanced cell elongation defects in the
double mutants of ech trs120-5. In addition to this, secretory defects could be
observed in these double mutants in immunostained root tips with an AGP
antibody. AGP glycans are cell wall polysaccharides (Nguema-Ona et al., 2014)
and are routinely used as markers for secretion. LM14, an AGP antibody, labeled
the cell walls in the null alleles of ech and trs120-4 single mutants, but failed to do
so for the double mutant ech trs120-5, just to note again that {rs120-5 is a
hypomorphic allele of AtTRS120. Here it is also important to be aware that the
secretion of proteins or polysaccharides to the plasma membrane can be via
various routes or pathways. Previous works have shown that ECH and TRAPPII

are responsible for sorting of specific set proteins but not for others. For example,
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PIN2 and AUX1 polarity is affected in the frappii mutants but not in ech mutants
(Gendre, Jonsson, Boutté, & Bhalerao, 2015; Qi et al., 2011; Qi & Zheng, 2011;
Rybak et al., 2014) and the trafficking of AUX2 is impaired in ech (Boutté et al.,
2013). Therefore, a probable explanation for this synergistic interaction is that
ECH and TRAPPII are involved in different but overlapping routes to the plasma
membrane, and thus, secretion of certain proteins is compromised in the double

mutants, as seen for AGP glycans.

Finally, an analysis of physical, network and genetic interactions strongly suggests
that ECH and TRAPPII overlap for the basal TGN functions such as exocytosis
but also have distinct specialized TGN functions such as cell plate formation
(which was impaired in trappii but not in ech) and cell elongation (which was
defective in ech but not in trappii). We could observe considerable variation in
localization or association patterns of the ech and frappii mutants in relation to
both TGN structure and function (Table 23). Both the proteins were also observed
to be not dependent on each other for their localization pattern in the cells
(Ravikumar et al., 2018). Two parallel pathways, which are able to take over
certain basal functions in the absence of either player might be the reason as to
why null frappii or ech alleles survive until or past the seedling stage but not the
double mutants. These results add to the robustness of TGN fundamental basal

functions and also reveal the dynamic organizational capabilities of the TGN.
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Table 23: TGN structure and function in ech and trappii.

The heat map depicts the extent of deviation from the wild type (see scale), with gradients
representing the range of phenotypes observed. Grey rectangles with lines indicate that this data
point does not apply. The data summarize the observations of this study, unless otherwise
specified. (a) Gendre et al. 2011; (b) Boutté et al. 2013; (c) Qi et al. 2011; (d) Jaber et al. 2010; e:
Thellmann et al. 2010; f: Rybak et al. 2014; g: Qi and Zheng 2011. Asterisk indicates also reported
in this study. 'Immunostaining for ech, live imaging of GFP marker for trappii. ¥ indicates the
vacuolar mislocalization of marker, seen specifically in ech mutants. Table and caption adapted

from Ravikumar et al., 2018.
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5.2. Role of the AtTRS33 subunit in the TRAPPII complex function

The function, topology and subunit composition of the TRAPP complexes
has been well characterized in the yeast, mammalian and drosophila systems.
Until recently, the TRAPP complexes in the Aspergillus system were
uncharacterized. But a study by Pinar et al. 2015 demonstrated that the TRAPPII
subunits associated with Rab-E GTPases in A. nidulans. Using in vivo localization
data and in vitro Rab nucleotide exchange assays, they also illustrated its function
as a Rab-E GEF and showed that it plays a role at the transition from Golgi-to-
post Golgi identity. A consecutive study from the group revealed the modularity of
the TRAPP complexes and their subunit composition, resembling those of
metazoans to a greater extent than of the yeast system (Pinar et al., 2019). In
Bet5-S agarose purifications coupled with MS/MS analysis, they identified the
presence of TRAPPII and TRAPPIIl subunits: Trs120, Trs130, Tac17,
TRAPPC11, 12 and 13 along with other shared TRAPP subunits including an
additional subunit labeled as Trs65. However, from literature we know that Trs65
and TRAPPC13 are orthologs. Trs65 was first identified in yeast; later, an ortholog
of Trs65 was identified in metazoans and annotated as TRAPPC13 (Ramirez-
Peinado et al., 2017; Reiling et al., 2013; Sacher, Barrowman, Schieltz, Yates lii,
& Ferro-Novick, 2000). Recently, TRAPPC13 subunit was shown to be a part of
the TRAPPIII complex in metazoans as opposed to yeast, where Trs65 is a
TRAPPII-specific subunit (Riedel et al., 2018). It was therefore confusing to see
them (Trs65 and TRAPPC13) annotated as two different subunits of the TRAPP
complexes and also assigned to different complexes in A. nidulans: Trs65 as a
part of TRAPPII complex and TRAPPC13 as a part of TRAPPIIl complex. The
study described the Trs65 subunit to be necessary for the dimerization and
assembly of the TRAPPIlI complex, which is similar to the yeast as well as in this
thesis. A search on the AspGD search engine of the pull-down product of Bet5-S:
TRAPPC13 (AN4358), revealed that it contains a TRAPPC13 related domain
(Interpro IPR010378). When searched for the Trs65 subunit (AN1248) on the
same search engine, it is defined to be a component of the TRAPPIlI complex,
annotated by Pinar et al., 2015. In Pinar et al., 2015, the molecular weight of Trs65

of A. nidulans was indicated to be the same as that of the yeast (63KDa). The
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weight of TRAPPC13 is 36.7KDa in A. nidulans while that in metazoans was 46.5
KDa (A5PLN9). This disparity might be because the identified Trs65 and
TRAPPC13 subunits in A. nidulans might perhaps be paralogs of the TRAPPC13

subunit having similar but not identical functions.

Another concern in the study is the presence of the (TRAPPII-complex specific
subunit) Trs65 band, although unlabeled, seen on the SDS-PAGE of (TRAPPIII-
complex specific subunit) Trs85-S purified TRAPPs. The purified products are
described to be associated with core/shared subunit plus TRAPPIIl-specific
subunits. However, the intensity of the Trs65 band is stronger than the labeled
TRAPPIII-specific - TRAPPC11 band. Additionally, its intensity is almost as the
same intensity as the Trs23 band on the gel. However, MS/MS analysis of the
Trs85-S-purified TRAPPs could not detect Trs65. The negative staining electron
microscopy data of TRAPPIII complex could not identify TRAPPIIlI subunits —
TRAPPC11, 12 and 13. This could be because of low abundance of the TRAPPIII
complex observed in cells, almost half of that of the TRAPPII complex. However,
there is no adequate in vivo verification for the results presented. Since it was
indicated that Trs65 along with Trs33 is necessary for the dimerization and
assembly of the TRAPPII complex onto the core/shared subunits but not its
stability, | have assigned it as a TRAPPII-specific subunit (green in Table 24). The
TRAPPC13 subunit has been assigned as a TRAPPIII-specific subunit (orange in
Table 24) as proposed by the authors.

The Arabidopsis TRAPPII complex was first identified in a screen for cytokinesis-
defective mutants. Positional cloning of the club mutant identified in the screen
verified CLUB as a homolog of the yeast Trs130 TRAPPII complex-specific
subunit (Jaber et al., 2010). Consecutively, it was shown that another TRAPPII
complex subunit, AtTRS120 is required for cell plate biogenesis and formation
(Ravikumar et al., 2018; Rybak et al., 2014; Thellmann et al., 2010). In the recently
published Kalde et al., 2019 paper from the lab, IP-MS data revealed all 13
subunits of the TRAPP complex co-purifying with CLUB and Rab-A2a GTPases,
showing that homologues of all the TRAPP subunits of yeast and metazoans are

present in plants. The results of the differential IP-MS, also suggested that
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Arabidopsis has at least two TRAPP complexes: TRAPPII and TRAPPIII, involved

in diverse cellular functions (Kalde et al., 2019).

To better understand the topology of the TRAPPII complex in Arabidopsis and
further confirm the differential IP-MS results, | carried out double mutant analysis.
| investigated the double mutants of a AtTRS33 allele (frs33-1 null mutant,
Thellmann et al., 2010) identified as part of the TRAPPII complex in the differential
IP-MS data and a CLUB allele (club-2 null mutant, Jaber et al., 2010) previously
identified as a TRAPPII-specific subunit. The double mutants were embryo lethal,
unable to form heart shape embryos during the later stages of embryo
development and finally collapsing as large globular shaped embryos. They were
synergistically enhanced, suggesting that the two proteins are part of one multi-
protein complex (Guarente, 1993; Pérez-Pérez et al., 2009). The result of the
genetic interaction reveals a functional link between a TRAPPIlI complex-specific
subunit and a shared subunit. Interestingly, experiments in other systems have
yielded similar results. In yeast and human cells it was shown that Trs33 and
Trs65 subunits are necessary for the association of the TRAPPII complex with its
core/ shared subunits ((Tokarev et al., 2009)). Experiments in A. nidulans yielded
similar results, revealing that Trs33 is involved in the assembly of TRAPPII-
specific subcomplex onto the core TRAPP (Pinar et al., 2019). It can therefore be
implied that AtTRS33 is indeed a part of the TRAPPII complex in Arabidopsis, in
line with both yeast, metazoans and Aspergillus. This result was also supported
by the yeast two-hybrid analyses (performed by Dr. Melina Altmann from the lab
of our collaborator Dr. Pascal Falter Braun), that was positive for a binary
interaction between AtTRS33 and AtTRS20/AtTCA17/TRAPPC2L, a TRAPPII

complex-specific subunit in yeast (Kalde et al., 2019).

In support of my double mutant analysis, | could also show that the absence of
AtTRS33 affected the localization pattern of AtTRS120, a TRAPPII complex-
specific subunit, rendering it cytosolic and unable to associate to membranes.
Earlier works in yeast also corroborated this observation; loss in the Trs33 subunit
displayed defects in TRAPPII complex assembly. Additionally, diffused

Trs130:GFP puncta could be observed in the cells of the frs33 mutants (Tokarev
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et al.,, 2009). The observation that AtTRS33 is required for the membrane
association of AtTRS120 further confirms the claim that AtTRS33 is a necessary
part of the TRAPPII complex in Arabidopsis. Taking this one step further, it also
suggests that a fully assembled TRAPPII complex is necessary for its membrane

association.

Taken together along with my results, this suggests that the function of TRS33 is
conserved across kingdoms. The Arabidopsis TRAPPII interactome is vast and
mostly unexplored, and it does contain a plant-specific TRS65 orthologue (Kalde
et al., 2019). However, it is yet to be determined whether AtTRS65 might also help
build or stabilize the TRAPPII complex like in the yeast system and also if
AtTRS33 and AtTRS65 are functionally redundant in terms of TRAPPII complex
assembly. A double mutant analysis between AtTRS33 and AtTRS65 might

provide more clues regarding their interaction dynamics.

Recently, AtTRS33 was reported to be necessary for apical meristematic growth
in Arabidopsis and was shown to be involved in cell growth and organization (J.
Zhang et al., 2020); the results of the study propose a functional divergence of the
AtTRS33 protein and also offers scope for further characterization of this protein

along with other TRAPP subunits in plants.
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Table 24: TRAPP subunits and their different compositions in eukaryotes.

Yeast TRAPP Metazoan TRAPP Arabidopsis TRAPP Aspergillus TRAPP
Subunit Weight Subunit Weight AGI Subunit Weight AspGD Subunit Weight
(KDa) (KDa) (KDa) (KDa)
Betb 18 TRAPPC1 17 At1g51160 BET5 18.9 AN8828 Bet5 18
Trs20 20 TRAPPC2 16 At1g80500@* TRS20* 15 AN11500 Trs20* 20
Bet3®) 22 TRAPPC3 20 At5g54750 BET3 22 AN9086 Bet3 22
Trs23 23 TRAPPC4 24 At5g02280 TRS23 16 ASPND_04634 Trs23 25
Trs31 29 TRAPPC5 21 At5g58030 TRS31 21.8 ANG825 Trs31 32
Trs33* 31 TR(iPBP)CG 19, 15 At3g05000 TRS33* 19.5 AN10826 Trs33* 31
Tcal7 17 TRAPPC2L 16 At2g20930@ TCA17 15.6 ASPND_03640 Tcal7 19
Trs120 120 TRAPPC9 140 At5g11040 TRS120 129.6 ANG533 TRS120 148
Trs130 130 TRAPPC10 142 At5g54440 CLUB 140.6 AN1038 Trs130 128
- - - - - - - AN1248 Trs65% (?) 63
Trs65* 65 TRAPPC13 46.5 At2g47960* TRS65* 49.2 AN4358 TRA;:C1 3 36.7
Trs85 85 TRAPPCS8 161 At5g16280 TRS85 143.5 AN7311 Trs85 81.6
- - TRAPPC11 129 At5g65950* TRAPPC11* 132.2 AN1374 TRAPPC11 141.8
- - TRAPPC12 79 At4g39820* TRAPPC12* 46.3 AN4930 TRAPPC12 49.2

Shared subunits are colored in blue, TRAPPII-specific subunits in green and TRAPPIII-specific in
orange. In Aspergillus, the probable presence of low amounts of the TRAPPI complex consisting
of the core hetero-heptamer subunits is colored in pink. The Tca17 subunit in Aspergillus is a part
of the TRAPPI, TRAPPII and TRAPPIII complexes and is colored in violet (Pinar et al., 2019).
Molecular weights of yeast and metazoan TRAPP subunits obtained from Scrivens et al. 2011.
Molecular weights of Arabidopsis TRAPP subunits obtained from the Arabidopsis information
resource (TAIR). Molecular weights of Aspergillus TRAPP subunits obtained from AspGD, Pinar
et al., 2015 and Pinar et al., 2019. 2x = 2 copies of Bet3 (Thomas et al. 2019). # = necessary
subunits for assembly of TRAPPII-specific subcomplex onto core TRAPP to generate TRAPPII.
(A, B) two homologues of TRAPPCG6 is present in the humans (Borner et al.,, 2014). @=
Reannotation of TRAPPC2/C2L subunits, only one of which has been previously described by
Thellmann et al. 2010. *= TRAPP subunits not previously recognized in plant genomes. (?) =

ambiguously annotated subunits in Aspergillus.
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5.3. The TRAPPIlI complex is a putative Rab GEF

Rab GEFs act upstream of Rab GTPases. Since GEFs are involved in the
activation and subsequent stabilization of Rab substrates on membranes, they are
implicated as the primary determinants of Rab localization. The GEFs
preferentially bind to inactive, GDP-bound Rab GTPases and are involved in the
removal of GDP. This then allows GTP to bind, activating the Rab GTPases. The
GTP-bound, activated Rab GTPases then recruit a diverse local network of Rab
effectors to the membrane where they are localized. Rab effectors usually include
downstream tethering proteins, for membrane-membrane recognition, and also
GEFs for the next Rab GTPase in the trafficking pathway, thereby forming a Rab

cascade.

Using elegant time-resolved microscopy and kymograph data, a recent study in
the Aspergillus system reported the mechanism of TRAPPII complex recruitment
to the TGN and its function as a GEF for Rab11 GTPases (Pinar & Penalva, 2020).
The study also disproved the previously claimed ‘TRAPP conversion theory’ from
TRAPPI to TRAPPIIl. Using 3D movie and kymograph analyses, the authors
demonstrated that a core subunit (Bet3) as well as a TRAPPII-specific subunit
(TRS120) colocalize at the TGN over time, appearing and dispersing
simultaneously, implying that they are present at the same time point of the
cisternal cycle and not turning up in a sequential manner. However, a concern
with the study is the lack of other lines of evidence. Maybe a control experiment
showing colocalization dynamics between two other subunits (a shared subunit
and a TRAPPII-specific subunit) to test whether this remains true could deeply

enhance the results.

In Arabidopsis, it is still ambiguous whether the TRAPP complex has GEF activity.
Previous studies have shown that the TRAPPII complex colocalizes and is also
functionally linked to Rab-A GTPases. Additionally, it was demonstrated that
the expression of a constitutively active Rab-A1 but not a Rab-D2 subclade,
partially rescues the phenotype of a {rs7130 null allele (Qi et al., 2011; Qi & Zheng,

2011). Although the nature of this link is still unclear, to some extent, it strengthens
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the hypothesis that the TRAPPII complex acts upstream of Rab-A GTPases, most
probably as a GEF, inferring from the yeast and metazoans systems. Furthermore,
the TGN localization of TRAPPII components and its involvement in the
biogenesis of cell plates, which is a Rab-A compartment, makes TRAPPII a
favorable candidate for a Rab-A GEF in plants (Naramoto et al., 2014; Qi et al.,
2011; Qi & Zheng, 2011; Ravikumar et al., 2018, 2017; Rybak et al., 2014).

| wanted to tackle this hypothesis, by determining localization phenotypes of a
Rab-A marker (Rab-A5c) in trappii mutants, as well as the localization pattern of
the Rab-A2a GDP/GTP locked variants in the trappii mutants. Interestingly, the
edge localization pattern of the Rab-A5c marker observed in the wild type was
completely abolished in both the mutants; suggesting that in the absence of
TRAPPII, Rab-A5c is unable to correctly localize to its target membrane
compartments. It is known that GEFs are involved in the correct spatial transport
of Rabs to their target membranes. A study reported that mis-targeting specific
Rab GEFs causes mis-localization of their associated Rab GTPases (Blimer et
al., 2013). Therefore, the edge localization defect of the Rab-AS5c observed in the
trappii mutants suggests that the TRAPPII complex might act as an upstream Rab-
A GEF.

Kalde et al. 2019 described the localization dynamics of the YFP:A2a marker in
relation to a TRS120:mCherry marker during cytokinesis. Both the markers are
present at the cell plate throughout cytokinesis and also re-organize to the leading
edges of the cell plate during telophase. And my results of the YFP:A2a marker
localization in the trappii mutants (irs120-4, club-2 and trs33-1) showed that the
localization dynamics of YFP:RAB-A2a depended on TRAPPII function. It
revealed that even though TRAPPII is not required for the initial recruitment of
Rab-A2a to the membranes and also the cell plate, it is required later for the re-

organization of Rab-A2a to the leading edges of the cell plate.
The localization dynamics of the dominant negative (DN) and constitutively active

(CA) RAB-A2a variants, in wild-type versus trappii (trs33-1) mutant backgrounds
and the quantitative analysis for relative signal intensities clearly showed that the
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mutations in the trappii complex subunits causes an enhancement of the GDP-
bound YFP:A2a-DN localization phenotype and a partial suppression of the GTP-
bound YFP:A2a-CA localization.

The quantitative IP-MS data in Kalde et al. 2019 suggested that at least two
TRAPP complexes exist in plants, based on their affinity towards GDP-bound vs
GTP-bound Rab-A2a variants. The first group that bound preferentially to GDP-
bound RabA2a, consisted of homologues of all metazoan TRAPPII subunits,
including formerly undetected AtTRS20/TCA17/TRAPPC2(L) homologue and
AtTRS33. A second set of Arabidopsis TRAPP subunits failed to interact with the
GDP-bound form of RAB-A2a. Among these was AtTRS65/TRAPPC13, which is
not a component of yeast TRAPPII but of metazoan TRAPPIII (Kim et al., 2016;
Riedel et al., 2018). These subunits preferentially bound to the vacuolar RAB-G3f
Rab GTPase suggesting a role in vacuolar trafficking. Also, interestingly, the
components of the TRAPPII complex favorably associated with a GDP-bound
mutant of RAB-A2a instead of with wild-type or GTP- bound RAB-A2a. The results
of the differential IP-MS in the research article, support the hypothesis that firstly,
Arabidopsis has multiple TRAPP complexes, that are involved in diverse cellular
functions. Secondly, along with my own live-cell imaging data and quantitative
analyses, provides further proof that the TRAPPII complex acts upstream of the
Rab-A GTPases, most likely as a Rab-A GEF because of its affinity towards the
GDP-bound RAB-A2a mutants.

Given the previous claim that functionally links TRAPPII and Rab-A1 GTPases (Qi
& Zheng, 2011) and my results showing that TRAPPII potentially acts upstream
of both Rab-A5c and Rab-A2a, it is tempting to speculate that the TRAPPII
complex acts as an universal GEF for all six Rab-A subclades. However, since
Rab-A GTPase is highly expanded in plants compared to yeast or metazoans,
there is a possibility that other unidentified GEFs are also involved in the activation
of Rab-A GTPases. Interestingly, it was recently reported that in metazoans,
Parcas protein acted as a GEF for Rab-11 in addition to the TRAPPIlI complex

(Riedel et al., 2018). Even though the Arabidopsis genome does not code for a
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Parcas homologue, it will be interesting to see whether other additional Rab GEFs

for the Rab-A clade are present in plants.
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Figure 31: TRAPP complexes and Rab GTPases in membrane trafficking.

In plants, TRAPPII resides at the TGN/EE and is a putative GEF for the Rab-A clade of
Ypt31/Rab11 orthologues. Rab clades identified in TRAPPIl immunoprecipitation-mass
spectrometry (IP-MS, Kalde et al., 2019) 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 (Kalde et al., 2019). The study also postulated the existence of a plant TRAPPIII
complex that resembles metazoan TRAPPIII. Based on preferential binding to the vacuolar Rab-
G, which is required for autophagy (Elliott et al., 2020) and on orthology, TRAPPIII is tentatively
placed on an autophagy and/or vacuolar trafficking route. Whether Arabidopsis TRAPPII or llI
plays a role in ER/Golgi traffic remains to be determined. The dashed arrows 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; PM:

plasma membrane. lllustration adapted from Miriam abele (Kalde et al., 2019).
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5.4. TRAPPII complex is post-translationally regulated by a

specific phosphocode

While a lot of focus in previous studies has been on understanding the
functions of the TRAPPIlI complex in yeast, metazoans, Aspergillus and plants,
not much emphasis is placed on the post-translational regulation of this protein
complex. It is important that membrane dynamics are tightly regulated both
spatially and temporally during cytokinesis, since even tiny delays or
mislocalizations during cytokinesis have been shown to have drastic effects
(Normand & King, 2010; Thiele et al., 2009).

Since not much was known about the functional regulation of the TRAPPII
complex, one of the objectives of my thesis was to determine if/how the TRAPPII
complex might be regulated by upstream signal transduction pathways. The first
interesting observation or link was the robust and specific binary interaction of the
BIN2 GSK3 kinase with AtTRS120 subunit of the TRAPPII complex during the
lab’s large Y2H screening. BIN2-AtTRS120 interaction was exclusive, in that, it
was the only kinase to interact with any of the subunits of the TRAPPII complex.
Time and concentration dependent increase in the intensity of phosphorylation of
the AtTRS120 substrate by the different GSK3 kinases in the in vitro kinase assay
further verified this interaction. Also, the three phospho-sites identified from the
kinase assay overlapped with those from the in-silico data (Assaad, unpublished).
Y2H results showing BIN2 binding to all, except the triple phosphomimetic

mutants, suggests a certain coordination for this interaction.

When the trs120-4 mutant segregating plants were transformed with different
phosphovariant constructs, we could already observe from the segregation
analysis (conducted by Miriam Abele, a student in the Assaad lab) that it was not
possible to obtain homozygous line for both the phosphovariant constructs and
trs120-4 mutant background for many of the phosphovariant lines. One of the
reasons could be that the plants are not viable if the wild-type AtTRS120 is absent,

since the phosphovariant constructs are unable to carry out the normal functions
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in the cells. We could however obtain, hemizygous lines and this is what we used

for further experiments.

AtTRS120 has three GSK3 target sites, which translates into eight differential
phosphorylation combinations. The impact of the phosphorylation status affected
its membrane localization dynamics in the cells as well as its affinity towards the
BINZ2 kinase as observed in the Y2H experiments. These results strongly suggest
that AtTRS120 is regulated by a specific phosphocode, which in turn might be
guiding its membrane associations and also maybe confers specificity to the
AtTRS120 interaction partners.

The TRAPPII complex has two distinct molecular or membrane related functions:
it acts as a tethering factor and as a Rab-GEF. As a tethering factor, the TRAPPII
complex is physically involved in tethering vesicles to the cell plate; the cell plate
biogenesis defects observed in club-2 and trs120-4 null trappii alleles. (Jaber et
al. 2010; Rybak et al. 2014; Thellmann et al. 2010) provide evidence for an active
tethering role for the TRAPPII complex (Ravikumar et al., 2017). My observations
as well as previous studies have also shown that the TRAPPII complex is required
for the spatiotemporal regulation of membrane traffic (Ravikumar et al., 2018;
Rybak et al., 2014) and have provided indirect in vivo evidence that the TRAPPII
complex acts as a Rab-A GEF (Kalde et al., 2019; Qi & Zheng, 2011). The dual
role of TRAPPII as a tethering factor would provide a scaffold for its GEF activity
to fine tune trafficking both spatially and temporally. It is possible that the
specificity of the TRAPPII complex’s putative GEF activity could be regulated by
phosphorylation via GSK3 kinases. However, this hypothesis needs to be tested
by future experiments. Performing Rab GEF assays on Rab-A GTPases with
different AtTRS120 phosphovariant lines could be a good start to test this
hypothesis.
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Figure 32: A specific phosphocode of AtTRS120 affects its interactome.

This study demonstrates the phospho-regulation of the AtTRS120 subunit of TRAPPII complex by
GSK3 kinases, which are in turn activated under distinct environmental signals. A specific
phosphocode of the AtTRS120 affects its interactome, driving its membrane dynamics. The dotted
line is the speculative function of the AtTRS120 phosphorylation status affecting its membrane
related GEF activity on Rab GTPases.
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6. Conclusions and Outlook

As a preliminary goal, the current study aimed to better understand the
versatile functions of the TGN resident proteins: TRAPPIlI complex and ECHIDNA
(ECH) and how they regulate their functions. Double mutant analysis carried out
to determine the genetic interaction between TRAPPIlI complex and ECH revealed
that they interact synergistically. A synergistic interaction usually means that the
two proteins act as members of a protein complex, or that they are functionally
redundant. In this case, the latter is more probable since physical interaction data
carried out in the Assaad lab was negative for TRAPPII and ECH as well as other
ECH interacting proteins — YIP4a/ YIP4b. Interestingly, the double mutants also
exhibited severe secretory and cell elongation defects, which was otherwise
absent in the single mutants. The localization dynamics of ECH in trappii mutants
and vice versa was not affected. However, the localization dynamics of the
different markers were differentially impacted in the null mutants of the proteins.
Both TRAPPII and ECH affected the TGN structure differentially. Additionally,
specialized TGN functions such as cell plate biogenesis and cell elongation were
revealed to have a distinct effect in the ech and frappii mutants. The quantitative
and localization analyses, as well as the double mutant phenotypes highlight the
divergent role of ECH and the TRAPPII complex in dividing cells. However, while
they may have partially redundant or overlapping functions at the TGN in
interphase cells, ECH and TRAPPII are also non-redundant in their specialized

functions.

My research made evident that a TRAPP complex subunit AtTRS33 was a part of
the TRAPPII complex in plants, similar to other eukaryotes. | could establish that
AtTRS33 was functionally linked to a TRAPPII-specific subunit using double
mutant analysis. Importantly, in the absence of AtTRS33, the TRAPPII complex
failed to localize to membranes. This result highlighted the importance of AtTRS33
for its membrane association and also hints towards AtTRS33 playing a vital role
in TRAPPII complex assembly in plants. Future investigations to explore potential

plant-specific functions of AtTRS33 would be interesting.
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The current study also brought to light, the putative role of the TRAPPII complex
as a Rab-A GEF in plants. Utilizing live imaging and subsequent quantitative
analyses of relative signal intensities of the different Rab-A2a GTPase mutant
versions, | could show that the TRAPPII complex might perhaps be acting
upstream of the Rab-A GTPases. Along with the imaging analyses , quantitative
IP-MS data in Kalde et al. 2019 provided further proof that the TRAPPII complex
acts upstream of the Rab-A GTPases, most likely as a Rab-A GEF because of its
affinity towards the GDP-bound RAB-A2a mutants. Given the previous claim that
functionally linked TRAPPII and Rab-A1 GTPases (Qi & Zheng, 2011) and my
results showing that TRAPPII potentially acts upstream of Rab-A GTPases, it is
tempting to speculate that the TRAPPII complex acts as an universal GEF for all

six Rab-A subclades, however this needs further verification.

In the last part of the work, we established that a Shaggy-like kinase (GSK3)
phosphorylates AtTRS120 on specific target sites and explored the impact of this
phosphorylation event. Y2H data revealed that BIN2 kinase is unable to bind to
AtTRS120 when all three target sites are phosphorylated suggesting that the
TRAPPII complex might perhaps undergo structural changes when
phosphorylated. | also demonstrated that the various phosphovariants lines had
an impact on the localization dynamics of AtTRS120. The data suggests that
AtTRS120 is regulated by a distinct phosphocode determining its membrane

association.

Future experiments to firstly, decipher whether a specific AtTRS120
phosphocode/s is/are involved in switching the TRAPPIlI complex to regulate
membrane dynamics as a Rab GEF vs a tethering complex would be the next

significant step.

Secondly, since the GSK3 kinases are known to mostly phosphorylate substrates
that are primed by a previous kinase, identifying the priming kinases, if any, for
AtTRS120 will be very interesting. The interactome data of the various AtTRS120
phosphovariant lines (Assaad et al., unpublished) could provide some clues about
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putative priming kinases. To verify these clues, one could perform in vitro kinase

assays, which will also lead to identifying the priming sites on AtTRS120.

Thirdly, since we could not obtain homozygous AtTRS120 phosphovariant lines
for most of the phosphovariant combinations and the fact that the localization
dynamics of the phosphorylatable line differed from the that of the non-
phosphorylatable lines, it is tempting to hypothesize that the formation of the
TRAPPII complex might also be affected by the phosphorylation status of
AtTRS120. Live-cell imaging of the AtTRS120 phosphovariant lines in conjunction
with the different readily available membrane markers at the Assaad lab to
determine whether the puncta detected in the AtTRS120 phosphovariant lines are
indeed present at the TGN could provide some preliminary confirmation.
Additionally, determining the localization dynamics of the AtTRS120
phosphovariant lines in the trappii mutant backgrounds could present a enhanced
understanding of the regulatory mechanism of the TRAPPII complex formation

and function.

Finally, it would be of interest to determine if perhaps the CLUB subunit is also

regulated by a phosphocode and to interpret its regulatory mechanism(s).

Taken together, this study delves deep into understanding the diverse functions
of the TRAPPII complex at the TGN, its post-translational regulation and finally,
how the phosphorylation status affects the TRAPPII complex’s localization
dynamics during cell division. Finally, by providing a unique connection between
the cellular membrane trafficking machinery and the GSKS kinases, the work once
again highlights that precision is highly important during protein and membrane

trafficking for proper plant growth and development.
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