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1. Zusammenfassung

1. Zusammenfassung

Zellteilung und Zellexpansion sind essentielle Prozesse in der Pflanzenentwicklung. Auch
wenn die Funktionsweisen vieler Proteine in diesen Prozessen bereits charakterisiert wurden,
gibt es immer noch viel zu erforschen. Zu Beginn der pflanzlichen Zellteilung markiert das
Praprophaseband, ein Ring aus kortikalen Mikrotubuli, die zukinftige Zellteilungsebene. Die
Position des Praprophasebandes dient in der letzten Phase der Zellteilung, der sogenannten
Zytokinese, als Fusionsstelle der Zellplatte. Die zentrifugal wachsende Zellplatte wird von dem
ebenfalls expandierenden Phragmoplast, bestehend aus bipolar angeordneten antiparallelen
Mikrotubuli, vom Zentrum der Zelle zur Zellperipherie gefiuihrt und an der Fusionstelle mit der
Parentalwand vereint. Allerdings wird das Praprophaseband schon vor der Metaphase wieder
abgebaut. Zuvor werden Proteine wie das PHRAGMOPLAST ORIENTIERTE KINESIN 1
(POK1) am Préaprophaseband angelagert und die Zellteilungsseite etabliert, die nun die
positionelle Information der zukinftigen Zellteilungsebene auch wéhrend der Mitose und
Zytokinese erhalten. In der vorliegenden Studie, identifizierten wir zwei Arabidopsis thaliana
Pleckstrin Homologie Doméane enthaltende GTPase aktivierende Proteine, PHGAP1 und
PHGAP?2, als Interaktionspartner von POK1, eine der wichtigsten Komponenten der kortikalen
Zellteilungsseite. Anders als POK1, das nur in teilungsaktiven Zellen vorzufinden ist,
lokalisierten die PHGAPSs in Interphase Zellen an der Plasmamembran und im Zytoplasma und
begannen sich wahrend der Metaphase POK-abhangig an der Zellteilungsebene
anzureichern, wo sie bis zum Ende der Zytokinese verblieben. Weitere Experimente fihrten
zu der Erkenntnis, dass PHGAP carboxy-terminale Fragmente, bestehend aus coiled coil
Doménen, fur Funktion und Lokalisation an der Zellteilungsebene wichtig waren.
Weiterfiihrende Interaktionsstudien und die Analyse von PHGAP Phospho-Mutanten deuteten
darauf hin, dass die temporale Lokalisation von PHGAPs an der Zellteilungsebene von deren
Phospho-Regulierung abhangig war. Uberlappende Expressionsmuster von PHGAP1 und
PHGAP2 und die Abwesenheit auffilliger Einzelmutanten Phanotypen wies auf deren
redundante Funktionen hin. Die Analyse teilungsaktiver Zellen in der phgapl phgap2
Doppeltmutanten ergaben eine fehlerhafte Ausrichtung von Praprophasebandern und
konsequenterweise Phragmoplasten, was auf eine Funktion von PHGAPs in der
Praprophaseband Orientierung hindeutete. Allgemein sind GAPs dafir bekannt die
Inaktivierung von Rho von Pflanzen (ROP) herbeizufiihren, indem sie die Guanosintriphosphat
(GTP) Hydrolyse dieser Signalproteine stimulieren. In vivo Interaktionsstudien ergaben, dass
PHGAPs mit verschiedenen ROPs interagieren konnten, was den ersten Hinweis dafur liefert,
dass nicht nur PHGAPs, sondern auch ROPs mdglicherweise eine Rolle wahrend der

Zellteilung im Wurzelmeristem spielen.



1. Zusammenfassung

Der zweite Teil dieser Arbeit beschreibt funktionelle Aspekte von PHGAP1 und PHGAP2
vermittelter Zellpolaritat wahrend der Entwicklung der Blattepidermiszellen. Fur deren
charakteristische Puzzleteil-artige Form sind zwei antagonistisch wirkende ROP-
Signaltransduktionswege  verantwortlich, die Zellpolaritdt etablieren und damit
Wachstumsrichtungen bestimmen. In phgapl phgap2 Doppeltmutanten waren die sonst
deutlich polarisierten Ein- und Ausbuchtungen der Epidermiszellen stark reduziert, was auf
eine fehlerhafte Steuerung der oben angefihrten ROP-Aktivitaten in phgapl phgap2
Doppeltmutanten hindeutete. Untersuchungen zeigten Interaktion von PHGAP2 und ROP2
und erhohte Aktivitat von ROP2 in phgapl phgap2 Doppeltmutanten. Diese Daten wiesen
darauf hin, dass wahrend der Epidermiszellentwicklung PHGAPs die ROP2 GTP-Hydrolyse
stimulieren, was zur Deaktivierung von ROP fiihrt. Eine detaillierte Lokalisations-Analyse
zeigte eine Mikrotubuli-abhéangige Anreicherung beider PHGAPs an den antiklinalen Seiten
von Epidermiszell-Einbuchtungen. Die Menge an angereicherten PHGAPs in Einbuchtungen
nahm mit deren Entwicklung zu, was in Korrelation mit einer zunehmenden Flache steht in der
die ROP2 Aktivitat inhibiert werden muss, um die Zellpolaritéat aufrechtzuerhalten. Auch in
Blattepidermiszellen zeigte sich der PHGAP carboxy-terminus fiir die Lokalisation an der
antiklinalen Ansicht der Einbuchtungen verantwortlich. Eine Punktmutation in der PHGAP
GTPase aktivierenden Protein Doméne beseitigte die Funktion der PHGAP Proteine zwar
vollstandig, hatte aber keinen Einfluss auf das spezifische Lokalisationsmuster. Insgesamt
zeigen die Daten in dieser Arbeit wichtige Rollen der PHGAPs wéahrend der Zellteilung und

wahrend der Etablierung von Zellpolaritat, die die zellulare Morphogenese vorantreiben.



2. Summary

2. Summary

Cell division and cell expansion are fundamentally important processes of plant development.
Although, many proteins have been functionally characterized and implicated in those
processes, there is still a lot to investigate. In plant cell division, the future division site is
marked by the preprophase band, a belt of cortical microtubules. In the final phase of cell
division, called cytokinesis, serves the position of the preprophase band as fusion site of the
cell plate. The centrifugal growing cell plate is guided by the expanding phragmoplast, a set
of bipolar microtubules, from the centre towards the cell periphery and connects at the fusion
site with the parental cell wall. However, the preprophase band is disassembled before
metaphase. Prior to this, proteins such as the PHRAGMOPLAST ORIENTING KINESIN 1
(POK1) are recruited to the preprophase band to establish the division site and mark the future
division plane throughout mitosis and cytokinesis. In the present thesis, we identified two
Arabidopsis thaliana pleckstrin homology domain containing GTPase activating proteins,
PHGAP1 and PHGAP2, as interaction partners of POK1, a core component of the cortical
division site. Unlike POK1, which is only present in dividing cells, PHGAPs were localized at
the plasma membrane and in the cytoplasm in interphase cells and started to accumulate in a
POK-dependent manner at the division site during metaphase, where they remained till the
end of cytokinesis. Further experiments revealed that the PHGAP carboxyl-terminus,
containing coiled coil domain, was required for division site accumulation and function.
Additionally, interactions studies and PHGAP phospho-mutant analysis suggested that the
timely localization of PHGAPs at the division site was phospho-regulated. Overlapping
expression patterns of PHGAP1 and PHGAP2 and a lack of single mutant phenotypes pointed
to redundant functions. Analysis of phgapl phgap2 dividing double mutant cells revealed that
preprophase bands and consequently phragmoplasts were misaligned, implicating a function
of PHGAPS in preprophase band orientation. In general, PHGAPs are known to mediate Rho
of plant (ROP) inactivation by stimulating the guanosine triphosphate (GTP) hydrolysis function
of these signal proteins. In vivo interaction studies uncovered that PHGAPs were able to
interact with several ROPs, providing the first evidence that not only PHGAPs but also ROP

activity might play a role during root cell division.

The second part of this thesis describes functional aspects of PHGAP1 and PHGAP2 mediated
cell polarity during pavement cell shape establishment. Two antagonistic ROP signal
transduction pathways are responsible for their characteristic jigsaw puzzle form, involving the
establishment of cell polarity and thereby determining growth direction. The distinct polarized
lobe and indentation regions of epidermis cells, where drastically reduced in phgapl phgap2
double mutants, which pointed to miss regulation of the above mentioned ROP activity in

phgapl phgap2. Investigations revealed interaction of PHGAP2 with ROP2 and increased
3



2. Summary

ROP2 activity in phgapl phgap2 double mutants. These data indicated that PHGAPs stimulate
ROP2 GTP-hydrolysis, leading in ROP inactivation during pavement cell development.
Analysis of localization pattern uncovered that both PHGAPs accumulate in a microtubule-
dependent manner on the anticlinal face in indentation regions. The amount of PHGAP
accumulation in indentation regions increased with their development, which correlates with
an increasing surface that has to be free of ROP2 activity to maintain cell polarity. Also in leaf
pavement cells was the carboxyl-terminal domain of PHGAPs necessary for anticlinal face
localization in indentation regions. A point mutation in the PHGAP GTPase activating domain
abolished PHGAP function completely, but had no effect on the distinct localization pattern.
Collectively, the data of this thesis describe significant roles for PHGAPs on the mechanisms
orchestrating cell division and cell polarity establishment that promote cellular morphogenesis.
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4.1 Putative RopGAPs impact division plane selection and interact with
kinesin-12 POK1 (Stockle et al., 2016)

In this research article, | performed the GUS reporter experiments for PHGAP2 and analysed
the expression pattern in different tissues as part of my bachelor thesis (Figure S3).
Furthermore, | was involved in the preparation of the immunolocalization samples used for the
analysis of preprophase band and phragmoplast orientation in phgapl phgap2 and wild type
root meristem (Figure 4).

4.2 Cell polarity establishment requires spatial localization of GTPase
activating proteins (Lauster et al., in preparation)

In the manuscript, | performed all experiments, statistical analysis and established analysis
methods in cooperation with Sabine Miller, with some exceptions. Dorothee Stockle
conducted the expression analysis in Figure S1. Pia Lotz performed the pavement cell analysis
of phgapl-1 and phgap2-1 single and double mutants as part of her bachelor thesis under my
supervision (Figure S1). Most of the final gene constructs were cloned by me or former lab
members as indicated (Material and Methods). | wrote the initial draft and designed the initial

figures.



5. Introduction

5. Introduction

5.1 The plant cytoskeleton

The plant cytoskeleton consists of microtubules and actin filaments with important functions in
many biological processes such as cell division and (polarized) growth. Microtubules consist
o f - dn d-tukulin heterodimers that assemble head-to-tail into long oligomers called
protofilaments. Most commonly, thirteen of these protofilaments associate laterally forming a
sheet that closes and becomes a hollow tube with a diameter of ~25 nm and variable length
ranging from <1 ym up to >100 um (Figure 1A, reviewed by Goodson and Jonasson, 2018).
Mi crotubules are polar and h atmlinjaanddyeasalynanic
mi nus end -fubuknp GrevehdpolUmerization) of the highly dynamic microtubule plus
ends occurs with a speed of 3-5 um/min by addition of heterodimers (Vos et al., 2004).
Guanosine triphosphate (GTP) bound U Btubulin heterodimers are added to the growing

microtubule end and a delay in GTP-hydrolysis and phosphate release generates a GTP-rich

cap. Older parts of the microtubule consist of guanosine diphosphat e ( GD P )-tubolio,u n d

generated through GTP-hydrolysis (reviewed by Goodson and Jonasson, 2018). The GTP-rich
cap stabilizes the protofilaments in the tubular form. Loss of the GTP-cap results in rapid
depolymerisation (5-9 pm/min) of microtubule protofilaments, also known as shrinking
(Goodson and Jonasson, 2018; Vos et al., 2004). The phase transition from growth to shrinking
is termed catastrophe, whereas transitioning from shrinking to growth is referred to as rescue
(Goodson and Jonasson, 2018). This behaviour is collectively described as dynamic instability
of microtubules (Mitchison and Kirschner, 1984). Mechanisms that modulate microtubule
nucleation or organization involve protein complexes, microtubule zippering at distinct angles,
catastrophe upon contact or microtubule severing (Dixit and Cyr, 2004; Job et al., 2003; Lin et
al., 2013; Martinez et al., 2020). A protein complex that is involved in the polymerization of new
mi cr ot ubul-tessb ulsi nt hrei RIGRCY, a nupléaor machinery that serves as
template for microtubule assembly and as minus end cap (Goodson and Jonasson, 2018; Job
et al., 2003). Depending on the collusion angle, an encounter between two microtubules ends
either in microtubule zippering (<40°) or in microtubule catastrophe/crossover (>40°) (Dixit and
Cyr, 2004). Microtubule severing is mediated by katanin that severs existing microtubules at

their branching points resulting in microtubule bundling (Lin et al., 2013).

Actin filaments consist of two helical actin polymer chains and have a diameter of ~7 nm
(Figure 1B). Like the microtubule ends, the actin filament ends exhibit different assembly
speeds. The faster growing end is termed barbed end, while the slower growing end is referred
to as pointed end. Actin filament assembly can be separated in two steps, nucleation and
elongation (Pollard and Cooper, 1986). During nucleation, actin monomers are assembled in

dimers followed by trimer formation (Pollard et al., 2000). These unstable trimers are the
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5. Introduction

starting point for actin filament elongation, by the addition of adenosine triphosphate (ATP)-
loaded actin monomers (Blanchoin et al., 2010; Pollard et al., 2000). After actin monomers are
associated with the actin filament on the barbed end, ATP hydrolysis, followed by the release
of inorganic phosphate occurs and generates depolymerisation susceptible adenosine
diphosphate (ADP)-bound actin monomers at the pointed end (reviewed by Blanchoin et al.,
2010).

Microtubules and actin filaments are able to disassemble on one end to sustain material for
polymerisation on the opposite end, a process which is referred to as treadmilling (Neuhaus et
al., 1983; Rodionov and Borisy, 1997). This dynamic microtubule and actin filament behaviour
allows fast reorganization into bundles, arrays or mitotic structures (Mineyuki and Palevitz,
1990; Pickett-Heaps, 1969; Shaw et al., 2003; Staiger et al., 2009; Thomas et al., 2009).

A B
() -
é) Barbed end * t
GTP
cap
o g
£
£
T
(3]
o
Catastrophe [
—_—
GDP -
lattice Rescue Pointed end
@ —
Minus end () ATP actin
Growing Shortening () ADP-Pi actin
(J ADP actin

heterodimer g8GDP 8GTP

Figure 1: Microtubule and actin filament organization

(A) Microtubules are composed of 13 protofilaments forming a hollow tube. Subunits are heterodimers
o f - alh d-tutiulin. Microtubules are polar structures with a fast growing plus end and a slow growing
minus end by addition of heterodimers. The growing microtubule end contains a GTP-rich cap, GTP
loaded U- a n d-tutiulin, while t h eldef® microtubule lattice comprises of GDP-bound b-tubulin (GDP
lattice). Loss of the GTP-rich cap, results in rapid microtubule depolymerisation (shrinking). Transition
between growth and shortening are termed catastrophe and rescue. (B) Actin filaments are consisting
of two helical actin polymer chains, with a fast-growing barbed end (blue) and a slow-growing pointed
end (green). Actin filaments elongate with the addition of ATP-bound actin monomers, followed by ATP
hydrolysis and inorganic phosphate (Pi) release, generating depolymerisation susceptible ADP-bound
actin monomers. Treadmilling describes the depolymerisation on one end of the filament to sustain grow
on the other end. (Modified from Blanchoin et al., 2010; Goodson and Jonasson, 2018).



5. Introduction

5.2 Plant cell division

Cell division is a fundamentally important process. Cells are divided either symmetrically,
generating two equally formed daughter cells with identical fate or asymmetrically developing
daughter cells with different size and fate, allowing the formation of specialized cell types and
organs (Lipka et al., 2015). The cytoskeleton plays a major role during cell division and is part
of the different mitotic structures. In addition to the spindle apparatus, which is common among
eukaryotes, plant cells form two unique cytoskeletal structures during cell division, the
preprophase band (PPB) and the phragmoplast (Pickett-Heaps, 1969; Staehelin and Hepler,
1996). In symmetrically dividing cells the nucleus migrates to the centre of the cell, followed by
the formation of the belt-like PPB, that mark the future division site and consist of cortical
microtubules and actin filaments (Figure 2, Pickett-Heaps, 1969; Smertenko et al., 2017). In
prophase, the pro-spindle a bipolar structure is formed by the reorientation of perinuclear
microtubules and the PPB is disassembled at the end of prophase (Masoud et al., 2013;
Pickett-Heaps and Northcote, 1966). After nuclear envelope break down, the spindle
apparatus emerges from the pro-spindle during metaphase and the chromosomes are aligned
in the spindle mid zone (Masoud et al., 2013). The anaphase spindle separates the
chromosomes and in telophase the phragmoplast an array of anti-parallel microtubules, actin
filaments and associated endomembranes, starts to form (Mdiller and Jirgens, 2016;
Smertenko et al., 2017; Staehelin and Hepler, 1996). During cytokinesis, the phragmoplast
starts to expand from the centre of the cell towards the cell wall. Golgi-derived vesicles,
containing cell plate biosynthesis material are transported along the microtubules towards the
phragmoplast mid zone to form the new cell plate via vesicle fusion (Lipka et al., 2015; Mdller
and Jurgens, 2016). The phragmoplast is disassembled and cell division is terminated, after

cell plate fusion with the parental cell wall.

To set up the PPB, microtubule associated proteins (MAPs), microtubule nucleation
components and the protein phosphatase TTP complex are critical (Janski et al., 2012;
Pastuglia et al., 2006; Spinner et al., 2013). The TTP complex consists of a heterotrimeric
protein phosphatase 2A (PP2A) containing a variable scaffolding subunit A, the regulatory
FASS B subunit and a variable catalytic C subunit, as well as TONNEAU 1 (TON1) and the
variable TON1 RECRUITING MOTIF (TRM) that mediates cytoskeletal targeting of the
complex (Camilleri et al., 2002; Drevensek et al., 2012; Spinner et al., 2013). The TTP complex
likely regulates MAP activity (Lipka et al., 2015). Mutation of TTP complex components
resulted in a lack of PPB formation and more or less severe division plane orientation defects
(Schaefer et al., 2017; Spinner et al., 2013; Torres-Ruiz and Jirgens, 1994; Traas et al., 1995).
Before PPB disassembly a number of division site resident proteins, TANGLED (TAN), the
PHRAGMOPLAST ORIENTING KINESIN (POK) 1, POK2 and RanGAP1 begin to accumulate

at the division site and potentially finalize the setup of the cortical division zone (CDZ), a cortical
9



5. Introduction

region that preserves the positional information of the selected division plane throughout
mitosis and cytokinesis (Herrmann et al., 2018; Lipka et al., 2014; Muller et al., 2006; Walker
et al., 2007; Xu et al., 2008). These division site markers remain at the CDZ until the end of
cytokinesis. However, the CDZ including TAN, POK1, POK2 and RanGAP1 narrows to the cell
plate fusion site (CPFS) during telophase (Smertenko et al., 2017). POK1, POK2, TAN and
other CDZ markers are proposed to guide the phragmoplast towards the cortical division site
in late cytokinesis, ensuring the insertion of the new cell plate at the position predicted by the
PPB/CDZ (Muller and Jurgens, 2016). Loss of POKs or TAN function caused phragmoplast
misguidance and consequently miss positioned cell walls (Cleary and Smith, 1998; Lipka et
al., 2014; Muller et al., 2006). In addition to the CDZ localization, POK2 accumulates also at
the phragmoplast mid zone, where it interacts with MAP65-3 at the microtubule overlap

promoting timely rapid phragmoplast expansion (Herrmann et al., 2018).

Preprophase Early Late
Interphase Prophase Metaphase Anaphase Cytokinesis Cytokinesis
POK1 POK1 POK1
POK2 POK2 POK2
TAN TAN %HR TAN
anGAR1 RanGAR1 ( ) RanGAP1
) \ JI cbl / \ i / \ Iy
Z === L i
Selection Maintenance Maintenance Expansion Termination

Figure 2: Plant cell division stages

Centring of the nucleus and formation of the equatorial preprophase band (PPB), a belt-like structure
consisting of microtubules (magenta) and actin filaments, during preprophase/prophase. Division site
resident proteins (green, PHRAGMOPLAST ORIENTING KINESIN (POK)1, POK2, TANGLED (TAN)
and RanGAP1) co-localize with the PPB and establish the cortical division zone (CDZ) throughout
mitosis and cytokinesis. The preprophase band is disassembled after prophase. The spindle apparatus
is built during metaphase and the chromosomes are aligned. Chromosomes are separated by the
spindle during anaphase. The phragmoplast is formed in early cytokinesis and expands centrifugally
from the centre of the cell towards the division site. New cell plate is inserted at the site occupied by
division site resident proteins (discontinuous green circle, modified from Lipka et al., 2015)

5.3 Pavement cell shape formation

Not only cell division is essential for correct formation of plant organs. Also polarized growth
plays an important role in cellular morphogenesis. For instance, during monopolar growth of
root hairs and pollen tubes as well as in multipolar growing leaf epidermis pavement cell
differentiation. Arabidopsis thaliana pavement cells exhibit a characteristic puzzle shaped
structure with interdigitating lobes and indentation regions. Over the years, many theories have
been proposed to explain why pavement cells are formed like puzzle pieces. This particular
shape might be important for the correct spacing of stomata and trichomes (Glover, 2000), to
keep the leaf flat for optimal light capturing (Galletti and Ingram, 2015) or to increase leaf

epidermis stability (Jacques et al., 2014; Lee et al., 2000). It might also aid to overcome

10



5. Introduction

reversible deformations of the tissue (Sotiriou et al., 2018). Another plausible hypothesis is that
the jigsaw puzzle form prevents pavement cells from bulging and bursting through mechanical
stress that acts on the cell walls due to their turgor pressure (Sapala et al., 2018).

Although the exact cause of pavement cell puzzle shaping remains indistinct, several
discoveries were made that revealed their formation process, which involves polarized growth.
Pavement cell development can be separated into three stages (Figure 3A, Fu et al., 2002). In
stage | at the beginning of their development, pavement cells are uniform in shape without
visible curvatures (Fu et al., 2002). In stage Il, lobes and indentations start to form and the cell
shape changes (Fu et al., 2002). Pavement cells in stage Il contain further pronounced lobe
and indentation regions and moreover lobe regions often contain secondary lobes (Fu et al.,
2002).

Rho of plants (ROPs) were identified as key players of polarized growth, including multipolar
pavement cells. Arabidopsis thaliana contains 11 ROPs with various expression domains and
functions. It is essential for polarized growth, that ROPs as small molecular switches cycle
between an active GTP-bound state and inactive GDP-bound state (Figure 3B, Wittinghofer
and Pai, 1991). In general, ROPs are regulated by three groups of proteins. ROPs are
activated by guanine nucleotide exchange factors (GEFs) that catalyse the GDP to GTP
exchange (Basu et al., 2008; Berken et al., 2005; Gu et al., 2006). ROP inactivation is mediated
by GTPase activating proteins (GAPs) by stimulating the GTP-hydrolysis function of ROPs
(Hwang et al., 2008; Klahre and Kost, 2006; Wu et al., 2000). The third group of regulators are
guanine GDP dissociation inhibitors (GDIs) which are involved in GDP-ROP recycling from the
plasma membrane in the cytoplasm and GDP-ROP stabilization until their reactivation (Kost,
2008).

Two ROP signalling pathways are involved in the establishment of pavement cell puzzle shape.
In lobe regions, active ROP2 and the functionally redundant protein ROP4 are localized at the
plasma membrane where they interact with the effector Cdc42- and Rac-interactive binding
(CRIB) maotif-containing protein 4 (RIC4) leading to actin filament accumulation and lobe
outgrowth (Figure 3C, Fu et al., 2005; Fu et al., 2002). In indentations regions, active ROP6
interacts with another effector, RIC1 to induce microtubule bundling (Fu et al., 2005; Fu et al.,
2009). RIC1 interacts with the microtubule severing protein KATANIN 1 (KTN1), that severs
microtubule at their branching points resulting in microtubule reorganization into well-ordered
parallel bundles (Lin et al.,, 2013). The bundling of microtubules in indentation regions
supresses curvature outgrowth (Fu et al., 2005). ROP2-RIC4 and ROP6-RIC1 pathways act
antagonistically (Fu et al., 2009). Active ROP2 sequesters RIC1 from microtubules preventing
microtubule bundling in lobe regions, while overexpression of RIC1 inhibits ROP2-RIC4

interaction (Fu et al., 2009). Lobe outgrowth in one cell and growth inhibition in the indentation

11



5. Introduction

region of the neighbouring cell points to a spatiotemporally regulated function of both pathways

and to intercellular communication (Fu et al., 2005).

A Stage | Stage Il Stage lll

Indentation

[] Active ROP2 Actin filament Lobe l I I

D Active ROP6 Microtubules

Molecular switch

Gbp j*+— (@GTP

Plasma
membrane

* Actin filament

@ Microtubules
Figure 3: Model of pavement cell development and ROP regulation

(A) Pavement cell developmental stages: Cells in Stage | are uniform and start to form lobe and
indentation regions in Stage Il. Cell expansion and lobe formation continues in Stage Il to build complex
pavement cells. (B) Model of ROP activity regulation through GEF, GAP and GDI. (C) ROP2-RIC4 and
ROP6-RIC1 antagonistic signalling pathways induce actin filament accumulation in lobes and
microtubule bundling in indentation regions, respectively (A, Stage Il). Growth promotion in lobes and
growth suppression in indentations leads to the formation of pavement cells. (Modified from Craddock
et al., 2012; Yalovsky et al., 2008)

It is still not fully understood how the two antagonistic pathways are activated during pavement
cell shape establishment and what kind of external cues might be involved in the initiation of
the differentiation process. Two hypotheses have been proposed. The plant hormone auxin is
thought to be the first candidate that activates the antagonistic ROP2 and ROP6 pathways in
an AUXIN-BINDING PROTEIN 1 (ABP1) dependent manner (Xu et al., 2010). Also, ROP2 was
identified as critical factor for PIN1 targeting to the plasma membrane in lobe regions where
PIN1 functions in auxin export (Xu et al., 2010). Furthermore, FYPP1, a phytochrome-
associated serine/threonine protein phosphatase 2A (PP2A), and Ser/Thr protein kinase
PINOID (PID) have been shown to regulate the phosphorylation status of PIN1 in pavement

cells. Depending on the phosphorylation status, PIN1 is localized to the lobe (hypo-
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phosphorylated) or indentation (hyper-phosphorylated) region functioning as a polarity switch
between lobes and indentations (Li et al., 2011). It has been also shown that auxin induces the
interaction of the plasma membrane localized transmembrane receptor-like kinase 1 (TMK1)
with ABP1 leading to activation of ROP signalling (Xu et al., 2014). Further analysis of TMK1
and ROP6 lead to the following model: Auxin signalling induce lipid nanodomains and TMK1
clustering which in turn promotes the stabilization of larger ordered lipid nanodomains (Pan et
al., 2020). ROP6 is then recruited to this large lipid nanodomains and its activation induce
microtubule reorganization, that restricts the diffusion of TMK1 ordered lipid nanodomains in a
positive feedback loop (Pan et al., 2020). It was proposed that the accumulation of active ROP6
in nanodomains eventually leads to the formation of polarized ROP6 domains that initiate
indentation formation (Pan et al., 2020). ABP1 was proposed to be a key component in auxin
signalling and essential for plant development (Xu et al., 2014; Xu et al., 2010), but analysis of
abpl knockout mutants revealed that ABP1 does not play a major role in this process (Gao et
al., 2015). Furthermore, a detailed analysis revealed that pinl-1 exhibit no pavement cell
phenotype and PIN1 was expressed in the leaf margins, but not in developing pavement cells
(Belteton et al., 2018). Therefore, it remains questionable whether ROP2 and ROP6 pathways
are activated via PIN1 and ABP1-dependent auxin signalling.

The second theory proposes that there are no molecular external signals involved and
biophysical cues such as mechanical stress, cell geometry and cell wall reinforcement are
sufficient for jigsaw puzzle shaping. Computational modelling predicted that curvature
formation is induced by turgor pressure that generates compressive stress on the pavement
cell wall, resulting in mechanical cell wall buckling (Bidhendi et al., 2019). Furthermore,
demethylated pectin was identified to increase wall stiffness on a future indentation side,
leading to growth suppression on the indentation side without affecting growth on lobe side
(Altartouri et al., 2019). This differential expansion on lobe and indentation sides and the
resulting cell wall buckling generate local stress hotspots in the cell wall (Altartouri et al., 2019;
Bidhendi et al., 2019). Cells respond to localized stress by aligning microtubules along the
maximal tensile stress direction (Hamant et al., 2008). Therefore, parallel microtubule bundles
are recruited to cell wall stress hotspots which later evolve into pronounced indentation regions
(Bidhendi et al., 2019). This notion is supported by another computational model showing that
in stage Il pavement cells, indentation regions with parallel aligned microtubules, experience
the highest mechanical stress (Fu et al., 2005; Sampathkumar et al., 2014). Microtubule
bundling in indentation regions facilitate local cell wall reinforcement by cellulose deposition
resulting in further cell wall stiffening, which in turn is necessary for proper lobe formation
(Altartouri et al., 2019; Bidhendi et al., 2019; Paredez et al., 2006).

However, not only initiation of ROP2-RIC4 and ROP6-RIC1 pathways, but also regulation and
restriction of ROP activity to their assigned regions is important for proper pavement cell shape
13
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establishment, since constitutive expression or overexpression of ROP2 and ROP6 led to a
loss of the complex jigsaw puzzle shape (Fu et al., 2002; Fu et al., 2009). So far, only two
regulators have been identified in pavement cell development the GEF SPIKE1 (SPK1) and
the guanine GDP dissociation inhibitor GDI1. spkl mutants displayed a severe loss of
pavement cell shape complexity and interaction analysis in petals revealed that SPK1 interacts
with ROP2, ROP4 and ROP6 (Basu et al., 2008; Liang et al., 2019; Ren et al., 2016). GDI1
also interacted with ROP2 and ROP6 and the reduction in pavement cell shape complexity
after GDI1 overexpression indicate a role of GDI1 in ROP2 and ROP6 regulation (Wu et al.,
2013). However, the exact function of SPK1 and GDI1 in ROP2 and ROP6 regulation during
pavement cell development still needs to be determined. Besides, which GAPs are involved in
the inactivation of ROP2 and ROP&6 is still unknown.

5.4 Arabidopsis GTPase activating proteins

Arabidopsis thaliana contains two groups of GAPs, ROPGAPs with six members and ROP1
Enhancer (REN)GAPs with three members, both sharing a central GAP-domain that is
necessary for ROP inactivation (Figure 4A, Eklund et al., 2010; Hwang et al., 2008; Wu et al.,
2000). Additionally, ROPGAPs possess at the amino (N)-terminus a CRIB domain, which was
shown to enhance ROP-ROPGAP binding and to mediate subcellular localization (Figure 4B,
(Klahre and Kost, 2006; Schaefer et al., 2011; Wu et al.,, 2000). RENGAPs, also called
PHGAPs, lack the N-terminal CRIB-domain and instead contain a pleckstrin homology (PH)-
domain proposed to facilitate phosphoinositide binding (Hwang et al., 2008; Kulich et al., 2020;
Lemmon, 2008). Furthermore, at their carboxy (C)-termini PHGAPs and ROPGAP4 exhibit a
number of predicted coiled coil domains, which are thought to be critical for protein-protein

interactions and in case of REN1 for vesicle association (Hwang et al., 2008).
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Figure 4: Phylogenetic tree and protein domain architecture of ROPGAPs and PHGAPs

(A) Unrooted tree depicting phylogenetic relationships between ROPGAPs and PHGAPs. The tree was
constructed with CLC Main Workbench 8.0 using the coding DNA sequence (CDS) and neighbour
joining method. (B) Protein domain organization of PHGAPs and ROPGAPSs. They display an N-terminal
pleckstrin homology (PH) or Cdc42- and Rac-interactive binding (CRIB) domain, the central GTPase
activating (GAP) domain and at the C-terminus a number of coiled coil domains. ROPGAP6 is annotated
as a pseudogene, thus is not depicted. Protein domain predictions were extracted from UniProt
(https://www.uniprot.org/) and using Paircoil2 (http://cb.csail.mit.edu/cb/paircoil2/paircoil2-like.html).

ROPGAP1 was characterized as regulator of pollen tube tip growth, restricting ROP1 activity
on the tip (Fu et al., 2001; Hwang et al., 2010). ROP1 is a key component of polarized pollen
tube growth in Arabidopsis thaliana, Nicotiana benthamiana and Pisum sativum (Kost et al.,
1999; Li et al., 1999; Lin and Yang, 1997). Active ROPL1 is localized at the pollen tube tip,
where it interacts with RIC3 and RIC4 (Gu et al., 2005). ROP1-RIC4 interaction leads to actin
filament assembly, which promotes exocytic vesicle accumulation but inhibits exocytosis (Gu
et al., 2005; Lee et al., 2008). ROP1-RIC3 interaction increases Ca?* levels, resulting in actin
filament disassembly and consequently allowing fusion of exocytic vesicles (Gu et al., 2005;
Lee et al., 2008). Besides, Arabidopsis thaliana ROPGAP2 dimerizes via its GAP domain and
forms a 2:2 complex with ROPs (Schaefer et al., 2011). ROPGAP2 showed no tissue specific
expression pattern, but had the highest binding affinity to ROP1, ROP7 and ROP9 (Schaefer
et al., 2011). However, whether ROPGAP2 functions in the inactivation of those ROPs during
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pollen tube tip growth (ROP1), in stomatal opening or during late stage of xylem differentiation
(ROP7) or throughout embryo development and lateral root formation (ROP9) has to be
clarified (Brembu et al., 2005; Li et al., 1999; Nibau et al., 2013; Wang et al., 2017). ROPGAP3
is also expressed in pollen tubes, but its implication in pollen tube growth has not been further
analysed (Hwang et al., 2010). ROPGAP4 negatively regulates the activation of ROP2 under
O: deprivation (Baxter-Burrell et al., 2002). Furthermore, ROPGAP1 and ROPGAP4 seem to
function in responses to pathogens, since ropgapl and ropgap4 showed enhanced
susceptibility to Erysiphe cruciferarum a virulent powdery mildew fungus (Huesmann et al.,
2011). In addition, ROPGAP3 and ROPGAP4 have redundant functions in the inactivation of
ROP11 during secondary cell wall formation in xylem cells (Nagashima et al., 2018; Oda and
Fukuda, 2012). Not only ROPGAP3 and ROPGAP4, but also ROPGAPS is upregulated during
xylem differentiation, however its exact function has not been characterized in detail (Oda and
Fukuda, 2012; Ohashi-Ito et al., 2010). ROPGAP6 has been annotated as a pseudogene and
has probably no biological relevance (Tair database entry,

https://www.arabidopsis.org/servlets/TairObject?id=31244&type=Ilocus).

Apart from ROPGAP1, the PHGAP RENL1 plays a major role in the regulation of ROP1 activity
during pollen tube growth (Hwang et al., 2008; Hwang et al., 2010). Based on their findings,
Hwang et al. suggested that REN1 is associated with exocytic vesicles via its C-terminal
domain and is transported to the pollen tube tip after ROP1-RIC4 induced actin filament
accumulation (Gu et al., 2005; Hwang et al., 2008; Lee et al., 2008). After ROP1-RIC3 induced
increase in cytosolic Ca?* levels and actin filament disassembly, REN1 reaches the plasma
membrane after exocytic vesicle fusion where it inactivates the active ROP1 (Gu et al., 2005;
Hwang et al., 2008; Lee et al., 2008). Following ROP1 inactivation, REN1 cycles back to the
cytosol allowing reactivation of ROP1 at the tip (Hwang et al., 2008). Regulation of ROP1
activity is essential for proper pollen tube tip growth (Gu et al., 2005; Hwang et al., 2008; Lee
et al., 2008).

In contrast, the REN1 relatives, PHGAP1 and PHGAP2 that are closely related, showed an
overlapping expression in leaf primordia, young leaves and mature stomata (Lauster, 2013;
Stockle, 2015). Furthermore, PHGAP1 is expressed in the root epidermis and cortex, as well
as in the sporophytic tissue adjacent to the micropylar pole in ovules (Stdckle, 2015). In
addition, PHGAP?2 is expressed in the root vasculature and the entire ovule (Stockle, 2015).
PHGAPs were initially identified in a yeast-two-hybrid (Y2H) screen as interaction partners of
POK1 (Stockle et al., 2016). PHGAP1 was shown to co-localize with POK1 at the cortical
division site during cytokinesis, suggesting a role for PHGAP1 during cell division (Stockle,
2015). Overlapping expression patterns of PHGAP1 and PHGAP2 and the lack of single
mutant phenotypes pointed to redundant functions (Stockle, 2015). phgapl-1 phgap2-1 double
mutants displayed cell division phenotypes during embryo development, suggesting that
16
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PHGAP?2 is also participating in cell division (Sttéckle, 2015). Furthermore, phgapl-1 phgap2-
1 double mutants exhibited a reduced number of fertilized ovules and displayed a male
gametophyte dependent transmission defect (Stockle, 2015). Although pollen tube growth was
not affected in phgapl-1 phgap2-1, the large number of non-germinated pollen grains
observed in double mutants could be the cause of the male gametophytic defect (Stockle,
2015). PHGAP2 was not able to complement ren1-4 pollen tube elongation defects, indicating
that PHGAP2 has probably no function during pollen tube tip growth and cannot substitute
REN1 function (Stockle, 2015). PHGAP1 and PHGAP2 showed not only functions related to
cell division. In particular, the generation of more lancet-shaped leaves and the lack of
pavement cell shape complexity in phgapl1-1 phgap2-1 pointed to an additional function during
leaf morphogenesis and development of leaf epidermal pavement cells (Stdckle, 2015).
Furthermore, it was shown that PHGAP2 interacts with ROP2, ROP4 and ROP6 that are
involved in pavement cell development (Stéckle, 2015). In addition, substitution of a conserved
arginine to leucine in the GAP domain (PHGAP1R?%L and PHGAP2R%L)  that abolished
PHGAP function, prevented phgapl-1 phgap2-1 pavement cell phenotype restoration,
implicating the requirement of a functional PHGAP for cell shape establishment (Stockle,
2015). Moreover, water loss and water uptake experiments indicated that PHGAP1 and
PHGAP2 seem to be important for water homeostasis, but not required for water transport
(Stockle, 2015).
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ROPs are small molecular switches that play major roles in several developmental processes.
However, their function has to be spatiotemporally controlled, as defective regulation results
in severe phenotypical abnormalities.

Recently, two ROP inactivators, PHGAP1 and PHGAP2, were identified in a yeast-two-
hybrid screen as interaction partners of POK1. PHGAP1 and POK1 co-localized at the division
site during cytokinesis and the phgap1-1 phgap2-1 double mutant exhibits cell division defects
in embryo development pointing towards a functional implication of PHGAPs in cell division.
The first goal of this thesis was to further functionally characterize PHGAPs and to get an
insight into their implication throughout cell division. Our approaches included the investigation
of the functional requirement of different PHGAP domains, potential phosphor-regulation of
PHGAPs activity and the localization patterns of these deletion and phospho-mutants.

Interestingly, in addition to cell division defects, phgapl-1 phgap2-1 displays also a loss
of pavement cell shape complexity that could not be restored when the GAP function was
compromised by amino acid substitution (PHGAP1R?%L and PHGAP2RI®L)  This result
underlines the necessity of PHGAP activity throughout the development of Arabidopsis leaf
epidermal cells. The latter process relies on the function of the two antagonistic ROP-mediated
signalling pathways involving ROP2/4 and ROP6, whereas PHGAP2 was shown to interact
with all ROPs involved. Therefore, the second aim of this thesis was to investigate the role of
PHGAPs in regulation of ROP activity. Considering that PHGAP2 was able to interact with
those ROPs in general, the question arises whether PHGAPSs act also as ROP inactivators in
both pathways during pavement cell development. Furthermore, specific aspects of PHGAP
participation in differentiation of Arabidopsis leaf epidermis cells remain unclear. To answer
these questions, we employed detailed phenotypic phgap mutant and PHGAP localization
pattern analysis, investigated the cytoskeletal organization in phgapl-1 phgap2-1 and
performed further interaction assays with potential ROP candidates. In summary, the present

thesis aimed at unravelling the role of PHGAPs in morphogenetic mechanisms in plants.
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7.1 Functional characterization of PHGAP1 and PHGAP2 in cell division

PHGAP1 and PHGAP2 function in a POK-dependent manner in cell division
plane selection

Cell division is a fundamental process for proper plant development. Therefore, it is critical that
cell division is correctly conducted. Loss of two kinesin-12 class motor proteins, POK1 and
POK2, resulted in phragmoplast guidance defects, mispositioning of the cell plate and
consequently formation of misshaped cells and organs (Lipka et al., 2014). POK1 is essential
for the establishment of the CDZ/CPFS and the maintenance of other CDZ markers like TAN
and RanGAP1 (Lipka et al., 2014; Walker et al., 2007; Xu et al., 2008). In the research article
entitled 6Putative RopGAPs impact div-lig8i BOKpbHane
we identified the first GTPase activating proteins, namely PHGAP1 and PHGAP2, to be
involved in cell division (Stdckle et al., 2016). As noted above, PHGAP1 and PHGAP2 were
initially found as interaction partners of POK1 in a Y2H screen (Stockle et al., 2016). In this
article we confirmed the interaction of PHGAPs with truncated POK1 C-terminal fragments
(POK11213-2086 gnd POK11683-2066) pnerforming a mating-based split-ubiquitin interaction assay
and ratiometric bimolecular fluorescent complementation (rBiFC) experiments (Grefen et al.,
2009).

POKZ1 starts to accumulate at the CDZ during prophase and remains there until the end of
cytokinesis (Lipka et al., 2014). To analyse the localization pattern of PHGAPs during cell
division, we expressed the cDNA constructs pUBN:GFP-PHGAP1 and pUBN:GFP-PHGAP2
as well as the full genomic construct pPHGAP2:GFP-PHGAP2 in wild type Arabidopsis plants.
In interphase, GFP-PHGAP1 and GFP-PHGAP2 were localized in the cytoplasm and at the
plasma membrane. Analysis of the distribution of PHGAPs in different cell division stages
revealed, that unlike POK1, PHGAP1 and PHGAP2 started to accumulate at the division site
during meta-/anaphase forming a ring-like structure and remained there throughout
cytokinesis. Co-expression studies of YFP-POK1 and RFP-PHGAP1 confirmed co-localization
of YFP-POK1 rings and RFP-PHGAP1 rings. Next, to examine whether PHGAP localization at
the division site is POK-dependent, we expressed PHGAPs in the pokl-1 pok2-3 double
mutant background. Although, PHGAP1 and PHGAP2 displayed still cytoplasmic and plasma
membrane localization, they did not accumulate at the CDZ/CPFS in the absence of POKL1.

These results indicate that POK function is required for PHGAP recruitment to the division site.

To characterize the role of PHGAPs during cell division, we analysed phgapl-1 phgap2-1
double mutants, since the single mutants showed no obvious phenotype. The Arabidopsis root
meristem is highly organized, displaying well-ordered cell wall patterns. Knockdown of
PHGAPs in phgapl-1 phgap2-1 resulted in moderate reduction of root growth and modest cell
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wall positioning defects compared to the wild type. However, phgapl-1 phgap2-1 cell division
defects were not as severe as in pok1-1 pok2-3 double mutants and a pok1-1 pok2-3 phagpl-
1 phgap2-1 quadruple mutant showed no obviously enhanced phenotype compared to pok1-
1 pok2-3. Further, cell division defects were also observed in early embryo development of
phgapl-1 phgap2-1. Taken together these results suggest redundant functions of PHGAP1
and PHGAP2 in cell division plane positioning in the root meristem and in early embryo

development.

Afterwards, we determined the importance of PHGAPs during cell division by investigating the
organization of mitotic structures in phgapl-1 phgap2-1. We observed misaligned preprophase
bands in addition to misaligned phragmoplasts in phgapl-1 phgap2-1, albeit PHGAPs are not
accumulated at the CDZ during prophase. Analysis of POK1 localization in phgapl-1 phgap2-
1 revealed co-alignment of POK1 signal with the mispositioned PPBs, indicating that POK1 is
still recruited to the division site predicted by the PPB. Further analysis of the deviation angle,
using POK1 as division site marker, confirmed the positioning defects of PPBs and
phragmoplasts in phgapl-1 phgap2-1. This division site defects in phgapl1-1 phgap2-1 could
be rescued by the expression of pPPHGAP2:GFP-PHGAP2, suggesting that PHGAPs function

in division plane selection and correct PPB placement.

Furthermore, we investigated whether PHGAP localization depends on GAP function.
Therefore, we mutated the conserved catalytic arginine in the GAP domain generating
PUBN:GFP-PHGAP1??%" and pUBN:GFP-PHGAP2R%8 and we expressed the constructs in
the phgapl-1 phgap2-1 background. Inhibition of GAP function had no effect on the timely
localization of PHGAPs at the CDZ/CPFS during cell division. However, the root growth, cell
wall positioning and misaligned PPB/phragmoplast defects in phgapl-1 phgap2-1 could not be
rescued without a functional GAP domain, underlying the importance of the latter domain for
PHGAP activity.

Our results allowed us to conclude that PHGAPSs participate in preprophase band positioning
acting upstream of POK1, however they still require POK function for their accumulation at the
CDZ/CPFS during meta-/anaphase. Our finding that two GTPase activating proteins
functioning in division plane selection, revealed the first hint towards potential ROP activity in

cytoskeletal reorganization at the division site during cell division.
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PHGAP C-terminal domain is essential for division site and plasma membrane
localization

PHGAP1 and PHGAP2 contain three different domains, the N-terminal PH domain, the central
GAP domain and predicted coiled coil domains at the C-terminus. As mentioned early,
mutating the catalytic arginine in the GAP domain abolished PHGAP function, but not
localization during cell division (Stockle et al., 2016). Since, the closest homolog of PHGAP1
and PHGAP2, REN1, was neither able to localize to the pollen tube apex nor could the pollen
tube phenotype of renl-1 be restored when the coiled coil domain containing C-terminal part
was absent, we tried to gain more insights into the importance of the PHGAP1 and PHGAP2
C-terminus for division site localization during cell division (Hwang et al., 2008). Thus, we
generated different deletion mutants and | examined their spatiotemporal localization pattern
(Figure 5A). To identify the different cell division stages, pUBN:GFP-PHGAP1%
PPHGAP2:GFP-PHGAP2:"%* and pPHGAP2:GFP-PHGAP2°%¢ were co-expressed with the
microtubule reporter pUBN:RFP-MBD or alternatively the plasma membrane was stained with
the fluorescent dye FM4-64 (Figure 5B, D and F). To analyse in more detail plasma membrane
localization of the truncated protein, we generated plot profiles across the plasma membrane
(Figure 5C, E and G). Deletion of the complete C-terminus of PHGAP1 and PHGAP2
(PHGAP1¥° and PHGAP2%%%) resulted in a complete loss of division site and plasma
membrane localization (Figure 5B, C, F, G and H). Interestingly, when only the last predicted
coiled coil domain was deleted from PHGAP2 (PHGAP27%4) the protein was still able to
localize to the plasma membrane, but the accumulation at the cortical division site was severely
affected (Figure 5D, E and H). Further investigation of the root meristem organization revealed,
that GFP-PHGAP217%4 like the full length GFP-PHGAP2, was able to restore the oblique cell
wall phenotype in phgapl-1 phgap2-1, although it did not accumulate at the division site
(Figure 51). In contrast, GFP-PHGAP21-5%6 still displayed oblique cell walls in the root meristem
and was not able to restore phgapl-1 phgap2-1 (Figure 5l). These results indicate, that the
coiled coil domain-containing C-terminal part of PHGAP1 and PHGAP2 is essential for

accumulation at the division site and plasma membrane localization.
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Figure 5: PHGAP C-terminal domain is essential for division site localization

(A) Protein domain architecture of PHGAP1 and PHGAP?2 illustrating the N-terminal pleckstrin homology
(PH)-domain, the central conserved GTPase activating protein (GAP) domain and coiled coil domains
at the C-terminus (predicted by UniProt, https://www.uniprot.org/ and Paircoil2,
http://paircoil2.csail.mit.edu). C-terminal deletion mutants are shown. (B, D and F) Z-Projections of
cytokinetic cells of double mutant root meristems expressing (B) pUBN:GFP-PHGAP1145° (phgapl1-1/+
phgap2-1/+ segregating background), (D) pPHGAP2:GFP-PHGAP2'-764 (phgapl-1/+ phgap2-1/+
segregating background) or (F) pPHGAP2:GFP-PHGAP2-5¢¢ (phgapl-1 phgap2-1) seven days after
sowing (DAS). The microtubule reporter (B and D) pUBN:RFP-MBD or the membrane dye (F) FM4-64
were used to distinguish between different cell division stages. Arrow heads mark the position of the cell
plate fusion site (CPFS), where accumulation of PHGAP signal is expected. Note that only GFP-
PHGAP21-7¢4 (D) is faintly accumulated at the division site. Scale bars 10 pm. (C, E and G) Plot profiles
displaying the GFP-PHGAP signal intensity (gray value) along the yellow line shown in B, D and F,
respectively. Note the peak in (E) GFP-PHGAP21-764 indicating plasma membrane localization and its
absence in (C) GFP-PHGAP114%° and (G) GFP-PHGAP2'-5¢¢, (H) Table summarizing the number (no.)
of observed CPFS localizations/mitotic structure of GFP-PHGAP114%9 (17 seedlings from four
experiments), GFP-PHGAP21-764 (6 seedlings from one experiment) and GFP-PHGAP21-56 (2 seedlings
from one experiment) in different cell division stages. (I) Representative single plane images of the root
meristem cell wall pattern of seedlings stained with propidium iodide (10 mg/ml) seven DAS. Depicted
are wild type, phgapl-1 phgap2-1 and pPHGAP2:GFP-PHGAP2, pPHGAP2:GFP -PHGAP2!764 and
pPHGAP2:GFP -PHGAP21-566 expressed in phgapl-1 phgap2-1 double mutants. Arrows (red) point to
oblique cell walls. Scale bars 20 pm.

PHGAP1 and PHGAP2 form homo- and heterodimers

Previously, ROPGAP2 was shown to dimerize via its GAP domain and to form a 2:2 complex
with ROPs (Schaefer et al., 2011). To investigate, whether PHGAP1 and PHGAP2 form homo-
or heterodimers, we performed a mating-based split-ubiquitin experiment using full length
PHGAP1 and PHGAP2 and different deletion mutants (Figure 6A-B). Both PHGAPs were able
to interact with themselves or the other PHGAP despite the absence of N-terminal or C-
terminal domains (Figure 6A, C-D). A lack of PHGAP2 C-terminal predicted coiled coil domains
(PHGAP2'7%* and PHGAP2%%%) resulted in enhanced interaction with full length PHGAPs.
These data indicate that PHGAPs are able to form homo- and heterodimers, probably in a
similar way as ROPGAP2 via their central GAP domain, since the absence of the N- or C-

terminus had no effect on interaction.
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Figure 6: PHGAP1 and PHGAP2 form homo- and heterodimers

(A) Yeast mating-based split-ubiquitin system (SUS) assays were performed using PHGAP1 and
PHGAP2 as baits (-Cub fusion) and PHGAP1, PHGAP2, PHGAP1130-827 PHGAP2135-870 PHGAP11-456,
PHGAP21566 gnd PHGAP217%4 as preys (NubG- fusion). Yeast diploids of bait plus prey or bait plus
controls (NUBG, negative control and NUBWT, positive control) were spotted onto CSM-Leu-, Met-, Trp-
, Ura- (CSM-LMWU) medium to confirm mating and on CSM-Ade-, His-, Leu-, Met-, Trp-, Ura-
(AHLMWU) with 0.5 pM or 5 pM methionine to test for interaction. Colonies correspond to culture
concentration 1, 0.1 and 0.001 at ODsoo from left to right. Control plates and interaction plates were
scanned after 24 h and 48 h, respectively. (B) Protein domain architecture of full length PHGAP1 and
PHGAP2 and the deletion mutations used in (A). (C and D) Western blots showing the expression of
the baits (C) PHGAP1 (152 kDa) and PHGAP2 (157 kDa) (arrow) and the preys (D) PHGAP1 (100 kDa),
PHGAP2 (105 kDa), 2BAP1 (86 kDa), aBAP2 (90 kDa), PHGAP114% (59 kDa), PHGAP21-566
(70 kDa) and PHGAP21-764 (93 kDa) (arrows, upper bands) used in (A). Shown are the data from one of
two replicates of the assay with similar results (second assay, Haller, 2019).
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7. Results and Discussion

Phospho-regulation affects the timely localization of PHGAPs at the cortical
division site

Phosphorylation as posttranslational modification is regulating the activity of proteins (reviewed
in Hodges et al., 2013). PHGAP1 and PHGAP2 contain several predicted phosphorylation sites
(Figure 7A, PhosPhAt 4.0, phosphat.uni-hohenheim.de/phosphat.html). To investigate,
whether PHGAPs are phospho-regulated, the serine at amino acid position 447 of PHGAP2
was mutated to glutamic acid generating a phospho-mimic mutant and to alanine creating a
phospho-deficient mutant. Both mutants, GFP-PHGAP25*'E and GFP-PHGAP25*'A were co-
expressed with the microtubule reporter RFP-MBD under the control of the ubiquitin promoter
in the phgapl-1/+ phgap2-1/+ double mutant background. The microtubule reporter was used
to distinguish between different cell division stages and GFP-PHGAP25*’E/GFP-PHGAP25447A
division site accumulation was analysed throughout mitosis and cytokinesis. The phospho-
mimic version GFP-PHGAP2 S*7E displayed a localization pattern comparable to wild type
PHGAP2, started accumulating at the division site during metaphase (Figure 7B (left panels)
and 7C, Stockle et al., 2016). However, missing phosphorylation at amino acid position 447,
led to an earlier arrival of GFP-PHGAP25447A at the cortical division site, showing already co-
localization with the preprophase band during preprophase/prophase (Figure 7B (right panels)
and 7C). These results suggest that the phosphorylation status of PHGAP2 might be related

to the timely localization of PHGAP2 at the division site during cell division.
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Figure 7: Phospho-deficiency of S447 affects the timely accumulation of PHGAP2 at the
cortical division site

(A) Protein domain architecture of PHGAP2 with N-terminal pleckstrin homology (PH) domain, central
GAP domain and C-terminal coiled coil (CC) domains. Position of the different phosphorylation sites are
marked and the mutated position is highlighted (red, PhosPhAt 4.0, phosphat.uni-
hohenheim.de/phosphat.html). (B) Z-Projection of phgapl-1/+ phgap2-1/+ root cells in different cell
division stages expressing pUBN:GFP-PHGAP25447€ (phosphor-mimic) and pUBN:GFP-PHGAP25447A
(phospho-deficient) seven days after sowing (DAS), respectively. The microtubule reporter pUBN:RFP-
MBD was co-expressed to identify cell division stages. Arrow heads mark PHGAP2 localization at the
cortical division site. Scale bars 10 pm. (C) Bar plot representing the frequency of PHGAP2
accumulation at the cortical division site in different cell division stages. The total number of cells
analysed per cell cycle stage is indicated within the bars (13-16 seedlings from two to three
experiments).

Considering the potential importance of PHGAPs phosphorylation status, the question arises:
which proteins are involved in the phospho-regulation of PHGAPs during cell division?
Possible candidates for phospho-regulation are components of the TTP-complex required for
preprophase band formation (Azimzadeh et al., 2008; Schaefer et al., 2017; Spinner et al.,
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7. Results and Discussion

2013; Torres-Ruiz and Jurgens, 1994; Traas et al., 1995). These are TONNEAUL (TON1), the
TONL1 recruiting motif (TRM) proteins and the protein phosphatase 2A (PP2A) heterotrimeric
holoenzyme with FASS as a regulatory subunit (Camilleri et al., 2002; Kirik et al., 2012; Spinner
et al., 2013; Torres-Ruiz and Jurgens, 1994; Traas et al., 1995). A previous study of the trm6
trm7 trm8 (trm678) triple mutant revealed, apart from the lack of PPB formation, also a delayed
recruitment of POK1 to the division site (Schaefer et al., 2017). To assess, whether PHGAP2
localization at the division site is also delayed in trm678, pPHGAP2:GFP-PHGAP2 was
expressed in trm678 or phgapl-1 phgap2-1 mutants followed by immune-detection of GFP
and microtubules and analysis of the localization pattern. GFP-PHGAP2 expressed in the
phgapl-1 phgap2-1 double mutant background functioned as control and exhibited, as
expected, accumulation of GFP-PHGAP2 at the division site during metaphase and cytokinesis
(Figure 8A (left panels) and 8B). However, recruitment of GFP-PHGAP2 to the division site
was delayed in trm678, suggesting a role of the TTP complex in PHGAP2 regulation (Figure
8A (right panels) and 8B).
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Figure 8: PHGAP2 accumulation at the cortical division site is delayed in trm6 trm7 trm8 triple
mutants

(A) Z-Projections of phgap1-1 phgap2-1 and trm6 trm7 trm8 root meristem cells in different cell division
stages expressing pPHGAP2:GFP-PHGAP2 six days after sowing (DAS). Arrow heads mark PHGAP2
accumulation at the cortical division site. Immuno-detection was used to visualize PHGAP2 (green, anti-
GFP, anti-rabbit Alex488) and microtubules (magenta, anti-tubulin, anti-rat Cy3). Scale bars 10 um. (B)
Bar plot comparing the frequency of GFP-PHGARP?2 division site localization in dividing cells in phgap1-
1 phgap2-1 (9 seedlings) and trm6 trm7 trm8 (17 seedlings). Numbers indicate the total number of cells
analysed per cell cycle stage of one experiment.

A part of the TTP-complex, the scaffolding subunit PP2AA3 was tested as interaction partner
of PHGAP1 and PHGAP2. We performed a mating based split-ubiquitin assay using PHGAP1

and PHGAP2 as 6ébaitsd and P PRFo2ndAo3ntemd strongly vty 6 .

PHGAP1 as well as PHGAP2, implicating a role for PP2AA3 in PHGAP dephosphorylation
(Figure 9A-B).
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Figure 9: PHGAP1 and PHGAPZ2 interact with the phosphatase PP2AA3

(A) Yeast mating-based split-ubiquitin system (SUS) assay was performed using PHGAP1 and PHGAP2
as baits (-Cub fusion) and PP2AA3 as prey (NubG- fusion). Yeast diploids of bait plus prey or bait plus
controls (NUBG, negative control and NUBWT, positive control) were spotted on CSM-Leu-, Met-, Trp-
, Ura- (CSM-LMWU) medium to verify mating. Protein interactions were examined by colony growth on
CSM-Ade-, His-, Leu-, Met-, Trp-, Ura- (AHLMWU) with the addition of 0.5 uM, 5 pM or 50 uM
methionine. Colonies correspond to culture concentration 1, 0.1 and 0.001 at ODsoo from left to right.
Control plates and experimental plates were scanned after 24 h and 48 h, respectively to monitor colony
growth. (B) Western blot confirmed the expression of the prey PP2AA3 (74 kDa, arrow) used in (A).
Western blot showing the expression of the baits PHGAP1 and PHGAP2 is depicted in Figure 6C. The
assay was performed twice with similar results (second assay, Haller, 2019).
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Discussion

Potential functions of PHGAPs during cell division

In our previous study, we identified the first GAPs, PHGAP1 and PHGAP2, to be involved in
cell division in Arabidopsis (Stockle et al., 2016). Knockdown of PHGAP1 and PHGAP2 in
phgapl-1 phgap2-1 resulted in a fairly mild cell division phenotype compared to pok1-1 pok2-
3 (Stockle et al., 2016). This could be due to the amount of PHGAP2 that is still active in the
double mutant, since the PHGAP2 transcript was not fully abolished in phgap2-1 (Stockle et
al., 2016). Another reason could be, that the gene expression of PHGAP1 and PHGAPZ2 in the
root tissue are overlapping, but they are not identical (Stockle, 2015; Stdckle et al., 2016).
There could be also redundant functions with members of the CRIB domain-containing
ROPGAPs, the second group of ROP inactivators in Arabidopsis (Schaefer et al., 2011).
Redundancy among the two GAP groups has been already shown for REN1 and ROPGAP1
during pollen tube tip growth (Hwang et al., 2010). However, so far there was no ROPGAP
identified in cell division. PHGAP1 and PHGAP2 accumulated in a POK-dependent manner at
the division site during metaphase where they remained until the end of cytokinesis (Stockle
et al., 2016). This observation, together with the presence of obliquely oriented phragmoplasts
in phgapl-1 phgap2-1, would suggest a function of PHGAPs in phragmoplast guidance.
However, phgapl-1 phgap2-1 displayed not only oblique phragmoplasts, but also oblique
PPBs (Stockle et al., 2016). In addition, POK1 was recruited to the division site predicted by
these oblique PPB (Stockle et al., 2016). Therefore, the oblique phragmoplasts are most likely
a downstream effect of the already misaligned PPBs/division sites in phgapl-1 phgap2-1,
indicating that PHGAPs are required for the correct positioning of the PPB/division sites. In
contrast to POK1, which is specifically expressed in cell division (Lipka et al., 2014), PHGAPs
displayed also cytosolic and plasma membrane localization in interphase cells. Therefore,
PHGAPs have probably also other functions beyond cell division. The question arises now,
why are PHGAPs recruited to the division site in metaphase and what might be their function
there, if they are not mediating the guidance of the phragmoplast. Since the cell division
phenotype in phgapl-1 phgap2-1 is most likely caused by the already mispositioned PPBs, it
is necessary to dissect the function of PHGAPs during PPB positioning and their activities at
the division site from metaphase. In this direction, one approach would be to introduce a
PHGAP version in phgapl-1 phgap2-1 that is degraded before cytokinesis to observe the

effects on the remaining cell division process.
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Are PHGAPs functioning as ROP inactivators during cell division?

In general, GAPs are known to mediate ROP inactivation by stimulating the GTP-hydrolysis
function of ROPs and are therefore key players in ROP regulation (Hwang et al., 2008; Klahre
and Kost, 2006; Wu et al., 2000). Are PHGAPs then inactivating ROP activity during cell
division? The functional requirement of the PHGAP GAP domain for cell division plane
selection and the ability of PHGAPS to interact with ROPs, indeed implies a role for PHGAPs
in ROP inactivation during cell division (Stockle et al., 2016). So far, it is unknown which ROPs
are involved in cell division in the root meristem. Until now, only ROP3 has been described to
play a role in cell division. Loss of ROP3 activity affected embryo development in a comparable
manner to phgapl-1 phgap2-1, suggesting a role for PHGAPs in ROP3 inactivation during
embryo formation (Huang et al., 2014; Stdckle et al., 2016). However, ROP3 is only expressed
in the quiescent centre, columella stem cells, in columella cell layers and stele cells of the root
meristem (Huang et al., 2014). Therefore, ROP3 has only some overlap in expression pattern
with PHGAPs in the root meristem and is probably not the only potential target of PHGAP
inactivation during root cell division. Arabidopsis, contains 10 other ROPs that could be
considered as inactivation targets of PHGAPs. To analyse, whether ROPs function during cell
division at all, one could use the CRIB domain of the ROP interactor RIC1, that was shown to
bind to active ROPs (Klahre and Kost, 2006). RFP-CRIB-RIC1 expressed under the Ubiquitin
promoter was labelling active ROPs at the plasma membrane and in the cytosol in the root
meristem and leaf pavement cells (Spath, 2017). However, to identify ROPs participating in
cell division, RFP-CRIB-RIC1 should be expressed under a cell division specific promoter
followed by immunoprecipitation mass spectrometry (IP-MS) analysis. A second approach
could be the detailed analysis of rop mutants regarding cell division defects. It is likely that
ROPs functioning in cytoskeletal reorganization in mitotic and cytokinetic structures or vesicle
trafficking during cell division, as they fulfil this function also in other developmental processes
(reviewed in Craddock et al., 2012). Therefore, one possible PHGAP function in cell division
might be the regulation of ROP activity in PPB orientation. As mentioned above, PHGAPs
function not only in PPB positioning, they are also accumulated at the division site from
metaphase to the end of cytokinesis. Actin is diminished at the division site from prometaphase
through anaphase, known as the actin-depleted zone (ADZ) (Cleary and Smith, 1998; Mineyuki
and Palevitz, 1990). Although, the time frames of PHGAP accumulation and actin depletion at
the division site are not completely overlapping, it might be possible that PHGAPs mediate
inactivation of ROPs at the division site to create the ADZ. Indeed, ROP1 activity decrease
actin filament accumulation during pollen tube tip growth, where ROP1-RIC3 interaction led to
an increase in Ca?* level followed by actin filament disassembly (Hwang et al., 2008). A first
attempt to investigate PHGAP involvement in ADZ establishment could be to analyse actin

localization in dividing phgap1-1 phgap2-1 double mutant cells.
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Requirement of PHGAP domains for function and localization

PHGAPs contain three different domains: at the N-terminus a pleckstrin homology domain, a
central GAP domain and at the C-terminus predicted coiled coil domains (Hwang et al., 2008).
Pleckstrin homology domains are known for their phosphoinositide binding ability (Lemmon,
2008). Recently, this binding ability was confirmed for PHGAP1 and PHGAP2 as they were
found to bind to phosphatidylinositol 4-phosphate (Ptdins(4)P), Ptdins(5)P, Ptdins(3,5)P, and
PtdIins(4,5)P. (Krieger, 2014; Kulich et al., 2020). Additionally, PHGAP1 was binding to
Ptdins(3)P and PHGAP2 to Ptdins(3,4)P», Ptdins(3,4,5)P; and phosphatidic acid (Krieger,
2014; Kulich et al., 2020). However, whether the PH domain is important for PHGAP function
during cell division has still to be clarified. A functional GAP domain was important for PHGAP
function during cell division, but was not required for division site localization (Stockle et al.,
2016). Analysis of PHGAP coiled coil domain deletion mutants revealed that the whole C-
terminal part was needed for PHGAP1 and PHGAP2 function and localization at the division
site and for plasma membrane localization in general. Since the root meristem phenotype was
most likely caused by already misoriented PPBs/division sites, these results propose that
plasma membrane localization of PHGAPs prior cell division, is required for correct PPB
orientation establishment. Though, when only the last predicted coiled coil domain was absent,
GFP-PHGAP2Y7%* was still able to localize at the plasma membrane and to rescue the root
meristem mutant phenotype, but localization at the division site was impaired. This would
suggest that, either POK1-dependent recruitment of PHGAPs during metaphase is not
important for further cell division or, what is more likely, this further confirms redundancy with
ROPGAPs as already indicated by the mild phgapl-1 phgap2-1 phenotype. To confirm these
hypotheses, PPB and phragmoplast orientation in the root meristem should be analysed in
PPHGAP2:GFP-PHGAP2>"® phgapl-1 phgap2-1 rescue lines and ropgap mutants.

Therefore, our data suggests that there are two possible functions for the PHGAP coiled coil
domains. Either they are needed for transport of the protein to the localization sites or they are
required for interaction with unknown plasma membrane bound proteins and POK1 at the
division site. For the closest homolog of PHGAPs, REN1, Hwang et al., suggested that REN1
is associated with exocytic vesicles via its C-terminal domain and reaches the plasma
membrane of the pollen tube apex via vesicle trafficking (Hwang et al., 2008). Hence, it is
possible that also the PHGAP coiled coil domain is necessary for vesicle association and
transport to the plasma membrane and division site. To test the second hypothesis, a yeast-
mating-based split ubiquitin assay was performed to analyse which PHGAP1 and PHGAP2
domains are required for interaction with the POK1 coiled coil domain containing C-terminal
part (Lotz, 2018). POK11683-2066 \ygs not interacting with PHGAP1 and PHGAP2 when the PH
domain or the last predicted coiled coil domain of PHGAP2 was absent (Lotz, 2018). However,

POK11213-2066 ywas able to interact with PHGAP1 and PHGAP2 independently of the absence
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or presence of the PH domain or the coiled coil domains (Lotz, 2018). This would suggest that
the PHGAP1 and PHGAP2 coiled coil domain is not necessarily needed for interaction with
POK1 and that the interaction is probably facilitated by the central GAP domain. In contrast, in
the Y2H screen, where PHGAPs were initially identified as interaction partners of POK1,
POK11683-2086 \as interacting with C-terminal fragments of PHGAP1 and PHGAP2 (Sabine
Muller, unpublished data). Collectively, these data would support the view that the transport of
PHGAPs towards the cortical division site and possibly not the interaction with POKs is

mediated by the PHGAP C-terminus, but further studies are required in planta.

Furthermore, PHGAP1 and PHGAP2 were able to form homo- and heterodimers in a split-
ubiquitin assay independently despite the absence of the N-terminal or C-terminal domains.
This would suggest, that PHGAP1 and PHGAP2 probably dimerize via their GAP domain,
which was already previously shown for ROPGAP2 (Schaefer et al., 2011). It would be
interesting to further investigate if PHGAPs dimerize also in planta and whether the
dimerization is required for function. ROPGAP2 was not only able to dimerize, but was also
shown to form a 2:2 complex with ROPs (Schaefer et al., 2011). Further analysis might reveal
whether PHGAP1 and PHGAP2 form also a 2:2 complex with ROPs or how they interact with
POKs.

Are PHGAPs phosphoregulated?

PHGAP1 and PHGAP2 contain several predicted phosphorylation sites, suggesting potential
phospho-regulation of these proteins. Mutation of one of those phosphorylation sites (S447),
in which created a phospho-deficient mutant (S447A), resulted in earlier arrival of PHGAP2 at
the division site, as it was already accumulated at the CDZ during preprophase. This would
suggest, that phosphorylation is important for the timely localization of PHGAPs at the division
site. However, PHGAPs contain several potential phosphorylation sites, so further
characterization of PHGAP function with additional mutated phosphorylation sites would help
to clarify any importance of the phosphorylation status of those sites. In general,
phosphorylation is mediated by kinases, but which kinase might be involved in PHGAP
phosphorylation is still elusive. However, our experiments revealed that the phosphatase
complex TTP might be involved in the dephosphorylation of PHGAPSs. Indeed, PHGAP1 and
PHGAP2 were interacting with the scaffolding subunit A of the TTP-complex, PP2AA3.
Additionally, PHGAP2 accumulation as well as POK1 recruitment at the division site was
delayed in trm6 trm7 trm8 mutants (Schaefer et al., 2017; present thesis). TRM mediates
targeting of the TTP complex to the cytoskeleton (Drevensek et al., 2012). Therefore, late POK-
dependent PHGAP2 arrival at the division site could be either a downstream effect of already
delayed POK1 recruitment to the CDZ in trm6 trm7 trm8 or caused by absent PHGAP2

dephosphorylation by a mislocalized TTP-complex as the TRM mediated targeting function is
32



7. Results and Discussion

missing (Schaefer et al.,, 2017; Stockle et al.,, 2016). Abolished TON1, FASS or TRM6-8
function leads to a lack of PPB formation, which was not the case in phgap1-1 phgap2-1 double
mutants (Schaefer et al., 2017; Spinner et al., 2013; Torres-Ruiz and Jurgens, 1994; Traas et
al., 1995). However, our previous results pointed to a function for PHGAPSs in PPB orientation
rather than in PPB formation. So far, it is also unclear whether missing phosphorylation of
PHGAPs also interferes with PPB orientation. Further analysis of PPB orientation in GFP-
PHGAP2547 phgapl-1 phgap2-1 should be performed in order to clarify the latter. All in all,
phosphorylation-deficiency leads to early PHGAP accumulation at the division site, while
probably absent dephosphorylation results in later PHGAP recruitment, suggesting that the
PHGAP phosphorylation status has to be timely regulated.
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7.2 Characterization of PHGAP functions during pavement cell shape
establishment

Manuscript: Cell polarity establishment requires spatial localization of GTPase
activating proteins
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Abstract

Regulation of polarized growth is essential for proper formation of several plant organs and
tissues, including pollen tubes, root hairs and leaf pavement cells. Rho of plants (ROPSs), acting
as small molecular switches, are key players in this process. During differentiation of
Arabidopsis thaliana leaf epidermis, ROP2 and ROP6 have antagonistic functions in the
formation of the characteristic pavement cell jigsaw puzzle shape by inducing the
reorganization of the cytoskeleton in lobe and indentation regions, respectively. Here, we
identified two pleckstrin homology (PH) containing GTPase activating proteins (GAPS),
PHGAP1 and PHGAP2, that function redundantly during the morphogenesis of pavement
cells. In general, GAPs mediate ROP inactivation by stimulating their intrinsic GTP-hydrolysis
function. Loss of PHGAP1 and PHGAP2 function in the phgapl phgap2 double mutant resulted
in a severe reduction of pavement cell shape complexity. Both PHGAPs were recruited, in a
microtubule dependent manner, on the anticlinal face of pavement cell indentation regions.
PHGAPs interacted specifically with ROP2 likely fine tuning its activity. Consistently, increased
active ROP2 levels in phgapl phgap?2 double mutant support the view that PHGAPSs inactivate
ROP2 in pavement cell indentations regions. In conclusion, PHGAP-mediated regulation of
ROP2 activity in this region is important for correct polarity establishment and proper puzzle

shape cell formation.

34



7. Results and Discussion

Results
PHGAP1 and PHGAP?2 function redundantly in pavement cell shape establishment

PHGAP1 and PHGAP2 showed expression in several polar growing organs like primary and
lateral roots, root hairs and young leaves (Stockle et al., 2016). To investigate whether
PHGAPs play a role in polarized growth we analysed different phgap mutant alleles (Figure
S1A). Semi-quantitative RT-PCR was used to assess the PHGAP transcript levels in the
different T-DNA insertion lines. It was found that expression of PHGAP was completely
abolished in phgapl-2 and phgap2-2 (Figure S1C-D), while in phgapl-1 and phgap2-1 was
drastically reduced (Stockle et al., 2016). phgap single mutants displayed no obvious
phenotype, therefore, we generated different phgapl-1 phgap2-1, phgapl-2 phgap2-2 and
phgapl-1 phgap2-2 double mutant combinations. 10-day old phgapl phgap2 double mutant
seedlings, especially phgapl-1 phgap2-1, displayed more lancet-shaped cotyledons in
comparison to wild type (Figure 1A). The cotyledon width/length ratio was determined
revealing that all phgapl phgap2 double mutant combinations had a statistically significant
smaller width/length ratio compared to wild type, with that of phgapl-1 phgap2-1 being the
most affected (Figure 1B). During 8-leaf stage of phgapl-1 phgap2-1 plants it was found that
not only the shape of cotyledons was affected, but also that the shape of emerging young
leaves was slightly altered in comparison to wild type leaves (Figure 1C). These alterations in
cotyledon and leaf shape of phgapl phgap2 double mutants led us to focus on the involvement
of PHGAP1 and PHGAP2 during multipolar growth of pavement cells. As a first step, we
examined individual characteristics of pavement cell shape (area, perimeter, circularity) of 10-
day old cotyledon pavement cells. phgapl-1 and phgap2-1 cotyledon pavement cells displayed
no phenotypical differences compared to wild type (Figure S1E-H). phgapl-2 and phgap2-2
pavement cells showed a considerably significantly smaller perimeter and larger circularity
than wild type, while their area was not affected (Figure S1I-L). The single mutant pavement
cell phenotype of phgapl-2 and phgap2-2 was fairly mild. Therefore, we analysed the
pavement cell shape of different phgapl phgap2 double mutant combinations (10-day old
cotyledons) to investigate whether PHGAPs have redundant functions in pavement cell
formation (Figure 1D-G, 1J-L). phgapl phgap2 double mutants showed a significantly smaller
perimeter (Figure 1K) and a higher circularity (Figure 1L), while pavement cell area (Figure 1J)
was not affected in comparison to wild type. The double mutant combination phgap1-1 phgap2-
1 showed the most severe phenotype, displaying a dramatic loss of pavement cell shape
complexity and therefore, was used for further studies (Figure 1E). The pavement cell
phenotype in phgapl-1 phgap2-1 could be fully restored by expressing either pPPHGAP1.GFP-
gPHGAP1 (Figure 1H, 1M-O) or pPHGAP2:GFP-gPHGAP2 (Figure 1l, 1P-R). PHGAP1 and
PHGAP2 share at the amino (N) terminal a pleckstrin homology (PH) domain, a central

GTPase activating protein (GAP) domain containing a functionally critical and conserved
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arginine (Figure S1B). At the carboxy (C) terminal coiled coil domains are predicted.
Interestingly, loss of pavement cell shape complexity could not be rescued with
PPHGAP1:GFP-PHGAP1??%! (Figure S1M) or pPHGAP2:GFP-gPHGAP2R'" (Figure S1N)
where the function of the GAP domain was abolished by the substitution of the conserved
arginine (R) by leucine (L). Taken together, these data indicate that PHGAP1 and PHGAP2
act redundantly and that their catalytic function is important for pavement cell shape
establishment.

Microtubule organization in phgap1-1 phgap2-1 pavement cells was only mildly
affected compared to wild type

GAPs are known inactivators of ROPs in various developmental processes. ROP2 and ROP6
have been reported to act in antagonistic cell polarity signalling pathways, leading to
reorganization of the cytoskeleton required for the establishment of the characteristic
pavement cell jigsaw puzzle form (Fu et al., 2005; Fu et al., 2002; Fu et al., 2009). As pavement
cell complexity is dramatically reduced in phgapl-1 phgap2-1 (Figure 1E), the question arises
whether PHGAP1 and PHGAP?2 interfere with ROP2 or ROP6 function during pavement cell
shape establishment. First, we compared the microtubule organization in pavement cells of
phgapl-1 phgap2-1 and wild type. Therefore, using the microtubule reporter 35S:GFP-MAP4
(Marc et al., 1998), we examined microtubule orientation in neck regions and central cell
regions (region outside of lobe and indentation, Figure S2) of the periclinal face in 3-day old
phgapl-1 phgap2-1 and wild type pavement cells. We determined the microtubule anisotropy
with the ImageJ plugin Fibril Tool (Boudaoud et al., 2014). As previously reported
(Sampathkumar et al., 2014), wild type pavement cells displayed a statistically significant
higher anisotropy in neck regions compared to central regions where microtubule bundles were
more randomly oriented (Figure 2A-B). However, the microtubule orientation in phgapl-1
phgap2-1 neck and central regions was comparable to their orientation in wild type (Figure 2A-
B). In addition, we analysed the microtubule density in lobes compared to the respective
indentation regions, since it was previously reported that the amount of microtubules is reduced
in wild type lobe regions (Armour et al., 2015). We measured the mean fluorescent intensity in
lobes and the corresponding indentation regions in neighbouring cells of 3-day old wild type
and phgapl-1 phgap2-1 cotyledon pavement cells and calculated the lobe/indentation signal
intensity ratio. The lobe/indentation signal intensity ratio was significantly higher in phgap1-1
phgap2-1 compared to wild type, indicating that the difference in microtubule density between
lobe and indentation regions was less pronounced in the double mutant (Figure 2C-D). In a
scenario where PHGAP1 and PHGAP2 deactivate ROPs during polarity establishment in
pavement cells, we would expect the target ROP to be locked in its GTP-bound form and

rendered constitutively active in phgapl-1 phgap2-1. It has been previously described that
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constitutive expression of ROP6 leads to parallel microtubule orientation, while constitutive
expression of ROP2 results in randomly oriented microtubules in developing pavement cells
(Fu et al., 2002; Fu et al., 2009). To test the hypothesis described above, we constitutively
expressed ROP2 and ROP6 and analysed the overall microtubule anisotropy in 3-day old
pavement cells and compared it with phgapl phgap2 double mutants and wild type of the same
age. We found no statistically significant difference in microtubule anisotropy between wild
type and phgapl-1 phgap2-1 and between phgapl-1 phgap2-1 and ca-rop2 (Figure 2E-F).
However, the microtubule anisotropy of phgapl-1 phgap2-1 pavement cells was significantly
different from ca-rop6 which showed the highest anisotropy (Figure 2E-F). In summary these
data show that the microtubule organization in phgapl1-1 phgap2-1 is only slightly affected in
contrast to wild type and resembled the microtubule orientation of ca-rop2 and not ca-rop6,
pointing to ROP2 as inactivation target of PHGAP1 and PHGAP2.

PHGAP1 and PHGAPZ2 interact with ROP2 and active ROP2 protein levels are elevated
in phgapl-1 phgap2-1

Based on the results described above, we wanted to investigate whether active GTP-bound
ROP2 and ROP6 protein levels were increased in phgapl-1 phgap2-1. Thus, we performed
pull-down experiments using the ROP effector RIC1 (His-MBP-RIC1 conjugated beads),
conjugated to agarose beads and Arabidopsis leaf/hypocotyl protein extracts stably expressing
HA-mCherry-ROP2 or HA-mCherry-ROP6 (Figure 3A-B, S3D-G). RIC1 was previously shown
to pull-down only active ROPs (Wu et al., 2001). The protein amount of active ROP2 was
increased in phgapl-1 phgap2-1 double mutant compared to wild type, while the active ROP6
protein levels were not affected (Figure 3C). To conclude, which ROP is interacting with
PHGAP1 and PHGAP2 we conducted co-immunoprecipitation experiments in Arabidopsis and
performed mating-based split-ubiquitin interaction assays in yeast (Grefen et al., 2009). Using
protein extracts from 5-day old seedlings, we observed that HA-mCherry-ROP2 could be
immunoprecipitated with GFP-PHGAP2 (Figure 3D), while HA-mCherry-ROP6 was not (Figure
3E). Additionally, PHGAP1 and PHGAP2 were found to interact with ROP2, but not with ROP6
in mating-based split-ubiquitin interaction assay (Figure S3A-C). These data indicate that
PHGAP1 and/or PHGAP2 interact and inactivates ROP2 but not ROP6.

PHGAP1 and PHGAP?2 are enriched in apices of undulating indentation regions

For further characterization of PHGAP1 and PHGAP2 function, we examined their subcellular
localization using the full genomic constructs pPHGAP1:GFP-PHGAP1 and pPHGAP2:GFP-
PHGAP2 (Stockle et al., 2016) expressed in phgapl-1 phgap2-1 background. Both PHGAPs
were non-uniformly distributed along the plasma membrane of 3-day old cotyledon pavement

cells. Both PHGAP1 and PHGAP2 showed local enrichments along the plasma membrane
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(Figure 4A and S4A). A three-dimensional (3D) reconstruction of GFP-PHGAP1 or GFP-
PHGAP2 expressing pavement cells confirmed that localized PHGAP stripes were most
pronounced along the anticlinal face (Figure 4B-C, S4B). We examined this localization pattern
in more detail and discovered that the GFP-PHGAPL1 stripes were not restricted to the anticlinal
face but continued into the periclinal face, although there the stripes rapidly faded (Figure 4D-
E). Furthermore, the 3D analysis showed that GFP-PHGAP1 enrichments reside on the
indentation side and not on the lobe side of a curvature between neighbouring cells (Figure
4D-E).

We were wondering when during pavement cell development PHGAP1 and PHGAP2 start to
accumulate along the anticlinal face. Thus, we investigated the timing of GFP-PHGAP1 and
GFP-PHGAP2 arrival along the anticlinal face with respect to the developmental stage of the
pavement cells. Therefore, we determined the curvature fitting circle, in which curvatures at
the beginning of their bulging possessed a larger fitting circle compared to curvatures that were
already well pronounced (Figure 4F). Based on the ratio of the sector size divided by the radius,
the curvatures were classified into classes representing different stages (Figure 4G). Curvature
class | denotes straight cell walls, while classes II-V cover different degrees of bulging (Figure
4H-1). Different curvatures of 2-3-day old cotyledon pavement cells were analysed by
generating a plot profile (Belteton et al., 2018), that represents GFP-PHGAP accumulation

(peaks) relative to the anticlinal face of a selected curvature (Figure 4K-L). The curvature was

further subdivided in three regions: the Oapex?b

half maximum (FWHM) of thecur vat ur e, the oO6fl anké region
on either apex site at FWHM a ngdkundtara tegon (Figude
4J; Belteton et al., 2018). GFP-PHGAP1 and GFP-PHGAP?2 anticlinal face analysis revealed
that straight pavement cell walls already displayed GFP-PHGAP1 and GFP-PHGAP2
accumulation and that these GFP-PHGAP1 and GFP-PHGAP2 peaks were predominantly
localized in the apex region, some in the flank region and only a minor proportion outside of
curvatures in classes I-V (Figure 4M and S4C). Furthermore, we observed that the amount of
GFP-PHGAP1 and GFP-PHGAP2 peaks (apex and flank region) was considerably increased
with increasing curvature bulging (Figure 4N and S4D). However, we also noticed that,
irrespective of the stage, not all curvatures exhibited a visible GFP-PHGAP1 and GFP-
PHGAP2 accumulation along the anticlinal face (Figure S4E-F). Taken together the data
indicate that PHGAP1 and PHGAP2 accumulate already on straight pavement cell walls on
the anticlinal face. Furthermore, PHGAPs accumulate predominantly in apex regions of
indentations with an increasing amount of PHGAP stripes with progressive curvature

formation.
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PHGAP localize along the anticlinal face of developing pavement cells in a
microtubule dependent manner

PHGAP1 and PHGAP?2 localization on the anticlinal face of pavement cells is reminiscent of
microtubule distribution (Belteton et al., 2018). Therefore, we co-expressed GFP-PHGAP1 and
the microtubule reporter RFP-MBP (Lipka et al., 2014) in phagpl-1 phgap2-1 double mutants
and investigated their subcellular localization in cotyledon pavement cells. GFP-
PHGAP1/microtubule plot profiles were used to determine the co-localization frequency of both
signals in apex, flanking region or outside of a curvature. GFP-PHGAP1 and microtubules co-
localized along the anticlinal face, showing clear overlapping signal peaks in the generated
plot profiles (Figure 5A-B). About 70-80% of GFP-PHGAP1 peaks displayed clear co-
localization, around 20% showed a partial overlap and only 0-2% were not co-localized with
microtubule bundles in all regions (Figure 5C). Moreover, mutation of the conserved arginine
(R) to leucine (L) in GFP-PHGAP1R?%3 and GFP-PHGAP2R!%L had no effect on anticlinal face
accumulation or co-localization with microtubules indicating that a functional GAP domain is

not required for localization (Figure S5A).

To assess whether GFP-PHGAP1 localization along the anticlinal face was microtubule
dependent, we used the microtubule depolymerizing drug Oryzalin (Morejohn et al., 1987). 24
h after treatment with 100 um Oryzalin or mock treatment respectively, we counted the GFP-
PHGAP1 and microtubule peaks in anticlinal face plot profiles. Most of the microtubule bundles
on the anticlinal face were depolymerized in the presence of Oryzalin and the GFP-PHGAP1
accumulation was also lost, indicating that PHGAP localization on the anticlinal face is
microtubule dependent (Figure 5D and S5B). This suggest also that microtubules are present
at the anticlinal face prior PHGAPs. To confirm the latter, we analysed microtubule and GFP-
PHGAP1 and GFP-PHGAP?2 signal distribution along the anticlinal face of straight cell walls.
Only 50-70% of the analysed straight cell walls that showed microtubule bundles displayed
also GFP-PHGAP1 and GFP-PHGAP?2 signals, while the signals were never detected along
anticlinal faces without co-localizing microtubule signal (Figure 5E). These results underline

that PHGAP1 and PHGAP2 are recruited to pre-existing microtubules on the anticlinal face.

Considering that ROP2 is known to induce actin filament accumulation in lobe regions during
pavement cell development (Fu et al., 2005; Fu et al., 2002) and that we identified ROP2 as
interaction partner of PHGAP1 and PHGAP2, we further investigated whether PHGAPs co-
localize with actin filaments. We co-expressed GFP-PHGAP1 and the actin reporter LifeAct-
RFP( Cvr |l kovs8 and Onphgapltlgplggp2-1 @0ble mytant background and
examined their subcellular localization pattern in pavement cells. Reconstructions of the
anticlinal faces revealed that GFP-PHGAP1 and LifeAct-RFP did not co-localize and that the
signal peaks in the plot profile generated were not overlapping (Figure S6A-B). Co-localization

frequency analysis in apex, flank or outside of the curvatures revealed that most of the GFP-
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PHGAP1/LifeAct-RFP peaks did not overlap (86-96%), some showed a partial overlap (2-14%)
and only 2% in the flank region displayed co-localization (Figure S6C). Furthermore, we treated
3-day old GFP-PHGAP1/Life-Act-RFP expressing seedlings with the actin filament disrupting
drug Latrunculin B (LatB) for 24 h (Spector et al., 1983) to investigate any PHGAP1 localization
dependency on actin filaments. Most of the actin filaments on the periclinal face were
effectively destroyed after treatment with 1 uM LatB for 24 h (Figure S6D). By counting the
number of GFP-PHGAP1 and LifeAct-RFP peaks in anticlinal face plot profiles, we discovered
that the few actin filaments present along the anticlinal face were dramatically reduced by LatB
treatment (Figure S6E). However, the number of GFP-PHGAPL1 peaks on the anticlinal face
was only slightly affected by LatB (Figure S6E) as GFP-PHGAP1 accumulation was clearly
visible along the anticlinal faces (Figure S6F). The GFP-PHGAPL distribution in apex, flank
and outside of curvatures was also not affected by LatB treatment (Figure S6G). These data
indicate that PHGAP accumulates on the anticlinal face independently of the actin

cytoskeleton.

PHGAP2 C-terminal domain is required for pavement cell shape establishment and
anticlinal face localization

It has been previously shown, that the C-terminal part of the PHGAP1 and PHGAP2 homolog
RENL1 is important for REN1 localization at the apical plasma membrane in pollen tube
elongation (Hwang et al., 2008). Thus, we tested whether the PHGAP1 and PHGAP2 C-
terminal part was important for anticlinal face localization and pavement cell shape
establishment by generating two PHGAP2 truncated versions. In the first ()PHGAP2:GFP-
gPHGAP2Y%%) the last predicted coiled coil domain was deleted and in the second
(PPHGAP2:GFP-gPHGAP2°%) the entire C-terminal part was absent (Figure 6A). Expression
in the phgapl1-1 phgap2-1 double mutant background and pavement cell shape analysis in 10-
day old cotyledons revealed, that GFP-PHGAP2'7%* was fully rescuing the phgap1-1 phgap2-
1 pavement cell phenotype, while expression of GFP-PHGAP21°% was insufficient for rescue
(Figure 6B-E). Furthermore, we investigated whether GFP-PHGAP2'%* and GFP-PHGAP2
566 were co-localizing with the microtubule reporter RFP-MBD along the anticlinal face in 3-day
old cotyledon pavement cells. GFP-PHGAP2'7% showed a distribution comparable to full
length GFP-PHGAP2, co-localizing with microtubules on the anticlinal face (Figure 6F). In
contrast, GFP-PHGAP21%% displayed only diffuse localization but no distinct accumulation
along the anticlinal face (Figure 6G), indicating that the C-terminal domain is critical for

anticlinal face recruitment and consequently for pavement cell shape establishment.
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Discussion

In this study, we showed that PHGAP1 and PHGAP2 have essential functions during pavement
cell shape establishment. Both PHGAPs co-localized with microtubules on the anticlinal face
of pavement cell indentations. Accumulation of PHGAPs on the anticlinal face was dependent
on microtubules but independent of actin filaments. Increased active ROP2 protein levels in
phgapl-1 phgap2-1 point to compromised inactivation of ROP2 and the interaction analysis
confirmed that PHGAPSs interacted with ROP2. During pavement cell morphogenesis ROP2
and ROP6 activity has to be tightly controlled and restricted to lobe and indentation region,
respectively as overexpression of either ROP2 or ROP6 leads to severe loss of pavement cell
shape complexity (Fu et al., 2002; Fu et al., 2009). Taken together our results support the view
that PHGAP1 and PHGAP2 redundantly inactivate ROP2 in indentation regions of pavement
cell, creating ROP2 activity gradients that are necessary for the maintenance of cell polarity
(Figure 7). Consequently, the inactivation of ROP2 by PHGAP1 and PHGAP2 allows ROP6 to
bundle microtubules within indentation regions. The amount of PHGAP1 and PHGAP2
accumulation on the anticlinal face increases proportionally with increasing curvature bulging,

which is in line with an increasing indentation surface that has to be free of ROP2 activity.

Are PHGAPL1 and PHGAP?2 initiating the formation of the curvature?

PHGAP1 and PHGAP2 started to appear on the anticlinal faces of epidermal cells already
before lobe initiation was recognizable. This raises the question whether PHGAP1 and
PHGAP?2 initiate the formation of curvatures. The microtubule dependency of PHGAP1 and
PHGAP2 localization and the fact that we observed straight anticlinal cell walls with
microtubules in the absence of PHGAP1 and PHGAP2 accumulation, suggest that microtubule
bundles are recruited first. Recently, Pan et al. showed that auxin induced nanoclustering of
the transmembrane receptor kinase 1 (TMK1) leads to active ROP6 nanoclustering and
consequently to local microtubule bundling which in turn restrict diffusion of TMK1 nanoclusters
in a positive feedback loop (Pan et al.,, 2020). Furthermore, this positive feedback loop is
thought to lead to the formation of polarized ROP6 domains prior the beginning of curvature
bulging (Pan et al., 2020). This would suggest that curvature formation includes first the auxin-
TMK1 induced recruitment of active ROP6 that leads to microtubule reorganization, followed
by the accumulation of PHGAP1 and PHGAP2 and restriction of ROP2 activity. Inhibition of
ROP2 activity in indentation regions is essential because the active ROP2 sequesters the
effector RIC1 from microtubules and thereby prevents microtubule bundling (Fu et al., 2009).
Since ROP&6 is recruited to TMK1 nanoclusters localized in indentation regions, it is probably
not necessary to have other GAPs that inactivate ROP6 in lobe regions, lacking those

nanoclusters (Pan et al., 2020). Another mechanism proposed for initiation of lobe formation
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is that mechanical stress, caused by differences in wall stiffness and resulting differential
expansion of future lobe and indentation regions, acts upon the future curvature side (Altartouri
et al., 2019; Bidhendi et al., 2019). This locally generated stress hotspots reaching the
maximum tension in indentation regions leads to the alignment of microtubule bundles
(Bidhendi et al., 2019; Hamant et al., 2008; Sampathkumar et al., 2014). Therefore, it would
be interesting to examine whether PHGAP accumulation is triggered in response to
mechanical stress. Overall, although PHGAP1 and PHGAP2 do not initiate curvature
formation, their recruitment and activity seem to be critical for cell polarity maintenance and

subsequent differentiation of epidermal cells.

Which proteins recruit PHGAP1 and PHGAPZ2 to the anticlinal face and what specifies
the ROP inactivation target?

PHGAP1 and PHGAP2 decorated only a portion of microtubules along the anticlinal cell faces.
This suggests that there must be additional proteins or regulation steps involved in defining
the side of PHGAP1 and PHGAP2 enrichment. Furthermore, since PHGAPs are able to
interact with several ROPs, there must be also a tightly regulated process that specifies their
ROP target in space and time (Sttckle et al., 2016). Recently, characterization of ARMADILLO
REPEAT ONLY (ARO) proteins revealed that they act as scaffolds for active ROPs and
RENGAP/PHGAPs during root hair and trichome development (Kulich et al., 2020). AROs
bound to anionic phospholipids at the plasma membrane, where they formed a complex with
PHGAPs and active ROPs (Kulich et al., 2020). Loss of ARO function in aro2 aro3 aro4 among
others resulted in loss of ROP2 polarization at the plasma membrane during root hair growth,
suggesting compromised regulation of ROP2 activity and distribution (Kulich et al., 2020).
Interestingly, ARO1-4 interacted with PHGAP1 and PHGAP2 however the aro2aro3aro4 triple
mutant displayed no pavement cell phenotype indicating that AROs have probably no function
during pavement cell shape establishment and are not involved in PHGAP1 and PHGAP2
targeting to indentation regions (Kulich et al., 2020). Another possible candidate for PHGAP1
and PHGAP2 microtubule dependent accumulation on the anticlinal face of indentation regions
could be 1Q67 DOMAIN 5 (IQD5). iqd5 loss-of-function mutants displayed also a disturbance
of pavement cell shape complexity, although it was not as severe as in phgapl-1 phgap2-1
double mutants (Liang et al., 2018; Mitra et al., 2019). Furthermore, 1QD5 co-localizes with
cortical microtubules in vegetative tissues and is probably involved in cellulose deposition and
Ca?* signalling in pavement cell growth as well as in the regulation of microtubule dynamics
(Liang et al., 2018; Mitra et al., 2019). However, IQD5 is decorating all cortical microtubules,
therefore it seems less likely that IQD5 mediates polar accumulation of PHGAP1 and PHGAP2.
To clarify, whether or not PHGAP1 and PHGAP2 bind directly to microtubules, a microtubule

co-sedimentation assay would clarify the matter. Even if PHGAP1 and PHGAP2 were able to
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bind to microtubules, a mechanism must exist that pre-determines the side of PHGAP1 and
PHGAP2 accumulation along the anticlinal face.

Our experiments showed that the C-terminal containing coiled coil domain of PHGAP2 was
necessary for localization and for the rescue of the double mutant pavement cell phenotype.
As already mentioned, the C-terminus of REN1 was important for apical pollen tube
localization, but not for interaction with ROP1 and is proposed to mediate exocytic vesicle
association (Hwang et al., 2008). Therefore, it is also possible that PHGAP1 and PHGAP2 get
transported via exocytic vesicles to the anticlinal face. This would suggest that absence of
PHGAP215%¢ from the indentation side is probably a result of defective protein transport rather
than inability of a protein-protein interaction. However, the exocytic vesicle transport in pollen
tubes could be abolished by Latrunculin B treatment resulting in a loss of apical REN1
localization (Hwang et al., 2008; Lee et al., 2008). Our Latrunculin B treatment experiment in
pavement cells revealed that PHGAPL1 stripe localization was not affected along the anticlinal
face, which would speak against PHGAP recruitment via exocytic vesicles. As the experiment
was conducted with pavement cells that displayed already curvature formation, it is still
possible that the initial recruitment of PHGAPSs towards the anticlinal face is exocytic vesicle
dependent and that PHGAP1 and PHGAP2 remain at the anticlinal face after accumulation.
The proportional increase of PHGAP1 and PHGAP?2 stripes with increasing curvature bulging
suggest that recruitment towards the anticlinal face occurs also in later developmental stages.
To assess whether PHGAP1 and PHGAP2 are constantly recruited towards the anticlinal face
or only at particular time points a fluorescence recovery after photobleaching (FRAP) analysis
could be conducted.

PHGAP1 and PHGAP2 might be also regulated via phosphorylation, as phosphorylation of
GDI1 by CPK3 was important for the interaction of GDI1 with ROP2 and ROP6 and
consequently for pavement cell development (Wu et al., 2013). PHGAP1 and PHGAP2 contain
several predicted phosphorylation sites (PhosPhAt 4.0 (phosphat.uni-
hohenheim.de/phosphat.html)), but whether phosphorylation is necessary for their function

during pavement cell shape establishment remains to be determined.

Possible PHGAP1 and PHGAP2 function in other polar growing tissues
As PHGAP1 and PHGAP2 probably function in polarity establishment in pavement cells, the

guestion arises whether they perform a similar role during differentiation of other polar growing
cell types like pollen tubes or root hairs. Pollen tube growth was not affected in phgapl-1
phgap2-1 and pUBN:GFP-PHGAP2 was not able to complement ren1-4 pollen tube elongation
defects, indicating that PHGAP2 does not interfere with pollen tube tip growth (Stockle, 2015).
Only PHGAP1, but not PHGAP2, was expressed in root hairs, implying a role for PHGAPL1 in
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polarized root hair growth. However, even though the phgapl-1 phgap2-1 double mutant

shows no obvious root hair phenotype, a detailed root hair analysis should be conducted.

Not only investigating the potential role of PHGAP1 in root hairs, but also to investigate
PHGAP1 and PHGAP2 regulation and searching for components that specify PHGAP1 and
PHGAP2 accumulation on the anticlinal face in pavement cells, could give further insides into

PHGAP-mediated cell polarity maintenance.
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Figure 1: Phenotypic analysis of different phgap1 phgap2 mutants

(A) Wild type seedlings and seedlings of different phgap mutant allele combinations (phgapl1-1 phgap2-
1, phgapl-2 phgap2-2, phgapl-1 phgap2-2) 10 days after sowing (DAS). Scale bar 5 mm. (B) Boxplot
comparing the width/length ratio of cotyledons from wild type and phgap double mutants as indicated in
(A). The number (n) of analysed cotyledons from 50 seedlings per genotype is indicated (One-Way-
Anova: F=131.36, p<0.0001, Post Hoc Test: Tukey HSD). Data represent one of two biological replicates
with similar results. (C) Cotyledon and first eight leaves (from left to right) of 25-day old wild type and
phgapl-1 phgap2-1 plants. Scale bar: 5 mm. (D-I) Z-Projection of cotyledon pavement cells 10 DAS,
stained with propidium iodide (D) wild type, (E) phgapl-1 phgap2-1, (F) phgapl-2 phgap2-2, (G)
phgapl1-1 phgap2-2, (H) phgapl-1 phgap2-1 expressing pGAP1:GFP-gGAP1 (independent lines #1 and
#2) and (l) phgapl-1 phgap2-1 expressing pGAP2:GFP-gGAP2 (independent lines #1 and #2). Scale
bars 50um. (J-R) Boxplots comparing various pavement cell shape features ((J) Area, (K) Perimeter, (L)
Circularity) between wild type and the different phgap double mutant allele combinations (shown are the
data from one of two biological replicates with similar results), (M-O) pGAP1:GFP-gGAP1 (#1 and #2)
complementation of phgapl-1 phgap2-1 and (P-R) pGAP2:GFP-gGAP2 (#1 and #2) complementation
of phgapl-1 phgap2-1 (displayed are the data from one experiment including two independent rescue
lines). Number (n) of pavement cells analysed from 5 seedlings per line are indicated (Kruskal-Wallis,
Post H o c :TestbBenjaminsHochberg-adjusted p-values). Boxplots: + represents the sample
mean, different letters indicate significant statistical differences between genotypes.
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Figure 2: Microtubule organization in developing phgapl-1 phgap2-1 double mutant pavement
cells

(A, C, E) Microtubule organization in pavement cells of seedlings as indicated, expressing microtubule
reporter p35S:GFP-MAP4 (Marc et al., 1998). (A, E) Microtubule anisotropy (turquoise line) in a region
of interest (orange selection) in pavement cells three days after sowing (DAS) was analysed using the
ImageJd plugin Fibril Tool (Boudaoud et al., 2014). Scale bars 10 um. (B) Boxplot displaying the
microtubule anisotropy in the neck region and the anisotropy in the central region of wild type (WT) and
phgapl-1 phgap2-1 (1-1;2-1) pavement cells shown in (A). Regions (number in brackets) from WT (5
seedlings) and 1-1;2-1 (3 seedlings) were analysed (One-Way-Anova: F=17.94, p<0.0001, Post Hoc
Test: Tukey HSD). (C) Regions (orange boxes) in lobes and opposing indentation regions of wild type
and phgapl-1 phgap2-1 double mutant seedlings three DAS were selected to compare the mean
fluorescent intensity using ImageJ. Scale bar 10 um. (D) Boxplot comparing the mean signal intensity
ratio between lobe and indentation as selected in (C) for WT (5 seedlings) and 1-1;2-1 (3 seedlings).
The number of analysed Lobe/Indentation pairs is shown in brackets. (Welch two sample T-test: t=5.99,
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7. Results and Discussion

p<0.0001). (F) Boxplot illustrating the microtubule anisotropy in pavement cells (humber of analysed
cells in brackets) in WT (4 seedlings), 1-1;2-1 (4 seedlings), ca-rop2 (7 seedlings) and ca-rop6 (4
seedlings) shown in (E) (One-Way-Anova: F=8.82, p<0.0001, Post Hoc Test: Tukey HSD). Images are
maximum z-projections. The data from a single experiment is shown. Boxplots: + represents the sample
mean, different letters indicate significant statistical differences between analysed regions/genotypes.
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Figure 3: Active ROP2 levels are elevated in phgapl-1 phgap2-1 and PHGAP2 interacts with
ROP2

(A and B) Pull-Down experiments to determine amounts of active ROP2 and active ROP6. His-MBP-
RIC1 conjugated beads were used to pull-down (A) active HA-mCherry-ROP2 or (B) active HA-mCherry-
ROPG6 from total protein extracts prepared from leaves/hypocotyls of wild type and phgapl-1 phgap2-1
5-day old seedlings. Arrows mark the His-MBP-RIC1 (69 kDa), the active and the total HA-mCherry-
ROP2 (54 kDa) and HA-mCherry-ROP6 (54 kDa) respectively on western blots. (C) Quantification of
relative active ROP levels (amount of active ROP divided by the amount of total ROP) in wild type (WT)
and phgapl-1 phgap-2-1 (1-1; 2-1) double mutant, shown in (A and B). Relative active ROP level of
ROP2and ROP6inwi | d type was s et Thesneah lafues + Sfoom thred biolegical y .
replicates are shown. (D and E) Co-immunoprecipitation (Co-IP) of GFP-PHGAP2 and (D) HA-mCherry-
ROP2 and (E) HA-mCherry-ROP6 in the phgapl-1 phgap2-1 double mutant background. Anti-GFP
conjugated agarose beads were used to immunoprecipitate GFP-PHGAP2 (126 kDa) and HA-mCherry-
ROP2 and HA-mCherry-ROPS6, that were co-expressed in 5-day old seedlings. Seedlings expressing
only HA-mCherry-ROP2, HA-mCherry-ROP6 or GFP-PHGAP2 served as negative controls. Displayed
is 1/230 of the total (T) amount of protein that was used for Co-IP, 1/346 of unbound protein (UP) that
was not immunoprecipitated and %2 of immunoprecipitated protein (IP). Two of three biological replicates
are shown in (D) and (E).

48



7. Results and Discussion

GFP-PHGAP1 Propidium lodide Merge B 3D reconstruction

>

3DAS

periclinal face

anticlinal face

J
itted cirgle~
Outside Flank Apex Flank Outside
L GFP-PHGAP1
Urratio] oo | 0-1[12]2-3] 3> T B 2 ’ i
3 3
class | 1[I | |Iv|V A6 08
S, 2
— 0.6
2 <
9 2 0.4 g
S 0.2 2
0 i . 4 H 0
0 01 02 03 04 05 06 0.7 08 09 1
K GEP-PHGAP1 ROI Normalized segment length
b

Y

anticlinal
face

A A A
M N
_ = Apex = Flank = Outside o6 a
X S b, c c
5 © S | ab ab T
= o 4 T ° ° ° |
Q Q |
T 40 2 T T T -
2 © 5 H H H :
© O
£ 20 I I I I I < + || + I- -
[] i { { {
o Z 9 . - . .
o I ([ R
| I 1] v \% | Il 1] \ \%
(38) (133) (65) (51) (39) (38) (133) (85) (51) (39)
Curvature class Curvature class

Figure 4: PHGAP1 localization in developing pavement cells

(A) Maximum z-projection (anticlinal face in top view) of GFP-PHGAP1 localization in cotyledon
pavement cells three days after sowing (3 DAS). Propidium iodide (10 pg/ml) staining visualized the cell
wall. GFP-PHGAP1 localizes along the cell periphery and in dotted accumulations (arrow heads). (B)
Three-dimensional (3D) reconstruction of the anticlinal face of the cell in (A). GFP-PHGAP1
accumulations (arrow heads) correspond to dots in (A). (C) Schematics illustrating the periclinal and
anticlinal cell face. (D-E) 3D reconstruction of GFP-PHGAP1 localization on (D) anticlinal and (E)
periclinal face. Blue lines in (D) mark the upper and lower edge of the anticlinal face, while the blue line
in (E) designate the position of the cell wall. GFP-PHGAPL1 strip-like accumulations extend from the
anticlinal face into the periclinal face (arrow heads) of the indentation (Ind) but not of the lobe. (F)
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7. Results and Discussion

Drawing illustrating the parameters (sector size, radius, fitted circle) that were assessed for classification
of wall curvature degree. Circles were fitted to curvatures of lobe/indentations. More pronounced
curvatures show a smaller fitting circle compared to those being at the beginning of their development.
(G) Curvatures were classified in different classes |-V (table) according to their sector size/radius ratio
(formula). Curvature class | represents straight cell walls, while classes II-V encompass different
degrees of bulging. (H) Overview and (I) representative images of the different curvature classes I-V.
Depicted are the GFP-PHGAP1 signal in top view (left) and the region of interest (ROI) used to generate
the anticlinal face view (right). (J) Draft displaying the different curvature regions that were analysed in
the following. The apex is defined as the central 50% at full width half maximum (FWHM) of a curvature.
The flank represents the 12,5% on either side of the apex at FWHM. The remaining regions are specified
as outside of a curvature. (K) GFP-PHGAP1 accumulations (arrow) along the curvature. a and b delimit
ROI used for the generation of the plot profile in (L). (L) Plot profile illustrating correlation between
curvature and GFP-PHGAPL1 fluorescent signal peaks along the anticlinal face of the ROI in (K). GFP-
PHGAP1 peaks (triangles) correspond to arrows in (K) and lower panel in (L). (M) Bar chart of GFP-
PHGAP1 peak distribution across curvature classes. GFP-PHGAP1 was predominantly localized in the
apex region across all curvature classes. In total, 66 cells of 12 seedlings were analysed 2-3 DAS.
Displayed are the data from two experiments. Number of analysed curves for each class are indicated
in brackets. (N) Boxplot showing the number of GFP-PHGAP1 peaks per curvature (total number in
brackets) in each class. Only peaks in apex and flank region of a curvature were considered. +
represents the sample mean, different letters indicate significant statistical differences between
curvature classes (Kruskal-Wallis Chiz=39. 552, p<0. 0001, Post Hoc:
p-values). Scale bar in panels A, B, D-F, H, I, K indicates 10 um.
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Figure 5: PHGAP localization on anticlinal faces is microtubule dependent

(A) Z-projection of GFP-PHGAP1 accumulation (arrows) and microtubule (RFP-MBD). A region of
interest (ROI, a to b) was selected to generate the anticlinal face view and the plot profile in (B). Scale
bar 5 um. (B) Plot profile (top) displaying the GFP-PHGAP1 (arrows) and microtubule (MT) signal peaks
along the anticlinal face (a to b) of the ROI selected in (A). (C) Bar chart displaying the frequency of
GFP-PHGAP1 peaks that showed co-localization, partial overlap or did not co-localize with microtubule
peaks in apex, flank or outside of a curvature. Note that the majority of GFP-PHGAP1 peaks were co-
localize with microtubules. In total, 30 anticlinal face segments from 13 cells in 5 seedlings were
analysed in a single experiment. (D) PHGAP and microtubule peak frequency in absence and presence
of Oryzalin. 3-day old seedlings were transferred on solid medium containing 100 pM Oryzalin or mock
for 24 h. Numbers of microtubule and GFP-PHGAP1 peaks were counted in the plot profiles. Lower
panels depict representative anticlinal face images of GFP-PHGAP1, microtubules (MT) and merge (M)
without and after Oryzalin treatment. Note that a few microtubules persist after Oryzalin treatment, while
GFP-PHGAP1 accumulation was abolished completely. In total, 30 anticlinal face segments from 13
cells in 5 seedlings of the Mock control and 47 anticlinal face segments from 17 cells, 5 seedlings on
Oryzalin plates were analysed in a single experiment. (E) Frequency of microtubule and GFP-PHGAP1
(G1, 3 seedlings, 19 cell walls) or GFP-PHGAP2 (G2, 2 seedlings, 10 cell walls) signal peaks
accumulating on the anticlinal face of straight cell walls. Only 52% and 70% of microtubule bundles
associate with either PHGAP1 or PHGAP2, respectively.
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Figure 6: PHGAP2 C-terminal domain is required for pavement cell shape establishment and
anticlinal face localization

(A) Protein domain architecture of full length PHGAP2 and of the deletions excluding the coiled coils. In
PHGAP2%764 the last coiled coil domain was deleted, while in PHGAP21-566 the entire C-terminal region
was missing. (B) Z-Projection of cotyledon pavement cells 10 days after sowing (DAS), stained witch
propidium iodide (10 pg/ml) from wild type seedlings, phgapl-1 phgap2-1, and phgapl-1 phgap2-1
expressing either pPPHGAP2:GFP-PHGAP217%4 or pPHGAP2:GFP-PHGAP2-566, Scale bar 50 pm. (C-
E) Boxplots comparing different pavement cell shape characteristics ((C) Area, (D) Perimeter, (E)
Circularity) between wild type (WT), phgapl-1 phgap2-1 (1-1;2-1), GFP-PHGAP21-764; 1-1;2-1 and GFP-
PHGAP21-566; 1-1;2-1 of cotyledons. The number of analysed pavement cells (n) from 4 seedlings per
genotype are indicated (Kruskal-Wal | i s, P o s t -Tesi,oBenjamid-Hathbérgsadjusted p-
values). Displayed are the data from a single experiment. Note that PHGAP21-56¢ did not complement
the pavement cell phenotype of phgapl-1 phgap2-1 double mutants. (F and G) Anticlinal face top view
(left panels) of 3-day old seedlings co-expressing the microtubule marker RFP-MBP and (F) GFP-
PHGAP217%4 or (G) GFP-PHGAP21-566 in the phgapl-1 phgap2-1 (1-1;2-1) double mutant background.
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7. Results and Discussion

Anticlinal face reconstruction (right panels) of a region of interest (ROI) revealed that GFP-PHGAP21-764
is accumulating on the anticlinal face co-localizing with microtubule bundles, while GFP-PHGAP21-566
does not.

wild type phgap1 phgap?2

Plasma
membrane

Cytosol /

GDP PHGAP12  Zx<  Actin filament @B Microtubule

Figure 7: Proposed model of PHGAP function during pavement cell development

PHGAP1 and PHGAP2 are accumulated in a microtubule dependent manner on the anticlinal face of
pavement cell indentation regions and co-localize with the microtubule bundles (magenta). PHGAPs
interact and inactivate the active GTP-bound form of ROP2 in indentation regions creating a ROP2
activity gradient, with the maximum ROP2 activity in lobes and the minimum in indentations. Inactivation
of ROP2 on the indentation side is necessary for proper ROP6-mediated microtubule bundling. Lack of
ROP2 inactivation in phgapl phgap?2 results in increased active ROP2 levels which negatively affect
curvature formation as cell polarity is not correctly established, resulting in a loss of cell shape
complexity. In conclusion, PHGAP1 and PHGAP2 mediate cell polarity maintenance during pavement
cell shape establishment.
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7. Results and Discussion

Supplemental Figure 1: Gene organization, protein domain architecture and phgap mutant
phenotypic analysis.

(A) PHGAP1 (At5912150) and PHGAP2 (At5g19390) gene organization (Exons are indicated by bars
and the positions of T-DNA insertions are marked by arrows). (B) Protein domain architecture of
PHGAP1 and PHGAP2 showing pleckstrin homology (PH)-domain, central conserved GTPase
activating protein (GAP) domain and coiled coil domains (predicted by Paircoil,
http://paircoil2.csail.mit.edu). (C, D) Gel images of semi-quantitative RT-PCR showing transcript levels
of PHGAP1 and PHGAP?2 in phgapl-2 and phgap2-2 mutant alleles and wild type. a and b in (A) mark
the position of the primer combinations used for the RT-PCR. Genomic DNA (genDNA) and H20 were
used as positive control and negative control, respectively. UBIQUITIN (UBQ) 5 fragments served as
loading control. (E) Z-Projection of cotyledon pavement cells 10 days after sowing (DAS), stained with
propidium iodide (10 pg/ml) from wild type, phgapl-1 phgap2-1, phgapl-1 and phgap2-1 seedlings. (F-
H) Boxplots comparing pavement cell shape characteristics ((F) Area, (G) Perimeter, (H) Circularity)
between wild type, phgapl-1 phgap2-1, phgapl-1 and phgap2-1. Displayed are the results from one of
two biological replicates. Pavement cells (n) from 3-5 seedlings per line were analysed (Kruskal-Wallis,
Post H o c iTestDBenjaminsHochberg-adjusted p-values). Note that phgapl-1 and phgap2-1
single mutants are similar to wild type. (I) Z-Projection of cotyledon pavement cells from wild type,
phgapl-2 phgap2-2, phgapl-2 and phgap2-2 10 DAS, stained with propidium iodide. (J-L) Boxplots
showing (J) Area, (K) Perimeter, (L) Circularity of pavement cells of phgapl1-2 phgap2-2, phgapl-2 and
phgap2-2. Shown are representative results from one of three biological replicates. Five seedlings per
line were used for analysis and the total nhumber of cells (n) is indicated (Kruskal-Wallis, Post Hoc:
D u n ATéss, Benjamini-Hochberg-adjusted p-values). Note that phgapl-2 and phgap2-2 show a mild
pavement cell phenotype. (M and N) Z-Projection of cotyledon pavement cells from (M) pGAP1.GFP-
PHGAP1R203L: phgapl-1 phgap2-1 (independent line #1 and #2) or (N) pGAP2:GFP-PHGAP2R1%L;
phgapl-1 phgap2-1 (independent line #1 and #2) 10 DAS. These mutants with compromised GAP
function do not complement the pavement cell phenotype. Scale bar in E, I, M and N indicates 50 um.
Boxplots: + represents the sample mean, different letters indicate significant statistical differences
between genotypes.
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Lobe
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Central
Indentation

Figure S2: Denotation of pavement cell regions

Schematics illustrating the terminology that was used in this study to describe the different pavement
cell regions. The convex side of a curvature is referred to as lobe and the concave side as indentation.
The neck is the region between two indentations. The central region is defined as region that does not
correspond to lobe, neck and indentation region.
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7. Results and Discussion

Supplemental Figure 3: PHGAP1 and PHGAP2 predominantly interact with ROP2 and Pull-Down
controls.

(A) Yeast mating-based split-ubiquitin system (SUS) assay was performed with PHGAP1 and PHGPA2
as baits (-Cub fusion) and ROP2 and ROP6 as prey proteins (NubG- fusion). Yeast diploids of bait plus
prey or bait plus control (NUBG, negative control and NUBWT, positive control) were spotted on CSM-
Leu-, Met-, Trp-, Ura- (CSM-LMWU) medium to confirm mating and on CSM-Ade-, His-, Leu-, Met-, Trp-
, Ura- (AHLMWU) with 0.5 pM methionine to test for interaction. Colonies correspond to culture
concentration 1, 0.1 and 0.001 at ODesoo from left to right. The assay was performed three times with
similar results. (B and C) Western blots confirming the expression of the baits (B) PHGAP1 (152 kDa)
and PHGAP2 (157 kDa) (arrow) and the preys (C) ROP2 (30 kDa) and ROP6 (30 kDa) (arrow) used in
(A). (D-G) Raw SDS-Page gel images used in Figure 3A and 3B. His-MBP-RIC1 conjugated beads were
used to pull-down (D) active ROP2 (Elution) or (F) active ROP6 (Elution) from total protein extracts
prepared from leaves/hypocotyls of wild type (WT) and phgapl-1 phgap2-1 (mut) 5-day old seedlings.
(F) WT and (D) mut extracts were used as negative controls. Additionally, the pull-down experiment was
also performed with His-MBP-conjugated beads to exclude unspecific binding of HA-mCherry-ROPs to
His-MBP. Input represents the amount of protein extract that was incubated with the beads, unbound
protein (UP) shows the proteins that were not attached to the beads, while elution displays the protein
amount that was bound to the beads (following number displays fraction of total amount that was loaded
on the gel). (E and G) Shown are the Input and UP amount after incubation of MBP-Beads with His-
MBP and His-MBP-RIC1, respectively. In addition, the UP amount, representing inactive ROPs, after
incubation of extracts from (E) HA-mCherry-ROP2 or (G) HA-mCherry-ROP6 with His-MBP/-RIC1-
conjugated Beads, is displayed. Arrows mark the position of His-MBP (47 kDa), His-MBP-RIC1 (69
kDa), ROP2 (54 kDa) and ROP6 (54 kDa) protein on the gels, after separation by SDS-Page and
western blot.
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7. Results and Discussion

Supplemental Figure 4: Localization pattern of PHGAPs in developing pavement cells

(A) Maximum z-projection (anticlinal face in top view) of GFP-PHGAP2 localization in cotyledon
pavement cells three days after sowing (DAS). Propidium iodide (10 pg/ml) staining visualized the cell
wall. GFP-PHGAP?2 localizes along the cell periphery and in dotted accumulations (arrow heads). (B)
Three-dimensional (3D) reconstruction of the anticlinal face of the cell in (A). GFP-PHGAP2
accumulations along the anticlinal face (arrow heads) correspond to dots in (A). Scale bar in A and B
10 um. (C) Bar chart of GFP-PHGAP2 peak distribution across curvature classes. GFP-PHGAP2 is
predominantly localized in the apex region across all curvature classes. In total, 55 cells from 11
seedlings were analysed 2-3 DAS. The number of analysed curves for each class is indicted in brackets.
Displayed are the data from two experiments. (D) Boxplot showing the number of GFP-PHGAP2 peaks
per curvature (total number in brackets) in each class. Only peaks in apex and flank region of a curvature
were considered. + represents the sample mean, the different letters indicate statistical significant
differences between curvature classes (Kruskal-WallisChi’=39. 069, p<0. 0001, Post Hoc
Bonferroni adjusted p-values). (E and F) Displayed is the frequency of curves that show no GFP-
PHGAP1 peak (E) or no GFP-PHGAP2 peak (F) in comparison to total curves, in different curvature
classes. In total, 66 cells from 12 seedlings were analysed for PHGAP1 and 55 cells from 11 seedlings
were analysed for PHGAP2 2-3 DAS. Number of analysed curves for each stage are indicated in
brackets.
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Supplemental Figure 5: A functional GAP domain is not required for anticlinal face localization

(A) Z-projection of cotyledon pavement cells co-expressing GFP-PHGAP1R3%3L or GFP-PHGAP2R198L
and the microtubule reporter RFP-MBD in top view (left panels) three days after sowing (DAS). The
reconstruction of the anticlinal face is also shown (right panels). Arrows mark PHGAP accumulation on
the anticlinal face and the segment that was used for anticlinal face reconstruction. Point mutation in the
GAP domain abolishing its catalytic function, has no effect on PHGAP/microtubule co-localization on
the anticlinal face. Scale bar 10 um. (B) Anticlinal face top view (z-projection) of GFP-PHGAP1 and
microtubule (RFP-MBD) signal, after 3-day old seedlings were transferred on solid medium containing
100 pM Oryzalin or mock and incubated for 24 h. For the reconstruction of the anticlinal view a region
of interest (ROI) was selected (Figure 5D). Scale bar 5 pm.
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Supplemental Figure 6: PHGAPs do not co-localize with actin filament on anticlinal face and
PHGAP localization is actin filament independent

(A) Anticlinal face reconstruction of a region of interest (ROI) of pavement cells from seedlings co-
expressing GFP-PHGAP1 and the actin reporter LifeAct-RFP. Scale bar 10 um. (B) Plot profile
displaying GFP-PHGAP1 (green) and LifeAct-RFP (magenta) signal peaks (triangle) along the anticlinal
face segment in (A). (C) Bar chart showing the frequency of GFP-PHGAP1 peaks that showed co-
localization, partial overlap or no co-localization with actin filament peaks in apex, flank or outside of a
curvature. Note that the majority of GFP-PHGAPL1 peaks are not co-localizing with actin filaments. In
total, 131 curvatures from 11 cells in 5 seedlings of one experiment were analysed. (D) Maximum z-
projection of z-stacks covering the distance from the beginning of the external periclinal wall to the end
of the anticlinal face of 3-day old seedlings co-expressing GFP-PHGAP1 and LifeAct-RFP after mock
or 1 um Latrunculin B (LatB) treatment for 24 h. Most of the actin filaments were depolymerized after
treatment with LatB. Scale bar 10 um. (E) PHGAP1 and actin filament peak frequency in absence and
presence of LatB. Numbers of actin filaments and GFP-PHGAP1 peaks were counted in plot profiles.
Only a minor portion of actin filaments are present on the anticlinal face which are even more reduced
after LatB treatment, while the amount of GFP-PHGAPL1 peaks is only slightly affected. In total, 131
curvatures from 11 cells in 5 seedlings of the mock control and 133 curvatures from 13 cells in 5
seedlings on LatB plates of one experiment were analysed. (F) Anticlinal face reconstructions of a
pavement cell segment (ROI) of seedlings without and after LatB treatment for 24 h in (E). As already
indicated by the bar chart in (F), GFP-PHGAP1 accumulation on the anticlinal face is only minimally
affected after LatB treatment. (G) Frequency of GFP-PHGAP1 signal accumulation in apex, flank and
outside of a curvature along the anticlinal face after mock or LatB treatment analysis reveal no
difference.
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8. Material and Methods

8. Material and Methods

This section includes the material and methods used in the experiments performed in section
7.1 and in 7.2 (Manuscript).

Plant growth

Seeds were surface sterilized with 6% (v/v) sodium hypochlorite (Roth, Cat. 9062.3), placed
on solid growth medium (¥2 Murashige and Skoog (MS), Duchefa-Biochemie, M0221.0005,
0.1% MES (Duchefa-Biochemie, M1503.0100), 1 % (w/v) agar (Serva, 11396.03), pH 5.7) and
stratified at 4°C for 1-2 days in darkness. Afterwards, plants were grown in long day growth
chambers (cycling 16 h light / 8 h dark) at 22 °C. For further propagation of plant lines, two

week old seedlings were transferred to soil.

Plant and bacterial material

In this study Arabidopsis thaliana plants of the ecotype Columbia (Col-0, wild type) were used.
For mutant analysis of PHGAP genes, T-DNA nsertion lines phgapl-1
(WiscDsLoxHs135 04D) and phgapl-2 (WiscDsLoxHs357 _GO01) were obtained from the
Arabidopsis biological resource centre (ABRC, Ohio, US) and phgap2-1 (SALK_083351) and
phgap2-2 (SALK_131823) from the Nottingham Arabidopsis stock centre (NASC, Nottingham,
UK) (Alonso et al., 2003). phgap double mutants were generated by crossing of the single
mutants. The trm6 trm7 trm8 triple mutant was provided by Dr. Martine Pastuglia (Schaefer et
al.,, 2017). Transgenic lines, used for pavement cell shape complementation and for cell
division analyses, were created by Agrobacterium tumefaciens (A. tumefaciens)-mediated
transformation (Clough and Bent, 1998) of strain GV3101 carrying respective plasmids, into
phgapl-1 phgap2-1, phgapl-1/+ phagp2-1/+ or trm6 trm7 trm8. Lines used for Co-IP were
obtained by transformation of pEG104:HA-mCherry-ROP2 or pEG104:HA-mCherry-ROP6 in
pGAP2:GFP-gGAP2 phgapl-1 phgap2-1 lines. Transgenic lines for pull-down experiments
were generated by crossing t h €o-IRdlines with Col-0 and genotyping of the F2 generation
to select plants expressing pEG104:HA-mCherry-ROP2 and pEG104:HA-mCherry-ROP6 in
Col-0 and phgap1-1 phgap2-1 background. For analysis of microtubule organization in Col-0,
phgapl-1 phgap2-1, ca-rop2 and ca-rop6, lines were crossed with the previously described
microtubule reporter line p35S:GFP-MAP4 (Marc et al., 1998). Co-localization studies and
Oryzalin treatments were performed using the microtubule reporter line pUBN:RFP-MBD
(Lipka et al., 2014) introduced in the GFP-PHGAP1 or GFP-PHGAP2 phgapl-1 phgap2-1
rescue line. For imaging of actin organization and treatments with Latrunculin B, the actin
reporter Life-Act-RFP ( Cvr | kov 8 and Owds erbssed with GFP2PBIGAP]) or
GFP-PHGAP2 phgapl-1 phgap2-1 rescue lines. For cloning, heat shock competent
60



8. Material and Methods

Escherichiacoli(E.col) strains DH5U (Invitrogen) or TOP10 (

amplification.

cDNA generation, PCR product amplification, ligation and semi quantitative RT-PCR

RNA was isolated from 100 mg flower material with the RNeasy Plant Mini Kit (Qiagen, Cat.
74904) as described in the manual. cDNA was synthesized from RNA with oligo d(T)2o primer
(Thermo Fisher Scientific, Cat. 18418020) using the Superscript Reverse Transcriptase Il
(Invitrogen, Cat. 18064022) as instructed by the company. Phusion DNA Polymerase (New
England Biolabs, M0530L) was used to amplify PCR products for cloning. Ligation was
performed using Quick Ligation Kit (New England Biolabs, M2200L). For the RT-PCR,
PHGAP1 EcoRI_F x PHGAP1 1506 R were used to test for the presence of the PHGAP1
transcript in phgapl-2, and PHGAP2 01F x PHGAP2_01R were used for amplification of
PHGAP?2 transcript in phagp2-2 (Stdckle, 2015). Ubiquitin coding sequence was amplified with
NUBQ x CUBQ as RT-PCR control (Muller et al., 2006).

Generation of fluorescent fusion proteins
PHGAP fusions:

pPHGAPL1:GFP-gPHGAP1 (Theresa Lauster): PHGAP1 promoter sequence was amplified

from Col-0 DNA with proPHGAP1 3.5kb_F x proPHGAP1 Bglll GFP_R. The primer pair
proPHGAP_Bglll. GFP_F x linker GFP_R was used to amplify and create the GFP linker

fragment from pMDC99:pGAP2:GFP-gGAP21°%¢  that served as template. Genomic PHGAP1

was amplified with PHGAPl1 ATG_F x-OPNAGRéhioter3 8 UTR _ 2
pPHGAPL1, GFP-linker and genomic gPHGAPL1 fragments were first subcloned into pENTR3C

and subsequently combined via restriction digest and appropriate fragment ligation in the

pPENTR3C backbone. Finally, pENTR3C:pPHGAP1:GFP-gPHGAP1 was recombined with the

pMDC99 destination vector (Curtis and Grossniklaus, 2003) in a Gateway LR reaction (LR

clonase, Invitrogen, 11791-020).

pPHGAP1:GFP-gPHGAP1R?%3 (Theresa Lauster): pENTR3C:pPHGAP1:GFP-gPHGAP1 and
PENTR3C:cGAP1R?%3L (Stockle et al., 2016) were digested with Stul/BamHI and appropriate
fragments were ligated to create pENTR3C:pPHGAP1.GFP-gPHGAP1R?%t which was

recombined with the destination vector pMDC99 using LR clonase.

PUBN:GFP-cGAP1** (Jonathan Ryan, Steffi Zimmermann): PHGAP1 cDNA, generated from
flowers via reverse transcription, was amplified using PHGAP1_ATG_F and PHGAP1_Stop_R
and ligated into pGEM-T-easy vector (Promega, A1360). pGEM:cPHGAP1 and pENTR3C
were digested with Kpnl/Notl and appropriate fragments ligated to generate
PENTR3C:cPHGAP1. A digest with ECORV and re-ligation was used to delete the C-terminal
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region and create pENTR3C:cPHGAP**°, pENTR3C:cPHGAP1**° was recombined with the
final destination vector pUBN:GFP-Dest. (Grefen et al., 2010) via LR clonase.

pPHGAP2:GFP-gPHGAP2 (Stdckle et al., 2016): gPHGAP2 fragments were generated with
linker-PHGAP2_F x PHGAP2_01R, PHGAP2_ 3438 F x PHGAP2_STOP_R and
deltaPHGAP2-4 00 F x PHGAP2 36 UTR fHGARA prBrioter wasrak@iffled
from Col-0 DNA with primers proPHGAP2_F x proPHGAP2-GFP_R and GFP-linker fragment
from pUBN:GFP-Dest. (Grefen et al., 2010) with proPHGAP2_GFP_F x linker_ GFP_R. All
fragments were subcloned into pENTR3C individually, before they were combined in one
PpENTR3C backbone. Subsequently, an LR reaction was used to recombine
PENTR3C:pPHGAP2:GFP-gPHGAP2 with the destination vector pMDC99.

pPPHGAP2:GFP-gPHGAP2R1%L (Theresa Lauster): pENTR3C:pPHGAP2:GFP-gPHGAP2 and
PENTR3C:cGAP2R1%L (Stockle et al., 2016) were digested with Sapl/Kpn2l and appropriate
fragments were ligated. pPENTR3C:pPHGAP2:GFP-gPHGAP2R% was recombined with the

destination vector pMDC99 using LR clonase.

pPHGAP2:GFP-gPHGAP27% (Theresa Lauster): PCR fragment was amplified with
PHGAP2_3438 F x PHGAP2_764aa_stop_R from pENTR3C:pPHGAP2:GFP-gPHGAP2.
Afterwards, both the PCR fragment and the plasmid were digested with Xhol/Xbal and
appropriate fragments were ligated. The resulting vector pENTR3C:pPHGAP2:GFP-
gPHGAP27% was then used in a final LR reaction with the destination vector pMDC99.

pPHGAP2:GFP-gPHGAP2°% (Theresa Lauster): PCR fragment was amplified with
PHGAP2_01F x PHGAP2_ 566aa_stop_R from pENTR3C:pPHGAP2:GFP-gPHGAP2, both
the PCR fragment and the plasmid were digested with Xhol/Xbal and appropriate fragments
ligated. Further, the resulting vector pPENTR3C:pPHGAP2:GFP-gPHGAP215%¢ was used in an
LR reaction with the destination vector pMDC99.

PUBN:GFP-cGAP2547A (Dorothee Stockle, Steffi Zimmermann): cPHGAP2 was amplified from
cDNA generated from flowers using PHGAP2_ATG_F x PHGAP2_Stop R and cloned into
pGEM-T-easy vector (Promega, A1360). pGEM:cPHGAP2 and pENTR3C were digested with
BamHI/Notl and appropriate fragments were ligated. pPENTR3C:PHGAP2 served as template
for site directed mutagenesis PCR with the primer combination At5g19390 S447A for x
At5g19390 S447A rev to generate pENTR3C:cGAP25* Finally, an LR reaction was
performed to introduce cGAP254"* in the final destination vector pUBN:GFP-Dest. (Grefen et
al., 2010).

PUBN:GFP-cGAP25*'E (Dorothee Stockle, Steffi Zimmermann): pENTR3C:cPHGAP2 was

used in a site directed mutagenesis reaction with the oligonucleotides At5g19390 S447E for x
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