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Abstract

The development and growth of Arabidopsis thaliana is regulated by a combination of genetic
programing and also by the environmental influences. An important role in these processes
play the phytohormones and among them, auxin is crucial as it controls many important
functions. It is transported through the whole plant body by creating local and temporal
concentration maxima and minima, which have an impact on the cell status, tissue and organ
identity. Auxin has the property to undergo a directional and finely regulated cell-to-cell
transport, which is enabled by the transport proteins, localized on the plasma membrane. An
important role in this process have the PIN auxin efflux proteins, which have an
asymmetric/polar subcellular localization and determine the directionality of the auxin
transport. During the last years, there were significant advances in understanding how the
trafficking molecular machineries function, including studies on molecular interactions,
function, subcellular localization and intracellular distribution. However, there is still a lack of
detailed characterization on the steps of endocytosis, exocytosis, endocytic recycling and
degradation. Due to this fact, | focused on the identification of novel trafficking factors and
better characterization of the intracellular trafficking pathways. My PhD thesis consists of an
introductory chapter, three experimental chapters, a chapter containing general discussion,
conclusions and perspectives and also an appendix chapter with published collaborative
papers.

The first chapter is separated in two different parts: | start by a general introduction to auxin
biology and then | introduce the trafficking pathways in the model plant Arabidopsis thaliana.
Then, | explain also the phosphorylation-signals for polar targeting and also the roles of the
phytohormone strigolactone.

The second chapter includes the characterization of bar1/sacsin mutant, which was identified
in a forward genetic screen for novel trafficking components in Arabidopsis thaliana, where
by the implementation of an EMS-treated pPIN1::PIN1-GFP marker line and by using the
established inhibitor of ARF-GEFs, Brefeldin A (BFA) as a tool to study trafficking processes,
we identified a novel factor, which is mediating the adaptation of the plant cell to ARF-GEF
inhibition. The mutation is in a previously uncharacterized gene, encoding a very big protein

that we, based on its homologies, called SACSIN with domains suggesting roles as a molecular



chaperon or as a component of the ubiquitin-proteasome system. Our physiology and imaging
studies revealed that SACSIN is a crucial plant cell component of the adaptation to the ARF-
GEF inhibition.

The third chapter includes six subchapters, where | focus on the role of the phytohormone
strigolactone, which interferes with auxin feedback on PIN internalization. Strigolactone
moderates the polar auxin transport by increasing the internalization of the PIN auxin efflux
carriers, which reduces the canalization related growth responses. In addition, | also studied
the role of phosphorylation in the strigolactone regulation of auxin feedback on PIN
internalization. In this chapter | also present my results on the MAX2-dependence of
strigolactone-mediated root growth inhibition and | also share my results on the auxin
metabolomics profiling after application of GR24.

In the fourth chapter | studied the effect of two small molecules ES-9 and ES9-17, which were
identified from a collection of small molecules with the property to impair the clathrin-
mediated endocytosis.

In the fifth chapter, | discuss all my observations and experimental findings and suggest
alternative hypothesis to interpret my results.

In the appendix there are three collaborative published projects. In the first, | participated in
the characterization of the role of ES9 as a small molecule, which is inhibitor of clathrin-
mediated endocytosis in different model organisms. In the second paper, | contributed to the
characterization of another small molecule ES9-17, which is a non-protonophoric analog of
ES9 and also impairs the clathrin-mediated endocytosis not only in plant cells, but also in
mammalian Hela cells. Last but not least, | also attach another paper, where | tried to
establish the grafting method as a technique in our lab to study canalization related

processes.
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1 Introduction to auxin biology and endomembrane trafficking in Arabidopsis thaliana

Plants are sessile and they need to adapt to the changing environment. Their ability to survive
is based on the remodeling of growth and dynamic responses to the biological changes. Many
of these responses and developmental processes are regulated by the plant hormone auxin.
In comparison to other phytohormones, it has the property to undergo a directional and finely
regulated cell-to-cell transport, which is enabled by the transport proteins, localized on the
plasma membrane. An important role in this process have the PIN auxin efflux proteins, which
have an asymmetric and polar subcellular localization and determine the directionality of the
auxin transport. In this chapter we focus on the auxin-regulated development through cellular
responses, we describe the evolutionary perspective and we discuss the PIN function and

endomembrane trafficking processes in Arabidopsis thaliana.

1.1 Introduction to auxin biology

1.1.1 Early experiments in auxin research

First insights into the biology of the phytohormone auxin came with the observations of
Charles Darwin in 1880 that there is a mobile signal, which is effecting the plant tropisms
(Darwin, 2009). Later Went and Thimann did the first plant physiology experiments with
auxinic molecules (Thimann, 1939). This signal was suggested to be transported through the
plant tissues in a controlled manner and it has the property to create concentration gradients
between the shaded and the illuminated side of a phototropically responding coleoptile
(Went, 1974).

The distribution of auxin in the plant body is regulated by a fast and nondirectional flow in
the phloem with photosynthetic assimilates or by a directional cell-to-cell polar auxin
transport (PAT), which is critical for the formation of auxin maxima in the developing tissues.
This fine-tuned polar auxin transport can be explained by the chemiosmotic hypothesis
(Goldsmith, 1977). The indole-3-acetic acid can exist predominantly in its protonated (IAAH)

form in the acidic pH of the apoplast, which is allowing it to pass to the plasma membrane by



diffusion. However, while in the cytosol where the pH is of around 7, the auxin molecule
dissociates into its ionic form and cannot exit the cell passively. For this, there are the plasma
membrane localized auxin efflux carriers, which export auxin out of the cell and direct the

auxin movement between the cells.

1.1.2 Auxin perception and signalling

The phytohormone auxin is a trigger for the cell growth and differentiation through its
interaction with the molecular machinery of a cell. One of the best studied mechanism for its
perception and its response includes the role of a co-receptor, which influences the
degradation of proteins and the control of transcription. This co-receptor system is the
Transport Inhibitor Response 1/Auxin F-Box (TIR1/AFB) where auxin is perceived, forming the
S-Phase Kinase Protein 1 (SKP1)-Cullin-F-box (SCF)-type E-type ubiquitin ligase nuclear
complex (Dharmasiri et al., 2005; Kepinski and Leyser, 2004; Calderdn Villalobos et al., 2012;
Gray et al., 2001). When the hormone is not present, then the AUXin/Indole-3-Acetic Acid
(AUX/IAA) repressor proteins interact with the transcription factors of the auxin response
factor (ARF) family, blocking the gene transcription (Ulmasov et al., 1997; Wu et al., 2012)
(Figure 1A). They are bound in homodimers on genomic Auxin Responsive Elements (AuxRE)
sequences, upstream of the auxin regulated genes (Shimizu-Mitao and Kakimoto, 2014;
Ulmasov et al., 1997; Boer et al., 2014; Nanao et al., 2014; Korasick et al., 2014). When auxin
is present in the system, then it binds to the TIR1/AFB and it promotes the recognition and
poly-ubiquitination of Aux/IAA transcriptional repressors by the SCF™® machinery, which is
followed by proteasome-based degradation and release of auxin-regulated transcription
(Figure 1A). All of this multiple levels of control result in the broad spectrum of auxin
responses. The different sensitivities of interaction and specificity of the Aux/IAA
transcriptional mediators, either with the TIR1/AFB complex or with the ARFs, regulate the
starting steps of this signalling. There is also a second checkpoint for the alteration in the gene
expression and this is the specificity of the different ARFs on various AuxRE in the gene
promoter sequences. In summary, the co-receptor system, which governs the transcriptional
responses consists of TIR1/AFB receptors, AUX/IAA repressors, ARF transcription factors and

AuxRE promotor sequences.



S Low auxin
AXR1
(e}

Inhibition of

cell cycle
progression

Inhibition of
expression
of auxin-
responsive
genes

Convex

Expression
responsive
genes

Figure 1: Auxin perception and receptor systems. (A) Auxin mediated transcriptional regulation by TIR1 (Grones and Friml, 2015). (B) SKP2,

an atypical auxin binding protein (Grones and Friml, 2015). (C) Proposed model of auxin—-TMK1-IAA32 and IAA34 signalling in apical hook

development (Cao et al., 2019). (D) Overview of the auxin cellular machinery (Grones and Friml, 2015).

In addition, there is also another complex, which can bind auxin in the nucleus similar to the
TIR1/AFB and it is the S-phase Kinase Protein, SKP2a (Jurado et al., 2010) (Figure 1B). The
binding of auxin mediates the SKP2a interaction with the Dimerization Partner of E2Fs B
(DPB), promoting its ubiquitination and degradation (Jurado et al., 2010). There is a
transcriptional repressor, which is known as DPB, which binds and inhibits the RetinoBlastoma
Related/E2Fc (RBR/E2Fc) transcriptional factor (del Pozo et al., 2006). The auxin-activated
SKP2a interacts with DPB, which promotes its ubiquitination and degradation from the
proteasome, releasing the E2Fc transcriptional factors for targeted gene expression. The
SKP2a-DPB-E2Fc module has an influence on the development of cotyledons, leaves and
lateral roots and the action is through regulation of the cell cycle balance between the G2 to
M transition (del Pozo et al., 2006; Del Pozo et al., 2007).

The sensing of auxin is also potentially achieved by pathways outside of nucleus, such as the
auxin binding protein (ABP1) (Figure 1C). It was discovered in maize by the investigations
aiming for proteins with in vitro auxin binding properties from coleoptiles. By the
implementation of biochemical methods it was shown that the ABP1 can bind auxin (Cross
and Briggs, 1978; Lobler and Klambt, 1985; Shimomura et al., 1999) and that the protein

confirmation forms an auxin binding pocket (Brown and Jones, 1994; Grones et al., 2015). By
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using bioinformatics tools and running protein modelling and auxin binding simulations, it was
predicted that ABP1 forms a dimer, which undergoes conformational changes upon auxin
binding (Grandits and Oostenbrink, 2014). In addition, auxin stabilizes ABP1 and alters the
interactions with other proteins (Shimomura et al., 1986; Bertosa et al., 2008). It was also
predicted that the protein is localized in the endoplasmic reticulum (ER) (Cross and Briggs,
1979; Inohara et al., 1989), where the pH is of around 7, which differs from the optimal
binding affinity, which was shown to be at a pH of 5-5.5 (Chen et al., 2014). Additionally, by
the implementation of electron microscopy imaging it was observed that a small fraction of
the ABP1 protein is localized in the space between the plasma membrane and the cell wall, in
the apoplast (Lobler and Klambt, 1985; Jones and Herman, 1993) or in clusters at the plasma
membrane (Diekmann et al., 1995). The ABP1 protein potentially interacts on the cell surface
with the C-terminal peptide binding protein 1 (CBP1), which anchors to the plasma membrane
through glycosylphosphatidylinositol (GPI) (Shimomura, 2006). Moreover, the functional role
and localization of ABP1 on the plasma membrane was shown through direct interaction
experiments with TransMembrane receptor-like Kinase (TMK), which forms an auxin
perception complex at the cell surface (Xu et al., 2014). The auxin signalling, which is mediated
by ABP1, is going further through the ABP1’s intracellular genetic interactors, which are the
Rho like GTPase 2 and 6 (ROP2 and ROP6) and their downstream effectors, ROP-interactive
CRIB motif-containing protein 1 and 4 (RIC1 and RIC4) (Chen et al.,, 2012). The ROP/RIC
machinery results in remodelling the cytoskeleton through effects on actin filaments (AF) and
microtubules (MT) (Nagawa et al., 2010; Lin et al.,, 2012). Moreover, the ABP1/ROP/RIC
signalling module inhibits the endocytosis of clathrin-coated vesicles by auxin (Robert et al.,
2010; Wang et al., 2013; Covanova et al., 2013). In conclusion, the auxin binding protein 1
(ABP1) mediates auxin responses from the cell surface, affecting the cell cytoskeleton and
endocytosis.

Another branch of the ABP1 signalling is connected with the nuclear TIR1/AFB auxin signalling
pathway on the basis of transcription regulation of auxin responsive genes. Thus, the ABP1
stabilizes the Aux/IAA transcriptional repressors or acts negatively on TIR1/AFB auxin
receptors, which results in an altered gene expression (Tromas et al., 2013). Moreover, the
binding of auxin to ABP1 interferes with the clathrin-mediated endocytosis of auxin

transporters from the plasma membrane (Robert et al., 2010; Chen et al., 2012). All of this



has an influence on the auxin homeostasis and results in altered gene expression through the
TIR1/AFB auxin sensing and signalling complex (Tromas et al., 2013).

Recently, a new auxin signalling mechanism was identified, which acts in parallel to the
canonical auxin pathway, based on the transport inhibitor responsel (TIR1) and other auxin
receptor F-box (AFB) family proteins (TIR1/AFB receptors) (Salehin et al., 2015; Weijers and
Wagner, 2016) and which mediates differential growth during apical-hook development (Cao
et al., 2019) (Figure 1D). There is an asymmetrical accumulation of auxin at the concave side
of the hook during the formation state (Liao et al., 2015), which leads to bending of the hook
due to the inhibition of cell elongation (Li et al., 2004; Zadnikova et al., 2016).This process
represents a model that involves differential auxin concentrations, which compromises three
sequential steps: formation, maintenance and openings (Raz and Ecker, 1999; Zadnikova et
al., 2010). The newly introduced signalling mechanism operates at the concave side of the
apical hook, and involves auxin-mediated C-terminal cleavage of transmembrane kinase 1
(TMK1). The C-terminus of TMK1, which is translocated to the cytosol and nucleus, interacts
with two non-canonical transcriptional repressors of the Aux/IAA family — IAA32 and IAA34
and also phosphorylates them. This two transcriptional repressors are stabilized and like this
they can regulate expression and also inhibit growth, which is a difference to the canonical
pathway, where Aux/IAA transcriptional repressors are degraded (Cao et al., 2019). High
levels of auxin trigger the auxin-TMK1 signalling pathway, which originates at the cell surface,
which also shares transcriptional factors with the TIR1/AFB signalling pathway (Cao et al.,
2019). Like this different concentrations of auxin are generated and complex developmental
outcomes can be mediated (Cao et al., 2019).

The role of ABP1 in plant development is characterized on experiments with abp1 mutants. It
was shown that ABP1 affects the cell cycle progression (Chen et al., 2001; Robinson et al.,
2007; Braun et al., 2008; Tromas et al., 2009) and cell expansion (Jones et al., 1998; Bauly et
al.,, 2000; Chen et al., 2001; Braun et al., 2008; Tromas et al., 2009), by transcriptional
regulation or cell wall modelling (Paque et al., 2014), cytoskeleton reorganization (Chen et al.,
2014; Lin et al., 2012), changes in the cytoplasmic pH (Gehring et al., 1998) and K+ currents
(Bauly et al., 2000). Unfortunately, there were mistakes in the original characterization of the
abpl mutants (Chen et al., 2001)(Habets and Offringa, 2015). The misunderstandings came
from the fact that the embryo lethality of abp1-1 is due to a mutation in a gene different than
the abp1 (Gao et al., 2015; Dai et al., 2015; Michalko et al., 2015), while the new null mutants
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generated by CRISPR/Cas9 technology did not significantly differ in their growth from the wild
type. Another mutant with a point mutation in the auxin binding pocket abp1-5 (Enders et al.,
2015) was re-sequenced and there were thousands of additional mutations, which might be
the reason for the described phenotypes. Thus careful re-evaluation of the ABP1 physiological
roles is essential and the development of the new molecular biology techniques and methods
is a good starting point for further research on auxin binding, signal mediation and auxin

response by the ABP1 pathways.

1.1.3 Metabolism of the phytohormone auxin

Tryptophan is a precursor of auxin and the tryptophan amino transferase (TAA) converts it
into Indole-3-Pyruvic acid (IPyA), which is later converted into Indole-3-Acetic Acid (IAA) by
the family of Yucca enzymes. In addition, there are four additional IAA precursors, formed
from tryptophan — indole-3-acetaldoxime (IAOx), indole-3-acetonitrile (IAN), indole-3-
acetamide (IAM) and indole-3-acetaldehyde (IAAld), which can be directly converted to IAA,
which is the naturally occurring auxin molecule. These precursors have a biological activity
depending on the tissue and also species (Mano and Nemoto, 2012; Vernoux et al., 2010).
Moreover, the auxin related processes are supported by free, active IAA, which can be further
converted to inactive forms such as glucose, conjugates of amino acids or Indole-3-butyric
acid (IBA).

Important tools for assessing auxin levels are the artificial auxin responsive promoters, which
give indirect measure of the auxin concentration in plant cells (Uimasov et al., 1997). In
addition, an auxin metabolomics profiling can be implemented to analyse the amount of
auxinic compounds, with which the active and the inactive forms can be evaluated. This type
of analysis is useful for the investigation of tissue patterning, developmental dynamics and

physiological responsiveness (Efroni and Birnbaum, 2016; Bargmann et al., 2013).

1.14 Pathways of auxin transport

Auxin has an important role in nearly every aspect of plant development throughout the

whole plant. Majority of the hormone is synthesized in apical and lateral shoot meristems,



young leaves (Ljung et al., 2001) and in meristems of primary and lateral roots (Vernoux et
al., 2010). In the plant body, there are the auxin minima and maxima, which are areas,
differing from the synthesis locations. The auxin transport from cell-to-cell has been
connected with venation (Sieburth, 1999), cotyledon shape (Koizumi et al., 2000), apical hook
curvature (Zadnikova et al., 2010; Vandenbussche et al., 2010), hypocotyl elongation (Zheng
et al., 2016), root hair, lateral root formation (Petrasek and Friml, 2009), growth (Overvoorde
et al., 2010), altered gravitropism (Rashotte et al., 2000; Rahman et al., 2010; Geisler et al.,
2014; Sato et al., 2015), leaf epinasty, salt avoidance, stress tolerance and others (Adamowski
and Friml 2015).

For the active transport there are the influx and efflux carrier, which enable the directed cell-
to-cell transport. There are four classes auf auxin transporters - the PIN exporters (Zazimalova
et al., 2010; Adamowski and Friml, 2015), the PILS ER-localized transporters (Barbez et al.,
2012; Feraru et al., 2012b), the ATP-Binding Casette subfamily-B/P-GlycoProtein Transporter
/ Multi-Drug Resistance (ABCB/PGP/MDR), which are transporting inward or outwards (Cho
and Cho, 2013) and AUXin Resistant 1/Like AUX1 (AUX/LAX), which act as auxin importers
(Swarup and Péret, 2012; Péret et al., 2012). There are also other transporters, which were
shown to participate in the transfer of auxin: transporters nitrate permease 1 (NRT1) (Krouk
et al., 2010), Penetration 3/Pleiotropic Drug Resistance 8/ATP Binding Cassette subfamily G36
(PEN3/PDR8/ABCG36) (Stein et al., 2006; Strader and Bartel, 2009) and Polar Auxin Transport
Inhibitor 1/PLEIOTROPIC DRUG RESISTANCE 9/ATP Binding Cassette subfamily G37
(P1IS1/PDR9/ABCG37) (Ruzicka et al., 2010). Interestingly, the Walls Are Thin 1 (WAT1) in
Arabidopsis exports auxin from the vacuole into the cytoplasm (Ranocha et al., 2013) adding

an additional complexity to the regulation of cellular auxin homeostasis.

1.15 Discovery of PINs

In our lab we concentrate on the PIN proteins, which are represented by eight members in
Arabidopsis thaliana. PIN1, PIN2, PIN3, PIN4 and PIN7 are the once with a long hydrophilic
loop, located at the PM, while PIN5, PIN6 and PIN8 are located also on the ER, presumably
importing auxin in the lumen and are the once with a shorter hydrophilic loop (Nisar et al.,

2014; Bosco et al., 2012; Ding et al., 2012; Mravec et al., 2009). The PIN proteins are auxin



efflux carriers, which export the phytohormone from the cytoplasm towards the ER or
apopalst and in this way they regulate the cellular auxin homeostasis. The founding member
of the PIN family is the PIN1 protein, which is characterized by a phenotype, reminding the
form of a pin: it consists of stem and missing organs of leaves or flowers due to the fact that
primordia failed to form at the shoot apical meristem (Okada et al., 1991). In addition, the
molecular cloning of the PIN1 gene revealed that the PIN protein encodes a transmembrane
protein with carrier properties (Galweiler et al., 1998) and a localization to the basal side of
the stele cells. Another protein of this family is the PIN2 protein, which has agravitropic
phenotype (Chen et al., 1998; Luschnig et al., 1998; Miiller et al., 1998; Utsuno et al., 1998).
The role of a component in polar auxin transport of root gravitropic response was assigned to
the identified protein. In transport assays in different systems it was shown that the PIN
proteins have an auxin efflux capacity (Petrasek et al., 2006; Yang and Murphy, 2009; Barbez
et al., 2013; Zourelidou et al., 2009).

Moreover, the PIN expression and localization is detectable from the very first stages of
embryo development. There are four genes, which are expressed in the embryos — PIN1,3,4
and 7 and in the single mutants pin4 (Friml et al., 2002a) and pin7 (Friml et al., 2003) early
embryogenesis defects can be found with increasing severity in the multiple mutants (Friml
et al., 2003; Blilou et al., 2005; Vieten et al., 2005). The auxin accumulation occurs for the first
time in the apical cell, which originates after the division of the zygote and auxin remains in
the apical part of the embryo until a switch occurs around the 32-cell stage, where the auxin
maximum is detected in the basal parts of the embryo, as well as the uppermost suspensor
cell (Friml et al., 2003). The polarity of the localization of the PIN proteins corresponds to the
auxin fluxes as the PIN7 is expressed in the basal domains of the embryo and then it is
polarized toward the apical cells, while later PIN7 in the suspensor and PIN1 in the stele cells
of the embryo show basal polarity (Friml et al., 2003). Recent research showed that due to
the feedback regulation by auxin sources, the PIN polarity switches during embryogenesis and
in this case the auxin is produced in the suspensor cell and in the maternal tissues and later
in the apical end of the embryo and like this the apical-basal axis is defined (Robert et al.,
2013; Wabnik et al., 2013; robert et all 2018). With the progression of the embryo
development, there are additional maxima of auxin response in the sites of cotyledon
formation. The polarity of the PIN1 protein in the epidermal layer faces the auxin maxima,

while a canal of cells, expressing the PIN1 protein on the basal side of the inner embryo body



is formed, where the future vascular strands are formed by driving auxin away from the
primordium (Benkova et al., 2003). In the pin mutants, there are cotyledon developmental
defects, which are pronounced as single, triple fused or improperly shaped cotyledons

(Benkova et al., 2003; Friml et al., 2003).

In the later stages of development, the auxin transporters are expressed progressively (Robert
et al., 2015). Through the coordination of importers and exporters, the flow of auxin through
tissues and cells can be coordinated and these phytohormone is transported from the shoot
to the root. The lateral roots emerge from the pericycle layer at the primary root at the sites,
where the amount of auxin response is elevated (Benkova et al., 2003; Dubrovsky et al., 2008).
In the case of lateral root primordia, the PIN proteins are redistributed, which marks the
lateral root initiation and the generation of new auxin maxima (Marhavy et al., 2013). Another
process, which is connected with rearrangement of PIN proteins is the phototropic bending,
where the polarity in the hypocotyl changes, which re-alters the auxin flow from basipetal to
lateral direction (Ding et al., 2011). The auxin morphogens allow the plant to adapt to the
changing environment by polar auxin transport, which enables plasticity and capacity to
develop in agreement with the surrounding conditions. In all of the mentioned cases, auxin is
transported in direction of the tip, which is a stream supplying the root-derived organs with
auxin, while it depletes the apical organs. The complementary flux through the outer layer
has opposite directions in apical and basal organs. These two patterns of auxin flow through

tissues are defined as “fountain” and “reverse fountain” (Benkova et al., 2003).

1.1.6 The phytohormone strigolactone

Next to auxin there are other phytohormones, which participate in the regulation of plant
growth and development. The strigolactones and karrikins are butenolide compounds, which
play an important role in those processes (Soundappan et al., 2015). The strigolactones were
first identified as compounds, which are stimulating the germination of parasitic weeds from
the family of Orobanche and Striga spp (Cook et al., 1966) (Figure 2). In addition, when the

nutrients are limited, then SLs promote the symbiosis with arbuscular mycorrhizal (AM) fungi,



which permit the exchange of carbon for nitrogen, phosphorus and water (Akiyama et al.,
2005)(Figure 2). Another property of the strigolactones is connected with the inhibition of
shoot branching, regulating of the root architecture, leaf senescence and secondary growth
(Gomez-Roldan et al., 2008; Umehara et al., 2008; Agusti et al., 2011; Kapulnik et al., 2011;

Ruyter-Spira et al., 2011; Rasmussen et al., 2014).

SLs inhibit shoot SLs promote associations || SLs promote germination of
branching with arbuscular mycorrhizal parasitic Striga plants
(AM) fungi

Figure 2: Strigolactone effects (Figure adapted from Plant cell)

The biosynthesis of strigolactones is derived from the carotenoid pathway (Matusova et al.,
2005) with the activity of various oxygenases (Gomez-Roldan et al., 2008; Umehara et al.,
2008). In Arabidopsis thaliana there are the carotenoid dioxygenase MAX3 (MORE AXILLARY
GROWTH3) and MAX4 (AtCCD8) and also MAX1 (cytochrome P450), which are participating
in the biosynthesis of this phytohormone (Turnbull et al., 2002; Sorefan et al., 2003; Booker
et al., 2005) (Figure 3A). There are more than 20 naturally occurring strigolactone derivatives,
which play essential roles in the plant growth and development (reviewed by (Lopez-Obando

et al.,, 2015)).
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Figure 3: Biosynthesis and signalling pathways of the phytohormone strigolactone and effect on PIN localization. (A) Biosynthesis pathway
of strigolactones. (B) Model of strigolactones and karrikin signalling pathways. (C) Representation of PIN1 protein regulation by

strigolactones and its effect on bud activity. (D) Strigolactones’ effect on the polar auxin transport.

The strigolactone signalling includes the hormone-mediated interaction between receptor
and F-box protein, degradation of suppressor proteins and activation of transcription factors.
In the Figure 3B there is a model, which illustrates this signalling cascade. A known receptor
for strigolactone is the D14 receptor, which is an alpha/beta hydrolase and it does not
recognize karrikin (Waters et al., 2012). The karrikins are chemical signals, which were found
in smoke and which promote seed germination (Flematti et al., 2004; Nelson et al., 2009,
2012). In Arabidopsis thaliana this molecule can enhance the seedling response to light (Jain
et al., 2006; Kulkarni et al., 2006; van Staden et al., 2006; Nelson et al., 2010). It is suggested
that the karrikins mimic a butenolide molecule (KAI2 ligand), which is different than
strigolactone (Flematti et al.,, 2013; Waters et al., 2014). Moreover, in the presence of
strigolactone or karrikin, the corresponding receptor recognizes the molecules and hydrolyses
them. Then the receptor alters its conformation and is able to bind to the F-box protein
(MAX2), which is a component of the SCF complex, and also to the transcription repressors.

The next step in the signalling pathway is the degradation of the transcription repressors
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(smax and smxl) in the proteasome. SMAX1 (suppressor of max2) has seven SMAX-like
(SMXL2-8) homologs and all 8 genes are members of a gene family with similarity to AtHSP101
(thermotolerance) (reviewed in (Stanga et al., 2013)). The role of SMAX1 is in repression of
the germination and the responses of the seedling to light by reduction of the expansion of
the cotyledons and promotion of the hypocotyl elongation. In addition, SMXL6, 7, 8 stimulate
the branching, the transport of the phytohormone auxin and the PIN1 accumulation at the
basal plasma membrane and also the density of the lateral roots. But on the other hand, they
inhibit the petiole elongation (Soundappan et al., 2015).

One of the roles of strigolactone is in the shoot branching inhibition and in Figure 3C there is
a model, which represents the action of it together with auxin in this process. There are two
putative scenarios for the regulation of this process. The first one is that auxin regulates the
synthesis of strigolactone (Shinohara et al., 2013). The activity of the bud is inhibited by auxin
by the elevation of strigolactone biosynthetic genes. The second putative model is connected
with the auxin transport canalization to connect the bud to the stem. In this process the role
of strigolactone is to reduce the accumulation of PIN1 on the plasma membrane (Shinohara
et al., 2013). If the bud is activated, then the canalization takes place and the PIN1 protein is
localized mostly on the plasma membrane. However, when the outgrowth is inhibited, then
the PIN1 protein is internalized (Shinohara et al., 2013). On a cellular level, strigolactone
promotes the internalization of the PIN1 protein, which leads to a decrease in the polar auxin

transport (Figure 3D).

1.2 Endomembrane trafficking in Arabidopsis thaliana

The cell structure and function is largely determined by the presence of intracellular
organelles and the cytosol. Both have specific properties, which navigate their function and
role in specialized mechanisms. The PIN proteins, are transmembrane proteins, which
regulate developmental processes, environmental responses and cellular auxin homeostasis.
These auxin efflux carriers traffic through intracellular compartments such as the ER, Golgi
apparatus, TGN, vacuole and the plasma membrane and this trafficking is enabled by the small
trafficking vesicles (Figure 4). The secretion of the newly synthesized proteins, their cycling

between the subcellular domains and also the targeting to the lytic vacuole are strictly



regulated trafficking processes. In the next paragraphs | will focus on these subcellular
trafficking mechanisms.

The small GTPases, such as Secretion-Associated RAS-related proteins (SARs), Ras genes from
rat brain (RAB) and ADP-Ribosylation Factor (ARFs), are activated upon the switch of GDP with
GTP and they act as regulators of the endomembrane trafficking (Rutherford and Moore,
2002; Yorimitsu et al., 2014; Nielsen et al., 2008). These proteins are inactive and soluble
when they are bound to GDP. However, when the GDP exchanges to GTP (a process, regulated
by the GTP exchange factor (GEF)), then they are active and hydrophobic and this enables
their interaction with lipid layers of membranes, which initiates the mechanisms for vesicle
formation (Yorimitsu et al., 2014; Cevher-Keskin, 2013; Shin and Nakayama, 2004). The GEF
proteins are targeted by the fungal toxin Brefeldin A (BFA), which is thus an important tool
for trafficking manipulations (Figure 4). Moreover, the small GTP proteins become again
soluble when the bound GTP is hydrolysed to GDP by a specific protein, which is defined as
GTPase activating protein (GAP) (Spang et al., 2010). The vesicle is formed and released by
the synchronized action of the GTPases, GEFs and GAPs.

Lytic vacuole g §<§ Esthy | L}

MNucleus

ER

Figure 4: Subcellular trafficking mechanisms controlling PIN polarity and degradation.
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In the next paragraphs the anterograde trafficking events from the ER to the Golgi and from

the Golgi to the TGN and the plasma membrane will be explained.

1.2.1 Secretion

The proteins are synthesized in the endoplasmic reticulum (ER) and then they are co-
translationally imported in the ER membrane via the translocon machinery (Mothes et al.,
1997; Skach, 2009; Vitale and Denecke, 1999). Later, the sorting process into coat protein Il
(COPII) membrane vesicles takes place and the cargos are transferred to the cis side of the
Golgi apparatus (Ding et al., 2012; Kang and Staehelin, 2008; Bar-Peled et al., 1995; Brandizzi
and Barlowe, 2013). Next to the COPIl complex, there are vesicles, budding from the ER and
delivered to the Golgi and this processis regulated by SAR1, SEC12, Soluble N-ethylmaleimide-
sensitive factor Attachment protein Receptors (SNAREs), MAIGO5 (MAG5) and p24
membrane proteins (Takagi et al., 2013; Montesinos et al., 2013). In the protein secretion
pathway the SAR1 GTPase is activated by the ER integral protein SEC12, which stimulates the
interaction of the SAR12 with COPII heterodimer subunits (Hanton et al., 2009; Cevher-Keskin,
2013; Osterrieder et al., 2009). Through interaction with COPII subunits there are the MAG5
and p24 proteins which are needed for the formation and budding of vesicle in ER Exit Site
(ERES). In addition, the SNARE proteins are important for the recognition and tethering of the
vesicle (vSNARE) to the targeted organelle (tSNARE) (Lipka et al., 2007; Uemura and Ueda,
2014). The further transport mechanisms are characterized either by a sorting back to the ER,
which is a process, regulated by the COPI-coated vesicles or another option is that the

proteins are targeted further to the TGN in the anterograde pathway.

1.2.2 Exocytosis

In the process of association of the cargo and tethering with the early endosome layer, there
is the Exocyst complex, which regulates this process. It is evolutionary conserved among
animals, fungi and plants and it has an octameric ultrastructure of six Sec and two Exo
proteins, which have sequence similarities (Munson and Novick, 2006; Elias et al., 2003). In

Arabidopsis thaliana there are two genes, which are encoding each of the following proteins:



Sec3, Sec5, Sec10 and Sec15 proteins and three genes encoding Exo84 proteins and 23 genes
coding for Exo70 proteins (Elias et al., 2003; Cvrckova et al., 2012). For the assembly and
tethering, there are the Exocyst subunits, which interact with each other, but there is also
interaction with SNAREs, Rab and Rho GTPase (Nagawa et al., 2010; Hala et al., 2008;
Fendrych et al., 2013). By the implementation of BFA as a tool to study vesicle trafficking it
was observed that Exocyst 70 has a role in the polar delivery of the PIN1 and PIN2 proteins
with the Exocyst complex regulating the last step of the anterograde trafficking of PIN

proteins to the plasma membrane (Tan et al., 2016; Drdova et al., 2013).

1.2.3 Endocytosis

As mentioned earlier, plants have extraordinary adaptation skills, which largely depend on
the ability of plant cells to maintain and to keep a particular homeostasis of plasma membrane
proteins including different transporters or receptors. As we explained in the last paragraphs,
the exocytosis is controlled by a large number of factors, which are targeting the transport
towards the plasma membrane. On the other hand, there is the process of endocytosis, where
cargos are internalized, which results in mediation of signals from the extracellular space and
also plasma membrane rearrangement. The process of endocytosis is mediated by small
vesicles, which bud from the plasma membrane and are transferred towards the cytosol,
where they can be united into endosomes. The whole process of initiation of the endocytosis
is mediated by clathrin, which is a protein, responsible for the recruitment of endocytic
vesicles (Dannhauser and Ungewickell, 2012; Baisa et al., 2013; Chen et al., 2011). The
structure of the protein is defined by a heavy and by a light chain, which builds a specialized
structure of a triskelion (Kirchhausen, 2009). The clathrin triskelion is localized on the plasma
membrane and supports the formation of the emerging bud, which has the shape of a ball
(Kirchhausen, 2009; Dannhauser and Ungewickell, 2012). It is known that the PIN proteins in
Arabidopsis thaliana undergo clathrin-mediated endocytosis (Dhonukshe et al., 2007).
Through the analysis of the clathrin mutants it was shown that this protein plays essential
roles in many crucial developmental processes, efficient auxin transport, PIN endocytosis and
proper PIN polar distribution (Kitakura et al., 2011; Dhonukshe et al., 2007; Wang and Ruan,

2013). In our model organism there is no well-defined mechanism for clathrin-independent
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mechanism for uptake of auxin transporters (Onelli et al., 2008; Bandmann and Homann,
2012; Li et al., 2012; Baral et al., 2015; Fan et al., 2015).

In the past studies on polar auxin transport, mutants like Transport Inhibitor Response 3/BIG
(TIR3/BIG) were identified (Ruegger et al., 1997). Through the implementation of BFA as a
tool to study trafficking processes it was observed that a mutation in the TIR3/BIG protein
impairs the regulation of PIN1 endocytosis by auxin identifying TIR3/BIG is important auxin
transport regulator (Paciorek et al., 2005). A role of both clathrin and BIG protein in the

endocytosis of PIN1 was thus established, however still no direct connection was identified.

1.24 Constitutive recycling

In plants the TGN is a hub where the re-direction of many trafficking processes takes place
(Ito et al., 2012; Groen et al., 2014). It is interconnecting the vesicle communication between
the plasma membrane, Golgi apparatus and vacuole, but it is also indirectly connected with
the nucleus and ER through the Golgi apparatus. Towards the PM the transport is enabled
through endosomes and towards the vacuole through MultiVesicular Bodies/PreVacuolar
Compartment (MVB/PVC). The regulation of the sorting into specific trafficking pathways is
defined by different GTPases and their regulatory GEFs and GAPs.

The PIN proteins are not statically localized on the plasma membrane, but continuously cycle
between their polar domain at the plasma membrane and the endosomes. This conclusion
was made from the observation that the fungal toxin BFA causes the accumulation of the PIN1
protein into BFA bodies, which is a reversible process after the removal of BFA (Geldner et al.,
2001). BFA acts on the subset of the ARF-GEFs, which are the activators of ARFs, being
important for the formation of coated vesicles mediating trafficking processes of the
endomembrane system. GNOM is an ARF-GEF, which regulates the endocytic recycling and
the polar localization of the PIN proteins. There are severe phenotypes of the gnom mutants,
such as shorter root length, fused or cup-shaped cotyledons and also inhibited development
(Geldner et al., 2004; Richter et al., 2010; Anders and Jirgens, 2008; Koizumi et al., 2000).
Through the phenotypic characterization of the gnom® mutant, it was shown that GNOM has
an important role for the meristem maintenance (Geldner et al., 2004). In addition, through

immunolocalization studies it was observed that the embryo axis formation is defective and



there is a defective PIN1 delivery to the plasma membrane in the gnom mutant embryos
(Steinmann et al., 1999). Further research on the role of GNOM in the basal delivery of the
PIN1 protein was performed by the implementation of BFA (Nebenfihr et al., 2002; Geldner
et al., 2003). By treatments with different BFA concentrations, it was observed that the
polarity of the PIN1 protein is GNOM-dependent (Geldner et al., 2001, 2003). When
prolonging the incubation time with BFA, the PIN1 protein moves from the basal to the apical
site of the cell in a process known as transcytosis (Kleine-Vehn et al., 2008a). Additionally,
there are two other proteins, which are similar to GNOM and they play important role in the
early or late protein trafficking. One of them is GNOM LIKE1 (GNL1), which is BFA insensitive
and is essential for the endocytosis of the PIN proteins. It is also important for the Golgi
apparatus integrity and is a regulator of the trafficking from Golgi to the ER (Teh and Moore,
2007). Another ARF-GEF from GNOM-type is GNOM-LIKE2 (GNL2), which is active in the polar
growth of the root hairs and pollen tubes and is able to substitute for GNOM in the process
of PIN1 polar recycling (Jia et al., 2009). By the implementation of BFA as a tool to study
GNOM-mediated trafficking, we discovered new components of trafficking processes. In the
past, there were forward genetic screens, which were based on microscopy of altered
sensitivity of PIN localization to BFA, where the role of additional trafficking components was
established (Tanaka et al., 2009; Zwiewka and Friml, 2012). In those screens trafficking factors
as BFA-visualized endocytic trafficking defective 1 and 2 (BEN1 and BEN2) proteins, which are
described as components of the endocytic recycling and vacuolar targeting, were identified
(Tanaka et al.,, 2009, 2013). Moreover, by the implementation of a similar experimental
setting, the role of membrane trafficking factors like BFA-visualized EXocytic trafficking
defective 1, which plays a role in the endocytic recycling and BEX5, which is a member of the
RAB protein family was elucidated (Tanaka et al., 2014; Feraru et al., 2012a). Both factors are
regulators of exocytic events and both factors show higher sensitivity to the vesicle trafficking
inhibitor BFA and are involved in the process of exocytosis of early endosomes or anterograde
vesicles, which are budding from the TGN to the PM.

Another important trafficking regulator is the VAN3 (Vascular Network) protein, which is
another member of the GTPase machinery (Koizumi et al., 2000). VAN3 is an ARF-GAP, which
activity is pronounced in TGN/EE and the plasma membrane (Koizumi et al., 2005; Naramoto

et al., 2009, 2010).
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1.2.5 Degradation into vacuoles

On the way to the lytic vacuole, there are the PVC/MVB, known as the late endosomes, which
are a sorting hub for receptors and ligands on their way to the vacuole. The trafficking
pathway was characterized with the help of chemical inhibitors like wortmannin, which is an
inhibitor of phosphatidylinositol 3-kinase (Emans et al., 2002) targeting the PVC-based
trafficking (Jaillais et al., 2006). Another compound is BFA, which also affects the vacuolar
targeting as the amount of some cargo proteins after treatments is reduced in the lytic
vacuole (Kleine-Vehn et al., 2008c). The results show that there is an ARF-GEF mediated, BFA-
sensitive trafficking from endosomes to the vacuole (Kleine-Vehn et al., 2008c). Next to this
pathway, there is also the requirement for vacuolar-sorting receptors (VSRs), which are
recycled (Seaman, 2005) a process, mediated by the retromer, a heteropentameric complex
consisting of a dimer of sorting nexin proteins (SNX) and a trimer composed of vacuolar
protein sorting (VPS) 26, VPS29 and VPS35 proteins (Seaman, 2005; Bonifacino and Hurley,
2008; Collins, 2008). SNX1 and VPS29 participate in the recycling of PIN2 (Jaillais et al., 2006)

and PIN1 (Jaillais et al., 2007) at the plasma membrane.

Another role of SNX1 and VPS29 is in a pathway that retrieves PIN proteins from the PVC back
to the recycling pathways, thus keeping the balance between vacuolar targeting and recycling
of PIN proteins (Jirgens and Geldner, 2007; Kleine-Vehn et al., 2008c). To enable the
incorporation of the PVC/MVB with the lumen for the lytic degradation in the vacuole, there
is the endosomal-sorting complex, required for transport (ESCRT) machinery (Piper and
Katzmann, 2007), which counteracts the function of the retromer. The retromer transports
transmembrane proteins from the endosomal membrane and returns them to the TGN, on
the other hand, there are ESCRT proteins, which sort the target proteins from the membrane

into the lumen of the endosomes.

1.2.6 Phosphorylation-related signals for polar targeting



The mutant pinoid (pid) was identified in a screen for mutants that have lost their ability to
build flower primordia (Bennett et al., 1995). The protein encodes a member of the AGCVIII
family of protein kinases (Christensen et al., 2000) and it has a function in auxin transport
(Benjamins et al., 2001). When overexpressing the protein, the main root collapsed, which
was correlated with the loss of local auxin maximum in the root apex (Benjamins et al., 2001;
Friml et al., 2004). In the shoot apical meristem of the pid mutant, there is the apical-to-basal
polarity switch of the PIN1 protein (Friml et al., 2004), which confirms the function of the PID
protein in the PIN apical versus basal polarity determination. The action of PID and its
homologs is to phosphorylate the PIN protein hydrophilic loops at three highly conserved
motifs (Michniewicz et al., 2007; Huang et al., 2010; Zhang et al., 2010). Next to the PID
activity, there is the phosphatase activity of the protein phosphatase 2A (PP2A), which is
essential for the PIN polarity regulation. In the PP2AA-deficient plants, there is a basal-to-
apical polarity shift of PIN1, PIN2 and PIN4, which indicates that the dephosphorylation of the
PINs promotes basal localization (Michniewicz et al., 2007). In summary, the PID-mediated
phosphorylation promotes the PIN localization to the apical cell side and the

dephosphorylation by PP2A leads to basal PIN polarity (Adamowski and Friml, 2015).

There is also another group of proteins from the same family of protein kinases, which
includes D6 protein kinase (D6PK) and D6 protein kinase-likes (D6PKL), which are also
important factors for the polar auxin transport. Loss of the activity resulted in phenotypes,
which correspond to phenotypes, typical for the reduced PAT rates (Zourelidou et al., 2014;
Willige et al., 2013). D6PK phosphorylates the PIN proteins, but does not affect their polar

localization (Willige et al., 2013) and it activates the auxin efflux activity of the PINs.

1.2.7 Auxin feedback regulation of PIN-mediated auxin transport

Tsvi Sachs proposed a self-organizing property for polar auxin transport on the level of organs
and tissues, which is known as the canalization hypothesis (Sachs, 1981). If there is a source
and a sink of auxin, then the cells polarize their auxin transport activities towards neighbors,

which already transport auxin. Thus, the local flow of auxin affects the cells to alter the
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direction of the flow and strength, which forms a narrow and well-defined canal of cells, which
efficiently transport auxin to connect the source with the sink. The canalization hypothesis is
important for processes like de novo vascular tissue formation or its regeneration. The parts
of the plant body will be connected by the cells, forming the canals for polar auxin transport,
which will differentiate into stele cells. As a result, auxin has the property to influence the
directionality and capacity of a cell’s auxin transport. (Sauer et al., 2006) designed
experiments on wounded pea epicotyls (Pisum sativum) to study the auxin flow on the
example of the PIN1 protein, which polarized around the wound, which later differentiated
to reconnect the vascular strand. The PIN proteins are good candidates as target for the
canalization mechanism as auxin is regulating their localization and expression (Adamowski

and Friml, 2015).

1.3 Summary

A large spectrum of developmental processes are regulated by auxin (Friml et al., 2003). The
auxin efflux carriers of the PIN family have a polar, plasma membrane localization and they
determine the direction of the auxin flow, which modulates different aspects of development,
including gravitropism, phototropism, embryogenesis, organogenesis, vascular tissue
formation and regeneration as well as others (Vanneste and Friml, 2009). For the fulfillment
of their diverse roles, the PIN proteins are regulated by different factors at the levels of
transcription as well as cellular polar, subcellular localization, which results from trafficking
processes like secretion, endocytosis, recycling, and vacuolar trafficking. Endogenous signals,
including auxin and other hormones, like strigolactone, have impact on the regulatory steps
in order to fine-tune PIN localization and function (Shinohara et al., 2013). In summary, plants
have developed specific mechanisms, in which endogenous and exogenous signals, regulate
the PIN trafficking and the auxin distribution, which provides guidelines for many aspects of

growth and development (Adamowski and Friml, 2015).
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2 SACSIN mediates adaptation of plant cells to ARF-GEF inhibition

2.1 Abstract

Similar to all eukaryotes, the plant cells, are structurally and metabolically divided into
different compartments, where the communication between them is enabled by vesicle
trafficking. Due to the changing environment, the endomembrane trafficking needs also to
adapt to the alterations. This process depends on the vesicle budding where important
regulators are the ARF GTPases, acting as molecular switches. Thus, their activators ARF-GEFs,
such as GNOM, are essential for many cellular processes including the polar targeting of PIN
transporters for the plant hormone auxin. We used the established inhibitor of ARF-GEFs,
Brefeldin A (BFA) and designed a morphology-based forward genetic screen on EMS
mutagenized PIN1-GFP population of Arabidopsis. We identified barl, which shows BFA-
insensitive growth but on the subcellular level, it fails to adapt to BFA-mediated inhibition of
trafficking. The mutation is in a previously uncharacterized gene, encoding a very large
protein called SACSIN with domains suggesting roles as a molecular chaperon or as a
component of the ubiquitin-proteasome system. Our physiology and imaging studies revealed

that SACSIN is a crucial plant cell component of the adaptation to the ARF-GEF inhibition.

2.2 Introduction

The model organism Arabidopsis thaliana has a complex endomembrane system, which has
a lot of specialized intracellular trafficking pathways (Paul and Frigerio, 2007). For the
membrane protein trafficking, the cargo proteins have to be packed into membrane vesicles,
which bud from a donor compartment and later fuse with an acceptor compartment by
releasing the cargo. This process of vesicle formation requires ARF GTPases, which mediate
the recruitment of vesicle coats at the donor membrane (Singh et al., 2018). ARFs act as
nucleotide-dependent molecular switches regulating cell processes by action on effectors
(Singh et al., 2017). For this process to take place the small GTPases of the ARF class are
activated or inactivated by the binding or hydrolysis of GTP. The GTPase-activating proteins
(GAPs) stimulating the release of phosphate, whereas the exchange of GDP to GTP is

49



mediated by guanine nucleotide exchange factors (GEFs). They constitutively cycle between
a membrane-associated and active GTP-bound form and a mainly cytosolic and inactive GDP-
bound conformation (Vernoud et al., 2003; Grosshans et al., 2006). After being activated, the
ARF proteins are able to recruit cytosolic coat proteins Coat Protein Complex | (COPI), COPII,
and clathrin to the vesicle budding site at the Golgi apparatus, trans-Golgi network (TGN),
plasma membrane (PM), and endosomal compartments (Serafini et al., 1991; Bonifacino and
Lippincott-Schwartz, 2003) and they regulate diverse processes such as vesicle budding (Zerial
and McBride, 2001; Vernoud et al., 2003; Rutherford and Moore, 2002). The studies of the
ARF-GEFs and their cellular and developmental roles have been greatly aided by the
implementation of BrefeldinA (BFA), a fungal toxin specifically targeting the ARF-GEFs
(Mossessova et al., 2003).

In Arabidosis thaliana there are eight large ARF-GEFs, which can be split into two different
subfamilies: the GGG class, which includes GNOM, GNOM-LIKE1 (GNL1) and GNL2 and in the
BIG class, which contains five members — from BIG1 to BIG5. Moreover, in this model
organism, two of the ARF-GEFs are BFA insensitive — GNL1 and BIG3 (Anders and Jirgens,
2008). Additional proteins, which participate in the GTPase machinery are the ARF-GAPs. The
family consists of 15 members, which can be grouped in 7 classes (Singh et al., 2018). Among
the known ARF-GAPs there is the VAN3/SCARFACE protein, which is active in TGN/EE and
plasma membrane and is participating as trafficking regulator on the plasma membrane and
appears to play a crucial role in auxin-related patterning (Koizumi et al., 2005; Naramoto et
al., 2009, 2010).

The phytohormone auxin participates in many crucial developmental processes and regulates
various cellular responses in plants (Adamowski and Friml, 2015). There, the plasma
membrane proteins can recycle from between the plasma membrane and the endosomes
(Geldner et al., 2001). This endocytic recycling allows the regulation of the protein amount at
the plasma membrane as well as the changes in the polar distribution of the PIN auxin efflux
carriers, which defines the cell-to-cell auxin transport and mediates the directionality of it.
This is crucial for the embryogenesis, organogenesis and also during gravitropic and
phototropic response in plants (Friml et al., 2003; Benkova et al., 2003; Rakusova et al., 2016).
The PIN auxin transporters undergo constitutive clathrin-mediated endocytosis and
subsequent recycling to different polar domains. This vesicle trafficking process, requires

GNOM ARF-GEF (Geldner et al., 2003; Mossessova et al., 2003; Kleine-Vehn and Friml, 2008;



Naramoto et al., 2014; Anders and Jirgens, 2008) and other ARF GEFs (Tanaka et al., 2009,
2013; Kitakura et al., 2017; Kania et al., 2018).

The inhibition of the recycling of the PIN proteins through the endomembrane compartments
results in the formation of so called BFA bodies after short treatment (Geldner et al., 2001).
After prolonged treatment, the cells gradually adapt to BFA; BFA bodies dissipate but PIN
proteins transcytose from the basal to the apical side of the cell (Kleine-Vehn and Friml, 2008;
Kleine-Vehn et al., 2008b). Nonetheless, the mechanism, by which cells adapt to the
compromised ARF-GEF activity, is unknown.

Previously, microscopy-based genetic approaches using PIN1pro::PIN1-GFP line led to
identification of trafficking mutants such as benl (bfa-visualized endocytic trafficking
defectivel), which mediates endosomal trafficking and encodes AtMIN7/BIG5; ben3, which
encodes a member of BIG family ARF GEFs, BIG2 and confers BFA sensitivity to the TGN/EE;
or bex5 (for BFA-visualized exocytic trafficking defective), which has defects in the exocytosis
trafficking small GTPase, RAS GENES FROM RAT BRAINA1b (RabAlb) (Tanaka et al., 2009;
Feraru et al., 2012; Kitakura et al., 2017). Whereas the ben mutants show less sensitivity to
the BFA treatment, bex1 (Tanaka et al., 2013) and bex5 (Feraru et al., 2012) show higher
sensitivity to BFA and form more pronounced BFA bodies. The listed examples are an evidence
that screens in Arabidopsis thaliana based on alterations in the localization or intensity of the
fluorescent marker and involving pharmacological treatment represent a good tool for the
identification of novel trafficking components (Zwiewka and Friml, 2012).

Here we took advantage of the morphological defects induced by BFA and screened for
mutants developing better on medium supplemented with BFA. We identified a recessive
mutant barl (bfa altered response 1), which grows better on a BFA-containing medium but is
unable to adapt its subcellular trafficking to a prolonged BFA exposition. Mapping of the
causative mutation and analysis of additional alleles identified SACSIN gene coding for a large,
protein of an unknown function as a first component of a so far elusive mechanism of vesicle

trafficking adaptation to adversary conditions.

2.3 Results
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2.3.1 Forward genetic screening for Brefeldin A-resistant mutants

We designed a forward genetic screen for the identification of novel trafficking components
in Arabidopsis thaliana. For this, we made use of a well-established inhibitor of vesicle
trafficking, Brefeldin A (BFA), which causes accumulation of plasma membrane proteins, such
as basal localized PIN1, into intracellular aggregates, which are known as BFA bodies. We used
an EMS-mutagenized PIN1pro::PIN1-GFP Arabidopsis population and we screened for mutant

candidates, which are growing better in a BFA-supplemented in vitro culture (Figure 1A).
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Figure 1: Outline of the forward genetic screen for the identification of novel trafficking components in Arabidopsis thaliana. (A):
Morphology based screen for mutants with altered developmental response on 20 uM BFA-supplemented medium. Bar1-2 is growing better
on BFA supplemented media in comparison to the parental PIN1pro::PIN1-GFP line. (B) Confocal imaging of the selected mutant candidates,
which grow better upon inhibited ARF-GEF by the fungal toxin BFA. In the vasculature cells PIN1:GFP is localized in the basal side of the cell
in wild type and in the mutant. Upon longer incubation with BFA containing solution (1 day), this lead to apicalization and few small BFA
bodies in PIN1pro::PIN1-GFP, while the mutant preserves aggregates of internalized PIN1:GFP. (C) Graph, which represents the quantification
of BFA bodies remaining in the bar 1-1 and bar 1-2 mutants after treatment with 20 uM BFA for 1 day. (D) Graph, which represents the leaf
parameters of the point mutant, the T-DNA insertional lines and the corresponding controls on a plate, containing 20 uM BFA. The mutant
has longer and wider leaves, compared to the control. (E) Better growth and development of the SALK_031363 and SALK_008280 T-DNA

insertional lines on BFA supplemented medium compared to the Col-0 control.



We screened approximately 36.000 seeds (87 pools) for altered growth sensitivity on half
strength Murashige and Skoog medium with 1% sucrose (% MS) supplemented with 20 uM
BFA, compared to non-mutagenized PIN1pro::PIN1-GFP seeds grown in the same conditions.
We retained 120 seedlings, which were grown to maturity and their offspring were
rescreened both for insensitive growth on 20 uM BFA supplemented % MS. We selected 48
lines with variable growth insensitivity on 20 uM BFA-supplemented solid medium. After the
selection for morphology phenotypes, we performed cell biology characterization where we
screened for the altered PIN1 protein accumulation in BFA bodies after long treatment with
BFA (1d of 20 uM BFA) (Figure 1B). From this approach we identified barl (bfa altered
response 1) which shows growth resistance on an % MS supplemented with 20 uM BFA and
which is characterized by persisting PIN1-GFP BFA bodies after 1d treatment with 20 uM BFA
(Figure 1C). In order to identify the causal mutation for the bar1 phenotypes, we implemented
the classical mapping with markers and a Next Generation Sequencing (NGS) approach
(Jander, 2006; Weigel and Glazebrook, 2006). For this we generated mapping populations by
backcrossing the barl mutant to PIN1pro::PIN1:GFP parental plants or to Landsberg erecta
ecotype. The F2 seedlings were screened for PIN1:GFP accumulation after 1 day incubation
on 20 uM BFA containing % MS in vitro cultures on solid medium. By the implementation of
rough mapping with genomic markers, we found that the mutation is located on the 5th
chromosome between the markers T6114 and ngal39. For the NGS, we isolated high quality
genomic DNA from around 60 plants, which were backcrossed to the parental line. This
approach revealed a mutation in a gene on chromosome 5, At5G23110, which encodes a
predicted, unusually large protein of unknown function. In bari-1, there is a G to A
substitution at the position 1173, which causes an early stop codon that impairs the
translation after 390 amino acids of a 4706 amino acids long protein. Independently, we found
an allelic mutant, which we named bar1-2 and it also shows a growth resistance on a BFA
supplemented medium and it has bigger leaves in comparison to the parental line (Figure 1A
and 1Q). It has a C to T mutation at the position 6964 of the AT5G23110 locus. The mutation
causes a premature stop codon after 2153 amino acids (Figure 2A). Similar to barl-1, this
allele preserves BFA aggregates following prolonged BFA treatment (1d 20 uM BFA) (Figure
1B and 1C).
To confirm that the mutations in AT5G23110 are responsible for the phenotype, we analysed
two T-DNA insertion alleles, SALK_031363 and SALK_008280 (Figure 1E). The homozygous
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mutants show similar phenotype to bar1-1 and bar1-2 regarding the growth resistance to BFA
(bigger leaves and cotyledons) (Figure 1D and 1E) and the increased sensitivity to prolonged
BFA treatment on cellular level (persisting BFA bodies after the long treatment with BFA). We
also did gRT-PCR analysis of the T-DNA insertional lines and of the barl-2 point mutant and
we verified that there is none or very less gene expression compared to the corresponding
controls (Suppl. Fig. 1).

Thus our morphological BFA screen was instrumental to identify that mutation in AT5G23110

confers changed growth and trafficking sensitivity to ARF-GEF inhibition by BFA.

2.3.2 AT5G23110 encodes SACSIN protein

The AT5G23110 gene has a size of 17576 bp, where the coding sequence is 14121 bp (Figure
2A). It is a single copy gene, which is ubiquitously expressed (Hruz et al., 2008). By cloning a
2300 bp promoter region controlling the GUS expression, we observed the GUS staining in
the vasculature cells of the root tip, in the hypocotyl, in the vasculature of cotyledons and
leaves (Figure 2B). In addition, we verified that the gene expression in the root tip by a
promotor fusion with NLS-GFP (Figure 2C). Moreover, in the genevestigator data (Figure 2D),
the highest gene expression is observed in the chalazal endosperm, in the root protophloem

and in the giant cell.
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are represented by boxes, while introns are shown as lines. Coding regions are filled with yellow. Exact locations of the T-DNA insertions are
depicted by arrows and the exact location of the point mutations are illustrated by triangles. (B) Expression of pSACSIN::GUS in the stele
cells of the root, in the vasculature of the leaf and in the hypocotyl. (C) Expression of pSACSIN::NLS-GFP in the root tip. (D) Genevestigator
data on the gene expression of the gene AT5G23110. (E) Domain organization of the BAR1 protein. The predicted domains are illustrated as
rectangular. In blue these are the HSP 90-like ATPase domains, in striped blue there is the degenerate HSP 90-like ATPase domain and in
grey there is the C3HC4-type RING finger domain. The stop codon and the corresponding amino acid number are illustrated in red. (E) STRING
co-expression graph of SACSIN and BIG.

The protein motif prediction suggests two large repeat regions that have a HSP90-like ATPase
function and one degenerate domain with the same function, as well as a C3HC4 RING-finger
domain at the carboxyl terminus (Figure 2E). Based on the presence of these conserved
domains, some of which are present in molecular chaperons and components of the
ubiquitin-proteasome system. Moreover, the protein is a member of the Zinc-finger family,
possessing a C3HC4 domain in a RING conformation (Kosarev et al., 2002), which is a motif
encoded by the Really Interesting New Gene (Freemont et al., 1991). In addition, it is known
that those class of proteins participate in a large number of cellular processes such as
recombination, transduction and transcription (Stone et al., 2005) and play important roles in
various physiological processes of plant life. Other functions are linked to protein-protein

interaction and a key role in the ubiquitination pathway (Lorick et al., 1999; Borden, 2000).
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Thus, this protein is prone to interact with other proteins and presumably to regulate
proteostasis (Powers and Balch, 2013). In addition, our evolutionary analysis showed the
AT5G23110 protein is conserved and is present in the genome of some of the very early
diverging plant species like the green algae, Marchantia or Physcomitrella patens (Suppl. Fig
2A).

In humans, the SACS gene encodes a similar protein with a ubiquitin-like (UBL) domain, which
has a role in the proteasome binding, three large domains with an HSP90-like chaperone
function, a Dnal and a HEPN domain, which can dimerize (Bradshaw et al., 2016) (Suppl. Fig.
2B). Mutations in this gene lead to a neurodegenerative disease ARSACS, which causes a
defect in the mitochondria fission (Bradshaw et al., 2016). Due to the homology with the
protein encoded by AT5G23110, which is pronounced in the similarity in the HSP 90-like
ATPase domains, we named the AT5G23110 gene AtSACSIN and the corresponding predicted
protein AtSACSIN.

In addition, functional protein association network predicted by STRING (Figure 2F)
(Szklarczyk et al., 2017) found several possible associated proteins including translation
factors, as well as the BIG/Callosin-like protein, which is known to have a role in trafficking of
auxin transporters (Gil et al., 2001). The connection to the BIG protein is of a particular
interest, as big loss-of-function alleles show, similar to bar mutants, defects in BFA-sensitive

PIN trafficking (Paciorek et al., 2005).

233 Plant growth and development in sacsin mutans

To gain insight into possible developmental roles of AtSACSIN, we utilized barl-2,
SALK_ 031363 (sacsin-1) and SALK 008280 (sacsin-2) mutant alleles and analysed their
seedling development. We grew seedlings for 6 days on a % MS plate and then transferred
them to a 20 uM BFA containing % MS plates, where bar1-2 had a more resistant phenotype
in comparison to the control seedlings (PIN1pro:PIN1-GFP) (Figure 1A and 1E) .

We also characterized the sacsin phenotype in normal conditions (on a %2 MS solid medium).
The original bar1 allele showed slightly longer primary root length (Figure 3A and 3B) and an

increased density of the initiated lateral roots (Figure 3A and 3C).
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Figure 3. Morphology phenotypes of sacsin (A) Representative image of the PINI1pro::PIN1-GFP and barl-2 seedlings growth and
development on % MS solid medium. (B) Primary root length in cm in the bar1-2 and sacsin and in the corresponding controls. Bar1-2 has a
significantly longer and the sacsin T-DNA insertional alleles have slightly longer, but not significant, primary root. (C) Density of the initiated
lateral roots in sacsin and in the corresponding controls. Bar1-2 has a significantly increased density of lateral roots and the sacsin T-DNA
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Quantification of the observations on the vasculature phenotype in the corresponding genotype. The sacsin mutant has a more complex

vasculature pattern.

We also analysed the vasculature formation during leaf venation. After clearing of the
cotyledons, we noticed venation alterations in sacsin mutants (Figure 3D), manifested by
increased number of loops, ectopic position of loops and open veins (Figure 3E). Next, we
characterized the role of sacsin in the gravitropic response. We performed a kinetic study of
the root bending after gravistimulation and did not observe any obvious defects (Suppl. Fig.
3D). We also analysed other growth parameters such as hypocotyl elongation and bending in
the dark (Suppl. Fig. 3A and 3B), apical hook opening (Suppl. Fig. 3C) and seed length and seed
width (Suppl. Fig. 3E and 3F).

With exception of more irregular leaf venation pattern, sacsin mutants do not show any

obvious developmental aberrations when grown under standard conditions.
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234 Endomembrane and subcellular trafficking in sacsin mutants

Next, we analysed a role of SACSIN in subcellular trafficking by quantitatively assessing various
trafficking processes in sacsin mutants. First, we assessed endocytosis rate and
endomembrane dynamics by monitoring uptake of the lipophilic dye FM4-64, which is
internalized with the endocytic vesicles and as a result stains the early endosomes (Jelinkova
et al., 2010). This analysis did not reveal any significant differences in the endocytosis rate

between sacsin mutants and control lines (Suppl. Fig. 4A).

A B
pPIN2:PINZ2-DENDRA
eirt-1
@ PINZ:PIN2-DENDRA °
W PINZ:PINZ-DENDRA sacsin-2 o
®
Secretion ?
=%
1.19 a
1.0+ =
P % ; e £
2 09
g
o
H [ E:L ]
2 XVE:PIN1-RFP
0.7 XVE:PIN1-RFP sacsin-2
= X T . 1
o 0 20 40 80 @® XVE. PIN1-RFP
% Time [min] W XVE:PINT-RFP sacsin-2
z green magenta
8 =
Secretion
Endocytosis

150+

1.2
100

Mean gray value
5 o
& 1
HH
H-—H
H-EH
H—
H—_——
H———
Mean gray value
[
o
1
HEH
—_-—

0.9
L
0.8+ 0 '—.r T T T 1
0.7 . . i 0 1 2 3 4 5 6
0 20 40 60 Time [h]

Time [min]

Figure 4: Non-BFA related cell phenotype of sacsin. (A) Before the photoconversion, there is green signal, but no magenta signal. After the
photoconversion the old pool of PIN2 protein can be visualized in the magenta channel and there is a decrease in PIN2-Dendra magenta
signal and increase in the green signal over time, reflecting the rate of endocytosis and exocytosis and secretion, respectively. The mean
grey value was quantified and normalized for a time period of 55 min after the photoconversion. There is no significant change in the rate
of endocytosis and secretion or exocytosis in the signal when comparing the mutant background to the control. (B) Secretion of the PIN1-
RFP protein to the plasma membrane for a time frame of 6h after induction with 10 uM B-estradiol. There is no significant change in the

amount of secreted PIN1-RFP protein after the induction.

Next, we used the photoconvertible pPIN2::PIN2-Dendra line (Salanenka et al., 2018). After

irreversible Dendra photoconversion from green to red, we examined the fate of the already



present PIN2 (magenta) and of the newly synthesized PIN2 protein (green). We quantified the
depletion of the magenta signal from the plasma membrane over time corresponding to the
PIN2 endocytosis. On the other hand, we monitored the recovery of the green signal, which
corresponds to the newly synthesized PIN2 at the plasma membrane. Again, we did not
observe any significant alterations in PIN2 endocytosis and secretion in the sacsin mutant
(Figure 4A). To confirm the PIN2-Dendra observations, we performed the fluorescence
recovery after photobleaching (FRAP) and live imaging of the parental PIN1pro::PIN1-GFP and
bar1-2 lines (Suppl. Fig. 4B). A region of interest of the PIN1-GFP fluorescence was almost
completely bleached in the whole cell, so that the signal recovery indicated predominantly
the delivery of the de novo synthesized PIN1. Again there was no obvious difference between
the FRAP kinetics in the parental and mutant line. Next, we used the estradiol-inducible PIN1-
RFP line to analyse the fate of the newly synthesized PIN1 protein. We did a kinetic study on
the secretion of the newly synthesized PIN1 protein to the plasma membrane by quantifying
the mean grey value of the plasma membrane in the sacsin mutant after induction with 10
UM B-estradiol (Figure 4B). We did not observe a significant difference in the amount of the
secreted PIN1-RFP over a period of 6h. However, after the simultaneous induction of PIN1-
RFP expression by 10 uM B-estradiol and treatment with 25 uM BFA for 6h, we observed
bigger and more BFA bodies in the sacsin mutant, compared to its control (Suppl. Fig. 4C).
This confirms the previous observation that the sacsin mutant is more sensitive to BFA in
terms of PIN trafficking (see Figure 1B).

As next we examined vacuolar targeting of the GFP-fused proteins as visualized by a dark
treatment experiment (Kleine-Vehn et al., 2010). After 4h in the dark, we observed that in
both the wild type and the sacsin mutant, PIN2-GFP was targeted to the lytic vacuole (Suppl.
Fig. 4D). From this experimental setting we conclude that the sacsin mutation does not visibly
interfere with the degradation pathway.

In summary, the FM4-64 uptake experiments, the PIN2::PIN2-Dendra photoconversion, the
FRAP experiments, the B-estradiol inducible PIN1-RFP line and the dark treatment revealed
that SACSIN is not essential for basic trafficking processes, at least under optimal growth
conditions, nonetheless, it may be involved in reaction of endocytic trafficking to inhibition

by BFA.
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235 SACSIN role in BFA-sensitive trafficking

Next, we analysed in detail the role of SACSIN in subcellular dynamics and trafficking
processes in presence of BFA. Our immunolocalization studies revealed no alterations in the
PIN1 or PIN2 localization in the sacsin mutant lines under standard conditions (Figure 5A and
Figure 5B). After a treatment for 90 min with 50 uM BFA, the number of PIN1 BFA bodies in
the mutant was comparable to the one in wild type (Figure 5A) but slightly increased in the
mutant for the PIN2 cargo (Figure 5B). In conclusion, these results indicate that sacsin is
inducing a comparable or slightly increased number of BFA bodies for PIN1 and PIN2 proteins

after short treatment with the compound.
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Figure 5: sacsin is defective in exocytosis and transcytosis

(A) Immunolocalization of PIN1 protein (vasculature cells). (B) Immunolocalization of PIN2 (epidermis cells). (C) Life imaging of the VHAal-
GFP protein (TGN marker). A 90 min treatment with 50 LM BFA causes increased intracellular protein accumulation in the sacsin mutant. A
1.5-h treatment with 50 pM followed by a 1.5-h wash out with liquid medium led to almost complete disappearance of PIN1 and PIN2, but
also of VHAa1-GFP from the bodies in wild type, but in the sacsin mutant there were more BFA bodies, which remained in the cells. No or
very less intracellular PIN1, PIN2 or TGN marker accumulation could be observed in the wild type cells treated for 16 h with 25 uM BFA. In
contrast, pronounced intracellular protein accumulation persisted in the sacsin cells. Data is means * SD; > 8 roots were analysed for each

genotype.

To further investigate the protein trafficking in sacsin mutants, we did a 90 min treatment
with 50 uM BFA followed by a 90 min washout in %2 MS liquid medium (Figure 5A and Figure

5B). In the wild type, we observed that the proteins, which accumulated into a BFA body,



localized almost completely back to their polar domain (Geldner et al., 2001). In contrast, in
the sacsin mutant many BFA bodies persisted, which remained in the cell.

Prolonged treatment with BFA causes that PIN1, normally localized at the basal cell side in
the stele cells of the Arabidopsis thaliana root, first accumulates into BFA bodies and later it
transcytose to the apical side of the cells (Kleine-Vehn et al., 2010). In the wild type situation
there are none or very little BFA bodies, which remain in the cells after a 16h treatment with
25 uM BFA (Figure 5A and 5B). In contrast, in the sacsin mutants there are a lot and bigger
BFA body accumulations, which persist in the cells (Figure 5A and 5B). These results support
the hypothesis that in sacsin mutants the cells are not able to efficiently recover from BFA
treatment.

Next, we analysed directly the BFA effect on the endomembrane system using the early
endosome marker VHAal-GFP (Figure 5C) and of the Golgi apparatus marker Sec21 (Suppl.
Fig 5B). Both endomembrane markers showed similar cell biology phenotypes as with PIN1
and PIN2 (Figure 5A and 5B). In control situation there were multiple Golgis and TGNs
dispersed in the cytosol. Treatments with BFA lead to their aggregation into bodies and the
washout experiments lead to their disaggregation. In the sacsin mutants, there was no altered
localization of these markers indicating that the Golgi apparatus and the early endosome
morphology are not affected (Figure 5C and Suppl.Fig. 5B). After a short BFA treatment, the
endomembrane compartments aggregate normally into BFA bodies and after a washout, they
still remain in the cells of the sacsin mutant. Also after the long treatment with BFA, these
markers remain aggregated into BFA bodies and do not recover as seen in the controls (Figure
5).

Our observations, using immunolocalization and life imaging, show that in the sacsin mutants,
the recovery of cells from the inhibition of the ARF GEF function is defective. PM markers such
as PIN auxin transporters as well as Golgi apparatus and TGNs in sacsin root cells aggregate in
response to BFA normally but they do not adapt to this inhibition and also their recovery after

BFA removal is dramatically delayed.

2.3.6 Roles of SACSIN and GNOM ARF-GEF in apical-basal PIN targeting
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Long-term adaptation of cells to BFA does not involve only the dissolution of BFA body but
also a shift of basally localized PIN proteins from the basal to the apical cell side (Kleine-Vehn
et al., 2008a). PIN basal targeting is dependent on GNOM, and in the weak gnom®* allele, PIN1
in the stele is often missorted to the apical cell side (Kleine-Vehn et al., 2008a)(Figure 6A and
6B). The degree of apicalization in the gnom® mutant is further enhanced by the BFA
treatment (Figure 6A and 6C). Apart from analysing the basic trafficking processes and
reactions of the endomembrane system to BFA, we also investigated the effect of sacsin
mutation on native and BFA-induced apical-to-basal transcytosis. We found that the sacsin
mutant had normal, basally localized PIN1 (Figure 6B) and after a long BFA treatment, the
degree of PIN1 apicalization appeared normal (Figure 6C). In the double mutant sacsin
gnom®®, we found that the sacsin mutation did not influence (neither increase nor decrease)
the effect of gnom®® on basal-to-apical transcytosis whether undisturbed or after a long BFA
treatment (Figure 6B and 6C). However, in the double mutant, we still observed the sacsin
cellular phenotype, namely, that the BFA bodies persisted in cells after long BFA treatment

(Figure 6D).
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Figure 6: Characterization of gnom®* cross (A) PIN1 immunolocalization in non treated cells and after a treatment for 16h with 25 uM BFA.
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(C). (D) A graph, representing the number of BFA bodies per root tip after the treatment for 16h with 25 uM BFA.



These results suggest that SACSIN does not play a direct role in the apical/basal PIN sorting.
It also shows that the aggregation or disaggregation of the BFA bodies and PIN1 presence in

them occurs independently from the apical/basal PIN sorting.

2.3.7 Genetic interaction of SACSIN and BIG3 encoding a BFA-resistant ARF-GEF

BIG3 is a BFA-insensitive ARF-GEF, which together with other BIG ARF-GEFs is regulating the
process of late secretion from the TGN, but not recycling of endocytosed proteins to the
plasma membrane (Richter et al., 2014). Due to its insensitivity to BFA, it plays a major role in
conditions of trafficking inhibited by BFA - as shown by the very strong reaction of big3 to
BFA, namely, arrest of seed germination (Richter et al., 2014). Therefore, we tested possible
common roles of SACSIN and BIG3 by crossing the corresponding mutants.

In the undisturbed situation, the parental genotypes and the double mutant showed a
normal, polar plasma membrane PIN localization with no aggregations of any type (Suppl. Fig.
6A). In the big3 mutant, 16h treatments with 25 uM BFA caused the accumulation of the PIN1
protein in intracellular aggregates, similar as seen in sacsin (Suppl. Fig. 6B). However, these
intracellular bodies in big3 had a bit different appearance; they appeared fuzzier, like clusters
with a less defined structure in comparison with the round, well defined typical BFA bodies
(Suppl.Fig. 6B). In the sacsin big3 double mutant, the BFA bodies morphologically appeared
more like in big3 (Suppl.Fig. 6B).

Whereas subcellular reaction of big3 and sacsin mutants to BFA treatment was not that
different, the growth sensitivities to BFA were opposite: the sacsin mutant is BFA-resistant
while big3 is highly sensitive to BFA. In the double mutant, the phenotype is that of big3
(Suppl.Fig. 6C). In conclusion, in terms of BFA reactions, the effects of sacsin mutation were
masked by the dominant effects of big3 mutation, suggesting that formally BIG3 acts

downstream of SACSIN.

2.3.8 Genetic interaction of SACSIN and BIG/DOC1/TIR3 encoding a Callosin-like

protein implicated in auxin action
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The bioinformatics tool STRING ((Szklarczyk et al., 2017); Figure 2E), suggested that the genes
SACSIN and BIG are co-expressed. Independently identified mutations in BIG, called doc1 and
tir3 have similar defects related to multiple signalling pathways including auxin (Ruegger et
al., 1997; Gil et al., 2001). Previous research showed, that doc1 does not form normal lateral
roots due to reduced auxin transport to the root, however, if the seedlings were transferred
to auxin, the LR are induced (Ruegger et al., 1997); it has a reduced sensitivity to synthetic
auxin NAA in terms of BFA-sensitive PIN trafficking (Paciorek et al., 2005) and also sometimes
accumulates PIN1 aggregates inside the cell on auxin transport inhibitor NPA (Gil et al., 2001).
In addition, both genes SACSIN and BIG encode very large proteins and both have a
relationship to auxin-mediated development and to BFA action. Therefore, we tested genetic

interaction between sacsin and docl1.
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Figure 7: SACSIN-BIG genetic interaction on cellular level (A) Immunolocalization of PIN2 in the epidermis cells of wild type,
sacsin-2, doc1 and sacsin-2 docl and after treatment for 16h with 25 uM BFA. There are significantly more BFA bodies in
sacsin-2 and sacsin-2 doc1. (B) Immunolocalization of Sec21 in wild type, sacsin-2, doc1 and sacsin-2 doc1 in non treated cells

and after treatment for 16h with 25 UM BFA. There are significantly more BFA bodies in sacsin-2 and sacsin-2 doc1.



In an undisturbed situation, sacsin and doc1 have a normal, apical localization of PIN2 protein
in the epidermis cells and there are no obvious alterations in the endomembrane system
(Figure 7). After a 16h treatment with 25 uM BFA, the PIN2 protein in the sacsin mutant
persists in BFA bodies (Figure 7A). On the other hand, in the doc1 allele, none or much less
BFA bodies persist (Figure 7A). Nevertheless, the sacsin doc double mutant shows phenotype
very much comparable to sacsin single mutant. The same also applies for the Sec21 golgi
marker (Figure 7B). In conclusion, the characterization of the cell biology phenotypes is

showing epistasis of sacsin over the doc1.
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Figure 8: SACSIN-BIG genetic interaction on morphology level. (A) Morphology phenotype when grown for 10 days on % MS medium (B)
Seedlings, which were grown for 6 days on % MS medium and then transferred to 20 uM BFA supplemented % MS medium and grown for 2
weeks. Better growth and development of sacsin-2 on BFA supplemented medium compared to wild type and to big mutant. The sacsin-2
big double mutant has a phenotype, which is partly epistatic to sacsin-2. (C) sacsin-2 has not significantly longer primary root length in cm
in comparison to wild type, big and docl. (C) Number of initiated lateral roots of sacsin-2, big, docl, the double mutants and the
corresponding control. sacsin-2 has slightly higher density of lateral roots in comparison to Col-0 and much higher density, compared to big
or docl. The double mutant has less initiated LR in comparison to Col-0 or sacsin-2. (D) The morphology phenotype of the double mutant is
in between sacsin-2 and big or docl. (E) The morphology phenotype of sacsin-2 on a BFA plate is characterized by larger leaf parameters in

comparison to Col-0 and to big. The sacsin-2 big double mutant has a phenotype, which is comparable to the sacsin-2 phenotype.
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In terms of developmental phenotypes, docl and big showed no or strongly decreased
initiation of lateral roots (Gil et al., 2001). In contrast, sacsin is characterized by a normal or,
if anything, a slightly increased lateral root density under normal conditions. In the double
mutant, the primary root length of the double mutant was somewhat in between sacsin and
big (Figure 8A and 8C). Moreover, while growing on a 20 uM BFA containing %2 MS medium,
the sacsin mutant develops better than wild type (as discussed in Figure 1) and big and doc1
mutants are smaller. Notably, the sacsin-2 big double mutant shows a partial resistance to
the compound, which is again in between the phenotypes described for the single mutants
(Figure 8B and 8E). Thus, the genetic interaction between sacsin and big can be best described

in terms of a mutual partial rescue of two genes with antagonistic effects.

2.4 Discussion and conclusion

An essential functional hub between the cell and the surrounding environment is the plasma
membrane of eukaryotic cells (Sigismund et al., 2012). During trafficking, the cargo proteins
are packed into membrane vesicles which bud from a donor compartment and later fuse with
an acceptor compartment, thus releasing the cargo. The process of vesicle formation requires
ARF GTPases, which mediate the recruitment of vesicle coats at the donor membrane (Singh
et al., 2018). The general model of ARF function describes them as nucleotide-dependent
molecular switches that shift between active, membrane-bound states and inactive cytosolic
forms (Vernoud et al., 2003; Grosshans et al., 2006). The membrane-bound form regulates
cellular processes by the recruitment of effectors, such as vesicle coats (Singh et al., 2017).
For this process to take place, the ARF proteins are activated or inactivated by the binding or
hydrolysis of GTP. The GTPase-activating proteins (GAPs) stimulate the release of phosphate,
deactivating ARFs, whereas the exchange of GDP to GTP is mediated by guanine nucleotide
exchange factors (GEFs), and leading to ARF activation. The known sites of action of the ARF
machinery is the Golgi apparatus, trans-Golgi network, ant the plasma membrane, where
ARFs recruit, among others, the cytosolic coat proteins Coat Protein Complex | (COPI) and
adaptors for clathrin coats (Serafini et al., 1991; Bonifacino and Lippincott-Schwartz, 2003).
The studies of ARFs have been greatly aided by the implementation of Brefeldin A (BFA), a

fungal toxin specifically targeting a complex between an ARF and an ARF-GEF (Mossessova et



al.,, 2003). The inhibition of ARF-GEF function by BFA partially blocks the ARF-mediated
trafficking pathways and leads, in Arabidopsis thaliana, to the formation of so-called BFA
bodies, or BFA compartments, which are aggregates of multiple TGN/EE compartments and
Golgi apparatus. Concomitantly, the inhibition of the exocytic step of PIN recycling results in
the accumulation of the PIN proteins in the BFA body (Geldner et al., 2001). After a prolonged
BFA treatment, the cells gradually adapt to BFA; BFA bodies dissipate and PIN proteins
transcytose from the basal to the apical side of the cell (Kleine-Vehn and Friml, 2008; Kleine-
Vehn et al., 2008b). Nonetheless, the mechanism, by which cells adapt to the compromised
ARF-GEF activity, is unknown.

We took advantage of the morphological defects induced by BFA and screened for mutants
developing better on medium supplemented with BFA. We identified a recessive mutant barl
(bfa altered response 1), which grows better on a BFA-containing medium but is unable to
fully adapt its subcellular trafficking to a prolonged BFA exposition. Mapping of the causative
mutation and analysis of additional alleles identified a novel SACSIN gene coding for a large,
protein of an unknown function with similarity to the human protein Sacsin, and whose
domain composition suggests a role as a molecular chaperon, or in the ubiquitin-proteasome
system. Our morphology analysis shows that there are no developmental defects in the sacsin
mutant with the exception that there is a more complex vasculature patterning in the mutant
alleles. Additionally, after performing a large spectrum of experimental settings to study the
subcellular trafficking role of SACSIN, we conclude that SACSIN is not involved in the
trafficking mechanisms under normal conditions, but it is important for the BFA-sensitive
trafficking, which we show by immunolocalization studies of PIN proteins and life imaging of
the VHAal-GFP protein. Our results revealed that in the cells of the mutant there are
sustaining BFA bodies after washout of the compound, but also after long incubation with
BFA. Thus, sacsin mutation has a specific effect on BFA reactions, both in the seedling growth
and in the cellular reactions of the endomembrane system, observable by a defect in the
recovery of the BFA treatment.

Due to the observation that the adaptation of the cell to the long treatment with BFA is
characterized by a dissolution of the BFA body and by a shift of the PIN1 protein from the
basal to the apical cell side, we wanted to characterize, if the SACSIN gene is involved in the
basal-apical sorting. For these we studied the genetic interaction between SACSIN and

GNOMR5. GNOM is regulating the targeting of the PIN protein to the basal cell side and an
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interference with the GNOM gene function leads to apicalization of the PIN1 protein in normal
conditions (Kleine-Vehn et al., 2008a). On the other hand, after long treatment with BFA, the
degrees of apicalization of the PIN1 protein were higher. Moreover, in sacsin the PIN1 protein
is localized to the basal cell side in the stele cells of the root and after a long treatment with
BFA, the levels of apicalization also look normal. However, in the sacsin gnom®5 double
mutant, the sacsin mutation does not have an effect on the cellular phenotype of gnom®5,
neither in normal condition, nor after the long treatment with BFA. Our results suggest that
SACSIN does not play a direct role in the apical/basal PIN sorting, and does not influence the
polarity-related aspect of BFA action. It also highlights that the aggregation or disaggregation
of the BFA bodies, and PIN1 presence in them, occur independently from the apical/basal
PIN1 sorting decisions.

In Arabidosis thaliana there are eight large ARF-GEFs, which can be separated into two
classes: the GGG class, which includes GNOM, GNOM-LIKE1 (GNL1) and GNL2 that act at the
Golgi apparatus, and the BIG class, which contains five members — BIG1 to BIG5 — and acts at
the TGN/EE (trans-Golgi network/early endosome). Most of these ARF-GEFs are sensitive to
BFA, while two of them - GNL1 and BIG3 - are BFA-insensitive due to a natural variation in
SEC7 domain sequences (Anders and Jirgens, 2008). BIG3 is an ARF-GEF, which is mediating
the late secretion, but not the recycling of the endocytosed proteins (Richter et al., 2014).
Additionally, it plays an important role in the BFA sensitive trafficking, which is pronounced
by the phenotype of arrested seed germination on solid BFA medium (Richter et al., 2014).
Due to this fact, we wanted to characterize in detail the genetic interaction between SACSIN
and BIG3. Whereas the subcellular reaction of big3 and sacsin mutants to BFA treatment was
not that different, the growth sensitivities to BFA were opposite: the sacsin mutant is BFA-
resistant, while big3 is highly sensitive to BFA. In the double mutant, the phenotype is that of
big3. In conclusion, in terms of BFA reactions, the effects of sacsin mutation were masked by
the dominant effects of big3 mutation, suggesting that formally BIG3 acts downstream of
SACSIN. The dominant effects of the big3 mutation, as well as the particular morphology of
big3 cells after long BFA treatments, can be understood on the basis of BIG3’s essential
function for ARF activation in the conditions where other BIG ARF-GEFs are chemically
inhibited. In contrast, the role of SACSIN appears more as a modifier, rather than a key

component of the normal ARF cycle.



Previous research showed that genes, which are co-expressed are more likely to interact with
each other than proteins, which belong to different clusters (Grigoriev and Biotech, 2001). By
using STRING as a bioinformatics tools for co-expressions, we identified that SACSIN is
correlated with BIG, which is a regulator of auxin transport (Paciorek et al., 2005). Doc1 and
tir3 are alleles from the same gene, which is known as BIG (Gil et al., 2001). They have less
basipetal auxin transport and due to this fact, they develop less lateral roots (Gil et al., 2001).
Additionally, it was shown that a higher concentration of auxin is required to block the PIN1
endocytosis upon the implementation of BFA as a membrane trafficking inhibitor (Paciorek et
al., 2005). Due to these data and due to our observations that sacsin has a better survival on
a BFA solid medium, we examined the genetic interaction between SACSIN and BIG. On a
cellular level sacsin is epistatic to doc1 as there are a similar number of remaining BFA bodies
in the cells after the long treatment with BFA, which is a phenotype, observed in sacsin. In
terms of developmental phenotypes, docl and big showed no or strongly decreased density
of emerged lateral roots (Gil et al., 2001). In contrast, sacsin is characterized by a normal
lateral root density under normal conditions. Moreover, while growing on a 20 uM BFA
containing %2 MS medium, the sacsin mutant develops better than wild type and big mutants
are smaller. Notably, the sacsin-2 big double mutant shows a partial resistance to the
compound, which is again in between the phenotypes described for the single mutants. Based
on this observation, the genetic interaction between SACSIN and BIG/DOC1/TIR3 can be
described in terms of additive phenotypes.

In these project we identify a novel component of intracellular trafficking in Arabidopsis
thaliana. We show that a morphology based screen is a good method for the identification of
novel components of endomembrane trafficking. We identify BAR1/SACSIN, which grows and
develops better on BFA solid medium. SACSIN has a role in multiple GNOM regulated
trafficking processes and plays a specific role in the adaptation to chemically induced
inhibition, while apparently it does not exhibit a significant influence on normal cell function

and development.
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(A) Immunolocalization of PIN1 protein (vasculature cells) and of PIN2 (epidermis cells) for the sacsin-1 allele (SALK_031336). A 90 min
treatment with 50 pM BFA causes intracellular protein accumulation in the sacsin mutant. A 1.5-h treatment with 50 uM followed by a 1.5-
h wash out with liquid medium led to remaining BFA bodies in the cells of the sacsin-1 mutant. Pronounced intracellular protein accumulation
persisted in the sacsin cells also after a long treatment for 16h with 25 uM BFA. Data is means * SD; > 8 roots were analysed for each
genotype. (B) Colocalization study of the SEC21 protein (ER marker) and the VHAa1-GFP protein (TGN marker). In the control situation there
were multiple Golgis and TGNs dispersed in the cytosol. Treatments with 25 pM BFA for 12h lead to an increased number of remaining

aggregated BFA bodies in the sacsin mutant, which recover less as seen in the controls.
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2.6 Materials and Methods

Plant material and growth conditions

All Arabidopsis thaliana lines were in Columbia-0 (Col-0) background except of PIN2::PIN2-
Dendra, which was in eir 1-1 background and gnom®°, which is in Landsberg background. The
insertional mutants sacsin-1 (SALK_000313) and sacsin-2 (SALK_00082) were obtained from
NASC. The PIN1pro::PIN1-GFP transgenic line was described previously (Benkova et al., 2003),
PIN2pro::PIN2-GFP (Xu and Scheres, 2005), VHAalpro ::VHAa1-GFP (Dettmer et al., 2006),
XVE::PIN1-RFP (Richter et al., 2014). The seeds were surface-sterilized overnight by chlorine
gas, sown on solid Arabidopsis medium (% MS, 1% [w/v] sucrose, and 0.8% [w/v] phytoagar,

pH 5.7), and stratified at 4°C for at least 2 days prior to transfer to a growth room with a 16-



h light/8-h dark regime at 21°C. The seedlings were grown vertically for 4 or 8 days, depending

on the assay.

Arabidopsis seedlings were treated with chemicals in liquid %2 MS at 21°C in a growth room
with the following concentrations and times: 25 uM or 50 uM BFA for different time points;
10 uM B-Estradiol for an assay up to 6h. Mock treatments were done with equivalent amounts

of DMSO.

Generation of constructs for the gene expression study

To clone the sacsin promoter, we designed primers to cover from -1 to -2333 bp upstream
of the gene’s ATG codon and PCR amplified, by implementing the iPROOF DNA polymerase
(Bio-Rad), and recombined the products using the Gateway BP Clonase Il Enzyme Mix
(Invitrogen) into the entry vector pDONRP4P1r. Moreover, the GUS gene was recombined
into the entry vector pDONR221 using the Gateway BP Clonase Il Enzyme Mix. Then we
recombined these plasmids with the respective promoter cloned in the entry vector
pPDONRP4P1r (described above) and the destination vector pPB7m24GW,3 using the Gateway
LR Clonase Il Enzyme Mix (Invitrogen). All plasmids were sequenced to confirm the absence
of point mutations in the PCR-amplified sequences prior to transformation into Arabidopsis

Columbia using the floral dip method (Clough and Bent, 1998).

RNA extraction, cDNA synthesis, and quantitative RT-PCR and analysis

RNA extraction, cDNA synthesis, and quantitative qRT-PCR were done as described in Prat et
al., 2018. Selected candidate gene transcript levels were quantified with gRT-PCR with specific
primer pairs. Expression levels were normalized to SERINE/THREONINE PHOSPHATASE 2A
(PP2A; AT1G69960) and to ACTIN7 (ACT7), which was constitutively expressed across
samples. All PCRs were run in three biological replicates. The data were processed with a gRT-
PCR analysis software (Frederik Coppens, Ghent University-VIB, Ghent, Belgium). For
guantitative RT-PCR, poly(dT) cDNA was prepared from 1 ug of total RNA with Superscript IlI
(Invitrogen). Quantitative RT-PCR was done with LightCycler 480 SYBR Green | Master
reagents (Roche Diagnostics) and a LightCycler 480 Real-Time PCR System (Roche

Diagnostics). PCR was run on 384-well reaction plates that were heated for 10 min to 95°C,
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followed by 45 denaturation cycles of 10 s at 95°C, annealing for 15 s at 60°C, and extension

for 15 s at 72°C.

Protein immunolocalizations

Immunolocalizations were performed on 4-days old seedlings using the Intavis in situ pro
robot, as described by (Sauer et al., 2006). The antibodies were used as follows: anti-PIN1
rabbit, 1:1000 (Paciorek et al., 2005), anti-PIN2 rabbit, 1:1000 (Paciorek et al., 2005), anti-
Sec21 rabbit 1:800 (Movafeghi et al., 1999). For the secondary antibodies, goat anti-rabbit
antibody coupled to Cy3 (Sigma-Aldrich) was diluted 1:600.

For live imaging, seedlings at 4 days after germination were mounted in % MS broth medium
and visualized immediately using a Zeiss 800 confocal microscope. Root cells were imaged
using a C-Apochromat 40x/1.20 water-immersion objective (Zeiss). YFP was excited using a
514-nm argon ion laser line, fluorescence was detected using a 540/20-nm bandpass filter,
and each scan was the result of averaging 4 frames to produce low-noise images. The surface
of the cells was carefully acquired when observing the root epidermal cells, whereas a middle

section of the cells was used when imaging all other cell types.

Phenotypic analysis

All measurements were done with Fiji (Fiji is just Imagel (https://fiji.sc/). For the root length
analysis 5-day-old seedlings were scanned and root lengths were measured. For the lateral
roots analysis 10-day-old seedlings were scanned and lateral root density was calculated from
ratio number of LR/root length. For the gravitropsm experiments we grew the seedlings for 4
days and then we turned the plate to 90 degrees and followed the gravitropic response at a
scanner for a time of 24h. The phenotypic analysis in the dark was recorded at 1h interval for
3 days at 18°C with an infrared light source (880 nm LED; Velleman, Belgium) by a spectrum-
enhanced camera (EOS035 Canon Rebel Xti, 400DH) with built-in clear wideband-multicoated

filter and standard accessories (Canon) and operated by the EOS utility software.

Histological analyses and microscopy

To detect B-glucuronidase (GUS) activity, seedlings were incubated in reaction buffer

containing 0.1 M sodium phosphate buffer (pH 7), 5 mM ferricyanide, 5 mM ferrocyanide,



0.1% Triton X-100, and 1 mg/ml X-Gluc for 24 h in the dark at 37°C. Afterward, chlorophyll

was removed by destaining in 70% ethanol and seedlings were cleared.

Tissues (seedlings, cotyledons and lateral roots) were cleared in a solution containing 4% HCI
and 20% methanol for 15 min at 65°C, followed by a 15 min incubation in 7% NaOH and 60%
ethanol at room temperature. Next, seedlings were rehydrated by successive incubations in
70%, 40%, 20% and 10% for 10 min, followed by incubation in a solution containing 25%
glycerol and 5% ethanol. Finally, seedlings were mounted in 50% glycerol and monitored by

differential interference contrast microscopy DIC (Olympus BX51).

Softwares

Sequences were analysed with CLC main workbench 7. Confocal images were analysed using

the Fiji Imagel program. Images were further processed using Adobe lllustrator CS3.
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3 The phytohormone strigolactone

3.1 Introduction

The growth and development of Arabidopsis thaliana is regulated not only by auxin, but also
by other phytohormones. Strigolactones are compounds, which participate in this processes
(Soundappan et al., 2015). In its presence, the D14 receptor binds it, then the receptor
changes its confirmation and binds to the MAX2 protein from the SCF complex. As a result,
the transcription repressors are degraded in the proteasome and the receptor is destabilized.
After this signal transduction pathway, the expression of the transcription factors of the TCP
family can take place (Marzec, 2016). In xylem parenchyma cells of the stem, strigolactones
cause depletion of PIN1 from the plasma membrane (Shinohara et al., 2013). Those
phytohormones regulate the amount of PIN1 at the plasma membrane and influences the
capacity of bud-derived auxin to canalize toward the stem, which alters the bud activity and
shoot architecture (Shinohara et al., 2013).

In this chapter we investigate the action of strigolactone and auxin in the model of the
Arabidopsis thaliana root tip and we characterize the role of the strigolactones in the
canalization and in the polar auxin transport. For this we implement a system of treatments
and co-treatments with both hormones and also BrefeldinA as a tool to study the membrane
protein trafficking. As auxin inhibits the PIN internalization, which is a requirement for the
polar auxin transport and canalization, auxin, when under the influence of strigolactones,
becomes less likely to induce canalization-related growth responses. Additionally, |
characterize the role of phosphorylation in the strigolactone regulation of auxin feedback on
PIN internalization. | also discuss the MAX2-dependence of strigolactone-mediated root
growth inhibition and also the auxin metabolomics profiling after application of strigolactone.
The results from our study are described in the following section. | include my contribution to

that manuscripts and | use the text from it as a basis for rephrasing of my observations.

3.2 Strigolactone interferes with auxin feedback on PIN internalization



3.2.1 Abstract

The canalization hypotheses is connected with polar auxin transport and proposes a feedback
effect of auxin on the directionality of intracellular auxin flow (Sauer et al., 2006). The
application of auxin, wounding or auxin accumulation during de novo organ formation leads
to rearrangement in the subcellular polar localization of PIN auxin transport components
(Sauer et al.,, 2006). The phytohormone strigolactone regulates many different plant
developmental processes, which can be related to polar auxin transport and canalization. In
addition, this phytohormone alters the phenotypic output of the PIN auxin efflux carriers by
participating and regulating growth and developmental responses by moderating the polar
auxin transport (Shinohara et al., 2013). As the phytohormone auxin reduces the
internalization of the PIN proteins, which increases the polar auxin transport and the
canalization, auxin, when under the influence of strigolactone, becomes less likely to induce

canalization related growth responses.

3.2.2 Introduction

In the canalization process, the transporting routes for the phytohormone auxin are
established between plant cells and tissues where the auxin concentration is higher (source)
in direction to locations, where the auxin concentration is lower (sink) (Sachs, 1981; Sauer et
al., 2006; Bennett et al., 2016). Important for this process is the polar auxin transport (PAT),
where the phytohormone auxin promotes the expression of the PIN genes in channels and
this leads to an increase of the amount of PIN proteins on the plasma membrane at the side
of the cell towards the sink (Sauer et al., 2006; Balla et al., 2011). This process enables the
transport of the hormone auxin outside of the cell and towards the sink (Bennett and Leyser,
2014). The process of canalization is very obvious when new vasculature connections along
the channel routes form, for example after wounding or in the formation of venation in leaves
(Sachs, 1981; Cheng et al., 2006; Scarpella et al., 2006). Moreover, there are cases where the
polar auxin transport is redirected by developmentally regulated changes in PIN polarity, such
in the cases of lateral root formation or leaf initiation or by environmental cues, such as during

gravitropic responses (Friml et al., 2002).
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The PIN proteins are cycling between the endosomes and the plasma membrane and the
mechanism of uptake is enabled through clathrin-mediated endocytosis (Dhonukshe et al.,
2007) and PINs may be relocated by vesicle movement to other membranes (Kleine-Vehn et
al., 2008b). In addition, there are compounds and genetic factors, which were implemented
to study more in detail PIN trafficking and the polar auxin transport mechanisms (Adamowski
and Friml, 2015). One tool, which was used is the fungal toxin Brefedin A (BFA), which is a
vesicle trafficking inhibitor that causes aggregates in cells by repressing GNOM ARF-GEF
dependent vesicle movement (Geldner et al., 2001).

In addition, the effect of auxin is that more of the PIN proteins are localized to the plasma
membrane so that the auxin canalization towards the sink can be enabled. In addition, there
are other hormones, which have an effect on the PAT such as cytokinins (Marhavy et al.,
2014), gibberellins (Willige et al., 2011; Salanenka et al., 2018), salicylic acid (Du et al., 2013)
and strigolactones (SLs) (Crawford et al., 2010). The strigolactones can reduce the auxin
transport by inhibition of the localization of the PIN proteins on the plasma membrane, which
influences processes like shoot branching (Waldie et al., 2014), shoot gravitropism (Sang et
al., 2014), secondary growth (Agusti et al., 2011), adventitious rooting (Rasmussen et al.,
2014), and lateral rooting and root hair elongation (Koltai, 2015). Recent research showed
that the canalization from the buds becomes less likely, if strigolactones inhibit the PAT in the
stem and as a result there is inhibition of bud growth (Shinohara et al., 2013). To further
characterize the role of strigolactone on PAT, we investigated the influence of this hormone
on the auxin-PIN interaction in root cells. We observed that strigolactones inhibit the

feedback of auxin on the PIN internalization.

3.2.3 Results

The feedback mechanisms between auxin and PIN polarity can be estimated by the auxin-
mediated reorganization of the PIN polarity in Arabidopsis thaliana root (Sauer et al., 2006).
In the primary root, the PIN1 protein is localized to the basal side of the stele cells (Kleine-

Vehn et al., 2008a).
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Figure 1: Experimental setting to study the PIN1 localization in strigolactone signalling mutants after the application of GR24 and/or NAA
and BFA. (A) Example for the BFA treatment and scoring of the results. (B) Example for the BFA/NAA treatment and scoring of the results.
(C) Example for the BFA/NAA/GR24 treatment and scoring of the result. (D) Scores, given to the amount of BFA bodies, observed in the
images, compared to the corresponding control. (E) Concentrations and treatment times, used for the experiment. (F) Scheme, representing

the score for the different transgenic lines and also number of repetitions of the particular cell phenotype.

To study the vesicle trafficking processes, we implemented BFA for a short time treatment,
where membrane proteins and also endomembrane system compartments accumulate into
BFA bodies (Figure 1A). To estimate the degree of BFA body formation we blindly gave scores
to our optical observation after immunolocalization assays. A score of 3 was given when there
were a lot of BFA bodies, a score of 2 correspond to many BFA bodies, a score of 1 to a few of
them and O is the score given to observations when there are no BFA bodies (Figure 1D).
Treatments with auxin (synthetic 1-naphthaleneacetic acid, NAA) lead to rearrangements of
the PIN1 protein to the plasma membrane (Figure 1B). When co-treated with exogenous NAA
and GR24, the effect of auxin was counteracted (Figure 1C). Notably, in comparison with wild
type, the inhibitory effect of GR24 on auxin-mediated PIN lateralization was significantly
impaired in max2-3 (Figure 1F). These results suggest that SLs, through the MAX2-dependent
pathway, regulate negatively the canalization processes at the organ and tissue levels, but

also regulate the auxin-mediated polarization of the PIN transporters at the level of individual
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cells. Next, we examined, if the action of SLs in regulating PIN trafficking also depends on SL
signalling components. When GR24 was not applied, BFA-induced PIN1 internalization or
NAA-mediated inhibition was similar in the d14 SL signaling mutant or the max2 SL/karrikin
signalling mutant (Figure 1A and B). However, these mutants showed insensitivity to GR24
with respect of counteracting NAA action on PIN endocytic trafficking (Figure 1C). Moreover,
in Figure 3F the observations after the treatments with SL, NAA and BFA are visualized. In the
less sensitive to strigolactone mutant d14ht/3, there were less BFA bodies formed after the
simultaneous treatment with the hormones. In addition, in the single receptor mutants, the
effect of strigolactone was slightly more pronounced and in the repressor mutants, the effect
of strigolactone on the auxin feedback on PIN internalization was even more pronounced. Our
conclusion is that the synthetic GR24 interferes with auxin-mediated feedback on BFA-
visualized PIN1 intracellular accumulation, acting through D14- and MAX2-dependent

strigolactone signalling.

3.24 Discussion and conclusions

Next to auxin, there is the phytohormone strigolactone, which participates in many
developmental processes and also in the regulation of the polar auxin transport and
canalization (Shinohara et al., 2013). The internalization of the PIN proteins is reduced by
NAA, however on the other hand, strigolactone decreases the polar auxin transport and the
canalization related growth responses are impaired (Shinohara et al., 2013).

Our main aim was to study through which signalling pathway the effect of strigolactone
occurs. For this we used as a model system the primary root of Arabidopsis thaliana where
the PIN1 protein is localized to the basal side of the vasculature cells (Kleine-Vehn et al., 2008).
We examined the localization of the PIN1 protein after treatments with NAA and/or GR24 in
the presence of BFA, which is a vesicle trafficking inhibitor, used as a tool for studies on
GNOM-regulated trafficking mechanisms. Our results show that max2 when compared to wild
type has a lower sensitivity to the effect of GR24 as there were much less BFA bodies after
the simultaneous treatment with NAA, GR24 and BFA. Moreover, the receptor mutant d14

showed also much less BFA bodies compared to wild type in the same experimental condition.



We show that the synthetic GR24 interferes with auxin-mediated feedback on PIN

internalization through the D14 receptor and MAX2-dependent pathway.

3.3 WRKY23 is a component of the transcriptional network mediating auxin feedback

on PIN polarity

3.3.1 Introduction

Auxin is a phytohormone, which regulates many aspects of the plant development. The
polarly localized PIN auxin efflux carriers regulate the flow of it (Adamowski and Friml, 2015).
The canalization hypothesis suggests that there is the formation of self-organizing patterns
due to the formation of narrow auxin transport channels caused by the polarized auxin
carriers (Sauer et al., 2006). This process is important for a bright spectra of developmental
processes like new vasculature formation, regeneration after wounding and control of apical
dominance (Prat et al., 2018).

My contribution to this manuscript is in the examination of the hypothesis that the
canalization process, through polar auxin transport, regulates the vasculature reconnection
and patterning in the hypocotyls after grafting. By designing different experimental settings,
| studied and tried to develop a method, which can be used to study the canalization
properties after cutting the hypocotyls and then reconnecting them.

(Paper is attached to the supplementary of the PhD thesis)

3.4 Role of phosphorylation in the strigolactone regulation of auxin feedback on PIN

internalization

3.4.1 Abstract

The phosphorylation status and the polar localization of the PIN proteins regulates the
directional transport of auxin (Dai et al., 2012). The PINIOD (PID) kinase is responsible for the

phosphorylation of the PIN proteins and their dephosphorylation is assured by the PP6
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holoenzyme complex (Dai et al., 2012). In the case of a double mutant fypp1 fypp3, which is
homologous and encode the catalytic subunit of protein phosphatase 6 (PP6), there is higher
amount of phosphorylated PIN proteins, which causes a basal-to-apical shift in the subcellular
localization of the PIN proteins (Dai et al., 2012). This alters the polarity of the PIN proteins
and causes an increased basipetal flow of the phytohormone auxin, which leads to defects,
pronounced in shorter roots, fewer lateral roots, root meristem collapse, abnormal
cotyledons and altered leaf venation (Dai et al., 2012). It was shown that FyPP1/3, SAL (for
SAPS DOMAIN-LIKE), and PP2AA proteins (RCN1 [for ROOTS CURL IN NAPHTHYLPHTHALAMIC
ACID1] or PP2AA1, PP2AA2, and PP2AA3) physically interact and the results is the formation
of a PP6-type heterotrimeric holoenzyme complex (Dai et al., 2012). Another interaction is
between FyPP1/3, SAL, and PP2AA and the PIN proteins, which depends on the
phosphorylation status of the auxin efflux carriers. As a summary, the Arabidopsis PP6-type
phosphatase holoenzyme acts antagonistically with PID, which has an effect on the directional
flow of the phytohormone auxin and consequently on the plant development by regulating
the phosphorylation status of the PINs (Dai et al.,, 2012). In this chapter we study the

localization of the PIN1 protein after using the experimental setting from the previous section.

3.4.2 Introduction

Many aspects of plant development are regulated by auxin (Grunewald and Friml, 2010). This
phytohormone is transported from its site of synthesis towards the root tip by the directed
cell-to-cell transport through the PIN auxin efflux carriers in a process known as polar auxin
transport, which is subsequently also regulating the plant development (Wisniewska et al.,
2006).

The previous research showed that the phosphorylation status of the PIN proteins is
important for the auxin transport polarity (Benjamins et al., 2001; Friml et al., 2004; Zhang et
al.,, 2010; Huang et al.,, 2010). The Ser/Thr kinase PINOID (PID) was shown to directly
phosphorylate the PIN proteins and this gives it a role as a regulator of the polar targeting of
the PIN proteins. Moreover, the loss of that kinase activity causes an apical-to-basal shift in
the PIN polarity and the gain of function results in a basal-to-apical shift in the PIN polarity
(Friml et al., 2004; Michniewicz et al., 2007; Huang et al., 2010). With the altered activity of



the PID, the auxin flow is also altered, which causes defects in multiple developmental
processes (Christensen et al., 2000; Benjamins et al., 2001; Friml et al., 2004).

Based on the sequence, structure and catalytic mechanism, the phosphatases can be
classified into different groups (Moorhead et al., 2007). The PP2A heterotrimeric holoenzyme
consists of a type A regulatory subunit, a type B regulatory subunit and a C subunit, which is
a catalytic subunit (Terol et al., 2002). The role of the regulatory subunit A (hereafter, PP2AAs,
including PP2AA1, also known as RCN1 [for ROOTS CURL IN NAPHTHYLPHTHALAMIC ACID1],
PP2AA2, and PP2AA3) is connected with the regulation of the PIN phosphorylation state and
auxin transport (Garbers et al., 1996; Rashotte et al., 2001; Michniewicz et al., 2007). Dai et
al., 2012 showed that FyPP1 and FyPP3 interact with a pool of the PIN proteins and they
regulate the PIN protein phosphorylation. Those two proteins directly interact with SAL and
PP2AAs to form the PP6 heterotrimeric holoenzyme complex. In additions, mutations, which
disrupt the function of four SAL genes also show developmental phenotypes, which are
similar to the fypp1fypp3 and pp2a higher order mutants. This data is an evidence that PP6
acts antagonistically with PID and participates in the regulation of the reversible
phosphorylation of PIN and polar targeting, which has an influence on the polar auxin

transport and on the plant development.

3.4.3 Results

To study the vesicle trafficking processes, we implemented the compound BFA for short time,
where membrane proteins and also endomembrane system compartments accumulate into
BFA bodies (Figure 2A). To estimate the degree of BFA body formation we gave scores to our
optical observation after immunolocalization assays. A score of 3 was given when there were
a lot of BFA bodies, a score of 2 correspond to many BFA bodies, a score of 1 to a few of them
and 0 is scoring the observation when there are no BFA bodies. Treatments with auxin
(synthetic 1-naphthaleneacetic acid, NAA) lead to rearrangements of the PIN1 proteins to the
plasma membrane. When co-treated with exogenous NAA and GR24, the effect of auxin was

counteracted.
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Figure 4: Role of phosphorylation in the strigolactone regulation of auxin feedback on PIN internalization. (A) Example for the
quantification of the number of BFA bodies per root tip by giving scores to the optical estimation of the BFA aggregates after treatments
with BFA; BFA and NAA or BFA, NAA and GR24. (B) and (C) Tables with results on the different experiments and their summary. (D) Final

summary on the particular pattern and cell phenotype, which appears frequently.

Our results are summarized in Table 2B, 2C and the summary is shown in Table 2D.

For the BFA treatments there is a tendency for an increased number of BFA bodies in the
35S::FYPP1-GFP line. On the other hand, a decreased PIN1 internalization was observed in
FI1DN, which also appeared with high frequency in RCN1 and SAL4MAX2. The rest of the lines
show internalization of PIN1, which is comparable to their control or the internalization
fluctuates and no conclusion can be reached.

For the BFA+NAA treatment: there is a tendency for a decreased PIN1 internalization in F1DN.
Additionally, there is increased PIN1 internalization in the 35S::FYPP1-GFP, rcn1-6 and pp2a
C3-C4. The rest of the lines show internalization of PIN1, which is comparable to their control
or the internalization fluctuates and no conclusion can be reached.

For the BFA/NAA/GR treatment: there is a tendency for a decreased PIN1 internalization in
35S::FYPP1-GFP, FIDN, F3DN, SAL4 and SALAMAX2 and also in pp2a C3C4. The rest of the lines
show internalization of PIN1, which is comparable to their control or the internalization

fluctuates and no conclusion can be reached.



3.44 Discussion and conclusions

The phytohormone strigolactone has the property to modify the basipetal auxin flow
(Prusinkiewicz et al., 2009). It also regulates the canalization events by influencing the auxin
feedback on PIN internalization (Sachs, 2000; Sauer et al., 2006). Other regulators of the PIN
polar delivery are the Ser/Thr protein kinase PINOID (PID) and the protein phosphatase 2A
(PP2A) (Kleine-Vehn et al., 2009). They determine the apical/basal targeting of the PIN
proteins by modifying the phosphorylation status of the PIN proteins (Friml et al., 2004;
Michniewicz et al., 2007). The PP6 holoenzyme complex is formed by the physical interaction
of FyPPs, SAL genes, and PP2AAs, and the phosphorylation status of the PIN proteins
determines the strength of their interaction (Dai et al., 2012). PP6 consists of the three
subunits (regulatory subunits A and B and a catalytic subunit C) and it regulates the PIN
phosphorylation, auxin transport, polar targeting and plant developmental processes (Dai et
al., 2012). The basal targeting of the PIN proteins is promoted by PP6-mediated
dephosphorylation, while the apical PIN localization is promoted by PID-dependent
phosphorylation where both molecular mechanisms regulate the polar auxin transport and
also the plant development. The catalytic subunit of PP6 is encoded by FyPP1 and FyPP3 genes
and they regulate the polar PIN localization to the basal side of the vasculature cells.
Moreover, loss of their function leads to shift in the PIN polar targeting from the basal to the
apical cell side (Dai et al., 2012).

Our aim was to characterize the role of phosphorylation in the strigolactone regulation of
auxin feedback on PIN internalization. For this we used PIN1 protein immunolocalization
assays after NAA and/or GR24 treatment, where we used also the known vesicle trafficking
inhibitor - BFA. In Col-0 roots, PIN1 is localized to the basal side of the vasculature cells,
whereas in f1f3, FIDN and F3DN roots, there is a switch from the basal to the apical side in
the vasculature cells of the untreated roots (Dai et al., 2012). Additionally, the NAA treatment
leads to a reduced number of BFA bodies in the cells, where strigolactone counteracts these
effect and there is a higher number of BFA bodies after simultaneous treatment with GR24,
NAA and BFA in wild type. Our results show a reduction of the PIN1 internalization after

GR24/NAA/BFA treatment in the cases of 35S::FyPP1-GFP and also in the dominant negative
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line FIDN (35S:YFP-FyPP1P%N/Col-0; hereafter, FIDN). These results could be explained by
the fact that the mutant phosphatase FIDN lost almost all activity, which means that even
this weak activity will be enough to dephosphorylate. Additionally, our results show less
sensitivity of SAL4 to GR24 with respect of counteracting NAA action on PIN endocytic
trafficking. In conclusion, the phosphorylation might be directly or indirectly involved in the

strigolactone regulation of auxin feedback on PIN internalization.

3.5 MAX2-dependence of strigolactone-mediated root growth inhibition

3.5.1 Introduction

The phytohormone strigolactone participates in shaping the root architecture (Ruyter-Spira
et al., 2011). When the growth conditions are optimal, the lateral root formation is repressed
by strigolactone (Kapulnik et al.,, 2011; Ruyter-Spira et al.,, 2011) and the root hair
prolongation is promoted (Kapulnik et al., 2011). In the formation of lateral roots, auxin plays
an essential role and it determines the positioning of lateral roots, their initiation and
elongation (De Smet, 2012). There is a crosstalk with strigolactone as it affects the formation
of lateral roots by changes of the auxin efflux in the root. When SL is applied exogenously, it
interferes with the PIN auxin efflux carriers and leads to a decreased PIN1-GFP intensity in
lateral root primordia (Koltai et al., 2010). By the implementation of auxin signalling mutants,
it was shown that strigolactones act upstream (Kapulnik et al., 2011; Mayzlish-Gati et al.,
2012). The balance between strigolactones and auxin plays a crucial role in shaping the
Arabidopsis thaliana root architecture. Also during the process of shoot branching the
interaction between both hormones plays an important role.

In the past it has been also shown that the exogenous application of GR24 reduces the polar
auxin transport (Crawford et al.,, 2010). Moreover, the phytohormones auxin and
strigolactone interact and they regulate each other’s levels through a feedback mechanism
(Hayward et al., 2009) in the root growth and root branching. The lateral root initiation is
triggered by the local accumulation of auxin in root pericycle cells (Casimiro et al., 2001; De
Smet, 2012; Dubrovsky et al., 2008; Lucas et al., 2008). From this and the regulated cell

division, LR primordia develop and finally the young LR emerge. Later, for the further LR



development, the auxin comes from the aerial part of the plant (Bhalerao et al., 2002). As the
root system architecture is tightly regulated by auxin and auxin transport, it was suggested
that strigolactone plays a role in regulating the auxin fluxes (Ruyter-Spira et al., 2011). For this

we studied and further characterized the effect of GR24 on primary root and LR development.

3.5.2 Results

We examined, whether the application of GR24 leads to a MAX2-dependent or MAX2-
independent effect of strigolactone on the primary root length and on the density of lateral
roots.

We quantified the growth and development of roots of 8 days old Arabidopsis thaliana
seedlings, which were germinated and grown on plates containing different concentrations

of the synthetic analogue GR24.

Primary root length Density of emerged LR
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Figure 3: MAX2-dependence of strigolactone-mediated root growth inhibition. Quantification of the primary root length and of the number
of initiated lateral roots in Col-0 and max2-1, when germinated on a control plate (1/2 MS, supplemented with acetone) or on % MS,

supplemented with different concentrations of GR24.

In wild type the lowest concentration, at which GR24 starts having an effect on the inhibition
of the primary root length and on the lateral root density is at the lowest tested concentration
of 2 uM GR24 (Figure 3). We observe a resistance of the growth of the primary root length in
max2-1 and the concentration at which GR24 has an effect on the primary root length is at 10
UM GR24 (Figure 3). Additionally, when comparing the effect of GR24 on the primary root
length in Col-0 and max2-1 there is no significant difference in the length between the control

and the mutant at the different GR24 concentrations.
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On the other hand, the resistance of max2-1 was very pronounced in the lateral root density
and we did not observe a significant decrease in the amount of initiated LR even at a
concentration of 20 UM GR24. Wild type showed a significant reduction in the lateral root
density, but not the max2-1 mutant. This suggests that MAX2 is involved in strigolactone

signalling for lateral root formation but possibly not for root growth regulation.

3.5.3 Discussion and conclusions

The root architecture is defined by the phytohormones auxin and strigolactone, which act in
aregulated feedback mechanism. It was shown that Arabidopsis plants, grown in the presence
of low levels of GR24 (1,25 and 2,5 uM) have an increase in the primary root length (Ruyter-
Spira et al., 2011). These phenotype is due to the fact that lower concentrations of GR24 lead
to an increase in the auxin levels (Ruyter-Spira et al., 2011). When the concentrations of
strigolactone are increased, the levels of auxin are reduced, which affects the whole seedling
appearance (Ruyter-Spira et al., 2011).

Additionally, the density of the emerged lateral roots is reduced by GR24, which is also a
process, dependent on the auxin concentration (Lucas et al., 2008). The delivery of auxin into
the developing lateral root is enabled by the repolarization of the PIN1 protein (Ruyter-Spira
et al., 2011). On the other hand, GR24 modulates this process by modulating and reducing
the auxin levels in the aerial parts and then the amount of auxin, which reaches the LR, is not
sufficient respectively (Ruyter-Spira et al., 2011).

Our aim was to study the MAX2-dependence of strigolactone-mediated root growth
inhibition. We show that the application of strigolactones affects and impairs both the
primary root length and the density of the emerged lateral roots. High concentrations of GR24
inhibits the growth of the primary root length in both wild type and max2-1. Moreover, max2
is showing a resistance in the density of lateral roots compared to the control, which means
that the inhibitory effect of strigolactones on the lateral root development is MAX2-

dependent.



3.6 Putative regulator of PIN polarity identified by means of forward genetics screen

using strigolactone analogue GR24

3.6.1 Abstract

In eukaryotic organisms, the establishment of cell polarity, which is a generation of
asymmetry in the cell structure, is very important to multicellular existence. In plants this
seems to be even more crucial as plants typically adapt to the changing environment by
reshaping development. Auxin plays an important role in this process and regulates the shape
and direction of organ growth and development (Friml et al., 2003). There is a cell-to-cell
transport of it, performed by the auxin efflux carriers from the PIN family, which have a polar
localization. In the presence of the strigolactone-analog GR24, the PINs are depleted from the
basal plasma membrane and as a result, in the presence of GR24, the root growth is inhibited
and the roots are agravitropic. These properties were a basis of a forward genetic screen,
where GR24 was used as a tool to identify novel regulators of polar PIN localization. The EMS
mutant pig1 (PIN localization resistant to GR24 1) has a proper root growth, gravitropism and

normal PIN polarization in the presence of GR24.

3.6.2 Introduction

Many events in the plant life are controlled by the phytohormone auxin, including processes
at embryonic (Friml et al., 2003; Schlereth et al., 2010) and postembryonic level (Sabatini et
al., 1999; Friml et al., 2002). In addition, responses to the changes in the environment like
gravitropism or phototropism are regulated by auxin (Ding et al., 2011; Rakusova et al., 2011).
Within plant tissues there are the auxin concentration gradients, which regulate many
processes and also trigger downstream signalling cascades (Benkova et al., 2003; Sorefan et
al., 2009). It was also reported that strigolactones can act as signalling molecules in the
context of regulation of the shoot branching (Gomez-Roldan et al., 2008; Umehara et al.,
2008).

In this study, we observe the effect of the exogenous application of strigolactone on the PIN1

localization and internalization. By the implementation of GR24, which is a synthetic
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strigolactone analogue, we did a forward genetic screen to identify the regulators of PIN
polarity, which lead to the identification of PIG1, which modulates intracellular auxin and
auxin-conjugate levels. It regulates the plasma membrane abundance of PIN and modulates

the protein vacuolar targeting.

3.6.3 Results

The pPIN1::PIN1-GFP expressing line showed an inhibited root growth and the gravitropism
was disturbed upon transfer to 50 uM GR24 containing % MS medium. In contrast, the roots
of pigl-1 maintained growth and showed more normal gravitropic response in the same
conditions. Moreover, pigl-1 did not show alterations in the PIN1 polar localization upon
GR24 treatment, which was observed in the control seedlings (Baster et al., unpublished). The
mutation, which was responsible for the phenotype of pigl is a substitution of single
nucleotide in the coding region of At5G50850, which is a gene coding for pyruvate
dehydrogenase E1-B subunit (PD E1-B) (Luethy et al., 1995). In addition, the pyruvate
dehydrogenase complex (PDC) in plants consists of three main components: E1 — pyruvate
dehydrogenase (PD), E2 — dihydrolipoyl acetyltransferase (DA) and E3 — dihydrolipoyl
dehydrogenase (DD), which catalyze three sequential reactions. Moreover, the E1 part of the
PDC forms heterotetramer of two a and two B subunits. In plants the PDCs are special as they
exist in two spatially and functionally separated forms (Mooney et al., 2002). The
mitochondrial PDC participates in the reaction of catalyzing the oxidative decarboxylation of
pyruvate, which is derived from glycolysis in the cytoplasm, to acetyl-CoA, which is used as a
carbon source for the energy production and reducing agent NADH during Krebs cycle
(Lernmark and Gardestrom, 1994; Randall et al., 1996). Additionally, there is the other pool
of plastid form (pIPDC), which provides the same substrate Acetyl-CoA for de novo fatty acid
biosynthesis (Camp and Randall, 1985). The role of the PDC is to catalyze the oxidative
decarboxylation of pyruvate to CoenzymeA, which is acetylated to form acetyl-CoA (Mooney
et al., 2002). One possibility for the effect of mtPD on the resistance of root growth to auxin
amino-acid conjugates is that the metabolism of auxin could be indirectly affected by reduced
levels of acetyl-CoA, which is the result of defective or delayed pyruvate conversion. Another

suggestion for its activity was that mtPD could interact with other subunits of PDC during the



conversion of indole-3-pyruvate (IPA) to indole-3-acetyl-CoA (IAA-CoA), which can be
hydrolyzed to release free IAA or act as a precursor IAA conjugates (Koga, 1995; LeClere et al.,
2004) and in this case certain tissues might have altered levels of auxin and auxin conjugates.
As a support of this claim there is a recent evidence that the abundance of IAA-amino acid
conjugates in tissues of PD E1-a mutant was doubled relatively to wild type plants (Quint et
al., 2009).

To further characterize the role of the pig1 gene, we applied 50 uM GR24 for 12h or 24h and
we studied the auxin metabolomics profiling of the pigl, max2 mutants and mock. We
collected the root tips and the shoots of the samples (see Materials and Methods) and we
send them for analysis to the Labor of Ales Pencik, having the equipment and protocols for
the profiling of plant hormones and their metabolites.

The levels of I-Tryptophan (Trp), which is an amino acid generated by the shikimate pathway,
is the key precursor of four major auxin biosynthesis pathways in plants: the indole-3-
acetamide (IAM), indole-3-acetaldoxime (IAOx), tryptamine (TRA), and indole-3-pyruvic acid
(IPyA) pathways, named according to the major intermediate (Mano and Nemoto, 2012;
Ljung, 2013; Kasahara, 2016; Pencik et al., 2018) (Figure 4). After the biosynthesis and the
transport of auxin, this hormone can be degraded by oxidation and subsequent conjugation,
producing the major metabolites 2-oxindole-3-acetic acid (oxIAA) and oxIAA-glucose (oxIAA-
glc) (Ostin et al., 1998; Kai et al., 2007; Pencik et al., 2013, 2018). In addition, the auxin can be
inactivated by the mechanism of formation of conjugates with amino acids or sugars (Tam et
al., 2000; Kowalczyk and Sandberg, 2001; Pencik et al., 2018). After the hydrolyzation of some
of this conjugates, then free auxin is released, which indicates that they play the role of
temporary storage forms for the inactive hormone (reviewed by (Ludwig-Miiller, 2011)
(Pencik et al., 2018)). However, conjugates like IAA-aspartate (IAAsp) and IAA-glutamate
(IAGIu), are not reversibly converted to IAA, and might have a role as degradation
intermediates (Kowalczyk and Sandberg, 2001; Woodward and Bartel, 2005; Pencik et al.,
2018).
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Figure 4: Putative pathways of IAA biosynthesis and metabolism in Arabidopsis. Dashed arrows indicate steps in which the enzymes
catalysing the reaction are not known. Significantly higher (red) or lower (green) concentrations of individual metabolites in investigated
mutant lines showing the greatest difference from wild-type IAA metabolomes are indicated (Pencik et al., 2018).

The information on amount of free hormone, biosynthetic precursors and major metabolites
is important for the understanding of auxin metabolism. However, it is difficult to collect the
data as often the concentrations of the metabolites are very low and it is also difficult to
prepare the plant extract from the desired organ (Tarkowska et al., 2014). In addition, many
of this compounds are unstable and can be easily degraded during extraction and purification
(Pencik et al., 2018). For more targeted and efficient analysis, once can use the ultra-fast LC

coupled with high-sensitivity tandem MS (LC-MS/MS) (Novak et al., 2014; Porfirio et al., 2016).

In the following graphs, there are the tendencies and alterations of the auxin metabolites

after application of strigolactone.
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Figure 5: Tendencies and alterations of the auxin metabolites after application of strigolactone. The auxin metabolomics profiling after
application of GR24 for 12h or for 24h was done on root tips and shoots. The graphs represent the concentrations of the different conjugates

in the control situation or after application of strigolactone. The data in every chart is based on the quantification from three independent

biological samples.

The application of strigolactone had an effect on the amount of free IAA in the wild type
situation. By comparing the results, there is always an elevation in the amount of free I1AA
after the application of strigolactone (Figure 5). Additionally, we wanted to observe how the
mutation in the At5G50850 gene, coding for pyruvate dehydrogenase E1-B subunit (PD E1-B)
influences the levels of auxin conjugates. Unfortunately, there were no particular, repetitive
trends in the concentrations of conjugates in the mock situation and after strigolactone
treatment. To further investigate the role of this mutation and also the role of the max2 gene
on the auxin conjugates, once should do further repetitions or design a better experimental
setting. Regardless of the technical shortcomings, there is a clear trend that strigolactone

increased levels of free auxin/IAA.

3.64 Discussion and conclusions

Our aim was to analyze the auxin metabolites in the root tips and in the shoots in normal
condition and after treatment with GR24 in wild type, pigl, max2 and mab1. For this we did
the sampling of the root tips and of the shoots in normal condition and after treatment with
50 uM GR24 for 12 or 24h. Our results show that there is a tendency of increased amounts of
free IAA in wild type after application of strigolactone. Due to technical shortcomings in the
sampling and in the analysis, we could not make any conclusion about the tendencies for the

other auxin conjugates and for the other genotypes.



3.7 Material and methods

Plant material and growth conditions

All Arabidopsis thaliana mutants and transgenic lines used in this study are in the Columbia
(Col-0) background and have been described previously. Surface-sterilized seeds were sown
on half-strength Murashige and Skoog (1/2 MS) agar plates and stratified for 2 days at 4°C.
Plants were grown on vertically oriented plates under 16h light/ 8h dark photoperiod at 18°C
for 4-10 days.

Drug application and experimental condition for the BFA/NAA/GR experimental setting

Exogenous drugs were applied as following: GR24 (rac-GR24; 50 mM stock in acetone made
freshly; StrigoLab; working concentrations of 25 uM and 50 uM GR24), 1-naphthalenacetic
acid (NAA; 10 mM stock in DMSO; Sigma; working concentration of 5 uM or 10 uM),
BrefeldinA (BFA; 50 mM stock in DMSO; Invitrogen; working concentration of 25 uM). Control
treatments contained an equivalent amount of solvent. For testing NAA inhibition on BFA-
induces internalization the conditions were: 60 min with 25 uM BFA; or 30 min pretreatment
with 10 uM NAA, followed by 60 min co-treatment of NAA/BFA; or first a 30 min pretreatment
with 25 uM GR24, then another 30 min pretreatment with NAA/GR24 (or a simultaneous
pretreatment with GR24/NAA for 30 min), followed by concomitant GR24/NAA/BFA

treatment for 60 min.

In situ expression and localization analysis
In Arabidopsis, whole-mount immunolocalization was performed as described (Sauer and
Friml, 2010). Antibodies were diluted as follows: 1:1000 for rabbit anti-PIN1 and 1:600 for CY-

3 (Sigma) conjugated anti-rabbit secondary antibody (Paciorek et al., 2005).

Drug Application and Experimental Conditions for the auxin metabolomics profiling

For the metabolomics profiling the seedlings were germinated on a mash for 6 days on % MS
medium. Then they were transferred to a freshly prepared plate, containing %2 MS medium,
supplemented with 50 uM GR24 or a control plate, containing the same amount of acetone

(as the GR24 was dissolved in acetone). The treatment was done for 12h or 24h and there
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were 3 biological replicates (3 different plates) with around 100 seedlings of each genotype.
The root tips or the shoots were cutted and carefully collected in a 20 pl drop of water, which
was placed on the edge of an Eppendorf tube and the samples were immediately frozen into
liguid nitrogen and late shipped on dry ice for further analysis. The same procedure was

repeated for the cotyledons.

Strigolactone root assay

For the strigolactone root assay, the seedlings were germinated on a GR24 or acetone (of the
same volume) containing plate. The seedlings were grown for 8 days under the usual
conditions. The plates were scanned and the primary root lengths and the density of lateral

roots was measured.

Grafting experiments

For the grafting experiments, the seedlings were grown on a mash for 5 days. Under sterile
conditions, the hypocotyl was cutted and then the different parts were reconnected. The
regeneration of the tissue was evaluated and quantified in the following days. The emerging

adventitious roots were removed.
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4 Endosidin 9 (ES9) and Endosidin 9-17 (ES9-17) are small molecules, inhibitors of clathrin-

mediated endocytosis

4.1 Introduction

In eukaryotic cells the clathrin-mediated endocytosis (CME) is a conserved and essential
cellular trafficking mechanism (McMahon and Boucrot, 2011). It is a major route for the
uptake of plasma membrane proteins and molecules from the extracellular environment. In
plants, there are machineries and molecules, which are important for the CME such as
clathrin, the adaptor protein complex-2 (AP-2), the dynamins and the TPLATE adaptor
complex (TPC) (Baisa et al., 2013; Gadeyne et al., 2014). For the study of the endomembrane
trafficking processes in the model organism Arabidopsis thaliana, once can use classical
genetic approaches, but this method is often limited by the gene redundancy or by the mutant
lethality (Zwiewka and Friml, 2012). Moreover, highly dynamic processes such as
endomembrane trafficking are difficult to be approached at the protein level and a possible
solution for that might be the implementation of small molecules, which have an immediate
effect and alter the protein function (Hicks and Raikhel, 2012).

In the past years, the molecule tyrphostinA23 (TyrA23), which is a tyrosine-like small
molecule, was developed as a substrate for mammalian tyrosine kinases but has been
regularly used as an inhibitor of CME (Yaish et al., 1988). The mechanism of action of the
molecule was through its ability to interfere with the interaction between the tyrosine-based
internalization motifs and the medium subunit of the clathrin associated adaptor complex AP-
2 (Crump et al., 1998; Banbury et al., 2003). Recent data showed that TyrA23 inhibits the
formation of flagellin 22(flg22)-elicited reactive oxygen species formation, which shows that
TyrA23 affects CME, but also other cellular processes (Smith et al., 2014). There are also other
known CME inhibitors established in mammalian and yeast model systems such as the
dynamin inhibitor dynasore, which targets the clathrin terminal domain, but has an effect also
on the clathrin-independent endocytosis (Macia et al., 2006; McCluskey et al., 2013; Willox et
al.,, 2014; Park et al., 2013). In addition, there is also the dynasore-based series of small
molecules, called Dyngo, which is affecting the dynamin function (McCluskey et al., 2013).

Another small-molecule inhibitor of CME is pitstop2, which has as a target the N-terminal



domain (nTD) of the CHC (von Kleist et al., 2011). Additional example of a compound, inhibitor
of CME, is the natural product ikarugamycin, which has undefined mechanism of action (Elkin
et al., 2016). Most of these molecules have not been thoroughly tested for their effects in
plants.

In our papers, we identified Endosidin 9 (ES9) and Endosidin 9-17 from a collection of small
molecules with the property to affect endomembrane trafficking (Dejonghe et al., 2016,
2019). ES9 is a small molecule inhibitor of clathrin-mediated endocytosis in Arabidopsis
thaliana, Hela cells and Drosophila melanogaster. We showed that this molecule uncouples
mitochondrial oxidative phosphorylation, which is a property, shown also for TyrA23. The
action of both molecules is through acidification of the cytoplasm caused by uncoupling
proton gradients, which has an essential effect on energy metabolism, pH homeostasis and
dynamic processes in the cells, such as clathrin-mediated endocytosis. The acidification was
the reason for the increase in the lifetime of clathrin and the associated adaptors, which led
to the reduction of the phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2), which is the reason
for the inhibition of the formation of clathrin-coated pits. Additionally, we characterized the
mode of action of a non-protonophoric improved analogue of ES9 - ES9-17, which is more
specific and binds to the clathrin heavy chain. Both compounds, ES9 and ES9-17, have
enlarged the options on molecules, which could be implemented to inhibit CME or design

event better inhibitors of clathrin-mediated endocytosis in different model systems.
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4.2 Results
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Figure 1: ES9 and ES9-17 as small molecules, inhibitors of clathrin-mediated endocytosis. (A) Chemical structure of ES9. (B) Boxplot
representation of transferrin uptake in Hela cells after 20 min in the presence of 50 uM dynasore and 10 or 50 uM ES9. The signal intensity
is plotted relative to mock (DMSO) and shows a concentration dependent inhibition of uptake by ES9. Center lines show the medians; box
limits indicate the 25th and 75th percentiles as determined by R software; whiskers extend 1.5 times the interquartile range from the 25th
and 75th percentiles; outliers are represented by dots. The box width is relative to sample size (n=35, 29, and 61 cells). (C) Boxplot
representation of transferrin uptake in Hela cells in the presence of 1 uM carbonyl cyanide m-chlorophenyl hydrazine (CCCP) and 350 uM
tyrphostin A23 (TyrA23) relative to mock (DMSO), n=28 and 25 cells respectively. (D) Structure of ES9-17. (E) Transferrin uptake in Hela
cells, relative to the first time point, in the presence of DMSO (@), ES9-17 (30 uM), and Pitstop2 (20 uM) at 5 to 20 min. At least 65 cells were
quantified for four biological repeats. (F) WST-1 cell proliferation assay indicating metabolically active HeLa cells upon treatment with DMSO

(@), ES9-17 (30 uM), and Pitstop2 (20 uM). Individual data points are plotted for two biological repeats.

To study the effect of the small molecules ES9 and ES9-17 we used an assay, where we did
Live Cell Imaging on the uptake of fluorescently labelled transferrin into Hela cells (Figure 1).
We quantified the intracellular mean grey value for a time period of 20 min after the
application of the clathrin-mediated endocytosis marker (Figure 1B, 1C and 1E). We compared
the different treatments to the mock situation and we made our conclusions on the function
of the small molecules. We did also a cell proliferation assay to verify that the effect of the

compounds is not due to cytotoxicity (Figure 1F).



4.3 Discussion and conclusions

The small molecule ES9 impairs clathrin-mediated endocytosis in Arabidopsis thaliana, Hela
cells and Drosophila neurons (Dejonghe et al., 2016). Similarly, TyrA23, also decreased the
cellular ATP levels and both molecules showed effects as CCCP on mitochondrial respiration,
uncoupled oxidation and phosphorylation in isolated Arabidopsis mitochondria (Dejonghe et
al., 2016). The small molecules ES9 and TyrA23 are uncouplers of mitochondrial oxidative
phosphorylation, which causes cytoplasmic acidification and then due to these acidification
there is a prolonged lifetime of clathrin and of the associated adaptors, which leads to a
decrease in the phosphatidylinositol-4,5-biphosphate on the plasma membrane and due to
this no clathrin pits can be formed (Dejonghe et al., 2016).

ES9-17 is another small molecule, which is a non-protonophoric analog of ES9, which binds
CHC nTD and like this it impairs the clathrin-mediated endocytosis. ES9-17 can reduce the
uptake of transferrin in Hela cells at a concentration of 30 uM ES9-17 for 20 min, but not to
a degree, which was observed with 20 uM Pitstop2. To verify that the inhibition of transferrin
uptake was not due to the cytotoxicity of the compounds, we did a cell proliferation assay.
In conclusion, ES9 and ES9-17 are another addition to the chemical toolbox for clathrin-

mediated endocytosis inhibitors across different systems.

4.4 Material and Methods

Hela cell cultures.

Hela cells were grown in DMEM (Gibco, Life technologies), supplemented with 10% fetal calf
serum (Gibco, Life Technologies) and 1% antibiotics (penicillin/streptomycin) (Gibco, Life
Technologies), and maintained in a humidified incubator at 37°C under a 5% CO2 atmosphere.
Live imaging of Hela cells.

For the microscopy observation of living cells, HelLa cells were placed on a MatTek chamber
and incubated overnight in a humidified incubator at 37°C and under a 5% CO2 atmosphere
to enable their attachment to the coverslip. All tested compounds were dissolved in DMSO
and were diluted to the desired concentration in DMEM medium without fetal calf serum and

without phenol red (Gibco, Life Technologies). To study the effect of different compounds on
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endocytosis in Hela cells, transferrin from human serum, Alexa Fluor 488 Conjugate (Life
Technologies) was implemented. The cells were pre-treated with the compounds for 30 min
at 37°Cand a 5% CO2 atmosphere, followed by the exchange of the medium with a fresh one,
containing the same compound concentration and 25 pg ml-! fluorescently labelled
transferrin. Imaging was done with a LSM 700 inverted confocal microscope (Zeiss) with a
plan-apochromat 40x/1.2 water objective lens for a time period of up to 20 min after placing
the transferrin-containing solution on the cells. The images were quantified in Imagel by
measuring the signal intensity of the mock-treated (between 0.01% [v/v] and 0.7% [v/v]
DMSO) cells and the signal intensity of the compound-treated cells.

Cell viability assay. For the WST-1 assay, Hela cells were grown in a 96-well plate and
incubated with the compounds for 30 min, followed by the addition of 10 pul WST-1 reagent
(Sigma-Aldrich) to 100 pl of medium. Absorbance was measured at 450 nm versus that at the

690 nm reference by means of a plate reader.
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5 General conclusions, discussion and perspectives

The endomembrane trafficking, besides the well-known cellular house-keeping functions,
also mediates responses to the environmental changes and different developmental
processes. The plant cell has trafficking machineries, which support a large spectrum of
processes such as signal mediation, metabolite transport, organelle mobility, communication
and cell proliferation. In Arabidopsis thaliana, the auxin influx and efflux carriers have been
identified, which act at the plasma membrane and are important for the directional flow of
this phytohormone (Grunewald and Friml, 2010). Through the trafficking of the auxin efflux
carriers from the PIN family, many of the auxin related processes are regulated, which is
crucial for the subcellular auxin homeostasis and also for the cell-to-cell directional transport
(Grunewald and Friml, 2010). Moreover, the intracellular endomembrane trafficking is
regulated by different mechanisms, where an important role play the small GTPases, which
act as molecular switches of different processes due to their ability to bind or hydrolyze
guanosine triphosphate (GTP). The cellular transport machineries are studied for many years,
but still there are many uncharacterized molecular pathways, which is an interesting research
topic to further characterize and identify novel membrane trafficking factors.

This PhD thesis is focused on endomembrane trafficking in Arabidopsis thaliana. | have
characterized an additional component of intracellular membrane trafficking, which helps the
plant to survive better and to adapt to inhibited ARF-GEF mechanisms. For this, we identified
a mutant in a morphology based screen for plants growing and surviving better than the
parental line in the presence of the fungal toxin BFA. On the other hand, it shows higher
sensitivity on a cellular level as after washout or long incubation with BFA there are remaining
BFA bodies. | combined pharmacological treatment and marker studies in order to
characterize the role of the BAR1/SACSIN protein.

Next, in order to achieve better understanding of the regulation of the intracellular trafficking
and PIN polarity, | studied the effect of strigolactones on the PIN internalization and also the
role of phosphorylation in the strigolactones regulation of auxin feedback on PIN
internalization. With my experiments and observations | confirmed that strigolactones have
the property to moderate the polar auxin transport. We also report that the inhibitory effect
of auxin on the cellular internalization of PINs is counteracted by SLs. As the effect of auxin

on the inhibition of internalization is a requirement for increased PAT and also for the

119



canalization process, when strigolactones are applied into the system, then it becomes less
likely to induce canalization related growth responses.

Last, but not least, with the aim to further characterize and understand the clathrin-mediated
endocytosis process, | participated in a collaboration, where we characterized the role of two
small molecules, which inhibit the FM4-64 uptake in Arabidopsis thaliana. ES9 acts as a
chemical uncoupler of proton gradients, with important implications on energy metabolism,
pH homeostasis and dynamic processes in the cell, including CME and mimics also the known
CME inhibitor Tyrphostin A23. An analogue of ES9 — ES9-17 was identified which retained the
ability to inhibit CME, yet lacked characteristics of an uncoupler. It proved to be more specific
compared to ES9, and was found to bind to clathrin heavy chain.

In the next paragraphs, | will make general conclusions and | will discuss the research | did

and also the future perspectives by suggesting experiments for further investigations.

5.1 SACSIN mediates adaptation of plant cells to ARF-GEF inhibition

We designed a morphology based screen on an EMS treated PIN1pro::PIN1-GFP expressing
Arabidopsis population to select mutants, which have an insensitive phenotype to the vesicle
trafficking inhibitor BFA, and show abnormal PIN1-GFP accumulation after long treatment
with this compound. Among them, we identified barl (bfa altered response 1), which is a
recessive mutant and survives and develops better on a BFA containing in vitro cultures on
solid medium compared to the parental PIN1pro::PIN1-GFP line. In addition, by using protein
prediction tools, we observed a homology of the encoded protein to the human SACSIN. In
humans, mutations in the SACS gene lead to ARSACS, which is a neurodegenerative disease,
which cause is a defect in the mitochondria fission. In comparison, in plants, the SACSIN
protein is present in the very early diverging species like green algae, ferns and moss, which
suggests that the protein has an important and preserved role, which might be responsible
for the adaptation to the changing environment. In addition, the protein prediction suggests
that due to the presence of the 90-like ATPase domains, one of the putative roles of SACSIN
is to direct folding through ATP-dependent mechanisms (Powers and Balch, 2013). Moreover,
together with the presence of a C3HC4-type RING finger domain, the protein is prone to many

interactions and bindings to other proteins, but also to participate in the protein homeostasis



network, where the SACSIN protein may play an important role as a component of the
degradation machinery and proteostasis (Powers and Balch, 2013).

The plasma membrane of eukaryotic cells is an essential functional hub between the cell and
the surrounding environment (Sigismund et al., 2012). At the cell surface, a crucial role play
the regulated retrieval of transporters and receptors — from the plasma membrane
(endocytosis) and then their delivery back by exocytosis, where the process in plants is known
as constitutive endocytic recycling (Geldner et al., 2001). This mechanism is regulated by a
vesicle budding regulator GNOM ARF-GEF, which is sensitive to a fungal toxin BFA (Geldner et
al., 2001). The ARF proteins are known to perform their function in subcellular trafficking and
their activity switches between the inactive (GDP) and the active (GTP) bound state (Geldner
et al., 2003). There are evidences for the involvement of them in the subcellular trafficking of
the PIN1 protein, where by implementing BFA as a pharmacological tool to study the vesicle
trafficking process, the endocytic recycling of this protein was observed (Geldner et al., 2001,
2003; Richter et al., 2007; Tanaka et al., 2009). Moreover, the inhibition of the ARF protein
function results in different trafficking defects defined by the intracellular accumulation of
plasma membrane cargos (Lee et al., 2002). If there are defects in the endocytic recycling of
the PIN1 protein, this would disrupt the polar auxin transport, which is required in
developmental situations such as formation of lateral roots or vasculature system
development (Geldner et al., 2004). We show that the sacsin morphology phenotype is
characterized by a more complex vasculature system, which is evidence for a defect in the
trafficking of the PIN1 protein and which suggests a role of SACSIN in auxin transport related
processes. Additionally, the gravitropic response depends on the correct PIN2 polarity
(Wisniewska et al., 2006). There were no gravitropism defects and or altered PIN2 localization
after immunolocalization studies in the epidermis cells of the sacsin root. The experiments in
nondisturbed conditions were designed to verify, if SACSIN has any detectable trafficking
defects. Our observations of the fluorescent recovery after photobleaching (FRAP) showed no
significant difference in FRAP of PIN1pro::PIN1-GFP and barl-2 mutant, suggesting that the
PIN1 trafficking defects are not caused by reduced PIN1 secretion or recycling. This results are
consistent with our observations for the B-estradiol inducible PIN1-RFP line and for the
PIN2::PIN2-Dendra line. Additionally, in the absence of BFA there was no effect on the
vacuolar targeting of PIN2-GFP or defects in the endocytosis after performing FM4-64 uptake
experiments. These results show that we cannot detect a role of SACSIN in normal trafficking,
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but the mutation has a specific effect on BFA reactions, pronounced as higher sensitivity to
this compound. It has a strong impact on the intracellular trafficking as well as plant growth
and development (Geldner et al., 2001). We did a visual inspection and a quantitative analysis
of the PIN1 and PIN2 proteins and also of the TGN marker VHAa1-GFP after treatments with
BFA. Our analysis after immunolocalization of both PIN proteins and life imaging of the
VHAal-GFP protein revealed that there is the remaining BFA bodies after washout, but also
after long incubation with BFA, which sustain in the cells of the mutant. In conclusion, the
sacsin mutation has a specific effect on BFA reactions, both in the seedling growth and in the
cellular reactions of the endomembrane system, observable by aggregation and dissolution
of the BFA body. Interestingly, while the growth reaction is clearly resistance, the cellular
reactions appears as oversensitivity or inability to recover.

In Arabidopsis thaliana there are distinct ARF-GEFs dependent apical and basal targeting
machineries. In addition to its general function in plasma membrane to endosome and back
trafficking for polar and non-polar cargoes, GNOM plays an essential role in the basal
targeting of the PIN proteins, whereas apical targeting is independent of GNOM and possibly
requires BFA-resistant ARF-GEFs (Kleine-Vehn et al., 2008). To identify the role of SACSIN in
this process, we used the weak gnom allele — gnom®® where there is increased targeting of
PIN1 to the apical side, which illustrates an altered affinity of PIN1 for the apical targeting
pathway (Kleine-Vehn et al., 2008). By analysing of our results we confirmed that
pharmacological or genetic inhibition of the GNOM ARF-GEF is sufficient to recruit basal
cargoes into the apical pathway. Interestingly, after long treatment with BFA, there is a partial
apicalization of the PIN1 protein not only in wild type, but also in sacsin, however in gnom®®
the PIN1 protein is apicalized in all of the observed cells. As previously noted after long
treatment with BFA, when the SACSIN protein is not participating in the whole machinery,
then there is a trafficking defect from the BFA body to the apical side of the cells, pronounced
in remaining BFA body aggregates in the cells. Moreover, we observe the pattern of
apicalization also for gnom® in sacsin background, but additionally there is a defect in the
trafficking machinery, observed as remaining BFA bodies in the cells after the prolonged BFA
treatment. It seems that the aggregation or lack of aggregation of PIN1 in the body is a distinct
phenomenon from its apico-basal sorting, which is unlike previous interpretations, where we

rather concluded that the PIN1 has to leave the body to go apical instead.



In Arabidopsis thaliana there are eight genes, which encode Sec7 domain proteins. As
previously identified, there are two BFA-insensitive ARF-GEFs — gn/1 and big3 (Richter et al.,
2007, 2014). Indeed, big3 was epistatic to sacsin as it was not germinating on a BFA containing
in vitro cultures on solid medium. In addition, after the long treatment with BFA there were
abnormally sized and shaped bodies in big3 and in big3 sacsin, which leads to the conclusion
that big3 is epistatic to sacsin and both genes participate in the same trafficking pathway.

The protein-protein interaction is important to predict the protein function (Rao et al., 2014).
The resulting phenotypes in a plant are based on the interactions between genes and
proteins. By using computational tools, once can study the genetic interaction between two
genes by implementing the already constructed networks. Moreover, by the application of
clustering algorithms, different gene expressions can be analysed and grouped together,
according to the bioinformatics data of their expression levels. As a result, the gene
expression can help to elucidate the functional relationship between different genes. Based
on previous research, the genes, which are co-expressed are more prone to interact with each
other than the proteins, encoded by genes belonging to different clusters (Grigoriev and
Biotech, 2001). By using bioinformatics tools, we identified that SACSIN is co-expressed with
BIG, which is a regulator of auxin transport (Paciorek et al., 2005). The BIG-deficient mutant
docl, allelic to tir3, has less basipetal auxin transport through the body and as a result there
are less lateral roots (Gil et al., 2001) and they require higher concentrations of auxin in order
to block the PIN1 endocytosis upon the implementation of BFA as a vesicle trafficking inhibitor
(Paciorek et al., 2005). On the other hand, sacsin has a slightly increased number of lateral
roots and a better survival on a BFA in vitro cultures on solid medium. We examined the
SACSIN-BIG genetic interaction to elucidate its role in protein trafficking. We show that there
were additive effects, where sacsin gives better growth and big gives worse growth and the
double mutant is in between. Furthermore, when treated for long time with BFA, in sacsin
there are the remaining BFA aggregates in the cells, however in wild type and doc1 there are
less remaining cellular aggregates. Moreover, the cell phenotype of the double mutant looks
like sacsin regarding the defective transcytosis, where the BFA bodies remain in the cells after
long treatment with the vesicle trafficking inhibitor. Together, these results indicate that
sacsin and big might function in the same trafficking pathway, but with opposite activities. As

sacsin has more lateral roots and big less, then it might be that in sacsin there is higher
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basipetal auxin transport through the stem and root, where big is compensating with exactly
the opposite phenotype.

In these project we reveal an important novel insight into the intracellular trafficking
mechanisms in Arabidopsis thaliana. We show that in this model organism morphology based
forward genetics with BFA as a tool to identify mutant candidates is a feasible approach for
novel components in endomembrane trafficking processes. By screening for mutants with a
better growth and development on a BFA containing in vitro cultures on solid medium, we
identified SACSIN. This protein is important for the plant to survive and grow better in the
conditions of impaired BFA sensitive trafficking processes.

Taken together, SACSIN has a role in multiple GNOM regulated trafficking processes, which
are pronounced as a prolonged recovery of the BFA bodies after a washout, where the Golgi
apparatus and TGNs aggregate for longer and also after the long BFA treatment, whereas in
sacsin background the cells are not able to dissolve the aggregated BFA body.

In summary, we have demonstrated that the interference with the function of SACSIN had a
strong impact on the plant growth, survival and architecture in an artificial situation like the

growth on a BFA containing in vitro cultures on solid medium.

5.2 Strigolactone interferes with auxin feedback on PIN internalization

The canalization hypothesis proposes a feedback effect of auxin on the polar localization of
the auxin efflux carriers and consequently on the directionality of the auxin transport (Sauer
et al., 2006). Another player in the establishment of many developmental processes is the
phytohormone strigolactone, which also participates in the regulation of the polar auxin
transport and canalization (Shinohara et al., 2013). As auxin reduces the internalization of the
PIN proteins, when under the influence of strigolactone, it becomes less likely that
canalization related growth responses are induced and the polar auxin transport is reduced
(Shinohara et al., 2013).

To examine through which signalling pathway the effect of strigolactone occurs, we used the
primary root of Arabidopsis thaliana as a model system. The PIN1 protein there is localized to
the basal side of the stele cells (Kleine-Vehn et al., 2008). We studied the localization of this

marker after application of NAA and/or strigolactone in the presence of BFA, which we used



as a tool to study the vesicle trafficking processes. Our results show that the inhibitory effect
of GR24 on auxin-mediated PIN lateralization was impaired in max2 when compared to wild
type. Additionally, the receptor mutant d14 showed less sensitivity to GR24 with respect of
counteracting NAA action on PIN endocytic trafficking. These results suggest that the
synthetic GR24 interferes with auxin-mediated feedback on PIN internalization through the
D14 receptor and MAX2-dependent pathway and it negatively regulates the process of

canalization, but also regulates the auxin mediated polarization of the PIN transporters.

5.3 Role of phosphorylation in the strigolactone regulation of auxin feedback on PIN
internalization

Through the alteration of the cycling of the PIN proteins between the plasma membrane and
the endomembrane system, which influences the abundance of PIN proteins on the plasma
membrane, the flow of auxin through tissues can be regulated, which has a developmental
effect (Prusinkiewicz et al., 2009). It was shown that one of the effects of GR24 is to reduce
the basipetal auxin transport (Prusinkiewicz et al., 2009). Strigolactones regulate the auxin
feedback on PIN internalization which has an effect on the canalization properties (Sachs,
2000; Sauer et al., 2006). On the other hand, there are the Ser/Thr protein kinase PINOID (PID)
and the protein phosphatase 2A (PP2A), which also regulate the PIN localization (Kleine-Vehn
et al., 2009). They act on the phosphorylation status of the PIN proteins, thus determining the
apical or basal PIN targeting (Friml et al., 2004; Michniewicz et al., 2007). Previous research
reported a role for PP2AAs (PP2AA1/RCN1, A2, and A3 proteins) in regulating PIN
phosphorylation, polar localization and auxin transport (Rashotte et al., 2001; Michniewicz et
al., 2007). They can participate in the assembly of both PP2A and PP6 holoenzymes (Dai et al.,
2012). The last one is formed by FyPPs, SAL genes, and PP2AAs, which can physically interact
with a subset of PIN proteins and the strength of their interaction is regulated by the
phosphorylation status of the PIN proteins (Dai et al., 2012). This holoenzyme consists of the
three subunits (regulatory subunits A and B and a catalytic subunit C) and it plays a major role
in regulating PIN phosphorylation, auxin transport, polar targeting and diverse plant
developmental processes (Dai et al., 2012). PP6-mediated dephosphorylation promotes basal
targeting of PIN proteins, while PID-dependent phosphorylation promotes apical PIN

localization and regulates polar auxin transport and plant development. FyPP1 and FyPP3
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genes function as the catalytic subunit of PP6 and are required for proper polar localization
to the basal side of the stele cells and loss of their activity leads to a basal-to-apical shift in
the PIN polar targeting (Dai et al., 2012). However, there was still no evidence for a role of
putative catalytic subunits of PP2A (PP2AC) in the regulation of the PIN protein
phosphorylation and auxin transport (Dai et al., 2012). The Arabidopsis genome contains five
genes encoding the putative C subunits of PP2A (PP2Ac1-5), and presumably these genes have
redundant functions in regulating plant development (Dai et al., 2012). Moreover, there were
no significant phenotypic changes in sall and sal4 (we tested only those; regulatory subunit
B) single mutant seedlings compared with Col-0, indicating that there is probably functional
redundancy (Dai et al.,, 2012). For our experiments we also used FIDN (35S:YFP-
FyPP1P3IN/Col-0; hereafter, FIDN) and F3DN (35S:YFP-FyPP3P8N/Col-0; hereafter, F3DN)
seedlings, which have drastic phenotypic changes, suggesting that PP6 is the primary
phosphatase that regulates auxin transport-dependent plant developmental processes (Dai
et al., 2012).

We were interested to characterize the role of phosphorylation in the strigolactone regulation
of auxin feedback on PIN internalization. We did PIN1 protein immunolocalization after NAA
and/or GR24 treatment, where we implemented BFA as a tool to visualize the vesicle
trafficking processes. We tested whether FyPP1, FyPP3, f1f3, SAL4 and PP2AAs are required
for proper PIN1 localization and for this we did PIN1 immunolocalization after those
treatments. In Col-0 roots, PIN1 is localized to the basal side of the stele cells, whereas in f1f3,
F1DN and F3DN roots, there is a switch from the basal to the apical side in the vasculature
cells of the untreated roots (Dai et al., 2012). Unfortunately, there are technical shortcomings,
pronounced in the reproducibility and fluctuating tendencies when comparing our
observations from the experiments on the different mutants. In our observations we get a
reduction of the PIN1 internalization after GR/NAA/BFA treatment in the cases of 35S::FyPP1-
GFP and also in the dominant negative line FIDN, which makes any conclusions difficult.
Additionally, we noticed less sensitivity of SAL4 to GR24 with respect of counteracting NAA
action on PIN endocytic trafficking. These results suggest that the synthetic GR24 interferes
with auxin mediated feedback on PIN internalization where SAL4 has a crucial role. Our
conclusion from the performed experiments is that the phosphorylation might be directly or

indirectly involved in the strigolactone regulation of auxin feedback on PIN internalization.



5.4 MAX2-dependence of strigolactone-mediated root growth inhibition

Strigolactone and auxin define the root architecture in a concentration-dependent manner.
Both hormones act in a regulated feedback circuit as strigolactones alter the amount and
transport of auxin. Strigolactone effect on the primary root growth is accompanied by a GR24
concentration dependent change. Previous research showed that Arabidopsis plants, grown
in the presence of low levels of GR24 (1,25 and 2,5 uM) have an increase in the primary root
length (Ruyter-Spira et al., 2011), which | could not observe in my experiments. The lower
concentrations of GR24 lead to an increase in the auxin levels, which has an effect on the
primary root length (Ruyter-Spira et al., 2011). At high concentrations of strigolactone these
levels of auxin are reduced, which reduces the primary root length, but also the whole
seedling appearance is affected and this could be due to general toxicity of the treatment
(Ruyter-Spira et al., 2011).

Additionally, GR24 reduced the lateral root density, which is also a process, dependent on
different auxin fluxes (Lucas et al., 2008). The lateral root development is stimulated by the
auxin amounts in the root tip (Casimiro et al., 2003), which is delivered there by polar auxin
transport from the aerial parts (Bhalerao et al., 2002). Auxin is delivered into the developing
lateral root through the repolarization of the PIN1 protein, which permits lateral root influx
(Ruyter-Spira et al., 2011). GR24 modulates this process by reducing the auxin levels in the
aerial parts and then the amount of auxin, which reaches the LR, is not sufficient respectively
(Ruyter-Spira et al., 2011).

Our results show that the application of strigolactones affects both primary root length and
lateral root density. GR24 has an effect on the inhibition of the primary root length of wild
type at low concentrations and also on the primary root length of max2-1 at higher
concentrations. Moreover, the action of strigolactones on the inhibition of lateral root
development is MAX2-dependent as max2 is showing a resistance in the density of lateral
roots compared to the control. The response upon GR24 treatment is mediated through a
modulation of local auxin levels and is therefore dependent on the auxin status and on the
sensitivity of the plant. GR24 is a synthetic strigolactone and is a mixture of two stereoisomers
(Mangnus et al., 1992), which could have different effect on the root development. To confirm

the findings, experiments with natural strigolactones should be performed.
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5.5 Putative regulator of PIN polarity identified by means of forward genetics screen
using strigolactone analogue GR24

To characterize the role of strigolactone on the free IAA in Arabidopsis thaliana, we
investigated the auxin-related metabolomics profiling after treatment with 50 uM GR24 for
12 or 24h in the root tip and in the shoot. The application of strigolactone leads to elevation
in the amount of free IAA in wild type. Moreover, we wanted to experimentally observe, if
the mutation in the At5G50850 gene, coding for pyruvate dehydrogenase E1-B subunit (PD
E1-B), or the mutation in the max2 gene, have an effect on the levels of auxin conjugates.
Unfortunately, there were no reproducible and repetitive trends in the amounts of conjugates
in the mock and after strigolactone treatment. There were technical shortcomings in the
sampling and in the analysis, nevertheless, there is a tendency that GR24 increases the levels

of free auxin/IAA.

5.6 Endosidin 9 (ES9) and Endosidin 9-17 (ES9-17) are small molecules, inhibitors of
clathrin-mediated endocytosis

In the model organism Arabidopsis thaliana the internalization of plasma membrane proteins
and extracellular cargos happens through clathrin-mediated endocytosis (Reynolds et al.,
2018). When characterizing the phenotype of mutants with defective clathrin-mediated
endocytosis function, there is either a lethal phenotype or there is only a mild phenotype due
to gene redundancy (Kitakura et al., 2011). In addition, there is also the option of inducible
systems to interfere with CME, those targeting clathrin or auxillin or using small interfering
RNA-mediated depletion of adaptor proteins (Gadeyne et al., 2014; Dhonukshe et al., 2007;
Adamowski et al., 2018). The negative aspects of these approaches are connected with
silencing, low gene induction efficiency and the longer time needed to deplete existing
protein complexes. Positive aspect is that the applied effect of blocking the clathrin-mediated
endocytosis can be reversed (Hicks and Raikhel, 2012).

The identified small molecule ES9 inhibits CME in Arabidopsis thaliana, Hela cells and
Drosophila neurons (Dejonghe et al., 2016). It has an influence on the energy metabolism in
all those model organisms similar to the established inhibitors of the ATP production.

Similarly, TyrA23, also decreased the cellular ATP levels and both molecules showed effects



as CCCP on mitochondrial respiration, uncoupled oxidation and phosphorylation in isolated
Arabidopsis mitochondria (Dejonghe et al., 2016).

The ES9 non-protonophoric analog ES9-17 lacks a nitro group, which was electrostatically
interacting with Arg64, and this is the reason why this new analog binds CHC nTD in a different
orientation and affinity than ES9. ES9-17 can reduce the uptake of transferrin in Hela cells at
a concentration of 30 uM ES9-17 for 20 min, but not to a degree, which was observed with
20 uM Pitstop2. To verify that the inhibition of transferrin uptake was not due to the
cytotoxicity of the compounds, we did a cell proliferation assay. In addition, in Arabidopsis
thaliana Pitstop2 did not block FM4-64 uptake when applied for 30 min at 30 uM
concentration and it also failed to inhibit clathin-mediated endocytosis. These results might
be due to the amino acid differences between human and Arabidopsis CHC since the binding
pocket of Pitstop2 in hCHC1 is well characterized.

In conclusion, ES9 and ES9-17 are another addition to the chemical toolbox for CME inhibitors
across different systems. The property to selectively inhibit the CHC1 or CHC2 action will help
to further characterize endomembrane trafficking mechanisms in plants and other model

systems.
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lathrin-mediated endocytosis (CME) is a major pathway

for the uptake of extracellular and plasma membrane

material in all enkaryotic cell!. CME is critical for the
ability of cells to respond to environmental changes, induding
pathogen entry, synaptic vesicle turn-over, and the constitutive or
regulated internalization of membrane-hound receptors and their
ligands, which in turn might influence signaling outputs’. In
plant cells, CME depends on an evohitionarily conserved core
machinery that, in addition to dathrin, comprises the adaptor
protein complex-2 (AP-2) and dynamins as well as the newly
discovered TPLATE adaptor complex (TPC)*. Mainly classical
genetic approaches have contributed to our current under-
stanilnﬁ ahout the mechanizms of CME in yeast, metazoans, and
plants' . In addition, chemical genetics also has the potentia to
faclitate smdies of CME by providing small molecule effectors
that can interfere with CME in a conditional manner®. An
eample of such a CME inhibitor is tyrphostinA23 (Tyra23).
TyrA23 is a tyrozine-like small molecule originally developed aza
substrate-competitive inhibitor of mammalian tyrosine kinases”.
Subsequently, TyrA23 was found to inhibit CME, presumahbly
through its ability to interfere with the interaction between the
tyrosine-based  internalization motifs present in  different
endocytic cargos and the medium subunit of the dathrin-
associated adaptor complex AP-2 (refs 6.7). TyrA23 was mainly
exploited as a CME inhibitor in plant cells by many researchers,
including us (Supplementary Data 1), despite the fact that its
mode of action has never been well characterized in this system.
Recent smdies have shown that TyrA23 inhibits flagellin 22
(g2 }-elicited reactive mxygen species formation®, indicating that
TyrA23, affects not only CME but also other biochemical andfor
cellular processes. Besides TyrA23, other chemical took have
been utilized to study the endocytosis in mammalian and yeast
systems, such as the dynamin inhibitor d}'nmrcg and the
pitstops'® that target the clathrin terminal domain, but these
small molecules also  display off-target  effects, induding
inhibition of clathrin-independent endocytosis'' "%, Although
dynasore has been used as a CME inhibitor in phm.r.]j'. reparts on
the activity of other CME inhibitory compounds in plant cells are
still lacking.

Here, we identified and characterized Endosidin® (ES9), a
small molecule inhibitor of CME in Arabidopsis thaliana and
Drosophila melanogaster. We reveal that this molecule uncouples
mitochondrial oxidative phosphorylation, a mode of action that is
shared with TyrA23, We demonstrate that the effects of E5S% and
TyrA23 on CME are not dependent on mitochondrial dysfunc-
tion and ATF depletion, but rather on their uncoupling activity at
other membranes, leading to acidification of the optoplasm.
Acidification, but not plasma membrane depolarization, caused a
dramatic increase in the lifetimes of clathrin and assodated
adaptors and led to a reduction of the phosphatidylinositol
4,5-biphosphate (FI(45)F;), thereby most likely inhibiting
dathrin-coated pits formation.

Results

ES9 blocks CME in different systems. To identify chemical
inhibitors of CME, we analysed a set of 123 small molecules
that had previcusly been selected as endomembrane trafficking
modifiers in a screen for inhibitors of pollen germination and
pollen tube growth' of tobacco (Wicotiana tabacum). From this
set of small molecules we identified ES9 (Fig. la) based on its
ability to inhibit the uptake of the lipophilic styryl endocytic
tracer dye N—[J-tri.d]'q.r]amm-nnlumpmmr]]-4-[6-[4-[dlcﬂ11l.rhﬂmh'|.n]
phemylihexatrienyl)pyridinium ~ dibromide  (FM4-54)"  in
Arabidopsis root epidermal cells with half-maximal inhibitory
concentration (1Css) of 5puM (Fig. 1b; Supplementary Fig. 1a).
To mle out that the ES9 effect was not limited to FM4-64,

we tested whether ES9 hlocked the uptake of the flunrescently
labdled Alexa thuor 674 castasterone (AFCS) analogue that binds
the brassinostercid receptor and undergoes CME™ In the
absence of ES9, AFCS (20pM, 30 min pulse, 20 min chase) was
found to traffic to the vacuole in Arabidopsis root cells, but in the
presence of ES9, AFCS was not internalized, indicating that its
effect was not limited to FM dyes (Supplementary Fig. 1h).

To examine whether ES9 had the potential to act as a general
inhibitor of CME, we assessed if ES9 interfered with the synaptic
vesicle formation in Drosophils neurons and with the uptake of
transferrin in Hela cels, two dathrin-dependent Prnccss.ﬁ"’”':'.
As a model synapse we used the Drosophils third instar
nenromuscular junction (MMJ), where nerves were stimulated
for S5min with 90mM EKCl to enhance endocytosis and
mq.rter.’ in the presence of FMI1-43, a dye that becomes
internalized in newly formed vescles upon nerve stimulation.
Treatment with ES9 (10 pM, 30 min) did not block the uptake of
Fi1-43, but induced its acoomulation into large membranous
structures  (Supplementary  Fig. lc). Transmission electron
microscopy  (TEM)  studies  confirmed  the formation  of
abnormal membrane inclusions and the lack of normal-siked
synaptic vesicles after ES9 application (Supplementary Fig. 1d), a
wcnm?;pc reminiscent of acute loss of clathrin heavy chain
(CHC)"™, or dynamin®™ functions. To support this ohservation,
we assesed the localization of the CME machinery before or after
stimulation of NMJs in the presence of ES9 (10 pM, 30 min).
Visuglization of CHC (Fig. 1<) and the plasma membrane
dathrin-associated AP-2 complex (Supplementary Fig. 1e) by
super resolution immunofluorescence revealed that, after nerve
stimulation, E59 prevented their recruitment from the bouton
centre to the periphery, where wvesicles are endocytosed, a
phenotype alko ohserved when either dynamin or CHC were
lrru:ulmd’m. Similarly, the localization, but not the cellular
levels of PI45)P;, was affected following ES5% treatment
(Supplementary Fig. 1fg). Finally, ES9 inhibited the uptake of
transferrin in Hela cells, a hallmark CME tracer’, to an extent
comparable to that of the known inhibitor d:rna.wrcg when used
at a high concentration (50 pM, 20min) (Fig. 1d). Alogether
these data show that ES% was able to affect clathrin-dependent
processes in different model systems.

ES9 arrests the dynamics of CME and membrane trafficking.
Az ES9 inhibited several clathrin-dependent processes, we tested
its effect on the dynamic recruitment of the CME machinery. The
dynamic behaviour of TPLATE muniscn-like fused to green
fluorescent protein (GFF) (TML-GFF), a subunit of the CME
adaptor TP, was evaluated in Ara bidopsis root cells after ES9
treatment and compared with the effect of the known CME
ichibitor TyrA23 (Supplementary Data 1) An approximate
average dwell time of 20 = was observed for TML-GFP in the
plasma membrane in control conditions, including treatments
with either dimethyl sulfrecide (DM50) or the inactive TyrA23
analogue TwASL (30pM; Fig 2ab: Supplementary Data 1.
However, for seedlings treated with 10 pM ES® or 50 uM Tyra23,
the TML-GFP-abelled foci at the plasma membrane appeared
stationary, often with a lifetime exceeding several minutes
(Fig. Zah). The loss of dynamic hehaviour ocourred rapidly, as
images were acquired 3-5min after the start of the treatments,
E59 also inhibited the dynamic behaviowr of another TRC
subunit, TPLATE-GFPY, the AP-2 complex subunits AP2AL-
GFP®, APIM-GFP, and AP25-GFP?, and clathrin represented
b‘:.-' clathrin ]iEht chain 1 (CLC1-GFP, CLC2-GFP, CLCI-GFP
and CHC1-GFP, but notably did not impair recruitment and only
slightly increased the lifetime of the red floorescent protein
(RFPF)-dynamin-related pmteinl A (DRPIAP* at the plasma
membrane (Fig. 2c: Supplementary Fig. 3a).
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E59 alo affected the FN4.5)F: component involved in  membrane localization under control conditions, whereas
CME, which was visualized with the 2xPHF'® (P24Y) marker™®.  phosphatidylinosito] 4-phosphate (PHP) maintained its pl.um.a
Following application with ES® (10 uM, 30min) P24Y localzed membrane localization, as illusteated by the 2xPH FAFFL papy)
mainly to the optoplasm, in contrast to its predominant plasna  marker [(Supplementary Fig. 2ag). The reduced plasma

a (] d
Er = &
54 £
=T g,
l:l-;__,,.a'-'-_-._f . E 15
MY o c |
L ° 5 g’
P !
| £ 205
b =
i =
-1 = o
0"+ 0 RS

ESO ¥ ESQ
Eso MN5E MNS+ES% KCI@ KCl+ES2 @&@&\D

Fg'ur¢‘|| ES9 inhibits CME in different systems. (a) Chemical structure of BS99 (b) Strongly reduced FMA-64 uptale (2 M 30min) in Arabidagis roa
resence of ES9 (10 pM) when compared with modk trestmant (DMS0, @). () Super resolution immunoflionsscences images of boutans of the
n (WM ) in third instar Drasaphila larvee positive for HA-lagged clathrin heawvy chain (HA-CHC) comparing mock with 10 pM B9
mulated (M5)or 90mM KCstimulated MM K Lo induce uplake .Ld'l Boxplat representation of transferrin uptake in Hela cells after
nce of S0 pM dynasere and 10 or S0 pM ESD. The signa

ME LN LS
(30 min),

relstive to mock (DMS0) and shows a concenteation-

20/min in
e penichent inkh

whishers axtend

of uptake by E59. Center lines show the medians; box limits indicate t v and TSth percentiles as determined by R saftware;

5 times the inter quartile range from the 25th and 75th percentiles; authers ane represented by d The best width s relative to sample

sipa {n=35, 70, and &1 calk). Scals bars, Spm inkb; 2 pmin e

a 5] ES8  Ty23 Tymsi  © 300 - .
'T"!' '=" ==
250 o ; i
H L] : t
& 200 1 L : t
E E 104 A I T
i * * H
g CR A -
= ! .
50 .
¥
- T T T T T T T T 1
T - S L Nt S S -
AT Al Al a0 ol LT L

=2
=1

300 - — TyrA23 TyrAs1
250 - o
W
T 200 . E
T =
E 1501 . o

E .

S 1001 i : iy
19 T
ED 4 » '] ?
0 é =
T T T 1 -\-_|:
a ES9 TyrA23 TyrAs1 -

Fg'urtl | ES9 inhibits CME dynamics and organele movement in the cytoplasm. (a) Kymographs representis 5 & line trace {hor inontal axis) over & lime
(vertical mis, 5 min), taken from the respective spiming disc movies (2 s N af A bidagals rool clls an ustrating the
by TML-GFP for the control trestment (DMS0, @), 10 pM E59, 50 pM tyrphostinA 3 (TyrAZ3), and 50 pM TyrAS]
red endocylic spat life limes. n =646, T, 121, and 68 measuremeant=. () Boxplol representation of kymograph-based life time
of Toci a1 the plasma membrane in e presence of 10 pM ESD for green fluarescent protein lufl“-l:g,_&- TPLATE elathrin light chain (CLC), ¢lathrin haavy
chain (CHC), the .1\'_'.1:1:' rotein complesx-2 (AP-2), represented by the AFZAL AFZM, and AFES subunits, and the dyramin DRFIA. n=204,
243 60,150 TF6, 127, and 247 messuraments. (d) Visualizali [ the Galg (5T-mRFF) & & lrami-Golgi network (TGN, VHA-a1-mRFF) in Ar
rodl calls 1 _1|:_' W I: W pM B9, 50 pM TyrAZ3 50 pM TyrAS], and modk (DMS0, @) (5 min). Images ane compated of ix differantially colou
by the presence of the different colours,

wheneas while indicstes static compartments. Boxplol centre

Labken with a ¥0-2 interval Movement & illustrated

e show e medians; box limils indicate the iles a5 determined by B soltwam, whiskers extend 15 times the interquarntile range

rom e 25th and F5th percentiles; outliers are represented by

dls. Seale bar, Spm

TG | DO R, sy mes] ] IO | vt i AL i I AL ST L 3 e 3

135



ARTICLE

membrane rmecruitment of  the PI451P: biosensor
cormelated with a decrease in PH45)P: levels after
treatment [Supplementary Fig. Zh,c).

We next tested whether treatments with ES9 and TyrA23
would compromise the motility of Golgi and trans-Golgi network
[TGM)early endosome (EE) compartments, and the actin-
cytoskeleton  dymamics. When  seedlings  expressing  Golgi
(ST-mBFP)® and TGN/EE (VHA-al-mBFPF” markers were
treated with ES9 (10pM) or TyrA23 (50pM), their dynamic
behaviour was compromised after 3-10 min when compared with
the control treatments with either TyraSL (50uM) or DMSC
(Fig. 2d). Inhibition of the dynamic behaviour probably explains
the chservation that co-application of ES9 or TyrA2d with
Brefeldin A (BFA), an inhibitor of the BFA-sensitive ADP-
ribosylation factors guanine mucleotide exchange factors (ARF-
GEFs) ™, prevented the formation of the BFA body (Supplemen-
tary Fig. 3b). Moreover, 10pM ES9 treatment inhibited
actin-cytoskeleton dynamics after 10min, as visualized by the
actin binding domain (ABD)-GFPE [Supplementary Fig. 3c).
These results indicate that ES9 and TyrA23 affected the dynamics
and recruitment of essential CME components at the plasma
membrane, thereby hindering endocytoss, as wel as affecting
Golgi, TGM/EE, and actin dynamics, reflected in the inhibition of
EFA body formation.

WiE
E5%

ES9 affects e roduction. As CME is an energy-dependent
process! arﬂT#Ec}ﬂcﬁnn has been shown to Eaﬂﬁm
CME in mammalian celE™*, the capacity of ES9 to affect
cellular ATP was assesmed in dark-grown Ambidopsis PSB-D
cell cultures. The ATP production inhibitors, antinycin A [AA)
and n]ignrrq.rcln'u. which interfere with mitochondrial function,
and the protonophore, carbonyl cyanide m-chlorophenyl
idrazone (COCP)™ were induded as positive  controls,
ereas TyrA23 and TyrASl were used as putative negative
controls, ES9 (10 pM) induced a rapid initial depletion of ATP to
~50% cellnlar ATP after 2min treatment. The ATP concentra-
tion decreased further, reaching a base line of ~10% remaining
ATP when compared with mock treatment (Fig. 3a).
Interestingly, 50puM Tyra23, bt not TyrAS1, was also found
to induce a reduction in the cellular ATP, in this case of ~75%
after 2 min, subsequently stabilizing at ~ 10% residual ATF when
compared with the mock control (Fig. 3a). The trends of ATF
depletion profiles of ES® and TyrA 23 were similar to those of AA
(20 uM) and COCP (1 pM), but differed from that of oligomycn
(10pM) (Fig. 3a), of which the ATF content decrease ocourred
more gradually. To establish whether the ohserved ATP depletion
resulted from acute optotoxic effects of the compounds, we
assessed the viability of PSB-D cells treated with the various
compounds by staining with the viability tracer fluorescein
diacetate (FDA)™. In all cases, the FDA profiles increased
similady to the control treatment (Supplementary Fig. 4a). These
results miggest that the impact of ES9 and TyrA23 on ATP
production was not due to an acute Ioss in cell viability.

Az PSE-D cel oulimes were grown in the dark the
mitochondria-derived ATP represented the main cedlular ATP
source. To test the hypothesis that ES9 and TyrA23 alter
mitochondrial functions, we isolated mitochondria  from
Arabidopsis leaves and performed a series of respiratory
measwrements ex cellulp. Modk treatment did not affect the
mitochondrial dectron transport chain (mETC), because high
respiratory control ratios were maintained (Supplementary
Fig. 4b). Addition of CCCF (1puM) led to a characteristically
rapid and transient increase in the respiratory rate as well as
to a clear uncoupling between oxidative and phosphorylation
reactions within the mETC, as shown by the respiratory control

ratic drop in spite of an ADP addition. Even at low
concentrations, ES9 (1 puM) and TyrA23 (5pM), but not TyrAS51
(5pM), had an effect similar to that of CCCP on respiratory
properties (Supplementary Fig. 4c). The dissipation of the
mitochondrial membrane potential in the presence of ES9 and
TyrA23 was confirmed in vivo in el of the early differentiation
zone of Arabidopsis roots with the MitoTracker Bed CM-H2XRos
dye that stains mitochondra in live cells depending on their
membrane potential®. The mitochondrial labelling was not
affected after mock (DMS0) and TyrAS1 treatments (50pM,
30 min) (Fig. 3b), whereas in cells treated for the same time with
COCP (LuM), ES9 (10pM), AA (20pM), or TyrA23 (50 uM)
lbelling of mitochondria was not detected (Fig. 3b), implying
that the dectron transport was uncoupled or inhibited.

The ahbility of E5% to deplete ATF was also evalnated in
Drosophila and in human Jurkat cells (Supplementary Fig. 4d.e).
Similar to Ambidopsis, ES® (10 pM) depleted ATF in Drosophila
52 cell cultures like COCP (10pM), TyrAZ3 (50 pM), and AA
(5O pM), as well as the otherwise considered inactive analogue
TyrAS51 (50 uM) (Supplementary Fig. 4d). ATF was also depleted
by ES9 (50pM, 3h) in Jurkat cellk grown in the presence
of glucose or galactose to acoount for the Crabtree effect™
[Supplementary Fig. 4¢). Motably, 50 pM of the lmown dynamin
inhibitor dynasore” did not affect ATP concentrations, whereas
Tyra23 and TyrAS1 at 350pM had the strongest effect in
this system. In agreement, TEM smdies revealed swollen
mitochondria in synaptic boutons in Drosophila after ES9
treatment  (10uM, 30min) (Supplementary Fg. 1d) and
neuronal mitochondria labeling with tetramethylrhodamine
ethyl ester [TMREE)™ was greatly impaired in the presence of
ES9 (10pM, 30min) and CCCP (10pM, 30 min), confirming
disruption of the mitochondrial function (Fig. 3¢ Supplementary
Fig. 4f). Taken together, the above results show that ES9, as well
as TyrA23, are potent mitochondrial uncouplers in different
EYSLEIIS,

ATP depletion does not immediately block CME. In metazoans,
AA, oligomycin, and mitochondrial depolarization with CCOCP
have been linked to CME inhibition mainly through a metabaolic
block™**#  In agreement, a redudtion in transferin
internalization in Hela cells (Supplementary Fig. 5a) and in
FM1-43 uptake in stimolated boutons  in Drosophila
(Supplementary Fig. 5bhc) was observed after CCCF and
TyrA23 applications. To investigate whether the ES5%- and
TyrAZ3-induced CME inhibition was triggered by ATF
depletion, we evaliated the effect of CCOCP, AA, and
oligomycin on endocytosis in Arabidopss, given that the CME
inhibitors ES9 and TyrA23 alko depleted cellular ATP. Similar to
ES9 and TyrA23, CCCP (1pM, 30min) induced a complete
inhibition of FM4-64 uptake with an g, of 061 pM, compared
with a IC;, of 36 pM for TyrA23 (Supplementary Fig. 5d-g). In
contrad, the inhibition of FM4-64 uptake, as measured from the
plasma membrane/cytoplasmic signal intensity ratio, was only
slightly affected when FM4-64 was co-applied with AA (50 pM,
30 min) or added after pre-treatment with oligomycin (50 pM,
30 min) and imaged after an additional 30min (Supplementary
Fig. 5d.e). In cells pre-treated with oligomycin, the ATP levels
were similar to those treated with AA, COCF and ES9 (Fig. 3a),
indicating that ATF depletion alone is not sufficient to completely
block FM4-64 uptake in plant cells. Consistently, AA treatment
increased the lifetime of the TML-labelled foci in the plasma
membrane, but did not block their dynamics, whereas the effect
of COCF resembled that of E59 and TyrA23 (Fig. 2ab;
Supplementary Fig. 5h,i). Similar to the effects of ES9 and
TyrAZ3, treatment with COCP (1 pM) alo compromised the
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movement of the TGN/EE and blocked BFA  body
formation (Fig. 2d Supplementary Fig. 3b.d). However, when
seedlings expressing the Golgi (ST-mBFF) or the TGN/EE
(VHA-al-mRFF) markers were treated with AA (20 ubd),
TGN/EE showed a dynamic behaviour comparable to that of
the control, whereas the Golgi moved slower than the
mock-treated sample (Supplementary Fig. 3d). In summary,
these results show that although ATP depletion significantly
reduced the dynamics of the CME machinery and the Golgi and
TGN/EE movements in Arabidopsis cells, it was not the primary
cause of the observed fast CME inhibition by ES9.

Cytoplasmic acidification inhibits CME in Amhr'dupii. The
difference in phenotypes between AA and oligomydn relative to
COCP, TyrA23, and ES9 led us to hypothesize that TyrA23 and
ES9 might act similarly to CCCF as general protonophores,

wrial staining implie= that th
1italaFP pagitive mitoc hondria

pre-treatment, 15min treatment) and 10 ph COCF (15 min)). Reduced

hy drazine
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thereby uncoupling proton gradients throughout the entire cell
and resulting in the addification of the gytoplasm®!. To test this
hypothesis, Arabidopsis seedlings were pre-incubated with Lyso
Tracker Red DND 99, a dye that labels acidic compartments*® for
30min before treatment with the various compounds. Mock
treatment (DMS0) (Supplementary Fig. 5i) and treatments with
50puM TyrAST or 20 uM AA for 30 min had no effect on the Lyso
Tracker Red DND 99 staining relative to untreated cells (Fig. 4a).
However, addition of CCCP (1 pM), ES9 (10pM) or TyrA23d
(50pM) for 30min resuted in a substantial increase of
otoplasmic Lyso Tracker Red DND 99 labdling (Fig. 4a).
suggesting a change in proton concentration throughout the cell,
possibly as a consequence of proton gradient dissipation over the
tonoplast and the plasma membrane. Therefore, we measured the
pH in the vacuole and the cptoplasm of root cells in the presence
of the small molecules. By wing a pH-GFP cytoplasmic marker®”,
a significant acidification of the cptoplasm was ohserved for
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10 pM ESS, 1 puM CCCP, and 50pM TyrA23 (Fig. 4b), whereas
the vacuolar pH was less affected in the presence of the same
small molecules and considerably less affected than the positive
controls, such as concanamycnA (ConcA) treatment and the
genetic removal of the V-type proton pump in the vha-a2vha-a3
double mutant™ [ Supplementary Fig. Sk). Giiven that the vacuolar
pH showed only a modest increase, we hypothesized that
oytoplasmic acddification could be attributed to the inflx of
exrcdlular protons from the acidic apoplag across the plasma
membrane, where the main uncoupling activity of the
compounds might occur. A prediction based on this model is
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that acidification of the oytoplasm and inhibition of CME would
be prevented by increasing the pH of the apoplast. Therefore,
Fi4-64 uptake in the presence of the various compounds was
evaluated in seedlings incubated in alkaline growth medium (pH
7). Increasing the pH of the incubation medium from 5.5 to 7 had
no effet on FM4-64 internalization (30min) (Fig. 4cd). In
contrag, the ability of COCP (1 pM, 30min) or TyrA23 (50 pM,
30min) to block FM4-64 uptake into cells was inhibited in
seedlings incubated in media with a pH =65 (Fg 4cd:
Supplementary Fig. 6g). Intriguingy ES9 treatment (10 pM,
30min) at pH 7 remained sufficient to inhibit Fv4-64 uptake
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(Fig. 4c.d), suggesting that besides acidification, ESS probahly has
additional effects on the process of CME.

As protonophores induce movement of protons across the el
membranes, they also cause a change in the plasma membrane
potential*!, We next addressed the question of whether plasma
membrane depolarization caused by the protonophaores impaired
CME. For this experiment the membrane potential was dissipated
by applying potassium ions (K1) or valinomycin (Valf*=, an
ionophore that binds K1 and facilitates their transfer across lipid
hilayers. To monitor the plasma membrane potential we used the
voltage-sensitive fluorescent dye bis+{1,3-dibutylbarbitric acid)-
trimethine oxonol (DiBAC4(3)1*®. When bound to depolarized
membranes this dye exhibits an enhanced fluorescence and
comversely hyperpolarization is indicated by a decrease in
fluorescence. Medium supplemented with 100mM KCl was
effective in depolarizing the plasma membrane in the epidermis
of Arabidopsis roots as detected by DiB AC4(3) staining [Supple-
mentary Fig. 6a) without cansing cytoplasmic acidification, as
estimated by the pH-GFP marker*’ and the Lyso Tracker Red
DND 99 (Supplementary Fig. 6ab). Application of 10pM Val
also did not affect the optoplasmic pH (Supplementary Fig. 6d.e),
but failed to produce relishle DNBAC4(3) staining in Arabidopsis
root epidermal cells, despite a clear phenotype apparent from the
tranemitted light images (Supplementary Fig. 6c). Val (10pM,
30min) and 100mM KCl application failed to inhibit FM4-64
uptake (Fig. 4cd Supplementary Fig. 6c), yet Val abolished
staining of mitochondria with MitoTracker Red CM-H2XRos,
indicative of its action as ionophore across cellular membranes
(Supplementary Fig. &f). Correspondingly, all three protono-
phores CUCF, TyrA23, and ES9 inhibited FM4-64 uptake in the
presence of 100mM KCl (Fig. 4c.d) at pH 5.5 Increasing pH
gradually in the presence of 100mM KCl delayed, but did not
prevent, FM4-64 uptake in the presence of TyrA23 and CCCP
(Supplementary Fig. 6g). Both COCF and TyrA23 inhibited Fh4-
&4 uptake at medinom pH < 6.5 with or without the presence of
100 mM KX (Fig. 4c; Supplementary Fig. 6g).

Altogether these data suggest that the very fast CME block by
the protonophores is not due to energy depletion, or dissipation
of membrane potential, but largely to otoplasmic addification.

Discussion

Here, we have identified and chamcterized the primary mode of
acion of a small molecule ES9, which inhibite CME in
Arabidopsis, Hela celk and Drosophila neurons. ES9 affected
energy metabolism in all systems in the same manner as the
known AT production inhibitors, Surprisingly TyrA23, a known
CME inhibitor (Supplementary Data 1), ako reduced the cellular
ATP levels. Both ES® and TyrA23 displayed similar effects as
CCCP on mitochondrial respiration and uncoupled ceidation
and phosphorylation in isolated Arabidopss mitochondria.
Likewise, treatments with ES9 or TyrA23 affected the staining
of several mitochondrial dyes in vivo, indicating that they might
depolarize the mitochondrial membranes in different systems.
The similarities in phenotypes echibited by ES9, Tyrd3, and
CCCP suggested that these compounds have similar mode of
action that differs from other mitochondrial inhibitors, such
a8 AA or oligomycin. Indeed, whereas AA and oligomycin are
specific inhibitors of ATP production’>", CCCP is a known
protonophore and non-specific ATF  production  inhibitor,
because it also depolarizes other membranes in the cel®!, As
ES% and TyrA23 mimicked the COCP action in almost all aspects
tested, it might reasonably be presumed that ES% and TyrA23 also
act as protonophores, an assumption supported by the chemical
characteristics of each compound. Like CCCP, both ES9 and
TyrA23 are weak adds (sulfonamide and phenol, respectively)

that can dissociate into a proton and a stahilized, lipophilic
anionic form a physiological pH, thus fiting the classical
biochemical description of uncouplers (Supplementary Fig. 7).
Although TyrA23 & quite hydrophilic relative to  other
uncouplers, its anionic form & probably stabilzed by an
intramolecular hydrogen bond, a known chemical feature in
uncouplers that further increases anion lipophilicity, and thus,
memhbrane Ptrm-:abi]it:,"‘". In contrast, the TyraS1 analogue,
which does not inhibit CME in plant cells, is more hydrophilic,
which may explain its apparent less pronounced effects on
mitochondrial function and cytoplasmic acidification.

Because ATP is required for CME in mammalian cells™, ES9
and TyrA23 might efficiently block CME through ATP depletion.
However, athough oligomydn and AA both reduced cellular
ATF in Arabidopsis suspension cell cultures, they did not block
endocytosis in mot cell to the same extent as ES9 or TyrA23
Previously, a < 5% reduction in ATP content with AA has been
shown to be sufficient to prevent endocytosis of the epidermal
growth factor and the translocation of -adrenergic receptors™, It
is possible that the length of treatments with the metabolic
inhibitors in root cells used in our study did not reduce efficiently
the ATF levels to concentrations low enough to block
endocytosis. However, in yeast cells, depletion of ATP to 1-3%
of the normal level did not inhibit CME, but affected vacuolar
transport™, suggesting that different eukaryotic systems may
have different ATP requirements for CME. Moreover, the
inhibitory effects of ES9 and TyrA23 on CME were rapid
[=1-3min} and faster than the observed drop in ATP leve,
implying that the endocytosis blodk induced by these compounds
cannot be attributed to ATP depletion alone. This condusion is
consistent with the observations in Drosophils, in which defects
in mitochondrial function and reduction in AT levels have no
dear implications in synaptic veside recyding except under
intense stimulation of neurons to mobilize reserve poal vesicles*”.
In ageement, the mitochondrial uncoupler CCCP, like
oligomydn and AA, reduced the FM1-43 dye uptake b it did
not result in the accumulation of huge membrane indusions as
seen when the CHC'™ or dynamin® functions are impaired.

Our data show that optoplasmic acidification (pH=6.5), but
not dissipated plasma membrane potential, is the primary cause
for CME inhibition in plant cells triggered by the protonophaores.
In mammalian systems, acdification of the cytoplasm with weak
acids strongly reduces CME of transferrin and the epidermal
growth factor but has little effect on the uptake of some toxins
and fluid phase endocytosis***, Mitochondrial uncouplers of
adidative phosphorylation are also weak acids that, due to their
ahility to cross membranes in both their protonated and
mprotonated  form, should be much more effective in
perturhing cytoplasmic pH than weak adds that cross a
membrane mainly in their potonated form. Indeed, uncouplers
like COCP have activity at other membranes, leading to cell
acidification and cytotaxicity*™*"*! . Protonophore uncouplers
are commonly used to alter the pH of the endooytic vesides and
lysosomes in mammalian cells* *% In contrast, the use of
protonophore uncouplers to study CME is less frequent becanse
the effects of these compounds across different experimental
systems are variable and, thus, more difficult to interpret.
‘Whemeas CCCF blocks dathrin-dependent transferrin-mediated
iron uptake in rtﬁcu]nqrtﬁ"‘g, CCCP has no impact on the
internalization of fluorescein isothiocyanate-dextran in yeast
cels®, A possible explanation for the differential effects of
protonophore uncouplers on CME might be the difference in
cellular environments of the various experimental systems, as
supported by our observations that the pH of the incubation
media influenced the effect of the uncouplers on the CME
Accordingly, the cytoplasmic pH measurements in Arabidopsis
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suggest that the main proton flow imo the cytoplasm is
established over the plasma membrane, although we cannot
rule out a contribution from the vacuole and other organelles.
Hence, protonophores are expected to induce more drastic effects
in Arabidopsis than in mammalian systems, becanse the pH of the
growth medium differs by more than one pH unit. Interestingly,
an increase in pH of the extracellular environment has been
shown to reduce the protonophore action of carbonyl cyanide-p-
trifhlnmmﬁ]'nx}ﬁcnfmfdraznncjﬂ, a small molecule unooupler
similar to CCCP, at the plasma membrane®!, corresponding to
the observed limitation of CCCP to inhibit FM4-64 uptake at
neutral pH in plant cells (Fig. 4c,d). Further evidence in support
of the cell-wide effects of CCCP, ES9, and TywA23, is the inability
of the mitochondrial electron transport chain inhibitor 44™ to
inhibit FM4-64 uptake, to block Golgi and TGN/EE dynamics, as
well as to canse optoplasmic addification. Acidification of the
oytoplasm in mammalian cells did not reduce the number of
dathrin-coated pits at the cel surface but interfered with the
budding of dathrin-coated vesicles from the plasma membrane as
well as from the TGN*, Interestingly, it has been proposed
that cytoplasmic acidification is required to induce the curvature
of the clathrin lattice™. Whether acidification of the plant cell
oytoplasm has a similar effect on the dathrin lattice stmctume
remains to be determined. Ultrastructural analyss of high-
pressure frozen and freeze-substituted Arabidopsis root cells
treated with CCCP and ES9 did not reveal any detectable
morphological changes in either the plasma membrane the
mitochondria, or the number of clathrin-coated pits, athough
clath r'm-cnatcdrﬂ'm are scarcely detected in these tissues™ (ES9
treatment: 1 dathrin-coated pit/87 pm plasma membrang DMS0
control: 1 dathrin-coated pit'117 pm of plasma membrane)
(Supplementary Fig. 8ab). Experiments in living plant cells
indicated that oytosolic acidification dramatically impaired the
dynamics of clathrin (CHC, CLC) and associated adaptor
proteins (AP-Z, TPC) bt did not affect the dymamics of the
dynamin-related protein, DEFAL These observations support the
hypothesis that, as in mammalian cels***, cytoplasmic
acidification may possibly impair the scission of clathrin-coated
pits in plants. In addition to inhibiting CME dynamics the
protonophones, but not the membrane dissipation agents, cansed
a reduction in PI4.5)P; levels as detected by the PI45)F,
hinsensor and direct measurement of the phosphoinositides
(Supplementary Fig. 2). The loss of PI[45]F; upon protono-
phores application correlated with a strong in witro pH
dependency of the two FI4.5)P,forming enzymes from
Arabidopsis, PIPSK] and PIPSE2 kinases [Supplementary
Fig. 2d), which have been demonstrated to control CME in
Arabidopsis root cells™®, In this context we cannot exclude that
ATP depletion also affected the activation of the lipid kinases
because treatment with AA in time course experiments also
reduced FI(4,51P; levels (Supplementary Fig. 2c). As PIM5IP; is
an important lipid-hinding partner of endocytic proteins in
animalk™, and is required for CME in l:iantr.j'h, we can speculate
that a redugtion in PI45)F; levels will prevent further
recruitment of the CME machinery. Similarly, in mammalian
cells, it was shown that the depletion of PI[4 5)F; realted in a
loss of dathrin-coat components from the plasma membrane™,

Onerall our data support a protonophore-induced inhibition of
endocytosis by ES9 and TyrA23. However, the ES9 activities
differed from the general protonophore effects in terms of
syraptic vesicle recycling in Drosophila, where the phenotype
triggered by ES9 resembled defects in dathin or dynamin
functions'®*?, The inhibitory effect of ES9 on FM4 64 uptake at
more alkaline apoplastic pH was retained, suggesting that, besides
acidification, E5% might also inhibit endocytosis through direct
interaction with the CME machinery. This however remains to be
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determined Owr ultrastructural anabysis of compound-treated
Arabidopsi root cells revealed that both ES9 and CCCP induced
maorphological aterations of the Golgi apparatus and the TGM/
EE (Supplementary Fig &c) similar to the reported effects of
COCP in mammalian cells™®®. Interestingly, only the ES9
treatment  induced the formation of Golgi-endoplasmic
reticllum (ER) hybrid compartments (Supplementary Fg. 8c),
indicative of a non-functional coat protein 1 trafficking®. This
ohservation again points towards targets of ES9 that are
independent from its proton gradient uncoupling activity.

To date, TyrA23 is the most commonly used CME inhibitor in
plants (Supplementary Data 1). This is probably because other
inhibitors of this process in mammalian cells, sich as dynasore,
do not appear to function very efficiently in plants. Given our
results on the protonophoric characteristics of TyrA23, the data
obtained with this inhibitor in plant celk should be evaluated in
light of an acidification-induced block of endocytosis, rather than
interference between cargo and adaptor molecules. The general
endocytosis block cansed by TyrA23 ako argues against the latter.
TyrA23 still might affect cargo recutment by AP-I in
mammalian cells, but in plants the essential biochemical proof
is still lacking, as subtle differences in amino acd composition
and tertiary or quaternary AP-2 structure might compromise
TyrA23 binding. Monetheless, additional effects of TyrA23 on
inhibition of CME through cargo recognition cannot be ecluded
at this point. However, the protonophore activity of TyrA23
overrides any specificity at the level of cargo recruitment by AP-2,
because cytoplasmic acidification impairs CME severely. Unles a
Tyra23 analo iz devel that cannot dissipate proton
gzadimts and cﬁsti]] 'Lntn:rﬁcnf:i ith cargo recruit WEE: ﬂ1cP1§sc of
TyrA23 to specifically inhibit cargo recruitment to AP-2 should
be avoided, at least in plants.

Methods

[Plant material and growth conditions. Arahidopsis thaliana (L) Heynh
{accession Columbia-0 [Col -0]) seadlings and ather lines were stratified for 2 days
at 4 3 and grown vertially on ager plates aontaining half strength Murashige and
Skoog (% MS) medium s upplemented with 1% (wiv) sucrose for 5 days @ 22°Cin
a 16-h light'&-h dark opclle, prior to use. Arabidopsis seedlings were used as aontral
ar for lahelling of mitochondria and acidic compartments. The inllowing marker
lines were used: pTML TML-GFP/tmd-1 {ref 3), pTPLATE-TPLATE-GFP/fplage
(TPLGFPY, pCLCI-CIC1-GFPCola, plLO2 CLC2 GFPYCol0, pCLCS.CICS.
GFR/Col-0, pRPAS ACHCI-GFPICal- 0, p355- APERA 1.GFRCal 0 (ref 21
pAPEM. AP M .GFFigp2m®™, pAFE. APIS.GFR . mRFP-DRP1A,
ST-mEFF¥, VHA-21-mBFPF, P24¥*S and P2IYS, GFP-VAMPTZT fre. 62),
and ABDZ-GFP (ref 29

Expression of GFP-tagged CHC1 and CLC in Arabidopsis. Fntry dones
pDONRR P4 1R_RPES&°, pDONRRPER-P3_GFPsnp, and pDONEEI] entry of
CHCT (At3g11130) were used ingether with pE7m34GW in mutisite Gaeway
reactions {Life Technologies) to yield the pRPASACHO1-GFP construct Far
doning in pDONREE], the CHCI was amplified with primers CHC ifiwd and
CHO rav-nastop. Ta ganerate the pLLCZ-CLO2-GFP avnstruct, 2 genamic
fragment anntaining CLE2 (ARgA0760) and ~ 1.2 kb of DNA upsiream of the
putative ATCE start site of CLC2 was amplified by POR with the bacterial artificial
chramasames (BAC) DMNA F5H 14 a5 a emplate and Neil-forward and Sacf-reverse
primers. The PCR produc pCLEECLCE was doned into pGEM-T EASY
[Promega) by site-direcied mutigenesis (New England Biolabs L On the resulting
mnstruct (pSE1107), the adenasine of the putative ATG start site of AgHT 70,
which iz kncatad within the 1.2 kb CLE2 upstraam sequence, was ddeted and
transcribed an the o pposite strand of CLCZ The rasuling construct pSE1109) was
digested with Nal and Sacl and sub-daned into the Pstl-Sacl sites of the plant
erprassion vecinr pSRE (ref 63) to generate pAE111L The construct aontaining
#he Ctarminally GFPtaggsd CLOI (At2g40060) (pOLCI-CLCGFF) had hean
desaited praviowsh®™ Ta generae the p{LCICLCS-GFP ons trud, a ganomic
fragment anntaining CLES (Atkg518%0) and ~ 1.5 kb of DNA upsiream of the
putative CLOC3 sart site, was PCR amplified with Cold genomdic DA a5 2 emplate
and Sall-forward and SacFreverss primers. The pCLO3.CLCY PCR product was
doned into pZEM-T Easy {Promega) for DNA sequence analysis. The resuling
annstruct {pSE 139 was sub-doned as Sall-Sarf fragment into the Ped-Sacl
restriction sites of pSE34 o generate pSEI404. The pCLC-CLC-GFF and
PRPESA-CHOI-GFP anstructs were transformed into Arabidopsic (acoessian
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Cool-0) wild type plants by the Agrobacteruom fumsfacens-mediated floral dip
meathad™_ The pCLCCLC-GFP and pRPESACHC]-GFP transgmic plants were
sedacied by growth on % M5 agar (06% |wiv]) plates containing 50 mgml —!
lkaamydn Primers used during the doning procedures are listed in
Supplementary Table 1.

Chemical treatments and imaging in Arabidopsis. TyphoainAZS, frrphaostind 51,
alignmyan, antimycind, @rbonyl granide 3-chlomphenylhydrazone, bedkldin A,
valinamydn, Bis{15 dibutdharbituric acid) trimethine oxonnl (THEACA )

and fluoreseein diacetate (all from Sigma-Aldrich) were dissobved in M50
(Sgma-Aldrich), sxcept olipamycin and valinamydn in ethanol. ES9 was aaquired
through Chembridg (hitp//www chembridgeanmf). Endocyinsis was visualized
with appliation of 2pM N-{3-triethylammsond umprop ) §-(4-{diaidamina)
pheny) hexatrieny) pyridinium dibromide (Fidd-64, Life Teachnologies L For
stining of mitochondria, ssedlings were first treated for 30min in 1/4; M3 {a 1:1
dilution of ¥ M5 with water) with the respactive small molembs. Subsequendy,
seedlings wene transferred 1o iquid 1/4; M5 with 250 nM MitoTradeer Rad CM-
HER o (Molecular Probes, Life Technologies) and the respective small maoleo] e
for an addiional 30min. Simiardy, acdic compartments were labellsd with Lsa
Trader Rad DND 93 (Moleoular Probes, Life Technologies) by teating saedlings
with 250 nM Lyso Tracker Red DND 99 in Hiquid 1/4 M5 for 30min. The small
menlacule tregimeent started by addition of the small molacule at the regeactive
amneentration in seedlings in the sohtionmntining Tradker Red DMND 99 for
anather 30min. Seedlings were stainad with DIBACA{Y) {10uM) for 30 min together
with the respective treatments. Ssedlings were imaged on an FVI0 ASW confoal
laser scanning mi croscope (O ympus) witha 60 x water immersion lens (numeTial
aperture [NA] 1.Zyand 3 digita soom. Endocytic fod in W were measurad with
an Ulm View Vox Spinning disc mnfoal imagng sysiem {PeridnElmer) mnning
an the Valodty software padage mountsd an an Edipse Ti imeeried mioasape
(Nikon) with a Fhn Apo Lambda 100x oil MA 145) correcied lens and. third:
gemnemation periea foous systam (FFSIT) for Z-drift anmpensation. Time series were
acquired attwa time paints per sacond imtervals for Smin. Exdtation was done with
asolid-state 458 nm D PSS laser (90 mW) and images were aoquired with an InagEM
CH100-13 512 x 512 hack-fluminated {16 x 16pm pird size) elactron micnsmpy
charge-aupled devie @amen (Famomatm Phoinionics ). Images were:

processed with the Image] software packages (Fijil For kymographs, background
was subtracied with a ralling hall radis of 50 pisels and a walking average of 2 was
applied. Kymographs were generated with a line thickness of 3. Images were ane
wvertad to 8-hit in Image] for FM4-684 signal intensity measurements. Bagions of
imterest (RO[s) were selacted hased on the plasma membane or cyinsol bocaliztion
Histograms listing all intensity whues per ROL were ganerated and the averages of the
100 most intense pixels were used for @lculatons.

ATP measurements. Wild type FEE-D Arabidapric ool cultures werne usad

and maintained as desribed hefore™. Three-day-old cell cubtures were dihuted
100 times and mixed thoroughly bedore distribution of 95ul in S6-wdl plates.
Subs equently, Spl of a 1/50 dihtion of the small molacul e stock s ohdion | = 1,000)
in M5 medinm with Minimal Crganics medinm was added o cells (final dihttion of
* 1,000) with a Freedom EVO robot (Tecan). ATP leves were detected by addition
of 80yl of the ATPlite Isiep Luminescence Assay System [PerkinBmer) after
inaubhation of lls in the presance of small molecule for the indicated time
Pluoresence wa measured witha En'Vision 2104 Mulilahe] Reader [PerkinElmer)
with the Wallac EnVision manager software package. ATP lite huminescanae was
detected with the ultra-sensitive himinescence technology. FDA stock salution
(2% |wiv] FDA in acestone) was diluted 100> in target medium and Spl was
added o 95l cdl cubture. Fluorascance was detected with an exdtation at 485nm
{hand widih 14 nm) and emission at 535 nm (band width 25nmj. The same
procedure appliad for the Dros ophila Schneider 2 (52) el s uspension culures that
were maintained in 5F-900 IT serum-free medium (Giboa) at 25 °C without 0,
and distributed in S%6-well plates for analysis (95pl, 25,000 cdls). The furkat cells
were maintained at 37°C and 5% CO: in BPMI1640 (Giboo) madium and
distribhuted in a similar manner as the 5 cdls

Measurement of respiratory control ratios. Mitnchondria from Arabudapas
leaves were isolated following the previowsly desaibed mathad A, Brisfly, & g of
leaves were ground with a mortar and a pestle, fikered through 2 30pm nylon net
and crude mitnchondria were mncentrated with differential cemrifugations.
Mitachondria were kept on ice prior to respirain ry messurements. Respiration was
messured aconrdin with a clark-type oxygen dectrode (Hansatech) at 25°C
and recorded with a sekonic 55.250F reanrder. Dioxygen ancentration in
air-saturated water was esablished @ 240 ph and a final volume of only 0.5ml] was
used in the cavette. A mix of malate’ghiamate (0.1 M/ M) was chasen as s ubstrate
for the mETC and was injacted to a final dilution of 1/100. Mitachondria
respiration was stimulaed by injaction of ADP {10 mbd) toa final dihetion of 17100,
TyrAZS, TyrAS], and ODCP were sohbilizad with DMS0 and measurements of
only Sul DME0 injacted at the baginning, the middle and at the end of the
treatments were used as ommirols. ndependent extractions were repeaied d-8 times
with consistent resulis. Traces shown are acmal traces obtained with the recorder,
sanned, and digtalized
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Phospholipid level deter mination in Arabidopsis. Phospholipid lewls were
mesured & desoribed™. Rriefly, 7-day-old seedlings grown on 1% [wh) agar
plates enmtaining %MS mednm supplementad with 0.5% (wiv) suorose, 0.1% (v}
2 Nemarpholinajeathane sulfonic acid (MES) and pH 57 (EXOH), were used far the
axpariment. Three s2adlings per sample weare matabaolially labellad by floation
avernight in confinuous light in 200p] 25mM MES buffer pH 57 (KOH) and
ImM K4, sntaining 10 udi of crrier-frae [22P) POJ— . Seadlings were tratad by
addition of 200 ul MES buffer with double concentrations of the wrious inhibitors
ar DME0 & avntrol. Traatments were stoppad attheindiated times by adding 5%
{wiv) perchloric acid. The lipids were extracied and analysed by thin-layer
&mﬁqxﬁﬂ}'ﬁ.mﬁw was visnalzed and quantified by phosphoimaging
(Typhoon FLA 7000; GE Healthare). Fach treatment was done 3-8 times and
repeated twice independently. Lipids levels were normalized with the radinactivity
signal of the ol lipid sample N.-fold dhange and cormesponding fractional
standard daviation were @lulatad by sating the respedtive contral traatment 1o 1.
Statistial differences hetwesn reatments were calmlated by perfarming
independent samples rtasts in TBM SPAS Sutistics (versian 21).

PIFSK1 and PIPSK2 protein expression and enrichment. FIPSE] and PIFSEZ
were racombinantly expressed as mahosehinding protein (MEP) fusions from
PMALSg plasmids (New England Biolabs, Tpswich, MA, USA) in Exherichia coll
Rawettnl cells Starter cultures in 50md of 2¥T media were inoculated with singe
aloniss and grown at 30 °C overnight with shaking ot 300 r.pm. Fxpression ol
tures were innculated at an 0D of (L1 and grown in 300 ml of 2¥'T media {1.6%
|wiv] peptone, 1% [wiv] yeast extract, 0.5% [wiv] NMa(l)in baffled flasks at 37°C
with shaking at 95 rpm. MEP-PTPSK] expression was induced with 1mM iso-
propyl-1-thio-f-n-galactopyranaside (TPTG) & an ODgw of 1.5 MEPR-PTPSEZ
expression was induced with IFTG atan 0D, of 0.7, After indoction the culiures
were shaken at Z8°C and 95rpom. for 4 b Cells were subsequently harvesied by
eentrifugation for 2min at 10,000 Bacterial pellats were resuspanded in 40 ml of
HimM Tris-HCL pH 75, X0mM NaCl, | mM EDTA (buffer A], containing
prodease inhibitor cockil (Sigma-Aldrich) and 1mgml~! lyseyme (Sava
Electrophoresis). After incuhation on ice for 1 h, cells were further dis upted using
a french-press (Ganlin, APV Homogeniser GGmbH) at 1,300 bar. Membrane par-
tides were removed by cemrifugation for 20min at 200007 and 4°C and the
supernatint was kept aold during enzyme purifimtion. MEP-PFIPSK] and MEP-
PIPSEZ were enriched with an dka.-protan purifiation system (i FPLC, GE
Healthare Life Scimnces). Lysates were applied with a flow rate of 1 ml min = anto
2 5ml MEP-Trap alumn (GE Healthare Ll Sciences) aquilibrated with buffer A
The column was washed with buffer A.'B-mmd*mein was duted with 10 mM
maltrse in buffer & ata flow rate of 1mdmin ™"

In vitro test for PIAP S-kinase activity, MEP-PIPSE] and MEP-PIPSEZ actvities
were tesied with 1pg of enriched protein To assay for pH -dependent lipid kinase
activity, 3 thres.companent systam bufler of 50 mM acstic acid, 50 mM MES and
100 mid Tris was used The pH of the buffer was adjusted with HO or NalH by
anaunit increments fram pH 3 o 10, Afer inmbation at reom temperature for
1h, lipid products were atracted as previously described®”. The extracted lipids
were dried, redissobved in 20yl chloroform, and were then separated by
thin-layer chromatography wing silia 560 plates (Merck) and ol anofiarms
methanalammaonium hydroxidewater @ 545%4:11; wviviv) as developing solvent.
Radiolahellad lipids were vimalized by exposing a phosphorimager soeen
(BAS-MP 30405, Fuji) and the axtent of 33P-incorparation was quantifisd by
phospharimaging (BAS. 1500).

TEM of Arabidopss root tips. Arabidopss root ips from S.day.old seedlings
were suhmerged in 200 mM soose 10 mM trehakse, and 10 mM Tris buffer,
pH &4 {ref. 70), transferred into planchettes (3.0 05 mm, Al type Aand K
Leica Microsystems L and frosen in a high-pressure freser FPM100 (l2ia
Miaasysems). Freme substitution was done in 2 EM AFS? unit (Leica
Migosysems) in dry aceinne supplemented with 0L4% (wiv) uramd acetate ot

— 855 for 16h, followed by 5h warmeup to — 505 Afher washing with 100%
{wiv) ethanol for 0 min, samples were infitrated and embedded in Lowicrnd HM20
resinat — 50 °C ntermediale seps of 3, 50, 70% HM30 in ethanol, 1h eadh]
The resin was polymerizad with ulraviolst light for 3 days in the freepe subs titution
unit. Ulrathin sections were cut an 2 ultramicrotome U (Laa Migosysems)
and post-smined with aqueos uramd acettelead Gtrate. Sections were examined
by [EM 1230 TEOL) ar O 100 [Philips) transmission electron. miansanpes, bath
aperating at 80 kV. Micog aphs were reaorded with 2 MAC 00CW ((atan) digital
amera ar by scanning negatives (MACD BEM films TYP 5, &5 »x 9om, ES 2) with
a Perfection V750 Pro siem (Epson).

pH measwements. For cymsalic pll measurements, 4-day-old UB1I0pI-GFP
plant*? were transferred to 2 ml of iquid 4M5 (pH 55, 2151~ M5 abs,
5z 1~ MES) for 30 min with the indiated drugs or mock (DMES0). Imaging was
done with a 700 confoal microscope (Zeiss) with a Plan-Apochromat 20 /08
MIT abjecive lens. pH-GFP was exdied by 405 and 488 nm diode lasers and the
emission was collecied separatedy hetween 500 and 555 nm. The images wers
evaluated in Image] (Fiji) by measuring intensities of hoth channels in six circulars
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ROils par root meristematic anne. Vaouolar pH was meas ured 25 deseribed hefore®
for a 2-h incubation with the indicaied small meolecules.

Statistical tests and generation of graphs. All sttistal t=sts and graphs ather
than boxplots were performed and ganerated using SigmaPlot 13 Bacplots were
generated with the ondine ool BoxPlotB (hitpe/fboxplottyerslab com) from the
Tyers and Bappsilber lboratnries.

Drosophila genetics. Fly stodks were maintained on standard maize meal and
melasses meadium and were abtainsd from the Bloomington Dresophila Siodk
Center (Indiana. University) or from the Leuven Instiie for Neurodsgensrative
Diiszaze (Lenven, Badzmm ™

FM1-43 uptake assay and immunohistochemistry in Drosophila. FRI1-43
lahdling was done 2= deseribed ™! Third-instar wild fype larvas were dissectad in
HL-3 and, before a stimulation proinal, flies were inbated for 30 min in HL-3
supplementad with and withowt 10pM E5% or for 10 min in HL- 3 spplemenied
with 10pM COCP or made (1% [whv] DME0 L Next, neurons were stimulated for
Smin in HL-3 with 90mM K and 1.5mM CaCl, in the presence of FM1-43
{4uM) (Lile Technolagies) with or withowt small molecules. Afier labdling, the
preparation was washed several times with HL-3 applementad with or without
smaal ] molecubes. Imagess were captured with 2 evnfoca microsaope (A 1R, Nion)
with 260 = (NA 10) water dipping lens and a2 4 = anom. The boutonic Fi 143
infensity was quantified with Image] and correctad for badkground labdling in the
mascles . Immunohistochemistry was parformed as " Larvae were
treated in a simdlar fishion as for the FM 143 dye uptake asay withod the
presece of FM 143, Motstimulated animals were haded in HL-3 without small
malecules. The treated fliss were fixed and stinsd with primary anthodias
Alma 555-conjugated sscondary antibodies or Akxa 485-onugaed ssaondary
antibodies (Life Technologies) were used at 1:1,000 Larvae sxprassing HA-tagged
CHC (HA-Che' + ) were shinad with 2 mouse anti-HA antihody (Covance)

at 1:500 and rabbit-anti-z-adaptin a.1'l:l:|1rﬂ].-?J at 12000 (gift from

M Gonzdlez-Czaitin] and Alexa 555-mnjugated ssonndary antibodias. Larvas
expressing PLOS1-PH-GFF under the control of the neuranal nSybzAl4 promater
[PLCALPH.AGFP, nSybhGALAnSyh AL 1 vismlize the Iacalization of
PI{4.5)P; were not double siinad. Super-resalution strudural illumi nation

miT mpy images were aoquired on 2 microscope (Elyra 5.1; Card Feds) with a
a3 x (MA 1.4) qil lns and three rotations at room temperature. The aoquired
images were processed and stored with the ZEN 3011 software (Carl Zeiss)

Phosphatidylinosital analysis in Drosophila WMJs. Third-instar larvas expres.
sing PLCS 1-PH-GFP under the control of the naurana nSybhlALY promsoter
(PLCEL-PHAGFP, nSybGALA Ay GALY) were usad i anale the lavels of

P4, 5P in the MM, Larvae were treated in 2 simdlar fashion as for the FM 145
dye uptake assay without the presence of FM 143, Notstmulated animals were
haded in HL-3 without small molecules. Next, the treated animals wers imaged.
Images were apturad with a confcal microscope (AR, Nikan) with 2 80 =
(HNA 1.0) water dipping ks and a 4 » moom. The awerage GFP intensity in
symaptic bouions of the NM] were quantifisd with Image] and correctad for
hadegraund signals

TEM of Drosophila synaptic boutons of the MM, TEM scperiments werse
performed as described™. First, third -instar wild type larvae were dissected in HL-3
and, prior to 2 stmulation protocol, fliss were incubated for 30min in HL-3
supplementad with and withowt 10pM ES9. Mext, neurons were stimulaed for
5Smin in HL-3 with $0mM E{ and 1.5mM Call, with or withowt small
maolecules. After hibdling, the preparation was washed several fimes with HL-3
supplementad with or withowt small molacules. Mext, the samples were finedind%
marafrmadshyde and 1% glwtaraldshyde in 01 M Na-Cacodylate bufier (pH 7.4)
for 2h at room temperature and subsequently kept in the fndge awmight
Mext, the fixed fllas wene washed fur times for 15 min in a glass redpient with
1M NaCacodvlate, pH 7.4 and subsequently csmicated with 7% osmium
(Oe0/Na-Camdylate buffer) on ice for Zh. Subssquently, samples were wachad
with chilled (L1 M Na-Camdylate buffer for 15 min followed by a 15 min wash
with ddH0. Afer the washing step with dd 1.0, samples were stinad with

2% wanyl-aztats and again washad with ddHAD before dehpdration. After
dehydration with an ethanol seriss samples were placed in propylens axide

for twice 10 min and embedded in Agar 100 (laborimpex, Agar scientific).
Ttrathin sections {70 nm) were ot on an EM UCT ulratome {Laca), collectad on
grids (Laborimpex, Agar Sdentific), matad with Butvar, and imaged with a JEM
1400 transmission dedran micrascape ([EOLL Imagss were aoquirad o 80kV
with an 11 meg-pixd botiom-mounted camera (Cuemesa, Olympus) and
TTEME2 Saftware (Ohympus) at = 10k and = 20k anoms

TMRE labelling in Drosophila. TMEE was used to labd the mitochondrial
me=mbrans potentia as descrined ™. Third-instar larvae with mitachandria in
moinr newrons lahdlad with minFP (DdimitolGFPY + ) were dissected in
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HL-3 and incubated for Mmin in HL-3 supplamentad with and without

10 E59. Subsequently, larvas were tregted for 15min with HL-3 medium
supplementad with 50nM TMBE {Abam) and the approprizie small molacule at
roam emperature. For JDCP treatment, larvae were incubated for 15 min in HL-3
supplementsd with 30mM TMEE and 10 pM COCP or mock (1% [wiv] DMS0L
Fill=ts weare washed with HL-3 and the appropriste small malecule and images ware
apturad by avnfoal] mioasapy (AR, Nikon) with a 80 = (NA 10) water
dipping lens. The TMRE labadling intensity was quamntifisd with Image] First,
22bitmmage of the mitnlzFP channs] was thresholded to select the milnchandria of
the NM]. Subsaquently, the TMREE lahdling intensity was measured in that region

Hela cell aultures, Flala cells wars grown in DMEM (Giban, L tchnalogiss),
supplementad with 10% fdal alif seum (Gibcn, Life Tachnaologies ) and 1%
antibiotics (penicillin/strepiomypcin) ((zibcn, Life Technologies), and maintinad
in 2 humidifisd incubator at 37°C under 2 5% 00, atmasphere.

Live imaging of Helacells. Forthe miooscopy obsarvation of living cells, Hela
cells were placed on 2 MafT & chamber and incubated overnight in 2 humidified
inmbatnrat 37 30 and under a 5% OO0, atmes phere to enable ther attachment to
the coverslip. All tasted onmpounds were dissolved in DMS0 and were diluted ta
the desired mncentration in DMEM medium without el calf serum and without
phenal red ((zibeo, Life Technologies). To stdy the ofiect of different compounds
an endogtasis in Hela cdls, transerrin from human serum, Alsxa Fluor 488
Conjugate (Life Technologies) was implementad. The cdls wene pre-treaied with
the compounds for 30 min 2 37°C and a 8% OO0, atmesphere, followad by the
mxchange of the medium with a fresh ane, cntaining the same ovmpound
mncentration and 25pg ml ~! fluorescendy lbdlad transfearin. maging was done
with a L5M 700 imeerted aonfoal micrascope (Zedss) with a plan-apochromat
40 /1.2 water objective lens for a time period of up to 30 min afier placing the
transfamin-contining schdion on the lls The imagss were quantified in Image]
by measuring the signal intensity of the modc-trested (hetwesn 0L01% [viv] and
0.7% [viv] DMS0) cells and the signal intensity of the compound -treated cdle

Data availability. The authars decare that all data supporting the findings of this
study are aailable within the article and its Supplementary Information fils
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Abstract

Auxin is unigue among plant hormones due to its directional transpor that is mediated by
the polarty distriputed PIN auxin transponers at the plasma membrane. The canalization
hypothesis proposes that the auxin feedback on its polar flow is a crucial, plant-specific
mechanism mediating multiple self-crganizing developmental processes. Heme, we usedthe
auxin effect on the PIN polar localization in Arabidopsis thalliana roots as a proxy for the
auxin feedback on the PIM pelarity during canalization. We performed microarmy expen-
ments ta find regulators of this process that act downstream of awxine We identified genes
that were transcriptionally regulated by awinin an AXRYIAA17- and ARF7/ARF19-depen-
dent manner. Basides the known components of the PIN polarity, such as PID and PIPSK
kinases, a number of potential new regulators were detected, amang which the WRKY23
transcription factor, which was characterized in mone detall. Gain- and loss-of-function
mutants confimed a role for WRKY23 in mediating the awxdn effect on the PIM polarity.
Accordingly, processes requinng auxin-mediated PIN polarity rearrangements, such as vas-
cular tissue development during leaf venation, showed a higher WRKYZ23 expression and
requined the WRKY 23 activity. Our results provide initial insights into the auxin transcrip-
tional network acting upstream of PIN polarization and, potentially, canalization-medated
plant development.

Author summary

The plant hormone auxin belongs to the major plant-specific developmental regulators. [t
mediates or modifies almost all aspects of plant life. One of the fascinating features of the
auxin action is its directional movement between cells, whose direction can be regulated
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by auxin signaling itself. This plant-specific feedbadk regulation has been proposed
decadesago and allows for the self-organizing formation of distingt auxin channels shown
to be crucial for processes, such as the regular pattern formation of leaf venation, organ
formation, and regeneration of plant tissues. Despite the prominent importance of this so
called auxin canalization process, the insight into the underlying molecular mechanism is
verylimited. Here, we identified a number of genes that are transcriptionally regulated
and act downstream of the auxin signaling to mediate the awxin feedback on the polarized
auxin transport. One of them is the WREY23 transcription factor that has previously been
unsuspected to play a role in this process. Our work provides the first insights into the
transcriptional regulation of the auxin mnalization and opens multiple avenues to farther
study this crucial process,

Introduction

The phytohormone auxin plays a key role in many aspects of a plant’s life cycle. A unique attri-
bute of auxin is its polarized, intercellular movement that depends, among other components,
on the polarly lolized PIN-FORMED (PIN} awdn exporters [1-3]. The so-called canalization
hypothesis proposes that auxin actsalso as a cue in the establishment of new polarity axes dur-
ing the polarization of tissues by the formation of self-organizing patterns due to the formation
of narrow auxin transport channds driven by the polarized auxin carriers from an initially
broad domain of auxin-transporting cdls [4-6]. Canalization has been implied to mediate
multiple key plant developmental processes, including formation of new vasculature [7],
regeneration after wounding [£ 9], and competitive control of apical dominance [10-12].
Whereas the molecular details of canalization are largely unlmown, the key constituents are (i)
the feedback regulation ofthe auxin transport directionality by awxin and (i) the gradual con-
centrating and narrowing of anxin channels [4]. The anxin feedback on the transport direc-
tionality can be realized by the awxin impact on the PIN polarity [£] and might be rdated to an
awnn effect on clathrin-mediated internalization of PIN proteins [13, 14], but the connection
is still unclear [15]. Presumably, this feedback regulation of the PIN repolarization also plays a
role in the establishment of the embryonic apical-hasal axis [16, 17], during organogenesis
[18], and termination of shoot bending responses [19].

Auxin feedback on the PIN polarity an be experimentally approximated by PIN polarity
rearrangements after auxin treatment of Arabidopsis thaliana roots. Under standard condi-
tions, PINI is localized atthe basal (root-ward) sides of endodermal and pericyde cells and
cells of the vascular tissue [20], whereas PINZ exhibits a basal polarity in the young cortex cels,
but an apical (shoot-ward) polarity in epidermal cells [21, 22]. After treatment with auxin,
PIN1 changes from predominantly hasal to also inner-lateral in endodermal and pericycle
cells, whereas PIN2 undergoes a localization shift from the basal to also outer-lateral side of
cortex cdls [£]. The exact molecular mechanism and biological significance of this effect is
unclear, but ithas so far successfully served as easy, experimentally tractable proxy for awxin
feed-back on PIN polarity [2]. It depends on the transcriptional SCF™'- Au/[AA-ARF auxin
signalling pathway [23]. In brief, upon anxin binding to the TIR1/AFE receptor family, tran-
scriptional repressors and co-receptors of the Aug/IAA class are degraded, in turn releasing
auxin response transcription activators of the ARF family [24, 25].

Ina heat-shock (HS)-inducible H:axr3-1line expressing a mutated, nondegradable ver-
sion of the IAAT7 transcriptional repressor [25, 26], as well asin the arf7 arfl9 dooble mutant
defective for these two functionally redundant transcriptional activators expressed in primary
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roots [27], awxin is no longer effective in mediating FIN polarity rearrangements in the root
meristem [£]. These results suggest that transcriptional auxin signalling regulates the cellular
abundance of so far unknown regulators, which, in turn, modify subcellular sorting or traffidk-
ing pathways and other polarity determinants, ultimately leading to changes in the polar FIN
distribution.

In this work, we @arried out an expression profiling experiment in Arabidopsis roots to
identify potential regulators of the PIN polarity that are transcriptionally regulated by auxin
signalling. We identified several novel regulators and characterized in more detail the tran-
scription factor WEEY 23 and its role in awdn-mediated PIN polarization, thus providing ini-
tial insights into a molecular mechanism of the auxin feedback on the directional auxin flow-
one of the key prerequisites of @nalization.

Results

Microarray-based identification of components mediating auxin impact on
PIN polarity

The rationale behind the microarray approach was to search for genes that were (i) regulated
by auxin in roots under conditions when auxin changes PIN polarity and (i) ther awdn regu-
lation is mediated by the [AA17 (AXE3) transcriptional repressor. First, to look for auxin-
induced genes, we matched data from MAA-treated and untreated heat-shocked wild type
(WT) Columbia-0 (Col-0) control seedlings and found 523 auxin-induced genes, with a mini-
mum of two-fold difference. Asin the HS:@er3-1 line under the same conditions awdn fails to
induce PIN polarity changes (Fig 1.4 and 1) [£], we compared heat-shodwed and auxin-
treated Col-0 seedlings to similarly handled HSzaxr3-1 seedlings, expressing the auxin-resis-
tant version of [AALT (AXR3) and we identified 667 genes (Eig 1C). The overlap of this set
with the 523 auxin-induced genes yiedded 245 genes induced by auxin and regulated down-
streamof LAAT7 (51 Table), incloding PATELLINZ and PATELLING that encode phosphatidy-
linositol transfer proteins, concomitantly characterized to be crocial for the regulation of
embryo and seedling patterningin Arabidopsis [28]. Further comparison with published
microarray data on arf? arff¥muotant seedlings [29], which are also indfective in rearranging
the PIN polarity [8], yidded a final listof 125 genes (52 Table}, of which some had previously
been found to be involved in PIN polarity regulation, i nduding the AGC3 kinase PINCGID
(PID). and its homologs WAG] and WAG2 are known to phosphorylate PIN proteins [30],
contributing to the control of their polar distribution [31-33]. Nevertheless, overexpression of
PiDywas shown to be dominant over the auxin-induced PIN lateralization [8]. Another identi-
fied candidate with a known role in the PIN polar distribution was the phosphatidylinositol-
4-phosphate 5 kinase PIPSK1. This protein, together with its close homolog PIPSEZ, is
enriched on basal and apical membrane domains and they are required for PIN trafficking
[34, 35] and localization [36, 37]. Other candidates for polarity deter minants include several
previously known players in anxin-mediated plant development, such as RULIL, alendne-rich
repeat receptor-like kinase regulating @mbium formation, a process linked to PIN polanity
control [38].

Aunxin-dependent PIN lateralization in the root meristem requires a rather prolonged awxin
treatment [£], hinting at the involvement of a whole @scade of transoriptional processes.
Therefore, we looked for additional auxin-induced transoription factor (TF) genes, which,
hased on their analogous behaviour in similar experiments and on their known functions,
would be potential candidates for having a role in auxin-mediated development. The list of
candidates contains &g MINIZINC FINGERT (MIF1), affecting auxin responses during
ectopic meristem formation [39], but alko WRKY23, WRKY genesbelong to a plant-specific
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family of 72 TFsin Arabidopsts, typically associated with plant defense processesand plant-
pathogen interactions [40]. These genes were named by a shared sequence motif of 80 amino
acids containing a conserved domain of seven invariant amino acids (WRKYGQE) [41]. The
WHEYGQE motif provides a high binding preference and contacts a 6-bp DMA sequence ele-
ment-the W-box ("TTGACT/C) contained in target gene promoters [40, 42]. Distinct WEREY
TFs have distinct selective binding preferences to certain W-box variants [43]. The role of
WHEY23 has been established in plant defence processes during plant-nematode interactions,
but also in auxin transport regulation by flavonol biosynthesis that affects root and embryo
development. In Arabidopsis embryos, the WRKY23 expression attenuates both auxin-depen-
dent and auxin-independent signalling pathways toward stem cdl specification [4£4-46]. In
addition, WRKYZ3 is unique within its gene family, because none of the other WRKY genes in
these experimental conditions was responsive to auxin and, thus, present in the gene selection
(52 Table). In this work, we focused on one of the transcription factors fulfilling our selection
criteria, and investigated the role of WEEY 23-dependent transcriptional regulation in amin-
dependent PIN repolarization.
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WREKY23 expression is regulated by auxn signalling

First, we confirmed and analysed the auxin regulation of WRKY23 expression. Fromoters of
auxin-indndhle genes typically contain tandem-localized auxin response elements {AuxREs)
that are recogn ised by auxin response factors (ARFs) [47, 48]. ARFs dimerize to act as molecu-
lar @mllipers and provide specificity to the auxin-dependent gene regulation by measuring the
distance of AuxREs in the element pair at the promoter [48]. The length of the intergenic
region between the 3-UTR of the previous gene UPBEAT ( UPE; At2g47270) and the 5-UTR
of WRKY23 (At2pd7260) is 4.5 kbp. The predicted 2.4-kbp WRKYZ3 promoter by the AGRIS
tool [49] contains 10 AuxRE and AuxRE-like sites and the extended promoter of 3.2 kbp used
for native promoter fusion construct [44] contains two additional AuxRE sites (Fig 2A). Such
a density of awdn -regulatory sequences in the promoter makes direct regulation by AREF-
dependent auxin signalling a plausible scenario.

In accordance with these results, we found that WRKYZ23 is auxin inducible in a dose- and
time-dependent manner. When we treated Arabidopsis seedlings with 100 nM NAA for 4h,
the WRKY23 transcription increased 2-fold, and 1 pM NAA led to a 6-fold increase (Fig 2B).
Time response experiments at the consensus concentration of 10 pM NAA used in PIN lateral-
ization experiments [£] revealed that the WREKY23 transcription starts to inorease approxi-
mately after 1.5 h of auxin treatment with a stronger increase after between 2 and 4 h (Fig 2C).
This relatively slow auxin-mediated transcriptional regulation of WRKY23 is well within the
time frame for the auxin-mediated FIN lateralization that also oours strongly only after 4 h
[£]. The dependence on the auxin signalling was further supported by the compromised
WREYZ3 auxin inducibility in the HS:ar3-1 and arf7 arfl ¥mutants (Fig 2D and 2E). These
results show that the WRK Y23 transcription depends on the SCF™ - Aux/IAA-ARF auxin sig-
nalling pathway and confirm WRKY23as a candidate regulator of auxin-mediated FIN
polarization.

A transgenic line harbouring the widA reporter gene (or GUS-coding gene) under the con-
trol ofa 3.2-kb upstream sequence from WRKYZ3 {WRKY23:GUS), whose expression pattern
has previously been confirmed by in sitn hybridization [44, 45], revealed that auxin induces
the ectopic expression of WRKY23 in root tissnes, partly overlapping with root regions, in
which the PIN lateralization can be observed (516G and S1H Fig). Without auxin treatment, the
expression pattern of WRKYZ23 partially overlaps with the DR5 auxin response reporter (5100
and 511 Fig) and auxin distribution as revealed by anti-14 A immunolocalization [44, 45, 50].
Previously, WRKYZ3 hasbeen shown to be expressed in all apical cells of an octant stage
embryo and at heart stage to be detected in both the root and the shoot stem cell niches (510
and 51E Fig) [48], possibly indicating that WRKY23 has—besides its role in root development
—also a function in shoot development. We found WREY23:GUS expression in pollen grains
(S1C Fig), the shoot apical meristem (SAM) (1A Fig and Fig IF), as well as at the hydathodes
of cotyledons (S1F Fig), coinciding with known anxin response maxima [51]. Sectioning the
SAM revealed spedfic WRKY23expression in the L1, L2, and L3 layers (514 Fig). WRKYZ3
promaoter activity was prominently associated with the vascular tissues of lowers, cotyledons,
and leaves (518 and S1F Fig and Fig 2G). Notably, the WRKY23 expression mirrored the pat-
tern of devdoping leave vasculature with the highest ecpression in cdls adjacent to the differ-
entiated xylem (Fig 2G) and were detected in a venation-like pattern even before any
morphological changes typical for the differentiated vasoulature were visible (Fig 2F and 2G).
In the previous, external auxin source-mediated canalization experiments in pea stems, the
PIN channels were preceding the formation of vasculature and later the differentiated xylem
formed adjacent to the PIN channds [11]. Thus, the WREY23 expression pattern in
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Fig2. WEE Y25 acts downstream of the Aux/TAA —ARF auwin pathway and marks devel oping vasculature. (A4 )
Schematic depiction of WREKY23 promoter; AuxRE and AuxFE- likeresponse elements are shavn as triangle: (B and
C) WRKYZS transcript levels depend on auxindoss and treatment time. qRT-PCR analysis of WEKT2Z3 expression
afiera 4 hireatment with different mncentrations of MAA (B and afier different retment fimes with 10 ubd HAA
{C). TUBZand SLR/IAA 14 are shown 6 negative and pasitive controls, respectivedy. Valus repressntrdativefokd
change of expression. Errar bers representstndand deviation (see Materials and Methods for detailed descripion). (D
and E) WREY 23 expression depends on the SCF™ ™ Aux/IA A-ARFsignalling pathway. qBT-PCR mnfimation of the
micrarmy experiments howing the expression of WREY23 and genes previously connected to PIN polarity in HE:
arxd-1 (D, and in arf7 @rfl 9 doublemutant plants {E). Vahues represent relative inld clange. Ermor bars indicate
standard deviation (se= Materials and Methaes for detailed description. (F, ) Expression of WRKYZ23=GUS in the
shot apical meristem (SAM) and inthe presumptive leaf vascubiturs (). Besides strong activity in the 5 AM, GUS
staining overlaps with, and partly precedes, the appearanceof differentiating vascular strands in young lemves. Two
representative plants in consscutive developmentl seges are shown. Patchy ecprassion of WRKY23-GUS in the
vasculature of young developing truel mves { Gl Arrowheads inF and Gdepictares with GUS activity presumably
coinciding with futurevasaular strands that are nat morphalogically discernible yet.

hitps:/ ol omy 10,1371 foumel.pgen 1007177.9002

Arabidopsis largely overlaps with presumptive PIN channels being consistent with a role of
WREY23 in venation patterning of leaves-a process regulated by the polarized awdn transport
(51,52}
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In summary, the presence of auxin-responsive elements in the promoter, the auxin-
inducibility of the WRKY23 expression together with its dependence on AXR3, ARF7 and
ARF19 activities indicate that the WRKY23 transcription is regulated by And/lAA- and ARF-
dependent auxin signalling. [n addition, the association of the WRKYZ3 expression with devel-
oping vasculature is consistent with a possible involvement of WEEY23 in the auxin-mediated
PIN polarization process.

WRKY23 gain-of-function leads to PIN1 and PIN2 lateralization

MNext, we tested whether an altered WREY23 expression or activity affected the auxin regula-
tion of the PIN1 and PIN2 proteinlocalization. A strong constitutive overexpression of
WREY23 was obtained by means of a GAL4-VP 16- UAS transactivation system (RPS5A> =
WREY23) [45 46, 53]. The 355 promoter-driven WREY23 line { 355: WREKY23) as well as
also 355 promoter-driven dexamethason e-ghicocor ticoid {DEX/GR) receptor system [ 358:
WREY23-GR) were used for constitutive overexpression, eventually, with inducible nuclear
localization [45, 46]. Constitutive overexpression of WRKY23 had an impact on the PINZ
but not PIN1 polarity. It caused the PIN2 lateralization in rootcortex cells, to some extent
mimicking the application of auxin (Fig 34 and 38). Subsequent treatment with NAA further
increased lateralization of PIN2 in cortex cells and caused inoreased lateralization of PINI as
compared to wild type (Fig 3A and 3B and 52C and 52D Fig). An inducible WRKY23 gain-of-
function line had a similar effect: seedlings of a 355: WRKY23-GRline treated with DEX to
induce WHEY23-GR translocation to the nucleus, resulted in PIN2 but not PIN1 lateralization
in the cortex cells. Again, additional NAA treatment had an additive effect on PIN2 lateraliza-
tion and cused a stronger FINI lateralization than as seen in the wild type (53C and 530 Fig
and 52C and 52D Fig).

Thus, both constitutive and inducible WRKY23 gain-of-function consistently led to PINZ
lateralization and increased the auxin-mediated PINT and FIN2 lateralization.

Repression of WRKY23 activity abolishes the auxin effect on the PIN2
polarization

In complementary experiments, we tested the downregulation effect of the WREKY23 function.
The large WREY family of homologous proteins has an extensive functional redundancy among
individual members [54]. As the functional compensation of wriy23 loss-of-function by other
members was likely, given the large size of the WRKY gene family, we used a dominant-negative
approach with the chimeric repressor silenang technology [55]. This technology isbased on a
translational fusion of an activating TF with the repressor domamn SRDX, thus inhibiting the
expresion of target genes. The transactivation activity of WEREY23 had previously been verified
in a tobacco transient expression assay, in which the adtivating or repressing potential of the TF
fused to (GAL4 had been chedwed in the presence ofa UAS: Luciferase construct [45].

Plants expressing WRKY23-5RDX under both the native and constitutive promoters
showed a clear auxin insensitivity in PIN2lateralization, namedy the auxin treatment did not
lead to lateralization when compared to the controls (53A and 538 Fig). Notably, PIN1 laterali-
zation did not change visibly after NAA treatment (52 and S20 Fig).

wrky23 partial loss-of -function mutants are defective in auxin impact on
the PIN polarity

To investigate intrafamily redundancy and to assess specifically the role of WREY 23 on the
auxin effect on the PIN polarity, we isolated two T-DNA insertional mutants in the WRKYZ3
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Fig 3. WREY2S i raguired fora uxn -mediated FIN latera lization in the mot. [A) Immunolocalization analysis of FINZ without or after
NAA (4h, 10 pM) reatment in WT Cal-0 and RPS5A> = WRKYZ3. Armvwheads highlight PIM2 polarity. epl, epidermis; co,contex. (B)
Cruantitative evaluation of {A) showing meanratioof PIN2 Lhiera -to-hasal signal intensity in cortex od ks Note that PIN2 hteralization in
RFE5A> > WRKYZ3 oot is increased even withow auxin that still remains effect ve. Ermor bams indicate standard ermor. A One-Way ANOVA
test comperal marked sets of dat [*** p 001; 235 celk mmesponding toa minimmum of 10 roots per treatment and experiment wene
imaged under mmparable conditions). () Immunal ocalization malysis of PIM2 without or with NAA trestment in WT Col-0 d w23
muints. Armwheds highlight represenative examples of FINZ polarity in the. epi, epidermis; a, cortex. (V) Cruant aitive evahationo the
experiment in () showing mean ratiood PFIN2 |ateral- 1-baal signal intemsity in endodermal. Error bams indicate standard ermor. A One-Way
AMNOVA test comperal marked sets of data (* p<0U0S *** p=00001; r2 100 @lls cormesponding to 2 minimem of 10 mes per treatment and
experiment were imagal under comperable conditions). Experiments were carmied out 3 imes; one representtive experiment is presended ).

g1 0137 1foumalpgen. 104071 77 g3

locus, designated wrky23-1and wrky23-2 (Eig 44). The quantitative reverse transcription-poly-
merase chain reaction (qRT-PCR) analysis revealed that both aleles are knock-downs,
wrky23-1 having more downregulated expression (Fig 48).

Similarly to the WRKYZ23-SRDX lines, both wrky23 mutant alleles showed a reduced
PIN2 lateralization response to auxin treatment and, additionally, also reduced PINT later-
alization. Specifically, following the NAA treatment, the PIN1 and PIN2 lateralization in
root endodermal cells was diminished in the wrky23-2 weaker knock-down and, even
more 50, in the stronger wrky23-1 allele (524 and 528 Fig and Fig 3C and 30). The
ohserved opposite effects of WRKY23 gain- and loss-of-function on the PIN lateralization
suggested that WREY23 plays an important role in the auxin-mediated PIN polarity

rearrangemen ts.

LA00MTTT  Januwary 29, 2018 &8s
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JUTR

c 5'UTR
[%] BD  UD EL L HS
Cal-0 44 19 0 11.7 0
WRKY23-SRDX B’ 3 136 45
ISSCWRKY23-S5RDX 563 283 7 O 14,1
wrky23-1 538 77 19 %5 0
wirky23-2 556 67 0 155 2.2
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Fig 4. Isolation and characterization of wrky23 mutants. (A) 5chematic representation of the WREKY23 kocus. Exons are
represented by boxes, whileintrons are shown as lines. Coding regions are filled with dark grey. Exad locations of the T-DNA
insertions are depictal. {B) qRT-PCE analysis of WREKY 23 expression in the isolated mutant lines. Bebiive expresion vaues are
narmalized tothe level deteted in WT Col-L S Materials and Methads for more deails. (C) Bvahation of otylsdon vasculature
defects in WRKY23-5RIK, 358 WRKY23-5R DX and wrkpZd mutants. & Cme Way ANOVA test mvmpared marked st of data {*
DS *** peol ;w50 cotyladons). (D) Schematicrepresentation of cotyledon vasaulature pattern. 11, first loop; 12, second
kop; v, midvein. Yellow and red bax delineate UD and ED e of evaluating. (E) Representative images of analysed vasculatune
deleck. (F) Representative images of immunolocalization analysis of FIN1 indeveloping young first leaves. In the WT, FIN 1 shows
typial pelarimtion, whereas in wrip23-2mutant this polariztion is abolished . Atlext 50 leaves per genotype were anal ysed.

hittyped'doi org 10,13 71/ ipumal.pgen. 1 007 177 g 004
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WREYZ23 plays a role in PIN polarization during venation patterning

The importance of a tight PIN polarity regulation for directional auxin fluxes and plant growth
and devdopment has been demonstrated previously [2, 3]. Therefore, we analysed the pheno-
types related to FIN polarity or awxin transport in transgenic lines with an altered expression
or activity of WRKYZ3, 3558 WRKY23 overexpressing plants show growth retardation and root
meristem patterning defects [45]. Also, dominant negative lines showed severe defects in lat-
eral root organogenesis [45]. Both WRKY23-3RDX and 355: WEKY23lines had shorter roots
than those of Caol-0 (544 Fig) and WREY23-5RDX showed defects in gravitropism, similar to
those observed in the auxin transport mutant pinfeir] [56, 57]. Notably, native promoter-
driven WRKY23-5ROX displayed a significant increase inlateral root density (S48 Fig). Mota-
bly, none of these phenotypical defects, including root meristem disorganization, root growth
inhibition, and lateral root development alteration, were observed in the wrky23 mutant alleles
(544 and S48 Fig), suggesting that these more pleiotropic defects are not related to the
WEEY23 action spedfially, but they could reflect a broader role of the WRKY gene family in
plant development.

The canalization hypothesis proposed that the leaf venation pattern depends on the auxin
feedbadk on the PIN polarity [58]. We analysed several features of vascular defects in cotyle-
dons.~bottom disconnectivity of 12 vein loops (BD), upper disconnectivity of 11 vein loops
(UD), extra loops (EL), less loops (LL) and appearance of higher order structures (HS) (Hg
4C-4E). In plants expressing WREY23: WRKY23-SRDX and 358: WRKY23-5RIDX, we
observed vasculature patterning defects manifested by increased incidence in BD, HS and EL
On the other hand, both wrky23-1 and wrky23-2 mutant alleles showed more defectsin UD
and LL (Eig 4C).

Mext, we tested the PINT polarity during vascular tissue development by means of anti-
PIN1 antibody staining on young first leaves, In the WT leaves, the staining revealed a pro-
nounced PIN1 polarization along the basipetal (rootward) direction (54C Fig). In the 3552
WREYZ3 and WREKY23-8RDXlines, the typical PIN1 polarity was partly or completely abol-
ished in some veins or their parts (S4C Fig). Similar PIN1 polarity defects were also found in
wrky23-1 and wrky23-2lines (Fig4F and 54C Fig). The venation defects might be inter preted
in terms of defective canalization (as suggested by the PINI polarity defects), although the
venation defects differ somewhat from defects induced by auxin transport inhibition [31, 52].
This chservation indicates that interference with the PIN polarization does not have the same
consequence as inhibition of PIN auxin transport activity.

In summary, our genetic anaysis revealed that from the numerous functions of the WREY
family in the regulation of plant development [45, 46], WRKY23 is more specifically involved
in auxin-mediated PIN polarity rearrangements and leave venation patterning.

Discussion

Classical experiments have led to the formulation of the so-called canalization hypothesis that
proposes an auxin feedback on the awxdin transport and consequent formation of auxin chan-
nels as a central element of multiple sef-organizing developmental processes; in particular for-
mation and regeneration of vasculature [7]. In @nalization, the auxin transport through an
initially homogeneous tissue follows a self-organizing pattern, leading from initially broad
fields of awxin-transporting cells to eventually a narrow transport chan nel, consequently estab-
lishing the position of future vascular veins [G]. This hypothesis [4, 5] is further supported by
successfil modelling efforts based on the concerted cellular polarization via a feedback mecha-
nism, by which awxin influences the directionality of its own flow by polarity rearrangement of
auxin carriers [6, 15, 59-62]. Most of these models rely on hypothetical propositions, such as
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auxin flux sensors or direct oell-to-cedl communication, giving testimony of our lad: of under-
standing how @nalization works mechanistically. However, the auxin impact on the PIN
polarization has been experimentally demonstrated in different contexts and this effect has
been shown to rely on the transcriptional gene expression activation through anxin signalling
[ 9,11, 19].

Our transoriptional profiling experiments on auxin-dependent PIN rearrangements in Ara-
bidopsis roots provide insight into the transcriptional reprogramming during anxin-mediated
PIN polarity rearrangements and identify potential downstream molecolar components in this
process, including established PIN polarity regulators, such as PID, PIPSE, and PATELLINS
[28, 30, 37, 6.3], validating the soundness of the experimental concept. Among a number of
novel components awaiting further charactenization, we also found the transcription al activa-
tor WRKYZ3,

WREY23is an auxin-responsive gene. The local upregulation of the WRKY23 expression
following the auxin application is consistent with a possible involvement in the PIN repolariza-
tion process. The WRK Y23 transcription is induced by auxin in a dose- and time-dependent
manner and it is reminiscent of the expression pattern of the DR5rev anxin signalling reporter.
Notably, WRKY genes are traditionally known to be involved in defensive processes in plants,
More and more, thislimited functional spectrum has been broadened by studies uncovering
the imvolvement of these TFs in developmental and physiological processes other than plant
defense [45, 46, 64, 65]. In the case of WRKY23, besidesa role in plant-nematode interaction
with subsequent activation of anxin responses, participation in anxn transport through flavo-
nol synthesis in the root aswell asa fanction ina mp'bdi-dependent pathway in embryo devel-
opment have been demonstrated [44-46].

We show that WREYZ23 15 a cruaal factor required for auxin-mediated PIN polarity rear-
ran gements, because gain-of-fundion and dominant-negative WRKY23lines as well as wrkyZ3
mutants were strongly affected in this process. These defects at the cellular levd revealed by
the exogenous auxin application appears to be developmentally relevant, because wrky23
mutants are defective also in the PIN1 polarization process during vascolar tissue formation of
leaf venation and consequently in vascular tissue formation. Notably, increased PIN2 bot not
PINT lateralization in the WREY2Z3 overexpression lines and PIN2 but not PIN] insensitivity
to auxn treatmentin WREYZ3-SRDX lines indicate a partly diver ging mechanism controlling
PINT and PIN2 relocation. This is consistent with reported differencesin PIN1 and PIN 2 traf-
ficking mechanisms [66].

Our results also sugpest that WREYZ3 is a critical player in auxin feedback on FIN polar
localization. As a TF, WRKY23is probably notdirectly involved in regulating localization of
transmembrane proteins, such as PIN proteins, Instead, this work opens avenues for futore
studies revealing the WREKYZ3-dependent transcriptional network. The identifiation of
WREY23 and its role in the auxin feedback on the PIN polarity along with other established
PIN polarity regulators proves that our transcriptomics dataset can be mined in the future to
identify additional regulators. Ultimately, it will provide insights into the molecular mecha-
nism of this key aspect of the canalization-dependent regulation of plant development.

Materials and methods
Plant material and growth conditions

All Arabidopsis thaliana (L.} Heynh. lines were in Columbia-0 {Cal-0) background. The inser-
tional mutants wrky23-1 (SALK_003943) and wriy23-2 (SALK._38289) were obtained from
NASC and genotyped with the primers listed in 53 Table. The arf7 arfi9 double mutant and
the HS :aer3-1 transgenic line have been described previously [26, 29] as well as the DR 5:GUS
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[18] and PINI-GFP [67]. For RPS5A > WRKYZ3analyses, the F1 generation of a RPS54z:
GALVPI6[53] = UAS: WRKY23 [45] cross was analysed and compared with the F1 genera-
tions from the UAS: WERKY23 « WT Cal-0 and RPS5A2GATIAVPIS » WT Col-0 arosses,
WRKYZ23:GUS, 355:WREY23-GRI55: WRKY23, WRKY23: WRKY23-5RDX, and 3552
WREYZ3-5SRDX have been described previously [44, 45]. Seeds were surface-sterilized over-
night by chlorine gas, sown on solid Arabidopsis medinum (AM+; half-strength M5 hasal salts,
1% [wiv] sucrose, and 0.8% [w/v] phytoagar, pH 5.7), and stratified at 4°C for at least 2 days
prior to transfer to a growth room with a 16-h light/8-h dark regime at 21°C. The seedlings
were grown vertically for 4 or & days, depending on the assay.

Arabidopsis seedlings were treated with auxin or chemicals in bquid AM+ at 21°C ina
growth room with the following concentrations and times: for @-naphthaleneacetic acid
(NAA; Sigma-Aldrich) at 10 pM for 4 h; decamethasone (DEX; Sigma- Aldrich) 10 pM for 24
h. Mock treatments were done with equivalent amounts of DMSO.

Microarray analysis

Wild type Col-0 and HS:axr3-1 seeds were grown vertically on AM+ plates for 5days. We
applied a 40 min heat shock at 37°C to the seedlings, followed by a 1.5-h recovery at normal
growth temperature. Subsequently, the seedlings were transferred to liquid AM+ and treated
with 10 pM NAA or DMSO for 4 h. Afterward, the lower third of 100-130roots from each
treatment was cut off, frozen inliquid N,. RNA was extracted with the RNAeasy mini kit (Clia-
gen). Probes were prepared and hybridized to the Arabidopsis ATH1-121501 gene expression
array (Affymetrix) as described [G68]. Expression data for Cal-0, HS:axr3-1,both NAA and
mock treated, had been deposited under the ArrayExpress number E-MEXP-3283. Expression
profiling data for arf? arf19{ArrayExpress: E-GEOD-627) have been published previously
[22]. Raw data were pairwise analyzed with the logit-t algorithm [69] with a cutoff of p = 0.05.

RNA extraction, cDNA synthesis, and quantitative RT-PCR and analysis
RMA extraction, cDMNA synthesis, and quantitative (q)RT-PCR were done as described [37].
Sdected candidate gene transcript levels were quantified with qRT-PCR with specific primer
pairs, designed with Primer-BLAST (http/fwww.nchi.nlm. nih. gov/tools/primer-hlast). Tran-
script levels were normalized to GAMMA-TUBULIN 2 (TUB2; ATSG05620), which was consti-
tutively expressed and anxin independent across samples. All PCRs were run in three
hiological replicates per three technical repeats. The data were processed with a gR T-PCR
analysis software (Frederik Coppens, Ghent University-VIB, Ghent, Belgium]. Primers used in
this study are listed in the 53 Table.

Whole-mount in situ immunolocalization, microscopy, and quantitative
PIN relocalization analysis

PIN immunolocalizations of primary roots and young leaves were carried out as described
[70]. The antibodies were used as follows: anti-PINT, 1:1000 [13] and anti-PIN2, 1:1000 [71].
For primary roots, the secondary goat anti-rabbit antibody coupled to Cy3 (Sigma-Aldrich)
was diluted 1:600. For young leaves, the secondary goat anti-rabbit antibody coupled to Alexa
Fluor 488 (Sigma-Aldrich) was diluted 1:600. For confocl microscopy, a Zeiss LSM 700 confo-
cal microscope was used. The PIN rdocalization was quantitative analysed as described [£], at
least 3 experiments were performed for each observation. Note that the ahsolute levels of the
FIM lateralization index may vary between individual experiments (depending on the anti-
PIM signal strength), but the relative differences are always consistent.
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Phenotypicanalysis

All measurements were done with Image] ih i /ii}. For the rootlength anal-
ysis f-day-old seedlings were scanned and root kngthj were measured. For the lateral roots
analysis 10-day-old seedlings were scanned and lateral root density was calculated from ratio
number of LR (root length,

Histological analyses and microscopy

To detect fglucuronidase (GUS) activity, seedlings were incubated in reaction buffer contain-
ing 0.1 M sodium phosphate buffer (pH 7}, 1 mM ferricyanide, 1 mM ferrocyanide, 0.1% Tri-
ton X-100, and 1 mg/m] X-Gluc for 2 hin the dark at 37°C. Afterward, chlorophyll was
removed by destaining in 70% ethanol and seedlin gs were cleared.

Tissues (seedlings and cotyledons) were cleared in a solution containing 4% HCl and 20%
methanal for 15 min at 65°C, followed by a 15-min incubation in 7% NaOQH and 70% ethanol
at room temperature. Next, seedlings were rehydrated by sucoessive incubations in 70%, 50%,
25%, and 10% ethanol for 5 min, followed by incubation ina solotion containing 25% ghroerol
and 5% ethanol. Finally, seedlings were mounted in 50% glycerol and monitored by differential
interference contrast microscopy DIC (Olympus BX53) ora stereomicrosoope (Olympus
SZX16).

Supporting information

51 Fig. Pattern of GUS expression in WREY23:GUS plants. (A) SAM section showing spe-
cific WRKY23 expression in the L1, L2, and L3 layers. (B) WRKY23 expression in the pistil vas-
culature. () Anther showing WREY23:GUS activity in pollen (inset). (I3} GUS staining of
WREYZ23:GUS embryos showing promoter activity in all apical cells of an early globular
embryo. (E) GUS activity in the SAM and RAM of an early torpedo stage embryo. (F) Cotyle-
don showing GUS staining at the hydathode (h) and in the vasculature. (G-]) WREY23 pro-
moter activation by auxin treatment. G and H: Expression pattern of WREKY23:GUS in the
root changes following 6 h of auxn treatment. GUS staining becomes generally stronger and
additionally expressed in the meristematic and transition zones of the root tip/arrowhead). [
and J: DR%:GUS activity under the same experimental conditions as in (G-H).

(FDF)

52 Fig. Polarity of PIN1 in WRKY23 transgenic lines. (A and B} Immunolocalization of
PIN1 in wrky23 mutants and arf7/19lines revealing reduced lateralization of PINT. Arrow-
heads highlight PINI polarity. en, endodermis; per, pericycle. Graph shows mean ratio of lat-
eral-to-hasal signal intensity of FIN1 in endodermal cells. Error bars indicate standard error.
A One-Way ANOVA test compared marked sets of data (*** p-<0.0001; n=60 cells corre-
sponding to a minimum of 10 roots per treatment and per experiment imaged under compara-
ble conditions). Experiments were carried out at least 3 times; on e representative experiment
is shown. (C) Immunolocalization of PINI in dominant-negative WRKY23-3RDX plants
driven by native promoter and oversxpression lines - 355: WREY23, 3585: WRKY23-GRL WT
Col-0 was used asa control Arrowheads highlight PINT polarity in endodermal cells. en,
endodermis; per, pericycle. Bar = 10 pm. (D) Cuantitative evaluation of (C) showing mean
ratio of later a-to-basal signal intensity of PINT in cortex cells. Error bars indicate standard
error. A One-Way ANOWVA test compared marked sets of data (™ p=<0.0001; n=60 cells cor-
responding to a minimum of 10Toots per treatment and per experiment were imaged under
comparable conditions). Experiments were @rried out atleast 3 times; one represen tative
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experiment is shown.
(FDF)

53 Fig. Polarity of PIN2 in WRKY 23 transgenic lines. (A) Immundlocdization of PIN2 in
dominant-negative WRKY23-SRIX plants driven by native and constitutive promoter. WT
Col-0 was used asa control (see Fig 3A and quantification in 538). Arrowheads highlight PIN2
polarity in cortex cells. epi, epidermis; co, cortex. Bar = 10 pm. (8) Quantitative evaluation of
[A]) showing mean ratio of later al-to-basal signal intensity of FIN2 in cortex cells. Error bars
indicate standard error. A One-Way ANOVA test compared marked sets of data (***
P=0.0001; n=70 cdls corresponding to a minimum of 10 roots per treatment and per experi-
ment were imaged under comparable conditions). Experiments were carried out at least 3
times; one representative experiment is shown.

(C) Immunoloalization of PIN2 in DEX-indudble 355: WRKYZ3-GR plants treated with DEX
and/or NAA WT Col-0 was used as control (see quantifiation in 530). Arrowheads highlight
PINZ polarity in cortex cells. epi, epidermis; oo, cortex. Bar = 10 pm. (D) Graph showing mean
ratio oflateral-to-hasal signal intensity of PIN2 in cortex cells. Induced 355: WRKY23-GR
roots show slightly more PIN2 lateralization without auxin that is apparently more effective to
increase FINZ lateralization in this line than the controls, Error bars indicate standard error, A
One-Way ANOVA test compared marked sets of data (*** p<000001, * p<0.05; n>35 oells cor-
responding to a minimum of 10roots per treatment and per experiment were imaged under
comparable conditions). Experiments were arried out atleast 3 times; one represen tative
experiment is shown.

(FD'F)

54 Fig. Phenotype defects in WRKY23 transgenic lines and wrky23 mutants. (A) Primary
root length of 6-day-old transgenic lines and wriy23 mutants. Central lines show median val-
ues; boxlimits indicate the 25 and 75" percentiles as determined by the R software; whiskers
extend 1.5 imes the interquartile range from the 25" and 75" percentiles. Significance was
determined by two-tailed equal T-testbetween Col-0 and other lines; (*** p-<0.001% n>=60
roots per line. (B) Lateral root density in plants with impaired WEREY23 function. WREY-
SRDX denotes WRKY23: WRKYZ3-SRDX Box plot properties and statistical analysis are as in
[A). n=80 roots per line. (C) Immunolocalization analysis of PIN1 in developing true leaves.
In the WT, PIN1 shows typical polarization towards the leaf base, whereasin WREY23 trans-
genic lines and wrky23 mutants this polarization of some branches is abolished. Arrowheads
highlights defective PINT polarization in vasculature. At least 50 leaves per genotype were ana-
Iysed. (D) Guantitative evaluation of (C) showing percentage of abolished PINT polarity. At
least 50 branches per genotype were analysed.

(FDF)

51 Table. Candidate genes from the microarray experiment. (A) Venn diagram representing
gene overlay of microarray experiments. Dataset of auxin-regulated genes in W'T Col-0 seed-
lings was overlaid with a second set of genes acquired from the comparison of auxn-treated
WT Col-0and heat-shock—induced auxin-treated H3:axr3-1 lines. Overlap of these genes
yielded a list of 245, (B) List ofthe 245 genes. Gene model descriptions are depicted as they
appear in the TAIR database

(FD'F)

52 Table. Narrowed-down list of candidate genes from the microarray experiments, (A
Venn diagram representing gene overlay of microarray experiments. Datasets of genes differ-
entidly regulated in HSzaxr3-1 compared to auxin-regulated genes in W Col-0 were overlaid
with a third set of genes that are no longer auxin regulated in the arf7 arf19 background [25].
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Overlap of all three microarrays gave 125 genes. (B) List of the 125 overlapping genes contain-
ing putative polarity regulators. Gene model descriptions are depicted as they appear in the
TAIR database.

(FDF)

53 Table List of PCR primers used.
(PFDF)
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Disruption of endocytosis through chemical
inhibition of clathrin heavy chain function

Wim Dejonghe'®%7 |sha Sharma*"”, Bram Denoo?, Steven De Munck*=,

Qing Lu®2, Kiril Mishey ©'%&, Haydar Bulut”, Evelien Mylle'?, Riet De Rycke'*f, Mina Vasileva®,
Daniel V. Savatin®2, Wim Merinckx™", An Staes'™?, Andrze] Drozdzecki®™, Dominique Audenaert3s,
Klaas Yperman'2, Annemieke Madder?, Jifi Friml =%, Daniél Van Damme 22, Kris Gevaert'®?,

Volker Haucke &%, Savvas M. Savvides (%, Johan Winne? and Eugenia Russinova ="

Clathrin-mediated endocytosis (CME) is a highly conserved and essential cellular process in eukaryotic cells, but its dynamic
and vital nature makes it challenging to study using dassical genetics tools. In contrast, although small molecules can acutely
and reversibly perturb CME, the few chemical CME inhibitors that hawve been applied to plants are aither ineffective or show
undesirable side effects. Here, we identify the previously described endosidin® (E59) as an inhibitor of clathrin heavy chain
(CHC) function in both Arabidopsis and human cells through affinity-based target isolation, in vitro binding studies and X-ray
crystallography. Moreover, we present a chemically improved E59 analog, ES9-17, which lacks the undesirable side effects of
E50 while retaining the ability to target CHC. E59 and ES9-17 have expanded the chemical toolbex used to probe CHC function,

and present chemical scaffolds for further design of more specific and potent CHC inhibitors across different systems.

Internalization of plasma membrane profeins and mole-

cules from the extracellular environment'~, but ts dynamic
and essential nature makes it difficult to dissect wsing classical
genetics approaches. Chemical inhibitors of endocytosis are an
attractive alternative to the cerrent methods avalable for disrupt-
Ing protein functions. However, despite the extensive structural
and blochemical knowledge about CME in eukaryotic cells’, the
development of chemicals that interfere with this process 1s sull
at a relatively early stage. To date, a few small molecules hawve
been shown to target the CME machinery in mammalian, yeast
or plant systems'. Among the most commonly used small-mole-
cule CME inhibitors in mammallan systems are PlistopZ (ref. °),
targeting the N-terminal domain (nTDY) of the CHC, Dynasore®
and the Dvnasore-based sertes of small molecules called Dyngo’,
the latter pair affecting the dynamin function. A natural product,
Ikarugamycin, has recently been used to inhibit CME in differ-
ent systems, but nether its potency nor specificity toward CME
hias been extenstvely examined®. As none of the above-mentioned
molecules displayed conslstent effects in plant cells, the plant cell
bialogy has taken advantage of tyrphostin A23, a CME-inhibiting
small molecule”. However, tyrphostin A23 has recently been
described as a protonophore tn Arabidopsis thaliang, and #s inhi-
bition of endocyiosis was shown to occer through non-spectfic
cytoplasmic acidification®. Therefore, CME research In plants

C lathrin-mediated endocytosis (CME) 1s a major route for

would benefit from novel, potent small-molecule inhibitors that
dissect endocytosts to Improve our understanding of the many
phystological processes that rely on it.

Previously, ES9 (1) was characterized as an endocytosts inhibi-
tor in different mode] systems®. Although ES9 15 a protonophore, s
interference with CME did not ortginate solely from cytoplasmic
actdiftcation. In Drosopifila melanogaster, E59 blocked synaptic
vesicle recycling, mimicking the phenotvpes in mutants defective
in clathrin or dynamin functions whereas in Arabidopsis, E59 was
found to retatn its ability to inhibit endocytosts at an increased
apoplastic pH*. These results suggested that, despite s protono-
phore activity, ES9 may directly interfere with proteins iovolved
in CME. Here, we demonstrated that ES% binds the nTT of the
Arabidopsis clathrin heavy chain { CHC). Further structure activity
relation (SAR) analysis identified a non-protonophoric ESY analog
with a similar mode of acton, as confirmed by cellular thermal
shift assay (CETSA)" and drug affinity-responsive target stability
(DARTS)". Altogether, we expand the current chemical toolbox
for CME inhibition and present promising scaffolds for further
development of chemical probes targeting CHC across different
systems. For further information on ES9 and other agents fea-
tured in this article, see the sections at the end of the article titled
Synthetic functions. In the main text, these agents are flagged as
numerals within parentheses and are cross-linked to the appropri-
ate section(s).
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Results

ES9 targets identified through affinity purification. Despiie
unspecific inhibition of endocytosls due to protonophore activ-
ity, a posstbality remamed that ES9 inhibits CME through a direct
interaction with s machinery”. To explore this option, we per-
formed a SAR analysis of ES9 to sdentify a suttable postion for
derivatization with a linker-biolin tag to facilitate affinity-based
target wdentification (Supplementary Fig. la and Supplementary
Mote 1), A small collection of commerdally avatlable and in-
house-synthesimed ES9 analogs were investigated for their ahdlity
to kbt the uptake of the hpophilic styryl endocytic tracer dye
N-(3-trethylammoniumpropyl)-4-{6-(4-[diethylamino)  phenyd)
hexatrienyl)pyridinium dibromide (FM4-64)" in Arabidapsts root
epidermal cells (Supplementary Fig. 1a-c). The partial structures or
possible hydrolysts products ES9-2 (2) and ES9-7 (3) lacked activ-
1ty in this endocyiosts inhibition assay. Similarly, methylation of the
actdic sulfonamide (NH) posttion of ES9-6 (4) resulted in FM4-64
uptake and. thus, loss of activity. Replacement of the bulky bromine
substiteent on the thiophene ring by a hydrogen atom produeced a
simplified analog E59-2 (5) that retained activity, suggesting a sult-
able anchoring place for a linker-botin motety. Replacement of the
thiophene ring per se by its phenyl blolsostere deltvered the active
phenylsulfonamsde analog ES9-8 (6) that readily allowed further
dertvatization of the bromine-occupied position. A hydroxyl-termi-
nated linker was introduced at this position, resulting in the analog
ES0-9 (7) that indeed retatned its activity in the endocytosts inhibi-
Hom assay. Mext, a blotin tag was added to generate a biotin-coupled
variant of the active ES9-9, named ES9- 10 (8). Howewver, ESS-10 lost
the ability to inhibit FM4-64 uptake, probably because it was pre-
vented from entering the cell by etther the biotin molety requiring
transport’™ or the cell wall. A Inker-botin probe without the ES9
medety, ES9-13 (9) (Supplementary Fig. la-c), was used as a nega-
tive control.

To wdentify potential targets of ES3, we performed an affinity
purification followed by mass spectrometry using ESS-10 and E59-
13 and protein extracts from peripheral subunii-binding domain
(PSB-I wikd-type (WT) Arabidopsis cell cultures. In total, three
biodogical replicates were examined, each represented by three
technical repeats. Protemns were Nsted based on the number of
times kdentified and based on the number of peptide-to-s
matches (Supplementary Table 1). To reduce the number of puta-
tive ES9-10 interactors, we filtered the obtained data as previously
described'* . Proteins bound to ES%-10in more than one biologhcal
replicate and not wdentified in the E38-13 pull-downs were consid-
ered, resulting in a bst of 11 candsdates. The top-ranking protein
was the CHCI lsoform (AT3GI1130), an essenttal CME compo-
nent"; although the remainger of the identified proteins may rep-
resent ES9-10 protein targets of low abundance. Unexpectedly, the
CHCZ isoform (AT3G08530) was found tn both the ES9-10 and
contrel affimty purtflcations,

ES9 binds CHC. We chose o further focus on CHC, because
it has a well-described role tn CME™. To validate the potential
interaction between ES9 and CHCI in Arabidopsts, we employed
CETSA, which monitors target engagement based on small mole-
cube-induced changes in the thermal stability of protein targets'™.
The CHC apgregation temperature (1) was assessed through
immunoblof analysts, detecting both Arabidopsts CHC isoforms
CHCI and CHC2. Thermal denaturation of CHC under con-
trod (dimethylsulfomide (DMSCY)) conditions ndicated a T
of 45+0.23°%C (mean+sem.) (Fig la). For isothermal dose-
response fingerprinting (ITDRF o, ), the temperature was set at
45°C to ensure a sufficient shaft in the denaturation temperature,
and the E59 half-maxvimum effective concentration (EC.) was
determined to be 120.52 1.09pM (mean +s.em.] (Supplementary
Fig. 2a). In contrast, ATP synthase-fi (ATP-R), used as a control,

[T+
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was largely unaffected, even at high concentrations. To achieve suf-
ficiently sized T_ shifis, we used 250pM ES9, which generated a
lower T of 4308 +0.29°C (mean + s.e.m.) compared to the con-
trol l.‘-ﬁ:gbj:{lﬂ"c. mean +5.e.m.), resulting in a T, shaft of 2°C
(Fig. la). Thermal denaturatton of the control proteins, tubulin
and ATP-f, showed neghgible T, shifts in the presence of either
250pM ES9 or vehicle (Fig l? and Sepplementary Fig. Zh).
Mareover, T, in the presence of the Inacttve ES9-6 (250 pM) hardly
differed from the comtrol (44.49+027°C and 44.76+047°C,
respectively) (mean +sem.) (Supplementary Fig. 2c). The results
obtained with CETSA were further cormoborated by DARTS'. In
the presence of 250 pM ES3, CHC was significantly protected from
pronase digestion at 1-2/80 dilution when compared to DMS0-
treated samples, which was not observed for the control profein
ATP-p (Fig. 1c). Taken together, our data indicated that CHC 15
probably the target of E59 in Ambidopsis cells.

ES9binds thenTD of CHC. Inan attempd topredict the CHC binding
site of ES9, we docked ES% to the only avallable structures of human
CHCI (hCHCL, Qe 10) oTD i complex with ether Pitstopl (pdb
G or Pistop2 (pdb 4G55)°, The prediction with pdb 4555 sug-
gested that the binding site for E5% on Arabidapsis CHCL might be
the same as that for Pitstop? in hCHCI (Supplementary Fig. 3a).
Residues Arged, Phe??l and GIng9 in the binding site were set as
flexible during docking and the first nine predicted positions were
all similar, except for minor rearlentations of the fexible ressdues.
To confirm this prediction, the highly homologows p-propeller
nTDs of the hCHC] and the two Arabiopsts CHCL and CHC2 1so-
forms (Supplementary Fig 3b) were produced and the respective
protetn-ES9 interactions were analyzed in vitro by means of dif-
ferential scanning fluorimetry. We detected a shift in the thermo-
stability of the Arabidopsis CHCL oTD, resulting tn a change in its
melting temperature (AT) (Fig. 1d and Supplementary Table I).
In conftrast, the thermal denaturation curve for the inactive ES9-&
(160 pM) overlapped with that of DMSO (Fig. 1d). Protein stability
of the nTTY in the presence of ES9 was similar for Arabidopsts CHCL,
CHCZ and hCHCI (Supplementary Fig. 2d.e and Supplementary
Table 2). Ahtogether, our results demonstrate that ESS binds o the
nID of CHC in both Arebidopsis and humans.

To understand the molecular basis of the ES9 interaction with
the CHC nTDL we determined the structure of the hCHCI nID
in complex with ES9 by protein X-ray crystallography (Fig. 2a).
Crystals diffracted up to a resolution of L&A, and the structure
was solved by molecular replacement with hCHCL nTD as a
search model (Supplementary Table 3). The MCHCI nTD forms a
seven-bladed p-propeller, each with four antl-parallel strands. The
electron density for E59 could be identified between the first and
second blades (Fig. Ib). Modeling of ES9 into this electron den-
sity revealed that the ES9-binding site on the hCHCI nTD over-
laps with the binding site for the CME adaptor proteins harboring
a clathrin box motf”. ES9 1s posttioned n the cavity formed by
sk amino aclds (Argsd, [ed3, Phe9l, Glnd9, LeuR2 and Nets),
which are conserved between Arabidopsis and human CHC nTDs
{Supplementary Fig. 3b). The conformation of ES9 15 stabilized by
electrostatic interactions between its benzontiro modety and Argsd,
and between its thiophens group and the carboxyl oxygen of Sere?
(Fig. 2c.d). Thus, the crystal structure analysis corroborated the
docking predictions that E59 targets the nTD of CHC in a fashion
stmilar to Pitstop? (ref. ).

Identification of non-p ric E59 analogs. Although ES9
binds CHC, the profonophore activity of this small molecule’ limits
its use as a spectiic CME inhibitor. With the atm of uncoupling the
two ES9 activities, we carried out a focused SAR analysts to iden-
tify E59 analogs that are not protonophores but retain the ability to
inhubit FM4-64 wptake (Supplementary Fig. 4a and Supplementary
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the graphs. Indwidual data paints are plotted for n=3 bialogical independent axpesiments. For the uncropped blats, see Supplementary Fig. 9. €, Prabein
digesticn for 30 min in the presence of pronase and E59 (250pM) cr DME0 () for CHC and ATP-B. An undigested sample was induded as conrol

The relative band intensity from immunoblat analysis was calculated based on the DMS0 control. Bars indicate the mean, and error bars indicate .2 m
Individual data poimts are shown for n= 3 biological independent experiments. P=0.027 for coe-way analysis of variance (ARDWA) Dunnett’s maltiple
comparisons test, “P=0.04 and compared to the undip=sted control. For the uncropped blots, se= Supplementary Fig. 11 d, Changes in thermodynamic
stability of the Arabidopsis CHC1 nTD in the presence of different concentrations of ES9 and the inactive analeg E59-6. Controls ane respective to E59 and

ES9-6 treztments. The data shown are representative af p=3 independent experiments. RFL, relative fluorescence units.

Mote 1). Since a weak acld that gives a delocalized ankonic charge
via electronic comugation within a large hydrophobic compound
15 a known molecular architecture that allows protonophore activ-
ity, resulting in Bpophilic anlons®, we attempted to influence the
actdity of the sulfonamide of ES9. For several analogs with expected
differences in ackdity and/or charge delocalization, we assessed both
FM4-64 uptake inhibition and the impact on the mitochondrial
membrane polential as visualized with MitoTracker™ in Arabidiopsis
root epidermal cells’ (Supplementary Flg. 4b-d). The meta posl-
ton of the nitro group n ESS-20 (100 15 expected to make the sul-
fonamide less acidic, while preserving specific contacts with target
blomolecules. However, ES9-2% retained its protonophore activity
indicating that it was still fairly acidic. Other substitutions on the
phenyl ring tn ES9-15 (11) and E59-16 (12) led to loss of FM-64
uptake [nhibition activity. Elmination of the nitro group n ES9

KATURE CHEMICAL BIOLDGY | WOL 15 | AUMNE 2079 | 541-549 | wwwnaturaoom/naturechamicalbioiogy

should have markedly shified the equilibrium toward the proton-
ated form by inhibating resonance of the charge to the phenyl ring,
but it could affect the binding affinities for blomolecular targets.
Im fact, we found that both E53-14 (13} (Supplementary Fig. 4a)
and ES9-17 (14) (Fig. 3a) remained active with respect to FM4-64
uptake Inhibition and did not abolish MitoTracker staining of mito-
chondrta (Supplementary Fig. db-d). Although ES9-17 inhibited
FMA-64 uptake with an ECy of 13pM (Fig. 3b), X0 pM was used for
further cellular analysls to ensure a substantial reduction in endo-
cytosts (Fig. 3c). In addition, CME inhibition with ES9-17 proved to
be reversible, as FM4-64 uptake was recovered after 120 min wash-
out with control medium (Supplementary Fig. 4e).

Toruele out that ESS-17 1s a protonophore, we assessed its capac-
ity to affect cellular AT in dark-grown Arabidopsts PSB-I cell cul-
fures when used at 30 pM together with ES9 (10pM) and the inactive
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IAg. 2 | ES% binds the terminal domaln of CHEC. &, The strscture af the human CHCL nTD (gresn) is shown in complex with ESS (salmen). by Omitted
electran density (2F,— F.) of E39, contourad at the Tobevsl, i choerved inside the hydrophodic clathrin boo, which is located between the first and

second blades af the nTD. €, The interaction distances between the nTD residues and ES9 are dencted by yellow dashes. The zoomed-in view of the
berzonitro moéety of E59 indicates that the axygen af the nitro group interacts electrostatically with R&d. d, A 60°-rotated view of ES5 focuses on the
bromothiophene moiety. While the sulfur atom of the thiophene group is shown in close contact to the carboxyd axygen of 567, the bromide atom forms a

halogen bond with the carboxyd oxygen of LBZ.

analog ES0-6 (50 pM). Netther ES9-17 nor ES0-6 depleted ATE, in
contrast to ES9 (ref. *) (Fig. 3d), while fluoresceln diacetate fluores-
cence Increased over Ume, indicating viable cells {Supplementary
Fig. 5a). Previously ES9 was shown to acidify the cytoplasm, prob-
ably through dissipation of the profon gradients over the plasma
membrane’. Therefore, we assessed whether ES9-17 would affect
the cyloplasmic pH. Arabidopsis seedlings were pre-incubated with
Lyso Tracker™ to label ackdic compartments, followed by 30 min
Incubation with DMS0, 10pM ES9 or 3pM ES9-17 (Fig ).
Unlike ES9, staining in the presence of E59-17 did not differ from
the control, indicating that cytoplasmic pH was not substantially
altered. Furthermore, and different from ES9, application of ES9-17
did mot comy s the motility of the actin cytoskeleton {Fimbrin-
GEPY, microtubules (GFP-MAP)®, the Golgl (ST-mRFFY™ and
the trans-Golg network/early endosome compartments (VHA-al-
GEPY (Supplementary Fig. Sh-e).

E59-17 is a CME inhibitor. To characterize the potential of E59-
17 as a CME inhibitor in Arabidopsis, we evaluated the internal-
tzation of two plasma membrane-localized proteins subjected
to CME Seedlings ng the brassinosteroid receptor™ BE
INSEMSITIVEL {(BRII) tagged to GFP (BRIL-BRI-GFPY were
preireated with cycloheximide (CHX) to reduce newly synthesized
prodeins, followed by treatment with DMS0 or ES9-17 {30 pM) for
30min and then with S0pM Brefeldin A (BFA) and FM4-a4d for
30min. In the presence of ES9-17, BRI1-GFP and FM4-64 faled
to label BEA bodies (Fig. 4a), suggesting inhibition of uptake from
the plasma membrane. The lack of BRI1-GFIlabeled BFA bodies
was not due to inhibited BFA body formation, because BFA bod-
les marked by the VHA-al-GFP™ were formed (Supplementary

ba4

Fig. 6a). Furthermore, fluorescently labeled Alexa FuoraTi
castasterone | AFCS), which binds to BRI and consequently enters.
the cell through CME®, falled to stain the vacuoke in root epldermal
cells when applied together with 30 ph ES3-17 to seediings express-
ing BRI1-GFP* (Supplementary Flg. 6b). To corroborate our find-
ings with BRIL, we examined the PEP RECEFTOR] (PEFRIY.
Elcitation of Araitdopsts root cells expressing RPSSA-PEPRI-GFP
with [00nM Pep-1 after pretreatment with DMS0 induced PEPRI -
GFP endocytosts (Fig. 4b). However, elicitation with Pep-1 after
pretreatment with 30ph ES9-17 did not cause PEPRI-GEF inter-
nalization (Fig. 4b), implying an inhibitory effect of E39-17 on the
CME-mediated PEPRI uptake.

In am attempt to explain the carge Internalization by
ES8-17, we evaluated the dynamic behavior of clathrin light chainl
(CLCL)-GFP, CHC1-GFP and one representative of the Arabidopsts
CME adaptors, the TPLATE muntscin-like (TML) subunit of the
TPLATE complex™ in the plasma membrane of Arabidopsis root
dermal cells. In the presence of DMS0, CLC1-GEP, CHC1- GFPi.Dd
TML-GFF, foct had an average restdence Hfespan of 31.98, 44.62 and
36725, respectively (Fig. 4c and Supplementary Fig. ec.d). When
seedlings were treated with 30pM ES8-17, the restdence lifespan of
CLCL, CHCI and TML tn the plasma membrane increased substan-
tially, with an average of 7.0, 83.55 and 68.66 5, respectively.

Since ESY was found to bind both Arabigdopsts and human CHC,
we asessed whether ES9-17 could inbubit transferrin uptake in
Hela cells, a well-known clathrin-mediated process”. Treatment of
Hela cells with 30pM ES3-17 for 3min appeared to reduce the
uptake of transferrin, but not to the extent observed with M
Piistop? (Supplementary Fig. 7a). In parallel with the inhibi-
tory treatments, cell proliferation assays ascerfained that redweced

MATURE CHEMICAL BIDLDGY | VOL 15 | JUNE 2072 | 541-649 | www.nabera.comhaturechemicibiokgy
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AgE- 3| E58-17 15 mot a protonaphore. @, Structure of E58-17 (14} B, Dos= response of ES9-17-mediated FW2-64 uptake inhibition. The data are plotted a5
the rafio of the intracellular cver the plasma membrane (PM) FM4-64 fluorescence intensity; EC is shown on the graph. At least three cells were measured
per s=edling, for n=3 seedings. €, Stronghy reduced FM4-64 uptaie (2 @\, 30min) in Arobidopss root epidesmnal cells in the presence of ES5-17 (30 @)
when compared to the DM30 (indicated as &) control. The samples were pretreated with ither ES9-17 (30pM) or DMS0 for 30min; =& seedings

d, Meazurements of ATP concentration in W Arabidopsis PSE-D call cultwres treated for 30 minwith E35 (10 pM), EZ9-17 (30pM) and E59-6 (S0 ub),
shawing the ATP concentrations relative ta the DMS0 control. Individual data points are plotted far n=3 biclogical replicates. ® Confocal images of
Arabidopsis epidermal roct celis stained with Lysa Tracker Red DMND 9% (30'min) and treated additionally for 30 min with DMS0 (20, ESD (10 M) or

ESS-17 (30uM). Scale bars, 10pm. The experiments in B, € and & were repeated independently three, six and four times, respectively, with similar results

transferrin uptake was not dee to the cytotoxicity of the com-
pounds {Supplementary Fig. 7h). In an effort to compare ES3-17 to
Pristop 2, we sought to assess the activity of the latter in Arabidopsis
bt failed to detect CME inhibition. Pitstop2 did not bloack FM4-64
uptake when applied at 3pM for 30 min (Supplementary Fig. Tc).
and similarly fatled to inhibit internalization of BRI1-GFP in the
presence of BEA (Supplementary Fig. 7d). Higher concentrations of
Pitstop? appearad to affect overall the FM4-64 fleorescence, bt did
not result in uptake inhibition (Supplementary Fig. Te). Moreover,

HWATURE CHEMICAL BIOLOGY | WOL 15 | IUSE 2073 | &41-549 | wewwnature.comynaturechemicalbiology

the CETSA thermal denaturation curves for CHC and ATP-§ in the
presence of either DMS0 or 250 pM Pitstop2 were very simillar. The
I values with DMS0 and Pustop? for CHC were 44.57 £0.29°C
and 44.50£0.34%C (mean+s.em.), respectively, and for ATP-§
were 5503+ 1.41°C and 5463+ LO5C (mean+sem.), respec-
tively (Supplementary Fig. 7).

Taken together, ES9-17 impaired both the uptake of different
endocytic cargoes and the dynamic behavior of core CME compao-
nents. In addition, ES3-17 reduced transferrin uptake in Hela cells,
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albelt less so than Pitstopl, whereas Pitstop? proved to be inactive
in Arabidopsis with respect to CME imhibition.

E59-17 targets CHC. Because ES9-17 mmhibited several clath-
rin-dependent processes and ES9 was found to bind CHC, we
hypothesized that CHC might also be the target of ES9-17. To test
this hypothesis, we used CETSA and DARTS, as done for ES9.
ITDRF s, analysis at 46°C indicated an FCy of 12310+ 1.13pM
(mean+sem.) for ES9-17 (Supplementary Fig. 8a). When
Iysates were treated with DMS0 we observed a T, for CHC of
4496+ 0.2°C {mean +5.e.m. ), whereas for 250 pbd ﬂ?-]? the T,
was 4271 £0.2°C (mean +s.em.), generating a T,p, shift of E.E“E
similar to ES% (Fig. 5a). In contrast, ES9-17 Gtled to induce a shift
In T, for tubulin and ATP-f (Fig. 5b and Supplementary Fig. 8h].
These results were supported by DARTS assays using 250pM
E559-17. At pronase concentrations of 1:6,000 and 1:4,000, two- and
|.5-fold stababzation were observed for CHC in ES9-17-treated cell
Iysates, respectively, whereas ATP-f (Fig 5c), and sedected TPLATE
complex™ and adaplor protein complex-2 subuntts®, were not sta-
bilized (Supplementary Flg. 8c-e). To evaluate the spectficity of
E50-17, we assessed its potential interaction with the coatomer sub-
unity (ATAGIL450, y-COP), because this proteln ranked second in
the ES% interactors list (Supplementary Table 1). The DARTS assay
with ES9-17 fatled to demonsirate sufficient protection of y-COP
{Supplementary Fig. Bf), demonstrating that E59-17 does not bind
T-COP. Previowshy we observed that ES9 affects Golgl cisternal mor-
phology and induwces the formation of Golgl-endoplasmic retboulum
hybrid compariments” indicative of non-functional coal protein [
(COPT) trafficking. Transmission electron microscopy (TEM) anal-
vl of Arabidopsts Col-0 root tips treated with ES9-17 (30pM) did
not reveal striking morphological changes tn the Golgl network and
endoplasmic reticulum (Supplementary Fig. 8g). although ococa-
sionally ES9-17 appeared io induce enlarged multivesicular bod-
les (Supplementary Fig. 8g, white triangle). Altogether. our results
showed that ES9-17 did not affect the COPI function in Arebidogsis.
To confirm the results obtained with E59-17 in CETSA and
DARTS assays, we assessed genetically whether ES9-17 interacts
with CHC. Double-knockowt mutant lnes in CHC cannot be used.
because CHC has an essential function'®. Therefore, several single-
muetant alleles for CHC! and CHC2 (ref. ") were examined. Primary
root growth of 5-day-old Arebidopsis seedlings was inhibited with
an EC, of 10pM (Supplementary Fig. 8h); 12 pM ES9-17 was used
to ensure suffident root growth inhibition. Seedlings of mutant

RAg. 4 | E59-17 Is a CME Inhibitor. &, E53-17 inhibited recruitment of
the plasma membrane-localized BRIT-GFP to the BRA body. Samples
weere pretreated with 50 pM CHX for 1h and treated with esther DMS0
{indicated as &) or ES9-17 (30 pM} for 30 min, followed by a combined
apphication of FM4-64 {2 pM) and BFA {(S0pM) far an additional 30'min

n the presence of the inhibitor. Scale bar, 10pm. b, Confocal images
af Arabidopsis root epidenmal calls expressing PEPRI-GFE. S=adlings
were treated with ESS-17 (30 pM) or DMS0 (&) for 30 min, followed

by elicitation with 100 nM P=p-1. The internalization of PEPR1-GFF was
followed until 20 min post shdtation. Scale bar, 70pm. €, Histograms
representing the measured endocytic fod lifespan of CLC-GFP (CLCWOLCT-
GFF/Col-0) in the presence of ES9-17 (30pM) or DMZ0 (@); n=1,276 and
1,069 measurements from ten and four seedlings, respectively. Kymographs
represent a line trace (horizomtal axis), over a time period (vertical axis)
taken from a time lapse (2 frames =) of Arebidopsis root epidermal celis
that Sustrates the lifzspan of endocytic foci labzled by CHC-GFP. Scale
bar, 105 The experiments in 8- were repeated indep=ndantly three times
with similar results. The life time distribution graph was generated by
growping the events into specific cabegories, annotated as, for example,

0 £ x« 10 the category helding those events with a life time (x) being
arger ar equal (£} than 0 s and smaller (<) than 10 =
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lines dic[-4 (Supplementary Fig. 81, chc2-1 and che2-2 (ref. ') dis-
played a significantly increased sensitivity to ES9-17 compared 1o
Col-0 seedlings (Fig. 5d). Root growth did not significantly vary
for the different genotypes when grown under control conditions
(Supplementary Fig. 8)). Collectively, the results obtained with
CETSA, DARTS and the CHC mutants point toward CHC as a pro-
teln target of ES9-17 in Arabidopsis.
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Ag. 5| EZ9-17 largets CHC. ab, Thermal denaturation curves far endogenous CHC (@) and tubulin (B) in the presence of either E55-17 (250 pM) or
DMZ0 (indicated as B for 30 min. Relative band intensity from immuncblot analysis was calculated based an the lowest temperature (30°C); EC, is

shown an the graphs. Indfvidual data paints are plotted for n=3 bialogical ind=pendent experimerts. For the uncropped blots, s=e Supplementary Fig. 9
€, Prat=in digestion for 30 min in the presence of pronase and ES8-17 (250 pM) or DMS0 (&) for CHC and ATP-fl. An undigested sample was included as
control. The relative band intensity from immunoblet 2nalysis was calculated based on the DMS0 control. Bars indicate the mean, and =mor bars indicate

s.e.m. Individual data points are shown for n= 4 biological independent experiments. P=0.02 for ANOWA, with a2 Dunnett's multiple comparisons test,

**Fm 0,006, and companed to the undigested control. For the unoropped blots, see Supplementary Fg. 17, d, Bowplok representation of the root growth
fold change ower 48 h for WT Arabidopsis Col-0 sexdlings treated with ES3-17 {12 pM). Center lines shaw the medians; bax Emits indicate the Z5th and
T5th percentiles as determined by R software and outliers are repressnted by dots; pe 80 seedlings from three independent experiments. P« 00001 for
AMNDVA, with a Dunnetts multiple comparisons test for which *Pe 0,038, ***P=0.0002 and ****F < 00001,

Discussion

In plants, CME 1s among the pathways most stedied for the Internal -
zation of plasma membrane and extracellular cargos’. As loss-of-
function CME mutants are frequently kethal or have no phenotypes
because of gene redundancy ', methods 1o perturk CME are largely
reflant on mducible expression of mutant forms of critical pro-
tems mvikved in endocyiosis, such as clathrin and auxillin®, and
small interfering ENA-medisted depletion of adaptor profeins™.
Drawhacks include low gene induction efficlency, silencing and
the considerable time needed to deplete existing protein complexes
(2-5days). Meanwhile the cell may adapt and even alter 1is gene
expression, without certitde that only CME 1s impacted. Prolonged
loss of a protein, such as dathrin, might impair post-Golgl traffick-
ing* with potential defects in secretion and vacuolar targeting as a
consequence. Therefore, application of small-molecule inhibitors of

HATURE CHEMICAL BIOLOGY | WOL 15 | JUMNE 2019 | 641-649 | wewnaturecomynaturechemicalbioiogy

CME combined with Ihve-cell imaging can facilitate studies of the
CME machinery. Attractive features of chemical inhibitors are that
they can be applied acutely to reveal the direct blocking of a particu-
lar process, and that thetr effect 1s reversible®,

Orver the years, different small-molecule effectors of endosomal
function in Arsbidopsis have been described, indueding Secdin' and
several com s from the endosidin sertes™ 7. Characterization
of the CME inhibitor E3%9 (ref. *) identified it as.a protonophore, caus-
ing ATP depletion and cytoplasmic acidification, a mode of action
shared with the commonky used plant CME imhibator tyrphostin
A23. Therefore, In contrast bo mammalian systems, in which the
CME inhibators Pistopl and [hnasore are well established*, plants
lack small molecules that specifically target CME. While Dynasore
has been used as a CME inhubstor im plants™, reports on the activ-
ity of Pistop2 in plant cells are lacking. Our resulis revealed that

car
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Pitstop? 15 imactive as a CME inhubitor in Arabrdopsts, wiich can
be rationalized using strisctural conslderations based on a key
amino acld difference between Arabidopsis and human CHC, and
in hght of the structurally characterized binding pocket of Pitstop
in hCHCL. The hallmark of Pitstop? binding to hCHC] centers on
the accommodatton of 15 naphthalene nng by an evenly distrib-
uted cushion of f-branched residues ([le52, lets, [eB0, Ne93 and
Val50)". However, Arabidopsis CHCL and CHC2 display a Lew at
position & (Supplementary Fig. 3b), which 1s expected to introduce
steric hindranice that would prevent Mistop2 binding.

Although chemically different from Pitstop2, ES9 targeted the
nTTrof CHC in a similar fashion, as revealed by the crystal structure
of the hCHICL nTTr with ES9. Regardless, the usefulness of ES9 as a
spectfic CME inhibator is compromised by its protonophore char-
actertstics. The non-protonophortc analog ES9-17, however, lacks
the nitro group of ES9 that establishes an electrostatic Interaction
with Argad. As a consequence, ES9-17 might bind the CHC nTTx
in a different orientation and affinity than ES% (Supplementary Fig.
3a). Wevertheless, E59-17 inhibited the uptake of both FM4-64 and
several CME cargoes In Arabrdopsts, validating it as an inhibitor of
endocyiosts. Moreover, ES9-17 appeared more specific when com-
pared to ES9, as the Golgt morphology in the presence of ES9-17
was not altered. unlike ES%, which induced substantial morphologl-
cal changes tn the Golgl®. These morphological changes are Iikely to
have resulted from its protonophore characteristics and from tar-
geting the y-COP subunit of the coatomer complex, which ranked
second after CHCL in the ES9-10 affinity purification list.

Different in vitro target validation methods showed that ESS-17
hehaves lke ES9, strongly suggesting that the former also targets
CHC to inhibit CME. Currently we can only speculate why the
CETSA EC,, differed from the FM4-64 imhibition EC,; for both ES9
and ES9-17. Possibly, accessory proteins present in a biological con-
text might have increased affinity but, equally, tn vitro conditions
might have increased the apparent ECy, values. Furthermore, ESD

appearad to be able to inhibit FM4-64 Lq:lhkewrﬂl a higher potency
(EC,="5lapM)* than that of ESS-17 (EC,= 13 pM), probably due
to being both a protonophore and a CHC inhibitor.

Identification of ES9-17 thus presents several new opportuni-
Hes in the quest o understand clathrin-mediated trafficking. For
example, E59 and ES9-17 offer chemical scaffolds, different from
the Pistop famly, to tmprove and identify more potent inhibitors
of the CHC function. By doing s0 we would further increase our
understanding of the molecular aspects of CHC function. As we
edablkhed that ES9 binds the same pocket as Pitstopd, 1t 1s reason-
ahle to assume that the mode of ES9 inhibttion would be similar to
that of PustopZ, that 15, interfering with the recruttment of accessory
prodeins harboring a clathrin box motif. Furthermore, althoegh
the core function of CHC in CME 15 known, we have little under-
standing of the specific roles of CHCI and CHCZ In Arebidopsis.
Rendering etther CHCI or CHC2 insensttive to ES8- 17, yet still bio-
logtcally functional, might help to deconvolve thelr function. The
ahility to selecttvely nhibit the CHCI or CHC2 function might help
to highlight their different roles in the endomembrane system, or at
the tissue and developmental levels. Taken together, because other
CME inhibitors, including Pitstop?, lack activity 1n Arabidopsfs, to
our knowledge ES9-17 1s the only probe allowing both dynamic and
reversible mhibiation of CME in Arabidopsis.

Online content

Any methods, additional references, Nature Research reporting
summarles, source data, statements of data avallability and asso-
clated accesston copdes are available at hitps:(idolorg 101038/
s41589-019-0242-1.

Feceved: 13 July 200 8; Acce pled: 4 March 2019;
Publizhed online: 2 April 219

648

References

1. Reymolds, G 0., Wang. C., Pan, | & Bednarek, 5. Y. Inroads imio
Intermalization: fve years of endocytic exploratton. Plant Piesol 176,
208-218 (31E)

2. Kaksonen, M. & Roux, A Mechandsms of dathrin- mediated endocyinsis. Mat
Rew Mol Cell Brol 19, 313.-325 (2018).

3. Mettlen, M., Chen, P-H., Srinbvasan, 5, Dameser, & & Schmid, 5 L.
Regulation of dathrin-mediated endocyiosis. Amm. Rev. Bioghem. 87,
B71-B%6 (3018}

4. Mishey, K, Dejonghe, W, & Russinova, E Small molecules for dissscting
endomembrane trathicking: a cross-systems view. Chem. Rinl B0,

475485 (2013).

5. won Kletst, L et al. Role of the dathrtn terminal domain in regulating coated
pit dynamics revealed by small molenule tmhibition. Call 146, 471484 (20110,

6. Macia, E et al. Dynasore, 2 cell-permeable iwhiblior of dmamen. Dee Calf 10,
B39-R50 (2006).

7. MoCluskey, A. et 2l Bullding a better dynasore: the Dyvego compounds
potenly inhit dysamin and endocytosts. Traffic 14, 1272- 1289 (20131

8. Elkin 5 R etall 2 matural product ishibitor of dathrin-
medialed endocytosis. Traffic 17, 11391149 (201&).

9. Dejonghe, W. et al. Milochondrial uncouplers 1hibit dathrin-medialed
endocytosts largely through ofoplasmic addification. Mat Commum. 7,
11700 {36}

1. fafart, . et al. The cellular thermal shifi assay for evalmting drug target
Imteractions im cells. Mat. Profoc 9, 2100 {2014).

1 L. Lomesmick, B. e al Tasget Identification using drug afnity responsive target
stahility (DARTS). Proc. Naff Aced 5. USA 106, 21584-2198% {2009).

12. felizkova, A. et al. Probing plant membranes with FM dyes: tracking,

or blocking? Plant . &1, 283892 (2000}

13. Lisdwig, A, Stole, | B Sauer, M. Plant sucrose-H* srmporters medtate the
transport of vitamin H. Plast [ 24, 503-509 (2000).

14. Van Leeme, | et al. An tmpeoved foolbax to unravel the plant cellular
machinery by tandem athnity purification of Arabidopsis protein compleses.
Nt Profoc. 10, 169- 157 (2015}

15, Mishey, K et 2l Noosslective chemical inhibition of Sec7 domain-contxining
ARF GTPaze factors. Flant Call 30, 25732593 (2018).

16. Kitakura, 5. et al. Clathrin mediates endocytosis and polar distributics of
PIN auxis transporters |1n Arsbfadopsts. Plaet Call 23, 1520- 1931 (2011}

17. Popova, M. W, Deyev, [ E & Petrenkn, A (G Clathrin-medtated endocytosts
and adaptor proteies. Acta Maturae 5, 62-73 (20130

18, Omtruka, 5, Tkewakt, M. & Shiratshy, § A mechanism by which propofiol
induces cytolnxicty. [ Drug Metab. Toxicol 8, 230 (2017).

19, Paot, M. =t al Analysls of miinchondrial morphology and funiction
with novel fixable fluorescent stans. |, Histochem Crfocheme. 44,

13631372 [1996).

20, Dolman, K. |, Ellgore, L & & Davidson, M. W. & review of reagents for

Sucrescence microscopy of callular compartments and structures, part I:

Bachlam labeling and reagenis for vesiodlar structures. Carr. Proloc. Ciom

65, 12,300 1-12 30,27 (2013).

. Wang, ¥.-5, Yoo, C.-M. & Blancaflor, E. B. Improved tmagteg of actin
flaments In tramsgenic Arabidopsts plants expressing a green fluorescent
protein fuston to the C- and N-termint of the fimbrin actin-bisding deeain
2. Mew Fiptol. 177, 525-536 [2008).

22 Marc, I et al GFP-MAPS reporter gene for visualizing cortical microtubule
rearrangements in Ibvieg eplidermal cells. Plant Cell 10, 19271940 (1958).

23, Teh, Ok & Moore, [ An ARF.GEF acting at the Golgl and in. selective
endocytosls n polartzed plant cells. Nathure 448, 453496 {2007).

24. Dettme, |, Hong-Hermesdorf, A., Stierhod, ¥.-D. & Schumacher, K. Vacuolar
H*-ATPase acitvity s required fior endocytic and secrebory tratficking In
Arabidopsts. Plant Cedl 18, 715-730 {2006}

15, Iramt, N. (& et al Fluorescent castasterone reveals BRI ggmalieg from the
plasma membeane. Nat. Chem. Biol, 8, 583-589 (20120

26. Friedrichsen, [ M., Joagetrn, C. A P, L1, [, Hunter, T, & Chary, I
Brassinosterold- insensitive-1 1s a ublguitously expressed leocime-rich repeat
receptor sertne'threonize kizase Plant Piysiol 123, 1247-1255 (20000

27, Ortiz-Morea, E A. et al Danger-associated peptide signaling In Arsbidopsts
requires clathrin, Proc. Kaff Acad, 5o D754 103, 1002810033 (201&).

28. Gadeyne, A. et al. The TPLATE adapior complex drives dathr dlated
endocyiosts in plants. Call 156, £91-704 (2004).

9. Dt Rubbo, 5 et al The dathrin adapior complex 4P-2 medites
endocytosts of bassinesternid msessttive | i Arabtdopsts. Flant Cell 25,
298S 7997 (2013).

30. Dhooukshe, P et 2l Clathrin-mediated constituttve endocytosts of PIN auxn
efflux carrlers in Arab . Cwrr. Biol 17, 520537 (2007).

31 Adamowskl, M. et al. A functional shedy of AUKILIN.LIEE] and 2,
two putative cathrin uncoating factors in Arabidopsts. Pl Cel 30,
T00-71& (2018

32, Robizson, DL G. & Pimpl, B Clathrin and post-Galgl tratficking: 2 very
complicaled issue. Trends Plast 5o 19, 134-139 (20040

2

=

NATURE CHEMICAL BIOLDGY | VOL 15 | JUNE 2079 | 641-649 | www.natura.comehaturachemicaib olegy



NATURE CHEMICAL BIOLOGY

ARTICLES

33, Hicks, (G . & Rakhe, N, ¥ Small molecules presant large opporteniiies =
plant bology. Annu. Rev Plant Rinl 63, 261-282 (2002).

34. Drakalkakl, G. et al Clusters of bioactve compounds target dynamic
endomembrane petworks in vive Proc. Natl Acad 5ot USA 108,
17850- 17855 (2001).

35, Fang, C et al. Endosidin? targets cosserved exocyst complex
subunit EXO70 to ishibit exocytosts. Proc. Nafl Aoad. 5o USA 113,
Ed1-Esa (201&).

3£, Kanta, I et al The inhitor Endostdin 4 targets SECT domain-type ARF
GTPase exchange fictors and imierferes with subcellular tratficking In
cukaryotes. Plost Call 30, 2553-2572 (2018).

37. L, R et al. Theferent endomembrane traficking pattways establish aptcal and
basal polariiies. Plant Cell 29, 50-108 {2017

32, Sharfman, M. et al Endosomal signaling of the tomatn leudne-rich repeat
recepior-lle protein LeBixz. Planf [ 88, 413423 (3001L

Ackno

‘Wi thank 5. Vanmeste for frestful disces stons, K. Kumar for providmg the pDONRZEL-
AP plasmad, 13, Martinez Motina for holp with the CETSA protoco] and M. De
1Ceck for help in prepartng the manuscripl. This work was supporied by the Resarch
Foun datson- Flanders (project Mo, (0225164 o -0, project No. GO0RISH Lo
132V amd profect Mo GOESTIEM o E.R. and [.E); the Earopean Research Councl
{FRE Co T-Hizw, grant Mo, 522436 i DUV the Dewtsche Forschungsgemeinschalt
{pdo, TRALIBGIADE b WCHL); the Agency for Innovaison by Sdence and Techmology for
postdoctoral (kM) and predocioral {W 0, and 5 1006 fellowships; the China Scence
Coundil for a predocioral fllowship (UL B foind research profects (Nos. VEOZS. 138
and V5.095.163) within the framework of cooperation betwaen the Rescarch

MATURE CHEMICAL BIOLDGY | WIL 15 | JUME 3075 | 641-643 | wew natura comynaturechemicalbioiogy

Foundation- Fendars and the Bulgaran Acsdemy of Sciences (5.ML); and the Belglan
Soence Policy Cffice fior a posidocionl illowship bo non- FU reseanchers {151

Author contributions

WL and ER. misaked the work. WID, 15 and ER. designed the experiments. W,
15, B, AM and [W. performed SAR. WD, KM, A S, and K.G. performed affingty
purlficaison and M35 anahyss. H.H. and V.H performed the X -ray arystallography. 15,
5010, and 54 5, performed the tn witro binding assay. WK did the moleralar docking,
WL, 15, and Q1. performead CETSA. W.IL, L5 and Q.1 performed DARTS. W,
15, EM, [UV5., and DOV carried out the Imaging and data anabysts. 15 performed
e cloning and gencrated transgenic Ambidogsl cell culisres, WD, 15, AL and LA
pesiormed ATF measuraments. MV and |LE contribated bo the Hela cell assys ELY.
generaizd the TRLATE antihody Q1L and BILR performed TEM. WD, L5 and ERL
wrnle the manuscript. All authors commented on the ressls and the manuscript.

Competing interests
The authors declare no competing Inlerosts.

Additional information
imformation is available for this paper at hitps:/idolorg/ 1010387
5 152000 a2 1.

Reprints and permisdions information is avalable & werw.nalure.com/reprnts,
Cormespondence and roguests for materials should be addressed o R

Publishers nole- Springer Mature remains neutral with regard bo Jurisdicisona] daims tn
pubiithod maps and instiutsonal affikations.

& The Autkor(s), under esdushe: Bcence Lo Springer Mature Amerka, Inc. 2019

169



ARTICLES

NATURE CHEMICAL BIOLOGY

Methods

Plant materials and growth conditions. Arabidopss thafiana (1) Heynh
{accession Colwmbia-0 (Col-0}) seedlings and other Enes were stratified for 2days
at 4% and grown on agar plates containieg half-strength M and Skoog
{0.5x M%) medium supplemented with 1% {wv) sucrose for Sdaysat 22°C ina
1&h/ah light/dark cyde. The Arabidopsts mutants and lnes wsed were:
che2-T {ref. 9, che2-2 (refl =), TMLTML-CFRml- 1 (ref =), CLC1CLC)-GFRY
Cal-0 {ref. ), RP3SA-CHC 1-CFACol -0 ref. "), VHA-aI:VHA-a1-GFPCol-0
(ref. "9, 255-5T-mRFFCol-0 (red *), RP3SA-PEPR)-CFPY pepr i peprd {ref. ),
ERI-BRI-GFPICal 0 (ref ®), 358 CFP-MAPSLer™ and 355 Frbrte. GFPCalo
{ref. 7). The transfer DNA (T-DMA) insertion Hoe chel - (SALE_ 1 100£3) was
cbiained from the Mottinglam Arbidopss Sock Centre and confirmed by PCR
using the left primer {5-CAAGTGACGEATCACA ACATG-2), the right primer
(5 ACCATTGCTCAAASCATACGC ) and the T-DMA-spectiic primer LEAL
(8- TGGETTCACGTAGTGGEOCATC- 3 {(Supplementary Fig, B

Generation of hemagglutin. tagged AP2S and AP2M comstructs and Arabidapsis
P5B-1) cell culture transformation. Eniry dones pDONREPS- 1R-RPSEAY,
pDONRRPZR-P2 Histop and pDONE2) 1-APZS{AT1GE30) or pDMINE21 -
AP2M™ (AT5(:46630) were used with pH7m340W in multl-site Gateway reactions
{Life Tacheologles) o generate RPS34:AP28 HA and RPESA-AF2M-HA expresdon
constructs. Thess were used to tramsform PEB-D WT Arsbidopsts cell cultures as
previously described'.

Chemical treatments, chemical abeling and imaging in Arabidopsis.

and ESe were etther acquited thmugh Chembridge (http-/ i wwwchembridge.
com) or synthested. These were dissobved tn DME0 (Sigma- Aldrich]) and
somM sincks were stored a1 - 20°C in glass vials. ES9.17 was freshly prepared
from byophilized powder (stored at - 20 °C)before use. EFA and Pristop? (Sigma-
Aldrich), CHX (Calbiochem), Lyso Tracker Red DND%3 and Milo Tracker Red
CM-HIXFos (ThermoFisher Scentific) were dissalved in D50, Endocytosts was
vimmlized with 2 M FM4-64 (LifeTechnologies). Washoul experiments |zvolved
30min pretreatment of seedlings o Bquid 00,5 MS medium with E59-17 (30 pM),
fnllowed by an addmtioeal 30min treatment Is the presence of FM&-64 (2pM).
Subsequent substitution of treatment medium by medium withowt treatment, bat
with FMd-&4, constihuted the washoul. Seedlings were imaged at the indicied tme
paolnts. The wWis twice 1 was washed
with regular 0.5x M5 and FM4-84 [2pM), while repeat 2 was washed with 0.5z M3
plus DMS0 and FM4-54 (2pM). Stainleg and imaging of mitochendria and ackdic
compartments in the seedlings treated with the small molecules were performed
as described previously®. To visualize inhibition of GFP-tagged BRII (BRIT-BRIJ-
GFF™, Arabidopsts seedings were pretreated for 1h with 50uM CHX, followed by
treatments with etther DMS0 or ES9-17 (30pM) for 30 mim and then with 500
BFA and FM4-64 fior 30 min. To observe the Internalization of AFCS™, seedlings
expressing BRI1AGFP were treated with ES2-17 for 30 min followed by 20pM of
AFCS for 20 min. Seedlings were then washed and chserved microscopically for
2omin. To follew PEPR1-GFP internaliration, seedlings expressing FEFRL-GFP
were treated with etther DME0 or ES2-17 for 30min and FM4-64 (2 M) was
added for a further 15min. Seedlings were then elictted with 100 nM Pep1 for
105, washed with medium In the presence of ES2-17 and tmaged at differest time
polnts. Imaging for AFCS uptake and PEPRI internaltzation was performad with
2 Ledca 5P2 confocal laser scanning microscope with a 40 xwater-immension lens
The lifespan of endocyiic fod in seedlings was measured following treat ment with
either E59-17 or DMS0 for 30 min as described previoushy”. Seedlings expressing
WHA-21-GFP and 5T-mRFF were treated with or without the drug for 20min,
followed by time lapse \maging at stx ttme potmts for 205, 2t 105 Intervals. Images
were taken with am Obympus FY¥ 10 ASW confocal laser scanning micmscope with
260 x waler-immersion lens (numerical aperture 1.2) and 3 x digttal zoom.

The cytoskeletal dymamics of Arabidopsts root cells with and without drug
treatmenis were perfiormed with a PerkinElmer spinning disk microscope using
260 x water-corrected Plan Apo {umertval aperiure 1.2) objective. Time lapse
saries were taken for etther 12 min (five time points per minuts (MAP4)) oo
Smin {oee ttme point per s2comd (Fimbrin)). Images were processad with Image]
wersion 152 (P, kttps://fijl.sc”). Por the MAP4 and Frmbris sups multl-
color images, the backgrmund was subtracted wsing a rolling ball radius of 50 pixels
and a walking average of four was applied io the time serles. Colored projections
were generaled by superimposing six different time points spread evenly over the
duratinn of the anquisitton. These stx 1ime points were merged wsing the merge
channels tocl of Fijl, where the gray channel was left blank. AN experiments
described for Pitstop2 in Arabidopsts were performed as described for ES5-17.
Far the quantification of the cytnsolic/plasma membrane sigmal intemstty rabio,
non-saturaisd tmages were comvertad I Image] to 8-b# and regloss of Interast
were selected hasad on the plasma membrane or cytosal kacaltzation. Higograms
Hsting intensity values per reglon of interest were generated, and the zverages of
the 100 most Intense plxels were used for caloulations. Three cells were quantified

ATP meassrements. Fluorescein diacetate and ATP measuremests in 3-day-old
WT PEB-D Arabidopsts cell cultures were pedformed as described previoushy™

Affinity with hioti small molecules. PSE-DVWT cell oultures:
were harvested from the medium, flash-frozes tn liquid stemgen and ground with
a Rstsch MMaco. Call matertal was welghid and extraction buffer added {50 mM
Tris-HO, pH 8, 150mM Na(l, o015 NP-o0 (Stigma-Aldrich ) with ome tablet 10l
cOmplete ULTRA protease inhibiior cockdall, EDTA-free (Roche) 2t a ratio of
2:1 {200l extraction buffer for 100 mg material]). Protein concentmtion was
determimed by the Bradiord methed (Quick start Bradford 1 Drye reagent (Bio-
Rad)). Lysabe was prepared by the removal of endogenous biotin, with Streptavidin
Sepharose High Performance beads (GE Healthare), hereafter referred to 25
b}, Washed beads {S0pl, washed three Hmies with axiraction buffer) were
applied to 1 ml lysate and Incubated at 4°C for 1h oo a rotary wheel & second
batich of beads was washed thres timeswith extraction buffer, and biotinylated
small molepules (2l of 50 mM stock per 50l beads) were added with the fnal
wash. The mixture was lefl af oom fior L5 min, the supernatant of
the: final wash removed and tnsferred to & °C unti further use. Superzatant
comstituting the hiotin-deared bysats was added to beads incubated with the
biotinylated small molecules. This mixture was incubated for 2h, or overmight
at 4°C om a rotary wheel, followed by centrifugation whersafter the mixture was
spum down {4°C), the
(50mM Tris-HOL pH 8, 150mM Na(lll. Appropriale amounts of the Iithium
diodecy] sulfabe (L1¥E) sample buffer (4 x LIS sample buffer supplemented with
10 samiple- reducing agent (Novex, Life Technologles)) were added and samples
were incubated for 10min at 70°C, followed by centrtfugation at 18,000g for 2min.
The was run on 4- 1% Bis-Tris protetn gels with MES buffer
(MuPage Noves geds and buffer from Life technologiies). Gels were stained with
SYPRC Ruby proteis gel stain (Maolecular probes, Invitrogen), and statmed gel
weere excised and out into approximatetly three plepes befoee submission o
ltquid chromatography- tandem mass specirometry (LC-MSM5) analysis.

LC—M5%MS amalysis. Gel pleces conlaining the probeins of Interest were
exclsed and transferred to Blopure tuebeeg orf AGYL Afber two
consecutive 15 min wash steps with water/acetomitrile (171, w'v) (both HPLC
analytical, Mallinckrodt Baker BY), gel pleces were dried In a centrifugal vaomm
concentrator, rebydrated 1= 10l of 2 0,02 pgpl ™ ssquencieg-grade modified
trypsin stock solution (Promega Corporattos) and submerged tn freshily prepared
solution of 50 mM ammonium bicarbonate. (hrernight digestion at 370 was

by acidificatinn with triflunenacetic acid (TFA). After centrifigation
(16,000 for 5 min), the peplide mixture was removed from the gel pleces,
tramsferred to a new Eppendord tube, dried In 2 centrifugal vacuwm coacent ator
and redtssobeed tn 20pl of 0.1% (wiv) TRA in watenfacetoattrile (3672, v (loading
sobvent). Next, 10l of the 20 pl peptide mixtures cbtatned were Introduced into
an LC-MEMS system through as Ulttmate 3000 RSLC nano LC (ThermoFisher
Sctentific) in-Hne connacted to a ( Exactive mass spactrometer (ThermaFisher
Sclentific). Samples were first loaded on an in-house-madet colums
{100 pm internal dameter, 20 mm, 5 pm beads C12 Reprosil-HID, De. Malsch). Afier
flushing from the trapping column, samples were lozded on an amalyitcal colemn
(75pm Internal diameterx 150 mm, 5pum beads C18 Beprosil- HI, D Majech) and
packed in the needle (PacoFrit SELE'P PrcoTip emitter, PF360-75- 15-N-5, New
Objecttve). Peptides were loaded with bading solvent {001% (w') TFA in water”
acetonitrile, 298 (v'vl) and separaled with a linear gradient from %2% sobvent
X (0.1% (viv) formic achd tn water) to 40% solvent B (0.1% {w'v) formic acid 1
waterfacetonitrile, 20780 {w'v)) for 30min ata fow rate of 3000l min ', followed
by a 5min wash, reaching 9% solvent B, Two packing and two analytical columns
were configured in tandem liquid chromatography mode. The mass spectrometer
was operaled in data-dependent, positive-loatration mode, automatically switching
between M3 and MS/MS acquisttion for the ten most sbundant peaks = a ghven
M5 spectrum. The source voltage was 3.4kV and the cpillary temperature was
275, Ome W51 scan (mi'z 400-2,000, AGC target 330 106 ons, maxmum bon
Imjection Hme 20 ms) acquired al 2 resolution of 70,000 (at 200 mi'z) was followed
by wp o ten WSS scans (resolution 17,500 at 200 me'z) of the most intense
boms fulflling predefized selection criterta (AGC target 52 104 Jons, maximum
lon injection time 60 ms, ioltios window 2 14, fixed Sret mass 140m/z,
spectrum data type centroldd, underfill ratis 2%, (stenstty threshold 1.7 E4,
exclusion of umassigned, 1, 5-8 & charged precursors, peptide match prefermed,
exclude isotopes on, dynamic exclusion ttme 20 5). The higher-znergy collisional
dissociation collision emergy was set al ?5% normaltzed collision energy, and the
polvdimethyicydoslozane background jom at 445.120025 Do was used for Internal
caltbration (lock mass).

From the ME'MS data in each bguid run, Mascot c
files (mgf) were created with the Mascot Distiller software (version 2.4.3.3, Matrix
Sckence). These peak lists were searchiad with the Masoot szarch engine and the
Mascot Dasmon interface (version 2 4, Matrix Sclence). Spertra were searched
against the TAIR 10 database. Variable modifications were g2t to pyroglulamate
formation of amimo.terminal ghstamine, acetyiation of the protets N terminus,
methionine oxdation and proplonamide cysteine formation. Mass tolerance on
precursor lons was s=t bo+ 10 ppm (with the Mascot C13 option set at 1), and oca
fragment toes bo 20 milll mss ustt. The instrument setttng was on ESLQJUAL The
enzyme was set o brypsin/F, allowing one misssd deavage, wheneas dezvage was
allowed also when bysine or arginine was followed by proline. Only peptides that
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were ranked first and scored above the threshold score, s=t at 59% confidence, were
withheld All data were managed by ms_lime™ and analyzed with R (hitp-"wsw -
projectong) embedded in KNIME. The data were filtered by removing all peptides
smaller than eight amino acids, and oaly those proteins contaising al least two
peptides in one of the experiments were used for data analysic.

CETSA. The protoco] used 15 based oa a previoushy published procediere™ with
mizor adjustments. WT or imnsgenlc Arabidopsis PSE-I) cell culbures were
harvested, flash. frozen 1= liquid nitrogen and grousd with a Retsch MM oo, Call
material was added al a ratio of 2:1 in extraction bulfer (50mM Tos-HC, pH 7.6,
150mM KaCl, 0.1% NP-40with one tablet 10 mil ' cOmplete ULTRA proteass
inhibfior cocktall, EDVTA-free (Roche)). Samples were thawed on oz for |5min
followed by centrifugation for 30min { LE000F at 4°C). Lysales were pocled per
cell type, and protein comcentration was determined by the Bradfond method
{CQuick start Bradiord x | Dhye reagent (Bio-Rad)). Lysates were incubated with
small molecules M0 for 30 min at o temperature on a moary wheel, then
aliquoted in &0l fractions in PCER tubes, treated for 2 min al 12 temperature points
{30, 35, 40,42, 44, 45, &5, 50, 52, 55, 60 and 65°C) in a Bio-Rad thermal cyder,
allowed to ool and centrifisged {18 000g) for 30mim at 4% The supersatant
{50l) was processed for standard immunaoblot analysts for protein detection. All
anbbodies were diluied in Tris buffered saline with Twesn and 5% (w/v) skimmed
milk. Astl-CHE ( 1:3,000, ASI0 690 Agrisera) and astl- ATF-f (14,000, ASIS085
Agrisera) were detected with horseradish peroxidace (HRP)-Hnked antt-rabbit [gG
{1:10,000, GE Healthcare), antt-tubulin {1:15,000) with HRP-linked antl-mouse
1gis ( 1:10,000, GE Healthcare), antt- TFLATE (1:1,000, custom-made BIOTEM,
France]) and HA with and- HA-HRP {1:4,000, Abcam). Blots wese developed

with Western Lightning Plus- ECL, Enhanced Chemiuminescence Substrate
{PerkinElmer) and imaged with a Blo- Rad ChemiDoc XR3+ molscular tmager.
Band tetrneities were measurad with the Bio-Rad Image Lab software package
{verstom &.0.0 Butlld 25).

DARTS. The DARTS protoonl was adopted as previously described . Lysates
were prepared as described for CETSA, and were incubated with etther ES5.17
or IS0 for 30 min at room After incubation, lysates were split
inie aqual aliquots for pronase (Roche, Mo. 1016592 1 001) digestion. Pronasss
were diluled from a 10mgml * stock solution tn distilled water. The 1-100 starting
dilution of pronass was ohtatmed by dissolving 12 5pl pronase stock solution
£7.5pl | xtenascin-C buffer (500mM Tris-HCL, pH 8, 500 mM Na(l, 100mM
Call, 10 x stock) and was used for all subsequent dilutions, which were prepared
with | xtenascin-C buffer. Digestion (30min) was started with | min intervals and
stopped by the addnion of the sample buffer at x| final concentration. (4x LIS
sampde buffer with 10x sample-rediscing agent; Kovex, Life Technologies) in the
sme saquence s the digestion that had been started. Immunoblotiing, protein
detection and quanttfication were performed s described for CETSA. Anty-COP
{antl-Sec21p) {1:1.000, AS02327, Agrisera) was detecied with anbi-rabid [l and
HRP-hnked antady (110,000, GE Healthcare)

Muolecular docking. Water and all ligands of the human dathrin oTD crystal
structure pdb.entry 4055 in complex with Piistop?2 (ref. *) were manually
deleted from the pdb-text file. The emptied structure was locally minimized with
GROMOS56 (381 parameter set)® Implemented within the Swiss- PdbViewer®,
and polar hydrogens were added. The 59 ligand was drawn three -dimensiczally
with Avogadro versioa 1.1.1 (ref “) and was minimized with the MMFF34s fore
field”. AutalackTools verston 1 5.8 sulte® was used for pdbagt-format preparations
of profeins and were done with AuinDock-Viea version 1.1.0
{ref. "bwﬂh-ﬂhﬂhﬂmﬂﬂﬂ.ndduﬂbgﬂ.ﬁlﬁl amed GlnES were

set 2 flexible. The grid-box stze was x=20, p= 12 and z= 204, contersd at

x= 500, = —10.2 and z= 24.5. PyMOL {Molecular Graphics System, vemion L7,
Echrodinger, LLC) was used for visualtzation

Cloning,. expression and of human nTD CHCI and Arabigopsis
0TI CHC12. Arabtdapss oTVCHCE (AT30G110 130, restdues 1-377), CHC2

(AT3G0=530, residues 1-378) and human aTD CHC (Q00610, residues 1-343)
were synthesized and doned Into the pGEXAT-1 vector and transformed inbo
competent Escherichia coft BL2 1 (DE3) cells. Transiormed cells were culiured in
Laria-Bertant medtum supplemented with carbeniclin (100pgml ) at 37°C toan
aptical density of 0.8, and expression was indwced with 1 mM 1-thta.o-
mRlactopyrancside. Cell culhures were maintained for 4h at 3750, Mext, cells were
harvested by centrifugation at §,000g, resuspended in hysis buffer (10mM Tris- HOL,
pH 23, 500 mM NaCl, 10% (wi'v) glycesul and 3mM dithiothreiiol) supplemented
with protease Inkibiines (Rache) and sed by sonication. The proteins wers
parified by affinity purtfication using a (G3Trap FF 1 ml columa. The column
was equilibrated with equilibration busfer (10 mM sodivm phosphaie buffer,
IE-uch{]‘-F:ELpHTj:lan.d.Humqﬂ-:wUdhoih:Eﬂq:-cdumTluculm
washed with buffer and the bound proletn was
dmduﬁlhcduﬂmhuﬁa[lﬂml{]‘dﬂ,m 150mM MNaCl, 10 mM reduced
glutathione, pH 7.5) and collected in | ml aliquoits. The glutathioge-5- transferase
(GET) g was dexved by overnight thrombin digest at 20°C, and the sample was
applied to 2 GSTrap colemm to remove the deaved GST and uncleaved GST-CHC
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Flow-thmough was collected and further polished by stze sxdisgom chromatography
with a 8175 16/600 columae (GF Healhoare) squilthrated with HEPES buferad
saline (20 mM HEPES, pH 7 4, 150mM KaCl). Protetn moacentration at ahsorbamce
280 {A ) was measured with a Nanodrop 1000 (ThermoFisher Sclentific) and
aliquots at 2 concentration of 2 mgml* were stored at — 2050,

X.ray data collection. Purification and crystalliration of nTD) were perfiormed
as previously described”. X-ray data were onllected at beamiine BLL4 2 &t BESSY-
Il {Berlin, Germany) and processed in the X-rzy speciromeder detecior system
and Xscale®. Data colleciton statistics ar: shown in Table 3. The
plase problem was sobved by molecular replacement with phasers using the 17 4
structure of nTD (PD8 [D code €0:55) as 2 mode. All water molecules and ligand
atnms were omitled from the starting model. Refinement to 1.6 & resolution was
periormed 1n PHENIX®. The structure file of E59 was generated using the Dundes
PRODRG? srrver™ and manually fitted to the dactron desstty. All structhural
Eigures were produced with FyMOL (Molenular Graphics System, version 1.7,
Schintdinger, LLC)™. The data were depostted i the Protetn Data Bank (PDE),
www.wwpdb.org (FDE [D code SEAL).

[hifferential scamning Muorimetry assay. For the differential scanming flucrimetry
assry, the Light cydler 450, Real Hime PCR system (Roche) was used as described
previoushy®. The nTT} of human CHC1 and CHC1 and CHC? was
diluted tn 2 buffer contatning 20mM HEPES, pH 7.4 and 150mM Kal(l. Each well
of 2 96- well microplate contalned 16 pM protein, 51 Sypro Orange (lzvitrogen)
and 2.5l of compound amd baffer up io a total volume of 25pl Thermal scaeming
from 10 bo %5 5C at 1.5%C min ) was done with a real-time PR set-up and

the Suorescence intensity was measured every 10s The software Light cyder
4805w 1.5 | was utilimed for closkation of melting temperature.

Tramsferrin wptake in Hela cell culteres. Maintenance and imaging of Hela cells
for transferrin uptake was periormed s described previoushy.

Celll viability assay. For the WST-1 assay, Hela cells were grown in 2 86-well plate
and Incubated with the compoumsds for 30 min, followed by the addttton of 10pl
WS5T-1 reagent (Sigma-Aldrich) to 100l of medium. Ahsorhance was measured at
450 nm versus that at the £90mm reference by means of a plate reader.

Root growth assay. Seads were sown on 0.5x M5 solid medium, smatified
fior 2 days at 4°C im the dark and placed verttcally in the light. Five days after
permination, sedlings were transferred 1o solid 0.55 M5 madium withom sucmose
nied with 100 mM p-sorbiiol with etther E5%-17 or DMS0 for 2 days,
whereafier the plates were sanmed and root growth was measured Scanned
images wene processed and evaluated with Imagel. Fold changes in root growth
were mezsured 2s 2 ratle of ot length after 2 days of treatment with efther ES2.17
or DIMSD bo the mot kength at the start of treatment.

TEM. Frve-day-old A. thadana Col-0 seedlings, grown on sobid 0.5 x M5 medium,
were iImmersed in lguid 0.5 x MS supplemented with etther DM50 or ES9-17
fior 30min. Rosot ttps were excised, immersed n 20% (wiv) BSA and frozen in a
high-pressure freeszer (Leica EMICE, Leica Microsystems). Fresze substihation was
with a Latca EM AFS (Letca Micmsystems) in dry acetome ¢

1% (wi'v) Ois0), and 0.5% glutaraldebyde for 4 days as follows: —30°C for 54h,
25Ch ! Increase for 15k, —&0°C for Bh, 2°Ch ' Increase for 15hand -30°C

fior 8. Saenples were sowly warmed to 4°C, rinsed thees times with acetone

fior 200mn 2ach, infiltrated over 3 days at 4°C in Spurr’s resin and embedded 1n
capsules Samples were polymerteed at 70°C for 16h. Ultra-thim sactions were
made using an wlira- micolome (Leia EMUCS) and post-stained In Leica

EM AC20 for #0min in urany] acetate at 20°C and for 10min in lead stain at 20°C.
Sactions were collecied o formear-coated copper slot grids. Grids were viewed
with a JEM 1400plus transmision lectron micmsoope (JEOL) operating at s0kV.

Statestical lests and generation of graphs. Statistical tests and graphs, except
bamplots, were generated with Graphpad Prism &, version 8.0.1. Dose-respoas:
curves with 2 log-transformed x axs were generated using nonlinear regression
with a logi{inhiblior) versus response model, and setting 2 variable slope (four
parameters) and top and botinm constratnts to 1 and 0, respactively. Other dose-

and CET3A curves were generated with Bolizmanm sigmold equation
with top and bottom constraints set to | and 0, respacttvely, where applicable.
Bexplots were peneraled with ihe online tool BoaPlotR (hitp-iboxplol tyesslab,
comy'} from the Tyers and Rappsilber laboratories.

Reporting Summary. Further iInformation on research design 1s zvatlable 1o the
Mature Research Reporting Summary linked to this artide

Data availability

Allaccessinn codes supporting the findings of this study are zvatlable within the
paper and tis Supplementary [nformattion. Structures are aoresside under the PDE
code 6E4L. There is mo restriction on data avallability.
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