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1. Summary

Proteins in the plasma membrane allow a cell to exchange molecules and information
with its environment. This, however, urges for a stringent regulation of these proteins.
A mechanism to regulate them is their degradation. This process involves their
ubiquitination, endocytosis and transport into the lumen of a vacuole. The degradative
function of vacuoles depends on proteolytic enzymes, which reach that very organelle
via a different route. They are synthesized in the endoplasmic reticulum and
transported via the endomembrane system. Vacuolar transport of those soluble
proteins depends on sorting receptors separating vacuolar from secretory cargo. To
get a better understanding on how the trafficking of membrane-bound and soluble
cargo to the vacuole is spatially and temporally coordinated, we aimed at
characterizing the machinery mediating those processes. Therefor we employed
nanobody-epitope interactions to create intra-cellular setups, which allow for transport-
and interaction-analyses of proteins via confocal microscopy.

We revealed that vacuolar sorting receptors interact with their ligands in the
endoplasmic reticulum and the Golgi apparatus but not in the trans-Golgi network and
the multivesicular body, by performing Fluorescent Lifetime Imaging to measure
Foérster Resonance Energy Transfer (FRET-FLIM; Kinzl et al., 2016). To create
suitable reporters for compartment-specific FRET-FLIM measurements, we exploited
the nanobody-epitope interaction. This allowed us to link the ligand binding domain of
vacuolar sorting receptors to membrane markers for the individual compartments of
the endomembrane system. We were further able to not only demonstrate that those
sorting receptors recycle but also to identify the cis-Golgi as the destination of their
retrograde transport (Friholz et al., 2018). These discoveries were based on the
combination of two nanobody-epitope pairs that we used for post-translational labelling
and trapping of vacuolar sorting receptors. Concerning the machinery, which mediates
transport of to-be-degraded plasma membrane proteins, we analyzed the Endosomal
Sorting Complex Required For Transport Il (ESCRT-Il). Here, we employed FRET-
FLIM to show that Vacuolar Protein Sorting 22 (VPS22), 25 and 36 interact to form
this complex of interest. We pushed the limits of nanobody-based approaches by
employing membrane-anchored nanobodies to import the co-immune precipitation
approach into living cells. This enabled us to perform in vivo studies, which showed

that ESCRT-II contains two VPS25 moieties (FaBler et al., prepared manuscript).



2. Zusammenfassung

Die Proteine in ihrer Plasmamembran erméglichen es einer Zelle Moleklle und
Informationen mit ihrer Umgebung auszutauschen. Diese wichtige Funktion erfordert
allerdings auch eine stringente Regulation. Ein Kontrollmechanismus ist hierbei der
gezielte Abbau beteiligter Proteine in einem lytischen Kompartiment. Diese werden
dabei ubiquitiniert, endozytiert und zur Degradation in das Lumen einer Vakuole
transportiert. Um die lytische Funktion der Vakuole aufrecht zu erhalten, muss diese
Uber einen anderen Weg mit Hydrolasen versorgt werden. Diese Enzyme werden im
endoplasmatischen Retikulum synthetisiert und durch das Endomembransystem
transportiert. Der zugrundeliegende vakuolare Transport |éslicher Proteine hangt von

Sortierungsrezeptoren ab, die vakuolare von sekretorischer Fracht trennen.

Um besser zu verstehen wie der Transport von membrangebunder und |8slicher
vakuolarer Fracht raumlich und zeitlich koordiniert wird, hatten wir es uns zum Ziel
gesetzt die Maschinerie, die diese beiden Transportwege aufrechterhalt, zu
charakterisieren. Um dies umzusetzen, verwendeten wir Nanobody-Antigen Paare,
die es uns erlaubten Versuchsbedingungen innerhalb von lebendigen Zellen zu
schaffen, welche Transport- und Interaktionsstudien mittels konfokaler Mikroskopie
ermoglichten.

Wir zeigten, dass vakuolédre Sortierungsrezeptoren ihre Fracht ausschlieBlich im
endoplasmatischen Retikulum und im Golgi-Apparat nicht aber im frans-Golgi
Netzwerk oder in den multivesikularen Korpern binden, indem wir FRET-FLIM
anwendeten (Kinzl et al., 2016). Um die entsprechenden Reporter zu generieren,
verwendeten wir Interaktion zwischen einem Nanobody und seinem Antigen, welche
die Liganden bindende Doméne der vakuolaren Sortierungsrezeptoren an die
Membranmarker fUr die unterschiedlichen Kompartimente des pflanzlichen
Endomembransystems koppelte. Zudem konnten wir beweisen, dass diese
Rezeptoren rezyklieren und identifizierten die cis-Cisterne des Golgi-Apparats als
Zielkompartiment des  rlckwartsgerichteten  Transports von  vakuolaren
Sortierungsrezeptoren (Friholz et al., 2018). Diese Entdeckungen basierten auf der
Kombination von zwei Nanobody-Antigen Paaren, die genutzt wurden, um vakuoléare
Sortierungsrezeptoren  post-translational zu markieren und gezielt ihren
Weitertransport zu verhindern. Beziglich des Transports von zu degradierenden

Plasmamembranproteinen zur Vakuole konzentrierten wir uns auf einen der



endosomalen Sortierungskomplexe (ESCRT-II). Mittels FRET-FLIM zeigten wir, dass
dieser aus den drei Untereinheiten ,Vacuolar Protein Sorting“ 22 (VPS22), 25 und 36
aufgebaut ist. Durch die Verwendung von an Membranen verankerten Nanobodies
konnten wir sogar die Co-lmmun-Préazipitation, einen klassischen biochemischen
Ansatz, in lebenden Zellen implementieren. Dies erlaubte es uns in vivo Studien
durchzufihren, welche aufzeigten, dass ein einzelner ESCRT-Il Komplex zwei VPS25

Untereinheiten besitzt (FaBler et al., vorbereitetes Manuskript).
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relatively compare the compartments of the endomembrane system regarding their
pH. This enabled us to make predictions concerning which compartments should allow
for VSR-ligand interaction and showed that fluorescence-lifetime-based approaches,
such as FRET-FLIM, are applicable within the plant endomembrane system. | co-
developed the strategy to link a soluble LBD-Nb via an antibody-antigen interaction to
compartmental membrane anchors, which ultimately allowed for localization-specific
interaction studies. Furthermore, FRET-FLIM measurements were established in the
laboratory together with F.K. and experiments were designed and analyzed in
collaboration with F.K., S.F. and P.P.
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on a membrane marker system devised by me. Furthermore, | provided data indicating
that truncated VSRs lacking the LBD, which have been commonly used to study VSR-
trafficking, are not recycled. This caused us to employ markers based on full-length
receptors to visualize recycling and prevented possible false-negative results.
Experimental design and analysis was performed together with S.F., U.K. and P.P.
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operation with Y.Z. and J.S.E., respectively. Furthermore, | produced the antigens for
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thaliana VPS22, VPS25 and VPS36. | characterized these sera as well as the anti-a-
synuclein-nanobody-peroxidase fusion protein for their possible applications via co-
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in collaboration with J.S.E., S.F., C.G., L.J and P.P. and the article was written together
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5. Introduction

Survival of cells depends on the efficient management of a plethora of chemical
reactions at the very same point in time. Many of those reactions require different
physicochemical conditions to take place at a sufficient rate. Eukaryotic cells evade
this predicament by providing several different reaction chambers, which are
separated by membranes and are called compartments. Each of them harbors specific
internal conditions, such as fine-tuned ion concentrations or characteristic sets of
metabolites and enzymes. Furthermore, compartments exhibit a distinct lipid and
protein composition in their limiting membranes, which can be recognized on a
molecular level. Such a recognition is necessary for targeted transport of molecules
between different compartments. This transport between compartments allows for the
coordinated conduction of extensive multi-step reactions, which could not be

performed within a single reaction chamber.

5.1. The plant endomembrane system and the plasma membrane

The plant endomembrane system is one framework of several individual
compartments interconnected by highly specific transport events. It consists of the
Endoplasmic Reticulum (ER), the different stacks of the Golgi apparatus, the Trans-
Golgi Network (TGN), which functions also as Early Endosome (EE), the Multivesicular
Body (MVB), which is also referred to as Late Endosome (LE), and the different types
of vacuoles. The Plasma Membrane (PM), even though not being an “endo’-

membrane is also closely linked to this system, via multiple transport routes.

5.1.1. The endoplasmic reticulum

The ER is a dynamic network of interconnected tubular and cisternal structures.
Classically, the ER is considered to consist of three sub-compartments: The smooth
ER, the rough ER and the nuclear envelope (Staehelin, 1997). The smooth ER is
tubular and is a location of lipid synthesis. The cisternal rough ER is decorated with
ribosomes and allows for co-translational translocation of proteins into the
endomembrane system. The nuclear envelope forms together with the nuclear pore
complexes the barrier that separates the nucleus from the cytosol. Regarding its
chemical properties, the ER possesses a neutral pH of about 7, is likely to be enriched

in Ca?*-ions and provides an oxidative environment, which allows for the formation of
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intra- and intermolecular di-sulfide bonds between the cysteine residues of proteins
(Hiatt et al., 1989; Hwang et al., 1992; Frand et al., 2000; Stael et al., 2012; Martiniere
et al., 2013; Shen et al., 2013).

The common pathway for soluble proteins to enter the ER lumen and for single- and
multi-spanning transmembrane proteins to-be-inserted into the ER membrane is the
co-translational translocation. This process starts with the recognition of an N-terminal
signal sequence, which is present in a nascent peptide chain, by the signal recognition
particle (SRP) and leads to a temporary stop of translation (Walter et al., 1981; Meyer
et al., 1982; Wiedmann et al., 1987). Translation is reinitiated after recruitment of the
ribosome-peptide-SRP complex to the ER membrane and occurs through the
translocation pore into the lumen of the ER, where the signal peptide is cleaved off
(Blobel and Dobberstein, 1975; Walter and Blobel, 1981b, a). One central role of the
ER is to provide appropriate conditions for native folding and initial N-glycosylation of
newly synthesized proteins (Liu and Howell, 2016). For this, the Binding Proteins
(BiPs) bind preferentially to non-polar regions of peptides during translocation. They
thereby prevent premature folding and aggregation during synthesis (Flynn et al.,
1991; Vitale et al., 1995). BiPs, together with other chaperones like calreticulin and
calnexin, further facilitate folding until native protein configurations are achieved
(Hammond et al., 1994; Hammond and Helenius, 1994; Jin et al., 2007). The latter two
are part of an ER-specific quality control mechanism that targets misfolded proteins
for further rounds of refolding or the ER-Associated Degradation Pathway (ERAD;
Hammond et al., 1994; Muller et al., 2005; Jin et al., 2007; Quan et al., 2008; Huttner
et al., 2014). Proteins handed over to ERAD are relocated to the cytosol, ubiquitinated
and ultimately degraded by the proteasome. Released native proteins will, if they are
not ER-resident, be further transported to their respective destinations (Muller et al.,
2005; Stevenson et al., 2016).

5.1.2. The Golgi apparatus

The Golgi apparatus is a direct downstream compartment of the ER. It consists of
individual stacks of cisternae. Those stacks are polarly organized and single cisternae
are accordingly categorized into being part of the cis- medial- or trans-Golgi. In
mammalian cells, the trans-most cisterna serves as the TGN sorting proteins either

towards the PM or the lysosome (Griffiths and Simons, 1986). However, this is not the
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case in plants. Here, the Golgi apparatus and the TGN are different entities (Viotti et
al., 2010). While individual stacks and TGNs can be associated with each other, both
of those highly motile organelles can also move independently within the cell
(Nebenfuhr et al., 1999; Foresti and Denecke, 2008; Viotti et al., 2010; Uemura et al.,
2014). The plant TGN is, furthermore, not only involved in sorting proteins towards the
PM or endosomal compartments, it also acts as an early endosome (Dettmer et al.,
2006; Viotti et al., 2010).

The Golgi apparatus, itself, is involved in modifying the glycosylations, which are
attached to glyco-proteins in the ER, the synthesis of complex polysaccharides, which
are deployed as building blocks for the plant cell wall, and protein transport towards
the PM as well as the TGN (Driouich et al., 1993; Crowell et al., 2009; Viotti et al.,
2010). In this regard, earlier steps in the saccharide remodeling reaction chains occur
in the cis-cisternae, while latter steps occur in the medial- and the trans-cisternae
(Zhang and Staehelin, 1992). The total amount of stacks per cell and the organization
of individual stacks vary dependent on the developmental stage and the physiological
conditions of a cell. Additionally, this variation seems to correlate with the demand for
molecules, which are produced or modified by the Golgi (lijima and Kono, 1992; Lynch
and Staehelin, 1992).

Even though the individual cisternae types of the stack exhibit different morphologies
and harbor different sets of enzymes, they all seem to have a rather similar pH of 6.8
to 6.9 and are enriched in calcium, since their initial source of luminal content is the
ER and they furthermore possess thapsigargin-sensitive ion pumps accumulating
Ca?*-ions (Zhang and Staehelin, 1992; Ordenes et al., 2002; Ordenes et al., 2012;
Martiniere et al., 2013; Shen et al., 2013).

5.1.3. The plasma membrane

The PM is one downstream compartment of the Golgi apparatus. Here, soluble
proteins and oligo-saccharides are secreted into the extracellular space, where they
are involved in a plethora of functions like cell wall formation, pathogen defense and
seed germination (Harris and Northcote, 1971; Gubler et al., 1986; Moore and
Staehelin, 1988; Subbarao et al., 1998; Oh et al., 2005). Membrane proteins, however,
are retained in the PM. They mediate the transport of molecules across this lipid bi-

layer and the perception of extracellular signals as well as their transduction into the
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cell (Noguchi et al., 1997; Zipfel et al., 2004). The PM is thus the primary site of
interaction between a cell and its surrounding. It is also able to adjust its protein
composition rapidly to allow for timely reactions to environmental cues. This is
mediated by protein delivery from and protein disposal via the endomembrane system
(Paez Valencia et al., 2016).

In between the PMs of neighboring cells lies the apoplast. This extracellular space is
generally considered to be acidic (Yu et al., 2000). Recent measurements performed
on the apoplast of Arabidopsis roots indicate pH values of roughly 5.5 in the tip as well
as in the elongation zone and slightly below 4.5 in the differentiation zone (Barbez et
al., 2017).

5.1.4. The trans-Golgi network

Since the TGN is the first compartment reached by endocytosed molecules, it is also
referred to as the early endosome (EE; Dettmer et al., 2006). It is a tubulo-vesicular
structure that is often localized in close proximity to trans-most Golgi cisternae but can
also be observed in complete spatial separation from the stack (Staehelin et al., 1990;
Viotti et al., 2010; Kang et al., 2011; Uemura et al., 2014). The TGN/EE is considered
to be the central sorting hub of the plant cell. It receives cargo from the Golgi apparatus
and the PM and directs transport towards the PM and to the vacuole via the MVB/LE
(Scheuring et al., 2011; Uemura, 2016). Additionally, TGN-derived vesicles transport
the lipids, the cell wall components and membrane proteins, which form the nascent
cell plate during cytokinesis (Samuels et al., 1995).

Another characteristic of the TGN/EE is the presence of Vacuolar H*-ATPases (V-
ATPases), which acidify its lumen, resulting in pH values of 5.7 to 6.2 (Dettmer et al.,
2006; Martiniere et al., 2013; Shen et al., 2013; Luo et al., 2015). V-ATPase activity
appears to be vital for TGN function, since application of its specific inhibitor
concanamycin A has severe effects on the transport capabilities and the structure of
the TGN (Dettmer et al., 2006).

15



5.1.5. The multivesicular body

The MVB matures from the TGN (Scheuring et al., 2011). It is characterized by
Intraluminal Vesicles (ILVs), which are pinched off from its limiting membrane into its
lumen by the activity of the Endosomal Sorting Complexes Required For Transport
(ESCRTs; Jensen, 1965; Spitzer et al., 2009; Wollert et al., 2009). Due to the MVB
being the penultimate compartment on the vacuolar route for endocytic and
biosynthetic cargo, it is also referred to as the Late Endosome (LE) and the
Prevacuolar Compartment (PVC; Tanchak and Fowke, 1987; Tse et al., 2004).

The structure of the ILVs-containing MVB allows for the parallel transport of membrane
proteins to the limiting membrane of the vacuole (tonoplast) and of soluble as well as
membrane-bound proteins to the vacuolar lumen: Proteins targeted to the tonoplast
are in the outer membrane of the MVB, membrane proteins and soluble proteins
targeted for vacuolar delivery are in the ILVs or in the lumen of the PVC, respectively
(Spitzer et al., 2009; Bottanelli et al., 2011). Transport via the PVC is ultimately
accomplished by the fusion of the MVB'’s limiting membrane with the tonoplast. This
process causes the release of its lumen and of the ILVs into the vacuole (Murphy et
al., 1984; Scheuring et al., 2011).

The progressive acidification of endosomes during their maturation, which is typical in
mammals, does not occur in plants, as the pH values calculated for the MVB/LE are
in between 6.2 and 6.9 and thus higher than in the TGN/EE (Murphy et al., 1984;
Martiniere et al., 2013; Shen et al., 2013).

5.1.6. The vacuole

Plant cells can contain two archetypes of vacuoles: Protein Storage Vacuoles (PSVs)
and Lytic Vacuoles (LVs; Paris et al., 1996). PSVs are densely packed with proteins
(Shewry et al., 1995). Their function is the storage of fixed nitrogen and carbon. They
typically accumulate within cells of seeds and storage organs but are also present in
the vegetative tissues of plants (Horner and Arnott, 1965; Paris et al., 1996).

LVs make by far the largest contribution to the volume of most fully developed cells
(Owens and Poole, 1979). LVs drive the hydrolysis of macromolecules, provide the
turgor pressure needed for cell elongation and are involved in detoxification (Thayer
and Huffaker, 1984; Vogeli-Lange and Wagner, 1990; Kutschera and Koéhler, 1994;
Chaumont et al., 1998; Sergeeva et al., 2006). The individual tasks of PSVs and LVs
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necessitate different protein compositions, which in turn cause their distinct
morphologies (Shewry et al., 1995; Paris et al., 1996; Carter et al., 2004). Changing
these protein compositions can cause vacuoles to shift from one archetype to another.
This occurs for example during germination, when hydrolases are delivered to PSVs
turning them into LVs that are capable of degrading storage proteins and supplying
the seedling with amino acids (Bethke et al., 1998).

pH differences can only be assumed since measurements have only been performed
for LVs. In compliance with their function in protein hydrolysis, those exhibit varying
pH values of 6 and below (Jochem et al., 1984; Martiniere et al., 2013; Shen et al.,
2013).

5.2. The secretory pathway

The secretory pathway comprises of the ER, the PM, the vacuole and the
compartments passed by the transport routes leading from the former one to the latter
two. Transport leading from the ER to the PM is termed secretion. It is the default route
for soluble proteins synthesized in the ER (Denecke et al., 1990). To divert them
towards the vacuole or retain them within a given compartment en-route to the PM,
sorting events are necessary (Semenza et al., 1990; Lee et al., 1993; Shimada et al.,
2003).

5.2.1. Secretion

Soluble proteins in the ER lumen, whether they are actually ER-resident or not, are
transported to the cis-Golgi by default (Pimpl et al., 2000). This process is mediated
by vesicular carriers in the following sequence of actions: First, formation of a coat, in
this case Coat-Proteins (COP)-II, which deforms the membrane, leads to the formation
of a vesicle (Barlowe et al.,, 1994; Saito et al., 1998). After fission, the coat is
dissembled rendering the vesicle competent for fusion with a target compartment
(Barlowe et al., 1994; Saito et al., 1998; Takeuchi et al., 2000). Target-specificity of
vesicular transport depends on Soluble NSF Attachment Protein Receptors
(SNAREsS), which are present in characteristic sets on the surface of vesicular carriers
and organelles (Jahn and Scheller, 2006). Only if the SNAREs of a given vesicle match

with the ones of a target membrane a trans-SNARE complex, which first links both
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entities and then exerts the mechanical force to cause membrane fusion, is formed
(Jahn and Scheller, 2006).

Fusion of COP-II derived vesicles with a cis-cisterna of the Golgi then releases the
transported soluble proteins into the lumen of the Golgi. After their arrival in the cis-
cisternae of the Golgi, however, ER-resident soluble proteins, which possess the ER
retrieval signal [KH]DEL (Lys or His followed by Asp-Glu-Leu) at their very C-terminus,
are sequestered from anterograde transport by ER-Retention Defective 2 (ERD2) and
are redirected to the ER (Munro and Pelham, 1987; Semenza et al., 1990; Denecke
et al., 1992; Lee et al., 1993; Montesinos et al., 2014). This retrograde transport is
mediated by COP-I-coated vesicles (Pimpl et al., 2000; Montesinos et al., 2014). Thus,
retention of soluble ER-resident proteins is achieved by active retention, while proteins
destined for down-stream compartments are transported further. Different
mechanisms mediate ER-retention and -export of membrane proteins: ER export
signals present in some proteins allow for interaction with COP-II and facilitate active
transport to the Golgi (Nishimura and Balch, 1997; Hanton et al., 2005). C-terminal
KKXX/KXKXX (either Lys-Lys or two Lys residues interspaced by a random amino
acid, followed by the two most C-terminal residues of the protein) retrieval signals of
other proteins mediate ER-retention via retrograde transport back from the Golgi to
the ER (Letourneur et al., 1994; Benghezal et al., 2000). Proteins of the p24 family,
which effect Golgi structure and the transport of ERD2, possess both, ER export and
ER retrieval signals (Langhans et al., 2008; Montesinos et al., 2014; Pastor-Cantizano
et al., 2018). They are thus able to interact with COP-Il and COP-I coats allowing them
to cycle between the ER and the Golgi (Contreras et al., 2004a; Contreras et al.,
2004b; Langhans et al., 2008).

Soluble proteins lacking an ER retrieval signal appear to just pass through the stack
and no soluble Golgi-resident proteins have yet been described in plants (Phillipson
et al., 2001). In contrast, Golgi-resident transmembrane proteins, like glycan modifying
enzymes, have been described. Those localize specifically to certain cisternae types
(Schoberer and Strasser, 2011). The underlying targeting mechanism is thought to be
dependent on anterograde maturation of individual cisternae in cis to frans direction
coupled with selective COP-I-dependent retrograde transport (Nakano and Luini,
2010; Gao et al., 2012). This would result in transmembrane proteins actually “staying”

in the same type of cisternae. However, COP-l is not exclusively mediating retrograde
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transport as data from the mammalian field supports a role of COP-lI also in
anterograde intra-Golgi transport (Park et al., 2015).

Export from the Golgi stack can occur directly towards the PM. This is for example the
case for the cellulose synthase complexes (Crowell et al., 2009). Yet, other cargoes
destined for the PM or the apoplast, like complex saccharides, secretory Green
Fluorescent Protein (GFP) and fluorescently tagged Brassinosteroid Insensitive 1
(BRI1) seem to transit the TGN/EE (Zhang and Staehelin, 1992; Viotti et al., 2010;
Kang et al., 2011). Transport from the stack to the TGN/EE is postulated to be
mediated by maturation of the trans-most cisterna accompanied by the retrograde
transport of Golgi-resident proteins (Staehelin and Moore, 1995; Kang et al., 2011).
Secretory vesicles (SVs) clad by a yet unknown coat perform the final transport step
towards the PM (Kang et al., 2011). However, not only newly synthesized molecules
are secreted from the TGN/EE, also the GNOM-mediated recycling of previously
endocytosed transmembrane proteins back to the PM occurs in part via this
compartment (Geldner et al., 2003). By generating MVBs via maturation, the TGN/EE
also forms the carriers mediating transport to the vacuolar lumen and the tonoplast
(Spitzer et al., 2009; Bottanelli et al., 2011; Scheuring et al., 2011). Thus, several
different transport routes pass through the TGN/EE. To allow for specific delivery of

cargoes from such a complex transport hub, efficient sorting processes are critical.

5.2.2. Receptor-mediated vacuolar sorting

The apoplast is the default destination of soluble proteins transported within the
secretory pathway (Denecke et al., 1990). Thus, diverting proteins towards the vacuole
necessitates a sorting event. One of the best described biological sorting processes is
the lysosomal sorting in mammals. Here, Mannosyl 6-Phosphate (MP6) Receptors
(MPRs) shuttle soluble proteins destined for lysosomal delivery from the TGN to the
EE (Sahagian et al., 1981; Geuze et al., 1985; Hoflack and Kornfeld, 1985; Brown et
al., 1986). Since in this system these two are actually independent compartments, this
equals a sorting from the secretory to the endocytic pathway that leads from the PM
via EE and LE to the lysosome (Huotari and Helenius, 2011). The receptor-ligand
interaction occurs in the TGN after an uncovering enzyme ‘reveals’ terminal MP6
residues, which act as the sorting signal in the glycosylation pattern of the cargo
proteins (Sahagian et al., 1981; Hoflack and Kornfeld, 1985; Rohrer and Kornfeld,
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2001). The receptor-ligand complex is then sorted into vesicular carriers, which
ultimately fuse with the EE (Geuze et al., 1985; Brown et al., 1986; Zhu et al., 2001).
Here, MPRs and their cargo disassociate due to the acidification that parallels the
maturation from early to late endosomes and reduces the pH in these compartments
below the pH values found in the TGN (Sahagian et al., 1981; Murphy et al., 1984;
Hoflack and Kornfeld, 1985; Brown et al., 1986). The soluble proteins in this
compartment are delivered to the lysosome (Geuze et al., 1985). MPRs are recycled
back to the TGN via tubular membranous carriers formed by the retromer coat and

engage in further rounds of transport (Geuze et al., 1985; Seaman, 2004).

In plants, there are two families of sorting receptors mediating transport of soluble
cargo to the vacuole: The Vacuolar Sorting Receptor (VSR) family with its seven
members VSR1-7 and the Receptor Homology-Transmembrane-RING H2 (RMR)
proteins (Miao et al., 2006; Lousa et al., 2012; Li et al., 2013). The dimer forming
RMRs sort storage proteins into the PSV and it is thought, that they are not recycled
but are rather transported into the vacuole together with their cargo (Park et al., 2005;
Shen et al., 2011; Occhialini et al., 2016). In contrast to the RMRs, VSRs have been
suggested to recycle in order to be employed in several rounds of receptor-mediated
transport (daSilva et al., 2005; Niemes et al., 2010b; Kang et al., 2012).

While MPRs recognize their cargo via post-translational modifications, VSRs bind
directly to the protein backbone(s) of their cargoes (Sahagian et al., 1981; Kirsch et
al., 1994; Watanabe et al., 2002). Typical VSR ligands display one of three types of
Vacuolar Sorting Signals (VSS): Sequence-specific, C-terminal and structural sorting
signals. Sequence-specific VSS are amino acid stretches of the consensus motif NPIR
(Asn-Pro-lle-Arg; Holwerda et al., 1992; Matsuoka and Neuhaus, 1999). C-terminal
VSS, on the contrary, exhibit no consensus motif but have the common feature that
they must be situated at the very C-terminus of a protein to be functional (Bednarek et
al., 1990; Dombrowski et al., 1993; Matsuoka and Neuhaus, 1999). Structural VSS are
not based on a single amino-acid stretch but are epitopes formed by the tertiary or
quaternary structure of proteins (Saalbach et al., 1991; Von Schaewen and
Chrispeels, 1993).

The VSRs themselves are type-l transmembrane proteins. They possess a short
Cytosolic Tail (CT) at their C-terminus, a Transmembrane Domain (TMD) and an N-

terminal Luminal Binding Domain (LBD) that again contains a protease associated and
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a VSR-specific domain as well as 3 Epidermal Growth Factor (EGF) repeats, of which
at least one can bind Ca?* (Paris et al., 1997; Cao et al., 2000).

The LBD alone is capable of cargo recognition and binding (Watanabe et al., 2004;
Niemes et al., 2010a; Luo et al., 2014). In this context, in vitro VSR-ligand interaction
has been shown to persist at pH values at around 6.5 and to be gradually abolished
under increasingly acidic or alkaline conditions (Kirsch et al., 1994). This pH
dependency, however, can be overwritten by elevated calcium levels. It was shown,
that a concentration of 1 mM Ca?* prevents dissociation even at a pH of 4 (Watanabe
et al., 2002).

The TMD links the LBD and potentially bound ligands to the CT, which in turn seems
to be able to interact with several components of the transport machinery (daSilva et
al.,, 2006). The CT contains several motifs necessary for VSR-transport. Notably, a
tyrosine motif TXX¢ (Tyr and ¢ interspaced by two random amino acids with ¢ being
a bulky hydrophobic amino acid) that has been shown to interact with adaptor
complexes in vitro (Happel et al., 2004). These complexes are able to recruit clathrin
triskelia consisting of three clathrin light chain molecules and three clathrin heavy
chain moieties (Kirchhausen and Harrison, 1981; Ford et al., 2002; Chidambaram et
al., 2008; Fan et al., 2013). Their recruitment, in turn, leads to the formation of a
clathrin-coated membrane protrusion, which can be pinched off by the action of
Dynamin-Related Proteins (DRPs) giving rise to Clathrin-Coated Vesicles (CCVs;
Roth and Porter, 1964; Sweitzer and Hinshaw, 1998; Hinrichsen et al., 2006; Fujimoto
et al., 2010). In addition to harboring a signal for CCV-mediated transport, the CT of
VSRs also seems to contain a motif for retromer-dependent transport, as VSR1 and
the Vacuolar Protein Sorting 35 (VPS35) subunit of the retromer coat were shown to
interact (Oliviusson et al., 2006).

In several aspects VSRs are similar to MPRs: They exhibit a pH dependency of
receptor-ligand interaction in vitro, are associated with CCV- as well as retromer-
dependent transport and were localized at the Golgi, the TGN/EE and the MVB (Kirsch
et al., 1994; Paris et al., 1997; Happel et al., 2004; Miao et al., 2006; Hinz et al., 2007).
This led to the conclusion that VSR-mediated transport paralleled the MPR transport
in mammals. Anterograde transport was thought to occur from the Golgi or TGN to an
endosomal compartment via CCVs. This endosomal target compartment was

considered to be MVB/LE, in which a putatively lower pH would trigger ligand release.
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From there on, retromer would recycle the VSRs back to the TGN (Paris et al., 1997).
This model, however, has more recently been challenged by two major findings: First,
the sorting nexins, which are considered to be a part of retromer complex, have been
shown to localize at the TGN and second, the MVB is more alkaline than the TGN/EE,
which is actually the most acidic compartment en-route to the vacuole (Niemes et al.,
2010b; Martiniere et al., 2013; Shen et al., 2013). This implies that if recycling of VSRs
is indeed mediated by retromer and there is an acidity-driven release of ligands, the
TGN/EE is the most likely location for ligand unloading and thus the target
compartment of receptor-mediated vacuolar transport. Yet, if this was actually the
case, where would VSRs then be recycled to? Possible recycling targets are the ER
and the Golgi. Since VSR-ligand interaction does not dependent on post-translational
modifications of the cargo, VSR-ligand interaction could, as was recently suggested,
already occur in the ER (Kirsch et al., 1994; Watanabe et al., 2002; Watanabe et al.,
2004; Niemes et al., 2010a).

Furthermore, how would a ligand release in the TGN/EE fit to the current model of
secretion, which implies default PM delivery of soluble molecules from the very same
compartment (Moore and Staehelin, 1988; Dettmer et al., 2006)? A better
understanding of vacuolar transport, in particular of the whereabouts of VSR-ligand
interaction and receptor recycling is needed for the construction of a more

comprehensive model of the transport processes within the endomembrane system.

5.3. The endocytic pathway

Proteins in the PM mediate the transfer of molecules and information into the cell
(Noguchi et al., 1997; Zipfel et al., 2004). To control the uptake of substances, some
of which can, if present in excess, be toxic, or to stop signaling events, a cell needs to
be able to adapt its protein composition at the PM accordingly. A general mechanism
to downregulate PM proteins fast during such an adaption is transporting them to the
vacuole via the endocytic pathway (Kasai et al., 2011; Lu et al., 2011; Martins et al.,
2015). However, endocytosis does not necessarily lead to vacuolar delivery. Some
PM proteins, like the auxin efflux carrier Pin-Formed 1 (PIN1), are constitutively
endocytosed and recycled back to the PM from endosomal structures via a pathway
that depends on the ADP-Ribosylation-Factor Guanine-Nucleotide exchange-factor
(ARF-GEF) GNOM (Geldner et al., 2003).
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5.3.1. Endocytosis

Formation of endocytic vesicles can be clathrin-mediated or clathrin-independent.
Clathrin-Mediated Endocytosis (CME) is a multi-step process (McMahon and Boucrot,
2011; Paez Valencia et al., 2016). The first step in CME is the formation of a nucleation
module. In opisthokonta, this module consists of the muniscin FCH Domain Only
(FCHOo) proteins, intersectins and EGFR Pathway Substrate 15 (EPS15; Stimpson et
al., 2009; Henne et al., 2010). Plants, however, do not possess a known homolog of
muniscin FCHo. Here, the TPLATE complex is thought to act as a nucleation module,
since its subunits harbor some functional domains found in muniscins, EPS15 and
intersectins (Gadeyne et al.,, 2014). Furthermore, TPLATE recruitment to the PM
precedes the one of the Adaptor Complex 2 (AP2), which is the hetero-tetrameric
adaptor interacting with clathrin triskelia during endocytosis (Fan et al., 2013; Gadeyne
et al., 2014).

Nucleation is followed by recruitment of adaptors and the selection of cargoes. Signals
marking proteins for endocytosis include a tyrosine motif and an acidic di-leucine
signal [DE]xxxL[LI] (ASP or GLU and LEU-LEU or LEU-ILE interspaced by three
random amino acids). The 3D-structures of these amino acid sequences are
recognized by the subunits of AP2 (Hunziker and Fumey, 1994; Ohno et al., 1995;
Pond et al., 1995; Ortiz-Zapater et al., 2006; Kelly et al., 2008; Wakuta et al., 2015).
Furthermore, ubiquitination, which is the covalent attachment of one or more ubiquitin
molecules to lysine residues of a protein, also trigger endocytosis. In this regard, the
addition of a single ubiquitin to a protein seems to be insufficient to link a protein to the
endocytosis machinery. Instead, the addition of ubiquitin chains (poly-ubiquitination)
or of several individual ubiquitins to different lysine residues (poly mono-ubiquitination)
is needed for efficient endocytic uptake (Pickart and Eddins, 2004; Barberon et al.,
2011; Leitner et al., 2012; Scheuring et al., 2012). In plants, the Tom1-Like (TOL)
proteins have been suggested to link ubiquitination to CME, since they are able to bind
ubiquitin in vitro, are partially present at the PM and are involved in the degradation of
the PM-localized auxin efflux carrier PIN2 (Korbei et al., 2013).

After cargo selection, which leads to an initial deformation of the PM due to the
membrane modelling capabilities of adaptors, the clathrin coat induces membrane

protrusions and CCVs are ultimately released by the action of DRPs (Sweitzer and
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Hinshaw, 1998; Ford et al., 2002; Hinrichsen et al., 2006; Chidambaram et al., 2008;
Fujimoto et al., 2010; Fan et al., 2013).

The CCVs then deliver their cargo by fusing with the TGN/EE (Dettmer et al., 2006;
Dhonukshe et al., 2007). Endocytosed membrane proteins can, from here on, either
be recycled to the PM or be sorted into ILVs during the maturation of MVBs from the
TGN/EE (Geldner et al., 2001; Spitzer et al., 2009; Scheuring et al., 2011).

While there is evidence that also clathrin-independent endocytosis exists in plants,

very little is known about the putative mechanisms of this process (Li et al., 2012).

5.3.2. Endosomal sorting complexes required for transport (ESCRT-) mediated
vacuolar sorting

In yeast and mammals, ubiquitination serves as the central sorting signal that is
recognized by the ESCRT machinery, which consists of five protein complexes,
namely ESCRT-0, ESCRT-I, ESCRT-II, ESCRT-IIl and the Vacuolar Protein Sorting 4
(VPS4) complex (Henne et al.,, 2011). ESCRT-0 is formed by VPS27 and Has
Symptoms Of Class E Mutants 1 (Hse1; Bilodeau et al., 2002). VPS23, VPS28, VPS37
and Multivesicular Body 12 (Mvb12) form ESCRT-I. ESCRT-II consists of VPS22, two
VPS25 moieties and VPS36. VPS20, Sucrose Non-Fermenting 7 (SNF7), VPS24 and
VPS2 in varying stoichiometric ratios assemble ESCRT-IIl (Babst et al., 2002a). 12
VPS4 subunits form a complex together with 6 VPS Twenty Associated 1 (Vtal)
proteins (Babst et al., 1997; Yu et al., 2008). After recognizing ubiquitinated proteins,
the ESCRT machinery concentrates them and sorts them into budding ILVs of its own
making.

Localization-specificity of the ESCRTs is conferred by the lipid-binding preferences of
ESCRT-0 and ESCRT-II. Their subunits VPS27 and VPS36, respectively, are able to
bind to Phospho-Inositol-3-Phosphate (PI3P), which is enriched in endosomal
membranes (Raiborg et al., 2001; Gillooly et al., 2003; Petiot et al., 2003; Slagsvold
et al., 2005). ESCRT-I and ESCRT-III subunits lack this kind of lipid-specificity. They
are recruited by ESCRT-0 and ESCRT-II, respectively (Katzmann et al., 2003; Lu et
al., 2003; Teo et al., 2004; Im et al., 2009) and maintain membrane attachment via the
basic N-terminus of ESCRT-I's VPS37 and the myristoylatation of ESCRT-III's VPS20
(Babst et al., 2002a; Kostelansky et al., 2007).
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Ubiquitin-binding is performed by both ESCRT-0 subunits, the ESCRT-I subunits
VPS23 and Mvb12 as well as ESCRT-II's VPS36 (Katzmann et al., 2001; Slagsvold
et al., 2005; Teo et al., 2006; Shields et al., 2009; Ren and Hurley, 2010). Since
ESCRT-0 interacts with ESCRT-I, which in turn interacts with ESCRT-II, the resulting
super-complex is able to accumulate several ubiquitinated cargo molecules
(Katzmann et al., 2003; Lu et al., 2003; Teo et al., 2006). The recruitment of two VPS20
moieties by the two VPS25 subunits of ESCRT-II links ubiquitin recognition and
accumulation to the ILV formation performed by ESCRT-III (Teo et al., 2004; Wollert
et al., 2009; Teis et al., 2010). For ILV formation, the patrticipation of both of these
VPS20 moieties followed by the assembly of two VPS24-capped poly-Snf7 filaments
is necessary (Teis et al., 2008; Saksena et al., 2009; Teis et al., 2010).

The combined action of ESCRT-0-III ultimately sorts ubiquitinated cargo into nascent
ILVs (Wollert and Hurley, 2010). Prior to budding, the following steps are performed
to keep ESCRT-mediated sorting efficient, as they allow for the complexes to
participate in multiple rounds of transport: First, de-ubiquitination enzymes remove
ubiquitin from to-be-degraded proteins, thereby maintaining the ubiquitin level within
the cell (Swaminathan et al., 1999; Amerik et al., 2000). This further allows ESCRT-0-
Il to escape vacuolar delivery (Wollert and Hurley, 2010). Then, ESCRT-IIl is
disassembled and released into the cytosol by the action of the VPS4 complex (Babst
et al., 1998; Wollert and Hurley, 2010).

In plants, the knowledge concerning the ESCRTs is comparatively limited. Homologs
for most subunits have been identified in Arabidopsis, interactions have almost
exclusively been studied by initial screens and a few selected subunits have been
characterized in more detail (Spitzer et al., 2006; Richardson et al., 2011; Shahriari et
al.,, 2011; Gao et al., 2014). Nevertheless, it has become evident, that the overall
function of ESCRT at endosomal membranes is conserved, as perturbations of the
machinery lead to miss-sorting of ubiquitinated proteins (Spitzer et al., 2009;
Richardson et al., 2011; Cai et al., 2014; Gao et al., 2014). However, this is not the
case for the underlying molecular mechanisms, as the FYVE Domain Protein Required
For Endosomal Sorting 1 (FREE1) substitutes for the absence of ESCRT-0 and might

even be completely integrated in a putative ESCRT-I complex (Gao et al., 2014).
Especially concerning plant ESCRT-II, information is scarce, and findings have been

controversial. While fluorescently tagged VPS22 was reported to localize to
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endosomal membranes (Scheuring et al., 2011), overexpressed and epitope-tagged
VPS36 had been found to be present almost exclusively at the PM in an immune-
fluorescence-based localization screen (Richardson et al., 2011). Here, further studies
are necessary to explore whether an ESCRT-Il homologous complex actually exists
in plants, which proteins this putative complex would consist of and what its plant-

specific functions at the PM might be.
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6. Objectives

Transport to the lumen of the lytic vacuole occurs differently for membrane-bound and
soluble proteins. Membrane proteins that are to-be-degraded in this organelle are
sorted by the ESCRTs into ILVs during endosomal maturation. These ILVs are
released into the vacuole upon fusion of the limiting membrane of the MVB/LE with
the tonoplast. Soluble proteins including the acidic hydrolases that mediate protein
degradation in the vacuole are transported within the lumen of the compartments of
the endomembrane system. Their vacuolar delivery depends on the sorting function
of the VSRs, which sequester them from default secretion.

To grasp the over-all functionality of the plant endomembrane system, a thorough
understanding of both, VSR- and ESCRT-mediated sorting events, especially
concerning how they are spatially and temporally coordination and intertwined, is
needed.

For this, it is mandatory to understand where the VSRs bind and release their cargo
and whether they are recycled to engage in multiple rounds of sorting. For the
assessment of the whereabouts of VSR-cargo binding and release we aimed at
characterizing the physicochemical conditions of the individual compartments of the
endomembrane system regarding whether they allow for receptor-ligand interaction.
Therefor we had to target pH sensitive probes precisely to the organelles of interest.
We chose to employ GFP, which allowed for pH measurements via Fluorescent
Lifetime Imaging (FLIM), as probe and translationally fused it to different compartment-
specific markers to stir it to locations within the endomembrane system. The results of
these recordings hinted towards VSR-ligand interaction being established in the ER
and Golgi and being abolished in the TGN/EE. To confirm this, we next sought to
perform compartment-specific VSR-ligand interaction studies in vivo. However, those
necessitated directing the VSRs to individual compartments. As this was not feasible
for the full-length receptors, we chose to employ just the LBD, which mediates ligand
binding. This allowed us to translationally fuse only the LBD to a GFP-Nanobody
(Nba), resulting in LBD-Nbg. Via a nanobody-epitope interaction LBD-Nba could be
attached to the earlier described GFP-marker fusions, which would then guide the
assembled sensors to the desired localization. With the sensors already containing

GFP, we aimed at employing a ligand-RFP protein fusion to allow for assessing
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interaction between the LBD and its ligand via Férster Resonance Energy Transfer
(FRET) monitored by FLIM.

Due to the different GFP-lifetimes recorded for the individual compartments during the
pH measurements, controls to assess the base fluorescent lifetime of the sensor at a
given location had to be established. Furthermore, there was a lack of suitable
biological positive controls, which could prove the general possibility of FRET induced
reduction of the fluorescent lifetime of the sensor within the plant endomembrane
system. To overcome this, a set of generally applicable controls had to be designed
before FRET-FLIM could be used to monitor where ligand binding and release occur
during VSR-mediated sorting.

After analyzing anterograde VSR-mediated sorting, we aimed at visualizing the
putative retrograde transport of VSRs. To be able to directly observe the recycling of
VSRs and identify the target compartment of retrograde transport, we had to establish
a strategy to discriminate between receptors in two different states: First, VSRs which
were newly synthesized and thus on the anterograde route and second, those which
had already recycled. It was, furthermore, necessary to be able to halt the movement
of VSRs in every single compartment en-route to the vacuole to test for the presence
of recycled receptors at that specific location. We envisaged tackling both issues by
exploiting two different nanobody-epitope interactions and monitoring the system by
confocal microscopy. In this regard, we employed a first nanobody-epitope interaction
to post-translationally label VSRs, which had already been anterogradely transported,
with a fluorescent protein containing the two different epitopes in the TGN/EE, which
is their assumed recycling point. This dual-epitope linker would then also be used to
bind specifically recycled receptors to membrane markers in upstream compartments

via the second nanobody-epitope interaction pair.

To get more insights into the other route leading into the vacuole and possibly gather
hints on how the transport of membrane-bound and soluble proteins to this organelle
might be intertwined, we sought to further characterize the ESCRTSs. Here, we focused
on three plant proteins homologous to the subunits of the Saccharomyces ESCRT-II,
which reassembles the heart of the yeast ESCRT machinery. At the time, however, it
was unclear, whether they would form a complex in plants, since heterologously
expressed VPS22 and VPS36 had been found to localize at different compartments.

We set out to clarify this and provide fundamental knowledge about a putative plant
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ESCRT-Il complex, concerning its localization, composition and function. In this
regard, we planned to raise antibodies against VPS22, VPS25 and VPS36 to employ
them in immune electron microscopy, ultimately localizing these endogenous proteins
in situ. We aimed, furthermore, at verifying putative intra-complex interactions in vivo

via FRET-FLIM and at analyzing the importance of ESCRT-II functions for plant life.
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7. Results and discussion

7.1. Compartment-specific analysis of the interaction between vacuolar
sorting receptors and their cargo

After their co-translational translocation into the ER lumen, proteins destined for
vacuolar delivery are sorted out of the secretory bulk flow that leads to the PM and the
apoplast. This active transport depends on Vacuolar Sorting Receptors (VSRs). Yet,
the identities of donor- and acceptor-compartments interconnected by VSR-mediated
sorting were a matter of speculation: First, even though in vivo studies elegantly
demonstrated that VSRs interact with their cargo in the ER, neither ligand binding nor
ligand release had been shown directly for any other compartment within the
endomembrane system (Watanabe et al., 2004; Niemes et al., 2010a). Second, the
results of the studies, which had successfully characterized the pH and Ca?
dependencies of VSR-cargo interaction in vitro, did not allow for predicting the
whereabouts of receptor-ligand interaction in vivo, since the physicochemical
conditions within plant cells had not yet been explored in sufficient detail (Kirsch et al.,
1994; Watanabe et al., 2002). In order to provide the missing in vivo interaction data,
we intended to implement an approach, capable of directly and individually probing all
compartments en-route to the vacuole for the presence or absence of VSR-cargo
interaction. Furthermore, to allow also for a profound interpretation of the in-vitro
binding studies, we sought to determine the intra-compartmental pH values within the

endomembrane system.

As VSRs have to be transported within the endomembrane system to fulfill their sorting
function, receptor sub-populations are expected to be present at different
compartments at the same point in time. Since we intended to test VSR-cargo
interaction for each organelle type individually, we had to design an experimental
approach enabling us to pinpoint and retain the VSR-derivative, which would be
employed for the binding studies, at only one specific compartment of choice. For the
manipulation of VSR-(derivative) localization within the endomembrane system, three
different approaches have been applied in the past: First, analysis of trafficking
mutants. Second, trapping VSRs by blocking individual steps in intracellular transport
via the application of pharmaceutical treatments or the expression of dominant effector
mutants. Third, fusing the cargo-interacting Luminal Binding Domain (LBD) of VSRs
to compartment-specific markers. Even though all three of them had been proven very
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valuable during the prior characterization of VSRs, none of them was applicable for all
compartments of the endomembrane system while still providing the high targeting-
specificity needed for the given task. So was the application of the trafficking mutants,
which were initially employed to study the importance of the VSR C-terminus for
efficient transport of the whole receptor, hampered by all mutant VSRs being partially
localized at endosomal compartments (daSilva et al., 2006; Saint-Jean et al., 2010).
The introduction a transport block, which was for example elegantly used to monitor
the effect of sorting nexins 1 and 2 mutants on the trafficking of VSR-derivatives, was
also not a perfect solution, because VSRs would not only accumulate in the organelle
directly upstream to the block but were also expected to backlog further, possibly up
to the ER (Niemes et al., 2010b). Blocking transport might additionally cause serious
alteration of the physicochemical conditions of the affected compartments. Those
alterations in turn might then interfere with receptor-ligand interaction. Finally, there
was the possibility of employing LBD-marker fusions, which had already been used to
show receptor-ligand interaction in the ER (Niemes et al., 2010a). This was, however,
only applicable for the ER and MVB, since the N-termini of the respective marker
proteins faced the compartmental lumen (type-l transmembrane proteins). This
allowed the LBD to be fused via its C-terminus and thus to be maintained in a
functional conformation. The markers for the Golgi and the TGN exhibit their C-
terminus to the compartmental lumen (type-Il transmembrane proteins). To overcome
the limitations imposed by the topology of the type-1l transmembrane marker proteins,
we planned to link the LBD and the markers proteins in a post-translational instead of
a translational manner. This would allow for the assembly of precisely targetable
sensors for VSR-ligand interactions.

To implement such a link within the plant cell, we intended to make use of the highly
specific interaction between so-called nanobodies and their respective antigens.
Nanobodies are the variable domain of the heavy-chain-only antibodies found in
camelids (Hamers-Casterman et al., 1993; Muyldermans, 2001). These small peptides
with a size of only about 15 kDa are very stable, can be heterologously expressed and
are fully capable of antigen-binding (Muyldermans, 2001). Moreover, their coding
sequences can be directly fused to the ones of other proteins to generate nanobody-
fusion proteins that still possess antigen-binding capabilities (Rothbauer et al., 2006).
This allowed us to fuse an Anti-GFP Nanobody (Nbg) to the C-terminus of the LBD,
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which could in turn bind to any marker protein exhibiting GFP in the lumen of a given
compartment within the endomembrane system. The resulting protein complex would
then be efficiently targeted by the sorting signals present in the marker protein and
contain the LBD in the same functional orientation as it is present in an a full-length
VSR. With this setup, the nanobody-epitope interaction that leads to sensor-assembly
already occurs in the ER lumen, since all marker proteins, we intended to use as
anchor constructs for the LBD, are inserted into the membrane in this very organelle.
This was particularly important for the MVB/LE marker GFP-BP80, which is a
truncated VSR having its LBD replaced by a GFP (Li et al., 2002; daSilva et al., 2005).
This molecule localizes at the MVB and is thus no longer associated with a
compartment that is passed by the otherwise non-anchored and thus secreted LBD-
Nbgc on its route to the PM.

For the characterization of the compartmental pH values within the endomembrane
system, we intended to exploit the fact that the chromophore of GFP in its protonated
state exhibits a shorter fluorescent lifetime than in its unprotonated state (Heikal et al.,
2001). This allowed for the application Fluorescence Lifetime Imaging (FLIM) to
measure the pH of individual compartments in a non-invasive manner. For this to be
successful, | designed a system of highly localization-specific compartmental markers,
which had to meet two further requirements to serve as pH-sensors. First, all markers
had to contain the very same GFP-variety and second, the marker topology had to be
chosen in a way that the fluorophore was exhibited towards the lumen of the
compartment of interest. | opted for the use of enhanced GFP instead of wildtype GFP,
since the dynamic range of pH-induced changes in average fluorescence lifetimes
within a population of the former matches well with the pH values expected within an
eukaryotic cell (Heikal et al., 2001).

For targeting of the GFP, | chose the following markers: Calnexin (CNX) for the ER,
a-Mannosidase1 (Manl) for the Golgi, Syntaxin Of Plants 41 (SYP41) and SYP 61 for
the TGN and BP80 for the MVB (Nebenflhr et al., 1999; Uemura et al., 2004; daSilva
et al., 2005; Niemes et al., 2010a). To achieve the required topology, | fused the GFP
with the N-terminus of the type-I transmembrane proteins and with the C-terminus of
type-1l transmembrane proteins and tail-anchored syntaxins, respectively. This
resulted in GFP-CNX, GFP-BP80, Manl-GFP, SYP41-GFP and SYP61-GFP. To test

whether N- and C-terminally fused GFP exhibited different lifetimes, | designed two
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additional constructs. These constructs encode for GFP fused to either terminus of a
peptide, which is expressed in the cytosol and post-translationally inserted in the PM
via S-acetylation (GFP-Box and Box-GFP; Lavy and Yalovsky, 2006; Scheuring et al.,
2012). Furthermore, those two proteins allowed for the assessment of the cytosolic
pH. | had to establish FLIM for our laboratory, thus | chose transiently transformed
protoplast as a model system, since single cells are way more suitable for this
technique than thick tissues. The tightly controllable expression levels warranted by
electro-transfected protoplast, allowed, furthermore, for high signal to noise ratios and
for short imaging times. After verifying correct localization for all pH-sensors, |
recorded their fluorescent lifetimes (Fig. 1).
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Figure 1: Average fluorescent lifetimes of N- and C-terminal GFP-fusion proteins located within
intracellular compartments. Sample size n=14 for each GFP marker. Error bars indicate standard errors
of the mean.

As the lifetime of Box-GFP and GFP-Box showed no significant differences
(t(29)=1.08; p=0.29; FaBler, unpublished), we concluded that any occurring shortening
of lifetimes between the other samples had indeed been caused by reduced pH values
compared to the cytosol. Since the cytosol is expected to be rather neutral and the
lifetime values of the cytosolic and the ER-localized pH-sensors exhibit no significant
differences (Tukey a=0.05), we assumed the ER to also exhibit a pH value of around

7, which would be suitable for the already reported VSR-ligand binding in this
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compartment (Kirsch et al., 1994; Watanabe et al., 2004; Niemes et al., 2010a). In
sharp contrast to the situation in the ER, my results clearly indicated that the TGN is
more acidic than the Golgi and the MVB (Fig. 1). Considering the in-vitro evidence,
which demonstrated the abolishment of VSR-cargo interaction at lower pH, we
concluded already at this point that the TGN was the most likely acceptor-
compartment for receptor-mediated vacuolar sorting (Kirsch et al., 1994). Thus, we
predicted for the upcoming interaction-analysis that ligand binding would occur in all
organelles upstream of the TGN, namely ER and Golgi, and would be abolished in
downstream compartments like the MVB/LE or the previously reported late PVCs
(Foresti et al., 2010).

Acquisition of calibration curves, which would have been needed for calculating
absolute pH values, and inclusion of these findings in our manuscript was omitted,
since similar studies concerning intracellular pH measurements had been published

prior to our initial submission by Shen et al. (2013) and Martiniere et al. (2013).

7.1.1 In vivo interaction studies by measuring Forster resonance energy
transfer through fluorescence lifetime imaging microscopy (FRET/FLIM)

In order to characterize the interaction between VSRs and their cargo in the
compartments of the endomembrane system, we had already devised a strategy to
specifically target the LBD to specific compartments. Next, we had to decide on how
to monitor the ligand binding status of those LBDs. Due to the reversibility and the pH-
and Ca*-dependent nature of this interaction between VSRs and their cargo, it was
crucial to dismiss any techniques that necessitated breaking up cells and extracting
proteins, such as for example co-immune precipitation. While the application of those
approaches is very valuable to determine whether proteins of interest can interact in
general, they inevitably also include steps that separate cargo/LBD-Nba/GFP-marker
complexes from membranes and incubate them in buffer solutions for their recovery.
At that point, the physicochemical conditions of the organelle, in which the complex
had formerly localized, would be completely overridden by the conditions of the buffer,
which would confer either ligand binding or ligand releasing conditions.

With those considerations in mind, we opted for performing an in vivo approach based
on live cell imaging. In this regard, we had to decide between Forster Resonance

Energy Transfer (FRET) monitoring techniques and Bi-Molecular Fluorescence
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Complementation (BIFC) assays. We chose the former, as they allow for the direct
monitoring of the interaction status of the proteins of interest and not for the general
occurrence of interaction. This was of particular importance, since we were not only
interested in where the interaction between VSRs and their cargo is initiated and
maintained but also where it is abolished, as the reversible nature of the VSR-ligand
interaction is a specific requirement for the concept of receptor-mediated sorting. BIFC
could not have provided this information, since LBD and cargo molecules fused to the
N- or C-terminal part of YFP would already bind each other in the ER, for which VSR-
ligand interaction had initially been shown, and thereby cause complementation of the
YFP (Watanabe et al., 2004; Niemes et al., 2010a). This interaction driven YFP
complementation, however, would keep the initially interacting molecules glued
together irrespective of the potentially ligand releasing conditions in downstream
compartments. Thus, it would not allow for the identification of the endpoint of VSR-
mediated transport at all. To enable the monitoring of the reversible VSR-ligand
interaction, we opted for FRET-FLIM, as this specific variant of FRET detection is least
prone to false positive results and is not dependent on bleaching, which could
otherwise affect intra-organellar conditions due to photo toxicity (Bucherl et al., 2014;
De Los Santos et al., 2015).

FRET studies demand a combination of two fluorophores, for which the emission
spectrum of the first overlaps with the excitation spectrum of the other. Those
fluorophores are referred to as donor and acceptor, respectively. As energy transfer
from a donor- to an acceptor-population causes a decrease of average donor-
fluorescence lifetime and efficient FRET occurs only within a distance of less than 10
nm, performing FLIM allows probing for interaction-inferring proximity of the proteins
of interest with each other. A commonly used fluorophore combination in this regard
consists of the donor GFP, for which lifetime reduction can easily be determined, and
the acceptor RFP, which allows for a sufficient spectral overlap (Wang et al., 2014;
Kriechbaumer et al., 2015).

Regardless of the choice of fluorophores, FRET-FLIM experiments require three types
of controls. First, a donor-only sample, employed to assess the basic lifetime of the
donor in the respective environment. Second, a negative control, which is used to
exclude that a non-interacting but co-localizing acceptor-fusion protein at the chosen

expression levels interferes with the donor’s fluorescence lifetime. Third, a positive
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control validating that the lifetime of the donor can, indeed, be reduced by an
interacting acceptor-fusion protein under the conditions at hand. Donor-only controls
are the easiest to set up, since they, most of the time, only involve single expression
of the donor-fluorophore fused to a protein of interest. In most cases, negative controls
are also not too difficult to implement, as the acceptor-fluorophore can be directed to
the desired location by fusing it to small sorting signals, which are, in general, unlikely
to interact with the donor-fusion protein. However, positive controls can, especially in
case of an initial characterization of protein-protein interaction, be almost impossible
to perform, if there are no known interactors of the donor-fusion protein. To overcome
this problem, | set out to devise a universal acceptor, suitable for all GFP-based donors
to come.

For this, | designed an interactor that binds directly to the GFP, which is the common
denominator that produces the readout in all those experiments. |, therefore, fused the
acceptor-fluorophore directly to the Nbg, as this nanobody has been shown to bind
GFP (Schornack et al., 2009).

This Nba-RFP construct reduced the fluorescent lifetime of cytosolic GFP in a highly
significant manner in all performed FRET-FLIM analyses, while comparable amounts
of cytosolic RFP had no effect on the donor.

As Nba-RFP was able to bind free GFP in the cytosol, we anticipate it to be able to
bind any cytosolic GFP-fusion protein. In addition, its application together with non-
cytosolic donors should be viable, as sorting signals can be attached to Nbe-RFP in

order to target it towards any other intracellular location.

7.1.2 Receptor-mediated sorting of soluble vacuolar proteins ends at the trans-
Golgi network/early endosome

For the FRET-FLIM measurements aiming at characterizing VSR-ligand interaction,
we intended to use the GFP-tagged marker proteins, which | had already designed,
characterized and applied for measuring the intracellular pH values, as donors. By
doing so, we could apply the gathered knowledge regarding the required expression
levels and the to-be-expected donor-only lifetimes (Fig. 1). Especially the second point
was important, as the fluorescent lifetime of GFP is drastically reduced in the TGN due
tothe low compartmental pH values. This might have led to false positive interpretation

of FRET-FLIM interaction data, if we had not included a donor-only control (FaBler and
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Pimpl, 2017). An RFP fused with the vacuolar sorting signal of Aleurain (aleuRFP) was
used as acceptor-fluorophore (Humair et al., 2001). We chose this specific molecule,
since my initial study revealed that aleuRFP, in comparison to other tested RFP-
fusions, e.g. RFP-Chitinase and RFP-Sporamin, was more efficiently transported to

the vacuole and was not prone to accumulation in the ER (FaBler, unpublished).

This setup warrants that FRET effects can only occur if the LBD-Nbg linked to the
GFP-tagged anchor interacts with the aleuRFP in the respective compartment and
thus forces the two fluorophores into close proximity. Expression of Secreted RFP
(secRFP) instead of aleuRFP was chosen to serve as a negative control, since the
sorting signal of Aleurain, which actually interacts with the LBD, is not present in
secRFP (Kirsch et al., 1994). Co-expression of an anchor with an LBD-Nbg, which is
translationally fused to RFP, represented the perfect general positive control. As
donor-only control, we opted not for single expression of the respective GFP-tagged
marker but rather for co-expression of the whole LBD-cargo interaction sensor
consisting of marker and the LBD-Nbg. This allowed to assess all possible effects the
binding of the Nbc to the GFP might have on the measured fluorescent lifetime in the
other samples.

The compartment-specific FRET-FLIM analysis revealed that VSR-ligand interaction
occurs in the ER, the cis- and the trans-Golgi. In contrast, the TGN/EE and the MVB
were identified as non-binding compartments. Thus, the TGN/EE is the first organelle
en-route to the vacuole that allows for dissociation of ligands and the receptors. This
suggests that the TGN/EE is the target of VSR-mediated sorting. Our results,
furthermore, imply that soluble proteins, which have been transported into the
TGN/EE, then follow the route to the vacuole without the involvement of a further
receptor-mediated sorting step. In order to test our hypothesis regarding a putative
default transport of soluble proteins from the TGN/EE towards the vacuole, we
intended to deliver a fluorescent protein lacking any sorting signals directly into the
TGN/EE and monitor for the possible accumulation of fluorescence signal in the
vacuole. If indeed the bulk of fluorescent protein would arrive in this location, this very
organelle had to be the final destination of default transport downstream of the
TGN/EE.

For the practical application, we exploited the fact that the TGN in plants also has the

function of the EE (Dettmer et al., 2006). This allowed us to incubate protoplasts
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directly in a medium containing the fluorescent reporter protein, which was thereby
funneled directly into the TGN/EE via endocytic uptake. We chose 3xRFP secreted
from another protoplast population as a reporter, since proteins from this source could
be attested to have passed intracellular quality control and to not contain vacuolar
sorting signal as they had already been efficiently secreted by a plant cell.
Furthermore, this 3xRFP reporter exhibited strong fluorescent signals even under
acidic conditions, which should be favorable for detection in the lumen of a lytic
vacuole, where GFP-derived tracers would be hard to detect (Tamura et al., 2003). A
fusion protein consisting of 3xRFP and Nbc (3xRFP-Nbg) in combination with the
anchor constructs SYP61-GFP and GFP-BP80 would additionally allow trapping the
reporter 3xRFP-Nbg within the TGN/EE and MVB/LE, respectively. This would in turn
enable us to prove that this molecule is transported along the same route as released
VSR cargo. Imaging cells, which had taken up either of the two reporters, we revealed
that endocytosed proteins, which did not contain any vacuolar sorting signals, are
transported to the vacuole via the TGN/EE and the MVB/LE.

Our findings also allowed to bring in vitro VSR-ligand interaction data into agreement
with the in vivo pH measurements of the compartments of the endomembrane system.
Formerly, ligand release was supposed to take place at the MVB. Minding the pH
dependency of receptor-ligand interaction, with binding at pH 6.5 to 7 and release at
pH 5.5 and below, this inferred the MVB being more acidic than the TGN (Kirsch et
al., 1994). This, however, has been shown to be a misconception, as two independent
fluorescence-intensity-based and my FLIM-based measurements identified the
TGN/EE as the most acidic compartment en-route to the vacuole (Fig. 1; Martiniere et
al., 2013; Shen et al., 2013). Our FRET-FLIM results indicating dissociation of VSRs
and their cargo in the TGN/EE fit well to the distinct acidification occurring between
Golgi and TGN/EE, with the former possessing a binding-promoting pH of 6.8 and the
latter a release-inducing pH of 5.7 (Fig. 1; Martiniere et al., 2013; Shen et al., 2013).
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7.2. Nanobody-triggered lockdown of VSRs reveals ligand reloading in the
Golgi

We have shown, that VSRs bind their cargo in the ER and the Golgi at neutral pH and
release it in the acidic TGN/EE (Kinzl et al., 2016). While this is a one-way trip for the
cargo proteins, VSRs might be recycled to an organelle, which again allows for ligand
binding, to engage in further rounds of transport. Such a cycling of VSRs would enable
a single receptor to sort a large amount of cargo molecules during its lifetime. This
would also allow plant cells to thrive at very low VSR levels and to keep vacuolar
sorting, regarding receptor turnover, highly efficient. Based on these considerations
and the recycling of Cation-Independent Manose-6-Phosphate Receptors (ciMPRs),
which sort lysosomal cargo in mammalian cells, a similar mechanism has been implied
for VSRs in plants (Duncan, 1988). Yet up to this point, no direct experimental
evidence supporting this notion has been provided.

Therefore, we set out to determine whether and, if so, towards which compartment
VSRs are recycled. To do so, we had to devise a strategy that allowed discriminating
between newly synthesized VSRs and those receptors, which had putatively been
transported back from a non-binding compartment to an organelle favoring VSR-ligand
interaction. Furthermore, such an approach would have to provide the possibility to
trap VSRs in putative recycling targets, namely the ER and the Golgi. This was
necessary in order to show that putatively recycled receptors actually pass through
those compartments, as they have in microscopy studies only been localized in non-
binding compartments under steady state conditions (Li et al., 2002).

One of the first decisions we had to make while planning our experimental setups was
which reporter to employ for the visualization of receptor-trafficking: derivatives of the
full-length receptors or of GFP-BP80, which is a commonly used reporter for the
transport of VSRs. GFP-BP80 essentially only consists of an intraluminal GFP, a
transmembrane domain and the C-terminus of a VSR (daSilva et al., 2006). Except
for ligand binding, this molecule had always been considered to behave like a wildtype
VSR, especially since the immune-fluorescence signals, caused by aVSR antibodies
in GFP-BP80 lines, co-localized with the GFP signals (Li et al., 2002). In addition,
GFP-BP80 fluorescence had not been detected in the vacuole, which was interpreted
as indication for its capability to be retrogradely transported within the endomembrane

system in the same fashion as it had been hypothesized for functional VSRs.
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Considering this, we would have chosen a GFP-BP80 derivative as the reporter in our
upcoming experiments, had | not made the subsequent discovery during
characterization of the applicability of the Nba-GFP-binding in the endomembrane
system: The reason why GFP-BP80 had not been detected in the vacuole is not that

it is recycled but that it is degraded upon arrival due to the conditions within the

vacuole.
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Figure 2: Western blot analysis of GFP-BP80 protein-levels in the presence (left) and absence (right)
of Nbe. GFP-BP80 has an estimated size of 38 kDa. GFP-core has an estimated size of 28 kDa.

When | co-expressed GFP-BP80 and secreted Nbc and performed Western blotting
to analyze expression levels (Fig. 2), | observed that specifically in the presence of
secreted Nbe a GFP-derived vacuolar degradation product, the GFP-core, can be
detected in GFP-BP80 expressing samples (daSilva et al., 2005). Since the signal,
which corresponds to the full-length GFP-BP80, exhibits the same intensity
irrespective of Nba-expression, we concluded that the strong presence of GFP-core
was caused by specific stabilization of this degradation product by the Nba and not by
increased degradation of GFP-BP80. The rapid break-down of GFP-BP80 and all its
detectable degradation products had thus previously prevented the identification of the
lytic vacuole as the final destination of this protein. As this meant that GFP-BP80 was
most likely not recycling within the endomembrane system, a protein based on it was
not to be considered a suitable reporter for the putative retrograde transport of VSRs.
Instead, we opted for using a reporter derived from a full-length VSR.

In order to differentiate putative recycled reporters from newly synthesized ones, we
intended to label those molecules, which had at least once been transported through
the TGN/EE and had released their ligands there, with an endocytosed fluorescent
protein. This led us to employ an Nbg-VSR fusion protein as a reporter for the transport
of VSRs, since it enabled the use of endocytosed GFP-derivatives as labelling agents.
The immediate advantage of this specific approach over an enzymatic labelling, which

was performed to show the recycling of ciMPRs in mammals, was the compatibility
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with confocal microscopy, allowing the intracellular tracking of the Nba-VSR-bound
GFP (Duncan, 1988). Another favorable aspect of this strategy was that excessive
labelling agent, which was endocytosed but not linked to a VSR, would end up in the
vacuole, where it was unable to produce confounding fluorescent signals due to the
acidic and degradative conditions (Fig. 2; Tamura et al., 2003).

By applying this labelling technique, we showed, that Nbe-VSR, in contrast to the most
likely recycling incompetent GFP-BP80, localizes in the TGN/EE. Thus, this very
organelle might be the starting point of retrograde transport of receptors. In this case,
accumulation could be explained by the transport back being the rate-limiting step of
overall VSR-trafficking. Retrograde transport starting from the TGN/EE would be in
agreement with the fact that receptor-ligand interaction is abolished in this
compartment (Kinzl et al., 2016). Further anterograde transport of VSRs would thus
not just be unnecessary but might also pose unfavorable for an efficient receptor
recycling: As ESCRTs become active during MVB biogenesis, VSRs could per chance
be packed into nascent intra-luminal vesicles from where they cannot be returned to

the cis-Golgi but are transported to the lumen of the vacuole.

In the next step, we needed to trap the labeled and recycled Nbg-VSR to
compartmental markers within the organelles putatively targeted by retrograde VSR
transport. To do so, we made use of another nanobody-epitope pair. Fusing the Anti-
a-Synuclein Nanobody (Nbs) to the intraluminal domains of marker proteins and
adding its antigen, which is a linear 23 amino acids long epitope found in the a-
Synuclein (SYN) protein, to a VSR reporter should enable the formation of a marker-
VSR complex if all components are present within the same compartment (Guilliams
et al., 2013). With this complex containing the sorting signal of the marker, the VSR
reporter would be retained in the compartment of interest.

By incubating cells that expressed Nba-VSR and an Nbs-marker fusion in medium,
which contained the dual epitope linker GFP-SYN instead of the single epitope GFP,
we aimed at combining both, the labelling and the trapping approach. Hereby, the GFP
part of the molecule would specifically label VSRs in the TGN/EE and the SYN would
trigger a lock-down should the reporter pass through an upstream compartment that
contained a marker-Nbs fusion protein.

Employing this strategy, we were able to reveal that VSRs indeed recycle.

Furthermore, we showed that recycled VSRs can be trapped in the cis- and trans-
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cisternae of the Golgi but not in the ER. This implied that specifically the cis-side of
the Golgi, as the most upstream location for which the presence of a recycled VSR
has been shown, is the target of the retrograde VSR transport. Furthermore, co-
accumulation of a vacuolar reporter with recycled Nbe-VSRs, which were locked in
this compartment, demonstrated that VSRs are capable of interacting with their
ligands, even after they have been retrieved from endosomal compartments. This
specifically supported the concept that recycling of VSRs allows them to participate in
several rounds of cargo-binding and release, before the receptors themselves are

sorted for vacuolar delivery by the ESCRT machinery.

7.3. Dissection of the ESCRT-Il assembly and recruitment by nanobody-
based in vivo precipitation (iVIP)

7.3.1 Localization of Vacuolar Protein Sorting 22 (VPS22), VPS25 and VPS36

In order to understand the molecular mechanism of ESCRT-mediated protein sorting
in the context of endomembrane system, we aimed at characterizing the plant
equivalent of the complex that resembles the heart of the ESCRT machinery in yeasts
and mammals: ESCRT-II. In this regard, we aimed at characterizing the interactions
between its putative subunits Vacuolar Protein Sorting 22 (VPS22), VPS25 and
VPS36, as well as the respective localization of those three proteins.

For the localization studies in planta, we first generated Arabidopsis lines homozygous
for a pVPS36::VPS36-GFP construct and the vps36 knock-out causing
SALK_130246.49.85.x insertion. Expression of VPS36-GFP in these lines rescued the
otherwise lethal phenotype of the vps36 knock-out. Confocal analysis of rescued
plants revealed a strong presence of VPS36-GFP at the PM. GFP signals were also
observed less frequently at dot-like structures, There they partially co-localized with
the styryl Fei-Mao (FM) dye 4-64. As this dye is an endocytic tracer, this indicated that
plant VPS36, like its counterpart in yeast, partially localizes at endosomal structures
(Babst et al., 2002b; Bolte et al., 2004). Even though VPS36-GFP was able to rescue
the vps36 knock-out phenotype and thus had to be at least partially functional, its PM
localization was rather unexpected and might have been caused by the presence of
the GFP-tag. To rule this out and to monitor for the intracellular distribution of ESCRT-
Il in general on an ultrastructural level, we aimed at localizing all three putative

subunits, namely VPS22, VPS25 and VPS36, in wildtype plants by immune-electron
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microscopy. For this, | raised specific antibodies against each of these three proteins
and characterized them in respect to their ability to bind denatured and native VPS22,
VPS25 or VPS36, respectively. Since all of them were proven to cross react with native
antigens in immune precipitation assays, we employed them for in-situ studies on high-
pressure frozen and freeze substituted Arabidopsis roots. To our great surprise, all
three putative ESCRT-II subunits were found to be most prominently localized at the
PM and only to a lesser extend at the TGN and the MVB. We interpreted the fact that
all three proteins showed a similar distribution within the cell, including the intriguing
and plant-specific accumulation at the PM, as a first indication that they actually form
a complex. Likewise, transiently co-expressed VPS36-GFP, VPS22-RFP and VPS25-
BFP2 exhibited perfect co-localization at the PM of tobacco mesophyll protoplasts.

Furthermore, the protoplast system allowed for individual expression of fluorescently
tagged VPS22, VPS25 or VPS36, to study their localization independently from each
other. Under these circumstances, only VPS36 fusions were recruited to the plasma
membrane. In contrast, VPS22-RFP and VPS25-RFP were completely cytosolic and
showed no co-localization with a co-expressed PM marker. Since endogenous VPS22
and VPS25 had been detected at the PM in our ultrastructural analysis and VPS22-
and VPS25-fusion proteins had been observed at the PM when co-expressed with
VPS36-GFP, | hypothesized that their localization depends on the availability of
VPS36. To test for this hypothesis, either VPS22-RFP or VPS25-RFP was co-
expressed with VPS36-GFP. Now, both of them co-localized with VPS36-GFP at the
PM indicating that VPS36 attaches to the PM independently of VPS22 and VPS25 and

also mediates the recruitment of the latter two to this very site.

7.3.2 VPS22, VPS25 and VPS36 interact in vivo

Even though VPS22, VPS25 and VPS36 were found to co-localize and PM localization
of all three seemed to depend on the same VPS36-mediated mechanism, it remained
unclear, whether they form a complex in plant cells. Proofing the existence of such a
complex required the demonstration of the interactions between its putative subunits.
To perform interaction analyses in vivo, | opted for a FRET-FLIM approach. Here,
VPS36-GFP was employed as energy donor, while either VPS25-RFP or VPS22-RFP
was co-expressed as potential acceptors. Both RFP-fusion proteins, in sharp contrast
to Cytosolic RFP (cytRFP), reduced the fluorescent lifetime of VPS36-GFP in a highly
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significant fashion. This indicated a distance of less than 10 nm between the acceptor-
and the donor-fluorophores implying an interaction between VPS36 and VPS22 as
well as VPS25.

These findings hinted towards VPS36 being the central protein of plant ESCRT-II as
it interacted with both other subunits and mediated their membrane attachment. To
further characterize the ESCRT -1l complex formation, we generated truncated mutants
and tested for their ability to interact with VPS22 and VPS25. Already the deletion of
33 amino acids at the C-terminus of VPS36 (VPS36A33) abolished its capability of
binding VPS25. However, VPS22-RFP was still able to bind to VPS36A33-GFP. This
indicated that the VPS22-interaction site within VPS36 is located closer to the N-
terminus than the VPS25-interaction site and showed that the loss of the ability to bind
VPS25 was indeed caused by the truncation of an interaction motif and not due to
general misfolding of VPS36A33-GFP. To also map the VPS22-interaction site, we
further removed 33 amino acid stretches from the C-terminus of VPS36. While
VPS36A66 and VPS36A99 still bound VPS22-RFP, VPS36A132-GFP was no longer
able to do so. Because VPS36A132-GFP was still recruited to the PM, gross
misfolding of this protein could again be excluded as a cause for non-interaction. The
occurring FRET-effect in the presence of RFP-Nbc additionally demonstrated the
functionality of this molecule as an energy donor. These results allowed the conclusion
that the VPS22-interaction motif is situated between the 132th and 99th most C-
terminal residues of VPS36.

After characterizing the interaction of VPS22 and VPS25 with VPS36, | intended to
probe the putative VPS22-VPS25 interaction, which has been suggested based on
yeast-2-hybrid screening results (Richardson et al., 2011; Shahriari et al., 2011). For
this, VPS25-GFP was co-expressed with VPS22-RFP, VPS36-RFP as positive control
and cytRFP as negative control. VPS22-RFP and VPS36-RFP but not cytRFP reduced
the fluorescent lifetime of VPS25-GFP in FRET-FLIM studies significantly. This clearly
indicated that VPS22 and VPS25 interact in plants but also raised the question
whether VPS22 and VPS36 bind to the very same VPS25 molecule or to two different
VPS25 moieties.
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7.3.3 Establishing the indirect in vivo precipitation (iVIP) in plant cells

In order to assess whether one or two VPS25 moieties are present in a single ESCRT-
Il complex, | first had to find a suitable approach, which would enable me to
discriminate between protein complexes containing one or two molecules of the same
kind. Localization studies did not suffice in this case: A mixed population of complexes
containing either one of two different fluorescent VPS25 derivatives would show the
same fluorescence distribution as a mixed population of complexes containing any
bivalent combination of those two VPS25 variants. Both would be observable as
perfectly co-localizing fluorescent signals at the PM. Also, FRET and BIFC assays
aimed at showing the presence of two different VPS25 variants within a single ESCRT -
Il complex suffered from a major drawback: Possible signals indicating the presence
of VPS25-YFP-N-terminus and VPS25-YFP-C-terminus or VPS25-GFP and VPS25-
RFP within one ESCRT-II complex would be confounded by ESCRT-II complexes
containing two VPS25 moieties of the same kind. Those complexes would neither
exhibit YFP-fluorescence in BiFC analysis nor any GFP-lifetime reduction in FRET-
FLIM. For these reasons, those two approaches were not suitable to positively identify
the presence of ESCRT-Il complexes containing two VPS25 subunits.

However, fluorescence-3-hybrid (F3H) offered the possibility to produce a clear read-
out (Herce et al., 2013). In F3H, which had not yet been applied in plants, a Nbe-fusion
protein that resides at a morphologically distinct intracellular structure is used to
precipitate a GFP-tagged protein of interest to the very same structure via a nanobody-
epitope interaction. This alteration of intracellular distribution, which the protein of
interest experiences, is also expected to apply to all interactors. Thus, if other co-
expressed proteins exhibit the same shift in localization as the protein of interest, they
are considered interactors. However, proteins maintaining their initial localization are
considered non-interactors. In theory, this alters not only the localization of direct
interactors but of whole complexes, if they contain at least a single GFP-labeled
protein. Should we, in our case, alter the localization of VPS25-GFP via F3H, the
distribution of another fluorescent VPS25 derivative would only be affected, if both
proteins were situated within the very same ESCRT-II complex. Thus, if ESCRT-II
harbored two VPS25 proteins, a localization shift of not only VPS25-GFP but also the
other VPS25 variant would be expected. However, if ESCRT-Il complexes
incorporated only one VPS25 moiety, just the complexes containing VPS25-GFP and
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not those containing the other VPS25 derivative would change their localization. Since
this approach was aimed at monitoring indirect interactions and was essentially the in
vivo variant of an immune precipitation, we dubbed it Indirect /n Vivo Precipitation
(iVIP).

Yet, before performing such a complex experiment, it was necessary to implement the
concept of iVIP in plant cells. The first step in this process was to design the Nbg-
fusion protein most suitable for later precipitation of VPS25-GFP in vivo. For the
localization of this Nba-fusion protein, the ER was chosen. A localization shift from the
PM or the cytosol towards the reticulate and cisternal structures of this compartment
was easily identifiable with the given resolution of confocal microscopy. To anchor the
Nbg to the ER, a construct consisting of a signal peptide, a small intraluminal domain,
the transmembrane domain as well as the cytosolic tail of Calnexin and the Nba (CNX-
Nba) was designed. This protein positioned the Nbg at the surface of the ER and thus
exposed it to the cytosol. This allowed for access of GFP-tagged proteins to the
nanobody.

In order to assess the applicability of CNX-Nbg for the precipitation of cytosolic
proteins in plant cells, its general ability to pull down Cytosolic GFP (cytGFP) onto the
surface of the ER had to be demonstrated. For this, CNX-Nbc was co-expressed
together with cytGFP, cytRFP, which served as negative control, and the ER marker
BFP2-CNX. While cytRFP exhibited a characteristic cytosolic localization, cytGFP and
BFP2-CNX co-localized at the ER indicating that the CNX-Nbg-induced pattern shift
was specific for GFP. The same nanobody-epitope interaction-based recruitment also
occurred, when VPS25-GFP and VPS25-RFP instead of cytGFP and cytRFP were co-
expressed with CNX-Nbe and BFP2-CNX: Only VPS25-GFP but not VPS25-RFP,
which served as negative control, was present at the ER-surface.

After the CNX-Nbg-mediated precipitation of GFP-tagged proteins had been
successfully demonstrated, | analyzed the co-precipitation of interactors. For this,
CNX-Nba, VPS25-GFP and BFP2-CNX were co-expressed together with either
VPS22-RFP or VPS36-RFP. Now, VPS25-GFP and the RFP-tagged molecules co-
localized with BFP2-CNX at the ER illustrating the applicability of CNX-Nbc for the
upcoming iVIP experiments.

Interestingly, in cells, in which VPS36-RFP was co-precipitated onto the ER, an altered

ER phenotype, characterized by large and flat cisternae in close proximity to the PM,
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was observable. We hypothesized that this phenotype was caused by VPS36-RFP
binding directly to the PM while at the very same time being attached to the ER via
VPS25-GFP and CNX-Nba. Thus, the ER would be linked to the PM and the lamellar
cisternae would represent the attachment sites. Aiming to verify this, Box-GFP, which
is a PM-attached marker protein, was co-expressed with CNX-Nbc and RFP-HDEL,
an ER marker accumulating less prominently in cisternae than BFP2-CNX (Scheuring
et al.,, 2012). Indeed, cells expressing all of those constructs showed flat and PM
proximal ER cisternae. This was also the case when VPS36-GFP was expressed
instead of Box-GFP. The size of flattened cisternae was increased with increased
levels of Box-GFP or VPS36-GFP, respectively. Together, this clearly indicated, that
the interaction between these PM-localized proteins and CNX-Nbg induced ER-PM
linkage. Interestingly, tubular ER, which was strongly labeled by RFP-HDEL, seemed
unaffected and appeared wildtype-like. This selective recruitment of cisternal ER to
PM might be explained by the mainly cisternal localization of CNX-fusion proteins,
restricting CNX-Nbe and Box-GFP or VPS36-GFP from linking filamentous ER to the
PM. Nevertheless, the total appearance of the ER was clearly altered. Thus, we
wanted to confirm that its functionality was not affected. Therefor the ER export of
soluble and membrane-bound proteins was monitored by confocal analysis of cells co-
expressing either the vacuolar marker aleuRFP or the cis-Golgi marker Man1-RFP
with VPS36-GFP in absence and presence of CNX-Nba (Nebenfihr et al., 1999;
Humair et al., 2001). The RFP-tagged markers showed their characteristic distribution
irrespective of the observed morphological ER-phenotype. Therefore, we concluded

that the ER was still functional.

To determine the stoichiometry of the ESCRT-Il complex, two differently tagged
VPS25 variants, VPS22, VPS36 and CNX-Nbe had to be co-expressed. In this
experiment, verifying the expression of five different constructs within a single cell
posed a challenge. Only three fluorophores, which were unambiguously
distinguishable by our confocal microscopy setup, were at our disposal. As | intended
to use GFP and RFP as tags for VPS25, only BFP2 was left to fuse to either VPS22
or VPS36, while presence of CNX-Nbg could be monitored via its ER-recruiting effect
on VPS25-GFP. Analyzing expression of VPS22 or VPS36 via Western blot was also
not an option, as it would only allow for general detection of expression but would not

allow for drawing any conclusions regarding co-expression within an individual cell.
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Thus, we decided to employ a morphological read-out to assess the presence of either
VPS22 or VPS36. As it had been already established that co-expression of CNX-Nbg,
VPS25-GFP and VPS36 induced formation of large and flat ER cisternae, | aimed at
utilizing this phenotype to verify VPS36 expression in a given protoplast. This allowed
for employing a BFP2 fusion of VPS22 (VPS22-BFP2), which enabled the detection

of this molecule directly by its fluorescence.

7.3.4 The plant ESCRT-ll complex contains two VPS25 subunits

In order to assess whether a single ESCRT-Il complex contains one or two VPS25
moieties, the following constructs were co-expressed: VPS25-GFP, VPS25-RFP,
VPS22-BFP2, CNX-Nbe and VPS36 fused to SYN (VPS36-SYN), which also allowed
general verification of VPS36-SYN expression in Western blots via a custom-made
Nbs-horseradish-peroxidase fusion. Protoplasts were analyzed for complete co-
localization of fluorescent signals at the ER, which would imply the presence of two
VPS25 moieties within a single ESCRT -1l complex. Quintuple transformed cells indeed
exhibited co-precipitation of VPS25-RFP onto the ER. Yet, without co-expressed
VPS22-BFP2 or VPS36-SYN, VPS25-RFP remained cytosolic and was not detected
at the ER. This indicated that ESCRT-II contains two VPS25 molecules and that
VPS22 or VPS36, on their own, can only bind one VPS25 subunit each. These results
are in agreement with the situation in yeast, as in this organism ESCRT-Il possesses
two VPS25 moieties, which are both needed for ESCRT-III recruitment to endosomal
membranes (Teo et al., 2004; Teis et al., 2010).

Together, we showed that unlike the conventional F3H method, iVIP is not limited to
test only direct protein-protein interaction. It is also suitable to analyze which proteins
link those subunits of a complex together that do not make direct physical contact with
each other. We, therefore, expect iVIP to become a staple technique for the analysis
protein complex composition, especially in cases in which immune precipitation is not
applicable, due to the effects cell lysis and extraction conditions might exhibit on
protein-protein interactions and protein stability. While conducting iVIP experiments, |
discovered a morphological ER phenotype, which is caused by forcing a PM attached
protein onto the surface of the ER. Comparable flattening effects on the cisternae were
observed upon co-expression of CNX-Nbg and either Box-GFP or VPS36-GFP, even

though their modes of PM attachment are different, as the first depends on S-
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acetylation and the second, most likely, on phospho-inositol-phosphate-binding (Lavy
and Yalovsky, 2006; Im and Hurley, 2008). Extrapolating from this data, it should be
possible to asses PM association of soluble GFP-fusion proteins by co-expressing
them with the ER localized CNX-Nbe. In this scenario, PM association of the Nbe-
trapped GFP-fusion protein would co-recruit the ER onto the PM resulting in a
detectable morphological read-out. We consider this strategy especially useful, since
in plant cells, which often harbor large vacuoles and only a thin layer or cytosol, it can
be difficult to differentiate between a protein being cytosolic or PM-attached by simple

localization studies.

The homology in complex composition between plant and yeast ESCRT-II might also
indicate homologous molecular function, namely the recruitment of two ESCRT-III
filaments in parallel (Teis et al., 2010). This is in line with the putative interaction
between Arabidopsis VPS25 and the ESCRT-III subunit VPS20 (Richardson et al.,
2011; Shahriari et al., 2011). As genetic evidence additionally points out that the
absence of VPS36 greatly reduces the number of ESCRT-IlI-dependent ILVs within
late endosomes, a similarity of endosomal ESCRT-II function in yeast and plants
cannot be dismissed (Wang et al., 2017). The role of ESCRT-Il at the PM of plant cells,
however, remains elusive. In opisthokonta, ESCRT is not as prominent at the PM but
is still engaged in a variety of processes at this site. It has been shown to be involved
in the polar distribution of MRNA, to control the formation of microvesicles, to support
membrane repair and to play a role during cytokinesis (lrion and St Johnston, 2007;
Morita et al., 2007; Wehman et al., 2011; Nabhan et al., 2012; Jimenez et al., 2014).
Since cytokinesis in plants follows a fundamentally different mechanism, a similar
involvement of ESCRT seems to be rather unlikely (Balasubramanian et al., 2004;
Jirgens, 2005). Nevertheless, participation of plant ESCRT-II in mRNA distribution,
microcvesicle formation and membrane repair cannot be ruled out and should be
explored in the future.

Based on the vps36-1 phenotype, there is also another role ESCRT-II might play at
the PM: Macroscopically, the appearance of vps36-1 mutants resembles the
phenotype of free? and amsh3 seedlings, which are defective in ubiquitin-dependent
sorting of membrane proteins (Isono et al., 2010; Gao et al., 2014; Wang et al., 2017).
The absence of other vps36-1-specific effects on plant development hints towards PM

localized and EE/LE localized ESCRT-Il being involved in the same pathway, namely

49



the transport of to-be-degraded PM proteins (Wang et al., 2017). At the PM, ESCRT-
II might perform the initial recognition of poly-ubiquitinated proteins destined for
vacuolar delivery. In this regard, ESCRT-Il could either link cargo to adaptor proteins,
thus taking actively part during endocytosis, or just be co-transported with
ubiquitinated proteins promoting an efficient ESCRT-IIl recruitment upon arrival at
endosomal compartments. VPS36 linking ubiquitinated proteins to adaptors could also
explain why endocytosis specifically sequesters poly-ubiquitinated proteins from the
PM (Scheuring et al., 2012): VPS36 harbors more than one ubiquitin-binding site,
which is an attribute associated with proteins exhibiting high binding affinities for
ubiquitin chains (Hawryluk et al., 2006; Scheuring et al., 2012; Wang et al., 2017).
Speculations like this are especially tempting, since the identity of the plant poly-
ubiquitin-receptor, mediating endocytosis of to-be-degraded PM proteins, has not yet
been unambiguously determined. Even though proteins of the Tom1-Like (TOL) family
and Src Homology-3 Domain-Containing Protein 2 (SH3P2) have been suggested as
candidates, in vivo evidence supporting those claims is still scarce (Korbei et al., 2013;
Nagel et al., 2017). Here, FRET- or F3H-based approaches might deliver further
insights by demonstrating the direct interactions of ESCRT-II, the TOLs or SH3P2 with
a poly-ubiquitinated cargo at the PM.

7.4. Closing remarks

My research focused on the biosynthetic and the endocytic pathways leading to the
plant vacuole. Those transport routes merge at the TGN/EE. We have demonstrated
that soluble molecules, which reached this organelle via endocytosis, are transported
by default to the vacuole (Kinzl et al., 2016). As we have furthermore shown, that
VSRs do not interact with their cargo in this compartment, which we have additionally
identified as the most likely starting point for retrograde VSR transport, we postulate
that VSR-mediated transport is abolished in the TGN/EE (Kinzl et al., 2016; Friholz
et al., 2018).

However, our conclusion stands at first glance in conflict with evidence hinting at the
very same compartment being passed by secretory bulk flow, which would further infer
default transport from the TGN to the PM (Viotti et al., 2010; Kang et al., 2011). The
most robust pieces of evidence supporting this are immune electron micrographs of

wildtype cells, which have not been treated with any type of transport inhibitors. Those
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clearly show the presence of secreted cell-wall building blocks, namely xyloglycans,
in the TGN (Kang et al., 2011). As there are no active sorting mechanisms known for
this kind of molecules, they have to be assumed bona-fide markers for secretory bulk
flow. An explanation to the ostensible contradictions regarding the two possible
directions of default transport originating from the TGN/EE might be provided by
considering the biogenesis and the fate of this organelle: According to structural and
functional analysis, the trans-most cisternae of a Golgi can transform into a TGN,
which will separate at some point from the stack (Viotti et al., 2010; Kang et al., 2011).
It can give rise to SVs, which fuse with the PM, as well as CCVs, which have a yet
unknown destination, and absorb endocytic vesicles thus becoming a TGN/EE before
giving rise to MVBs/LEs via maturation (Dettmer et al., 2006; Kang et al., 2011;
Scheuring et al., 2011). It is, furthermore, unknown whether TGN/EEs completely
disassemble during MVB/LE biogenesis or whether parts of them might reassociate
with trans-Golgi cisternae. This means that a TGN is not a static organelle and thus
different studies might have led to varying but still accurate results depending on the
state of monitored TGNs and the applied methodology.

Taking the time-component, which underlies a constant maturation, into account, a
new model of TGN-related trafficking can be proposed. Yet, for that, the relevant steps
have to be chronologically ordered. Evidence provided by us indicates that
endocytosis and ligand release from the VSRs happens after secretion of soluble
cargo has taken place (Kinzl et al., 2016). The two processes bound to happen later
are recycling of membrane proteins back to the PM, as this process is necessarily
downstream of endocytosis, and MVB biogenesis, which is, as we have shown, also
downstream of endocytosis (Kinzl et al.,, 2016). The resulting order, in which
trafficking events relevant for VSR-mediated transport take place at the TGN/EE,
would thus be the following: VSRs retain their cargo within a not yet acidified TGN
during the formation of huge SVs, which mediate default secretion. As apoplastic
content of arriving endocytic vesicles and the molecular activity of the V-ATPases then
acidify the TGN/EE, the reduced pH induces dissociation of VSRs and their cargo
(Dettmer et al., 2006; Martiniere et al., 2013; Shen et al., 2013; Kinzl et al., 2016).
Afterwards, recycling of membrane proteins back towards the PM takes place. This is
mediated by CCVs, which possess a way smaller lumen than SVs and thus are not

expected to have a relevant impact on the default transport of soluble cargo occurring
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from here on towards the vacuole (Kang et al., 2011; Kiinzl et al., 2016). Finally, the
remaining TGN/EE matures to MVB/LEs and VSRs are recycled for further rounds of
transport (Scheuring et al., 2011; Friholz et al., 2018).

ESCRT-mediated formation of ILVs is most probably occurring in parallel to those
VSR-related transport events. Time-wise, its onset has to be downstream of the arrival
of to-be-degraded PM proteins via endocytosis and the PI3P-dependent recruitment
of FREE1/ESCRT-I (Scheuring et al., 2012; Gao et al., 2014). Recognition and pre-
accumulation of ubiquitinated proteins by SH3P2, the TOLs and possibly ESCRT-II
prior to endosomal delivery might increase efficiency of this process, which is likely to
continue during endosomal maturation, as ESCRT components can also be found on
MVBs (Scheuring et al., 2011; Korbei et al., 2013; Nagel et al., 2017; FaBler et al.,
unpublished).

This model does not only explain, how two default transport events can originate from
the TGN. Its proposed chronology is also in line with the presence of V-ATPases and
CCV-budding being more closely associated with free and thus older TGN/EEs (Kang
et al., 2011). Nevertheless, it still needs further validation and awaits the integration of
other processes occurring during the maturation of a TGN, such as recycling of Golgi

associated proteins back to the stack or the salvaging of V-ATPases.

For my studies to be successful, | had to design experiments, which allow for precise
subcellular targeting of protein domains while maintaining their native topology, for
post-transcriptional labelling and trapping of receptors and for the in vivo detection of
indirect interactions between proteins. The strategies underlying these approaches
had two things in common. They were based on the nanobody-epitope interactions
and they employed transfected tobacco mesophyll protoplast as a model system. The
usage of protoplasts was not necessitated by the employment of nanobodies but by
experimental setups demanding tightly controlled co-expression of several effectors
and reporters. Thus, the application of nanobodies is not restricted to this system.
Implementing them in transgenic lines could open this new and exciting technology up
to a wide variety of plant biologist. Especially iVIP could be easily implemented in other
plant-based system. Transformation of an inducible CNX-Nbe construct into lines,
which have already been created for co-immune precipitation experiments, would be
the only major time investment. After induction, iVIP experiments should then produce

the same read-out as in protoplasts allowing for in vivo assessment of direct and
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indirect interactions via confocal microscopy. We anticipate this to support protein-

protein interaction studies in many fields of research.
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Abstract

Sorting of soluble vacuolar proteins is of vital importance for plant cells and
requires that vacuolar sorting receptors (VSRs) bind and release their cargo
ligands. However, it is controversial, where in the endomembrane system these
interactions occur. Here, we present an in vivo analysis of VSR-ligand interactions
for all compartments of the vacuolar transport route. For this, we have developed
compartment-specific VSR sensors and performed FRET-FLIM analysis to monitor
for ligand binding. We show that VSRs bind ligands in the ER and in the Golgi, but
not in the trans-Golgi network/early endosome (TGN/EE) nor in multivesicular late
endosomes (MVBs/LEs). This implies that post-TGN/EE trafficking of ligands
towards the vacuole is VSR-independent. We verify this by demonstrating that
also non-VSR-ligands are delivered to the vacuole from the TGN/EE after
endocytic uptake. Thus, we postulate that vacuolar sorting receptors transport
ligands from the ER and the Golgi to the TGN/EE, followed by a VSR-independent
default flow onwards to the vacuole.



Introduction

Soluble vacuolar proteins and their corresponding vacuolar sorting receptors
(VSRs) were identified in plants more than twenty years ago-2. However, the
mechanism of VSR-mediated sorting as implemented in the plant endomembrane
system? is still not yet understood. Vacuolar sorting signals of soluble plant
proteins are encoded by short peptide motifs within the amino acid sequence’. The
first VSR was isolated from detergent-solubilised Golgi and clathrin-coated vesicle
(CCV) fractions at neutral pH using synthetic peptides containing sorting signals®.
VSRs are type | transmembrane proteins encoded by a gene family unique to
plants*6. They bind ligands via a structured N-terminal luminal binding domain
(LBD) consisting of a protease associated domain, a central domain and three
epidermal growth factor repeats’8. VSRs also carry sorting signals for their own
transport in the cytosolic C-terminus®''. Based on assumed similarities to the
lysosomal sorting machinery in mammals concerning receptor localisation and pH
dependency of ligand binding, it was proposed almost twenty years ago that VSR-
mediated sorting in plants occurs via CCV-facilitated transport from the trans-Golgi
to a prevacuolar compartment, where ligands dissociate due to the lower pH.

In the intervening years, major discoveries have challenged this model: the trans-
Golgi network (TGN) in plants was identified as the early endosome (EE)'213 that
is distinct from the Golgi stack'#. This hybrid structure (TGN/EE) has now been
shown to be the most acidic compartment en route to the vacuole''”. The
TGN/EE harbours the retromer complex necessary for recycling of the VSRs'819,
Most important, however, was the demonstration that the TGN/EE is the source for
the biogenesis of the prevacuolar compartment, the multivesicular late endosome
(MVBJ/LE), which confers transport by fusion with the vacuole?. These recent
findings still await integration into the proposed concept of VSR-mediated sorting.
In order to determine the compartments that constitute the framework for the bi-
directional receptor transport, it is of paramount importance to firstly identify the
locations at which VSRs bind or release their ligands.

To this end, we have developed genetically encoded VSR sensors that allow for
non-invasive compartment-specific detection of VSR-ligand interactions in vivo.
We assembled VSR sensors from a soluble LBD of a VSR and a compartment-
specific green fluorescent protein (GFP)-containing membrane markers via
antibody-epitope interaction.



For this, we utilised the antigen-binding capability of the VuH domain of a heavy-
chain antibody?!, termed nanobody (Nb), that was recently raised against GFP in
alpacas (Lama paco)?>?3. Based on the amino acid sequence of this anti-GFP Nb,
we have generated a coding sequence for the expression of a soluble GFP-
binding LBD fusion protein (LBD-Nb). VSR sensor assembly occurs upon
coexpression of this LBD-Nb with a compartment-specific membrane marker
protein that exposes GFP in the compartmental lumen, thereby reconstituting a
GFP-tagged membrane protein.

We monitored for VSR-ligand interaction by coexpression of the self-assembling
sensors with red fluorescent protein (RFP) ligands in a comprehensive approach,
combining localisation analysis with Forster-resonance energy transfer-
fluorescence lifetime imaging microscopy (FRET-FLIM). We firstly analysed the
localisation of assembled sensors and the soluble ligands to test whether the
presence of the sensor results in coaccumulation of ligands, as a preliminary
indication for VSR-ligand interaction. In the second step, we applied FRET-FLIM to
either verify or negate VSR-ligand interactions?425. This is possible since FRET
occurs only across short distances between 1 and 10 nm, thus allowing to
differentiate between interaction-dependent and -independent colocalisation of
proteins?4.

With this novel strategy, we were able to show that VSRs bind ligands only in the
ER and in the Golgi stack, but not in post-Golgi compartments such as the
TGN/EE or the MVB/LE. This suggests that post-TGN/EE trafficking of soluble
proteins towards the vacuole is independent of VSR-ligand interactions.
Confirmation of this conclusion was provided by identifying the vacuole as being
the default location for soluble proteins of the endocytic route that merges with the
biosynthetic vacuolar route at the TGN/EE. Consequently, we postulate a two-
stage process for vacuolar transport of soluble proteins. Firstly, VSRs confer the
transport of ligands to the TGN/EE, followed by a VSR-independent default flow
onwards to the vacuole via budding of MVBs/LEs and their fusion with the vacuole.



RESULTS

Compartment-specific targeting via nanobody-mediated protein assembly
The challenge in using genetically encoded reporters for non-invasive
compartment-specific analysis in vivo is to achieve their precise targeting?®. This is
particularly true for the analysis of the Golgi stack, the TGN/EE and the MVBJ/LE,
since sorting signals specific for these compartments are largely unknown. A
common targeting strategy is the use of translational fusions between reporter
domains and membrane marker proteins. This is however subject to topology
restrictions of the fusion partners and it has to be mentioned that the N-terminal
LBD of the type | VSRs can only be fused to type | membrane marker proteins?’.
Type | membrane markers, however, are only known for the ER and the MVB/LE
but neither for the Golgi stack nor the TGN/EE. To overcome these constraints, we
developed a targeting strategy based on nanobody-mediated protein assembly. To
demonstrate successful targeting, we have generated a construct consisting of a
fluorescent LBD fused to an anti-GFP nanobody 22 as a soluble VSR (LBD-RFP-
Nb) that can be used in combination with epitope (GFP)-tagged membrane marker
proteins to assemble compartment-specific VSR sensors in vivo (Fig. 1a). To rule
out that the soluble VSR bears intrinsic sorting signals that compromise targeting,
we first analysed its transport properties (Fig. 1b-d). Fluorescence signals of LBD-
RFP-Nb are largely absent in cells but appear when ER export is prevented by
Sec12 overproduction?. To test for nanobody-mediated protein assembly in all
compartments en route to the vacuole, we have expressed the soluble VSR with
membrane anchors for ER (GFP-CNX), Golgi (Man1-GFP), TGN/EE (SYP61-
GFP) and MVBs/LEs (GFP-BP80; Fig. 1e-i, Supplementary Table 1). In all cases,
strong red-fluorescence signals from LBD-RFP-Nb become detectable and
colocalise precisely with the respective anchor due to nanobody-epitope
interaction at the inner leaflet of the compartmental membrane. This is most
evident for the colocalising signals at the ring-shaped periphery of the Golgi (Fig.
1f) and at ring-like MVB/LE structures after treatment with wortmannin (WM)2°
(Fig. 1i). Together, these data show that nanobody-epitope interactions persist in
the lumen of all compartments along the vacuolar route, irrespective of their
individual biochemical properties.



Assembled VSR sensors possess ligand-binding competence

We have generated a soluble LBD-Nb fusion protein for coexpression with the
GFP-based membrane anchors. Due to the nanobody-epitope interaction, both
molecules constitute a green-fluorescent membrane protein, employed as
compartment-specific VSR sensors. Usage of these sensors together with a red-
fluorescent ligand allows testing for receptor-ligand interactions via sensor-ligand
colocalisation analysis and via FRET-FLIM as an intensity-independent approach
to detect FRET?4. For this, we used the established model ligand Aleu-RFP. This
soluble vacuolar reporter carries 24 amino acids from the Petunia thiol protease
aleurain that contains the sequence-specific vacuolar sorting motif NPIR30.

Upon coexpression, binding of Aleu-RFP to the anchored LBD of the sensor
triggers close proximity of the RFP from the ligand and the GFP upstream of the
LBD within the sensor and thus allows for FRET to occur. In this situation, excited-
stage energy from the donor GFP is transferred to the acceptor RFP of the ligand,
thereby reducing the fluorescence lifetime of GFP24. Consequently, lack of ligand
binding does not alter the fluorescence lifetime, even if both fluorophores
colocalise interaction-independently in the same compartment (Fig. 2a).

During the course of VSR-mediated sorting, ligand binding is reversible. Therefore,
we expected to identify compartments en route to the vacuole that either support
or restrict ligand binding. To rule out that the experiments were compromised by
differences in the ligand-binding competence of the LBD-Nb in the context of
different membrane anchors, we first confirmed the ligand-binding capability of all
VSR sensors in vitro (Fig 2b, Supplementary Fig. 1). For this, we assembled
sensors in the ER, Golgi, TGN/EE and MVB/LE (Supplementary Fig. 2) and
immunoprecipitated them by using GFP antibodies in bead-binding assays. For
direct comparison of their ligand-binding capabilities, we incubated the bead-
bound VSR sensors with the ligand Aleu-RFP2° at binding conditions?. In all cases,
Aleu-RFP was coprecipitated while secretory Sec-RFP in control experiments was
not. This demonstrates that all assembled VSR sensors possess ligand-binding

competence.

VSR-ligand interaction occurs in the ER but not in the MVB/LE
We have recently shown that placement of LBDs in the lumen of the ER triggers
accumulation of ligands, suggesting VSR-ligand binding?’. Consistently, assembly



of VSR sensors in the ER also retains the ligand Aleu-RFP, preventing vacuolar
delivery (Fig. 3a,b). To test whether this accumulation is indeed due to VSR-ligand
interaction, we performed FRET-FLIM. We took advantage of the fact that the ER
marker GFP-Calnexin (CNX) induces sheet-like ER cisternae without affecting ER
function®', resulting in an enlarged signal surface facilitating FLIM recording. The
analysis revealed a highly significant reduction of the GFP lifetime in the presence
of the ligand, with values well within the range of recently reported protein-protein
interactions using this pair of fluorophores for FRET-FLIM in plants®°.

In sharp contrast, fluorescence lifetime was not influenced by the ER-localising
non-ligand RFP-HDEL and the secretory marker Sec-RFP, even if present in the
ER at high levels upon inhibition of ER export by brefeldin A (BFA), or in the
absence of the LBD-Nb as binding partner (Fig. 3c, Supplementary Fig. 3a). This
direct comparison between the model ligand Aleu-RFP with the non-ligands RFP-
HDEL and Sec-RFP (xBFA) reveals that the recorded reduction of fluorescence
lifetime is specific for VSR-ligand interaction, thus identifying the ER as a
compartment that promotes VSR-ligand binding.

Receptor-mediated transport of ligands is completed by their release. With the
MVB/LE being the last morphologically characterised compartment en route to the
vacuole, ligands should be released from receptors here at the latest. At steady-
state conditions, Aleu-RFP localises to the MVB/LE in addition to the vacuole,
which is not altered by the LBD-Nb after sensor assembly (Fig. 3d,e). Therefore, it
is difficult to judge VSR-ligand interactions in this compartment solely by the
assessment of localisation. FRET-FLIM analysis however revealed that these
colocalising ligands do not influence the fluorescence lifetime of the VSR sensor
(Fig. 3f, Supplementary Fig. 3b). Reduction of fluorescence lifetime of the GFP in
the sensor can only be triggered in controls by direct attachment of RFP to the
sensor via nanobody-epitope interaction (LBD-RFP-Nb, compare to Fig. 1h). This
demonstrates that the VSR sensors do not bind ligands in this compartment. To
extend the analysis, we applied the drug WM which induces enlargement of
MVBs/LEs by homotypic fusion?®. The resulting ring-like structures now reveal a
differential distribution, with signals from the VSR sensor being present at the
limiting membrane while signals from Aleu-RFP locate to the compartmental
lumen (Fig 3g). This also suggests that ligands do not bind to VSRs in this transit
compartment towards the vacuole, since this would indeed result in close proximity



of the fluorophores (compare to Fig. 1i). Together, these data demonstrate that
ligands do interact with the VSR sensors in the ER and that they do not interact in
the MVBJ/LE. These findings furthermore reveal that only a combination of
localisation analysis and FRET-FLIM allows for a reliable assessment of whether a

given compartment supports or restricts VSR-ligand binding.

VSR-ligand interaction occurs in the Golgi stack but not in the TGN/EE
Having identified the ER as compartment that supports ligand binding and
MVBs/LEs as compartments that do not, we next tested Golgi and TGN/EE for
possible VSR-ligand interactions. The cis-Golgi marker a-mannosidase 1 (Man1)-
GFP does not colocalise with Aleu-RFP, whose punctate signals represent
MVBs/LEs (Fig. 4a, compare to Fig. 3d,g). Assembly of VSR sensors in the Golgi
however causes colocalisation of Aleu-RFP with all GFP-labelled VSR sensors
(Fig. 4b). These colocalising signals appear in addition to the RFP signals from
punctate MVBs/LEs and the vacuole. The redistribution of Aleu-RFP to the Golgi
can be emphasised by the employment of transport competitors for the
endogenous VSRs®, which reduce vacuolar delivery. The competitor HA-BP80, a
HA-epitope-tagged LBD-deletion mutant of BP80, reduces RFP signals in
MVBs/LEs and in the vacuole, but does not alter Golgi-colocalisation of the VSR
sensors with Aleu-RFP (Fig. 4c). The colocalising signals at the inner leaflet of the
Golgi membrane are similar to the signals previously seen for the LBD-RFP-Nb
targeted to this compartment (compare to Fig. 1f). This suggests an interaction
between the sensors and ligands.

FRET-FLIM analysis revealed a highly significant reduction of the fluorescence
lifetime of the donor GFP in the VSR sensor (Fig. 4d, Supplementary Fig. 4a). This
reduction depends on the presence of the LBD, demonstrating that the Golgi-
localisation of Aleu-RFP is caused by interaction with the VSR sensor. We have
also assessed VSR-ligand interaction in the trans-face of the stack by using the
trans-Golgi marker sialyltransferase (ST)-GFP for VSR sensor assembly (Fig. 4e).
Aleu-RFP does also not colocalise with the membrane marker ST-GFP (Fig. 4f). In
the presence of the LBD-Nb, the distribution pattern of Aleu-RFP shifts, resulting in
colocalisation of the ligand and sensor (Fig.4g, Supplementary Fig. 4b),
suggesting an interaction to occur. This was verified by FRET-FLIM analysis (Fig.



4h), revealing that Aleu-RFP causes a highly significant decrease of the
fluorescence lifetime, which does not occur in the absence of the LBD-Nb.

The situation in the TGN/EE yields another picture. Here, assembly of VSR
sensors does not cause colocalisation of the ligand Aleu-RFP (Fig. 5a-c),
questioning the occurrence of VSR-ligand interactions. FRET-FLIM analysis of the
TGN/EE-localising VSR sensor revealed that Aleu-RFP does not influence the
fluorescence lifetime of the sensor, a situation identical to control experiments
where the non-ligand Sec-RFP was used instead (Fig. 5d, Supplementary Fig. 5).
To demonstrate that protein-protein interactions can shorten the lifetime in the
TGN, we attached the red-fluorescent LBD (LBD-RFP-Nb) via nanobody-epitope
interaction to the membrane anchor SYP61-GFP. This control confirmed the
assembly of VSR sensors in the TGN/EE as illustrated in Fig. 1g and proves that
the principle of FRET-FLIM interaction analysis is also applicable to this
compartment (Fig. 5d).

Together, these data favour the idea that VSRs and ligands do not interact in the
TGN/EE. Consequently, it is tempting to speculate that the VSRs in this
compartment have already released their ligands. This however would imply that
these VSRs bind ligands upstream of the TGN/EE. To verify this hypothesis, we
blocked the arrival of the TGN/EE-targeted VSR sensor with the drug BFA,
causing retention of sensors and ligands in the ER (Fig. 5e). BFA-induced ER
localisation causes a drastic increase of the fluorescence lifetime of SYP61-GFP-
based sensors, with values being identical to those of ER-targeted GFP-CNX-
based sensors (compare to Fig. 3c). Under these conditions, coexpressed Aleu-
RFP strongly reduces fluorescence lifetime of the SYP61-GFP-based sensor,
demonstrating ligand binding. This does not occur in the presence of Sec-RFP
(Fig. 5f, Supplementary Fig. 5). The capability of the TGN/EE-targeted VSR
sensor to bind ligands in the ER was furthermore confirmed by
coimmunoprecipitation (Fig. 5g). Here, only BFA-triggered ER-localisation of the
VSR sensor resulted in coimmunoprecipitation of the ligand Aleu-RFP, which does
not occur if the sensor localises to the TGN/EE. (Fig. 5g, compare to Fig.3a-c).
Altogether, our data demonstrate that VSRs bind their ligands very early in the
secretory pathway and release ligands upon arrival in the TGN/EE.



VSRs do not mediate post-TGN/EE transport of soluble proteins to the
vacuole

The compartment-specific analysis identified the ER and the Golgi as
compartments that promote VSR-ligand binding while the TGN/EE and the
MVBJ/LE restrict this interaction. This suggests that VSRs do not contribute to the
post-TGN/EE transport of soluble vacuolar proteins towards the vacuole.
Receptor-independent transport from the TGN/EE to the vacuole furthermore
implies that this route does not require sorting signals and is thus the default route
for soluble proteins.

To test for this hypothesis, we have developed a strategy to analyse post-TGN/EE
transport of soluble proteins lacking vacuolar sorting signals. Since these signals
are required for the VSR-mediated sorting to the TGN/EE via the biosynthetic
pathway, we took advantage of the early endosomal properties of the TGN/EE and
targeted soluble proteins to the TGN/EE via the endocytic route. For these
experiments, we used triple (3x) RFP from the culture medium of 3xRFP-secreting
protoplasts as a fluorescent reporter protein for endocytic uptake. The use of a
reporter that was secreted by protoplasts ensures that this reporter does neither
carry cryptic intrinsic vacuolar sorting signals nor signs of damage that could
possibly trigger vacuolar degradation via mechanisms of quality control later on
33,34_

Incubation of cells expressing cytosolic GFP (Cyt-GFP) with 3xRFP results in
vacuolar delivery of this reporter (Fig. 6a). Consequently, the endocytosed reporter
is recovered as soluble protein from cellular extracts and does not cofractionate
with membranes (Fig 6b). To prove that the reporter reaches the vacuole via the
TGN/EE and the MVB/LE, we used the protoplast-secreted anti-GFP nanobody
fusion 3xRFP-Nb, which is also delivered to the vacuole in endocytic uptake
assays (Fig. 6¢). This time however, we used cells expressing GFP-membrane
anchors either at the cell surface (SYP132-GFP), the TGN/EE (SYP61-GFP) or
the MVB/LE (GFP-BP80). In all cases, the reporter 3xRFP-Nb colocalised with the
respective membrane anchor due to nanobody-mediated assembly (Fig. 6d-f),
demonstrating its transport via the endocytic route. Together, this shows that
soluble proteins reach the vacuole from the TGN/EE independent of sorting
receptors, defining the vacuole as being the default location of post-TGN/EE
transport of soluble proteins.



Discussion

VuH domains of heavy-chain antibodies from camelids, termed nanobodies, are
the smallest polypeptides capable of epitope-binding®. The specificity of this
interaction together with their size of only 13 kDa turns an ever increasing number
of engineered nanobodies into powerful tools for research, diagnostics and
therapeutics®. Amongst first applications for nanobodies was their use as
chromobodies??. These fusion proteins between a nanobody and a fluorescent
protein have been expressed in the cytosol of plant cells, allowing for specific
detection of proteins by the nanobody-mediated attachment of a fluorescent
reporter36:37 but also for manipulation of protein function, possibly by masking of
functional domains of the target protein by reporter-attachment®’.

Here, we have employed an anti-GFP nanobody to develop novel VSR sensors for
the analysis of VSR-ligand interactions in the lumen of the compartments of the
endomembrane system. These sensors assemble via nanobody-triggered
interaction from a soluble LBD-nanobody fusion protein with an epitope-tagged
compartment-specific membrane anchor. We see this strategy as an approach to
overcome current limitations with respect to compartment-specific targeting of
functional protein domains, allowing for the analysis of protein-protein interactions
in vivo that does not redundantise the analysis of the intricate interaction between
unmodified full-length VSR and endogenous ligands in the future.

The use of this system allows now for the first time the direct linkage of the type |
LBD with type Il membrane anchors for the Golgi and the TGN/EE, thus enabling
the use of the very same sensing protein at different locations, rather than
employing VSR trafficking mutants that exhibit altered distributions™'-16.

We demonstrate that VSR-ligand interactions occur in the ER and Golgi, but don’t
occur in the TGN/EE or MVBs/LEs (Fig. 6g). These data are in agreement with
previous observations, showing that LBDs, when fused to the ER retrieval signal
HDEL?323 or to the transmembrane domain of an ER-marker?’, cause
accumulation of soluble vacuolar proteins. Moreover, VSRs have been initially
isolated from solubilised Golgi fractions with immobilised sorting signals at neutral
pH?, which is also found in these compartments'®16. Release of ligands was
suggested to occur at low pH? and in combination with the initial localisation of
VSRs at the Golgi and at prevacuoles, it was suggested that VSRs transport their



ligands between these compartments®. Since then, localisation analysis was
refined and VSRs were also found in trans-Golgi cisternae®®, TGN/EE'840,
MVBs/LEs'82%41 and even at the PM'"42 implying that the sole use of localisation
data of receptors is insufficient to judge the ligand-binding status of VSRs3. Our
data show ligand binding of the SYP61-GFP-based sensor in vitro and in vivo.
However, this depends strictly on its intracellular localisation, with demonstrated
binding in the ER but the complete lack thereof in the TGN/EE, suggesting that
ligands have been released in the TGN/EE.

We employed FRET-FLIM analysis to monitor for VSR-ligand interactions. The
fluorescence lifetime is an intrinsic property of a fluorophore and depends on the
environmental pH*3, with decreasing pH lowering lifetime. The FLIM data obtained
for the VSR sensor reveals compartment-specific fluorescence lifetimes, thus
reflecting on relative compartmental pH. Recorded fluorescence lifetimes were
longest in the ER, falling off in cis- to trans-Golgi and were shortest in the TGN/EE,
suggesting that the TGN/EE exhibits a low pH that could have triggered the
release of the ligand. This is also supported by recently reported pH values for
intracellular compartments'®17, identifying the TGN/EE with pH values ranging
from 6.3-5.5 as being the most acidic compartment of the vacuolar route and
MVBs/LEs possessing either similar'® or an even slightly more alkaline pH'¢, whilst
the pH was highest in the ER (pH 7.1-7.5)'>'7. Together, our data are in full
agreement with the originally proposed concept of pH-dependent binding and
release of ligands?.

Another key factor modulating VSR-ligand interaction is calcium?4, possibly due to
conformational changes induced by Ca?*-binding to an EGF repeat within the
LBD”-44. Ca?*facilitates ligand binding and prevents release, even at a pH of 444,
showing that Ca?* supports ligand binding at unfavourable pH3. Experimental data
on compartmental Ca?* concentrations are scarce. The presence of Ca?* pumps in
the ER and the tonoplast suggests that concentrations are the highest there, with
an estimate from 50 uM to 5 mM*5, falling off to the nanomolar range in
compartments en route to the vacuole like the Golgi 6. Together, this suggests
that VSR-mediated sorting depends on an intricate interplay between pH, Ca?* and
possibly other factors that differ between the compartments in order to trigger

ligand binding and release.



Release of ligands in the TGN implies that further anterograde transport of soluble
proteins to the vacuole is independent of VSRs. This is in full agreement with the
TGN-localisation of the VSR-recycling retromer complex'®1°® and the observation
that MVBs/LEs originate at the TGN/EE?° and fuse with the vacuole. This scenario
does not necessitate VSRs for the ligands to be exported from the TGN/EE.
Consequently, all soluble proteins would share the fate of the very same passive
vacuolar delivery via the MVB/LE. Indeed, our endocytic uptake assays with
secreted non-ligand proteins revealed vacuolar delivery after fluid phase
endocytosis. We have traced the endocytosed reporter in the TGN/EE and the
MVB/LE, thus confirming the operation of such a passive vacuolar delivery via the
endocytic pathway. Alternatively, it could be speculated that secreted soluble
proteins might possess positive sorting information for yet unidentified receptors
that mediate endocytosis and TGN/EE export. A prerequisite for such a scenario
however would be that these receptors do not bind the secretory proteins already
in the TGN/EE to prevent vacuolar delivery prior to reaching the PM. However,
together with previously reported findings that even endocytosed polystyrene
beads reach the vacuole via the endocytic route*’, it seems justified to postulate
that the vacuole is the default location for soluble proteins of the endocytic route,
which consequently does not require a receptor-mediated transport step between
the TGN/EE and the MVB/LE for vacuolar delivery.

METHODS

Plant materials. Nicotiana tabacum L. SR1 was grown on Murashige and Skoog
medium supplemented with 2% sucrose, 0.5 g/L MES and 0.8 % Agar at pH 5.7 in
16/8 h light—dark cycles at 22 °C.

Plasmid constructs. All constructs are given in Supplemental Table 1. DNA
manipulations were performed according to established procedures, using pUC*e-
/pGreenlI3*-based vectors and Escherichia coliMC1061. A anti-GFP nanobody
(Nb) sequence was generated by reverse-translation of the aa sequence?3,
optimised for Arabidopsis-specific codon-usage (EMBOSS Backtranseq), modified
with N-/C-terminal HA-/6x-His-tags and chemically-synthesised (GeneArt Gene



Synthesis). LBD-RFP-Nb was assembled from AtVSR4 (GenBank accession
NM_127036)-LBD, RFP34 and Nb. Compartment-specific anchors uniformly
carried EGFP (GenBank accession BAQ19368), warranting comparable
spectroscopical properties. All red-fluorescent reporters are based on monomeric-
RFP34. 3xRFP/3xRFP-Nb carry the N-terminal signal peptide of Sec-RFP. Correct
localisation of all generated marker/reporter-fluorophore fusions was verified.
Protoplast isolation and gene expression. Protoplasts were isolated and
electro-transfected as described*?, using the square-wave pulse generator EPI-
2500 (Fischer, Heidelberg). 10-50 ng/pLtranstormation plasmid DNA were transfected;
expression occurred for 18-24 h at 25 °C in the dark.

Biosynthesis of fluorescent reporters. Protoplast-secreted reporters (3xRFP/
3xRFP-Nb) for endocytic uptake experiments were obtained from cell-free culture
medium after expression, harvesting, sonication and clearance, ruling out
contaminations with reporter-synthesising cells during uptake-experiments. For
endocytic uptake, populations of protoplasts expressing GFP markers were
supplemented with cleared reporter-containing medium for 24 h.

Confocal microscopy and statistical analysis. Imaging was performed using a
Leica TCS-SP8 CLSM, with a x63 (1.2 NA) water immersion objective.
Fluorophores were excited (ex) and emission (em) was detected by line switching
in sequential mode using HyD detectors: CFP (ex/em: 458 nm/464-525 nm), GFP
(ex/em: 488 nm/496-525 nm), and RFP (ex/em: 561 nm/569-636 nm). Pinholes
were adjusted to 1 Airy unit for each wavelength. Post-acquisition image-
processing was performed using Adobe Photoshop CS3 (v10.0.1) and CorelDraw
X6 (v16.0.0.707). Calculation of the linear Pearson’s correlation coefficient (rp) and
nonlinear Spearman’s rank correlation coefficient (rs) of red and green fluorescent
signals and ROI selection was performed as previously described, with threshold
levels set to 10. For statistics, correlation coefficients of 10 individually analysed
cells per experiment were considered and are given as mean values with standard
errors of the mean. Statistical significance was calculated using ANOVA, followed
by Tukey’s HSD test.

Fluorescence lifetime imaging microscopy. Data acquisition was performed
with a Leica TCS-SP8 equipped with a PicoHarp-300-TCSPC-module, a PDL-808



Sepia multichannel-picosecond pulsed-diode-laser-driver and was analysed using
SymPhoTime v5.3.2.2 (PicoQuant). GFP was excited with a 470 nm laser (LDH-P-
C-470B) at 40 MHz pulse-frequency. Emission was recorded at 496-525 nm by
time-correlated single-photon- counting (TCSPC) until reaching a count of 500
photons per pixel. To calculate fluorescence lifetimes, TCSPC histograms were
reconvoluted with an instrumental-response-function (IRF) and fitted against a bi-
exponential decay function. Only fittings giving x? values between 0.9 and 1.4
were considered. All fluorescence signals of organellar markers were specifically
selected with the software’s ‘region of interest’ selection tools to avoid potential
miscalculations caused by background noise. In case of GFP-BP80, vacuolar
background fluorescence, as seen in addition to punctate endosomal signals, was
excluded from lifetime calculations. All selected signals of a cell were recorded
and calculated as mean lifetime. Per experimental condition, 12-20 cells were
independently analysed, thus representing a total of more than 200 individual
Golgi stacks, TGNs/EEs or MVBs/LEs. For statistics, calculated lifetimes of all
cells were averaged. Error bars indicate standard errors of the mean. Statistical
significance was calculated as above.

Harvesting, protein extraction and immunoblotting. Cell-free medium was
harvested after flotation of cells for 5 min at 80 g, using syringes and sealed pre-
punctured tubes. Proteins from medium-samples were precipitated as described®°.
After resealing, cells were diluted 5-fold with 250 mM NaCl and sedimented by
centrifugation as above. Cells were extracted by sonication in extraction buffer
(100 mM Tris, pH 7.8, 200 mM NaCl, 1 mM EDTA, 2 % B-mercaptoethanol and 0.2
% Triton X-100) for PAGE/WB analysis or in 2x binding buffer (40 mM HEPES,
300 mM NaCl, 2 mM CacClz, 2 mM MgClz, pH 7.1) for (Co-)IP/ligand binding
analysis. Extracts were cleared by centrifugation at 20,000 g for 15 min at 4 °C.
For SDS-PAGE/WB, all processed samples/beads were finally mixed 1:1 with 2x
Xtreme loading dye® and denatured for 5 min at 95 °C. SDS-PAGE/WB was
performed as described33. Antibodies used: mouse monoclonal anti-GFP (Roche
11814460001, 1:1,000), rat monoclonal anti-RFP (ChromoTek, 1:1,000) and rat
monoclonal anti-HA-Peroxidase (Roche 12013819001, 1:2,500).



Immunoprecipitation and ligand binding. For IP/Co-IP and binding assays,
sensors were assembled in vivo (+/- ligands/BFA) and extracted 1:1 in 2x binding
buffer. Immunoprecipitation was performed overnight with rabbit polyclonal GFP
antibodies (Life Technologies A6455)-coupled Protein A beads (10001D, Life
Technologies) at 4 °C. Beads were 3x washed with binding buffer and either
immediately processed for SDS-PAGE/WB or incubated with Aleu-RFP/Sec-RFP
(controls), which were in parallel samples transiently expressed and recovered
from cell extracts/medium as described above, prior to processing for SDS-
PAGE/WB. For cellular fractionation by osmotic shock, cells were resuspended in
a 4-fold volume of Tris buffer (50 mM Tris, pH 8.0, 1 mM EDTA) and cleared.
Supernatant (S) was recovered, the membrane pellet (P) was resuspended in the
initial volume of extraction buffer, and S-/P-samples were processed for SDS-
PAGE/WB.
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Figure Legends and Tables

Figure 1. Compartment-specific targeting of luminal ligand-binding domains
(LBDs) in the plant endomembrane system via nhanobody-epitope
interactions. (a) Nanobody (Nb)-mediated sensor assembly by coexpression of
soluble LBD-RFP-Nb with luminal GFP-epitope-exposing type I/ll membrane
proteins. (b) Immunodetection of LBD-RFP-NB * Sec12 overproduction in
cells/medium (C)/(M) using a-HA. Loading control: coexpressed Golgi marker
ERD2-CFP (a-GFP), mock-transfection (co). (c,d) CLSM analysis of cells from (b).
Soluble/secreted LBD-RFP-Nb accumulates with ERD2-CFP in the ER upon
Sec12 overproduction (+Sec12). (e-i) Sensor assembly by coexpression of LBD-
RFP-Nb with the epitope-tagged anchors (e) GFP-CNX (type 1) in the ER, (f)
Man1-GFP (type ll) in the Golgi, (g) SYP61-GFP (type Il) in the TGN/EE, (h,i)
GFP-BP80 (type I) in the MVB/LE, and (i) in wortmannin-induced (+WM, 30 uM, 1
h) ring-like MVB/LE structures (arrowheads). Inlays: ¢,f-i magnifications; d,e

cortical sections. Scale bars (um): 5/2.5 (inlays).

Figure 2. All assembled VSR sensors are ligand-binding competent. (a)
Principle of compartment-specific VSR-ligand interaction-analysis via FRET-FLIM.
Expression of GFP-tagged membrane anchors with soluble LBD-Nbs reconstitutes
fluorescent VSR sensors. Binding of red-fluorescent ligands (Aleu-RFP) leads to
close proximity and thus FRET, thereby shortening the fluorescence lifetime of
GFP. (b) Immunoblot revealing ligand-binding capability of all VSR sensors in
vitro. Sensors were assembled by coexpression of LBD-Nb with either GFP-CNX,
Man1-GFP, SYP61-GFP, or GFP-BP80 in tobacco protoplasts,
immunoprecipitated (anti-GFP antibody-coated beads, IP: a-GFP), and incubated
with Aleu-RFP. Immunoblots (IB) were probed with antibodies to detect anchors
(a-GFP), LBD-Nb (a-HA) and Aleu-RFP/Sec-RFP (a-RFP).

Figure 3. Analysis of VSR-ligand interaction identifies the ER as
compartment that favours ligand binding whilst the MVB/LE restricts ligand
binding.

(a,b) Assembly of ER-localising VSR sensors from GFP-CNX+LBD-Nb retains
coexpressed vacuolar Aleu-RFP in the ER. (c) FRET-FLIM reveals Aleu-RFP-



triggered FRET/reduced fluorescence lifetime compared to controls expressing
RFP-HDEL, Sec-RFP, or ALBD-Nb. (d,e) Coexpressed Aleu-RFP and GFP-BP80
colocalise in MVBs/LEs also upon sensor assembly (GFP-BP80+LBD-Nb). (f)
FRET-FLIM revealing that Aleu-RFP doesn’t trigger FRET/reduce fluorescence
lifetime of MVB/LE-localising sensors compared to controls with Nb-mediated
attachment of RFP (LBD-RFP-NDb, see Fig. 1). (g) Differential distribution of GFP-
BP80 and Aleu-RFP in wortmannin-induced ring-like MVB/LE-structures (30 uM, 1
h) is not altered by sensor assembly (+LBD-Nb). FLIM data are presented as
mean * s.e.m. fluorescence lifetime of n=12/17 (c/f) measurements. Significance
was calculated using ANOVA, followed by Tukey’s HSD test (*** P<0.001
compared to every other group; NS, not significant). Images (right) showing
fluorescence intensity/lifetime of sensors. Scale bars (um): 5/2.5 (inlays). Inlays:
a,b, cortical section; d,e: magnifications.

Figure 4. The Golgi provides ligand-binding conditions for VSRs. (a)
Coexpressed cis-Golgi marker Man1-GFP and the soluble vacuolar reporter Aleu-
RFP don’t colocalise. (b) Assembly of Golgi-localised VSR sensors from Man1-
GFP+LBD-Nb retains Aleu-RFP in the Golgi (arrowheads). (¢) Golgi retention is
highlighted by reduction of Aleu-RFP signals in MVBs/LEs and vacuoles by
coexpression of the VSR-transport competitor HA-BP80. (d) FRET-FLIM analysis
identifies the Golgi as compartment favouring ligand binding. Coexpression of
Aleu-RFP causes FRET-triggered decrease of fluorescence lifetime of the sensor,
which doesn’t occur in the absence of the LBD (ALBD-Nb). (e) VSR sensor
assembly in the trans-Golgi by coexpression of LBD-RFP-Nb with the marker ST-
GFP. (f,g) Golgi retention of Aleu-RFP caused by assembly of VSR sensors from
ST-GFP+LBD-Nb. (h) FRET-FLIM analysis demonstrates ligand binding in the
trans-Golgi. Golgi movement was reduced by application of 4 um LatB 1 h prior to
FLIM. Data are presented/calculated as in Fig. 3, n=12 measurements. Scale bars

(um): 5/2.5 (inlays). Inlays: magnifications.

Figure 5. The TGN/EE does not provide ligand-binding conditions for VSRs.
(a,b) Aleu-RFP doesn’t colocalise with the TGN/EE marker SYP61-GFPand is not
retained upon sensor assembly (SYP61-GFP+LBD-NDb). Inlays: magnification. (c)
Pearson’s (rr) and Spearman’s (rs) correlation (PSC) coefficients of SYP61-



GFP/Aleu-RFP signals from a,b, with colocalising SYP61-GFP/LBD-RFP-Nb (see
Fig. 1g) for comparison. Statistical analysis/annotations as in Fig. 3, n=10 cells, ***
P<0.001. (d) Aleu-RFP doesn'’t trigger FRET/reduce fluorescence lifetime of
TGN/EE-localising sensors (identical to Sec-RFP in negative controls). FRET is
triggered in positive controls by attachment of RFP (LBD-RFP-Nb, see Fig. 1). (e)
BFA-induced ER coaccumulation of sensors (SYP61-GFP+LBD-Nb) and Aleu-
RFP (+BFA). Inlay: cortical section. (f) Coexpression of SYP61-GFP-based
sensors with Aleu-RFP or Sec-RFP +BFA. Aleu-RFP triggers FRET/reduces
fluorescence lifetime only in the presence of BFA due to redistribution of
sensors/ligands to the binding-favouring ER. Data in d.f are presented/calculated
as in Fig. 3, n=17/20 (d/f) measurements. TGN/EE movement was reduced by
application of 4 um LatB 1 h prior to FLIM. (g) Proteins were expressed as
indicated (x BFA), sensors were immunoprecipitated (anti-GFP antibody-coated
beads, IP: a-GFP), and immunoblotted (IB). Total extracts (T) and
immunoprecipitates (IP) were probed with a-GFP (Anchor), a-HA (LBD-Nb), and a-
RFP (Aleu-RFP/Sec-RFP), revealing ligand binding of SYP61-GFP-based sensors
in the ER (+BFA, black arrowhead) but not in the TGN/EE (-BFA, white
arrowhead). For e-g, BFA (36 uM) was applied after transfection. Scale bars (um):
5/2.5 (inlays).

Figure 6. Vacuolar delivery of endocytosed soluble proteins does not
depend on sorting signals. (a) Endocytic uptake and vacuolar delivery of 3xRFP
by Cyt-GFP-expressing protoplasts. (b) Immunoblot of cellular extracts after
uptake of 3xRFP, osmotic shock (total proteins, T), and fractionation into
membrane (M) and soluble (S) fractions identify endocytosed 3xRFP as soluble
protein (left). Cells expressing the plasma membrane marker RFP-TMD23 served
as fractionation control (right). (¢) Endocytic uptake and vacuolar delivery of
nanobody-tagged reporter 3xRFP-Nb (compare to a). (d-f) Mapping of the
transport route to the vacuole by nanobody-mediated anchoring of endocytosed
3xRFP-Nb in the TGN/EE and MVB/LE. Incubation of cells exposing GFP at (d)
the surface (SYP132-GFP), (e) the TGN/EE (SYP61-GFP) or (f) the MVB/LE
(GFP-BP80) with 3xRFP-Nb leads to accumulation of the reporter at the
corresponding locations, demonstrating that endocytosed non-VSR-ligand 3xRFP-
Nb transits the TGN/EE and MVBJ/LE en route to the vacuole. Inlays:



magnifications. Scale bars (um): 5/2.5 (inlays). (g) Concept of sorting and
transport of soluble vacuolar proteins. The ER and the Golgi provide binding
conditions (green) for VSR-ligand interaction, while the post-Golgi compartments
TGN/EE and MVB/LE do not (red).

Supplementary Figure 1. Uncropped immunoblot. Detection of the
immunoprecipitated compartmental markers GFP-CNX, Man1-GFP, SYP61-GFP,
and GFP-BP80 as illustrated in Figure 2b. Concentration series (c1-c3) were loaded
in SDS-PAGE to equalise the amounts of markers for the detection of the
coexpressed/coimmunoprecipitated LBD-Nb. Sections cut for Figure 2b are
highlighted by black rectangles. The Immunoblot (IB) was probed with a-GFP.

Supplementary Figure 2. The assembly of VSR sensors does not influence
the localisation of the membrane anchors. Protoplasts were transfected with
plasmids encoding for the indicated proteins and incubated 24 h before CLSM
analysis. (a-d) Sensors were assembled from LBD-Nb and the GFP-tagged
membrane anchors and localisation was compared to RFP-tagged derivatives of
the respective compartmental marker. (a) Colocalisation with RFP-CNX in the ER,
(b) colocalisation with Man1-RFP in the Golgi, (¢) colocalisation with RFP-SYP61
in the TGN/EE, and (d) colocalisation with RFP-BP80 in the MVB/LE. Inlays in a-d:
magnifications. Scale bars (um): 5/2.5 um (inlays). (e) Pearson’s (rp) and
Spearman’s (rs) correlation (PSC) coefficients calculated for green and red signals
as shown in a-d demonstrating colocalisation. PSC coefficients are presented as
mean * s.e.m (n = 10 individual cells). Statistical significance was calculated using
ANOVA, followed by Tukey’s HSD test (*** P < 0.001).

Supplementary Figure 3. Representative CLSM images of cells analysed by
FRET-FLIM to asses VSR-ligand binding in the ER and the MVB/LE. (a) FLIM
data for the ER. The diagram shows the fluorescence lifetimes from Figure 3c plus
additional controls analysed 6 h after application of 36 uM BFA. The different
experimental groups are represented by Latin numbers (I-VI). A representative
image is given for each group ensuring expression of tested fluorescent pairs. (b)
FLIM data for the MVB/LE. The diagram shows the fluorescence lifetimes from

Figure 3f. The different experimental groups are represented by Latin numbers (-



IV). A representative image is given for each group ensuring expression of tested
fluorescent pairs. Scale bars: 5 um. Statistics: *** P<0.001; NS, not significant.

Supplementary Figure 4. Representative CLSM images of cells analysed by
FRET-FLIM to asses VSR-ligand binding in the Golgi. (a) FLIM data for the cis-
Golgi. The diagram shows the fluorescence lifetimes from Figure 4d. The different
experimental groups are represented by Latin numbers (I-1V). A representative
image is given for each group ensuring expression of tested fluorescent pairs. (b)
FLIM data for the trans-Golgi. The diagram shows the fluorescence lifetimes from
Figure 4h. The different experimental groups are represented by Latin numbers (-
IV). A representative image is given for each group ensuring expression of tested
fluorescent pairs. Scale bars: 5 um. Statistics: *** P<0.001; NS, not significant.

Supplementary Figure 5. Representative CLSM images of cells analysed by
FRET-FLIM to asses VSR-ligand binding in the TGN/EE. (a) The diagram
shows the fluorescence lifetimes from Figure 5d,f (x BFA) in direct comparison.
The different experimental groups are represented by Latin numbers (I-1V). A
representative image is given for each group ensuring expression of tested
fluorescent pairs. Scale bars: 5 pym. Statistics: *** P<0.001; NS, not significant.
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Figure 1. Compartment-specific targeting of luminal ligand-binding domains (LBDs) in the plant endomembrane
system via nanobody-epitope interactions. (a) Nanobody (Nb)-mediated sensor assembly by coexpression of soluble LBD-
RFP-Nb with luminal GFP-epitope-exposing type I/l membrane proteins. (b) Immunodetection of LBD-RFP-NB + Sec12
overproduction in cells/medium (C)/(M) using a-HA. Loading control: coexpressed Golgi marker ERD2-CFP (a-GFP), mock-
transfection (co). (c,d) CLSM analysis of cells from (b). Soluble/secreted LBD-RFP-Nb accumulates with ERD2-CFP in the ER
upon Sec12 overproduction (+Sec12). (e-i) Sensor assembly by coexpression of LBD-RFP-Nb with the epitope-tagged anchors
(e) GFP-CNX (type I) in the ER, (f) Man1-GFP (type Il) in the Golgi, (g) SYP61-GFP (type Il) in the TGN/EE, (h,i) GFP-BP80
(type I) in the MVB/LE, and (i) in wortmannin-induced (+WM, 30 uM, 1 h) ring-like MVB/LE structures (arrowheads). Inlays: ¢, f-i
magnifications; d,e cortical sections. Scale bars (um): 5/2.5 (inlays).
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Figure 2. All assembled VSR sensors are ligand-binding competent. (a) Principle of compartment-specific VSR-ligand
interaction-analysis via FRET-FLIM. Expression of GFP-tagged membrane anchors with soluble LBD-Nbs reconstitutes
fluorescent VSR sensors. Binding of red-fluorescent ligands (Aleu-RFP) leads to close proximity and thus FRET, thereby
shortening the fluorescence lifetime of GFP. (b) Immunoblot revealing ligand-binding capability of all VSR sensors in vitro.
Sensors were assembled by coexpression of LBD-Nb with either GFP-CNX, Man1-GFP, SYP61-GFP, or GFP-BP80 in tobacco
protoplasts, immunoprecipitated (anti-GFP antibody-coated beads, IP: a-GFP), and incubated with Aleu-RFP. Immunoblots
(IB)were probed with antibodies to detect anchors (a-GFP), LBD-Nb (a-HA) and Aleu-RFP/Sec-RFP (a-RFP).
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Figure 3. Analysis of VSR-ligand interaction identifies the ER as compartment that favours ligand binding whilst the
MVBI/LE restricts ligand binding. (a,b) Assembly of ER-localising VSR sensors from GFP-CNX+LBD-Nb retains
coexpressed vacuolar Aleu-RFP in the ER. (¢) FRET-FLIM reveals Aleu-RFP-triggered FRET/reduced fluorescence lifetime
compared to controls expressing RFP-HDEL, Sec-RFP, or ALBD-Nb. (d,e) Coexpressed Aleu-RFP and GFP-BP80 colocalise
in MVBs/LEs also upon sensor assembly (GFP-BP80+LBD-Nb). (f) FRET-FLIM revealing that Aleu-RFP doesn't trigger
FRET/reduce fluorescence lifetime of MVB/LE-localising sensors compared to controls with Nb-mediated attachment of RFP
(LBD-RFP-NbD, see Fig. 1). (g) Differential distribution of GFP-BP80 and Aleu-RFP in wortmannin-induced ring-like MVB/LE-
structures (30 uM, 1 h) is not altered by sensor assembly (+LBD-Nb). FLIM data are presented as mean + s.e.m. fluorescence
lifetime of n=12/17 (c/f) measurements. Significance was calculated using ANOVA, followed by Tukey's HSD test (*** P<0.001
compared to every other group; NS, not significant). Images (right) showing fluorescence intensity/lifetime of sensors. Scale bars
(um): 5/2.5 (inlays). Inlays: a,b, cortical section; d,e: magnifications.
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Figure 4. The Golgi provides ligand-binding conditions for VSRs. (a) Coexpressed cis-Golgi marker Man1-GFP and the
soluble vacuolar reporter Aleu-RFP don't colocalise. (b) Assembly of Golgi-localised VSR sensors from Man1-GFP+LBD-Nb
retains Aleu-RFP in the Golgi (arrowheads). (c) Golgi retention is highlighted by reduction of Aleu-RFP signals in MVBs/LEs and
vacuoles by coexpression of the VSR-transport competitor HA-BP80. (d) FRET-FLIM analysis identifies the Golgi as
compartment favouring ligand binding. Coexpression of Aleu-RFP causes FRET-triggered decrease of fluorescence lifetime of
the sensor, which doesn't occur in the absence of the LBD (ALBD-Nb). (e) VSR sensor assembly in the trans-Golgi by
coexpression of LBD-RFP-Nb with the marker ST-GFP. (f,g) Golgi retention of Aleu-RFP caused by assembly of VSR sensors
from ST-GFP+LBD-Nb. (h) FRET-FLIM analysis demonstrates ligand binding in the trans-Golgi. Golgi movement was reduced
by application of 4 um latrunculin B 1 h prior to FLIM. Data are presented/calculated as in Fig. 3, n=12 measurements. Scale
bars (um): 5/2.5 (inlays). Inlays: magnifications.
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Figure 5. The TGN/EE does not provide ligand-binding conditions for VSRs. (a,b) Aleu-RFP doesn't colocalise with the
TGN/EE marker SYP61-GFPand is not retained upon sensor assembly (SYP61-GFP+LBD-Nb). Inlays: magnification. (c)
Pearson's (r,) and Spearman's (r;) correlation (PSC) coefficients of SYP61-GFP/Aleu-RFP signals from a,b, with colocalising
SYP61-GFP/LBD-RFP-Nb (see Fig. 1g) for comparison. Statistical analysis/annotations as in Fig. 3, n=10 cells, *** P<0.001. (d)
Aleu-RFP doesn't trigger FRET/reduce fluorescence lifetime of TGN/EE-localising sensors (identical to Sec-RFP in negative
controls). FRET is triggered in positive controls by attachment of RFP (LBD-RFP-Nb, see Fig. 1). (e) BFA-induced ER
coaccumulation of sensors (SYP61-GFP+LBD-Nb) and Aleu-RFP (+BFA). Inlay: cortical section. (f) Coexpression of SYP61-
GFP-based sensors with Aleu-RFP or Sec-RFP +BFA. Aleu-RFP triggers FRET/reduces fluorescence lifetime only in the
presence of BFA due to redistribution of sensors/ligands to the binding-favouring ER. Data in d,f are presented/calculated as in
Fig. 3, n=17/20 (d/f) measurements. TGN/EE movement was reduced by application of 4 ym latrunculin B 1 h prior to FLIM. (g)
Proteins were expressed as indicated (+ BFA), sensors were immunoprecipitated (anti-GFP antibody-coated beads, IP:
a-GFP), and immunoblotted (IB). Total extracts (T) and immunoprecipitates (IP) were probed with a-GFP (Anchor), a-HA (LBD-
Nb), and a-RFP (Aleu-RFP/Sec-RFP), revealing ligand binding of SYP61-GFP-based sensors in the ER (+BFA, black
arrowhead) but not in the TGN/EE (-BFA, white arrowhead). For e-g, BFA (36 uM) was applied after transfection. Scale bars
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and vacuolar delivery of 3xRFP by Cyt-GFP-expressing protoplasts. (b) Immunoblot of cellular extracts after uptake of 3xRFP,
osmotic shock (total proteins, T), and fractionation into membrane (M) and soluble (S) fractions identify endocytosed 3xRFP as
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Endocytic uptake and vacuolar delivery of nanobody-tagged reporter 3xRFP-Nb (compare to a). (d-f) Mapping of the transport
route to the vacuole by nanobody-mediated anchoring of endocytosed 3xRFP-Nb in the TGN/EE and MVB/LE. Incubation of
cells exposing GFP at (d) the surface (SYP132-GFP), (e) the TGN/EE (SYP61-GFP) or (f) the MVB/LE (GFP-BP80) with
3xRFP-Nb leads to accumulation of the reporter at the corresponding locations, demonstrating that endocytosed non-VSR-
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(green) for VSR-ligand interaction, while the post-Golgi compartments TGN/EE and MVB/LE do not (red).
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Supplementary Figure 1. Uncropped immunoblot. Detection of the immunoprecipitated compartmental markers GFP-CNX,
Man1-GFP, SYP61-GFP, and GFP-BP80 as illustrated in Figure 2b. Concentration series (c1-c3) were loaded in SDS-PAGE to
equalise the amounts of markers for the detection of the coexpressed/coimmunoprecipitated LBD-Nb. Sections cut for Figure 2b

are highlighted by black rectangles. The Immunoblot (1B) was probed with a-GFP.
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Supplementary Figure 2. The assembly of VSR sensors does not influence the localisation of the membrane anchors.
Protoplasts were transfected with plasmids encoding for the indicated proteins and incubated 24 h before CLSM analysis. (a-d)
Sensors were assembled from LBD-Nb and the GFP-tagged membrane anchors and localisation was compared to RFP-tagged
derivatives of the respective compartmental marker. (a) Colocalisation with RFP-CNX in the ER, (b) colocalisation with Man1-
RFP in the Golgi, (c) colocalisation with RFP-SYP61 in the TGN/EE, and (d) colocalisation with RFP-BP80 in the MVB/LE.
Inlays in a-d: magnifications. Scale bars (um): 5/2.5 pm (inlays). (e) Pearson's (r,) and Spearman's (r;) correlation (PSC)
coefficients calculated for green and red signals as shown in a-d demonstrating colocalisation. PSC coefficients are presented
as mean = s.e.m (n =10 individual cells). Statistical significance was calculated using ANOVA, followed by Tukey's HSD test (***
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Supplementary Figure 3. Representative CLSM images of cells analysed by FRET-FLIM to assess VSR-ligand
binding in the ER and the MVBJ/LE. (a) FLIM data for the ER. The diagram shows the fluorescence lifetimes from Figure
3c plus additional controls analysed 6 h after application of 36 uM BFA. The different experimental groups are represented
by Latin numbers (I-V1). Arepresentative image is given for each group ensuring expression of tested fluorescent pairs. (b)
FLIM data for the MVB/LE. The diagram shows the fluorescence lifetimes from Figure 3f. The different experimental
groups are represented by Latin numbers (I-1V). A representative image is given for each group ensuring expression of

tested fluorescent pairs. Scale bars: 5 um. Statistics: *** P<0.001; NS, not significant.
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Supplementary Figure 4. Representative CLSM images of cells analysed by FRET-FLIM to assess VSR-ligand binding

in the Golgi. (a) FLIM data for the cis-Golgi. The diagram shows the fluorescence lifetimes from Figure 4d. The different
experimental groups are represented by Latin numbers (I-IV). A representative image is given for each group ensuring

expression of tested fluorescent pairs. (b) FLIM data for the trans-Golgi. The diagram shows the fluorescence lifetimes from
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group ensuring expression of tested fluorescent pairs. Scale bars: 5 um. Statistics: *** P<0.001; NS, not significant.
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Supplementary Table 1

Primers Sequence (5°-3’ direction) Template Recipient Vector
LBD-RFP-Nb (pBL14) LBD_Nhel_S AGCTGAGCTAGCATGAA first strand cDNA from pCN17;
GCAGCTTCTATGTTA 3-day-old A. thaliana modified to contain following
LBD_Sall_AS GCTGATGTCGACGCAAG seedlings strategic restriction sites:
TGTCATGGTCTCTCA P35S-Nhel-CDS-BamHI-T3nos
mRFP_Sall_S TGCCGGGTCGACATGGC | pFK12!
CTCCTCCGAGGACGT
mRFP_Kpnl_AS TCCTTAGGTACCTGCTCC
AGTGCTGTGGCGGC

PLUS: anti-GFP nanob

ody (Kpnl/BamHl); chemically synthesised

LBD-Nb (pFF29) LBD_Nhel_S AGCTGAGCTAGCATGAA first strand cDNA from pBL14 (see above);
GCAGCTTCTATGTTA 3-day-old A. thaliana cut Kpnl/Nhel
LBD_Kpnl_AS CGTATTGGTACCGCAAGT | seedlings
GTCATGGTCTCTCA
ALBD-Nb (pFK120) Nb_Nhel_S AGTCTAGCTAGCGCCATG | pBL14 (see above) RFP-TMD23 in pCN1%;
TATCCTTATGATGTTCC cut BamHI/Nhel to keep the N-
Nb_BamHI_AS TGCTTCGGATCCCTAATG terminal signal peptide of RFP-
AT TMD23
Cyt-RFP-Nb (pFF31) mRFP_Clal_S AGTCTAATCGATGGCCTC | pBL14 (see above) RFP-TMD23 in pCN1%;
CTCCGAGGACGT cut BamHV/Clal
Nb_BamHI_AS TGCTTCGGATCCCTAATG
AT
GFP-CNX (pFF4) EGFP_Nhel_S GCATGAGCTAGCGCCAT | pJB132 PFK120 (see above);
GGTGAGCAAGGGCGAGG cut BamHV/Nhel
EGFP_Notl_AS AGTCTAGCGGCCGCCCT
TGTACAGCTCGTCCATGC
CNX-TMD_Notl_S GATCCGGCGGCCGCGAA | pSLH&?
CTGATTGAGAAAGCCGA
CNX-CT_BamHI_AS | TGCTTCGGATCCTCTAGA
GC
GFP-BP80 (pFF3) BP80a-TMD_Notl_S | AGTCTAGCGGCCGCATC | pLL383 pFF4 (see above);
AGTAAGACGGGTTCACA cut BamHl/Notl
BP80a- TGCTTCGGATCCCTTAGG
CT_BamHI_AS CA
Man1-GFP (pFF6) Man1i_Nhel_S GCATGAGCTAGCATGGC | pBP30* pBL14 (see above);
GAGAGGGAGCAGATC cut BamHV/Nhel
Man1i_Notl_AS AGTCTAGCGGCCGCCAC
TAGTTCTAGAAAAAGGT
EGFP_Notl_S AGTCTAGCGGCCGCATG | pJB132
GTGAGCAAGGGCGAGGA
EGFP_BamHI_AS AGCTGAGGATCCTTACTT
GTACAGCTCGTCCA
SYP61-GFP (pFF25) SYP61_Nhel_S AGTCTAGCTAGCATGTCT | pDS13% pFF6 (see above);
TCAGCTCAAGATCC cut Notl/Nhel
SYP61_Noti_AS GCTGTAGCGGCCGCCGG
TCAAGAAGACAAGAACGA
SYP132-GFP (FF13) SYP132_Nhel_S AGTCTAGCTAGCATGAAC | RFP-SYP1328 pFF6 (see above);
GATCTTCTGAAGGG cut Notl/Nhel
SYP132_Notl_AS GATCCGGCGGCCGCCAG
CACTCTTGTTTTTCCAAG
Cyt-RFP (pFK98) mRFP_Nhel_S AGTCTAGCTAGCATGGCC | pFK12' pGD5?;
TCCTCCGAGGACG cut BamHV/Nhel
mRFP_BamHI_AS AGTCTAGGATCCTTATGC

TCCAGTACTGTGGCGGC




Sec-RFP (pFF14)

SP_Xhol_Sal_S

TCGAGATGAAAGCCTTCA
CACTCGCTCTCTTCTTAG
CTCTTTCCCTCTATCTCC
TGCCCAATCCAGCCATGA
CG

SP_Sall_Xhol_AS

TCGACGTCATGGCTGGAT
TGGGCAGGAGATAGAGG
GAAAGAGCTAAGAAGAG
AGCGAGTGTGAAGGCTTT
CATC

Complementary
oligonucleotides to
assemble the coding
sequence of the GFP-
spo N-terminal signal
peptide®

mRFP_Sall_S

CTCTATGTCGACTATGGC
CTCCTCCGAGGACGT

mRFP_Spel_AS

AGTCTAACTAGTTTATGC
TCCAGTACTGTGGCGGC

pFK12!

pCN1';

modified to contain following
strategic restriction sites:
P35S- Xhol-CDS-Spel-T3nos

Aleu-RFP (pFF15)

Aleu_Xhol_S

AGTCTACTCGAGATGTCT
CGTCTGTCACTCCT

Aleu_Nhel_AS

CATTGCGCTAGCGCTTTC
CA

aleu-GFP’

mRFP_Nhel_S

CTTTCTGCTAGCGCCATG
GC

mRFP_Spel_AS

AGTCTAACTAGTTTATGC
TCCAGTACTGTGGCGGC

pFK12!

pFF14 (see above);
cut Spel/Xhol

3xRFP (pSF70)

mRFP_Sall_S

TGCCGGGTCGACGATGG
CCTCCTCCGAGGACGT

mRFP_Ndel_AS

TTCGGACATATGTGCTCC
AGTACTGTGGCGGC

pFK12!

mRFP_Ndel_S

AGTCTACATATGGCCTCC
TCCGAGGACG

mRFP_Nhel_AS

AGTCTAGCTAGCTGCTCC
AGTACTGTGGC

pFK128

mRFP_Nhel_S

GTTGACTGCTAGCGCCAT
GGCCTCCTC

mRFP_Spel_AS

CTGCAACTAGTTTATGCT
CCAGTACTGTGGCGGC

pFK12"

pFF14 (see above);

cut Spel/Sall to keep the N-
terminal signal peptide of
pFF14

3xRFP-Nb (pSF71)

mRFP_Nhel_S

AGTCTAGCTAGCATGGCC
TCCTCCGAGGACG

mRFP_Kpnl_AS

TCCTTAGGTACCTGCTCC
AGTGCTGTGGCGGC

PFK12]

PLUS: anti-GFP nanob:
above)

ody-T3nos (Kpnl/Hindlll), subcloned from pBL14 (see

pSF70 (see above);
cut Hindlll/Nhel

RFP-CNX (pLBY13) CNX-TMD_Sall_S AGTCTAGTCGACGGAACT | pSLH6® RFP-TMD23 in pCN1%;
GATTGAGAAAGCCGAG cut BamHl/Sall
CNX-CT_BamHI_AS | AGTCTAGGATCCCTAATT
ATCACGTCTCGGTT
GFP-SYP61 (pFK94) EGFP_Ncol_S AGTCTACCATGGTGAGCA | pJB132 pDS13?;
AGGGCGAGG cut Clal/Ncol
EGFP_Clal_AS AGTCTAATCGATGCTCCA
CCCTTGTACAGCTCGTCC
ATGC
RFP-SYP61 (pML4) mRFP_Nhel_S AGTCTAGCTAGCATGGCC | pBP30* pGD5%;
TCCTCCGAGGACG cut BamHl/Nhel
mRFP_Clal_AS GCTGTAATCGATGCGGC
GCCGGTGGAGTGGCGGC

PLUS: SYP61 (Clal/BamHl), subcloned from pDS13 5




RFP-BP80 (pFK121) BP80a-SP_Nhel_S TCCTTAGCTAGCATGAAG | pJLH213 pGD55;
CAGCTTCTGTGTTA cut BamH\/Nhel
BP80a-SP_Notl_AS AGTCTAGCGGCCGCGAG
CCTCGCTAAAAGGGGAA
mRFP_Notl_S AGTCTAGCGGCCGCATG pBP30*
GCCTCCTCCGAGGACGT
mRFP_Sall_AS AGTCTAGTCGACCGGCG
CCGGTGGAGTGGCGGC
BP80a-TMD_Sall_S | GCTGATGTCGACTTTCAC | pLL38?
AAGTGAAATCAGCG
BP80a- TGCTTCGGATCCCTTAGG
CT_BamHI_AS CA
HA-BP80 (pFK119) SP_Clal_S CTCTATATCGATGAGGCT | pFK120 (see above) pFF3 (see above);
TT cut Notl/Clal
HA_Notl_AS AGTCTAGCGGCCGCCAG
CATAATCAGGAACATCA
ST-GFP (pSF83) ST_Nhel_S ACTGCAGCTAGCATGATT | ST-YFP® pFFO3 (see above);
CATACCAACTTGAA cut Notl/Nhel
ST_Notl_AS CTAGCAGCGGCCGCGGG
CCACTTTCTCCTGGCTCT
RFP-HDEL (pFK 123) sp_Clal_S CTCTATATCGATGAGGCT | pFK12' RFP-TMD23 in pCN17;
TTGTAAATTCACAG cut BamH|/Clal
RFP- AGTCTAGGATCCCTAAAG
HDEL_BamHI_AS CTCATCATGTGCTCCAGT
ACTGTGGCG
Established plasmids used in this study
Cyt-GFP™® Cytosolic GFP
ERD2-CFP® cis-Golgi marker
Man1-RFP* cis-Golgi marker
Sec12" Guanine nucleotide exchange factor (GEF) for the GTPase Sar1p
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Abstract

Protein degradation in lytic compartments is crucial for eukaryotic cells. At the heart of this
process, vacuolar sorting receptors (VSRs) bind soluble hydrolases in the secretory pathway
and release them into the vacuolar route. Sorting efficiency is suggested to result from
receptor recycling. However, how and to where plant VSRs recycle remains controversial.
Here we present a nanobody-epitope interaction-based protein labeling and tracking approach
to dissect their anterograde and retrograde transport routes in vivo. We employ simultaneously
two different nanobody-epitope pairs: one for the location-specific post-translational
fluorescence labeling of receptors and the other pair to trigger their compartment-specific
lockdown via an endocytosed dual epitope linker protein. We demonstrate VSR-recycling
from the TGN/EE, thereby identifying the cis-Golgi as the recycling target and show that
recycled VSRs reload ligands. This is evidence that bidirectional VSR-mediated sorting of

vacuolar proteins exists and occurs between the Golgi and the TGN/EE.



Introduction

Degradation in lytic compartments is a hallmark of eukaryotic cells. It allows for rapid
modulations of compartmental protein and lipid compositions as responses to cellular
communication or environmental cues" > **, This necessitates constant supply of
vacuoles/lysosomes with acid hydrolyses by the action of sorting receptors®. Despite its
significance for viability and development, the core mechanism of vacuolar sorting receptor
(VSR)-mediated protein transport and its implementation in the plant endomembrane system
is still controversial®®.

The concept of receptor-mediated protein transport dates back to the discovery of the low-
density lipoprotein receptor and the cation independent (CI)-mannose 6-phosphate receptor
(MPR) for lysosomal sorting in mammals’ % °, They bind ligands either at the cell surface or
the TGN and transport them to endosomes, where ligands are released due to low
compartmental pH® '°. The key to the efficiency of this transport however, is the continuous
recycling of receptors after ligand release, allowing receptors to go through hundreds of
transport-cycles during their life span’ 8 111213,

The recycling route of MPRs was most elegantly mapped biochemically, by assaying for
Golgi cisternae-specific glycan processing after receptor labeling with [°H]galactose at the cell
surface by using exogenous galyctosyltransferases'*. However, endogenous VSRs do not
localize to the cell surface and are thus not amendable to exogenously applied modifying
enzymes to decipher their function or to trace their transport route in vivo.

VSRs are type I transmembrane proteins and bind ligands via a luminal ligand-binding domain
(LBD), whereas their cytosolic tail carries the sorting information for their own
transportation! 1617 18.19.20.21.22.23 'They were originally proposed to transport ligands into
prevacuoles, nowadays referred to as multivesicular bodies/late endosomes (MVBs/LEs)!'® 1%
21.24.25.26 However, we have recently demonstrated that VSRs bind ligands in the early
secretory pathway and instead release them in the trans-Golgi network (TGN)?’, the early
endosome (EE) of plants (TGN/EE)?® ?°. This raised the fundamental questions as to how to
where VSRs recycle after ligand release. To address this, we have devised a strategy that
utilizes the in vivo interaction of two different antibody-epitope pairs. This allows (a) for the
location-specific green fluorescent protein (GFP)-labeling of VSRs in the TGN/EE and (b) for
the tracking and lockdown of such labeled VSRs in upstream compartments, upon retrograde

recycling. For this, we have translationally fused a variable domain of a lama (Lama paco)



heavy chain antibody (VyH)?” %, termed nanobody (Nb), that was raised against GFP (Nbg)*”
31'to a VSR (Nbg-VSR). The other Nb, which was raised against o-synuclein (Nbs)*?, was
fused to compartment-specific membrane marker proteins. Finally, we have designed a dual
epitope linker protein, which contains the epitopes of both nanobodies and therefore allows for
both, specific GFP-labeling of the Nbg-tagged VSR via the GFP domain and attachment to
Nbs-tagged compartmental marker proteins via the a-synuclein (SYN) epitope. Labeling of
Nbg-VSR in the lumen of the TGN/EE is achieved by incubation of Nbg and Nbs fusion
protein-expressing cells with the dual epitope linker protein GFP-SYN, which is endocytosed
and delivered to the TGN/EE. Using this approach, we have traced GFP-labeled VSRs from
the TGN/EE back to the cis-Golgi, where we demonstrate their ligand binding capability.
Together, these data demonstrate the cycling of VSRs between the Golgi stack and the
TGN/EE.

RESULTS
Post-translational GFP-labeling via endocytosed GFP

The challenge when analyzing bidirectional protein transport of sorting receptors in live-cell
imaging studies is to differentiate between anterograde and retrograde transported receptors
under steady state conditions. This is particularly true when translational fusions between
receptors and fluorescent proteins are used. Here, fluorescent signals become detectable
immediately after synthesis and protein folding in the ER and they persist throughout the
lifespan of the molecule. Consequently, the localization of the receptor does not provide any
information on its transport direction or ligand status (Fig. 1a). An analysis of receptor
recycling therefore demands strategies that allow for the specific tracing of those VSRs that
have released their ligands in the TGN/EE? and are about to be recycled. This requirement is
fulfilled if a post-translational labeling strategy is used where signals of the labeled VSRs
become first detectable in the TGN/EE (Fig. 1b). To achieve this, we have devised an
approach that accounts for both, the target-specificity of the labeling and the intracellular
location where the labeling occurs. For this, we have employed a GFP-binding nanobody
(Nbg)?" 3! that is translationally fused to the VSR and we deliver its epitope GFP as the

fluorescent labeling agent to the TGN/EE via endocytosis. We produced the labeling GFP as a



secretory protein in another population of tobacco mesophyll protoplasts. The resulting GFP-
containing culture medium is then used for labeling of the cell population that expresses the
Nbg-tagged VSRs. This strict separation between cells that produce the labeling agent GFP
and cells that are used for the labeling ensures that no newly synthesized VSR on its
anterograde route is labeled prior to reaching the TGN/EE.

To develop a compartment-specific post-translational GFP-labeling strategy, we firstly
decided to employ the established marker proteins a-mannosidase 1 (Manl) for the cis-Golgi,
sialyltransferase (ST) for the trans-Golgi, SYNTAXIN OF PLANTS (SYP) 61 for the
TGN/EE, and the luminal ligand binding domain-deprived (ALBD) binding protein 80 kDa
(BP80) from Pisum sativum for MVB/LE in coexpression experiments to discriminate
between the various punctate signals (Supplementary Fig. 1). Next, we generated and tested
red fluorescent protein (RFP)-tagged Nbg fusion proteins of these markers in tobacco
mesophyll protoplasts for post-translational labeling in the TGN/EE (SYP61-RFP-Nbg), the
MVB/LE (Nbg-RFP-BPSOALBD), the trans-Golgi (ST-RFP-Nbg), the cis-Golgi (Man1-RFP-
Nbg) and the ER (Nbg-RFP-Calnexin (CNX). After transfection with the respective marker
construct, we incubated the cells in GFP-containing culture medium for the endocytic uptake
of GFP (endocyt GFP) (Fig. 1c-g). Confocal laser-scanning microscopy (CLSM)
demonstrated that the endocytosed GFP was trapped by the Nbg-tagged markers SYP61-RFP-
Nbg and Nbg-RFP-BPSOALBD in the TGN/EE and downstream in the MVB/LE, respectively
(Fig. 1¢,d). In sharp contrast, labeling of the markers in compartments upstream of the
TGN/EE like the trans-/cis-Golgi (ST-RFP-Nbg, Man1-RFP-Nbg) or the ER (Nbg-RFP-CNX)
with endocytosed GFP was never observed (Fig. 1e-g). However, post-translational GFP-
labeling based on Nbg-epitope interaction is also possible in these compartments, if the
labeling agent GFP is coexpressed as a secretory protein (Sec-GFP) with the respective Nbg-
fusion proteins (Fig. 1h-j). This shows that post-translational GFP-labeling via Nbg-epitope
interaction is applicable to Nbg-tagged proteins in all compartments and furthermore
demonstrates that endocytosed GFP alone does not reach locations upstream of the TGN/EE
like the cis-/trans-Golgi and the ER. Consequently, this also demonstrates that none of the
Nbg-tagged markers that reside in the ER or the Golgi apparatus, ever reach or cycle through
the TGN/EE in order to reach their respective steady state distribution.



Post-translationally labeled VSRs localize to the TGN/EE

In the next step, we applied this post-translational GFP-labeling protocol to VSRs (Fig. 2a,b).
To better judge the labeling efficiency, we tagged a fluorescent VSR with the Nbg (Nbg-
RFP-VSR) and performed post-translational GFP-labeling (Fig. 2b). CLSM-based
colocalization reveals almost perfectly matching punctate signals of the red Nbg-RFP-VSR
and the green signals from the endocytosed GFP (Fig. 2¢,d), demonstrating a high degree of
labeling efficiency. However, since Nbg-RFP-VSR can acquire the labeling GFP only in the
TGN/EE, this high degree of colocalization furthermore suggests that under steady state
conditions almost all of the Nbg-RFP-VSR molecules had already reached the TGN/EE, at
least once.

We have recently demonstrated that VSRs bind their ligands in the ER, in the cis- and trans-
Golgi, but release their ligands in the TGN/EE?’. Therefore, we hypothesized that the ligand-
free receptors that were post-translationally labeled with endocytosed GFP in the TGN/EE
would recycle to an upstream compartment for ligand reloading. In such a scenario, we would
then expect to detect a population of labeled VSRs in a compartment upstream of the
TGN/EE. To precisely define the VSR localizations we next post-translationally labeled non-
fluorescent Nbg-tagged VSRs (Nbg-VSR) with endocytosed GFP and tested for colocalization
with established red fluorescent compartmental markers (Fig. 2e,f) for the TGN/EE (RFP-
SYP61), the MVB/LE and vacuole (Aleu-RFP), trans- and cis-Golgi (ST-RFP and Man1-RFP,
respectively) and for the ER (RFP-CNX) in coexpression experiments (Fig. 2g-m). The post-
translationally labeled Nbg-VSRs colocalized with the TGN/EE marker (Fig. 2g).
Surprisingly, the post-translationally labeled Nbg-VSRs neither colocalized with the MVB/LE
and vacuole marker Aleu-RFP (Fig. 2h,i) nor with markers for upstream compartments like
the trans- and cis-Golgi or the ER (Fig. 2j-m). This steady state localization of Nbg-VSR at
the TGN/EE rather than at the MVB/LE, as is commonly assumed, is not restricted to post-
translationally labeled Nbg-VSRes, it is also seen in control experiments using the fluorescent
full-length receptor fusion protein Nbg-RFP-VSR (Supplementary Fig. 2). The differential
localization of these full-length VSRs and LBD-lacking MVB/LE markers of the RFP/GFP-
BP80ALBD type, therefore suggests that the presence of the LBD is required for both, the

ligand binding capability and for the correct transport of the receptor.



Nanobody triggered lockdown of recycled VSRs

One possible explanation for the TGN/EE-localization of VSRs under steady state conditions
is that VSRs do not recycle to reload ligands. Such a one-way transport mode was suggested
for members of the receptor homology region-transmembrane domain-RING-H2 (RMR)
receptor family, which sort proteins to the protein storage vacuole®*. However, considering
that the TGN/EE is expected to be the recycling point of a bidirectional transport system?’- 33,
the TGN/EE-localization of cycling VSRs may indicate that anterograde transport is faster
than the subsequent recycling step. To test for his hypothesis, we have devised a strategy that
allows for the specific detection of recycled receptors in compartments upstream of the
TGN/EE by blocking their further export and onward forwarding upon completion of
recycling. For this, we have combined the nanobody-mediated post-translational labeling of
recycling VSRs in the TGN/EE with an approach for compartment-specific lockdown of these
labeled VSRs via an antibody-epitope interaction that is triggered by a second nanobody-
epitope pair (Fig. 3a-c).

Hereto, we translationally fused a nanobody that is directed against the mammalian a-
synuclein (Nbs) to red fluorescent compartment-specific membrane markers (CM-RFP-Nbs)
and we fused its corresponding epitope termed SYN, which is a sequence of 23 amino acids,
to GFP (GFP-SYN). Endocytic uptake of this dual epitope linker as the labeling agent by cells
coexpressing Nbg-VSRs and Nbs-tagged compartmental markers was then expected to firstly
label Nbg-VSRs in the TGN/EE and then to trigger an in vivo crosslink between the SYN-
epitope of the GFP-SYN-labeled VSR and the Nbs-tagged compartmental marker in the
compartmental lumen.

This complex strategy required that we first test whether Nbs interacts with the SYN-epitope
in the lumen of secretory pathway compartments. To this end, we developed an assay for
analyzing protein-protein interaction in vivo. This assay 1s based on the simultaneous use of a
quantifiable soluble secretory reporter with a soluble vacuolar protein, each of which carries
either the nanobody or the epitope, respectively. In this approach, the interaction occurring
between the Nbs and the epitope triggers the attachment of the vacuolar sorting signal to the
secretory reporter and consequently, its transport to the lytic vacuole via the vacuolar sorting
machinery (Fig. 3d,e).

We therefore tagged the secretory reporter a-amylase from barley (Hordeum vulgare)®® with

the SYN-epitope (amylase-SYN) and employed the vacuolar reporter Aleu-RFP as a Nbs-



fusion protein (Aleu-RFP-Nbs). Quantitative transport analysis of the secretory amylase-SYN
in tobacco mesophyll protoplasts shows that its secretion is drastically reduced by the
coexpressed vacuolar Aleu-RFP-Nbs (Fig. 3f), suggesting an interaction between the Nbs and
the SYN-epitope. In the next step, we tested the functionality of Nbs in the context of the
compartment-specific membrane anchors for the ER, cis- and trans-Golgi and the TGN/EE.
For this, we fused the Nbs to RFP-CNX (Nbs-RFP-CNX), Man1-RFP (Man1-RFP-Nbs), ST-
RFP (ST-RFP-Nbs) and SYP61-RFP (SYP61-RFP-Nbs) and verified firstly their correct
location in colocalization experiments with their respective GFP-tagged counterpart
(Supplementary Fig. 3). Second, we tested their ability to bind the dual epitope linker GFP-
SYN (Fig. 3g-j). To do this, we immunoprecipitated the above-mentioned marker proteins and
their Nbs-tagged pendants, the anchors, with RFP antibodies in bead-binding assays and
subjected all of them to the GFP-SYN-containing culture medium from GFP-SYN-secreting
protoplasts. The immunoblot analysis of the precipitates revealed that all of the Nbs-tagged
anchors coprecipitated the SYN-epitope-tagged GFP, whilst this molecule was absent in
precipitates from markers lacking the Nbs. To rule out that on the other side the SYN-epitope
from GFP-SYN perturbs the interaction between the GFP-epitope and Nbg, we performed
comparative coimmunprecipitation experiments using bead-bound Nbg-VSR with either
secreted GFP or secreted GFP-SYN, to show that the Nbg-VSR binds GFP and GFP-SYN to
comparable levels (Fig. 3k).

Finally, we performed colocalization experiments of GFP-SYN-labeled Nbg-VSRs with the
markers for the TGN/EE, trans- and cis-Golgi and the ER, showing that the labeling of Nbg-
VSR with GFP-SYN does not alter the localization of the labeled VSR (Supplementary Fig.
4, compare to Fig. 2).

Together, these results show that this second Nbs-SYN nanobody-epitope pair is suitable for
triggering a stable linkage between proteins, both in vitro and in vivo. The results also

demonstrate that each epitope of GFP-SYN is accessible for Nbg or Nbs interaction.

The cis-Golgi is the target of the VSR-recycling route

To apply the strategy for nanobody triggered lockdown to the analysis of VSR recycling, we
have subjected cells that coexpress Nbg-tagged VSRs with the above-mentioned Nbs-tagged
anchors to post-translational VSR-labeling using the endocytosed dual epitope linker GFP-
SYN (Fig. 4). First labeling of Nbg-VSRs in cells coexpressing the TGN/EE anchor SYP61-



RFP-Nbs resulted in almost perfect colocalization of both signals (Fig. 4a), as was seen before
when the non-tagged TGN/EE marker was used (Fig. 4b). This suggested that the endocytosed
Nbg-VSR-labeling agent GFP-SYN does not generally perturb membrane trafficking events in
the presence of the Nbs-tagged membrane anchor. In the next step, we subjected cells that
coexpressed the anchors for the upstream compartments to this procedure. Here, the
localization of the GFP-SYN-labeled Nbg-VSRs shifted drastically and now colocalized with
the trans-Golgi anchor ST-RFP-Nbs (Fig. 4¢,d, compare to 4b). Likewise, localization of
GFP-SYN-labeled Nbg-VSRs shifted strongly towards the cis-Golgi when the anchor Man1-
RFP-Nbs was used for the lockdown of the labeled Nbg-VSR (Fig. 4e,f, compare to 4b). The
colocalization of GFP-SYN-labeled VSRs and the Nbs-tagged anchors for the trans- and cis-
Golgi strictly depends on the presence of the second nanobody-epitope pair and was never
observed when marker pendants without the Nbs-tag were used (Fig. 4d,f, compare to
Supplementary Figs 4 and 5). This suggests, that the VSRs did indeed recycle from the
TGN/EE to the Golgi stack. To rule out that the GFP-SYN triggered crosslink between Nbg-
VSR and ST-RFP-Nbs or Man1-RFP-Nbs altered the Golgi-localization of the anchors in
these experiments, we used the fungal toxin brefeldin A (BFA) as a diagnostic tool to confirm
the Golgi localization of both anchors. In tobacco, BFA causes a fusion between Golgi stacks
and the ERY’ thereby triggering a shift of signals from Golgi anchors to the ER. After BFA-
treatment, the punctate signals from crosslinked GFP-SYN-labeled VSR-cis- and trans-Golgi
cisternal anchors became detectable in the nuclear envelope (Fig. 4g,h). This demonstrated
that the lockdown did not alter the localization of the Golgi anchors. In sharp contrast, a
colocalization between GFP-SYN-labeled Nbg-VSRs and the ER anchor Nbs-RFP-CNX was
never observed (Fig. 4i). This, however, indicates that the VSRs do not recycle to upstream

compartments further than the cis-Golgi.

Recycled VSRs reload ligands in the cis-Golgi

We have previously used the soluble model ligand Aleu-RFP together with a soluble Nbg-
tagged LBD of a VSR that was anchored to a GFP-tagged membrane marker by nanobody-
epitope interaction. There, ligand binding to the anchored LBD in a given compartment was
visualized through coaccummulation/colocalization of the otherwise passing ligands?’. We
have now extended this visualization concept to the analysis of the ligand-binding capabilities

of recycled full-length VSRs in the Golgi (Fig. Sa-d).



Hereto, we performed a cis-Golgi-specific dual-epitope triggered VSR-lockdown in cells,
coexpressing the vacuolar reporter Aleu-RFP, Nbg-VSR, Man1-Nbs, which is used for the
lockdown and Man1-blue fluorescent protein (BFP)2, which serves as neutral marker to verify
the localization (Fig. Se). The analysis clearly shows the triple-overlap of the fluorescence
signals from the vacuolar reporter Aleu-RFP with the recycled GFP-SYN-labeled Nbg-tagged
VSR and the cis-Golgi marker Man1-BFP2, demonstrating the interaction between the
recycled VSRs and the ligand in the cis-Golgi. The same was also seen when the VSR
lockdown was performed in the trans-Golgi by using ST-Nbs (Supplementary Fig. 6a). In
sharp contrast, no colocalization between VSRs and ligands are seen in controls without the
Nbs-SYN triggered VSR lockdown: neither in the absence of the Nbs-tagged anchor (Fig. Sf,
Supplementary Fig. 6b) nor in the absence of the SYN-epitope, when GFP is used for the
labeling instead of GFP-SYN (Fig. Sg, Supplementary Fig. 6¢). This was to be expected,
since “free” labeled VSRs localize to the TGN/EE in these controls (compare to Fig. 2g,i and

Supplementary Fig. 4a), a compartment that does not provide ligand-binding conditions®’.

Discussion

Being only about 125 amino acids long, nanobodies are the smallest entities, capable of
specific antigen recognition and binding®. Nanobodies are therefore ideally suited for the
generation of genetically encoded molecular tools for the identification, localization and
manipulation of protein function in living cells for basic research and applied sciences™ .
We have previously generated VSR-sensors for a compartment-specific analysis of VSR-
ligand interactions®’. They self-assemble from soluble VSR_LBD-Nbg fusion proteins and
GFP-tagged compartment-specific membrane anchors. Using this approach, we have
demonstrated that VSRs bind ligands in the ER, the cis- and the trans-Golgi and ultimately
release ligands in the TGN/EE?’, thereby opening the question about the fate of VSRs after
this step. The analysis of bidirectional receptor transport and receptor recycling in particular,
however, is technically most challenging in living cells. It requires molecular tools that permit
the strict differentiation between VSRs from the anterograde and the retrograde trafficking
route.

To overcome these constraints, we have taken advantage of the TGN as also being the EE by

incubating Nbg-VSR-expressing cells with exogenously applied protoplast-secreted GFP to



trigger compartment-specific labeling of VSRs in the TGN/EE by its endocytic uptake. This
ensures labeling of only those VSRs that have reached the recycling point, whereas newly
synthesized VSRs from the anterograde route remain invisible. Most interesting for future
application however is, the simultaneous use of two different Nb-epitope pairs in vivo. This
allows for triggering a protein-specific lockdown of recycled Nbg-VSRs at Nbs-tagged
membrane proteins by the exogenously applied dual epitope linker peptide GFP-SYN. Using
this strategy, we demonstrated retrograde VSR recycling to the cis-Golgi as being the most
distant compartment upstream of the TGN/EE. Together with the fact that VSRs reload
ligands after recycling, this supports the concept of bidirectional VSR transport.

Based on our investigations we now present the following concept for the operation of VSR-

mediated vacuolar sorting in the plant endomembrane system (Fig. 6). Newly synthesized

23,27,41,42 H21, 26, 43

VSRs bind ligands in the early secretory pathway at neutral p and transport

them to the TGN/EE, where they ultimately release their ligands®’, due to a shift in
compartmental pH. The TGN/EE is the most acidic compartment en route to the vacuole?® 4
4 since it harbors characteristic V-ATPases?® that are absent from the MVBs/LEs®, thus
preventing further acidification. Therefore, the locations for binding and release of ligands are
in agreement with the initially recorded pH dependency for VSR-ligand interactions in vitro®!.
After release in the TGN/EE, ligands progress without further involvement of VSRs onwards
to the lytic vacuole by default?’. This occurs due to a maturation event of the TGN/EE that
results in the biogenesis of a MVB/LE***’. While fusion of the MVB/LE with the vacuole
represents the final step in the vacuolar delivery of ligands*® it is unrelated to VSR function.
VSRs, however, recycle from the TGN/EE back to the cis-Golgi, for ligand reloading and
renewed rounds of ligand delivery to the TGN/EE. Considering the life span of VSRs greatly
exceeding the time it takes for a round of transport, it is plausible to assume that cycling VSRs

bear the brunt of the ligand transport from the Golgi to the TGN/EE with only a minor

contribution of de novo synthesized VSRs, binding their ligands in the ER.



Methods

Plant materials

Nicotiana tabacum L. SR1 was grown on Murashige and Skoog medium supplemented with 2
% (w/v) sucrose, 0.5 g L' MES and 0.8 % (w/v) Agar at pH 5.7 in 16/8 h light—dark cycles at
22 °C.

Plasmid constructs

All constructs are given in Supplementary Table 1. DNA manipulations were performed
according to established procedures, using pGreenlI*-based vectors and Escherichia coli
MC1061. An anti-SYN nanobody sequence was generated by reverse-translation of the amino
acid sequence NbSyn87 without the C-terminal 6xHis tag*?, optimized for Arabidopsis-
specific codon usage (EMBOSS Backtranseq), modified with an N-terminal HA-tag and
chemically synthesized (GeneArt Gene Synthesis). The blue fluorescent protein mTagBFP2
(GenBank AIQ82697.1) was also generated by reverse translation of the amino acid sequence,
optimized for Arabidopsis-specific codon usage (EMBOSS Backtranseq) and chemically
synthesized (GeneArt Gene Synthesis).

All VSR constructs were assembled from AtVSR4 (GenBank accession no. NM_127036) and
fused to the GFP nanobody?’. The red fluorescent compartment specific anchors carry a
monomeric RFP*8, The correct localization of all generated VSR-/marker-fluorophore fusions

was verified.

Protoplast isolation and gene expression

Protoplasts were isolated from perforated leafs by over-night incubation in incubation buffer
(3,05 g L™! Gamborg B5 Medium, 500 mg L' MES, 750 mg L™! CaCl»-2H,0, 250 mg L™
NH4NO3 adjusted to pH 5.7 with KOH) supplemented with 0.2 % w/v macerozyme and 0.4 %
w/v cellulase) at 25 °C in the dark. They were rebuffered by washing them three times in 50
mL electrotransfection-buffer (137 g L™! sucrose, 2.4 ¢ L™ HEPES, 6 g L' KCI, 600 mg L™
CaCl,-2H>0 adjusted to pH 7.2 with KOH). 150 uL protoplasts in a total volume of 600 uL.
electrotransfection-buffer were electrotransfected with 1-10 ug plasmid DNA using the
square-wave pulse generator EPI-2,500 (Fischer) applying a pulse at 130 V for 10 ms. After
transfection, each sample was supplemented with 2 ml incubation buffer and incubated for 18—

24 h at 25 °C in the dark.



Biosynthesis of fluorescent reporters

Protoplast-secreted reporters (GFP/GFP-SYN) for endocytic uptake experiments were
obtained from cell-free culture medium after expression, harvesting, sonication and clearance,
ruling out contaminations with reporter-synthesizing cells during uptake experiments. For the
endocytic uptake, populations of protoplasts expressing Nbg/Nbs-tagged constructs were

supplemented with cleared reporter-containing medium for 20 h.

Confocal microscopy and statistical analysis

Image acquisition was performed using a Leica TCS-SP8 confocal laser-scanning microscope,
equipped with a x63 (1.2 numerical aperture) water immersion objective. Fluorophores were
excited (ex) and emission (em) was detected in sequential line scanning mode using HyD
detectors: mTagBFP2 (ex/em, 405 nm/407-452 nm), GFP (ex/em, 488 nm/496—-525 nm) and
RFP (ex/em, 561 nm/569—-636 nm). Pinholes were adjusted to 1 Airy unit for each wavelength.
Post-acquisition image processing and assembly of figures was performed using Adobe
Photoshop CS3 and CorelDraw X8.

The linear Pearson’s correlation coefficient (rp) and the nonlinear Spearman’s rank coefficient
(rs) of green and red fluorescent signals was calculated with the PSC colocalization plug-in
(http://www.cpib.ac.uk/~afrench/coloc.html) for ImageJ*®. The threshold levels were set to 10.
For the statistics, 10 individual cells were analyzed and the correlation coefficients are shown
as mean values with standard errors of the mean. Statistical significance was calculated with R

using an unpaired, two tailed ¢-test*.

Analysis of the SYN-nanobody epitope interaction

Cell-free culture medium was harvested after flotation of electrotransfected tobacco
protoplasts for 5 min at 80 g in sealed pre-punctured tubes, using insulin syringes. Afterwards,
cells were harvested by addition of 7.5 mL of 250 mM NacCl, sedimentation for 7 min at 80 g,
followed by removal of the supernatant. The culture medium was cleared by centrifugation at
20,000 g for 15 min at 4 °C and diluted with a-amylase extraction buffer (50 mM acid malic,
50 mM sodium chloride, 2 mM calcium chloride, 0.02% (w/v) sodium azide). Cell samples

were extracted in a total volume of 250 ug with a-amylase extraction buffer, sonicated and



centrifuged at 20,000 g for 15 min at 4 °C. The supernatant was recovered and employed for
the reporter assay and SDS-PAGE/Western blot (SDS-PAGE/WB).

The quantitative reporter transport analysis was performed in samples from the cell extracts
and the culture medium, using the a-amylase reagent kit (Megazyme R-CAAR4). Individual
enzymatic assays were started by addition of 30 ul of substrate solution to 30 ul of extracted
and diluted sample. After incubation at 40 °C, the reaction was stopped by the addition of 150
uL of 1% w/v Trizma base. 200 uL of the reaction was transferred into a well of a microtitre
plate to measure absorbance at 405 nm>.

For SDS-PAGE/WB, samples were mixed 1:1 with freshly prepared 2x Xtreme loading dye
(900 pL of sample buffer (0.1 % (w/v) bromophenol blue, 5 mM EDTA, 200 mM Tris-HCl,
pH 8.8, 1 M sucrose) supplemented with 300 uL 10 % w/v SDS and 20 uL of 1 M DTT),
incubated for 5 min at 95 °C and loaded onto 10 % (w/v) SDS-polyacrylamide gels. After
electrophoretic separation at 40 mA, proteins were electroblotted onto nitrocellulose
membranes at 200 mA. For immunodetection, membranes were incubated in blocking solution
(TBS-T (6.06 g L! Trizma base, 8.88 g L' NaCl, 0.05 % (v/v) Tween-20), supplemented
with 5 % (w/v) BSA) for 30 min and then probed with the following antibodies diluted in
blocking solution: rabbit polyclonal anti-GFP (Life Technologies A6455, 1:10,000), rat
monoclonal anti-RFP (ChromoTek 5F8, 1:1,000) and rat monoclonal anti-HA—Peroxidase

(Roche 12013819001, 1:2,500). Uncropped immunoblots are given in Supplementary Fig.7.

Immunoprecipitation

For anchor-epitope and VSR-epitope interaction anchors/VSRs were expressed in vivo and
extracted 1:1 in 2x binding buffer (40 mM HEPES, 300 mM NaCl, 2 mM CaClz, 2 mM
MgCly, pH 7.1) with 2% (v/v) CHAPS?'. Immunoprecipitation was performed for 1 h with
RFP-Trap®_MA (ChromoTek, rxns-20) for the anchors and with Pierce™ Anti-HA Magnetic
Beads (Life Technologies, 88836) for the VSRs at 4°C. Beads were washed three times with
binding buffer containing 0.4% (v/v) CHAPS and afterwards incubated with GFP-SYN/GFP,
which were in parallel samples transiently expressed and recovered from the medium,

overnight at 4 °C. SDS-PAGE/WB was performed as described above.

Data availability

Data will be available to readers on request



References

1.

10.

11.

12.

13.

Paez Valencia J, Goodman K, Otegui MS. Endocytosis and Endosomal
Trafficking in Plants. Annual review of plant biology 67, 309-335 (2016).

Carmona-Gutierrez D, Hughes AL, Madeo F, Ruckenstuhl C. The crucial
impact of lysosomes in aging and longevity. Ageing Res Rev 32, 2-12 (2016).

Jackson MP, Hewitt EW. Cellular proteostasis: degradation of misfolded
proteins by lysosomes. Essays Biochem 60, 173-180 (2016).

Schroder B, Saftig P. Intramembrane proteolysis within lysosomes. Ageing
Res Rev 32, 51-64 (2016).

Robinson DG, Neuhaus JM. Receptor-mediated sorting of soluble vacuolar
proteins: myths, facts, and a new model. J Exp Bot 67, 4435-4449 (2016).

Robinson DG, Pimpl P. Receptor-mediated transport of vacuolar proteins: a
critical analysis and a new model. Protoplasma 251, 247-264 (2014).

Goldstein JL, Brown MS. Binding and degradation of low density lipoproteins
by cultured human fibroblasts. Comparison of cells from a normal subject and
from a patient with homozygous familial hypercholesterolemia. J Biol Chem
249, 5153-5162 (1974).

Gonzalez-Noriega A, Grubb JH, Talkad V, Sly WS. Chloroquine inhibits
lysosomal enzyme pinocytosis and enhances lysosomal enzyme secretion by
impairing receptor recycling. J Cell Biol 85, 839-852 (1980).

Hoflack B, Kornfeld S. Purification and characterization of a cation-dependent
mannose 6-phosphate receptor from murine P388D1 macrophages and bovine
liver. J Biol Chem 260, 12008-12014 (1985).

Mellman I, Fuchs R, Helenius A. Acidification of the endocytic and exocytic
pathways. Annu Rev Biochem 55, 663-700 (1986).

Rome LH, Weissmann B, Neufeld EF. Direct demonstration of binding of a
lysosomal enzyme, alpha-L-iduronidase, to receptors on cultured fibroblasts.
Proc Natl Acad Sci USA 76, 2331-2334 (1979).

Sahagian GG, Neufeld EF. Biosynthesis and turnover of the mannose 6-
phosphate receptor in cultured Chinese hamster ovary cells. J Biol Chem 258,
7121-7128 (1983).

Brown MS, Anderson RG, Basu SK, Goldstein JL. Recycling of cell-surface
receptors: observations from the LDL receptor system. Cold Spring Harb Symp
Quant Biol 46 Pt 2, 713-721 (1982).



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Duncan JR, Kornfeld S. Intracellular movement of two mannose 6-phosphate
receptors: return to the Golgi apparatus. J Cell Biol 106, 617-628 (1988).

Ahmed SU, Bar-Peled M, Raikhel NV. Cloning and subcellular location of an
Arabidopsis receptor-like protein that shares common features with protein-
sorting receptors of eukaryotic cells. Plant Physiol 114, 325-336 (1997).

Paris N, et al. Molecular cloning and further characterization of a probable
plant vacuolar sorting receptor. Plant Physiol 115, 29-39 (1997).

Cao X, Rogers SW, Butler J, Beevers L, Rogers JC. Structural requirements
for ligand binding by a probable plant vacuolar sorting receptor. Plant Cell 12,
493-506 (2000).

Luo F, Fong YH, Zeng Y, Shen J, Jiang L, Wong KB. How vacuolar sorting
receptor proteins interact with their cargo proteins: crystal structures of apo
and cargo-bound forms of the protease-associated domain from an
Arabidopsis vacuolar sorting receptor. Plant Cell 26, 3693-3708 (2014).

daSilva LL, Foresti O, Denecke J. Targeting of the plant vacuolar sorting
receptor BP80 is dependent on multiple sorting signals in the cytosolic tail.
Plant Cell18, 1477-1497 (2006).

Happel N, Honing S, Neuhaus JM, Paris N, Robinson DG, Holstein SE.
Arabidopsis micro A-adaptin interacts with the tyrosine motif of the vacuolar
sorting receptor VSR-PS1. Plant J 37, 678-693 (2004).

Kirsch T, Paris N, Butler JM, Beevers L, Rogers JC. Purification and initial
characterization of a potential plant vacuolar targeting receptor. Proc Natl Acad
Sci USA 91, 3403-3407 (1994).

Shen J, Ding Y, Gao C, Rojo E, Jiang L. N-linked glycosylation of AtVSR1 is
important for vacuolar protein sorting in Arabidopsis. Plant J 80, 977-992
(2014).

Watanabe E, et al. An ER-Localized Form of PV72, a Seed-Specific Vacuolar
Sorting Receptor, Interferes the Transport of an NPIR-Containing Proteinase in
Arabidopsis Leaves. Plant Cell Physiol 45, 9-17 (2004).

Li YB, et al. BP-80 and Homologs are Concentrated on Post-Golgi, Probable
Lytic Prevacuolar Compartments. Plant Cell Physiol 43, 726-742 (2002).

Tse YC, et al. Identification of multivesicular bodies as prevacuolar
compartments in Nicotiana tabacum BY-2 cells. Plant Cell 16, 672-693 (2004).

Martiniere A, et al. In Vivo Intracellular pH Measurements in Tobacco and
Arabidopsis Reveal an Unexpected pH Gradient in the Endomembrane
System. Plant Cell 25, 4028-4043 (2013).



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Kinzl F, Friholz S, FaBler F, Li B, Pimpl P. Receptor-mediated sorting of
soluble vacuolar proteins ends at the trans-Golgi network/early endosome.
Nature Plants 2, 16017 (2016).

Dettmer J, Hong-Hermesdorf A, Stierhof YD, Schumacher K. Vacuolar H+-
ATPase activity is required for endocytic and secretory trafficking in
Arabidopsis. Plant Cell 18, 715-730 (2006).

Lam SK, et al. Rice SCAMP1 defines clathrin-coated, trans-golgi-located
tubular-vesicular structures as an early endosome in tobacco BY-2 cells. Plant
Cell 19, 296-319 (2007).

Rothbauer U, et al. Targeting and tracing antigens in live cells with fluorescent
nanobodies. Nature methods 3, 887-889 (2006).

Kubala MH, Kovtun O, Alexandrov K, Collins BM. Structural and
thermodynamic analysis of the GFP:GFP-nanobody complex. Protein Sci 19,
2389-2401 (2010).

Guilliams T, et al. Nanobodies raised against monomeric alpha-synuclein
distinguish between fibrils at different maturation stages. J Mol Biol 425, 2397-
2411 (2013).

Saint-Jean B, Seveno-Carpentier E, Alcon C, Neuhaus JM, Paris N. The
cytosolic tail dipeptide lle-Met of the pea receptor BP80 is required for
recycling from the prevacuole and for endocytosis. Plant Cell 22, 2825-2837
(2010).

ShenY, et al. The Rice RMR1 Associates with a Distinct Prevacuolar
Compartment for the Protein Storage Vacuole Pathway. Mol Plant 4, 854-868
(2011).

Niemes S, et al. Retromer recycles vacuolar sorting receptors from the trans-
Golgi network. Plant J61, 107-121 (2010).

Rogers JC. Two barley alpha-amylase gene families are regulated differently in
aleurone cells. J Biol Chem 260, 3731-3738 (1985).

Ritzenthaler C, et al. Reevaluation of the effects of brefeldin A on plant cells
using tobacco Bright Yellow 2 cells expressing Golgi-targeted green
fluorescent protein and COPI antisera. Plant Cell 14, 237-261 (2002).

Hamers-Casterman C, et al. Naturally occurring antibodies devoid of light
chains. Nature 363, 446-448 (1993).

Steeland S, Vandenbroucke RE, Libert C. Nanobodies as therapeutics: big
opportunities for small antibodies. Drug Discov Today 21, 1076-1113 (2016).



40.

Dmitriev OQY, Lutsenko S, Muyldermans S. Nanobodies as Probes for Protein
Dynamics in Vitro and in Cells. J Biol Chem 291, 3767-3775 (2016).

41. Niemes S, et al. Sorting of plant vacuolar proteins is initiated in the ER. Plant J
62, 601-614 (2010).

42.  Gershlick DC, et al. Golgi-Dependent Transport of Vacuolar Sorting Receptors
Is Regulated by COPII, AP1, and AP4 Protein Complexes in Tobacco. Plant
Cell 26, 1308-1329 (2014).

43. Shen J, et al. Organelle pH in the Arabidopsis Endomembrane System. Mol
Plant 6, 1419-1437 (2013).

44. LuoY, et al. V-ATPase activity in the TGN/EE is required for exocytosis and
recycling in Arabidopsis. Nature Plants 1, 15094 (2015).

45.  Viotti C, et al. The Endoplasmic Reticulum Is the Main Membrane Source for
Biogenesis of the Lytic Vacuole in Arabidopsis. Plant Cell 25, 3434-3449
(2013).

46.  Scheuring D, et al. Multivesicular bodies mature from the trans-Golgi
network/early endosome in Arabidopsis. Plant Cell 23, 3463-3481 (2011).

47.  Singh MK, et al. Protein delivery to vacuole requires SAND protein-dependent
Rab GTPase conversion for MVB-vacuole fusion. Curr Biol 24, 1383-1389
(2014).

48.  Scheuring D, et al. Ubiquitin initiates sorting of Golgi and plasma membrane
proteins into the vacuolar degradation pathway. BMC plant biology 12, 164
(2012).

49. Team RDC. R: A Language and Environment for Statistical Computing.
http://wwwR-projectorg, (2008).

50. Foresti O, daSilva LL, Denecke J. Overexpression of the Arabidopsis syntaxin
PEP12/SYP21 inhibits transport from the prevacuolar compartment to the lytic
vacuole in vivo. Plant Cell 18, 2275-2293 (2006).

Acknowledgments

We thank Diana Vranjkovic for technical help. The financial support of the Deutsche
Forschungsgemeinschaft (P1 769/1-2 and the Collaborative Research Centre SFB 1101

“Molecular Encoding of Specificity in Plant Processes” and TP A03) and the Deutscher


http://wwwr-projectorg/

Akademischer Austauschdienst (Project 57057314 & 57219822) and the Southern University
of Science and Technology (SUSTech)/SUSTech-PKU Institute of Plant and Food Science
(IPFS) Start-up fund is gratefully acknowledged. P.P. is indebted to L. Kilmister for

inspirations and support 4.

Author contributions
S.F.,F.F., UK. and P.P. designed and analysed the experiments. S.F. performed experiments.

S.F. and P.P. wrote the manuscript, P.P. conceived the study.

Competing interests

The authors declare no competing financial interests.

Figure Legends

Figure 1. Post-translational GFP-labeling via nanobody-epitope interaction. (a)
Translational GFP-labeling of VSRs. (b) Post-translational GFP-labeling of a Nbg-tagged
VSR in the TGN/EE by endocytosed GFP. (¢-g) Post-translational GFP-labeling of
compartment-specific Nbg-tagged red fluorescent membrane anchors (red) by endocytosed
GFP (green) in (c¢) the TGN/EE and (d) the MVB/LE. Endocytosed GFP does not reach (e) the
trans-Golgi, (f) the cis-Golgi nor (g) the ER. (h-j) Post-translational GFP-labeling by
coexpression of secreted (Sec)-GFP (green) and Nbg-tagged red fluorescent membrane
anchors (red) for (h) the trans-Golgi, (i) the cis-Golgi and (j) the ER. Insets in (g,j) show

cortical sections, others show magnifications. Scale bars 10um, insets Sum.

Figure 2. Localization of post-translationally labeled Nbg-tagged VSRs. (a) Cycling Nbg-
tagged red fluorescent VSRs are (b) post-translationally labeled by endocytosed GFP. (c¢)
GFP-labeled red fluorescent Nbg-tagged VSRs. (d) Pearson’s (rp) and Spearman’s (rs)
correlation (PSC) coefficients of Nbg-RFP-VSRs and labeling GFP. Data are presented as
average + s.e.m. of 10 individual cells. The graph shows a representative sample of two

independent experiments.



(e,f) Colocalization of post-translationally GFP-labeled non-fluorescent cycling Nbg-tagged
VSRs (Nbg-VSR) with red fluorescent compartmental markers (CM) for (g,i) the TGN/EE,
(h,i) MVBs/LEs and vacuole, (j,1) the trans-/ and (k,l) cis-Golgi and (m) the ER. (i,]) PSC
coefficients of the labeled Nbg-VSR and coexpressed markers RFP-SYP61, Aleu-RFP, Manl-
RFP and ST-RFP are calculated and presented as in (d). Graphs show a representative sample
of two independent experiments. Labeled Nbg-VSRs colocalize with the TGN/EE marker but
not with markers for MVB/LE and vacuole and the cis-/trans-Golgi. (i) Significance was
calculated using unpaired, two tailed ¢-fest (n=10, P<0.001, ***, highly significant). Scale bars

10um, insets Spum. Insets show magnifications.

Figure 3. Nanobody triggered lockdown of recycled VSRs. (a) Coexpression of Nbg-VSRs
with red fluorescent Nbs-tagged compartmental markers (anchors) and (b) post-translational
labeling with the dual-epitope GFP-SYN in the TGN/EE to (¢) anchor VSRs upon recycling.
(d,e) Nbs-SYN epitope interaction occurs in the endomembrane system. (d) SYN epitope-
tagged secreted amylase (amy-SYN) is (e) rerouted to the lytic vacuole (LV) upon Aleu-RFP-
Nbs triggers attachment of the vacuolar sorting signal (Aleu). (f) Coexpression of amy-SYN
with different amounts of Aleu-RFP-Nbs. Upper panel: secretion index (SI); lower panel:
corresponding immunoblot (a-RFP). (g-j) Co-immunoprecipitations revealing Nbs-SYN
epitope interaction. RFP-tagged markers and anchors for (g) ER, (h) cis-Golgi, (i) trans-Golgi
and (j) TGN/EE were immunoprecipitated (IP, a-RFP), incubated with GFP-SYN and
immunoblotted (IB). Total extracts (T) and immunoprecipitates (IP) were probed to detect
markers, anchors (a-RFP) and co-precipitated GFP-SYN (a-GFP). (k) Co-
immunoprecipitation revealing Nbs-GFP epitope interaction. Expressed Nbg-VSRs or samples
from mock-transfected cells were immunoprecipitated (IP, a-HA), incubated with GFP or
GFP-SYN and immunoblotted (IB). Total extracts (T) and immunoprecipitates (IP) were
probed to detect VSRs (a-HA) and co-precipitated GFP (white arrowhead) or GFP-SYN
(black arrowhead) (a-GFP), respectively.

Figure 4 The cis-Golgi stack is the target of VSR recycling. GFP-SYN labeled Nbg-VSR is
locked to the anchors in (a) the TGN/EE (SYP61-RFP-Nbs), and after recycling to (¢) trans-
Golgi (ST-RFP-Nbs) and (e) cis-Golgi (Man1-RFP-Nbs) anchors but does not reach (i) the ER
anchor Nbs-GFP-CNX. PSC coefficients of the labeled Nbg-VSR with (b) the marker Syp61-



RFP or the anchor Syp61-RFP-Nbs, presented/calculated as in (2g) with n=10, P>0.05, n.s.,
not significant, (d) the marker ST-RFP or the anchor ST-RFP-Nbs, presented/calculated as
above with n=10, P<0.001, ***_highly significant and (f) the marker Man1-RFP or the anchor
Man1-RFP-Nbs, presented/calculated as in (d). Graphs show a representative sample of two
independent experiments. (g,h) BFA-treatment of samples from (¢,e) for 1 h at 20 uM triggers
fusion of Golgi with ER, verifying Golgi-localization of locked VSRs from (c,e). Scale bars

10um, insets Sum, showing magnifications.

Figure 5. VSRs bind ligands after recycling. (a) Targeted VSR sensors (Nbg-LDB) were
shown to bind Aleu-RFP ligands in the Golgi*’ (b) GFP-SYN labeled Nbg-VSRs are locked to
the anchor Man1-Nbs in the cis-Golgi, positively identified by the marker Man1-BFP2.
Ligand-binding of recycled full-length VSRs is assessed by colocalization with ligands (Aleu-
RFP). Controls with cycling VSRs that lack (¢) the anchor or (d) the SYN epitope at the
labeling GFP for the VSR lockdown, result in VSR localization at the TGN/EE, which does
not promote ligand binding. (e) GFP-SYN labeled Nbg-VSRs are locked after recycling in the
cis-Golgi and colocalize with the Golgi marker Man1-BFP2 and bind the ligand Aleu-RFP, as
shown by the overlapping signal peaks in the line intensity plot (see b). (f,g) Not locked VSRs
(see ¢ and d) do not localize to the Golgi and thus do not bind the ligand Aleu-RFP as judged
by the separated peaks in the line intensity plots. Scale bars 10um, insets Spm, showing

magnifications.

Figure 6. Model for receptor mediated vacuolar sorting in plants. VSRs bind ligands in
the early secretory pathway and transport them to the TGN/EE. There, the ligands are released
from the VSR. Next, VSRs are recycled back to the cis-Golgi stack for further rounds of
ligand transport. Post-TGN/EE transport of released vacuolar cargo ligands but also
endocytosed proteins occurs independent of VSRs and travel to the lytic vacuole per default.
Transport in this route is mediated by multivesicular bodies, the late endosomes (MVBs/LEs).
They bud off the TGN/EE in a maturation-based step and confer cargo delivery by their

ultimate fusion with the lytic vacuole (LV).



Figure 1

a b
( A (
translational labeling post-translational
labeling
> ) -
< < < <
L ER Golgi TGN/EE MVB/LE Lv ) L ER Golgi

SYP61-RFP-Nbg endocyt GFP

g Nbg-RFP-CNX

d Nbg-RFP-BP80ALBD endocyt GFP

F i =

Figure 1. Post-translational GFP-labeling via nanobody-epitope interaction. (a) Translational GFP-labeling of VSRs. (b)
Post-translational GFP-labeling of a Nb,-tagged VSR in the TGN/EE by endocytosed GFP. (c-g) Post-translational GFP-
labeling of compartment-specific Nb,-tagged red fluorescent membrane anchors (red) by endocytosed GFP (green) in (c) the
TGN/EE and (d) the MVB/LE. Endocytosed GFP does not reach (e) the trans-Golgi, (f) the cis-Golgi nor (g) the ER. (h+j)
Post-translational GFP-labeling by coexpression of secreted (Sec)-GFP (green) and Nb-tagged red fluorescent membrane
anchors (red) for (h) the trans-Golgi, (i) the cis-Golgi and (j) the ER. Insets in (g,j) show cortical sections, others show
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magnifications. Scale bars 10um, insets 5um.
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Figure 3. Nanobody-triggered lockdown of recycled
VSRs. (a) Coexpression of Nb;-VSRs with red fluorescent
Nb-tagged compartmental markers (anchor) and (b) post-
translational labeling with the dual-epitope GFP-SYN in the
TGN/EE to (c) anchor VSRs upon recycling. (d,e) Nbs-SYN
epitope interaction occurs in the endomembrane system. (d)
SYN epitope-tagged secreted amylase (amy-SYN) is (e)
rerouted to the LV upon Aleu-RFP-Nb triggers attachment
of the vacuolar sorting signal (Aleu). (f) Coexpression of
amy-SYN with different amounts of Aleu-RFP-Nb,. Upper
panel: secretion index (Sl); lower panel: corresponding
immunoblot (a-RFP). (g-j) Co-immunoprecipitations
revealing Nb,-SYN epitope interaction. RFP-tagged markers
and anchors for (g) ER, (h) cis-Golgi, (i) trans-Golgi and (j)
TGN/EE were immunoprecipitated (IP, a-RFP), incubated
with GFP-SYN and immunoblotted (IB). Total extracts (T)
and immunoprecipitates (IP) were probed to detect markers,
anchors (a-RFP) and co-precipitated GFP-SYN (a-GFP). (k)
Co-immunoprecipitation revealing Nb,-GFP epitope
interaction. Expressed Nb,-VSRs or samples from mock-
transfected cells were immunoprecipitated (IP, a-HA),
incubated with GFP or GFP-SYN and immunoblotted (IB).
Total extracts (T) and immunoprecipitates (IP) were probed
to detect VSRs (a-HA) and co-precipitated GFP (white
arrowhead) or GFP-SYN (black arrowhead) (a-GFP),
respectively.
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Figure 4 The cis-Golgi stack is the target of VSR
recycling. GFP-SYN labeled Nb.-VSR is locked to the
anchors in (a) the TGN/EE (SYP61-RFP-Nby), and after
recycling to (c) trans-Golgi (ST-RFP-Nb) and (e) cis-Golgi
(Man1-RFP-Nb,) but does not reach (i) the ER anchor
Nbs-GFP-CNX. PSC coefficients of the labeled Nb,-VSR
with (b) the marker Syp61-RFP or the anchor
Syp61-RFP-Nbs, presented/calculated as in (2i) with n=10,
P=0.05, n.s., not significant, (d) the marker ST-RFP or the
anchor ST-RFP-Nbg, presented/calculated as above with
n=10, P<0.001, ***, extremely significant and (f) the marker
Man1-RFP or the anchor Man1-RFP-Nb; presented/
calculated as in (d). Graphs show a representative sample
of two independent experiments. (g,h) BFA-treatment of
samples from (c,e) for 1 h at 20 uM triggers fusion of Golgi
with ER, verifying Golgi-localization of locked VSRs from
(c,e). Scale bars 10um, insets 5um, showing magnifications.
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Figure 5. VSRs bind ligands after recycling. (a) Targeted VSR sensors (Nb,-LDB) were shown to bind Aleu-RFP ligands
in the Golgi (b) GFP-SYN labeled Nb;-VSRs are locked to the anchor Man1-Nby in the cis-Golgi, positively identified by the
marker Manl-BFP2. Ligand-binding of recycled full-length VSRs is assessed by colocalization with ligands (Aleu-RFP).
Controls with cycling VSRs that lack (¢) the anchor or (d) the SYN epitope at the labeling GFP for the VSR lockdown, result
in VSR localization at the TGN/EE, which does not promote ligand binding. () GFP-SYN labeled Nb.-VSRs are locked after
recycling in the cis-Golgi and colocalize with the Golgi marker Man1-BFP2 and bind the ligand Aleu-RFP, as shown by the
overlapping signal peaks in the line intensity plot (see b). (f,g) Not locked VSRs (see ¢ and d) do not localize to the Golgi
and thus do not bind the ligand Aleu-RFP as judged by the separated peaks in the line intensity plots. Scale bars 10um,
insets 5um, showing magnifications.
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Figure 6. Model for receptor mediated vacuolar sorting in plants. VSRs bind ligands in the early secretory pathway and
transport them to the TGN/EE. There, the ligands are released from the VSR. Next, VSRs are recycled back to the cis-Golgi
stack for further rounds of ligand transport. Post-TGN/EE transport of released vacuolar cargo ligands but also endocytosed
proteins occurs independent of VSRs and travel to the lytic vacuole per default. Transport in this route is mediated by
multivesicular bodies, the late endosomes (MVBs/LEs). They bud off the TGN/EE in a maturation-based step and confer
cargo delivery by their ultimate fusion with the lytic vacuole (LV).




Supplementary Figure 1
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Supplementary Figure 1. Membrane marker proteins to discriminate punctate signals in the MVB/LE, the TGN/EE
and the cis-/trans-Golgi in colocalization experiments. Comparison of signals for TGN/EE, MVB/LE and cis-/trans-Golgi
in coexpression experiments. Coexpression of: (a) RFP-SYP61 with GFP-BP80ALBD to discriminate TGN/EE from MVBI/LE,
(b) RFP-SYP61 with Man1-GFP to discriminate TGN/EE from the trans-Golgi, (¢) RFP-SYP61 with ST-GFP to discriminate
TGN/EE from the trans-Golgi and (d) ST-RFP with Man1-GFP to discriminate between cis- and trans-Golgi. Performed in the
presence of 4 uyM latrunculin B (LatB) to avoid Golgi movement during image acquisition. Scale bars 10um, insets 5um,

showing magnifications.



Supplementary Figure 2
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Supplementary Figure 2. Differential localization of the fluorescent full-length VSR Nb,-RFP-VSR and the LBD-
lacking MVB/LE marker Nb,-RFP-BP80ALBD. (a) Coexpression of Nb,-RFP-BP80ALBD with the N-terminal GFP fusion of
SYP61, GFP-SYP61, as marker for the TGN/EE, and (b) with the MVB/LE and vacuolar marker Aleu- blue fluorescent
(BFP)2 confirms the unaltered MVB/LE localization of the marker Nb,-RFP-BP80ALBD. (c) In sharp contrast, coexpression
of Nb,-RFP-VSR with GFP-SYP61, and with (d) Aleu-BFP2 confirms the unaltered TGN/EE localization of the receptor
Nb,-RFP-VSR. (e) GFP-SYP61-labeled TGN/EE are clearly distinguishable from Aleu-BFP2-labeled MVBJ/LE in co-
expression experiments (compare to Suppl. Fig. 1a).



Supplementary Figure 3
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Supplementary Figure 3. Fusion of the Nb, to compartment-specific marker proteins does not alter their
compartment-specific localization. The localization of red fluorescent Nbg-tagged marker proteins is compared to their
GFP-tagged counterparts. Colocalization of (a) Nb,-RFP-CNX with GFP-CNX in the ER, (b) Man1-RFP-Nb, with Man1-GFP
in the cis-Golgi stack, (¢) ST-RFP-Nbg with ST-GFP in the trans-Golgi stack and (d) SYP61-RFP-Nb; with Syp61-GFP in the
TGN/EE. Scale bars 10um, insets 5um, showing magnifications.
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RFP-SYP61 endocyt. GFP-SYN

+Nbg-VSR
endocyt. GFP-SYN

+Nbg-VSR
endocyt. GFP-SYN

+Nbg-VSR
endocyt. GFP-SYN

+Nbg-VSR
endocyt. GFP-SYN

+Nbg-VSR

Supplementary Figure 4. The GFP-SYN labeled Nb;-VSR localizes to the TGN/EE under steady state conditions.
Colocalization of post-translationally GFP-SYN labeled non fluorescent Nb.-tagged VSRs with red fluorescent
compartmental markers for (a) the TGN/EE, (b) the MVB/LE and the vacuole, (c) the frans-Golgi, (d) the cis-Golgi and (e)
the ER. Scale bars 10um, insets 5um, showing magnifications.
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Supplementary Figure 5. The TGN/EE-locked VSR does not colocalize with the coexpressed marker for the
cis-Golgi. (a,b) Colocalization of post-translationally GFP-SYN labeled non fluorescent Nb,-tagged VSRs with the TGN/EE
membrane anchor SYP61-RFP-Nbg and the marker for the cis-Golgi Man1-BFP2 upon GFP-SYN-triggered lockdown. (a)
The overlapping signals of the labeled VSR and the TGN/EE membrane anchor (yellow) do not colocalize with the signals of
the Golgi marker (cyan). (b) The colocalizing signals of TGN/EE anchored and the locked VSR persist after BFA treatment,
whilst the Golgi signal redistributes to the ER, due to the BFA-triggered fusion of these compartments. Cells were treated
with 20 uM BFA and 50 uM cycloheximide (CHX) for 1 h prior to imaging analysis. Scale bars 10um, insets 5um, showing
magnifications.
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Supplementary Figure 6. VSRs bind ligands in the trans-Golgi after recycling. (a) GFP-SYN labeled Nb,-VSRs are
locked after recycling in the trans-Golgi and colocalize with the frans-Golgi marker ST-BFP2 and bind the ligand Aleu-RFP,
as shown by the overlapping signal peaks in the line intensity plot (compare to Figure 5b). (b,c) Not locked VSRs (compare
to Figure 5¢,d) do not localize to the Golgi and thus do not bind the ligand Aleu-RFP as judged by the separated peaks in the
line intensity plots. Scale bars 10um, insets 5um, showing magnifications.
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Supplementary Figure 7. Uncropped immunoblots. (a) Detection of Aleu-RFP-Nb, as illustrated in Figure 3f. Section
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shown in Figure 3f is highlighted with a black rectangle. The immunoblot (IB) was probed with a-RFP. (b-f) Detection of the
markers/anchors and the dual epitope GFP-SYN as shown in Figure 3g-j. (b) Control using mock transfected protoplasts for
the immunoprecipitation (IP, a-RFP). Beads were incubated with GFP-SYN and immunoblotted (IB). The total extract (T) and
the immunoprecipitate (IP) was probed with a-GFP to detect GFP-SYN. (c-f) Sections shown in Figure 3g-j are highlighted
with black rectangles. The immunoblots (IB) were probed to detect markers/anchors (a-RFP) and GFP-SYN (a-GFP). (g)
Detection of VSRs and epitopes (GFP/GFP-SYN) as shown in Figure 3k. Sections shown in Figure 3k are highlighted with
black rectangles. The immunoblots (IB) are probed to detect VSRs (a-HA) and GFP/GFP-SYN (a-GFP).



Supplementary Table 1

Primers

Sequence (5’-3’ direction)

Template

Recipient Vector

Nbe-RFP-CNX (pDV01)

Nbc_Nhel_S

GCTCAGGCTAGCGCTAT
GGACTATAAAGACGACGA
CGACAAAATGGGATCTG
GAGGAATGGCTCA

Nbc_Ncol_AS

GGCCATCCATGGATGAT
GATGATGATGATGAG

pBL14 |

RFP_Ncol_S

CATCATCCATGGATGGCC
TCCTCCGAGGACGT

RFP_Nofl_AS

GTCACTGCGGCCGCGTG
CTCCAGTACTGTGGCGG
C

pFK12?2

pFF04 *;

cut Notl/Nhel to keep the N-
terminal signal peptide of
pFF04

Man1-RFP-Nbc (pSF65)

RFP_Notl_S

GAGGATGCGGCCGCATG
GCCTCCTCCGAGGACGT

RFP_Clal_ AS

CATCATATCGATTGCTCC
AGTACTGTGGCGGC

PFK122

FLAG_Clal_S

GAGGACATCGATATGGA
CTATAAAGACGACGA

Nbc_BamHI_AS

GCATGAGGATCCCTAATG
ATGATGATGATGATGAG

pDVO01 (see above)

pFF06 ';
cut BamH|/ Notl

ST-RFP-Nbg (pSF128)

PLUS: ST (Nhel/Notl), subcloned from pSF83 '

pSF65 (see above);
cut Notl/Nhel

Syp61-RFP-Nbe (pSF129)

PLUS: Syp61 (Nhel/Notl), subcloned from pFF25 '

pSF65 (see above);
cut Notl/Nhel

Nbe-RFP-BP30ALBD
(pSF130)

PLUS: BP80 (Notl/BamH)I), subcloned from pFF03

pDVO01 (see above);
cut BamH|/Not|

Sec-GFP (pFK68)

GFP_Sall_S

CATGACGTCGACTATGAG
TAAAGGAGAAGAAC

GFP-GGGG_Spel_AS

TGCTTCACTAGTCTATCC
TCCTCCTCCTTTGTATAG
TTCATCCATGC

GFP-spo 3

pFF14 %,

cut Spel/Sall to keep the N-
terminal signal peptide of
pFF14

Nbo-RFP-VSR (pSF75)

Nbc_Nhel S

GCTCAGGCTAGCGCTAT
GGACTATAAAGACGACGA
CGACAAAATGGGATCTG
GAGGAATGGCTCA

Nbg_Ncol_AS

GGCCATCCATGGATGAT
GATGATGATGATGAG

pBL14 |

RFP_Ncol_S

CATCATCCATGGATGGCC
TCCTCCGAGGACGT

RFP_Ndel_AS

TTCGGCCATATGTGCTCC
AGTACTGTGGCGGC

PFK122

VSR_Ndel_S

GTGGTTCATATGTTTAAC
GAGGCTCGATTCGT

VSR_BamHI_AS

CTAGTCGGATCCCTAGG
CACGTTCATCATTCGT

first strand cDNA
from 3-day-old A.
thaliana seedlings

pFF04 *;

cut BamH|/Nhel to keep the
N-terminal signal peptide of
pFF04

Nbc-VSR (pSF76)

Nbc_Nhel_S

GCTCAGGCTAGCGCTAT
GGACTATAAAGACGACGA
CGACAAAATGGGATCTG
GAGGAATGGCTCA

Nbc_Ndel_AS

GTCCTCCATATGATGATG
ATGATGATGATGAG

pBL14 |

pSF75 (see above);

cut Ndel/Nhel to keep the N-
terminal signal peptide of
pSF75

ST-RFP (pSF84)

RFP_Notl_S

TGGCCCGCGGCCGCATG
GCCTCCTCCGAGGACGT

RFP_BamHI_AS

TGCTTCGGATCCTTATGC
TCCAGTACTGTGGC

pFK44 2

pSF83 1,
cut BamH|/Not|

Amy-SYN (pSF57)

Amy_Ncol_S

CTATAACCATGGCGAACA
AACACTTGTCCCTC

Amy_Notl_AS

ATCAACGCGGCCGCCGA
TCTTCTCCCATACGGCAT

pCN1 2

SYN_Notl/BamHI_S

GGCCGCGTTGATCCTGA
TAATGAAGCATACGAAAT
GCCTTCTGAAGAAGGCTA
TCAAGATTATGAACCGGA
GGCTTAGG

SYN_Nofl/BamHI_AS

GATCCCTAAGCCTCCGGT
TCATAATCTTGATAGCCT
TCTTCAGAAGGCATTTCG
TATGCTTCATTATCAGGA
TCAACG

Complementary
oligonucleotides to
assemble the coding
sequence of the
SYN-tag 4

pCN1 2%
cut BamHI|/Ncol

Aleu-RFP-Nbs (pDV02)

PLUS: P35S-Aleu (EcoRI/Nhel), subcloned from pFF15 '

RFP_Ncol S

CTAGCGCCATGGCCTCC
TCCGAGGAC

RFP_Kpnl_AS

ATACATGGTACCTGCTCC
AGTACTGTGGCGGC

PFK122

PLUS: Nbs (Kpnl/BamH)]); chemically synthesized

pCN1 2%
cut BamH|/EcoRI




GFP-SYN (pSF74)

GFP_Nhel_S

GCATGAGCTAGCGCCAT
GGTGAGCAAGGGCGAGG

pFFO4 '

mEGFP_HindIll_AS

GTTGGGGTCTTTGCTAAG
CTTGGACTGGGTGCTCA
G

mEGFP_Hindlll_S

CTGAGCACCCAGTCCAA
GCTTAGCAAAGACCCCAA
C

pFFO4 '

GFP_Nofl_AS

ATCAACGCGGCCGCCCT
TGTACAGCTCGTCCATGC

pFF04 ;

cut BamH|I/Nhel to keep the N-terminal
signal peptide of pFF04

PLUS: SYN (Notl/BamH|), subcloned from pSF57 (see above)

HA-Nbc-VSR (pSF88) HA_Nbe_Nhel_S CTTTCTGCTAGCGCTATG pBL14
TATCCGTATGATGTTCCA

GATTATGCTATGGGATCT

pFK120 1
cut BamH|I/Nhel to keep the N-terminal
signal peptide of pFK120

GGAGGAATGGCT

Nbc_Ndel_AS

GTCCTCCATATGATGATG
ATGATGATGATGAG

PLUS: VSR4 (Ndel/BamH|

1), subcloned from pSF56 (see a

bove)

Nbs-RFP-CNX (pDV03)

Nbs_Nhel_S

CGATACGCTAGCGCTATG
GACTATAAAGACGACGAC
GACAAAATGCAGGTGCA
GCTGCAGGA

pDV02, see above

Nbs_Ncol AS

CGATGACCATGGGCTGC
TCACGGTCACCTGGG

RFP_Ncol_S

AGTCTACCATGGATGGCC
TCCTCCGAGGACGT

pFK12?2

RFP_Nofl_AS

AGTCTAGCGGCCGCCGG
GTGCTCCAGTACTGTG

pFFO04 *;

cut Notl/Nhel to keep the N-terminal
signal peptide of pFF04

Man1-RFP-Nbs (pSF78)

RFP_Notl_S

GAGGATGCGGCCGCATG
GCCTCCTCCGAGGACGT

pFK12 2

RFP_Kpnl_AS

TCCTTAGGTACCTGCTCC
AGTGCTGTGGCGGC

PLUS: Nbs (Kpnl/BamH)|), subcloned from pDVO02 (see above)

pFFO06 ';
cut BamH|/Notl

ST-RFP-Nbs (pSF82)

PLUS: ST (Nhel/Notl), subcloned from pSF83 '

pSF78 (see above);
Notl/Nhel

Syp61-RFP-Nbs (pSF80) PLUS: RFP-Nbs (Notl/BamHl|), subcloned from pSF78 (see above) pFF25 1;
cut BamH|/Notl
Man1-Nbs (pSF85) HA_Notl_S CATGTAGCGGCCGCTAT pDV02, see above pSF78 (see above);
CCTTATGATGTTCCTGA cut BamH|/Notl
Nbs_BamHI_AS TGCTTCGGATCCCTAGCT
GCTCACGGTCACCTGGG
Man1-mTagBFP2 (pSF143) | PLUS: mTagBFP2 (Notl/BamH]I); chemically synthesized pFFO06 ';
cut BamH|/Notl
Aleu-mTagBFP2 (pFK106) PLUS: P35S-Aleu (EcoRI/Nhel), subcloned from pFF15 ' pDS13 5,
mTagBFP2_Nhel_S GAAAGCGCTAGCATGTCT | pSF143, see above cut BamH|/EcoRI
GAACTTATTAAGGA
mTagBFP2_BamHI_AS TGCTTCGGATCCTTAATT
CAACTTATGTCCCA
ST-Nbs (pSF86) HA_Notl_S CATGTAGCGGCCGCTAT pDV02, see above pSF82 (see above);
CCTTATGATGTTCCTGA cut BamH|/Notl
Nbs_BamHI_AS TGCTTCGGATCCCTAGCT
GCTCACGGTCACCTGGG
ST-mTagBFP2 (pSF142) PLUS: mTagBFP2 (Notl/BamHI); chemically synthesized pSF83 ',
cut BamH|/Notl
Established plasmids used in this study
RFP-Syp61 ' TGN marker
Aleu-RFP ' MVB/LE and vacuolar marker, VSR ligand
Man1-RFP ¢ cis-Golgi marker
RFP-CNX ' ER marker
GFP-CNX' ER marker
Man1-GFP ' cis-Golgi marker
ST-GFP ! trans-Golgi marker
GFP-Syp61 ! TGN marker
GFP-BP80ALBD ' MBV/LE marker
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Abstract

Combinations of multiple fluorescent fusion proteins are commonly generated and
used for co-localization studies in live cell imaging but also biochemical analysis of
protein-protein interactions by co-immunoprecipitation in vitro. Advanced microscopy
techniques like Forster resonance energy transfer through fluorescence lifetime
imaging microscopy (FRET/FLIM) nowadays enables the combination of both
approaches. This opens up the possibility to perform a location-specific protein-
protein interaction analysis in vivo. To this end, the non-radiant energy transfer from
a donor to an acceptor fluorophore (FRET) is harnessed to test for close-proximity as
an indicator for interaction, whilst the spectromicroscopical measurement of the

fluorescence lifetime by FLIM serves as a readout.

Here, we describe FRET/FLIM measurements performed with a Leica TCS
SP8/PicoHarp 300 combination to demonstrate the interaction between a RFP-
tagged GFP-nanobody and its epitope, GFP, in the cytoplasm of tobacco mesophyll

protoplasts.

Key words Protein-protein interaction, nanobody-epitope interaction, GFP
nanobody, epitope-tagging localization specificity, in vivo, confocal microscopy,

FRET, FLIM,



1 Introduction

The cloning, heterologous expression and observation of green fluorescent fusion
proteins in living cells is a milestone in cell biology that opened up new opportunities
for further experimental strategies'=. Fusion proteins and their use for in vivo gene-
expression and protein-localization studies have been continuously improved ever
since, allowing nowadays for coexpression of multiple spectral variants for complex
colocalization studies*®. In parallel, microscopes have evolved to complex systems
that fulfill the demand for advanced spectromicroscopical analyses’. This exceeds by
far the detection of two fluorescently tagged proteins in colocalization studies but
also allows for testing whether those proteins might interact with one another. Here,
the interaction of two fluorescently tagged proteins results in close proximity of the
respective fluorophores, thereby allowing for Férster resonance energy transfer
(FRET) to occur. This non-radiant energy transfer between molecules happens only
if both fluorophores lie within a 10 nm distance to each other whilst the emission
spectrum of one fluorophore (donor) overlaps with the excitation spectrum of the
other (acceptor)®'°. Two different aspects of FRET can be used to generate the
read-out for protein-protein interactions: either the occurrence of acceptor
fluorescence upon the excitation of the donor fluorophore or the quenching of the
donor fluorophore. A donor fluorophore can relax either via FRET or by emitting
fluorescence. However, the longer an individual donor remains in an excited state
the more likely it is that the donor is quenched during this period by FRET, thereby
reducing the average lifetime of all donor fluorophores. This change in average
lifetime can be observed by fluorescence lifetime imaging microscopy (FLIM)'".
These lifetime-based readouts for FRET are less influenced by variations in

fluorophore concentrations, less prone to signal cross-contamination and less



affected by bleaching than intensity-based readouts'. FLIM, can be performed by
different approaches: frequency-domain FLIM or time-domain FLIM. In frequency-
domain FLIM, the lifetime of a given fluorophore is calculated based on the phase
delay and the modulation depth of the fluorescence compared to the excitation
intensity, which is modulated at a high frequency'S. This strategy is usually
performed by using a wide-field microscopy setup with simultaneous data acquisition
of the whole sample via a CCD detector. Time domain FLIM on the other hand, uses
a pulsed laser for excitation and is commonly performed using laser scanning
microscopy setups. Here, a histogram of the fluorescence events that follow an
excitation pulse is generated by either applying time-gated detection'* or time-

correlated single photon counting (TCSPC)'®.

Here we describe the experimental strategy of an in vivo protein-protein interaction
study by FRET/FLIM. We describe all steps for the recording of an instrumental
response function for reconvolution (Fig. 1), data acquisition via TCSPC FLIM, fitting
of the acquired histograms, the statistical analysis of the results and the generation
of false color images as supportive data. For this demonstration, we employ a known
protein-protein interaction between a red fluorescent GFP-binding ViH domain of a
heavy-chain antibody, termed GFP nanobody (Nbag) and its epitope, GFP, in the
cytosol. This interaction triggers a highly significant decrease of GFP fluorescence
lifetime (Fig. 2). Such an effect does not occur, if cytosolic RFP is co-expressed
instead of the red fluorescent Nba. This demonstrates that the change in donor
fluorescence lifetime is not simply caused by co-localization with an acceptor

fluorophore without an occurring interaction.



2 Material

1. Nicotiana Tabacum L. SR1 is grown on solid Murashige and Skoog (MS)
medium at sterile conditions in 16/8 h light-dark cycles at 22 °C.
Mesophyll protoplasts were isolated, transfected and incubated for the
transient expression of the respective proteins as described by Friholz
and Pimpl in the chapter “Analysis of Nanobody—Epitope Interactions in
Living Cells via Quantitative Protein Transport Assays in this issue”. Here,
we use enhanced green fluorescent protein (GFP) as donor fluorophore
together with the monomeric red fluorescent protein (RFP) as acceptor
fluorophore.

2. Confocal laser scanning microscope: TCS SP8, equipped with:

- Lasers for reference imaging (Argon 488nm, DPSS 561nm)

- Detectors for reference imaging (Leica HyD)

- Pulsed diode laser (LDH-P-C-470B)

- Pulsed laser driver (PDL-808 Sepia)

- Laser combining unit

- FLIM Detector (SMD Emission SPFLIM PMT)

- TCSPC Module (PicoHarp 300)

- x63 (1.2 numerical aperture) water immersion objective (Leica, Wetzlar,
Germany).

3. Imaging software: Leica Application Suite (LAS) X (Leica Wetzlar,
Germany).

4. FLIM Software: SymPhoTime 64 v2.1 (PicoQuant, Berlin, Germany).

5. Microscope slides 76x26 mm (Roth, Karlsruhe, Germany)



6. Cover glasses 22x22x0.13-0.16 mm (Menzel-Glaser, Braunschweig,
Germany).

7. Laboratory labelling tape

8. Nail polish

9. Cut 1ml pipette tips
3 Methods
3.1 Experimental strategy

FRET-FLIM experiments should contain at least three different types of

samples:

1. “Donor-only” sample: This sample contains only the donor fluorophore
fused to the protein of interest (POI), but not an acceptor fluorophore.
This sample is required to measure the lifetime of the donor in the given
environment as the baseline.

2. “Non-interactor” sample: This sample contains the donor fluorophore
fused to the POI together with a colocalizing acceptor fluorophore (see
Note 1), which is fused to a protein that co-localizes with the donor but
doesn’t interact with the POI. The lifetime measured for this sample
should not be statistically significantly different from to the “donor-only”
sample. This “Non-interactor” sample can either be a specifically
designed negative control (see note 1) or simply a sample from the
experiment that turned out to contain a non-interacting acceptor fusion
protein.

3. ‘“Interactor” sample: This sample contains the donor fluorophore fused to

the POI and an acceptor fluorophore fused to a protein that interacts with



the POI. The “interactor” sample can be a sample from the experiment
that turned out to contain an interacting acceptor fusion protein. If this is
however not the case, one must design a specific positive control to
demonstrate that a shift in fluorescent lifetime is possible in the given
micro-environment of the POIl. When GFP is used as donor, a GFP-
binding VHH domain of a heavy chain antibody, termed nanobody
(NbG), fused to the acceptor fluorophore can serve as ideal positive
control. Such a construct will attach the acceptor directly to the donor,
thereby triggering close enough proximity between the fluorophores for
FRET to occur (see Note 2). The lifetime measured for this sample
should be statistically significantly different to the one of the “donor-only”
control as well as to samples expressing the acceptor fused to a non-

interactor.

3.2 Recording of an instrumental response function

Reconvolution of fluorescence lifetime measurements requires recording of an

instrumental response function (IRF).

1. Start the LAS X program and choose “FLIM-mode” in the “mode” drop-
down menu.

2. Start the SymPhoTime 64 program and create a new Workspace by
choosing the corresponding command in the “File” drop-down menu.

3. Within the “Setup FLIM” tab adjust one non-pulsed laser to 5 % power

for the detection using PMTs or substantially less for the detection using



more sensitive detectors e.g. HyDs, activate the respective detector and
adjust its detection range according to the laser’s emission spectrum.

In LAS X within the “Setup Imaging” tab open the “Acquisition” sub-tab
and change the “Acquisition Mode” mode from xyz to xzy. In the “Show
AOBS Settings” menu set the mark for the laser you chose in step 5 to
“‘Reflection”. In the “Fluorifier Disc Setting” menu deselect “Auto select”
and choose an empty filter position instead (see Note 3).

To setup the conditions for a FLIM test (see step 16 below), go to the
“Setup FLIM” tab, open the “Acquisition” sub-tab and change the
“Acquisition Mode” mode from xyz to xzy. Set the resolution to 256x256
and modify the scanning speed to adjust the pixel dwell time to ~20 us
(see Note 4). In the “Fluorifier Disc Setting” menu deselect “Auto select”
choose an empty filter position instead.

This step will alter the parameters in the “Measurements” tab
automatically.

Switch back to the “Setup Imaging” tab and click one time on the “Quick
LUT” button, this puts up a false color image for the intensity measured
by the PMT. This allows for easier focusing on the total reflection at the
inner surface of the coverslip (see step 10 below).

Prepare the test slide for the IRF by applying two slices of the tape in
parallel with a distance of 0.75 cm to each other onto a microscope slide.
Use nail polish to glue the coverslip to the tape slices thereby bridging
the gap between them (see Note 5).

Put the prepared slide on the microscope stage, use the stage clips for

fixation (see Note 1) and focus onto the edge of the tape in between the



10.

11.

12.

13.

14.

15.

microscope slide and the cover slip. Shift the stage in x-direction away
from the tape, that served as help for focusing.

Switch to “Live” mode and adjust the z-position of the stage to find the
reflection of the inner surface of the cover slip, which faces the
microscope slide (see Note 6, Fig. 2)

Stop “Live” mode.

Go to the “Setup FLIM” tab. Activate the pulsed laser and the SPFLIM
PMT. Adjust the detection range of the SPFLIM PMT according to the
pulsed laser's emission spectrum. This step will alter the parameters in
the “Measurements” tab automatically.

In the “Acquisition” subtab within the “Measurements” tab set the
“Definition of FLIM acquisition time” to “Acquire until max: X
photons/pixel” are reached and set the value X to 1000, to ensure
sufficient photon counts for the calculation of the IRF.

Save these “FLIM Settings”. This allows you to skip steps 3-5, 11 and 12
for recording future IRFs.

Apply the strongest grey filter setting of the laser combining unit (see
Note 7).

Go to the “Setup FLIM” tab and click “Run FLIM Test”. Change to the
SymPhoTime 64 program and check the max. count rate. Next, adjust
the filter settings of the laser combining unit that the measured kilo-
counts per second equal 2% of the laser pulse rate (e.g. 800 kilo-counts

per second for a pulse rate of 40 MHz) and stop the “FLIM Test”



16. Go to the “Measurements” tab. Click “Run FLIM”. The Measurement will

automatically stop once 1000 photons have been counted for a single

pixel (see Note 8). Now, you can proceed to 3.3 “data acquisition”.

3.3 Data acquisition

Acquisition of data has to be performed with the same intensity settings for

the pulsed laser as was used for recording the IRF (see Note 9).

1.

Reset all settings used for the acquisition of the IRF in the LAS X
program but stay in “FLIM-mode” and keep the SymPhoTime 64
program running in the same workspace.

In the “Setup imaging” tab, activate and adjust the lasers and detectors
used for detection of the donor and acceptor fluorophores - similar to
your standard confocal imaging setups.

Within the “Setup FLIM” tab, open the “Acquisition” sub-tab and set the
resolution to 256x256 and modify the scanning speed to adjust the pixel
dwell time to ~20 ps (see Note 4).

Activate next the pulsed laser and the SPFLIM PMT. Adjust the
detection range of the SPFLIM PMT to the emission spectrum of the
donor fluorophore.

In the “Acquisition” subtab within the “Measurements” tab set the
“Definition of FLIM acquisition time” to “Acquire until max: X
photons/pixel” are reached and set the value X between 500 and 1000,
dependent on strength and distribution of the signal (see Note 10).
Save these settings. This allows for skipping steps 2-5 in future

experiments.



7. Inthe “Setup” subtab, enter the name of your sample in the “Base
Name” field.

8. Prepare your sample by applying two slices of the tape in parallel, with a
distance of 0.75 cm to each other onto a microscope slide. Use a 1ml
pipette with a cut tip to reduce shearing forces and add ~100 pl of
protoplast suspension onto the microscope slide in between the tapes
and carefully mount a coverslip (see Note 11).

9. Inthe “Setup FLIM” tab switch to “Live” mode, search for a suitable
protoplast, zoom in and take a reference image by clicking “Capture
Image”.

10. Apply the strongest grey filter setting of the laser combining unit.

11. Goto the “Setup FLIM” tab and click “Run FLIM Test”. Change to the
SymPhoTime 64 program. Next, adjust the filter settings of the laser
combining unit that the measured kilo-counts per second are as high as
possible but are still below 10% of the pulse rate of the laser (e.g. 4000
kilo-counts per second for a pulse rate of 40MHz).

12. Stop the “FLIM Test” and go to the “Measurements” tab. Click “Run
FLIM” to start the measurement. The Measurement will automatically
stop once 500 photons have been detected for a single pixel.

13. Repeat steps 9, 11 and 12 for at least 10 cells per sample.

3.4 Analysis

The analysis of the acquired data can either be performed after each

measurement directly within the session or at any time after.



1. Reload your workspace in the SymPhoTime 64 software that contains
the acquired data set

2. Open the folder that contains the RAW data from the measurement for
the analysis and select the corresponding “.ptu” file.

3. Enter the FLIM analysis environment by opening the “Analysis” tab,
select the “Imaging” drop down menu and click “Start” within the “FLIM”
box.

4. Choose “n-Exponential Reconvolution” in the “Fitting Model” drop-down
menu and “Imported IRF” in the “IRF” drop-down menu.

5. Use the “Import” button next to the “IRF” drop-down menu to import the
respective IRF.ptu file. Next, select the imported IRF in the “IRF” drop-
down menu.

6. Set the “Model Parameter” according to your donor fluorophore (e.g. n=2
for cytosolic GFP, see Note 12).

7. Regions of interest (ROIs) within the image can be selected for the
analysis (see Note 13).

8. Choose a ROl in the “Decay” drop-down menu for the analysis. If you
want to analyze the whole image, choose “Overall decay”.

9. Start the actual analysis by pressing firstly “Initial Fit” and then “Fit”.

11. Find the “1T Av int [ns]” value for the calculated fluorescence lifetime in
the “Parameters/Value/Fit” table. Note/copy this value for statistical
analysis.

12. Check the x2-value. It describes the quality of the fit and should be close

to 1 (see Note 14).



4 Notes

13.

14.

15.

To illustrate the results, false color images indicating the calculated
fluorescence lifetimes can be produced. For this, chose the “Min” (blue)
and “Max” (red) values for the “Fast Lifetime[ns]” color scale,
accordingly. E.g. for mEGFP a lifetime difference of 100 ps can be
visualized by setting “Min” to 2.0 ns and “Max” to 2.4 ns. Next, choose “3
Points” in the “Binning” menu and fix the parameters "Shift IRF" and
"Bkgr IRF" by unchecking the corresponding boxes in the “Fit” lane of
“‘Parameters/Value/Fit” table. Then press “FLIM Fit” to start the
calculation (see Note 15).

False color images can be exported by right-clicking on the image to
open the drop-down menu. Select “Export” and choose the file format.
Here you can also choose to omit the scale bar from the image.

If the sample groups of lifetimes show equal variances and normal
distribution, the statistical analysis can be performed by applying a one-
way ANOVA, otherwise a non-parametric alternative must be chosen.
Comparison of the sample groups can be achieved by following up the
ANOVA with different post hoc tests: For comparison of all groups with a
specific control group (e.g. the “donor-only” group) apply Dunnett’s test.
For comparison of all sample groups with each other apply Tukey’s HSD

test (see Note 16).

Achievement of intracellular colocalization of donor and acceptor
fluorophores might require the fusion of specific sorting signals to the

acceptor fluorophore. E. g. a signal peptide for targeting the lumen of the



endomembrane system or the apoplast, or sorting signals for
compartment-specific targeting.

The nanobody-epitope interaction between the NbG and GFP was
recently shown to also occur in the lumen of all compartments of the
secretory pathway (Kinzl et al., 2016). However, if the donor fluorophore
is fused to membrane proteins, it has to be considered that the NbG-
acceptor fusion protein is also targeted to the location of the donor
fluorophore (see Note 1).

These steps are mandatory for the reflected light to reach the detector.
This rather high pixel dwell time is of an advantage, since it allows the
scan head to collect data for a single pixel over the course of several
laser pulses, thereby reducing artifacts caused by the position change of
the scan head.

It is mandatory that the coverslip used for recording the IRF stays in
fixed position during acquisition. Otherwise, the reflection from the
coverslip will move out of focus long before 1000 photons have been
counted for an individual pixel.

While searching for the reflecting surface, adjust the z-position slowly.
This is important, since here reflected light is detected and its intensity
will be much higher compared to the intensities of fluorescence signals
and might therefore damage the detector.

If your TCSPC histogram shows multiple pulses or does show one
incomplete pulse, it might hint to the fact that your detection window and

the pulse rate of the laser do not match. This can be adjusted by an in-



10.

11.

12.

13.

or decrease of the temporal resolution in the SymPhoTime 64 software,
respectively.

Since the laser intensity is set by an analog rotary controller, that might
be changed by other users, recording of the IRF should be performed
prior to each data acquisition session.

Acquisition of 500 photons/pixel was sufficient for the experiment shown,
since the signal was homogenously distributed over a large area of the
specimen and the model used for fitting the fluorescence decay was bi-
exponential. However, if signal strengths vary greatly within the
specimen or if higher order models are required for fitting the
fluorescence decay, more photons have to be counted. This in turn
prolongs the acquisition time and might thus compromise the
measurement due to the bleaching of signals. Moreover, in case of small
and migrating signals, photon counts of more than 500 can hardly be
achieved.

Apply only the amount of liquid sample that fills the space between the
and the microscope slide and the coverslip during mounting to minimize
the movement of the protoplasts.

The “Model Parameter” n depends on the decay model of the donor
fluorophore. More complex decay models might necessitate higher
photon counts (see Note 10).

This is a very valuable option if you experience strong background
fluorescence and allows to exclude “false” fluorescence signals (e.g.
from chloroplasts) from the life-time calculations. For this, right-click onto

the false color-image and select “free ROI” from the drop down menu. To



14,

15.

16.

create a positive ROI, right click and choose “Invert ROI” to deselect the
entire image. Then, hold down “Shift” and press the left mouse button
whilst choosing the ROI. To create a negative ROI, hold down “Ctrl” and
press the left mouse button whilst choosing the ROI

Large x2-values might indicate that the chosen “Model Parameter” does
not match the real fluorescence decay of the donor fluorophore in the
micro environment of the sample. Consider this option, adjust the “Model
Parameter” accordingly, and re-do your “Initial Fit”.

The “3 Points” binning was most suitable for the experiment shown but it
decreased considerably the spatial resolution. If a higher resolution is
desired, decrease the binning parameter. This however might cause the
fit for an individual pixel to rely on only very few photons. This can be
checked by clicking on a pixel with an intensity that is representative for
your ROI. As a result, an updated graph with the decay for this pixel
appears additionally in light grey for direct comparison. If the amounts of
photons per pixel is too low for the model in combination with the desired
resolution/binning, you will have to increase the amount of photons
measured during acquisition (see 3.3 step 6 and Note 7).

Check if lifetimes of “interactor” samples are significantly lower
compared to the “donor-only” sample. If this is not the case, consider
that the reduction of the fluorescence lifetime that is caused by FRET
effects can be partially masked in cases of a high donor to acceptor
ratio, since only a minor portion of donor fluorophores is affected few

acceptor fluorophores (Fig. 2 d).



Figure legends

Fig. 1 Recording of an instrumental response function. (a) Total reflection image of
the inner surface of the cover slip (see 3.2 step 9 and Note 6). (b) Total reflection
image of the inner surface of only the microscopy slide, which is unsuitable for

recording of the IRF.

Fig. 2 FRET/FLIM analysis in Tobacco mesophyll protoplasts. Panels (a-c)
protoplasts transfected according to the experimental strategy as outlined in 3.1. (a)
“‘donor-only” sample, (b) “non-interactor” sample and (c) “interactor” sample”. Panel
(d) “interactor” sample with high donor to acceptor ratio that partially masks the
interaction (see Note 16). In each panel, GFP channel is given in the first row, the
RFP channel is given in the second row, the merge of both channels is given in the
third row and the representative false color FLIM image is given together with the
respective color scale in the fourth row. Scale bars equal 10 um. (e) Graphical
illustration of the processed average fluorescence lifetime of the experiments shown
in a-d. Values are presented as mean + s.d. (n = 10 individual cells). Statistical
significance was calculated using ANOVA, followed by Tukey’s HSD test (*** P <

0.001; NS, not significant).
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Summary

Modulation of compartmental protein composition is crucial for eukaryotic cells. It enables rapid
responses to intra-organismal and environmental cues. At the heart of this process, endosomal
sorting complexes required for transport (ESCRTSs) operate to target ubiquitinated membrane
proteins for vacuolar degradation. For this, ESCRTs combine cargo recognition and sorting with
intraluminal vesicle formation to sequester to-be-degraded proteins.

However, composition and function of plant ESCRT-II remains controversial.

Here, we present the novel nanobody-epitope interaction-based in vivo immune precipitation
(1VIP): We employ Calnexin-anchored GFP-nanobodies, to precipitate GFP-tagged proteins onto
the endoplasmic reticulum. This also shifts the fluorescence patterns of their direct and indirect
interactors allowing for visualization of interactions by microscopy.

We demonstrate plasma membrane (PM) localization of all endogenous ESCRT-II subunits.
Employing iVIP, we unravel the 1(VPS36):1(VPS22):2(VPS25) stoichiometry of ESCRT-II.
Together, our data indicate that plant ESCRT-II, despite its evolutionary conserved composition,

has to have a derived function at the PM.



Introduction

The plasma membrane (PM) forms the interaction surface between a cell and its environment.
There, translocators and receptors allow for the transport of nutrients and information'2. Strict
regulation of these proteins is thus necessary to avoid over-accumulation of micronutrients to
toxic levels and to terminate signalling processes, respectively®*. One regulatory mechanism
controlling PM proteins is their degradation in the lumen of lytic compartments®%. Even though
the endosomal sorting complexes required for transport (ESCRTs) are known to be integral
components of the underlying sorting process, their individual modes of action in plants remain
controversial’ 8,

In yeast, however, the ESCRT-machinery has been extensively studied and its function during the
vacuolar sorting of PM proteins is well described: ESCRT-0, ESCRT-I and ESCRT-II bind and
accumulate to-be-degraded proteins, which have been marked by ubiquitination, at endosomal
membranes”!!., ESCRT-III, which is able to deform membranes, induces formation of
intraluminal vesicles that are necessary for delivery of membrane-bound proteins into the lumen
of the vacuole!>!3, Recruitment of ESCRT-III is in this process is mediated by ESCRT-II and, as
has very recently been shown, ESCRT-0'3!4, This means localization after membrane recruitment
and locus operandi of ESCRTs are essentially the same. For a possible plant ESCRT-II this,
however, does not seem to be the case: Contrary to genetic evidence, which hints towards a
conserved function of the putative subunit vacuolar protein sorting 36 (VPS36) at maturing
endosomes, initial imaging studies performed with tagged VPS36 indicate almost exclusive PM
localization®'.

To resolve these contradictions, the localization of the endogenous VPS36 and of the other
putative subunits as well as the actual composition of a plant ESCRT-II complex had to be
analysed.

While performing localization studies and most in vivo protein-protein interaction analyses with
established techniques as electron microscopy and FRET-FLIM, respectively, was feasible, the
analysis of the ESCRT-II stoichiometry in living cells necessitated us to devise a novel approach:
the indirect in vivo immune precipitation (1VIP). This technique is an advanced version of
fluorescent-3-hybrid approach'®. It employs an endoplasmic reticulum (ER)-surface anchored
antibody, which recognizes GFP, to pull down GFP-tagged proteins and their fluorescently
tagged direct and, most importantly, indirect interactors. The resulting shift of fluorescence

pattern is observable, even in situation, in which molecule geometry, expressed numbers of



complex subunits or fluorophore ratios are unfavourable for other in vivo interaction analysis. To
turn the ER into an affinity matrix for GFP, we translationally fused the VyH domain of a lama
(Lama paco) heavy-chain-only antibody, a so called nanobody (Nb), that was raised against GFP
(Nbg) to the C-terminus of a derivative of the ER resident chaperon Calnexin (CNX)!7-!8, This
cell autonomous expression of the antibody employed for the intracellular immune precipitation
and the confocal based read out distinguish iVIP as a non-invasive protein-protein interaction
assay. Using this technique and FRET FLIM we demonstrate, that VPS36, VPS22 and VPS25
assemble in a 1:1:2 ratio to form the plant ESCRT-II complex. We furthermore show the
presence of all endogenous ESCRT-II subunits at the PM via immune electron microscopy.
Together our data indicate that ESCRT-II is specifically recruited to the PM via its VPS36

subunit to fulfil a yet elusive function.

RESULTS
The ESCRT-Il subunit VPS36 is essential for viability and localizes to the plasma
membrane

The ESCRT-II subunit VPS36 was suggested to form the core of the ESCRT-II complex that
links the cargo recognition function of ESCRT-I to the ESRT-III-triggered formation and release
of ILVs, thereby fulfilling the sorting function that is essential to plant viability®. Arabidopsis
seedlings, homozygous for a T-DNA insertion in the VPS36 Gene (vps36-1) (Fig. 1a) exhibit
strong delays in development during the first ten days after stratification (Fig. 1b) and die during
or shortly after germination, respectively (Fig. 1c,d). vps36-1 mutant plants have a similar
appearance as amsh3 and freel knock-out seedlings, which have to cope with impaired vacuolar
transport of membrane proteins'®?. This lethal vps36-1 phenotype is solely due to the lack of
VPS36 function, since it is rescued by the expression of VPS36 fused to GFP (VPS36-GFP),
under the control of the endogenous promotor (pVP36; Fig. 1e,(f). Interestingly, VPS36-GFP
mainly localizes to the PM in these rescue lines (pVPS36::VPS36-GFP in the vps36-1
background) as judged by the co labeling of the PM with the styryl Fei-Mao dye 4-64 (FM4-64;
Fig. 1g,h). FM4-64 serves also as marker for endosomal compartments?!. However, in sharp
contrast to the strong co-localization of signals at the PM, little co-localization is found between

the VPS36-GFP signals and FM4-64 labeled endosomes (Fig. 1h).



Despite of its rescuing effect, the rather unexpected distribution of VPS36-GFP at the PM
necessitated thorough localization analysis to exclude putative influences caused by the
fluorescent tag??. Therefore, we aimed at localizing the endogenous VPS36 at the ultrastructural
level??. For this, and to extend the analysis to all putative ESCRT-II subunits, we generated
polyclonal antibodies against all three Arabidopsis ESCRT-II subunits. The antisera raised
against VPS36, VPS22 and VPS25 exhibit specific cross-reaction with the respective antigens in
protein gel blots, even when less than 10 ng of antigen were loaded per lane (Fig. 1i). However,
since the envisaged in situ localization necessitated recognition of native epitopes, we also
verified that all generated antisera exhibit cross-reactivity with their respective native antigens in
immunoprecipitation experiments using HA-tagged ESCRT-II subunits (Fig. 1j).

Ultrastructural localization analysis of ESCRT-II subunits in high-pressure frozen Arabidopsis
roots reveals immunogold decoration of the PM demonstrating the localization of the endogenous
VPS36, the VPS22 and the VPS25 subunit at the PM (Fig. 1k-m). Together, these data show that
the endogenous proteins are predominantly found at the PM, which is in complete agreement
with the situation in the transgenic plants (Fig. 1g,h) and protoplasts co-expressing fluorescently

tagged derivates of all three putative ESCRT-II subunits (Fig. 1q).

VPS36 is necessary for the PM recruitment of VPS22 and VPS25

It was suggested that membrane recruitment of the ESCRT-I complex in plants occurs via a
subunit, FREE1'®, while in the case of ESCRT-IIl subunits attach to the membranes
individually’. To differentiate between these concepts of membrane binding in the case of
ESCRT-II, we have analyzed the individual membrane binding capabilities of the putative
subunits in tobacco mesophyll protoplasts.

VPS36-GFP perfectly co-localizes with a PM marker consisting of RFP and the GCCG Box of
the ROP GTPase Rop10 (Box-RFP; Fig. 2a)%23. Surprisingly, if VPS22-RFP or VPS25-RFP are
individually co-expressed with the PM marker Box-GFP, both molecules do not co-localize with
the marker but remain cytosolic, instead (Fig. 2b,d). However, co-expression of VPS36-GFP
with either of them results in co-localization at the PM (Fig. 2¢,e). This is most evident from the
overlapping peaks of the corresponding fluorescence intensity plots of the enlargements of the
merged images.

To rule out that the observed PM-localization of VPS36-GFP alters the membrane identity of the

PM, thereby causing unspecific recruitment of VPS22 and VPS25, we have performed a location-



specific protein-protein interactions study at the PM via FRET-FLIM (Fig. 2f-h). The analysis
showed, that co-expression of either of the potential energy acceptors, VPS22-RFP or VPS25-
RFP, drastically reduces the fluorescence lifetime of the energy donor VPS36-GFP (Fig. 2f, see
false-color images) This indicates the interaction of these proteins at the PM and implies the
existence of a plant ESCRT-II complex consisting of VPS22, VPS25 and VPS36. A similar effect
does not occur, if cytosolic RFP (cytRFP) is co-expressed as potential energy acceptor (Fig.
2f,h). Here, the measured fluorescence lifetime is comparable to the one of individually
expressed VPS36-GFP (Fig. 2f,g).

To proof VPS36-triggered co-recruitment of the other ESCRT-II subunits and to narrow down
putative regions necessary for the interaction, we have subjected C-terminal deletion mutants of
VPS36-GFP lacking either 33 (VPS36A33-GFP) or 132 (VPS36A132-GFP) residues to co-
expression analysis with VPS22-RFP or VPS25-RFP, respectively. VPS36A33-GFP is no longer
able to bind VPS25-RFP, judged by the unaltered GFP fluorescence lifetime (Fig. 3a,b). This is
also supported by the fact that unlike the full-length VPS36-GFP (Fig. 2e,f) this mutant fails to
co-recruit VPS25-RFP to the PM (Fig. 3c). In contrast, VPS36A33-GFP is still able to bind
VPS22-RFP and to co-recruit it to the PM (Fig. 3a-c). The ability to bind VPS22-RFP is only lost
when 132 residues are deleted, since VPS22-RFP does neither trigger a reduction of the
fluorescence lifetime of VPS36A132-GFP (Fig. 3d,e) nor is co-recruited to the PM by the mutant
(Fig. 3f), as was shown for VPS36-GFP (Fig. 2¢,f).

Interestingly, interaction of VPS25 is not restricted to VPS36 only (Fig. 3g-i), since the FRET-
FLIM analysis reveals a reduction of the fluorescence lifetime of VPS25-GFP upon co-
expression of either VPS36-RFP or VPS22-RFP (Fig. 3g). However, in the absence of the
complex-recruiting VPS36 subunit, the VPS25-VPS22 complex remains cytosolic (Fig. 3i,
compare to Fig.1q). With VPS25 interacting with both, VPS36 and VPS22, the question arose
whether the very same VPS25 molecule binds to both of the other subunits or if VPS36 and
VPS22 bind one separate VPS25 moiety each, as it is the case in yeast?*. To approach this in an

in vivo situation, a novel strategy to test for protein-protein interaction had to be deployed.

Indirect in vivo immune precipitation (iVIP)

To determine whether one or two VPS25 moieties are integrated in an ESCRT-II complex,
simple co-localization experiments, which employed co-expression of VPS25 molecules tagged

with different fluorophores, were not sufficient. In the presence of VPS36 and VPS22 both



VPS25 fusion proteins are expected to be recruited to the PM resulting in co-localization
independently of ESCRT-II conformation (Fig. 4a,b). In addition, the application of FRET-FLIM
based on co-expressed VPS25-GFP and VPS25-RFP is impaired in this context: If ESCRT-II
indeed contains only one VPS25 subunit no FRET and thus no lifetime reduction occurs. If two
VPS25 moieties are present in each ESCRT-II the chance of one complex, which contains
already one VPS25-GFP to attain another VPS25-GFP and not a VPS25-RFP, is 50%. In those
complexes, which would then contain two donors instead of one donor and one acceptor, hetero
FRET cannot occur. This would mask the FRET-effects occurring in complexes, which contain
VPS25-GFP and VPS25-RFP, and thus compromise lifetime measurements (Fig. 4b). To
overcome this, we aimed at employing nanobodies to apply a classical in vitro interaction
method, namely the immune precipitation, in living cells. In this regard, we refined the
fluorescent-3-hybrid technique, which has been used to assess direct interactions by precipitating
fluorescently tagged proteins onto easily discernable intracellular structures, to be applicable for
the analysis complex composition'®: We planned to express an antiGFP nanobody (Nbg) fused to
the C-terminus of the ER resident transmembrane protein Calnexin (CNX-Nbg), effectively
turning the ER surface into an affinity matrix for GFP-tagged cytosolic proteins. Under these
conditions, co-expression of VPS25-GFP, VPS25-RFP, VPS36 and a VPS22 fused to BFP2
(VPS22-BFP) was expected to produce differential outcomes depending on the conformation of
the ESCRT-II complex. If one ESCRT-II only contains one VPS25 moiety, ER recruitment
should only occur for complexes, which have integrated VPS25-GFP resulting in GFP and BFP
fluorescence at the ER (Fig. 4¢). If on the contrary ESCRT-II contains two VPS25 moieties, also
VPS25-RFP should be co-recruited to ER resulting in GFP, BFP and RFP fluorescence at the ER
(Fig. 4d). As our technique was based on the principles of immune precipitation, was intended to
be performed in living cells and aimed at assessing the putative indirect interaction between two
VPS25 moieties we dubbed it indirect in vivo precipitation (iVIP).

Still one problem had to be solved with this system: The expression of VPS36 had to be verified
and the use of an additional fluorophore was technically not feasible. We combined two strategies
to solve this problem. First, we fused a small tag to VPS36 to proof general expression in a
population of protoplasts by Western blot analysis. Second, we made use of the fact, that VPS36
is recruited to the PM, to judge whether an individual cell is expressing the protein or not.

The tag of choice to allow for Western blot analysis was the a-synuclein epitope (SYN), which

was recognized by the SYN-nanobody (Nbsyn)?2?. As a detection reagent, we expressed a



secretory Nbsyn-horseradish-peroxidase fusion construct (Nbsyn—HRP) in protoplasts (Fig. 4f).
The concentrated and rebuffered secreted protein can be used in Western blot applications to
detect as little as 8 ng of purified antigen (Fig. 4g). To verify the applicability of this detection
system we employed it on extracts from protoplast and, indeed, Nbsyn—HRP allowed for the
detection of secreted, membrane-bound and cytosolic SYN-tagged proteins (Fig. 4h).

To verify expression of VPS36-SYN in individual cells, we wanted to exploit the combination of
ESCRT-II being recruited to the ER via the VPS25-GFP-CNX-Nbg interaction as well as being
simultaneously recruited to the PM via VPS36-SYN. This should attach the ER to PM resulting
in a distinct morphological ER phenotype. To determine whether such an attachment of the ER to
PM could be generally induced, we co-expressed CNX-Nbg, the ER marker RFP-HDEL and the
PM marker Box-GFP. In this case, the nanobody-epitope interaction should bridge CNX-Nbg and
Box-GFP thus forcing the ER into close proximity of the PM. The co-expression of these
molecules, indeed, changed ER morphology. In comparison to wildtypic ER (Sup.Fig. 1a),
cisternae increased in surface and formed laminar structures at which ER marker and PM marker
co-localized (Sup.Fig. 1b,c). While laminar cisternae varied in size (Sup.Fig. 1b,c), reticular
structures, however, remained unaltered (Sup.Fig. 1a-c). The same effects were achieved if
VPS36-GFP was expressed instead of Box-GFP (Sup.Fig. 1d-f), again substantiating the specific
recruitment of VPS36 to the PM. Furthermore, the co-localization of ER marker, VPS36-GFP
and FM4-64 upon co-expression of CNX-Nbg at the PM in equatorial optical sections clearly
showed that the ER is brought into very close proximity of the PM via the nanobody-epitope
interaction (Sup.Fig. 1g-j). Thus, changes in ER morphology and localization could be exploited
to detect the presence of non-fluorescently tagged VPS36 during upcoming iVIP experiments.
Since fluorescent-3-hybrid and thus iVIP was a completely novel experimental strategy in a plant
system, we opted for an initial characterization prior to applying it to such complex problems as
the stoichiometric analysis of ESCRT-II. As a first step, we showed that cytosolic GFP (cytGFP)
but not cytRFP is recruited from the cytosol to a BFP-CNX-labeled ER when CNX-Nbg is co-
expressed (Fig. Sa,b). The second step was to co-express VPS25-GFP and VPS25-RFP instead of
cytGFP and cytRFP, respectively, with BFP-CNX. Again, only when additionally CNX-Nbg was
present, the GFP signal did not co-localize with the RFP signal in the cytosol, but did match the
signal distribution of the ER marker BFP-CNX (Fig. Sc,d). These changes, or the respective lack
thereof, in the localization of small proteins like cytGFP, cytRFP, VPS25-GFP and VPS25-RFP

is especially evident in the nucleus (Fig. 6a-d, inlays): Here the differences between localization



in the nuclear lumen and localization at the surrounding nuclear envelope can be unequivocally
assessed via confocal microscopy (Sup.Fig. 2a). Since direct precipitation of GFP-tagged
proteins proved to be feasible, we went on to intracellular co-immune precipitations. Therefore,
we co-expressed either VPS22-RFP or VPS36-RFP with VPS25-GFP, CNX-Nbg and BFP-CNX.
Consistent with the FRET-FLIM results (Fig. 2f) also fluorescent-3-hybrid indicated interaction
between VPS25-GFP and each of the other two ESCRT-II subunits: Both, VPS22-RFP and
VPS36-RFP could be co-precipitated upon the surface of the ER resulting in their co-localization
with BFP-CNX (Fig, Se,f). In the case of VPS36-RFP this led, as expected, also to the attachment
of the ER to the PM (Fig. 5f,g) and to the formation of laminar cisternae (Fig. 5g,h). Notably one
of the results of this characterization is also that VPS25 molecules do not interact with each other,
since VPS25-RFP in opposition to VPS22-RFP and VPS36-RFP did not co-precipitate with
VPS25-GFP (Fig. 5d-f). Now, with fluorescent-3-hybrid being able to show protein-protein
interaction in vivo and VPS36-SYN expression being observable on a single cell level, the stage
was set to probe the conformation of ESCRT-II for the presence of a second VPS25 moiety via

iVIP.

One ESCRT-Il complex contains two VPS25 molecules

To assess whether ESCRT-II contains one or two VPS25 subunits, we co-expressed VPS25-GFP,
VPS25-RFP, VPS22-BFP, VPS36-SYN and CNX-Nbg. With this iVIP setting CNX-Nbg should
pull down VPS25-GFP resulting in co-precipitation of the whole ESCRT-II complex. If the
individual complexes contained no additional VPS25 molecule, VPS25-RFP should not be co-
precipitated (Fig. 4b). If ESCRT-II, however, includes a second VPS25 moiety, VPS25-RFP can
be co-recruited to the ER (Fig. 4¢). The latter was indeed the case. VPS25-RFP co-localizes with
the remainder of the co-expressed ESCRT-II subunits on the surface of laminar ER cisternae and
at the nuclear envelope (Fig.6 a-c). This finding was further reinforced by the results of line
intensity analysis showing perfectly matching peaks for all fluorescently tagged ESCRT-II
subunits (Fig. 6¢).

These observations, however, can only be made if both, VPS36-SYN and VPS22-BFP, are co-
expressed. When VPS36-SYN is absent, VPS25-RFP stays cytosolic and is not co-recruited to
the ER (Fig. 6d-f). This is indicated by the RFP signal not highlighting the filamentous ER
structures labelled by VPS25-GFP and VPS22-BFP (Fig. 6e), the absence of VPS25-RFP from

the nuclear envelope (Fig. 6f, inlays) and the lack of a clear peak in the line intensity profile for
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VPS25-RFP. The situation is similar, when VPS22-BFP is absent instead of VPS36-SYN. Again,
VPS25-RFP is not present at laminar ER cisternae (Fig. 6g,h) and exhibits strong fluorescence
signal in the nuclear lumen (Fig. 6j, inlays). Its corresponding line intensity profile does,
furthermore, not match with the one of VPS25-GFP (Fig. 6j). The presence of laminar ER
cisternae in this experiment (Fig.6g,h,j) and in the one mentioned above (Fig. 6a-c) indicated
VPS36-SYN expression, which was also verified by Western blot analysis (Fig. 61). Together this
additionally showed, that while VPS22 and VPS36 can individually interacts with one VPS25

molecule each, neither of them alone is capable of binding two VPS25 moieties.

Discussion

Nanobodies, the isolated VgH domains of camelid antibodies, consist of as little as about 125
amino acids and are the smallest polypeptides, which specifically bind their respective antigens?’.
Since nanobodies can be translationally fused to cytosolic and membrane bound proteins, they
allow for a plethora of in vivo applications, which are usable in basic research and applied
sciences such as localization, reallocation and degradation of proteins®$-3,

We have previously employed nanobodies in the endomembrane system to target the luminal
binding domain of a vacuolar sorting receptor (VSR) to different compartments, which ultimately
allowed for localization specific interaction studies of VSRs and a model ligand'®. In this case,
we determined the in vivo interaction of the two proteins via FRET-FLIM. For the analysis of
ESCRT-II stoichiometry in living cells however, a FRET based readout was not feasible (Fig.
4b). This problem asked for a technique that allowed investigating direct and indirect protein-
protein interactions, even if more than one moiety of a specific subunit might be present in a
complex.

We solved those issues by exploiting a purely localization based read out. For this to work we
had to specifically alter the localization of one ESCRT-II subunit and monitor the effect on the
intracellular distribution of another fluorescently tagged subunit depending of the presence or
absence of additional interactors. To ensure high specificity we employed the well-established
Nbg-GFP antibody-epitope combination to recruit GFP-tagged ESCRT-II subunits onto a CNX-
Nbg containing ER, without perturbing the integrity of the monitored cells (Sup.Fig. 3)!7-18.26,
Applying this approach, we were able to show that the 1(VPS36):1(VPS22):2(VPS25)

stoichiometry of ESCRT-II is also conserved in plants.
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Even though fluorescent-3-hybrid and iVIP were brought into a plant system or respectively
designed for this very case, they can be used in general to probe indirect interactions of soluble
and even membrane recruited cytosolic proteins. However, their applicability is not restricted to
protein-protein interaction, they can also be used to verify protein-membrane interactions. Both
membrane associated proteins, VPS36-GFP and Box-GFP, but not completely cytosolic proteins
as VPS25-GFP, were found to force the ER into close proximity to the PM when co-expressed
with CNX-Nbg. They thereby induce a visually distinguishable, yet not functionally impaired,
ER-phenotype (Sup.Fig. 3). Due to the variety of purposes these techniques are able to fulfill and
the fact that they can be performed on a confocal microscope without the need of further
upgrades, we envision fluorescent-3-hybrid and iVIP to be a viable addition to the toolbox of
many plant cell biologists.

In addition to studying ESCRT-II composition, we also aimed at clarifying the localization of the
endogenous ESCRT-II in living plants, since the almost exclusive presence of heterologously
expressed VPS36 fusion proteins at this site, does not match with the endosomal function
suggested by genetic evidence®!3. Interestingly, all three subunits were, indeed, detected at the
PM and not just at endosomal structures of Arabidopsis root cells via immune electron
microscopy (Fig. 1k-q). While the presence at endosomes can be explained by the involvement
in the ‘classical’ ESCRT function, namely the sorting of ubiquitinated cargo into the intraluminal
vesicles (ILVs) of the forming multivesicular bodies®', PM localization indicates an additional
function at this very site.

ESCRT functions at the PM, which could also exist in plant cells and are described in other
systems, include polar distribution of mRNA, PM repair and the formation of extracellular
microvesicles’>*. Nevertheless, up to this point we do not know of any evidence supporting a
role of ESCRT-II in these processes.

However, there is still the possibility of another function, which would also fit to the provided
genetic evidence regarding VPS36: It has been shown that VPS36 is necessary for the formation
of ILVs and that vps36-1 mutant plants macroscopically phenocopy amsh3 and freel seedlings
(Fig. 1b,c)®1%20, thus ESCRT-II might not be involved in an completely different process, but
much rather play an additional earlier role in ubiquitin-dependent degradation of PM proteins.
Even though Toml1-like proteins have been suggested for this function®, the identity of the initial
ubiquitin receptor linking to-be-degraded proteins to endocytosis has not been finally resolved.

Indeed, this role fits ESCRT-II not only localization wise, since specifically poly-ubiquitinated
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proteins are endocytosed and VPS36 possesses more than one ubiquitin binding site, a property
that has been associated with preferential binding to ubiquitin chains®3-*’. Furthermore, this
would allow for an efficient interaction with FREE1/ESCRT-I and subsequent recruitment of
ESCRT-III upon the arrival of a putative ESCRT-II-cargo complex at phosphoinositide-3-

phosphate positive endosomes 33842,

Methods

Plant materials. Nicotiana tabacum L. SR1 was grown on Murashige and Skoog medium
additionally containing 2 % (w/v) sucrose, 0.5 ¢ L' MES and 0.8 % (w/v) Agar at pH 5.7 in 16/8
h light—dark cycles at 22 °C. Arabidopsis thaliana (L.) Heynh Col-0 was grown on MS medium
supplemented with 1 % Agar at pH 5.7 in 16/8 h light—dark cycles at 22 °C. 2-week-old seedlings
were transferred on soil and grown in 16/8 h light—dark cycles at 22 °C and 50 % relative

humidity.

Plasmid constructs. Cloning strategies for all constructs are given in Supplementary Table 1.
DNA manipulations were performed according to established procedures, using pGreenlI®,
pGEX-4T-3 (GE Healthcare Life Sciences) or pET-28b (EMD Biosciences) vectors and
Escherichia coli MC1061. The sequences encoding the blue fluorescent fluorophore mTagBFP2
(GenBank AIQ82697.1) and Gallus domesticus lysozyme (NCBI Reference Sequence: P_00698)
were generated by reverse-translation of the amino acid sequence optimized for Arabidopsis-
specific codon usage (EMBOSS Backtranseq), modified with an N-terminal HA-tag and
chemically synthesized (GeneArt Gene Synthesis). The coding sequences of AtVPS22, AtVPS25
and AtVPS36 were PCR amplified from seedling cDNA. The coding sequence of HRP was
amplified from pUC19-HRP-C*?, which was a gift from Paul Ortiz de Montellano (Addgene
plasmid # 40163).

Protoplast isolation and gene expression. Protoplasts were isolated by perforating leafs and
incubating them in incubation buffer (3,05 g L' Gamborg B5 Medium, 500 mg L' MES, 750 mg
L' CaCl2-2H20, 250 mg L' NH4NOs adjusted to pH 5.7 with KOH) supplemented with 0.2 %
w/v macerozyme and 0.4 % w/v cellulase) in the dark at 25 °C over-night. Three washing steps
employing 50 mL of electrotransfection-buffer (137 g L ' sucrose, 2.4 g L' HEPES, 6 g L' KCl,
600 mg L' CaCl»2H:O adjusted to pH 7.2 with KOH), each, were used to rebuffer the
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protoplasts. Per transfection 150 uL of protoplasts were diluted in a total volume of 600 puL
electrotransfection-buffer containing 1-10 pg of the employed plasmid DNA. Electrotransfection
was performed using the square-wave pulse generator EPI-2,500 (Fischer) applying a single pulse
at 130 V for 10 ms. Transfected protoplasts samples were then supplemented with 2 mL
incubation buffer and incubated in the dark at 25 °C for 18-24 h.

Production and characterization of antibodies. spNbs-HRP was expressed in protoplasts and
secreted into the culture medium. The fusion protein was rebuffered in TBS and 3 times enriched
by using centrifugal filters with a cut-off of 10kDa (Merck UFC801024). GST- or 8xHis-tagged
VPS22, VPS25 and VPS36 and GST-tagged HA-RFP-SYN were expressed for 3 h in
Escherichia coli BL21 after induction with 1 mM IPTG. Expressed proteins were extracted from
cells via incubation in TBS (6.06 g 1! Trizma base, 8.88 g L' NaCl, 0.05 % (v/v)) supplemented
with 0.4 g L' Lysozyme on ice for 15 min. Solubilisation from inclusion bodies was achieved by
addition of DTT, N-laurylsarcosine and Triton-X-100 at final concentrations of 0.5 mM, 1.5 %
(v/v) and 4 % (v/v), respectively, followed by sonication on ice**. Affinity purification of extracts
was performed with GST-Sepharose or Ni-NTA, respectively. Further purification of GST-
tagged proteins destined for application in the immunization program was performed via SDS-
PAGE and cutting of the bands of interest. Bands containing a total of 400 ug of GST -tagged
antigen were used for commercial immunization of rabbits (Eurogentec). Purified 8xHis-tagged
antigen was used for the characterization of the resulting antibodies. GST -tagged HA-RFP-SYN

was used for the characterization of Nbs-HRP.

Immune-electron microscopy. Root tips of 7-days-old wild type Arabidopsis seedlings were cut
and immediately frozen in a high-pressure freezer (EM PACT2, Leica, Germany). This was
followed by subsequent freeze substitution in dry acetone containing 0.1% uranyl acetate at -85
°C in an AFS freeze-substitution unit (Leica, Wetzlar, Germany). Infiltration with HM20,
embedding and UV polymerization were performed stepwise at -35 °C 37. Immunogold labeling
was performed with anti-VPS22, anti-VPS25 and anti-VPS36 sera at a 1:60 dilution and gold-
coupled secondary antibody at 1:50 dilution. Aqueous uranyl acetate/lead citrate poststained
sections were examined in a Hitachi H-7650 transmission electron microscope with a CCD

camera (Hitachi High-Technologies Corporation, Japan) operating at 80 k'V.
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Confocal microscopy and statistical analysis. Images were acquired using a Leica TCS-SP8
confocal laser-scanning microscope equipped with a x63 (1.2 numerical aperture) water
immersion objective. HyDs were employed in sequential line scanning mode to detect the
emission (em) of excited (ex) fluorophores: mTagBFP2 (ex/em, 405 nm/407-452 nm), GFP
(ex/em, 488 nm/496—-525 nm) and RFP (ex/em, 561 nm/589-636 nm). Pinholes were adjusted to
1 Airy unit for the emission of the individual fluorophores. For endosomal labelling FM4-64
(1:700 in ddH>0) was added 10 min prior to imaging. Post-acquisition image processing was
performed with Adobe Photoshop CS3 and figures were assembled with CorelDraw X8. Line-

intensity profiles were generated with LAS AF using the Line Profile tool.

Fluorescence lifetime imaging microscopy.

Data was acquired with a Leica TCS-SP8. A PicoHarp 300 and a PDL 808 Sepia (both
PicoQuant) were used as TCSPC module and diode laser driver, respectively. GFP was excited
via a 470 nm laser (LDH-P-C-470B) at a pulse frequency of 40 MHz. Emission was detected at
496-525 nm by TCSPC employing a SMD Emission SPFLIM PMT. SymPhoTime 64 v2.1
(PicoQuant) was used for the analysis*. TCSPC was performed until a photon count per pixel of
500 was reached. The resulting histograms were deconvoluted using an instrumental response
function before fitting them to a bi-exponential decay function. Fittings resulting in a chi-squared
value between 1 and 2.5 were used for calculating the presented average values, for which at least
10 cells per experiment condition were considered. Sample size was estimated based on
previously achieved effect sizes in our lab: Effect size f (ANOVA) for the data shown in Figure
3a '® was 1.35; with our desired error values (=0.001, (1-B)=0.95) and 4 different groups of
samples this computes to a minimum of 28 total samples or 7 samples per group. Calculation was
performed using G*Power Version 3.1.9.2. We chose to increase this number to 10 samples per
group to accommodate for possible slightly weaker effect sizes or data point distributions, which
would necessitate alternative non-parametric tests.

Shapiro-Wilk test for normality > was applied to analyse variances. Since several groups showed
non-normal distribution, statistical significance was calculated using Dunn’s method for multiple
comparisons with a single control (JMP®, Ve rsion 13. SAS Institute Inc., Cary, NC, 1989-
2017).



15

Harvesting, protein extraction and immunoblotting.

Cell-free culture media samples were harvested after flotation of electrotransfected tobacco
protoplasts at 80 g for 5 min in sealed pre-punctured harvesting tubes, using insulin syringes.
Protoplast cell samples were prepared by transferring transfected protoplast samples into
harvesting tubes adding 7.5 mL of 250 mM NaCl to them and sedimenting them at 80 g for Smin.
The resulting sediment was resuspended in a total of 250 mL extraction buffer (100 mM Tris, pH
7.8, 200 mM NaCl, 1 mM EDTA, 2 % (v/v) B-mercaptoethanol and 0.2 % (v/v) Triton X-100)
and lysed via sonication. Media and cell samples were then cleared via centrifugation at 20,000 g
and 4 °C for 15 min. Supernatants were diluted 1:1 with 2xXtreme Loading dye (900 uL of
sample buffer (0.1 % (w/v) bromophenol blue, 5 mM EDTA, 200 mM Tris-HCI, pH 8.8, 1M
sucrose) supplemented with 300 uL 10 % w/v SDS and 20 pL of 1 M DTT)*, incubated at 95 °C
for 5 min and loaded onto SDS-polyacrylamide gels. Electrophoretic separation was performed at
40 mA and followed by electroblotting of proteins onto nitrocellulose membranes at 200 mA for
60 min.

Purified 8xHis-tagged proteins and GST-tagged HA-RFP-SYN expressed in E. coli were diluted

to the desired concentration in 1:1 TBS:2xXtreme Loading dye*

, further electrophoretic
separation and immunoblotting was performed as stated above for protoplast samples.
Nitrocellulose membranes were washed in TBS-T (TBS supplemented with 0.05 % (v/v) Tween-
20), blocked in blocking solution (TBS-T supplemented with 5 % (w/v) BSA) and probed with
the following antibodies in blocking solution:

Rat monoclonal anti-HA-Peroxidase (Roche 12013819001, 1:2.500), rabbit polyclonal anti-
VPS22 (1:1000), rabbit polyclonal anti-VPS25 (1:1000), rabbit polyclonal anti-VPS36 (1:1000),

rabbit polyclonal anti-GFP (Life Technologies A6455, 1:10,000) and spNbsyn-POD (1:100).

Immunoprecipitation. Cell samples were extracted in a total volume of 250 ul Protoplast
homogenization buffer (200 mM Tris/HCI, 300 mM NaCl, ImM EDTA, 1 % (v/v) Triton X-100,
pH 8) and then made up to 1.25 mL with NET-Gel buffer (50 mM Tris/HCl, 150 mM NaCl,
ImM EDTA, 0.25 % (w/v) Gelatine, 1% (v/v) Triton X-100, pH7.5). Immunoprecipitation was
performed for 1 h using DynabeadsTM Protein A (invitrogen, 10001D), which were pre-coated
with the indicated immune sera, at 4°C. Beads were washed four times with NET-Gel buffer.

SDS-PAGE/WB was performed as described above.



Replication. All experiments were replicated at least twice.
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Figure legends

Figure 1. ESCRT-II is essential and localizes at the PM. a, Schematic structure of the VPS36
gene and position of the T-DNA insertion. b-d, vps36-1 individuals are not viable. Representative
vps36-1 Arabidopsis seedlings compared to Col-0 of the same age (b,c). d, germination analysis
of vps36-1/+ offspring compared to Col-0. n = 1244, 129. e.f, pVPS36::VPS36-GFP rescues the
vps36-1 phenotype, 5 representative seedlings are shown in comparison to Col-0. n = 123, 178.
g.h, pVPS36 driven VPS36-GFP in the vps36/- background (see e) co-localizes with FM4-64 at
the PM and occasionally in punctae (highlighted by triangles, punctae solely labelled by FM4-64
are highlighted by arrows). i,j, biochemical characterization of generated antisera against the
ESCRT-II subunits VPS36, VPS25 and VPS22. Western blot analysis demonstrating binding
capability of all raised antisera to denatured antigens (i). Amounts of antigen is given in ng above
the blot of the respective antiserum. j, immunoprecipitation analysis demonstrating binding
capability of all antisera to native antigens. HA-tagged ESCRT-II subunits were expressed in
tobacco protoplasts and total protein extracts (T) were subjected to immunoprecipitation (IP)
using the antibodies as indicated. Uncoated beads (IP B) and extracts from mock transfected cells
were used as controls. Precipitates were probed with aHA-POD antibodies. k-m, immuno-gold
localization of endogenous ESCRT-II subunits in Arabidopsis Col-0 roots using the respective
antisera. Endogenous VPS36, VPS22 and VPS25 localize at the PM (10 nm gold particles are
highlighted by arrowheads). n, co-expressed fluorescent ESCRT-II fusion proteins co-localize at
the PM in tobacco mesophyll protoplasts. If not stated otherwise: scale bars, 10 um. Yellow line
in the merged image indicates the region of interest (ROI) used for the line intensity profile of
each fluorophore. Overlapping peaks of the fluorophores in the line intensity profile demonstrate

co-localization.
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Figure 2. VPS36 recruits VPS22 and VPS2S to the PM.

CLSM-based localization analysis of co-expressed fluorescent fusion proteins in tobacco
mesophyll protoplasts. a, VPS36-GFP co-localizes with the PM marker Box-RFP at the PM. b-e,
PM localization of VPS22 and VPS25 strictly depends on the presence of VPS36. VPS22-RFP
alone is cytosolic when co-expressed with the PM marker Box-GFP (b) but is recruited to the PM
in the presence of VPS36-GFP (c¢). Non-overlapping peaks of the fluorophores in the line
intensity profile of the ROI shown in the enlargement demonstrate differential localization, while
overlapping peaks demonstrate co-localization (compare b to ¢). The same is true for VPS25-
RFP, respectively (d,e). f, FRET-FLIM analysis demonstrating interaction between co-expressed
ESCRT-II subunits. Co-expression of VPS22-RFP or VPS25-RFP but not of cytRFP causes
reduction of VPS36-GFP fluorescence lifetime. gh, CLSM images showing both control
protoplasts from the false color images given in (f), expressing VPS36-GFP alone (g) or in co-
expression with cytRFP (h). Scale bars, 10 um. Yellow lines indicate ROIs used for line intensity
profiles. FLIM charts depict the mean + SD fluorescence lifetime of n = 10 measurements per
group. Significance was calculated using Dunn’s method for multiple comparisons with a single

control (**,p < 0.01;*** p < 0.001 compared with the donor only control; NS, not significant)

Figure 3. The C-terminus of VPS36 is necessary for the interaction with VPS22 and VPS25.
a-c, FRET-FLIM analysis showing that deletion of the 33 C-terminal residues of VPS36
abolishes the VPS25-RFP dependent but not the VPS22-RFP dependent decrease in fluorescence
lifetime of VPS36A33-GFP. d-f, deletion of 132 C-terminal residues abolishes the VPS22-RFP
dependent decrease in fluorescence lifetime of VPS36A132-GFP. Reduction of lifetime is
triggered by nanobody-mediated attachment of RFP upon co-expression of RFP-Nbg as positive
control. g-i, VPS25-GFP fluorescence lifetime is reduced by VPS22-RFP or VPS36-RFP
expression. Co-expression of cytRFP was used as non-interactor in negative controls, showing no
effect on fluorescence lifetime of respective donors. a,d,g, representation of the complete FRET—
FLIM data sets as bar charts. b,e,h, representative false color images, indicating measured GFP
lifetimes. c,fi, respective CLSM images of the protoplasts shown in b,e,h. Scale bars, 10 pm.
FLIM charts depict the mean + SD fluorescence lifetime of n = 10 measurements per group.
Significance was calculated using Dunn’s method for multiple comparisons with a single control

(**,p <0.01;*** p < 0.001 compared with the donor only control; NS, not significant)
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Figure 4. Application of indirect in vivo precipitation (iVIP) to determine ESCRT-II
stoichiometry. a, schematic representation of the intra-complex interactions of ESCRT-II
subunits demonstrated in this work. b, the putative ESCRT-II conformations explaining these
results are depicted on the left. Discrimination between these models via standard co-localization
studies is not feasible, since expression of the involved molecules in both cases leads to co-
localization at the PM. FRET-FLIM measurements are also impaired: The upper putative
conformation does not allow for FRET to occur. In the ower putative conformation 50% of
donors, namely VPS25-GFP, are in complexes not containing an acceptor. This would largely
mask possible FRET effects occurring in complexes containing a donor and an acceptor. c¢,d,
CNX-NBG mediated recruitment of ESCRT-II complexes to the ER via an nanobody—epitope
interaction with VPS25-GFP allows for discriminable outcomes: If ESCRT-II contains only one
VPS25 moiety, no corecruitment of VPS25-RFP to the ER occurs, resulting in an VPS25-GFP
and VPS22-BFP labeled ER (c¢). If ESCRT-II contains two VPS25 moieties VPS25-RFP is
corecruited with the VPS25-GFP containing complexes to the ER resulting in an VPS25-GFP,
VPS22-BFP and VPS25-RFP labeled ER (d). e, symbol legend for the panels mentioned above. f,
schematic representation of spNBsyn-HRP. g,h, biochemical characterization of spNBsyn-HRP.
Western blot analysis demonstrating binding capability of spNBsyn-HRP to purified denatured
antigens (g). Amounts of antigen is given in ng above the blot. Western blot analysis showing
detection of denatured antigens either extracted from protoplast (h RFP-TMD23-SYN, cytRFP-
SYN) or precipitated from the respective culture medium (h secRFP-SYN).

Figure 5. VPS22 and VPS36 co-precipitate with VPS2S5 in vivo. a,b, cytosolic GFP but not
cytosolic RFP is recruited to the surface of the ER when CNX-Nbg is co-expressed. ¢,d, the same
is true for for VPS25-GFP and VPS25RFP, respectively. e.f, VPS22-RFP and VPS36-RFP are
recruited to the surface of the ER if CNX-Nbg and VPS25-GFP are co-expressed. Inlays show
optical sections of nuclei and the surrounding nuclear envelopes (a-f). g, schematic representation
of the predicted effect caused by co-expression of CNX-Nbs, VPS25-GFP and VPS36-RFP on
the localization of the ER. h, co-expression of the constructs shown in g forces the ER into close
proximity of the PM leading to a laminar ER phenotype. Scale bars, 10 um. Yellow lines indicate

ROIs used for line intensity profiles.
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Figure 6. ESCRT-II contains two VPS25 moieties

a-c, if VPS22-BFP and VPS36-SYN are co-expressed CNX-NBG mediated ER-recruitment of
VPS25-GFP coprecipitates VPS25-RFP. d-j, this is not the case if either VPS22-BFP or VPS36-
SYN are not co-expressed. a,d,g, schematic representation of the expressed proteins and formed
ESCRT-II complexes explaining the observed fluorescence patterns. b,e,h, cortical sections of
protoplast expressing the indicated constructs. Laminar ER patterns indicate expression of
VPS36-SYN (b,h). c,f,j, equatorial sections of those protoplasts. Inlays show nuclei and
surrounding nuclear envelopes. Line intensity plots indicate, that co-localization of VPS25-GFP
and VPS25-RFP only occurs if VPS22-BFP and VPS36-SYN are co-expressed, this corresponds
to the ER phenotype (compare to a,d,g). i, Western blot analysis detecting VPS36-SYN with
spNBsyn-HRP. Sample labels correspond to the names of the panels, which explain the
fluorescence patterns (a,d,g). Scale bars, 10 um. Yellow lines indicate ROIs used for line

intensity profiles.

Supplementary Figure 1. Protein-protein interactions can attach cisternal ER to the PM.

a, PM marker Box-RFP does not co-localize with ER marker RFP-HDEL. b,¢, co-expression of
CNX-NBG induces partial co-localization. Co-localization can only be observed in cortical
lamellar cisternae, but not in reticular ER structures. d,e,f, the same can be observed for VPS36-
GFP and RFP-HDEL. g,h, VPS36-GFP, but not ER marker BFP-CNX, co-localizes with FM4-64
at the PM. i,j, if also CNX-Nbg is co-expressed VPS36-GFP and BFP-CNX both co-localize with
FM4-64 at the PM. a-f, cortical optical sections. g-j, equatorial optical sections. h,j, rotated
enlargements of protoplasts shown in g,i, respectively. Lamella vary in size and shape, but can be
clearly identified as such (compare b,c,e,f to a,d). Scale bars, 10 um. Yellow lines indicate ROIs

used for line intensity profiles.

Supplementary Figure 2. Localization in the nuclear lumen and the nuclear envelope are
clearly distinguishable. a, cytGFP is able to enter the nucleus. The GFP labeled nuclear lumen
shows a completely different pattern in comparison to the RFP-HDEL labeled nuclear envelope.
This is also evident in the line intensity plots showing sharp peaks for the RFP-HDEL and a
plateau for the cytGFP. Scale bars, 10 pm. Yellow lines indicate ROIs used for line intensity

profiles.
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Supplementary Figure 3. Attachment of cisternal ER to the PM does not impair ER
functionality. a-d, attachment of cisternal ER by co-expression of VPS36-GFP and CNX-NBg
does not impair the export of soluble cargo from the ER. Vacuolar marker aleuRFP localizes to
the vacuole and to dot-like structures representing MVBs independently of ER-PM attachment
(compare a,b to c¢,d). e-h, iVIP mediated ER-PM attachment does still allow for ER export of
membrane proteins. The cis-Golgi marker displays a punctate pattern when VPS36-GFP and
CNX-NBg are co-expressed. The punctate pattern is comparable to the one produced by co-
expression of Manl-RFP and VPS36-GFP (compare e,f to g,h). Equatorial optical sections

(a,c,e,g) and cortical sections (b,d,f,h) are shown. Scale bars, 10 pm.

Supplementary Figure 4. Uncropped immunoblots. a, biochemical characterization of
generated antisera against the ESCRT-II subunits VPS36, VPS25 and VPS22 as shown (1i).
Amounts of antigen is given in ng above the blot of the respective antiserum. b,
immunoprecipitation analysis demonstrating binding capability of all antisera to native antigens
as shown (1j). HA-tagged ESCRT-II subunits were expressed in tobacco protoplasts and total
protein extracts (T) were subjected to immunoprecipitation (IP) using the antibodies as indicated.
Uncoated beads (IPg) and extracts from mock transfected cells were used as controls. Precipitates
were probed with aHA-POD antibodies. ¢,d, biochemical characterization of spNBsyn-HRP as
shown (4f,g). Western blot analysis demonstrating binding capability of spNBsyn-HRP to
purified denatured antigens (c¢). Amounts of antigen is given in ng above the blot. Western blot
analysis showing detection of denatured antigens either extracted from protoplast or precipitated
from the respective culture medium (d). e, Western blot analysis detecting VPS36-SYN with
spNBsyn-HRP as shown in (6i). Sample labels correspond to the names of the panels, which

explain the fluorescence patterns (6a,d,g).

Supplementary Table 1. Cloning of expression vectors

Composition/origin of vectors employed by this study.
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Construct

Primer

Primer Sequence

Template

Recipient vector

GST-VPS22

VPS22_EcoRI_S

AGACTAGAATTCCATGCGACGACG
ACCAGGAAT

VPS22_Notl_AS

AGTCTAGCGGCCGCTTAAGTATCA
GATCCGATGG

cDNA prepared from Arabidopsis
thaliana seedlings

PGEX-4T-3

cut Notl/EcoRI

GST-VPS25

VPS25_EcoRI S

AGACTAGAATTCCATGCAGAAATT
GGCTGATTTC

VPS25_Notl_AS

AGTCTAGCGGCCGCTCAGACAGA
GAACTTGACGC

cDNA prepared from Arabidopsis
thaliana seedlings

PGEX-4T-3

cut Notl/EcoRI

GST-VPS36

VPS36_EcoRI_S

AGACTAGAATTCTATGGCTAGTGG
AAGCAGCAG

VPS36_Notl_AS

AGTCTAGCGGCCGCTCATACAGA
CAACAAACTGG

cDNA prepared from Arabidopsis
thaliana seedlings

PGEX-4T-3

cut NotV/EcoRl

8His-VPS22-MYC

8His-VPS22_Ncol_S

VPS22-MYC_Sall_AS

GATATACCATGGGTCATCATCACC
ACCACCACCATCATCTCGAGATGC
GACGACGACC

GATCTGATACTGGCGGCCGCGAA
CAAAAACTTATTTCTGAAGAGGAT
CTTTAAGTCGACAAGCTT

GST-VPS22 (see above);

pET-28b

8HIS-VPS25-FLAG

8HIS-VPS25_Ncol_S

GAGGACCCATGGGTCATCATCAC
CACCACCACCATCATCAGAAATTG
GCTGATTTCAAGCTTCCTCAA

VPS25-FLAG_Sall_AS
(new)

GTCCTCGTCGACTTACTTGTCGTC
GTCGTCTTTATAATCGACAGAGAA
CTTGACGCCTTCATCATCTGC

GST-VPS25 (see above);

pET-28b

)

cut Neol/Sall

8His-VPS36-HA

8HIS-VPS36_Ncol_S

GAGGACCCATGGGTCATCATCAC
CACCACCACCATCATGCTAGTGGA
AGCAGCAGCATCGCAATCGGT

VPS36-HA_Sall_AS

GTCCTCGTCGACTTAAGCATAATC
AGGAACATCATAA

GST-VPS36 (see above);

PET-28b

cut Ncol/Sall

VPS36-mEGFP

pFF15 (Kinzl, 2016);

VPS36_Xho!_S GAGGATCTCGAGATGGCTAGTGG |GST-VPS36 (see above);
AAGCAGCAG

VPS36_Notl_AS CTCCTAGCGGCCGCCTACAGACA
ACAAACTGGTCGCTTTG

GFP_NotI_S GGAAGAGCGGCCGCATGGTGAGC |pSF72 (Friiholz, 2017)

AAGGGC

GFP_STOP_Spel_AS

ATCCTCACTAGTTTACTTGTACAG
CTCGTCCATGC

cut Spel/Xhol

VPS36A33-GFP

VPS36_Xhol_S

GAGGATCTCGAGATGGCTAGTGG
AAGCAGCAG

pVPS36A33_Xho|_AS

GTCCTCTGCGGCCGCCATAGAAT
CGAAGCCCATCTG

GST-VPS36 (see above);

VPS36-mEGFP (see above)

cut Notl/Xhol|

VPS36A66-GFP

VPS36_Xhol_S

GAGGATCTCGAGATGGCTAGTGG
AAGCAGCAG

pVPS36A66 _Notl_AS

GTCCTCTGCGGCCGCCCAAAGCT
GCATCCTAGCAG

GST-VPS36 (see above);

VPS36-mEGFP (see above)

cut Notl/Xhol|

VPS36A99-GFP

VPS36_Xho!_S

GAGGATCTCGAGATGGCTAGTGG
AAGCAGCAG

pVPS36A99 Notl AS

GTCCTCTGCGGCCGCCCTTGTTTT
GGATGACCATCA

GST-VPS36 (see above);

VPS36-mEGFP (see above);

cut Notl/Xhol

VPS36A132-GFP

VPS36_Xho!_S

GAGGATCTCGAGATGGCTAGTGG
AAGCAGCAG

pVPS36A132_Notll_AS

GTCCTCTGCGGCCGCCGGAAATC
AACTCTGTCCCAC

GST-VPS36 (see above);

VPS36-mEGFP (see above)

cut Notl/Xhol|

pVPS36::VPS36-mEGFP

pVPS36 _EcoRI_S

AAAATGGAATTCATTTGATTTAATT
G

pVPS36 _Xhol_AS

GTCCTCCTCGAGGGAGACTCAATT
CGGAAGCA

GST-VPS36 (see above);

VPS36-mEGFP (see above)

cut Xhol/EcoRI




VPS36-RFP

RFP_Not|_S

ATATTAGCGGCCGCATGGCCTCCT
CCGAGGACG

RFP_STOP_Spel_AS

CTGCAACTAGTTTATGCTCCAGTA
CTGTGGCGGC

pFF15 (Kuenzl, 2016);

VPS36-mEGFP (see above)

cut Spel/Not|

VPS36-SYN p35S_EcoRI_S GAGGACGAATTCAGGACTAATTGC |VPS36-GFP (see above); pSF72 (Friholz, 2017)
ATC
VPS36_NotI_AS CTCCTAGCGGCCGCCTACAGACA cut Notl/EcoRI
ACAAACTGGTCGCTTTG
VPS22-RFP VPS22_Xhol_S GATGTACTCGAGATGCGACGACG |GST-VPS22 (see above); VPS36-RFP (see above)
ACCAGGAAT
VPS22_NotI_AS ATCCTCGCGGCCGCCAGTATCAG cut Notl/Xhol
ATCCGATGGATG
VPS22-BFP mtagBFP_Xho!_S GAGGACCTCGAGATGTCTGAACTT |PLUS: BFP2 codon-optimized and VPS22-RFP (see above)
ATTAAGGA chemically synthesised
mtagBFP2-HA Spel_AS [GTCCTCACTAGTTTAAGCATAATC cut Notl/Xhol
AGGAACATCATAAGGATAATTCAA
CTTATGTCCCAACTTAGAAGGAAG
VPS25-GFP VPS25_Xho!_S GAGGATCTCGAGATGCAGAAATTG|GST-VPS25 (see above); VPS36-mEGFP (see above)
GCTGATTT
VPS25_NotI_AS GTCCTAGCGGCCGCCGACAGAGA cut Notl/Xhol
ACTTGACGCCTTCATCA
VPS25-RFP VPS25_Xho!_S GAGGATCTCGAGATGCAGAAATTG|GST-VPS25 (see above); VPS36-RFP (see above);
GCTGATTT
VPS25_NotI_AS GTCCTAGCGGCCGCCGACAGAGA cut Notl/Xhol
ACTTGACGCCTTCATCA
VPS25-BFP mtagBFP_Xho|_S GAGGACCTCGAGATGTCTGAACTT |PLUS: BFP2 codon-optimized and VPS25-RFP (see above)
ATTAAGGA chemically synthesised
mtagBFP2-HA Spel_AS [GTCCTCACTAGTTTAAGCATAATC cut Notl/Xhol
AGGAACATCATAAGGATAATTCAA
CTTATGTCCCAACTTAGAAGGAAG
Box-RFP RFP_Clal_S AGTCTAATCGATGGCCTCCTCCGA |pFF15 (Kuenzl, 2016); pDS09 (Scheuring, 2012)
GGACGT
RFP_STOP_BamHI_AS|CTCGGCAGGATCCTCATGCTCCA cut BamHl/Clal
GTACTGTGGCGGC
CNX-NbG p35S_EcoRI_S GAGGACGAATTCAGGACTAATTGC |pFF04 (Klinzl, 2016); pFF29 (Kunzl, 2016);
ATC
SP_Nhel_AS TTTCTCTCCTACTGCTTTCTGCTAG cut Kpnl/EcoRI
CGGCATG
Lyso_Nhel_S ACTATTGCTAGCGGCATGAAGGTT |PLUS: Lysozyme codon-optimized
TTTGGAAGATGTGA and chemically synthesised
Lyso_NotI_AS GCATATGCGGCCGCCAAGTCTAC
ATCCTCTAATCC
CNX_TMD-CT_Notl_S [ACAAGGGCGGCCGCGAACTGATT [pFF04 (Kiinzl, 2016);
GAGAAAGC
CNXiTMD-CTiKpn I_AS GICCTCGGTACCATTATCACGITCI
CGGTTGCC
RFP-NbG RFP_Clal_S AGTCTAATCGATGGCCTCCTCCGA |LBD-RFP-Nb (Kiinzl, 2016) pFF04 (Kinzl, 2016);
GGACGT
NbG_STOP_BamHI_AS|TGCTTCGGATCCCTAATGATGATG cut BamHI/Clal
ATGATGATGAGAAGAAACAGT
BFP-CNX BFP2_Nhel_S CTTTCTGCTAGCGGCATGTCTGAA |PLUS: BFP2 codon-optimized and  |pFF04 (Kiinzl, 2016);
CTTATTAAGGA chemically synthesised
BFP2_NotI_AS CAGTTCGCGGCCGCCATTCAACTT cut Notl/Nhe |
ATGTCCCAACT
spNbSYN-HRP HRP_Ndel_S GAGGACCATATGATGCAGTTAACC |pUC19-HRP-C (Hartmann, 1992) pFF04 (Kunzl, 2016);

CCTACATT

HRP_STOP_BamHI_AS

GTCCTCGGATCCTTAAGAGTTGCT

GTTGACCACTCTG

p35S_EcoRI_S GAGGACGAATTCAGGACTAATTGC [pSF64 (Friholz, 2017)
ATC

NBD Noal AS GTCCTCCATATGGC TGCTCATGGT

CACCTGGG

cut Ndel/Eco Rl




cytRFP-SYN RFP_Xhol_S GAGGATCTCGAGATGGCCTCCTC |VPS25-RFP VPS36-SYN (see above)
CGAGGACGT
RFP_Notl_AS AGTCTAGCGGCCGCCTGCTCCAG cut Notl/Xhol
TACTGTGGCGGC
secRFP-SYN sp_Clal_S CTCTATATCGATGAGGCTTTGTAA |pFK13(Scheuring, 2012); pSF74 (Friholz, 2017);
ATTCACAG
RFP_Notl_AS AGTCTAGCGGCCGCTTAAGTATCA cut Notl/Clal
GATCCGATGG
RFP-TMD23-SYN sp_Clal_S CTCTATATCGATGAGGCTTTGTAA |pFK13 (Scheuring, 2012); pSF74 (Friholz, 2017);
ATTCACAG
TMD23_Notl_AS GTCCTCGCGGCCGCCAGATCTCT cut Notl/Clal
TCCTGCCGACGA
GST-HA-RFP-SYN HA-RFP_EcoRI_S ACGACTGAATTCCTATCCTTATGAT|RFP-TMD23-SYN (see above) pGEX-4T-3

GTTCCTGATTATGCTATGGCCTCC
TCCGAGGACGTCATCA

SYN_Smal_AS AGTCGTCCCGGGCTAAGCCTCCG cut Smal/EcoRl
GTTCATAAT
GST-HA-RFP-SYN HA-RFP_EcoRI_S ACGACTGAATTCCTATCCTTATGAT|RFP-TMD23-SYN (see above) pGEX-4T-3
GTTCCTGATTATGCTATGGCCTCC
TCCGAGGACGTCATCA
SYN_Smal_AS AGTCGTCCCGGGCTAAGCCTCCG cut Smal/EcoRl
GTTCATAAT
cytGFP GFP_Xho!_S GAGGACCTCGAGATGGTGAGCAA |VPS36-mEGFP (see above) VPS36-mEGFP (see above)
GGGC
GFP_STOP_Spel_AS |ATCCTCACTAGTTTACTTGTACAG cut Spel/Xho!
CTCGTCCATGC
Markers
Box-GFP Scheuring, 2012
RFP-HDEL Kiinzl, 2016
aleuRFP Kiinzl, 2016
Manl-RFP Kiinzl, 2016
Accsessions
GST XXU13855

AtVPS22
AtVPS25
AtVPS36
mEGFP
Box aus
Calnexin
HRP
SYN
antiSYN
aleuRFP
antiGFP
mTagBFP2
mRFP
Mani

NM_001341835
NM_001341315
NM_120574
BAQ19368
NM_114673
NM_125573
J05552.1
XM_017008563

will be provided after publication

U31094.1
KM396759
AlQ82697.1
AF506027

XM_006584570
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