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Abstract

Eukaryotic cells respond to external environment by interpreting signal transduction networks
and adjusting their protein levels accordingly. These processes are especially evolved in
plants that due to the limited ability to use movement to deal with environmental changes had
to increase physiological tolerance. Protein levels in plants are controlled among others by
degradation rates. This occurs through protein degradation mechanisms such as ubiquitin-
proteasome system, endocytic trafficking and autophagy, which are important for plant growth,
development and stress responses. These pathways mostly depend on modification of target
proteins with ubiquitin, a process regulated by ubiquitinating enzymes and DUBs

(deubiquitinating enzymes).

In this study, | have sought to understand the function of two MPN (Mprl/Padl N-terminal)-
family DUBs, AMSH1 (ASSOCIATED MOLECULE WITH THE SH3 DOMAIN OF STAM 1)
and AMSH3 in Arabidopsis thaliana. AMSH3 was previously demonstrated to interact with
ESCRT-Il (endosomal sorting complex required for transport-111), a highly conserved complex
involved in such processes as endocytic sorting and autophagy. Knockout of AMSH3 causes
a number of intracellular trafficking and vacuolar defects, in consequence leading to a seedling
lethal phenotype. The function of AMSH1 was poorly understood before this study.

Like many DUBs, AMSH proteins show substrate specificity towards ubiquitin linkages but not
towards target proteins. It is therefore essential that their subcellular localization and DUB
activity are strictly controlled, which occurs through interaction with other proteins. As the
regulators of AMSH function were mostly unknown, | have conducted a Y2H screen using
AMSH proteins as bait and identified ALIX (ALG-2-INTERACTING PROTEIN X). ALIX is a
conserved eukaryotic adaptor protein and its homologs are implicated in various cellular

processes in animals and fungi, though were not yet characterized in plants.

| have shown in this study that the Arabidopsis ALIX interacts with AMSH1, AMSH3 and
ESCRT-III, and that alix null mutants phenocopy amsh3 in seedling lethality. Moreover, | have
demonstrated that ALIX is required for the endosomal localization of AMSH3 but does not
affect its DUB activity. Altogether, my results prove that ALIX function is essential for proper

endocytic trafficking, autophagy and vacuole biogenesis in Arabidopsis.






Zusammenfassung

Eukaryotische Zellen reagieren auf ihre auf3ere Umwelt indem sie Signaltransduktionswege
deuten und dementsprechend Anpassungen auf Protein-Ebene vornehmen. Diese Prozesse
wurden in Pflanzen hauptsachlich entwickelt, um ihre physiologische Toleranz zu erh6hen, da
sie nur eingeschrankt die Moglichkeit haben, sich durch Bewegung an Umweltverdnderungen
anzupassen. Das Proteinniveau in Pflanzen wird mitunter durch die Abbaurate der Proteine
kontrolliert. Dies geschieht durch Proteinabbaumechanismen, wie dem Ubiquitin-
Proteasomen-System, dem endozytotischen Transportweg und der Autophagie, welche alle
fur Pflanzenwachstum und —entwicklung essentiell sind. Diese Wege sind meistens abhéngig
von der Modifikation von Targetproteinen mit Ubiquitin, einem Prozess, der durch
ubiquitinierende und DUBs (deubiquitinierende Enzyme) reguliert wird.

In dieser Studie war mein Ziel die Funktion zweier DUBs in Arabidopsis thaliana zu verstehen,
AMSH1 (ASSOCIATED MOLECULE OF THE SH3 DOMAIN OF STAM 1) und AMSHS3,
welche zu der MPN (Mprl/Padl N-terminal)-Familie gehdren. Fir AMSH3 wurde bereits
gezeigt, dass es mit ESCRT-IlIl (endosomal sorting complex required for transport-IIl)
interagiert, einem hoch konservierten Komplex, der in Prozesse wie dem endozytotischen
Transport und der Autophagie involviert ist. Null-Mutanten von AMSH3 zeigen eine Vielzahl
von Fehlfunktionen im intrazellularen Transport und defekte Vakuolen, welche zu einem
keimlingslethalen Phanotyp fuhren. Uber die Funktion von AMSH1 war vor dieser Studie nur
wenig bekannt.

Wie viele DUBs, zeigen auch AMSH Proteine Substratspezifitit gegeniber
Ubiquitinverbindungen, aber nicht gegenuber Targetproteinen. Es ist daher notwendig, dass
ihre zellulare Lokalisation und DUB-AKktivitat streng kontrolliert werden, was durch Interaktion
mit anderen Proteinen stattfindet. Da die Regulatoren der AMSH-Funktion weitgehend
unbekannt waren, habe ich einen Hefe-2-Hybrid-Screen mit AMSH Proteinen als Bait
durchgefiihrt und ALIX (ALG-2-INTERACTING PROTEIN X) als Interaktor identifiziert. ALIX
ist ein konserviertes eukaryotisches Adapterprotein und seine Homologe sind involviert in
diverse zellulare Prozesse in Tieren und Pilzen, jedoch war es in Pflanzen noch nicht
charakterisiert.

Ich habe in dieser Studie gezeigt, dass ALIX mit AMSH1, AMSH3 und ESCRT-IIl interagiert
und dass alix Null-Mutanten einen amsh3 &hnlichen, keimlingslethalen Ph&notyp haben.
AuRerdem wird ALIX fur die endosomale Lokalisation von AMSH3 bendtigt, hat aber keinen
Einfluss auf dessen DUB-AKktivitat. Ich habe insgesamt in dieser Studie gezeigt, dass die ALIX
Funktion essentiell fur korrekten endozytotischen Transport, Autophagie und
Vakuolenbiogenese ist.
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Introduction

1. Introduction

1.1. Selective protein degradation

Plants cannot use behavior and movement to the same extend as animals to deal with
environmental changes or stress, since their sensory and locomotion capacities are less
developed. They had to evolve the ability to adapt to and take advantage of changes in climate
and environment by adjusting key steps in their growth and development like germination or
flowering. The tremendous physiological tolerance and phenotypic plasticity of plants is
achieved by complex signaling networks that are triggered at the PM (plasma membrane)
through various cell-surface receptors. Beside the signaling receptors, PM-localized channels,
transporters, lipids and other key molecules can be used by plant cells to sense external
stimuli. Another function of plant cell-surface receptors is to establish communication between
cells. In order to coordinate growth and development at the tissue and organ level, plants
secrete extracellular signaling molecules to transfer information between cells. The internal
and external signals are interpreted via different signal transduction pathways, through which
the abundance of various proteins is adjusted. This occurs via different mechanisms that
involve changes both in transcription and translation, as well as in protein degradation rates.
Many key regulatory proteins have short half-lives and their rapid turnover is important for an

immediate answer to specific internal or external stimuli (Vierstra, 2003; Liu et al., 2012a).

Cellular proteins can be degraded through several mechanisms, which are important
for plant survival under both advantageous and disadvantageous growth conditions.
Membrane-bound proteins such as activated cell-surface receptors can be removed through
endocytic degradation, which serves, among others, for signal attenuation in many signal
transduction pathways. Downstream of PM receptors, cytosolic and nuclear proteins can be
degraded by the UPS (ubiquitin-proteasome system). When plants are subjected to stress,
misfolded proteins accumulate to form aggregates that can be efficiently removed through
autophagy, ERAD (endoplasmic reticulum-associated protein degradation) or UPS (Figure 1)
(Vierstra, 2003; Meusser et al., 2005; Liu et al., 2012a). It is therefore essential to elucidate
the molecular mechanisms guaranteeing precise and timely protein degradation in order to

understand how plants survive both in favorable and unfavorable growth conditions.

1.1.1. The ubiquitin-proteasome system

Plants put a special emphasis on UPS. In the genome of a model plant thale cress

(Arabidopsis thaliana), up to 5% of loci are related to this system, which is twice as much as
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Figure 1. Selective protein degradation pathways.

Three major protein degradation pathways were described in eukaryotes: UPS (ubiquitin-proteasome
system), endocytic trafficking and autophagy.

(A) In UPS, cytosolic proteins or protein aggregates are modified with ubiquitin. Ubiquitin is recognized and
removed by subunits of the regulatory particle of the 26S proteasome. Proteins are unfolded and degraded
in the catalytic subunit of the proteasome.

(B) In endocytic trafficking, plasma membrane proteins can be ubiquitinated, which could trigger their inter-
alization. Cargo proteins are delivered to the lysosome or vacuole through endosomal compartments.
During the final stages, cargo-containing endosomes fuse with the lytic compartment and their content is
degraded.

(C) In autophagy, protein aggregates or damaged organelles are engulfed within forming autophagosomes
and delivered to the lysosome or vacuole. In selective autophagy, the ubiquitinated cargo is recognized by
ubiguitin-dependent autophagy receptors. In bulk autophagy, the cargo is enclosed unspecifically within
the forming autophagosome.

in animals, yeast or flies (Vierstra, 2003, 2009). The UPS is a selective degradation pathway
of cytosolic and nuclear proteins and it also plays a housekeeping role in rapid elimination of
misfolded proteins. It is estimated that approximately 10% of total proteins in eukaryotic cells
are regulated by this system (Ciechanover, 1998; Hershko and Ciechanover, 1998; Kraft et
al., 2010). For the degradation in the 26S proteasome, proteins are marked by the covalent
attachment of a small 8.5 kDa (kilodaltons) protein, called ubiquitin (Cook et al., 1994; Beal et
al., 1996; Xu et al., 2009). Modified target proteins are recognized and degraded by the 26S
proteasome in an ATP-dependent manner (Figure 1A) (Vierstra, 2003; Smalle and Vierstra,
2004).

The disruption of proteasomal function in plants causes lethality during
embryogenesis, underlining the essentiality of the UPS already in early stages of growth and
development (Brukhin et al., 2005; Book et al., 2009; Gallois et al., 2009; Wang et al., 2009b;

Hayashi and Hirayama, 2016). Mutations affecting proteasomal activity were also shown to
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block various biological processes such as cell division, hormonal signaling, circadian
rhythms, floral development, photomorphogenesis, trichome differentiation, senescence and
pathogen responses (Vierstra, 2003; Smalle and Vierstra, 2004; Kraft et al., 2010; Jang et al.,
2015; Pogany et al., 2015; Yu et al., 2015).

1.1.2. Endocytic degradation

Endocytic protein degradation plays a crucial role in plant growth and development. Many key
processes such as embryo- and tissue differentiation, floral organ development, gravitropism,
guard cell movements, metal ion homeostasis, hormone transport and pathogen responses
were shown to depend on functional endocytic trafficking (Geldner et al., 2003; Shen et al.,
2003; Shope et al., 2003; Silady et al., 2004; Abas et al., 2006; Robatzek et al., 2006; Jaillais
et al., 2007; Sutter et al., 2007; Tamura et al., 2007; Tian et al., 2007; Barberon et al., 2011,
Tsuchiya and Eulgem, 2011; Kim et al., 2013b; Barberon et al., 2014; Barbosa et al., 2014).

In contrast to UPS that targets mainly cytosolic and nuclear proteins, endocytic cargo
consists mostly of integral membrane proteins. As the cells need to constantly adjust their PM
composition in response to changing external conditions, proteins located in the plasma
membrane are continuously internalized by endocytosis. This is followed either by recycling
back to the PM or sorting for endocytic degradation in vacuoles (Figure 1B) (Reyes et al.,
2011; Paez Valencia et al., 2016). These processes depend on clathrin, a protein that plays a
major role in the formation of coated vesicles. In clathrin-mediated endocytosis, PM proteins
are usually ubiquitinated and concentrated in a patch at the plasma membrane prior to their
internalization. The endocytic cargo is recognized by AP-2 (adaptor protein complex 2) or
other adaptors and accessory proteins that recruit clathrin monomers from the cytosol. Clathrin
assembles around the concentrated cargo into triskelia composed of three CHC (CLATHRIN
HEAVY CHAIN) and three CLC (CLATHRIN LIGHT CHAIN) molecules and causes the local
deformation of the membrane to a pit. The nascent vesicle containing cargo proteins is
released from the PM through membrane scission, aided by dynamin and dynamin-interacting
proteins. Once the CCV (clathrin-coated vesicle) detaches from the PM, the clathrin starts to
disassemble. The uncoating of the vesicle is essential for its fusions with other endosomal

compartments (Grabbe et al., 2011; Paez Valencia et al., 2016).

Prior to the delivery to the vacuole for degradation, the cargo is transported through
different endosomal compartments. In the final steps of vacuolar trafficking, endosomes fuse
to vacuoles assisted by SNAREs (SNAP receptors) and small GTPases (guanosine

triphosphate hydrolases). To be able to be degraded in the vacuole, the endocytic cargo needs
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to localize not to the limiting membrane of the endosome but to the membranes of ILVs
(intraluminal vesicles) carried within it. Compartments that contain ILVs are called MVBs
(multivesicular bodies). Upon MVB fusion with the lytic compartment, the limiting membrane
fuses with the tonoplast, and the cargo-containing ILVs are released in the vacuolar lumen

and degraded by hydrolases.

Yeast and animal endosomes are generally classified based on their main functions
into early-, recycling-, intermediate- and late endosomes. The typical mammalian tubule-
vesicular EEs (early endosomes) receive recently endocytosed material from the PM, the
recycling endosomes recycle endocytosed membrane proteins back to the PM and LEs (late
endosomes) sort endocytic cargo into ILVs to form MVBs (Gruenberg and Stenmark, 2004;
Otegui and Spitzer, 2008; Reyes et al., 2011). In plants, only two clearly separate endosomal
organelles were identified and characterized to date, namely the EE/TGN (trans-Golgi
network) compartment and LEs (late endosomes)/MVBs/PVCs (prevacuolar compartments)
(Otegui and Spitzer, 2008; Reyes et al., 2011). The plant EE/TGN is considered an important
hub for both biosynthetic and endocytic pathways. As the typical EEs are not detectable in
plants, it is assumed that the EE/TGN receives the endocytosed cargos from PM. On the other
hand, similar to the yeast and mammalian TGN, it is also a sorting station for biosynthetic
cargo coming from the Golgi apparatus (Reyes et al., 2011; Paez Valencia et al., 2016). Plant
late endosomes were shown to be involved in the trafficking not only from PM-, but also from
Golgi to the vacuole. MVBs develop in Arabidopsis embryos from Golgi-derived vesicles and
carry both vacuolar storage proteins and the proteases that process them. Storage proteins
such as 2S albumin can be processed already in MVBs before they reach the vacuole, which
shows that plant LEs have more functions than being only passive transporters (Otegui et al.,
2006; Otegui and Spitzer, 2008; Gao et al., 2014; Kolb et al., 2015; Teh et al., 2015; Wu et al.,
2016). The delivery of the cargo through endosomal compartments to the lysosome/vacuole
is supported by the highly conserved multiprotein complexes called the ESCRT (endosomal
sorting complex required for transport) machinery (Figure 2) (Winter and Hauser, 2006;
Grabbe et al., 2011; Paez Valencia et al., 2016).

1.1.2.1. The ESCRT machinery

ESCRTs are responsible for managing the directional flow and spatial sorting of ubiquitinated
cargo along the endocytic route and have been extensively characterized in different
eukaryotic kingdoms. ESCRTSs are essential in plants and mutations that disrupt the function
of core components cause lethality already during embryogenesis or shortly after germination
(Haas et al., 2007; Katsiarimpa et al., 2011; Katsiarimpa et al., 2013; Gao et al., 2014). The
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Figure 2. Functions of the ESCRT machinery in endo-
cytic trafficking.

Ubiquitinated plasma membrane proteins can be recognized
by Ub (ubiquitin) adaptors or ESCRT-0 and internalized. The
cargo is delivered through endosomal compartments to the

animal and yeast ESCRT machinery
consists of four complexes, ESCRT-
0, -I, -l and —llI, while plants lack
homologs of ESCRT-0 components
(Winter and Hauser, 2006; Grabbe
et al., 2011).

ESCRT-0 physically captures and
concentrates ubiquitinated cargo at
the endosomal membrane. In
humans, it consists of HRS
(HEPATOCYTE GROWTH
FACTOR-REGULATED TYROSINE
KINASE SUBSTRATE) and STAM

(SIGNAL-TRANSDUCING

vacuole or lysososme for degradation, assisted by various
adaptor proteins, among others by the ESCRT machinery. If
the cargo is deubiquitinated by a DUB (deubiuitinating
enzyme) early after internalization, it can be recycled back to
the plasma membrane. If not, ESCRT-0/Ub adaptors recruit
ESCRT-l to early endosomes. ESCRT- initiates assembly of
ESCRT-II and both complexes are believed to cause invagi-
nation of the endosomal membrane. ESCRT-IIl assembles
on the limiting membrane of the endosome, which promotes
membrane scission and sorting of the endocytic cargo into
the intraluminal vesicles. The late endosome fuses with the

ADAPTOR MOLECULE), and in
yeast of Vps27p (vacuolar protein
sorting 27) and Hselp (has
symptoms of class-E mutants 1 or
HBP, STAM, EAST 1). Both of the

ESCRT-0 components contain an

vacuole or lysosome and the content is degraded by resident N-terminal VHS (Vps27p, HRS,
hydrolazes. STAM)-domain  that  mediates
membrane binding. In addition,

Vps27p/HRS carries a PI3P (phosphatidylinositol 3-phosphate)-binding FYVE (Fablp, YOTB,
Vaclp, EEAl)-domain that facilitates its association with lipid membranes. ESCRT-0 interacts
with ubiquitinated cargo through UIM (ubiquitin-interacting motifs) within Vps27p/HRS and
Hselp/STAM. On top of that, ESCRT-0 can bind to ESCRT-I and clathrin, which contributes
to its localization to CCVs (Winter and Hauser, 2006; Grabbe et al., 2011; Pashkova et al.,
2013). There are several other ubiquitin binding proteins that function in parallel to ESCRT-0,
such as the yeast Tomlp (target of Myb1l):Tollip (Toll-interacting protein) complex, GGA3
(Golgi-associated, gamma adaptin ear-containing, ARF-binding protein 3) and Brolp (Bck1p-
like resistance to osmotic shock 1). These ubiquitin adaptor proteins were demonstrated to be
able to bind to clathrin and ESCRT-I (Puertollano and Bonifacino, 2004; Puertollano, 2005;
Blanc et al., 2009; Pashkova et al., 2013). GGA3s are not conserved in plants, but nine TOL
(TOM1-LIKE) proteins were identified that act as ubiquitin adaptors in Arabidopsis (Korbei et
al., 2013).
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ESCRT-0 and other ubiquitin adaptors contribute to the assembly of ESCRT-I and
ESCRT-II. The majority of ESCRT-I is distributed in the cytoplasm as a stable complex that is
recruited to endosomes through its interaction with ESCRT-0 and ubiquitin adaptors.
Arabidopsis contains three ESCRT-I subunits, each of which is represented by two isoforms:
VPS23A/ELCH and VPS23B, VPS28.1 and VPS28.2, VPS37.1 and VPS37.2 (Paez Valencia
et al., 2016). VPS23 is a ubiquitin-binding protein that probably interacts with the endocytic
cargo (Spitzer et al., 2006; Winter and Hauser, 2006; Paez Valencia et al., 2016).
VPS23A/ELCH was also suggested to play role in cytokinesis, especially during trichome
morphogenesis (Spitzer et al., 2006).

ESCRT-I recruits ESCRT-Il to endosomes. The presence of ESCRT-I and —Il induces
invagination of the limiting membrane towards the endosomal lumen, which later contributes
to the sorting of endocytic cargo into ILVs. ESCRT-Il consists of three subunits, VPS22,
VPS25 and VPS36. VPS36 contains the GLUE (GRAM-like ubiquitin-binding in Eap45)
domain that allows for simultaneous interactions with PI3P-containing membranes, ubiquitin,
and ESCRT-l. VPS25 binds to the ESCRT-IIl subunit VPS20 and thus is responsible for
recruitment of ESCRT-IIl to endosomes (Winter and Hauser, 2006; Grabbe et al., 2011;
Richardson et al., 2011; Shahriari et al., 2011; Paez Valencia et al., 2016).
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ESCRT-IlIl and a DUB [ 1
ESCRT-II T ]
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ESCRT-0 ATP AMP + PPi (,,54
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Figure 3. Assembly of ESCRT complexes on endosomal membranes.

In budding yeast, ubiquitinated endocytic cargo is recognized by ESCRT-0. Vps27p recruits ESCRT-I through
binding to Vps23p, and ESCRT-I recruits ESCRT-II through interaction with Vps36p. The components of
ESCRT-I and -Il, Vps37p, Vps36p and Vps22p, bind to the endosomal membrane and cause its invagination.
Vps25p recruits the ESCRT-III component Vps20p. Snf7p oligomerizes on the neck of the membrane invagi-
nation. Vps24p and Vps2p cap Snf7p filaments and recruit DUBs (deubiquitinating enzymes) that deubiquiti-
nate the cargo. Subsequenty, the AAA ATPase Vps4p binds to Vps2p and catalyzes disassembly of ESCRT-
IIl 'in an ATP-dependent manner. The disassembly of ESCRT-IIl completes the membrane scission of the
forming ILV (intraluminal vesicle). Cargo is now on the membrane of the ILV inside of the endosome, ready
for the fusion with the vacuole.
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ESCRT-Ill is essential for membrane scission during sorting of the endocytic cargo into
ILVs. The core ESCRT-IIl consists of four small highly charged proteins: Vps20p/CHMP6
(CHARGED MULTIVESICULAR BODY PROTEIN 6), Snf7p (sucrose nhon-fermenting
7IVps32p/CHMP4, Vps24p/CHMP3 and Vps2p/CHMP2 (Winter and Hauser, 2006). Although
the budding yeast genome codes only for one isoform of each subunit, higher organisms
contain several homologs. Arabidopsis encodes two isoforms for Vps20p/CHMP6, called
VPS20.1 and VPS20.2, two for Snf7p/CHMP4, called SNF7.1 and SNF7.2, two for
Vps24p/CHMP3, called VPS24.1 and VPS24.2, and three for Vps2p/CHMP2, called VPS2.1,
VPS2.2 and VPS2.3. Not all isoforms were proven to function in endocytic trafficking and it is
expected that different versions of ESCRT-III might have various functions in plants. Moreover,
next to the core components, the plant ESCRT-III contains also accessory subunits, such as
VPS60 and VPS46/CHMP1 that were shown to affects its function (Muziol et al., 2006; Spitzer
et al., 2006; Winter and Hauser, 2006; Katsiarimpa et al., 2011; Richardson et al., 2011;
Richardson and Mullen, 2011; Shahriari et al., 2011; Kojima et al., 2016).

All ESCRT-IIl components share a core domain that facilitates membrane-binding and
filament formation, and a C-terminal tail. The C-terminal tail can be either in an open- or closed
autoinhibitory state when it is folded back on the core domain. The ESCRT-III subunits exist
mainly in the cytosol in an inactive monomeric form and polymerize into oligomeric filaments
on endosomal membranes upon activation. This requires a series of conformational changes
that relieve autoinhibition, stabilize their membrane association and enable interaction with
other molecules by exposing the C-terminal MIM1/2 (MIT-interacting motif 1/2) that can be
bound by the accessory proteins. The ordered assembly of ESCRT-IIl was described in detail
in budding yeast. The yeast Vps20p associates with endosomal membranes thorough its
myristoylated N-terminus (Teis et al., 2010; Schmidt and Teis, 2012). This triggers the
stepwise homo-oligomerization of Snf7p that forms long spiral filamentous polymers around
the neck of the curved membrane. These filaments are capped by binding of the Vps24p to
the last Snf7p molecule. At the end, Vps24p recruits Vps2p, which completes the complex
assembly. While the precise stoichiometry of ESCRT-III has not been determined, the homo-
oligomer of Snf7p appears to be its major component (Teis et al., 2010; Schmidt and Teis,
2012; Kojima et al., 2016; Paez Valencia et al., 2016).

The disassembly of ESCRT-IIl is essential for the completion of the membrane scission
and the formation of ILVs. This is catalyzed by the AAA ATPase Vps4p/SKD1 (SUPPRESSOR
OF K* TRANSPORT GROWTH DEFECT 1). Vps4p/SKD1 is dispersed in the cytosol as
monomers in the absence of ATP, while in the presence of ATP it assembles into ring-shaped
multimers and in this form can be recruited to ESCRT-IIl. Vps4p/SKDL1 interacts through its N-
terminal MIT (microtubule-interacting and trafficking) domain with the MIMs of ESCRT-III

21



Introduction

components. After the ESCRT-III disassembly, the sorting of the endocytic cargo into ILVs is
completed and the MVB can fuse with the vacuole (Figure 3) (Buono et al., 2016; Kojima et
al., 2016; Paez Valencia et al., 2016). A homolog of SKD1 was also isolated in Arabidopsis
and implicated in the MVB function, the maintenance of the central vacuole, and indirectly in
cell-cycle regulation (Haas et al., 2007; Shahriari et al., 2010).The function of the ESCRT
machinery is multilayered and it was shown to be important for not only endocytic degradation
but also autophagy.

1.1.3. Autophagic pathway

Autophagy is another mechanism through which proteins can be degraded in eukaryotic cells
(Figure 1C). In contrast to UPS and endocytic degradation, the Arabidopsis autophagy-
deficient mutants usually lack a major developmental phenotype, suggesting that this pathway
does not play crucial housekeeping roles during plant life cycle. However, autophagy becomes
essential for the survival of plants under unfavorable growth conditions. Upon nutrient
starvation, autophagy-deficient mutants of Arabidopsis show premature leaf senescence and
chlorosis, and usually do not survive unless the growth conditions improve (Doelling et al.,
2002; Hanaoka et al., 2002). Autophagy is also crucial for plant tolerance to environmental
stresses by significantly contributing to the removal of oxidized proteins, protein aggregates

and damaged organelles (Bassham, 2009).

Despite the lack of essential roles, autophagy received a great interest from plant
biologist due to its impact on the quality and quantity of yield, as well as on plant defense
against pathogens. For example, autophagy contributes to the degradation of the leaf starch
independently of the classical chloroplast pathway (Wang and Liu, 2013; Wang et al., 2013).
Maize (Zea mays) autophagy mutants show seedling growth arrest and later enhanced leaf
senescence in nitrogen deficiency conditions. This has a severe impact on maize productivity

under suboptimal field conditions (Li et al., 2015).

Autophagy can be selective or non-selective. In selective autophagy, protein
aggregates, damaged organelles or pathogenic bacteria are modified with ubiquitin. This
modification is recognized by specific ubiquitin-dependent autophagy receptors (Figure 4B).
Two of them, NBR1 (NEIGHBOR OF BRCAl GENE 1) and p62 were identified and
extensively characterized in humans (Kraft et al., 2010). Plants have only a homolog of NBR1
that was implicated in clearance of peroxisomes through so-called pexophagy, and in
consequence in tolerance to abiotic stresses (Svenning et al., 2011; Deosaran et al., 2013;
Kim et al.,, 2013a; Zhou et al., 2013). Selective autophagy specifically targets certain

subcellular compartments and proteins, and can regulate cellular processes during both
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Figure 4. Bulk and selective autophagy.

Two major autophagy pathways function in plant cells, namely bulk autophagy, called also macrophagy,
and selective autophagy.

(A) In bulk autophagy, damaged organelles or protein aggregates are unspecifically engulfed within the
forming vesicle. This vesicle is called autophagosome and is characterized by the presence of a double
membrane and the ubiquitin-like modifier, ATG8 (AUTOPHAGY-RELATED GENE 8), associated with the
membrane. Upon fusion of the autophagosome with the vacuole, the single-membraned autophagic
body is degraded by resident proteases.

(B) In selective autophagy, protein aggregates or damaged organelles are modified with ubiquitin. This
modification is recognized by autophagy-specific Ub (ubiquitin) receptors, in example NBR1. Through
the interacion of the Ub receptors with ubiquitin and with ATG8, the cargo is engulfed within the forming
autophagosome. Upon its fusion with the vacuole the content of the autophagosome is degraded. The
Ub receptors are also degraded in this process.

severe and favorable growth conditions. Selective autophagy is involved among others in
clearance of plastids (Spitzer et al., 2015; Xie et al., 2015), clearance of peroxisomes
(Deosaran et al., 2013; Kim et al., 2013a), removal of mitochondria through mitophagy (Li et
al., 2014), removal of ER (endoplasmic reticulum) membranes during ER stress (Liu et al.,
2012b), degradation of mature ribosomes upon starvation conditions (Kraft et al., 2008) and
finally in defense against pathogenic bacteria (Thurston et al., 2009). Even inactive 26S
proteasomes are removed in a mechanism called proteaphagy, pointing to a functional link

between these two protein degradation pathways (Bartel, 2015; Marshall and Vierstra, 2015).

Bulk autophagy, called also macroautophagy, differs from UPS, endocytic trafficking
or selective autophagy in that sense that no modification of target proteins is required. Any

part of the cytosol, including organelles or proteins, can be engulfed and delivered for
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degradation to the vacuole (Figure 4A) (Bassham, 2009; Michaeli et al., 2016). Bulk autophagy
functions at a basal level under normal growth conditions and can be accelerated during
senescence or nutrient starvation (Bassham, 2009). In bulk autophagy, de novo formation of
the vesicle called autophagosome occurs without recognition or interaction with the
degradation cargo. At the beginning, the local membranes at the outer face of the cortical ER
form a cup-shape called the early phagophore. The phagophore membranes expand and fuse
enclosing material for degradation within, causing formation of a double-membraned
autophagosome that will be delivered to the vacuole. Upon fusion with the tonoplast, the
remaining single-membraned autophagic body is released in the vacuolar lumen and
degraded. The breakdown products are probably exported afterwards from the vacuole to
cytoplasm for re-use (Le Bars et al., 2014b; Le Bars et al., 2014a).

A number of genes essential for autophagy have been initially identified in yeast
through atg (autophagy-defective) mutant screens (Tsukada and Ohsumi, 1993; Thumm et
al., 1994; Harding et al., 1995). Major components are also conserved in plants, including the
two ATG conjugation systems (Bassham, 2009). Evidence accumulates that next to the
classical autophagy machinery, also compartments and proteins involved in endocytic
degradation are essential for the proper autophagic degradation (Rusten et al., 2007; Petiot
et al., 2008; Petiot and Sadoul, 2009; Katsiarimpa et al., 2013; Kulich et al., 2013; Jacomin et
al., 2015). The interplay between both pathways and the function of the common players are
of the high interest.

1.1.4. The role of ubiquitin

All major protein degradation pathways depend, at least partially, on modification of target
proteins with ubiquitin. Ubiquitin is a small 76-amino acid polypeptide with a molecular weight
of around 8.5 kDa (Figure 5A). It was first discovered over 40 years ago as a posttranslational
modifier of proteins that is highly conserved among eukaryotes (Kerscher et al., 2006;
Komander, 2009). Ubiquitin can be attached to target proteins through the isopeptide bond
between the C-terminal G (glycine) of the ubiquitin molecule and a K (lysine) residue on the
surface of the target protein (Figure 5B). It can also form chains through the isopeptide bond
between the C-terminal glycine residue of the first ubiquitin molecule and one of seven lysine
residues (K6, K11, K27, K29, K33, K48 and K63) of the second ubiquitin molecule (Figure 5A
and C). Depending on the internal residue used for the conjugation, the polymers are called
for example K6-linked polyubiquitin chains. Additionally, the bond can be formed between the
carboxy- and amino-termini of two ubiquitin molecules to generate linear chains. All forms of

ubiquitin linkages were identified in eukaryotes, including mixed, forked and branched chains
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(Komander et al., 2009; Grabbe et al., 2011; McDowell and Philpott, 2016; Yau and Rape,
2016).

Different types of ubiquitination can affect the modified proteins in various ways. Many
proteins functioning as receptors in signaling pathways, as well as histones and other DNA-
associated proteins, were shown to be modified by monoubiquitination, which in turn can affect
downstream processes such as transcriptional regulation and DNA repair (Figure 5D). Also
protein multi-monoubiquitination, or the attachment of monoubiquitin to more than one lysine
residue, can have non-proteolytic functions (Figure 5D). Multi-monoubiquitination can cause
internalization of certain plasma membrane receptors and was thus implicated in regulating
signal transduction pathways and endocytic trafficking (Terrell et al.,, 1998; Hicke, 2001;
Komander et al., 2009; McDowell and Philpott, 2016).

The attachment of ubiquitin chains is called polyubiquitination (Figure 5D). Different
forms of polyubiquitin chains were implicated in various cellular processes and new functions
are being constantly discovered. In example, attachment of K11- or K48-linked ubiquitin chains
leads to protein degradation by the 26S proteasome. K63 linkages were shown to function in

A

1' 1I0 2|0 3|0 4|0 5I0 6|0 7|0 7|6 aa
MQIFVll(TLTGKTITLEVESSDTIDNVIl(AKIQDI‘(EGIPPDQQRLIFAGI‘<QLEDGRTLADYNIQI‘(ESTLHLVLRLRGG
K6 ‘ K27 K33 K48 K63
K11 K29

multi-monoubiquitination

K
Wo) G Wb G

K

Figure 5. The complexity of ubiquitin modifications.

(A) Ubiquitn is a small 76-amino acid molecule. Characteristic for ubiquitin is the presence of seven
K (lysine) residues within its sequence. aa: amino acids.

(B) Ub (ubiquitin) is attached to the target protein through the isopeptide bond between the
carboxy-terminal G (glycine) of the ubiquitin molecule and a K (lysine) residue on the surface of the
target protein.

(C) Ubiquitin can form chains by an isopeptide bond between the carboxy-terminal G of one Ub and
one of seven K residues of another Ub molecule.

(D) Target proteins can be modified with one Ub molecule (monoubiquitination), multiple monoubig-
uitins (multi-monoubiquitination) or polyubiqutin chains (polyubiquitination).

polyubiquitination

0.
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receptor endocytosis, and together with K6 also in DNA repair, whereas K29-linked
polyubiquitin functions in ubiquitin fusion degradation. In general, different polyubiquitin chains
were found to play roles in signal transduction, stress responses, regulation of metabolic
processes, regulation of cell cycle, endocytic trafficking, transcriptional regulation and
ribosomal function (Galan and Haguenauer-Tsapis, 1997; Hofmann and Pickart, 1999; Deng
et al., 2000; Spence et al., 2000; Komander, 2009; Xu et al., 2009; McDowell and Philpott,
2016; Yau and Rape, 2016). Finally, ubiquitin itself can be posttranslationally modified by
phosphorylation, acetylation or attachment of ubiquitin-like modifiers such as SUMO (SMALL
UBIQUITIN-LIKE MODIFIER) or NEDD8 (NEURAL PRECURSOR CELL EXPRESSED,
DEVELOPMENTALLY DOWN-REGULATED 8), further increasing the complexity of the
ubiquitin system (Swatek and Komander, 2016; Yau and Rape, 2016).

1.1.4.1. The function of ubiquitinating enzymes

The ubiquitination reaction is catalyzed by a three-step enzyme cascade of ubiquitin-
activating- (E1), ubiquitin-conjugating- (E2) and ubiquitin-ligating (E3) enzymes (Komander,
2009). In the first ATP-dependent step, the E1 forms a high energy thioester bond with the C-
terminus of ubiquitin. In the next step, activated ubiquitin is transferred to the E2 where it is
attached to the catalytic cysteine residue of the E2 via a thioester linkage. Some E2s can
directly ubiquitinate substrate proteins but usually a third enzyme, the E3 ligase that
recognizes target proteins, is necessary (Pickart, 2001; Komander, 2009) (Figure 6). Three
different types of E3 ligases, RING (really interesting new gene), U-box (ubiquitin-box) and
HECT (homologous with E6-associated protein C-terminus), act as adaptors that bind both
the target protein and the charged conjugating E2 enzyme, and thus facilitate formation of the
isopeptide bond (Komander, 2009). Certain E3 ligases also possess elongating activities that
support generation of polyubiquitin chains. In some cases, however, efficient
polyubiquitination requires additional conjugation factors, called E4s (Koegl et al., 1999;
Hoppe, 2005; Grabbe et al., 2011). In Arabidopsis, one E1, 37 E2s and over 1,500 E3 ligases
were identified in silico (Smalle and Vierstra, 2004; Vierstra, 2012). The large number and
diversity of E3 ligases gives specificity to the ubiquitination pathway, as the E3s are
responsible for the recognition and recruitment of the target proteins for ubiquitination. The
level of specificity is further increased by the E2-E3 combinations, allowing for catalytic
attachment of different types of ubiquitin conjugates to a large variety of target proteins (Stone
et al., 2005; Mazzucotelli et al., 2006; Komander, 2009).

The ubiquitinating enzymes play key roles in endocytic degradation, since the

ubiquitination of PM proteins can trigger their endocytosis (Marmor and Yarden, 2004; Urbe,
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Figure 6. The ubiquitination reaction.

Attachement of Ub (ubiquitin) occurs in a multistep reaction via an enzymatic cascade. In the first step, the
ubiquitin-activating enzyme (E1) binds Ub and ATP, catalyzing acyl-adenylation of the carboxy terminus of
the ubiquitin molecule. This reaction forms a high energy thioester bond between ubiquitin and the
enzyme. In the next step, activated ubiquitin is transferred onto the ubiquitin-conjugating enzyme (E2). The
ubiquitin ligase (E3) recognizes the target and facilitates formation of the isopeptide bond between the Ub
molecule and the target protein. Elongation of ubiquitin chains requires in some cases additional conjuga-
tion factors called E4s.

2005). Numerous plant E3 ligases were reported to function in signaling pathways controlling
plant immunity and stress responses (Kirsch et al., 2001; Heise et al., 2002; Kawasaki et al.,
2005; Gonzalez-Lamothe et al., 2006; Lee et al., 2009; Lu et al., 2011; Kobayashi et al., 2012).
In example, the Arabidopsis FLS2 (FLAGELLIN-SENSING 2), a pattern-recognition receptor
that senses bacterial flagellin and mediates plant immune response, was demonstrated to be
regulated by ubiquitination (Lu et al.,, 2011; Robatzek and Wirthmueller, 2013). It was
suggested that upon flagellin binding, two closely related U-box E3 ligases PUB12 (PLANT U-
BOX 12) and PUB13 are recruited to the FLS2 receptor complex with BAK1 (BRI1-
ASSOCIATED RECEPTOR KINASE 1). BAK1 phosphorylates PUB12 and PUB13 that in turn
ubiquitinate FLS2. The ubiquitination of FLS2 results in its internalization and degradation in
the vacuole, leading to attenuation of immune signaling (Lu et al., 2011). IDF1 (IRT1
DEGRADATION FACTOR 1), another RING E3 ligase, was shown to contribute to iron
homeostasis in Arabidopsis by ubiquitinating the ferrous iron transporter IRT1 (IRON-
REGULATED TRANSPORTER 1) (Shin et al, 2013). These examples underline the
importance of ubiquitination during plant growth and during response to environmental

stresses.

1.1.4.2. The function of deubiquitinating enzymes

Enzymes opposing the activity of ubiquitin E3 ligases are called DUBs (deubiquitinating
enzymes, deubiquitylating enzymes or deubiquitinases) (Figure 7). Though over 1,500 E3
ligases are predicted in Arabidopsis, only around 50 DUBs were suggested to be encoded by
its genome (Smalle and Vierstra, 2004; Vierstra, 2012). The speculated reason for this
tremendous difference is the fact that DUBs usually target only ubiquitin linkages, while the

E3 ligases show specificity towards target proteins. Moreover, in most of the cases the
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proteins, called also JAMMs (JAB1/MPN/Mov34). With the exception of the MPN domain-

containing DUBSs that are metalloproteases, most DUBs are cysteine proteases (Komander et
al., 2009; Isono and Nagel, 2014).

in catalytic domains. These families include

UBP/USPs (ubiquitin-specific proteases),

The MPN proteases contain two zinc ions coordinated within the catalytic domain that
activate a water molecule to attack the ubiquitin isopeptide bond. Two DUBs from this family
are found in association with large protein complexes. RPN11 is a subunit of the 26S
proteasome that deubiquitinates proteins before degradation in order to recycle ubiquitin
(Glickman et al.,, 1998; Verma et al.,, 2002; Book et al., 2010). Two CSN5 (COP-9
SIGNALOSOME SUBUNIT 5) homologs in Arabidopsis, CSN5A and CSN5B, are the catalytic
component of the COP9 (CONSTITUTIVE PHOTOMORPHOGENESIS 9) signalosome. They
were shown to specifically remove the ubiquitin-like modifier NEDD8 (Chamovitz et al., 1996;
Cope et al., 2002; Cope and Deshaies, 2003). In contrast to RPN11 and CSN5, another MPN-
family DUB, AMSH (ASSOCIATED MOLECULE WITH THE SH3 DOMAIN OF
STAM)/STAMBP (STAM-BINDING PROTEIN), only transiently associates with the
multisubunit complex ESCRT-IIl and can be active also as a monomer (Agromayor and Martin-
Serrano, 2006; Ma et al., 2007; Isono et al., 2010; Katsiarimpa et al., 2011; Solomons et al.,
2011).

DUBs display several general functions. One of them is generation of free ubiquitin.
Ubiquitin can be transcribed as a linear fusion of multiple ubiquitin molecules and the DUB

activity is essential for processing of these fusion genes. Secondly, DUBs can edit the form of
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ubiquitin modifications by trimming ubiquitin chains, which can affect the localization or activity
of target proteins. In addition to that, the removal of ubiquitin chains from modified proteins
can rescue them from degradation. In this way, DUBs can reverse the ubiquitin signaling.
DUBs also contribute to ubiquitin homeostasis through recycling ubiquitin prior to degradation
of modified proteins (Komander et al., 2009; Grabbe et al., 2011; Isono and Nagel, 2014).
Several DUBs were demonstrated to be important in endocytic trafficking, though identification
of their target proteins is more challenging than in case of E3 ligases. Deubiquitination thus
can affect the fate of endocytosed cargo that can be either recycled back to the PM or

degraded in the vacuole.

Two mammalian DUBs, a UBP/USP family cysteine protease UBPY (UBIQUITIN
ISOPEPTIDASE Y)/USP8 (UBIQUITIN-SPECIFIC PROTEASE 8) and an MPN-family
metalloprotease AMSH/STAMBP were shown to associate with both ESCRT-0 and ESCRT-
lll, and function in endocytic cargo sorting (Grabbe et al., 2011; Wright et al., 2011). Both
DUBs contain a non-canonical SBM (STAM-binding motif) and can regulate the degradation
of a model mammalian endocytic substrate EGFR (EGF receptor) (Nakamura et al., 2006).
UBPY/USP8 associates with ESCRT-0 through two interactions: a direct binding to the SH3

domain of STAM and an interaction with a BRO1 domain-containing adaptor protein HD-PTP

A mammals B budding yeast C Arabidopsis

: E . E . E .
7 3 3

AL
AL

: |
1 |
| |
1 |
I |
;,'S UBPY. ! u.«‘ Ubp7p ! 2
ESCRT-0 ! ESCRT-0 ! Boarion
i, CAMSH | iy, Adaptor;u 01p | iz, DUBs
I . tbp2p I
1 |
ESCRT- i ESCRT-I i ESCRT-I
ESCRT-II ' | (ESCRT-I . | (ESCRT-I .
| |
ESCRT-III | (ESCRT-N i | (ESCRT-I
UBPY. AMSH i Doadp i AMSH3
| |
1 |
1 |
1 |
1 |
1 |
| |
lysosome : vacuole : vacuole
» . » . »
” l v ! ”

Figure 8. DUBs involved in endocytic trafficking in mammals, budding yeast and Arabidopsis.

(A) In mammals, two unrelated DUBs (deubiqutinating enzymes), AMSH/STAMBP and UBPY/USP8, were
shown to interact with ESCRT-0 and ESCRT-III, and to regulate ubiquitination status of the endocytic cargo.
(B) In yeast, DUBs such as Ubp7p, Ubp2p and Rup1p were found to associate directly or indirectly with
ESCRT-0, and to affect the ubiquitination status of the cargo. Doa4p is a DUB associated with ESCRT-III that
is essential for recycling of Ub (ubiquitin) before sorting of the endocytic cargo into ILVs (intraluminal vesicles).
(C) Arabidopsis has no obvious homologs of ESCRT-0 and probably other Ub adaptors took over its function.
Also the DUBs involved in early stages of endocytic trafficking remain to be discovered. AMSH3 was identified
as an ESCRT-lll-associated DUB where it probably deubiquitinates the cargo prior to its soring into ILVs.
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(HIS-DOMAIN-CONTAINING PROTEIN TYROSINE PHOSPHATASE) (Figure 8A) (Kato et
al., 2000; Ali et al., 2013). UBPY/USP8 shows DUB activity towards K48- and K63-linked
polyubiquitin chains and monoubiquitin, and its activity is enhanced upon binding to STAM
(Kato et al., 2000; McCullough et al., 2004; Row et al., 2006; Row et al., 2007). The N-terminus
of UBPY/USP8 contains a MIT domain that binds to the MIM2 of the core ESCRT-III
component CHMP4B (Ali et al., 2013). UBPY/USP8 can also interact with the accessory
proteins of ESCRT-IIl, CHMP1B and CHMP7, the latter being important for recruitment of
UBPY/USP8 to MVBs (Figure 8A) (Row et al., 2007). In addition to deubiquitinating endocytic
cargo, USPY/USPS8 is also implicated in removal of ubiquitin from STAM and the adaptor
protein EPS15 (EGF RECEPTOR SUBSTRATE 15) (Mizuno et al., 2006; Row et al., 2006;
Niendorf et al., 2007; Wright et al., 2011), showing that an ESCRT-associated DUB can control

fates of both endocytic cargo and proteins regulating cargo sorting.

The homolog of UBPY/USP8 in budding yeast, Doadp (degradation of alpha2
4)/Ubp4p (ubiquitin-specific protease 4), does not bind to ESCRT-0, but was shown to
associate with ESCRT-IIl both directly through its interaction with Vps20p and through an
adaptor protein Brolp (Luhtala and Odorizzi, 2004; Richter et al., 2013). Doa4p functions in
removal of ubiquitin from cargo prior to its delivery into ILVs and its activity was shown to be
essential in sustaining the ubiquitin homeostasis in yeast cells (Amerik et al., 2000; Piper and
Katzmann, 2007). Other UBP/USP-family DUBs in budding yeast, Ubp7p, Ubp2p and Ruplp
(Rsp5-Ubp2-interacting protein 1) were also implicated in endocytic trafficking. Ubp7p
interacts with the ESCRT-0 component Hselp. It counteracts the Hselp-interacting E3 ligase
Rsp5p and deubiquitinates the endocytic cargo (Ren et al., 2007). Ubp2p and Ruplp were
shown to associate with ESCRT-0 through interaction with adaptor proteins and Rsp5p (Figure
8B) (Kee et al., 2005; Ren et al., 2007). In plants, no ortholog of Doa4p/UBPY/USP8 was
isolated (Bachmair et al., 2001). In silico analysis revealed, however, that the Arabidopsis
genome encodes three orthologs of AMSH/STAMBP, called AMSH1, AMSH2 and AMSH3.
Among three homologs, AMSH3 was demonstrated to be involved in endocytic trafficking in

Arabidopsis (Figure 8C) (Isono et al., 2010; Katsiarimpa et al., 2011; Katsiarimpa et al., 2014).

1.2. Theroles of AMSH/STAMBP homologs

Multicellular organisms encode several AMSH paralogs: the human genome codes for two
AMSH homologs, AMSH/STAMBP and AMSH-LP (AMSH-LIKE PROTEIN), and the genomes
of higher plants for three (Tanaka et al., 1999; Kikuchi et al., 2003; Isono et al., 2010;
Katsiarimpa et al., 2013). AMSH/STAMBP was identified as an interactor of STAM and shown

to play a critical role in the cytokine-mediated intracellular signal transduction (Tanaka et al.,
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1999). It possesses specificity in hydrolase activity towards K63-linked polyubiquitin
(McCullough et al., 2004) and the loss of AMSH/STAMBP influences the protein stability of
EGFR and other cell surface receptors involved in various essential signaling pathways
(McCullough et al., 2004; Herrera-Vigenor et al., 2006; Ma et al., 2007; Reyes-lbarra et al.,
2007; Hasdemir et al., 2009; Hislop et al., 2009; Sierra et al., 2010; Meijer et al., 2012).

AMSH/STAMBP associates with the SH3 domain of the ESCRT-0 subunit STAM
through its SBM (Figure 9A) (Sierra et al., 2010). Similarly to another ESCRT-0-associated
deubiquitinase, UBPY/USP8, AMSH/STAMBP DUB activity is accelerated upon binding to
STAM (McCullough et al.,, 2006; Sierra et al., 2010). It was shown to localize to early
endosomes and CCVs through the interaction with clathrin while the binding to STAM does
not influence its localization (Nakamura et al., 2006). AMSH/STAMBP associates with the
ESCRT-Ill component CHMP3/VPS24 through its N-terminal MIT domain, which was shown
to be important for recruitment of AMSH/STAMBP to LEs (Solomons et al.,, 2011).
AMSH/STAMBP can also bind to MIM of other ESCRT components, such as the ESCRT-III
core subunit CHMP2A/VPS2A and the accessory proteins CHMP1A and CHMP1B
(Agromayor and Martin-Serrano, 2006; Solomons et al., 2011).

AMSH-LP shows 54% amino acid sequence identity to AMSH/STAMBP. It contains
neither the MIT domain nor the functional STAM-binding motif, and was shown to lack the
ability to interact with the ESCRT machinery (Figure 9A). Similar to AMSH/STAMBP, AMSH-
LP can cleave K63-linked polyubiquitin and interact with clathrin, though its cellular roles still
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Figure 9. AMSH homologs in humans and Arabidopsis.

(A) Humans have two AMSH homologs: AMSH/STAMBP and AMSH-LP. Both proteins contain C (carboxy)-
terminal catalytic MPN domain, bipartite NLS (nuclear localization signal) and the CBD (clathrin-binding
motif). In addition to that, AMSH/STAMBP, but not AMSH-LP, contains the N (amino)-terminal MIT
(microtubule interacting and trafficking) domain for ESCRT-III binding and the SBM (STAM-binding motif) for
association with ESCRT-0.

(B) The Arabidopsis genome encodes three AMSH paralogs: AMSH1, AMSHZ2 and AMSH3. All AMSH
proteins contain the C-terminal catalytic domain. In addition, AMSH1 and AMSH3 have the N-terminal MIT
domain that serves for interaction with ESCRT-IIl. Other motifs present in human AMSH/STAMBP are not
conserved in Arabidopsis homologs.
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remain to be discovered (Nakamura et al., 2006; Sato et al., 2008). AMSH-LP is expected to
have patrtially different functions than AMSH/STAMBP, as both proteins cannot complement
for the loss of each other (Kikuchi et al., 2003; Agromayor and Martin-Serrano, 2006; Clague
and Urbe, 2006; Davies et al., 2011; Davies et al., 2013).

Mutations of AMSH/STAMBP affecting its DUB activity or interaction with ESCRT
components were shown to cause neurodegenerative diseases, in example MIC-CAP
(microcephaly-capillary malformation syndrome) that is associated with severe microcephaly,
growth retardation, progressive neuronal loss and vascular malfunction (Carter et al., 1993;
McDonell et al., 2013; Pavlovic et al., 2014; Faqgeih et al., 2015).

The Arabidopsis genome codes for three AMSH homologs, nhamely AMSH1, AMSH2
and AMSHS (Figure 9B). Plants depleted of AMSH3 are seedling lethal and are defective in
multiple trafficking pathways, such as Golgi-to-vacuole- and PM-to-vacuole routes, as well as
in autophagic degradation (Isono et al., 2010; Katsiarimpa et al., 2014). In contrast, the
anterograde ER-to-Golgi transport and the proteasomal degradation are not affected,
suggesting that AMSH3 does not play role in these processes. Moreover, amsh3 knockout
mutants are defective in biogenesis of the central vacuole indicating a close relationship of the

intracellular membrane transport pathways and organelle formation (Isono et al., 2010).

AMSH3 is an active DUB that interacts with ESCRT-Ill core subunits VPS2.1 and
VPS24.1, homologs of the mammalian CHMP2 and CHMP3, respectively (Figure 10). The
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Figure 10. The Arabidopsis AMSH3 interacts with ESCRT-III.

The Arabidopsis AMSH/STAMBP homolog, AMSH3, directly binds through its N (amino)-terminal MIT
(microtubule interacting and trafficking) domain to the C (carboxy)-terminal MIM1 (MIT-interacting motif 1) of
two core ESCRT-IIl components, VPS24.1 (VACUOLAR PROTEIN SORTING 24.1) and VPS2.1. The prob-
able function of AMSH3 is to deubiquitinate endocytic cargo before its sorting to the intraluminal vesicles of
late endosomes.
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association with ESCRT-III is important for AMSHS3 function in planta, as the AMSHS3 variant
without the ESCRT-lll-interacting MIT domain fails to complement the mutant phenotype
(Isono et al., 2010; Katsiarimpa et al., 2011; Katsiarimpa et al., 2014). The probable role of
AMSHa3 is to deubiquitinate the endocytic cargos before the sorting into ILVs. However, the
free ubiquitin is not depleted in amsh3 knockout mutants suggesting it is not essential for
sustaining ubiquitin homeostasis in plants (Isono et al., 2010). Interestingly, AMSH3 DUB
activity is required for proper ESCRT-III localization, since the overexpression of its inactive
version, AMSH3(AXA), leads to the formation of aberrant cellular compartments containing
ESCRT-lll components. In addition to that, AMSH3 competes with the ESCRT-III-
disassembling factor, the AAA ATPase SKD1, for binding to VPS2.1, suggesting a role of
AMSHa3 in regulation of ESCRT-III dynamics (Katsiarimpa et al., 2011).

Recently, a homolog of AMSH1 was isolated in Lotus japonicas. LJAMSH1 was
demonstrated to be essential for the proper infection and nodule organogenesis during plant
infection with rhizobial bacteria (Malolepszy et al., 2015). These findings suggest the role of
deubiquitination and properly functioning endocytic trafficking in plant symbiosis with
rhizobium and point to a broad physiological role of the AMSH-dependent membrane

trafficking routes in plants.

1.3. Aims and objectives of this project

Selective protein degradation through the intracellular trafficking pathway is important for plant
growth and development in all environmental conditions. Despite its key role in processes that
impact various aspects in plant physiology including yield and yield quality in crop plants, the
exact regulation of these processes is still poorly understood. The characterization of these

molecular mechanisms is therefore of highest interest in plant biology.

My project aimed at the elucidation of the molecular functions of the MPN-family
deubiquitinases AMSH1 and AMSH3 in the model plant Arabidopsis thaliana. AMSH
homologs can be active as monomers and their subcellular localization is probably controlled
through the interaction with other proteins. AMSH-interacting proteins could recruit the DUBs
to various subcellular compartments or influence their protease activity. Despite intensive
research, the identity of the proteins affecting AMSH function and the mechanisms behind

AMSH regulation were mostly unknown before this study.

In order to identify AMSH-interacting proteins in Arabidopsis thaliana, | conducted a
high-throughput Y2H (yeast-two-hybrid) screen using AMSH as bait. The molecular function

of the isolated binding partner(s) together with AMSH proteins was investigated in detail by
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applying genetic-, molecular-, biochemical- and cell biological methods. | aimed especially at
elucidating the role of AMSH proteins and their newly identified interactor(s) in ubiquitin-
dependent selective protein degradation pathways, and the importance of these processes in

plant physiology
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2. Results

2.1. AMSH1 is an ESCRT-lll-associated DUB

Among three homologs of AMSH/STAMBP in Arabidopsis, AMSH1 and AMSH3 carry both
the MPN- and MIT domains, whereas AMSH2 consists almost exclusively of the MPN domain
(Figure 11A). AMSH3 was previously demonstrated to be an active DUB that is important for
the proper intracellular trafficking. In order to examine whether AMSH1 have similar cellular
functions to AMSH3, the deubiquitinase activity of AMSH1 was analyzed. Due to challenges
in purification of the good quality recombinant full-length AMSH1, a deletion fragment

containing the catalytic MPN domain was used for in vitro reactions (Figure 11B). K63-, but
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Figure 11. AMSH1 is an ESCRT-lll-associated DUB.

(A) Scheme of domain organization of Arabidopsis AMSH proteins. N: amino-terminus; C: carboxy-
terminus; MIT: MIT domain; MPN+: MPN+ domain.

(B) AMSH1 constructs used for experiments shown in C and D. FL: full-length; MIT: MIT domain; MPN+:
MPN+ domain, N154: an N-terminal 154 aa-long fragment; aa: amino acids.

(C) DUB assay using K48- and K63-linked polyubiquitin chains. The recombinant MPN+ domain of
AMSH1 was incubated with substrates in the presence or absence of the metalloprotease inhibitor 1,10-
PT (1,10-phenanthroline). The reactions were terminated at the indicated time points, and the hydrolysis
of ubiquitin chains was detected by immunoblotting with an anti-Ub antibody. An anti-AMSH1 immunoblot
was conducted to verify the amount of AMSH1 (MPN+) in each reaction.

(D) In vitro binding assay of AMSH1 and VPS2.1. The fragment containing the MIT domain of AMSH1,
N154, was incubated for 45 min either with GST (negative control) or with GST-VPS2.1(MIM). After the
GST-pulldown, bead-bound proteins were analyzed by immunoblotting using anti-AMSH1 and anti-GST
antibodies. Black arrowheads indicate the positions of AMSH1(N154) and asterisks indicate degradation
products. MIM: MIT-interacting motif, N154: the N-terminal 154 aa-long fragment of AMSH1 containing the
MIT domain.
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not K48-linked polyubiquitin chains were cleaved in the presence of the MPN+ domain of
AMSHL1 (Figure 11C), indicating that AMSH1 is an active DUB and its domain alone possesses
specificity towards K63-linked substrates. Moreover, the activity of AMSH1(MPN+) was
inhibited by the metalloprotease inhibitor 1,10-PT (1,10-phenanthroline) (Figure 11C),
supporting that similar to other members of the MPN-family, AMSH1 DUB activity also

depends on metal ions coordinated within its catalytic domain.

AMSH3 was previously shown to interact through the MIT domain directly with the MIM
of two core ESCRT-III subunits, VPS2.1 and VPS24.1 (Katsiarimpa et al., 2011; Katsiarimpa
et al., 2014). As AMSHL1 also carries an N-terminal MIT domain, a systematic Y2H analysis
was previously conducted to test whether it binds to the ESCRT machinery. The analysis
revealed that the full-length AMSH1 interacts with one of ESCRT-IlIl subunits, VPS2.1
(Katsiarimpa et al., 2011; Katsiarimpa et al., 2013) (Figure 11A and B). To confirm whether
the expected domains mediate the binding between AMSH1 and VPS2.1, a GST-pulldown
assay was conducted. The recombinant N-terminal fragment of AMSH1 containing the MIT
domain, N154 (Figure 11B), was incubated with GST (negative control) or with GST-tagged
MIM of VPS2.1. AMSH1(N154) bound to GST-VPS2.1(MIM) but not to GST (Figure 11D),
indicating that similarly to AMSH3, AMSH1 associates with ESCRT-III through its interaction
with the MIM of VPS2.1. Altogether, the results suggest that AMSH1 might play similar roles

to AMSH3, as it also associates with ESCRT-III and can cleave polyubiquitin chains.

2.2. amsh1-1 mutant shows defects in autophagic degradation

amsh3 knockout mutants were previously shown to be seedling lethal and have a number of
defects in intracellular trafficking (Isono et al., 2010). To better understand the functions of
AMSHL1 in Arabidopsis, the available T-DNA insertion line (CSHL ET8678; Landsberg erecta
ecotype) was analyzed. amshl-1 was found to be a knock-down mutant that shows no
phenotype when grown under normal conditions, suggesting that AMSH1 is either not
essential in Arabidopsis or the low protein amounts are sufficient for its function (Katsiarimpa
et al., 2013). To test whether the wild-type levels of AMSH1 are important, plants were placed
for 5 days in the dark to induce nutrient-deficient conditions. Interestingly, amsh1-1 knock-
down mutants showed stronger leaf chlorosis than the WT (wild-type) plants (Katsiarimpa et
al., 2013). Such hypersensitivity to the dark treatment was previously described for a number

of autophagy mutants, which have deficiencies in nutrient recycling (Hofius et al., 2009).

To verify whether amsh1-1 mutant is defective in autophagic degradation, levels of the
autophagy-specific marker ATG8 (AUTOPHAGY-RELATED GENE 8) were tested. One of the

cell biological methods to measure the rates of autophagic degradation is to analyze the
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autophagic body aggregates within the vacuole (Contento et al., 2005). Under the normal
conditions, ATG8-positive double-membraned autophagosomes fuse with the vacuole and

their content is degraded by vacuolar proteases (Figure 12A). However, upon application of
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Figure 12. MDC specifically stains autophagic body aggregates.

(A) A scheme illustrating the origin of autophagic bodies and autophagic body aggregates. Upon the fusion of
the autophagosome with the vacuole, a single-membraned autophagic body is degraded by resident hydro-
lases. After blocking the activity of vacuolar proteases with E64-d [2S,3S-trans-(ethoxycarbonyloxirane-2-

carbonyl)-L-leucine-(3-methylbutyl) amide], autophagic bodies aggregate within the vacuolar lumen.

(B to D) Confocal images of MDC-stained root epidermis cells expressing either GFP-ATG8e (B), GFP-SYP43
(C) or YFP-ARAY (D). Seedlings were grown for 7 days on half-strength MS medium under long-day conditions
and afterwards were transferred to the dark for 5 days. Seedlings were treated for 6 h with E-64d before stain-
ing with MDC. Note that GFP-ATG8e colocalized with MDC on autophagic body aggregates, whereas the
EE/TGN (early endosome/trans-Golgi network) marker GFP-SYP43 and the LE (late endosomal) marker
YFP-ARAY did not. Scale bars: 5 um.
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protease inhibitors such as E-64d [2S,3S-trans-(ethoxycarbonyloxirane-2-carbonyl)-L-
leucine-(3-methylbutyl) amide], undigested autophagic bodies accumulate in vacuolar lumen
in a form of large aggregates (Inoue et al., 2006) (Figure 12A). These aggregates can be
visualized by staining with an autofluorescent dye MDC (monodansylcadaverine) (Contento
et al., 2005).

35Spro(cauliflower mosaic virus 35S-promoter):GFP(green fluorescent protein)-
ATG8e was used as a marker to test the specificity of MDC staining. GFP-ATG8e-expressing
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Figure 13. amsh1-1 is deficient in autophagic degradation.

(A and B) WT (wild-type) and amsh1-1 seedlings were grown for 7 days on half-strength MS medium under
long-day conditions and afterwards were transferred to the dark for 2 days. Seedlings were treated for 1 h with
E-64d before staining with MDC. Confocal images of MDC-stained root epidermal cells of the wild type (A)
and amshi-1 (B) are shown. Scale bars: 5 um. Ler. Landsberg erecta.

(C) Quantification of MDC-staining-positive area per cell in the WT (wild type) and amsh7-1 (n = 435 for Ler
and n = 438 for amsh1-1). Photographs taken in A and B were analyzed by the FluoView software, and the
values of the wild type were set to 100%. Error bars indicate standard error.

(D) Scheme illustrating probable functions of AMSH1. AMSH1 was shown to interact with ESCRT-III, which
might imply its role in endocytic trafficking. On the other hand, amsh1-1 mutants show defects in autophagic
degradation. It is possible that AMSH1 and ESCRT-III either function together directly in autophagic pathway
or the proper autophagy requires intact endocytic trafficking.
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plants were treated with E-64d and stained with MDC. As expected, GFP-ATG8e signals were
observed in large aggregates within vacuolar lumen, where they colocalized with MDC (Figure
12B). MDC was previously reported in mammals not only to stain autophagosomes, but also
to partially colocalize with early- and late endosomal markers (Tasdemir et al., 2008). In order
to verify the specificity of the MDC staining in Arabidopsis, seedlings expressing the EE/TGN
marker 35Spro:GFP-SYP43(SYNTAXIN OF PLANTS 43) and the LE marker
UBQ10pro(UBIQUITIN 10-promoter):YFP(yellow fluorescent protein)-ARA7(ARABIDOPSIS
RAB 7; Wave 2Y) (Geldner et al., 2009) were subjected to the dark treatment. Accumulation
of autophagic bodies was induced by incubation with E-64d and the MDC staining was applied.
MDC stained the aggregates within the vacuole lumen, whereas the GFP-SYP43- and YFP-
ARAT7-positive signals were observed in the cytosol (Figure 12C and D). These results support
that MDC is a specific dye for autophagic body aggregates under the tested conditions and

can be used for further analyses.

Autophagy mutants like atg7-2 are impaired in autophagosome formation and no
autophagic body aggregates can be observed upon E-64d treatment (Hofius et al., 2009). |
wanted to test whether the dark-hypersensitive phenotype of amshl-1 is a result of defects in
autophagosome formation or in later stages of the autophagosome delivery to the vacuole.
For this, amsh1-1 mutants and wild-type seedlings (Ler; Landsberg erecta) were transferred
for 2 days to the dark and subjected to E-64d treatment to induce accumulation of autophagic
bodies. After staining with MDC, the area of autophagic body aggregates per cell in wild type
and amshl1-1 was quantified (Figure 13A, B and C). Aggregates of autophagic bodies were
forming in amshl-1, suggesting that they are not completely impaired in autophagosome
formation like the classical autophagy mutants (Figure 13B). The quantification of the area of
autophagic body aggregates revealed that amshl-1 seedlings accumulated 36.5% less
aggregates than the wild type (n = 435 for WT, n = 438 for amsh1-1) (Figure 13C). These
results suggest that either less autophagosomes are formed or that they are less efficiently
targeted to the vacuole in amsh1-1, resulting in the partial deficiency of amsh1-1 in autophagic

degradation.

The decreased area of autophagic body aggregates contrasts with the other results
where amsh1-1 was demonstrated to accumulate the autophagy marker ATG8 on immunoblot
(Katsiarimpa et al., 2013). ATG8 associates with autophagosome membranes and its
accumulation would rather point to increased amount of autophagosomes in cells. It is possible
that the autophagosomes accumulate in amsh1-1 mutants but do not reach the vacuole due
to not properly functioning intracellular trafficking or membrane fusions. Interestingly, a
dominant-negative version of ESCRT-III component VPS2.1 showed a similar autophagic

degradation defect like amshl-1 (Katsiarimpa et al., 2013), pointing to the possibility that
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AMSH1 and ESCRT-III play role in autophagic pathway. Alternatively, AMSH1 could function
together with ESCRT-IIl in endocytic trafficking and hence influence the autophagic
degradation indirectly (Figure 13D).

2.3. Novel interaction candidates were found in a Y2H screen using AMSH

AMSH1 and AMSH3 can be active as monomers and show specificity towards ubiquitin
linkages rather than target proteins. It is therefore essential that the function of AMSH is tightly
controlled by other proteins, recruiting them to specific subcellular compartments and
regulating their DUB activity. In order to identify novel proteins that could affect AMSH function,
| conducted a Y2H screen against 12,000 Arabidopsis sequence-verified ORFs (open reading
frames) (Dreze et al., 2010; Arabidopsis Interactome Mapping, 2011; Wessling et al., 2014).

For use in the Y2H screen, full-length wild-type AMSH proteins were fused with the
GBD (Gal4 DNA-binding domain) and named GBD-AMSH1, GBD-AMSH2 and GBD-AMSH3.

Constructs were transformed into yeast and tested for autoactivation on SC-LWH (synthetic
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Figure 14. Novel interaction candidates were found in a Y2H screen using AMSH.

(A) GBD-AMSH1(WT), -AMSH2(WT), -AMSH3(WT) and AMSH3(AXA) were transformed into yeast and
tested for their autoactivation on SC-LWH (synthetic complete medium lacking leucine, tryptophan, and
histidine) supplemented with 1- and 3 mM 3-AT (3-amino-1,2,4-triazole). GBD: Gal4 binding domain, WT:
wild-type, AXA: mutation.

(B) Sequence of the carboxy-terminal part of the MPN+ domain of AMSH3. The region mutated in
AMSH3(AXA) is highlighted.

(C) Yeast extracts were subjected to immunoblot analysis using anti-GBD antibody. CDC2 was used as
loading control. Arrowheads indicate GBD-AMSH1 and GBD-AMSH?2.

(D) Scheme illustrating steps of the Y2H screen. ORF: open reading frame.

40



Results

complete medium lacking leucine, tryptophan and histidine), supplemented with 1- or 3 mM 3-
AT (3-amino-1,2,4-triazole) prior to their use in the screen. In contrast to AMSH1 and AMSH2
that did not show autoactivation, the wild-type AMSH3 was clearly autoactivating in the tested
conditions (Figure 14A). To circumvent this problem, an inactive version of AMSH3,
AMSH3(AXA), in which two histidines H475 and H477 were changed to alanines (H475A and
H477A) was cloned (Figure 14B). This construct did not show autoactivation (Figure 14A). To
verify the expression of GBD-fused proteins, an immunoblot was conducted using anti-GBD
antibody. Protein bands were observed at the height of GBD-fused AMSH1 and AMSH2,
confirming both constructs were expressing (Figure 14C). No expression could be verified for
GBD-AMSH3(AXA), it was thus excluded from further experiments (Figure 14C).

The Y2H screen was carried out twice in order to ensure its reproducibility (Figure
14D). Yeast from the strain Y8930 MATa carrying GBD-fused AMSH1 and AMSH2 were
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Figure 15. Several interaction candidiates found in the Y2H screen were positively verified.

(A to D) GBD-AMSH1(WT), GBD-AMSH2(WT), and GAD-fused interaction candidates were transformed
in yeast. After mating, transformants were tested for the auxotrophic growth on SC-LW (synthetic complete
medium lacking leucine and tryptophan) and SC-LWH (synthetic complete medium lacking leucine,
tryptophan and histidine) supplemented with 3 mM 3-AT. GAD: Gal4 activation domain; GBD: Gal4 binding
domain.
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spotted on YPD (yeast extract, peptone, dextrose) medium. Yeast from the strain Y8800 MATa
were transformed with GAD (Gal4 activation domain)-fused collection of Arabidopsis ORFs
compiled into pools of 188 and spotted on top of GBD-AMSH proteins. After mating, yeast
were tested for their auxotrophic growth on SC-LW (synthetic complete medium lacking
leucine and tryptophan), SC-LWH (synthetic complete medium lacking leucine, tryptophan
and histidine) supplemented with 3 mM 3-AT, and on SC-LWA (synthetic complete medium
lacking leucine, tryptophan and adenine). SC-LH (synthetic complete medium lacking leucine
and histidine) supplemented with 3 mM 3-AT and 3.6 mM CHX (cycloheximide), and SC-LA
(synthetic complete medium lacking leucine and adenine) supplemented with 3.6 mM CHX
were used to identify GAD-pools showing unspecific growth. The colonies growing on
selection plates were picked, grown in liquid SC-LW medium and subjected to so-called
phenotyping (Dreze et al., 2010). In phenotyping, yeast were grown again on selection plates
as described above to confirm the results of the screen and discard new autoactivators. The

whole procedure was repeated twice.

DNA was extracted from yeast colonies that were positive on selection plates and did
not show autoactivation. Purified DNA was used as template for PCR with vector-specific
primers (Appendix Table 7 and 8) (Dreze et al., 2010) and the PCR products were submitted
for sequencing and the ORFs they encoded were identified using BLAST (Basic Local
Alignment Search Tool, TAIR). The sequencing results revealed 43 candidates that interacted
with at least one of AMSH proteins (Figure 14D), which are listed in the Appendix Table 2. A
high number of candidates was found for GBD-AMSH1, which might suggest that through
interacting with a wide variety of proteins, AMSH1 plays multiple roles in Arabidopsis cells.
Only several candidates could be identified for GBD-AMSH2, probably due to the fact that
AMSH?2 is a very small protein consisting almost exclusively of the catalytic domain (Figure
11A).

The interaction candidates found in the Y2H screen were used for verification in
targeted Y2H assays against GBD-AMSH1 and GBD-AMSH2. GBD-AMSH3(AXA) was
excluded from verification due to the lack of expression on immunoblot. Yeast carrying single
GAD-fused candidates were obtained from the Arabidopsis ORF collection (Dreze et al., 2010;
Arabidopsis Interactome Mapping, 2011; Wessling et al., 2014). GBD-fused AMSH proteins
and GAD-fused candidates were transformed into yeast strains Y8930 and Y8800,
respectively. To analyze interactions, single colonies were picked and mixed for mating on
YPD plates. Mated yeast were streaked on SC-LW and SC-LWH supplemented with 3 mM 3-
AT, and analyzed after a 3-day growth at 30°C. The presence of GAD- and GBD-fusion
plasmids was verified by PCR and immunoblot (data not shown). In Figure 15A to D examples

of tested candidates are presented.
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Y2H results showed that GBD-AMSH1 but not GBD-AMSH?2 interacted with GAD-
fused extra-large G-protein related protein (“G-protein related”) (Figure 15A). G-proteins are
highly conserved GDP (guanosine diphosphate)/GTP (guanosine triphosphate)-binding
proteins that function in signal transduction. They form heterotrimers on the plasma membrane
and are important for plant resistance against Pseudomonas syringae and Fusarium
oxysporum (Zhu et al., 2009; Chakravorty et al., 2015; Maruta et al., 2015). GBD-AMSH1
interacted also with EML2 (EMSY-LIKE 2) (Figure 15A), an ENT (EMSY N-terminal)- and
Tudor-like domain-containing protein. Plant proteins carrying ENT domain are nucleoside
transporters essential for proper development and metabolism in Arabidopsis. Interstingly,
EML2 was previously implicated in RPP7 (RECOGNITION OF PERONOSPORA
PARASITICA 7)-mediated disease resistance against Hyaloperonospora arabidopsidis and in
proper floral transition (Wormit et al., 2004; Tsuchiya and Eulgem, 2011). These results might

point to a possible function of AMSHL1 in plant immune responses.

The AAA ATPase (ATPases ASSOCIATED WITH DIVERSE CELLULAR ACTIVITIES)

of unknown function also showed interaction with GBD-AMSH1 in targeted Y2H assays
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Figure 16. AAA ATPase interacts directly with AMSH3 but not with AMSH1.

(A to F) Recombinant AMSH1 (A and C) or AMSH3 (B, D to F) were incubated with either MBP-VPS60.1
(negative control), MBP-VPS2.1 (positive control) or with MBP-tagged proteins: AAA ATPase (A and B),
EML2 (C and D), EXO70EZ2 (E) or unknown protein no. 1 ("unknown 1”) (F). After a 2-h incubation at 4°C
and extensive washing, samples were subjected to immunoblotting. Anti-AMSH1, anti-AMSH3 and anti-
MBP antibodies were used to detect beads-retained material.
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(Figure 15A). The AAA superfamily is a large and functionally diverse superfamily of nucleotide
triphosphatases that are characterized by a conserved nucleotide-binding and catalytic
module, called the AAA module. AAA ATPases display their function by unfolding proteins,
remodeling small molecules, remodeling chromatin and disassembling protein complexes.
Members of this superfamily are thus involved in a wide range of different cellular processes
such as protein degradation, endocytic trafficking, DNA replication, DNA repair and
transcriptional regulation (Snider et al., 2008). AMSH1 and AAA ATPase could potentially
function together in a complex, affecting the ubiquitination status and structure of target

proteins.

In targeted Y2H assays, two proteins with a probable function in endocytic trafficking
were verified positively for GBD-AMSH1, EXO70E2 (EXOCYST COMPONENT OF 70 kDa
E2) and a BRO1 (Bckl-like resistance to osmotic shock 1)-like domain-containing protein
(“BRO1-like”) (Figure 15B and D). EXO70E2 is a component of exocyst, an evolutionarily
conserved multisubunit protein complex implicated in tethering secretory vesicles to the PM
(Heider and Munson, 2012). AMSHL1 could associate with exocyst and function together in
membrane fusions, in example by regulating the ubiquitination status of other adaptor proteins.
BRO1 domain-containing proteins are conserved adaptor proteins implicated in various
cellular pathways. They were shown to associate and recruit other proteins to endosomes,
and to function in membrane remodeling. Their role is thus important not only for endocytic
trafficking, but also for other processes requiring a transient endosomal association of proteins
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Figure 17. ALIX interacts with AMSH3 in vitro and in planta.

(A) Recombinant AMSH1 was incubated with either MBP-VPS60.1 (negative control), MBP-VPS2.1
(positive control) or with MBP-ALIX ("BRO1-like”). After a 2-h incubation at 4°C and extensive washing,
samples were subjected to immunoblotting. Anti-AMSH1 and anti-MBP antibodies were used to detect
beads-retained material. Arrowheads indicate MBP-ALIX.

(B) Recombinant AMSH3 was incubated with either MBP-VPS60.1 (negative control) or with MBP-ALIX.
Anti-AMSH3 and anti-MBP antibodies were used to detect beads-retained material. Arrowheads indicate
MBP-ALIX.

(C) ALIX and AMSH3 interact in planta. IP (immunoprecipitation) was performed from total extracts of
wild-type and GFP-ALIX-expressing seedlings using anti-GFP immobilized matrix. Immunoprecipitated
material was subjected to immunoblot analysis. GFP-ALIX and endogenous AMSH3 were detected using
anti-ALIX and anti-AMSH3 antibodies, respectively.
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or membrane scission events (Odorizzi, 2006; Bissig and Gruenberg, 2014). AMSHL1 could
also participate in these processes through its interaction with the BRO1-like domain-

containing protein.

Other proteins, such as dimethylmenaquinone methyltransferase
(“methyltransferase”), LBD13 (LOB DOMAIN-CONTAINING PROTEIN 13), unknown protein
no. 1 (AT3G19895, “unknown 17) and unknown protein no. 2 (AT3G44940, “unknown 2”) were
also verified as interactors of GBD-AMSH1 but not GBD-AMSH2 in Y2H assays (Figure 15A,
B and C). ADT2 (AROGENATE DEHYDRATASE 2), an enzyme functioning in
biosynthesis of phenylalanine, interacted with both GBD-AMSH1 and GBD-AMSH2 (Figure
15C). As AMSH2 consist almost exclusively of the MPN domain, it is possible that it served
as the interaction domain for both AMSH proteins with ADT2 (Figure 11A). The unknown
protein no. 3 (AT4G16447, “unknown 3”) and a zinc-finger (C2H2-type)-family protein (“zinc
finger”) bound only to GBD-AMSH2, probably to a specific motif not present in AMSHL. It is
possible that the small deubiquitinase AMSH2 has specific cellular functions independently of

other AMSH paralogs.

The full results of targeted Y2H assays are listed in the Appendix Table 2. Altogether,
these results suggest that previously uncharacterized AMSH3 homologs, AMSH1 and
AMSH2, might play diverse roles in plant cells requiring their interactions with different

proteins.

2.4, ALIX interacts directly with AMSH1 and AMSH3

Interaction candidates that were positive for GBD-AMSH1 in Y2H were tested in in vitro
pulldown assays to verify whether the binding between these proteins is direct. Due to the
sequence similarity, both AMSH1 and AMSH3 were used in these assays. The interaction
candidates were fused with the MBP (maltose binding protein) tag and expressed in the
Escherichia coli DE3 strain Rosetta (EMD Millipore, USA). Proteins were purified together with
the MBP-fused ESCRT-III core subunit VPS2.1, the accessory protein VPS60.1 and with the
untagged AMSH1 or AMSH3. VPS2.1 was previously shown to be a direct- and VPS60.1 an
indirect interactor of AMSH (Katsiarimpa et al., 2011; Katsiarimpa et al., 2013), and were

therefore used in these assay as a positive and a negative control, respectively.

The AAA ATPase was selected for verification. Though it interacted with GBD-AMSH1
in Y2H assays, the binding could not be confirmed by in vitro pulldown assays (Figure 16A),
suggesting that both proteins are probably not direct interactors. Alternatively, eukaryote-

specific posttranslational modifications missing in E. coli-purified recombinant proteins could
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be essential for their interaction. Interestingly, the AAA ATPase bound directly to AMSH3
(Figure 16B), opening the possibility that both proteins function together in Arabidopsis.

The ENT domain-containing EML2, which was implicated in plant development and
pathogen defense, proved not to be a direct interactor of either of AMSH proteins (Figure 16C
and D). Also the exocyst component EXO70E2 was verified negatively in in vitro binding
assays, suggesting that AMSH3 does not associate directly with exocyst (Figure 16E). The
results obtained with AMSH1 were inconclusive and the assay needs to be repeated and
optimized for AMSHL1.

Another interaction candidate, the unknown protein no. 1 (“unknown 1”), contains a
conserved uncharacterized plant-specific domain, DUF1635 (Finn et al., 2014). The BLAST
analysis revealed a great number of homologs in Arabidopsis and other plant species with a
high conservation of amino acid sequence, though all of them are uncharacterized proteins.
The high conservation within plants and the absence in other kingdoms suggest that the
unknown protein no. 1 plays an important yet unknown plant-specific function. It was therefore
chosen for testing in in vitro pulldown assays. The interaction with AMSH3 was, however,
negatively verified, suggesting that AMSH3 does not function together with this conserved
plant-specific protein (Figure 16F).

The adaptor BRO1-like domain-containing protein (“ALIX”) (Figure 17A and B) was
verified as a direct interactor of both AMSH1 and AMSH3. The BRO1-like domain-containing
protein (AT1G15130) was chosen for further experiments due to its high conservation in
eukaryotes and multiple layers of function reported in homologs from other kingdoms. In silico
analysis has revealed that it shows the highest homology to the human ALIX (ALG-2-
INTERACTING PROTEIN X; 26.0% amino acid identities) (Figure 18) and slightly lower to the
BRO1 domain-containing proteins in Saccharomyces cereviae Brolp (15.8%) and Rim20p
(Regulator of IME2 20, 18.0%). Due to the highest similarity to the human homolog, it was
named the Arabidopsis ALIX.

Proteins binding to each other in in vitro conditions might not necessary function
together in vivo (Xing et al., 2016). To verify that the interaction between ALIX and AMSH
proteins is true also in planta, plants expressing a functional fusion protein GFP-ALIX driven
by a native ALIX promoter were used (mutant complementation is shown in Figure 31H). The
construct was generated by L. Cuyas (Cardona-Lopez et al., 2015) and kindly shared.
Immunoprecipitation of GFP-ALIX was conducted on total protein extracts from wild-type and
GFP-ALIX-expressing seedlings. Subsequent immunoblotting revealed
coimmunoprecipitation of endogenous AMSHS3 together with GFP-ALIX (Figure 17C). This

result confirms that AMSH3 and ALIX associate with each other in vivo.
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Protein alignment of 2 sequences: AT1G15130 and human ALIX
Identities: 244/907 (26%), positives: 415/907 (45%), gaps: 94/907 (10%)
AT1G15130 1 MASSSLSNLMLAIHEKKTSSVDLYRPLRNYVTETYS---EREAQLIDDDLETLKQLRSDI 57
MA+ +++ KKTS VDL +PL ++ TY E +AQ E K R+ +
Human ALTX 1 MAT------— FISMQLEKTSEVDLAKPLVKFIQQTYPSGGEEQAQYCRAAEELSKLRRAAYV 54
AT1G15130 58 ERVSDPSPAARRDLLISYYEVLCLVETRFPISPDKDHVNAVSFVWYDAFKQKH-————— K 111
R D A + L+ YY +C +E +FP 5 ++ ++F W DAF + K
Human ALIX 55 GRPLDKHEGA-LETLLRYYDQICSIEPKFPFSENQ---ICLTFTWKDAFDKGSLFGGSVE 110
AT1G15130 112 ATQONIHLEKAAVLENLGASYSQIGLGHDRTTVDGRROASHAFMAAAGAFAHLRDNESIK 171
++ EK+ VLFN A SQI + +G + A+ + RA+GAF H++ E++
Human ALIX 111 LALASLGYEKSCVLFNCAALASQIAAEQNLDNDEGLKIARKHYQFASGAFLHIK--ETVL 168
AT1G15130 172 ATIGPSTTVDVSVECVGMLERLMVAQRQECVFENT IAKGSTPGVSAKIARQVGIFYEEAL 231
+ + TVD+S + VG L +M+AQRQE F + BK+A Q ++ +A
Human ALIX 169 SALSREPTVDISPDTVGTLSLIMLAQAQEVEFLEATRDEKMEDAI IAKLANQAADYFGDAF 228
AT1G15130 232 SALIISPLEDHFDKGWISHVQLKAALFYGEACFRYGKELHEKEEIAEEIARLRSGASRLA 291
KD K + + Q + + C + + +A++ + +RL
Human ALIX 229 KQ---CQYKDTLPKYF--YFQEVFPVLAAKHCIMQANAEYHQSILAKQQKKFGEEIARLY 283
AT1G15130 292 EAKKSSRGAPAQLIEAMNT--LESSINGNLDRAVKENDRVYLMRVPSPSSLSPLPAFSMV 349
Ao+ o+ ++ E +N IN I A K+ND +Y RVP . P+ ++V
Human ALIX 284 HAAELIKTVASRYDEYVNVKDFSDKINRALAARAKKDNDFIYHDRVPDLEKDLDPIGKATLV 343
AT1G15130 350 KPMNMTDILDASKEKMFSILVPDSSAKALSRYTEMVDDVIRTQAERLOQASELTRVRLKE 409
K + + +F  4VP 5 ++L+ Y 4+ D+1I ++4++A+ L L
Human ALIX 344 KSTPVNVPISQKFTDLFEKMVPVSVQQOSLARYNQRKADLINRSIAQMREATTLANGVLAS 403
AT1G15130 410 MDLPDSILAVDGNSALPVDLKEDVEAVQISGGPAGLEAELQQLRDLKRVNQELLVHTEEL 469
H4LP 41V GH+ 4P+ +V GG ++ +++L +L + N+E+L + L
Human ALIX 404 LNLPAARIEDVSGDT-VPQSILTESRSVIEQGGIQTVDQLIKELPELLOQRNREILDESLRL 462
AT1G15130 470 LOKEATEDSQFRSQFGTRWTRPQSSTLTENLODRLNRFAANLKQAGESDVKIERSVRDNS 529
L +E D+ R+4F RW R S+ L K L+ F L 4A +4D +44 + +
Human ALIX 463 LDEEEATDNDLRAKFKERWQRTPSNELYKPLRAEGTNFRTVLDKAVQADGQVEECYQSHR 522
AT1G15130 530 ALMSILDR--RPIESAVPTLARPIMSLDATEDAIVGTLKQSLRQLENLGRAQRAGLEDMLE 587
+ +L + + +A+P+ A P ++ +E +V LK L L+ + +R GLE+ LK
Human ALIX 523 DTIVLLCKPEPELNAAIPS-ANPAKTMQGSE--VVNVLESLLSNLDEVKKEREGLENDLK 579
AT1G15130 588 EMKREDDILPKLMTITG----- SYEDMFREEISK-YDHICEDISQNIEVQEQLLMQIQAQ 641
+ D+ K 4T + E + E+ + Y + + ++++ QE LL IQ
Human ALIX 580 SVNF--DMTSKFLTALAQDGVINEEALSVTELDRVYGGLTTKVQESLEKQECLLENIQVS 637
AT1G15130 642 NEEFSTIFNLEDYKASKEKCYKQIQARIMKYREIKENINEGLKFYVTLQDAITNVKQQCS 701
++EFS + + +E+ K + A + E+ N+ EG KFY L + + + +C8
Human ALIX 638 HQEFSKMEQSNNEANLREEVLKNLATAYDNEVELVANLKEGTEFYNELTEILVRFONKCS 697
AT1G15130 702 DFVMTRSIQCRDMIEDVQRQMSGLSFQDHRSSGPYPSV--—--HQPTASSPPPPPETQNPS 757
DV R+  4++4+DH0O+ 4+ + Y 5 H PT PPPT P+
Human ALIX 698 DIVFARKTERDELLKDLQQSIAREPSAPSIPTPAYQSSPAGGHAPT--PPTPAPRTMPPT 755
AT1G15130 758 HPHPHAPYYRPPEQM----SRPGYSIP-PYG----PPPPYHTPHGQAPQPYPPQAQQQPH 808
PPA RPP + P + P PG PP TP G AP PPQAQ P+
Human ALIX 756 KPQPPR---RPPPPVLPANRAPSATAPSPVGAGTAAPAPSQTP-GSAP---PPQAQGPPY 808
AT1G15130 B0% PSWQQ-GSY-—————-- YDP----QGOQOPRPP--—--YPGQSPY-—————————— QPPHQG 840
P++ b4 Y+P Q P PP PGQ+PY QPP Q
Human ALIX 809 PTYPGYPGYCQMPMPMGYNPYAYGQYNMPYPPVYHQSPGQAPYPGPQQPSYPFPQPPQQD— 867
AT1G15130 841 GGYYRQ* 847
YY Q
Human ALIX 868 -SYYPQQ 873

Figure 18. Human and Arabidopsis ALIX show 26.0% amino acid sequence identity.

Protein alignment of the human ALIX with the Arabidopsis BRO1-like domain-containing protein
AT1G15130 was performed using Geneious Pro 5.3.6. Muscle alignment was applied with maximum 8
iterations.
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2.5. ALIX is an ESCRT-associated protein

ALIX is a direct interactor of AMSH3 and both proteins associate together in vivo. To elucidate
the interaction network surrounding AMSH3 and ALIX, another Y2H screen was performed,
using GBD-ALIX as bait. The full list of interaction candidates identified in the screen is in
Appendix Table 2. Two homologs of the ESCRT-III subunit SNF7, a well-known interactor of
ALIX (Richardson et al., 2011; Cardona-Lopez et al., 2015), were found in the Y2H screen,
strengthening the biological relevance of these results (Appendix Table 2). No common
interaction partners with AMSH proteins were identified. Three novel ALIX interactors were
chosen for verification in targeted Y2H assays and two of them could be confirmed, FIP1 (FH1-
INTERACTING PROTEIN 1 or VirF-INTERACTING PROTEIN 1) (Figure 19A and D) and a
CalLB (calcium-dependent lipid binding)-family protein (“CaLB”) (Figure 19B and E). The
interaction of ALIX with a RING E3 ligase XBAT35 (XB3 ORTHOLOG 5 IN ARABIDOPSIS
THALIANA) could not be verified (Figure 19C and F). These results suggest that ALIX might
play additional roles in Arabidopsis beyond its interaction with AMSH proteins.

The human ALIX and the yeast Brolp interact with ESCRT-III (Odorizzi et al., 2003;
McCullough et al., 2008; Pires et al., 2009). As mentioned above, also the Arabidopsis ALIX
was shown to associate with ESCRT-III through SNF7.1 and SNF7.2 in Y2H assays by others
(Richardson et al., 2011; Cardona-Lopez et al., 2015), as well as in this study. The core
components and accessory proteins of ESCRT-IIl are known to accumulate in aberrant
endosomal structures upon inhibition of ESCRT-III disassembly. One of the methods to block
the disassembly of ESCRT-IIl is to inactivate the AAA ATPase SKD1, a homolog of the yeast
Vpsdp (Babst et al., 1998; Haas et al., 2007; Katsiarimpa et al., 2011). In Arabidopsis plants
and Arabidopsis cell culture-derived protoplasts, the overexpression of ATPase-inactive
SKD1(E232Q), called also SKD1(EQ), was shown to induce the presence of enlarged
endosomes with a reduced number of ILVs. These aberrant structures contain components of
the ESCRT machinery, ESCRT-associated proteins and late endosomal markers (Haas et al.,
2007; Katsiarimpa et al., 2011; Kolb et al., 2015).

If ALIX associates with ESCRT-IIl in vivo, it should relocalize to the aberrant
endosomal structures upon the inhibition of the complex disassembly. To verify it, Arabidopsis
cell culture-derived protoplasts were cotransformed with ALIXpro:GFP-ALIX (Cardona-Lopez
et al., 2015), the ESCRT-III core subunit UBQ10pro:mCherry-VPS2.1, and either 35Spro:HA-
SKD1(WT, wild type) or enzymatically inactive 35Spro:HA-SKD1(EQ). mCherry-VPS2.1 was
previously shown to localize to cytosol in wild-type SKD1 conditions, whereas transient
coexpression with HA-SKD1(EQ) causes VPS2.1 to relocalize to aberrant endosomes

(Katsiarimpa et al., 2011). Coexpression experiments in Arabidopsis protoplasts revealed that
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Figure 19. Several interaction candidates for ALIX were verified in targeted Y2H assays.

(A to C) GBD-fused ALIX was cotransformed in yeast with GAD-FIP1 (A), GAD-CaLB (B) or GAD-XBAT35
(C). Transformants were tested for the auxotrophic growth on SC-LW (synthetic complete medium lacking
leucine and tryptophan) and SC-LWH (synthetic complete medium lacking leucine, tryptophan, and
histidine). GAD: Gal4-activation domain; GBD: Gal4-binding domain.

(D to F) Expression of the Y2H clones shown in A to C, respectively. Yeast total extracts were prepared
from transformants and subjected to immunoblotting using an anti-GBD antibody to detect GBD-fusion
proteins and an anti-HA antibody to detect the GAD-HA-fusion proteins.

upon cotransformation with HA-SKD1(WT), both GFP-ALIX (75.0%; n = 20) and mCherry-
VPS2.1 (80.0%; n = 20) showed mainly cytosolic localization (Figure 20A and B). However,
when the HA-SKD1(EQ) was expressed in cells, both mCherry-VPS2.1 (96.3%; n = 27) and
GFP-ALIX (96.3%; n = 27) relocalized to enlarged endosomal compartments (Figure 20A and
B). These results support the hypothesis that the Arabidopsis ALIX associates with ESCRT

machinery in vivo.
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Figure 20. ALIX localizes to SKD1(EQ)-induced aberrant endosomes.

(A) and (B) ALIX localizes to SKD1(EQ)-induced compartments.

(A) ALIXpro:GFP-ALIX was cotransformed with UBQ710pro:mCherry-VPS2.1 and either 35Spro:HA-
SKD1(WT) or 35Spro:HA-SKD1(EQ) in Arabidopsis root epidermis cell culture-derived protoplasts.
Representative cells are shown. Note that upon the coexpression with SKD1(EQ), both mCherry-
VPS2.1 and GFP-ALIX relocalized to enlarged endosomal compartments (arrowheads). Scale bars: 5
Mm.

(B) Percentages of cells with cytosolic localization (cyto) (n = 20) or SKD1(EQ)-induced compartments
(comp) (n = 27) of GFP-ALIX and mCherry-VPS2.1 are indicated.

(C) and (D) AMSH3 and ALIX colocalize in SKD(EQ)-induced compartments.

(C) ALIXpro:GFP-ALIX and 35Spro:AMSH3-TagRFP were cotransformed with either 35Spro:HA-
SKD1(WT) or 35Spro:HA-SKD1(EQ). Representative cells are shown. Note that upon coexpression
with SKD1(EQ), both AMSH3-TagRFP and GFP-ALIX relocalized to enlarged endosomal compart-
ments (arrowheads). Scale bars: 5 um.

(D) Percentages of cells with cytosolic localization (cyto) (n = 13) or SKD1(EQ)-induced compartments
(comp) (n = 16) of GFP-ALIX and AMSH3-TagRFP are indicated.

Fluorophore-tagged AMSH3 was previously found to localize to SKD1(EQ)-induced
compartments in protoplasts (Katsiarimpa et al., 2011). In order to test whether ALIX and
AMSH3 would colocalize on aberrant endosomes, Arabidopsis protoplasts were
cotransformed with ALIXpro:GFP-ALIX and 35Spro:AMSH3-TagRFP(red fluorescent protein),
and with either 35Spro:HA-SKD1(WT) or 35Spro:HA-SKD1(EQ). When coexpressed with HA-
SKD1(WT), both AMSH3-TagRFP (92.3%; n = 13) and GFP-ALIX (76.9%; n = 13) remained
cytosolic (Figure 20C and D). As expected, upon coexpression with the inactive HA-
SKD1(EQ), both AMSH3-TagRFP (81.3%; n = 16) and GFP-ALIX (93.8%; n = 16) relocalized
to enlarged endosomal compartments (Figure 20C and D). These results confirm that both
AMSH3 and ALIX are proteins associated with ESCRT function.

50



Results

Previous work has shown that AMSH3 binds to two core subunits of ESCRT-III,
VPS2.1 and VPS24.1 (Katsiarimpa et al., 2011). Moreover, subcellular fractionation studies
showed that the endogenous AMSH3 is present in both soluble and membranous fractions
(Isono et al., 2010). These results suggest that AMSH3 might localize on endosomes in plants.
As Arabidopsis ALIX was found to interact with SNF7 and localize to SKD1(EQ)-induced
aberrant endosomes, it is possible that it also shows an endosomal localization. AMSH3 and

ALIX could localize on the same or distinct subcellular compartments.

2.6. AMSHS partially colocalizes with early endosomal markers

The protoplasts are a transient expression system and do not always fully represent the
situation in planta. In order to verify the results of the localization experiments obtained in cell
culture-derived protoplasts, AMSH3 was fused at the C-terminus with YFP and expressed in
Arabidopsis thaliana plants under its own promoter (F. Anzenberger). The AMSH3-YFP fusion
protein showed dual localization in root epidermis, being present in both cytosol and small
punctuate structures (Figure 21A to D). To test whether the foci represent endosomal
compartments, AMSH3-YFP-expressing plants were crossed with plants expressing own
promoter-driven endocytic markers (Ueda et al., 2004; Uemura et al., 2004; Ebine et al., 2011)
and so-called Wave markers. Wave markers are fluorophore-tagged membrane proteins
expressed under the weak constitutive UBQ10 promoter. Wave markers have distinct
subcellular localization patterns and are widely used in rapid combinatorial analysis of plant

membranous compartments (Geldner et al., 2009).

In plants, two clearly separate endosomal organelles were previously identified, the
EE/TGN compartment and the LE/MVB/PVC (Otegui and Spitzer, 2008; Reyes et al., 2011).
The EE/TGN was demonstrated to play dual roles. On one hand, it receives recently
endocytosed material from plasma membrane like early endosomes in opisthokonta. On the
other hand, similar to the yeast and mammalian TGN, it is also involved in sorting of
biosynthetic cargo coming from Golgi (Figure 21E) (Reyes et al., 2011; Paez Valencia et al.,
2016).

AMSH3-YFP-expressing plants were crossed with two EE/TGN markers
SYP43pro:mRFP(monomeric red fluorescent protein)-SYP43 and CLCpro:CLC-
mKO(monomeric Kusabira Orange) (Uemura et al., 2004; Fujimoto et al., 2010; Ito et al., 2012;
Uemura et al., 2012). SYP43 belongs to SNARES, proteins that generate a driving force for
fusions between lipid membranes (Chen and Scheller, 2001), and was previously shown to
localize to EE/TGN in plants (Uemura et al., 2004; Uemura et al., 2012; Uemura et al., 2014).
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CLC together with CHC polymerizes into a curved lattice around vesicles budding from the
PM, TGN or endosomes (Royle, 2006). CLC is therefore a marker for CCVs and was
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Figure 21. AMSH3-YFP partially localizes to early endosomes.

(A to D) Seedlings expressing AMSH3pro:AMSH3-YFP were crossed with either SYP43pro:mRFP-SYP43
(A and D), CLCpro:CLC-mKO (B) or UBQ10pro:mCherry-GOT1 (C). Plants coexpressing both fusion
proteins were examined under a confocal microscope. PM: plasma membrane, EE/TGN: early
endosomes/trans-Golgi network, CCVs: clathrin-coated vesicles. Scale bars: 5 ym.

(D) An AMSH3-YFP/mRFP-SYP43-coexpressing seedling was treated with 50 uM BFA (Brefeldin A) for 60
min. Note that although mRFP-SYP43 relocalized to the BFA bodies, AMSH3-YFP did not. Scale bar: 5 p
m.

Magnifications of the areas indicated with white arrowheads are shown on the right side of panels A to D
(from top to bottom: merged, AMSH3-YFP, marker).

(D) Scheme presenting the localization of markers used in A to D and the pathways affected by the BFA
treatment.

(E) Numbers of AMSH3-YFP-positive vesicles that colocalized with the mRFP- or mKO-tagged markers in
A to C were counted to calculate the colocalization frequency.
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previously demonstrated to strongly colocalize with markers for EE/TGN (lto et al., 2012).

AMSHS3-YFP signals did not show strong colocalization rates with the mRFP-SYP43,
only 8.8% (n = 340) (Figure 21A and F). Interestingly, 49.0% (n = 398) of the AMSH3-YFP-
positive compartments contained CLC-mKO signals (Figure 21B and F). Both results suggest
that AMSHS3 does patrtially localize to EE/TGN, but the frequency is uncertain. The discrepancy
in colocalization rates between AMSH-YFP and EE/TGN markers might be due to the fact that
EE/TGN can originate from both PM and mature Golgi cisternae (Reyes et al., 2011; Paez
Valencia et al., 2016). To test whether AMSH3-YFP associates with EE/TGN originating from
Golgi stacks, AMSH3-YFP plants were crossed with the Golgi marker mCherry-GOT1 (Wave
18R) (Geldner et al., 2009). The colocalization frequency between AMSH3-YFP and mCherry-
GOT1 was very low, 4.4% (n = 315) (Figure 21C and F), suggesting that AMSH3-YFP probably
does not localize to vesicles budding off from Golgi or TGN.

To further establish the EE/TGN fraction to which AMSH3 localizes, AMSH3-
YFP/MRFP-SYP43-coexpressing lines were treated with BFA (Brefeldin A). BFA is an inhibitor
of guanine nucleotide exchange factors ARF-GEFs (ADP RIBOSYLATION FACTOR-GTP
EXCHANGE FACTORS) and was found to inhibit GNOM. GNOM is an ARF-GEF that was
recently shown to localize to the Golgi apparatus and play role in recycling from ER to Golgi
(Naramoto et al., 2014; Doyle et al., 2015). Through the inhibition of GNOM function, BFA
indirectly affects EE/TGN, especially the part that arises from the maturation of Golgi cisternae
(Doyle et al., 2015; Paez Valencia et al., 2016). Upon the 60-min BFA treatment, the EE/TGN
marker mRFP-SYPA43 relocalized to so-called BFA bodies. In contrast, AMSH3-YFP signals
were not found in the BFA-induced compartments (Figure 21D), suggesting AMSH3
localization does not depend on GNOM or properly functioning ER-to-Golgi trafficking.

Altogether, these results indicate that AMSH3-YFP partially localizes to early
endosomes/trans-Golgi network, however, AMSH3-YFP-positive compartments probably

originate rather from PM than from Golgi.

2.7. AMSH3 shows a strong localization to late endosomes

According to the theory of endosome maturation, EES/TGN could maturate to
LEs/MVBs/PVCs. The maturation of endosomes depends on a variety of protein- and lipid-
based remodeling events. In yeast and animals, a switch from a small GTPase family
RAB5/Ypt51p to RAB7/Ypt7p and a change in the lipid composition, in example the conversion

from PI3P to PI(3,5)P2 are essential in this process. These changes are believed to prepare
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the endosomes for fusion with other endosomes and finally with the lysosome or vacuole
(Huotari and Helenius, 2011; Scott et al., 2014).

AMSH3-YFP shows a partial localization to EE/TGN. To verify whether AMSH3
localizes also on LEs, AMSH3pro:AMSH3-YFP-expressing plants were crossed with plants
expressing late endosomal markers ARA7pro:mRFP-ARA7, ARAG6pro:ARA6-mRFP and
UBQ10pro:mCherry-RABG3c(RAB GTPase HOMOLOG G3c; Wave 11R) (Figure 22E)
(Ueda et al., 2001; Ueda et al., 2004; Geldner et al., 2009; Ebine et al., 2011). ARA7, known
also as RABF2b, and ARAG, known also as RABF1, belong to AtRABF subfamily that shows
the highest similarity to the human Rab5 and yeast Ypt51p subfamilies (Ueda et al., 2001,
Vernoud et al., 2003). In Arabidopsis, ARA6 and ARA7 were shown to localize on partially
overlapping populations of late endosomes with reciprocal gradients. Additionally, a small
fraction of ARA7 localizes on EE/TGN (Ueda et al., 2004; Otegui and Spitzer, 2008). The third
marker used in this study, RABG3c, belongs to the AtRABG subfamily homologous to the
human Rab7 and yeast Ypt7p (Vernoud et al., 2003). In Arabidopsis cells, RABG3c localizes
to MVBs and the tonoplast, and is considered a marker for mature late endosomes (Bozkurt
et al., 2015).

The confocal analysis revealed that AMSH3-YFP showed a very high colocalization
frequency with RABFs mRFP-ARA7 (74.8%; n = 306) (Figure 22A and F) and ARA6-mRFP
(62.8%; n = 368) (Figure 22B and F). The lowest colocalization rate was observed with the
RABG mCherry-RABG3c, 43.2% (n = 287) (Figure 22C and F). This was a strong indication
that the majority of AMSH3-YFP localizes to MVBs, which fits to its function with ESCRT-III.
The late endosomal localization of AMSH3-YFP was further confirmed by treating AMSH3-
YFP/ARA6-mRFP-coexpressing lines with the PI3K (PHOSPHOINOSITIDE 3-KINASE)/P14K
inhibitor WM (Wortmannin). WM was shown to cause swelling of late endosomes in plants
and formation of so-called Wortmannin compartments (Wang et al., 2009a; Takac et al., 2012).
Upon treatment with WM, both ARA6-mRFP and AMSH3-YFP localized to the surface of the
swollen endosomes that appeared as ring-like structures (Figure 22D). These results
corroborate that AMSH3-YFP associates together with LE markers on WM-sensitive

compartments.

As mentioned above, endosome maturation is connected to a switch from the small
GTPase family Rab5/Ypt51p/RABF to the Rab7/Ypt7p/RABG family (Huotari and Helenius,
2011; Scott et al., 2014). AMSH3-YFP shows the highest colocalization frequency with mRFP-
ARAY and slightly lower with ARA6-mRFP. ARA6 was previously suggested to represent more
mature endosomes than ARA7, as ARA7-positive compartments colocalize earlier with an

endocytosis tracker FM4-64 [N-(3-triethylammoniumpropyl)-4-(6-(4-(diethylamino) phenyl)
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hexatrienyl) pyridinium dibromide] (Ueda et al., 2004; Otegui and Spitzer, 2008). This points

to the conclusion that AMSH3-YFP localizes stronger to less mature MVBs. This theory

merged

marker

AMSH3-YFP

mRFP-ARA7
LEs

74.8%
(n=3086)

ARA6-mRFP

LEs

B —

62.8%
(n=368)

mCherry-RABG3c i .
(Wave 11R) ’ Y
LEs and tonoplast !
43.2% A
(n=287) .
; N
ARA6-mRFP
+ WM B /
-. .
€ _ 80% (n=306) >
i S 62.8%
° - o R , (n=368)
° ‘e § = §60% 43.2%
» 8o 9
B oL s (n=287)
. @ o £ 40%
® ARA7 5% o
) G ARAS 52 20%
. WM RABG3c o< o
C 268
® o © 3 0%
o o L mRFP- ARA6- mCherry-
ARA7 mRFP RABG3c

Figure 22. AMSH3-YFP partially localizes to late endosomes.

(A to D) Seedlings expressing AMSH3pro:AMSH3-YFP were crossed with either ARA7pro:mRFP-ARA7
(A), ARA6pro:ARA6-mRFP (B) or UBQ10pro:mCherry-RABG3c (C). Plants coexpressing fusion proteins
were examined under a confocal microscope. Scale bars: 5 um.

(D) An AMSH3-YFP/ARA6-mRFP-coexpressing seedling was treated with 33 uM WM (Wortmannin) for 120
min. Note that both AMSH3-YFP and ARA6-mRFP relocalized to WM-induced compartments. Scale bar: 5
pm.

Magnifications of the areas indicated with white arrowheads are shown on the right side of panels A to D
(from top to bottom: merged, AMSH3-YFP, marker).

(E) Scheme presenting the localization of markers used in A to D and the compartments affected by WM
treatment.

(F) The numbers of AMSH3-YFP-positive vesicles that colocalized with the mRFP- or mCherry-tagged
markers in A to D were counted to calculate the colocalization frequency.
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corresponds also with the result that the colocalization frequency of AMSH3-YFP with the

marker for mature LEs and tonoplast RABG mCherry-RABG3c was the lowest of all tested.

Altogether, these results indicate that AMSH3-YFP-positive foci visible under the
confocal microscope are endosomal compartments. Moreover, these compartments seem to
represent mostly late endosomes or intermediate compartments of EE/TGN maturing to
MVBs.

2.8. AMSH3, CLC and ARA7 partially colocalize with each other

Colocalization analyses suggest that AMSH3 is mainly a late endosomal protein. The
colocalization frequency with the EE/TGN marker mRFP-SYP43 was only 8.8%, which rather
excludes a significant association with early endosomes. It is therefore surprising that AMSH3-
YFP showed 49% colocalization rate with CLC-mKO. CLC is a marker for clathrin-coated
vesicles that was previously demonstrated to strongly colocalize with the EE/TGN marker
SYP43 and very poorly with the LE marker ARAG (Ito et al., 2012). It was therefore challenging
to find the explanation for the high colocalization rates of AMSH3-YFP with both CLC and late
endosomal proteins. In order to better understand the inconsistency in localization studies,
AMSHS3-YFP/CLC-mKO-coexpressing lines were crossed with plants expressing
UBQ10pro:CFP(cyan fluorescent protein)-ARA7 (Figure 23C).

Analysis of colocalization frequencies in plants expressing AMSH3-YFP, CLC-mKO
and CFP-ARAY revealed that the AMSH3-YFP-positive compartments colocalized in 14.5%
(n=654) with both CLC-mKO and CFP-ARAY (Figure 23A and D), suggesting a partial overlap
between both endosomal markers. 40.4% of AMSH3-YFP signals colocalized only with CFP-
ARAY, supporting the strong LE localization of AMSH3. 28.3% of AMSH3-YFP colocalized
only with CLC-mKO and 16.8% with neither of the markers (Figure 23A and D). To verify the
identity of the compartments on which AMSH3-YFP, CFP-ARA7 and CLC-mKO colocalize
with each other, plants were treated with Wortmannin. As expected, CFP-ARA7 and AMSH3-
YFP were present on ring-like WM compartments representing swollen MVBs. In some cases,
also CLC-mKO signals appeared on these structures (Figure 23B), leading to the conclusion
that CLC-mKO at least partially localizes on LESs, possibly as clathrin pits. Importantly, not all
AMSH3-YFP signals relocalized to WM-induced compartments (Figure 23B), which suggests
that AMSH3 is not exclusively a late endosomal protein and it also localizes to a smaller
degree to CCVs, EE/TGN and other unknown compartments. Localization on different

endosomal pools could suggest that AMSH3 plays multiple roles in intracellular trafficking.
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Figure 23. AMSH3, ARA7 and CLC partially colocalize on the same compartments.

(A and B) Seedlings coexpressing AMSH3pro:AMSH3-YFP and CLCpro:CLC-mKO were crossed with
UBQ10pro:CFP-ARA?Y. Plants coexpressing all three fusion proteins were examined under the confocal
microscope. Scale bar: 5 ym.

(B) Seedling coexpressing AMSH3pro:AMSH3-YFP, CLCpro:CLC-mKO and UBQ10pro:CFP-ARA7 was
treated with 33 yM WM (Wortmannin) for 120 min. Note that AMSH3-YFP and CFP-ARA7 clearly relocal-
ized to WM-induced compartments. A few CLC-mKO-positive compartments were associated with WWM-
induced structures. Scale bar: 5 um.

Magnifications of the areas indicated with white arrowheads are shown on the right side of panels A and B
(from top to bottom: merged, CLC-mKO, AMSH3-YFP, CFP-ARA7).

(E) Scheme presenting the localization of CLC and ARA7, and the compartments affected by the WM treat-
ment.

(F) Numbers of AMSH3-YFP-positive vesicles that colocalized with CFP-ARA7, CLC-mKO, with both, or
with none of the markers were counted to calculate the colocalization frequency.

2.9. AMSH3 and ALIX colocalize on late endosomes

If ALIX functions together with AMSH3, both protein should at least partially localize on the
same subcellular compartments. As described above, upon coexpression with enzymatically
inactive SKD1(EQ), GFP-ALIX colocalized with AMSH3-TagRFP on aberrant endosomes in
Arabidopsis protoplasts. Since the artificially induced conditions do not fully represent the
situation in wild-type plants, the localization of GFP-ALIX in planta was examined. Lines
expressing ALIXpro:GFP-ALIX (Cardona-Lopez et al., 2015) were crossed with plants
expressing EE/TGN marker mRFP-SYP43, the CCV marker CLC-mKO and the LE marker
MRFP-ARA7 (schemes in Figure 24D and 25E).
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Similar to AMSH3-YFP, GFP-ALIX showed both the cytosolic distribution and localized
on punctuate structures. 10.0% (n = 311) of the foci colocalized with mRFP-SYP43 (Figure
24A and E), suggesting a poor EE/TGN localization of GFP-ALIX. In addition, mRFP-SYP43
but not GFP-ALIX relocalized to BFA bodies upon the treatment with BFA (Figure 24B),
supporting that GFP-ALIX does not localize to the EE/TGN pool sensitive to the inhibition of
ER-to-Golgi trafficking. Interestingly, GFP-ALIX showed a very high colocalization rate with
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Figure 24. GFP-ALIX strongly localizes to clathrin-coated vesicles.

(A to C) Seedlings expressing ALIXpro:GFP-ALIX were crossed with either SYP43pro.mRFP-SYP43 (A)
or CLCpro:CLC-mKO (C). Plants coexpressing both fusion proteins were examined under the confocal
microscope. PM: plasma membrane, EE/TGN: early endosomes/trans-Golgi network, CCVs: clathrin-
coated vesicles. Scale bars: 5 uym.

(C) A GFP-ALIX/mRFP-SYP43-coexpressing seedling was treated with 50 uM BFA (Brefeldin A) for 60
min. Note that mRFP-SYP43 relocalized to BFA-induced bodies, whereas GFP-ALIX did not. Scale bar: 5
pm.

Magnifications of the areas indicated with white arrowheads are shown on the right side of panels A to C
(from top to bottom: merged, GFP-ALIX, marker).

(D) Scheme presenting the localization of markers used in A to C and the compartments affected by BFA
treatment.

(E) Numbers of GFP-ALIX-positive vesicles that colocalized with the mRFP- or mKO-tagged markers in A
to C were counted to calculate the colocalization frequency.
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CLC-mKO, 88.1% (n = 371) (Figure 24C and E). It can be therefore concluded that ALIX
localizes mainly on CCVs.
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Figure 25. GFP-ALIX colocalizes with AMSH3-TagRFP on late endosomes.

(A to D) Seedlings expressing ALIXpro:GFP-ALIX were either crossed with ARA7pro:mRFP-ARA7 (A and
B) or transformed with AMSH3pro.AMSH3-TagRFP (C and D). Plants coexpressing the fusion proteins
were examined under the confocal microscope. Scale bars: 5 um.

(B) A GFP-ALIX/mRFP-ARA7-coexpressing seedling was treated with 33 yM WM (Wortmannin) for 120
min. Note that both GFP-ALIX and mRFP-ARA?7 relocalized to WM-induced compartments.

Scale bar: 5 um.

(D) A GFP-ALIX/AMSH3-TagRFP-coexpressing seedling was treated with 33 uM WM for 120 min. Note
that both GFP-ALIX and AMSH3-TagRFP colocalize on WM-induced compartments. Scale bar: 5 um.
Magnifications of the areas indicated with white arrowheads are shown on the right side of panels A to D
[from top to bottom: merged, GFP-ALIX, mRFP-ARA7 (A and B) or AMSH3-TagRFP (C and D)].

(E) Scheme presenting the localization of ARA7 and the compartments affected by WM treatment.

(F) Numbers of GFP-ALIX-positive vesicles that colocalized with the mRFP- or TagRFP-tagged proteins in
A to D were counted to calculate the colocalization frequency.
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AMSH3-YFP was found to be mostly a late endosomal protein. It was therefore
investigated whether GFP-ALIX would also localize to MVBs. 32.9% of GFP-ALIX-labelled
vesicles (n = 283) showed colocalization with the LE marker mRFP-ARA7Y (Figure 25A and F),
which was nearly twice less than the colocalization rate between mRFP-ARA7 and AMSH3-
YFP. After the Wortmannin treatment of GFP-ALIX/mMRFP-ARA7-coexpressing lines, both
fusion proteins relocalized to WM-induced compartments (Figure 25B). This confirms that a
fraction of ALIX localizes to late endosomes, though smaller than of AMSH3-YFP. In
conclusion, ALIX indeed seems to have a partially overlapping subcellular localization with
AMSHS3.

In order to test to which extend the localization of ALIX and AMSH3 overlap, GFP-
ALIX-expressing plants were transformed with AMSH3pro:AMSH3-TagRFP (M.-K. Nagel).
Similar to the YFP-tagged version, AMSH3-TagRFP showed both cytosolic and endosomal
localization. 73.8% (n = 282) of AMSH3-TagRFP-positive compartments colocalized with
GFP-ALIX and 68.6% (n = 208) of GFP-ALIX signals colocalized with AMSH3-TagRFP (Figure
25C and F). Both AMSH3 and ALIX were demonstrated to partially localize to EE/TGN, CCVs
and LEs. To establish on which of these compartments both proteins colocalize, GFP-
ALIX/AMSH3-TagRFP-coexpressing plants were treated with WM. Endosomes containing
signals of both proteins swelled after the Wortmannin treatment (Figure 25D), corroborating

that both proteins colocalize mainly on LEs.

In conclusion, the colocalization analyses of AMSH3-YFP and GFP-ALIX with
endosomal markers revealed that both proteins show partially overlapping localization
patterns. AMSH3 was demonstrated to localize mainly to late endosomes (Figure 22) and to
compartments that contain clathrin (Figure 21B and F). Analysis of plants coexpressing
AMSH3-YFP, CLC-mKO and the LE marker CFP-ARAY revealed that 14.5% compartments
contained all three fusion proteins (Figure 23A and D). In addition, CLC showed a moderate
localization to Wortmannin-induced compartments, which suggests that a small fraction of
clathrin resides on LEs (Figure 23B). On the other hand, a significant fraction of AMSH3-YFP
colocalized with CLC and not with ARA7, pointing to the CCV localization of AMSH3 (Figure
23D). AMSHS3-YFP colocalized very poorly with the EE/TGN marker mRFP-SYP43,
suggesting that AMSH3 localizes very poorly to Golgi-derived EE/TGN (Figure 21A and F).

In contrast to AMSH3-YFP, GFP-ALIX colocalized only moderately with a late
endosomal marker mRFP-ARA7 (Figure 25A and F). Instead, the majority of GFP-ALIX-
positive compartments contained clathrin, pointing to a strong localization to CCVs (Figure
24C and E). Similar to AMSH3-YFP, the low colocalization rate with mRFP-SYP43 (10.0%)
suggests a poor EE/TGN localization of GFP-ALIX (Figure 24A and E). Despite the differences
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Figure 26. AMSH3 and ALIX show partially overlapping localization.

Colocalization analyses of AMSH3-YFP and GFP-ALIX with endosomal markers revealed that both
proteins showed partially overlapping localization patterns. AMSH3 localized mainly to LEs/MVBs/PVCs
(late endosomes/multivesicular bodies/prevacuolar compartments). It showed also a partial colocalization
with a marker for CCVs (clathrin-coated vesicles) but localized very poorly to EEs/TGN (early
endosomes/trans-Golgi network).

In contrast to AMSH3-YFP, GFP-ALIX colocalized only moderately with the LE marker mRFP-ARA7. On
the other hand, most of GFP-ALIX-positive compartments contained clathrin, suggesting a strong localiza-
tion to CCVs. Only a low colocalization frequency with EEs/TGN could be observed.

The font size of “AMSH3” and “ALIX” used in the scheme corresponds with colocalization rates with mark-
ers for specific compartments.

in localization patterns, AMSH3-TagRFP and GFP-ALIX showed around 70% colocalization
frequency with each other (Figure 25C and F). The compartments positive for both proteins
were sensitive to Wortmannin, which suggests that a significant fraction of them represents
LEs (Figure 25D). The overall localization of AMSH3 and ALIX is summed up in Figure 26.

Endosomal localization of proteins often correlates with their function in endocytic
trafficking. AMSH3 was previously demonstrated to be essential for proper endocytic
degradation and the amsh3 knockout mutants are deficient in several intracellular trafficking
pathways (Isono et al., 2010; Katsiarimpa et al., 2014). The endosomal localization of ALIX
and its interaction with the ESCRT-IIl subunit SNF7 and AMSH3 might suggest that it also

functions in endocytic trafficking in Arabidopsis.

2.10. ALIX and AMSH3 interact with each other through middle domains

ALIX and AMSHS3 interact with each other directly and colocalize on endosomal
compartments. Both were also demonstrated to bind to ESCRT-III, but to other core subunits.
| was therefore interested whether there is an overlap between the domains within AMSH3

and ALIX serving for binding to ESCRTs and to each other. Both proteins could in example
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compete with ESCRT-IIl for binding to each other, thus regulating each other’s function.

Alternatively, ALIX might bind to the catalytic domain of AMSH3 and affect its activity.

A targeted Y2H analysis was conducted to identify the ALIX-binding domain within
AMSH3 sequence. The N-terminus of AMSH3 contains the MIT domain that serves for
interaction with subunits of ESCRT-IIl (Katsiarimpa et al., 2011). The middle region of AMSH3
is poorly conserved and its function is still unknown. AMSHS3 lacks three functional domains
reported for human AMSH/STAMBP, namely the nuclear localization signal, STAM-binding
motif and clathrin-binding domain. The C-terminus carries the catalytic MPN+ domain that
provides AMSH3 with a zinc-dependent protease activity (Figure 9) (Isono et al., 2010).

In order to verify which of these motifs interacts with ALIX, different deletion constructs
of GAD-fused AMSH3 were generated and used for Y2H interaction studies against ALIX
(Figure 27A). The results of Y2H analysis implicated that neither the MIT- nor the MPN+
domain of AMSH3 were required for the interaction with ALIX (Figure 27B and C). This
suggests that ALIX probably does not compete with ESCRT-III subunits for binding to the MIT
domain of AMSH3 nor does it directly interfere with the catalytic domain of AMSH3. The
uncharacterized middle region of AMSH3 did not interact with ALIX, and neither did smaller
fragments of this region (data not shown). However, an extended middle region, containing
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Figure 27. The middle region of AMSH3 interacts with ALIX.

(A) AMSH3 constructs used for domain analysis in Y2H interaction studies shown in B. FL: full-length; MIT:
MIT domain; MPN+: MPN+ domain; aa: amino acid.

(B) GAD-fused full-length- or fragments of AMSH3 were cotransformed in yeast with either GBD or GBD-

ALIX. Transformants were tested for the auxotrophic growth on SC-LW (synthetic complete medium lacking
leucine and tryptophan) and SC-LWH (synthetic complete medium lacking leucine, tryptophan, and
histidine). GAD: Gal4 activation domain; GBD: Gal4 binding domain.

(C) Expression of the Y2H clones shown in B. Yeast total extracts were prepared from transformants and
subjected to immunoblotting using an anti-GBD antibody to detect GBD-fusion proteins and an anti-HA
antibody to detect the GAD-HA-fusion proteins.
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ca. 20 additional amino acids of both N- and C-terminal domains (“middle”), was sufficient and
essential for the interaction with ALIX (Figure 27B and C). This result could imply that multiple
motifs within AMSH3 interact with ALIX, situated mainly within its middle part, but probably

also within MIT and MPN+ domains.

A Pfam database search (Finn et al., 2014) showed that ALIX contains an N-terminal
BRO1 (BCK1-like resistance to osmotic shock 1)-like domain followed by a V-domain (V-
shaped domain) and a C-terminal PRD (proline-rich domain) (Figure 28A). To identify the
region in ALIX that is responsible for binding to AMSH3, Y2H interactions between GDB-fused
ALIX fragments and the full-length wild-type GAD-AMSH3 were tested. Both the BRO1-like
domain and the C-terminal region of ALIX turned out dispensable for the interaction,

suggesting that the V-domain could function in AMSH3-binding (Figure 28B and C). A further

A B GBD-ALIX GBD-ALIX
568 734 N
1 2 /630/ 840 aa . S o & &
= Q O & & Q (@ (@
FL : oL P L &
BRO1
ABRO1 RD
APRD || - GAD-
middle
V-fragm.1
V-fragm.2 courtesy of F. Anzenberger
C D GAD- GAD-
GAD+ AMSH3+ GAD+ AMSH3+
GAD+ _ GAD-AMSH3+ GAD+ _ GAD-AMSH3+ GED- GED-
GBD- GBD- <8 =] S8 =&
_~ —_ ~ —_ = —_ =~ EE EE EE EE
528 588 582 588 g2 82 B® 2%
Csd3 £833 Cs33 TEIS 323 33 323 323
XX XX XXXX XX XX XXXX XX XX XX XX
(kDa) -TL LI - LTI (Da) -3 37 -<2<= (kDa)- XX -T X (kDa) - X - X<
100 = W=~ = %9 RANPH 100 1000 wa-
554 55- 55 55 - -
1 35- ! -
35 35y W | a5l
25 25- 254 - -
o - - 15{ @ . 251
o d
IB: GBD HA (GAD) IB: GBD HA (GAD)

courtesy of F. Anzenberger

Figure 28. ALIX interacts with AMSH3 through the V-domain in Y2H assays.

(A) ALIX constructs used for domain analysis in Y2H interaction studies and in further assays. FL:
full-length; BRO1: BRO1 domain; PRD: Proline-rich domain; V: V-shaped domain; V-fragm. 1/2: V-domain
fragment 1/2; aa: amino acid.

(B) GBD-fused FL or fragments of ALIX were cotransformed in yeast with either GAD or GAD-AMSH3.
Transformants were tested for the auxotrophic growth on SC-LW (synthetic complete medium lacking
leucine and tryptophan) and SC-LWH (synthetic complete medium lacking leucine, tryptophan, and
histidine). GAD: Gal4 activation domain; GBD: Gal4 binding domain.

(C and D) Expression of the Y2H clones shown in B. Yeast total extracts were prepared from transformants
and subjected to immunoblotting using an anti-GBD antibody to detect GBD-fusion proteins and an anti-

HA antibody to detect the GAD-HA-fusion proteins.
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Figure 29. AMSH3 and ALIX interact with ESCRT-IIl and each other through distinct binding motifs.
(A) A general scheme scheme presenting interactions between ESCRT-III core subunits and ESCRT-

associated proteins AMSH3 and ALIX. ALIX binds to SNF7 and AMSH3, whereas AMSH3 can interact with
VPS2.1, VPS24.1 and ALIX. MVB: multivesicular body.

(B) A scheme presenting interaction domains between ESCRT-III subunits and the ESCRT-Ill-associated
proteins AMSH3 and ALIX. The N-terminal BRO1 (Bck1p-like resistance to osmotic shock 1) domain of
ALIX binds to the carboxy-terminal MIM (MIT-interacting motif) of SNF7. AMSH3 interacts with the
carboxy-terminal part of the V-domain (V-shaped domain) of ALIX through its middle region. The amino-

terminal MIT (microtubule-interacting and trafficking) domain of AMSH3 can bind to the MIMs of either
VPS24.1 or VPS2.1.

analysis using deletion fragments of the V-domain of ALIX revealed that the small 62-aa
fragment within the C-terminal part of the V-domain (“V-fragm.2”) is essential and sufficient for
the interaction with AMSH3 (Figure 28B and D).

The Arabidopsis ALIX was previously demonstrated to interact with ESCRT-III
subunits SNF7.1 and SNF7.2 through its N-terminal BRO1 domain (Cardona-Lopez et al.,
2015). It is therefore possible that ALIX interacts with ESCRT through the BRO1 domain and
with AMSH3 through the V-domain at the same time (Figure 29A and B). Similarly, AMSH3
could bind to ESCRT-III subunits VPS2.1 and VPS24.1 through its N-terminal MIT domain and
to ALIX through its middle region (Figure 29A and B). Both AMSH3 and ALIX bind to distinct
ESCRT-III core subunits, so they probably do not compete or block each other from interaction
with ESCRT-IIIl. However, it cannot be excluded that binding to one another induces structural
changes that facilitate or decrease their affinity towards ESCRT-III, or opposite, interaction
with ESCRT components could affect the binding between AMSH3 and ALIX.

2.11. The V-domain of ALIX interacts with AMSH3 and monoubiquitin

The results obtained in the Y2H interaction analysis were further verified by the in vitro
pulldown assay. The full-length AMSH3 bound to the MBP-tagged middle domain of ALIX and
not to MBP-VPS60.1 (negative control) (Figure 30A), proving that the V-domain of ALIX is the
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Figure 30. ALIX binds to AMSH3 and monoubiquitin through the V-domain.

(A) ALIX interacts directly with AMSH3 through the V-domain. Recombinant AMSH3 was incubated with
either MBP-ALIX(middle) or MBP-VPS60.1 (negative control) for 1 h at 4°C, and was subjected to immu-
noblot analysis after extensive washing. Anti-AMSH3 and anti-MBP antibodies were used to detect bead-
retained material.

(B) ALIX binds to monoubiquitin through the V-domain. A recombinant His-ALIX(middle) fragment contain-
ing the V-domain or His-SKD1 (negative control) were incubated with monoubiquitin agarose. After exten-
sive washing, the eluate was analyzed by immunoblotting using anti-His and anti-Ub (ubiquitin) antibodies.
(C) ALIX does not affect AMSH3 DUB activity. Fluorescence-based DUB assay using K63-linked diUb-
TAMRA (diubiquitin-TAMRA). Recombinant AMSH3 was incubated with diUb-TAMRA with or without prein-
cubation with an equimolar amount of His-ALIX(middle). Reaction was run for 90 minutes and the fluores-
cence was measured every minute. Black: diubiquitin-TAMRA with AMSH3; red: diubiquitin-TAMRA with
AMSHS3 and His-ALIX(middle); gray: diubiquitin-TAMRA alone.

interaction motif for AMSH3. In vitro binding assays with the smallest interacting region of the
V-domain of ALIX could not be conducted due to the lack of expression of the recombinant

“V-fragment 2” in E. coli strains (data not shown).

The V-domain of the yeast Brolp and human ALIX was shown to mediate their
interaction with ubiquitin (Joshi et al., 2008; Dowlatshahi et al., 2012; Keren-Kaplan et al.,
2013; Pashkova et al., 2013). The amino acid sequence homology of the Arabidopsis ALIX V-
domain is rather low in comparison to other kingdoms (25% amino acid identity with the human
ALIX and 17% with Brolp). Moreover, the amino acid residues that were shown to be essential
in either Brolp (Pashkova et al., 2013) or human ALIX (Keren-Kaplan et al., 2013) for
interaction with ubiquitin are very poorly conserved in the Arabidopsis ALIX. It was therefore
interesting to test whether it can also bind to ubiquitin. For this purpose, an in vitro ubiquitin-
binding assay was conducted using ubiquitin agarose and a recombinant His-ALIX(middle).
His-SKD1 served as a negative control in this assay. His-ALIX(middle), but not the His-SKD1,
interacted with monoubiquitin (Figure 30B), suggesting that the ability of the ALIX V-domain
to bind ubiquitin is conserved also in Arabidopsis. These results demonstrate that despite low
sequence homology, different Brolp/ALIX homologs retained similar properties in different

kingdoms.

The activity of DUBs can be affected by their interaction with other proteins. The human
homolog of AMSH3, AMSH/STAMBP, was shown to be activated upon binding to the ESCRT-
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0 subunit STAM (Kim et al., 2006; McCullough et al., 2006). As plants do not have an obvious
homolog of STAM, ALIX might be the protein that can regulate AMSHS3 activity in Arabidopsis.
To test this hypothesis, DUB assays using the recombinant untagged full-length AMSH3 in
the presence or absence of His-ALIX(middle) were conducted. The K63-linked diUb-TAMRA
(lysine 63-linked diubiquitin-5-carboxytetramethylrhodamine) was used as substrate. In
fluorescence-based DUB assays, the cleavage of diubiquitin to monoubiquitin separates the
guencher from the fluorophore resulting in the increase in fluorescence of the sample. The
recombinant AMSH3 readily catalyzed this reaction, however, preincubation with the
equimolar amount of His-ALIX(middle) did not affect the AMSH3 enzyme kinetics (Figure 30C)
and neither did other amounts of ALIX (data not shown). These results suggest that despite
binding to AMSH3 and to ubiquitin, ALIX does not influence the DUB activity of AMSH3
towards K63-linked diubiquitin. Hence, ALIX association with ESCRT-III probably does not

serve to regulate AMSHS3 activity during endocytic sorting.

2.12. alix null mutants are seedling lethal

AMSH proteins were previously demonstrated to be essential for proper plant growth and
development. amsh3-1 knockout mutants are seedling lethal and show a number of defects
in intracellular trafficking pathways, whereas amsh1-1 knockdown mutants are impaired in
autophagic degradation (Isono et al., 2010; Katsiarimpa et al., 2013; Katsiarimpa et al., 2014).
To investigate whether the same biological pathways are affected in alix, available T-DNA
insertion lines of ALIX were analyzed. Two lines, GABI 837H11 and SALK 063124 (Columbia-
0 ecotype), which were named alix-2 and alix-4, respectively, carried T-DNA insertions within

exons (Figure 31A). Homozygous alix-2 and alix-4 mutants showed reduced germination

Table 1. alix-2 and alix-4 show seedling lethality in the germination assay.

Phenotype of the progeny

Seedling
Genotype qf the WT Seedling Ungerminated lethal n
parental line looking lethal and
ungerminated
WT (Col-0) 100.0% 0.0% 0.0% 0.0% 424
alix-2 (het) 83.2% 11.9% 4.9% 16.8% 405
alix-4 (het) 77.0% 9.5% 13.5% 23.0% 400

The germination assay using het (heterozygous) alix-2 and alix-4 parental lines. Arabidopsis seeds were
sterilized using calcium hypochlorite and plated on growth medium containing 1% (w/v) sucrose. Seeds
were stratified at 4°C in the dark for 5 days and placed to 21°C and long day for 7 days. WT (wild type)
Col-0 (Columbia-0) was used as control.
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compared to the wild type (Col-0, Columbia-0) (Table 1), and even if germinated, did not
develop beyond the seedling stage (Table 1 and Figure 31B and C). The seedling growth
arrest phenotype of alix-2 and alix-4 suggests that ALIX is essential in Arabidopsis. Moreover,
the previously characterized amsh3 mutants were also seedling lethal (Figure 32C) (Isono et
al., 2010), further proving that AMSH3 and ALIX function in the same biological processes

leading to identical defects in growth and development.

To establish whether alix-2 and alix-4 are knock-down or knockout mutants, an anti-
ALIX antibody was raised in rabbits using the recombinant His-ALIX(middle) as antigen. An
immunoblot on wild-type and homozygous alix-2 and alix-4 seedlings was conducted. In wild
type, a band at the height of ~100 kDa was detected, probably corresponding to the
endogenous ALIX. No such band could be observed for alix-2 and alix-4 homozygous mutants,

suggesting they are null mutants (Figure 31D).

To verify that the seedling lethal phenotype is caused by the loss of ALIX function,
heterozygous alix-2 and alix-4 plants were crossed with each other and the F1 progeny was
analyzed. The transheterozygous (alix-2/alix-4) F1 progenies showed the same seedling
growth arrest phenotype as homozygous alix-2 and alix-4 mutants (Figure 31E and F),
indicating that alix-2 is allelic to alix-4. To further establish that the phenotype of alix null
mutants is a result of the lack of ALIX expression, alix-2 was crossed with ALIXpro:GFP-ALIX.
The seedling lethality of homozygous alix-2 could be complemented by the ALIXpro:GFP-ALIX
construct (Figure 31G and H), confirming that ALIX is the causative gene for the alix mutant
phenotype. Altogether, these results indicate that ALIX is essential in Arabidopsis and that

depletion of ALIX causes seedling growth arrest.

2.13. alix shows defects in endocytic degradation and vacuole morphology

AMSH3 was previously implicated in the degradation of ubiquitinated membrane proteins,
which depends on its interaction with ESCRT-III (Isono et al., 2010; Katsiarimpa et al., 2011,
Katsiarimpa et al., 2014). ALIX is a direct interactor of AMSHS, it colocalizes with AMSH3 on
endosomes and associates with ESCRT-IIl. To verify whether ALIX is also important for
ubiquitin-dependent endocytic degradation, total extracts from wild-type, alix-4 and alix-2
seedlings were analyzed on immunoblot using an anti-ubiquitin antibody. alix mutants showed
high levels of ubiquitinated proteins in comparison to the wild type (Figure 32A), confirming

that ALIX plays role in ubiquitin-dependent degradation.
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Figure 31. alix null mutants show seedling lethality.

(A) Schematic presentation of the T-DNA insertion sites of alix-2 and alix-4. Lines indicate introns and gray
boxes indicate exons. Scale bar: 100 bp.

(B) Phenotypes of 9-day-old WT (wild-type), alix-4 and alix-2 seedlings. Scale bars: 1 mm.

(C) Genotyping PCR of alix-2 and alix-4 mutants. A: ALIX wild-type control band; B: T-DNA insertion band.
(D) alix-2 and alix-4 are null mutants. Total extracts from seedlings shown in B were subjected to immunob-
lot analysis, using an anti-ALIX antibody. CDC2 was used as loading control.

(E) alix-2 and alix-4 are allelic to each other. Phenotypes of 9-day-old alix-2/alix-4 transheterozygous
seedlings are shown. Scale bar: 1 mm.

(F) Genotyping PCR of alix-2/alix-4 transheterozygous seedlings. A: ALIX wild-type control band; B: alix-2
T-DNA insertion band; C: AL/IX wild-type control band; D: alix-4 T-DNA insertion band.

(G and H) Complementation of alix-2 with ALIXpro:GFP-ALIX.

(G) Immunoblot analysis of total extracts from WT (wild type) and alix-2, with and without the
ALIXpro:GFP-ALIX construct using an anti-ALIX antibody. Positions of endogenous ALIX and GFP-ALIX
are indicated on the right side of the panel. CDC2 was used as loading control.

(H) ALIXpro:GFP-ALIX complements seedling lethality of alix-2. WT (wild-type), heterozygous and
homozygous alix-2 plants expressing GFP-ALIX were grown for 6 weeks in long-day conditions. Note that
the GFP-ALIX/alix-2 plants show normal growth. Scale bar: 5 cm.
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amshl1-1 knock-down mutants are impaired in autophagic degradation (Katsiarimpa et
al., 2013). Also amsh3-1 mutants show increased levels of the autophagy marker ATG8 and
accumulate autophagosomes within cytosol (Isono et al., 2010). ALIX is an interactor of
AMSH1 and AMSHS3, and alix null mutants phenocopy amsh3 in seedling morphology and
defects in intracellular trafficking. To test whether alix-4 and alix-2 are impaired in autophagic
degradation in a similar way to amsh3-1 and amsh1-1, an immunoblot using antibodies against
autophagy-related markers ATG8 and NBR1 was conducted. The immunoblot analysis
revealed that ATG8 accumulated in alix-4 and alix-2, similarly to the autophagy-defective
mutant atg7-2 (Figure 32B) and amsh mutants (Isono et al., 2010; Katsiarimpa et al., 2013),
suggesting that alix mutants are also impaired in autophagic degradation. NBR1 is a marker
specific for selective autophagy that acts as a cargo adaptor protein (Svenning et al., 2011).
To test whether alix mutants are defective also in selective autophagy, an immunoblot using
anti-NBR1 antibody was conducted. Similar to ATG8, NBR1 accumulated at high levels in alix
mutants and in the autophagy-defective atg7-2 (Figure 32B), suggesting that ALIX might be
important for both selective and nonselective autophagy pathways in Arabidopsis.

Many components of the ESCRT machinery and ESCRT-associated proteins were
identified in yeast genetic screens for mutants with aberrant vacuoles (Banta et al., 1988;
Raymond et al., 1992), proving that defects in vacuolar protein sorting are often accompanied
by abnormal vacuolar morphology. Also in plants, overexpression of the dominant-negative
AAA ATPase SKD1 was found to lead to fragmentation and disappearance of vacuoles during
trichome development (Shahriari et al., 2010). Moreover, amsh3 null mutants were previously
reported to lack large central vacuoles typical for plant tissues and to contain instead

numerous small vacuole-like structures filling the cytosol (Isono et al., 2010).

To examine if alix null mutants show the same phenotype, wild-type, alix-4 and amsh3-
1 seedlings were incubated with BCECF-AM [2',7'-bis-(2-carboxyethyl)-5-(and-6)-
carboxyfluorescein-acetoxymethyl ester], a dye staining vacuolar lumen in a pH-dependent
manner. As the vacuole phenotype depends on the developmental stage of the plant, 2-day-
old wild-type seedlings were chosen as control for these experiments, due to their similar
morphology to alix and amsh3 null mutants (Figure 32C). The confocal analysis of BCECF-
AM-stained wild-type and mutant vacuoles revealed that alix mutants similar to amsh3 lack
the central vacuole and instead contain multiple small structures, indicating that ALIX together

with AMSHS is necessary for the proper vacuole biogenesis (Figure 32D).

To analyze the vacuolar structure in alix and amsh3 in more detail, a 3D reconstruction
analyses on Z-stack images of BCECF-AM-stained wild-type and mutant vacuoles were

conducted. Surface rendering revealed that instead of many small vacuoles filling the cytosol,
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both mutants had one vacuole of an abnormal shape, consisting of tubular interconnected
structures (Figure 32E). These results further confirmed that ALIX and AMSH3 function in the
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Figure 32. alix is impaired in endocytic and autophagic degradation, and shows an aberrant vacu-
ole morphology.

(A) alix mutants accumulate Ub (ubiquitin) conjugates. Total extracts from WT (wild-type), alix-4 and alix-2
seedlings were subjected to immunoblot using an anti-Ub antibody. CDC2 was used as loading control.
(B) alix accumulates autophagy markers. Total extracts from wild-type (WT), alix-4, alix-2 and atg7-2 seed-
lings grown under long-day conditions were subjected to immunoblot analysis using anti-NBR1 and anti-
ATG8 antibodies. CDC2 was used as loading control.

(C) Phenotypes of 9-day-old WT (wild-type), alix-4, amsh3-1 and 2-day-old WT seedlings. Note the
resemblance of the developmental stage of the 2-day-old wild type to the 9-day-old alix-4 and amsh3-1.
Scale bars: 1 mm. LD: long day.

(D and E) Vacuole morphology of wild type, amsh3-1 and alix-4 mutants.

(D) Vacuoles of 2-day-old WT, and 9-day-old alix-4 and amsh3-1 seedlings shown in (C) were stained with
BCECF-AM and analyzed under the confocal laser scanning microscope. Vacuoles in the root epidermis
cells are shown. Scale bars: 5 um.

(E) 3D surface renderings of vacuoles from a representative root epidermal cell of 2-day-old WT and
9-day-old alix-4 and amsh3-1 seedlings. Z-stack images were processed to generate the 3D reconstruc-
tion pictures of vacuoles. Views from the front are shown. Note the tubular appearance of vacuoles in alix-4
and amsh3-1. Scale bars: 5 ym.
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same pathway that controls vacuole phenotype, either through vacuole biogenesis or the
maintenance of its structure. It is possible that the disruption of vacuolar function in these
mutants causes accumulation of ubiquitinated proteins and autophagosome markers. On the
other hand, defective endocytic or autophagic trafficking might also lead to aberrant vacuolar
biogenesis or maintenance. It would be interesting for the future to elucidate which phenotypes

observed in amsh3 and alix are primary- and which are secondary defects.

2.14. Depletion of ALIX leads to aberrant root morphology and leaf chlorosis

alix knockout mutants resemble amsh3-1 in seedling lethality, defects in endocytic and
autophagic degradation, as well as in aberrant vacuole morphology. Interestingly, observation
under the confocal microscope revealed the presence of irregularities in root tip morphology
in alix, a phenotype never observed in amsh3-1 mutants. To better characterize the root
morphology of alix, 2-day-old wild-type seedlings together with alix-2 and amsh3-1 were
analyzed under the SEM (scanning electron micrograph). alix-2 mutants, but not amsh3-1 or
wild type, showed disorganized root cell files as seen in Figure 33A. These results might point
to a possible role of ALIX in cell divisions during the root development, which could be
independent of AMSH3 function.

A WT, amsh3-1, alix-4,
2 days LD 7 days LD 7 days LD
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Figure 33. Loss of ALIX causes aberrant root tip phenotype and leaf chlorosis.

(A) Root morphology of WT (wild type), amsh3-1 and alix-4. Seedlings were grown in LD (long day) for 2-
(WT) or 7 days (amsh3-1 and alix-4). Scanning electron micrographs were obtained of WT, amsh3-1 and
alix-4 root tips. Scale bars: 30 um.

(B) Pictures of 3-week-old WT and two transgenic plants (transgenic #1 and transgenic #2) harboring
35Spro:ALIX. Note that transgenic #2 shows severe growth defects and leaf chlorosis (magnification in
inset). Scale bars: 1 cm. LD: long day.

(C) Total extracts from rosetta leaves of plants shown in B were subjected to immunoblot analysis using
an anti-ALIX antibody. CDC2 was used as loading control. Note that transgenic #2 shows dramatically
reduced levels of ALIX.
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To further understand the involvement of ALIX in Arabidopsis growth and
development, the effect of ectopic expression of ALIX on plants was investigated. For this,
plants harboring the untagged 35Spro:ALIX were generated. Surprisingly, transgenic T1
plants showed no overexpression of the transgene, but instead had similar or dramatically
decreased protein levels of ALIX in comparison to wild-type plants (Figure 33C). Transgenic
plants with normal ALIX levels had wild-type phenotype, whereas the plants with strongly
reduced amounts of ALIX were dwarfish and displayed leaf chlorosis (Figure 33B). Such
phenotypes are often linked to defects in autophagy, hormonal deregulation or reaction to
stress (Hanaoka et al., 2002; Yoshimoto, 2010; Vogelmann et al., 2012; Xie et al., 2015),

suggesting a possible function of ALIX in some of these processes.

The analysis of plants depleted of ALIX suggests that ALIX is indispensable for proper
plant growth and development not only in early stages during seedling development, but also

in adult plants, controlling their vegetative growth.

2.15. The localization of AMSH3 on ARA7-labeled vesicles is affected in alix

ALIX is an ESCRT-IIl associated adaptor protein that is required for proper plant growth and
development. ALIX can interact with AMSH3 but does not affect its enzyme activity. The
homolog of ALIX in budding yeast, Brolp, can bind to Doadp, a UBP/USP-family
deubiquitinase unrelated to AMSH. It was demonstrated that though Doa4p can interact with
the ESCRT-III subunit Vps20p, Brolp is indispensable for the recruitment of Doa4p to MVBs
(Luhtala and Odorizzi, 2004; Nikko and Andre, 2007; Richter et al., 2013). The Arabidopsis
MPN-family DUB AMSH3 interacts with ESCRT-III core components VPS2.1 and VPS24.1
(Katsiarimpa et al., 2011). As ALIX can bind to both AMSH3 and ESCRT-III, it is possible that

ALIX could regulate the association of AMSH3 with endosomes.

To test this hypothesis, the colocalization of AMSH3-YFP with the LE marker mRFP-
ARA7 was analyzed in alix-2 mutant background. As shown in this study, in wild-type
seedlings AMSH3-YFP localized to cytosol and to endosomes that contained mRFP-ARAY.
Interestingly, in alix mutant background, AMSH3-YFP signals became almost completely
cytosolic, whereas mRFP-ARA7 still localized on punctuate structures. To confirm this
observation, the number of vesicles per area for mMRFP-ARA7- and AMSH3-YFP was scored.
mRFP-ARA7-containing endosomes did not show a big difference in frequency between the
wild-type and the mutant background (Figure 34A, C and E). In contrast, there were over 25
times less AMSH3-YFP-positive compartments in alix than in the wild type (Figure 34A, C and
E).
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Figure 34. AMSH3-YFP does not localize on ARA7-labeled late endosomes in alix.

(A to D) Localization of AMSH3-YFP and mRFP-ARA?7 in root epidermis cells of 7-day-old WT (wild-type)
or alix-2 seedlings without (A and C) or with (B and D) 120-min 33 pM-WM (Wortmannin) treatment. Note
that in contrast to the wild type, in alix-2 AMSH3-YFP localized neither on mMRFP-ARA7-labeled late endo-
somes nor on WM-induced compartments. Magnifications of the areas indicated by white arrowheads are
shown on the right side of the panels (from top to bottom: merged, AMSH3-YFP and mRFP-ARAY7). Scale
bars: 5 um.

(E) The number of MRFP-ARA7 and AMSH3-YFP vesicles per 100 um”2 in WT and alix-2. Note that the
reduction of the number of AMSH3-YFP vesicles per area in alix-2 was stronger than of mRFP-ARA7
vesicles.

(F) The number of WM-induced mRFP-ARA7 compartments containing AMSH3-YFP signals in WT and
alix-2 seedlings. Note the dramatic reduction of AMSH3-YFP sensitivity to WM treatment in alix-2.

The mRFP-ARA7-positive compartments visible in alix could represent either
functional MVBs or aberrant endosomal structures that were observed in mutants of ALIX
orthologs in other kingdoms (Raymond et al., 1992; Luhtala and Odorizzi, 2004; Ali et al.,
2013). To test the functionality of MRFP-ARA7-containing compartments in alix, wild-type and
mutant seedlings were treated with Wortmannin. In both wild type and mutants, mRFP-ARA7
appeared on swollen ring-like structures (Figure 34B and D), suggesting that ARA7 in both
cases localizes to LEs that at least partially sustained their sensitivity to WM. Finally, to confirm
the loss of the late endosomal localization of AMSH3-YFP in alix, frequency of the appearance
of AMSH3-YFP signals on WM-induced compartments was scored. In wild type, 39% (n =
742) of mRFP-ARA7-positive Wortmannin-induced enlarged structures contained also
AMSHS3-YFP signals, whereas in alix only 4.1% (n = 741) (Figure 34B, D and F). Together,
these results indicate that ALIX is required for the localization of AMSH3-YFP to mRFP-ARA7-
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Figure 35. ALIX is essential for the endosomal localization of AMSH3.

(A) In WT (wild type), both AMSH3 and ALIX interact with ESCRT-III and localize to LEs (late endosomes).
ARAY is also associated with the membranes of LEs. AMSH3 and ALIX localize also on CCVs (clathrin-coated
vesicles), probably through the interaction with clathrin or adaptor proteins. ALIX either recruits or stabilizes
AMSH3 interaction with ESCRT-III on LEs and probably with other proteins on CCVs.

(B) In the absence of ALIX, ARA7 remains associated with LEs. In contrast, the endosomal localization of
AMSH3 is almost completely abolished. AMSH3 cannot fulfill its function as a DUB and ubiquitinated endo-
cytic cargo accumulates in alix mutants.

labeled late endosomes in planta. The ALIX function together with ESCRT-IIl and AMSH3 is
probably to either help recruiting AMSH3 to ESCRT-IIl and LES, or to stabilize this association.

In conclusion, both AMSH3 and ALIX interact with ESCRT-III and localize to late
endosomes in the wild type. The RABF ARA7 is also associated with LEs through membrane
binding. A significant fraction of AMSH3 and ALIX can be also found on CCVs, possibly due
to their interaction with clathrin or CCV-localized proteins. ALIX probably stabilizes AMSH3
interaction with ESCRT-III on LEs and possibly also on CCVs. As ALIX homologs from other
kingdoms were shown to bind to clathrin (Pashkova et al., 2013), the Arabidopsis homolog
might have a similar ability (Figure 35A). In the absence of ALIX, ARA7Y still associates with
MVBs, whereas the endosomal localization of AMSH3 is almost completely abolished. Upon
the loss of ALIX, AMSH3 cannot fulfill its role properly and ubiquitinated cargo proteins
accumulate in a similar manner as in AMSH3-depleted seedlings (Figure 35B). All results
suggest that ALIX is necessary for the proper function of AMSH3 and that both proteins are

essential in Arabidopsis.

Altogether, the data collected during this study suggest that ESCRT-III and the proteins
associated with ESCRT-IIl, namely AMSH1, AMSH3 and ALIX, are essential for the proper
plant growth and development through regulating ubiquitin-dependent protein degradation

pathways such as endocytic trafficking and autophagy in Arabidopsis thaliana.
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3. Discussion

3.1. Mechanisms that regulate AMSH proteins

In this study, | have sought to understand the mechanisms laying behind the selective protein
degradation in Arabidopsis thaliana. The centre of my interest were two pathways, endocytic
trafficking and autophagy. A special emphasis was put on the role of ubiquitin and MPN-family

deubiquitinating enzymes AMSH in these processes.

AMSH proteins can be found in mammals and plants, but not in budding yeast. AMSH
are active as monomers and like in case of other DUBs, it is essential that their activity and
subcellular localization are strictly controlled. In this study, | have shown that the adaptor
protein ALIX interacts with both AMSH1 and AMSHS3, and is important for the endosomal
localization of AMSH3.

The in vivo function of AMSH3 was previously shown to depend on its MIT domain-
mediated interaction with ESCRT-III, as the DEX-inducible AMSH3(AMIT) constructs failed to
complement the amsh3 seedling lethal phenotype (Isono et al., 2010; Katsiarimpa et al., 2011;
Katsiarimpa et al., 2014). In this study, however, | have proven that the MIT-MIM-mediated
interaction with ESCRT-III is not sufficient for the endosomal localization of AMSH3 and that
ALIX, a novel interaction partner of AMSHS, is indispensable for this. ALIX does not seems to
be essential for the ESCRT-llI-mediated ILV formation. Since the alix mutants contain MVBs,
the function of ESCRT-IIl is probably at least partially sustained in the absence of ALIX (Haas
et al., 2007; Kalinowska et al., 2015). Considering that ESCRT-III is probably still assembled
and disassembled in alix mutants, it is possible that the interaction with ESCRT-III is not

sufficient for the recruitment of AMSH3 to endosomes.

In conclusion, binding to both ESCRT-IIl and ALIX is essential for AMSH3 function. It
is possible that the combination of both interactions is required, binding to ALIX being
necessary for AMSH3 localization and to ESCRTSs for other reasons. AMSH3 might regulate
ESCRT-IIl disassembly, as it was previously demonstrated to compete with SKD1 for VPS2.1
binding (Katsiarimpa et al., 2011). An interesting mechanism of ESCRT-III association was
shown for the DUB unrelated to AMSH3 in budding yeast, Doa4p. Doa4p can interacts with
ESCRT-I1Il through binding to its core component Vps20p. This interaction is indispensable for
the role of Doa4p in ILV formation but does not influence its endosomal localization. It is the
ALIX homolog Brolp that recruits Doa4p to late endosomes (Luhtala and Odorizzi, 2004,
Richter et al., 2013). Another example is AMSH/STAMBP, for which the interaction with

clathrin was shown to be essential for the early endosomal localization. AMSH/STAMBP can
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also bind to the ESCRT-0 component STAM, which is indifferent for the localization of
AMSH/STAMBP but important for the induction of its DUB activity (Kim et al., 2006; Nakamura
et al., 2006). It would be highly intriguing to understand the exact role of AMSH3 interactions
with ESCRT-IIl components and ALIX in Arabidopsis.

AMSH1 is another MPN-family protein in Arabidopsis. In this study | have shown that
AMSHL1 is an active deubiquitinase that can interact both with the ESCRT-III subunit VPS2.1
and with ALIX. As AMSH3 can interact with two- and AMSH1 with one ESCRT-IIl component,
the affinity of AMSH1 towards ESCRT-III might partially differ from AMSH3. Due to challenges
in generation of AMSH1 fluorophore-tagged constructs (such constructs show either no
expression or are not functional in Arabidopsis), it is not yet clear whether AMSH1 can localize
to endosomes. It might associate with endosomal compartments through its interaction with
ESCRT-Ill and ALIX. On the other hand, as ALIX and VPS2.1 are also cytosolic, the interaction
between both proteins and AMSH1 could occur in the cytosol.

The function of Arabidopsis AMSH proteins could be controlled not only upon binding
to their interaction partners, but also by posttranslational modifications. Mass spectral analysis
revealed that AMSH3 contains a phosphorylation site within its poorly characterized middle
domain, S207 (cysteine 207) (PhosPhAt 4.0 database). S207 is not conserved between
human AMSH/STAMBP and AMSHS3, nor between AMSH3 and AMSH1, suggesting that it
might have an AMSH3-specific role. The phosphorylation of S207 could regulate AMSH3
activity, localization or binding to its interaction partners. Mutant versions of AMSH3 that
cannot be phosphorylated (S207A) or containing a phosphomimic (S207D or S207E) could
be generated and tested for complementation of the amsh3 mutant phenotype to verify its
importance. AMSH1 might also be regulated by posttranslational modifications. It contains
multiple predicted phosphorylation sites, among these two phosphorylation hot spots,

however, no data from mass spectrometry currently exists (PhosPhAt 4.0 database).

ALIX also could be regulated by posttranslational modifications that might affect its
binding to AMSH. In Xenopus, the homolog of ALIX, Xp95, was shown to interact with the
homolog of AMSH. This binding depends on the phosphorylation status of Xp95, pointing to
the relevance of posttranslational modifications in protein-protein interactions. This was also
the first time that the interaction between the homologs of AMSH and ALIX was ever

demonstrated before this study (Dejournett et al., 2007).

Human AMSH/STAMBP was shown to be regulated by ubiquitination. It interacts with
the RNF11 (RING-FINGER PROTEIN 11) that acts as an adaptor for recruitment of the HECT
E3-ligase SMURF2 (SMAD-UBIQUITINATION REGULATORY FACTOR 2). Ubiquitination of
AMSH/STAMBP was demonstrated to lead to its degradation by the 26S proteasome (Li and
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Seth, 2004). It could be interesting to analyze which mechanisms are regulating the

abundance of Arabidopsis AMSH proteins.

The activity of DUBs and ATPases often depend on each other. Occupancy of a DUB
by a ubiquitin conjugate can lead to stimulation of the associated ATPase, thereby coupling
deubiquitination and ATP hydrolysis. Such a mechanism of stimulating each other’s activity
was shown for DUBs Ubp6/Uspl4 and Uch37, and proteasomal AAA ATPases (Peth et al.,
2013; Wauer and Komander, 2014). During this study | have found that AMSH3 interacts
directly with the AAA ATPase of unknown cellular function. To date, no protein modulating
AMSH3 activity was characterized. It is possible that the AAA ATPase can stimulate ubiquitin
cleavage by AMSH3 in an ATP-dependent manner, thus regulating its cellular functions.
Alternatively, AMSH3 and the AAA ATPase could function together as a heterodimer or
transiently as parts of a larger protein complex. AAA ATPases are known to induce remodeling
or unfolding of proteins and small molecules. A complex containing AMSH3 and ATPase could

therefore affect both the ubiquitination status and structure of target proteins.

Though a number of potential interaction partners of AMSH1 was isolated in this study,
to date none of these interactors, except for ALIX, could be verified by in vitro binding assays.
The future studies should focus on testing the binding to other interesting candidates isolated
in the Y2H screen, such as extra-large G-protein related protein or GEF4 (GDP/GTP
EXCHANGE FACTOR 4) that might play roles in intracellular trafficking and pathogen
response. Further assays could help to solve the question to which extend the functions of
AMSH1 and AMSH3 are overlapping in Arabidopsis.

3.2 The role of ESCRT in autophagy

In this study, | have analyzed the knock-down mutants of AMSH1 and have shown that they
are partially impaired in autophagic degradation. A similar phenotype was observed in plants
overexpressing a dominant-negative version of the ESCRT-III subunit VPS2.1 (Katsiarimpa et
al., 2013). Previous studies in mammals, flies and nematodes have revealed that the ESCRT
machinery plays role in autophagy. Though the core ESCRT components failed to be identified
in screens for the atg mutants in yeast, the mutant of the homolog of SKD1, Vps4p, was
demonstrated to induce autophagy under non-starved conditions (Shirahama et al., 1997;
Rusten and Stenmark, 2009).

The ESCRT machinery could be involved in one or more key steps during autophagy.
Inhibition of ESCRT function could cause cellular stress that results in proautophagic

signaling, in addition to preventing MVB biogenesis and endocytic degradation of PM
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receptors. Alternatively, ESCRTs might be important for closure of the phagophore during
autophagosome formation, which is topologically similar to the abscission of ILVs from the
limiting membrane of the MVB. Another possibility is that the ESCRT machinery is required
for the fusion of autophagosomes with late endosomes or vacuoles. Finally, ESCRTs might
be required for lysosome or vacuole biogenesis (Rusten et al., 2007; Tamai et al., 2007; Petiot
et al., 2008; Petiot and Sadoul, 2009; Rusten and Stenmark, 2009). In addition to ESCRT
machinery and ESCRT-associated proteins, also other factors functioning in intracellular
trafficking such as RAB GTPases were demonstrated to be essential for the proper

autophagosome maturation (Jager et al., 2004)

There are several reports of ESCRT components functioning in autophagy in
Arabidopsis. Beside the dominant-negative effect of the overexpression of VPS2.1
demonstrated in our lab (Katsiarimpa et al., 2013), the ESCRT-Ill accessory proteins CHMP1A
and CHMP1B were shown to regulate the autophagic turnover of plastids in Arabidopsis
(Spitzer et al., 2015). Also other players in intracellular trafficking were reported to affect
autophagy, such as the exocyst complex (Kulich et al., 2013) or the RABG GTPase RABG3c
(Kwon et al., 2010). It is possible that AMSH proteins and ESCRT-IIl function together in
autophagic pathway in Arabidopsis. Alternatively, AMSHs might play role together with

ESCRT-IIl in endocytic trafficking and influence the autophagic degradation indirectly.

Previous studies have shown that AMSH proteins are important not only for the proper
development, growth and autophagic degradation but also for defense against pathogens
(Isono et al., 2010; Katsiarimpa et al., 2013). The involvement of AMSHSs in pathogen defense
could be explained by the link of AMSH to autophagy, which is known to regulate the salicylic
acid pathway. However, since vesicle trafficking was also shown to play direct roles in this
pathway, it cannot be excluded that AMSH proteins might as well. In example, ARA6 and
ARAY were demonstrated to be important for biogenesis and development of the haustorium
formed by powdery mildew fungus Golovinomyces orontii. Both RABs relocalize to the host-
derived membrane surrounding the haustorium (Inada et al., 2016). As AMSH3 strongly
colocalizes with these RABS, it could also localize on the extrahaustorial membrane and affect

its biogenesis.

alix null mutants accumulate the autophagosome marker ATG8 and the autophagy
receptor NBR1 at high levels. Moreover, adult plants with strongly reduced ALIX levels are
dwarfish and display leaf chlorosis and senescence, phenotypes linked to autophagy defects.
These results suggest that ALIX might be involved in both selective and nonselective
autophagy pathway. Moreover, ALIX interacts with AMSH1 and ESCRT-IlI that were shown

to be essential for proper autophagic degradation in Arabidopsis. It is, however, not obvious

78



Discussion

that ALIX plays a similar role. Though the human ESCRTs were implicated in autophagy, ALIX
was not (Petiot et al., 2008; Petiot and Sadoul, 2009). Depletion of the human ALIX does not
lead to the accumulation of LC3 (MICROTUBULE-ASSOCIATED PROTEIN 1A/1B LIGHT
CHAIN 3), the homolog of the autophagosome marker ATGS8, nor does it influence
autophagosome maturation. Human ALIX was instead demonstrated to block caspase-
dependent and -independent cell death without directly influencing autophagy (Petiot et al.,
2008). On the other hand, the homolog of ALIX in budding yeast, Brolp, seems to be important
for nutrient recycling. The Abrol mutants were demonstrated to grow normally under nutrient-
rich conditions, but show aberrant growth patterns upon nutrient deficiency (Nickas and Yaffe,
1996). It is therefore interesting to verify whether the plant homolog is really required for
autophagic responses. The accumulation of ATG8 and NBR1 could be an indirect effect of the
general defect in intracellular trafficking in Arabidopsis alix mutants. Also the leaf chlorosis in
adult plants depleted of ALIX might be a result of cell death accelerated independently of
autophagy.

3.3. Other potential functions of ALIX

Beside the role in endocytic trafficking and autophagy, mammalian ESCRT machinery was
also implicated in cytokinesis. The interaction between the human ALIX and ESCRTs was
shown to be essential in this process (Fabbro et al., 2005; Martinez-Garay et al., 2006; Zhao
et al., 2006). The human ALIX was found to function as an adaptor protein, recruiting the
ESCRT-I component TSG101 and ESCRT-III to the midbody to complete the membrane
scission during cytokinesis (Carlton et al., 2008). Both TSG101 and ALIX were shown to
interact with a hinge region of CEP55 (CENTROSOME PROTEIN 55 kDa), a protein involved
in controlling the midbody integrity and cell abscission during cytokinesis (Fabbro et al., 2005;
Sakai et al., 2006; Morita et al., 2007; Carlton et al., 2008). BLAST search using the full-length
and hinge region of CEP55 did not reveal any homolog in Arabidopsis. Moreover, the C-
terminal GPP-based region used for interaction with CEP55 cannot be found in AtALIX,

suggesting that this interaction is not conserved in Arabidopsis.

On the other hand, other results suggest that ALIX might play some role in cytokinesis
in Arabidopsis. During this study, | have shown in SEM analysis that the root tip of alix contains
disorganized root cell files. Moreover, a low frequency of cytokinesis defects such as aberrant
cell shape and oblique cell walls was observed (data not shown), phenotypes described
previously in such mutants as tonneau2, tangled and RanGAPRN (Walker and Smith, 2002;
Xu et al., 2008; Kirik et al., 2012). The nature of these defects suggests that the function of

Arabidopsis ALIX might be important for determination of division plane during cytokinesis.
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In humans, ALIX and ESCRTSs can be hijacked by various human pathogenic viruses.
These viruses use them either for membrane scission during budding from host cells, or for
protection from the host proteasomal machinery (Bissig and Gruenberg, 2014). The enveloped
RNA viruses contain so-called late domains, consisting of short conserved motifs with the
sequence of YP(X).L (where x is any residue and n is any length). ALIX can associate with
these motifs through its middle V-domain and subsequently recruit TSG101 through its PRD
motif and the ESCRT-III subunit CHMP4 through its BRO1 domain. Assembly of ESCRTs on
PM results in membrane scission and virus release from the cell (Gottlinger, 2007). This
mechanism is used by such viruses as HIV1 (human immunodeficiency virus 1), EBOV (Ebola
virus), MLV (murine leukemia virus), EIAV (equine infectious anemia virus) and HPIV1 (human
parainfluenza virus type ) (Strack et al., 2003; Segura-Morales et al., 2005;
Boonyaratanakornkit et al., 2013; Han et al., 2015).The respiratory pathogen HPIV1 exploits
ALIX also in a different way. The BRO1 domain of ALIX interacts with accessory C proteins of
HPIV1, protecting them from ubiquitination and degradation by the host proteasomal
machinery (Boonyaratanakornkit et al., 2013).

In this study, | have shown that the Arabidopsis ALIX interacts with FIP1, a small 28.0
kDa protein that according to annotations might interact with VirF (virulence protein F), an F-
box protein, functioning as a crucial virulence factor for the plant pathogen Agrobacterium
tumefaciens. During infection with Agrobacterium, a single-strand copy of bacterial DNA (T-
DNA, transferred-DNA) is exported into the plant host cell. The T-DNA is coated by the
bacterial VirE2 (virulence protein E2) but the coat must be removed by VirF before the
insertion of bacterial DNA into the host genome. For this, VirF is integrated into the host SCF
(SKP1-CUL1-F-BOX PROTEIN) ubiquitin E3 ligase complex. VirF targets the VirE2 coat, as
well as a nuclear import facilitator VIP1 (VirE2-interacting protein 1), which leads to their
ubiquitination and degradation by the host 26S proteasome (Magori and Citovsky, 2011a, b).
It is possible that Agrobacterium hijacks FIP1 and ALIX, causing both proteins to recruit the
SCF complex or to stabilize the interaction of VirF with the ligase complex (Figure 37A). This
could be a mechanism through which plant pathogens evolved to use the plant ALIX as an

adaptor protein during infection.

The RING E3 ligase XBAT35 was another protein isolated as a novel interactor of ALIX
in a Y2H screen. XBAT35 is a homolog of the rice XB3 (XA21-BINDING PROTEIN 3), a ligase
necessary for internalization of the receptor XA21 during the defense reaction against the
bacterial blight disease pathogen Xanthomonas oryzae pv oryzae (Wang et al., 2006). The
Arabidopsis XBAT35 was demonstrated to function in ethylene signaling and negatively
regulate the apical hook curvature (Carvalho et al., 2012), though its potential role in pathogen

defense in Arabidopsis was not studied. XBAT35 contains a YPSI motif. YP(x)1-sL/I is a typical
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motif serving for ALIX binding, highly conserved through different kingdoms. In budding yeast,
Brolp binds through its PRD to the YPFL sequence of Doa4p and this was shown to stimulate
the activity of Doadp (Richter et al., 2007). In Caenorhabditis elegans, ALX-1 (ALIX-1)
interacts with the YPSL motif of EH (EPS15 homology) domain-containing protein RME-1
(RECEPTOR-MEDIATED ENDOCYTOSIS 1) (Shi et al., 2007). Moreover, the human ALIX
interacts with such motifs within the substrates of ubiquitin-independent endocytosis (Dores
et al., 2012b; Dores et al.,, 2012a) and, as mentioned above, within the late domains of
pathogen viruses (Zhai et al., 2008). Though the interaction between ALIX and XBAT35 was
negatively verified in targeted Y2H assays, a positive control was missing. The assays could
be repeated including a positive control to exclude potential technical mistakes. If the
interaction is true, it would be interesting to test whether the E3 ligase activity of XBAT35 is
affected upon ALIX binding and whether both proteins function together in pathogen defense

in Arabidopsis.

3.4. BRO1 domain-containing proteins

The Arabidopsis ALIX contains a BRO1-like domain, which can be found in almost all
eukaryotes and was characterized in proteins playing adaptor and scaffolding roles in cells.
The first crystal structure of the BRO1 domain was resolved over a decade ago (Kim et al.,
2005). BRO1 domain serves for interaction with ESCRTs and proteins that contain it play roles
in regulation of endocytic trafficking and processes topologically similar to ILV formation, such
as cytokinesis and virus budding. BRO1 domain-containing proteins function also in
autophagy, cytoskeleton remodeling and response to pH changes (Odorizzi, 2006; Bissig and
Gruenberg, 2014). Most of BRO1 domain-containing proteins are modular and often carry two
other major domains: the V-domain and the PRD. There are, however, several cases of
proteins containing additional motifs or of very small proteins that except for the BRO1 domain
do not carry any conserved annotated domains (Figure 36A) (Odorizzi, 2006; Ichioka et al.,
2008; Bissig and Gruenberg, 2014; Kalinowska et al., 2015).

The yeast BRO1 domain-containing protein Brolp was isolated in a mutant screen for
factors functioning in cargo endocytosis. Mutants were divided into six classes (from A to F)
based on defects in cargo sorting and vacuole morphology. The vps31/brol mutant was
assigned to class E that carried aberrant prevacuolar structures that were named the class-E
compartments (Raymond et al., 1992). As mentioned above, Brolp was later demonstrated
to bind to the protease Doa4p, to recruit it to LEs and to regulate its DUB activity (Luhtala and
Odorizzi, 2004; Richter et al., 2007). More recent research revealed that Brolp plays role also

early in endocytic cargo sorting, as a ubiquitin adaptor functioning in parallel with ESCRT-O0.
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This role is independent of Doa4p that functions exclusively on late endosomes. Similar to
ESCRT-0, Brolp binds ubiquitin, clathrin, E3 ligases, DUBs and ESCRT-I (Nikko and Andre,
2007; Pashkova et al., 2013). Considering the high CCV localization of the Arabidopsis ALIX,
it is possible that it functions together or in parallel with TOL proteins in endocytic cargo
recognition, replacing the missing ESCRT-0 in plants. This new potential role of ALIX in

endocytic cargo sorting could be dependent or independent of AMSH function.

Another homolog characterized in budding yeast, Rim20p,contains the BRO1 domain
and the middle coiled-coil region resembling the V-domain, but lacks the C-terminal proline-
rich region (Figure 36A) (Xu and Mitchell, 2001). Rim20p does not play role in endocytic
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B ALIX N PRDJ®
human HD-PTP BRO1 v | PRD @ PTP |PEST
CAAX
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AT1G13310 BRO1
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AT1G73990 BRO1
AT5G14020 BRO1

Figure 36. BRO1 domain-containing proteins in budding yeast, human and Arabidopsis.

(A) Budding yeast contain two BRO1 (Bck1p-like resistance to osmotic shock 1) domain-containing
proteins: Bro1p and Rim20p. Both can associate with ESCRT-III, but only Bro1p was demonstrated
to function in endocytic trafficking. Both proteins contain the middle V-domain (V-shaped domain), but
Rim20p lacks the C (carboxy)-terminal PRD (proline-rich domain).

(B) Humans have at least five BRO1-domain proteins and all were shown to interact with ESCRT-III
through their N (amino)-terminal BRO1 domains. HD-PTP contains two additional motifs: PTP
(protein tyrosine phosphatase) and the sequence for degradation PEST (proline-, glutamic acid-,
serine- and threonine-rich). RHPN1 and -2 (rhophilin-1 and -2) carry an additional N-terminal HR1
(helical Rho-binding repeat 1) and instead of the V-domain, the PDZ (PSD-95, DISC-LARGE, ZO-1)
motif for protein-protein interactions. BROX is a small protein that except for the BRO1 domain carries
only the CAAX motif for prenylation.

(C) The Arabidopsis genome encodes five BRO1 domain-containg proteins. Only one of them has
other motifs found in yeast Bro1p and human ALIX: the V-domain and the PRD. Other four are small
uncharacterized proteins devoid of other conserved motifs.
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trafficking, but was shown to be essential in responses to changing environmental pH. Rim20p
is cytosolic in acidic conditions but it relocalizes to endosomes under alkaline conditions. This
results in the cleavage and activation of the transcription factor Rim101p, and in consequence
in regulation of activity of pH signaling genes (Xu and Mitchell, 2001; Boysen and Mitchell,
2006). A very similar mechanism was proposed for PalA and PalC, homologs of Rim20p in
filamentous fungus Aspergillus nidulans (Negrete-Urtasun et al., 1997; Galindo et al., 2007,
Lucena-Agell et al., 2015).

In mammals, there are several BRO1 domain-containing proteins and their domain
organization is more variable than in other clades. The human ALIX is a typical Brolp-like
protein characterized by the N-terminal BRO1 domain, middle V-domain and the C-terminal
PRD (Figure 36B). It interacts not only with ESCRT-III, but also with the ESCRT-I subunit
TSG101 (Martin-Serrano et al., 2003; Strack et al., 2003; von Schwedler et al., 2003). On top
of that, ALIX was shown to bind to the SH3 domains of the endocytic adaptor proteins
SETA/CIN85 (Chen et al., 2000), CMS/CD2AP (Usami et al., 2007), endophilin (Chatellard-
Causse et al., 2002) and Src family kinases Src (Schmidt et al., 2005; Dejournett et al., 2007;
Zhou et al., 2009) and Hck (Shi et al., 2010). Similar to Brolp, ALIX can bind directly to
monoubiquitin and K63-linked polyubiquitin chains (Keren-Kaplan et al., 2013; Pashkova et
al., 2013), yet, despite interactions with ubiquitin and endocytic sorting machinery, the loss of
ALIX does not block ubiquitin-dependent endocytic sorting (Odorizzi, 2006). ALIX is therefore
believed to play role in other cellular processes than endocytic trafficking that involve ESCRT
machinery, such as cytokinesis and ubiquitin-independent endocytosis (Morita et al., 2007;
Dores et al., 2012b).

HD-PTP is another mammalian BRO1 domain-containing protein and a non-receptor
type PTP (protein tyrosine phosphatase). In addition to the BRO1 domain, V-domain and PRD,
it contains the PTP domain and the signal for degradation PEST (proline-, glutamic acid-,
serine- and threonine-rich) (Figure 36B) (Castiglioni and Maier, 2012). In contrast to the
mammalian ALIX, HD-PTP is essential for ubiquitin-dependent endocytic cargo sorting and
for the proper MVB biogenesis (Ali et al., 2013). Intriguingly, the hd-ptp mutants contain
clustered MVBs filled with normally-looking ILVs, similar to Arabidopsis alix mutants. Both HD-
PTP and the Arabidopsis ALIX therefore seem to be dispensable for ILV formation, in contrast
to the yeast Brolp (Matsuo et al., 2004; Richter et al., 2007; Wemmer et al., 2011; Ali et al.,
2013; Kalinowska et al., 2015). HD-PTP can binds to the ESCRT-0 subunit STAM through its
BRO1 domain and PRD (Ali et al., 2013; Lee et al., 2016), and to the ESCRT-III core subunit
CHMP4B via its BRO1 domain (Ichioka et al., 2007; Ali et al., 2013). Moreover, HD-PTP can
interacts with other proteins involved in endocytic sorting, such as endophilin A1 and ALG-2
(APOPTOSIS-LINKED GENE 2) (Ichioka et al., 2007). To date, it is not clear whether HD-PTP
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is an active PTP and opinions are divided (Gingras et al., 2009; Mariotti et al., 2009; Lin et al.,
2011).

A highly interesting mechanism of the ESCRT exchange and the recruitment of the
DUB UBPY/USP8 by HD-PTP and was proposed. HD-PTP binds to the core domain of STAM
through its BRO1 domain and to the SH3 domain of STAM through its middle PRD region.
STAM is competed out from the BRO1 domain of HD-PTP by the ESCRT-III subunit CHMP4B.
This recruits the DUB UBPY/USPS8 that binds to the MIM of CHMP4B through its N-terminal
MIT domain. UBPY/USP8 contains also a PRD that competes HD-PTP out from the SH3
domain of STA2. This causes the detachment of HD-PTP from ESCRT-0 and the association
with ESCRT-IIl in a route omitting ESCRT-I and ESCRT-Il. UBPY/USPS8 interacts also with
the cargo and deubiquitinates it. It was suggested that in this way, by interacting with
UBPY/USP8 and HD-PTP, cargo can be sorted directly from ESCRT-0 to ESCRT-III (Ali et
al., 2013). A very similar function together with DmUBPY was suggested for the homolog of
HD-PTP in Drosophila melanogaster, Mop (Myopic) (Miura et al., 2008; Pradhan-Sundd and
Verheyen, 2014, 2015).

In humans, several other BRO1 domain-containing proteins were described, including
rhophilins and BROX (BRO1 DOMAIN-CONTAINING PROTEIN WITH A CAAX MOTIF).
Rhophilins are effectors of the Rho GTPases, molecular switches that play key role in
regulating the actin cytoskeleton (Peck et al., 2002; Steuve et al., 2006). RHPN1 (rhophilin-1)
and RHPN2 contain the HR-1 (helical Rho-binding repeat 1) for interaction with Rho and the
BRO1 domain that they can use to associate with endosomes. Another motif characteristic for
rhophilins, the PDZ (PSD-95, DISC-LARGE, ZO-1) domain, serves for multiple protein-protein
interactions and thus formation of multimeric protein complexes (Figure 36B). Mammalian
rhophilins are implicated together with Rho GTPases in actin disassembly (Peck et al., 2002;
Steuve et al., 2006). BROX is a small BRO1 domain-containing protein characterized by the
C-terminal tetrapeptide CAAX that is a site for prenylation (Figure 36B). BROX was found to
associate with membranes, interact with the ESCRT-lIl component CHMP4B, and to
colocalize with cis- and trans-Golgi markers (Ichioka et al., 2008). The cellular function of

BROX, however, still needs to be elucidated.

The Arabidopsis genome codes for four additional hypothetical BRO1 domain-
containing proteins (AT1G13310, AT1G17940, AT1G73990, and AT5914020) (Figure 36C).
These proteins are shorter than ALIX and lack other recognizable functional domains. In
contrast to BROX, the Arabidopsis BRO1 domain-containing proteins do not have the CAAX
box for prenylation. On the other hand, since the human ALIX was shown to bind to the

mammalian-specific lipid LBPA (lysobisphosphatidic acid) through the BRO1 domain (Matsuo
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et al., 2004), it cannot be excluded that the Arabidopsis BRO1 domain-containing proteins
also can interact with lipids. In addition, it still remains to be elucidated whether AT1G13310,
AT1G17940, AT1G73990, and AT5G14020 are expressed and what functions their protein
products might have. It was demonstrated in budding yeast that the overexpression of the
BRO1 domain of Brolp leads to the inhibition of ESCRT-III disassembly. It is possible that the
other BRO1 domain-containing proteins are regulating ESCRT-III dynamics and
deubiquitination of endocytic cargo in Arabidopsis. By interaction with SNF7 and blocking its
accessibility for ALIX, other BRO1 domain-containing proteins could affect binding of AMSH
and probably also of SKD1 to ESCRT-III. It is tempting to consider the possibility that the
regulation of ESCRT-III disassembly and the binding of ESCRT-associated proteins could be

a more complex and fine-tuned process than we currently think.

3.5. The role of AMSH3 and ALIX in vacuole biogenesis

Two of the major protein degradation pathways, endocytic trafficking and autophagy, deliver
cargo proteins to vacuoles. Plant vacuoles are, however, not only degradation stations.
Serving as storage organelles in seeds, fruits and rhizomes, vacuoles are important for
establishing and regulating multiple agronomically important traits in plants. Vacuoles can
hence determine quality and quantity of the harvest of crop plants. They are essential in biotic
and abiotic stress responses, helping plants to sequester toxic ions and release antimicrobial
compounds during defense against pathogens. In addition, bursting of vacuoles is important
for the programmed cell death, which in turn is used in other defense responses (Frigerio et
al., 2008; Zouhar and Rojo, 2009).

In this study, | have shown that alix null mutants, similar to the previously characterized
amsh3, show an aberrant vacuole morphology, suggesting the function of both proteins in
vacuole biogenesis or maintenance. This phenotype was never reported for mutants of any
BRO1 domain-containing protein in other kingdoms nor for any other DUB than AMSH3. The
mutant of the yeast brol/vps31 showed no aberrant vacuolar phenotype but instead contained
aberrant endosomes, the so-called class-E compartments (Raymond et al., 1992). Structures
resembling class-E compartments can be induced in plants or protoplasts upon
overexpression of the ATPase-inactive SKD1(EQ), or the AMIT- and AXA-constructs of
AMSHS3 (Haas et al., 2007; Isono et al., 2010; Katsiarimpa et al., 2011; Katsiarimpa et al.,
2014). Such effect was not observed in Arabidopsis alix mutants, suggesting that ALIX has
different roles in regulating ESCRT-III than its yeast homolog Brolp or other ESCRT-III-
associated proteins in Arabidopsis, AMSH3 and SKD1.
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Figure 37. Novel interactors of ALIX could function together with ALIX in various processes.

(A) FIP1 (FH1-INTERACTING PROTEIN 1 or VirF-INTERACTING PROTEIN 1) was suggested to interact with
VirF, an F-box Agrobacterium protein that hijacks the host SCF (SKP1-CUL1-F-BOX PROTEIN) machinery.
During transformation, Agrobacterium exports a single-strand copy of T-DNA (transferred-DNA) into the host
cell. The T-DNA is coated by the bacterial VirE2. Removal of the coat is mediated by VirF and is essential for
insertion of the T-DNA into the host genome. VirF integrates into the host SCF ubiquitin E3 ligase complex and
recruits it to VirE2 coat, which causes its polyubiquitination and degradation by the host 26S proteasome.

(B) ALIX interacts with a CaLB-family protein that can bind to membranes in a calcium-dependent manner. Both
proteins might therefore associate with endosomes, autophagosomes or other intracellular organelles. ALIX and
CalB-family protein could be important for membrane fusion events, and could function in endocytic trafficking,
vacuole biogenesis, calcium signaling or cell death.

(C) FIP1, next to its potential role in Agrobacterium infection, was shown to bind to formin FH1. FH1 is an actin
nucleator controlling cytoskeleton dynamics. It is possible that FIP1 and ALIX function together with FH1 in
cytoskeleton regulation.

Although in contrast to yeast plant vacuoles are essential for survival (Raymond et al.,
1992; Rojo et al., 2001), much less is known about the vacuole biogenesis in plants. The
vacuole formation and maintenance seem to strongly depend on properly functioning
intracellular trafficking, as mutants of many factors functioning in this pathway show defects
in vacuole morphology. Apparent VPS homologs in Arabidopsis, such as VPS16/VCL1,
VPS29, VPS35 and VPS45, were implicated in vacuole biogenesis (Rojo et al., 2001; Shimada
et al., 2006; Sanmartin et al., 2007; Yamazaki et al., 2008; Zouhar et al., 2009). Also the AP-
3 (adaptor protein complex 3) functioning in sorting proteins from EE/TGN to the vacuole via
an MVB-independent trafficking route was implicated in vacuole biogenesis (Feraru et al.,
2010). Vacuole fragmentation or fusion defects were also shown for rabg3 quintuple mutants
(Ebine et al., 2014). Finally, null mutants of the late endosomal protein FYVEl (FYVE-

86



Discussion

DOMAIN PROTEIN 1) phenocopy amsh3 and alix mutants in vacuole morphology (Gao et al.,
2014; Kolb et al., 2015).

The vacuole morphology of amsh3 and alix mutants could be a result of a defective
ESCRT-dependent trafficking from PM to vacuole. Alternatively, distortion of other routes
might lead to the defects in vacuole biogenesis. It was shown that the trafficking of tonoplast
proteins and lipids essential for vacuole biogenesis can occur directly from ER omitting Golgi
(Viotti et al., 2013). Essential sterols and major vacuolar pumps, V-PPase (VACUOLAR-TYPE
INORGANIC PYROPHOSPHATASE) and V-ATPase (VACUOLAR H+-ATPase), are
delivered during vacuole biogenesis in double-membraned vesicles resembling
autophagosomes, though formed independently of autophagy machinery (Viotti et al., 2013).
amsh3-1 mutants were previously shown to accumulate double-membraned structures that
could be autophagosomes (Isono et al., 2010). It is possible that at least a fraction of the
structures accumulating in amsh3-1 mutants represent ER-derived vesicles that due to
membrane fusion defects cannot form a proper vacuole. Thus, ER-to-vacuole delivery of
tonoplast proteins might be the pathway which distortion in amsh3 and alix causes the

aberrant vacuole morphology of these mutants.

Alternatively, the fusion of membranes could be impaired in amsh3 and alix, resulting
in tubular vacuoles similar to these found in mesodermal cells. Fusion events of lipid bilayers
depend on many cellular components like SNAREs, small GTPases and such factors as
calcium (Hay, 2007; Jena, 2009). Interestingly, a small 27.1 kDa CalLB (calcium-dependent
lipid binding)-family protein was isolated in a Y2H screen as a novel interactor of ALIX. The
CalLB maitif, called also C2 domain, binds phospholipids in a calcium-dependent manner and
can be found in a wide variety of proteins, involved in signal transduction and membrane fusion
events. Also the involvement of CaLB domain proteins in transcription regulation and plant
stress responses was previously reported (Hinderliter et al., 1998; de Silva et al., 2011). It is
possible that CalLB-family protein and ALIX function together in membrane fusion.
Alternatively, both proteins might play role in endocytic trafficking, calcium signaling or in cell
death (Figure 37B). AAA ATPases such as NSF (N-ETHYLMALEIMIDE-SENSITIVE
FACTOR) were also described to be important for fusions of lipid bilayers (Rowe and Balch,
1997; Martens and McMahon, 2008). The AAA ATPase identified in this study as a direct
interactor of AMSH3 could functions together with AMSH3 in regulating membrane fusion

events that affect the vacuole formation and maintenance.

Finally, vacuole morphology depends on actin cytoskeleton. It was previously shown
that the depolymerization of actin filaments causes changes in vacuole morphology. Upon

auxin treatment, actin filaments reorganize and vacuoles become more tubular-like than in
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untreated plants, though also solitary fragmented vacuoles can be observed (Scheuring et al.,
2016). Due to the striking resemblance of the vacuole morphology of amsh3 and alix mutants
to the plants with affected actin cytoskeleton, actin is a strong candidate for the cause of the
vacuolar phenotype of these mutants. Importantly, the ALIX interactor isolated in Y2H assays,
FIP1, was previously identified also as an interactor of FH1 (FORMIN HOMOLOGY 1) (Banno
and Chua, 2000), though its function was not further characterized. FH1 belongs to formins,
an evolutionary ancient family of regulators of cytoskeleton assembly and organization. fh1-1
mutants show increased microtubule dynamics, resulting in impaired endocytic trafficking and
cell morphogenesis (Martiniere et al., 2011; Rosero et al., 2013; Rosero et al., 2016). FIP1
contains a C-terminal GRAM (glucosyltransferases, RAB-like GTPase activators and
myotubularins) domain that is implicated in interactions with proteins and lipids (Finn et al.,
2014). It is possible that FIP1 and the adaptor protein ALIX together with FH1 regulate the
cytoskeleton dynamics and in consequence also the vacuole morphology in Arabidopsis
(Figure 37C).

Vacuoles are essential for plants (Raymond et al., 1992; Rojo et al., 2001; Isono et al.,
2010). The properly functioning vacuoles decide not only on plant survival but also on its
agronomically important traits. There seems to be a direct link between the state of the vacuole
and the fitness of the plant. The lack of vacuoles or drastically affected vacuole morphology
have very severe consequences, usually resulting in death during the embryo or seedling
stage (Rojo et al., 2001; Isono et al., 2010; Shahriari et al., 2010; Kalinowska et al., 2015; Kolb
et al., 2015). A slightly affected vacuole morphology seems to have a relatively moderate
negative effect on plant growth and development. In example, another group has recently
shown that a weak mutant of the Arabidopsis ALIX carrying a point mutation within its BRO1
domain, called alix-1, shows a mildly affected vacuole morphology. Vacuoles in alix-1 are
suggested to be smaller than in the wild type when observed under the confocal microscope.
The weak alix-1 mutants show reduced growth of petioles and rosette leaves, serrated rosette
leaves, and late flowering under long-day conditions (Cardona-Lopez et al., 2015). It is
possible that there is a strict correlation between the extent to which the vacuole morphology

and probably its function is affected, and the general viability of the plant.

In conclusion, in this study, | aimed to understand the function and regulation of AMSH
proteins in the context of ubiquitin-dependent endocytic degradation, autophagy and vacuole
biogenesis. | have identified a novel interactor of AMSH proteins, ALIX, and by applying
biochemical-, cell biological- and genetic methods, | have showed that it regulates the AMSH
function. | have also demonstrated that AMSH proteins and ALIX play role together with the
ESCRT machinery in Arabidopsis. Due to the tremendous role of such processes as endocytic

trafficking, autophagy and vacuole biogenesis in plant growth and development, as well as in
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controlling the yield of crop plants, these mechanisms should be studied in detail. Only a deep
understanding of the mechanisms behind these pathways in a model plant will allow for the

future translation of the knowledge to industrially relevant plants and field-based solutions.
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Materials and methods

4. Materials and methods

4.1. Materials used in this study

Chemicals and reagents used in this study are listed in Appendix Table 3. Antibodies used for
detection of specific proteins are listed in Appendix Table 4. Vectors and plasmids used for
cloning and subcloning are listed in Appendix Table 5, and the generated DNA constructs are
listed in Appendix Table 6. Sequences of all primers used for cloning and sequencing are
listed in Appendix Table 7 and -8, primers used for genotyping are listed in Appendix Table 9.
Genotypes of bacteria and yeast strains, as well as Arabidopsis accessions are described in
Appendix Table 10. A list of transgenic plants generated in this study is shown in Appendix
Table 11.

4.2. Methods
4.2.1. Methods for plant analysis
4.2.1.1. Sterilization of seeds and growth conditions

For growth under sterile conditions, Arabidopsis thaliana seeds were sterilized by incubation
for 10 min with saturated calcium hypochlorite supplemented with 0.1% (v/v) Silwet L-77.
Seeds were subsequently washed once with 80% (v/v) ethanol and further four times with
sterile water containing 0.05% (v/v) Silwet L-77. Stratification was typically carried out
overnight at 4°C. Seeds were plated on GM (growth medium) [0.43% (w/v) Murashige &
Skoog, 1% (w/v) sucrose, 0.05% (w/v) MES, 0.55% (w/v) plant agar, pH 5.8] and grown under
continuous light or long day (110 to 150 ymol m2 s?) at 21°C. For autophagy experiments,
seeds were plated on ¥2 MS medium [0.215% (w/v) Murashige & Skoog, 0.05% (w/v) MES,
0.65% (w/v) plant agar, pH 5.8] and grown under long- or short-day conditions (16 hours light
and 8 hours dark or 8 hours light and 16 hours dark, respectively). To grow plants on soil, 7-
day-old seedlings were transferred on soil and grown under continuous light, short- or long-

day conditions.

4.2.1.2. Plant transformation

The transformation of Arabidopsis thaliana was performed using the standard floral dip method
(Clough and Bent, 1998). Plasmid DNA was transformed into appropriate Agrobacterium
tumefaciens strain, GV3101::pMP90, GV3101:pMP90RK or GV3101l::pMP90 pSoup.
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Transformants were selected on LB medium [1% (w/v) tryptone, 0.5% (w/v) yeast extract, 1%
(w/v) NaCl, pH 7.0] supplemented with appropriate antibiotics. The concentrations of 50 pg/ml
of rifampicin and 25 pg/ml of gentamycin were used for all Agrobacterium strains. 5 pg/ml of
tetracycline was added when pSoup-containing strain and 50 pg/ml of kanamycin when RK
strain was used. After the transformation, cells were grown for 24 h at 30°C in a 500 ml liquid
culture. After harvesting, cells were resuspended in up to 200 ml of Transformation Buffer
[0.22% (w/v) Murashige & Skoog, 5% (w/v) glucose, 0.05% (w/v) MES, 44 pM 6-
Benzylaminopurine, 0.05% (v/v) Silwet L-77]. Inflorescences from Col-0 or Ler plants were
submerged in the cell suspension for 1 min. Plants were kept at RT (room temperature) under

a plastic cover overnight before return to the growth chamber.

4.2.1.3. Selection of transgenic plants

For antibiotic selection, seeds collected from transformed Arabidopsis plants were selected
on ¥2 MS medium containing antibiotics (50 ng/ul for kanamycin selection or 15 ng/ul for
hygromycin B selection). 7-day-old seedling that survived selection were transferred to soil.

For ppt-resistant lines, seeds were planted directly on soil and sprayed twice with
1:1000 Basta (Bayer CropScience, Germany) solution, both 3- and 5 days after germination.

7-day-old seedlings that survived selection were transferred to new pots.

For plants transformed with a plasmid based on pFAST-RO05, transformants were
selected under the Olympus BZX16 stereomicroscope (Olympus Europa, Germany) by
identifying seeds that expressed the RFP reporter gene. Seeds were sterilized and plated on
GM plates. 7-day-old seedlings were analyzed and transferred to soil. Plants that positively
passed selection were genotyped using specific primers to confirm the presence of the

transgene.

4.2.1.4. Establishment of T-DNA insertion lines

The T-DNA insertion lines of AMSH1 were obtained from the collection of Cold Spring Harbor
Laboratory and designated amsh1-1 (CSHL_ET8678; Ler ecotype). The T-DNA insertion lines
of ALIX were designated alix-2 (GABI-Kat 83711; Col-0 ecotype) and alix-4 (SALK 063124;
Col-0 ecotype). Both lines were obtained through NASC from the collection of the Bielefeld
University and Salk Institute, respectively. Primers used for verification of mutant phenotypes

are listed in Appendix Table 9.
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4.2.1.5. PEG-mediated transformation of Arabidopsis protoplasts

In the first method, 3 to 4 days after subculturing, Arabidopsis suspension-cultured root
epidermis cells were collected by centrifugation at 300 g and washed once with 10 ml of WD
Solution (8 mM CaCl>-2H-0, 0.4 M mannitol). The pellet was then resuspended in 10 ml of WD
Solution containing 1% (w/v) cellulase “Onozuka R-10" (Serva, Germany) and 0.25% (w/v)
macerozyme R-10 (Serva, Germany), and incubated under gentle agitation at RT in the dark.
The formation of protoplasts was verified under a light microscope Bx61 (Olympus Europa,
Germany). After 2 to 3 hours of incubation, cells were collected by centrifugation at 100 g for
2 min. Cells were washed once with 10 ml of WD- and once with 2 ml of W5 Solution (154 mM
NaCl, 125 mM CacCl;, 5 mM KCI, 5 mM Glucose). The pellet was dissolved in 2 ml of W5
Solution and incubated on ice for 30 min. Protoplasts were collected by centrifugation at 100
g for 1 min and the pellet was carefully resuspended in 1 ml of MMM Solution (15 mM MgCl.,
0.1 % MES, 0.5 M Mannitol). 20 pg of plasmid DNA was mixed with 200 ul of the protoplast
suspension and 200 pl of PEG Solution [40% (w/v) PEG4000, 0.4 M Mannitol, 0.1 M CaCl].
The suspension was incubated on ice for 30 min. Protoplasts were subsequently washed twice
with 2 ml of W5 Solution and resuspended in 100 pl of K3 Medium (composition in Appendix
Table 12). Transformed protoplasts were incubated for 16 to 20 hours at RT in the dark and
analyzed under the FV-1000/IX81 confocal scanning microscope (Olympus Europa,

Germany).

Alternatively, after 6 to 8 days following subculturing, Arabidopsis suspension-cultured
cells were collected by centrifugation at 300 g and washed once with 10 ml of Solution 1 (5
mM EGTA pH 8.2, 0.4 M mannitol). Cells were then incubated in 10 ml of Solution 1
supplemented with 1% (w/v) cellulase and 0.25% (w/v) macerozyme for 1 h at RT in the dark
with gentle agitation. The protoplasts were filtrated through nylon mesh. Cells were washed
twice with 10 ml of Solution A (70 mM CaClz, 5 mM MES pH 5.7, 0.4 M mannitol) and then
resuspended in MMM Solution (15 mM MgClz, 5 mM MES, 0.4 M mannitol). 20 pg of plasmid
DNA was added to 100 pl of protoplasts, mixed with 400 pl of DNA Uptake Solution [40% (w/v)
PEG6000, 20 mM Ca(NOs)2, 0.4 M mannitol] and incubated on ice for 30 min. Protoplasts
were subsequently washed twice with 2 ml of Dilution Solution (125 mM CacCl,, 5mM KCI, 1.5
mM MES pH 5.7, 5 mM glucose, 0.4 M mannitol) and resuspended in 500 ul of MS+Mannitol
[0.46% (w/v) MS-0, 0.4 M mannitol]. Similar to the protocol above, transformed cells were

incubated for 16 to 20 h at RT in the dark prior to the analysis.
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4.2.2. Molecular biology methods
4.2.2.1. Purification of plasmid DNA from E. coli

Plasmid DNA was purified from E. coli using the alkaline lysis-based method. For mini-scale
purification, cells from a 3-ml overnight culture were harvested by centrifugation and
resuspended in 200 pl of Buffer P1 (50 mM Tris-HCI pH 8.0, 10 mM EDTA). Cell membranes
were lysed by the addition of 200 pl of Buffer P2 [200 mM NaOH, 1% (w/v) SDS] and the
plasmid DNA was renatured by the addition of 200 ul of Buffer P3 (3 M potassium acetate, pH
5.5). 100 pl of phenol:chloroform (1:1, v/v) were added and the samples were centrifuged at
13,000 g for 3 min. The water phase was mixed with 500 ul of isopropanol and centrifuged at
13,000 g for 20 min at 4°C. The DNA pellet was washed once with 500 pl of 70% (v/v) ethanol.
The dry pellet was resolved in distilled water supplemented with Ribonuclease A (Carl Roth,

Germany) and incubated for 20 min at 37°C.

For midi- or maxi-scale purifications, JETstar 2.0 Plasmid Purification MIDI- and MAXI
Kit (GENOMED, Germany) were used, respectively.

4.2.2.2. Cloning

All primers used for cloning were ordered from Sigma-Aldrich, Germany, and are listed in

Appendix Table 7.

4.2.2.2.1. Classical cloning procedure

For PCR-amplification of different DNA-fragments, the Phusion High-Fidelity DNA Polymerase
(Thermo Fisher Scientific, Germany) was used. A 50-pl reaction tube contained 1x Phusion
HF Buffer, 200 uM dNTP (deoxynucleotide) mix, 0.5 uM forward and reverse primers, 250 ng
template and 1 U (enzyme unit) of Phusion polymerase. In some cases 0.5 mM MgCl, or 3%
(v/v) DMSO (dimethyl sulfoxide) were added to the reaction. PCR products were purified using
Wizard SV Gel and PCR Clean-Up System (Promega, Germany). 40 ug of purified PCR
products and cloning vectors were digested in a 50-ul reaction mix containing 10 U of the
appropriate restriction enzyme(s) for 3 h at 37°C. Digested vectors were run on 1% (w/v)
ethidium bromide-containing agarose gel and the DNA-bands representing the digested
plasmid were purified from the agarose gel using Wizard SV Gel and PCR Clean-Up System.
Digested PCR products were purified by ethanol precipitation. 125 ul of 100% (v/v) ethanol
and 5 ul of 3 M natrium acetate pH 5.2 were added to 50 pl of digested PCR product. Samples
were incubated at RT for 5 min and centrifuged at 13,000 g for 15 min. The DNA pellet was
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washed once with 200 pl of 70% (v/v) ethanol. The dry pellet was resolved in 20 pl of distilled

water.

Concentrations of the vector and insert were controlled after the electrophoresis on 1%
(w/v) agarose gel. For the ligation reaction, a ratio of 1:3 to 1:10 of vector to insert was applied.
2.5 U of T4 DNA Ligase (Thermo Fisher Scientific, Germany) was used for ligation together
with the supplied buffer. The reaction was incubated for 1- to 3 h at RT or overnight at 16°C.
The ligation reaction was terminated by heating at 80°C for 5 min. The whole post-ligation mix
was used for E. coli (DH5a or TOP10, Appendix Table 10) transformation. Plasmid DNA was
isolated from single colonies, analyzed by restriction digest and sequenced using vector- and
gene-specific primers.

4.2.2.2.1.1. Constructs obtained by classical cloning

For Y2H assays with ALIX, GBD-ALIX(FL) (pKK41), GBD-ALIX(BRO1) (pKK49), GBD-
ALIX(ABRO1) (pKK50), GBD-ALIX(AC-terminus) (pKK51), GBD-ALIX(V-fragm.1l) (pKK63)
and GBD-ALIX(V-fragm.2) (pKK81) were cloned. ALIX fragments were amplified from
Arabidopsis cDNA using primer pairs KK77-KK78, KK77-KK126, KK125-KK78, KK77-KK127,
KK143-KK127 and KK193-KK127, respectively. PCR products were subsequently cloned into
pGBKT7 (Clontech Laboratories, France) between the Ndel-BamHI sites.

For verification of ALIX interactor candidates found in a Y2H screen, GAD-FIP1
(PKK58), GAD-CaLB-family protein (pKK90) and GAD-XBAT35 (pKK96) were cloned. ORFs
were amplified from Arabidopsis cDNA using primer pairs KK150-KK151, KK156-KK157,
KK154-KK155, KK152-KK153, respectively. PCR products were cloned into pGADT7
(Clontech Laboratories, France) between the Ndel-BamHI sites. GAD-AMSH3(WT) (pAK18),
GAD-AMSH3(N154) (pAK83), GAD-AMSH3(AMIT) (pAK85), GAD-AMSH3(AMPN) (pAK88)
were cloned by A. Katsiarimpa and published previously (Katsiarimpa et al., 2011). GAD-
AMSH3(middle) (pFA171) was cloned by F. Anzenberger and published in (Kalinowska et al.,
2015).

For in vitro pulldown assays, GST-AMSH1(N154) (pKK10) was amplified using primers
EI9 and KK10. Obtained PCR product was cloned into pGEX-6P-1 (GE Healthcare Life
Sciences, Germany) between the BamHI and Sall sites. To generate MBP-ALIX (pKK20),
MBP-AAA ATPase (pKK17), MBP-EML2 (pKK18), MBP-EXO70E2 (pKK21) and MBP-
unknown protein no. 1 (pKK24), ORFs were amplified from cDNA using primer pairs: KK40-
KK41, KK44-KK45, KK46-KK47, KK23-KK24 and KK42-KK43, respectively. Inserts were

cloned into pMAL-p2T (New England Biolabs, Germany) using following restriction sites:
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BamHI-Sall for ALIX, AAA ATPase and unknown protein no. 1, and BamHI-Xhol for EML2 and
EXO70E2. For cloning of MBP-VPS2.1 and MBP-VPS60.1, inserts were cut out from pGEX-
6P-1 with BamHI and Sall (Katsiarimpa et al., 2013), and ligated into pMAL-p2p (based on
pMAL-p2 from New England Biolabs, Germany; a gift from K. Tanaka lab, Tokyo Metropolitan
Institute for Medical Science, Japan).

For DUB assays, GST-AMSH1(MPN) (pKK8) was generated. The AMSH1 fragment
was amplified using primers KK8 and EI10 and cloned into pGEX-6P-1 between the BamHI-
Sall sites. GST-AMSH1 (pEI1) and GST-AMSH3 (pEI3) were cloned by E. Isono and
published in (Isono et al., 2010; Katsiarimpa et al., 2013). GST-VPS2.1(MIM) (pAK36) was
cloned by A. Katsiarimpa and published in (Katsiarimpa et al., 2013).

4.2.2.2.2. Gateway cloning

The PCR conditions for amplification of the insert were identical as described in 4.2.2.2.1. The
Gateway cloning was conducted using Gateway BP Clonase Il Enzyme Mix and Gateway LR
Clonase Il Enzyme Mix (Bio-Rad Laboratories, Germany) according to manufacturer’s

recommendations.

4.2.2.2.2.1. Constructs obtained by Gateway cloning

For the Y2H screen, GBD-AMSHI(WT) (pKK1), GBD-AMSH2(WT) (pKK2), GBD-
AMSH3(WT) (pKK3) and GBD-AMSH3(AXA) (pKK4) were generated by LR reaction using
constructs pDONR207-AMSH1(WT) (pEI7), pDONR207-AMSH2(WT) (pEI8), pDONR207-
AMSH3(WT) (pEI9) and pDONR207-AMSH3(AXA) (pEI12). pENTR constructs were cloned
by E. Isono (Isono et al., 2010; Katsiarimpa et al., 2011; Katsiarimpa et al., 2013; Kalinowska
et al., 2015), the destination vector used was pDEST-BD_pPC97 (Dreze et al., 2010). To
create GBD- and GAD-ALIX, the ALIX ORF was amplified using primers TF1 and TF2 (primers
designed by T. Fischer), transformed into pDONR207 (Thermo Fisher Scientific, Germany)
(pKK36) and subsequently into pDEST-BD_ pPC97 (pKK44) and pDEST-AD-CYH2 (pKK45)
(Dreze et al., 2010).

For overexpression in plants, the ORF of ALIX was amplified using primers KK169 and
TF2, cloned into pDONR207 (pKK69) and subsequently into pFAST-R05 (Shimada et al.,
2010) to obtain 35Spro:ALIX (pKK72). The presence of a stop codon at the end of the

sequence caused removal of the C-terminal tag and overexpression of an untagged protein.
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35Spro:AMSH3-TagRFP (pKK7) was generated by the LR reaction between the
pDONR207-AMSH3 (pEI54) cloned by E. Isono and a pGWB560 vector [T. Nakagawa,
Matsue, Japan (Nakagawa et al., 2007)].

To obtain UBQ10pro:CFP-ARA7, the ARA7 ORF was amplified from cDNA using
primers KK101 and KK102 and cloned first into pDONR207 (pKK34) and subsequently into
pUBN-CFP-DEST (Grefen et al., 2010) (pKK35).

For generation of AMSH3pro:AMSH3-YFP (pFA15) and AMSH3pro:AMSH3-TagRFP
(PMN73), the stop codon in AMSH3pro:YFP-AMSH3 construct (pFA14) (Katsiarimpa et al.,
2011) was replaced with the Ncol site by PCR-based mutagenesis, and the 5 YFP was
removed. The coding sequence for YFP or TagRFP were then cloned into the newly created
Ncol site. Constructs were cloned by F. Anzenberger and M.K. Nagel, respectively, and
published in (Kalinowska et al., 2015).

The ALIXpro:GFP-ALIX construct was cloned by L. Carrera and published in
(Cardona-Lopez et al.,, 2015). UBQ1Opro:mCherry-VPS2.1 (pAK29) was cloned by A.
Katsiarimpa and published in (Katsiarimpa et al., 2011). 35Spro:HA-SKD1(WT) (pEI151) and
35Spro:HA-SKD1(EQ) (pEI149) were cloned by E. Isono and published in (Katsiarimpa et al.,
2011). Own-promoter-driven mRFP-tagged markers were cloned by T. Uemura, T. Ueda and
A. Nakano, and published in (Ueda et al., 2004; Uemura et al., 2004; Ebine et al., 2011).

4.2.2.3. Isolation of genomic DNA from Arabidopsis

Whole seedlings or leaves of adult plants were used for genomic DNA purification. Plant
material was ground manually using plastic homogenizers or in TissueLyser Il (Quiagen,
Germany) in the presence of glass beads. Powdered material was mixed with 200 pl of DNA
Extraction Buffer [250 mM NaCl, 200 mM Tris-HCI pH 7.5, 25 mM EDTA pH 8.0, 0.5% (w/v)
SDS]. The suspension was incubated for 40 min at 65°C and 200 ul of phenol:chloroform (1:1)
was added. The suspension was centrifuged at 13,000 g for 5 min at RT. The water phase
was transferred to the new tube containing 100 pl of isopropanol and centrifuged at 13,000 g
for 20 min at 4°C. The DNA pellet was washed once with 200 ul of 70% (v/v) ethanol and
dried. After drying, the pellet was resolved in 200 pl of distilled water.

4.2.2.4. PCR conditions for genotyping

For determining the genotype of transgenic plants, a recombinant Tag polymerase was used.
30-pl reaction tubes contained: 20 mM Tris-HCI pH 8.4, 50 mM KCI and 2.5 mM MgCl,, 2.5
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mM dNTPs, 0.7 uM primers, 0.2 ul house Tag DNA polymerase and 3 pl of genomic DNA.
The PCR program started with an initial denaturation at 94°C for 5 min, followed by 30 to 35
cycles of denaturation at 94°C for 1 min, annealing at 58°C for 1 min and the extension at
72°C for 1 min/kb. The final extension step at 72°C for 7 min was usually included. The PCR
products were analyzed on a 1% (w/v) agarose gel or by automated DNA electrophoresis

using QUIAxcel Advanced System (Quiagen, Netherlands).

4.2.2.5. Yeast two-hybrid analysis
4.2.2.5.1. Yeast two-hybrid screen

The Y2H screen was conducted as described in (Dreze et al., 2010). The yeast strain Y8930
(MATa, leu2-3,112 trp1-901 his3-200 ura3-52 gal4A gal80A GAL2-ADE2 LYS2::GAL1-HIS3
MET2::GAL7-lacZ cyh2®) was transformed with one of GBD-AMSH1, -AMSH2, -AMSH3(WT)
and -AMSH3(AXA). Autoactivation of reporter genes was tested on SC-LWH (synthetic
complete medium lacking leucine, tryptophan and histidine), supplemented with 1-, 3- and 5
mM 3-AT (3-amino-1,2,4-triazole), with or without 3.6 mM CHX (cycloheximide). The baits
were screened by yeast mating against a collection of 12,000 GAD-fused Arabidopsis ORFs
in the yeast strain Y8800 (MATa, leu2-3,112 trp1-901 his3-200 ura3-52 gal4A gal80A GAL2-
ADE2 LYS2::GAL1-HIS3 MET2::GAL7-lacZ cyh2®). 188 pray clones were collected in one
pool for efficient screening. Yeast growth was assayed on SC-LWH+1mM 3-AT, SC-
LWH+1mM 3-AT+3.6 mM CHX, SC-LWA (synthetic complete medium lacking leucine,

tryptophan and adenine) and SC-LTA+3.6 mM CHX. The screen was carried out twice.

4.2.2.5.2. DNA isolation from yeast and sequencing

For DNA isolation, yeast cells were collected with a pipette tip from a plate and resuspended
in 30 pl of Potassium Phosphate Buffer (16 mM KH2POa, 4 mM K;HPO,, pH 7.4) containing
1,440 U lyticase (Sigma-Aldrich Germany) to digest the cell walls. After incubation for 1 h at
20°C, the enzyme was inactivated by heating at 95°C for 5 min. 1.8 ul of the post-digest
solution were used for PCR in a total volume of 30 pl in conditions described in 4.2.2.4.

Alternatively, DNA was isolated using STES (Sodium chloride-Tris-EDTA-SDS) Buffer.
Yeast cells were collected from a plate with a pipette tip and resolved in 50 ul of STES Buffer
[200 mM Tris-HCI pH 7.6, 500 mM NacCl, 10 mM EDTA, 0.1% (w/v) SDS]. 30 ul of glass beads
were added and samples were vortexed for 5 min at RT. First 200 ul of TE (Tris-EDTA) Buffer
(20 mM Tris-HCI pH 8.0, 1 mM EDTA pH 8.0) and then 200 pl of phenol:chloroform (1:1, v/v)
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were added to the mixture. After centrifugation at 13,000 g for 10 min at RT, 150 ul of the
water phase were transferred to a new 1.5-ml tube. 100 pl of chloroform were added and
samples were centrifuged again at 13,000 g for 10 min. 120 ul of the water phase were
transferred to a new tube and DNA was concentrated by ethanol precipitation as described in
4.2.2.2.1. The DNA pellet was resuspended in 50 ul of Ribonuclease A (1,250 U) solution and

used for the PCR reaction.

4.2.2.5.3. Targeted yeast two-hybrid assays

For the double transformation of yeast, the strain Y8800 was grown for 4 hin liquid YPD (yeast
extract, peptone, dextrose), collected, resuspended in 2 ml of LA (Lithium Acetate) Buffer (100
mM LA, 10 mM Tris pH 8.0, 1 mM EDTA pH 8.0) and incubated at RT for 10 min. 40 to 100
Hg plasmid DNA of both pGADT7- and pGBKT7-based constructs were added to 100 pl of
yeast cell solution. Samples were thoroughly mixed with 300 ul of 40% (w/v) PEG4000 solution
and incubated at RT for 1 h. 35 yl of DMSO were added to the samples and incubated for 10
min at 42°C. Cells were collected by centrifugation at 1,000 g for 2 min, washed once with TE
Buffer and plated on SC-LW plates. After the incubation for three days at 30°C, the
transformants were tested for auxotrophic growth on SC-LWH and SC-LW.

4.2.2.5.4. Total protein extraction from yeast and expression analysis

To verify the expression of Y2H constructs, total proteins were extracted and subjected to
immunoblotting. Yeast cells were collected from SC-LW plates, resuspended in 100 pl of 100
mM NaOH and incubated for 5 min at RT. After centrifugation for 1 min at 800 g, yeast pellets
were washed once with 1 ml of PBS (Phosphate-Buffered Saline) (137 mM NacCl, 2.7 mM KCl,
10 mM Na;HPO4, 2 mM KH2PO., pH 7.4) and the supernatant was discarded. Cells were
resuspended in 50 pl of 1x Laemmli Buffer [50 mM Tris-HCI pH 6.8, 2% (w/v) SDS, 6% (v/v)
glycerol, 1% (v/v) B-mercaptoethanol, 0.01% (w/v) bromophenol blue] and analyzed on
immunoblot using anti-GBD (Santa Cruz Biotechnology, Germany), anti-HA-HRP (Roche
Diagnostics, Germany) for AD-fused proteins and anti-CDC2 antibodies (Santa Cruz

Biotechnology, Germany) for loading control.
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4.2.3. Biochemical methods
4.2.3.1. Total protein extraction from plants

Typically 100 mg of fresh plant material was collected and homogenized in the presence of
Protein Extraction Buffer [50 mM Tris-HCI pH 7.5, 150 mM NacCl, 0.5% (v/v) Triton X-100, 1x
complete EDTA-free protease inhibitor cocktail (Roche Diagnostics, Germany)]. The
homogenate was cleared by centrifugation for 15 min at 13,000 g at 4°C. Protein concentration
of the extracts was quantified by the Bradford assay using Protein Assay Dye Reagent
Concentrate (Bio-Rad Laboratories, Germany). 5x Laemmli Buffer was added to plant extracts
and the samples were incubated at 98°C for 5 min before being subjected to immunoblot

analysis.

4.2.3.2. Immunoprecipitation

2 g 7-day-old seedlings were homogenized using a mortar and pestle, and resuspended in
1.5 ml of Buffer A [50 mM Tris-HCI pH 7.5, 100 mM NacCl, 10% (v/v) glycerol] supplemented
with 0.2% (v/v) Triton X-100 and 1x complete EDTA-free protease inhibitor cocktail. The total
extract was centrifuged at 13,000 g for 15 min at 4°C. Supernatant was diluted with Buffer A
without Triton X-100 to the final detergent concentration of 0.06%. 30 ul of GFP-Trap A beads
(ChromoTek, Germany) were added to immunoprecipitate GFP-ALIX. After a 2-h incubation
at 4°C with rotation, beads were washed extensively with Buffer A without detergent. 50 pl of
5x Laemmli Buffer were added and after heating for 5 min at 98°C, samples were subjected

to immunoblot.

4.2.3.3. Recombinant protein purification

For the purification of recombinant proteins, E.coli Rosetta (DE3), Rosetta-gami 2 or Rosetta-
gami B strains (Merck Millipore, Germany) were transformed (genotypes of bacteria are
described in Appendix Table 10). The bacteria were grown in 500-ml cultures and the protein
expression was induced by the addition of 0.2 to 1 mM IPTG (isopropyl B-D-1-
thiogalactopyranoside). Depending on the protein solubility, E. coli cells were incubated at
37°C for 3 h or at 18°C for 18 h. Cells were afterwards collected by centrifugation and the
pellet was resuspended in Buffer A supplemented with 0.1 to 0.2% (v/v) Triton X-100 and 1x
complete EDTA-free protease inhibitor cocktail. Cells were homogenized using an ultrasonic
homogenizer twice for 15 min, 5 cycles at 20% output. After centrifugation for 10 min at 13,000

g at 4°C, affinity resins were added to the supernatant. For His-tagged proteins, GST-tagged
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proteins and MBP-tagged proteins, TALON Metal Affinity Resin (Clontech Laboratories,
France), Protino Glutathione Agarose 4B (Macherey-Nagel, Germany) and Amylose Magnetic
Beads (New England Biolabs, Germany) were used, respectively. E. coli extracts were
incubated with the matrix for 2 h at 4°C with rotation. Afterwards, beads were washed
extensively with Buffer A supplemented with Triton X-100 and with Buffer A without detergent.
Recombinant proteins were either retained on the matrix, cleaved off from the tag by overnight
incubation with 4 U PreScission protease (GE Healthcare Life Sciences, Germany) in 200 pl
of Buffer A, or eluted. For elution with the fused tag, 400 mM imidazol, 50 mM glutathione or
10 mM maltose was added to His-tagged-, GST- or MBP-tagged proteins, respectively, and
the samples were incubated for 20 min at RT with shaking. The eluate was dialyzed against
Buffer A using Mini Bio-Spin Chromatography Columns (Bio-Rad Laboratories, Germany). For
guantification of protein concentrations, protein samples were mixed with 5x Laemmli Buffer,
loaded on SDS-PAGE and stained with Coomassie Brilliant Blue G (Sigma-Aldrich, Germany)
or R-250 (AppliChem, Germany). BenchMark Protein Ladder (Thermo Fisher Scientific,
Germany) was used as a concentration standard. Quantification was performed using the
LAS-4000 mini system (Fujifilm, Japan).

4.2.3.4. In vitro binding assay

For in vitro GST-pulldown assay, Protino Glutathione Agarose 4B beads (Macherey-Nagel,
Germany) were incubated with 8 pg of GST or GST-fused VPS2.1(MIM) for 2 hours at 4°C
with rotation. Beads were washed twice and blocked for 20 min with a saturated skimmed milk
solution. The coupled beads were washed once and resuspended in 20 ul of Buffer A. Protein
concentrations were determined on after Coomassie Brilliant Blue-staining on a gel as
described above. Equal amounts of GST and GST-VPS2.1(MIM) were incubated under
agitation with 1 ug AMSH1(N154) in 100 ul Buffer A supplemented with 0.1% (v/v) Triton X-
100 for 45 min at 4°C with rotation. Afterwards, the beads were washed twice with Buffer A
supplemented with 0.1 % (v/v) Triton X-100 and three times with Buffer A without detergent.
The beads were resuspended in 1x Laemmli Buffer and heated at 98°C for 5 min. Beads-
bound proteins were analyzed by immunoblotting using anti-GST (GE Healthcare Life
Sciences, Germany) and anti-AMSH1 (Katsiarimpa et al., 2013) antibodies.

For in vitro MBP-pulldown assays, Amylose Magnetic Beads (New England BioLabs,
Germany) containing 1 pg MBP-tagged proteins were incubated for 1 to 4 h (depending on
the affinity of interaction) on ice with 1 pg AMSH1 or AMSHS in either Buffer A supplemented
with 0.1% (v/v) Triton X-100 or in Buffer B [50 mM Tris-HCI pH 7.6, 150 mM NacCl, 10 mM

MgCl,, 0.05% (v/v) Tween-20]. Afterwards, the beads were washed four times either with
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Buffer A or Buffer B. The results were analyzed on immunoblot using anti-MBP (New England
BioLabs, Germany), anti-AMSH1 and anti-AMSH3 antibodies (Isono et al., 2010).

4.2.3.5. In vitro ubiquitin binding assay

For in vitro ubiquitin binding assays, agarose-immobilized monoubiquitin (Enzo Life Sciences,
Germany) was used. 20 pl ubiquitin beads were transferred to a mini spin column and washed
with PBS. Beads were blocked for 20 min with 0.1% (w/v) bovine serum albumin. Afterwards,
8 ug of His-tagged protein of interest was added. Binding was conducted at 4°C in PBS for 4
h with rotation. Afterwards, the beads were washed four times with PBS, resuspended in 1x
NUuPAGE SDS Sample Buffer [141 mM Tris hypochloride, 2% (w/v) SDS, 10% (v/v) glycerol,
0.51 mM EDTA, 0.22 mM SERVA Blue G250, 0.175 mM phenol red] and incubated at 80°C
for 10 min. Results were analyzed by SDS-PAGE (SDS-Polyacrylamide-Gel Electrophoresis)
and NUPAGE SDS-PAGE followed by Coomassie Brilliant Blue G staining or by immunoblot
using anti-His-HRP (Sigma-Aldrich, Germany) and anti-ubiquitin (P4D1) (Santa Cruz
Biotechnology, Germany) antibodies, respectively.

4.2.3.6. Deubiquitinase assay

For DUB assays, K48- or K63-linked polyubiquitin (Ub2-7) (Enzo Life Sciences, Germany)
was used as substrates. Recombinant AMSH1(MPN) was expressed and purified from E. coli.
250 ng substrate and 2 pmol enzyme were used for reaction and in DUB Assay Buffer (50 mM
Tris-HCl pH 7.2, 25 mM KCI, 5 mM MgCl;, 1 mM DTT). Reactions were initiated by the addition
of the substrate and the samples were incubated at 25°C for 0, 5, 15 and 60 min. Reactions
were terminated by the addition of 4x NUPAGE SDS Sample Buffer and analyzed on

immunoblot using an anti-ubiquitin antibody.

For fluorescence detection-based assay, 0.4 pM diUb (K63-linked) FRET TAMRA
Position 3 (R&D Systems, USA) was incubated with 50 nM AMSH3 in TAMRA DUB Assay
Buffer [50 mM Tris-HCI pH 7.5, 100 mM NacCl, 0.1% (w/v) Pluronic F-127, 1 mM TCEP]. To
examine the effect of ALIX on AMSH3 activity, AMSH3 was pre-incubated with 50 nM His-
ALIX(middle) for 30 min at RT prior to addition of the substrate. Fluorescence polarization was
measured using Synergy 2 Multi-Mode Microplate Reader (BioTek Instruments, USA). Filters
for excitation at 530 nm and emission at 590 nm were used. The fluorescence of the sample

was measured every minute.
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4.2.3.7. SDS-PAGE

The SDS-PAGE (SDS-Polyacrylamide-Gel Electrophoresis) was conducted as described in
(Laemmli, 1970) using Mini-PROTEAN III system (Bio-Rad Laboratories, Germany). For
preparation of 5% (v/v) stacking gel and 7.5 to 15% (v/v) resolving (separating) gels,
Acrylamide Rotiphorese Gel 30 (37, 5:1) (Carl Roth, Germany) was used. SDS Running Buffer
[25 mM Tris, 192 mM glycin and 0.04% (w/v) SDS] was used during electrophoresis.
PageRuler Plus Prestained Protein Ladder (Thermo Fisher Scientific, Germany) was applied
as a size marker and BenchMark Protein Ladder (Thermo Fisher Scientific, Germany) as a
protein quantity marker.

4.2.3.8. Coomassie Brilliant Blue staining

For visualization and quantification of protein amount, SDS-PAGE or NUPAGE gels were
stained with Coomassie Brilliant Blue Staining Solution [40% (v/v) ethanol, 7% (V/v) acetic
acid, 0.25% (w/v) Coomassie Brilliant Blue G or R-250] for at least 30 min. Gels were

destained using Destaining Solution [40% (v/v) ethanol, 7% (V/v) acetic acid].

4.2.3.9. Immunoblot analysis

Proteins from SDS-PAGE were transferred on Immobilon-P (PVDF) Transfer Membrane, pore
size 0.45 um (Merck Millipore, Germany). Before the transfer, the membrane was immersed
in 100% (v/v) methanol for 1 min. SD (Semi-Dry) Transfer Buffer [25 mM Tris-HCI pH 8.3, 192
mM glycine, 20% (v/v) methanol, 0.04% (w/v) SDS] and the semi-dry electroblotter (Peglab

Biotechnologie, Germany) were used for the transfer.

Afterwards, the membrane was blocked for 15 min with 10% (w/v) skimmed milk in
TBS-T (Tris-Buffered Saline supplemented with Tween-20) [50 mM Tris-HCI pH 7.5, 150 mM
NaCl, 1 mM MgCl,, 0.05% (v/v) Tween-20]. The membrane was incubated with the primary
antibody in TBS-T containing 5% (w/v) skimmed milk for 1 h at RT or overnight at 4°C.
Membrane was washed three times for 15 min with TBS-T. The incubation with the secondary
antibody was conducted in TBS-T for 1 h at RT. The washing step was done as described

above. The antibodies used for immunoblots are listed in Appendix Table 4.

For colorimetric AP (alkaline phosphatase) detection, 550 yM BCIP and 400 uM NBT
in AP-Puffer (100 mM Tris-HCI pH 9.5, 100 mM NacCl, 5 mM MgCl,) were used to visualize

protein bands on the membrane.
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For HRP (horseradish peroxidase) chemiluminescence detection, Pierce ECL Plus
Western Blotting Substrate (Thermo Fisher Scientific, Germany) or SuperSignal Femto
Maximum Sensitivity Substrate (Thermo Fisher Scientific, Germany) were used, and the

chemiluminescence was detected using the LAS-4000 mini system (Fujifilm, Japan).

4.2.3.10. Gradient gels

For SDS-PAGE using NUPAGE Novex 4-12% Bis-Tris Protein Gels (Thermo Fisher Scientific,
Germany), proteins were incubated with NUPAGE SDS Sample Buffer [141 mM Tris
hypochloride, 2% (w/v) SDS, 10% (v/v) glycerol, 0.51 mM EDTA, 0.22 mM SERVA Blue G250,
0.175 mM phenol red] before loading. Electrophoresis was conducted in MES SDS Running
Buffer [50 mM MES, 50 mM Tris base, 0.1% (w/v) SDS, 1 mM EDTA, pH 7.3] and in the XCell
SureLock Mini-Cell Electrophoresis System apparatus (Thermo Fisher Scientific, Germany) at
200 V for 35 min. The SD transfer was conducted using NuUPAGE Transfer Buffer [50 mM
bicine, 50 mM Bis-Tris (free base), 1ImM EDTA, 10% (v/v) methanol] at 25 V for 25 min.

Alternatively, Precise 4-20% Tris-Glycine Gels (Thermo Fisher Scientific, Germany)

were used in combination with SDS-PAGE Running Buffer and SD Transfer Buffer.

4.2.3.11. Production of antibodies

For antibody production, His-ALIX(middle) (pKK29) was cloned by amplification of the region
containing the V-domain of ALIX using primers KK89 and KK100 and cloning into pET21a
(Merck Millipore, Germany) between the BamHI and Sall sites. The polyclonal antibody
against the middle domain of ALIX was raised in rabbits (Eurogentec, Belgium). Animals were
immunized with 800 pg recombinant His-ALIX(middle) that was overexpressed and purified
from E.coli Rosetta (DE3) strain. The obtained rabbit serum was used in a 1:1,000 dilution for
immunoblot analysis. Specificity of the anti-ALIX antibody was verified on an immunoblot using

total extracts from wild type and alix null mutants.

4.2.4. Histochemical methods
4.2.4.1. Microscopy

Fluorescently-tagged proteins were imaged using the FV-1000/1X81 confocal laser scanning
microscope with UPlanSApo x10 or x60 objective (Olympus Europa, Germany). CFP signals
were visualized using the 458-nm laser line, GFP with 488-nm, YFP with 515-nm, RFP-,
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mCherry- and mKO with 559-nm. MDC staining and BCECF-AM were visualized with the 405-
nm and 488-nm laser lines, respectively. Images were obtained using the Fluoview FV-1000
software (Olympus Europa, Germany) with 0.1 to 18% laser power, 600 to 800 high voltage
(HV), 1x gain and 4x Kalman line averaging. The images were processed using Adobe
Photoshop CS3 Extended (Version 10.0) and Adobe lllustrator CS3 (Version 13.0.0) (Adobe
Systems, USA).

4.2.4.2. Live cell imaging, drug treatment, staining and data analysis
4.2.4.2.1. Image analysis using Imaris 8 and Fiji

For the comparison of the number of vesicles per area, the area of 100 pm? in root epidermis
tissue was determined using Fluoview FV-1000 software (Olympus Europa, Germany).
Vesicles were counted using the software Imaris 8 (Bitplane, Switzerland). For analysis of
signal recruitment to Wortmannin-induced structures, WM compartments were determined
using Imaris 8 as structures with a minimal diameter of 1.5 um. For analysis of colocalization
rates between the coexpressed fluorescently-tagged proteins, Arabidopsis seedlings were
grown for 5 to 8 days on GM in long day. After imaging, colocalization rates were calculated
using Cell Counter Plug-in in Fiji 1.49¢ (Image J, NIH, USA).

4.2.4.2.2. Brefeldin A and Wortmannin treatment

For WM treatment, 7-day-old seedlings were incubated in liquid GM supplemented with 33 uM
WM (AppliChem, Germany) for 60 to 120 min. For BFA treatment, seedlings were incubated
in liquid GM containing 50 uM BFA (Thermo Fisher Scientific, Germany) for 30 to 60 min. To
prevent washout of the drugs, seedlings were immersed in medium containing the inhibitors

during observation under the confocal laser scanning microscope.

4.2.4.2.3. BCECF-AM staining and 3D reconstruction

For visualization of vacuoles in root epidermis cells, 2- and 9-day-old seedlings were incubated
in liquid GM supplemented with 5 uM BCECF-AM (Thermo Fisher Scientific, Germany) and
0.02% (wi/v) Pluronic F-127 (Sigma-Aldrich, Germany) for 60 min at RT in the dark. 70 Z-
stacks images with 0.2 ym step size were obtained using confocal laser scanning microscope

and a 488 nm laser line. Images were processed using Imaris 8 (Bitplane, Switzerland).
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Surface renderings were performed with the surface area detail level set to 0.122 ym and
signal intensity threshold to 80 units.

4.2.4.2.4. E-64d treatment and MDC staining

Arabidopsis seedlings were grown on %2 MS medium first for 7 days in long day and then for
2 days in the dark to induce carbon deficiency conditions. To trigger the accumulation of
autophagic bodies, seedlings were subsequently incubated in liquid %2 MS supplemented with
100 M E-64d (Santa Cruz Biotechnology, Germany) for 30 min. For visualization of
autophagic bodies, seedlings were stained with 50 yM MDC (Sigma-Aldrich, Germany) in PBS
for 10 min at RT. After extensive washing, MDC signals were examined under the confocal
laser scanning microscope. The area of MDC-stained structures was analyzed using the
Fluoview FV1000 software (Olympus Europa, Germany).
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Appendix

Appendix

Appendix Table 1. Accession numbers.

Name Gene ID

AAA ATPase (interaction candidate isolated in the Y2H screen) AT4G24710
ALIX (ALG-2-INTERACTING PROTEIN X) AT1G15130
AMSH1 (ASSOCIATED MOLECULE WITH THE SH3 DOMAIN OF STAM 1) AT1G48790
AMSH2 AT1G10600
AMSH3 AT4G16144
ARA6 (ARABIDOPSIS RAB GTPase 6) AT3G54840
ARA7 AT4G19640
CaLB-family protein (interaction candidate isolated in the Y2H screen) AT4G34150
CLC (CLATHRIN LIGHT CHAIN), homolog 2 AT2G40060
CDC2 (CYCLIN-DEPENDENT KINASE 1) AT3G48750
FIP1 (VirF-INTERACTING PROTEIN 1 or FH1-INTERACTING PROTEIN 1) AT1G28200
FYVEL1 (FYVE-DOMAIN PROTEIN 1) AT1G20110
RABG3c (RAB GTPase HOMOLOG G3c) AT3G16100
SKD1 (SUPPRESSOR OF K+ TRANSPORT GROWTH DEFECT 1) AT2G27600
SNF7.1 (SUGAR NON-FERMENTING 7.1) AT4G29160
SNF7.2 AT2G19830
SYP43 (SYNTAXIN OF PLANTS 43) AT3G05710
VPS2.1 (VACUOLAR PROTEIN SORTING 2.1) AT2G06530
VPS60.1 AT3G10640
XBAT35 (XB3 ORTHOLOG 5 IN ARABIDOPSIS THALIANA) AT3G23280
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Appendix Table 2. Results of the Y2H screen and pairwise Y2H assays.

No.

Gene ID

Name or description

Y2H screen using GBD-AMSH1 and GBD-AMSH2 as bait

0T WN R

13

14
15

16
17
18

19
20
21
22
23

24
25
26
27
28
29

30
31
32
33
34
35
36
37
38
39
40
41
42

128

AT1G15130
AT1G15710
AT1G71230
AT1G24590
AT1G54220
AT1G65410

AT1G66350
AT1G68670
AT1G22920
AT1G76370
AT2G23760
AT2G30340

AT2G45680

AT2G45890
AT3G01090

AT3G01670
AT3G07630
AT3G09250

AT3G11410
AT3G15030
AT3G19895
AT3G23240
AT3G25800

AT3G44940
AT3G47620
AT3G50820
AT3G54000
AT4G01090
AT4G03415

AT4G16447
AT4G18370
AT4G21800
AT4G24710
AT4G27240
AT5G06780
AT5G08440
AT5G16450
AT5G17840
AT5G24660
AT5G51440
AT5G51910
AT5G52640

ALIX (ALG-2-INTERACTING PROTEIN X)
prephenate dehydrogenase

CSN5B (COP9 SIGNALOSOME 5B)

DRNL (DORNROSCHEN-LIKE)
dihydrolipoamide S-acetyltransferase
ATNAP11 (ARABIDOPSIS THALIANA NON-
INTRINSIC ABC PROTEIN 11)

RGL1 (RGA-LIKE 1)

myb family transcription factor

CSN5A

putative protein kinase

BLH4 (BEL1-LIKE HOMEODOMAIN 4)
LBD13 (LOB DOMAIN-CONTAINING
PROTEIN 13)

TCP9 (TEOSINTE BRANCHED, CYCLOIDEA
AND PCF 9)

GEF4 (GUANINE EXCHANGE FACTOR 4)
AKIN10 (ARABIDOPSIS SNF1 KINASE
HOMOLOG 10)

unknown protein

ADT2 (AROGENATE DEHYDRATASE 2)
NTF2-LIKE (NUCLEAR TRANSPORT
FACTOR 2-LIKE)

PP2CA (PROTEIN PHOSPHATASE 2CA)
TCP4

unknown protein 1

ERF1B (ETHYLENE RESPONSE FACTOR 1)
PP2AA2 (PROTEIN PHOSPHATASE 2A
SUBUNIT A2)

unknown protein 2

TCP14

PSBO2 (PHOTOSYSTEM Il SUBUNIT O-2)
unknown protein 4

extra-large G-protein-related

PP2C52 (2C-TYPE PROTEIN
PHOSPHATASE 52)

unknown protein 3

DEG5 (DEGP PROTEASE 5)

QQT2 (QUATRE-QUART?)

AAA ATPase

C2H2-type zinc finger family protein

EML2 (EMSY-LIKE 2)

hypothetical protein

dimethylmenaguinone methyltransferase
chaperone protein dnaJ-related

LSU2 (RESPONSE TO LOW SULFUR 2)
mitochondrial small heat shock protein
TCP19

HSP90.1 (HEAT SHOCK PROTEIN 90.1)

Confirmed
interaction

AMSH1
AMSH1
AMSH1
Negative
Negative
(Not tested)

Negative
Negative
(Not tested)
(Not tested)
(Not tested)
AMSH1

(Not tested)

(Not tested)
(Not tested)

(Not tested)

AMSH1 and AMSH2

(Not tested)

(Not tested)
(Not tested)
AMSH1

(Not tested)
(Not tested)

AMSH1
(Not tested)
(Not tested)
Negative
AMSH1
Negative

AMSH2
Negative
Negative
AMSH1
AMSH2
AMSH1
(Not tested)
AMSH1
(Not tested)
(Not tested)
(Not tested)
(Not tested)
(Not tested)
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AT5G61010

EXO70E2 (EXOCYST SUBUNIT EXO70
PROTEIN E2)

Y2H screen using GBD-ALIX as bait

1

© 0o

AT1G01010

AT1G06510
AT1G28200

AT1G67170
AT2G19830
AT2G43410
AT3G23280

AT4G29160
AT4G34150

NACO001 (NAC DOMAIN-CONTAINING
PROTEIN 001)

unknown chloroplast protein

FIP1 (VirF-INTERACTING PROTEIN 1 or
FH1-INTERACTING PROTEIN 1)
unknown protein

SNF7.2 (SUGAR NON-FERMENTING 7.2)
FPA (FLOWERING TIME CONTROL
PROTEIN A)

XBAT35 (XB3 ORTHOLOG 5 IN
ARABIDOPSIS THALIANA)

SNF7.1

CaLB (Calcium-dependent lipid-binding)-
domain family protein

AMSH1

(Not tested)

(Not tested)
ALIX

(Not tested)

(Verified elsewhere)

(Not tested)

Negative

(Verified elsewhere)

ALIX
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Appendix Table 3. Chemicals used in this study.

Name

Supplier

2-Mercaptoethanol

2-(N-morpholino)ethanesulfonic acid (MES monohydrate)

2-(N-morpholino)ethanesulfonic acid (MES hydrate)

2S,3S-trans-(ethoxycarbonyloxirane-2-carbonyl)-L-leucine-

(3-methylbutyl) amide (E-64d)
2',7'-Bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein,
acetoxymethyl ester (BCECF-AM)
3-Amino-1,2,4-triazole (3-AT)
5-Bromo-4-chloro-3-indolyl phosphate (BCIP)
6-Benzylaminopurine (6-BA)

Acetic acid

Acrylamide Rotiphorese Gel 30 (37, 5:1)

Agar, bacteriological grade

Agarose, peqGOLD Universal

Ammonium peroxydisulphate (APS)

Ampicillin

Basta

Bicine
Bis-(2-hydroxyethyl)-imino-tris-(hydroxymethyl)-methan
(Bis-Tris)

Bovine serum albumin (albumin fraction V, BSA)
Brefeldin A (BFA)

Bromophenol blue

Calcium chloride

Calcium hypochloride

Cellulase “Onozuka R-10"

Chloroform

Coomassie Brilliant Blue G

Coomassie Brilliant Blue R-250

D-Glucose

D-Mannitol

Deoxyribonucleoside triphosphates (ANTPs)-Set
Dimethyl sulfoxide (DMSO)

Dithiothreitol (DTT)

Ethanol

Ethidium bromide

Gentamicin sulfate

Glycerol

Hydrochloric acid

Hygromycin B

Imidazole

Isopropanol (2-Propanol)

Isopropyl B-D-1-thiogalactopyranoside (IPTG)
Kanamycin

L-Glutathione
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Carl Roth, Germany
Carl Roth, Germany
Sigma-Aldrich, Germany

Santa Cruz Biotechnology, Germany

Thermo Fisher Scientific, Germany

Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Carl Roth, Germany
Carl Roth, Germany
AppliChem, Germany
Peglab, Germany

Carl Roth, Germany
Carl Roth, Germany
Bayer CropScience, Germany
Carl Roth, Germany

Carl Roth, Germany

AppliChem, Germany

Thermo Fisher Scientific, Germany
Carl Roth, Germany
Sigma-Aldrich, Germany

Carl Roth, Germany

Yakult Pharmaceutical Industry,
Japan

Carl Roth, Germany
Sigma-Aldrich, Germany
AppliChem, Germany
AppliChem, Germany
AppliChem, Germany

Carl Roth, Germany

Carl Roth, Germany
Sigma-Aldrich, Germany

Carl Roth, Germany

Carl Roth, Germany

Duchefa Biochemie, Netherlands
AppliChem, Germany

Carl Roth, Germany
Sigma-Aldrich, Germany

Carl Roth, Germany

Carl Roth, Germany
AppliChem, Germany
AppliChem, Germany
Sigma-Aldrich, Germany
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L-Histidine
L-Leucine
L-Tryptophan
Lithium acetate
Macerozyme R-10

Magnesium chloride hexahydrate
Magnesium sulfate heptahydrate
Methanol

Monodansylcadaverine (MDC)
Murashige & Skoog (MS-0)
N-(3-triethylammoniumpropyl)-4-(6-(4-(diethylamino)
phenyl) hexatrienyl) pyridinium dibromide (FM4-64)
N,N-Dimethylformamid (DMF)

Nitro blue tetrazolium chloride (NBT)
Phenol

Plant agar

Pluronic F-127

Poly(ethylene glycol) 4000 (PEG4000)
Poly(ethylene glycol) 4000 (PEG4000)
Poly(ethylene glycol) 6000 (PEG6000)
Potassium acetate

Potassium chloride

Potassium hydroxide

Silwet L-77

Sodium hydroxide

Rifampicin

Skimmed milk powder
Tris(2-carboxyethyl)phosphine (TCEP)
Wortmannin (WM)

Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany

Carl Roth, Germany

Yakult Pharmaceutical Industry,
Japan

Sigma-Aldrich, Germany
AppliChem, Germany

Carl Roth, Germany
Sigma-Aldrich, Germany
Duchefa Biochemie, Netherlands

Thermo Fisher Scientific, Germany

Carl Roth, Germany
Sigma-Aldrich, Germany

Carl Roth, Germany

Duchefa Biochemie, Netherlands
Sigma-Aldrich, Germany

Carl Roth, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany

Carl Roth, Germany

AppliChem, Germany
AppliChem, Germany

Lehle Seeds, USA

Carl Roth, Germany

Duchefa Biochemie, Netherlands
Carl Roth, Germany
Sigma-Aldrich, Germany
AppliChem, Germany
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Appendix Table 4. Antibodies used in this study.

Antibody

Reference or supplier

Primary antibodies
Anti-ALIX, rabbit
Anti-AMSH1, rabbit
Anti-AMSH3, rabbit
Anti-BiP (HSC70), mouse
Anti-CDC2, rabbit
Anti-CHC, rabbit
Anti-GBD, mouse
Anti-GFP, rabbit
anti-GST, goat
Anti-H*-ATPase, rabbit
anti-HA-HRP
Anti-His-HRP
Anti-MBP, mouse
Anti-Sec21, rabbit

Anti-ubiquitin (P4D1), mouse

Anti-ubiquitin (P4D1)-HRP
Anti-UGPase, rabbit
Anti-V-ATPase, rabbit

Secondary antibodies
Anti-goat-HRP
Anti-mouse-HRP
Anti-rabbit-AP
Anti-rabbit-HRP
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(Kalinowska et al., 2015)
(Katsiarimpa et al., 2013)

(Isono et al., 2010)

Enzo Life Sciences, Germany

Santa Cruz Biotechnology, Germany
Agrisera, Sweden

Santa Cruz Biotechnology, Germany
Thermo Fisher Scientific, Germany

GE Healthcare Life Sciences, Germany

Agrisera, Sweden

Roche Diagnostics, Germany
Sigma-Aldrich, Germany

New England BioLabs, Germany
Agrisera, Sweden

Santa Cruz Biotechnology, Germany
Santa Cruz Biotechnology, Germany
Agrisera, Sweden

Agrisera, Sweden

Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
Sigma-Aldrich, Germany
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Appendix Table 5. Vectors used for cloning in this study.

Name

Description

Reference

Entry vectors

pDONR207

Yeast expression
vectors

pDEST-AD-CYH2

pDEST-BD_pPC97

pGADT7

pGBKT7

Gateway donor vector, E. coli
selection: GenR

GAL4 AD fusion vector, ADH1
promoter, ADH1 terminator, CYH2,
E. coli selection: AmpR, yeast
selection: TRP1

GAL4 BD fusion vector, ADH1
promoter, ADH1 terminator, E. coli
selection: AmpR, yeast selection:
LEU2

GAL4 AD fusion vector, ADH1
promoter, ADH1 terminator, E. coli
selection: AmpR, yeast selection:
LEU2

GAL4 BD fusion vector, ADH1
promoter, ADH1 terminator, E. coli
selection: KanR, yeast selection:
TRP1

Recombinant protein expression vectors

pET21a

pGEX-6P-1

PMAL-p2p

PMAL-p2T

Plant expression vectors

pFAST-R05

T7 and His fusion vector, T7
promoter, T7 terminator, E. coli
selection: AmpR

GST fusion vector, tac promoter,
PreScission cleavage site, E. coli
selection: AmpR

MBP fusion vector, tac promoter,
T1 and T2 terminators, PreScission
cleavage site, E. coli selection:
AmpR

GST fusion vector, tac promoter, T1
and T2 terminators, Thrombin
cleavage site, E. coli selection:
AmpR

sGFP fusion vector, Gateway, 35S
promoter, NOS terminator, E. coli
selection: SpcR, plant selection:
KanR, fluorescent reporter

Thermo Fisher Scientific,
Germany

(Dreze et al., 2010)

(Dreze et al., 2010)

Takara Bio, Japan

Takara Bio, Japan

Merck Millipore, Germany

GE Healthcare Life
Sciences, Germany

gift from K. Tanaka lab,
based on pMAL-p2 (New
England BioLabs, Germany)

gift from K. Tanaka lab,
based on pMAL-p2 (New
England BioLabs, Germany)

(Shimada et al., 2010)
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pGWB560

pJawohl2B-3xHA

pUBN-CFP-DEST

134

TagRFP fusion vector, Gateway,
35S promoter, NOS terminator, E.

coli selection: SpcR, plant selection:

HygR

3xHA fusion vector, Gateway, 35S
promoter, E. coli selection: AmpR,
plant selection: BarR

CFP fusion vector, Gateway,
UBQ210 promoter, 35S terminator,
E. coli selection: SmR, plant
selection: BarR

T. Nakagawa, Matsue,
Japan

J. Parker, Cologne,
Germany

(Grefen et al., 2010)
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Appendix Table 6. All DNA constructs generated during this study.

No.
pKK1

pKK2

pKK3

pKK4

pKK5
pKK6

pKK7

pKK8

pKK9

pKK10

pKK11
pKK12

pKK13
pKK14
pKK15
pKK16
pKK17
pKK18
pKK19
pKK20
pKK21

pKK22

Construct

ADH1pro:GBD-AMSH1(WT)

ADH1pro:GBD-AMSH2(WT)

ADH1pro:GBD-AMSH3(WT)

ADH1pro:GBD-AMSH3(AXA)

35Spro:AMSH1-GFP
35Spro:AMSH1-TagRFP

35Spro:AMSH3-TagRFP

Tac-pro:GST-AMSH1(MPN,
longer)

Tac-pro:GST-AMSH1(MPN,
shorter)

Tac-pro:GST-AMSH1(N154)

Tac-pro:GST-AMSH1(AMPN)
Tac-pro:GST-AMSH1(AMIT)
Tac-pro:MBP-dehydrogenase
(AT1G15710)
Tac-pro:MBP-CSN5A
(AT1G22920)
Tac-pro:MBP-LBD13
(AT2G30340)
Tac-pro:MBP-extra-large G-
protein-related (AT4G01090)
Tac-pro:MBP-AAA ATPase
(AT4G24710)
Tac-pro:MBP-EML2
(AT5G06780)

Tac-pro:MBP-methyltransferase

(AT5G16450)
Tac-pro:MBP-ALIX

Tac-pro:MBP-Exo70E2
(AT5G61010)
Tac-pro:MBP-unknown 1
(AT3G01670)

Vector backbone

pDEST-BD_pPC97

pDEST-BD_pPC97

pDEST-BD_pPC97

pDEST-BD_pPC97

p35S-GFP
pGWB460

pGWB560

pGEX-6P-1

PGEX-6P-1

PGEX-6P-1

pGEX-6P-1
pGEX-6P-1

PMAL-p2T
PMAL-p2T
PMAL-p2T
PMAL-p2T
PMAL-p2T
PMAL-p2T
PMAL-p2T
PMAL-p2T
PMAL-p2T

PMAL-p2T

Comment/reference
PENTR: pEI7;
(Kalinowska et al., 2015)
pPENTR: pEIS8;
(Kalinowska et al., 2015)
pPENTR: pEI9;
autoactivates in yeast;
(Kalinowska et al., 2015)
PENTR: pEI12;
(Kalinowska et al., 2015)
pPENTR: pEI52

pPENTR: pEI52

PENTR: pEI54; expressed
in protoplasts, no
expression in plants under
the confocal microscope;
(Kalinowska et al., 2015)
PreScission cutting site;
Active against K63-, not
K48-linked polyUb;
(Katsiarimpa et al., 2013)

PreScission cutting site

PreScission cutting site;
(Katsiarimpa et al., 2013)
PreScission cutting site
PreScission cutting site

thrombin cutting site
thrombin cutting site
thrombin cutting site
thrombin cutting site
thrombin cutting site
thrombin cutting site

thrombin cutting site

thrombin cutting site
(Kalinowska et al., 2015)

thrombin cutting site

thrombin cutting site
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Tac-pro:MBP-ADT2

pKK23 (AT3G07630) pPMAL-p2T thrombin cutting site
Tac-pro:MBP-unknown 2 : . :
pKK24 (AT3G44940) PMAL-p2T thrombin cutting site
Tac-pro:MBP-unknown 3 : . :
pKK25 (ATAG16447) PMAL-p2T thrombin cutting site
pKK26 Tac-pro:MBP-VPS2.1 PMAL-p2T Insert from pAKY;

thrombin cutting site
Insert from pAKS55;
pKK27 Tac-pro:MBP-VPS24.1 pPMAL-p2T contains point mutations;

thrombin cutting site

Insert from pAK56;
pKK28 Tac-pro:MBP-VPS60.1 pPMAL-p2T thrombin cutting site;
(Kalinowska et al., 2015)
Used for anti-ALIX

pKK29 T7pro:His-ALIX(middle) pET21a antibody production;
(Kalinowska et al., 2015)
pKK30 Tac-pro:MBP-ALIX(middle) pMAL-p2p PreScission cutting site
pKK31 Tac-pro:MBP-ALIX(BRO1) pMAL-p2p PreScission cutting site
pKK32 Tac-pro:MBP-ALIX(AC-term) pMAL-p2p PreScission cutting site
pKK33 Tac-pro:MBP-ALIX(ABRO1) pMAL-p2p PreScission cutting site
pKK34 ARAY entry clone, N-term pDONR207
pKK35 UBQ10pro:CFP-ARA7 pUBN-CFP-DEST
pKK36 ALIX entry clone, CDS pDONR207
pKK37 ALIX amiR2-2 entry clone pDONR207
pKK38 35Spro:amiR2(ALIX) pGWB560 PENTR: pKK37
PENTR: pKK37; no
pKK39 UBQ10pro:amiR2(ALIX) pUBC-DEST-CFP downregulation of ALIX
observed in plants
pKK40 XVE-35Spro:amiR2(ALIX) pABIndGFP PENTR: pKK37
pKK41 ADH1pro:GBD-ALIX pGBKT7 (Kalinowska et al., 2015)
pKK42 35Spro:3xHA-ALIX pJawohl2B-3xHA-GW  pENTR: pKK36
pKK43 ADH1pro:GAD-HA-ALIX pGADT7
pKK44 ADH1pro:GDB-Myc-ALIX pDEST-BD_pPC97
pKK45 ADH1pro:GAD-HA-ALIX pDEST-AD-CYH2
pKK46 35Spro:FLAG-ALIX pGWB412 PENTR: pKK36
PENTR from Laura Cuyas:
pKK47 35Spro:TagRFP-ALIX(genomic) pGWB461 (Cardona-Lopez et al.,
2015)
pKK48 Tac-pro:GST-ALIX pGEX-6P-1 PreScission cutting site
pKK49 ,(ABDRHolf)ro.GBD—Myc-ALIX pGBKT7 (Kalinowska et al., 2015)
pKK50 ,(AADBI-Alop;()).GBD—MyC-ALIX pGBKT7 (Kalinowska et al., 2015)
PKK51 /(*ADCF_';‘;;?)'GBD'MVC'AL'X PGBKT7 (Kalinowska et al., 2015)
pKK52 /(A\ADPF;?].DP)I’O.GBD-M}/C-AUX pGBKT7 Autoactivates in yeast

ADH1pro:GAD-HA-AMSH3

PKKS3 (fragm.A, 322-981 bp)

pGADT7
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ADH1pro:GAD-HA-AMSH3

PKKS4 " tragm.C. 523-981 bp) PGADTY
ADH1pro:GAD-HA-AMSH3
PKKSS  (fragm.D, 322-777 bp) PGADTY
ADH1pro:GAD-HA-AMSH3
PKKSE  fragm.E, 766-981 bp) PGADTY
ADH1pro:GAD-HA-AMSH3
PRKST " tragm.F, 523-777 bp) PGADTY
ADH1pro:GAD-HA-FIP1
PKKS8 T 628200) PGADT7
ADH1pro:GBD-Myc-ALIX
PKKSS " fragm.A, 1180-1893 bp) PGBKT?
ADH1pro:GBD-Myc-ALIX
PKKEO  tragm.B, 1180-1461 bp) PGBKT?
ADH1pro:GBD-Myc-ALIX
PKKEL  fragm.C. 1461-1893 bp) PGBKT?
ADH1pro:GBD-Myc-ALIX
PKK62 " tragm.D, 1180-1581 bp) PGBKT?
ADH1pro:GBD-Myc-ALIX
pKK63 (fragm.E, ,V-fragm.1%; 1581- pGBKT7 (Kalinowska et al., 2015)
1893 bp)
ADH1pro:GBD-Myc-ALIX
PKKE4  tragm.F, 1461-1581 bp) PGBKT?
ADH1pro:GBD-Myc-FIP1
PKKSS 1 628200) PGBKT7
ADH1pro:GBD-Myc-XBAT35,
PKKBE < plice form 2 (AT3G23280.2) PGBKT?
ADH1pro:GBD-Myc-XBAT34
PKKO7  ATaG14365) PGBKTY
ADH1pro:GAD-HA-AMSH3
PKKE8  tragm.B, 322-523 bp) PGADTY
pKK69 ALIX(FL) entry clone, with ATG pDONR207 (Kalinowska et al., 2015)
PKK70 ALIX(BRO1) entry clone, with DDONR207
ATG
DKK71 ALIX(ABRO1) entry clone, with bDONR207
ATG
pPENTR: pKK69; dominant-
pKK72  35Spro:ALIX(FL)-STOP PFAST-RO5 negative effect in plants

(downregulation of ALIX)
(Kalinowska et al., 2015)
PENTR: pKK70; dominant-
pKK73 35Spro:ALIX(BRO1)-STOP pFAST-R05 negative effect in plants

(downregulation of ALIX)

pPENTR: pKK71; dominant-
pKK74 35Spro:ALIX(deltaBRO1)-STOP  pFAST-R05 negative effect in plants

(downregulation of ALIX)
pKK75  ADH1pro:GBD-Myc-ALIX(AE1)  pGBKT7

pKK76 ADH1pro:GBD-Myc-ALIX(AE3) pGBKT7 Autoactivates in yeast
pKK77 ADH1pro:GBD-Myc-ALIX(AE4) pGBKT7
pKK78 35Spro:3xHA-ALIX(ABRO1) pJawohl2B-3xHA-GW  pENTR: pKK71

pKK79 ADH1pro:GBD-Myc-ALIX(AE2) pGBKT7
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pKK80
pKK81

pKK82
pKK83

pKK84

pKK85
pKKS6

pKK87
pKK88
pKK89
pKK90
pKK91
pKK92
pKK93
pKK94
pKK95

pKK96

pKK97
pKK98
pKK99
pKK100

pKK101

138

35Spro:3xHA-ALIX(BRO1)
ADH1pro:GBD-Myc-ALIX(E3+4;
»V-fragm.2")
ADH1pro:GBD-Myc-ALIX
(E4;WT)
ADH1pro:GBD-Myc-ALIX
(E4;L596P)
T7pro:HsALIX(V)-His
(PDCD6IP)
35Spro:AMSH3(Y213A)-sGFP
35Spro:AMSH3(H190A)-sGFP
ADH1pro:GAD-HA-Bem1-
homolog 1 (AT5G64430)
ADH1pro:GAD-HA-Bem1-
homolog 2 (AT5G09620)
ADH1pro:GAD-HA-UBQ10
(fragm.) (AT4G05320)
ADH1pro:GAD-HA-CaLB family
protein (AT4G34150)
ALIX(E3+4; ,V-fragm.2”) entry
clone

T7pro:His-ALIX(E3+4; ,V-
fragm.2%)
Tac-pro:MBP-ALIX(E3+4; V-
fragm.2%)
35Spro:AMSH3(Y213A,L193D,H
190A)-sGFP
ADH1pro:GAD-HA-XBAT34
(AT4G14365)
ADH1pro:GAD-HA-XBAT35,
splice form 2 (AT3G23280.2)
Tac-pro:GST-AMSH3(AD1)
Tac-pro:GST-AMSH3(AC)
OTUL11 entry clone, C-term.
OTU12 entry clone, C-term.

35Spro:0TU12-GFP

pJawohl2B-3xHA-GW

pGBKT7
pGBKT7
pGBKT7

pET21a

pFAST-R05
pFAST-R05

pGADT7
pGADT7
pGADT7
pGADT7
pDONR207
pET2la
pMAL-p2p
pFAST-R05
pGADT7

pGADT7

PGEX-6P-1
pGEX-6P-1
pDONR207
pDONR207

p35S-GFP

PENTR: pKK70
(Kalinowska et al., 2015)

Autoactivates in yeast

pENTR: pFA186
pENTR: pFA190

No expression in Rosetta

PreScission cutting site

PENTR: pFA198; does not
complement amsh3-1

PreScission cutting site
PreScission cutting site

pPENTR: pKK100; OTU11-
GFP was cloned by A.
Schollkopf
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Appendix Table 7. All primers generated in this study.

Tm Comment or

Prime name Sequence 5'-3 [°C] reference
pDEST-BD
KK1pDEST CANLF GAAGAGTGGTTGCGAAC 57.0 sequencing
S€da primer
KK2 AMSH1(MPN- AAGGGGATCCATGTCGGAGTCTCCTCTT (oo oo
long) +979 BamHIF  GAACTTCATATT ' 9
KK3 AMSH1(MPN- AAGGGGATCCATGTTAGAGACGTGTGGT Lo, oo
short) +1063 BamHI F  ATTCTTGCCGGT ' g
(KK4 pDEST- CGCGTTTGGAATCACTACAGGG 60.2 Sequencing
BD_pC97 F) primer
(KKS pDEST-AD- GGCTTCAGTGGAGACTGATATGCCTC 632 Sequencing
CYH2 F) primer
(KK6 pDEST TermR)  GGAGACTTGACCAAACCTCTGGCG 64.3 Zﬁ%‘:rnc'”g
KK7 AMSHL(MIT) AAGGGTCGACTCACAGTTCATCAATCCTT . .
+352 Sall R TG 60.7 classical cloning
KK8 AMSH1(N154) AAGGGTCGACTCAGCCAGAATTATGTCCA . :
sall R G 60.8 classical cloning
KK9 AMSH1(AMPN)  AAGGGTCGACTCACCGTAGAGACTCATC o) accioot cionin
+978 Sall R CG ' 9
KK10 AMSHL(MIT) AAGGGGATCCTATCCCAAGCTCAAACCTC oo oo
+325 BamHI F GATATAAC ' 9
KK11 dehydr BamHI F ééGGGGATCCTTGCTACTCCATTTCTCTC 62.4 classical cloning
AAGGGTCGACTTAAGATGATGATGATGAT . .
KK12 dehydr Sall R GATGATGAT 65.4 classical cloning
KIS CONSB BamHl - A AGGGGATCCTTGGAGGGTTCGTCGTCG  67.8  classical cloning
AAGGGTCGACTCAATATGTAATCATAGGG . )
KK14 CSN5B Sall R TCTGGATC 64.0 classical cloning
KK15 CSN5A BamHI  AAGGGGATCCTTGGAAGGTTCCTCGTCA . )
= GC 66.9 classical cloning
KK16 CSN5A Sall R éﬁ‘é?gTCGACTCACGATGTAATCATGGG 68.3 classical cloning
KK17 LBD13 BamHI F égeGGGATCCTTGTCCCGAGAAAGGGAA 67.7 classical cloning
AAGGGTCGACTTAATCAAAGTAATGAACA . .
KK18 LBD13 sall R TTATTATCACT 59.6 classical cloning
KKI9 extra-large G- A \GGGGATCCTTGAGGTCGCGAGGCG 68.3 classical cloning
prot BamHI F
KK20 extra-large G- AAGGGTCGACTCATGAAGCTAATGATCTT oy oo
prot Sall R GGAACTCTCAT ' 9
KK21 methyltrans AAGGGGATCCTTGGCGTTTGTGACAACT . :
67.6 classical cloning
BamHI F GC
KK22 methyltrans Sall  AAGGGTCGACTTAAACGGATAACTCAATT o . . .
R TGGGAGAC ' 9
KK23 EXO70E2 AAGGGGATCCTTGGCAGAGTTTGATTCCA . .
64.4 classical cloning
BamHI F AG
KK24 EXO70E2 Sall R é’é%GGTCGACTCATCTCTTACGAGAGCT 65.0 classical cloning
KK25 CSNSAB+733  1GGAACAAGTACTGGGTGAACACTC 67.4 Seduencing
F seq primer
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KK26 pMAL-p2 seq
MBP F

KK27 pMAL-p2 seq
lacZ R

KK28 unkn attB1
KK29 unkn attB2
KK30 extra attB1
KK31 extra attB2

KK32 extra seq +686

KK33 extra seq +1413

KK34 32-methyltr
attB1

KK35 methyltrans
attB2

KK36 EXO70E2 attB1
KK37 EXO70E2 attB2
KK38 methyltrans Xhol
R

KK39 EXO70E2 Xhol
R

KK40 ALIX BamHI F

KK41 ALIX Sall R
KK42 unkn2 BamHI F

KK43 unkn2 Sall R

KK44 ATPase BamHlI
F

KK45 ATPase Sall R

KK46 EML2 BamHI F
KK47 EML2 Xhol R
KK48 ALIX +768 F seq

KK49 ALIX +1416 F
seq

KK50 ALIX +2000 F
seq

KK51 EXO70E2 +746
F seq

KK52 unknl BamHI F
KK53 unknl Xhol R
KK54 ADT2 BamHI F

KK55 ADT2 Sall R
KK56 unkn3 BamHI F

KK57 unkn3 Sall R

KK58 unknl +746 F
seq

KK59 unknl +1400 F
seq
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GTCGTCAGACTGTCGATG

TGTGCTGCAAGGCGATTA

AAAAAGCAGGCTTGGACC
AGAAAGCTGGGTTTAATGGAG
AAAAAGCAGGCTTGAGGTC
AGAAAGCTGGGTTCATGAAG

TCGCTACACAGTACAGTGATATG

TCCTGATAATGCCAGTCTCCT

AAAAAGCAGGCTTGGC

AGAAAGCTGGGTTTAAACG

AAAAAGCAGGCTATGGCA
AGAAAGCTGGGTTCATCTCTTA
AAGGCTCGAGTTAAACGGATAACTCAATT
TGGGAGAC
AAGGCTCGAGTCATCTCTTACGAGAGCT
GCG
AAGGGGATCCTTGGCTTCTTCTTCGCTCT
AAGGGTCGACTCATTGCCTGTAGTATCCT
CC
AAGGGGATCCTTGGACCAAAGCAATTCTC
T
AAGGGTCGACTTAATGGAGAAGAACTTTC
TGATACTTA

AAGGGGATCCTTGGAGATTGCCGAGC

AAGGGTCGACTCATTCAGGTTGTTCAGAC
TTC
AAGGGGATCCTTGGTAGGTCTACACATTA
ATATGGAA
AAGGCTCGAGTCACCCCAGCAGCAT

ACTCTTCTATGGTGAAGCT

AGAAGCAACTGAAGATTCTCA

CTGCAATAATGAAGTATCGAGA

CTCTCGAAATGGAAAGATTC

AAGGGGATCCTTGGCCCAACGCTTT
AAGGCTCGAGTTACTCAAGGCAGCATTG
AAGGGGATCCTTGGCAATGCACACTGTT
AAGGGTCGACTTAGAGCATTGTAGTGTCC
ACT
AAGGGGATCCTTGAGTTCAATAGCAAGA
GACC
AAGGGTCGACTTAGAGATGCAGAGACGT
GT

GTTGGGATGCTAAGCTAGT

CAGACCTAGAAAACATCGAA

58.3

64.7
62.0
61.5

61.5
61.3

59.9

63.0

59.6

59.0

61.2
61.2

66.7

65.0
61.0
61.0

60.4

60.8

61.7

61.2

61.6
60.5
53.5

58.8

59.0

58.4

60.5
58.0
60.5

58.5

59.1

58.1

56.6

57.8

pMAL
sequencing
primer
pMAL
sequencing
primer
Gateway
Gateway
Gateway
Gateway
sequencing
primer
sequencing
primer

Gateway

Gateway

Gateway
Gateway

classical cloning

classical cloning
classical cloning

classical cloning
classical cloning
classical cloning
classical cloning
classical cloning

classical cloning

classical cloning
sequencing
primer
sequencing
primer
sequencing
primer
sequencing
primer

classical cloning
classical cloning
classical cloning

classical cloning
classical cloning

classical cloning

sequencing
primer
sequencing
primer
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KK60 unknl +2000 F
seq
KK61 VPS2.1 Sall F

KK62 VPS2.1 Notl R

KK63 SAIL54 E10 F
unkn2

KK64 SAIL 54 EIOR
unkn2

KK65 GABI 072F12 F
Exo70E2

KK66 GABI 072F12 R
Exo70E2

KK67 SALK 005395 F
methyltrans

KK68 SALK 005395 R
methyltrans

KK69 SAIL54 E10 F
unkn2

KK70 SALK and GABI
EML2 F

KK71 SALK and GABI
EML2 R

KK72 SALK 063124
ALIX F

KK73 SALK 063124
ALIX R

KK74 SALK 116222 R
EML2

KK75 GABI 072F12 F
EXO70E2

KK76 GABI 072F12 R
EXO70E2

KK77 ALIX Ndel F

KK78 ALIX BamHI R

KK79 EML2 Ndel F
KK80 EML2 BamHI R
KK81 GEF4 Ndel F

KK82 GEF4 BamHI R
KK83 hypoth EcoRI F
KK84 hypoth BamHI R

KK85 hypoth seq
+653F

KK86 hypoth seq
+1298F

KK87 BRO1-domain
SallR

KK88 BRO1 APRD
SallR

KK89 ABRO1 BamHlI
F

KK90 BRO1 C-term
BamHI F

ATCTCAGCCATACTTTGC

AAGGGTCGACTGATGAATTCAATCTTCGG
AAGGGCGGCCGCTCACATTTTTCTAAGGT
TATCCA

ACCTCCAAACCATAGACCTCT

GTTTGTTCTAACTCCATTGTTGT

TAGCTGATCATACAACCACAAC

TGAATTTGTATTAAGCATGTCAA

GGATTTTTGTTGCAGTTGA

TGATGATTACATACACTAAGCCACTA

ATATACAGTCAAGAATCTCTAATTCATGAT

TATCATAAAATAGGCCCAAAATG

AATCGACGGATAGGATTGG

TGCTGTGCGGACAGA

TGAATAGAACAGCTGCTTTCTC

CGTAGGTTTGTCATCACGG

CGGTACGTTTACTCTGTTCG

GATATCTGTTCATCATCTTCATGTG

AAGGCATATGTTGGCTTCTTCTTCGCTC
AAGGGGATCCTCATTGCCTGTAGTATCCT
CcC
AAGGCATATGTTGGTAGGTCTACACATTA
ATATGG
AAGGGGATCCTCACCCCAGCAGCAT
AAGGCATATGTTGGAGAGTTCTTCGAATT
C
AAGGGGATCCCTAATCATCTCTGTTTCTC
ACTGT
AAGGGAATTCTTGGACAACGGCCAT
AAGGGGATCCTCATTTGTTAAACAAAAAT
CCTTTT

AACTCATTCACAAGGTCCAAG

CAACAGATTCAGAACACCATC

AAGGGTCGACTCACGCCTGAGTTCTAATT
ACATCA
AAGGGTCGACTCAGCCGGAGCTTCTATG
ATC
AAGGGGATCCGAGAGATTACAGCAAGCT
AGC
AAGGGGATCCCAAGAACAATTATTGATGC
AAATT

55.8
59.1
59.5

60.9

59.1

59.6

59.2

59.2

60.8

60.8

60.8

61.8

60.4

60.7

62.1

60.3

61.6
61.4
61.0

60.1
60.5
59.0

58.6
60.2
60.9

61.1

60.1

61.1

60.5

58.1

61.0

sequencing
primer
classical cloning

classical cloning
genotyping
genotyping
genotyping
genotyping
genotyping
genotyping
genotyping
genotyping
genotyping
genotyping
genotyping
genotyping
genotyping

genotyping
classical cloning

classical cloning

classical cloning
classical cloning

classical cloning

classical cloning
classical cloning
classical cloning

sequencing
primer
sequencing
primer

classical cloning
classical cloning
classical cloning

classical cloning
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KK91 BRO1 PRD
BamHI F

KK92 BRO1 V-domain
Sall R

KK93 BRO1 V-domain
BamHI F

KK94 ALIX GABI
837H11F

KK95 ALIX GABI
837H11 R

KK96 ALIX GABI
780B02 F

KK97 ALIX GABI
780B02 R

KK98 eGFP F

KK99 eGFP R

KK100 BRO1 APRD
pET21 Sall R

KK101 ARA7 attB1-N

KK102 ARA7 attB2-N
KK103 ARA7 attB1-C

KK104 ARA7 attB2-C

KK105 ALIX +481 seq
F

KK106 amiR1 ALIX |
KK107 amiR1 ALIX Il
KK108 amiR1 ALIX Il
KK109 amiR1 ALIX IV
KK110 amiR2 ALIX |
KK111 amiR2 ALIX Il
KK112 amiR2 ALIX 1l
KK113 amiR2 ALIX IV
KK114 amiR3 ALIX |
KK115 amiR3 ALIX Il
KK116 amiR3 ALIX 1l
KK117 amiR3 ALIX IV
KK118 p35S attB1
KK119 p35S attB5r
KK120 pUBQ10 attB1

KK121 puUBQ10 attB5r
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AAGGGGATCCCCATACCCATCTGTGCAT

AAGGGTCGACTCAAACTTCAATGTTTTGG
GAAATATC

AAGGGGATCCGACAGCAGTGCAAAGGC

GCTGGCGAAAGTGATGT

ACCATCGTATAGAATGCAATACA

GTTTTCATATTTTATCATGGTTTTTATC

AGTAACTCATTGCCTGTAGTATCCT

ATGGTGAGCAAGGGC
TTACTTGTACAGCTCGTCCA

AAGGGTCGACGCCGGAGCTTCTATGATC

AAAAAGCAGGCTTGGCTGCAGCTGGA
AGAAAGCTGGGTCTAAGCACAACAAGAT
GAGCTC
AAAAAGCAGGCTAAATGGCTGCAGCTGG
A
AGAAAGCTGGGTAGCACAACAAGATGAG
CTCA

TTCGCTCACTTGAGGGATA

GATGAATAACGTGCTTTAGACAATCTCTC
TTTTGTATTCC
GATTGTCTAAAGCACGTTATTCATCAAAG
AGAATCAATGA
GATTATCTAAAGCACCTTATTCTTCACAG
GTCGTGATATG
GAAGAATAAGGTGCTTTAGATAATCTACA
TATATATTCCT
GATGATATTCAATTTCACGACAGTCTCTC
TTTTGTATTCC
GACTGTCGTGAAATTGAATATCATCAAAG
AGAATCAATGA
GACTATCGTGAAATTCAATATCTTCACAG
GTCGTGATATG
GAAGATATTGAATTTCACGATAGTCTACA
TATATATTCCT
GATTAACGTGCTTTACCCAACTTTCTCTCT
TTTGTATTCC
GAAAGTTGGGTAAAGCACGTTAATCAAAG
AGAATCAATGA
GAAAATTGGGTAAAGGACGTTATTCACAG
GTCGTGATATG
GAATAACGTCCTTTACCCAATTTTCTACAT
ATATATTCCT
GGGGACAAGTTTGTACAAAAAAGCAGGC
TTAATGCCTGCAGGTCCCC
GGGGACAACTTTTGTATACAAAGTTGTAC
TTGTTGATAACTCTAGAGTCCCC
GGGGACAAGTTTGTACAAAAAAGCAGGC
TTATACGAATTCGAGCTCGG
GGGGACAACTTTTGTATACAAAGTTGTAG
GATCCCGCACTCG

59.9
61.2
61.4
60.6
60.3
60.1

60.4

58.0
59.0

60.5
60.6
61.1

60.9
61.8
61.5
72.7
74.3
73.2
65.6
73.5
75.2
74.6
66.7
74.1
75.6
76.8
69,2
65.6
62.0
60.6

61.6

classical cloning
classical cloning

classical cloning

genotyping
genotyping
genotyping

genotyping

genotyping
genotyping

classical cloning

Gateway

Gateway
Gateway

Gateway

sequencing
primer

overlap PCR
overlap PCR
overlap PCR
overlap PCR
overlap PCR
overlap PCR
overlap PCR
overlap PCR
overlap PCR
overlap PCR
overlap PCR

overlap PCR

multiside
Gateway
multiside
Gateway
multiside
Gateway
multiside
Gateway
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KK122 ALIX amiR
attB5
KK123 ALIX amiR
attB2
KK124 ALIX amiR
attB1

KK125 ABRO1 Ndel F

KK126 BRO1 BamHlI
R

KK127 AC-term
BamHI R

KK128 APRD BamHlI
R

KK129 ABRO1 attB1
KK130 BRO1 attB2
KK131 AC-term attB2

KK132 APRD attB2

KK133 Bem1-1 BamHI
F

KK134 Bem1-1 (GAD)
Xhol R

KK135 Bem1-1 (GBD)
Sall R

KK136 Bem1-2 BamHI
F

KK137 Bem1-2 (GAD)
Xhol R

KK138 Bem1-2 (GBD)
Sall R

KK139 ALIX gRT 1674
L

KK140 ALIX gRT 1793
R

KK141 ALIX +1444
Ndel F

KK142 ALIX +1461
BamHI R

KK143 ALIX +1564
Ndel F

KK144 ALIX +1581
BamHI R

KK145 AMSH3 +981
BamHI R

KK146 AMSH3 +523
Ndel F

KK147 AMSH3 +537
BamHI R

KK148 AMSH3 +766
Ndel F

KK149 AMSH3 +777
BamHI R

KK150 FIP1 Ndel F
KK151 FIP1 BamHI R

GGGGACAACTTTGTATACAAAAGTTGTAG
AATTCCTGCAGCCCC
GGGGACCACTTTGTACAAGAAAGCTGGG
TTGGATCCCCCCATGG
GGGGACAAGTTTGTACAAAAAAGCAGGC
TCAGAATTCCTGCAGCCCC
AAGGCATATGGAGAGATTACAGCAAGCTA
GC
AAGGGGATCCTCACGCCTGAGTTCTAATT
ACATC
AAGGGGATCCTCAAACTTCAATGTTTTGG
GAAATATC
AAGGGGATCCTCAGCCGGAGCTTCTATG
ATC
GGGGACAAGTTTGTACAAAAAAGCAGGC
TCGGAGAGATTACAGCAAGCTAGC
GGGGACCACTTTGTACAAGAAAGCTGGG
TGTCACGCCTGAGTTCTAATTACATC
GGGGACCACTTTGTACAAGAAAGCTGGG
TGTCAAACTTCAATGTTTTGGGAAATATC
GGGGACCACTTTGTACAAGAAAGCTGGG
TGTCAGCCGGAGCTTCTATGATC
AAGGGGATCCATGAGAAATTCTCGTACAA
CTCTTATC

AAGGCTCGAGTCAAACAGCCGAATCTGA

AAGGGTCGACTCAAACAGCCGAATCTGA

AAGGGGATCCATGACAAGTTCTCGTACAA
TTCG
AAGGCTCGAGTCACACCGAATCTGAAACT
T
AAGGGTCGACTCACACCGAATCTGAAACT
T

ATCGACGGCCGATAGAGTC

CAAGATTTTCCAGTTGCCTCA

AAGGCATATGAGTCAATTTGGGACTCGG

AAGGGGATCCTCACCGAGTCCCAAATTG
ACT

AAGGCATATGGAGCGATCAGTGAGAGAT

AAGGGGATCCTCAATCTCTCACTGATCGC
Z\iGGGGATCCTCAGCTGCCCTCTTTTCCT
Z\iGGCATATGCTATCTTTTGATTTCCTGC
,(AE,I\GGGGATCCTCAGAAATCAAAAGATAGC
TTCTGGAA

AAGGCATATGGATGATGGTCGATGGCAG

AAGGGGATCCTCATCGACCATCATCTAAG
GAGAG
AAGGCATATGTTGAGTGGGCAAGAGAAT
C
AAGGGGATCCTCACGGACCATGTGACTG

62.4

61.3

86.1

58.1

63.5

65.7

65.9

58.1

63.5

65.7

65.9

61.1

61.1

61.1

62.3

60.3

60.3

64.6

64.4

60.6

60.6

55.7

55.7

62.0

59.3

61.8

63.4

61.3

60.9
62.6

multiside
Gateway
multiside
Gateway
multiside
Gateway

classical cloning
classical cloning
classical cloning
classical cloning
Gateway

Gateway

Gateway

Gateway

classical cloning
classical cloning
classical cloning
classical cloning
classical cloning
classical cloning
gRT-PCR

gqRT-PCR

classical cloning
classical cloning
classical cloning
classical cloning
classical cloning
classical cloning
classical cloning
classical cloning
classical cloning

classical cloning

classical cloning
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KK152 XBAT35 Ndel
F

KK153 XBAT35
BamHI R

KK154 XBAT34 Ndel
F

KK155 XBAT34
BamHI R

KK156 CalLB Ndel F

KK157 CaLB BamHI R

KK158 AMSH3 +322
Ndel F

KK159 Ub Ndel F

KK160 Ub BamHI R
KK161 ALIX-AE1 Ndel
F

KK162 Y2H ALIX-dE4
BamHI R

KK163 ALIX-E attB1

KK164 ALIX-E attB2

KK165 ALIX-AE2
overlap F
KK166 ALIX-AE2
overlap R
KK167 ALIX-AE3
overlap F
KK168 ALIX-AE3
overlap R

KK169 ALIX attB1

KK170 ALIX-AE1
overlap F
KK171 ALIX-AE1
overlap R
KK172 ALIX-AE4
overlap F
KK173 ALIX-AE4
overlap R
KK174 ALIX-AE1
overlap F
KK175 ALIX-AE1
overlap R
KK176 ALIX-AE2
overlap F
KK177 ALIX-AE2
overlap R
KK178 ALIX-AE3
overlap F
KK179 ALIX-AE3
overlap R
KK180 ALIX-AE4
overlap F
KK181 ALIX-AE4
overlap R
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AAGGCATATGTTGGGACAACAGCAATCA

AAGGGGATCCTCAGACACGGTACAGCTT
AATAAC

AAGGCATATGTTGGGGCAACAACAATC

AAGGGGATCCTCAAACATGATATAGCTTA
ATGACCT
AAGGCATATGTTGTCGATGATGGCG
AAGGGGATCCCTAGTATGGAGGAGGTGG
GTAT

AAGGCATATGGATGAATCCCGTCAGGAT

AAGGCATATGATGCAGATCTTTGTTAAGA
CTCTC
AAGGGGATCCTCAACCACCACGGAGCCT
AAGGCATATGGATAGAGTCTGCTGTCCCA
AC
AAGGGGATCCTCATTCTCTTCATCTCTTT
GAGCAT
GGGGACAAGTTTGTACAAAAAAGCAGGC
TTCGAGCGATCAGTGAGAGAT
GGGGACCACTTTGTACAAGAAAGCTGGG
TCTCAGATATTTCCCAAAACATTGAAGTT

GACGGCCGAGGCAA

TTGCCTCGGCCGTC

TGAAGCAGAGTCTAGGATGACATACT

AGTATGTCATCCTAGACTCTGCTTCA

GGGGACAAGTTTGTACAAAAAAGCAGGC
TTGATGGCTTCTTCTTCGCTCT

TGATGTTAAGATTGATAGAGTCTGCT

AGCAGACTCTATCAATCTTAACATCA

AGAGATGAAGAGAACAAGAACAATTATT

AATAATTGTTCTTGTTCTCTTCATCTCT

TGATGTTAAGATTATAGAGTCTGCTGT

ACAGCAGACTCTATAATCTTAACATCA

ACGGCCGCTGAGGCA

TGCCTCAGCGGCCGT

TTGAAGCAGAGTGATGACATACTG

CAGTATGTCATCACTCTGCTTCAA

AGATGAAGAGAAAGCAAGAACAATTATT

AATAATTGTTCTTGCTTTCTCTTCATCT

61.9

61.4

61.1

61.0
59.3
60.2

60.4

59.9
60.9
60.8

60.1

63.3

66.0

64.2

64.2

63.5

63.5

61.2

61.4

61.4

61.8

61.8

60.6

60.6

69.1

69.1

63.5

63.5

63.5

63.5

classical cloning
classical cloning
classical cloning

classical cloning
classical cloning

classical cloning
classical cloning

classical cloning
classical cloning

classical cloning
classical cloning
Gateway
incorrect
overlap PCR
overlap PCR
overlap PCR
overlap PCR
Gateway
overlap PCR
overlap PCR
overlap PCR
overlap PCR
overlap PCR
overlap PCR
overlap PCR
overlap PCR
overlap PCR
overlap PCR
overlap PCR

overlap PCR
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KK182 ALIX-AE1 F
KK183 ALIX-AE4 R

KK184 ABRO1 ATG
attB1

KK185 ALIX-AE4 R

KK186 ALIXpro genot
F

KK187 ALIX genot
+689 R

KK188 ALIX-AE2
middle F

KK189 ALIX-AE2
middle R

KK190 ALIX-AEZ2 long
F

KK191 ALIX-AEZ2 long
R

KK192 ALIX-E4 Ndel
F

KK193 ALIX-E3+4
Ndel F

KK194 ALIX-E4 attB1

KK195 ALIX-E3+4
attB1

KK196 pMAL ALIX-E4
BamHI F

KK197 pMAL ALIX-
E3+4 BamHI F

KK198 pET21 ALIX-E4
Sall R

KK199 pGEX AMSHS3-
AMIT BamHI F

KK200 pGEX AMSHS3-
AMPN Sall R

KK201 pGEX AMSH3
+517 BamHI F

KK202 pGEX AMSH3
+517 Sall R

KK203 pGEX AMSH3
+754 BamHI F

KK204 pGEX AMSH3
+754 Sall R

KK205 pET21 ALIX-E4
BamHI F

KK206 pET21 ALIX-
E3+4 BamHI F

KK207 pMAL ALIX-E4
Sall R

KK208 ALIX-E3+4
attB2

KK209 ALIX-E3+4 Sall
R

AAGGCATATGATAGAGTCTGCTGTCCCAA
CTCTT
AAGGGGATCCTCAATGCTCAAAGAGATG
AAGAGAAAG
GGGGACAAGTTTGTACAAAAAAGCAGGC
TGGATGGCGGAGAGATTACAGCAAGCTA
GC
AAGGGGATCCTCACTTTCTCTTCATCTCT
TTGAGCAT

GAAGAAAATTAGAAAAATCGGAAG

CAATGGTATTTTCAAAGACACAT

CGACGGCCGCTGAGGCAA

TTGCCTCAGCGGCCGTCG

CTTGATCGACGGCCGCTGAGGCAACTGG
AA
TTCCAGTTGCCTCAGCGGCCGTCGATCA
AG
AAGGCATATGGATGACATACTGCCAAAGC
TG
AAGGCATATGCTGAGGCAACTGGAAAAT
C
GGGGACAAGTTTGTACAAAAAAGCAGGC
TTGGATGACATACTGCCAAAGCTG
GGGGACAAGTTTGTACAAAAAAGCAGGC
TTGCTGAGGCAACTGGAAAATC
AAGGGGATCCGATGACATACTGCCAAAG
CTG
AAGGGGATCCCTGAGGCAACTGGAAAAT
C
AAGGGTCGACAACTTCAATGTTTTGGGAA
ATATC
AAGGGGATCCCGTCAGGATGGAAGTGAT
CT
AAGGGTCGACTCAGCTGCCCTCTTTTCCT
TC
AAGGGGATCCCAGAAGCTATCTTTTGATT
TCCTG
AAGGGTCGACTCACAGGAAATCAAAAGAT
AGCTTCTG
AAGGGGATCCGTGCTCTCCTTAGATGAT
GGT
AAGGGTCGACTCAACCATCATCTAAGGA
GAGCAC
AAGGGGATCCATGGATGACATACTGCCA
AAGCTG
AAGGGGATCCATGCTGAGGCAACTGGAA
AATC
AAGGGTCGACTCAAACTTCAATGTTTTGG
GAAATATC
GGGGACCACTTTGTACAAGAAAGCTGGG
TTCAAACTTCAATGTTTTGGGAAATATC

AAGGGTCGACCAACTTCAATGTTTTGGGA
AATATC

63.6

62.2

64.5

62.2

60.4

59.8

66.6

66.6

71.6

71.6

63.7

62.9

67.7

66.1

65.2

62.5

60.4

65.3

69.4

62.8

66.3

60.3

65.7

62.7

60.4

65.7

65.7

63.5

overlap PCR

incorrect

Gateway

overlap PCR
genotyping
genotyping
overlap PCR
overlap PCR
overlap PCR
overlap PCR
classical cloning
classical cloning
Gateway
Gateway
classical cloning
classical cloning
classical cloning
classical cloning
classical cloning
classical cloning
classical cloning
classical cloning
classical cloning
classical cloning
classical cloning
classical cloning

Gateway

classical cloning
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KK210 HsSALIX pET21 AAGGGGATCCGCTCAGATGAGAGAAGCC

BamHI E AC 62.3 classical cloning
KK211 HSALIX pET21 AAGGGTCGACAGGTGTAGGAATTGAAGG . .
61.5 classical cloning
Sall R AGC
ETJZTlRZ ? LIX gRT TAGAAAAATCGGAAGAGCGATC 63.6 gRT-PCR
gﬁ%le ALIX qRT R for AGCTGGAGAAGGATCGGA 63.1 gRT-PCR
gﬁﬁ}; ALIX qRT F for ATACCATACTCCTCATGGCCA 63.5 gRT-PCR
gﬁﬁ-le é LIXaRT GGAAACACAACAATAGATATATAACACC 60.9 gRT-PCR
KK216 35Spro qRT F  GGAAGTTCATTTCATTTGGAGAGA 64.5 gRT-PCR
KK217 sGFP gRT R CAAGGGCGAGGAGCTGTT 66.0 gRT-PCR
GGGGACAAGTTTGTACAAAAAAGCAGGC
KK218 AMSH3 attB1 TTGAAGATTGATCTGAACAAGG 59.8 Gateway
GGGGACCACTTTGTACAAGAAAGCTGGG
KK219 AMSHS3 attB2 TCGCGGAGATCGAGGA 63.1 Gateway
KK220 AMSH3-AA1 GTCCTCCAAACCAAGCAAGACATTCATTT 753 TaKaRa
TaKaRa F CTAGG ' mutagenesis
KK221 AMSH3-AA1 CCTAGAAATGAATGTCTTGCTTGGTTTGG 753 TaKaRa
TaKaRa R AGGAC ' mutagenesis
KK222 AMSH3-AA2 CCTCCAAACCAAGCATCATTTCTAGGTCC 76.1 TaKaRa
TaKaRa F G ' mutagenesis
KK223 AMSH3-AA2 CGGACCTAGAAATGATGCTTGGTTTGGA TaKaRa
76.1 .
TaKaRa R GG mutagenesis
KK224 AMSH3-AB TCAAGACATTCATTTAATGGTCTTAAAAG TaKaRa
66.5 .
TaKaRa F G mutagenesis
KK225 AMSH3-AB CCTTTTAAGACCATTAAATGAATGTCTTGA 66.5 TaKaRa
TaKaRa R mutagenesis
KK226 AMSH3-AC TTGCACCCAAGTCAGAGCCGAGTAATACA 772 TaKaRa
TaKaRa F GATTG ' mutagenesis
KK227 AMSH3-AC CAATCTGTATTACTCGGCTCTGACTTGGG 772 TaKaRa
TaKaRa R TGCAA ' mutagenesis
KK228 AMSH3-AD1 ATAAAGGTTCAATATACAGATTGGGGTTC 66.1 TaKaRa
TaKaRa F T ' mutagenesis
KK229 AMSH3-ADT A\ G AACCCCAATCTGTATATTGAACCTTTAT 66.1 akaRa
TaKaRa R mutagenesis
KK230 AMSH3-AD2 GAGATAAAGGTTCAATATGGTTCTGCGGA 755 TaKaRa
TaKaRa F CAATTCA ' mutagenesis
KK231 AMSH3-AD2 ATTGTCCGCAGAACCATATTGAACCTTTA TaKaRa
75.5 .
TaKaRa R T mutagenesis
E\lgrlsazp'?‘:MSH&AAz CAAACCAAGCATCATTTCTAGG 62.7 overlap PCR
E\I/(;?;p%MSH&AAZ CCTAGAAATGATGCTTGGTTTG 62.7 overlap PCR
E\I;Zr?:p)?:MSH&AC CCAAGTCAGAGCCGAGTAATACA 64.5 overlap PCR
E\I/(82rl3a5pA|\?MSH3—AC TGTATTACTCGGCTCTGACTTGG 64.5 overlap PCR
E\I/(ezrls;pAl\:MSH&ADz AGGTTCAATATGGTTCTGCGGA 66.8 overlap PCR
KK237 AMSH3-AD2 106 CcAGAACCATATTGAACCT 66.8 overlap PCR

overlap R
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Appendix Table 8. Other primers used for cloning and sequencing.

Primer

Sequence 5’ - 3’

Reference

EI9, AMSH1 BamHI F
EI10, AMSH1 Sall R

TF1, ALIX(FL) attB1

TF2, ALIX(FL) attB2

pDEST-BD_pC97 F
pDEST-AD-CYH2 F
pDEST Term R

AAGGGGATCCATGGGGTCGTCTTTTGAGAC

AAGGGTCGACCTATCTGAGATCAATGACAT

GGGGACAAGTTTGTACAAAAAAGCAGGCTTG
GCTTCTTCTTCGC

GGGGACCACTTTGTACAAGAAAGCTGGGTTC
ATTGCCTGTAGTA

CGCGTTTGGAATCACTACAGGG
GGCTTCAGTGGAGACTGATATGCCTC
GGAGACTTGACCAAACCTCTGGCG

E. Isono; (Katsiarimpa
etal., 2013)

E. Isono; (Katsiarimpa
et al., 2013)

T. Fischer;
(Kalinowska et al.,
2015)

T. Fischer;
(Kalinowska et al.,
2015)

(Dreze et al., 2010)
(Dreze et al., 2010)
(Dreze et al., 2010)
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Appendix Table 9. Primers used for genotyping.

Genotyping Name  Sequence 5’ -3’

KK72 TGCTGTGCGGACAGA

KK73 TGAATAGAACAGCTGCTTTCTC

KK72 TGCTGTGCGGACAGA

LBb1.3  ATTTTGCCGATTTCGGAAC

KK94 GCTGGCGAAAGTGATGT

KK95 ACCATCGTATAGAATGCAATACA
KK94 GCTGGCGAAAGTGATGT

08409 ATATTGACCATCATACTCATTGC

KK96 GTTTTCATATTTTATCATGGTTTTTATC
KK97 AGTAACTCATTGCCTGTAGTATCCT
KK96 GTTTTCATATTTTATCATGGTTTTTATC
08409 ATATTGACCATCATACTCATTGC

ALIX WT (first exon)
alix-4 (SALK 063124)
ALIX WT (fifth exon)
alix-2 (GABI-Kat 83711)
ALIX WT (seventh exon)

alix-3 (GABI-Kat 780B02)

alF AACATTGAGGATTGGATGGGATTTTC
AMSHLWT (promoter) -, ¢ CACGGCAGAAGACCA
DS31  ACCCGACCGGATCGTATCGGT
hi-1 (CSHL ET867

amsh1-1 (CSHL_ET8678) -1 CACGGCAGAAGACCA

. El40 AAGGCAATGGGTTGCACCCAAGTCAGAGAT
AMSH3 WT (sixth exon) -~ 1) CTGCTTTGGGATTATGAGAGTAGTGATATG
amsh3-1 0745 AACGTCCGGAATGTGTTATTAAGTTGTC
(WiscDsLox412D09) Ela1 CTGCTTTGGGATTATGAGAGTAGTGATATG

EI511 GCGACATCACTAAACCC
EI512 AACCCACCAACATAAGAAC
fyvel-1 Dsb5a TCGTTCCGTTTTCGTTTTTTAC
(RIKEN pst18264) EI512 AACCCACCAACATAAGAAC

FYVEL1 WT (first exon)
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Appendix Table 10. Genotypes of bacteria, yeast and plants used in this study.

Strain Genotype

Escherichia coli

DH5a F- ®80lacZAM15 A(lacZYA-argF) U169 recAl endAl hsdR17
(rK=, mK*) phoA supE44 A- thi-1gyrA96 relAl

TOP10 F~ mcrA A(mrr-hsdRMS-mcrBC) ®80lacZAM15

AlacX74 recAl araD139 A(ara leu) 7697 galU galKrpsL
(StrR) endAl nupG

Rosetta F- ompT hsdSg(rs~ ms-) gal dcm pRARE? (CamR)

Rosetta-gami 2 A(ara—leu)7697 AlacX74 AphoA Pvull phoR araD139 ahpC galE
galK rpsL F[lac* lacl? pro] gor522::Tn10 trxB pRARE23 (CamR,
StrR, TetR)4

Resetta-gami B F~ ompT hsdSg(rs~ ms~) gal decm lacY1 aphC gor522::Tn10 trxB
pRARE? (CamR, KanR, TetR)

Agrobacterium tumefaciens

GV3101::pMP90 chromosomal background: C58 (RifR), plasmid:
pMP90(pTiC58AT-DNA) (GentR)

GV3101::pMP90RK chromosomal background: C58 (RifR), plasmid:
pMP90RK(pTiC58AT-DNA) (GentR, KanR)

GV3101::pMP90 pSOUP chromosomal background: C58 (RifR), plasmids:

pMP90(pTiC58AT-DNA) (GentR), pSOUP (TetR)

Arabidopsis thaliana
Col-0 (Colombia-0)

Ler (Landsberg erecta)
No-0 (Nossen)
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Appendix Table 11. Plant lines generated and established during this study.

Line Crossed/ Generation Comment/
transformed with reference
Transgenic lines
AMSH3pro:AMSH3-YFP UBQ10pro:mCherry-ARA7 F2, F3 Wave markers:
(PFA15) (Wave 2R) (Geldner et al.,
2009)
UBQ10pro:mCherry-RabC1 F2
(Wave 3R)
UBQ10pro:mCherry-RabG3c F2, F3
(Wave 11R)
UBQ10pro:mCherry-VTI12 F2, F3
(Wave 13R)
UBQ10pro:mCherry-GOT1 F2
(Wave 18R)
UBQ10pro:mCherry-RabD1 F2
(Wave 25R)
UBQ10pro:mCherry-RabEld F2
(Wave 27R)
UBQ10pro:mCherry-RabAle F2
(Wave 34R)
35Spro:CLC-mKO F2, F3
CLCpro:CLC-mKO F2, F3
SYP43pro:mRFP-SYP43 F2, F3
SYP61pro:mRFP-SYP61 F2
ARA6pro:ARA6-mRFP F2
ARAT7pro:mRFP-ARA7 F2, F3
UBQ10pro:2xCherry- F2 PIP markers:
1xPH(FAPP1) (P5R) (Simon et al., 2014)
UBQ10pro:2xCherry- F1 P18R does not
2XFYVE(HRS) (P18R) express
35Spro:AMSH1-TagRFP TO
(PKK®6)
35Spro:AMSH3-TagRFP (Col-0) T1 expression
(PKK7) detectable on
immunoblot, not
under the confocal
microscope
35Spro:AMSH3-GFP 35Spro:CLC-mKO F2
(PEI74)
35Spro:AMSH3(Y213A)- amsh3-1 TO
sGFP (pKK85) ARA7pro:mRFP-ARA7 TO
CLCpro:CLC-mKO TO
SYP43pro:mRFP-SYP43 TO
35Spro:AMSH3(H190A)- amsh3-1 T0
SGFP (pKK86) ARA7pro:mRFP-ARA7 TO
CLCpro:CLC-mKO TO
SYP43pro:mRFP-SYP43 T0
35Spro:AMSH3(Y213A,L19 amsh3-1 T2 does not
3D,H190A)-sGFP (pKK94) complement amsh3-
1 lethal phenotype
ARA7pro:mRFP-ARA7 T0
CLCpro:CLC-mKO T0
SYP43pro:mRFP-SYP43 TO
ALIXpro:GFP-ALIX 35Spro:CLC-mKO F2, F3
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(gift from L. Cuyas
and V. Rubio)

35Spro:TagRFP-Gly-ALIX
(pKKA47)
35Spro:3xHA-ALIX(FL)
(pKK42)
35Spro:FLAG-ALIX(FL)
(PKK46)
35Spro:ALIX(FL)-STOP
(PKK72)

35Spro:ALIX(BRO1)-STOP
(pPKK73)

35Spro:amiR-ALIX
UBQ10pro:amiR-ALIX

XVE-35Spro:amiR-ALIX

UBQ10pro:YFP-ARA7
(Wave 2Y)
UBQ10pro:CFP-ARA7
(PKK35)

UBQ10pro:2xCyPET-
2xFYVE(HRS) (P18C)
35Spro:GFP-ATGS8e (gift
from D. Bassham)

T-DNA insertion lines
amsh3-1 (Col-0)
(WiscDsLox412D09),
Collection from University
of Wisconsin-Madison,
obtained through ABRC

alix-2 (Col-0)

(GABI-Kat 83711),
Collection from Bielefeld
University, obtained
through NASC

CLCpro:CLC-mKO
SYP43pro:mRFP-SYP43
ARAGpro:ARA6-mRFP
ARA7pro:mRFP-ARA7
UBQ10pro:2xCherry-
1xPH(FAPP1) (P5R)
UBQ10pro:2xCherry-
2XFYVE(HRS) (P18R)
AMSH3pro:AMSH3-TagRFP
(PMN73)

(Col-0)

(Col-0)
(Col-0)

(Col-0)

(Col-0)

(Col-0)
(Col-0)

(Col-0)
35Spro:CLC-mKO

(Col-0)

CLCpro:CLC-mKO
AMSH3pro:AMSH3-YFP
(pFA15), CLCpro:CLC-mKO
AMSH3pro:AMSH3-YFP
(pFA15), CLCpro:CLC-mKO
35Spro:AMSH3-TagRFP
(PKK?)
AMSH3pro:AMSH3-CFP
(pPAK8O0) (A. Katsiarimpa)
UBQ10pro:mCherry-ARA7
(Wave 2R)

alix-2

alix-4

fyvel-1

mRFP-VAM3
ALIXpro:GFP-ALIX,
ARAG6pro:ARA6-mRFP
UBQ10pro:GFP-ATGS8
alix-4

fyvel-1
ALIXpro:GFP-ALIX

F2, F3
F2, F3
F2
F2, F3
F2
F2
T2
TO
TO
TO

T2

T1

T0
T1

T2
F2
T2
F2
F2, F3
F1
F1

F1

F1

F2, F3
F2, F3
F2
F2
F2

F2
F1
F2
F2, F3

both constructs are
genetically linked

causes
downregulation of
ALIX protein levels;
(Kalinowska et al.,
2015)

causes
downregulation of
ALIX

no downregulation
of ALIX observed in
T1 lines

the effect on ALIX
levels is unclear

P18C does not
express
AMSH3-TagRFP
does not express
AMSH3-CFP does
not express

gift from M. Otegui
transheterozygous

fully complements
the mutant
phenotype
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alix-4 (Col-0)

(SALK 063124),
Collection from Salk
Institute, obtained through
NASC

fyvel-1(No-0)

(RIKEN pst18264),
Collection from RIKEN
Institute

amsh1-1 (Ler)
(CSHL_ET8678),
Collection from Cold Spring
Harbor Laboratory

152

AMSH3pro:AMSH3-YFP
(PFA15), ARA7pro:mRFP-
ARA7
AMSH3pro:AMSH3-YFP
(pFA15), UBQ10pro:mRFP-
ARA7 (Wave 2R)
UBQ10pro:YFP-VPS2.1
(pAK28), 35Spro:TagRFP-
AMSH3 (pEI135)
UBQ10pro:GFP-ATGS8
mRFP-VAMP727
mRFP-VAMP713
UBQ10pro:PIN1-GFP
UBQ10pro:PIN2-GFP
fyvel-1

UBQ10pro:PIN1-GFP

AMSH3pro:AMSH3-YFP
(pFAL5)

4x alix-1 (gift from V. Rubio)

5x Col-0

F3

F1

F2

F2
F2
F2
F2
F2
F2

F2

F2

F4

F5

ALIX(WT) and
MRFP-ARAY are
genetically linked

gift from M. Otegui

(Cardona-Lopez et
al., 2015)
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Appendix Table 12. K3 Medium used for overnight protoplast culture.

Group of elements

Concentration

Sugars and alcohols

0.4 M sucrose
1.7 mM D-xylose
555.1 uM myo-inositol

EDTA-Fe(ll)

127.6 yM EDTA
52.3 uM Fe(I)SOa4

Ca-Phosphate

217.1 uyM CaHPO4*2H20

Macroelements

10.8 mM NaH2PO4*H20
6.1 mM CaCl2*2H20
24.7 mM KNOs

3.1 mM NH4NOs

1 mM (NH4)2S0q4

2.1 mM MgSO4*7H20

Microelements

45 pM Kl
48.5 UM H3BO3

35.5 UM MnSO4*7H20
1.7 UM ZnSO4*7H20
1.2 uM NazMoO4#*2H,0
0.1 uM CuSO4*5H:0
0.11 puM CoCl2*6H20

Vitamins

8.1 uM nicotinic acid
4.9 uM pyridoxine-HCI
29.7 uM thiamine-HCI
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Ubiquitination is a signal for various cellular processes, including
for endocytic degradation of plasma membrane cargos. Ubiquiti-
nating as well as deubiquitinating enzymes (DUBs) can regulate
these processes by modifying the ubiquitination status of target
protein. Although accumulating evidence points to the important
regulatory role of DUBs, the molecular basis of their regulation is
still not well understood. Associated molecule with the SH3
domain of signal transduction adaptor molecule (STAM) (AMSH)
is a conserved metalloprotease DUB in eukaryotes. AMSH proteins
interact with components of the endosomal sorting complex
required for transport (ESCRT) and are implicated in intracellular
trafficking. To investigate how the function of AMSH is regulated
at the cellular level, we carried out an interaction screen for the
Arabidopsis AMSH proteins and identified the Arabidopsis homo-
log of apoptosis-linked gene-2 interacting protein X (ALIX) as a
protein interacting with AMSH3 in vitro and in vivo. Analysis of
alix knockout mutants in Arabidopsis showed that ALIX is essential
for plant growth and development and that ALIX is important for
the biogenesis of the vacuole and multivesicular bodies (MVBs).
Cell biological analysis revealed that ALIX and AMSH3 colocalize
on late endosomes. Although ALIX did not stimulate AMSH3 ac-
tivity in vitro, in the absence of ALIX, AMSH3 localization on endo-
somes was abolished. Taken together, our data indicate that ALIX
could function as an important regulator for AMSH3 function at
the late endosomes.

Arabidopsis | intracellular trafficking | ubiquitin | ESCRT-llI

biquitin-dependent protein degradation plays a pivotal role
in almost all biological processes, as the timely and selective
removal of regulatory proteins is essential in many signaling
pathways (1, 2). Ubiquitin molecules can form topologically
distinct ubiquitin chains that can serve as signals for different
pathways (3). Among them, ubiquitin chains linked through ly-
sine 63 (K63) have been associated with endocytosis and were
shown to be required for the efficient endocytic degradation of
plasma membrane cargos (4, 5). In eukaryotes, ubiquitinated
membrane proteins are transported into the vacuole/lysosome
for degradation by resident proteases, depending on the function
of the endosomal sorting complex required for transport
(ESCRT) machinery. Ubiquitinated cargos are recognized and
transported to late endosomes through the function of ESCRT-0,
ESCRT-I, and ESCRT-II, and are subsequently sequestered to the
intraluminal vesicles (ILVs) of the multivesicular body (MVB) by
ESCRT-III (6, 7). Plants lack homologs of ESCRT-0 (8, 9), and it
is suggested that ubiquitin binding proteins such as the target of
Myb (TOM)-LIKEs (TOLs) take over its function (10).
Ubiquitination of plasma membrane proteins depends on the
activity of the ubiquitin conjugating machinery that creates an
isopeptide bond between the C-terminal glycine of ubiquitin and
a lysine of the substrate proteins or another ubiquitin molecule
(11). Deubiquitinating enzymes (DUBs) can counteract the E3
ligase activity, in that they hydrolyze ubiquitin chains. In contrast
to earlier assumptions that DUBs play merely a housekeeping
role, it has been shown that DUBs can also be actively involved

www.pnas.org/cgi/doi/10.1073/pnas. 1510516112

in the regulation of their target proteins (12, 13). The Arabidopsis
genome encodes for at least 48 DUBs, although most of their
molecular and biological functions are yet poorly understood
(14). Whereas ubiquitinating enzymes interact specifically with
their substrates (11), DUBs also can hydrolyze free ubiquitin
chains unattached to target proteins (12, 15), and in most cases,
do not require specific interactions with the substrate proteins.
The elucidation of the spatiotemporal regulation of DUBs is
therefore essential for a better understanding of the molecular
mechanisms of DUB function.

Associated molecule with the SH3 domain of STAM (AMSH) is
a metalloprotease DUB that was first identified as an interactor
of the signaling molecule and ESCRT-0 component signal trans-
duction adaptor molecule (STAM) in mammals (16). AMSH genes
are conserved in higher eukaryotes and are essential for growth and
development. Knockout of AMSH in mice causes postnatal lethality
and neurodegenerative aberrations (17), and mutations in human
AMSH were associated with an infant neurodegenerative disease
(18), indicating its essential function in mammals. In our previous
work, we conducted a genetic analysis of AMSH genes in Arabi-
dopsis, named AMSHI, AMSH?2, and AMSH3. We have shown that
knockdown of AMSH] causes altered pathogen response, and that
the knockout of AMSH3 is lethal in plants, leading to growth arrest
in the early stages of development (19-21).

AMSH proteins were shown to interact with ESCRT-III subunits
and were implicated in endocytic protein degradation (21-26).
Human AMSH and the Mpr1/Pad1 N-terminal (MPN)+ domain of

Significance

The regulation of protein abundance of receptors and trans-
porters at the plasma membrane is important for proper sig-
naling in many biological pathways. The removal of plasma
membrane proteins can occur via the endocytic protein deg-
radation pathway, in which posttranslational modification by
ubiquitin plays a key role. The activity of ubiquitinating and
deubiquitinating enzymes can determine the ubiquitination
status of a given target protein, and it has been shown that
both classes of enzymes have important physiological roles.
However, how these enzymes themselves are regulated at the
molecular level has not yet been completely understood. In this
study, we report a possible mechanism by which the deubi-
quitinating enzyme AMSH3 is regulated by its interacting
protein, apoptosis-linked gene-2 interacting protein X (ALIX),
in Arabidopsis.
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Arabidopsis AMSH show specificity toward K63-linked ubiquitin
chains (20-22), further supporting their function in endocytosis.
Defects in AMSH function impair a number of intracellular traf-
ficking events, including degradation of endocytosis cargos (22, 25,
27), vacuolar transport, and vacuole biogenesis (20), as well as de-
fects in autophagic degradation (18, 20, 21). Although AMSH
function in intracellular trafficking and protein degradation is well
established, the molecular framework surrounding its function is not
yet completely understood.

With the aim of elucidating the molecular basis of AMSH reg-
ulation, we screened for interactors of Arabidopsis AMSH proteins
and found a homolog of human apoptosis-linked gene-2 interacting
protein X (ALIX) and budding yeast bypass of C kinase 1 (BCK1)-
like resistance to osmotic shock 1p (Brolp) as a direct interactor of
AMSH3. ALIX is a conserved protein in eukaryotes that was im-
plicated in cytokinesis, ILV, and exosome biogenesis and endo-
somal sorting (28). Human ALIX was also suggested to play a role
during viral infection and budding (29-31). Mammalian ALIX,
yeast Brolp, and their Arabidopsis homolog were all shown to in-
teract with ESCRT-III via the charged multivesicular body pro-
tein 4/sucrose nonfermenting 7p (CHMP4/Snf7p) subunit (32-35).
Brolp was shown to interact also with the endosome-associated
DUB degradation of alpha 4p (Doadp) and to be essential for
recruiting Doadp to late endosomes (36). Doadp belongs to the
ubiquitin-specific protease (UBP) family of DUBs and is structur-
ally unrelated to AMSH. The involvement of ALIX/Brolp in the
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regulation of other DUBs during endosomal sorting has not yet
been reported. Our data show that ALLX is essential in Arabidopsis
and that it is important for the degradation of ubiquitinated pro-
teins, vacuole, and MVB biogenesis, as well as for the localization of
AMSH3 to endosomes.

Results

ALIX Can Directly Interact with AMSH3. To identify interacting pro-
teins or potential regulators of AMSH proteins, we carried out a
yeast two-hybrid (YTH)-screen against 12,000 Arabidopsis ORFs,
using AMSH1, AMSH2, and AMSH3 as bait. In this screen, we
identified a Brol domain containing protein (AT1G15130) as a
YTH interactor of AMSH1 and AMSH3, but not AMSH2 (Fig. 14
and Fig. S1 4-C). The identified protein showed highest homology
to the yeast Brol domain containing proteins Brolp (15.8%
amino acid identities) and regulator of IME2 20 (Rim20p,
18%), as well as human ALIX (25.1%). We thus designated this
protein Arabidopsis ALIX.

We first wanted to establish whether ALIX directly binds to
AMSH proteins. Because we could not obtain enough recombinant
AMSHI1, we decided to focus our further studies on AMSH3. To
analyze the interaction between ALIX and AMSH3, we purified
recombinant maltose binding protein (MBP)-fused ALIX, an
ESCRT-III subunit MBP-vacuolar protein sorting (VPS)60.1 that
was shown not to interact with AMSH3 (26), and untagged AMSH3.
In an in vitro binding assay, MBP-ALIX, but not MBP-VPS60.1,

aa: |
FL
BRO1
ABRO1
AC
V-frag1
V-frag2

ALIX

GBD-ALIX GBD-ALIX V-frag
GBD FL BRO1ABRO1 AC  GBD

Fig. 1. (A) ALIX interacts with AMSH3 in YTH. GBD and GBD-ALIX were transformed in yeast with either GAD- or GAD-AMSH3. Transformants were tested

for their auxotrophic growth on synthetic complete medium lacking leucine and tryptophan (SC-LW) (-LW: SC-Leu-Trp) or synthetic complete medium lacking
leucine, tryptophan, and histidine (SC-LWH) (-LWH: SC-Leu-Trp-His) media. (B) ALIX interacts directly with AMSH3 in vitro. Recombinant AMSH3 was in-
cubated with either MBP-ALIX or MBP-VPS60.1 for 1 h at 4 °C and subjected to immunoblot analysis after extensive washing. Anti-AMSH3 and anti-MBP
antibodies were used to detect beads-retained material. Arrowheads indicate MBP-ALIX. (C) ALIX and AMSH3 interact in planta. Immunoprecipitation (IP)
was performed from total extracts of wild-type or GFP-ALIX-expressing seedlings using anti-GFP immobilized matrix. Immunoprecipitated material was
subjected to immunoblot analysis. GFP-ALIX and endogenous AMSH3 were detected with anti-ALIX and anti-AMSH3 antibodies, respectively. (D and E)
AMSH3- (D) and ALIX- (E) constructs used for YTH interaction studies in F and G. Bro1, Bro1-domain; FL, full-length; MIT, MIT domain; MPN+, MPN+ domain;
P, Proline-rich domain; V, V-domain; V-frag1/2, V-domain fragment 1/2. (F) YTH analysis of AMSH3 domains responsible for the interaction with ALIX. GAD-
fused AMSH3 constructs shown in D were cotransformed with either GBD or GBD-ALIX. Transformants were tested for their auxotrophic growth on SC-LW
and SC-LWH media. (G) YTH analysis of ALIX domains responsible for the interaction with AMSH3. GBD-fused ALIX constructs shown in E were cotransformed
with either GAD or GAD-AMSH3. Transformants were tested for their auxotrophic growth on SC-LW and SC-LWH media.
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Fig. 2. alix null mutants show seedling lethality. (A) Schematic presentation
of the T-DNA insertion sites of alix-2 and alix-4. Lines indicate introns and
gray boxes indicate exons. (B) Phenotypes of 9-d-old wild-type (WT), alix-2,
and alix-4 seedlings. (Scale bars, 1 mm.) (C) alix-2 and alix-4 are null mutants.
Total extracts from seedlings shown in B were subjected to immunoblot
analysis, using an anti-ALIX antibody. CDC2 was used as loading control.
(D) Photographs of 3-wk-old wild-type (WT) and two transgenic plants (TG#1
and TG#2) harboring 35Spro:ALIX. Total extracts from rosetta leaves were
subjected to immunoblot analysis with an anti-ALIX antibody. CDC2 was
used as loading control. Note that TG#2 with strongly reduced levels of ALIX
(magnification in inset) shows severe growth defects and leaf chlorosis.
(Scale bars, 2 cm; scale bar in inset, 0.5 cm.)

bound AMSH3 (Fig. 1B), indicating that ALIX and AMSH3 can
directly interact with each other. Next, to test whether ALIX and
AMSH3 interact in planta, we generated plants expressing a func-
tional fusion protein GFP-ALIX driven by a native ALIX promoter
fragment (Fig. S2 A and B). Immunoprecipitation of GFP-ALIX
from total protein extracts prepared from wild-type or GFP-ALIX-
expressing seedlings and subsequent immunoblotting revealed
coimmunoprecipitation of endogenous AMSH3 with GFP-ALIX
(Fig. 1C). This result indicates that AMSH3 and ALIX can in-
teract in planta.

To identify the binding domain of AMSH3 and ALIX, we
conducted a directed YTH analysis. AMSH3 has an N-terminal
microtubule interacting and trafficking (MIT) domain that in-
teracts with two ESCRT-III subunits, 2.1 and VPS24.1 (26), and

Table 1. Germination assay of alix mutants

an MPN+ domain that comprises the catalytic center (20). Neither
the MIT nor the MPN+ domain of AMSH3 was required for the
interaction with ALIX, whereas the middle region was necessary
and sufficient for the interaction (Fig. 1 D and F and Fig. S34). A
Pfam database search (37) showed that ALIX has an N-terminal
Brol domain followed by a V-shaped domain (V-domain) and a
C-terminal proline-rich domain (Fig. 1E). To identify the region in
ALIX that is responsible for the binding to AMSH3, YTH in-
teractions between different ALIX fragments and the full-length
AMSH3 were tested. Both the Brol- and the C-terminal region
were dispensable for the interaction with AMSH3, whereas an 82-
amino acid fragment of the ALIX V-domain was sufficient for the
interaction (Fig. 1 E and G and Fig. S3 B and C).

alix Null Mutants Show Similar Phenotypes to amsh3. AMSH pro-
teins were previously shown to be essential for plant growth and
development (20, 27). To investigate whether ALIX functions in
the same biological pathway as AMSH3, we analyzed available
T-DNA insertion lines of ALIX. Two lines, GABI 837H11 and
SALK 063124, which we named alix-2 and alix-4, respectively,
carried T-DNA insertions in exons (Fig. 24). Homozygous alix-2
and alix-4 mutants showed reduced germination compared with
the wild-type (Table 1), and even if germinated, did not develop
beyond the seedling stage (Table 1 and Fig. 2B). This seedling
lethal phenotype was very similar to the previously analyzed
amsh3 mutant (Fig. S44) (20), suggesting AMSH3 and ALIX
could function in the same biological process. Immunoblotting
with an anti-ALIX antibody showed that homozygous alix-2 and
alix-4 mutants were null mutants (Fig. 2C).

To verify that the phenotype is caused by the loss of ALLX func-
tion, we crossed heterozygous alix-2 and alix-4 plants with each other
and analyzed the F1 progeny. Transheterozygous (alix-2/alix-4) F1
progenies showed the same seedling phenotype as homozygous alix-2
or alix-4 mutants (Fig. S4B), indicating that alix-2 is allelic to alix-4.
Moreover, seedling lethality of alix-2 could be complemented by
ALIXpro:GFP-ALIX (Fig. S2 A and B), confirming that ALIX is
indeed the causative gene for the alix mutant phenotype.

To investigate whether ALIX is also essential during plant
growth, we tried to generate artificial microRNA lines, but were
not able to identify lines with significantly reduced ALLX transcripts.
We realized, however, that the introduction of the 35Spro:ALIX
construct in a wild-type background leads to reduced protein levels
of ALIX, probably because of cosuppression. Plants harboring the
35Spro:ALIX construct showed a range of phenotypes, but the se-
verely growth-defective plants with chlorotic leaves had always re-
duced amount of ALIX in total protein extracts, whereas larger
plants had at least wild-type levels of ALIX (Fig. 2D). These results
suggest ALIX is indispensable during vegetative plant growth.

ALIX Is Required for Vacuole Biogenesis. amsh3 mutants showed
severe vacuole biogenesis defects and lacked large central vac-
uoles (20). Confocal microscope analysis of 2',7’-bis-(2-carboxy-
ethyl)-5-(and-6)- carboxyfluorescein (BCECF)-acetoxymethyl ester
(AM)-stained wild-type, alix-4, and amsh3-1 vacuoles revealed that
alix mutants also have abnormal vacuole morphology similar to
amsh3-1, indicating that ALIX is necessary for proper vacuole
biogenesis (Fig. 3 4 and B and Fig. S54). To analyze the vacuolar
structure in more detail, we performed 3D reconstruction analysis

Phenotype of progeny

Genotype of parental line Wild type Seedling lethal

Ungerminated Seedling lethal+ ungerminated n

WT (Columbia-0) 100% 0%
alix-2*'~ (het) 83.2% 11.9%
alix-4*'~ (het) 77% 9.5%

0% 0% 424
4.9% 16.8% 405
13.5% 23% 400
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on Z-stack images of BCECF-AM-stained wild-type, afix, and
amsh3 vacuoles. Surface rendering revealed similar higher sur-
face area-to-volume ratios for alix-4 and amsh3-1 in comparison
with the wild type, reflecting the tubular interconnected vacuolar
structures in these mutants (Fig. 3 C and D and Fig. S5B8). In
addition, the presence of 1 pm vacuolar or provacuolar profiles
was confirmed by electron microscopy of high-pressure frozen/
freeze substituted roots. These vacuolar structures contained
membrane and cytoplasmic materials in their lumen and were
abundant in afix root cells, but not in the wild-type (Fig. 3 £ and F).
In contrast, the morphology of other organelles such as the Golgi
apparatus, endoplasmic reticulum (ER), nucleus, plastids, and
mitochondria did not seem to be affected in alix-2 (Fig. 3 E and F
and Fig. S5 C-H).

AMSH3 Shows Colocalization with Late Endosomal Markers. Human
ALIX and yeast Brolp were reported to localize on endosomes
and to be involved in intracellular trafficking (28). To investigate
whether AMSH3 and ALIX localize on the same cellular com-
partment and function in intracellular transport, we expressed an
AMSH3pro:AMSH3-YFP construct in plants. AMSH3pro: AMSH3-
YFP complemented the seedling lethal phenotype of amsh3-1,

A Wildtype

BCECF-AM

Fig. 3. alix shows aberrant vacuole morphology. (A and B) Vacuole mor-
phology of wild-type and alix mutants. Vacuoles of 2-d-old wild-type (4} and
7-d-old alix-4 (B) were stained with BCECF-AM and analyzed under a con-
focal microscope. Vacuoles in the root epidermis cells are shown. (Scale bars,
5 pm.) (C and D) 3D surface renderings of vacuoles from a representative
root epidermal cell of 2-d-old wild-type (C) and 7-d-old alix-4 (D) seedlings.
Z-stack images were processed to generate 3D reconstruction pictures of
vacuoles. Views from the front (Left) and the side (Right) are shown. Note
the tubular appearance of mutant vacuoles. (Scale bars, 5 pm.) AA/AV: sur-
face area to volume ratio. (E and F) Overview of WT (E) and alix-2 (F) root
cells from 5-d-old seedlings. Note the presence of vacuolar/provacuolar
compartments with membranes and cytoplasmic contents (asterisks). G, Golgi;
M, mitochondria; P, plastid. (Scale bars, 1 um.)
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indicating that AMSH3-YFP is a functional fusion protein (Fig. S6
A and B).

AMSH3-YFP showed strong cytosolic signals similar to the pre-
viously published N-terminal YFP fusion YFP-AMSH3 (26), but
localized also on intracellular foci. To investigate the nature of
these foci, we performed colocalization studies using trans-Golgi
network (TGN)/early endosome (EE) markers monomeric red fluo-
rescent protein (mREFP)-syntaxin of plants 43 (SYP43) and mRFP-
SYP61 (38, 39), as well as late endosome (LE) markers arabidopsis
rat sarcoma-related proteins in brain GTPase6 (ARA6)-mRFP and
mRFP-ARAT7 (40, 41). AMSH3-YFP signals did not show frequent
colocalization with the TGN/EE markers (Fig. 4 A, B, and E). In
contrast, 62.8% (n = 368) and 74.8% (n = 306) of AMSH3-YFP-
positive vesicles showed colocalization with ARA6- and ARA7-
labeled vesicles, respectively, indicating that the AMSH3-YFP foci
represent mostly late endosomes (Fig. 4 C, D, and E).

To further establish the endosome localization of AMSH3, we
treated the AMSH3-YFP/mRFP-SYP43 coexpressing line with
the ADP ribosylation factor-GTP exchange factor (ARF-GEF)
inhibitor brefeldin A (BFA) and the AMSH3-YFP/mRFP-ARA7
coexpressing line with the PI3K/PI4K inhibitor wortmannin (WM).
Although mRFP-SYP43 localized to the so-called BFA bodies on
60-min BFA treatment, AMSH3-YFP signals were not found in
the BFA-induced compartments (Fig. 4F). On treatment with WM,
both mRFP-ARA7 and AMSH3-YFP localized to the surface of
the swollen MVBs that appeared as ring-like structures (Fig. 4G).
These results corroborate that AMSH3-YFP does not stably as-
sociate with TGN/EE but localizes together with LE markers on
vesicles sensitive to WM.

AMSH3 and ALIX Colocalize on Late Endosomes. If ALIX functions
together with AMSHS3, they should show overlapping intracellular
localizations. We thus examined the localization of GFP-ALIX
with the late endosome marker mRFP-ARA7. Similar to AMSH3-
YFP, GFP-ALIX signals showed cytosolic distribution but also
localized on punctuate structures: 32.8% ALIX-positive vesicles
(n = 283) colocalized with the LE-marker ARA7 (Fig. 54), in-
dicating that part of the ALIX pool localizes to late endosomes.
Similar to AMSH3-YFP, GFP-ALIX relocalized to WM-induced
compartments together with mRFP-ARA7 (Fig. 5B). Similar to
AMSH3-YFP, GFP-ALIX-labeled vesicles did not efficiently
colocalize with the TGN/EE-endosome marker mRFP-SYP43
(9.96%, n = 280) and did not react to BFA-treatment (Fig. S7 A
and B). We next wanted to investigate whether AMSH3 and
ALIX localize to the same cellular compartment and generated an
RFP-fused AMSH3 construct, AMSH3pro:AMSH3-TagRFP. Sim-
ilar to the YFP-tagged AMSH3, AMSH3-TagRFP showed both
cytosolic and endosomal localization: 68.7% (n = 282) of AMSH3-
positive compartments showed colocalization with GFP-ALIX
(Fig. 5C). Compartments positive for both GFP-ALIX and
AMSH3-TagRFP were sensitive to WM treatment (Fig. 5D),
suggesting both proteins colocalize on late endosomes.

A systematic YTH analysis of Arabidopsis ESCRT-related pro-
teins has shown that ALIX interacts with the ESCRT-III subunit
SNF7 (35). ESCRT-1II components accumulate in aberrant late
endosomal structures on inhibition of ESCRT-III disassembly by
inactivation of the ATPases associated with diverse cellular activi-
ties (AAA)-ATPase suppressor of K+ transport growth defect
1(SKD1)/Vpsdp (26, 41, 42). In Arabidopsis, the overexpression of
ATPase-inactive SKD1(EQ) was shown to induce aggregation of
endosomes (26, 41) that were labeled with the late endosome
marker ARA7, but not those labeled with the early endosome
marker SYP41 or clathrin light chain (43). In accordance with the
previously reported interaction with SNF7 (35) and its partially late-
endosomal localization, GFP-ALIX accumulated in the SKD1
(EQ)-induced enlarged vesicular compartments together with the
ESCRT-III subunit VPS2.1 and AMSH3-TagRFP (Fig. 5 E and F).
Altogether these results show that ALIX and AMSH3 colocalize on
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Fig. 4. AMSH3 localizes to ARA6- and ARA7-labeled late endosomes.
(A to D) Seedlings expressing AMSH3pro:AMSH3-YFP were crossed with
SYP43pro:mRFP-SYP43 (A), SYP61pro:mRFP-SYP61 (B), ARA6pro:ARA6-mRFP
(C), and ARA7pro:mRFP-ARA7 (D) expressing plants and colocalization was
examined under a confocal microscope. (Scale bars, 5 pm.) SYP43 and SYP61
are markers for TGN or EE, and ARA6 and ARA7 are markers for MVB or LE.
(E) Numbers of AMSH3-YFP-positive vesicles that colocalize with the mRFP-
tagged markers in A-D were counted to calculate the colocalization fre-
quency. (F) An AMSH3-YFP and mRFP-SYP43 expressing seedling as in A was
treated with 50 pM brefeldin A (BFA) for 60 min. Note that although mRFP-
SYP43 relocalized to the BFA bodies, AMSH3-YFP did not. A magnification of
the area indicated with the white rectangle is shown on the right side (from
top to bottom: merged, mRFP-ARA7, and AMSH3-YFP). (Scale bars, 5 pm.)
(G) An AMSH3-YFP and mRFP-ARA7 expressing seedling as in D was treated
with 33 yM WM for 120 min. Both AMSH3-YFP and mRFP-ARA7 localize to WM-
induced compartments. A magnification of the area indicated with the white
rectangle is shown on the right side (from top to bottom: merged, mRFP-ARA7,
and AMSH3-YFP). (Scale bars, 5 pm.)

late endosomal compartments that are sensitive to WM and SKD1
ATPase activity.

ALIX Binds Ubiquitin and Is Ived in Ubiquitin-Dependent Protein
Degradation. AMSH proteins were implicated in the degradation
of ubiquitinated membrane proteins in both mammals and plants

Kalinowska et al.

(22, 27). We reasoned that if ALIX functions in the same pathway
as AMSH3, alix mutants would also show similar defects in the
degradation of ubiquitinated cargos. Indeed, when we analyzed
total extracts from seedlings using an anti-ubiquitin antibody, alix
mutants showed high levels of high-molecular weight ubiquiti-
nated proteins (Fig. 64), suggesting ALIX plays a role in the re-
moval of ubiquitin conjugates.

The V-domain of both Brolp and human ALIX was shown to
mediate the interaction with ubiquitin in intracellular trafficking
(29, 31, 44). Because the amino acid sequence homology in the
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Fig. 5. AMSH3 and ALIX colocalize on late endosomes. (A and B) ALIX lo-
calizes to ARA7-labeled late endosomes. Seedlings expressing ALIXpro:GFP-
ALIX and ARA7pro:mRFP-ARA7 were examined with a confocal microscope
without (A) or with (B) 120 min treatment with 33 yM WM. Percentage of
GFP-ALIX vesicles colocalizing with mRFP-ARA7 vesicles is indicated below
the panel in A. (Scale bars, 5 pm.) (C and D) Seedlings coexpressing AL/Xpro:
GFP-ALIX and AMSH3pro:AMSH3-TagRFP were analyzed without (C) or with
120 min treatment with 33 uM WM. (D) Percentage of GFP-ALIX vesicles
colocalizing with AMSH3-TagRFP vesicles is indicated below the panel in C.
(Scale bars, 5 ym.) (E) ALIXpro:GFP-ALIX was cotransformed with UBQ10pro:
mCherry-VPS2.1 and either 355pro:HA-SKD1(WT) or 355pro:HA-SKD1(EQ) in
Arabidopsis cell culture-derived protoplasts. Percentages of cells with cyto-
solic localization (cyto) or SKD 1(EQ)-induced compartments (comp) of GFP-ALIX
and mCherry-VPS2.1 are indicated. (F) AMSH3 and ALIX localize to SKD(EQ)-
induced compartments. ALIXpro:GFP-ALIX and 355pro:AMSH3-TagRFP were
cotransformed with either 35S5pro:HA-SKD1(WT) or 355pro:HA-SKD1(EQ)
in Arabidopsis cell culture-derived protoplasts. Representative cells are shown.
Note that on coexpression of SKD1(EQ), both AMSH3-TagRFP and GFP-ALIX
relocalize to enlarged endosomal compartments (arrowheads).
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Arabidopsis ALIX V-domain is relatively moderate (25% amino
acid identity with human ALIX and 17% with Brolp), we tested
whether it could bind ubiquitin. In a ubiquitin binding assay
using ubiquitin agarose, recombinant His-ALIX(V) interacted
with ubiquitin, whereas the negative control His-SKD1 did not
(Fig. 6B), suggesting the ubiquitin-binding ability of the ALIX
V-domain is conserved in Arabidopsis. Because K63-linked ubig-
uitin chains are implicated in endocytic degradation, we tested
whether His-ALIX(V) can interact with this type of linkage. We
analyzed the interaction of His-ALIX(V) with linear and K63-
linked diubiquitin, using the MicroScale Thermophoresis technique
that enables affinity measurements without the immobilization of
either of the proteins (45). The results showed that His-ALIX(V)
bound K63-linked diubiquitin, but not linear diubiquitin, implying
that ALIX is involved in pathways mediated by K63-ubiquitin
linkages (Fig. 6C).

DUB-interacting proteins can affect the activity of DUBs,
as shown for the case of human AMSH and its binding partner
STAM, which activates AMSH (46, 47). To establish whether
ALIX can influence the enzymatic activity of AMSH3, we per-
formed DUB assays with AMSH3 in the presence or absence
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Fig. 6. ALIX binds ubiquitin. (A) alix mutants accumulate ubiquitin con-
jugates. Total extracts of wild-type (WT), alix-2, and alix-4 were subjected
to immunoblot analysis using an anti-ubiquitin antibody. CDC2 was used
as loading control. (B) ALIX binds monoubiquitin. A recombinant His-ALIX
fragment containing the V-domain (His-ALIX(V): amino acids 393-734), and
His-SKD1 were incubated with ubiquitin agarose. After extensive wash-
ing, the eluate was analyzed by immunoblotting using an anti-His tag and
an anti-Ub antibody. (C) MicroScale Thermophoresis assays show that re-
combinant His-ALIX(V) binds K63-linked diubiquitin, but not linear diubi-
quitin. The average of three experiments are shown. AFnorm, normalized
fluorescence. Blue, K63-lilnked diubiquitin; gray, linear diubiquitin. Error
bars, SEM.
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of ALIX, using the fluorescent substrate diubiquitin-carboxy-
tetramethylrhodamine (TAMRA). The cleavage of diubiquitin to
monoubiquitin separates the quencher from the fluorophore,
which can be measured as an increase in fluorescence. AMSH3
readily catalyzed this reaction; however, preincubation with equi-
molar amount of ALIX did not change the AMSH3 enzyme ki-
netics (Fig. S8), suggesting ALIX does not influence the DUB
activity of AMSH3.

ALIX Is Important for Localization of AMSH3 on ARA7-Labeled Vesicles.
To investigate whether the ALLX null mutation affects MVB for-
mation, we analyzed MVBs in wild-type and afix-2 roots by trans-
mission electron microscopy. alix-2 mutants were able to form
MVBs (Fig. 7 A and B); however, we also occasionally observed
clustering of MVBs in alix-2 cells (Fig. 7C), implying a function of
ALIX in MVB formation. The size of MVBs was significantly re-
duced in alix-2 cells compared with that of wild-type cells (Fig. 7D),
supporting the idea that ALIX is involved in MVB formation. In
contrast, there was no significant difference in the size of TLVs
between wild-type and alix-2 (Fig. 7E).

Yeast Brolp interacts with Doadp, a UBP-class DUB unrelated
to AMSH, and recruits it to endosomes (36, 48). To test whether
loss of ALIX function affects association of AMSH3 to endo-
somes, we analyzed the localization of AMSH3-YFP together
with the late-endosomal marker mRFP-ARAT7 in alix-2. Whereas
AMSH3-YFP and mRFP-ARA7 endosomes showed colocaliza-
tion with high frequency in a wild-type background (Fig. 4 D and
E), AMSH3-YFP signals were dispersed in the cytosol and did not
colocalize with mRFP-ARAT7 in alix-2 (Fig. 7F). The numbers of
both mRFP-ARA7 and AMSH3-YFP-positive vesicles were de-
creased in the alix-2 mutant, among which AMSH-YFP signals
were more affected (Fig. 7H). When treated with WM for 120 min,
mRFP-ARAT7 appeared in enlarged WM compartments, as it did
in the wild type (Fig. 7G). In contrast, AMSH3-YFP showed
reduced sensitivity toward WM and localized less frequently in
ARA7-labeled WM compartments (structures with a diameter
larger than 1.5 pm) in the a/ix-2 mutant background (Fig. 7 G
and I). Together, these results indicate that the localization of
AMSH3-YFP to mRFP-ARA7-labeled late endosomes requires
intact ALIX function in planta (Fig. 77).

Discussion

Qur data show that Arabidopsis ALIX interacts directly with the
late-endosome localized metalloprotease DUB AMSH3 and is
important for its localization to late endosomes. Mutant analyses
support a functional relationship between ALIX and AMSH3, as
phenotypic alterations of amsh3 and alix mutants are strikingly
similar in regard to seedling lethality, vacuole morphology, and
accumulation of ubiquitinated proteins.

Class-E vps mutants in budding yeast, to which mutants of
ESCRT-III and BRO/ belong, do not show apparent alterations
in central vacuole morphology (49). In contrast, Arabidopsis alix
mutants have abnormal vacuoles, suggesting that the function of
ALIX homolog differs in this regard in yeast and plants. Vacu-
oles are essential organelles in plants (50), have developmental
stage- or organelle-specific functions (51, 52), and as recently
reported, can be also regulated by the phytohormone auxin (53).
Thus, the underlying mechanisms of vacuole biogenesis might be
more complex in plants than in yeast.

siRNA-mediated gene silencing of human ALIX in HeLa cells
was shown to decrease the number of multivesicular endosomes
(34). Our ultrastructural analysis of alix-2 mutant cells showed
smaller MVBs that are occasionally found forming clusters,
which indicates that the function of Arabidopsis ALIX is also
important for proper MVB biogenesis. However, in contrast to
the membranous aggregates that are observed in typical class-E
mutants of budding yeast (54), defects in Arabidopsis class-E
genes seem to affect MVB biogenesis in a different manner.
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Fig. 7. AMSH3 does not localize on late ARA7-labeled vesicles in the alix
mutant. (A and B) Electron micrographs of MVBs from wild-type (A) and alix-2
(B) cells. (Scale bars, 200 um.) (C) Electron micrographs showing clustered
MVBs in alix-2. (Scale bar, 200 um.) (D) Diameter of MVBs in wild-type (light
gray, n = 61) and alix-2 (dark gray, n = 50). Error bars, SEM. The difference
between wild-type (WT) and alix-2 is highly significant, with P < 0.001 (***).
(E) Diameter of ILVs in wild-type (WT; light gray, n = 28) and alix-2 (dark gray,
n = 42). Error bars, SEM. The difference between WT and alix-2 is not sig-
nificant (n.s.) (P> 0.05). (F and G) Localization of AMSH3-YFP and mRFP-ARA7
in root epidermis cells of alix-2 without (F) or with (G) 120 min WM treat-
ment. Note that AMSH3-YFP localize neither on mRFP-ARA7-labeled vesicles
nor on WM-enlarged late endosomes. Magnifications of the area indicated
with white rectangles are shown on the right side (from top to bottom:
merged, mRFP-ARA7, and AMSH3-YFP). (Scale bars, 5 pm.) (H) Number of
mRFP-ARA7 and AMSH3-YFP vesicles per 100 um? in wild-type (WT) and alix-2.
Note that reduction of the number of AMSH3-YFP vesicles is stronger than
of mRFP-ARA7 vesicles in alix-2. () Number of WM-induced mRFP-ARA7
compartments containing AMSH3-YFP signals in wild-type (WT) and alix-2.
(/) Predicted model for ALIX interaction with AMSH3 and ESCRT-IIl. AMSH3
associates with ESCRT-IIl subunits VPS2 and VPS24 through its MIT domain
and with ALIX through the middle domain. ALIX binds to ESCRT-lIl compo-
nent SNF7 via the BRO1 domain and to AMSH3 through the V-domain. ALIX
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A Xenopus ALIX homolog was shown to interact with AMSH in
cell lysates (55); however, neither the nature of this interaction nor
the functional relationship between ALIX and AMSH has been
established. Our analysis demonstrated that AMSH3 and ALIX
interact directly in vitro and coimmunoprecipitate in vivo, suggest-
ing these two proteins function together. They colocalize on WM-
sensitive late endosomes, and ALIX is necessary for the endosomal
localization of AMSH3. Furthermore, mutant analyses revealed
phenotypic similarities between null mutants of ALIX and AMSH3,
indicating they play a role in the same biological pathways.

Yeast Brolp and a human ALIX-related protein HD-PTP were
shown to recruit UBPs Doadp and UBPY, respectively, to endo-
somes (36, 56). In contrast to Doadp, and similarly to UBPY (57),
AMSH3 interacts directly with ESCRT-III subunits through its MIT
domain (26). Interaction between AMSH3 and ALIX alone is
probably not enough for proper AMSH3 function, as the deletion of
the MIT domain of AMSH3 renders it nonfunctional (27). Thus,
ALIX may function to stabilize the interaction of AMSH3 with
ESCRT-III. Alternatively, defects in degradation of ubiquitinated
cargos or possible AMSH3 substrates in the a/ix mutants might also
affect the localization of AMSH3 to endosomes.

In addition to the localization to vesicles, AMSH3-YFP signals
were also observed dispersed in the cytosol. Differential regu-
lation of AMSH3 activity in the cytosol and on endosomes could
therefore be important to guarantee deconjugation of ubiquitin
chains only on endosome-associated substrates. Human AMSH
was shown to be activated by the binding of STAM (47). The
Arabidopsis genome does not contain a sequence-homolog of
STAM (9), and although Arabidopsis AMSH3 interacts with
ESCRT-III subunits (26) and ALIX, none of them was shown to
influence its DUB activity. Future research should identify fac-
tors that may inhibit AMSH3 activity before its recruitment to
endosomes or enhance its activity on endosomal membranes.

Despite its relatively low conservation among the different
kingdoms, Arabidopsis ALIX also interacted with ubiquitin through
its V-domain, similar to its homologs (29, 31, 44). The V-domain
was also reported to serve as a dimerization domain (58) and
clathrin-binding domain (44). Whereas Brolp interacts with the
DUB Doadp through its C-terminal proline-rich motif (59), our
experiments identified a subregion in the V-domain of Arabidopsis
ALIX to be sufficient for the interaction with AMSH3. How the
binding of different proteins is coordinated within this domain is an
intriguing question.

In addition to ALIX, the Arabidopsis genome encodes for
four additional Brol domain-containing proteins (AT1G13310,
AT1G17940, AT1G73990, and AT5g14020). These proteins are
shorter than ALIX and lack other recognizable functional domains.
Because the Brol domain is characterized as the interaction domain
for ESCRT-III (60), these proteins might also play a role in
ESCRT-mediated processes. The moderate frequency of colocali-
zation of GFP-ALIX with both the early endosomal marker SYP43
and the late endosomal marker ARA7 suggests Arabidopsis ALIX,
as its homologs, could play a broad role in membrane trafficking
events, which will be an interesting topic for future studies.

Methods

Cloning Procedure. Details of the cloning procedure and primers used for
cloning are described in S/ Methods and Table S1, respectively.

Biological Material. All experiments were performed with A. thaliana
(Columbia-0 ecotype). The T-DNA insertion lines of ALIX were obtained from
the Genomanalyse im biologischen System Pflanze-Kolner Arabidopsis T-DNA
(GABI-Kat) collection (alix-2, GABI 83711) (61) and from the Nottingham Ara-
bidopsis Stock Centre (alix-4, SALK 063124). alix-2 mutants were genotyped

does not influence AMSH3 DUB activity, but might function to stabilize the
interaction of AMSH3 with ESCRT-lII-positive MVBs.
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using primers KK94 and KK35 for wild-type and KK94 and 08409 for T-DNA
insertion. alix-4 mutants were genotyped with primers KK72 and KK73 for the
wild-type and KK72 and LBb1.3 for the T-DNA insertion.

Plant transformations were carried out using the floral dip method (62).
seedlings were grown in continuous light at 110 umol m2s~" light intensity.
Standard Murashige & Skoog growth medium (Duchefa Biochemie) sup-
plemented with 1% sucrose was used to grow seedlings. Adult plants were
grown on soil. Arabidopsis root epidermis cell culture was used to produce
protoplasts for transient transformation and localization analysis, as de-
scribed previously (26).

Immunoblotting, Antibodies, and Immunoprecipitation. To prepare total pro-
tein extracts from Arabidopsis seedlings, frozen seedlings were homoge-
nized with the TissueLyser-1l (Qiagen), using glass beads, and the pulverized
tissue was mixed with the extraction buffer [S0 mM Tris-HCI at pH 7.5,
150 mM Nacl, 0.5% Triton X-100, and protease inhibitor mixture (Roche)]. The
mixture was centrifuged 10 min at 13,000 x g, and the supernatant was used
for further experiments. Immuncprecipitation of GFP-ALIX from plant total
extracts was performed as described in ref. 63, using GFP-Trap_A (Chromotek).
Protein purification from Escherichia coli and in vitro binding assays were
performed as described previously (26). SDS/PAGE and immunoblotting were
performed according to standard methods. An anti-ALIX antibody was raised
in rabbits using a total amount of 800 pg of recombinant 6xHis-ALIX(V) as
antigen (Eurogentec). The serum was used at a 1:1,000 dilution, and the
specificity of the antibody was verified using total extracts from alix null mu-
tants. Additional primary antibodies used were anti-AMSH3 (20), anti-CDC2
(Santa Cruz), anti-GAL4 DNA binding domain (Santa Cruz), anti-His (Sigma-
Aldrich), anti-UB(P4D1) (Santa Cruz), and horseradish peroxidase conjugated
anti-HA (Sigma-Aldrich).

Ub-Binding Assay. The ub-binding assay was performed using ubiquitin
agarose (Enzo Life Sciences), as described in ref. 64. For MicroScale Ther-
mophoresis, His-ALIX(V) was labeled with Monolith Protein Labeling Kit
RED-NHS (NanoTemper). Next, 50 nM labeled His-ALIX(V) was mixed with a
twofold dilution series of K48- and K63- linked diubiquitin (Enzo Life Sci-
ences), starting with a concentration of 37 pM. Themophoresis was mea-
sured in standard treated capillaries (NanoTemper) with a monolith NT.115
instrument (NanoTemper), as described in ref. 65.

Microscopy. For the visualization of vacuoles in the root epidermis cells,
seedlings were incubated in liquid Murashige and Skoog (M5S) supplemented
with 5 uM BCECF-AM (Molecular Probes) and 0.02% Pluronic F-127 (Molec-
ular Probes, Invitrogen) for 1 h at room temperature in the dark. Brefeldin A
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(BFA) (Sigma Aldrich) and WM (Applichem) treatments were performed at a
concentration of 50 and 33 pM, respectively, for 60 min for BFA and 120 min
for WM at room temperature. GFP-, YFP-, or TagRFP/mRFP-fusion proteins as
well as BCECF-AM staining were analyzed with an FV-1000/1X81 confocal
laser scanning microscope (Olympus) equipped with GaAsP detectors
(Olympus) and a UPlanSApo x60/1.20 (Olympus) objective, using the 488-,
515-, and 559-nm laser line, respectively. Images were subsequently processed
using FluoView (Olympus) and Photoshop CS6 (Adobe). For 3D-reconstruction
and surface rendering of BCECF-stained vacuoles, 90 Z-stacks images with
0.2-pm step size were obtained and subsequently processed, using Imaris 8
(Bitplane) with the following parameters: surface area detail level, 0.12 pm;
diameter of largest sphere, 1.00 pm; background subtraction, enabled. The
area/volume ratio was calculated using the following formula: AA/AV =
area (pmz)l[volume (pmg)]"(1l3)"2. For the analysis of AMSH3-YFP signals on
ARA7-positive WM compartments, ARA7-labeled structures with a minimal
diameter of 1.5 pm were identified using Imaris 8 (Bitplane).

Transmission Electron Microscopy. Root tips from 5-d-old wild-type and alix-2
seedlings were high-pressure frozen in a Baltec HPO10, substituted in an AFS
Leica device for 5 d at —90 °C in acetone containing 0.2% (wt/vol) uranyl
acetate and 0.2% (vol/vol) glutaraldehyde, and embedded in Lowicryl HM20
resin (Electron Microscopy Sciences). Samples were sectioned and stained
with 2% (wt/vol) uranyl acetate in 70% methanol and lead citrate [2.6%
(wtfvol) lead nitrate and 3.5% (wt/vol) sodium citrate, pH12].

Note Added in Proof. While this paper was in production, a paper by Cardona-
Lépez et al. entitled “ESCRT-lll-associated protein AtALIX mediates high
affinity phosphate transporter trafficking to maintain phosphate homeo-
stasis in Arabidopsis” has been accepted for publication in The Plant Cell. In
this paper, the authors also reported that ALIX is essential in Arabidopsis and
involved in intracellular trafficking and vacuole biogenesis.
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The Deubiquitinating Enzyme AMSH1 and the ESCRT-III
Subunit VPS2.1 Are Required for Autophagic Degradation
in Arabidopsi
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In eukaryotes, posttranslational modification by ubiquitin regulates the activity and stability of many proteins and thus
influences a variety of developmental processes as well as environmental responses. Ubiquitination also plays a critical role
in intracellular trafficking by serving as a signal for endocytosis. We have previously shown that the Arabidopsis thaliana
ASSOCIATED MOLECULE WITH THE SH3 DOMAIN OF STAM3 (AMSH3) is a deubiquitinating enzyme (DUB) that interacts with
ENDOSOMAL COMPLEX REQUIRED FOR TRANSPORT-IIl (ESCRT-IIl) and is essential for intracellular transport and vacuole
biogenesis. However, physiclogical functions of AMSH3 in the context of its ESCRT-Ill interaction are not well understood due
to the severe seedling lethal phenotype of its null mutant. In this article, we show that Arabidopsis AMSH1, an AMSH3-related
DUB, interacts with the ESCRT-IIl subunit VACUOLAR PROTEIN SORTING2.1 (VPS2.1) and that impairment of both AMSH1
and VPS2.1 causes early senescence and hypersensitivity to artificial carbon starvation in the dark similar to previously
reported autophagy mutants. Consistent with this, both mutants accumulate autophagosome markers and accumulate less
autophagic bodies in the vacuole. Taken together, our results demonstrate that AMSH1 and the ESCRT-lIl-subunit VPS2.1 are

important for autophagic degradation and autophagy-mediated physiological processes.

INTRODUCTION

Reversible posttranslational modification by the small modifier
protein ubiquitin is a critical step for regulating protein activities
and abundance in many plant signaling pathways and cellular
processes (reviewed in Vierstra, 2009). Thus, ubiquitinating as
well as deubiquitinating enzymes (DUBs) play key roles in di-
verse cellular functions. Whereas soluble proteins can be de-
graded by the 26S proteasome upon polyubiquitination, plasma
membrane-bound proteins are degraded by vacuolar proteases
following ubiquitin-dependent endocytosis (reviewed in Zelazny
et al., 2011). In plants, the auxin efflux facilitator PIN-FORMED2
(PIN2), the flagellin receptor FLAGELLIN-SENSITIVEZ2, the water
channel PLASMA MEMBRANE INTRINSIC PROTEIN2, the iron
transporter IRON-REGULATED TRANSPORTER1, and the bo-
ron transporter REQUIRES HIGH BORON1 have been shown to
be ubiquitinated prior to endocytosis (Abas et al., 2006; Géhre
et al., 2008; Lee et al., 2009; Barberon et al., 2011; Kasai et al.,
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2011). Furthermore, translational fusion of monoubiquitin to
PLASMA MEMBRANE PROTON ATPASE (PMA) was shown to
be sufficient for triggering endocytosis and vacuolar transport
via multivesicular bodies (MVBs) (Herberth et al., 2012). How-
ever, how exactly ubiquitin-dependent endocytosis is regulated
at the molecular level in plants and contributes to different
physiological processes remains to be elucidated.

We have recently shown that the Arabidopsis thaliana DUB,
ASSOCIATED MOLECULE WITH THE SH3 DOMAIN OF STAM3
(AMSH3), interacts with the endocytosis machinery and is es-
sential for plant development (lsono et al., 2010; Katsiarimpa
et al, 2011). AMSH3 is closely related to the human DUBs
AMSH and AMSH-LP, which belong to the class of eukaryotic
DUBs and metalloproteases with an MPR1, PAD1 N-terminal+
(MPN+) domain (Tanaka et al., 1999; Maytal-Kivity et al., 2002;
Komander et al., 2009). Two MPN+ domain proteins, namely,
REGULATORY PARTICLE NON-ATPASE11 (RPN11) (Glickman
et al.,, 1998; Verma et al.,, 2002) and COP9 SIGNALOSOMES
(CSN5) (Chamovitz et al., 1996; Cope et al., 2002), are subunits of
stable multiprotein complexes. By contrast, Arabidopsis AMSH3
is not part of a stable higher molecular weight complex (Isono
et al., 2010), and, in contrast with RPN11 and CSN5, AMSH
proteins are active as monomers (McCullough et al., 2004). AMSH
proteins have essential functions in the development of animals
and plants, since AMSH-deficient mice die postnatum with loss of
neurons in the hippocampus (Ishii et al., 2001), and Arabidopsis
amsh3 null mutations are seedling lethal and cause a number of
intracellular trafficking defects (Isono et al., 2010).
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Autophagy (macroautophagy) is another vacuolar degradation
pathway, by which cytosolic components or organelles are se-
lectively or nonselectively transported to the vacuole/lysosome
for degradation (reviewed in Klionsky and Ohsumi, 1999). Since
the discovery of AUTOPHAGY-RELATED (ATG) genes from
yeast in the 1990s, intensive genetic and molecular analyses
have identified over 30 autophagy-related genes. Autophagy is
also implicated in a diverse array of physiological and patho-
logical effects in mammals (reviewed in Mizushima and Levine,
2010). ATG genes are highly conserved also in plants, and
mutant analyses have shown them to have central functions in
nutrient remobilization during starvation and senescence (Doelling
et al., 2002; Yoshimoto et al., 2004, 2009; Slavikova et al., 2005;
Thompson et al., 2005; Inoue et al., 2006; Phillips et al., 2008;
Chung et al., 2009).

The individual steps of autophagosome formation have been
revealed by ultrastructural and biochemical studies (reviewed in
Klionsky and Ohsumi, 1999). First, isolation membranes or phago-
phores are formed, probably from the endoplasmic reticulum, which
will then engulf parts of the cytosol in autophagosomes with
characteristic double-membrane structures. Autophagosomes
are then targeted to vacuoles or lysosomes in which their con-
tents are degraded by resident proteases. Alternatively, depending
on organism and cell type, autophagosomes may undergo fusion
with late endosomes or MVBs to form amphisomes. Amphisomes
can then fuse to vacuoles/lysosomes to become autolysosomes,
in which the autophagosomal contents are degraded. In mammals
and flies, several studies have reported that intact MVBs as well
as a functional ENDOSOMAL COMPLEX REQUIRED FOR
TRANSPORT-IIl (ESCRT-III), a core complex in MVB sorting, are
necessary for proper autophagosomal degradation (Filimonenko
et al., 2007; Lee et al., 2007; Rusten et al., 2007; Han et al., 2012).
However, a role for ESCRT-IIl in the plant autophagy pathway has
not been demonstrated yet.

We have previously shown that Arabidopsis AMSH3 interacts
with the ESCRT-IIl subunits VACUOLAR PROTEIN SORTING2.1
(VPS2.1) and VPS24.1 (Katsiarimpa et al., 2011). The embryo-
and seedling-lethal phenotypes of vps2.7 and amsh3 mutations,
respectively, have prevented us so far from analyzing the
physiological functions of VPS2.1 and AMSHa. In this study, we
characterize the Arabidopsis amshi-1 mutant, which has re-
duced levels of the AMSH3-related gene, AMSHT.

Unlike the amsh3 null mutants, the amsh7-1 knockdown
mutant does not have an apparent growth defect. However,
amsh1-1 accumulates ubiquitinated proteins and shows chlo-
rosis when transferred to the dark, a phenotype reminiscent
of autophagy mutants. Furthermore, amsh1-1 accumulates
ATG8 in the dark and accumulates less autophagic bodies in
the vacuole. AMSH1, like AMSH3, directly interacts with the
ESCRT-III subunit VPS2.1. Plants that overexpress a dominant-
negative form of VPS2.1 are deficient in endocytosis, accumu-
late ATG8, and show hypersensitivity to dark treatment. Similar
to previously identified autophagy-defective atg mutants from
Arabidopsis, amsh1-1 shows also altered susceptibility toward
pathogen infection. Together, the results presented here
demonstrate the importance of AMSH1 and VPS2.1 in auto-
phagic degradation and in the physiological processes related
to it.
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RESULTS

Arabidopsis AMSH Genes Are Evolutionary Conserved and
Belong to Independent Clades within the AMSH Gene Family

AMSH proteins are widely conserved in eukaryotes. In the Arabi-
dopsis genome, three AMSH genes can be found according to
seqguence similarity in the catalytic domain (Maytal-Kivity et al.,
2002; Isono et al., 2010). To understand the evolutionary origin of
the three Arabidopsis AMSH genes, we identified sequences re-
lated to Arabidopsis AMSHs in the genomes of 10 fully sequenced
plant species (Physcomitrella patens, Selaginella moellendorffii,
maize [Zea mays], sorghum [Sorghum bicolor], rice [Oryza satival,
Populus trichocarpa, castor bean [Ricinus communis], scybean
[Glycine max], grape [Vitis vinifera], and Arabidopsis lyrata).
Phylogenic analysis based on nucleotide sequences of the re-
sulting 37 genes showed that each of the three Arabidopsis AMSH
genes is part of an independent clade with other eudicot homo-
logs, suggesting an evolutionary conservation of the three genes in
eudicot species (Figure 1; see Supplemental Data Set 1 online).
The monophyly of AMSH2 with high support allowed us to
infer that the hitherto uncharacterized AMSH2 genes have been
conserved at least from ancestral angiosperms. By contrast,
AMSH1 and AMSH3 may have originated from a eudicot-specific
gene duplication event after the separation from monocots. Al-
ternatively, AMSH17 and AMSH3 may have already been present
before the separation of monocots and eudicots, and monocots
may have lost their copy of the AMSH1 gene and gone through an
independent gene duplication event in the course of evolution.

AMSH1 and AMSH3 Show Synergistic Interaction

We next wanted to establish whether the three Arabidopsis
AMSH genes have redundant functions. We previously identified
two amsh3 mutant null alleles (Isono et al., 2010) and now in-
vestigated additional T-DNA insertion lines of AMSH1 and AMSH2.
For AMSH1, we identified one T-DNA insertion line, which we
named amsh7-1, with reduced AMSHT transcript level. amsh1-1
carried an insertion in the 5'-untranslated region of the gene (Figure
2A), and the transcript level of AMSHT was reduced more than
10-fold compared with the wild type (see Supplemental Figure 1A
online). AMSH1 protein levels were also strongly decreased in this
mutant (Figure 2F). Since AMSH1 transcripts were still detectable,
and since immunoblotting with the anti-AMSH1 antibody showed
a weak band in amsh1-1, it is likely that amsh7-1 is not a complete
loss-of-function mutant but rather a weak mutant allele with com-
promised AMSH1 function. By contrast, we found that the available
T-DNA insertion line of AMSH2 did not have significantly reduced
AMSH?2 transcript levels (data not shown).

When grown in continuous light, homozygous amsh?-1 plants did
not show obvious developmental phenotypes (Figure 2B). However,
when we introduced the amsh3-2 allele into amsh1-1, the resulting
amsh1-1/amsh1-1 AMSH3/amsh3-2 mutant (a1/a7 A3/a3) showed
severe growth defects and early senescence (Figures 2B to 2D),
indicating a synergistic interaction between AMSH1 and AMSHS.

AMSHT1 is an active enzyme and its catalytic MPN+ domain
possesses DUB activity toward K63-linked, but not K48-linked,
ubiquitin chains. The activity of the AMSH1 MPN+ domain was
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[See online article for color version of this figure.]

inhibited by the metalloprotease inhibitor 1,10-phenanthroline (Fig-
ure 2E), indicating that like other MPN+ domain proteins, AMSH1
activity is also dependent on metal ions coordinated in the MPN+
domain. Molecular analysis showed that the amsh7-1 homozygous
mutants, in spite of their normal growth, accumulated ubiquitinated
proteins at a higher level than the wild type, and amsh1-1/amsh1-1
AMSH3/amsh3-2 accumulated ubiquitin conjugates at an even
higher level (Figure 2F). Interestingly, amsh1-1 did not show obvious
decreases in its monoubiquitin levels (see Supplemental Figure 1B
online), suggesting that the depletion of free ubiquitin molecules is
probably not the cause of its phenotype, in contrast with the yeast
DUB mutant doa4 (Swaminathan et al., 1999).

AMSH1 and AMSH3 Have Distinct Expression Patterns

To test whether AMSH1 and AMSH3 are expressed in the same
tissues, we generated promoter—3-glucuronidase (GUS) fusions for

both genes and analyzed the expression patterns. During seedling
development, the expression of both AMSH7 and AMSH3 could be
observed in leaves and hypocotyls as well as in roots, though their
expression patterns overlapped only partially (Figures 3A to 3F).
Furthermore, AMSH3 was strongly expressed in emerging lateral
roots, whereas AMSH1 expression seemed to be excluded from
this region (Figures 3G to 3L). The largely differential expression
pattern of AMSH1 and AMSH3 implies that the two genes might be
under different spatio-temporal regulation and that AMSH1 and
AMSHS functions are not interdependent.

amsh1-1 Shows Hypersensitivity to Dark Treatment

The senescence phenotype of amsh1/amsh1 AMSHS3/amsh3
caught our attention since we observed that amsh7-1 also
showed early senescence when grown under short-day con-
ditions with 8 h light (110 to 120 pmol m=2 s~ light) and 16 h
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Figure 2. amsh1/amsh1 AMSH3/amsh3 Is Dwarf and Accumulates Ubiquitinated Proteins.

(A) T-DNA insertion site of amsh1-1. Lines indicate introns and boxes indicate exons (black boxes, coding region; gray boxes, untranslated regions).

The triangle indicates the site of T-DNA insertion.

(B) Phenotypes of progeny from an amsh1-1 amsh3-2 double heterozygous (A7/a1 A3/a3) plant. The amsh7-1 homozygous mutant in an amsh3-2

heterozygous background (a7/a1 A3/a3) shows dwarfism. Bar = 6 cm.
(C) Magnification of the a7/a7 A3/a3 plant shown in (B). Bar = 1 cm.

(D) Photographs of an a7/a1 A3/a3 plant in comparison with a wild-type (A7/A71 A3/A3) plant of the same age. Note that the a7/a7 A3/a3 mutant plant

exhibits early senescence, indicated by arrowheads. Bar = 1 cm.

(E) DUB assay with K48- or K63-linked ubiquitin chains. The MPN+ domain of AMSH1 was incubated with or without the metalloprotease inhibitor
1,10-phenanthroline (1,10-PT). The reactions were terminated at the indicated time points, and hydrolysis of ubiquitin chains was detected by immuno-
blotting using an anti-UB antibody. The amount of AMSH1 (MPN+) in each reaction was verified by immunoblotting with an anti-AMSH1 antibody.

(F) Immunoblots with anti-UB, anti-AMSH3, and anti-AMSH1 antibodies on total protein extracts from the wild type (A7/A7 A3/A3), homozygous
amsh1-1 (a1/a1 A3/A3), and a1/al A3/a3. CDC2 is used as a loading control.

dark. This phenotype was not apparent in amsh7-1 plants that
had been grown in 10 h light/14 h dark (see Supplemental Figure
1E online), indicating that daylength has a critical effect on the
physiology of amsh1-1.

Early senescence is, among others, a hallmark of autophagy
mutants (Doelling et al., 2002; Thompson et al., 2005; Xiong
et al., 2005; Yoshimoto et al., 2009). Since autophagy is also
associated with intracellular trafficking and protein degradation
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(Rojo et al., 2001; Surpin et al., 2003; Zouhar et al., 2009),
a function associated with AMSHS3 (Isono et al., 2010; Katsiarimpa
et al., 2011), we examined the autophagy pathway in amsh7-1 in
more detail.

We first analyzed the response of amsh1-1 to artificial carbon
starvation upon transfer to the dark. Wild-type seedlings nor-
mally survive the prolonged dark treatment, probably due to
a functional autophagic nutrient recycling pathway, whereas
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Figure 3. AMSH1 and AMSHS3 Are Differentially Expressed during Plant
Development.

Histochemical assay showing expression patterns of AMSH1pro:GUS
([A], [C], [E], and [G] to [I]) and AMSH3pro:AMSH3-GUS ([B], [D], [F],
and [J] to [L]).

(A) and (B) Seven-day-old seedlings. Bars = 0.5 mm.

(C) and (D) Fourteen-day-old seedlings. Bars = 1 mm.

(E) and (F) Root tips of 7-d-old seedlings. Bars = 0.1 mm.

(G) to (L) Emerging lateral roots of 14-d-old seedlings.

mutants of autophagic components show chlorosis upon pro-
longed dark treatment (Doelling et al., 2002; Thompson et al.,
2005; Xiong et al., 2005; Phillips et al., 2008; Yoshimoto et al.,
2009; Chung et al., 2010). To investigate whether amsh7-1 also
has altered response to dark treatment, we transferred wild-type
and amsh1-1 seedlings for 5 d to the dark. Indeed, while wild-
type seedlings were still green after 5 d of dark treatment,
amsh1-1 seedlings became yellowish and had reduced chloro-
phyll content (51.7% in comparison with the wild type) (Figures
4A and 4B). This result suggests that amsh1-1, like previously
reported atg mutants, may have also defects in the autophagic
pathway. The dark-induced chlorosis and the accumulation of
ubiquitinated proteins in amsh7-1 could be complemented by
a genomic fragment of AMSH1, indicating that the down-
regulation of AMSH1 in amsh1-1 is indeed the cause of these
phenotypes (see Supplemental Figures 1C and 1D online).

amsh1-1 Is Defective in Autophagic Degradation

To further assess the autophagy pathway in amsh7-1, we
monitored the abundance of ATG8, which is a structural com-
ponent of autophagosomes (Yoshimoto et al., 2004). ATG8 can
be used as an autophagy marker, since its accumulation implies
defect in the autophagy pathway. ATG8 accumulates either
upon inhibition of degradation by the application of protease

inhibitors like E-64d (Inoue et al., 2006) or in mutants defective in
autophagosome formation (Yoshimoto et al., 2004; Thompson
et al., 2005; Phillips et al., 2008; Chung et al., 2010). Indeed,
when wild-type and atg7-2 (Hofius et al., 2009) seedlings were
incubated with E-64d, E64-d-induced accumulation of ATG8
was observed in the wild type, while atg7-2 accumulated ATG8
without E-64d (see Supplemental Figure 2C online).

The amount of ATG8 was comparable in light-grown wild type
and amsh1-1 (Figure 4C, top panel). However, when the seed-
lings were grown in the dark for 5 d to induce autophagy, high
amounts of ATG8 accumulated in amsh7-7 in comparison with
the wild type (Figure 4C, bottom panel), suggesting that amsh7-1
is less efficient in autophagic degradation. The accumulation of
ATG8 was enhanced in both genotypes upon E-64d treatment,
indicating that even in amsh1-1, autophagic degradation was not
completely inhibited. Transcript levels of all ATG8 isoforms in
amsh1-1 were comparable to the wild type under this condition
(see Supplemental Figure 2E online), inferring that the accumu-
lation of ATG8 is not a consequence of transcriptional mis-
regulation in amsh1-1.

We next wanted to examine whether selective autophagy is
also impaired in amsh1-1. As opposed to bulk autophagy, dur-
ing selective autophagy, specific cargo proteins are recognized
by cargo adaptors and degraded via the autophagy pathway.
NEIGHBOR of BRCA1 GENE1 (NBR1) is a cargo receptor and
substrate of selective autophagy (Svenning et al., 2011). NBR1
accumulated in atg7-2 as previously reported, but not in amsh1-1
(Figure 4D; see Supplemental Figure 2D online), suggesting that
NBR1-mediated selective autophagy is not defective in amsh1-1.
The fact that amsh7-1 does not show bulk and selective auto-
phagic degradation defects in light suggests that residual AMSH1
in amsh1-1 is sufficient for both processes in light. However, the
low amount of AMSH1 probably becomes limiting in the dark,
where bulk autophagy, but not NBR1-mediated selective au-
tophagy, is highly activated.

To distinguish between the defects in autophagic protein
degradation and autophagosome formation, we made use of the
dye monodansylcadaverine (MDC), which stains autophagic
bodies (Contento et al., 2005) upon treatment with the vacuolar
protease inhibitor E-64d. E-64d inhibits the degradation of au-
tophagic bodies in the vacuole and thus causes accumulation of
MDC-stained autophagic bodies in the vacuoles stained with
2',7'-bis-(2-carboxyethyl)-5-(and 6)carboxyfluorescein acetox-
ymethyl ester (BCECF-AM) (Figure 4E). The accumulation of
MDC-positive aggregates was not detected in atg7-2 (see
Supplemental Figure 2A online), indicating that although it ac-
cumulates ATG8, the formation of autophagosomes is not visi-
ble in this mutant. Furthermore, E-64d-induced MDC-positive
vacuolar aggregates colocalized with the autophagosome
marker GFP-ATG8e (Contento et al., 2005) (Figure 4F), but not
with the late-endosome marker YFP-ARA7 (Geldner et al., 2009)
(see Supplemental Figure 2B online), corroborating the speci-
ficity of MDC staining under our experimental conditions.

amsh1-1, in contrast with atg7-2, is not impaired in the for-
mation of autophagosomes, since MDC-stained compartments
were visible in amsh1-1. However, accumulation of E-64d-induced
aggregates was less apparent in amsh1-1 compared with the
wild type when maximal projection images of z-stacks obtained
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Figure 4. amsh1-1 Is Deficient in Autophagic Degradation.

(A) Photographs of wild-type (Ler) and amsh1-1 seedlings after 5 d in the dark (left panel). Seedlings were grown 7 d on half-strength MS under long-day
conditions before transfer to dark. Note that starvation-induced chlorosis is enhanced in amsh1-1 compared with the wild type. Bars = 1 cm.

(B) Total chlorophyll content of seedlings in (A). Value of the wild type was set to 100%.

(C) Immunoblot with an anti-ATG8 antibody. Total proteins were extracted from seedlings grown in light for 12 d (Light, top panel) or as in (A) (Dark,
bottom panel) before treatment with either DMSO (mock) or E-64d.

(D) Total proteins were extracted from seedlings grown as in (A) and subjected to immunoblot with an anti-NBR1 antibody. atg7-2 is used as a positive
control and CDC2 is used as loading control.

(E) Confocal images of MDC-stained wild-type root epidermal cells. BCECF-AM was used to visualize the vacuoles. Seedlings were grown as in (A) and
treated with E-64d for 1 h before staining with MDC. Note that upon E-64d treatment, MDC positive autophagic bodies accumulate in the BCECF-AM-
stained vacuole.

(F) Confocal images of MDC-stained GFP-ATG8e—expressing root epidermal cells. Seedlings were grown as in (A) and treated 6 h with E-64d before
staining with MDC.

(G) Wild-type (Ler) and amsh1-1 seedlings were grown as in (A). Seedlings were subsequently treated with E-64d for 1 h and stained with MDC.
Confocal images (maximal projection) of MDC-stained root epidermal cells of the wild type (Ler, left panel) and amsh7-17 (right panel) are shown.

(H) Quantification of MDC-staining positive area per cell in the wild type (Ler) and amsh1-1 (n = 831 for Ler and n = 749 for amsh1-1). Photographs taken
in (G) were analyzed by the FluoView software, and the values of the wild type were set to 100%. Error bars indicate st.
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by confocal microscopy were analyzed (Figure 4G). Subsequent
quantification of the thus imaged MDC-positive signal area in in-
dividual cells (n = 831 for the wild type, and n = 749 for amsh1-1)
showed that amsh7-1 had reduced accumulation of autophagic
bodies in the vacuole when compared with the wild type (68% of
average MDC-stained area per cell compared with the wild type)
(Figure 4H). This result indicates that autophagosomes are less
efficiently targeted to the vacuole in amsh1-1.

AMSHT1 Interacts with the ESCRT-IIl Subunit VPS2.1 through
Its MIT Domain

We next investigated whether the inhibition of bulk autophagic
degradation in amsh1-1 is a consequence of altered intracellular
trafficking. For this purpose, we examined the interaction of
AMSH1 with the endocytosis machinery. AMSH1, like AMSH3,
contains an N-terminal microtubule interacting and trafficking
(MIT) domain, which we had previously shown to be important
for the interaction with the MIT interacting motif (MIM) present in
ESCRT-IIl subunits (Katsiarimpa et al., 2011). We therefore
tested in a directed yeast two-hybrid (Y2H) assay whether
AMSH1 can also interact with the ESCRT-IIl core subunits
VPS2.1, VPS20.1, VPS24.1, and SUCROSE NON-FERMENTING?7.1
(SNF7.1) (Winter and Hauser, 2006; Richardson et al., 2011;
Shahriari et al., 2011). Among the four tested subunits, AMSH1
interacted only with VPS2.1 (Figure 5A; see Supplemental Figure
3A online).

The MIT domain is necessary for the interaction of AMSH1 with
VPS2.1 since deletion of this domain led to loss of interaction
(Figure 5B; see Supplemental Figure 3B online). Moreover, AMSH1
and VPS2.1 interact directly through the 154-amino acid MIT and
17-amino acid MIM region, respectively, as shown by an in vitro
binding assay (Figure 5C). Altogether, these data indicate that
AMSH1, like AMSH3, may play a role in ESCRT-lll-mediated in-
tracellular trafficking pathway by interacting with VPS2.1.

Overexpression of VPS2.1-GFP Causes Inhibition
of Endocytosis

To investigate whether VPS2.1 is also involved in the same
physiological pathway as AMSH1, we generated transgenic
plants that express VPS2.1 as a C-terminal fusion with green
fluorescent protein (35Spro:VPS2.1-GFP). C-terminal fusions of
ESCRT-IIl subunits, including VPS2.1, with large proteins, such
as GFP, have been shown to disturb ESCRT-III function in other
organisms due to their aggregation in class-E compartments
(Howard et al., 2001; Teis et al., 2008; Teis et al., 2010). Indeed,
we found that 35Spro:VPS2.71-GFP plants occasionally showed
abnormal growth already at the seedling stage (see Supplemental
Figure 4A online) and that part of the overexpressed VPS2.1-GFP
localized to large aggregates in the cytosol that may represent
class-E compartments (see Supplemental Figure 4B online). After
transfer to soil, adult 35Spro:VPS2.1-GFP plants, similarly to
amsh1-1/amsh1-1 amsh3-2/AMSH3 plants, showed early leaf se-
nescence and a severe dwarf phenotype (Figure 6A) and were
mostly sterile (data not shown).

We then tested whether the expression of VPS2.7-GFP has an
inhibitory effect on endocytosis of plasma membrane cargo. For

GBD-
GBD AMSH1

GBD-
GBD AMSH1
Y =

GAD

GAD-
VPS2.1
GAD-
VPS20.1
GAD-
VPS24.1
GAD-
SNF7.1
-LWH+5mM 3AT -Lw
B GBD-AMSH1 GBD-AMSH1
GBD AMIT FL GBD AMIT FL
GAD
GAD- !
VPS2.1 Sin
-LWH+6mM 3AT
C GST: + -
GST-VPS2.1(MIM): - +
AMSH1(MIT): + +
(kD)
" — — 115
input || L0 e § anti-AMSH1
— e | anti-GST
GST -—t15
anti-AMSH1
pulldown :
| —— | 2nti-GST

Figure 5. AMSH1 Interacts with ESCRT-IIl Subunit VPS2.1 through the
MIT Domain.

(A) Y2H analysis of GBD-AMSH1 with GAD-fused ESCRT-IIl subunits
VPS2.1, VPS20.1, VPS24.1, and SNF7.1. Transformants were plated on
medium lacking Leu, Trp, and His (-LWH) supplemented with 5 mM
3-Amino-1,2,4-triazole (3-AT) (left panel) to test for their auxotrophic
growth or on medium lacking Leu and Trp (-LW) (right panel).

(B) Y2H analysis of GBD-AMSH1 (FL; full-length) and GBD-AMSH1(AMIT)
with GAD-VPS2.1. Transformants were grown on -LWH+6 mM 3-AT (left
panel) or -LW (right panel) medium to test for their auxotrophic growth.
(C) In vitro binding assay of the MIT domain of AMSH1 with GST or GST-
fused MIM domain of VPS2.1. After GST pulldown, bead-bound proteins
were analyzed by immunoblotting using anti-AMSH1 and anti-GST an-
tibodies. Arrowheads indicate the positions of AMSH1(MIT), and aster-
isks indicate degradation products.

[See online article for color version of this figure.]

this purpose, we examined the endocytosis of an artificial MVB
cargo PMA-GFP-UB (Herberth et al., 2012) upon coexpression
with 35Spro:VPS2.1-TagRFP, a construct expressing VPS2.1
with a C-terminal TagRFP in Arabidopsis cell culture-derived
protoplasts. Fusion of monoubiquitin to PMA-GFP alters the
intracellular distribution of this normally plasma membrane-
localized protein, which then becomes visible in vesicles and in
the vacuolar lumen (Figure 6B). SKD1/Vps4p is an AAA-ATPase
required for the disassembly of ESCRT-III (Babst et al., 1997). As
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previously reported, coexpression of an inactive SKD1(EQ), but
not that of wild-type SKD1(WT), results in the inhibition of vac-
uolar targeting of PMA-GFP-UB (Figure 6C). Similarly, we found
PMA-GFP-UB signals to be excluded from the vacuolar lumen
upon coexpression with 35Spro:VPS2.1-TagRFP, suggesting
that the C-terminal fluorophore fusion of VPS2.1 has an in-
hibitory effect similar to SKD1(EQ) (Figure 6C).

We next analyzed the vacuolar degradation of the auxin efflux
facilitator PIN2, a well-characterized cargo of the MVB pathway
(Abas et al., 2006; Spitzer et al., 2009). While no apparent ac-
cumulation of PIN2 was observed in amsh1-1 (see Supplemental
Figure 4C online), ubiguitinated proteins as well as PIN2 accu-
mulated in 35Spro:VPS2.1-GFP seedlings at a higher level
compared with wild-type seedlings (Figures 6D and 6E). Since
the transcript levels of PIN2 were not consistently and strongly
upregulated in 35Spro:VPS2.1-GFP seedlings (see Supplemental
Figure 4D online), accumulation of PIN2 is probably a consequence
of a posttranscriptional mechanism. Together, these results indicate
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that the overexpression of the dominant-negative VPS2.7-GFP has
an inhibitory effect on the degradation of (ubiquitinated) MVB cargo,
probably due to impaired ESCRT-IIl and MVB function.

VPS2.1-GFP-Overexpressing Plants Are Defective in
Autophagic Degradation

Since our studies had implicated the VPS2.1-interactor AMSH1
in autophagy, we examined the response of VPS2.7-GFP-
overexpressing plants to dark treatment. After 5 d in the dark,
35Spro:VPS2.1-GFP seedlings, like amsh1-1 seedlings, showed
strong chlorosis and reduction in chlorophyll content (39 and 32%
compared with the wild type) (Figures 7A and 7B).

When we analyzed ATG8 protein abundance in 35Spro:
VPS2.1-GFP seedlings, more ATG8 was detected even under
normal growth conditions and a further increase was observed
after transfer to the dark (Figure 7C). Expression of ATG8a-i was
not increased in these lines, indicating that the accumulation of
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Figure 6. VPS2.1-GFP-Overexpressing Seedlings Are Deficient in Endocytosis and Accumulate PIN2.

(A) VPS2.1-GFP-overexpressing plants are dwarf and exhibit an early senescence phenotype. Plants of two independent transgenic lines (#1 and #2)
are shown together with a wild-type plant (Col-0) of the same age. Magnification of senescing leaves (arrowheads) is shown on the far right. Bar = 1cm.
(B) Analysis of the differential intracellular distribution of PMA-GFP and PMA-GFP-UB. PMA-GFP shows predominantly plasma membrane localization
(top panel), while PMA-GFP-UB signals are found in vesicles and the vacuolar lumen (middle and bottom panels, respectively). Photographs are merged
with differential interference contrast pictures of the corresponding cell.

(C) Localization of PMA-GFP and PMA-GFP-UB upon coexpression with SKD1 and VSP2.71 constructs. Cell culture-derived protoplasts expressing
PMA-GFP alone (n = 33), PMA-GFP-UB (n = 128) alone or with 35Spro:HA-SKD1(WT) (n = 21), 356Spro:HA-SKD1(EQ) (n = 116), and 35Spro:VPS2.1-
TagRFP (n = 40) were analyzed by confocal microscopy. Relative number of cells showing each localization was scored. Light-gray bars, plasma
membrane; dark-gray bars, vesicles; solid bars, vacucle lumen; and open bars, tonoplast.

(D) VPS2.1-GFP-overexpressing plants accumulate ubiquitinated proteins. Total extract of wild-type (Col-0) and 35Spro:VPS2.1-GFP seedlings were
subjected to immunaoblotting using anti-UB, anti-GFP, and anti-CDC2 antibodies. CDC2 was used as a loading control.

(E) 35Spro:VPS2.1-GFP seedlings accumulate PIN2. Membrane protein extract from the roots of wild-type (Col-0), 36Spro:VPS2.1-GFP, and pin2
seedlings were subjected to immunoblotting using an anti-PIN2 antibody. A representative immunoblot is shown. Coomassie blue (CBB)-stained
protein bands were used as a loading control. The asterisk indicates an unspecific band.
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ATG8 is not a consequence of transcriptional misregulation of
ATG8 genes (see Supplemental Figure 4F online).

Next, we examined the protein level of NBR1 in VPS2.1-GFP-
overexpressing plants. In contrast with amsh7-7, in which NBR1
accumulation was not observed, NBR1 accumulated at high
levels in 35Spro:VPS2.1-GFP plants (Figure 7D), while its transcript
level remained unchanged (see Supplemental Figure 4E online). In

contrast with ATG8, however, the amount of accumulated NBR1
remained unaltered after dark treatment, suggesting that NBR1-
dependent selective autophagy is not dark induced. Treatment with
E-64d did not enhance the accumulation of either NBR1 or ATG8
(Figure 7E), indicating that 35Spro:VPS2.1-GFP is severely
impaired in autophagic degradation. Since, in contrast with
amsh1-1, 35Spro:VPS2.1-GFP plants are incapable of dealing
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Figure 7. VPS2.1-GFP-Overexpressing Seedlings Have Defects in Both Nonselective and Selective Autophagy.

(A) 35Spro:VPS2.1-GFP seedlings exhibit starvation-induced chlorosis after dark treatment. Long-day-grown wild-type (Col-0) and 35Spro:VPS2.1-
GFP seedlings were transferred to the dark for 5 d. Note that the 35Spro:VPS2.1-GFP lines segregate for the transgene. Bars = 1 cm.

(B) Chlorophyll content of seedlings shown in (A).

(C) 35Spro:VPS2.1-GFP seedlings accumulate ATG8. Immunoblot using an anti-ATG8 antibody on total protein extract from wild-type (Col-0) and 35Spro:
VPS2.1-GFP seedlings grown under long-day conditions for 12 d (Light) or transferred to dark after 7 d for 5 d (Dark). CDC2 was used as loading control.
(D) NBR1 accumulates in 35Spro:VPS2.1-GFP seedlings. Total protein extracts of atg7-2, the wild type (Col-0), and 35Spro:VPS2.1-GFP grown as in
(C) were analyzed by immunoblotting using an anti-NBR1 antibody. CDC2 was used as loading control.

(E) E-64d does not enhance the accumulation of NBR1 and ATG8 in 35Spro:VPS2.1-GFP. Seedlings grown in the dark for 5 d were treated with E-64d
for 6 h, and total extracts were submitted to immunoblotting with anti-NBR1 and anti-ATG8 antibodies. CDC2 was used as loading control. Note that
E-64d enhances the accumulation of NBR1 and ATG8 only in the wild type (Col-0).

(F) Wild-type (Col-0) and 35Spro:VPS2.1-GFP seedlings were grown for 7 d in long days and subsequently 2 d in the dark. Seedlings were then treated
with E-64d for 1 h and stained with MDC. Confocal images (maximal projection) of MDC-stained root epidermal cells of the wild type (Col-0, left panel)
and 35Spro:VPS2.1-GFP (right panel) are shown. DIC, differential interference contrast.

(G) Quantification of MDC-stained area per cell in the wild type (WT; Col-0) and 35Spro:VPS2.1-GFP (n = 547 for Col-0, and n = 376 for 35Spro:VPS2.1-
GFP). Photographs taken in (F) were analyzed by the FluoView software and the value of wild type was set to 100%. Error bars indicate se.
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(A) Wild-type (Ler) and amsh1-1 plants were grown under short-day conditions (10 h light/14 h dark). Rosetta leaves of 5.5-week-old plants were drop-
inoculated with 108 spores/mL A. brassicicola, and a representative leaf was photographed after 11 d of inoculation.

(B) Disease indices from experiments shown in (A) were calculated 7 d (7 dpi) and 10 d (10 dpi) after inoculation with A. brassicicola spores.

(C) Disease symptoms of wild-type (Ler) and amsh7-1 plants upon infection with E. cruciferarum spores. Plants were grown as in (A), and 6-week-old
plants were inoculated with E. cruciferarum spores. A representative leaf was photographed 7 d after inoculation.

(D) amsh1-1 plants accumulate hydrogen peroxide. Leaves of wild-type (Ler) and amsh7-1 plants 2 d after infection with E. cruciferarum spores were
stained with DAB for hydrogen peroxide accumulation, which is indicated by brown stain.

(E) Quantification of conidiophores per spore. Leaves were stained with trypan blue 6 d after inoculation with E. cruciferarum spores, and the number of

conidiophores per colony was counted. Error bars indicate se.

with basal levels of bulk and selective autophagic degradation
in the light, we can conclude that overexpression of VPS2.7-
GFP has a much stronger inhibitory effect on autophagic
degradation than does the knockdown of AMSH1.

A report on Caenorhabditis elegans ESCRT-IIl RNAi mutants
suggests that the accumulation of autophagosomes in ESCRT-III
mutants is a consequence of the activation of autophagy due to
a protective mechanism (Djeddi et al., 2012). In Arabidopsis,
activation of autophagy, for example, after dark treatment, was
shown to be coupled with transcriptional upregulation of ATG8
(Doelling et al., 2002; Thompson et al., 2005). Thus, the com-
parable transcript levels of ATG8 isoforms in amshi-1 and
35S8pro:VPS2.1-GFP with their corresponding wild types imply
that autophagic flux is not increased in these mutants.

To examine the behavior of autophagosomes in dark-treated
35S8pro:VPS2.1-GFP, we stained E-64d-treated seedlings with
MDC. We reasoned that if VPS2.1 function is necessary for the
autophagic degradation, cells should accumulate less MDC-
stained autophagic bodies in the vacuoles of 35Spro:VPS2.1-
GFP. MDC-stained vacuolar aggregates were observed in
35Spro:VPS2.1-GFP, indicating that autophagosomes forma-
tion is not inhibited (Figure 7F). Further quantification showed
that the area of MDC-stained autophagic bodies per cell was
smaller in 35Spro:VPS2.1-GFP cells (65.8% of average MDC-
stained area per cell compared with the wild type; n = 547 for the
wild type and n = 376 for 35Spro:VPS2.1-GFP) (Figure 7G), implying
that VPS2.7-GFP overexpression and the partial loss of AMSH1
function lead to similar defects in autophagic degradation.
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amsh1-1 Displays Altered Pathogen Susceptibility

Recent studies on atg mutants showed the involvement of au-
tophagy in plant innate immunity and pathogen defense (Liu
et al., 2005; Patel and Dinesh-Kumar, 2008; Hofius et al., 2009;
Yoshimoto et al., 2009; Lai et al., 2011; Lenz et al., 2011; Wang
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Figure 9. Transcript Levels of Pathogen- and Senescence-Related
Genes Are Highly Upregulated in amsh1-1 after Mildew Infection.

(A) and (B) Relative gene expression of pathogen-related genes PR1 and
PR5 (A) and senescence-related genes SAG72 and SAG13 (B) in wild-
type (Ler) and amsh1-1 plants uninfected or infected with E. cruciferarum
spores. Total RNA was extracted from plants 2 d after infection. Ex-
pression levels were normalized to the reference gene ACT8 and the
expression levels in mock-treated Ler and amsh7-1 plants were set to 1
in each experiment. Error bars indicate st.
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Figure 10. AMSH1 and ESCRT-IIl Are Important for Autophagy and Autophagy-Mediated Physiological Responses in Plants.

(A) AMSH1 and VPS2.1 functions are important for autophagic degradation. As previously reported, functional autophagy represses PR and SAG gene
expression, induction of which causes early senescence and pathogen-induced cell death.

(B) amsh1-1 and 358pro:VPS2.1-GFP are impaired in the degradation of autophagosomes to different extents. In wild-type cells, plasma membrane—
localized PIN2 is endocytosed via the MVB pathway. The selective autophagy cargo receptor and substrate NBR1 is delivered to the vacuole via
autophagosomes. Autophagosomes fuse with the vacuocle in order to degrade its contents. Factors required for the recognition and fusion of auto-
phagosomes with the vacuolar membrane as well as proteases responsible for the degradation of autophagic bodies may be transported via an MVB-
dependent pathway. Upon carbon deprivation in the dark, autophagic recycling is highly upregulated. The weak amsh7-1 knockdown mutant is still
capable of endecytic and autophagic degradation under optimal growth condition. However, when bulk autophagy is highly activated upon dark-
induced carbon starvation, amsh7-1 accumulates ATG8 and shows less autophagic bodies in the vacuole, indicative for impaired autophagic deg-
radation. When ESCRT-IIl function is disturbed by overexpressing VPS2.1-GFP, both endocytosis and autophagic recycling is strongly inhibited even
under optimal growth conditions, leading to the accumulation of ATG8, NBR1, and PIN2. Accumulation of ATGS increases when bulk autophagy is
activated in the dark. Taken together, intact AMSH1 and ESCRT-IIl (VPS2.1) are essential for proper autophagic degradation.

et al., 2011). As amsh1-1 and 35Spro:VPS2.1-GFP showed
impaired autophagic degradation, we hypothesized that these
mutants may also exhibit altered pathogen response. Since
VPS2.1-GFP-overexpressing plants were dwarf and had al-
tered leaf size and morphology, we decided to conduct the
pathogen assays only with amsh1-71. We used 5- to 6-week-old
amsh1-1 plants grown under 10-h-light/14-h-dark conditions
because under this condition amsh7-1 did not show early se-
nescence (see Supplemental Figure 1E online).

Wild-type and amsh7-17 plants were inoculated with the Arabi-
dopsis pathogens Alternaria brassicicola or Erysiphe cruciferarum.
A. brassicicola is a necrotrophic fungus that induces cell death
upon infection. In comparison with the wild type, in which cell
lesion was restricted to the inoculation spots, amsh7-7 showed
increased susceptibility, visible by the complete wilting and
spreading necrosis along the entire leaf 10 to 11 d after infection
(Figures 8A and 8B). Thus, similarly to previously characterized atg
mutants, amsh1-7 is also hypersensitive to A. brassicicola infection.

E. cruciferarum is an abligate biotroph that requires living cells
for growth. In the wild type, E. cruciferarum infection did not
cause visible cell lesions on leaves 5 d after infection (Figure 8C,
left panel). However, at the same stage, amsh7-1 showed
spontaneous cell death on leaves (Figure 8C, right panel). This

pathogen-induced cell death in amsh?-1 was accompanied by an
increased production of reactive oxygen species (Figure 8D). We
also counted fewer conidiophores per spores on amsh1-1 leaves
when compared with the wild type (Figure 8E; see Supplemental
Figures 5A to 5C online), indicating that amsh7-1 is more resistant
against E. cruciferarum as an indirect consequence of programmed
cell death, which is triggered in the mutant.

Transcriptional Upregulation of Defense-Related Genes
May Be Responsible for the Early Senescence of amsh1-1
and 35Spro:VPS2.1-GFP

To further investigate the molecular mechanism underlying the
amsh7-1 pathogen response phenotype, we examined the
expression of defense-related genes in wild-type and amsh7-1
plants after infection with E. cruciferarum. Upon pathogen in-
fection, basal immune responses, which are dependent on
salicylic acid (SA), are upregulated and the expression of typ-
ical SA marker genes, such as PATHOGENE-RELATED GENET
(PR1) and PR5 (Ward et al., 1991) as well as SENESCENCE AS-
SOCIATED GENE12 (SAG72) and SAG73 (Morris et al., 2000;
Brodersen et al., 2002), is induced (reviewed in Wiermer et al.,
2005).
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Two days after infection with E. cruciferarum spores, a strong
induction of PR1, PR5, SAG72, and SAG13 was detected both
in the wild type and in amsh1-1 (Figures 9A and 9B). However,
the induction of PR7, PR5, and SAG13 was much stronger in
amsh1-1 (Figures 9A and 9B), suggesting that the SA signaling
pathway is hyperactivated in amsh7-1. High PR gene transcript
accumulation in association with programmed cell death may
be the cause for the enhanced resistance phenotype toward
E. cruciferarum while conferring enhanced susceptibility to a ne-
crotrophic pathogen such as A. brassicicola.

We then tested the possibility that the early senescence
phenotype of amsh1-1 under short-day conditions (8 h light/16 h
dark) is also a consequence of the upregulation of SA-induced
genes. Indeed, a strong upregulation of PRT, PR5, and SAG13
was observed in 8-week-old amsh7-1, specifically when grown
under 8 h light/16 h dark, but not under 10 h light/14 h dark (see
Supplemental Figures 6A and 6B online). This suggests a corre-
lation of the photoperiod-dependent early senescence phenotype
(see Supplemental Figure 1D online) with the hyperactivated SA
signaling in amsh7-1. Similar transcriptional upregulation of PR
genes and SAGT13 was also found in the 35Spro:VPS2.1-GFP
seedlings (see Supplemental Figure 6C online).

Altogether, these results suggest that AMSH1 and VPS2.1 are
necessary for proper autophagy in plants and, thus, for physi-
ological processes depending on an intact autophagy pathway
(Figures 10A and 10B).

DISCUSSION

In this study, we showed that AMSH1, an AMSH3-related DUB,
interacts with the endocytosis machinery through the ESCRT-III
subunit VPS2.1. AMSH1 and AMSH3 possess an N-terminal MIT
domain and a C-terminal MPN domain (Isono et al., 2010) but
share only 47% overall amino acid identity, suggesting that the
two proteins might have similar biochemical properties but also
specific physiological functions. The fact that AMSHT and AMSH3
are not products of a recent duplication event in Arabidopsis, that
they show in part mutually exclusive expression patterns, and that
in contrast with AMSH3, AMSH1 does not interact with VPS24.1 in
Y2H interaction studies might further support this hypothesis.

Mutant analyses showed that AMSH1 and VPS2.1 are part of
the autophagic degradation pathway and are important for plant
survival in the dark, regulation of senescence, and pathogen
defense. Phenotypes of amsh?-1 and 35Spro:VPS2.1-GFP in-
clude early senescence and chlorosis in the dark. At the mo-
lecular level, they both accumulate ubiquitinated proteins, and
though to different degrees, both accumulate ATG8 and show
defects in autophagosome delivery to the vacuole, indicating the
involvement of AMSH1 and VPS2.1 in autophagic degradation.
However, in contrast with 35Spro:VPS2.1-GFP, amshi-1 does
not show accumulation of PIN2. This might be due to the nature
of the amsh1-1 allele, which allows a residual amount of AMSH1
to still exist. It is a future challenge to investigate whether AMSH1
directly targets ubiquitinated MVB cargos or rather components of
the trafficking machinery. Taken together, our results imply that an
intact MVB pathway with its associated DUB AMSH1 is also es-
sential for autophagy in plants and, hence, for autophagy-mediated
physiological processes.
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Although there is a strong indication that SA-dependent basal
immunity and cell death are indirectly deregulated in amshi-1,
we cannot exclude the possibility that AMSH1 and also VPS2.1
may directly affect plant defense. Receptor-mediated endocy-
tosis and exocytosis are known to play important roles in plant
immune response, and many specific and general players in-
volved in this pathway have been identified. For example,
PENETRATION1 (PEN1)/SYNTAXIN OF PLANTS121 (SYP121)is
a SNARE protein that contributes to the delivery of antimicrobial
compounds to the infection site (Collins et al., 2003). PEN1 and
multiple other components of the intracellular trafficking path-
way, including VAMP72 proteins, GNOM, an ESCRT-I subunit
VPS28, and MVBs, have been shown to relocate to pathogen
infection sites (Assaad et al., 2004; An et al., 2006; Kwon et al.,
2008; Lu et al., 2012; Nielsen et al., 2012).

In contrast with syp122, syp42/syp43, which is defective in trans-
Golgi dependent intracellular trafficking, shows increased suscep-
tibility to the obligate biotroph Golovinomyces orontii (Zhang et al.,
2007; Uemura et al., 2012). Similarly, ESCRT-I mutants are also
more susceptible to infection with the obligate biotrophic oomycete
Hyaloperonospora arabidopsidis (Lu et al., 2012), in contrast with
amsh1-1, which is more resistant to the obligate biotroph E. cru-
ciferarum. These apparently conflicting results might reflect the
complexity of regulatory mechanisms with a different outcome
depending on the mutant-pathogen combination.

Dysfunction of AMSH1 and VPS2.1 may inhibit trafficking of
autophagosomes to the vacuole. The process of heterotypic
membrane fusion by which autophagosome membranes are
combined with other membranes is not yet well understood.
One group of proteins important for proper and efficient fusion
between membranes is the SNAREs, which reside on mem-
branes and form heteromeric complexes. A recent article
reported the identification of human Syntaxin 7 as an autophago-
somal SNARE, essential for autophagosome fusion to endo-
somes and lysosomes (ltakura et al., 2012). Similar fusion
mechanisms involving SNAREs might also take place in plants. A
family of Rab GTPases, Ypt7p/Rab7/RABY, was also shown to
affect fusion of autophagosomes with endosomes and vacuoles
in yeast (Balderhaar et al., 2010), human cell culture (Gutierrez
et al., 2004; Jéger et al., 2004), and plants (Kwon et al., 2010). In
amsh1-1 and VPS2.1-GFP-overexpressing plants, proteins re-
quired for docking and/or fusion between autophagosomes and
the target membrane might be mistargeted or reduced, leading to
fusion defects. Altematively, the ESCRT machinery and AMSH1
may be directly involved in the heterotypic fusion event. Future
experiments are needed to identify and reveal the identity of the
factors involved in this process and elucidate the molecular
mechanism of their regulation.

METHODS

Biclogical Material

All experiments were performed with Arabidopsis thaliana (Columbia-0 [Col-0]
or Landsberg erecta [Ler] background). T-DNA insertion lines of AMSH1,
designated amsh1-1 (CSHL_ET8678; Ler ecotype) and AMSH2
(CSHL_ET4018; Ler ecotype) were obtained from the Martienssen Lab
(Cold Spring Harbor Laboratory). The T-DNA insertion site of amsh1-1
was identified using the specific T-DNA primer DS3.1 in combination with
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the gene-specific AMSH1 reverse primer and the wild type with the
combination of AMSH1 forward and AMSH1 reverse primers. T-DNA
insertion mutants atg7-2 (Hofius et al., 2009) and pin2 (Willige et al., 2011)
in the Col-0 background were described previously.

Plant transformations were performed using the floral dip method
(Clough and Bent, 1998). Seedlings were grown in continuous light, long-
day (16 h light and 8 h dark), or short-day (8 h light and 16 h dark or 10 h
light and 14 h dark) conditions, as indicated for each experiment, at 110 to
120 pmol m~2 s~ light intensity. Standard Murashige and Skoog (MS)
growth medium (Duchefa Biochemie) supplemented with 1% Suc or half-
strength MS (2.15 g/L MS and 2.3 mM MES, pH 5.7) was used to grow
seedlings, and adult plants were grown in soil.

For exposure to arificial starvation or carbon deprivation, 7-d-old
seedlings grown on half-strength MS or 3-week-old plants grown on soil
under long-day (16 h daylight/8 h dark) conditions were transferred to the
dark for 2 or 5 d as indicated for each experiment.

Cloning Procedures

All primers used for cloning and subcloning are listed in Supplemental
Table 1 online. Detailed cloning procedures are described in Supplemental
Methods 1 online.

Molecular Phylogeny

The nucleotide sequences from various species were identified in Phytozome
(httpz//www.phytozome.net) according to their similarity to Arabidopsis AMSH
genes, aligned with ClustalX (Thompson et al., 1997), and then improved
manually. Phylogenetic analyses were performed by maximum likelihood with
PAUP using the sequence from Physcomitrella patens (Pp1s133_43V6) as an
outgroup. All characters were equally weighted, and gaps were treated as
missing data. The nucleotide substitution model was set as GTR + 1 + G by
MrModeltest 2.2 (Nylander, 2004), and a heuristic search was implemented
with 100 random addition sequence replicates involving TBR branch swapping.

To estimate clade credibility, bootstrap values by maximum parsimony
method, and posterior probabilities by Bayesian analysis were calculated.
Bootstrap values were calculated from 1000 pseudo-replicates, each with
100 random additions. For posterior probabilities, the Bayesian search
was conducted by MCMC with two independent sets of four chains, each
run for 10 million generations, sampling every 100 generations by
MrBayes 3.1.2 (Ronquist and Huelsenbeck, 2003). The nucleotide sub-
stitution model was set as GTR + | + G. The program Tracer (Tracer v1.4;
available from http://beast.bio.ed.ac.uk/Tracer) was used to check the
runs had reached stationarity and effective sample size of all the pa-
rameters was high (>100). The first 2.5 million generations before suffi-
cient stationary generations were discarded as burn-in periods and the
rest of trees were used to calculate posterior probabilities.

GUS Assay

Excised mature embryos from seeds as well as 7- and 14-d-old seedlings
were treated with heptan (Roth) for 15 min. After removing heptan, the
embryos and seedlings were incubated in GUS substrate solution (50 mM
sodium phosphate, pH 7, 10 mM EDTA, 0.5 mM K,[Fe(CN)g], 0.5 mM K,
[Fe(CN)gl, 0.5 mM X-Gluc, and 0.02% Silvett) at 37°C. Tissues were
cleared with an ethanol:acetic acid solution (6:1) at 37°C for 1 h and
subsequently with a series of decreasing percentage of ethanol. Pho-
tographs were taken using a MZ16 (Leica) or BX61 (Olympus) microscope
equipped with a charge-coupled device camera.

Chlorophyll Content Measurement

Twenty seedlings were weighed and immediately incubated in 1 mL N,N-
dimethylformamide at 4°C under agitation in dark. After 48 h, the absorbance

of the supernatant was measured at 664 and 647 nm. Subsequently, total
chlorophyll content was determined according to total chlorophyll =
[(OD664*7.04) + (OD847*20.27))/fresh weight (Porra et al., 1998).

Quantitative RT-PCR

All primers used for quantitative RT-PCR are listed in Supplemental Table
2 online. Total RNA was extracted with a NucleoSpin RNA plant kit
(Machery-Nagel), and 1 pg of total RNA was reverse transcribed with an
oligo(dT) primer and M-MulV reverse transcriptase (Fermentas) following
the manufacturer’s instructions. Quantitative real-time PCR was per-
formed using iQ SYBR Green Supermix (Bic-Rad) in a CFX96 real-time
system cycler (Bio-Rad). A 45-cycle two-step amplification protocol (10 s
at 95°C, 25 s at 60°C) was used for all measurements.

Protein Extraction, Immunoblotting, and Antibodies

Yeast total proteins were extracted as described previously (Kushnirov,
2000). SDS-PAGE and immuncblotting were performed according to
standard methods.

Total protein extracts were prepared in extraction buffer (50 mM Tris-
HCI, pH 7.5, 150 mM NaCl, 0.5% Triton X-100, and protease inhibitor
cocktail [Roche]). For PIN2 immunoblot analysis, roots of 10-d-old
seedlings were homogenized in extraction buffer. Extracts were centri-
fuged for 20 min at 9000g, and the supernatant was further centrifuged for
1 h at 100,000g in a Sorvall MTX 500 benchtop centrifuge (Thermo-
Scientific), and the P100 fraction was subjected to immunoblotting.

An anti-AMSH1 antibody was raised against the full-length protein
6xHis-AMSH1 expressed and purified from Escherichia coli Rosetta(DE3)
strain (Novagen). Six hundred micrograms of purified protein was used to
raise antibodies in rabbits (Eurogentec). The serum was used at a 1:1000
dilution. The specificity of the antibody was verified using total extracts
from amsh1-1.

Additional antibodies used were as follows: anti-AMSH3 (Isono et al.,
2010), anti-ATG8 (Thompson et al., 2005), anti-GFP (Invitrogen), anti-CDC2
(Santa Cruz), anti-GAL4BD (Santa Cruz), anti-PIN2 (Agrisera), anti-NBR1
(Svenning et al., 2011), anti-UB(P4D1) (Santa Cruz), and horseradish per-
oxidase—conjugated anti-HA (Sigma-Aldrich).

In Vitro DUB Assay, Glutathione S-Transferase Pulldown, and
Y2H Analysis

Glutathione S-transferase (GST), GST-VPS2.1(MIM), GST-AMSH1(MPN),
and GST-AMSH1(MIT) were expressed in E. coli Rosetta(DE3) cells
(Merck) and purified with Glutathione Sepharose 4B (GE Healthcare). After
purification, the GST moiety of GST-AMSH1(MPN) and GST-AMSH1(MIT)
was removed by digestion with PreScission Protease (GE Healthcare).
DUB assays and GST pull-down assays were performed as described
previously (Iseno et al,, 2010; Katsiarimpa et al,, 2011), Y2H analysis was
performed as described previously (Katsiarimpa et al., 2011).

MDC and BCECF-AM Staining and E-64d Treatment

Arabidopsis seedlings were stained with 50 yM MDC (Sigma-Aldrich) in
PBS for 10 min at room temperature to visualize autophagosomes.
Subsequently, the seedlings were washed twice with PBS to remove
excess stain. To visualize the vacuole, seedlings were incubated with
5 uM BCECF-AM (Molecular Probes) for 1 h. To inhibit vacuolar proteases,
seedlings were incubated with 100 uM E-64d (Santa Cruz) for 1,6,0r12h
as indicated for each experiment.

Microscopy

GFP-fused proteins, BCECF staining and MDC staining were analyzed
with an FV-1000/1X81 confocal laser scanning microscope (Olympus) with
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a UPlanSApo x60/1.20 (Olympus) objective using the 488- and 405-nm
laser line, respectively. For maximal projection images of MDC-stained
root cells, sequential Z-stack images were collected with 0.48-pm plane
distance. Images were subsequently processed using FluoView (Olympus)
and Photoshop CS6 (Adobe).

Pathogen Assays

For Alternaria brassicicola infection, 5.5-week-old plants grown under
short-day conditions (10 h light/14 h dark) were drop inoculated with 108
spores/mL of A. brassicicola. Disease indices were calculated 7 and 10 d
after inoculation according to Epple et al. (1997).

For the Erysiphe cruciferarum assay, 6-week-old plants grown under
short-day conditions (10 h light/14 h dark) were inoculated with a density
of 3 to 5 spores per mm?. Susceptibility of plants to mildew was scored by
visual examination after 5 and 7 d of inoculation. To quantify fungal
growth, the number of hyphae and of conidiophores per spore was
counted under the microscope 5 and 7 d after inoculation, respectively,
after staining the leaves with trypan blue (Pelikan).

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative database under the following accession numbers: AMSH1
(AT1G48790), AMSH2 (AT1G10600), AMSH3 (AT4G16144), CDC2
(AT3G48750), SKD1 (AT2G27600), VPS2.1 (AT2G06530), VPS20.1
(AT5G63880), VPS24.1 (AT5G22950), SNF7.1 (AT4G29160), ATG8a
(AT4G21980), ATG8b (AT4G04620), ATG8c (AT1G62040), ATG8d
(AT2G05630), ATG8e (AT2G45170), ATG8f (AT4G16520), ATG8g
(AT3G60640), ATG8h (AT3G06420), ATGS8I (AT3G15580), PR1?
(AT2G14610), PR5 (AT1G75040), SAG12 (AT5G45890), SAG13
(AT2G29350), ACT8 (AT1G49240), PIN2 (AT5G57090), and NBR1
(AT4G24690). Sequence accession numbers (Phytozome) for AMSH
homologs are as follows: P. patens (Pp1s133_43V6, Pp1s240_78V8,
and Pp1s64_214V6), Selaginella moeilendorffii (Sm82317 and Sm128074),
Zea mays (GRMZM2g075690, GRMZM5g835530, and GRMZM2g173119),
Sorghum bicolor (Sb13g013600 and Sb3g020630), Oryza sativa (Os1g23640
and Os1g31470), Populus trichocarpa (0010s15100, 0015s03810, and
0010s05090), Ricinus communis (Rc29889m003259, Rc29996m000133, and
Rc29631m001029), Glycine max (07937130, 17903490, 05934700, 08904970,
07910350, 09931540, and 01g03710), Vitis vinifera (GSVIVT01035040001,
GSVIVT010083100001, and GSVIVT01013737001), and Arabidopsis lyrata
(493270, 474017, and 919849).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure 1. amsh1-1 Shows Early Senescence under 8-h
Daylight Short-Day Conditions.

Supplemental Figure 2. Autophagosomes Accumulate in Wild-Type
Plants after Dark Treatment.

Supplemental Figure 3. Expression of Y2H Constructs.

Supplemental Figure 4. Phenotypes of VPS2.7-GFP-Overexpressing
Plants.

Supplemental Figure 5. E. cruciferarum Growth Is Restricted in
amsh1-1 Plants.

Supplemental Figure 6. PR1, PR5, and SAG13 Are Upregulated in
35Spro:VPS2.1-GFP Plants under 8-h Daylight Conditions in amsh?1-1
Plants.

Supplemental Table 1. List of Primers Used for Cloning.
Supplemental Table 2. List of Primers Used for qRT-PCR.
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