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CaM Calmodulin

CAML calcium-modulating cyclophilin ligand

CLSM confocal laser scanning microscopy

EMC ER membrane protein complex

ER endoplasmic reticulum

GET guided entry of tail-anchored proteins

G-domain GTPase domain

G1IP AtGET1-interacting protein

HSP heat shock protein

IMP integral membrane protein

IP-MS immunoprecipitation-mass spectrometry

M-domain methionine-rich domain

MOM mitochondrial outer membrane

OEM (plastid) outer envelope membrane

PPls protein-protein interactions

rBiFC ratiometric bimolecular fluorescence complementation

RNC ribosome-nascent chain

SEC61 secretory 61

SGT2 small glutamine-rich tetratricopeptide repeat-containing protein 2
SGTA small glutamine-rich tetratricopeptide repeat-containing protein alpha
SNARE soluble N-ethylmaleimide-sensitive factor attachment protein receptor
SND SRP-independent

SR SRP receptor

SRP signal recognition particle

SS or SP signal sequence or signal peptide

SYP123 syntaxin of plants 123

TA (-protein)

tail-anchored (-protein)

TEM transmission electron microscopy

TMD transmembrane domain

TRC transmembrane domain recognition complex

TRC40 transmembrane domain recognition complex 40 kDa subunit
UBL4A ubiquitin-like protein 4a

uBQ12 ubiquitin 12

WRB Tryptophan-rich basic protein




Summary

SUMMARY

Insertion of proteins in the membrane of the endoplasmic reticulum is a pivotal process during
their biogenesis. Tail-anchored (TA) proteins, a specific class of membrane proteins, play key
roles in many vital cellular processes in almost all cellular membranes. Proper translocation is
therefore pivotal. Their characteristic single carboxy-terminal transmembrane domain (TMD)
dictates a post-translational translocation, as translation termination occurs concurrent with
release from the ribosome. For that reason, TA proteins are prone to aggregation requiring

accurate guidance to the destined membranes, and dedicated insertion pathways.

In this thesis, orthologues of one such pathway, the Guided entry of TA protein (GET) pathway
was identified in Arabidopsis thaliana. Subcellular localisation, extensive interaction studies
and characterization of T-DNA insertion lines revealed the conservation and importance of
AtGET1, AtGET3a and AtGET4 in a TA protein translocation pathway. Abolishing their function
resulted in reduced root hair growth which coincided with reduced protein levels of the TA
protein SYP123, which is important for root hair tip growth. However, AtGET seemed to be
dispensable and less than 5% of predicted TA proteins in Arabidopsis were shown to interact
with AtGET-proteins raising the question about alternative routes evolved in plants by which

TA proteins can be targeted to the ER.

The investigation of AtGET1-GFP interaction by an immunoprecipitation-mass spectrometry
approach led to the discovery of a potential GET-receptor component, G1IP (AtGET1-
interacting protein). It did not share sequence homology with yeast GET2 or mammalian CAML
yet its subcellular localisation and a functional analysis associated G1IP as an A{GET1 co-

receptor structurally and functionally related to GET2/CAML.

Furthermore, in this thesis one functional orthologue of the SRP-independent (SND) pathway
was identified in Arabidopsis thaliana, that exists as two homologs. Investigation of T-DNA
insertion lines and interaction screens implicated both proteins, AtSND2a and AtSND2b, as
components of a sophisticated system for translocation and/or stress response. In this study
we investigated similarities to the yeast/mammal SND2 but highlighted and discussed

contrasts to these as well.

Large parts of this study were based on extensive protein-protein interaction (PPI) analyses.
We made use of ratiometric Bimolecular Fluorescence Complementation (rBiFC), Forster
Resonance Energy Transfer Acceptor Photobleaching (FRET-AB) and Fluorescent Lifetime
Imaging (FRET-FLIM) and reported here on their recent improvements by incorporating a 2in1-
cloning approach. Putative components of the Arabidopsis SEC61 translocon served as

examples.




Zusammenfassung

ZUSAMMENFASSUNG

Proteininsertion in die Membran des Endoplasmatischen Retikulums (ER) ist ein zentraler
Prozess wahrend der Proteinbiogenese. ,Tail-anchored” (TA) Proteine spielen eine wichtige
Rolle in vielen lebensnotwendigen zellularen Prozessen und sind in fast jeder Membran
vertreten. Bedingt durch ihre spezielle Topologie - eine Transmembrandomane (TMD) erst
nahe des C-terminus - ist die Translation meist zeitgleich mit der Freisetzung vom Ribosom
abgeschlossen und eine sofortige Translokalisation zwingend notwendig. Bei dieser
posttranslationalen Translokalisation missen TA Proteine vor Aggregation im Zytosol
geschitzt und das neugebildete Protein zur gewlnschten Membran geleitet werden. Zu
diesem Zweck sind verschiedene Insertionspfade entstanden.

In dieser Arbeit wurden Orthologe eines dieser Insertionspfade, des ,Guided Entry of TA
protein“ (GET) Pfades in Arabidopsis thaliana identifiziert. Subzellulare Lokalisation, intensive
Analyse der Protein-Protein Interaktionen (PPl) und die Untersuchung von T-DNA
Insertionslinien wiesen AtGET1, AtGET3a und AtGET4 als Orthologe aus und deuteten auf
ihre Rolle in der TA Protein Translokation hin. Das Ausschalten des GET Pfades in Pflanzen
fuhrte lediglich zu einer Verklirzung des Wurzelhaarwachstums. Dies ging auf zellularer Ebene
mit einer reduzierten Proteinmenge des TA-proteins SYP123 einher, welches fiir das
Spitzenwachstum der Wurzelhaare verantwortlich ist. Jedoch zeigten unsere
Forschungsergebnisse, dass der GET-Pfad in Pflanzen kompensiert werden kann. So
interagierten zum Beispiel nur weniger als 5% der vermuteten TA Proteine Uberhaupt mit GET-
Komponenten. Zusammengenommen deuteten diese Befunde auf das Vorhandensein eines
alternativen Insertionsweges in das ER in Pflanzen hin.

Interaktionsanalysen mittels eines Immunoprezipitations - Massenspektroskopie (IP-MS)
Verfahrens mit AtGET1-GFP flhrten zur Entdeckung einer weiteren GET-Rezeptor
Komponente, G1IP (GET1-Interagierendes Protein). Obwohl es keine Sequenzhomologie zu
GET2 aus Hefe oder CAML aus Saugetieren aufweist, deuten die Lokalisierungs- und
Funktionsanalysen dieser Arbeit darauf hin, dass es sich um den A{GET1-Corezeptor handelt
und um einen strukturellen und funktionalen Verwandten zu GET2/CAML.

Darlber hinaus wurde in dieser Arbeit ein funktionales Ortholog des ,.SRP-independent” (SND)
Insertionspfads in Arabidopsis thaliana identifiziert, welches als zwei Homologe vorliegt.
Untersuchungen der Funktionsverlustmutanten und Interaktionsanalysen deuteten darauf hin,
dass es sich bei den beiden Proteinen, AtSND2a und A{SND2b, um Kandidaten handeln, die
in dem komplexen System der Translokation und/oder in der zellularen Stress-Antwort eine
Rolle spielen koénnten. Daher wurden in dieser Arbeit Gemeinsamkeiten zu den SND2
Proteinen aus Hefe und Saugetieren untersucht, aber auch Unterschiede verglichen und
diskutiert.

Da viele Experimente dieser Arbeit auf Protein-Protein-Interaktionen (PPI) Analysen basierten,
wurden im letzten Teil drei Methoden vorgestellt, die durch ein 2in1 basierendes Kloniersystem
verbessert werden konnten: ratiometric Bimolecular Fluorescence Complementation (rBiFC),
Forster Resonance Energy Transfer Acceptor Photobleaching (FRET-AB) und Fluorescent
Liefetime Imaging (FRET-FLIM). Dabei dienten vorhergesagte Untereinheiten des SEC61-
Komplexes als Interaktionsbeispiele.
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Introduction

INTRODUCTION
Classification of membrane proteins

Membrane proteins have a substantial diversity of enzymatic, signalling, or structural
functions reflecting their importance in cellular homeostasis. As diverse as their
function is, so are the differences of how these proteins associate with membranes. In
the classical fluid-mosaic membrane model (Singer and Nicolson, 1972), membrane-
bound proteins can be classified in two types: peripheral and integral, however, more
recently three additional basic types have been described: fatty acid-linked,
phosphatidylinositol-anchored, and prenyl group-linked membrane proteins which are
all linked to the bilayer by lipid tails (Nicolson, 2014; Buchana et al., 2015).

The fatty acid-linked and the prenyl group-linked proteins can cycle between a
membrane-bound and a free cytoplasmic state. This reversible mechanism is often
mediated by phosphorylation/dephosphorylation or in an GTP/GDP dependent
manner. Contrary to the cytoplasmic faced orientation of this class of membrane-bound
proteins, the phosphatidylinositol-anchored proteins bind the extracellular/luminal
surface of membranes. They are derived from integral membrane proteins (IMPs) with
one transmembrane domain (TMD) via enzymatic cleavage of the TMD and formation

of a new C-terminus coupled to the lipid (Buchana et al., 2015).

Peripheral proteins are only transiently bound to membranes. They either bind to
integral membrane proteins or to lipids through salt bridges, hydrogen bonds,
electrostatic interactions, or a combination of these. Per definition, they do not
penetrate the lipid bilayer and are water-soluble and therefore can be extracted easily
from the bilayer without detergent. In contrast, integral proteins comprise hydrophobic
domains which are sequestered in the lipid bilayer permanently anchoring these

proteins, leading to amphipathy, and water-insolubility (Buchana et al., 2015).

One can classify integral membrane proteins by three different characteristics, the
number of TMDs (single- or multi-spanning), the orientation after integration in the
membrane (type I-lll) and linked to temporal modes of integration (co- and post-

translational) (Higy et al., 2004).
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The topology of type | integral membrane proteins is defined by an N-terminus facing
the lumen/extracellular space while the C-terminus is oriented towards the cytoplasm
(Figure 1). The targeting information lies in a cleavable N-terminal signal sequence
(SS) and translocation is conducted via the Signal recognition particle (SRP) pathway
simultaneous to translation (Goder and Spiess, 2001; Park and Rapoport, 2012;
Cournia et al., 2015).

By contrast, type Il proteins are anchored within the membrane exactly the opposite
direction as type | proteins (Figure 1). Type Il proteins have a non-cleavable
transmembrane signal-anchor which in most cases facilitates SRP-dependent
translocation and sequesters them in the lipid bilayer (Goder and Spiess, 2001). A
special subclass of type || membrane proteins features a single-spanning TMD close
to their C-terminus and are referred to as tail-anchored (TA) proteins (Borgese et al.,
2003). These proteins do not have an SS or TMD close to the N-terminus which is why
they are not recognized by SRP and translocation occurs post-translationally via the
Guided Entry of Tail-anchored protein (GET)/Transmembrane domain Recognition
Complex (TRC) pathway or alternatives such as the SRP-independent (SND) pathway
(Borgese and Fasana, 2011; Hegde and Keenan, 2011; Aviram et al., 2016).

Similar to type |l, membrane proteins of type Il possess a non-cleavable signal anchor.
However, the signal-anchor sequence is reversed. As consequence, their N-terminal
end gets translocated across the membrane, thus they adopt an orientation
comparable to type | proteins (Figure 1) (Goder and Spiess, 2001). Insertion is
directed by the machinery involving SRP and the SEC61 translocon (Goder and
Spiess, 2001; Higy et al., 2004).

Multi-spanning membrane proteins may belong to either of these types (I-11l) based on
their first hydrophobic element (cleavable SS, signal-anchor, reverse signal anchor).
Insertion is co-translationally directed by the SRP-dependent pathway while the
Endoplasmic Reticulum (ER) Membrane protein Complex (EMC) is important for
accurate insertion of the first TMD and defines the topology (Goder and Spiess, 2001;
Chitwood et al., 2018).
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Figure 1: Topogenic classification of integral membrane proteins. The orientation within
the lipid bilayer (type | and lll: Nexo/Ccyt , type 1l (including TA proteins): Nc,/Cexo) as well as
the number of TMDs (single- or multi-spanning) defines the integral membrane proteins.
Topogenic determinants are a cleaved signal sequence (transparent green) for type |, a signal-
anchor for type Il, and a reverse signal-anchor for type Il IMPs.

Membrane protein translocation across the endoplasmic reticulum

Sustaining the homeostasis of an organism is defined by the precise delivery of newly
translated proteins to the predestined location within a cell to retain their functionality.
Roughly one third of the average eukaryotic proteome comprises IMPs that act for
example as channels, transporters or receptors (Hegde and Keenan, 2011). Eukaryotic
cells face many challenges in directing these proteins to their target membrane. The
aqueous cytosol would lead to premature aggregation of hydrophobic signal peptides
(SP) or transmembrane domains (TMD) of the nascent protein without the protection
of chaperoning proteins (Whitley and Mingarro, 2014). Furthermore, navigation to the
destined membrane and — once arrived - correct topological integration must be
ensured, especially for IMPs with various numbers of TMDs and either cytosolically or
luminally facing peptide stretches (Whitley and Mingarro, 2014; Aviram and Schuldiner,
2017). To cope with these challenges, various strategies evolved in eukaryotes ranging
from temporal mechanisms (co-translational or post-translational insertion),
chaperones to receptors, insertases and sophisticated translocation complexes (Paul
et al., 2013) which will now be described in detail.
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The Signal Recognition Particle (SRP)-dependent pathway

Co-translational translocation of most secretory and membrane proteins in or across
the ER is mediated by the Signal Recognition Particle (SRP) — dependent pathway.
This route targets pre-proteins during their synthesis at the ribosome and directly
delivers them to the Sec61 translocon for ER-insertion (David J. Anderson et al., 1982)
(Table 1).

Translocation starts with the recognition and binding of a nascent polypeptide chain by
the SRP complex at the ribosome. SRP is composed of a 7SL RNA in complex with
six protein subunits (SRP9 [mammals]/ SRP21 [yeast], SRP14, SRP19, SRP54,
SRP68, and SRP72) (Table 1) (Nyathi et al., 2013). Functionality of SRP is ensured
by different domains; among them an Alu domain, a methionine-rich (M) domain and
a GTPase (G) domain. SRP binds ribosomes with low affinity which intensely increases
when a signal peptide/signal sequence (SP/SS) or an N-terminal transmembrane
domain (TMD) of a nascent protein emerges from the ribosome exit tunnel (Figure 2).
Binding of the M-domain to the SP or TMD precludes its exposure to the aqueous
cytosol thereby preventing their aggregation. Subsequent binding of the SRP
Alu-domain to the ribosome transiently arrests synthesis by blocking further tRNA entry
(Asvin K.K. Lakkaraju et al., 2008; Martinez-Gil et al., 2011; Shao and Hegde, 2011;
Richter and Coller, 2015).

Targeting to the ER membrane of the SRP/ribosome-nascent chain (RNC) complex is
induced by binding to the SRP-receptor (SR) in a GTP dependent manner (Figure 2)
(Gilmore et al., 1982; Gilmore et al., 1982). SR is composed of a peripheral ER
membrane protein, SRa, and an integral membrane protein SRB. Binding of SRP-RNC
with its receptor leads to conformational changes allowing interaction with the Sec61
translocon (consisting of Sec61a; Sec61B and Sec61y). Subsequent unloading of the
RNC from SRP to Sec61 terminates the translational pause and translation proceeds
into the ER membrane or its lumen (Figure 2).

Enzymes such as the oligosaccharyl transferase (OST) or signal peptidase (SPase)
associate with the translocon during the translocational process facilitating further
modifications as N-glycosylation or cleavage of the SS (type | IMP) from the nascent

protein, respectively (Nyathi et al., 2013). GTP hydrolysis triggers the disassembly of
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SRP from its receptor and recycling of the components for additional rounds of protein
targeting (Weiqun Song et al., 2000; Martinez-Gil et al., 2011).

For the discovery that proteins utilize an intrinsic signal to get recognized by the SRP-
dependent pathway, Gunter Blobel earned a Nobel prize. Later, Randy Schekman was
prized as well for the discovery of the Sec61 translocon (Novick et al., 1980; Deshaies
et al., 1991), and following research deciphered most of the sophisticated mechanism
in yeast and mammals. Conservation of SRP-dependent ER-translocation is presumed
in plants despite insufficient research. So far, intensive studies focused on a
chloroplast SRP transport system derived from the prokaryotic SRP pathway, which is
reviewed in (Ziehe et al., 2017). Currently, a plant SRP-complex has not been
described for ER membrane translocation although homologues can be found based
on sequence comparison (Table 1). Homologues of its receptor are encoded in the
Arabidopsis thaliana genome and, for the translocon, three homologues of each, the
core protein Sec61a and the two subunits Sec613 and Sec61y can be found (Table 1).

However, experimental evidence proving functionality is still lacking.

SRP-receptor Sec61

Figure 2: The SRP pathway. SRP binds the signal sequence (SS) or transmembrane domain
(TMD) of nascent proteins emerging from the ribosomal exit tunnel and temporaryly arrests
translation. Recruitment of the SRP-RNC complex is mediated by the SRP-receptor in a GTP
dependent manner. Recognition and transfer of the RNC to the SEC61 translocon resumes
translation through the membrane pore. Subsequent GTP-hydrolyses recycles SRP from its
receptor.
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Table 1: Overview of yeast, mammalian, and Arabidopsis SRP/Sec61-pathway orthologues.

SRP/Sec61-pathway

Yeast

Mammalian

Arabidopsis (AGI Code)

SRP complex?2
SRP21

SRP complex?2
SRP9

SRP complex ¢
SRP9 subunit (At3g49100)

SPR14 SPR14 SRP14 subunit (At2g43640)

SRP19 SRP19 SRP19 (At1g48160)

SRP54 SRP54 SRP54 subunit (At1g48900)

SRP68 SRP68 SRP-like protein (At5g61970)

SRP72 SRP72 SRP72 (At1g67680)

SR-receptor 2 SR-receptor 2 SR-receptor ? d

SRa SRa AtSRa1 (At4g30600)
AtSRa2 (Atdg35070)

SRp SRp ASRB1 (At5g05670)

ASRB2 (At2g18700)

Secb61 translocon 2
Sec61p

Sbh1p

Sssip

Sec61 translocon 2
Secb61a

Sec61p

Sec61y

Sec61 translocon ¢ ¢

AtSec61a1 (At2g34250) ©
AtSec61a2 (At1g29310) d
AtSec61a3 (At1g78720) ¢
AtSec61p1 (At2g45070) ©
AtSec61B2 (At5g60460)
AtSec61p3 (At3g60540) ¢
AtSec61y1 (At5g50460) ©
AtSec61y2 (At3g48570)
AtSec61y3 (Atdg24920) ¢

& complex comprises various subunits

® see Chapter 3: “Conservation of SND2 in plants” (part of this dissertation)

¢ see Chapter 4: “2in1 vectors improve in planta BiFC and FRET Analyses” (part of this

dissertation)

4 based on PSI-Blast analysis (unpublished)
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Limits of the SRP-dependent pathway — Tail anchored (TA) proteins

The SRP/Sec61 co-translational pathway reaches its limits when signal sequences or
TMDs are absent from the N-terminal part of the protein. This is in particular the case
for type Il orientated membrane proteins that feature a TMD close to their C-terminal
end and are referred to as tail-anchored (TA) proteins (Borgese et al., 2003). To
distinguish these from other type Il proteins, the C-terminal stretch following the TMD
should by definition be no longer than 30 amino acids (Voss et al., 2006). This is
roughly the length of a peptide stretch within the ribosomal exit channel. Proteins with
such feature are released from the ribosome when their TMD is disclosed to the
cytosolic environment requiring immediate action of chaperones to prevent
aggregation of the hydrophobic TMD within the aqueous cytosol. Therefore, insertion

of TA proteins occurs post-translationally (Pedrazzini, 2009; Johnson et al., 2013).

TA proteins make up to ~3-5% of all IMPs and can be found in almost all cellular
membranes (Abell and Mullen, 2011). In Arabidopsis thaliana, around 500 TA proteins
were predicted in silico (Kriechbaumer et al., 2009). They play key roles in many vital
processes such as vesicle trafficking, apoptosis, translocation of other proteins,
ubiquitination, signal transduction, enzymatic reactions, or regulation of transcription
(Borgese et al., 2003; Kriechbaumer et al., 2009). Some TA proteins even take part in
translocation of other membrane proteins as subunits of translocation machineries
such as the Sec61B subunit of the SEC61 translocon, or Tom22 and Toc33 of the
mitochondrial and chloroplast import machineries. Additionally, most of the soluble
N-ethylmaleimide-sensitive factor attachment receptors (SNAREs) which facilitate
vesicle fusion in eukaryotic cells, are TA proteins (Neveu et al., 2020). Their prominent
role in many physiological processes is reflected by dramatic phenotypes upon
impairment, ranging from conditional sensitivity towards pathogens to embryonic
lethality (Lipka et al. 2007).




Introduction

The Guided Entry of Tail-Anchored protein (GET) pathway

A possible post-translational pathway for TA proteins into the ER membrane is the
Guided Entry of Tail-anchored proteins (GET) pathway (Figure 3) which was initially
identified in mammals (as Transmembrane domain Recognition Complex (TRC)
pathway) and yeast (Stefanovic and Hegde, 2007; Schuldiner et al., 2008) (Table 2).

In yeast, nascent TA proteins are recognized right after emergence from the ribosomal
exit tunnel through a tripartite pretargeting complex consisting of the small glutamine-
rich tetratricopeptide co-chaperone 2 (Sgt2), Get4 and Get5 (Chang et al., 2010; Wang
et al., 2010). A functional mammalian homologue of Get4/5 is the BAG6 complex
comprising BCL2-associated athanogene cochaperone 6 (BAG6), transmembrane
domain recognition complex 35 (TRC35) and ubiquitin-like domain (UBL)-containing
protein 4A (UBL4A), which works in cooperation with Small glutamine-rich
tetratricopeptide repeat-containing protein a (SGTA), the mammalian Sgt2 orthologue
(Mariappan et al., 2010; Johnson et al., 2013). While Sgt2 alone is ineffective in binding
TA proteins, Get4/5 assist this process by bridging and facilitating TA protein transfer
from Sgt2 to the cytosolic ATPase Get3 (in mammals TRC40 or Asna1) (Suloway et
al., 2009; Simpson et al., 2010; Chartron et al., 2011; Gristick et al., 2014) (Figure 3).

Key-component of the pathway is the dimeric ATPase Get3. Its subunit interaction is
stabilized by a Zn?* ion coordinated by a CxxC motif (Mateja et al., 2009; Simpson et
al., 2010). Get3 consists of a nucleotide-binding pocket and a TA protein binding
domain and undergoes conformational changes dependent on its nucleotide-binding
state (Wereszczynski and McCammon, 2012). In a nucleotide-free state, Get3 is in an
open conformation while binding of ATP leads to a closed dimer, thereby creating a
hydrophobic groove which binds and shields the TMD of TA proteins (Mateja et al.,
2009; Wereszczynski and McCammon, 2012; Mateja et al., 2015). It was demonstrated
that unlike SRP, Get3 does not associate with ribosomes (Stefanovic and Hegde,
2007).
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Figure 3: The GET-Pathway in yeast. Newly synthesized TA proteins are captured by the
cytosolic pretargeting complex (PTC; comprising SGT2, GET4 and GET5) and transferred to
the dimeric ATPase GET3 triggering ATP-hydrolysis. GET3 is tethered to the ER by the
cytosolic domain of GET2. Release of ADP and interaction with the GET1-GET2 receptor
complex leads to conformational change of GET3 leading to the release and insertion of the
TA protein. Rebinding of ATP allows the dissociation of GET3 from the receptor and recycling
to the cytosol.

Get3 shuttles the client protein to the ER membrane receptors consisting of a
heteromeric complex of Get1 (WRB in mammals (Vilardi et al., 2011; McDowell et al.,
2020)) and Get2 (CAML in mammals (Yamamoto and Sakisaka, 2012; Vilardi et al.,
2014)) (Figure 3, Table 2). The long cytosolic N-terminal domain of Get2 mediates
tethering of the Get3-TA protein complex (Mariappan et al., 2011; Wang et al., 2011).
Interaction of Get2 only takes place with a nucleotide-bound Get3 which is also
compatible with TA protein binding (Denic et al., 2013). Hydrolysis of ATP opens the
Get3 dimer. This conformational change disrupts the hydrophobic groove releasing the

bound TA protein and providing it for insertion by the Get1-Get2 insertase (Wang et
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al., 2014; Zalisko et al., 2017). Intriguingly, Get1 and Get2 compete for Get3 binding
via overlapping binding sites (Stefer et al., 2011; Denic et al., 2013), although
interaction between Get3 and a coiled-coil domain of Get1 occurs only with an open,

nucleotide-free Get3 (Mariappan et al., 2011).

Rebinding of ATP returns Get3 into a closed conformation, thereby weakening the
Get3-Get1 interaction which leads to dissociation of Get3 from the membrane and
recycling for another round of TA protein loading via the pretargeting complex
Sgt2/Get4/Get5 (Stefer et al., 2011; Suloway et al., 2012) (Figure 3).

Table 2: Overview of yeast, mammalian, and Arabidopsis GET-pathway orthologues.

GET-pathway
Yeast Mammalian Arabidopsis (AGI Code)
Get1 WRB AtGET1 (At4g16444) 2
Get2 CAML G1IP (At4g32680) °
Get3 TRC40/Asna1 AtGET3a (At1g01910) @
AtGET3b (At3g10350) @
AtGET3c (At5g60730) @
Get4 TRC35 AtGET4 (At5g632220) 2
Get5 UBL4A AtGET5 (At1g55060) ©
Sgt2 SGTA AtSGT2 (At4g08320) ©
- BAG6 AtBAG6 (At2g46240) 9

@ see Chapter 1: “Loss of GET pathway orthologs in Arabidopsis thaliana causes root hair
growth defects and affects SNARE abundance.” (part of this dissertation)

b see Chapter 2: “Endoplasmic reticulum membrane receptors of the GET pathway are
conserved throughout eukaryotes.” (part of this dissertation)

¢ according to (Srivastava et al., 2017)
4 based on PSI-Blast analysis (unpublished)

¢ currently, no functional orthologue has been discovered
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Alternative insertion pathways

The GET pathway is considered as a dominant route for post-translational TA protein
insertion into the ER membrane. Contrary to such an implied vital role, the GET genes
are not essential under normal conditions in yeast (Schuldiner et al., 2008). The
observed lethality under oxidative stress likely relates to the additional function of
ScGet3 as chaperone holdase for unfolded soluble proteins (Powis et al., 2013; Voth
et al., 2014; Dahl et al., 2015). A screen for TA protein dependency on an intact GET
pathway revealed merely two out of 46 potential client proteins in yeast (Rivera-Monroy
et al., 2016). It has been shown that the GET-pathway mainly handles ER-destined TA
proteins with a high hydrophobicity while TA proteins with a lower hydrophobic TMD
are unaffected upon GET-pathway inhibition (Guna et al., 2018). Nonetheless,
knockout of the mammalian orthologue TRC40 leads to embryo lethality in mice
(Mukhopadhyay et al., 2006) and severe organ defects in conditional get mutants (Lin
et al., 2016; Norlin et al., 2016; Vogl et al., 2016). According to these observations,
alternative pathways for TA proteins have been presumed and discovered. They
potentially serve as compensation in case the GET is compromised (Casson et al.,
2017) and will be introduced here briefly.

The SRP-dependent post-translational pathway

Even before the GET-pathway was discovered, it was shown in vitro that SRP can
associate and translocate TA proteins in an SR-dependent manner (Abell et al., 2004).
For that purpose, crosslinking experiments of the SRP54 subunit demonstrated its
post-translational association with some TA proteins (Abell et al., 2004). As
co-translational insertion cannot occur, it was presumed that SRP binding to
TA proteins facilitates post-translational processes. Canine pancreas derived
microsomes were trypsinised leading to reduced SRa level. Monitoring TA protein
membrane integration in these microsomes revealed a pathway dependent on GTP
and the SRP receptor (Abell et al., 2004). Some years later, TRC40 independent
integration of TA proteins was demonstrated by competitively blocking the TRC40
(GET) pathway by expressing the cytosolic domain of the WRB receptor (WRBcc) or
the cytosolic domain of CAML (CAMLcyt). A similar in vitro TA protein integration assay

11
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as described by Abel et al., 2004 demonstrated that, indeed, TA proteins may utilise
the SRP-dependent pathway post-translationally (Casson et al., 2017). However, the

mechanistic details are still enigmatic.

The SRP-independent “post-translocon”

Connected to the discoveries of SRP-dependent TA protein insertion, the Sec61
translocon was considered to fulfil a role in post-translational translocation, therefore
termed “post-translocon” (Harada et al., 2011; Schweiger and Schwenkert, 2013). The
yeast Sec61-translocon was shown to form an alternate subcomplex with the auxiliary
proteins Sec62p, Sec63p, Sec71p and Sec72p to provide another function in post-
translational translocation (Deshaies et al., 1991; Panzner et al., 1995; McClellan and
Brodsky, 2000; Reithinger et al., 2013; Wu et al., 2019) (Table 3). However, unlike the
SRP-dependent post-translational translocation, it has been shown that substrate
delivery is driven by an ATP-dependent reaction with the HSP70 family protein Kar2p
(BiP in mammals) which is recruited by Sec63p to ratchet the nascent chain into the
ER lumen (Panzner et al., 1995; Lyman and Schekman, 1997; Matlack et al., 1999). It
has been noted that this pathway is mostly used by small pre-secretory proteins. For
those, transcription of the SS is finished shortly before translation is entirely completed
(Lakkaraju et al., 2012; Ast and Schuldiner, 2013). It seems that a molecular
connection between TA protein translocation and the Sec61 post-translocon is still

elusive.

In spite of their post-translocational role in yeast, both Sec62 and Sec63 (ERdj) have
been reported to act also in a co-translational mode for some substrates in mammals
(Muller et al., 2010; Lakkaraju et al., 2012; Lang et al., 2012).

While the SRP-independent translocon has been primarily studied in the context of
translocation, the mammalian heat shock proteins BiP and Sec63 also partake in ER-
stress recovery (Pobre et al., 2019). Furthermore, mammalian Sec62 is critical for
maintenance and recovery of ER homeostasis (Denks et al., 2014). This indicates a

strong connection between translocation and quality control.

In Arabidopsis, the ER membrane protein AfTRP7 has been shown to functionally
complement the yeast Asec71 mutant, interact with HSP90 and HSP70 and is

12
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associated with the Arabidopsis Sec63 homologue, A{ERdj2A and AtSec62
(Schweiger et al., 2012; Schweiger and Schwenkert, 2013). This strengthens the
hypothesis for it to be part of a putative Sec post-translocon yet an in vivo analysis of
the functional conservation of such a translocon is still missing. So far, only a link
between AtSec62 with ER-stress recovery, similar to mammals, has been proven (Hu
et al., 2020). Furthermore, AtSec62 and the two AtERdj2 homologues (A and B) are
connected to male fertility and plant development (Yamamoto et al., 2008; Mitterreiter
et al., 2019).

Table 3: Overview of yeast, mammalian, and Arabidopsis post-translocon orthologues.

“Post-translocon”
Yeast Mammalian Arabidopsis (AGI Code)
Sec62p Sec62 AISEC62 (At3g20920)
Sec63p Sec63/ERd] AtERdj2A (At1g79940)
AtERdj2B (At4G21180)
Sec71p -d AfTRP7 (At5g21990) @
Sec72p -d -d
Kar2p BIP BIP1 (At5G28540) P
BIP2 (At5g42020) P
BIP3 (At1G09080) P°

@ has been shown to complement yeast Asec71 mutant strains (Schweiger et al., 2012)
® based on (Noh et al., 2003)
¢ see Chapter 3: “Conservation of SND2 in plants” (part of this dissertation)

dcurrently, no functional orthologue has been discovered

The ER membrane protein complex (EMC) pathway

More recently, discoveries of a post-translational insertase for ER-destined TA proteins
with TMDs of moderate to low hydrophobicity have been reported (Guna et al., 2018).
Those proteins are preferably shielded in the cytosol by calmodulin (CaM), although
SGTA might substitute in its absence. The exact mechanism of insertion is still unclear

yet the mammalian ER-resident enzyme squalene synthase (SQS) and four other
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TA proteins have been shown to utilize members of the ER membrane protein complex
(EMC) for correct integration (Guna et al., 2018; Volkmar et al., 2019) (Figure 4). EMC
consists of at least six proteins in yeast and ten in mammals (Table 4) and was
demonstrated to be important for ER protein homeostasis (Jonikas et al., 2009).
Moreover, EMC3 is a homologue of Get1 and both probably evolved from the ancestral
prokaryotic insertase of the YidC family belonging to the “Oxa1 superfamily” (Anghel
et al., 2017).

In addition to its post-translational insertion capacity, EMC cooperates with the SRP
receptor to co-translationally insert the first transmembrane domain of multi- spanning
membrane proteins thereby defining the accurate topology of many membrane
proteins together with the SEC61 translocon (Figure 4) (Chitwood et al., 2018).

In Arabidopsis thaliana, orthologues for almost all components of the mammalian EMC
can be found through PSI Blast in silico analysis (Table 4), however, functional
characterisation is still pending.

/> EMCT
TA N EMC3 EMC4  EMC6 yEMCT N EMC10
&A NC

ER lumen

Cytoplasm

EMC2 EMC8 EMC9

TA
Calmodulin
(or SGTA)
E SRP f% st TMD

Ribosome

Figure 4: The EMC pathway in mammals. TA proteins with low hydrophobicity preferably
delivered by Calmodulin (in its absence SGTA) to the ten-protein comprising EMC leads to its
insertion. Moreover, EMC in cooperation with the SRP-dependent pathway defines the correct
insertion of the first TMD of multi-spanning membrane proteins.
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Table 4: Overview of yeast, mammalian, and Arabidopsis EMC orthologues.

ER Membrane Complex (EMC)
Yeast Mammalian Arabidopsis (AGI Code) @
EMCA1 EMCA1 (At5g11560)
EMC2 EMC2 (At3g04830)
(At5g28220)
EMC3 EMC3 (At4g12590)
EMC4 EMC4 (At5g10780)
EMC5 EMCS5 (At5g03345)
EMC6 EMC6 (At5g49540)
Sop4 EMC?7 (At4g32130)
(At2g25310)
EMC8 P EMCS8/EMC9 (At5g55940)
YDR056C EMC10 -¢

@ determined by PSI-Blast; see Appendices V (part of this dissertation)
® Lost in Ascomycetes (Wideman, 2015)

¢ currently, no functional orthologue has been discovered

The SRP-independent pathway

Not only EMC serves as an alternative for co- and post-translational insertion. The
SRP-independent (SND) pathway, first identified in yeast, has been shown to have a
wide substrate profile with a preference for proteins with central TMDs and can
compensate for the loss of the SRP — and GET-pathway (Aviram et al., 2016). ScCSND
comprises of 3 proteins, a putative peripheral ribosomal protein SND1 and two ER
destined proteins SND2 and SND3 (Table 5). SND2 is predicted to contain four
transmembrane domains while SND3 probably has one. Though mechanistic details
are not ascertained yet, cytosolic SND1 is supposed to target nascent substrates for
delivery to SND2 and SND3, both associated with the Sec61 translocon, acting as
putative receptors (Aviram et al., 2016) (Figure 5). Loss of SND components leads to
mislocalisation of IMPs with an internal TMD albeit not affecting overall viability in yeast
(Aviram et al., 2016). In combination with deletion of Get components, double

knockouts show lethality which strengthens the idea that in yeast both SND- and GET
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pathways fulfil a compensatory role for TA protein delivery to the ER (Aviram and
Schuldiner, 2017).

The human orthologue hSND2 was discovered as the first, and so far, only constituent
of a putative mammalian SND pathway. Similar to yeast, hSND2 is localised to the ER
and associates with many translocon components (Hassdenteufel et al., 2017). lts
depletion leads to upregulation of the SRP-pathway associated with an increase of
SRP-dependent substrate insertion while simultaneous hampering of TA protein
insertion (Casson et al., 2017; Hassdenteufel et al., 2017). Initially, hSND2 was
reported to regulate autophagy and ER stress, again showing a strong connection

between translocation and protein quality control (Zhao et al., 2013).

Conservation of an SND2 homologue in plants had been noted but without further
characterisation (Zhao et al., 2013). Therefore, the functional homology with regard to

TA protein targeting to the ER membrane remained to be determined (Table 5).
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Figure 5: The SND pathway in yeast. The predicted peripheral ribosomal protein SND1 may
deliver substrates to SND2 and SND3. Both proteins probably act as receptors and are
associated with the Sec61 translocon as well as other auxiliary proteins. They may facilitate
the insertion of substrates with preferably one central TMD yet overlap with substrates for both
SRP- and GET-pathway.

16



Introduction

Table 5: Overview of yeast, mammalian, and Arabidopsis SND orthologues.

SRP-independent (SND) pathway

Yeast Mammalian Arabidopsis (AGI Code)
SND1 not found not found
SND2 hSND2/TMEM208 AtSND2a (At4g30500) @
AtSND2b (At2g23940) @
SND3 not found not found

@ see Chapter 3: “Conservation of SND2 in plants”
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OBJECTIVES OF THE THESIS

In the last decades, studies on protein translocation to the endoplasmic reticulum
mainly focused on Opisthokont models (Knight and High, 1998; Stefanovic and Hegde,
2007; Schuldiner et al., 2008) . Research on different insertion pathways has increased
almost exponentially (Borgese et al., 2019; Shan, 2019). Recently, the Guided-Entry
of Tail-anchored protein (GET) pathway was described for yeast and animals
(Stefanovic and Hegde, 2007; Schuldiner et al., 2008) discussing the insertion of TA
proteins in the ER membrane. In addition, an alternative pathway was discovered, the
SRP-independent (SND) pathway (Aviram et al., 2016; Hassdenteufel et al., 2017).
Although in Arabidopsis thaliana approximately 500 TA proteins are predicted
(Kriechbaumer et al., 2009), knowledge of TA protein translocation and details on the

relaying pathways in plants remains enigmatic.

This thesis aims at discovering and examining translocation pathways in Arabidopsis
thaliana. Based on sequence comparison potential conservation of the GET- and SND-
pathway will be addressed. For that purpose, interaction studies, in vivo localisation
and biochemical approaches might help to characterize putative orthologues.

To elaborate the role of the GET pathway in plants, loss-of-function lines will be
analysed phenotypically and their importance for the translocation of a model tail-
anchored protein will be investigated.

Furthermore, two AftGET1 interacting proteins with structural similarities to the yeast
Get2 will be characterized. To this end, protein-protein interaction studies, subcellular
localisation, and in vitro insertion assays will help to understand differences between
these two proteins. The key question here is to understand whether they play a role as

functional GET2 orthologues in Arabidopsis.

The dominant role of the GET pathway in TA protein translocation has been shown as
well as the existence of backup pathways such as the SND pathway in yeast and
mammals (Aviram et al., 2016; Hassdenteufel et al., 2017). As part of this work, two
putative SND2 orthologues will be characterised in plants. General growth of single or
double mutants also in consideration of potential crosstalk with other insertion

pathways, especially the Arabidopsis GET-pathway, will be investigated. In planta
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interaction analysis using immunoprecipitation-mass spectrometry (IP-MS) of SND2a-

GFP and SND2b-GFP will provide an insight in protein function.

Additionally, as protein-protein interactions (PPIs) play a crucial role in many cellular
processes, the aim was to show the improvement of three established interaction
analysis methods by incorporation of the 2in1 Vector system. For that purpose,

interactions among putative Arabidopsis SEC61 subunits will be investigated.
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RESULTS

Chapter one: Loss of GET pathway orthologs in Arabidopsis thaliana causes

root hair growth defects and affects SNARE abundance.

Xing, S., Mehlhorn, D. G., Wallmeroth, N., Asseck, L.Y., Kar, R., Voss, A., Denninger, P.,
Schmidt, V. A., Schwarzlander, M., Stierhof, Y. D., Grossmann, G., Grefen, C., 2017, PNAS

Tail-anchored (TA) proteins are an important class within the type Il oriented integral
membrane proteins which makes up to ~3-5% of all IMPs in eukaryotic cells (Abell and
Mullen, 2011). In silico prediction in Arabidopsis thaliana estimates around 500 TA
proteins, approximately 10% of which encode SNARE (Soluble N-ethylmaleimide
sensitive factor attachment protein receptor) family proteins, important for many
physiological processes and vesicle trafficking (Kriechbaumer et al., 2009). The
structure of TA proteins determined by a single C-terminal TMD and the lack of an N-
terminal SS or TMD prohibits co-translational insertion by the SRP-dependent pathway
(Shao and Hegde, 2011). To overcome this problem, TA proteins can be inserted post-
translationally via the GET pathway (Hegde and Keenan, 2011). This pathway has
originally been described in Opisthokonts (Stefanovic and Hegde, 2007; Schuldiner et
al., 2008). A high degree of conservation in Archaeoplastida was often assumed,
however, a dissection of the GET pathway in plants is missing.

Phylogenetic analysis of GET3 orthologues from 18 different species revealed two
distinct GET3 clades present in Archaeplastida, termed clade GET3a and GET3bc
(Appendices | Fig. 1A). While both clades maintain the GET3 characteristic ATPase
domain, only GET3a candidates comprise binding sites for GET1 and a methionine
rich GET3 motif. By contrast, transit peptides for mitochondrial or chloroplastic import
were found in GET3bc (Appendices | Fig. S1). Consistent with these findings,
subcellular localization of the three Arabidopsis GET3 orthologues using confocal laser
scanning microscopy (CLSM) and transmission electron microscopy (TEM) analysis
revealed AtGET3a targeting to the cytosol whereas AtGET3b localises to chloroplast
stroma and AfGET3c to the mitochondrial matrix (Appendices | Fig. 1B-L, S2).
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Further in silico analysis identified Arabidopsis orthologues of GET1 and GET4 which
were shown to localise to the ER membrane (AtGET1) or the cytosol (AtGET4) using
confocal imaging (Appendices | Fig. 2A-D, S7B).

To elaborate whether physical interaction between the Arabidopsis GET orthologues
exists, we used two different methods, the mating-based-split-ubiquitin system
(mbSUS) and the ratiometric bimolecular fluorescence complementation (rBiFC). We
observed homodimerization of AtIGET1 and AfGET3a as well as interaction of these
proteins with the other Arabidopsis GET pathway components except for AtGET3b or
AtGET3c, not even in a truncated, cytosolic version (Appendices | Fig. 2M, S3A-C).
Further interaction studies revealed several TA proteins as binding partners for
AtGET1 and AtGET3a for example the Qa-SNARE SYP123 (Appendices | Fig. 4A,
S6).

To address the issue if the Arabidopsis genes can functionally compensate the
temperature-sensitive growth defect of yeast Aget? and Aget3 loss-of function strains,
we explored heterologous complementation. Partial rescue of the growth defects in the
corresponding yeast mutant strains was observed for AIGET1 and AtGET3a but not
for AtGET3b or AtGET3c (Appendices | Fig. S5).

In contrast to the conditional lethal phenotype in yeast lacking GET pathway
components or the embryo lethality seen in mice lacking the GET3 orthologue TRCA40,
we did not observe any obvious growth defects. However, T-DNA insertion lines for
AIGET1, AtGET3a and AfGET4, but not AIGET3b or AtGET3c, showed altered root
hair growth. This decrease in root hair growth length was not further increased by
multiple crosses between these T-DNA insertion lines. Reintroduction the
corresponding genomic fragments allowed for a full recovery to wild type conditions

(Appendices | Fig. 3).

The root hair growth defect coincides with a reduced abundance of transcript and
protein levels of the root-hair specific Qa-SNARE SYP123 at the plasma membrane of
Atget1 and Afget3a lines which we observed using quantitative RT-PCR and

immunoblot analysis of membrane fractions (Appendices | Fig. 4B-D).

To understand the physiological relevance of the GET pathway in Arabidopsis,
AtGET3a-GFP overexpression lines were assessed in the context of an Atget1
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background. While overexpression of AfGET3a-GFP in Col-0 did not reveal any
obvious defect, abolishing the downstream capacity of the pathway results in dwarfed
plants accompanied by altered root, silique, and seed development (Appendices |
Fig. 5A-C, S7A, C-F). Further CLSM analysis revealed A{GET3a-GFP clusters which
probably remain in the vicinity of the ER. By contrast, AtGET4-mCherry overexpression
in Atget1 lines did not show these clustered foci (Appendices | Fig. 5D, S7B,
Movie S1 and S2).
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Chapter two: Endoplasmic reticulum membrane receptors of the GET pathway

are conserved throughout eukaryotes.

Asseck, L. Y., Mehlhorn, D. G., Monroy, J. R., Ricardi, M. M., Breuninger, H., Wallmeroth, N.,
Berendzen, K. W., Nowrousian, M., Xing, S., Schwappach, B., Bayer, M., Grefen, C., 2021,
PNAS

Comparing in silico sequence conservation of GET-pathway orthologues from yeast
and mammals to plants has been led to the identification of most components of an
Arabidopsis thaliana GET-pathway [see Chapter one: Xing et al., 2017]. However,
one of the two ER membrane receptor proteins, namely GET2/CAML, required for

TA protein insertion was not detected.

To address this issue, we performed an interaction screen in Arabidopsis using
immunoprecipitation of AIGET1-GFP with subsequent mass spectrometry (IP-MS). An
unknown membrane protein, G1IP (AtGET1 Interacting Protein), was identified
(Appendices Il Table 1). Despite its low sequence similarity to opisthokont
GET2/CAML, it showed a strong structural conservation such as a positively charged
cytosolic N-terminus and three transmembrane domains (Appendices Il Fig. 1A, S1A,
S$4, S6). It was also detected in our previous published IP-MS as an interaction partner
of AtGET3a-GFP (Xing et al., 2017) substantiating the presumption that this protein
may take part in the AtGET-pathway. Additionally, a close homologue of G1IP was
fished in the AtGET1-GFP IP-MS which we named G1IP-like (Appendices Il Table 1).
In contrast to G11P, G1IP-like was not found as an interaction partner of AtGET3a-GFP
(Xing et al., 2017).

GFP-G1IP and GFP-G1IP-like both co-localise with an ER marker, secRFP-HDEL in
A. thaliana, as confirmed by CLSM (Appendices Il Fig. 1C-J). To substantiate a
relation between these proteins and AtGET1 we investigated the expression pattern
throughout different tissues and developmental stages. G1IP showed similar
expression levels as AtGET1. By contrast, G11P-like is restricted to the inflorescence
(Appendices Il Fig. 1B). As the GET-pathway is an intricate system of proteins
interacting with one another sequentially, we analysed interaction of G1IP and G1IP-
like with the other AtGET-pathway components. rBiFC assays in Nicotiana
benthamiana leaf epidermal cells revealed that both proteins were able to interact with
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AtGET1 as seen in the IP-MS, but not with AtGET3a or AtGET4 (Appendices Il
Fig. 1K-M, S2A-C). Co-immunoprecipitation (Co-IP) analysis performed in
Arabidopsis thaliana revealed that binding of G1IP to AtGET3a is dependent on the
presence of AtGET1. However, interaction between G1IP-like and AtGET3a was not
detected even in presence of AtGET1 (Appendices Il Fig. 1N-P).

As previously reported, loss of AtGET-pathway components compromises root hair
growth (Xing et al., 2017). To test whether this is the case for G1IP or G1IP-like, we
examined loss-of-function lines. We observed impaired root hair growth in g7ip
mutants phenocopying the Atget? T-DNA insertion line. Expression of a genomic
sequence of G1IP restores normal root hair growth. Additionally, the phenotype was
not enhanced further in Afget1/g1ip double mutants. By contrast, g7ip-like mutants
showed no significant difference to Col-0 in root hair length growth (Appendices Il
Fig. 2A-B).

To assess whether both genes are functionally conserved, we tried to complement the
heat stress induced yeast phenotype of Agetiget2 strains. Only coexpression of
AtGET1 and G1IP but not G1IP-like partially restored yeast viability. Additionally, we
observed that receptor partners from the same species were more efficient than
heterologous partner receptor combinations (Appendices Il Fig. 2C-D).

To determine the association between the two receptor proteins, we used rBiFC and
Co-IP. We demonstrated that G1IP is interacting with A{GET1via its TMD and not its
cytosolic domain (Appendices Il Fig. 3A-D, S2D-E).

Finally, we assessed whether the conserved cluster of positively charged amino acids
near the N-terminus of G1IP has an influence on TA protein insertion. To address this,
we analysed the in vitro insertion of opsin-tagged human Syntaxin5 in pancreatic rough
microsomes in the presence of recombinant cytosolic fragments of WRBcc (coiled
coil), AtGET1cc, CAMLcyt (cytosolic N-terminus), G1IPcyt, or its charge reversed
version G1IP*Ecyt. Syntaxin5 insertion was disturbed by the positive controls (WRBcc,
CAMLcyt) while AtGET1cc had no effect. Similar to the mammalian CAMLcyt, insertion
of the TA protein was diminished by G1IPcyt while mutation in the N-terminal
conserved cluster (G1IP*Ecyt) reversed this effect to an almost normal insertion pattern
(Appendices Il Fig. 3E-G).
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Chapter three: Conservation of SND2 in plants

Mehlhorn, D. G. and Grefen, C., unpublished manuscript

As described in Chapters one and two, loss of GET pathway function causes reduced
root hair length, yet no pleiotropic phenotypes had been observed. Such mild
phenotypes question if GET is indispensable in TA protein insertion in plants. Quite
recently, a backup system for the GET pathway has been found in yeast and later
mammals (Aviram et al., 2016; Hassdenteufel et al., 2017). The SRP-independent
(SND) pathway was shown to facilitate insertion of moderately hydrophobic membrane
proteins that lack an N-terminal SS and can compensate for the loss of SRP- and GET
pathway (Aviram et al., 2016; Casson et al., 2017; Hassdenteufel et al., 2017).
However, whether there is an SND pathway in plants possibly explaining the mild

phenotype remains unknown.

For that reason, we investigated a possible conservation of the SND pathway using in
silico sequence comparison and observed similar results as in mammals: no SND1 or
SND3 orthologues. However, two SND2 orthologues, which we designated AtSND2a
and AtSND2b can be found. Both proteins localize to the ER (Appendices Il Fig. 1C-
M), but comparison of expression patterns revealed that AtSND2a is upregulated in
siliques while AtSND2b showed strong and almost ubiquitous distribution in most

tissues (Appendices lll Fig. B).

As the obvious interaction partners SND1 and SND3 were not found, we used
ratiometric bimolecular fluorescence complementation (rBiFC) to investigate possible
physical interaction partners of AtISND2a and AtSND2b such as translocon associated
proteins and the GET pathway. We observed homo- and heterodimerisation among
both SND2 proteins as well as interaction with translocon subunits and auxiliary
proteins. Moreover, AtGET1 was found to interact with AtSND2a but not with AtSND2b
(Appendices lll Fig. 2). Analysis of T-DNA insertion lines should provide further
insights in the relationship with the AtGET-pathway in regard to the root hair phenotype
of Atget1 mutants. Single loss-of-function lines do not display a discernible effect on
plant growth despite slight reduction in root hair growth for Atsnd2a. In contrast to the
synthetic lethal phenotype of Aget/snd yeast strains, we did not observe such an effect
in Arabidopsis Atget1/AtsndZ2a or Atget1/Atsnd2b double mutant lines. Instead, double
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mutants between Atsnd2a or Atsnd2b and Atget1 phenocopied the Atget1 single
mutant root hair growth defect (Appendices lll Fig. 3A).

To investigate whether AtISND2a and AfSND2b can functionally substitute for the loss
of each other, we analysed their transcript levels via qRT-PCR but did not detect a
compensatory effect on the remaining homologue (Appendices Ill Fig. S2C-D).
However, crossings of the single mutants displayed altered silique growth and
decreased numbers of ovules (Appendices Ill Fig. 5C-D). In addition, segregation did
not follow the Mendelian transmission ratio. A reduced amount of double homozygous
progeny was observed, all dying at early seedling stages (Appendices lll Fig. 4A and
Table 1).

First insights on putative biochemical functions were provided by immunoprecipitation
of AtSND2a-GFP and AtSND2b-GFP followed by mass spectrometry. Our results
implicate both AtSND2a and AtSND2b as part of an intricate system for translocation
processes (Appendices lll Fig. 6B and Table S1).

In addition, AtSND2a interacts with many proteins associated to stress response. To
further study this finding, we treated plants with the drug Tunicamycin, blocking
N-glycosylation, and found that AtISND2a but not AtISND2b transcription is increased
upon ER-stress (Appendices lll Fig. 6C-D).
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Chapter four: 2in1 vectors improve in planta BiFC and FRET analyses

Mehlhorn, D. G., Wallmeroth, N., Berendzen, K. W., Grefen, C., 2018, Methods Mol Biol

Translocation of proteins rely on complex protein-protein interactions (PPIs).
Chaperones need to bind clients and guide them to sophisticated translocon or
insertase machineries which are composed of various proteins themselves. Therefore,
analysis of these processes on a bio-molecular level requires the understanding of

these interactions.

Here we demonstrated the interaction of three putative SEC61 translocon subunit
homologues based on three different techniques to study PPls improved by an
incorporated 2in1-cloning approach. Three sets of homologues of the central pore
Sec61a as well as the two subunits Sec61B and Sec61y are encoded in the
Arabidopsis thaliana genome. Implementing our improvements on ratiometric
Bimolecular Fluorescence Complementation (rBiFC), FRET Acceptor Photobleaching
(FRET-AB) and Fluorescence Lifetime Imaging (FET-FLIM) we showed physical
interaction of AfSEC61a1 with A{SEC61B1 and AfSEC61y1, respectively
(Appendices IV Fig. 3, Fig. 4).
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DISCUSSION

Conservation and differences of the GET pathway in plants

Tail-anchored (TA) proteins encompass proteins with a variety of subcellular
distributions and great importance in different cellular processes such as vesicle
trafficking, protein translocation or regulation of transcription. In Arabidopsis, around
500 TA proteins were predicted (Kriechbaumer et al., 2009) with most of them
translocating first to the ER before sorting to target membranes. A translocation
machinery of ER-destined TA proteins called GET pathway was discovered in
mammals and yeast (Stefanovic and Hegde, 2007; Schuldiner et al., 2008) yet an exact
mechanism in planta remained to be determined. A high degree of evolutionary
conservation was assumed, and only three research articles mentioned putative
homologues of the human TRC40 or yeast Get3, respectively, in Chlamydomonas
reinhardtii (Formighieri et al., 2013) and in Arabidopsis thaliana (Abell and Mullen,
2011; Duncan et al., 2013). In the research article “Loss of GET pathway orthologs in
Arabidopsis thaliana causes root hair growth defects and affects SNARE abundance”
(Xing et al., 2017), we discovered associated homologues of an Arabidopsis
GET-pathway. However, intriguing differences among archaeplastidic GET
components compared to Opisthokonts can be observed.

The Pretargeting complex

Based on sequence comparison, it is likely that AtGET4 is a first constituent of a
putative Arabidopsis TA protein pretargeting complex. This notion is further supported
as it is an interaction partner of AtGET3a and the loss-of function mutant displays the
same phenotype as other AfGET mutants suggesting it as part of the pathway
(Appendices | Fig. 2M, Fig. 3).

In yeast, it was demonstrated that Get4 is strongly associated with Get5 (Chartron et
al., 2010) and this complex mediates transfer of TA proteins from Sgt2 to Get3 (Wang
etal., 2010). Interaction between Sgt2 and the Get4/Get5 complex is mediated by Get5
(Chartron et al., 2011) while Get4 interacts directly with an ATP-bound, closed dimer
form of GET3 (Gristick et al., 2015). In plants, such a pretargeting system is still elusive
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although putative orthologues for Get5 (UBQ12, At1g55060) and Sgt2 (TPRS,
At49g08320) were suggested by Srivastava et al. (Srivastava et al., 2017).
Nevertheless, the two assumed proteins were not characterized further. UBQ12 is
thought to be a pseudogene, as it possesses three in-frame stop codons in the ubiquitin
repeats (Bachmair et al., 2001), therefore its assumed role in the AtGET-pathway is
questionable given the lack of experimental evidence. Moreover, the ubiquitin-like
domain present in Get5/UBL4A can be found in a wide range of proteins in Arabidopsis.
Similarly, based on sequence comparison we observed not only TPR8 but multiple
Sgt2/SGTA orthologues in Arabidopsis. This truly complicates determination of a plant
pretargeting complex as many candidates need to be tested for their contribution, and
they potentially act redundantly. It makes it also plausible that in plants, protein

pretargeting requires various ubiquitin family proteins and not just a single candidate.

Mammalian pretargeting with the additional BAG6 is mechanistic distinguishable from
yeast (Mariappan et al., 2010). Here, TRC35 (Get4) — UBL4A (Get5) interaction is not
direct but mediated by BAG6 (Kuwabara et al., 2015; Mock et al., 2015). Furthermore,
BAGG is implicated as a hub for ubiquitin-mediated quality control. It recruits the BAG6-
associated E3 ubiquitin ligase RNF126 (ring finger protein 126) which further
ubiquitinates defective polypeptides for proteasomal degradation, thereby connecting
SGTA to ER-associated degradation (ERAD) (Akahane et al., 2013; Kawahara et al.,
2013; Leznicki et al., 2013). This process can be regulated by SGTA antagonizing
ubiquitination and stabilising target proteins (Wunderley et al., 2014). Neither in yeast
nor in plants such a mechanism has been reported. While an orthologue of BAG6 is
lacking in yeast (Leznicki et al., 2013), the putative homologue At2g46240 in
Arabidopsis is involved in responses to pathogen attacks by triggering autophagy (Li
et al., 2016). However, knowledge about its role in a plant GET pathway is currently
pending yet its existence suggests a link between quality control and translocation

pathways in plants as well.

It has been shown that although there is a general mechanistic difference in yeast and
mammal pretargeting complexes, the function in TA protein capturing appears to be
conserved (Zhang et al., 2021). This leads to the hypothesis that a similar functional

conservation may exist in plants.
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Divergence of GET3 protein sequence

In Arabidopsis thaliana, three different GET3 proteins were identified (AtGET3a,
AtGET3b and AtGET3c). Comparing the sequences of these three paralogues
revealed two distinct clades (GET3a and GET3bc) present in Archaeplastida and SAR
supergroup but not in Opisthokonts and Amoebozoa indicating a duplication event in
the evolution of eukaryotes (Appendices | Fig. 1)(Xing et al., 2017; Farkas et al., 2019;
Mehlhorn et al., 2021). However, orthologues of AfGET3c seem to be
Brassicaceae-specific whereas several copies of AIGET3b orthologues exist in other
plant species as well (Bodensohn et al., 2019; Mehlhorn et al., 2021). GET3 of clade
a are cytosolic proteins comprising a Get1 and Get4 binding motif as well as an
ATPase motif. Consistent with this finding, AtGET3a interacts with AtGET4 and
AtGET1 (Appendices | Fig. 2M). The notion that A{GET3a is a functional orthologue
is further substantiated by its ability to interact with TA proteins and its depletion leads
to reduced SYP123 (Appendices | Fig. 4) and SYP72 abundance within the plasma
membrane (Srivastava et al., 2017; Xing et al., 2017).

The CxxC motif is necessary for the coordination of a zinc ion and dimer formation in
mammals and yeast (Metz et al.,, 2006; Gunes Bozkurt and Karsten Rippe 2009;
Mehlhorn et al., 2021). By contrast, it is missing in AtGET3a. Still, AtGET3a retains the
ability to form dimers (Appendices | Fig. 2M). Instead, in plant GET3a proteins an
ExxE motif and additional acidic residues adjacent to the site that usually bears the
CxxC motif in other species’ sequences may take over metal ion coordination and
dimer stabilization. Moreover, an approximately 30 amino acid long, strongly charged
extension was only found in the GET3a clade and is suggested to be involved in
dimerization (Farkas et al., 2019; Mehlhorn et al., 2021). The cysteine arrangement
within yeast Get3 was thought to be reminiscent of the bacterial ATP-independent
chaperone Hsp33 (Voth et al., 2014). It has been demonstrated that Get3 indeed can
act as an ATP-independent chaperone under oxidative stress conditions protecting
unfolded proteins against aggregation (Powis et al., 2013; Voth et al., 2014).

Interestingly, the CxxC motif can be found in the clade bc. However, we did not observe
complementation of the stress induced yeast Aget3 phenotype by AfGET3b or
AtGET3c not even in their truncated cytosolic variants (Appendices | Fig. S5B). This

leads to the suggestion that both proteins might have another function. Partial rescue
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was observed from A{GET3a supporting the idea that despite lacking the CxxC motif
it retained the chaperone function. It is likely that a difference in AtGET3a structure,
metal ion coordination or ability to interact with yeast co-chaperones is the reason for
a partial rescue. Nevertheless, such a dual function of AIGET3a in Arabidopsis has not
been proven experimentally. Another indication for a dual function, probably as
chaperone, might be provided by the overexpression experiment of AtIGET3a in the
Atget1 mutant background. Overexpression of AtGET3a-GFP, but not AtGET4-
mCherry induced the formation of clusters in the absence of AtGET1 (Appendices |
Fig. 5D, S7B, Movie S1 and S2). A similar effect was observed for yeast Get3
overexpressed in the absence of its receptor (Schuldiner et al., 2008). This phenotype
was shown to be connected to Get3 chaperone holdase function for even
non-TA proteins (Schuldiner et al., 2008; Powis et al., 2013; Voth et al., 2014).
Protection was enhanced by an at least fourfold molar excess of Get3 which is in line
with our finding that in Arabidopsis the aggregate-like structures probably occurred
dose dependently on AtGET3a-GPF expression in Atget1 background. We exclude
that the clusters, which are localized in proximity to the ER, are AtGET3a bound to the
recently discovered G1IP receptor as we observed no interaction between Af{GET3a
and G1IP in the absence of the co-receptor AtGET1 (Appendices Il Fig. 1N-O).

Up to date, the organellar function of AtGET3b and AtGET3c is not understood. A
homologue of AfGET3b is the arsenite transporter in Chlamydomonas reinhardtii
(CrArsA1). It was shown that CrArsA1 supports the delivery of chloroplast destined
TA proteins to the plastid outer envelope membrane (OEM) (Maestre-Reyna et al.,
2017). Contradictory, it was proposed to be a cytoplasmic protein (Formighieri et al.,
2013) although its N-terminal sequence clearly features an organellar transit peptide
similar to other GET3bc clade homologues (Xing et al., 2017; Lin et al., 2019).
AtGET3b features an N-terminal transit peptide, and its subcellular localization is
restricted to the stroma of chloroplasts (Appendices | Fig. 1E-G). This localization
clearly precludes a possible involvement in TA protein delivery to the OEM. However,
it is speculated that it might be involved in TA protein translocation to the inner
envelope membrane or thylakoids (Anderson et al., 2019; Bodensohn et al., 2019).
AtGET3b does not bind AtGET1 but it would be interesting to see if it associates with
AlIb3, a Get1 orthologue which is involved in membrane protein biogenesis in

endosymbiotic organelles (Anghel et al., 2017; McDowell et al., 2021). In spite of

31



Discussion

AtGET3b lacking the Get1-binding motif, it might be plausible that AtGET3b-Alb3

interaction requires a different binding motif, of currently unknown sequence.

AtGET3c was proposed to localize to the mitochondrial outer membrane (MOM)
(Duncan et al., 2011; Duncan et al., 2013), however we demonstrated a clear matrix
localization which is in compliance with its transit peptide (Appendices | Fig. 1H-L).
GET3c variants are Brassicaceae-specific while in Fabidae some GET3b homologues
were predicted to localize to mitochondria as well (Bodensohn et al., 2019). An
involvement in TA protein insertion into the inner membrane of mitochondria is
currently unknown (Mehlhorn et al.,, 2021). However, AtGET3c loss-of-function
mutants displayed no discernible phenotype which contradicts a housekeeping role,
as compromised mitochondrial protein biogenesis would lead to drastic phenotypes
(Boos et al., 2019).

As in chloroplasts, another Get1 orthologue of the Oxa1/Alb3/YidC family of insertases
is resident in the inner mitochondrial membrane (Oxa1) (Hennon et al., 2015) though
the AtGET3c sequence does not feature a Get1-binding motif it has not been tested to
interact with Oxa1 so far (Anghel et al., 2017; Farkas et al., 2019). Its function remains

to be determined.

The Arabidopsis thaliana GET1-G1IP receptor complex

In yeast, the TA protein/Get3 complex interacts with the ER-membrane via the
receptors Get1/Get2 where the final step of translocation is initialized (Wang et al.,
2014). The metazoan homologue of Get1 is WRB (Vilardi et al., 2011) while a direct
homologue of ScGet2 was not identified. Instead, CAML functionally replaces ScGet2
in metazoans (Yamamoto and Sakisaka, 2012). Similarly, an evolutionary conserved
AtGET1 was found in Arabidopsis thaliana (Srivastava et al., 2017; Xing et al., 2017)
yet no sequence homologue for Get2 or CAML. In the research article: “Endoplasmic
reticulum membrane receptors of the GET pathway are conserved throughout

eukaryotes.” (Asseck et al., 2021), we present a functional equivalent, termed G1IP.

G1IP does not have a high level of amino acid similarities but shares important features
with ScGet2 and CAML. It comprises three TMDs with a long cytosolic N-terminus and
a luminal C-terminal region (Schuldiner et al., 2008; Yamamoto and Sakisaka, 2012;
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Asseck et al., 2021). Furthermore, a basic N-terminal region supposedly representing
the binding site for Get3/TRC40 (Stefer et al., 2011; Yamamoto and Sakisaka, 2012)
can be found in G1IP which all together makes it plausible that it might be a remote
homologue of ScGet2/CAML. This notion is further supported as in silico alignment
with these features of CAML as query led to the discovery of a close sequence
homologue of G1IP in Arabidopsis lyrata [Accession |D: EFH45527] (Borgese, 2020).

The motif conservation between G1IP and CAML/Get2 point to a co-selection, enabling
its functional conservation and suggests that it shares a common evolutionary origin
with CAML and ScGet2. This thesis is further supported as phylogenetic analysis of
G1IP points to early divergence of the Get2 proteins (Appendices Il Fig. 4).

Besides its structural similarities, G1IP localises at the ER membrane and is
constitutively co-expressed with AtGET1 throughout plant development, consistent
with its supposed role as a co-receptor of AtGET1 (Appendices Il Fig. 1B-J). This is
further corroborated as g7ip lines display the same phenotype as other get mutants
(Appendices Il Fig. 2B) (Xing et al., 2017; Asseck et al., 2021). Additionally, G1IP
physically interacts with AtGET1 via its TMDs and not the cytosolic N-terminal domain
which in turn might be important for interaction with AtGET3a (Appendices Il Fig. 3A-
D, S2D-E).

In yeast, the Get2 cytosolic domain can bind Get3 (Stefer et al., 2011). Intriguingly,
G1IP only binds to AtGET3a in Col-0 but fails to interact in Atget1 mutants indicating
that AtGET1 is needed to bridge or stabilise the physical interaction (Asseck et al.,
2021). It might be possible that AtGET1 leads to conformational changes in G11P which
favours AtGET3a binding sites. In contrast, it has been reported in yeast that Get1 and
Get2 can simultaneously bind Get3, despite some overlapping binding sites which
compete for binding. It seems that Get1 displaces some Get2 interaction sites with
Get3 (Stefer et al., 2011). In mammals, it was demonstrated that WRB and CAML
compete for the interaction with TRC40 as well (Yamamoto and Sakisaka, 2012). Thus,
we propose that the mechanism behind the interaction of the plant GET-receptor and
AtGET3a might differ from yeast and mammals.

Another difference can be observed in the coregulation between the two receptor
subunits. Correct integration of the TMDs of CAML into the ER membrane is dependent
on WRB in mammals. Depleted WRB causes incorrect incorporation of the second
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TMD of CAML into the membrane. This leads to exposure of these domains to the ER
lumen and triggers direct protein degradation (Carvalho et al., 2019; Inglis et al., 2020).
It has also been noted that the coregulation of both receptor subunits might be partially
occurring on transcriptional level (Colombo et al., 2016; Rivera-Monroy et al., 2016;
Inglis et al., 2020). Our data do not support the strict coregulation on protein level, as
we do not observe instability of G1IP in the absence of AtGET1 indicating another
mechanism of regulation compared to mammals (Appendices Il Fig. 10). However,
we cannot exclude an alteration on transcriptional level as G1IP was ectopically
expressed under the control of the RPS5a promoter (Appendices Il Fig. 1N).

Conversely, whether the interaction of AtGET3a with AtGET1 depends on G1IP is
currently not proven experimentally in Arabidopsis thaliana. Nevertheless, AtGET3a
interacts with AtIGET1 (Appendices | Fig. 2M) but not G1IP (Appendices Il Fig. 1L)

in N. benthamiana suggesting that the interaction might be independent.

It is noteworthy that in mammals, membrane integration of WRB is not directly related
to CAML. In the absence of the co-receptor, accurate integration of WRB into the ER
membrane still occurs. However, WRB is degraded afterwards as an unfunctional
orphan subunit (Colombo et al., 2016; Carvalho et al., 2019; Inglis et al., 2020). This
clearly has to be tested in plants.

CAML and ScGet2 have been co-selected with a positively charged region within the
N-terminus (Borgese, 2020) which is also present in G1IP comprising three arginines
and one lysine (Appendices Il Fig. 3E). In Opisthokonts, the basic residues are
important for the interaction with ScGet3 and TRC40 as reverse-charge mutagenesis
abolishes binding and interferes with TA protein insertion (Stefer et al., 2011;
Yamamoto and Sakisaka, 2012). It was also shown that the cytosolic N-terminus of
CAML alters TA protein insertion (Yamamoto and Sakisaka, 2012). The native
cytosolic domain of G1IP but not the site-directed substitution mutant version with a
reversed charge in the basic region showed a similar inhibition of the mammalian TA
protein translocation machinery (Appendices Il Fig. 3G). Thus, we concluded a
conserved role for this region in binding TRC40. We suggest that in G1IP the
interaction is based on the positively charged clusters forming ionic interactions with
conserved negatively charged regions in AtGET3a as shown for the interaction
between Get2 and Get3 (Mariappan et al., 2011; Stefer et al., 2011).

34



Discussion

While the coiled-coil domain of WRB does interfere with TA protein insertion (Vilardi et
al., 2011) in mammals, Arabidopsis GET1 coiled-coil domain has no effect on the
mammalian insertion system (Appendices Il Fig. 3F). We suggest that probably
functional residues or binding sites for A{GET3a in AtGET1 differ from those of its
mammalian orthologue. These divergences are noticable in complementation assays
in yeast as well. Merely a partial rescue of the ScGet1/ScGet2 loss-of-function mutant
phenotype was achieved by AtGET1 and G1IP (Appendices Il Fig. 2C-D) whereas
WRB and CAML can fully restore the function of the yeast receptor complex in vivo
(Vilardi et al., 2014). Inter-kingdom rescue combinations of AtGET1 and ScGet2 or
ScGet1 with G1IP are not as efficient as intra-kingdom combinations of the proteins
(Appendices Il Fig. 2D) indicating that no fully functional receptor complex can be
established. It further indicates that functional domains might be conserved within the
proteins of a species which cannot be surrogated by the inter-species proteins.

Complementation seems to be slightly stronger when AtGET1 and ScGet2 are co-
expressed compared to ScGet1 with G1IP (Appendices Il Fig. 2D). This observation
is in line with a similar experiment where heterologous receptor partners of WRB with
ScGet2 can rescue the yeast mutant growth defect while co-expression of ScGet1 with
CAML fails under most conditions (Vilardi et al., 2014). This suggests, that the
eukaryotic Get2/CAML/G1IP is probably more strongly diverged during evolution
becoming more specialized in their function compared to the more conserved
Get1/WRB/AtGET1.

The homologue G1IP-like

In our AfGET1 interaction screen a protein similar in structure of G1IP was fished,
hence termed G1IP-like. Just like G1IP, it localises at the ER membrane (Appendices
Il Fig. 1G-J) and shares a cluster of basic residues in its N-terminal region
(Appendices Il Fig. S6). However, the phenotype of g7ip-like does not reflect the short
root hair phenotype of Atget mutants and it fails to complement the ScGet1/ScGet2
loss-of-function phenotype together with AtGET1 (Appendices Il Fig. 2B-C).
Furthermore, its expression profile shows a non-ubiquitous pattern with distinct
transcriptional activation in flowers (Appendices Il Fig. 1B). Thus, we infer that G1IP

but not G11P-like is forming a GET-receptor complex with AtGET1 in plants.
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Nevertheless, G1IP-like expression in flowers and its similarities to G1IP make it likely
that it adopts a similar function in flowers. At least in pollen this assumption can be
rejected as the pollen specific SYP72 needs AtGET3a for proper insertion into the ER
membrane (Srivastava et al., 2017). However, G1IP-like does not interact with
AtGET3a despite its sequence similarity to G1IP, not even in the presence of A{GET1
(Appendices Il Fig. 1M, S2C). Therefore, we conclude that G1IP-like is most likely not
involved in SYP72 translocation which also substantiates our conclusion that G1IP-like

is not forming a GET-receptor for AtGET3a.

Currently a functional analysis of G1IP-like is still missing. Interaction screens of
G1IP-like in an Atget1 background with Col-0 as control or in an irreversibly bound
complex with AtGET1 (utilizing split YFP) might hint on its functionality or substrates.
Furthermore, characterization of g7ip-like mutants with focus on flower development

might reveal specialized functions.

Is GET the dominant pathway in plants?

So far, the GET pathway is considered as the main route for post-translational insertion
of TA proteins into the ER. Contrarily, there is evidence that challenged this suggestion.
As TA proteins are numbered among approximately ~3-5% of all IMPs, maintaining
vital cellular processes (Abell and Mullen, 2011), abolished translocation would
certainly lead to very pronounced phenotypes. This suggestion is in line with
observations made in mammals. An altered TRC (GET) — pathway interferes with
TA protein translocation and knockouts of TRC40 leads to embryo lethality in mice
(Mukhopadhyay et al., 2006; Favaloro et al., 2010) while severe organ defects in
induced trc40 or wrb mutants was shown (Lin et al., 2016; Norlin et al., 2016; Vogl et
al., 2016). Contrary, yeast get loss-of-function strains are viable under non-stress
conditions (Schuldiner et al., 2008). Lethality is only observed under applied oxidative
stress but considered to be related to an additional function of Get3 as chaperone of
unfolded soluble proteins (Voth et al., 2014). From this one could suppose an
indispensability of the TRC-pathway in multicellular Opisthokonts for survival.

This conclusion must be rejected for other multicellular organisms such as plants. In

Arabidopsis thaliana, despite elevated ER-stress levels (Srivastava et al., 2017) and
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reduced root hair length (Appendices | Fig. 3) no discernible pleiotropic phenotype as
for example seedling or embryo lethality was observed. However, strong phenotypes
could be expected as seen in TA protein mutants such as the cytokinesis-specific
SNARE KNOLLE (Lauber et al., 1997). Furthermore, merely two TA proteins have
been experimentally demonstrated to be GET-pathway dependent in plants. In Atget1
or Atget3a mutants, translocation of the root hair specific SNARE SYP123 is altered
but not completely abolished (Appendices | Fig. 4B-C) suggesting that it is not solely
dependent on AtGET and alternative routes may exist. Similarly, the pollen specific
SYP72 protein level is reduced but still detectable in microsomal fractions in Atget3a

mutants and no pollen-related phenotype was observed (Srivastava et al., 2017).

Interaction analysis by rBiFC and mbSUS revealed that there are TA proteins in plants
which do not interact with A{GET3a or AtGET1 such as SYP43 or the
sucrase/ferredoxin-like family protein At5g40510 (Appendices | Fig. 4A, S6).
Moreover, only 23 out of approximately 500 predicted TA proteins (Kriechbaumer et
al., 2009) interacted in an IP-MS screen with AtIGET3a-GFP (Appendices | Fig. S6B)
suggesting that in plants the GET-pathway might not play a major role in TA protein
insertion and alternatives must exist. This is in line with analysis from yeast where only
two out of 46 potential client TA proteins showed severe defects in get loss-of-function

strains (Rivera-Monroy et al., 2016).

Alternative pathway(s) provide the possibility of secure, robust, and high-fidelity
translocation of TA proteins. Consequently, strong defects could be avoided in case
proteins are not inserted correctly or one path is disrupted. One example is presented
by the yeast SRP-independent (SND) pathway. Its broad client spectrum allows for
compensation of the function for both, SRP- and GET-pathway (Aviram et al., 2016).
Furthermore, the GET pathway can lead mistargeted mitochondrial proteins through
the ER for re-import into mitochondria via the ER- surface retrieval pathway (Hansen
et al., 2018; Xiao et al., 2021). In plants, the distribution of TA proteins is even more
challenging compared to other eukaryotic cells because of the additional
endomembrane compartment. Therefore, the existence of various insertion pathways
is plausible. Concluding from our data described in ‘Conservation of SND2 in plants’
[Mehlhorn et al., manuscript: unpublished] it seems evident that alternative or

redundant routes have evolved in plants as well.
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Conservation of the SRP-independent (SND) pathway

The yeast SND pathway comprises three proteins, SND1-SND3. While no homologue
for SND1 and SND3 was found in neither mammals nor plants, SND2 seems to be
conserved in humans and Arabidopsis (hSND2/AtSND2b) (Zhao et al., 2013;
Hassdenteufel et al., 2017). The lack of SND1 and SND3 in other eukaryotic organisms
raises the possibility that (i) there was an early divergence and only structural-
functional conservation occurred as seen for the example with Get2/CAML/G1IP
(Borgese, 2020), (ii) both proteins are functionally dispensable, or (iii) the mechanism
changed and distinct proteins can carry out the function.

Surprisingly, in Arabidopsis, we found a second SND2 protein (AfSND2a) which seems
to be Brassicaceae specific thus we infer that it might be a remnant of the last genome
duplication event (Mabry et al., 2020; Walden et al., 2020) (Appendices lll Fig. 1A).
Both proteins probably have four transmembrane domains and are localising to the ER
membrane (Appendices lll Fig. 1C-M, S1) which is in line with data from ScSND2 and
hSND2 (Aviram and Schuldiner, 2017; Hassdenteufel et al., 2017). However, only
AtSND2b showed an almost ubiquitous expression pattern which would be expected
for proteins involved in translocation. Contrarily, AtSND2a is only highly expressed in
siliques (Appendices lll Fig. 1B). Therefore, it is plausible that AtSND2b and not
AtSNDZ2a is more important for general physiological processes. It further suggests
functional specialization of AfSND2a in siliques. Siliques are only found in
Brassicaceae (Robles and Pelaz, 2005; Pabon-Mora et al., 2014) possibly explaining
the duplication of AfSND2.

We did not observe a compensation on transcriptional level in case one of both genes
was missing (Appendices lll Fig. S2C-D). This would speak against redundancy.
However, we have evidence that supports the notion of at least partial functional
redundancy. Data from an IP-MS analysis shows that both proteins share a large pool
of interaction partners, suggesting overlapping function (Appendices Ill Fig. 6A,
Table S1). Moreover, crosses of loss-of-function lines of Atsnd2a and Atsnd2b
severely effect plant vitality when both proteins are missing while in single- or
homozygous/heterozygous mutant lines no discernible phenotype can be detected
(Appendices lll Fig. 4A). Thus, we conclude that partial redundancy is most likely.
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In yeast, the SND-pathway was reported to insert nascent proteins with a central TMD
in the ER membrane and it compensates for the loss of SRP- and GET-pathway
(Aviram et al., 2016). In humans, hSND2 provides a different, supposedly redundant
targeting route to the ER (Aviram and Schuldiner, 2017; Casson et al., 2017;
Hassdenteufel et al., 2017). It has been noted that depletion of hSND2 induces the
upregulation of the transcript level of SRP-receptor subunits SRa and SR
(Hassdenteufel et al., 2017). Although we do not see such an effect in plants
(Appendices lll Fig. S3C-D), we cannot rule out masking of the effect since partial
redundancy of AtSND2a and A{SND2b in single knockout experiments. Nevertheless,
we conclude that there is no upregulation of putative SRP-receptor homologues in
single Atsnd2a or Atsnd2b mutants. Similarly, we do not see an up- or downregulation
of GET-pathway components in those mutants or vice versa (Appendices lll
Fig. 3B-E). In humans a slight downregulation of hSND2 was detected on
transcriptional level but an upregulation on protein level in a WRB depleted system
(Hassdenteufel et al., 2017). So far, we did not test the Atsnd2a or Atsnd2b protein
level in an Atget mutant background. In case A{SND2 could compensate the loss of
Atget1 similar to mammals, upregulation on protein level would be expected as well.
However, as there already is a difference on transcriptional level compared to
mammals, unchanged protein level could be just as plausible. In that case, both

pathways might not compensate each other in plants.

As both the ScSND-pathway and hSND2 have been shown to provide an alternative
targeting route to the ER (Aviram et al., 2016; Hassdenteufel et al., 2017), we propose
a similar function of the Arabidopsis SND2 proteins. This notion is further supported
through interaction partners of both proteins identified in our IP-MS analysis and their
involvement in translocation (Appendices lll Fig. 6B and Table S1). Similar
interaction partners have been reported in humans (Hassdenteufel et al., 2017).

Therefore, we propose that both proteins have a function in protein translocation.

As mentioned above, deletion of both SND and GET genes is lethal in yeast (Pan et
al., 2006; Aviram et al., 2016). Contrarily, in Arabidopsis, deletion of Atsnd2a/Atget1 or
Atsnd2b/Atget1 does not affect overall viability of the plants. The double mutants
phenocopy the reduced root hair growth of single Atget1 mutants (Appendices Il
Fig. 3A). Potential partial redundancy of AtSND2a and AfSND2b might conceal a

possible effect though we suggest that SND and GET do not functionally compensate
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each other. This is corroborated by our IP-MS analysis of AtSND2 proteins which
identified only a small number of TA proteins among the interacting proteins.
Furthermore, compared to the IP-MS of our GET-proteins (Appendices | and Il) (Xing
et al., 2017; Asseck et al., 2021) there was little overlap of other interacting proteins.
This indicates that in Arabidopsis, SND2a and SND2b have other substrate specificity

determinants compared to GET.

Most striking is the pronounced phenotype of double mutants between Atsnd2a and
Atsnd2b which seems to be seedling lethal (Appendices lll Fig. 4A). While such a
drastic defect is expected for improper protein translocation, it implies that the SND-
pathway might be more important in plants than in yeast. Nevertheless, a substrate
specificity analysis is still missing which would be necessary to determine which
proteins take this possible route in plants. Based on the IP-MS data, appropriate
candidates must be determined and tested for their membrane abundancy or
mislocalisation in the loss-of-function lines. To circumvent the partial redundancy of
AtSND2a and AtSND2b a heterologous system (Asnd2 yeast strains +/- AtSND2)
might be necessary. A more biased approach to search for homologue candidates from
yeast or humans, known to be SND-dependent (Aviram and Schuldiner, 2017;
Hassdenteufel et al., 2017), was not successful. One might speculate if in plants

another substrate specificity exists.

AtSNDZ2a possibly has an additional function

It is noteworthy that differences between A{SND2a and AtSND2b have been observed.
Differences in expression pattern (Appendices Illl Fig. 1B), GET1 interaction
(Appendices lll 2), single mutant phenotype (Appendices lll Fig. 3A) and divergence
in the pool of potential interaction partners as identified in the IP-MS analysis
(Appendices lll Fig. 6A-B) lead to the hypothesis that AtSND2a might have an
additional function. In humans, hSND2 was reported to be involved in autophagy and
ER-stress responses (Zhao et al., 2013) beside its role in ER targeting (Hassdenteufel
et al., 2017). AtSND2a but not AtSND2b is induced upon Tunicamycin treatment and
seems to interact with autophagy and ER-stress response related genes (Appendices
lll Fig. 6B-D, Table S1). This congruent observation leads to the conclusion that

AtSND2a might indeed have evolved a separate function distinct from A{SND2b.
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Consistently, hSND2 was quite recently shown to be transcriptionally regulated by
cellular oxygen levels and hypoxia-inducible factor-1a (HIF-1 a) (Lei et al., 2020).
hSND2 mRNA level was increased upon hypoxia condition (Lei et al., 2020). Again,
this is in line with the findings of AfSND2a induced by Tunicamycin since treatment
with the ER stress agent leads to a changed redox state within the cell (Ozgur et al.,
2014; Ozgur et al., 2015). Although a functional validation of hSND2 participation under
different oxygen condition has not been tested so far, it is tempting to speculate that it
might be related to an additional function in ER-stress response (Zhao et al., 2013)
and that AtSND2a but not AISND2b acquired this task. As a result of increased protein
secretion activity and therefore elevated protein folding demand in the ER during pollen
germination and/or pollen tube growth, reproductive cells experience enhanced ER
stress (Sato and Maeshima, 2019). Although we did not obtain a pollen tube growth
defect in our singe mutants and did not specifically test the mRNA level of both AtSND2
proteins in pollen, it is tempting to speculate that AtSND2a might be needed to cope

with the increased ER stress in those cells.

An association of hSND2 with the cytoskeleton has been observed (Lei et al., 2020).
hSND2 can interact with B-actin via an WH2 motif. Remarkably, AtSND2a but not
AtSND2b coimmunoprecipitates with AtACT11, the closest homologue of B-actin
(Appendices lll Table S1) which further supports the hypothesis that AtSND2a has
adopted similar function as hSND2. Drastic remodelling of cytoskeletal structures is
required during transitional developmental stages like gametogenesis,
embryogenesis, or seed formation (Luptovciak et al., 2017). As At{SND2a is expressed

in siliques, an association with the cytoskeleton might be plausible.

Similarly, root hair development is strongly connected to cytoskeletal rearrangement
(Bibikiva et al., 1999). Many actin isoform loss-of-function mutants display root hair
growth defects (Cvrckova et al., 2010; Kandasamy et al., 2012). Matching, single
Atsnd2a mutant displays a slight but significant reduction in root hair growth compared
to wild type. This observation favours the thesis, that AtSND2a is somehow connected

to the cytoskeleton.

It should not be neglected that based on our rBiFC experiment, only AtISND2a interacts

with AtGET1 (Appendices lll Fig. 2). Although the exact implication of these
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interaction is still elusive, it speaks again for an additional function in comparison to
AtSND2b.

Delivery of cargo to AtSND2

Targeting substrate to the putative SND2/SND3 receptor is supposed to be facilitated
by SND1 in yeast (Aviram and Schuldiner, 2017). In humans and plants, the proteins
involved in delivery of cargo to hSND2/AtSND2 are not discovered so far.
Nevertheless, several candidate genes can be proposed which may adopt this

function.

Insights may again be gained from yeast translocation systems. For the yeast GET-
pathway, Sgt2 is thought to be important for the translocation of TA proteins to the ER
membrane. Quite recently, a mechanism distinctive from the pretargeting complex,
involved in loading of Sgt2 with TA proteins has been discovered in yeast. The Hsp-70
like chaperone Ssa1 facilitates transfer of TA proteins from the ribosome to Sgt2
stimulated by the co-chaperone proteins Yfj1 and Sis1 [Cho et al., 2021; Cho and
Shan, 2018].

Since no SND1 homologue has been discovered in plants, yet, its function may either
be dispensable or other proteins may deliver preproteins to AtSND2. We observed an
interaction of both AtISND2a and At{SND2b with the putative Ssa1 homologue HSP70-2
(At5g02490) and the two putative Ydj1 homologues, ATJ2 (AT5922060) and ATJ3
(At3g44110) in our IP-MS analysis (Appendices Ill Table S1). Furthermore, it was
shown in mammals that the pretargeting proteins SGTA (homologue of Sgt2) or BAG6
are dispensable and TA protein targeting to the ER is still accomplished (Culver and
Mariappan, 2021). This speaks for the idea that other chaperones may take over this
function as it was seen for the EMC-pathway where chaperoning was preferably
mediated by calmodulin [Guna et al. 2018]. Hypothetically, it may be conceivable that
HSP70-2 and ATJ2/ATJ3 may play a role in delivery of cargo to At{SND2.
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Alternative pathways for TA proteins

Besides the GET- and SND-pathway, several other routes for TA proteins have been
described in Opisthokonts (Aviram and Schuldiner, 2017; Casson et al., 2017; Shan,
2019). The ER membrane complex (EMC) is another post-translational insertase for
TA proteins. Silencing EMC components alters successful integration of TA proteins in
mammals (Guna et al., 2018; Volkmar et al., 2019). Orthologues of all mammalian
EMC components can be found in Arabidopsis based on sequence homology (see
Introduction) but its role in plants is currently uncertain. Nevertheless, we found some
EMC homologues in the IP-MS interaction screen of AfSND2a and AfSND2b
(Appendices Il Table S1). Therefore, it is quite tempting to speculate that the
Arabidopsis EMC homologues are likewise involved in translocation. As it was
observed in mammals, some TA proteins are partially dependent on both EMC and
TRC40 pathways suggesting functional redundancy between these two pathways
(Guna et al., 2018; Volkmar et al., 2019). It might be possible that this overlap can also

be found in plants which possibly explains the mild Atget mutant phenotype.

Another post-translational pathway is provided by the SEC61 translocon itself in
cooperation with its auxiliary proteins SEC62/SEC63 (Abell et al., 2007; Wu et al.,
2019). In A. thaliana it has been reported that AfTRP7 together with AtfSEC62 and
AtErdj2 (AtSEC63) might act in post-translational translocation (Schweiger et al., 2012;
Schweiger and Schwenkert, 2013). Again, A{SEC62 and AfSEC63 were shown to
interact with AtSND2a and AfSND2b (Appendices lll Fig. 2, 6B) indicating that there

might be an overlap between these routes as well.

The chicken or the egg causality dilemma — or — which came first: translocon or

translocation *

A rather philosophical question is the start of translocation itself. It has been shown
that many translocon subunits of various translocation machineries are predicted
TA proteins (Kriechbaumer et al., 2009; Pedrazzini, 2009) therefore post-translational
insertion is required. A good example is the GET-pathway dependent model TA protein
Sec61p (Stefanovic and Hegde, 2007; Hassdenteufel et al., 2017). However, other

insertases for example those of the TA protein translocation machineries such as
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GET1 or most EMC proteins are multi-spanning membrane proteins of Type | or Il
which implies they need the translocon (Martinez-Gil et al., 2011; Shao and Hegde,
2011; Denks et al., 2014; Wang et al., 2014; Aviram et al., 2016; Guna et al., 2018).
Consequently, the question about the initial acquisition of minimal translocation
machineries required to permit the insertion is justified.

Apparently, insertion machineries rely on themselves as seen in the co-regulation
between Get1 and Get2 (Carvalho et al., 2019) or Sec61a (Knight and High, 1998).
However, when not readily available, other mechanisms must ensure their insertion. /In
vitro analyses suggest that a minimal combination of cytosolic HSP40 and HSP70-8 is
sufficient for ATP-dependent targeting and insertion of TA proteins in mammals (Abell
et al., 2007; Rabu et al., 2008). Another plausible possibility is unassisted insertion as
observed in mitochondria (Kemper et al., 2008) and in in vitro microsomal and
liposomal systems (Brambillasca et al., 2006). Proteins with long domains (85
residues) were tested and could insert unassisted across protein-free bilayers
(Brambillasca et al., 2006). Presumably, the unassisted translocation might be a valid

answer to this conundrum.

Contrary, some proteins are incapable to utilize unassisted integration because of their
tendency to aggregate in the cytosol before reaching the membrane (Brambillasca et
al., 2006) and in vivo studies to demonstrate the above mentioned unassisted insertion
are virtually impossible. It seems that our knowledge of insertion pathways is still too

limited to finally solve such a fundamental question.

Nonetheless, eukaryotes have evolved many possibilities to facilitate proper insertion
of membrane proteins not only to cope with the huge variety of proteins that must be
translocated but also to compensate in case one pathway is altered. Thus, there is a
lot to learn in terms of protein translocation and there might still be many targeting

pathways waiting for discovery.

* Note from the author: This question was original raised by Prof. Dr. Christopher Grefen in my first
practical course with him as supervisor and although | cannot give an appropriate answer, | hope after

all those years in his group this is a better reply than | gave him first.
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CONCLUSIONS AND PERSPECTIVES

Targeting and proper insertion of membrane proteins is crucial for maintaining cellular
homeostasis. Within this work we provide insights in the Arabidopsis GET-pathway, a
translocation machinery required for TA protein insertion. We could demonstrate that
it is a conserved pathway although G1IP, a part of the GET-receptor complex is only a
structurally conserved ortholog. We provided evidence that alternative routes for
TA proteins must exist in plants aside from the GET-pathway due to the weak
phenotype of corresponding loss of function lines. Therefore, we searched for
homologues of the SND-pathway, an alternative route for TA proteins to the ER
membrane recently described in yeast. Our data showed gene duplication of the SND2
homologue in Brassicaceae and the conclusion that both proteins are partially
redundant and involved in translocation. Contrary to yeast, we did not observe a lethal
phenotype when both SND and GET components are missing. Instead, double /oss-
of-function mutants between both A{SND2 proteins lead to a severe impact on plant
fertility. Here, a molecular dissection of the phenotype would help to discern the
changes caused by the absence of both genes. An in-situ immunostaining in early
seedlings or embryos, using a cytokinesis marker, a cell wall marker and a nucleus

marker will aid to discern the subcellular effects of the phenotype.

This should be accompanied by an analysis on substrate specificity. As it was shown
in yeast, the SND-pathway has a broad client spectrum (Aviram et al., 2016). It remains
to be seen whether Arabidopsis SND2s can provide an alternative route for proteins to
the ER and which cargos are dependent on a putative AtSND pathway. Based on that,
an elaborate bioinformatical analysis of the IP-MS data might show similarities on the
topology of interacting proteins. Candidates identified could be tested in biochemical
membrane insertion assays in the absence or presence of AtSND2 proteins, possibly
in a heterologous system as mentioned above (see Discussion: Conservation of the
SRP-independent (SND) pathway).

Homologues of SND1 and SND3 are still elusive, and it would be of interest to
experimentally demonstrate which proteins pair up with SND2 in plants. As discussed,
HSP70-2 and ATJ2/ATJ3 seem to interact with AtISND2 proteins. To test whether they
are able to deliver cargo to AtSND2, biochemical membrane insertion assays might be

helpful as well given that shared substrates were identified.
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To validate an additional function of AfSND2a compared to At{SND2b a focus on
Tunicamycin induced ER stress might be essential. Co-localization studies of AtSND2a
with a known autophagy maker under different stress conditions as well as a detailed
phenotypical analysis of the Atsnd2a single mutant compared to Atsnd2b mutants and
Col-0 with focus on reproductive tissues or different oxygen level might reveal

important findings.

Moreover, research on the Arabidopsis GET-pathway is still required as there are many
open questions. Up to date, a pretargeting complex including AtGETS and AfSGT2 are
predicted yet not experimentally proven. The conserved AtGET4 would provide a good
basis to search for other components upstream of AtGET1, G1IP and AtGET3a. Either
an IP-MS analysis using AtGET4-GFP as bait or a more biased screen using the
mating based Split Ubiquitin System (Grefen et al., 2009) to test sequence homologues
of GET5 and Sgt2 found in Arabidopsis would help to identity possible candidates
which then have to be further tested on their relation to the GET-pathway (e.g. root hair

phenotype).

The question remains why Archeaplastida evolved organellar variants of the GET3
ATPase and what function they may have. Interaction studies or screens might answer
this question. Additionally, a detailed analysis of the Atget3b and Atget3c mutants
especially with a focus on organellar specific phenotypes can provide functional clues.
Both proteins contain the CxxC motif (Xing et al., 2017) which is important for Get3
oxidative stress related chaperone function in yeast (Voth et al., 2014). Although both
proteins did not rescue the yeast Get3 phenotype, investigation of a similar chaperone

function within their compartments can be of great interest.

Furthermore, little is known on additional pathways for TA protein insertion in plants.
Although the EMC homologues would provide a more biased basis to study the
conservation of this pathway, interaction screens of different TA proteins to find
recurring interaction partners could probably lead to the identification of novel
pathways. We observed clear independency of the TA protein SYP43 from GET
rendering it a suitable candidate to search for additional pathways while the GET
dependent SYP72 or SYP123 could serve as control. Especially in a get mutant
background boosting alternative routes, one might find interesting candidates even
with SYP123 as it is not solely GET dependent.
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A big conundrum is the proper targeting and distribution of TA proteins to their various
destinations as they can be found in almost all cellular membranes (Abell and Mullen,
2011). Although huge progress in this area has been achieved in the past few years
(Maggio et al., 2007; Stefanovic and Hegde, 2007; Abell and Mullen, 2011; Rao et al.,
2016; Chio et al., 2017; Costello et al., 2017) the exact properties which define the
localisation are still enigmatic. Especially precise answers for multi-targeted
TA proteins are still missing. Localisation experiments on multi-targeting TA proteins
with changes in hydrophobicity, length of the C-terminal element and position of the
transmembrane domain might be interesting. These features are predicted to be
crucial to determine subcellular distribution (Chio et al., 2017; Costello et al., 2017) and
those changes or domain swaps with other TA proteins may force multi-spanning TA
proteins to mislocate to one/another organelle. These modifications might provide
evidence of the underlying mechanisms or information on other targeting properties.
Such domain swap studies recently revealed the importance of a C-terminal RK/ST
motif in the import of the plant TA protein OEP7.2 into the plastid outer envelope
membrane (Teresinski et al., 2019). Notwithstanding, such an unambiguous amino
acid motif for TA protein distribution has not been found so far in Opisthokonts.

There are many open questions on protein translocation pathways in plants that
require addressing in future research. Despite many similarities of the Archaeplastida
pathways compared to Opisthokonts, our research revealed significant differences
confirming the relevance of research of such fundamental homeostatic pathways in

plants.
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Soluble N-ethylmaleimide—sensitive factor attachment protein re-
ceptor (SNARE) proteins are key players in cellular trafficking and
coordinate vital cellular processes, such as cytokinesis, pathogen
defense, and ion transport regulation. With few exceptions, SNAREs
are tail-anchored (TA) proteins, bearing a C-terminal hydrophobic
domain that is essential for their membrane integration. Recently,
the Guided Entry of Tail-anchored proteins (GET) pathway was de-
scribed in mammalian and yeast cells that serve as a blueprint of TA
protein insertion [Schuldiner M, et al. (2008) Cell 134(4):634-645;
Stefanovic S, Hegde RS (2007) Cell 128(6):1147-1159]. This pathway
consists of six proteins, with the cytosolic ATPase GET3 chaperoning
the newly synthesized TA protein posttranslationally from the ribo-
some to the endoplasmic reticulum (ER) membrane. Structural and
biochemical insights confirmed the potential of pathway compo-
nents to facilitate membrane insertion, but the physiological signif-
icance in multicellular organisms remains to be resolved. Our
phylogenetic analysis of 37 GET3 orthologs from 18 different species
revealed the presence of two different GET3 clades. We identified
and analyzed GET pathway components in Arabidopsis thaliana and
found reduced root hair elongation in Atget lines, possibly as a result
of reduced SNARE biogenesis. Overexpression of AtGET3a in a recep-
tor knockout (KO) results in severe growth defects, suggesting pres-
ence of alternative insertion pathways while highlighting an intricate
involvement for the GET pathway in cellular homeostasis of plants.

GET pathway | TA proteins | SNAREs | ER membrane | root hairs

lants show remarkable acclimation and resilience to a broad
spectrum of environmental influences as a consequence of their
sedentary lifestyle. On the cellular level, such flexibility requires ge-
netic buffering capacity as well as fine-tuned signaling and response
systems. Soluble N-ethylmaleimide—sensitive factor attachment pro-
tein receptor (SNARE) proteins make a critical contribution toward
acclimation (1, 2). Their canonical function facilitates membrane
fusion through tight interaction of cognate SNARE partners at
vesicle and target membranes (3). This vital process guarantees
cellular expansion through addition of membrane material, cell plate
formation, and cargo delivery (4, 5). SNARE proteins are also in-
volved in regulating potassium channels and aquaporins (6-8).
Most SNARE proteins are Type II oriented and referred to as
tail-anchored (TA) proteins with a cytosolic N terminus and a
single C-terminal transmembrane domain (TMD) (9). TA proteins
are involved in vital cellular processes in all domains of life, such as
chaperoning, ubiquitination, signaling, trafficking, and transcript
regulation (10-13). The nascent protein is almost fully translated
when the hydrophobic TMD emerges from the ribosome, requiring
shielding from the aqueous cytosol to guarantee protein stability,
efficient folding, and function (14). One way of facilitating this
posttranslational insertion is by proteinaceous components of a
Guided Entry of Tail-anchored proteins (GET) pathway that was
identified in yeast and mammals (15, 16).

E1544-E1553 | PNAS | Published online January 17, 2017

In yeast, recognition of nascent TA proteins is accomplished
through a tripartite pretargeting complex at the ribosome consisting of
SGT2, GETS, and GET4. This complex binds to the TMD and de-
livers the TA protein to the cytosolic ATPase GET3 (17, 18). GET3
arranges as zinc-coordinating homodimer and shuttles the client pro-
tein to the endoplasmic reticulum (ER) membrane receptors GET1
and GET2, which finalize insertion of the TA protein (15, 19, 20).

This GET pathway is thought to be the main route for TA
protein insertion into the ER, but surprisingly, its loss in yeast is
only conditionally lethal (15). Conversely, lack of the mammalian
GET3 orthologs TRC40 (transmembrane domain recognition
complex of 40 kDa) leads to embryo lethality in mice, compli-
cating global physiological analyses (21). Nevertheless, a handful
of recent studies have started to analyze individual physiological
consequences of the GET pathway in vivo using tissue-specific
knockout (KO) approaches and observed that its function is re-
quired for a diverse range of physiological processes, such as in-
sulin secretion, auditory perception, and photoreceptor function,
in animals (22-24). A high degree of evolutionary conservation is
often assumed, and it has been recognized that some components
of the GET pathway are present in Arabidopsis thaliana (25, 26).
However, considering the specific physiological roles of the GET
pathway observed in yeast and mammals, its significance cannot

Significance

Root hairs are unicellular extensions of the rhizodermis, pro-
viding anchorage and an increase in surface area for nutrient
and water uptake. Their fast, tip-focused growth showcases root
hairs as an excellent genetic model to study physiological and
developmental processes on the cellular level. We uncovered a
root hair phenotype that is dependent on putative Arabidopsis
orthologs of the Guided Entry of Tail-anchored (TA) proteins
(GET) pathway, which facilitates membrane insertion of TA
proteins in yeast and mammals. We found that plants have
evolved multiple paralogs of specific GET pathway components,
albeit in a compartment-specific manner. In addition, we show
that differential expression of pathway components causes
pleiotropic growth defects, suggesting alternative pathways for
TA insertion and additional functions of GET in plants.
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be straightforwardly extrapolated across eukaryotes. A global
genetic dissection of the pathway in a multicellular organism,
let alone in plants, is currently lacking.

GET3/TRC40 are distant paralogs of the prokaryotic ArsA
(arsenite-translocating ATPase), a protein that is part of the
arsenic detoxification pathway in bacteria (27). Evidence points
toward the GET pathway—albeit at a simpler scale—that exists
already in Archaebacteria (10, 28). Because yeast and mammals
are closely related in the supergroup of Opisthokonts (29), limit-
ing any comparative power, we aimed to investigate pathway
conservation in other eukaryotes. We also wanted to understand
the impact that lack of GET pathway function has on plant de-
velopment, considering that it started entering the textbooks as a
default route for TA protein insertion.

Our results show that loss of GET pathway function in
A. thaliana impacts on root hair length. This phenotype coincides
with reduced protein levels at the plasma membrane of an im-

portant root hair-specific SNARE, conforming to the role of the
GET pathway in TA protein insertion. However, similarly to
yeast, no global pleiotropic phenotypes were observed, pointing
to the existence of functional backup. However, ectopic over-
expression of the cytosolic ATPase A*GET3a in the putative re-
ceptor KO Arget] leads to severe growth defects, underscoring
pathway conservation while implying an intricate role of the GET
pathway in cellular homeostasis of plants.

Results

GET3 Paralogs Might Have Evolved as Early as Archaea. To identify
potential orthologs of GET candidates, we used in silico sequence
comparison (BLASTp and National Center for Biotechnology
Information) of yeast and human GET proteins against the pro-
teome of 16 different species from 13 phyla (Tables 1 and 2).
Candidate sequences were assembled in a phylogenetic tree that,
surprisingly, reveals that two distinct GET3 clades, which we

Table 1. Accession numbers of GET3/TRC40/ArsA orthologs of clade a used for the phylogenetic
tree in Fig. 1 and their putative GET1/WRB and GET4/TRC40 orthologs identified via BLASTp search

GET3/TRC40 orthologs

Up-/downstream orthologs

Xing et al.

Phylum and species Accession no. Length (aa) GET1/WRB GET4/TRC35
Eubacteria
Proteobacteria
Escherichia coli Kz075668 583* Not found Not found
Proteoarchaeota
Lokiarchaeota
Lokiarchaeum sp. KKK44956 338 Not found Not found
Opisthokonta
Chordata
Homo sapiens NP_004308 348 NP_004618 NP_057033
Ascomycota
Saccharomyces cerevisiae AAT93183 354 NP_011495 NP_014807
Amoebozoa
Discosea
Acanthamoeba castellanii XP_004368068 330 XP_004353131 XP_004367722
Mycetozoa
Dictyostelium purpureum XP_003289495 330 Not found XP_003283186
Archaeplastida
Angiospermae
Arabidopsis thaliana NP_563640 353 NP_567498 NP_201127
Medicago truncatula XP_013444959 358 XP_003629131 XP_003591984
Brachypodium distachyon XP_003578462 363 XP_003564144 XP_003569076
Amborella trichopoda XP_006857946 353 XP_006855737 ERM96291
Lycopodiophyta
Selaginella moellendorffii XP_002973461 360 Not found XP_002969945
XP_002981415
Marchantiophyta
Marchantia polymorpha OAE26618 370 OAE20217 OAE20690
Bryophyta
Physcomitrella patens XP_001758936 365 XP_001760426 XP_001760372
XP_001774198 365 XP_001758146
Chlorophyta
Chlamydomonas reinhardtii ~ XP_001693332 319 XP_001695038 XP_001695333
Rhodophyta
Galdieria sulphuraria XP_005708637 706* XP_005707118 XP_005704684
SAR
Chromerida
Vitrella brassicaformis CEMO03518 412 Not found CEL97893
Heterokontophyta
Nannochloropsis gaditana EWM27451 370 EWM21897 EWM27335
Chromalveolata
Cryptophyta
Guillardia theta XP_005837457 310 XP_005829401 XP_005841994

*Tandem GET3.
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termed GET3a and GET3bc, respectively, exist in Archaeplastida
and SAR (supergroup of stramenopiles, alveolates, and Rhizaria)
but do not exist in Opisthokonts (yeast and animals) and Amoe-
bozoa. The deep branching of the tree implies that duplication
events must have occurred early in the evolution of eukary-
otes (Fig. 14). Interestingly, the recently identified phylum of
Lokiarchaeota, which is thought to form a monophyletic group
with eukaryotes (30), expresses two distinct GET3 orthologs, one
of which aligns within the GET3bc clade while lacking some of the
important sequence features of eukaryotic GET3 (Fig. S14). This
observation suggests that the last eukaryotic common ancestor had
already acquired two copies of GET3.

In Rhodophytes and higher Angiospermae, a third GET3bc
paralog branched off. Interestingly, the tandem ATPase motif—
likely a consequence of gene duplication in the prokaryotic ArsA
and suggested to be a key difference between ArsA and GET3/
TRC40 homologs (28)—is not found in either of two Lokiarch-
aeota GET3; conversely, in Rhodophytes and SAR species,
GET3 paralogs exist that contain duplications (Tables 1 and 2).
Importantly, such repeats are not restricted to the GET3bc
clade but also, are found among red algae GET3a orthologs
(e.g., XP_005708637). Comparing sequence conservation of GET3

orthologs reveals that residues important for ATPase function
are maintained in all candidates (Fig. S1 4 and B). However, the
sites for GET1 binding and the methionine-rich GET3 motif (31,
32) are only conserved in GET3a candidates of eukaryotes,
concurring with the presence of GET1 and GET4 orthologs in
most of these species (Table 1).

Strikingly, in silico analysis of the N termini of the identified
GET3 orthologs predicts for almost all GET3bc—but not for
GET3a candidates—the presence of a transit peptide for mito-
chondrial or chloroplastic import (Table 2). This observation is also
in line with the fact that GET3bc proteins are, on average, larger
than their GET3a paralogs (Tables 1 and 2), matching the length
range of targeting sequences for the bioenergetic organelles.

Distinct Differences in Subcellular Localization of AtGET3 Paralogs.
The three GET3 paralogs of A. thaliana were in silico-predicted
to localize to the cytosol (AtGET3a; Atl1g01910), chloroplast
(AtGET3b; At3g10350), and mitochondria (4tGET3c; At5g60730),
respectively (Tables 1 and 2). To corroborate these predictions,
stably transformed, A. thaliana Ubiquitin10 promoter (Pyppio)-
driven GFP fusions were generated (33). Confocal laser scanning
microscopy (CLSM) and transmission electron microscopy (TEM)

Table 2. Accession numbers of GET3/TRC40/ArsA orthologs of clade bc used for the phylogenetic tree in
Fig. 1 and their in silico prediction of an N-terminal signal/transit peptide using three different prediction

tools (TargetP 1.1, ChloroP 1.1, and Predotar v1.03)

GET3/TRC40 orthologs

Signal/transit peptide prediction

Phylum and species Accession no. Length (aa)  TargetP 1.1 ChloroP 1.1 Predotar v1.03
Eubacteria
Proteobacteria
Escherichia coli KzZ075668 583* Non-Eukaryote
Proteoarchaeota
Lokiarchaeota
Lokiarchaeum sp. KKK42590 329 Non-Eukaryote
Archaeplastida
Angiospermae
A. thaliana NP_187646 433 C C C
NP_200881 391 M C M
Medicago truncatula XP_003591867 406 C C Possibly C
XP_013455984 381 C C C
Brachypodium distachyon XP_003570659 403 M C M
XP_010239988 371 M — M
Amborella trichopoda XP_006827440 407 C C C
Lycopodiophyta
Selaginella moellendorffii XP_002974288 432 C C Possibly M
Marchantiophyta
Marchantia polymorpha OAE21403 432 C — C
Bryophyta
Physcomitrella patens XP_001781368 331 M C Possibly M
XP_001764873 359 N terminus incomplete
Chlorophyta
Chlamydomonas reinhardtii ~ XP_001702275 5137 M C C
Rhodophyta
Galdieria sulphuraria XP_005705663 481 — — Possibly ER
XP_005703923 757* M C Possibly C
SAR
Heterokontophyta
Nannochloropsis gaditana EWM30283 817* M — Possibly C
Chromerida
Vitrella brassicaformis CEM11669 809* M — Possibly ER
Chromalveolata
Cryptophyta
Guillardia theta XP_005822752 418 S C ER

C, chloroplast; M, mitochondrion; S, signal peptide.
*Tandem GET3.
TSecond P-loop motif at C terminus of protein.

E1546 | www.pnas.org/cgi/doi/10.1073/pnas.1619525114

Xing et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619525114/-/DCSupplemental/pnas.201619525SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619525114/-/DCSupplemental/pnas.201619525SI.pdf?targetid=nameddest=SF1
www.pnas.org/cgi/doi/10.1073/pnas.1619525114

L T

z

1\

BN AS - PNAS D)

A. thaliana GET3a (NP_563640)
M. truncatula (XP_013444959)
951 A trichopoda (XP_006857946)
B. distachyon (XP_003578462)
S. moellendorfii (XP_002973461)
M. polymorpha (OAE26618)
od| (P. patens (XP_001758936)
100-P. patens (XP_001774198)
C. reinhardtii (XP_001693332)
A. castellanii (XP_004368068)
N. gaditana (EWM27451)
D. purpureum (XP_003289495)
S. cerevisiae GET3 (AAT93183)
H. sapiens TRC40 (NP_004308)
G. theta (XP_005837457)
V. brassicaformis (CEM03518)
G. sulphuraria (XP_005708637)
Lokiarchaeum sp. (KKK42590)
G. sulphuraria (XP_005703923)
83 G. theta (XP_005822752)
N. gaditana (EWM30283)
99 V. brassicaformis (CEM11669)
G. sulphuraria (XP_005705663)
C. reinhardtii (XP_001702275)
A. thaliana GET3b (NP_187646)
M. truncatula (XP_003591867)
L5 dgistachyon (xP_003570659)
831—A. trichopoda (XP_006827440)
M. polymorpha (OAE21403)
S. moellendorfii (XP_002974288)
P. patens (XP_001764873)
100 P. patens (XP_001781368)
M. truncatula (XP_013455984)
A. thaliana GET3c (NP_200881)
B. distachyon (XP_010239988)
Lokiarchaeum sp.(KKK44956)
E. coli (KZO75668)
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Fig. 1. Analysis of GET3 orthologs of different species. (A) Maximum likelihood rooted phylogenetic tree of GET3 orthologs revealing two major GET3
branches; 1,000 bootstraps were applied, and confidence ratios above 70 are included at nodes. Species color code: black, Eubacteria/Proteoarchaeota; purple,
Opisthokonta; light blue, Amoebozoa; green, Archaeplastida; red, SAR; magenta, Chromalveolata. (Scale bar: changes per residue.) (B-L) Subcellular local-
ization of (B-D) AtGET3a, (E-G) AtGET3b, and (H-L) AtGET3c in stably transformed A. thaliana using CLSM and TEM analysis (controls in Fig. S2). (K) AtGET3c-
GFP-expressing specimens were treated with MitoTracker Orange to counterstain mitochondria. (L) Line histogram in (/) merged image along the yellow
arrow confirms colocalization. C, cytosol; M, mitochondrion; T, thylakoid. (Scale bars: B, C, E, F, H, I, and K, 10 um; D, G, and J, 300 nm.)

analyses reveal distinct subcellular localization patterns for three
AtGETS3 paralogs (Fig. 1 B-L and Fig. S2): AtGET3a is detected in
the cytosol, A*GET3b localizes to chloroplasts, and AtGET3c lo-
calizes to mitochondria.

To resolve subplastidic localization of ArGET3b-GFP and
AtGET3c-GFP, we used TEM analysis. Immunogold labeling
indicates that AtGET3b localizes to the stroma of chloroplasts
(Fig. 1G and Fig. S2 C and D) and that AtGET3c localizes to the
matrix of mitochondria (Fig. 1J and Fig. S2 E-G). The mito-
chondrial localization of A#GET3c had previously been reported
in transiently transformed A. thaliana cell culture to localize to the
outer mitochondrial membrane (26). By contrast, the immunogold
data and high-resolution CLSM colocalization analysis of stably
transformed A. thaliana seedlings using MitoTracker Orange
consistently suggest a matrix localization for A#GET3c (Fig. 1
H-L). These results are also in compliance with the presence of a
transit peptide, a hallmark of organellar import (34).

Identifying the Membrane Receptor for AtGET3a. Previous analyses
have indicated that the ScGET1 ortholog is missing in plants
(26). Refining search parameters and using HsSWRB (trypto-
phan-rich basic protein) as template, we identified At4g16444 of
A. thaliana. Sequence conservation of GET1 orthologs seems
weaker than among GET3 candidates, but comparing TMD
prediction using TMHMM (www.cbs.dtu.dk/servicess TMHMMY/)
reveals striking structural similarity between the orthologs of dif-
ferent species (Fig. S1C). All GET1 candidates that we identified

Xing et al.

are predicted to have the typical three TMD structures of GET1/
WRB with a luminal N terminus and a cytosolic C terminus as well
as a cytosolic coiled coil domain between first and second TMDs
(35). Additionally, publicly available microarray data confirm
constitutive and well-correlated expression pattern for the putative
AtGET1 and AtGET3a in accordance with a potential house-
keeping function of the candidates (Fig. S3D).

To experimentally validate At4gl6444 as AtGET1, we devised
localization and interaction studies. CLSM analysis of A. thaliana
leaves that stably coexpress an ER marker protein [secreted red
fluorescent protein (secRFP-HDEL)] and Pypg;o-driven, C-termi-
nally GFP-tagged AtGET1 showed a high degree of colocalization
(Fig. 2 A-D). Because both ScGET1 and HsWRB also localize to
the ER membrane, this lends further support for At4g16444 being
the A. thaliana GET1 ortholog (20, 35). Additionally, direct in planta
interaction analysis using coimmunoprecipitation mass spectrometry
(CoIP-MS) of AtGET3a-GFP-expressing lines identified At4gl6444
with high confidence consistently in two biological replicates among
the interactors (Dataset S1).

To test interaction between AfGET1 and all three different
AtGET3 paralogs, we used the mating-based Split-Ubiquitin Sys-
tem (SUS) (36). The putative AtGET1 forms homodimers with a
C-terminally tagged NubA fusion and interacts with AtGET3a
(tagged at either termini) but does not interact with the organellar
localized AtGET3b or AtGET3c (Fig. S3C). Even when an
N-terminal NubG tag presumably masks the transit peptides, which
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Fig. 2.

Interaction analysis among A. thaliana GET pathway orthologs. (A-D) At4g16444, the putative AtGET1, C-terminally tagged with GFP in stably

transformed A. thaliana coexpressing the ER marker RFP-HDEL. (D) Line histograms along yellow arrows in C confirm colocalization. (E-L) CLSM analysis of
N-terminally truncated AtGET3b and AtGET3c candidates. Counterimaging using autofluorescence of (F) chlorophyll or (J) MitoTracker Orange allows (H and
L) line histograms in (G and K) merged images along yellow arrows that corroborate cytosolic retention. (M) Exemplary confocal images of rBiFC analysis of
(Left) AtGET1 and (Right) AtGET3a with GET pathway orthologs and truncated constructs. Boxed cartoons show construct design above exemplary images of
transiently transformed Nicotiana benthamiana leaves. A statistical analysis of the data is in Fig. S3. (Scale bars: 10 pm.)

might prevent organellar import and cause their cytosolic re-
tention, an interaction with AtGET1 cannot be observed.

To understand whether the physical separation of AfGET3b/c
prevents interaction with A*GET1, we truncated the first 68 aa of
AtGET3b and 50 aa of AtGET3c, which lead to their cytosolic lo-
calization (Fig. 2 E-L). We applied ratiometric bimolecular fluo-
rescence complementation (rBiFC) (37) to assess whether such
artificial mislocalization renders AtGET3b/c susceptible to in-
teraction with AtGET1. Clearly, A#GET1 homodimerizes and in-
teracts with the cytosolic A#tGET3a but does not homodimerize or
interact with the plastidic AtGET3 paralogs or their transit peptide
deletion versions (Fig. 2M and Fig. S3 A and B), confirming that a
change in localization does not alter binding behavior. This absence
of interaction seems consistent with the lack of a GET1-binding
motif (32, 38) in the sequences of AfGET3b/c, further indicating
that these likely lack functional redundancy with AtGET3a.

To test this hypothesis before phenotypic complementation,
we assessed heterodimerization with AtGET3a. Here, we also
included the putative upstream binding partner of AtGET3a,
AtGET4 (At5g63220), which we identified through in silico
analysis. The expression pattern of AtGET4 resembles that of
AtGET3a (Fig. S3E), and the protein localizes to the cytosol (see
Fig. S7B). 1BiFC analysis substantiates that A#GET3a interacts
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with AtGET]1, itself, and AtGET4 but fails to heterodimerize
with AtGET3b/c. Both proteins were expressed in their trun-
cated, cytosolic form; hence, the lack of interaction cannot be
attributed to compartmentalization (Fig. 2M and Fig. S3 A and
B). Because dimerization of ScGET3 is a prerequisite for func-
tion (31), this result also negates functional redundancy between
GET3 paralogs.

Functional Analyses of A. thaliana GET Orthologs. Loss of function of
TRC40, the GET3 ortholog in mammals, causes embryonic le-
thality befitting of the vital function of TA protein insertion (21).
How would loss of GET pathway orthologs impact on survival,
growth, and development in plants?

Unexpectedly, multiple different alleles of T-DNA (transfer
DNA) insertion lines of each of the five AtGET orthologs iden-
tified (Fig. S4 A and B) did not reveal any obvious growth defects.
Seeds germinated, and seedlings developed indistinguishable
from wild-type (WT) plants. However, a more detailed phenotypic
inspection revealed that seedlings of Atgetl, Atget3a, and Atget4
lines had significantly shorter root hairs compared with Columbia-
0 (Col-0) WT plants, whereas Azget3b and Azget3c did not (Fig. 3 4
and B and Fig. S4C). Expressing genomic versions of the GET
genes restores near WT-like root hair growth. By contrast, a point
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Fig. 3. Loss of function of some A. thaliana GET
orthologs causes root hair growth defects. (A) Ex-
emplary images of root elongation zones of 10-d-old
T-DNA insertion lines of A. thaliana GET orthologs
and genomic complementation. Atget7-1, Atge3a-1,
and Atget4-4 but not Atget3b-2 and Atget3c-1 lines
show reduced growth of root hairs compared with
WT Col-0 and can be complemented by their re-
spective genomic constructs. Double or triple KOs
phenocopy single T-DNA insertion lines. Transcript
analysis and additional alleles can be found in Fig. S4.
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mutant of the P loop of the ATPase motif (4tGET3a-G28A)
expressed under a root hair-specific promoter (RSL4) (39) pre-
vents rescue in Atget3a, suggesting that ATPase activity of
AtGET3a is essential for normal root hair growth (Fig. 3C). To
substantiate our analysis of the AfGET3b/c paralogs, we expressed
= N

the transit peptide deletion variants in the Afget3a background.
The mislocalized A*GET3b/c constructs failed to rescue the
growth defects, suggesting evolution of alternative functions in the
bioenergetic organelles (Fig. 3C).

Multiple crosses between individual T-DNA insertion lines of
AtGET1, AtGET3a, and AtGET4 did not yield an enhanced pheno-
type (i.e., further reduction of root hair length compared with their
corresponding parental single-KO lines) (Fig. 3 A and B), indicating
interdependent functionality of all three proteins within a joint path-
way. A more detailed kinetic analysis on roots grown in RootChips
(40) revealed that the shorter overall root hair length in Atget! and
Atget3a correlates with slowed down growth speed (Fig. 3D).

Root hairs together with pollen tubes are the fastest growing
cells in plants and rely on efficient delivery of membrane ma-
terial to the tip (41). Although we had not observed aberrant
segregation ratios of T-DNA insertion lines, which could indicate
compromised fertility, we analyzed pollen tube growth in vivo
and in vitro but found growth speed as well as final length un-
affected in the GET pathway mutants (Fig. S4 D and E).

The genetic evidence for function of A#tGET1 and A*GET3a in
a joint pathway allowing effective root hair growth in A. thaliana
prompted us to assess their functional conservation. In yeast,
ScGET1 and ScGET3 are not essential; however, their absence
leads to lethality under a range of different abiotic stress con-
ditions (15). We, therefore, tested A. thaliana GET orthologs in
BY4741 WT and corresponding KO strains for their ability to
rescue yeast survival under restrictive conditions. AtGET1 (Fig.
S5A4) and to a much lesser extent, AtGET3a (Fig. S5B) hardly
rescue growth in corresponding KOs, and all other AtGET3
orthologs—full length or truncated—failed to rescue at all. This
result provides strong evidence that the functions of AtGETI and
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AtGET3a may have diverged from yeast, more strongly so for
AtGET3a.

Loss of the GET Pathway Leads to Reduced Protein Levels of SYP123
in Root Hairs. We compared the predicted “TA-proteome” of
A. thaliana (13) with the list of interaction partners of AtGET3a-
GFP from CoIP-MS analysis (Dataset S1). Only 23 TA proteins
were detected that coprecipitated with AtGET3a-GFP but not
GFP alone (Fig. S6B). However, in SUS and rBiFC analysis,
AtGET3a interacts with a number of candidate TA proteins that
we did not find in our CoIP-MS. Among others, the SNARE
syntaxin of plants 123 (SYP123) as well as its R-SNARE partner
VAMP721 and the TA protein SEC61p, subunit of the SEC61
translocon, interact with both AtGET1 and ArGET3a (Fig. 44
and Fig. S6 4 and C). The SNARE SYP43 as well as the non-TA
SNARE protein SNAP33 failed to interact. SYP123 is a plasma
membrane-localized Qa-SNARE that specifically expresses in
root hair cells, and its loss results in short root hairs (42). We
crossed GFP-SYP123 under its own promoter (42) with our
Atgetl-1 and Atget3a-1 lines to analyze for misinsertion, mis-
localization, or cytosolic retention.

CLSM analysis of root hairs expressing SYP123 in WT and
mutant backgrounds showed normal distribution of SYP123 in
bulge formation and developed root hairs (Fig. S74). No cyto-
solic aggregates or increased fluorescence foci were visible in the
cytoplasm, which was reminiscent of findings in yeast get pathway
KOs (15, 43). However, we repeatedly observed differences in
GFP signal under identical conditions and settings. GFP fluo-
rescence intensity of root hairs is consistently stronger in the WT
than in Afget]! and Aiget3a lines (Fig. 4B), suggestive of lower
SYP123 protein levels in the plasma membrane of Arget lines.

To substantiate this finding, we performed membrane frac-
tionation of protein extracts from roughly 250 roots per line
(Fig. 4C). Immunoblot analysis revealed that GFP-SYP123
levels in the membrane fraction of Azget] and Atget3a lines
were strikingly lower than in WT background, suggesting that
loss of GET pathway functionality reduces SYP123 abundance
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Fig. 4. The root hair-specific Qa-SNARE SYP123 shows reduced protein levels in Atget lines. (A) rBiFC analysis of (Left) AtGET1 and (Right) AtGET3a with can-
didate SNARE/TA proteins. Boxed cartoons show construct design above representative images of epidermal cells from transiently transformed N. benthamiana
leaves. The statistical analysis of the data is presented in Fig. S6C. (Scale bars: 10 pm.) (B and C) Analysis of root hairs expressing Psyp;23 >> GFP-SYP123 in Atget1-1,
Atget3a-1, or corresponding Col-0 WT. (B) Boxplot of root hair fluorescence intensities of average-intensity z projections (number in parentheses below the x axis).
Boxplot as in Fig. 3; P values confirm a significant difference in fluorescence intensity between GFP-SYP123 expression in WT (stronger) vs. T-DNA insertion lines
(weaker). Heat maps of exemplary z projections are in Upper. (C) Anti-GFP immunoblots of membrane fractions from the marker lines detect a strong GFP-SYP123
band at 62.8 kDa, which is significantly and visibly weaker in Atget3a and AtgetT lines than in WT Col-0. Bands below are likely the result of unspecific cross-
reaction of antibody and plant extract. Coomassie brilliant blue staining (CBB stain) of blot confirms equal loading of protein. (D) qRT-PCR analysis of SYP123
transcript levels was performed using either SYP123- (gray) or GFP-specific (green) primers to resolve differences in mRNA levels on Col-0, Atget1, or Atget3a
background. Expression levels were normalized to the Actin2 control. Error bars: SD (n = 6).

in the membrane. Quantitative RT-PCR (qRT-PCR) analyses
further indicated that SYP123 transcript levels are also reduced
in both mutants compared with the WT, with a milder tran-
script reduction in the Afget3a than in the Atget! background
(Fig. 4D). Notably, the differences between endogenous and
transgenic levels of transcript remain equal in all lines at roughly
50%, which confirms native expression of the marker construct
(44) and suggests regulation of SYP123 in ger lines also at
transcript level.

Overexpression of AtGET3a in Atget1 Reveals Severe Growth Defects.
The general viability of Azger mutants and the fact that at least
part of SYP123 finds its way to the plasma membrane in root
hairs of mutants question the role of the GET pathway as the sole
route for TA protein insertion in A. thaliana. To further un-
derstand the physiological importance of the pathway in planta, we
crossed the overexpressing AtGET3a-GFP with the Atget]-1 line.
The rationale was to synthetically increase the activity of an up-
stream player, while limiting downstream capacity of the pathway
to enhance phenotypes associated with dysfunction of the pathway.
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Such overexpression of the cytosolic AfGET3a in its receptor
KO leads to dwarfed plants. Main inflorescence, root, silique, and
seed development are severely compromised compared with the
parental lines (Fig. 5 A-C and Fig. S7 C-F). In addition to the
obvious aboveground phenotype, the growth of root hairs is im-
paired more strongly compared with the individual loss of function
Atgetl-1 lines (Fig. S7F). Such stronger phenotype might be a con-
sequence of short-circuiting alternative insertion pathways, further
depleting vital TA proteins from reaching their site of action.
CLSM analysis of the subcellular expression of AfGET3-GFP
in the leaf epidermis of homozygous Atget] lines reveals cells
with increased GFP fluorescence in foci among cells that re-
semble the normal cytoplasmic distribution of A*GET3a-GFP
(Fig. 5D, Right and Movie S1). Conversely, no cells with GFP foci
are present in leaf samples of heterozygous AtgetI(*™) lines
expressing the same construct, and an even cytoplasmic distri-
bution of AtGET3a-GFP is observable instead (Fig. 5D, Left and
Movie S2). Foci may be a result of clustering of uninserted TA
proteins with multimers of A*GET3a, similar to effects observed
in yeast Aget! KOs (43, 45). We have also analyzed expression of
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AtGET4-mCherry in an Atgetl-1 background but did not detect
similar aggregate-like structures (Fig. S7B).

Discussion

Numerous biochemical and structural insights from yeast and in
vitro systems have convincingly established the ability of the
GET pathway to facilitate membrane insertion of TA proteins
(reviewed in ref. 46). However, because TRC40 KO mice are
embryonic lethal, physiological consequences of GET loss of
function in an in vivo context remain insufficiently understood,
and those that are available are typically specific to mammalian
features. Such findings are in contrast to the high degree of
conservation that GET homologs show across the eukaryotic
domain, a situation where the model plant A. thaliana provides a
highly suitable system for additional study.

Phylogenetic analysis of GET pathway components reveals an
alternative GET3 clade, which must have evolved before the last
eukaryotic ancestor. This hypothesis becomes apparent from the
deeply branching phylogenetic tree (Fig. 14) but also, by the
presence of a second distinct GET3 homolog in the recently
discovered Lokiarchaeum sp., which forms a monophyletic group
with eukaryotes (30). One of the LsGET3 copies aligns within
the GET3bc clade, with sequences that seem to only exist in
Archaeplastida and SAR, whereas Opisthokonts and Amoebo-
zoa may have lost this paralog. GET3bc branched off once more
in some red algae and higher plants to evolve another plastidic
GETS3 paralog. It is unlikely that this third paralog is the result of
endosymbiosis, because its sequence homology is too closely
related to the other organellar candidate.

Neither root hair nor general growth in A. thaliana seem affected
by lack of AtGET3b/c, and their biological function will require
dedicated study in the future. Their localization in the plastid stroma
and the mitochondrial matrix; failure to interact with AtGET1,
AtGET3a, or AtGET4; absence of obvious downstream candidates
to facilitate membrane insertion; lack of conserved sequence motifs
for TA binding (Fig. S1); and failure to complement the AtGET3a-
related growth defects (Fig. 3C) deem it unlikely that AtGET3b/c
function is related to TA protein insertion.

A previous structural analysis of an archaeal (Methanocaldococcus
jannaschii) GET3 ortholog inferred some key features that
would distinguish GET3 from its prokaryotic ArsA ancestor se-
quence (28), namely the tandem repeat (exclusive to ArsA) and
a conserved CxxC motif (specific for GET3). By contrast, our
phylogenetic analysis uncovered the tandem repeat in candidate
sequences of both eukaryotic GET3 clades, disproving it as a
decisive feature solely of ArsA. Such sequence repeats may ex-
plain the presence of a third closely related GET3 paralog in
higher plants and red algae as a consequence of an earlier tan-
dem duplication, but this hypothesis requires in-depth analysis of
more sequences from different species.

The CxxC motif, which is found in both Metazoa and Fungi
GET3 orthologs, also exists in the Amoebozoan and Lokiarchaeota
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Pusa10>>AtGET3a-GFP
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Fig. 5. Ectopic overexpression of AtGET3a in Atget1
causes severe growth defects. (A) Exemplary images
of 6-wk-old A. thaliana plants expressing AtGET3a-GFP in
either Col-0 WT or Atget1 showing significant differences
in growth. (B) Boxplot summarizing the height of the
main inflorescences of 20 individual 6-wk-old A. thaliana
lines as labeled below the x axis. Boxplot as in Fig. 3 but
with Tukey whiskers that extend to 1.5x interquartile
range. (C) Siliques of mutant plants [AtGET3a-GFP in
Atget1 (silique below)] show a high number of aborted
embryos in contrast to single Atget1 lines (silique above).
The statistical analysis can be found in Fig. S7C. (D) Max-
imum projection z stacks of 20 images at 1.1-um optical
slices at 63x magnification showing subcellular locali-
zation of AtGET3a-GFP in (Left) heterozygous or (Right)
homozygous Atget1-1 lines. Bright-field images below
are taken from the 10th image in each stack. The full z
stacks are shown in Movies S1 and S2. (Scale bars: 10 pm.)

GET3 orthologs and seemingly plays a role in zinc binding/
coordination (19). However, this motif is absent in the Archaeplastida
and SAR GET3a orthologs, where other invariant cysteines—CVC—
some 40 aa upstream of the presumed CxxC motif are present. In
contrast to the CxxC motif, the CVC motif can be found in all
eukaryotic GET3a orthologs that we analyzed. Nevertheless, the
CxxC motif is required for ScGET3 to act as a general chaperone
under oxidative stress conditions, binding unfolded proteins and
preventing their aggregation (43, 45). Hence, it is conceivable that
GET3bc paralogs—that feature CxxC (Fig. S1B)—have evolved as
organellar chaperones with putative thiol-disulfide oxidoreductase
function and lost (or never had) the TA insertion capability,
whereas GET3a orthologs maintained (or acquired) both func-
tions. Notably, the chaperone function of ScGET3 is ATP-in-
dependent, whereas TA-insertase activity depends on ATP (43). A
version of AtGET3a, where the ATPase motif is mutated (G28A),
fails to rescue the root hair growth phenotype (Fig. 3C), suggesting
that it is caused by the TA insertion function of A#tGET3a, which is
dependent on ATPase function (15).

Generally, T-DNA insertion in AtGET1, AtGET3a, or AtGET4
leads to a reduction in root hair growth. Complementation with
tagged or genomic constructs of the corresponding genes res-
cues normal growth connecting phenotype with genotype. In-
terestingly, multiple crosses between loss of function lines of three
key players of an A. thaliana GET pathway do not lead to a more
severe phenotype (ie., even shorter root hairs than the single
T-DNA insertion lines as measured, e.g., in plants overexpressing
AtGET3a-GFP in Atgetl) (Fig. S7F). This observation indicates
that the three genes act in a linear pathway in A. thaliana, which is
in agreement with findings in other species (15, 16). Nevertheless,
it seems difficult to reconcile our findings with a putative GET
pathway as the sole and global route responsible for insertion
of TA proteins in plants similar to its proposed role in yeast or
mammals (46). Of the estimated 500 TA proteins in A. thaliana
(13), many are vital for development and survival of the plant.
Especially SNARE proteins, which facilitate vesicle fusion to drive
processes, such as cytokinesis, pathogen defense, and ion ho-
meostasis (4, 7, 47), require correct and efficient membrane in-
sertion. Inability of the plant to insert TA proteins should yield
severe growth defects at least similar to if not stronger than—for
example—the knolle phenotype caused by an syplll loss of
function allele (coding for the Qa-SNARE KNOLLE). Knolle
plants fail to grow beyond early seedling stage because of in-
complete cell plate formation (48).

Absence of the root hair-specific Qa-SNARE SYP123 was
shown to cause defects in root hair growth (42) as a result of
reduced vesicle trafficking. Although lack of AtGET pathway
components in planta did not lead to complete absence or mis-
localization of SYP123 within the plasma membrane of root
hairs, a significant reduction of protein levels was observed in
vivo. Although this result was also confirmed biochemically,
levels of SYP123 mRNA in Azget! as well as Atget3a lines are also

PNAS | Published online January 17, 2017 | E1551

PNAS PLUS

>
0
<
-
=
]
=
=
(=]
o
w
[T}
n

PLANT BIOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619525114/-/DCSupplemental/pnas.201619525SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619525114/-/DCSupplemental/pnas.201619525SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619525114/-/DCSupplemental/pnas.201619525SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619525114/-/DCSupplemental/pnas.201619525SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1619525114/-/DCSupplemental/pnas.201619525SI.pdf?targetid=nameddest=SF7
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1619525114/video-1
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.1619525114/video-2

L T

/

1\

=y

reduced (Fig. 4D), albeit not as strongly as the reduction of
protein detected in the membrane fraction of mutants (Fig. 4C).
Taken together, our findings indicate feedback control, where loss
of AtGET function and the resulting failure of SYP123 protein
insertion activate inhibition at the transcript level to decrease
steady-state levels of both mRNA and protein. Functional cross-talk
between the GET pathway and its impact on transcript regulation
had been shown previously in other eukaryotes (23, 49).

The fact that lack of GET function can phenotypically only be
detected in root hairs might be associated with these requiring
fast and efficient trafficking of cargo and membrane material to
the tip (42). Hence, slight imbalances in protein biogenesis owing
to the absence of one major insertion pathway might strain al-
ternative but unknown insertion systems, at which point lack of
the GET pathway becomes rate-limiting. This effect is not
reoccurring in the other fast-growing plant cells—pollen tubes—
not only suggesting presence of an alternative pathway but also,
questioning the monopoly of TA protein insertion of the GET
pathway. Nevertheless, our SYP123 case study supports a role of
the GET pathway in planta for regulating SNARE abundance.
Interaction of AtGET1 and ArGET3a with a wide range of dif-
ferent TA proteins was also shown, but we identified two TA
proteins that failed to interact (SYP43 and At5g40510). Also,
CoIP-MS analysis of AtGET3a-GFP detected only about 23 TA
proteins, less than 5% of all TA proteins predicted to be present
in A. thaliana (13) (Fig. S6B). Although the latter might be at-
tributed to weak or transient binding of the TMD with AtGET3a
or premature dissolution of binding through experimental con-
ditions, it nevertheless raises questions as to the GET pathway
being exclusively engaged in TA protein insertion into the ER.
Among the many proteins that were detected in CoIP-MS
analysis with AtGET3a-GFP, a lot of non-TA proteins but proteins
related to trafficking or proteostasis were detected (Dataset S1). If
some of these interactions can be confirmed in future studies,
functional analyses might uncover alternative roles for AtGET3a.

Our findings are summarized in a working model of a pre-
sumed GET pathway in plants (Fig. 6). While under normal
growth conditions, the GET pathway acts as main route for TA
protein insertion into the ER membrane (Fig. 64), and loss of
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Fig. 6. Model hypothesizing the subcellular mechanism of A. thaliana GET
orthologs. (A) In WT Col-0, a pretargeting complex (PTC) likely comprising
A. thaliana SGT2 and GET5 (both of which revealed many potential orthologs
through in silico analyses) as well as the in silico-identified AtGET4, which interacts
with AtGET3a in vivo, might receive nascent TA proteins from the ribosome and
deliver these to the homodimer of AtGET3a, in turn shuttling the client TA protein
to the ER receptor AtGET1 (an AtGET2 could not be identified through extensive
BLASTp analysis and was left out of the figure). (B) The hypothetical situation in a
single Atget1, Atget3a, or Atget4 or crosses thereof. In the absence of a functional
GET pathway, most TA proteins are delivered by an unknown alternative pathway
(depicted as a gray triangle or rectangle with red question marks). (C) Overexpression
of AtGET3a in absence of a docking station to unload client TA proteins might lead
to cytosolic aggregates and block of TA insertion. The affinity between the PTC and
AtGET3a might be a decisive factor here, because the unknown alternative pathway
does not seem to compensate for the aberrant presence of AtGET3a.

E1552 | www.pnas.org/cgi/doi/10.1073/pnas.1619525114

either component or a combination thereof brings alternative
pathways into play (Fig. 6B). The existence of alternative in-
sertion mechanisms is indicated by not only the relatively mild
phenotype but also, the limited number of TA proteins that we
found to interact with A#GET3a, raising the question of how TA
proteins that do not interact with GET pathway components get
inserted into membranes. In yeast, it has been shown that some
TA proteins can insert unassisted and that chaperoning in the
cytosol is facilitated by heatshock proteins (50); however, any
alternative receptor remains elusive. Presence of an alternative
insertion pathway in A. thaliana is also supported by the over-
expression of the cytosolic A#GET3a in its receptor KO, which
has severe phenotypic consequences (Figs. 5 and 6C). This ob-
servation corroborates a hierarchical connection of AtGET3a
and AtGET]I, because presence of the latter can rescue the
growth defects. It further suggests the existence of an alternative
pathway for TA insertion with weaker affinity toward pre-
targeting factors, such as A*GET4, at the ribosome, because the
aberrant amounts of A*GET3a seem to deplete the alterna-
tive pathway. Lastly, the AtGET3a foci that can occur in cells
of mutant plants (but never in the WT background) (Fig. 5D)
and that are similar to aggregates observed in stressed yeast cells
(43) suggest additional functions of AtGET3a that nonethe-
less depend on AtGET1. The aggregate-like structures were
not found in all cells of mutant plants, suggesting a dosage-
dependent effect (i.e., if levels of AtGET3a-GFP exceed a certain
threshold, clustering occurs). Clusters may consist of multimers of
AtGET3a, complexes of AtGET3a bound to TA proteins, or
AtGET3a/TA proteins bound to the elusive AfGET2 receptor. In
yeast, ScGET2 is the first contact point at receptor level for the
ScGET3-TA protein complex before the TA protein is delivered
to ScGET1 (20); hence, lack of AtGET1 could keep a putative
AtGET3a/TA protein aggregate stably in the vicinity of the ER.

Future work on this mutant in particular will help to resolve
functions of GET components in A. thaliana. A current debate
about potential cross-talk between GET components in TA
protein insertion and protein quality control in yeast and animal
cells (51) may be further underpinned by our findings in plants,
which provide the fundament to broad comparative investiga-
tions in the near future.

Materials and Methods

Plant Growth Conditions. Seeds were grown on 1/2 Murashige and Skoog
medium including 1% sugar and 0.9% plant agar, pH 5.7. Plants were cul-
tivated in a 16-h light/8-h dark cycle at 18 °C or 23 °C in the growth chamber
(SI Materials and Methods).

Construct Design. Most constructs were designed by Gateway Recombination
Reaction; vectors used for localization analyses can be found in ref. 33. A full
list of oligonucleotides and constructs can be found in Tables S1 and S2 (S/
Materials and Methods).

Interaction Analyses. We performed rBiFC in transiently transformed tobacco
according to the work in ref. 37 (SI Materials and Methods).

Microscopy. CLSM microscopy was performed using a Leica SP8 at the fol-
lowing laser settings: GFP at 488-nm excitation (ex) and 490- to 520-nm
emission (em); YFP at 514-nm ex and 520- to 560-nm em; and RFP/Mitotracker
at 561-nm ex and 565- to 620-nm em. Chlorophyll autofluorescence was
measured using the 488-nm laser line and em at 600-630 nm. TEM analysis
and more details are in S/ Materials and Methods.

T-DNA Lines. The following T-DNA lines were characterized (Fig. S4 A and B):
Sail_1210_E07 (Atget1-1), GK_246D06 (Atget1-2), SALK_033189 (Atget3a-1),
SALK_100424 (Atget3a-2), SALK_012980 (Atget3a-3), SALK_017702 (Atget3b-2),
SALK_091152 (Atget3c-1), SALK_069782 (Atget4-1), and SALK_121195 (Atget4-4).
This work suggests new names for Arabidopsis thaliana genes previously termed
“unknown": AtGET1 (At4g16444), AtGET3a (At1g01910), AtGET3b (At3g10350),
AtGET3c (At5g60730), and AtGET4 (At5963220).
More details and other methods are in S/ Materials and Methods.
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Note Added in Proof. During revision of this article, an analysis of conditional wrb
KO mice demonstrated that the GET pathway is required for only a subset—
but not all—TA proteins in vivo (67). Also, an alternative ER insertion pathway
was described in yeast (68) and another study reported an ER-stress and early
flowering phenotype of the Atget7-1 and Atget3a-1 lines (69).
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S| Materials and Methods

In Silico and Phylogenetic Analysis. GET pathway orthologs were
identified through BLASTp search (National Center for Bio-
technology Information) against proteomes of candidate species
and using default settings. Multiple sequence alignments were
computed using the MUSCLE algorithm with default settings of
MEGA?7 (52). Evolutionary history was inferred by using the
maximum likelihood method based on the Whelan and Goldman +
frequency mode, applying 1,000 bootstraps to validate branching.
The tree with the highest log likelihood (—12,793.272) is shown.
Percentages of trees above 70 in which the associated taxa clus-
tered together are shown next to the branches. Initial trees for
the heuristic search were obtained automatically by applying
Neighbor-Join and BioNJ algorithms to a matrix of pairwise
distances estimated using a JTT model and then, selecting the
topology with superior log-likelihood value. A discrete Gamma
distribution was used to model evolutionary rate differences
among sites [five categories (+G; parameter = 1.377)]. The rate
variation model allowed for some sites to be evolutionarily in-
variable ([+I]; 4.147% sites). The tree is drawn to scale, with
branch lengths measured in the number of substitutions per site.
The analysis involved 37 amino acid sequences. All positions
with less than 95% site coverage were eliminated. That is, fewer
than 5% alignment gaps, missing data, and ambiguous bases
were allowed at any position. There were a total of 279 positions
in the final dataset.

Construct Generation and Plant Transformation. All P09 promoter-
driven constructs were generated using Gateway technology as
described previously (33). Full-length coding sequences of each
gene were PCR-amplified; inserted into pDONR207, pPDONR221-
P1P4, or pDONR221-P3P2 via BP (ThermoFisher) reaction; and
confirmed by sequencing (37). A point mutation of AtGET3a
(G28A) was introduced through site-directed mutagenesis as de-
scribed by ref. 53. Generation of PyGrrs. >> AtGET3a-GFP-
3XHA, PAtGETI >> AtGETl-GFP-3XHA, and PAtGET4 >> AtGET4-
GFP-3xHA was done by conventional cloning from genomic DNA.
The genomic fragment from start to stop codon was amplified and
inserted into the binary vector Pygp;p >> GFP-3xHA 5’ of GFP.
The 3’ UTR of the respective gene was amplified as well and
inserted 3’ of the 3xHA tag. After verification through sequencing,
the promoter region of the gene was amplified and inserted to
replace the UBQI0 promoter. These constructs were first trans-
formed into Agrobacterium tumefaciens GV3101 and then, dipped
with WT (Col-0) plants. Oligonucleotides are listed in Table S1,
and all constructs used are in Table S2.

Interaction Assays. The mating-based SUS was applied for the
detection of protein—protein interactions in yeast (36). Appli-
cation of methionine decreases Cub/bait-fusion expression. The
lower affinity of C-terminal NubA compared with N-terminal
NubG fusions was compensated for through the use of low-
methionine levels (54). All interaction assays were performed as
described previously (55).

The rBiFC (37) was applied to test in planta protein—protein
interaction as described previously (56). All boxplots were gen-
erated using BoxPlotR (57).

Plant Growth Conditions. All mutant (Fig. S4 4 and B) and trans-
genic lines are in Columbia (Col-0) background and were obtained
from the Nottingham Arabidopsis Stock Centre (arabidopsis.info/).
Seeds were imbibed on wet paper and stratified for 2-4 d in the

Xing et al. www.pnas.org/cgi/content/short/1619525114

dark at 4 °C before sowing on soil or surface-sterilized with
chlorine gas and plated on 1/2-strength solid Murashige and Skoog
medium including 1% sugar and 0.9% plant agar, pH 5.7. Plants
were cultivated in a 16-h light/8-h dark cycle at 18 °C or 23 °C in
the growth chamber.

Analysis of Root Hair Growth Kinetics. Root hair growth kinetics and
in part, SYP123 localization were determined on roots grown in
RootChips, polydimethylsiloxane-based microfluidic perfusion
devices for Arabidopsis thaliana root imaging (40). Plant culti-
vation on RootChips was performed as described elsewhere (58).
Image analysis of root hair growth rate was performed on
bright-field time stacks in FIJI (59) as follows; time stacks of n
time points were duplicated and truncated by three time points
at the beginning and the end. The absolute difference between the
two stacks was calculated using the FIJI image calculator tool. The
resulting stack now highlighted the tip of every growing root hair
as particle-like signal. The velocity of this tip representation was
subsequently analyzed using the FIJI TrackMate plugin.

Root Hair, Pollen Tube Growth, and CLSM Analysis. The roots from
10-d-old seedlings grown on 1/2 Murashige and Skoog medium
plates were imaged under a light microscope (ZEISS; Axiophot)
using 2.5x objective. Root hair length was measured using
ImagelJ. The 10 longest root hairs from 10 individual roots were
examined per WT, T-DNA insertion, or complemented line.

Pollination experiments and aniline blue staining for pollen
tube growth in pistils were performed as previously described
(60). In vitro pollen germination was performed as reported
previously (61). Pollen tubes were imaged 7 h after pollen ger-
mination on solid medium, and pollen tube length was quantified
using Image].

For subcellular localization of the AtGETx-GFP fusions and
GFP-SYP123 in root hairs, roots of 7-d-old seedlings grown on
plates or leaves from 2-wk-old plants grown in soil were ob-
served. CLSM images were taken using a Leica SP§ CLSM. To
exclude quantitative effects of the genetic background in our GFP
fluorescence intensity analysis (Fig. 4B), we analyzed descendants
of individual heterozygous lines. Macroscopic detection of the
root hair phenotype allowed identification of homozygous get
mutants, which were analyzed for mean fluorescence in root hairs
as well as a similar number of randomly picked segregated lines.
From at least 15 analyzed roots per line, the 5 with the strongest
GFP signals were chosen for fluorescence intensity analysis. Laser
settings used are given. GFP signals were measured at 488-nm ex
and 490- to 520-nm em, YFP signals were measured at 514-nm ex
and 520- to 560-nm em, and RFP/Mitotracker signals were mea-
sured at 561-nm ex and 565- to 620-nm em. Chlorophyll auto-
fluorescence was measured using the 488-nm laser line and em at
600-630 nm.

Immuno-TEM. Immunogold labeling of ultrathin thawed cry-
osections was performed as described previously (62). Cotyledons
were fixed with 4% (vol/vol) formaldehyde followed by 8%
(vol/vol) formaldehyde for 30 and 120 min, respectively. Fixed
cotyledons were infiltrated with a mixture of 20% (wt/vol)
polyvinylpyrrolidone and 1.8 M sucrose (63) and frozen in
liquid nitrogen. Ultrathin cryosections (80-100 nm) were cut
with a cryoultramicrotome (UC7/FC7; Leica) at —110 °C.
Thawed cryosections mounted on TEM grids were blocked with
0.2% milk powder/0.2% BSA in PBS and incubated with rabbit
anti-GFP serum (1:200) for 60 min followed by several washing
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steps using blocking buffer. Thereafter, sections were incubated
with goat anti-rabbit coupled to ultrasmall gold (Fig. 1 D and G)
(1:50; Aurion) or coupled to 6-nm gold (Fig. 1J) (1:30; Dianova)
for 60 min. Gold particles were silver-enhanced using R-Gent
(Aurion) for 45 and 35 min. Labeled cryosections were stained
with 1% aqueous uranyl acetate and embedded in methyl cellu-
lose containing 0.45% uranyl acetate. Sections were viewed in
a JEM-1400plus TEM (Jeol) at 120 kV accelerating voltage,
and micrographs were recorded with a TemCam-F416 CMOS
Camera (Tietz).

ColP-MS Analysis. Protein extracts of Pygg;o >> AtGET3a-GFP
and as control, Pypp;9 >> GFP seedlings grown under continuous
light were harvested after 5 d. Three grams plant tissue was taken
for the immunoprecipitation according to the work in ref. 64 with
slight modifications. Only the second washing buffer (50 mM
Tris-HCI, pH 7.5, 150 mM NacCl, 0.1% Triton X-100) was used,
but it was used four times; 60-pL GFP-Trap Beads (ChromoTek)
were added to each sample. The final precipitate in 2x Laemmli
buffer was analyzed by MS at the University of Tiibingen Pro-
teome Center. Two individual biological replicates were per-
formed, and candidates that interacted with GFP only were
omitted from the final list of interaction partners (Dataset S1).

Membrane Fractionation. Root samples (0.2-1 g) of 3-wk-old
seedlings grown on 1/2 Murashige and Skoog plates (+1% su-
crose + 25 pg/ml Hygromycin) were harvested and ground on ice.
Samples were treated in a ratio of 1:2 with extraction buffer [1 M
TrissHCL, pH 7.5, 1 M MgCl,, 1 M DTT, 1/2 tablet protease
inhibitor (cOmplete, EDTA-free; ROCHE), 0.5 M sucrose] and
homogenized. Separation of membrane and cytosol was achieved

Xing et al. www.pnas.org/cgi/content/short/1619525114

through sequential centrifugation: 10 min at 10,000 x g and 4 °C to
purify samples from cell debris followed by 1 h at 100,000 x g and
4 °C. Membrane pellets were resuspended in 50 pL fresh extraction
buffer and sonicated for 5 s at 60% power, and protein concen-
tration was measured using Bradford reagent prior immunoblot-
ting. Protein samples were adjusted to equal concentration using
Laemmli buffer [+3.5% (vol/vol) p-Mercaptoethanol] and boiled
for 20 min at 65 °C.

qRT-PCR Analysis. Total RNAs were isolated from 100 mg 5-d-old
seedlings grown on 1/2 Murashige and Skoog medium by using the
Isolate II RNA Plant Kit (Bioline). For cDNA synthesis, Pro-
toScript II-First Strand cDNA Synthesis Kit (NEB; 1 pg RNA)
was used. qRT-PCR was performed using oligonucleotides
(Table S1) specific to SYP123, GFP, and ACT2 as internal
control. iQ SYBR Green Supermix (Bio-Rad) was used and
performed on the CFX96 Real-Time PCR System (Bio-Rad
Relative quantification values were calculated using the 27*
method, with the ACt of ACT2 as normalization control (65).

t

Yeast Complementation Analysis. A. thaliana genes for the yeast
complementation analysis were expressed from a 2p origin plas-
mid (pYOXI1-Dest) under the strong constitutive yeast PMA1
promoter, which was based on the Gateway-compatible pDRf1-
GW vector (66). Getlp and get3p KO and corresponding BY4741
WT strains were originally created by the Saccharomyces Genome
Deletion Project, Stanford. Yeast was grown and transformed as
described for the SUS analysis but using Uracil as selection
marker. Yeast was dropped in 10 times OD dilutions on selection
media and grown under different temperatures for 3 d.
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Sequence and structural evaluation of GET orthologs. Excerpts of multiple sequence alignments of (A) clade a and (B) clade bc GET3 orthologs showing conserved motives. ATPase motifs are in blue (P

loop and Switches | and Il), and GET1 binding motifs are in red (conserved only in clade a). Cysteine residues (CVC and CxxC motives) important for metal binding/dimerization are in light green. Absence or
partial conservation of motives is depicted through opaqueness of boxes above the sequences. Tandem sequences were split and treated as two individual GET3 orthologs for accessions: KZO75668,
XP_005708637, XP_005703923, EWM30283, and CEM11669. Ac, Acanthamoeba castellanii; Ath, A. thaliana; Atr, Amborella trichopoda; Bd, Brachypodium distachyon; Cr, Chlamydomonas reinhardltii; Dp,
Dictyostelium purpureum; Ec, Escherichia coli; Gs, Galdieria sulphuraria; Gt, Guillardia theta; Hs, Homo sapiens; Ls, Lokiarchaeum sp.; Mp, Marchantia polymorpha; Mt, Medicago truncatula; Ng, Nannochloropsis
gaditana; Pp, Physcomitrella patens; Sc, Saccharomyces cerevisiae; Sm, Selaginella moellendorffii; Vb, Vitrella brassicaformis. (C) Exemplary TMD prediction of membrane domains of ScGET1, HsWRB, and
putative orthologs in different eukaryotic species (www.cbs.dtu.dk/servicessTMHMMY/).
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Fig. S2. Expanded view of localization analysis of AtGET orthologs (original TEM images shown in Fig. 1 D, G, and J). High-resolution images and controls of
TEM analysis shown in parts in Fig. 1 D, G, and J. TEM immunogold labeling of GFP in (A) AtGET3a-GFP (cytoplasm), (C) AtGET3b-GFP (chloroplasts), and (E)
AtGET3c-GFP (mitochondria) expressing seedlings using ultrathin thawed cryosections of cotyledons. Control experiments using seedlings missing the corre-
sponding fusion protein are shown in B, D, and F. G shows a statistical analysis of the relatively weak but specific mitochondrial gold labeling in AtGET3c-GFP
seedlings. C, cytoplasm; M, mitochondrion; T, thylakoid. (Scale bar: A-F, 300 nm.)
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Fig. S3. Interaction analysis of AtGET pathway orthologs. (A and B) Complete rBiFC analysis of (A) AtGET1 and (B) AtGET3a with GET pathway orthologs and
truncated constructs. Boxed cartoons show construct design above representative images of epidermal cells from transiently transformed Nicotiana benthamiana
leaves. Larger versions of confocal images are presented in Fig. 2M. YFP/RFP mean fluorescence intensities from 20 different leaf sections were calculated and
ratioed against the average YFP/RFP ratio of AtGET1 homodimerization or AtGET3a-AtGET1 interaction. Center lines of boxes represent medians, with outer limits
at 25th and 75th percentiles. Notches indicate 95% confidence intervals; Tukey whiskers extend to 1.5x interquartile range, outliers are depicted as black dots, and
red crosses mark sample means. (Scale bars: 10 um.) (C) Split Ubiquitin interaction analysis in yeast. (Left) C-terminally NubA- or (Right) N-terminally NubG-tagged
AtGET3 orthologs were coexpressed with AtGET1-Cub in yeast. Untagged NubA, NubG, or Nubl were used as negative (NubG or NubA) or positive (Nubl) controls,
respectively. Growth on interaction-selective media was detected for yeast coexpressing AtGET1-Cub and AtGET1-NubA as well as AtGET3a-Nub fusion. The
plastidic AtGET3 paralogs do not interact with AtGET1 in yeast in either tag orientation complementing the rBiFC analysis. (D and E) eFP browser screenshots
showing fold changes in expression ratios of (D) AtGET1 with AtGET3a and (E) AtGET3a with AtGET4 over different developmental stages from publicly available

microarray data (bar.utoronto.ca/efp_arabidopsis/cgi-bin/efpWeb.cgi).

Xing et al. www.pnas.org/cgi/content/short/1619525114

5of 13


http://bar.utoronto.ca/efp_arabidopsis/cgi-bin/efpWeb.cgi
www.pnas.org/cgi/content/short/1619525114

A Sail_1210_E07  GABI_264D06 B

get1-1 get1-2 Col-0 Atgetl-1 Col-0 Atgetl-2

ALGEH 4;_-3-_-_-_!_-7 AtGET1 - -

1150 1151 RAN3 - - “

Salk_100424 Salk_012980

PNAS

get3a-2 get3a-3 Col-0 Atget3a-1 Col-0 Atget3a-2 Col-O Atget3a-3
SEETS AtGET3q e N e
" . 2
1140 1141 RAN3 ““ - - -h
get3a-1
Ik
sl Col-0 Atget3b-2
AtGET3h —
AtGET3b
174 1142 RAN3 - e
get3b-2
salk_017702 Col-0 Atget3c-1
AtGET3c s
AtGET3c o
w K RAN3 D G
salk_069782 sa;ﬁ;;;,
getd-1 Col-0 Atget4-1 Col-0 Atgetd-4
AGETS e G
AtGET4 o =
1160 214 215 1161 RAN3 -— e -
getd-4
Salk_121195

C D Col-0 Afget1-1 Atget3a-1 Col-0 Atget?-1 Atget3a-1

*Col-0 —'—[H—{ % oo
'Atgeti-f -+-|:H——+o e
gen.AIGET1 w ‘e
in Atget1-1(5) I I
gen.AtGET1 -l___m__l.
in Atget1-1(12)
gen.AGET1 - ,__l,_[I:l___I_
in Atget1-1(22) ! {
Atget1-2 .|.[H—|. w L. 1
et B D (R — 6h - ah-
gen.AiGET3a
in Atgetda-1 o . - E
Atgetda-2 .|.|H_.|. -
0_ -
Atgetda-3 .|m_|,..
Atgetd-1 oo + e o
'. Atget1-1 -
woes | b
gen.AIGET4-GFP
in Atgetd-4 (11) "'I‘—[I]—"' °
0 200 400 600

n =100 root hair length [um) _ = T

n=30 0 200 300
pollen tube hair length [um]

Atget3a-1 e

Fig. S4. Functional analysis of AtGET orthologs in planta and yeast. (A) Cartoon depicting the sequence-verified position of each T-DNA analyzed in this work
(in black type font). (B) DNA gels of semi—qRT-PCR corroborate lack of transcript in all mutant lines except Atget4-1 in line with this being a T-DNA insertion in
the 5" UTR. RAN3 (At5955190) transcript was used as control. (C) Expanded root hair growth analysis showing additional alleles and complementation thereof.
Note that the 5" UTR-inserted Atget4-1 line that still transcribes AtGET4 shows WT-like root hair growth. *Values that are also in Fig. 3. (D) Aniline blue staining
of pollen tubes (the WT and Atget mutants) grown for 6 or 24 h, respectively, after pollination of Col-0 pistils. Yellow arrows point to exemplary pollen tubes
termini that have reached ovules. Pictures are composites of individual images along the pistil, and exposure was enhanced to visualize the bright blue pollen
tubes against the darker blue background. (E) Growth of pollen tubes was measured in vitro from 30 individual pollen grains 7 h postgermination (repre-
sentative images in Right). Center lines of boxes represent medians, with outer limits at 25th and 75th percentiles. Notches indicate 95% confidence intervals;
Tukey whiskers extend to 1.5x interquartile range, and red crosses mark sample means. (Scale bar: 50 pm.)
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Fig. S5. Complementation assays of yeast KO strains with A. thaliana orthologs. (A) The yeast get1 KOs are partially rescued by the A. thaliana GET1/WRB
ortholog AtGET1 (At4g16444). Yeast growth was monitored after 3 d in different growth temperatures (33 °C to 39 °C). A genomic fragment of yeast ScGET1p
was used as a positive control, and an empty vector was used as a negative control. (B) Yeast WT (BY4741) or get3 KO expressing different AtGET3 orthologs
and truncations thereof and grown under different temperatures. Expression of ScGET3p in the KO rescues growth under heat stress, whereas the A. thaliana
ortholog AtGET3a can only partially complement the phenotype. The plastidic-localized AtGET3b and AtGET3c and their N-terminal deletion versions fail to
complement.
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B

AtGET3a-GFP-interacting TA proteins (ColP-MS)

growth control  50uM 5000M  NubG-fusion growthcontrol  50uM 500uM AGlcode name description (TAIR10) aa location*
SYP111 Al1g06530 PMD2 Peroxisomal and Mitochondrial Division factor2 323 mitochondrion
At1g54780 TLP18.3  Thylakoid lumen 18.3 kDa protein 285  chloroplast
SYP121 At1g79040 PSBR Photosystem Il subunit R 140  chloroplast
SYP123 At2927730 copper ion binding protein, unknown protein 113 mitochondrion
At3g10860 Cytochrome b-c1 complex, subunit 8 protein 72 mitochondrion
SYP132 At3g27240 Cytochrome C1 family - electron carrier activity 307  mitochondrion
SYP32 At3g27820 MDAR4 Monodehydroascorbate Reductase 4 488  peroxisome
At3g63150 MIRO2 MIRQ-related GTPase 2 643 mitochondrion
SYP61 mm At3g63410 APG1 Albino or Pale Green mutant 1 338  chloroplast
VAMP711 Atdg24920 secE/sec61-gamma protein 69  ER membrane
Atdg32150 VAMP711  R-SNARE 219 tonoplast
VAMP721 m ® At5g17170  ENH1 Enhancer of s0s3-1 271 chloroplast
SEC221 m At5g21430  NdhU NADH Dehydrogenase-like complex U 218 chloroplast
At5g27540  MIRO1 MIRQ-related GTPase 1 648  mitochondrion
m SEC61-p1 Al5g43870 TOM22-V  Translocase of Outer Membrane 22-V 99 mitochondrion
FisA At5g51010 Rubredoxin-like superfamily protein 154 chloroplast
At5g64940 ATH13 ATP-binding cassette (ABC) 2 homalog 13 761  chloroplast
- Cth SA - At2940765 unknown transmembrane protein 57 PM
-_- At5g40510 At3g52730 Ubiguinol-cytochrome C reductase 72 mitochondrion
At3g63160 OEP6 Quter Envelope Protein 6, unknown protein 69  chloroplast
NubG Atbg02160 unknown transmembrane protein 129  chloroplast
At5913430 Ubiguinol-cytochrome C reductase 272 mitochondrion
Nubl At5g47990  CYP705A5 Cytochrome P450, family 705 511 ER membrane

24h @ 30°C 48h @ 30°C —— 24h @ 30°C

C

48h @ 30°C ——

* predicted by SUBA (http://suba.plantenergy.uwa.edu.auf) or TAIR10 (https://www.arabidopsis.org)
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Expanded information on TA-protein interactions. (4) SUS interaction analyses of candidate SNARE/TA proteins with AtGET1 and AtGET3a as Cub/

bait fusion. Growth on interaction-selective media (-Ade and -His) was monitored after 2 d, and control plates were monitored after 24 h. ODggo 1.0 and 0.1
dilutions were dropped, with NubG serving as negative control and Nubl (WT version) serving as positive control, respectively. (B) TA proteins that were
identified via ColP-MS of AtGET3a-GFP-expressing plants that were not detected in GFP-only expressing plants. (C) Complete rBiFC analysis of (Left) AtGET1
and (Right) AtGET3a with candidate SNARE/TA proteins. Boxed cartoons show construct design above exemplary images of transiently transformed N. ben-
thamiana leaves. Larger versions of these confocal images are in Fig. 4A. YFP/RFP mean fluorescence intensities from 30 different leaf sections were calculated
and ratioed against the average YFP/RFP ratio of AtGET1 homodimerization or AtGET3a-AtGET1 interaction. Center lines of boxes represent medians, with
outer limits at 25th and 75th percentiles. Notches indicate 95% confidence intervals; Tukey whiskers extend to 1.5x interquartile range, outliers are depicted as
black dots, and red crosses mark sample means. (Scale bars: 10 um.)
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Fig. S7. Global effects of GET pathway mutants in Arabidopsis. (A) Polarity of SYP123 expression in (Left) bulges and (Right) outgrown root hairs is not altered
in WT and T-DNA insertion lines. (Inset) Microscopy pictures depict measurement of polarity ratios: mean fluorescence intensities were ratioed along the newly
forming bulges (magenta) against the basal plasma membrane (yellow) or tip vs. shaft. Boxplot as in Fig. 4. Number of analyzed root hairs is in parentheses
below the x axis. (Scale bars: 50 pm.) (B) Subcellular analysis of AtGET4-mCherry expressed in (Left) Col-0 and (Right) Atgetl-1 revealing even cytosolic lo-
calization. (C) Siliques of main inflorescences of 20 individual lines were counted, and the eighth silique of each stem was opened and scored for aberrant seed
development. The mutant plant (AtGET3a-GFP in AtgetT) has significantly fewer siliques and fewer developed seeds per silique. Values are mean + SD. An
exemplary image can be found in Fig. 5C. (D-F) Additional, root growth-related phenotypes of the AtGET3a-GFP in Atgetl-T1-expressing plants in Fig.
5. (D) Exemplary primary roots of plants expressing AtGET3a-GFP in either (Left) WT Col-0 or (Right) Atget1-1. (E) Boxplot as in Fig. 5 showing the root length of
20 individual seedlings for each line. (F) Root hair length of the longest root hairs of 10 individual lines.
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Table S1.
No.

Oligonucleotides used for cloning and RT-PCR

5'-3’ Sequence

Purpose

83
85
104
106
107
109
89
91
86
88
261
262
631
632
633
634
554
553
625
626
627
628
629
630
635
636
657
658
659
660
442
443
761
762
1140
1141
174
1142
177
178
214
215
1160
1161
1150
1151
1408
1410
1546
547

GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGCGGCGGATTTGCCGGAGG
GGGGACCACTTTGTACAAGAAAGCTGGGTGGCCACTCTTGACCCGTTCGAGTTC
GGGGACAAGTTTGTACAAAAAAGCAGGCTGCATGGCGACTCTGTCTTCCTATCTG
GGGGACCACTTTGTACAAGAAAGCTGGGTGTTTCCAAATGATATCGCCCAAGAAG
GGGGACAAGTTTGTACAAAAAAGCAGGCTGCATGGCGGCTTTACTTCTCCTCAATC
GGGGACCACTTTGTACAAGAAAGCTGGGTGTTTCCAAATGAGATCACCCATGAAC
GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGAAGGAGAGAAGCTTATAGAAG
GGGGACCACTTTGTACAAGAAAGCTGGGTGGAACTCCACGAACCTACACAC
GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGTCGAGAGAGAGGATCAAACGTG
GGGGACCACTTTGTACAAGAAAGCTGGGTGGCCCATCATCTTGAAGATGTCTCC
TCGGAGGTAAAGCAGGTGTTGGGAAG

TCTTCCCAACACCTGCTTTACCTCCG
GCGGATTTAAATAGATAAGGCTCTGTTCTTCCC
TGCAGATTATAACGCTTGTCACAGATACCCTTCAAC
TGACTGGAGCTCTTAATTAAAGGCCTATGGCGGCGGATTTGCCGGAGGCGAC
GCACTAGTGCCACTCTTGACCCGTTCGAGTTC
TAGTCGTTAATTAATCAGAGGAGAGAGCTAAGTGAAGGG
TTAGCCCGGGTGCTAATTCCTTGCTCGTCTCTCTTC
GCGGATTTAAATATCGCATCCCTGAAAAGAGTGAAG
TGCAGATTATAATAAGTACACGCGTCTTTAGAATC
TGACTGGAGCTCAGGCCTATGGAAGGAGAGAAGCTTATAGAAG
GCACTAGTGAACTCCACGAACCTACACACATATTTG
TGACTGGAGCTCGGCGCGCCTTAATTAAAGTTGGCCAAAGTAGAAAATGGTTG
GAAGGCCTTAACCCTTTTGCTGATTACTGATTC
GCGGATTTAAATGGAAGGAGTTTGAAGAGTGAGTTC
TGCAGATTATAAGCTCTGTAATACTTCTTGTTTCG
TGACTGGAGCTCAGGCCTATGTCGAGAGAGAGGATCAAACGTG
TGCAGCTAGCGCCCATCATCTACACAGTTTCAATGG
TGACTGGAGCTCGGCGCGCCTTAATTAACCTCTAACTATCTCTCCCTAGCTAG
GAAGGCCTGGATCTCAAGGATTTGTTGTTTTC
GTAGGCCTATTGTAAATTAACGATCTCATATTG
TCACTAGTCGCTCTAACTGATCAACTCTTGCC
GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGCTAGCCCAACGGAGACGATTTC
GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGCTACTCTTGCTGAAGGAGCTTC
ATGGCGGCGGATTTGCCGGAGGCG

TCACATCTTTCAAGCCCTCAAGTC

ATAAACCCTGAGAAGGCTAGGGAAGAG

TCAAGATTTTACCAATGGATGCATC

TGAGATCATTAGCTACTCTTGCTGAAG

TGGGAGCAGTATCAAAAACTATACGAG

TCACCGCTCAAAGATTCTCTGAAGC

TCTCGGGGTCCTCAGCTCTAACAAAATG

AGGCAATTACTATGGAGCTTTGC

TCTCATCCATCATAAAGTTTGCATC

GTTAATGGAAGGAGAGAAGCTTATAG

TACATGGCCTGTCATGTGACCTCC

ATTGGTTTCCTCTTTTCCTCGCTCCG

AGTGCATCCATTATCTTCTTCACC

ATGAACGATCTTATCTCAAGCTCATTC

TCAAGGTCGAAGTAGAGTGTTAAAG

AGAACACCCCCATCGGCGAC

TGATCGCGCTTCTCGTTGGGGTC

GCCATCCAAGCTGTTCTCTC

CAGTAAGGTCACGTCCAGCA

pPDONR207-AtGET3a
pPDONR207-AtGET3a
pDONR207-AtGET3b
pDONR207-AtGET3b
pPDONR207-AtGET3c
pDONR207-AtGET3c
pPDONR207-AtGET1
pDONR207-AtGET1
pDONR207-AtGET4
pDONR207-AtGET4
Introducing G28A in AtGET3a
Introducing G28A in AtGET3a
3’ End fragment of AtGET3a
3’ End fragment of AtGET3a
Genomic fragment of AtGET3a
A genomic fragment of AtGET3a
AtGET3a promoter

AtGET3a promoter

3’ End fragment of AtGET1

3’ End fragment of AtGET1
Genomic fragment of AtGET1
Genomic fragment of AtGET1
AtGET1 promoter

AtGET1 promoter

3’ End fragment of AtGET4
3’ End fragment of AtGET4
Genomic fragment of AtGET4
Genomic fragment of AtGET4
AtGET4 promoter

AtGET4 promoter

RSL4 promoter

RSL4 promoter

AtGET3b AN68

AtGET3c AN50

RT-PCR for AtGET3a

RT-PCR for AtGET3a

RT-PCR for AtGET3b

RT-PCR for AtGET3b

RT-PCR for AtGET3c

RT-PCR for AtGET3c

RT-PCR for AtGET4

RT-PCR for AtGET4

RT-PCR for AtGET4

RT-PCR for AtGET4

RT-PCR for AtGET1

RT-PCR for AtGET1

RT-PCR for AtGET2

RT-PCR for AtGET2
RT-PCR for SYP123
RT-PCR for SYP123
RT-PCR for GFP
RT-PCR for GFP

RT-PCR for ACT2
RT-PCR for ACT2
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Table S2. Entry and destination constructs used

Int. no. Name Vector Insert Purpose
€002 pDONR207-Syp111-ST pDONR207 At1g08560 Entry clone

004 pDONR207-Syp121-ST pDONR207 At3g11820 Entry clone

080 pDONR207-VAMP711-ST pDONR207 At4g32150 Entry clone

€081 pDONR207-VAMP721-ST pDONR207 At1g04750 Entry clone

e190 pDONR221-L3L2-VAMP721-ST pDONR221-P3P2 At1g04750 Entry clone

e192 pDONR221-L3L2-SNAP33-ST pDONR221-P3P2 At5g61210 Entry clone

E006 pDONR207-SYP61-ST pDONR207 At1928490 Entry clone

E008 pDONR207-AtGET3a-ST pDONR207 At1g01910 Entry clone

E009 pDONR207-AtGET3a-wo pDONR207 At1g01910 Entry clone

EO11 pDONR207-AtGET4-wo pDONR207 At5g63220 Entry clone

E012 pDONR207-AtGET1-ST pDONR207 At4g16444 Entry clone

E013 pDONR207-AtGET1-wo pDONR207 At4g16444 Entry clone

E014 pDONR207-SEC221-ST pDONR207 At1g11890 Entry clone

E101 pDONR207-AtGET3b-ST pDONR207 At3g10350 Entry clone

E102 pDONR207-AtGET3b-wo pDONR207 At3g10350 Entry clone

E103 pDONR207-AtGET3c-ST pDONR207 At5g60730 Entry clone

E104 pDONR207-AtGET3c-wo pDONR207 At5g60730 Entry clone

E105 pDONR207-SYP32-ST pDONR207 At3g24350 Entry clone

E107 pDONR221-L3L2-AtSEC221-ST pDONR221-P3P2 At1g11890 Entry clone

E108 pDONR221-L1L4-GET3a-wo pDONR221-P1P4 At1g01910 Entry clone

E109 pDONR221-L1L4-GET4-wo pDONR221-P1P4 At5963220 Entry clone

E120 pDONR221-L3L2-AtSYP43-ST pDONR221-P3P2 At3g05710 Entry clone

E124 pDONR207-5cGET3p-ST pDONR207 YDL100C Entry clone

E126 pDONR207-SYP123-ST pDONR207 At4g03330 Entry clone

E128 pDONR207-SYP132-ST pDONR207 At5g08080 Entry clone

E143 pDONR207-At5g40510-ST pDONR207 At5g40510 Entry clone

E154 pDONR221-L3L2-SYP123-ST pDONR221-P3P2 At4g03330 Entry clone

E157 pDONR221-L3L2-AtGET4-ST pDONR221-P3P2 At5g63220 Entry clone

E195 pDONR221-L3L2-AtGET1-wo pDONR221-P3P2 At4g16444 Entry clone

E196 pDONR221-L1L4-AtGET1-wo pDONR221-P1P4 At4g16444 Entry clone

E198 pDONR221-L1L4-AtGET3b-wo pDONR221-P1P4 At3g10350 Entry clone

E199 pDONR221-L1L4-AtGET3c-wo pDONR221-P1P4 At5g60730 Entry clone

E221 pDONR207-AtGET3bAN-ST pDONR207 At3g10350 Entry clone

E222 pDONR207-AtGET3bAN-wo pDONR207 At3g10350 Entry clone

E223 pDONR207-AtGET3cAN-ST pDONR207 At5g60730 Entry clone

E224 pDONR207-AtGET3cAN-wo pDONR207 At5g60730 Entry clone

E243 pDONR221-L3L2-SEC61p-ST pDONR221-P3P2 At2g45070 Entry clone

E252 pDONR221-L1L4-AtGET3bAN-wo pDONR221-P1P4 At3g10350 Entry clone

E254 pDONR221-L1L4-AtGET3cAN-wo pDONR221-P1P4 At5g60730 Entry clone

E265 pDONR221-L3L2-AtGET3a-wo pDONR221-P3P2 At1g01910 Entry clone

E289 pDONR207-FisA-ST pDONR207 At3g57090 Entry clone

E374 pDONR207-CYTb5A-ST pDONR207 At5g53560 Entry clone
D0116 pDRf1-AtGET1 pDRf1-GW EO012 Complementation
D0584 pZU-LC-ScGET1p pZU-LC Genomic DNA Complementation
D0512 pYOX1-AtGET3a pYOX1-Dest E008 Complementation
D0513 pYOX1-AtGET3b pYOX1-Dest E101 Complementation
D0514 pYOX1-AtGET3bAN pYOX1-Dest E221 Complementation
D0515 pYOX1-AtGET3cAN pYOX1-Dest E223 Complementation
D0516 pYOX1-ScGET3 pYOX1-Dest E124 Complementation
D0520 pYOX1-AtGET3c pYOX1-Dest E103 Complementation
D0296 pMetYC-AtGET1 pMetYC-Dest E013 SUS

D0076 pMetOYC-AtGET3a pMetOYC-Dest E009 SUS

D0078 pNX35-AtGET3a pNX35-Dest E008 SUS

D0086 pNX35-AtGET3b pNX35-Dest E101 SUS

D0088 pNX35-AtGET3c pNX35-Dest E103 SUS

D0298 pXNubA22-AtGET3a pXNubA22-Dest E009 SUS

D0299 pXNubA22-AtGET3b pXNubA22-Dest E102 SUS

D0300 pXNubA22-AtGET3c pXNubA22-Dest E104 SUS

D0297 pXNubA22-AtGET1 pXNubA22-Dest E013 SUS

D0081 pNX35-SEC221 pNX35-Dest EO14 SUS

D0098 pNX35-SYP32 pNX35-Dest E105 SUS

d517 pNX35-SYP121 pNX35-Dest €004 SUS

d537 pNX35-VAMP711 pNX35-Dest €080 SUS
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Table S2. Cont.

Int. no. Name Vector Insert Purpose
d538 pNX35-VAMP721 pNX35-Dest €081 SUS

D0754 pNX35-Syp111 pNX35-Dest €002 SUS

DO0756 pNX35-Syp61 pNX35-Dest E006 SUS

D0786 pNX35-SYP123 pNX35-Dest E126 SUS

D0787 pNX35-SYP132 pNX35-Dest E128 SUS

D0788 pNX35-At5940510 pNX35-Dest E143 SUS

D0789 pNX35-SEC61-B1 pNX35-Dest E228 SUS

D0790 pNX35-CYTb5A pNX35-Dest E374 SUS

D0791 pNX35-FisA pNX35-Dest E289 SUS

D0273 pBiFCt-nYFP-AtGET4-AtGET3a-cYFP pBiFCt-2in1-NC E108 + E157 rBiFC
D0356 pBiFCt-AtGET1-nYFP-AtGET1-cYFP pBiFCt-2in1-CC E196 + E195 rBiFC
D0355 pBiFCt-AtGET1-nYFP-AtGET4-cYFP pBiFCt-2in1-CC E109 + E195 rBiFC
D0354 pBiFCt-AtGET1-nYFP-AtGET3a-cYFP pBiFCt-2in1-CC E108 + E195 rBiFC
D0545 pBiFCt-AtGET1-nYFP-AtGET3bAN-cYFP pBiFCt-2in1-CC E252 + E195 rBiFC
D0546 pBiFCt-AtGET1-nYFP-AtGET3cAN-cYFP pBiFCt-2in1-CC E254 + E195 rBiFC

D0361 pBiFCt-AtGET1-nYFP-AtGET3b-cYFP pBiFCt-2in1-CC E198 + E195 rBiFC
D0362 pBiFCt-AtGET1-nYFP-AtGET3c-cYFP pBiFCt-2in1-CC E199 + E195 rBiFC
D0965 pBiFCt-AtGET3a-nYFP-AtGET3a-cYFP pBiFCt-2in1-NC E108 + E265 rBiFC
D0966 pBiFCt-AtGET3a-nYFP-AtGET3bAN-cYFP pBiFCt-2in1-NC E252 + E265 rBiFC
D0973 pBiFCt-AtGET3a-nYFP-AtGET3cAN-cYFP pBiFCt-2in1-NC E254 + E265 rBiFC
D0123 pBiFCt-nYFP-SYP43-AtGET3a-cYFP pBiFCt-2in1-NC E108 + E120 rBiFC
D0395 pBiFCt-NC-nYFP-SYP43-ST-AtGET1-cYFP pBiFCt-2in1-NC E196 + E107 rBiFC
D0980 pBiFCt-NC-nYFP-SYP123-AtGET1-cYFP pBiFCt-2in1-NC E196 + E154 rBiFC
D0267 pBiFCt-nYFP-SYP123-AtGET3a-cYFP pBiFCt-2in1-NC E108 + E154 rBiFC

D0371 pBiFCt-NC-nYFP-VAMP721-AtGET1-cYFP pBiFCt-2in1-NC E196 + €190 rBiFC
D0588 pBiFCt-NC-nYFP-SNAP33-ST-AtGET3a-cYFP pBiFCt-2in1-NC E108 + €192 rBiFC
D0589 pBiFCt-NC-nYFP-Vamp721-ST-AtGET3a-cYFP pBiFCt-2in1-NC E108 + €190 rBiFC
D0418 pBiFCt-NC-nYFP-SsB1-ST-AtGET1-cYFP pBiFCt-2in1-NC E196 + E243 rBiFC
D0590 pBiFCt-NC-nYFP-SsB31-ST-AtGET3a-cYFP pBiFCt-2in1-NC E108 + E243 rBiFC
D0090 pUBQ10::AtGET3a-GFP pUBQ10-GW-GFP E009 Localization
D0091 pUBQ10::AtGET3b-GFP pUBQ10-GW-GFP E102 Localization
D0092 pUBQ10::AtGET3c-GFP pUBQ10-GW-GFP E104 Localization
D0160 pUBQ10::AtGET1-GFP pUBQ10-GW-GFP E013 Localization
D0504 pUBQ10::AtGET4-mCherry pUBQ10-GW-mCherry EO11 Localization
D0399 pUBQ10::AtGET3bAN-GFP pUBQ10-GW-GFP E222 Localization
D0405 pUBQ10::AtGET3cAN-GFP pUBQ10-GW-GFP E224 Localization

ST, native stop codon; wo, without stop codon.

Movie S1

Movie S1. CLSM z stack of AtGET3a-GFP in homozygous Atget1</",
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Movie S2

Dataset S1.
(R1 and R2)

Dataset S1

Movie S2. CLSM z stack of AtGET3a-GFP in heterozygous Atget1¢ "+,

ColP-MS raw data of Pygg1o >> GET3-GFP interaction partners in WT Col-0 plants from two individual biological replicates
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Type Il tail-anchored (TA) membrane proteins are involved in di-
verse cellular processes, including protein translocation, vesicle
trafficking, and apoptosis. They are characterized by a single C-ter-
minal transmembrane domain that mediates posttranslational tar-
geting and insertion into the endoplasmic reticulum (ER) via the
Guided-Entry of TA proteins (GET) pathway. The GET system was
originally described in mammals and yeast but was recently shown
to be partially conserved in other eukaryotes, such as higher
plants. A newly synthesized TA protein is shielded from the cyto-
sol by a pretargeting complex and an ATPase that delivers the
protein to the ER, where membrane receptors (Get1/WRB and
Get2/CAML) facilitate insertion. In the model plant Arabidopsis
thaliana, most components of the pathway were identified through
in silico sequence comparison, however, a functional homolog of
the coreceptor Get2/CAML remained elusive. We performed immu-
noprecipitation-mass spectrometry analysis to detect in vivo inter-
actors of AtGET1 and identified a membrane protein of unknown
function with low sequence homology but high structural homol-
ogy to both yeast Get2 and mammalian CAML. The protein localizes
to the ER membrane, coexpresses with AtGET1, and binds to Arabi-
dopsis GET pathway components. While loss-of-function lines phe-
nocopy the stunted root hair phenotype of other Atget lines, its
heterologous expression together with the coreceptor AtGET1 res-
cues growth defects of Aget1get2 yeast. Ectopic expression of the
cytosolic, positively charged N terminus is sufficient to block TA
protein insertion in vitro. Our results collectively confirm that we
have identified a plant-specific GET2 in Arabidopsis, and its se-
quence allows the analysis of cross-kingdom pathway conservation.

GET pathway | tail-anchored proteins | SNAREs | ER membrane | root hairs

M embrane proteins are ubiquitous in all domains of life. In
eukaryotes, approximately one-third of all open reading
frames are identified or predicted to integrate with at least one
transmembrane domain (TMD) into the lipid bilayer (1). Most
membrane proteins are recognized as such at the ribosome during
translation and are immediately inserted into the ER membrane
via a pathway known as cotranslational insertion. Recognition of
these membrane proteins is based on an N-terminal signal se-
quence or the first TMD and its isochronal detection by the signal
recognition particle (SRP) on emergence from the ribosome.

A number of membrane proteins are neither recognized by the
SRP nor cotranslationally inserted, however. Among these are the
tail-anchored (TA) proteins, which feature a single C-terminal
TMD that inserts into the ER membrane in a type II orientation;
that is, the N-terminal part of the protein faces the cytosol. Important
members of this membrane protein family are N-ethylmaleimide—
sensitive factor attachment protein receptors (SNARES) that catalyze
membrane fusion events in eukaryotes (2-4). However, the ab-
sence of an N-terminal signal sequence in TA proteins dictates
their insertion to be posttranslational and requires chaperoning of
the mature protein through the cytosol to the membrane. The

PNAS 2020 Vol. 118 No. 1 e2017636118

Guided-Entry of TA proteins (GET) pathway was found to per-
form the steps necessary for the task of receiving the nascent TA
proteins, chaperoning these to the membrane and insert via
dedicated receptors (5).

A pretargeting complex comprising Sgt2, Get4, and Get5
(metazoa: SGTA, TRC35, UBLA4A, and BAG6) receives the TA
protein from the ribosome (6, 7) and hands it over to the homo-
dimer ATPase Get3 (TRC40) (6-9). Transfer of the TA protein to
Get3 requires the hydrolysis of ATP (10, 11). The terminal in-
sertion step is initiated through interaction of the Get3-TA com-
plex first with the ER membrane receptor Get2 (CAML),
followed by release of ADP and subsequent disassembly of the
complex facilitated by interaction with Getl (WRB) (12, 13). A
stretch of positively charged amino acids within the cytosolic N
terminus of Get2/CAML is required for Get3/TRCA40 binding
(14, 15).

The ER receptors of the GET pathway form an intricate re-
lationship (16). Knockout of WRB in cardiomyocytes results in
reduced protein levels of CAML. Interestingly, this difference is
caused posttranslationally, as mRNA levels are not altered (17).
Rather, the lack of sufficient protein level of WRB within the
membrane leads to incomplete integration of CAML and its
subsequent proteasomal degradation (18).

Significance

The GET pathway is required for the insertion of tail-anchored
(TA) membrane proteins in the endoplasmic reticulum (ER) of
yeast and mammals. Some orthologous genes had also been
identified in higher plants with the exception of one of the two
ER membrane receptors required for membrane insertion. Get2/
CAML is required for the pathway’s cytosolic chaperone to dock
and release its TA protein cargo. Here we report the identifica-
tion of the elusive plant GET pathway receptor through an in-
teraction screen in Arabidopsis. The candidate allows detection
of further Get2/CAML orthologs in higher plants, revealing
conservation and function of structural features across king-
doms. Additionally, our results demonstrate that these features,
rather than sequence conservation, determine functionality of
the candidate within the pathway.
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While the GET pathway was originally described in opistho-
konts (19, 20), it was recently shown to be partially conserved in
other eukaryotes, such as Archaeplastida (21, 22). The main GET
pathway components were identified through in silico analysis of
protein sequence conservation (21, 22). In this way, orthologs for
Getl/WRB, Get3/TRC40, Get4/TRC35, Get5, and Sgt2 were
identified in Arabidopsis thaliana. Similar to the initial mystery
around the existence of a functional Get2 ortholog in animals
(15), our sequence analysis alone did not reveal potential candi-
dates in higher plants.

Here we now report the identification and functional charac-
terization of an archaeplastidic ortholog of the opisthokont Get2/
CAML through an immunoprecipitation-mass spectrometry (IP-
MS) approach. Using AtGET1-GFP-expressing Arabidopsis plants,
we detected an unknown membrane protein, At4g32680, which we
temporarily assigned as G1IP (4tGETl-interacting protein).
The protein shows low sequence similarity to the opisthokont
Get2/CAML but apparent conservation of structural features: a
positively charged, cytosolic N terminus followed by three TMDs.
T-DNA insertion and CRISPR loss-of-function lines phenocopy
other Aget lines, while double-receptor knockouts do not show
exacerbated effects, suggesting pathway conservation. G1IP to-
gether with A*GET1 can complement the growth defects of the
yeast receptor knockout, and expression of the charged stretch at
the N terminus is sufficient to interrupt TA protein import in dog
reticulocytes. Extensive interaction analyses revealed that G1IP
interacts with other pathway components. Collectively, our results
suggest that G1IP codes for a plant-specific GET?2 that is func-
tionally equivalent to its yeast and mammalian counterparts, al-
though only TMDs and small sequence motifs are conserved
across eukaryotes.

The protein sequence of Arabidopsis GET2 serves as an im-
portant puzzle piece in understanding cross-kingdom evolution
of the GET pathway. It seems likely that the plant GET2 ortho-
logs, fungi Get2, and mammalian CAML derived from a common
ancestor, and that the evolutionary pressure was maintained on
the structural features of a cytosolic, positively charged stretch at
the N terminus and three TMDs at the C terminus.

Results and Discussion

An Unknown Transmembrane Protein Interacts with AtGET1 and
AtGET3a In Planta. Both GET receptor-forming protein pairs
Getl and Get2 in yeast (19, 23), as well as WRB and CAML (15)
in mammalian cells, have been shown to copurify. Thus, we
chose affinity purification as a promising strategy to identify the
elusive coreceptor of AtGET1. We performed immunoprecipi-
tation of AtGET1-GFP stably expressed in A. thaliana wild-type
(WT), Col-0, followed by mass spectrometry analysis. Two bio-
logical replicates were executed, and candidates that came up in
both experiments and predicted to contain TMDs were consid-
ered high-confidence targets (Table 1).

Since both Get2 and CAML contain a C-terminal membrane-
anchoring domain with three transmembrane helices, we focused
on candidates with such a structure. We identified an unknown
membrane protein, G1IP (4¢tGET1-interacting protein; At4g32680),
which appeared to match these preferences (Fig. 14). Interest-
ingly, G1IP was also detected in our previously published IP-MS
results using AtGET3a-GFP (22), substantiating that this protein
may indeed be part of the Arabidopsis GET pathway. In addition,
a close homolog of G1IP exists in Arabidopsis (At1g52343) that we
termed G1IP-like. This protein was identified in both IP-MS
analyses of AtGET1, but not when using AfGET3a-GFP as a
target (22) (Table 1).

Multiple sequence alignment using MegaX showed only low
overall similarity between G1IP and yeast Get2 or mammalian
CAML, respectively (SI Appendix, Fig. S14). However, structural
comparison revealed that the predicted membrane topology of
G1IP suggests a type II orientation with a long cytosolic N
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terminus, three transmembrane helices, and a luminal C-termi-
nal region (TMHMM, Tmpred, and Protter version 1.0) (24)
closely resembling the structure of yeast Get2 and mammalian
CAML (Fig. 14). Moreover, Phyre2 and HHpred analyses of the
sequence maps part of the N terminus of G1IP (amino acids 6 to
27) with the crystal structure of cytosolic ScGet2 bound to
ScGet3 (structures 3ZS9_D and 3SJD_E, respectively).

The predicted orientation of G1IP was experimentally verified
using ratiometric bimolecular fluorescence complementation
(rBiFC) (25) with the coreceptor AtGET1 (SI Appendix, Fig. S1B).
The putative structure of G1IP-like is similar to that of G1IP with
a relatively large N-terminal cytosolic region and two or three
transmembrane helices in the C-terminal domain, predicted via
TMHMM or TMpred, respectively.

G1IP and AtGET1 Share the Same Expression Profile and Subcellular
Localization. To determine a functional relationship between G1IP
and AtGET1, we assessed the expression patterns by quantitative
PCR (qPCR). Consistent with expression data of publicly available
microarray and proteomics data (26), qPCR analysis revealed
constitutive coexpression of G1IP and A#GET1 at almost identical
levels across all tissues and developmental stages, supporting the
notion of a shared molecular pathway (Fig. 1B). In contrast, G1IP-
like exhibited flower-specific gene expression in both qPCR and
in silico analysis (eFP Browser), indicating functional divergence
of the two homologs. Such an organ-specific expression pattern of
G1IP-like most likely contradicts a putative housekeeping func-
tion that the AtGET1 coreceptor needs to fulfill within the GET
pathway. Instead, G1IP-like may have acquired novel, flower-
specific functions independent of AtGET1.

The AtGET1 receptor was previously described as an ER-local-
ized protein (22). However, in silico prediction suggests a nuclear
localization for G1IP (suba.live/factsheet.html?id=AT4G32680.1),
which would contradict a potential ER import function of a GET
pathway coreceptor. To investigate the subcellular localization of
GI1IP in A. thaliana, we created stable transgenic plants that
coexpress N-terminally GFP-tagged G1IP with the ER marker
secRFP-HDEL. Using confocal laser scanning microscopy (CLSM),
we were able to confirm a subcellular ER localization for G1IP
(Fig. 1 C-F), as was demonstrated previously for AtGET1 (22).
Similar to its homolog, G1IP-like also localizes to the ER
membrane (Fig. 1 G-J).

G1IP Binds AtGET3a Only in the Presence of AtGET1. To corroborate
and expand the analyses of physical interaction of G1IP and
G1IP-like with Arabidopsis GET pathway components, we per-
formed rBiFC (25, 27, 28) and coimmunoprecipitation (co-IP)
analyses. Complementation of the YFP signal, a cue for physical
interaction, was detected only in samples in which AtGET1 was
coexpressed with G1IP or G1IP-like (Fig. 1 K-M and SI Ap-
pendix, Fig. S2 A-C). The residual YFP signal in samples with
AtGET3a was comparable to the biological negative control of
AtGET4, a protein found further upstream of the pathway that is
unable to interact on its own with the receptors in yeast and
mammals (7, 29). Given our identification of G1IP as a binding
partner of AfGET3a in our previously published IP-MS analyses
(22), this lack of an interaction in rBiFC was somewhat surprising.

Therefore, we generated a new set of Gateway-compatible
2inl co-IP vectors allowing for high constitutive gene coex-
pression in Arabidopsis (Fig. 1N). Interestingly, interaction was
detected only in WT (Fig. 10) and not in the AfgetI-2 mutant
background (Fig. 1P), suggesting that the interaction of AfGET3a
and G1IP is highly sensitive to the presence or absence of AtGET1
(see Fig. 4C). It was recently demonstrated that the human Getl
ortholog WRB is required for protein stability and correct inser-
tion of CAML, the Get2 receptor in metazoa (18); however, we
did not observe instability of ectopically expressed G1IP in Azget]-
2 mutants (Fig. 1P).
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Table 1. AGI codes and identifiers of candidates identified in both replicates of AtGET1-GFP IP-MS analyses and predicted to

contain TMDs

Prediction tool

Localization, Number of TMDs

AGI Gene name Description SUBA TMHMM TMpred Also detected via AtGET3a-GFP (22)
AT4G32680 G1IP Unknown transmembrane protein Nuc 3 40or3 Yes
AT1G52343 G1IP-like Unknown transmembrane protein Cyt/Mito 2 3 No
AT5G13490 AAC2 ADP/ATP carrier 2 Mito 3 5or4 Yes
AT5G13430 Ubiquinol-cytochrome C reductase FeS subunit Mito 0 2 Yes
AT1G50200 ALATS Alanyl-tRNA synthetase Mito 0 1 Yes
ATAG01100 ADNT1 Adenine nucleotide transporter 1 Mito 0 4 Yes
AT5G41670 6-phosphogluconate dehydrogenase family protein  Mito/Chp 0 2 Yes
AT2G38040 CAC3 Carboxyltransferase alpha subunit Chp 0 3 Yes
AT1G64190 6-phosphogluconate dehydrogenase family protein Chp 0 2 Yes
AT1G29900 CARB Carbamoyl phosphate synthetase B Chp 0 2or1 Yes
AT5G30510 RPS1 Ribosomal protein S1 Chp 0 1 No
AT5G53480 ARM repeat superfamily protein Cyt/Nucd/Chp 0 3 No
AT2G20580 RPNTA 26S proteasome regulatory subunit S2 1A Cyt/Nuc 0 5o0r4 Yes
ATA4G24820 26S proteasome regulatory subunit Rpn7 Cyt/Nuc 0 1 Yes
AT2G30490 C4H Cinnamate-4-hydroxylase ER 0 2 Yes
AT5G47990 CYP705A5 Cytochrome P450 705A5 ER 0 4 Yes
AT1G07810 ECA1 ER-type Ca2 -ATPase 1 ER 8 9 Yes
AT3G51460 RHD4 Phosphoinositide phosphatase family protein ER 2 3 Yes
AT1G70770 Protein of unknown function DUF2359 ER 0 2or1 Yes
AT4G21150  HAP6 Ribophorin Il (RPN2) family protein ER 4 4 Yes
AT1G29310 SecY protein transport family protein Golgi 10 100r9 Yes
ATAG25820 XTH14 Xyloglucan endotransglucosylase/hydrolase 14 cw 1 1 Yes

Nuc, nucleus; Cyt, cytosol; Mito, mitochondria; Chp, chloroplast; CW, cell wall.

G1IP Phenocopies GET Pathway Mutants. We have previously shown
that loss of some GET pathway components in A. thaliana leads
to reduced root hair elongation under standard growth condi-
tions (22). To investigate whether G1IP belongs to the same
pathway, we analyzed the root hair growth of putative loss-of-
function lines (Fig. 24 and SI Appendix, Fig. S3). The T-DNA
insertion line glip-3 showed significantly shorter root hairs at
seedling level compared with WT Col-0 and similar to the A.
thaliana GET pathway mutant get/-1 (22) (Fig. 2B). Expression
of a genomic version of the G1IP gene under the constitutively
active VAMP721 promoter (glip-3 compl.) restored WT-like
root hair growth.

G1IP in Concert with AtGET1 Can Complement Yeast GET Receptor
Mutants. It had been demonstrated that the loss of GET path-
way components in yeast results in a lack of (heat) stress toler-
ance (30). Therefore, we tested whether G1IP or G1IP-like are
able to complement yeast growth under increasing temperatures
(Fig. 2 C and D). The simultaneous expression of AfGET1 and
G1IP is able to weakly recover the viability of the AgetIget2 strain
(31), indicating at least some functional conservation between the
Arabidopsis and yeast genes (Fig. 2C). However, coexpression of
the Arabidopsis homolog G1IP-like together with A/GET1 in
Agetlget2 is not able to rescue the lethality at higher temperatures,
comparable to the vector-only control. The lack of a noticeable
phenotype in glip-like lines, along with the different expression
profile and lack of rescue of Agetiget2 yeast, strongly suggest that
G1IP-like has acquired a novel function independent of the
GET pathway.

In another approach, we tested the importance of a heterol-
ogous or homologous partner receptor for yeast rescue (Fig. 2D).
Mixing the corresponding receptors of the different species did
not rescue as efficiently as the homologous combinations of
AtGET1/G1IP or ScGET1/ScGET2; however, the combination
of ScGET1 with G1IP appears to perform even weaker than the
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opposite combination with AfGET1 and ScGET2, mirroring an
earlier observation with the mammalian GET2 ortholog CAML
(30). This result implies that the eukaryotic Get2/CAML in
general may have undergone more structural changes during
evolution, making it more specialized as opposed to the more
conserved GET1/WRB.

G1IP Interacts with the AtGET1 Receptor via Its TMDs. Mammalian
WRB and CAML have been previously shown to associate via
interactions between their TMDs, thereby forming a functional
receptor complex (15). Therefore, we examined the importance
of the transmembrane region of G1IP in binding to A/GET1 using
rBiFC and co-IP. We separated the cytosolic tail (amino acids 1 to
173) of G1IP from its TMD region (amino acids 174 to 282) and
tested both domains individually for A«GET1 interaction (Fig. 3 4
and B and SI Appendix, Fig. S2 D and E). Interaction of full-length
G1IP with AtGET]1 in rBiFC resulted in strong YFP comple-
mentation, with a YFP:RFP ratio above the positive control
AtGET1 with AtGET3a. While the ratio was lower using the
truncated construct G1IP-TMDs, it nonetheless gave a strong
signal of YFP complementation; however, the cytosolic part of
G1IP showed an almost complete absence of signal comparable to
the biological negative control of A#GET1 and AtGET4.

The rBiFC result was corroborated via co-IP by leveraging a
2inl Forster resonance energy transfer (FRET) construct (35)
transiently transformed in Nicotiana benthamiana (Fig. 3C).
Fusion proteins of AtGET1-EGFP coexpressed with mCherry-
G1IP, mCherry-G1IPcyt, or mCherry-G1IP-TMDs were purified
from tobacco leaf extracts via the RFP-trap antibody. After
complex elution, immunoblotting against GFP revealed the
presence of AfGET1-GFP in eluates of G1IP and G1IP-TMDs
but not of G1IPcyt (Fig. 3D). Our results indicate that G1IP acts
as binding partner of A*GET1 via its TMDs.
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Fig. 1.

G1IP coexpresses with AtGET1, localizes to the ER, and interacts with AtGET1 and AtGET3a. (A) Transmembrane topology prediction of ScGET2,

HsCAML, and G1IP using Protter. (B) Relative transcript levels of AtGET1, G1IP, and G1IP-/ike in different organs of A. thaliana Col-0 plants measured by qPCR
analysis. ACT2 was used as a reference gene. Error bars indicate SD. n = 3. (C-J) CLSM analysis of the subcellular localization of p35S::GFP-G1IP (C-F) and
p35S::GFP-G1IP-like (G-J) in leaves of stably transformed A. thaliana lines coexpressing the ER marker RFP-HDEL. Line histograms (F and J) along yellow arrows
in E and / confirm colocalization. (Scale bars: 10 pm.) (K) Schematic of the 2in1 rBiFC constructs used in L and M. (L and M) rBiFC analysis of G1IP (L) and G1IP-
like (M) with Arabidopsis GET pathway components. Exemplary CLSM images of transiently transfected N. benthamiana leaves are depicted. Mean fluo-
rescence levels of 21 areas were measured in YFP and RFP channels, ratioed, and plotted to show YFP complementation. The center lines of boxes represent
the median with outer limits at the 25th and 75th percentiles. Tukey whiskers extend to 1.5 times the IQR. All values are depicted as black dots. (N) Schematic
of the 2in1 co-IP constructs used in O and P. (O and P) Co-IP of AtGET3a with G1IP (O) or G1IP-like (P) in Col-0 and Atget7-2 mutant background. Protein
extracts of Arabidopsis seedlings overexpressing AtGET3a-mVenus and G1IP-3xHA or G1IP-like-3xHA were immunoprecipitated with anti-GFP beads.
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Protein—protein interaction was detected by immunoblotting using anti-GFP and anti-HA antibodies. IN, input; FT, flow-through; IP, immunoprecipitate.

Interference of the Cytosolic G1IP N Terminus in TA Protein Insertion.
Despite the low level of sequence similarity between G1IP and
yeast Get2 or mammalian CAML, multiple protein sequence
alignment showed that a cluster of positively charged amino
acids near the N terminus is conserved among the proteomes of
vertebrates, plants, and fungal lineages (Fig. 3E and SI Appendix,
Fig. S4). This motif is proposed to be crucial for binding of
ScGet3 (14) and its mammalian homolog TRC40 (15) and has
been shown to segregate with the membrane-anchoring domain
of Get2/CAML-like proteins in a position-specific iterative
(PSI)-BLAST analysis (32). To determine the functional effect
of this cluster in G1IP, we performed site-directed substitution
mutagenesis to reverse the charge of four amino acid residues:
RYE, R10E, R11E, and K12E = G1IP*F (Fig. 3E).

We then in vitro expressed/translated the human Syntaxin5
(Stx5) fused to a C-terminal opsin-tag (Stx5-op) in TNT reticu-
locyte lysate and added recombinant cytosolic fragments of
MBP-WRBcc, GST-CAMLcyt, GST-AtGET1cc, GST-G1IPcyt,
and GST-G1 IP4Ecyt together with pancreatlc rough microsomes
(RMs) to the reaction mix (here “cc” refers to the cytosolic
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coiled-coil domain in WRB or AtGET1, and “cyt” refers to the
cytosolic N terminus of CAML or G1IP). If the C terminus of
Stx5 is exposed to the ER lumen, the opsin-tag becomes glyco-
sylated, confirming successful membrane insertion. This assay
had been used previously to demonstrate that the cytosolic
coiled-coil domain of WRB and the cytosolic N terminus of
CAML are capable of interfering with TA protein insertion (15,
33). The ratio of glycosylated and nonglycosylated Stx5-op, de-
termined via the band shift in immunoblot analyses, revealed
that the native cytosollc domain of G1IP, but not the reverse-
charged mutant version (G1IP*cyt), prevents insertion of the
in vitro translated TA protein Stx5 into ER-derived microsomes
(Fig. 3 F and G). The interference of the native G1IP N terminus
with the mammalian machinery for TA protein insertion suggests
a conserved role for this domain in binding of TRC40/GET3.
However, the coiled-coil motif of AtGET1 does not inhibit
membrane insertion, indicating that the binding sites or func-
tional residues may have diverged from those of its ortholog in
mammals. These functional differences are also evident from the
yeast complementation assays (Fig. 2 C and D) and underpin the
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Fig. 2. G1IP phenocopies GET pathway mutants in Arabidopsis and partially
complements a yeast GET receptor mutant in combination with AtGET1. (A)
Schematic illustration of the G1IP gene structure. The T-DNA in gTip-3 is
inserted 5 bp downstream of the ATG with an additional insertion of AGTT.
In glip-1 and g1ip-2, the T-DNA insertion is within the 5" UTR (dotted line),
333 bp and 201 bp upstream of the ATG, respectively. The g7ip-4 line lacks
the part between the CRISPR target sites indicated in red and symbolized by
the scissors above. (B) Representative images of roots of 10-d-old mutant
seedlings or complemented lines. Boxplots show quantification of root hair
length of the 10 longest root hairs from at least seven seedlings per geno-
type. Center lines of boxes represent the median, with outer limits at the
25th and 75th percentiles. Tukey whiskers extend to 1.5 times the IQR.
Outliers are depicted as black dots. (C and D) Yeast complementation
analyses of the yeast Aget7get2 double-deletion strain with different com-
binations of A. thaliana and S. cerevisiae proteins. Growth was monitored
after 3 d in different temperatures. Genomic fragments of yeast GET1 and
GET2 were used as positive controls, and empty vectors were used as neg-
ative controls. Since the T-DNA insertion in g7ip-3 is located close to the ATG,
and to confirm that the observed phenotype is a result of the insertion
mutation in G1/P, we also performed CRISPR/Cas9 genome editing to gen-
erate a g7ip complete deletion mutant (g7ip-4). Root hair growth in this line
was reduced, phenocopying the T-DNA line g7ip-3 and thereby confirming
that loss of G1IP leads to the reduced root hair growth. Simultaneous ho-
mozygous knockout of AtGET1 and G1IP did not exacerbate the short root
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importance of the positively charged motif common to yeast
Get2, mammalian CAML, and Arabidopsis G1IP. In summary,
the experimental evidence presented here builds a strong case
that G1IP is indeed AtGET2, the Arabidopsis ortholog of yeast
Get2 and mammalian CAML.

The GET Receptor Complex Shows Low Evolutionary Conservation.
While interaction data and the root hair phenotype seem to
confirm that AtGET1 and G1IP/AtGET2 act in the same path-
way, sequence conservation of the two receptors is poor com-
pared with opisthokont candidates (SI Appendix, Fig. S1A).
Similarly, sequence conservation between fungal Get2 and mam-
malian CAML is equally poor, leading the authors who identified
the connection to postulate that “mammalian cells have no genes
homologous to Get2” (15).

Our finding of G1IP/AtGET?2, however, gave us an amino acid
sequence with which we were able to identify numerous arch-
aeplastidic homologs to compare with both fungal GET2 and
metazoan CAML sequences (Fig. 4 and SI Appendix, Fig. S5).
The structural similarities of the cross-kingdom proteins are
striking regarding the putative number of TMDs (three), the
topology of the proteins (cytosolic N terminus, luminal C ter-
minus), and, most importantly, the positively charged N terminus
(at least four arginine or lysine residues in a row; see motifs in
Fig. 4). A recently published independent analysis using PSI-
BLAST showed that the N-terminal Get3 interaction motif and
the C-terminal membrane anchoring domain coevolve and allow
the identification of candidate GET2 homologs from distantly
related groups, including plants (32).

Our phylogenetic analysis of (putative) GET2 homologs from
different eukaryotic groups clearly separates homologs from
high-level groups (animals, fungi, and plants) (Fig. 4). Somewhat
surprisingly, the Brassicales GET2 homologs are clustered sep-
arately at the bases of the eudicots. The G1IP-like proteins—
which we now term GET2-like—are only found in the Rosids,
clustering as a separate branch. The most striking difference
within the N-terminal Get3 interaction motif is a conserved al-
anine residue in A#GET2 and GET2 orthologs (SI Appendix, Fig.
S6). AtGET2-like instead features an additional glutamic acid
residue, with the exception of the GET2-like protein from Vitis
vinifera, which clusters at the base of the GET2-like proteins. The
positions of the Brassicales GET2 and the GET2-like proteins
might be explained by two whole-genome duplication events in
the core Brassicales and the rosid lineages, respectively (34).
These events might have led to differential loss of one copy in
the Brassicales and evolution of GET2 in the rosids, although
other possible explanations involving gene duplications and los-
ses cannot be excluded.

Taken together, the structural similarities of AtGET2 with
either fungal GET?2 or metazoan CAML, the network of physical
interactions with other components of the Arabidopsis GET
pathway, complementation of yeast knockouts, and the pheno-
copying of the loss-of-function Arabidopsis mutants strongly
suggest that we have indeed identified the functional ortholog of
GET?2 in Arabidopsis. This discovery is consistent with a recent
independent bioinformatic analysis (32) presenting candidate
Get2/CAML homologs based on PSI-BLAST and allows recog-
nition of GET2/CAML orthologs in other higher plant species or
even basal Archaeplastida (SI Appendix, Table S1). In addition,
we have identified a rosid lineage-specific homolog GET2-like
that seems nonfunctional in the context of a plant GET pathway.
This identification of the missing GET receptor in plants paves

hair phenotype, indicating that both genes may be part of the same path-
way (Fig. 2B). In contrast, gTip-like T-DNA insertion lines exhibited WT-like
root hair growth without any significant growth defects at later stages.
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Fig. 3. The TMD region of G1IP mediates interaction with AtGET1, and its cytosolic N terminus can interfere with the mammalian insertion system. (A)
Schematic of the 2in1 rBiFC constructs used in B. G1IP and G1IPcyt were tagged C-terminally to avoid masking the N-terminal motif, marked with an asterisk.
(B) rBiFC analysis using full-length and truncated versions of G1IP to test for interaction with AtGET1. Exemplary CLSM images of transiently transfected N.
benthamiana leaves are depicted. Mean fluorescence of at least 25 areas was measured in YFP and RFP channels, ratioed, and plotted to show YFP com-
plementation. Center lines of boxes represent the median, with outer limits at the 25th and 75th percentiles. Tukey whiskers extend to 1.5 times the IQR. All
values are depicted as black dots. (C) Schematic of the 2in1 FRET constructs used for co-IP in D. (D) Co-IP of full-length and truncated G1IP with AtGET1,
transiently expressed in N. benthamiana leaves. Protein extracts were immunoprecipitated with anti-RFP beads, and protein-protein interaction was detected
by immunoblotting using anti-RFP and anti-GFP antibodies. IN, input; FT, flow-through; IP, immunoprecipitate. (E) Schematic representation of full-length,
truncated, and mutated G1IP. The small alignment highlights a conserved cluster of positively charged amino acids and its charge-reversal mutation in the
G1IP*cyt mutant, respectively. (F and G) Insertion assays into microsomal membranes. Stx5-op was translated in vitro in rabbit reticulocyte lysate and in-
cubated with recombinant cytosolic fragments and pancreatic rough microsomes. Protein extracts were immunoblotted with anti-Stx5 antibody, and ER
insertion was monitored via band shift reporting glycosylation. Boxplots show quantification of the immunoblots from four independent experiments. The
center lines of boxes represent the median, with outer limits at the 25th and 75th percentiles. Tukey whiskers extend to 1.5 times the IQR. Outliers are
depicted as black dots. ***P < 0.001, Student’s t test.

2in1 (25, 28, 35). For generation of the reverse-charged mutation of G1IP, three
arginine and one lysine residue at positions 9 to 12 were exchanged with
glutamic acid residues by site-directed mutagenesis as described previously (36).

PVAMP721>>GFP-myc-gG1IP was generated by classical cloning. The ge-
nomic fragment of G1IP from start codon to 261 bp downstream of the
stop codon was PCR-amplified and inserted into the binary vector
PVAMP721>>GFP-myc 3’ of myc.

Constructs were transformed into Agrobacterium tumefaciens GV3101
and used to transform Col-0 or respective mutant plants or infiltrated into N.

the way for future research into pathway function and conser-
vation in the eukaryotic domain of life. The absence of a more
severe growth defect in GET pathway mutants of Arabidopsis
remains puzzling and suggests the presence of additional mem-
brane-targeting pathways and/or alternative functions of GET
in plants.

Materials and Methods

Construct Generation and Plant Transformation. Most constructs were
designed using Gateway technology or the Gateway-compatible cloning system

60f9 | PNAS
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benthamiana leaves (28). For the CRISPR construct, annealed oligos (for-
ward: 5-ATTG + protospacer; reverse: 5'-AAAC + rev-com protospacer) were
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Fig. 4. Phylogenetic tree of GET2, CAML, and plant-specific GET2/GET2-like homologous proteins. A multiple alignment was generated with Muscle, and the
phylogenetic tree was generated with MrBayes. The scale bar indicates expected substitutions per site. Bayesian probabilities of the branching pattern as well
as accession numbers of the sequences used are provided in the corresponding cladogram in S/ Appendix, Fig. S5.

sequentially ligated into pEn-2xChimera (37) via Bbsl and Esp3l, respectively,
followed by Gateway cloning into pEC-CAS9. Target sites (3'-AAGAAGTAG
AATCGGAAGG-5' and 5-GATGATGGTGAAGAAGATAA-3') were selected
using CRISPR-P 2.0 (38). Constructs were transformed into Col-0 through
floral dipping, and T1 plants were selected by red fluorescence.

Cloning of pEC-CAS9. A modified version of pDe-CAS9 (39) containing
pOLE-OLE-tagRFP was digested using EcoRI. The EC promoter (40) and Cas9-
attR1 fragment (39) were PCR-amplified separately with overlapping ends
and combined with the vector backbone by In-Fusion cloning. The resulting
vector, pEC-CAS9, was verified by restriction digest and sequencing.

Plant Material and Growth Conditions. All mutant and transgenic lines used in
this work were in the Columbia (Col-0) background. T-DNA insertion lines were
obtained from the Nottingham Arabidopsis Stock Centre (arabidopsis.info/),
and insertion sites were verified by sequencing: Atget1-1 (SAIL_1210_E07) (22),
Atget1-2 (GK_264D06), glip-1 (SALK_100089), g1lip-2 (SALK_119358), glip-3
(SALK_034959), g1lip-like-1 (SAIL_760_HO02), and g1ip-like-2 (SALK_045533).

The CRISPR-based mutant line was generated with a dual sgRNA ap-
proach and screened using a visual selection marker (FAST-Red). Expression
of Cas9 was driven by the egg cell-specific promoter EC1. Large-fragment
deletion mutants were identified by PCR-based genotyping and verified by
sequencing. The primer sets used for genotyping are listed in S/ Appendlix,
Table S2.

Plants were grown at 22 °C under long-day conditions (16-h light/8-h dark)
in soil or on half-strength Murashige and Skoog agar plates (1%; pH 5.7).
Seeds were surface-sterilized with chlorine gas and stratified at 4 °C for 2 to
3 d in darkness to equalize germination.

Asseck et al.
Endoplasmic reticulum membrane receptors of the GET pathway are conserved throu
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rBiFC. Coding sequences were cloned into binary 2in1 rBiFC vectors (25) and
transformed into N. benthamiana through syringe-mediated infiltration as
described previously (28). Fluorescence intensities were measured at 3 d
postinfiltration using a Leica SP8 confocal laser scanning microscope (YFP at
514 nm excitation (ex) and 520-560 nm emission (em); RFP at 561 nm ex and
565-620 nm em). YFP/RFP ratios were calculated from at least 21 different
leaf regions and plotted using BoxPlotR (shiny.chemgrid.org/boxplotr/).

Subcellular Localization Analysis. Coding sequences were cloned into the
Gateway vector pH7WGF2 (41) and cotransformed with an ER membrane
marker (CD3-959 or CD3-960) into Col-0 through floral dipping. T1 plants
were selected on hygromycin and leaves were imaged using a Leica SP8
confocal laser scanning microscope (GFP at 488 nm ex and 490-520 nm em;
RFP at 561 nm ex and 565-620 nm em).

Root Hair Imaging and Measurements. Roots from 10-d-old seedlings grown
on half-strength Murashige and Skoog agar plates were imaged with a Zeiss
Axio Zoom V16 light microscope, and the length of the 10 longest root hairs
from at least seven seedlings per genotype were measured using Image)J
(n >70).

gqPCR and RT-PCR Analysis. Total RNA was isolated from various plant tissues
(100 mg) using the GeneMATRIX Universal RNA Purification Kit (Roboklon).
Then 1 pg of each sample was converted into cDNA using the Protoscript
II-First-Strand cDNA Synthesis Kit (New England BioLabs). cDNA was diluted
1:5 and quantified on the CFX96 Real-Time PCR System (Bio-Rad) using
GoTag qPCR Master Mix (Promega) with SYBR Green. Transcript levels were
calculated by the 2-ACt method and normalized to ACT2 expression. For
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semiquantitative RT-PCR, first-strand cDNA was amplified for 30 cycles and
verified by agarose gel electrophoresis. Primer sets used for qPCR and RT-
PCR are listed in S/ Appendix, Table S2.

Yeast Complementation Assay. Saccharomyces cerevisiae genes with part of
the 5’ and 3’ flanking regions (~0.5 kb) were cloned into low-copy number
ARS/CEN vectors. A. thaliana genes (full-length CDS) were constitutively
expressed from 2p origin plasmids using the yeast PMA1 promoter. The
Agetlget2 double-deletion mutant (MATa his3A1 leu2A0 met15A0 ura3A0
ygl020c::KanR yer083c::NatR) (19) was cotransformed as described previously
(42) and dropped in 10-fold serial dilutions in vector-selective medium
(complete supplement medium [CSM] L-, U-) and grown at different tem-
peratures for 3 d.

Creation of 2in1 Co-IP Vectors (mVenus/3xHA). The new set of Gateway-
compatible 2in1 co-IP vectors (pColP-2in1-NN, -NC, -CN, -CC) was generated
by classical cloning. RPS5a driven N- and C-terminally 3xHA-tagged R3R2
expression cassettes were generated by replacing the 35S promoter in
pUC57-Tec-N-HA and pUC35S-R3R2-3xHA (Narl/Hpal) with the RPS5a pro-
moter (1,684 bp), which was PCR-amplified and flanked by Narl-Stul/Nael
(blunt end, like Hpal) restriction sites (pUC-RPS-HA-lacZ and pUC-RPS-lacz-
HA). The resulting expression cassettes were excised via Stul and inserted
into pBBb (35) via EcolCRI (blunt end, like Stul) to yield the intermediate
vectors pColP-intA and pColP-intB. Another pUC helper vector, pUC-
RPS5a::R1R4, was created by introducing the RPS5a promoter via Narl/Nael
into pUC57-Tec-N-myc. mVenus was PCR- amplified (Nael/Spel) and inserted
via Nael/Hpal 5’ of the R1R4 expression cassette (pUC-RPS5-Ven-R1R4). To
introduce mVenus at the C terminus, PCR-amplified mVenus-TGA (Nael/Psil)
was inserted into pUC-RPS5a::R1R4 via Psil (pUC-RPS5-R1R4-Ven). For the
final 2in1 vector assembly, the intermediate vectors pColP-intA and pColP-
intB were linearized via Afel, and the R3R2 and R1R4 expression cassettes
were inserted (Stul/Fspl). All vectors were verified by restriction digest and
sequencing.

Co-IP Analysis: Stable Gene Expression in Arabidopsis. Here 3 g of Arabidopsis
seedlings were harvested after 10 d under continuous light. Cells were lysed
by mortar grinding in liquid nitrogen and thawed in lysis buffer (50 mM Tris
pH 7.5, 150 mM NaCl, 1% Triton X-100; 1.43 mL/g) supplemented with
protease inhibitor mixture (cOmplete EDTA-free; Roche). Cell debris was
removed by centrifugation and filtration through two layers of Miracloth.
Then 2.5 mL of supernatant was mixed with 2 mL of lysis buffer and incu-
bated with anti-GFP beads (25 uL, GFP-trap; Chromotek) for 2 h at 4 °C under
mild rotation. Beads were collected by centrifugation, transferred onto spin
columns, and washed six times with washing buffer (50 mM Tris pH 7.5,
150 mM Nacl, and 0.5% Triton X-100) supplemented with protease inhibitor
mixture. (Co-) Immunoprecipitated proteins were eluted with 2x Laemmli
buffer (+ 3% p-mercaptoethanol) at 80 °C for 5 min, separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and detected
by Western blot analysis (anti-HA peroxidase from rat IgG1 [Roche, 1:1,000],
anti-GFP from mouse IgG 1k [Roche, 1:1,000], and anti-mouse IgG [Fc-specific]
produced in goat [Sigma-Aldrich, 1:10,000]).

Co-IP Analysis: Transient Gene Expression in N. Benthamiana. FRET 2in1 des-
tination vectors containing monomeric enhanced green fluorescent protein
(mEGFP) and mCherry (pFRETgc-2in1) were used to transiently express
recombinant proteins in N. benthamiana for co-IP analysis (28, 35). Leaf
material (150 to 600 mg) was harvested at 3 d postinfiltration and homog-
enized after freezing in liquid nitrogen. Lysis buffer (25 mM Tris pH 8.0,
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150 mM NaCl, 1% Nonidet P-40, and 0.5% Na-deoxycholate) supplemented
with protease inhibitor mixture and 2 mM DTT was added and incubated for
1 h at 4 °C with mild rotation. After centrifugation, the supernatant was
mixed with 20 to 25 pL of RFP beads (RFP-trap; Chromotek) and then incu-
bated for 1 h at 4 °C with mild rotation. Beads were collected by centrifu-
gation, transferred onto spin columns, and rinsed twice with lysis buffer,
followed by six washes with wash buffer (25 mM Tris pH 8.0 and 150 mM
Nacl). (Co-) Immunoprecipitated proteins were eluted with 2x Laemmli
buffer (+ 3.5% B-mercaptoethanol) and then heated at 65 °C for 15 min
(membrane proteins) or at 95 °C for 5 min (soluble proteins). Proteins were
separated by SDS-PAGE and detected by Western blot analysis (anti-RFP
from mouse [Chromotek, 1:2,500], anti-GFP from mouse IgG1x [Roche,
1:1,000], and anti-mouse IgG [Fc-specific] produced in goat [Sigma-Aldrich,
1:10,000]).

Protein Purification. Escherichia coli BL21 DE3 cells were transformed with
GST-tagged versions of the cytosolic portions of AtGET1 and G1IP. Expres-
sion was induced with 200 uM isopropyl #-d-1-thiogalactopyranoside in 1 L
of 2YT-3% glycerol cultures at an ODggo of 0.5. The cell pellet was collected
after 3 h at 30 °C and lysed by sonification in ice-cold purification buffer
(20 mM Hepes, 2% glycerol, 150 mM potassium acetate, 5 mM magnesium
acetate, 1 mM EDTA, 1 mM DTT, and 1 mM PMSF, pH 7.4). The lysate was
cleared by centrifugation at 100.000 x g for 30 min and then incubated with
glutathione Sepharose resin (GE Healthcare). After 1 h of binding, the resin
was washed sequentially with purification buffer, purification buffer con-
taining 5 mM ATP, and purification buffer for 10 min. GST-tagged protein
was eluted with purification buffer containing 20 mM glutathione.

Expression of the N-terminal domain of CAML (GST-CAMLcyt) and the
WRB coiled-coil domain (MBP-WRBcc) was carried out as described previ-
ously (15, 33).

Stx5-op In Vitro Transcription/Translation and Insertion Assay into Microsomes.
Reactions were performed in the TnT Quick Coupled Transcription/Transla-
tion System (Promega) as described previously (17, 43) with some modifi-
cations. Stx5-op synthesis was induced with 100 ng of pGem3z-Stx5-op in 4.5
pL of TNT reticulocyte lysate for 90 min at 30 °C. Where indicated, equimolar
amounts (5 pM) of recombinant cytosolic fragments (MBP-WRBcc, GST-
CAMLcyt, GST-AtGET1, GST-G1lpcyt, and GST-G1IP4Ecyt) and pancreatic RMs
were added to the reaction mix after Stx5 translation was completed. After
90 min of incubation at 30 °C with the RMs, the reaction was stopped with
SDS loading buffer, followed by analysis by Western blot with rabbit anti-
Stx5 antibody (Synaptic Systems; 110053).

Multiple Alignments and Construction of Phylogenetic Trees. Multiple align-
ments were generated with Muscle in MEGA6.06 (44, 45). Phylogenetic anal-
yses were performed with MrBayes 3.2.7a, with 500,000 generations (46).

Data Availability. All study data are included in the main text and S/ Appendiix.
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Supplemental Figure S1: (A) Multiple sequence alignment of HsCaml, ScCGET2, Arabidopsis G11P and G1IP-
like. Background color within the aligned sequences indicates identical (black) or similar (gray) amino acids.
The grey bars above the aligned sequences represent the predicted transmembrane domain helices (Protter).
Red horizontal lines within each sequence mark beginning and end of the predicted helices. (B) Topological
analysis of the putative receptor pair AtIGET1 and G1IP. Four different orientations for N-terminal or C-terminal
tagging of YFP halves were fused to either AtGET1 or G1IP and analysed via rBiFC for complementation of
signal to verify presence of both termini in either cytosolic or luminal side of the ER membrane. In principle,
two combinations should show fluorescence, however, only N-terminally tagged G1IP and C-terminally tagged
AtGET1 yielded significant YFP complementation. Failure of fluorescence complementation in the reciprocal
interaction pair may be due to a different pH or redox state in the ER lumen or masking of the AtGET1 N-
terminus may lead to incomplete or aberrant membrane insertion.
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corresponding to Figure 3B.
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tissue as G1IP-like cannot be detected in cDNA samples acquired from Col-0 whole seedlings.
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Supplemental Figure S4: Multiple sequence alignment of the conserved N-terminal motif of Archaeplastida
and homologous fungal GET2 and metazoan CAML proteins



‘saweu saloads ay) Jaye uaaib ale [|] aaneniul sswoyduosuely Jueid 0001 9y} Wod) siaquinu
aouanbas Jo siaquinu Be} snoo| Jo siaquinu UoISS00Yy “sabeaul| (ejooAwolpiseq pue ejooAwoose) [ebuny/jewiue ay) o} Buipes| youeiq 8y} Ylim pajoos sem 931} ay |
‘'sayouelq ay 1e uaAIb aie sanljigeqold ueiseheg "seAegliy Yum palelsuab

@aJ) onjsusbojAyd ay) pue sjosny Yim pejelsushb sem juswubije sjdinw v "suisjoid snobojowoy ayij-d|19 pue Z] 39 Jo o8] ojeuabolAyd :GS ainbi4 jejusawajddng

VD eozelay

2139
sajeoAwolpiseq

2139
sa139Awoosy

sa1fydofug

S)JOJ0UON

Z139 ssejedisseiqg

2139
10210
19430

oXfI-Z139 SPISOY

1'€62066 dN snfieb snjjes
G99£50.00 gX Sepdw ewciayg
1'9ELL00 dN Sueides ower
OFEEBEOZO dX SAdA} Lopoouly
T'EL6966 dN ouas oWEQ
1'SEEPIZNY 14BI0S EMLIDINg

1 'B38E0LO0 dX B 10UE]
0/G15XAY Sifewniq smiodAod
Z'€Z58T8L00 dX Ba/ewn sisdouudo)
OONNmA:K mtmuw:E ByueLwy

BEEYINM O\
Z.ZEBZILO dX mﬁ:msmms ewfzouetuey

1'08869080 I wntoskod

_  +£0BELZNY Suosed engord
2900410 AN m\mmh_.>m‘_wo mwus._to;mr_bomw
RE089Y510” dX Migey saafwodiegeq

| GEGETL dX SUedIje epipuen

LELEPLSND . 1eqny
L'87/G8MO0 Stysnjed 7

1 /9551 E98YY £.0dS0.08t BLepIoS

1'81892300 eaundind sdeangD

0B62ZGEZ0 dX IOPUSNOOW BlfRUIbESS

1L'806L0F20 dX Suajed ejjaiucssiyd

oud'|900sgzl 0xIENdS xeijes wnubeyds
od'g510s0z004(0dep BY

6670

6 0

L'¥682Z9LL0 dX m.aoa.o:us efaIoquLy
ZrEarldy LijueAn ajesul

150

890

660

660

811 L0L0ZO dX SNSOLI0D SEueUy

| G/80/6¢00 dX Boye) eue)ag
15G8GL0Z0 dX Niyasne; sdojbet
9.££250Z0_dX SLsenbe sisdouse/eyd
090589020 _dX WiHeuejes wniqoipusa
00z++00D00dIds eznyiAjod

69E1Z02-d X[ SASOIALIBI LOWSISOIAD
Cl¥rLOC-3dMS BJE40p0 Bpassy
£252102-ALLY 0S eiopeAes
26ZL00Z-XZd BSOSIA"6UI08ID
LESFOLZ-OMAA B Bti09(D)

L P8YIrS0L0 dX BuBueyssey efeussey

8487502-SNAT {01 "BUI0RID)
ZPBE00Z-ANSD SHEUIOWO Bases|o0))
0¥6200z-Ody 1 euLddsobyo eqelg
ZS00E9EL0 dX B8RS0 BIISSEIG

1006295 dN 0892€Bpy Buyety) sisdopigesy
7€95./8020 dX ejesd sisdopigesy
2806¥0010 dX Sipuess smasieony

|’ 1896.00) S/susuIs snijiD

260

| '£99522 120 dX B! T RJUBLSH
1 'BE06EFZL0dX #PUOLIBS LLNIBASSOD
11965120 dX E:«&:umm ECEQS.

L PFEQLAYO IO

| 79L9VE0E0 dX Bleqol maemao
1'1959508 3w BueiBug) snuidie)
1'6855r881.0 dX etbas sugibnp

660

FSLP9LNOd ¥
S5LZLLOLD n_x sigeiou w_.:c_é

260

| LEBFPELD dX EfmEauny obeoy
80LPBEZE00 cIX EISHUIA SIA
1'85085/120° dX BouInb wmpodousyo
| PELEIBLZ0 dX BB0RJEID El0BLIdS
_9SccyNIy suebina ejog

£8995£900° dX WNSCJOGN] LinUEOS

990

(A1)

1670

990/¢2610 dX
L'95508¢4 0 dX El0ied snoneq
10221 SO0 Sisuauls sniig
1'858951CL0 X UpLOLes w

50

88'0 _

599G0Z-SMA 1 SESOEIN SLI08D
L'P9ZSESOLD dX BuBLDfSSEY efeuasey
F0OBBSELD dX E8ORIB[O

2TirLLLL00 dN EFEESE LY Eueyey) sisdopigeny
LISYERZ00_dX Bjeu) sisdopigesy

¥62L19120 dX Bluajnosa joymepy

L' 2892LAVD SUeIaljo) snjojeyds)

8PO8G00L0 dX SHIGEIoU SOy

892818810 dX Blbas sugbny

G5¥290010 dX Stouess smddreony

LSPPO9E00 dX m_a.«m.ucat ommuﬁw_\:

0J9F590L0™ X BISIUIATSHIA

050

8EFOFICO dX 0s taneded
0Z6662NE) IEPJ0D BALSIIEN
8059V Bajnia02 e1bajinby
9FL¥SCOL0 dX Bu8jIONL OqUuiniaN

(3:4¢]

260

(73]

890

50

660




Metazoa CAML HRAELRRR
A

Ascomycetes GET2 HLLREBR

sjuoyoyisido

Basidiomycetes GET2 R E

i
Bryophyta GET2 EAREA

monocors etz g il HeI
other Dicot GET2 gﬂgéﬂﬂﬂg B

e

T >

—>»

—

—
epljsejdoaeyay

Brassicales GET2 EARRB& ¢Dﬁ
GET ke SELRRRR (<)

~=D=

Supplemental Figure S$6: N-terminal sequence motifs of GET2, CAML and GET2-like homologs assembled
from the alignment in Figure S4 and visualised using Weblogo (https://weblogo.berkeley.edu/logo.cgi). The
grey vertical bar underneath the motifs highlights the conserved Glutamic acid residue in G11P-like sequences
opposed to all other eukaryotic homologs.




Table S1. Accession numbers of sequences used for multiple alignments and phylogenetic analyses of

GET2/CAML orthologs of Archaeplastida and Opisthokonts.

Group Species Accession number or locus tag number
Rosida Arabidopsis lyrata XP_ 002894377
GET2-like Arabidopsis thaliana NP_001117472.2
Brassica oleracea XP_ 01358904
Cephalotus follicularis GAV72687.1
Citrus sinensis KD051220.1
Cleome violaceae LVUS-2054669'
Eucalyptus grandis XP 010062455
Gossypium raimondii XP_012456859.1
Juglans regia XP_ 018818268
Manihot esculenta XP_021611294
Medicago truncatula XP_003604451
Morus notabilis XP_010098048
Tarenaya hassleriana XP_010535264.1
Vitis_vinifera XP_010654670
Brassicales Arabidopsis lyrata XP_020875632
GET2 Arabidopsis thaliana NP_567900.1
Brassica oleracea XP_013630052
Cleome_gynandra VDKG-2104537"
Cleome_violaceae LVUS-2054678"
Cleome _viscosa UPZX-2007292"
Cochlearea officinalis CSUV-2003942'
Draba oligosperma LAPO-2002940"
Gyrostemon ramulosus UAXP-2021369'
Reseda _odorata SWPE-2014412"
Salvadora sp. RTTY-2072523"
Tarenaya hassleriana XP _010546484.1
other Dicot Beta vulgaris AEV42256
GET2 Carpinus fangiana KAE8056561.1
Cephalotus follicularis GAV78344 .1
Chenopodium quinoa XP_021758058.1
Citrus sinensis KDO79691.1
Daucus carota XP_017230558.1
Eucalyptus grandis XP_010049067
Gossypium raimondii XP_012439098.1
Herrania umbratica XP_021275663.1
Juglans regia XP _018845589.1
Manihot esculenta XP_021596317
Medicago truncatula XP_ 013448371
Morus notabilis XP_010112155
Nicotiana attenuata XP_019227066
Parasponia andersonii PON76475.1
Quercus lobata XP_030946164.1
Spinacia oleracea XP _021862734.1
Solanum tuberosum XP_006356633
Vitis vinifera XP_002284708
Aquilegia coerulea PIA65078
Macleaya cordata 0UZ99920
Nelumbo nucifera XP_010254146
Papaver somniferum XP_026404684
Monocots Aegilops tauschii XP_020158557

Ananas comosus

XP_020107148

Dendrobium catenatum

XP_020685060

Ensete ventricosum

RRT46342

Phalaenopsis equestris

XP_020573776

Setaria italica

XP_004970675.1

Spirodela polyrhiza

Spipo0G0044200

Ginkgo biloba

SGTW-2038521"




Gymnosperms
etc.

Metasequoia glyptostroboides

NRXL-2062375'

Picea engelmanii

AWQB-2010070'

Amborella trichopoda

XP_011622894.1

Bryophyta Marchantia polymorpha Mapoly0020s0159
Physcomitrella patens XP_024401908.1
Sphagnum fallax Sphfalx0128s0061
Selaginella moellendorffii XP_024527990

Ascomycetes Candida albicans XP_723525.1
Claviceps purpurea CCE26818.1
Debaryomyces fabryi XP_015468038
Lepidopterella palustris OCK85748.1
Pichia pastoris ANZ73903.1
Saccharomyces cerevisiae NP _011006.2
Sordaria macrospora KAA8631556.1
Tuber aestivum CUS14973.1

Basidiomycetes | Amanita muscaria KIL62203

Coprinopsis cinerea

XP_001828523.2

Kalmanozyma brasiliensis

XP_016293272

Melampsora larici-populina

XP_007403858.1

Polyporus brumalis RDX51570
Puccinia sorghi KNZ64335.1
Sporisorium reilianum CBQ69880.1
Violaceomyces palustris PWN54339
Metazoa Chelonia mydas XP_007053665

Danio rerio NP_996973.2
Gallus gallus NP _990293.1
Homo sapiens NP _001736.1

Rhincodon typus

XP_020382340

'Sequence from the 1000 plant transcriptomes initiative [1]




Table S2: List of primers used in this study

GCTTTGGGTGAC

# 5'-3' Sequence Purpose

439 | ATGGAAGGAGAGAAGCTTATAGAAG gRT-PCR for AtGET1

134 | AGCCTCTCTCAAAAGCTGCTTAATTTC gRT-PCR for AtGET1

1408 | ATTGGTTTCCTCTTTTCCTCGCTCCG gRT-PCR for G1IP

1799 | GCCGTTGATCTGACCAGTGATA gRT-PCR for G1IP

1781 | ATGGTGATGGATAGAGAAGAAAGG gRT-PCR for G1IP-like

1953 | GAGAAGCCGATGATGAGGAAGA gRT-PCR for G1IP-like

1672 | GCCATCCAAGCTGTTCTCTC gRT-PCR for ACT2

1673 | CAGTAAGGTCACGTCCAGCA gRT-PCR for ACT2

98 ACCAGCAAACCGTGGATTACCCTAGC RT-PCR for AtRAN3

99 ATTCCACAAAGTGAAGATTAGCGTCC RT-PCR for AtRAN3

1150 | GTTAATGGAAGGAGAGAAGCTTATAG RT-PCR for AtGET1

1151 | TACATGGCCTGTCATGTGACCTCC RT-PCR for A{GET1

1408 | ATTGGTTTCCTCTTTTCCTCGCTCCG RT-PCR for G1IP

1410 | AGTGCATCCATTATCTTCTTCACC RT-PCR for G1IP

1800 | ATGGCGTCGAACAGCAGA RT-PCR for G1IP

2351 | GCAAAACACAAATCTACCGAGCACA RT-PCR for G1IP

1781 | ATGGTGATGGATAGAGAAGAAAGG RT-PCR for G1IP-like

1782 | TTAAAAAAGAGAGGCTCCAAAAATAACA RT-PCR for G1IP-like

2316 | ATTGAAGAAGTAGAATCGGAAGG CRISPR of G1IP (gRNA2)

2317 | AAACCCTTCCGATTCTACTTCTT CRISPR of G1IP (gRNA2)

2318 | ATTGATGATGGTGAAGAAGATAA CRISPR of G1IP (gRNA3)

2319 | AAACTTATCTTCTTCACCATCAT CRISPR of G1IP (gRNA3)

1249 | TACTGGGCCCATGGCGTCGAACAGCAGAGAAGCC Genomic fragment of G1IP

1250 | GGACTAGTAATCTCAAAACAAGAAAAAATACAC Genomic fragment of G1IP

133 TGAAGGCTTCAAATTTCTGTGAATCC Genotyping of get1-1

134 | AGCCTCTCTCAAAAGCTGCTTAATTTC Genotyping of get1-1

1093 | TTGCAGCGATTGCATCTCCCTCTC Genotyping of g1ip-3

1094 | CGATTTCTTGAGCTTTAAGAATCTG Genotyping of g1ip-3

2350 | ACACTTGAATTGGCCCGTTAAGAAG Genotyping of g1ip-4

2351 | GCAAAACACAAATCTACCGAGCACA Genotyping of g1ip-4

1434 | TTCTTCCCTGCTTTGATGGATG Genotyping of g1ip-4

1496 | GAACATAGGGAAGAATTCATCTTTC Genotyping of g1ip-like1/2

1497 | TGAAGAACAGTCGAGAGTTTTGGTTC Genotyping of g1ip-like1/2

1888 | CAGAGAAGCCGAGGAGGAGGAGATTCTAGATAGAGGATCTG | SDM on G1IP

1889 | CTATCTAGAATCTCCTCCTCCTCGGCTTCTCTGCTG SDM on G1IP

1056 | GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGCGTCGAA | pDONR207-G1IP
CAGCAGAG

1134 | GGGGACCACTTTGTACAAGAAAGCTGGGTCTAAGGAAAGAT | pDONR207-G1IP




1594

GGGGACCACTTTGTACAAGAAAGCTGGGTCTCGAGTTACATC
CGTGCGTATTCCGAAG

pDONR207-G1IPcyt

2043

GGGGACAAGTTTGTACAAAAAAGCAGGCTCTATGTTCACAGC
TCTTGCGATTG

pDONR207-G1IP-TMDs

1582

GGGGACAAGTTTGTACAAAAAAGCAGGCTTAATGGTGATGGA
TAGAGAAGAAAGGA

pDONR207-G1IP-like

1583

GGGGACCACTTTGTACAAGAAAGCTGGGTTTAAAAAAGAGAG
GCTCCAAAAATAACA

pDONR207-G1IP-like

References
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Abstract:

Translocation of intact proteins into the endoplasmic reticulum (ER) membrane is a
crucial step in protein biosynthesis. Different pathways for co- and post-translational
insertion evolved in eukaryotes to deal with this challenge. One such system - recently
discovered in yeast - is the SRP independent (SND) pathway comprising of three
proteins that facilitate insertion of moderately hydrophobic membrane proteins that lack
an N-terminal signal peptide. Here, we report evidence to support pathway
conservation in plants. At least one functional ortholog in Arabidopsis thaliana existing
as two paralogs, AtSND2a and AtfSND2b was found. In comparison to the potentially
related Guided Entry of Tail-anchored (GET) pathway mutants, individual T-DNA
insertion lines of Atsnd2a but not Atsnd2b reveal a mild root hair growth phenotype in
otherwise normally growing plants. Combinations with the GET pathway receptor loss
of function line Atget1-1 phenocopy the root hair growth defects of Atget7-1 indicating
that both SND2 genes do not serve as backup for the GET pathway in root hairs.
Crossing both mutant alleles, however, leads to transmission defects and seedling
lethality. Interaction studies implicate both AtSND2a and AfSND2b as part of an
intricate system for translocation processes and/or stress response which is
reminiscent of hASND2 function in mammalian cells. Our work indicates, despite

probable partial redundancy, diversification of these two tasks in Arabidopsis.
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Introduction

Membrane proteins play crucial roles for membrane integrity and ultimately cellular
function in all domains of life. Roughly one third of the average eukaryotic proteome
comprises integral membrane proteins (1). To maintain functionality, proper
translocation of the nascent protein must be guaranteed during biogenesis. The
endoplasmic reticulum (ER) serves as interface for the insertion and maturation of most
membrane proteins as well as their redirection to target membrane. Correct integration
of nascent proteins in the ER membrane, however, is a challenging task. The
hydrophobic transmembrane domain(s) (TMD) must be shielded from the aqueous
cytosol, followed by guidance to the ER and insertion while maintaining the correct

topology of individual TMDs.

To overcome these difficulties, chaperones and their receptors — translocon and
insertase complexes - orchestrate protein shuttling and insertion. Two different
temporal modes of action exist, co-translational and post-translational insertion. Co-
translational insertion requires interaction of the signal recognition particle (SRP)
pathway with the emerging N-terminal signal sequence (SS) or a first TMD of a nascent
secretory or membrane protein (2). Translation is then arrested until docking of the
SRP/ribosome nascent chain (RNC) complex to the ER membrane via the SRP-
receptor (SR), resulting in a transfer of RNC from SRP to the SEC61 translocon where

protein translation is resumed (3, 4).

Up to ~3-5% of all integral membrane proteins, however, require post-translational
delivery and insertion. The ‘reverse’ type |l orientation of the so-called tail-anchored
(TA) proteins is represented by a cytosolic N-terminal stretch and a single C-terminal
TMD, followed by an approximately 30 residue long polar region (5). The absence of
an N-terminal SS or TMD prevents SRP recognition necessitating post-translational
insertion (1). The Guided Entry of Tail-anchored (GET) pathway was shown to mediate
translocation of this type of proteins in yeast and mammals (6, 7). Recognition of fully
translated TA proteins occurs via a complex comprising Sgt2, Get4 and Get5
(metazoan: SGTA, TRC35, UBL4A and BAG6) at the ribosome (8, 9). Transfer of the
TA protein to the homodimeric ATPase Get3 (TRC40) requires ATP (10-12). After
shuttling of the client to the ER membrane, insertion is initiated through interaction of
the GET3a-TA-complex with the receptors GET1 (WRB) and GET2 (CAML) (13, 14).

3
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The GET pathway’s involvement in post-translational membrane insertion of TA
proteins has been well established. There are, however, considerable clues that
challenge GET being solely responsible for this task. From the earliest studies in yeast
it was clear that survival rates of loss-of-function strains are not affected under normal
growth conditions (7). Later, dissection of the yeast phenotype revealed an additional
function of GET3 as holdase chaperone under cytotoxic stress (15, 16). While mice
embryo lacking GET proteins are aborted (17), tissue-specific knockdowns are viable
but highlight an involvement in crucial functions (18-21). In Archaeplastida a high
degree of conservation was observed leading to the discovery of orthologues for most
of the components in Arabidopsis thaliana (22-24). Similar to their fungal/metazoan
orthologs, loss-of function lines in Arabidopsis are not lethal leading to mild phenotypes
such as an increased ER-stress level (22) and reduced root hair growth (23, 24). In
vivo studies identified only a limited number of TA proteins dependent on the GET
system (19, 20) and only few were found to bind GET components in Arabidopsis (23).

This leads to the conclusion that alternative pathways must exist.

In the past few years such pathways in yeast and mammals have indeed been
discovered (25-27). In an in vitro cell system, TA proteins were shown to be post-
translationally inserted by the SRP-dependent pathway (26, 28). Furthermore, yeast
TA proteins with low hydrophobicity utilized the ER membrane protein complex (EMC)
pathway (29). More recently, an insertion pathway for proteins with a central TMD was
described in yeast which can also compensate for the loss of the SRP — and GET-
pathway (25). This SRP-independent (SND) pathway comprises three components
SND1-3 (25). While the cytosolic SND1 is proposed to coordinate co-translational
capturing of nascent proteins at the ribosome, SND2 and SND3 are membrane-bound
and associate with the SEC61 translocon and auxiliary proteins as SEC63, potentially
acting as receptors. Although main targets are proteins with a central TMD, double
knockout of SND and Get components in yeast lead to lethality suggesting its role as
a backup system for TA proteins (25). Partial pathway conservation was shown in
mammals where at least one component, hSND2 (also named TMEM208) exists (30,
31).

Here, we report the identification of two putative SND2 orthologues (AtSND2a and
AtSND2b) encoded in the Arabidopsis genome. Both seem to be linked to the

translocation machinery at the ER membrane. We demonstrate that unlike in yeast,
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double knockouts of AfSND2a or AtSND2b with AtGET1 are not lethal but phenocopy
the Atget1 root hair phenotype.

While single Atsnd2a and Atsnd2b loss-of-function lines display no obvious phenotype,
crosses between these lines seem to lead to transmission defects and seedling
lethality which can be complemented by reintroduction of one of the genomic
sequences showing at least partial redundancy of both genes. Interaction partners
identified with an immunoprecipitation-mass spectrometry (IP-MS) approach showed
that both proteins are in an environment where it is likely that they assist in the
translocation of precursor polypeptides, however differences in expression pattern,
induction upon stress response and individual interaction partners are pointing to a

possible neofunctionalization of AtSND2a.
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Results

SND?2 is conserved in Archaeplastida

The rather mild root hair growth defects in AtGET loss-of-function lines question the
GET pathways sole responsibility for TA protein translocation into the ER membrane
of plants. As recently shown in yeast and mammals, the SRP-independent (SND)
pathway can facilitate insertion of type || membrane proteins such as TA Proteins (25,
32). Similar to findings in mammals, in silico comparison of yeast SND1-3 failed to
predict orthologs among A. thaliana reference protein  sequences
(https://www.ncbi.nlm.nih.gov/) for SND1 or SND3. However, sequence orthologs of
ScSND2 can be found in mammals (hSND2) (30, 32) and in plants (Arabidopsis
thaliana At2g23940). Surprisingly, a second SND2 orthologue (At4g30500) can be
identified in Arabidopsis with approximately 77% sequence identity (BlastP) to the
homologous AtSND2. We designated the two genes SND2a (At4g30500) and SND2b
(At2g23940). The second paralog of SND2 (SND2a) is specific to Brassicaceae
(Fig. 1A), most likely a remnant of the last genome duplication event (33, 34). The
coding sequences of both proteins are 522 base pairs long and encode proteins with
173 amino acid residues of 19,3 kDa or 19,6 kDa predicted molecular mass,
respectively. The predicted membrane topology of SND2a and SND2b suggests a type
Il polytopic orientation with two transmembrane helices (TMHMM) (Fig. S1 A),
however, alignment analysis reveals four transmembrane domains as observed in
ScSND2 with minor amino acid changes in the conserved region (Fig. S1 B). The C-
terminus contains either KTRS (SND2a) or KTRT (SND2b) amino acid sequences
which is reminiscent of a KKxx-like motifs in mammals, important for ER-membrane
retention signalling (predicted by https://psort.hgc.jp/form2.html) (35) yet nothing is

known in plants about such a motif.

SND2a and SND2b share the same subcellular localisation but differ in expression
pattern

In silico analyses predict an ER localisation for both proteins. To corroborate this
subcellular localisation, we co-transfected tobacco leaf cells with SND2a-YFP or
SND2b-YFP and ER-marker sec-RFP-HDEL. Analyses by confocal laser scanning
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microscopy (CSLM) demonstrate that both SND2a-YFP (Fig. 1C-F) and SND2b-YFP
(Fig. 1G-J) localise to the ER. These results were confirmed in stably transformed A.
thaliana plants expressing either SND2a-GFP or SND2b-GFP (Fig 1K-N). Thus, we
conclude that both proteins are ER-membrane proteins. Translocation is a major
challenge throughout all developmental stages of all organisms requiring sufficient
amounts of involved proteins. Therefore, high expression levels of the two Arabidopsis
SND2 orthologues across all tissues and developmental stages would be expected
and reflect such a universal task. To test this hypothesis, we assessed the expression
pattern by quantitative real time PCR (qRT-PCR). The results confirmed that SND2b
is almost ubiquitously expressed with reduced levels in flowers (Fig 1B). Expression
of SND2a was quite low in most of the tested tissues or in seedlings compared to

SND2b yet there was a strong induction in siliques (Fig. 1B).
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Figure 1: Analysis of SND2 orthologs of different species.

(A) Maximum likelihood tree of SND2 orthologs reveals branching of SND2 in Brassicaceae.
(B) Relative transcript levels of SND2a and SND2b in different tissues of A. thaliana Col-0
plants measured by qRT-PCR analysis. PDF2 and SAND were used as reference genes. Error
bars indicate SD of technical replicates. (n=3). (C-J) CLSM analysis of the subcellular
localization of p35S::SND2a-mVenus (C-F) and p35S::SND2b-mVenus (G-J) transiently
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expressed in tobacco leaves coexpressing the ER marker sec-RFP-HDEL. Line histograms
(F, J) along yellow arrows measured in C, D, G and H confirmed colocalization (Scale bar:
10um). (K-N) CLSM analysis of the subcellular localization of pUBQ10::SND2a-GFP (K-J) and
pUBQ10::SND2b-GFP (M-N) in leaves of stably transformed A. thaliana lines (Scale bar:
10um).

SND2a and SND2b share binding partners in the translocation machinery with minor
differences

Since orthologues of ScCSND1 and ScSND3 have not yet been found in plants, these
obvious interaction partners in a potential translocation machinery are currently
missing. To test whether SND2a and SND2b physically interact with partners of
translocon associated proteins that were determined through sequence comparison or
published previously (23, 36, 37), we performed ratiometric Bimolecular Fluorescence
Complementation (rBiFC) analysis (36, 38, 39). We found that SND2a and SND2b
homo- and heterodimerise (Fig. 2) Moreover, interaction of SND2a with the translocon
subunit and tail-anchored protein AfSEC6131 and the translocon auxiliary protein
AISECG62, recently described in Mitterreiter et al. 2019 and Hu et al. 2020 (37, 40) was
detected. Reduced YFP/RFP ratio was observed when interaction of SND2a and the
translocon subunit AtISEC61a1 were tested. AIGET1 was found to interact with SND2a,
however, the YFP signal in the interaction assay with AtGET3a was comparable to the
negative control (Fig. 2A). Similar results were observed when using SND2b as
binding partner with the major difference being that the YFP signal in samples testing
the interaction with AtGET1 was not distinguishable to the negative control (Fig. 2B).
In both cases, the TA protein SYP123 was used as negative control as it is a known
substrate of the AtGET-pathway (23). These results indicate that both SND2
orthologues are capable of physical association with predicted translocon components

yet differ in their relationship with the GET-pathway.
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Figure 2: SND2a and SND2b homo- and heterodimerize and interact with translocon and
GET-pathway components. (A-B) Schematic of the 2in1 rBiFC constructs used for the
analysis of SND2a-cYFP (A) or SND2b-cYFP (B) interaction with nYFP-tagged proteins are
shown in the upper panel. Exemplary CLSM images of transiently transfected N. benthamiana
leaves are depicted in the middle panel. Ratios of mean fluorescence levels of 25 areas
measured in YFP and RFP channels were normalized against a positive control before blotting
to demonstrate YFP complementation. The central line of boxes represents the median with
outer limits at the 25" and 75™ percentils. Tukey whiskers extend to 1.5 times the interquartile
range. The red crosses mark the mean while black dots show the individual values. Asterisks
indicate tag orientation of nYFP. P — values were obtained from a Tukey HSD all pairs test.

Individual knockout of snd2a or snd2b has only minor effects on the phenotype

To assess the genetic impact of the interaction differences regarding AtGET1 (Fig. 2)
we analysed snd2a and snd2b T-DNA insertion lines and double mutants with Atget1.
Confirmed loss-of-function lines of snd2a and snd2b (Fig. S2 A-D) did not reveal any
obvious growth defects. Seedling development as well as fertilization or seed
germination was indistinguishable from Col-0 plants. As previously shown, loss of
AtGET1 in A. thaliana leads to a reduced root hair elongation (23). Therefore, we
performed a root hair growth assay of single mutants and double mutants of snd2a or
snd2b with Atget1. Only snd2a showed slightly but significantly shorter root hairs
compared to wildtype which can be complemented by expression of genomic SND2a
under the control of the UBQ10 promoter (Fig. 3A). Double homozygous T-DNA
insertion lines of snd2a or snd2b with Atget1 phenocopy the root hair length of the
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Atget1 single loss-of-function line (Fig. 3A). To exclude a compensatory effect of the
GET- or putative SND-pathway, we performed qRT-PCR analysis. However,
expression of neither SND2a nor SND2b was altered in get? mutants compared to wild
type (Fig. 3B-C). Similar results were obtained for AtGET1 and AtGET3a expression
patterns in snd2a or snd2b mutants (Fig. 3D-E).

As the single mutants did not display a severe phenotypic defect, we investigated
potential redundancy between snd2a and snd2b.
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Figure 3: Loss-of-function analysis of SND2a and SND2 in single mutants and in
combination with get1 mutants. (A) Exemplary images of root hair phenotypes. Scale bar =
300um. In the lower panel, measurements of the 10 longest root hairs of individual roots from
Col-0, single mutants, complementation lines and crosses with a get7 background are blotted.
(n = 90-170, individual values indicated in the box plot). The central line of boxes represents
the median with outer limits at the 25" and 75" percentils. Tukey whiskers extend to 1.5 times
the interquartile range. The red crosses mark the mean while black dots show the individual
values. P — values were obtained from a Dunnetts- test against Col-0 as control. (B-E)
Normalized relative transcript levels of SND2a (B), SND2b (C), AtGET1 (D) and AtGet3a (E)
in Col-0 plants and various single mutants measured by gRT-PCR. PDF2 and SAND serve as

reference genes, and expression levels are relative to Col-0. Error bars indicate SD of technical
replicates. (n=3).
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Simultaneous knockout of both SND2 homologues disturbs plant development

Co-regulation of both genes might be an indication for redundant function. To assess
whether there is compensation on transcriptional level, we performed gqRT-PCR.
Neither loss of SND2a nor SND2b affects the mRNA level of the other homologue (Fig.
S2 C-D). In humans, silencing hSND2 resulted in elevated SRa and SR level (32)
underpinning a potential compensatory effect regarding alternative insertion pathways.
However, we did not observe this in Arabidopsis thaliana when assessing expression
levels of the putative homologues of SRa and SR (Fig. S3 C-D).

To further investigate potential redundancy, we crossed the T-DNA insertion mutants
of snd2a and snd2b. Plants homozygous for one gene and heterozygous for the other
did not display any noticeable growth defect, however double homozygous progeny
displayed severe growth defects, and lethality at seedling stage at the very latest (Fig.
4A). Staining the cell walls of root cells revealed a disorganised structure within the
double homozygous mutants compared to wild type or the snd2a single mutant. The
cells of the double homozygous mutant plants were in parts enlarged and it appears
that the root hair maturation zone is closer to the apical meristem compared to normally
growing roots. Furthermore, accumulation of propidium iodide clusters of round shape
within the cell were observed (Fig. 4B). Expression of a genomic version of the SND2b
gene under the ubiquitin 10 (UBQ10) promoter results in double homozygous T-DNA
insertion lines (snd2a (-/-)/ snd2b (-/-)) with restored WT-like growth (Fig. S4 A-D). The
complementation with SND2a has not been tested so far.

Genotyping of seedlings derived from single siliques from self-pollinated parental
plants homozygous for snd2a (-/-) and heterozygous for snd2b (+/-) display only a
small number of double homozygous mutant plants, with a segregation rate favouring
snd2a (-/-)/snd2b (+/+). Selfing of snd2a (+/-)/snd2b (-/-) plants leads to an almost
equal segregation between snd2a (+/+)/snd2b (-/-) and snd2a (+/-)//snd2b (-/-)
(Table 1A). Nevertheless, the expected Mendelian transmission ratio of 1:2:1 was
rejected in both cases indicating a gametophytic defect. To determine whether the
gametophytes are affected by the double knockout, reciprocal back-crosses were
performed. Pollen of homozygous snd2a plants crossed with pistils from
sndZ2a (-/-)/snd2b (+/-) plants yielded progeny with an approximately 50% segregation
ratio of snd2b. In contrast, stigma of snd2a homozygous plants pollinated with pollen
of snd2a (-/-)/snd2b (+/-) revealed a ratio of 68% (wild type):32% (snd2b (+/-))
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(Table 1B). This indicates a reduced transmission ratio of 32% for the male
gametophyte and normal transmission (of ~50%) for the female gametophyte. This
does not entirely match the observed numbers of the selfings probably indicating an
impairment of the gametophyte but also the zygote. In contrast, taking pollen of
homozygous snd2b plants for crossing with pistils from snd2a (-/-)/snd2b (+/-) plants
yield an altered female gametophyte with a transmission ratio of approximately 22%.
Additionally, stigma of snd2b homozygous plants pollinated with pollen of
sndZ2a (+/-)/snd2b (-/-) showed a reduction in the male gametophyte transmission ratio
with 15% (Table 1B). Taking these transmission ratios into account in the self-crossing
experiments, similar ratios for the observed numbers for snd2a (+/-)/snd2b (-/-)

progeny can be calculated (Table 1A).

Our findings that male transmission is severely affected in both cases suggests that
defects in pollen tube growth may be possible (41, 42). However, evaluation of single
knockout in vitro and in vivo pollen tube growths assays revealed no significant
difference in pollen tube length or growth speed (Fig. 5A-B). Since no viable double
knockouts were obtained, functional redundancy in pollen tube growth cannot be ruled
out at this point. Investigation of both homo-/heterozygous double mutant versions
showed a decrease in silique length accompanied with reduced numbers of ovules
within the siliques (Fig. 5C-D).

Table 1: Double homozygous T-DNA insertion of AtSND2a and AtSND2b results in
transmission defects. (A) Data of the genotyping analysis after self-pollination. (B) Reciprocal
backcrosses. 'Genotypes were analysed by PCR for only the heterozygous parental gene.

A

Self-pollinated

parental genotype No. genotyped genotypes of progeny' percentage [%]

+/+ +/- -/- +/+ +/- -/-
snd2a +/-/ snd2b -/- 515 321 185 9 62 36 2
snd2a -/-/ snd2b +/- 655 304 297 54 46 45 8
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Reciprocal back-crossing

J parent xQparent No. genotyped genotypes of progeny!  percentage [%)]

+/+ -/- +/+ -/-
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/- 88
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Figure 4: Exemplary images of genotypic progenies after self-pollination of Atsnd2a +/-/
Atsnd2b -/- or Atsnd2a -/- / Atsnd2b +/-. (A) Confirmed double homozygous mutants of
Atsnd2a/Atsnd2b plants display a severe growth defect in seedling stage as shown in the
single-lens-reflex camera images compared to homozygous/heterozygous mutant plants.
Scale bar =0.25mm. (B) Propidium iodide-stained Col-0, Atsnd2a (-/-), Atsnd2a (-/-)/
Atsnd2b (-/-) root tips. Scale bar = 50um.
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Figure 5: Analysis of pollen tube growth, silique length and number of ovules in single
loss-of function lines or homo-/heterozygous snd2a/snd2b lines.

(A) Aniline blue staining of pollen tubes (WT, snd2a and snd2b mutants) grown for 24 h after
pollination of Col-0 pistils indicate no difference in pollen tube growth. White arrows point to
exemplary pollen tube termini that reached ovules. Pictures are composites of individual
images along the pistil, the LUT was changed to yellow, and exposure was enhanced to
visualize the bright yellow pollen tubes against the darker yellow background. (Scale bar:
100um) (B) Growth of pollen tubes was measured in vitro from 200 individual pollen grains per
plant line 7 h post-germination (representative images on the right panel; Scale bar: 50um).
(C) Measurement of silique length in snd2a heterozygous (+/-)/snd2b homozygous (-/-) or
snd2a homozygous (-/-)/snd2b heterozygous (+/-) plants in comparison to wild type. The 7';
8" and 9" silique of 5 individual approx. 7-week-old plants were used (n=15). (D) Number of
ovules per siliques used in (C) (n=15). The central line of box plots represents the median with
outer limits at the 25" and 75" percentils. Tukey whiskers extend to 1.5 times the interquartile
range. Red crosses mark the mean while black dots show individual values. P — values were
obtained from a Dunnett's test to Col-0 as control.
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SND2a and SND2b share many interaction partners but are differently regulated upon
ER-stress

In mammals, hSND2 interacts with proteins known to assist in ER membrane protein
transport (32). To identify potential interaction partners of both plant SND2
orthologues, we employed immunoprecipitation (IP) with subsequent mass
spectrometry (MS) analysis. Immunoprecipitants of UBQ10 promoter driven SND2a-
GFP or SND2b-GFP from transformed Arabidopsis lines together with a negative
control (soluble GFP) were analysed for proteins exclusively interacting with either
SND2a-GFP, SND2b-GFP or both (Fig. 6A). Most of the identified proteins bind to both
SND2a and SND2b while other fractions of identified proteins are specific interaction
partners for either protein. Among the overlapping pool, proteins associated with
protein translocation to the ER membrane can be found (Fig. 6B, Table S1), i.e.
translocon components as well as auxiliary proteins as the two J proteins ERdj2A and
ERdj2B (SECG63 orthologues), multiple subunits of the oligosaccharyltransferase
(OST) and putative ER membrane complex (EMC) 8/9 orthologue. Functional
differences between the identified proteins binding exclusively to a single SND2
orthologue were revealed in a gene ontology (GO)-Term analysis using GOrilla and
PANTHER (http://cbl-gorilla.cs.technion.ac.il/;  http://geneontology.org/).  Stress
response related proteins such as BIP1 and BIP3 were enriched in the subfraction of
SND2a-GFP interaction partners. Instead, SND2b-GFP binding partner GO-terms
were often associated with transmembrane transport especially to the ER membrane
along with SRP related proteins, a possible EMC3 orthologue as well as additional
translocon-associated proteins.

We speculated that SND2a might have a diverged function related to stress-response.
To test our assumption, we applied ER-stress on Col-0 plants using tunicamycin (43-
45) and investigated the expression level of SND2a and SND2b compared to non-
stressed plants. After 6h of tunicamycin exposure, we observed an approximately
5-fold upregulation of SND2a (Fig. 6C). In contrast, transcription of the SND2b gene
was not induced by the treatment (Fig. 6D).

We further analysed whether the lack of SND2a or SND2b under ER-stress condition
has an impact on known autophagy marker ATG8e (46), ER-phagy related SEC62 (37,
40) or ER-stress response gene BIP3, respectively. However, no difference in the

expression pattern was observed (Fig. S3 A-B, E), although BIP3 was highly
15



361 upregulated by tunicamycin treatment demonstrating successful induction of
362 ER - stress (Fig. S3 E).

363
A C
SND2a SND2b — SND2a
-GFP -GFP 52
AE 6
112 487 163 220 I
253 l
zcg”
Og o
B gF ]

Protein  Accession no Interacts with e ‘g‘ Col-0 Col-0
ERDj2A | AT1G79940 Both DMSO Tunicamyegin
ERDj2B | AT4G21180 Both b
SEC61a2| AT1G29310 Both _ SND2b
SRP54 | AT5G03940 SND2b =9

o E 6
SRP68 | AT5G61970 SND2b 2o _
(8]
TRAP1 | AT2G21160 SND2b' o584
- o ®
SEC61y1| AT5G5046 SND2b' So 5 2
BIP1 AT5G28540 SND2a oN @ — —
= ©
o
BIP3 AT1G09080 SND2a o £ Col-0 Col-0
364 = DMSO Tunicamycin

365 Figure 6: Interactome analysis of SND2a-GFP and SND2b-GFP and different
366 transcriptional activation upon stress. (A) Venn-diagram depicting interacting proteins
367 fished by an IP-MS analysis (3 out of 3 times). (B) Exemplary interaction partners of both or
368 the single proteins. ! fished one time out of three. (C-D) Normalized relative transcript levels of
369 SND2a (C) or SND2b (D) in Col-0 plants treated either with DMSO or 5ug/ml tunicamycin for
370 6h measured by qRT-PCR. PDF2 and SAND served as reference genes and expression levels
371  are relative to Col-0. Error bars indicate SD of biological replicates. (n=3).
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Discussion and Outlook

Backup pathways to ensure proper protein translocation are important to maintain
cellular function. The SRP-independent pathway was shown to function as alternative
for some substrates of the SRP/Sec61 and GET pathway in yeast (25). In this study,
we sought to find potential conservation of SND orthologues in Arabidopsis thaliana.
Similar to observations in humans (32), no obvious orthologues for ScSND1 or
ScSND3 were found through PSI Blast in different plant species. Instead of one
putative ScCSND2 orthologue we identified two homologues, SND2a and SND2b, which
probably differentiated at the last branching point of the Brassicaceae (Fig. 1A).
TMHMM prediction designate both proteins as type |l membrane proteins oriented with
two transmembrane helices, which would contradict findings in yeast and mammals
where four TMDs were predicted (25, 32). However, comparison of the sequence
alignments revealed that changes of few amino acids within the TMDs might lead to
the different prediction in TMHMM. This notion is further supported as orthologues of
more basic plants and hSND2 showed similar characteristics (Fig. S1). Thus, four
TMDs can be presumed.

The C-terminal regions of both SND2a and SND2b contain a KKxx-like motif, an ER
membrane retention signal of mammalian cells (47). Although nothing is known about
such a motif in plants, we showed ER localization of both proteins (Fig. 1C-N) which

is in line with findings in yeast and mammals (25, 32).

Absence of ScSND2 only in combination with a ScGET-pathway component was
shown to cause a synthetic lethal defect in yeast (25). In contrast, double mutants of
sndZ2a or snd2b, and get1 are still viable but phenocopy the root hair phenotype of get1
single mutants (Fig. 3A) (23). Although a slight but significant reduction in root hair
growth in snd2a single mutant was shown, no additive effect on the phenotype was
observed in the double mutants. This result might indicate that neither SND2a nor
SND2b backup the function of GET1 in root hair growth. This suggestion is further
supported as a compensation of GET-pathway components on mRNA level in snd2a
or snd2b single mutants or vice versa cannot be detected (Fig. 3B-C). Moreover, only
a limited number of TA proteins have been found to interact with both AfSND2 proteins
in our IP-MS analysis, further supporting the notion that no functional
replacement/substitution between AfSND2a or AtSND2b and the GET-pathway may
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exist. An explanation for the absence of a more severe defect can point towards
existence of yet another translocation mechanism. In yeast and mammals, the ER
membrane complex (EMC), was recently shown to facilitate insertion of TA proteins
with moderately hydrophobic transmembrane domains (29). EMC orthologs are
conserved in planta, but their physiological role is elusive, currently. Another
explanation for a less severe phenotype in Arabidopsis thaliana could be functional
redundancy of SND2a and SND2b, albeit the loss of one gene is not transcriptionally
compensated by the other gene (Fig. S2A). Nevertheless, the lack of a viable double
homozygous T-DNA insertion mutant of snd2a/snd2b despite no discernibly altered
plants in single - or in homozygous/heterozygous mutants, supports the presumption
that both proteins might be partially redundant. In line with this, reintroduction of the
genomic SND2b gene can overcome the strong phenotype (Fig. S4). Similar results
are expected for SND2a since snd2a (+/-)/ snd2b (-/-) mutants displayed no detectable
growth defect either (Fig. 4A). Intracellular propidium iodide clusters observed in
sndZ2a (-/-)/ snd2b (-/-) mutants might represent stained nuclei as the dye intercalates
with DNA (Fig. 4B). Most likely, the double homozygous mutant has compromised cell
walls or a permeable plasma membrane as only few such round shapes were obtained
in singe mutants or Col-0. Both observations are reminiscent of a cytokinesis defect
resulting in multinucleate cells. However, other typical characteristics as cell wall stubs
in dividing cells or gaps in cell walls as found in the cytokinesis defective keule or keule-
like mutants are missing in our visual analyses(48). As some cytokinesis defects
already arise in zygotic stages as seen for keule or knolle (48-50), assessment of early
developmental stages would be relevant. Altered protein translocation to the ER,
especially TA proteins were presumed to have strong impact on plant viability (23). As
many SNARE proteins, e.g. the cytokinesis specific syntaxin related KNOLLE
(SYP111), are tail-anchored proteins (51), defects in their translocation should reveal
more pronounced defects (50). So far, the GET-pathway was thought to be an
important route of TA proteins to the ER, however the rather mild phenotype of get
mutants (23, 24) compared to snd2a/snd2b double homozygous mutants questions its
dominant role in plants. Yet, we found only 9 TA proteins in our IP-MS analysis binding
to both SND2a and SND2b, which also argues against a role as a backup mechanism

for the GET-pathway let alone for the sole function of TA protein insertion.

In self-pollination experiments and backcrosses, a difference in the transition of SND2a

and SND2b was observed. A possible explanation for this observation may be a
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sporophytic effect on premeiotic inheritance (52). As seen in our gRT-PCR analysis of
organ tissues, SND2a expression is drastically increased in siliques possibly indicating
maternal- or paternal-to-zygotic transition of SND2a (53, 54). Differential transition of
SND2b compared to SND2a might explain unusual segregation patterns of double
homozygous progeny from sndZ2a (-/-)/snd2b (+/-). Parental contribution to the zygote
transcriptome was shown to be stage dependent and both SND2a and SND2b are
among parental transcriptome reads (55). However, individual contribution of parental

transition of SND2a or SND2b remains unknown.

Still, a discrepancy between the obtained segregation values from our back-crossing
experiment and segregation values of double homozygous progeny from both parental
lineages reveals an insufficient percentage of double homozygous progeny (for
sndZ2a (+/-)/snd2b (-/-): 3%; for snd2a (-/-)/snd2b (+/-): 16%). Possibly, the difference
stems from an earlier developmental defect as we observed a significant reduction of

ovules within the also smaller siliques (Fig. 5C-D).

Pollen tube growth speed and length experiments in single loss-of-function mutants
were carried out to observe an effect on the male gametophyte. However, as discussed
above, partial redundancy of both genes likely masks possible effects. To overcome
this issue, pollen derived from homo-/heterozygote double mutants would have to be
tested. Nevertheless, segregation of the heterozygous gene in the haploid pollen
makes it difficult to evaluate such experiments. In case pollen is hampered by the
mutated allele, non-altered pollen containing the wild type allele would dominate the
experiments, leading to similar results as seen for single mutants. An alternative
approach utilizing an additional introduction of a quartet (qrt71) mutant would help to
analyse morphological differences in pollen and pollen tube growth as the separation
of tetrads of microspores derived from a single pollen mother cell is impeded (56). This
might also help to understand if different paternal lineages (snd2a heterozygous or
snd2b heterozygous) influence pollen development.

Although functional validation of both proteins is still pending, we propose that SND2a
and SND2b might have a function in protein translocation. Similar to hSND2 (32),
interaction partners for both proteins are predicted components of translocation
machineries as several subunits of SEC61, subunits of oligosaccharyltransferase
(OST), translocon-associated proteins and auxiliary proteins as SEC62, ERdj2A and
ERdj2B or putative orthologues of the EMC complex (Fig. 2 and Table S1). This
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establishes an environment where it is likely that SND2a or SND2b assist in the
translocation of precursor polypeptides. Quite recently, a role of BIP and Sec63
together with Sec62 in facilitating Sec61 channel assisted co-translational
translocation of non-mature proteins with weak signal sequence was identified (31, 57)
while Sec62 further supports post-translational insertion of small presecretory proteins
(58, 59). It is quite tempting to speculate that both Arabidopsis thaliana SND2
paralogues assist in translocation of other pre-proteins on the SEC61-translocon which
is favoured by the notion that yeast SND proteins similar associates with Sec62/Sec63
and show a broad substrate spectrum (25).

However, besides their similarities, we presume an additional function of SND2a based
on our data. This suggestion is corroborated by the different observations in the
expression pattern (Fig. 1B), GET1 interaction (Fig. 2), root hair phenotype (Fig. 3A)
and identification of several interaction partners for SND2a related to stress response
(Fig. 6b, Table S1). In humans it was demonstrated that hSND2 knockdown enhances
autophagy and triggers ER-stress (30). It might be possible that SND2a adopted this
function which is supported by its transcriptional induction by Tunicamycin-mediated
ER-stress (Fig. 6C). Considerable overlap between translocation of nascent proteins
and stress responses is often reported, as failure to deliver proteins leads to cytotoxic
effects that require a phalanx of stress responsive factors to be available on-demand
(60). Quite often components of the diverse translocation machineries are involved in
this task (16, 30, 40, 61-64). One of these proteins, SEC62, is proposed to act as a
receptor mediating the delivery of misfolded or unfolded proteins into autophagosomes
by interacting with ATG8e (40, 61). Although we do not observe an effect on the
transcriptional level of ATG8e or SEC62 in snd2a mutants, it would be interesting to
see if SND2a might act as a co-receptor as interaction with SEC62 was observed,
however, this is quite speculative and further investigation needs to address this

question.

Our data demonstrate that duplication of a yeast SND2 homologue occurred in
Brassicaceae. SND2a and SND2b seems to be at least partially redundant and their
interaction profile points to a translocation related function as was demonstrated in
yeast and humans (25, 32). Based on our data we hypothesise an additional
neofunctionalization of SND2a. Nevertheless, to substantiate our finding, further

investigation especially on SND-dependent substrates or crosstalk between different
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pathways will be essential. As demonstrated, neither SND2a nor SND2b can backup
AtGET1 function while double mutants have a strong phenotype which contradicts the
data observed in yeast (25). Therefore, it will be interesting to examine the function of
SND2a and SND2b which might provide a broader understanding of protein

translocation to the ER membrane in plants.
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Material and Methods

Plant Material, Growth Conditions and genotyping

T-DNA insertion lines were obtained from the Nottingham Arabidopsis Stock Centre
(arabidopsis.info/), and insertion sites were verified by sequencing: sndZ2a
(Salk_025845), snd2b (Salk_205396C), Atget1-1 (SAIL_1210_EO07) (23).

Seeds were grown either on soil or on 72 Murashige and Skoog (MS) medium including
0.9% plant agar, pH 5.7. Plants were cultivated in a 16-h light/8-h dark cycle at 23 °C
in a growth chamber or in a continuous light room at 20°C. Seeds were surface
sterilized with chlorine gas or a washing procedure with 70% (v/v) ethanol + 0.1% (v/v)
Triton-X100 followed by two washing steps with 70% ethanol and a final washing step
with 99% ethanol. Stratification to equalize germination was performed at 4°C for 2 to
3 days in darkness.

gDNA extraction was done using Edwards-buffer (200mM Tris-HC (pH 8), 25mM
EDTA, 250mM NaCL, 0.5% (w/v) SDS with an isopropanol precipitation and cleaning
of the gDNA in 70% ethanol. Primer combinations according to Table S2 and Fig. S2

were used, and PCR-products were analysed by agarose gel electrophoresis.

For the self-pollination experiment, the 7t"; 8t; 9t ripe siliques of 5 different plants were
separately harvested and each seed were grown on %2 MS medium as described
above. All germinated seeds were genotyped, and data were collected for Table 1.
Exemplary pictures were taken and some plants were used for propidium iodide
staining (see below) before their genotype was confirmed.

Construct Generation and Plant Transformation

Constructs were designed using Gateway technology or the Gateway-compatible 2in1
cloning system (36, 38). Constructs were transformed into Agrobaterium tumefaciens
GV3101 strains and used to transform either Col-0 plants or infiltrate N. benthamian

leaves (36).
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IP-MS Analysis

Protein extracts of pUBQ10 >> SND2a-GFP or SND2b-GFP and as negative control,
pUBQ10 >> GFP seedlings grown under continuous light were harvested after 14 d.
Three grams of plant tissue was taken for immunoprecipitation according to Park et al.
2012 (65) with slight modifications. Only the second washing buffer (50 mM Tris-HCI,
pH 7.5, 150 mM NaCl, 0.1% Triton X-100) was used, but it was used four times; 60 uL
GFP-Trap Beads (ChromoTek) were added to each sample. The final precipitate in 2x
Laemmli buffer was analysed by MS at the University of Tibingen Proteome Center.
Three individual replicates were performed, and candidates that interacted with GFP

only were omitted from the final list of interaction partners.

qRT-PCR Analysis and RT-PCR Analysis

For either DMSO or tunicamycin treatments for qRT-PCR, 6-day old plants were
incubated on liquid 2 MS medium + 1% sucrose containing 5ug/ml tunicamycin or the
respective amount of DMSO solvent control for 6h before harvest. Total RNA was
isolated from 100mg of these seedlings using the GeneMATRIX Universal RNA
Purification Kit (Roboklon) according to manufacturer's instructions. The same
procedure was applied for samples for organ specific expression analysis. To test for
genomic DNA contamination, a PCR using the RNA was performed using primers for
the housekeeping gene RAN3 (Table S2). Genomic DNA from Arabidopsis plants and
cDNA without contamination were used as controls. For cDNA synthesis, ProtoScript
[I-First Strand cDNA Synthesis Kit (NEB; 1 uyg RNA) was used. Primer efficiency for
all used oligonucleotides (Table S2) were performed using different dilutions of Col-0
cDNA. Primer combinations specific for SND2a, SND2b, ATG8e, BIP3, GET1, SEC62
and GET3a were used for the following gRT-PCR (Table S2). Reference genes were
SAND2 and PDF2 as described in (66). GoTag® gPCR Master Mix (Promega) was
used and gRT-PCR was performed on a One Step Plus Real-Time PCR System (Life
technologies). Relative quantification values were calculated using the AACt method,
with SAND2 and PDF2 as normalization control and relativized against Col-0 (DMSO)
values according to (67). Values were either from biological replicates comprising
technical triplicates each or from technical triplicates directly. Organ specific qRT-PCR

was calculated without relativization to an internal control. For semiquantitative RT-
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PCR, first strand cDNA was amplified for 30 cycles (23 cycles for RAN3) and verified

by agarose gel electrophoresis.

Interaction Assays

rBiFC (38) was applied to test in planta protein—protein interaction as described
previously (36). All boxplots were generated using BoxPIotR (68). Statistical analysis
was performed using JMP15 (from SAS) with a Tukey HSD all pair test.

Microscopy, propidium iodide staining (Pl)

CLSM microscopy was performed using a Leica SP8 at the following laser settings:
GFP at 488 nm excitation (ex) and 495- to 520 nm emission (em); YFP at 514 nm ex
and 520 to 560 nm em; RFP at 561-nm em and 595 to 620nm ex; mCherry at 587 nm
ex and 500 to 620 nm em; PI at (ex) 536 and 600-620 em.

For propidium iodide staining, plants were incubated in 100ug/ml propidium iodide
solution (Sigma Aldrich) +/- 0,01% Triton X-100 for 2-3 min before mounted on a slide

in water for microscopy.

Root Hair Length Measurements, Pollen Tube Growth, Siliques Analysis

The roots of 7-d-old seedlings grown on 2 MS medium plates were imaged using a
camera [Canon EOS 60D; Canon Macro Lens EF 100mm 1:2.8 L IS USM]. Root hair
length was measured using Fiji. The 10 longest root hairs from 7 individual roots were
examined per WT or T-DNA insertion lines.

Pollination experiments and aniline blue staining for pollen tube growth in pistils were
performed as described in (69). In vitro pollen germination was performed as reported
previously (70). Pollen tubes were imaged 7 h after pollen germination on solid

medium, and pollen tube length was quantified using Fiji.

Statistical analysis was performed using JMP15 (from SAS) with a Tukey HSD all pair

test.
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For siliques analysis, the 7t; 8t; 9t siliques of 50-51day old plants were opened,
imaged and all ovules were taken out fur counting. Genotypes of plants were confirmed
by PCR before.

In Silico and Phylogenetic Analysis

SND2 orthologues were identified through BLASTp search (National Center for
Biotechnology Information) against proteomes of candidate species and using default
setting or Phytozome 12 (The Plant Genomic Resource). Accession numbers and
FASTA data were downloaded from UniProt, NCBI or Phytozome-12. Multiple
sequence alignments were computed using the MUSCLE algorithm with default
settings of MEGA-X. Evolutionary history was inferred by using the Maximum
Likelihood with settings for the Jones-Taylor-Thornton model, gamma distributed with
invariant sites with 5 categories, and partial deletion with 95% site coverage cut off.
The rest was default settings.

GO-term analysis was performed on IP-MS data using the given accession numbers
from the University of Tubingen Proteome Center or Retrieve/ID mapping from UniProt
converting to Araport accession numbers. Those were used either in GOrilla (Gene
Ontology enRIchment analLysis and visuaLizAtion tool) using the two unranked lists of
gene settings with once the SND2a interaction partner as background and the SND2b
interaction partner as target list and vice versa. Additional, lists of overlapping
interacting proteins and of the single lists were analyzed using PANTHER (The Gene
Ontology Resource). The Arabidopsis genome was set as background with default

settings.
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Figure S2: T-DNA insertion line analysis of SND2a and SND2b. (A) Cartoon of the SND2a
and SND2b gene. The position of the T-DNA insertion was verified in the 2" exon in both
genes by sequencing. Primer pairs for genotyping, RT-PCR and qRT-PCR are indicated by
arrows. RT-PCR primers ranging over an exon-exon junction are specified by dashed arrows.
(B) Agarose electrophoresis of semiquantitative RT-PCR confirm lack of transcript in all mutant
lines. RAN3 (AT5G55190) transcript was used as control. (C-D) Normalized relative transcript
levels of SND2a (C) or SND2b (D) in Col-0 or the single mutant plants measured by
quantitative RT-PCR. PDF2 and SAND served as reference genes and expression levels are
relative to Col-0. Error bars indicate SD of technical replicates. (n=3).
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Figure S4: Genotyping of snd2a (-/)/snd2b (+/-) progeny transformed with
pUBQ10::gSND2b. (A-C) 1: Col-0, 2: H20 control, 3: snd2b (-/-), 4: snd2 a (-/-), 5-6: two
independent snd2a (-/-)/snd2b (-/-) plants, 7-8: two independent snd2a (-/-)/snd2b (+/-) plants.
(A) T-DNA in snd2b segregates, double homozygous snd2a (-/-)/snd2b (-/-) plants can be
observed. (B) Control that no segregation of snd2a occurred. (C) Successful transformation of
pUBQ10::gSND2b-3xHA confirmed with primer pairs specifically binding in the plasmid. (D)
Exemplary pictures of 22-day old plants showed no discernable developmental defect. The
number in the right corner represents the corresponding gDNA extracts used in (A-C).
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Table S1: Selection of IP-MS fished interaction partners

Protein IDs

Protein names

Gene names

[n] detected
with
SND2a-GFP

(max. 3)

[n]
detected
with
SND2b-
GFP (max.
3)

Q944K2

Dolichyl-
diphosphooligosaccharide-
protein glycosyltransferase
48 kDa subunit

OST48

FAHQE1

DnaJ protein ERDJ2A

ATERDJ2A

Q9ZUAQ

Dolichyl-
diphosphooligosaccharide-
protein glycosyltransferase
subunit 1B

OST1B

Q9SFX3

Dolichyl-
diphosphooligosaccharide-
protein glycosyltransferase
subunit 1A

OST1A

F4HQD4

Heat shock 70 kDa protein
14/15

HSP70-15; HSP70-14

Q9MAH3

Protein DJ-1 homolog B

DJ1B

Q94AWS8

Chaperone protein dnaJ 3;

Chaperone protein dnad 2

ATJ3; ATJ2

Q9SYB5

Probable dolichyl-
diphosphooligosaccharide-
protein glycosyltransferase
subunit 3B

OST3B

AOA1P8B5T4

Dnad protein ERDJ2B

ERDJ2B

Q94BY3

Translocon-associated
protein subunit beta
(TRAB)

At5g14030 [GIP5]

AOATPSBAMW

Dolichyl-

diphosphooligosaccharide-

DAD1
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protein glycosyltransferase
subunit DAD1

Q27GM7

ERAD-associated E3
ubiquitin-protein ligase
HRD1B

At1965040; HRD1B

QIFGT71

ER membrane protein
complex subunit 8/9

homolog

EMB2731

QO9MON1

Plant UBX domain-

containing protein 10

PUX10

AOA1PBART2

Molecular chaperone

Hsp40/Dnad family protein

At1g80030

QIFK81

Stress-response A/B
barrel domain-containing

protein

At5g22580

P93042

Protein ROOT HAIR
DEFECTIVE 3

RHD3

AOA1I9LRKS

DNAJ (DUF3353)

At3g51140

AOA2H1ZEE7

ERAD-associated E3
ubiquitin-protein ligase
component HRD3A,;
HRD3B

HRD3A; HRD3B

F41Gl4

Translocon-associated
protein subunit alpha
(TRAP)

At2g21160

Q8VY97

ER membrane protein
complex subunit 7

homolog

AT4G32130

Q9FJRO

Regulator of nonsense

transcripts 1 homolog

UPF1

QoSsu27

ER membrane protein
complex subunit 3

homolog

At4g12590 EMC3

Q84JM6

ER membrane protein
complex subunit-like
protein (DUF2012)

At2g25310
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PODI75 Protein transport protein SEC61y2; SEC61y1 1
Sec61 subunit gamma-2;
Sec61 subunit gamma-1

Q9FH46 Signal recognition particle At5g61970 3
subunit SRP68

P37107 Signal recognition particle FFC 3
54 kDa protein,
chloroplastic

Q8RWJ5 SecY protein transport At1g29310; At2g34250 3
family protein

P53496 Actin-11 (B-actin ACT11 0
homologue)

Q9FHBS8 PRCE3, PSI- AT5g52420 3
INTERACTING ROOT-
CELL ENRICHED 3

F4J8CO0 Integral membrane HRF1 HRF1 At1g30890 3
family protein

Q84TL5 ER lumen protein retaining At1g75760 3
receptor family protein

P51414 60S ribosomal protein RPL26A 3
L26-1

Q8L953 40S ribosomal protein RPS27A; RPS27B; 3
S27-1, S27-2, S27-3 RPS27D

Q9FZ76 60S ribosomal protein RPL6A 3
L6-1

AOA1P8B2C7 | 60S acidic ribosomal At2g27710; 3
protein P2-1; P2-2 At2g27720; RPP2A,

RPP2B

QI9LRX8 60S ribosomal protein RPL13AB 3
L13a-2

AOA1P8AY36 | 60S ribosomal protein RPL18AA; RPL18AB; 3
L18a-1; L18a-2; L18a-3 RPL18AC

Q9SYI0; Protein translocase SECA1; AGY1 3

subunit SECA1, Protein

translocase subunit SecA
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F41T48 60S ribosomal protein At29g44120; RPL7C; 3
L7-3;L7-4 RPL7D

P38666 60S ribosomal protein RPL24A; RPL24B 3
L24-1; L24-2

Q9C9IC6 60S ribosomal protein RPL6B; RPL6C 3
L6-2; L6-3

A8MS28 60S ribosomal protein | At4g15000; RPL27B,; 3
L27-2; L27-3 RPL27C

QILYK9 40S ribosomal protein RPS26A; RPS26B; 3
S26-1; S26-2; S26-3 RPS26C

FAKGU2 40S ribosomal protein EMB3010; RPS6B 3
S6-2

P42760 Glutathione S-transferase GSTF6; GSTF7 0
F6; F7

P93028 Ubiquitin-activating UBA1 0
enzyme E1 1

AOA1P8ART2 | Molecular chaperone At1g80030 0
Hsp40/Dnad family protein

AOA1P8B159 | E3 ubiquitin-protein ligase HOS1 0
HOS1

F4JLD1 Guanine nucleotide- AT4G34460; GB 0
binding protein subunit
beta; involved in apoptosis

Q9ILP11 P-loop containing At1g43910 0
nucleoside  triphosphate
hydrolases superfamily
protein

081062 homologous to Signal SPP AT2G03120 3
Peptide Peptidases (SPP),
required for pollen
development and pollen
germination

F4JQ55 Endoplasmin homologue AT4g24190 3
SDH, ER chaperone

Q9LD45 Bax inhibitor 1, involved in AT5G47120, BI1-1 3

apoptosis
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Table S2: List of Oligonucleotides

# 5’-3’ Sequence Purpose
133 | TGAAGGCTTCAAATTTCTGTGAATCC Genotyping of get1-1
134 | AGCCTCTCTCAAAAGCTGCTTAATTTC Genotyping of get1-1
3 GCCTTTTCAGAAATGGATAAATAGCCTTGCTTCC Genotyping of get1-1
1 ATTTTGCCGATTTCGGAAC Genotyping of snd2a and snd2b
1747 | AGGTTGTTCTGGCCCATTTAG Genotyping of snd2a
1748 | TGCACAAAGCAGGTGATGTAG Genotyping of snd2a
1749 | TACATGTTGAGTTCATTGCCG Genotyping of snd2b
1750 | CCAGTGATGATGGAAGCTAGC Genotyping of snd2b
1823 | GTTTAAGACATTCATCGAGATCTTGTCT RT-PCR for SND2a
2019 | CTTTTAACTCATGGCGAATCAAGGAG RT-PCR for SND2a
2423 | GAGATTAAGAATGGCGAATCAAGGAG RT-PCR for SND2b
2424 | CATCGTGCAAATATCCGCAGATTC RT-PCR for SND2b
98 ACCAGCAAACCGTGGATTACCCTAGC RT-PCR for RAN3
99 ATTCCACAAAGTGAAGATTAGCGTCC RT-PCR for RAN3
2454 | CATGAGCACTCCTGGAATGTG qRT-PCR for SND2a
2455 | GCTCCAAATGCAGGGATCAC qRT-PCR for SND2a
2456 | GGAATCTGCGGATATTTGCACG qRT-PCR for SND2b
2457 | CACCTCCCTCTGAACCTTGTG qRT-PCR for SND2b
134 | AGCCTCTCTCAAAAGCTGCTTAATTTC qRT-PCR for GET1
439 | ATGGAAGGAGAGAAGCTTATAGAAG gRT-PCR for GET1
1435 | TCACAATCTTAGTGATGCCTTTC gRT-PCR for GET3a
1436 | AGAATAAACCATCCATCCCGTC gRT-PCR for GET3a
2458 | TTACTTTTCGTGAGAGCAGTTGC gRT-PCR for SEC62
2459 | GTTCCTTCAATGTGGCTTCCTC gRT-PCR for SEC62
2460 | CACGGTTCCAGCGTATTTCAATG gRT-PCR for BIP3
2461 | CGAGAATGTTTGACTCCCCACC gRT-PCR for BIP3
2462 | GCTAATGTCAAGCGTTTACGAGG gRT-PCR for ATG8e
2463 | CAGAGATTAGATTGAAGAAGCACCGA gRT-PCR for ATG8e
2425 | TAACGTGGCCAAAATGATGC gRT-PCR for PDF2
2426 | GTTCTCCACAACCGCTTGGT qRT-PCR for PDF2
2427 | AACTCTATGCAGCATTTGATCCACT qRT-PCR for SAND
2428 | TGATTGCATATCTTTATCGCCATC qRT-PCR for SAND
2492 | GCTCCTGGTGCTGCCTAC qRT-PCR for AtSRa1
2493 | GAAAGCAAATCATCCACATAAAGC qRT-PCR for AtSRa1
2494 | CAAAATACAGAACGAGAGGTTGAG qRT-PCR for AtSRa2
2495 | GACATTTCTTCTTCCTTCTGACTCA qRT-PCR for AtSRa2
2496 | CTTCCTATCCATTCGCCTGGTC qRT-PCR for AtSR31
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2497 | CTCGGAGTTGGTAAAAGAGCAC gRT-PCR for AtSRB1

2498 | ACCATTTGGCTCTTATCTATTCGTTTG gRT-PCR for AfSR[32

2499 | CGTTCGGTTCCATTGACGTTAC gRT-PCR for AfSR[32

1751 | ggggacaagtttgtacaaaaaagcaggctCTATGGCGAATCAAGGAGCAAAG DM-SND2a-attB1

1752 | ggggacaactttgtataataaagttgCTATGGCGAATCAAGGAGCAAAG DM-SND2a-attB3

1753 | ggggaccactitgtacaagaaagctgggtgTCGAGATCTTGTCTTAACGACTTG DM-SND2a-attB2-without Stop
1754 | ggggacaactttgtatagaaaagttgggtgTCGAGATCTTGTCTTAACGACTTG DM-SND2a-attB4-without Stop
1755 | ggggacaagtttgtacaaaaaagcaggctCTATGGCGAATCAAGGAGCGAAG DM-SND2b-attB1

1756 | ggggacaactttgtataataaagttgCTATGGCGAATCAAGGAGCGAAG DM-SND2b-attB3

1757 | ggggaccactitgtacaagaaagctgggtgTCTTGTTCTCGTCTTGACGACT DM-SND2b-attB2-without Stop
1758 | ggggacaactttgtatagaaaagttgggtgTCTTGTTCTCGTCTTGACGACT DM-SND2b-attB4-without Stop
363 | ACTTTCTCTCAATTCTCTCTACCG Genotyping UBQ10::gSND2b
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Chapter 11

2in1 Vectors Improve In Planta BiFC and FRET Analyses

Dietmar G. Mehlhorn, Niklas Wallmeroth, Kenneth W. Berendzen,
and Christopher Grefen

Abstract

Protein—protein interactions (PPIs) play vital roles in all subcellular processes and a number of tools have
been developed for their detection and analysis. Each method has its unique set of benefits and drawbacks
that need to be considered prior to their application. In fact, researchers are spoilt for choice when it comes
to deciding which method to use for the initial detection of'a PPI, and which to corroborate the findings.
With constant improvements in microscope development, the possibilities of techniques to study PPIs
in vivo, and in real time, are continuously enhanced, and expanded. Here, we describe three common
approaches, their recent improvements incorporating a 2inl-cloning approach, and their application in
plant cell biology: ratiometric Bimolecular Fluorescence Complementation (rBiFC), FRET Acceptor
Photobleaching (FRET-AB), and Fluorescent Lifetime Imaging (FRET-FLIM), using Nicotiana benthami-
ana leaves and Arabidopsis thaliana cell culture protoplasts as transient expression systems.

Key words Protein—protein interaction, rBiFC, FRET, Acceptor photobleaching, FLIM, Gateway,
SEC61, 2inl

1 Introduction

Core cellular processes such as signal perception and transduction,
vesicle trafficking, transport activities, and metabolic pathways rely
on formation of complex protein networks. Analysis of the bio-
chemical mechanisms at the molecular level requires a fundamental
understanding of the protein—protein interactions (PPIs) involved.
Over the past decades, a number of techniques such as Co-
immunoprecipitation (ColP), the Yeast Two-Hybrid (Y2H), the
Split Ubiquitin System (SUS), Forster Resonance Energy Transfer
(FRET) and related methods, as well as Bimolecular Fluorescence
Complementation (BiFC) have become routine laboratory techni-
ques to dissect PPIs (reviewed in [1]). Technological advancements
in microscope development have enhanced possibilities further by
facilitating real/life-time imaging of PPIs. Even techniques that
were thought to be predominantly in vitro techniques such as

Chris Hawes and Verena Kriechbaumer (eds.), The Plant Endoplasmic Reticulum: Methods and Protocols,
Methods in Molecular Biology, vol. 1691, DOI 10.1007/978-1-4939-7389-7_11, © Springer Science+Business Media LLC 2018
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1.1 Ratiometric
Bimolecular
Fluorescence
Complementation
(rBiFC)

ColIP are now applicable for microscopy analysis at the single-
molecule level [2].

Recently, our lab has introduced 2inl cloning, a gateway-
compatible approach to simultaneously clone two genes-of-interest
into two independent expression cassettes on the same T-DNA/
plasmid [3] (Fig. 1a). This cloning system is well suited for PPI
techniques that rely on transient transfection systems, as a mixture
of two (or more) independent Agrobacteria each carrying their own
plasmid can lead to unequal gene dosage resulting in high varia-
bility of coexpression [4]. We have combined the 2inl-cloning
system with Bimolecular Fluorescence Complementation [3] as
well as with a range of suitable fluorophores for enhanced FRET/
FLIM analysis [4].

This chapter describes the application of the optimized 2inl
vector sets that can be used for ratiometric Bimolecular Fluores-
cence Complementation (rBiFC), FRET-Acceptor Photobleaching
(FRET-AB), and Fluorescent Lifetime Imaging (FRET-FLIM),
using either Nicotiana benthamiana leaves or Arabidopsis thaliana
cell culture protoplasts as expression system [3, 4].

Bimolecular Fluorescence Complementation (BiFC) is a protein
fragment complementation analysis whose first application was in
bacteria [5]. The principle of BiFC is straightforward: a previously
split fluorescent protein (FP) reconstitutes due to an interaction of
two proteins of interest that are fused to the complementary nonflu-
orescent fragments (Fig. 1b). One major advantage of BiFC is the
applicability of the system to almost all types of proteins (cytosolic,
nuclear, organellar, or membrane-bound), and the detection of
interaction in an in vivo context. It also allows visualization of PPIs
at their site of first interaction—which should not be confused with
the subcellular position where these proteins normally reside or are
trafficked to—a misconception that is often inferred. Nevertheless,
the flaws of the technique almost match the advantages. Overexpres-
sion of fusion proteins as well as their FP fragment tag can lead to
mis-localization and alter the likelihood of a positive readout. Reas-
sembly of the FP is irreversible, promoting and stabilizing weak or
transient interactions, but thereby also causing artifactual results
even in the absence of a true interaction [ 1, 6]. However, the biggest
disadvantage in conventional BiFC systems used in the plant field is
the use of two individual plasmids and their co-infiltration in tran-
sient transformation. This leads to very high variability in gene
dosage and only about 70-80% of coexpression ratios [4]. In other
words, out of four or five cells analyzed, one does not contain both
fusion proteins present making a meaningful interpretation of the
results very hard. In addition, classical BiFC constructs do not
contain concurrent reference markers making quantification against
presumed negative controls (which could be non- or unequally
transformed cells) a cherry-picking exercise (Fig. 2).
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Fig. 1 Concepts of 2in1 cloning, Bimolecular Fluorescence Complementation and Férster Resonance Energy
Transfer. (a) Site-specific BP recombination of PCR products and Entry vectors generates Entry clones. A
subsequent one-step LR reaction recombines the two genes-of-interest (GOI) simultaneously in a 2in1
Destination vector. Depicted are the “2in1” vectors used in this chapter. See Table 1 for details. 35S
cauliflower mosaic virus 35S promoter and omega translational enhancer sequence, pUC ORI origin of
replication, Cm” chloramphenicol acetyltransferase resistance gene, ccdB gyrase inhibitor gene, /acZ lacZ
expression cassette. (b) Cartoon depicting the concept of bimolecular fluorescence complementation (BiFC).
Two proteins (grey and reqd) are tagged with nonfluorescent YFP fragments, nYFP and cYFP, respectively.
Interaction of both proteins leads to reconstitution of fluorescent YFP. (c) Simplified Jablonski diagram
depicting the excitation of an electron in a cyan-fluorescing protein (CFP). After internal conversion (black
wavy arrow) to the S1 ground state (cyan solid arrow) a crossing of the energy barrier between S1 and SO can
cause the emission of a photon at a longer wavelength (red shifted, Stokes shift; i.e., fluorescence). If an
acceptor molecule is in close enough proximity (here, YFP attached to a red-colored interacting protein), the
energy can be transferred non-radiatively to the acceptor molecule. (d) Absorbance/fluorescence spectrum of
mTurquoise2 and mVenus. The dark grey surface depicts the A* weighted overlap integral. Acceptor and donor
spectral bleed through are shown in magenta and green, respectively. (e) Example of a FRET acceptor
photobleaching experiment. A nucleus expressing two interacting proteins attached to a donor and an
acceptor fluorophore. After bleaching (right), the acceptor fluorescence is almost completely lost, but an
increase in donor fluorescence can be detected. (f) Exemplary fluorescence lifetime decay curve of a putative
donor molecule when FRET is occurring (red solid curve; 1) or in the absence of FRET (cyan solid line; 12).
Fluorescence lifetime tis the average time that a fluorescent protein resides in the excited state and at which
fluorescence intensity decreased to 1/e of its initial value. (b—f) modified from [1, 4]
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Fig. 1 (continued)

Contrary to classical BiFC, the ratiometric BiFC (rBiFC)
approach addresses most of these issues and provides means for
internal, ratiometric quantification of results [3]. Placing both FP
fragments on the same T-DNA guarantees equal gene dosage of
both nonfluorescent fusion proteins and the inclusion of a soluble
RFP marker provides a readout for ratiometric analysis and trans-
formation control of the cell under study [3] (Fig. 3). The tech-
nique has since been used in a number of studies for the detection
of PPIs or their structure-function analysis [ 7—-13, 24 ] (see Note 1).

1.2 Forster An alternative, more reliable, yet sophisticated technique exploits
Resonance Energy the physical phenomenon of resonance energy transfer which was
Transfer-Acceptor first postulated by Theodor Forster in 1946 and has been named

Bleaching (FRET-AB) after him as commemoration [14] (Fig. 1c—f). The principle of
FRET is a non-radiative energy transfer from an excited donor
fluorophore to an acceptor molecule—often, but not
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Table 1
Available 2in1 expression vector sets for rBiFC and FRET experiments?

Origin of replication  Resistance marker

Name E. coli A. tumefaciens Bacteria Plant Promoter FPs® Reference
pBiFC- ColE1 pVS1 Spectinomycin None CaMV35S nYFP, cYEP, REP® [3]
2inl
pFRETcg- ColEl pVSl1 Spectinomycin Basta CaMV35S mCherry, nEGFP [4]
2inl
pFRETvt- ColEl pVS1 Spectinomycin Basta CaMV35S mVenus, mTRQ2 [4]
2inl

*Plasmids exist in all possible tag combinations of fluorescent proteins (FPs)
PREP fluorescence serves as transformation control and ratiometric marker

sample 2. gétly pull
release air  slice and release

Fig. 2 Method handling. (a) Infiltration of 3—4-week-old N. benthamiana leaves using a syringe as described in
Subheading 3.2. (b) White arrows point at areas of infiltration at the abaxial side of the leaves. (¢) The first two
youngest (fop) leaves of a 4—6-week-old N. benthamiana plant should not be used for infiltration. Instead,
slightly older leaves (white arrows) are ideal with respect to suitability for injection and transgene expression
[23]. (d) “Tapping method” for gentle mixing of protoplasts with DNA. (e) Preparation of a N. benthamiana leaf
disc for microscopic analysis. The syringe is filled with water, which — by application of a vacuum — replaces
the air in the intercellular space of the leaf epidermis enhancing image quality

necessarily—fluorescent itself. Prerequisite is an overlap of the
donor emission with the excitation spectrum of the acceptor.
FRET only occurs if donor and acceptor are in close enough prox-
imity of 10 nm or less [15, 16]. Such resolution of molecular
distances is more than a magnitude lower than the diffraction
limit of light microscopy at 200 nm, allowing distinction of protein
co-localization from interaction.
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Fig. 3 rBiFC analysis of putative Arabidopsis SEC61 subunits in N. benthamiana leaves and A. thaliana
protoplasts. (a) Cartoon of the “2in1” rBiFC destination constructs used in this experiment [3]. (b) Represen-
tative images of N. benthamiana leaves expressing SEC61a1-nYFP (At2g34250), RFP, and either cYFP-
SEC61p1 (At2g45070), cCYFP-SEC61y (At5g50460), or, cYFP-VAMP723 (At2g33110), respectively. (d) At least
40 images were recorded per construct, and YFP/RFP mean fluorescence intensity calculated. Box plot depicts
the median with outer limits at the 25th and 75th percentile, respectively. Notches indicate the 95%
confidence intervals; Tukey whiskers extend to the 1.5x IQR and outliers are depicted as black dots. Red
crosses mark sample means of each dataset. Exemplary p-values (f-test) are indicated in graph. (d)
Representative images of Arabidopsis protoplasts expressing the same constructs. (e) At least ten protoplasts
were recorded per construct, and YFP/RFP mean fluorescence intensity calculated. Boxplot as before. (f)
Immunoblot analysis of HA-tagged SEC61a1, MYC-tagged proteins of interest and soluble RFP expressed in
Arabidopsis protoplasts used for rBiFC analysis. Asterisks indicate expected protein size. Scale bar in (b,
d) =10 pm

In fluorescence microscopy, the FRET phenomenon can be
detected using different approaches. Classical FRET approaches
simply measure fluorescence of the acceptor when the donor is
excited. However, this can lead to artifactual results due to spectral
bleed through, a phenomenon deriving from an overlap of excita-
tion spectrum of the donor with the emission spectrum of the
acceptor, which—unfortunately—is a common property with
most current FRET FP couples.
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Fig. 3 (continued)

An alternative, more credible method based on FRET is
“Acceptor Photobleaching” (FRET-AB). Here, the intensities of
the donor fluorophore before and after photobleaching of the
acceptor are measured in a specified region of interest (ROI).
Bleaching of the acceptor leads to an increase in donor fluorescence
in the ROI as the energy that would have been transferred to the
acceptor remains within the donor, leading to increased fluores-
cence of the latter.

AB does not require high-end microscopes and can be carried
out at any fluorescence microscope which is an advantage compared
to Fluorescence Lifetime Imaging Microscopy (FLIM) measure-
ments [ 15] (see below). However, photobleaching in AB can poten-
tially photo-damage the samples and is therefore not suitable in
prolonged time-lapse experiments. Other pitfalls are concomitant
bleaching of acceptor and donor, as well as movement of the
cytoplasm, both of which may lead to unfeasible results.
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1.3 Fluorescence
Lifetime Imaging
Microscopy (FLIM)

Classical FRET and FRET-AB are both intensity-based methods
and—as such—can be compromised by suboptimal fluorophore
concentration ratios. Measurement of fluorescence lifetime, how-
ever, might overcome this issue [ 16, 17]. Briefly, irradiation leads to
raising of the FP to an excited—S,—state before relaxation to the
ground—Sg—state. The average time the fluorophore resides in the
excited state represents its fluorescence lifetime and is unique for
each FP [18]. When an acceptor molecule is in close enough range
(<10 nm), it can serve as energy sink, resulting in a lifetime “decay”
of the donor molecule. Such reduction in lifetime can be compared
to negative controls or “donor only” samples which inform on the
original lifetime of an FP—the difference between the two informs
on PPI (Fig. 4).

Still, while small imbalances in concentration of donor and
acceptor do not affect FLIM measurements, the lifetime of fluor-
ophores is affected by other factors such as for example changes in
redox state, pH, or temperature. Yet, FRET-FLIM delivers more
credible results as it is almost unaffected by concentration differ-
ences and spectral properties compared to FRET-AB; but it
requires sophisticated and expensive equipment as well as consider-
able training and experience of the scientist who handles it.

2 Materials

2.1 Bacteria and
Plants

2.2 Media and
Reagents (Tobacco
Leaf Infiltration)

2.3 Media and
Reagents (Protoplasts)

2.3.1 Sterile Filtration

2.3.2 Sterile Erlenmeyer
Flasks for Cell Culture

For transient transformation of Nicotiana benthamiana leaves via
infiltration, Agrobacterinm tumefaciens strain GV3101 pMP9O0 car-
rying the selection markers for growth on rifampicin and gentami-
cin was chosen [19, 20].

1. Luria-Bertani (LB) medium: 1% tryptone, 0.5% yeast extract,
0.5% NaCl, pH 7.0-7.5 (for solid media add 2% agarose).

2. Antibiotics (1000 x stock solution): gentamicin (20 mg,/mL in
distilled water), spectinomycin (100 mg/mL in distilled
water), and rifampicin (50 mg/mL in DMSO).

3. AS medium: 10 mM MgCl,, 10 mM MES-KOH, pH 5.6,
150 pM acetosyringone.

4. Sterile distilled water.

The most economic sterile filtration method is to acquire a peristal-
tic pump and use membrane filters with a Swinnex Filter Holder
(Millipore).

250 mL Erlenmeyer flasks are stoppered with Rotilabo®-culture
plugs and covered well by aluminum foil. Sub-culturing is per-
formed under highly sterile conditions and the flasks are flamed
when opened to prevent contamination.
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Fig. 4 FRET-FLIM analysis of putative Arabidopsis SEC61 subunits in A. thaliana protoplasts. (a) Cartoon of the
“2in1” FRET destination constructs used in this experiment [4]. (b) Representative images of A. thaliana
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2.3.3 Pipetting of
Protoplasts

2.3.4 Cell Culture
Maintenance Media

2.4 Media for
Protoplast Generation

2.5 Media for
Protoplast
Transfection

A

We use 200 pL, cut tips to handle protoplasts and try to aim for a
diameter of 2-3 mm. Protoplasts are extremely sensitive to shearing
stress and larger tip pore sizes circumvent this.

1.

MS Col Medium (for 1 L): 4.3 g/L Murashige and Skoog
Basal Salt Mixture (MS), 5 mL of NPT-Vitamin Stock,
100 mg/mL myo-Inositol, 30 g/L Sucrose, pH 5.8 with
KOH. After autoclaving and before use, add 2,4-D to 1 mg/
L. Store at 4 °C in the dark.

. NPT-Vitamin Stock: 1 mg/mL Nicotinic acid, 1 mg/mL

Pyridoxine-HCI, 10 mg/mL Thiamine-HCl in dH,O. Sterilize
by filtration (0.22 pm) and store at —20 °C.

. 2,4-D Stock (for 100 mL): Dissolve 100 mg in 10 mL absolute

ethanol and bring to 100 mL with dH,O. Concentration is
1 mg/mL. Sterilize by filtration (0.22 pm) and store at
-20°C.

. Wall digestion solution without enzymes: 8§ mM CaCl,-2H,0,

0.4 M Mannitol, pH 5.5 with KOH. Sterilize by filtration
(0.22 pm).

. Wall digestion solution: 1% Cellulase, 0.25% Macerozyme,

8 mM CaCl,-2H,0, 0.4 M Mannitol, pH 5.5 with KOH.
Sterilize by filtration (0.22 pm), use immediately or store at

—20 °C.

. W5: 154 mM NaCl, 125 mM CaCl,, 5 mM KCl, 5 mM

Glucose, pH 5.8-6.0 with KOH. Sterilize by filtration
(0.22 pm) or autoclave.

. 40% PEG-1500: 10 g w/v PEG (1500), 1.275 g Mannitol,

0.413 g Ca(NO;3),-4H,0, 4 mM MES, pH 6 with KOH.
Dissolve mannitol and calcium nitrate in 17.5 mL ddH,O
first and then add the PEG. Thereafter, adjust the pH with
KOH. Sterilize by filtration (0.45 pm) and prepare aliquots and
store at —20 °C. After defrosting make sure that all salts are

Fig. 4 (continued) protoplasts expressing SEC61a1-eGFP with either mCherry-SEC61p1, mCherry-SEC61y,
mCherry-VAMP723, or, mCherry, respectively. Line histograms to the right show normalized intensities of
either eGFP or mCherry fluorescence along yellow arrows in merged images. a.u. arbitrary units. Scale
bar = 10 um. (c) Box plot of SEC61a1-eGFP donor lifetime in ns of at least seven independent measurements
for each of the various acceptor samples. Center lines of boxes represent the median with outer limits at the
25th and 75th percentile, respectively. Notches indicate the 95% confidence intervals; Tukey whiskers extend
to the 1.5x IQR and outliers are depicted as black dots. Red crosses mark sample means of each dataset.
Exemplary p-values (-test) are indicated in graph
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dissolved, if not, shake vigorously until they are; slightly warm-
ing of the solution helps.

. MM: 0.4 M Mannitol, 5 mM MES, pH 6.0 with KOH. Steril-

ize by filtration (0.22 pm) or autoclave.

. K3 (for 100 mL): 10 mL macro stock, 0.1 mL micro stock,

0.1 mL vitamin stock, 0.5 mL EDTA stock, 1 mL Ca-
Phosphate stock, 10 mg myo-Inositol, 25 mg bp(+)-Xylose,
13.7 g Sucrose, pH 5.6 with KOH. Sterilize by filtration
(0.22 pum), prepare aliquots (1540 mL) and store at —20 °C.

. Macro stock (for 1 L): 1.5 g NaH,PO4-H,0, 9 g CaCl-2H,0,

25 g I(NOg, 2.5 g NH4N03, 1.34 g (NH4)2804, 2.5 g
MgSO,4-7H,0, add H,O up to 1 L and autoclave.

. Micro stock (for 100 mL): 75 mg KI, 300 mg H3BO3, 1 g

MnSO47H,O  (or 0.6 g MnSO4H,0), 200 mg
ZnS04-7H,0, 25 mg NaMoO42H,0O, 2.5 mg
CuSO45H,0, 2.5 mg CoCl,-6H,0, add H,O up to
100 mL. Sterilize by filtration (0.22 pm) and store at —20 °C.

. Vitamin stock (for 100 mL): 100 mg Nicotinic acid, 100 mg

Pyridoxine-HCI, 1 g Thiamine-HCI, add H,O up to 100 mL.
Sterilize by filtration (0.22 pm) and store at —20 °C.

. EDTA stock (for 1 L): dissolve 7.46 g EDTA in 300 mL pre-

warmed H,O (approx. 30 °C), separately, dissolve 5.56 g Fe
(I1)SO4-7H,0 in 300 mL pre-warmed H,O (approx. 30 °C).
Combine and add H,O up to 1 L. Autoclave, aliquot, and store
in the dark at 4 °C. Protect from light.

. Ca-Phosphate stock (for 200 mL): 1.26 g CaHPO4-2H,0,

add H,O up to 200 mL, pH 3 with 25% HCI. Autoclave and
keep in the dark at 4 °C. Protect from light.

3 Methods

3.1 Agrobacteria
Preparation

. Select a single colony of transformed Agrobacteria which con-

tains the 2inl-vector plasmid or any other plasmid of choice.

. Inoculate 5 mL LB medium containing the appropriate anti-

biotics (rifampicin 50 pg/mL, gentamicin 20 pg/mL, and the
plasmid specific antibiotic) with the Agrobacterium colony and
grow it overnight (28 °C, 200-230 rpm) (see Note 2).

. Transfer 500 pL of the overnight culture into 4.5 mL of fresh

LB medium supplied with rifampicin, gentamycin, and specific
antibiotic and grow for another 3—4 h (28 °C, 200 rpm) to an
ODsg5 of approximately 0.2-0.8.

. Determine the ODs5o5.
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3.2 Transient
Transformation

of Nicotiana
benthamiana Leaves

3.3 Cell Culture
Maintenance
(Protoplasts)

3.4 Generation of
Protoplasts

. Centrifuge at 4000 x g for 15 min at 4 °C and wash the pellet

once or twice with 5 mL of 4 °C cold water.

. Adjust to a final ODsg5 of 0.5 with 4 °C cold AS medium.

(Calculation: ODs595/0.5 x 5 mL = Volume (in mL) of AS
medium needed.)

. Before proceeding with transient transformation of Nicotiana

benthamiana leaves, incubate samples at least 1 h on ice.

. Water 3—4-week-old (8th—-10th leaf stage) Nicotiana

benthamiana plants 4—6 h prior to infiltration.

. Start preparation of Agrobacteria as mentioned in Subheading

3.1.

. Inject with a 1 mL syringe (without cannula) Agrobacterium

suspension into the abaxial side of the third to fifth youngest
leaves. For this purpose, position the syringe between leaf-veins
and support injection by gentle counter pressure with a finger
on the adaxial side (Fig. 2a—c).

. After infiltration, cover and return plants to the growth

chamber.

. After approximately 36-72 h post-infiltration, proceed to Sub-

heading 3.6.

The particular cell culture in this protocol (Arabidopsis thaliana,
Col-0, root derived) was generated and donated by Mathur and
Koncz [21].

1.

Cell cultures are maintained in 250 mL Erlenmeyer flasks
under constant shaking (120 rpm) in the dark at
235°Cx1°C.

. The cell culture is propagated by reinoculation every 7 days by

transferring 10 mL of a one-week-old (7-day-old) culture to a
fresh, sterile 250 mL Erlenmeyer flask with 50 mL MSCol
medium. The final, total volume is 60 mL.

. Protoplasts should be generated from cells 3 days after sub-

cultivation when they are in their peak growth phase (se¢ Note 3).

. Aliquot 10 mL of cells into 12 mL Poly-Propylene (PP) round-

bottom tubes and collect them at 400 x g for 5 min (4-25 °C
okay).

. Wash cells by resuspension with 10 mL “wall digestion solution

without enzymes” and spin down at 400 x g for 5 min
(4-25 °C okay).

. Re-suspend pellet in 7 mL “wall digestion solution” and dis-

pense into a 90 mm diameter Petri dish.



3.5 Protoplast
Transfection

10.

11.

12.

13.

14.
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. Incubate by shaking at 50 rpm for 6 h at 23.5 °C 4+ 1 °C in the

dark.

. Collect protoplasts from one Petri dish in a 12 mL PP tube.

Centrifuge at 100 x g for 5 min at 4 °C. Discard the
supernatant.

. Wash protoplasts by resuspension in up to 10 mL “wall diges-

tion solution without enzymes” and spin down at 100 x g4 for
5 min at 4 °C. This is Wash #1.

. Remove supernatant and dissolve pellet in remaining solution.

Add up to 10 mL with W5 solution slowly and mix slowly. This
is Wash #2. Spin down the cells at 100 x g for 5 min at 4 °C.

. Re-suspend cells in 10 mL W5 solution as in step 8. This counts

as Wash #3. Take 20 pL (use cut 200 pL tips to handle proto-
plasts) to determine cell concentration with a hemocytometer.

Adjust the cells to 1.5 x 10° cells/mL. Leave cells in the
refrigerator (4 °C) for at least 20 min; overnight is also okay.

Determine the protoplast concentration you will use. Transfec-
tion will occur in ranges of 1.5 x 10° cells/mL up to
6.7 x 10° cells/mL. Our standard concentrations are
6.6 x 10° cells/mL and 3.5 x 10° cells/mL. Use higher cell
concentrations when working with multiple plasmid species
(>3) and the lower concentration for <2 plasmids. It is recom-
mended that you test this for each experimental condition.

Collect the protoplasts under 50 x g at room temperature
(RT).

Decant the supernatant (some W5 will remain, <500 pL) and
adjust to the determined cell concentration with MM and
incubate cells for 10-30 min (but not longer) at RT.

The cells are ready for transfection.

This protocol was designed to transfect protoplasts in 96-well plate
format (2.2 mL, round-bottom, deep-well) using the “Liquida-
tor™ 96 Manual Pipetting System” (Mettler-Toledo) but it can
also be executed using 8- or 12-channel pipettes. It is recom-
mended to mix after each row as soon as you add PEG. A small
set of reactions can be performed in 2 mL round-bottom Eppen-
dorfs; mix as soon as you add PEG.

1.

2.

Prepare up to 16 pg of high-quality DNA in 20 pLL H,O in each
reaction-well.

Add 60 pL of cell suspension to the DNA and mix the plate
from every side by tapping the plate against your forearm (Fig.
2d) until no cell clumps are visible. Make sure that the DNA is
evenly mixed in the total volume.
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3.6 Mounting for
Microscopy (Tobacco
Leaf Infiltration)

3.7 Mounting for
Microscopy
(Protoplasts)

3.8 Confocal
Imaging

3.8.1 IBiFC

. Add 60 pL of PEG and start a timer to a 5 min countdown. Mix

the plate from every side by tapping the plate against your
forearm until the PEG is evenly dispensed. This will take
approximately 1 min. You can see the solution mixing if you
hold the plates or tubes against the lighting in your laboratory
so that you see light diffraction through the liquid. After 3 min,
mix again.

4. Add 60 pL of MM solution and mix as before.

6.

. Add 500-700 pL of K3 medium, mix gently, and cover the

plate with a film that allows gas exchange (e.g., AeraSeal™ film,
SIGMA) (see Note 4).

. Incubate the cells in the dark at 25 °C from 3 to 24 h depend-

ing on your assay (se¢ Note 5).

. Cut a leaf section of approximately 1 cm? and transfer it to a

20 mL syringe half filled with water. Use your finger to stop
water loss at the syringe’s exit, insert the plunger, and carefully
remove the remaining air in the syringe (Fig. 2¢).

. Close the tip of the syringe again and pull the plunger back.

This will produce a partial vacuum in the syringe.

. Releasing the plunger gently will replace air space within the

leaf slice with water.

. Repeat steps 3 and 4 several times until the tissue appears

translucent.

. Take out the slice and mount it upside down on a slide. Drop a

bit of water on the slide and place a coverslip over the tissue.

Tap coverslips gently to remove air bubbles.

Tightly wrap two stripes of tape around a microscope slide with a
gap of around 5 mm between them. These will serve as spacers. Put
approx. 50-100 pL of cell suspension between the stripes and place
a coverslip on top (see Note 6).

Our studies are done using the Leica TCS SP8 confocal microscope
with laser lines diode 405, pulsed 440, pulsed 470, Argon 488,
496,514, DPSS 561, HeNe 594, and HeNe 633, respectively. The
microscope is equipped with a fast 8 kHz resonant scanner, HyD
detectors, and FLIM unit (PicoQuant). Leica Application Suite
(LAS) X software was used for image acquisition.

1.

Set up the confocal microscope for YFP fluorescence with
514 nm excitation and 520-560 nm emission range and for
RFP fluorescence with 561 nm excitation and 570-630 nm
emission range. To avoid spectral overlap, sequential scanning
should be applied. Include a bright field channel for guidance
from transmission of either laser line.



3.8.2 Image Analysis

3.8.3 FRET-AB

2.
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Use a 40x/0.75 NA water-immersion objective to focus on
epidermal cells. A zoom factor between 3 and 4 is
recommended.

. Start with a positive control and collect several images while

adjusting gain and—if necessary—oftset, for an optimal
dynamic range. Settings should be adjusted to yield a mean
fluorescence intensity ratio between YFP and RFP of one (see
Note 7). Once the parameters are adjusted, select and save for
quantification of 20—40 images of randomly selected areas (see
Note 8).

For image analysis, we use the Image] software (freely available at
http: //imagej.net/Downloads) with the Bio-Formats plugin
which must be installed separately before using it for the first time.

1.

Open the *.lif file with the Image] software. Using the Bio-
Format tool the first time, choose “view stack with: Hyper-
stack” and set a mark in the “split channels” box. Select all
series.

2. Close brightfield images.

. Select the first RFP image and press button M, or STRG-M

(measure). A table with different values (Area, Mean, Min,
Max) will appear.

4. Select the corresponding YFP image and measure again.

. Proceed for all images as described in steps 2—4. Afterwards

you can copy the data table into Microsoft Excel.

. Calculate the ratio between the mean fluorescence intensity

values of YFP and RFP for each image and use for graphical
display after/including statistical analysis.

. Set up the confocal microscope for eGEP fluorescence with

488 nm excitation and 490-530 nm emission range, and for
mCherry fluorescence with 561 nm excitation and
565-610 nm emission range. To avoid spectral overlap,
sequential scanning should be applied. Include a bright field
channel for guidance from transmission of either laser line.

2. Use a40x/0.75 NA water-immersion objective.

. Adjust gain and offset settings for your sample exploiting the

full dynamic range.

. Switch to the FRET-AB mode from the dropdown menu in the

LAS X software and adjust donor and acceptor settings as
before. Set acceptor-excitation-laser intensity in the “bleach”
tab to 100% and frames between 300 and 500.

. Search an area where both proteins of interest are sufficiently

expressed, set up an ROI, and start the bleaching procedure.
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LAS X software automatically captures images before and after
bleaching and calculates the FRET efficiency (se¢e Note 9)
according to the following formula:

FRET.4 = (Dpost - Dprc)/(Dpost)

with Dy, and D, as mean fluorescence intensities prior and
after bleach, respectively.

3.8.4 Image Analysis Note the values provided by the LAS X software under the “Quan-
tification” tab for further statistical evaluation and graphical display.

385 FLIM For FLIM applications, LAS X software and SymPhoTime 64 (from
PicoQuant) software are used.

1.

Switch the microscope to FLIM-mode. Start SymPhoTime,
and create a new workspace.

Start lasers, and set the laser combining unit to 0.

Click on the tab “Setup Imaging” in the Leica software, and
choose your appropriate laser and detectors.

Go to the tab “Setup FLIM”, and choose the detector that is
connected to the time-correlated single photon counting
(TCSPC) module. Choose the wavelength to excite the donor.

. Under “Acquisition” set resolution to 256 x 256, and scan-

ning speed to 20-50 MHz while adjusting pixel dwell time to
approximately 20 ps.

Set up the pulsed laser.

Choose the number of photons per pixel that should be
counted. We recommend 500-1000. Pick a region of interest
(ROI), and run a FLIM test. The kilo counts/s should not
exceed 10% of the excitation frequency (e.g., 2 kilo counts/
s for 20 MHz). If necessary, close the shutter of the laser
combining unit to get less counts/s.

. Run FLIM measurements at 7-10 different positions/cells/

protoplasts. Zoom in and define ROIs for measurement. We
recommend performing at least three independent biological
replicates for FLIM measurements.

9. Measure donor-only samples, as well as a meaningful noninter-
acting candidate as negative controls.
386 Measure Since the microscope, objective, coverslip, and the pulse type of the
Instrument Response laser do have an influence on the detection, the IRF must be
Function (IRF) measured for later evaluation.
1. Put only a coverslip on the objective without sample.

2.

Set the mode from xyz to xzy, the laser to 5%, and the required
wavelength of the donor (e.g., for GFP: 488 nm). Choose one
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Fig. 5 Comparison between the edge of (a) the upper coverslip which is needed for measuring the IRF and ()
the edge of the microscope slide which should not be measured. (¢) Section of SymPhoTime 64 software for
evaluation of FRET-FLIM data. (7) The “Fitting Model” should be “n-Exponential Reconvolution” while the (2)
“Decay” should be “Overall Decay.” (3) The experimentally measured IRF (Subheading 3.8.6) has to be
imported here (4). “Model Parameters — n” have to be set up according to the decay variant of the donor.
Calculation is started with (5) “Initial Fit” and (6) Fit (7). If ;(2 is in the range of approximately 1-2, the
fluorescence lifetime z in [8] can be copied for further evaluation

3.8.7 Evaluation

. Open SymPhoTime and load your data. Choose one

PMT detector for emission at the same wavelength as the
excitation (e.g., GFP: 488 nm).

. Set the donor fluorescence to reflexion in the tab “AOBS.”
4. Set up FLIM as before in Subheading 3.8.5 but use the PMT to

detect exactly at the same wavelength as the pulsed laser.

. Search the upper edge of the coverslip (Fig. 5a).

6. In the tab “fluorifier disc setting,” deselect the autoselect and

choose an empty position for the filters.

. Close the laser combining unit.

. Run a FLIM test with kilo counts per second at approximately

2000.

. Measure IRF once and save it.

[

‘.ptu”
file, click Analysis — Imaging — FLIM — Start.
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2.

Set up “n-Exponential Reconvolution,” overall decay and load
your measured IRF sample in the designated tab. Choose the
“Model Parameter — n” according to the decay variant of your
donor fluorophore (e.g., mono- or bi-exponential decay) (Fig. 5).

. We recommend decreasing the front border-width (e.g.,

0.55 ns).

. Press “Initial FIT” and afterwards “FIT.” The y* should be

approximately between 1 and 2. Higher values indicate that the
measured decay does not correlate to the calculated ideal decay
(Fig. 5).

. Lifetime values for further statistical evaluations are: “t av. int

(ns)” (Fig. 5).

. Note these values in a .txt file or excel and use them for

statistical evaluation and graphical display.

4 Notes

. For structure-function analysis using alanine-scanning muta-

genesis, we routinely design primers using our SDM-assist
program that allows—in addition to the desired mutation—
introduction of a silent restriction site to distinguish different
point mutants via endonuclease digest [22].

. We recommend construct verification of Agrobacteria clones

used for transtection through plasmid rescued in E. cols fol-
lowed by restriction analysis [20]. Even antibiotic resistant
Agrobacteria colonies sometimes do not carry the recombinant
plasmid, and we had cases, where plasmid restriction digests
revealed significant alterations in plasmids. Verified Agrobac-
teria clones should be stored at —80 °C in 7% DMSO.

. To gain more Arabidopsis protoplasts, it is possible to subcul-

ture 10 mL of a 3-day-old culture into 50 mL fresh MSCol
medium. Cells for protoplast generation are taken 3 days after
this second subculture. These cells are nicknamed “Turbo
Cells” and produce finer and smaller protoplasts. You must
not use these Turbo Cells for your main culture though, oth-
erwise, the culture will outgrow itself too fast.

. It is not necessary to wash out the PEG (1500) as its effective

concentration is diluted in subsequent steps; alternatively, addi-
tion of a washing step with MM or W5 can be included.

. Reporter assays benefit from shorter incubation times as they

have better signal-to-noise ratios when applying treatments,
whereas an overnight incubation is sufficient for localization
or interaction assays.
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. Living cells will float on the top of the solution when they are in

K3. Alternative incubation buffers found in the literature can
also be used: for example, WI or TEX.

. The ratio needs to be set up for a positive control and should be

examined on several different epidermal cells. A ratio of 1 is
preferred but not always feasible due to overall low expression.
It is important that once the parameters are adjusted, there will
be no change in settings over the complete set of samples to
assure comparability.

. Even though RFD acts as an expression and transformation/

transfection control, verification of protein expression via
immunoblot is recommended. The 2inl plasmid used contains
a 3xHA tag as well as a MYC tag fused to the proteins of
interest for antibody detection (Fig. 3f).

. Due to temporal delay in recording caused by the bleaching

step, cellular movement leads to a shift of the region of interest
out of the focal plane making measurements meaningless. To
avoid this issue, we fixed samples in 4% (w/v) paraformalde-
hyde (PFA) in microtubule stabilization buffer (MTSB)
(50 mM PIPES, 5 mM EGTA, 5 mM MgSO4-7H,0, pH ~7
(KOH)).
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Abstract:

Insertion of membrane proteins into the lipid bilayer is a crucial step during their
biosynthesis. Eukaryotic cells face many challenges in directing these proteins to
their predestined target membrane. The hydrophobic signal peptide or
transmembrane domain (TMD) of the nascent protein must be shielded from the
aqueous cytosol and its target membrane identified followed by transport and
insertion. Components that evolved to deal with each of these challenging steps
range from chaperones to receptors, insertases and sophisticated translocation
complexes. One prominent translocation pathway for most proteins is the signal
recognition particle (SRP-) dependent pathway which mediates co-translational
translocation of proteins across or into the endoplasmic reticulum (ER) membrane.
This textbook example of protein insertion is stretched to its limits when faced with
secretory or membrane proteins that lack an amino-terminal signal sequence or
TMD. Particularly, a large group of so-called tail-anchored (TA) proteins that harbor a
single carboxy-terminal TMD require an alternative, post-translational insertion route
into the ER membrane. In this review, we summarize the current research in TA
protein insertion with a special focus on plants, address challenges, and highlight

future research avenues.
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Diversity of membrane proteins

Roughly one third of the average eukaryotic proteome comprises integral membrane
proteins (IMPs) that act for example as channels, transporters or receptors (Hegde
and Keenan, 2011). IMPs are found in all organellar membranes within the cell. They
reside in the lipid bilayers of the endomembrane system (endoplasmic reticulum
(ER), Golgi, TGN/MVC, vacuole, peroxisomes and plasmamembrane (PM)) as well
as in the membranes of the semiautonomous cell organelles of chloroplast and
mitochondria. To maintain membrane integrity and cellular function, correct targeting
and insertion of newly synthesized IMPs has to be guaranteed. For this purpose,

dedicated signal sequences and insertion pathways have evolved.

Shared features of all IMPs are strongly hydrophobic transmembrane domains
(TMDs); yet these vary in their sequence, number and final topology, and thereby
define the different types of membrane proteins (Guna and Hegde, 2018). However,

all IMPs face three fundamental challenges in their biogenesis:

(1) The nascent protein including its non-polar TMD(s) must navigate through the
aqueous cytosolic environment before reaching the membrane. As exposure of the
lipophilic TMDs within the cytosol would lead to premature aggregation, chaperoning
proteins are needed which recognize and shield the TMDs until their insertion into the

hydrophobic bilayer.

(2) IMPs with varying numbers of TMDs and either luminally or cytosolically facing
peptide stretches require membrane-bound receptors that aid in the insertion process

and guarantee correct orientation within the membrane.

(3) Finally, targeting sequences (e.g. retention motifs) within the protein need to be
recognized to facilitate delivery to the corresponding target membrane (ER &

secretory pathway vs. organellar membranes) (Pedrazzini et al., 1996).

Of signal recognition and translocons

To cope with the challenges mentioned above, various strategies evolved in
eukaryotes and were described by scientists in the past decades. Glnter Blobel was
awarded the 1999 Nobel Prize in Physiology or Medicine "For the discovery that
proteins have intrinsic signals that govern their transport and localization in the cell"

(Celebrating 20 years of cell biology, 2019). Together with David Sabatini, Blobel had

3
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postulated the “signal hypothesis” some 30 years earlier (Sabatini and Blobel, 1970).
Although a hypothesis at first and rejected by many at the time it turned out to be
correct and found its way into the textbooks. The majority of secretory proteins or
IMPs utilize this signal recognition particle (SRP-) dependent pathway and enter the
ER through the Sec61 translocon which was later discovered and likewise earned its
discoverer Randy Schekman a Nobel prize (Novick et al., 1980; Deshaies et al.,
1991) shared with James Rothman and Thomas Sudhof “for their discoveries of
machinery regulating vesicle traffic, a major transport system in our cells” (Wickner,
2013). The pathway is also referred to as ‘co-translational’ as it targets and inserts

proteins into the ER during their synthesis (Anderson et al., 1982).

Translocation starts with the extrusion of a nascent polypeptide chain from the
ribosome exit channel. SRP recognizes ribosomes with either an N-terminal signal
sequence or TMD of a nascent protein (Ogg and Walter, 1995; Shao and Hegde,
2011). Subsequent binding of SRP to the ribosome transiently arrests protein
synthesis by blocking further tRNA entry (Lakkaraju et al., 2008; Richter and Coller,
2015). Targeting to the ER membrane of the SRP/ribosome-nascent chain (RNC)
complex is induced by the binding to the SRP receptor (SR) in a GTP-dependent
manner (Gilmore et al.,, 1982; Gilmore et al., 1982). Subsequent conformational
changes lead to interaction with the Sec61 translocon, unloading of RNC from SRP
to Sec61 and determine the duration of the translational pause. GTP hydrolysis
triggers the disassembly of SRP from SR and recycling of the components for

additional rounds of protein targeting (Song et al., 2000; Shao and Hegde, 2011).

During co-translational insertion, two mechanisms protect the TMD from the aqueous

cytosol:

(1) early targeting of the TMD by SRP and maintenance of this connection until
docking at the Sec61 channel to ensure minimal exposure to the cytosol prior to

integration,

(2) translational slowdown that prevents translation of additional, subsequent TMDs
into the cytosol (Walter and Blobel, 1981; Pechmann et al., 2014).

Little is known about an Archaeplastida Sec61 translocon, although such a
fundamental mechanism is undoubtedly conserved in plants. Three homologs of

each, the central pore Sec61a as well as the two subunits Sec61B and Sec61y, are

4

1202 AInp L0 uo 1886 Aq 1/220€9/8629EMY/SAYdId/E60 1" 01/10p/BloIE-00UBAPE/SAYd]d/UWO0D dNO DILEPEDE//:SANY WO} POPEOJUMOQ



110
111
112
113
114
115
116

117
118
119
120
121
122
123
124
125
126
127
128
129

130
131
132
133
134
135
136
137
138
139
140
141
142

encoded in the Arabidopsis (Arabidopsis thaliana) genome. While functional data is
lacking, physical interaction of AtSec61a1 with AtSec61p1 and AtSec61y1 was
shown by our group (Mehlhorn et al., 2018). In addition, the translocon associated
proteins AtSec62 and Sec63 (AtErdjA and AfErdj2B) are conserved as well
(Mitterreiter et al., 2020). Together with the tetratricopeptide repeat protein AfTPRY7,
both are probably involved in a chaperone-assisted post-translational import of small

peptides in Arabidopsis (Schweiger et al., 2012).

Tail-anchored proteins

The SRP/Sec61 co-translational pathway reaches its limits, though, when signal
sequences or TMDs are lacking within the N-terminal part of the protein. This is in
particular the case for type Il orientated membrane proteins that feature a TMD close
to their C-terminal end and are referred to as tail-anchored (TA) proteins (Borgese et
al., 2003). To distinguish these from other type Il proteins, the C-terminal (after
translocation: luminal) stretch should by definition be no longer than ~30 amino acids
(Borgese et al., 2003). This is roughly the length of a peptide stretch within the
ribosomal exit channel (Voss et al., 2006). Proteins with such feature are released
from the ribosome when their TMD is disclosed to the cytosolic environment. To
prevent aggregation of the hydrophobic TMD within the aqueous cytosol immediate
action of chaperones is required aiding in shuttling and post-translational

translocation. (Pedrazzini, 2009; Johnson et al., 2013).

TA proteins make up to ~3-5% of all IMPs and can be found in almost all cellular
membranes (Abell and Mullen, 2011). In Arabidopsis, around 500 TA proteins were
predicted in silico (Kriechbaumer et al., 2009). They play key roles in many vital
processes such as vesicle trafficking, apoptosis, translocation of other proteins,
ubiquitination, signal transduction, enzymatic reactions or regulation of transcription
(Borgese et al., 2003; Kriechbaumer et al., 2009). Some TA proteins even take part
in translocation of other membrane proteins as subunits of translocation machineries
such as the Sec61B subunit of the SEC61 translocon, or Translocase of outer
membrane 22 (Tom22) and Translocase of chloroplast 33 (Toc33) of the
mitochondrial and chloroplast import machineries. Additionally, most of the soluble
N-ethylmaleimide-sensitive factor attachment receptors (SNAREs) which facilitate
vesicle fusion in eukaryotic cells, are TA proteins (Neveu et al.,, 2020). Their
prominent role in many physiological processes is reflected by the dramatic

5
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phenotypes associated with their loss-of-function lines, ranging from conditional

sensitivity towards pathogens to embryonic lethality (Lipka et al. 2007).

Anchoring in the ER membrane

The seemingly textbook example for post-translational membrane insertion of TA
proteins into the ER is the Guided Entry of Tail-anchored proteins (GET) pathway
(Figure 1) which was initially identified in mammals and yeast (Stefanovic and Hegde,
2007; Schuldiner et al., 2008).

In yeast, nascent TA proteins are recognized immediately after emergence from the
ribosomal exit tunnel through a tripartite pre-targeting complex consisting of small
glutamine-rich tetratricopeptide cochaperone 2 (Sgt2), Get4 and Get5 (Chang et al.,
2010; Wang et al., 2010). A functional mammalian homologue of Get4/5 is the BAG6
complex comprising BCL2-associated athanogene cochaperone 6 (BAG6),
transmembrane domain recognition complex 35 (TRC35) and ubiquitin-like domain
(UBL)-containing protein 4A (UBL4A), which works in cooperation with Small
glutamine-rich tetratricopeptide repeat-containing protein a (SGTA), the mammalian
Sgt2 orthologue (Mariappan et al., 2010; Johnson et al., 2013). While Sgt2 alone is
ineffective in binding TA proteins, Get4/5 assist this process by bridging and
facilitating TA protein transfer from Sgt2 to the cytosolic ATPase Get3 (in mammals
TRC40 or Asna1) (Suloway et al., 2009; Simpson et al., 2010; Chartron et al., 2011;
Gristick et al., 2014). BAG6 triages nascent TA proteins in either an insertion
competent fraction, or destined for proteasomal degradation (Leznicki and High,
2012; Shao et al., 2017). Recent work has now demonstrated that polyubiquitinated
TA proteins can circumvent recognition by BAG6 and still be inserted via the
(mammalian) TRC40 pathway and subsequent deubiquitination (Culver and
Mariappan, 2021).

Key-component of the pathway is the dimeric ATPase Get3. Its subunit interaction is
stabilized by a Zn?* ion coordinated by a CxxC motif (Mateja et al., 2009; Simpson et
al., 2010). Get3 consists of a nucleotide-binding pocket and a TA protein binding
domain and undergoes conformational changes dependent on its nucleotide-binding
state (Wereszczynski and McCammon, 2012). In a nucleotide-free state, Get3 is in
an open conformation while binding of ATP leads to a closed dimer, thereby creating

a hydrophobic groove which binds and shields the TMD of TA proteins (Mateja et al.,
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2009; Wereszczynski and McCammon, 2012; Mateja et al., 2015). It was
demonstrated that unlike SRP, Get3 does not associate with ribosomes (Stefanovic
and Hegde, 2007). Get3 shuttles the client protein to the ER membrane receptors
consisting of a heteromeric complex of Get1 (WRB in mammals (Vilardi et al., 2011;
McDowell et al., 2020)) and Get2 (CAML in mammals (Yamamoto and Sakisaka,
2012; Vilardi et al., 2014)). The long cytosolic N-terminal domain of Get2 mediates
tethering of the Get3-TA protein complex (Mariappan et al., 2011; Wang et al., 2011).
Interaction of Get2 only takes place with a nucleotide-bound Get3 which is also
compatible with TA protein binding (Denic et al., 2013). Hydrolysis of ATP opens the
Get3 dimer. This conformational change disrupts the hydrophobic groove releasing
the bound TA protein and providing it for insertion by the Get1-Get2 insertase (Wang
et al., 2014; Zalisko et al., 2017). Intriguingly, Get1 and Get2 compete for Get3
binding via overlapping binding sites (Stefer et al., 2011; Denic et al., 2013), although
interaction between Get3 and a coiled-coil domain of Get1 occurs only with an open,
nucleotide-free Get3 (Mariappan et al., 2011). Rebinding of ATP returns Get3 into a
closed conformation, thereby weakening the Get3-Get1 interaction which leads to
dissociation of Get3 from the membrane and recycling for another round of TA
protein loading via the pre-targeting complex Sgt2/Get4/Get5 (Stefer et al., 2011;
Suloway et al., 2012).

It is noteworthy that TA protein recognition from ribosome to membrane is assisted
by heat-shock proteins (Rabu et al., 2008; Craig, 2018). Recently, the involvement of
J-domain proteins involved in the TA protein handover from Hsp70 to Sgt2 in yeast
has been demonstrated (Cho and Shan, 2018; Cho et al., 2021).

It GET’s complicated in plants
In Arabidopsis, a high degree of conservation was presumed from an in silico search
of GET components (Abell and Mullen, 2011; Duncan et al., 2013). Four years later,
the existence and function of a plant GET pathway was demonstrated by two groups,
independently (Srivastava et al., 2017; Xing et al.,, 2017) although some of its
components still remain elusive. While a functional Get4 orthologue (At5g63220) was
identified in plants, its partner proteins within a putative pre-targeting complex could
not be determined as too many potential candidates exist. Based on sequence
similarities, there are multiple putative Sgt2 and Get5 orthologs in Arabidopsis, the
latter features a ubiquitin-like domain which is present in a wide range of proteins
7
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(Paul et al., 2013; Srivastava et al., 2017; Xing et al., 2017). BAGG6, the protein that
bridges the interaction of Ubl4A to TRC35 within a mammalian pre-targeting
complex, is lacking in yeast (Leznicki et al., 2013). Interestingly, a putative BAGG6
ortholog (Table 1) exists in Arabidopsis and is involved in triggering autophagy in
response to pathogen attack (Li et al.,, 2016), however, an involvement in a plant

GET pathway remains elusive, currently.

Other than Get1/WRB, Get2/CAML has no sequence orthologue in plants. However,
only recently, a functional Get2/ CAML homologue has been identified in Arabidopsis
using affinity purification-mass spectrometry (Asseck et al.,, 2021). Despite low
sequence similarity, the overall structure comprising three TMDs and a cytosolic N-
terminal stretch of basic amino acid residues seem to be evolutionary conserved to
maintain a common function (Asseck et al., 2021). Position-specific iterative (PSI)-
basic local alignment search tool (BLAST) analysis of the human CAML sequence
revealed co-selection of the two functional domains, allowing the identification of
orthologous genes also in distant phyla (Borgese, 2020; Asseck et al., 2021). In
mammals, the two subunits of the GET receptor complex have been shown to
depend on each other for expression and are degraded in the absence of the binding
partner (Carvalho et al., 2019; Inglis et al., 2020). Similarly, Get1 deficiency in yeast
leads to a reduced protein level of Get2 and vice versa, demonstrating reciprocal
regulation of these two proteins (Schuldiner et al., 2008; Stefer et al., 2011). In
Arabidopsis, however, the relationship between the receptor components seems to
be distinct from that in Opisthokonts. In the absence of its co-receptor, AtGET2 is still
expressed but no longer interacts with the targeting factor AtGET3a (Asseck et al.,
2021).

There are additional, intriguing differences among Archaeplastida GET components
such as three different GET3 proteins that were identified in Arabidopsis (namely
AtGET3a, AtGET3b and AtGET3c). In silico comparison of these three paralogues
revealed two distinct clades (GET3a and GET3bc) present in the Archaeplastida and
SAR supergroup but not in Opisthokonts and Amoebozoa indicating a duplication
event in the evolution of eukaryotes (Xing et al., 2017; Farkas et al., 2019). However,
orthologues of AtGET3c seem to be Brassicaceae-specific whereas several copies of

AtGET3b orthologues can exist in other plant species (Bodensohn et al., 2019).
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Obvious differences between Archaeplastida GET3 proteins and Opisthokont Get3

include:

(1) The conserved CxxC motif necessary for the coordination of a zinc ion and dimer
formation (see above) is lacking in GET3a but not in the GET3bc clade despite
AtGET3a retaining the ability to form dimers (Xing et al., 2017). Instead, in GET3a an
ExxE motif and additional acidic residues adjacent to the site that usually bears the
CxxC motif in other species’ sequences may take over metal ion coordination and

dimer stabilization (Farkas et al., 2019).

(2) An approximately 30 amino acid long, strongly charged extension was only found
in the GET3a clade and suggested to be involved in dimerization (Farkas et al.,
2019).

(3) AtGET3a is targeted to the cytosol and probably recruited to the ER membrane,
as it can be found in microsomal fractions (Srivastava et al., 2017; Bodensohn et al.,
2019) which might represent the receptor bound state. AtGET3b, however, is located
within the stroma of chloroplasts and AtGET3c in the matrix of mitochondria (Xing et
al., 2017). Their organellar function is currently not understood (Zhuang et al., 2017;
Bodensohn et al., 2019).

(4) While all three orthologues possess the ATPase motif, GET1 and GET4 binding
residues are only conserved in AtGET3a. Consistent with this finding, only AtGET3a
interact with AtGET4 and AtGET1 but neither AtGET3b nor AtGET3c (even in
truncated, cytosolic forms) (Xing et al., 2017). This suggests that only the cytosolic

AtGET3a plays a role in a canonical ER GET pathway in plants.

GETting knocked out — phenotypic consequences

But there remain more mysteries. So far only two TA proteins have been identified
that show reduced membrane insertion in Atget mutants, the pollen-specific SNARE
protein SYP72 (Srivastava et al., 2017) and the root-hair specific SNARE protein
SYP123 (Xing et al., 2017). The GET pathway is considered as the main route for
post-translational TA protein insertion into the ER. Contrary to such an implied vital
role, yeast loss-of-function strains are viable under normal growth conditions
(Schuldiner et al., 2008) and the lethality under oxidative stress likely relates to the
function of ScGet3 as chaperone for unfolding soluble proteins (Voth et al., 2014). A

later analysis of yeast TA proteins revealed that only two out of 46 potential client
9
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proteins show dependency on the presence of an intact GET pathway. Nonetheless,
knockout of the mammalian orthologue TRC40 leads to embryo lethality in mice
(Mukhopadhyay et al., 2006) and severe organ defects in induced get mutants (Lin et
al., 2016; Norlin et al., 2016; Vogl et al., 2016). One could conclude from this that
among multicellular Opisthokonts an intact GET pathway became indispensable for

survival.

The data in other multicellular organisms such as plants, however, rules out such
general conclusion. In Arabidopsis loss of GET pathway function clearly causes
effects such as increased ER-stress levels (Srivastava et al., 2017) and reduced root
hair length (Xing et al., 2017), yet no pleiotropic phenotypes, let alone seedling or
embryo lethality, was observed. Such strong phenotypes, however, should be
expected considering that certain vital TA proteins such as the cytokinesis-specific
SNARE KNOLLE (Lauber et al., 1997) do not reach their target membrane.

With the implication that the GET pathway is the major hub for TA protein insertion in
the ER, the question is justified whether this can hold true with respect to such mild
phenotypes and whether or not backup systems have evolved. An alternative
explanation would be that a plant GET pathway evolved additional/alternative
function(s) instead/apart from TA protein insertion. The latter suggestion is supported
by an IP-MS analysis where only 23 TA proteins interacted with AtGET3a-GFP (Xing
et al., 2017) which is less than 5% of all predicted TA proteins in Arabidopsis
(Kriechbaumer et al., 2009). Thus, it seems that in plants, the GET pathway might not
play a — not to mention the - major role in TA protein insertion; or at least that plants
have evolved alternative mechanisms to secure TA protein insertion in case one

route breaks down.

GET Alternatives

The dispensability of Arabidopsis GET components for general plant growth and
survival with merely an effect on root hair growth (Xing et al., 2017; Asseck et al.,
2021) allows speculation regarding the existence of yet undiscovered alternative
insertion pathways in plants that might redundantly substitute TA protein insertion

into the ER membrane.

In a pioneering effort, an SRP-independent targeting (SND) pathway consisting of

three genetically linked proteins localizing to the cytosol (Snd1) or ER membrane

10
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(Snd2 and Snd3) was identified in yeast (Aviram et al., 2016). Here, cytosolic Snd1 is
predicted to interact with ribosomes, co-translationally capturing nascent proteins
while Snd2 and Snd3 associate with the Sec61 translocon acting as putative
receptors. The SND pathway was initially described as a pathway for IMPs harboring
an internal TMD, and its loss leads to mislocalisation of these proteins. It was shown
that all three Snd proteins act in the same pathway and it additionally serves as
safeguard for both SRP-dependent insertion and the GET pathway. As for the get
knockouts, SND deletion did not affect the viability of Saccharomyces under normal
growth conditions. Interestingly, double knockouts between SND and GET are non-
viable, suggesting a compensatory role of TA protein delivery to the ER (Aviram et
al., 2016).

In mammals, homologues of SND1 and SND3 have not been found, yet an SND2
homologue (TMEM208, or hSND2) was identified and its localization to the ER
confirmed (Hassdenteufel et al., 2017). In two independent studies, the function of
hSND2 in TA protein biogenesis was shown as deletion leads to decreased TA
protein insertion (Casson et al., 2017; Hassdenteufel et al., 2017). Interestingly, loss
of hSND2 is compensated by upregulation of the SRP receptor SRa which was
shown to aid in an SRP dependent post-translational insertion of some client TA
proteins (Casson et al., 2017; Hassdenteufel et al., 2017). In Arabidopsis two
sequence paralogs for Snd2 can be identified via BLAST search, but no obvious
orthologs for Snd1 or Snd3 (Table 1). It remains to be seen whether an SND pathway
is functionally conserved and which proteins pair up with SND2 in plants to facilitate

such function.

Another recently discovered post-translational insertase for ER-destined TA proteins
with TMDs of moderate to low hydrophobicity is the ER membrane complex (EMC).
In semi-permeabilized cells silenced for EMC components, integration of the
mammalian ER-resident enzyme squalene synthase (SQS) and four other TA
proteins with similar hydrophobic TMD characteristics failed. Calmodulin seems to

play a role as chaperone in this pathway (Guna et al., 2018; Volkmar et al., 2019).

Putative orthologs for all 9-10 components of the mammalian EMC can be found in
plants through sequence homology (Table 1). Whether a similar function is
associated with these proteins in Arabidopsis or which other proteins are involved
within a putative plant EMC complex is currently unresolved. It is noteworthy, that

11
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EMC3 as well as Get1 are ER resident homologs of the Oxa1/Alb3/YidC family of
insertases that facilitate co- and posttranslational insertion of transmembrane
proteins into the inner mitochondrial membrane (Oxa1), the thylakoid membrane
(AIb3) and the inner membrane of bacteria (YidC), respectively (Samuelson et al.,
2000; Anghel et al., 2017).

The SEC61 translocon and its auxiliary proteins SEC62/SEC63 make use of heat
shock proteins to provide an additional post-translation pathway (Abell et al., 2007;
Wu et al., 2019). In Arabidopsis, AfTPR7 together with the translocon associated
proteins AtSec62 and AtErdj2 (AfSEC63) seem to facilitate heat-shock protein
mediated delivery of proteins for post-translational translocation (Schweiger et al.,
2012; Schweiger and Schwenkert, 2013). Loss of AtSec62 impairs plant growth and
reduces male fertility (Mitterreiter et al., 2020) yet it remains to be dissected whether
the causative effect of this phenotype is an impairment in translocation or an

interference in ER-phagy (Fumagalli et al., 2016; Hu et al., 2020).

Insertion of TA-proteins in other organelles

Translocation to the ER may be the major route for most TA proteins, yet post-
translational insertion requires recognition of the target membrane ahead of
distribution. This is even more challenging for plants with one additional
endomembrane compared to other eukaryotic cells. To distinguish between the
different destination membranes targeting information is required within the TA

protein.

More than two decades of research in TA proteins has unveiled properties and
motives that seem important for endomembrane distinction, however, many
candidates still seem to be exempt from rules (Borgese et al., 2001; Borgese et al.,
2019). These rules comprise targeting signals encoded in the hydrophobicity of the
TMD as well as charge and length of the adjacent C-terminal element (CTE)
(Beilharz et al., 2003; Borgese et al., 2007; Abell and Mullen, 2011; Marty et al.,
2014; Rao et al., 2016; Costello et al., 2017).

For ER targeting, the consensus motif seems to be a long and hydrophobic TMD

followed by non-polar, negative or no residues in the CTE (Rao et al., 2016).

It is currently proposed that TA proteins of the outer mitochondrial membrane (OMM)

show less hydrophobic and shorter TMDs with reduced helical content compared to
12
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TA proteins destined to the ER or secretory pathway (Kriechbaumer et al., 2009; Lee
et al., 2014; Rao et al., 2016; Chio et al., 2017).

Targeting of some mitochondrial TA proteins to the OMM is also conducted by a
moderately positively charged CTE (Marty et al., 2014; Rao et al., 2016). For Fis1, it
could be demonstrated that a minimum of four basic residues are needed for
mitochondrial localization while mutation of the basic residues in the CTE of some
OMM TA proteins changes their destination (Rao et al., 2016). For example,
mammalian ER localized cytb5 with a negatively charged CTE localizes to the OMM
when artificially reverted to a positive net charge. This same construct expressed in
plant cells, however, is directed to the chloroplast highlighting the challenges
associated with the discrimination of multiple destination membranes (Maggio et al.,
2007). It was also demonstrated that two cytochrome b5 (cytb5) isoforms — both with
positive net charges in their CTE, but a number of putative phosphorylation sites —
localize to either the ER, or the chloroplast outer envelope (Maggio et al., 2007)
which leads to the speculation of phosphorylation as a cue to aid in discriminating
target membranes through reversion of a positive net charge. Mitochondrial targeting
is also dependent on the distance between TMD and CTE (Marty et al., 2014).
Another potent indicator of plant OMM TA proteins is found in the dibasic motif
adjacent to the C-terminal part of the TMD (Marty et al., 2014).

In mammals and yeast no unambiguous amino acid motif for TA protein targeting had
been found so far. A recent study in Arabidopsis, however, showed that some plastid
outer envelope membrane (OEM) TA proteins harbor a CTE with a RK/ST sequence
motif. OEP7.2, which localizes to the OEM was used for swapping experiments with
CTEs of other TA proteins with and without this motif. Only CTE with RK/ST motifs
were functionally interchangeable. Thus, they concluded that for a subset of OEM TA
proteins there is a conserved element for plastid targeting (Moog, 2019; Teresinski et
al., 2019).

Overall, it seems that length and hydrophobicity of the TMD with a combination of
charge dictates the localization of TA proteins within the cell while plant OEM TA

proteins with a specific motif might be more of an exception.

However, dually targeted TA proteins such as A{PMD1 to mitochondria and
peroxisomes (Aung and Hu, 2011), AtPAP2 to chloroplast and mitochondria (Sun et

al., 2012), or proteins which display multiple targeting [chloroplast, mitochondria, and
13
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peroxisomes] as AtFIS1A (Ruberti et al., 2014), highlight that topogenic information
(alone) cannot suffice to discern targeting routes. Nonetheless, the specificity of
targeting motifs is interlinked with the binding properties of the different chaperones

that shepherd their substrate to their destination membrane.

Potentially as consequence of ambiguous signals, mistargeting occurs against which
fail-safe mechanisms evolved: in yeast, the AAA-ATPase Msp1 (Okreglak and
Walter, 2014; Wang et al., 2020) recognizes TA proteins wrongly delivered to the
OMM and either hands them over for proteasome mediated degradation or extracts
them for correct rerouting (thoroughly reviewed in (Wang and Walter, 2020)). While
such dislocase function also exists in animals (ATAD1, (Chen et al., 2014)) a similar
function has not been found in plants where a large number of AAA-ATPases exist
(Ogura and Wilkinson, 2001).

1. Insertion into chloroplasts

The translocation mechanism of TA proteins into the OEM of chloroplasts is currently
not well understood. Unassisted insertion dependent on the lipid composition of the
membrane and the TA protein CTE has been observed (Qbadou et al., 2003;
Pedrazzini, 2009; Dhanoa et al., 2010). . Additionally, a cytosolic OEM chaperone,
ankyrin repeat-containing protein (AKR2a) was found to play a role for the targeting
of some TA proteins to chloroplasts and the delivery of dual targeted APX3 to
peroxisomes (Bae et al.,, 2008; Shen et al., 2010). This observation would argue
against its role as a specific chloroplast TA protein insertion factor indicating AKR2a

as a rather unspecific chaperone.

Recently, another putative chaperone was detected in the green algae
Chlamydomonas reinhardtii. Here, an arsenite transporter (CrArsA1) binds Toc34
and delivers it to chloroplasts (Maestre-Reyna et al., 2017). Intriguingly, two ArsA
paralogous genes can be found in the C. reinhardtii genome, CrArsA1 and CrArsA2.
Both are homologs of the cytosolic targeting factors TRC40 and Get3 (Formighieri et
al., 2013). CrArsA1 and CrArsA2 have a discrete ligand preference, with CrArsA1
supposedly carrying TA proteins to the OEM and CrArsA2 to the ER (Maestre-Reyna
et al., 2017). The subcellular localization of ArsA1 homologues in Chlorophytes is a
matter of debate. While Formighieri et al. propose CrArsA1 to be cytoplasmic

(Formighieri et al., 2013), its protein sequence clearly features an organellar transit
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peptide at the N-terminus (Xing et al., 2017; Farkas et al., 2019). Its sequence also
suggests high similarity to other GET3bc clade homologs of Archaeplastida which are
also organellar localized (Xing et al., 2017; Lin et al., 2019). In addition, a recent
affinity purification mass spectrometry of the chloroplastic ribosome interactome of
Chlamydomonas reinhardtii revealed CrArsA1 lending further support to its stroma

rather than cytosolic localization (Westrich et al., 2021).

The Arabidopsis homologue of CrArsA1 is AtGET3b, which also features an N-
terminal transit peptide and localizes to the stroma of chloroplasts (Xing et al., 2017).
However, localizing within the stroma precludes a possible involvement in TA protein
insertion at the OEM. One could speculate that AtGET3b is involved in TA protein
targeting to the inner envelope membrane or thylakoids (Anderson et al., 2019;
Bodensohn et al., 2019). While AtGET3b does not bind to ER-resident AtGET1 (Xing
et al.,, 2017), interaction assays should first elucidate whether AtGET3b could
potentially bind to the Get1 orthologue Alb3 (At2g28800) or Alb4 (At1924490), which
facilitates membrane protein biogenesis in endosymbiontic organelles (Anghel et al.,
2017; McDowell et al., 2021).

2. Insertion into mitochondria

Mitochondria have a small semi-autonomous genome, albeit most of the
mitochondrial proteins are encoded by the nuclear genome, synthesized by cytosolic
ribosomes and transported post-translationally into the mitochondria (Neupert, 1997;
Pfanner and Geissler, 2001). There are many mitochondrial TA proteins, yet the
pathway(s) responsible for their insertion are not clear. It had been reported that
insertion of mitochondrial TA proteins depended on the unique lipid composition of
the OMM, especially the ergosterol levels (Setoguchi et al., 2006; Kemper et al.,
2008; Krumpe et al., 2012) and with the help of peroxisome import factor Pex19
(Cichocki et al., 2018). Moreover, translocation of TA proteins was moderately
affected with hampered mitochondrial import complex (MIM) or Tom20 receptors
(Thornton et al., 2010; Doan et al., 2020). It is conceivable that Tom20 acts as
receptor while the MIM complex mediates insertion (Drwesh and Rapaport, 2020).
Also, N-terminally GFP labelled OMM protein Mcp3 mislocalises to the ER in wildtype
yeast but not in get knockout strains (Vitali et al., 2018). Apparently, when
mitochondrial import is compromised, TA proteins intended for the OMM are
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mistargeted to the ER membrane by the GET pathway. This implies that in yeast
insertion pathways may compete for client delivery.

AtGet3c, a homologue of Get3 is found in the mitochondrial matrix of Arabidopsis.
Whether or not it is involved in TA protein insertion into the inner membrane of
mitochondria is currently unknown. However, its loss-of-function line seems to show
no obvious growth or cellular defects (Xing et al., 2017). It was speculated that the
GET3c variants are Brassicaceae-specific while some GET3b homologues (that
localize to chloroplasts in Arabidopsis) were mitochondria localized in the Fabidae
(Bodensohn et al., 2019). Similar to chloroplasts, a Get1 orthologue is present in the
mitochondrial inner membrane (Oxa1). As discussed above, the GET3bc clade lacks
the GET1 binding motif (Anghel et al., 2017; Farkas et al., 2019) and has not been

demonstrated to interact with or depend on Oxa1 so far.

3. Insertion into peroxisomes

Peroxisomes are single membrane, multifunctional organelles with essential roles in
development such as scavenging of reactive oxygen species or peroxides,
photorespiration, glycolate cycle and fatty acid $-oxidation (Aung and Hu, 2011; Kao
et al., 2018). In contrast to chloroplasts and mitochondria they neither contain DNA
nor possess a protein-synthesizing machinery. Peroxisomes are discussed to be ER-
derived and early acting peroxin (PEX) proteins such as PEX3, PEX16 and PEX19
help in the peroxisomal genesis but also division by fission is possible (Kao et al.,
2018). Therefore, the acquisition of protein delivery machineries is of great

importance for peroxisomal identity.

In mammals and yeast, it was shown that peroxisomal-targeted TA proteins can take
two distinct routes, (1) directly from the cytosol or (2) via the ER (Borgese et al.,
2019). Both ways depend on the peroxisomal import proteins Pex19 and Pex3.
Cytosolic Pex19 binds nascent peroxisomal TA proteins within a hydrophobic groove
thereby stabilizing them. Recognition occurs via the TMD and basic CTE of the TA
proteins (Halbach et al., 2006; Yagita et al., 2013; Chen et al., 2014). Binding of its
membrane receptor Pex3 leads to direct insertion into the membrane (Cichocki et al.,
2018).

ER-dependent insertion is partially carried out by the GET machinery. For instance,
yeast Pex15 is ER-inserted via the GET pathway (Schuldiner et al., 2008; van der
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Zand et al., 2010). Here, a specialized subdomain within the ER is formed, the
so-called peroxisomal ER (pER). Localized budding of peroxisomal vesicles carrying
TA proteins and subsequent fusion to existing peroxisomes requires Pex3, Pex19,
ATP and additional yet unidentified cytosolic factors (van der Zand et al., 2010; Lam
et al., 2011). Studies on these events proposed a dual functionality of Pex3. Its
luminal sequence harbors a sorting signal for delivering Pex3 to the pER whereas the
TMD of Pex3 is important for later directing of the vesicles to peroxisomes (Tam et
al., 2005; Fakieh et al., 2013; Chio et al., 2017).

In plants, the peroxisomal targeted TA protein ascorbate peroxidase (APX) was
shown to insert post-translationally dependent on ATP, Hsp70 and an additional,
unknown receptor via pER (Mullen and Trelease, 2000). Unassisted insertion can
also be observed for some peroxisomal TA proteins as MDAR4 (Lisenbee et al.,
2005; Abell and Mullen, 2011). A conserved mechanism for translocation of plant TA
proteins as seen in Opisthokonts is conceivable, however, exact information are
lacking (Cross et al., 2016).

Future Perspectives

The most puzzling discovery in TA protein insertion in plants is certainly the rather
mild phenotype associated with GET /loss-of-function lines. How can this be
reconciled with the notion that the GET pathway is universally conserved and acts as
the textbook pathway for TA protein insertion into the ER? A non-lethal phenotype of
a plant that lacks a general membrane insertion pathway of an important subclass of
membrane proteins would surely lead to more pleiotropic growth defects. Failure to
insert TA proteins — among them the trafficking facilitating SNARE proteins which are
required for polar growth and cytokinesis — should lead to embryo lethality “at best”,
or developmental arrests in earlier stages such as compromised pollen tube growth.
Their absence suggests one or more backup system(s) in place. Existence, identity
and conservation of such systems (eg. SND, EMC, Table 1) are a major avenue for
future research as well as the identification of further GET pathway substrates which

may also aid in understanding additional function(s) of a plant GET pathway.

Another obvious question is the precise targeting and distinction of TA proteins to
their various destination membranes. A complex combination of physico-chemical

properties or as in case of some plant OEM TA proteins, a specific motif (Teresinski
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et al., 2019) might be the answer. Yet, how exactly dual-targeted TA proteins are

sorted is still not clear and a simple solution unlikely.

A puzzling observation are the additional GET3 paralogs in Archaeplastida (Xing et
al., 2017; Farkas et al., 2019). While clade a GET3 appears to be functionally related
to yeast Get3 and mammalian TRC40, the roles of clade b¢c GET3 remain elusive. It
is likely that all plants possess at least one copy of a chloroplast GET3b which might
be involved in TA protein targeting to the inner envelope or thylakoids. However, the
mitochondrial GET3c seems absent in most plant species which begs questions to its

functional role and evolution (Bodensohn et al., 2019).

These are just some points that require addressing in future research and there is a
lot to learn in terms of TA protein insertion in plants (see Outstanding Questions).
Other fundamental homeostatic pathways such as cytokinesis (Jurgens, 2005) have
significantly diverged among Opisthokonts and Archaeplastida — an evolutionary
divide of more than 1.5 billion years — and validated the importance of research into
different model species. Nonetheless, evidence for functional conservation of
important fundamental processes such as membrane protein insertion remains
limited in plants. The vast amount of data gained from research in single-celled
models such as bacteria, yeast and cell culture should be used to inform on
hypothesis-driven research in plants. Especially, the model plant Arabidopsis and the
palette of modern genomic tools established therein, will allow a more organismal-
focussed, phenotypic analyses of these pathways in the context of a multi-cellular

organism.
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Table 1: Arabidopsis orthologs of yeast and mammalian TA protein insertion

pathways
GET pathway
Yeast/ Gene . L
M i AGI code 1 Protein localisation Reference
ammalian name
(Srivastava et al.,
GET1/WRB At4gl6444 AtGET1 ER membrane® 2017; Xing et al.,
2017)
Asseck et al.,
GET2/CAML | At4g32680 AtGET2 ER membrane’ (
2021)
At1g01910 AtGET3a Cytosol? (Srivastava et al.,
GET3/TRC40 | At3g10350 AtGET3b Chloroplast stroma® 2017; Xing et al.,
At5g60730 AtGET3c Mitochondria matrix’ 2017)
(Srivastava et al.,
GET4/TRC35 | At5g63220 AtGET4 Cytosol’ 2017; Xing et al.,
2017)
Srivastava et al.,
GET5/UBL4A | Atlg55060 uBQ12 Cytosol® (
2017)
Srivastava et al.,
SGT2/SGTA | At4g08320 TPR8 Nucleus® (
2017)
BAG6 At2g46240 BAG6 Nucleus? PSI-Blast, TAIR
SND pathway
SND1 not found - - PSI-Blast
At4g30500 AtSND2a Plasma membrane®
SND2 3 PSI-Blast
At2g23940 AtSND2b ER membrane
SND3 not found - - PSI-Blast
ER Membrane Complex (EMC)
EMC1 At5g11560 PNETS ER membrane® PSI-Blast, TAIR
At3g04830 | AtEMC2a ER membrane’
EMC2 3 PSI-Blast, TAIR
At5g28220 | AtEMC2b Cytosol
EMC3 At4g12590 AtEMC3 ER membrane® PSI-Blast, TAIR
EMC4 At5g10780 AtEMC4 ER membrane® PSI-Blast, TAIR
EMC5 At5g03345 PRCE2 ER membrane® PSI-Blast, TAIR
EMC6 At5g49540 AtEMC6 Plasma membrane? PSI-Blast, TAIR
At2g25310 | AtEMC7a ER membrane®
EMC7 3 PSI-Blast, TAIR
At4g32130 AtEMC7b ER membrane
EMCS8/9 At5g55940 EMB2731 ER membrane® PSI-Blast, TAIR
EMC10 not found - - PSI-Blast

'Found annotated at TAIR (Arabidopsis.org) or — if designated as unknown protein — our suggestion
for future use. 2Experimentally validated, see referenced publication for details. *Predicted using

SUBA (suba.live).
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Figure Legends

Figure 1: Graphical summary depicting translocation pathways of TA-proteins
in plants. Detailed description of the pathways can be found in the text. ER-destined
TA-proteins (yellow), peroxisomal TA proteins (blue), mitochondrial TA-proteins (red),
chloroplastidic TA-proteins (green), dual-targeted TA proteins
(mitochondria/peroxisomes, dashed arrow, red-blue TA-protein). Opaqueness
generally refers to proposed mechanisms/proteins/complexes which may be involved
in TA-protein translocation in plants but still require experimental validation.
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ADVANCES

Research in the last decade revealed
several different targeting routes for TA
protein transport and translocation into
the ER and organellar membranes of
eukaryotes.

The GET pathway described for TA protein
insertion in yeast and mammals is partially
conserved in Arabidopsis where loss of
function leads to defects in root hair
growth.

Absence of the coreceptor for TA protein
docking and insertion at the ER
membrane in the context of the GET
pathway in plants phenocopies other get
lines.

Sequence information confirms
conservation of alternative yeast pathways
in plants while functional data currently
remains elusive.

TA protein import into the ER membrane
was mainly studied in yeast and
mammalian cell culture, but plants have
proven ideal models to gain a deeper
understanding of these pathways in an
organismal context and to study their
functional impact on  multicellular
systems.
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OUTSTANDING QUESTIONS

Which additional pathways for TA protein
insertion exist in plants?

What alternative functions have evolved
for the GET pathway components in
Arabidopsis or more generally in plants?
Why did Archaeplastida evolve organellar
variants of the GET3 ATPase and what is
(are) their function(s)?

Is a post-translational pre-targeting
complex conserved in archaeplastida?
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